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Abstract

The intracardiac synthesis of anthracycline alcohol metabolites by aldo-keto reductases (AKRs) 

contributes to the pathogenesis of anthracycline-related cardiotoxicity. AKR7A2 is the most 

abundant anthracycline reductase in hearts from donors with and without Down syndrome (DS), 

and its expression varies between individuals (≈10 fold). We investigated whether DNA 

methylation impacts AKR7A2 expression in hearts from donors with (n = 11) and without DS (n = 

30). Linear models were used to test for associations between methylation status and cardiac 

AKR7A2 expression. In hearts from donors without DS, DNA methylation status at CpG site -865 

correlated with AKR7A2 mRNA (Pearson’s regression coefficient, r = −0.4051, P = 0.0264) and 

AKR7A2 protein expression (r = −0.5818, P = 0.0071). In heart tissue from donors with DS, DNA 

methylation status at CpG site −232 correlated with AKR7A2 protein expression (r = 0.8659, P = 

0.0025). Multiple linear regression modeling revealed that methylation at several CpG sites is 

associated with the synthesis of cardiotoxic daunorubicinol. AKR7A2 methylation status in 

lymphoblastoid cell lines from donors with and without DS was examined to explore potential 

parallelisms between cardiac tissue and lymphoid cells. These results suggest that DNA 

methylation impacts AKR7A2 expression and the synthesis of cardiotoxic daunorubicinol.
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Introduction

The use of anthracyclines (e.g., daunorubicin) to treat a variety of cancers is hampered by 

the development of cardiotoxicity in some patients. For example, a meta-analysis of 

randomized controlled trials for breast cancer, ovarian cancer, lymphomas and 

osteosarcomas showed that anthracyclines increased the risk of clinical cardiotoxicity by 

5.43-fold, subclinical cardiotoxicity by 6.25-fold, and the risk of cardiac death by 4.94-fold 

compared with non-anthracycline regimens (1). Risk factors for anthracycline-related 

cardiotoxicity include total cumulative exposure, younger age at cancer diagnosis, radiation 

therapy to the chest region, and female sex. Clinical evidence also suggests that Down 

syndrome status (DS, trisomy 21) increases the risk for cardiotoxicity among patients who 

receive anthracyclines for the treatment of leukemias (2, 3).

The intracardiac synthesis of C-13 anthracycline alcohol metabolites (e.g., daunorubicinol) 

by carbonyl reductases (CBRs) and aldo-keto reductases (AKRs) contributes to the complex 

pathogenesis of anthracycline-related cardiotoxicity (4, 5). The alcohol metabolites 

synthesized by CBRs and AKRs trigger cardiotoxicity by various mechanisms including 

inhibition of Ca+2/Mg+2-ATPase in the sarcoplasmic reticulum and inactivation of the 

cytoplasmic aconitase/iron regulatory protein-1 complex (6, 7).

Recently, we documented the expression of CBRs and AKRs in heart tissue samples from 

donors with and without DS (8). Our findings suggest that cardiac CBR1, AKR1A1, and 

AKR7A2 protein levels are significant contributors to cardiac daunorubicin reductase 

activity. Of note, AKR7A2 appears to be the most abundant anthracycline reductase 

accounting for approximately 36% of the total reductase content in hearts from donors with 

and without DS. Cardiac AKR7A2 expression showed considerable variability at the mRNA 

(DS: 13-fold, and non-DS: 89-fold) and protein levels (DS: 9-fold, and non-DS: 13-fold).

Developments in the field of epigenomics are demonstrating that DNA methylation can 

affect the pharmacodynamics of various drugs by modulating the expression of specific drug 

metabolizing enzymes (9). In this context, it is reasonable to hypothesize that interindividual 

variability in cardiac AKR7A2 gene expression may impact the metabolism of anthracycline 

substrates and consequently the risk of cardiotoxicity. Thus, the main goal of this study was 

to perform quantitative DNA methylation analysis on selected regions of the AKR7A2 locus 

by using cardiac DNA isolated from donors with and without DS. We also investigated the 

impact of DNA methylation status at different sites on cardiac AKR7A2 gene expression 

(mRNA and protein) and on cardiac daunorubicin reductase activity. It’s is not known 

whether accessible “proxy” tissues and/or cells (e.g., peripheral blood lymphocytes) are 

useful surrogates for predicting the intracardiac synthesis of cardiotoxic anthracycline 

alcohol metabolites. This knowledge may contribute to propel further research with potential 

practical implications for predicting the risk of cardiotoxicity. For example, one can 

envision a diagnostic scenario in which the maximal synthesis rates of doxorubicinol in the 

heart tissue of cancer patients undergoing chemotherapy with anthracyclines are inferred 

from a readily accessible “proxy” such as peripheral blood lymphocytes trough inter-tissue 

extrapolation approaches (10, 11). Peripheral blood lymphocytes have substantial 

CBR/AKR activity toward anthracycline substrates (12, 13). This is because lymphocytes 
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express CBRs and AKRs, including AKR7A2 (14, 15). Thus, pilot studies in 

lymphoblastoid cell lines derived from donors with and without DS were performed to 

examine the dynamics of methylation at the AKR7A2 locus.

Materials and Methods

Heart samples

The Institutional Review Board of the State University of New York at Buffalo approved 

this research. Heart samples from donors with (n = 11) and without DS (n = 30) were 

procured from The National Disease Research Interchange (NDRI, funded by the National 

Center for Research Resources), The Cooperative Human Tissue Network (CHTN, funded 

by the National Cancer Institute), and The National Institute of Child Health and Human 

Development (NICHD) Brain and Tissue Bank. The postmortem to tissue recovery interval 

was ≤10 h. Samples (2 – 20 g, myocardium, left ventricle only) were frozen immediately 

after recovery and stored in liquid nitrogen until further processing. The main demographics 

of heart donors are summarized in Table 1 (16). Down syndrome status (yes/no) was 

obtained from anonymous medical histories and confirmed by array comparative genomic 

hybridization (aCGH) as described (4, 8, 16). Cardiac DNA, RNA and cytosolic fractions 

were isolated by following standardized procedures as described (4, 8, 17).

Cell culture and treatments

B-lymphoblastoid cell lines derived from donors with (GM01921 and AG09394) and 

without DS (GM18856 and GM18870) were obtained from the Coriell Cell Repository 

(Camden, NJ). Cell cultures were grown in RPMI 1640 media (Invitrogen, Carlsbad, CA) 

containing heat inactivated fetal bovine serum (15% v/v, Invitrogen), penicillin (100 U/ml, 

Invitrogen) and streptomycin (100 U/ml, Invitrogen). Cells were grown in standard 

incubator conditions at 37°C, 5% CO2, and 95% relative humidity. During experiments, 

cells were initially seeded into T-25 flasks at a density of 2.75 × 105 cells/ml. On Day 1, 

cells were treated with the demethylating drug 5’Aza-2’Deoxycytidine (1 µM. EMD 

Millipore, Darmstadt, Germany) or dimethyl sulfoxide vehicle (< 1%. ATCC, Manassas, 

VA). Cells were harvested at 12 and 72 h after treatments for isolation of DNA and RNA 

with E.Z.N.A. DNA/RNA Isolation Kits (Omega Bio-TK, Norcross, GA).

Quantitative DNA methylation analysis

Targeted methylation analysis was performed with a Sequenom MassARRAY EpiTyper 

(Sequenom, San Diego, CA) at the Genomics Shared Resource, Roswell Park Cancer 

Institute (Buffalo, NY). Briefly, genomic DNA (gDNA) from cardiac tissue was bisulfite 

converted using an EZ Bisulfite conversion kit according to manufacturer’s instructions 

(Zymo Research, Irvine CA). Bisulfite converted primers were designed to cover the region 

of interest in AKR7A2 using Sequenom’s primer design website (http://

www.epidesigner.com). The sets of primers covered approximately 1.6 kb upstream the 

translation initiation codon of AKR7A2 (supplemental Table 1, Figure 1). During PCR 

amplification a T7 promoter-tagged reverse primer was incorporated into the amplification 

product to act as an anti-sense primer tag for in vitro transcription, and preserve the bisulfite 
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changes. Amplification products were treated with shrimp alkaline phosphatase and T-

Cleavage transcription/RNase A cocktail.

Cleavage products, and appropriate genomic DNA standards (0%, 25%, 50%, 100% 

methylated) were analyzed by Matrix-assisted laser desorption/ionization-time of flight 

(MALDI-TOF) mass spectrometry. Non-methylated and methylated cytosines generated 

different mass signals, and the intensities were compared to determine methylated/non-

methylated ratios. Relative methylation analysis for each CpG site was performed with 

Sequenom’s proprietary software in order to produce detailed quantitative “epigraphs” and 

MS Excel files (Microsoft, Redmond, WA) for subsequent data analysis.

AKR7A2 mRNA and protein expression

Cellular AKR7A2 mRNA expression was analyzed by quantitative real-time PCR with 

specific primers by following the MIQE guidelines (18). The primers for AKR7A2 (forward: 

5’-GGCCTCTCCAACTATGCTAG-3’, and reverse: 5’-

GGCATAGAACCTCAGTCCAAAG-3’) were obtained from realtimeprimers.com (Elkins 

Park, PA). Cardiac AKR7A2 protein expression was determined by quantitative 

immunoblotting with a specific anti-AKR7A2 antibody (Abnova, Taipei City, Taiwan) and 

recombinant AKR7A2 protein standards. Cardiac AKR7A2 mRNA and AKR7A2 protein 

expression in samples from donors with and without DS have been recently reported by us 

(8).

Cell cycle analysis

Cell cycle analysis was performed by measuring DNA content with propidium iodide in a 

FACSCalibur 1 flow cytometer (Becton Dickinson, Franklin Lakes, NJ) at the Department 

of Flow and Image Cytometry (Roswell Park Cancer Institute), essentially as described (19).

Statistical Data Analysis

Analyses were performed using GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA). 

The Kolmogorov-Smirnov test was used to determine the normality of data sets. The Mann-

Whitney U test or Student’s t-test were used to compare group means. ANOVA with 

Tukey’s post hoc analysis was used to analyze differences in methylation sites. Pearson's 

and Spearman’s coefficients of correlation were used to analyze data sets with normal and 

non-normal distributions respectively. Statistical comparisons were considered significant at 

P < 0.05.

Multiple linear regression models were fit using the R programming language (http://

www.r-project.org/). Two different types of models were fit in order to: (1) estimate 

AKR7A2 mRNA normalized expression as a function of different methylation sites, and (2) 

determine whether DNA methylation in AKR7A2 is associated with the cardiac synthesis 

rates of the cardiotoxic anthracycline alcohol metabolite daunorubicinol. The methylation 

sites were filtered to include only those sites with means that exceeded the lower limit of 

detection of 0.10 (i.e., > 10% methylation. Filtering left five sites as candidate predictors in 

the various regression models (Figure 1). The fitted models for AKR7A2 mRNA expression 

are of the form:
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AKR7A2mRNA = β0 + β1 · Sex · + β2 · Site1 + ⋯ + βk+1 · Sitek +ε

where β0 is the intercept term, Sex is a two-level factor and Sitek represents methylation site 

k, and ε is the error term.

In order to assess the impact of DNA methylation in AKR7A2 on cardiac daunorubicin 

reductase activity (DA), we leveraged a recent study describing the expression of 

anthracycline reductases, including AKR7A2, in the same collection of heart samples (8). In 

this work, a multiple linear regression model was developed in which the original AKR7A2 

“protein term” (i.e., absolute AKR7A2 protein abundance expressed as nmol/g cytosolic 

protein) was replaced by terms including methylation status at the differentially methylated 

sites in the AKR7A2 locus. The protein levels were transformed to a log10 scale before 

model fitting. The fitted models are of the general form:

DA = β0 + β1 · Sex + β2 · Condition + β3 · CRB1 + β4 · AKR1A1 + βs · Sitek + ⋯ + βk+5 · 

Sitek + ε

where DA is maximal daunorubicin reductase activity in heart cytosols, Condition is a two-

level factor indicating DS and non-DS states, and the other terms are as previously defined 

in the AKR7A2 mRNA model. Another multiple regression model of this type was fit to only 

non-DS samples. Note that the sample size did not support models of only DS samples.

Hypotheses test on the regression coefficients were performed for the different models to 

determine the significance of each term in predicting the response variables (AKR7A2 

mRNA expression and daunorubicin reductase activity). In order to identify the most 

parsimonious model that explains the different responses, a drop-one approach was applied, 

which entails model reduction through the elimination of less significant factors (20).

Results

AKR7A2 methylation status in hearts from donors with and without DS

Candidate methylation sites in the region encompassing up to 1.6 kilobases upstream the 

translation initiation codon of AKR7A2 were identified based on: a) high overall CpG 

content, and b) overlap with binding motifs for potentially relevant transcription factors. 

Putative binding motifs for the AKR7A2 promoter region were identified with a combination 

of algorithms including Alggen, Transfac, and MatInspector (21, 22). The region of interest 

included CpG islands and CpG “shores” (23). A CpG “shore” is a region that is close to a 

CpG island, but which contains relatively fewer CpG sites. Only sites with methylation 

means above the lower limit of detection of 0.1 (i.e., > 10% methylation) were included for 

analysis. Figure 1 shows the quantitative DNA methylation profile of AKR7A2 in cardiac 

DNA (left ventricle) isolated from donors with (n = 11) and without DS (n = 30). Highly 

methylated sites exhibited variable methylation between samples (site −877, range: 0.17 – 

0.52, site −865, range: 0.29 – 0.71, site −852, range: 0.0 – 0.47, and site −232, range: 0.15 – 

0.64). Sites −877, −865 and −852 form a CpG methylation block that is 120 bp upstream a 

non-validated xenobiotic response element motif (XRE); further comparisons showed a 

significant difference between the averages of methylation at sites −877, −865 and −852, 

respectively (P < 0.0001) (24). Additional statistical comparison tests were performed after 
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the stratification of samples by DS status (Figure 1). The average methylation at site −852 

was 24% lower in samples from donors without DS than in samples from donors with DS, 

although the difference between means fell just below the significance threshold (P = 

0.0602). Likewise, there were no significant differences in average methylation status at 

sites −877 and −865 between samples from donors with and without DS (P > 0.05. Figure 

1). The levels of DNA methylation at specific loci may differ between individuals with 

African and European ancestry (25). There were no significant differences in methylation 

status at the AKR7A2 sites −877, −865, and −852 between cardiac DNA samples from self-

reported black (i.e., African) and white (i.e., European) donors (P > 0.05. Supplemental 

figure S1). There were no significant associations between donor’s age and AKR7A2 

methylation status at sites −877, −865, and −852 (Supplemental figure S2). AKR7A2 

methylation status at sites −877 and −865 were similar in female and male donors. AKR7A2 

methylation status at site −852 was 7.2% higher in cardiac DNA from males than in DNA 

from female donors (P < 0.05. Supplemental figure S3).

Cardiac AKR7A2 methylation and gene expression

Correlation analyses were performed to determine whether DNA methylation is associated 

with AKR7A2 gene expression in heart tissue from donors with an without DS. Methylation 

status at CpG sites −877 and −852 did not show significant correlation with cardiac AKR7A2 

expression at the mRNA and protein levels in samples from donors without DS (Figure 2). 

However, DNA methylation status at CpG site −865 was significantly associated with 

AKR7A2 mRNA levels (Pearson’s correlation coefficient, r = −0.4051, P = 0.0264) and 

AKR7A2 protein expression (Pearson’s correlation coefficient, r = −0.5818, P = 0.0071) in 

hearts from donors without DS. Methylation in CpG site −865 accounts for up to 16% and 

34% of the variabilty in cardiac AKR7A2 mRNA and protein expression, respectively 

(Figure 2). Methylation at sites −877, −865, and −852 was not significantly associated with 

AKR7A2 expression (mRNA and protein) in heart samples from donors with DS (P > 0.05) 

(Figure 2). In samples from donors with DS, the extent of methylation at site −232 was 

significantly associated with cardiac AKR7A2 protein expression (Pearson’s correlation 

coefficient, r = 0.8659, P = 0.0025). Furthermore, the univariate regression analysis suggests 

that up to 75% of the variability in cardiac AKR7A2 protein expression can be attributed to 

the extent of methylation at site −232 (Figure 2). There were no significant associations 

detected between methylation status at site −232 and cardiac AKR7A2 expression in heart 

samples from donors without DS (Figure 2).

Independent multiple linear regressions were performed to further determine the 

contribution of differentially methylated sites to cardiac AKR7A2 gene expression. Results 

suggest that methylation status at site −852 is a significant factor for cardiac AKR7A2 

mRNA expression in samples from donors without DS, whereas methylation status at site 

−232 is significantly associated with AKR7A2 mRNA expression in samples from donors 

with DS (Table 2).

Next, we investigated whether DNA methylation in AKR7A2 is associated with the cardiac 

synthesis rates of the cardiotoxic anthracycline alcohol metabolite daunorubicinol. We used 

datasets from our recent study describing the expression of anthracycline reductases, 
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including AKR7A2, in the same collection of heart samples (8). In order to simultaneously 

estimate the collective impact of the methylated sites in AKR7A2 on daunorubicin reductase 

activity, a multiple linear regression model was developed in which the original AKR7A2 

“protein term” (i.e., absolute AKR7A2 protein abundance expressed as nmol/g cytosolic 

protein) was replaced by terms including methylation status at the differentially methylated 

sites. Multiple regression is complementary to the univariate analyses and significant factors 

in the univariate and multiple regression models may not be in agreement (26). CBR1 and 

AKR1A1 represent protein abundance in heart (nmol/g cytosolic protein) and were included 

as predictors in the modeling (8). Hypotheses tests on the regression coefficients revealed 

that DNA methylation at sites −865 and −852 are significant contributors to maximal 

daunorubicin reductase activity in heart tissue (Tables 3 and 4).

AKR7A2 methylation analysis in lymphoblastoid cell lines from donors with and without 
DS

To analyze the dynamics of AKR7A2 gene methylation in a potential “proxy” cell type, 

lymphoblastoid cell lines derived from individual donors with and without DS were treated 

with the demethylating drug 5’Aza-2’Deoxycytidine (DAC) followed by quantitative DNA 

methylation analysis. The effect of DAC treatment on the cell cycle was also investigated. In 

the two cell lines derived from donors without DS, DAC treatment for 12 h did not impact 

the extent of methylation at sites −877, −865, −852 and −232, in comparison to cultures 

incubated with DMSO vehicle (Figure 3). The cell cycle profiles at 12 hr of DAC treated 

cells without DS were similar to control cultures (Table 5). In the cells without DS, longer 

treatment with DAC (72 h) decreased the extent of methylation in the CpG block containing 

sites −877, −865, and −852, and did not modify methylation status at site −232 (Figure 3 and 

supplemental figure S4). The 72 h DAC treatment induced cell cycle arrest at the G0/G1 

phase and decreased the fraction of cells in the S phase (Table 5 and Supplemental figure 

S5).

Cell lines derived from donors with DS did not exhibit significant changes in methylation 

status at sites −877, −852 and −232 after the 12 h treatment with DAC (P > 0.05) (Figure 3 

and supplemental figure S4). The 12 h treatment did not induce changes in the cell cycle 

profile in comparison to control cultures (Table 5). The 72 h treatment with DAC tended to 

decrease the extent of methylation in sites −877, −865, and −852 in both lines from donors 

with DS, but only cell line AG09394 showed a significant decrease in methylation at site 

−865. The extent of methylation at site −232 decreased significantly in cell line GM01921, 

but showed no significant changes in cell line AG09394 (Figure 3 and supplemental figure 

S4). In cells with DS, the 72 h DAC treatment induced in cell cycle arrest at the G0/G1 

phase in a manner similar to cells without DS (Table 5 and Supplemental figure S5).

Treatment with DAC for 12 hours significantly increased the expression of AKR7A2 mRNA 

in the two cell lines derived from donors without DS (Figure 4). In both cell lines, the 72 h 

treatment with DAC decreased the expression of AKR7A2 mRNA in comparison to 

incubations with the DMSO vehicle (Figure 4). The two lines from donors with DS 

exhibited different AKR7A2 mRNA expression in response to treatments with DAC. That is, 

AKR7A2 mRNA expression decreased in cell line GM01921 after the 12 h treatment with 
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DAC, whereas AKR7A2 mRNA expression in cell line AG09394 did not change after the 12 

h treatment with DAC (Figure 4). Treatment with DAC for 72 h decreased the expression of 

AKR7A2 mRNA in both lines from donors with DS (Figure 4).

Discussion

Variability in gene expression is due to the complex interplay between genetic and 

epigenetic factors that are in turn affected by endogenous and exogenous influences. There 

is a relative paucity of reports assessing the impact of DNA methylation on the expression of 

genes encoding for drug metabolizing enzymes in human heart. Thus, the main goal of this 

study was to investigate the impact of DNA methylation on the variable cardiac expression 

of AKR7A2, the most abundant anthracycline reductase in hearts from donors with and 

without DS. The relatively high linear correlations between DNA methylation status in 

specific CpG sites of the AKR7A2 locus (i.e., sites −877, −865, −852, and −232) suggest 

potentially relevant associations with: a) cardiac AKR7A2 gene expression, and b) maximal 

daunorubicin reductase activity. The magnitudes of the observed linear correlations 

represent the fraction of variability in total cardiac AKR7A2 expression explained by DNA 

methylation at each specific site. These values are well in line with recent reports describing 

the effect of DNA methylation status on the expression of various functional loci including 

the one encoding the prominent drug metabolizing enzyme CYP3A4 (24, 27, 28). Thus, it 

appears that DNA methylation is a genuine co-variable accounting for a fraction of the 

variability observed for cardiac AKR7A2 expression (Figures 1 and 2).

Our results also suggest that the impact of methylated sites on cardiac AKR7A2 gene 

expression is different in samples from donors with and without DS. That is, methylation 

status at site −865 is variable and impacts cardiac mRNA and protein expression in heart 

tissue from donors without DS (Figures 1 and 2). These observations are further supported 

by the significant associations identified for site −865 through independent multiple linear 

regression models. Specifically, the models suggest that quantitative methylation status at 

site −865 is significantly associated with AKR7A2 mRNA expression and maximal 

daunorubicin reductase activity in heart tissue from donors without DS (Tables 2 and 3). The 

relative proximity between the CpG block constituted by sites −877, −865 and −852 and a 

non-validated XRE motif in the proximal promoter region is in line with evidence describing 

the presence of regulatory CpGs near the binding sites for methylation sensitive 

transcription factors such as the aryl hydrocarbon receptor (AHR) (29). In this regard, it 

would be interesting to test whether AKR7A2 gene expression is regulated by AHR through 

the conserved XRE motif in the context of variable methylation status at sites −877, −865 

and −852.

The differentially methylated site −232 appears to impact AKR7A2 gene expression in heart 

samples from donors with DS. Although these observations are limited by the small sample 

size, there was a relatively strong positive association (r2 = 0.75) between methylation status 

at site −232 and cardiac AKR7A2 protein expression in heart tissue from donors with DS. In 

agreement, the exploratory multiple regression modeling restricted to mRNA data suggests 

that the extent of methylation in site −232 is positively associated with cardiac AKR7A2 

mRNA expression in the DS setting. The positive sign of the association is intriguing 
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because, in general, DNA methylation causes transcriptional silencing. Recently, Letourneau 

et al. reported a global increase in chromatin accessibility in DS, which tends to flatten gene 

expression levels at the genome-wide scale (30, 31). Thus, it’s possible to speculate that 

methylation at site −232 may constitute a proxy for a state of increased chromatin 

accessibility in the gene promoter region of AKR7A2, which would in turn favor gene 

transcription by diluting the repressing effect of DNA methylation.

Adkins et al. analyzed approximately 27,000 autosomal CpG sites assigned to 14,500 loci 

and found that 13.7% of the CpGs exhibited different amounts of DNA methylation between 

subjects of self-reported African and European ancestries (25). To the best of our 

knowledge, the extent of methylation in the AKR7A2 locus in subjects with diverse 

geographical ancestries has not been described. Although our comparison is somewhat 

limited by the small sample size, analysis of the 95% confidence intervals at each CpG site 

suggests that the extent of DNA methylation at sites −877, −865 and −852 in AKR7A2 is 

similar in cardiac tissue from black and white donors (32) (Supplemental figure S1). The 

extent of methylation at AKR7A2 site −852 was higher in males than in females 

(Supplemental figure S3), and multiple linear regression suggests that methylation status at 

site −852 impacts the synthesis of cardiotoxic daunorubicinol (Table 4). However, the 

potential impact of differential methylation by gender at each CpG site on cardiac 

daunorubicin reductase activity could not be investigated through multiple linear regression 

procedures due to sample size limitations. This avenue deserves further consideration given 

the documented differences in terms of risk of anthracycline-related cardiotoxicity between 

male and female cancer survivors (33–35).

We also attempted to define whether DNA methylation impacts AKR7A2 expression in 

lymphoblastoid cell lines derived from donors with and without DS. Our aim was to set the 

foundation for future studies focused on exploring whether information derived from 

“proxy” cells (e.g., lymphocytes from peripheral blood) would be useful to predict the 

cardiac synthesis of toxic anthracycline metabolites (i.e., metabolic clearance) through inter-

tissue extrapolation approaches. The expression of AKR7A2 mRNA was induced in 

lymphoblastoid cells from donors without DS after 12 h treatment with the de-methylating 

agent DAC; this phenomenon is consistent with gene regulation through DNA methylation. 

However, prolonged treatment with DAC did not significantly increase cellular AKR7A2 

mRNA levels. In general, the extent of DNA methylation at sites −877, −865, and −852 

changed after the 72 h exposure to DAC, although the magnitude of the changes varied 

between individual cell lines (Figure 3). Lymphoblastoid cells have a doubling time of 

approximately 36 h, and previous studies have shown that relatively prolonged treatments 

with DAC (e.g., 1 – 5 µM, 72 h) induce cell cycle arrest at the G0/G1 phase (36, 37). In 

agreement, our results show that: a) lymphoblastoid cells from donors with and without DS 

exhibit cell cycle profiles similar to control incubations after the 12 h treatment with DAC, 

and b) the 72 treatment with DAC increases the proportion of cells at the G0/G1 phase in DS 

and non-DS cells (Table 5 and supplemental figure S3). The observed decreases in DNA 

methylation in AKR7A2 after the 72 h time point is consistent with the synthesis of non-

methylated DNA due to the covalent binding of DAC to DNA methyltransferase. In this 

regard, the cell cycle analysis show that approximately 11% of the cells are in the S phase. 
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The observed decreases in AKR7A2 mRNA levels in DS and non-DS cells may be due to the 

transcriptional repression of AKR7A2 in the fraction of cells arrested at the G0/G1 phase of 

the cell cycle (~80%. Table 5 and supplemental figure 3). Additional experiments would be 

needed to determine whether the dynamics of AKR7A2 gene expression are impacted by 

quantitative changes in the cell cycle. However, the fact that specific sites in the AKR7A2 

locus (e.g., −877, −865, and −852) were differentially methylated in tissue samples made of 

terminally differentiated cells (i.e., human myocardium) as well as in samples from rapidly 

dividing cells (i.e., lymphoblastoid cells), points to the potential relevance of the CpG sites 

for regulating AKR7A2 gene expression in different cellular contexts. Thus, it will be 

interesting to examine: a) whether the extent of methylation at the prominent sites in 

AKR7A2 correlate between heart tissue and peripheral blood lymphocytes isolated from the 

same donor (i.e., paired), and b) whether DNA methylation status impacts AKR7A2 

expression and consequently daunorubicin reductase activity in lymphocytes. If successful, 

these efforts would be critical to define the appropriate scalars for the non-cardiac-to-cardiac 

tissue extrapolation of maximal daunorubicinol synthesis rates (10, 11).

This study is limited by the small number of cardiac samples from donors with DS. The 

scarcity of tissue samples from donors with DS hampers research on fundamental topics 

related to the metabolism and disposition of drugs in the DS setting. Our procurement rates 

for samples from donors with DS is low (approximately 1 sample every 9 - 12 months), even 

after working with national cooperative resources such as NDRI, CHTN, and the NICHD 

Brain and Tissue Bank. Also, determinations of the effect size of potential co-variables (e.g., 

medication use, concomitant diseases) on cardiac AKR7A2 methylation status were hindered 

by the combined impact of sample size limitations and incomplete clinical records from 

some donors. In general, the level of detail included in the heart samples’ clinical 

background information is insufficient to conduct additional analyses. Nevertheless, the 

group of heart samples analyzed in this study may contribute informative data to define 

tissue-specific determinants for anthracycline-related cardiotoxicity. The complex 

pathogenesis of anthracycline-related cardiotoxicity is impacted by modifiable (e.g., obesity, 

metabolic syndrome) and non-modifiable risk factors (e.g., Down syndrome status, younger 

age) (38). Recent evidence, suggests that the list of non-modifiable risk factors could be 

expanded by including specific single nucleotide polymorphic variants that have been 

associated with the risk of anthracycline-related cardiotoxicity through genetic association 

studies (39–42). Findings from the present study suggest that the intracardiac synthesis of 

cardiotoxic alcohol metabolites may be also impacted by DNA methylation status at specific 

sites in the AKR7A2 locus. We therefore propose that consideration be given to the potential 

role of epigenetic modifications in the network of genes associated with the variable 

pharmacodynamics of anthracyclines. Further understanding of such epigenetic 

modifications could contribute to the discovery of novel determinants for the risk of 

cardiotoxicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Top: quantitative DNA methylation analysis of the AKR7A2 locus in human heart samples 

from donors with (black boxes) and without DS (grey boxes). The positions of methylated 

sites are relative to the translation initiation codon (A+1TG). Boxes show the 25th and 75th 

percentile, and whiskers indicate the 5th and 95th percentile. Horizontal lines indicate means 

and dots represent outliers. Bottom: schematic representation of the 5’ region of AKR7A2 

annotated with potential consensus motifs for transcription factors.
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Figure 2. 
Top: linear regression analyses of percent methylation at variable sites in AKR7A2 versus 

cardiac AKR7A2 mRNA expression. Each circle depicts the average of individual samples 

analyzed in triplicates. Bottom: linear regression analyses of percent methylation at variable 

sites in AKR7A2 versus cardiac AKR7A2 protein expression in donors with and without DS. 

Each circle depicts the average of individual samples analyzed in triplicates.
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Figure 3. 
Quantitative DNA methylation analyses of the AKR7A2 locus in lymphoblastoid cell lines 

derived from donors with (GM01921) and without DS (GM18856). Top: cell lines were 

treated with DAC (black circles) or DMSO vehicle (white circles) for 12 h. Bottom: cell 

lines were treated with DAC (black circles) or DMSO vehicle (white circles) for 72 h. Data 

represent the mean ± SD of two individual experiments performed in duplicates. * P >0.05 

at differentially methylated sites. ** P < 0.05 at differentially methylated sites.
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Figure 4. 
Effect of DAC on AKR7A2 mRNA expression in lymphoblastoid cell lines derived from 

donors with and without DS. Cell lines were treated with DAC (black bars) or DMSO 

vehicle (clear bars) for 12 h (panel A) or 72 h (panel B). Data represent the mean ± SD of 

two individual experiments performed in duplicates.
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Table 1

Demographics of heart donors

Non-DS DS

Number of subjects 30 11

Mean age (years) 63.1 39.0

Standard deviation of age 20.2 28.8

Males 13 10

Females 17 1

Black Subjects 7 6

White Subjects 2 24
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Table 2

The most parsimonious models for the multiple regression of normalized AKR7A2mRNA expression including 

methylation sites in heart samples from donors without (top) and with DS (bottom). This model was obtained 

from a full model containing five candidate methylation sites, and reduced using a drop-one approach until 

only significant factors remained. The columns represent the coefficients, standard error of the coefficient 

estimates, t-test and p-values from the hypothesis test on the coefficients.

Non-DS

Term β-estimate Std. Error t-stat P-Value

(Intercept) 4.697 1.011 4.648 0.000315

CpG−865 −5.813 2.019 −2.879 0.011476*

DS

Term β-estimate Std. Error t-stat P-Value

(Intercept) −1.0870 0.6712 −1.620 0.15645

CpG−232 9.3224 2.3862 3.907 0.00792*
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Table 3

Results from the multiple regression of cardiac daunorubicinactivity incorporating CRB1 and AKR1A1 

protein levels, as well as AKR7A2methylation status for sites −865 and −852 for samples from donors with 

and without DS. The columns represent the coefficients, standard error of the coefficient estimates, t-test and 

p-values from the hypothesis test on the coefficients.

Term β estimate Std. Error t-stat P-value

Intercept 2.6015 1.6760 1.552 0.139026

Condition 1.3440 0.6603 2.036 0.057693

CBR1 1.9217 0.6790 2.830 0.011551

AKR1A1 1.2925 0.5739 2.252 0.037823

−865 −19.5980 4.8270 −4.060 0.000814

−852 19.5696 5.9876 3.268 0.004529
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Table 4

Results from the multiple regression of cardiac daunorubicinactivity incorporating CRB1 and AKR1A1 

protein levels, as well as AKR7A2methylation status for sites −865 and −852 for samples from donors without 

DS. The columns represent the coefficients, standard error of the coefficient estimates, t-test and p-values 

from the hypothesis test on the coefficients.

Term β estimate Std. Error t-stat P-value

Intercept 4.4153 1.6474 2.680 0.01889

CBR1 1.8666 0.7232 2.581 0.02281

AKR1A1 1.4872 0.6278 2.369 0.03400

−865 −18.3181 5.8102 −3.153 0.00763

−852 14.5524 6.9928 2.081 0.05776
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