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ABSTRACT

Background

The antifolate agent methotrexate is an important component of maintenance therapy in
acute lymphoblastic leukemia, although methotrexate-related toxicity is often a reason for
interruption of chemotherapy. Prediction of toxicity is difficult because of inter-individual
variability susceptibility to antileukemic agents. Methotrexate interferes with folate
metabolism leading to depletion of reduced folates.

Design and Methods

The aim of this study was to investigate the influence of polymorphisms for folate metab-
olizing enzymes with respect to toxicity and survival in adult patients with acute lym-
phoblastic leukemia treated with methotrexate maintenance therapy. To this purpose, we
evaluated possible associations between genotype and hematologic and non-hematologic
toxicity and effects on survival at 2 years of follow-up in patients with acute lymphoblas-
tic leukemia.

Results

Polymorphisms in the genes encoding for methylenetetrahydrofolate reductase (MTHFR
677C>T) and in dihydrofolate reductase (DHFR 19 bp deletion) significantly increased the
risk of hepatotoxicity in single (odds ratio 5.23, 95% confidence interval 1.13-21.95 and
odds ratio 4.57, 95%confidence interval 1.01-20.77, respectively) and in combined analy-
sis (odds ratio 6.82, 95% confidence interval 1.38-33.59). MTHFR 677C>T also increased
the risk of leukopenia and gastrointestinal toxicity, whilst thymidylate synthase 28 bp
repeat polymorphism increased the risk of anemia (odds ratio 8.48, 95% confidence inter-
val 2.00-36.09). Finally, patients with MTHFR 677TT had a decreased overall survival rate
(hazard ratio 2.37, 95% confidence interval 1.46-8.45).

Conclusions

Genotyping of folate polymorphisms might be useful in adult acute Iymphoblastic
leukemia to optimize methotrexate therapy, reducing the associated toxicity with possi-
ble effects on survival.
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Introduction

Chemotherapy protocols currently used in adults for the
treatment of acute lymphoblastic leukemia (ALL), have
increased the complete remission rate,' although therapy-
related toxicity remains one of the reasons for treatment
interruption or discontinuation, which may increase
relapse risk.” Prediction of toxicity is difficult because of
wide interpatient variation in pharmacokinetics and phar-
macodynamics of antileukemic agents and because the
same toxicity can be attributable to different drugs.

An important component of ALL maintenance therapy
is the antifolate agent methotrexate. This drug enters cells
transported by the reduced folate carrier (RFC) and its
mechanism of action consists mainly in competitive inhi-
bition of the dihydrofolate reductase (DHFR) enzyme.®
DHER is responsible for the reduction of dihydrofolate
into tetrahydrofolate. Dihydrofolate is also generated dur-
ing deoxythymidylate synthesis,® catalyzed by the
thymidylate synthase (TS) enzyme which uses as sub-
strates 5,10-methylene-tetrahydrofolate and deoxyuridy-
late. 5,10-methylene-tetrahydrofolate is, in turn, the sub-
strate of methylenetetrahydrofolate reductase (MTHER), a
key folate enzyme that generates 5-methyl-tetrahydrofo-
late, necessary for the remethylation of homocysteine into
methionine. Thus, methotrexate-induced inhibition of
DHER results in the depletion of reduced forms of tetrahy-
drofolate (including 5,10-methylene-tetrahydrofolate),
contributing to the inhibition of nucleic acid synthesis and
favoring cell death.’

Despite its clinical success, methotrexate can be associ-
ated with serious toxicities in a considerable number of
patients. There is evidence that toxicity from anticancer
drugs can be affected by inherited polymorphisms in
genes encoding for drug-metabolizing enzymes.
Polymorphisms of the methotrexate transporter (i.e. RFC
80G>A),” methotrexate targets (i.e. DHFR 19-bp deletion
and TS enhancer 28-bp tandem repeat),” and folate-metab-
olizing enzyme (i.e. MTHFR 677 C>T° and 1298 A>C)"
can influence the effectiveness and the toxic effects of
methotrexate. The relationship between polymorphisms
affecting folate metabolism and methotrexate-related tox-
icity has been studied mainly in childhood ALL*"* while
only a few studies have investigated this relationship in
adult patients with hematologic diseases.™" In particular,
in adult ALL only MTHFR polymorphisms have been
investigated and associated with increased methotrexate-
related toxicity."*"

The aim of our study was to investigate the influence of
polymorphisms directly involved in the methotrexate
pharmacological pathway in relation to the outcome of
adult ALL patients treated with methotrexate mainte-
nance therapy. To this purpose we analyzed the effects of
the association of polymorphisms in MTHFR, DHFR, RFC
and TS genes on therapy-related toxicity and survival.

Design and Methods

Patients
Cases were 122 Italian individuals (all Caucasians) with

newly diagnosed ALL according to the World Health
Organization (WHO) classification.”” Patients were
recruited from the Units of Hematology at the
Universities of Ferrara (n=45), Catania (n=17) and Pavia
(n=60) in the period between January 2000 and July 2005.
ALL cases were persons aged 18-80 years old with a mean
age at diagnosis of 43.5£18.2 years; 53% of them were
male. Of all patients, 83% had B-ALL and 17% had T-
ALL. Inclusion criteria were age at least 18 years, absence
of other active malignancy, and lack of infection by
human immunodeficiency virus-1. Patients were classified
into two subgroups on the basis of the cytogenetic abnor-
malities present: patients with chromosome transloca-
tions with known adverse prognostic significance such as
t(9;22), t(4;11) were classified as having a high cytogenet-
ic risk, while patients with the other karyotypes formed
the standard-risk group. Peripheral blood samples were
collected from all the patients at the date of diagnosis by
venipuncture, before any pharmacological treatment. At
the time of blood collection, patients gave written
informed consent to their participation in the study. The
study was approved by the local Ethics Committee.

Therapy and toxicity evaluation

Patients recruited from Ferrara and Catania were treat-
ed according to the GIMEMA ALL 0496 protocol ** while
those recruited in Pavia received the Hyper-CVAD regi-
men.” Both protocols included maintenance therapy with
methotrexate administered weekly at a dosage of 15 or 20
mg/m’ (for the GIMEMA ALL 0496 and Hyper-CVAD
regimes, respectively) for 2-3 years. Hematologic
(leukopenia, anemia, thrombocytopenia), and non-hema-
tologic (hepatic and gastrointestinal) toxicity was graded
according to WHO criteria (grades 0-4).** Toxicity was
evaluated by independent clinicians before any genotyp-
ing was carried out and before they knew the hypothesis
of the study. Therefore, toxicity was assessed in a blinded
fashion with respect to the patients’ genotypes. The high-
est grade of WHO toxicity (hematologic or non-hemato-
logic) observed in each patient during the maintenance
therapy period was recorded.

Genotype analyses

DNA was isolated from peripheral whole blood using
the QIAmp DNA kit (QIAGEN GmbH, Hilden,
Germany). Genotyping for MTHFR and RFC polymor-
phisms was performed using polymerase chain reaction
(PCR) followed by restriction-fragment length polymor-
phism analysis. The genotyping protocols for the MTHFR
677C>T and MTHFR 1298A>C polymorphisms were per-
formed according to Gemmati et al.” The genotyping pro-
tocol used for RFC 80G>A was adapted from Chango ez
al® as follows: initial denaturation step of 3 min at 94°C,
36 cycles of 94°C for 30 s, 59°C for 30 s, 72°C for 55's, and
a final extension step of 72°C for 7 min. The PCR product
was digested by Cfol (Sigma-Aldrich, Milan, Italy). The
genotyping protocol for the DHFR 19-bp deletion was
adapted from Johnson er al” as follows: initial denatura-
tion step of 4 min at 94°C, 36 cycles of 94°C for 55 s, 62°C
for 55's, 72°C for 55 s, and a final extension step of 72°C
for 12 min. The genotyping protocol for the TS polymor-
phism was performed as described by Horie er al.* PCR
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products were analyzed by electrophoresis on a 10%
polyacrylamide gel and visualized with ethidium bro-
mide. All primers were supplied by Sigma-Genosys
(Milan, Italy). All PCR cycles were performed in a Peltier
Thermal Cycler (PTC-200; M. ]J. Research, Inc.,
Watertown, MA, USA). DNA digestion, if required, was
performed according to the suppliers’ instructions.
Genotypes were confirmed by re-genotyping a random
selection of samples for each polymorphism investigated.
There were no discrepancies between genotypes deter-
mined in duplicate. The possibility of inaccurate genotyp-
ing performed on leukemic blast DNA, due to loss of het-
erozygosity, cannot be excluded, although we did not
find any discordance between the number of combined
MTHFR genotypes observed (i.e 677C>T and 1298A>C)
and that expected by linkage disequilibrium (data not
shown).

Statistical analysis

In this study, the primary outcome of interest was the
development of toxicity in patients receiving homoge-
neous maintenance therapy with methotrexate. By uni-
variate analysis, odds ratios (OR) and 95% confidence
intervals (95% CI) were used to estimate the risk of devel-
oping different grades of toxicity after therapy in patients
with each specific genotype. By multivariate logistic
regression analysis, adjusted OR were calculated, with
the dependent variable being toxicity grades according to
the WHO criteria. The multivariate model included sex,
age, ALL lineage, cytogenetic risk (considered as high or
standard) and the polymorphisms as covariates and they
were checked for possible interaction or confounding
effects. If a covariate had an effect of 10% or more, then
it was considered a confounding factor and the model
was adjusted for it. To evaluate the impact of the poly-
morphisms on different toxicity grades, we performed
two series of analyses: the first compared the presence at
any toxicity grade (grades 1-4) versus the absence (grade
0) and the second compared intermediate/high toxicity
grades (2-4) versus no toxicity/low grades (0-1), to further
evaluate whether polymorphisms were associated with
more severe toxicities. In this way, the patients were sub-
divided in two different toxicity grade groups and all
patients were simultaneously included in the analyses. To
analyze whether the two treatment protocols were asso-
ciated with different toxicities, we used the ¥’ test to
compare the number of patients who developed toxicity
in each treatment protocol, accounting for the different
genotypes.

The secondary outcome of the study was the associa-
tion between survival or relapse rates, and the genotypes.
Overall survival was calculated as the time from the date
of diagnosis to the occurrence of death or the end of fol-
low-up. Relapse free-survival was calculated as the time
from the date of diagnosis to the occurrence of the first
relapse. Overall and relapse-free survival rates were esti-
mated at 2 years of follow-up by Kaplan-Meier analysis
and differences were assessed by the log-rank test. The
associated hazard risk (HR) and 95% CI were used to esti-
mate the probability of developing an event in the period
of follow-up. Hazard risks were calculated by means of
Cox’s proportionate hazards modeling. A p value less

than or equal to 0.05 was considered statistically signifi-
cant. All analyses were performed by Systat V.5.0 (Systat
Inc., Evanston, IL, USA) and the SPSS Statistical Package
(SPSS Inc., Chicago, IL, USA).

Results

Patients’ baseline characteristics

The patients’ characteristics are reported in Table 1.
Clinical data about therapy-related toxicity were avail-
able for 94 patients. There was no difference in the num-
ber of patients developing each kind of toxicity according
to the treatment protocol used; thus all patients were ana-
lyzed together. Among all patients who developed toxic-
ity (n=56), the prevalences of hematologic and non-hema-
tologic toxicities were as follows: hepatic toxicity (n=28;
50%), gastrointestinal toxicity (n=12; 21%), leukopenia
(n=40; 71%), anemia (n=23; 41%), and thrombocytope-
nia (n=15; 27 %). Furthermore, when we considered other
measures indicating that patients tolerated the
chemotherapy poorly, such as discontinuation of treat-
ment (planned when the white blood cell count was
lower than 2x10°/L), a reduction of methotrexate dose
and a delay in administering chemotherapy, we did not
find significant associations with genotypes for any of the
polymorphisms (data not shown).

Clinical data about survival were available for 118
patients in relation to overall survival and for 117 patients
in relation to relapse-free survival (Table 1). After 2 years
of follow-up, 47% of all patients were alive. Globally,
29% of the patients relapsed. The median time to death

Table 1. Clinical characteristics of the patients.

Mean age +SD, years 43.5+18.2
Median age, years (range) 42.5 (18-80)
Sex, n (%)

Male 65 (53)

Female 57 (47)
Lineage, n (%)

B-cell 101 (83)

T-cell 21 (17)
Cytogenetic risk, n (%)

High 32 (26)

Standard 72 (59)

Not estimable 18 (15)
Toxicity, n (%)"

Hepatic 28 (50)

Gastrointestinal 12 (21)

Leukopenia 40 (71)

Anemia 23 (41)

Thrombocytopenia 15 (27)
Survival status at 2 years, n (%)

Alive 58 (47)

Dead 60 (49)

Not available 410)
Disease status at 2 years, n (%)

Relapsed 35 (29)

Non-relapsed 82 (67)

Not available 50)

SD: standard deviation ' The percentages of toxicity were calculated with respect to
the total number of patients with toxicity (n=56).
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or relapse was 22 and 13 months, respectively. The geno-
type frequencies were in Hardy-Weinberg equilibrium.
The frequency of the polymorphisms affecting folate
metabolism in T-cell and B-cell ALL patients, analyzed by
the ¥’ test, did not differ significantly between the two
groups (data not shown).

Analysis of toxicity in association with
the polymorphisms affecting folate metabolism:
grade 0 versus grades 1-4

For the polymorphisms investigated, Table 2 shows the
risk evaluation of developing several kinds of toxicity
when we compared the presence (WHO grades 1-4) with
the absence (WHO grade 0) of toxicity, calculated by mul-

tivariate logistic regression models.

MTHFR 677C>T
Hepatic toxicity increased proportionally to the number
of 677T alleles present in the genotype of patients (32%

CC, 47% CT and 73% TT). Patients with the TT geno-
type had a 5.23-fold increased risk of developing hepatic
toxicity (p=0.028) when compared to patients with the
wild-type genotype (CC). Furthermore, TT patients also
had a 6.43-fold increased risk of leukopenia (¢=0.019),
although this was found only in univariate analysis.

MTHFR 1298A>C

Leukopenia was underrepresented among patients car-
rying the 1298C allele (AC+CC) compared to among
patients with the wild-type genotype (AA), with a signifi-
cant risk reduction of 2.63-fold (OR= 0.38; p=0.028).

DHFR 19 bp deletion

Hepatic toxicity was 2.07- and 4.57-fold increased in
patients with the heterozygous (WD) and homozygous
(DD) genotype, respectively, compared to in patients with
the wild-type genotype (WW), indicating a possible addi-
tive gene-dosage effect. Furthermore, when we consid-

Table 2. Toxicities (grades 0 vs. 1-4 and grades 0-1 vs. 2-4) associated with folate pathway polymorphisms in multivariate analysis.

Polymorphism (n) Toxicity Toxicity
grades 1-4 OR (95% CI) grades 2-4 OR (95% CI)
n (%) n (%)

MTHFR 677C>T' Hepatic toxicity

CC (34 11 (32) Reference 3(9) Reference

CT (45) 21 (47 1.72 (0.64-4.01) 0.255 11 (24) 3.97 (0.77-20.42) 0.098

TT (11) 8 (73) 5.23 (1.13-21.95) 0.028 6 (55) 9.60 (0.87-105.16) 0.064

CT+TT vs. CC* 29 (52) 2.11 (0.85-4.74) 0.101 17 (30) 4.69 (0.94-23.25) 0.058

Gastrointestinal toxicity

CC (34) 8 (23) Reference 1(3) Reference

CT (45) 12 27) 1.21 (0.53-3.83) 0.711 2(4) 1.53 (0.13-17.66) 0.731

TT (11) 4 (36) 1.96 (0.55-8.11) 0.405 327 12.37(1.13-135.20) 0.039

CT+TT vs. CC* 16 (29) 1.35 (0.58-3.56) 0.598 509 3.23 (0.36-28.93) 0.294

MTHFR 1298A>C Leukopenia

AA (88) 30 (62) Reference 19 (40) Reference

AC (34) 14 (41) 0.42 (0.17-1.03) 0.057 8 (23) 042 (0.15-1.15) 0.092

CC (M 2(29) 0.24 (0.04-1.37) 0.098 0(0) NE

AC+CCus. AR 16 (39) 0.38 (0.16-0.90) 0.028 8 (19) 0.32 (0.12-0.87) 0.026
Hepatic toxicity

AA (48) 21 (44) Reference 1531 Reference

AC (34) 18 (53) 1.43 (0.58-3.51) 0.422 5(15) 0.29 (0.09-0.98) 0.047

CcC (M 1(14) 0.19 (0.021-1.89) 0.135 0(0) NE

AC+CCus. AR 19 (46) 1.08 (0.45-2.47) 0.796 5(12) 0.24 (0.07-0.78) 0.018

DHFR 19 bp deletion Hepatic toxicity

WW (39) 13 (33) Reference 6 (15) Reference

WD (37) 18 (49) 2.07 (0.81-5.31) 0.129 924 1.81 (0.55-5.96) 0.329

DD (10) 7(70) 4.57 (1.01-20.77) 0.049 3 (30) 2.69 (0.50-14.36) 0.246

WD-+DD vs. WW* 25 (53) 242 (0.99-5.89) 0.052 12 (25) 2.02 (0.65-6.29) 0.222

TS 28 bp tandem repeat Anemia

2R2R (23) 3(13) Reference 0 Reference

2R3R (37) 11 (30) 2.82 (0.69-11.47) 0.147 6 (16) NE

3R3R (25) 14 (56) 8.48 (2.00-36.09) 0.003 9 (36) NE

2R3R+3R3R vs. 2R2R 25 (40) 450 (1.21-16.76) 0.025 15 (24) NE

'For leukopenia, the univariate analysis of the 677TT genotype showed an OR of 6.43 (95% CI 1.20-34.41; p=0.019) and OR of 4.86 (95% CI 1.14-20.63; p=0.025) for the
comparison of toxicity grades 0 vs. 1-4 and 0-1 vs. 2-4, respectively.” The OR value was computed comparing carriers (heterozygous and homozygous) of the polymorphic

allele versus patients with the wild-type genotype. NE indicates not estimable.
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ered all carriers of the deletion allele (WD+DD), a 2.42-
fold increased risk was confirmed (p=0.052).

TS 28 bp tandem repeat

Anemia was significantly more frequent in patients
with the 3R3R genotype (=0.003) than in those with the
wild-type genotype (2R2R), with the former patients
showing an 8.48-fold increased risk. Furthermore com-
paring all carriers of the 3R allele (2R3R+3R3R) with
patients with the 2R2R genotype, the increased risk
remained statistically significant (OR 4.50; p=0.025).

RFC 80G>A

No significant association was found between this
polymorphism and the toxicities investigated (data not
shown).

Combined analysis between MTHFR 677C>T and DHFR 19 bp
deletion polymorphisms

As both MTHFR 677C>T and DHFR 19 bp deletion
polymorphisms resulted in associations with an increase
in hepatic toxicity, we evaluated them in a combined
analysis (Table 3). All combinations yielded OR greater
than the unit-value, although increases reached statistical
significance only for those combinations for which there
were appreciable numbers of cases. In fact, when we con-
sidered the presence of at least one polymorphic allele for
both polymorphisms (i.e. CT/TT-WD/DD subgroup)
with respect to the double wild-type (CC-WW), the risk
of developing hepatic toxicity exceeded the risks found
for each single polymorphism (OR 6.82; p=0.018).

Analysis of toxicity in association with
the polymorphisms affecting folate metabolism:
grades 0-1 versus grades 2-4

We performed a further analysis of toxicity by compar-
ing patients with no or low grade toxicity (WHO grades
0-1) with those with intermediate-high grades (WHO
grades 2-4) (Table 2).

MTHFR 677C>T

Patients with the TT genotype had a an increased risk
of gastrointestinal toxicity (OR 12.37; p=0.039), not found
in the previous analysis (grade 0 vs. 1-4). The risk of
hepatic toxicity was confirmed and slightly increased, but
not statistically significantly so, in patients with both the
CT (OR 3.97; p=0.098) and TT (OR 9.60; p=0.064) geno-
types by multivariate analysis (Table 2); in univariate
analysis the results were statistically significant (CT: OR
3.33, p=0.084; TT: OR 11.99, p=0.003; CT+TT: OR 4.47,
p=0.025). Similarly, the risk of developing leukopenia was
significantly increased only in univariate analysis for TT
patients (OR 4.86, p=0.025) with respect to those with the

wild-type genotype.

MTHFR 1298A>C

Hepatic toxicity was greatly underrepresented among
patients carrying the 1298C allele. In fact, no patients
with the homozygous genotype (CC) were affected by
hepatic toxicity. Thus, the 1298 C-carriers had a 4.17-fold
risk reduction (OR 0.24, p=0.018) of developing hepatic
adverse effects with respect to patients with 1298 AA.
Similarly, leukopenia was underrepresented among
patients carrying the 1298C allele, with a 3.12-fold risk
reduction for 1298 C-carriers (OR 0.32, p=0.026) with
respect to those with the wild-type genotype.

No significant association was found for the other
investigated polymorphisms affecting folate metabolism.

Survival analysis and polymorphisms

Kaplan-Meier analysis of overall survival curves
showed significant results for MITHFR 677C>T polymor-
phism. At 2 years of follow-up, the different overall sur-
vival was evident for TT cases compared to 677C-carriers
(Log-rank p=0.005) (Figure 1). In fact, at 2 years a similar
percentage of 677CC and 677CT patients (55%) were
alive, whereas only 14% of patients with 677TT were
alive, with an associated HR of 2.37 (95% CI 1.46-8.45)
for the 677TT genotype.

Table 3. Combined analysis for MTHFR 677C>T and DHFR 19 bp deletion polymorphisms and risk of hepatic toxicity (WHO grade 0 vs. grades

1-4).
MTHFR DHFR Toxicity Toxicity OR (95% CI)* p
677C>T 19 bp deletion grade 0 grades 1-4

n n
cC Ww 11 4 Reference
cC WD 10 5 1.56 (0.27-9.13) 0.621
cC DD 1 2 4.10 (0.24-70.28) 0.330
CT Ww 14 6 1.23 (0.26-5.75) 0.791
CT WD 8 11 5.95 (1.08-32.87) 0.041
CT DD 1 3 23.18 (0.23-233.7) 0.182
TT Ww 1 3 23.18 (0.23-233.7) 0.182
TT WD 1 3 23.18 (0.23-233.7) 0.182
TT DD 1 2 4.10 (0.24-70.28) 0.330
CT/TT WD/DD* 11 19 6.82 (1.38-33.59) 0.018
CT+TT* WD-+DD? 37 35 2.95 (0.81-10.68) 0.100

'OR-values were computed by multivariate logistic regression analysis considering the wild-type genotypes as the reference.*All patients carrying at least one variant allele
for both polymorphisms in combined way. ’All patients carrying at least one variant allele for either polymorphism in a combined way.
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No association was found between overall survival and
the other polymorphisms investigated. We also calculated
the relationship between relapse-free survival and poly-
morphisms. In this series of analyses we found no signifi-
cant associations, although for the RFC 80G>A polymor-
phism we observed a reduction of relapse-free survival at
2 years of follow-up among 80A-carriers with respect to
that of patients with the wild-type genotype (log-rank
=0.235; HR 1.60, 95% CI 0.72-3.55; p=0.251).

Discussion

In this study we evaluated the influence of folate poly-
morphisms, directly involved in the methotrexate phar-
macological pathway, on toxicity and survival in adult
ALL patients. We found that the MTHFR 677C>T poly-
morphism was associated with hepatic toxicity, leukope-
nia and gastrointestinal toxicity. Specifically, patients har-
boring the 677T allele exhibited a substantial 5-6-fold
increase in incidence of hepatic toxicity and leukopenia
(Table 2). In addition, considering a comparison between
lower and intermediate-high grade gastrointestinal toxici-
ty (Table 2), 50% of patients had the TT genotype,
attributing a 12-fold increased risk to this genotype. As far
as concerns MTHFR 1298A>C, we found an association
between this polymorphism and leukopenia and hepatic
toxicity (Table 2) but in the opposite direction with
respect to that reported for MTHFR 677C>T. This might
be due to the known linkage disequilibrium existing
between the 677T and 1298C alleles.

In recent years, several studies have investigated the
relationship between MTHFR polymorphisms and toxici-
ty during methotrexate therapy in childhood
ALL 2121152577 Most of these studies did not find signifi-
cant associations between the 677T allele and toxici-
ty,>1%% although one study reported a lower rate of
episodes of toxicity among patients carrying the 677T
allele” and another study showed that individuals with
the 677T allele more frequently had to interrupt
methotrexate treatment, suggesting that the MTHFR
677C>T serves as a predictor of toxicity during mainte-
nance chemotherapy." These different results are proba-
bly attributable to several factors including the methotrex-
ate-dose, treatment protocol, ethnic background, and
number of patients analyzed. In line with our findings,
decreased hematologic toxicity associated with the 1298
AC/CC genotypes was previously described in children
with ALL treated with high-dose methotrexate; neverthe-
less these studies did not find greater toxicity associated
with the 677T allele.””

In contrast to what has been observed in childhood
ALL, in adult ALL patients treated with methotrexate pre-
vious studies have shown a correlation between the
MTHEFR 677C>T and increases of mucositis and, hepatic
and hematologic toxicity,"®" in line with our results. It
should be noted that the doses of methotrexate adminis-
tered to our patients during ALL maintenance therapy
were lower than the doses used in childhood ALL. The
influence of the polymorphism might be more clearly
expressed during the low-dose methotrexate regimen
explaining, in part, the different results reported in studies

MTHFR 677C>T

100 =y =4=677 C-carriers
“des 677 TT
g
= .
z 207 "L
= "
3
dq__'; le=l
0 L] L] L) L) L]
0 5 10 15 20 25

Time (months)

Figure 1. Kaplan-Meier analysis evaluating the association
between overall survival and MTHFR 677C>T polymorphism in
118 adult patients with ALL.

of ALL in adults and children.

This study provides new evidence regarding the influ-
ence of the DHFR 19 bp deletion polymorphism on
methotrexate toxicity in adult ALL. Homozygosity for
DHFR 19 bp deleted allele was significantly associated
with increased hepatic toxicity. As DHFR and MTHFR are
two key functionally linked enzymes involved in folate
metabolism (DHFR starts a folate reduction process pre-
ceding and favoring the formation of 5,10-methylene-
tetrahydrofolate, the substrate for MTHEFR) and the
MTHFR 677C>T and DHFR 19 bp deletion were both
associated with an increase in hepatic toxicity, we investi-
gated the two polymorphisms in a combined analysis, to
evaluate a possible additive effect. We found that the risk
was even higher when the two polymorphisms were pres-
ent in combination (Table 3) with respect to the risk
obtained for each polymorphism. However, in combined
analysis the small number of patients carrying certain hap-
lotypes limited the possibility of estimating the role of
each specific haplotype. To our knowledge, no study has
been reported on a relationship between the DHFR 19 bp
deletion polymorphism and toxicity in adult ALL,
although DHIER gene variants, including the DHFR 19 bp
deletion, were investigated in a previous study performed
in childhood ALL, in which a correspondence between
worse ALL outcome and specific DHFR genotypes was
found.®

A further considerable result of our study concerns the
TS enhancer repeat polymorphism and a higher risk of
developing anemia in patients with the 3R3R genotype.
Recently, this polymorphism was studied in childhood
ALL; no association with toxicity was found,*"*” although
the SR3R genotype was associated with a higher risk of
hematologic relapse,” poorer outcome® and shorter
event-free survival.”® Finally, no association was identi-
fied between the RFC 80G>A polymorphism and the tox-
icities investigated.

Folate metabolism, crucial for important cellular events
such as DNA synthesis and DNA methylation, may be
affected by polymorphisms in genes codifying key folate
enzymes. Indeed, it has been reported that AMTHFR
677C>T and 1298A>C polymorphisms reduce the activi-
ty of the MTHFR enzyme” leading to an increase of
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homocysteine levels. Furthermore, the DHFR 19-bp dele-
tion polymorphism’” has been associated with an increase
of gene expression and homocysteine levels.*

Globally, considering the role of the polymorphisms
investigated and the results obtained in this study, we
speculate that the increased toxicity associated with spe-
cific genotypes might be explained by an imbalance in
folate homeostasis. In particular, with regards to the
increased hepatic toxicity in patients with MTHFR 677TT
and DHFR 19 bp DD genotypes, we hypothesize an addi-
tive impact of methotrexate therapy and MTHFR-DHFR
polymorphisms on the unbalancing of the folate cycle,”
via homocysteine. This consideration is based on the fol-
lowing evidence: first, an acute elevation in homocysteine
levels has been observed after methotrexate administra-
tion;** secondly, the MTHFR 677C>T and DHFR 19 bp
deletion polymorphisms have been reported to cause an
increase homocysteine;”* thirdly, homocysteine seems to
have a role in hepatotoxicity by elevating liver
enzymes.**” Nevertheless, the cellular mechanisms
explaining effects of the different genotypes on the occur-
rence of toxicity remain to be fully clarified.

A second goal of this study was to investigate the
impact of the polymorphisms on survival. The overall
survival rate of MTHFR 677TT carriers was lower than
that of patients carrying MTHFR C alleles (Figure 1). A
limited amount of evidence has been reported on the
influence of MTHFR polymorphisms on survival in
adults. Our results are in line with those previously
reported by Chiusolo er al.,, showing an association
between the 677TT variant and a reduced survival among
adult ALL patients treated with methotrexate-based
maintenance therapy.” Similarly, the 677T variant was
found to be associated with lower disease-free survival or
relapse-free survival in two childhood ALL studies.’**
Our result could be partly explained by the fact that
677TT patients conserve more 5,10-methylene-tethahy-
drofolate in their cells than do carriers of the other geno-
types. This condition may counteract the folate-depleting
effect of methotrexate and affect methotrexate-efficacy
and survival. The analysis of relapse-free survival per-
formed in our study showed no significant associations
with polymorphisms, although patients carrying the RFC
80A allele had a lower probability of relapse-free survival.
Though not statistically significant, our results were in
line with those of Laverdiere et al.,* who showed that
children with ALL carrying the 80A allele had a higher
risk of relapse or death during induction and maintenance
methotrexate therapy. These data seem to suggest a role
for the RFC 80G>A polymorphism in relapse risk and it
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