
Cancer Genetics 233–234 (2019) 7–20 

REVIEW ARTICLE 

Mutagenic players in ALL progression and their 

associated signaling pathways 

Saadiya Zia, Ramla Shahid 

∗
Department of Biosciences, COMSATS University, Islamabad, Pakistan 

Abstract 

An alarming increase in acute lymphoblastic leukemia among children and males has drawn 
attention of investigators to delve into the genetic causes of ALL and to discover new therapeutic 
strategies with better prognosis. Although the survival rate in children is much higher than adults, 
but there’s a need to find new potential molecular targets with better treatment outcome. Genomic 
profiling has made it possible to identify various genetic defects important for driving leukemoge- 
nesis. Study of the genetic lesions not only give a better understanding of genes function but also 
helps to target various signaling pathways involved in disease progression. The current review 

provides an overview of important genetic defects and dysregulation in their downstream signaling 
pathways in acute lymphoblastic leukemia. 
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Introduction 

ALL is considered a global burden for adults and children as
it represents one third of childhood malignancies. It is esti-
mated that by 2020, the incidence of ALL will increase from
0.4 to 2 per 100,000 population in South America and Asia
Pacific [1] . ALL follows bimodal distribution with higher inci-
dence reported in children, decreases with age progression
and reaches a hike after 50 years of age [2] . Genetic lesions
in hematopoietic progenitors, cell cycle regulators, tumor sup-
pressors, and apoptotic inducers are critical events in leuke-
mogenesis that transforms the normal cellular phenotype into
the cancerous one. ALL is characterized by genetic alterations
involving deletions, point mutations and chromosomal translo-
cations that form fusion/chimeric proteins due to illegitimate
recombination of normal genes [3] . These chimeric proteins
in turn trigger tumorigenesis, however, deletion of long arm of
chromosome 6 and MLL gene rearrangements are common
genetic events identified in acute leukemia [4] . Leukemia ini-
tiation is therefore dependent not only on the genetic lesions,
but also require oncogenic drivers for full bloom of leukemic
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phenotype. Down’s (trisomy 21) have 20 times more risk of
getting ALL than the general population [5] . Based on ge-
netic lesions, use of new treatment strategies has improved
the survival rate among ALL patients. Identification of genetic
alterations in ALL thus provides an insight into the signaling
pathways and has opened new avenues for therapeutic ap-
proaches. This review article highlights some crucial genetic
lesions responsible for B and T-cell ALL with effect on the
downstream signaling pathways. 

Genetic lesions in B-cell ALL 

B-cell ALL is a common hematological malignancy that
accounts for 75–85% of all ALLs and is characterized by
the presence of immature B cells [6] . B-cell ALL harbors
genetic lesions in (a) transcription factors (BTG1, TBL1XR1);
(b) signaling molecules involved in lymphoid development
and differentiation (ERG1, EBF1, RUNX1, PAX5, IKZF1/2/3,
TCF3, LEF1, RAG1/2); (c) cell cycle regulators and tumor
suppressor genes (TP53, RB1, CDKN2A/2B, PTEN) and
(d) proteins involved in cell growth (JAK1/2/3, NRAS, KRAS,
IL7R, CRLF2, FLT3, PTPN11) [7] ( Fig. 1 ). Hypodiploidy ( <
46 chromosomes), hyperdiploidy (51–65 chromosomes), tri-
somy 4, 6, 10, 14, 18, 21, deletion of 6q arm of chromosome
are common cytogenetic abnormalities reported in B-cell ALL

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cancergen.2019.02.002&domain=pdf
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Fig. 1 Common genetic lesions reported in B-cell ALL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[8–11] . Hypodiploidy constitutes 3% in B-cell ALL and has
less favorable outcome than hyperdiploidy which is 30% [12] .
Deletion in genes CDKN2A/B, RB1, CREG1, FBXW7, ETV6,
SH2B3, INIP, IRF1, PDE4B, CREBBP, VPREB1, BTLA are
considered hallmarks of B-cell ALL [13–15] . Development
of B cells into mature form is arrested due to deletion in
genes (BLNK, TCF3, LEF1 and IKZF1/3) involved in B-cell
signaling [16] . In 32% pediatric B-cell ALL, PAX5 is deleted
while it undergoes rearrangement with ETV6 and JAK2 in
2.5% cases [17] . TP53 is the most frequently mutated gene
and a prognostic biomarker in B-cell ALL [18] . Mutations
in genes of Ras signaling pathway (KRAS, NRAS, FLT3,
PTPN11) are also common in B-cell ALL. In 2% B-cell ALL,
chromosome 21 shows intrachromosomal amplification with
the gain of 2 or 3 copies of RUNX1 with loss of subtelom-
eric region [19] . Mutations in ARID5B affect maturation
and differentiation of B-lymphocytes and thus contributes
to leukemia initiation. The most frequent chromosomal
abnormality identified in adult B-cell ALL is the Philadel-
phia chromosome which has BCR-ABL1/t(9;22)(q34;q11.2)
translocation. It occurs rarely in children and has worse
prognosis [20] . MLL gene rearrangements reported in 10%
pediatric B-cell ALL are associated with poor treatment
outcome due to drug resistance [21] . The most common
MLL gene arrangements are MLL-AF4/t(4;11)(q21;q23),
MLL-AF6/t(6;11)(q27;q23), MLL-AF9/t(9;11)(p22;q23), MLL-
AF10/t(10;11)(p12;q23), and MLL-ENL/t(11;19)(q23;p13.3)
[22] . Fusion proteins have different prognostic significance.
ETV6-RUNX1/t(12;21)(p13;q22) and Myc rearrangements
t(8;14)(q24;q32)/t(2;8)(q12;q24) have favorable prognosis
while TCF3-HLF/t(17;19)(q22;p13) (affects genes like LMO2,
BCL2 that control cell death in lymphoid progenitors) has
poor treatment outcome [23] . The frequency of different
fusion proteins along with cytogenetic abnormalities and
prognostic significance is shown in Table 1 . 
 

Genetic lesions in T-cell ALL 

T-cell ALL is an aggressive form of leukemia as compared
to B-cell ALL and has poor treatment outcome [24] . An un-
derstanding of T-cell ALL pathogenesis is essential for iden-
tification of molecular markers for diagnosis. Several onco-
genes and tumor suppressor genes have been reported to
alter T-cell proliferation and differentiation [25] . The common
genetic events in T-cell leukemogenesis involves abnormali-
ties in the expression of (a) transcription factor genes (TAL1/2,
LYL1, LMO1/2), (b) HOXA gene clusters, (c) NOTCH signal-
ing (NOTCH, FBXW7), (d) cell cycle regulators (CDKN2A/2B,
CCND2, RB1, TP53), (e) genes involved in hematopoi-
etic lineage (Myc, Myb, GATA2/3, WT1, BCL11B), (f) signal
transduction pathways (JAK1/2/3, IL7R, FLT3, PTEN, AKT,
ABL1, NRAS, NUP98) and (g) chromosomal rearrangements
[13,26] ( Fig. 2 ). TLX1 and LMO2 genes are mutated in 5%
and 9% pediatric T-cell ALL [27] . Abnormal expression of
TLX3 gene increase chances of relapse due to poor prog-
nosis. Deletion of RB1 gene is commonly found in adult T-cell
ALL [28] . Activating mutations in NOTCH1, JAK1, IL7R and
NRAS have also been reported. NOTCH1 is the most fre-
quently mutated gene identified in T-cell ALL as compared
to JAK3, FAT1, FBXW7, NRAS, CREBBP and DNM2 [29] .
Missense mutation in GATA3 gene blocks early T-cell develop-
ment. Overexpression of IL7R prevents apoptosis in leukemia
cells and stimulates their growth [30] . PHF6 which is a tu-
mor suppressor gene undergoes missense, nonsense and
frameshift mutations in 20–40% T-cell ALL and thereby con-
tributes in leukemogenesis [31] . Deletion in BCL11B, PTEN,
CDKN2A/2B, PTPN2 genes, del(6q), del(9)(p21), trisomy 4,
are also reported in T-cell ALL [32–34] . Abnormal expres-
sion of transcriptional regulators in T-cell ALL affects TCR
gene rearrangements by placing them close to enhancers
and promoters [35] . In 60% T-cell ALL, TAL1 is up-regulated
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Table 1 Frequency and prognostic significance of different fusion proteins identified in B and T-cell ALL. 

B-cell ALL 
Fusion proteins Cytogenetic abnormality Frequency Prognostic significance References 

BCR-ABL1 t(9;22)(q34;q11.2) 20% adults, 2–5% children Poor [36] 
ETV6-RUNX1 t(12;21)(p13;q22 15–35% Favorable [37] 
TCF3-PBX1 t(1;19)(q23;p13.3) 2–6% Excellent [12,38] 
IL3-IGH t(5;14)(q31;q32) < 1% Poor [39,40] 
TCF3-HLF t(17;19)(q22;p13) 1% Poor [13] 
MLL-AF4 t(4;11)(q21;q23) 5–6% adults Poor [41,42] 

1–2% children Better 
T-cell ALL 

MLL-MLLT1 t(11;19)(q23;p13) < 1% Unknown [35] 
BCL11B-TLX3 t(5;14)(q35;q32) 13% adults, 20% children Poor [12,43] 
TLX1-TRD t(10;14)(q24;q11) 30% adults, 5% children Favorable [44,45] 
ETV6-JAK2 t(9;12)(p24;p13) < 1% Poor [46,47] 
CALM-AF10 t(10;11)(p13;q14) 5–10% Poor [48,49] 
NUP214-ABL1 t(9;9)(q34;q34) 4–8% Poor [50] 

Fig. 2 Frequently mutated genes in T-cell ALL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and undergoes rearrangement in 25% cases. In STIL-TAL1
rearrangement, TAL1 overexpression is noted as rearrange-
ment moves it closer to STIL promoter. Similarly, in T-cell
ALL, HOXA gene overexpression is related to chromosomal
inversion inv(7)(p15q35) that relocates HOXA gene cluster
close to TCR β enhancer [35] . In 8% T-cell ALL, ABL1 kinase
protein gets activated and produce a weak fusion oncopro-
tein NUP214-ABL1 that cooperates with other oncoproteins
for leukemia development ( Table 1 ). Some pediatric T-cell
ALLs with TRB-CCND2/t(7;12)(q34;p13) fusion protein also
show CDKN2A deletion and NOTCH1 mutations [35] . Muta-
tion in ribosomal proteins (RPL10, RPL5, CNOT3) and epige-
netic regulators (SUZ12, EZH2, KDM6A) are also considered
pathogenic for initiation of T-cell ALL [25] . 

The current review discusses some of the important ge-
netic lesions/mutations reported in B and T-cell signaling path-
ways ( Table 2 ) ( Fig. 3 ), their effect on downstream signaling
and role in ALL initiation and development ( Fig. 4 ). The differ-
ent genetic lesions are as follows: 
 

IL7R (Interleukin 7 receptor) 

IL7R plays an important role in the development and signaling
of T-cells. IL7R is a heterodimer of IL7R α and IL7R γ subunits.
IL7R α has an extracellular domain with conserved cysteine
residues and Trp-Ser-X-Trp-Ser motif, a transmembrane
domain and cytoplasmic domain. Upon IL7 ligand binding,
association of JAK1 and JAK3 with α and γ subunits activates
JAK/STAT, PI3K and MAPK signaling pathways ( Fig. 4 ). The
activated pathways inhibit apoptosis in leukemia cells, reduce
p27 expression and upregulate BCl-2, SOCS-1, c-Myc and
cyclin D1 expression [51] . IL7R α regulates all stages of T-cell
development. It is highly expressed on lymphoid progenitor
and pre B-cells, downregulated on pro B-cells and ultimately
absent on mature B-cells [52] . < 1% B-cell ALL and 9–10%
T-cell ALL occurs due to gain of function mutations in IL7R α

resulting in the constitutive activation of IL7 signaling. [53] .
Ectopic expression of IL7R α in hematopoietic stem cells and
common lymphoid progenitor cells (CLPs) causes oligoclonal
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Fig. 3 Schematic representation of genetic lesions responsible for leukemia initiation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

myeloproliferative disorders and B-cell acute lym-
phoma/leukemia [54,55] . Shochat et al. , [56] identified IL7R
mutations V253G (c.847T > G), S185C (c.642A > T), 246 Ins
KCH (c.828 Ins7 Del T), 244 Ins CHL (c.820 Ins10 Del C), 248
Ins CQ (c.832 Ins 7 GTCAAAG Del 13 TGAGTTTTTTCTC),
254 Ins GEA (c.849 Ins 9 GAGAGGCCG) in B and T-cell
ALL patients. In pediatric B and T-cell ALL, non-cysteine
mutations in IL7R transmembrane domain activates down-
stream signaling pathways in ligand independent manner
due to receptor homodimerization [57] . Serine-to-cysteine
substitutions in extracellular domain are also common in
B-cell ALL [58] . High IL7R and low SH2B3 expression in
B-cell ALL are associated with poor prognosis [59,60] . IL7R α

mutants Y401F, Y449F and Y456F in which cytosolic tyrosine
residues are replaced by phenylalanine fail to undergo IL7
induced cell proliferation [61] . Due to mutations in exon 5 and
6 of IL7R, adult leukemics show resistance to therapy [62,63] .
Mutations in exon 2 (197T > C), 4 (254G > A), 6 (755_756ins9)
and 8 (1066A > G) of IL7R have also been identified in T-cell
ALL patients [64] . Significant correlation between IL7R acti-
vation and E2A-PBX1 fusion protein suggests that induced
IL7R in pediatric pre B-cell ALL could be used as a prognostic
marker for identification of CNS relapse [65] . Studies have
shown that treatment of leukemia cells having IL7R mutations
with inhibitors of JAK/STAT, MEK and PI3K-AKT pathway
helps to reduce leukemia cell proliferation [66,67] . 
CRLF2 (Cytokine receptor like factor 2) 

CRLF2 also known as thymic stromal lymphopoietin receptor
(TSLPR) belongs to type I cytokine receptor family. Its ligand
thymic stromal lymphopoietin (TSLP) is an epithelial derived
cytokine that activates dendritic cells, regulates proliferation
and survival of precursor B-cells but gets downregulated
in mature B-cells [68] . As cytokine receptors lack intrinsic
catalytic activity so they are dependent on tyrosine kinase
(Janus kinase) for their activity. Upon ligand (TSLP) binding
CRLF2 dimerizes with IL7R α ( Fig. 4 ). JAK1 and JAK2 which
are associated with IL7R α and CRLF2 undergo phosphory-
lation and provide docking sites for STAT5, eventually leading
to downstream activation of PI3K and mTOR pathways in
T-cells and dendritic cells [69,70] . Growth and proliferation of
leukemia cells with CRLF2 overexpression is dependent on
activation of JAK-STAT pathway [71] . In B-cell ALL, due to
gain of function mutation F232C in juxtamembrane domain,
CRLF2 undergoes homodimerization and promotes growth
of blast cells independent of the cytokine [72] . 50% pre
B-cell ALL individuals with Philadelphia chromosome like
genetic profile show poor prognosis due to CRLF2 gene
rearrangement [73] . In 15% pediatric T-cell ALL, CRLF2
overexpression has been associated with stabilization of
intracellular notch domain [74] . Intrachromosomal deletion in
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Fig. 4 Integrated B and T-cell ALL signaling pathways. 

represents different molecular targets / signaling molecules with genetic lesions crucial for ALL development (discussed 
in the review). PAX5 expressed in B-cell lineage commitment is critical for early B-cell development. Both EBF1 and PAX5 co-operate 
with each other in regulating several components of pre-BCR signaling. In pre-BCR signaling, adapter protein BLNK is important 
for pro to pre B-cell transition. BLNK induces NF κB which in turn up-regulates Ikaros, ultimately leading to pre B-cell differentiation. 
BLNK is also a negative regulator of IL7R signaling which is important for leukemia cell proliferation and survival. When IL7R present 
on pre B-cells is activated, JAK/STAT pathway is stimulated that subsequently leads to proliferation and survival of pre B-cells. In 
leukemia, activating mutations in IL7R, CRLF2 and JAK2 play critical role in B-cell leukemogenesis. NOTCH signaling is important 
for T-cell lineage commitment. Ligand binding with the extracellular notch domain mediates cleavage of intracellular notch domain 
by metalloproteinase and γ -secretase. The intracellular notch domain translocates to the nucleus where it controls c-Myc activation 
and cell cycle regulation. Binding of FBXW7 with intracellular notch domain mediates proteasomal degradation of NOTCH1 and its 
target genes. CSL = Citrate Synthase like, MAML = Mastermind Like Transcriptional Coactivator, HAT = histone acetyltransferases, 

ICN = Intracellular Notch domain, Ub = ubiquitinylated, = phosphorylation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

pseudoautosomal region 1 (PAR1) of X and Y chromosomes
juxtaposes the first exon of P2RY8 (P2Y purinoceptor 8) gene
with the coding region of CRLF2 gene [75] . This juxtaposition
cause CRLF2 overexpression due to the formation of CRLF2-
P2RY8 fusion protein. In IGH α-CRLF2 fusion protein, CRLF2
gene undergoes translocation with IGH α enhancer [76,77] .
This translocation results in poor prognosis due to elevated
CRLF2 expression [78] . CRLF2 overexpression is associated
with the formation of 48% CRLF2-P2RY8 fusion protein,
18% IGH α-CRLF2, whereas in 20% cases CRLF2 show gain
of function mutations [79] . Individuals with CRLF2-P2RY8
and IGH α-CRLF2 fusion proteins often show IKZF1 gene
deletion [80] . Ikaros controls CRLF2 regulation as it binds
to the CRLF2 promoter. Patients with IKZF1 deletion show
significantly higher CRLF2 expression than those with IKZF1
gene. CRLF2 overexpression can be suppressed by casein
kinase II (CK2) inhibitors which are known to increase Ikaros
activity [81] . In a recent study, inhibition of both JAK/STAT and
mTOR pathways has produced robust antileukemic affect in
CRLF2 rearranged Ph like B-cell ALL [82] . In BCR-ABL1 

−

B-cell ALL, CRLF2 overexpression and IKZF1 deletion are
associated with poor survival outcome [83] . CSF2RA-CRLF2
is a unique fusion transcript, identified in pediatric ALL, in
which CRLF2 shows overexpression (although its promoter
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is deleted) due to the presence of CSF2RA enhancer [84] .
High expression of CRLF2 makes it an important prognostic
marker for identification of high risk leukemia [85] . 

JAK2 (Janus kinase 2) 

JAK2 is an intracellular non-receptor tyrosine kinase that
mediates cytokine signaling [86] . Ligand binding with the
cytokine receptor activates JAK-STAT pathway that regulates
genes like SOCS, CCND1, Myc, BCL-X L and p21 involved
in cell proliferation and survival ( Fig. 4 ). In hematological
malignancies, JAK2 either undergo gain of function mutations
or chromosomal translocation [87] . Activating mutations in
JAK2 stimulates JAK2/STAT5 pathway for leukemia devel-
opment. JAK2 activating mutations include V617F, R683G,
R683S, L611S, H574R, Y613E, Y931C, E864K, I682F, I682T,
R867Q, D873N, T875N, P933Q and G935R [88–97] . In B-cell
ALL, CRLF2 overexpression has also been noted with JAK2
mutations [72] . 20% DS-ALL with JAK2 mutations mostly
die in remission phase while JAK2 mutations in BCP-ALL
are associated with poor treatment outcome [98] . JAK2
mutations R683I and R683G have been identified in acute
lymphoblastic leukemia cell lines YCUB-5 and KOPN49 in
addition to IKZF1 deletion, and KRAS mutations [99] . In
acute leukemias and myeloproliferative neoplasms JAK2
undergoes rearrangement with genes like ETV6, SSBP2,
PCM1, PAX5, STRN3, and BCR [100] . PAX5-JAK2 translo-
cation in B-cell ALL blocks B-cell differentiation and inhibits
apoptosis [101] . When per icentr iolar mater ial (PCM1) gene
encoding centrosomal protein with multiple coiled-coil do-
main undergoes t(8;9) translocation with JAK2, PCM1-JAK2
fusion transcript is formed [102] . In T-cell ALL, TEL-JAK2
translocation causes constitutive activation of STAT pathway
and promotes leukemia cell growth and survival even in the
absence of cytokine [46] . In B-cell ALL, R938Q mutation in
JAK2 kinase domain close to ATP loop confers resistance to
ATP-competitive JAK2 type I inhibitor ruxolitinib [103] . Stud-
ies have shown that JAK2 type II inhibitor CHZ868 not only
stabilize the inactive conformation of JAK2 but also kill JAK2
mutant cells [104] . JAK2 signaling is therefore an important
target to prevent growth and proliferation of leukemia cells. 

BLNK (B-cell linker) 

BLNK, also known as SLP65 or BASH, is an adaptor protein
involved in BCR signaling. BLNK is homologous to SLP76
protein found in T-lymphocytes [105] . BLNK has SH2 domain,
proline rich region, and 13 Tyr phosphorylation sites. In pre
B-cells, ligand binding with pre BCR activates phosphoryla-
tion of BLNK tyrosine residues that provides docking sites
for downstream signaling proteins like Btk, PLC γ , Nck, Grb2
and Vav [106–108] ( Fig. 4 ). BLNK acts as a tumor suppres-
sor protein by inhibiting JAK-STAT pathway and regulates
survival and proliferation of normal B cells [109] . Mutation
in BLNK gene blocks pro to pre B-cell transition and results
in immunodeficiency. In BLNK deficient mice, autocrine pro-
duction of IL7 promotes leukemogenesis in pre B-cells due
to activation of JAK3/STAT5 pathway. [110,111] . Y176 and
Y204 tyrosine residues of BLNK are important for its interac-
tion with JAK3. Alteration in these Tyr residues prevents its
interaction with JAK3 and downstream signaling molecules
[109,112] . BLNK expression is lost in 50% pediatric B-cell ALL
due to incorporation of alternative exon in BLNK transcript,
leading to premature translation termination and inhibition
of pre B-cell differentiation [113] . H431N (c.1291C > A) mis-
sense mutation in BLNK gene has been identified in high risk
pediatric ALL’s [114] . Due to mutations c.435_436delTCInsA
p.E145fs25 

∗, c.844C > T p.R282X, c.30C > A p.P10P/c.47 + 3
A > T and c.367C > T p.R123X in BLNK gene, B cells undergo
developmental arrest at pre B1/B2 stage [115,116] . In pre B-
cell ALL, BLNK mutations N27S, G30S, L39P, E82K, P165S,
W232R, T314A and S436F are associated with RAG1/RAG2
expression and perpetual VDJ recombinase activity [117] .
Reduced BLNK activity has been observed in preleukemic
clones containing PAX5-PML fusion protein [118] . A chromo-
somal translocation DNTT-BLNK/ t(10;10)(q24;q24) has also
been identified in Ph chromosome like ALL [119] . 

IKZF1 (IKAROS- family zinc finger 1) 

IKZF1 encodes a DNA binding protein IKAROS that reg-
ulates hematopoiesis and differentiation of lymphoid cells
[12] . Ikaros acts as a tumor suppressor gene as it inhibits
cell proliferation by down regulating the expression of genes
involved in cell cycle and PI3K pathway ( Fig. 4 ). IKZF1
is involved in B-cell receptor signaling and rearrangement
of IgH locus. In pre-BCR signaling, upregulation of Ikaros
and BLNK inhibits JAK3/STAT5 pathway resulting in cell
cycle arrest. When pre-BCR and Ikaros signaling is com-
promised, activation of JAK3/STAT5 is sufficient to drive
leukemogenesis [120] . IKZF1 deletion has been identified
in 15% pediatric, 55% adolescent and 45–50% adult B-cell
ALLs [6,121] . IKZF1 mutations are categorized as 33%
dominant negative deletion (lack of DNA binding domain),
55% haploinsufficiency (loss of C-terminal domain), and
12% null deletions (loss of chromosome 7) [122] . Mutation
in N and C-terminal region of IKZF1 gene produce dominant
negative effect while haploinsufficiency is associated with
defect in the dimerization domain. IKZF1 mutations include
p.Glu142Profs ∗49, p.Arg143Gln, p.Cys150Arg, p.Asn159Ser,
p.Leu160Val, p.Arg162Trp, and p.Asp186Thrfs ∗7 in exon 5,
p.Arg274 

∗ in exon 7 and p.His421Profs ∗40, p.Glu465Aspfs ∗6,
p.Cys483Profs ∗22, p.Phe490Tyrfs ∗21 in exon 8 respectively
[123] . H167R, G158S, L117fs, H224fs, S402fs, E504fs,
R111 mutations in IKZF1 allele has also been identified in
ALL patients [124,125] . Studies have shown that inactivating
mutations in IKZF1 allele produce treatment resistant B-cell
leukemia [126] . Resistance to tyrosine kinase inhibitors and
other chemotherapeutic drugs has been noted in individuals
with IKZF1 deletion [12] . In 70–80% BCR-ABL1 patients,
IKZF1 deletion is associated with poor treatment outcome
and increase incidence of relapse [121,127,128] . An inter-
national study based on transcriptional profile analysis of
1223 B-cell ALL patients has identified hotspot mutations
in IKZF1 (p.N159Y), ZEB2 (p.H1038R), and PAX5 (p.P80R)
genes [129] . Aoe et al., [130] found IKZF1 mutation p.Q446 

∗

(c.1336C > T) in Ph 

+ ALL patient at the time of diagnosis.
However, during relapse, the patient had increased IKZF1
mutation and an additional ABL1 kinase mutation p.F359C
(c.1076T > G). IKZF1 deletion also occurs during transforma-
tion of CML to ALL [131] . In pediatric ALL, IKZF1 mutations



13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

p.G337fs (c.1000insC), p.I110fs (c.476_477ins23) and dele-
tion in exon 4–8 are associated with increase chances of
relapse [132] . IKZF1 deletion is considered to be a predictor
of treatment outcome as it reduces event free survival (EFS)
and overall survival (OS) in ALL patients [133] . 

PAX5 (Paired box gene 5) 

PAX5 is a master regulator of B-cell development and is highly
expressed in pro B-cells. It activates transcription of genes
(CD79a, CD19, CD21, BLNK, CD72) involved in pre BCR
signaling and represses transcription of inappropriate genes
(NOTCH1, PD1, M-CSFR) of B-cell lineages [134] ( Fig. 4 ).
PAX5 somatic gene mutations are among the hallmarks of B-
cell ALL. Genome wide analysis has shown that PAX5 muta-
tions occur frequently in pediatric and adult B-cell ALL [135] .
PAX5 gene harbors insertion, deletion, point mutations and
translocation. Frameshift and missense mutations V319fs,
T333fs, V336fs, G24R, D53V, R59G, T75R, I301T, I139T,
V151I have also been identified in high risk pediatric ALLs
[114] . PAX5 overexpression is associated with high remis-
sion rate [136] . In 30% cases, PAX5 undergoes monoallelic
deletion that subsequently reduce PAX5 protein [137] . PAX5
deletion arrests B-cell development at an early stage in fe-
tal liver, but it continues up to pre BI stage in adult bone
marrow [138] . In 41% pediatric B-cell ALL, PAX5 mutation
involves deletion in exon 7, 8 and 9 [139] . Down-regulation
of PAX5 initiates B-cell ALL due to activation of STAT5 path-
way. However, when PAX5 expression is resumed, leukemia
cell growth gets inhibited due to cell cycle arrest [140] . In pre
B-cell ALL, mutation p.Gly183Ser (c.547G > A) in octapep-
tide domain of PAX5 results in the loss of wide type allele
[141] . In adult BCR-ABL1 

+ ALL, PAX5 deletion is associated
with loss of IKZF1 [142] . Patients with PAX5 deletion show
worse prognosis [143] . DNA-binding and transcriptional ac-
tivities of PAX5 gene are affected by V26G and P34Q mu-
tations [16] . In 2–3% cases, PAX5 undergoes translocation
with variety of genes like ETV6, HIPK1, AUTS2, JAK2, ELN,
DACH1, ZNF521 and BRD1 [17,144] . A recurrent chromoso-
mal translocation t(3;9)(p13;p13) between PAX5 and FOXP1
blocks B-cell differentiation into mature form [145] . In lym-
phoplasmacytoid lymphoma and B-cell non-Hodgkin’s lym-
phoma, PAX5 overexpression has been noted due to chro-
mosomal translocation t(9;14)(p13;q32) that juxtaposes PAX5
close to IGH enhancers [146,147] . A novel PAX5 gene mu-
tation c.239C > G (P80R) has been identified in B-cell ALL
which is associated with high event free survival and favor-
able treatment outcome [148] . Increased PAX5 expression is,
therefore, an important prognostic marker in ALL. 

NOTCH 1 (Notch Homolog 1, 
Translocation-Associated) 

NOTCH receptor is a transmembrane glycoprotein with
an extracellular, transmembrane (juxtamembrane and het-
erodimerization section) and an intracellular domain (TAD
- transcription activation domain and PEST - proline, glu-
tamic acid, serine, threonine rich domain) [149] . Mammalian
NOTCH receptor family consists of NOTCH1, NOTCH2,
NOTCH3 and NOTCH4 homologues. Dysregulation in
NOTCH signaling is associated with lungs, renal, head and
neck, pancreatic, hepatocellular, cervical carcinomas and
hematological malignancies [150] . NOTCH1 is crucial for dif-
ferentiation, proliferation and survival of T-cells. It inhibits
apoptosis and initiates tumor development [151] . In NOTCH1
signaling, intracellular notch domain (ICN) is cleaved by γ -
secretase when extracellular domain of NOTCH1 receptor
interacts with jagged / delta ligand present on the neigh-
boring cell. The intracellular domain translocates to the nu-
cleus and regulates transcription of genes responsible for
T-cell development [152] . NOTCH1 signaling also activates
genes like c-Myc, p21, CCND1, IL7R α and PI3K/AKT pathway
[153,154] ( Fig. 4 ). NOTCH1 gain of function mutations occur
in 60% T-cell ALL while in 40% cases NOTCH1 undergoes
chromosomal translocation [155] . Due to “gain of function”
mutation ligand independent activation of NOTCH1 receptor
leads to T-cell ALL. NOTCH1 mutations in heterodimerization
domain either involves single amino acid substitutions, or in
frame deletions/insertions of few amino acids. However, tan-
dem insertion of 12–15 amino acids at HD-C is rarely found
[156] . Mutations in extracellular heterodimerization domain
enhances ADAM mediated cleavage and receptor activation
independent of ligand while mutations in PEST domain in-
crease stability of ICN [157] . NOTCH1 mutations like L1575P,
V1578del, V1578E, P1582dup, L1585R, L1586P, F1593S,
L1594P, R1598G, R1599P, N1603 V1604insG, Q1614L,
I1616N (in HD-N), L1679P, L1679Q, I1680N, I1681N, A1702P,
V1721M, Q1722P (in HD-C), Q2398fs, Q2407X, V2422M,
S2423X, S2424X, E2460 

∗, S2486 

∗, Y2491X, , F2509L (in
PEST domain) and S2194 

∗ and G2345fs (in TAD) have
been reported in T-cell ALL [158–160] . 40–45% NOTCH1
mutations L1574P, L1585P, R1598P, L1600P, L1678P and
L1709P occur in exon 26 and 27 of heterodimerization do-
main [161] . In a recent study, Kimura et al., [162] identi-
fied frequent NOTCH1 mutations in PEST domain (54.5%)
in relapse samples while HD mutations (40%) were com-
monly found in patients at the time of diagnosis. The identi-
fied NOTCH1 chromosomal translocations include NOTCH1-
NUP214/t(9;9)(q34;q34), NOTCH1-HNF1B/t(9;17)(q34;q12),
and TRA-NOTCH1/t(9;14)(q34;q11). In T-cell ALL chromo-
somal translocation TRB-NOTCH1/t(7;9)(q34;q34.3) is as-
sociated with NOTCH1 overexpression [163] . Activation of
NOTCH1 signaling results in poor treatment outcome due to
increased metastasis [164] . NOTCH1 mutations are absent
in B-cell ALL and occur rarely in AML [165] . Higher frequency
of NOTCH1 mutations makes NOTCH signaling an important
targetable pathway by gamma secretase inhibitors for ALL
treatment [28] . 

FBXW7 (F-Box and WD40 domain containing 

protein 7 gene) 

FBXW7, an E3 ubiquitin ligase acts as a tumor suppres-
sor gene in numerous cancers by mediating ubiquitin degra-
dation of several oncoproteins like NOTCH1/4, Myc, cyclin
E, Jun and mTOR [166] ( Fig. 4 ). FBXW7 deletion or loss
of function mutation has been reported in various cancers.
FBXW7 gene is mutated in 8–30% T-cell ALL [160] . FBXW7
mutations either occur alone (9%) or in association with
NOTCH1 mutations (15%). Inactivating mutations in FBXW7
gene includes Q48 

∗, R222 

∗, R278 

∗, D400D, T410P, G423R,
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Table 2 Genetic lesions reported in B and T-cell ALL. 

Genes Mutations Prognosis References 

IL 7 R 

Activating mutations 
V253G, S185C, 244 Ins CHL, 197T > C 

254G > A, 6 (755_756ins9), 1066A > G 

Poor [56,64] 

CRLF 2 
Activating mutation F232C Poor [72] 
Translocation CRLF2-P2RY8, IGH α-CRLF2, CSF2RA-CRLF2 [75–77,84] 
JAK 2 
Activating mutations 

V617F, R683G, L611S, H574R, Y613E, Y931C 

E864K, I682F, G935R, T875N, D873N, P933Q Poor 
[46] [88–97] 
[101,102] 

Translocation PAX5-JAK2, PCM1-JAK2, TEL-JAK2 
BLNK 

Inactivating mutations 
H431N, N27S, G30S, L39P, E82K, P165S 

W232R, T314A, S436F, R282X, R123X Not defined 
[114,117] 

Translocation DNTT-BLNK [119] 
IKZF 1 
Deletion R111, G158S, N159Y, H167R, Poor [123–125] 
Frameshift mutations L117fs, H224fs, S402fs, E504fs, G337fs, I110fs 
PAX 5 
Mutations 

G24R,D53V, R59G, T75R, I301T 

I139T, V151I, V319fs, T333fs, V336fs 
Poor 

[114] 
Translocation PAX5- BRD1, PAX5-HIPK1, PAX5-DACH1 Intermediate [17,144] 
NOTCH 1 
Mutations 

L1575P, V1578del, V1578E, P1582dup, L1585R 

F1593S, L1594P, R1598G, N1603 V1604insG Poor [158–160] 
Translocation NOTCH1-NUP214, TRA-NOTCH1, TRB-NOTCH1 Not defined [163] 
FBXW 7 D400D, T410P, G423R, W425C, S462fs, R465C Poor [29] 
Inactivating mutations D480A S478fs, R513fs, S558Y, G670E, G654fs 

[160,167,168] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

W425C, S462fs, R465C, R465H, R465L, S478fs, R479G,
R479P, R479Q, R479L, D480A, L494fs, G498A, R505C,
R505H, R513fs, W526 

∗, S558Y, G670E, G654fs and S665fs
[29,160,167,168] . R465C mutation is important for ALL pro-
gression while R505C mutation affects FBXW7 and NOTCH1
binding [169] . FBXW7 mutations prevent proteasomal degra-
dation of NOTCH1 protein and thereby increase c-Myc stabil-
ity and leukemia initiating cells (LIC) [170] . Sustained NOTCH
signaling, and resistance to γ -secretase inhibitors (GSI) are
commonly observed in FBXW7 mutants [171] . Combined
treatment of T-cell ALL with GSI and CDK inhibitors initiates
apoptosis in leukemia cells [172] . Huh et al. , [161] identi-
fied G423V, R505L, and R689W mutations in FBXW7 gene
and reported that 75% T-cell ALL patients with both FBXW7
and NOTCH1 mutations have favorable prognosis. In adult
T-cell leukemia, FBXW7 mutants D510E and D527G exhibit
transforming properties with c-Myc, p53 and Tax oncogenes
[173] . Mutational analysis has revealed FBXW7 gene muta-
tions V627A (2029T > C), 715_718delinsGAC, and 2107del in
T-cell ALL and T-cell non-Hodgkin’s lymphoma [174] . TAL1, an
oncogenic transcription factor aberrantly expressed in T-cell
ALL down-regulates FBXW7 via miR-223. However, knock-
down of TAL1 restores normal FBXW7 expression and re-
duce NOTCH1, Myc, Myb and cyclin E expression [175] . The
mutated FBXW7 therefore acts as an independent prognostic
factor for determining the survival rate in T-cell ALL [176] . 

Concluding remarks 

Use of advance technologies like whole genome and exome
sequencing have helped us to uncover the genetic basis of
acute lymphoblastic leukemia which is increasing worldwide
among children and adult males. The genetic basis of ALL
involves chromosomal abnormalities, gene rearrangements,
deletion and insertional mutations. Development of gene edit-
ing technology has made it possible to study ALL pathogen-
esis and to eliminate or modify expression of aberrant fusion
proteins and point mutations in transcription factors. The cur-
rent review has highlighted mutations in genes important for
lymphoid cell development, differentiation and proliferation.
As genes work in a coordinated manner, any defect or unfa-
vorable change in important players of the pathway is likely
to change the cell physiology. Genes encoding IL7R, CRLF2,
JAK2, and NOTCH1 regulate downstream signaling cascade
for blast cell proliferation. Activating mutations in these genes
stimulates JAK/STAT, PI3K/AKT/mTOR pathway for leukemia
cell growth and survival. BLNK and Ikaros (encoded by IKZF1)
have been found to reduce JAK/STAT pathway and formation
of antiapoptotic proteins. Loss of function mutations or dele-
tion in BLNK, IKZF1 and PAX5 genes arrests lymphoblast dif-
ferentiation into mature form. Similarly, alteration in FBXW7
gene disrupts functions like NOTCH1 proteasomal degrada-
tion and inhibition of cell cycle and antiapoptotic proteins. 

Understanding of molecular mechanisms helps in identi-
fying new oncogenic targets and therapeutic strategies for
disease prevention. Targeted therapies specific for mutated
genes or pathways have better treatment outcome as com-
pared to multidrug chemotherapy which has more side ef-
fects. The prognostic significance of genetic aberrations and
chromosomal abnormalities helps to improve treatment op-
tions when conventional chemotherapy become unrespon-
sive. PAX5 gene mutation (p.Gly183Ser) detects leukemia
susceptibility at an early age so it could be used for early
screening of ALL. Further, there’s a need to probe details of
genetic lesions involved in ALL initiation as it will give a better
understanding of disease etiology and will help to design new
therapeutic interventions with improved survival rates. 
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