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Abstract

Treatment options for older patients with acute myeloid leukemia (AML) range from supportive 

care alone to full-dose chemotherapy. Identifying factors that predict response to therapy may help 

increase efficacy and avoid toxicity. The phase II SWOG S0703 study investigated the use of 

hydroxyurea and azacitidine with gemtuzumab ozogamicin in the elderly AML population and 

found survival rates similar to those expected with standard AML regimens, with less toxicity. As 

part of this study, global DNA methylation along with promoter DNA methylation and expression 

analysis of six candidate genes (CDKN2A, CDKN2B, HIC1, RARB, CDH1 and APAF1) were 

determined before and during therapy to investigate whether very early changes are prognostic for 

clinical response. Global DNA methylation was not associated with a clinical response. Samples 

after 3 or 4 days of treatment with azacitidine showed significantly decreased CDKN2A promoter 

DNA methylation in patients achieving complete remission (CR) compared to those who did not. 
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Samples from day 7 of treatment showed significantly decreased RARB, CDKN2B and CDH1 

promoter DNA methylation in responders compared to nonresponders. Gene-specific DNA 

methylation analysis of peripheral blood samples may help early identification of those older 

AML patients most likely to benefit from demethylating agent therapy.
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1. Introduction

Treatment of AML in older patients remains a therapeutic challenge. While outcomes for 

younger patients with AML have improved over time, this trend has not been seen in 

patients over the age of 60. This population has a higher frequency of medical comorbidities 

and is more likely to have a suboptimal performance status. Additionally, there is a higher 

frequency of secondary AML (due to transformation from another hematologic malignancy 

or from prior therapies), adverse karyotypes and drug resistance in older patients which all 

contribute to inferior outcomes. There is no accepted standard of care in these patients and 

current therapeutic options range from supportive care alone to low intensity regimens such 

as demethylating agents and low dose cytarabine, or full dose chemotherapy [1–5]. While 

better therapies are badly needed, there would also be an advantage in being able to select 

from available therapies those to which a given patient would most likely respond.

Gene silencing via methylation of promoter CpG islands appears to play a significant role in 

the pathogenesis of hematologic malignancies such as myelodysplastic syndromes (MDS) 

and AML. Studies in MDS have shown epigenetic silencing of tumor suppressor genes such 

as CDKN2B (pi 5, INK4b), aberrant DNA methylation, and clinical activity of agents that 

affect DNA methylation, such as 5-azacytidine (azacitine) and 5-azadeoxycytidine 

(decitabine) [6–12]. In AML, DNA methylation inhibitors have also shown activity [13,14]. 

Distinct DNA cytosine methylation patterns distinguish AML subgroups [15]. DNA 

promoter regions of critical genes are inactivated through hypermethylation in AML [16,17]. 

CDKN2B and E-cadherin (CDH1) are independently associated with poor prognosis in AML 

when methylated. Patients with both CDKN2B and CDH1 methylation had worse prognosis 

compared to those with either gene methylated alone [18]. Reactivation of the tumor 

suppressor p73 by demethylation of its promoter region has been shown to occur after 

treatment of AML cells with decitabine [19]. This leads to p21WAF1 (CDKN1A) expression 

which correlated with AML cell cycle arrest [19]. APAF1 is another tumor suppressor 

inactivated in some cases of AML that can be re-expressed after treatment with a 

hypomethylating agent [20]. CDH1, HIC1, CDKN2A and CDKN2B genes can be 

hypermethylated in patients with AML [21–23]. The degree of DNA methylation has been 

shown to decrease after treatment with decitabine [14]. Another study measured global 

methylation status of bone marrow specimens from older patients with AML before and 

after treatment with decitabine; although post-treatment specimens showed significantly less 

methylation, it did not correlate with the percentage of bone marrow blasts [24]. Comparison 
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of demethylation status before and after treatment and whether this correlates with clinical 

outcome has not been firmly established in acute leukemia.

The monoclonal antibody-antineoplastic conjugate Gemtuzumab ozogamicin (GO), which 

targets CD33, a myeloid antigen expressed on most AML leukemic cells, has been shown to 

reduce relapse rate and increase survival when added to induction chemotherapy in older 

adults [25]. Similarly, a recent Phase 3 trial showed that GO added during induction and 

consolidation may improve outcome of AML patients aged 50–70 years [26]. This drug was 

withdrawn from the U.S. market in 2010 when a confirmatory trial showed no improvement 

in survival and a higher fatality rate in the group treated with GO [27]. More recently, 

mutation analysis of patients enrolled on a Phase 3 clinical trial found that cytogenetically 

normal (CN)-AML patients had a preferential benefit from GO treatment as compared to 

AML patients with abnormal cytogenetics [28]. Two recent meta-analyses examined data 

from five randomized trials and concluded that GO improves overall survival (OS) and 

reduces relapse [29,30]; it was also shown to reduce the development of disease resistance 

[29].

The phase 2 Southwest Oncology Group (SWOG S0703) study by Nand et al. investigated 

the use of hydroxyurea and azacitidine with GO in the elderly AML population [31]. This 

regimen was shown to be at least as effective as standard therapy but with lower toxicity in 

poor risk patients (70 years and older, Zubrod performance status [PS] of 2–3). Similar 

outcomes were seen in the good risk group (60–69 years old or PS 0–1) although data in this 

subset of patients did not reach predefined significance goals [31].

Here we report the laboratory findings of samples accrued as part of the S0703 study. Global 

DNA methylation, promoter DNA methylation of six candidate genes chosen because of 

their previous association with DNA methylation in AML, and expression analysis of the 

same genes were determined at several time points before and during therapy. Goals of this 

study were to investigate DNA methylation or gene expression as indicators of clinical 

response.

2. Materials and methods

Patients

All patients were enrolled on SWOG phase 2 clinical trial S0703. Patients with a newly 

diagnosed non-M3 AML under the WHO classification who had reached their 60th birthday 

and had a performance status of 0–3 were eligible for entry in the study. A total of 142 

patients were enrolled in the study, with 83 and 59 in the good-risk and poor-risk cohorts, 

respectively. Good risk (age between 60 and 69 years or performance status of 0–1) and 

poor risk (age 70 years or older and performance status of 2 or more) based on prior 

experience in SWOG with older patients, were as previously defined for this clinical trial 

[31]. The patients were given hydroxyurea to bring the WBC count to less than <10,000 × 

109/L and started on azacitidine 75 mg/m2 subcutaneously or intravenously daily for 7 days. 

Gemtuzumab ozogamicin 3 mg/m2 intravenously was administered on day 8. Those 

achieving CR or CRi received an identical treatment as consolidation therapy followed by 4 

cycles of azacitidine therapy. The study design and the clinical findings from the study were 
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recently published [31]. For statistical analysis, patients were grouped based on their clinical 

response. Complete Response (CR) was defined as <5% marrow blasts by morphology, no 

Auer rods, absolute neutrophil count (ANC) 1,000 × 109/L or higher, platelet count 100,000 

× 109/L or higher and no evidence of extra-medullary disease. CR with incomplete recovery 

of blood counts (CRi) was the same as CR but ANC may be <1000 × 109/L and/or platelet 

count <100,000 × 109/L. Relapse from CR or CRi was defined as reappearance of leukemic 

blasts 5% or higher in peripheral blood or bone marrow or appearance/reappearance of 

extra-medullary disease. Written informed consent for treatment and for correlative studies 

was obtained from all patients in accordance with the Declaration of Helsinki. The study 

was approved by the institutional review boards of participating institutions.

2.2. Samples

Peripheral blood samples for laboratory correlative studies were collected pre-study, on Day 

3 or 4 (range 2–5) and on Day 7 (range 6–9) of induction treatment. Samples were also 

submitted around Day 30 (range 27–35), after achievement of complete remission, 

completion of all required therapy and at the time of relapse. All specimens were sent to 

SWOG central laboratories for DNA and RNA isolation using standard methods. Peripheral 

blood samples analyzed required a prestudy sample, plus either day 3 or 4, or day 7 samples 

of sufficient quality from the same patient. DNA methylation and RNA expression were 

analyzed on peripheral blood samples from 84 and 82 patients, respectively, with a range of 

3–8 DNA or RNA samples per patient analyzed. The samples analyzed for DNA 

methylation and RNA expression had a similar distribution outcome (CR, CRi treatment 

distribution) as the complete clinical trial cohort (Table 1).

2.3. DNA methylation

Global DNA methylation was determined using a 5-mC-specific antibody capture ELISA-

based method (MethylFlash Methylated DNA Quantification Kit, P-1034, Epigentek). DNA 

(100 ng) was analyzed in duplicate following the manufacturer’s protocol. Synthetic DNA 

containing known percentages of cytosine and 5-methylcytosine were used as controls. 

Methylated DNA status was quantified as a percentage of 5-methylcytosine in total DNA.

For gene-specific promoter DNA methylation, DNA was bisulfite converted using the 

EpiTect Bisulfite Conversion Kit (59104, Qiagen) following the manufacturer’s protocol. 

Methylation status of APAF1, CDH1, CDKN2A, CDKN2B, HIC1, and RARB promoter 

regions of bisulfite converted DNA was quantified using SYBR Green qPCR and 

normalized to COL2A1 using a primer probe combination with TaqMan Universal qPCR 

mix (4440040, Applied Biosystems). Briefly, 25–50 ng of bisulfite converted DNA was 

combined with methylation-specific primers (500 nM) and SYBR Green mix or with probe 

(100 nM) and TaqMan mix in a final volume of 20 µL Primer sequences (Supplemental 

Table 1) were previously published (citations in Supplemental Table 1). Reactions were 

performed in duplicate using a 7300 Real Time PCR thermocycler (Applied Biosystems). 

The mean Ct value for each promoter was normalized to COL2A1 (dCt). Fold change in 

promoter methylation was calculated using the 2−ΔΔCt method [32]. To ensure that the 

primers used were methylation-specific, DNA from a healthy donor was subjected to whole 

genome amplification (WGA) using the REPLI-g Mini kit (150023, Qiagen) which results in 
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non-methylated DNA. A portion of this WGA DNA was then in vitro methylated by 

incubation with the CpG methyltransferase M.SssI (M0226, New England Biolabs) in the 

presence of S-adenosylmethionine resulting in DNA in which all CpG cytosine residues are 

methylated. The WGA and in vitro methylated WGA DNA were then bisulfite converted 

and assessed with qPCR as above.

2.4. Gene expression

RNA was converted to cDNA using the High Capacity cDNA Synthesis Kit (4368813, Life 

Technologies) following the manufacturer’s protocol. TaqMan Gene Expression Assays 

(APAF1: Hs00559441_m1, CDH1: Hs01023894_m1, CDKN2A: Hs00923894_m1, 

CDKN2B: Hs00793225_m1, HIC1: Hs00359611_s1, RARB: Hs00977140_m1, GAPDH: 

Hs02758991_g1, Applied Biosystems) and TaqMan Universal qPCR Master Mix (4440040, 

Applied Biosystems) were used to determine gene expression. All assays were performed in 

triplicate. Relative expression was calculated using the 2−ΔΔCt method [32].

2.5. Statistical methods

Wilcoxon rank sum tests were used to evaluate changes in global DNA methylation from 

prestudy, DNA methylation fold-change, and gene expression fold-change. Kruskal-Wallis 

tests were used to compare changes in global DNA methylation from prestudy, DNA 

methylation fold-change, and gene expression fold-change across categories. Spearman’s 

rank correlation was used to quantify associations between DNA methylation fold-change 

and gene expression fold-change. Two-sided p-values are reported and the 0.05 significance 

level was used. For the data presented in boxplots, thick horizontal black lines indicates the 

median values, horizontal lines above and below the median indicate the 25% and 75% 

values. The interquartile range (IQR) is the difference between the 75% and 25% values. 

The upper “whisker” is drawn at the largest data point not more than 75% +IQR. Data points 

more 75% +IQR is marked with a circle. The lower “whisker” is drawn at the smallest value 

data point not less than 25%−IQR. Any data point less than 25% + IQR is marked with a 

circle. The range (minimum, maximum) are printed below the boxplots to indicate the full 

scale of the data.

3. Results

3.1. Global DNA methylation

Total DNA methylation status was compared between DNA isolated from pre- versus post-

treatment samples. The average global DNA methylation for the entire cohort was not 

significantly decreased at any time point following treatment initiation (Fig. 1A). A slight 

increase in global methylation was observed when comparing day 3–4 of treatment to 

prestudy samples that just reached statistical significance (p = 0.049). In addition, 

significantly decreased global DNA methylation was found in samples analyzed around one 

month after initiation of treatment (range 27–35 days) in patients on treatment as compared 

to those off treatment (Fig. 1B). This was not simply a reflection of those patients in CR at 

this time point; among those on treatment only 43% were in CR at the time of specimen 

collection, and those off treatment included patients who were in CR/CRi, those who later 

achieved CR/CRi, as well as those who never achieved a CR/CRi.
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3.2. Promoter DNA methylation

DNA methylation changes in the promoter regions of six genes, CDKN2A, CDKN2B, HIC1, 

RARB, CDH1 and APAF1 were determined relative to prestudy levels. A significant 

decrease in APAF1 methylation was found in day 3–4 samples regardless of patient response 

(Table 1). However, more selective changes in promoter DNA methylation were found for 

most of the other analyzed genes. Samples from days 3–4 after start of treatment showed 

significantly decreased CDKN2A promoter methylation in patients achieving CR as 

compared to those with failure to achieve CR (Fig. 2). In patients achieving CR the average 

CDKN2A promoter methylation was decreased compared to prestudy (median fold-change = 

0.76), while in patients achieving CRi the average CDKN2A promoter methylation was 

increased compared to prestudy (median fold-change = 1.26). Among patients who were 

remission failures, the average CDKN2A promoter methylation was similar compared to 

prestudy (median fold-change = 1.03) (Fig. 2).

Samples from day 7 after start of treatment showed significantly decreased RARB promoter 

methylation in patients achieving CR and/or CRi as compared to those with failure to 

achieve CR (Fig. 3). Similarly, day 7 samples showed significantly decreased CDKN2B 

promoter methylation in patients achieving CR and/or CRi as compared to those who failed 

to achieve CR (Fig. 3). For the CDH1 gene, patients who later achieved CR and/or CRi also 

showed decreased promoter methylation by day 7 (Fig. 3). There were no significant 

findings for HIC1 promoter methylation (data not shown).

3.3. Gene expression

The same genes analyzed for DNA promoter methylation were also assessed for RNA 

expression using Taqman-based quantitative RT-PCR. CDKN2A, CDKN2B, RARB, HIC1 

and APAF1 expression were significantly increased in the samples from days 3–4 and from 

day 7 after start of therapy in the entire patient cohort analyzed (Fig. 4), but did not 

distinguish patients’ response to therapy. Similarly, CDH1 expression was increased in 

samples from all patients, but only achieved statistical significance at day 7. However, a 

significant increase in HIC1 expression at day 3–4 was found in good risk patients as 

compared to poor risk patients (Table 1).

4. Discussion

Here we report DNA methylation and gene expression analyses in peripheral blood samples 

from a phase 2 trial of older patients with AML treated with azacitine and GO therapy. We 

demonstrate that as early as day 3–4 following DNA methylation inhibitor treatment, 

decreases in gene-specific DNA methylation can be detected. Consistent with other studies 

[24,33], this suggests that early epigenetic changes are found after initiation of DNA 

demethylation therapy. However, in the current study, early changes are in the order of days 

as compared to weeks in most previous studies. Furthermore, peripheral blood is analyzed in 

the current study, without need for additional bone marrow sampling. Of the genes analyzed, 

there were several DNA methylation changes that distinguished patients who would later 

respond to therapy from those who would not as early as day 3–4 (for CDKN2A) or day 7 

(for RARB, CDKN2B and CDH1). These data are consistent with those of Claus et al., who 
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analyzed very early DNA methylation changes of candidate gene promoters in peripheral 

blood blasts isolated from eight AML patients treated with decitabine [33]. They found 

increased CDH1 and CDKN2B methylation in AML samples prior to treatment compared to 

normal hematopoietic precursor cells. Although they did not observe statistically significant 

decreases in these two genes post-decitabine, perhaps due to the smaller number of patients’ 

samples analyzed, they did observe other significant gene-specific methylation changes by 

one week of treatment. In our study using peripheral blood samples without cell 

fractionation, we found very early gene-specific DNA methylation changes which are 

prognostic for response. Thus, gene-specific promoter methylation analyses on a limited 

number of genes with comparison to the same patient’s prestudy sample, could be 

performed quickly and easily from peripheral blood samples, which could be of benefit to 

the patient.

Our findings also appear to possibly distinguish between patients with CR and CRi. In the 

case of CDKN2A, the promoter DNA methylation seen in CRi was similar to non-

responders. Often, reports of clinical results combine CR and CRi. Our results indicate that 

these two categories of response may indeed be different and should continue to be reported 

separately.

In this trial, unseparated samples were used for DNA and RNA analyses. Thus, the exact 

cell populations studied may have differed from sample to sample. This same caveat is true 

for many other large studies, and it is possible that very profound changes in cell 

populations within a very short time-frame (3–7 days) are reflected by significant 

methylation or expression changes. Although the current results leave unanswered the 

question of whether these changes were happening in specific lineages, they do not diminish 

the importance of the findings. It is precisely the less invasive and relatively simple sample 

preparation prior to analysis which suggests that critical predictive information may be 

relatively straightforward. Here, we have identified specific genes whose promoter 

methylation may be useful as early prognostic indicators of response. Future comparison of 

the current genes to other established outcome predictors and across other clinical trials will 

determine broad applicability of these specific genes. More importantly, however, our study 

provides proof-of-principle that information obtained from peripheral blood samples a few 

days after treatment initiation may be impactful.

Promoter DNA methylation is often associated with gene silencing. Changes in promoter 

DNA methylation can result in gene expression changes; however, this is not universally 

true due to additional regulatory mechanisms that also influence gene expression. Of the 

genes assessed in this study, there was a significant negative correlation (r = −0.47) between 

APAF1 promoter methylation and APAF1 gene expression between pre-study and day 3 or 4 

samples among patients who later went on to achieve CR, with decreased promoter 

methylation correlated with increased expression (Fig. 5). The genes analyzed in the current 

study were chosen based on previous association with DNA methylation in AML at the time 

the clinical trial was designed, not for RNA expression association. It remains to be 

determined whether DNA methylation or RNA expression analyses could be more useful in 

the routine clinical setting, but less invasive and simplified sample processing may facilitate 

earlier patient stratification.
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Several large-scale DNA methylation analyses of AML patient samples have been reported 

recently. As part of The Cancer Genome Atlas (TCGA) Research Network, Ley et al. 

analyzed 192 samples selected from adults with de novo AML, using Methylation Bead-

Chip profiling [34]. Methylation differences were found between different subtypes of AML 

as compared to normal CD34 + CD38-cells [34]. A large cohort of 623 cytogenetically 

normal de novo AML samples were analyzed for methylation of the CEBPA promoter and 

found no association between promoter methylation and prognosis [35]. Recently, two 

unappreciated subgroups were identified in samples from 344 AML patients analyzed for 

gene expression and DNA methylation using genome-wide methods in combination with 

determination of mutations in splicing factor genes [36]. Promoter methylation status of four 

genes, ALOX12, HS3ST2, GSTM1 and FZD9, was determined in 127 AML patients (median 

age: 59 years). Methylated GSTM1 was associated with worse overall survival and disease-

free survival; and those with both GSTM1 and ALOX12 promoter methylation had worse 

outcomes compared to all AML tested [37]. It is not yet apparent whether these findings will 

be directly relevant to elderly AML patients.

Other recent studies have focused on the elderly AML patient population. Methylation status 

of the O6-methylguanine-DNA methyltransferase (MGMT) promoter, whose expression 

correlates with resistance to the alkylating agent temozolomide [38], was recently used to 

stratify the dose given to elderly AML patients [39]. Levels of the microRNA miR-29b, 

which targets multiple DNA methyltransferases [40], were assessed in pre-treatment 

samples from a Phase 2 single agent decitabine trial for older AML patients. Higher levels 

of miR-29b were significantly associated with clinical response in this elderly patient cohort 

[41]. However, compared to studies which analyze a single diagnostic sample, additional 

insight may be gained from analysis of sequential patient samples during therapy, as in the 

current study.

5. Conclusions

Treatment of acute myeloid leukemia (AML) in older patients remains a therapeutic 

challenge, in part due to relatively poor performance status and other medical comorbidities. 

The present study analyzed sequential patient samples acquired as part of a phase II SWOG 

clinical trial of older AML patients treated with azacitidine. We show that azacitidine 

therapy in older patients with AML induces early DNA demethylation changes in specific 

promoters; and that these changes are associated with clinical outcomes. Thus, relatively 

straightforward gene-specific DNA methylation analysis of peripheral blood samples may 

help very early identification of those older AML patients who are most likely to benefit 

from demethylating agent therapy. Such information may help decrease toxicity and 

improve efficacy of therapy in these patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Global DNA methylation changes compared to prestudy samples. A Samples from the entire 

cohort. B Samples from around day 30, showing decreased global DNA methylation 

comparing those on treatment versus those off treatment. Box-plots show 25% and 75% 

values, and thick horizontal black lines indicate the median. Upper and lower whisker 

indicate the largest and smallest value data points not more or less than 75% + IQR and 25% 

− IQR, respectively. The range are printed below the boxplots to indicate the full scale of the 

data.
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Fig. 2. 
CDKN2A promoter methylation changes at Day 3–4 comparing patients who later achieved 

CR, CRi, or who had treatment failure. Patients who later achieved CR had significantly 

decreased CDKN2A promoter methylation by Day 3–4. Boxplots show 25% and 75% 

values, and thick horizontal black lines indicate the median. Upper and lower whisker 

indicate the largest and smallest value data points not more or less than 75% + IQR and 25% 

− IQR, respectively. The range are printed below the boxplots to indicate the full scale of the 

data.

Achille et al. Page 13

Leuk Res. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Gene-specific promoter methylation changes at Day 7, comparing patients who later 

achieved CR; CRi; or who had treatment failure for A RARB, B CDKN2B, and C CDH1. 

Each of these promoters demonstrated significantly decreased promoter methylation by Day 

7 in patients who later achieved CR or CRi. Boxplots show 25% and 75% values, and thick 

horizontal black lines indicate the median. Upper and lower whisker indicate the largest and 

smallest value data points not more or less than 75% + IQR and 25% − IQR, respectively. 

The range are printed below the boxplots to indicate the full scale of the data.
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Fig. 4. 
Gene expression changes at days 3–4 and at day 7 compared to prestudy for (A) CDKN2A, 

CDKN2B, RARE, APAF1, CDH1 and HIC1 in the entire cohort. Boxplots show 25% and 

75% values, and thick horizontal black lines indicate the median. Upper and lower whisker 

indicate the largest and smallest value data points not more or less than 75% + IQR and 25% 

− IQR, respectively. The range are printed below the boxplots to indicate the full scale of the 

data.
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Fig. 5. 
Negative correlation between APAF1 promoter methylation and APAF1 expression between 

day 3–4 and prestudy among patients who later achieved CR. The scatterplots indicate each 

patient’s DNA methylation fold-change and gene expression fold-change. Each patient is 

represented by one circle.
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Table 1

Study samples analyzed and promoter methylation changes of APAF1 and HIC1 genes.

Samples for analysis Total CR(%) CRI(%) Remission failure (%)

Total enrolled in S0703 133 35 (26) 19 (14) 79 (59)

DNA methylation analysisa 84 25 (30) 12 (14) 47 (60)

RNA expression analysisa 82 24 (29) 12 (15) 46 (56)

APAF1 promoter methylation complete cohort

TIme points N Median change (IQR) P-value

Prestudy and day 3–4 84 7.46 (0.34, 6.35) <0.01

Prestudy and day 7 83 4.22 (0.18, 2.53) 0.095

HIC1 promoter methylation changes at day 3–4

Good risk group (N = 51) Poor risk group (N = 31) P-value

1.56 (0.82, 2.83) 0.96 (0.34, 1.79) 0.021

a
Those analyzed required prestudy plus either day 3 or 4, or day 7 samples of sufficient quality available for analysis.
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