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(OMOMMY e pcces:

Abstract

Primary myelofibrosis is a kind of MPN’s due to clonal appreciation of hema-
topoietic stem cells. With the development of second-generation sequencing,
high-risk mutation (HMR) genes such as ASXL1, EZH2, SRSF2, and IDH1/2
have been shown to be associated with disease prognosis and progression,
and although allo-HSCT remains the only possible treatment for PMF, with
the development of JAK inhibitors, there is an increasing interest in the study
of inhibitors of these mutant loci.
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1. Introduction

Myeloproliferative neoplasms (MPNs) are a group of myeloid neoplastic disord-
ers caused by the clonal increase of one or more lineages of relatively mature
differentiated myeloid cells. The typical of them are Polycythemia vera (PV), Es-
sential thrombocythemia (ET) and Primary myelofibrosis (PMF), (pre-PMF)
and fibrosis (overt-PMF) [1]. In recent years, with the development of high-
throughput sequencing technology, the mutations in MPN genes have become
better understood, including driver and non-driver genes, the former including
JAK2, CARL, MPL, while the latter including ASXL1, TET2, SRSF2, DNMT3A,
etc. The combination of mutations through driver genes and hematological and
morphological abnormalities represent the main diagnostic criteria. And with
recent years, studies have shown that high-risk mutations (HMR) including
ASXL1, SRSF2, IDH1/2, EZH2, are associated with prognosis and risk of leu-
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kemic transformation in PMF [2] [3].

2. The Physiological Function of HMR and Its Pathogenic
Mechanism

1) ASXL1: Additional sex combs-like 1 (ASXL1) is one of the most common
mutation types [2] [4]. ASXL1 is located on chromosome 20qll and encodes
1541 amino acids. ASXL1, an epigenetic regulator, was originally identified as an
enhancer of trithorax group (TrxG) and polycomb group (PcG) genes to regu-
late the expression of Hox genes [5] [6]. The PcG gene represses and the TrxG
gene activates Hox gene expression, showing that ASXL has both gene repres-
sion and activation. BAP1 can synergize with ASXL1/2 for tumor suppressive
effects, but the exact mechanism remains to be investigated [7]. Alterations in
ASXL1 are mutations and/or deletions. Mutations in ASXL1 often lead to in-
creased apoptosis and mitosis in bone marrow cells and hematopoietic stem cells
[8] [9] [10], leading to changes towards MPN/MDS.

2) EZH2: Enhancer of zeste gene homolog 2 (EZH2) is located on chromo-
some 7q35-q36. The vertebrate Polycomb group achieves silencing of target
genes through two multiprotein complexes, PRC1 and PRC2, and EZH2, one of
the four core components of the PCR2-type complex is a SET structural do-
main-containing methyltransferase that catalyzes dimethylation and trimethyla-
tion of histone H3 at lysine 27 [11]. EZH2 alterations are mainly missense, shift
and nonsense mutations. The deletion of EZH2 is often associated with
Jak2V617F in MF, which can contribute to the value-added of Jak2V617 HSC
and exhibit erythroid suppressive effects [12]. And its overexpression may be
associated with carcinogenesis [13].

3) SRSF2: Serinel arginine-rich splicing factor 2 (SRSF2) is located on chro-
mosome 17@25.1.SR protein plays an important role in regulating constitutive
and selective pre-mRNA splicing, function. The function is mainly achieved
through two structural domains: the N-terminal RNA recognition motif (RRM)
structural domain involved in sequence-specific RNA binding, and the C-terminal
arginine-rich/serine (RS) structural domain interacting with other splicing fac-
tors [14] [15]. SRSF2 mutations are most commonly histidine (P95H) substi-
tuted, Ze, expressed in the HSC population prompting the inherent hemato-
poietic cell myeloid bias/proliferation [16]. And this mutation induces a disabl-
ing splicing change in EZH2 [17].

4) IDH1/2: Isocitrate dehydrogenase 1 is located on chromosome 2q33.3 and
IDH2 is located on chromosome 15q26.1. IDH]1 is located in the cytosol and pe-
roxisomes, while IDH?2 is located in the mitochondria and functions as an en-
zyme in the tricarboxylic acid cycle that converts isocitrate to a-ketoglutarate in
the tricarboxylic acid cycle. Mutations in both can lead to excessive production
of 2-hydroxyglutarate (2HG) from a-ketoglutarate, resulting in histone hyper-
methylation, and abnormal chromatin modifications that prevent specific pro-
genitor cell differentiation [18]. IDH and JAK2 can interact and their combined

expression can induce MPN progression [19].
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3. Prognostic Assessment System and Risk Stratification of
PMF

The IPSS score is the earliest and most widely used assessment system that clas-
sifies risk groups by five variables: age > 65 years, HB < 10 g/dl, white blood cell
count > 25 x 10°/L, peripheral blood primitive cells > 1%, and systemic symp-
toms, 0 (low risk group), 1 (intermediate risk group 1), 2 (intermediate risk
group 2), or greater than or equal to 3 (high risk group), which corresponds to a
median survival of 135, 95, 48 and 27 months [20]. The IPSS was subsequently
adapted and upgraded to DIPSS, DIPSS-PLUS [21] [22], and risk stratification
was newly assigned. With the progressive study of non-driver mutations, the
MIPSS70 scoring system for transplant-eligible PMF patients aged < 70 years
was developed: a score of 1 for the categories of hemoglobin < 100 g/L, peripher-
al blood primitive cells > 2%, myelofibrosis > grade 2, systemic symptoms, ab-
sence of CARL1 mutation, HMR, and a white blood cell count < 25 x 10°/L, and
platelet count < 100 x 10°/L, and the presence of = 2 HMR mutations were
scored as 2. The risk stratification was also divided into low risk group (0 - 1),
intermediate risk group (2 - 4), and high risk group (=5) with corresponding
median survival of 27.7, 6.3, and 2.3 years [23]. u2AF1Q157 as an additional
high molecular risk (HMR) mutation and a new sex- and severity-adjusted he-
moglobin threshold corrected to MIPSS70+2.0 [24]. While GIPSS is based solely
on mutation and karyotype.

4. Impact of HMR Mutations on the Prognosis of PMF

The most common mutated gene corresponding to HMR was AXSL1, and in a
retrospective study of 879 PMF patients, the frequencies of mutations in non-
driver genes were ASXL1 (21.7%), TET2 (9.7%), SRSF2 (8.5%), DNMT3A (5.7%),
EZH2 (5.1%), CBL (4.4%) and IDH1/2 (2.6%) [2], which is consistent with the
results of several other studies [4] [25], where ASXL1 mutations were more like-
ly to occur in the presence of normal karyotypes and did not differ between fa-
vorable and unfavorable cytogenetic categories. EZH2, SRSF2 and IDH1/2 mu-
tation frequencies were similar in patients with normal and abnormal karyo-
types. The ASXL1 mutation was associated with leukocytosis, systemic symp-
toms, and >1% peripheral primitive cells; the SRSF2 mutation was associated
with older age and >1% peripheral primitive cells; and the EZH2 mutation was
associated with >1% peripheral primitive cells. The frequency of >1 HMR muta-
tion was increased in the high-risk group in several studies [25] [26], while the
5-year survival (OS) was significantly lower in the group of patients with HMR
mutations compared to the group without HMR mutations, 47.5% and 85%, re-
spectively [25]. In a previous long-term prognostic study of 1282 PMF patients,
early mortality in PMF was found to be associated with genetic risk factors,
while survival beyond 20 years could be predicted by clinical variables including
age, sex, blood count, and symptoms [27]. Since EZH2, ASXL1 and SRSF2 mu-
tations predict overall survival, and ASXL1, SRSF2 and IDH1 or IDH2 are inde-
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pendent predictors of leukemic transformation [2] [28], we suggest that these
mutations (ASXL1, EZH2, SRSF2 and IDH1/2) have a negative outcome on the
disease. And the presence of HMR mutations accelerates the transformation of
pre-MF towards overt-PMF and AML [3].

5. Progress in the Treatment of PMF

In the treatment of anemia, androgens, glucocorticoids or thalidomide/lenali-
domide, prednisone, and danazol are often used, while EPO is commonly used
in patients with EPO <100 U/L [29]. In the treatment of splenomegaly, the first-
line drug of choice for MF-related splenomegaly remains hydroxyurea, which
effectively halves the size of the spleen in approximately 40% of patients [29],
and the response of the spleen to hydroxyurea lasts for an average of one year,
while bone marrow suppression and painful skin mucosal ulcers are its most
common side effects. Irradiation of the splenic region provides short-term relief
of the fullness caused by hepatomegaly and splenomegaly, and its main side ef-
fect is hematocrit. Interferon a and y are more effective in myelofibrosis with
thrombocytosis. Since JAK2V617, MPL and CALR mutations are driving ab-
normalities through activation of JAK/STAT signaling, this led to the develop-
ment of JAK inhibitors. In contrast, ruxolitinib was the first drug of this class to
be approved for myelofibrosis, effectively reducing splenomegaly and alleviating
systemic symptoms [30]. Ruxolitinib does not have antitumor activity and has
not been shown to reverse myelofibrosis or induce cytogenetic or molecular re-
mission. Instead, its mechanism of action is based on its non-specific ability to
inhibit inflammatory cytokines. Thus most patients with myelofibrosis taking
ruxolitinib become resistant to treatment as symptoms and splenomegaly, he-
matocrit worsen or progress to an acute phase, with high discontinuation rates
and <50% of patients with efficacy maintaining efficacy over 5 years [31]. Many
drugs are still under investigation, such as the telomerase inhibitor Imetelstat, a
13-polymer lipid-coupled oligonucleotide that has been tested in MF and ET,
with complete or partial responses observed in seven patients whose responses
were associated with the presence of JAK2V617F, SF3B1 or U2AF1 mutations
and the deletion of the ASXL1 mutation [32]. There are still a number of drugs
still being investigated alone or in combination with ruxolitinib, including IDH1/2
antagonists (ivosidenib and enasidenib), CD123 (IL3RA)-directed cytotoxins
(IL3 fused with diphtheria toxin) (e.g., tagraxofusp (SL-401), BET inhibitors
(e.g., CPI-0610), BCL-2/BCL-X inhibitors (e.g. navitoclax, venetoclax), LSD1 in-
hibitors (e.g. bomedemstat), PI3/AKT inhibitors (e.g. buparlisib), etc. Allogeneic
hematopoietic stem cell transplantation (allo-HSCT) remains the only possible
treatment for PMF, but has a considerable treatment-related mortality and com-
plication rate. Several studies have shown a survival rate of 40% to 60% at 2 - 5
years after allogeneic transplantation [33] [34]. MAC is suitable for young adults
because of the lower recurrence rate and the overall improved Relapse-FreeSurvival

(GREFS) advantage. In contrast, reduced-intensity conditioning (RIC) allo-SCT
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has a clear survival advantage in older, healthier MF allograft patients and needs
to be optimized to reduce recurrence and non-disabling rates [35]. Indications
for splenectomy include painful compression or splenic infarction due to sple-
nomegaly, symptomatic portal hypertension, severe thrombocytopenia, and un-
controlled hemolysis [29]. However, splenectomy can result in rapid liver en-
largement, and some studies have shown that splenectomy before AHSCT has
beneficial effects [36].

6. Outlook

The discovery of JAK2, CALR, and MPL driver mutations has elucidated the ge-
netic basis of most MPNs, and the use of high-throughput NGS technology has
further expanded the understanding of these diseases. HMR mutations, among
others, can improve diagnosis, stratify risk assessment, optimize clinical decision
making in patients eligible for hematopoietic cell transplantation (HCT), and
monitor response to therapy. While allo-HSCT may still be the only cure for
PMF, the development of JAK inhibitors offers new hope for patients with MPN
and has inspired research into other HMR mutation inhibitors.
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