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a B s t r a c t

endothelin-1 (et-1) and adrenomedul-
lin (adm) are circulating vasoactive 
peptides involved in vascular homeo-
stasis and endothelial function. ele-
vated levels of plasma et-1 and adm, 
and their biologically stable surrogates, 
c-terminal-pro-endothelin-1 (ct-pro-
et-1) and midregional proadreno-
medullin (mr-proadm), are predic-
tors of cardiac death and heart failure. 
we studied the association of common 
genetic variation with mr-proadm 
and ct-proet-1 by genome-wide 
association analyses in 3,444 partic-
ipants of european ancestry. we per-
formed follow-up genotyping of snPs 
that showed suggestive or significant 
association in the discovery stage in 
an additional 3,230 participants. The 
minor variant in KLKB1 (rs4253238) 
and F12 (rs2731672), both part of 
the kallikrein-kinin system, were as-
sociated with higher mr-proadm 
(P=4.46e-52 and P=5.90e-24, respec-
tively) and higher ct-proet-1 levels 
(P=1.23e-122 and P=1.26e-67, respec-

tively). epistasis analyses showed a sig-
nificant interaction between the senti-
nel snP of F12 and KLKB1 for both 
traits. in addition, a variant near the 
adm gene (rs2957692) was associated 
with mr-proadm (P=1.05e-12) and a 
variant in edn-1 (rs5370) was associat-
ed with ct-proet-1 (P=1.49e-27). The 
total phenotypic variation explained by 
the genetic variants was 7.2% for mr-
proadm and 14.6% for ct-proet-1. 
KLKB1 encodes plasma kallikrein, a 
proteolytic enzyme known to cleave 
high-molecular-weight kininogen to 
bradykinin and prorenin to renin. we 
cloned the precursors of adm and et-1 
and demonstrate that purified plasma 
kallikrein can cleave these recombinant 
proteins into multiple smaller peptides. 
The discovery of genetic variants in 
the kallikrein-kinin system and in the 
genes encoding pre-proet-1 and pre-
proadm provides novel insights into 
the (co-) regulation of these vasoactive 
peptides in the vascular system. 
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m e t H o d s

study PoPulation

This study was performed in partic-
ipants of the Prevention of renal and 
vascular end-stage disease (Pre-
vend) study. details of Prevend 
have been described elsewhere 10.  This 
study has been approved by the review 
board of the university medical center 
Groningen. all participants provided 
informed consent. This study adheres 
to the principles expressed in the dec-
laration of Helsinki. 

genotyPing, quality control & imPu-
tation

Genotyping of 4,016 participants in 
Prevend was carried out using illu-
mina HumancytosnP-12 arrays. snPs 
were called using illumina Genome 
studio software and quality control 
was applied before and after imputa-
tion (online supplement). replication 
genotyping of 19 snPs was performed 
by kBiosciences (kBiosciences, Herts, 
uk) utilizing the snPline system in an 
additional 3,230 independent partici-
pants of the Prevend study. 

Biochemical measurements

two commercially available, fully au-
tomated sandwich immunoassays were 
used for the measurement of ct-pro-
et-1 and mr-proadm (BraHms 
ct-proet-1 kryPtor and mr-
proadm kryPtor; BraHms aG, 
Hennigsdorf, Germany) according to 

the manufacturer’s instruction manu-
als. The design of these assays is based 
on immunoluminometric assays de-
scribed previously 3,4. assays were per-
formed in edta-plasma aliquots tak-
en at baseline. The samples were stored 
at -80°c prior to analysis. all blood 
samples were processed by personnel 
blinded from any patient data. a total 
of 3,444 samples were available for the 
discovery analysis and 3,230 for repli-
cation.

snP/gene Biology functional annota-
tion

for identifying the likely candidate 
gene in each loci, we used the follow-
ing information: we considered the 
nearest gene of the sentinel snP, all 
nssnPs in ld (r2 ≥0.8 in the Hapmap 
phase ii ceu or 1000 Genomes) with 
the sentinel snP, conservation among 
species (GerP and 29 mammals) and 
biological function. we used Grail 
analysis 11 to perform a text-based anal-
ysis in abstracts on Pubmed prior to 
dec 2006 (to avoid confounding from 
Gwas results arising after that date).

statistical analysis

we used linear regression on untrans-
formed mr-proadm measures using 
an additive genetic model with age, sex 
and body mass index (Bmi) as covari-
ates. linear regression was performed 
on untransformed ct-proet-1 mea-

i n t r o d u c t i o n

The endothelium plays a major role 
in maintaining vascular homeostasis 
by controlling blood fluidity, platelet 
aggregation and (local) vascular tone. 
control of vascular tone is mediated by 
the release of nitric oxide and various 
vasoactive peptides, including endothe-
lin (et-1) and adrenomedullin (adm). 
et-1 is a 21-amino acid peptide, secret-
ed by endothelial cells and is known to 
be one of the most potent vasoconstric-
tors 1. conversely, adm, a 52-amino 
acid peptide hormone, is secreted by a 
variety of different cells and is a potent 
vasodilator 2. in addition to their direct 
effects on vascular tonus, both adm 
and et-1 are also involved in the ho-
meostasis of the sodium and water bal-
ance 1,2.
 reliable measurements of plas-
ma et-1 and adm are highly chal-
lenging due to their short half-life, 
existence of binding proteins and oth-
er technical difficulties 3,4. recently, 
assays have been developed to measure 
the biologically stable surrogates, c-ter-
minal-pro-endothelin-1 (ct-proet1) 

and midregional proadrenomedullin 
(mr-proadm) which are correlat-
ed with et-1 and adm in equimolar 
amounts 3,4. increased plasma levels of 
ct-proet-1 and mr-proadm have 
both been associated to worse vascular 
function, cardiac death and heart fail-
ure 5-9. it is unknown whether increased 
peptide levels are causal or consequence 
in disease and only limited knowledge 
exists on the factors regulating the re-
lease and subsequent bioactivation of 
et-1 and adm. Genome wide associa-
tion (Gwa) analyses have been proven 
a powerful and unbiased tool to iden-
tify novel mechanisms and pathways, 
which might reveal novel targets for 
therapy. Here we report the results of 
Gwa analyses in 3,444 participants 
of Prevend and follow-up genotyping 
in 3,230 participants to identify com-
mon genetic variants associated with 
ct-proet-1 and mr-proadm levels, 
two related vaso-active peptides that 
have not been assessed by Gwas be-
fore. 
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enna, austria) as previously described 
13. d-Phe-Phe-arg-chloromethylketone 
(PPackii, calbiochem, darmstadt, 
Germany) was used as kallikrein inhib-
itor. PPack ii also possesses cross reac-
tivity with factor Xii, but the inhibitory 
action is strongest for plasma kallikrein 14. 
as plasma kallikrein is separated from oth-
er proteases in plasma that could co-purify, 
such as factor Xi and Xii, we do not expect 
this cross reactivity to occur. radiolabeled 
proadm, proet-1 and luciferase were 
incubated with or without PPackii 

(50 mg/ml) for 0, 5, 30 and 60 minutes 
at 37°c with 5μg/ml activated purified 
plasma kallikrein. The reactions were 
stopped by adding sample buffer and 
subsequent heating for 5 min at 95°c. 
Proteins were separated by sodium do-
decyl sulphate polyacrylamide gel elec-
trophoresis (sds-PaGe). The gel was 
exposed to a phosphorimager screen 
after drying. The radiolabeled protein 
fragments in the gel were visualized us-
ing a cyclone Phosphorimager (Packard 
instruments, meriden, usa). 

r e s u l t s

gWas and folloW-uP genotyPing

to identify common genetic variants 
associated with mr-proadm and 
ct-proet-1 levels we performed a ge-
nome-wide analyses of 2,269,099 gen-
otyped or imputed autosomal snPs 
catalogued in Hapmap ceu panel 
in 3,444 participants from the Pre-
vend cohort (table s1). test statistic 
inflation showed no evidence for popula-
tion stratification or admixture (genomic 
control (λGc ) = 1.021 mr-proadm, 
λGc = 1.039 ct-proet-1; figure s1). 
we observed significant associations at 
3 loci for mr-proadm (P < 5 x 10-8) 
and at 3 loci for ct-proet-1. two of 
the loci (snPs in or near KLKB1 and 
F12) were the same for both traits. 
each trait also had significant associ-
ations at one additional trait-specific 

locus, snPs in EDN-1 for ct-proet-1 
and snPs near ADM for mr-proadm 
(figure 1, table and figure s2 for cor-
responding regional plots). at each of 
the genome wide significant locus we 
determined the snP with the lowest 
P-value (sentinel snP) and carried out 
genotyping of these snPs in 3,230 ad-
ditional samples of the Prevend co-
hort that did not have Gwa data avail-
able (table).  for each snP, the total 
evidence of association was calculated 
using inverse-variance fixed-effect me-
ta-analysis in metal 15. The variants 
at the 4 loci with P < 5 x 10-8 in the dis-
covery phase were confirmed in further 
genotyping (table). The sentinel snPs 
at the four loci were included as covari-
ates in conditional analyses for each 
trait to determine whether there were 

sures using an additive genetic model 
with age and sex as covariates. Gen-
otype-phenotype analyses were per-
formed using Plink (version 1.07) 12. 
The most significant (P<e-5) snP (sen-
tinel snP) at each locus was taken for-
ward into replication. for conditional 
analysis the sentinel snPs representing 
the replicated loci were added as covari-
ates in the original association analysis. 
epistasis between the sentinel snPs 
of each trait were tested based on the 
model y ~ b0 + b1.a + b2.B + b3.aB + 
e. The model uses the allele dosage for 
each snP, a and B, the interaction is 
described by the coefficent b3. The ex-
plained variance of the significant asso-
ciations was analyzed using the directly 
genotyped snPs from the replication 
phase. fixed-effects meta-analysis was 
performed using the inverse variance 
weighting method of the metal 
package.

synthesis of PreProadrenomedullin By 
‘in vitro’ transcriPtion/translation 
systems:  
Pre-proadm cdna without the sig-
nal peptide (1,230 base pairs encod-
ing 410 amino acids) was Pcr am-
plified using a human cdna clone 
(source bioscience life sciences, not-
tingham, uk). for amplification, the 
following primers were used: forward, 
cGtGGatccaccatGGacac-
cGctcGGttGGatGtc and 
reverse, cGtGcGGccGccta-
aaGaaaGtGGGGaGcacttc. 
Pre-proet-1 cdna without the signal 
peptide (2,061 base pairs encoding 687 

amino acids) was also Pcr amplified 
using a human cdna clone (source 
bioscience life sciences, nottingham, 
uk). for amplification, the following 
primers were used: forward, cacG-
GatccaccatGGctccaGaaa-
caGcaGtcttaGG and reverse, 
cGtGcGGccGctcaccaatGt-
GctcGGttGtGGGtc. The Pcr 
fragments were cloned into the Bam-
Hi and noti sites of a pcdna3.1 ex-
pression vector (invitrogen, karlsruhe, 
Germany) containing a triple myc-tag. 
The myc-tag replaced the signal pep-
tide (pre) sequence of pre-proadm and 
pre-proet-1.
 recombinant tagged proad-
m,proet-1 and luciferase protein was 
produced using a tnt t7 coupled 
reticulocytes lysate system (Promega 
corporation, madison, usa) accord-
ing to the manufacturer instructions. 
luciferase control dna (4331 base 
pairs) was included with the tnt t7 
coupled reticulocytes lysate system as 
a control for the in vitro translation. 
20μci [35s] methionine (Perkin el-
mer nen, waltham, usa) was add-
ed during transcription/translation 
reaction to generate radiolabeled myc-
proadm, myc-proet-1 and luciferase. 
for purification of myc-proadm and 
myc-proet-1, anti-myc 9e10 agarose 
resin was used (santa cruz Biotechnol-
ogy, santa cruz, usa).

in vitro assay of kallikrein 
cleavage

activated human plasma kallikrein was 
purified by coachrom diagnostica (vi-
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Proadm
Plasma kallikrein

inhibitor
incubation (min)

proet-1
Plasma kallikrein

inhibitor
incubation (min)

luciferase
Plasma kallikrein

inhibitor
incubation (min)

full length

17kda

10kda

full length

17kda

10kda

full length

fig.2

figure 2. 
in-vitro cleavage of recombinant proadm and proet-1 by 
plasma kallikrein. recombinant proadm (a), proet-1 (B) 
and luciferase (c) were incubated with plasma kallikrein 
for 0, 5, 30 and 60 minutes with and without the presence 
of PPack ii, a specific plasma kallikrein inhibitor. The full 
length proteins are indicated. after 5 minutes of incubation 
the amount of full length proadm and proet-1 decreases 
while several smaller products are formed. luciferase (dna 
supplied with the in vitro translation assay as positive control) 
is not cleaved by plasma kallikrein suggesting that kallikrein 
is a relatively specific protease for proadm and proet-1.
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independent associations at these loci. 
These analyses identified no secondary 
signals. The total variance explained by 
the genome wide significant variants 
was 6.7% for mr-proadm and 14.3% 
for ct-pro-et-1 levels (table 3). ad-
ditional epistasis analyses were carried 
out by testing pairwise combinations 
between the 3 sentinel snPs of ct-pro-
et-1 and between the 3 sentinel snPs 
of mr-proadm. we observed a signif-
icant interaction between the sentinel 
snPs of the KLKB1 and F12 loci (ta-
ble s2). The total phenotypic variation 
explained slightly increased to 7.2% for 
mr-proadm and 14.6% for ct-pro-
et-1 by including the interaction term 
of the KLKB1 and F12 snPs. 
 we also brought 12 loci for-
ward for replication that showed sug-
gestive evidence for association (P > 
5 x 10-8 and P < 1 x 10-5) with mr-
proadm or ct-pro-et-1. However 
none of these loci became significantly 
associated after genotyping in the addi-
tional 3,230 samples of the Prevend 
cohort (table s3). 

identification of candidate genes and 
Putative causal genetic variants

The peptides ct-proet-1 and mr-
proadm were both associated to snPs 
located in the locus that contained the 
gene encoding for the precursor of the 
peptides. ct-proet-1 was associat-
ed with snPs at a locus harboring 5 
genes within 1 mB of the sentinel snP 
(rs5370). rs5370 is a non-synonymous 
snP (nssnP) located in the endothe-
lin-1 (EDN-1) gene. mr-proadm was 

associated with snPs at a locus harbor-
ing 13 genes within 1 mB of the senti-
nel snP (rs2957692), this snP is clos-
est to the adm encoding gene (ADM). 
 we examined all nssnPs 
that are in ld (r2 ≥0.8) with one or 
more of the sentinel snPs in the Hap-
map phase ii or 1000 genome ceu 
datasets. we identified one nssnP 
(rs3733402) in the KLKB1 gene in full 
ld (r2 = 1.00) with the sentinel snP. 
we performed wet-lab genotyping of 
the rs3733402 variant in 3,230 partic-
ipants and confirmed its strong associ-
ation with both ct-proet-1 and mr-
proadm levels (table). The nssnP 
rs3733402 is located in KLKB1 provid-
ing a potential biological mechanism. 
The nssnP (rs3733402) in KLKB1 by 
itself explains approximately 4.7% of 
variance of mr-proadm and 8.6% of 
ct-pro-et-1 plasma levels. rs2731672 
lays 5.8kb from F12 and is in ld (r2 

= 1) with rs1801020 that is located in 
a highly conserved region within the 
5’utr part of f12, making it a poten-
tial candidate. F12 is also a biological 
plausible candidate when considering 
the KLKB1 locus as both genes are part 
of the kallikrein-kinin system (kks) 
and have interactions with each other 
on a molecular level16. Grail literature 
mining tool based on publications pri-
or 2006 also suggested ADM, EDN-1, 
KLKB1 and F12 as candidate genes 
(P<0.01).

novel role of klkB1 on Proadm and 
Proet-1 cleavage

we tested the hypothesis that KLKB1 
is the causal gene related to the ob-
served association with mr-proadm 
and ct-proet1 trough cleavage be-
cause 1.) KLKB1 encodes a cleavage 
protein with cleavage sites that overlap 
with cleavage sites of the precursors of 
mr-proadm and ct-proet-13,4,17,18, 
2.) previous Gwa publications associ-
ated bradykinin 19 and renin levels 20 to 
the same variant, and 3.) the sentinel 
snP is in full ld with a coding snP 
21 affecting the proteolytic activity of 
plasma kallikrein. for this purpose we 
designed an in-vitro assay.  The ADM 
cdna and EDN-1 cdna were cloned 

into a pcdna3.1 expression vector 
and generated [35s]-methionine labeled 
recombinant proteins by in-vitro tran-
scription/translation. we incubated 
recombinant proadm and proet-1 
proteins with active purified plasma 
kallikrein (human) and observed a 
time-dependent cleavage of proadm 
and proet-1 to multiple smaller pep-
tides. This reaction was completely in-
hibited by a kallikrein inhibitor (figure 
2). cleavage kinetics was also depen-
dent on the kallikrein concentration 
(data not shown). in contrast, luciferase 
was used as a positive control dna for 
the in-vitro translation assay was not 
cleaved by plasma kallikrein (figure 2). 

d i s c u s s i o n

using Gwa analyses and function-
al in vitro follow-up we identified a 
novel role for plasma kallikrein in the 
regulation of both mr-proadm and 
ct-proet-1 (figure 1). we identified 
two loci harboring components of the 
kks; KLKB1 on chromosome 4 and 
F12 on chromosome 5. in addition, 
we observed a strong epistatic effect 
between the genetic variants at these 
loci. we also found an association with 
a snP near ADM with mr-proadm 
and a nssnP in EDN-1 with ct-pro-
et-1. The total phenotypic variation 
explained by all the significant genet-

ic variants was high; 7.2% for mr-
proadm and 14.6% for ct-proet-1.
 KLKB1 encodes plasma 
prekallikrein and is activated to plasma 
kallikrein by factor Xiia. factor Xiia 
is the active form of factor Xii and is 
encoded by F12. Plasma kallikrein 
and factor Xii co-localize to endothe-
lial cells for their activation 16. Plasma 
kallikrein plays a key role in the pre-
cursor maturation of other cardiovas-
cular peptides such as bradykinin and 
renin by proteolysis 22. The KLKB1 lo-
cus has also been associated with circu-
lating bradykinin 19 and renin levels 20 



3 4 3 5

endothelin converting enzyme (ece)

Pre-proet-1

nH2- -cooH

fig.3a fig.3b

Pre-proadm

nH2- -cooH

figure 3a / 3b.  structural features of pre-proet-1 and pre-proadm. numbers indicate amino acids.



3 6 3 7

by Gwa studies (r2=1.00 with our lead 
snP). we found the sentinel snP at the 
KLKB1 locus to be in complete ld (r2 = 
1.00) with a nssnP (rs3733402) caus-
ing an asparagine to serine amino acid 
substitution (at position 124), located 
within the functional catalytic domain 
of plasma kallikrein. This amino acid 
substitution is known to modify the 
proteolytic activity of kallikrein 21  sug-
gesting that the KLKB1 locus is associ-
ated to mr-proadm and ct-proet-1 
due to differences in cleavage, similar to 
bradykinin and renin. 
 Human pre-proet1, consist-
ing of 212 amino acids17 and is cleaved 
into various peptides: pre-proet-17-53, 
Big-endothelin (pre-proet43-92), 
pre-proet90-168 and ct-proet-1 
(pre-proet-168-203). Pre-proadm 
consists of 185 amino acids, which can 
be cleaved into four known peptides: 
PamP (proadrenomedullin n-termi-
nal 20 peptide; pre-proadm22–41), 
mr-proadm (pre-proadm45-91), 
adm (preproadm94-143) and adt 
(adrenotensin; pre-proadm150–185). 
The cleavages sites involved in the bi-
oprocessing of pre-proet1 and pre-
proadm derived peptides include arg-
arg and lys-arg sequences (see figure 3a 
/ 3b for a schematic overview), which 
are among the specific recognition 
sites of plasma kallikrein18. on these 
grounds, we hypothesized that plasma 
kallikrein is involved in the bioprocess-
ing of pre-proet1 and pre-proadm 
derived peptides. using a custom de-
signed ‘in vitro’ assay we provide pre-
liminary data that purified plasma 

kallikrein cleaves proadm and pro-
et-1 into smaller fragments (figure 2). 
The exact cleavage products remain to 
be identified and future studies are war-
ranted to clarify putative physiological 
mechanisms between plasma kallikrein 
and these peptides. luciferase was not 
cleaved by plasma kallikrein indicating 
plasma kallikrein substrate specificity. 
 The kks is tightly coordinated 
through multiple complex interactions 
with the renin-angiotensin-aldoste-
rone system (raas)22,23. interestingly, 
adm and et-1 are also suspected to 
interact with the raas 24.  The kks 
and raas are involved in a multitude 
of physiologic and pathophysiologic ac-
tions that impacts salt sensitivity, blood 
flow and vascular reactivity, similar to 
the actions of adm and et-1. it is sug-
gested that the plasma kks operates at 
the level of individual tissues and is de-
pendent on the local production of its 
substrates, which is also in concordance 
with the local production and action of 
adm and et-1 1,2,22,25,26. 
 in addition to the KLKB1 and 
F12 loci, we identified genetic variants 
at the ADM locus to be associated with 
mr-proadm levels and snPs at the 
EDN-1 locus with ct-proet-1 levels. 
The variant (rs2957692) identified near 
the ADM locus is not in ld (r2 = 0.00) 
with a previously reported variant in 
ADM (rs4910118) identified in an ear-
lier candidate gene study 27. recently, 
the ADM locus was reported to be as-
sociated with systolic blood pressure, 
our sentinel snP is low ld (r2<0.2) 
with this locus28. whether this locus 

is independent requires further condi-
tional analyses. our sentinel snP at 
the EDN-1 locus (rs5370) is a nssnP 
located in the ct-proet-1 part of the 
endothelin-1 coding gene. we cannot 
exclude this is a false positive associa-
tion as the nssnP is located two amino 
acids downstream from the epitope of 
the ct-proet-1-tracer, this may affect 
the antibody-epitope affinity 4. rs5370 
has previously been associated to idio-
pathic pulmonary arterial hyperten-
sion29 and risk for hypertension 30.
 in summary, using Gwas and 

in vitro functional follow-up we report 
the involvement of the kks system in 
the regulation of mr-proadm and 
ct-proet-1 plasma levels. Preliminary 
functional data supports the hypoth-
esis that the precursors are ligands for 
plasma kallikrein. future functional 
studies should further characterize the 
potentially complex regulations of these 
peptides by the kallikrein-kinin system. 
we also found associations between 
mr-proadm and ct-proet-1 plasma 
levels and the genes encoding their pre-
cursors. 

P e r s P e c t i v e s

endothelin-1 (et-1) and adreno-
medullin (adm) are circulating va-
soactive peptides involved in vascular 
homeostasis and endothelial function. 
in this study we identified 4 common 
variants to influence plasma levels of 
mr-proadm and ct-proet-1. The 
common variants in ADM and EDN-
1 should be evaluated further to assess 

how mr-proadm and ct-proet-1 
levels are related to disease and whether 
they should be considered a target for 
therapy. in addition, the variants of the 
kks (KLKB1 and F12) could be used 
in a mendelian randomization study to 
assess the potential of plasma kallikrein 
as a novel therapeutic target, as suggest-
ed recently 31. 
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