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ABSTRACT Epipodophyllotoxins are associated with leu-
kemias characterized by translocations of the MLL gene at
chromosome band 11g23 and other translocations. Cytochrome
P450 (CYP) 3A metabolizes epipodophyllotoxins and other che-
motherapeutic agents. CYP3A metabolism generates epipodo-
phyllotoxin catechol and quinone metabolites, which could dam-
age DNA. There is a polymorphism in the 5’ promoter region of
the CYP3A44 gene (CYP3A44-V) that might alter the metabolism of
anticancer drugs. We examined 99 de novo and 30 treatment-
related leukemias with a conformation-sensitive gel electro-
phoresis assay for the presence of the CYP344-V. In all treatment-
related cases, there was prior exposure to one or more anticancer
drugs metabolized by CYP3A. Nineteen of 99 de novo (19%) and
1 of 30 treatment-related (3%) leukemias carried the CYP344-V
(P = 0.026; Fisher’s Exact Test, FET). Nine of 42 de novo
leukemias with MLL gene translocations (21%), and 0 of 22
treatment-related leukemias with MLL gene translocations car-
ried the CYP344-V (P = 0.016, FET). This relationship remained
significant when 19 treatment-related leukemias with MLL gene
translocations that followed epipodophyllotoxin exposure were
compared with the same 42 de novo cases (P = 0.026, FET). These
data suggest that individuals with CYP344-W genotype may be at
increased risk for treatment-related leukemia and that epipodo-
phyllotoxin metabolism by CYP3A4 may contribute to the sec-
ondary cancer risk. The CYP344-W genotype may increase
production of potentially DNA-damaging reactive intermediates.
The variant may decrease production of the epipodophyllotoxin
catechol metabolite, which is the precursor of the potentially
DNA-damaging quinone.

Second cancers are uncommon events occurring at a frequency
of about 7% in survivors of primary malignant neoplasms (1).
Although leukemias comprise a small fraction of second cancers
(2), leukemias are the major second cancers that result from
chemotherapy (3-6). There are two major forms of treatment-
related leukemia, those with chromosome 5 and 7 monosomies
induced by alkylating agents, and those with MLL gene translo-
cations and other translocations related to DNA topoisomerase
II inhibitors (7). Because only a minority of patients develop
leukemia after chemotherapy, it has been suggested that differ-
ences in drug interactions with the host may be predisposing
factors (8). Germ-line mutations in tumor-suppressor genes or
genetic variation in drug metabolism are examples of host risk
factors. Germ-line mutations in the NF-I and p53 tumor-
suppressor genes have been observed in alkylating agent-
associated leukemias with chromosome 5 and 7 monosomies
(9-12). Similar host risk factors for leukemias induced by DNA
topoisomerase II inhibitors currently are unknown.
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We explored genetic variation in drug metabolism as a poten-
tial host risk factor. Distinct phase I and phase II pathways of drug
metabolism comprise a protective mechanism against environ-
mental toxins (13-15). Phase I metabolism by cytochrome P450
(CYP) enzymes converts many compounds to reactive, electro-
philic, water-soluble intermediates, some of which can damage
DNA (14-19). The glutathione S-transferases and N-acetyltrans-
ferases, which are phase Il enzymes, inactivate various toxic
compounds, including compounds produced by phase I metab-
olism (13-15). Polymorphisms of potential relevance to chemical
carcinogenesis have been described for various CYP, glutathione
S-transferase, and N-acetyltransferase enzymes (13-15). A
CYP2D6 polymorphism is associated with an increased risk of
leukemia; it has been proposed that the poor-metabolizer phe-
notype may result in decreased ability to detoxify chemical
carcinogens (20). An excess of the GSTTI null genotype was
observed in an adult white population with myelodysplastic
syndrome, perhaps suggesting that resultant decreased detoxifi-
cation of carcinogens may enhance susceptibility to myelodys-
plastic syndrome (21).

The epipodophyllotoxins, etoposide (VP16) and teniposide
(VM26), as well as cyclophosphamide (CPM), ifosphamide
(IFOS), vinblastine (VBL), and vindesine are substrates for
metabolism by CYP3A (22), the most abundant component of
the CYP system in the human liver (23). We identified a variant
in the 5’ promoter region of the CYP3A44 gene (CYP3A4-V ref.
24). The polymorphism is an agggcaagag — agggcaggag transition
in the nifedipine-specific response element (24). In the present
study, we examined de novo and treatment-related leukemias with
and without MLL gene translocation for the presence of
CYP3A4-V. The results suggest that the wild-type CYP344 ge-
notype (CYP3A44-W) is significantly associated with epipodophyl-
lotoxin-induced leukemogenesis.

METHODS

Subjects and Biosamples. The Institutional Review Board of
The Children’s Hospital of Philadelphia and The Committee for
Research on Human Subjects at the University of Pennsylvania
approved this research. Genomic DNAs and clinical information
were obtained on patients with a diagnosis of leukemia. The
patients were grouped according to whether the leukemia was de
novo or followed anticancer treatment and whether the leukemia
was characterized by translocation of the MLL gene at chromo-
some band 11g23. Genomic DNA was isolated from leukemic
marrow or peripheral blood mononuclear cells as described, and
Southern blot analysis was used to identify MLL gene rearrange-
ments (25-27). Group 1 included 42 patients with de novo
leukemias characterized by molecular translocation of the MLL

Abbreviations: CI, confidence interval; CPM, cyclophosphamide;
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gene (Table 1). Group 2 included 22 patients with treatment-
related leukemias characterized by molecular translocation of the
MLL gene, although in five cases this was not cytogenetically
apparent (Table 2). All received prior chemotherapy with at least
one agent metabolized by CYP3A4 (22). Exposures included
VP16, VM26, CPM, IFOS, or VBL. In all the cases in group 1 and
group 2, MLL gene rearrangement was within the breakpoint
cluster region except in a single group 1 case, where the rear-
rangement mapped 5’ of the breakpoint cluster region between
MLL intron 3 and exon 5 (27, 28).

The 57 patients in group 3 were diagnosed with de novo B
lineage acute lymphoblastic leukemia and were studied as a
control population with a common pediatric cancer. MLL gene
rearrangement was excluded in all cases by Southern blot analysis
of BamHI-digested DNA with the B859 cDNA probe from the
MLL breakpoint cluster region (29). Group 4 included eight
patients with treatment-related leukemia without cytogenetic
and/or molecular evidence of translocation of chromosome band
11q23. All eight patients previously were diagnosed with cancer
and had a history of exposure to at least one anticancer drug
metabolized by CYP3A4.

Clinical and demographic features, karyotypes, and rearranged
or germ-line MLL gene configuration have been described for 30
group 1 patients (25-27), 11 group 2 patients (11, 28, 30), and 2
group 4 patients (11, 28). Clinical and demographic features have
been described for 27 group 3 patients (31).

Table 1. Characteristics of 129 subjects with leukemia
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CYP3A44 Genotype Determination. Genomic DNA was avail-
able from bone marrow or peripheral blood either at diagnosis or
relapse of leukemia. Genotypes were examined by PCR ampli-
fication of a 592-bp template from upstream of the CYP3A44 gene,
extending into exon 1 (nucleotides —571 to +22), and analysis of
the products in a conformation-sensitive gel electrophoresis assay
(24). The sequences of the forward and reverse primers used for
PCR were derived from the published sequence (32) and were
5'-AAC AGG CGT GGA AAC ACA AT-3', and 5'-CTT TCC
TGC CCT GCA CAG-3', respectively (24). Each 50-ul PCR
mixture contained ~100 ng of genomic DNA, 4 units Ampli7aq
DNA polymerase (Perkin—-Elmer), 25 pmol of each primer, 200
uM each dNTP (Perkin—Elmer), 1.5 mM MgCl, and PCR buffer
II at 1X final concentration (Perkin—Elmer). After initial dena-
turation at 95°C for 5 min and incubation at 82°C for 1 min, we
used a two-phase touchdown protocol for annealing. The first
phase included 25 cycles at 94°C for 1 min, 66°C for 1 min (with
adecrease of 0.5°C each cycle), and 72°C for 1 min, to reach a final
annealing temperature of 54°C. The second phase included 15
cycles at 94°C for 1 min, 50°C for 1 min, and 72°C for 1 min, and
was followed by a final elongation at 72°C for 10 min. Control
genomic DNA with known CYP344-V/V genotype was also
amplified.

PCR products (6 ul) were admixed with 6 ul of PCR products
with known CYP3A44-V/V genotype and electrophoresed in a
10% nondenaturing polyacrylamide gel in the same lane with 12

De novo Treatment-related
Group 1 Group 3 Group 2 Group 4
11q23 (42) non-11q23 (57) Total (99) 11923 (22) non-11q23 (8) Total (30) Total (129)

Mean age at Dx in yr, (SD),

{n} 2.2, (5.1), {42} 7.7, (5.4), {49} 11.2, (4.7), {22} 14.1, (8.8), {8}
Male 16 (38%) 37 (65%) 53 (53%) 13 (59%) 3 (38%) 16 (53%) 69 (53%)
Female 26 (62%) 19 (33%) 45 (45%) 9 (41%) 5(63%) 14 (47%) 59 (46%)
NA 0 1 (2%) 1(1%) 0 0 0 1 (1%)
White 37 (88%) 36 (63%) 73 (74%) 19 (86%) 6 (75%) 25 (83%) 98 (76%)
Black 3 (7%) 9 (16%) 12 (12%) 0 0 0 12 (9%)
Hispanic 2 (5%) 3(5%) 5(6%) 3 (14%) 1 (13%) 4 (13%) 9(7%)
Asian 0 2 (4%) 2 (2%) 0 0 0 1(2%)
NA 0 7 (12%) 7 (7%) 0 1(13%) 1 (3%) 8 (6%)
ALL 21 (50%) 57 (100%) 78 (79%) 3 (14%) 0 3 (10%) 81 (63%)
AML 18 (43%) 0 18 (18%) 16 (73%) 4 (50%) 20 (67%) 38 (29%)
Biphenotypic 3 (7%) 0 3 (3%) 1 (5%) 0 1 (3%) 4 (3%)
MDS 0 0 0 2 (9%) 4 (50%) 6 (20%) 6(5%)
FAB L1 14 (33%) 33 (58%) 47 (47%) 3(13%) 0 3(10%) 50 (39%)
FAB L2 3(7%) 9 (16%) 12 (12%) 0 0 0 12 (9%)
FAB M1 2(5%) 0 2 (2%) 1(5%) 0 1(3%) 3 (2%)
FAB M2 2 (5%) 0 2 (2%) 2 (9%) 0 2(7%) 4 (3%)
FAB M4 4 (9%) 0 4 (4%) 11 (50%) 2 (25%) 13 (43%) 17 (13%)
FAB M5 10 (24%) 0 10 (10%) 2 (9%) 1 (13%) 3 (10%) 13 (10%)
FAB M6 0 0 0 0 1 (13%) 1 (3%) 1 (1%)
FAB M7 0 0 0 1 (5%) 0 1(3%) 1(1%)
RAEB 0 0 0 0 1 (13%) 1(3%) 1(1%)
RAEB-t 0 0 0 0 1 (13%) 1 (3%) 1 (1%)
NA 7 (17%) 15 (26%) 22 (22%) 2 (9%) 2 (25%) 4 (13%) 26 (20%)
Mean survival in mo, [SD], 20.4, [19.0], 37.9, [30.3], 10.4, [10.5], 6.6, [5.8],

(range), {n} (0.7-71.1), (6-125), (0.1-42), (0.3-15),

{39} {49} {20} {8}

Mean interval in mo, [SD], Not applicable  Not applicable 40.5, [31.4], 55.3, [34.8],

(range), {n} (11-132), (14-113),

{22} {8}

NA, not available; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; MDS, myelodysplastic syndrome; FAB, the French—
American—British classification of morphology; RAEB, refractory anemia with excess blasts; RAEB-t, refractory anemia with excess blasts in
transition; {n }, number of subjects for whom information was available. Survival is from diagnosis of de novo or treatment-related leukemia. Interval
is from diagnosis (Dx) of primary cancer to diagnosis of treatment-related leukemia.
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Table 2. Features of group 2 and group 4 subjects with treatment-related leukemia

Interval
Age at  CYP3A4 from
Patient Primary  primary substrate Secondary primary
no. Gender Race cancer Dx, yr. mo exposure leukemia FAB Dx, mo Karyotype
Group 2 2 F W ALL 29 VP16 AML M4 50 46,XX,t(11;19)(q23;p13.3)[10]/46,XX[10]
3 F W ALL 1.7 VP16, AML M4 41 47,XX,+8,t(11;19)(q23;p13)[19]/
CPM 48,XX,+8,+8,t(11;19)(q23;p13)[6]
4 F W  OS 7 VP16 AML M1 60 46,XX,t(9;11)(p22;q23)[27]
5 M W HD 15.8 CPM,  Bipheno- M4 16 46,XY,t(11q—;19p+)[25]
VLB typic
6 W NB 3.6 CPM, AML M4 118  46,XY,t(1;7)(q32;q32-34),
VM26 inv(2)(p21q37),t(3;11)(q25;923),t(7;?)
(422:7)[29]
8 F W  NHL 9.2 CPM ALL L1 21 47,XX,+del(6)(?7q27)[1]/
47,XX,+8,del(6)(q27),del(11)(q23)[29]
9 M W  PNET 13.9 CPM, AML M5 11 46,XY,t(9;11)(p22;q23)[20]
IFOS,
VP16
10 M W  OS 14 IFOS, ALL L1 16 46,XY,t(4;11)(q21;q23)[7]/46,XY[18]
VP16
11 F H ALL 123 VP16  MDS M7 33 47,XXadd(1)(p32),+mar[2]/46,XX[38]
12 F W ALL 1.9 VP16 AML M4 41 46,XX.del(11)(q14),add(14)(p?11.2)[16]/
46,XX[4]
13 M W  ERMS 5.3 CPM AML M4 60 46,XY[18]
21 M W ALL 4.0 VP16 AML M4 23 46,XY,t(9;11)(p22;q23)[19]/46,XY[1]
23 F W ALL 10.9 CPM, AML M2 132 46,XX,t(11;19)(q23;p13.3)[15]/46,XX[5]
VP16
24 M W  ERMS 15.2 CPM, AML M4 24 46,XY,t(9;11)(p21;q23)[19]
IFOS,
VP16
33 F W ARMS 9.11 CPM, ALL L1 15 46,XX,t(4;11)(q21;q23)[4]/46,XX][3]
IFOS,
VP16
35 M W WT 7.4 CPM, AML M5a 39 46,XY,t(9;11)(p22;q23)[20]
VP16
36 M H ARMS 1.4 IFOS, AML M4 60 46,XY
VP16
38 M W ALL 1.3 CPM, MDS NA 28 46,XX,t(11;19)(q23;p13.3)
VM26
39 M W NB 12.11 CPM, AML M4 11 46,XY,del(11)(q23)[8]/46,XY[12]
VP16
40 F H ALL 8.9 CPM, AML NA 31 46,XX,1(11;17)(q23;925)
VP16
44 M W Ewing’s 10.8 CPM, AML M2 34 46,XY[20]
IFOS,
VP16
47 M W OS 12.10 IFOS AML M4 26 46,XY,t(9;11)(p22;q23)[18]/46,XY[2]
Group 4 17 M W  ERMS 1.11 CPM, MDS RAEB-t 65 45,XY,hsr(2)(q22),—5,der(7)del(7)
VP16 (q11.23)hsr(7) (q11.23),der(12)t(12;19)
(p11.2;q12),der(17)t(5;17)
(p12;p11.2),—19,+mar1[19]/related
nonclonal[1]/46,XY[2]
19 F NA ARMS 13 CPM, AML M5a 49  49,XX,+2,+12,+16[12]/
IFOS, 51,XX,+2,+6,+12,+13,+16[7]
VP16
27 F W  HD 19.0 VLB AML NA 96  46,XX,inv(3)(q21q26)[18]/
46,idem,der(6)t(1;6)(q21;q21)[5]
32 F H  Ependy- 1.5 CPM, MDS NA 20 45,XX,=7[7]/46,XX[7]
moma VP16
34 M W NHL 1411 CPM, MDS RAEB 14  46,XY,t(11;20)(p15:q11.2)[17]/
IFOS, 45,idem,—5[3]
VP16
43 F W  OS 14.0 IFOS, MDS M6 49 45XX.del(5)?(q11.2q23),~7,~17,+mar
VP16 [17]/46,XX[13]
wl of the products without additional CYP344-1//V DNA. Dif- types were classified as W/W, W/V or V/V. In CYP3A44 V/V
ferential migration of DNA heteroduplexes and homoduplexes subjects, a single homoduplex band would be observed with and

was visualized by ethidium bromide staining, and CYP344 geno- without addition of V/IV DNA. In W/V subjects, both homodu-
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Table 2. (Continued)
Interval
Age at CYP3A4 from
Patient Primary primary substrate Secondary primary
no. Gender Race cancer Dx, yr. mo exposure leukemia FAB Dx, mo Karyotype
45 F W RMS 0.11 CPM, AML M4 36 46,XX,5q—
IFOS,
VP16
51 M W Undiffer- 13.8 CPM, AML M4 113 46,XY[6]/45,XY,—13[1]/45,XY,—15[1]/
entiated IFOS 43,XY,—16,-21,-21[1]
sarcoma

Dx, diagnosis; M, male; F, female; NA, not available; W, white; B, black; H, Hispanic; ALL, acute lymphoblastic leukemia; OS, osteosarcoma;
RMS, rhabdomyosarcoma; ARMS, alveolar rhabdomyosarcoma; ERMS, embryonal rhabdomyosarcoma; HD, Hodgkin’s disease; NHL, non-
Hodgkin’s lymphoma; PNET, peripheral neurectodermal tumor; WT, Wilm’s tumor; CPM, cyclophosphamide; IFOS, ifosphamide; VLB,
vinblastine; VP16, etoposide; VM26, teniposide; AML, acute myeloid leukemia; MDS, myelodysplastic syndrome; FAB, the French-American—
British classification of morphology. Features of patients 2—-6, 8—13, 17, and 19 have been described in refs 11, 28, and 30, where patient numbers

were the same.

plex and heteroduplex bands would be observed without addition
of V/VDNA, whereas addition of /) DNA would have no effect
on banding patterns. In contrast, for W/W subjects, a single
homoduplex band would be observed without additional /1
DNA, but addition of 1’/ DNA would produce both homodu-
plex and heteroduplex patterns (Fig. 1). CYP344-V/V and
CYP3A44-W/V were defined as CYP3A4-V (variant) genotypes.
Statistical Methods. Proportions in contingency tables were
compared by nonparametric methods. Fisher’s Exact Test (FET)
was used for analysis of contingency tables with less than five
observations per cell. Odds ratios (OR) were estimated using
logistic regression models for binary outcome data and were
adjusted for age at diagnosis, race, and gender. All analyses were
performed with SAS version 6.11 statistical software.

RESULTS

Descriptive Results. Table 1 describes the molecular, demo-
graphic, and clinical characteristics of all four groups of subjects
(n = 129). Among the four groups, there were significant
differences in distribution of age at initial diagnosis (Kruskal-
Wallis %1 = 52.92; P < 0.0001) and gender (P = 0.034, FET) but
not race (P = 0.170, FET).

Of the 22 subjects in group 2, 14 (64%) were exposed to CPM,
7 (32%) to IFOS, 1 (5%) to VBL, 2 (9%) to VM26, and 17 (77%)
to VP16 (Table 2). The regimens contained one CYP3A4 sub-
strate in seven cases and two or three CYP3A4 substrates in the
other cases. Of the eight group 4 subjects, six (75%) were exposed
to CPM, five (63%) to IFOS, one (13%) to VBL, none were
exposed to VM26, and six (75%) were exposed to VP16 (Table
2). The chemotherapy included more than one drug metabolized
by CYP3A4 in seven of eight cases.

The karyotypes in all treatment-related leukemias were exam-
ined for the presence of both copies of chromosome band 7q22,
the genomic region encoding CYP3A4 (ref. 33; Table 2). The
karyotypes suggested that both copies were present in a signifi-
cant proportion of the cells and that both CYP3A44 alleles would
be amplifiable from the leukemic samples.

Association of Case Group with CYP344 Genotype. We ob-
served significant differences in CYP344 genotype distribution
among the four groups of subjects. As shown in Table 3, there was
a significant deficit of CYP3A44-1 genotypes among all treatment-
related cases (3%) compared with all de novo cases (19%; P =
0.026, FET). The age-, gender-, and race-adjusted OR for this
association was 0.07 (95% confidence interval (CI): 0.01-0.68).
When we limited the analysis to leukemias with MLL gene
translocations, we found no CYP3A44-1 genotypes in the treat-
ment-related cases in group 2, compared with 21% of the de novo
cases in group 1 (P = 0.016, FET). Because none of the 22 group
2 subjects carried the CYP344-V, no OR could be estimated. Of
the group 2 subjects, three did not have prior exposure to
epipodophyllotoxin (Table 2). After removal of these cases and

analysis of the group 2 subjects exposed to epipodophyllotoxin,
the observation that CYP344-V was underrepresented in treat-
ment-related leukemias with MLL gene translocations remained
significant (P = 0.026, FET).

To evaluate whether the genotype effect was specific to treat-
ment-related leukemias with MLL gene translocations, we com-
pared CYP3A44 genotype in patients with de novo and treatment-
related leukemias without MLL gene translocations in groups 3
and 4. No difference was observed (P = 0.592, FET), but the
sample size among these subjects was too small to make strong
inferences (Table 3).

Because differences in survival times might affect the chances
of developing treatment-related leukemia, we determined
whether the mean survival time from diagnosis in patients with de
novo leukemia in groups 1 and 3 was similar to the mean interval
from the primary cancer diagnosis to the development of treat-
ment-related leukemia in groups 2 and 4. The mean survival time
in groups 1 and 3 was 30.1 months; the mean interval from the
primary cancer diagnosis to the development of treatment-
related leukemia in groups 2 and 4 was 44.4 months (Table 1).
Because this difference was significant (F;gs from ANOVA =
5.56; P = 0.02), we adjusted the association analyses for the total
duration of follow-up. The resulting OR association comparing all
de novo cases against all treatment-related cases (OR = 0.09, 95%
CI: 0.01-0.87) was not substantially different from the analyses
adjusted only for age at diagnosis, race, and gender, indicating
that the effect of CYP344 genotype remained significant even
after adjustment for different follow-up times among case groups.

DISCUSSION

DNA topoisomerase II inhibitors, especially the epipodophyllo-
toxins, are associated with treatment-related leukemias in about

&‘x\ «\V‘ o

+W/V

-V

F1G. 1. Migration patterns on conformation-sensitive gel electro-
phoresis analysis of PCR-amplified W/W, W/V, and V/V DNAs with
(Upper) and without (Lower) addition of DNA with known V/V
genotype, which changes the migration of only W/W DNA.
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Table 3. Association of CYP344 genotype with leukemia subsets

Proc. Natl. Acad. Sci. USA 95 (1998)

Genotype frequency (row %)

Group* CYP3A44-W CYP344-V FET P value OR (95% CI)f
All de novo cases (Groups 1, 3) 80 (81%) 19 (19%) 0.026 0.09 (0.01-0.87)
All treatment-related cases (Groups 2, 4) 29 (97%) 1 (3%)
De novo 1123 (Group 1) 33 (79%) 9(21%) 0.016 ¥
Treatment-related 11q23 (Group 2) 22 (100%) 0(0%)
De novo 11q23 (Group 1) 33 (79%) 9 (21%) 0.026 ¥
Epipodophyllotoxin-related 1123 (Group 2 subset) 19 (100%) 0(0%)
All 11923 (Groups 1, 2) 55 (86%) 9 (14%) 0.419 1.33 (0.42-4.20)
All non-11q23 (Groups 3, 4) 54 (83%) 11 (17%)
De novo non-11q23 (Group 3) 47 (82%) 10 (18%) 0.592 0.37 (0.02-4.59)
Treatment-related non-11q23 (Group 4) 7 (88%) 1 (12%)
Treatment-related 11q23 (Group 2) 22 (100%) 0(0%) 0.267 ¥
Treatment-related non-11q23 (Group 4) 7 (88%) 1 (12%)

*Numbers correspond to four subject groups, as defined in Materials and Methods. TAdjusted by multiple logistic regression for age at diagnosis
of leukemia, race, gender, and survival time. ¥Odds ratio and 95% CI are inestimable due to zero cells. The genotypes of the 9 group 1 subjects
with CYP344-V were W/V in 8 cases and V/V in the other case; the genotypes of the 10 group 3 subjects with CYP344-V were W/V in 8 cases
and V/V in 2 cases. The genotype of the single group 4 subject with CYP3A4-V was W/V.

2% of patients (28, 34—47). Molecular cancer epidemiology has
not identified specific mutations that confer genetic susceptibility
or mutagen sensitivity in this form of leukemia. Epipodophyllo-
toxins, CPM, IFOS, VBL, and vindesine all are substrates for
CYP3A (22, 48). Previously, we observed an agggcaagag —
agggcaggag polymorphism in the nifedipine-specific response
element of the CYP344 promoter, which represents the
CYP3A4-V (variant) genotype (24). The ethnic distributions of
CYP3A4-V are 9% in whites, 53% in African Americans, and 0%
in Taiwanese (49). In the present study, we observed a significant
deficit of the CYP344-V among subjects who developed treat-
ment-related leukemia after administration of chemotherapeutic
agents that are metabolized by CYP3A.

These results suggest that CYP3A4-W is associated with the
effects of chemotherapy, particularly the effects of epipodophyl-
lotoxin, leading to leukemias with MLL gene translocations.
Conversely, the findings suggest that after similar chemotherapy,
CYP3A4-V is associated with DNA damage leading to leukemias
with MLL gene translocation less frequently. We evaluated 19
subjects who had epipodophyllotoxin exposure and developed
treatment-related leukemia with MLL gene translocation as a
separate subgroup. A significant relationship was observed with
CYP3A44 genotype in this patient subset. The chemotherapy
included more than one CYP3A substrate in several of these
patients. In addition, the deficit of CYP3A44-1" was significant for
all subjects with treatment-related leukemias, suggesting that the
relationship of CYP344 genotype with alkylating agent-induced
leukemia should be studied further.

CYP3A catalyzes O-demethylation of the epipodophyllotoxin
dimethoxyphenol E ring to form the catechol metabolite (48).
The catechol is the precursor to a quinone metabolite (50, 51),
which potentially could produce depurinating N7-guanine ad-
ducts (52). Such adducts might result in the formation of abasic
sites in DNA from the action of DNA glycosylases (53-56).
Whereas enhanced DNA topoisomerase II cleavage is the mech-
anism of chromosomal breakage from epipodophyllotoxin parent
drugs (57), abasic sites at critical positions in the DNA increase
DNA topoisomerase II cleavage much more than the parent
drugs (58-61). Unrepaired DNA adducts result in recruitment of
recombinational repair when there is blockage of the replication
fork (53). Redox cycling of the catechol and quinone metabolites
generates reactive oxygen species and hydroxyl radicals that could
cause oxidative damage to the DNA (51, 53). Oxidative DNA
damage may generate interstrand crosslinks that recruit recom-
binational repair. Although this system is not well characterized

in humans (53), recently it was shown that mammalian cells use
homology-directed recombinational repair when there are dou-
ble-strand breaks in DNA (62). Thus, epipodophyllotoxin cate-
chol and quinone metabolites have potential genotoxic properties
that may be of relevance to translocations.

We identified CYP3A44-V as a genotypic factor that modulates
leukemogenic drug effects. It is biologically plausible that CYP3A
metabolism is a host factor that modulates the risk of treatment-
related leukemia. If CYP3A44-V, which disrupts a regulatory
element 5" to the CYP3A44 gene, is associated with decreased
CYP3A4 expression or decreased activity of the enzyme, forma-
tion of genotoxic metabolites may be reduced in individuals
carrying the CYP3A44-V. 1t is possible that CYP3A44-W is associ-
ated with increased metabolism of epipodophyllotoxin to the
corresponding catechol compared with CYP3A44-V. The catechol
can undergo redox cycling to form the potentially DNA-
damaging quinone, and reactive oxygen species are produced (50,
51). Therefore, patients with CYP344-W would be more at risk.

Genetic polymorphism can account for large differences in the
pharmacokinetics of chemotherapeutic agents, but metabolism of
the majority is determined polygenetically and distributed uni-
modally. There is 5- to 20-fold interindividual variability in drug
clearance, which is a consequence of both genetic and nongenetic
factors (63). CYP3A-mediated first-pass metabolism occurs after
oral drug administration and may contribute to the variability
(63). CYP3A activity also can be modulated by inducers such as
rifampin and anticonvulsants, inhibitors such as azole antifungal
agents and macrolide antibiotics, by liver disease, or by aging (63).

The results of this analysis may indicate that interpatient
differences in the pharmacokinetic profile are relevant to the
leukemogenic effects of the epipodophyllotoxin anticancer drugs.
However, in a population of children treated for primary acute
lymphoblastic leukemia, Relling et al. found no differences
between VP16 and VP16-catechol pharmacokinetics in patients
who did and did not develop treatment-related acute myeloid
leukemia (64). Whereas total VP16 and VP16—catechol were
measured (64), epipodophyllotoxins are highly protein-bound
(16). Therefore, it will be important to establish whether there are
interindividual differences in protein binding of the catechol
metabolite. Together with the observed association of
CYP344-W genotype with treatment-related leukemia, these
findings may indicate that pharmacokinetic studies of free epi-
podophyllotoxin and metabolites are warranted to investigate a
role of the metabolites further. Alternatively, it is possible that
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CYP3A44-W confers another phenotype of relevance to leukemo-
genesis.

Additional investigation of the relationship of CYP344 geno-
type to myelodysplastic syndrome also may be warranted, because
alkylating agents are associated with a distinct form of myelo-
dysplastic syndrome and acute myeloid leukemia characterized by
complete or partial deletion of chromosomes 5 and 7 (65, 66).
CYP3A4 mediates 4-hydroxylation of IFOS, resulting in mono-
oxygenation to a reactive intermediate (67). CYP3A4 also de-
toxifies IFOS by N-dechloroethylation (68). Although CYP3A4 is
involved in CPM 4-hydroxylation, CPM is metabolized primarily
by CYP2B6 (67). Therefore, the relationship of CYP344 geno-
type to DNA damage and the risk of treatment-related leukemia
subsequent to exposure to CPM or IFOS may be more complex
and more difficult to establish than the relationship of CYP3A44
genotype to epipodophyllotoxin-induced leukemia.

The patients studied represent a relatively large series of
pediatric cancer subjects, given the paucity of treatment-related
leukemias among survivors of primary childhood cancers, and
they were characterized with respect to CYP344 genotype, che-
motherapy exposures, and MLL gene translocations. Nonethe-
less, the sample size caused relatively small frequency counts and
even “zero cell” observations in some of the comparisons. For
example, although P values were significant, an OR effect of
genotype could not be estimated for the 22 subjects with treat-
ment-related leukemias characterized by MLL gene transloca-
tion, because there were no CYP3A44-V carriers in this group.
Although the zero-cell observations are consistent with the
finding that CYP3A44-V is underrepresented in patients with
treatment-related leukemia, characterization of CYP3A44 geno-
type in additional patients may help to confirm this observation.
Case—control studies of patients treated with the same CYP3A4
substrates also may be warranted to validate the findings. Ulti-
mately, an understanding of the parameters that bring about
variability in potentially leukemogenic genotoxicity may lead to
the design of safer treatment regimens for high-risk individuals.
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