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Folate cycle gene variants and chemotherapy toxicity
in pediatric patients with acute lymphoblastic
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The gene polymorphisms of the methotrexate (MTX) action pathway influence event-free
survival (EFS) in children with acute lymphoblastic leukemia (ALL). Here we assessed
whether the gene variants associated with lower EFS also correlate with lower rates of
episodes of toxicity. Homozygous individuals for cyclin D1 (CCND1) A870 allele and car-
riers of at least one methylenetetrahydrofolate reductase (MTHFR) Terzvariant had a sig-
nificantly lower frequency of weeks with high-grade hematologic and liver toxicity during
consolidation and maintenance treatment, as based on the analysis of 186 pediatric
ALL patients. This finding may have importance for MTX dose adjustment.
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ethotrexate (MTX) is an important
component of consolidation and
aintenance therapy of childhood

acute lympoblastic leukemia  (ALL).
Nevertheless, a certain number of patients
can develop resistance or adverse drug
effects, which may hamper the efficacy of
treatment or require drug dose reduction and
drug withdrawal. Following the hypothesis
that gene variants of the MTX action path-
way can affect outcome of ALL, we ana-
lyzed a number of polymorphisms in the
genes of the folate cycle for their impact on
reduced  event-free  survival  (EEFS).
Thymidylate synthase (TS) is inhibited by
glutamylated forms of MTX." A repeat poly-
morphism is described in the enhancer
region of this gene with a triple repeat (3R)
increasing gene transcription and TS levels.?
A G80A polymorphism of the reduced folate
carrier (RFC1) gene, encoding a major MTX
transporter, results in an amino-acid replace-
ment in the RFC1 domain considered impor-
tant in folate/antifolate binding.* The A870G
polymorphism in the cyclin D1 (CCND1)
modulates mRNA splicing* and altered
CCND1 expression was previously shown
to play a role in the development of MTX
resistance.® The substrate for methylene
tetrahydrofolate reductase (MTHER), 5,10-
methylene-tetrahydrofolate, and its derivate,
10-formyl tetrahydrofolate, whose formation
is dependent on the methylene tetrahydrofo-
late dehydrogenase (MTHED1), are essential
cofactors for de novo thymidylate and purine

synthesis.” Two polymorphisms in the
MTHEFR gene, a Cs7T and an AuxC substitu-
tion, result in amino-acid replacements caus-
ing reduced enzymatic activity, whereas a
G1958A substitution in the MTHED1 gene
leads to an amino-acid change within the 10-
formyl-tetrahydrofolate synthetase domain.*®
Recently we described reduced EFS for child-
hood ALL patients who are homozygous for
the 7S 3R® or CCND1 A870 variant” as well as
for carriers of at least one MTHER T677" or
RFC1 Ae allele.” The role of TS 3R and
CCND1 A= homozygosity, as well as that of
MTHEFR T677 allele in poorer childhood ALL
outcome was recently confirmed by others.™*
Here we hypothesized that variants associated
with reduced EFS can also correlate with a
lower incidence of toxicity in patients with
childhood ALL.

Design and Methods

The ALL patients were treated at Sainte-
Justine Hospital with one of three treatment
protocols of the Dana-Farber Cancer
Institute (87-01, 91-01 and 95-01). Data were
available for 186 patients out of 200 consec-
utive patients, all of European descent (age
range 1-18 years), who were previously
assessed for the relationship between geno-
types and EEFS. These patients and their dis-
ease characteristics, as well as details of
treatment have been previously described.™
In brief, MTX was given once a week at a
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dose of 30 mg/m’during consolidation and maintenance
in all three protocols. Dose modification guidelines
were also the same across the three protocols.

Estimates of toxicity to bone marrow and liver func-
tion were based on the reduction of white blood cells
(leukopenia), platelets (thrombocytopenia) and absolute
neutrophil count, and elevation of liver enzymes (ala-
nine aminotrasferase and aspartate aminotrasferase).
Laboratory tests were performed weekly, 7 days after
MTX administration. The mean number of weeks
assessed per patient was 80. Toxicity was graded using
the common criteria for adverse events of the National
Cancer Institute. Grades 3 and 4 were considered for all
parameters except for thrombocytopenia for which
grade 2 was also included. Thrombocytopenia grade 3
and 4 or liver toxicity grade 4 occurred rarely, and in
such cases grades 3 and 4 were combined whereas the
remaining parameters were considered separately for
the analysis (Table 1). Previously obtained genotypes
were used for the analysis; the details of the genotyping
have been described elsewhere.””” Information on MTX
dose during maintenance treatment was available in the
same patients and the correlation between drug doses
and genotypes was reported previously.""

This study was approved by the Ethics Committee of
Sainte-Justine Hospital and the research was conducted
in accordance with the Declaration of Helsinki.

Statistics

Genotypes are analyzed as dichotomous variables in
accordance with their influence on EES. The genotype
grouping includes either carriers of minor alleles
(MTHFR Te7, MTHFR Cis, MTHFD1 Ausss and RFC1 Aeo
variants) or homozygous individuals for 7S 3R and
CCND1 Asn allele who were compared to patients
without these genotypes. The frequencies of weeks
with high-grade hematologic and liver toxicity was
compared using the Mann-Whitney test. The propor-
tion of weeks with a particular toxicity between all
patients with and without given genotypes was com-
pared using the y’ test, and accompanied by the geno-
type-associated rate ratio.

Results and Discussion

The frequencies of weeks with high-grade hemato-
logic and liver toxicity that developed following MTX
administration during consolidation and maintenance
treatment are outlined in Table 1. The inter-patient vari-
ability is shown by the large variance. The comparison
of the frequencies of these toxicities between individu-
als with and without indicated genotypes showed that
individuals with MTHFR Te7 allele had significantly
lower rates of grade 3 leukopenia and individuals with
CCND1 AAen genotype had lower rates of grade 3
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Table 1. The frequency of high-grade hematologic and liver toxici-
ty during consolidation and maintenance treatment of 186 ALL
patients.

Toxicity! N (%) Frequency (%)

mean  median SD maximum

WBC 3 (1-2x10°/L)
WBC 4 (<1x10%/L)

129 (69.4) 44 25 5.8 36.1
16 (8.6) 0.2 * 0.7 6.7

ANC3 (05-1x10%L) 17394 91 80 70 35
ANC4 (<05x10°L) 115(618) 24 13 30 155
PT2 (50-75x10°/L)  20(108) 02  * 0.6 48
PLT3/4 (<50x10°%/L) 13(7.0) 01  * 0.5 33
AT3/4 (>5xULN)  116(62.4) 30 16 38 175
AST3/4 (>5xULN)  59(3L7) 07  * 15 8.2

N (%), number and frequency of patients with at least one episode of the indicat-
ed toxicity. Frequency (%), overall frequency of weeks with indicated toxicities;
average values per patient are given. F-Toxicity was graded using the common
criteria for adverse events (in parenthesis) of the National Cancer Institute, ver-
sion 3.0 ( http://ctep.cancer.gov/reporting/ctcnew.btml). SD, standard deviation;
* not calculated due to rare occurrence; WBC, white blood cell count; WBC3 and
WBC 4, leukopenia grade 3 and grade 4; ANC, absolute neutrophil count; ANC3
and ANC4, neutropenia grade 3 and grade 4; PLT, platelets; PLT 2,
thrombocytopenia grade 2; PLT 3/4, thrombocytopenia grade 3 and 4 combined;
ALT alanine aminotrasferase; AST, aspartate aminotransferase; ALT 3/4 and
AST 3/4, elevation of ALT and AST levels to values more than five times higher
than upper limit of normal (ULN), corresponding to grade 3 and 4 toxicity
combined.

leukopenia, grade 2 thrombocytopenia and grade 3/4
liver toxicity, as estimated by increased alanine amino-
trasferase levels (Table 2). Likewise, when the propor-
tion of weeks with these toxicities was compared
between groups with and without the AMTHFR
TT/CTs7 or CCND1 AAsn genotype, highly significant
results were obtained showing a lower proportion of
weeks with the toxicity among individuals with these
genotypes. Accordingly, the toxicity rate-ratio associat-
ed with the genotype was lower, in most cases showing
2-fold reductions (Table 2). When the combined effect
of MTHFR and CCND1 genotypes was assessed, the
frequency of weeks with grade 3 leukopenia was fur-
ther decreased in individuals with both CCND1 AAen
genotype and MTHFR Te~ allele, and increased in indi-
viduals without these genotypes (Table 3). There were
not significant correlations with the other polymor-
phisms analyzed.

We previously observed that ALL patients with
MTHEFR TT/CTe7 or CCND1 AAsn genotypes tended to
have, or, as in case of CCND1, had a significantly lower
frequency of weeks with MTX dose reduction or with-
drawal.®" However, the average dose of MTX received
weekly did not differ across different genotypes of the
same polymorphism and was lower than the maximal
dose predicted by the protocol leaving the possibility
for drug dose adjustment. Here we extended the analy-
sis beyond drug dose by analyzing the relationship
between genotypes and the frequency of hematologic
and liver toxicity during consolidation and maintenance
treatment. Individuals with CCND1 AAso or MTHER
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Table 2. The relationship between genotypes and the parameters
of high-grade toxicity.

Table 3. The relationship between combined MTHFR and CCND1
genotypes and the reduction in white blood cell count.

Toxicity Descriptive Genotype p and RR?
statistics*
MTHFR CT/TT  MTHFR CC
individuals 108 78
Total n. of weeks 8635 6326
WBC 3 Total n. of weeks p1<0.0001
with toxicity 300 349 RR=0.6, 95 %
Cl=0.5-0.7
median % 1.8 35 p2=0.03
CCND1 AA  CCND1 GG/GA
N. of individuals 44 142
Total n. of weeks 3519 11441
WBC 3 Total n. of weeks 101 548 p1<0.0001
with toxicity RR=0.6, 95 %
(Cl=0.5-0.8
median % 1.3 31 p2=0.05
n. of weeks p1=0.05
PLT 2 with toxicity 1 23 R=0.1,95 %
R CI=0.02-1.0
mean %' 0.03 0.2 p2=0.04
Total n. of weeks p1=0.002
ALT3/4 with toxicity 74 355 RR0.7,95 %
Cl=0.5-0.9
Median % 1.0 2.0 p2=0.03

MTHER: methylene tetrahydrofolate reductase; CCND1: cyclin DI; WBC3:
grade 3 leukopenia; PLT2: grade 2 thrombocytopenia; ALT 3/4: elevation of ALT
levels to toxicity grade 3 and 4 combined. *Total weeks with toxicity reflects

the sum of weeks with the given toxicity for all patients with indicated genotype.
Median % reflects the median frequency of weeks with the given toxicity per
patient/per genotype; "'median could not be calculated due to the limited number
of patients; the mean value is given instead. *p1 is obtained by the y’ test

and p2 by Mann-Whitney; RR, rate ratio.

TT/CTs7 genotype had lower rates of these toxicities.
As for ALL outcome, which was affected more substan-
tially by combined at-risk genotypes than by either
genotype alone,” grade 3 leukopenia was further
decreased in individuals with a combination of the
CCND1 AAso and MTHFR TT/CTe7 genotypes. Both
CCND1 Aso and MTHFR Te7 are common among
Caucasians, with a frequency of ~40% and ~35 %,
respectively.*® The observed correlation for CCND1 fol-
lows the pattern predicted from the results of studies
associating CCND1 AAsn genotype with reduced
EFS,™ and is in agreement with the functional impact
of this polymorphism.* The CCND1 AsnG substitution
modulates the ratio of CCND1 mRNA isoforms. The
transcript associated with the CCND1 A allele results in
a protein with a longer half-life* resembling CCND1
over-expression, which has previously been shown to
lead to the increased expression of MTX targets and
reduction of sensitivity to MTX.°

Reduced MTHER activity caused by the MTHER Ter
allele leads to higher 5,10-methylene-tetrahydrofolate
levels which, could facilitate uridylate-thymidylate con-
version by TS, reducing the rate of uracil misincorpora-

Toxicity Descriptive Genotype p and RR!
statistics *
MTHFR CT/TT MTHFR CC
CCND1 AA CCND1 GG/GA
N. of individuals 27 61
Total n. of weeks 2125 4932
Total n. of weeks p1<0.0001
with toxicity 56 304 RR=0.4,95%
(1=0.3-0.6
WBC 3 median % 1.0 4.0 p2=0.01

MTHER: methylene tetrabydrofolate reductase; CCND1: cyclin D1; WBC 3:
grade 3 leukopenia. * total N weeks with toxicity reflects the sum of weeks with
grade 3 leukopenia for all patients with indicated genotype; Median % reflects the
median frequency of weeks with leucopenia grade 3 per patient/per genotype.

ip1 is obtained by the ) test and p2 by the Mann-Whitney; RR, rate ratio.

tion into DNA and resulting chromosome damage. This
might decrease MTX efficacy explaining both the
reduced rates of leukopenia found in this study and the
reduced EFS in ALL patients found previously."* In
agreement with this is the finding showing that cells
transfected with T677 ¢cDNA have decreased MTHFR
activity resulting in accelerated cellular growth rate
accompanied by decreased chemosensitivity to MTX."”
Three other studies have addressed the impact of
MTHER on the toxicity in ALL patients. Among adults
who underwent treatment with different protocols,
doses and schedules of MTX administration, TTe~
homozygotes more frequently experienced MTX intol-
erance although it was not clear how the frequency of
the episodes of toxicity were accounted for in the analy-
sis.” Kishi er al.,”® on the other hand found no associa-
tion between the T677 allele and either seizures or
thrombosis in childhood ALL patients. Likewise, Aplenc
et al’® did not observe a correlation between MTHFR
genotypes and various types of higher-grade toxicity
(central nervous system toxicity, diarrhea, hyperbiliru-
binemia, neuropathy, stomatitis, raised transaminase
levels or infection). As in this latter study, we did not
observe an influence of MTHEFR genotypes on the
increase of liver enzyme levels, whereas the other toxi-
city end-points were not comparable. Chemotherapy
toxicity did not differ between carriers of the various
genotypes of the other genes analyzed here. The reason
for this could be a lower relative importance of some of
the genes analyzed. For example, the MTHFD1 variant
allele did not play an important role in ALL outcome
when analyzed with other prognostic factors." The
RFC1 GeoA polymorphism played a minor role when
analyzed simultaneously with other polymorphisms
relevant to ALL outcome.” On the other hand 7S 3R
homozygosity was clearly associated with poorer ALL
outcome after adjustment for other prognostic factors
and polymorphisms studied.” In this case it is possible
that other types of toxicities than those analyzed here
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are different between patients with different TS geno-
types. For example, childhood ALL patients with the TS
3R allele were shown to be less prone to osteonecrosis.”

In conclusion, we found that the particular polymor-
phisms of the folate cycle that correlated with reduced
EES, possibly due to lower sensitivity to MTX, also cor-
related with lower rates of episodes of toxicity.
Although these results should be further verified and
the analyses extended to a larger group of patients, this
finding opens the possibility of drug dose adjustment:
patients who have lower EFS and a lower frequency of
chemotherapy toxicity might benefit from an increase

All authors contributed to this article including substantial contri-
butions 1o concept and design (MK, AM), analysis and interpreta-
tion of data (IC, CL, AG, MK), drafting the article (VMK) and
revising it critically (IC, AM, CL, AG). Funding: This work was
supported by The Canadian Institutes of Health Research,
Leukemia Research Fund of Canada and Centre de Recherche de
I'Hopital Sainte-Justine. MK is scholar of the Fonds de la
Recherche en Santé du Québec.

We are grateful to all patients and their parents who consented
10 their chiiiren’s participation in this stud).

We are also grateful to our colleagues Damian Labuda and
Daniel Sinnett /‘or discussion and biological material, Mark
Bernstein for facilitating access to clinical data, Razan Elramahi for
critical reading of the manuscript, Sonia Chiasson and Melanie
Primeau for excellent technical assistance and Herim Vasquez for
bioinformatics help.

in drug dose.

drofolate reductase (MTHFR) associat-

Manuscript received January 27, 2006. Accepted June 5, 2006.

phoblastic leukemia. Blood 2005;105

References ed with decreased enzyme activity. 4752-8.

Mol Genet Metab 1998;64:169-72. 14. Aplenc R, Thompson J, Han P, La M,

1. Messmann RA, Allegra CJ. Antifolates. 8. Hol FA, van der Put NM, Geurds MP, Zﬁao H, Lange B, et al. Methylene-
In: Chabner BA Longo DL. Cancer Heil SG, Trijbels FJ, Hamel BC, et al. tetrahydrofolate reductase polymor-
chemotherapy and biotherapy (princii Molecular genetic analysis of the gene phisms and therapy response in pedi-
ples and practice). Philadelphia: encoding the trifunctional enzyme atric acute lymphoblastic leukemia.
Lippincott Williams & Wilkins; 2001. MTHED (methylenetetrahydrofolate- Cancer Res 2005;65:2482-7.

2. Horie N, Aiba H, Oguro K, Hojo H, dehydrogenase, methenyltetrahydro- 15 Hou X, Wang S, Zhou Y, Xu Z, Zou Y,
Takeishi K. Functional analysis and folate-cyclohydrolase, formyltetrahy- Zhu X, et al. Cyclin D1 gene polymor-
DNA polymorphism of the t}allndeml drofolate synthetase) in patients with phism and susceptibility to childhood
repeatgd }s/equeFr)lces in the 5'-termin§i gglf?é t2115be defects. Clin Genet 1998; acute lymphoblastic leukemia in a
regulatory region of the human gene Ty . Chinese population. Int ] Hematol
for thvmidvlate svnthase. Cell Struct 9. Krajinovic M, Costea I, Chiasson S. 2005:82:206-9.

Funct >1]995;}2/O:191—y7. V f}?g;ngerggi:géf;gzg‘gﬁ‘i{iielzg: 16. Apleﬁc'R, Lange B. Pharmacogenetic

s o b SmeyHlen e Coury SSEE RO, i oo e b
DS, et al. A polymorphism (80GA.A) in y X ) o 2004; 125:421-34.
the reduced fof;te carrier gene and its 10. Costea I, Moghrabi A and Krajinovic 47 g5opy KJ, Croxford R, Yates Z, Lucock

iati ith fol d M. The influence of cyclin D1 M, Kim YI. Effect of the methylenete-
assoclations With fo'ate status an (CCND1) 870AAG polymorphism and ’ - 4

homocysteinemia. Mol Genet Metab : trahydrofolate reductase C677T poly-

CCND1-thymidylate “synthase (TS) hi h ivity of

2000;70:310-5. gene-gene interaction on the outcome m?rp 1srdnb on . ¢ emoserl1151tlv15yﬂ °

4. Betticher DC, Thatcher N, Altermatt of childhood acute lymphoblastic colon qiq rgas caﬁcer cells to _[\}loi

I/;Hé Holzan P,IRyder W% Heighway Ji leukaemia. Pharmacogenetics 2003;13: 18;;?; InsélZOOrj-lS(tS- fstiezfjte' J Nat
ernate splicing produces a nove 577-80. : ;96:134-44. ‘

¢yclin D1 transcript. Oncogene 1995; 11, Krajinovic M, Lemieux-Blanchard E, 18 Chiusolo b Reddiconto G, Casorelli I

11:1005-11. ' _ Chiasson S, Primeau M, Costea I, aurenti L, Sora E Mele L, et al. Pre-

5. Hochhauser D, Schnieders B, Ercikan- Moghrabi A. Role of polymorphisms in onderance of methylenetetrahydrofo-
Abali E, Gorlick R, Muise-Helmericks MT%—[FR and MTHEDI genes in the ate reductase C67/T homozygosity
R, Li WW, et al. Effect of cyclin D1 outcome of childhood acute lym- among leukemia patients intolerant to
ﬁverexprfgls)smn on drug Slfnls‘ltlwﬁy[ilni phoblastic leukemia. Pharmacogeno- rlr;el%llgtrexate. Ann Oncol 2002;13:

uman fibrosarcoma cell line. at mics ] 2004; 4:66-72. -8.
Cancer Inst 1996; 88:1269-75. 12. Laver]diere C, Chiasson S, Costea I, 19. Kishi S, Griener ], Cheng C, Das S,

6. Frosst B, Blom HJ, Milos R, Goyette P, Moghrabi A, Krajinovic M. Poly- Cook EH, Pei D, et al. Homocyst@r}e,
Sheppard CA, Matﬁhews RG, et al. A morphism G80A in the reduced folate pharmacogenetlcs, and' neurotoxicity
1cancﬁdate genetic risk factor for vascu- carrier gene and its relationship to 12r(1) (c)lglﬂzdlr%ré gzltghl leukemia. ] Clin Oncol
ar disease: a common mutation in methotrexate plasma levels and out- el -I1.
methylenetetrahydrofolate reductase. come of childhgod acute lymphoblastic ~ 20. Relling MV, Yanff W, Das S, Cook EH,
Nat Genet 1995;10:111-3. leukemia. Blood 2002;100:3832-4. Rosner GL, Neel M, et al. Pharmaco-

7. Weisberg I, Tran P, Christensen B, 13. Rocha]C, Cheng C, Liu W, Kishi S, Das genetic risk factors for osteonecrosis of

Sibani S, Rozen R. A second genetic
polymorphism in methylenetetrahy-

S, Cook EH, et al. Pharmacogenetics of
outcome in children with acute lym-

| 1116 | haematologica/the hematology journal | 2006; 91(8)

the hip among children with leukemia.
J Clin Oncol 2004; 22:3930-6.





