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Mutational landscape of pediatric acute lymphoblastic leukemia
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Abstract

Current standard of care for patients with pediatric acute lymphaoblastic leukemia (ALL) is mainly
effective, with high remission rates after treatment. However, the genetic perturbations that give
rise to this disease remain largely undefined, limiting the ability to address resistant tumors or
develop less toxic targeted therapies. Here we report the use of next generation sequencing to
interrogate the genetic and pathogenic mechanisms of 240 pediatric ALL cases with their matched
remission samples. Commonly mutated genes fell into several categories, including RAS/receptor
tyrosine kinases, epigenetic regulators, transcription factors involved in lineage commitment and
the p53/cell cycle pathway. Unique recurrent mutational hotspots were observed in epigenetic
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regulators CREBBP (R1446C/H), WHSCI1 (E1099K) and the tyrosine kinase FL73 (K663R,
N676K). The mutant WHSCI was established as a gain-of-function oncogene, while the
epigenetic regulator AR/D1A and transcription factor CTCFwere functionally identified as
potential tumor suppressors. Analysis of 28 diagnosis/relapse trio patients plus 10 relapse cases
revealed four evolutionary paths and uncovered the ordering of acquisition of mutations in these
patients. This study provides a detailed mutational portrait of pediatric ALL and gives insights into
the molecular pathogenesis of this disease.

Introduction

Pediatric ALL is the most common childhood tumor and the leading cause of childhood
cancer deaths (1). Unlike adult ALL, most pediatric ALL patients respond well to
conventional chemotherapy, and the 5 year overall survival rate can reach 85-90%. However,
once the patient develops relapse disease, the outcome became less favorable (2,3).
Cytogenetic alterations are frequent, and several molecular markers have been identified to
predict prognosis (1): ALL patients with high hyperdiploid chromosomes are usually
associated with a better survival, while those with low hypodiploid chromosomes usually
have a worse prognosis (1). Nevertheless, a substantial percentage of “good prognosis”
patients, based on the above classification, still experience relapse, highlighting the urgent
need for a deeper understanding of the molecular features of these patients and identifying
those who are at greater risk of relapse.

Recently, mutational profile of several subtypes of pediatric ALL has been interrogated with
next generation sequencing (NGS) (4-7). NGS enables an improved understanding of the
disease pathogenesis at the nucleotide level, which leads to the discovery of new therapeutic
targets and enables a tailored therapeutic regimen for each patient. Herein, a comprehensive
mutational profiling was carried out in a large cohort of pediatric ALL patients.

Materials and Methods

Patients’ samples

The patients’” samples were collected with informed consent. DNA of pediatric ALL patients
(ages 1 to 18) used in this study includes (Supplementary Fig. 1A, Supplementary Tables 1
and 2): 9 complete cases of Asian samples collected from Singapore (including diagnosis,
matched remission and relapse samples were cytogenetically analyzed and screened for the
presence of either ETV6-RUNXI or BCR-ABL as part of routine clinical diagnostics); 67
cases of Asian B-ALL patient samples were collected from Taiwan (including 5 complete
cases with diagnosis, matched remission and relapse, 59 cases of diagnosis and matched
remission, as well as an additional 3 cases with matched remission and relapse); 10 relapse
ALL cases collected from MD Anderson Cancer Center. 154 Caucasian pediatric ALL
patients samples DNA (with their matched remission control) previously interrogated with
SNP-array (8,9) were amplified by whole genome amplification with high fidelity Ph/29
(REPLI-g Mini Kit, Qiagen).

Cancer Res. Author manuscript; available in PMC 2018 January 15.
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Exomel/targeted sequencing and mutation analysis

Cell culture

Exome sequencing and targeted capture libraries (Supplementary Tables 3) were prepared
according to recommendations in either the Agilent XT or XT2 kit. DNA was sheared to
250-300 bp fragments using the Covaris machine, end repaired and ligated with adapters.
PCR was performed and hybridized with either the human exome or targeted region beads.
Captured products were amplified by PCR and sequenced with Illumina Hiseq 2000.
Illumina paired-end reads were aligned to NCBI build 37 using Novoalign, and somatic
variants were called using Mutect (for single nucleotide variants, SNVs, LOD = 6.3),
VarScan (for SNVs and Indels, mutant supported by at least 6 reads, min-coverage =10,
somatic-p-value <0.07, min-tumor-variant-freq =0.10, normal-variant-freq <0.05) and Pindel
[for Indels, only indels that were less than 60bp long were retained (except for FL73, all the
candidate mutations of FL73gene were retained for further analysis of potential internal
tandem duplication (ITD) event), mutant supported by at least 6 reads and at least a 5%
VAF]. For FLT3ITD detection, the Bam files were further analyzed using Pindel as
described previously (10). All the candidate mutations were filtered with doSNP131 [latest
versions of the dbSNP database were not utilized as it contains some well characterized
cancer mutations. For example, KRAS G12D mutation was annotated as SNP rs121913529
in dbSNP137 and dbSNP138 (10)]; allele >0.1% in 1000 genome sequencing project or
ESP5400 database and repetitive and low complexity regions (genomic SuperDups track,
UCSC Genome Browser). Variants that appeared more than once in our in-house panel of
normal controls database of 200+ samples were also removed. The sciClone R package was
used to analyze clonal evolution. Read counts of each SNV were retrieved using bam-
readcount (https://github.com/genome/bam-readcount/) followed by VVAF calculation.
Mutational diagrams were generated using the proteinPainter (http://explorepcgp.org/
proteinPainter).

ALL cell lines NALM-6, RS4;11, REH, SUP-B15 and SEM cells were obtained from
DSMZ and authenticated by short tandem repeat (STR) DNA profiling in Dec 2014. Cells
were cultured at low passage in RPMI 1640 medium with 10% fetal bovine serum (FBS)
and 1% PenStrep. HEK293FT (for generating high-titer lentivirus, obtained from Invitrogen)
was growth in DMEM medium with 10% FBS.

Methylcellulose colony formation assay

Methylcellulose colony assays were performed using MethoCult™ H4230 (STEMCELL
Technologies). 1000 cells (Nalm6 and REH) or 3000 cells (RS4;11) were resuspended in 80
ul RPMI medium and 320 pl Methocult medium, and cultured in 24-well plates. After 7-14
days, colonies were stained with either gentian violet or MTT dye (1:10 diluted) and
counted.

Western blot analysis

SDS-PAGE and Western blot analysis was performed according to standard protocol, using
the following primary antibodies: WHSCL1 (Santa Cruz, sc-365627), ARID1A (Millipore,
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04-080), c-MYC (Cell Signaling, 9402S), CTCF (Santa Cruz, sc-271474) and GAPDH (Cell
Signaling, 2118S).

shRNA and CRISPR-Cas9 sgRNA

shRNAs were generated using the lentiviral construct pLKO.1 according to the standard
protocol described in the website http://www.addgene.org/tools/protocols/plko/. CRISPR-
Cas9 sgRNAs were generated based on the pLENTI-CRISPRv2 according to the procedure
described in the website http://www.addgene.org/crispr/zhang/. The shRNA and CRISPR-
Cas9 sgRNA sequences are listed in Supplementary Table 4. Real-time PCR was
performed to examine the knockdown effect of ShRNA and the primers used for the
experiment are listed in Supplementary Table 5. PCR and Sanger sequencing were
performed to examine the indel induced by CRISPR-Cas9. The primers used in the PCR
sequencing are listed in Supplementary Table 6.

Lentivirus infection and stable cell lines

Lentivirus particles were generated using the packaging vector as described previously (11).
Plasmids were co-transfected into 293FT (293T cells optimized to generate high titer of
lentivirus). Virus was collected 48 hours after transfection and passed through a 0.45 pm
filter. B-ALL cells were infected with spin-down infection using 1,400 rpm for 2 hours,
twice spaced by 24 hours. Stable cell lines were selected using puromycin (1ug/ml).

Xenograft experiments

Three million ALL cells were suspended in 100 pl RPMI medium and injected into both
flanks of 6-8 weeks old NSG mice. The cell mass was harvested (21 days after the
injection), photographed and the weight of each mass was recorded.

Luciferase assay

Results

Dual luciferase assay was carried out using Dual-Luciferase® Reporter Assay System
(Promega). Luciferase activities were measured 72 h after transfection of 293FT cells either
with or without pLenti-ARID1A (a gift from le-Ming Shih, Addgene plasmid # 39478),
together with a MY C activity reporter pMyc4ElbLuc (a gift from Roger Davis, Addgene
plasmid # 53246). The luciferase activity was normalized with the co-transfected Renilla
luciferase activity.

Mutational landscape of pediatric-ALL

To gain a better understanding of the landscape of somatic mutations in ALL, we performed
whole exome and targeted sequencing of 240 pediatric ALL patients (Supplementary Fig.
1A, Supplementary Tables 1 and 2). For discovery cohort, we selected 11 trios (diagnosis/
complete-remission/relapse) cases who, based on traditional cytogenetic classification,
should have responded well to conventional chemotherapy but unfortunately relapsed. These
samples were interrogated for somatic alterations by whole exome sequencing. Mutational
spectrum analysis revealed that C>T transitions were the dominant mutational event, which
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is likely caused by a spontaneous deamination process (Supplementary Fig. 1B). An
increase of the mutational burden at relapse was noted in some patients. However, in contrast
to the previous observation in AML which showed frequent transversions in relapse samples
(12), relapse ALL had a similar mutational spectrum at diagnosis and relapse. This may be
explained by the decreased DNA damage of the chemotherapeutic drugs administered for
ALL (L-asparaginase, vincristine and prednisolone) compared with daunorubicin used in
AML treatment.

We next extended our study to a larger patient cohort of 229 additional paired remission/
diagnosis or relapse samples as well as 5 B-cell ALL cell lines. A total of 560 genes,
including those found in the discovery cohort plus selected leukemia related genes
(Supplementary Table 3) were examined. Similar to the discovery cohort, the mutational
signature was again dominated by C>T transition events (Supplementary Fig. 1C). The
most prominent altered genes among the entire cohort were involved in RAS-RTK signaling,
epigenetic regulators, transcriptional factors and p53/cell cycle pathway (Fig. 1).

RAS-RTK signaling

The most frequently mutated genes were members of RAS signaling. Besides the well know
hotspot mutations [G12 (NRAS, n=21; KRAS, n=12), G13 (NRAS, n=15; KRAS, n=11)
and Q61 (NRAS, n=16; KRAS n=1)], novel mutational sites were also identified for KRAS.
Al146T/P (n=4), K117N/T (n=4) and V14l (n=1) (Fig. 2A). These non-canonical KRAS
mutations often occur in colon cancer (13) (Supplementary Table 7), suggesting a similar
oncogenic gain-of-function mutation. A novel in-frame insertion in the G13 of KRASwas
noted in one patient. Remarkably, we found mutant KRAS NRAS were not mutually
exclusive in ALL. Fifteen patients harbored multiple RAS mutations in the same leukemic
sample. For example, in patient GE145, NRAS G13D (mutated/wild-type reads: 49/228) and
KRAS G12D (mutated/wild-type reads: 11/61) were detected at diagnosis; however, at
relapse, only the subclone harboring the NRAS G13D (mutated/wild-type reads: 121/120)
emerged as the dominant clone (Fig. 2B). For patients having multiple RAS mutations in the
same RAS gene and the mutations were close enough to be covered by the same sequencing
read pair (i.e. KRAS G12D/G13D), phasing analysis was performed. The results indicated
that all of these mutations occurred in a mutually exclusive manner (Figs. 2C, D), reflecting
a parallel branching hierarchy instead of a linear acquisition path of these mutations in
different subclones (intratumor heterogeneity (14-16)). In addition, loss-of-function
mutations of the RAS signaling negative regulator (A/FI) occurred in 7 patients (1 stop-gains
and 3 frame-shift mutations, Fig. 2A).

PTPN11encodes a phosphatase that modulates signaling from upstream receptor tyrosine
kinases and the RAS genes. High frequency missense mutations clustered in two small
regions of the gene, the first cluster located in the SH2 domain included the canonical
hotspot A72T/V (6 cases) and E76K/V (6 cases); the second cluster was located in the
tyrosine-phosphatase catalytic domain (G503R/V, Fig. 2E). Most of these mutations have
been recurrently found in a variety of other cancers (Supplementary Table 8), and the
hotspot mutational pattern suggests a potential gain-of-function of these mutations.
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FLT3codes for a cell surface tyrosine kinase receptor which plays a key role in
hematopoietic cell growth and survival. The well-appreciated activating hotspot mutations in
the kinase domain (D835Y/Y842C) and several novel recurrent mutationswere identified
(Fig. 2F). For example, we found FL73N676K in two patients, this mutation was recently
shown to be a gain-of-function lesion by demonstrating that the mutant protein confers
growth of BaF3 cells in growth factor depleted media (17). In addition, missense mutations
were also identified in several unreported/unstudied positions, including region either close
or within the juxtamembrane (JXM) domain. This region may be involved in the regulation
of FLT3 dimerization and self-activation [including K663R (3 cases), V592D (2 cases) and
V491L (2 cases); these same mutations were noted in COSMIC/TCGA databases
(Supplementary Table 9), implicating a potential oncogenic gain-of-function]. Five patients
have in-frame indel of FL73 gene (two of them occurred in exon 14 within the JXM domain,
and three are occurred in exon 20 within the kinase domain, Fig. 2F). No FL73ITD
mutations were detected in the entire cohort.

Mutation of other cytokine receptors included PDGFRA (3 cases), KIT (3 case), IL7R (2
cases) and CSF3R (2 cases). Downstream of these kinase receptors are the Janus kinase
family members which are also mutated: JAKZ (2 cases), JAKZ (2 cases) and JAK3 (1 case).
A previously reported hotspot, R683S of JAK2which occurred in 18-28% of Down-
syndrome ALL (18) as well as high risk pediatric ALL (19), was found in one patient. In
addition, CBL and CBLB, two negative regulators of endocytosis and degradation of RTK
were mutated in four samples.

Epigenetic regulators

Members of the histone methyltransferase MLL family were frequently mutated. MLL
(KMTZ2A) is a well-recognized leukemia related gene, which has been extensively
characterized in hematological malignancy. The role of the other MLL family members is
not fully established, although exome sequencing studies recently found a large number of
mutations occurring in the MLL2 (KMT2D) and MLL3(KMTZ2C) genes in a variety of
cancers, including pediatric leukemia (20) and more than 80% follicular lymphoma (21).
Recurrent mutations of MLL, MLL2, MLL3genes were noted in our cohort. Among them,
ML L2 displayed a higher ratio of inactivating mutation (6 stop-gain and 3 frameshift indel
mutations, Fig. 1), suggesting a loss-of-function in a potential tumor suppressor.

Conspicuously, hotspot mutations were identified in histone H3K36 methyltransferase
WHSC1. Mutation E1099K located in the SET domain, was identified in 11 patients as well
as two of the 5 ALL cell lines that we sequenced (RS4;11, SEM) (Figs. 3A, B). Data mining
of the literature as well as CCLE/TCGA database further revealed that another 4 ALL cell
lines, one multiple myeloma cell line, mantle cell lymphoma (22), other lymphoid
malignancies (23,24) as well as a few colorectal, thyroid, lung and ovarian cancer samples
harbored the same mutation, suggesting that this gain-of-function WHSCI mutation
occurred predominantly in B-cell malignancies, but also appear at a lower frequency in solid
tumors (Supplementary Table 10). In multiple myeloma, frequent translocation of the
WHSC1 [t(4:14)] downstream to the 1gG promoter often leads to aberrantly high expression
of WHSCI which contribute to the transformation process (25). In line with these findings,
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elevated WHSCZ mRNA was found in B-ALL samples and cell lines compare to normal B-
cells (Fig. 3C). In addition, /n sifico analysis of two independent ALL cohorts consistently
showed that high expression of WHSCI was correlated with a higher risk of relapse (data
retrieved from GSE11877, Children's Oncology Group Study 9906 for 207 high risk
pediatric B-precursor ALL (26,27), Fig. 3D) and shorter remission period (data retrieved
from GSE4698, 60 relapse pediatric ALL (28), Fig. 3E). Furthermore, stable silencing of
E1099K mutant WHSCI in RS4;11 cells by either lentiviral ShRNA or CRISPR-Cas9 guide
RNA (sgRNA) (Fig. 3F) markedly reduced clonogenic growth both /in vitro (Figs. 3G, H)
and /n vivo (Figs. 3I, J). Taken together, these findings underscore the critical role of
WHSC1 in lymphoid malignancies, highlighting the need for effective inhibitors of this
enzyme.

Two highly related histone/non-histone acetyltransferases, CREBBP and EP300, were also
prominently mutated in our cohort. Mutations of CREBBP predominantly occurred in the
acetyltransferase domain, particularly in the hotspot R1446C/H (Figs. 4A, B). Remarkably,
the same hotspot was previously found in pediatric ALL, as well as a variety of other
cancers including melanoma, bladder, liver and lung cancers (Supplementary Table 11,
Figs. 4C). Despite the hotspot mutation usually associated with gain-of-function, recent
studies in B-cell lymphoma (29) and relapsed ALL (30,31) revealed a tumor suppressor role
of both genes, implying that this hotspot mutation may act in a dominant-negative fashion.
Congruent with this notion, frequent deletions of CREBBP locus were observed (Fig. 4D).
ALL cases with lower expression of CREBBP in their leukemic cells at diagnosis have a
significantly shorter remission period (data retrieved from GSE18497, which includes 41
cases of diagnosis and relapse matched ALL (32), Fig. 4E), an inferior overall survival (data
retrieved from GSE11877, Fig. 4F), and associated with higher number of peripheral white
blood cell count (WBC) at diagnosis (data retrieved from GSE11877, Fig. 4G). Further
evidence to support the notion that CREBBP may behave as a tumor suppressor arises from
the study of Rubinstein-Taybi syndrome that frequently display mutations of the CREBBP
gene (33). These individuals have an increased risk of developing cancers including
leukemia. Notably, although an analogous hotspot (D1399N/Y, Supplementary Table 12)
mutation was found in EP300by our in silico analysis (corresponded to the R1446C/H of
CREBBP), only scatter mutations occurred at other sites in our ALL cohort (Fig. 4D).

Mutations of chromatin remodeling genes (SWI/SNF complex) have recently been identified
in a number of cancers, particularly the ARID family member AR/D1A and ARIDZ.
Consistent with their tumor suppressor role, somatic mutations (Fig. 5A) and copy humber
deletions of both genes were found (Fig. 5B). Silencing of ARID1A in ALL cell lines by
lentiviral ShRNA result in upregulation of the pro-growth regulator c-MYC (Fig. 5C), while
force expression of ARID1A reduced c-MYC luciferase reporter activity (Fig. 5D). This
observation suggests that ARID1A may be involved in the c-MYC pathway and it modulated
the ALL cell proliferation. Congruently, silencing of AR/D1A by either ShRNA or CRISPR-
Cas9 sgRNA resulted in enhanced clonogenic growth in methylcellulose colony forming
assay (Figs. 5E, F).

Besides the well-known leukemia gene ASXL 1, mutations were also found in the two less
studied family members (ASXLZ2, ASXL3, Supplementary Fig. 2). Mutations of epigenetic
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regulators were also found in the polycomb complex (EZHZ2, EED, SUZ12), chromatin/
nucleosome structure modifying proteins (CHDZ2, CHD3, CHD4), TET family proteins
[TETI (4 cases), TETZ2 (5 cases)] and histone modification proteins (HDACI, SIRT],
BCOR, BRDS, lysine demethylase PHF2 KDM6A and histone acetyltransferase KAT65).

Transcription factors and TP53/cell cycle pathway

A number of alterations of transcription factors essential for hematopoietic and lymphoid
differentiation were noted, including the lineage regulator PAX5 (3 missense, 3 indels) and
ETV6 (7 cases, 5 were frameshift indel and 1 was a splice site mutations). Frequent
deletions of PAX5and ETV6 loci have been previously reported in ALL (8,34,35). In
addition, mutations were also found in other lineage transcription factors (/KZF2, IKZF3,
EBF1), WT1, RUNX family member [RUNXZ2 (n=4), RUNX1 (n=1)], ERG1 (n=3) and
GATA1/3 (1 case each).

CTCF s a transcription factor involved in many cellular processes, including transcriptional
regulation, insulator activity, and regulation of chromatin architecture. Forced expression of
CTCF induces growth arrest of B-cells (36). Mutations of CTCF often occur in the
conserved R residue of the zinc finger domain, or lead to a functional inactivation (2 frame-
shift, 2 stop-gain and 1 splice-site mutation, Supplementary Fig. 3A). Focal deletions of the
CTCF locus were observed in pediatric ALL (Supplementary Fig. 3B, data retrieved from
Tumorscape, Q value<0.0001). In addition, expression levels of CTCFtranscript correlated
remarkably with patient prognosis: significantly lower CTCFmRNA was found in the ALL
samples of patients with positive MRD and inferior survival outcome (data retrieved from
GSE11877, Children's Oncology Group Study 9906 for 207 high-risk pediatric B-precursor
ALL (26,27), Supplementary Figs. 3C, D), as well as higher number of peripheral WBC in
their diagnosis specimens (Supplementary Fig. 3E). Consistent with its potential tumor
suppressor role, stable silencing of CTCFby CRISPR-Cas9 sgRNA in RS4;11
(Supplementary Figs. 3F, G) resulted in increased clonogenic growth (Supplementary
Figs. 3H, I).

Somatic mutations of genes involved in the p53 pathway occurred in 18 patients, including
TP53, ATM and the kinases that regulate p53 activities (HIPK1, HIPK2). Germline TP53
pathogenic variants were found in 2 patients (R248Q and R278H, Supplementary Fig. 4).
The B-cell transcription factor BACH2 (suppressing B-cell transformation via activation of
p53) was also mutated in 5 samples. Moreover, a stop-gain as well as a frameshift mutation
were found in CDKNZA (the most frequently deleted gene in ALL (8,34)).

NF-xB pathway and splicing factors

Mutations were acquired in genes involved in the NF-xB pathway, including CARDS/
CARDI11, LRBA, TLR5and NLRP3NLRPS. Genes involved in TLR-MYD88-NF-xB
pathway are usually activated during pathogen invasion causing an expansion of antibody
producing B-cells. Frequent mutation of this pathway has been noted in multiple myeloma
and B-cell lymphomas (37). ALL cells may hijack this pathway to gain a growth advantage.

Cancer Res. Author manuscript; available in PMC 2018 January 15.
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Splicing factors are emerging as a novel class of cancer genes (38) especially in
myelodysplastic syndrome (MDS) and chronic lymphocytic leukemia (CLL). Several
splicing factors were mutated at a low frequency in our samples, including ZRSRZ2, SF3B1,
SF3B2and SF3B3. Mutation of SF3B1 at K666N and R625H are recurrent hotspots in MDS
(38) and CLL; they were detected in two patients (Supplementary Table 13). Overall, these
data suggest that disruption of the RNA splicing machinery contributes to ALL pathogenesis
in only a small fraction of patients.

Clonal evolution and relapse

Analysis of the mutations shared between diagnosis and relapse of 28 Trios, as well as 10
relapse-ALL suggest four different clonal evolutionary models (3,14): relapse evolves
directly from the dominant clone at diagnosis (Fig. 6A 1); relapse evolves from a minor
subclone at diagnosis (Fig. 6A I1); relapse evolves from ancestral clones prior to the
dominant diagnosis clone (Fig. 6A I11); or development of a genetically distinct leukemia
(Fig. 6A 1V). Only one patient followed either models | or 1V, most of the cases
corresponded to models Il or 11, indicating that either the malignant or pre-malignant cells
survived chemotherapy resulting in relapse (3,14).

Further scrutiny of the genes that are concordantly mutated at diagnosis and relapse revealed
recurrent mutation of three genes (CREBBF, NRAS and PTPN11) in more than one patient.
Mutation of CREBBPwas found in three trio cases (mutations present at both diagnosis/
relapse) and in a relapse sample. Previous studies suggested that CREBBP modulates
expression of the glucocorticoid responsive gene (30) and regulates glucocorticoid resistance
(3). NRASand PTPN11 are often present as subclonal drivers (VAF 0.2-0.3); and each are
present at diagnosis/relapse specimens of two patients. These mutations carrying clones
survived chemotherapy and became the dominant clone at relapse (VAF 0.4-0.5) (Fig. 6B).
However, how important are the contribution of mutation of these two genes (MVRAS and
PTPN1I) to ALL clonal survival during chemotherapy remains an open question as we also
noted that many mutant NRAS carrying clones were eliminated by chemotherapy and
disappeared at relapse.

To understand better the clonal hierarchy and evolutionary process, VAF analysis was
performed to trace the potential clonal evolution of each trio samples. One representative
clonal path (model Il) is shown in Figs. 6C. In this patient, mutations were grouped into
three clonal clusters at diagnosis and two clonal clusters at relapse. Chemotherapy
eradicated two subclones, which had been present at diagnosis, but not the founder clone;
the latter survived, gain mutations and reemerged at relapse.

Discussion

Relapse of pediatric ALL is usually associated with high rates of treatment failure and less
favorable outcome (2,3). Recently, several genetic defects have been linked to chemotherapy
resistance in relapse ALL, including CREBBP(3,30), NT5C2 (39,40) and PRPSI (41). In
line with these findings, we observed CREBBP (4 cases) and NT5C2 (1 case) mutations in
our relapse ALL samples, suggesting that an alternative chemotherapy regimen with
different mechanism of action should be adapted for these mutants carrying patients. On the
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other hand, we identified mutations of genes involved in DNA repair pathway in 8 relapse
samples (21%, 8 out of 38 relapse samples, Supplementary Table 14). Mutation of genes
involved in either DNA repair or maintenance of genomic stability (i.e., 7P53, POLE,
MSHE6 (2) or SETDZ (2,42)) may result in an elevated mutation rate and enhanced clonal
diversification, while extensively diversified subclones may behave as a reservoir facilitating
selection of a new adaptive (i.e. drug resistant) clone (43). Nevertheless, we also noticed a
few patients with high mutational burden at diagnosis who did not develop a relapse ALL.
The possible involvement of DNA repair pathways in disease relapse thus still requires
further study.

As an oligoclonal disease, leukemia is generally considered to arise from a single
hematopoietic stem cell which then subsequently acquires a series of mutations in a stepwise
manner. Models of development from preleukemia to overt-leukemia have been established
in ETV6-RUNX1 and hyperdiploid-ALL by comparing leukemia that occurred in
monozygotic twins, or backtracking studies of archived neonatal blood samples (44,45). In
this model, the initiating ETV6-RUNX1 fusion or hyperdiploidy abnormality was often
acquired /n uteroto generate a preleukemic founder clone, the latter subsequently acquired a
series of CNAs/SNVs, and eventually transformed to overt/frank ALL. This model has been
supported by recent single cell genotyping based on copy-number variants/FISH (16) or
NGS (4). Both approaches showed that the majority of SNVs are acquired after the
structural chromosomal change. A similar conclusion was reached by analyzing the
sequencing data of our hyperdiploid-ALL patients, as the distribution pattern of the allele
burden indicated that the majority of the mutations (located in the gained chromosomes) was
acquired after the hyperdiploidy event. In addition, comparing the diagnosis/relapse
mutational profile of the same patients adds further evidence to support this model, as
hyperdiploidy always persists in ALL relapse patients who had hyperdiploidy at diagnosis,
indicating that the hyperdiploidy occurred as an early initiating event.

Recently, several groups of researchers, including ourselves, uncovered the persistence of
preleukemic clone at remission in adult AML, by showing the retention of canonical AML
mutations with high VAF in remission samples (10,46-48). However, this scenario seems
unlikely to be the case in pediatric ALL as our NGS data suggest that none of the somatic
mutations persisted in matched remission samples (except for 2 cases with germline 7P53
mutations and one case with a CREBBP stop-gain mutation that persisted in remission,
which is likely also a germline mutation). Considering that 85-90% of pediatric ALL are
cured, this observation probably reflects the eradication of the ALL cells in the majority of
patients. To reinforce this concept, we focused on patients who relapsed (which is indicative
of the survival of leukemia cells or its ancestral clone). Integrative analysis of copy-number
alterations and sequencing data revealed no detectable abnormalities in the remission
samples, suggesting that the surviving leukemic ALL clone is present in a very small
fraction of the hematopoietic compartment at remission, which is below the detectable
threshold of either NGS or SNP-array. This observation is in accordance with an earlier
clonal study which applied X-chromosome skewing pattern analysis, and consistently
showed the absence of abnormal clonal hematopoiesis at remission in ALL patients (49,50).
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Collectively, identification of the residue leukemic clone and targeting it at remission may
help prevent relapse.

One of the striking observations of this study is the prevalence of non-mutually exclusive
pattern of RAS pathway gene mutations in ALL. The traditional view is to consider mutant
genes involved in the same pathway as being generally mutually exclusive, and only one
mutation is required for each pathway. The frequent co-occurrence of the mutant RAS genes
in our study turns this traditional view on its end, raising the interesting question of why
ALL would acquire more than one RAS mutation. The most likely explanation is that these
mutations are present in different subclones, and that they are mutually exclusive in each
subclone. In the entire cohort (15 patients) that harbored more than one RAS mutations in
their leukemic cells, 9 patients have more than one mutation in the same RAS gene (usually
in codon G12/G13). The latter observation enables us to perform phasing analysis: two
mutations that were close enough to be spanned by the same read-pair allowing the
determination if the mutations are on either the same or different alleles. Accordingly, we
found that all RAS mutations are acquired on different alleles with diverse VAF values. This
observation, together with the fact that these ALL cells have a neutral copy-number at the
RAS locus, precludes the possibility that these mutations are present on different alleles of
the same clone. A similar conclusion was also made concerning a patient with two close-
occurring FLT3mutations. Overall, the above observations highlight the genetic
heterogeneity of pediatric ALL. The development and selection of RAS-RTK mutations in
different subclones of the same patient's ALL suggest that these mutations follow a
branching hierarchy and occurred as a late event. This further underscores their crucial role
for the clonal expansion and evolution of ALL.

In summary, we extensively interrogated the mutational landscape of a large cohort of
pediatric ALL samples by exome and targeted resequencing. We revealed prominent
dysregulation of RAS/RTK signaling and epigenetic regulators in pediatric ALL, providing a
therapeutic rationale for the simultaneous targeting of several dysregulated pathways. The
study reveals a number of new potential therapeutic targets and provides new insights into
the genetic basis of relapse ALL.
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Refer to Web version on PubMed Central for supplementary material.
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Heatmap diagram showing the mutational landscape of ALL patients. Patients are labeled on
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Figure 2. Recurrent mutationsin RAS-RTK pathway
A, schematic of the mutations in NRAS, KRAS and NF1. B, comparison of mutational allele

frequency (VAF) of two cases harboring different RAS mutations at diagnosis and relapse.
C, mutational heatmap of the RAS-RTK pathway genes. D, mutation phasing analysis
depicting the mutually-exclusive pattern of RAS mutations in the leukemic cells of the same
patient, four representative cases are shown. Sequencing reads are displayed at each locus as
a gray bar. Mutations found in the reads (nucleotide differs from the reference sequence) are
indicated and highlighted. E, F, schematic diagrams showing mutations of P7PN11 and
FLT3, respectively.
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Figure 3. WHSC1l isa unique oncogenein B-ALL
A, mutational diagram illustrating the mutations of WHSCI. B, representative Sanger

sequence tracings that show somatic E1099K mutation in 4 patients (upper and middle
panel, diagnosis and the matched remission sample, respectively) and 2 ALL cell lines
(RS4;11, SEM, lower panel). C, elevation of WHSCZI mRNA in B-ALL samples or B-ALL
cell lines compared with normal B-cells (data were retrieved from GSE48558). ****
p<0.0001. D, patients whose ALL cells at diagnosis had higher levels of WHSC1, also had a
higher likelihood to undergo relapse (GSE11877, 207 Pediatric ALL. Censored: Patients in
clinical remission, or with a second malignancy, or with a toxic death as a first event were
censored at the date of last contact). **, p<0.01. E, aberrant WHSCI expression was
associated with high risk leukemia and early occurrence of relapse: very early relapse
(within 18 months after initial diagnosis); early relapse (>18 months after initial diagnosis
but <6 months after cessation of frontline treatment); late relapse (>6 months after cessation
of frontline treatment). Data were retrieved from GSE4698 (60 childhood ALL (28)). **,
p<0.01. F, western blot shows the silencing effect of CRISPR-Cas9 sgRNA targeting
WHSCI. G, H, silencing of WHSC1 by either shRNA or CRISPR-Cas9 guide RNAS
markedly reduced the clonogenic growth of B-ALL cells RS4;11 (cell line carrying WHSC1
E1099K mutation) in methylcellulose assay. Non-target, Non-target ShRNA Control. EV,

Cancer Res. Author manuscript; available in PMC 2018 January 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ding et al.

Page 18

empty vector control. **, p<0.01, ***, p<0.001. I, J, silencing of WHSCZ impairs in vivo
cell growth of RS4;11. *, p<0.05.
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Figure 4. CREBBP and EP300 are frequently mutated in ALL
A, Sanger sequencing chromatograms showing the hotspot R1446 mutation of CREBBP

(arrowhead). B, Diagram showing the sites of mutations in CREBBPand EP300. C, TCGA
pan cancer sequencing analysis identified mutational hotspot in the HAT domain of
CREBBPand EP300. D, CREBBP laci is frequently deleted in ALL patients. Each blue
color bar indicates a deletion event in one individual. Two cases with focal deletion of
CREBBP were highlighted with a red rectangle. Data were retrieved from Tumorscape ALL
patients SNP-Array database. E, The lower CREBBP expression in the leukemic cells at
diagnosis is associated with early relapse in the relapse ALL cohort GSE18497. The patients
are separated into “high” (upper 50%, n=20) and “low” (lower 50%, n=21) groups based on
the CREBBP expression of their leukemic cells at diagnosis. F, Kaplan-Meier plot of overall
survival: comparison of cases with high versus low expression of CREBBPin 207 ALL
patients (GSE11877). “High” and “low” ALL cohorts are defined as upper and lower 50% of
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expression of CREBBP in their diagnosis leukemic cells. P value was calculated by log-rank
test. G, Box plots for peripheral white blood cell counts (WBC) in individuals whose
leukemic cells at diagnosis expressed either higher (upper 50%) or lower (lower 50%) level
of CREBBP. **, p<0.01.
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Figure 5. Mutation of chromatin remodeling (SWI/SNF complex) genes
A, diagrams depict the mutations of AR/ID1A, ARID2, SMARAC4 and ATRX identified in

this study. B, deletion of AR/D1A (upper panel) or AR/DZ2 (lower panel) in ALL samples.
Each blue bar indicates a deletional event in an ALL patient. Data were retrieved from
Tumorscape SNP-array database. C, western blots show shRNA silencing of ARID1A in
RS4;11, Nalm6 and REH. Ctrl, Non-target sShRNA control. D, luciferase assay stimulated by
¢c-MYC activity in 293FT cells (control) versus forced expression of ARID1A (pLenti-
ARID1A, see Supplementary Materials and Methods). Mean + SD, n=3. *, p<0.05. E, F,
silencing AR/D1A enhances /in vitro clonogenic growth of Nalmé6 and RS4;11 in
methylcellulose assays. Mean + SD, n=3. **, p<0.01, ***, p<0.001.
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Figure 6. Clonal architecture and clonal evolution of ALL
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A, different clonal evolutionary paths inferred from the sequencing data. HSC,
Hematopoietic stem cells. B, four representative cases showing the evolution of relapse
(REL) ALL from a subclone at diagnosis (DX). C, clonal architecture and evolution of ALL
patient SG007. Variant allele frequency (VAF) of mutations of ALL at diagnosis and relapse
(upper left panel). Mean VAF mutational clusters (C1, C2, C3, C4) in the primary and
relapse ALL samples (upper right panel). Lower panel: schematic diagram illustrating the

clonal evolution of ALL cells of patient SG007.
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