LETTERS TO THE EDITOR

DNMT3A mutations occur early or late in patients
with myeloproliferative neoplasms and mutation
order influences phenotype

Somatic mutations in JAK2, CALR and AMPL are found in
the majority of myeloproliferative neoplasms (MPN) but
many patients also harbor somatic mutations in epigenetic
regulators of DNA methylation (TET2, DNMT3A and
IDH1/2) or chromatin structure (ASXL1 and EZH2). In
MPN patients, mutations in TET2, ASXL1 and EZH2 occur
either prior to or following the acquisition of JAK2"'"™" '
and, recently, the order of mutation acquisition for
JAK2V'" and TET2 has been shown to influence
hematopoietic stem/progenitor cell biology and clinical
presentation.” DNMT3A is the next most frequently
mutated gene in MPN after TETZ2, affecting 7-10% of
patients.” However in contrast to other mutations,
DNMT3A mutations (DNMT3A™) have only been report-
ed early in myeloid disease: prior to acquisition of JAK2"'"
or in a separate clone in MPN;"® prior to NPM1 or FLT3
mutations in de novo acute myeloid leukemia;” and prior to
transformation of MPN or myelodysplasia into acute
myeloid leukemia.® In this study we used clonal analysis of
hematopoietic colonies from DNMT3A™ MPN patients to
investigate timing of mutation acquisition, subclonal evo-
lution, and the influence of mutation order.

Thirteen DNMT3A™ MPN patients were identified in
whom viable material was available for clonal analysis
(Online Supplementary Table S1): nine JAK2"'"-mutated and
two MPL-mutated patients identified by exome-sequenc-
ing, one JAK2*"*-mutated patient identified by whole-
genome sequencing, and one CALR-mutated patient iden-
tified by targeted gene screening. MPN diagnoses con-
formed to British Committee for Standards in
Haematology. All samples were obtained following writ-
ten informed consent and ethical approval. Peripheral
blood mononuclear cells were cultured to obtain burst-
forming units-erythroid (BFU-E) as described previously,’
and 2991 individual colonies (average of 230
colonies/patient) were genotyped by Sanger sequencing
for mutations in DNMT3A, JAK2, CALR and MPL.

DNMT3A™ occutred prior to acquisition of JAK2"'" in
four patients (DNAMT3A-first’ patients, Figure 1A) as evi-
denced by single-mutant colonies harboring DNMT3A™
only and double-mutant colonies with DNMT3A™ and
JAK2"'"" Single-mutant colonies represented a substantial
proportion of BFU-E (mean 58%, range 27%-86%), con-
sistent with mutant allele fractions from granulocyte
whole-exome sequencing, and indicating the presence of
significant ‘pre-JAK2’ multi-lineage clonal hematopoiesis
in these patients. These results accord with observations
of clonal hematopoiesis in patients with essential throm-
bocythemia despite low allele burdens of JAK2"'""? and
with  reports of DNMT3A™-associated clonal
hematopoiesis in normal individuals.”®"" In three patients,
DNMT3A™ and JAK2"'™ colonies were mutually exclusive
(‘biclonal’ patients, Figure 1B). In such patients, the two
mutations arose either in separate cells downstream of a
shared ancestral clone or in clonally unrelated cells.
DNMT3A™ and JAK2"'" clones did not share any of the
additional mutations identified by exome sequencing in
the three biclonal patients (Figure 2 patients #25, #81,
#27). Moreover, in one of the two female patients,
DNMT3A™ and JAK2"'" clones harbored different active
X-chromosomes (Online Supplementary Figure S1). These
data demonstrate that DNMT3A™ and JAK2"'" clones in
the same patient can represent clonally-unrelated expan-
sions.

In three patients, DNAMT3A™ occurred after acquisition
of mutated JAK2 or MPL (JAK2/MPL-first patients, Figure
1C) but these patients were more difficult to identify. In
patient #650, the order of mutation acquisition was initial-
ly unclear as the majority of colonies were double-mutant
for DNMT3A and JAK2**, and no antecedent single-
mutant colonies were detected (Figure 1C). However, we
confirmed that the JAK2**"* mutation arose first, and that
heterozygous-JAK2*** colonies with wild-type DNMT3A
became undetectable following acquisition of DNMT3A™,
because colonies grown from an earlier time-point showed
heterozygous-JAK2*""* colonies with wild-type DNMT3A
(Online Supplementary Figure S2A). Furthermore, whole
genome sequencing of a diagnostic sample and one taken
at a later time-point demonstrated mutated JAK2*""* at
both times but DNMT3A™ at only the later time-point
(Online Supplementary Figure S2B). Consistent with this
mutation order, the two homozygous-JAK2*"" subclones
present in this patient (Figure 1C, h1 and h2) carried differ-
ent mitotic recombination breakpoints (Online
Supplementary Figure S2C). In two further JAK2/MPL-first
patients, antecedent JAK2/MPL single-mutant colonies
were detected but were present only at low levels (~3% of
total colonies, Figure 1C). Overall, considering MPN
patients with sequential acquisition of mutations within
the same clone, single-mutant JAK2/MPL subclones were
significantly smaller than single-mutant DNAMT3A™ and
double-mutant subclones (P=0.03 for both comparisons, t-
test, Online Supplementary Figure S3). To exclude a con-
founding effect of mutations in other genes known to be
recurrently mutated in myeloid malignancies, whole
exome or genome sequencing data were interrogated for
all 13 patients. Four patients had additional mutations in
TET2, CBL or SH2B3. Delineation of full phylogenetic
hierarchies using Sanger sequencing or Fluidigm single
nucleotide polymorphism genotyping (see Omnline
Supplementary Methods) of individual colonies from these
patients did not identify any preferential association of
these mutations with either single or double-mutant sub-
clones (Figure 2). Our data therefore suggest that
JAK2/MPL single-mutant subclones may have a competi-
tive disadvantage compared with DNMT3A™ subclones,
in which case JAK2/MPL-first patients may be enriched
among those in whom mutation order could not be deter-
mined by colony assay (Figure 1D). To investigate compe-
tition between JAK2/MPL-mutated and DNMT3A™ sub-
clones further, colonies were grown from paired samples
obtained at different time-points (median separation 35
months; range, 6-179 months) in ten patients (3 biclonal, 3
JAR2/MPL-first, 3 DNMT3-first, 1 order unclear). In six
patients who harbored single-mutant DNMT3A™ colonies
(2 patients receiving hydroxycarbamide, 1 patient receiv-
ing pipobroman, 2 patients receiving interferon-a, and 1
patient not receiving cytoreduction), the proportions did
not change significantly between time-points (Figure 3A,B;
blue shading). Similarly, in seven patients with double-
mutant colonies (4 patients receiving hydroxycarbamide, 1
patient receiving pipobroman and 2 patients not receiving
cytoreduction) there was no significant change in the pro-
portions over time (Figure 3A,B; purple shading). In con-
trast, in all six patients with single-mutant JAK2/MPL
colonies (1 patient receiving hydroxycarbamide, 2 patients
receiving interferon and 3 patients not receiving cytore-
duction), the proportions of single-mutant colonies fell sig-
nificantly over time (Figure 3A,B; red shading, P=0.027,
Wilcoxon signed rank test,). While the observed reduction
of JAK2/MPL colonies could have been influenced by inter-
feron treatment in two patients (#81 and #25), two
patients in whom this pattern was also observed had not
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received cytoreduction (#27 and #650), supporting the
notion that single-mutant JAK2/MPL subclones have a
competitive disadvantage. We found no associations
between subclonal changes over time and treatment
responses (measured in accordance with European
LeukemiaNet guidelines) in patients, possibly because

individual patients harbored multiple and differing combi-
nations of the various clones.

We next assessed whether order of acquisition of
DNMT3A™ influenced JAK2"'"-mutated MPN phenotype.
In the eight patients in whom mutation order was estab-
lished, all four DNMT3A™-first patients had essential
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Figure 1. Timing of acquisition of DNMT3A mutations. Single cell-derived hematopoietic erythroid colonies (BFU-E) were grown in vitro
from peripheral blood-derived mononuclear cells and individually genotyped for mutations using Sanger sequencing. Plots in (A), (B), (C)
and (D) show colony genotyping results for mutations in DNMT3A and JAK2, MPL or CALR for each patient and the order of mutation
acquisition. Within each plot, each dot represents a single colony and its quadrant placement shows the corresponding genotype of
DNMT3A (vertical axis) and JAK2/MPL/CALR (horizontal axis). Solid red arrows within quadrants show the confirmed path of clonal evo-
lution. Wt, wild-type; het, heterozygous mutation; hom, homozygous mutation; PV, polycythemia vera; ET, essential thrombocythemia;
PMF, primary myelofibrosis; PPV-MF, post-PV myelofibrosis (A) DNMT3A-first patients: four patients in whom mutated DNMT3A occurred
prior to the acquisition of JAK2'*"", (B) Biclonal patients: three patients in whom DNMT3A™ and JAK2'"**F were in separate clones. (C)
JAK2/MPL-first patients: three patients in whom mutated JAK2 or MPL occurred prior to the acquisition of mutated DNMT3A. (D) Order
unknown: three patients in whom the order of mutation acquisition of DNMT3A and JAK2/MPL/CALR could not be delineated as only
wild-type colonies and/or double mutant colonies were detected.
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thrombocythemia, and of four patients in whom JAK2""”"

occurred on a DNMT3A-non-mutated background (1
JAK2"""—first and 3 biclonal patients), three had poly-
cythemia vera and one had myelofibrosis. To expand this
cohort, an additional 918 patients were screened by target-
ed gene sequencing, and a further 33 patients with
DNMT3A™ and JAK2"'" were identified. Copy-number
corrected variant allele fractions were used to determine
the order of mutation acquisition as recently described,’
and mutation order was unambiguously assigned in eight
further patients: two DNMT3A-first patients had essential
thrombocythemia, and six JAK2-first patients comprised
three with polycythemiva vera, one with post-poly-
cythemia vera myelofibrosis, one primary myelofibrosis
and one essential thrombocythemia. Combining both
cohorts, all six DNMT3A-first patients presented with
essential thrombocythemia. By contrast, of ten patients in
whom JAK2"'™ arose on a wild-type DNMT3A back-
ground, seven presented with polycythemia vera and only
one with essential thrombocythemia (P=0.003, chi-

squared test). There were no significant differences in
other clinical features (Online Supplementary Table S2) in
this cohort. Our results therefore indicate that mutation
order influences clinical presentation, not only in MPN
patients with JAK2"'”" and TET2 mutations, as previously
described,” but also in patients with JAK2Y"" and
DNMT3A mutations. Mutations in either DNMT3A or
TET2 are associated with an essential thrombocythemia
phenotype when acquired prior to JAK2"'". By contrast,
acquisition of JAK2"'" prior to mutation of DNMT3A or
TET2 is associated with polycythemia vera. ‘TET2-first’
patients were older at presentation in our previous study,’
but no difference in age was identified between DNAMT3A-
first and JAK2-first patients. This may be due to the small-
er number of patients in the current study or may reflect a
real difference in the age at which TET2 and DNMT3A
mutations are acquired.

In summary, we demonstrate that in MPN, DNMT3A™"
can follow JAK2 and MPL mutations, and that JAK2/VPL
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Figure 2. Clonal structures of DNMT3A-mutated MPN. Individual single cell-derived hematopoietic erythroid colonies (BFU-E) from six
patients were genotyped using Sanger sequencing or Fluidigm single nucleotide polymorphism genotyping for their respective somatic
variants identified previously by whole exome sequencing. Genotyping results from individual colonies were then used to construct phylo-
genetic trees. Circles represent the subclones; wild-type (white); mutated (brown). The earliest detectable clone is represented at the top
of each structure, with subsequent subclones shown below. Somatic mutations acquired in each subclone are indicated beside respective
circles, and represent those that are acquired in addition to mutations present in earlier clones. Numbers of colonies identified for each
subclone are shown inside circles. Mutations in JAK2, MPL, CALR and DNMT3A are highlighted in red. Additional mutations in genes
known to be recurrently mutated in myeloid malignancies are highlighted in green. ET: essential thrombocythemia; PMF: primary myelofi-

brosis; PV: polycythemia vera; het: heterozygous mutation; hom: homozygous mutation.
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Figure 3. Evolution of subclones in DNMT3A-mutated MPN. (A) Colonies grown from paired samples obtained at different time-points
(median separation 35 months; range, 6-179 months) in ten patients. Vertical axis shows the percentage of total colonies and columns
are shaded to represent the proportions of the different genotypes (red, JAK2/MPL-only; blue, DNMT3A-only; purple, double mutant).
Numbers of colonies genotyped per patient are shown above columns and the timings of sample acquisition (months from diagnosis) are
shown below. (B) Changes in subclonal proportions over time for the ten patients in (A) for a total of 19 subclones. red, JAK2/MPL-only;
blue, DNMT3A-only; purple, double mutant; T1 and T2 represent the earliest and latest time-points sampled for the patients. The median
interval between T1 and T2 did not differ significantly between the different subclones (one-way analysis of variance). * <0.05 Wilcoxon

ranked sum test.

in vivo compared with DNMT3A™ subclones. This concept
is consistent with observations that DNMT3A and TET2
mutations confer an advantage to hematopoietic
stem/progenitor cells,”*"* whereas this is not the case for
JAK2""" in some mouse models.” Furthermore, we show
that mutation order of JAK2"'"" and DNMT3A™" is associ-
ated with differences in MPN phenotype. This emphasizes
the importance of the pattern of acquisition of JAK2"'”
with respect to mutations in epigenetic modifiers in influ-
encing the phenotype of JAK2"'”-mutated MPN.
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