LETTERS TO THE EDITOR

Genomic analysis of myeloproliferative neoplasms in
chronic and acute phases

Myeloproliferative neoplasms (MPNs) are chronic,
clonal hematopoietic disorders that include polycythemia
vera (PV), essential thrombocytosis (ET), and primary
myelofibrosis (PMF). A substantial proportion transforms
into acute myeloid leukemia (AML) with a dismal prog-
nosis." Mutually-exclusive hotspot driver mutations in
JAK2, CALR, and MPL genes are present in 90% of PV, ET
and PMF. The remaining 10% of cases are called triple
negatives (TN). Mutations in other genes (e.g., ASXL1,
DNMT3A, EZH2, IDH1/2, SH2B3, SRSF2, TET2) are also
recurrent in MPNs.”” To better define the genetic events
involved in MPN evolution and transformation,***¢ we
studied 57 MPNs in chronic phase and 38 post-MPN
AMLs from the IPC/CRCM Tumor Bank (authorization

#AC-2007-33). Patients were appropriately informed and
asked to consent in writing, in compliance with French
and European regulations.

MPN diagnosis was established according to the
revised criteria of the World Health Organization.” The
57 chronic cases were separated into two groups: 40
without acute evolution, arbitrarily called “steady” MPNs
or sMPNs (median follow up was 17.9 years (11-28));
and 17 that transformed to AML, called tMPNs (median
time between diagnosis of chronic and acute phases was
8.5 years (1- 29)). The latter group had 17 matched post-
MPN AML samples among the 38 cases of post-MPN
AML. Genomic analysis was carried out for most patients
in chronic phase during disease course, not at diagnosis.
Median time between diagnosis and sample was 12.9
years (2-24 years) for sMPNs, and 5.7 years (0-25) for
tMPNs (Online Supplementary Table S1). Post-MPN AML

Table 1. Frequency of gene alterations (mutations and CNVs) grouped according to the affected cellular function: comparison between sMPNs and
tMPNs and comparison between total MPNs and total post-MPN AML cohorts.

Driver genes and cellular functions sMPNs tMPNs P ORand CI  Total MPNs Total post- P OR and CI

affected by mutations and (n=40) (n=17) (n=57) MPN AML

CNV abnormalities (n=38)

JAR2 V6ITF 19 (47.5%) 14 (824%)  0.020 0.20 33 (57.9%) 22 (57.9%) 1 1[0.40; 2.50]
[0.032; 0.87]

CALR 14 (35%) 0 (0%) 0.0053 Not app 14 (24.6%) 5 (13.2%) 0.20 2.13 [0.64; 8.35]

MPLW515 1 (2.5%) 1(5.9%) 0.51 0.42 2 (3.5%) 1 (2.6%) 1 1.34 [0.068 ; 81.46]

[0.0051; 34.20]

RNA Splicing 1 (2.5%) 9(52.9%) 2.30*10° 0.025 10 (17.5%) 17 (44.7%) 0.0054 0.27

(SRSF2, SF3B1, U2AF1, PRPFS, ZRSR2) [0.0005; 0.22] [0.092;0.74]

Chromatin modification

(ASXLI, EZHD,...)

without aCGH 3 (7.5%) 6(35.3%)  0.015 0.155 9 (15.8%) 12 (31.6%) 0.082 0.4110.13; 1.22]

with aCGH [0.022; 0.86] 18 (47.4%) 0.0012 0.21 [0.071; 0.60]

Tumor suppressor

(NPMI; RBI; TP53)

without aCGH 3 (7.5%) 2(11.8%) 063 0.61[0.063;8.04] 5 (8.8%) 15 (39.5%) 0.00058 0.15 [0.038; 0.50]

with aCGH 5 (12.5%) 1 1.07 [0.15; 12.43] 7 (12.3%) 0.0029 0.22 [0.066; 0.66]

TP53 2 (5%) 2(11.8%) 057 040 [0.027,6.01] 4 (7.0%) 13 (34.2%) 0.0010 0.15 [0.032; 0.54]

DNA methylation

(DNMT3A, TET2, IDH1/2)

without aCGH 4 (10%) 4(235%) 022 0.371[0.0592.28] 8 (14.0%) 19 (50%) 0.00020 0.17 [0.053; 0.48]

with aCGH 20 (52.6%) 19*10° 0.15 [0.048; 0.43]

Signaling pathway

(CBL, NFI, FLT3, RAS,...)

without aCGH 1(2.5%) 4(235%)  0.024 0.088[0.0017;0.99] 5 (8.8%) 13 (34.2%) 0.0029 0.19 [0.047; 0.64]

with aCGH 15 (39.5%) 0.00058 0.15 [0.038; 0.50]

Transcription regulation

(RUNXI, CUXI,....)

without aCGH 4 (10%) 5(294%) 011 027 [0.046; 1.50] 9 (15.8%) 13 (34.2%) 0.048 0.36 [0.12; 1.07]

with aCGH 6 (35.3%)  0.051 0.21[0.037;1.070] 10 (17.5%) 18 (47.4%) 0.0027 (.24 10.083; 0.66]

Cohesin complex

(STAG2, RAD2I,....)

without aCGH 1 (2.5%) 1(5.9%) 0.51 042 [0.0051; 34.20] 2 (3.5%) 3 (7.9%) 0.39 0.43 [0.034; 3.93]

with aCGH 5 (13.2%) 0.11 0.24 10.022; 1.59]

aCGH Type | 33 (82.5%) 12 (T5%)**  0.71  1.56 [0.28; 7.54] 45 (80.4%)** 11 (28.9%) 1.26*10°¢ 9.73 [3.49; 29.52]

aCGH Type 11 T(175%) 4 (25%)** 11 (17.5%) ** 12 (31.6%) 0.23 0.53 [0.18; 1.53]

aCGH Type 111 0 (0%) 0 (0%)**  Not app Not app (= 15 (39.5%) 1.66%107 Not app

Median number of

mutation per patient 1.38 3.18 0.0064 Not app 1.91 3.92 2.94*10¢ Not app

SMPNs, “steady” MPNs; tMPNs, “transformed” MPNs (CI, confidence interval at 95%; CNV, copy number variation; OR, odd ratio; Not app, not applicable; * *available for 16 of 17 samples of

tMPNs and 56 out of 57 samples of MPN.
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Figure 1. Mutational spectrum and copy number aberrations in myeloproliferative neoplasms (MPNs) and post-MPN acute myeloid leukemias (AMLs). Driver
mutations of MPNs are designated by squares shaded in grey and J (JAK2 V617F), C (CALR mutations), M (MPLW515); and white squares correspond to triple
negatives. Genes studied are grouped according to the cellular function they are involved in. Colored squares indicate mutations. sMPNs: “steady” MPNs;
tMPNs: MPNs that transformed to AML; ET: essential thrombocytosis; PV: polycythemia vera; MF: myelofibrosis; ND: not determined.

samples were obtained at diagnosis aside from 2 samples
obtained during accelerated phase. History of the dis-
eases is detailed in Ounline Supplementary Table S2.

DNAs from peripheral blood leukocytes (n=87) or bone
marrow aspirates (n=10) were extracted and prepared for
sequencing as described.®’ For each sample, a library of
all coding exons and intron-exon boundaries of 79 genes,
selected on the basis of their known involvement in the
pathogenesis of myeloid malignancies (Online
Supplementary Table S3), was constructed with HaloPlex
target enrichment system (Agilent technologies, Santa
Clara, USA) and sequenced on an Illumina MiSeq (Online
Supplementary Methods). Copy number aberrations
(CNAs) were identified by using genome-wide, high-den-
sity 244K CGH Microarrays (Hu-244A, Agilent
Technologies, Massy, France) as described.’ Fisher’s exact
tests were used for qualitative variables with discrete cat-
egories, and Student’s t-test for continuous variables.
P<0.05 was considered statistically significant.

In the 56 MPNs at chronic phase and 38 post-MPN
AMLs analyzed by aCGH, we found CNAs in 40 sam-
ples. We classified aCGH profiles into three types. In type
I profiles, called “normal-like”, no CNA was detected.
Type II (intermediate profiles, between one and three
CNAs) showed interstitial deletions/breaks/gains that
affected few or single genes within a chromosomal
region, such as deletions in 1p31 (NF1A), 4q24 (TET2),
8q21 (RAD21), 12p13 (ETVé, CDKN1B), Xq25 (STAG2),
17q11 (NF1, SUZ12), 20q12-q13 (L3MBTL41, PTPN1,
PTPRT), 21q22 (RUNX1) or isolated gain or loss of one
chromosome or chromosome arm (+8, -7, 1q+). Type III
comprised complex profiles with more than three CNAs.
In the 57 MPNs and 38 post-MPN AMLs analyzed by
NGS, we retained 139 single-nucleotide variants (SNVs)

and small insertions or deletions (indels) affecting 45
genes with at least one mutation in 92.8% of samples
(Online Supplementary Tables S2 and S4).

Both sMPNs and tMPNs had a majority of “normal-
like” aCGH profiles (Figure 1 and Ounline Supplementary
Table S2). Rare abnormalities such as dell12p13,
del20q12-q13 and +1q were observed; they may be asso-
ciated with worse prognosis,”*" and should be taken
into account at diagnosis. tMPNs patients were older
than sMPNs at diagnosis (60.4 years-old vs. 46.6,
P=0.0012) and more mutated than sMPNs (median num-
ber 3.18 vs. 1.38) (Online Supplementary Tables S1). tMPNs
were more
JAK2V617F-mutated  (82.4% vs. 47.5%), less
CALR-mutated (0% vs. 35%), and as often TN (11.8% vs.
10%). The frequency of alterations (mutations and
CNVs) grouped according to the affected cellular function
is depicted in Table 1. Genes involved in RNA splicing
(SRSF2 P=0.001), chromatin modification (ASXL1
P=0.007), and signaling pathways were more affected in
tMPNs (52.9%, 35.3% and 23.5% of the cases, respec-
tively) than in sMPNs (2.5%, 7.5% and 2.5% of the
cases, respectively) (Figure 1, Table 1).

In the 38 post-MPN AMLs, the median time for acute
transformation (AT) was 10.6 years, and the median age
at diagnosis was 70.5 years (Online Supplementary Table
S1). Fifteen of the 38 cases (39.5%) had a type III aCGH
profile, 12 (31.6%) a type II, and 11 (28.9%) a type I;
57.9% were JAK2V617F-mutated, 13.2% were CALR-
mutated, 1 was MPL-mutated, and 26.3% were TN. The
median number of mutations in post-MPN AMLs was
higher than in sMPNs (3.92 vs. 1.38, P=3.33*10") but the
same as in tMPNs (3.92 vs. 3.18, P=0.26) (Figure 1, Table
1). The median number of mutations per case was differ-
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Figure 2. TP53, ASXL1 and DNMT3A mutations in chronic MPNs and/or post-MPN AMLs. (A) TP53 mutations were more frequent in post-MPN AMLs than in
MPNSs; (B) TP53 mutations were associated with aCGH type Ill complex profiles; (C) High TP53 VAF was associated with aCGH type IlI; (D) TP53 mutations were
more frequent in post-ET/PV/sMF AML, whereas ASXL1 mutations were associated with post-PMF AML; (E) DNMT3A mutations were associated with post-ET/PV
AML; (F) TP53, ASXL1 and DNMT3A genes are not often co-mutated in post-MPN AML. ET, essential thrombocytemia; PV, polycythemia vera; PMF, primitive

myelofibrosis; sMF, secondary myelofibrosis.

ent between JAK2-, CALR-, MPL-mutated, and TN cases
(4.5 mutations, 2.8, 2 and 3.4, respectively). CALR-mutat-
ed cases had fewer other mutations than JAK2-mutated
cases (P=0.04). Three of the 5 CALR-mutated post-MPN
AMLs had a TP53 mutation and an aCGH type III profile
(60%). In vivo cooperativity of TP53 alterations with
JAK2V617F has already been reported,’ but not yet with
CALR mutations. Half of the AMLs were mutated in
genes involved in DNA methylation: TET2 (21.1%),
DNMT3A (18.4%) and IDH1/2 (15.8%). Seventeen cases
(44.7%) were mutated in RNA splicing genes: SRSF2
(15.8%), U2AF1 (13.2%), SF3B1 (10.5%), and PRPF8
(5.3%). TP53 mutations were found in 13 cases (34.2%)
(Figure 2A, see Ounline Supplementary Figure S1 for TP53
mutations in our study and in others). Thirteen cases
(34.2%) were mutated in genes involved in cell signaling:
FLT3 (18.2%), NRAS (7.9%), and NF1 (7.9%).
NF1-mutated cases also had NF1 deletions. Thirteen
cases (34.2%) had mutations in transcription regulators
with frequent damaging mutations of RUNX1 (13.2%).
Twelve cases (31.6%) were mutated in chromatin regula-
tors: ASXL1 (26.3%) and EZH2 (13.2%). (Figure 1, Table
1, Online Supplementary Table S2).

When we compared the mutational status of the 57
MPN:s to that of the 38 post-MPN AMLs, we found that
mutations in genes involved in DNA methylation, tumor
suppressors, signaling, RNA splicing and transcription
factors were more frequent in post-MPN AMLs. Also,
whilst chronic phases were associated with “normal-like”
aCGH profiles (45/56, 80.4%), the 38 AMLs had more
type III profiles (15/38, 39.5%) (Table 1).

Seventeen matched chronic phases were available for
the 38 post-MPN AML patients. For these pairs, median
time between diagnosis of chronic and acute phases was
8.5 years (Online Supplementary Table S1). The acute phas-
es had an average gain of one mutation (4.24 vs. 3.18),
and a worse aCGH profile (35.3% type I, 47.1% type 1I,
17.6% type III) than the chronic phases (75% type I, 25%
type II) (P=0.037). VAF evolution between chronic and

acute phase for each patient is represented in Ounline
Supplementary Figure S3. For most mutations in chronic
phase, the median VAF was around 40%, and there was
no increase of VAF in acute phases (VAF variation <20%),
suggesting that these mutations were present in the
founding clone (as previously demonstrated®) (Online
Supplementary Figure S2). In some cases, an increase of
VAF was supported by a loss of heterozygosity (EZH2:
AMLA43; TP53: AML48, 51; TET2: AMIL42). We also
observed the apparition of TP53 mutations with an aver-
age VAF of 40.2% in three cases (AML44, 49, 51) (Online
Supplementary Figure S3A). Considering all cases, when
the TP53 VAF was >10%, the patients generally dis-
played a complex aCGH profile and complex karyotype,
suggesting that mutated TP53 confers genomic instabili-
ty. Conversely, when TP53 VAF was <10%, the cytoge-
netic analysis could not detect complex abnormalities
(Figure 2B and 2C).

These results suggest that genome alterations and
mutations in TP53, DNA methylation, and transcription
factors are simultaneous with (and potentially responsi-
ble for) evolution to AML, whereas alterations in RNA
splicing, chromatin modification, and signaling path-
ways, which are found in chronic phases before AT, may
increase AT risk (Online Supplementary Figure S3). These
results are in agreement with recent studies of myelodys-
plastic syndromes” and AML patients.”® In two recent
NGS studies of 197 MPNs in chronic phase® and 33 post-
MPN AMLs’, the distribution of mutations according to
the cellular function affected was similar to that of our
study. Here, we also compared the mutational status of
chronic phase MPNs with stable course to chronic phase
MPNs that transformed to AML, which showed a differ-
ent profile (Table 1).

Post-PV/ET or post-secondary MF AMLs (13/31) had
more TP53 mutations than post-PMF AMLs (0/7).
Conversely, they had less ASXL1 mutations (4/31 vs. 6/7),
and this was independent of their JAK2/CALR/MPL
mutational status (Figure 2D). DNAMT3A mutations were
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more frequent in post-ET/PV AMLs than in post-MF (sec-
ondary or PMF) AMLs (7/20 vs. 0/18) (Figure 2E). In total,
25 out of the 38 post-MPN AMLs were ASXL1 and/or
TP53, ASXL1 and/or DNMT3A, TP53 and/or DNMT3A,
with very rare co-mutated cases (Figure 2F). These results
suggest the existence of three mechanisms of AT depend-
ing on the MPN subtype, with TP53 or DNMT3A muta-
tion in post-ET/PV AML and ASXL1 mutations in PMFE.

Knowledge of mutations, including early detection of
small abnormal clones, could modify therapeutic choices.
In particular, the detection of mutations at diagnosis (e.g.,
ASXL1, DNMT3A, splice, TP53) and during disease
course, may help identify an MPN with risk of AT and
help adapt the treatment.
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