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SI Methods
Patients and Treatment. Patients were enrolled in the Children’s
Oncology Group P9906 trial and treated with an augmented
reinduction/reconsolidation strategy (Berlin–Frankfurt–
Münster regimen) (1). The cohort has been described previously
in detail (2). All patients were high risk based on the presence
of central nervous system or testicular disease, MLL rearrange-
ment, or based on age, sex, and presentation leukocyte count (3).
BCR-ABL1 and hypodiploid ALLs and cases of primary induc-
tion failure were excluded. High-hyperdiploid (as defined by
trisomy of chromosomes 4 and 10 on cytogenetic analysis) and
ETV6-RUNX1 cases were excluded unless central nervous system
or testicular involvement was present at diagnosis. A total of 221
enrolled cases had suitable material for single-nucleotide poly-
morphism (SNP) array analysis (2), and JAK sequencing was
performed for 187 patients with available DNA, SNP array, and
gene expression profiling data. Twenty-two cases (11.8%) were
TCF3-PBX1-positive, 18 (9.6%) harbored MLL rearrangements,
1 (0.5%) was hyperdiploid, and 1 was ETV6-RUNX1-positive. A
total of 145 cases (77.5%) lacked a recurring chromosomal
abnormality. The clinical protocol was approved by the National
Cancer Institute and by the Institutional Review Board at each
of the Children’s Oncology Group institutions. Patients and/or
a parent/guardian provided informed consent to participate in
the clinical trial and for future research using clinical specimens.

Genomic Resequencing. Resequencing of the coding exons of
JAK1, JAK2, JAK3, and TYK2 was performed by Agencourt
Biosciences. PCR parameters are available upon request. Se-
quencing traces and primer information have been deposited

with the National Center for Biotechnology Information (NCBI)
trace archive (www.ncbi.nlm.nih.gov/Traces/trace.cgi?). Base
calls and quality scores were determined by using PHRED (4, 5),
and sequence variations were analyzed and annotated by using
the SNPdetector (6) and IndelDetector (7) software in an
annotation pipeline (8). All putative sequence mutations were
confirmed by repeat genomic PCR and sequencing of both
tumor and remission DNA.

Structural Modeling of JAK2 Mutations. Mutant molecular models
were generated by using the Modweb server (9). For the
pseudokinase domain, residues 533–821 were modeled against
the epidermal growth factor receptor kinase domain residues
4–292, which share 25% sequence identity (PDB code 2ITQ,
Chain A) (10). Model scores were 1.00 for all mutants. For the
kinase domain, models were generated by fitting the mutant
sequences against the structure of the JAK2 kinase domain
complexed with an inhibitor (PDB code 2B7A) (11). Figures of
structural models were generated with Pymol (12).

JAK Homology Alignment. Protein sequences for JAK1 and JAK2
homologs, as well as the human JAK3 and TYK2 genes, were
obtained from the NCBI Entrez web site. Protein sequences
were aligned with ClustalX version 2.0.10 (13). The degree of
amino acid conservation within the alignment was calculated by
using the Consurf server (14). Inputs were the ClustalX align-
ment file and the JAK2 structural file 2b7a.pdb from PDB
(www.rcsb.org/pdb/home/home.do). We edited 2b7a.pdb by re-
placing occurrences of the unconventional residue ‘‘PTR’’ with
‘‘TYR.’’
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Fig. S1. Sequencing traces of representative JAK2 mutations showing corresponding tumor and normal sequences.
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Fig. S2. Alignment of JAK orthologs. The alignment of the JAK1 and JAK2 orthologs in multiple species in the regions where the 3 somatic JAK2 kinase domain
and 3 JAK1 mutations were found. The mismatched residues are shown in red text, whereas the background corresponds to the ConSurf conservation color code.
The JAK1 region shown (residues 640–693) corresponds to residues 599–622 in JAK2. The JAK1 V658F mutation corresponds to the JAK2 V617F (underlined)
mutation.
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Fig. S3. Modeling of the structural effects of JAK2 mutations. (A) Cartoon diagrams showing structural superposition of models for pseudokinase domain for
wild-type (yellow), I682F (green), R683G (cyan), R683S (blue), and QCinsR683 (magenta). Close-up views for models showing residue substitutions as sticks are
on the left, with nitrogens shown in blue and oxygens in red. The JAK2 residues I682 and R683 map to the junction between the N and C lobes of the pseudokinase
domain. All 4 pseudokinase domain mutations identified affect these residues, and they are predicted to influence the structure, and likely the dynamics, of the
loops that pack together at the interlobe interface. Substitution of I682 to the bulkier phenylalanine, or insertion of glycine-cysteine at this position, is predicted
to displace the adjacent side-chain of R683. Because R683 is predicted to directly contact the N lobe of the pseudokinase domain, either displacement by the I682F
mutation or the QC insertion or substitution to a smaller serine or glycine residue, should alter N–C lobe interactions and may result in a loss of the inhibitory
activity of the pseudokinase domain. (B) Cartoon diagrams showing structural superposition of models for kinase domain, with sites of mutations shown as
magenta sticks, nitrogens in blue, and oxygens in red. The location of T875, mutated in the acute megakaryocytic cell line CHRF-288-11 [Mercher T, et al. (2006)
Blood 108:2770–2779], is shown in yellow sticks for comparison. R867Q and D873N map to the �2-�3 loop of the kinase domain and are predicted to alter surface
electrostatic properties of this region. The D873N mutation would alter hydrogen-bonding contacts to the T875 residue. The R867Q mutation would alter the
adjacent surface because R867 normally extends in the direction of D873 and T875, making contacts to the intervening residue, N873. The P933R mutation lies
in the JAK2 kinase hinge region, adjacent to the ATP-binding site [Lucet IS, et al. (2006) Blood 107:176–183]. This proline residue is conserved among JAK kinases
and is thought to impart rigidity to this hinge that may be important for catalytic activity.
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Table S1. Clinical features of the P9906 cases studied

Feature Value

Cytogenetic subtype, n (%)
High hyperdiploid 1 (0.5)
TCF3-PBX1 22 (11.8)
ETV6-RUNX1 1 (0.5)
MLL-rearranged 18 (9.6)
Other 145 (77.5)

Down syndrome, n (%)
Yes 9 (4.8)
No 178 (95.2)

Age at diagnosis, yrs
Mean (SD) 11.1 (5.8)
Median (range) 13.2 (1–20.5)

Presentation leukocyte count
Median (range), � 109/L 69.4 (1.0–958.8)
�50 � 109/L, n (%) 102 (54.6)
�50 � 109/L, n (%) 85 (45.4)

CNS status, n (%)
CNS 1: no CNS disease 147 (78.61)
CNS 2: �5 leukocytes per microliter with blasts on examination of CSF cytospins 25 (13.37)
CNS 3 (�5 CSF leukocytes per microliter with blasts on examination of CSF cytospins and/or

eye involvement, cranial nerve involvement, or parenchymal brain involvement)
15 (8.02)
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Table S2. Gentic alterations and karyotypic abnormalities in patients with JAK mutations

Patient ID JAK mutation
Copy number alterations and

sequence mutations Karyotype

9906�144* JAK1 L624�R629�W 2p13.2-p11.2 deletion, 8p
amplification, CDKN2A/B
(heterozygous), �14, �21,
IL3RA/CSF2RA

51,XX,�X,�8,�8,�14,�21�14�/46,XX�6�

9906�037 JAK1 S646F PAX5-ELN fusion, CDKN2A/B
(homozygous)

NA

9906�052 JAK1 V658F CD200/BTLA, TCF12, C20orf94 46,XY,del(8)(p21)�4�/
46,idem,i(7)(q10)�3�/
46,idem,del(17)(p11.1)�2�/
45,idem,add(7)(p11.2),�17�12�

9906�038 JAK2 I682F PDE4B, IKZF1 (exon 3 to distal of gene),
CDKN2A/B (homozygous), PAX5,
C13orf21, GRB2

46,XY�20�

9906�151† JAK2 QGinsR683 CD200/BTLA, ARMC2/SESN1, IKZF1
(exon 3–6), �8, CDKN2A/B
(homozygous), IL3RA/CSF2RA

48,XX,�8,der(14;21)(q10;q10)c,�21c,�21�5�/46,XX,der(14;21)(q10;q10)c,�21c�10�

9906�047† JAK2 R683G IKZF1 (exon 3–6), CDKN2A/B
(homozygous), deletion from
Xp22.33-Xptel

47,XX,�21c�4�/48,idem,�X�11�

9906�090 JAK2 R683G EBF1, 6p histone complex, IKZF1 R111*
mutation), RAG1/2

NA

9906�110 JAK2 R683G HMHB1, CDKN2A/B (heterozygous),
PAX5 D53V and exon 3 splice site
mutations, IL3RA/CSF2RA

46,XX�20�

9906�113 JAK2 R683G CXCR4, TOX, CDKN2A/B
(heterozygous), IKZF1 (5� of gene to
exon 1), PAX5 I139T mutation

46,Y,t(X;9)(p22.3;p13)�3�/46,XY�17�

9906�161 JAK2 R683G CD200/BTLA, MBNL1, IKZF1 (exon 3 to
distal of gene), CDKN2A/B
(homozygous), PAX5, BTG1, �18,
�20

NA

9906�170 JAK2 R683G IKZF1 (exon 1–4), IL3RA/CSF2RA
deletion and flanking gain from
Xp22.33-Xqtel

46,XY�16�

9906�222 JAK2 R683G EBF1, IKZF1 (exon 3–6),
C13orf21/TSC22D1, ATP10A,
IL3RA/CSF2RA

NA

9906�225* JAK2 R683G ARPP-21, FLNB, BTLA/CD200, EBF1,
IKZF1 (exon 3–6), SOX4, CDKN2A/B
(homozygous), 5� of PAX5, RAG1/2,
TCF12, �19, �21, IL3RA/CSF2RA

49,XY,�13,�19,�21�11�/
53,XY,�5,�8,�8,�14,�17,�19,�21�cp3�/46,XY�5�

9906�234 JAK2 R683G FBXW7, IKZF1 (exon 1–6), CDKN2A/B
(homozygous), 5� of PAX5, PAX5
exon 9 splice site mutation

NA

9906�257 JAK2 R683G IKZF1 (exon 3–6), CDKN2A/B
(homozygous), PAX5, ADD3

46,XX�20�

9906�168 JAK2 R683S EBF1, IKZF1 (5� of gene to exon 1),
CDKN2A/B (homozygous), RAG1/2

46,XY,add(1)(p22),add(3)(p23),del(5)(q11.2q13),del(8)(p22),der(9)t(1;9)(p13;p21),
�9, der(16)t(5;16)(p11;p11.2), �17,
?del(20)(q11.2q13.1),
add(21)(q22),�2mar�cp24�/46,XY�7�

9906�020 JAK2 R867Q Gains 1q, 3q, 8q, and 17q, CDKN2A/B
(homozygous), ADARB2, RAG1/2,
deln 17q

NA

9906�192 JAK2 D873N IKZF1 (exon 3 to distal of gene), PAX5,
C20orf94, IL3RA/CSF2RA, PAX5 R59G
sequence mutation

47,XY,�X�8� / 46,XY�3�

9906�174 JAK2 P933R IKZF1 (exon 3 to distal of gene),
CDKN2A/B (homozygous), BTG1,
C13orf21, deln Xp22.33-Xptel

47,XX,�X�20� / 46,XX�6�

9906�012 JAK3 S789P EBF1, 4 losses chr 6, multiple gains 13,
delns 15 and 16, C20orf94, iAmp21,
3 gains chr 22

46,Y,r(X)(p22;q28),add(9)(q34), �13,
add(22)(q11.2), �mar�cp9�/
46,Y,r(X)(p22q28),add(9)(q34), �20,
�mar�cp6�/46,XY�5�

Copy number alterations are deletions unless otherwise indicated. IL3RA/CSF2RA alterations include focal deletions at this locus at the pseudoautosomal
region of Xp22.3 and Yp11.3, or larger deletions/gains adjacent to this locus. deln, deletion; iAmp21, intrachromosomal amplification of chromosome 21.
*There was no evidence of trisomy 21 on analysis of germ-line single-nucleotide polymorphism array data for these cases.
†Down syndrome-associated ALL.
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Table S3. Clinical characteristics of cases harboring JAK mutations

ID Age, yrs WBC, � 109/L Site of relapse IKZF1 alteration JAK mutation

9906�144 3.5 214 JAK1 L624�R629�W
9906�037 1.4 82.9 JAK1 S646F
9906�052 15.1 202.4 Isolated CNS JAK1 V658F
9906�038 18.3 114.6 Marrow, testes Deletion e3–distal JAK2 I682F
9906�151* 6.1 202 CNS and extramedullary Deletion e3–e6 JAK2 QGinsR683
9906�047* 13.7 321.2 Marrow Deletion e3–e6 JAK2 R683G
9906�090 16.0 2.3 Marrow R111* JAK2 R683G
9906�110 4.0 5.2 JAK2 R683G
9906�113 16.8 18.5 Isolated CNS Deletion 5�–e1 JAK2 R683G
9906�161 14.2 166.5 Isolated CNS Deletion e3–distal JAK2 R683G
9906�170 16.1 66.9 Deletion e1–e4 JAK2 R683G
9906�222 17.6 16.6 Deletion e3–e6 JAK2 R683G
9906�225 16.6 6.4 Marrow Deletion e3–e6 JAK2 R683G
9906�234 6.0 272 Deletion e1–e6 JAK2 R683G
9906�257 13.3 592.6 Deletion e3–e6 JAK2 R683G
9906�168 13.6 31.5 Marrow Deletion 5�–e1 JAK2 R683S
9906�020 13.9 307 Isolated CNS JAK2 R867Q
9906�192 5.6 193 Deletion e3–distal JAK2 D873N
9906�174 8.7 314.8 CNS, marrow Deletion e3–distal JAK2 P933R
9906�012 12.8 33.1 JAK3 S789P

e, exon; WBC, presentation leukocyte count.
*Down syndrome-associated ALL.
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Table S4. Multivariable analysis of associations between genetic and clinical variables and outcome (Cox regression model)

Factors Hazard ratio (95% C.I.) P

Any event, with day 8 MRD as a covariate
Age � 10 yrs vs. age � 10 yrs 0.85 (0.47,1.55) 0.61
MLL-rearranged vs. non-MLL-rearranged B-ALL 0.75 (0.26,2.11) 0.58
WBC � 50 � 109/L vs. WBC � 50 � 109/L 1.28 (0.71,2.32) 0.41
Sex, male vs. female 1.65 (0.90,3.03) 0.11
Day 8 MRD � 0.01% vs. day 8 MRD � 0.01% 1.77 (0.75,4.19) 0.19
JAK mutation vs. no mutation 1.71 (0.85,3.45) 0.13

Any event, with day 29 MRD as a covariate
Age � 10 yrs vs. age � 10 yrs 0.70 (0.39,1.28) 0.25
MLL-rearranged vs. non-MLL-rearranged B-ALL 0.76 (0.29,1.96) 0.57
WBC � 50 � 109/L vs. WBC � 50 � 109/L 1.22 (0.68,2.20) 0.51
Sex, male vs. female 1.41 (0.80,2.47) 0.24
Day 29 MRD � 0.01% vs. day 29 MRD � 0.01% 2.96 (1.77,4.95) �0.0001
JAK mutation vs. no mutation 1.70 (0.87,3.30) 0.12

Any relapse, with day 8 MRD as a covariate
Age � 10 yrs vs. age � 10 yrs 0.82 (0.45,1.52) 0.54
MLL-rearranged vs. non-MLL-rearranged B-ALL 0.79 (0.26,2.42) 0.68
WBC � 50 � 109/L vs. WBC � 50 � 109/L 1.23 (0.69,2.21) 0.48
Sex, male vs. female 1.71 (0.92,3.17) 0.09
Day 8 MRD � 0.01% vs. day 8 MRD � 0.01% 1.67 (0.68,4.11) 0.27
JAK mutation vs. no mutation 1.58 (0.78,3.21) 0.21

Any relapse, with day 29 MRD as a covariate
Age � 10 yrs vs. age � 10 yrs 0.68 (0.37,1.25) 0.21
MLL-rearranged vs. non-MLL-rearranged B-ALL 0.84 (0.3,2.39) 0.74
WBC � 50 � 109/L vs. WBC � 50 � 109/L 1.13 (0.64,1.99) 0.67
Sex, male vs. female 1.45 (0.82,2.59) 0.20
Day 29 MRD � 0.01% vs. day 29 MRD � 0.01% 2.77 (1.64,4.69) 0.0001
JAK mutation vs. no mutation 1.55 (0.83,2.91) 0.18

MRD, minimal residual disease; WBC, peripheral blood leukocyte count at diagnosis (�109/L).
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Table S5. Multivariable analyses of associations between JAK mutations, IKZF1 alteration, clinical and laboratory variables, and
outcome

Factors Hazard ratio (95% C.I.) P

Any event, with day 8 MRD as a covariate*
Age � 10 yrs vs. age � 10 yrs 0.80 (0.43,1.47) 0.47
MLL-rearranged vs. other B progenitor ALL 1.16 (0.40,3.35) 0.79
WBC � 50 � 109/L vs. WBC � 50 � 109/L 1.12 (0.61,2.03) 0.73
0.01% � day 8 MRD � 1.0% vs. day 8 MRD � 0.01% 1.08 (0.42,2.79) 0.88
Day 8 MRD � 1.0% vs. day 8 MRD � 0.01% 1.84 (0.76,4.46) 0.18
IKZF1 alteration vs. no IKZF1 alteration 2.97 (1.71,5.15) 0.0001
JAK mutation vs. no mutation 1.20 (0.59,2.44) 0.62

Any event, with day 29 MRD as a covariate*
Age � 10 yrs vs. age � 10 yrs 0.65 (0.35,1.19) 0.16
MLL-rearranged vs. other B-progenitor ALL 1.08 (0.40,2.92) 0.88
WBC � 50 � 109/L vs. WBC � 50 � 109/L 1.10 (0.61,1.97) 0.75
0.01% � day 29 MRD � 1.0% vs. day 29 MRD � 0.01% 2.24 (1.23,4.09) 0.009
Day 29 MRD � 1.0% vs. day 29 MRD � 0.01% 2.83 (1.38,5.80) 0.005
IKZF1 alteration vs. no IKZF1 alteration 1.99 (1.11,3.59) 0.02
JAK mutation vs. no mutation 1.35 (0.67,2.70) 0.40

Any relapse, with day 8 MRD as a covariate†

Age � 10 yrs vs. age � 10 yrs 0.74 (0.4,1.35) 0.32
MLL-rearranged vs. other B progenitor ALL 1.21 (0.38,3.85) 0.74
WBC � 50 � 109/L vs. WBC � 50 � 109/L 1.04 (0.58,1.85) 0.90
0.01% � day 8 MRD � 1.0% vs. day 8 MRD � 0.01% 1.09 (0.42,2.8) 0.86
Day 8 MRD � 1.0% vs. day 8 MRD � 0.01% 1.65 (0.68,4.04) 0.27
IKZF1 alteration vs. no IKZF1 alteration 3.27 (1.84,5.82) 0.0001
JAK mutation vs. no mutation 1.03 (0.52,2.06) 0.93

Any relapse, with day 29 MRD as a covariate†

Age � 10 yrs vs. age � 10 yrs 0.61 (0.33,1.13) 0.11
MLL-rearranged vs. other B-progenitor ALL 1.23 (0.42,3.64) 0.71
WBC � 50 � 109/L vs. WBC � 50 � 109/L 1.01 (0.59,1.74) 0.97
0.01% � day 29 MRD � 1.0% vs. day 29 MRD � 0.01% 2.08 (1.13,3.82) 0.018
Day 29 MRD � 1.0% vs. day 29 MRD � 0.01% 2.51 (1.23,5.1) 0.01
IKZF1 alteration vs. no IKZF1 alteration 2.3 (1.23,4.27) 0.009
JAK mutation vs. no mutation 1.14 (0.56,2.3) 0.72

WBC, peripheral blood leukocyte count at diagnosis, �109/L.
*Analyses performed by using the EFS-PHREG procedure in SAS.
†Analyses performed by using the Fine and Gray method in S-Plus.
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