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 Genetics of Height 

 Scientists have studied the inherited basis of height 
since the beginning of human genetics. Galton and Pear-
son used height to illustrate and quantify the strong re-
semblance of offspring to their parents  [1, 2] . The concept 
of regression, a foundation of statistical analysis, was de-
veloped to describe the relationship between offspring 
height and midparental height (offspring height is strong-
ly correlated with midparental height but shows a slight 
‘regression’ towards the mean  [1] ). In 1918, Fisher used 
height as an example in reconciling the apparent conflict 
between Mendelian theories of inheritance of discrete ge-
netic factors and the continuous nature of quantitative 
traits  [3] . Specifically, Fisher proposed that the continu-
ous variation in height observed in the general popula-
tion was the result of the combined effects of numerous 
independent genetic factors. Although this idea was gen-
erally accepted, as of early 2007 none of the common ge-
netic variants influencing height had been identified.

  The strong influence of genetics deduced from the fa-
milial resemblances for height is also apparent from stud-
ies of monozygotic and dizygotic twins. Monozygotic 
twins are much more similar in height than dizygotic 
twins, and estimates from twin studies indicate that up 
to 90% of the variation in adult height within a popula-
tion is due to inherited DNA variation  [4, 5] . Average 
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 Abstract 

 Human height (stature) is a strongly genetic trait, with up
to 90% of the variation in height within a population de-
termined by a combination of multiple inherited factors. 
 Recent advances in genetics and genomics now permit com-
prehensive genome-wide surveys of common genetic varia-
tions in those variants that are associated with stature. The 
first such studies have borne fruit, identifying over 40 ge-
netic loci that can be reproducibly shown to have an influ-
ence on adult height. These unbiased searches throughout 
the genome identified several loci that also harbour rare 
 mutations responsible for more severe alterations in height 
or skeletal growth. Although the predictive value of the 
common variants thus far discovered remains low, the iden-
tification of these loci has led to new insights into the biol-
ogy of human growth, and may help identify genes that un-
derlie previously uncharacterized syndromes of abnormal 
skeletal growth.  Copyright © 2009 S. Karger AG, Basel 
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height has also increased substantially over the last few 
generations, likely due to changing environmental fac-
tors such as improved nutrition; this changing impact of 
the environment over time is a secular trend. Nonethe-
less, within a particular population at any particular 
time, genetics plays the predominant role in determining 
height.

  Despite the strong role of genetics, efforts to identify 
the genes that influence height had, until recently, met 
with little success, with the exception of genes underly-
ing rare, monogenic syndromes with altered growth  [6] . 
 Patients with these syndromes are usually identified be-
cause they have growth hormone (GH) deficiency or re-
sistance, overgrowth or skeletal dysplasias. The genes 
 underlying these syndromes have highlighted funda-
mental molecular determinants of growth, such as GH 
and its receptor  [7–9] , pituitary transcription factors, 
members of the GH signalling pathway  [10–12]  and key 
factors in the biology of growth plate, cartilage and bone 
 [13, 14] . However, genes related to these syndromes do not 
explain much of the overall variation in height in the gen-
eral population. Furthermore, many patients with syn-
dromic short stature likely have mutations in as yet un-
identified genes and biological pathways. Thus, much of 
the genetic variation in human growth remains unex-
plained, presenting an opportunity for new insights into 
the biology of human growth.

  Many initial efforts to identify the genes underlying 
stature in the general population took the form of linkage 
studies. In linkage studies, height data from families was 
combined with genetic data from hundreds of genetic 
markers spread across the genome to identify chromo-
somal regions that were more often co-inherited in pairs 
of relatives with similar heights than in pairs of relatives 
with divergent heights. A number of studies identified 
several regions where the statistical evidence of linkage 
surpassed genome-wide thresholds of significance  [15–
19] , defined as a statistical result strong enough that it is 
unlikely to be observed by chance even when examining 
the entire genome. However, no one region was clearly 
reproducible; even a large meta-analysis that combined 
data from multiple linkage studies did not point over-
whelmingly to a single region  [4] . Thus, consistent with 
Fisher’s proposal, there are likely no single genetic loci 
with major effects on height in the general population (if 
there were, the linkage evidence would be overwhelm-
ing). It remains unclear why several studies observed re-
gions that had genome-wide significant linkage, unless 
these regions are in fact enriched with genetic variants 
that play a role in height.

  Genetic Association Studies of Height 

 The other major approach to finding genes for stature 
has been the association study. In this type of analysis, 
individual genetic variants are tested in individuals with 
different heights. If a genotype or allele at a particular 
variant shows a significant statistical association with in-
creased or decreased height, then that variant (or perhaps 
a close-by variant that is correlated with the tested vari-
ant) is proposed to play a causal role in influencing height. 
In the past, association studies were limited to studies of 
particular genes and variants suggested by prior hypoth-
eses (‘candidate genes’). Recently, advances in technolo-
gy, knowledge of patterns of human variation, and data 
management and analysis tools have permitted genome-
wide association studies  [20] , in which hundreds of thou-
sands of variants (usually single nucleotide polymor-
phisms [SNPs]) are tested in patient samples. This new 
approach can provide an unbiased and fairly comprehen-
sive survey of common genetic variants (usually consid-
ered to be those in which a minor allele has a frequency 
in the population of at least 5%).

  Although simple in practice, association studies have 
a few important potential pitfalls  [21] . First, rigorous sta-
tistical thresholds must be achieved to have a high degree 
of certainty that an apparent association is not merely due 
to statistical fluctuation. Although there is no precise 
agreed-upon threshold for significance, for genome-wide 
association studies, in which hundreds of thousands of 
markers are tested, p values in the range of 10 –7 –10 –8  are 
probably required  [21, 22] . Similar thresholds are proba-
bly required even in studies where fewer markers are test-
ed  [22–24] .

  Technical artefacts can lead to false-positive associa-
tions and can arise either from incomplete or inaccurate 
genotyping or phenotyping, or from population stratifi-
cation  [25, 26] . Avoidance of genotyping-related arte-
facts requires careful attention to quality control and the 
generation of high-quality genotype data. Stratification, 
which is essentially confounding of an association by an-
cestry, stems from the sometimes unavoidable inclusion 
of individuals with different genetic ancestries in a single 
analysis. This problem can be particularly troublesome 
for height, which can vary substantially even among 
populations with fairly similar ancestries. Indeed, we 
used height to provide the first demonstration of a false-
positive association in a population of European ances-
try  [25] . Fortunately, methods to detect and correct for 
stratification exist where genome-wide genotype data 
are available  [27]  and resources are being developed even 
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for studies where dense genotype data are unavailable 
 [28] .

  Finally, adequate power is essential to avoid false neg-
atives. A review of association studies and subsequent ex-
perience with genome-wide association studies suggest 
that most common genetic variants that influence poly-
genic traits will have modest effects. Thus, large sample 
sizes and combined consideration of multiple studies will 
often be beneficial in testing genetic variants for associa-
tion with polygenic phenotypes such as height.

  Genome-Wide Association Studies of Height 

 In 2007, the first large genome-wide studies were pub-
lished  [22, 29–41] , and opened the way to a flood of new 
discoveries of genetic variants that affected the risk of 
common disease or quantitative traits. The first publicly 
available genome-wide association data for height were 
produced by the Diabetes Genetics Initiative of Broad, 
Lund and Novartis  [31] . The initial results of this study 
did not reveal any associations that reached genome-wide 
levels of statistical significance. However, joint consider-
ation of these data with similar data from the UKT2D 
portion of the Wellcome Trust Case Control Consortium 
pointed to a SNP in the 3 �  untranslated region of the 
 HMGA2  gene, which showed strong evidence of associa-
tion with height (combined p = 4  !  10 –8 ). Subsequent 
replication in over 22,000 adults provided overwhelming 
evidence of replication, demonstrating that this associa-
tion was correct  [42] . Effects on height were also seen in 
children as young as 7 years of age, although there was no 
detectable effect on birth length.

   HMGA2  was an excellent candidate gene for height: 
not only was its orthologue mutated in the Pygmy mouse 
 [43] , but a patient with a disruption in the  HMGA2  gene 
(probably leading to overexpression) showed severe over-
growth as well as multiple benign tumours  [44] . More 
recently, a microdeletion encompassing  HMGA2  was de-
scribed that caused a syndrome with multiple features, 
including short stature  [45] . Intriguingly,  HMGA2 , a 
chromatin protein of unknown function, is largely not 
expressed after birth except in a variety of tumours, in-
cluding pituitary adenomas  [46] . One possibility is that 
 HMGA2  regulates cell number in the pituitary or in oth-
er tissues relevant to growth (such as the growth plate), 
with an eventual outcome on adult height.

  Data drawn primarily from two other genome-wide 
association studies, FUSION and SardiNIA, provided 
strong evidence for an association between height and a 

second genetic variant, near the  GDF5  gene  [47] .  GDF5  
was also a reasonable candidate gene for influencing 
height, as mutations in this gene cause brachydactyly and 
a form of skeletal dysplasia  [48–50] . Interestingly, the 
same SNP also influences the susceptibility to osteoar-
thritis  [51] , indicating that height SNPs can have multiple 
(pleiotropic) effects, and suggesting that bone/cartilage is 
a relevant site of action of the  GDF5  variant.

  Bolstered by these initial discoveries, a number of 
groups with genome-wide association data decided to 
collaborate and combine their results, eventually coming 
together under the rubric of a consortium called GIANT 
(Genetic Investigation of ANthropometric Traits). The 
first results from this collaborative effort represented ef-
forts to combine data from each of two halves of the 
 GIANT consortium, groups from the UK and the re-
mainder of the consortium. Although none of the best 
results from the individual genome-wide studies had as-
sociation p values that were lower than expected by 
chance, combining the results from six studies from the 
USA, Scandinavia, Sardinia and Germany yielded a large 
excess of highly significant results ( fig. 1 ), providing in-
disputable evidence of the power of increasing sample 
size (and of collaboration). Replication of these potential 
associations yielded strong evidence for 10 new height 
loci, in addition to strong confirmation of the associa-
tions at  HMGA2  and  GDF5   [52] . Similar efforts from the 
UK groups provided evidence for 20 new loci  [53] , includ-
ing several of the loci from Lettre et al.  [52]  ( table 1 ). Si-
multaneously, a group from deCODE Genetics reported 
27 loci associated with height; most of the GIANT loci 
had strong independent support from the deCODE data 
with p values below 10 –4   [54] , and many of the deCODE 
loci were also identified in one of the two GIANT publi-
cations. Thus, these loci have strong evidence for an as-
sociation with height.

  Many of the newly identified loci highlight pathways 
(groups of functionally related genes), including some 
pathways not usually thought of as central to human 
growth. Although it is sometimes difficult to know which 
nearby gene(s) is affected by a particular associated vari-
ant, the association studies identified several apparently 
related groups of genes. These include chromatin factors 
 (HMGA1 ,  HMGA2 ,  DOT1L , the two histone clusters, 
 SCMH1) , hedgehog signalling pathway genes  (HHIP, 
IHH, PTCH1) , targets of the  let-7  microRNA  (HMGA2, 
DOT1L, CDK6, LIN28B) , noggin/BMP signalling  (NOG, 
BMP2, BMP6) , extracellular matrix proteins and prote-
ases possibly related to fibulin and/or aggrecan biology 
 (ACAN, ADAMTSL3, ADAMTS17, EFEMP1, FBLN5)  and 
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  Fig. 1.  Quantile–quantile (Q–Q) plots illustrate the power of col-
laboration and increased sample size through meta-analysis in 
uncovering novel loci associated with height. For six studies par-
ticipating in the GIANT consortium, Q–Q plots are shown for 
each individual study ( a–f ) and then for a meta-analysis of all six 
studies ( g ). For each SNP in each Q–Q plot, the p values are 
ranked in descending order (increasing significance), and the 
negative log10 of the p value is plotted against the expected p value 

under the null model of no association (under the null model, the 
k-th lowest p value of a total of n is expected to be k/n). Points at 
the right end of a Q–Q plot that fall above the diagonal line have 
lower p values than expected by chance and hence are more like-
ly to represent valid associations. In general, p values below the 
range of 10 –7 –10 –8  are also more likely to be validated. Repro-
duced, with permission, from Lettre et al.  [52] .   
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cancer/cell-cycle-related genes  (CDK6, HMGA1, HMGA2, 
DLEU7, FUBP3, ANAPC13) . Several of the genes found 
through these unbiased searches of the genome are also 
known to be mutated in syndromes of abnormal skeletal 
growth ( table 1 ).

  Together, these studies provided support for several 
ideas. First, height is clearly a polygenic trait, and there 
are common variants in the genome that can be shown to 
influence height reproducibly if large enough samples are 
studied. Second, several of these variants are in or near 

Table 1. Genetic loci for which common variants have been associated with height, their effect on adult height and their association 
with syndromes of abnormal skeletal growth

Chromo-
somal
location

Nearby gene(s) SNP(s) Effect per
height-
increasing
allele, cm

Human
skeletal
growth
phenotype?

Refer-
ences

1p34 SCMHI rs6686842 0.3 53
1p12 SPAG17 rs12735613 0.4 53
1q21 SV2A, SF3B4, MTMR11, Histone class 2A rs11205277 0.3 54
1q24 DNM3 rs678962 0.3 54
1q25 C1orf19, GLT25D2 rs2274432 0.3 54
1q42 ZNF678 rs1390401 0.4 53
2p16 EFEMP1 rs3791679, rs3791675 0.4 53, 54
2q35 IHH, NHEJ1 rs6724465 0.4 Yes (IHH) 53
3q22 ANAPC13, CEP63 rs10935120 0.4 53
3q23 ZBTB38 rs724016, rs6440003, rs6763931 0.4 52–54
4p15 LCORL rs6830062, rs16896068 0.4 53, 54
4q31 HHIP rs1492820, rs6854783, rs1812175 0.4 52–54
6p24 BMP6 rs12198986 0.4 54
6p21 Histone class 1 rs10946808 0.4 52, 54
6p21 HLA class III rs2844479, rs3130050, rs185819 0.4 54
6p21 HMGA1 rs1776897 0.6 54
6p21 PPARD, FANCE, RPL10A, TEAD3 rs4713858 0.4 54
6p21 C6orf106 rs2814993 0.6 53
6q21 LIN28B rs314277 0.4 52
6q22 LOC387103 rs4549631 0.4 53
6q24 GPR126 rs4896582, rs3748069 0.4 52, 54
7p22 GNA12 rs798544 0.4 54
7q21 CDK6 rs2040494, rs2282978, rs2282978 0.3 52–54
8q12 CHCHD7, RDHE2 rs9650315, rs10958476 0.4 52, 54
8q21 PXMP3, ZFHX4 rs7846385 0.3 54
9q22 PTCH1 rs10512248 0.4 53
9q31 ZNF462 rs4743034 0.3 54
9q34 FUBP3 rs7466269 0.3 52, 53
12q14 HMGA2 rs1042725 0.4 Yes 42
12q22 SOCS2 rs11107116 0.3 53
13q14 DLEU7 rs3116602 0.4 53
14q32 FBLN5, TRIP11, ATXN3 rs8007661, rs7153027 0.4 52, 54
15q24 SH3GL3, ADAMTSL3 rs2562784, rs10906982 0.3 52, 53
15q26 ADAMTS17 rs4533267 0.4 54
15q26 ACAN rs8041863 0.3 Yes 53
17q11 ATAD5, C17orf42, CENTA2, RNF135 rs3760318 0.4 Yes (RNF135) 54
17q23 NOG, C17orf67, DGKE, TRIM25, COIL rs4794665 0.2 Yes (NOG) 54
17q23 BCAS3, TBX2, C17orf82, TBX4 rs757608 0.3 Yes (TBX4) 54
18q11 RBBP8, CABLES1, C18orf45 rs4800148 0.4 54
18q21 DYM rs8099594 0.3 Yes 53
19p13 DOT1L rs12986413 0.3 52
20p12 BMP2 rs967417 0.3 Yes 54
20q11 GDF5 rs6060369 0.4 Yes 47
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genes that also underlie syndromes with short or tall stat-
ure or skeletal dysplasia as main features ( table 1 ), indi-
cating that the same loci can harbour both common vari-
ants with mild effects and rare variants with stronger 
phenotypic consequences. Third, these new genes outline 
several pathways, including some not previously strongly 
implicated in human growth, demonstrating that unbi-
ased genetic approaches can generate new biological in-
sights and hypotheses. Finally, some of the height vari-
ants had additional phenotypic consequences, suggesting 
that discovering functional variants through their effect 
on height could help studies of other traits and diseases.

  Importantly, these initial studies are just the begin-
ning of this phase of discovery. The variants discovered 
explain perhaps 5% of the total variation in adult height. 
Because heritability, the fraction of variation explained 
by inherited factors, is estimated at 80–90%, genetic fac-
tors explaining up to 75–85% of population variation re-
main to be identified. One consequence is that these SNPs 
do not accurately predict height  [52, 53] . As much larger 
datasets become available (efforts to perform a meta-
analysis of over 100,000 genome-wide association studies 
is underway), more loci will emerge. Furthermore, the 
genes identified so far likely harbour additional variants 
(common or rare) that influence height. Finally, no-one 
has yet investigated the role of copy number variation in 
height. These efforts will no doubt raise the fraction of 
height variation that can be explained by genetic factors, 
but it remains to be seen whether genetic variants discov-
ered in the near future will together provide substantial 
predictive information.

  Next Steps 

 As described above, it is very possible that some of the 
newly identified genes also underlie syndromes of abnor-
mal skeletal growth where the responsible gene has not 
yet been identified. A logical next step would be to re-
sequence these genes (or at a minimum the exons of these 
genes) in patients with such syndromes and appropriate 
controls to see if severe mutations in these genes are re-
sponsible for a particular clinical picture. In addition, re-
sequencing of these genes in healthy individuals with dif-
ferent heights would help establish whether additional 
variation in these genes plays a role in height in the gen-
eral population. Finally, more work is needed to discover 
new height-related genes, including larger consortia, ad-
ditional analyses of new and existing data sets (e.g. tests 
of copy number variants, sex-specific, recessive or popu-
lation-specific analyses, analyses of effects on childhood 
growth, birth length and other clinical phenotypes, and 
searches for gene–gene interactions).

  The past year has seen remarkable progress in under-
standing the genetics of human growth. As the number 
of new height loci continues to increase, so too will our 
understanding of the inherited basis of stature and the 
biology of human growth. It remains to be seen how 
much of human height can be accounted for by genetic 
variants discovered using these approaches, or whether 
these variants have other predictive value, such as pre-
dicting response to GH treatment. However, prediction, 
in our opinion, is not the primary goal of these studies. 
Rather, the main impact of these genetic discoveries is 
that they uncover previously unsuspected genes as play-
ing a role in human growth, expanding our understand-
ing of this basic phenomenon (table 2). In addition, the 
lessons learned in studies of height, a model polygenic 
trait, may be valuable in informing studies of other quan-
titative traits and common diseases.

 Disclosure Statement 

 Joel Hirschhorn is on the Scientific Advisory Board of Cor-
relagen, Inc.  

Table 2. Potential basic, clinical and therapeutic implications

Many genetic variants are involved in regulating adult height, and 
genome-wide association studies have identified the first group of 
>40 such variants

These variants as yet provide limited predictive power but high-
light biological pathways involved in human skeletal growth

Some pathways were previously unsuspected as playing a role in 
growth, and therefore have revealed novel biology

Many of the genes highlighted by genome-wide association studies 
are also mutated in syndromes of abnormal skeletal growth, sug-
gesting that the genes from genome-wide association studies are 
also candidates for skeletal dysplasias or other syndromes of ab-
normal skeletal growth for which there is not yet any known 
 genetic aetiology
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