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Abstract

Plasma proteomic profiling may aid in the discovery of novel biomarkers upstream of the
development of atrial fibrillation (AF). We used data from the Atherosclerosis Risk in
Communities (ARIC) study to examine the relationship between large-scale proteomics and
incident AF in a cohort of older-aged adults in the US. We quantified 4877 plasma proteins in
ARIC participants at visit 5 (2011-2013) using an aptamer-based proteomic profiling platform.
We used Cox proportional hazards models to assess the association between protein levels and
incident AF and explored relationships of selected protein biomarkers using annotated pathway
analysis. Our study included 4668 AF-free participants (mean age 75 + 5 years; 59% female;
20% black race) with proteomic measures. A total of 585 participants developed AF over a
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mean follow-up of 5.7 + 1.7 years. After adjustment for clinical factors associated with AF,
N-terminal pro-B-type natriuretic peptide (NT-proBNP) was associated with the risk of incident
AF (hazard ratio, 1.82; 95% CI, 1.68-1.98; p-value=2.91 X 10~4° per doubling of NT-proBNP).
In addition, 36 other proteins were also significantly associated with incident AF after Bonferroni
correction. We further adjusted for medication use and estimated glomerular filtration rate and
found 17 proteins, including Angiopoietin-2 and Transgelin, remained significantly associated
with incident AF. Pathway analyses implicated the inhibition of matrix metalloproteases as the
top canonical pathway in AF pathogenesis. In conclusion, using a large-scale proteomic platform
we identified both novel and established proteins associated with incident AF and explored
mechanistic pathways of AF development.
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INTRODUCTION

Despite well-established risk factors and biomarkers implicated in atrial fibrillation (AF)
development, there are substantial gaps in our understanding of underlying pathways for
AF pathogenesis. Identification of novel biomarkers coupled with pathway analyses can
advance our understanding of AF mechanisms, enhance opportunities for risk prediction,
and may provide targeted preventive strategies for AF. Proteomic profiling may aid in the
discovery of novel biomarkers that are upstream of the development of AF. Recently, several
longitudinal cohort studies have reported associations between plasma proteomic profiling
and the risk of AF. 1> Supplemental Table 1 lists an overview of each study along with

the main results. Of these five studies, four measured N-terminal pro-B-type natriuretic
peptide (NT-proBNP) in their proteomic platform, and higher NT-proBNP was significantly
associated with greater incidence of AF, even after adjustment for multiple AF risk factors.
However, no other similarities among study results were observed, and each study found
several different proteins associated with incident AF. These prior studies may have been
limited by the modest numbers of AF events and by the limited numbers of proteins
included on their proteomic platforms. In this study, we used data from the Atherosclerosis
Risk in Communities (ARIC) study to screen for 4877 plasma proteins and identify novel
biomarkers that are associated with risk of incident AF. This community-based cohort of
black and white older adults in the US has a larger number of proteins measured compared
to previous studies, and nearly 600 AF events in a 6-year follow-up time, allowing us to
address some limitations of previous studies.

METHODS

The Atherosclerosis Risk in Communities (ARIC) study is a prospective cohort study of
cardiovascular disease and atherosclerosis risk factors.® Participants at baseline (1987-1989)
included 15,792 men and women aged 45-64, recruited from 4 communities in the US
(Washington County, Maryland; the northwest suburbs of Minneapolis, Minnesota; Jackson,
Mississippi; and Forsyth County, North Carolina). Thus far, 7 study visits have been
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completed with visit 5 (baseline for our main analysis) occurring in 2011-2013. The primary
analysis examined the association of ARIC visit 5 protein levels with incident AF through
the end of 2017 at the Jackson field center, and through the end of 2018 at the other 3 field
centers. Figure 1 contains the study design and exclusions for this study. Among the 6538
participants who attended visit 5, we excluded those with prevalent AF at visit 5 (n=638),
with missing (n=1170) or low quality proteomic data (n=15), with race other than white or
black and non-whites in the Minneapolis and Washington County field centers (due to low
numbers; n=42), having missing covariates (n=5), resulting in a study population of 4668.
We also conducted a midlife replication analysis including only those proteins significantly
associated with AF risk in the visit 5 primary analyses. We examined the association of
proteins measured at visit 3 (1993-1995) with incident AF through the end of 2010, which
was the approximate start of visit 5. After similar exclusions, 10,908 AF-free participants
with protein measures at visit 3 were included in the midlife replication analysis. This
study was approved by institutional review boards at each participating center, and all study
participants provided written informed consent.

Incident AF was defined as in previous ARIC analyses.’ A trained abstractor obtained and
recorded all International Classification of Diseases, Ninth Revision, Clinical Modification
(ICD-9-CM) and ICD-10-CM hospital discharge diagnoses from each participant's
hospitalizations reported in the follow-up interview. AF was defined as the presence

of ICD-9-CM code 427.31 or 427.32 or ICD-10-CM code 148.xx. AF hospitalization
diagnoses occurring simultaneously with heart revascularization surgery or other cardiac
surgery involving heart valves or septa were not included as AF events. Deceased ARIC
participants were also labeled as AF cases if their underlying cause of death was AF. AF
was additionally identified by study visit ECGs, performed at visits 1-5. At each ARIC study
visit, a 10-second 12-lead ECG was performed using a MAC PC cardiograph (Marquette
Electronics Inc, Milwaukee, WI) and transmitted to the ARIC ECG Reading Center for
coding, interpretation and storage. All ECGs automatically coded as AF were visually
checked by a trained cardiologist to confirm AF diagnosis.

EDTA-plasma was obtained from blood samples that were collected during visits 3 and

5 and stored at —80 degrees C. Plasma samples were analyzed using a SOMAmer-based
capture array called “SOMAscan” (Somalogic, Inc., Boulder, CO, USA). This assay

was performed as described previously.8-11 Protein levels in the plasma samples were
measured by the SOMAscan platform, which uses single-stranded DNA-based aptamers
to capture conformational protein epitopes. Proof of principle and assay validations of
specificity and intra- and inter-assay variability have been published.12-14 Briefly, protein
measurements were standardized and normalized. Median signal normalization was applied
to measures within plates to remove sample or assay biases due to variations in pipetting,
reagent concentrations, assay timing, and other sources of systematic variability within
single plate runs. Metrics of assay reproducibility have been previously reported 13 with

a median coefficient of variance (quartile 1, quartile 3) of 5.0 (4.1, 6.9) and a median
intraclass correlation (quartile 1, quartile 3) of 0.96 (0.92, 0.98). Four-hundred twenty-two
blind duplicate plasma aliquots were included, and the median inter-assay Bland-Altman
coefficient of variation was 6.3%. The median split sample reliability coefficient was

0.85 after excluding the following quality control outliers: of the 5,284 available aptamer
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measurements, 94 were excluded due to a Bland-Altman coefficient of variation >50% or a
variance of <0.01 on the log scale; an additional 313 measurements were excluded due to
non-specific binding to non-proteins. After all quality control measures were completed,
4,870 aptamer measurements were included that corresponded to 4,697 unique human
proteins or protein complexes were analyzed in this study. We examined protein distributions
and applied log base 2 transformation to all SOMAmMmer measures to correct for skewness.
We winsorized outliers that were greater or less than 6 standard deviations from the sample
mean on the log 2 scale.

Covariates for this analysis include AF risk factors from the CHARGE-AF score,1® namely
age, sex, race, cigarette smoking status, height, weight, systolic and diastolic blood pressure,
anti-hypertensive medication use, diabetes, prevalent myocardial infarction, and prevalent
heart failure. We additionally included several medications and estimated glomerular
filtration rate (eGFR) as covariates, reasoning that, in addition to being associated with

the risk of AF, these variables could also affect protein levels. Covariates measured at visit
5 were used in the main analysis and those measured at visit 3 were used in the midlife
replication analysis.

Baseline characteristics were described as mean (SD) for continuous covariates and counts
(%) for dichotomous covariates. Our primary analysis used Cox proportional hazards
regression models to relate each log base-2 protein level to incident AF (censored at the last
follow-up time, death, or the end of 2017 / 2018). We used a series of models to examine the
associations and to compare results with results from previous studies. A minimally adjusted
model 0 accounted for age, sex, and race/center and provided comparisons with previous
cohorts’ results. Model 1 adjusted for the variables in CHARGE-AF score.1®> Model 2
additionally adjusted for the confounders of eGFR, anticoagulant use, beta blocker use, and
antiarrhythmic (Class | and 111) medication use. Bonferroni correction was used to correct
for multiple tests; we considered P<0.05 / 4877 = 1.025 x 107° to be statistically significant.

We performed additional analyses on the 40 proteins that were statistically significant

in either model 1 or model 2. We explored interactions by age, sex and race using a
multiplicative term in model 2. We additionally adjusted for NT-proBNP to determine the
association of protein levels with incident AF, independent of the level of NT-proBNP. We
assessed the proportional hazards assumption in the top 40 proteins with scaled Schoenfeld
residuals using both graphical and numerical tests and found no evidence of modeling
violations.

In the midlife replication analysis, we used ARIC visit 3 as baseline (1993-95) and
examined the association of the 40 proteins with the risk of incident AF through the end

of 2010, which was approximately the start of visit 5. We applied the same exclusion criteria
as for the visit 5 analysis and used covariates measured at visit 3. For all of these analyses
using the top 40 proteins, Bonferroni correction was used to account for multiple tests; we
considered P<0.05 / 40 = 1.25 x 1073 to be statistically significant. We performed statistical
analyses using SAS v 9.4 (SAS Inc, Cary, NC).
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We performed network pathway analysis to 1) further explore biological mechanisms
connected to the proteins associated with incident AF and 2) to identify factors upstream

to AF. We analyzed data using of Ingenuity Pathway Analysis (IPA; QIAGEN Inc).14

We included estimates and p-values from model 2 and restricted the IPA to the proteins
associated with incident AF at a false discovery rate (FDR) corrected threshold of P < 0.05,
resulting in 60 associated proteins. Of these, 56 were successfully mapped to genes in the
Ingenuity Pathways Knowledge Base; in some cases duplicated SOMAmMmers mapped to a
single gene (e.g., SVEP1a and SVEP1b) and in other cases, more than one gene product
corresponded to a single gene ID (e.g., NT-proBNP and natriuretic peptide B). In the case
of duplicates, the maximum expression value of the two was used in the analysis. Further
details regarding IPA can be found elsewhere.4 In brief, we used IPA Core Analysis to
estimate the degree to which specific canonical pathways, protein networks, and upstream
regulators were implicated based on the set of proteins found to be associated with AF risk.
For all of the IPA analyses, only statistically significant canonical pathways, physiological
systems, upstream regulators, and causal networks are reported, and only a subset are
provided in our results.

RESULTS

A total of 4,688 participants with protein levels measured at visit 5 were included in the
main analysis (mean age = 75 + 5 years; 59% female; 20% black race). A total of 585 (13%)
participants developed incident AF during a mean (SD) follow-up time of 5.7 (2) years.
Descriptive characteristics are provided in Table 1 based on incident AF status. Those who
developed AF were older, more likely to be male and white, and had a worse cardiovascular
profde compared to those who did not develop AF.

After adjustment for age, sex, and race/center, 126 protein were significantly associated
(p<1.025 x 107°) with incident AF as listed in Supplementary Table 2. After adjustment

for variables included in the CHARGE-AF risk score (model 1), and further adjustment for
eGFR and medication use (model 2) 37 and 17 proteins, respectively, remained significantly
associated with incident AF. These proteins are listed in Table 2 and ordered by the p-value
(from smallest to largest) of Model 2 with p-values <1.025 x 107> considered significant.
After multivariable adjustment, NT-proBNP had the most significant association; for each
doubling of its protein level, the risk of AF was 1.75 times higher (95% CI = 1.60-1.91).
Transgelin had the strongest effect size in regards to the risk of incident AF; for every
doubling of the protein level, the risk of AF was 2 times higher. Several proteins were
inversely associated with incident AF including Protein delta homolog 1 (DLK1) and ATS
13 (ADAMTS13). Protein SET had the strongest inverse effect size; for every doubling

of Protein SET the risk of AF decreased by approximately 55% (HR=0.45, 95% CI =
0.28-0.71). Two of the top proteins, SVEP1 and DLK1, are listed twice due to distinct
aptamers binding to the same protein. The top 100 proteins associated with incident AF after
adjustment for model 2, along with the FDR p-values are presented in Supplementary Table
3.

We examined interactions by age, sex, and race in the 40 proteins listed in Table 2
and we did not find any statistically significant interactions. We additionally adjusted for
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NT-proBNP to determine the association of protein levels with incident AF independent
of NT-proBNP, and results for the main 40 proteins are listed in Supplementary Table

4. Eight of the proteins remained significantly associated with incident AF and include
CMRF35-like molecule 2 (CD300E), Growth/differentiation factor 11/8 (GDF11 MSTN),
DLK1 (2 aptamers), Antileukoproteinase (SLPI), Cartilage intermediate layer protein 2
(CILP2), Scavenger receptor class F member 1 (SCARF1), and Gamma-aminobutyric acid
receptor-associated protein-like 1 (GABARAPL1).

We ran a secondary analysis as an internal validation with 10,908 AF-free participants with
protein measures at visit 3 and followed them until the end of 2010. At this visit, participants
were younger with fewer comorbidities and on fewer medications (mean age = 60 + 6 years;
55% female; 21% black race). A total of 1397 (13%) participants developed incident AF
during a mean (SD) follow-up time of 13.9 (4) years. Of the top 40 proteins from the main
analysis, 21 were significantly associated with incident AF (Table 3) in mid-life replication
model 1, and 17 remained significant after adjustment for factors in model 2. NT-proBNP,
SVEP1, Natriuretic peptides B, Transgelin, and Angiopoietin-2 were the proteins most
strongly associated with incident AF in both mid-life and later-life. Figure 2 depicts the beta
estimates from model 2 for the top 40 proteins measured at mid-life (visit 3) plotted against
those measured in later life (visit 5) for the association with incident AF. Several proteins
maintained relatively consistent effect sizes at both visits, including CILP2, IGFBP-2, and
Angiopoietin-2, among others.

Proteins associated with AF in late-life model 2 with an FDR P value <0.05 (listed in
Supplemental Table 3) were brought into the IPA environment. Of those, 56 proteins

were mapped into 9 main networks, with the top network centered around MMP-2, which
was an upregulated protein in our analysis. IPA identified canonical pathways, which are
well-characterized metabolic and cell-signaling pathways, using known associations of our
uploaded proteins. The 10 canonical pathways that were most significantly associated

with our proteins are listed in Supplemental Table 5. The top canonical pathway was

the inhibition of MMPs, followed by axonal guidance signaling, and factors promoting
cardiogenesis. The identified downstream diseases and functions were found to be centered
around common themes of inflammatory response suppression, cardiac dysfunction, kidney
failure, and cell movement of cancer cells.

Upstream regulator analysis identified molecules upstream of the proteins that potentially
explain the up-regulated and down-regulated proteins observed in our dataset. Our top 20
identified upstream regulators are listed in Supplemental Table 6. Figure 3 depicts the
mechanistic networks that are associated with the top 2 identified upstream regulators
and links the upstream regulator to our observed proteins via the intermediary molecules
depicted in the figure. PTEN (phosphatase and tensin homolog) was predicted to be
significantly inhibited based on the observed protein expressions in our data. P38 MAPK
was predicted to be our strongest activated upstream regulator.
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DISCUSSION

In this community-based prospective population study of older adults, we tested 4,877
plasma proteins and observed that 37 proteins were associated with risk of incident AF

over a nearly 6 year follow-up period at a Bonferonni corrected significance level and after
adjustment for known AF risk factors. After additional adjustment for eGFR and medication
use, 17 proteins remained significantly associated with an increased risk of AF. In a midlife
replication sample that used proteins measured at an early ARIC visit, nearly half of the top
proteins from the main analysis also demonstrated a robust association with non-overlapping
incident AF events. Several proteins maintained relatively consistent effect sizes at both
visits, including CILP2, IGFBP-2, and Angiopoietin-2, among others. For all analyses,
NT-proBNP showed the strongest association with incident AF. Using a less stringent
FDR-corrected threshold, we performed network pathway analysis on the top 56 unique
proteins mapped to genes and determined that the inhibition of matrix metalloproteases was
the primary canonical pathway represented by our results. We identified several potential
upstream regulators that may provide insight into biological mechanisms involved in AF
pathogenesis.

Natriuretic peptides (both NT-proBNP and mid-regional atrial natriuretic peptide) are
markers of cardiac overload. Multiple prospective population-based cohort studies and
previous proteomic analyses have reported that higher baseline NT-proBNP concentrations
predict increased incident AF.1:3-5.15-18 \We also corroborated several other proteins that
have been associated with incident AF from other proteomic analyses including ATS13
(ADAMTS13) and Angiopoietin-2.3 Additionally, previously reported BMP-1,3 MMP-2,
and IGFBP-74 associations with AF met our less-stringent FDR p value cutoff and were
included in IPA. Angiopoietins are endothelial growth factors that regulate angiogenesis
and vascular function and increased levels of angiopoietin-2 have been observed in several
types of prevalent cardiovascular disease. Similarly, the BMP signaling pathway plays

an important role in the development of myocardial remodeling.1® ADAMTS13 is a von
Willebrand factor protease that has been positively associated with incident M, stroke,
AF, the risk of stroke in patients with AF, indicating a role as a potential marker of a
prothrombotic environment.2%-21 The peptic hormone insulin-like growth factor 1 (IGF-1)
and several of its binding proteins are associated positively with cardiovascular disease
incidence,?2 and have additionally been linked to AF.4

Our study reports several novel associations between circulating protein levels and incident
AF, which we confirmed in the mid-life replication analysis. Transgelin, a 22- kD protein
of the calponin family, is exclusively and abundantly expressed in the cytoskeleton of
visceral and vascular smooth muscle cells. SVEP1 is a cell-adhesion molecule that acts as
a ligand for integrin a9p1 and is believed to facilitate cellular adhesion in the context of
pro-inflammatory signaling.23 The identification of a disease-associated missense variant
in SVEP1 has been hypothesized to play a role in the development of atherosclerosis and
coronary heart disease,?4 but the contribution of SVEP1 in AF remains to be clarified.
Additional prospective studies, using immunoassays, should verify whether Transgelin and
SVEP1 are associated with AF incidence and whether the associations are causal.
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Pathway analysis indicated our top canonical pathway was the suppression of MMPs and
that pathway included higher detected levels of TIMP-2, TIMP-4 and MMP-2. Atrial
fibrosis is considered a key element of the AF substrate, with extracellular matrix (ECM)
remodeling playing a major role in this process.2> The MMPs are a family of twenty zinc-
dependent enzymes that together with their specific endogenous inhibitors (TIMPs), regulate
the degradation of collagen and other ECM molecules. Several case-control studies have
observed relationships between MMPs and AF, with the most significant associations related
to MMP-9,26.27 and mixed results between MMP-2 and incident AF.28 Observational studies
of TIMP levels and AF have mainly shown no association, although higher TIMP-4 levels
were found to be associated with prevalent AF in a few studies.28-30 We found increased
levels of both TIMP-2 and MMP-2 were associated with greater incident AF, and appear to
be activated by several different regulators in our network analysis.

IPA identified potential relationships upstream of our target molecules along with the
predicted activated / inhibited state of genes and gene products. The top upstream molecule
was PTEN, which is involved in aging and tumor suppression and was predicted to

be significantly inhibited based on the observed protein expressions in our data. PTEN
negatively regulates intracellular levels of phosphatidylinositol-3,4,5-trisphosphate in cells
and functions as a tumor suppressor by negatively regulating the AKT/PKB signaling
pathway. P38 MAPK was predicted by the IPA to be activated and plays a role in apoptosis
and cell differentiation. This protein kinase is also involved in a variety of binding steps,
including magnesium ion binding, phosphatase binding, and transcription factor binding
among other functions.

The main strengths of this study are the plethora of proteomic data in a community-based
prospective sample, the quality of risk factor variables measured, and the number of AF
events during follow-up. The ARIC study also includes black individuals, which have not
been included in proteomic - AF analyses to date. We found no evidence of race interaction,
indicating that the observed associations did not differ between blacks and whites. We were
able to perform an internal mid-life replication analysis which strengthened our findings

in older adults, however, replication in an external cohort would further strengthen the
reproducibility and particularly establish the generalizability of these findings. Our study
has several additional limitations. Incident AF was identified mainly from hospitalization
discharges, and we could be missing asymptomatic AF or AF managed exclusively in an
outpatient setting. However, we and others have previously shown that the validity of AF
ascertainment using hospitalizations is acceptable, and that incidence rates of AF in the
ARIC study are consistent with other population-based studies. The possibility of protein
degradation during long-term storage cannot be excluded; however, a validation study

in ARIC did not support widespread protein degradation across visits.13 Proteins in this
study were measured from plasma and protein origin cannot be confirmed; therefore our
IPA pathway results should be viewed within this limitation and considered speculative.
Although our proteomic platform is the largest to date in cardiovascular research, we are
only able to detect proteins included on this platform. Finally, SOMAscan measurements
were semi-quantitative and need replication in other prospective studies.
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In conclusion, we conducted proteomic profiling in a community-based population to assess
the relationship between proteomics and incident AF in a cohort of older-aged black and
white adults. The current results reinforced previous findings but offered novel observations
into the biological changes that may precede AF onset and provided insight into mechanistic
pathways of AF development. If replicated, these proteins may prove to be novel biomarkers
for AF, allow for the development of AF risk scores, or serve as possible pharmacologic
targets in AF treatment or prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Study Design and Timeline
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Figure 1.
Study design and timeline for the main analysis and secondary analysis for the association of

proteomics with incident atrial fibrillation (AF) in the ARIC study.
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Figure 2.

Beta estimates for Associations of the Top 40 Protein Biomarkers Measured in Mid-life
(visit 3) and Late-Life (visit 5) with Incident Atrial Fibrillation, ARIC, 1993-2018. Green
diamonds represent inverse associations with the risk of AF and red diamonds indicate an
increased risk of incident AF. The fully-adjusted model adjusted for age, sex, race/center,
current cigarette smoking, height, weight, systolic and diastolic blood pressure, the use of
hypertension medications, diabetes, prevalent myocardial infarction, prevalent heart failure,
estimated glomerular filtration rate, antiarrhythmic medication use, beta blocker medication
use, and anticoagulation use
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Figure 3.
The top upstream regulators identified using IPA, based on experimentally observed

relationships between regulators and genes or gene products. Panel A depicts the
hierarchical associations between PTEN and its expected downstream regulators to produce
the associations we observe in the proteins in Panel B. Panel C depicts the hierarchical
associations we would expect between P38 MAPK and intermediate regulators to produce
the effects on the proteins observed in Panel D. Orange nodes are when leading the
activation of the downstream node, blue nodes are predicted to be inhibited, and white nodes
represent IPA predicted molecules with non-consistent activation patterns. Red nodes are
upregulated proteins, green nodes are downregulated proteins. Edges connecting the nodes
are colored orange when leading to activation, blue when leading to inhibition, and yellow
if the findings underlying the relationship are inconsistent with the state of the downstream
node.
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Table 1.
Baseline Clinical Characteristics of Participants by Incident Atrial Fibrillation Status, ARIC, 2011-2013

No incident atrial Incident atrial fibrillation
fibrillation through 2018  through 2018 (n=585)
Variable (n=4083)
Age (years) 75.2 (5.1) 77.0 (5.4)
Women 2434 (60%) 304 (52%)
Black 846 (21%) 73 (12%)
Height (cm) 165.4 (9.3) 166.7 (9.9)
Weight (kg) 78.2 (17.1) 81.0 (18.0)
Current smoker 229 (6%) 36 (6%)
Systolic blood pressure (mmHg) 130.3 (17.8) 130.0 (19.0)
Diastolic blood pressure (mmHg) 66.5 (10.5) 64.0 (10.9)
Antihypertensive medication use 2939 (72%) 484 (83%)
Diabetes mellitus 1257 (31%) 204 (35%)
Myocardial infarction 269 (7%) 67 (11%)
Heart failure 131 (3%) 60 (10%)
Estimated glomerular filtration rate (mL/min per m2)  65.5 (17.7) 60.8 (17.9)
Anticoagulation medication use 90 (2%) 37 (6%)
Beta blocker medication use 1213 (30%) 285 (49%)
Antiarrhythmic use, class | and 111 11 (0.3%) 13 (2%)

Values correspond to mean (standard deviation) or N (%)

Am J Cardiol. Author manuscript; available in PMC 2022 December 15.

Page 15



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Norby et al. Page 16
Table 2.
Protein Biomarkers Associated with Incident Atrial Fibrillation in Late-life, ARIC, 2011-2018
Model 1 Model 2
Protein Name Gene Name HR p value HR (95% p
(95% Cl) value
cly

N-terminal pro-BNP NPPB 182(1.68-1.98) 291g-45% 1.75(1.60-1.91) 459E-357
Sushi, von Willebrand factor type A, EGF and pentraxin 2.01(1.71-2.36) 939p-17# 189(1.61-2.23) 5 47E-14 %
domain-containing protein 1 SVEP1
Sushi, von Willebrand factor type A, EGF and pentraxin 192(1.65-2.24) o gop-17+ 184(157-216) 331p-147%
domain-containing protein 1 SVEP1
Natriuretic peptides B NPPB 152(1.36-1.70) 310p-13% 146(1.30-1.65) 458107
Transgelin TAGLN 1.88(1.54-2.29) 391g-10% 201(1.56-259) g41E-087
Angiopoietin-2 ANGPT2 186(1.53-2.25) gge-10# 1.74(142:214) q69E-077
Protein delta homolog 1 DLK1 0.72(0.63-0.84)  1.73E-05  0.68(0.58-0.79) 7.22E.07 ¥
Slit homolog 2 protein SLIT2 144 (1.25-1.65) gop-07# 141(1.23-1.62) 7g6E-07 7
CMRF35-like molecule 2 CD300E 1.51(1.27-180) p28E-06 7 152(1.28-1.80) 1 6gE-06 #
Protein delta homolog 1 DLK1 0.73(0.63-0.85)  3.33E-05  0.68 (0.55-0.80) 1 g1E-06 #
Antileukoproteinase SLPI 197(154-251) gepE-08 7 192(146-252) 43E-06 ¥
Bone sialoprotein 2 IBSP 137(1.22-1.54) 10507 % 133(L18-1.50) 2 59E-06 ¥
Microfibril-associated glycoprotein 4 MFAP4 154 (1.31-180) 120p-07# 147(125-172) 313e-067%
Shadow of prion protein SPRN 1.53 (1.26-1.84) 1.14E-05 157(1.30-1.90) 350E-06 *
R-spondin-4 RSPO4 165(1.35-2.02) 145067 163(1.33-201) 367E-067
Chordin-like protein 1 CHRDL1 186 (1.47-237) 317e-07% 179(1.39-231) 7g4E-06 %
Spondin-1 SPON1 1.93(1.49-249) gogp-07 % 181(1.39-234) 770E-067
Endothelial cell-specific molecule 1 ESM1 176 (1.40-2.20) 777g-07# 1.66(1.32-2.07)  1.08E-05
R-spondin-1 RSPO1 1.65(1.36-1.99) gapg7 # 157(1.28-1.92)  1.26E-05
Macrophage-capping protein CAPG 1.53(131-177) 328E-08 7 144(1.22-1.70)  159E-05
Scavenger receptor class F member 1 SCARF1 181(142:2.32) 5106+ 178(137-231)  177E-05
Atrial natriuretic factor NPPA 1.72(142-2.09) 303e-08# 154(1.26-1.88)  2.30E-05
Insulin-like growth factor-binding protein 2 IGFBP2 1.40(121-162) 777E.06 7 1.35(1.16-1.57)  9.30E-05

GDF11 0.55(0.42-0.72) g54p.0p# 0.59(0.45-0.77)  9.78E-05
Growth/differentiation factor 11/8 MSTN
Triggering receptor expressed on myeloid cells 1 TREM1 156 (1.30-1.87) 114g-06# 150(1.22-1.84)  1.00E-04
A disintegrin and metalloproteinase with thrombospondin 0.55(0.43-0.71) 5 5ep-05# 0.60(0.46-0.71)  1.15E-04
motifs 13 ADAMTS13
Metalloproteinase inhibitor 4 TIMP4 152(1.26-1.82) 703g-06# 143(1.19-173)  1.58E-04
Ribonuclease pancreatic RNASE1 129 (1.17-144) 14906 % 138(L.17-1.64) 1.60E-04
EGF-containing fibulin-like extracellular matrix protein1 ~ EFEMP1 213(1.57-290) 12406 % 1.94(1.37-2.75)  1.70E-04
Regenerating islet-derived protein 3-alpha REG3A 130(1.16-1.46) 4g1F-06# 126(112-143) 2.01E-04
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Model 1 Model 2
Protein Name Gene Name HR p value HR (95% p
(95% CI) value
cly

Lysosomal Pro-X carboxypeptidase PRCP 056(043-0.72) gg7g-.06# 0.60(046-0.79)  2.13E-04
Cartilage intermediate layer protein 2 CILP2 0.64(053-0.78) 2706 # 069(057-0.84)  2.15E-04
Sodium/potassium-transporting ATPase subunit beta-1 ATP1B1 0.62(0.50-0.76) g 74E-06 # 066(053-0.82)  2.50E-04
Hepatitis A virus cellular receptor 2 HAVCR2 160 (1.31-1.95) 357g.05# 151(1.21-1.88)  3.05E-04
Endostatin COL18A1 1.93(1.47-2.55) 314g.05 4 190(1.33-272)  4.07E-04
Protein SET SET 0.36 (0.23-055) 43pE-06# 0.45(0.28-0.71)  5.88E-04
Gamma-aminobutyric acid receptor-associated protein- 1.80(1.41-231) 9peop-06 % 165(1.23-221) 8.44E-04
like 1 GABARAPL1

Gamma-aminobutyric acid receptor-associated protein GABARAP 1.95(146-2.60) ggge-06# 1.73(1.22-247)  2.30E-03
Coagulation Factor X F10 051(0.40-0.64) 309E.08 7 0.69(0.47-0.99)  4.50E-02
Coagulation factor Xa F10 052 (0.41-0.66) ggoE0g# 0.71(0.50-1.01)  5.95E-02

Model 1: adjusted for age, sex, race/center, current cigarette smoking, height, weight, systolic and diastolic blood pressure, the use of hypertension
medications, diabetes, prevalent myocardial infarction and prevalent heart failure. Model 2: adjusted for Model 1 + estimated glomerular filtration
rate, antiarrhythmic medication use, beta blocker medication use, and anticoagulation use

fHazard ratio (HR) expressed as the risk of incident AF per doubling of the protein value

ISignificance level of P<0.05/4877 = 1.025 x 10~ These 40 proteins are ordered by smallest to largest p-value for Model 2.

All proteins listed are novel associations with incident AF except for NT-proBNP and ADAMTS13 which have been previously published.
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Replication Analysis of Associations of the Top 40 Late-Life Protein Biomarkers Measured in Mid-life with

Incident Atrial Fibrillation, ARIC, 1993-2010

Model 1 Model 2
Protein Target Name Gene Name HR HR (95% p
(95% value CI) value
cly
N-terminal pro-BNP NPPB 1.40 (1.32-1.47) 3.29E-357 1.37(1.30-145) 2.92E-31%
Angiopoietin-2 ANGPT2 177 (1.55-2.02) 3.54E-17% 173(151-1.98) 6.42E-16 %
Sushi, von Willebrand factor type A, EGF and pentraxin
domain-containing protein 1 SVEP1 1.57 (1.36-1.80) 3.11E-10 o157 (1.36-1.81) 4.20E-10 7
Sushi, von Willebrand factor type A, EGF and pentraxin
domain-containing protein 1 SVEP1 152 (1.33-1.74)  6.99E-10 7 1.52(1.33-1.74) 9.91E-10 7
Triggering receptor expressed on myeloid cells 1 TREM1 1.49(1.30-1.71) 1.14E-08 7 146 (1.26-1.68) 1.73E-07 7
Insulin-like growth factor-binding protein 2 IGFBP2 1.26 (1.16-1.37) 7.11E-08 7 125 (1.15-1.36) 1.91E-07 7
Ribonuclease pancreatic RNASE1 1.32(1.21-1.45) 2.49E-09 7 131 (1.18-1.45) 3.80E-07 7
EGF-containing fibulin-like extracellular matrix protein1 ~ EFEMP1 1.83(1.47-2.27) 3.86E-08 7 o175 (1.40-2.18) 6.58E-07 7
Transgelin TAGLN 1.50 (1.30-1.74)  6.20E-08 # 1.46 (1.25-1.70)  2.33E-06 ¥
Natriuretic peptides B NPPB 1.25(1.13-1.38) 7.82E-06 7 1.23(1.12-1.36) 2.52E-05 %
Protein SET SET 056 (0.42-0.73) 2.12E-05% 058 (0.44-0.75) 7.90E-05 ¥
Gamma-aminobutyric acid receptor-associated protein GABARAP 1.69 (1.36-2.11) 2.37E-06 7 158 (1.25-2.00) 1.17E-04 7
Gamma-aminobutyric acid receptor-associated protein-
like 1 GABARAPL1 1.48(1.24-1.76) 1.14E-05 7 o142 (1.18-1.70) 2.49E-04 7
Hepatitis A virus cellular receptor 2 HAVCR2 1.34(1.16-1.54) 5.11E-05 129 (1.12-1.49) 4.43E-04 7
Microfibril-associated glycoprotein 4 MFAP4 1.21(1.08-1.34) 5.41E-04 7 12 (1.09-1.35) 4.56E-04 7
Cartilage intermediate layer protein 2 CILP2 0.77 (0.67-0.89) 3.87E-04% 0.77 (0.67-0.89) 4.98E-04 ¥
Endostatin COL18A1 1.45(1.21-1.74) 7.41E-05 7 139 (1.15-1.68) 7.77E-04 7
Antileukoproteinase SLPI 1.46 (1.21-1.76) 8.97E-05% 1.38(1.13-1.68)  1.32E-03
R-spondin-4 RSPO4 1.37 (1.14-1.64) 6.87E-04 7 134 (1.12-1.61) 1.44E-03
Scavenger receptor class F member 1 SCARF1 1.37(1.13-1.66) 1.10E-03 7 134 (1.11-1.63) 2.91E-03
Chordin-like protein 1 CHRDL1 1.38 (1.13-1.68) 1.52E-03  1.33(1.09-1.63) 5.16E-03
R-spondin-1 RSPO1 1.23 (1.08-1.40) 1.64E-03 1.21(1.06-1.38) 5.36E-03
Spondin-1 SPON1 1.29 (1.07-156)  6.51E-03 1.28 (1.06-1.55)  9.41E-03
Protein delta homolog 1 DLK1 0.91 (0.83-1.00) 4.96E-02 0.88 (0.80-0.97) 1.10E-02
Protein delta homolog 1 DLK1 0.91 (0.82-1.00) 5.22E-02  0.88(0.79-0.97) 1.24E-02
A disintegrin and metalloproteinase with thrombospondin
motifs 13 ADAMTS13 0.81 (0.70-0.93) 3.70E-03  0.83(0.72-0.96) 1.39E-02
Metalloproteinase inhibitor 4 TIMP4 1.19 (1.04-1.35) 1.06E-02 1.16 (1.02-1.33) 2.29E-02
Slit homolog 2 protein SLIT2 1.15(1.00-1.31) 496E-02 1.15(1.01-1.32) 3.96E-02
Shadow of prion protein SPRN 1.15(0.99-1.35)  6.63E-02 1.17 (1.00-1.36)  4.56E-02
Lysosomal Pro-X carboxypeptidase PRCP 0.81 (0.69-0.96) 1.42E-02 0.84 (0.71-1.00) 4.84E-02
Regenerating islet-derived protein 3-alpha REG3A 1.12 (1.02-1.22) 1.19E-02 1.09 (1.00-1.19) 5.64E-02
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Model 1 Model 2
Protein Target Name Gene Name HR p HR (95% p
(95% value CI) value
Cl)
GDF11
Growth/differentiation factor 11/8 MSTN 0.88 (0.74-1.04) 1.30E-01 0.87 (0.73-1.03) 1.05E-01
Macrophage-capping protein CAPG 112 (1.01-1.25)  2.72E-02  1.09 (0.98-1.21)  1.06E-01
Sodium/potassium-transporting ATPase subunit beta-1 ATP1B1 0.90 (0.79-1.02) 8.61E-02 0.91 (0.80-1.03) 1.26E-01
Bone sialoprotein 2 IBSP 1.05 (0.95-1.15) 2.78E-01 1.06 (0.97-1.17) 1.98E-01
CMRF35-like molecule 2 CD300E 1.08 (0.93-1.24) 3.06E-01 1.09 (0.93-1.26) 2.39E-01
Atrial natriuretic factor NPPA 1.11 (0.92-1.34) 2.82E-01 1.11(0.91-1.34) 2.99E-01
Coagulation Factor X F10 0.87 (0.71-1.06) 1.71E-01  0.96 (0.77-1.20) 7.30E-01
Endothelial cell-specific molecule 1 ESM1 1.03 (0.89-1.18) 7.15E-01 1.02 (0.89-1.17) 7.52E-01
Coagulation factor Xa F10 0.88 (0.72-1.08) 2.08E-01 0.98(0.78-1.22) 8.24E-01

Model 1: adjusted for age, sex, race/center, current cigarette smoking, height, weight, systolic and diastolic blood pressure, the use of hypertension
medications, diabetes, prevalent myocardial infarction and prevalent heart failure. Model 2: adjusted for Model 1 + estimated glomerular filtration
rate, antiarrhythmic medication use, beta blocker medication use, and anticoagulation use

fHazard ratio (HR) expressed as the risk of incident AF per doubling of the protein value

11‘Significance level of P<0.05/40 = 1.25 x 10~3. These 40 proteins are ordered by smallest to largest p-value for Model 2.
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