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High hyperdiploidy is the single largest subtype of childhood acute lymphoblastic leukemia (ALL) and is
defined by the presence of 51–68 chromosomes in a karyotype. The 5 or more extra chromosomes
characterizing this subtype are known to occur in a single mitotic event, prenatally. We screened for RAS
mutations among 517 acute childhood leukemias (including 437 lymphocytic, of which 393 were B-cell
subtypes) and found mutations in 30% of high hyperdiploids compared to only 10% of leukemias of other
subtypes (Pb0.0001). We assessed whether KRAS mutations occurred before birth using a PCR-restriction
enzyme-mediated Taqman quantitative PCR reaction, and found no evidence for prenatal KRAS mutations in
14 patients tested. While RAS mutations were previously associated with prior chemical exposures in
childhood and adult leukemias, in this study RAS-mutated cases were not significantly associated with
parental smoking when compared to study controls. IGH rearrangements were backtracked in three RAS-
positive patients (which were negative for KRAS mutation at birth) and found to be evident before birth,
confirming a prenatal origin for the leukemia clone. We posit a natural history for hyperdiploid leukemia in
which prenatal mitotic catastrophe is followed by a postnatal RAS mutation to produce the leukemic cell
phenotype.
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Introduction

Acute lymphoblastic leukemia (ALL) is themost common cancer in
children. Within ALL, the B-cell phenotype predominates, among
which the high hyperdiploid subgroup (defined by a karyotype with
51–68 chromosomes) is the most common cytogenetic group
representing 25–40% of ALL. High hyperdiploid leukemia is an
archetypal subtype of “common” ALL leukemia (CD10+, CD19+ in
young children), the leukemia subtype which accounts for most of the
30% increase in leukemia rates since World War II in Western
countries [1]. This leukemia subtype has excellent prognosis, with
cure rates exceeding 90%; however, most children cured of leukemia
have chronic health problems, a quarter of which are life-threatening
[2]. Understanding the etiology of pediatric leukemia may aid
prevention and early detection efforts. Here we explore the role and
timing of additional mutations in childhood leukemia with high
hyperdiploidy, and the relationship between RAS mutation and
demographic factors.
High hyperdiploidy has a typical complement of extra chromo-
somes including chromosomes 21, X, 4, 10, 17, and 18. Studies using
microsatellite markers support a mechanism whereby all the
chromosomes were gained in a single abnormal mitosis [3,4]. High
hyperdiploidy was directly shown to be prenatal in a study which
backtracked three IGH rearrangements in Guthrie cards [5] and in
another study which noted the presence of a hyperdiploid clone in
cord blood of a neonate who later contracted leukemia [6]. Further
indirect evidence for prenatal origin was demonstrated by presence of
single IGH rearrangements in the Guthrie cards of most hyperdiploid
children [7,8]. Leukemia IGH sequences were found in Guthries more
often in lower birthweight children and nearly all hyperdiploid
patients in a recent study [9].

We previously reported that leukemias with higher rates of RAS
mutation were associated with young maternal age when the child
was born, and high hyperdiploidy was inversely associated with
paternal pre-pregnancy smoking [10]. Because most of these associa-
tions were of borderline significance we have repeated the analysis
with a larger sample size and more robust mutation screening
methods. In addition, we have explored the timing of origin for both
IGH rearrangements and RAS mutations as well as an exploratory
assessment of RAS mutation status in relationship to parental
smoking.

http://dx.doi.org/10.1016/j.bcmd.2010.07.007
mailto:joe.wiemels@ucsf.edu
http://dx.doi.org/10.1016/j.bcmd.2010.07.007
http://www.sciencedirect.com/science/journal/10799796
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Materials and methods

The patient population consisted of 517 consecutive leukemia
patients enrolled in the 9 hospitals participating in Northern
California Childhood Leukemia Study during the years 1995 to 2002.
Intensive cytopathological review [11], parental interviews [12,13]
and biologic and environmental sampling [14] were instituted. A
detailed description of this approximately population-based study
design can be found elsewhere [15]. Parental demographic character-
istics and smoking information was provided by the case mother
(97.5%) or father (2.5%) through in-person interviews in the home of
the parents. For comparisons with healthy children, controls which
were individually matched by birthdate, gender, and ethnicity to cases
were utilized.

Characterization of high hyperdiploidy

Many of the high hyperdiploid childhood ALL cases were identified
through cytogenetic reports obtained from clinical laboratories where
classical bandingmethods are generally applied. However, there were
many cases without any cytogenetic reports or a “normal” karyotype.
Therefore, we employed fluorescence in situ hybridization (FISH) to
further assess status of two major but cryptic cytogenetic subtypes of
childhood ALL, TEL-AML1 translocation and cryptic high hyperdi-
ploidy, using combined gene-loci specific FISH probes for chromo-
somes 12 (TEL) and 21 (AML1), as well as centromere probe for
chromosome X. Because N96% of high hyperdiploid patients have
extra copies of both chromosomes 21 and X in the same cell [16,17],
cases with both extra X and 21 were classified as high hyperdiploidy
in the current study, as we have previously described [11].

RAS mutation characterization

Genomic DNA was extracted from patient bone marrow (Qiagen
QIAamp DNA Mini Kit). Amplification of 20 ng of genomic DNA was
performed in a 50-μl reaction containing 1× reaction buffer, 1.5 mM
MgSO4, 200 μM each of dNTPs, 0.4 μM of each forward and reverse
primer, and 1.0 μl of Optimase polymerase (Transgenomics). KRAS
and NRAS mutations in exon 1 were detected with the following sets
of oligonucleotide primers, respectively: KRAS2F and KRAS2R, and
NRAS1F and NRAS1R (Table 1). Reactions were denatured for 5 min at
95 °C, followed by amplification for 40 cycles of 94 °C, annealing for
the indicated temperature (Table 1), and extension for 1 min at 72 °C,
and then a final extension for 5 min at 72 °C. Samples that amplified
poorly were subjected to a nested-PCR approach, which involved a
first round of amplification with the following primers: KRAS2NF and
Table 1
Primers used for RAS screening and backtracking (all 5' to 3').

Primer Sequence Amplicon
size (bp)

TM
(°C)

DHPLC TM
(°C)

NRAS1NF AGGCCGATATTAATCCGGTG 481 60 n/a
NRAS1NR GGACAGGTTTTAGAAACTTCAGC
NRAS1F GGTTTCCAACAGGTTCTTGC 191 55 60.1
NRAS1R TCCGACAAGTGAGAGACAGG
KRAS2NF ATCCTTTGAGAGCCTTTAGCC 670 60 n/a
KRAS2NR CAGAGAGTGAACATCATGGAC
KRAS2F CATTACGATACACGTCTGCAGTC 507 60 55.5
KRAS2R GGACCCTGACATACTCCCAAG
5BKIT TATAAACTTGTGGTAGTTGGACCT 82 60
3K2 CGTCCACAAAATGATTCTGA
5BK36 CTAGAACAGTAGACACAAACCA 130 60
3K37 GATTTTGCAGAAAACAGATC
5BK38 GTACACATGAAGCCATCGTATA 215 60
3K39 CCACTTGTACTAGTATGCCTTAAG
KRAS-
probe

CTGTATCGTCAAGGCACTCTTGCCTAC n/a 60
KRAS2NR, and NRAS1NF and NRAS1NR (Table 1). DNA hybridization
was performed to form hetero- and homoduplexes prior to denatur-
ing high-performance liquid chromatography (DHPLC) analysis:
denaturing at 95 °C for 2 min, followed by a gradual re-annealing at
a rate of −2 °C per second to 85 °C, and then from 85 °C to 25 °C at a
rate of −0.1 °C per second. Each PCR product was analyzed using the
WAVE DHPLC system (Varian, Inc) at column temperature of 55.5 °C
and 60.1 °C, respectively, for KRAS and NRAS samples with a flow rate
of 0.9 mL/min and 5 μl injection volume. Wild type samples were run
concurrently as negative controls. Samples with chromatograms
containing multiple or abnormal peaks, compared to the wild type
samples, were scored as positive. Bidirectional sequencing was
performed on all samples in parallel to confirm the presence of
mutations.

Statistical analysis

The distribution of RAS mutation by childhood leukemia subtypes,
child's demographics, and parental characteristics was evaluated
using Pearson's Chi-Square tests or Fisher's Exact tests (when 25% of
the cells had expected counts b5). Multivariable analysis was
performed using log-linear regression to assess the associations
between seven variables (presence of RAS mutation, presence of high
hyperdiploidy, paternal smoking three months before pregnancy,
maternal smoking during pregnancy, maternal age at child's birth,
child's race/ethnicity, and household income) in a case-case analysis.
Since the variable “income” has been found to be associated with
leukemia risk in previous analyses, it was included in this model
[12,15]. We chose log-linear over logistic models because log-linear
model does not require an outcome variable and is more appropriate
for this analysis since it is not clear whether the high hyperdiploidy is
an antecedent event to the RAS mutation. Whereas Pearson's Chi-
Square test is used to assess pairwise association in a two-dimensional
(row by column) contingency table, log-linear model allows for
evaluation of associations in a multi-dimensional contingency table. A
log-linear model consists of two parts, the additive part with the main
effect terms and the part with the measures of association terms
(interaction terms). The statistical significance of each interaction
term was assessed by a P-value generated from the log-likelihood
ratio test comparing the sub-model without the measure of
association (interactive) term to the full model including the
measures of association. This process identifies the degree of the
pairwise association between the RAS mutation and each variable
adjusted for the potential confounding by the other variables included
in the analysis.

KRAS backtracking

KRAS backtracking was performed for 14 subjects. NRAS back-
tracking was not possible by REMS-PCR due to the lack of a
thermostable restriction endonuclease which can cleave the wild-
type NRAS codon 12 and 13 sites. Guthrie card DNAwas isolated using
the Qiagen QIAamp DNA Micro Kit. To increase the DNA yield, 1 μg of
carrier RNA was added to the sample during the DNA extraction
process. One eighth of a 1 cm archived neonatal blood spot (ANB or
Guthrie card) yielded approximately 100–300 ng of DNA. The TaqMan
and restriction endonuclease-mediated selective-PCR (REMS-PCR)
were simultaneously used to backtrackmutations in codon 12 of KRAS
to increase the sensitivity of mutation detection. This analysis was
built on the methods of Fuery et al [18]. Three sets of primers were
used in multiplex: (a) diagnostic primers, 5BKIT and 3 K2, that
amplify KRAS exon 1; (b) restriction endonuclease control primers,
5BK36 and 3 K37, that amplify a region of KRAS exon 3 containing a
BstNI site; and (c) PCR control primers, 5BK38 and 3 K39, that amplify
a region of KRAS exon 4b. Each 20 μl reactions contained 25 ng of DNA,
50 mM Tris, 100 mM NaCl, 4 mM MgCl2, 1 mM DDT; 1 μM of 5BKIT,
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1 μMof 3 K2, 40 nM of 5BK36, 40 nM of 3 K37, 40 nM of 5BK38, 40 nM
of 3 K39, each dNTP at 50 μM, 300 nM of ROX Reference Dye, 250 nM
of KRAS-probe, 20 U of BstNI; and water to 20 μl. TaqStart® antibody
(Clontech Laboratories, Mountain View) was mixed with 2.5 U of
AmpliTaq DNA polymerase (ABI, Foster City) at molar ratio of 1:5 and
incubated 15 min at room temperature before adding to eachmixture.
Restriction endonuclease control reactions contained no BstNI.
Fourteen samples positive for KRAS codon 12 mutations in their
bone marrow samples were tested for the presence of those
mutations in their corresponding Guthrie card DNA. Guthrie card
DNA from nonmutant samples and cell line DNA were used as
negative controls. For each run, reactions were performed in triplicate
and run on an ABI 7900HT Sequence Detection System (ABI, Foster
City) as follows: Reaction mix was warmed to 65 °C for 30 min for
BstN1 to cleave wild-type DNA prior to PCR. Reactionswere denatured
at 94 °C for 2 min, then 10 cycles of 58 °C for 2 min followed by 92 °C
for 20 s and finally 40 cycles of 58 °C for 1 min followed by 92 °C for
20 s. A 10-fold dilution series ranging from 100 ng to 1 pg of genomic
mutant cell line DNA from SW837 diluted into wild type cell line DNA
was used to measure the sensitivity of the assay. The BstN1 enzyme
cuts the wild-type KRAS sequence prior to the PCR, and again in the
early rounds of the PCR reaction if any wild-type sequences are
produced during these initial rounds, preventing further amplifica-
tion. A key improvement of the assay to gain the requisite sensitivity
was a 30-min pre-incubation at 65 °C, the enzyme's optimal
temperature, prior to PCR. This resulted in an assay with a greater
than requisite sensitivity of one mutant targets in 8000 or more
normal copies (25 ng of DNA), the quantity of Guthrie DNA available
for PCR. This sensitivity was determined using limiting dilution
experiments, and “mock” Guthrie cards constructed of SW837 cells
(which harbor a KRASmutation)mixed into blood, spotted onto cards,
and used for mock backtracking experiments. Sensitivity was
confirmed during each PCR run using limiting dilutions of patient
leukemia DNA which harbored the mutation being assessed. Follow-
ing amplification and analysis with the SDS 2.2.2 software (ABI, Foster
Table 2
Characteristics of the Northern California Childhood Leukemia Study patient series subjects

RAS mutation

All leukemias
(n=517)

Yes (%) No (%)

Childhood leukemia 82 (15.9) 435 (84.1)
Childhood leukemia phenotype

ALL 73 (16.6) 368 (83.5)
AML 8 (12.5) 56 (87.5)
Others 1 (8.3) 11 (91.7)

ALL subtypes
B lineage 70 (17.8) 323 (82.2)
T lineage 3 (6.8) 41 (93.2)

Race/ethnicity
Hispanic 42 (19.8) 170 (80.2)
Non-Hispanic
White

18 (10.3) 156 (89.7)

Other 15 (19.0) 64 (81.0)
Father's age at child's birth

b 30 36 (16.7) 179 (83.3)
≥ 30 38 (16.2) 197 (83.8)

Mother's age at child's birth
b 30 51 (18.2) 229 (81.8)
≥ 30 23 (12.5) 161 (87.5)

Annual household income
b $30,000 24 (14.2) 145 (85.8)
$30,000-$75,000 37 (20.2) 146 (79.8)
N$75,000 14 (12.4) 99 (87.6)

Non-high hyperdiploid B cell
High hyperdiploid B cell
(Chromosome 51–68)
City), 15 μl of each reaction was further visualized by electrophoresis
on a 5% NuSieve GTG agarose gel. Electrophoresis allowed the
detection of the restriction endonuclease and PCR control bands, for
which the TaqMan® probe did not target.
Results

RAS mutations and clinical/demographic variables

Eighty-two cases (15.9%) had mutations in codons 12 or 13 of
NRAS and KRAS (Table 2). This frequency was slightly higher in ALL
cases (16.6%) than in AML (12.5%). Among ALL cases, mutations were
found more often in B-lineage types (17.8%) than T-ALL (6.8%). Our
current patient list (N=517) includes the 191 patients that we
previously reported [10] as well as 326 additional patients; however,
we re-analyzed all patients (including the original 191) with a DHPLC
technique and DNA sequencing. Four patients were reclassified from
the previous report—two that were incorrectly classified as negative,
and two as positive. Thirty-three KRAS and 51 NRAS mutations were
discovered among 517 patients (2 had both). Sixty-nine mutations
were transversions G-NT, with one T-NG; six transitions G-NT, as well
as six G-NC. All point mutations were nonsynomymous and in codon
12 or 13, except for one in codon 19 (L19F in KRAS). RAS mutations
were nearly twice as common in Hispanic (19.8%) as non-Hispanic
white patients (10.3%) and more common in children of younger
mothers (Table 2). Note that Hispanics have higher rate of high
hyperdiploidy [11]. Among B-cell leukemia patients, RAS mutations
were three-times more frequent in high hyperdiploid cases than the
remainder of B-cell cases (29.6% and 10.0%, respectively, Pb0.0001).
Within the hyperdiploid subgroup, white blood cell counts (WBC)
were higher in the RAS-mutant group than the RAS-wild type group
(median WBC=13×103/μl, and 7×103/μl, respectively; P=0.08
Wilcoxon rank-sum test). There was no relationship between RAS
mutation and WBC in the non-hyperdiploid subgroup (P=0.80).
by RAS mutations.

P-value RAS mutations P-value

B lineage, ALL only
(n=393)

Yes (%) No (%)

70 (17.8) 323 (82.2)

0.55

0.06

0.03 37 (21.8) 133 (78.2) 0.08
16 (12.0) 117 (88.0)

11 (20.0) 44 (80.0)

0.87 31 (18.5) 137 (81.5) 0.91
32 (18.0) 146 (82.0)

0.10 44 (20.4) 172 (79.6) 0.09
19 (13.5) 122 (86.5)

0.14 22 (16.7) 110 (83.3) 0.16
31 (22.3) 108 (77.7)
11 (12.6) 76 (87.4)
23 (10.0) 207 (90.0) b 0.0001
39 (29.6) 93 (70.4)



Table 3
Multivariable log-linear model and selected associations: B-cell acute lymphoblastic
leukemia cases in the Northern California Childhood Leukemia Study.

Measure of association
terms

Coefficient
estimate

DF† Chi-square
value ‡

P-value §

FSMpre * RAS −0.09 1 0.06 0.81
MSMpreg * RAS −0.56 1 0.92 0.34
FSMpre * Hyperdip −0.61 1 4.21 0.04
MSMpreg * Hyperdip 0.11 1 0.06 0.81
MomAgeb30 * RAS 0.37 1 1.01 0.31
Hyperdip * RAS 1.42 1 19.82 b0.0001
RAS * Race 2 1.50 0.47

RAS * Hispanic 0.12
RAS * Non-Hispanic
White

−0.36

* Details: FSMpre=paternal smoking during preconception (two categories, one
parameter); MSMpreg=maternal smoking during pregnancy (two categories, one
parameter); MomAgeb30=maternal age at birthb30 years (two categories, one
parameter); Hyperdip=high hyperdiploidy (two categories, one parameter);
RAS=any RAS mutation (two categories, one parameter); Race=child's race/
Ethnicity (three categories, two parameters); † DF=Degrees of freedom ‡ Chi-square
value derived from log-likelihood ratio test comparing the sub-model without the
measure of the association term with the full model including the measure of
association term. § P-value associated with the Chi-square value derived from log-
likelihood ratio test.
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A log-linear analysis was performed to explore relationships of RAS
mutation to other covariates in a case-case analysis. This is a
multivariable analysis, which is able to detect relationships between
variables while statistically “adjusting” for all other variables in the
model. This analysis was applied previously in our leukemia
Fig. 1. TaqMan+REMS-PCR Backtracking A. Electrophoresis analysis of REMS-PCR. SW837 DN
(blank) and two lanes of REH DNA (25 ng) run without BstN1 enzyme. All lanes with DNA in
Arrows indicate (i) PCR control DNA, (ii) BstN1 restriction enzyme control product, and (iii)
SW837 DNA diluted in 25 ng WT DNA; (C) 42 copies SW837 DNA diluted in 25 ng WT DNA;
DNA added to reaction; Guthrie shows an example of one Guthrie patient with positive c
(B) Amplification plot for testing Guthrie Card DNA. All reactions were performed in triplicate
RE control primer set. Each line represents the amplification of A to D as above; Guthrie, 25 n
detectable mutant KRAS. REH DNA (lane E) and “Blank” lanes also did not yield amplificati
epidemiology study to find relationships between maternal age and
RAS, as well as high hyperdiploidy and RAS [10]. In the current better-
powered analysis, RASmutationwas not associated withmaternal age
or ethnicity (Table 3). Instead, the dominant relationship was an
extremely strong association between RAS and high hyperdiploidy.
While our original hypothesis was to draw a link between RAS and a
mutagenic exposure, namely, parental smoking, we did not find any
association between RAS and parental smoking in this log-linear
analysis (P=0.81 for father's pre-pregnancy smoking, and P=0.34
for mothers's pregnancy smoking) and only a borderline significant
association of paternal smoking with high hyperdiploidy (Table 3).

Backtracking KRAS2

The strong link between hyperdiploid and RAS was investigated
further by backtracking genetic markers to birth in neonatal blood
spots.We backtracked IGH rearrangements as amarker of origin of the
hyperdiploid clone, for four KRAS-mutant leukemias (which were also
assessed for KRAS, see below). IGH rearrangements were backtracked
positive in three of four patients tested, using IGH rearrangement
screening primer sets and the same gel-based backtracking assay as
Taub et al [7]. We discontinued this analysis with further information
that IGH nearly always backtracks to birth [9], which was replicated
here in three out of four patients tested. KRAS mutations were tested
using a novel backtracking method that involves a real-time digestion
of wild-type PCR product while concurrently amplifying the mutant.
The quantitative PCR probe cleavage assay confirmed that no KRAS
mutations in diagnostic DNA “backtracked” to birth. The two PCR
reactions besides the diagnostic were necessary to monitor PCR and
A and various dilutions in REH DNA are shown, followed by two lanes with no template
clude 25 ng; dilutions indicate the amount of SW837 within a background of REH DNA.
diagnostic mutant KRAS band. (A) SW837 DNA, 4,166 copies (25 ng); (B) 417 copies of
(D) 4 copies of SW837 DNA in 25 ng of WT DNA; (E) 25 ng REH cell line DNA; Blank, no
ontrol amplification band and negative bands for BstN1 control and diagnostic band.
with 1 mM of each diagnostic primer, 40 nM of both the PCR control primer set and the
g of a test Guthrie DNA from a patient who had a KRAS mutation, which does not have
on, similar to Guthrie (data not shown).
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BstN1 digestion success. Southern blots of electrophoretic gels
containing PCR products from this assay did not increase sensitivity
over what is shown in the electrophoresis gels (data not shown), and
the quantitative PCR detection limit was several logs better the
ethidium bromide electrophoresis results. Visible 82 bp bands
(Fig. 1A) were cut and sequenced; these bands harbored 100%mutant
DNA confirming the digestion of wild-type DNA. The KRAS diagnostic
band was absent in 14 patients’ Guthrie samples (150 ng apiece),
demonstrating no evidence for prenatal origin. The KRAS mutants
tested all had mutations within the cleavage site of BstN1: nt 34 G-NT
mutation (2 patients), nt 34 G-NCmutation (2 patient), nt 35 G-NA (9
patients), and nt 35 G-NT (1 patient).

Discussion

The largest subgroup among the childhood acute leukemias are the
high hyperdiploids, representing about 25% of pediatric leukemias in
clinical series involving conventional Giemsa-banding karyotype
characterization. This subtype totals to larger proportions of case
series screened when by flow cytometry or FISH. Our case series,
derived from a consecutive sampling in a population base in Northern
and Central California, has a 35% frequency of this subtype when
screened by a FISH technique [11]. Strikingly, 30% of these are RAS-
mutation positive with only 10% of non-hyperdiploids being RAS-
positive (Pb0.0001).

Other investigators have identified additional RAS-pathway
mutations to be frequent in this subtype, namely FLT3, with
occasional BRAF and PTPN11 mutations [19–23], indicating a strong
genetic selection for RAS-pathway mutations in hyperdiploids. The
mutations are generally exclusive of one another [19], meaning that
any mutation in a RAS pathway (receptor tyrosine kinase–RAS–MEK-
ERK) may preclude the need for another. Our case series here have a
similar overall rate of RAS mutations among ALL cases (16.6%, or 73
out of 441) as another large epidemiologic case series [15.2%, or 127
out of 870 cases [24]]. The rate of RAS mutations among high
hyperdiploids in the current study at 30% (39/132) was far higher
than another recent case series which demonstrated only 10% (8/
78) RAS mutations [19]. The Paulsson, et al., study however also
demonstrated a large number of FLT3 and PTPN11mutations (7 each
among 78 high hyperdiploids). Our series only had one functional
mutation each for PTPN11 and BRAF out of 230 childhood leukemias
screened (data not shown); we discontinued the analysis due to low
yields. We also discovered 18 FLT3 mutations out of the same 517
cases screened for the current report, with an only 4% (5/132) FLT3
mutation frequency among high hyperdiploid ALL (MK and JLW,
data not shown). The higher rate of RAS mutation in California high
hyperdiploids and comparative absence of other RAS-pathway
mutations [compared to Paulsson et al. [19]] is interesting since
both studies resulted in an overall frequency of about one-third of
high hyperdiploid patients harboring RAS-pathway mutations but a
different mutation spectrum. The cause of this difference is
unknown may be attributable to different etiologic risk factors or
genetic background between the two populations. We did not yield
any consistent support for our original hypothesis that parental
smoking would be exhibited at a higher prevalence in families with
RASmutation-positive leukemia compared to families who had a RAS
mutant-negative leukemia.

Our current study attempted to identify the timing of RASmutation
in the subtypemost likely to display this mutation—high hyperdiploids.
Highhyperdiploidy is thought to arise froma single catastrophicmitosis,
based on studies that demonstrated that the pattern of microsatellites
and allelic ratios only compatible with one catastrophic event, rather
than sequential gains of chromosomes [3,4]. Prior to our current report,
other investigators have “backtracked” high hyperdiploid patients using
IGH sequences. First, Yagi et al andTauband colleagues [7,8] backtracked
fourteen cases, and seven of these, all whichwere hyperdiploid, had IGH
sequences present at birth. Panzer-Grumayer and colleagues [5]
demonstrated that three specific IGH rearrangements, from three
chromosomes 14, all backtracked positive to birth providing definitive
evidence that the chromosomal event had occurred before birth.
Further, in an interesting case with available cord blood, Maia and
colleagues demonstrated that sorted precursor B cells harbored the
hyperdiploid clone at the time of birth from a childwho later contracted
hyperdiploid leukemia [6]. In a recent report, 10 of 11 hyperdiploid
patients had backtracked positive [9], and we determined 3 of 4 of our
KRAS patients backtracked their IGH sequences to birth (data not
shown). Clearly, the combined evidence places the high hyperdiploid
mutation before birth with KRAS mutation afterwards. A recent report
made use of paired diagnosis/relapse samples and confirmed this
conclusion indirectly by noting that high hyperdiploidy pattern was
retained in relapsed primary leukemias with high hyperdiploidy (the
ancestral clone) while the RAS pathway mutations and structural
changes were variable between diagnosis and relapse, indicating that
they are secondary [25].

In the current study we demonstrate the strength of association
between RAS and high hyperdiploidy in our Northern California
population, and demonstrate that while the mitotic catastrophe event
is prenatal, the RAS mutation is postnatal in most (possibly all) cases.
High hyperdiploidy is likely to provide some clonal advantage, as
evidenced by the ease at which these clones are found in neonatal
blood spots using specific IGH sequence probes. However, the
hyperdiploid genotype is not sufficient for leukemia as most children
with this subtype get leukemia at the peak age range of cALL, ages 2–6.
RAS mutations are a candidate leukemogenic essential secondary
mutation. While RAS mutations are not important prognostic
indicators in childhood leukemia overall [26], they may be re-
evaluated in light of high hyperdiploidy as defined by our classifica-
tion protocol which includes both conventional karyotyping and an
additional FISH analysis which is not the clinical convention (see
Materials and methods). A suggestion that RAS mutations can
influence white blood cell count in our cases provides a preliminary
suggestion that RAS may be a prognostic marker in this subtype; we
do not currently have long-term outcome information for the cases
presented here.

We re-analyzed all samples that we screened previously [191
patients [10]] which changed four patient classifications, and have
analyzed 326 new patients. The DHPLC technique is highly
sensitive, but we excluded marginal sequence calls to ensure
that all called RAS mutations were present in the dominant
leukemia clone. We did not confirm our previous findings of
independent effects of Hispanic status or maternal age on RAS
mutation status; while these factors were related to RAS (Table 2),
they are also strongly correlated with each other and do not
independently associate with RAS (Table 3). We also did not find
consistent associations of RAS mutation status to parental
smoking, which was our original hypothesis. A suggestive
increased risk with parental smoking was apparent in the high
hyperdiploid subgroup, but no strong and consistent relationships
with parental smoking and RAS were discovered.

In conclusion, we have found that RAS mutation is clearly a
secondary mutation to high hyperdiploidy by employing a back-
tracking assay in children who contract high hyperdiploidy leukemia,
and usually if not always occurs after birth. Future studies should
focus on the postnatal period to identify causal mechanisms and
exposures related to RAS mutation.
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