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Abstract 

Background  Idiopathic non-clonal cytopenia (ICUS) and clonal cytopenia (CCUS) are common in the elderly popula-
tion. While these entities have similar clinical presentations with peripheral blood cytopenia and less than 10% bone 
marrow dysplasia, their malignant potential is different and the biological relationship between these disorders and 
myeloid neoplasms such as myelodysplastic syndrome (MDS) is not fully understood. Aberrant DNA methylation has 
previously been described to play a vital role in MDS and acute myeloid leukemia (AML) pathogenesis. In addition, 
obesity confers a poorer prognosis in MDS with inferior overall survival and a higher rate of AML transformation. In 
this study, we measured DNA methylation of the promoter for the obesity-regulated gene LEP, encoding leptin, in 
hematopoietic cells from ICUS, CCUS and MDS patients and healthy controls. We investigated whether LEP promoter 
methylation is an early event in the development of myeloid neoplasms and whether it is associated with clinical 
outcome.

Results  We found that blood cells of patients with ICUS, CCUS and MDS all have a significantly hypermethylated LEP 
promoter compared to healthy controls and that LEP hypermethylation is associated with anemia, increased bone 
marrow blast percentage, and lower plasma leptin levels. MDS patients with a high LEP promoter methylation have 
a higher risk of progression, shorter progression-free survival, and inferior overall survival. Furthermore, LEP promoter 
methylation was an independent risk factor for the progression of MDS in a multivariate Cox regression analysis.

Conclusion  In conclusion, hypermethylation of the LEP promoter is an early and frequent event in myeloid neo-
plasms and is associated with a worse prognosis.
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Background
Myelodysplastic syndrome (MDS) comprises a heteroge-
neous group of hematopoietic stem cell disorders char-
acterized by ineffective hematopoiesis, peripheral blood 
cytopenia, dysplasia, and increased risk of progression 
to acute myeloid leukemia (AML). MDS originates in 
early hematopoietic stem or progenitor cells (HSPC) and 
develops through genetic, epigenetic and immune aber-
rations of the HSPCs and their microenvironment [1, 
2]. About 90% of MDS patients carry one or more onco-
genic mutations [3-5], which frequently occur in genes 
that control DNA methylation (e.g., TET2, DNMT3A and 
IDH1/2). Indeed, abnormal promoter methylation has 
been shown to contribute to MDS pathogenesis and the 
number of differentially methylated CpG sites increases 
during disease progression [6, 7].

We and others have shown that myeloid malignancies 
are preceded by a long preclinical phase, where somatic 
mutations in myeloid cancer-associated genes accumu-
late in the HSPCs [8-12]. Patients with accompanying 
unexplained cytopenia, whose bone marrow does not 
fulfill the morphological criteria for MDS, are classified 
as having clonal cytopenia of undetermined significance 
(CCUS) [13]. Many of these patients develop MDS or 
AML over 1–10  years [10-12]. Unexplained cytopenia 
with neither somatic mutations nor morphological fea-
tures of MDS are referred to as idiopathic cytopenia of 
undetermined significance (ICUS).

Whereas ICUS is generally an indolent disease [3], 
the clinical courses of CCUS and MDS are very het-
erogeneous ranging from indolent disease with minimal 
impact on survival to a smoldering disease with poten-
tial fast progression to high-risk MDS or AML [14, 15]. 
The molecular mechanisms of progression of CCUS 
are likely multifaceted, but we have recently shown that 

TET2-mutated CCUS is associated with hypermeth-
ylation of myeloid enhancers that are also methylated in 
AML, indicating that methylation may play a role [16].

A number of studies have shown an increased risk of 
cancer including MDS and AML in overweight and obese 
individuals [17-26]. Obesity conferred poorer prognosis 
in MDS patients with inferior overall survival (OS) and a 
higher rate of AML transformation [27]. The obesity-reg-
ulated gene LEP encodes the hormone leptin that besides 
regulating appetite and body mass plays a role in proin-
flammatory immune response, angiogenesis and lipoly-
sis [28]. Recently, the LEP promoter was reported to be 
hypermethylated in MDS [29] and AML [30] patients. In 
AML patients, LEP hypermethylation was reported as 
an independent risk factor for shorter OS [30]. However, 
in MDS patients, LEP hypermethylation was associated 
with longer OS but was not an independent prognostic 
marker [29].

To investigate if LEP promoter hypermethylation is 
an early event in myeloid neoplasm, occurring also at 
a cytopenic state before dysplasia is present, and if it is 
associated with disease prognosis, we investigated LEP 
promoter methylation in patients with ICUS, CCUS and 
MDS and in longitudinal samples and evaluated its asso-
ciation with clinical parameters and disease outcome.

Results
The training cohort consisted of 65 ICUS patients, 39 
CCUS patients, 57 MDS patients and 10 healthy con-
trols (Fig.  1). The median age of diagnosis was 66, 70 
and 74  years for patients with ICUS, CCUS and MDS, 
respectively (p < 0.001, Table  1). Patients with MDS had 
lower hemoglobin levels and neutrophil counts com-
pared to patients with ICUS and CCUS (p < 0.001 and 
p = 0.007, respectively, Table  1). Of the MDS patients, 

Fig. 1  Overview of sample material included in each experiment. The color of the boxes represents material that are coming from patients 
included in several groups: blue boxes; patients were in the training cohort, yellow box; patients were part of the validation cohort: blue-orange 
boxes: 46 PB plasma samples are coming from patients who also have LEP promoter methylation data available measured with EPIC array. IFN-γ: 
interferon-γ; PB: peripheral blood; gran: granulocytes; BM: bone marrow; MDS: myelodysplastic syndrome; MNC: mononuclear cells; TOD: time of 
diagnosis; TOP: time of progression
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23% were high-risk patients (IPSS-R > 4.5, Table 1). Clini-
cally reported mutations in MDS-related genes in the 
patients with CCUS and MDS are listed in Additional 
file 1: Table S1.

ICUS, CCUS and MDS are associated 
with a hypermethylated LEP promoter
We first investigated LEP promoter methylation using 
pyrosequencing in peripheral blood granulocytes from 
the training cohort. The average LEP promoter methyla-
tion was significantly higher in ICUS, CCUS and MDS 
patients compared to healthy controls (p = 2.1 × 10–10, 
Fig. 2A). In addition, LEP promoter methylation was sig-
nificantly higher in CCUS and MDS compared to ICUS 
patients (p ≤ 0.001). Defining hypermethylation as mean 
DNA methylation above the median methylation level of 
the healthy controls plus two standard deviations (SD) 
(21.6 + 2.7%) revealed that 62% of ICUS, 77% of CCUS 
and 82% of MDS cases had a hypermethylated LEP 

promoter. Importantly, LEP promoter methylation was 
not significantly influenced by sex or age in a multivariate 
regression analysis (Additional file 1: Table S2).

Patients with anemia had higher LEP promoter meth-
ylation compared to patients with normal hemoglobin 
levels (p = 0.009, Fig. 2B). However, hemoglobin level was 
not significantly associated with LEP promoter methyla-
tion in a multivariate regression analysis including diag-
nosis, age, sex, neutrophil, and platelet count (Additional 
file 1: Table S2). There was no difference in LEP promoter 
methylation in patients with thrombocytopenia or neu-
tropenia compared to patients with normal platelet and 
neutrophil counts, respectively (Additional file 2: Fig. S1).

Hypermethylated LEP promoter is associated with a poor 
prognosis
When examining the methylation levels within each 
patient group, we observed large variations especially in 
CCUS and MDS patients with mean methylation levels 
ranging from 16 to 84% in CCUS and 13–93% in MDS 

Table 1  Clinical characteristics of the training cohort

a Median (Range); n (%)
b Kruskal–Wallis rank-sum test; Fisher’s exact test

Hgb hemoglobin, ANC absolute neutrophil count

Bold values denote statistical significance (p ≤ 0.05)

Characteristic Controls, N = 10a ICUS,  N = 65a CCUS,  N = 39a MDS,  N = 57a p valueb

Age 59.0 (24.0, 66.0) 66.0 (17.0, 89.0) 70.0 (50.0, 89.0) 74.0 (26.0, 96.0)  < 0.001
Sex 0.272

 Female 6 (60%) 23 (35%) 13 (33%) 16 (28%)

 Male 4 (40%) 42 (65%) 26 (67%) 41 (72%)

Hgb 8.0 (4.5, 10.4) 6.7 (4.5, 8.7) 6.2 (4.8, 14.0)  < 0.001
 Missing 0 0 9

ANC 2.1 (0.3, 7.8) 2.0 (0.6, 8.0) 1.4 (0.3, 11.4) 0.007
 Missing 2 0 11

Platelets 126.0 (22.0, 417.0) 113.0 (18.0, 427.0) 115.0 (6.0, 666.0) 0.477

 Missing 1 0 8

IPSS-R category  > 0.999

 Very low 3 (6.4%)

 Low 23 (49%)

 Intermediate 10 (21%)

 High 7 (15%)

 Very high 4 (8.5%)

 Missing 10

No. of mutations

 0 54 (100%) 2 (5.1%) 3 (15%)

 1 0 (0%) 18 (46%) 6 (30%)

 2 0 (0%) 15 (38%) 5 (25%)

 3 0 (0%) 2 (5.1%) 5 (25%)

 4 0 (0%) 2 (5.1%) 1 (5.0%)

 Missing 11 0 37
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patients (Fig. 2A). This prompted us to evaluate whether 
the clinical course of patients with a high LEP promoter 
methylation at the time of diagnosis was different com-
pared to those with a lower LEP promoter methylation.

The median follow-up time was 22  months with an 
interquartile range of 16–32  months. The clinical out-
come was inferior for patients with CCUS and MDS 
compared to patients with ICUS (Additional file  2: Fig. 
S2). MDS patients with a progressive disease during fol-
low-up had a hypermethylated LEP promoter already at 
the time of diagnosis compared to those with a stable dis-
ease (p = 0.045), whereas this was not significantly differ-
ent in CCUS patients (Additional file 2: Fig. S3).

A mean LEP promoter methylation above 51.03% at 
the time of diagnosis was able to stratify MDS patients 
with stable disease from patients with a progressive dis-
ease with a sensitivity of 60% and a specificity of 74% 
(positive predictive value = 63%, negative predictive 
value = 71%, and area under the curve (AUC) = 0.68, 
p = 0.019, Fig.  3B). Using this cutoff, we analyzed the 
effect of LEP promoter methylation on the cumula-
tive incidence of progression and OS in MDS patients. 
Kaplan–Meier analysis indicated that MDS patients with 
a LEP promoter methylation above the cutoff had inferior 
OS (p = 0.004) (Fig.  4A). Similarly, MDS patients with a 
LEP promoter methylation above the cutoff had a signifi-
cantly higher risk of progression (p = 0.007) (Fig.  5) and 
a shorter progression-free survival (PFS) (median PFS; 

12 vs. 23.5  months, p = 0.003) (Fig.  4B). In a univariate 
Cox regression analysis, mean LEP promoter methyla-
tion was significantly associated with both progression 
and OS (Additional file 1: Table S3) and in a multivariate 
Cox regression analysis, mean LEP promoter methylation 
could serve as an independent marker for progression in 
MDS patients (HR = 4.36, 95% CI = 1.03–18.4, p = 0.045) 
(Table 2).

In line with this, bone marrow blast percentages were 
significantly higher in the subgroup of MDS patients 
with a mean LEP promoter methylation above the cutoff 
(p = 0.034) (Additional file 1: Table S4).

Using LEP promoter methylation as a risk stratification, 
we reclassified eight IPSS-R-defined low-risk cases to a 
high-risk group and six IPSS-R-defined high-risk cases to 
a low-risk group (Additional file 1: Table S4).

Next, we combined CCUS and lower-risk MDS patients 
(N = 65) and found that a mean LEP promoter meth-
ylation below 39.57% at the time of diagnosis was able 
to stratify survival from death with a sensitivity of 63% 
and a specificity of 67% (positive predictive value = 71%, 
negative predictive value = 58%, AUC = 0.64, p = 0.021, 
Additional file  2: Fig. S4). Kaplan–Meier analysis indi-
cated that patients with CCUS and lower-risk MDS with 
a LEP promoter methylation above the cutoff (39.57%) 
had inferior OS (p = 0.042, Additional file  2: Fig.  S5). 
This high-risk subgroup included 16 CCUS patients 
and 15 lower-risk MDS patients (clinical characteristics 

Fig. 2  LEP promoter methylation in the training cohort in A patients with ICUS, CCUS or MDS and healthy controls and B patients with anemia or 
normal hemoglobin (Hgb). ICUS: idiopathic cytopenia of undetermined significance; CCUS: clonal cytopenia of undetermined significance; MDS: 
myelodysplastic syndrome; * indicate p ≤ 0.05; **indicate p ≤ 0.01; ***indicate p ≤ 0.001; ****indicate p ≤ 0.0001



Page 5 of 13Kaastrup et al. Clinical Epigenetics           (2023) 15:91 	

of patients in the two methylation groups are shown in 
Additional file 1: Table S5). In this cohort, mean LEP pro-
moter methylation below the cutoff was associated with 

having DNMT3A mutations (p = 0.013, Additional file 1: 
Table S5).

Interestingly, in a univariate Cox regression analy-
sis both LEP promoter methylation and hemoglobin 

Fig. 3  Prediction of outcome in MDS patients from the training cohort. A LEP promoter methylation at the time of diagnosis in MDS patients who 
during follow-up remain stable or progress. B ROC curve analysis of LEP promoter methylation separating stable and progressive MDS cases during 
follow-up. ROC: receiver operating characteristic curve; AUC: area under the curve; MDS: myelodysplastic syndrome; *indicate p ≤ 0.05

Fig. 4  Impact of LEP promoter methylation in MDS patients on A overall survival, B progression-free survival (PFS). MDS: myelodysplastic syndrome
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level were associated with OS. However, none were an 
independent marker in multivariate regression analysis 
(Additional file  1: Table  S6). These results suggest that 
LEP promoter methylation may be associated with sur-
vival in CCUS and lower-risk MDS patients.

Validation of the association of LEP promoter 
hypermethylation and poor prognosis in MDS
To further examine the finding that LEP promoter 
hypermethylation is associated with poor prognosis 
in MDS, we included data from an unpublished pro-
ject where methylation in bone marrow MNCs was 
evaluated using EPIC BeadChip microarray in 55 MDS 
patients comprising the validation cohort (Fig.  1). We 
extracted data on methylation levels of four CpG sites 
covered by probes in the microarray. These four sites 
were located in the proximal promoter of LEP approxi-
mately 300 bp downstream of the eight CpG sites that 
were investigated in the training cohort by pyrose-
quencing (Additional file 2: Fig. S6).

We stratified the 55 MDS patients based on the 
methylation cutoff of 51.03% identified in the training 
cohort and evaluated their clinical course. It was con-
firmed in the validation cohort that MDS patients with 
a mean LEP promoter methylation above 51.03% had a 
significantly shorter OS and shorter PFS (p = 0.034 and 
p = 0.011, respectively, Fig. 6).

Forty patients (16 ICUS, 9 CCUS and 15 MDS 
patients, referred to as the comparison group in Fig. 1) 
had both peripheral blood and bone marrow samples 
collected, and there was a high correlation between the 
mean LEP promoter methylation levels measured using 
pyrosequencing in peripheral blood granulocytes and 
the mean LEP promoter methylation levels measured 
using the microarray in bone marrow MNCs (R = 0.71, 
p = 9.4 × 10–7, Additional file  2: Fig.  S7). We observed 

Fig. 5  Prognostic value of LEP promoter methylation on cumulative 
risk of progression in MDS patients from the training cohort. MDS: 
myelodysplastic syndrome

Table 2  Multivariate cox analyses of disease outcome in MDS patients from the training cohort

HR Hazard ratio, CI Confidence interval, Below cutoff mean LEP promoter methylation < 51.03%, Above cutoff mean LEP promoter methylation ≥ 51.03%, Hgb 
hemoglobin, ANC absolute neutrophil count, IPSS-R Revised International Prognostic Scoring System, BM bone marrow, MDS myelodysplastic syndrome

Bold values denote statistical significance (p ≤ 0.05)

Characteristic Time to death Time to progression

HR 95% CI p value HR 95% CI p value

LEP promoter methylation

    Below cutoff – – – –

    Above cutoff 1.92 0.69, 5.38 0.214 4.36 1.03, 18.4 0.045
Sex

    Female – – – –

    Male 0.81 0.18, 3.59 0.782 3 0.53, 17.0 0.216

Age 1 0.96, 1.04 0.87 1 0.95, 1.06 0.921

Hgb 0.58 0.40, 0.85 0.005 1.2 0.87, 1.67 0.271

ANC 1.08 0.87, 1.33 0.497 1.22 0.97, 1.53 0.089

Platelets 1 0.99, 1.00 0.378 1 0.99, 1.00 0.58

IPSS-R

    Low – – – –

    Intermediate 1.51 0.40, 5.76 0.548 1.83 0.41, 8.27 0.432

High 2.32 0.45, 11.8 0.312 1.97 0.23, 17.0 0.539

BM blast % 1.18 0.99, 1.40 0.067 1.11 0.94, 1.30 0.211
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slightly lower methylation levels in the peripheral blood 
granulocytes (median ± SD: 27% ± 20) compared to the 
bone marrow MNCs (median ± SD: 34% ± 17, paired 
Wilcoxon test p = 0.047).

LEP promoter methylation increases during disease 
progression from MDS to secondary AML
Sequential bone marrow samples from the time of diag-
nosis and time of progression were available from two 
MDS patients. When assessing LEP promoter meth-
ylation at the two time points using pyrosequencing, we 
found a significant increase in mean LEP promoter meth-
ylation at the time of progression from MDS to second-
ary AML (sAML) compared to the time of diagnosis with 
a relative increase in methylation of 20% in one patient 
and 92% in the other (Fig. 7).

Plasma leptin levels are higher in patients with low LEP 
promoter methylation in their bone marrow
Next, we measured plasma leptin levels in peripheral 
blood from 28 ICUS, 21 CCUS and 13 MDS patients and 
three elderly healthy controls (Fig. 1).

Interestingly, ICUS patients had higher plasma lep-
tin levels than CCUS and MDS patients, although this 
was not significant (Fig. 8A). Both methylation data and 
plasma leptin levels were available from 46 patients (24 
ICUS, 14 CCUS, and eight MDS. Patients with a lower 

LEP promoter methylation in bone marrow MNCs (mean 
methylation below 32% corresponding to the 1st quantile 
among all patients) had a significantly higher plasma lep-
tin level than patients with a LEP promoter methylation 
above 32% (p = 0.013, Fig. 8B).

Fig. 6  Impact of mean LEP promoter methylation above or below the cutoff of 51.03% in bone marrow MNCs from MDS patients (validation 
cohort) on A overall survival and B progression-free survival (PFS). MNC, mononuclear cells; MDS: myelodysplastic syndrome

Fig. 7  LEP promoter methylation at the time of diagnosis and the 
time of progression from MDS to secondary AML in four paired bone 
marrow samples. MDS: myelodysplastic syndrome; **indicate paired 
t test p ≤ 0.01
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Next, we investigated whether plasma leptin levels were 
related to systemic inflammation. We divided patients 
into a normal or inflammation group based on plasma 
levels of IFN-γ: patients were allocated to the inflamma-
tion group if the IFN-γ plasma level was above 3.9 pg/mL 
corresponding to the median + 2 SD of IFN-γ levels in the 
elderly healthy controls (2.3  pg/mL ± 1.6). We observed 
no differences in plasma leptin levels between the inflam-
matory groups (Additional file  2: Fig.  S8). Furthermore, 
LEP promoter methylation in bone marrow MNCs was 
not correlated with IFN-γ plasma levels (Spearman cor-
relation rs =  − 0.07, p = 0.63).

Leptin levels were measured in both peripheral blood 
and bone marrow plasma from 8 of the patients and 
three elderly controls, and we found a highly significant 
correlation between leptin levels measured in the two 
compartments (R = 0.97, p = 7.4 × 10–7, Additional file  2: 
Fig. S9). A paired t test revealed that plasma levels in the 
two groups were not significantly different from each 
other.

Discussion
With the widespread use of sequencing techniques, pre-
cursor states of myeloid neoplasms such as ICUS and 
CCUS are widely recognized. While these entities have 
similar clinical presentations, their malignant potential 
is different and the biological relationship between these 
disorders and MDS is not fully understood.

In this study, we measured DNA methylation of the 
LEP promoter in peripheral blood granulocytes from 
ICUS, CCUS and MDS patients to examine whether LEP 
promoter methylation may be an early event in leuke-
mogenesis. We showed that patients with ICUS, CCUS 
and MDS all have a significantly hypermethylated LEP 
promoter compared to healthy controls. Furthermore, 
methylation levels seem to increase with disease severity 
as patients with MDS have a higher mean LEP promoter 
methylation than both CCUS and ICUS patients, and 
patients with CCUS have a higher mean LEP promoter 
methylation than patients with ICUS. This is well in line 
with the reported results of increased LEP promoter 
methylation in patients with AML [30] and MDS [29]. 
Together with previous data, our results suggest that LEP 
promoter hypermethylation is a frequent and early event 
in myeloid disorders.

The most common cytopenia in ICUS, CCUS and MDS 
is anemia which has been associated with a number of 
clinically relevant events in many epidemiological stud-
ies, most importantly increased risk of hospitalization 
and mortality [31]. Interestingly, we show that patients 
with anemia had a significantly hypermethylated LEP 
promoter compared to patients with a normal hemo-
globin level.

Using follow-up data, we identified that a LEP pro-
moter methylation cutoff of 51.03% in either peripheral 
blood granulocytes or bone marrow MNCs was able to 

Fig. 8  Plasma leptin levels at the time of diagnosis A in ICUS, CCUS and MDS patients and elderly healthy controls and B in patients with a mean 
LEP promoter methylation below or above 32% (1st quantile). ICUS: idiopathic cytopenia of undetermined significance; CCUS: clonal cytopenia of 
undetermined significance; MDS: myelodysplastic syndrome; *indicate p ≤ 0.05
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stratify MDS patients with stable disease from those with 
progressive disease already at the time of diagnosis. MDS 
patients with a LEP promoter methylation above the 
cutoff had a higher risk of progression, and shorter OS 
and PFS. Furthermore, LEP promoter methylation was 
an independent risk factor for the progression of MDS 
in a multivariate Cox regression analysis. Using sequen-
tial samples, we show that LEP promoter methylation 
increased during the progression from MDS to sAML. 
However, this should be interpreted with precaution due 
to the small sample size (two patients).

A recently published study demonstrated that LEP 
promoter hypermethylation in bone marrow MNCs was 
associated with inferior OS and could serve as an inde-
pendent prognostic predictor in AML [30]. However, 
the same authors reported that LEP hypermethylation in 
bone marrow MNCs from MDS patients was associated 
with a longer survival time in MDS but without being 
an independent prognostic marker [29]. Our study sug-
gests a worse prognosis in MDS patients with a high LEP 
promoter methylation at the time of diagnosis. Some of 
these discrepancies may be due to differences in the clini-
cal characteristics of the MDS patients and differences in 
the methods used to measure DNA methylation, and in 
the specific locus where methylation was investigated.

Bone marrow blast percentage is frequently used as an 
indication of disease progression. Interestingly, a high 
LEP promoter methylation in peripheral blood granu-
locytes was associated with a higher percentage of bone 
marrow blasts. In accordance with this, a previous study 
reported an association between LEP promoter hyper-
methylation and a higher percentage of bone marrow 
blasts in AML patients [30].

A limitation of our training cohort is the relatively 
small number of CCUS patients, the small number of 
progressive CCUS cases and the large variation in fol-
low-up time. Since the diagnosis of CCUS and lower-risk 
MDS only differ by bone marrow morphology (i.e., below 
or above 10% dysplastic cells in the bone marrow, respec-
tively), we decided to combine the cohorts of CCUS and 
lower-risk MDS patients which have been shown to have 
similar outcomes [32]. Kaplan–Meier analysis indicated 
that also CCUS and lower-risk MDS patients with a high 
LEP promoter methylation at the time of diagnosis had a 
shorter OS. These data further suggest that patients with 
a high LEP promoter methylation have a worse prognosis 
regardless of the malignant state.

LEP encodes the adipose tissue-derived hormone lep-
tin. A recent study suggested that the epigenetic profile of 
LEP may be influenced by leptin serum levels in peripheral 
blood [33]. We observed a tendency toward higher plasma 
leptin levels in ICUS and CCUS patients than in elderly 
healthy controls although this was not significant. Several 

other studies report no difference in leptin levels in MDS 
[34-36] and AML [37] patients compared to healthy con-
trols whereas two studies report lower leptin levels in AML 
[38, 39]. Interestingly, when we stratified patients based 
on their mean LEP promoter methylation in bone marrow 
MNCs, we found that patients with a low LEP promoter 
methylation had significantly higher plasma leptin levels 
compared to patients with a high LEP promoter methyla-
tion. This suggests that there may be an interplay between 
LEP promoter methylation in hematopoietic cells and cir-
culating leptin levels. A previous study observed an inverse 
correlation between LEP promoter methylation and LEP 
expression in AML bone marrow MNCs [30].

Obesity confers an enhanced risk of multiple cancers 
including hematological malignancies [17-26]. It has been 
indicated that obesity-associated chronic inflammation 
procures a cancer-promoting state [40]. However, we did 
not observe any association between systemic inflamma-
tion (as defined by high IFN-γ plasma levels [41]), leptin 
plasma levels or LEP promoter methylation in bone mar-
row MNCs, respectively. The direct role of leptin in the 
initiation and progression of myeloid neoplasms is contro-
versial and not fully understood. Several studies suggest a 
proliferative and/or anti-apoptotic effect of leptin on MDS 
[29] and AML [42-44] cells in  vitro and one study sug-
gests that leptin stimulates leukemic cell growth in vivo by 
stimulation of angiogenesis [45]. However, this is contra-
dicted by the low or normal plasma leptin levels reported 
in several studies [34-39] and the LEP hypermethylation 
found in MDS patients in our study and reported by oth-
ers [29]. Further studies are needed to elucidate the asso-
ciation between myeloid neoplasms, LEP methylation, and 
circulating leptin levels. In addition, future studies investi-
gating whether the metabolic state (e.g., plasma glucose or 
insulin levels, etc.) influences LEP promoter methylation 
in blood cells of patients with ICUS, CCUS, or MDS could 
potentially reveal new mechanistic insight of the methyla-
tion changes. In summary, the data presented in this study 
indicate that hypermethylation of the LEP promoter is an 
early and frequent event in myeloid neoplasms and that it 
is associated with a worse prognosis in patients with MDS. 
This suggests that it may play a role in both initiation and 
progression of myeloid neoplasms. However, whether 
hypermethylation of the LEP promoter in blood and bone 
marrow cells is a pathogenic event itself or merely a con-
sequence of the underlying disease is still unknown and an 
interesting target for future studies.

Furthermore, our study suggests that LEP promoter 
methylation may be a potential biomarker to identify 
patients at high risk of progression already at the time of 
diagnosis using only a peripheral blood sample. However, 
this needs confirmation in a larger cohort of patients.
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Conclusion
Our findings indicated that hypermethylation of the LEP 
promoter is an early and frequent event in myeloid neo-
plasms and was associated with a worse prognosis in 
MDS.

Methods
Study design
Study subjects were included from all hematological 
departments in Denmark and donated either peripheral 
blood, bone marrow aspirates or both at the time of diag-
nosis. Two patients with MDS also donated bone mar-
row aspirates at the time of progression. All participants 
provided written informed consent prior to participation 
and the study was conducted in accordance with Dan-
ish ethical regulation for work with human participants. 
The study was approved by the ethical committee with 
approval ID: CVK-1705391 and H-16022249. An over-
view of experiments, sample material and patient num-
bers are shown in Fig. 1.

The diagnoses of MDS patients were based on mor-
phology and cytogenetics as in the WHO 2016 classifi-
cation of MDS [3] and patients were risk-stratified with 
the revised international prognostic scoring system 
(IPSS-R) [46]. ICUS was defined as persistent cytopenia 
for more than six months with other common causes 
of cytopenia ruled out and with no known mutations in 
MDS-related genes in blood cells. CCUS was defined as 
persistent cytopenia for more than six months with other 
common causes of cytopenia ruled out and with the 
presence of somatic mutations in MDS-related genes in 
blood cells. Peripheral blood cytopenias were defined as 
platelet counts below 150 × 109 cells/L, neutrophil counts 
below 1.8 × 109 cells/L, and hemoglobin levels below 
8.3 mmol/L or 7.3 mmol/L for men and women, respec-
tively. Mutational status is reported for those patients 
in whom DNA from blood or bone marrow had been 
sequenced in the hematological departments.

Sample material
Training cohort Peripheral blood was collected at the 
time of diagnosis from 65 patients with ICUS, 39 patients 
with CCUS and 57 patients with MDS as well as from 
10 healthy controls. Granulocytes were isolated from 
peripheral blood by standard Ficoll-Paque PLUS (GE 
Healthcare) gradient separation followed by lysis of 
erythrocytes using red blood cell lysis buffer. Genomic 
DNA was extracted from the isolated granulocytes 
using AllPrep DNA/RNA/miRNA Universal Kit (Qia-
gen, Hilden, Germany) according to the manufacturer’s 
instructions.

Validation cohort From another unpublished project, 
we had methylation data available from bone marrow 
mononuclear cells (MNCs) of 55 MDS patients. Bone 
marrow aspirates were collected at the time of diagno-
sis and MNCs were isolated using standard Ficoll-Paque 
PLUS (GE Healthcare) gradient separation with subse-
quent T-cell depletion using RoboSep Human CD3 Posi-
tive Selection Kit II (StemCell Technologies, Vancouver, 
Canada) and RoboSep #20,000 (software version 4.6.0.1; 
StemCell Technologies) with a customized protocol 
using two-quadrant separation. DNA was extracted using 
QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Ger-
many). Methylation levels were measured as described in 
the “Data from Infinium MethylationEPIC array” section.

Comparison group 40 patients from the training cohort 
had DNA available from both T-cell-depleted bone mar-
row MNCs and peripheral blood granulocytes and were 
used to compare methylation levels across tissue and 
methods. DNA from bone marrow MNCs was isolated as 
described for the validation cohort.

Sequential samples Two MDS patients had a bone mar-
row sample collected both at the time of diagnosis and at 
the time of progression to sAML. DNA from bone mar-
row MNCs was isolated as described for the validation 
cohort.

Plasma samples Plasma from peripheral blood was col-
lected at the time of diagnosis from 28 ICUS, 21 CCUS 
and 13 MDS patients and three elderly healthy controls. 
In addition, bone marrow plasma was also collected from 
eight of the patients with CCUS and MDS and from the 
three elderly healthy controls.

Pyrosequencing of the LEP promoter
DNA methylation of eight CpG sites located 324–349 bp 
upstream of the transcription start site within a 262  bp 
region of the LEP promoter was investigated in periph-
eral blood granulocytes from the training cohort and 
in the sequential bone marrow MNC samples using a 
pyrosequencing assay designed with PyroMark Assay 
design software (Qiagen, primers are listed in Addi-
tional file  1: Table  S6). Genomic DNA (250–300  ng) 
was bisulfite-converted using the EZ DNA Methylation-
Lightning™ Kit (Zymo Research Irvine, California, USA). 
Bisulfite-converted DNA was amplified with primer 
sets and the PyroMark PCR kit according to the manu-
facturer’s instructions. Pyrosequencing was performed 
using the PyroMark Q24 instrument and PyroMark Gold 
Q24 reagents. Runs were quality controlled using the 
PyroMark Q24 software (version 2.0.7; Qiagen, Hilden, 
Germany). The mean methylation level of the eight CpG 
sites was calculated for each sample and used for further 
analysis.
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Data from infinium MethylationEPIC array
Methylation levels were measured in DNA from bone 
marrow MNCs using the Illumina HumanMethylatio-
nEPIC BeadChip (Illumina San Diego, California, USA) 
according to the manufacturer’s protocol.

Data were quality controlled using the minfi R package 
v.1.36.0 [6]. Data were normalized using functional nor-
malization [7, 8]. Probes with detection p values > 0.01, 
bead count < 3 in at least 5% of samples, non-CpG sites, 
probes targeting sex chromosomes, SNPs < 5 bp from the 
target CpG [9] and probes that previously showed bind-
ing to multiple target CpGs [10] were excluded using the 
ChAMP R package v. 2.20.1. Beta-values of four CpG 
sites located − 61 to − 32 bp upstream of the transcription 
start site of the LEP promoter were extracted for each 
sample and mean methylation of these four sites in each 
sample were used for further analysis.

Plasma leptin and IFN‑γ
Leptin levels were measured in plasma from peripheral 
blood and bone marrow using a U-plex chemilumines-
cence-based assay (catalog # K151ACL-1) from Meso 
Scale Discovery (MSD, Gaithersburg, MD, USA). The 
leptin detection range was 11.9–48,800 pg/mL.

Interferon-γ (IFN-γ) levels were measured in plasma 
from peripheral blood using a V-plex chemilumines-
cence-based assay (catalog # K151A9H-1) from Meso 
Scale Discovery (MSD). The IFN-γ detection range was 
0.369–1510 pg/mL.

All samples were analyzed in duplicates. Analyses were 
done using a QuickPlex SQ 120 instrument (MSD) and 
the DISCOVERY WORKBENCH® 4.0 software.

Statistical analyses
Statistical analyses were performed using R version 4.1.0.

Wilcoxon rank-sum and chi-square tests were used 
for the comparison of nonparametric continuous vari-
ables and categorical variables, respectively, unless 
otherwise stated. The receiver operating characteris-
tic (ROC) curve was used to determine an appropri-
ate cutoff for mean LEP promoter methylation level at 
the time of diagnosis to predict disease outcome using 
the cutpointr R-package v.1.1.2. The optimal cutoff was 
determined using the Youden index. Follow-up data 
were included for patients where information about 
progression and/or survival was available. Cumulative 
incidence curves were used to estimate the cumulative 
risk of progression, and a comparison was made with 
Gray’s test. Death of any cause was considered a com-
peting risk in the analysis. Time to progression was 
calculated as the time of diagnosis to the time of pro-
gression. Progression was defined as CCUS patients 

getting a later diagnosis of either MDS or AML and 
MDS patients with blast transformation or with pro-
gression to AML. The outcome was censored if a 
patient had not progressed by the time of the last fol-
low-up, if a patient was lost to follow-up or if a patient 
had a hematopoietic stem cell transplantation (HSCT). 
Survival analysis of the effect of LEP promoter meth-
ylation on OS and PFS was done by Kaplan–Meier and 
Cox regression analyses (univariate and multivariate). 
For OS, the outcome was censored if a patient was alive 
by the time of the last follow-up, if a patient was lost to 
follow-up or if a patient had a HSCT. For PFS, the out-
come was censored if a patient was alive and had not 
progressed by the time of the last follow-up, if a patient 
was lost to follow-up or if a patient had a HSCT. “IPSS-
R low” was defined as IPSS-R score ≤ 3 unless other-
wise stated. A p value ≤ 0.05 was considered significant.
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