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            Abstract
Juvenile myelomonocytic leukemia (JMML) is a rare and severe myelodysplastic and myeloproliferative neoplasm of early childhood initiated by germline or somatic RAS-activating mutations1,2,3. Genetic profiling and whole-exome sequencing of a large JMML cohort (118 and 30 cases, respectively) uncovered additional genetic abnormalities in 56 cases (47%). Somatic events were rare (0.38 events/Mb/case) and restricted to sporadic (49/78; 63%) or neurofibromatosis type 1 (NF1)-associated (8/8; 100%) JMML cases. Multiple concomitant genetic hits targeting the RAS pathway were identified in 13 of 78 cases (17%), disproving the concept of mutually exclusive RAS pathway mutations and defining new pathways activated in JMML involving phosphoinositide 3-kinase (PI3K) and the mTORC2 complex through RAC2 mutation. Furthermore, this study highlights PRC2 loss (26/78; 33% of sporadic JMML cases) that switches the methylation/acetylation status of lysine 27 of histone H3 in JMML cases with altered RAS and PRC2 pathways. Finally, the association between JMML outcome and mutational profile suggests a dose-dependent effect for RAS pathway activation, distinguishing very aggressive JMML rapidly progressing to acute myeloid leukemia.
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                    Figure 1: Combinations of multiple hits targeting the RAS pathway and PRC2 network.[image: ]


Figure 2: Alteration profiles in individual JMML cases.[image: ]


Figure 3: Clonal evolution of JMML.[image: ]


Figure 4: The p.Asp63Val substitution in RAC2 results in a gain-of-function effect associated with an increase in effector binding and a massive decrease in GAP function, leading to AKT activation via two distinct pathways.[image: ]


Figure 5: Reduced PRC2 dosage and histone H3 modifications.[image: ]


Figure 6: Overall survival of patients with sporadic JMML according to the presence and type of additional somatic mutations.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Spectrum of somatically acquired mutations identified by combining WES and genome-wide DNA array analysis in the discovery cohort of 30 JMML cases.
A total of 85 somatically acquired alterations were found, including 64 nonsynonymous point mutations or small insertion-deletions (indels) identified in the coding regions of these tumors by WES and 21 somatic cytogenetic alterations evidenced by SNP/CGH array, WES and/or metaphase cytogenetics.


Supplementary Figure 2 Graphical representation of the type of data obtained by sample in a cohort of 118 patients with JMML.
Both the discovery cohort (top; n = 30) and validation cohort (bottom; n = 88) are represented.


Supplementary Figure 3 Distribution of RAS-related mutations in a cohort of 118 patients with JMML as detected by routine workup.
Distribution of RAS-related mutations in 118 consecutively diagnosed JMML cases as detected by routine workup and detailed spectrum of KRAS (n = 18) and NRAS (n = 22) mutations.


Supplementary Figure 4 Histogram showing the type and number of additional somatic mutations per patient with JMML, according to genetic subgroup.

Supplementary Figure 5 Proportion of mutations predicted to be deleterious versus non-pathogenic substitutions.
The pathogenicity of somatic nonsynonymous exonic missense variants with respect to gene function was predicted using the SIFT, PolyPhen-2 and MutationTaster algorithms (Supplementary Table 6). A total of 91% of all missense mutations were predicted to result in functionally relevant alterations by at least two of the three methods used for functional prediction. This percentage was similar when considering only initiating mutations, known to be deleterious in all cases (92%), as well as secondary mutations (89%).


Supplementary Figure 6 Sequence electrophoregram showing the presence of three concomitant mutations targeting the RAS pathway at diagnosis of JMML_89.
Mutated nucleotides are indicated by a red arrow. The subclonal pattern of NF1 mutation is consistent with late acquisition. NF1 haploinsufficiency was due to a recurrent c.2033delG mutation of a G homopolymer within the NF1 coding region (exon 18). The frequency of this mutation appeared strikingly higher among somatic variants (5/6 cases with a secondary NF1 mutation) than among germline variants (Leiden Open Variation Database, LOVD).


Supplementary Figure 7 Hyperactive RAC2 Asp63Val contributes to AKT activation via both the PI3K-PDK1 and mTORC2 cascades.
Pull-down experiments (a,b) and immunoblot (IB) analysis were conducted using total cell lysates (c–g) derived from transfected COS-7 cells with FLAG-tagged RAC2 and RAS variants. The GTPase-binding domain (GBD) of the RAC effector PAK1 was used as a GST fusion protein for the pulldown experiment. All experiments were performed three times. (a) Pulldown analysis showed that RAC2 Asp63Val largely exists in an active, GTP-bound state as compared to wild-type RAC2 (RAC2 WT), but activation is not as strong as for constitutively active RAC2 Gly12Val. Total RAC2 and RAS proteins were detected using antibody to FLAG and pan-RAS antibody to show the total amounts of the transfected FLAG-tagged RAC2 and RAS variants. (b) The RAC2 protein bands in a were densitometrically quantified (depicted as numbers and bars) as the amount of the GTP-bound RAC2 protein relative to wild-type RAC2. Coexpression of constitutively active NRAS Gly12Val, HRAS Gly12Val and KRAS Gly12Val did not change the level of GTP-bound RAC2 Asp63Val. (c) Total cell lysates were analyzed for the phosphorylation levels of AKT (pAKT 308 and pAKT 473), MEK1/2 (pMEK1/2) and ERK1/2 (pERK1/2). Total amounts of these kinases were used as loading controls. AKT is phosphorylated at Thr308 by the PI3K-PDK1 pathway, whereas the mTORC2 complex phosphorylates AKT at Ser473. (d–g) The protein bands in c were densitometrically quantified (depicted as numbers and bars), clearly showing that the presence of RAC2 Asp63Val resulted in strong AKT phosphorylation and slight MEK phosphorylation but no ERK phosphorylation. Interestingly, a comparison of RAC2 Asp63Val and RAC2 Gly12Val showed that the relative amount of phosphorylated protein was proportional to the amount of the GTP-bound protein.


Supplementary Figure 8 Sequence electrophoregram showing progressive LOH of the KRAS locus with an allelic imbalance in favor of the oncogenic allele in JMML_24.
Wild-type (WT) and mutated nucleotides are indicated by black and red arrows, respectively.


Supplementary Figure 9 Overall survival in sporadic JMML according to initiating RAS-activating lesion.
Kaplan-Meier representation of the overall survival (%) in 96 patients with JMML evaluable for follow-up. Patients with Noonan syndrome were excluded from the analysis.


Supplementary Figure 10 Mean coverage of whole-exome sequencing in 30 paired JMML and germline DNA samples.

Supplementary Figure 11 Performances of PCR-based targeted deep sequencing in 75 JMML samples.
(a) The mean coverage of the coding regions is plotted for each gene by 25× descending order. (b) The mean depth of sequencing is plotted for each gene on a logarithmic scale, by descending order.
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Supplementary Table 6
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