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Genomic analyses have revolutionized our understanding of the biology of B-progenitor
acute lymphoblastic leukemia (ALL). Studies of thousands of cases across the age spectrum
have revised the taxonomy of B-ALL by identifying multiple new subgroups with diverse
sequence and structural initiating events that vary substantially by age at diagnosis and
prognostic significance. There is a growing appreciation of the role of inherited genetic
variation in predisposition to ALL and drug responsiveness and of the nature of genetic
variegation and clonal evolution that may be targeted for improved diagnostic, risk stratifi-
cation, diseasemonitoring, and therapeutic intervention. This reviewprovides an overview of
the current state of knowledge of the genetic basis of B-ALL, with an emphasis on recent
discoveries that have changed our approach to diagnosis and monitoring.

B-progenitor acute lymphoblastic leukemia
(B-ALL) is the most common childhood

cancer, with cure rates exceeding 90% in most
developed countries (Hunger and Mullighan
2015). However, the prognosis for ALL declines
with increasing age, with historic cure rates of
just 30%–40% in adults (age≥ 40 yr) (Frey and
Luger 2015). B-progenitor acute lymphoblastic
leukemia (B-ALL) comprises multiple subtypes
characterized by recurrent disease-initiating ge-
netic alterations that are important for risk strat-
ification. These include aneuploidy (gain or loss
of whole chromosomes) or chromosomal trans-
locations that deregulate genes through the for-
mation of chimeric fusions or by juxtaposition
to strong enhancers and commonly involve he-
matopoietic transcription factors, epigenetic
modifiers, cytokine receptors, and tyrosine ki-

nases (Iacobucci and Mullighan 2017). Cooper-
ating genetic events that contribute to leukemo-
genesis include copy number alterations and
sequence mutations that perturb multiple cellu-
lar pathways. In recent years, the rapid develop-
ment and implementation of next-generation
sequencing techniques has revolutionized our
understanding of the genomic landscape of
ALL by identifying genomic alterations that
were previously cryptic and by enabling com-
prehensive characterization of both germline
and somatic alterations that define each subtype
across the age spectrum, as well as characterizing
the nature of clonal variegation, genetic hetero-
geneity, and disease progression (Mullighan
et al. 2008b; Ma et al. 2015; Tzoneva et al.
2018). In addition to refining risk stratification,
these studies have also identified new therapeu-
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tic targets that guide precision medicine ap-
proaches intended to improve the cure ratewhile
reducing adverse treatment effects.

Here, we will review the genomic landscape
of B-ALL with particular emphasis on new sub-
types and prognosis and discuss both somatic
and inherited variants that contribute to leuke-
mogenesis. The role of the interaction between
leukemic cells and the bone marrow microenvi-
ronment in disease development and response
to treatment will also be discussed.

RECURRENT CHROMOSOMAL
ALTERATIONS AND PROGNOSIS

The frequency of subtype-defining alterations
varies with age (Table 1; Fig. 1). Secondary ge-
netic alterations may be acquired or enriched
during disease progression (Mullighan et al.
2007, 2008b; Moorman et al. 2012). Common
targets include lymphoid transcription factors
(IKZF1, PAX5, EBF1, ETV6), cell cycle regula-
tors and tumor suppressors (CDKN2A/B, TP53,
RB1), regulators of lymphoid signaling (BTLA
and CD200), Ras pathway signaling (NRAS,
KRAS, PTPN11), and chromatin modifiers
(CREBBP, SETD2,WHSC1) (Kuiper et al. 2007;
Mullighan et al. 2007). The prevalence, gene,
and type of alteration vary between subtypes
and have different prognostic relevance. Current
risk stratification and treatment algorithms in-
corporate age, sex, presentation white blood cell
count, established cytogenetic alterations, and
response to initial therapy as measured by levels
of minimal residual disease (MRD). Genomic
alterations including composite copy number
alterations have recently been proposed as im-
portant factors for determining prognosis
(Hamadeh et al. 2019). Because MRD is such a
central component of risk stratification, future
clinical trials should aim to integrate new ge-
nomic information with response to therapy to
develop a comprehensive relapse prediction
model (O’Connor et al. 2018).

Gross Chromosomal Abnormalities

High hyperdiploidy (nonrandom gain of at least
five chromosomes) is present in ∼25% of child-

hood ALL patients, but accounts for <5% of
adolescents and young adults (16–39 yr old;
AYA) and adults, and is associated with a favor-
able outcome. The patterns of chromosomal
gain are nonrandom, and most commonly in-
volve chromosomes 4, 10, 14, and 21 and the
X chromosome. Mutations involving the Ras
pathway (KRAS, NRAS, PTPN11) and epigenet-
ic modifiers are frequent genetic events in
hyperdiploid patients (Paulsson et al. 2015). Hy-
podiploid ALL with less than 44 chromosomes
comprises two principal subtypes with distinct
transcriptional profiles and genetic alterations.
Historically, hypodiploid ALL has been associ-
ated with an unfavorable prognosis (Harrison
et al. 2004); however, the outcome is improved
with contemporary studies utilizing MRD risk-
stratified regimens, and transplantation pro-
vides no additional survival benefit compared
to chemotherapy alone in MRD-negative pa-
tients (Mullighan et al. 2015; Pui et al. 2019).
Patients with low hypodiploidy (31–39 chromo-
somes) commonly harbor deletion of IKZF2
and sequence mutations of TP53 that are fre-
quently inherited (Holmfeldt et al. 2013). This
subtype is rare in children (<1%), but increases
with age, accounting for >10% of adults, and is
associated with a very poor outcome (Moorman
et al. 2007; Gu et al. 2019). Patients with near-
haploid ALL (24–30 chromosomes) present at a
younger age, accounting for ∼2% of childhood
ALL (Holmfeldt et al. 2013). Frequent second-
ary alterations in this subtype include Ras-
activating mutations and deletions of IKZF3
(Holmfeldt et al. 2013; Gu et al. 2019). Doubling
of the hypodiploid clone (known as masked hy-
podiploidy) is common in both near-haploid
and low-hypodiploid ALL and results in a mod-
al chromosome number in the hyperdiploid
range. Given the markedly differing prognoses
of hypodiploid and hyperdiploid ALL, it is im-
portant to distinguish masked hypodiploidy
(which typically shows four copies of multiple
chromosomes in the doubled clone, and copy-
neutral loss of heterozygosity of multiple chro-
mosomes) from hyperdiploidy (which typically
has multiple trisomic chromosomes).

ALL with intrachromosomal amplification
of chromosome 21 (iAMP21) defines a subtype
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of ALL that is more common in older children
(median age 10 yr), and is rarely observed in
patients older than 30 yr (Harrison et al.
2014). The role of iAMP21 in leukemogenesis
is unclear, but a common region of amplifica-
tion includes ERG and DYRK1Awith gain of at
least two copies of RUNX1 (Li et al. 2014). Sec-
ondary events include the P2RY8-CRLF2 fusion
and genetic alterations in kinase signaling, in-

cluding IL7R and FLT3. Improved risk stratifi-
cation and treatment with intensive therapy can
rescue the poor outcome of these patients when
treated as standard-risk (Moorman et al. 2013).

Translocations

ETV6-RUNX1, encoded by the t(12;21)(p13;
q22) translocation, is another favorable cytoge-
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Figure 1. (A) tSNE plot showing B-progenitor acute lymphoblastic leukemia (B-ALL) subtypes based on RNA-
seq gene expression profiling of 1988 cases. (B) Distribution of B-ALL subtypes within each age group. Subtypes
are grouped as gross chromosomal abnormalities (aneuploidy or copy number gain), transcription factor (TF)
rearrangement, other TF-driven, kinase-driven, and all others (Gu et al. 2019).
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netic alteration with a high frequency in child-
hood ALL (25%) and <5% in AYAs and adults.
Secondary DNA copy number alterations, nota-
bly PAX5 deletion, and mutation of WHSC1
are frequent genetic events in patients harboring
ETV6-RUNX1 (Mullighan et al. 2007; Jaffe et al.
2013; Papaemmanuil et al. 2014). KMT2A
(MLL) rearrangements are a hallmark of infant
ALL (age < 1 yr). They also account for a signifi-
cant proportion of adults with ALL (∼15%) and
are associated with a poor prognosis in all ages
(Hunger and Mullighan 2015). The reasons un-
derlying the biphasic distribution in age are not
well understood. In infant cases, KMT2A rear-
rangement is frequently acquired in utero (Ford
et al. 1993), and patients harbor very few coop-
erating lesions, suggesting the rearrangement it-
self is sufficient to induce leukemia (Andersson
et al. 2015). The most commonly perturbed
pathways include PI3K and Ras signaling, with
themajority ofmutations present at a low tumor
burden (Driessen et al. 2013; Andersson et al.
2015; Agraz-Doblas et al. 2019). Subclonal acti-
vating mutations of FLT3 were recently shown
to accelerate disease onset in a mouse model of
KMT2A-rearranged leukemia, suggesting these
alterations can influence the rate of leukemo-
genesis even at low levels (Hyrenius-Wittsten
et al. 2018).

TCF3-PBX1, encoded by the t(1;19)(q23;
p13) translocation, is present in∼5% of children
and less in AYAs and adults. Previously consid-
ered a high-risk subtype with a propensity to
central nervous system relapse, it is now associ-
ated with a favorable outcome on contemporary
ALL therapies (Barber et al. 2007; Burmeister
et al. 2010). By contrast the t(17;19)(q22;p13)
translocation, encoding the TCF3-HLF fusion
gene, defines a rare subtype of ALL (<1% in all
ages) with a distinct transcriptional profile that
is typically associated with an overall survival of
<2 yr from diagnosis (Inaba et al. 1992; Hunger
1996). Interestingly, primary leukemic cells har-
boring TCF3-HLF show sensitivity to the BCL2
inhibitor venetoclax (ABT-199), identifying a
new therapeutic option for this fatal subtype
(Fischer et al. 2015).

BCR-ABL1 ALL is uncommon in children
(2%–5% of patients), but accounts for at least

25% of adults (Roberts et al. 2014a, 2017a).
The addition of ABL1 tyrosine kinase inhibitors
(TKIs) to chemotherapeutic regimens in both
children and adults has significantly improved
the survival of BCR-ABL1-positive patients
(Ravandi et al. 2010; Schultz et al. 2014; Slayton
et al. 2018). IKZF1 alterations (deletion or mu-
tation) are a hallmark of kinase-driven ALL
(Ph+ and Ph-like) and are associated with treat-
ment failure and relapse, even in the era of TKI
therapy (Mullighan et al. 2008a; Martinelli et al.
2009; Roberts et al. 2014a; Slayton et al. 2018).
The co-occurrence of IKZF1 deletions with
CDKN2A/B, PAX5, or PAR1 deletions in the
absence of ERG deletions (termed IKZF1plus)
detected by multiplex ligation probe amplifica-
tion (MLPA) in childhood ALL confers a worse
prognosis compared to patients with IKZF1 de-
letionwho do not fulfill the criteria for IKZF1plus

(Stanulla et al. 2018). Although technically
straightforward, identification of IKZF1plus as a
biomarker of poor outcome is limited by the
inability of the MLPA approach to identify the
full spectrum of IKZF1 alterations, cases with
high-risk ALL that do not have IKZF1 alter-
ations, and the lack of ERG deletion in approx-
imately one-third ofDUX4 cases that commonly
have IKZF1 alterations and favorable outcome.

NEW SUBTYPES IN B-ALL

The application of comprehensive sequencing
and integrative analyses continues to refine the
genomic landscape of ALL, resulting in the
identification of new entities with prognostic
and therapeutic significance. Rearrangements
in these new subtypes involve a diverse range
of partners that converge on a single gene (e.g.,
MEF2D and ZNF384-rearranged ALL) or are
cryptic by cytogenetic analysis (e.g., DUX4-re-
arranged ALL). Other subtypes may harbor al-
teration of a range of driver genes by diverse
mechanisms (e.g., Ph-like ALL) or are initiated
by sequence mutations (e.g., PAX5 P80R and
IKZF1 N159Y). Additional groups have similar
gene expression profiles to known subtypes with
different genetic alterations (Ph-like and ETV6-
RUNX1-like ALL).
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Ph-like ALL: An Opportunity for Targeted
Therapies

Philadelphia chromosome like (Ph-like or BCR-
ABL1-like) ALL was incorporated as a provi-
sional entity to the revision of the World
Health Organization (WHO) classification of
acute leukemia in 2016 (Arber et al. 2016). Leu-
kemic cells from patients with Ph-like ALL have
similar transcriptional profiles to Ph+ ALL but
lack the BCR-ABL1 fusion gene (Den Boer et al.
2009;Mullighan et al. 2009). Similar towith Ph+
ALL, the incidence of Ph-likeALL increaseswith
age, comprising 10%–15% of childhood ALL
cases, >20% of adults, and peaking at 25%–
30% in AYAs (Loh et al. 2013; Roberts et al.
2014a, 2017a, 2018; Jain et al. 2017a; Reshmi
et al. 2017; Tasian et al. 2017a). In all ages, Ph-
like ALL is associated with elevated MRD levels
and/or higher rates of treatment failure com-
pared to non-Ph-like ALL patients (Roberts
et al. 2014a, 2017a; Tasian et al. 2017b). Thus,
the inferior treatment outcomes in AYA and
adults may be partly explained by the high prev-
alence of Ph-like ALL. In Children’s Oncology
Group (COG) cohorts of National Cancer Insti-
tute (NCI) standard-risk (SR) ALL, Ph-like ALL
is less common and confers a better prognosis
compared to children with high-risk (HR) ALL
(Roberts et al. 2018). Furthermore, childrenwith
Ph-like ALL treated on St. Jude Total XV studies
had a favorable outcome with MRD risk-direct-
ed therapy intensification (Roberts et al. 2014b).

Ph-like ALL is genetically heterogeneous
and is characterized by rearrangements, copy
number alterations, and sequence mutations
that activate tyrosine kinase or cytokine receptor
signaling. Despite this complexity, most alter-
ations can be divided into a limited number of
distinct subgroups based on the activated kinase
and signalingpathways.These include rearrange-
ments or, less commonly, sequence mutations
of CRLF2 (IGH-CRLF2, P2RY8-CRLF2), fusions
involving ABL-class genes (ABL1, ABL2, CSF1R,
LYN, PDGFRA, PDGFRB), alterations activating
JAK-STAT signaling (including rearrangements
of JAK2, EPOR or TYK2) and mutations/dele-
tions of IL7R, SH2B3, JAK1, JAK3, TYK2,
IL2RB), Ras signaling pathways (NRAS, KRAS,

PTPN11), and less common fusions (FLT3,
FGFR1, NTRK3, PTK2B) (Fig. 2A; Roberts et al.
2014a, 2017a; Reshmi et al. 2017). The frequency
of each kinase subgroup varies with age, partic-
ularly with respect to CRLF2-rearrangements, in
which IGH-CRLF2 accounts for almost 50% of
Ph-like ALL in AYAs and adults but is less com-
mon in children. ABL-class fusions are most
prevalent in children with HR ALL (Fig. 2B).
Fewer kinase alterations are identified in Ph-
like ALL patients with SR ALL (Roberts et al.
2018). A small subset of children harboring re-
arrangement of CRLF2—most commonly
P2RY8-CRLF2 and with Down syndrome ALL
—lack the Ph-like ALL gene expression signature
(Gu et al. 2019).

The majority of Ph-like alterations can be
targeted effectively in preclinical models using
a combinatorial approach of chemotherapy with
ABL1 (e.g., dasatinib) or JAK inhibition (e.g.,
ruxolitinib) (Roberts et al. 2017b), and a number
of case reports demonstrate efficacy of ABL1TKI
treatment in Ph-like ALL patients with refracto-
ry disease (Lengline et al. 2013; Weston et al.
2013; Kobayashi et al. 2015; Schwab et al. 2016).
This approach is currently being tested in
frontline studies of patients treated at St. Jude
Children’s Research Hospital (Total XVII,
NCT03117751) (Inaba et al. 2017) and on
COG protocols (AALL1131, NCT01406756;
AALL1521,NCT02723994) (Tasian et al. 2017b).

ETV6-RUNX1-Like ALL

Analogous to Ph-like ALL, ETV6-RUNX1-like
ALL is defined by having a gene expression
profile and immunophenotype (CD27 positive,
CD44 low to negative) similar to ETV6-RUNX1
ALL, but lacking the ETV6-RUNX1 fusion (Lill-
jebjörn et al. 2016; Zaliova et al. 2017). Unsur-
prisingly, like ETV6-RUNX1 ALL, ETV6-
RUNX1-like ALL is almost exclusively identified
in children (∼3%) and confers a favorable prog-
nosis. This subtype is associated with alternate
lesions (gene fusions or copy number alter-
ations) in ETV6, IKZF1, or TCF3, suggesting
global deregulation of lymphoid development
is a hallmark of this transcriptional signature
(Gu et al. 2019).
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Figure 2. (A) Kinase alterations and signaling pathways dysregulated in Philadelphia chromosome-like (Ph-like)
ALL. Themajority of kinase and cytokine receptor alterations converge on two pathways that activate JAK-family
member signaling or ABL signaling. Alterations that activate JAK-STAT signaling can be targeted with JAK and
PI3K inhibitors. ABL-class alterations can be targeted with ABL-inhibitors such as dasatinib. Other kinase
alterations and those that activate Ras signaling can be targeted with specific inhibitors including those that
inactivate TRK, FLT3, FGFR1, and MEK for the MAPK pathway. (B) Distribution of kinase subtypes in Ph-like
ALL within each age group (Roberts et al. 2014a, 2017a, 2018; Reshmi et al. 2017). Combined prevalence of Ph-
like ALL subtypes in childhood National Cancer Institute (NCI) standard-risk (SR; age 1–9.99 yr and WBC<
50,000/µL), NCI high-risk (HR; age 10–15 yr orWBC≥ 50,000/µL), adolescent and young adults (1639 yr), and
adults (≥40 yr). Genomic subtypes include IGH-CRLF2, P2RY8-CRLF2, and ABL-class fusions (ABL1, ABL2,
CSF1R, LYN, PDGFRA, and PDGFRB); JAK2 and EPOR rearrangements and other mutations in JAK–STAT
signaling (JAK1/3, IL7R, SH2B3, TYK2, and IL2RB); and other kinase alterations (FLT3, FGFR1, NTRK3), Ras
mutations (KRAS, NRAS, NF1, PTPN11, BRAF, and CBL), and unknown alterations.

K.G. Roberts and C.G. Mullighan

370 Cite this article as Cold Spring Harb Perspect Med doi: 10.1101/cshperspect.a034835

This is a free sample of content from Leukemia and Lymphoma: Molecular and Therapeutic Insights. 
Click here for more information on how to buy the book.

© 2021 by Cold Spring Harbor Laboratory Press. All rights reserved.

http://cshlpress.com/default.tpl?action=full&src=pdf&--eqskudatarq=1277


DUX4-rearranged ALL

An interesting subtype of B-ALL with a very
distinctive gene expression profile and immuno-
phenotype (CD2 and CD371 positive) is char-
acterized by genetic alterations and deregulation
of the transcription factor genes DUX4 (double
homeobox 4) and ERG (ETS-related gene)
(Yeoh et al. 2002; Harvey et al. 2010; Lilljebjörn
et al. 2016; Yasuda et al. 2016; Zhang et al. 2016;
Schinnerl et al. 2019). DUX4 is located in mi-
crosatelliteD4Z4 repeat domains in the subtelo-
meric region of chromosome 4 that is duplicated
on chromosome 10q and is normally exclusively
expressed in germinal tissues (Gatica and Rosa
2016). In DUX4-rearranged ALL, translocation
or insertion of DUX4 to IGH is the initiating
event that results in overexpression of a 30 trun-
cated isoform of DUX4 not normally expressed
in B cells. The aberrantly expressedDUX4 binds
to an intragenic region of ERG, resulting in gross
transcriptional deregulation of ERG, and, com-
monly, expression of ERGalt, a transcript that
utilizes a noncanonical first exon that encodes a
truncated carboxy-terminal ERGprotein. ERGalt
retains the DNA-binding and transactivating
domain of ERG, inhibits the transcriptional ac-
tivity of wild-type ERG, and is transforming in
mouse models of B-ALL (Zhang et al. 2016).
This subtype accounts for 5%–10% of B-ALL,
with a slight peak in AYAs. Of clinical relevance,
DUX4-rearranged ALL is associated with an ex-
cellent prognosis in both children and adults
(Gu et al. 2019), even despite the presence of
secondary genetic alterations otherwise asso-
ciated with poor outcome, such as IKZF1
deletions, which are present in ∼40% of
DUX4-rearranged ALL (Zhang et al. 2016).

New Transcription Factors: MEF2D and
ZNF384

Recurrent rearrangements of MEF2D and
ZNF384 account for ∼4% and 5% of children
and up to 7% and 10% in AYA patients, respec-
tively. Accordingly, both subtypes are associated
with older age of onset (median age 14 and 15
yr) (Gu et al. 2016; Liu et al. 2016; Suzuki et al.
2016).

Multiple 30 partners have been identified
forMEF2D (encoding myocyte enhancer factor
2D), including BCL9, CSF1R, DAZAP1, FOXJ2,
HNRNPUL1, HNRNPH1, and SS18 (Gu et al.
2016; Ohki et al. 2019). All fusions preserve
the MEF2D MADS-box domain that mediates
DNA binding, resulting in enhanced transcrip-
tional activity and deregulation of MEF2D
targets (Gu et al. 2016). An exception is
MEF2D-CFS1R, which displays the Ph-like gene
expression profile (Roberts et al. 2014a).MEF2D-
rearranged ALL is associated with an aberrant
immunophenotype (CD10 negative, CD38 posi-
tive) and an intermediate to poor outcome (Gu
et al. 2016; Suzuki et al. 2016; Ohki et al. 2019).
Alterations of PHF6, recurrently mutated in
T-cell ALL, were the most frequent cooperating
lesions identified by targeted sequencing (Ohki
et al. 2019). Deregulation ofMEF2D also results
in the overexpression of HDAC9 (histone de-
acetylase 9), which can be targeted therapeutical-
ly using HDAC inhibitors (Gu et al. 2016).

Rearrangements of ZNF384 (encoding zinc
finger 384) define a subtype of acute leukemia
that transcends immunophenotypic classifica-
tion and may manifest as classical pre-B ALL
without lineage aberrancy, B-ALL with expres-
sion of the myeloid markers (CD13/33), or
B/myeloid mixed phenotype acute leukemia
(Alexander et al. 2018). To date, 11 different
50 fusion partners, usually involving a transcrip-
tional regulator or chromatin modifier, have
been identified for ZNF384: ARIDIB, BMP2K,
CLTC, CREBBP, EP300, EWSR1, NIPBL,
SMARCA2, SYNRG, TAF15, and TCF3 (Liu
et al. 2016; Shago et al. 2016; Yasuda et al.
2016; Hirabayashi et al. 2017). An intermediate
prognosis has been described in small pediatric
cohorts (Liu et al. 2016). The rearrangements
are also distinctive, usually involving the entire
coding region of ZNF384, resulting in the ex-
pression of wild-type ZNF384 in a lineage inap-
propriate manner, as well as the chimeric fusion
protein. Studies of hematopoietic progenitor
cells from primary leukemia samples, as well
as xenografting of immunophenotypically mul-
ticlonal populations, has shown that ZNF384
rearrangements are acquired in a subset of he-
matopoietic stem cells and prime leukemic cells
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for lineage plasticity (Alexander et al. 2018).
More recently, cases harboring rearrangement
of the zinc finger ZNF362 to SMARCA2 and
TAF15 were shown to cluster with ZNF384-re-
arrangedALL, indicating deregulation of similar
downstream targets (Li et al. 2018).

REDEFINING “OTHER” B-ALL

Despite the advances made in refining the clas-
sification of B-ALL, until recently, almost one-
quarter of cases across the age spectrum lacked a
subtype defining lesion and were collectively
known as “Other.” These cases were excluded
from risk stratification, commonly relapsed,
and lacked targeted therapeutic approaches. To
systematically define the frequency and prog-
nostic significance of subtypes across the age
spectrum, two groups recently performed an in-
tegrated large scale genomic analysis of 1223
and 1988 B-ALL cases, respectively, using tran-
scriptional profiling to refine subtype classifica-
tion (Li et al. 2018; Gu et al. 2019). In addition to
known groups, including those defined by an-
euploidy, up to five new subtypes were identified
with distinct gene expression signatures, ac-
counting for an additional 15% of B-ALL. As
such, >90% of ALL cases may be classified into
distinct genetic subtypes using these algorithms.

PAX5-Driven Subtypes

PAX5 is largely considered to function as a hap-
loinsufficient tumor suppressor in ALL, with
secondary heterozygous deletions and loss-of-
function mutations present in one-third of all
patients with B-ALL across a range of subtypes
(Kuiper et al. 2007; Mullighan et al. 2007). In
mouse models, Pax5 heterozygosity cooperates
with constitutive activation of the JAK-STAT
pathway to promote B-ALL development, sup-
porting its role as a tumor suppressor (Dang
et al. 2015). PAX5 translocations are reported
in 2%–3% of B-ALL (Nebral et al. 2009; Coyaud
et al. 2010). Recent analyses identified two PAX5
subtypes defined by distinct transcriptional pro-
files and genetic alterations. The first subtype,
referred to as PAX5-altered (PAX5alt), compris-
es cases with diverse PAX5 rearrangements

(most commonly to ETV6 orNOL4L), sequence
mutations or intragenic amplification (Schwab
et al. 2017), with the highest prevalence ob-
served in children and AYA (10% each vs. 7%
in adults) (Gu et al. 2019). The second group of
PAX5-driven ALL is defined by the presence of
the PAX5 P80Rmutation, which is homozygous
in almost all cases because of deletion or frame-
shift mutation of the wild-type PAX5 allele, sug-
gesting that loss of both PAX5 alleles drives the
unique gene expression profile of this subtype
(Fig. 3; Li et al. 2018; Gu et al. 2019; Passet et al.
2019). The prevalence of PAX5 P80R increases
with age, accounting for almost 5% of adults.
This subtype confers an intermediate to favor-
able prognosis in both children and adults
(Bastian et al. 2019; Gu et al. 2019; Passet et al.
2019; Zaliova et al. 2019). Cooperating lesions
identified in PAX5 P80R patients include a
high frequency of signaling mutations, particu-
larly in the Ras, JAK-STAT, and other kinase
signaling pathways (FLT3, PIK3CA), highlight-
ing the potential for targeted therapies (Gu et al.
2019; Passet et al. 2019). Notably, heterozy-
gous Pax5P80R/+ or homozygous Pax5P80R/P80R

knock-in mice develop B-progenitor ALL that
is transplantable, and tumors that arise in
Pax5P80R/+ mice genetically inactivate the wild-
type Pax5 allele by deletion or truncation, reca-
pitulating the loss of wild-type PAX5 observed
in human ALL (Gu et al. 2019). In a mouse
model of B-ALL, PAX5-ETV6 activated distinct
transcriptional pathways including pre-B cell re-
ceptor signaling and migration/adhesion, con-
firming its role as an oncoprotein rather than
simply acting as a competitive inhibitor of the
wild-type PAX5 protein (Smeenk et al. 2017).
The identification of PAX5 subtypes as distinct
entities highlights the importance of this gene in
regulating B-cell differentiation, and confirms
PAX5 alterations as founding lesions in B-lym-
phoid leukemogenesis as opposed to secondary
cooperating events as previously thought.

IKZF1 N159Y

Another uncommon subtype (accounting for
<1% of ALL) defined by a single mutation in a
lymphoid transcription factor includes cases
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harboring a heterozygous N159Y missense mu-
tation in IKZF1 (Li et al. 2018; Gu et al. 2019). In
contrast to PAX5 P80R ALL, the nonmutated
wild-type allele of IKZF1 is retained in patients
with IKZF1 N159Y ALL. The N159 residue is
located within the DNA-binding domain of
IKZF1. Mutation of this residue results in nu-
clear mislocalization and enhanced intercellular
adhesion that is characteristic of perturbed
IKZF1 function (Churchman et al. 2015). Such
cases exhibit a distinct gene expression pro-
file compared to other IKZF1-altered cases, with
increased expression of genes involved in onco-
genesis (YAP1), chromatin remodeling (SALL1),
and JAK-STAT signaling (Li et al. 2018; Gu et al.
2019).

IGH Rearrangements

Rearrangements of the IGH locus to a range of
partners—including CRLF2, CEBP family
members (CCAAT/enhancer binding protein),
and ID4—are frequent in AYA and adult ALL
(∼10%) and generally confer a poor prognosis
(Russell et al. 2014). In addition to these part-
ners, we identified a subset of cases with pre-B
immunophenotype and a unique transcription-
al signature characterized by rearrangement of
IGH to BCL2,MYC, and/or BCL6 (BCL2/MYC)
(Gu et al. 2019) that resemble those observed in
“double-hit” lymphoma and are rarely identi-
fied in ALL (Moorman et al. 2012; Russell
et al. 2014; Uchida et al. 2017; Wagener et al.
2018). This subtype is predominantly identified
in adults (median age 48.5 yr) and is associated
with an extremely unfavorable outcome.

NUTM1 Rearrangements

An additional subtype present exclusively in 1%
of childhood ALL (median age 3 yr) involves
fusion of almost all the coding region of
NUTM1 (nuclear protein in testis midline car-
cinoma family 1) to six different 50 partners—
ACIN1, BRD9, CUX1, IKZF1, SLC12A6, and
ZNF618—resulting in increased expression of
NUTM1 (Li et al. 2018; Gu et al. 2019).
NUTM1 is normally expressed in the testis and
acts as a chromatinmodifier by recruiting EP300

(p300) to increase local histone acetylation
(Alekseyenko et al. 2015). Fusions of NUTM1
(commonly BRD4-NUTM1) are a hallmark of
NUT midline carcinoma (NMC), an aggressive
and fatal subtype of squamous cell carcinoma
that also arises frequently in children (French
2014). BRD4-NUTM1 acts to repress differenti-
ation in NMC by recruiting histone acetyltrans-
ferases and other transcriptional cofactors to re-
gions of chromatin that are actively transcribing
pro-proliferative and antidifferentiation genes,
including MYC (French 2014). Thus, fusions
such as BRD9-NUTM1 in ALL may have a
similar mechanism of action, although experi-
mental studies are required to elucidate the
role of NUTM1 in leukemogenesis. In contrast
to NMC, ALL patients with NUTM1 rearrange-
ments have an excellent prognosis. Given the
involvement of BRD9, bromodomain or HDAC
inhibitors would be a logical targeted therapeu-
tic approach for these patients.

MIXED PHENOTYPE ALL

Mixed phenotype acute leukemia (MPAL) is
characterized by expression of cell surface pro-
teins characteristic of multiple lineages, most
commonly B and myeloid (B/M MPAL) or T
and myeloid (T/M MPAL) markers, either in a
single (biphenotypic) or multiple (bilineal) im-
munophenotypic subpopulations. Prior studies
had identified rearrangements of KMT2A
(MLL) or the BCR-ABL1 fusion in a minority
of cases, but until recently the genetics of MPAL
had been poorly understood. However, this is of
great interest given the phenotypic plasticity and
poor prognosis of this form of leukemia. Ge-
nomic analyses have shown that T/M and B/M
are genetically distinct, with T/M leukemia char-
acterized by founder mutations or rearrange-
ments in transcription factors and chromatin
modifiers (WT1, ETV6, RUNX1, CEBPA) and
the majority of B/M cases to harbor rearrange-
ments of ZNF384 (Alexander et al. 2018;
Takahashi et al. 2018; Xiao et al. 2018). The
phenotypic plasticity and characteristic of
MPAL (that has bedeviled the selection of ap-
propriate therapy) is largely independent of
genetic variegation and, rather, is due to the
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acquisition of founding lesions in very early
hematopoietic progenitors. Thus, MPAL forms
part of a spectrum of immature/stem cell leuke-
mias (for T/MMPAL, like early T cell precursor
ALL) (Zhang et al. 2012), and future studies are
integrating ALL-directed therapy and genomic
analysis to further refine optimal diagnostic and
classification approaches (Hrusak et al. 2018).

INHERITED VARIANTS IN ALL

Genome-wide association studies (GWASs)
have identified risk loci with common genetic
polymorphisms that are associated with a mod-
est increase in ALL susceptibility, including
IKZF1 (7p12.2), CDKN2A/CDKN2B (9p21),
PIP4K2A (10p12.2), GATA3 (10p14), ARID5B
(10q21.2), CEBPE, and ERG (14q11.2) (Mor-
iyama et al. 2015b; Qian et al. 2019). Associa-
tions with several of these loci exhibit a degree of
ALL subtype specificity—for example, GATA3
with Ph-like ALL (Perez-Andreu et al. 2013;
Jain et al. 2017b) and ERG with TCF3-PBX1—
suggesting an interplay of germline and somatic
alterations in leukemogenesis. More recently,
studies of families with multiple individuals
with ALL and complementary examinations of
large cohorts of patients with presumed spora-
dic ALL have identified deleterious germline
variants in genes that are also targets of somatic
mutation in ALL, including PAX5, ETV6,
IKZF1, TP53, and ERG.

A role for PAX5 in autosomal dominant
predisposition to B-ALL was identified by the
description of three unrelated families who har-
bored a germline PAX5 c547G >A mutation in
the octapeptide domain (PAX5 G183S) that re-
sulted in moderate attenuation of transcription-
al activity in vitro (Shah et al. 2013; Auer et al.
2014). Notably, all affected individuals had so-
matic loss of the wild-type allele, suggesting that
biallelic inactivation of PAX5 is also important
for B-cell leukemogenesis in this context.

Deleterious germline variants within the
DNA-binding domain of ETV6 are present in
1% of sporadic B-ALL and affect transcriptional
repression either by abrogating binding to
ETS-containing DNA sequences or through al-
tered intracellular localization (Moriyama et al.

2015a; Noetzli et al. 2015; Topka et al. 2015;
Zhang et al. 2015). Multiple subsequent reports
suggest that ETV6 sequence mutations may be
the most common germline alterations predis-
posing to ALL (Feurstein and Godley 2017;
Hock and Shimamura 2017; Duployez et al.
2018). Moreover, a focal germline ETV6 splice
site deletion resulting in exon skipping and pro-
tein truncation has been reported in a highly
penetrant family (Rampersaud et al. 2019). An-
other report identified a constitutional translo-
cation disrupting ETV6 (Jarviaho et al. 2019).
These studies indicate that careful analysis of
germline structural variants is required to de-
scribe the full repertoire of deleterious germline
alterations in ALL.

Churchman et al. reported inherited germ-
line variants in IKZF1 that impair its function in
a similar manner to somatic mutations. In con-
trast to somatic IKZF1 alterations that are most
commonly deletions ormutations in the amino-
terminal (DNA-binding) or carboxy-terminal
(dimerizing) zinc fingers (Churchman et al.
2015), the germline variants are scattered
throughout the gene in regions of poorly char-
acterized function and were not predicted to be
deleterious by in silico analyses, but were highly
deleterious in more sophisticated cellular assays
including subcellular mislocalization, cell–cell
adhesion, and cell stromal adhesion in vivo
(Churchman et al. 2018).

TP53 alterations are a hallmark of low-hy-
podiploid ALL, with almost half occurring in the
germline, suggesting that low-hypodiploid ALL
is another manifestation of Li–Fraumeni syn-
drome (Holmfeldt et al. 2013). In a large cohort
of childhood ALL, 49 nonsilent rare TP53 cod-
ing variants were identified in 77 patients, of
which 22 variants were classified as pathogenic
(Qian et al. 2018). Children with TP53 patho-
genic variants presented at an older age, had
inferior outcomes to children with wild-type
TP53, and were more likely to develop second
malignancies. This study also confirmed the as-
sociation of inherited TP53 variants with hypo-
diploid ALL (Qian et al. 2018). A recent GWAS
identified novel susceptibility variants at the
ERG locus that were enriched in Hispanics
(Qian et al. 2019), providing additional insight
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into the relationship of germline genetic varia-
tion in racial occurrence and outcomes in ALL
(Yang et al. 2011; Karol et al. 2017). Together,
these studies highlight the importance of these
genes in both de novo and familial ALL.

RELAPSED ALL

Relapsed ALL remains a leading cause of child-
hood cancer death (Curtin et al. 2016) and is
associated with high rates of treatment failure
and death in older individuals (Fielding et al.
2007; Stock 2010; Frey and Luger 2015). The
main curative approach for adults is an allogenic
stem cell transplant; however, survival rates for
relapsed ALL are improving with the implemen-
tation of new immunotherapeutic approaches
including blinatumomab (CD19/CD3 bispecific
T-cell engager), inotuzumab ozagamicin (anti-

CD22 antibody conjugated to calicheamicin),
and CAR T cells (chimeric antigen receptor)
(Davila et al. 2014; Kantarjian et al. 2016,
2017; Maude et al. 2018; Park et al. 2018).

Genomic studies in childhood ALL show
that predominant clones at diagnosis are often
eradicated, and relapse arises from a minor
clone that already harbors and/or acquires ad-
ditional genomic alterations that drive resis-
tance in a drug-specific or -agnostic manner
(Fig. 4; Mullighan et al. 2008b, 2011; Li et al.
2015; Ma et al. 2015; Oshima et al. 2016; Tzo-
neva et al. 2018). Mutations in genes encoding
epigenetic regulators and chromatin modifiers
are recurrent events in relapsed ALL and can
directly influence response to treatment (Mul-
lighan et al. 2011; Mar et al. 2014; Ma et al.
2015). In particular, mutations in the transcrip-
tional coactivator and acetyl transferase

Lymphoid transcription factors

Inherited variants Aneuploidy
Rearrangement
Mutation

Tumor suppressors
Kinase/Ras signaling
Transcriptional regulators
Epigenetic regulators

Epigenetic regulators
Glucocorticoid metabolism
Thiopurine metabolism

Arrest in maturation

Chemotherapy Relapse

Predisposition Initiation Cooperating events Enriched pathways

Lymphoid
progenitor Pre-B cell Diagnosis

Mature
B cell

Figure 4. Commonly altered pathways and stepwise progression of B-progenitor acute lymphoblastic leukemia
(B-ALL). Common genetic polymorphisms (IKZF1,CDKN2A/B, PIP4K2A,GATA3,ARID5B,CEBPE, and ERG)
and deleterious nonsilent inherited variants (PAX5, ETV6, IKZF1, TP53, and ERG) increase the risk of ALL
susceptibility. Driving or founding lesions of ALL define genomic subtypes: aneuploidy and other chromosomal
abnormalities (hyperdiploid, low-hypodiploid, near-haploid, iAMP21), rearrangements deregulating transcrip-
tion factors (ETV6-RUNX1, ETV6-RUNX1-like,KMT2A,TCF3-PBX1,DUX4,ZNF384,MEF2D,NUTM1,TCF3-
HLF, PAX5, BCL2/MYC) or kinase genes (Ph-like, BCR-ABL1), and specificmutations in lymphoid transcription
factors (PAX5 P80R, IKZF1, N195Y). Deletion and loss of lymphoid transcription factors (e.g., IKZF1, PAX5,
EBF1) coupled with the alteration of tumor suppressors and cell cycle regulators (CDKN2A/B, TP53), kinase
signaling pathway genes (e.g., NRAS, KRAS, FLT3), other transcriptional regulators (e.g., ETV6, ERG), or
epigenetic regulators (e.g., CREBBP, WHSC1, CTCF) result in the accumulation of immature lymphoid blasts
and presentation at diagnosis. During treatment, the predominant diagnosis clone is commonly eradicated and
relapse arises from a minor clone that already harbors and/or acquires additional genetic alterations that drive
resistance. Pathways that are enriched at relapse include those involving epigenetic regulators (e.g., CREBBP,
SETD2,KDM6A), the glucocorticoid response (e.g., CREBBP,NR3C1), and thiopurine metabolism (e.g.,NT5C2,
MSH6).
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CREBBPoccur in up to 20%of relapsedALL and
impair sensitivity to glucocorticoid therapy
(Mullighan et al. 2011). Mutations in NT5C2
(50-nucleotidase catalytic enzyme II) confer in-
creased resistance to purine analogs at the cost of
impaired leukemia cell growth and leukemia-
initiating cell activity (Meyer et al. 2013; Tzo-
neva et al. 2018). In addition, loss of MSH6, a
major component of the mismatch repair
(MMR) system, results in intrinsic chemoresist-
ance to thiopurines because of an inability to
recognize thioguanine nucleotide mismatching
and failure to initiateMMR. Thus, cells defective
for MSH6 do not undergo cell cycle arrest or
apoptosis and continue to proliferate in the pres-
ence of thiopurine (Evensen et al. 2018). Other
recurrent somatic alterations in relapsed ALL
include deletions of the glucocorticoid receptor
NR3C1 and mutations in the H3K36 trimethyl-
transferase SETD2, the lysine-specific demethy-
laseKDM6A, and the epigenetic regulatorMLL2
(Mar et al. 2014; Ma et al. 2015). Enhancing our
knowledge of relapse-enriched or acquired alter-
ations is important for initial risk stratification
and has implications for molecular monitoring
given the increasingly widespread application of
deep sequencing approaches to identify low lev-
els of MRD.

ROLEOF THEMICROENVIRONMENT IN ALL

Most studies of mechanisms of leukemogenesis
and treatment response have focused on leuke-
mic cell-intrinsic features, but it is increasingly
apparent that tumor cell-extrinsic factors, in-
cluding the nature of nonleukemic hematopoi-
etic cells, and the interaction of leukemic cells
with the bone marrow microenvironment, are
important determinants of response to therapy
and may also be directly influenced by genetic
alterations of the leukemic cell. This is exempli-
fied by the finding that alterations of IKZF1
(Ikaros) in kinase-driven (Ph+ and Ph-like)
ALL drive high-risk disease by derepressing ex-
pression of adhesion molecules that result in
acquisition of a hematopoietic stem cell like
phenotype and aberrant leukemic intercellular
and cell-stromal adhesion (Joshi et al. 2014;
Churchman et al. 2015). This leads to perturbed

bone marrow mislocalization and resistance to
therapy that may be circumvented, at least in
this context, by rexinoids (that bind to retinoid
X receptor α, which is also derepressed by loss of
Ikaros) that result in differentiation and up-reg-
ulation of wild-type Ikaros. Another approach is
focal adhesion kinase (FAK) inhibitors, which
inhibit FAK signaling downstream of integrin
activation (Churchman et al. 2016), an approach
that is entering the clinic for the treatment of
solid tumors (Lee et al. 2015) and in conjunction
with immunotherapy (Jiang et al. 2016).

Although there is extensive evidence that
remodeling of, and interaction with, the bone
marrow hematopoietic niche has an important
role in the survival of acute myeloid leukemia
cells (Tabe and Konopleva 2014), the nature and
importance of the ALL cell microenvironment
interaction is less well studied, but is likely im-
portant in light of findings that disruption of
CXCR4-CXCL12-mediated interaction can im-
prove drug responsiveness in experimental
models of B-ALL andT-cell acute lymphoblastic
leukemia (T-ALL) (Pitt et al. 2015; Randhawa
et al. 2016). Our recent data indicate that inter-
action of leukemic cells with bone marrow stro-
mal cells results in profound deregulation of
adhesion, signaling cascades, and epithelial to
mesenchymal transition–like phenotype in
ALL cells and accompanying drug resistance
that can potentially be exploited therapeutically
(Yoshihara et al. 2018).

CONCLUSIONS

Within the last decade, integrated genomic anal-
yses of large cohorts of childhood ALL, and
more recently AYA and adult ALL, has revolu-
tionized our understanding of the genetic basis
of ALL by identifying new subtypes, dysregu-
lated pathways, and therapeutic targets that
have led to improved risk stratification and treat-
ment strategies. Despite these advances, a pro-
portion of ALL cases cannot be categorized into
any of the currently established subtypes, and
ongoing discovery studies are required to fully
define the genomic landscape. Recent dis-
coveries have already had substantial impact
on diagnosis and management of the disease.
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For example, targeted approaches are being test-
ed in multiple trials of Ph-like ALL, and the
appreciation that accurate classification and
risk stratification requires genomic approaches
that detect complex structural events in addition
to sequence alterations has led to the increasing-
ly widespread adoption of RNA sequencing and,
in some centers, whole-genome sequencing. It is
envisaged that genomic sequencing will become
the clinical standard of care, and the field will
continue to explore novel and sensitive ap-
proaches to detect and monitor disease, includ-
ing cell-free technology and mutation-directed
measurement of measurable residual disease.
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