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Abstract Human height is a complex genetic trait with
high heritability but discovery efforts in Asian populations
are limited. We carried out a meta-analysis of genome-
wide association studies (GWAS) for height in 6,534
subjects with in silico replication of 1,881 subjects in Han
Chinese. We identified three novel loci reaching the gen-
ome-wide significance threshold (P <5 x 1078), which
mapped in or near ZNF638 (rs12612930, P = 2.02 x
10719, MAML2 (rs11021504, P =7.81 x 107°), and
Cl8orfI2 (rs11082671, P = 1.87 x 10~%). We also con-
firmed two loci previously reported in European popula-
tions including CS (rs3816804, P = 2.63 x 10_9) and
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CYPI9AI (rs3751599, P = 4.80 x 107'°). In addition, we
provided evidence supporting 35 SNPs identified by pre-
vious GWAS (P < 0.05). Our study provides new insights
into the genetic determination of biological regulation of
human height.

Introduction

Human height is a complex genetic trait that involves
multiple loci with heritability estimates of over 80 %
(Silventoinen et al. 2003). Insights into the genetic deter-
mination of height will provide a better understanding of
human development and growth. With the boom of gen-
ome-wide association studies (GWAS) in the past 5 years,
researchers have identified a large number of height-related
genes and genetic loci (Carty et al. 2012; Estrada et al.
2009; Johansson et al. 2009; Lettre et al. 2008; Liu et al.
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2010; Sanna et al. 2008; Tonjes et al. 2009; Weedon et al.
2007, 2008). In 2010, a large-scale meta-analysis of
GWAS reported 180 height-related loci that reached gen-
ome-wide significance (Lango Allen et al. 2010). However,
single-nucleotide polymorphisms (SNPs) within these loci
explain only approximately 10 % of the variation of adult
height. These results suggest that there might be height-
related genetic variants that need to be discovered (Weedon
and Frayling 2008).

Understanding the homogeneity and heterogeneity of
genetic basis among populations could provide evidence
for translation of genetic findings across different ethnic
groups. Up to now, most GWAS of height were conducted
in European populations. In Asian populations, GWAS of
height were reported in Chinese (Lei et al. 2009), Japanese
(Okada et al. 2010), Filipinos (Croteau-Chonka et al.
2011), and Koreans (Cho et al. 2009; Kim et al. 2009,
2010). While a few of the previously reported genetic loci
have been replicated in different studies, many novel
variations were identified in specific ethnic groups. That
prompted us to conduct a meta-analysis of GWAS for
human height in 6,534 subjects with in silico replication in
1,881 subjects to identify genetic underpinnings in Chi-
nese. We also evaluated the cumulative effects of height-
related loci in our study.

Materials and methods
Study population in discovery stage

This study included GWAS discovery studies of 6,534 Han
Chinese subjects from Beijing Atherosclerosis Study
(BAS) and China Atherosclerosis Study (CAS). The BAS
consisted of 505 cases of myocardial infarction and 1,021
controls (Hou et al. 2009). The CAS consisted of 1,010
cases of coronary artery disease and 3,998 controls. Details
of studies mentioned above have been published elsewhere
(Lu et al. 2012). All the studies obtained approval from the
institutional review boards of Fuwai Hospital, the Chinese
Academy of Medical Sciences and Peking Union Medical
College, and other respective medical institutions. All
participants provided written informed consent.

Measurement of height

Height was measured by trained staffs using a standard
protocol (He et al. 2004). Subjects were measured without
shoes. Subjects stood on a level floor with feet parallel and
pointing forward. Subjects stood with the back and head
straight to ensure that the Frankfurt plane was horizontal and
the eyes were focused forward. The moveable headboard
was gently lowered until it touched the crown of the head.
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Genotyping and quality control

The detailed genotyping information of our discovery
studies has been described elsewhere (Lu et al. 2012). In
short, BAS subjects were genotyped with the Affymetrix
GeneChip® Human Mapping 500 K Array Set, and CAS
subjects were genotyped with the Axiom™ Genome-Wide
CHB 1 Array. We excluded SNPs with minor allele fre-
quency (MAF) <0.01, genotype call rates below 95 %, or
deviations from Hardy—Weinberg equilibrium (P value
<10™*). We also excluded samples of gender discordance,
high genotype missing rate (>3.0 %), cryptic relatedness
(IBD >0.1875), or population outliers. After quality con-
trol, 1,526 samples and 367,129 autosomal SNPs remained
for BAS, and 5,008 samples and 613,724 autosomal SNPs
were retained for CAS for genotype imputation.

Genotype imputation

In the discovery stage, imputation of ungenotyped SNPs
considering for uncertainty was carried out using MACH
(Li et al. 2009, 2010) based on the HapMap Phase 2
(JPT + CHB) data. After excluding imputed SNPs with
imputation quality scores below a threshold (R? < 0.30),
call rate <0.90, MAF <0.01, and Hardy—Weinberg equi-
librium P < 1 x 1075, a total of 1,532,051 SNPs from the
BAS and 2,042,781 SNPs from the CAS were retained for
subsequent analyses.

Population stratification

Population structure was evaluated by principal component
(PC) analysis in the software package EIGENSTRAT
(Price et al. 2006). The first 10 PCs were calculated for
each subject. To minimize the effect of population strati-
fication, the first two PCs that could explain most of
ancestral variation were used as covariates during the
association analysis.

Association analysis

Height was adjusted for sex, age, and the first two PCs, and
then normalized into Z-scores. Association analysis was
performed using linear regression in case and control
groups separately. Association analyses were performed
using PLINK (Purcell et al. 2007). A fixed-effects inverse
variance-weighted meta-analysis as implemented by
METAL (Willer et al. 2010) was used to combine the
results from BAS and CAS study. A quantile—quantile
(QQ) plot generated using R (http://www.r-project.org/)
was used to evaluate the overall significance of the GWAS
results and the potential impact of population stratification.
The genomic inflation factor (1) (Devlin and Roeder 1999)
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was estimated from the median of the y? statistic divided
by 0.456.

Replication and meta-analysis

Top SNPs in loci that achieved genome-wide significance
(P<50x 107 or suggestive evidence (5.0 x 1078 <
P <1.0 x 107°) were replicated in the GenSalt study
(GenSalt Collaborative Research Group 2007). The Gen-
Salt study is a family-based study including 1,881 indi-
viduals from 637 families. All GenSalt study participants
were Han Chinese recruited from six sites in rural areas
of northern China. The institutional review board at all
participating institutes approved the GenSalt study.
Informed consent was obtained from each participant.
Genome-wide SNPs were genotyped using Affymetrix®
Genome-Wide Human Array 6.0 at the Affymetrix
genotyping facility. To estimate the association between
height and SNPs, a mixed linear model was used for the
association test and the family structure was taken into
account using the GWAF package in R (Chen and Yang
2010). Results of discovery stage and replication stage
were combined using fixed-effects inverse variance-
weighted meta-analysis as implemented by METAL
(Willer et al. 2010).

Cumulative effects of height-related loci

We assessed the cumulative effects of five height loci that
showed genome-wide significance of associations
(Table 1). The doses of effect alleles were weighted by its
effect size and summed for each individual to calculate
weighted height scores. We then calculated average height
according to the quintiles of weighted height scores.

Results
Genome-wide meta-analysis

The discovery meta-analysis included 6,534 subjects. The
main characteristics of study subjects were listed in Sup-
plementary Table 1. The average height of the four study
groups ranged from 167.6 to 171.2 cm in males and from
155.0 to 159.2 cm in females. The overall inflation factor
of our meta-analysis was 1.06. The QQ plot for the dis-
tribution of P values showed that the observed P values
departed from the expected P values only at the right end
tail of the distribution (Supplementary Fig. 1). This result
suggested that the signals discovered in our study were
more likely the result of true variants rather than potential
population stratification or genotyping error.

Through meta-analysis, we identified two loci that
reached the genome-wide significance level of P <5 x
107®. These included one locus at CYPI9AI reported in
populations of European descent (Lango Allen et al. 2010)
and one previously unreported locus at ZNF638. The SNP
most strongly associated with height at the CYPI9AI locus
(15921.2) was rs3751599 with a P value of 1.86 x 10~°
(Table 1). We observed that rs3751599 was in weak link-
age disequilibrium (LD) (+* = 0.27 in HapMap CHB) with
rs16964211 identified in European populations (Lango
Allen et al. 2010). The LD pattern of this region on
15g21.2 in populations of Chinese was slightly different
from that of the European populations from HapMap data
(Supplementary Fig. 2). A cluster of 20 SNPs at the
ZNF638 locus, which spanned a genome region of
~110 kb on 2p13.2, were in strong LD with each other.
Among these SNPs, the top one was rs12612930 located in
ZNF638 with a P value of 1.07 x 1078 (Fig. 1). In addi-
tion, we found 15 loci that showed P value <1 x 1075, but
did not achieve the genome-wide significance threshold
(Table 1).

In silico replication and combined analysis

We selected 17 tops SNPs in 17 loci (P < 1 x 107°) from
the discovery study for silico replication in the GenSalt
study (GenSalt Collaborative Research Group 2007). Six
SNPs showed nominal significance (P < 0.05) with P val-
ues ranging from 4.53 x 107> to 4.26 x 1072 in the
GenSalt study. Combined analysis of discovery and repli-
cation studies strengthened the original associations of the
CYPI9A1 and ZNF638 loci with height (rs3751599,
P =480 x 10719 1s12612930, P = 2.02 x 107'°). We
also observed another three loci reached genome-wide
significance in combined analysis. Two SNPs rs11021504
on 1121 (MAML2, P = 7.81 x 1079) and rs11082671 on
18921.1 (C18o0rf12, P = 1.87 x 1078) (Fig. 1) were newly
identified. Another locus on 12ql13.3 (rs3816804, P =
2.63 x 107%) had been reported previously (Lango Allen
et al. 2010).

We evaluated whether the height-related variants iden-
tified in our samples from Chinese population were asso-
ciated with height in Europeans, using the results from the
GIANT (Lango Allen et al. 2010). Of the three SNPs,
rs12612930 was monomorphic in European populations,
and rs2670744, a SNP in perfect LD with rs12612930 in
Chinese (#* = 1 in HapMap CHB) showed nominal asso-
ciation (P = 0.017) with height in the population of
European ancestry. The SNP rs4852777, which was
approximately 8 kb away from rs12612930, showed most
strong signal in GIANT (P = 3.30 x 10™%) at this locus.
Associations for the other two SNPs were not detected in
data from the GIANT study.
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Fig. 1 Regional plots of newly
identified loci for height. The
three newly identified loci were
at 2pl13.2 (a), 11921 (b), and
18q21.1(c). Genotyped and
imputed SNPs passing quality
control measures in the
discovery stage are plotted with
their P values of the discovery
meta-analysis. In the fop panel
of each, the —log;oP values of
the SNPs are presented
according to their genomic
positions, with the estimated
recombination rates from
HapMap Phase 2 CHB + JPT
samples. The lead SNP is shown
with a purple circle for the
discovery meta-analysis and by
a purple diamond for the
combined analysis labeled by
1sID and Peompined value. The 72
values of linkage disequilibrium
between the lead SNP and the
other SNPs are indicated by
different colors. In the bottom
panels the genes within the
interested region are annotated
and are shown as arrows. All
chromosome positions are based
on NCBI build 36
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Fig. 2 Quintiles of weighted height score comprised of five validated
SNPs and height in Chinese males and females. Weighted height
scores were calculated to examine the aggregate effect of associated
loci on height in the discovery study. For each quintile, the average
height was plotted separately for males and females with correspond-
ing 95 % confidence interval (CI). The bars present the proportion of
sample in each group

Chinese and European populations. The SNP rs12612930
had a MAF of 40 % in our study, but was monomorphic in
European populations (HapMap Phase 2 CEU data). This
difference in MAF may explain why this SNP has not been
identified for height in European populations.

The SNP rs11021504 is located in the first intron of the
MAML?2 gene. As a transcriptional coactivator for NOTCH
proteins (Lin et al. 2002), MAML?2 strengthens NOTCH
signals which control cell fate decisions in a variety of
developmental processes including skeletal development
(Conlon et al. 1995; Hilton et al. 2008; Mead and Yutzey
2009). NOTCH mutant mice showed complete embryonic
lethality and abnormal somite development, as well as
decreased embryo size (Conlon et al. 1995). Several other
in vivo studies also demonstrated that NOTCH signaling
was crucial for chondrocyte progenitor proliferation and
for the normal osteogenesis of hypertrophic chondrocyte
during skeletal development (Kohn et al. 2012; Mead and
Yutzey 2009). As a positive transcriptional regulator of
NOTCH, MAML?2 can be a potential candidate gene influ-
encing human height and merits further exploration. The
top SNP rs11082671 at the CI8orfI2 locus is located
400 kb upstream of the SMAD2 gene. SMAD2 mediates
TGF-beta signal and thus regulates cell proliferation, dif-
ferentiation, and apoptosis, including osteoblast differen-
tiation and bone formation (Chen et al. 2012).

We also confirmed two loci associated with height
reported in European populations (Lango Allen et al.
2010). The SNP rs3816804 is located in the first intron of
the CS gene and around 55 kb downstream of the STAT2
gene. The most significant SNP in CYPI9AI locus,

rs3751599, lies in the first intron of the CYPI9AI gene.
CYP19A1 catalyzes the last steps of estrogen biosynthesis,
and its polymorphisms have been shown to be associated
with adult male height (Ellis et al. 2001). Comparison of
our results with previous findings in other Asian popula-
tions (Cho et al. 2009; Okada et al. 2010) revealed that
many loci associated with adult height were overlapped
among populations. All eight SNPs were in the same
directions of the effects as previous reports and four of
them showed nominal significance. These results suggested
that the Chinese population shared similar genetic back-
grounds with other Asian populations for height.

We evaluated the cumulative effects of associated loci
on height in our study, and these loci could explain 0.89 %
of the total variance of height. The proportion of variance
explained was elevated to 3.67 % when we additionally
included previous reports SNPs that were associated with
height in the in our study. We might have overestimated
the proportion of variance explained due to the “winner’s
curse effect”, as genetic effect size was usually overesti-
mated in the discovery studies (Xiao and Boehnke 2009).
As a common variant-base approach, GWAS could identify
more loci when sample size increases (Weedon and Fray-
ling 2008). However, even the GIANT study with more
than 130,000 subjects, which indentified 180 loci, could
only explain ~10 % of the variance in height (Lango
Allen et al. 2010). It remains low when considering the
high heritability of height (~80 %). This suggests that
there are still more height-related genetic variants that need
to be discovered. Common variants of low effect sizes,
lower frequency variants, and genomic structural variations
may also help to account for more of the missing herita-
bility (Manolio et al. 2009). Fitting all SNPs could explain
much more proportion of variance for human height (Yang
et al. 2011). This method helps to find the missing herita-
bility due to discarding SNPs with small effect size which
could not pass stringent significance test.

Several strengths of this study should be noted. First, our
study subjects were restricted to Han Chinese, and homo-
geneity of ethnicity lowered the chance of population strat-
ification. Second, inflation factor in our study was moderate,
and PC analysis was employed to control the effect of
potential population stratification. Limitation of our study
should also be carefully considered. The sample size of our
study was moderate and had limited power to detect variants
of low effect size. Though there was little evidence of het-
erogeneity for loci, random model may help to shrink the
effect size and make the results more conservative.

In conclusion, we identified three new loci associated
with height (ZNF638, MAML2, and Cl8orfl2) and repli-
cated two previously reported loci (CS and CYPI9AI) in
Chinese. Our data suggest that both shared and unique
genetic backgrounds of human height are present in
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different ancestry groups. Further studies are required to
confirm the associations of these loci identified in this
study across different populations and elucidate the
underlying molecular mechanisms of growth in the future.
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