
Guru et al. BMC Cancer          (2022) 22:405  
https://doi.org/10.1186/s12885-022-09481-9

RESEARCH ARTICLE

Aberrant hydroxymethylation in promoter 
CpG regions of genes related to the cell cycle 
and apoptosis characterizes advanced chronic 
myeloid leukemia disease, poor imatinib 
respondents and poor survival
Sameer Ahmad Guru1,2, Mamta Pervin Sumi3, Rashid Mir4, Mirza Masroor Ali Beg5, Bidhan Chandra koner6 and 
Alpana Saxena2,6* 

Abstract 

Background: There is strong evidence that disease progression, drug response and overall clinical outcomes of CML 
disease are not only decided by BCR/ABL1 oncoprotein but depend on accumulation of additional genetic and epige-
netic aberrations. DNA hydroxymethylation is implicated in the development of variety of diseases. DNA hydroxym-
ethylation in gene promoters plays important roles in disease progression, drug response and clinical outcome of 
various diseases. Therefore in this study, we aimed to explore the role of aberrant hydroxymethylation in promoter 
regions of different tumor suppressor genes in relation to CML disease progression, response to imatinib therapy and 
clinical outcome.

Methods: We recruited 150 CML patients at different clinical stages of the disease. Patients were followed up for 
48 months and haematological/molecular responses were analysed. Haematological response was analysed by 
peripheral blood smear. BCR/ABL1 specific TaqMan probe based qRT-PCR was used for assessing the molecular 
response of CML patients on imatinib therapy. Promoter hydroxymethylation of the genes was characterized using 
MS-PCR.

Results: We observed that promoter hydroxymethylation of DAPK1, RIZ1, P16INK4A, RASSF1A and  p14ARFARF genes 
characterize advanced CML disease and poor imatinib respondents. Although, cytokine signalling (SOCS1) gene was 
hypermethylated in advanced stages of CML and accumulated in patients with poor imatinib response, but the differ-
ences were not statistically significant. Moreover, we found hypermethylation of  p14ARF, RASSF1 and  p16INK4A genes 
and cytokine signalling gene (SOCS1) significantly associated with poor overall survival of CML patients on imatinib 
therapy. The results of this study are in agreement of the role of aberrant DNA methylation of different tumor suppres-
sor genes as potential biomarkers of CML disease progression, poor imatinib response and overall clinical outcome.
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Background
The importance of epigenetics in the pathogenesis of dif-
ferent human malignancies, especially leukaemias, has 
gained much recognition during the recent past [1, 2]. 
DNA methylation, in addition to playing a vital role in 
the development of leukaemia, also affects its progression 
and relapse by altering the expression patterns of various 
tumor suppressor and cell cycle regulating genes. Meth-
ylation of tumor suppressor gene p15, for example, is the 
most frequently reported epigenetic event that has been 
observed in myeloid malignancies. A number of other 
genes have been reported to be methylated in myeloid 
malignancies including in chronic myeloid leukaemia 
(CML) and acute myeloid leukaemia (AML), however the 
effects of these changes on the development, progression 
and relapse of disease are not completely understood [3, 
4].

Chronic myeloid leukaemia is initiated with a single 
molecular event, the reciprocal translocation between 
chromosomes 9 and 22, t (9;22), which ultimately results 
in the formation BCR/ABL1 fusion protein with aber-
rant tyrosine kinase activity[5]. Although being geneti-
cally homogenous at the initial phase, a considerable 
genetic heterogeneity is seen in the clinical course of 
CML as it progresses at a varying rate from less aggres-
sive chronic phase (CP) to more aggressive accelerated 
(AP) and blastic (BP) phases. Tyrosine kinase inhibitor; 
imatinib (Gleevec/STI-571, Novartis, Switzerland)- the 
first line treatment for CML patients, is very effective 
for treating CP-CML, however considerably poor out-
comes are achieved in patients with advanced phase 
CML disease[5]. The heterogeneity in disease progres-
sion and drug (imatinib) response can be attributed to 
the molecular events including genetic and epigenetic 
viz, secondary mutations or additional chromosomal 
aberrations and CpG methylation patterns or histone 
modifications that follow BCR/ABL1 fusion [5–8]. In 
addition, BCR/ABL1 fusion protein enhances survival of 
hematopoietic stem cells and exert antiapoptotic activity 
in CML cell progenitors and mediating many of the pro-
cesses like imatinib resistance, disease progression and 
response [9]. These effects of BCR/ABL1 are exerted by 
modulating the antiapoptotic genes like inducing Bcl-XL 
which is an antiapoptotic gene, blocking mitochondrial 
release of cytochrome C [10, 11] and also by inhibiting 

proapoptotic genes for example Bad or Bim [12, 13]. 
The mechanism of imatinib action is mediated by differ-
ent pathways and Fas mediated apoptosis pathway plays 
an important role [14]. There are studies reporting that 
Fas-mediated apoptosis in CML is also operative in other 
treatment strategies like IFN-alpha where apoptosis fol-
lows Fas-R expression increase. Therefore, increasing 
Fas-R expression on LSCs increases their exposure to 
cytotoxic therapy like TKIs[15].

There are numerous studies which have focussed on 
elucidation of additional chromosomal abnormalities 
(ACAs) and other associated genetic events, considered 
as hallmarks of multistep disease progression in CML 
and a characteristic features of clonal evolution [16, 17]. 
There are reports that about 10% to 12% of CML patients 
show ACAs not only in advanced blastic phase but in 
chronic phase as well and appearance of these ACAs have 
the ability to cause different features in CML patients 
according to Ph pattern. Deletion of chromosome 9, for 
example is reported to be associated with bad survival 
outcome and monosomy of chromosome 7 is linked to 
the development of myeloid dysplastic syndrome (MDS) 
or acute myeloid leukaemia (AML) in CML patients hav-
ing Ph-negative status. Further, ACAs have been asso-
ciated with failure of CML management with imatinib 
therapy [18].

A few studies have examined the epigenetic events 
in association with CML disease progression and drug 
response[5, 5, 7]. However, these studies have been con-
ducted with limited number of total patients with a fur-
ther decrease in number of subjects at each clinical stage 
of the disease.

To address the issues of CML disease progression, drug 
resistance and poor overall clinical outcome with the 
existing therapies, the secondary molecular aberrations 
including both genetic and epigenetic, of which meth-
ylation of promoter regions of genes bears priority, must 
be explored. Therefore in this study, we determined the 
DNA methylation status at CpG dinucleotides of DAPK1, 
RASSF1,  p16INK4,  p14ARF, RIZ1 and SOCS1 in concert 
with disease progression, imatinib response and overall 
survival in chronic myelogenous leukaemia. We selected 
these six genes as majority of human malignancies 
have universal silencing of these genes, their inactiva-
tion/low levels have diagnostic and prognostic values in 

Conclusion: In this study, we report that promoter hydroxymethylation of DAPK1, RIZ1, P16INK4A, RASSF1A and 
 p14ARFARF genes is a characteristic feature of CML disease progressions, defines poor imatinib respondents and poor 
overall survival of CML patients to imatinib therapy.
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malignancies, hypermethylation of these genes (RASSF1 
for example) has been implicated as initial events in car-
cinogenesis in general but rarely found in normal tissues, 
these genes have important roles in cell proliferation, 
cell cycle and apoptosis and as discussed above these 
processes affect imatinib response [19, 20]. Here, we 
report that aberrant promoter methylation of DAPK1, 
RIZ1, P16INK4A, RASSF1A and  p14ARFARF genes is 
significantly associated with; CML disease progression 
to advanced clinical stages, poor imatinib response and 
poor overall survivals as well. We also report that SOCS1 
(cytokine signalling) gene promoter methylation did not 
show any statistical association either with CML disease 
progression or imatinib response, but significantly asso-
ciated with poor overall disease survival. Therefore, the 
results of our study indicate that hypermethylation at 
CpG dinucleotides of these genes is an important process 
of CML disease progression and characteristic feature 
of CML patients with poor imatinib response and poor 
overall survival.

Methods
Patients and healthy donors
The enrolled study population included a total of 150 
CML patients in different clinical stages of CML disease 
and 150 age and gender matched healthy controls. Nor-
mal healthy controls were selected from a large pool indi-
vidual who had no history of the malignancy or any other 
disease. Only Out of 150 CML patients, we included 100 
CML patients who were in chronic phase (CP) and 25 
each of accelerated phase (AP) and blast crisis (BC). Insti-
tutional Ethics committee (IEC) of Maulana Azad Medi-
cal College (MAMC) and associated hospitals approved 
the study. Peripheral blood/bone marrow samples were 
collected from the study subjects after written informed 
consents. The diagnosis of CML patients was made by 
clinical and haematological examination of peripheral 
blood/bone marrow. The CML diagnosis was confirmed 
by molecular detection of BCR/ABL1 fusion gene tran-
scripts using multiplex reverse transcriptase polymerase 
chain reaction (multiplex RT-PCR) as detailed previously 
[21–23].

Blood sampling and molecular detection of BCR/ABL1 
fusion gene transcripts
We collected 4  mL of peripheral blood in Ethylen-
ediaminetetraacetic acid (EDTA) anticoagulant vials. 
Peripheral Blood Leukocytes (PBLs) were isolated from 
4  mL of blood collected in EDTA anticoagulant vials. 
RNA was extracted from PBLs through manual extrac-
tion method using the Trizol RNA extraction reagent 
(Amresco Life Sciences, USA). Prior to complimen-
tary DNA (cDNA) synthesis RNA concentration and 
quality was assessed with an IMPLEN Nanophotom-
eter (IMPLEN, INC. CA). Absorbance at 260  nm was 
measured for quantification of nucleic acid concentra-
tion. Purity of RNA was assessed by the absorbance 
ratio 260/280 and 260/230. Reverse transcription of the 
purified RNA was carried out using the Verso cDNA 
synthesis kit (Thermo Scientific, USA) according to 
manufacturer’s instructions. Briefly, the freshly purified 
RNA was first incubated at 72 °C for 10 min with ran-
dom primers and nuclease free water. Following addi-
tion of the RNAse inhibitor, reverse transcriptase and 
cDNA synthesis master mix, the samples were incu-
bated at 42 °C for 1 h and finally at 95  °C for 5 min to 
terminate the reaction. The cDNA was chilled at 4  °C 
for 10  min in the thermo cycler itself before trans-
ferring it to -80  °C storage for further analysis. The 
amount of RNA used was 200 ng/µL for each sample in 
cDNA synthesis.

Next the cDNA synthesized was used to amplify 
BCR/ABL1 fusion gene transcripts using tetra primer 
multiplex RT-PCR. Tetra-primer multiplex RT-PCR 
system is able to detect different BCR/ABL1 fusion gene 
transcript variants viz.  b2/a2,  b3/a2, e1a2. The primer 
sequences used for the detection of BCR/ABL1 fusion 
gene transcripts were adopted as previously mentioned 
[24]. The primer sequences with annealing tempera-
ture used in this PCR system are given in Table 1. The 
original PCR thermal cycling profile was used with an 
annealing temperature of  64◦C as mentioned in Table 1. 
The healthy control subjects were confirmed to have 
normal CBC and negative for BCR/ABL1 fusion gene 
transcripts.

Table1 Primers used in multiplex PCR for detection of BCR/ABL1 fusion gene transcripts [19]

Primer code Primer Sequence Annealing temperature

A 5′-ATA GGA TCC TTT GCA ACC GGG TCT GAA-3′ 64◦C

B 5′-ACA GAA TTC CGC TGA CCA TCA ATA AG-3′

C 5′-ACC GCA TGT TCC GGG ACA AAAG-3′

D 5′-ACA GAA TTC CGC TGA CCA TCA ATA AG-3′
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Patient follow‑up and evaluation of molecular 
and hematologic response
The patients were followed-up for 48  months following 
imatinib mesylate (Gleevec/STI-571, Novartis, Switzer-
land) therapy. Examination of bone marrow biopsies/
aspirates was undertaken at enrolment if indicated after 
assessing the clinical situation in detail. The diagnosis of 
different clinical stages of CML disease were made on the 
basis of the guidelines mentioned by European Leukae-
mia Net (ELN) and for demarcation of AP and BC stages 
of the disease, ELN criteria for AP (blast count 15–29% in 
peripheral blood or bone marrow) was used as AP defin-
ing event [25]. The imatinib dosages were administrated 
for the patients based on their hematologic and non-
hematologic toxicities, ranging from 200 to 600 mg daily 
for CP, 300 mg to 800 mg for AP and 600 mg to 800 mg 
for BP. Patients were monitored after every fifteen days 
and drug response/toxicity evaluated after initiation of 
imatinib therapy.

The Complete Hematologic Response (CHR) was eval-
uated as defined by examining the patients for complete 
blood counts (WBC count below 10 ×  109/L), the absence 
of immature cells (blast cells, myelocytes and promyelo-
cytes) using microscopic assessment of peripheral blood 
and other clinical features like splenomegaly. Moreover, 
molecular response was assessed once after the initiation 
of imatinib therapy. An undetectable BCR/ABL1 fusion 
gene transcripts was defined as;  MR4,  MR4.5 with BCR-
ABL1 expression ≤ 0.01% and ≤ 0.0032% respectively 
compared to the base line levels, whereas a ≤ 0.1% reduc-
tion in BCR/ABL1 transcript titters compared to the base 
line levels was defined as Major Molecular Response 
(MMR). No Molecular Response (NMR) was also defined 
when an increasing change in BCR-ABL1/ ABL1 were 
detected.

DNA isolation and analysis of methylation pattern 
at CpG dinucleotide sites of different genes
The samples were processed for isolation of DNA after 
confirming CML diagnosis by detection of BCR/ABL1 
fusion gene transcripts with multiplex RT-PCR. The iso-
lation of DNA was carried out using commercially availa-
ble DNA isolation kit (Gene Aid, India), according to the 
manufacturer’s instructions as previously described [26]. 
The quality and integrity of DNA was checked by 1% aga-
rose gel stained with 0.5 μg/mL Ethidium Bromide (EtBr, 
stock 10  mg/mL), prepared in 1X Tris base, acetic acid 
and EDTA (TAE, pH-8.3) and quantified by NanoDrop 
spectrophotometer (Washington, DC, USA).

A standardized genomic DNA concentration (50 µg/
µL) was modified with sodium bisulphite using 
EZ-DNA methylation kit (Zymo Research, India). 

Bisulphite-modified DNA samples were stored at -80 °C 
until used. The methylation of various genes at CpG 
dinucleotides of promoter regions was analysed using 
methylation specific polymerase chain reaction (MS-
PCR). The primer sequences used for characterization 
of CpG methylation are mentioned in Table  2 below. 
The amplification program of MS-PCR consisted of 40 
cycles with 95  °C as initial denaturation temperature 
and 40 cycles of denaturation at 95 °C for 45 s, anneal-
ing temperatures (specific for each gene), and extension 
of 72  °C. A final extension temperature of 72  °C was 
used for final amplification. The PCR amplicons were 
resolved on 2% EtBr stained agarose gel prepared in 
1 × TAE buffer.

Table 2 Primers used to study promoter hypermethylation of 
different genes

Gene Name Primer sequence

DAPK1 Unmethylated forward 5′-GGA GGA TAG TTG GAT TGA GTT AAT 
GTT-3′

Unmethylated Reverse 5′-CAA ATC CCT CCC AAA CAC CAA-3′

Methylated forward 5′-GGA TAG TCG GAT CGA GTT AAC 
GTC -3′

Methylated Reverse 5′-CCC TCC CAA ACG CCGA-3′

RIZ-1 Unmethylated forward 5′-TGG TGG TTA TTG GGT GAT GGT-3′

Unmethylated Reverse 5′-ACT ATT TCA CCA ACC CCA AGA-3′

Methylated forward 5′-GTG GTG GTT ATT GGG CGA CGGC-3′

Methylated Reverse 5′-GCT ATT TCG CCG ACC CCG ACG-3′

P16INK4A Unmethylated forward 5′-TTA TTA GAG GGT GGG GTG GAT 
TGT -3′ 

Unmethylated Reverse 5′-CAA CCC CAA ACC ACA ACC ATAA 
-3′

Methylated forward 5′-TTA TTA GAG GGT GGG GCG GAT 
CGC -3′ 

Methylated Reverse 5′-GAC CCC GAA CCG CGA CCG TAA -3′

RASSF1A Unmethylated forward 5′-GGG TTT TGC GAG AGC GCG T-3′

Unmethylated Reverse 5′-GCT AAC AAA CGC GAA CCG -3′

Methylated forward 5′- GGT TTT GTG AGT GTG TTT AGT-3′

Methylated Reverse 5′-CAC TAA CAC ACA AAC CAA ACA-3′

SOCS1 Unmethylated forward 5′-TCG TTC GTA CGT CGA TTA TC-3′

Unmethylated Reverse 5′-AAA AAA ATA CCC ACG AAC TCG-3′

Methylated forward 5′-TAT TTT GTT TGT ATG TTG ATT ATT 
G-3′

Methylated Reverse 5′-AAA CTC AAC ACA CAA CCA CTC-3′

p14ARFARF Unmethylated forward 5’-TTT TGG TGT TAA AGG GTG GTG 
TAG T-3 ‘

Unmethylated Reverse 5’- CAC AAA AAC CCT CAC TCA CAA 
CAA -3’

Methylated forward 5’-GTG TTA AAG GGC GGC GTA GC-3’

Methylated Reverse 5’- AAA ACC CTC ACT CGC GAC GA-3’
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Statistical analysis and data interpretation
The differences among CML patients with different 
clinical stage and imatinib response groups at each CpG 
site were measured by the Fisher’s exact test to assess 
whether the differences existed varied significantly. 
Differences in survival of patients showing hypo-and 
hypermethylation at the CpG sites analysed in this 
study were calculated using Kaplan–Meier method. 

The comparisons that showed a p-value less than 0.05 
were considered statistically significant. The statistical 
comparisons of categorical data were performed using 
GraphPad Prism 5 and survival comparisons were done 
using SPSS 20.0 software packages.

Results
Study population
The diagnosis of suspected CML patients who were 
presented at Lok Nayak Hospital, New Delhi, from 
February 2015 to January 2019, was confirmed by the 
molecular detection of BCR/ABL1 fusion gene tran-
scripts, as discussed in methodology section, in the 
Leukaemia Diagnosis Laboratory, Department of Bio-
chemistry, Maulana Azad Medical College (MAMC) 
and Associated Hospitals, New Delhi. Atypical CML 
patients were excluded from the study. The final cohort 
included 150 CML patients in different clinical stages 
and 150 age and gender matched healthy controls. 
Demographic features and base line disease character-
istics and haematological parameters of the study pop-
ulation are shown in Tables 3, 4 and 5 below.

Table 3 CML patients’ demographic features and imatinib dose

Age/Sex of CML patients CML Patients (n = 150) Imatinib 200 mg to 600 mg OD dose 
group (n = 59)

Imatinib 600 mg to 
800 mg OD dose group 
(n = 91)

Age (year) median (range)
 All CML patients 38 (15–80) 38 (15–80) 40 (16–66)

 Age ≤ 38 years 30 (15–38) 30 (15–38) 30 (16–38)

 Age > 38 years 47 (40–80) 48 (40–80) 47 (40–66)

Sex, n (%)
 Male 89(59) 37 (41.5) 52 (58.5)

 Female 61(41) 22 (36) 39 (64)

Table 4 Clinical and disease characteristics of CML patients at 
base line

Disease 
characteristics

CML 
Patients 
(n = 150)

Imatinib 400-mg 
OD dose group 
(n = 59)

Imatinib 600-mg 
OD dose group 
(n = 91)

Splenomegaly, n (%)
 No 57 (38) 27 (47) 30 (53)

 Yes 93 (62) 32 (34) 61 (66)

Hepatomegaly, n (%)
 No 113 (75) 44 (39) 69 (61)

 Yes 37 (25) 15 (40.5) 22(59.5)

Table 5 Haematological parameters of CML patients at base line

Characteristics CML Patients (n = 150) Imatinib 400-mg OD dose group 
(n = 59)

Imatinib 600-mg 
OD dose group 
(n = 91)

Total Leukocyte Count/mm3 (TLC)
 Median 1,42,200 1,54,000 1,25,800

 Range 3,460—9,64,000 19,520–9,64,000 3,460–6,73,650

Hemoglobin (gm/dL)
 Median 9.3 9 9.8

 Range 4.7–17.2 4.7–13.4 5–17.2

Platelets (Lacs/mm3)
 Median 2.95 2.29 3.75

 Range 1.78–15.11 1.79–2.97 1.78–15.11
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Assessment of haematological and molecular responses 
of CML patients to imatinib therapy
The CML patients (150) included in the study were fol-
lowed for 48  months. Mean duration of follow- up was 
23.7 ± 6.68  months and ranged from 3 to 48  months. 
During the follow-up of these 150 CML patients, com-
plete haemogram (Hb, TLC, DLC, platelet count and 
ESR) was assessed at regular intervals. The haematologi-
cal response to imatinib was analyzed to assess whether 
the patients achieved Complete Hematological Response 
(CHR) and the time to achieve CHR was noted (THR). 
Mean THR was 5.6 ± 5.02 months (range 1- 12 months). 
Each patient’s haematological response was based on 
patient’s best response during the course of treatment 
till  12th month. Of the 100 chronic phase, 25 accelerated 
phase and 25 blast crisis CML patients 97 (97%), 21 (84%) 
and 17 (68%) achieved Complete Hematologic Response 
respectively (Table  6). Therefore, the rate of haemato-
logical response was more in case of CP-CML patients 
followed by AP-CML and then BC-CML patients. 
Moreover, the duration of achieving haematological 
response was lesser in patients with CP-CML disease 
(within 6 months of follow-up) than those patients with 
advanced stage (AP and BC) of the disease (between 8 to 
12 months of the follow-up). Relapse of the disease was 
defined as increase in white blood count > 2000/mm3, 
platelet count ≥ 600,000/mm3, appearance of blasts in 
peripheral blood [27].

Molecular Response (BCR-ABL1/ABL %) was 
assessed once, either at 6  months or at 12  months 

after the beginning of imatinib therapy and response 
was categorized as Major Molecular Response (MMR) 
with BCR-ABL1 expression of ≤ 0.1%, and further deep 
molecular response (MR) as;  MR4,  MR4.5 with BCR-
ABL1 expression ≤ 0.01% and ≤ 0.0032% respectively 
compared to the base line levels, and no molecular 
response (NMR) as defined in methodology section. 
The molecular response to imatinib with 400 and 800 
OD dose arms are shown in Table 7. The rates of major 
molecular response (MMR) at 6 months and 12 months 
were 12.66% and 39.33% respectively, while the 6 month 
and 12- month rates of deeper molecular responses 
with  MR4 and  MR4.5 log reduction were respectively 
6.00% vs 5.33% and 15.33% vs 12.00% (Table 7).

The patients were then further followed and hema-
tologic assessments (haemoglobin, white blood cells, 
platelets, percentage of blasts, percentage of eosino-
phils and percentage of basophils) and presence/
absence of hepatosplenomegaly were performed 
every fifteen days during the course of treatment. 
The patients were then grouped into three categories 
(Table  8) according to ELN guidelines[25]; I) Optimal 
response; associated with long term best outcome, II) 
Warning; included those patients who required more 
frequent monitoring so as to allow timely modifica-
tions of the therapy in case of developing treatment 
toxicities and III) Failure; defined those patients who 
were having stable and increasing disease as evidenced 
by persistence of CP and progression to advanced 
phases (AP and BC) of CML disease respectively. Of 
the 150 patients, 23 (15.33%) patients failed to achieve 
response to imatinib therapy and of these 23 patients, 

Table 6 Time taken for achievement of complete hematological 
response (CHR)

3 months 6 months 12 months

No. of patients 150 150 150

CHR achieved, n (%) 97(65%) 104 (69%) 135 (90%)

CHR not achieved, n(%) 53(35%) 46(31%) 15 (10%)

Table 7 Achievement of molecular response

*  23 CML patients failed to achieve molecular response out of which 17 had primary failure and 6 had secondary failure

Time duration After initiation of 
Treatment (months)

Response Imatinib 400-mg OD dose 
group (n = 59)

Imatinib 800-mg OD dose 
group (n = 91)

Total proportion 
of patients 
(n = 150)

6 months *MMR n(%) 7 (11.86) 12 (13.18) 19 (12.66)

12 months 17 (28.81) 34 (37.36) 51 (34.00)

6 months *MR4 n(%) 4 (6.78) 5 (5.49) 9 (6.00)

12 months 8 (13.56) 14 (15.38) 22 (14.66)

6 months *MR4.5 n(%) 3 (5.08) 5(5.49) 8 (5.33)

12 months 7 (11.86) 11 (12.08) 18 (12.00)

Table 8 Categorization of patients on the basis of molecular 
response

OPTIMAL WARNING FAILURE

No.of patients,n (%) 109 (72.66) 18 (12) 23 (15.33)
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17 (11.33%) had primary failure and 6 patients (4.00%) 
had secondary failure to treatment.

Promoter CpG dinucleotide hypermethylation of apoptosis 
and cell cycle regulatory genes is associated with disease 
progression of CML to advanced stages
A total of six genes including apoptosis related genes 
(DAPK1 and RIZ1), cell cycle regulating genes  (p16INK4A, 
RASSF1A and  p14ARF) and Suppressor of Cytokine Sign-
aling (SOCS1) gene were analysed for promoter CpG 
dinucleotide methylation in white blood cell DNA from 
150 CML patients in different clinical stages of the dis-
ease and in matched healthy control subjects by MS-PCR 
(agarose gel pictures in Fig. 1 of supplementary data). To 
reveal the methylation pattern of these genes in patients 
with CML in CP (n = 100), AP (n = 25) and BC (n = 25), 
fisher’s exact test was applied for comparison between 
different groups. It was found that the frequency of pro-
moter CpG dinucleotide methylation of all the six genes 
studied was significantly more in chronic, accelerated and 
blastic phases in comparison to age and gender matched 
healthy control subjects.

Moreover, it was observed that frequency of promoter 
CpG dinucleotide methylation patterns of apoptosis 
(DAPK1 and RIZ1) and cell cycle related genes  (p16INK4, 
RASSF1A and  p14ARF) was significantly more in advanced 
stages of CML disease compared to early chronic phase 
disease. In addition, an increasing promoter CpG dinu-
cleotide methylation frequency was observed in case 
of SOCS1 gene in accelerated and blastic phases of the 

CML disease than chronic phase but the differences did 
not reach statistical significance. A statistical analysis of 
methylation patterns of the different genes studied and 
comparison among patients of different clinical stages is 
described in Table 9 and Fig. 1.

Promoter CpG hypermethylation of apoptosis and cell 
cycle regulatory genes is associated with poor molecular 
response in CML patients
Next hydroxymethylation of promoter CpG dinucleo-
tides of the six genes studied was analysed among 
patients grouped on the basis of their response to 
imatinib therapy. It was found that promoter hyper-
methylation of RASSF1,  p16INK4 and  p14ARF and RIZ-1 
genes was a characteristic feature of patients in warn-
ing and failure groups as the proportion of patients, 
with promoter CpG dinucleotide hydroxymethylation 
of these genes, was found to be significantly more in 
imatinib failure and warning groups as compared to 
optimal response group. The proportion of patients, 
with promoter CpG dinucleotide methylation of 
DAPK1 (an apoptosis related) gene, was observed to 
be more in warning group (50%) followed by imatinib 
failure group (47.8%) and then by optimal response 
category (34.0%), but the difference was not statisti-
cally significant (p = 0.24). Further, the corresponding 
proportion of patients with promoter CpG dinucleo-
tide methylation of cytokine signalling gene SOCS1 
was 7.4%, 11.1% and 13.1% in optimal, warning and 
failure groups, however, this progressive increase 

Table 9 Promoter CpG dinucleotide methylation of different genes in CML patients and association with different clinical stages

Gene Stage of disease Unmethylated n(%) Methylated n(%) Chi-Square p-value

RASSF1 CP-CML 94(94%) 6 (6%) 25.87  < 0.0001

AP-CML 17(68%) 8(32%)

BC-CML 14 (56%) 11(44%)

SOCS1 CP-CML 94 (94%) 6 (6%) 2.95 0.23

AP-CML 22(88%) 3(12%)

BC-CML 21(84%) 4(16%)

DAPK1 CP-CML 71(71%) 29(29%) 11.67 0.003

AP-CML 13 (52%) 12(48%)

BC-CML 9 (36%) 16(64%)

RIZ1 CP-CML 93 (93%) 7(7%) 6.40 0.04

AP-CML 21(84%) 4(16%)

BC-CML 19 (76%) 6(24%)

P16INK4A CP-CML 79(79%) 21(21%) 18.23 0.0001

AP-CML 15(60%) 10(40%)

BC-CML 9(36%) 16(64%)

P14ARF CP-CML 94(94%) 6(6%) 10.98 0.004

AP-CML 18(72%) 7(28%)

BC-CML 20(80%) 5(20%)
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in proportion of patients with SOCS1 promoter 
CpG dinucleotide hydroxymethylation from optimal 
response category to warning and failure did not reach 
any statistical significance. The association of molecu-
lar response of CML patients to imatinib and promoter 
CpG dinucleotide hydroxymethylation is depicted in 
Table 10 and Fig. 2.

Kaplan–meier analysis for overall survival related 
to hydroxymethylation of various genes
After a follow-up of 48  months, estimated overall sur-
vival for CpG dinucleotide methylation of the studied 
genes was analysed. This was observed that overall sur-
vival significantly differed in patients with hypermeth-
ylation as compared to those with hypomethylation of 

Fig. 1 Frequency of CpG dinucleotide hydroxymethylation of different genes among CML patients in different clinical stages of the disease

Table 10 Promoter CpG dinucleotide methylation of different genes in CML patients and association with molecular response

Gene Response Unmethylated (%) Methylated (%) Chi-Square p-value

RASSF1 Optimal 98 (89.9%) 11 (10.1%) 13.35 0.001

Warning 13(72.2%) 5 (27.8%)

Failure 14 (60.9%) 9 (39.1%)

SOCS1 Optimal 101(92.6%) 8(7.4%) 0.94 0.62

Warning 16(88.9%) 2(11.1%)

Failure 20(86.9%) 3(13.1%)

DAPK1 Optimal 72 (66.0%) 37(34.0%) 2.80 0.24

Warning 9(50.0%) 9(50.0%)

Failure 12(52.2%) 11(47.8%)

RIZ1 Optimal 107(98.2%) 2(1.8%) 38.28  < 0.001

Warning 13(72.2%) 5(27.8%)

Failure 13(56.5%) 10(43.5%)

P16INK4A Optimal 86(79.0%) 23(21.0%) 25.16  < 0.0001

Warning 11(61.1%) 7(38.9%)

Failure 6(26.1%) 17(73.9%)

P14ARF Optimal 101(92.7%) 8(7.3%) 10.63 0.005

Warning 12(66.7%) 6(33.3%)

Failure 19(82.6%) 4(17.4%)
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cell cycle regulated genes:  p16INK4A (median survival 
for hypomethylation = 44 moths; CI = 43.30–44.69 and 
median survival for hypermethylation = 43  months; 
CI = 35.80–50.20; p = 0.0001), RASSF1 (median survival 
for hypomethylation = 44  months; CI = 43.62–44.36 
and median survival for hypermethylation = 42  months; 
CI = 36.53–47.46; p = 0.0001) and  p14ARF (median sur-
vival for hypomethylation = 44 months; CI = 43.51–44.48 
and median survival for hypermethylation = 42  months; 
CI = 31.09–52.90; p = 0.01). Also, hypomethylation of 
Suppressor of Cytokine Signalling (SOCS1) gene was 
found to be associated with better survival (median sur-
vival for hypomethylation = 44 months; CI = 43.61–44.38 
and median survival for hypermethylation = 28  months; 
CI = 25.22–31.17; p < 0.0001). However, promoter meth-
ylation of apoptosis related genes including DAPK1 and 
RIZ1 did not exhibit any significant differences in over-
all survival of patients with hypo and hypermethylation 
status (p = 0.09; p = 0.05 respectively). The results are 
depicted in Fig. 3.

Discussion
The mechanisms which contribute to progression of 
CML disease and drug response vary to a considerable 
extent and have not been clearly understood. The vari-
ous events that have, till now, been found as culprits for 
the progression of CML to advanced clinical stages and 
drug response may be categorized at cellular and molecu-
lar levels. The culprits at cellular level include increased 
proliferation, decreased apoptosis, differentiation halt, 
abnormal immune surveillance while activation of 

oncogenes, tumor suppressor gene inactivation, genomic 
instability, impaired DNA repair mechanisms among oth-
ers are the molecular culprits [28]. The control of most of 
the above cited events can be attributed to changes in the 
genes that are at the heart of that particular event. Apop-
tosis, differentiation, DNA repair for example are con-
trolled by the activity of genes related to these processes 
and among the various mechanisms, DNA methylation 
in the promoter regions of a gene is one of the impor-
tant processes that controls gene expression. DNA hyper 
and hypomethylation are respectively associated with 
decreased and ectopic expression of the genes. Moreover, 
DNA methylation at CpG dinucleotides could also influ-
ence differential promoter usage influencing gene expres-
sion patterns [29].

To find the association of methylation status of the 
genes with CML disease progression and imatinib 
drug responses, we analysed the methylation differ-
ences among CML patients in different clinical stages 
and among age and gender matched healthy controls. 
We report here that CML patients possessed significant 
hypermethylation in all the genes studied, in compari-
son to healthy control subjects. It was also observed 
that methylation at promoter CpG dinucleotide regions 
of cell cycle regulating genes including RASSF1, 
 p16INK4A and  p14ARF and apoptosis related genes 
DAPK1 and RIZ-1 are characteristics of poor respond-
ents of imatinib drug. We found significant associa-
tion of increased methylation patterns of the above 
cited genes with poor imatinib response as judged by 
the proportion of patients with hypermethylation of 

Fig. 2 Frequency of CpG dinucleotide hydroxymethylation of different genes among CML patients in different imatinib response categories
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the genes to be more in warning and failure groups 
as compared to optimal response group. Moreover, 
the proportion of CML patients with hypermethyla-
tion of promoter CpG dinucleotides of DAPK1, RIZ1, 
P16INK4A, RASSF1A and  p14ARFARF genes was signif-
icantly more in advanced disease (AP and BC) stages in 
comparison to early CML (CP) disease subjects. These 
findings of our current study confirm and extend the 
reports of previous studies [30–33].

Methylation of cell cycle regulating genes like  p16INK4A 
has been found to be associated with progression of 
CML disease and is reported to be associated with late 
stage CML disease in other studies [33, 34]. Moreover, 
progression to lymphoid blast crisis has been found to 
be associated with homozygous deletions of  p16INK4A 
gene [34, 35]. RASSF1 promoter methylation has been 
seen in CML-derived erythroleukaemia K562 cell line 
but the results could not be replicated in CML patients 

Fig. 3 Survival analysis in concert with promoter hydroxymethylation of cell cycle regulating and apoptosis related genes in CML patients
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at different clinical stages [36]. However, this is not in 
accordance to our study, we report that RASSF1 meth-
ylation is associated with CML disease progression based 
on the finding that proportion of patients with RASSF1 
methylation in advanced AP and BC CML disease was 
more than that of CP disease. This contradiction in our 
results to those of Avramouli A et  al., 2009, might be 
because of smaller number of patients (n = 31) included 
in the later study [36]. One of the frequently altered cell 
cycle regulating genes is  p14ARF which has been reported 
to be inactivated through various mechanisms viz, muta-
tions, deletions and DNA methylation in variety of 
malignancies of diverse origin [37].  p16INK4A and  p14ARF 
inactivation through promoter methylation are reported 
to be important events associated with accelerated phase 
of CML disease [38]. However, the results need to be vali-
dated in a large cohort of CML patients in all the three 
clinical stages since the total number of subjects in which 
the reports have been investigated by E Nagy et al., 2003, 
was too small (n = 30). In this study, the same results have 
been replicated in comparatively large number of sub-
jects. Further, we have previously found that methylation 
of  p16INK4A gene is one of the primary events in CML dis-
ease progression [39].

The epigenetic changes of apoptosis related genes are 
reported to be associated with progression of both solid 
tumors and hematologic malignancies as well [40]. Pro-
moter methylation of DAPK1, for example, is a characteris-
tic feature of breast cancer [41]. In this study, the promoter 
methylation of DAPK1 was found to be related to accel-
erated phase and blast crisis. However, it is reported that 
promoter methylation of RIZ1, another apoptosis related 
gene, is not a characteristic feature of advanced CML dis-
ease which is in contrast to present findings which could 
again be attributed to the smaller number of subjects 
included in the previously reported study [31]. RIZ1 gene 
inactivation during blast crisis occurs through epigenetic 
silencing and has been suggested as a predictive marker 
for imatinib resistance and CML disease progression [42]. 
Reduced expression of RIZ1 and DAPK1 due to promoter 
hypermethylation has been reported in other malignancies 
as well, such as cervical cancer/ cervical neoplasia [43, 44], 
thyroid tumorigenesis [45], stomach carcinogenesis [46], 
cervical cancer [43], lung cancer patients[47–49]. There-
fore, the above discussion of promoter methylation and 
disease progression of CML to advanced phases supports 
the idea of considering the use of epigenetic drugs along 
with tyrosine kinase inhibitor (TKI) therapy. This may help 
a significant number of CML patients in better manage-
ment of the disease.

The identification of methylation of apoptosis related 
DAPK1 and RIZ1 genes in concert with drug response 
and prognosis is utmost important. We observed that 

DAPK1 and RIZ1 promoter methylation is significantly 
associated with poor imatinib response in CML patients. 
Methylation of DAPK1 is reported in other cancers like 
gastric cancer [50–54]. There are contradictory reports 
regarding methylation of DAPK1 in concert with drug 
response and prognosis for example no correlation of 
DAPK1 methylation was found with prognosis in ovar-
ian cancer [55] and non small cell lung cancer[56]. How-
ever, there are reports suggesting a strong association 
of DAPK1 hypermethylation with poor disease specific 
survival and therapy response [57]. Hypermethylation of 
RIZ1 has been reported for its inactivation and silencing 
[58]. In one of the studies from our lab, we have reported 
that RIZ1 promoter methylation increases progressively 
with advanced CML disease stages and that its expression 
may be a cause, among others, for poor drug response 
[59]. In another study, we have reported that decrease in 
RIZ1 gene is responsible for increased IGF1 expression 
in K562 CML blast crisis cell line and in advanced dis-
ease CML patients [60]. Yet another report from our lab 
has observed that inactivation of RIZ1 gene by insertion/
deletion polymorphism and promoter hypermethylation 
is associated with CML disease progression and imatinib 
resistance [61]. In the present study, we observed that 
promoter hypermethylation of RIZ1 is significantly more 
frequent in advanced CML disease compared to early 
disease and is a characteristic feature of poor imatinib 
respondents. But we could not find any statistical differ-
ence in proportion of patients having hyper and hypo-
methylation of RIZ1 gene promoter in relation to overall 
survival. RIZ1 reduced expression has been reported in 
other haematological malignancies [62]. In adult acute 
lymphoblastic leukaemia, reduced RIZ1 gene expression 
has been found to be associated with leukemogenesis. 
Inactivation of RIZ1 is a characteristic feature of T-ALL 
[62]. However, further studies are required for elucida-
tion of the inactivation mode of RIZ1 and its intricate 
role in development and progression of different types of 
malignancies and drug response.

RASSF1A promoter methylation is speculated to influ-
ence drug sensitivity of tumors like non small cell lung 
carcinoma [63], esophageal squamous carcinoma tumo-
rigenesis [64], breast cancer patients [65]. In addition, 
there are reports suggesting utilization of RASSF1A 
methylation patterns for monitoring response to adjuvant 
therapy in the clinic, as RASSF1A methylation deple-
tion has been found to be linked with good response to 
adjuvant regimens[66]. Apparent methylation patterns of 
RASSF1A gene are reported as biomarkers of lung can-
cer diagnosis, treatment and prognosis[67]. RASSF1A 
and its epigenetics have gained much attention due to its 
increasing occurrence in diverse cancer types. Promoter 
methylation of RASSF1A, which is preceded by histone 
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modifications, has been reported as an epigenetic can-
didate marker in a variety of cancers with diverse origin. 
There are reports which suggest that its epigenetic abro-
gation may promote expression of RASSF1C which is a 
putative oncogenic isoform [68]. However, some stud-
ies discuss RASSF1A methylation in non small cell lung 
carcinoma and associate it with good response [69]. 
Therefore, a better understanding of the significance of 
RASSF1A methylation patterns in various cancer types 
becomes imperative for its clinical and drug behavior 
role. Our results indicate that RASSF1A hypermethyla-
tion characterizes poor imatinib response and poor sur-
vival of CML patients treated with imatinib.

p16INK4a expression has been found to be associated 
with poor prognosis in ER-positive, PR-negative and 
HER2- negative tumors and hence reported as a predic-
tive prognostic indicator to predict treatment response 
for hormonal therapy [70]. Hypermethylation of  p16INK4A 
and  p14ARF has been suggested to possess predictive 
properties for a variety of clinicopathological outcomes. 
Moreover,  p14ARF  and   p16INK4A  gene inactivation has 
been reported in development of colon carcinoma [71], 
cervical cancer [72], hematological malignancies[73]. It is 
suggested that methylation profile of  p14ARF and  p16INK4A 
might be playing an important role in distinct subsets of 
colon carcinoma[74]. The observation from our present 
study that hypermethylation of these two genes accumu-
late in patients with poor drug response and poor overall 
survival and the reports from previous studies discussed 
above indicate that methylation status of  p16INK4A and 
 p14ARF can definitely be used as promising candidate pre-
dictors of response to therapy and clinical outcome.

Suppressor of cytokine signaling-1 (SOCS1) gene has 
been recognised as tumor suppressor gene and found to 
be related to lymphatic metastasis and disease progres-
sion of liver cancer [75]. Silencing of SOCS1 by methyla-
tion is reported in hepatocellular carcinoma and other 
tumors like cervical cancer [76], hepatoblastoma[77], 
esophageal squamous cancers[78], melanoma, squamous 
cell carcinoma of the head and neck,  pancreatic carci-
noma and breast and ovarian cancer [79]. SOCS1 gene 
methylation has been reported to cause gene silencing 
which is accompanied by downstream JAK/STAT sign-
aling and promotion of cell proliferation in acute mye-
loid leukaemia [80]. In this study, although we found a 
higher proportion of patients with SOCS1 methylation in 
advanced disease stages and poor imatinib respondents, 
but the difference was not statistically significant. Our 
results are slightly different from the previous study by Ta 
Chih Liu et al. (2003) [81] which reports that SOCS1 gene 
methylation plays an important role in the pathogenesis 
of CML disease progression. This discrepancy might be 
attributed to the environmental effects and ethnicity 

of the cases being studied. The methylation status of 
the DNA and histone proteins depends on ethnicity of 
population [82]. However, we did observe that hydroxy-
rmethylation of SOCS1 gene was significantly associated 
with poor overall survival of CML patients on imatinib 
therapy. Therefore, we suggest that there is need of more 
studies to conduct for studying the exact role of SOCS1 
methylation and expression patterns that will provide 
more detailed insight of the role of SOCS1 methylation 
in CML disease progression and imatinib response. The 
major limitation of our study was that we did not charac-
terize the methylation pattern of the genes quantitatively. 
Another limitation of our study was that we were not able 
to include homogenous number of patients in each clini-
cal stage of the disease.

Based on the present study and from the above discus-
sion, it can be inferred that hydroxymethylation of DAPK1, 
RIZ1, P16INK4A, RASSF1A and  p14ARFARF are the main 
characteristics of a variety of malignancies including hae-
matological ones. Therefore, more accurate and site specific 
methylation patterns of genomic loci should be focused in 
future studies. These studies would benefit to identify the 
methylation patterns of the genes involved in cancer devel-
opment, progression and prognosis and illustrate the fea-
sibility of epigenome target therapy. Moreover, epigenome 
insights underlying a disease development/progression will 
help in designing personalized therapy [83].

Conclusion
The results of this study indicate that hydroxymethyla-
tion of promoter regions of DAPK1, RIZ1, P16INK4A, 
RASSF1A and  p14ARFARF genes may be an impor-
tant marker of CML disease progression, defines poor 
imatinib respondents and characterizes poor overall 
clinical outcome of CML patients on imatinib therapy. 
Hence, our study supports the rationale of using demeth-
ylating agents in combination with tyrosine kinase inhibi-
tor therapy for better clinical outcome.

Abbreviations
CML: Chronic Myeloid Leukaemia; Ph Chromosome: Philadelphia Chromo-
some; TKIs: Tyrosine Kinase Inhibitors; BCR: Breakpoint Cluster Region; ABL: 
Abelson Leukaemia Viral Oncogene; SOCS1: Suppressor of Cytokine Signalling 
1; RIZ1: Reinoblastoma protein-interacting zinc-finger gene 1; p14ARF: ARF 
tumor suppressor; p16INK4a: Cyclin Dependent kinase inhibitor 2A; DAPK1: 
Death Associated Protein Kinase 1.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12885- 022- 09481-9.

Additional file 1: Figure 1. MS-PCRagarose gel pictures for different 
genes studied.

https://doi.org/10.1186/s12885-022-09481-9
https://doi.org/10.1186/s12885-022-09481-9


Page 13 of 15Guru et al. BMC Cancer          (2022) 22:405  

Acknowledgements
The authors are highly grateful to Multidisciplinary Research Unit (MRU) and 
Department of Biochemistry, Maulana Azad Medical College, New Delhi, India 
for providing lab space and instrumentation for carrying out the research 
work. We thank all the subjects for giving their consent to be included in the 
study. Our special thanks are also extended to the technical and sanitary staff 
of the MRU and Department of Biochemistry for keeping good sanitary condi-
tions in the labs.

Authors’ contributions
SAG has contributed in developing the concept and conducted all the experi-
ments of the study, compiled the data, analysed the data, interpreted the 
results and wrote the first draft of the manuscript. MPS collected the blood 
samples, helped in conducting the experiments of the study, compilation and 
analysis of the data. RM supervised the execution of the research work related 
to the manuscript and performed peripheral blood haematological tests. 
MMAB helped in follow-up of the patients and maintenance of follow-up data. 
BCK revised the statistical analyses part and language of the manuscript. AS 
contributed in generating concept of the work and research design. Exten-
sively revised the final manuscript submitted. All authors read and approved 
the final manuscript for submission.

Funding
Indian Council of Medical Research (ICMR), India funded this research by sanc-
tioning grant to Dr. Sameer Ahmad Guru under Senior Research Fellowship 
(SRF) scheme, during his graduate studies. However, the funding body played 
no role in the design of the study and collection, analysis, interpretation of the 
data and in writing of the manuscript.

Availability of data and materials
All the data generated and analysed in this study has been provided in this 
published manuscript and its supplementary information files.

Declarations

Ethics approval and consent to participate
Institutional Ethics committee (IEC) of Maulana Azad Medical College (MAMC) 
and associated hospitals approved the study. Peripheral blood/bone mar-
row samples were collected from the study subjects after written informed 
consent.

Consent for publication
Written informed consent was obtained from the participants with ≥ 18 years 
of age before they were recruited for the study. The written informed consent 
was obtained from patients ≥ 18 years of age and from parents/legal guard-
ians of the patients with < 18 years of age.

Competing interests
None of the authors or any funding agency have any competing interests.

Author details
1 Lurie Children’s Hospital and Stanley Manne Children’s Research Institute, 
Northwestern University, Chicago, IL, USA. 2 Department of Biochemistry, Mul-
tidisciplinary Research Unit (MRU), Maulana Azad Medical College, New Delhi, 
India. 3 Department of Inflammation and Immunity, Lerner Research Institute, 
Cleve Land Clinic, OH, Cleveland, USA. 4 Kingdom of Saudi Arabia, University 
of Tabuk, Tabuk, Saudi Arabia. 5 Faculty of Medicine and Center for Promotion 
of Medical Research, Faculty of Medical Sciences, Ala-Too International Uni-
versity, Bishek, Kyrgyzstan. 6 Department of Biochemistry, Hamdard Institute 
of Medical Science and Research (HIMSR), New Delhi, India. 

Received: 27 November 2020   Accepted: 4 April 2022
Published: 14 April 2022

References
 1. Toyota M, Kopecky KJ, Toyota MO, Jair KW, Willman CL, Issa JP. Methylation 

profiling in acute myeloid leukemia. Blood. 2001;97(9):2823–9.

 2. Clinical implications of aberrant DNA methylation patterns in acute 
myelogenous leukemia. - Abstract - Europe PMC [Internet]. [Cited 2020 
Jul 20]. Available from: https:// europ epmc. org/ artic le/ med/ 16231 140

 3. Herman JG, Jen J, Merlo A, Baylin SB. Hypermethylation-associated 
inactivation indicates a tumor suppressor role for p15INK4B. Cancer Res. 
1996;56(4):722–7.

 4. Daskalakis M, Nguyen TT, Nguyen C, Guldberg P, Köhler G, Wijermans P, 
et al. Demethylation of a hypermethylated P15/INK4B gene in patients 
with myelodysplastic syndrome by 5-Aza-2’-deoxycytidine (decitabine) 
treatment. Blood. 2002;100(8):2957–64.

 5. Nelkin BD, Przepiorka D, Burke PJ, Thomas ED, Baylin SB. Abnormal meth-
ylation of the calcitonin gene marks progression of chronic myelogenous 
leukemia. Blood. 1991;77(11):2431–4.

 6. Processing of sensory information. Prog Neurobiol. 1977;9(1–2):1–122.
 7. Issa JP, Zehnbauer BA, Kaufmann SH, Biel MA, Baylin SB. HIC1 hyper-

methylation is a late event in hematopoietic neoplasms. Cancer Res. 
1997;57(9):1678–81.

 8. Strathdee G, Holyoake TL, Sim A, Parker A, Oscier DG, Melo JV, et al. Inac-
tivation of HOXA genes by hypermethylation in myeloid and lymphoid 
malignancy is frequent and associated with poor prognosis. Clin Cancer 
Res Off J Am Assoc Cancer Res. 2007;13(17):5048–55.

 9. Bedi A, Barber JP, Bedi GC, el-Deiry WS, Sidransky D, Vala MS, et al. BCR-
ABL-mediated inhibition of apoptosis with delay of G2/M transition after 
DNA damage: a mechanism of resistance to multiple anticancer agents. 
Blood. 1995;86(3):1148–58.

 10. Dubrez L, Eymin B, Sordet O, Droin N, Turhan AG, Solary E. BCR-
ABL delays apoptosis upstream of procaspase-3 activation. Blood. 
1998;91(7):2415–22.

 11. Amarante-Mendes GP, Naekyung Kim C, Liu L, Huang Y, Perkins CL, Green 
DR, et al. Bcr-Abl exerts its antiapoptotic effect against diverse apoptotic 
stimuli through blockage of mitochondrial release of cytochrome C and 
activation of caspase-3. Blood. 1998;91(5):1700–5.

 12. Neshat MS, Raitano AB, Wang HG, Reed JC, Sawyers CL. The survival 
function of the Bcr-Abl oncogene is mediated by Bad-dependent and 
-independent pathways: roles for phosphatidylinositol 3-kinase and Raf. 
Mol Cell Biol. 2000;20(4):1179–86.

 13. Belloc F, Moreau-Gaudry F, Uhalde M, Cazalis L, Jeanneteau M, Lacombe 
F, et al. Imatinib and nilotinib induce apoptosis of chronic myeloid leu-
kemia cells through a Bim-dependant pathway modulated by cytokines. 
Cancer Biol Ther. 2007;6(6):912–9.

 14. Selleri C, Sato T, Del Vecchio L, Luciano L, Barrett AJ, Rotoli B, et al. Involve-
ment of Fas-mediated apoptosis in the inhibitory effects of interferon-
alpha in chronic myelogenous leukemia. Blood. 1997;89(3):957–64.

 15. Maciejewski J, Selleri C, Anderson S, Young NS. Fas antigen expression on 
CD34+ human marrow cells is induced by interferon gamma and tumor 
necrosis factor alpha and potentiates cytokine-mediated hematopoietic 
suppression in vitro. Blood. 1995;85(11):3183–90.

 16. Cortes JE, Talpaz M, Giles F, O’Brien S, Rios MB, Shan J, et al. Prog-
nostic significance of cytogenetic clonal evolution in patients with 
chronic myelogenous leukemia on imatinib mesylate therapy. Blood. 
2003;101(10):3794–800.

 17. O’Dwyer ME, Mauro MJ, Blasdel C, Farnsworth M, Kurilik G, Hsieh Y-C, et al. 
Clonal evolution and lack of cytogenetic response are adverse prognostic 
factors for hematologic relapse of chronic phase CML patients treated 
with imatinib mesylate. Blood. 2004;103(2):451–5.

 18. Asnafi AA, Deris Zayeri Z, Shahrabi S, Zibara K, Vosughi T. Chronic 
myeloid leukemia with complex karyotypes: Prognosis and therapeutic 
approaches. J Cell Physiol. 2019;234(5):5798–806.

 19. Romero-Garcia S, Prado-Garcia H, Carlos-Reyes A. Role of DNA 
Methylation in the Resistance to Therapy in Solid Tumors. Front Oncol. 
2020;10:1152.

 20. Cheng Y, He C, Wang M, Ma X, Mo F, Yang S, et al. Targeting epigenetic 
regulators for cancer therapy: mechanisms and advances in clinical trials. 
Signal Transduct Target Ther. 2019;4(1):1–39.

 21. Mir R, Ahmad I, Javid J, Zuberi M, Yadav P, Shazia R, et al. Simple multiplex 
RT-PCR for identifying common fusion BCR-ABL transcript types and 
evaluation of molecular response of the a2b2 and a2b3 transcripts to 
Imatinib resistance in north Indian chronic myeloid leukemia patients. 
Indian J Cancer. 2015;52(3):314.

 22. PDGFRα promoter polymorphisms and expression patterns influence 
risk of development of imatinib-induced thrombocytopenia in chronic 

https://europepmc.org/article/med/16231140


Page 14 of 15Guru et al. BMC Cancer          (2022) 22:405 

myeloid leukemia: A study from India - Sameer Ahmad Guru, Rashid 
Mir, Musadiq Bhat, Imtiyaz Najar, Mariyam Zuberi, Mamta Sumi, Mirza 
Masroor, Naresh Gupta, Alpana Saxena, 2017 [Internet]. [Cited 2020 Jul 
20]. Available from: https://journals.sagepub.com/doi/full/https:// doi. org/ 
10. 1177/ 10104 28317 713857

 23. Guru SA, Sumi MP, Mir R, Waza AA, Bhat MA, Zuberi M, et al. Ectopic 
PD-L1 expression in JAK2 (V617F) myeloproliferative neoplasm patients 
is mediated via increased activation of STAT3 and STAT5. Hum Cell. 
2020;33(4):1099–111.

 24. Technical aspects and clinical applications of measuring BCR‐ABL1 tran-
scripts number in chronic myeloid leukemia - Foroni - 2009 - American 
Journal of Hematology - Wiley Online Library [Internet]. [Cited 2020 Jul 
20]. Available from: https://onlinelibrary.wiley.com/doi/abs/https:// doi. 
org/ 10. 1002/ ajh. 21457

 25. Baccarani M, Deininger MW, Rosti G, Hochhaus A, Soverini S, Apperley JF, 
et al. European LeukemiaNet recommendations for the management of 
chronic myeloid leukemia: 2013. Blood. 2013;122(6):872–84.

 26. Guru SA, Mir R, Bhat M, Najar I, Zuberi M, Sumi M, et al. PDGFRα promoter 
polymorphisms and expression patterns influence risk of development 
of imatinib-induced thrombocytopenia in chronic myeloid leukemia: A 
study from India. Tumour Biol J Int Soc Oncodevelopmental Biol Med. 
2017;39(10):1010428317713857.

 27. Radich JP, Kopecky KJ, Appelbaum FR, Kamel-Reid S, Stock W, Malnassy 
G, et al. A randomized trial of dasatinib 100 mg versus imatinib 400 mg 
in newly diagnosed chronic-phase chronic myeloid leukemia. Blood. 
2012;120(19):3898–905.

 28. Shet AS, Jahagirdar BN, Verfaillie CM. Chronic myelogenous leu-
kemia: mechanisms underlying disease progression. Leukemia. 
2002;16(8):1402–11.

 29. Bert SA, Robinson MD, Strbenac D, Statham AL, Song JZ, Hulf T, et al. 
Regional activation of the cancer genome by long-range epigenetic 
remodeling. Cancer Cell. 2013;23(1):9–22.

 30. Jelinek J, Gharibyan V, Estecio MRH, Kondo K, He R, Chung W, et al. Aber-
rant DNA methylation is associated with disease progression, resistance 
to imatinib and shortened survival in chronic myelogenous leukemia. 
PloS One. 2011;6(7):e22110.

 31. Aberrant methylation in promoter-associated CpG islands of multiple 
genes in chronic myelogenous leukemia blast crisis [Internet]. [Cited 
2020 Jul 20]. Available from: https://www.spandidos-publications.
com/https:// doi. org/ 10. 3892/ ol. 2011. 419

 32. Maupetit-Mehouas S, Court F, Bourgne C, Guerci-Bresler A, Cony-Makhoul 
P, Johnson H, et al. DNA methylation profiling reveals a pathological 
signature that contributes to transcriptional defects of CD34+ CD15- 
cells in early chronic-phase chronic myeloid leukemia. Mol Oncol. 
2018;12(6):814–29.

 33. Qian J, Wang Y-L, Lin J, Yao D-M, Xu W-R, Wu C-Y. Aberrant methylation 
of the death-associated protein kinase 1 (DAPK1) CpG island in chronic 
myeloid leukemia. Eur J Haematol. 2009;82(2):119–23.

 34. Sill H, Goldman JM, Cross NC. Homozygous deletions of the p16 tumor-
suppressor gene are associated with lymphoid transformation of chronic 
myeloid leukemia. Blood. 1995;85(8):2013–6.

 35. Serra A, Gottardi E, Della Ragione F, Saglio G, Iolascon A. Involvement of 
the cyclin-dependent kinase-4 inhibitor (CDKN2) gene in the patho-
genesis of lymphoid blast crisis of chronic myelogenous leukaemia. Br J 
Haematol. 1995;91(3):625–9.

 36. Avramouli A, Tsochas S, Mandala E, Katodritou E, Ioannou M, Ritis K, et al. 
Methylation status of RASSF1A in patients with chronic myeloid leuke-
mia. Leuk Res. 2009;33(8):1130–2.

 37. Ruas M, Peters G. The p16INK4a/CDKN2A tumor suppressor and its rela-
tives. Biochim Biophys Acta. 1998;1378(2):F115-177.

 38. Nagy E, Beck Z, Kiss A, Csoma E, Telek B, Kónya J, et al. Frequent methyla-
tion of p16INK4A and p14ARF genes implicated in the evolution of 
chronic myeloid leukaemia from its chronic to accelerated phase. Eur J 
Cancer. 2003;39(16):2298–305.

 39. Ah I. Inactivation of P16 (INK4a) Gene by Promoter Hypermethylation is 
Associated with Disease Progression in Chronic Myelogenous Leukaemia. 
J Carcinog Mutagen [Internet]. 2013 [cited 2020 Jul 20];04(02). Available 
from: https:// www. omics online. org/ inact ivati on- of- p16- ink4a- gene- by- 
promo ter- hyper methy lation- is- assoc iated- with- disea se- progr ession- in- 
chron ic- myelo genous- leuka emia- 2157- 2518. 10001 41. php? aid= 14013

 40. Hu X-T, He C. Recent progress in the study of methylated tumor suppres-
sor genes in gastric cancer. Chin J Cancer. 2013;32(1):31–41.

 41. Xiang T-X, Yuan Y, Li L-L, Wang Z-H, Dan L-Y, Chen Y, et al. Aberrant pro-
moter CpG methylation and its translational applications in breast cancer. 
Chin J Cancer. 2013;32(1):12–20.

 42. Ahmad Najar, I. Inactivation of RIZ1 Gene by Promoter Hypermethyla-
tion is Associated with Disease Progression and Resistance to Imatinib in 
Indian Chronic Myelogenous Leukemia Patients, First Study from India. 
J Cancer Sci Ther [Internet]. 2013 [cited 2020 Jul 20];05(02). Available 
from: https:// www. omics online. org/ inact ivati on- of- riz1- gene- by- promo 
ter- hyper methy lation- is- assoc iated- with- disea se- progr ession- 1948- 5956. 
10001 83. php? aid= 10537

 43. Hy C, Y G, G L. DNA methylation of the RIZ1 tumor suppressor gene plays 
an important role in the tumorigenesis of cervical cancer [Internet]. Vol. 
15, European journal of medical research. Eur J Med Res; 2010 [cited 2020 
Jul 20]. Available from: https:// pubmed. ncbi. nlm. nih. gov/ 20159 667/

 44. Wang X, Cui N, Liu X, Ma J, Zhu Q, Guo S, et al. Identification of DAPK1 
Promoter Hypermethylation as a Biomarker for Intra-Epithelial Lesion and 
Cervical Cancer: A Meta-Analysis of Published Studies, TCGA, and GEO 
Datasets. Front Genet [Internet]. 2018 [cited 2020 Jul 20];9. Available from: 
https://www.frontiersin.org/articles/https:// doi. org/ 10. 3389/ fgene. 2018. 
00258/ full

 45. Lal G, Padmanabha L, Smith BJ, Nicholson RM, Howe JR, O’Dorisio MS, 
et al. RIZ1 is epigenetically inactivated by promoter hypermethylation in 
thyroid carcinoma. Cancer. 2006;107(12):2752–9.

 46. Oshimo Y, Oue N, Mitani Y, Nakayama H, Kitadai Y, Yoshida K, et al. Fre-
quent epigenetic inactivation of RIZ1 by promoter hypermethylation in 
human gastric carcinoma. Int J Cancer. 2004;110(2):212–8.

 47. Tang X, Khuri FR, Lee JJ, Kemp BL, Liu D, Hong WK, et al. Hypermeth-
ylation of the death-associated protein (DAP) kinase promoter and 
aggressiveness in stage I non-small-cell lung cancer. J Natl Cancer Inst. 
2000;92(18):1511–6.

 48. Kim DH, Nelson HH, Wiencke JK, Christiani DC, Wain JC, Mark EJ, et al. 
Promoter methylation of DAP-kinase: association with advanced stage in 
non-small cell lung cancer. Oncogene. 2001;20(14):1765–70.

 49. Harden SV, Tokumaru Y, Westra WH, Goodman S, Ahrendt SA, Yang SC, 
et al. Gene promoter hypermethylation in tumors and lymph nodes of 
stage I lung cancer patients. Clin Cancer Res Off J Am Assoc Cancer Res. 
2003;9(4):1370–5.

 50. Kim WS, Son HJ, Park JO, Song SY, Park C. Promoter methylation and 
down-regulation of DAPK is associated with gastric atrophy. Int J Mol 
Med. 2003;12(6):827–30.

 51. Schildhaus H-U, Kröckel I, Lippert H, Malfertheiner P, Roessner A, 
Schneider-Stock R. Promoter hypermethylation of p16INK4a, E-cad-
herin, O6-MGMT, DAPK and FHIT in adenocarcinomas of the esopha-
gus, esophagogastric junction and proximal stomach. Int J Oncol. 
2005;26(6):1493–500.

 52. Waki T, Tamura G, Sato M, Terashima M, Nishizuka S, Motoyama T. Pro-
moter methylation status of DAP-kinase and RUNX3 genes in neoplastic 
and non-neoplastic gastric epithelia. Cancer Sci. 2003;94(4):360–4.

 53. Tang LP, Cho CH, Hui WM, Huang C, Chu KM, Xia HHX, et al. An inverse 
correlation between Interleukin-6 and select gene promoter methylation 
in patients with gastric cancer. Digestion. 2006;74(2):85–90.

 54. Chang M-S, Uozaki H, Chong J-M, Ushiku T, Sakuma K, Ishikawa S, et al. 
CpG island methylation status in gastric carcinoma with and without 
infection of Epstein-Barr virus. Clin Cancer Res Off J Am Assoc Cancer Res. 
2006;12(10):2995–3002.

 55. Jun-ichi Akahira 1, Youko Sugihashi, Kiyoshi Ito, Hitoshi Niikura, Kunihiro 
Okamura, Nobuo Yaegashi. Promoter methylation status and expres-
sion of TMS1 gene in human epithelial ovarian cancer. Cancer Sci. 
2004;95(1):40-3. https:// doi. org/ 10. 1111/j. 1349- 7006. 2004. tb031 68.x.

 56. Zöchbauer-Müller S, Fong KM, Virmani AK, Geradts J, Gazdar AF, Minna JD. 
Aberrant promoter methylation of multiple genes in non-small cell lung 
cancers. Cancer Res. 2001;61(1):249–55.

 57. Raveh T, Kimchi A. DAP kinase-a proapoptotic gene that functions as a 
tumor suppressor. Exp Cell Res. 2001;264(1):185–92.

 58. Hasegawa Y, Matsubara A, Teishima J, Seki M, Mita K, Usui T, et al. DNA 
methylation of the RIZ1 gene is associated with nuclear accumulation of 
p53 in prostate cancer. Cancer Sci. 2007;98(1):32–6.

 59. Sumi MS, Ahmad G, Bhat MA, Rashid AR, Zuberi M, Gupta N, et al. RIZ1 
Gene Promoter Methylation Increases with Progression of Chronic 

https://doi.org/10.1177/1010428317713857
https://doi.org/10.1177/1010428317713857
https://doi.org/10.1002/ajh.21457
https://doi.org/10.1002/ajh.21457
https://doi.org/10.3892/ol.2011.419
https://www.omicsonline.org/inactivation-of-p16-ink4a-gene-by-promoter-hypermethylation-is-associated-with-disease-progression-in-chronic-myelogenous-leukaemia-2157-2518.1000141.php?aid=14013
https://www.omicsonline.org/inactivation-of-p16-ink4a-gene-by-promoter-hypermethylation-is-associated-with-disease-progression-in-chronic-myelogenous-leukaemia-2157-2518.1000141.php?aid=14013
https://www.omicsonline.org/inactivation-of-p16-ink4a-gene-by-promoter-hypermethylation-is-associated-with-disease-progression-in-chronic-myelogenous-leukaemia-2157-2518.1000141.php?aid=14013
https://www.omicsonline.org/inactivation-of-riz1-gene-by-promoter-hypermethylation-is-associated-with-disease-progression-1948-5956.1000183.php?aid=10537
https://www.omicsonline.org/inactivation-of-riz1-gene-by-promoter-hypermethylation-is-associated-with-disease-progression-1948-5956.1000183.php?aid=10537
https://www.omicsonline.org/inactivation-of-riz1-gene-by-promoter-hypermethylation-is-associated-with-disease-progression-1948-5956.1000183.php?aid=10537
https://pubmed.ncbi.nlm.nih.gov/20159667/
https://doi.org/10.3389/fgene.2018.00258/full
https://doi.org/10.3389/fgene.2018.00258/full
https://doi.org/10.1111/j.1349-7006.2004.tb03168.x


Page 15 of 15Guru et al. BMC Cancer          (2022) 22:405  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Myeloid Leukaemia to Advanced Phases. Blood. 2017;130(Supplement 
1):1608–1608.

 60. Guru S, Bhat M, Seethy A, Zuberi M, Sumi M, Singh P, et al. O1–13–4RIZ1 
negatively regulates IGF-1 expression in chronic myeloid leukemia. 2016.

 61. Inactivation of RIZ1 Gene by RIZ1 Pro704 Insertion–Deletion Polymor-
phism and Promoter Hypermethylation is Associated With Disease 
Progression and Resistance to Imatinib in Indian Chronic Myelogenous 
Leukemia Patients - Clinical Lymphoma, Myeloma and Leukemia [Inter-
net]. [cited 2020 Sep 29]. Available from: https:// www. clini cal- lymph oma- 
myelo ma- leuke mia. com/ artic le/ S2152- 2650(14) 00228-6/ abstr act

 62. Shimura H, Mori N, Wang Y-H, Okada M, Motoji T. Aberrant methyla-
tion and decreased expression of the RIZ1 gene are frequent in adult 
acute lymphoblastic leukemia of T-cell phenotype. Leuk Lymphoma. 
2012;53(8):1599–609.

 63. Zhai X, Li S-J. Methylation of RASSF1A and CDH13 genes in individualized 
chemotherapy for patients with non-small cell lung cancer. Asian Pac J 
Cancer Prev APJCP. 2014;15(12):4925–8.

 64. Du Z, Ma K, Sun X, Li A, Wang H, Zhang L, et al. Methylation of RASSF1A 
gene promoter and the correlation with DNMT1 expression that may 
contribute to esophageal squamous cell carcinoma. World J Surg Oncol. 
2015;8(13):141.

 65. Jezkova E, Zubor P, Kajo K, Grendar M, Dokus K, Adamkov M, et al. Impact 
of RASSF1A gene methylation on the metastatic axillary nodal status in 
breast cancer patients. Oncol Lett. 2017;14(1):758–66.

 66. Fiegl H, Millinger S, Mueller-Holzner E, Marth C, Ensinger C, Berger A, 
et al. Circulating tumor-specific DNA: a marker for monitoring efficacy of 
adjuvant therapy in cancer patients. Cancer Res. 2005;65(4):1141–5.

 67. Mengxi D, Qian W, Nan W, Xiaoguang X, Shijun L. Effect of DNA methyla-
tion inhibitor on RASSF1A genes expression in non-small cell lung cancer 
cell line A549 and A549DDP. Cancer Cell Int. 2013;13(1):91.

 68. Malpeli G, Innamorati G, Decimo I, Bencivenga M, Nwabo Kamdje AH, 
Perris R, et al. Methylation Dynamics of RASSF1A and Its Impact on Can-
cer. Cancers. 2019;11(7):959.

 69. Fischer JR, Ohnmacht U, Rieger N, Zemaitis M, Stoffregen C, Manegold 
C, et al. Prognostic significance of RASSF1A promoter methylation on 
survival of non-small cell lung cancer patients treated with gemcitabine. 
Lung Cancer Amst Neth. 2007;56(1):115–23.

 70. Goyal A, Sahu RK, Kumar M, Sharma S, Qayyum S, Kaur N, et al. p16 pro-
moter methylation, expression, and its association with estrogen recep-
tor, progesterone receptor, and human epidermal growth factor receptor 
2 subtype of breast carcinoma. J Cancer Res Ther. 2019;15(5):1147–54.

 71. Al-Kaabi A, van Bockel LW, Pothen AJ, Willems SM. p16INK4A and 
p14ARF gene promoter hypermethylation as prognostic biomarker in 
oral and oropharyngeal squamous cell carcinoma: a review. Dis Markers. 
2014;2014:260549.

 72. Jha AK, Nikbakht M, Jain V, Capalash N, Kaur J. p16(INK4a) and p15(INK4b) 
gene promoter methylation in cervical cancer patients. Oncol Lett. 
2012;3(6):1331–5.

 73. Taniguchi T, Chikatsu N, Takahashi S, Fujita A, Uchimaru K, Asano S, et al. 
Expression of p16INK4A and p14ARF in hematological malignancies. 
Leukemia. 1999;13(11):1760–9.

 74. Burri N, Shaw P, Bouzourene H, Sordat I, Sordat B, Gillet M, et al. Methyla-
tion silencing and mutations of the p14ARF and p16INK4a genes in colon 
cancer. Lab Investig J Tech Methods Pathol. 2001;81(2):217–29.

 75. Chu P-Y, Yeh C-M, Hsu NC, Chang Y-S, Chang J-G, Yeh K-T. Epigenetic 
alteration of the SOCS1 gene in hepatocellular carcinoma. Swiss Med 
Wkly. 2010;140:w13065.

 76. Sobti RC, Singh N, Hussain S, Suri V, Nijhawan R, Bharti AC, et al. Aberrant 
promoter methylation and loss of suppressor of cytokine signalling-1 
gene expression in the development of uterine cervical carcinogenesis. 
Cell Oncol Dordr. 2011;34(6):533–43.

 77. Sakamoto LHT, Camargo DE, B, Cajaiba M, Soares FA, Vettore AL. MT1G 
hypermethylation: a potential prognostic marker for hepatoblastoma. 
Pediatr Res. 2010;67(4):387–93.

 78. Hussain S, Singh N, Salam I, Bandil K, Yuvaraj M, Akbar Bhat M, et al. 
Methylation-mediated gene silencing of suppressor of cytokine signal-
ing-1 (SOCS-1) gene in esophageal squamous cell carcinoma patients of 
Kashmir valley. J Recept Signal Transduct Res. 2011;31(2):147–56.

 79. Marini A, Mirmohammadsadegh A, Nambiar S, Gustrau A, Ruzicka 
T, Hengge UR. Epigenetic Inactivation of Tumor Suppressor Genes 

in Serum of Patients with Cutaneous Melanoma. J Invest Dermatol. 
2006;126(2):422–31.

 80. Zhang X-H, Yang L, Liu X-J, Zhan Y, Pan Y-X, Wang X-Z, et al. Associa-
tion between methylation of tumor suppressor gene SOCS1 and acute 
myeloid leukemia. Oncol Rep. 2018;40(2):1008–16.

 81. Liu T-C, Lin S-F, Chang J-G, Yang M-Y, Hung S-Y, Chang C-S. Epigenetic 
alteration of the SOCS1 gene in chronic myeloid leukaemia. Br J Haema-
tol. 2003;123(4):654–61.

 82. Antequera F, Boyes J, Bird A. High levels of De Novo methylation 
and altered chromatin structure at CpG islands in cell lines. Cell. 
1990;62(3):503–14.

 83. Sumi MP, Mahajan B, Sattar RSA, Nimisha, Apurva, Kumar A, et al. 
Elucidation of Epigenetic Landscape in Coronary Artery Disease: A 
Review on Basic Concept to Personalized Medicine. Epigenetics Insights. 
2021;1(14):2516865720988567.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://www.clinical-lymphoma-myeloma-leukemia.com/article/S2152-2650(14)00228-6/abstract
https://www.clinical-lymphoma-myeloma-leukemia.com/article/S2152-2650(14)00228-6/abstract

	Aberrant hydroxymethylation in promoter CpG regions of genes related to the cell cycle and apoptosis characterizes advanced chronic myeloid leukemia disease, poor imatinib respondents and poor survival
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Patients and healthy donors
	Blood sampling and molecular detection of BCRABL1 fusion gene transcripts

	Patient follow-up and evaluation of molecular and hematologic response
	DNA isolation and analysis of methylation pattern at CpG dinucleotide sites of different genes
	Statistical analysis and data interpretation
	Results
	Study population
	Assessment of haematological and molecular responses of CML patients to imatinib therapy
	Promoter CpG dinucleotide hypermethylation of apoptosis and cell cycle regulatory genes is associated with disease progression of CML to advanced stages
	Promoter CpG hypermethylation of apoptosis and cell cycle regulatory genes is associated with poor molecular response in CML patients
	Kaplan–meier analysis for overall survival related to hydroxymethylation of various genes

	Discussion
	Conclusion
	Acknowledgements
	References


