
ARTICLE

Genome-Wide Association Study of Susceptibility Loci for

T-Cell Acute Lymphoblastic Leukemia in Children

Maoxiang Qian, Xujie Zhao, Meenakshi Devidas, Wenjian Yang, Yoshihiro Gocho,
Colton Smith, Julie M. Gastier-Foster, Yizhen Li, Heng Xu, Shouyue Zhang, Sima Jeha,
Xiaowen Zhai, Takaomi Sanda, Stuart S. Winter, Kimberly P. Dunsmore, Elizabeth A. Raetz,
William L. Carroll, Naomi J. Winick, Karen R. Rabin, Patrick A. Zweidler-Mckay,
Brent Wood, Ching-Hon Pui, William E. Evans, Stephen P. Hunger, Charles G. Mullighan,
Mary V. Relling, Mignon L. Loh, Jun J. Yang

See the Notes section for the full list of authors’ affiliations.
Correspondence to: Jun J. Yang, PhD, Hematologic Malignancies Program, Comprehensive Cancer Center, St. Jude Children’s Research Hospital, 262 Danny Thomas Pl,
MS313, Memphis, TN 38105 (e-mail: jun.yang@stjude.org).

Abstract

Background: Acute lymphoblastic leukemia (ALL) is the most common cancer in children and can arise in B or T lymphoid
lineages. Although risk loci have been identified for B-ALL, the inherited basis of T-ALL is mostly unknown, with a particular
paucity of genome-wide investigation of susceptibility variants in large patient cohorts.
Methods: We performed a genome-wide association study (GWAS) in 1191 children with T-ALL and 12 178 controls, with inde-
pendent replication using 117 cases and 5518 controls. The associations were tested using an additive logistic regression
model. Top risk variants were tested for effects on enhancer activity using luciferase assay. All statistical tests were two
sided.
Results: A novel risk locus in the USP7 gene (rs74010351, odds ratio [OR] ¼ 1.44, 95% confidence interval [CI] ¼ 1.27 to 1.65,
P¼4.51 � 10–8) reached genome-wide significance in the discovery cohort, with independent validation (OR ¼ 1.51, 95% CI ¼
1.03 to 2.22, P ¼ .04). The USP7 risk allele was overrepresented in individuals of African descent, thus contributing to the
higher incidence of T-ALL in this race/ethnic group. Genetic changes in USP7 (germline variants or somatic mutations) were
observed in 56.4% of T-ALL with TAL1 overexpression, statistically significantly higher than in any other subtypes. Functional
analyses suggested this T-ALL risk allele is located in a putative cis-regulatory DNA element with negative effects on USP7
transcription. Finally, comprehensive comparison of 14 susceptibility loci in T- vs B-ALL pointed to distinctive etiology of
these leukemias.
Conclusions: These findings indicate strong associations between inherited genetic variation and T-ALL susceptibility in
children and shed new light on the molecular etiology of ALL, particularly commonalities and differences in the biology of
the two major subtypes (B- vs T-ALL).

Acute lymphoblastic leukemia (ALL) is the most common malig-
nancy in children and can arise in B or T lymphoid lineages (1).
Comprising 15% of childhood and 25% of adult ALL, T-ALL is as-
sociated with more aggressive-presenting features (older age

and higher initial leukocyte count) and historically inferior sur-
vival compared to B-ALL (2). Also notably, there is an overrepre-
sentation of African Americans in children with T-ALL
compared with those with B-ALL (3,4), and the basis for this
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racial disparity remains unknown. Molecular profiling studies
show that T-ALL has a unique landscape of somatic genomic
alterations largely absent in B-ALL (5–7). For example, a major
class of oncogenes in T-ALL are transcription factors that are
aberrantly expressed as a result of chromosomal rearrangement
or enhancer mutations, TAL1, TAL2, LMO1, LMO2, MYC, and so
forth (7). In fact, gene expression-based molecular subtypes of
T-ALL also largely fall in line with major genomic abnormalities
involving one of these transcription factors (5). Therefore, the
etiology of B- vs T-ALL is likely distinctive, with separate molec-
ular processes invoked during leukemogenesis.

Because B-ALL is much more common than T-ALL, genome-
wide association studies (GWAS) of ALL susceptibility thus far
have primarily focused on the former with a number of risk loci
identified, including genes involved with hematopoiesis (eg,
ARID5B, IKZF1, CEBPE, GATA3, and BMI1) and tumor suppressor
pathways (eg, CDKN2A) (8–15). Some studies also examined the
effects of these risk variants in small cohorts of T-ALL: for ex-
ample, CDKN2A risk allele appears to influence both B- and T-
ALL (16). However, there is a paucity of comprehensive investi-
gation of susceptibility variants of T-ALL at a genome-wide
level, and the inherited basis of this ALL subtype is poorly
understood.

In this study, we performed a discovery GWAS in 1191 chil-
dren with T-ALL and 12 178 controls to systematically identify
novel genetic factors for T-ALL susceptibility in children, evaluate
their associations with ALL clinical features and somatic geno-
mics, and explore functional effects of these risk alleles.

Methods

Subjects and Samples

In the discovery GWAS, childhood T-ALL cases (n¼ 1191) were
from the Children’s Oncology Group (COG) AALL0434
(NCT00408005) (17) and St. Jude Total XVI (NCT00549848) (18)
clinical trials for newly diagnosed ALL. Non-ALL controls
(n¼ 12 178) were unrelated subjects from the Health and
Retirement Study (HRS; dbGaP: phs000428). The replication se-
ries included 117 children with T-ALL enrolled on the St. Jude
Total Therapy XIIIA, XIIIB, and XV ALL protocols (NCI-T93-
0101D and NCT00137111) (12) and 5518 non-ALL controls from
the Multi-Ethnic Study of Atherosclerosis (MESA) study (dbGAP
phs000209.v9) (11). Demographic and clinical features of T-ALL
cases included in this study are summarized in Supplementary
Table 1 (available online). To estimate effects of known risk var-
iants on susceptibility to B-ALL, we included childhood B-ALL
cases (n¼ 1824) enrolled in COG P9904/9905/9906 (NCT00005585/
NCT00005596/NCT00005603) (19) with the MESA cohort as non-
ALL controls. Genetic ancestry (European, African, East Asian,
and Native American) was determined by using ADMIXTURE
(version 1.3.0) (20), with the sum of these four ancestries being
100% for any given subject. European American (EA), African
American (AA), and Asian were defined as having more than
95% European genetic ancestry, more than 70% African ances-
try, and more than 90% Asian ancestry, respectively. Hispanics
were individuals for whom Native American ancestry was more
than 10% and greater than African ancestry, as previously de-
scribed (12). To further characterize population structure within
T-ALL cases and controls in the GWAS, we also performed prin-
cipal components analysis (PCA) by applying EIGENSTRAT (21)
to all samples and single-nucleotide polymorphisms (SNPs) that
passed quality control above. The top three principal

components (PCs) explained 6.8% of total genetic variation: PC1
with 6.2%, PC2 with 0.5%, and PC3 with 0.1%, corresponding to
African, Asian, and Native American genetic ancestry, respec-
tively. This study was approved by the respective institutional
review boards and informed consent was obtained from
parents, guardians, or patients, as appropriate.

Genotyping, Imputation, and Quality Control

SNP genotyping was performed in germline DNA using the
Infinium Omni2.5Exome BeadChip from Illumina (San Diego, CA;
COG AALL0434) (17), the Affymetrix Human SNP Array 6.0 (St.
Jude Total XVI, COG P9904/9905) (12), the Affymetrix GeneChip
Human Mapping 500 K Array (St. Jude Total XIIIB/XV and COG
P9906) (11,12), or the Axiom Genome-Wide KP UCSF Array (St.
Jude Total XIIIA). For non-ALL controls, the HRS and the MESA
cohorts were genotyped using the Illumina Omni2.5 and
Affymetrix SNP 6.0 arrays, respectively. Genotype calls were de-
termined as described previously (12). The sample quality control
procedures were performed on the basis of SNP call rate and mi-
nor allele frequency (Supplementary Figure 3, available online).
Individuals with one of the following features were excluded: dis-
cordant sex; genotype failure rate no less than .05; heterozygosity
rate no less than 5 SD from the mean; heterozygosity rate no less
than 3 SD from the mean and genotype failure rate no less than
.03; identity-by-descent score greater than .185 and lower call
rate than other individuals.

Using a large reference panel of human haplotypes from the
Haplotype Reference Consortium (HRC r1.1 2016) (22) in
Michigan Imputation Server (22,23) with ShapeIT (v2.r790) (24)
as the phasing tool, we imputed additional SNPs genome-wide
for all qualified cases and controls. The SNPs used in the GWAS
were filtered on the basis of imputation quality, allele fre-
quency, call rate, and deviation from Hardy-Weinberg equilib-
rium (HWE). Specifically, SNPs with one of the following
features were excluded: imputation quality metric R2 less than
.3 (indicating inadequate accuracy of the imputed genotype);
minor allele frequency in cases and controls less than .01; HWE
P less than 5.00 � 10–4 in cases and controls classified as EA; and
differences in allele frequency in two non-ALL cohorts (HRS vs
MESA) with P less than .001 by logistic regression test adjusting
genetic ancestry.

Because original genotyping was performed using different
SNP arrays for different cohorts, we also compared the imputa-
tion results between cohorts to rule out any bias arising from
differences in array platforms. To this end, we imputed SNPs,
calculated the allele frequency for each SNP in each cohort gen-
otyped on a different array, and determined the correlation co-
efficient in allele frequency of these 30 000 imputed SNPs
between any two arrays (eg, Illumina Omni2.5 Exome vs
Affymetrix SNP 6.0; Affymetrix SNP 6.0 vs Affymetrix Axiom
UCSF Array; and Illumina Omni2.5 Exome vs Affymetrix Axiom
UCSF Array). We have conducted this analysis separately for T-
ALL cases and controls and observed an average of 0.98 correla-
tion across genotyping platforms (Supplementary Figure 4,
available online). We therefore believe that differences in geno-
typing chemistry and array platform had minimal impact on
imputation and were unlikely to influence our GWAS.

Genome-Wide Association and Statistical Analyses

In the discovery GWAS, the association between each SNP and
ALL susceptibility was tested by comparing the genotype
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frequencies between ALL cases and non-ALL controls with a lo-
gistic regression model in PLINK (version 1.90) (25), in which ge-
netic ancestry (European, African, and Native American) was
included as continuous covariates to control for population
stratification. Under the additive model, allelic dosages were
used to associate with T-ALL status. Quantile-quantile plots in-
dicated minimal inflation at the tail of the distribution (k¼ 1.07,
Supplementary Figure 5, available online), but hits from the dis-
covery GWAS were subjected to replication to rule out potential
spurious findings arising from population stratification. In the
replication studies, we tested the USP7 variants using the addi-
tive logistic regression model with genetic ancestry included as
covariates. Regional plots were illustrated through LocusZoom
(26) with the structure of linkage equilibrium at USP7 locus
based on 1000 Genomes Nov 2014 EUR (hg19). We also tested
the USP7 SNP genotype for association with T-ALL in the discov-
ery cohort with PC1, PC2, and PC3 as covariate, and the results
were largely identical to analyses in which genetic ancestries
were used as covariates for population structure
(Supplementary Table 2, available online).

The differences in relative luciferase activity between DNA
sequences with different USP7 genotypes were tested by using
Student t test. The association of USP7 status with T-ALL sub-
groups was evaluated by Fisher exact test; the correlation be-
tween USP7 genotype and genetic ancestry was examined by
general regression test; SNP genotype associations with patient
sex, age at diagnosis (� or <10 years of age) were evaluated by
logistic regression test, adjusting for genetic ancestry. Somatic
lesions in leukemia blasts were ascertained as described previ-
ously (5), and T-ALL subtypes were defined by integrated analy-
ses on the basis of leukemia gene expression profile as well as

somatic genomic abnormalities (5). R (version 3.3.3) statistical
software was used for all analyses unless indicated otherwise.
All statistical tests were two sided and P < .05 was used as the
cut point for statistical significance unless indicated otherwise.

Luciferase Reporter Assay for USP7 Variants

The sequences flanking GWAS top hits were cloned into
pGL4.23 [luc2/miniP] luciferase vector (Promega; Fitchburg, WI).
Site directed mutagenesis was performed to generate plasmids
containing each risk allele (QuikChange II Site-Directed
Mutagenesis Kit, Agilent Technologies, Santa Clara, CA).
Detailed information including primers and cloned regions can
be found in Supplementary Table 3 (available online). For lucif-
erase assay, 5 � 106 Jurkat cells cultured in 12-well plates were
transiently transfected with 6 mg of pGL4.23 construct (luciferase
gene with USP7 intronic sequences spanning GWAS hit SNPs for
each allele) and 1 mg of pGL-TK (Renilla luciferase) using Lonza
Cell Line Nucleofector Kit V (Lonza; Basel, Switzerland). Firefly
luciferase activity was measured 24 hours post-transfection and
normalized to Renilla luciferase activity. Relative luciferase ac-
tivity indicates the ratio over the value from pGL4.23 vector
alone. All experiments were performed in triplicate and re-
peated three times for rs74010351.

Results

We imputed SNP genotypes genome-wide, and after quality
control, evaluated the association between genotype and T-ALL
for 7 967 910 variants using an additive logistic regression

Table 1. Association of USP7 variants with T-ALL susceptibility in the discovery GWAS and replication cohorts*

rs74010351 (USP7)

European American RAF African American RAF All ethnicities

P† OR‡ (95% CI)Case Control Case Control

Discovery GWAS cohort
(n ¼ 1191 cases and 12 178 controls)

0.10 0.07 0.26 0.19 4.51 � 10�8 1.44 (1.27 to1.65)

Replication cohort
(n ¼ 117 cases and 5518 controls)

0.11 0.06 0.23 0.17 0.04 1.51 (1.03 to 2.22)

*Ethnicity was defined by single-nucleotide polymorphism genotype-based European, African, East Asian, and Native American genetic ancestry. CI ¼ confidence inter-

val; GWAS ¼ genome-wide association study; OR ¼ odds ratio; RAF ¼ risk allele frequency; T-ALL ¼ T-cell acute lymphoblastic leukemia.

†P values were calculated by a two-sided logistic regression test in PLINK.

‡Individuals who do not carry the risk allele were considered as the reference group.

Figure 1. Genome-wide association study of childhood T-ALL. The association between genotype and ALL was evaluated by using a logistic regression model for

7 967 910 genotyped/imputed single-nucleotide polymorphisms (SNPs) in 1191 T-ALL cases and 12 178 unrelated non-ALL controls. P values (�log10P) were plotted

against the respective chromosomal position of each SNP. Gene symbols are indicated for two loci achieving genome-wide significance (two-sided P<5 � 10–8, dashed

black horizontal line): CDKN2A (9p21) and USP7 (16p13.3). T-ALL ¼ T-cell acute lymphoblastic leukemia.
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Figure 2. Functional annotation and activity screen of regulatory DNA at the USP7 locus. A) Functional annotation of regulatory DNA at the USP7 locus. Genomic posi-

tions and scale for the human genome assembly February 2009 (GRCh37/hg19) are shown on the top. Genome-wide statistically significant T-ALL risk variants in USP7

(P<5 � 10–8) are marked in the middle panel, and the log-transformed P values (for association with T-ALL) are shown in the bed graph. The gene structure, ChIP-seq

signals for histone modifications (ie, H3K4me3, H3K27ac, and H3K79me2) in T-ALL cell lines (ie, DND41 and Jurkat) (28), and ATAC-seq signals of hematopoietic cells

(29) are also included. B) Functional activity screen of cis-elements with different genotypes/haplotypes by luciferase reporter assay in Jurkat cells. Jurkat cells were
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model. Genetic ancestry was adjusted to control for population
structure. Two loci reached genome-wide significance (ie,
P< 5.00 � 10–8) (Figure 1 and Supplementary Table 1, available
online): CDKN2A at 9q21.3 and USP7 at 16p13.3. The CDKN2A
variants (eg, rs2188127, odds ratio [OR]¼ 0.65, 95% confidence in-
terval [CI] ¼ 0.55 to 0.76, P¼ 5.00 � 10–8) were previously linked to
B-ALL susceptibility with similar effects on T-ALL (16). Encoding
human ubiquitin-specific protease 7, USP7 is somatically mu-
tated in approximately 12% of children and young adults with T-
ALL (5,27). A cluster of USP7 variants (eg, rs74010351, OR ¼ 1.44,
95% CI ¼ 1.27 to 1.65, P¼ 4.51 � 10–8) (Table 1 and Figure 2A) in its
intronic region showed genome-wide statistically significant
associations. In an independent replication cohort of 117 T-ALL
patients from the St. Jude Total Therapy XIIIA, XIIIB, and XV
cohorts and 5518 non-ALL controls from the MESA cohort, the
association was confirmed for the same USP7 variant (OR ¼ 1.51,
95% CI ¼ 1.03 to 2.22, P ¼ .04) (Table 1). Multivariable analyses in
the discovery cohort conditioning on this SNP did not provide
any evidence for additional variants with independent associa-
tion at this locus (Supplementary Figure 1, available online), al-
though our sample size is limited to evaluate the full spectrum
of causal variants in USP7.

To explore functional effects of risk variants at the USP7 lo-
cus, we first examined lineage-specific chromatin accessibility
inferred from the ATAC-seq of human hematopoietic cells and
also histone modification marks in human T-ALL cell lines (ie,
DND41 and Jurkat) (28–30). Of the eight USP7 SNPs that rose to
genome-wide significance, four clustered close to the USP7 tran-
scription start site (ie, rs61426394, rs74010349, rs59591814, and
rs74010351), and this region is marked by strong promoter-
active histone modifications H3K4me3 and H3K27ac in both T-
ALL cell lines and also overlapped with multiple open chroma-
tin segments within this region (Figure 2A and Supplementary
Figure 2, available online). In fact, the rs74010351 variant
aligned exactly within an open chromatin signal specific to T
and B lymphocytes (Figure 2A and Supplementary Figure 2,
available online). In contrast, the other four genome-wide sta-
tistically significant USP7 variants (ie, rs113177770, rs75172776,
rs7202585, and rs16964691) were located in the intronic region
with minimal overlap with regulatory elements identified from
ATAC-seq or by histone marks. Taken together, we thus postu-
lated that the association of the USP7 risk variant with T-ALL
susceptibility might be mediated by its effects on USP7 expres-
sion. We performed luciferase assays to test the effects of each

Figure 2. Continued

transiently transfected with pGL4.23 [luc2/minP] construct (luciferase gene with USP7 intronic sequences spanning GWAS hit SNPs for each allele) and pGL-TK (Renilla lu-

ciferase). Firefly luciferase activity was measured 24 hours post-transfection and normalized to Renilla luciferase activity. Relative luciferase activity indicates the ratio

over the value from pGL4.23 vector alone. All experiments were performed in triplicate, and repeated three times for rs74010351. Statistical significance was evaluated

by using two-sided Student’s t test. Error bars indicate SD. SNP ¼ single-nucleotide polymorphisms; T-ALL ¼ T-cell acute lymphoblastic leukemia; WT ¼wild-type.

Figure 3. Relationship of USP7 genotype and/or somatic mutation with T-ALL subgroups and clinical features. A) This analysis was restricted to 190 T-ALL children in

the COG AALL0434 cohort with both germline and somatic genomic data available. Proportion of T-ALL patients with USP7 risk genotype at rs74010351 and/or USP7 so-

matic mutation was calculated within each T-ALL subgroup with at least 10 cases (TLX3, TLX1, LMO2/LYL1, HOXA, TAL1, and T-other) (5). The association of USP7 status

with T-ALL subgroups was evaluated by Fisher exact test. B and C) The analysis was restricted to patients with T-ALL in the COG AALL0434, representing a largely unse-

lected and nationwide patient population. The correlation between USP7 genotype and genetic ancestry was tested by generalized linear regression test. The associa-

tion of USP7 genotype at rs74010351 with age at diagnosis was evaluated by logistic regression test (ie, age < 10y vs age � 10y) adjusting for genetic ancestry. All

statistical tests were two sided. T-ALL ¼ T-cell acute lymphoblastic leukemia.
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of the eight USP7 risk alleles on transcription regulation. As
shown in Figure 2B, the rs74010351 variant exhibited the most
statistically significant difference in reporter gene transcription
between the reference and risk alleles in this assay. The substi-
tution of the wild-type allele A with the risk allele G at this SNP
resulted in a 2.9-fold decrease in transcription activity (P ¼ .03)
(Figure 2B), in line with the predicted regulatory DNA function
of this segment.

USP7 is a ubiquitin-specific protease in the deubiquitinating
enzyme family, and loss-of-function somatic mutations in USP7
are observed recurrently in pediatric and young adult T-ALL
(�12%) (5). In a subset of 190 T-ALL in our cohort with both so-
matic and germline genomic data available (5), we comprehen-
sively evaluated the relationship between USP7 SNP genotype
(rs74010351) and leukemia genomic abnormalities. The preva-
lence of the USP7 risk allele varied substantially across T-ALL
molecular subtypes (defined by leukemia gene expression pro-
file and somatic genomic lesions [5]), with a higher frequency in
cases with TAL1 or HOXA deregulation and lower in cases with
TLX1 or TLX3 aberrations (Figure 3A). Interestingly, within the
TAL1 subtype, germline and somatic USP7 variations were al-
most mutually exclusive (P ¼ .03) (Figure 3A). In fact, the fre-
quency of either type of USP7 variation approached 56.4% in
TAL1 cases, statistically significantly higher than any other
T-ALL subtypes (P¼ 9.25� 10–5) (Figure 3A). We next evaluated
the relationship between germline risk genotype of USP7 and
clinical features of T-ALL in the COG AALL0434 cohort, which
represented an unselected childhood T-ALL population from
North America across risk and demographic groups (n¼ 1092).
We found that the USP7 risk allele G at rs74010351 was associ-
ated with higher levels of African ancestry (P ¼ .002) (Figure 3B)
and older age at diagnosis (P ¼ .007) (Figure 3C), but was not re-
lated to sex.

Finally, we compared the effects of all known ALL risk var-
iants on the susceptibility to T-ALL (1191 cases and 12 178 con-
trols from discovery GWAS) vs to B-ALL (1824 cases from the
COG P9900 cohort and 5518 controls). Of 14 risk loci, eight (ie,
IKZF1, TP63, SP4, GATA3, LHPP, ELK3, CEBPE, and 2q22.3) were
statistically significant only for B-ALL risk and one was specific
for T-ALL (USP7). Risk variants at CDKN2A/B, ARID5B, IKZF3,
PIP4K2A, and 8q24.21 were statistically significantly associated
with susceptibility both to B- and T-ALL, of which 8q24.21 and
PIP4K2A showed comparable effect sizes across lineages and
ARID5B had greater effects on B-ALL (Figure 4).

Discussion

In summary, we have performed the first T-ALL susceptibility
GWAS and identified USP7 as a novel risk locus for this type of
leukemia. These findings provide new insight into the molecu-
lar etiology of ALL in children, particularly some commonalities
and differences in the biology of the two major subtypes (B- vs
T-ALL). The higher prevalence of the USP7 risk allele in Africans
points to a genetic basis for the increased incidence of T-ALL in
African Americans, an observation hitherto without a plausible
explanation. Future comprehensive functional investigations
are warranted to pinpoint the causal variants and to fully un-
derstand the contribution of USP7 to ALL pathogenesis.

As a deubiquitinase, USP7 modulates the stability of a multi-
tude of human transcription factors, tumor suppressors (eg,
TP53, FOXO4, and PTEN), and epigenetic regulators (eg, DNMT1
and PRC1), and has been implicated in several solid malignan-
cies (31,32). In leukemia, USP7 somatic mutations are

exclusively restricted to T-ALL and almost always frameshift or
nonsense changes that result in the truncation of the catalytic
domains, suggesting that the loss of USP7 function contributes
to leukemogenesis in this context. The co-segregation of USP7
mutations with TAL1 deregulation in leukemia cells also points
to potential cooperating effects to promote leukemia transfor-
mation. Remarkably, the relationship between germline USP7
risk allele and ALL mirrors that of somatic mutations in this
gene: uniquely associated with T-ALL susceptibility with little
effect on B-ALL, and overrepresentation in the TAL1 subtype of
T-ALL. Because germline and somatic USP7 variations co-occur
only minimally in T-ALL, we stipulate they both impair USP7
function although somatic mutations are likely to have much
more severe effects. Therefore, these results argue that USP7 is
a tumor suppressor in T-ALL. However, a recent report showed
that USP7 directly regulates NOTCH1 stability and its intact ac-
tivity might be important for the oncogenic effects of NOTCH1
complex, suggesting a leukemogenic effect of USP7 (33). In fact,
small molecule inhibitor of USP7 potently inhibited T-ALL cell
growth (33). Future mechanistic studies are warranted to recon-
cile these seemingly conflicting observations and to understand
the exact mechanism by which USP7 influences the pathogene-
sis of T-ALL.

Given the differences in the landscape of somatic genomic
abnormalities in T- vs B-ALL, it is not completely surprising that
germline variants also have lineage-specific effects on ALL sus-
ceptibility. For example, IKZF1 is a key modulator of B-cell de-
velopment with germline variants that directly result in severe
immune deficiency and familial B-ALL (34). Consistently, com-
mon variants in IKZF1 have a much stronger effect in B-ALL
than in T-ALL, which is also true for leukemia risk variants in a
number of other transcription factor risk genes (eg, GATA3,

Figure 4. Similarities and differences in genetic predisposition to ALL between B

and T lineage. The association between genotype and ALL was evaluated by us-

ing a logistic regression model for GWAS hits reported previously in B-ALL (ie,

ARID5B [rs10821936], IKZF1 [rs11978267], CDKN2A/B [rs11978267], IKZF3

[rs17607816], PIP4K2A [rs7088318], 8q24.21 [rs28665337], TP63 [rs17505102], SP4

[rs2390536], GATA3 [rs3824662], LHPP [rs35837782], ELK3 [rs4762284], CEPBE

[rs2239633], and 2q22.3 [rs17481869]) or newly identified in T-ALL (ie, USP7

[rs74010351]) in 1191 T-ALL cases (COG AALL0434 and St. Jude Total Therapy XVI

protocols) vs 12 178 unrelated non-ALL controls (HRS), and 1824 B-ALL cases

(COG P9904/9905/9906) vs 5518 unrelated non-ALL controls (MESA). The locus

specifically statistically significant (P< .05) in T-ALL is marked in red, with B-ALL

marked in blue, and common marked in green. ALL ¼ acute lymphoblastic leu-

kemia; COG ¼ Children’s Oncology Group; HRS ¼ Health and Retire Study; MESA

¼Multi-Ethnic Study of Atherosclerosis.
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ARID5B, and CEBPE). In contrast, ALL risk genes in the tumor
suppressor class are more likely to have lineage-independent
effects on leukemia susceptibility (eg, CDKN2A/B and MYC [sig-
nified by variants in a cis distal enhancer region 8q24.21]).
However, it should be noted that the sample size for the T-ALL
susceptibility association analysis is statistically significantly
smaller than B-ALL, which plausibly could have contributed to
the difference in effect sizes of the risk variants.

There are a number of limitations of this study. For example,
the sample size of the discovery GWAS is still relatively small
compared with similar studies of B-ALL, and therefore risk var-
iants with modest effects on T-ALL susceptibility would be un-
likely to emerge above the genome-wide significance threshold
in this study. Furthermore, there is considerable molecular het-
erogeneity within T-ALL, and therefore risk variants with
subtype-specific effects could have been missed in our GWAS.
These limitation can be overcome in future GWAS of larger
cohorts of T-ALL.

In conclusion, we have identified a novel T-ALL risk gene
USP7, and our results suggest that loss-of-function variants at
this locus (either somatic or germline) promote T-ALL leukemo-
genesis. These data shed new light on the etiology of this sub-
type of childhood ALL but also beg for future mechanistic
studies to characterize the molecular processes linking USP7 to
normal and malignant hematopoiesis in the T lineage.
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