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Abstract

Genome-wide SNP analyses have identified genomic variants associated with

adult human height. However, these only explain a fraction of human height

variation, suggesting that significant information might have been systemati-

cally missed by SNP sequencing analysis. A candidate for such non-SNP-

linked information is DNA methylation. Regulation by DNA methylation

requires the presence of CpG islands in the promoter region of candidate

genes. Seventy two of 87 (82.8%), height-associated genes were indeed found

to contain CpG islands upstream of the transcription start site (USC CpG

island searcher; validation: UCSC Genome Browser), which were shown to

correlate with gene regulation. Consistent with this, DNA hypermethylation

modules were detected in 42 height-associated genes, versus 1.5% of control

genes (P = 8.0199e�17), as were dynamic methylation changes and gene

imprinting. Epigenetic heredity thus appears to be a determinant of adult

human height. Major findings in mouse models and in human genetic dis-

eases support this model. Modulation of DNA methylation are candidate to

mediate environmental influence on epigenetic traits. This may help to explain

progressive height changes over multiple generations, through trans-genera-

tional heredity of progressive DNA methylation patterns.

Introduction

Genomic loci linked to human height have been identi-

fied by genome-wide SNP-association analyses (GWAS)

(Gudbjartsson et al. 2008; Lettre et al. 2008; Weedon

et al. 2008). The findings from different studies overlap

substantially (Table 1, Table S1), strongly supporting

identification of a significant fraction of height-determin-

ing genes. Cho et al. (2009) performed a corresponding

GWAS in a cohort of Korean descent. Notably, fifteen of

the genes identified (ACAN, BCAS3 also known as TBX2,

EFEMP1, HHIP, HMGA1, HMGA2, LCORL, NCAPG,

PLAGL1, PTCH1, SOCS2, SPAG1, UQCC also known as

GDF5, ZBTB38, ZNF678) were also identified in the

previous studies (Weedon and Frayling 2008; Cho et al.

2009). Correspondingly, the Caucasian height-associated

genes were confirmed as such in cohorts of Japanese

descent (Okada et al. 2010). These findings showed that

the same genes are largely associated with height in

populations of both Caucasian and non-Caucasian

ancestry, and that inherited height-controlling mecha-

nisms are conserved. Genes close to the SNP most

strongly associated with body size were shown to encode

extracellular matrix components, proteases, cell cycle

controllers, transcription factors and signaling molecules

[(Gudbjartsson et al. 2008; Lettre et al. 2008; Weedon

et al. 2008) and manuscript in prep.].

Intriguingly, although, up to 90% of the variation in

adult height may be explained by genetic factors

(Silventoinen et al. 2003; Weedon and Frayling 2008),
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stature-associated polymorphisms have been found to only

explain between 2% and 3.7% of height variation (Gudbj-

artsson et al. 2008; Lettre et al. 2008; Weedon and Frayling

2008; Weedon et al. 2008). More recent analyses have

increased the combined predictive power of the identified

traits (Yang et al. 2010). Nevertheless, a large fraction of

heritable height-associated factors has escaped detection by

conventional GWAS (Gudbjartsson et al. 2008; Lettre et al.

2008; Weedon and Frayling 2008; Weedon et al. 2008; Yang

et al. 2010), consistent with difficulties of previous associa-

tion studies in finding variants robustly associated with

height (Lettre et al. 2007; Weedon et al. 2007; Sanna et al.

2008; Mackay et al. 2009).

Notably, rather large cohorts were analyzed in the

human height-SNP association studies (Gudbjartsson et al.

2008; Lettre et al. 2008; Weedon et al. 2008; Cho et al.

2009), which were designed to provide adequate power of

detection (approximately 500,000 SNP spaced across the

genome (Barrett and Cardon 2006)). Specific cohorts

reached an up to 98% power to detect variants associated

with ≥0.5% of the height variation (Lettre et al. 2008). The

significant overlaps in findings obtained by independent

groups (23/87, i.e., 26.4% of the genes, were identified by

more than one study) (Table 1, Table S1), supported the

analytical power of the studies performed. In other words,

a significant coverage of height-associated variation

appeared to have been reached, and a significant fraction of

the most strongly height-associated loci was actually identi-

fied. Nevertheless, a large fraction of heritable height

appeared unaccounted for, indicating that a corresponding

large fraction of information might have been systemati-

cally missed by SNP-based GWAS. A candidate for such

non-DNA sequence-linked information is epigenetic hered-

ity. Strategies designed to detect sequence polymorphisms

would, indeed, systematically miss genetic information that

is not associated with DNA sequence changes.

Functionally-relevant DNA methylation patterns were

thus candidates to be associated with adult stature sub-

groups in addition to DNA sequence variants. Function-

ally-relevant DNA methylation patterns may affect selective

mechanisms, thus behaving as true hereditary traits. Con-

sistent with this, a metastable epigenetic heredity of the

DWARF1 locus was shown to affect plant size (Miura et al.

2009), and this phenotype was inherited through mitosis

and meiosis. Notably, environmental conditions, nutrition

in particular, have been shown to affect height (Silventoi-

nen et al. 2000). DNA methylation patterns can keep

record of the nutritional status (El-Osta et al. 2008; Guer-

rero-Bosagna et al. 2008) and affect, in turn, morphometric

parameters (Guerrero-Bosagna et al. 2008). Modifications

of DNA methylation patterns in growth-related genes can

be inherited trans-generationally (Guerrero-Bosagna et al.

2008; Hollingsworth et al. 2008; Nadeau 2009; Roth et al.

2009; Braunschweig et al. 2012), through incomplete era-

sure of epigenetic patterning in the germline. An example

of trans-generational epigenetic heredity of complex traits

is that of longevity in Caenorhabditis elegans (Greer et al.

2011). An accumulation of epigenetic changes through gen-

erations would then provide a valuable, reversible mecha-

nism of adaptation to progressively changing environments

(Nadeau 2009; Roth et al. 2009; Verginelli et al. 2009).

These findings led us to assess the functional relevance

of trait-associated DNA methylation patterns. Our results

indicate that inheritance of CpG island methylation pat-

terns may indeed be involved in the control of body devel-

opment. They also suggest that environmental influence

on height may be mediated by modulation of epigenetic

heredity. This may help to account for progressive height

changes over multiple generations, through trans-genera-

tional heredity of progressive DNA methylation patterns.

Material and Methods

CpG island - DNA methylation analysis

Most genes regulated by DNA methylation contain one or

more CpG islands, most frequently in their promoter

region (Lander et al. 2001; Saxonov et al. 2006; Esteller

2008; Illingworth and Bird 2009; Jin et al. 2012). The pres-

ence of CpG islands in the 87 genes most strongly associ-

ated with the variation in human height (Gudbjartsson

et al. 2008; Lettre et al. 2008; Weedon et al. 2008; Cho

et al. 2009) was investigated using capabilities of the USC

CpG island searcher (cpgislands.usc.edu/) (Takai and Jones

2002). The human genome sequence assembly 36.3 was

used (www.ncbi.nlm.nih.gov/sites/entrez). To exclude GC-

rich Alu repetitive elements, CpG island limits of >500 bp,

≥55% in G + C content and observed CpG/expected CpG

>0.65 were imposed. Validation analyses were performed at

the UCSC Genome Browser (genome.ucsc.edu/cgi-bin/

hgGateway) (Illingworth and Bird 2009).

Relevance for disease pathological development was

investigated using OMIM (Online Mendelian Inheritance

in Man) resources (omim.org).

Gene imprinting

Genomic imprinting is the mechanism by which monoall-

elic expression is achieved in a parent-specific fashion. Sev-

eral human genes are known to be imprinted (Nazor et al.

2012). These comprise epigenetic changes, when the

imprints are established in the germline, or somatic

changes, when they arise during early embryonic

development. Genomic imprinting defects are associated

with developmental disorders, including Silver-Russell,

Beckwith-Wiedemann, and Prader-Willi syndromes. Geno-

ª 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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mic imprints are affected by environmental factors, and

also associate with several human cancers. Gene imprints

were then analyzed for paternal or maternal patterns and

gene expression regulation (www.geneimprint.org).

DNA hypermethylation modules

Association with DNA hypermethylation modules was

evaluated as described (Easwaran et al. 2012). Briefly, at a

genome-wide level, hypermethylated genes are marked by

Polycomb complex signatures. Most of these genes com-

prise developmental regulators, which contain DNA

hypermethylation modules, within bivalent, that is diver-

gently regulated, chromatin.

DNA methylation dynamics

The status of DNA methylation of regulatory regions of

height-associated genes was assessed to provide informa-

tion on DNA methylation dynamics (www.methdb.de/;

202.97.205.78/diseasemeth/) (Lv et al. 2011).

Regulation of height-associated genes by
DNA methylation

Mechanistic relevance of DNA methylation was assessed

versus a regulatory role of promoter methylation on the

expression levels of height-associated genes.

Signaling networks of height-associated
genes

To detect potential associations to cancer growth control

pathways, network-based analyses were designed:

SNOW (studying networks in the omics world; babelo-

mics.bioinfo.cipf.es/) builds protein–protein contact net-

works and maps lists of genes or proteins over a reference

interactome, where nodes are proteins and edges are

interaction events. A SNOW interactome (minimal con-

nected networks, MCN) of height-associated genes was

built using the HPRD (human protein reference data-

base), IntAct, BIND (biomolecular interaction network

database), DIP (database of interacting proteins) and

MINT (molecular interaction database). Topological

parameters included the distributions of node connections

degrees (i.e., of the number of edges for each node); the

betweenness (i.e., a measure of centrality of all nodes and

of their distribution); the distribution of clustering coeffi-

cients (i.e., of the connectivity of the neighborhood of

each node) and the number of components of the network

(i.e., the different groups of nodes that are generated in a

network analysis). MCNs were identified adopting the

option of only one bridging protein between any pair of

proteins analyzed. Statistical significance was computed

by comparing the obtained networks with the entire refer-

ence interactome or with networks of random composi-

tion. All networks presented below have significantly

higher betweenness and lower connections degrees as

compared with irrelevant networks (P < 0.0001) (Fig. 1).

MetaCoreTM network analysis (http://lsresearch.thomson-

reuters.com/pages/solutions/1/metacore) builds on a

curated database. MetaCoreTM is based on a proprietary

manually curated database of human protein-protein, pro-

tein-DNA and protein-com pound interactions, metabolic

and signaling pathways for human, mouse and rat, sup-

ported by proprietary ontologies and controlled vocabu-

lary. Over 2000 multi step canonical pathway maps of

human protein-protein and protein-DNA interactions are

utilized as reference maps. The analyze network TF feature

was exploited to identify transcriptionally regulated path-

ways. The shortest pathway algorithm was used to link the

height-associated genes with additional database objects

along a directed path, enforcing the stringent option of

one-intermediate-only.

Ingenuity pathways analysis (Ingenuity Systems, www.

ingenuity.com) was utilized to map height-associated

genes onto the Ingenuity knowledge base (focus points).

Networks of focus molecules were generated by maximiz-

ing specific connectivities. Networks were ranked by score

(negative log P-value by right-tailed Fisher’s exact test).

Each score takes into account the number of molecules in

the network, the final network size, as well as the dataset

size and the total number of network-forming molecules

in the Ingenuity Knowledge Base.

Data meta-analysis (Tables S1–S3) validated identity

and relationships between network members (www.signal-

ing-gateway.org/; www.wikipathways.org/index.php/Wiki-

Pathways and www.genome.jp/kegg/pathway.html). Yes/

no relevance for specific signaling pathways (SMAD; c-

Myc; p53; ERa) or processes (development, cell growth;

apoptosis) was verified by wet-lab approaches (www.ncbi.

nlm.nih.gov/sites/entrez; and manuscript in prep.).

Statistical analysis

Statistical significance of differences between groups was

assessed by Fisher exact test (SISA, www.quantitativeskills.

com/sisa/ and GraphPad Prism 6.02).

Results

DNA methylation of height-associated
genes

Most genes regulated by DNA methylation contain one or

more CpG islands, most frequently in their promoter
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region (Lander et al. 2001; Saxonov et al. 2006; Esteller

2008; Illingworth and Bird 2009). The presence of CpG

islands in the genes most strongly associated with the var-

iation in human height (87 loci) (Gudbjartsson et al.

2008; Lettre et al. 2008; Weedon et al. 2008; Cho et al.

2009) was investigated (Takai and Jones 2002) (Table 1).

Remarkably, 72 of 87 height-associated genes (82.8%)

were found to contain at least one CpG island in the

2,000 bp upstream of the transcription start site (TSS)

(99 CpG islands overall) (Table 1). Notably, in all CpG

islands-associated height genes, CpG islands overlapped

with the TSS, supporting an actual regulatory role in gene

transcription. As gene expression regulatory regions can

significantly extend upstream of the TSS (Koudritsky and

Domany 2008), we extended our analysis to the 2,000–
4,000 bp upstream of the TSS (Table 1), and identified

CpG islands in three additional genes (11 islands overall).

More extensive investigation to 10,000 bp 5’ from the

TSS identified four additional genes as containing a CpG

island (only 15 additional islands overall), suggesting ade-

quate coverage of our search (Table 1 and Table S1).

These observed frequencies (90.8% for 10 kb analysis)

were strikingly higher than those measured across the

whole genome (Jiang et al. 2007; Zhu et al. 2008). House-

keeping, that is universally expressed, genes contain CpG

islands at higher-than-average frequency [78.7% (Larsen

et al. 1992; Zhu et al. 2008)]. Thus, we repeated our

analysis after removal of housekeeping height genes [five

cases (Jiang et al. 2007; Zhu et al. 2008)] (Table 2). Non-

housekeeping height genes were confirmed to host CpG

islands at a much higher-than-expected frequency [87.8%

vs. 45% for nonhousekeeping genes (Jiang et al. 2007)]

(P = 1.10e�11; Fisher exact test). It should be noted that

most tissue-specific/nonhousekeeping genes possess

neither CpG-islands nor TATA-boxes in their core

promoters, and only 19.2% of tissue-specific genes have a

TATA-less CpG-island associated core promoter (Zhu

et al. 2008), further supporting the specificity of the

association of height genes to CpG islands.

As an internal control, searches for CpG islands were

conducted in the transcribed region of height-associated

genes. The regulatory force of CpG islands in transcribed

regions is lower than that of islands upstream the TSS

(Nguyen et al. 2001; Weber et al. 2007). Consistently, only

35 height-associated genes (40.23% of the total) were

found to contain CpG islands in transcribed segments

(Table S1), which did not exceed the expected frequency.

This supported the relevance of a quasi-universal presence

of CpG islands in the promoter of height-associated genes.

Independent searches for CpG islands were conducted

with the UCSC Genome Browser, using broader/less

stringent settings [length of ≥200 bp and for G+C content

Figure 1. Pathway analysis. Graphical representation of the height-associated proteins relationships retrieved through SNOW network analysis.

Proteins are represented as nodes (hubs), the biological relationships between the nodes (edges) are represented as lines. Height-associated

proteins are in red; linker proteins are in white; miRNA are in gray. Major hubs are in magenta; SMAD isoforms are in blue.
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Table 2. Functional relevance of DNA methylation of human height-associated genes.

Gene symbol Gene name DNA methylation Notes1

ACAN Aggrecan

ADAMTSL3 ADAMTS like 3 Dunn et al. (2004) *

ADAMTS17 ADAM metallopeptidase with thrombospondin type 1 motif 17 Dunn et al. (2004) *

AGPAT6 1-acyglycerol-3-phosphate O-acyltransferase 6

ANAPC13 Anaphase promoting complex subunit 13

ANKS1 Ankyrin repeat and sterile alpha motif domain containing 1

ATAD5 ATPase family AAA domain containing 5

ATXN3 Ataxin 3

BCAS3 Breast carcinoma amplified sequence 3

BMP2 Bone morphogenic protein 2 Wen et al. (2006) *

BMP6 Bone morphogenic protein 6 Taniguchi et al. (2008) *

CABLES1 cdk5 and Abl enzyme substrate 1 Sakamoto et al. (2008) *●
CDK6 Cyclin-dependent kinase 6

CENTA2 Centaurin alpha 2

CHCHD7 Coiled-coil-helix-coiled-coil-helix domain containing 7

COIL Coilin

CPSF2 Cleavage and polyadenylation specific factor 2 ●
CRLF3 Cytokine receptor like factor 3

DCC Deleted in colon carcinoma Park et al. (2008) *

DEF6 Differentially expressed in FDCP6 homolog

DGKE Diacylglycerol kinase epsilon 64 kDa

DLEU7 Deleted in lymphocytic leukemia Hammarsund et al. (2004) *

DNM3 Dynamin 3

DNMT3A DNA methyl transferase 3 alpha Esteller (2008) ‡

DOT1L DOT1-like,histone H3 methyltransferase Jones et al. (2008) ‡

DYM Dymeclin

EFEMP1 EGF containing fibulin like extracellular matrix protein 1 Sadr-Nabavi et al. (2009) *

E4F1 E4F transcription factor 1

FBLN5 Fibulin5

FUBP3 Far upstream element (FUSE)-binding protein 3

GATAD1 GATA zinc finger domain containing 1

GLT25D2 Glycosyltransferase 25 domain containing 2

GNA12 Guanine nucleotide-binding protein (G protein) alpha 12 ●
GPR126 G protein coupled receptor 126

GRB10 Growth factor receptor bound protein 10 Li et al. (2008) *

HHIP Hedgehog interacting protein Tada et al. (2008) *

HIST1H1D Histone H1D Albig et al. (1993) ‡

HMGA1 High mobility group AT-hook 1 Sgarra et al. (2003) ‡

HMGA2 High mobility group AT-hook 2 Reeves and Beckerbauer (2001) ‡

IHH Indian hedgehog

LBH Limb bud and heart development homolog

LCORL Ligand-dependent nuclear receptor corepressor-like protein

LIN28B Lin 28 homolog B

LYAR Ly1 antibody reactive homolog

LYN v-yes-1 Yamaguchi sarcoma viral related oncogene homolog

MOS v-mos Moloney murine sarcoma viral oncogene homolog Scholz et al. (2005) *

MTMR11 Myotubularin-related protein

NACA2 Nascent polypeptide-associated complex alpha subunit 2

NCAPG Non-SMC condensin I complex subunit G

NOG Noggin

NKX2-1/TTF1 NK2 homeobox/thyroid transcription factor 1 Kondo et al. (2009) *

PAPPA Pregnancy-associated plasma protein A

PENK Proenkephalin Comb and Goodman (1990) *

PEX1 Peroxisome biogenesis factor 1

PLAGL1 Pleomorphic adenoma gene 1 Arima and Wake (2006) *
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of ≥50% (Illingworth and Bird 2009)] (Table S2). Largely

concordant results were obtained with the USC CpG

Island Searcher and the UCSC Genome Browser algo-

rithms. The highest concordance was found in the pro-

moter region (84% of the cases), consistent with the

actual identification of bona fide transcriptionally active

CpG islands.

Gene imprinting

Gene imprinting was analyzed for paternal or maternal

patterns and regulation of gene expression (www.geneim-

print.org). Listed in Table S3 are the height-associated

genes/gene clusters that were found associated with

imprinting (Nazor et al. 2012). Twenty five height-associ-

ated genes were found to be imprinted. Additionally,

imprinting of GNAS was shown to lead to either gynoge-

netic or androgenetic patterns. Growth factor receptor

bound protein 10 (GRB10) expression was shown an

imprinted gene (Li et al. 2008). PLAGL1 lies within a

DNA methylation imprinting center on human chromo-

some region 6q24. Imprinting of PLAGL1 was also shown

by expression and phenotypic profiling of parthenogenetic

fetuses (Bischoff et al. 2009). Hypomethylation patterns

were demonstrated for both PLAGL1 and GRB10. Using

Affymetrix GeneChip microarrays (Carletti et al. 2006)

and/or semiquantitative PCR, organs expression patterns

were profiled, and PLAGL1 was found expressed in a

tissue-specific manner; imprinting was confirmed by

pyrosequencing. A paternally imprinted regulatory role

was also shown, as paternal noncoding RNAs at this locus

can interact with regulators of active chromatin (Iglesias-

Platas et al. 2012).

DNA hypermethylation modules

The functional relevance of DNA methylation of height-

associated genes was first assessed by association with

DNA hypermethylation modules (Easwaran et al. 2012)

(Table S3), as marked by Polycomb-complex signatures

Table 2. Continued.

Gene symbol Gene name DNA methylation Notes1

PNPT1 Polyribonucleotide nucleotidyltransferase

PRKG2 Protein kinase, cGMP-dependent, type II

PTCH1 Patched homolog 1 (hedgehog signaling) Wolf et al. (2007) *

PXMP3 Peroxisomal membrane protein 3 35 kDa ●
RAB40C Member RAS oncogene family

RBBP8 Retinoblastoma-binding protein 8 Li et al. (2014) *

RDHE2 Epidermal dehydrogenase 2

RNF135 Ring finger protein 135

RPS20 Ribosomal protein S20

SCMH1 Sex comb on midleg homolog 1 ●
SCUBE3 Signal peptide CUB-domain EGF-like 3

SF3B4 Splicing factor 3b subunit 4 49 kDa

SH3GL3 SH3-domain GRB2-like 3

SOCS2 Suppressor of cytokine signaling 2 Sutherland et al. (2004) *

SPAG1 Sperm antigen 17

SV2A Synaptic vescicle glycoprotein 2A

TBX2 T-box 2

TBX4 T-box 4

TCP11 t-complex protein 11

TGS1 Trimethylguanosine synthase homolog

TMED3 Transmembrane emp24 protein transport-domain containing 3

TRIM25 Tripartite motif containing 25

TRIP11 Thyroid hormone receptor interactor 11

UQCC/GDF5 Ubiquinol cytochrome C reductase chaperone/growth differentiation factor 5

WDR60 WD repeat domain 60

ZBTB38 Zinc finger and BTB domain containing 38 Filion et al. (2006) ‡

ZFHX4 Zinc finger homeobox 4

ZNF76 Zinc finger protein 76

ZNF462 Zinc finger protein 462

ZNF678 Zinc finger protein 678

1*Genes regulated by DNA methylation; ‡Genes regulating DNA methylation; ●Housekeeping genes.
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within bivalent chromatin. Most of Polycomb-signed

genes comprise developmental regulators, and were shown

to contain DNA hypermethylation modules (Easwaran

et al. 2012). As compared to control H3K4Me3 genes,

which are hypermethylated in 1.5% of cases (Easwaran

et al. 2012), DNA hypermethylation modules were

detected in 42/87 height-associated genes (P = 8.02e�17;

Fisher exact test, two tailed).

DNA methylation dynamics

The extent of DNA methylation of regulatory regions of

height-associated genes was experimentally assessed as

described by Lv et al. (2011) (www.methdb.de/; 202.97.

205.78/diseasemeth/) (Table S3). All genes where DNA

methylation plays a regulatory role are expected to

undergo shifts in methylation states. We challenged this

prediction in our gene-set. Only five genes (ACAN,

ANKS1, FBP2, NACA2, ZBTB38) were found to have no

evidence of DNA methylation. The remaining genes

(94.3%) were shown to undergo broad changes of DNA

methylation levels across experimental conditions (Table

S3), consistent with shifting between distinct, DNA meth-

ylation-associated regulatory states.

Regulation of height-associated genes by
DNA methylation

A mechanistic relevance of these findings was investi-

gated.

All assessed genes were shown to possess a CpG island

in the promoter region that overlaps the TSS (Tables S1,

S2), consistent with functional relevance on gene tran-

scription (Esteller 2008).

Loss of ADAMTS proteases in nonsmall-cell lung carci-

nomas is caused by hypermethylation in the ADAMTS

genes promoters (Dunn et al. 2004).

BMPs are important regulators of cell growth, differen-

tiation, and apoptosis. CpG island methylation in the

BMP2 promoter causes loss of BMP-2 protein expression

in transformed cells (Wen et al. 2006). Shut-down of the

BMP6 gene by promoter methylation was observed in

malignant lymphomas (Taniguchi et al. 2008).

Cdk5 and Abl enzyme substrate 1 (CABLES1) is a

cyclin-dependent kinase binding protein. Loss of nuclear

CABLES1 expression is due to epigenetic modifications

of the CABLES1 locus. Full ablation is caused by LOH

of the transcriptionally-competent allele (Sakamoto et al.

2008).

The expression of the deleted in colorectal cancer

(DCC) gene is frequently lost in intestinal cancers. In up

to three quarters of the cases the loss of expression of

DCC is due to DNA methylation (Park et al. 2008).

Loss of the deleted in lymphocytic leukemia 7 (DLEU7)

gene is frequently observed in chronic lymphocytic leuke-

mia, due to hypermethylation of the DLEU7 promoter

(Hammarsund et al. 2004).

Decrease or loss of EGF-containing fibulin-like extracel-

lular matrix protein 1 (EFEMP1) has been shown in

human breast cancer. EFEMP1 promoter methylation is a

major cause of down-regulation (Sadr-Nabavi et al.

2009).

Hedgehog (Hh) signaling activation is frequently medi-

ated by the epigenetic repression of the Hh-interacting

protein (HHIP) gene, a negative regulator of Hh signal-

ing. Consistently, HHIP transcription is rescued by deme-

thylation (Tada et al. 2008).

Hypermethylation of MOS is associated with the devel-

opment of acute lymphoblastic leukemia (Scholz et al.

2005).

CpG methylation inhibits proenkephalin (PENK) gene

expression by interfering with the binding of the stimula-

tory transcription factor AP-2 (Comb and Goodman

1990).

Differential methylation of the zinc finger protein gene

pleomorphic adenoma gene 1 (PLAGL1) was found in

diabetes and cancer and was shown to modulate the

expression levels of this gene (Arima and Wake 2006).

Patched homolog 1 (PTCH1) is the Hh receptor. Meth-

ylation of the PTCH1 promoter inhibits PTCH1 expres-

sion in breast cancers (Wolf et al. 2007).

The suppressor of cytokine signaling (SOCS) 2 CpG

islands are hypermethylated in ovarian cancers. Aberrant

methylation of this gene correlates with transcriptional

silencing also in hepatocellular carcinomas (Martinez-

Chantar et al. 2008).

DNA methylation suppresses the expression of thyroid

transcription factor-1 (TTF-1) in 60% of undifferentiated

thyroid carcinomas (Kondo et al. 2009).

c-Myc is a widely expressed TF, that can bind 10–15%
of all genes (Orian et al. 2003). c-Myc regulates at least

seven height-associated genes (CDK6, COIL, HMGA1,

LIN28B, RBBP8, RPS20, TRIM25/EFP), and its binding to

genomic loci is dependent on chromatin structure and

CpG methylation.

Epigenetic defects and hereditary growth
anomalies

Distinct epigenetic defects have been linked to separate

hereditary growth anomalies, providing evidence for a

broad regulatory role of DNA methylation on body

growth. The Beckwith-Wiedemann syndrome (130650) is

caused by deregulation of imprinted genes within the

11p15 chromosomal region, i.e., KIP2, H19 and LIT1,

whether alone or as interacting regulatory units (Niemitz
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et al. 2004). Hypermethylation at the 11p15 telomeric

imprinting control region (ICR1), are observed in about

5 to 10% of affected patients (see below for opposite epi-

genetic changes in Silver-Russel patients). Both H19 and

LIT1, which encode untranslated RNAs, and IGF2 are

either maternally imprinted genes with growth enhancing

activity or paternally imprinted genes with growth sup-

pressing activity. Key features of the syndrome are exom-

phalos, macroglossia, and gigantism in the neonate,

supporting a direct involvement of epigenetic regulatory

mechanisms in body size and body development. Consis-

tently, alterations include visceromegaly, adrenocortical

cytomegaly and overgrowth of the external genitalia in

both males and females. Affected children reach an aver-

age height of 2.5 SD above the mean at or after puberty,

and their growth velocity is above the ninetieth percentile

until 4–6 years of age.

Prader–Willi syndrome (176270) is a complex child-

hood disorder that affects the nervous and hormonal

systems and leads to excessive weight gain. It arises

from the loss of activity of several imprinted genes on

chromosome 15, that are usually expressed from the

paternally inherited copy. Affected children suckle poorly

for the first months of their lives; their voracious appe-

tite and consequent obesity develop from weaning

onwards.

Angelman’s syndrome (AS) (105830) arises from oppo-

site imprinting defects to those described in Prader–Willi

syndrome. The Angelman syndrome is characterized by

mental retardation, movement disorders, altered behavior,

and speech abnormalities. Most cases are caused by

absence of a maternal contribution to the imprinted

region on chromosome 15q11-q13, whereas the Prader-

Willi syndrome results from deletion of the same region

in the paternal chromosome. Other patients with an Ang-

elman syndrome carry mutations in the gene encoding

methyl-CpG-binding protein-2 (MECP2).

MECP2 (300005) is the gene mutated in the Rett syn-

drome, a neurological (regression of acquired skills, loss

of speech, stereotypical movements, seizures, and mental

retardation) and developmental disorder that occurs in

females. Notably, affected girls are characterized by

microcephaly and arrested development between 6 and

18 months of age.

Imprinting defects are associated with other develop-

mental disorders, for example Silver-Russell dwarfism. Up

to 60% of cases of Silver-Russell syndrome are caused by

hypomethylation at the ICR1 on chromosome 11p15,

involving the H19 (103280) and IGF2 (147470) genes

(Penaherrera et al. 2012). Affected patients demonstrate

severe intrauterine growth retardation, poor postnatal

growth, craniofacial alterations, and a variety of minor

malformations.

Epigenetic regulation of body size

The findings on Beckwith-Wiedemann syndrome, Prader–
Willi syndrome, Angelman’s syndrome, Rett syndrome

and Silver-Russell syndrome suggest an epigenetic regula-

tion of body size. Consistently, several other imprinting

disorders have been shown to affect placental and fetal

size (Constancia et al. 2004). The connection between

imprinting and placentation is supported by the finding

that erasing all genomic imprints results in the outgrowth

of extra-embryonic tissues and placenta in animal models.

Correspondingly, imprinting defects in the female human

germline cause the appearance of hydatidiform moles,

that is uncontrolled growth of placental cells.

Height-associated regulators of epigenetic
heredity

Height-associated genes include several key epigenetic reg-

ulators of gene expression (Esteller 2008). The activity of

transcription factors is modulated by associations with

co-repressors, including histone deacetylase 7. BMP2 reg-

ulates the transcriptional activity of HDAC7 by inducing

its export from the nucleus. The zinc finger and BTB

domain containing (ZBTB38) is a methyl-DNA-binding

transcriptional repressor gene that binds single methylated

CpGs. Chromatin immunoprecipitation indicates that

ZBTB38 recognizes the methylated alleles of the H19 and

insulin-like growth factor II (IGF-2) genes and represses

their transcription (Filion et al. 2006). Methylation-linked

inactivation of IGF-2/H19 can be inherited in a parental-

specific manner (Riccio et al. 2009).

The DOT1-like and NSD1 histone methyltransferases,

the two high-mobility group A (HMGA) genes, HMGA1

and HMGA2, and the histone clusters 1 and 2 are all

involved in the assembly of chromatin structure. Notably,

haploinsufficiency of the histone methyltransferase NSD1

causes the Sotos syndrome, that is characterized by very

high stature (Kurotaki et al. 2002) and the gene can be

inactivated epigenetically in tumors (Berdasco et al.

2009). PRMT5 contributes to coupling DNA methylation

and chromatin organization via the methylation of his-

tone H4R3, which then recruits DNMT3A. DNMT3A

mediates additional regulatory loops in chromatin organi-

zation, as the HMGA1 gene itself is regulated by DNA

methylation.

Heterozygous 17q11 microdeletions that encompass

NF1 and RNF135 cause a subset of neurofibromatosis

type 1 (Douglas et al. 2007). Notably, individuals with

microdeletions are typically taller than individuals with

NF1 mutations, consistently with the removal of a gene

that negatively regulates human growth (RNF135 haploin-

sufficiency) (Douglas et al. 2007).
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Prenatal environmental factors and
persistence of DNA methylation changes in
the adult

Epigenetic patterns in germ cells can persist into adult-

hood, and many imprinted genes continue to be

expressed from a single parental copy. Environmental

factors during pregnancy affect epigenetic marks, and in

utero conditions have consequences on adult health and

disease (Gluckman et al. 2008). This has been proven due

to DNA methylation differences after exposure to prenatal

famine (Tobi et al. 2009). Animal studies and human

data on the imprinted IGF2 locus indicated a link

between prenatal nutritional and DNA methylation. Addi-

tionally, methylation of the INSIGF, IL10, LEP, ABCA1,

GNASAS and MEG3 genes was persistently modified by

exposure to prenatal famine (Tobi et al. 2009).

In animal models manipulation of the maternal diet

during pregnancy leads to a persistent shift in average

DNA methylation levels of specific genes in offspring

resulting in permanent changes in coat color or tail shape.

Moreover, widespread dynamics of DNA methylation

were shown in response to biotic stress (Dowen et al.

2012). Methyl donor supplementation prevents transgen-

erational amplification of obesity (Waterland et al. 2008)

and maternal methyl supplements were shown to increase

DNA methylation in offspring (Waterland et al. 2006).

Epigenetic control of height-associated
genes networks

Data-bank web network meta-analyses allowed us to con-

nect height-associated genes in a function-driven web.

These identified p53, c-Myc, estrogen receptor alpha

(ERa), HNF4A (Guerra et al. 2012; Trerotola et al. 2013)

and SMADs as major hubs (Fig. 1). The Hh pathway and

regulatory clusters for programmed cell death/apoptosis

were also identified as key control pathways, that are

shared between human height and cancer.

MYC: Metacore analysis revealed that the c-Myc regu-

lates at least seven height-associated genes (CDK6, COIL,

HMGA1, LIN28B, RBBP8, RPS20 and TRIM25/EFP). A

SNOW analysis showed that c-Myc is a major hub of the

height-associated protein network (19 connections,

betweenness 0.366). Thirty-seven height-associated

proteins were shown to be associated in the network. The

binding of c-Myc to genomic loci is highly dependent on

chromatin structure and DNA methylation (Guccione et al.

2006). c-Myc modulates gene expression also by increasing

methylation of the 50 mRNA guanine or ‘cap’, which regu-

lates the translation of individual mRNAs. Methylation of

the cap is required for eukaryotic translation initiation fac-

tor-4E binding and recruitment onto ribosomes for transla-

tion (Cole and Cowling 2008). c-Myc regulates the cell

cycle, and plays a major role in cell growth during inter-

phase, by regulating genes required for the production of

energy and metabolites. The c-Myc network widely inter-

acts with those driven by other major hubs. c-Myc is

repressed by transforming growth factor b (TGF-b)
through the binding of SMAD3 to the MYC promoter

(Frederick et al. 2004). p53 represses c-Myc through the

induction of the tumor suppressor miR-145 (Sachdeva

et al. 2009). c-Myc amply interacts also with the ER net-

work: almost all of the acutely estrogen-regulated genes

with roles in cell growth are c-Myc targets. Notably, estro-

gen-mediated activation of rRNA and protein synthesis

depends on c-Myc (Musgrove et al. 2008). Equally c-Myc

dependent is the estrogen-induced suppression of apoptosis

caused by growth factor deprivation (Rodrik et al. 2005).

TP53: A major hub of height-associated genes is TP53.

Remarkably, at least 47 of the 87 height-associated genes

were identified as members of p53 signaling networks

(Table 1), including 36 via direct protein–protein con-

tacts. p53 was the most important hub (25 connections,

betweenness 0.446). Metacore analysis similarly identified

p53 as a hub of the height-associated genes network.

Input of p53 in the shortest pathway analysis indicated

that p53 has a central role with a total of 125 edges

pointing either in (37) or out (88) from it. Among its

functions, p53 regulates the expression of target genes

that modulate chromatin structure and function (Cimoli

et al. 2004; Vousden and Lane 2007), cell growth, aging

and apoptosis (Ambrogi et al. 2006; Biganzoli et al.

2011). p53 interacts with components of multiple differ-

ent histone remodeling complexes, including CBP/EP300

(CBP/p300), GCN5, PCAF, and SETD7 modifying

histones at the promoters [(Kaneshiro et al. 2007) and

reference therein]. We have previously shown that p53

also controls DNA methylation levels, and that this affects

genome stability (Alberti et al. 1994; Nasr et al. 2003).

p53 is involved in bone remodeling, wound healing and

neural tube development (Vousden and Lane 2007). It

also performs an anti-teratogenic function, reducing the

rate of birth defects, through the induction of apoptosis

of aberrant cells (Vousden and Lane 2007). Defects of

induction of apoptosis play a role also at later stages of

development [(Rossi et al. 2008) and references therein].

Female p53-null mice can present neural tube-closure

defects, due to a failure to induce apoptosis of progenitor

cells. This is caused by abnormal regulation of mitochon-

drial death pathways and results in overproduction of

neural tissue. p53 has a role in the regulation of both gly-

colysis and oxidative phosphorylation. Low levels of p53

determine a switch from oxidative phosphorylation to

glycolysis. p53 enhances oxidative phosphorylation by

inducing the expression of the cytochrome c oxidase 2
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subunit 1 and of the ribonucleotide reductase subunit

p52R2, which are involved in the maintenance of mito-

chondrial DNA. p53 promotes cell survival under condi-

tions of low or basal stress. The reduction in nutrient or

energy levels causes a failure to stimulate the AKT–mTOR

pathway and induces the activation of AMPK both of

which lead to the induction of p53.

ESR1: ERa is a transcription factor which binds to estro-

gen response elements upstream of the target genes. META-

CORE analysis shows that ERa regulates at least eight

height-associated genes (BCAS3, BMP2, BMP6, DCC,

GLT25D2, PENK, RBBP8, TRIM25/EFP). ERa is a major

hub (16 connections, betweenness 0,376). Estrogen is can-

didate to be the principal hormone stimulating the pubertal

growth spurt in boys as well as girls (Juul 2001). This action

is mediated by both ERa and ERb. Polymorphisms in the

ER gene may influence adult height in healthy male and

female subjects (Schuit et al. 2004; Dahlgren et al. 2008).

Consistently, men with a disruptive mutation in the ER

gene have no pubertal growth spurt and continue to grow

into adulthood. ERa blockade diminishes the secretion of

endogenous growth hormone, the key hormone regulator

of linear growth in childhood (Juul 2001). This action is

mediated by SOCS-2 (Leung et al. 2003). The ERa network

widely interconnects with the p53, Hh and BMP/TGF-b
pathways. p53 regulates ER expression through transcrip-

tional control of the ER promoter (Shirley et al. 2009). Of

interest, DNA methyltransferase expression in the human

endometrium is down-regulated by progesterone and estro-

gen (Yamagata et al. 2009). Estrogen receptor-negative

human breast cancer cells inactivate the promoter of the

ESR1 gene by methylation of its CpG island (Ottaviano

et al. 1994). Correspondingly, DNA methylation-mediated

gene silencing is the mechanism of ERa inactivation in

prostatic epithelial cells (Lau et al. 2000).

The SNOW-connection analysis revealed that 33 of the

height-associated proteins take part in a unique network

of protein–protein contacts (Fig. 1). Relevant hubs in this

network are COIL (seven connections, betweenness 0.247)

and LYN (seven connections, betweenness 0.146), fol-

lowed by GRB10 (six connections, betweenness 0.140)

and SF3B4 (six connections, betweenness 0.102). Coilin is

a key constituent of Cajal bodies, which are responsible

for the biogenesis of spliceosomal small nuclear

ribonucleoprotein (snRNP) (Whittom et al. 2008). Cajal

bodies are the initial nuclear sites for the assembly of

macromolecular complexes involved in RNA processing

and RNA transcription (Bogolyubov et al. 2009). Lyn is a

Src tyrosine-kinase family member. Signaling molecules

phosphorylated by Lyn are the PI3-kinase, STAT5 and

MAP kinase. Grb10 is an adaptor protein that binds to

phosphorylated tyrosines, for example, in the insulin

receptor (IR) in response to insulin stimulation. Grb10

knockout mice show embryo and placenta overgrowth

and a larger size at birth [(Wang et al. 2007) and refer-

ences therein]. SF3b4 is a member of the spliceosome

complex U2 snRNP and contributes to the recognition of

the intron’s branch point. SF3b4 also binds the BMPR-IA

serine/threonine kinase receptor and specifically inhibits

BMP-mediated SMAD1/5/8 pathway important for osteo-

chondral cell differentiation.

Discussion

Genomic loci linked to human height have been identi-

fied by genome-wide SNP-association analysis (Gudbjarts-

son et al. 2008; Lettre et al. 2008; Weedon et al. 2008).

Corresponding GWAS in Korean (Cho et al. 2009) and

Japanese (Okada et al. 2010) cohorts identified overlap-

ping gene-sets (Weedon and Frayling 2008), showing a

conserved association with height in populations of both

Caucasian and non-Caucasian ancestry.

Intriguingly, although, albeit up to 90% of variation in

adult height is explained by genetic factors (Silventoinen

et al. 2003; Weedon and Frayling 2008), stature-associated

polymorphisms were found to only explain <10% of

height variation (Gudbjartsson et al. 2008; Lettre et al.

2008; Weedon and Frayling 2008; Weedon et al. 2008;

Eichler et al. 2010; Lango Allen et al. 2010). More recent

analyses have increased this predictive power (Yang et al.

2010). However, a large fraction of heritable height-asso-

ciated factors still escapes detection by conventional

GWAS (Gudbjartsson et al. 2008; Lettre et al. 2008; Wee-

don and Frayling 2008; Weedon et al. 2008; Eichler et al.

2010; Lango Allen et al. 2010; Yang et al. 2010; Lanktree

et al. 2011), suggesting systematic loss of information by

SNP-based analyses. Candidate for such non-DNA

sequence-linked information is epigenetic heredity.

Our findings indicate that most of the height-associated

genes contain CpG islands and their transcriptional activ-

ity is regulated by DNA methylation. Distinct epigenetic

defects have been linked to hereditary growth anomalies,

indicating a broad regulatory role of DNA methylation

on body growth. Further support is now provided by the

association of DNA methylation/regulatory transcription

to genes involved in normal body growth (Gudbjartsson

et al. 2008; Lettre et al. 2008; Weedon and Frayling 2008;

Weedon et al. 2008; Eichler et al. 2010; Lango Allen et al.

2010; Yang et al. 2010; Lanktree et al. 2011). The DNA

methylome thus appears to contain an as yet untapped

fraction of heritable traits associated with human height,

that may be exploited by genome-wide analysis of DNA

methylation patterns (Liu et al. 2013).

DNA methylation patterns are faithfully propagated

through successive cell division cycles (Alberti and Her-

zenberg 1988; Esteller 2008). Some of these patterns can
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be inherited across generations (Kaminsky et al. 2009;

Nadeau 2009; Roth et al. 2009; Braunschweig et al. 2012),

thus becoming true heritable traits. DNA methylation can

regulate gene expression, through the inhibition/activation

of gene transcription of methylated/unmethylated genes,

respectively (Alberti and Herzenberg 1988; Esteller 2008),

and genome stability/recombination (Alberti et al. 1994;

Nasr et al. 2003).

As DNA methylation patterns are affected by environ-

mental stimuli (El-Osta et al. 2008; Guerrero-Bosagna

et al. 2008), this mechanism allows for a dynamic and

reversible modulation of the functional content of the

genome (Esteller 2008), in the absence of DNA sequence

variation. This may help explain as yet unaccounted for

multi-generational stature trends, for example, decrease in

stature in agricultural populations compared to their

paleolithic predecessors (Verginelli et al. 2009), and the

recent increase in average height (Cole 2003).
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