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Abstract

Recent Genome Wide Association Studies (GWAS) have pinpointed different single
nucleotide polymorphisms (SNPs) consistently associated with blood pressure (BP) and
hypertension prevalence. However, little data exist regarding SNPs predicting BP variation
over time and hypertension incidence. The aim of this study was to confirm the association
of a genetic risk score (GRS), based on 29 independent SNPs, with cross sectional BP and
hypertension prevalence and to challenge its prediction of BP change over time and
hypertension incidence in more than 17,000 middle-aged Swedes participating in a
prospective study, the “Malmé Preventive Project” (MPP), investigated at baseline and
over a 23-year average period of follow-up. The GRS was associated with higher systolic
and diastolic BP values both at baseline (3+SEM 0.968+0.102mmHg and
0.585+0.064mmHg; p<1E-19 for both) and at reinvestigation (3£SEM 1.333+0.161mmHg
and 0.724+0.086mmHg; p<1E-15 for both) and with increased hypertension prevalence
(OR [95%CI] 1.192 [1.140-1.245] and 1.144 [1.107-1.183]; p<1E-15 for both). The GRS
was positively associated with change (A) in BP (RB+SEM 0.033+0.008mmHg/year and
0.023+0.004mmHg/year; p<1E-04 for both) and hypertension incidence (OR 95%CI 1.110
(1.065-1.156) p=6.7 E-07), independently from traditional risk factors. The relative weight
of the GRS was lower in magnitude than obesity or pre-hypertension, but comparable to
diabetes mellitus or a positive family history of hypertension (PFH). A C-statistics analysis
does not show any improvement in the prediction of incident hypertension on top of
traditional risk factors. Our data from a large cohort study show that a GRS is

independently associated with BP increase and incidence of hypertension.
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INTRODUCTION

Hypertension is the major risk factor for stroke and one of the most important factors for
other cardiovascular events. Small increases in blood pressure (BP), even within the normal
range, are associated with an increased risk of morbidity and mortality."?

BP and hypertension are highly heritable traits® but the search for genetic variants
associated with these traits has only recently brought consistent results. Two Genome Wide
Association Studies (GWAS) have shown 13 loci associated with BP/hypertension and an
extensive meta-analysis of GWAS data, with a total sample size of nearly 200,000 people
of European descent, have identified 16 novel loci associated with systolic blood pressure
(SBP) and diastolic blood pressure (DBP).*® Indeed, a genetic risk score (GRS) with
aggregate genetic information from 29 SNPs have been shown to be associated with the
prevalence of hypertension and the incidence of coronary events and strokes.® Fewer data
exist on the impact of genetic variants or GRS on hypertension incidence and BP variation
over time.”® Other recent GWAS, in Caucasian, Asian and African American populations
have focused their attention especially on cross-sectional data (that is prevalence of
hypertension) and none produced data on BP change over time or hypertension incidence.*
!> The possibility to predict future hypertension onset could allow the adoption of
individual preventive measures, such as decreasing the salt content in foods, adopting a
healthier diet, decreasing alcohol consumption, and implementation of aerobic exercise,

P,">'" even if it has yet to be proven whether the result of

which are well-known to impact B
a genetic test could help to change people’s behavior.'™ The aim of the present study was to
confirm that a GRS, consisting of the un-weighted (count) and weighted allele sum of 29
SNPs, is associated with cross-sectional BP and hypertension prevalence and to test if it

could be useful in predicting hypertension incidence and changes in BP over time using the

Malmé Preventive Project (MPP) study, including more than 17,000 people.



MATERIALS AND METHODS

An extended version of the Methods section is reported in the “Online Methods and
Results” section. All study participants provided written informed consent. The procedures
were in accordance with the institutional guidelines. The Ethics Committee of the Medical
Faculty of Lund University approved the study.

Subjects

The MPP is an urban-based prospective study that screened 33,346 Swedish participants
from the city of Malmé during 19741992 (attendance rate 71%). Of the individuals
participating in the initial screening, 4,931 have died and 551 were lost after follow-up for
other reasons. Twenty-five thousand of the eligible individuals were invited for a re-
screening visit from 2002—-2006, including a physical examination with BP measurement
(participation rate was 70.5%). DNA was obtained from 18,240 individuals participating in
the re-screening.

Blood pressure

We treated BP as a continuous variable before and after adjustment of the measured BP
values (see below) and as a dichotomized trait (hypertension vs. normotension).

Details about BP measurements, BP adjustments in subjects with antihypertensive
treatment, hypertension and pre-hypertension definitions are presented in the Online
Methods section.

Laboratory analysis

After an overnight fast, blood samples were drawn for the determination of whole blood
glucose, lipids and creatinine. Samples were analyzed by standard methods at the

Department of Clinical Chemistry, Malmé University Hospital.*®



Genotyping

Information about the different SNPs included in the GRS is reported in the Supplementary
Methods Section. The SNPs were genotyped using IPLEX on a MassARRAY platform
(Sequenom, San Diego, CA, USA) according to the manufacturer’s standard protocols.
Nearly 30% of the samples were run in duplicate. All genotypes were called by two
different investigators. We pre-specified a threshold call rate of 90% per individual SNP
(that is SNPs would be excluded if its call rate is<90%). A threshold of p<10®” was first
established for excluding SNPs, according to Hardy-Weinberg equilibrium calculation. A
SNP, FES rs2521501, that we found to be outside the threshold for Hardy-Weinberg
equilibrium, was anyhow included in the GRS to adhere to the previously validated GRS.

Genetic risk score

Two methods were used to create the multivariable GRS, a simple, unweighted count
method (count GRS, cGRS) and a weighted method (weighted GRS, wGRS) according to
the B-coefficient attributed to the tested SNPs in previous studies.*® Details about the
construction of different GRSs are presented in the Online Methods.

Statistics

Continuous variables are presented as means+SD. All data were analyzed with SPSS
statistical software (version 20.0; SPSS Inc. Chicago, lllinois, USA). The chi-square test
(Pearson) was used to compare group frequencies and to test for deviations from the Hardy-
Weinberg equilibrium. Multiple linear and logistic regression analyses were used in the
multivariate models with BP and hypertension status as the dependent variables. The
independent variables were either basic demographic and anthropometric data (model A;
see also Online Methods), or covariates as in model A plus gluco-lipid parameters and
CKD-EPI estimated-glomerular filtration rate (GFR; model B) or covariates as in model A

plus B plus anamnestic, socio-economic and life-style data (model C). Subjects already



diagnosed as hypertensive at baseline were not included in the longitudinal analysis. We
assessed the improvement in discrimination by comparing the area under the receiver
operator characteristic curves (AUC) with or without the cGRS in models with all the non-
genetic covariates significantly associated with the incidence of hypertension. ROC curves
were developed using a probability-weighted Cox model. All tests were two-sided and p

values less than 0.05 were considered statistically significant.

RESULTS

The clinical characteristics of the individuals included in the study are summarized in Table
1. Hardy-Weinberg equilibrium data and details about individual markers are presented in
Online Table S2, whereas the number of missing genotypes per subjects in Online Table
S3. Histograms showing the distribution of subjects with different cGRS and wGRS before
standardization are presented in Online Figure S1-4. Results about the association of
different SNP with BP-related traits is presented in the Online Results section.

Cross sectional analysis

In the simplest regression model (model A: adjusting for age, sex, BMI and HR), the GRS
was independently and highly significantly associated with systolic and diastolic BP and
hypertension prevalence both at baseline and reinvestigation (table 2-3, see also Figure 1a
and b). When other variables, such as gluco-lipid parameters and other anamnestic elements
(including a positive family history of hypertension) were included in the model the
association was somewhat attenuated but remained highly significant (model B and C). An
increase of one standard deviation (SD) in the GRS implies an increase of nearly 1.0 or 1.3
mmHg in the predicted systolic and 0.6 or 0.7 in the predicted diastolic BP at baseline and
reinvestigation, respectively. Among individuals in the top quartile of the GRS, the

predicted increase in BP with respect to the bottom quartile was 2.6 or 3.5 mmHg systolic



and 1.6 or 2.0 mmHg diastolic BP and the odds ratio (O.R.) for hypertension was 61% or
47% higher respectively at baseline and reinvestigation, respectively.

Longitudinal analysis

In linear regression (model A), the GRS was independently associated with BP change over
time and the incidence of hypertension (table 4; see also figure 1c). When the other
covariates were added in the model (model B and C), including baseline blood pressure, the
association remained substantially unaltered. In the regression model C an increase of 1 SD
of the GRS imply an increase of 0.033 mmHg/year in predicted systolic BP and 0.023
mmHg/year in diastolic BP and an increase in the O.R. for hypertension of nearly 10%.
Between subjects in the top quartile of the GRS, the predicted increase in BP with respect
to the bottom quartile was 0.082 mmHg/year for systolic and 0.063 mmHg/year for
diastolic BP and the O.R. for incident hypertension was 28% higher. When the GRS score
was added to the regression models for A systolic/diastolic BP and hypertension incidence
the proportion of variance explained increased by 1.0% and 0.7% and 2.9%, respectively,
with respect to the proportion explained by the traditional risk factors alone.

Comparison of GRS magnitudes with respect to well-known predictors of hypertension
incidence

In table 5, all the covariates included in the logistic regression (model C), that associate
with hypertension incidence, are presented. As could be expected, the highest O.R. was
obtained for dichotomous traditional risk factors such as obesity and pre-hypertension
status at baseline. However, the effect of the GRS (1% quartile vs. 4™ quartile) was
independent and comparable in magnitude to that of positive family history, and diabetes

mellitus.



Discrimination

The area under the curve (AUC) for all the non-genetic variables as included in model C
was only marginally and not significantly improved after the addition of the cGRS (see
Online Figure S5) shifting the AUC (95%ClI) from 0.662 (0.651-0.672) to 0.664 (0.653-
0.675).

Stratification by gender and sensitivity analysis

Sex-stratified analysis is presented in Online tables S6a-b, S7a-b and S8a-b. No major
differences between associations of the GRS with hypertension-related traits are evident. In
the sensitivity analysis, we verified that our results are not substantially modified by
different type of BP adjustment (adding either 10 or 20 mmHg to the treated Systolic BP
and 5 or 15 mmHg to the treated diastolic BP or using stepped addition; Online Tables S9,
S10 and S11). Also using only supine or standing BP measurements at baseline did not

substantially change the results (Online Table S12).

DISCUSSION

The issue of what extent genetics can predict the incidence of future hypertension or
cardiovascular events is stimulating, but remains unanswered. Recent GWAS found
genetic loci and SNPs constantly associated with hypertension but the proportion of
variance explained by individual SNPs is very limited.*® % The aggregation of genetic
information, obtained from many markers, into a single GRS variable, permits to condense
this information into a statistical metric of low dimensionality. Thus, a GRS was proposed
by the ICBP consortium to sum up the effects of these SNPs on hypertension prevalence
and cross sectional data.

We hereby furnish the validation of the same genetic score for hypertension prevalence and

show an association of the GRS with hypertension incidence with highly significant results



in a large Swedish sample. This approach confirms the validity of the tested GRS,
indicating that the sum of the SNPs is independently associated with hypertension
incidence, but discrimination analysis shows that the information added by the GRS on top
of non-genetic risk factors is marginal. Indeed, the magnitude of the association of the GRS
with hypertension incidence is substantially lower when compared with obesity and pre-
hypertension status, and compatible with the magnitude of either a positive family history
of hypertension or the presence of diabetes. The reason for this low magnitude is unclear
but most likely reflects the fact that only a subset of the SNPs included in the GRS, when
taken singularly, were significantly associated with BP-related traits in our population.
Thus, the non significant SNPs most likely contributed to the dilution of the magnitude of
the results. In our opinion, this is, at the same time, a major weakness but also a strength of
the present GRS; which, in contrast to other studies, has not been obtained and validated
from the same population sample, which would potentially cause over-fitting of the data
and inflation of the p-value. For the same reasons as above, the weighted GRS were
sometimes inferior to the count GRS because the applied p-coefficients were taken from the
results obtained in other populations. Our results regarding the GRS are in line with the
ICBP, where it was concluded that the GRS could explain nearly 1.6 mmHg and 1.1 mmHg
increases in cross-sectional systolic and diastolic BP, respectively, as well as 23% of the
hypertension prevalence.® Differences in BP of this magnitude should not be disregarded
because it has been shown that modest increments in population SBP and DBP, even if
based on a single BP measurement, are associated with substantial increases in
cardiovascular disease risk.**? Recently, another longitudinal study in Finns validated a
GRS with 13 SNPs in people followed longitudinally from childhood to early adulthood,
confirming the independence from positive family history.” Indeed, with a more complex

approach using genome wide association data and different p-value thresholds, Taal and
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colleagues, analyzed the predictivity of different GRSs and found that, even including
thousands of SNPs the maximum explained variance arrives at 1.2%, which is consistent
with our data and our much simpler and feasible design.®

When looking at single SNP results, fibroblast growth factor 5 (FGF5), despite being a
known oncogene, was confirmed to be one of the most interesting genes for hypertension*®
2326 hutatively through effecting salt sensitivity.”” FGF family members possess broad
mitogenic and cell survival activities, and are involved in a variety of biological processes,
including embryonic development, cell growth, morphogenesis, tissue repair, tumor growth
and invasion. Interestingly also FGF1, another member of the same family, has been shown
to segregate with higher BP values and to be highly expressed in the kidney with its
binding protein.?®* Mutations in CYP1A2, a gene implicated in the metabolism of several
xenobiotics, including polycyclic aromatic hydrocarbons, caffeine and other methyl

xanthines, 303

was the only gene that remained positively associated to both prevalent and
incident BP measures. It has already been shown that some polymorphisms in this gene
could help explain the controversial association between coffee intake and BP.*% In
particular, in non-smokers, CYP1A2 variants were associated with higher reported caffeine
intake, which in turn was associated with lower odds of hypertension and lower BP.*
Moreover, the induction of CYP1A2 has been associated with the presence of an estrogen
metabolite, 16alpha-hydroxyestrone, which is related to lower BP values in post-
menopausal women.**** By contrast, it is currently unknown via which pathway the other
associated SNPs, transmembrane protein 133 (TMEM133) and early B-cell factor 1 (EBF1),
could be involved in BP homeostasis.

Major limitations of our GRS are that the included SNPs have been obtained without taking

into account possible interaction with other genetic variants or with other demographic or

environmental factors. Moreover, the included SNPs do not consider the physiology or
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biology of BP homeostasis. Indeed, it is possible that other SNPs coming from either newer
GWAS, or candidate gene approach or related-pathway strategies could be implemented in
a better-suited GRS, improving its predictivity. Future studies will clarify if the different
scores are needed in people with different ethnicities or if other confounders have to be
taken into account before applying the GRS. Evidence is accumulating that rarer variants,
in genes responsible for Mendelian forms of hyper- and hypotension account for major
differences in BP in carriers with respect to wild type subjects.* Thus, also implementing
these rare variants in a GRS could substantially augment the prediction of a genetic score.
The main aim of complex disease genetics remains the identification of new genes that can
help further our understanding of pathways and possible new pharmacological targets for
treatments, but the issue of the prediction is both relevant and intriguing.®’

We have to acknowledge some specific limitations of our sample, the first being that our
findings cannot be generalized to populations with genetic backgrounds different from that
of our population. We could only obtain DNA from subjects who survived from the first to
the final examination (nearly 23 years of follow-up). Thus, people at greater risk for
cardiovascular disease (i.e., carriers of deleterious polymorphisms) could have died at a
higher frequency than did subjects not carrying a deleterious polymorphism. Our
adjustment for antihypertensive medications is a relatively simple and widely adopted way
to use data coming from treated patients, and it has proven to augment familial genetic and
shared environmental signals without increasing the noise from individual-specific sources
of variation.*® Our sensitivity analysis confirms that different manners of adjusting for
antihypertensive medications, or even exclusion of treated subjects, do not substantially
influence the results.

Finally, to increase the power of our analysis, we decided to impute the genotypes of

people with SNPs with 5 failed SNP genotypes or less. We underline that, a different
12



approach, based on an averaged GRS (that is by summing up the effects of the single SNPs
and dividing them for the effective number of valid SNPs) gave similar results (data not
shown).

To be adherent to the ICBP where the GRS was first tested, we included in this GRS the
SNPs that deviated from the Hardy-Weinberg equilibrium. When evaluating the expected
and observed heterozygosity the difference is nearly 2.3% but these results are statistically
significant for the large sample size. We rerun nearly 6,000 samples and found a very high
agreement between the call rates of different genotypes (Online Table S2). However, we
cannot exclude that this discrepancy could be due to some technical errors. We are aware
that these could have further diluted the effect of the GRS and by excluding this SNP form
the GRS, we obtained an even lower p-value for associations with approximately the same
magnitude (data not shown).

PERSPECTIVES

In conclusion, we validated a previously reported GRS for prevalent hypertension in a large
urban-based sample, and demonstrated its independent association with hypertension
incidence and BP change over time.

The low percentage of BP/hypertension variance that was explained by the GRS, when
compared to other well-known predictors, along with the non significant improvement in
discrimination on top of non-genetic risk factors, suggests that it is not yet ready to be
considered for a clinical use. On the other hand, when future knowledge about different
SNPs and their complex interactions both with genetic and environmental factors become
clearer, and when rare genetic variants are included in different GRS versions, better suited

GRSs could become applicable in a clinical setting.
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