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Abstract
The þ1169A allele of the A/T single nucleotide polymorphism (SNP; rs2665802), located within intron 4 of the

human growth hormone 1 (GH1) gene, has been associated with reduced levels of circulating GH and insulin-like

growth factor 1, a reduced risk of colorectal cancer and a predisposition to osteoporosis. Whether this intronic

SNP is itself the functional polymorphism responsible for exerting a direct effect on GH1 gene expression,

however, or whether it is instead in linkage disequilibrium with the functional SNP, has been an open question.

The evolutionary conservation of the þ1169T allele (and the surrounding intronic sequence) in the bovine

genome, as well as in primate genomes, is, however, suggestive of its functionality. Although a potential alternative

splice site spans the location of the þ1169 SNP, polymerase chain reaction-based assays failed to yield any evi-

dence for alternative splicing associated with either allele. To determine whether the þ1169 SNP, in different

allelic combinations with SNPs at –278 (G/T), –57 (T/G) and þ2103 (C/T), exerts a direct effect on gene

expression and/or GH secretion, we performed a series of transfections of various GH1 haplotype-expressing

constructs into rat GC (somatotroph) cells. The results obtained provided evidence to support the contention

that the þ1169A allele contributes directly to the observed reduction in both GH1 gene expression and GH

secretion. Part of the apparent influence of the þ1169A-bearing allele on GH1 gene expression and GH

secretion may still, however, be attributable to alleles of additional SNPs in cis to þ1169A and located within

either the promoter or the 30-flanking region.

Keywords: growth hormone (GH1) gene, gene expression, protein secretion, intronic functional polymorphism, alternative

splicing

Introduction

Human growth hormone (GH) plays an important

role in immune function and bone turnover, in

addition to its well-documented influences on

stature, muscle mass, lipid and carbohydrate meta-

bolism and postnatal growth.1 The specificity of

GH action lies in promoting the homodimerisation

of its cell surface receptor (GHR), resulting in the

induction of post-receptor signalling pathways.2

Human GH synthesis is directed by the

pituitary-expressed GH1 gene, which is located on

chromosome 17q23 within a gene cluster that

includes three paralogous placentally expressed

genes (CSH1, CSH2 and GH2). The control of

GH1 gene expression is regulated by the

pituitary-expressed transcription factor, PIT1,

which drives GH expression by binding not only
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to the GH1 proximal promoter, but also to a

locus control region (LCR) located between 14.5

kilobases (kb) and 32 kb upstream of the GH1

gene.3

The proximal region of the GH1 gene promoter

exhibits a high level of sequence variation, with 15

single nucleotide polymorphisms (SNPs) occurring

within a 450 base pair (bp) stretch of DNA.4,5 This

high level of sequence diversity is explicable in

terms of a combination of gene conversion, recur-

rent mutations and selection.4,6,7 In the European

population, these polymorphic variants manifest in

at least 40 different haplotypes that display a 12-fold

range of expression level in a reporter gene assay.6 At

least in this population, there is a tendency for those

haplotypes associated with a markedly reduced level

of reporter gene expression to be more prevalent

than those haplotypes associated with an increased

level, possibly as a consequence of selection.6

In addition to the promoter polymorphisms, an

A/T SNP has been reported at nucleotide þ90

within intron 4 of the GH1 gene (rs2665802;

chromosome 17 coordinate, 59348761 — termed

1663 by Hasegawa et al.8 and here, termed

þ1169). The þ1169A allele of this SNP has been

associated with reduced levels of circulating GH

and insulin-like growth factor 1 (IGF-1),8 a

reduced risk of colorectal cancer9 and a predisposi-

tion to osteoporotic bone loss.10 It is currently

unclear whether this intronic SNP performs a func-

tional role by exerting a direct effect on GH1 gene

expression or whether it is instead in linkage dise-

quilibrium with another functional SNP. This ques-

tion remained unanswered by the original authors.8

Here, we have attempted to characterise the intronic

þ1169 SNP functionally, in an attempt to disentan-

gle its potential influence upon GH structure, func-

tion and expression from that of three other

potentially functional GH1 SNPs with which it is

in strong linkage disequilibrium.

Materials and methods

SNP designation

All four of the SNPs studied in detail here have

been reported before. Two are located in the GH1

gene promoter region (2278G/T [rs2005171] and

257G/T [rs2005172]), one is located within

intron 4 (rs2665802; þ1169; 90 bp from the donor

splice site) and one is located in the 30 flanking

region: a C/T transition at position þ2103

(ss19373532). Since all four of these SNPs have

been ascribed different acronyms/numbering by

different authors, a guide to alternative nomencla-

ture, as well as dbSNP numbering, is given in

Table S1.

Polymerase chain reaction amplification and
sequencing

A 3.2 kb genomic DNA fragment specific to the

GH1 gene was previously amplified in a polymerase

chain reaction (PCR) from 153 individuals of normal

stature11 using oligonucleotide primers GH1F (50

GGGAGCCCCAGCAATGC 30; 2615 to 2599)

and GH1R (50 TGTAGGAAGTCTGGGGTGC 30;
þ2598 to þ2616) (all numbering relative to the

transcriptional initiation site at þ1 [GenBank acces-

sion number J03071]). These PCR fragments were

directly sequenced to identify variants within the

entire coding region; introns; 50 and 30 untranslated

regions; and promoter region of the GH1 gene.11

In this study, we extended our initial sequence

analysis to include 1 kb of 30 flanking region using

the primers GH1SEQ4 (50 GCATCATTTTGTCT

GACTAGG 30; þ1631 to þ1651) and GH1SEQ5

(50 CAGACACAGCATAGGCTACC 30; þ2051

to þ2070). In cases where individuals were hetero-

zygous at two or more positions within this

region, the 3.2 kb GH1 gene fragments were cloned

into the cloning vector pGEM-T (Promega;

Southampton, UK); four clones were sequenced

unambiguously to identify the respective haplotypes.

GH1 gene constructs

The human GH1 gene was PCR amplified from

the BAC clone CTC-264K15 (accession number

AC127029) using primers GH1F and GH1R,

cloned into pGEM-T (Promega) and sequenced

using BigDye v3.1 to confirm its identity.

Site-directed mutagenesis (SDM) was performed

using the QuickChange kit (Agilent, Stockport,
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UK) according to the manufacturer’s instructions,

to introduce either a FLAG (50 GACTACAAAG

ACGATGACGACAAG 30) or a MYC (50 GAA

CAAAAACTCATCTCAGAAGAGGATCTG 30)
tag sequence immediately 50 to the natural termin-

ation codon. The resulting vectors were termed

GH-FLAG and GH-MYC, respectively. SDM was

used to introduce specific sequence changes at pos-

itions 2278 (T/G), 257 (T/G), þ1169 (A/T)

and þ2103 (C/T) of the human GH1 gene

(Table S2). All resulting clones were sequenced to

confirm that only the specified sequence changes

had been introduced. The standard GH-FLAG and

GH-MYC vectors used in all studies had the fol-

lowing haplotype, based on the four SNPs listed

above: 2278G, 257T, þ1169T and þ2103C.

Cell transfection

The rat GC pituitary cell line12 was used in all exper-

iments. Rat GC cells were grown in Dulbeco’s

Modified Eagle’s Medium (DMEM) containing 15

per cent horse serum and 2.5 per cent foetal calf

serum at 378C in 5 per cent CO2. For each transfec-

tion, two GH1 gene constructs were used: one vector

contained the wild-type GH-MYC sequence (nor-

malisation control) and the second vector contained

the GH-FLAG vector with or without introduced

sequence changes. All transfections were performed

in 24-well plates using 250 ng each plasmid construct

and FuGENE HD transfection reagent (Roche; East

Sussex, UK) according to the manufacturer’s instruc-

tions. Twenty-four-hour post-transfection cells were

washed twice with phosphate-buffered saline (PBS)

and then 0.5 ml serum-free medium (0.2 per cent

foetal calf serum; 2 mM glutamax in DMEM) was

added to each well. Twenty-four hours later, media

and cells were harvested. Each set of transfections was

performed on at least three separate occasions.

DNA and RNA extraction

Medium was removed from transfected cells after 24

hours, centrifuged to remove cell debris and then

stored at 2808C for subsequent analysis of secreted

human GH. 200 ml RNAprotect cell reagent

(Qiagen; Crawley, UK) was then added to each well.

50 ml of the resulting cell suspension was removed for

extraction of genomic DNA and the remaining

150 ml was used for extraction of total RNA. All

samples were centrifuged at 10,000 rpm for 5 minutes

at 48C and the supernatant removed. Samples for

RNA extraction were resuspended in 200 ml TRI

reagent (Sigma; Dorset, UK) and processed according

to the manufacturer’s instructions. Contaminating

DNA was removed using the DNA-free kit (Applied

Biosystems; Warrington, UK) according to the manu-

facturer’s instructions. 100 ng of each RNA was then

assessed for the presence of any residual DNA using a

SYBR Green-based quantitative PCR (Q-PCR) assay

(Applied Biosystems) using human GH1 gene-specific

primers GHE55 (50 ATCTTCAAGCAGACCTAC

AG 30; þ1366 to þ1385) and GHE53 (50 CCCTCC

ACAGAGCGGCAC 30; þ1497 to þ1514). RNA

samples that exhibited no PCR amplification after 40

cycles were used for subsequent analysis.

DNA extraction was performed as described by

Laird.13 Briefly, cell pellets were resuspended in

250 ml lysis buffer (10 mM Tris-HCl pH 8.5;

5 mM ethylenediamine tetra-acetic acid (EDTA); 1

per cent sodium dodecyl sulphate (SDS); 200 mM

NaCl). After resuspension, 5 mg proteinase K was

added and samples were incubated overnight at

378C. DNA was precipitated by adding an equal

volume of isopropanol, washed once with 70 per

cent ethanol and resuspended in 200 ml sterile

water prior to quantification.

Reverse transcription

Reverse transcription was performed using 500 ng

total RNA using an oligo dT(25) primer and

Superscript III (Invitrogen; Paisley, UK) according

to the manufacturer’s instructions.

PCR amplification of GH1 cDNA

PCR amplification of cDNA derived from transfected

GC cells was performed using two sets of oligonu-

cleotide primers: GHE15 (50 CTCACCTA

GCTGCAATGGC 30; þ49 to þ67) and GHE53,

and GHE45 (50 CGTGCAGTTCCTCAGGAGTGT

30; þ968 to þ988) and GHE53. PCR was per-

formed using the ExpandTM high-fidelity system
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(Roche) using a hot start at 988C for 2 minutes, fol-

lowed by 958C for 3 minutes, 35 cycles at 958C for

30 seconds, 608C for 30 seconds and 728C for 1

minute 30 seconds. For the last 20 cycles, the

elongation step at 728C was increased by 5 seconds

per cycle. This was followed by a further incubation at

728C for 10 minutes.

Real-time quantitative PCR

Real-time quantitative PCR was performed on

DNA samples to measure transfection efficiency

and on cDNA to determine expression levels using

SYBR Green PCR master mix (Applied

Biosystems) and quantified on a 7500 real-time

PCR machine (Applied Biosystems). Plasmid

DNAs (GH-FLAG and GH-MYC) were used to

generate standard curves. These vectors were

diluted from 107 to 104 copies per PCR reaction.

All PCRs were performed in triplicate in a final

volume of 12.5 ml containing 6.25 ml 2� SYBR

Green PCR master mix, 5 ng DNA or cDNA and

either primer pairs GHQ55 (50 GTGCCGCTCT

GTGGAGGG 30; þ1497 to þ1514) and

GHFLQ3 (50GTCGTCATCGTCTTTGTAGTC 30)
or GHQ55 and GHMYQ3 (50 CAGATCCTCTTC

TGAGATGAG 30) at a final concentration of

5 pmol/ml. Samples were PCR amplified as follows:

508C for 2 minutes, 958C for 10 minutes followed by

40 cycles of 958C for 15 seconds, 608C for 1 minute.

Neither PCR assay showed any amplification with rat

genomic DNA or cDNA.

GH enzyme-linked immunosorbent assays

A human GH enzyme-linked immunosorbent assay

(ELISA) (Roche) was used to quantify cell culture

supernatants from transfected GH-FLAG and

GH-MYC vectors for use as standards in the assays

specified below. This ELISA kit showed no cross-

reactivity with rat GH.

Two separate ELISA assays were established to

measure GH-FLAG and GH-MYC. 100 ml mono-

clonal anti-GH antibody (Ab1954; Abcam;

Cambridge, UK), diluted 1 in 1,000 in 0.05M car-

bonate buffer at pH 9.6, was used to coat Nunc

MaxisorpTM plates overnight at 48C. The sensitivity

of measurement of GH concentration for both

ELISA assays was �80 pg/ml. The intra-assay coef-

ficients of variation of each assay were 4.2 per cent

for the GH-MYC ELISA and 4.6 per cent for the

GH-FLAG ELISA. The inter-assay coefficients of

variation of each assay were 10.9 per cent for the

GH-MYC ELISA and 11.2 per cent for the

GH-FLAG ELISA. Plates were washed four times

with 200 ml PBS containing 0.05 per cent Tween

20 (PBS-T), and remaining binding sites were

blocked with 5 per cent Marvel in PBS-Tovernight

at 48C. Plates were washed four times with 400 ml

PBS-T, and 100 ml appropriately diluted GH-

containing medium, in octuplicate, were added to

each well and incubated for 2 hours at room temp-

erature. They were then washed again four times

with 200 ml PBS-T and 100 ml of either

DDDDK-tag (Ab1238; Abcam) or MYC-tag

Worseradish peroxidase (HRP)-labelled antibodies

(Ab1261; Abcam) were added to each well to

detect FLAG- and MYC-tagged GH, respectively.

DDDDK-tag HRP and MYC-tag HRP antibodies

were used at dilutions of 1/2,000 and 1/10,000,

respectively. Plates were incubated for 2 hours at

room temperature. They were then washed four

times with 200 ml PBS-T before 100 ml SureBlue

Reserve substrate (KPL, Gaithersburg, MD, USA)

was introduced and the colour allowed to

develop. Finally 100 ml 3,30,5,50-tetramethylbenzi-

dine (TMB) stop solution (KPL) was added.

Optical density at 450 nm was then measured using

a 96-well plate reader. GH-FLAG and GH-MYC

GH (appropriately diluted, based on GH levels

determined by GH ELISA) were used to generate a

standard curve. Levels of GH in each sample were

then determined from the standard curve. Neither

the GH-FLAG nor the GH-MYC ELISA showed

any cross-reactivity to rat GH or to each other.

Statistical analysis

The absolute quantification method, with the wild-

type GH-MYC or GH-FLAG vectors as standards,

was used to calculate the number of GH1 mol-

ecules either transfected or expressed in each exper-

iment. Wild-type GH-MYC was identical in all
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experiments and was used to normalise the trans-

fection efficiency of the various GH-FLAG vectors,

based on the number of DNA molecules transfected.

The mean transfection efficiency ratio (FLAG/

MYC) was then used to normalise the levels of both

GH1 gene expression and secreted GH. Finally, the

obtained values were divided by the value for the

wild-type control. Normalised activities were inter-

preted as -fold changes by comparison with the wild-

type. Since no significant difference was noted

between plates, the expression and secretion data

were combined over all plates. Differences in GH1

gene expression and GH secretion between the

different haplotypes were assessed for statistical sig-

nificance using Student’s t-test.

Prediction of alternative splice site

The Alternative Splice Site Predictor (ASSP) soft-

ware, described by Wang and Marı́n14 and available

at http://www.es.embnet.org/~mwang/assp.html,

was used to locate the potential alternative splice

site which flanks the þ1169T allele in intron 4

of the GH1 gene and to predict its strength

in relation to that proffered by the alternative

þ1169A allele.

Results

Initial evidence for the functionality of the
11169 SNP from evolutionary conservation
and sequence homology data

Evidence supporting the potential functionality of

the þ1169 SNP initially came from two different

sources: evolutionary conservation and sequence

homology with a known transcription factor binding

site. First, with respect to evolutionary conserva-

tion, nucleotide þ1169T is invariant in the four

human GH paralogues (GH2, CSH1, CSH2 and

CSHP1), as well as in the GH orthologues of five

primate species and Bos taurus (cow) (Figure 1). In

addition, the intron 4 sequence immediately flank-

ing the þ1169 SNP in the human genome

(CTCTTTTTAGCAGTCAGGCCCTGACCCA)

is also highly conserved in these six mammals

(Figure 1). Such conservation over what

corresponds to a �50 Myr period of evolutionary

time is strongly suggestive of functionality.

Second, using TRANSFAC15 to search for known

transcription factor binding sites, a decanucleotide

sequence (AGACAGGCCC) corresponding to

the A allele of the þ1169 SNP, and spanning

the site of the polymorphism, was found to be

highly homologous (one mismatch) to the

consensus sequence of a p53-responsive element

(RRRCWWGYYY; Figure 1).16 The T allele of

the þ1169 SNP, however, exhibits lower similarity

to this consensus.

Linkage disequilibrium between the 11169
SNP and two GH1 promoter SNPs

The þ1169T allele previously has been found to

be associated with higher circulating GH and

IGF-1 levels than the þ1169A allele in a cohort of

prepubertal short children with or without GH

insufficiency.8 Since these authors also showed that

there was significant linkage disequilibrium

between the þ1169 SNP and two promoter SNPs

at positions 2278 (rs2005171; SNP66) and 257

(rs2005172; SNP96), however, it was unclear from

the outset which SNP (or SNPs) was actually

responsible for the observed variation in GH level.

In order to determine whether the þ1169T intro-

nic SNP was itself functional, or whether it was

instead in linkage disequilibrium with another SNP

that was actually responsible for exerting an effect

upon GH structure, function or expression, we set

out to identify additional potentially functional

SNPs (in the European population) from within

the GH1 gene region that are in linkage disequili-

brium with the þ1169T allele with a view to char-

acterising them individually.

The sequence analysis of the entire human GH1

gene in 153 individuals of European descent has

been reported previously.6,11 The frequencies of

the SNPs at positions –278 (T ¼ 0.402; G ¼

0.598), –57 (G ¼ 0.637; T ¼ 0.363) and þ1169

(T ¼ 0.585; A ¼ 0.415) in the European popu-

lation6,11 were very similar to those seen by

Hasegawa et al.8 in the Japanese population,

although — unlike the latter authors — we did not
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find complete linkage disequilibrium between the

2278T and 257G SNPs. In agreement with

Hasegawa et al.,8 however, we found that the

2278G allele was linked in cis with þ1169T in

168/179 (f ¼ 0.94) alleles, whereas the 257T allele

was linked in cis with þ1169T in 104/179 (f ¼

0.58) alleles. By contrast, the þ1169A allele was

linked in cis with 257G (120/127; f ¼ 0.94) and

2278T in 112/127 alleles (f ¼ 0.88). Further,

2278T/257G was found to be linked in cis with

þ1169A in 111/127 alleles (f ¼ 0.874), whereas

þ1169Twas linked in cis with either 2278G/–57T

(98/179; f ¼ 0.55) or 2278G/257G (70/179; f ¼

0.39) [Table 1]. A matrix showing the linkage dis-

equilibrium measures, D0 and r2, relating to the bial-

lelic SNP frequencies of the 2278, 257, þ1169,

þ2103 and þ2498 polymorphisms identified in our

controls of north European origin is shown in

Table S3.

Sequence analysis of the GH1 gene 30 flanking
region

In an attempt to identify further SNPs in linkage

disequilibrium with þ1169, the initial sequence

analysis of the GH1 gene was extended to include

an additional 1 kb of 30 flanking region. This

region includes a putative silencer element.17 Two

further SNPs were identified: a C/T transition at

position þ2103 (ss19373532) and a novel G/A

transition at position þ2498. No other sequence

changes were found within this 1 kb region.

These two SNPs were found 101 bp (þ2103)

and 496 bp (þ2498), respectively, 30 to the putative

silencer element.17 Using TRANSFAC15 to search

for known transcription factor binding sites, a hep-

tanucleotide sequence (TGTTTGC) corresponding

to the T allele of the þ2103 SNP and spanning the

site of the polymorphism (highlighted in bold) was

found to be homologous with the consensus

sequence of HNF3b (GCAAACA).18 The C allele

of the þ2103 SNP exhibits lower similarity with

this consensus. Neither the A nor the G alleles of

the þ2498 SNP displayed any homology to a

known transcription factor binding site. The

þ2103C allele (f ¼ 0.585) was found to be in total

linkage disequilibrium with the þ1169T allele of

the intron 4 SNP, whereas the þ2498A allele (f ¼

0.415) showed no evidence of linkage disequili-

brium with either þ1169 or þ2103. The þ2498

SNP was therefore not considered further in this

analysis.

Figure 1. Intron 4 sequence from the orthologous GH genes of human, five other primates and Bos taurus (cow). The

polymorphic nucleotide at þ1169 in the human GH1 gene is marked in green. Mismatched positions are highlighted in

yellow.GenBank accession nos: Homo sapiens (J03071); Pan troglodytes, chimpanzee (AF374232.1); Gorilla gorilla, gorilla

(FP245407.5); Nomascus leucogenys, white-cheeked gibbon (AY621637.1); Pygathrix roxellana, Sichuan-snub-nosed monkey

(AY621647.1); Macaca mulatta, rhesus macaque (DQ002799.1); Bos taurus, cow (Bos taurus release Btau_4.0). The location of

the consensus sequence of the p53-responsive element (RRRCWWGYYY) is shown in red.16

Table 1. Relationship between the different 2278/257 GH1 gene

haplotypes and the alleles of the GH1 intron 4 polymorphism at

position þ1169 in 153 individuals of European descent.6

2278 257 11169T 11169A

G T 98 6

T G 5 111

G G 70 9

T T 6 1
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GH1 gene expression and GH secretion
in GC cells

To determine whether different combinations of

the SNPs at 2278, 257, þ1169 and þ2103

exerted an effect on gene expression and/or GH

secretion, we performed a series of transfections of

various GH1 constructs into rat GC (somatotroph)

cells. All transfections were performed with two

vectors: a standard vector, containing the MYC tag

sequence and a haplotype defined by alleles

2278G, 257T, þ1169T and þ2103C; and test

vectors containing the FLAG tag and the four

different combinations of the GH1 gene promoter

SNPs (2278G/T and 257G/T), and two different

combinations of the intron 4 (þ1169T/A) and 30

flanking region (þ2103C/T) SNPs, resulting in a

total of eight different combinations of alleles at

four sites. Twenty-four hours after transfection, the

medium was replaced with serum-free medium and

the experiment was continued for an additional 24

hours. After this time the medium was collected

for GH measurement and cells were collected for

extraction of both DNA and total RNA. Using a

serum-free medium ensured that only basal levels

of GH1 gene expression and GH secretion were

measured. DNA extracted from transfected GC

cells was used for Q-PCR with primer sets

GHQ55/GHFLQ3 and GHQ55/GHMYQ3 to

determine transfection efficiency relative to the

standard vector. Total RNA was extracted from

transfected GC cells and then reverse transcribed

with an oligo dT(25) primer. The resulting cDNA

was then used for quantitative PCR using

GHQ55/GHFLQ3 and GHQ55/GHMYQ3

primer sets. Gene expression levels were measured

relative to that of the control FLAG vector

(2278G/257T/þ1169T/þ2103C). The results

obtained are shown in Table 2. Comparison of the

different allele combinations of promoter SNPs

with the þ1169T/þ2103C haplotype indicated

there to be no statistically significant difference in

GH1 gene expression between 2278G/257T and

2278G/257G (p ¼ 0.739), whereas there was a

6 per cent difference in expression between the

2278G/257T and 2278T/257G haplotypes

(p ¼ 0.047) and a 6 per cent difference in GH1

gene expression between 2278G/257T and

2278T/257T (p , 0.001). By contrast, none of

the promoter SNP allele combinations bearing the

þ1169A/þ2103T haplotype showed any signifi-

cant difference in GH1 gene expression that

was attributable to a specific allele at these

locations. Comparison of the þ1169T/þ2103C

and þ1169A/þ2103T haplotypes bearing the

same 2278/257 promoter genotype revealed

that neither 2278T/257G (p ¼ 0.61) nor

2278G/257G (p ¼ 0.19) exhibited any significant

difference in GH1 gene expression, whereas

Table 2. Comparison of GH1 gene expression between eight different allele combinations involving four different SNPs from the GH1

gene region.

2278 257 11169 12103 Expressiona SEM p value

versus 1

p value

versus 2

p value (TC

versus AT)

1 G T T C 1.0000 0.014 – 0.033 0.033

2 G T A T 0.9597 0.012 0.033 –

3 T G T C 0.9387 0.026 0.047 0.466 0.611

4 T G A T 0.9540 0.015 0.029 0.759

5 G G T C 1.0088 0.022 0.739 0.061 0.194

6 G G A T 0.9574 0.022 0.114 0.928

7 T T T C 1.0644 0.008 ,0.001 ,0.001 ,0.001

8 T T A T 0.9371 0.012 0.002 0.184
aGH1 expression levels relative to 1. P values exhibiting statistically significant difference (,0.05) are shown in bold
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both the 2278G/257T (p ¼ 0.033) and

2278T/257T (p , 0.001) displayed significant

decreases in expression of 4 per cent and 12 per

cent, respectively.

Although this GH1 gene expression analysis only

represents the situation pertaining at the end of the

experiment (rather than during the experiment), it

is clear that the different combinations of the

2278 and 257 SNPs do indeed influence GH1

gene expression, but only in combination with the

þ1169T/þ2103C allele, not the þ1169A/

þ2103T allele (Table 2). The 257T allele may

therefore be of functional significance, indepen-

dently of the 2278G/T SNP, but in a way that is

critically dependent on the identity of the

þ1169/þ2103 allele combination in cis (Table 2;

rows 1 vs. 2 [p ¼ 0.033] and 7 vs. 8 [p ,0.001]).

No significant difference was observed when com-

paring the 257G allele and different

þ1169/þ2103 allele combinations (Table 2; rows

3 vs. 4 [p ¼ 0.611] and 5 vs. 6 [p , 0.194]).

Luciferase reporter gene assays employing GH1

gene promoter constructs containing identical

combinations of 2278/257 SNPs as used in this

study and under similar conditions, failed to

demonstrate any significant difference in luciferase

gene expression between the four 2278/257 hap-

lotypes.19 Although the assay of Giordano et al.19

employed a human breast cancer cell line (MCF7),

their results are nevertheless consistent with the

observed differences in GH1 gene expression being

due to the different þ1169/þ2103 allele

combinations.

GH secretion was then measured in the cell

culture supernatant from transfected cells in serum-

free medium over a 24-hour period. It has been

shown that GH is stable in cell culture supernatants

from GH3 cells over 72 hours.20 On this basis, it is

likely that the GH measured in our experiments

represents the accumulated total GH secreted over

the entire 24-hour period, unlike the GH1 gene

expression analyses, which reflect the steady-state

levels of expression measured at the end of the

experiment. Normalised secretion levels are shown

in Table 3. Comparison of the different combi-

nations of promoter SNP alleles (2278T/G and

257G/T) with the þ1169T/þ2103C haplotype

indicated that there were significant statistical differ-

ences (p , 0.001) in all cases. GH secretion levels

were found to be increased when compared with

the 2278G/257T standard, by 13 per cent, 12 per

cent and 9 per cent for the 2278T/257G,

2278G/257G and 2278T/257T promoter allele

combinations, respectively. A similar picture was

seen with the different allele combinations of the

promoter SNPs with the þ1169A/þ2103T haplo-

type; the levels of secreted GH were increased by 14

per cent, 18 per cent and 28 per cent for

2278T/257G, 2278G/257G and 2278T/257T,

respectively, compared with 2278G/257T.

Table 3. Comparison of GH secretion levels between four different SNPs located in different parts of the GH1 gene.

2278 257 11169 12103 Secretiona SEM p value

versus 1

p value

versus 2

p value (TC

versus AT)

1 G T T C 1.0000 0.015 2 ,0.001 ,0.001

2 G T A T 0.8023 0.010 ,0.001 2

3 T G T C 1.1341 0.014 ,0.001 ,0.001 ,0.001

4 T G A T 0.9155 0.013 ,0.001 ,0.001

5 G G T C 1.1181 0.010 ,0.001 ,0.001 ,0.001

6 G G A T 0.9466 0.013 0.008 ,0.001

7 T T T C 1.0887 0.013 ,0.001 ,0.001 0.001

8 T T A T 1.0267 0.014 0.192 ,0.001
aGH secretion levels relative to 1. P values exhibiting statistically significant difference (,0.05) are shown in bold
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Comparison of the þ1169T/þ2103C and

þ1169A/þ2103T haplotypes bearing the same

2278/257 promoter genotype indicated that in all

cases GH secretion was significantly reduced in the

þ1169A/þ2103T haplotype. The reductions in

GH secretion for the þ1169A/þ2103T haplotype

compared with þ1169T/þ2103C were 20 per cent

(2278G/257T), 19 per cent (2278T/257G),

15 per cent (2278G/257G) and 6 per cent

(2278T/257T), respectively; however, no signifi-

cant difference was observed between haplotypes

2278G/257T/þ1169T/þ2103C and 2278T/

257T/þ1169A/þ2103T (p ¼ 0.192). These

results reinforce the conclusions drawn from the

GH1 gene expression experiments, in that different

combinations of the four SNPs differentially affect

the amount of GH secreted from the somatotroph

cells. Unlike in the expression analysis, however,

the 257T SNP had no independent effect on GH

secretion. Although it is clear that the two SNPs in

the GH1 promoter region exert an effect on both

GH1 gene expression and GH secretion, it is also

evident that specific þ1169/þ2103 allele combi-

nations play a significant role in determining the

level of GH secretion. This is in agreement with

the data of Hasegawa et al.,8 who reported a

significant difference in peak GH levels

following standard GH provocation tests between

þ1169T (18.2+ 9.8 ng/ml) and þ1169A (10.3+
5.8 ng/ml) in a cohort of prepubertal short

children with either mild or no GH insufficiency.

Taken together, these data argue that either

the þ1169 or the þ2103 SNP plays a

substantial role in determining the level of

secreted GH.

To determine if the þ2103C/T SNP plays a role

in either GH1 expression or GH secretion, we

compared different allele combinations of the

þ1169/þ2103 SNPs in association with the

2278G/257T promoter genotype (Tables 4 and

5). The þ1169A/þ2103C haplotype does not

occur naturally but was created by site-directed

mutagenesis by converting the haplotype 2278G/

257T/þ1169A/þ2103T to 2278G/257T/

þ1169A/þ2103C. As was to be expected from

our previous results, GH1 gene expression was

found to be reduced by 5 per cent (p ¼ 0.002) for

the þ1169A/þ2103T and 7 per cent (p , 0.001)

for the þ1169A/þ2103C haplotypes when com-

pared with þ1169T/þ2103C (Table 4). No signifi-

cant difference in gene expression was found

between the þ1169A/þ2103T and þ1169A/

þ2103C haplotypes (p ¼ 0.309), suggesting that the

þ2103 SNP has no influence on GH1 gene

expression. Hence, we may conclude that the þ1169

SNP is important in its own right in determining

GH1 gene expression.

Similar results were obtained when GH secretion

was analysed (Table 5); no significant difference

was noted between the þ1169A/þ2103T

and þ1169A/þ2103C haplotypes (p ¼ 0.479),

whereas there was a 22 per cent (p , 0.001)

reduction in GH secretion for the þ1169A/þ2103T

haplotype and a 20 per cent (p , 0.001) reduction

for the þ1169A/ þ 2103C haplotype when com-

pared with the standard þ1169T/þ2103C haplo-

type. These results indicate that the þ1169T/A

SNP within intron 4 of the GH1 gene is likely to

be directly responsible for the observed reduction

in both GH1 gene expression and GH secretion.

Table 4. Comparison of GH1 expression levels between the C and T alleles of the þ2103 SNP in the GH1 gene 30 flanking region.

2278 257 11169 12103 Expressiona SEM p value

versus 1

p value (AT

versus AC)

1 G T T C 1.0000 0.0113 –

2 G T A T 0.9494 0.0060 0.002 0.309

3 G T A C 0.9310 0.0166 ,0.001
aGH1 expression levels relative to 1. P values exhibiting statistically significant differences (,0.05) are shown in bold
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It is, however, still unclear precisely how the

þ1169 SNP exerts its effect on GH1 gene expression

and GH secretion. The GH1 gene expression assay

utilised total cellular RNA, which was then reverse

transcribed with an oligo dT primer. This assay

therefore measures the level of the fully processed

(transcribed, spliced and polyadenylated) mRNA

species, and hence it is not possible at the current

time to say at which stage(s) in the gene expression

pathway the þ1169 polymorphism exerts its effect.

We did, though, determine the extent to which the

level of GH secretion was predictable from the GH1

gene expression level by comparing mean GH

secretion values with mean GH1 gene expression

values using a Pearson correlation. A positive corre-

lation was noted between GH secretion and GH1

gene expression, although this trend did not reach

statistical significance (Pearson correlation ¼ 0.485;

p ¼ 0.13).The absence of a correlation may be due

to GH secretion reflecting the total amount of GH

produced over a 24-hour period, whereas GH1 gene

expression only measures the amount of mRNA

transcribed at one point in time and hence will not

take into account any changes (if any) in gene

expression during the 24-hour time course of the

experiment. The positive correlation observed does,

however, suggest that the þ1169 SNP has little or no

effect on GH translation.

The 11169T allele may contribute to an
alternative splice site

Using the Alternative Splice Site Predictor software

described by Wang and Marı́n,14 we located a

potential alternative splice site spanning the

location of the þ1169 SNP. This alternative

(donor) splice site predicts an exon–intron junction

just 2 bp upstream of the polymorphic þ1169

nucleotide [CTTTTTAGCAgtcaggccct — nucleo-

tide þ1169 shown in bold] with a probability of

0.907 (cf. probability of it being a constitutive splice

site ¼ 0.068). Hence, the þ1169T allele is predicted

to contribute to the obligate gt dinucleotide at this

cryptic splice site, while, unsurprisingly, the program

predicts that this site would not be recognised as an

alternative splice site in the þ1169A allele.

To determine whether this potential alternative

splice site was used, we designed two gel-based PCR

assays. One assay amplified the entire GH1 cDNA

with PCR primers located in the 50 UTR/exon 1

and exon 5; the second assay amplified a smaller

GH1 cDNA using primers located in exons 4 and

5. Total RNA was isolated from rat GC cells trans-

fected with the GH1 gene construct bearing either

the þ1169T or þ1169A allele and were reverse

transcribed using oligo dT and then subjected to

PCR amplication. No differences between the PCR

products were observed with either the þ1169T or

the þ1169A alleles. This suggests that either: (i) no

alternative splicing occurs in the specific cell type

employed in this assay; (ii) alternative splicing occurs

in only a small proportion of transcripts which are

not visible in a gel-based assay; or (iii) any alterna-

tively spliced product is unstable and hence is rapidly

degraded.

Discussion

GH, encoded by the GH1 gene, plays an important

role in human development, growth and metab-

olism.1 The biological effects of GH are mediated

through binding and dimerisation of a cell

surface-expressed GHR, initiating a signalling

cascade which results in an increased plasma level

Table 5. Comparison of GH secretion levels between the C and T alleles of the þ2103 SNP in the GH1 gene 30 flanking region.

2278 257 11169 12103 Secretiona SEM p value

versus 1

p value (AT

versus AC)

1 G T T C 1.0000 0.0180 –

2 G T A T 0.7825 0.0119 ,0.001 0.479

3 G T A C 0.7994 0.0203 ,0.001
aGH secretion levels relative to 1. P values exhibiting statistically significant differences (,0.05) are shown in bold
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of IGF-1. We and others have previously

documented an unparalleled level of GH1 gene

variation in people within the range of normal

stature.4–6,8,11,19,21 Such variation may be very

important in a number of different clinical contexts.

Thus, an increased risk of colorectal cancer may

be mediated by GH and IGF-1 levels.9,22–24

Cardiovascular disease, hypertension and large

artery stiffening are multi-factorial conditions with

a polygenic basis that are all known to be influ-

enced by GH.25–27 An association may also exist

between plasma GH level and survival in critically

ill people, since non-surviving children with

meningococcal sepsis have been reported to exhibit

significantly higher GH levels than those who sur-

vived,28 while critically ill adults treated with GH

were found to experience increased mortality.29

With this clinical backdrop, the potential impor-

tance of functional polymorphisms in the GH1

gene is apparent. The þ1169A allele of the A/T

SNP, located within intron 4 of the human GH1

gene, has been associated with reduced levels of

circulating GH and IGF-1, a reduced risk of color-

ectal cancer and a predisposition to osteoporosis.

Whether this intronic SNP is itself a functional

polymorphism that exerts a direct effect on GH1

gene expression, however, or whether it is instead

in linkage disequilibrium with another potentially

functional SNP (e.g. 2278G/T, 257G/T,

þ2103C) has been an open question. The 2278

SNP is located within a putative nuclear factor 1

(NF1) binding site (2286 to 2274)30 but has not

so far been functionally characterised. The 257

SNP is located within a functional vitamin D

response element (260 to 246);31,32 the 257T

allele has been found to be associated with an

increased risk of isolated GH deficiency,19 while the

257G allele is associated with the complete loss of

the vitamin D-induced inhibitory response.19 These

findings suggest that specific alleles of either the

2278 and/or the 257 SNPs could have been

responsible for the observed effect on GH secretion

that was originally attributed to þ1169.

We attempted here to untangle the potential

influences of the intronic SNP at þ1169, and three

additional SNPs identified as being in linkage

disequilibrium with þ1169, upon GH1 gene

expression and GH secretion. Evolutionary conser-

vation of the þ1169T allele (and its surrounding

sequence) provided tentative evidence for its func-

tionality. In order to determine whether þ1169, in

combination with the SNPs at –278, –57 and

þ2103C, exerts a direct effect on gene expression

and/or GH secretion, however, we performed a

series of transfections of various GH1 constructs

into rat GC (somatotroph) cells. The results

obtained have provided evidence to support the

contention that the þ1169A allele contributes

directly to the observed reduction in both GH1

gene expression and GH secretion. The above not-

withstanding, however, part of the influence of the

þ1169A-bearing allele on GH1 gene expression

and GH secretion may still be attributable to alleles

of additional SNPs in cis to þ1169A and located

within either the promoter or the 30 flanking

region. It remains to be seen whether the þ1169T

SNP might exert an effect on the GH1 mRNA

splicing phenotype; owing to the presence of exon-

and intron-splice enhancers within this gene, confir-

mation or otherwise of this possibility would require

the use of whole gene constructs in in vitro assays.

Intronic SNPs residing at some distance from

splice sites may often go undetected unless they

induce either alternative or aberrant splicing that is

readily distinguishable qualitatively or quantitatively

from ‘normal’ splicing.33,34 Indeed, introns probably

represent substantially larger mutational targets than

has hitherto been appreciated, on account of their

harbouring a multiplicity of functional elements

including intron splice enhancers and silencers, as

well as the cis-acting RNA elements that regulate

alternative splicing. Some deep intronic polymorphic

variants are known to have the potential to confer

susceptibility to disease (eg Choi et al.35) and these

may be much more common than hitherto realised.

In this context, it is pertinent to note that disease-

associated intronic SNPs have recently been found to

impact upon long-range regulatory mechanisms

involving highly conserved non-coding elements.36

Although the precise mechanisms through which it

exerts its effect on GH1 gene expression and GH

secretion remain unclear, the þ1169 A/T SNP
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studied here appears to represent a new example of

an intron-located functional polymorphism with

potential clinical significance.
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Table S1. Alternative acronyms/numbering used for the five GH1 SNPs under study.

Our

numberinga

dbSNP

No.

Wagner

et al.5
Hasegawa

et al.8
Le

Marchand

et al.9

Esteban

et al.37

2278 rs2005171 2339 P2 2 4886

257 rs2005172 2118 P3 2 5107

þ1169 rs2665802 2 P1 (1663) 1663 P24 (6331)

þ2103 ss19373532 2 2 2 2

þ2498 2 2 2 2 2

aRelative to the GH1 transcriptional initiation site at þ1
dbSNP: http://www.ncbi.nlm.nih.gov/projects/SNP/

Table S2. Oligonucleotide primers used in site-directed mutagenesis reactions.

Primer Oligonucleotide sequence (50 > 30)a

GHFLAG5 TGGAGGGCAGCTGTGGCTTCGACTACAAAGACGATGACGACAAGTAGCTGCCCGGGTGGCATCC

GHMYC5 TGGAGGGCAGCTGTGGCTTCGAACAAAAACTCATCTCAGAAGAGGATCTGTAGCTGCCCGGGTGGCATCC

2278T CCACCATGGCCTGCTGCCAGAGGGCACCC

257G AGAAACAGGTGGGGGCAACAGTGGGAGAG

1169A5 CCTCTTTTTAGCAGACAGGCCCTGACCCA

2103T5 GGACATTTGAGTTGTTTGCTTGGCACTGT

2498G5 TCCAGCCTCAAAGAGCTTACAGTCTGGTA
aOnly the sequence of the sense strand oligonucleotide is shown. Bases inserted or changed are shown in bold

Table S3. Matrix showing the linkage disequilibrium measures, D0 and r2, based on the biallelic SNP frequencies of the 2278, 257,

þ1169, þ2103 and þ2498 polymorphisms identified in 153 Caucasian controls.

GH1 SNP

alleles

2278 257 11169 12103 12498

2278 – D0 ¼ 0.843

r2 ¼ 0.272

D0 ¼ 0.847

r2 ¼ 0.679

D0 ¼ 0.847

r2 ¼ 0.679

D0 ¼ 0.847

r2 ¼ 0.310

257 – D0 ¼ 0.848

r2 ¼ 0.288

D0 ¼ 0.848

r2 ¼ 0.288

D0 ¼ 0.483

r2 ¼ 0.186

þ1169 – D0 ¼ 1.000

r2 ¼ 1.000

D0 ¼ 1.000

r2 ¼ 0.513

þ2103 – D0 ¼ 1.000

r2 ¼ 0.513

þ2498 –
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