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Abstract

Reduced birth weight and slow neonatal growth are risks correlated with the development of
common diseases in adulthood. The Human Growth Hormone/Chorionic Somatomammotropin
(hGH/CSH) gene cluster (48 kb) at 17q22-24, consisting of one pituitary-expressed postnatal
(GH1I) and four placental genes (GHZ2, CSH1, CSHZ2and CSHL I) may contribute to common
variation in intrauterine and infant growth, and also to the regulation of feto-maternal and adult
glucose metabolism. In contrast to GHZ, there are limited genetic data on the hGH/CSH genes
expressed /in utero. We report the first survey of sequence variation encompassing all five hGH/
CSH genes. Resequencing identified 113 SNPs/indels (ss86217675-ss86217787 in dbSNP)
including 66 novel variants, and revealed remarkable differences in diversity patterns among the
homologous duplicated genes as well as between the study populations of European (Estonians),
Asian (Han Chinese) and African (Mandenkalu) ancestries. A dominant feature of the h\GH/CSH
region is hyperactive gene conversion, with the rate exceeding tens to hundreds of times the rate of
reciprocal crossing-over and resulting in near absence of linkage disequilibrium. The initiation of
gene conversion seems to be uniformly distributed because the data do not predict any
recombination hotspots. Signatures of different selective constraints acting on each gene indicate
functional specification of the AGH/CSH genes. Most strikingly, the GHZ coding for placental
growth hormone shows strong intercontinental diversification (Fst= 0.41-0.91; p<1075) indicative
of balancing selection, whereas the flanking CSHI exhibits low population differentiation
(Fst=0.03-0.09), low diversity (non-Africans m=8-9 x 1072, Africans = 8.2 x 10™4), and one
dominant haplotype worldwide, consistent with purifying selection. The results imply that the
success of an association study targeted to duplicated genes may be enhanced by prior
resequencing of the study population in order to determine polymorphism distribution and relevant
tag-SNPs.
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INTRODUCTION

Low birth weight and slow growth in infancy may lead to increased risk of adult diseases
characterized by insulin resistance, such as metabolic syndrome, type 2 diabetes,
cardiovascular disease, and obesity (reviewed by [Newsome et al., 2003] and [Stocker et al.,
2005]). This observation has been explained by programming of metabolism due to
undernutrition /n7 utero [Barker et al., 1990; Hales et al., 1991] and alternatively by the
contribution of hereditary factors. It has been proposed that common genetic variants which
increase insulin resistance may predispose both to low insulin-mediated growth in ufero and
insulin resistance in adulthood [Hattersley and Tooke, 1999]. Among the known human
diabetes-related loci, an association with birth weight has been shown for genes coding for
insulin (/NS) [Dunger et al., 1998], insulin-like growth factor 1 (/GFI) [Vaessen et al.,
2002], glucokinase (GCK) [Weedon et al., 2005] and 7CF7L2[Freathy et al., 2007].
However, the contribution of /NS and /GF1 variation to birth weight has not been
consistently replicated and remains controversial [Bennett et al., 2004; Frayling et al., 2002]

The Human Growth Hormone/Chorionic Somatomammotropin (hGH/CSH) gene cluster is
an excellent candidate for contributing to common variation in intrauterine and infant
growth, and to the regulation of glucose metabolism. In most mammals including
prosimians, a single gene (GHI) encodes the pituitary growth hormone (GH), whereas in
anthropoids, five to eight GH-related genes arisen through successive events of duplication
have been described [Li et al., 2005; Ye et al., 2005]. In great apes and Old World Monkeys
the duplicated loci, apart from a couple of GH-related genes, have acquired a novel function
and code for chorionic somatomammotropin (CSH genes), also known as placental lactogen,
expressed in the placenta [Chen et al., 1989]. The human AGH/CSH gene cluster, located on
chromosome 17g22-24 and spanning 48 kb consists of the GHI (#MIM 139250), CSHL 1
(chorionic somatomammotropin-like; #MIM 603515), CSHI (#MIM 150200), GHZ (gene
for placental growth hormone, PGH; #MIM 139250), and CSHZ2 (#MI1M 118820) genes
transcribed from the same chromosomal strand [Chen et al., 1989] (Fig. 1A). These
duplicated genes are highly homologous at the DNA level (91-97 %; Supplementary Fig.
S1), and each of them encodes for three to five protein isoforms generated by alternative
splicing (Supplementary Fig. S2). Growth hormone (GH) deficiency (1:4000-1:10,000/
births) is associated with short stature (reviewed by [Procter et al., 1998]) and there is
evidence that substitutions in the GHZI gene may contribute to the determination of GH
secretion as well as to variation in height [Esteban et al., 2007; Hasegawa et al., 2000; Millar
et al., 2003]. In addition to a critical role in postnatal growth, GH contributes to the
maintenance of glucose metabolism as a transcriptional regulator for /GFI [Jorgensen et al.,
2004; Rosenfeld, 2003]. The placenta-expressed CSH1, CSHZand GHZ genes have key
roles in the regulation of fetal glucose supply and growth as well as maternal metabolism,
and are candidates for the developing of insulin resistance during pregnancy [Barbour et al.,
2002; Fleenor et al., 2005; Handwerger and Freemark, 2000; Lacroix et al., 2002]. However,
little is known about the impact of common genetic variation across the #/GH/CSH region on
growth and metabolism /7 uteroand in early infancy, and susceptibility to metabolic and
cardiovascular disease in adulthood. In contrast to the pituitary-expressed GHZ, there are
limited data on the normal or pathological variation of the human GHZ, CSH1, CSHZ2 and
CSHL 1 expressed in placenta. Detailed research on the AGH/CSH cluster has been hindered
by the complex genomic structure of the region rich in repetitive genes and intergenic
sequence fragments evolved through multiple duplication events.

We have designed the first survey of the high resolution sequence variation of all five
human GH/CSH genes using long-range PCR and the resequencing of 74 individuals of
European (Estonians), Asian (Han Chinese) and African (Mandenkalu) ancestries. We
address the data with the following questions: (1) What are the variation patterns of
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duplicated and highly homologous #GH/CSH genes across the loci and across the
populations? (2) What are the roles of gene conversion and crossover in shaping the
diversity and linkage disequilibrium (LD) of the AGH/CSH region? (3) Is there evidence for
selective pressures on these recently evolved genes contributing to human reproduction and
metabolism? (4) Does the distribution of population-specific gene variants have implications
for the design of association studies?

In addition, the fine-scale analysis of the AGH/CSH region contributes to the general
understanding of the forces shaping the genetic variation of segmentally duplicated regions,
reported to cover 5%-10% of human genome [Bailey et al., 2002]. Currently, the lack of this
knowledge may prevent the design of successful association studies involving duplicated
genomic regions, densely packed with genes.

SUBJECTS AND METHODS

Population samples

The study has been approved by the Ethics Committee of Human Research of the University
Clinic of Tartu, Estonia (permission no. 146/118, 27.02.2006). For the resequencing of the
five genes within the AGH/CSH genome cluster, a total of 74 DNA samples from three
populations were used: 25 Estonian (Europe), 25 Chinese Han (Asia) and 24 Mandenka
(Africa) individuals. The Estonian samples originated from healthy blood donors around
Estonia, collected upon informed consent. The Estonian population represents a North-
European population [Mueller et al., 2005]; the Han Chinese are a major subpopulation of
China; the Mandenkalu are a representative population of West-Africa [Rosa et al., 2007],
used for decades in human population genetics studies. The Mandenka and Han samples
were obtained from the HGDP-CEPH Human Genome Diversity Cell Line Panel (http://
www.cephb.fr/HGDP-CEPH-Panel/) [Cann et al., 2002].

Gene-specific and nested PCR, and resequencing

Due to the complex and repetitive genomic structure of the hAGH/CSH region, we carried out
the amplification of the five individual genes using long-range PCR with primers pairs
targeted to the most diverged genomic segments identified within ~ +5 kb of a particular
gene. The gene-specific product was obtained by an initial long-range PCR followed by
nested PCR. The gene-specific and nested PCR primers for the GH1, CSHL1, CSH1, GHZ,
and CSHZ genes (Supplementary Table S1) were designed based on the Homo sapiens
Growth Hormone locus sequence (NCBI GenBank database locus no NG_001334.1, http://
www.ncbi.nlm.nih.gov), using the Web-based version of Primer3 software (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). The PCR primer pairs were required
to have at least on unique primer in the human genome, verified using NCBI-BLAST.
Approximately 100 ng of genomic DNA were used in the PCR reactions. The amplified
regions for GH1, CSHL1, CSH1, and CSHZ were 3590, 10,310, 6574, and 3559 bp,
respectively. The amplification of the GHZgenomic region yielded a 3690 bp product for
the Estonian and the Han samples, and 5628 bp for the Mandenka individuals. The binding
site for the reverse primer for GHZlong-range PCR (G2gn-R, Supplementary Table S1)
resides partially in an A/usequence. This primer did not amplify the GHZregion in the
Mandenkalu, potentially because the respective Alu sequence was either diverged or absent
in these individuals. Therefore, an alternative primer (G2-R, Supplementary Table S1) was
designed resulting in successful PCR of the GHZ2 gene for 20 (out of 24) Mandenka samples
(length 5628 bp). Primary long-range PCR fragments were further amplified by nested PCR.
The amplified region included all of the coding sequence of the genes and a part of the
flanking sequences: 2178 to 2247 bp for GH1, CSH1, GHZ, and CSHZ, and 4954 bp for
CSHL 1. Each gene was sequenced from both strands using ten sequencing primers
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(Supplementary Table S1), with the exception of GHZ (nine primers). Sequencing reactions
(1.5 pL) were run on an ABI 377 Prism automated DNA sequencer (Applied Biosystems)
using ReproGel 377 gels (Amersham Biosciences Inc.). PCR, purification of the PCR
products and the resequencing reactions were carried out as previously described [Hallast et
al., 2005].

For each gene and for each population, the sequences were assembled into a contig as
described [Hallast et al., 2005]. Polymorphisms were identified using the PolyPhred
program (Version 4.2) (http://www.phrap.org/phredphrapconsed.html) [Nickerson et al.,
1997] and confirmed by manual checking. A genetic variant was verified only if it was
observed in both the forward and the reverse orientations. The consensus sequences of
resequenced genomic regions of GH1, CSHL1, CSH1, GHZ, and CSHZ genes
(Supplementary Fig. S3) were used as references for the gDNA numbering of SNPs and
indels (Supplementary Table S2). Allele frequencies were estimated and conformance to
Hardy-Weinberg Equilibrium (HWE) was computed by an exact test (. = 0.01) using the
Web version of the Genepop 3.3 program (http://genepop.curtin.edu.au/) [Rousset and
Raymond, 1995]. A total of three SNPs in the Mandeka population were found to be
deviating from HWE, apparently because of a small sample size. Before entering the
statistical analysis, the specificity of the PCR products was controlled by the verification of
the monomorphic status of gene-specific positions used as markers for each individual gene
(Supplementary Fig. S1).

Statistical analyses

Haplotypes were inferred from unphased genotype data using the Bayesian statistical
method in the program PHASE 2.1.1 (http://www.stat.washington.edu/stephens/) [Stephens
et al., 2001b], using the model allowing recombination. The running parameters were:
number of iterations = 1000, thinning interval = 1, burn-in = 100; the —X10 parameter was
used for increasing the number of iterations of the final run of the algorithm.

Sequence diversity parameters and pairwise Fgt distances between populations (measures of
genetic differentiation) were calculated with Arlequin version 3.1 (http://cmpg.unibe.ch/
software/arlequin3/) [Excoffier et al., 2005] with the most probable phased haplotypes as an
input sequence. The direct estimate of per-site heterozygosity () was derived from the
average pairwise sequence differences, while Watterson's © represents an estimate of the
expected per-site heterozygosity based on the number of segregating sites (S). The Tajima's
D statistic [Tajima, 1989] (D) was calculated to determine if the observed patters of
diversity in the three studied populations are consistent with the standard neutral model. The
basis of the DT value is the difference between the r and 6 estimates: under neutral
conditions 7t = @ and DT = 0. The relationships between inferred haplotypes were
investigated with NETWORK 4.201 software (http://www.fluxus-technology.com) [Bandelt
et al., 1999] using the Median-Joining (MJ) network algorithm. For each of the genes, only
SNPs located in the genomic region from the transcription initiation site until the end of the
mRNA were included in network calculations. An additional network was drawn for the 5’
upstream region of the GHZ gene (for 407 bp upstream of the transcription start site).
Singleton polymorphisms were excluded from network calculations (cannot be reliably
phased), and the calculations were performed with default parameters.

The gene sequence variants derived from estimated haplotypes were used for gene
conversion analysis. For the manual detection of gene conversion sites between a pair of
hGHI CSH genes, the derived complete sequence variants were aligned using the Web-based
ClustalW program (http://www.ebi.ac.uk/clustalw/). A minimum gene conversion site was
defined as a region within an acceptor gene with > 2 associated, motif-forming
polymorphisms for which a potential donor gene could be defined. The direction of the gene
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conversion event was established based on the frequency of the conversion sequence motif
in the two homologous loci. The converted tract in the acceptor gene represented a minor
locus variant, whereas the donor gene was nearly monomorphic in the gene conversion
region (Table 3). The maximum possible gene conversion tract covers the identical sequence
between two compared genes on both sides of the minimum gene-conversion tract.
Alternatively, the GENECONYV algorithm (Version 1.81) (http://www.math.wustl.edu/
~sawyer/geneconv/) [Sawyer, 1989] was used for the estimation of gene conversion tract
length (as described in [Hallast et al., 2005]). Not relying on polymorphism data, this
method searches for regions where pairs of sequences are unusually similar compared to
overall similarity. The analysis predicts the fragments likely to have been converted between
gene pairs, but it does not provide information about the directionality of the gene
conversion events. Alignments were analyzed using the “g0” parameter, meaning that
mismatches within fragments are not allowed and p < 0.05 from global fragments were
considered as significant.

For the estimation of the rate of recombination, we calculated the population crossing-over
parameter p= 4N/, Where N, equals effective population size and 75, the crossing-over
rate per base pair per generation, using three alternative algorithms. The Li and Stephens' [Li
and Stephens, 2003] method is based on the “Product of Approximate Conditionals” (PAC)
model, which considers all loci simultaneously, allowing variation of recombination rate
across the region of interest and thus estimation of putative recombination hotspots. The
average background recombination rate (ppac) and the factor (A) by which the ppac
between loci exceeds the average background rate were estimated from unphased genotype
data using PHASE 2.1.1 software [Li and Stephens, 2003; Stephens et al., 2001b]. Within
this model, a A value of 1 corresponds to an absence of recombination rate variation, while
values of A >1 indicate an increase in crossover activity. The running parameters for the
PHASE program are described above. Alternatively, we used two methods that
simultaneously estimate the population recombination parameter ppp and the population
gene-conversion rate ypp = 4NeCpp, Where ¢y, denotes the probability of a gene-conversion
event per base pair per generation. These two approaches assume that gene-conversion and
crossing-over are alternative resolutions of the Holliday junction and that the conversion
tract length is geometrically distributed with the mean length L. Padhukasahasram et al's
“pattern matching” (PM) method (http://people.cornell.edu/pages/bp85/) [Padhukasahasram
et al., 2006] utilizes summary statistics and matches the frequencies of multilocus patterns of
nucleotide sites with coalescent simulations with gene-conversion. This method was
implemented by simulating datasets conditional on the observed number of segregating sites
at exactly the same positions and roughly similar minor allele frequencies (MAF) for each
position as in real data. In Hudson's “composite likelihood” (CL) method (http://
home.uchicago.edu/~rhudson1/source/maxhap.html) [Hudson, 2001], estimates are based on
the products of full-likelihoods for smaller subsets (i.e. all possible SNP pairs) in the data.
We obtained estimates for p and -y from phase-estimated data using the Maxhap program as
well as with the method of Padhukasahasram et al. [Padhukasahasram et al., 2006] for gene-
conversion tract lengths of L = 100 bp and 500 bp. The choices of L values were based on
reports from human single-sperm analysis [Jeffreys and May, 2004] and the lengths of gene-
conversion tracts identified for the AGH/CSH genes. We also obtained estimates using both
these methods for models with crossing-over alone (L=0). All calculations of p and y
considered SNPs with MAF >10%. The descriptive statistic of linkage disequilibrium (LD),
r2 was calculated for pairs of common SNPs (MAF =10%) and summarized using the
Haploview 3.32 program (http://www.broad.mit.edu/mpg/haploview/index.php) [Barrett et
al., 2005].
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Dissimilar diversity patterns among highly homologous hGH/CSH genes

We resequenced all five of the AGH/CSH genes and part of the flanking sequences (approx.
400 bp upstream and 200 bp downstream of each gene, a total of 10,786 bp per individual)
in three population samples: the Estonians (E; European origin, n=25), the Chinese Han (H;
Asian origin, n=25), and the Mandenkalu (M; African origin, n=24). 113 segregating sites
were identified in total (Fig. 1B, Table 1, Supplementary Table S2; ss86217675-5s86217787
in dbSNP, http://www.ncbi.nlm.nih.gov/projects/SNP/), including three 1 bp indels and 108
SNPs; 66 sequence variants (58.4%) were novel, previously not described in the dbSNP
database. Only two sequence variants identified in the GH/CSH genes overlapped with
polymorphic HAPMAP SNPs (http://www.hapmap.orag/; release April 2007):
rs20770680:T>C in CSHL 1 (information available only for the CEPH individuals) and an
African-specific (Yorubans in HAPMAP, Mandenkalu in this study) rs9909776:T>C in
CSH1. Three GHI and five GHZ positions genotyped in HAPMAP were monomorphic;
CSHZ2was not covered by HAPMAP. In addition to the SNPs and indels we also identified a
polymorphic microsatellite in intron 1 of GHZ, formed by the combination of a variation in
an (AG)n dinucleotide (n=7-8; 9.647G>A in Supplementary Table S2) and a flanking (A)n
mononucleotide repeat (n=10-11; g.648del). This polymorphism was excluded from the
current analysis due to the unreliability of genotype calling of microsatellite alleles from
sequencing data.

A majority of the segregating sites (n=84; 75.7%) was specific for one population sample.
All three population samples shared only 14.4% of the identified SNPs (6 in GHZ, 6 in
CSHL 1,3 in CSHZand 1 in GH2) and an additional 11 SNPs were represented in subjects
of two sample sets. The Mandenka chromosomes were found to have the highest number of
polymorphisms (n=83; Han n=38; Estonians n=33) and the highest fraction of population
sample specific SNPs (M, n=58; H, n=15 and E, n=11).

Sequence diversity, characterized by the mean nucleotide diversity parameter ¢ (calculated
per bp) differed severely between the individual genes. The diversity of CSHL 1 (0.00152)
and CSHZ2(0.00142) was up to 5 times higher compared to the two other placental genes
CSH1 (0.00033) and GHZ2(0.00057) as well as compared to the reported average for 292
autosomal genes (1t=0.00058) [Stephens et al., 2001a] (Table 1). It is noteworthy that there
was a 9-fold difference in the diversity for the GHZ promoter (1t=0.00691) compared to the
GH1 gene region (1=0.00079), transcribed in the pituitary. This polarity between the
genomic sequence of the gene and its promoter was not observed for the placenta-expressed
genes (data not shown).

Allelic variants leading to non-synonymous substitutions in GH1, CSH1, GH2 and CSH2
protein isoforms

Indicative of functional constraint, most of the detected protein-altering sequence variants
were rare (<10%) and population sample specific: 13 found only in Mandenkalu, 2 in Han,
and 1 in Estonians (Table 2). The exception was p.Phe70Leu variant in CSH2 isoforms 1
and 2 with a frequency of 28% among the Han. The ratio between non-synonymous (ns) to
synonymous (s) substitutions may imply selective forces acting upon a locus. In cases where
ns>s, non-synonymous sites could be evolving faster, and the evidence for positive selection
is supported. Notably, for GHZ2 (ns=4/s=0) and CSHI (ns=4/s=3 for isoform 1; ns=11/s=3
including the isoform 2 coding region) the ns/s ratio was >>1. For GHI (ns=2/s=2) and
CSH?Z2 (ns=1/s=1) the number of identified allelic variants leading to non-synonymous and
synonymous substitutions was equal (Table 2; Supplementary Table S2).

Hum Mutat. Author manuscript; available in PMC 2009 April 01.


http://www.ncbi.nlm.nih.gov/projects/SNP/
http://www.hapmap.org/

syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Sedman et al.

Page 7

We detected apparent gene function-disrupting mutations. An African-specific substitution
in the CSH1 gene creates a premature stop codon in exon 5 of the major transcript
(p.Cys208X; Table 2). Another example is a consequence of a gene conversion (see below)
event introducing seven changes (from g.1537C>A to 9.1679A>G, Supplementary Table
S2) including p.Ser168X in CSHI isoform 2 precursor (Table 2; Supplementary Fig. S2).
The latter is an alternatively spliced mRNA variant for the expression of a non-secreted
protein isoform that presumably localizes in the cell membrane [Untergasser et al., 2000].
An alternative conversion event (from g.861C>A to g.863T>A, Supplementary Table S2) on
Mandenka chromosomes has resulted in the p.Phe51Tyr variant in GH, replacing a non-
polar hydrophobic with a polar hydrophilic amino acid. Several other rare CSHI and GHZ2
amino acid replacement mutations may alter either the polarity or the charge of the proteins,
which in turn may have consequences on the hormone structure and functional activity.

Active gene conversion and near absence of linkage disequilibrium

We searched for traces of past gene conversion (GC) events between homologous hGH/CSH
genes, both by visual inspection of clustered SNP motifs shared by gene-pairs and by using
the GENECONV [Sawyer, 1989] algorithm. The alignment of complete nucleotide sequence
variants of all possible hGHI CSH gene pairs resulted in the identification of 8 possible GC
sites encompassing at least 2 SNPs (Table 3; Fig. 1B), and the GENECONYV analysis
predicted 16 GC tracts (Supplementary Table S3). The GC tract lengths from the visual
inspection (minimum ranging 3-142 bp, the mean 24 bp; and maximum up to 302 bp, mean
91 bp) were consistent with the prediction by the computer algorithm (62 — 861 bp, mean
130 bp). The GHI locus, and especially its promoter region, was identified as the most
active gene conversion partner in both analyses. The dominant direction of the GC events
appears to be from the placental genes (mostly donors) towards the ancestral GHZ locus.
The major role of GC in generating the extremely high diversity of the GHZ promoter was
also reflected by the complex and intricate haplotype network, rich in rare population
sample specific variants (Fig. 2, Supplementary Table S4F). Similar results for GHZ
upstream region have been previously reported [Giordano et al., 1997; Horan et al., 2003]. A
high number of SNPs shared by the gene copies and the co-existence of paralogous gene
variants provided additional support for active gene conversion. Still, independently co-
occurring mutations cannot be ruled out.

During recombination, gene conversion events are alternative solutions to crossovers,
resulting in the non-reciprocal exchange of chromosomal fragments. We addressed the
recombination landscape across the AGHI CSH cluster by calculating the population
crossing-over parameter ppp= 4Ne/hp and gene conversion parameter ypp=4Neoyp Where Ne
is the effective population size; /p, and ¢yp are the crossing-over rate and gene conversion
rate per generation between adjacent nucleotide positions, respectively. We used three
algorithms: (1) the Li and Stephens' [Li and Stephens, 2003] “Product of Approximate
Conditionals” (PAC) likelihood method which calculates p, and in addition, allows the
estimation of putative recombination hotspots; (2) Padhukasahasram's [Padhukasahasram et
al., 2006] “pattern matching” (PM) and (3) Hudson's [Hudson, 2001] “composite likelihood”
(CL) method, both of which allow the simultaneous estimation of crossing-over and gene
conversion rate. The average recombination rate per base pair across the entire studied
region, with estimates varying slightly between the three methods (Table 4; Estonians,
p(L=0)= 2.59 x 1074 - 4.43 x 10~4; Chinese Han, p(L =)= 2.48 x 1074 - 4.32 x 107,
Mandenkalu, p(_=g) = 31.31 x 1074 - 33.96 x 1074) fell in the range published for a set of 74
genes [Crawford et al., 2004]. The higher p values for the Mandenkalu are consistent with
the idea that African populations maintained a larger long-term effective population size
than did non-Africans. When gene conversion (tract lengths £=100 or 500 bp) was
incorporated into the estimations using CL and PM methods, the p values dropped (Table 4;
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Estonians, ppp = 5.4 x 1078 — 1.19 x 1074; Chinese Han, ppp = 2.2 x 1075 - 2.16 x 1074,
Mandenkalu, ppp = 2.12 X 107 -10.61 x 1074). For models with gene conversion, estimates
of p were almost independent of the assumed tract length using Hudson's method, whereas
for Padhukasahasram's method, p estimates changed 2-3 fold, depending on tract length. The
estimated -y values decrease with longer conversion tracts because shorter tracts are likely to
contain fewer SNPs than longer ones; therefore, such conversion events have to occur at a
higher rate to create the same effects on linkage disequilibrium as longer tracts. Strikingly,
the gene conversion rate (7y) estimates were tens to hundreds of times higher than the rate of
crossing over (p; Table 4), which may indicate that in the duplicated /GH/CSH gene cluster
Holliday junctions formed during recombination process are favorably resolved by non-
reciprocal gene conversions compared to reciprocal crossovers.

The analysis of recombination rate variation across the entire AGH/CSH region predicted no
recombination hotpot (Fig. 3), usually considered to be the initiator of gene conversion
activity20. The whole region was characterized by relatively uniform recombination activity
and minimal extent of LD measured by the correlation coefficient between alleles, /2 (Fig.
3). The ability to initiate recombination throughout the region may be promoted by the
abundance of the hotspot motif CCTCCCT [Myers et al., 2005] (n=13 for sense and for
n=22 antisense strand) compared to the motif with a “suppressor” mutation CCCCCCT
(n=2/ n=4). In the Mandenkalu, LD was practically non-existent (median /2 0.033; range
0-1); it was weak for the Estonians and Han (median /2 0.2325; range 0.001-1; median /2
0.33; range 0.014-1, respectively), with strongest allelic associations in CSHL1 and in the
upstream region of CSHZ (Fig. 3). This landscape of LD in the gene cluster supports the
idea that gene conversion is a major force in breaking down allelic associations within
duplicated regions.

Neutrality tests

In her seminal work, Tomoko Ohta raised the hypothesis that the duplicated primate GH/
CSH genes may have evolved rapidly due to positive, directional Darwinian selection rather
than relaxation of selective constraint [Ohta, 1993]. The current dataset allowed, for the first
time, the exploration of possible selective constraints on AGHI CSH genes, through use of
human polymorphism data. We are aware that when using population variation data one has
to keep in mind that demographic history may confound inferences of natural selection
because both history and selection shape the distribution of genetic variation. However,
demographic history is a genome-wide force that is expected to affect patterns of variation at
all loci in a genome similarly, whereas natural selection acts upon specific loci.

Neutrality of the AGHI CSH genes was addressed by Tajima's D (DT) [Tajima, 1989]
statistics for each gene (Table 1) and Fgt values between population pairs (Table 5).
Positive DT values indicate an excess of intermediate-frequency alleles in a population,
being consistent with either balancing selection or a genetic drift in a small population,
whereas negative DT values result from an excess of rare SNPs indicative of either recent
directional selection or an increase in population size. In A”GH/CSH cluster DT values were
skewed towards the negative direction for the GHI gene (D= -1.26; —0.88 and —0.63, for
Estonians (E), Han (H) and Mandenkalu (M), respectively), the CSHI gene (D= E -1.02;
H -1.86, p=0.003; M -1.75, p=0.018), and the GH2gene (DT: E -0.06; H -1.02; M -1.87,
p=0.018). In contrast, in the CSHZ2 gene, exhibiting 97% sequence identity with CSH1
(Supplementary Fig. S1), all identified SNPs in Estonian and Han samples had MAF >10%
(E, n=5; H, n=6; Table 1), resulting in the significantly positive DT estimates (E 2.62,
p=0.004; H 2.77, p=0.003). In Estonians, a population-specific high and significant DT
(2.98, p=0.005; other populations DT<0) was also detected for the CSHL 1 locus. The non-
uniform landscape of DT estimates was consistent with variable heterozygosity patterns
described above.
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Despite the joint evolutionary, genomic and functional relatedness of the hGH/CSH genes
we detected notable differences among the individual genes in the intercontinental genetic
diversification quantified by the Fgy statistic (Table 5). The most striking result was for
GHZ: Fgt estimates range from 0.410 (E/M) to 0.829 (E/H) and 0.908 (H/M). The high Fst
estimates resulted from the distinct GHZ haplotype distributions for each study sample (Fig.
2; Supplementary Table S4D). More than >90% of the Han individuals carried haplotype
(HAP) no. 2 (Fig. 2; Supplementary Table S4D). The Mandenkalu were enriched for the
alternative variant (87.5%, GH2-HAP 1) and the Estonians possessed both GHZ variants
(GHZ-HAP 1, 34%; HAP2 56%). The two major worldwide GHZ variants differ by 1 bp in
intron 2 (g.943C>A; Supplementary Table S4D). This high FgT among human populations
may indicate population-specific directional selection for GH2 variants or alternatively, an
accelerated genetic drift. The CSHZ gene with one worldwide (CSHZ-HAP 1), one Eurasian
(CSH2-HAP4) and three population sample specific common haplotypes (Han, CSHZ-
HAP5; Mandenkalu CSHZ-HAP6 and CSHZ-HAPS) (Fig. 2; Supplementary Table S4E)
also showed significant genetic structuring among humans (Fst E/H 0.201; E/M 0.140; H/M
0.316; p<1076; Table 5). In contrast to distinct sample-specific allelic distributions for GH2
and CSH2Z, there was no genetic differentiation for CSHI (Fst <0.1) among the studied
populations or for GHZ among Eurasians (E/H; Fst <0.02; Table 5). For GH1, the African
Mandenkalu exhibited moderate differentiation from the Eurasians (H/M Fg1=0.151; E/M
F57=0.180; p<1075).

All analyses conducted for the GHZ promoter region have reflected a situation of intensive
gene conversion [Giordano et al., 1997; Horan et al., 2003] and relaxed selective constraint,
unique to human GHZ compared to other mammals [Krawczak et al., 1999]. The diversity
patterns for the CSHL 1 pseudogene (Tables 1 and 5; Fig. 2; Supplementary Table S4B)
most probably reflect a mixture of random effects from evolutionary (drift), meiotic (gene
conversion) and demographic events, both species-wide and population-specific.

DISCUSSION

This study showed that the duplicated #GH/CSH genes involved in growth and glucose
metabolism exhibit substantial heterogeneity in their diversity patterns. The resequencing of
the individual genes resulted in a high level (>75%) of population sample specific SNPs.
There may be three (mutually inclusive) reasons for this. First, it may reflect population
histories leading to genetic drift, e.g. by a deep bottleneck followed by demographic
expansion. Second, it may indicate relaxed selection pressures on duplicated sequences
(discussed below). The low level of shared variation among populations may be caused by
the young age of most SNPs and the rapid turnover of the majority of the polymorphisms
predating the out-of-Africa expansion of modern humans. Third, it may be an outcome of a
continuous extensive gene conversion shuffling the SNP patterns. The last two mechanisms
are expected to lead to high diversity. Indeed, the active gene conversion acceptor region in
the GHI promoter has >10 times higher heterozygosity (1t=0.00691) compared to the human
genome average (1t=0.00058 [Stephens et al., 2001a]). In contrast, the GHI gene is
represented by only one worldwide (56% in Estonians, 68% in Chinese Han and 45.8%
Mandenkalu) variant and two regional haplotypes enriched in either non-Africans or
Africans. Whether this polarized polymorphism pattern within the ~2 kb sequence results
from sharp borders for the gene conversion acceptor region or from selective constraints on
the GHI gene region remains to be targeted by further analyses. Previously we have
detected significant positive correlation between the gene conversion acceptor activity and
heterozygosity level within another primate-specific gene cluster, the ALHB/ CGB region
[Hallast et al., 2005].
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A remarkable feature of the hGH/CSH region is near absence of linkage disequilibrium and
no estimated crossing over hotspots. This could be attributed to hyperactive gene
conversion, with the rate (7y) exceeding tens to hundreds of times the rate of reciprocal
crossing over (p; Table 4). The excess of gene conversion compared to crossover events
support the idea that the former may also arise through an independent mechanism [Allers
and Lichten, 2001]. In a recent study exploring a number of D. melanogaster, D. simulans
and Zea mays loci, gene conversion was estimated to contribute roughly twice as much as
crossing over to total recombination, but the ratio of the two parameters (f) was as high as
59.6 for individual loci [Morrell et al., 2006]. Similar to the non-uniform rate of crossovers
across the genome, there seems to be a large variation in gene conversion activity among
different duplicated regions.

In primates, the temporal proximity of the gene duplication events within the GH gene
cluster and accelerated rate of sequence changes has led to the hypotheses of either
relaxation of functional constraints or positive selection [Ohta, 1993; Wallis, 1994].
Interestingly, the burst of rapid evolution in the primate lineage has promoted independent
duplication events of the ancestral primate GH gene in New World Monkeys (only GH-like
genes) and Old World Monkeys/hominoids (GH-like genes and emergence of CSH) [Li et
al., 2005]. For both of these parallel-emerged gene clusters, there is evidence for variability
in evolutionary rates among the gene copies and for different selective constraints acting on
different members of the gene family [Li et al., 2005; Ye et al., 2005].

There is evidence from this study that the AGH/CSH gene family continues rapid evolution
in the human lineage driven by the relaxation of selective constraints and/or directional
selection towards subfunctionalization and/or population-specific diversification. The excess
of rare SNPs, the lower than average intercontinental genetic differentiation, and the
minimal variation of the CSHZ locus suggests species-wide directional selection.
Consistently, a significantly higher evolutionary rate and the excess of nonsynonymous to
synonymous substitutions in Old World Monkey and hominoid CSH genes, compared to the
GH1 gene, has been reported [Ye et al., 2005]. In contrast, the human GHZ gene shows very
strong intercontinental genetic structuring: European compared to Asian chromosomes,
Fs7=0.829 and for African — Asian differentiation Fst = 0.908. According to a large-scale
study [Akey et al., 2002] (25,530 autosomal SNPs) the mean Fst among human populations
was estimated 0.123; 6% of SNPs had Fst > 0.40 and a small fraction of autosomal SNPs
exhibit Fst >0.9. Only a few other genes have been reported with FgT =0.5 (e.g. LCT
associated with lactose intolerance and showing directional selection in Europeans
[Bersaglieri et al., 2004]) and several of these represent members of duplicated gene families
(e.g. loci for Duffy blood group [Hamblin et al., 2002]; ADH1B Arg47His, Fs1=0.478,
East-Asian populations [Han et al., 2007]). Notably, in contrast to the pattern of higher
African compared to non-African diversity observed in most studies of human variation, the
Mandenkalu possessed only one common GHZ haplotype carried by >85% chromosomes. A
similar observation has been published for the African Hausa GCK gene, which is also
involved in regulation of glucose metabolism and associated with birth weight [Weedon et
al., 2005]. As the variation patterns of the other linked genes within the 48 kb hGH/CSH
cluster were strongly dissimilar to GHZ2, we would reject the scenario of population
subdivision by drift and suggest the observed variation pattern of GHZ reflects regional
population-specific selection. The third placental expressed protein-coding locus CSHZ2
differs from both CSH1 and GHZ, as it is represented by 2-3 major gene variants in each
studied population (each shared by at least two populations), a significant excess of common
SNPs in non-African populations and genetic structuring among studied populations. This
may indicate either the effect of genetic drift or balancing selection among human
populations through interplay with local environmental factors.
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Which biological processes regulated by AGH/CSH genes could be potential targets for
selection? What do we know about the diverse functions of the placental genes that could
explain the evolution under different constraints? Although the activation of GHZand CSH
gene expression in the human placenta occurs coordinately at 6-8 weeks of pregnancy
[MacLeod et al., 1992], the expression level and patterns of individual placental genes
differ, supporting their diverse functions. Chorionic somatomammotropin (CSH) is secreted
into both the maternal and fetal circulations, whereas the placental growth hormone variant
(PGH) coded by the GHZgene is released only into maternal circulation. CSHZ and CSHZ2
are transcribed equally at 8 weeks of gestation, but during the mid- and late gestation
placenta the CSH transcripts level rises and exceed CSH2 mRNA level 5-fold by term.
Interestingly, although a lower level of CSH in maternal serum has been associated with
intrauterine growth retardation (IUGR) [Chard et al., 1985], the complete deficiency of CSH
does not necessarily cause a major clinical disorder of growth and development /in utero or
during infancy [Parks et al., 1985; Simon et al., 1986; Wurzel et al., 1982]. There are no data
available, however, on how the reduction in the availability of CSH in utero would affect the
metabolism and disease susceptibility in adult life. The two studies on the association of a
microsatellite marker upstream CSHZ gene with adult fasting insulin levels have given
contradictory results [Day et al., 2004; Freathy et al., 2006]. In contrast to the CSH genes,
the complete deletion of GHZ leads to severe intrauterine growth retardation and the levels
of PGH are significantly decreased in maternal circulation in pregnancies with IUGR [Alsat
etal., 1997; Mcintyre et al., 2000]. Birth-weight is a likely target for natural selection. Low
birth-weight babies have a high level of heonatal mortality; a too high birth weight may lead
to complications during birth, posing a danger to the mother and the child. During
pregnancy, PGH suppresses maternal GHI gene expression in the pituitary and, by the third
trimester, becomes the major GH in maternal serum, playing an important role in maternal
metabolism during pregnancy (reviewed by [Lacroix et al., 2002]). It appears to regulate the
maternal levels of IGF-1, which is an important determinant of glucose and amino acid
transport to the fetus [Zumkeller, 2000], and has been suggested as a major mediator of the
insulin resistance observed during human pregnancy [Barbour et al., 2004]. As the secretion
of PGH is inhibited by glucose /n vitroand in vivo (reviewed by [Alsat et al., 1997]),
maternal nutrition, food availability and diet most probably affect PGH synthesis. Different
GHZ expressional variants may have had a selective advantage to guarantee the optimal
birth weight for a given population environment and life-style. The functional impact of the
different GHZ haplotypes identified in this study is still to be explored.

The contribution of genes expressed during intrauterine development to the susceptibility for
adult diseases has been under-explored. The human GH/CSH genes, which regulate growth
in uteroand in childhood and are involved in feto-maternal and adult glucose metabolism,
are good candidate targets for association studies of IUGR, gestational diabetes, and adult
diseases associated with insulin-resistance. This study, which uncovers the major worldwide
hGH/CSH gene variants and explores the roles of regional selection and gene conversion,
will pave the way for successful case-control studies to follow. The results imply that
resequencing of the study population may be a prerequisite for an association study targeted
to duplicated genes in order to determine normal population variation and functionally
relevant candidate polymorphisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A: A schematic representation of the human GH/CSH gene cluster, located at 17922-24. The
x-sites at the 3" UTR and downstream regions of the genes may be associated with
recombination and gene conversion initiation [Smith, 1988]. B. Polymorphisms identified in
GH1, CSHL1, CSH1, GH2and CSHZ genes. The main transcript of each gene is drawn to
an approximate scale, including the 5" upstream and 3" downstream regions (black lines), 5
and 3’ UTRs (thin unfilled boxes), exons (thick black boxes) and introns (thick unfilled
boxes). The blue (Estonians), red (Han Chinese), and green (Mandenkalu) bars represent the
identified SNPs and indels in the three populations. SNPs located in the shared position with
paralogus sequence variants (PSVs) are marked with open circles (O) and SNPs co-
localizing among the genes with black squares (4). The SNPs within identified gene
conversion acceptor tracts are surrounded with a blue oval.
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Figure 2.

Median-Joining (MJ) networks for predicted haplotypes of the A”GH/CSH genes and the 5
upstream region of GHZ. Singleton polymorphisms were excluded from the analysis,
because they could not be reliably phased. The size of each node is proportional to the
haplotype frequency in the total dataset. The relative distribution of each haplotype among
the individuals of Estonian, Chinese Han and Mandenka origin is indicated by white, light
blue and dark blue, respectively. Haplotype nomenclature is shown in Supplementary Table
S4A-S4F. Red lines designate identified gene conversion tracts (Table 3) — note that several
haplotypes may have been formed because of gene conversion.
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Figure 3.

The r2-blot LD structure across the AGH/CSH gene cluster for SNPs with MAF > 10% in
Estonians (left), Chinese Han (middle), and Mandenkalu (right), with estimation of crossing-
over activity (measured by ppp = 4Nerpp) and potential recombination hotspots (measured by
A = [p between a locus pair]/[average p for the analyzed region]).
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TABLE 4

Estimation of Population Crossing-over and Gene Conversion Parameters (x 10%) Using SNPs with MAF =10
%

Gene conversion  Recombination Estonians Han Mandenkalu
tract length2 parameters pyp, Yop b

Maximum PAC likelihood estimates [Li and Stephens, 2003]

NA Pbp 4.43 258 322

Pattern Matching method estimates [Padhukasahasram et al., 2006]

1=0b Php 5.0 40 40

L=100 Pop 15 20 12
Yop 120 70 500

L£=500 Pbp 0.6 0.8 4.0
Ybp 40 40 220

Composite likelihood (CL) estimates [Hudson, 2001]

L=0 Pbp 2.59 248 3131

L£=100 Pbp 1.19 1.4 10.61
Ybp 107 659 372

L=500 Pbp 0.86 118 9.02
Ybp 27.6 214 117

a,. .
L is the gene conversion tract length

bThe population crossing-over rate per base pair, ppp= 4 Verpyp; the population gene-conversion rate per base pair, yhp=4/Necpp.

Hum Mutat. Author manuscript; available in PMC 2009 April 01.



s1dLIOSNUBIA JoLINy sispund JINd 8doin3 g

s1duosnuepy Joyny sispund DN adoin3 @

Sedman et al.

Page 25

Estimates of Fgt Parameters Between Studied Population Samples for Each Individual AGH/CSH Cluster

TABLE S5
Gene

Estonians / Estonians/  Chinese Han /
Gene? Chinese Han  Mandenkalu  Mandenkalu
GH1 0.017 (NS) 0.180 0.151
CSHL1 0.327 0.078 0.295
CSH1 0.031 (NS) 0.092 0.089
GHZ2 0.829 0.410 0.908
CSH2 0.201 0.140 0.316
GH15’ upstreamb 0.101 0.062 0.155

Note — P< 107 for all FST estimates except denoted with NS.

a . . .
the region covering genomic sequence from mRNA start to end

bthe resequenced genomic region 5" of the GHI mRNA start site (407 bp)
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