
Tracking myeloid malignancies by targeted 
analysis of successive DNA methylation at 
neighboring CG dinucleotides 

Myeloid neoplasms are reflected by aberrant DNA
methylation, which can be used for disease stratifica-
tion.1,2 So far, these methods have been based primarily
on comparisons of the levels of DNA methylation at indi-
vidual CG dinucleotides (CpG), subsets of CpG, or the
genome-wide variability of DNA methylation profiles.3,4

It has also been shown that the analysis of DNA methy-
lation levels of adjacent CpG can provide information on
disease progression in patients with myeloid malignan-
cies.5 In this study, we built on the assumption that
malignant transformation entails patient-specific epige-
netic patterns at successive CpG sites that can be identi-
fied by targeted sequencing approaches. We propose two

alternative scoring systems based on variation of DNA
methylation levels at neighboring CpG within a genomic
region: the delta score (d-score) and the neighborhood
score (n-score). The d-score represents the sum of resid-
uals of DNA methylation levels as compared to those of
age-adjusted controls, whereas the n-score is the sum of
absolute differences in DNA methylation between neigh-
boring CpG. We focused on seven neighboring CpG
within an age-associated region of the phosphodiesterase
4C gene (PDE4C). This region was analyzed by pyrose-
quencing in 91 samples taken from patients with acute
myeloid leukemia (AML) either at first diagnosis or upon
treatment, in 126 peripheral blood samples from patients
with myelodysplastic syndromes (MDS), and in 155 sam-
ples from healthy control. Our results demonstrate that
both the d-score and the n-score can be applied to a short
amplicon to reliably discriminate healthy and malignant
samples. 
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Figure 1. Aberrant methylation patterns of neighboring CpG sites are patient-specific. (A) Epigenetic age predictions were made based on three CpG sites (in
the ASPA, ITGA2B and PDE4C genes) in samples taken from 20 patients with acute myeloid leukemia (AML) at first diagnosis, ten patients with persistent or
relapsed AML, and 61 AML patients in complete remission. For comparison we analyzed blood from 155 healthy controls. (B, C) Methylation of the seven neigh-
boring CpG sites of the pyrosequencing assay for PDE4C are shown for samples from healthy controls and patients at different stages of disease progression.
(D-F) Representative analysis of methylation patterns for three AML patients at different stages of disease. The dashed lines indicate age-adjusted reference
values. (G, H) Comparison of the d-scores and n-scores for healthy controls and AML patients at first diagnosis, in complete remission, and at relapse. (I) The
association of the n-scores and d-scores. *P<0.05; **P<0.01; ***P<0.001; ns: not significant.
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Aging is reflected by highly reproducible DNA methy-
lation changes at specific sites in the genome that can be
used to estimate donor age.6 In blood samples from
healthy individuals the mean DNA methylation levels at
these dynamic regions reveal a cross-section of multiple,
different hematopoietic clones. In contrast, in malignan-
cies, age-associated regions usually reveal aberrant pat-
terns due to the prevailing DNA methylation pattern of
the malignant clone.7 In fact, age predictions based on
three CpG sites associated with the genes aspartoacylase
(ASPA), integrin alpha 2b  (ITGA2B) and PDE4C6 revealed
strong correlation with chronological age in 155 periph-
eral blood samples from healthy controls [R2 = 0.82;
mean absolute deviation (MAD) = 5.1 years], whereas
epigenetic age predictions revealed a high offset in 20
AML samples taken at first diagnosis (R2 = 0.2; MAD =
41.1 years). Upon treatment, age predictions of 61 AML
patients in complete remission correlated with chrono-
logical age (R2 = 0.51; MAD = 8.2 years), while the dis-
crepancy remained in ten patients with persistent disease
or relapse (R2 = 0.01; MAD = 49.13 years) (Online
Supplementary Table S1). These findings indicate that it
was indeed the malignant clone that falsified the age pre-
dictions (Figure 1A). 

We subsequently analyzed whether aberrant DNA
methylation levels are co-regulated at the seven neigh-
boring CpG sites of the PDE4C pyrosequencing ampli-
con. The amplicons of ASPA and ITGA2B could not be
considered as they only included two and three CpG,
respectively. In healthy blood samples the DNA methyla-
tion levels at the neighboring CpG of the PDE4C ampli-
con followed a reproducible pattern. In contrast, samples
from patients with AML displayed marked variation,
whereas samples taken in complete remission again fol-
lowed the pattern observed in healthy donors (Figure
1B,C). We reasoned that the outgrowth of the malignant,
epigenetically altered clone is reflected by patient-specific
variations in DNA methylation between neighboring
sites, rather than by absolute DNA methylation levels at
individual CpG. In fact, we observed that distinct DNA
methylation patterns at the neighboring CpG sites
seemed to be patient-specific and recurred upon relapse
of the disease, indicating that the aberrant pattern was
preserved in the residual malignant cells during treatment
(Figure 1D-F). Consequently, we aimed to quantify the
variations of DNA methylation pattern by the sum of the
absolute residuals between observed and age-adjusted
DNA methylation levels at individual CpG sites (d-score).
Alternatively, we did not take the reference DNA methy-

lation levels into account, but only the sum of absolute
differences of DNA methylation between neighboring
CpG sites (n-score). Both scores were significantly
increased in samples taken from patients at first diagnosis
(n=20) and at relapse or with persistent disease (n=10),
whereas they normalized at complete remission (n=61)
(Figure 1G,H). There was a tendency for samples with
higher blast counts to have higher d-scores and n-scores
(Online Supplementary Figure S1). In addition, we validat-
ed the scoring systems using barcoded bisulfite amplicon
next-generation sequencing.8 This technique has the
additional advantage that samples can be multiplexed
and larger amplicons can be analyzed. In fact, healthy
and malignant samples were discriminated more clearly
(Online Supplementary Figure S2). On the other hand, the
targeted pyrosequencing approach was faster and more
cost-effective. There was a moderate correlation between
d-score and n-score in AML samples, indicating that a
combined approach might be advantageous for discrimi-
nating healthy and malignant samples (Figure 1I). 

To test whether our scoring systems were also applica-
ble to myeloid malignancies with lower clonal cell bur-
den, we analyzed a cohort of 126 peripheral blood sam-
ples from patients before treatment of MDS. In analogy
to AML patients, age in MDS patients was overestimated
by a mean of 10 years (MAD=16.7 years) (Figure 2A). In
comparison to the methylation pattern of controls, that
of MDS patients revealed higher variability in the PDE4C
amplicon (Figure 2B) as well as significantly increased d-
scores and n-scores (P<0.0001) (Figure 2C,D). The corre-
lation of both scores supports the notion that they are of
complementary use for identifying clonal diseases,
including MDS (Figure 2E). The blast counts in peripheral
blood were not associated with the n-score or d-score
(Online Supplementary Figure S3), which might be due to
the fact that not all derivatives of the malignant clone are
classified as blasts. Notably, Cox regression analysis indi-
cated that patients with higher 
d-scores (hazard ratio: 1.01; 95% confidence interval:
1.004-1.017; P=0.001) and n-scores (hazard ratio: 1.02;
95% confidence interval: 1.007-1.027; P<0.001) had sig-
nificant shorter overall survival. 

Other authors have suggested that variability of
methylation at a given locus, not the mean methylation
value, is the best predictor of outcome.5,9,10 Teschendorff et
al. analyzed variations in genome-wide inter-CpG corre-
lations in DNA methylation during malignant transfor-
mation of cervical carcinomas. They identified subsets of
genomic loci that exhibit large changes in covariance of
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Figure 2. Variability scores are indicative of life-expectancy in patients with myelodysplastic syndromes. (A) Epigenetic age predictions were based on three
CpG sites (in the ASPA, ITGA2B and PDE4C genes) for 126 patients with myelodysplastic syndromes (MDS) and 155 healthy controls. (B) DNA methylation of
the seven CpG sites of PDE4C (pyrosequencing). (C,D) The d-scores and n-scores are shown for healthy controls and MDS patients at first diagnosis. (E) The
association of the n-scores and d-scores is illustrated for healthy controls and MDS patients. ***P<0.001.
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DNA methylation prior to malignant transformation.
These loci are indicative of a high risk of neoplasia.11 Li et
al. examined epigenetic heterogeneity as assessed by
DNA methylation within defined genomic loci in AML
patients and observed that variation in DNA methylation
is linked to inferior outcome.5 Their identification of epi-
genetically shifted loci (eloci) was also based on adjacent
CpG sites, but they used a different algorithm to apply to
genome-wide DNA methylation profiles.12 Our data indi-
cate that meaningful insight into variability of DNA
methylation can also be derived from targeted approach-
es, which are much faster, less costly, and less labor-
intensive. 

In conclusion, we demonstrate here that the DNA
methylation patterns at successive neighboring CpG in
clonal myeloid disorders such as MDS and AML are
patient-specific and recur with the reappearance of the
malignant clone during relapse. The variability of DNA
methylation within short amplicons can clearly discrimi-
nate healthy and malignant samples. This may provide a
new perspective to track myeloid malignancies for early
detection, risk stratification and evaluation of minimal
residual disease after treatment.
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