Clonal independence of JAK2 and CALR or MPL
mutations in comutated myeloproliferative
neoplasms demonstrated by single cell DNA
sequencing

JAK2, CALR and MPL driver mutations activate
JAK/STAT signalling in BCR-ABL1 translocation negative
classic myeloproliferative neoplasms (MPN). Detection of
these mutations in patients is included in major criteria
for establishing diagnoses of polycythemia vera (PV),
essential thrombocythemia (ET) and primary myelofibro-
sis (PMF)."? JAK2 Val617Phe and exon 12 mutations are
detected in approximately 98% of PV, while JAK2
Val617Phe, CALR exon 9 frameshift mutations and /PL
exon 10 mutations collectively are detectable in 83% of
ET and 92% of PME’ Mutations in these genes are typi-
cally mutually exclusive, however, JAK2 Val617Phe/JAK2
exon 12,** JAK2/CALR*® JAK2/MPL**" and very rarely
CALR/MPL® comutations have been reported. Further,
the presence of multiple independent JAK2 Val617Phe
mutations has been demonstrated in the majority of ET
patients in one case series, and is one of several lines of
evidence that suggest a predisposition in some patients to
the development of JAK2 (and other MPN driver) muta-
tions, the nature of which has not been elucidated but
may include, genetic predisposition, a preceding clonal
mutation or a permissive microenvironment.’

Herein we describe two unusual cases of patients with
an MPN, each harboring two driver mutations
(JAK2/CALR and JAK2/MPL) and the use of single cell
DNA sequencing analysis to further investigate the clonal
architecture of these neoplasms. In both cases we
demonstrate that the driver mutations represent inde-
pendent clones and give insight into the potential clonal
complexity of this rare phenomenon.

The first patient studied was a 70-year-old male with a
long (approximately 30-year) history of PV, which trans-
formed to myelofibrosis (MF) 14 years prior to analysis.
Approximately 10 years after fibrotic transformation (i.e.,
4 years prior to analysis) the patient commenced treat-
ment with azacitidine and ruxolitinib for leukemic trans-
formation. At this timepoint, trisomy of 1q was observed
in his peripheral blood by G-banded karyotyping and
confirmed by fluorescence in situ hybridization (FISH)
analysis of 1q21 (CKS1B) in 62% of analyzed cells. His
blast count normalized and he remains stable on azaciti-
dine and ruxolitinib with post-polycythemic MF without
blast excess.

Next generation sequencing (NGS)-based gene panel
analysis of 26 genes involved in myeloid malignancy
(previously described") was performed on a stored bone
marrow aspirate DNA sample from 14 years prior at the
point of myelofibrotic transformation (the earliest time-
point available). This testing detected a JAK2
p-(Val617Phe) (NM_004972.3:c.1849G>T) at a variant
allele frequency (VAF) of 62% as well as a CALR
p.(Lys385Asnfs*47)  (NM_004343.3:c.1154_1155ins
TTGTC) mutation at a VAF of 17%. Testing of a periphe-
ral blood sample stored at the time of leukemic transfor-
mation again demonstrated the JAK2 and CALR muta-
tions but in addition a TP53 p.(His178Pro)
(NM_000546.5:¢.533A>C) mutation was detected at a
VAF of approximately 5%.

We sought to understand the clonal relationship of the
JAK2 and CALR mutations in this patient’s disease by
performing single cell mutation analysis of mononuclear
cells collected from a recent peripheral blood sample
using a custom Tapestri gene panel to sequence 10,564
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single cells (Mission Bio) (see Ounline Supplementary
Materials and Methods). The previously identified JAK2,
CALR and TP53 mutations were genotyped in 96%, 52%
and 94% of all filtered cells, and detected in 64%, 26%
and 29% of genotyped cells with an aggregate single cell
VAF (by read count) of 62%, 16% and 16%, respectively
(Online Supplementary Table S1). Considering only the
38% of cells with genotypes determined for all three
mutations, subclone analysis identified the presence of
three major subclones (Figure 1A and Online
Supplementary Table S2). The JAK2 mutation was detect-
ed as a homozygote in 72.48% of the cells comprising
major clones (i.e., clone size [CS] 72.48%) in the absence
of CALR and TP53 mutations. Heterozygous CALR and
TP53 mutations were identified together within the
second clone (CS 14.05%) and a wild-type (i.e.,
JAK2/CALR/TP53 mutation negative) clone was also
detected (CS 13.47%). Amplicon-based copy number
analysis of the single cell data also detected the trisomy
of 1q (observed as copy number gain of panel gene MCL1
located at 1q21.3) and specifically identified this amplifi-
cation within the JAK2 mutant clone (mean copy number
3.20) (Figure 1B). These data are consistent with the exis-
tence of two distinct clones, both with additional lesions
suggestive of advancing forms of MPN."!

The second patient studied was a 74-year-old male
who presented with persistent thrombocytosis (platelets
560-590x10°/L) in association with symptomatic
splenomegaly. A JAK2 p.(Val617Phe) (c.1849G>T) muta-
tion was detected in his peripheral blood sample by an
allele-specific assay and a subsequent bone marrow biop-
sy showed a mildly hypercellular bone marrow with
fibrosis (grade MF-1 to MF-2/3), mild granulocytic hyper-
plasia, increased megakaryopoiesis and megakaryocytic
atypia, which in conjunction with the JAK2 mutation
was considered most consistent with PMF. He was com-
menced on ruxolitinib and responded clinically with
decreased abdominal pain.

A 26 gene myeloid NGS panel performed on his bone
marrow aspirate (as above) detected a MPL p.(Trp515Ser)
(NM_005373.2:¢.1544G>C) mutation at a VAF of 19%
and an established pathogenic SRSF2 p.(Pro95Arg)
(NM_003016.4:¢.284C>G) mutation at a VAF of 53% in
addition to the previously known JAK2 mutation at a
VAF of 15%. Given that spliceosome mutations,
including those in SRSF2, occur exclusively in a heterozy-
gote state in myeloid malignancies due to their depend-
ency on the wild-type allele,"** this finding is consistent
with the entire hematopoietic compartment sampled
being comprised of a single heterozygous SRSF2 mutant
clone with subclonal JAK2 and MPL mutations. In order
to further investigate the clonal relationship between the
JAK2 and MPL mutations within this SRSF2 mutant
parental clone, single cell analysis was performed on
8,181 total nucleated cells from a peripheral blood sam-
ple (see Online Supplementary Materials and Methods). The
previously identified JAK2 and AMPL mutations were
genotyped in 91% and 44% of all cells, and detected in
21% and 23% of genotyped cells with an aggregate sin-
gle cell VAF (by read count) of 11% and 13%, respective-
ly (Online Supplementary Table S1). Mutually exclusive
heterozygous JAK2 (CS 21.06%) and MPL (CS 16.76%)
subclones were detected in the 36% of cells with geno-
types determined for both mutations. A JAK2/MPL muta-
tion negative population was also detected (CS 62.17%)
(Online Supplementary Table S2). This analysis demon-
strates the independent origin of the JAK2 and MPL
mutations within the context of an SRSF2 mutant
parental clone in this patient (Figure 1C).
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The analysis of both of these rare and illustrative
patients at the single cell level provides interesting and
important insights into the clonal architecture of both co-
mutated MPN and MPN in general. Firstly, we have
unambiguously established the existence of these driver
mutations in different subclones. Molecular characteriza-
tion of MPN at a subclonal level has previously been
performed using colony assays grown on medium from
single cells in the presence of cytokines and growth fac-
tor to generate sufficient material for further characteri-
zation. Whilst this technique has given important
insights to date,* it is technically limited by the number
of cells that can be assessed, the potential for mixed
colonies as well as the preferential growth of particular
clones with exogenous stimulation. Although different
biases in the form of cell doublets and allelic drop-out
may exist within single cell sequencing technologies,
direct sequencing of >8,000 individual primary cells con-
clusively ~ demonstrates  the  occurrence  of
JAK2/CALR/MPL driver mutations in these patients in
distinct clones within each patient.

The majority of comutated cases of MPN described in
the literature to date have been noted to have JAK2
mutations present at low VAF (typically <4%)*® com-
pared to the other driver mutation (CALR/VPL). We
reviewed the data from 2,664 consecutive cases of clini-
cal NGS MPN sequencing performed at our own institu-
tion (Peter MacCallum Cancer Center, Melbourne,
Australia) over 5 years (2014-2019) and identified 16
comutated cases (six JAK2/CALR, seven JAK2/MPL, three

double-mutated JAK2) among 1,082 JAK2 (n=740), CALR
(n=282) or MPL (n=73) mutated patients and noted simi-
lar findings (Figure 2). The biological relevance of the low
VAF JAK2 mutation in these types of cases is unclear and
the possibility that it may represent a “bystander” muta-
tion outside the true disease compartment cannot be
excluded. Indeed it is noted that the JAK2 Val617Phe is
one of the most common mutations observed in age
related clonal hematopoiesis.”” In contrast, single cell
analysis of our cases suggest that they truly represent bi-
clonally driven MPN given (i) the high fraction of clones
containing each driver mutation (ii) the acquisition of fur-
ther genomic abnormalities (1q21 gain and TP53 muta-
tion) providing evidence of clonal evolution within both
compartments. Unfortunately, no historical sample was
present in case 1 from the polycythemic phase of illness
to understand the time course of the acquisition of
JAK2/CALR mutations. We note however, the extreme
rarity of CALR mutations in PV."

The second case demonstrates that biclonal MPN driv-
er mutations can arise from a common progenitor cell, a
feature that has previously been observed in the context
of single driver mutations.'® This possibility is not exclu-
ded for the first case given the relatively focussed muta-
tion analysis of 26 genes only. The finding of biclonality
in these two cases does not exclude the possibility that
co-mutation of driver genes may occur within a single
clone in other cases, especially considering the back-
ground incidence of JAK2 mutations in age related clonal
hematopoiesis.
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Figure 2. Allele frequencies in six JAK2/CALR and seven JAK2/MPL co-
mutated patients detected among a series of 2,664 consecutive diagnostic
samples assessed for myeloproliferative neoplasms. The median allele fre-
quency for JAK2 is significantly lower than for either comutated CALR (JAK2
vs. CALR, median 0.32% [range: 0.02-2.83%)] versus 24.90% [range: 10.30-
43.98%)]) or comutated MPL (JAK2 vs. MPL, median 1.96% [range 0.50%-
20.12%] versus 19.88% [range: 8.51-37.61%)]).

In summary we have described two cases of biclonal
MPN characterized by single cell sequencing confirming
the presence of driver mutations in different clones.
These data provide insights into the potential molecular
complexity of MPN including intralineage clonal evolu-
tion. Moreover, these data highlight the importance of
routine assessment of all three canonical driver muta-
tions (i.e., JAK2/CALR/MPL) in patients with MPN in
order to accurately characterize disease biology.
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