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Abstract

T-cell acute lymphoblastic leukemia (T-ALL) is caused by the cooperation of multiple oncogenic
lesions2, We used exome sequencing on 67 T-ALLs to gain insight into the mutational spectrum
in these leukemias. We detected protein-altering mutations in 508 genes, with an average of 8.2
mutations in pediatric and 21.0 mutations in adult T-ALL. Using stringent filtering, we predict
seven new oncogenic driver genes in T-ALL. We identify CANOT3as a tumor suppressor mutated
in 7 of 89 (7.9%) adult T-ALLs, and its knockdown causes tumors in a sensitized Drosophila
melanogaster model3. In addition, we identify mutations affecting the ribosomal proteins RPL5
and RPL10 in 12 of 122 (9.8%) pediatric T-ALLs, with recurrent alterations of Arg98 in RPL10.
Yeast and lymphoid cells expressing the RPL10 Arg98Ser mutant showed a ribosome biogenesis
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defect. Our data provide insights into the mutational landscape of pediatric versus adult T-ALL
and identify the ribosome as a potential oncogenic factor.

T-ALL is a genetically heterogeneous leukemia that is caused by the accumulation of
multiple oncogenic lesions, which have been identified through characterization of
chromosomal aberrations or via candidate gene sequencing®’. In addition, recent whole-
genome sequencing of 12 immature early T-cell precursor (ETP) ALLSs revealed several new
oncogenic drivers in this T-ALL subtype8. To discover new disease-driving genes in
pediatric and adult T-ALL, we performed exome sequencing on 67 diagnostic T-ALL
samples, 39 matched remission samples and 17 T-ALL cell lines (Supplementary Tables 1-3
and Supplementary Note).

To identify somatic mutations, we limited our initial analysis to the 39 paired samples
acquired in the same individual at diagnosis and remission. To assess the performance of
variant calling, 185 predicted single-nucleotide variations (SNVs) were validated by Sanger
sequencing. This set was used to determine the filtering strategy with the best sensitivity and
specificity. Different parameters were tested as filters, including sequencing coverage of the
variant nucleotide, variant allele frequency, variant quality and presence in repeat regions.
Finally, ranging thresholds of the somatic score, as calculated by SomaticSniper?, were used
as a filter (Supplementary Fig. 1). Removing variants with a somatic score below 70 resulted
in 89% sensitivity and 96% specificity. Using this filter, a second batch of SNVs was
selected for testing with capillary sequencing, which confirmed 80% (67 of 84) of the
predicted SNVs.

We identified 1,810 somatic SNVs and 1,248 insertion and/or deletions (indels) in the 39
diagnostic-remission pairs. Excessively high numbers of somatic indels were present in three
samples, possibly owing to defective DNA repair. These indels were excluded from
candidate gene detection. One-fourth of the somatic mutations were protein altering, with
the majority being missense mutations (413); the rest were frameshift indels (55), in-frame
indels (30), nonsense coding (32) or splice-site mutations (39). On average, each sample
contained 14.7 somatic protein-altering SNVs and indels (Supplementary Table 4). Notably,
adults (age of >15 years) showed 2.5 times more somatic protein-altering mutations than
children (21.0 versus 8.2; £< 0.0001), and there was a clear correlation between the age of
the affected individual and mutation number (Fig. 1a,b and Supplementary Fig. 2). However,
disease outcome was not linked to mutation number (Supplementary Fig. 3). Notably, a
larger fraction of somatic SNVs in adults were cytosine-to-thymine transitions, and adults
had a lower fraction of adenine-to-guanine transitions than children (Fig. 1c,d).

Protein-altering mutations occurred across 508 genes (Supplementary Table 5). To
distinguish driver mutations from passenger ones, we only considered genes that were
mutated in at least two samples and were significantly more mutated than the local
background mutation rate, as calculated by Genome MuSiC0 (Supplementary Table 6). We
identified 15 candidate driver genes meeting these two criteria (Fig. 2 and Table 1) and 11
additional genes that were recurrently but not significantly mutated (Supplementary Fig. 4).
Of the 15 candidate driver genes, 8 were known drivers in T-ALL, and 7 were new.
Reassuringly, we found further mutations in many of the 15 candidate driver genes across
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the 28 additional diagnosis samples and 17 cell lines that were sequenced (Fig. 2,
Supplementary Fig. 5 and Supplementary Table 7).

Adult samples showed 2.7 times more mutations in candidate driver genes than children (1.9
versus 0.7; P=0.0034) (Supplementary Fig. 2). Moreover, mutations in FBXW7, CNOT3,
PHF6, KDM6A and MAGEC3were mainly present in adults, whereas RPL 10 mutations
were almost exclusively found in children (Figs. 2 and 3, Table 1 and Supplementary Tables
8-10). Notably, our list of candidate driver genes included RPL5and RPL 10, two genes
encoding ribosomal proteins that occupy neighboring positions in the 60S ribosomal
complex (Supplementary Fig. 6), with five exome samples carrying the same somatic
mutation encoding a p.Arg98Ser alteration in RPL10. Also, the CNOT73 gene showed
evidence of a mutational hotspot, with three affected individuals carrying a substitution at
Arg57 (Fig. 3a). Screening for mutations in these 3 genes in an independent confirmation
cohort of 144 T-ALLs identified additional mutations in each of these genes (Fig. 3a and
Supplementary Tables 8 and 9), resulting in total mutation frequencies of 3.8% (8/211) for
CNOT3and 7.1% (15/211) for RPL5and RPL10. Adding the results from the confirmation
cohort consolidated the association between CAVOT3 mutations and adult age (P= 0.01), and
CNOT3was found to be mutated in 7 of 89 (7.9%) adult T-ALLs. In contrast, RPL10
mutations were associated with young age (P = 0.03), and 10 of 122 (8.2%) pediatric cases
had RPLI0mutations (Fig. 3b). Mutations in CNOT3, RPL10or RPL5were not associated
with any of the major molecular subgroups in T-ALL or with NOTCHI mutations
(Supplementary Tables 8-10).

Ribosomal defects have been identified in inherited hematopoietic disorders (called
ribosomopathies) that result in anemia and a propensity to develop leukemiall. Mutations in
RPL5 have previously been associated with Diamond Blackfan anemia and were studied in
much detail in that context!!, but mutation of RPL10has not been described in any disease.
Notably, loss of RPL22, another 60S ribosomal protein, was also recently identified in T-
ALL2, and, in our exome cohort, we also detected one affected individual with a frameshift
mutation in RPL22 (Supplementary Table 5).

RPL10is located on the X chromosome, and 7 of 11 mutant cases were males carrying the
mutation in nearly all leukemia cells. Moreover, the single RPL10-mutated female from
whom we had RNA available expressed only the mutant allele in tumor cells
(Supplementary Fig. 7). To confirm that these RPL 10 mutations were not random passenger
mutations but alter RPL10 function, we engineered yeast cells expressing wild-type Rpl10,
Rpl10 Arg98Ser, Rpl10 Arg98Cys or Rpl10 His123Pro as the sole copy of Rpl10. Rpl10 has
been intensively studied!3 and is highly conserved in yeast, with Arg98 being unchanged
from yeast to humans (Supplementary Fig. 8a). Notably, the Arg98 and His123 residues are
closely apposed in a B hairpin near the peptidyltransferase center, the catalytic core of the
ribosome (Supplementary Fig. 8b,c). In yeast, expression of the Rpl10 mutants impaired
proliferation and caused a ribosome biogenesis defect, evidenced by the altered ratio of
mature 80S to free subunits and the reduced presence of polysomes (Fig. 4a,b and
Supplementary Fig. 9). In addition, Nmd3 and Tif6 showed aberrant accumulation in the
cytoplasm in cells expressing Rpl10 Arg98Ser (Fig. 4c and Supplementary Fig. 9),
indicating that this alteration impaired the release of the 60S export adaptor Nmd3 as well as
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the subunit anti-association factor Tif6. The deleterious effects of the Rpl10 mutants were
partially suppressed by expressing Nmd3 Leu291Phe (Fig. 4d), a mutant with weakened
affinity for the ribosomel4, and by increasing the dosage of the Nma3 gene (Supplementary
Fig. 9). These data indicate that the Rpl10 mutants affect the release of Nmd3 from the
ribosome. Retention of Nmd3 and Tif6 on pre-60S subunits blocks ribosome assembly, and
the resulting depletion of Nmd3 from the nucleus reduces the export of new ribosome
subunits!®. We also tested the effect of the expression of human RPL10 Arg98Ser, the most
frequent RPL10 alteration, in lymphoid cells. In these cells, expression of RPL10 Arg98Ser
also resulted in proliferation and ribosome biogenesis defects (Fig. 4e,f).

In the context of CNVOT3, some of the mutations we identified were clearly truncating,
whereas another group of mutations seemed to represent missense mutations affecting
Arg57. Analysis of mRNA expression, however, showed that, also in the cases with Arg57
alteration, the mutant transcripts were not or were only weakly expressed (Supplementary
Fig. 7). This is most likely caused by splicing defects, as the mutations are located at the
splice donor site of exon 5. The mutations in CAVOT3thus suggest that this gene acts as a
tumor suppressor in T-ALL. CNOT3 is part of the CCR4-NOT complex that regulates gene
expression transcriptionally and post-transcriptionally6. Cnot3 also mediates self-renewal in
mouse embryonic stem cells, where Cnot3 shares many target genes with Myc?, a known
oncogene in T-ALL. To investigate the effect of loss of CNOT3 in tumor formation, we used
an established Drosophila eye cancer model. We used the sensitized model in which the
Notch ligand Delta is overexpressed in the developing eyes. These flies have larger eyes but
by themselves do not develop tumors3718:19 and this model is relevant for T-ALL, given
the central role of NOTCHL1 signaling in this disease!. Reduction of Not3expression in this
genetic background resulted in a marked increase in tumor incidence from 8% of the eyes
with control RNA interference (RNAI) to 46% up to 90% with three different Nof3 RNAI
lines and one line with a P-element insertion in Not3 (Fig. 5). These data support the notion
that reduction in Not3 expression is sufficient to transform sensitized cells.

Using whole-exome sequencing, we describe clear differences between pediatric and adult
T-ALL and identify a spectrum of driver mutations that function in various cellular
processes. One notable observation is that a subset of T-ALL cases have accumulated
mutations that affect the function of the ribosome, and it is currently unclear what advantage
this might provide to the cancer cells. This is, however, very similar to recent findings of
deregulated splicing in myelodysplasia and chronic lymphocytic leukemia29-23 and might
indicate that cancer cells have mechanisms to overcome defects in these basic processes.
Indeed, cancer cells might compensate for the deleterious effects of mutations affecting the
ribosome by acquiring additional mutations, similar to the suppressive effect of the Nmd3
Leu291Phe alteration that we describe in the yeast model (Fig. 4d). Alternatively, the
mutations affecting the ribosome might downregulate the hyperactive translation machinery
in cancer cells24, which could be beneficial for the fitness of these cells. Our data shed light
on the diversity of mutations that are implicated in T-ALL development and on the
differences between adult and pediatric T-ALL.
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ONLINE METHODS

Leukemia samples and cell lines

T-ALL samples were collected at various institutions. All patients gave their informed
consent, and all samples were obtained according to the guidelines of the local ethical
committees. This study was approved by the ethical committee of the University Hospital
Leuven. The Ba/F3 mouse pro-B-cell line and all human T-ALL cell lines were obtained
from Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ).

Sequencing

Genomic DNA samples from affected individuals and cell lines were sonicated to give a
fragment size of 250 bp on a Bioruptor UCD-300 instrument (Diagenode). Library
preparation was carried out using the Truseq DNA sample prep kit (Illumina), and capture
was performed with SeqCapEZ Exome v2.0 (Nimblegen) or Agilent SureSelect 38 Mb
(Agilent) capture reagents. Captured samples were sequenced on a HiSeq 2000 (Illumina)
operated in paired-end 2 x 100 bp mode. Reads from each sample were aligned to the
reference genome version hg19 using the Burrows-Wheeler Aligner (BWA)®2. Alignment
files were processed further with the Genome Analysis Toolkit (GATK) before variant
calling. Duplicate removal, local realignment around known indels and base quality
recalibration were performed as described elsewhere®3. Variants were called using the
variant quality score recalibration (VQSR) protocol in GATK. Variant calling was performed
for each sample separately, and somatic variants were identified by selecting the variants
observed at diagnosis that were absent at remission. The somatic score for each variant was
calculated with the Somatic Sniper®* algorithm using the processed alignment files for
diagnosis and remission samples. Indel calling was performed with DINDEL®® using the
calibrated bam files for each sample separately. Somatic indel detection was performed by
identifying the high-quality indels in the diagnosis sample (minimum read depth of 15 at the
variant site and 15% of the reads supporting the variant allele) and then filtering out the ones
observed in the corresponding remission sample (minimum read depth of 1).

Sanger validation of results

All predicted somatic variants shown in Figure 2 were tested and confirmed by conventional
Sanger sequencing. These and additional SNVs and indels validated by Sanger sequencing
are reported in Supplementary Tables 5 and 7. Overall, we performed Sanger sequencing
validation for 219 SNVs, of which 202 were confirmed (92.2% validation rate), and of 78
indels, of which 61 were confirmed (78% validation rate). Analysis of the chromatograms
from Sanger sequencing was performed using CLC Main Workbench 6 (CLC Bio).
Predicted somatic variants that were not confirmed by Sanger sequencing are not shown in
Figure 2 but are reported in Supplementary Table 5 and are indicated as false positives. The
entire coding sequences of the RPL5, RPL10and CNOT3 genes were PCR amplified, and
Sanger sequencing was performed on whole-genome amplified DNA from an independent
set of 144 individuals with T-ALL. Primer sequences are provided in Supplementary Table
11. Mutation detection was performed using Mutation Surveyor v4.0.4 (Softgenetics).
Detected variants were confirmed on original, non-amplified material and were tested for
their somatic origin using DNA from remission samples, if available.
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Statistical testing

Throughout this study, statistical significance was defined as £< 0.05. The statistical testing
methods used are described in the figure and table legends.

Drosophila experiments

The fly line 15271 (), P{SUPor-P}2) NC136KXC104961 CyO; ry206) with a P-element
insertion in the Nlot3gene was obtained from the Bloomington Stock Center6. Not3 RNAI
fly lines v37547 (w1118, P{GD4068}v37547), v37545 (w1118, P{GD4068}v37545) and
v105990 (w1118, A KK102144} VIE-2608) were purchased from the Vienna Drosophila
RNAi Center (VDRC)>’. Control RNA. flies (w; Spl CyO;, UAS-w dsRNA) and the Cy8
sensitized fly (w; eyeless-Gal4. UAS-DII CyO) were described previously3. All fly strains
were crossed to Cy8 virgin females. From the performed crosses, the F1 progeny obtained
with the following genotypes were selected: Cy8 x 15271 (eyeless- Gal4, UAS- DI P{ SUPor-
P2 NC136KG10496. 5061+ Cy8 x v37547 (eyeless-Gald: UAS-DIl+;
P{GD4068}v375471+), Cy8 x v37545 (eyeless- Gal4;, UAS-DIl+; P{GD4068}v37545/+),
Cy8 x v105990 (eyeless-Gal4, UAS DI P{LKK102144} VIE-260B) and Cy8 x control
(eyeless-Gal4;, UAS-DI CyO, UAS-w dsRNAI+).

All flies were raised at 25 °C on standard fly food. To analyze the tumor burden, each eye
was scored separately in the selected Fq progeny. Eyes were counted as hyperplastic when
the eye showed at least one fold.

Yeast experiments

Codon 98 of yeast (Saccharomyces cerevisiae) RPL10in the centromeric LEUZ vector
pAJ2522 was changed from AGA to either TCT or TGT, and codon 123 was changed from
CAC to CCA by site-specific mutagenesis. Wild-type and mutant constructs were introduced
into the Rp/10deletion strain AJY 1437 (MATa rpl10:: KanMX lys2A0 met15A0 his341
1eu2A0 ura3A0pAJ392 - Rpl10 URA3 CEN) by plasmid shuffle or the conditional glucose-
repressible Rp/10strain AJY 3373 (MATa KanMX-GALI-RPLI10 his3A1 leu2A0 ura3A0)
and assayed for growth by plating tenfold serial dilutions onto selective medium. To test
suppression of Rpl10 mutants by mutations in Nmad3, empty vector or vector expressing
wild-type Nmd3 or Nmd3 Leu291Phe was introduced into the indicated strains.

Polysome profiles were analyzed as described?. Constructs expressing wild-type Rp/10 or
Rpl10 mutants were introduced into AJY 1837, which contains a glucose-repressible Ro/10
gene (GAL-Rpl/10), the LMB-sensitive Crm1 allele encoding the Thr539Cys variant and
Nmd3-GFP, and AJY 2766, containing GAL-Rpl10and Tif6-GFP. Cultures were grown in
selective medium containing galactose. Glucose was added to repress the expression of wild-
type genomic Rp/10for 2 h, and LMB was added to a final concentration of 0.1 pg/ml for 30
min to block Nmd3 shuttling. Images were captured using a Nikon E800 microscope fitted
with a 100x Plan Apo objective and a Photometrics CoolSNAP ES camera controlled by
NIS-Elements AR 2.10 software. Images were prepared using Adobe Photoshop 7.0.
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Experiments in mammalian cells

Wild-type RPL10cDNA (ENST00000344746) was PCR amplified from human thymus
cDNA and cloned into the Bglll and EcoRl sites of pMSCV-GFP. The mutation encoding
the p.Arg98Ser alteration was introduced by mutagenesis of the wild-type RPL 10 construct.
Mouse lymphoid pro-B cells (Ba/F3) were transduced with pMSCV retroviral constructs
expressing wild-type RPL10 or the Arg98Ser mutant according to standard methods. To
mimic the situation in individuals with T-ALL, where only mutant and not wild-type RPL10
is expressed in leukemia cells (Supplementary Fig. 7), Ba/F3 cell experiments were
performed with concurrent knockdown of endogenous Rp/10. Delivery of small interfering
RNA (siRNA) into the cells was performed by electoporation on a Gene Pulser Xcell
machine (Bio-Rad) using exponential decay, 250 V and 950 pF. siRNAs against mouse
Rp/10were used at a concentration of 400 nM during electroporation and were obtained
from Integrated DNA Technologies (IDT). Cell proliferation was measured on a Guava flow
cytometer (Millipore) at the indicated time points after electroporation.

For polysome profiling, Ba/F3 cells were homogenized in a solution with 200 mM Tris-HCI,
pH 7.5, 100 mM NaCl, 100 mM MgCls,, 1% DOC/Triton X-100, 1 mM dithiothreitol, 10
pl/ml Protease Inhibitor Cocktail (Sigma), 10 pl/ml Phosphatase Inhibitor Cocktail |
(Sigma), 10 ul/ml Phosphatase Inhibitor Cocktail 11 (Sigma) and 30 U/ml RNasin
supplemented with 100 pg/ml cycloheximide. After 5 min of incubation on ice, the extract
was centrifuged for 5 min at 12,000 g at 4 °C. The supernatant was loaded onto a 10-60%
sucrose gradient and sedimented by centrifugation at 4 °C for 150 min at 37,000 rpm in a
Beckman SW41 rotor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Correlation between the age of the affected individual and mutation number and type. (a)
Plot showing the number of protein-altering somatic mutations in pediatric (<15 years) and
adult (=16 years) individuals with T-ALL. Averages and s.e.m. are shown. The Pvalue
tested whether there was a significantly different mutation number in adults versus children
and was calculated using the two-tailed Wilcoxon signed-rank test. Pediatric cases, 7= 19;
adult cases, n=20. (b) Dot plot representing the number of protein-altering somatic
mutations versus age of the affected individual. (c,d) Plots showing the fraction of somatic
SNVs that were C>T/G>A transitions (c) or A>G/ 7 >C transitions (d) in pediatric and adult
individuals with T-ALL. Averages and s.e.m. are shown. Samples with fewer than ten
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somatic SNVs were excluded from this analysis. The reported Pvalues test whether there
was a significant difference between adults and children and was calculated using the two-
tailed Wilcoxon signed-rank test. Pediatric cases, 7= 16; adult cases, /7= 19.
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Figure 2.
Overview of mutations in 15 identified candidate T-ALL driver genes in 67 samples from

affected individuals. Top, mutations in 15 candidate T-ALL driver genes are shown across
the set of cases. For clarity, only affected individuals harboring mutations in at least 1 of the
15 genes are included. Each type of mutation is indicated by color, and symbols indicate
whether the mutation was homozygous, hemizygous or compound heterozygous. Mutations
with no indication are heterozygous. All mutations shown here were validated by Sanger
sequencing. Bottom, the characteristics of the relevant individuals (identified by Sanger
sequencing, karyotyping or gene expression analysis) are shown. Mutations in NOTCH1
were hard to identify by exome sequencing owing to low capture efficiency and resulting
low sequence coverage of NOTCHJ. Detailed descriptions of the mutations shown in this
figure are provided in Supplementary Tables 5 and 7-9.
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Overview of mutations in RPL10, RPL5and CNOT3. (a) Schematics of RPL10, RPL5 and
CNQOT3 protein structures with the positions of the alterations detected in 211 T-ALL
samples indicated. The somatic status of the mutations is indicated. The characteristics of
the individuals with RPL10, RPL5or CNOT3 mutations are reported in Supplementary
Tables 8 and 9. (b) Pie charts reporting mutation frequencies detected in adult versus
pediatric individuals with T-ALL. All reported P values tested whether there was a
significant difference in mutation frequency in adults versus children and were calculated

using the unpaired test.
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Figure 4.
Cellular effects of the RPL10 p.Arg98Ser alteration. (a,b) The growth of yeast cells

expressing wild-type (WT) Rpl10 or Rpl10 Arg98Ser was compared by plating tenfold serial
dilutions (a), and polysome profiles were obtained (b). Aos4, absorbance at 254 nm. (c) The
fluorescence of Nmd3-GFP and Tif6-GFP was examined in cells expressing wild-type Rpl10
or Rpl10 Arg98Ser. Scale bars, 5 um. DIC, differential interference contrast. In the case of
Nmd3, cells also contained leptomycin B (LMB)-sensitive Crm1, and Nmd3-GFP
localization was examined after treatment with LMB to trap Nmd3 in the nucleus. (d) Yeast
cells expressing wild-type Rpl10 or Rpl10 Arg98Ser were transformed with empty vector or
vector expressing Nmd3 Leu291Phe. Tenfold serial dilutions were grown. (€) Proliferation
curves of mouse B cells (Ba/F3) expressing wild-type RPL10 or RPL10 Arg98Ser. Error
bars, s.d. of measurements in triplicate. (f) Polysome profiling in Ba/F3 cells expressing
human wild-type RPL10 or RPL10 Arg98Ser.
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Figureb.

Reduced Not3 expression promotes tumor development in a Drosophila sensitized
background. (a,b) Sensitized flies overexpressing the Notch ligand Delta in the eye were
crossed to one of three different Drosgphila Not3 RNA. fly lines (v105990, v37545,
v37547), to the 15271 line with a P-element insertion in AMot3 or to control RNAI flies (with
an RNA. construct against the white (W) gene). Shown are quantitative (a) and qualitative
(b) representations of the eye tumor burden in different genotypes. ***, tumor incidence in
this cross was significantly different from that in the control cross (P < 0.001) as analyzed by
two-tailed Fisher’s exact test. Scale bars in b, 200 pm.

Nat Genet. Author manuscript; available in PMC 2017 August 08.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Keersmaecker et al.

Table 1

Significantly and recurrently mutated genes in T-ALL

Page 17

Number of Associated
subjects agegroup  Associated pathologies with genomic
Gene with mutations Gene function alterations
NOTCH1 29/67 (43.3%)4 Transmembrane receptor, releases intracellular None T-ALL%, CLL%627 lung cancer?®, head
NOTCHL1 transcriptional enhancer upon and neck cancer2930, preast cancer3!:32
activation
FBXW7 8/67 (11.9%) Part of ubiquitin ligase complex targeting cyclin ~ None T-ALL3, various cancer types®*
E, MYC and NOTCH1
wri1 7/67 (10.4%) Zinc-finger transcription factor None T-ALLS3%, AML38, Wilms tumor
BCL11B 5/67 (7.5%) Zinc-finger transcription factor None T-ALLY
CNOT3 8/211 (3.8%) Part of the CCR4-NOT complex that regulates Adult
gene expression
RPL10 11/211 (5.2%) Ribosomal protein of the 60S ribosomal subunit  Pediatric Autism?3839
RPL5 4/211 (1.9%) Ribosomal protein of the 60S ribosomal subunit ~ None Diamond Blackfan anemiall
JAK3 7/67 (10.4%) Kinase involved in cytokine receptor signaling None T-ALL840, various myeloid and
lymphoid malignancies
PTEN 4/67 (6.0%) Phosphatase antagonizing PI3K function None T-ALL8, various cancer types
DNM?2 4/67 (6.0%) Microtubule-associated GTPase None T-ALLS, Charcot-Marie-Tooth disease??,
centronuclear myopathy*!
oDzz2 2/67 (3.0%) May function as a cellular signal transducer None
PHF6 12/67 (17.9%) Plant homeodomain-like finger (PHF) family Adult T-ALL*2, AML*3, Borjeson-Forssman-
protein that may regulate transcription Lehmann syndrome#*
TET1 4/67 (6.0%) Epigenetic regulator converting methylcytosine None 1(10;11)(q22;23) (MLL-TET1 fusion) in
(5mC) to 5-hydroxymethylcytosine (5-hmC) AML and B-ALL*-47
KDMG6A 3/67 (4.5%) Histone demethylase for Lys27 of histone H3 None Various cancer types*849, Kabuki
syndromeS0
MAGEC3 2/67 (3.0%) Gene function unknown, only expressed in None Diffuse large B-cell lymphoma5!

normal testis and in various tumor types

CLL, chronic lymphocytic leukemia; AML, acute myeloid leukemia; B-ALL, B-cell acute lymphoblastic leukemia.

aMutations in NOTCH1 were hard to identify by exome sequencing due to poor capture efficiency and resulting low sequence coverage of
NOTCHI. The reported mutation number reflects NOTCHI mutations detected by complementary Sanger sequencing.
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