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High hyperdiploidy (HD) is the most common cytogenetic subtype of childhood acute
lymphoblastic leukemia (ALL), and a higher incidence of HD has been reported in ALL patients
with congenital cancer syndromes. We assessed the frequency of predisposing germline mutations
in 57 HD-ALL patients from the California Childhood Leukemia Study (CCLS) via targeted
sequencing of cancer-relevant genes. Three out of 57 patients (5.3%) harbored confirmed germline
mutations that were likely causal, in NBN, ETV6, and FLT3, with an additional 6 patients (10.5%)
harboring putative predisposing mutations that were rare in unselected individuals (<0.01% allele
frequency in the Exome Aggregation Consortium, EXAC) and predicted functional (scaled CADD
score =20) in known or potential ALL predisposition genes (SH2B3, CREBBP, PMS2, MLL,
ABL1, and MYH9). Three additional patients carried rare and predicted damaging germline
mutations in GABZ, a known activator of the ERK/MAPK and PI3K/AKT pathways and binding
partner of PTPN11-encoded SHP2. The frequency of rare and predicted functional germline
GABZ2 mutations was significantly higher in our patients (2.6%) than in EXAC (0.28%,
P=4.4x1073), an observation that was replicated in ALL patients from the TARGET project
(P=0.034). We cloned patient GABZ mutations and expressed mutant proteins in HEK293 cells
and found that frameshift mutation P621fs led to reduced SHP2 binding and ERK1/2
phosphorylation but significantly increased AKT phosphorylation, suggesting possible RAS-
independent leukemogenic effects. Our results support a significant contribution of rare, high
penetrance germline mutations to HD-ALL etiology, and pinpoint GABZ as a putative novel ALL
predisposition gene.

INTRODUCTION

The etiology of acute lymphoblastic leukemia (ALL), the most common childhood cancer, is
multifactorial, involving a combination of genetic predisposition, early-life infectious
exposures, and environmental toxins (reviewed in ref 1). Genome-wide association studies
(GWAS) have identified common genetic variants associated with ALL risk. 28 Recent
studies of familial ALL have revealed rare predisposing germline mutations in the
hematopoietic regulator genes PAX5, SH2B3, ETV6, and IKZF1, 915 and next-generation
sequencing in large numbers of de novo childhood ALL patients has identified at least 4%
with likely functional germline mutations. 16:17 Elucidating the genetic component of ALL
will be essential for risk stratification, prevention, and early detection of disease.

High hyperdiploidy (HD), characterized by a nonrandom gain of chromosomes (51-68
chromosomes at diagnosis), is the most common cytogenetic subtype of childhood ALL.
Common genetic variants in CEBPE, ARID5B, PIP4KZA, and BM/1 are more strongly
associated with HD than other ALL subtypes. 3518-20 Moreover, the high frequency of the
HD subtype in ALL patients harboring rare germline £7V6 mutations  and in patients with
Noonan syndrome, a RASopathy caused by germline mutations in RAS pathway genes
including PTPN11, 21 supports a prominent role for heritable predisposition in HD-ALL
risk.

Here, we characterized predisposing germline mutations in a set of 57 HD-ALL patients,
through targeted sequencing of >500 cancer-relevant genes, and identified GABZ2as a
putative novel predisposition gene.
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MATERIALS AND METHODS

Ethics Statement

This study was reviewed and approved by institutional review committees at the University
of California Berkeley, the California Department of Public Health (CDPH), and all
collaborating institutions. Written informed consent was obtained from all parents of
participants.

Study subjects

Subjects were enrolled in the California Childhood Leukemia Study (CCLS), as previously
described. 22 Targeted sequencing data were available for 57 HD-ALL patients diagnosed
from 1995-2015, which were selected for a recent investigation of somatic alterations based
on the absence of KRAS and NRAS hotspot mutations detectable by Sanger sequencing and
absence of common gene copy-number deletions, and the availability of diagnostic bone
marrow samples (Supporting Information Figure S1). 22 Of the 57 patients, 48% were
Hispanic and 36% were non-Hispanic white (the remainder included a mixture of African-
American, Asian, and other ethnicities). Median age-at-diagnosis was 4.0 years (range: 1.1
13.1). DNA was extracted from diagnostic leukemia bone marrow samples using the
QlAamp DNA Blood Mini Kit (QIAGEN, Germany).

Determination of immuno-phenotype and high hyperdiploid status

Flow cytometry profiles were used to determine the ALL immune-phenotype, with those
expressing CD10 or CD19 (=20%) classed as B-lineage ALL, as described previously. 23
FISH or G-banding were used to determine ploidy, with HD patients classified as having
>50 chromosomes.

Germline mutation characterization

Targeted sequencing of 538 cancer-relevant genes using the UCSF500 Cancer Gene Panel
was performed in diagnostic bone marrow (/.e. tumor) DNA from 57 HD B-ALL patients,
for which we previously reported the somatic mutation results. 22 Here, we evaluated
putative functional germline mutations from tumor sequencing data as follows. After
exclusion of single nucleotide polymorphisms (SNPs) by filtering out variants present in
dbSNP database or with a minor allele frequency above 0.01% (i.e. >0.0001) in the Exome
Aggregation Consortium (ExAC) Database, 24 we filtered for predicted-functional mutations
using the Combined Annotation Dependent Depletion (CADD) tool version 1.3 with a
CADD Phred score threshold of =20 (/.e. top 1% deleterious variants in the genome), as
recommended for discovery of potentially causal variants. 2°

Targeted sequencing data were not available from matched germline DNA samples. We
capitalized on extremely high sequencing coverage (mean read depth = 596X) to predict
“likely germline” mutations based on mutant allele fraction (MAF) =0.44. The MAF of each
mutation was adjusted based on chromosome copy number, which was determined using
CNVKkit, 26 with whole chromosome gains identified using mean log, copy ratio and visual
confirmation of copy number scatter plots.

Genes Chromosomes Cancer. Author manuscript; available in PMC 2020 October 01.
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Manual curation of variants was performed to identify putative predisposing mutations. In
addition to determining the frequency of mutations in unselected individuals (7.e. EXAC) and
their predicted functional effects using CADD, we cross-checked our list of variants and
genes against three publicly available databases: 1) ClinVar 27 was used to identify the
clinical significance of previously reported mutations; 2) The Online Mendelian Inheritance
in Man (OMIM) database (https://omim.org) was used to determine human phenotypes
associated with germline mutations in each gene, such as cancer predisposition; and 3) The
Catalogue of Somatic Mutations in Cancer (COSMIC) database 28 was searched to identify
mutations identified previously as somatic mutations in ALL or other tumor types
(Supporting Information Table S1). Mutations that were rare/absent in EXAC and predicted
functional by CADD were classed as putatively causal if identified in known or suspected
ALL predisposition genes and/or in genes known to be somatically altered in ALL tumors
(Supporting Information Table S2), and/or genes mutated in at least 3 out of 57 (~5%)
patients, and PCR and Sanger sequencing were performed for validation in patients with
available germline DNA (Supporting Information Figure S1). We also assessed whether
mutations were located on chromosomes that were gained, and whether the mutant or
reference allele was present on the duplicated homologue.

To compare the frequency of rare and predicted functional mutations in candidate ALL
predisposition genes in the 57 HD-ALL patients with the frequency of such mutations in
unselected individuals, we downloaded variant call format (VCF) files containing individual-
level variant data for 2,504 individuals from the 1000 Genomes Project (Phase 3). 29 We
limited to coding variants in the 79 genes included in our list of ALL candidate
predisposition genes (Supporting Information Table S2), and to rare and predicted functional
variants as described above. Chi-squared tests were used to test for a significant difference
between the frequency of rare and predicted functional germline mutations in the 57 HD-
ALL patients and the 2,504 individuals from the 1000 Genomes Project.

Confirmation of germline status by Sanger sequencing

PCR and Sanger sequencing of a subset of mutations of interest (7= 37) was performed in
patients with available remission or neonatal bloodspot DNA, to confirm germline status of
putative causal mutations and to assess the accuracy of our germline prediction methods
(primer pairs available upon request). We prioritized validation of mutations in known or
candidate ALL predisposition genes, or in genes recurrently mutated (/7~>2) amongst the 57
patients (Supporting Information Table S1).

We also carried out Sanger sequencing of FL73hotspot mutation loci (exons 14, 16, and 20)
in a set of 100 independent children with clinically suspected RASopathies who tested
negative for Noonan syndrome-causative genes (leukemia status unknown), 3031 to
investigate whether germline FL7.3 mutations account for a proportion of such patients
(primer pairs available upon request).

GAB2 mutation frequency analysis

Prior to testing whether the frequency of GABZ mutations in our HD-ALL patients was
significantly higher than the frequency in EXAC, we re-filtered variants based on an allele

Genes Chromosomes Cancer. Author manuscript; available in PMC 2020 October 01.
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frequency >0.01% in a pooled set of our HD-ALL patients, 309 ALL patients from
TARGET (see below), plus the EXAC database. To assess the frequency of rare and
predicted-functional germline GAB2 mutations in an independent set of ALL patients, we
downloaded germline whole exome sequencing data (of remission DNA) from 309 ALL
patients from the TARGET (Therapeutically Applicable Research to Generate Effective
Treatments) Project 32 (dbGaP, gap accession: phs000464). The Genome Analysis Toolkit
(GATK) tool UnifiedGenotyper was used to call single nucleotide variants and indels from
the 309 BAM files, limited to the GABZ gene region (chr11:77,926,336-78,128,868, hg19).
We removed variants with read depth <10, genotype score <15, and variants present in
dbSNP or with allele frequency >0.01% in the pooled set of data from EXAC and ALL
patients (our study plus TARGET). To reduce false positive calls, only variants with
mapping quality (MQ) scores >40, Fisher Strand (FS) <60, and Quality by Depth (QD)
scores >2.0 were retained. Predicted-functional mutations were those with CADD Phred
scores 220.

To assess the frequency of predicted-functional, rare germline GAB2 mutations in
unselected individuals, we downloaded all nonsynonymous and loss-of-function GAB2
variants from the ExAC database minus TCGA subjects, 24 for a total of 53,105 individuals
(106,210 chromosomes). For direct comparison with data from our HD-ALL patients and
TARGET ALL patients, we removed variants with allele frequency >0.01% in the pooled set
of EXAC plus ALL patients, and carried out CADD score analysis, retaining only variants
with Phred scores =20. Fisher’s exact tests were carried out in /to test for significant
differences in GAB2 mutation allele frequency in ALL patients, separately for our study and
for TARGET ALL patients, compared with the allele frequency in EXAC.

Site-directed mutagenesis of GAB2 mutations

We transfected HEK?293 cells with GAB2 clones expressing either the S592F, P621fs, or
R154Q mutations to assess their effects on RAS/MAPK and AKT signaling pathways. Site-
directed mutagenesis (SDM) was used to generate the two missense mutations S592F and
R154Q using the Agilent QuikChange Lightning SDM Kit, with primer pairs designed to
introduce each mutation (primer sequences available on request). In brief, the GAB2
OmicsLink expression clone plasmid with CMV promoter (EX-N0090-M02, GeneCopoeia,
Inc., Rockville, MD) was grown overnight at 37°C in LB broth containing ampicillin, and
plasmid DNA extracted using the Qiagen Plasmid Midi prep kit. Mutagenesis of plasmid
DNA was carried out for each mutation, followed by transformation of XL10-Gold
ultracompetent cells, which were subsequently grown on LB-ampicillin agar plates and
incubated overnight at 37°C. Single clones were picked from each plate and grown overnight
at 37°C in LB broth containing ampicillin. Plasmid DNA was then extracted as above, and
Sanger sequencing performed to confirm successful insertion of mutations.

A custom-designed plasmid containing the GAB2 coding sequencing with the frameshift
P621fs mutation was synthesized using the GeneArt™ Plasmid Construction Service
(Thermo Fisher Scientific).

Genes Chromosomes Cancer. Author manuscript; available in PMC 2020 October 01.
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Cell culture and transfection

HEK?293 cells were obtained from American Type Culture Collection (ATCC) and cultured
at 37°C in Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g/L glucose
supplemented with 5% (v/v) fetal bovine serum (FBS), 100 1U/mL penicillin, and 100
ug/mL streptomycin. Cells were regularly tested by PCR to exclude mycoplasma
contamination. HEK293 cells were transfected by calcium phosphate precipitation as
previously described. 33 Cells were grown for 24h after transfection and serum-starved
overnight using serum-free DMEM where indicated. Starved cells were stimulated with EGF
(25 ng/ml; Invitrogen) before being harvested.

Immunoprecipitations and immunoblotting

All cell lysates were prepared as previously described. 32 Briefly, cells were washed three
times with ice-cold phosphate-buffered saline (PBS) and lysed in BLB (10 mM K3POy, 1
mM EDTA, 5 mM EGTA, 10 mM MgCl,, 50 mM B-glycerophosphate, 0.5% Nonidet P-40,
0.1% Brij 35, 0.1% deoxycholic acid, 1 mM sodium orthovanadate [NazVO,], 1 mM
phenylmethylsulfonyl fluoride, and a cOmplete protease inhibitor cocktail tablet [Roche]).
For immunoprecipitations, cell lysates were incubated with the indicated antibodies for 2h,
followed by a 1h incubation with protein A-Sepharose CL-4B beads (GE Healthcare).
Immunoprecipitates were washed three times in lysis buffer and beads were eluted and
boiled in 2xreducing sample buffer (5xbuffer is 60 mM Tris-HCI, pH 6.8, 25% glycerol, 2%
SDS, 14.4 mM 2-mercaptoethanol, 0.1% bromophenol blue). Eluates and total cell lysates
were subjected to 8-12% SDS-PAGE, and resolved proteins were transferred onto
polyvinylidene difluoride (PVDF) membranes for immunoblotting.

RESULTS

Analysis of tumor sequencing data in 57 HD-ALL patients highlighted 43 likely germline
mutations in genes of interest; 33/37 (89%) mutations in patients with available constitutive
DNA were confirmed germline in origin (Supporting Information Table S1). One of the four
non-germline mutations, confirmed instead as somatic, was a 7P53 mutation with
MAF=0.84, likely due to copy-neutral loss of heterozygosity (LOH) at chromosome 17p.
The other three somatic mutations likely had a high mutant allele fraction in patients with
very high blast count. Twenty-eight (49%) out of 57 HD-ALL patients harbored at least one
rare and predicted functional germline mutation in genes of interest. A similar frequency
was observed in 2,504 unselected individuals from the 1000 Genomes Project (51.6%,
P=0.81), suggesting that the majority of mutations identified in the HD-ALL patients may
not contribute to leukemia predisposition.

Germline mutations in a putatively novel predisposition gene GAB2

Three genes, AR/D1B, KDR, and GABZ, were mutated in >2 patients, with confirmed
germline mutations in 3 patients each (Supporting Information Table S1 and Figure S2). We
focused on GABZas two of the mutations (P621fs and S592F) were absent in EXAC and
predicted highly deleterious (CADD scores >30), and GABZ2is an important binding partner
of the PTPN11-encoded protein SHP2. 34 The P621fs frameshift mutation results in removal
of serine 623, a phosphorylation target of ERK, and a SHP2 binding site at Y643, with an

Genes Chromosomes Cancer. Author manuscript; available in PMC 2020 October 01.
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additional 56 codons added to the 3’ end of the GAB2 protein (Supporting Information
Figures S3 and S4). The S592F mutation results in conversion from an uncharged polar
serine to a hydrophobic, nonpolar phenylalanine.

The allele frequency of rare, predicted functional GAB2 mutations in our HD-ALL patients
(3/114 chromosomes, 2.6%) was significantly higher than in EXAC (301/106193, 0.28%, P=
4.4 x 1073). An additional 5 rare, predicted functional germline GAB2 mutations were
identified in germline sequencing data from 309 ALL patients from the TARGET project,
including frameshift mutation K357fs that results in a premature stop codon at ¢.377
(Supporting Information Table S3). Allele frequency of GABZ mutations in TARGET
(0.81%) was again significantly higher than in EXAC (P= 0.034). Only one of the five
TARGET ALL patients had the HD subtype (Supporting Information Table S3), suggesting
germline GAB2 mutations may not specifically predispose HD-ALL. The six missense
mutations identified across patients in our study and TARGET were distributed across
GABZ, with no indication of hotspots, suggesting potential loss-of-function effects. GABZ2is
loss-of-function intolerant, with a probability of loss-of-function intolerance (pL1I) score of
1.0, supporting a role for germline GAB2 mutations in disease predisposition. 24

GAB2 is a scaffolding protein that forms complexes with both SHP2 (encoded by PTPN11)
and the p85 subunit of phosphoinositide 3-kinase (P13K). Therefore, we investigated the
downstream effects of each of the 3 HD-ALL patient GAB2 mutations on the MAPK/ERK
and PI3K/AKT signaling pathways, in HEK293 cells. Following EGF stimulation, the
S592F and R154Q mutations showed no significant effects (Supporting Information Figure
S5). However, P621fs resulted in reduced SHP2 binding and significantly decreased ERK1/2
phosphorylation, but in significantly increased AKT phosphorylation, potentially through
increased binding with p85 (Figure 1).

Germline mutations in known leukemia genes

The majority of remaining mutations were of unknown significance; however, three patients
harbored known likely causal germline mutations that we confirmed via Sanger sequencing
(Supporting Information Figure S2): i) frameshift mutation Ala32fs in the Nijmegen
breakage syndrome gene NMBN that was reported “pathogenic” in ClinVar in a patient with
immunodeficiency, microcephaly, and a hereditary cancer-predisposing syndrome.
Heterozygous mutations in VBN have previously been associated with childhood ALL 3%
and other malignancies; 3¢ ii) £7V/6 mutation R49C recently reported as ALL
predisposition-related in a patient with HD-ALL; ° and iii) a £ 73 mutation we recently
reported at Y842C, a known somatic mutation hotspot locus in the kinase domain activation
loop, which was the first implication of a germline AL73mutation in ALL. 22 Germline
mutations in RAS pathway genes, including P7PN11, cause congenital syndromes that
predispose to childhood leukemia, thus we explored whether germline FL7.3 mutations
might associate with such RASopathies, as this had not been previously investigated.
However, sequencing of FL73hotspot mutation loci did not reveal any germline mutations
in an independent set of 100 patients with genetically undiagnosed RASopathies. 3

One patient harbored an apparent homozygous mutation in the DNA mismatch repair gene
PMS2, predicted likely pathogenic in ClinVar, although constitutive material was not

Genes Chromosomes Cancer. Author manuscript; available in PMC 2020 October 01.
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available to confirm this mutation as germline. Confirmed germline and putative
predisposing mutations in SHZ2B3, CREBBP, KMT2A (MLL), ABL1, and MYH9were
identified in 5 additional patients (Supporting Information Table S1), although further work
is required to confirm their role in ALL predisposition.

Finally, we identified 8 germline mutations that resided on gained chromosomes, including
an AR/D5B missense mutation E864K in which the mutant allele was duplicated
(Supporting Information Table S1). Indeed, for 6 out of 8 germline mutations the mutant
allele was duplicated; however, this was not significantly greater than expected in a binomial
test (P=0.14, one-sided).

DISCUSSION

Here, we report findings from the first investigation of predisposing germline mutations in
HD-ALL. We discovered that at least 15% of patients harbored rare and putatively
functional germline mutations in known or suspected ALL predisposition genes, suggesting
that genetic predisposition may comprise a large component of HD-ALL etiology.

Previous studies demonstrated enrichment of HD in ALL patients with germline
predisposing mutations, for example in £7V6. 9 In children with Noonan syndrome
harboring germline mutations in PTPN11 or other RAS pathway genes, 76% of those that
developed ALL were of the HD subtype. 21 We found a relatively high proportion of HD-
ALL patients carrying rare and putatively functional germline mutations, across a range of
RAS pathway, epigenetic regulatory, DNA repair, and other leukemia-related genes,
suggesting that the manifestation of HD-ALL may depend on a child’s genetic
predisposition. This is supported by the stronger association of SNPs in AR/ID5B, CEBPE,
PIP4K2A, and BM/1 with HD-ALL than with other ALL subtypes. 3:518-20 Of interest, the
low hypodiploid subtype, characterized by 32—-39 chromosomes, is strongly associated with
germline mutations in 7P53. 37:38 Thus, there may be a stronger genetic predisposition for
ALL characterized by chromosomal aneuploidies compared to other cytogenetic subtypes.
The cellular stress induced by gene copy number gains or losses may require a genetic
predisposition for increased cell survival and/or proliferation to enable aneuploid
preleukemic clones to persist until acquisition of secondary mutations and progression to
overt leukemia. Alternatively, specific germline predisposition factors may influence the
likelihood of mitotic catastrophe events that result in aneuploidy.

Likely causal germline mutations were identified in NBN, FLT3, and ETV6, of which only
germline £7V6 mutations have previously been associated with predisposition to high
hyperdiploid ALL, ? although somatic FL7:3 mutations are more common in HD than in
other ALL subtypes. 3940 Germline mutations in RAS pathway genes cause congenital
syndromes that predispose to childhood leukemia, thus we explored whether germline
mutations in FL73, an upstream activator of RAS signaling, might also associate with such
RASopathies. However, we did not detect any germline FL7.3hotspot mutations in a set of
patients with genetically undiagnosed RASopathies, suggesting that the phenotypic
consequences may be limited to hematopoiesis.

Genes Chromosomes Cancer. Author manuscript; available in PMC 2020 October 01.
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Common variants in AR/D5B contribute to risk of HD-ALL, and AR/D5B SNP risk alleles
are preferentially gained in HD-ALL tumors. 41 Although rare variation in this gene has not
previously been implicated in ALL predisposition, it was interesting to discover a rare
missense mutation in AR/D5B in which the mutant allele was duplicated in the leukemia,
supporting a potential leukemogenic role for this germline mutation.

We identified GABZ, another upstream activator of RAS signaling as well as PI3BK/AKT
signaling, as a putative novel ALL predisposition gene. GABZ2is a member of the GRB2-
associated binder adaptor/scaffolding protein family, and is an important binding partner of
the PTPN11-encoded protein SHP2. 34 Binding of GAB2 to SHP2 and to the p85 regulatory
subunit of PI3K results in activation of the RAS/MAPK and PI3K/AKT signaling pathways
respectively (reviewed in ref 42). Gain-of-function somatic and germline P7PN11 mutations
play a role in HD-ALL tumorigenesis and predisposition, respectively; therefore, we
predicted that germline GABZ2 mutations may function via increased SHP2 binding and
concomitant RAS pathway activation. However, we found that the P621fs frameshift
mutation, which was absent in healthy populations and which removes a SHP2 binding site
at Y643, resulted in reduced SHP2 binding and RAS/MAPK signaling but in increased
PI3K/AKT activation in HEK293 cells, potentially through increased binding with p85.
Activated PIBK/AKT signaling plays a crucial role in prevention of apoptosis. 43 HD
leukemia cells are particularly prone to apoptosis and among the most treatable leukemias
during induction therapy; 44 thus a subset of HD tumors may persist via reduced apoptosis
through activation of the PI3K/AKT pathway.

Additional evidence is required, in particular from studies of familial leukemia, to confirm
GABZas a novel ALL predisposition gene. Though only the P621fs mutation demonstrated
functional effects, our analyses of patient GAB2 mutations were limited to HEK293 cells
and to assessment of RAS/MAPK and PI3K/AKT pathways, and future studies should
assess effects in cell types more relevant to HD-ALL and explore potential effects on JAK-
STAT signaling. 4° Given the well-recognized role of gain-of-function P7PN11 mutations in
ALL, discovery of loss-of-function GAB2 mutations seemed counterintuitive; however,
leukemia has been reported in children with LEOPARD syndrome, caused by dominant
negative PTPN11 mutations, 4647 suggesting that RAS downregulation may contribute to
leukemia risk in some patients.

We discovered a relatively high frequency of rare and predicted functional germline
mutations in HD-ALL. A caveat of this study is that patients were selected for sequencing
based on an absence of somatic KRAS/ NRAS hotspot mutations as tested by screening via
conventional PCR-Sanger sequencing, originally to enrich for discovery of novel somatic
mutations. 22 Two-thirds of the 57 patients, however, still harbored somatic RAS pathway
mutations, including subclonal KRASINRAS mutations not detectable by Sanger
sequencing in addition to several mutations in FL73and PTPN11. Thus, our germline
mutation results were unlikely to have been biased by the patient selection criteria. Another
limitation was the use of tumor-only sequencing data to identify germline mutations.
Although the extremely high sequencing depth enabled us to predict putative germline
mutations with relatively high specificity (false positive rate ~10%), we may have missed
germline mutations that resided in regions of somatic copy number loss; however, given the
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low frequency of somatic deletions in HD-ALL, 48 and that the 57 HD-ALL patients were
selected based on their lacking any of the 8 most common gene deletions, this is unlikely to
have significantly affected our findings. Our analyses were limited to known ALL-related
genes and recurrently mutated genes within the targeted sequencing results; thus, studies
using whole exome or genome sequencing of large numbers of patients are required to
obtain a more accurate frequency of predisposing mutations in HD-ALL, especially given
the range of different genes that likely contribute. Furthermore, although patient outcomes
were not available in this study, future studies should assess whether predisposing germline
mutations may affect risk of relapse in HD-ALL patients, which comprise a large proportion
of overall relapsed ALL. 4°

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effects of GAB2 frameshift mutation P621fs on ERK/MAPK and PI3K/AKT signaling
pathways.
(A) HEK293 cells were transfected with MY C-tagged wild-type GAB2 or the GAB2 P621fs

mutant. Cells were serum starved overnight and stimulated with EGF (25 ng/ml) over a time
course (0 to 60 min). Immunoprecipitated (IP) GAB2 was then assayed for phosphorylation
with an anti-phosphotyrosine antibody, as well as p85 and SHP2 association. Total and
phosphorylated forms of AKT and ERK1/2 were assayed by immunoblotting on total cell
lysates, as well as GAB2 and SHP2 levels. (B) Densitometric analysis of AKT
phosphorylation at Ser473 was normalized to total AKT levels and expressed as fold
changes over a time course of EGF stimulation. Densitometric analysis of ERK1/2
phosphorylation at T202/Y 204 was normalized to total ERK1/2 levels and expressed as fold
changes over a time course of EGF stimulation. Unpaired Student’s t tests were used to
compare results of three replicate experiments at each time point between mutant and
wildtype GAB2, with statistically significant changes indicated by asterisks (*, P < 0.05).
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