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Abstract—Hypertension represents a major cardiovascular risk factor. The pathophysiology of increased blood pressure (BP)
is not yet completely understood. Transcriptome profiling offers possibilities to uncover genetics effects on BP. Based on 2
populations including 2549 individuals, a meta-analyses of monocytic transcriptome-wide profiles were performed to identify
transcripts associated with BP. Replication was performed in 2 independent studies of whole-blood transcriptome data including
1990 individuals. For identified candidate genes, a direct link between long-term changes in BP and gene expression over time
and by treatment with BP-lowering therapy was assessed. The predictive value of protein levels gncoded by candidate genes
for subsequent cardiovascular disease was investigated. Eight transcripts (CRIP1, MYADM, TIP&RE.(SCZ2D3, CEBPA, F12,
LMNA, and TPPP3) were identified jointly accounting for up to 13% (95% confidence intervaly' 8.7516:2)%6f BP variability.
Changes in CRIP1, MYADM, TIPARP, LMNA, TSC22D3, CEBPA, and TPPP3 expression associated with BP changes—among
these, CRIPI gel ion was additionally correlated to measures of cardiac hypertrophy. Assessment of circulating CRIP1
(cystein-rich prot Is as biomarkers showed a strontociation with increased risk for incident stroke (hazard ratio,

p!

1.06; 95% confide r COMmprt eanalysis obal g ession highlights 8 novel
between gene nland B anslational approaches
as emérging discase-related biomarker. (Hypertension.

transcripts signi @ viding a li
RTENSIONAHA.117.09458.) ® Online Data Supplement

further established evidence fi ofential Use ©
2017;70:00-00. DOI: 10.1161/HYPF

Key Words: blood pressure B gene expression M genome-wide association study M hypertension M transcriptome

ypertension as a major cardiovascular risk factor con- past years, the immune system (mainly T cells) and inflamma-
tinues to be a significant health challenge' and imparts tory processes have emerged as key contributors to elevated
an increased risk of cardiovascular and kidney diseases.>? blood pressure (BP) in several experimental animal and human
Hypertension is determined by multiple factors, and during the models.** A shared pathophysiology with manifest cardiac
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disease is suggested.>® Nevertheless, there is also a substantial
genetic heritability of 30% to 60% for hypertension.’

Large-scale genome-wide association studies on hyperten-
sion or BP traits have been published.*'* Some of the identi-
fied genetic variants primarily associated with higher BP also
confer an increased risk for coronary artery disease, consis-
tent with a causal relationship of increased BP and coronary
artery disease risk."'> However, the distinct genetic variants
identified by genome-wide association studies to date exhibit
small effect sizes and explain 3.5% of the BP variance.!®!":3
Moreover, most genes near the identified genetic variants are
not known to be functionally related to BP."*

Global gene expression profiling offers novel possibilities
for functional genomics, and possible effects of genetic vari-
ants on clinical phenotypes may be uncovered. Recent gene
expression analyses for hypertension and BP traits identified
gene expression signatures involved in multiple biological
processes that contribute to BP regulation.'>"

Here, we investigated (1) the global gene expres-
sion based on transcripts levels in relation to BP traits in
a 2-stage meta-analysis of 4 population-based studies, (2)
the relationship of changes in BP and transcript levels over
time, and (3) the clinical application of candidate genes as
BP-related biomarkers.

Material and Methods

A detailed description of the methods and the study samples is given
in the online-only Data Supplement. All studies followed the recom-
mendations of the D of Helsinki, and study protocols were
approved by the loc omgitte i inf

was obtained from a rticipant e I
Study Workfl

The study workflow is outlined in“Figure

Supplement.

1. A discovery meta-analysis of global monocyte gene ex-
pression and BP traits (systolic BP [SBP], diastolic BP
[DBP], and pulse pressure) was performed combining
data from the population-based studies GHS (Gutenberg
Health Study)®* (n=1285) and MESA (Multi-Ethnic Study
of Atherosclerosis)® (n=1264). Multiple testing was con-
trolled by a false discovery rate approach implementing the
Benjamin—-Hochberg method. At this step, a false discovery
rate threshold of 0.01 was used.

2. Transcripts displaying suggestive evidence for BP-associated
changes were taken forward to external validation in whole-
blood transcriptomic data sets of 1990 individuals from 2 in-
dependent population-based studies (SHIP-TREND [Study
of Health in Pomerania-TREND]* [n=997] and KORA
[Cooperative Heath Research in the Augsburg Region]* F4
[n=993]). Criteria were (1) evidence for statistical signifi-
cance (P<0.05) in each study for at least 1 BP trait, and (2)
consistent direction of effect in discovery and replication.

To relate expression of candidate transcripts to BP changes, tran-
script levels were assessed in different settings: (1) a setting of long-
term changes in BP for 5 years in GHS (n=1092), and (2) in the setting
of a clinical trial to test the influence of BP-lowering medication by
routinely used telmisartan/amlodipine and olmesartan on candidate
transcript levels for 6 months (n=406).

To assess additional clinical implications of the findings, candidate
transcript levels were linked to measures of subclinical cardiovas-
cular disease (CVD), and the relation of protein levels encoded by
BP-related candidate transcripts was determined for incident cardio-
vascular events in serum samples of the population-based Moli-Sani
Study® (n=379) to test the applicability as circulating biomarkers.

the online-only Data

Gene Expression Profiling Using Microarray
Technology

In GHS, KORA F4, and SHIP-TREND, RNA was processed using
the Illumina TotalPrep-96 RNA Amp Kit (Ambion, Darmstadt,
Germany), and labeled cRNA was hybridized to the Illumina
HumanHT-12 v3 Expression BeadChip as described previously.?’
GHS 5-year follow-up samples were processed using the Illumina
TotalPrep-96 RNA Amp Kit (Ambion), and labeled cRNA was
hybridized to the IlluminaHT-12 v4 Expression BeadChips following
manufactures recommendations. In MESA, the I[llumina TotalPrep-96
RNA Amplification Kit (Ambion) and the Illumina HumanHT-12 v4
Expression BeadChip were used for gene expression profiling.”

Statistical Analyses

Identification of BP-Related Candidate Transcripts

The microarray data were pre-processed, normalized, log2-trans-
formed, and quality controlled as described previously for GHS,
KORA, SHIP-TREND,?” and MESA.*® Associations between mRNA
levels and BP traits were estimated using linear regression models and
adjusted for sex, age, body mass index, and the technical covariates
plate layout, RNA Integrity Number, and storage time.”” In MESA,
the models were additionally adjusted for ethnicity. Association sta-
tistics from GHS and MESA were pooled by inverse-variance weight-
ing of SEs using METAL (Meta Analyses Helper).” In the primary
analyses, individuals receiving antihypertensive treatment were not
excluded. In a sensitivity analysis, individuals receiving antihyperten-
sive drug treatment were excluded,Jeading to 941 eligible individuals
in GHS, 815 in MESA, 570 in ,4iid 602 in SHIP-TREND.
Association.

Analyses of Changes in Candidate Transcript Expression
Over Time

A detailed description is given in the online-only Data Supplement.
Briefly, association analysis between changes of BP traits and changes

nsCript expression a in the GHS was per-
ingfline ressio re performed for sex,
it at bdseline, ] hange between base-
ollow-up. Controlling for multiple testing was performed

using the Benjamini—-Hochberg method,* and the significance level

for 5 years in the
GHS, results are given as mRNA change per 10-mm Hg increase in
BP trait (delta mRNA)=SE.

In the BP-lowering clinical trial, differential expression of candi-
date transcripts before and after BP-lowering therapy was calculated
by linear mixed models adjusted for sex, age, and body mass index.
Controlling for multiple testing was performed using the Benjamini—
Hochberg method,® and the significance level was set to 0.05. For
differential gene expression in the clinical trial, results are given as
percent mRNA change (%mRNA change) after 6 months+SE.

Expression Quantitative Trait Loci (eQTL) Analysis in the
GHS

eQTL analyses were performed in 1333 individuals from the GHS
with available gene expression and available genome-wide genotyp-
ing data.”® Two approaches were used to identify eQTLs related to BP
or CVD: (1) cis-eQTLs were calculated for single nucleotide poly-
morphisms (SNPs) within 250 kb around the transcription start site
and a minor allele frequency >1%, and (2) eQTLs calculated based on
published genome-wide association study results of BP-related traits
retrieved from the genome-wide association studies catalogue (March
20, 2017).%

Results

BP-Related Gene Expression: Identification and
Replication

The study characteristics are outlined in Table S1. Differential
gene expression in relation to BP traits was assessed by a
meta-analysis of GHS and MESA monocyte transcriptome
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data. At a false discovery rate <0.01, 91, 35, and 51, unique
transcripts differentially expressed in relation to BP traits
were identified (Table S2).

Validation of monocyte transcript expression findings
was performed using whole-blood transcriptome data of 2
independent cohort studies: SHIP-TREND and KORA F4
(Table S3). Eight unique transcripts fulfilled criteria for an
independent validation at a P<0.05, including 5 for SBP, 6
for DBP, and 3 for pulse pressure (Table 1), encompassing
CRIP1, MYADM, TIPARP, TSC22D3, CEBPA, F12, LMNA,
and TPPP3. Of these, CEBPA showed decreased transcripts
levels associated with increased BP, whereas the remain-
ing transcript levels were positively associated with BP.
Associations between BP traits and expression remained
significant after excluding individuals receiving antihyper-
tensive treatment (Table S4) and when including only white
subjects in MESA (Table S5). The BP-related transcripts
were expressed at comparable levels in monocytes and
whole-blood cells (Figure S2).

Variation of BP Traits Attributable to Candidate
Transcripts

To assess the variance in BP levels attributable to gene
expression, the R? (percentage of phenotypic variance) was
calculated (Table S6). In aggregate, the genes identified in
the transcriptome analyses accounted in total for 2.82% to
11.33% (SBP), 2.11% to 8.31% (DBP), and 1.36% to 4.74%
(pulse pressure) of pic variance of the respective
BP traits. These dat i oporti

variance is attributab
compared with an e
mon genetic variants.

Changes in BP a

Expression

A direct link between changes in BP and candidate transcript
expression in monocytes was assessed in different settings:
(1) long-term BP changes for 5 years in the GHS population,
and (2) by initiation of BP-lowering therapy for 6 months in
a clinical trial.

Long-Term Changes in Transcript Expression in Relation
to BP for 5 Years in GHS

In individuals with monocyte transcriptome data avail-
able at baseline and 5-year follow-up, a strong associa-
tion between changes of BP traits and expression levels of
CRIP1, MYADM, TIPARP, TSC22D3, CEBPA, LMNA, and
TPPP3 was observed (Table 2). Consistent with the data
from the discovery/replication step, a negative association
of CEBPA to BP changes was found, whereas the remain-
ing transcripts were positively associated. These associa-
tions were independent of antihypertensive drug therapy.
CRIP]I transcript levels showed the strongest association
with changes in BP traits after 5-year follow-up (% mRNA
change per 10 mmHg SBP: 2.93+0.45; P=2.15x10"'; delta
mRNA DBP: 5.19+0.77; P=8.46x107""; delta mRNA pulse
pressure: 2.2+0.62; P=5.0x10). Figure S3a-S3g shows the
association between BP changes and respective mRNA level
according to categories of BP changes.

Blood Pressure—Related Gene Expression 3

Changes in Transcript Expression in Relation to BP by
Antihypertensive Medication

BP-lowering medication resulted in a reduction of BP after
6 months (Figure S4). It was expected that this BP reduc-
tion lead to a decrease of the expression of transcripts that
positively correlated with BP in the discovery phase and vice
versa. Accordingly, the reduction of BP associated with a
decrease in the expression of 7 of the 8 candidate transcripts
(Figure). The strongest differential expression was found for
CRIPI (% mRNA change: —34.14%=3.55; P=5.6x10"'%). Of
note, CEBPA (% mRNA change: —=51.84%=5.5; P=7.5x107'°)
was the only transcript with a divergent expression association
pattern, opposite what was expected.

In addition, we assessed the association between candidate
transcripts and measures of cardiac hypertrophy. Of all can-
didate transcripts, CRIPI was most strongly associated with
septal thickness end diastolic (log2-fold mRNA change [log2
change] per mm: 0.0198; P=1.9x1073), left ventricular poste-
rior wall thickness end diastolic (log2 change per cm: 0.003;
P=1.0x10"), left ventricular mass (log2 change per gram:
0.0006; P=5.0x107), relative wall thickness (log2 change per
cm: 0.3697; P=3.5x107?), and left ventricular hypertrophy
(log2 difference between subjects with and without left ven-
tricular hypertrophy: 0.1276; P=3,2x10%; Table S7).

All BP modulation stra A}ﬁﬁ?’t‘ned the uniform
response of candidate transcripts” to*BP-iéhdftiges either over
time or by BP-lowering medication. The strongest response in
all approaches was observid for CRIPI.

of
51 Isds g
5% by col- rdiovascular Eyen
e s y gly associated

transcripts, CRIP1, we investigated the potential to serve as

i i e assessed the
predictive value of circulating CRIP1 (cystein-rich protein
1) serum levels for the incidence of stroke, heart failure, and
coronary artery disease in a population-based sample from the
Moli-Sani Study. A significant association was found for inci-
dent stroke events (Table 3), indicating a predictive value of
CRIP1 as biomarker for stroke.

Genetic Interplay on BP-Related Transcripts
Because transcript levels might be influenced by genetic
variants, eQTL analyses were performed in the GHS mono-
cyte transcriptome data set for SNPs related to BP or CVD
traits following 2 approaches (Figure S5). First, regulatory
SNPs around the candidate transcripts were examined for
CVD-related SNP-trait associations using the Genome-Wide
Repository of Associations Between SNPs and Phenotypes
(GRASP) database. For CRIP1, TPPP3, and LMNA, signifi-
cant cis-eQTLs (n=25, n=191, and n=30, respectively) were
identified. Of these, 2 SNPs around CRIP1 were related to
mitral annular calcium (eg, rs10151805; P=4.55x107°)* and 5
SNPs to body mass index (eg, rs1475766; P=6.36x107)% with
P<10*in the GRASP database (Table S8A).

The aim of the second approach was to investigate
whether known BP-associated variants have a regula-
tory effect on candidate transcript expression. A total of
191 previously published BP-related SNPs were tested
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Table 1. Differentially Expressed Transcripts Associated With BP Traits
Discovery Independent Replication Combined Analysis
Discovery+
Meta GHS/MESA KORA F4 SHIP-TREND | Meta KORA/SHIP Replication
Gene Gene Description P Value (mRNA Difference [%])
Systolic blood pressure
CRIP1 Cysteine-rich protein 1 7.36x107% (3.3) 2.2x102(1.1) | 4.8x10*(2.1) | 6.66x10°(1.5) | 3.34x10%(2.5)
MYADM Myeloid-associated differentiation marker 1.71x107 (1.9) 8.8x10(1.5) | 8.1x10*(2.1) | 2.90x10°¢(1.7) | 2.77x107°(1.8)
TIPARP | TCDD-inducible poly(ADP-ribose) polymerase | 1.62x10-%2 (1.5) 1.9x102(1.3) | 5.6x10*(1.1) | 6.60x10°(0.8) | 7.90x105(1.1)
75C22D3 TSC22 domain family member 3 1.08x10 (2.3) 2.0x1072(1.4) | 2.0x104(1.9) | 1.35x10°(1.7) | 1.35x10"7 (2.0)
CEBPA CCAAT/enhancer binding protein alpha 562x105 (-0.8) | 4.1x1023(=1.1) | 1.1x102 (-1.5) | 1.65x10° (-1.3) | 8.29x10 (~0.96)

Diastolic blood

pressure

family member 3

CRIP1 Cysteine-rich protein 1 2.17x107% (4.7) 21x102(2.2) | 1.2x102(2.4) | 6.41x10%(2.3) | 2.29x1077 (3.7)

MYADM Myeloid-associated differentiation marker 2.21x107%(2.1) 7.0x10*(3.1) | 9.3x10°(2.6) | 1.99x10°(2.9) | 3.08x107°(2.3)

75C22D3 TSC22 domain family member 3 9.18x107° (2.1) 3.0x10°(3.6) | 3.7x102(1.7) | 6.60x10*(2.3) | 2.20x107(2.1)

CEBPA CCAAT/enhancer binding protein alpha 2.11x10% (-1.7) 4.2x10™ (-2.7) | 8.8x10™(-2.4) | 1.21x10° (-2.6) | 2.90x107"" (-2.0)
LMNA Lamin A/C 9.11x107°(2.8) 1.0x102(1.9) | 2.5x10°(1.9) | 7.06x10°(1.9) | 5.02x10%(2.2)

TPPP3 Tubulin polymerization-promoting protein

4.85x1071° (5.4)

1.9x102(1.5) | 4.0x102(1.2) | 1.87x10°(1.4) | 1.54x107?(2.6)

Pulse pressure

21x102(19) | 3{Ie5 %"

MYADM Myeloid-associated differentiation marker 6.30x1072 (2.3) 2.3x1072(1.4) 6.78x107" (2.1)
TIPARP TCDD-inducible poly(ADP-ribose) polymerase 4.81x107% (1.6) 1.3x102(0.9) | 2.6x10°(1.3) | 1.22x10*(1.0) 6.23x107"" (1.3)
F12 4.69x107 (1.6) 1.4x1072 (1.1 1.ox10-Q1 0)

Pvalues and effect e
given per 10 mmHg B
Multi-Ethnic Study of A

for associations
S8B). Two trans-eQTLs were identified (rs653178-T and
rs3184504-C) that increased expression of 4 of the candi-
date genes (CRIPI, MYADM, TPPP2, and TIPARP; Figure
S5). These SNPs were located on chromosome 12q24.12 and
were in high linkage disequilibrium (pairwise disequilibrium
coefficient=0.99; Table S9). Both SNPs, rs653178 (intronic
to ATXN2) and rs3184504 (nonsynonymous SNP in SH2B3),
have already been described as trans-eQTLs in monocytes
and whole blood,">!" indicating the importance of these can-
didate genes for coregulatory mechanisms underlying BP
regulation. In our data, CRIPI expression was most strongly
associated with both SNPs (rs653178: mRNA change per T
allele+SE: 5.49%=1.05; P=3.59x107; rs3184504: mRNA
change per C allelexSE: 5.42%=+1.06; P=6.53x107"). The
T-allele of rs3184504 was significantly associated with
increased DBP (0.8 mm Hg per T-allele; P=0.043) but not to
SBP (P=0.342) in the GHS.

Discussion
We demonstrated a direct link between the levels of 8 candi-
date transcripts and BP at a large scale. Our data show that
transcript expression changes account for a large proportion of
BP variance, and for the most relevant transcript—CRIPI—
we showed a potential clinical application as circulating
biomarker.

)
pooledia ing Inverse=varia
ealth Study; KORA;| Co ive [Hea
: in Pomerania=IREND.

3.91x10*(1.1) | 1.64x107°(1.3)
r (

ences of mRNA (%) are

hiin the’Augsburg Region; MESA,

i igate global gene
expression of BP traits at the population level including >4500
individuals, harmonized data sets on monocytic and whole-
blood gene expression and BP phenotypes, as well as data on
long-term gene expression changes for 5 years from the same
individuals.

Several findings from our study contribute to a more
detailed understanding to BP genetics. First, compared with
genetic variants, gene expression changes are associated
with a considerably larger proportion of phenotypic BP vari-
ance. The genetic variants identified to date explain 3.5% of
the BP variance,'® whereas the expression of the 8 candidate
transcripts in aggregate accounted for up to 11% in our data.
Changes in transcript expression, therefore, seem to reflect the
biological changes of BP and hypertension in a better way
compared with genetic variants.

Second, 8 transcripts were identified that associated with
BP changes. These transcripts are not only expressed in blood
cells but also in various human cells and tissues as shown by
RNA sequencing in the Genotype-Tissue Expression project®
(Figure S6). Among these genes, CRIP1, MYADM, TIPARP,
F12, and TSC22D3 have been previously implicated in hyper-
tension.!>!3335 For the other transcripts, a connection to
diseases related to BP, such as obesity and CVD, as well as
important roles in the immune system have been described,*
but the association with BP traits is novel. These findings
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Table 2. Association of Long-Term Changes of Transcript Expression to Changes in BP During 5 Years of Follow-Up in the GHS

Individuals Without Individuals Without Individuals Without
All Individuals Antihypertensive Antihypertensive All Individuals Antihypertensive
(n=1092) Treatment (n=703) All Individuals (n=1092) = Treatment (n=703) (n=1092) Treatment (n=703)
SBP (*) DBP (1) PP (1)
mRNA mRNA mRNA mRNA mRNA mRNA
Change Change Change Change Change Change
Gene (%)* PValue (%)* PValue (%)t PValue (%)t PValue (%) PValue (%)% PValue
CRIP1 293 | 215x10°°§ | 4.09 | 9.51x10°%§| 519 | 8.46x107""§  6.65 | 3.51x10°§| 2.2 5.02x10§ | 2.92 |1.24x1073§

MYADM 156 | 1.81x10§ 2.39 | 9.09x10°§ 2.38 | 8.93x10§ 365 | 3.53x10“§ 1.4 1.39x10%§ | 1.88 |2.15x1072
TIPARP 1.3 4.09x10*§ 157 | 3.17x107%§ 1.81 4.14x1073§ 198 | 2.61x107? 127 | 1.12x10%§| 1.58 |2.68x1072

TSC22D3 | 1.15 | 1.82x10%§ 1.1 1.18x10™ 1.56 | 6.08x10? 1.88 | 1.12x10™ 1.15 | 8.37x102 0.69 |4.65x10™
CEBPA -0.82 | 3.97x10% | -1.01 8.62x1072 -1.74 | 1.14x10% | -1.04 | 2.90x10" | -0.43 | 4.27x10" | —-1.18 |1.39x10™
F12 0.07 | 8.29x10" -0.49 | 2.99x10" -0.05 | 9.29x10” -0.42 | 5.92x10™ 0.16 | 7.14x10™" | -0.63 |3.23x10"
LMNA 1.23 | 3.96x107%§ 1.48 | 1.85x107%§ 1.85 | 1.16x10%§ 226 | 3.13x107 112 | 5.46x107° 116 | 1.67x10"
TPPP3 2.28 | 7.36x10°§ 2.32 | 1.16x107%§ 529 | 1.87x10%§ 516 | 1.62x10°§ 0.93 | 1.78x10" 0.73 |4.44x107

Linear regression models were adjusted for sex, age, and BP trait at baseline and body mass index change between baseline and follow-up. Changes in mRNA
expression level (%) are given per 10-mmHg SBP increase (*), 10-mmHg DBP increase (1), and per 10-mmHg PP increase (1). Significant associations with a false
discovery rate <0.05 are indicated by §. BP indicates blood pressure; CEBPA, CCAAT/enhancer-binding protein alpha; CRIP1, cysteine-rich protein 1; DBP, diastolic
blood pressure; F12, coagulation factor Xll; GHS, Gutenberg Health Study; LMNA, lamin A/C; MYADM, myeloid-associated differentiation marker; PP, pulse pressure;
SBP, systolic blood pressure; TIPARP, TCDD-inducible poly(ADP-ribose) polymerase; TPPP3, tubulin polymerization-promoting protein family member 3; and TSC22D3,

TSC22 domain family member 3. 2. American

Heart

Association.
seem plausible because numerous studies suggest that hyper- angiotensin IT-induced hypertension.’ Likewise, Itani et al*
tension represents an inflammatory state and an involvement showed that human T cells become activated by hypertensive

of the immune sys particular, monocytes in the stimuli, such as angiotensf II.
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Figure. Relationship of blood pressure (BP) reduction and transcript expression by BP-lowering medication for 6 mo (n=406). Transcript
expression was measured by quantitative polymerase chain reaction. Linear mixed models adjusted for age, sex, and body mass index
were used to calculate differential gene expression. CEBPA indicates CCAAT/enhancer-binding protein alpha; CRIP1, cysteine-rich protein
1; LMNA, lamin A/C; MYADM, myeloid-associated differentiation marker; TIPARP, TCDD-inducible poly(ADP-ribose) polymerase; TPPP3,
tubulin polymerization-promoting protein family member 3; and TSC22D3, TSC22 domain family member 3.
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Table 3. Association of Serum CRIP1, CRP, NT-proBNP, and
hsTnl Protein Levels to Cardiovascular End Points in the Moli-
Sani Project

End Point Marker Hazard Ratio (95% CI)* PValue
Stroke (n=50) CRIP1 1.0588 4.97x10°
(1.03-1.0884)
CRP 1.0606 6.41x1072
(0.9965-1.1289)
NT-proBNP 1.0001 8.52x10
(0.9988-1.0015)
hsTnl 1.0677 3.86x10"
(0.9207, 1.2382)
Heart failure CRIP1 1.0138 2.30x10"
(n=139) (0.9913-1.0368)
CRP 1.0677 1.45x107?
(1.0131-1.1253)
NT-proBNP 1.0005 2.67x107
(0.9996-1.0015)
hsTnl 1.1538 1.13x10°8
(1.0586-1.2577)
Coronary heart CRIP1 1.0158 2.14x10"
disease (n=107) (0.991-1.0413)
CRP 1.0859 6.16x107
(1.0237-1.1519)
NT-proBNP 1.0008 1.64x10"
(0.9997-1.0019)

Cases included subj
heart disease. Associ
tested by Cox regression adjusted for @g
baseline. Cl indicates confi
CRP, C-reactive protein (mg/L); hsTnl, high sensitive troponin | (pg/mL); and
NT-proBNP, N-terminal pro-B-type natriuretic peptide (pg/mL).

*The hazard ratio refers to a 1-unit change of a given biomarker.

ystolic blood pressure at

important cell type of the innate immune system and effector
in inflammation, we identified additional transcripts in relation
to BP (CRIP1, TSC22D3, CEBPA, LMNA, TPPP3, and F12).
We hypothesize that these genes might contribute to BP regula-
tion and development via their role in the immune system and
provide a starting point for further experimental work.

Finally, and clinically most relevant, circulating levels of
the protein encoded by the most relevant transcript found—
CRIP1—are associated with incident stroke, a sequela of
hypertension, implying a potential role of CRIP1 as biomarker.

CRIP] is a particular interesting candidate transcript
for further investigation. In our data, CRIPI consistently
showed the strongest association (1) to BP at the popula-
tion level, (2) to BP reduction mediated by antihypertensive
medication, and (3) to longitudinal changes in BP during a
S-year time frame. The investigation of the genetic interplay
by eQTL analyses revealed that the expression of CRIPI
(along with MYADM, TIPARP, and TPPP3) was highly
associated with variants in the SH2B3/LNK locus. SH2B3 is
a negative regulator of growth factors and cytokine signal-
ing, and previous data have already implicated this locus

jon of ‘ouriwo
opulation-bas
al f icati i

as a master regulator involved in BP regulation.!*!%3% A
Sh2b3~"~ knockout leads to markedly elevated BP in response
to low dose of angiotensin IL.!¢

We speculate that the SH2B3 effect on BP is mediated—
at least partly—by CRIPI. CRIP1 belongs to the LIM/dou-
ble-zinc finger protein family, and a relationship of CRIP1
to hypertension and renal disease has recently been shown.
In the renin-expressing juxtaglomerular cells, crucial for BP
control, CRIP1 expression was highly increased.”*° CRIP1 is
also strongly expressed in immune cells, again indicating a
link between CRIP1 and BP regulation via the immune sys-
tem. Along with the results presented here, these data high-
light CRIPI a promising BP-related candidate transcript for
further examinations.

The main strength of this study is the large size of global
and harmonized gene expression data that were associated
with BP traits at a population level and the analysis of dif-
ferent cell types, including monocytes and whole blood pro-
viding a broader view. However, by using these different cell
types, we might have missed additional transcripts that would
have been discovered when using monocytes only. As we took
care to include transcriptomic data derived using the same
methodology (Illumina HT-12 Array) and standardized pro-
cedures,”” no additional, indep@dent population-based mono-
cyte transcriptome data set ﬁﬂ%’ﬁggt of our knowledge,
currently available for replication Asseciations

As an additional strength, we were able to include data of
longitudinal nature (fosﬁ years and after BP-lowering medi-
cation) to provide information on gene expression over time.

hal e, no independent
ow-up expression data is
longi al data analyses.

Furthermore, the highest proportion of explained BP variance
i i y cohorts, and an
independent validation in cohorts with available monocytic
RNA would be valuable. Moreover, data on the predictive
value of circulating CRIP1 levels need to be confirmed in
further studies including a broad range of cardiovascular end
points. It needs to be considered that CRIP1 levels were deter-
mined in a sample of moderate size (n=400), and the coeffi-
cient of variation of the ELISA immunoassay was >10%. The
lower sample size and the moderate precision of the ELISA
assay can cause a bias into the results. We speculate that by
increasing the sample size or using a more valid ELISA assay
(which is currently not available), the coefficient of variation
might improve and increase the precision of the results, also
for additional cardiovascular end points. Furthermore, the pre-
cise molecular mechanisms underlying the observed associa-
tions still require additional experimental follow-up projects.
In conclusion, using large-scale transcriptome data, our
analyses highlight 8 transcripts significantly associated with
BP. In particular, CRIPI emerged as an attractive candidate
to further elucidate the pathomechanisms of hypertension
and to envisage in the long-term therapeutic intervention with
respect to BP control.

Perspectives
The results from the present study show that several blood-
based gene transcripts are associated with BP and long-term
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changes of BP, directly linking gene expression with BP. In
addition, circulating levels of the protein encoded by the iden-
tified CRIP1 gene strongly associated with incident stroke
events. These findings suggest that BP-related transcripts
could serve as marker for diagnosis, monitoring, or treat-
ment of hypertension in clinical practice. In particular, CRIP1
might additionally serve as circulating marker for future risk
of development of CVD and stroke.
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Novelty and Significance

What Is New?
Transcriptomics data from populations were analyzed providing novel
insights into the genetics of blood pressure (BP). Eight transcripts, mea-
sured in monocytes and whole blood, were found to be related to BP
changes.

What Is Relevant?
Changes in transcript levels are related to BP changes. Levels of CRIP1,
cysteine-rich protein 1, associated with future BP-related disease, such
as incident stroke.

Summary

Using transcriptome data, this study highlights 8 transcripts signifi-
cantly associated with BP. CRIP7 emerged as candidate to further
elucidate the pathogenesis and mechanisms of hypertension.
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Supplementary Material

1. Description of study cohorts

Ethics statement

The study followed the recommendations of the Declaration of Helsinki. The study
protocols of all studies were approved by the respective ethics committees. Written
informed consent was obtained from all study participants.

GHS

The Gutenberg Health Study (GHS) is designed as a community-based, prospective,
observational, single-center cohort study in the Rhine-Main area of Western Germany. '
The sample was drawn randomly from the governmental local registry offices in the city
of Mainz and the district of Mainz-Bingen. The sample was stratified 1:1 for sex and
residence (urban and rural) and in equal strata for decades of age. Individuals between
35 and 74 years of age were enrolled. Exclusion criteria were insufficient knowledge of
the German language and physical or psychological inability to participate in the
examinations at the study center. Baseline examination of 15,010 study participants was
performed between 2007 and 2012. Starting in April 2012, a second clinical follow-up visit
was started after 5 years. At baseline and after 5 years, detailed medical, biochemical,
and molecular information and biomaterial have been acquired.

MESA

The Multi-Ethnic Study of Atherosclerosis (MESA) was designed to investigate the
characteristics of subclinical cardiovascular disease (disease detected non-invasively
before it has produced clinical signs and symptoms) and the risk factors that predict
progression to clinically overt cardiovascular disease or progression of the subclinical
disease. The cohort is a diverse, population-based sample of 6,814 asymptomatic men
and women aged 45-84. Approximately 38 percent of the recruited participants are white,
28 percent African American, 22 percent Hispanic, and 12 percent Asian (predominantly
of Chinese descent). Participants were recruited during 2000-2002 from 6 field centers
across the U.S. (at Wake Forest University; Columbia University; Johns Hopkins
University; the University of Minnesota; Northwestern University, and the University of
California — Los Angeles). Since its inception in 2000, five clinic visits (exams) collected
extensive clinical, socio-demographic, lifestyle and behavior, laboratory, nutrition, and
medication data. 2 The present analysis is primarily based on analyses of purified
monocyte samples from the April 2010-February 2012 examination (exam 5) of 1,264
randomly selected MESA participants (55-94 years old, Caucasian (47%), African
American (21%) and Hispanic (32%), female 51%) from four MESA field centers
(Baltimore, MD; Forsyth County, NC; New York, NY; and St. Paul, MN).

KORA

KORA (Cooperative Heath Research in the Augsburg Region) exists since 1996 in the
region of Augsburg in the southwest of Germany, and builds on the MONICA (Monitoring
of trends and determinants in cardiovascular disease) project initiated in 1984 3. KORA is
a regional research platform for population-based surveys and a cohort of more than
18,000 subjects are actively followed up to date. The KORA F4 survey (2006-2008) was



the 7-year follow-up survey of KORA S4 (1999-2001), which included a population-based
sample aged 25 to 74 years from the city of Augsburg and two adjacent counties.

SHIP-TREND

The Study of Health in Pomerania (SHIP) is a longitudinal population-based cohort in West
Pomerania, a region in the northeast of Germany. The study assesses the prevalence and
incidence of common population-relevant diseases and their risk factors. Baseline
examinations for SHIP-TREND were carried out between 2008 and 2012, comprising
4,420 participants. Study design and sampling methods were previously described 4. The
present project is based on a subset of 997 individuals aged 20 to 81 years of the SHIP-
TREND study population.

Blood pressure lowering clinical trial

The influence of routinely used BP lowering medication over 6 month on gene expression
was assessed in a clinical trial (EudraCT No.: 2009-017010-68). The study used the
combination of telmisartan and amlodipine versus olmesartan and hydrochlorothiazide in
hypertensive patients. Participants were selected at an age of 35 years or older, and being
treated, but with uncontrolled hypertension (defined as 20/10 mmHg above target blood
pressure of <140/90 mmHg [<130/80 mmHg for renal impaired and/ or diabetic patients])
or controlled hypertension and = 3 cardiovascular risk factors and/or metabolic syndrome
and/or diabetes mellitus and/or end organ damage. Exclusion criteria included
pretreatment with amlodipine, Diuretics and AT1Blocker/ACEInhibitor within the last 3
months; pretreatment with telmisartan within the last 3 months, myocardial infarction
within the last 6 months, previous stroke or hemodynamically relevant stenosis of carotic
arteria and cardiac or peripheral bypass surgery within the last 6 month. Laboratory and
clinical phenotyping includes various markers and collection of biomaterial available in all
600 individuals at 2 time points (baseline and 6 month follow up).

The Moli Sani Study

The cohort of the Moli-Sani Study was recruited in the Molise region, Italy, from city hall
registries by a multistage sampling. First, townships were sampled in major areas by
cluster sampling; then, within each township, participants aged 35 years or over were
selected by simple random sampling. Exclusion criteria were pregnancy at the time of
recruitment, lack of in understanding, current multiple trauma or coma, or refusal to sign
the informed consent. A total of 24,325 men (47%) and women (53%) over the age of 35
were examined at baseline from 2005 to 2010. Participation was 70%. The cohort was
followed-up for a median of 4.2 years (maximum 6.5 years) at December 2011 and will be
followed-up every 5 years S.(http://www.moli-sani.org). To determine of CRIP1 serum
levels by ELISA, incident cases of cardiovascular endpoints (stroke, heart failure,
coronary heart disease) as well as a random sample of the cohort were selected. In total,
107 cases of incident coronary heart disease, 50 cases of incident stroke, 139 cases of
incident heart failure and a random sample of 133 subjects were selected. The baseline
characteristics of the selected subjects is given in Table S 10.



2. Definition and measurement of clinical phenotypes and biomarkers

Definitions of SBP and DBP were standardized between all studies. PP was calculated as
the difference between the systolic and diastolic pressure readings. Hypertension was
defined as SBP = 140 mmHg or diastolic BP = 90 mmHg at rest obtained as the mean of
the second and third measurement, or by taking any antihypertensive drugs within the last
2 weeks. BP was measured with an Omron HEM-705CP device in GHS, SHIP-TREND
and the clinical trial, using a Hawksley random-zero sphygmomanometer in KORA and a
Dinamap PRO 100 automated oscillometric device in MESA.

Hyperlipidemia was defined as LDL/HDL ratio > 3.5. Echocardiography was performed in
every individual using a standardized protocol according to current American and
European guidelines and as described in '. An iE33 echocardiography system with an S5-
1 sector array transducer was used (Philips Electronics, Amsterdam, The Netherlands).
Trained and certified medical technical assistants performed the examination. The
following linear echocardiographic variables were studied in the present investigation:
interventricular end-diastolic septum diameter (IVSD), LV internal end-diastolic diameter
(LVIDD), LV end-diastolic posterior wall diameter (LVPWD), and LV end-systolic diameter
(LVESD), LV hypertrophy (LVH). Derived from these variables, RWT as
(IVSD_LVPWD)/LVEDD, and LV mass (LVM) according to the American Society of
Echocardiography (ASE). The estimated glomerular filtration rate (¢eGFR) was calculated
by the CKD-EPI formula. 6.

NT-proBNP levels were measured using a commercially available assay on the ELECSYS
2010 using the Elecsys proBNP Il assay (ECLIA, Roche Diagnostics, Mannheim,
Germany) with a LoD of 5 ng/L. The assay range of the assay was 5-35,000 ng/L. The
inter- and intra-coefficient of variation were 5.4% and 2.3%, respectively. hsCRP levels
were measured with the routine laboratory using an Abbott Architect c8000 system and
the CRP Vario immunoassay. The inter- and intra-coefficient of variation were 5.6% and
3.7%, respectively. hsTnl levels were measured using a high-sensitivity cardiac troponin
assay (ARCHITECT STAT highly sensitive Troponin | immunoassay, Abbott Diagnostics,
USA, ARCHITECT i2000SR). The limit of detection for the assay was 1.9 ng/L (range 0-
50000 ng/L). The assay had a ten percent coefficient of variation at a concentration of 5.2
ng/L. The inter- and intra-coefficient of variation were 4.5% and 5.8%, respectively.

3. Preparation and quality control of RNA

Preparation of RNA samples in GHS, KORA F4, and SHIP-TREND has been described
previously. . Briefly, total RNA was isolated from whole blood in KORA and SHIP-TREND,
and from monocytes in GHS. For all three studies, purity and concentration of RNA were
determined by NanoDrop measurement and RNA quality was measured on a 2100
Bioanalyzer and the RNA 6000 Nano Lab Chips (Agilent Techonology, Inc., Santa Clara,
CA) by the RNA integrity number (RIN). Only samples with a RIN above 7 were used for
gene expression profiling. In MESA, monocytic RNA was isolated using the AllPrep
DNA/RNA Mini Kit (Qiagen, Inc., Hilden, Germany). RNA quality metrics included optical
density measurements, using a NanoDrop spectrophotometer and evaluation of the RIN
using the Agilent 2100 Bioanalyzer with RNA 6000 Nano Lab chips (Agilent Technology,
Inc., Santa Clara, CA) following manufacturer’s instructions. RNA with a RIN above 9 was
used for gene expression profiling.

In the blood pressure lowering clinical trial, total RNA was isolated from peripheral blood
mononuclear cells (PBMCs) using Trizol/Chloroform extraction.



Separation of PBMCs was conducted within 20 min after blood collection. Briefly, 8 mL
blood was collected using the Vacutainer CPT Cell Preparation Tube System (BD,
Heidelberg, Germany) and centrifuged. After separation, cells were washed and were
resuspended in 1.5 mL Trizol Reagent (Invitrogen, Karlsruhe, Germany). 300 mL
chloroform was added and phases were separated by centrifugation. For precipitation of
RNA isopropanol was added. After a final washing step, total RNA was eluted in 40 pL
RNase-free water. RNA quality metrics included optical density measurements, using a
NanoDrop spectrophotometer. Integrity of total RNA was evaluated on an Agilent
Bioanalyzer 2100 (Agilent Technologies, Boeblingen, Germany). Only samples with a RIN
above 7 were used for subsequent gene expression analysis by semi-quantitative real-
time PCR.

Semi-quantitative Polymerase Chain Reaction (PCR)

For semi-quantitative PCR, total RNA (100ng) was reverse transcribed using the High-
Capacity cDNA Reverse Transcription Kit including RNase Inhibitor (Life Technologies,
Darmstadt). The resulting cDNA was diluted 1:20 with RNase-/DNase-free water and 2.5ul
were used for gene expression analysis by real-time PCR amplification. The amplification
was carried out on a 7900HT Fast Real-Time PCR System (Life Technologies, Darmstadt)
using the TagMan Gene Expression Master Mix (Life Technologies, Darmstadt) and
TagMan Gene Expression assays for the following genes: CEBPA (Hs00269972_s1),
CRIP1 (Hs00906229 g1), F12 (Hs01557543 g1), LMNA (Hs00153462_m1), MYADM
(Hs01880197_s1), TIPARP (Hs00296054_m1), TPPP3 (Hs00372228 g1), TSC22D3
(Hs00929365_m1). For normalization, GAPDH endogenous control (Life Technologies,
Darmstadt) were used.

4. Genotyping and imputation in the Gutenberg Health Study

Genomic DNA was extracted from buffy coats prepared from EDTA blood samples.
Genotyping was performed using the Affymetrix Genome-Wide Human SNP Array 6.0 as
described by the Affymetrix user manual. Genotypes were called using the Affymetrix
Birdseed v2 calling algorithm, and quality control was performed using GenABEL
(http://mga.bionet.nsc.ru/nlru/GenABEL). Individuals with a call rate <97% or an
autosomal heterozygosity >3 SDs around the mean were excluded. Standard quality
criteria were applied to exclude SNPs (MAF<1%, genotype call rate <98%, and P value
of deviation from HWE <10*). Imputation based on 1,000 genomes Phase | Integrated
Release Version 2 (NCBI Build 37) was performed using MACH version 1.0.18.c. In total,
1,133 individuals with genotype and monocytic gene expression data were available for
expression quantitative trait loci (eQTL) analysis.

5. Measurement of Human Cystein Rich Protein 1 (CRIP1) protein levels in the Moli-
Sani Study

To investigate whether the protein encoded by CRIP1 may be utilized as a circulating
protein biomarker for clinically relevant endpoints, serum CRIP1 levels were determined
in a population setting of 379 individuals from the cohort of the Moli-Sani Study 8. This
subsample was selected from the overall Moli-Sani cohort using a case cohort sampling
design including incident cardiovascular cases of stroke (n=50), heart failure (n=139) and
coronary heart disease (CHD, a composite endpoint of myocardial infarction and coronary
death, n=107) and an age-weighted random samples of the cohort (n=133).



Subjects with multiple events were included in each of the respective groups, resulting in
a total overlap between groups of 50 subjects. CRIP1 protein levels were measured using
an enzyme-linked immunosorbent assay (EKU03572, Biomatik, Wilmington, Delaware,
USA). The lower limit of detection was 0.057 ng/mL. The inter-assay coefficient of
variation (CV) was 15.5%; the intra-assay CV was 11.9%.

6. Statistical Methods

Proportion of BP variance attributable to candidate transcript expression

The proportion of SBP, DBP and PP explained by mRNA expression was calculated
separately for each candidate transcript. Therefore, a generalized R?* was computed
based on the likelihoods from linear regressions, i) containing all covariates plus the
candidate transcript expression and ii) with the covariates only as independent variables,
as proposed by Magee °. Confidence intervals were estimated in 5,000 bootstrap
iterations. The aggregated variance was calculated analogously, but with all candidate
transcripts as independent variables.

Analysis of differential gene expression in the clinical trial

Expression values of candidate transcripts measured by qPCR were normalized for
GAPDH Ct values prior to association analysis and are represented as deltaCt values
(deltaCt_mRNA = Ct_mRNA — Ct_GAPDH). Differential gene expression in the clinical
trial was assessed comparing gene expression at baseline and 6-month follow-up.
Associations with Benjamini-Hochberg '° based FDR < 0.05 were considered significant.

Long term changes in gene expression analysis in the Gutenberg Health Study
Longitudinal gene expression data (Baseline and 5-year follow up) of 1,092 GHS
individuals was pre-processed, logz-transformed and batch effects were removed by
quantile normalization followed by ComBat. "' The difference between SBP and DBP and
expression of each candidate transcript at baseline and 5-year follow-up was calculated
for each individual. Association analyses between changes of each BP trait and candidate
transcript expression were performed using linear regression and were adjusted for sex,
age at baseline and BMI change between baseline and follow-up. Adjustments for multiple
testing were performed using the Benjamini-Hochberg method'?, and the significance
level was set to 0.05. Results are given as percent mMRNA change (%mRNA change) after
6 months + standard error.

Expression quantitative trait loci (eQTL) analysis in the GHS

eQTL analyses were performed in 1,333 individuals from the GHS with available gene
expression and available genome-wide genotyping data based on Affymetrix SNP 6.0
microarrays with imputation based on the 1,000 genome reference'?. Two approaches
were used to identify eQTLs related to BP or cardiovascular disease:

A.) For each candidate transcript, cis-eQTLs were calculated for SNPs within +250kb
around the transcription start site and a minor allele frequency (MAF) = 1%. The Genome-
wide Repository of Associations between SNPs and Phenotypes (GRASP) database
version 2.0.0.0 " was studied for significant cis- eQTLs that were at least moderately
associated to a BP or a cardiovascular disease related trait (p-values104).

B.) Published GWAS results of BP-related traits were retrieved from the GWAS catalogue
(2017-03-20) 4. Latest identified novel BP variants not present in the GWAS catalogue
were retrieved from the relevant publications'>-'8,

8



In total, 270 unique SNPs with genome-wide association to at least one BP trait were
found. Of those, 191 SNPs with a MAF = 1% present in GHS were tested, leading to a
significance level of 2.6 x 10*.

All eQTL analyses were performed using linear models assuming an additive genetic
model, and were adjusted for age, sex and technical covariates 7.

Association of candidate transcript expression and sub-clinical phenotypes in the
GHS

In 1,285 GHS subjects, associations between sub-clinical phenotypes and candidate
transcript expression from microarrays were calculated using linear regression models
adjusted for age, sex and technical covariates as described above. For each sub-clinical
phenotype independently, associations with a Benjamini-Hochberg based FDR < 0.05
were considered significant. Results are given as mRNA change per 10mmHg increase
in blood pressure trait (delta mRNA) * standard error.

Association of CRIP1 serum levels with clinically relevant endpoints

In the Moli-Sani Study, CRIP1 serum levels were tested for association with
cardiovascular endpoints. For this, multivariate associations of stroke, heart failure, and
coronary heart disease with CRIP1 serum levels were calculated using Cox regression
adjusted for age, sex, systolic BP and plate layout. Since subjects were selected to the
case-cohort sample with unequal probabilities, inverse of the sampling probabilities were
used as weights in the Cox regression as proposed by Kulathinal et al. °.
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Supplementary Tables

Table S1. Study characteristics. Data presented as mean + standard deviation or number and percent. *Prevalent hypertension
defined as SBP = 140 mmHg or DBP = 90 mmHg or antihypertensive drug treatment during the last two weeks. **P-values
were calculated by Student’s t-test for differences of continuous traits and by chi-squared test for differences of dichotomous
traits.

Study Characteristics Discovery Replication
GHS MESA SHIP-TREND KORA F4

n=1,285 n = 1,264 PEIDE n =993 n= 997 PUEDE
Mean age [years] 54.7+11.0 60.2 9.5 <0.001 50.1£13.7 70.385.37 <0.001
Females (%) 663 (51.6) 650 (51.4) 0.963 554 (56.0) 493 (49.6) 0.005
Current smoker, n (%) 239 (18.6) 170 (13.5) <0.001 213 (21.5) 66 (6.7) <0.001
ﬁ(‘;‘;’#}‘ass Tl () 27.0+4.6 29.3+52 <0.001 27.3+4.6 28.9+4.5 <0.001
Hyperlipidemia, n (%) 351 (27.3) 206 (16.3) <0.001 141 (14.2) 155 (15.7) 0.435
Diabetes Mellitus, n (%) 79 (6.2) 104 (8.2) 0.050 28 (2.8) 211 (21.2) <0.001
CAD, n (%) 58 (4.6) 55(4.4) 0.918 72 (7.3) 117 (11.8) <0.001
Systolic blood pressure
(3BP) [mmt] 132.2£17.8 122.9 + 18.9 <0.001 124.4 £ 16.9 128.7 £ 20.0 <0.001
Diastolic blood pressure
(DBP) [mmHa] 83.5+9.7 714+96 <0.001 76.6+9.8 74.0 £10.1 <0.001
#l=s preseine (217 48.7 £13.0 51.5 + 15.0 <0.001 47.8+122 54.7 £+ 14.7 <0.001
[mmHg]
Heart rate, bpm 68.7 £ 10.9 62.9+9.3 <0.001 71.0 £10.7 716 +£11.3 0.169
Er(?,);;‘)e”t AR 618 (48.1) 557 (44.1) 0.046 460 (46.5) 682 (68.7) <0.001
Antihypertensive drug 344 (26.8) 449 (35.5) <0.001 388 (39.2) 421 (42.4) 0.166
treatment
Caucasian, n (%) 1,285 590 (46.7) <0.001 993 997 1
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Tables S2: Gene-specific transcripts associated with blood pressure traits in the
discovery analysis (see Excel file Supplementary Table S2).

Tables S3: Gene-specific transcripts associated with blood pressure traits in the
validation analysis (see Excel file Supplementary Table S3).

Tables S4: Gene-specific transcripts associated with blood pressure traits in the
discovery and validation analysis after exclusion of individuals receiving
antihypertensive treatment (see Excel file Supplementary Table S4).

Tables S5: Gene-specific transcripts associated with blood pressure traits in the

discovery analysis including only subjects of Caucasian ethnicity in MESA (see Excel
file Supplementary Table S5)
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Table S6: Variance (%) in BP levels attributable to transcript expression. Values refer
to the generalized R? which was computed based on the likelihoods from linear
regressions for each BP trait / candidate gene combination. The total attributable
variance refers to the aggregated proportion of variance by the transcripts, which were
significantly associated with the given trait across all studies (bold).

ene O O e ole piIood
GHS MESA KORA SHIP
SBP | DBP | PP | SBP | DBP | PP | SBP | DBP | PP | SBP | DBP | PP
Attributable variance (AV) % (95% confidence interval)
163 | 142 | 066 | 012 | 039 | 000 | 035 | 047 | 014 | 1.02 | 1.04 | 026
CEBPA (0.19, | (0.03, | 0.33, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00,
295) | 267) | 1.49) | 046) | 0.66) | 0.21) | 1.14) | 1.27) | 0.66) | 2.20) | 2.15) | 0.84)
552 | 368 | 296 | 298 | 1.86 | 194 | 036 | 032 | 022 | 1.18 | 061 | 068
CRIP1 (2.93, | (147, | (0.94, | (061, (0.23, | (0.00, (0.00,  (0.00, (0.00, (0.00,  (0.00, (0.00,
8.03) | 572) | 481) @ 412) | 3.11) | 2.69) | 1.09) | 1.02) | 0.79) | 2.41) | 1.51) | 1.66)
146 | 042 | 136 | 020 | 002 | 027 | 058 | 017 | 068 | 0.02 | 046 | 059
F12 (0.02, | (0.40, | (0.12, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00,
274) | 1.09) | 2.65) | 0.67) | 0.35) | 0.65) | 1.56) | 0.67) | 1.73) | 0.25) | 1.26) | 1.45)
152 | 125 | 066 | 074 | 033 | 059 | 047 | 065 | 0.00 | 020 | 058 | 0.00
LMNA (0.00, | (0.07, | (0.41, | (0.00, (0.00, (0.00, (0.00, (0.00, (0.00, (0.00,  (0.00, (0.00,
2.90) | 2.43) | 1.56) @ 1.07) | 1.05) | 0.63) @ 0.69) | 1.62) | 0.21) | 0.76) | 1.53) | 0.19)
396 | 217 | 250 | 077 | 003 | 1.13 | 1.65% | 1.89 | 077 | 1.02 | 061 | 0.52
MYADM (1.65, | (0.51, | 054, | (0.00, | (0.00, | (0.00, | (0.00, | (0.10, | (0.00, | (0.00, | (0.00, | (0.00,
6.15) | 3.70) | 4.30) | 1.26) | 0.20) | 1.67) | 3.26) | 3.53) | 1.83) | 2.14) | 1.53) | 1.31)
364 | 156 | 272 | 055 |049 | 027 | 063 | 023 | 068 | 1.16 | 036 | 0.03
TIPARP (1.60, | 0.12, | (0.88, | (0.00,  (0.00, | (0.00, (0.00,  (0.00, (0.00,  (0.00, | (0.00, (0.00,
551) | 2.86) | 4.43) @ 0.91) | 1.18) | 0.39) & 1.65) | 0.84) | 1.70) | 2.44) | 1.07) | 2.09)
512 | 471 | 194 | 212 | 095 | 169 | 105 | 083 | 070 | 010 | 042 | 0.01
TPPP3 (2.54, | (2.34, | (0.25, | (0.05, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00,
754) | 6.89) | 3.44) | 327) | 1.82) | 2.61) | 2.41) | 1.99) | 1.87) | 0.49) | 1.19) | 0.25)
405 | 1.03 | 396 | 089 | 035 | 075 | 079 | 1.25 | 0.23% | 1.24 | 037 | 1.01
Tsc22p3 | (1.75, | (0.21, | (1.56, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00, | (0.00,
6.22) | 2.13) | 6.18) | 1.48) | 0.75) | 1.30) | 1.77) | 2.57) | 0.77) | 2.49) | 1.04) | 2.17)
;ma' AVl 1133 | 831 | 474 | 343 | 211 | 267 | 282 | 405 | 136 | 421 | 303 | 137
andidate (7.57, | 4.95, | (1.92, | (0.44, | (0.00, | (0.16, | (0.09, | (0.92, | (0.00, | (1.25, | (0.15, | (0.00,
Canes 14.48) | 10.79) | 7.10) | 4.39) | 2.97) | 3.83) | 4.44) | 6.00) | 2.73) | 6.17) | 4.70) | 2.60)
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Table S7: Association of candidate transcript expression with blood pressure-related, subclinical cardiovascular phenotypes in the
Gutenberg Health Study. Each trait was tested for association to mMRNA by a linear regression adjusted for age, sex and technical
covariates, and significant associations (FDR < 0.05) are shown in bold. IVSD = Interventricular septal thickness end-diastolic (mm)
LVIDD = left ventricular internal diameter end-diastolic (cm); LVPWD = left ventricular posterior wall thickness end-diastolic (cm); LVM=
left ventricular mass (g); RWT = relative wall thickness (cm); LVH = left ventricular hypertrophy (0: LVH; 1: no LVH), NTproBNP = N-

terminal pro B-type natriuretic peptide (pg/mL).

LVIDD LVPWD Stiffness
index
P-value
(log2-fold mRNA change per unit trait )
CRIE 0.0019 0.3877 0.0001 0.0005 0.0088 0.0052 0.651
(0.0198) (0.0021) (0.03) (0.0006) (0.3697) (0.1276) (-0.0017)
0.4948 0.4896 0.4607 0.7331 0.6963 0.1333 0.4338
MYABM (-0.0034) (0.0013) (0.0044) (0) (-0.0425) (-0.0515) (-0.0023)
TIPARP 0.2419 0.2605 0.4515 0.1338 0.8738 0.1151 0.1534
(-0.0054) (-0.0019) (-0.0042) (-0.0002) (-0.0162) (-0.0507) (-0.004)
TSC22D3 0.0048 0.7672 0.1148 0.0189 0.0502 0.0191 0.0145
(0.0164) (0.0006) (0.0111) (0.0004) (0.2517) (0.0963) (-0.0085)
CEBPA 0.1006 0.588 0.0955 0.0706 0.2875 0.1369 0.8103
(0.007) (0.0009) (0.0086) (0.0002) (0.1002) (0.0419) (0.0006)
- 0.3003 0.7302 0.8679 0.6823 0.4496 1 0.645
(0.0044) (-0.0005) (0.0009) (0) (0.0708) (0) (0.0012)
L MNA 0.0002 0.7639 0.0119 0.0026 0.0041 0.0015 0.595
(0.031) (0.0009) (0.0252) (0.0007) (0.5258) (0.1788) (0.0026)
0.1193 0.7369 0.0037 0.1082 0.0267 0.4471 0.4822
TPPP3

(0.0112)  (-0.0009)  (0.0251)  (0.0003)  (0.3513)  (0.0387) (0.003)

NT-pro BNP

0.4461
(0.0069)
0.259
(0.0079)
0.0468
(0.013)
0.796
(-0.0021)
0.4772
(0.0043)
0.4218
(0.0048)
0.1599
(-0.0166)
0.8027
0.0025)
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Tables S8: Single nucleotide polymorphisms from the GRASP database (A) and
published BP related variants (B) used for analyses of expression quantitative trait loci
(see Excel file Supplementary Table S8).
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Table S9: Blood pressure-related eQTLs and SNPs related to blood pressure. Genome-wide significant associations for blood
pressure and other disease traits were taken from the GWAS Catalog (www.ebi.ac.uk/gwas/) and novel BP GWAS publications which
were not present in the GWAS Catalog in March 2017 15, 17 16 18 Agsociations between the SNP and gene expression were assessed
in 1,133 samples from the GHS (with available gene expression and genotyping data) by linear regression under the assumption of an
additive genetic model and in publically available data of 5,311 whole blood samples from Westra et al %;
genenetwork.nl/bloodeqtlbrowser/). Associations with a p-value < 2.6x10 (=0.05/191 SNPs tested) were considered significant. The
linkage disequilibrium between rs3184504 and rs653178 is r? 0.99. n.s: not significant.

SNP / allele SNP annotation SNP-BP SNP-trait SNP-gene expression associations
associations associations
Chr Gene MAF SBP DBP Other traits Gene  Monocytes Whole blood %°
rs653178 /T 12 ATXN2 48.6% 3x101821 Mean arterial CRIP1 3.59x107 1.02x106
(intron) pressure 22
Celiac disease 2> 2 | TPPP3 1.35x104 n.s.
Chronic kidney MYADM  7.86x10° 5.12x107
disease ?°
Urate levels 26 TIPARP  2.6x107 n.s.
rs3184504 / C 12 SH2B3 48.9% | 5x10° 3x10'27 | Platelet count 28 2° CRIP1 6.53%x107 1.32x10°
(exon, 27
missense)
4 x1025 30 | Kynurenine levels 3t | TPPP3 1.64x10 n.s.
Eosinophil counts 32 | MYADM  6.47x10° 8.06x107
Hypothyroidism 22 | TIPARP  3.83x10” n.s.




Table S10: Baseline characteristics of subjects selected for CRIP1 measurements
from the Moli-Sani Study.

Moli-Sani Study

Study Characteristics

n =379

Mean age [years] 54.5+94
Females, % 47.2
Current smoker, % 17.5
Body mass index (BMI) [kg/m?] 285+4.6
Diabetes Mellitus, % 5.3
CAD, % 1.3
Systolic blood pressure (SBP) 140.7 +
[mmHg] 20.4
[Dnl]e:ﬁ':_(ljél]c blood pressure (DBP) 832 + 9.6
Pulse pressure (PP) [mmHg] 57.5+16.5
Heart rate, bpm 68.0+11.5
Prevalent Hypertension, % 55.0
Antihypertensive drug treatment, % 30.5




Supplementary Figures
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Figure S1. Study workflow.
I) A meta-analysis of transcriptomics data and BP traits was performed for discovery in GHS and MESA. A FDR < 0.01 was used to indicate statistical

significance.

II) External validation in a whole blood data set of independent studies (SHIP-Trend and KORA F4). A statistical significance of p < 0.05 in each study
for at least one BP trait and consistent direction of effects were used to selected candidate genes. SBP: systolic blood pressure; DBP: diastolic blood
pressure; PP: pulse pressure; CVD: cardiovascular disease; RCT randomized clinical trial.

I. Discovery analysis of GHS (n=1,285) and MESA (n=1,264) monocytic gene expression

SBP = 91 transcripts DBP = 35 transcripts PP = 51 transcripts

Il. Validation analysis of SHIP (n=997) and KORA (n=993) whole blood gene expression

SBP = 5 transcripts DBP = 6 transcripts PP = 3 transcripts
Of 8 unique transcripts, 4 were novel in relation to BP

Association of mMRNA levels of 8 Association of mMRNA levels of 8
transcripts with 5 years BP changes transcripts with subclinical CVD in
in GHS (n=1,092) GHS (n=1,285)

7 transcripts were 4 transcripts with significant
significantly associated associations with CVD
Association of mMRNA levels of 8 Association of CRIP1 protein levels
transcripts with 6 month drug-induced with incident CV events in Moli-Sani
BP changes in RCT (n=406) (n=379)
7 transcripts were significantly CRIP1 significantly associated
associated with risk of incident stroke
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Figure S2: Candidate gene expression by study and cell types.
To consider study specific technical differences between studies, expression levels were normalized to the overall mean of all genes
on the microarrays.
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Figure S3a: Association between BP changes and CRIP1 mRNA expression changes after 5-years follow-up in the GHS. A) Association to
systolic BP; B) Association to diastolic BP. Numbers indicate the total number of individuals per group. BP: blood pressure
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Figure S3b: Association between BP changes and MYADM mRNA expression changes after 5-years follow-up in the GHS. A) Association
to systolic BP; B) Association to diastolic BP. Numbers indicate the total number of individuals per group. BP: blood pressure
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Figure S3c: Association between BP changes and TIPARP mRNA expression changes after 5-years follow-up in the GHS. A) Association
to systolic BP; B) Association to diastolic BP. Numbers indicate the total number of individuals per group. BP: blood pressure
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Figure S3d: Association between BP changes and TSC22D3 mRNA expression changes after 5-years follow-up in the GHS. A)
Association to systolic BP; B) Association to diastolic BP. Numbers indicate the total number of individuals per group. BP: blood pressure
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Figure S3e: Association between BP changes and CEBPA mRNA expression changes after 5-years follow-up in the GHS. A) Association
to systolic BP; B) Association to diastolic BP. Numbers indicate the total number of individuals per group. BP: blood pressure
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Figure S3f: Association between BP changes and LMNA mRNA expression changes after 5-years follow-up in the GHS. A) Association to
systolic BP; B) Association to diastolic BP. Numbers indicate the total number of individuals per group. BP: blood pressure
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Figure S3g: Association between BP changes and TPPP3 mRNA expression changes after 5-years follow-up in the GHS. A) Association to
systolic BP; B) Association to diastolic BP. Numbers indicate the total number of individuals per group. BP: blood pressure
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Figure S4: Reduction of blood pressure between baseline and 6 month follow up in a clinical trial.
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Figure S5A: Single nucleotide polymorphisms from the GRASP database used for analyses of expression quantitative trait loci. For each candidate
transcript, cis-eQTLs were calculated for SNPs within £250kb around the transcription start site and a minor allele frequency = 1%. The Genome-wide
Repository of Associations between SNPs and Phenotypes (GRASP) database version 2.0.0.0 (https://grasp.nhlbi.nih.gov) was studied for significant cis-
eQTLs which were at least moderately associated to a BP or a cardiovascular disease related trait (p-value<10-4).

Gene | criPL || mvabm || TiPaRP || Tsc2ap3 || cespa || F12 || tmNA || TPPP3 |

# significant eQTLs
related to CVD traits |

[ Mitral annular calcium (aortic valve stenosis) \ 4 Body mass index (BMI.Z, )
rs10151805 (p=4.55x10") rs1475766 (p=6.36x10")
rs8003942 (p=4.91x10) rs11577179 (p=7.48x10")
rs10908486 (p=7.88x10)
= -5
Thanassoulis et al. NEJM 2013, PMID: 23388002 rs12032631 (p=9.68x10")
rs2364400 (p=9.71x10)

\ ) \ Speliotes et al. Nat Genet 2010, PMID: 20935630 /
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Figure S5B: Single nucleotide polymorphisms from the GWAS catalogue used for analyses of expression quantitative trait loci.

Published GWAS results of blood pressure (BP) related traits were retrieved from the GWAS catalogue (https://www.ebi.ac.uk/gwas/). In total, 191
unique SNPs with genome-wide association to at least one BP trait and a minor allele frequency (MAF) = 1% in the Gutenberg Health Study (GHS) were
found, leading to a significance level of 2.6 x 104. Two SNPs within the SH2B adaptor protein 3 (SH2B3) genomic locus were identified as putative trans-
regulators of CRIP1, MYADM, TIPARP and TPPP3 mRNA expression in monocytes.

{ 191 SNPs available in GHS, that showed genome-wide significance in BP-GWAS with MAF21% ]
S 2
L eQTLs analyses for each SNP / each candidate gene (critiera: p<0.05/191) ? }
CRIP1 MYADM TIPARP TSC22D3 CEBPA F12 LMNA TPPP3
rs653178 rs653178 rs653178 , , , - rs653178
rs3184504 rs3184504 rs3184504 rs3184504
\ \ |
100 kb | hg18
| 111,900,000 111,950,004 112,000,000

RefSeq Genes

S5H2B3

ATXN2 ¢ ;

ATXNZEHf— N I R | L Ra
ATXMNZ il e rrrrreeses =
AT B feeeest] dfelfeoeeeress - 4

Genome-wide ations with BP from the GWAS calalogue
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From UCSC Genome Browser (https://genome.ucsc.edu)

31



Figure S6: Median candidate gene expression in various tissues measured by RNA-sequencing in the GTEXx project. RPKM:
Reads Per Kilobase of transcript per Million mapped reads
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