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Abstract

Chronic myelomonocytic leukemia (CMML) is a hematologic malignancy that overlaps with myeloproliferative neoplasms
(MPN) and myelodysplastic syndromes (MDS) and tends to transform into acute myeloid leukemia (AML). Among cases
of CMML, > 90% have gene mutations, primarily involving TET2 (~60%), ASXL1 (~40%), SRSF2 (~50%), and the RAS
pathways (~30%). These gene mutations are associated with both the clinical phenotypes and the prognosis of CMML, special
CMML variants and pre-phases of CMML. Cytogenetic abnormalities and the size of genome are also associated with prog-
nosis. Meanwhile, cases with ASXL1, DNMT3A, NRAS, SETBP1, CBL and RUNX1 mutations may have inferior prognoses,
but only ASXL1 mutations were confirmed to be independent predictors of the patient outcome and were included in three
prognostic models. Novel treatment targets related to the various gene mutations are emerging. Therefore, this review provides
new insights to explore the correlations among gene mutations, clinical phenotypes, prognosis, and novel drugs in CMML.
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Introduction

Chronic myelomonocytic leukemia (CMML), which is
caused by an abnormality of hematopoietic stem cells
(HSCs), is characterized by an overlap syndrome with both
myelodysplastic syndromes (MDS) and myeloproliferative
neoplasms (MPN) [1], with one-third of patients transform-
ing to acute myeloid leukemia (AML). An average of 14 +5
gene mutations in the coding regions are detected in CMML
patients [2], and approximately 90% of patients have at least
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one somatic mutation. The mutations are classified into the
following categories: (i) epigenetic regulator mutations
(1) histone modification: ASXL1 (~40%), EZH2 (5-7%),
UTX (~15%); (2) DNA methylation: TET2 (~60%), IDH1
and IDH2 (~ 1%, ~5%), DNMT3A (~5%); (ii) spliceosome
machinery mutations: SRSF2 (~50%), SF3B1 (5-10%),
ZRSR2 (~6%), U2AF1 (~10%), and PRPFS8 (~ 1%); (iii)
signaling mutations: KRAS (~15%), NRAS (~ 10%), JAK2
(~10%), CBL (~15%), PTPN11 (5%), FLT3 (~3%), and
NPM1 (~5%); (iv) transcription factors: RUNXT1 (~15%),
CEBPA (~8%), and SETBP1 (~15%); (v) DNA damage
response genes: TP53 (1%), PHF6(~5%) [3-9] (Fig. 1). In
this study, we briefly summarized the mutations and their
prognostic relevance in CMML.

Clinical significance of gene mutations
in CMML

Epigenetic regulators mutations
Histone modification

Epigenetic regulator mutations include genes involved
in histone modification (ASXL1, EZH2, UTX) and DNA
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Fig. 1 Mutation spectrum and frequency of CMML

methylation (TET2, IDH1/2, DNMT3A). ASXLI1 con-
tains EED (embryonic ectoderm development), EZH2
(histone 3 lysine 27 (H3K27) methyltransferase), and
SUZ12 (recombinant suppressor of Zeste 12 homolog) and
regulates chromatin by interacting with polycomb group
repressive complex proteins (PRC) 2 and PRC1. PRC2
recruits chromatin and results in the trimethylation of the
H3K27 mark (H3K27me3), which is a repressive mark of
silencing gene transcription. PRC1 catalyzes ubiquityla-
tion of histone H2A at lysine 119 and then contributes to
cytosine-phosphate-guanine (CpG) transcriptional repres-
sion, which silences gene mutations and induces myeloid
transformation [10]. ASXL1-mutated patients are more
likely to have anemia, leukocytosis, extramedullary dis-
ease, and high cytogenetic risk according to the Spanish
cytogenetic risk stratification system [11].

As a catalytic submit of PRC2, EZH2 mutations affect
H3K27me3 and inhibit gene expression, and they are asso-
ciated with “proliferative”-CMML (MP-CMML) pheno-
type. Although EZH2 mutations have no impact on OS
or leukemia-free survival (LFS), codominant EZH2 and
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ASXL1 mutations lead to a shorter overall survival (OS)
than patients with only ASXL1 mutations. ASXL1/EZH2
comutations may synergistically contribute to the activity of
PRC?2 and deplete the methylation of H3K27, which disturbs
normal transcription [13].

UTX (KDM6A) is a H3K27 demethylase, affecting the
MLL3/4 H3K4 methyltransferase complex and an X-linked
protein that inhibits CMML development by regulating self-
renewal and differentiation of HSCs. Gata and Zfpm1 are
two important transcription factors that are regulated by
UTX to promote erythroid development and inhibit mye-
loid differentiation by remarkably decreasing H3K27me3
and increasing H3K4me3 in the promoter region [14]. UTX
mutations may lead to anemia, myelodysplasia and chromo-
somal aberrations [15], and comutations of UTX and TP53
accelerate CMML development.

DNA methylation

TET?2 mutations occur in hematological malignancies such
as MDS (5-20%), MPN (~ 15%), CMML (~60%), AML
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(8-30%) and lymph hyperplastic disorders of T and B
cells [16, 17]. TET2 belongs to the dioxygenase superfam-
ily, and it can gradually convert 5-methylcytosine (5-mC)
into 5-hydroxymethylcytosine (5-hmC), 5-formylcytosine
(5-fC) and 5-carboxycytosine (5-caC) with the participa-
tion of a-ketoglutaric acid (a-KG) [4, 16, 18]. And a lower
level of 5-hmC showed better OS (20 vs. 4 months, P=0.03)
in high-risk patients [9]. TET2 mutations play a key role
in the self-renewal of HSCs [19], which cause differentia-
tion bias between slight granulomonocytic expansion and
the inhibition of erythroid differentiation. This process may
be associated with “dysplastic” CMML (MD-CMML) [20].
Patients with TET2 mutations are more likely to have normal
karyotypes, advanced age [9], low cytogenetic risk [21] and
a higher response rate to hypomethylating agents (HMAs)
[18, 21, 22]. The mechanism of TET2 mutations in HMAs
has not been clarified, and the reasons for this knowledge
gap are as follows: TET2 mutations can transform the pro-
liferative advantage and/or are inherently sensitive to HMAs;
TET2 may have an effect on enzymes related to the activa-
tion and metabolism of HMAs; and heterogeneity of TET2
mutations (especially the number, type, gene location and
clonal phenotype) may affect the sensitivity of HMAs [4].
The presence of TET2 mutations indicates a poor prognosis
for patients with MDS [18] but a better outcome in CMML
[4,23-25].

Isocitrate dehydrogenase (IDH) 1 and IDH?2 are cofactors
of TET2 that can produce a-KG and contribute to the oxidi-
zation of 5-mC to cytosine by TET2 enzymes [16], whereas
a-KG-dependent dioxygenases are involved in a variety of
cellular processes, such as hypoxia, angiogenesis, extracel-
lular matrix collagen maturation, and epigenetic regula-
tion. When IDH1/2 mutations occur, D-2-hydroxyglutarate
(D-2HG) can be generated and it has a weak competitive
inhibitory effect on a-KG-dependent dioxygenases. This
oncometabolite impairs some histone lysine demethylases,
such as TET2 and the Jumonji-C domain containing fam-
ily, which cause histone and DNA hypermethylation and
inhibit cell differentiation, all of which lead to leukemogen-
esis. Furthermore, D-2HG is a biomarker for the detection
of IDH1/2 mutations at diagnosis and the prediction of the
clinical response [26].

DNA methyltransferase (DNMT), including DNMT1,
DNMT3A (2p23) and DNMT3B, play an important role
in DNA methylation [27], and DNMT3A mutations can be
seen in AML (~22%), MDS (~10%), MPN (15%), CMML
(~5%), adult systemic mastocytosis (ASM,1%) and T-cell
lymphoproliferative disorders [16]. The mutational hot spot
of DNMT?3A is Arg882 and it mainly influences the catalytic
methyltransferase domain [28], which is associated with can-
cer, especially hematological malignancies. Patients with
DNMT3A mutations have a higher frequency of white blood
cells, immature blood myeloid cells, absolute monocyte

count, blasts and abnormal karyotypes [12]. DNMT3A
mutations have no impact on OS or LFS in Groupe Fran-
cais des Myelodysplasies (GFM), but some studies found
that DNMT3A-mutations can shorten OS and LFS [3, 8].
Moreover, DNMT3A and RAS mutations can cooperate to
regulate the self-renewal of hematopoietic stem/progenitor
cells (HSPCs) and promote myeloid malignancies [27].

Splicing mutations

Splicing mutations are common in solid tumors and
hematologic malignancies, including CMML, where
they are involved with SRSF2 (~50%), SF3B1 (5-10%),
U2AF1 (~10%), ZRSR2 (~6%), and PRPF8 (1%) [3-5].
SRSF2(17q25) mutations are associated with advanced
age, mild anemia, normal karyotypes and exclusively EZH2
mutations [29]. Although SRSF2 mutations can shorten OS
in MDS and primary myelofibrosis, they have no relation-
ship with OS and LFS in CMML [29, 30]. However, it has
also been reported that SRSF2 mutations may be associ-
ated with shorter OS but have no effect on LFS in younger
patients (<65 years) [31].

The main mutational hot spot of SF3B1 is K700E (90%)
[31], SF3B1 mutations have a high frequency of bone mar-
row ring sideroblasts (RS) in MDS and CMML, and the
mutations can be regarded as the only genetic predictor of
high hemoglobin levels [12], while they have no impact on
OS or LFS [30]. PRPF8 mutations are linked with increased
myeloblasts and the RS phenotype when excluding SF3B1
mutations, and the RS phenotype suggests a similar patho-
genetic mechanism [32].

U2AFI1(U2AF35, U2 small nuclear RNA auxiliary fac-
tor 1) mutations can be seen in~ 10% of CMML, MDS and
secondary AML [4, 33], and the mutations have no prog-
nostic significance in CMML [30, 34]. ZRSR2 mutations
are infrequent and do not have an independent prognostic
impact on OS.

Signaling pathway mutations

Signaling pathway mutations are associated with a pro-
liferative phenotype such as MP-CMML, which mostly
affects granulocyte—-macrophage—colony-stimulating fac-
tor (GM-CSF) signaling (JAK2, NRAS, KRAS, CBL,
FLT3, PTPN11) [35]. JAK2V617F mutations are driver
mutations of proliferative phenotypes (such as high hemo-
globin, high hematocrit, leukocytosis and splenomegaly)
with less thrombocytopenia, normal karyotypes, and
frequently co-occurrence with TET2 [36]. In addition,
JAK2V617F mutations are associated with an increased
thrombotic risk in patients with MPN but not in CMML
[37]. In summary, JAK2V617F mutations have no impact
on OS, LFS or thrombosis-free survival in CMML [36];
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however, they are common in CMML with myelofibrosis
(CMML-F) and these patients have a worse OS [38].

RAS pathway mutations are frequent in CMML (~30%)
[3] and are associated with cell signaling and proliferation
with increasing blasts of bone marrow [9] and they stimu-
late self-renewal of HSCs. These mutations are more likely
to present as MP-CMML and contribute to CMML/juve-
nile myelomonocytic leukemia (JMML) development [27].

Casitas B-cell lymphoma gene (CBL) mutations occur
in~15% of CMML [3] and are target receptors of several
tyrosine kinases (RTKSs), such as FLT3 and PDGFR. CBL
could activate the RAS pathway and pSTATS via activa-
tion of RTKSs [9], which all have potential to accelerate the
formation of leukemia. Moreover, CBL family E3 ubiqui-
tin ligases down-regulate JAK2 stability and signaling via
the adaptor protein LNK/SH2B3, while CBL mutations
can prolong the JAK?2 half-life and extend JAK signaling
and elevated JAK protein levels and signaling [39]. Fur-
thermore, CBL mutations can lead to uniparental disomy
of 11q in myeloid neoplasms, which may increase the rates
of hereditary disease. CBL mutations are associated with
advanced age, a high frequency of splenomegaly [9], mon-
osomy 7, comutations with RUNX1 or TET2 [25, 40], and
rarely with comutations with JAK-STAT [40], and they are
associated with poor prognosis [9, 21, 41, 42].

FLT3, type III of RTKs, observed in 8 (62%) FLT3
ITD and 5 (38%) FLT3 TKD mutations in a cohort of 466
patients with CMML. FLT3 mutations can lead to the pro-
liferation of leukemia cells. However, there were no dif-
ferences in clinical phenotypes and OS in CMML between
FLT3-mutated and FLT3-nonmutated patients, which may
be due to a limited number of FLT3-mutated patients in
CMML [43, 44].

PTPNI11, SRC homology domain 2, is a ubiquitous pro-
tein tyrosine phosphatase that regulates many signaling path-
ways. Mutations of PTPN11 can activate MAPK pathways,
including many target proteins, such as RAS and CBL [44].
But PTPN11 mutations are seen in 5% of CMML and do not
predict prognosis [3].

NPMI1 (nucleophosmin 1) protein is responsible for
adjusting and controlling genomic stability, ribosome
biogenesis, inhibiting pathways and the dependent stress
response of p53/MDM?2 (mouse double minute 2 homolog).
Compared to the mutational frequency of AML (20-30%)
[45], NPM1 mutations are rare in CMML (~5%) and have
a high frequency in MD-CMML and a high risk of blast
transformation [6, 46].

Transcription and nucleosome assembly
RUNX1 mutations occur in 10-15% of CMML patients and

are associated with a high frequency of thrombocytopenia
[3, 35] and an unfavorable prognosis [21, 41]. Conversely,
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Meggendorfer, M et al. reported RUNX1 mutations have no
effect on OS in CMML [29]. SETBP1 mutations are rare in
CMML and neither affect OS nor predict leukemia transfor-
mation of CMML [11, 31]. However, some studies, includ-
ing the CMML-specific prognostic model (CPSS-MOL),
found that RUNX1 and SETBP1 are associated with a poor
OS [7, 12].

CEBPA mutations are more common in AML with a
better OS, and the mutational frequency is~8% in CMML,
which may be secondary mutations [3], the clinical and
prognostic significance are not clear, although many studies
have tested for CEBPA mutations in CMML.

DNA damage

TP53 mutations are suppressor genes with an~ 1% frequency
in CMML [3], and they are associated with complex cytoge-
netics [47] and a higher response to decitabine [48]. TP53
and PTPN11 mutations are involved in an unfavorable OS
after HMAs treatment but are not associated with the drug
response [18]. PHF6 is a chromatin adaptor, and its muta-
tional frequency is 5% in CMML [3] with unclarified sig-
nificance for the prognosis.

Mutations in prephase CMML and special
CMML variants

CMML can be divided into primary CMML and second-
ary CMML,; the latter includes therapy-related CMML
(t-CMML) [49], which accounts for 9-11% of all cohorts
of CMML [50-52]. Most t-CMML patients have history
of hematologic malignancies, prostate or colon cancer and
receive radiotherapy or chemotherapy [51], which are linked
with high rates of cytogenetic risk, high LDH levels, a lower
platelet count, and a worse OS and LFS [51, 52]. However,
the frequency of gene mutations was similar to de novo
CMML [50, 52].

In addition, there are prephase CMML and special
CMML variants (except t-CMML). It is worth noting that
prephase CMML has an inherent risk of evolving into
CMML, e.g., clonal hematopoiesis of indeterminate poten-
tial (CHIP), idiopathic cytopenias of unknown significance
(ICUS) and oligomonocytic CMML (O-CMML) [49]. The
clinical phenotype and gene mutations of O-CMML are
similar to those of classical CMML, and some O-CMML
patients evolve into CMML (38%, median: 12 months) and
AML (26%, median: 10 months) [53]. Patients with pre-
CMML conditions need to be dynamically monitored to
prevent disease progression with prompt treatment. Special
CMML variants means that patients fulfilled the CMML
criteria but had some specific characteristics of other
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neoplasms or did not fulfill all criteria of CMML, e.g., mas-
tocytosis with CMML(SM-CMML) [49], CMML-F, and
O-CMML.

Gene mutations may be an indication for diagnoses. For
example, CHIP-like mutations or related lymphoid/mye-
loid neoplasms can be detected in some prephase CMML.
CMML-F is rare in cohort of CMML (3.1%, 20/651), and
it is significantly associated with JAK2V617F and less
dysregulation of p53, which has a worse OS than CMML
without fibrosis [38]. Patients with SM-CMML commonly
presented with mast cell mediator symptoms, splenomegaly,
hepatomegaly, lymphadenopathy and are associated with
KITD816V mutations (p <0.0001). The median OS is not
significantly different between classical CMML and SM-
CMML,; fortunately, no patients were observed to develop
AML from SM-CMML [54]. In addition, missense muta-
tions of ethanolamine kinase 1 (ETNK1) were found to
be frequent in SM-CMML and they may cause a potential
pathogenetic mechanism [55]. However, most mutations,
such as ASXL1, SRSF2, and TET2, are not disease-specific
and are common in myeloid neoplasms.

In addition, CMML patients and healthy individuals
can be differentiated from both the variant allele frequency
(VAF) or clone size of the mutations (median 39.2% vs
9-10%)[56]. In prephase CMML, the rates of VAF were
2-12% in CHIP, 30-40% in clonal cytopenia of unknown
significance (CCUS), 30-50% in MDS, and none in ICUS
[57]. The VAF rates were 29-59% in CMML patients with
DNMT3A mutations [8]. Monitoring VAF can help us
diagnose CMML and realize the allele burden in classical
CMML, prephase CMML and special CMML variants (e.g.,
JAK2V617F in CMML-F, KIT D816V in SM-CMML). Of
note, studies found that the VAF of most patients (70.8%)
was not significantly different at diagnosis and follow-up
[58].

Cytogenetic abnormalities and copy number
variants in CMML

Cytogenetic abnormalities occur in ~30% of CMML, includ-
ing 64-72% single, 16% two, and 11-20% complex abnor-
malities [59, 60]. The most frequent cytogenetic abnormali-
ties are trisomy 8, -Y, abnormalities of chromosome 7, 20q-,
trisomy 21 and del (3q) [60]. There are mainly two cytoge-
netic risk stratifications in CMML, including the Spanish
[61] and the Mayo-French cytogenetic risk stratification
system [60].

Fifty-five percent of patients with del 3(q) patients had
co-occurrence SF3B1 mutations, and these abnormalities
were related to the RS phenotype and had a better OS than
other abnormal karyotypes. ASXL1 mutations are asso-
ciated with abnormal karyotypes and a low incidence of

co-occurrence with —Y (P=0.04) and del (3q) (P=0.03),
U2AF1 mutations with monosomy karyotypes (P =0.03),
comutations of SRSF2 (P=0.02) and TET2 with normal
karyotypes [60, 62].

Cases with normal karyotypes have a better OS and a low
incidence of AML transformation than those with abnor-
mal karyotypes [59]. However, over 67% of patients with
low risk karyotypes or no metaphases had copy number
variants/alterations (CNVs/CNAs) and copy number neu-
tral loss of heterozygosity (CNN-LOH), which is associated
with a shorter OS and progression-free survival if the size of
genome (including CNVs/CNAs and CNN-LOH) is larger
than 11 Mb or> 1 CNAs. In addition, the presence of inter-
stitial CNN-LOH is associated with a poor OS. These results
indicate that some low-risk karyotypes may be stratified into
intermediate-risk groups by single nucleotide polymorphism
(SNP) arrays [63]. The result of genome-wide CNVs analy-
sis by next generation sequencing was consistent with the
SNP analysis [64].

Novel therapies

Current treatment includes supporting treatment, HMAs,
HSCT and novel therapies. In this study, we only focused on
novel drugs because other treatments have been extensively
studied during past decades (Table 1).

Epigenetics inhibitors

Epigenetic modifiers can be found in various hematological
tumors and have been shown to induce cell developmental
arrest, apoptosis and macrophage death, as well as tumor
cell differentiation [16]. These effects are seen in both solid
tumors and hematological tumors [69].

Histone modifying inhibitors

The first-generation hypomethylation agents include azaciti-
dine, decitabine and histone deacetylase inhibitors (HDACH),
which have been tested in clinical trials [16, 70]. In MPN
patients, HDACi inhibited proliferation and induced JAK?2
cell death, which normalized spleen and blood cell counts
in mice. However, patients with MDS, AML and CMML
did not have improved clinical outcomes either with HDACi
alone or in combination with azacitidine/decitabine [16].
Recently, a phase 1b/2b trial for oral panobinostat plus
azacitidine showed that it could improve complete remis-
sion (CR) rates compared with monotherapy with azaciti-
dine (27.5% vs. 14.3%) but it did not improve 1-year OS or
disease progression [70]. Furthermore, effective biomarkers
to assess the efficiency of HMAs or HDACi are lacking, and
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Table 1 (continued)

Real therapies

Proposed therapies

Prognosis

Clinical correlation

Function

Location

Rates

Gene

HSCT,
HMAs,

Trabectedin

Negative

Encodes the DNA-binding, Thrombocytopenia® [35]

10-15% 21q22.3

RUNXI1

alpha subunit of the core

binding factor

Supporting cares

Not identified

Encodes SET binding protein  MP-CMMLP [12]

18q21.1

15%

SETBPI

Not identified

Not clear

19q13.1

~8%

CEBPA

DNA damage
TP53

Complex cytogenetics, higher Negative HSCT,
HMAs,

Suppressor gene

17p13.1

~1%

response to decitabine [9, 21, 48]

MD-CMML [49]

Supporting cares

Not identified

X-linked tumor suppressor

gene

Xq26.3

~5%

PHF6

PRC polycomb group repressive complex proteins, HMAs hypomethylating agents, HSCT hematopoietic stem cell transplantation, MP-CMML proliferative CMML, MD-CMML dysplastic CMML

2GFM Groupe Frangais des Myelodysplasies, MMM Mayo Molecular Model, CPSS-MOL CMML-specific prognostic model, GFM and CPSS-MOL with respect to ASXL (frameshift, non-
sense, missense mutations) as a risk factor, MMM thought ASXL1 (nonsense and frameshift mutations) was detrimental

"NRAS, SETBP1, RUNX1 were included CPSS-MOL

more studies are needed to verify this treatment approach
in the future.

DNA methylation inhibitors

Guadecitabine (GDAC), a novel HMA, may be effective in
CMML patients, extending decitabine exposure and pro-
longing OS in a small case study of patients with high-risk
MDS and low blast count AML (blast percent, 20-30%) who
failed treatment with azacitidine [71].

IDH inhibitors [26, 72] can selectively inhibit mutant
IDH proteins and induce cell differentiation; the objective
response rate was ~40%, and a lasting (> 1 year) durable
response was observed in phase I trials for advanced hema-
tological malignancies [72].

Signaling pathway inhibitors

In MP-CMML, conventional treatment including hydroxyu-
rea or cytarabine can improve leukocytosis and splenomeg-
aly, but they may aggravate cytopenia and not improve clini-
cal symptoms. HMAs can improve proliferative symptoms
as well as myeloid infiltration but which are more suitable
for MD-CMML and may be less toxic, including neutrope-
nia, in MD-CMML. The European Hematology Association/
European LeukemiaNet (ELN/EHA) recommends consider-
ing HMAs treatment when MD-CMML patients with excess
10% blasts are ineligible for HSCT. Therefore, novel tar-
gets for MP-CMML-like signaling pathway inhibitors are
necessary.

Ruxolitinib, a JAK1/2 inhibitor, was approved for treating
myelofibrosis in 2011 and for treating polycythemia vera
in 2014 by the Food and Drug Administration (FDA), but
its efficacy in MDS/MPN, including CMML, still needs to
be evaluated in clinical trials. A phase I trial of ruxolitinib
showed that it could reduce splenomegaly, decrease the
hyperactivation of GM-CSF in CMML-1 (peripheral blood:
2-4% blasts including promonocytes; bone marrow: 5-9%
blasts), especially those with proliferative phenotypes, and
achieve hematological improvement regardless of previous
therapies. Furthermore, the incidence of anemia and throm-
bocytopenia were 51 and 54%, respectively, and they were
safe, with mild hematological toxicity and fewer grade 3/4
adverse events [73, 74]. The combination of ruxolitinib and
azacytidine was particularly effective in improving prolifera-
tive features, including reductions in splenomegaly (64%),
and they showed improvements in the total symptom score
by the Myeloproliferative Neoplasm Symptom Assessment
Form (MPN-SAF, 78%) [73]. Pacritinib (a JAK/FLT?3 inhibi-
tor) and momelotinib (a JAK2 inhibitor) had less hemato-
logical toxicity in myelofibrosis, but they have not been
studied in CMML [75]. In addition, patients with CMML-F
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benefit from JAK?2 inhibitors and other drugs targeting the
JAK-STAT pathway [38].

Antineoplastics show an insufficient effect in patients
with some gene mutations, such as B-Raf and K-Ras muta-
tions. K-Ras mutations are seen in pancreatic, colon, lung
cancers, AML and CMML (< 1%). Tipifarnib, a farnesyl
transferase inhibitor, was approved for treating AML by the
FDA and tested in clinical trials for CMML [3]. Meanwhile,
some bisubstrate inhibitors and peptidomimetics, such as
FTI 276, FT1 277, B1086, L731, B956, L735, L739, L750,
BMS-214662, 1778123 and L778123, are being tested in
clinical trials [76]. GDC-0941 (pictilisib), a PI3K inhibi-
tor and Ras-regulated effector, was identified to not only
improve leukocytosis, anemia, and splenomegaly but also
prolong OS. The Akt inhibitor MK-2206, achieved favorable
hematological responses in K-Ras and Nf1 mice with MPN
but had no effect on Raf/MEK/ERK signaling [77].

GM-CSF hypersensitivity was detected in approximately
90% of patients, while myeloid and monocytic progenitors
were sensitive to GM-CSF inhibitors. KB003 (lenzilumab),
a novel GM-CSF inhibitor, is in development [78].

Patients with SM-CMML respond to midostaurin, a KIT
inhibitor, which can decrease monocyte counts and improve
clinical symptoms [79].

Transcription modulators

Trabectedin is a DNA minor groove binder that regulates
transcription, disturbs DNA repair mechanisms and selec-
tively depletes the myelomonocytic lineage. Furthermore,
trabectedin decreases the expression of RAS super family
and it plays an important role in cell growth and cytoskeletal
dynamics [80].

Other drugs

Thrombocytopenia affects approximately 40% of CMML
patients. Eltrombopag is a trombopoietin receptor agonist
that activates the JAK/STATS5 pathway and leads to mac-
rophage proliferation and differentiation; it was approved
for immune thrombocytopenia and tested against MDS and
AML. Some successful cases have been reported for CMML
patients with thrombocytopenia [81, 82]. Recently, eltrom-
bopag was used in a small number of CMML patients after
HMA s failure, but the results have generally been unfavora-
ble. Compared with MDS patients who failed HMAs treat-
ment, the hematological response rate was lower in CMML
(23 vs. 14%). Side effects were more frequent than in MDS
patients, who mainly presented with leukocytosis, myelofi-
brosis progression, the presence of blasts in peripheral blood
and higher rates of AML transformation [83].

SL-401, a selective IL-3 receptor and CD123 inhibitor,
was approved by the FDA for treating blastic plasmacytoid
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dendritic cell neoplasms (BPDCN) and was tested in hema-
tological malignancies such as CMML [84].

Leinalidomide is a novel immunoregulatory drug
approved for multiple myeloma and MDS, especially for
patients with 5qg-, and there have also been related studies in
CMML. Studies were conducted with azacitidine alone or in
combination with lenalidomide or vorinostat, and research-
ers found that azacitidine plus lenalidomide achieved a
higher overall response rates (ORR) than monotherapy with
azacitidine or lenalidomide. In addition, the ORR duration
was associated with a low number of gene mutations, and
side effects were not significantly increased compared with
azacitidine monotherapy [85].

Discussion

In hematological malignancies, many gene mutations, such
as DNMT3A, TET2, ASXL1, SRSF2, TP53, JAK2, CBL
and SF3B1, are associated with advanced age, which is also
known as CHIP/age-related clonal hematopoiesis (ARCH)
[29, 40, 65]. These mutations can exist in healthy individuals
[66], but continuous accumulation can cause clonal expan-
sion during CMML formation, so ARCH/CHIP are regard as
precancerous lesions with an increased risk of hematologi-
cal cancer and all-cause mortality [65]. TET2, ASXL1, and
SRSF2 mutations may be detected in early stage for most
CMML patients and can be regarded as driver mutations,
while KRAS, NRAS, RUNX1, U2AF1 and CBL mutations
are secondary subclonal hierarchy that may cause disease
progression [5]. Interestingly, TET2, ASXL1, and SRSF2
mutations commonly co-occur in association with other
gene mutations, which may suggest that two distinct hits at
HSCs cause convergence of the downstream pathway, but
this hypothesis needs further verification by single colony
sequencing [5].

Gene mutations are beneficial to diagnose CMML; for
example, myeloid neoplasms with myelodysplasia and
monocytosis, such as CMML, should be seriously consid-
ered when co-mutations of TET2 and SRSF2 occur [89].
In addition, aberrant expression of CD56 may predict the
presence of TET2 mutations (P <0.0001), and the combi-
nation of aberrant CD56 expression and >94% M1 mono-
cytes can produce a strong prediction for final diagnosis of
CMML [56]. Single-cell sequencing identified the muta-
tional clonality of CMML in monocytes, lymphocytes and
neutrophils, and it plays an important role in diagnosis of
CMML [58]. Moreover, mutational analysis has high con-
cordance between peripheral blood and bone marrow, and
the results from peripheral blood can predict the results
from bone marrow, while the negative predictive value of
peripheral blood screening was 100%. Therefore, bone mar-
row assessment is not recommended for patients without
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mutations in peripheral blood, but more samples are needed
for verification [56]. In addition, gene mutations may be
associated with clinical phenotypes; for example, ASXLI,
JAK2, NRAS, SETBP1, SRSF2, and EZH?2 are involved in
MP-CMML, while TET2, U2AF1, SF3B1, and NPMI1 are
involved in MD-CMML [5, 12, 13, 27, 36, 46], while CBL,
NRAS, KRAS and ASXLI1 are more likely to present as
extramedullary disease [9, 27, 41].

Gene mutations are linked to the prognosis. Some studies
found that ASXL1 [12, 23, 31, 35, 42], RUNXI [12, 35],
SETBPI1 [5, 12, 35], NRAS [12], CBL [42], and DNMT3A
[5, 23] mutations are correlated with a poor OS, but only
ASXL1 mutations were identified to independently predict
an inferior OS and have been incorporated into prognostic
models [12, 68, 90]. The number of gene mutations is asso-
ciated with a shorter OS [9, 56], and advanced disease is
associated with higher mutational burdens in CMML and
MDS [5]. However, some studies found that the accumula-
tion of gene mutations did not affect OS [21, 67] or AML-
free survival, even after receiving HSCT [21].

Patients with CMML were stratified into five groups who
received different treatments, including active monitoring,
supporting care, HMAs, HSCT, and novel drugs, according
to prognosis groups. Supporting treatment is only suitable
for patients who are stable, low risk or without major clini-
cal symptoms such as cytopenias or myeloproliferation dis-
ease. HMAs were recommended for treating severe CMML,
especially MD-CMML. However, the ORR and CR rates
were 41 and ~20%, respectively [24]. The median OS was
17 months, and no responder had a poor OS [91]. Moreo-
ver, patients who failed HMAs therapy had a median OS
of ~7 months, and half of patients had transformed to AML
[92]. Thus far, HSCT is the only curative option for eradi-
cating clone burden of hematopoietic neoplasms, especially
fails to HMAs; however, very few individuals can receive
HSCT treatment due to advanced age, comorbidities, donor
status, economic status, etc. It has been reported that OS,
rates of relapse-free and acute graft-versus-host disease after
HSCT are 33, 27, and 33% at 4 years, respectively [93]. In
addition, mutations involving ASXL1, JAK?2, and RUNX1,
especially TP53, indicated a poor outcome after allo-HSCT
[94]. Thus, studies to identify novel drugs are essential.

Although current studies have provided a new view of
gene mutations and their relevance, they do not appear to
encourage therapeutic potential over HMAs, and we suspect
that epigenetic and splicing mutations are more frequent in
CMML, so epigenetic drugs are still dominant in CMML. In
addition, some CMML patients with proliferative symptoms
such as splenomegaly, extramedullary infiltration and high
white blood cells are considered to have poor prognoses,
in which the splenomegaly affects the therapeutic effect of
HMAs, and these symptoms can be effectively improved by
signaling pathway inhibitors, so these inhibitors have a good

application prospect in MP-CMML. Therefore, we hold the
opinion that CMML patients may benefit from HMA com-
bined with novel drugs or novel drug monotherapy when
they are unsuitable for HSCT or fail treatment with HMAs.
The development of next generation sequencing, genome-
wide CNV analysis, SNPs, and VAF analysis would help us
identify these patients, and novel drugs may revolutionize
the treatment options, allow for the development of person-
alized accuracy treatments, predict drug susceptibility or the
risk of progression of disease in individuals and, as far as
possible, decrease treatment toxicity.
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