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CNL and aCML should be considered as a single entity based on
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Key Points

• There is a significant
overlap between the
clinical characteristics
and molecular profiles
of CNL and aCML.

• CNL and aCML can be
classified as a single
entity.
Chronic neutrophilic leukemia (CNL) and atypical chronic myeloid leukemia (aCML) are

rare myeloid disorders that are challenging with regard to diagnosis and clinical

management. To study the similarities and differences between these disorders, we

undertook a multicenter international study of one of the largest case series (CNL, n = 24;

aCML, n = 37 cases, respectively), focusing on the clinical and mutational profiles (n = 53

with molecular data) of these diseases. We found no differences in clinical presentations or

outcomes of both entities. As previously described, both CNL and aCML share a complex

mutational profile with mutations in genes involved in epigenetic regulation, splicing, and

signaling pathways. Apart from CSF3R, only EZH2 and TET2 were differentially mutated

between them. The molecular profiles support the notion of CNL and aCML being a
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continuum of the same disease that may fit best within the myelodysplastic/
9 MAY 2023
myeloproliferative neoplasms. We identified 4 high-risk mutated genes, specifically CEBPA

(β = 2.26, hazard ratio [HR] = 9.54, P = .003), EZH2 (β = 1.12, HR = 3.062, P = .009), NRAS (β =

1.29, HR = 3.63, P = .048), and U2AF1 (β = 1.75, HR = 5.74, P = .013) using multivariate

analysis. Our findings underscore the relevance of molecular-risk classification in CNL/

aCML as well as the importance of CSF3R mutations in these diseases.
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Introduction

Chronic neutrophilic leukemia (CNL) and atypical chronic myeloid
leukemia (aCML) are rare BCR::ABL1–negative neutrophilic
myeloid neoplasms characterized by leukocytosis, splenomegaly,
and dismal outcomes.1-3 Despite belonging to different disease
categories according to the 2016 World Health Organization
(WHO) classification (CNL as a myeloproliferative neoplasm
[MPN] and aCML as a myelodysplastic MPN [MDS/MPN]),1 the
differential diagnosis between these entities remains a challenge
because of their shared features, with the difference between them
based mainly on morphology, with dysplasia as the main charac-
teristic to distinguish aCML from CNL.1,4-6 The clinical relevance of
this distinction, however, remains unclear.

The discovery of colony-stimulating factor 3 receptor (also known
as granulocyte colony–stimulating factor receptor and encoded by
CSF3R) mutations in up to 89% of patients with CNL was a huge
step forward in the understanding of the pathogenesis of this
disorder. It provided a new biomarker and diagnostic criteria as well
as a therapeutic target.7-12 However, CSF3R mutations are not
exclusively seen in CNL, and up to 40% of aCML cases present
these variants.5,7,13 Furthermore, both diseases share recurrent
mutated genes, particularly those implicated in epigenetic regula-
tion and splicing but also in components of signaling pathways.4,6,9

SETBP1 and ASXL1 mutations seem to have a prognostic impact
and are present in 30% and 41% of aCML and CNL cases,
respectively.2,6,9,14-16 Mutations in SRSF2 and U2AF1, encoding
splicing factors, are seen in 20% and 40% of CNL and aCML
cases, respectively, and U2AF1 mutations have been linked with
CSF3R-mutated neoplasms.3,6,15,16 The co-occurrence of muta-
tions in genes encoding signaling and splicing factors is a hallmark
of MDS/MPN and it has been suggested that CNL might be more
appropriately classified as a subtype of MDS/MPN rather than
MPN.4,17

Despite these advances, CNL and aCML are very infrequent dis-
eases and large series of cases are not available. This makes it
difficult to define the clinical characteristics of these disorders as
well as prognostic determinants and appropriate treatment.
Patients with CNL have a median overall survival (OS) of 24
months, with disease progression and hemorrhagic complications
being the main causes of death.2,18,19 A similarly poor outcome is
seen for aCML (OS of 21.4 months) with a clinical presentation of
leukocytosis and splenomegaly that can progress to acute myeloid
leukemia (AML) in up to 40% of the cases.3,5,6 Despite this poor
prognosis, neither of these disorders has a standard of care
treatment apart from allogeneic hematopoietic cell transplant in
young patients.2,13,20 Hydroxyurea, hypomethylating agents, inter-
feron, and, lately, ruxolitinib, which inhibits the action of CSF3R by
• VOLUME 7, NUMBER 9
blocking JAK2, are currently considered as therapeutic
options.2,12,13,20,21

To shed light on the differences and similarities between these 2
entities with regard to their molecular pathogenesis and to identify
prognostic factors, we undertook an international multicenter
study. Clinical and genomic information was obtained for more than
60 cases with either CNL (n = 24) or aCML (n = 37). Our study
provides new information that helps to classify, diagnose, and
predict outcomes for these patients.

Methods

Patients and samples

We performed a multicenter retrospective international study with
the participation of 17 hospitals from the United Kingdom and 11
hospitals from Spain. Initially, a total of 69 cases were identified
from clinical and laboratory records that were considered to have
been diagnosed with CNL or aCML between 1986 and 2020,
according to established criteria1. Of these, 6 were excluded after
the initial review because of a pre-existing myeloid neoplasm or a
likely incorrect diagnosis. After molecular analysis, 21 cases,
including all of those found to have pathogenic JAK2, SF3B1, and
KIT mutations, were reviewed centrally via the microscopic evalu-
ation of bone marrow trephines (n = 13) or re-evaluation of the
pathology reports and case histories (n = 8) by an expert hema-
topathologist. This resulted in a further exclusion of 2 cases who
were initially considered to have aCML but subsequently consid-
ered to have primary myelofibrosis (PMF) or chronic myelomono-
cytic leukemia (CMML). The final study group thus consisted of 61
cases. The study was approved by the ethics committee of Hos-
pital Universitario 12 de Octubre (No 19/163) and conducted in
accordance with the Declaration of Helsinki.

Sequencing

Next-generation sequencing (NGS) data using local diagnostic
panels (which included CSF3R and a range of genes commonly
mutated in myeloid malignancies) were available from 16 patients
at the time of inclusion. For those patients in whom NGS
sequencing had not been performed locally and DNA was available
(n = 37), we performed targeted NGS (Ion Torrent Proton System–

Life Technologies, Carlsbad, CA) of 43 genes implicated in myeloid
malignancies (ASXL1, BCOR, BCORL1, CALR, CBL, CEBPA,
CSF3R, DNMT3A, EGLN1, EPAS1, EPOR, ETV6, EZH2, FLT3,
IDH1, IDH2, JAK2, KDM6A, KIT, KMT2A, KRAS, MPL, NF1,
NPM1, NRAS, PHF6, PRPF40B, RAD21,RUNX1, SETBP1,
SF3A1, SF3B1, SH2B3, SMC1A, SRSF2, STAG2, TET2, THPO,
TP53, U2AF1, VHL, WT1, ZRSR2), as described.22 Sequencing
data of cases centrally sequenced can be found in the NCBI
Sequence Read Archive. For those cases (n = 16) for whom
MUTATIONAL PROFILE OF CNL/aCML 1673
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sequencing information was extracted locally from clinical records,
the sequencing methodology and panel of genes tested are
detailed in the supplemental Material. Please contact the corre-
sponding author for other forms of data sharing. Pathogenic and
likely pathogenic variants, variant allele frequencies (VAFs), and
gene classification into functional groups are summarized in the
supplemental Material (supplemental Table 1). In total, we had
NGS data of 53 patients (CNL, n = 23; and aCML, n = 30), not
including the 2 cases who were excluded after a central morpho-
logical review.

Statistical analysis

A descriptive statistics of continuous variables was performed in
which mean and standard deviation were used, except for time-to-
event variables, in which median was used. Categorical variables
were presented in absolute and relative frequencies and odds ratios.
Comparison between quantitative variables was performed with
Student t test or analysis of variance and between categorical vari-
ables with χ2 or Fisher exact test. Time-to-event analysis, for example,
OS and progression, was performed using Kaplan-Meier univariate
analysis and a Cox proportional hazards model corrected for
possible confounders in multivariate analysis. Continuous variables
were analyzed using a linear model corrected for other variables as
indicated. False discovery rate was used when multiple comparisons
were made. P < .05 was considered statistically significant. Principal
component analysis (PCA) was used in order to assess how close
the diseases (CNL, aCML, polycythemia vera, essential thrombocy-
themia, PMF, and CMML) cluster to each other based on mutational
profiles. Statistical analyses were performed using R under RStudio
using ROCR, survminer, and ggplot2 packages.

Results

Clinical presentation and complications do not differ

between aCML and CNL

Patient’s characteristics are summarized in Table 1. Of the 61
cases, the median age at presentation was 69.4 years, and 65.6%
of them were male. Splenomegaly was present in 55.7% of the
patients, and the mean white blood cell (WBC) count was 62.2 ×
109/L. Transformation to AML occurred in 29.5% of the patients
(n = 18). No differences were found between both entities with the
exception of monocyte counts, which were higher in aCML
compared with CNL (P = .018). As expected, dysplasia was absent
in all CNL cases. Interestingly, bleeding as a cause of death was
similar between both diseases (15.4% in CNL vs 10.5% in aCML,
P = .737 for all causes of death). We found no differences in the
survival between entities (median OS of 17.7 months vs 15.2
months for aCML and CNL, respectively, supplemental Figure 1).
Hydroxyurea was selected as first-line treatment in 79.6% of the
patients. Second-line treatment (n = 29) was heterogenous:
13.8% received hydroxyurea and 20.7% received interferon-alfa,
whereas 27.6% received ruxolitinib (50% of patients with CSF3R
mutations) on a compassionate basis because it has shown effi-
cacy in some CNL and aCML cases, particularly those with CSF3R
mutations.12 The remaining 37.9% of the cases received other
treatments, mainly hypomethylating agents. No differences were
found in the first-line setting for CNL and aCML although there was
a clear tendency toward the use of hypomethylating agents in
aCML (22.2% vs 0% P = .066). In addition, patients with CNL
1674 CARREÑO-TARRAGONA et al
were more frequently treated with ruxolitinib as second-line treat-
ment (46.6% vs 7.3% P = .038). Only 17% of the patients
underwent allogeneic hematopoietic stem cell transplant, which
was associated with improved survival (20.3 vs 79.3 months, P =
.018, supplemental Figure 2).

Mutational profile of aCML and CNL

Of the 61 aCML/CNL cases, 53 had an NGS myeloid panel per-
formed (Table 2; Figure 1). The mean number of mutated genes
per patient was 3.47 (1-10), with 88.7% of the patients showing
mutations in epigenetic pathways, 71.7% in signaling pathways,
and 56.6% in splicing genes (Table 1). Most patients had muta-
tions in multiple pathways, with 32.0% of them having mutations in
2 of these pathways and 41.5% in 3 of them. In addition, 22.6% of
the patients had mutations in transcription factors, but very few
patients, 1.9%, had mutations in tumor suppressor genes. Apart
from CSF3R (49.1%), the most common mutated genes were
SETBP1 (43.3%), SRSF2 and ASXL1 (both 41.5%), EZH2
(34.0%), and TET2 (28.3%). No differences were found between
CNL and aCML in the pathways affected, but at the individual gene
level, CSF3R was more commonly mutated in CNL cases (87% vs
20% P < .001), whereas EZH2 and TET2 were more commonly
mutated in aCML (50% vs 13% P = .012 and 43.3% vs 8.7%, P =
.014). As for cytogenetic abnormalities, an altered karyotype was
presented in 19.4% of aCML cases vs 4.8% of CNL cases (P =
.130) (Table 1; supplemental Table 2).

As some authors have suggested that aCML is a JAK2 V617F–
negative neoplasm23 (despite some series describing up to 26% of
JAK2-mutated aCML cases4), bone marrow biopsies and aspirates
were reviewed for all 4 JAK2-mutated cases. Three showed a
morphology compatible with aCML with hypercellularity (>90%)
and dysplasia; the single JAK2-positive CNL case showed no
dysplasia. This case (number 27 in supplemental Table 1) pre-
sented with a complex mutational profile with variants in CSF3R,
NRAS, TET2, EZH2, JAK2 plus a double mutation in CEBPA
(biallelic CEBPA-mutated AML have been associated with CSF3R
mutations)24 and died from bleeding after extreme progression of
leukocytosis. The other 2 CEBPA-mutated cases presented with
monoallelic mutations. A central review of the 4 cases with SF3B1
or KIT mutations excluded alternative diagnoses and specifically
refractory anemia with ring sideroblasts associated with thrombo-
cytosis and mastocytosis, respectively.

PCA of molecular and genetic profiles of CNL and

aCML

To assess how these molecular and genetic characteristics cluster
CNL and aCML in relation to other MPN and CMML, the most
common MDS/MPN subtype, we performed in silico PCA
(supplemental Figures 3 and 4; supplemental Tables 3 and 4)
using our data in combination with previously published data.25-27

This analysis showed that CNL and aCML cluster close to each
other between classic MPN and CMML, largely because of abun-
dant mutations in signaling, splicing factors, and epigenetic regu-
lator genes and a lack of mutations in tumor suppressor genes.

Genotype-phenotype associations

We evaluated associations between clinical presentation features
and mutations in different genes (supplemental Figures 5-10;
9 MAY 2023 • VOLUME 7, NUMBER 9



Table 1. Characteristics of 61 patients with aCML or CNL

Whole series (61) aCML (37) CNL (24) P

Gender = % male (n) 65.6% (40) 67.6% (25) 62.5% (15) .765

Age (mean, range) 69.4 (32.9-92.5) 68.6 (40.6-91.4) 71.2 (33.0-92.5) .692

Median OS (mo) 17.2 17.7 15.2 .86

Transformation to AML 29.5% (18) 32.4% (12) 25% (6) .534

Median time to transformation (mo) 14.3 13.6 15.2 .52

HSCT 17% (9) 25.8% (8) 4.5% (1) .097

Cause of death .737

Progression 65.6% (21) 63.2% (12) 69.2% (9)

Bleeding 12.5% (4) 10.5% (2) 15.4% (2)

Other 21.9% (7) 26.3% (5) 15.4 (2)

Splenomegaly 55.7% (34) 48.6% (18) 66.7% (16) .263

Hepatomegaly 21.7% (10) 14.7% (5) 41.7% (5) .124

Cutaneous bleeding 10.6% (5) 8.6% (3) 16.7% (2) .808

Mucosal bleeding 4.3% (2) 2.9% (1) 8.3% (1) 1.000

Hemoglobin (g/L) 83.32 85.73 79.81 .669

Platelets (×109/L) 303.65 332.83 259.88 .387

WBCs (×109/L) 62.23 68.15 52.70 .284

Neutrophils (×109/L) 53.46 57.23 47.89 .486

Lymphocytes (×109/L) 3.70 4.16 2.96 .069

Monocytes (×109/L) 1.88 2.43 1.02 .018

Abnormal cytogenetics 13.5% (7) 19.4% (6) 4.8% (1) .130

Mutations detected by NGS 100% (53) 100% (30) 100% (23) NA

Number of mutated genes (mean) 3.47 3.77 3.09 .118

Mutated CSF3R 59.1% (26) 27.3% (6) 90.9% (20) <.001

Mutated SETBP1 52.2% (24) 56% (14) 47.6% (10) .787

Mutated signaling genes 71.7% (38) 63.3% (19) 82.6% (19) .216

Mutated transcription factor genes 22.6% (12) 30% (9) 13.0% (3) .258

Mutated tumor suppressor genes 1.9% (1) 3.3% (1) 0% (0) 1.000

Mutated epigenetic modifier genes 88.7% (47) 93.3% (28) 82.6% (19) .433

Mutated splicing factor genes 56.6% (30) 53.3% (16) 60.9% (14) .788

Mutated Cohesins and other genes 17% (9) 16.7% (5) 17.4% (4) 1.000

P for differences between aCML and CNL. Statistically significant differences are in bold.
HSCT, hematopoietic stem cell transplant.
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supplemental Tables 5-10). Initial analysis indicated that higher
WBC was associated with mutations in CSF3R (P = .035), JAK2
(P < .001), TET2 (P = .013), and RAD21 (P = .008). After
correction for multiple comparisons, this association was main-
tained for JAK2 mutations (P = .011). Other statistically significant
associations after adjustment for multiple comparisons were JAK2
(P = .02) and TET2 mutations (P = .023) for higher neutrophil
counts, RAD21 mutations (P = .016) for higher monocytes, and
FLT3 mutations (P < .001) for higher lymphocytes. Finally, higher
platelets were seen in patients with ETV6 mutations (P = .034). No
associations were noted with hemoglobin levels or splenomegaly
or between any clinical feature and MPL mutations.

Co-occurrence of mutations and exclusion analysis

In order to understand the biology of these diseases, we analyzed
the co-occurrence and exclusivity of mutations (Figure 2;
supplemental Tables 11 and 12). A number of associations were
9 MAY 2023 • VOLUME 7, NUMBER 9
noted: ASXL1 mutations were associated with ZRSR2 mutations,
CEBPA with EZH2, CSF3R with SETBP1, EZH2 with NRAS and
TET2, JAK2 with TET2, KRAS with NF1, and SETBP1 mutations
with SRSF2. On the other hand, mutated CSF3R meant the
exclusion of EZH2 and TET2 mutations, mutated EZH2 excluded
SETBP1 and SRSF2 mutations, and NRAS variants excluded
STAG2 mutations.

Characterization of CSF3R-mutated patients

As CSF3R mutations are a hallmark of CNL but are not an exclu-
sive marker of this disorder, we analyzed the CSF3R-mutated
population as a single group and compared them with CSF3R-
unmutated cases. Clinical characteristics and outcomes between
the 2 groups were indistinguishable (supplemental Table 13). We
found no molecular differences between CSF3R-mutated and
unmutated cases (supplemental Table 14) apart from the already
mentioned exclusivity between CSF3R mutations and EZH2 and
MUTATIONAL PROFILE OF CNL/aCML 1675



Table 2. Molecular characterization by NGS in 53 patients with aCML

or CNL

% Mutated

gene (n)

Whole series,

% (53)

aCML,

% (30)

CNL,

% (23) P

ASXL1 41.5 (22) 43.3 (13) 39.1 (9) .979

BCORL1 3.8 (2) 6.7 (2) 0 (0) .593

CBL 15.1 (8) 20 (6) 8.7 (2) .452

CEBPA 5.7 (3) 6.7 (2) 4.3 (1) 1.000

CSF3R 49.1 (26) 20 (6) 87 (20) <.001

DNMT3A 1.9 (1) 0 (0) 4.3 (1) .893

ETV6 3.8 (2) 3.3 (1) 4.3 (1) 1.000

EZH2 34 (18) 50 (15) 13 (3) .012

FLT3 3.8 (2) 6.7 (2) 0 (0) .593

IDH2 3.8 (2) 6.7 (2) 0 (0) .593

JAK2 7.5 (4) 10 (3) 4.3 (1) .805

KIT 3.8 (2) 6.7 (2) 0 (0) .593

KMT2A 1.9 (1) 3.3 (1) 0 (0) 1.000

KRAS 1.9 (1) 3.3 (1) 0 (0) 1.000

MPL 1.9 (1) 3.3 (1) 0 (0) 1.000

NF1 3.8 (2) 6.7 (2) 0 (0) .593

NRAS 9.4 (5) 10 (3) 8.7 (2) 1.000

PTPN11 20 (2) 12.5 (1) 50 (1) .843

RAD21 3.8 (2) 6.7 (2) 0 (0) .593

RUNX1 13.2 (7) 20.0 (6) 4.3 (1) .208

SETBP1 43.4 (23) 36.7 (11) 52.2 (12) .396

SF3B1 3.8 (2) 3.3 (1) 4.3 (1) 1.000

SRSF2 41.5 (22) 40.0 (12) 43.5 (10) 1.000

STAG2 9.4 (5) 6.7 (2) 13 (3) .754

TET2 28.3 (15) 43.3 (13) 8.7 (2) .014

U2AF1 7.5 (4) 3.3 (1) 13 (3) .423

ZRSR2 7.5 (4) 10 (3) 4.3 (1) .805

P for differences between aCML and CNL. ATRX, BCOR, CALR, EGLN1, EPAS1, EPOR,
IDH1, KDM6A, NPM1, PHF6, PRPF40B, SF3A1, SH2B3, SMC1A, THPO, TP53, VHL, and
WT1 were not mutated in any CNL or aCML case. Statistically significant differences are in
bold.
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TET2 mutations and the known association with SETBP1. Twenty-
four cases had 1 CSF3R mutation plus a mutation in at least 1
other gene; VAF were available for 23 of these cases. In 14 cases
(65.2%), the VAF was comparable between CSF3R and the other
genes, which we considered to be within 10% of each other and
with the VAF ~50%. For 4 cases (17.4%), the CSF3R VAF was
higher than that of other genes. Interestingly, all 4 had a CSF3R
VAF of >80%, suggesting loss of heterozygosity. In 4 cases
(17.4%), the CSF3R VAF was more than 15% lower than that of
other mutations, suggesting the possibility that mutated CSF3R
might have been a secondary event in this case.

Patients with compound CSF3R mutations (n = 6; supplemental
Table 15) did not show any differential clinical features.

Mutational landscape and outcomes

Next, we analyzed the influence of the molecular profile on patient
outcome. There was neither association between transformation to
AML and any mutated gene or pathway nor the time to
1676 CARREÑO-TARRAGONA et al
transformation. When OS analysis was performed, mutations in
CBL, CEBPA, EZH2, NRAS, TET2, and U2AF1 were associated
with shorter survival in the whole series (Figure 3; supplemental
Table 16). These differences were maintained for CEBPA (β =
2.26, hazard ratio [HR] = 9.54, P = .003), EZH2 (β = 1.12, HR =
3.062, P = .009), NRAS (β = 1.29, HR = 3.63, P = .048), and
U2AF1 (β = 1.75, HR = 5.74, P = .013) under a Cox model
adjusted for WBC, gender, and age (supplemental Table 17).
SRSF2 mutations were associated with better survival under this
model (β = −1.17, HR = 0.312, P = .026) as has been previously
shown for aCML.17

Molecular-risk classification of CNL and aCML

Considering the high-risk mutated genes of univariate survival
analysis and the relevance of CSF3R in the biology, diagnosis, and
treatment of these diseases, we classified patients based on
mutational status irrespective of whether they were diagnosed with
CNL or aCML. Group 1 was defined by the absence of mutations
in CBL, CEBPA, EZH2, NRAS, TET2, U2AF1, and CSF3R, group
2 presented with mutations in CSF3R but not high-risk genes,
group 3 with mutations in any of the high-risk genes but wild-type
for CSF3R, and group 4 presented mutations in CSF3R plus any
of the high-risk genes (Figure 4; Table 3). The median time to acute
transformation was significantly shorter in high-risk groups
(Table 3). On multivariate analysis adjusted for age, sex, and
leukocyte count, groups 3 (HR: 18.0, P = .012) and 4 (HR: 15.6,
P = .003), but not 2 (HR: 4.5, P = .192), were associated with a
higher risk of death in comparison with group 1 (Figure 4;
supplemental Table 18). The presence of mutations in CSF3R
worsened the prognosis in the low-risk group (42.8 vs 34.67
months, respectively), but the differences were not significant.

Discussion

CNL and aCML (now renamed as MDS/MPN with neutrophilia in
the fifth WHO classification but still called aCML in the Interna-
tional Consensus Classification)28,29 are rare myeloid neoplasms
with overlapping characteristics.2,5,6,30 Despite the inclusion of
molecular criteria in the 2016 WHO classification,1 differentiation
between these entities remains problematical, and effective prog-
nostication and treatment remain undefined. Here, we report one of
the largest published cohorts of CNL and aCML cases, with 53
sequenced cases from a multicenter international study.

There were no differences in clinical presentations and outcomes
of both diseases. Only the monocyte count was higher in aCML
cases, which is not surprising given the fact that monocytosis is
one of the exclusion criteria for CNL.1 The number of mutated
genes was similar, and we found very few differences in the
mutational profile of CNL and aCML. In fact, only 3 genes, CSF3R
(one of the diagnostic criteria for CNL1), EZH2, and TET2, were
differentially mutated. The prevalence of TET2 and EZH2 mutations
plus the high rate of cytogenetic aberrations may partly explain the
monocytosis and dysplasia seen in aCML.31-33 Unfortunately, our
panels did not include ETNK1, a gene reported to be mutated in
aCML.34 When we looked into the affected pathways, no differ-
ences were found. This highlights the common molecular patho-
physiology of these diseases and supports the notion of CNL and
aCML being a continuum of the same disease.4-6,9 Of course, the
minimal difference between these 2 entities might, in part, be
9 MAY 2023 • VOLUME 7, NUMBER 9
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attributable to the lack of central review of all cases, which was not
possible because of the retrospective nature of our study and the
long period of case collection (1986-2020). However, all cases
with JAK2, SF3B1, and KIT mutations plus several others were
centrally reviewed and the diagnosis confirmed. Furthermore, our
results are comparable to those described in other studies4,17 and,
of note, none of the cases classified as CNL showed any evidence
of dysplasia.

When we investigated the co-occurrence and exclusivity of gene
mutations, we found associations between different tyrosine
kinase, epigenetic, and splicing regulator genes. Some of them,
such as CSF3R/SETBP1, EZH2/TET2, and SETBP1/SRSF2,
have been described previously,4,16,17 but some novel associations
emerged. Neither SETBP1 nor SRSF2 were associated with
aCML despite the SETBP1/SRSF2 combination, having recently
been proposed to delineate aCML from other MDS/MPN.17 Thus,
ASXL1
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Figure 2. Co-occurrence and exclusion between mutated genes. Warm (red shaded

highest OR); cold (blue shaded) colors indicate mutual exclusion of mutations in gene pairs

OR, odds ratio.
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our findings, along with those from other groups, support the notion
that CNL and aCML are highly related in terms of somatic genomic
profiles, despite their morphological differences.4,6

We evaluated the prognostic significance of mutational profiles of
our patients. The presence of any of the high-risk mutations (CBL,
CEBPA, EZH2, NRAS, TET2, or U2AF1) conferred a dismal
outcome, and CSF3R mutations worsened the prognosis. How-
ever, we found no significant differences between CSF3R-mutated
and unmutated cases, thus providing no support for CSF3R
mutations as a disease-defining characteristic. These results do not
fully agree with those of other studies.4,6,13,16,17,35 For example,
NRAS mutations have been consistently described as a bad
prognostic factor in patients with aCML/CNL, but we did not
observe the adverse effect of ASXL1 mutations shown in some
studies.4,17 The reason behind this may be the rarity and hetero-
geneity of these entities, which makes the assembly of large
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) colors represent a pairwise association between mutated genes (with red having the

(with dark blue having the lowest OR). * indicates a statistically significant association.
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Figure 3. CBL, CEBPA, EZH2, NRAS, TET2, and U2AF1 are associated with poor survival in patients with CNL/aCML on univariate analysis.
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Table 3. Patients characteristics in 53 patients with aCML or CNL according to mutational risk groups

Group 1 (n = 7) Group 2 (n = 18) Group 3 (n = 20) Group 4 (n = 8) P

Gender = % male (n) 71.4% (5) 66.7% (12) 70% (14) 62.5% (5) .978

Age (mean, range) 69.5 (54.1-87.4) 68.5 (33.0-92.50) 72.2 (45.6-91.4) 76.8 (66.4-84.7) .474

Median OS (mo) 42.8 34.7 19.6 13.0 <.001

Transformation to AML 0% (0) 33.3% (6) 40.0% (8) 12.5% (1) .150

Median time to transformation (mo) NR 16.9 10.7 8.6 .037

HSCT 16.7% (1) 13.3% (2) 17.6 (3) 0% (0) .732

Cause of death .345

Progression 100% (1) 100% (7) 64.3% (9) 40% (2)

Bleeding 0% (0) 0 14.3% (2) 40% (2)

Other 0% (0) 0 21.4% (3) 20% (1)

Splenomegaly 57.1% (4) 66.7% (12) 45% (9) 62.5% (5) .582

Hepatomegaly 16.7% (1) 40% (4) 10% (2) 50% (1) .194

Cutaneous bleeding 0% (0) 10% (1) 15% (3) 0% (0) .678

Mucosal bleeding 0% (0) 10% (1) 5% (1) 0% (0) .826

Hemoglobin (g/L) 72.88 82.74 79.91 106.00 .631

Platelets (×109/L) 332.00 246.72 394.8 253.88 .537

WBCs (×109/L) 27.23 53.24 75.18 93.28 .087

Neutrophils (×109/L) 20.96 48.56 65.06 79.41 .114

Lymphocytes (×109/L) 3.37 3.22 4.74 3.30 .245

Monocytes (×109/L) 1.93 1.63 2.38 1.93 .830

Altered cytogenetics 0% (0) 6.7% (1) 25.0% (4) 0% (0) .176

Group 1: unmutated CSF3R without high-risk mutations. Group 2: mutated CSF3R without high-risk mutations. Group 3: unmutated CSF3R with high-risk mutations. Group 4: mutated
CSF3R with high-risk mutations. High-risk mutations include CBL, CEBPA, EZH2, NRAS, TET2, U2AF1. P values (ANOVA, χ2, or Fisher exact test) are for the presence of differences between
groups. Statistically significant differences are in bold.
ANOVA, analysis of variance; HSCT, hematopoietic stem cell transplant; NR, not reached.
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cohorts challenging. In addition, as has been mentioned above, our
study is retrospective, and our survival analysis could have been
affected by variable follow-up data collection and changes to
patient care during the study period. Nevertheless, our survival
results are consistent with those of others.2,6

Finally, because of their rarity and the absence of a common
targetable mutation, there is no standard treatment for these
entities. In fact, most cases in our series were treated with
hydroxyurea as a first-line therapy instead of other drugs such as
azacytidine or ruxolitinib that may have disease-modifying poten-
tial.2,30 Ruxolitinib, a JAK1/2 inhibitor widely used in PMF, has
activity against CSF3R, which has resulted in clinically significant
responses in a subset of patients, although many of these
responses have not been sustained.12,21,36 The key role of CSF3R
mutations and the adverse survival of these patients supports a
combination study of ruxolitinib and other drugs with proven effi-
cacy in MDSs (now renamed MDS neoplasms in the new WHO
classification),28 a disorder which shows clear mutational overlap
with CNL/aCML. The advent of new drugs targeting specific genes
and pathways such as spliceosome modulators, MEK inhibitors for
cases with RAS-RAF-MEK mutations, and others will open the
doors to new treatment options and combinations, for which a
molecular classification of these diseases is likely to be impor-
tant.37-39 Given their poor prognosis, hematopoietic stem cell
transplant must be considered a priority in patients who are can-
didates for this procedure.
9 MAY 2023 • VOLUME 7, NUMBER 9
In summary, we analyzed the clinical and molecular data of one of
the largest CNL/aCML cohorts to date. Our study provides insights
on how similar these diseases are and supports the idea they
should be considered as a continuum of the same disease and
classified as a subtype of MDS/MPN given their mutational profile.
We have also identified molecular prognostic groups and shown
the importance of CSF3R mutations, which are targetable by rux-
olitinib. Further studies and meta-analysis are needed to clarify the
value of these mutations and the best treatment for this group of
diseases.
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