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The concentration of transforming growth factor B
(TGF-B) in plasma has been correlated with the develop-
ment of several diseases, including atherosclerosis
and certain forms of cancer. However, the mechanisms
that control the concentration of TGF- 3 in plasma are
poorly understood. In a study of 170 pairs of female
twins (average age 57.7 years) we show that the con-
centration of active plus acid-activatable latent TGF- (31
[(@tl) TGF-BO is predominantly under genetic control
(heritability estimate 0.54). Single strand conformation
polymorphism (SSCP) mapping of the TGF- 31 gene pro-
moter has identified two single base substitution poly-
morphisms. The two polymorphisms (G~ —A at position
—800 bp and C —T at position —509 bp) are in linkage dis-
equilibrium (correlation coefficient A=0.215, P < 0.01).
The C-509T polymorphism is significantly associated
with the plasma concentration of (a+]) TGF- 1, explain-
ing 8.2% of the additive genetic variance of (a+l) TGF- (1
concentration. It is therefore possible that predisposition

to atherosclerosis, bone diseases or various forms of
cancer may be correlated with the presence of particular
alleles at the TGFB1 locus.

INTRODUCTION

have therefore examined whether there is genetic regulation of
plasma TGH3 concentration. TGIB-in man is derived from three
unlinked genetic loci,TGFB1, TGFB2 and TGFB3 which
encode three protein isoforms, TGE-2 and(33.

Studies using isoform-specific ELISA assays have demon-
strated that human blood contains <0.2 ng/ml B2K41) and
TGF{33 has been detected in platelet-poor plasma and serum
from only[20% of individuals tested (D.J.Grainger, unpublished
observations). The majority of the T@@present in blood from
most individuals is therefore the TGH- isoform. TGFB is
secreted as a latent proprotein, in which the propeptide (termed
LAP) remains non-covalently associated with the active 25 kDa
dimer. This latent TGIB complex can be activated either by
acidification in vitro (hence the term ‘acid-activatable latent
TGF{', to distinguish it from platelet forms of TGEwhich are
not activated by acidification in the absence of urea) or by further
proteolytic cleavage of the LAP propeptide. To determine the
genetic contribution to control of plasma levels of T@ER-an
ELISA was used which detects both active and acid-activatable
latent TGFB [termed (a+l) TGH3] (12,13). The classical twin
study by which the correlation within monozygous twins (MZ) is
compared with the correlation in dizygous twins (DZ) was used
to determine the genetic contribution to plasma levels and to
qguantify the contribution of candidate genes to the genetic
variation using the variance components modelling approach.

RESULTS

TGF- is a multifunctional cytokine which regulates the prolifer-The concentration of (a+l) TGBt was determined by ELISA

ation and differentiation of a wide variety of cell typewitro.

(see Materials and Methods) in serum samples from 170 pairs of

Recently, pathological misregulation of the TGRathway has twins (84 MZ and 86 DZ pairs). The baseline characteristics of
been implicated in the development of several major diseaigese twins are shown in Table 1. The MZ twins were slightly

groups, including cancefl-5), atherosclerosis (6—8), filhic

disease (9) andugo-immune diseadd.0).

Despite these correlations between plasma [B@Bnhcentra-

older than the DZ twins (mean age 58.7 versus 56.6 years) and a
significantly higher proportion were post-menopausal (87 versus
75%). However, the concentration of (a+l) T@F-was not

tions and disease, the mechanisms which control the concentcarrelated with age nor differed significantly between pre- and
tion of TGF{ in circulating plasma are poorly understood. In gpost-menopausal subjects. After normalization of the dataset by
previous study no correlations were identified between thiegarithmic transformation, the intra-class correlation coefficient
concentration of TGE- in plasma and any environmental for (a+l) TGFf31 [rMZ = 0.58,rDZ = 0.22] was indicative of a
parameters, such as age, body mass index or drugs taken (7).9Mestantial genetic effect on circulating TGFlevels.
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Figure 1. Location of polymorphisms in thEGFB1promoter. Diagramatic representation of the putative transcription factor binding site$@FB&promoter.
Hatched box, one or more consensus spl binding sites; vertical line, consensus ap?2 binding site; stippled oval, coresensusoneleinding element; filled box,
consensus CREB half-site. The sequence of the CREB half-site is shown (boxed) with the single base polymorphism at —-800rbipahdeskript. ThMadll
consensus sequence present in the G allele (GTNAC) is underlined. The sequence surrounding the single base polymorphis(hat}-s08lso shown, with
theBsuB6I consesus sequence present in the C allele (CCTNAGG) underlined. All nucleotide positions are relateddstttrascriptional start site of th&FB1
gene described in Kiret al (14).

Table 1.Baseline characteristics of the population sequence (14) ill0% of alleles (G—800A; Fig. 1). The second
polymorphism was at —509 bp, with thymine replacing cytosine in
MZ Dz P-value [B0% of alleles (C-509T; Fig. 1). The genotype at these two sites
(n=168) (h=172) in the TGFB1 promoter region was determined for the majority of
Age (vears) 587+ 66  566+83 0006 the individuals in the twin study. For the G—800A polymorphism we

found 59/340 individuals were heterozygous (AG) and two

C\Z% :tt ((T(Z)) 122'; Z'; 12;'03; ifo g’géz individuals (an MZ twin pair) were homozygous AA, corresponding
- ’ ‘ ' to an A allele frequency of 0.09 (95% CI: 0.06-0.11; Table 2). For

No. (%) post-menopausal 131 (87) 12 (75 0.007 C-509T, 152/322 individuals were heterozygous (CT) and 24/322

No. (%) current smoker 24 (14) 3319 0.325 individuals were homozygous for thymine at this position (T allele

No. (%) on no alcohol 23 (13) 15 (9) 0.121 frequency 0.31, 95% CI: 0.27-0.35).

No. (%) previous HRT use 32(18) 31(18) 0.889 Alleles at the two polymorphic sites were found to be in linkage

No. (%) hysterectomy 35 (20) 37 (21) 0.791 disequilibrium (correlation coefficiedt = 0.21,P < 0.01). Only

two of the estimated haplotypes have frequencies >10% (C-G and
Only age and the number of post-menopausal individuals differed significantij-G, frequencies 60 and 31% respectively). The C-A haplotype
between the MZ and DZ groug-¢alues in bold). None of the individuals stu- is rare (9%) and the T-A haplotype was not observed. Since the
died was currently on hormone replacement therapy (HRT) or taking other hatwo polymorphisms are physically close and the alleles at these
monally active medications. sites are in linkage disequilibrium, further analysis of the effect
of the polymorphisms on circulating concentration of T3 kas

Twin model fitting was performed (see Materials and Methodg)estiicted to the C-509T locus, which showed the stronger
to estimate the contribution of genetic and environmental factors #$SOciation with TGE-concentrations. Constraining the mean
the observed variance in TQE- levels. Fitting of specific (&+) TGF1 concentrations to be equal across genotypes in the
sub-models showed that the shared environment and genétSt parsimonious model led to a significant decrease in the
dominance components could be dropped from the model withogigality of the fit 2[2] = 13.47 P < 0.005), implying a significant
significant deterioration in fit. Thus, a model including only additiveeffect of the polymorphism on the phenotype. By comparing the
genetic and unique environmental effects gave the most parsimoﬁpn-standa@zed estimates of the additive genetic variance in the
ous explanation of the data. The heritability estimate from this modilll model with that in the reduced model in which the means
was 0.54 [95% confidence interval (CI): 0.39-0.66] for (at+lvere set equal, the percentage of additive genetic variance
TGF{1. explained by the genotype was derived (8.2%; Table 3). Estimates

Since most of the TGPB-in plasma is the TGP4 isoform we ~ Of genotype-specific mean (a+l) TG#- concentrations (with
investigated whether mutations at f@FB1 locus influence the 95% Cls) are shown in Table 4.
circulating concentration of TGB- Using SSCP analysis two  The results obtained from the twin modelling were confirmed
polymorphisms were identified in the promoter region oftBEB1 by GEE (see Materials and Methods; Table 4). The presence of
gene within 1.5 kb upstream of the major transcriptional start sitthe T allele at 509 bp is associated with higher concentrations of
Sequencing of the PCR fragments analysed by SSCP mappiiag!) TGF1 and this increase in concentration is higher among
identified two single base substitution polymorphisms. The firshdividuals homozygous for T than in heterozygotes, suggesting
polymorphism occurred at —800 bp (from therost transcription a dose-response effect of the T allele on circulating concentra-
start site), with adenine replacing guanine in the published genontions of (a+l) TGHB1.
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Table 2. Genotype distribution of the G-800A and C-509T polymorphisms

G-800A C-509T

AA AG GG Total Allele frequency A TT CT CcC Total Allele frequency T
Mza 2 32 134 168 0.11 CI (0.06, 0.16) 12 80 72 164 0.32 CI (0.27, 0.37)
Dz - 27 145 172 0.08 CI (0.05, 0.11) 12 72 74 158 0.30 CI (0.25, 0.36)
Allb 2 59 279 340 0.09 CI (0.06, 0.112) 24 112 110 322 0.31 ClI (0.27, 0.35)

2Allele frequency in MZ is estimated by considering one of each pair of MZs since MZs have identical sets of genes.
bAllele frequency estimates for all the data (MZ and DZ) are computed by selecting one of each pair of MZs and all DZs.

Table 3. Non-standardized estimate of variance components in the most  allele would be expected to have reduced affinity for the CREB
parsimonious (AE) models family of transcription factors (15), which have been implicated in
regulating transcription of other members of the TR3jene family.

Models Va? VE? VF© —2nL  df Additionally, both polymorphisms lie several bases from consensus

AE different means 0.3723 0.3156 0.6880 716.70 605 DR1 or DR5 nuclear hormone receptor binding $€3, which is

AE means equal 0.4057 0.3196 0.7253 730.17 607 of interest since ligands for nuclear hormone receptors have been
8.2% x42] = 13.47,P < 0.005 shown to regulate TGB-productionin vitro (17) andn vivo (8).

Estimates based on a reduced model with the genotype-specific

The estimated variance components (calculated as described in Materials 3ghans constrained to be equa| suggests that almost 10% of the
Methods) are shown for the most parsimonious (AE) model, either in the fu enetic variance in (a+)) TG[B:]: observed in our population is
model allowing different genotype-specific means (AE different means) or i

a reduced model with genotype-specific means constrained to be equal ( rlt.)Utable to the C_—509T pqumqrph|sm. This co_nclusm_)n IS
means equal). The percentage of additive genetic variance explained by fﬁ%nflrmed by regression analys!s using the GEI_E' which e,StlmateS
C-509T polymorphism is estimated from the difference betwgdor the full € mean (a+l) TGB-concentration to be approximately twice as
and reduced models and the significance determined from the difference Mgh in TT compared with CC homozygotes.

—2InL, which is distributed ag? (see Materials and Methods). The presence of polymorphisms in fReFB1 locus [such as

aVj, variance of additive genetic effects. those described here and elsewhere (18,19)] may indicate predis-
bVg, variance of specific environmental effects. position to diseases that have been linked to circulating levels of
“Vp total phenotypic variance. TGF, including atherosclerosis (7) and some forms of cancer

(1,3). Consistenwith this hypothesis, Cambien al (18) report an
association between a-GC substitution at codon 25 and risk of
myocardial infarction. Paradoxically, the same allele showed

Table 4. Estimates of genotype-specific means and 95% CI from the most
parsimonious model

Genotype (a+]) TGFB association with aower systolic bloqd pressure. Therefore, 'the
Mean 95% Cl P.value a_uthors favour a cautious interpretation of these _appar_ently incon-
sistent results. Several other polymorphisms were investigated in the
cc 383 8.26-4.50 - same study (G-800A, C-500T, C insertion at +72CTat codon
cT 5.06 4:33-5.91 0.039 10 and C- T at codon 263), but they showed no association with
TT 7.62 5.25-11.08 0.002

myocardial infarction or blood pressure.

The mean and 95% ClI for (a+l) TGH-plasma concentration for each genotype Langdah_let E_il _(18) report association leten an inf_requent
at the C-509T locus is es(tima)lteg];c?m the most parsimonious (AE?fuII %2d&0lymorph'sm in intron 4 of the TGBL gene (a C dgleuon 8 bp )
(see Materials and Methods). TRealues are linear contrasts relative to the cc Upstream of exon 5) and the occurrence of spinal fracture in
genotype derived using the GEE technique (see Materials and Methods). OSteoporotic patients. Recently, a preliminary report of a novel
TGF{1 polymorphism in intron 5 has shown possible linkage to
and association with hip bone density in wor(i&).
DISCUSSION The exact mechanisms by which misregulation of PGfight
lead to disease is unclear and complex (reviewed in ref. 21). Moses
Taken together, these results demonstrate a significant genetitd colleagues showed that local expression of a constitutively
contribution to the control of (a+) TGEL concentration in plasma. active TGFB1 transgene prevented the development of mammary
The most parsimonious model explaining the phenotypic variancarcinoma induced either by transgenic overexpression ofil@F-
in (a+l) TGFf1 concentration includes only the additive genetic (A)y the chemical carcinogen DMBA (4). However, it is clear that the
and unigue environmental (E) components. Using this model, wele of TGFf is more complex than simply suppressing tumour
estimate the heritability of (a+l) TGEconcentration in plasma to development. Studies from the groups of Akhurst and Balmain have
be [54%. demonstrated that while low levels of TGE-staining is prognostic
We have demonstrated an association between theBIGF-for a high risk of malignant conversion of benign tumours ipS3e
promoter genotype and plasma concentration of (a+l) fiGF- knockout mouse (2), TGB-promotes progression of carcinoma
However, we have too few discordant DZ twin pairs for eithecells from the squamous phenotype to the more aggressive spindle
polymorphism to be able to determine whether the polymorphisnphienotype (22). Markowitzt al (5) have identified somatic
we observe are directly responsible for the differences in plasmautations of the TGIB-type Il signalling receptor, which would be
TGF{ concentration or are in linkage disequilibrium with other, adikely to render it non-functional, in human colon cancer biopsies.
yet unidentified, polymorphisms. However, we note that thén contrast, Arteaga®t al (23) have shown that transfecting a
G-800A polymorphism is in a consensus CREB half-site and thethansformed cell line with a construct expressing active BGF-
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rendered the cells more tumorigemicvivo (24). Consistenvith ~ (Pharmacia, St Albans, UK), 50 nmol each dNTP and 6.25 pmol
this observation, elevated levels of plasma P3fpatients with  forward primer. The reaction was heated to®¥%or 30 s and then
malignant prostatic tumou(8) and hepatocellular cancdma (1) held at 80C while 5pl containing 6.25 pmol reverse primer and
have been reported. It is likely that alterations in T83#pression 0.5 U Taq polymerase irxITaq polymerase buffer was added.
play an important role in the development of cancer, but as yet it8mples were amplified for 35 cycles of @5for 1 min, 60C
unclear whether increased or decreased F@e€tvity (or perhaps for 1 min and 72C for 1 min, followed by an extension period
both at different times during tumorigenesis) promotes the developf 10 min at 72C. Primers were '8SCCCGGCTCCATTTC-
ment of tumours (reviewed in ref. 21). CAGGTG-3 and 5TGCTCTTGACCACTGTGCCA-3for the

In studies on the role of TGEin atherogenesis, we have shownG—-800A polymorphism, and'£AGACTCTAGAGACTGT-
that mice expressing the apolipoprotein(a) transgene devel@AG-3 and 5GTCACCAGAGAAAGAGGAC-3 for the
diet-induced lipid lesions resembling early human atheroscleroit-509T polymorphism. PCR products were denatured with
plaques at sites in the vessel wall where P&ietivity is locally 0.2 M sodium hydroxide and 0.5 mM disodium EDTA at room
depressed by high concentration of apolipoprotein(a) (6). It has atgmperature. Single-stranded DNA bands were resolved on a
been shown that tamoxifen, which elevates TG€tivity both in - 20% acrylamide gel (Phastsystem, Pharmacia; or XCell I
the vessel wall and serum of mice, prevents diet-induced lipid lesiggstem, Novex, San Diego, CA) and visualized by silver staining.
formation in three different mouse models of atherosclerosis
(8,25,26). Consistentith these observations we have shown thaGenotyping
the concentration of active TQHs depressed 5-fold in individuals ) ) . .
with severe coronary atherosclerosis compared with individuals wit’® G—800A polymorphism abolished/aelll restriction site.
normal coronary arteries determined by angiography (7). Takdfjadll and Maelll b_uffer (Boehringer Mannheim, East Sussex,
together, these studies suggest that decrease BGiivity, either UK) were agded directly to the PCR p_roducts to a final volume
in the vessel wall or in the circulation, may be an important step #f 30Kl and incubated at S& for 5 h. Digests were resolved on
the development of atherosclerosis (reviewed in ref. 21). Recentfy, 1-2% agarose gel. C-509T polymorphism is iBsaB6l
the gene responsible for hereditary haemorrhagic telangiectasia typatriction site. PCR products were precipitated with 3 vol of 96%
1 (27) has been indentifed agleglin (a TGFB receptor protein), ethanol and a 1/10 vol 0f_3 M s_odlum acetate, pH 5.'2, ac-20
suggesting the likely importance of the T@Family for the for 1 h, followed by cen;nfugatlon at 18 0@Cor 10 min. The
maintenance of normal vessel wall structure (28). DNA was resuspended in a @DBsLB6I digest containing 10 U

In conclusion, we have shown that certain common polymorpS6! (New England Biolabs, Hitchin, UK) and incubated at
isms influence blood levels of TGRE. As it is likely that TGRBL 37 C for a minimum of 12 h. Digests were resolved by 1.5%
has a role in a number of common important diseases, predisposift#frose gel electrophoresis.

to these conditions may be associated with alleles aGBE1 o )
locus. Statistical analysis

Intra-class correlation coefficients (ICC) were used to measure
MATERIALS AND METHODS the tendency of TGB-levels in twin pairs to be more alike than
two unrelated individuals, with a coefficient of 1 indicating
complete concordance and O indicating no relationship. The

All of the subjects were female (age range 39-70 years, mehrfatio statistic of a one-way analysis of variance comparing
57.7 years) and the majority were post-menopausal. Twins weYariability between and within co-twins was used as a test of
recruited following a national media campaign and were broadgjignificance of the ICC. Calculation of ICC and one-way analysis
representative of the normal UK population as describe@f variance were performed after taking natural logs of the (a+l)
previously(29). None of theubjects was taking HRT or other TGF{ concentrations to obtain a more normal distribution.
hormonally active medications. Serum was prepared and storedSince parental genotype information was not available for any
for TGF31 analysis as described previou§ly12,13). Lympho-  Of the twins, haplotype frequencies for the sites, as well as linkage
cyte DNA was also prepared for each subject using the stand4ligequilibrium, were estimated by maximum likelihood using an

phenol extraction method and zygosity status was determined g¥Pectation maximization algorithm on S-p(@§).
questionnaire and multiplex fingerprinting. We used the twin model fitting approach to estimate the total

influence of genetic factors, and tested for the effects of the
- C-509T polymorphism on (a+l) TGEE concentration to
TGF-B analysis guantify the contribution of this polymorphism to the total genetic
Active plus acid-activatable latent (a+]) T@Fwas measured variance (31). Modeltting has major advantages over the classic
using the BDA19 capture ELISA as described previo{ili3). twin methodology(32,33), dowing more extensive separation

A single determination of each sample was made. The intra-asgaythe observed phenotypic variance into additivg) (and
coefficient of variation of the assay used is 6.8% and thdominant ¥p) genetic components as well as shahgg) @nd
sensitivity (defined as 2 SD above the mean of 16 blaninique ¥g) environmental components. Model fitting was

Subjects

determinations) wasD.1 ng/ml. performed using Mx (31). Pameters were estimated by normal
theory maximum likelihood, where the models were fitted to the
SSCP raw data (31,34). A full model was specified whicloyided

parameter estimates, as well as confidence intervals, for the
PCR was used to amplify fragments of the promoter that wekariance components (A, D, C and E) and the genotype-specific
(400 bp long. Aliquots of 1.Qg of genomic DNA were added means (CC, CT and TT). The significance of the variance
to a 20l reaction consisting of ¥ Tag polymerase buffer components A, C and D was tested by dropping them in specific
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Grainger, D.J., Wakefield, L.M., Farndale, R., Bethell, H.W. and Metcalfe,

sub-models, eventually leading to the most parsimonious fit to tHé.
J.C. (1995) Release and activation of platelet latent F@Fblood clots

data. Hierachica{? tests were used to compare sub-models since during dissoluion with plasmilMaiure Med 1. 632-987
H H H _li H uring dissolution witn plasmirNature vie y —. .
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a_ re_ uce m(2) e and that of the full mo e, IS apprpmmatey P.R. (1995) Active and acid-activatable T@G# human sera, platelets and
distributed ag~ with degrees of freedom (df) being the difference  plasmaciin. Chim. Acta235 11-31.

etween tne or tne 1ull and reaucea moaeis. 14. Kim, S.J., Glick, A., Sporn, M.B. and Roberts, A.B. (1989) Characterisation
betw the df for the full and reduced model i lick d Rob h isati

The effect of the C-509T polymorphism on (a+|) Tﬁ;]:- of the promoter region of the human transforming growth ffitageneJ.
concentration was assessed by comparing the most parsimoniousBK'_O'- them-\}VZG“’ 40;“"'_98'F OReilv MA. Dobbins. P.b. and Green. MR
model, in which the means were estimated separately for each |-ov > Vragner, ., L, b, D Rey, M.A, Dovoins, =0, and Lreen, LK.

. . . (1992) Retinoblastoma gene-product activates expression of the human
genotype, with the reduced model, in which the means were TGF-32 gene through transcription factor ATFNature 358 331-334.

constrained to be equal across genotypes. This analysis of te Stunnenberg, H.G. (1993) Mechanisms of transactivation by retinoic acid
effect of the C-509T polymorphism on plasma T@¢encentra- receptorsBioessaysl5, 309-315.

tion was validated using a regression analysis technique. Ag Danielpour, D. (1996) Induction of transforming growth faftautocrine
measurements on twins are not independent observations, weactvity by alltrans retinoic acid and d-25-dihydroxy-vitamin D-3 in
fited the models using the generalized estimating equatiolré NRO-152 rat prostatic epithelial cells.Cell. Physial 166, 231-239.

Langdahl, B.L., Knudsen, J.Y., Jensen, H.K., Gregersen, N. and Erisksen, E.F.
(GEE) approach (35). The GEE proceduias for dependency (1997) A sequence variation (713-8delC) in the T&Fgene has higher

of observations in twin pairs and yields consistent estimators of prevalence in osteoporotic women than in normal women and is associated
the regression coefficients and the corresponding standard errors.with very low bone mass in osteoporotic women and increased bone turnover
in both osteoporotic and normal wom&uwne 20, 289—294.

19. Cambien, F., Ricard, S., Troesch, A., Mallet, C., Generenaz, L., Evans, A,
Arveiler, D., Luc, G., Ruidavets, J.B. and Poirier, O. (1996) Polymorphisms
of the TGFB1 gene in relation to myocardial infarction and blood
pressure—the ECTIM studiypertension28, 881-887.
Keen, R.Wet al.(1998) A novel TGH31 gene polymorphism is linked and
associated with hip BMD in female twind. Bone Mineral Res(suppl.)
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