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Abstract
Purpose  Molecular mechanisms of response to hypomethylating agents in patients with myelodysplastic syndromes (MDS) 
and chronic myelomonocytic leukemia (CMML) still remain largely unknown. Therefore, the effects of 5-Azacytidine (Aza) 
on clonal architecture and DNA methylation were investigated in this study.
Methods  Using next-generation sequencing (NGS), 30 myeloid leukemia-associated genes were analyzed in 15 MDS/
CMML patients with excellent response to Aza. Effects on methylation levels were analyzed by quantitative methylation 
analysis using pyrosequencing for the global methylation marker LINE-1 in patients and myeloid cell lines. Various myeloid 
cell lines and a healthy cohort were screened for methylation levels in 23 genes. Selected targets were verified on the MDS/
CMML cohort.
Results  The study presented here showed a stable variant allele frequency and stable global methylation levels in responding 
patients. A significant demethylation of EZH2 and NOTCH1 was revealed in patients with Aza response.
Conclusions  A response to Aza is not associated with eradication of malignant clones, but rather with a stabilization of the 
clonal architecture. We suggest changes in CpG methylation levels of EZH2 and NOTCH1 as potential targets of epigenetic 
response to Aza treatment which may also serve as useful biomarkers after clinical evaluation.
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Introduction

5-Azacytidine (Aza) is approved for clinical use in patients 
with myeloid malignancies not eligible for hematopoietic 
stem cell transplantation (European Medicines Agency 
2018). It is beneficial to patients with myelodysplastic syn-
dromes (MDS), chronic myelomonocytic leukemia (CMML) 
and acute myeloid leukemia (AML), significantly improving 
overall survival (Fenaux et al. 2009; Fenaux and Ades 2009; 

Ades et al. 2013; Fenaux et al. 2010; Pleyer and Greil 2015). 
A common effect of chemotherapeutic agents or targeted 
therapies used in the treatment of myeloid disorders is the 
eradication of malignant clones. Nowadays, measuring the 
mutation allele burden of malignant clones is widely used to 
monitor treatment response. Recently it was reported that the 
mutation allele burden of CMML patients responding to the 
hypomethylating agents Aza or Decitabine remained largely 
unchanged by therapy (Merlevede et al. 2016). This finding 
raised the question of what mechanisms are truly responsible 
for treatment response to hypomethylating agents, suggest-
ing epigenetic mechanisms. Previous investigations sug-
gested that low doses of Aza cause DNA demethylation by 
depletion of DNA methyltransferases in various AML cell 
lines (Hollenbach et al. 2010). In this context, we sought 
to investigate the influence of Aza on clonal architecture 
of patients, by assessing the kinetics of individual somatic 
mutations using next-generation sequencing. To assess the 
effect of Aza on DNA methylation, we focused on methyla-
tion changes in CpG islands (CGIs). CGIs are interspersed 
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DNA sequences which are GC-rich, CpG-rich, (Deaton 
and Bird 2011) and overlap promoter regions of 60–70% 
of all human genes (Illingworth and Bird 2009). Next to 
transcription start sites, CGIs are also found in gene bodies 
and intergenic regions (Jones 2012). Approximately half of 
all CpGs are found within repetitive elements, including the 
promoter region of LINE-1 (Xie et al. 2009; Lander et al. 
2001). LINE elements belong to the classes of retroele-
ments called LINEs (long interspersed elements) (Lander 
et al. 2001). These elements comprise 10% of all 28 mil-
lion CpG sites in the human genome (Zheng et al. 2017). 
Since methylation in repetitive elements has been shown 
to correlate with global genomic DNA methylation content 
because of their high occurrence throughout the genome, 
LINE-1 has been used as surrogate marker for estimating 
the genomic DNA methylation level (Barchitta et al. 2014). 
LINE-1 is usually heavily methylated (Yang et al. 2004), 
thus we hypothesized it should be suitable to depict changes 
in methylation patterns caused by hypomethylating agents. 
In addition to repetitive elements, methylation levels of 23 
leukemia-associated target genes (Rinke et al. 2013; Schäfer 
et al. 2016) were investigated to find potential molecular 
mechanisms for treatment response. These genes are known 
to be involved in signaling pathways (FLT3, JAK2, KRAS, 
BRAF, CBL, KIT, SH2B3, NOTCH1, SETBP1), epigenetic 
regulation (EZH2, KDM6A, ASXL1, DNMT3A, TET2, IDH1, 
IDH2), the RNA-splicing machinery (SF3B1, ZRSR2), the 
Cohesin-complex (STAG2) and transcriptional regulation 
(NPM1, RUNX1, WT1, CALR).

Materials and methods

Patients and healthy controls

Out of more than 100 MDS and CMML patients treated 
with Aza, patients with excellent cytological response to the 
epigenetic treatment were selected for further investigation. 
Bone marrow aspirates from 15 patients with MDS (n = 10) 
or CMML (n = 5) were obtained at the time of initial diag-
nosis and best cytological response to Aza treatment. This 
study included 9 male and 6 female patients with a median 
age of 62 years (range 48–74 years). Aza was given for a 
median of five treatment cycles (range 2–11 cycles). The 
median treatment duration was 8 months. Total leukocytes 
were isolated after red cell lysis. Constitutional DNA from 
all patients was obtained from oral mucosa cells using buc-
cal swabs. A detailed description of the patients’ diagnoses 
and response to the treatment can be found in the Supple-
mental Data Table S1. Informed consent was provided for 
all patients according to the Declaration of Helsinki. As a 
control, leukocytes from peripheral blood of ten healthy test 

persons (male, n = 4; female, n = 6; median age, 33 years; 
range 24–58 years) were isolated after red cell lysis.

Cell culture and treatment

Eleven human myeloid leukemia cell lines (HEL, ELF-153, 
HL-60, SKM-1, THP-1, MOLM-13, OCI-AML3, MV4-11, 
NB-4, K-562, BV-173) were cultivated in 80% RPMI 1640 
medium with 20% FCS. The growth medium for ELF-153 
was additionally supplemented with GM-CSF (5 ng/ml). 
ELF-153 and MOLM-13 were incubated for 72 h with their 
cell line-specific half maximal inhibitory concentration 
(IC50) of Aza (Sigma-Aldrich, St. Louis, MO, United States), 
applied as single dose. IC50 were determined using the MTT 
Assay (Promega, Fitchburg, WI, United States).

DNA isolation

Genomic DNA (gDNA) was extracted, using the QIAamp 
DNA Mini Kit (Qiagen, Hilden, Germany) according to 
the manufacturer’s protocol. DNA of each patient was then 
amplified by whole-genome amplification (WGA), using 
the REPLI-g Ultra Fast Mini Kit (Qiagen) for further NGS 
analysis.

Next‑generation sequencing

Next-generation sequencing (NGS) and data analysis were 
performed for 30 leukemia-associated target genes as previ-
ously described (Schäfer et al. 2016). Briefly, 231 ampli-
cons and 8 external JAK2-V617F sensitivity controls were 
prepared for each patient sample and processed in a single 
NGS run. An independent NGS run was performed with 
original gDNA to confirm all mutations found in whole-
genome amplified DNA. All mutational percentages listed 
refer to the results found in gDNA. The somatic origin was 
confirmed by NGS, using constitutional DNA obtained from 
buccal swabs.

Quantitative methylation analysis 
by pyrosequencing

Global methylation levels of patient samples and cell lines 
were determined using the surrogate marker LINE-1. LINE-
1 primers were used as described by Bollati et al. (2007), 
covering three CpGs. Out of 30 genes investigated by NGS, 
CpG assays (PyroMark CpG Assays, Qiagen) were com-
mercially available for 23 genes (ASXL1, DNMT3A, EZH2, 
IDH1, IDH2, KDM6A, TET2, STAG2, CALR, NPM1, 
RUNX1, WT1, SF3B1, ZRSR2, BRAF, CBL, FLT3, JAK2, 
KIT, KRAS, NOTCH1, SETBP1, SH2B3). These CpG assays 
mostly cover annotated promoter regions, but also intragenic 
CGIs. A list of CGI loci and their functions as listed in the 
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Ensembl database is included in the Supplemental Data 
Table S2. Genomic DNA was treated with sodium bisulfite 
using the EpiTect Bisulfite Kit (Qiagen). Converted gDNA 
was amplified using the PyroMark PCR kit (Qiagen). Pyrose-
quencing analysis was conducted using 2 ng template mate-
rial of myeloid cell lines and an increased amount of 25 ng 
for patients and incubated cells, respectively, to improve 
accuracy and reliability of the results (Supplemental Data 
Figure S1). A total of 269 CpG sites were investigated per 
sample. Peripheral blood leukocytes of ten healthy test per-
sons were analyzed as controls. Methylation levels in ELF-
153 and MOLM-13 were investigated after 24, 48, and 72 h 
of incubation with Aza (three biological replicates). Further 
analysis was conducted for 15 patients at initial diagnosis 
and best response to the treatment for verification of possible 
target genes of Aza. Primers and PCR conditions are listed 
in Supplemental Data Tables S2 and S3. PCR products were 
resolved on 3% agarose gels and visualized by staining with 
ethidium bromide, then sequenced on a PyroMark Q96 ID 
platform (Qiagen). Methylation levels for each CpG within 
the targeted region were quantified using the Pyro Q-CpG 
Software (Qiagen). For statistical analysis, data sets were 
tested for normality using the Shapiro–Wilk test. Compari-
sons of methylation levels were conducted using the Wil-
coxon signed-rank test, provided by GraphPad Prism v6.01 
(GraphPad Software, Inc., San Diego, CA, United States).

Results

Stable clonal architecture of Aza‑responding 
patients as measured by targeted next generation 
sequencing

NGS was performed for 15 patients (MDS, n = 10; CMML, 
n = 5) at initial diagnosis and best cytological response 
to Aza treatment. A total of 47 somatic mutations were 
detected in 13 patients (in 8 of 10 MDS patients and, in 5 of 
5 CMML patients) with some mutations appearing only at 
initial diagnosis, others only at best cytological response and 
27 mutations appearing at both time points, thus allowing 
analysis of mutational kinetics (Fig. 1). A significant change 
in the mutational level was defined as a 25% difference in 
variant allele frequency between corresponding samples. 
In 70% of all mutations appearing at both time points, the 
variant allele frequency remained stable, suggesting a stable 
clonal architecture of patients responding to Aza treatment. 
Mutations appeared predominantly in epigenetic regulator 
genes, namely ASXL1, DNMT3A, EZH2, IDH2 and TET2 
(Supplemental Data Figure S2). A list of all mutations found 
in the patient cohort is included in the Supplemental Data 
Table S4, cooperation of somatic mutations can be found in 
Supplemental Data Figure S3.

Stable global methylation levels of Aza‑responding 
patients based on repetitive elements

LINE-1 displayed non-significant demethylation in patients 
(n = 15) (Fig. 2). Median methylation before treatment was 
81.5% [interquartile range (IQR) 78.48–83.29], median 
methylation at best cytological response was 80.3% [IQR 
78.24–84.79] (n.s.). Thus, LINE-1 is considered to main-
tain stable methylation patterns under treatment with Aza.

Kinetics of somatic mutations
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Fig. 1   Stable clonal architecture of patients responding to Aza treat-
ment. NGS was performed for 15 patients. Variant allele frequency 
remained stable in 70% of mutations appearing at both investigated 
time points
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Fig. 2   Stable CpG methylation levels of global methylation marker 
LINE-1 in patients responding to Aza treatment. LINE-1 displays 
non-significant demethylation under treatment with Aza (n = 15)
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Four main gene targets of Aza identified 
by methylation analysis: EZH2, NOTCH1, RUNX1 
and WT1

A systematic investigation of CpG methylation in myeloid 
cell lines was conducted. The complete screening can be 
found in Fig. 3. Moderate (20–80% methylation) up to high 
methylation levels (> 80% methylation) were observed in 
DNMT3A, EZH2, IDH2, TET2, RUNX1, WT1, FLT3, KIT, 
KRAS, NOTCH1, SETBP1 and SH2B3. Two genes, namely 
WT1 and NOTCH1, displayed hypermethylation in all 11 
examined cell lines with an average methylation of > 80% 
per assay. In the healthy control group, only CpGs of EZH2, 
NOTCH1, RUNX1 and WT1 and were methylated > 20% 
(Fig. 3). Preliminary methylation analysis of genes involved 
in epigenetic regulation showed that a minimum methyla-
tion of 20% is necessary to be able to effectively measure 
demethylation in patients. As pre-analysis revealed matching 
patterns between the healthy control group and a subset of 
patients (Supplemental Figure S4a, S4b), we selected these 
four genes (EZH2, NOTCH1, RUNX1, WT1) for further 
investigation as possible target genes of Aza.

Aza‑caused demethylation in methylated CpG sites 
of ELF‑153 and MOLM‑13 cell lines

An in vitro evaluation of response to Aza was carried out 
for the cell lines ELF-153 and MOLM-13. The IC50 of Aza 
after 72 h was determined at 5.8 µmol/l for ELF-153 and 
at 2.5 µmol/l for MOLM-13 (Supplemental Data Figure 
S5). LINE-1 as marker of global methylation and possible 
target genes identified in the cell line screening (EZH2, 
NOTCH1, RUNX1 and WT1) were analyzed. Comparison 
of the untreated controls (at 0 h) with samples after 72 h of 
incubation revealed significant demethylation of LINE-1 and 
of all investigated genes (Fig. 4). Genes with a high baseline 
methylation (e.g. EZH2) showed larger absolute reduction 
in methylation than genes with a low baseline methylation 
(e.g. RUNX1). The largest reduction in methylation occurred 
in EZH2 with 46.1% in ELF-153 and 37.5% in MOLM-13. 
Information about the number of analyzed CpGs, median 
methylation levels of untreated controls and after 72 h of 
incubation with Aza are given in Supplement Data Table S5.

Verification of two gene targets in Aza‑responding 
patients: EZH2 and NOTCH1

The four possible targets EZH2, NOTCH1, RUNX1 and WT1 
were analyzed in patients (assays as listed in Supplemental 
Data Table S2: EZH2_1, NOTCH1_6, RUNX1_4, WT1_3). 
All tested CpG sites of two genes (EZH2 and NOTCH1) dis-
played significant demethylation at best cytological response 
of patients to the treatment with Aza. Exact methylation 

levels for specific CpGs are displayed in Fig. 5. Mapping and 
functions of targeted regions as annotated in the Ensembl 
database (release 91-December 2017) (Zerbino et al. 2018) 
are listed in Table 1. Methylation analyses for each assay 
showed the following results: median methylation of EZH2 
(three CpGs) was reduced from 52.5 to 41%. Median meth-
ylation of NOTCH1 (four CpGs) was reduced from 84.4 to 
70.1%. RUNX1 displayed non-significant demethylation in 
five out of six tested CpG sites, thus not qualifying as target. 
WT1 methylation showed a trend to demethylation, though 
not statistically significant (reduction from a median meth-
ylation of 41.0 to 28.1% for a total of three CpGs). Median 
methylation levels of verified targets for individual CpGs 
at initial diagnosis and at best cytological response with 
corresponding significance levels determined by Wilcoxon 
signed-rank test are given in Table 2.

Discussion

In this study, effects of Aza therapy on clonal architecture 
and methylation were investigated. According to NGS data, 
a stable clonal architecture of MDS and CMML patients 
responding to Aza treatment was observed. Thus, a cytologi-
cal response seems not associated with a reduction of the 
mutated clone, but more probable with a change in epige-
netic features. Similar results have been presented before for 
CMML patients treated with hypomethylating agents. Mer-
levede et al. (2016) found that hypomethylating agents do 
not reduce mutation allele burden, as the size of the mutated 
clone remained unchanged in responding patients.

LINE-1 was analyzed in the patient cohort to gain infor-
mation about global methylation levels. Surprisingly, in con-
trast to cell lines incubated with Aza, no difference in global 
methylation was detected in paired patients’ samples (initial 
diagnosis compared to best cytological response). This study 
suggests that a response to Aza is associated with a stable 
level of global methylation. However, temporary demethyla-
tion of LINE-1 may occur. In 2008, Stresemann et al. (2008) 
showed examples of five patients treated with Aza with tran-
sient reduction of global methylation levels within treatment 
cycles measured by capillary electrophoresis examined in 
peripheral blood mononuclear cells. However, methylation 
levels were not assessed at best response to the treatment as 
in the study presented here. Thus, stabilized global methyla-
tion levels may be a hallmark of well-responding patients.

To assess potential targets of epigenetic response to Aza 
treatment, a systematic characterization of CpG methylation 
in various myeloid cell lines and a healthy control group 
was conducted. Genes hypermethylated in cell lines and 
the healthy control group (EZH2, NOTCH1, RUNX1 and 
WT1) were selected as possible target genes of Aza. Elevated 
methylation levels of STAG2 in the healthy control group 
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Fig. 3   Characterization of CpG methylation in myeloid cell lines 
(n = 11) and a healthy control group (n = 10). Healthy test persons 
are labelled as #1–#10. A total of 269 CpGs from 23 genes were 
analyzed per sample. In the cell lines moderate (20–80%) up to high 

(> 80%) methylation levels were observed in CpGs of DNMT3A, 
EZH2, IDH2, TET2, RUNX1, WT1, FLT3, KIT, KRAS, NOTCH1, 
SETBP1 and SH2B3. EZH2, RUNX1, WT1 and NOTCH1 were also 
methylated in the healthy control group
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Fig. 4   Decrease in CpG methylation levels of LINE-1, EZH2, 
NOTCH1, RUNX1 and WT1 in MOLM-13 and ELF-153 incubated 
with Aza for 72 h (three biological replicates each for MOLM-13 and 
ELF-153; LINE-1: n = 3 CpGs, EZH2: n = 3 CpGs, NOTCH1: n = 4 

CpGs, RUNX1: n = 6 CpGs, WT1: n = 3 CpGs). Statistically signifi-
cant decrease in methylation levels occurred over the course of 72 h 
in all investigated genes; **p ≤ 0.01, ***p ≤ 0.001
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were regarded to be sex related, with gender being one of the 
accepted confounders in DNA methylation analyses (next to 
tissue type, cell type, age and smoking) (Chang et al. 2016; 
Zeilinger et al. 2013).

In vitro methylation levels were assessed in the cell lines 
ELF-153 and MOLM-13 over the course of 72 h after incu-
bation with Aza. Quantitative methylation analyses were 
performed for LINE-1 and selected target genes. Methylation 

Fig. 5   Demethylation of 
gene-specific CpG sites of 
EZH2 and NOTCH1 in patients 
responding to Aza treatment. 
CpG Methylation analysis was 
conducted for the selected 
targets EZH2, NOTCH1, 
RUNX1 and WT1 in patients. 
Gene-specific CpG sites of 
EZH2 (promoter region) and 
NOTCH1 (intragenic region) 
show significant demethylation 
at the time of best cytological 
response to Aza treatment. WT1 
shows a trend to demethylation 
(n = 15); *p ≤ 0.05, ** p ≤ 0.01, 
***p ≤ 0.0001
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Table 1   Mapping and functions of targeted regions

Gene Function (ensembl), mapping Histone modi-
fication K562 
(ensembl)

EZH2 Promoter CpG island
Chromosome 7, 5′ upstream region, chr7:148885334-148885379

H3K27ac
H3K4me1
H3K4me3

NOTCH1 Intragenic CpG island
Chromosome 9, Exon 26, coding region, chr9:136504850-136504883

WT1 Intragenic CpG island
Chromosome 11, Intron 1-2, non-coding region, chr11:32430812-32430832

H3K4me1

RUNX1 Promoter CpG island
Chromosome 21, Intron 2-3, non-coding region, chr21:34890565-34890601

H3K4me1
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levels of all target genes were found to be decreasing over 
72 h. The largest absolute reduction in methylation levels 
occurred in EZH2. This experiment indicated that looking 
for methylated genes seems an eligible step to find potential 
targets that could be used as biomarkers, since a response to 
Aza is measurable.

Finally, target genes were verified in patients. A sig-
nificant demethylation of specific CpG sites of EZH2 and 
NOTCH1 was revealed in patients with excellent response to 
Aza treatment. Demethylation affected both promoter CGIs 
(EZH2) and intragenic CGIs (NOTCH1). Methylation of pro-
moter regions has been largely accepted to down-regulate 
gene expression. A recent study challenges this generally 
accepted assumption, proposing that methylation affects the 
binding affinity of transcription factors to DNA, resulting 
in either positive or negative regulation of target genes (Ma 
et al. 2013). Ma et al. (2013) also found that, in some genes, 
promoter methylation did not affect gene expression at all. 
The function of gene body methylation remains unclear. 
Lately, a positive correlation has been reported between gene 
expression and gene body methylation (Jjingo et al. 2012) 
hypothesized before by Jones (1999). Maunakea et al. pro-
posed that intragenic methylation might control alternative 
promoter usage, since most genes have at least two tran-
scriptional start sites (one at the upstream promoter, another 
downstream within the gene body) (Jones 2012; Maunakea 
et al. 2010). Despite the functional role of CGI methylation 
still being discussed, DNA methylation remains a measur-
able quantitative epigenetic mark. Thus, measuring CpG 
methylation by pyrosequencing can be a useful method to 
reveal targets which may serve as biomarkers in future.

In addition to regulatory functions annotated in 
the Ensembl database, targeted regions were matched 
with histone modifications (Table 1) retrieved from the 
ENCODE project of K562 as representative for stem cell 

precursors of the myeloid lineage (Wang et  al. 2013). 
Common histone modifications determined by ChiP-seq 
assay are H3K4me3 as a mark often found near promot-
ers and H3K4me1 and H3K27ac often found near regula-
tory elements, e.g. enhancers (Calo and Wysocka 2013). 
The targeted regions of EZH2 span a promoter region 
marked by H3K4me3 located in the 5′ upstream region, 
and a transcriptionally active site marked by H3K4me1 
and H3K27ac. The targeted regions of WT1 and RUNX1 
are associated with distal enhancers due to the H3K4me1 
mark and location within the gene body. The targeted 
region in NOTCH1 has not been associated with a regula-
tory genomic region. Analysis of identified candidate epi-
genetic markers in a prospective clinical trial will reveal 
whether they could serve as predictive markers, by cor-
relating response or relapse to methylation levels, which 
has been previously discussed by Laird (2003).

In conclusion, at the genetic level somatic mutation 
analysis by NGS in responders revealed that a cytological 
response to Aza was not associated with a reduction of 
mutated clones, but rather with a stabilization of clonal 
architecture. At the epigenetic level, there were stable 
global methylation levels of Aza-responders on the one 
hand and measurable demethylation at gene-specific CpG 
sites on the other hand. This study shows that Aza modu-
lates CpG methylation levels of EZH2 and NOTCH1 in 
MDS and CMML. This modulation affects either the pro-
moter or the gene body of target genes including coding 
and non-coding regions. To our knowledge this is the first 
study suggesting that CpG methylation levels of EZH2 
and NOTCH1 are targets for epigenetic response to Aza 
treatment.

Funding  This study was funded by the Interdisciplinary Center for 
Clinical Research (IZKF), Universitätsklinikum Jena, Germany.

Table 2   Median methylation 
levels of verified targets in 
patients

CpG no. Median methylation at diagnosis 
(%), interquartile range [IQR]

Median methylation at 
response (%), [IQR]

Significance level

EZH2 CpG 1 49.84
[36.3–63.15]

34.41
[26.98–55.38]

p = 0.002

CpG 2 57.69
[45.82–64.25]

43.74
[36.53–50.55]

p = 0.0015

CpG 3 57.0
[44.36–73.23]

44.54
[33.08–57.60]

p = 0.0009

NOTCH1 CpG 1 70.96
[69.15–82.78]

63.26
[56.26–64.70]

p < 0.0001

CpG 2 85.84
[83.59–90.50]

78.03
[70.0–79.14]

p = 0.0002

CpG 3 91.84
[89.80–94.39]

83.47
[77.84–86.98]

p = 0.0012

CpG 4 75.23
[73.46–82.98]

62.86
[56.74–71.70]

p = 0.002
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