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Abstract

outcome in CMML patients without a TET2/SRSF2

In unselected patients with chronic myelomonocytic

comutation. We confirm here in a common molecularly

leukemia (CMML) the prognostic impact of RAS mutations

defined subgroup of CMML patients that RAS-pathway

remains unclear. Restricting analysis to molecularly defined

activation

subgroups such as to patients with a TET2/SRSF2

clinicohematologic phenotype and an inferior outcome.

is

associated

with

changes

in

the

comutation may be more appropriate to study the effects of
RAS pathway mutations on the phenotype and clinical

Keywords: CMML; in vitro cultures; CFU-GM; RAS;

outcome. 87/291 CMML patients in our unselected real

TET2; SRSF2; Prognosis

world “Austrian Biodatabase for CMML” (ABCMML)
were found to have a TET2/SRSF2 comutation. In 37 of

1. Introduction

them mutations in at least one RAS-pathway component

Chronic

(NRAS, KRAS, CBL, NF1 and PTPN11) were detected.

molecularly and phenotypically complex and heterogenous

Patients with additional RASopathy gene mutations had

disease [1-3]. Over the past few years, a large number of

higher WBC counts, and lower Hb and platelet values.

mutations in genes encoding epigenetic regulators (TET2,

Moreover, RAS-pathway activation was more frequently

ASXL1, EZH2, UTX, IDH1, IDH2, DNMT3A), splicing

associated with splenomegaly, signs of transformation and

factors (SF3B1, SRSF2, ZRSF2, U2AF1), and signaling

high growth factor independent colony growth. The median

molecules (NRAS, KRAS, CBL, JAK2, FLT3) have been

survival of TET2/SRSF2-mutant CMML patients with

identified in clonal cells in CMML [4]. In unselected

additional molecular RAS-pathway aberrations was 15

patients with CMML the prognostic impact of RAS

months as compared to 38 months in patients without such

mutations remains unclear, with some studies, but not all,

mutations (p=0.0026). Interestingly, the presence of

demonstrating inferior outcomes [5-8]. This fact may be

RASopathy gene mutations was not associated with a poor

due to variability of the mutational landscapes in patient
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populations because in molecularly heterogenous cancers

[11]. Mononuclear cells (MNC) were isolated from PB of

important pathogenetic relationships may be masked in the

patients by Ficoll-Hypaque density gradient centrifugation

molecular complexity of the disease. One way to uncover

(density 1.077 g/mL, 400g for 40 minutes). The low-density

such relationships is the use of strictly molecularly defined

cells were collected from the interface between density

subgroups to analyse the potential impact of additional

solution and plasma, washed twice, and resuspended in

molecular aberrations on the phenotype of disease and its

Iscove‘s modified Dulbecco‘s medium (GIBCO, Paisley,

clinical outcome. The combination of TET2 and SRSF2

Scotland). In unstimulated cultures PBMNCs were cultured

mutations is very frequently observed in CMML and highly

in 0.9% methylcellulose, 30% fetal calf serum (FCS;

specific for myeloid neoplasm with monocytosis [2].

INLIFE, Wiener Neudorf, Austria), 10% bovine serum

Therefore we chose this subgroup to analyse the impact of

albumin (Behring, Marburg, Germany), α-thioglycerol (10-

RAS-pathway mutations in this common molecularly

4 mol/L) and Iscove‘s modified Dulbecco‘s medium.

defined category of CMML patients.

Cultures

were

plated

in

duplicates

or

triplicates,

3

respectively, at 25-100 × 10 PBMNC/mL. In some cases

2. Methods

the numbers of MNC chosen in our experiments were based

2.1 Patients

on the colony growth in prior cell cultures in the respective

In the “Austrian Biodatabase for Chronic Myelomonocytic

patient in order to optimize evaluation of CFU-GM

Leukemia” (ABCMML) clinicolaboratory real-life data

formation. Plates were incubated at 37°C, 5% CO2, and full

have been captured from 606 CMML patients from 14

humidity. After a culture period of 14 days, cultures were

different hospitals over the last 30 years [9]. The

examined under an inverted microscope. Aggregates with

ABCMML has been shown to be a representative and

more than 40 translucent, dispersed cells were counted as

useful real-life data source for further biomedical research.

CFU-GM. CFU-GM data are expressed as mean values

87 of 291 molecularly defined CMML patients in the

from cultures.

ABCMML were found to have a TET2/SRSF2 comutation.
In 37 of these patients additional mutations in at least one

2.3 Molecular Studies

component of the RAS signaling pathway including NRAS,

Genomic DNA was isolated from mononuclear cell (MNC)

KRAS, CBL, NF1 and PTPN11, respectively, were detected.

fractions of these blood samples according to standard
procedures. The mutational status of CMML-related protein

2.2 Colony Assay

coding genes was determined by targeted amplicon

In one of our centers (Medical University of Vienna) the

sequencing using the MiSeq platform (Illumina). Details

assessment of hematopoietic colony formation in vitro has

regarding gene panel, library preparation and data

been an integral part of the diagnostic work up in patients

processing have been reported previously [9]. Only variants

with suspected myeloid malignancies for many years [10].

with an allelic frequency (VAF) ≥ 5%, a described

Colony forming-unit granulocyte/macrophage (CFU-GM)

population frequency (MAF) <1%, and an annotated

growth was assessed in semisolid cultures without growth

pathogenic

factors as previously described in one central laboratory

pathogenic) were included, with pathogenicity determined
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according to databases as shown in Table S1 and published

1B). The median survival of CMML patients with

studies.

mutations in the RAS-pathway components was 15 months
as compared to 38 months in patients without such

2.4 Statistical Analysis

mutations (p=0.0026). Interestingly, the presence of

The log-rank test was used to determine whether individual

RASopathy gene mutations was not associated with a poor

parameters were associated with OS. OS was defined as the

outcome in CMML patients without a TET2/SRSF2

time from sampling to death (uncensored) or last follow up

comutation (Figure 1B). In order to determine the relation

(censored). Dichotomous variables were compared between

of the prognostic impact of molecular RAS-pathway

different groups with the use of the chi-square test. The

aberrations to other established prognostic factors, due to

Mann-Whitney-U-test was used to compare 2 and the

the relatively small sample size, several Cox regression

Kruskal-Wallis test to compare more than 2 unmatched

analyses were performed due to the including WBC, Hb,

groups when continuous variables were not normally

PLT and PB blasts. As shown in Table S2 RASopathy gene

distributed. Results were considered significant at P < 0.05.

mutations retained their significant prognostic impact in the

Statistical analyses were performed with the SPSS version

presence of all these parameters.

19.0.0 (SPSS Inc); the reported P values were 2-sided.
Evolution plots were generated according to Miller [12].

3.3 Impact of RAS-pathway mutations on spontaneous
myeloid colony formation

3. Results

In vitro cultures data were available from 62 patient

3.1 Impact of RAS-pathway mutations on the phenotype

samples. We recently were able to show that growth factor

of CMML

independent CFU-GM formation may be a functional

The phenotype stratified by the presence or absence of

surrogate of RAS-pathway activation [13, 14]. The

RASopathy gene mutations in patients with CMML and a

spontaneous formation of CFU-GM in normal individuals

TET2/SRSF2 comutation is shown in Table 1. Patients with

(median 4.8/105 PBMNC, range 3.5–8.5) has been reported

additional RASopathy gene mutations had a higher WBC

by us previously [15]. The numbers of spontaneously

count, a lower Hb level, and a lower platelet value.

formed CFU-GM in CMML patients stratified by the

Moreover, splenomegaly and signs of transformation were

presence or absence of RASopathy gene mutations in the

more frequent in patients with RAS-pathway activation.

molecularly defined subgroup of CMML patients with a
TET2/SRSF2 comutation is indicated in Figure 2. The

3.2 Impact of RAS-pathway mutations on survival of

boxplots show a large variation in colony numbers between

CMML patients

single patients in the two cohorts, however, median CFU-

Figure 1 shows the Kaplan-Meier Plots of overall survival

GM numbers per 105 MNC were significantly higher in

in CMML patients stratified by the presence or absence of

TET2/SRSF2-mutant CMML patients with RAS-pathway

RASopathy gene mutations in the molecularly defined

mutations (md 48, range 0-440, n=30) as compared to

subgroup of patients with a TET2/SRSF2 comutation

patients without additional RAS-pathway aberrations (md

(Figure 1A) and patients without such a comutation (Figure

6, range 0-398, n=32; p=0.0048). A CFU-GM number
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above 100/105 MNC (high colony growth) has been

oligomonocytic CMML which is defined by persistent (3

demonstrated by us to be associated with inferior survival

months) peripheral blood monocytosis of 0.5-0.9 G/L plus

in patients with CMML [16]. The proportion of patient

relative monocytosis of >10% of circulating leukocytes [3].

samples with high growth factor independent myeloid

Moreover, NGS showed an additional abnormality in

colony formation was 37% (11/30) and 6% (2/32),

RUNX1 which we could also detect in the hair follicles of

respectively (p=0.0033).

the patient suggesting a germline alteration. In 2/2016 the
WBC count increased to 16.6 G/L and in 8/2016 to 24.6

3.4 Correlation of RAS-pathway mutations with

G/L. NGS analysis performed at these time points revealed

spontaneous myeloid colony formation

the emergence of a NRAS mutant clone with a VAF of 19%

In one CMML patient serial determinations of the

and 41%, respectively. Finally, in vitro cultures, in which

mutational landscape during the course of disease and in

spontaneous myeloid colony formation within the normal

vitro colony formation were performed. Because of

range was seen in 2/2011, showed highly increased CFU-

thrombocytopenia and leukopenia the patient had bone

GM numbers of 170 and 381 /105 MNC, respectively,

marrow puncture in 2006. At that time the patient had a

thereafter. Thus, we can directly demonstrate that the

WBC count of 3.1 G/L and 18% monocytes and somatic

evolution of an NRAS clone was paralleled by the

mutations in TET2 and SRSF2 determined by NGS.

expansion of a growth factor independent clone of myeloid

Retrospectively, the patient would be classified as

progenitor cells (Figure 3).

Parameter

TET2/SRSF2 without RASopathy

TET2/SRSF2 with RASopathy

mutations N=50

Mutations N=37

Age

74.5 (50-92)

77 (55-93)

0.1936

Sex (% males)

29/50 (58%)

28/37 (76%)

0.0864

WBC G/L

12.8 (2.9-121.5)

22.3 (3.8-86.7)

0.0151

Hb g/dL

11.9 (8.1-15.1)

10.8 (7.0-15.3)

0.0188

Plt G/L

108 (22-448)

67 (16-309)

0.0071

PB Blasts (% present)

8/45 (17%)

12/34 (35%)

0.0763

Splenomegaly

4/23 (17%)

9/15 (60%)

0.0068

Transformation

2/50 (4%)

7/37 (19%)

0.0239

p-Value

Table 1: The phenotype stratified by the presence or absence of RASopathy gene mutations in patients with CMML and a
TET2/SRSF2 comutation.
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Figure 1: Overall survival in TET2/SRSF2-comutated (Figure 1A) and in TET2/SRSF2-nonmutated CMML patients stratified
by the presence or absence of RAS-pathway mutations.

Figure 2: Box plots showing the distribution of spontaneous myeloid colony numbers in TET2/SRSF2-mutant CMML patients
with or without additional mutations in RASopathy genes including median values, minimum values, maximum values, as well
as upper and lower quartiles, respectively. Cultures were plated in duplicates or triplicates, respectively, at 25-100 × 103
PBMNC/mL. Aggregates with more than 40 translucent, dispersed cells were counted as CFU-GM. CFU-GM data from
patients are expressed as mean values from cultures.
Journal of Cancer Science and Clinical Therapeutics
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Figure 3: Evolution plot of a CMML patient with TET2/SRSF2 comutation and NRAS mutation who had also serial
determinations of spontaneous in vitro myeloid colony formation.

4. Discussion

models [24-28]. Mice develop a myeloproliferative disorder

The RAS signaling pathway is one of the major signaling

with clonal expansion of the granulomonopoiesis in vivo

pathways which are involved into the the transduction of

and show spontaneous in vitro myeloid colony formation

growth stimulatory signals from GF receptors to the nucleus

without exogenous growth factors due to aberrant GM-CSF

where cell programs associated with cell growth are

signaling.

activated. The “RASopathies” are a group of genetic
syndromes caused by germline mutations in genes that

Despite a number of studies investigating the role of the

encode components of the RAS signaling pathway

RAS signaling pathway in CMML remains controversial.

including NRAS, KRAS, NF-1, CBL, and PTPN11 [17-22].

There are studies showing that mutations RAS components

Besides

a

are associated with inferior survival but there are also

predisposition to juvenile myelomonocytic leukemia, a

studies which failed to show this. The presence or absence

hematologic malignancy of early childhood. Moreover,

of a RAS point mutation was not a significant prognostic

spontaneous molecular aberrations of components of this

parameter in a univariate analysis from 66 CMML patients

pathway are the most frequently mutated genes in cancers.

reported by Onida in 2002 [5]. In univariate analysis OS

In the preclinical mouse model myelomonocytic leukemias

rates decreased in 312 molecularly characterized CMML

can be recapitulated by transplantation of mouse BM cells

patients with mutations in CBL and there was a trend

harboring an oncogenic mutation in the Nras locus [23].

towards shorter survival in NRAS mutated patients in a

Interestingly, alterations of the other RASopathy genes may

study by Itzykson [6]. Since NRAS mutations significantly

also lead to a similar phenotype in preclinical mouse

affected survival in univariate analysis and retained its

their

developmental

defects

they share
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prognostic value in multivariable Cox regression mutations

patients without these aberrations. In one patient who had

in NRAS were integrated in the risk assessment of 214

serial determinations of the mutational landscape and in

patients with CMML by Elena [7]. An international dataset

vitro colony formation we can directly demonstrate that the

analysed by Padron revealed in addition to ASXL1

evolution of an NRAS clone was paralleled by increasing

mutations mutations in CBL but not in NRAS or KRAS as a

myeloid colony growth.

new molecular independent prognostic parameter [8].
Restricting analysis to molecularly defined subgroups may

The clinical implication of our findings is supported by the

be more appropriate to study the effects of RAS pathway

recent development of novel RAS pathway inhibitors [31].

mutations on the phenotype and clinical outcome. In the

Since RAS is the most frequently mutated gene family in

preclinical mouse model it is possible to work with clearly

cancers, investigators have sought an effective RAS

defined molecular categories. Im mice with a TET2-mutant

inhibitor for more than three decades. RAS inhibitors,

background,

mutation

however, were so elusive that RAS was termed

convincingly aggravated the disease [29, 30]. Here we show

‘undruggable’. With the recent success of allele- specific

in CMML cells from patients with TET2/SRSF2 comutation

covalent inhibitors we have now the opportunity to evaluate

that the presence of mutations in RASopathy genes clearly

the best therapeutic strategies to treat RAS-driven cancers.

changed the phenotype of disease and shortened survival.

Inhibition of the RAS pathway with or without other agents

the

transfection

of

NRAS

etsablished in the treatment of myeloid malignancies may
The basis for all RAS pathway-oriented treatment concepts

be attractive approaches to treat RAS- mutant CMML.

is the identification of RAS pathway hyperactivation in
patients. Due to the fact that in CMML more than one
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