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Abstract
The hypomethylating agents (HMAs) 5-azacytidine (vidaza-AZA) and 5-aza-2′-deoxycytidine (decitabine-DAC) are 
part of the standard of care for the treatment of myelodysplastic syndromes (MDS) and acute myeloid leukemia 
(AML). However, the molecular events mediated by HMAs in MDS and AML are poorly understood, and the efficacy 
of MDS and AML treatments is still improvable. The majority of CpG dinucleotides are located at satellite repeats, 
and their methylation levels are known to play a fundamental role in ensuring the genomic stability of cells. HMAs 
are believed to act through a plethora of effects, including DNA demethylation and the consequent re-expression 
of aberrantly silenced genes, DNA damage due to the covalent trapping of DNA methyltransferases (DNMTs) on 
DNA, and endogenous retroelements (EREs) reactivation associated with the induction of a cell-intrinsic antiviral 
response. DNA demethylation of satellite repeats and the consequent genomic destabilization and mitotic 
impairment of leukemic cells are also believed to play important roles. Although the demethylating activity of 
HMAs on gene promoters has been extensively investigated, little is known about their effects on satellite DNA 
methylation during treatment, especially when the selective pressure of the treatment ends. Here, we characterized 
the dynamics of satellite 2 DNA methylation mediated by decitabine in a human AML cell line model (U937 cells). 
We demonstrate that the initial demethylation of satellite 2 repeats is followed by complete recovery after 48 h 
of culture. The observed regain of methylation is associated with increased expression of DNMT3B, the de novo 
DNMT known to target satellite 2 repeats. In the intent of deciphering the regulation of DNMT3B expression, we 
found that DAC significantly increased the level of H3 acetylation at the DNMT3B promoter. These preliminary data 
shed light on DAC-mediated methylation dynamics at satellite 2 repeats, suggesting that satellite 2 remethylation 
could limit the genomic-destabilizing effects mediated by HMAs in tumor cells and, thus, the future evaluation of 
strategies to impair this methylation regain and to improve HMAs activity against tumor cells.
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Introduction
Approximately 20  years after their initial approval, the 
hypomethylating agents (HMAs) 5-azacytidine (vidaza—
AZA) and 5-aza-2′-deoxycytidine (decitabine—DAC), 
also known as azanucleosides, remain the mainstays 
of treatment for high-risk myelodysplastic syndromes 
(MDS) and acute myeloid leukemia [1, 2], two hetero-
geneous groups of clonal hematopoietic disorders that 
share several common molecular alterations (e.g., muta-
tions of specific genes and activation of inflammatory sig-
naling pathways) [3, 4].

HMAs are incorporated into DNA during replication 
and function to covalently trap DNA methyltransferase 
enzymes (DNMTs), leading to the global loss of DNA 
methylation. By reactivating aberrantly silenced genes, 
HMA-mediated hypomethylation potentially affects 
DNA repair, cell cycle control, apoptosis, cell signaling, 
angiogenesis and the control of cancer cell invasion and 
metastasis [5, 6]. In addition, other mechanisms have 
been proposed, such as the activation of a DNA dam-
age response due to the trapping of DNMTs on DNA [7] 
and the reactivation of endogenous retroelements (EREs) 
and the consequent induction of a cell-intrinsic antiviral 
response [8].

Unfortunately, the median overall survival of patients 
subjected to HMA monotherapy is approximately 
13–16  months for patients with MDS [9] and less than 
one year for AML patients [10], indicating the need for 
improved therapies.

In the human genome, CpGs are abundant in centro-
meric and pericentromeric satellite DNA and within 
repeat elements in noncoding intergenic areas [11]. Inter-
estingly, CpGs in repetitive elements are more efficiently 
demethylated by azanucleosides than are gene-associated 
CpGs, suggesting that these elements are important tar-
gets of HMA demethylating activity [12].

It has been suggested that the demethylation of satellite 
sequences might promote chromosome instability and 
tumorigenesis [13, 14]. However, owing to the relatively 
high replication rate and consequent HMAs genomic 
incorporation in cancer cells, acute demethylation of sat-
ellite DNA induced by HMAs could contribute to their 
therapeutic effect, especially in models such as MDS and 
AML, in which repeat elements demethylation, which is 
frequently found in other types of cancer, is an extremely 
rare event [15]. Several observations indeed demonstrate 
that azanucleoside-induced demethylation of pericentro-
meric repetitive sequences is associated with high chro-
mosome instability and consequent mitotic defects in 
normal and tumor cell models. For example, AZA and 

DAC were found to induce chromosome missegrega-
tion, deletions, chromosome breaks and condensation 
of pericentromeric regions on chromosomes 1, 9, and 16 
[16]. Similarly, pericentromeric regions demethylation 
mediated by decitabine was found to be associated with 
aneuploidy and mitotic defects in HCT-116 cells [17]. 
In addition, chromosomal segregation errors in chro-
mosomes 1 and 16 have been associated with satellite 2 
demethylation in azacytidine-treated human lympho-
cytes [18].

DAC is normally administered at a dosage of 20  mg/
m2  per day for five days of treatment every 28  days. 
Owing to its very short half-life in human plasma, DAC 
is administered daily in one-hour intravenous infusions. 
This means that, normally, approximately one hour of 
exposure to DAC is followed by several hours of drug-
free resting and that 5  days of treatment are followed 
by 23 days of intervals during each cycle [19]. Although 
the demethylating effects of azanucleosides have been 
widely investigated, little is known about the effects of 
azanucleosides on repetitive satellite DNA methylation 
levels, especially when the selective pressure of the treat-
ment ends (between daily treatments of each cycle and 
between cycles).

Here, we investigated the dynamics of the effects of 
HMAs on satellite 2 methylation in the human AML 
U937 cell line and, concomitantly, the associated changes 
in the expression and epigenetic features of the genes 
involved in DNA methylation in response to azanucleo-
side treatment.

Materials and methods
Cell culture, treatments and cell survival evaluation
The U937 cell line was maintained in RPMI 1640 medium 
supplemented with 10% fetal bovine serum (FBS, Gibco, 
Paisley, UK), 1% L-glutamine (Lonza, Verviers, Bel-
gium) and 1% penicillin/streptomycin (Euroclone, Pero, 
MI, Italy) in a humidified atmosphere at 37  °C with 5% 
CO2. The cell lines were originally obtained from the 
ATCC repository and were routinely tested via PCR and 
MycoAlert (Lonza, Verviers, Belgium #LT07-318) for 
mycoplasma contamination by the European Institute of 
Oncology (Milan, Italy).

Decitabine (Sigma, Saint Louis, MO, USA) and vidaza 
(Sigma, Saint Louis, MO, USA) treatments were per-
formed at the reported doses and timings. At the end 
of the treatments, the cells were counted via a CellDrop 
automatic cell counter (DeNovix, Wilmington, DE, 
USA), and the percentage of survival was calculated with 
respect to the untreated cellular population.

Keywords  Hypomethylating agents, DNA demethylating agents, Decitabine, DNA methylation, Satellite 2, DNA 
methyltransferases, Acute myeloid leukemia



Page 3 of 11Sordini et al. BMC Cancer         (2025) 25:1778 

Satellite 2 and DNMT3B promoter methylation analysis
Pericentromeric satellite 2 CpG methylation levels were 
monitored via Southern blotting analysis as described 
previously [20] via a satellite 2 probe obtained via PCR 
in the presence of DIG-11-dUTP as a tracer (Roche, 
Mannheim, Germany) via primer pairs that are able 
to amplify a 400  bp region of satellite DNA: sat2–384U 
(5′-A ​T​G​G​A​A​A​T​G​A​A​A​G​G​G​G​T​C​A​T​C​A​T​C​T-3′) and 
sat2–781L (5′-​A​T​T​C​G​A​G​T​C​C​A​T​T​C​G​A​T​G​A​T​T​C​C​A​
T-3′) [21].

Methylation-sensitive high-resolution melting (MS-
HRM) analysis of DNMT3B promoter was performed as 
previously described [22]. Genomic DNA was purified 
via the DNeasy Blood and Tissue Kit following the manu-
facturer’s instructions (Qiagen, Hilden, Germany). DNA 
was quantified with a Qubit 2.0 fluorimeter (Thermo 
Fisher Scientific, Waltham, USA) and bisulfite modified 
with the Epitect Bisulfite Kit (Qiagen, Hilden, Germany) 
according to the manufacturer’s protocol. Bisulfite-con-
verted DNA was used as template for PCR amplification 
and subsequent HRM analysis. The standards included 
in the EpiTect PCR Control DNA Set (Qiagen, Hilden, 
Germany), which represents fully methylated and fully 
unmethylated DNA, were also amplified.

PCR amplification and HRM analysis were conducted 
via a Rotor-Gene 6000 (Corbett Research, Sydney, Aus-
tralia) instrument. The primers used were designed with 
Methyl Primer Express software (Thermo Fisher Scien-
tific, Waltham, USA) to amplify a 327  bp product con-
taining 24 CpG sites in the center of the DNMT3B CpG 
island (from + 406 to + 732 with respect to the TSS). The 
sequences of primers used were as follows: 3B-MetF: 
5’-​G​G​G​A​G​A​G​A​T​T​T​T​T​T​T​T​A​G​G​G​A-3’ and 3B-MetR: 
5’-​A​A​C​C​A​A​A​T​A​A​T​T​A​C​A​C​C​C​C​C​T-3’. PCR amplifica-
tion was carried out in a final volume of 25 μl containing 
FastStart SYBR Green Master Mix (Roche, Mannheim, 
Germany), 360 nM of each primer and 2 ng of bisulfite-
treated DNA template. The thermal profile was 10 min at 
95 °C followed by 40 cycles of 30 s at 95 °C, 30 s at 59 °C, 
and 30 s at 72 °C. HRM was performed by ramping from 
69 °C to 85 °C and increasing by 0.1 °C every 2 s.

Real-time RT‒qPCR
Total RNA was extracted from treated or untreated U937 
cells via an RNeasy Mini Kit (Qiagen, Hilden, Germany) 
and reverse transcribed into cDNA via SuperScript IV 
Reverse Transcriptase (Thermo Fisher Scientific, Vilnius, 
Lithuania) following the manufacturer’s instructions.

The cDNA was then amplified via FastStart SYBR 
Green Master Mix (Roche, Mannheim, Germany) and 
primer pairs as previously described [21].

Real-time qPCR assays and subsequent data collec-
tion were performed with a Rotor-Gene 6000 robocycler 
(Corbett Research, Sydney, Australia). The expression 

levels of the target genes were normalized to that of 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 
and the relative quantification analysis was based on the 
2-ΔΔCt method [23].

Chromatin immunoprecipitation (ChIP)
After being washed in PBS, the cells were resuspended 
in fixation buffer (5  mM HEPES pH 7.5, 10  mM NaCl, 
0.1  mM Na2EDTA, 0.05  mM EGTA, and 1% formalde-
hyde) and fixed for 10 min at 37 °C. After centrifugation, 
the samples were resuspended in 0.5  mL of lysis buffer 
(10  mM Tris–HCl pH 7.4, 0.15  M NaCl, 3  mM CaCl2, 
2 mM MgCl2, 0.5% Tween 20, 1 mM PMSF and 10 μg/mL 
RNase A—Roche, Mannheim, Germany) and incubated 
for 30 min at room temperature on a rotating platform. 
Unless otherwise specified, all the centrifugations were 
performed at 17,860 × g for 3 min at + 4  °C. After resus-
pension in 0.3 mL of extraction buffer (10 mM Tris–HCl 
pH 7.4, 0.15  M NaCl, 3  mM CaCl2, 2  mM MgCl2, 0.1% 
SDS), the samples were sonicated with three pulses of 
30  s each, interrupted by 60  s pulses, in a thermoblock 
refrigerated at − 20  °C, with an amplitude of 40% using 
an EpiShear sonicator (Active Motif, Carlsbad, CA, 
USA). After being cleared by centrifugation (9500 × g for 
5  min at room temperature), the supernatants contain-
ing chromatin were saved, and an aliquot of 30 μL was 
purified via the PCR Purification Kit (Qiagen, Hilden, 
Germany) and used for DNA amount estimation by 
Qubit (Invitrogen, Eugene, OR, USA) using the dsDNA 
HS Assay Kit (Invitrogen, Eugene, OR, USA) and to con-
trol the chromatin size via agarose gel electrophoresis. 
Chromatin immunoselection was conducted as previ-
ously described [24] using anti-H3K4me3 (#39,159, 
Lot. 01609004; Active Motif, Carlsbad, CA, USA), anti-
H3K27me3 (#07–449, Lot. JBC1873477; Millipore, Tem-
ecula, CA, USA), anti-H3K9 (#39,161, Lot. 13,509,002; 
Active Motif, Carlsbad, CA, USA) or anti-acetylated H3 
(#06–599, Lot. DAM1513997; Millipore, Temecula, CA, 
USA) antibodies. The extracted DNA, once purified and 
quantified by Qubit 2.0 fluorimeter (Thermo Fisher Sci-
entific, Waltham, USA), was analyzed by real-time q-PCR 
using the following primer pairs: VCL-F: 5’-​A​T​G​C​C​A​G​
T​G​T​T​T​C​A​T​A​C​G​C​G-3’, VCL-R: 5’-​C​G​C​C​C​T​C​C​T​C​G​
T​G​C​A​T​T​A​T-3’, COL2A1-F: 5-​C​T​T​T​C​G​A​G​G​C​T​G​G​C​
G​A​A​C​T-3’, COL2A1-R: 5’-​C​G​G​T​T​C​A​G​G​T​T​A​C​A​G​C​
C​C​A-3’, DNMT1-F: 5-​C​T​C​T​C​T​C​C​G​T​T​T​G​G​T​A​C​A​T​
C​C​C-3’, DNMT1-R: 5’-​C​T​T​T​T​C​G​C​G​C​G​G​A​A​A​C​C-3’, 
DNMT3A-F: 5’-​T​C​A​A​G​G​C​A​G​C​T​C​A​T​C​T​C​A​G​A​G​A-3’, 
DNMT3A-R: 5-​C​A​G​C​C​A​G​G​T​G​C​C​G​C​C-3’, DNMT3B-
F: 5’-​G​G​G​T​G​A​G​G​A​A​A​C​G​T​C​C​A​C​G-3’, DNMT3B-R: 5’-​
C​A​G​C​C​A​G​G​T​G​C​C​G​C​C-3’, sat2–384U: 5′-A ​T​G​G​A​A​A​
T​G​A​A​A​G​G​G​G​T​C​A​T​C​A​T​C​T-3′, sat2–781L: 5′-​A​T​T​C​G​
A​G​T​C​C​A​T​T​C​G​A​T​G​A​T​T​C​C​A​T-3′.
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Results
Azanucleoside-induced satellite 2 demethylation is 
followed by rapid remethylation at satellite 2 repeats
Similar to what happens in vivo, the stability of aza-
nucleosides in aqueous solutions at 37  °C is extremely 
short. The estimated DAC half-life ranges from 4–10 h, 
whereas AZA is even less stable, with a reported half-life 
of only 1.5 h [25–30]. This means that the dose of drug 
administered at the beginning of the in vitro treatments 
decreases rapidly and that the main effect of the drugs is 
exerted during the first hours of treatment. Thus, time 
points of 16 and 64 h were chosen to monitor “early” and 
“late” effects, allowing the cells to be essentially free of 
drug during the last hours of the experiment, as happens 
in patients between daily administrations and between 
treatment cycles [19]. These dose‒response experiments 

were also performed to identify the best conditions for 
subsequent experiments.

As expected, both AZA and DAC resulted in a time- 
and dose-dependent reduction in cell survival, with DAC 
showing greater efficacy than AZA (Fig. 1).

On the basis of the cell survival results, the concen-
trations of 0.01 and 0.1  µM, which are in line with the 
plasma concentration of the drug normally found in 
DAC-treated patients [31, 32], were chosen for subse-
quent experiments in consequence of the lower impact 
on cell viability monitored at 64 h of exposure respect to 
the higher dose of 0.5  µM, avoiding the risk of analyze 
samples that have been subjected to extreme treatment 
conditions. For the same reason, longer times of expo-
sure were not considered in this study.

The effects of DAC on the methylation levels of satellite 
2 repeats were investigated via a methylation-sensitive 
restriction enzyme assay followed by Southern blotting 
against satellite 2 repeats. A DAC-induced reduction 
in satellite 2 methylation was detected at a concentra-
tion of 0.1  µM and, to a lesser extent, at 0.01  µM after 
16 h of treatment. However, after further 48 h of culture, 
U937 cells regained satellite 2 methylation at both con-
centrations tested (Fig.  2). AZA treatments at concen-
trations of 0.1 µM and 0.5 µM caused a reduction in cell 
survival comparable to that induced by DAC at 0.01 µM 
and 0.1 µM resulted in similar results, corroborating this 
observation (Additional Fig. 1, panel A).

Azanucleoside treatments increase DNMT3B expression
The possible modulation of DNA methyltransferase 
expression levels was investigated as a function of DAC-
induced satellite 2 demethylation. The relative abun-
dances of the maintenance methyltransferase DNMT1 
and the de novo methyltransferases DNMT3A and 
DNMT3B were investigated by real-time quantitative 
PCR (qPCR). The active DNMT3B isoforms, DNMT3B1 
and DNMT3B2, were studied together via a com-
mon primer pair that is able to amplify both transcripts 
(DNMT3B1/2), and inactive DNMT3B3 was also inves-
tigated because of its known regulatory role [33, 34]. 
As shown in Fig.  3, significant upregulation of both the 
DNMT3B1/2 and DNMT3B3 isoforms was detected after 
16  h (1.96- and 1.47-fold, respectively) of DAC treat-
ment at a final concentration of 0.1  µM, which further 
increased after 64  h (2.46- and 1.82-fold, respectively), 
whereas no fluctuations were observed in the expression 
levels of the other DNMTs.

Similar upregulation of DNMT3B isoforms was 
observed when U937 cells were treated with 0.5 µM AZA 
for 64 h (Additional Fig. 1, panel B).

Fig. 1  Effects of decitabine (DAC) and azacytidine (AZA) on the survival 
of U937 cells. Dose‒response experiments were conducted at 16  h (A) 
and 64 h (B) of treatment. U937 cells were subjected to treatments at the 
reported concentrations or left untreated, and at the end of the treat-
ments, the cells were counted via the Trypan blue dye exclusion technique 
through an automatic cell counter. All the experiments were conducted 
in triplicate
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Effects of azanucleosides on DNA methylation and histone 
PTMs at the DNMT3B promoter
We subsequently evaluated whether the monitored 
DNMT3B upregulation was associated with changes in 
the methylation levels of its promoter. The methylation 

status of the DNMT3B promoter CpG island was ana-
lyzed via a methylation-sensitive high-resolution melt-
ing (MS-HRM) assay in U937 cells exposed to decitabine 
at concentrations of 0.01 and 0.1  µM for 16 and 64  h. 
First, we found that the DNMT3B promoter was scarcely 
methylated in U937 cells (Fig.  4). When treated with 
DAC, U937 cells showed a slight decrease in methyla-
tion, which was clearly distinguishable only after 64 h of 
treatment at a concentration of 0.1 µM (Fig. 4). Even in 
this case, treatment with 0.5 µM AZA produced similar 
results (Additional Fig. 1, panel C).

DNA methylation and histone PTMs are highly inter-
connected and influence each other. To clarify the 
mechanism responsible for the observed DNMT3B 
upregulation, we focused on histone PTMs. For this pur-
pose, three histone PTMs, encompassing the most stud-
ied types of histone H3 methylation, were investigated 
via chromatin immunoprecipitation (ChIP) in U937 cells 
treated with DAC at a concentration of 0.1 µM for 64 h. 
Attention has been given to H3K4me3, normally found 
at active gene promoters, the gene silencing-associated 
PTM H3K27me3, and H3K9me3, the heterochromatin 
marker representing the histone H3 PTM most closely 
related to DNA methylation [35]. Moreover, histone H3 
acetylation has also been investigated because of its plas-
ticity and known interplay with DNA methylation [36–
38]. In addition to the DNMT1, DNMT3A and DNMT3B 
promoters, vinculin (VCL) and collagen type II alpha 1 
chain (COL2A1) enrichments were also evaluated in the 
untreated samples as controls for active and silent gene 
enrichment, respectively. As expected, VCL and COL2A1 
enrichment demonstrated the specificity of the four 
immunoprecipitations, since the first was enriched in his-
tone PTMs normally associated with active transcription 
(H3K4me3 and H3ac), whereas the latter was enriched in 
gene silencing-associated histone PTMs (H3K27me3 and 
H3K9me3; Fig. 5). With respect to DNMTs, we observed 

Fig. 3  Effects of DAC on the expression of DNMTs. U937 cells were subjected to treatments with DAC at the reported concentrations and times or left 
untreated. At the end of the treatments, total RNA was purified, reverse transcribed into cDNA and amplified by real-time qPCR using primer pairs specific 
for the transcripts of different DNMTs (GAPDH was also amplified and used for normalization). Relative quantitation was performed via the 2−ddCt method. 
All the experiments were conducted in triplicate. *P < 0.05 with respect to the untreated sample (NT); **P < 0.01 with respect to the NT sample

 

Fig. 2  Effects of decitabine on the methylation status of satellite 2 repeats 
in U937 cells. U937 cells were subjected to treatments with DAC at the 
reported concentrations and times or left untreated (NT). At the end of 
the treatments, genomic DNA was purified and digested via the Csp45I 
enzyme, separated via 1% agarose gel electrophoresis, blotted, and hy-
bridized by a satellite 2 PCR probe (sat2-384U/781L). Ethidium bromide-
stained agarose gel prior of DNA transfer is shown in Additional Fig.  3, 
while full-length blot is reported in Additional Fig.  5 (panels A, B). NIH-
3T3: murine fibroblast cell line used as negative control of satellite 2 probe 
binding
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lower levels of silencing-associated histone PTMs at the 
DNMT1 promoter than de novo DNMTs did. However, 
no significant changes were detected in the levels of the 
three types of histone methylation at DNMT promoters 
after DAC treatment. In contrast, a significant increase in 

H3 acetylation was observed at the DNMT3B promoter 
(Fig. 5).

Satellite 2 repeats were also investigated showing, as 
expected, high levels of H3K9me3 and H3K27me3 and 
low levels of H3K4me3 and H3ac. Interestingly, a slight 

Fig. 4  Effects of DAC on DNMT3B promoter methylation. The methylation status of the DNMT3B promoter was investigated via methylation-sensitive 
high-resolution melting (MS-HRM). U937 cells were subjected to treatments with DAC at the reported concentrations and times or left untreated. At the 
end of the treatments, the genomic DNA was purified, subjected to bisulfite conversion and amplified by PCR using primers specific for the DNMT3B 
promoter. The resulting PCR products were analyzed by HRM, and the fluorescence signal was normalized using the Rotor-Gene Q software. 100%, 0% 
and 50% are commercial DNA standards representing fully methylated, fully unmethylated and a 1:1 mix of fully methylated and fully unmethylated DNA, 
respectively. All the experiments were conducted in triplicate
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decrease of H3K9me3 was observed in DAC treated cells 
respect to the untreated cellular population.

These observations are further supported by the similar 
results obtained using AZA at a concentration of 0.5 µM 
(Additional Fig. 2).

Discussion
Although azanucleosides are thought to act through the 
induction of global DNA demethylation and consequent 
re-expression of aberrantly silenced genes, the induction 
of other phenomena, such as the DNA damage response 
due to the covalent trapping of DNMTs on DNA, immu-
nomodulation and the reactivation of endogenous ret-
roelements (EREs), must be considered [5–8]. Several 

studies have indicated that the demethylation of satellite 
repeats induced by azanucleosides, and the consequent 
genomic destabilization and mitotic impairment, could 
strongly contribute to the effects of these drugs on can-
cer cells [16–18], especially in MDS and AML, in which, 
unlike other types of cancer, satellite repeats show nor-
mal (high) levels of methylation [15].

The low half-life of DAC and AZA in vivo due to rapid 
deamination by cytidine deaminase forces the admin-
istration of these drugs as short-term (usually 1 h) infu-
sions. Indeed, pharmacokinetic studies have shown that 
decitabine is rapidly eliminated from human plasma and 
is no longer detectable approximately 30–40  min after 
the end of the infusion [31, 32].

Fig. 5  Effects of DAC on histone post-translational modifications (PTMs) at the DNMTs promoter and satellite 2 repeats. U937 cells were subjected to 
treatment with decitabine at a concentration of 0.1 µM for 64 h. At the end of treatment, chromatin was extracted and immunoprecipitated with specific 
antibodies directed against four different histone H3 PTMs. The DNA purified from the bound and input fractions was amplified by real-time qPCR using 
primer pairs specific for the three DNMT promoters or satellite 2 repeats. The primers used to amplify the active gene vinculin (VCL) and a gene known to 
be silenced in this cellular model (COL2A1) were used as controls. Data showing the enrichment of each gene promoter as a percentage of bound with 
respect to the input are shown for H3K4me3 (A), H3K27me3 (B), H3K9me3 (C) and H3 acetylation (D). All the experiments were conducted in triplicate. 
*P < 0.05 and **P < 0.01 with respect to the untreated (NT) sample
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The demethylating effect of DAC at CpG islands has 
already been investigated in AML cell lines and patients 
through genome-wide studies suggesting a non-random 
demethylating activity. Yan and colleagues, for exam-
ple, demonstrate that decitabine induces significant 
methylation changes in posttreatment patient’s bone 
marrows. Specifically, their data showed that DNA hypo-
methylation occurred mainly in promoter CpG islands 
respect to CpG related to other genomic features [39]. 
Negrotto and colleagues showed that CpGs that are usu-
ally hypomethylated during granulocyte maturation 
were significantly hypermethylated in AML cells and 
that decitabine-induced hypomethylation was great-
est at these CpGs and was accompanied by cellular dif-
ferentiation of AML cells [40]. More recently, Greve and 
colleagues evaluated the effects of DAC treatments in 
patients comparing the genome-wide effects on methyla-
tion between AML blasts and T-cells, observing a mas-
sive, non-random demethylation in AML blasts and, in 
contrast, a thousand-fold lesser, random demethylation, 
in T-cells, indicating selectivity of the demethylation for 
the malignant blasts [41].

In addition, other studies explored the stability of 
HMA-induced demethylation, demonstrating a regain 
of methylation only after several days of culture in drug-
free medium, suggesting long-term stability of demethyl-
ation at promoter CpG islands [42–44]. However, little is 
known about the effects of HMA on pericentromeric sat-
ellite sequences, also due to the well-known challenge of 
uniquely mapping reads in repetitive regions, which lim-
its the analysis of such sequences in NGS studies.

This study aims to investigate in vitro the dynamics of 
the effects of azanucleosides on the methylation levels of 
satellite 2 repeats [25–30]. The acute myeloid leukemia 
(AML) U937 cell line, which is known to have normal 
(high) satellite 2 methylation levels [45], was used in this 
study as a model.

Although the effects of HMAs on DNMT1 inhibi-
tion have been widely documented in the literature, the 
effects on DNMT3A and DNMT3B are much more con-
troversial [46]. We found that the strong initial demeth-
ylation of satellite 2 repeats after 16 h of treatment with 
both DAC and AZA, followed by a complete regain of 
methylation after only 48  h of culture, in agreement 
with the previous observation that bone marrow mono-
nuclear cells from MDS patients, which show satellite 
2 demethylation during DAC treatment, achieve com-
plete remethylation when the treatment course ends 
[47]. This finding drove us to monitor the effects of the 
treatments on the expression of the enzymes involved in 
DNA methylation, revealing significant upregulation of 
both the active (DNMT3B1/2) and inactive regulatory 
(DNMT3B3) DNMT3B isoforms. Despite being catalyti-
cally inactive, DNMT3B3 is known to positively regulate 

the de novo methylation activity of the active DNMT3B 
isoforms [33], and its upregulation is indicative of fur-
ther strengthening of DNMT3B activity. This finding is 
not surprising if we consider the known role of DNMT3B 
in satellite 2 methylation [48, 49]. However, although the 
concomitant remethylation of satellite 2 repeats at 64 h of 
treatment and the upregulation of DNMT3B observed in 
this study suggest a role for this regulation in the regain 
of methylation observed at satellite repeats, at this stage 
of knowledge this relation can be only hypothesized.

The known ability of AZA and DAC to demethyl-
ate and reactivate the expression of silenced genes led 
us to hypothesize that the observed upregulation of the 
DNMT3B transcript could be related to the demeth-
ylation of its promoter. However, the analysis of the 
DNMT3B promoter methylation status via MS-HRM 
revealed a low basal level of methylation, with a slight 
DAC-dependent decrease in methylation at the higher 
concentrations tested, suggesting that the demethyl-
ation of the DNMT3B promoter is not the basis of the 
observed DNMT3B upregulation. However, since some 
studies reported that the methylation status of a single 
CpG can influence the transcription of related genes [50–
53], the role of this phenomenon cannot be completely 
excluded but should be demonstrated.

The weak effect on DNMT3B promoter methylation 
prompted us to investigate the status of its histone PTMs 
via chromatin immunoprecipitation (ChIP). Histone H3 
trimethylations at lysines 4, 9 and 27 were investigated 
together with histone H3 acetylation. H3K4me3 is known 
to be associated with active transcription, whereas 
H3K9me3 and H3K27me3 are associated with silencing 
[54]. In particular, H3K9 methylation and DNA methyla-
tion are strongly associated and work synergistically to 
form heterochromatin to silence genes and retrotranspo-
sons [35]. However, we found that azanucleosides did not 
affect the level of histone H3 methylation. In contrast, 
we observed a significant increase in histone H3 acety-
lation levels at the DNMT3B promoter with both DAC 
and AZA, whereas no changes in histone H3 acetyla-
tion were detected at the other DNMT promoters. These 
data are in line with gene expression studies in which the 
DNMT3B transcript was the only DNMT that was regu-
lated, suggesting a role of histone H3 acetylation in the 
monitored DNMT3B upregulation.

However, at this stage, the mechanism underlying the 
increase in histone H3 acetylation at the DNMT3B pro-
moter can only be hypothesized. DNA methylation and 
histone acetylation are coupled by SIN3 and NuRD com-
plexes, which harbor histone deacetylase (HDAC) activ-
ity and are recruited by methyl-binding proteins such as 
MeCP2 and MBD2 to methylated DNA [55–57]. How-
ever, even in this case, the weak change in DNA methyla-
tion at the DNMT3B promoter does not seem to explain 
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the increase in acetylation and the consequent transcrip-
tional upregulation.

In contrast, it is reasonable to speculate that the 
increased histone H3 acetylation and expression of 
DNMT3B could be the result of the cell response to the 
demethylation of its satellite repeats with the goal of 
restoring normal levels of methylation, allowing correct 
cellular replication and, thus, survival. In this context, it 
is possible that DNMT3B upregulation could limit the 
activity of HMAs, counteracting the genomic destabi-
lization and impairment of mitosis resulting from satel-
lite DNA demethylation. DNMT3B is indeed frequently 
upregulated in cancer, and its expression has been associ-
ated with poor prognosis in AML and other malignancies 
[58–62].

The effects of HMAs on PTMs at satellite 2 repeats 
were also examined, revealing no significant changes, 
except for a decrease in H3K9me3 levels after 64  h of 
DAC treatment. This finding is consistent with the sat-
ellite 2 methylation pattern observed by Southern blot-
ting, which shows a strong but incomplete recovery of 
the demethylated state detected after 16 h of treatment. 
This observation is in line with the well-known interplay 
between DNA methylation and H3K9me3 in the estab-
lishment and maintenance of heterochromatin at satellite 
repeats [63].

The study herein presented is preliminary and has limi-
tations. First, all the experiments herein presented has 
been conducted using a single AML cell line and should 
be extended in the future to other AML or even not-
AML cell lines to generalize the observations reported 
in this work. Secondly, the relation between satellite 2 
remethylation at 64 h of treatment and the concomitant 
upregulation of DNMT3B is speculative and can be only 
suggested even if, as already stated, it must be recognized 
that the role of DNMT3B in satellite 2 methylation has 
been widely documented in literature [48, 49].

Conclusions
Satellite DNA repeat demethylation is believed to play 
an important role in the activity of HMAs. To the best of 
our knowledge, our study is the first to show that satel-
lite 2 demethylation induced by HMA treatment in the 
U937 AML cell line is transitory and that remethylation 
is associated with epigenetic modulation and increased 
expression of the satellite methyltransferase DNMT3B. 
However, further studies are necessary to confirm the 
role of DNMT3B upregulation in satellite 2 regain of 
methylation, to fully understand the consequences of sat-
ellite 2 remethylation and the mechanisms that govern 
this phenomenon, as well as to evaluate whether the same 
happens in vivo and, thus, the possible impact of con-
comitant strategies to limit the satellite 2 remethylation, 

such as DNMT3B silencing, on the efficacy of azanucleo-
side treatments in AML and MDS.
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Additional File 1: Additional fig. 1. Effects of vidaza on the methylation 
status of satellite 2 repeats and the regulation of DNMT expression in U937 
cells. U937 cells were subjected to treatments with AZA at the reported 
concentrations and times or left untreated. (A) Satellite 2 methylation 
was evaluated by Southern blotting. At the end of the treatments, the 
genomic DNA was purified and digested using the Csp45I enzyme, sepa-
rated via 1% agarose gel electrophoresis, blotted, and hybridized using a 
satellite 2 PCR probe (sat2-384U/781L). Ethidium bromide-stained agarose 
gel prior of DNA transfer is shown in Additional Figure 4, while full-length 
blot is reported in Additional Figure 3 (panels C,D). (B) DNMT expression 
was evaluated by real-time RT‒qPCR. Total RNA was purified, reverse 
transcribed into cDNA and amplified by real-time qPCR using primer pairs 
specific for the transcripts of different DNMTs (GAPDH was also amplified 
and used for normalization). Relative quantitation was performed via the 
2-ddCt method. All the experiments were conducted in triplicate. *P < 
0.05 with respect to the untreated sample (NT); **P < 0.01 with respect 
to the NT sample. (C) The methylation status of the DNMT3B promoter 
was investigated by methylation-sensitive high-resolution melting (MS-
HRM). U937 cells were subjected to treatments with AZA at the reported 
concentrations and times or left untreated. At the end of the treatments, 
genomic DNA was purified, subjected to bisulfite conversion and ampli-
fied by PCR using primers specific for the DNMT3B promoter. The resulting 
PCR products were analyzed by HRM, and the fluorescence signal was 
normalized via Rotor-Gene Q software. 100%, 0% and 50% are commercial 
DNA standards representing fully methylated, fully unmethylated and a 1:1 
mix of fully methylated and fully unmethylated DNA, respectively. All the 
experiments were conducted in triplicate.

Additional File 2: Additional fig. 2. Effects of vidaza on histone post-transla-
tional modifications (PTMs) at the DNMTs promoter and satellite 2 repeats. 
U937 cells were subjected to treatment with 0.5 µM AZA for 64 hours. At 
the end of treatment, chromatin was extracted and immunoprecipitated 
with specific antibodies directed against four different histone H3 PTMs. 
The DNA purified from the bound and input fractions was amplified by 
real-time qPCR using primer pairs specific for the three DNMT promoters 
or satellite 2 repeats. The primers used to amplify the active gene vinculin 
(VCL) and a gene known to be silenced in this cellular model (COL2A1) 
were used as controls. Data showing the enrichment of each gene pro-
moter as a percentage of that bound with respect to the input are shown 
for H3K4me3 (A), H3K27me3 (B), H3K9me3 (C) and H3 acetylation (D). All 
the experiments were conducted in triplicate. *P < 0.05 and **P < 0.01 
with respect to the untreated (NT) sample.

Additional File 3: Additional fig. 3. Agarose gel used in the Southern blot 
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experiment reported in Figure 2. U937 cells were subjected to treatments 
with DAC at the reported concentrations and times or left untreated (NT). 
At the end of the treatments, genomic DNA was purified and digested 
via the Csp45I enzyme, separated via 1% agarose gel electrophoresis, and 
stained with ethidium bromide. Other samples: samples from another 
project not related to the work presented in this manuscript. MK II: com-
mercial DNA molecular ladder from Roche. NIH-3T3: genomic extracted 
from murine cells used as control of probe hybridization. Not dig. probe: 
not-digoxigenated probe used as positive control of probe hybridization. 
The dotted line rectangle indicates the area of the gel reported in the 
manuscript blots figures.

Additional File 4: Additional fig. 4. Agarose gel used in the Southern blot 
experiment reported in Additional Figure 1. U937 cells were subjected 
to treatments with AZA at the reported concentrations and times or left 
untreated (NT). At the end of the treatments, genomic DNA was purified 
and digested via the Csp45I enzyme, separated via 1% agarose gel elec-
trophoresis, and stained with ethidium bromide. MK II: commercial DNA 
molecular ladder from Roche. Solid tumors-derived cell lines T98G and U-
373MG were used as control of mild and heavy satellite 2 demethylation, 
respectively [20]. Not dig. probe: not-digoxigenated probe used as positive 
control of probe hybridization. Dotted line rectangles indicate the areas of 
the blot reported in the manuscript figures.

Additional File 5: Additional fig. 5. Uncropped blots. Uncropped blots 
used for Figure 2 and Additional Figure 1 (panel A) are shown at different 
exposure levels. (A,B) U937 cells were subjected to treatments with DAC 
at the reported concentrations and times or left untreated (NT). At the 
end of the treatments, genomic DNA was purified and digested via the 
Csp45I enzyme, separated via 1% agarose gel electrophoresis, blotted, and 
hybridized by a satellite 2 PCR probe (sat2-384U/781L). Other samples: 
samples from another project not related to the work presented in this 
manuscript. Not dig. probe: not-digoxigenated probe used as positive 
control of probe hybridization. Spotted dig. probe: digoxigenated probe 
spotted in the filter used as positive control of anti-digoxigenin antibody 
binding. Dotted line rectangles indicate the areas of the blot reported 
in the manuscript figures. Arrows in panel B indicate the corners of the 
membrane. (C,D) U937 cells were subjected to treatments with AZA at the 
reported concentrations and times or left untreated (NT). At the end of 
the treatments, genomic DNA was purified and digested via the Csp45I 
enzyme, separated via 1% agarose gel electrophoresis, blotted, and hy-
bridized by a satellite 2 PCR probe (sat2-384U/781L). Solid tumors-derived 
cell lines T98G and U-373MG were used as control of mild and heavy 
satellite 2 demethylation, respectively [20]. Samples treated with 1 µM 
AZA were not considered in the study in consequence of the high level 
of cytotoxicity monitored at this condition of treatment. Not dig. probe: 
not-digoxigenated probe used as positive control of probe hybridization. 
Spotted dig. probe: digoxigenated probe spotted in the filter used as posi-
tive control of anti-digoxigenin antibody binding. Dotted line rectangles 
indicate the areas of the blot reported in the manuscript figures. Arrows in 
panel D indicate the corners of the membrane.
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