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prognostic impact of ASXL1 mutations: a FIM study

Damien Luque Paz,'® Jérémie Riou,* Emmanuelle Verger,®® Bruno Cassinat,>® Aurélie Chauveau,” Jean-Christophe lanotto,®

Brigitte Dupriez,® Frangoise Boyer,'® Maxime Renard,'® Olivier Mansier,'"'? Anne Murati,'® Jéréme Rey,'* Gabriel Etienne,'®

Véronique Mansat-De Mas,'® Suzanne Tavitian,'” Olivier Nibourel,'®"® Stéphane Girault,>® Yannick Le Bris,?'?? Frangois Girodon,?®
Dana Ranta,?* Jean-Claude Chomel,?® Pascale Cony-Makhoul,2® Pierre Sujobert,” Margot Robles,?® Raouf Ben Abdelali,®

Olivier Kosmider,®® Laurane Cottin,"® Lydia Roy,%"®? Ivan Sloma,®®3* Fabienne Vacheret,3® Mathieu Wemeau,*® Pascal Mossuz,3”
Borhane Slama,®® Vincent Cussac,?® Guillaume Denis,*® Anouk Walter-Petrich,*' Barbara Burroni,*? Nathalie Jézéquel,7

Stéphane Giraudier,>® Eric Lippert,” Gérard Socié,*® Jean-Jacques Kiladjian,®** and Valérie Ugo,'® on behalf of the French Intergroup of
Myeloproliferative Neoplasms

"Univ Angers, INSERM, CRCINA, Angers, France; 2Laboratoire d’Hématologie, Centre Hospitalier Universitaire (CHU) Angers, Angers, France; 3Univ Angers, UFR Santé,
Angers, France; “Univ Angers, INSERM, Unit 1066 minT, Angers, France; SLaboratoire de Biologie Cellulaire, Assistance Publique—Hopitaux de Paris, Hopital Saint-Louis, Paris,
France; ®Université de Paris, U1131 INSERM, IRSL, Paris, France; ”Laboratoire d'Hématologie and 8Service d'Hématologie Clinique, CHRU Brest, Brest, France; gHématologie
Clinique, CH Lens, Lens, France; 1%Service des Maladies du Sang, CHU Angers, Angers, France; "Laboratoire d'Hématologie, CHU Bordeaux, Bordeaux, France; "2Universite
de Bordeaux, INSERM U1034, Bordeaux, France; '*Département de Biopathologie et Département d'Oncologie Prédictive and '“Département d’Hématologie, Centre de
Recherche en Cancérologie de Marseille, Institut Paoli-Calmettes, INSERM, Marseille, France; 15Département d’Hématologie, Institut Bergonié, Bordeaux, France; 8L aboratoire
d'Hématologie and 17Service d’Hématologie, CHU Toulouse, Institut Universitaire du Cancer de Toulouse Oncopole, Toulouse, France; 8 aboratoire d'Hématologie Cellulaire
and "*UMR 9020-UMR-S 1277-Canther-Cancer Heterogeneity, Plasticity and Resistance to Therapies, Institut de Recherche contre le Cancer de Lille, University Lille, CNRS,
INSERM, CHU Lille, Lille, France; 2°Service d'Hématologie, CHU Limoges, Limoges, France; 21 aboratoire d'Hématologie, CHU Nantes, Nantes, France; 22Université de Nantes,
INSERM, CRCINA, Nantes, France; 2*Service d’Hématologie Biologique, CHU Dijon, Dijon, France; *Hématologie Clinique, CHU Nancy, Nancy, France; *Service de
Cancérologie Biologique, CHU Poitiers, Poitiers, France; 2®Hématologie, CH Annecy, Annecy, France; 2’Service d’Hématologie Biologique, Hospices Civils de Lyon, Hopital
Lyon Sud, Pierre-Bénite, France; 28Hvématologie Clinique, CH Périgueux, Périgueux, France; 29Pgle Hématologie et Oncologie, Laboratoire Cerba, Saint-Ouen L'’Aumoéne,
France; 3°Laboratoire d'Hématologie, Assistance Publique—Hbpitaux de Paris, Hopital Cochin, Paris, France; 31Service d'Hématologie, Assistance Publique-Hopitaux de Paris,
Hopital Henri Mondor, Créteil, France; 32Faculté de Santé, Université Paris Est Créteil (UPEC), Créteil, France; 33Département d’Hématologie et Immunologie, Assistance
Publique—Hépitaux de Paris, Hopital Henri Mondor, Créteil, France; 34Université Paris Est Créteil, INSERM, IMRB, Créteil, France; *Service d'Hématologie, CH Perpignan,
Perpignan, France; SSHématologie, CH Roubaix, Roubaix, France; 3”Laboratoire d’Hématologie, CHU Grenoble, Grenoble, France; 38Service d'Onco-Hématologie, CH Avignon,
Avignon, France; 39 aboratoire d'Hématologie, CH Le Mans, Le Mans, France; 40Service d'Hématologie, CH Rochefort, Rochefort, France; “ECSTRRA Team U1153,
INSERM, Université de Paris, Paris, France; “>Département d'Anatomo-Pathologie, Assistance Publique—Hopitaux de Paris, Hopital Cochin, Paris, France;
“3Hématologie-Transplantation, Assistance Publique—Hopitaux de Paris, Hopital Saint-Louis, Paris, France; and 4 Centre d'Investigations Cliniques (INSERM CIC1427),
Assistance Publique—Hopitaux de Paris, Hopital Saint-Louis, Paris, France

m We aimed to study the prognostic impact of the mutational landscape in primary and

secondary myelofibrosis. The study included 479 patients with myelofibrosis recruited from
* Mutations of TP53 and

high-risk genes (EZH2,
CBL, U2AF1, SRSF2,

24 French Intergroup of Myeloproliferative Neoplasms (FIM) centers. The molecular
landscape was studied by high-throughput sequencing of 77 genes. A Bayesian network
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IDH1, IDH2, NRAS or allowed the identification of genomic groups whose prognostic impact was studied in
KRAS) are adverse a multistate model considering transitions from the 3 conditions: myelofibrosis, acute
prognostic factors in leukemia, and death. Results were validated using an independent, previously published
myelofibrosis. cohort (n = 276). Four genomic groups were identified: patients with TP53 mutation;

S SIS el e patients with =1 mutation in EZH2, CBL, U2AF1, SRSF2, IDH1, IDH2, NRAS, or KRAS (high-
tions (ie, without TP53 risk group); patients with ASXLI-only mutation (ie, no associated mutation in TP53 or high-
or high-risk mutations) risk genes); and other patients. A multistate model found that both TP53 and high-risk
have no prognostic im- groups were associated with leukemic transformation (hazard ratios [HRs] [95% confidence

et [ yeleiileess interval], 8.68 [3.32-22.73] and 3.24 [1.58-6.64], respectively) and death from myelofibrosis
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All data folders and code for figure generation are freely available (https://github.com/
Hematology-Lab-of-Angers-Hospital/FIM-Myelofibrosis-NGS).
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(HRs, 3.03 [1.66-5.56] and 1.77 [1.18-2.67], respectively). ASXL1-only mutations had no
prognostic value that was confirmed in the validation cohort. However, ASXL1 mutations
conferred a worse prognosis when associated with a mutation in TP53 or high-risk genes.

This study provides a new definition of adverse mutations in myelofibrosis with the addition
of TP53, CBL, NRAS, KRAS, and U2AF1 to previously described genes. Furthermore, our
results argue that ASXL1 mutations alone cannot be considered detrimental.

Introduction

The Philadelphia chromosome—-negative myeloproliferative neo-
plasms (MPNs), which include polycythemia vera (PV), essential
thrombocythemia (ET), and primary myelofibrosis (PMF), are
acquired clonal hematopoietic stem cell disorders characterized by
the abnormal proliferation and accumulation of mature blood cells.
Myelofibrosis is characterized by dysregulation of the bone marrow
stroma with the development of a reticulin fibrosis. PMF differs from
post-PV or post-ET secondary myelofibrosis (SMF), which has an
evolution rate of ~10% after 10 years of follow-up.' The course of
myelofibrosis is associated with progressive constitutional symp-
toms (eg, fatigue, night sweats, and fever), increasing splenomeg-
aly, worsening cytopenia, and a risk of transformation to acute
myeloid leukemia (AML). Among MPN, myelofibrosis is associated
with the worst prognosis, and its evolution is extremely variable
according to prognostic features and treatment.> Risk-adapted
therapies range from no treatment to allogeneic hematopoietic stem
cell transplantation.?

More than 90% of myelofibrosis cases harbor somatic mutations in
the driver genes JAK2, CALR, or MPL that lead to a constitutive
activation of the JAK-STAT5 pathway.® Other somatic nondriver
mutations (so-called additional mutations) have been increasingly
detected in MPN with the use of high-throughput sequencing.*
These additional mutations involve genes with various functions,
such epigenetics, splicing, signalization, and transcription factors,
and are also mutated in other myeloid neoplasms like myelodys-
plastic syndromes and AML. Since the seminal study by Vannucchi
et al,® the prognostic role of additional mutations in PMF have
been confirmed, and new scoring systems have incorporated
“high-risk” genes.®” Conversely, few data are currently avail-
able for SMF. In 2018, Grinfeld et al studied 2035 patients and
proposed a prognostic classification for all MPN subtypes,
incorporating the mutational landscape to allow personalized
prognostic assessment.® Overall, these results pave the way
for the use of genomics in the clinical management of MPN,
even if additional data are still needed to specify which genes
and types of mutation are definitively associated with adverse
prognosis.

In this study, we aimed to characterize the molecular landscape of
PMF and SMF in a large multicentric cohort to identify homoge-
neous genomic groups. The prognosis of these genomic groups
was then studied, and the results were validated using an external
previously published cohort.

Methods

Design and method of the study were performed according the
REMARK guidelines (see supplemental Data).®
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Patients and samples

From 2005, patients with a diagnosis of PMF or SMF (ie, post-ET
or PV) were registered in the French Intergroup of Myeloprolifer-
ative Neoplasms (FIM) observatory of myelofibrosis, according to
the World Health Organization 2008 or 2016 classifications.'®""
DNAs from 497 unselected patients with PMF or SMF were
centralized in the Angers Hospital for high-throughput molecular
analysis. Finally, 479 patients were included in the analysis after
exclusion of 10 patients who did not fulfill myelofibrosis diagnostic
criteria after central review and 8 patients because of next-generation
sequencing (NGS) failure (supplemental Figure 1). All samples
were collected at the time of myelofibrosis diagnosis and consisted
of whole blood (83%), purified blood granulocytes (14%), or whole
bone marrow (3%). The median time between diagnosis and
sampling was 17 days (range, 0-88 months). In detail, 77% of
samples were collected within 3 months, and 95% of patients
were sampled within the first 2 years following diagnosis.
As a validation cohort, we used the results of Grinfeld et al
on 276 cases of PMF or SMF.® Details regarding patients,
diagnostic review, samples, and the validation cohort are provided
in supplemental Data.

NGS

A custom RNA-baits panel was designed to cover all exons of 77
genes involved in myeloid malignancies or previously described
in MPN. Bioinformatics tools were used to call and annotate
variants (details in supplemental Data). Only exonic or splicing
mutations (donor and acceptor sites) with a variant allele frequency
=2% and not described as common polymorphisms (ie, =1% in
general population) were retained. Variants were finally classified
according to their putative pathogenic effect as pathogenic,
likely pathogenic, or variant of unknown significance according
to standard guidelines'>'® (details in supplemental Data). Further-
more, mutations of unknown significance with a frequency =0.01%
in the general population were considered as rare polymorphisms
and were removed.

Statistics

A Bayesian network analysis combined with hierarchical clustering
analysis was performed to characterize homogeneous clusters of
genes. To describe the natural history of myelofibrosis a multistate
model was used, allowing variables associated with each transition
to be identified. Correction of P values was performed for multiple
testing using a Benjamini-Hochberg procedure. Only pathogenic
and likely pathogenic mutations were taking into account for
statistical analysis of prognosis. Detailed methodology is described
in supplemental Data (pages 8-12).
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Results

The mutational landscape of myelofibrosis

The whole cohort included 305 PMF and 174 SMF (70 post-PV and
104 post-ET). The characteristics of patients are summarized in
supplemental Table 1. Driver mutations were distributed as follows:
309 JAK2V617F (65%), 110 CALR (23%), 25 MPLW515 (5%),
and 8 patients with a double mutation (4 JAK2V617F/MPLW515,
2 CALR/MPLW515, 1 JAK2V617F/CALR, and 1 JAK2V617F/
JAK2exon12). For patients with 2 driver mutations, the mutation
with the highest allele burden was considered the driver for further
analyses. JAK2V617F allele burden was higher in SMF than in PMF
(supplemental Figure 2). Of note, 27 patients had no driver mutation
detected (ie, triple negative).

A total of 1385 additional variants were detected with the following
distribution: 861 pathogenic variants, 179 likely pathogenic variants,
and 345 variants of unknown significance. We found a median (range)
of 3 (0-11) additional variants per patient and 2 (0-10) additional
mutations when considering only pathogenic and likely pathogenic
variants. The most frequently mutated genes were ASXL1, TET2,
SRSF2, U2AF1 and EZH2 (Figure 1A; supplemental Figure 3).
Mutations in the SRSF2 and U2AF1 genes were significantly more
frequent in PMF, whereas mutations in NFE2 were more frequent in
SMF (Figure 1B). SRSF2 and U2AF1 mutations were more frequently
encountered in JAK2-mutated than in CALR-mutated patients
(Figure 1C). Mutations in ATM, KMT2C, KMT2D, and NOTCH1 were
mainly variants of unknown significance. The allele burden distribution
of additional mutations harbored different profiles depending on the
genes: (1) an allele burden centered on 40% to 50% (eg, SRSF2 and
U2AF1); (2) an allele burden with values ranging from 0% to 100%
(eg, EZH2 and TP53); and (3) an allele burden with a bimodal
distribution, with some values at a low allele burden and others
centered on 40% to 50% (eg, ASXL1 andTET2) (Figure 1D). In further
analyses, we considered only pathogenic and likely pathogenic
mutations. Indeed, the function of “variants of unknown significance”
is unclear, and most of these are likely rare polymorphisms. No
difference in the number of additional mutations according to the sex
was found (P = .08), but older patients more frequently had =1
additional mutation (P = .0009; supplemental Figure 4).

We visualized the molecular structure of the cohort using a Bayesian
network (Figure 2). Based on this network and on a hierarchical
clustering analysis, we defined 7 genomic groups. Since some of
these 7 genomic groups harbored similar outcomes, we then merged
some of the genomic groups to generate 4 prognostic groups
according to their potent respective impact on overall survival (OS)
(supplemental Figure 5; Figure 3A). The 4 groups were created in the
following sequence: (1) TP53-mutated patients (n = 27); (2) patients
with =1 mutation in EZH2, CBL, U2AF1, SRSF2, IDH1, IDH2,
NRAS, or KRAS (high-risk group, n = 150); (3) ASXL 7-only mutation
(ie, no associated mutation in TP53 or in high-risk genes, n = 74);
and (4) “other” patients, with the main mutations being in NFE2,
DNMTS3A, TET2, and SF3B1 (n = 228) (Figure 2).

Prognostic impact of genomic alterations

The prognostic impact of the 4 molecular groups on OS and
cumulative incidence of leukemic transformation highlighted a worst
prognostic for TP53 and high-risk groups (median OS, 20 and 49
months, respectively; median time to leukemic transformation not
reached for TP53 and 110 months for high risk) than in patients with
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ASXL1-only and the “other patients” group (median OS, 89 and
116 months, respectively; time to leukemic transformation not
reached) (Figure 3; P <.0001 for OS and leukemic transformation).
This prognostic impact was also found on leukemia-free survival
(supplemental Figure 6). Then, we studied the prognostic value of
these 4 groups using multistate modeling, which included the
following variables: sex; age at diagnosis; hemoglobin, platelet, and
leukocyte counts; type of driver mutation; type of myelofibrosis;
and the 4-tier genomic classification. Univariate analyses of each
transition are summarized in supplemental Table 2, and the final model
is summarized in Table 1. TP53 and high-risk mutations groups were
associated with an independent and significantly higher risk of both
leukemic transformation (hazard ratio [HR] [95% confidence interval,
8.68 [3.32-22.73], P < .0001 and HR, 3.24 [1.58-6.64], P = .0013,
respectively) and risk of death without AML (HR, 3.03 [1.66-5.56], P =
.0003 and HR, 1.77 [1.18-2.67], P = .006, respectively). Patients with
ASXL 1-only mutation did not have an adverse prognosis either in terms
of leukemic transformation (HR, 2.45 [0.95-6.29], P = .063) or OS
(HR, 1.17 [0.68-2.01], P = .579). Moreover, we confirm that well-
known factors like age at diagnosis, anemia, and leukocytosis were
associated with a higher risk of death.>'* Thrombocytopenia was
associated with a higher risk of leukemic transformation, whereas
CALR-mutated patients presented with a lower risk of AML trans-
formation. Two sensitivity analyses were performed considering either
(1) a censor at the time of bone marrow transplantation for the 50
allografted patients and (2) a time O as the time of DNA sampling, and
both analyses confirmed our findings (supplemental Tables 3 and 4).

Finally, we applied the multistate model to the validation cohort of
276 cases of myelofibrosis published by Grinfeld et al® and found
very similar results (supplemental Table 5). In particular the
prognostic impact of TP53 mutations on leukemic transformation
and high-risk mutations on leukemic transformation and death were
confirmed with HRs close to those found in our cohort. Of note, 2
results cannot be reproduced in the validation cohort: the protective
effect of CALR mutations on leukemic transformation and reduced
OS for TP53 mutations. However, the absence of prognostic value
of the ASXL1-only group was also supported by results obtained in
the validation cohort.

Deciphering the spectrum of ASXL7 mutations

We then examined in detail the spectrum of ASXL7 mutations and
found that they were frequently associated with TP53 or high-risk
genes mutations (Figure 1E). Indeed, an ASXL7 mutation was
found in 60% of cases in these 2 genomic groups and was
associated with an increased risk of death (HR, 1.5 [1.01-2.29],
P = .044; supplemental Figure 7).

The allele burden of ASXL 1 mutations was higher when associated
with high-risk mutations (supplemental Figure 8). In the ASXL7-only
group, the allele burden of ASXL 7 mutation was not associated with
acute leukemia or death (P = .293 and P = .763, respectively, with
a threshold of 20%). A sensitivity analysis of the multistate model
considering only additional mutations with >159% allele burden was
performed and previous results were confirmed, showing the lack of
prognostic significance for ASXL7-only mutations (supplemental
Table 6).

Comparison of prognostic performances

Finally, we aimed to evaluate the additional value of the genomic
groups for prognosis assessment as compared with other prognostic
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Figure 1. Mutational landscape of the entire cohort. Proportion of patients with =1 mutation per gene according to the classification of mutations (A), the type of

myelofibrosis (B), and the driver mutation (JAK2 or CALR) (C). The distribution of allelic burden of additional mutations is represented by violin plots (D), and the association

between mutations on the genes of the 4-tier classification is shown in a circos plot (E). *P < .05; **P < .01; **P < .001. Only pathogenic and likely pathogenic mutations

were retained for the circos plot. VAF, variant allele frequency.

classifications. For this purpose, the performance (C-index and time-
dependent area under the curve [AUC])"®"® and the accuracy (Brier
score)'” to predict death and leukemic transformation were evaluated
for standard prognostic scoring systems (e, International Prognostic
Scoring System [IPSS]? for PMF and Myelofibrosis Secondary to PV
and ET-Prognostic Model [MYSEC-PM] '8 for SMF), the present 4-tier
genomic classification alone, and the combination of our 4-tier
genomic with previous scores. The more recent prognostic scores
MIPSS70° and MIPSS70+v2” were also evaluated. Results are
summarized in Table 2 and supplemental Table 7. The 4-tier genomic
classification alone harbored equal or slightly inferior C-index
performance as compared with IPSS or MYSEC-PM for death and
was superior to IPSS but inferior to MYSEC-PM for leukemic
transformation. It is worth noting that the association of genomic
groups with standard prognostic scoring systems improved the
prediction and accuracy of prognosis for both short-term and long-
term events, as illustrated in Figure 4 for death and in supplemental
Figure 9 for leukemic transformation. MIPSS70 and MIPS70+v2
had good predictive values in particular for death in PMF and SMF
and for leukemic transformation in PMF. However, the combination

€ blood advances o marcH 2021 - voLuME 5, NUMBER 5

of our 4-tier genomic classification combined with IPSS or MYSEC-
PM remained superior to MIPSS70 and MIPS70+v2.

Discussion

Herein, we analyzed the molecular landscape of a large cohort of
patients with PMF and SMF. Gene variants were classified
according to their suspected pathogenicity and only pathogenic
or likely pathogenic mutations were kept in the statistical analysis for
prognosis. The Bayesian network enabled the characterization of the
molecular structure of our cohort and it was indeed close to that of the
network described by Grinfeld et al.? Both genomic networks reveal
ASXL1 as a central node of the MPN molecular landscape, since most
additional mutations arise from this first hit. ASXL7 mutations were
found in approximately one-third of myelofibrosis patients as previously
described.*®'922 We defined 4 genomic groups, 2 of them, the
“TP53" and high-risk (ie, =1 mutation in groups EZH2, CBL, U2AFT,
SRSF2, IDH1, IDH2, NRAS, or KRAS) groups, were associated with
an adverse outcome (transition from myelofibrosis to acute leukemia
and from myelofibrosis to death). Furthermore, we investigated the

ASXL1 MUTATIONS IN MYELOFIBROSIS 1445

7202 AeIN 61 U0 158NB AQ Jpd"¥i7E000Z0ZAPESIOUBADE/Z98L 08 L/Z 1 L/G/S/IPd-0]oIe/S80uBAPEPOO|q/IoU"SUoNeDlgndyse//dny wouy papeojumod



Figure 2. Bayesian network of the molecular land-
scape. Driver genes are in blue. A green link represents
a positive association, and a red one represents 2
TP53 SF3B1 IDH1/2 mutually exclusive genes. Red, yellow, and blue genes
represent the genomic groups identified in the following
K/NRAS order: TP53 mutations, high-risk mutation (without TP53
mutation), and ASXL 7-only mutation (ie, without TP53 or
/ CALR \ high-risk mutation).
SRSF2
JAK2V617F
MPL
/ ASXL1 U2AF1
MPLW515 /
NFE2
/ EZH2
TET2 \
CBL
DNMT3A

prognostic impact of each gene within the high-risk group by analyzing
the performance for the prediction of OS by leaving out the genes one
by one. This confirmed that all genes were associated and improved
the prognostic evaluation (supplemental Table 8).

Conversely, the ASXL7-only group (ie, without mutation in TP53 or
high-risk genes) had no prognostic impact on the risk of death and

had only a moderate impact for leukemic transformation. The
multivariate analysis also found that age at diagnosis, leukocytosis,
and anemia were associated with a higher risk of death, while
thrombocytopenia was associated with a risk of leukemic trans-
formation, in agreement with risk factors included in previous
prognosis scoring systems, from the Lille score to IPSS and Dynamic
International Prognostic Scoring System—-Plus (DIPSS-plus).>"*?*
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Figure 3. Prognosis according to the 4-tier genomic classification. Kaplan-Meier curve representing OS (A) or cumulative incidence of leukemic transformation (B).

Follow-up was right censored at 72 months for Kaplan-Meier.
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Table 1. Multistage model for AML and death events

Transitions

Myelofibrosis to AML

Myelofibrosis to death AML to death

Variable HR [95% CI] P HR [95% CI] P HR [95% CI] P
Age at diagnosis — — 1.05 [1.08-1.07] <.0001 — —
Sex (male) — — 1.41 [0.96-2.06] .077 — —
Hemoglobin — — 0.81 [0.74-0.89] <.0001 — —
Leukocyte count - — 1.04 [1.02-1.05] <.0001 — —
Platelet count 0.99 [0.99-0.99] 012 — — — —
Driver mutation (JAK2 as reference): CALR 0.21 [0.06-0.70] .011 — — — —
Genomic groups (others as reference)

TP53 8.68 [3.32-22.73] <.0001 3.03 [1.66-5.56] .0003 1.21 [0.31-4.72] .784

High risk 3.24 [1.58-6.64] .0013 1.77 [1.18-2.67] .006 0.88 [0.33-2.36] .801

ASXL1 only 2.45 [0.95-6.29] .063 1.17 [0.68-2.01] 579 1.22 [0.33-4.47] .767

Cl, confidence interval.

We also found that CALR-mutated patients had a lower risk of
leukemic transformation, as previously described.?* Of note, this
prognostic advantage was reported as being limited to type 1
and type 1-like mutations of CALR.?®2% |n our cohort, 79% of
CALR mutations were type 1/type 1-like, and no distinction was
made in multivariate analysis, because no difference was found in

Table 2. Prognostic performance comparison

univariate analysis between type 1/type 1-like and other CALR
mutations (P = .77 and .6 for leukemia-free survival and OS,
respectively). The 2 major differences of the multistage model in the
validation cohort concerned the absence of significance of CALR
mutations for leukemic transformation and the TP53 genomic group
for OS and may be explained by the limited number of patients with

Events at 24 mo

Events at 48 mo Events at 72 mo

C-index Brier score AUC Brier score AUC Brier score AUC
0s
PMF (h = 305)
NGS 0.66 0.052 66 0.101 72 0.13 73
IPSS 0.68 0.051 71 0.098 72 0.129 74
MIPSS70 0.67 0.05 70 0.095 73 0.122 71
NGS-IPSS 0.73 0.05 74 0.093 79 0.118 82
SMF (n = 174)
NGS 0.66 0.057 68 0.117 61 0.147 68
MYSEC-PM 0.71 0.061 74 0.11 76 0.133 80
MIPSS70* 0.68 0.06 73 0.111 71 0.135 72
NGS-MYSEC-PM 0.77 0.054 82 0.102 79 0.124 86
Leukemic transformation
PMF (n = 305)
NGS 0.71 0.017 76 0.041 74 0.058 79
IPSS 0.59 0.017 60 0.04 61 0.062 61
MIPSS70 0.72 0.017 76 0.038 78 0.056 73
NGS-IPSS 0.73 0.016 78 0.039 77 0.056 79
SMF (n = 174)
NGS 0.67 0.021 70 0.047 65 0.062 72
MYSEC-PM 0.75 0.022 76 0.046 82 0.059 85
MIPSS70* 0.66 0.022 64 0.048 71 0.062 73
NGS-MYSEC-PM 0.76 0.02 81 0.042 83 0.054 87

Comparisons were performed between classical prognosis score systems and the 4-tier genomic classification (NGS) alone or in combination with a clinical score. C-index and AUC
evaluated the performance of the model, and Brier score reflected the accuracy of the prediction (ie, the rate of error). Bold indicates the best values.

*MIPSS70 was developed for PMF.
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Figure 4. Prognosis performance comparison. The performance (time-AUC; A and C) and accuracy (Brier score; B and D) for death prediction were measured over the

time for usual prognosis scoring systems, the 4-tier genomic classification (NGS) alone, or in combination for primary (A-B) and secondary (C-D) myelofibrosis patients.

either CALR mutation (h = 46) and TP53 mutations, with 11
mutated cases, of which 5 progressed to acute leukemia and are
therefore not considered for myelofibrosis to death transition in the
multistate model.

In the present study, we identified mutations in TP53, EZH2,
SRSF2, IDH1, IDH2, U2AF1, CBL, NRAS, and KRAS genes as
adverse prognostic factors in myelofibrosis. The detrimental role of
TP53 mutations has been previously described in cohorts that
included all subtypes of MPN, and the role of TP53 in leukemic
transformation has been shown in mice models.*®272® Among the
other genes, we found a worse prognosis associated with EZH2,
SRSF2, IDH1, and IDH2, as previously reported by others for high-
risk profiles.® U2AF1 and N/KRAS have also been described as
adverse prognostic factors.”2%3° CBL protein is a RAS pathway
regulator, and previous studies have reported a reduced OS in MPN
patients with CBL mutations.?>3°3"

Our results about the prognostic value of ASXL7 mutations seem,
at a first glance, to contrast those of previous studies in PMF, where
they were classified as high molecular risk (HMR).>®2? Neverthe-
less, some other studies found no prognostic impact of ASXL7
mutations in SMF,%2 and in ET and in PV in MIPSS-ET and MIPSS-
PV did not include ASXL?7 mutations.?® Santos et al have recently
studied a cohort of 723 patients with myelofibrosis and found
a prognostic value of N/KRAS mutations but no impact of HMR
mutations using a multivariate model considering sex, platelet count,
transfusion dependency, DIPSS classification, karyotype, driver
mutation, HMR (ie, ASXL1, EZH2, and IDH1/2), and N/KRAS

1448 LUQUE PAZ et al

mutations.® In this later study, there was a positive association
between N/KRAS mutations and ASXL7 mutations. Similarly, we
found that 59% of patients with ASXL7 mutations also had either
a mutation in TP53 or in a gene from the high-risk genomic group
(EZH2, CBL, U2AF1, SRSF2, IDH1, IDH2, NRAS, or KRAS). The
selection of genomic groups based on the Bayesian network
allowed us to study the prognostic role of isolated ASXL1
mutations. Thus, we hypothesize that the apparent prognostic
impact of ASXL 1 mutations found in previous studies could be due
to either (1) other mutations of adverse prognostic not detected or
not included in the NGS panels or in statistical models and
frequently associated with ASXL7 or (2) the additional impact of
ASXL1 mutations in patients harboring other high-risk mutations.
Our results have been validated on an independent cohort. Thus, it
is unlikely that recruitment bias explains differences about the
impact of ASXL1 mutations.

Our sequencing technology allowed the detection of very low allelic
burdens (down to 2%). Such ASXL7 mutations with low allele
burden might simply reveal age-related small clones not linked to
the MPN (ie, clonal hematopoiesis of indeterminate potential),34 but
a sensitivity analysis showed similar results when considering only
mutations with an allele burden >15%. The type of ASXL 7 mutation
may also be important. Indeed, Tefferi et al demonstrated a similar
prognosis for frameshift, nonsense, and missense mutations,
whereas Kuykendall et al found no apparent impact of missense
mutations.3*®® In our cohort, all ASXL7 mutations harbored
a truncated C-terminal domain.
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Finally, in this study, we have considered the c.1934dupG mutation
of ASXL1, whose status as a true mutation or artifact has previously
been debated, but it is now considered a bona fide mutation (with
472 occurrences in COSMIC).28 A previous study found a worse
prognosis for this particular mutation in PMF.3° This led us to conduct
2 sensitivity analyses, one excluding the ASXL7 c.1934dupG
mutation and the second dissociating this mutation from the other
ASXL1 mutations, and we found no prognosis impact of ASXL1
mutations for either analysis (supplemental Tables 9 and 10).

The role of ASXL 1 mutations in myeloid neoplasms development is
still unclear. ASXL71 mutations result in a loss of PRC2-mediated
H3K27 trimethylation.*® Deletion of Asx/7 in mice induced a myelo-
dysplasia phenotype, and a knockin expression of an Asx/7 mutation
with protein truncation led to an age-dependent myeloid skewing with
anemia, thrombocytosis, and dysplasia.*' 2 Furthermore, mice models
have shown a cooperation between Asx/1 and other mutations (eg,
Nras and Runx1) in promoting leukemic transformation.**? These
findings fit with our results showing that ASXL7 mutations had no
prognostic impact alone but seemed to confer a worse prognosis
when associated with high-risk mutations.

For the evaluation of the prognostic performance, we compiled (1)
C-index reflecting the concordance probability of the prognostic
model, (2) AUC for different times of follow-up (time-AUC) reflecting
the performance of prediction, and (3) Brier score for different times of
follow-up reflecting the accuracy of the prediction. All these indicators
showed that our 4 genomic group classification allowed a good
prognostic performance equivalent to most previous scores. 2718
Furthermore, the prognostic prediction for both death and leukemic
transformation were highly improved by combination of the 4 genomic
groups with standard scores.

In conclusion, our results argue for a revision of the prognostic
classification of somatic mutations in myelofibrosis with the exclusion of
ASXL 1 and the inclusion of the TP53, U2AF1, CBL, NRAS, and KRAS
genes to the already-recognized SRSF2, EZH2, IDH1, and IDH2 HMR
mutations. These results provide a basis for a new molecular
classification that will need to be validated in large multicentric cohorts.
Indeed, the accurate definition of a high-risk molecular signature is
crucial, as it could influence patient management and therapy.*3**
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