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Abstract

Klinefelter syndrome (KS) (47 XXY) is a common sex-chromosome aneuploidy with an estimated 

prevalence of 1 in every 660 male births. Investigations into the associations between DNA 

methylation and the highly variable clinical manifestations of KS have largely focused on the 

supernumerary X chromosome; systematic investigations of the epigenome have been limited. We 

obtained genome-wide DNA methylation data from peripheral blood using the Illumina 

HumanMethylation450K platform in 5 KS (47 XXY), 102 male (46 XY), and 113 female (46 XX) 

control subjects participating in the chronic obstructive pulmonary disease (COPD) Gene Study. 

Empirical Bayes-mediated models were used to test for differential methylation by KS status. CpG 

sites with a false-discovery rate <0.05 from the first-generation HumanMethylation27K platform 

were further examined in an independent replication cohort of 2 KS subjects, 590 male, and 495 

female controls drawn from the International COPD Genetics Network (ICGN). Differential 

methylation at sites throughout the genome were identified, including 86 CpG sites that were 

differentially methylated in KS subjects relative to both male and female controls. CpG sites 

annotated to the HEN1 methyltransferase homolog 1 (HENMT1), calcyclin-binding protein 
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(CACYBP), and GTPase-activating protein (SH3 domain)-binding protein 1 (G3BP1) genes were 

among the “KS-specific” loci that were replicated in ICGN. We therefore conclude that site-

specific differential methylation exists throughout the genome in KS. The functional impact and 

clinical relevance of these differentially methylated loci should be explored in future studies.
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INTRODUCTION

Klinefelter syndrome (KS), the most common viable sex-chromosome aneuploidy among 

males, is characterized by a 47 XXY karyotype. Population-based studies estimate the 

prevalence of KS to be between 1 in every 450-to-660 male births (Bojesen et al. 2003; 

Herlihy et al. 2011), although a significant proportion of KS cases remain undiagnosed or 

are diagnosed later in life due to a lack of obvious physical stigmata at birth (Lahlou et al. 

2011) and a high degree of variability in the clinical phenotype (Bojesen et al. 2003).

The classic characteristics of KS – such as tall stature with eunuchoid proportions, 

gynecomastia, and infertility, as well as a number of other disorders that have an increased 

prevalence in KS, including osteoporosis (van den Bergh et al. 2001), metabolic syndrome, 

and type 2 diabetes mellitus (Bojesen et al. 2006) – have been attributed at least in part to 

the low testosterone levels observed in these patients (Groth et al. 2013). On the other hand, 

additional disorders associated with KS are less readily explained by perturbations of 

hypothalamic-pituitary axis, such as an increased incidence of mediastinal tumors among 

children (Hasle et al. 1995) as well as a range of neurocognitive and psychiatric disturbances 

(Groth et al. 2013). The variable prevalence of these characteristics and severity among non-

mosaic KS subjects, as well as reports of phenotypic discordance among monozygotic twins 

(Davis and Wade 1972; Michalski et al. 1978; Schlegelberger et al. 1984), suggest a role for 

epigenetic mediators in their presentation.

DNA methylation studies in KS have largely focused on the supernumerary X chromosome 

to assess the impact of parent-of-origin effects and skewed X-inactivation on physical 

characteristics, cognitive functioning, and psychiatric diseases (Boks et al. 2007; Bruining et 

al. 2009; Ross et al. 2008; Stemkens et al. 2006; Vawter et al. 2007). Consequently, DNA 

methylation studies examining autosomal loci in KS have been limited. A study of long 

interspersed nuclear elements (LINE-1), a class of repetitive sequences with retrotransposon 

potential that account for a significant proportion of the human genome, revealed decreased 

methylation of these elements at autosomal sites; the authors of this study postulated that 

this could be related to the increased genome size in KS (Singer et al. 2012). A recent study 

examining the genome-wide DNA methylation patterns of a single KS subject at 2 sites in 

the brain demonstrated many differentially methylated regions throughout the autosomal 

genome relative to males and females (Viana et al. 2014). Here, we examined the global 

genome methylation patterns of KS subjects in peripheral blood.
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RESULTS

Six subjects with KS had been previously identified through analysis of genome-wide 

genotyping intensity data in the chronic obstructive pulmonary disease (COPD) Gene 

database, the discovery cohort (Supplementary Figure S1). Of these KS subjects, 5 had 

sufficient DNA isolated from whole blood for genome-wide methylation analysis on the 

Illumina HumanMethylation450K platform. Two additional KS subjects were identified in 

the replication cohort, the International COPD Genetics Network (ICGN), through analysis 

of DNA methylation patterns on the X and Y chromosome obtained from blood using the 

first generation HumanMethylation27K platform (Supplementary Figures S2 and S3). 

Characteristics of the discovery and replication cohorts are presented in Table 1. There were 

no significant differences in ancestry, current smoking rates, or cumulative-smoke exposure 

between KS and control subjects in each group. In the discovery cohort, KS subjects had a 

significantly higher mean body-mass index than male controls, and were significantly 

younger than both male and female controls. There were no significant differences by age or 

body-mass index in the replication cohort.

KS subjects versus male controls

Using empirical Bayes-mediated models adjusting for age, race, and body-mass index, 176 

autosomal cytosine-phosphate-guanine (CpG) sites in the Infinium I analysis 

(Supplementary Table S1) and 223 sites in the Infinium II analysis (Supplementary Table 

S2) were found to be significantly associated with KS status, at a false-discovery rate (FDR) 

<0.05 in the discovery cohort. Significantly associated sites were identified throughout the 

genome, and are illustrated qualitatively in a Manhattan plot (Supplementary Figure S4A). 

Adjustment for current smoking status did not significantly change the results: 166 Infinium 

I and 218 Infinium II sites (of which 165 and 212 sites, respectively, overlapped with CpG 

sites identified in the primary analysis) met a FDR <0.05 (data not shown). Although probes 

with a high degree of cross-hybridization with X-chromosome sequences were removed 

during data cleaning (Chen et al. 2013), we examined the source sequence of each of the 

significantly associated sites and identified an additional 15 CpG sites in the Infinium I 

analysis and 21 CpG sites in the Infinium II analysis with moderate degrees of homology to 

sequences located on the X chromosome.

Twenty-one sites with a FDR<0.05 in the discovery cohort were available on the 

HumanMethylation27K platform used in the replication cohort. Of these, seven sites 

demonstrated a significant (P<0.05) association with KS status in the replication cohort; in 

each case, the direction of effect was consistent with that observed in the discovery cohort 

(Table 2).

KS subjects versus female controls

When we examined the methylation patterns of KS subjects relative to females, 48 CpG 

sites in the Infinium I analysis (Supplementary Table S3) and 87 CpG sites in the Infinium II 

analysis (Supplementary Table S4) were significant, at a FDR<0.05. Differentially 

methylated sites were located throughout the autosomal genome (Supplementary Figure 

S4B). Again, adjustment for current smoking status did not significantly change the results: 
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48 Infinium I and 98 Infinium II sites (of which 47 and 87 of the sites, respectively, 

overlapped with sites identified in the primary analysis) had a FDR<0.05 (data not shown). 

Ten of the significant CpG sites were available on the HumanMethylation27K chip used in 

the replication cohort; of these, three demonstrated significant differential methylation 

between KS subjects and female controls with a consistent direction of effect (Table 3).

Overlap between KS versus male and KS versus female analyses

The overlap between differentially methylated sites in the KS versus male controls and KS 

versus female controls analyses is illustrated qualitatively in Figure 1. Notably, the direction 

of effect at all 86 overlapping sites was consistent relative to both males and females 

(Supplementary Table S5). All 3 sites that successfully replicated in the KS versus female 

analyses were among the 10 replicated loci in the KS versus male controls analysis. 

Boxplots of the mean methylation among males, females, and KS subjects at these 3 

overlapping sites in COPDGene are illustrated in Figure 2.

Overlap between sites previously reported as differentially methylated in KS

We examined the overlap between differentially methylated sites identified in our analysis 

in blood with autosomal sites from brain tissue recently reported by Viana et al (2014). One 

differentially methylated region in the prefrontal cortex annotated to the germinal center-

associated, signaling and motility-like (GCSAML) gene and one region in the cerebellum 

annotated to C9orf64 overlapped with loci identified in our analysis (Supplementary Table 

S6).

Analyses stratified by race

Although our primary analysis in the discovery cohort contained a covariate adjustment for 

race, we performed a subgroup analysis in the discovery cohort by first examining non-

Hispanic-white and African-American subjects separately, followed by a meta-analysis of 

non-Hispanic-white and African-American results. In the analysis of non-Hispanic-white KS 

(n = 2) versus non-Hispanic-white males (n = 53), 537 Type I and 5258 Type II CpG sites 

had an FDR<0.05. In the analysis of non-Hispanic-white KS versus non-Hispanic-white 

females (n = 55), 116 Type I and 1951 Type II CpG sites met an FDR <0.05. In the African 

American-only analysis, 281 Infinium I and 347 Infinium II sites were differentially 

methylated in the African-American KS (n = 3) versus African-American male controls (n = 

49) while 96 Infinium I and 190 Infinium II sites were differentially methylated relative to 

African-American females (n = 58). The overlap between CpG sites significant in the non-

Hispanic-white-only and African-American-only analyses with CpG sites identified in the 

primary analyses is illustrated qualitatively in Supplementary Figure S5. The overlap 

between CpG sites significant in the non-Hispanic-white-only and sites in the African-

American-only analyses was modest (Supplementary Figure S6).

We performed a sample-size-weighted meta-analysis of the non-Hispanic-white-only and 

African-American-only analyses. Six hundred and eleven CpG sites (309 of which 

overlapped with the 399 sites identified in the original analysis) met an FDR<0.05 in the KS 

vs. male controls analysis, while 270 CpG sites (96 of which overlapped with the 135 sites 

identified in the original analysis) were significant in the KS vs. female controls analysis 
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(Supplementary Figure S7). One hundred and seventy three CpG sites were significant in 

both the KS vs. male and KS vs. female meta-analyses; 68 of these sites overlapped with the 

86 sites identified in the primary analysis.

Assessment of confounders due to cell-type heterogeneity and stochastic effects

Because whole blood is comprised of multiple circulating cell types, each with potentially 

distinct epigenetic profiles, confounding due to cell-type heterogeneity is a concern often 

raised in epigenome-wide association studies (Jaffe and Irizarry 2014). We therefore 

determined the cell-type composition of each sample in the discovery cohort using the raw 

methylation data and the “estimateCellCount” function in the minfi package (Aryee et al. 

2014), finding no significant differences by KS status relative to either male or female 

controls (Supplementary Table S7).

Because the number of KS cases in each cohort was modest, causing the results to be 

susceptible to outlier effects, we performed one-way permutation testing based on 10,000 

Monte-Carlo resamplings at the replicated loci listed in Tables 2 (KS vs. male) and 3 (KS 

vs. female). Permutation P values for each of the loci are listed in Supplementary Table S8; 

these data support the premise that our findings at these loci are unlikely to be due to 

random outlier effects.

Exploratory analysis of site-specific differential methylation in the sex chromosomes

CpG sites located on the X and Y chromosomes were initially excluded from the cleaning 

and normalization that the autosomal data underwent because of expected differences 

resulting from X-chromosome inactivation. Given that the sex chromosomes encode for 

genes known to impact biological processes relevant to the clinical manifestations observed 

in KS, we extracted and examined CpG sites on the X and Y chromosomes in a separate 

analysis. Using empirical Bayes-mediated models adjusting for age, race, and body-mass 

index, we identified 23 CpG sites on the Y chromosome that were nominally (unadjusted 

P<0.05) differentially methylated in KS subjects relative to male controls (Supplementary 

Table S9). The six most-highly associated sites were annotated to the testis-specific 

transcript, Y-linked 14 (TTTY14) region, and demonstrated relative hypermethylation in KS. 

We identified 260 nominally (unadjusted P<0.05) differentially methylated sites on the X 

chromosome in KS subjects relative to female controls (Supplementary Table S10). While 

some of the differentially methylated sites mapped to regions with known homology to 

sequences located on the Y chromosome or to the pseudoautosomal regions, the majority of 

the differentially methylated sites on the X chromosome were not located within these 

regions; therefore, differential methylation beyond that expected due to X-inactivation may 

exist.

DISCUSSION

KS is attributable to a discreet genetic cause, yet our understanding of the mechanisms 

underlying its often highly variable clinical phenotypic presentation in KS subjects remains 

incomplete. Investigations into the etiology of the protean manifestations associated with 

this syndrome have largely focused on the supranumery X; consequently, systematic 
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interrogations of loci throughout the genome that may contribute to the pathology associated 

with the syndrome have been limited.

We examined the global DNA methylation patterns of KS subjects relative to both male and 

female controls, and present evidence supportive of site-specific differences in methylation 

throughout the genome – the vast majority of which have not previously been associated 

with KS. The number of differentially methylated autosomal sites between KS subjects and 

males was greater than the number of differentially methylated sites identified when KS 

subjects were compared to females, suggesting that KS subjects may have an autosomal 

epigenetic landscape more similar to females. A second striking feature is the large 

difference in mean methylation observed at the majority of the differentially methylated 

sites (Supplementary Figure S8): the mean absolute difference in methylation at autosomal 

sites was 12.8% in the KS vs. male controls and 14.3% in the KS vs. female controls. 

Finally, an enrichment of differentially methylated sites located within CpG islands was 

observed. The functional significance of these observations is not currently known, and 

should be explored in future studies.

Perhaps most intriguing of all was the identification of 86 autosomal sites where methylation 

among KS subjects appeared distinct relative to both males and females. Genes annotated to 

this “KS-specific” subset include both biologically plausible loci as well as novel loci for 

which the pathobiological relationship to KS remains unknown. Several CpG sites annotated 

to the nuclear receptor binding SET domain protein 1 (NSD1) were significantly 

hypermethylated in KS subjects. The NSD1 gene product is a putative nuclear transcription 

factor/regulator and histone methyltransferase that has been shown to enhance trans-

activation of the androgen receptor. Mutations in NSD1 have been linked to Sotos syndrome, 

a condition characterized by excessive growth in early childhood as well as neurocognitive 

and social deficits (Kurotaki et al. 2001; Lucio-Eterovic et al. 2010). CpG sites annotated to 

the GTPase-activating protein (SH3 domain)-binding protein 1 (G3BP1) as well as sites 

annotated to the calcyclin-binding protein (CACYBP) are among the “KS-specific” sites that 

were replicated in the ICGN cohort. The gene product of G3BP1 is an RNA-binding protein 

involved in Ras signal transduction, RNA metabolism, and stress-granule formation (Irvine 

et al. 2004; Matsuki et al. 2013). The product of CACYBP is involved in ubiquitin-mediated 

proteolysis, and has been investigated in the context of tumorigenesis and metastasis (Zhai 

et al. 2008). Cg00328227, the third replicated “KS-specific” site, is annotated to the HEN1 

methyltransferase homolog 1 (HENMT1, also known as C1orf59), and demonstrated 

moderate homology to sequences on the X chromosome. We noted hypermethylation among 

KS samples at the HENMT1 site relative to both male and female controls – a phenomenon 

that could not readily be explained by cross-hybridization with sequences subject to X 

inactivation. Additional sites annotated to HENMT1, including cg24737783, that did not 

have probe homology to X chromosome sequences, were also noted to be relative 

hypermethylated in KS subjects. The significance and cause of the relative hypermethylation 

observed in KS subjects at these sites remains to be elucidated.

Because the impact of ancestry on epigenome-wide methylation patterns is incompletely 

understood (Barfield et al. 2014; Moen et al. 2013), we undertook several subgroup analyses 

stratified by race. Surprisingly, despite decreased numbers of subjects in each subgroup 
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analysis, the number of sites that met an FDR threshold <0.05 was increased relative to the 

number of sites identified in the original analysis. This was noted in both the non-Hispanic-

white- and African-American-only analyses, and may reflect increased susceptibility to 

outlier effects due to small sample sizes. Interestingly, the number of overlapping sites 

between the non-Hispanic-white-only and African-American-only analyses was modest, 

which may be indicative of ancestry-specific methylation patterns in KS; additional studies 

are needed to explore this possibility. Reassuringly, the majority of sites identified in the 

primary analysis were robust when examined using race-stratified meta-analysis.

The overlap between the differentially methylated sites reported in our manuscript and those 

reported in Viana et al (2014) is modest. Possible reasons for the lack of overlap include 

tissue-specific methylation patterns between brain and peripheral blood as well differences 

in disease processes present in the independent KS populations. The KS subjects examined 

by Viana and colleageues were known to have schizophrenia, a history of alcohol abuse, and 

physical stigmata of advanced liver disease; the impact of each of these disease processes on 

the methylome may have contributed to the differential sites identified in each of our 

studies.

The strengths of the current study include the use of an unbiased approach for the 

identification of differentially methylated loci; rigorous statistical methods and thresholds 

for significance; and replication in an independent population. We acknowledge that the 

number of KS subjects included in our study is modest, possibly limiting our ability to 

detect moderate differences in methylation at additional loci. A second potential limitation 

to our study is the absence of comprehensive, simultaneous gene-expression data to directly 

assess the functional impact of differential methylation on expression. Although we did 

perform an exploratory in silico analysis of publicly available expression data from blood in 

5 KS subjects relative to 5 male controls (Huang et al. 2015) (accession GSE47584), and 

identified 13 nominally differentially expressed transcripts within ±50kb of the 86 “KS-

specific” loci described in our study (data not shown), additional studies using 

simultaneously collected methylation and expression data are needed for more robust 

validation. A third potential limitation of this study is the lack of subjects who have never 

smoked cigarettes. since the parent-study populations were determined based on smoking 

and smoking-related lung diseases. Therefore, testing if our findings can be extended to 

never-smoked populations should be explored in future studies. Finally, none of the KS 

subjects examined in our analyses reported a history of KS symptoms on the questionnaire, 

implying that the majority of our subjects were subclinical cases. It is not known how the 

methylation patterns of our KS subjects would compare to clinically diagnosed (and 

presumably, more phenotypically affected) cases.

In conclusion, we provide provocative evidence that site-specific differential methylation 

throughout the genome exists in KS individuals. The functional impact and clinical 

relevance of these differentially methylated loci warrants exploration in future studies.
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MATERIALS AND METHODS

Cohorts and Samples

The discovery cohort consisted of 5 KS subjects and 102 male and 113 female control 

subjects drawn from current and former smokers enrolled in the COPDGene Study 

(clinicaltrials.gov identifier: NCT 000608764) (Regan et al. 2010). COPDGene is a cross-

sectional observational study that enrolled self-identified non-Hispanic-white or African-

American individuals between the ages of 45-80 years with at least 10 pack-years of 

smoking exposure from 21 clinical centers throughout the United States. Subjects completed 

a structured questionnaire, pre- and post- bronchodilator spirometry, 6-min walk test, and 

volumetric-computed chest tomography. Peripheral blood for DNA analysis was collected at 

the time of enrollment.

The replication cohort consisted of 2 KS subjects and 590 male and 495 female controls 

drawn from the ICGN (Patel et al. 2008; Zhu et al. 2007), a family-based study that recruited 

probands between the ages of 45-65 with ≥5 pack-years of smoking and COPD (defined as 

an forced expiratory volume in the first sec (FEV1)-to-forced vital capacity (FVC) ratio 

(FEV1/FVC)<90% with a predicted FEV1<60%), and eligible siblings with ≥5 pack-years of 

smoking exposure. All subjects included in this subset were of self-reported European 

descent. Subjects completed questionnaires and spirometry, and provided whole-blood for 

DNA analysis.

Internal Review Board approval was obtained at each of the participating recruitment sites in 

both COPDGene and ICGN. All subjects provided written informed consent.

DNA Methylation

DNA from peripheral blood was bisulfite-converted using the EZ DNA Methylation Gold 

Kit (Zymo Research, Irvine, CA). In the discovery cohort, quantitative DNA methylation at 

485,512 individual CpG sites was obtained using the Illumina HumanMethylation450K 

array. Data pre-processing and quality control for autosomal CpG sites were performed with 

the R programming language (release 2.15.0) using packages limma (Smyth 2005), minfi 

(Aryee et al. 2014), and sva (Leek et al.). Because the HumanMethylation450K chip 

employs 2 distinct probe types (Infinium I and II), quantile normalization, adjustment for 

batch effects using the ComBat function (v 3.4.0), and subsequent analyses were performed 

separately by probe chemistry in the discovery cohort. Additionally, non-specific probes 

with a high degree of homology to more than one site in the genome –as reported by Chen et 

al (2013)– were removed prior to analysis. A summary of the data cleaning is provided as 

Supplementary Material. Raw beta values annotated to the X and Y chromosomes were 

extracted and analyzed in a separate exploratory analysis.

In the replication cohort, quantitative DNA methylation data were generated using bisulfite-

converted DNA and the Illumina HumanMethylation27K array. Raw beta values for the 26 

CpG sites that were significantly associated in the discovery cohort and assayed on the 

HumanMethylation27K chip were also extracted and analyzed.
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Statistical analysis

In the discovery cohort, empirical Bayes-mediated models were used to test for differential 

methylation by KS status at 442,059 autosomal CpG sites; models were adjusted for age, 

race, and body-mass index. A second model including a covariate for current smoking status 

was also tested. A FDR<0.05 was used to denote statistical significance. In the replication 

cohort, generalized-linear-mixed-effect models were employed to test for differential 

methylation by binary KS status while accounting for familial correlations. An unadjusted 

P<0.05 with a consistent direction of effect was considered significant. Combined P values 

were calculated using the Liptak method (Liptak 1958).

For the race-stratified analyses in COPDGene, models were separately adjusted for age and 

body-mass index in non-Hispanic-white and African-America cohorts. Meta-analysis 

weighted by sample size was performed using METAL software (Willer et al. 2010), and 

FDRs were calculated from meta-analysis Z-scores using the tail-area-based FDR as 

implemented in the package fdrtool (v 1.2.12) (Klaus and Strimmer 2014). Permutation 

testing was implemented using the coin (Hothorn et al. 2008) package for the R 

programming language.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Venn diagram of overlap between CpG sites significant in the KS versus male (blue) and 

female (red) controls from COPDGene. CpG sites with an FDR<0.05 are shown.
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Figure 2. 
Mean methylation at replicated CpG sites significant in both KS versus male and KS versus 

female controls analyses in COPDGene. Mean methylation at (A) cg00328227 (HENMT1), 

(B) cg16743289 (CACYBP), and (C) cg20775840 (G3BP1) loci in males, females, and KS 

subjects from COPDGene. At each of the sites, hypermethylation was observed in KS 

subjects relative to male and female controls.
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