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Heterogeneous disease-propagating stem cells in
juvenile myelomonocytic leukemia
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Josu de la Fuente®®, Nicholas Fordham?@®, Sorcha O'Byrne>*@®, Sarah Inglott’®, Ruggiero Norfo?@, Mariolina Salio®®, Supat Thongjuea®®,
Anupama Rao’®, Irene Roberts?>***@®, and Adam J. Mead»>***®

Juvenile myelomonocytic leukemia (JMML) is a poor-prognosis childhood leukemia usually caused by RAS-pathway mutations.
The cellular hierarchy in JMML is poorly characterized, including the identity of leukemia stem cells (LSCs). FACS and single-cell
RNA sequencing reveal marked heterogeneity of JMML hematopoietic stem/progenitor cells (HSPCs), including an aberrant
Lin-CD34*CD38-CD90*CD45RA* population. Single-cell HSPC index-sorting and clonogenic assays show that (1) all somatic
mutations can be backtracked to the phenotypic HSC compartment, with RAS-pathway mutations as a “first hit,” (2) mutations

are acquired with both linear and branching patterns of clonal evolution, and (3) mutant HSPCs are present after allogeneic
HSC transplant before molecular/clinical evidence of relapse. Stem cell assays reveal interpatient heterogeneity of JMML
LSCs, which are present in, but not confined to, the phenotypic HSC compartment. RNA sequencing of JMML LSC reveals up-
regulation of stem cell and fetal genes (HLF, MEIS1, CNN3, VNN2, and HMGA2) and candidate therapeutic targets/biomarkers
(MTOR, SLC2A1, and CD96), paving the way for LSC-directed disease monitoring and therapy in this disease.

Introduction

Juvenile myelomonocytic leukemia (JMML) is an aggressive
subtype of childhood myelodysplastic syndrome (MDS), usually
presenting in the first 5 yr of life, that is characterized by ab-
normal proliferation of dysplastic cells of the monocytic and
granulocytic lineages (Locatelli and Niemeyer, 2015). Although
JMML is a rare childhood cancer, it has several key features that
make it an important paradigm. In particular, it is definitively
caused by RAS-pathway mutations, typically in PTPNII, KRAS,
NRAS, CBL, and NFI, in >90% of cases, and the molecular land-
scape appears otherwise relatively simple with a low number of
somatic mutations in comparison with other malignancies (Caye
et al., 2015; Stieglitz et al., 2015a). Some patients show evidence
of clonal evolution, with acquisition of monosomy 7 (Locatelli
and Niemeyer, 2015) or secondary somatic mutations of SETBPI,
ASXL1, EZH2, and other genes that are associated with a worse
prognosis (Caye et al., 2015; Stieglitz et al., 2015a, b). The only

curative therapy for JMML is allogeneic hematopoietic stem
cell transplantation (HSCT); however, relapse rates are high
(Locatelli and Niemeyer, 2015), indicating a failure to eradicate
the disease-propagating cells in this condition.

The presence of distinct populations of rare disease-
propagating cancer stem cells (CSCs) has been demonstrated
in some cancers, and this is a crucial step toward understanding
cellular pathways of disease relapse (Magee et al., 2012). In
adults with chronic myeloid neoplasms, including myeloprolif-
erative neoplasms (MPNs; Mead and Mullally, 2017), chronic
myeloid leukemia (CML; Gallipoli et al., 2011), and MDS (Woll
et al., 2014), rare and distinct CSCs have been identified that
share phenotypic features with normal hematopoietic stem cell
(HSCs). However, in acute myeloid leukemia (AML), leukemia
stem cells (LSCs) are more heterogeneous, and although the
disease may originate in HSCs, various different progenitor cell
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populations are transformed and are responsible for disease
propagation (Thomas and Majeti, 2017). Furthermore, in child-
hood acute lymphoblastic leukemia (ALL), blast cells across all
stages of differentiation have LSC properties (le Viseur et al.,
2008). In view of this marked heterogeneity of CSC/LSC be-
tween different liquid tumors, it is crucial to properly char-
acterize the CSCs in specific disease entities, particularly
when the prognosis is poor and targeted therapy remains
elusive. Indeed, for JMML, while the genetic basis is now well
described, very little is known about the cellular hierarchy,
including the identity of cells that propagate the disease and
cause relapse.

Results

Single-cell phenotypic, functional, and molecular analyses
reveal heterogeneity of hematopoietic stem/progenitor cells
(HSPCs) in JMML

To characterize LSCs in JMML, we established a national pro-
spective study and collected bone marrow (BM) and peripheral
blood (PB) samples from a cohort of 26 patients with JMML for
phenotypic, functional, and molecular analysis of HSPCs before
and after HSCT (Fig. 1 A and Table S1). At diagnosis, the phe-
notype of early (CD38-negative) HSPCs was markedly disrupted
inJMML (Fig. 1, B and C). Although numbers of phenotypic HSCs
(Lineage [Lin]-CD34*CD38-CD90*CD45RA") and lymphoid primed
multipotent progenitors (LMPPs) (Lin"CD34*CD38 CD90-
CD45RA*) were normal, MPPs (Lin"CD34*CD38-CD90-CD45RA")
were frequently reduced in JMML patients in comparison with
patients with normal pediatric BM (P = 0.047), although with
considerable patient-to-patient variation (Fig. 1, B and C). A
number of patients (10/17 analyzed) also showed the presence of
an aberrant Lin-CD34*CD38-CD90*CD45RA" (+/+) population of
cells (P = 0.008). The CD38* myeloid progenitor compartment
showed a normal frequency of phenotypically defined common
myeloid progenitors (CMPs; Lin-CD34*CD38*CDI123*CD45RA")
and megakaryocyte erythroid progenitors (MEPs; Lin-CD34*
CD38*CDI123-CD45RA") with increased numbers of granulocyte
monocyte progenitors (GMPs; Lin-CD34*CD38*CD123*CD45RA%;
P = 0.05) (Fig. 1, B and C).

Clonogenic assays of bulk BM (Fig. S1 A) or purified single
HSPCs showed apparently preserved myeloid output but aber-
rant erythroid potential of CMP and MEP from JMML patients in
comparison with cord blood (CB; Fig. 1 D) and pediatric BM (Fig.
S1 B). Erythroid colonies derived from JMML patients were
frequently dysplastic (Fig. S1 C), in keeping with anemia seen in
all patients (Table S1). The aberrant +/+ population showed
exclusively myeloid output (Fig. 1 D and Fig. S1 B). Lymphoid
potential of JMML HSCs was reduced (Fig. S1 D) and megakar-
yocytic potential severely reduced (Fig. S1 E) in keeping with
patients’ thrombocytopenia (Table S1).

Analysis of the HSPC compartment in patients with serial
samples available after HSCT and at relapse indicated that
the aberrant Lin-CD34*CD38 CD90*CD45RA* (+/+) population,
which was present in all three cases at diagnosis, was absent
early after transplant (Fig. 1 E and Fig. S1 F). However, at relapse,
there was a striking recurrence of +/+ HSPCs, which
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represented the predominant Lin-CD34*CD38~ cell population
at the time of disease recurrence (Fig. 1 E and Fig. S1 F).
Although FACS analysis supported relative preservation of a
number of HSPC subpopulations in JMML, bulk phenotypic
analysis may mask the underlying heterogeneity of HSPCs in
JMML in comparison with normal hematopoiesis. We therefore
next assessed the global cellular architecture of JMML
Lin-CD34* HSPCs in an unbiased manner by high-throughput
single-cell RNA sequencing (RNA-seq) of 17,547 single HSPCs
from JMML (n = 2) and CB (n = 2). Using 593 selected genes
showing a high level of dispersion, t-distributed stochastic
neighbor embedding (tSNE) showed highly distinct clustering
of JMML HSPCs (Fig. 2 A), which were not equally distributed
between the identified HSPC subpopulations in comparison
with CB HSPCs (Fig. 2, B and C). JMML-specific clusters of
HSPCs showed up-regulation of myeloid genes (MS4A3 and
MPO), stem cell and fetal genes (THYI, ZFP36L1, HMGA2), and
proliferation markers (MKI67) and aberrant expression of leu-
kemia (HOPX and FOS) and erythroid differentiation-associated
(GATAI) genes (Fig. 2, D and E). Taken together, these findings
support that the HSPC compartment is heterogeneous in JMML,
with an aberrant phenotype, myeloid bias, and distinct mo-
lecular signatures in comparison with normal controls.

Somatic mutations are present with a high clonal burden in
the phenotypic HSC compartment in JMML

As driver mutations must be present in cells with self-renewal
capability in order to propagate the disease, we next set out to
track RAS-pathway somatic mutations to the HSPC cellular hi-
erarchy in JMML in order to gain insights into the identity of
JMML LSCs. In adult MDS, this approach has been used to
identify phenotypic HSCs as the population with stem cell
properties (Woll et al., 2014). In contrast, in AML, some muta-
tions can be tracked to progenitor cell populations but are absent
in HSCs, supporting the presence of aberrant stem cell proper-
ties in progenitor cells in AML (Jan et al., 2012). We first per-
formed a targeted mutation analysis of JMML-associated
mutations in our cohort of 26 JMML cases. RAS pathway-
activating mutations were present in all patients, while sec-
ondary spliceosome and epigenetic mutations and/or monosomy
7 was identified in 8/26 (31%) of patients, including the majority
of patients with NF1 mutations and 2/26 patients who had two
RAS pathway mutations, as previously reported (Fig. 3 A; Caye
et al,, 2015).

To track these disease-causing mutations to the HSPC
hierarchy, single Lin-CD34* cells from three patients were
index-sorted into methylcellulose colony-forming assays and
individual colonies picked for targeted genotyping (n = 299);
the index-sorting data allowed us to derive the FACS pheno-
type, and hence the HSPC population of origin, of each colony
(Fig. S2, A and B). Genotyping of single-nucleotide poly-
morphisms (SNPs) demonstrated the low allelic dropout of this
assay, with no false-positive mutations seen in control samples
(Fig. S2, C-H). Patient ID1 showed evidence of linear evolution
with acquisition of an NFI followed by an ASXLI mutation, both
of which could be tracked to all HSPC subpopulations, including
HSCs (Fig. 3 B). The few residual wild-type cells were present
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Figure 1. Single-cell phenotypic and functional analysis reveals heterogeneity of HSPCs in JMML. (A) Outline of experimental design used in this study.
(B) Top panels: Representative FACS profiles of samples of normal pediatric BM (age 14 yr); middle and bottom panels: BM samples from two JMML patients
(ID5 and ID3) at diagnosis. Samples gated on singlets, live, and Lin~ cells (left column); CD34+*CD38" cells (middle); CD34*CD38* cells (right). Percentages on
figure represent percentage of Lin"CD34* cells. Red boxes indicate the aberrant Lin"CD34*CD38-CD90*CD45RA* population. (C) Frequency of im-
munophenotypically defined HSCs and progenitors in total Lin"CD34* cells from normal pediatric BM (NBM; biological replicates, n = 12; black dots) and JMML
BM (biological replicates, n = 17; red dots); HSC P = 0.52, MPP P = 0.0476 (*), LMPP P = 0.13, +/+ P = 0.0082 (**), CMP P = 0.57, MEP P = 0.45, and GMP P =
0.05 (*). Data acquired over four independent experiments. Error bars represent mean + SEM. Statistical analysis performed by Mann-Whitney test and Welch
t test for data that were normally distributed. (D) Clonogenic output of single HSC and progenitor cells sorted into methylcellulose; expressed as the per-
centage of sorted cells that generated a colony and the type of colony generated. Results for seven different biological replicates from JMML BM samples (D1,
ID2, ID5, ID6, ID7, ID15, and 1D18) compared with five different biological replicate normal (CB) controls. Data acquired over 10 independent experiments. Error
bars represent mean + SEM. (E) Bar chart showing the percentage of HSPCs at different time points from diagnosis, day +30 after BMT, and at relapse
(biological replicates, n = 3: D1, ID5, and 1D17). P value indicated on figure represents comparison of +/+ at diagnosis and relapse (P = 0.0047 [**]). HSC
comparison at diagnosis versus relapse (P = 0.0175). Data acquired over six independent experiments. Statistical analysis performed by two-way ANOVA. Error
bars represent mean + SEM. GEMM, granulocyte/erythroid/megakaryocyte/monocyte; LMPP, lymphoid primed multipotent progenitor.

in the HSC compartment and enriched in MPPs, whereas
mutation-positive cells were infrequent in MPPs in keeping
with phenotypic data (Fig. 1 C). ID5 was characterized by a
PTPNII mutation alone that was again traceable to HSCs as well
as CMPs and GMPs (Fig. 3 C). Patient ID15 showed evidence of
branching clonal evolution within the HSC compartment, with
a first hit NRAS mutation followed by acquisition of mono-
somy 7 and a SETBPI mutation in separate subclones (Fig. 3 D).
All subclones were present in the HSC compartment. We also
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analyzed a sample from patient ID5 taken after HSCT, at a time
when the patient was in clinical remission but subsequently
suffered overt evidence of relapse of JMML (Fig. 3 E). Parallel
genotyping of the PTPNII mutation together with donor- and
recipient-specific SNPs demonstrated the presence of PTPNII
mutation-positive HSPCs (including a single HSC), which
predate (and potentially might have helped to predict) subse-
quent relapse. Notably, mutant-positive progenitors (CD38*)
were more prominent than HSCs after HSCT, in keeping with
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Figure 2. Single-cell RNA-seq of JMML HSPCs reveals distinct clustering. (A) tSNE analysis of Lin"CD34" single-cell RNA-seq dataset based on 593
variable genes. 17,547 single cells that passed filtering from two CB controls (light and dark blue) and two JMML BM samples (orange and red) are shown.
(B) Single-cell RNA-seq clusters identified by the k-SNN method and projected by tSNE plot. Colors correspond to computationally identified clusters of single
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cells. (C) Number of single cells within each cluster from CB (blue) and JMML (red). (D) Selected highly variable genes from top principal components plotted on
tSNE analysis from A. Color scale represents normalized UMI counts (gray, not detected [ND]; red, maximum count [Max]). (E) Heatmap depicting the top five
positively identifying genes that distinguish each cluster of single cells shown in B. Data acquired in one experiment.

phenotypic data (Fig. 1 E), raising the possibility that these
cells may predominantly drive relapse.

Single-cell colony genotyping might fail to identify single
cells unable to generate colonies in vitro, which may have led us
to underestimate the number of wild-type cells present. We
therefore also performed a direct single-cell genotyping analysis
(n = 645 single cells that passed quality control [QC]) of two
patients with PTPNII mutation (ID5 and ID17). These data (Fig.
S3, A-F) support the findings based on colony genotyping that
disease-associated driver mutations can be tracked back to the
phenotypic HSC compartment and that wild-type HSPCs are
rare in JMML patients, indicating that JMML HSPCs are highly
clonally dominant. Taken together, these data support the con-
clusion that all somatic mutations driving JMML disease ini-
tiation and evolution are present in the phenotypic HSC
compartment, with a high degree of clonal dominance over
wild-type HSCs in all cases analyzed, with RAS-pathway mu-
tations as a “first hit.”

Heterogeneity of LSCs in JMML

To characterize JMML LSCs, we next performed in vitro and
in vivo stem cell assays to assess the self-renewal potential of
JMML HSPC subpopulations. Long-term culture-initiating cell
(LTC-IC) assays showed LTC-IC potential was present in both
HSC and +/+ populations in JMML but was absent in GMP, while
in CB controls LTC-IC potential was restricted to HSCs, as ex-
pected (Fig. 4 A). We then performed xenotransplantation of
purified HSC, +/+, and GMP or total CD34* cells from four JMML
patients as shown in Fig. 4 B, with results of serial readout of
engraftment shown in Fig. 4, C and D. JMML CD34* HSPCs were
highly efficient at supporting reconstitution in this NOD scid
gamma (NSG) xenograft model, unlike adult MDS (Woll et al.,
2014). Lineage analysis (Fig. 4 D and Fig. S4 A) showed that
transplantation from JMML donors resulted in highly myeloid-
biased reconstitution in comparison with CB. In all cases, mice
showed reconstitution following transplantation of purified
HSCs from CB or JMML. Engraftment potential of specific JMML
HSPC subpopulations (+/+ and GMP), however, showed marked
inter-patient heterogeneity of JMML LSCs (Fig. 4, C and D). In
patient ID1, JMML LSC potential was restricted to the phenotypic
HSC compartment. Patient ID3, who died from refractory dis-
ease following HSCT, showed similar repopulating potential in
all populations (HSC, +/+, and GMP). Patient ID5, who also re-
lapsed after HSCT, showed the most robust reconstitution with
HSCs, but late reconstitution was also observed with +/+ and
total CD34*CD38* cells. It is also noteworthy that at relapse after
HSCT, the mutant-positive JMML HSPC compartment in patient
ID5 was dominated by mature progenitor cells (Fig. 3 E), unlike
at diagnosis, when HSCs were frequent (Fig. 3 C). This is con-
sistent with relapse being primarily propagated by progenitors
rather than HSCs in this patient, in keeping with phenotypic
(Fig. S1 F) and single-colony genotyping (Fig. 3 E) data. Finally,
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patient ID15 showed reconstitution following transplantation of
HSCs and +/+, but not GMP.

Terminal analysis of reconstituted mice showed relative en-
richment of HSC and +/+ cells relative to CB-engrafted animals
in three of four cases analyzed (Fig. 4 E and Fig. S4 B), with
higher engraftment in BM than in PB (Fig. 4 F). JMML HSCs also
strongly supported robust reconstitution in secondary trans-
plantations (Fig. 4 G). Mice transplanted with JMML HSCs de-
veloped a JMML-like disease with cytopenias (Fig. S4 C),
characteristic histology (Fig. 4 H and Fig. S4 D), marked sple-
nomegaly (Fig. 41), and reduced leukemia-free survival (Fig. 4]).
Mice also developed JMML-like disease after transplantation of
+/+ HSPCs but not GMP (Fig. S4, E and F). Taken together, these
findings demonstrate that JMML LSC activity is present in, but
not confined to, the phenotypic HSC compartment. JMML HSCs
nevertheless not only showed the most robust reconstituting
potential but were also the key population that induced JMML-
like disease in vivo.

Conservation of molecular hierarchy of JMML HSPCs

To characterize transcriptomic signatures of JMML LSCs, we
next performed RNA-seq analysis of three different JMML LSC
populations (HSC, +/+, and GMP) from six JMML patients.
JMML HSCs showed a higher number of differentially expressed
genes in comparison with CB HSCs (n = 5) than in comparison
with different JMML HSPC subpopulations (Fig. 5 A), and, no-
tably, +/+ cells from JMML shared molecular signatures with
both HSC and GMP (Fig. 5 B). Expression of known HSC genes
was higher in HSCs than other populations in both JMML and
CB, with expression in JMML +/+ cells intermediate between
HSC and GMP, suggesting that a hierarchy may be preserved in
JMML (Fig. 5 C). In keeping with this, myeloid-associated genes
were more highly expressed in GMP in both CB and JMML, with
+/+ cells again showing intermediate expression (Fig. 5 D).
Analysis of cell cycle genes supported that quiescence-associated
gene expression was higher in CB HSCs with proliferation-
associated transcriptional changes in all JMML HSPC pop-
ulations, including HSCs, but more so in JMML GMPs (Fig. 5 E).
Interestingly, the fetal HSC genes HMGA2, CNN3, and VNN2 were
highly expressed in JMML HSCs and to a lesser extent in JMML
+/+ and GMP cells (Fig. 5 F). Gene set enrichment analysis
(GSEA) further supported that JMML HSCs showed more HSC-
and quiescence-associated gene expression than JMML GMPs
(Fig. 5 G). In contrast, JMML GMPs showed up-regulation of
proliferation and pediatric cancer signatures in comparison with
JMML HSCs (Fig. 5 G). Direct comparison of CB versus JMML
HSCs showed a number of clusters of aberrantly expressed
genes, clearly distinguishing JMML HSCs (Fig. 5 H). Hallmark
GSEA revealed enrichment of a number of proliferation-
associated (G2M checkpoint, MYC, and E2F) and DNA repair
gene sets in JMML HSCs versus CB HSCs (Fig. 5 I). We identified
a core set of 24 genes that distinguished JMML HSCs from JMML
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in whole JMML BM and/or PB samples (n = 26) at diagnosis except where indicated; each column represents an individual patient. All patients had RAS gene
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(B-D) Single-cell mutational profiling for three JMML BM samples (ID1[B], ID5 [C], and ID15 [D]). For each panel: (i) FACS indexing of CD34* single cells with
points colored by mutational status; top CD38~; bottom CD38*; (ii) variant allele frequency (VAF) at diagnosis for each mutation detected in bulk BM; (iii)
inferred mutation hierarchy and proportion of each subclone (for ID1 and ID15 only); and (iv) proportion of each subclone in the indicated HSPC subpopulation.
(Ei) FACS indexing of posttransplant (day +30) BM CD34* cells from patient ID5 with single cells colored by donor/patient and mutational status; left:
Lin"CD34+CD38"; right: Lin"CD34*CD38*. Arrow indicates a mutant HSC detected in the posttransplant sample. (Eii) Timeline of pre- and posttransplant
PTPN11 mutation detection by targeted sequencing of bulk BM cells showing that the mutation was not detected by NGS at day +30. Marked day 30 sample
used for single-cell genotyping. (Eiii) Heatmap of the 65 single cell-derived colonies analyzed showing PTPN1I mutational status and patient- and donor-
derived SNPs. Details for number of cells sorted, processed, and analyzed are outlined in the relevant Materials and methods section.

GMPs and CB HSCs (Fig. 5 J) and were overexpressed in JMML-
specific HSPC subpopulations identified by single-cell RNA-seq
(Fig. 5 K). This set of genes included the non-DNA-binding ho-
meodomain protein HOPX, a regulator of primitive hematopoi-
esis (Palpant et al., 2017) and the serine/threonine kinase STK24,
a target of the kinase inhibitor bosutinib (Fig. 5 L; Remsing Rix
et al., 2009).

Identification of new disease-specific biomarkers

One of the top differentially expressed genes (overexpressed in
JMML HSCs) was the cell surface receptor CD96 (Fig. 6 A), also
confirmed to be more frequently expressed in JMML-specific
subpopulations of HSPCs in our single-cell RNA-seq dataset
(Figs. 6, B and C). CD96 has previously been proposed as a bio-
marker and therapeutic target in AML (Hosen et al., 2007). We
confirmed aberrant surface expression of CD96 protein on
JMML LSCs in the majority of patients when analyzing either
total Lin"CD34%90* (Fig. 6 D) or Lin-CD34*CD38-CD90*CD45RA*
(Fig. S5 A) cells. Furthermore, we showed that this aberrant
population of CD96-expressing cells could be detected in two
patients after HSCT who subsequently relapsed (Fig. 6 E and Fig.
S5 B) at a time point when there was no evidence of disease
relapse, raising the possibility that CD96 could be a useful bio-
marker for JMML LSCs. CD96 expression was also positively
correlated with the level of fetal hemoglobin at diagnosis (Fig. 6 F;
Niemeyer and Flotho, 2019). By contrast, CD96 expression on
mature myeloid or B cells in JMML was low (Fig. S5 C), although
expression was higher on CD3* T cells from JMML patients as
reported for healthy individuals (Wang et al., 1992). Interestingly,
CD96 expression was clearly higher on Lin-CD34*CD90* samples
from JMML patients compared with the same immunophenotypic
population in patients with chronic or transforming MPNs
(Fig. 6 G and Fig. S5 D), while in pediatric AML, expression of
CD96 was extremely heterogeneous.

To investigate whether CD96 was differentially expressed on
JMML LSCs, we FACS-sorted Lin-CD34*CD38-CD96* and
Lin-CD34*CD38-CD96~ cells from patient ID5 and assessed the
LSC potential of these populations by xenotransplantation. Re-
cipients of Lin-CD34*CD38-CD96" cells showed rapid engraftment
(Fig. 6 Hi), with all mice succumbing to JMML-like disease 11
wk after transplantation (Fig. 6 Hii). While recipients of the
CD34*CD38-CD96" fraction also showed engraftment, this was ata
lower level than for the mice receiving CD96* cells, and all mice
remained alive up to 19 wk after transplantation (Fig. 6 Hii).

GLUTI: A novel therapeutic target for JMML HSCs
A number of putative therapeutic targets were up-regulated in
JMML HSCs, including overexpression of SLC2Al, which encodes
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the glucose transporter protein GLUT1 (Fig. 7 A). Small-molecule
inhibition of GLUT1 is well known to induce apoptosis in cancer
cells (Wood et al., 2008). To explore whether this target is rel-
evant for JMML, we initially performed apoptosis assays on the
RAS-mutated myeloid leukemia cell lines (THP1, TF1, and GDM]1)
and demonstrated a dose-related cytotoxic effect of the GLUT1
inhibitors WZB117 and fasentin on all three cell lines (Fig. 7 B).
We next showed that both GLUT! inhibitors induced apoptosis
in primary JMML HSPCs in vitro in comparison with pediatric
BM (Fig. 7 C). GLUTI inhibition selectively eradicated prolifer-
ating cells and enriched for quiescent HSPCs (Fig. 7 D).

We next explored whether the cytotoxic effect of GLUT1 in-
hibition was synergistic with the MEK inhibitor PD901, as MEK
inhibitors are in clinical development in JMML. We first dem-
onstrated that both agents independently reduced clonogenicity
of JMML HSPCs (Fig. 7 E). We then demonstrated clear synergy
between PD901 and fasentin when these agents were used in
combination in THPI cells (Fig. 7 F). Finally, we demonstrated
that the addition of PD901 to single-agent GLUT1 inhibition with
either fasentin or WZB117 resulted in markedly enhanced cyto-
toxicity in JMML (Fig. 7 G). These data support further inves-
tigation of GLUT1 inhibitors as a potential novel therapeutic
approach in JMML.

Discussion

Disease relapse after achievement of clinical/morphological re-
mission is a major cause of treatment failure across many dif-
ferent human cancers. Characterization of distinct CSCs, specific
to each type of malignancy, is a crucial step toward improved
approaches for disease monitoring in order to predict disease
relapse and the development of CSC-directed therapy. This task
is difficult in rare pediatric diseases such as JMML, and yet the
need for new disease biomarkers in this disease is particularly
acute because HSCT, the only curative therapy, carries a high
rate of relapse that is often difficult to diagnose promptly. In
hematopoietic cancers such as MDS, MPN, ALL, and AML (le
Viseur et al., 2008; Magee et al., 2012; Mead and Mullally,
2017; Thomas and Majeti, 2017; Woll et al., 2014), LSCs are di-
verse and vary considerably in their frequency and phenotype,
with each providing important insights into LSC biology. How-
ever, for the rare and poor prognosis childhood leukemia JMML,
very little is known about the cellular hierarchy and identity of
LSCs, including whether progenitor cells are transformed in this
condition. We have performed a comprehensive phenotypic,
functional, and molecular analysis of a cohort of JMML patients
and describe significant disruption of the HSPC hierarchy in
JMML, including the presence of an aberrant early progenitor
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Figure 4. Heterogeneity of LSCs in JMML. (A) LTC-IC assay. 100 cells from each population from J]MML BM samples (five different biological replicates) and
CB controls (five different biological replicates) sorted and cultured for 8 wk. Results shown as the percentage of cells from each sample with clonogenic
activity. Data acquired over three independent LTC-IC experiments. Error bars represent mean + SEM. (B) Schematic of in vivo transplantation experiments
with purified HSPC populations into NSG mice. (C) Percentage of human (h)CD45* cells in PB from xenograft CB and JMML HSPCs. Below: Key for each patient
for population, number of cells transplanted, and number of replicates. Student’s t test, * P < 0.05. ID1 HSC versus ID1 +/+, * P = 0.041; ID1 HSC versus ID1
GMP, * P = 0.040. ID5 HSC (n = 250) versus ID5 +/+ (n = 250), * P = 0.044; ID5 HSC (n = 250) versus ID5 GMP (n = 250), * P = 0.02. Four different JMML BM
samples were used (ID1, ID3, ID5, and ID15) and four different CB controls. Number of animals per group is shown in Fig. 4 C. (D) Lineage of PB reconstitution of
mice with >1% human engraftment at terminal time point. Color bars (top) correspond to population and cell number groups as in C. Two-way ANOVA,
compared with CB controls. CB lymphoid versus ID1 lymphoid, **** P < 0.0001; CB lymphoid versus ID3 lymphoid, **** P < 0.0001; CB lymphoid versus ID5
lymphoid, **** P < 0.0001; CB lymphoid versus ID15 lymphoid, ** P < 0.0024; CB myeloid (My) versus ID3 myeloid, ** P = 0.0038; CB myeloid versus ID5
myeloid **** P < 0.0001, and CB myeloid versus ID15 myeloid, * P = 0.016. Rep., representative. (E) BM analysis of mice transplanted with HSCs from CB (n =
12) or JMML BM (n = 4 samples; 16 mice). Mean percent human engraftment at terminal time point (top); percent engraftment (of total hCD45* cells) for each
HSPC population shown below each population; and log fold-change (FC) for JMML compared with CB controls indicated by the color chart. (F) Comparison of
percent hCD45* cells in PB versus BM at terminal time point with best fit (black) and a 1:1 ratio (red). (G) PB hCD45* cell percentage in secondary trans-
plantation of CB and JMML HSCs. (H) Photomicrograph of Giemsa-stained BM sections from mice transplanted with purified CB (left) or JMML (right) HSCs.
Scale bars, 100 um. (1) Left panel: Terminal spleen weight from mice transplanted with CB versus JMML HSCs, ** P = 0.0087, Mann-Whitney test. Right panel:
Representative images of increased spleen size in JMML versus CB HSC-transplanted mice. (J) Kaplan-Meier leukemia-free survival curve of mice transplanted

with purified JMML HSCs or CB HSCs. Significance by log-rank test, **** P < 0.0001. LMPP, lymphoid primed multipotent progenitor.

cell (Lin-CD34*CD38-CD90*CD45RA") that may reflect an un-
derlying aberrant HSC myeloid differentiation pathway in
JMML. Interestingly, this population has also been observed in
adult patients with myeloid malignancies associated with mon-
osomy 7 (Dimitriou et al., 2016). Consistent with this, we also
observed impaired megakaryocyte and erythroid output from
JMML HSCs.

Backtracking of somatic genetic lesions to distinct HSPC
subsets is a powerful method to help identify CSCs, as mutations
acquired by short-lived progenitors that lack self-renewal ability
are not able to propagate the disease (Woll et al., 2014). Using a
similar approach combining single-cell index sorting and colony
genotyping, we demonstrate that all JMML driver mutations
could be backtracked to the phenotypic HSC compartment with
RAS-pathway mutations as a “first hit.” Despite being relatively
genetically simple in comparison with other tumors, we ob-
served JMML patients with both linear and branching patterns
of clonal evolution in JMML HSCs. Importantly, we were able to
detect mutant HSPCs in a post-HSCT patient a month before
molecular/clinical evidence of relapse. At the same time point, a
population of CD96* cells within the Lin-CD34*CD90* gate could
be detected by FACS on patient cells but not on normal controls.
Taken together, this strongly suggests that the presence of
JMML HSPCs with aberrant phenotype could be used to predict
impending relapse in JMML patients, thus providing a much-
needed biomarker of residual disease after HSCT, although this
will need to be validated in larger clinical cohorts before it could
be applied clinically.

Although our colony genotyping data supported that pheno-
typic HSCs might be the cell of origin in JMML, it remains
possible that transformation occurs at the progenitor cell level
with subsequent aberrant up-regulation of HSC surface mark-
ers. Analysis of patient samples cannot discriminate between
these two possibilities. Relating to this point, it is noteworthy
that RNA-seq also supported hierarchical organization of JMML
HSPCs, with HSCs displaying higher expression of HSC-
associated transcriptional programs in comparison with JMML
progenitors, albeit with aberrant expression of proliferation and
fetal-associated genes. Functional analysis (xenotransplantation
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and LTC-IC assays) revealed marked inter-patient heterogeneity
of JMML LSCs. Thus, while JMML HSCs were consistently able to
support LTC-IC potential and engraftment in xenograft models,
some patients also showed evidence of self-renewal of progenitor
cells, including GMPs and the novel +/+ cell population that we
describe. Interestingly, this suggests that JMML displays a dis-
tinct biology, sharing some features with MDS/MPN, which are
propagated by the counterparts of HSCs (Mead and Mullally,
2017; Woll et al., 2014), and other features with acute leuke-
mias, which show transformation of progenitor populations but
cannot usually be propagated by HSCs lacking the late driver
mutations acquired by transformed progenitor/precursors (Jan
et al,, 2012; le Viseur et al., 2008; Thomas and Majeti, 2017).
Importantly, we demonstrate that the +/+-aberrant HSPC pop-
ulation was particularly prominent in serial samples taken from
JMML patients that relapsed. Furthermore, JMML HSPCs en-
grafted robustly in NSG mice, rather than exhibiting the poor
in vitro and in vivo proliferative capacity characteristic of adult
MDS stem cells (Woll et al., 2014). These biological features of
pediatric versus adult MDS may reflect the impact of RAS driver
mutations on JMML HSCs and/or coexpression of a proliferative
fetal gene program, such as we observed here in the JMML
HSCs but not reported in adult MDS (Woll et al., 2014). Of spe-
cific note, the fetal HSC-specific gene VNN2, encoding the
glycophosphatidylinositol-anchored surface protein GPI-80, was
markedly overexpressed by JMML HSCs (Prashad et al., 2015).
This is of particular interest, as disease-associated mutations in
JMML can often be tracked back to neonatal blood spots and fetal
hemoglobin is often increased in JMML cases (Locatelli and
Niemeyer, 2015), together suggesting a fetal origin of JMML.
However, a limitation of this current analysis is that earlier
neonatal samples taken at birth (CB or neonatal blood spots)
were not available. Consequently, while our data support a fetal
origin of the JMML cases studied, this cannot be definitively
established.

The above findings are in line with a recent report (Caye
et al., 2020) that also demonstrated the presence and hetero-
geneity of JMML LSCs but concluded that the HSPC com-
partments (phenotypically and molecularly) were globally
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Figure 5. Conservation of molecular hierarchy of JMML HSPCs and novel therapeutic targets for JMML HSCs. (A) Nearest neighbor analysis of purified
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biological replicates, and normal CB control, n = 5 different biological replicates. (B) Heatmap of top differentially expressed genes between JMML HSC, JMML
+/+, and JMML GMP. (C-F) Gene expression for CB HSC (black), CB GMP (gray), JMML HSC (blue), JMML CD90*/CD45RA" (+/+; orange), and JMML GMP (red)
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for known stem cell genes (C); myeloid genes up-regulated in JMML and CB GMP (D); cell cycle-related genes (E); and expression in JMML HSPCs of known fetal
HSC genes (F). (G) GSEA of JMML HSCs versus JMML GMPs with up-regulation of gene sets for HSC markers and CML quiescence in HSCs (top) and up-
regulation of gene sets for pediatric cancer and CML proliferation gene sets in GMPs (bottom). NES, normalized enrichment score. (H) Heatmap depicting
k-means clustering of top differentially expressed genes between JMML HSCs and CB HSCs with an FDR cutoff <0.1. Cluster size corresponds to the number of
genes within each significant cluster. (I) Hallmark GSEA between JMML HSCs and CB HSCs depicting up-regulated gene sets in JMML. Dashed line represents
an FDR cutoff of <0.1; numbers next to the bars represent NES. (J) Identification of a JMML LSC-specific gene signature from bulk RNA-seq. (K) Single-cell gene
expression of the JMML stem cell genes identified in Fig. 5 . Clusters are as identified in Fig. 2 B. Expression plotted as mean UMI. (L) Heatmap of top
differentially expressed genes between JMML HSC, JMML +/+, and JMML GMP. Data acquired over two independent experiments. TPM, transcripts per million.

maintained in JMML. However, although phenotypic analysis
of HSPCs showed considerable overlap with normal pediatric
BM HSPCs, such analyses, based on a small number of canonical
surface markers, often fail to reveal underlying cellular het-
erogeneity. In contrast, using a combination of phenotypic
analyses, functional assays, single-cell molecular lineage trac-
ing, and RNA-seq, we show marked disruption of the HSPC
compartment in JMML at diagnosis and relapse and thereby
identify therapeutic vulnerabilities of JMML LSCs. Single-cell
RNA-seq analysis is a powerful method to resolve such heter-
ogeneity and has been widely used to analyze HSPCs (Povinelli
et al., 2018). We have shown that in CML and MPN, such an
approach can help to resolve normal and malignant stem cells
(Giustacchini et al., 2017; Psaila et al., 2020; Rodriguez-Meira
et al., 2019). We therefore used a similar approach to analyze
over 17,000 HSPCs from CB and JMML patients, revealing that
JMML HSPCs are molecularly highly distinct. Bulk RNA-seq
analysis of JMML LSCs revealed evidence of a hierarchical or-
ganization of HSPCs in JMML, with HSCs residing at the apex of
this hierarchy and +/+ cells sharing features of both HSCs
and GMPs.

Importantly, this analysis also allowed us to identify a
number of up-regulated or aberrantly expressed putative ther-
apeutic targets in the JMML HSC. We demonstrate aberrant
high-level expression of CD96 on the cell surface of JMML LSCs,
which represents a potential biomarker of JMML LSCs and could
be developed as an immunotherapeutic target, as also previously
proposed in AML (Staudinger et al., 2013; Chéavez-Gonzéilez
et al.,, 2014), adult MDS (Zhang et al.,, 2015), and ALL (Wang
et al., 2013). Furthermore, we validate GLUT1 inhibition as a
novel therapeutic approach to target JMML HSPCs either as a
single agent or in combination with MEK inhibition. As eradi-
cation of CSCs/LSCs is not only necessary but also potentially
sufficient to achieve disease eradication (Magee et al., 2012),
further evaluation of these targets is warranted.

In summary, we describe an integrated phenotypic, func-
tional, and molecular analysis of JMML LSCs, illustrating
marked intra- and inter-patient heterogeneity of LSCs. We
identified a number of candidate biomarkers and therapeutic
targets, paving the way for LSC-directed disease monitoring and
therapy in JMML.

Materials and methods

Contact for reagent and resources

Further information and requests for resources and reagents
should be directed to and will be fulfilled by Adam Mead

(adam.mead@imm.ox.ac.uk).
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Patient sample collection

Patient samples and normal controls were prospectively col-
lected following informed consent, in accordance with the
Declaration of Helsinki for sample collection and use in research
under the UK National Institute of Health Research, National
Health Service (NHS), Research Ethics Committee (REC)-
approved Pediatric MDS/JMML study (NHS REC reference
number 15/L0/0961) or normal pediatric BM (NHS REC refer-
ence number 12/1.0/0426). An additional JMML patient sample
was provided by the Bloodwise Childhood Leukemia Cell Bank
(NHS REC reference number 16/SW/0219). CB samples were
commercially sourced (Zenbio US; Cat# SER-CD34-F). Adult
MPN samples used were collected under the INForMeD study
(NHS REC number 16/1.0/1376). Detailed phenotypic and clinical
characteristics (Table S1) were captured on a secure online
platform using the Human Ontology Database tool. Clinical de-
tails for the sample provided by the Leukemia Cell Bank were
not available. Mononuclear cells (MNCs) from PB and BM
samples were isolated on Ficoll density gradients and cry-
opreserved in 90% FBS and 10% DMSO. Cells were thawed and
processed for downstream analysis as previously described
(Woll et al., 2014). Additional information on FACS sorting of
samples is detailed in supplemental materials.

In vitro assays

Cell lines

The M210B4 cell line was maintained in RPMI (Gibco) 10% FBS
(HyClone), the SI/Sl cell line was maintained in DMEM (Gibco) 15%
FBS (HyClone), and the MS5 cell line was maintained in AlphaMEM
(Invitrogen) 10% FBS (HyClone). The THP1 cell line was maintained
in RPMI (Gibco) + 10% FBS + 1% penicillin-streptomycin (Sigma-
Aldrich), the GDM-1 cell lines were maintained in RPMI (Gibco) +
20% FBS + 1% penicillin-streptomycin (Sigma-Aldrich), and the TF1
cell lines were maintained in RPMI (Gibco) + 20% FBS + 5 ng/ml
GM-CSF (Sigma-Aldrich) + 1% penicillin-streptomycin.

FACS

FACS sorting of MNCs was performed using the FACS Aria II,
FACS Aria III, and FACS Aria Fusion (Becton Dickinson). All
FACS experiments included single color-stained controls
(CompBeads; BD Biosciences) and fluorescence minus one
controls. Bulk and single-cell HSPCs were isolated from JMML
patient samples and normal controls. For all single-cell ex-
periments, sorting was performed using the single-cell purity
setting and tested by the deposition of single beads into the
bottom of 96-well plates and checking by fluorescence micros-
copy. Index-sort data for single cells of the mean fluorescence
intensities of CD34, CD38, CD90, CD45RA, and CD123 were also
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Figure 6. CD96 expression in JMML HSPCs. (A) CD96 expression by bulk RNA-seq in JMML and CB HSCs, P < 0.05 Benjamini-Hochberg-corrected false
discovery rate. Data acquired through bulk RNA-seq. (B) CD96 expression by single-cell RNA-seq (left) on tSNE analysis from CB and JMML (right). (C) Violin
plots of single-cell CD96 expression in JMML and CB CD34* HSPCs. (D) CD96 expression by FACS in CB and JMML Lin-CD34+*CD90* cells showing percentage
of Lin-CD34+*90* cells expressing surface CD96 (JMML, n = 19 different biological replicates; CB controls, n = 11 different biological replicates). Data acquired
over five independent experiments. Statistical analysis performed by Mann-Whitney test, **** P < 0.0001. Error bars represent mean + SEM. (E) Presence of
Lin"CD34*CD90*CD96* cells in paired diagnostic and posttransplant samples in patient ID5 detected by flow cytometry. Data acquired over two independent
experiments; representative plots from one experiment shown. Dashed line represents the CD96 gate. (F) Dot plot showing correlation between CD96 ex-
pression on Lin"CD34*CD90* cells from JMML patients (age > 6 mo) at diagnosis and fetal hemoglobin (HbF) percentage at the same time point. Pearson’s
correlation and P value generated by ggplot2 and ggExtra R package (P = 0.0043). JMML, n = 17 different biological replicates. Data acquired over five in-
dependent experiments. (G) CD96 expression by FACS in Lin"CD34*CD90" cells in JMML patient samples (n = 19 different biological replicates), CB controls
(n = 11 different biological replicates), and different pediatric and adult myeloid malignancies (MPN: essential thrombocytopenia, n = 3 different biological
replicates; myelofibrosis, n = 3 different biological replicates; CML, n = 3 different biological replicates; polycythemia vera, n = 3 different biological replicates;
MPN transformed to AML (tMPN AML), n = 5 different biological replicates; and pediatric AML cases, n = 3 different biological replicates. **** P < 0.0001. Error
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bars represent mean + SEM. Data acquired over six independent experiments. (Hi) Percent human CD45* cells in PB from mice transplanted with CD96" (red
line) or CD96~ (black dashed line) Lin-CD34+*CD38~ cells. Data acquired from one independent experiment. Error bars represent mean + SEM. (Hii) Kaplan-
Meier leukemia-free survival curve of mice transplanted with purified JMML Lin-CD34+*CD38~ CD96" (n = 1,802 cells per recipient) or JMML Lin-CD34*CD38~
CD96™ cells (n = 382 cells per recipient). Three animals transplanted per group. Significance by log-rank test, * P = 0.025. TPM, transcripts per million.

recorded for each individual cell isolated. To check the correct
alignment of the sorter, BD FACS Accudrop Beads (BD Bio-
sciences) were sorted into a 96-well plate or Eppendorf tube in
order to ensure that all beads were delivered to the bottom of the
well/tube. Purity of a sorted population was performed by re-
analysis of sorted populations and was typically >95%. Flow cy-
tometry profiles of the human HSPC compartments were
analyzed using Flow]Jo software (version 10.1).

Antibodies for HSPC sorting and analysis were CD34 APC-
eFluor780 (eBioscience; Clone: 4H11, Cat# 47-0349-42, RRID:
AB_2573956), CD38 PE-Texas Red (Invitrogen; Clone: HIT2,
Cat# MHCD3817, RRID: AB_10392545), CD90 BV421 (Biolegend;
Clone: 5 E 10, Cat# 328122, RRID: AB_2561420), CD45RA
PE (eBioscience; Clone: HI100, Cat# 12-0458-41, RRID:
AB_10717397), CD123 PE Cy7 (Biolegend; Clone: 6H6, Cat#
306010, RRID: AB_493576), CD8 (Biolegend; Clone: RPA-TS,
Cat# 301006, RRID: AB_314124), CD20 (Biolegend; Clone: 2H7,
Cat# 302304, RRID: AB_314252), CD2 (BD Biosciences; Clone:
RPA-2.10, Cat# 555326), CD3 (BD Biosciences; Clone: SK7, Cat#
345763), CD16 (eBioscience; Clone: eBioCB16, Cat# 11-0168-41,
RRID: AB_10804882), CD19 (eBioscience; Clone: HIB19, Cat#
11-0199-42, RRID: AB_10669461), CD235a (eBioscience; Clone:
HIR2, Cat# 11-9987-82, RRID: AB_465477), CD66b (Biolegend;
Clone: GIOF5, Cat# 305104, RRID: AB_314496), CD10 (Biolegend;
Clone: HI10a, Cat# 312208, RRID: AB_314919), and CDI127 (eBio-
science; Clone: RDR5, Cat# 11-1278-42, RRID: AB_1907343), each
FITC. JMML patient samples were also stained for CD96 ex-
pression (laboratory of Martin Gramatzki (Division of Stem Cell
Transplantation and Immunotherapy, Department of Medicine,
University of Kiel, Kiel, Germany); Clone: TH-111, donkey anti-
mouse PE [eBioscience; Cat# 12-4010-82, RRID: AB_11063706]
using the same panel described above with CD45RA BV650 [Bi-
olegend; Clone: HI100, Cat# 304136, RRID: AB_2563653]).

Single-cell clonogenic assays

Single HSPCs were sorted based on their immunophenotypic
definitions into 96-well plates with 50 pl of MethoCult H4435
(StemCell Technologies, Inc.). Lineage output was assessed on day
7, day 10, and day 14 by evaluating the morphology of the colonies
under direct light microscopy, and individual colonies were
picked for cytospins and flow cytometry or resuspended in 10 pl of
PBS, flash frozen, and stored at -80° for downstream mutational
analysis. For targeting candidate JMML targets, PD-0325901
(Cambridge Bioscience; Cat# HY-10254; final concentrations 1 pM
or 5 uM), fasentin (Sigma-Aldrich; Cat# F5557-5MG, final con-
centrations 5 nM or 20 nM), or equivalent DMSO vehicle control
were added to the MethoCult before FACS sorting.

Single-cell erythroid/megakaryocytic liquid culture assay
Single cells were directly sorted into 96-well plates with ery-
throid/megakaryocyte bipotential medium for erythroid and
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megakaryocytic output (Psaila et al., 2016). StemSpan (StemCell
Technologies, Inc.) was supplemented with thrombopoietin
(TPO; 100 ng/ml), erythropoietin (EPO; 1 IU/ml), stem cell factor
(SCF; 100 ng/ml), IL-3 (10 ng/ml), IL-6 (10 ng/ml; all from
Peprotech), and human low-density lipoprotein (40 mg/ml;
StemCell Technologies, Inc.). Single cells were cultured at 37°C
in 5% CO, for 2 wk, and colony readout was performed by direct
light microscopy and flow cytometry using CD4la APC (eBio-
science; Clone: HIP8, Cat# 17-0419-42, RRID: AB_2573144),
CD42b PE (eBioscience; Clone: HIPI, Cat# 12-0429042, RRID:
AB_10852864), CD11b FITC (eBioscience; Clone: ICRF44, Cat#
11-0118-42, RRID: AB_1582242), CD14 FITC (eBioscience; Clone:
61D3, Cat# 11-0149-41, RRID: AB_10597445), CD34 APC-eFluor
780 (Clone: 4H1l, Cat# 47-0349-42, RRID: AB_2573956), and
CD235a PerCp Cy5.5 (Biolegend; Clone: HIR2, Cat# 306614, RRID:
AB_10683170). CD41a and CD42b double-positive cells were used
to identify the megakaryocytic output.

B cell-differentiation MS5 co-cultures
100 cells from relevant HSPC populations were sorted into cytokine-
containing medium (AlphaMEM), 10% heat-inactivated (batch-
tested) FBS, FLT3 (10 ng/ml), SCF (20 ng/ml), IL-2 (10 ng/ml), and
IL-7 (5 ng/ml; all from Peprotech). Sorted cells were cultured on
MS5 stroma cell lines (DSMZ; Cat# ACC 441) for 4 wk. Co-cultures
were disaggregated by vigorous pipetting, passed through a 70-um
filter, and replated on fresh MS5 cells every 4 d. Colony readout to
assess the lymphoid output was performed by flow cytometry at
weeks 2, 3, and 4 of the assay with CD11b FITC (eBioscience; Clone:
ICRF44, Cat# 11-0118-42, RRID: AB_1582242), CD14 FITC (eBio-
science; Clone: 61D3, Cat# 11-0149-41, RRID: AB_10597445), CD34
APC-eFluor 780 (eBioscience; Clone: 4HI1, Cat# 47-0349-42, RRID:
AB_2573956), CD235a PerCp Cy5.5 (Biolegend; Clone: HIR2, Cat#
306614, RRID: AB_10683170), human CD45 Alexa Fluor 700 (Bio-
legend; Clone: HI130, Cat# 304024, RRID: AB_493761), CD19 PE
(BD Biosciences; Clone: SJ25Cl, Cat# 345789), CD56 FITC (eBio-
science; Clone: TULY56, Cat# 11-0566-42, RRID: AB_2572458), and
CD33 FITC (BD Biosciences; Clone: HIM3-4, Cat# 555626).
Lymphoid output for two control samples was assessed with
human CD45 Alexa Fluor 700 (BD; Clone: 2D1, Cat# 56-9459-42),
CD19 APC (Biolegend; Clone: HIBI9, Cat# 302212), CD56 PE (eBio-
science; Clone: CMSSB, Cat# 12-0567-41, RRID: AB_10598372), CD10
PE Cy7 (eBioscience, Clone: ebioCB-CALLA, Cat# 25-0106-42), CD34
PerCPCy5.5 (Biolegend; Clone: 581, Cat# 343522), CD73 BV42l
(Biolegend; Clone: AD2, Cat# 344008), CDI11b (eBioscience; Clone:
ICRF44, Cat# 11-0118-42, RRID: AB_1582242), CD14 (eBioscience;
Clone: 61D3, Cat# 11-0149-41, RRID: AB_10597445), and CD33 (BD
Biosciences; Clone: HIM3-4, Cat# 555626), all FITC.

Annexin V in vitro apoptosis assays
Apoptosis assays with cell lines. THP1, GDM]1, and TF1 cell
lines were cultured in vitro in the media conditions outlined
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Figure 7. GLUTI: A novel therapeutic target for JMML HSCs. (A) Gene expression of SLC2A1 by bulk RNA-seq in JMML HSCs and CB HSCs. (B) Percentage of
nonviable cells (Annexin-V* and propidium iodide-positive) from THP1 cell line (left panels), GDM-1 cell line (middle panels), and TF1 cell line (right panels)
treated with GLUT1 inhibitors (WZB117: top three panels; fasentin: bottom three panels) and analyzed 24 h after treatment. THPL, four independent ex-
periments with at least two replicates per dose; GMDL, three independent experiments with at least two replicates per dose; TF1, four independent ex-
periments with at least two replicates per dose. Error bars represent mean + SEM. (C) Percent Annexin-V* CD34* cells in vehicle control-treated normal
pediatric BM (PBM) controls (n = 4) and JMML CD34* cells (n = 4) 24 h after treatment with WZB117 50 uM, ** P = 0.0028 (top panel), or fasentin 200 uM, * P =
0.047 (bottom panel). Two independent experiments. Error bars represent mean + SEM. Statistical analysis performed by Mann-Whitney test. (D) Cell cycle
analysis of JMML CD34* (n = 3) and CB CD34* controls (n = 4) 7 d after treatment with GLUTL inhibitors. Two independent experiments. Error bars represent
mean + SEM. Two-way ANOVA: JMML DMSO versus JMML WZB117 (GO-G1), ** P = 0.0083; JMML DMSO versus JMML fasentin (GO-G1), ** P = 0.0041; and
JMML DMSO versus JMML WZB117 (S/G2/M), ** P = 0.0021. (E) In vitro single-cell clonogenicity of CB (n = 3) and JMML CD34*CD38~ HSPCs (n = 5) with
selected targeted inhibitors. Error bars represent mean + SEM. Three independent experiments, 30 cells from each biological replicate plated per condition.
Mann-Whitney test, * P = 0.0411; ** P = 0.0079. FC indicates fold change. (F) Matrix illustrating drug synergy between GLUT1 inhibitor (fasentin) and MEK-
inhibitor (PD901), representative result of two independent experiments on THP1 cell lines measuring percentage of nonviable cells after 24 h after treatment,
synergy z-score 27.488. (G) Percent Annexin-V* over vehicle control-treated CB CD34* (n = 4) and JMML CD34* (n = 4) 24 h after treatment with WZB117 50
uM, fasentin 200 uM, PD901 50 uM, and combinations of WZB117 with PD901 and fasentin with PD901 at the same doses. Three independent experiments;
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error bars represent mean + SEM. CB WZB117 versus JMML WZB117, ** P = 0.002; CB WZB117 + PD901 versus JMML WZB117 + PD901, ** P = 0.0019; CB
fasentin versus JMML fasentin, * P = 0.029; CB fasentin + PD901 versus JMML fasentin + PD901, * P = 0.028; and JMML WZB117 versus JMML WZB117 + PD901,

* P = 0.013; Mann-Whitney test. TPM, transcripts per million.

above. Typically, 1,000 cells were harvested and treated with
either WZB117 (Cambridge-Bioscience; Cat# HY-10254), fasentin
(Sigma-Aldrich; Cat# F5557) alone or in combination with PD-
0325901 (Cambridge Bioscience; Cat# HY-10254) at indicated
concentrations. Cells were incubated at 37°C in 5% CO,, for 24 h
and then analyzed by flow cytometry using the Annexin kit
(eBioscience; Cat# 88-8007) per manufacturer’s instructions.
The drug synergy score for the drug combination matrix was
calculated by using the SynergyFinder R-package available
through the SynergyFinder web application v2: visual analytics
of multi-drug combination synergies (https://github.com/
IanevskiAleksandr/SynergyFinder; Ianevski et al., 2017, 2020).
Synergy scores indicate the percentage of response beyond the
expected drug effect when each drug is used in isolation.

Apoptosis assays with primary cells. 500-1,000 primary
Lin~CD34"* cells from either JMML samples or normal CB or
pediatric BM controls were FACS sorted into culture media
(StemSpan with 1x BIT9500; StemCell Technologies, Inc.),
10 ng/ml SCF (Peprotech), 10 ng/ml FLT3L (Peprotech), 10 ng/ml
TPO, 5 ng/ml IL-3 (Peprotech), 10 ng/ml G-CSF (Thermo Fisher),
and 1 IU/ml EPO (Roche) and treated with either WZB117
(Cambridge-Bioscience; Cat# HY-10254) or fasentin (Sigma-
Aldrich; Cat# F5557) at indicated concentrations. Cells were
incubated at 37°C in 5% CO, for 24 h and then analyzed by flow
cytometry using the Annexin kit as per the manufacturer’s
instructions.

Cell cycle in vitro assays

500-2,000 primary Lin-CD34" cells from either JMML patients
or normal CB or pediatric BM controls were FACS sorted into
culture media (StemSpan with 1x BIT9500, 10 ng/ml SCF, 10 ng/
ml FLT3L, 10 ng/ml TPO, 5 ng/ml IL-3, 10 ng/ml G-CSF (Thermo
Fisher), and 11U/ml EPO (Roche) and treated with either WZB117
(Cambridge-Bioscience) or fasentin (Sigma-Aldrich) at indicated
concentrations. Cells were incubated at 37°C in 5% CO, for 7 d,
then fixed with 70% ethanol and incubated for 1 h at -20°C. Cells
were washed in PBS, stained with propidium iodide (eBio-
science; Cat# 00-6990) at 4°C and analyzed by flow cytometry
24 h after incubation.

LTC-IC

Stem cell potential was assessed in vitro using the LTC-IC assay
as previously described (Woll et al., 2014). Mouse stromal cell
lines (M210B4 and SL/SL, sourced from Dr. Donna Hogge, Terry
Fox Laboratory, University of British Columbia, Vancouver,
Canada) were cultured for 7 d in RPMI supplemented with 10%
FBS and DMEM supplemented with 15% FBS, respectively. An-
tibiotic selection was performed for an extra 7 d with hygrom-
ycin and G418, followed by irradiation 24 h before FACS sorting.
HSPCs from JMML patient samples and CB controls were iso-
lated by FACS as described above, and 100 cells/well were
seeded in H5100 MyeloCult medium (StemCell Technologies,
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Inc.) supplemented with 10~ hydrocortisone 21-hemisuccinate
(StemCell Technologies, Inc.) and co-cultured with SL/SL and
M210B4 stroma cells. Sorted populations were cultured for 6 wk,
with half of the medium replaced once weekly. Individual wells
were harvested after 6 wk and transferred to MethoCult H4435.
Colony output was evaluated after 2 wk under direct light
microscopy.

Electron microscopy
Electron microscopy photographs were obtained with the
Olympus microscope BX60.

NSG xenotransplantation experiments

All procedures involving animals were approved by the UK
Home Office Project license (PPL 30-3103). NSG mice were
obtained through The Jackson Laboratory and maintained in
individually ventilated cages in a specific pathogen-free facility.
Male and female mice were randomly assigned to groups. NSG
xenografts were performed in 10-14-wk-old mice. FACS-
purified HSPC populations were transplanted into NSG
(NOD.Cg-Prkdcsi [12rgt™Wil/Sz]) mice (The Jackson Laboratory;
Cat# 005557) 10-14 wk of age, following sublethal irradiation
(split dose of 2.5 Gy delivered 4 h apart). Cells were injected
through tail vein injection 6-8 h after the last radiation dose.
Human cell reconstitution and lineage distribution were
monitored by flow cytometry in the PB at 5, 10, 16, or 22 wk
after transplant. For terminal readouts, mice were sacrificed,
and flow cytometry analysis of the BM, spleen, and PB was
performed in order to assess human cell reconstitution and
immunophenotype of the engrafting population. BM MNCs
from primary transplants were cryopreserved and used for
secondary transplantation. PB was stained with Human CD45
Alexa Fluor 700 (Biolegend; Clone: HI130, Cat# 304024, RRID:
AB_493761), Mouse CD45 PE-Texas Red (Invitrogen; Clone: 30-
Fl1, Cat# MCD4517, RRID: AB_10392557), CD19 PE (BD; Clone:
SJ25C1, Cat# 345789), CD34 APC-eFluor 780 (eBioscience; Clone:
4H]11, Cat# 47-0349-42, RRID: AB_2573956), CD235a PerCP Cy5.5
(Biolegend; Clone: HIR2, Cat# 306614, RRID: AB_10683170), CD15
(BD Biosciences, Clone: MMA, Cats# 347423), CD33 (BD Biosciences;
Clone: HIM3-4, Cat# 555626), CD66b (Biolegend; Clone: G10F5, Cat#
305104, RRID: AB_314496), CDI11b (eBioscience; Clone: ICRF44, Cat#
11-0118-42, RRID: AB_1582242), and CD14 (eBioscience; Clone: 61D3,
Cat# 11-0149-41, RRID: AB_10597445), each FITC.

BM was stained with CD34 APC-eFluor 780 (Clone: 4Hll,
Cat# 47-0349-42, RRID: AB_2573956), CD38 PE-Texas Red (In-
vitrogen; Clone: HIT2, Cat# MHCD3817, RRID: AB_10392545),
CD90 BV421 (Biolegend; Clone: 5 E 10, Cat# 328122, RRID:
AB_2561420), CD45RA PE (eBioscience; Clone: HII00, Cat#
12-0458-41, RRID: AB_10717397), CDI23 PE Cy7 (Biolegend;
Clone: 6H6, Cat# 306010, RRID: AB_493576), Mouse CD45 BV510
(Biolegend; Clone: 30-Fl11, Cat# 103138, RRID: AB_2563061),
Human CD45 AF700 (Biolegend; Clone: HII30, Cat# 304024,
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RRID: AB_493761; and BD Biosciences; Clone: 2D1, Cat# 56-9459-
42), CD8 (Biolegend; Clone: RPA-T8, Cat# 301006, RRID:
AB_314124), CD20 (Biolegend; Clone: 2H7, Cat# 302304, RRID:
AB_314252), CD2 (BD Biosciences; Clone: RPA-2.10, Cat#
555326), CD3 (BD Biosciences; Clone: SK7, Cat# 345763), CD16
(eBioscience; Clone: eBioCB16, Cat# 11-0168-41, RRID:
AB_10804882), CD19 (eBioscience; Clone: HIB19, Cat# 11-0199-
42, RRID: AB_10669461), CD235a (eBioscience; Clone: HIR2, Cat#
11-9987-82, RRID: AB_465477), CD66b (Biolegend; Clone: GIOF5, Cats
305104, RRID: AB_314496), CDIO (Biolegend; Clone: HI10a, Cat# 312208,
RRID: AB_314919), and CD127 (eBioscience; Clone: RDRS5, Cats#
11-1278-42, RRID: AB_1907343), each FITC. Further details of the
antibodies used can be found in the key resource Table S4.

NSG mice were bred at Oxford Biomedical Services. All ani-
mal protocols were approved by the UK Home Office. For
leukemia-free survival, mice were monitored for health and
weight loss and euthanized if presenting with health concerns.
Leukemia incidence was confirmed by the presence of leukemic
engraftment in PB >50%. Femurs preserved were fixed in neu-
tral buffered formalin and embedded in paraffin for tissue sec-
tioning and staining according to standard techniques.

Bulk targeted next-generation sequencing (NGS)

DNA was extracted from whole PB or BM using the Qiagen
DNeasy blood and tissue kit. DNA was also extracted from hair
and/or skin fibroblasts to screen for germline mutations. A
customized targeted NGS panel was designed using the Illumina
design studio (http://www.illumina.com/informatics/research/
experimental-design/designstudio.html) to screen for the most
common mutations identified in this patient group. The NGS
panel contained 32 genes with a total of 916 amplicons (covering
301 exons; Table S2). Coverage of each nucleotide within a target
region was assessed for every sample on each sequencing
run using the in-house customized software Covermi. Library
preparation and sequencing was performed using the Illumina
Truseq Custom Amplicon panel v1.5 kit (Illumina; Cat# WG-311-
8007), and sequencing was performed using the Illumina MiSeq
with the v2 300 cycle reagent kit.

Data analysis of the targeted NGS dataset

Data analysis was performed using in-house bioinformatic pipe-
lines at the Oxford Molecular Diagnostic Center. In short, FASTQ
files were processed by the MiSeq Reporter, and sequences were
aligned to the reference genome (hgl9) by the Smith-Waterman
algorithm and Ilumina Somatic Variant caller (1.1.0). Variants
were annotated using Illumina VariantStudio (2.2) and were fil-
tered using the following passing filters: quality >100 and conse-
quence: missense, frameshift, stop gained, stop lost, initiator
codon, in-frame insertion, in-frame deletion, and splice filters.
Variants were first verified by visual check by using the Interac-
tive Genomics Viewer (IGV, 2.3.40) and confirmed by either
Sanger sequencing or PCR-based mutational analysis performed
in the Great Ormond Street Hospital diagnostic laboratory.

Mutational analysis of colonies derived from single cells
Mutations were traced back to HSPCs by the mutational analysis
of colonies that arise from single cells sorted from each
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population. Patient-specific primers were designed for down-
stream amplification of the region of interest using the Primer
blast tool website (https://www.ncbi.nlm.nih.gov/tools/primer-
blast/). The sequences of primers used can be found in Table S3.
For every individual cell sorted for genotyping, all index-sort
data of the mean fluorescence intensities for CD34, CD3S8,
CD90, CD45RA, and CD123 were recorded. This allowed the im-
munophenotypic identification of every cell processed and
mapping of the JMML mutations onto the hematopoietic
hierarchy.

Colonies derived from sorted single cells from each popula-
tion were picked and resuspended in 10 pl PBS and frozen at
-80°C for downstream analysis. Samples were thawed and lysed
using 15 ul of a custom lysis buffer containing 10% Proteinase K
(Qiagen) and 0.4% Triton X. Samples were incubated at 56°C for
10 min and 75°C for 20 min to release genomic DNA and inac-
tivate the Proteinase K, respectively. Regions of interest were
amplified using a three-step nested PCR method with FastStart
High Fidelity enzyme (Roche). For the first PCR, 3.6 pl of the
lysate was amplified with patient-specific primers covering the
regions of interest with a targeted length of ~300-bp amplicons.
For the second PCR step, 1 pl of the PCRI1 product was amplified
with nested target-specific primers generating ~200-bp ampli-
cons. Primers for PCR 2 were attached to Access Array adaptors
(Fluidigm; forward adaptor: 5'-ACACTGACGACATGGTTCTACA-3;
reverse adaptor: 5'-TACGGTAGCAGAGACTTGGTCT-3'). Lastly, for
the third PCR step, Illumina-compatible adaptors containing
single-direction indexes (Access Array Barcode Library for
Illumina Sequencers-384, Single Direction; Fluidigm) were
attached to preamplified amplicons from PCR2. This final PCR
product was purified with Ampure XP beads (0.8:1 ratio,
beads to product), quantified using Quant-iT Picogreen
(Thermo Fisher), pooled, and sequenced on the Illumina
MiSeq with 150-bp paired-end reads.

Numbers of cell were analyzed for each patient as follows:
Patient IDI: of 360 single cells sorted and 199 colonies derived
from these cells, 136 were sequenced alongside 20 CB control
colonies (total, 156 colonies sequenced); 129 colonies passed QC
and were used for downstream analysis. Patient ID5: of 240
single cells sorted and 81 colonies derived from these cells, 67
were sequenced alongside 26 CB control colonies (total, 93 col-
onies sequenced); 34 colonies passed QC and were used for
downstream analysis. Patient ID15: of 420 cells sorted from
single cells and 106 colonies derived from these cells, 100 were
sequenced alongside 57 CB control colonies (total, 157 colonies
sequenced); 71 colonies passed QC and were used for down-
stream analysis. Patient ID5 after BM transplantation (BMT): of
420 cells sorted and 85 colonies derived from these cells, 81
colonies were sequenced from the posttransplant sample
alongside 38 CB control colonies (total, 123 colonies sequenced);
65 patient-derived colonies after transplant passed QC and
were used for downstream analysis.

Single-cell genotyping

FACS-sorted single cells were processed using an optimized
method for the detection of genomic DNA from single cells and a
combined approach for genomic and cDNA amplification, as
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previously described (Rodriguez-Meira et al., 2019). In short,
single cells were sorted into 4 pl lysis buffer containing 2.5%
Protease (Qiagen) and 0.2% Triton X. Cells were lysed at 56°C for
20 min and for 10 min at 95°C. The entire lysate was used for
downstream multiplex PCR, with custom patient-specific pri-
mers. For the first PCR step, targeted regions were amplified
with SeqAMP enzyme (Clontech), and 1 pl of the first PCR
product was further amplified using nested, patient-specific
primers with KAPA 2G Robust PCR (KAPA Biosystems;
KK5702). This product was further barcoded using the Access
Array barcoded system (Access Array Barcode Library for II-
lumina Sequencers-384; Fluidigm; Cat# 100-4876). PCR pro-
duct was then purified with Ampure XP beads and sequenced
on a MiSeq as described above.

Colony genotyping analysis

Reads were aligned to the human genome (GRCh37/hgl9) using
STAR with default settings (Cold Spring Harbor Laboratory; version
2.4.2a, RRID: SCR_004463). Variant calling was performed using
mpileup (samtools, Wellcome Trust Sanger Institute; version 1.1,
RRID: SCR_002105, options-minBQ 30,-count-orphans,-ignore
overlaps), and the results were summarized with a custom Python
script. Downstream analysis of the variants and annotation of the
mutant cells were performed with a custom R script. Each indi-
vidual amplicon was analyzed, and those with coverage of <30
reads were excluded from the downstream analysis. Samples in
which one of the amplicons was not detected and samples with
allelic dropout (assessed using SNPs) in three or more amplicons
were also excluded from further analysis. For each sequencing run,
normal controls were also screened for the variants of interest in
order to ensure no false-positive samples were present. None of the
mutations were detected in any of the control samples in any of the
sequencing runs. Amplicons covering common heterozygous SNPs
for each patient were used to calculate the allelic dropout rate of the
assay, as described in Fig. S3.

Single-cell genotyping analysis

Sequencing reads were demultiplexed and aligned to the human
genome; downstream analysis and variant annotation were
performed as previously described (Rodriguez-Meira et al.,
2019). Amplicons with >30 reads (for the analysis of patient ID5)
and amplicons with >100 reads (for the analysis of patient ID17)
were used for downstream variant annotation and mapping of
the patient’s mutation on the hematopoietic hierarchy by integrat-
ing the index-sort data with the mutational analysis. The number of
WT and homozygous cells detected was within the expected level
for the assay, and allelic dropout was calculated as previously de-
scribed (Rodriguez-Meira et al., 2019; Psaila et al., 2020).

Single-cell RNA-seq

18,333-24,000 single cells from the Lin-CD34* population from
two JMML patient samples (patients ID1 and ID5) and two nor-
mal CB controls were sorted and processed for RNA-seq using
the 10X chromium platform per the manufacturer’s instructions
(10X Genomics; Cat# 120237). In short, cells were sorted into a
total volume of 40 pl, and 33.8 pl of the sample was loaded onto
the Single Cell 3" Chromium 10X Chip with 66.2 ul of the 10X
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master mix. cDNA was generated on the Chromium 10X con-
troller. After RT, cleanup was performed per the manufacturer’s
instructions, and the product was amplified with eight PCR cy-
cles. After amplification, cleanup and library construction were
performed per the manufacturer’s instructions, and samples
were sequenced on the Illumina HiSeq4000, with readl being
26 bp and read2 98 bp.

Single-cell RNA-seq analysis

Reads from 10X Genomics single-cell RNA-seq were aligned and
counted using Cell Ranger (2.0.0) using the hgl9 human ge-
nome. Unique molecular identifier (UMI) counts where ana-
lyzed using Seurat (Satija Lab; v 2.0.1). Genes were filtered by
minimum number of cells expressing = 10, >0.15 mean UMI
counts, <4 mean UMI counts, and >0.5 dispersion. Cells were
filtered by >1,000 genes detected, <4,000 genes detected, and
<5% mitochondrial reads. After filtering, 593 variable genes and
17,547 cells were used for analysis. tSNE analysis was performed
after selecting the most variable principal components by use of
the jackStrawPlot feature in Seurat. Clusters were identified by
the k-shared nearest neighbor (k-SNN) approach FindClusters.
Figures for single-cell analysis were generated in R (v 3.4.1). Top
differentially expressed genes from k-SNN-identified clusters
were calculated using the FindAllMarkers function in Seurat.

Bulk RNA-seq

FACS-purified populations were processed for RNA-seq using the
Smart Seq2 protocol as previously described (Picelli et al., 2014).
Briefly, 50 purified cells were sorted directly into 4 pl of lysis
buffer containing 0.4% Triton X-100 (Sigma-Aldrich), RNase in-
hibitor (Clontech), 2.5 mM deoxyribonucleotide triphosphates
(Thermo Fisher), and 2.5 uM oligo-dT30VN primer (Biomers.net).
cDNA was generated using SuperScript II (Invitrogen), pre-
amplified using KAPA HiFi HotStart ReadyMix using 19 cycles of
amplification. After PCR amplification, the cDNA libraries were
purified with AMPure XP beads (Beckman Coulter) using a ratio of
0.8:1 beads to cDNA, according to the manufacturer’s instructions.
After purification, libraries were resuspended in elution buffer
buffer (Qiagen). The quality of cDNA traces was assessed by using
the High-Sensitivity DNA Kit in a Bioanalyzer instrument (Agilent
Technologies). Tagmentation and library preparation were per-
formed using the Nextera XT DNA Library Preparation Kit (Illu-
mina; Cat# FC-131) according to the manufacturer’s instructions.
Samples were sequenced using the Illumina NextSeq 500 plat-
form, generating 75-bp single-end reads.

Bulk RNA-seq analysis

Data analysis was performed with in-house bioinformatics
pipelines. Briefly, RNA-seq reads from bulk populations were
aligned to the human genome (GRCh38) using STAR. Aligned
reads were counted using featureCounts (Walter and Eliza
Hall Institute of Medical Research; version 1.4.5-pl, RRID:
SCR_012919) summarized to gene identifiers from the GRCh38
Ensembl transcriptome. Differential gene expression was
done using the DESeq2 package (Bioconductor; 1.16.1, RRID:
SCR_015687) in R (CRAN; 3.6.1). Plotting of expression values of
genes was done by calculating transcripts per million and

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20180853

220z ¥snbny 2z uo 3senb Aq jpd-£58081.0Z Wal/699.0vL/£580810Z8/2/81 Z/4Pd-8lone/wal/Bio"sseidnij/:dny woy pepeojumoq

17 of 19


https://doi.org/10.1084/jem.20180853

plotted in R (3.6.1). GSEA was performed using software (Broad
Institute; v 2.20, RRID: SCR_003199) against Hallmark, and cu-
rated HSC and cell cycle gene sets were obtained through MSigDB
(Broad Institute; RRID: SCR_003199) using the default settings.
Heatmaps were generated using the package pheatmap (1.0.8).

Quantification and statistical analysis

Welch t tests or the Mann-Whitney test for comparisons of individual
groups was used for parametric or nonparametric data, respectively.
Two-way ANOVA and multiple t tests were used to compare exper-
imental groups as indicated in the figure legends. Statistical analyses
were performed using GraphPad Prism v7.00 and v8.00 or R v3.4.1
and 3.6.1. Survival curves were compared using the log-rank test.

Data and software availability

Single-cell RNA-seq and bulk RNA-seq are available through the
GEO database (accession no. GSE111895). The single-cell colony
genotyping sequencing is available at the SRA database (acces-
sion no. PRJNA438158). R and Python scripts used for the
analysis are available upon request.

Online supplemental material

Fig. S1 describes further bulk and single-cell clonogenic assays
with JMML HSPCs compared with normal controls, including
lymphoid and megakaryocytic output of JMML HSPCs, and includes
flow cytometry analysis of patients’ serial samples from diagnosis
and after BMT and relapse. Fig. S2 describes the QC steps and
analysis of the colony genotyping assays. Fig. S3 demonstrates
single-cell genotyping of JMML HSPCs showing that the JMML
mutations are highly clonal and can be traced back to the HSC
compartment. Fig. S4 shows representative flow cytometry exam-
ples of the PB and BM analysis in NSG mice transplanted with
JMML LSCs, the hematological parameters of mice transplanted
with HSCs, histopathology sections of the spleen of JMML and CB
HSC recipients, survival curves for mice that received a JMML +/+
population, and JMMML GMP and spleen size of all recipients. Fig. S5
contains flow cytometry analysis of CD9% expression on Lin-
CD34"CD38°CD90*CD45RA* (+/+), mature hematopoietic compart-
ments, and other MPNs. Table S1 contains the clinical characteristics
of the patients included in the study. Table S2 shows the primer
details used to design the targeted NGS panel. Table S3 includes the
primer details used for colony and single-cell genotyping. Table S4
includes all key resources and reagents used.

Acknowledgments

The authors thank all patients, their families, and the UK Na-
tional Institute of Health Research (NIHR) Pediatric MDS/JMML
recruiting centers for contributing samples for this research and
the Department of Biological and Medical Services Oxford Uni-
versity, for technical assistance. The authors thank Professor
Matthias Peipp, University of Kiel, Kiel, Germany, for providing
the CD96 antibody.

This work was funded by a Medical Research Council (MRC)
Senior Clinical Fellowship (MR/L006340/1) and a Cancer Re-
search UK Senior Cancer Research Fellowship to AJ. Mead;
an NIHR Fellowship to E. Louka; an MRC-funded Oxford

Louka et al.

Stem cells in juvenile myelomonocytic leukemia

Consortium for Single-cell Biology grant (MR/M00919X/1); and
the NIHR Oxford Biomedical Research Centre based at Oxford
University Hospitals NHS Trust (I. Roberts and A.J. Mead) and
University of Oxford. A. Roy is supported by a Bloodwise Cli-
nician Scientist Fellowship (17001), N. Fordham by a Kay Kendall
Leukaemia Fund Fellowship (KKL1124), and D. Iskander by a
Bloodwise Clinical Research Fellowship. The views expressed
are those of the authors and not necessarily those of the NHS,
the NIHR, or the Department of Health. The authors acknowl-
edge the contributions of the Weatherall Institute of Molecular
Medicine Flow Cytometry and Single Cell Facilities, supported
by the MRC Human Immunology and Molecular Haematology
Units; MRC Molecular Haematology Unit (MC_UU_12009); John
Fell Fund (131/030 and 101/517); the E.P. Abraham fund (CF182
and CF170); and Weatherall Institute of Molecular Medicine
Strategic Alliance awards (G0902418 and MC_UU_12025).

Author contributions: E. Louka and B. Povinelli performed ex-
periments, analyzed the data, and helped to write the manuscript.
A. Rodriguez-Meira performed experiments and analyzed data. A.
Hamblin, R. Norfo, and A. Roy analyzed and interpreted data. G.
Buck, N. Ashley, C.A.G. Booth, N. Elliott, D. Iskander, N. Sousos, N.
Fordham, M. Salio, and S. O'Bryne conducted experiments and
analyzed data. G. Wang, S. Thongjuea, and W.X. Wen performed
bioinformatic analysis. J. de la Fuente and S. Inglott provided pa-
tient samples. A. Rao conducted the clinical study, helped to advise
on experimental design, and provided patient samples. I. Roberts
and AJ. Mead conceived, designed, and supervised the research,
analyzed the data, and wrote the manuscript.

Disclosures: S. O’'Byrne reports personal fees from Becton,
Dickinson and Company (employee as of August 2020) outside
the submitted work. M. Salio reports personal fees from Nu-
cleome Therapeutics outside the submitted work. N. Sousos
reports expenses reimbursement from Pfizer Limited for at-
tending the Pfizer-organized meeting titled "Leaders in Leu-
kaemia," July 12-13, 2019, in London, UK. N. Sousos reports
expenses reimbursement from Constellation Pharmaceuticals
for attending the Constellation 0610-02 MANIFEST Study EU
Investigator Meeting, January 31-February 1, 2019, in Rome,
Italy. N. Sousos reports an educational travel grant from AOP
Orphan Pharmaceuticals AG for attending the European He-
matology Association meeting "Diagnosis and Management of
Myeloproliferative Neoplasms," October 12-14, 2017, in Buda-
pest, Hungary. No other disclosures were reported.

Submitted: 8 May 2018
Revised: 1 September 2020
Accepted: 12 November 2020

References

Caye, A., M. Strullu, F. Guidez, B. Cassinat, S. Gazal, O. Fenneteau, E. Lainey,
K. Nouri, S. Nakhaei-Rad, R. Dvorsky, et al. 2015. Juvenile myelomo-
nocytic leukemia displays mutations in components of the RAS path-
way and the PRC2 network. Nat. Genet. 47:1334-1340. https://doi.org/10
.1038/ng.3420

Caye, A., K. Rouault-Pierre, M. Strullu, E. Lainey, A. Abarrategi, O. Fenne-
teau, C. Arfeuille, J. Osman, B. Cassinat, S. Pereira, et al. 2020. Despite

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20180853

220z ¥snbny 2z uo 3senb Aq jpd-£58081.0Z Wal/699.0vL/£580810Z8/2/81 Z/4Pd-8lone/wal/Bio"sseidnij/:dny woy pepeojumoq

18 of 19


https://doi.org/10.1038/ng.3420
https://doi.org/10.1038/ng.3420
https://doi.org/10.1084/jem.20180853

mutation acquisition in hematopoietic stem cells, JMML-propagating
cells are not always restricted to this compartment. Leukemia. 34:
1658-1668. https://doi.org/10.1038/541375-019-0662-y

Chavez-Gonzélez, A., E. Dorantes-Acosta, D. Moreno-Lorenzana, A. Alvarado-
Moreno, L. Arriaga-Pizano, and H. Mayani. 2014. Expression of CD90,
CD96, CD117, and CDI123 on different hematopoietic cell populations
from pediatric patients with acute myeloid leukemia. Arch. Med. Res. 45:
343-350. https://doi.org/10.1016/j.arcmed.2014.04.001

Dimitriou, M., P.S. Woll, T. Mortera-Blanco, M. Karimi, D.C. Wedge, H.
Doolittle, I. Douagi, E. Papaemmanuil, SE.W. Jacobsen, and E.
Hellstrom-Lindberg. 2016. Perturbed hematopoietic stem and progen-
itor cell hierarchy in myelodysplastic syndromes patients with mono-
somy 7 as the sole cytogenetic abnormality. Oncotarget. 7:72685-72698.
https://doi.org/10.18632/oncotarget.12234

Gallipoli, P., S.A. Abraham, and T.L. Holyoake. 2011. Hurdles toward a cure
for CML: the CML stem cell. Hematol. Oncol. Clin. North Am. 25:951-966:
v. https://doi.org/10.1016/j.hoc.2011.09.001

Giustacchini, A., S. Thongjuea, N. Barkas, P.S. Woll, B.J. Povinelli, C.A.G.
Booth, P. Sopp, R. Norfo, A. Rodriguez-Meira, N. Ashley, et al. 2017.
Single-cell transcriptomics uncovers distinct molecular signatures of
stem cells in chronic myeloid leukemia. Nat. Med. 23:692-702. https://
doi.org/10.1038/nm.4336

Hosen, N., C.Y. Park, N. Tatsumi, Y. Oji, H. Sugiyama, M. Gramatzki, A.M.
Krensky, and I.L. Weissman. 2007. CD96 is a leukemic stem cell-specific
marker in human acute myeloid leukemia. Proc. Natl. Acad. Sci. USA.
104:11008-11013. https://doi.org/10.1073/pnas.0704271104

lanevski, A., L. He, T. Aittokallio, and J. Tang. 2017. SynergyFinder: a web ap-
plication for analyzing drug combination dose-response matrix data. Bi-
oinformatics. 33:2413-2415. https://doi.org/10.1093/bioinformatics/btx162

Ianevski, A., A.K. Giri, and T. Aittokallio. 2020. SynergyFinder 2.0: visual
analytics of multi-drug combination synergies. Nucleic Acids Res.
48(W1):W488-W493. https://doi.org/10.1093/nar/gkaa216

Jan, M., T.M. Snyder, M.R. Corces-Zimmerman, P. Vyas, I.L. Weissman, S.R.
Quake, and R. Majeti. 2012. Clonal evolution of preleukemic hemato-
poietic stem cells precedes human acute myeloid leukemia. Sci. Transl.
Med. 4:149rall8. https://doi.org/10.1126/scitranslmed.3004315

le Viseur, C., M. Hotfilder, S. Bomken, K. Wilson, S. Rottgers, A. Schrauder, A.
Rosemann, J. Irving, R.-W. Stam, L.D. Shultz, et al. 2008. In childhood
acute lymphoblastic leukemia, blasts at different stages of im-
munophenotypic maturation have stem cell properties. Cancer Cell. 14:
47-58. https://doi.org/10.1016/j.ccr.2008.05.015

Locatelli, F., and C.M. Niemeyer. 2015. How I treat juvenile myelomonocytic leu-
kemia. Blood. 125:1083-1090. https://doi.org/10.1182/blood-2014-08-550483

Magee, J.A., E. Piskounova, and S.J. Morrison. 2012. Cancer stem cells: impact,
heterogeneity, and uncertainty. Cancer Cell. 21:283-296. https://doi.org/
10.1016/j.ccr.2012.03.003

Mead, AJ., and A. Mullally. 2017. Myeloproliferative neoplasm stem cells.
Blood. 129:1607-1616. https://doi.org/10.1182/blood-2016-10-696005

Niemeyer, C.M., and C. Flotho. 2019. Juvenile myelomonocytic leukemia:
who's the driver at the wheel? Blood. 133:1060-1070. https://doi.org/10
.1182/blood-2018-11-844688

Palpant, NJ., Y. Wang, B. Hadland, R.J. Zaunbrecher, M. Redd, D. Jones, L.
Pabon, R. Jain, J. Epstein, W.L. Ruzzo, et al. 2017. Chromatin and
Transcriptional Analysis of Mesoderm Progenitor Cells Identifies HOPX
as a Regulator of Primitive Hematopoiesis. Cell Rep. 20:1597-1608.
https://doi.org/10.1016/j.celrep.2017.07.067

Picelli, S., O.R. Faridani, A.K. Bjorklund, G. Winberg, S. Sagasser, and R.
Sandberg. 2014. Full-length RNA-seq from single cells using Smart-
seq2. Nat. Protoc. 9:171-181. https://doi.org/10.1038/nprot.2014.006

Povinelli, B.J., A. Rodriguez-Meira, and A.J. Mead. 2018. Single cell analysis of
normal and leukemic hematopoiesis. Mol. Aspects Med. 59:85-94.
https://doi.org/10.1016/j.mam.2017.08.006

Louka et al.

Stem cells in juvenile myelomonocytic leukemia

Prashad, S.L., V. Calvanese, C.Y. Yao, J. Kaiser, Y. Wang, R. Sasidharan, G.
Crooks, M. Magnusson, and H.K. Mikkola. 2015. GPI-80 defines self-
renewal ability in hematopoietic stem cells during human devel-
opment. Cell Stem Cell. 16:80-87. https://doi.org/10.1016/j.stem.2014
.10.020

Psaila, B., N. Barkas, D. Iskander, A. Roy, S. Anderson, N. Ashley, V.S. Caputo,
J. Lichtenberg, S. Loaiza, D.M. Bodine, et al. 2016. Single-cell profiling of
human megakaryocyte-erythroid progenitors identifies distinct mega-
karyocyte and erythroid differentiation pathways. Genome Biol. 17:83.
https://doi.org/10.1186/513059-016-0939-7

Psaila, B., G. Wang, A. Rodriguez-Meira, R. Li, E.F. Heuston, L. Murphy, D.
Yee, 1.S. Hitchcock, N. Sousos, J. O’Sullivan, et al. NITH Intramural Se-
quencing Center. 2020. Single-Cell Analyses Reveal Megakaryocyte-
Biased Hematopoiesis in Myelofibrosis and Identify Mutant Clone-
Specific Targets. Mol. Cell. 78:477-492.e8. https://doi.org/10.1016/j
.molcel.2020.04.008

Remsing Rix, L.L., U. Rix, J. Colinge, O. Hantschel, K.L. Bennett, T. Stranzl, A.
Miiller, C. Baumgartner, P. Valent, M. Augustin, et al. 2009. Global
target profile of the kinase inhibitor bosutinib in primary chronic
myeloid leukemia cells. Leukemia. 23:477-485. https://doi.org/10.1038/
leu.2008.334

Rodriguez-Meira, A., G. Buck, S.A. Clark, B.J. Povinelli, V. Alcolea, E. Louka, S.
McGowan, A. Hamblin, N. Sousos, N. Barkas, et al. 2019. Unravelling
Intratumoral Heterogeneity through High-Sensitivity Single-Cell Mu-
tational Analysis and Parallel RNA Sequencing. Mol. Cell. 73:
1292-1305.8. https://doi.org/10.1016/j.molcel.2019.01.009

Staudinger, M., A. Humpe, and M. Gramatzki. 2013. Strategies for purging
CD96* stem cells in vitro and in vivo: New avenues for autologous stem
cell transplantation in acute myeloid leukemia. OncoImmunology. 2:
€24500. https://doi.org/10.4161/onci.24500

Stieglitz, E., A.N. Taylor-Weiner, T.Y. Chang, L.C. Gelston, Y.D. Wang, T.
Mazor, E. Esquivel, A. Yu, S. Seepo, S. Olsen, et al. 2015a. The genomic
landscape of juvenile myelomonocytic leukemia. Nat. Genet. 47:
1326-1333. https://doi.org/10.1038/ng.3400

Stieglitz, E., C.B. Troup, L.C. Gelston, J. Haliburton, E.D. Chow, K.B. Yu, J.
Akutagawa, A.N. Taylor-Weiner, Y.L. Liu, Y.D. Wang, et al. 2015b.
Subclonal mutations in SETBP1 confer a poor prognosis in juvenile
myelomonocytic leukemia. Blood. 125:516-524. https://doi.org/10.1182/
blood-2014-09-601690

Thomas, D., and R. Majeti. 2017. Biology and relevance of human acute my-
eloid leukemia stem cells. Blood. 129:1577-1585. https://doi.org/10.1182/
blood-2016-10-696054

Wang, P.L., S. O'Farrell, C. Clayberger, and A.M. Krensky. 1992. Identification
and molecular cloning of tactile. A novel human T cell activation anti-
gen that is a member of the Ig gene superfamily. J. Immunol. 148:
2600-2608.

Wang, X.M., M. Yan, Y. Liu, and N.E. Hailigiguli. 2013. [CD96 expression on
leukemia stem cells in 69 children with acute leukemia]. Zhongguo Dang
Dai Er Ke Za Zhi. 15:633-637.

Woll, P.S., U. Kjallquist, O. Chowdhury, H. Doolittle, D.C. Wedge, S. Thong-
juea, R. Erlandsson, M. Ngara, K. Anderson, Q. Deng, et al. 2014.
Myelodysplastic syndromes are propagated by rare and distinct human
cancer stem cells in vivo. Cancer Cell. 25:794-808. https://doi.org/10
.1016/j.ccr.2014.03.036

Wood, T.E., S. Dalili, C.D. Simpson, R. Hurren, X. Mao, F.S. Saiz, M. Gronda,
Y. Eberhard, M.D. Minden, P.J. Bilan, et al. 2008. A novel inhibitor of
glucose uptake sensitizes cells to FAS-induced cell death. Mol. Cancer
Ther. 7:3546-3555. https://doi.org/10.1158/1535-7163.MCT-08-0569

Zhang, W., Z. Shao, R. Fu, H. Wang, L. Li, and H. Liu. 2015. Expressions of
CD96 and CD123 in Bone Marrow Cells of Patients with Myelodysplastic
Syndromes. Clin. Lab. 61:1429-1434. https://doi.org/10.7754/Clin.Lab
.2015.141240

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20180853

220z ¥snbny 2z uo 3senb Aq jpd-£58081.0Z Wal/699.0vL/£580810Z8/2/81 Z/4Pd-8lone/wal/Bio"sseidnij/:dny woy pepeojumoq

19 of 19


https://doi.org/10.1038/s41375-019-0662-y
https://doi.org/10.1016/j.arcmed.2014.04.001
https://doi.org/10.18632/oncotarget.12234
https://doi.org/10.1016/j.hoc.2011.09.001
https://doi.org/10.1038/nm.4336
https://doi.org/10.1038/nm.4336
https://doi.org/10.1073/pnas.0704271104
https://doi.org/10.1093/bioinformatics/btx162
https://doi.org/10.1093/nar/gkaa216
https://doi.org/10.1126/scitranslmed.3004315
https://doi.org/10.1016/j.ccr.2008.05.015
https://doi.org/10.1182/blood-2014-08-550483
https://doi.org/10.1016/j.ccr.2012.03.003
https://doi.org/10.1016/j.ccr.2012.03.003
https://doi.org/10.1182/blood-2016-10-696005
https://doi.org/10.1182/blood-2018-11-844688
https://doi.org/10.1182/blood-2018-11-844688
https://doi.org/10.1016/j.celrep.2017.07.067
https://doi.org/10.1038/nprot.2014.006
https://doi.org/10.1016/j.mam.2017.08.006
https://doi.org/10.1016/j.stem.2014.10.020
https://doi.org/10.1016/j.stem.2014.10.020
https://doi.org/10.1186/s13059-016-0939-7
https://doi.org/10.1016/j.molcel.2020.04.008
https://doi.org/10.1016/j.molcel.2020.04.008
https://doi.org/10.1038/leu.2008.334
https://doi.org/10.1038/leu.2008.334
https://doi.org/10.1016/j.molcel.2019.01.009
https://doi.org/10.4161/onci.24500
https://doi.org/10.1038/ng.3400
https://doi.org/10.1182/blood-2014-09-601690
https://doi.org/10.1182/blood-2014-09-601690
https://doi.org/10.1182/blood-2016-10-696054
https://doi.org/10.1182/blood-2016-10-696054
https://doi.org/10.1016/j.ccr.2014.03.036
https://doi.org/10.1016/j.ccr.2014.03.036
https://doi.org/10.1158/1535-7163.MCT-08-0569
https://doi.org/10.7754/Clin.Lab.2015.141240
https://doi.org/10.7754/Clin.Lab.2015.141240
https://doi.org/10.1084/jem.20180853

Supplemental material

Louka et al.

Stem cells in juvenile myelomonocytic leukemia

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20180853

S1

220z ¥snbny 2z uo 3senb Aq jpd-£58081.0Z Wal/699.0vL/£580810Z8/2/81 Z/4Pd-8lone/wal/Bio"sseidnij/:dny woy pepeojumoq


https://doi.org/10.1084/jem.20180853

A F ID1
i 1 month post BMT 18 months post BMT
0.56
B CFU-M 2 =
140- 3 50D ] oz 0.15 ] D89 )
EE 1204 B CFU-GM é%
=
S5 1004 B BFU-E g <)
g a2 = ] 0.082] 1 d 1
E-Té 801 275 665
%8 501 Di ) BMT Relapse  CD45RA
37 40 jagnosis | 5
20 '} v
& % 36 ~
CcB JMML S 1475
SR : T
éé i & ey ¥
f,IT 5 =
= = 2 65.59
B 9.51
100 O Myeloid B Normal @ Abnormal EGEMM I N _B5 .
Erythroid ~ Erythroid
2 50
g 1D5
2 60 i 1 month post BMT 2 months post BMT
2 40 599
ksl E S 347 _f=ie
B ’3 {“ B 04 0z 45
20 22 5 e X _ S
8o = —13
o i
o < £ 074
A v B R ) Y 5 9 - 0.3z
S A S W A & | o5 om 472 | e
HSC MPP  LMPP CMP MEP  GMP  +/+ : ; o Rolapes  CORRA
Diagnosis | >
v
Cc 4 238, i
i § 25.7 ] 132 | =27 362
78 st 28 J aﬂbf-hr—‘
g 8 d,ahi 4 : -
E 3 102 b 0 1
i 162 oo AR oz
CD45RA
D17
iii 4 months post BMT
iii
% 8'9?*'\‘-‘ a2 P
o il g
g g A 528 484
el 1 1
D - E & 0 044 | 0
50 - 171
- *xk " Rela CD45RA
407 AR § # Diagnosis o i 4
£ = ] ]
3 304 o 20 h 4
g 8 154 + 51,52 1 2114
O 204 g g - 782 1541
o
2 g 10 S i
o o -
104 5 54 g E =8 q s
= =
o o 2. 1
CB JMML CB JMML
CD45RA

Figure S1. Single-cell phenotypic and functional analysis reveals heterogeneity of HSPCs in JMML (related to Fig. 1). (A) Bulk clonogenicity in
methylcellulose, 100 cells sorted per assay (CB control, n = 2 different biological replicates; JMML, n = 2 different biological replicates); one experiment. CFU-M,
CFU-macrophage; CFU-GM, CFU-granulocyte macrophage. (B) Clonogenic output of purified HSCs and progenitor populations from normal pediatric BM
(PBM; n = 3 different biological replicates) and JMML (n = 7 different biological replicates) in single-cell methylcellulose assays. 11 independent experiments
performed. (C) Representative examples of colonies (left column) and MGG-stained cells from individual plucked colonies (right column) from clonogenic
assays in methylcellulose. (Ci) Macrophage colonies from the JMML Lin-CD34+*CD38-CD90*CD45RA* population; scale bars, 1,000 um (left), 50 pm (right).
(Cii) “Normal-appearing” erythroid colonies; scale bar, 200 um (left), 50 um (right). (Ciii) Abnormal erythroid colonies derived from JMML MEP; scale bar, 400
um (left), 50 um (right). (D) Lymphoid output of sorted HSCs (100 cells) from four different biological replicates from JMML BM samples (red bar) compared
with four different biological replicates from normal controls (CB; blue bars). Cells cultured on MS-5 stromal lines, and output measured as percent CD19* cells
on gated hCD45* cells (mean + SEM) after 4 wk. Mann Whitney test, *** P = 0.0006. Data acquired over two independent experiments. (E) Percentage of wells
with CD42*CD41* megakaryocytes (Mk) in single-cell liquid cultures of normal CB (n = 2) and JMML (n = 2). Two independent experiments performed.
(F) Representative FACS plots of serial patient samples from diagnosis, after BMT, and at clinical relapse: ID1 (Fi); ID5 (Fii); and 1D17 (Fiii). Top panels for each
patient represent Lin-CD34*CD38~ compartment and bottom panel Lin-CD34*CD38* compartments. Percentage of each population shown in the figure
represents the percentage of Lin"CD34*. Green boxes indicate the aberrant Lin"CD34*CD38 CD90*CD45RA* population. Data acquired over six independent
experiments. BFU-E, burst-forming unit-erythroid; GEMM, granulocyte/erythroid/megakaryocyte/monocyte; LMPP, lymphoid primed multipotent progenitor.
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Figure S2. Colony genotyping mutation tracing to phenotypic HSCs in JMML-QC (related to Fig. 3). (A) Diagram of the workflow for single-cell gen-
otyping. (B) Pathway for samples analysis. (C-E) Variant allele frequency (VAF) and coverage of amplicons sequenced and that passed QC from patient-derived
colonies and CB controls. (ID1, n = 129 cells used for analysis; D15, n = 71 cells used for analysis; and ID5, n = 34 cells used for analysis). (F) VAF and coverage of
amplicons sequenced from patient-derived colonies (ID5) after BMT and CB controls (ID5 after BMT, n = 65 cells used for analysis). (G) Examples of coverage of
amplicons from heterozygous SNPs used to calculate the allelic dropout of the method. (H) Summary of amplicons from heterozygous SNPs for each se-
quencing run; coverage applied and allelic dropout for each amplicon. Six independent experiments; details for number of colonies are outlined in the Materials
and methods section.
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Figure S3. Single-cell genotyping using TARGET-seq (related to Fig. 3). (A) Variant allele frequency (VAF) and coverage of PTPN11 ¢.226G>A amplicon
sequenced from patient ID17 (total of 384 single cells sorted, 365 cells passed QC, coverage cutoff 100). (B) VAF and coverage of PTPN11 ¢.1508G>C amplicon
sequenced from patient ID5 (total of 384 cells single sorted, 280 cells passed QC, coverage cutoff 30). (C) Single-cell mutation profiling: cells plotted as per
FACS index data and colored according to their mutational status. Plots showing Lin"CD34*CD38 cells from patient ID17. (D) Single-cell mutation profiling:
cells plotted as per FACS index data and colored according to their mutational status. Plots showing Lin"CD34*CD38" cells from patient ID5. (E) Single-cell
mutation profiling: cells plotted as per FACS index data and colored according to their mutational status. Plots showing Lin"CD34+*CD38* cells from patient
ID17. (F) Single-cell mutation profiling: cells plotted as per FACS index data and colored according to their mutational status. Plots showing Lin-CD34*CD38*
cells from patient ID5. Data acquired with two independent experiments (one per biological replicate).
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Figure S4. Functional characterization of JMML HSPCs (related to Fig. 4). Number of animals per group as outlined in index of Fig. 1 C. (A) Representative
FACS analysis of PB from JMML xenograft showing gating strategy. FSC, forward scatter. (B) Representative FACS analysis of BM from JMML xenograft overall
showing gating strategy. (C) Terminal PB analysis from mice transplanted with CB or JMML HSCs; * P < 0.05, Student’s t test. t test hemoglobin CB versus
JMML, P = 0.018; platelets CB versus JMML, P = 0.0311. Error bars represent mean + SEM. HGB, hemoglobin; PLT, platelets. (D) Representative histology
photographs of spleen CB HSC control (left) and JMML HSC (right). Scale bars, 100 pm. (E) Kaplan-Meier survival curves for JMML +/+ and JMML GMP
compared with CB control; log-rank test, * P = 0.024. (F) Spleen size of NSG mice at termination from CB HSC controls; JMML HSC, JMML +/+, and JMML GMP;
** P = 0.0087; Student’s t test. Error bars represent mean + SEM. ns, not significant.
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Figure S5. Aberrant CD96 expression in JMML (related to Fig. 6). (Ai) Histograms of CD96 expression on the aberrant Lin-CD34+*CD38-CD90*CD45RA"
cells from patient samples (ID1, ID3, ID5, D6, ID14, and ID15) and Lin-CD34*CD38-CD90" cells from a normal CB sample. Dashed line represents the CD96
gate. Six biological replicates; representative data shown from one experiment. (Aii) CD96 expression by FACS in CB Lin-CD34*CD38-CD90* and JMML
Lin-CD34*CD38-CD90*CD45RA* samples showing percentage of cells expressing CD96 (JMML, n = 12; CB, n = 4). Mann-Whitney test; ** P = 0.0049. Error bars
represent mean + SEM. Data shown from two independent experiments. (Aiii) Representative FACS plots of CD96 expression on the aberrant
Lin-CD34+*CD38-CD90*CD45RA" cells from patient samples (ID3 and ID5) and CD96 expression of Lin"CD34*CD90* cells from a normal CB sample. Rep-
resentative data shown from one experiment. (B) Histogram showing CD96 expression on Lin"CD34*CD90* cells of a JMML sample (ID19) compared with
pediatric BM at diagnosis and 1 mo after transplantation. Dashed line represents the CD96 gate. Patient subsequently relapsed, requiring a second BMT 6 mo
after the first BMT. Representative data from one experiment. (C) Representative FACS profile of CD96 expression on mature hematopoietic populations in
three JMML patients (ID2, ID5, and 1D6). Dashed line represents the CD96 gate. Representative data from one experiment. (D) Representative FACS plots of
CD96 expression on Lin"CD34*CD90* cells in JMML (ID13), chronic phase MPN (CML), and transformed MPN (tMPN AML). Representative data from one
experiment. FSCA, forward scatter area.
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Provided online are four tables. Table S1 contains clinical characteristics of the patients included in the study. Table S2 shows the
primer details used to design the targeted NGS panel. Table S3 includes the primer details used for colony and single-cell
genotyping. Table S4 includes all key resources and reagents used.
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