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Abbas Dehghan,4,6 Mohsen Ghanbari,5 Hannah Karlin,1,2 Shih-Jen Hwang,1,2 Paul Courchesne,1,2

Martin G. Larson,3 Andrew D. Johnson,1,2 Jane E. Freedman,7 and Daniel Levy1,2,8,*
SUMMARY

MicroRNAs, crucial in regulating protein-coding gene expression, are implicated in various diseases. We
performed a genome-wide association study of plasma miRNAs (ex-miRNAs) in 3,743 Framingham Heart
Study (FHS) participants and identified 1,027 cis-ex-miRNA-eQTLs (cis-exQTLs) for 37 ex-miRNAs, with
55% replication in an independent study. Colocalization analyses suggested potential genetic coregula-
tion of ex-miRNAs with whole blood mRNAs. Mendelian randomization indicated 29 ex-miRNAs poten-
tially influencing 35 traits. Notably, the chromosome 14q23 and 14q32 miRNA clusters emerged as the
top signal, contributing over 50% of the significant cis-exQTL results, and were associated with a diverse
range of traits including platelet count. Correlations of 10 ex-miRNAs (such as miR-376c-3p) in 14q32 with
platelet count and volume were confirmed in FHS participants. These findings shed light on the genetic
basis of ex-miRNA expression and their involvement in complex traits.

INTRODUCTION

MicroRNAs (miRNA) are a class of small non-coding RNAmolecules of approximately 22 nucleotides that play a crucial role in the regulation of

gene expression.1 miRNAs act by binding to complementary sequences on messenger RNAs (mRNAs), which can cause the degradation of

these mRNAs or prevent their translation into proteins.2 Circulating miRNAs, also known as extracellular miRNAs (ex-miRNAs), are miRNAs

that are secreted from cells and can be detected in plasma or various biological fluids. These ex-miRNAs can act as signaling molecules and

play important roles in intercellular communication and the regulation of gene expression in distant cells.3,4 Recently, ex-miRNAs have

emerged as potential diagnostic and prognostic biomarkers of disease due to their stability and the ease of their detection and quantifica-

tion.5 Aberrant expression of ex-miRNAs has been observed in various diseases, including cancer,6 cardiovascular disease,7–9 and neurode-

generative disorders.10 Despite the potential diagnostic and therapeutic applications of ex-miRNAs, the underlying mechanisms governing

their contributions to disease pathogenesis are not fully understood.

Expression quantitative trait loci (eQTLs) are genetic variants that regulate gene expression. These variants can be located near the gene

(cis) or at a distance (trans) and affect gene expression levels. Identifying genetic variants associated with ex-miRNA expression levels (known

as ex-miRNAs eQTLs, or exQTLs for short) may provide insights into the genetic regulatory mechanisms of ex-miRNAs and improve our un-

derstanding of the mechanisms underlying miRNA-mediated intercellular communication and gene regulation. Moreover, linking exQTLs

with complex traits and diseases is crucial for understanding the underlying mechanisms of disease pathogenesis in which ex-miRNAs

play a role. This knowledge will facilitate the development of biomarkers for disease diagnosis and prognosis and highlight promising ther-

apeutic targets.

In a previous study, we focused on identifying eQTLs for whole bloodmiRNAs and reported 5,269 cis-miRNA-eQTLs in 5,239 whole blood

samples from Framingham Heart Study (FHS) participants.11 While other studies have explored exQTLs and their associations with complex

traits such as cardiovascular diseases,8,12,13 these studies were fraught with certain limitations and challenges including the need for larger

sample sizes, replication of findings in diverse populations, and further exploration of downstream functions and pathways influenced by

ex-miRNAs. To address these knowledge gaps, our current project utilized genotypes from whole-genome sequencing (WGS) and plasma
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Figure 1. Flowchart of study design

Employing GWAS, we identified genome-wide significant exQTL variants, followed by independent replication in RS cohort. Leveraging cis-exQTLs as

instrumental variables, we identified potential causal ex-miRNAs for human complex diseases and traits. We also evaluated ex-miRNAs’ associations with

platelet traits to support the MR findings.
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expression levels of 282maturemiRNAs (in this study, unless otherwise specified, the terms ‘‘miRNA’’ or ‘‘ex-miRNA’’ refer tomaturemiRNAs)

in 3,743 participants from the FHS. We carried out a comprehensive genome-wide association study (GWAS) of ex-miRNAs to identify cis-

exQTLs, and followed this up with independent external validation in the Rotterdam Study (RS). Leveraging the cis-exQTLs as instrumental

variables, we conducted two-sample Mendelian randomization (MR) analyses to identify ex-miRNAs with putatively causal effects on a variety

of traits. Furthermore, we explored the correlation of ex-miRNAswithmRNAs expressed in whole blood from the same participants, and iden-

tified colocalized cis-eQTLs that influenced the expression of nearbymRNAs in blood and plasma.One of the traits for which putatively causal

relations and colocalization were identifiedwas platelet count.We further explored these results by testing associations of implicated ex-miR-

NAs with corresponding platelet traits in FHS participants. An overview of the study workflow is presented in Figure 1.

RESULTS
Genome-wide mapping exQTLs

miRNA-seq performed on plasma-derived RNA from 40 FHS participants identified 331 expressed miRNAs (ex-miRNAs).14 We employed

qRT-PCR to quantify the expression levels of 282 ex-miRNAs in plasma samples collected from 4400 FHS participants. Of the 4400 partici-

pants, 3793 have both ex-miRNAdata and genotyping data available for exQTL analysis (mean age 40 years, 54% female). Figure S1 illustrates

the abundance and distribution of the 282 miRNAs in the study population, including186 miRNAs expressed inR3108 samples (70% of stud-

ied samples). Clinical characteristics of the participants are presented in Table S1.

cis-exQTLs were defined as SNPs located within 1 Mb upstream or downstream of the start site of the mature miRNA being targeted. Our

analysis identified 1,027 cis-exQTLs that were significantly associated with 37 mature miRNAs at a threshold of P < 5x10�8, including 2,475

miRNA-SNP pairs (Figures 2A and S2; Table S2). We detected 40 independent cis-exQTL SNPs using conditional analysis (these genetic var-

iants denote independent associations with ex-miRNA expression and are not solely due to linkage disequilibrium [LD] with other SNPs in the

region). Table 1 provides a summary of the 22 sentinel cis-exQTLs, each representing all cis-exQTLs for an miRNA or multiple miRNAs in a

given locus. This sentinel variant is the variant with the strongest association signal in the region. The most significant results include 506 cis-

exQTL SNPs (1 sentinel SNP, 15 independent SNPs) for miR-625-3p, which is located on chromosome 14q23 (Figure 2B), and 282 cis-exQTL

SNPs (3 sentinel SNP, 8 independent SNPs) for 17 miRNAs located in the chromosome 14q32 cluster (Figure 2C). These miRNAs shared cis-

exQTLs (Figure S3). Our analysis also identified 7,154 trans-exQTLs that were significantly associated with 125 miRNAs, including 7,518

miRNA-SNP pairs at a threshold of p < 1.78x10�10 (Table S3).

A sensitivity analysis of exQTLs was conducted specifically in FHS Third Generation cohort participants of European ancestry (N = 3416).

Comparing the T values of exQTLs identified in all participants versus those in the Third Generation participants, we observed nearly identical

T values for cis-exQTLs (Figure S4).

External replication of exQTLs

We sought to replicate the FHS exQTLs in the RS. The RS utilized a miRNA-seq platform to measure ex-miRNA expression levels in plasma

samples in 2,178 RS participants (mean age 72, 57% female). Genotypes in the RS were obtained from array-based genotyping and imputed

genotypes for minor allele frequency (MAF) > 0.01, which differed from the sequencing variants used in our study.13 Among the total of 994

cis-exQTLs at anMAF>0.01 detected in our study, 548 (55%) were also cis-exQTLs in RS, another 46 were proxy SNPs for cis-exQTLs in RS with
2 iScience 27, 110988, October 18, 2024



Figure 2. Manhattan plot illustrating cis-exQTLs

(A) Manhattan plot displaying all cis-exQTLs identified across the genome.

(B) Regional plot highlighting the cis-exQTLs for miR-625-3p in 14q25.

(C) Regional plot highlighting the 14q32 miRNA cluster locus, providing detailed insight into the genetic associations of interest within this region. In Figure 2A,

the green dots represent SNPs located within 2MB regions associated with ex-miRNAs exhibiting significant cis-exRNA eQTLs. The remaining dots are displayed

in alternating black or gray colors to differentiate chromosomal regions. In Figures 2B and 2C, miRNA genes with cis-exRNA eQTLs are highlighted in red. The 15

miRNA genes highlighted in red in Figure 2C represents 17 mature miRNAs with cis-exQTLs reported in this study, including miR-127-3p, miR-134-5p, miR-136-

3p/5p, miR-154-5p, miR-369-3p/-5p, miR-376a-3p, miR-376c-3p, miR-382-5p, miR-431-5p, miR-433-3p, miR-485-3p, miR-494-3p, miR-495-3p, miR-543, and miR-

656-3p. The dots above the red line represent associations with a significance level of P < 5e-8, while those above the blue line represent associations with a

significance level of p < 0.05.
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Table 1. Sentinel cis-exQTL variants and their associated ex-miRNAs

miRNA Sentinel SNP Chr SNP Position (hg38) Effect Allele Other Allele EAF

FHS RS

Betaa SE p value Betaa SE p value

miR-1290 rs7524223 1 18906196 G A 0.009 �1.44 0.26 4.3E-08 – – –

miR-9-3p rs139213408 1 156878571 C T 0.005 �3.63 0.62 6.0E-09 – – –

miR-181a-5p rs10919655 1 199279533 G A 0.339 �0.33 0.05 6.5E-11 0.11 0.013 5.2E-16

miR-181b-5p rs138900185 1 198702776 A G 0.006 �1.78 0.29 6.7E-10 – – –

miR-562 rs766631473 2 232828371 C CT 0.005 �15.01 2.11 2.3E-12 – – –

miR-582-5p rs5024245 5 60250066 A G 0.481 �0.42 0.06 1.0E-12 – – –

miR-584-5p rs36047 5 149061758 T C 0.355 �0.32 0.05 1.7E-10 0.23 0.026 6.9E-19

miR-605-5p rs60202580 10 51908729 C A 0.009 �13.82 1.98 1.5E-11 – – –

miR-130a-3p rs7117896 11 57621078 A G 0.277 �0.32 0.06 2.8E-08 0.30 0.023 7.1E-39

miR-16-1-3p rs116939667 13 49344847 T A 0.006 �2.58 0.47 3.6E-08 – – –

miR-4306 rs140415911 13 99168139 C T 0.013 1.22 0.22 4.7E-08 – – –

miR-625-3p (14q23)b rs2127870 14 65330128 C G 0.748 1.01 0.06 2.2E-59 0.36 0.022 3.9E-60

miR-369-5p (14q32) rs7144855 14 100400292 C G 0.004 �6.80 0.86 3.0E-15 – – –

miR-136-5p (14q32) rs11622192 14 100549853 A G 0.221 0.58 0.10 6.4E-9 – – –

miR-127-3p, miR-134-5p, miR-136-3p,

miR-154-5p, miR-369-3p, miR-376a-3p,

miR-376c-3p, miR-382-5p, miR-431-5p,

miR-433-3p, miR-485-3p, miR-494-3p,

miR-495-3p, miR-543, miR-656-3p (14q32)

rs12881545 (rs12881760

or rs72700576, r2 = 1)

14 100709875 C G 0.643 �0.56 0.05 3.5E-24 0.25 0.028 1.8E-19

miR-629-5p rs78212770 15 70079438 G C 0.019 1.06 0.18 7.1E-09 – – –

miR-125a-3p rs1181776908 19 51311263 G A 0.003 �5.38 0.96 2.4E-08 – – –

miR-373-3p rs145507432 19 53293768 C T 0.013 �7.73 1.17 1.4E-10 – – –

miR-1323 rs562999849 19 54390570 A AC 0.006 �11.05 1.98 3.9E-08 – – –

miR-499a-3p rs1433162886 20 35110006 C A 0.004 �15.17 2.48 1.9E-09 – – –

miR-499a-5p rs1343050945 20 34837329 A C 0.004 �2.24 0.38 4.5E-09 – – –

miR-133a-3p, miR-1-3p rs12624608 20 62558091 A C 0.242 �0.67 0.07 1.41E-22 0.17 0.025 4.3E-12

EAF: effect allele frequency; Beta: effect beta value; SE: standard error.
aPlease note that in FHS, expression levels of ex-miRNAs were quantified using Ct values. It’s essential to grasp that in this context, a higher Ct value signifies a lower expression level of the miRNA. Thus, when

interpreting the results presented in this table, a positive beta value indicates that the effect allele increased miRNA Ct values (resulting in decreased expression), and vice versa. Conversely, in RS, expression

levels of ex-miRNAs were reported using conventional values derived from miRNA-seq, where higher values indicate higher expression levels. Consequently, positive beta values in RS signify that the effect

allele increased miRNA expression.
bIn RS, expression levels of miR-625-5p were measured instead of miR-625-3p. It’s noteworthy that the effect direction of cis-exQTLs with miR-625-5p in RS is opposite to that observed with miR-625-3p in FHS.
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Figure 3. Significantly enriched gene ontology biological process terms for coexpressed protein-coding genes for ex-miRNAs
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high LD (r2 > 0.80). Notably, the miRNA clusters located on chromosome 14q23 and 14q32 emerged as the top signals in RS, collectively

contributing to 54% of the significant cis-exQTL results in RS. Within the 14q23 region, RS assessed the expression levels of miR-625-5p rather

thanmiR-625-3p. Interestingly, 371 cis-exQTLs showed significance in both studies (i.e., formiR-625-3p in FHS and formiR-625-5p in RS), albeit

with opposite effect sizes. However, for the remaining cis-exQTLs, the direction of effect sizes remained consistent between FHS and RS. We

were unable to replicate trans-ex-miRNA-SNP pairs in RS. For this reason, the subsequent analyses focus only on cis-exQTLs.

Functional and genomic regulatory features of cis-exQTLs

Of the 1,027 cis-exQTLs in the FHS, only 1 was found within miRNA seed regions (rs78212770 for miR-629-5p). The majority of cis-exQTLs

(N = 438, 43%) were intronic or intergenic variants (N = 268, 26%), while some were within exons (N = 35), UTRs (N = 8), and up/downstream

of protein-coding genes (N = 73). None of the cis-variants were considered deleterious, as none had a CADD score greater than 15.

Our study identified 33 cis-exQTLs with a MAF<0.01, which are considered uncommon or rare. Previous GWAS and eQTL analyses have

shown that rare variants have larger effect sizes than common variants. Consistent with these findings, we observed that low frequency cis-

exQTLs also had larger effect sizes (as shown in Figure S5), with a median effect size of 8.22 for variants with MAF<0.01, compared to 0.48 and

0.76 and for cis-variants with MAF within the ranges of 0.01–0.1 and 0.1–0.5, respectively.

Correlation of ex-miRNAs with whole-blood mRNAs

We further investigated the correlation between ex-miRNAs and whole-blood mRNA expression in 2,721 individuals from the FHS. The levels

of whole blood mRNA were measured using RNAseq.15 Our analysis revealed a total of 44,720 significant associations (FDR <0.01) between

ex-miRNAs and whole-blood mRNAs, involving 255 ex-miRNAs and 8,886 mRNAs (see Table S4). The r2 values for these associations are low

(median value is 0.015); only 2166 pairs (5%) displayed r2 > 0.1. Among the 44,720 significant associations, 91% were positively associated

(higher miRNA levels were associated with higher mRNA levels), and 9% were negatively associated. Among these mRNAs, 5,279 were pro-

tein-coding, 989 were long non-coding RNAs (lncRNAs), and 5,621 belong to other categories. On average, each miRNAwas associated with

175 mRNAs. Notably, over 83% of the miRNAs had fewer than 200 coexpressed mRNAs, and a few were coexpressed with more than 1,000

mRNAs (Figure S6). To gain further insights into the functional implications of these associations, we performed Gene Ontology (GO) enrich-

ment analysis on coexpressed protein-codingmRNAs for each ofmiRNAs.ManymiRNAs sharedmultiple biological processes and pathways,

including epidermis development, cilium movement/assembly, regulation of cell motility, extracellular matrix organization, and multiple

metabolic processes (Figure 3).
iScience 27, 110988, October 18, 2024 5



Figure 4. Associations of ex-miRNA with platelet traits

(A and B) Volcano plots depicting ex-miRNA differential expression for (A) platelet count (PLT) and (B) mean platelet volume (MPV).

(C) Shows the associations of exQTLs, ex-miRNAs, and platelet traits, with beta and p values presented for miR-494-3p as a representative miRNA in 14q32. Given

that ex-miRNA expression levels were assessed through Ct values (higher values indicating lower expression), positive associations correspond to negative beta

estimates (red dots), and vice versa (blue dots). The term ‘‘non-significant’’ (green dots) refers to ex-miRNAs with an FDR >0.05. MR: Mendelian Randomization.
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We identified a total of 1,114 miRNA-protein-coding mRNA coexpressed pairs, where the mRNA was confirmed as a target gene of the

corresponding miRNAs. These targeted pairs accounted for only 4% of the total coexpression results. The large number of coexpressed

miRNA-mRNAs pairs exhibiting relatively few miRNA targets led us to speculate that there might exist specific co-regulation relationships

between ex-miRNAs and whole-blood mRNAs.

Among the 1,027 cis-exQTLs, 823 (80%) overlapped with cis-eQTLs for nearby whole-blood mRNAs including 6430 SNP-mRNA pairs

(Table S5). The direction of beta coefficients for SNP-ex-miRNA pairs in plasma and SNP-mRNA pairs in blood was consistent for 5094 pairs

(79%), indicating that nearby ex-miRNAs andmRNAsmay be concordantly regulated by the same genetic variants. The colocalization analysis

further revealed 19 ex-miRNAs that exhibited genetic variants in close proximity to their associated whole-bloodmRNAs, including miR-584-

5p for SH3TC2, miR-625-3p for LINC02324, miR-130a-3p for TIMM10, CTNND1, SERPING1, LPXN, CLP1 and SLC43A1, and the 14q32miRNA

cluster for MEG3, MEG8, MEG9, RF01872, DLK1, SLC25A47, AL118558.3 and AL118558.4 (Table S6).
Correlation of ex-miRNAs with clinical traits

Of the 1,027 cis-exQTLs, 114 SNPswere associatedwith 62 clinical traits at P< 5x10�8 in theGWASCatalog16 (Table S7). To further investigate

potential causal associations between ex-miRNAs and clinical traits, we conducted two-sample MR tests for more than 1,000 traits whose full

GWAS results were available (this analysis included 2261 full sets of GWAS results, seeMethods). At FDRMR<0.05, our analysis revealed that 29

ex-miRNAs were putatively causal for 35 traits (Table S8). One of the most noteworthy findings in our study is the MR causal relations for miR-

NAs in the 14q32 miRNA cluster (i.e., miR-127-3p) with a variety of traits, including asthma, breast cancer, platelet count, and testosterone

levels. miR-130a-3p (chr11) was putatively causally linked with a variety of traits including asthma, breast cancer, platelet count,

pappalysin-1 levels, and neuroticism.

In theMR analysis, 12 ex-miRNAs were assessed for causal links to platelet count.17,18 Among these, 10 resided in 14q32, while the remain-

ing two were miR-130a-3p andmiR-625-3p. We expanded our analysis to investigate the cross-sectional correlation between ex-miRNAs and

platelet traits, including PLT and mean platelet volume (MPV), utilizing participants from the FHS with ex-miRNA and platelet trait data. Em-

ploying an FDR threshold of less than 0.05, we identified 50 ex-miRNAs associated with PLT and 97 ex-miRNAs associated with MPV

(Figures 4A and 4B; Table S9). Remarkably, 10 out of 12 ex-miRNAs with causal links to platelet count by MR (except for miR-130a-3p and

miR-625-3p) were significant in cross-sectional associations with PLT, and all 12 ex-miRNAs were significantly associated with MPV (Tables 2

and S10). The effect sizes of ex-miRNAs on PLT estimated through MR analysis consistently aligned with the observed associations for all
6 iScience 27, 110988, October 18, 2024



Table 2. Associations of sentinel SNPs, ex-miRNAs and platelet counts, and Mendelian randomization

Exposure Chr Region Sentinel exQTL

Effect/Other

allele

Association of SNP –

ex-miRNA

bAssociation of SNP -

PLT MR: ex-miRNA–> PLT Association of ex-miRNA-PLT

Betaa SE P-value Betaa SE p-value Betaa SE P-value Betaa SE P-value FDR

miR-130a-3p 11q12 rs7117896 A/G �0.32 0.06 2.8E-08 0.02 2.1E-03 3.33E-23 �0.06 1.3E-02 1.2E-06 �1.6E-03 8.9E-04 0.08 0.24

miR-625-3p 14q23 rs2127870 C/G 1.01 0.06 2.2E-59 0.03 2.3E-03 1.34E-31 0.03 2.7E-03 <1.0E-16 �1.7E-03 8.9E-04 0.06 0.19

miR-431-5p 14q32 rs2183632 T/C �0.49 0.07 2.0E-12 0.02 2.0E-03 1.15E-17 �0.04 6.5E-03 5.1E-08 �4.4E-03 1.0E-03 1.3E-05 4.4E-04

miR-543 14q32 rs12881545 C/G �0.51 0.06 1.1E-17 0.05 2.0E-03 4.3E-117 �0.09 1.1E-02 6.7E-16 �4.6E-03 9.1E-04 4.5E-07 6.0E-05

miR-127-3p 14q32 rs12881545 C/G �0.66 0.08 1.6E-16 0.05 2.0E-03 4.3E-117 �0.07 8.8E-03 6.0E-15 �3.5E-03 1.2E-03 3.1E-03 0.02

miR-376c-3p 14q32 rs12881545 C/G �0.58 0.06 4.5E-23 0.05 2.0E-03 4.3E-117 �0.08 8.5E-03 <1.0E-16 �3.2E-03 8.4E-04 1.5E-04 2.4E-03

miR-376a-3p 14q32 rs12881545 C/G �0.54 0.05 1.3E-22 0.05 2.0E-03 4.3E-117 �0.08 9.2E-03 <1.0E-16 �3.4E-03 8.8E-04 1.3E-04 2.4E-03

miR-494-3p 14q32 rs12881545 C/G �0.57 0.06 1.6E-19 0.05 2.0E-03 4.3E-117 �0.08 9.4E-03 <1.0E-16 �3.0E-03 9.7E-04 2.1E-03 1.6E-02

miR-495-3p 14q32 rs12881545 C/G �0.56 0.05 3.5E-24 0.05 2.0E-03 4.3E-117 �0.08 8.7E-03 <1.0E-16 �3.8E-03 8.5E-04 7.3E-06 3.9E-04

miR-136-3p 14q32 rs12881760 C/G �0.53 0.05 4.2E-22 0.05 2.0E-03 3.1E-117 �0.09 9.5E-03 <1.0E-16 �2.7E-03 7.9E-04 7.4E-04 9.0E-03

miR-369-3p 14q32 rs12881760 C/G �0.61 0.05 2.6E-29 0.05 2.0E-03 3.1E-117 �0.07 7.3E-03 <1.0E-16 �2.8E-03 8.3E-04 8.2E-04 9.6E-03

miR-433-3p 14q32 rs12881760 C/G �0.77 0.10 2.5E-15 0.05 2.0E-03 3.1E-117 �0.06 7.8E-03 5.3E-14 �5.4E-03 1.4E-03 1.4E-04 2.4E-03

aPlease note that the expression levels of ex-miRNAs were reported using Ct values. It’s important to understand that in this context, a higher Ct value indicates a lower expression level of the miRNA. There-

fore, when interpreting the results in this table, a positive beta value indicates a negative association between the expression levels of the miRNA and the effect allele, or a negative association between the

expression levels of the miRNA and PLT, or vice versa.
bThe GWAS of platelet count was from.17
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10 ex-miRNAs (i.e., increased expression levels of ex-miRNAs were linked to increased PLT and decreased MPV). Figure 4C illustrated an

example of associations of exQTLs, miR-494-3p, and platelet traits.
DISCUSSION

We investigated the associations between genetic variants and plasma miRNA expression (or ex-miRNAs), along with the relationships be-

tween ex-miRNA and whole blood mRNA coexpression in a large population. Additionally, we explored the links between ex-miRNA and

various clinical traits. This research uncovered crucial insights into ex-miRNA regulation, potential biomarkers, and themolecular basis of clin-

ical phenotypes.

A major finding of our study was the identification of numerous cis-exQTLs, which revealed intricate genetic control of ex-miRNAs.

Notably, the 14q32 miRNA cluster was enriched for cis-exQTLs, suggesting shared genetic regulation. This cluster also emerged as the

top signal in RS, reinforcing its genetic control and likely functional significance. This cluster also demonstrated enriched cis-miR-eQTLs in

whole blood in our prior study.

Coexpression analysis between ex-miRNAs andwhole-bloodmRNApointed to potential regulatory links. Nevertheless, despite the abun-

dance of coexpressed miRNA-mRNA pairs, our validation endeavors underscored a narrow subset of coexpressed pairs involving targeted

interactions between miRNAs and protein-coding mRNAs (comprising less than 4% of the total). This stark disparity between the extensive

pool of coexpressedmiRNA-mRNApairs and the restricted count of confirmed target interactions leads us to speculate on the possibility that

these relationships could represent a broader regulatory phenomenon. The observed expression patterns may indeed signify miRNAs tar-

geting specific pathways. This perspective is supported by similar findings in other studies.19–23

Acknowledging the six-year time gap between whole blood sample collection for miRNA andmRNA quantification and plasma collection

for ex-miRNA quantification as a major limitation in our study is crucial. This gap could introduce variability due to changes in sample storage

over time, potentially influencing the accuracy and reliability of our results. Additionally, the biological milieu might have changed during this

time frame, affecting the results. Future studies with more concurrent data collection methods or efforts to minimize time gaps between

different analyses could provide a more robust understanding of the biological phenomena under investigation. Furthermore, the Paxgene

system preserves total RNA from whole blood, encompassing RNA from both plasma and cells. While plasmatic vesicles are primarily en-

riched with small RNAmoieties rather thanmRNAs, we acknowledge that our experimental strategymay have limitations, and future research

in need to address these issues more effectively.

The 14q32miRNA cluster stands out as one of the largest polycistronic clusters, encompassing a total of 54miRNAs in humans. This partic-

ular miRNA cluster has garnered attention due to its substantial involvement as a regulator of neovascularization.24 Beyond its role in neo-

vascularization, this region serves additional pivotal functions in various pathological processes including oncogenesis, malignant growth,

proliferation, cell survival, cellular interactions with the extracellularmatrix, and potentially even processes within the central nervous system.24

Employing MR analysis, our investigation unveiled a significant insight: numerous ex-miRNAs residing within this genomic region appear to

exert causal influence on a diverse array of clinical traits. Notably, these traits encompass asthma, breast cancer, platelet traits, and testos-

terone levels. In follow up of these findings, we proceeded to validate the relationship between these ex-miRNAs and platelet traits through a

cross-sectional analysis among FHS participants. All 10 miRNAs identified in this region through MR analysis were validated by the cross-

sectional analysis. The effect sizes of ex-miRNAs on platelet traits estimated through MR analysis consistently aligned with the observed

associations.

Platelets play a pivotal role in both the physiological process of hemostasis and the pathological progression of thrombosis. Platelets serve

as reservoirs for a diverse array of molecules, including proteins and RNAs, with a notable presence of miRNAs.25 Upon activation, platelets

release microparticles containing a wealth of proteins, inflammatory factors, and noncoding RNAs. A significant portion of ex-miRNAs in

plasma originates from platelets, primarily secreted within vesicles upon platelet activation. miRNAs such as miR-495 have been shown to

modify the expression of platelet proteins influencing platelet reactivity.19 miR-376c has been reported in relation with platelet activation

by affecting PAR4-mediated pathway which is a membrane receptor for thrombin.26 In this study, we identified 10 ex-miRNAs (including

miR-495 and miR-376c) located in the 14q32 region that exhibited significant positive associations with PLT and negative associations with

MPV. Many other miRNAs have been implicated in various aspects of cardiovascular pathology, including thrombosis and inflammation,

which are closely associatedwith platelet function. For example, research has shown thatmiR-494 expression is upregulated in atherosclerotic

lesions and may contribute to plaque development and instability by modulating endothelial cell function, vascular smooth muscle cell pro-

liferation, and inflammatory responses. miR-494 expressed in platelet and its dysregulation has been linked to platelet activation and throm-

bosis.27 Those miRNAs could offer valuable insights for the development of novel antiplatelet therapeutic strategies for cardiovascular

disease.

Prior studies have suggested that the presence of residual platelets in plasmamay potentially influence the variability in ex-miRNA expres-

sion and the resulting outcomes.28 To mitigate this concern, we implemented measures to minimize the potential impact of platelet contam-

ination, as described in our previous work.14 Furthermore, none of themiRNAs with cis-exQTLs or associated with platelet counts and volume

in this study were among themost studies intraplatelet miRNAs (the top five are miR-126, miR-223, miR-21, miR-96, andmiR-204).29 Addition-

ally, associations between ex-miRNAs and platelet traits were identified through both two-sample MR and cross-sectional association ana-

lyses. The MR analysis provided evidence of the genetic effects of ex-miRNAs on platelet traits, supporting the validity of the associations

reported in our study and minimizing the likelihood of technical artifacts. Based on the above, we do not believe that our results will be

affected by potential platelet contamination.
8 iScience 27, 110988, October 18, 2024
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Our MR analysis also revealed miR-130a-3p in association with multiple diseases or traits. Published functional studies support the asso-

ciation of miR-130a-3p with lung function and asthma30 and breast cancer.31 The overlap of cis-exQTLs of miR-130a-3p with pQTLs of

Pappalysin-1 was validated in the RS study.13 miR-130a-3p has been found to be related with neural stem cell,32 Alzheimer’s disease,33

and cerebral syndrome34,35 which may provide some supports for their association with neuroticism, intelligence, feeling hurt/worry, and

cognitive performance in ourMR analysis. The "potential" causality results as we claimed in this study were based on two-sampleMR analysis.

Further validation, including longitudinal studies and functional studies, is needed to validate the causal roles of ex-miRNAs in diseases.

Parent-of-origin effects (POE) have been observed in the 14q32 region, notably impacting gene expression of key genes in a parent-of-

origin specific manner, including DLK1, RTL1, MEG3, MEG8 and MEG9. These effects have been associated with diverse physiological pro-

cesses, such as age at menarche and platelet phenotypes.36 Coexpression and colocalization analysis suggested that miRNAs andmRNAs in

these cluster are coregulated. It is conceivable that miRNAs within this region may also be subject to parent-of-origin regulation. A study in

mice demonstrated that miRNAs within this cluster are influenced by a germline-derived differentially methylated region (IG-DMR), located

about 200 kb upstream from the miRNA cluster.37 The expression of these miRNAs is contingent upon the inheritance of this regulatory

element from either thematernal or paternal chromosome.When the IG-DMR is deleted from thematernally inherited chromosome, it results

in the suppression of maternally expressed imprinted genes. We hypothesized that this region might harbor cis-genetic variants responsible

for regulating miRNA expression in a parent-of-origin-specific manner. Regrettably, our study lacks sufficient samples within families to

comprehensively explore this hypothesis.

The cis-eQTLs identified in our study are replicated well in an independent study (i.e., RS).We encountered challenges when attempting to

replicate trans-exQTLs, which are genetic variants linked to the expression levels of distant ex-miRNAs. The regulation of ex-miRNA expres-

sion is intricate, involving numerous factors such as transcription factors, epigenetic modifications, chromatin structure, and intercellular

communication. It remains uncertain whether trans-exQTLs play a causal role in ex-miRNA expression changes or if they aremerely correlated

markers. This complexity hinders the replication of trans-exQTLs across diverse experimental contexts and studies, primarily due to technical

variations and genetic heterogeneity. To enhance the replicability of trans-exQTLs, we believe that studies of diverse populations and invest-

ment in larger sample sizes are essential steps. Additionally, the methods of measuring miRNA and DNA sequences differ significantly in our

study and in RS, potentially introducing inherent biases or errors that could affect the validity of replication. Therefore, further replicationmay

be necessary.

In conclusion, our study comprehensively analyzed exQTLs inmiRNAs and their links to clinical traits andmRNAexpression. These findings

warrant functional validation studies and can help guide future miRNA research in disease and therapy. Despite the limitations of our study,

including the necessity for replication and functional validation, our work offers valuable insights into the intricate genetic regulation of

miRNA expression and its relevance to human phenotypes.
Limitations of the study

While our study has yielded significant insights into the genetic regulation of ex-miRNAs and their associations with clinical traits and mRNA

expression, several limitations should be noted. First, the six-year time gap between the collection of whole blood samples for mRNA quan-

tification and plasma collection for ex-miRNA quantification could underestimate the extent of correlation between miRNAs and mRNAs.

Additionally, biological changes over this period might have influenced the outcomes. Second, our analysis was constrained by the use of

the PAXgene system, which preserves total RNA from whole blood, including RNA from both plasma and cells. While plasma vesicles are

primarily enriched with small RNAmoieties rather thanmRNAs, our experimental strategy may not have fully captured this distinction, neces-

sitating more refined approaches in future research. Third, our study’s findings related to cis-exQTLs were well-replicated, but replicating

trans-exQTLs proved challenging. The intricate regulation of ex-miRNA expression, involving numerous factors like transcription factors,

epigenetic modifications, chromatin structure, and intercellular communication, complicates replication across different experimental con-

texts and populations. Larger sample sizes and studies involving diverse populations are essential to enhance the replicability of trans-

exQTLs. Despite these limitations, our study provides valuable insights into the genetic regulation of ex-miRNA expression and its implica-

tions for human phenotypes, warranting further functional validation and replication efforts.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Framingham Heart Study whole genome

sequencing and RNAseq data

Taliun et al.38 https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/

study.cgi?study_id=phs000974.v5.p4

Framingham Heart Study extracellular

microRNA qRT-PCR data and phenotypes data

This paper https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/

study.cgi?study_id=phs000007.v33.p14

The NHGRI-EBI GWAS catalog Buniello et al.16 https://www.ebi.ac.uk/gwas/

GWAS of standard blood platelet traits Chen et al.17 https://grasp.nhlbi.nih.gov/Overview.aspx

Combined Annotation Dependent

Depletion (CADD)

Rentzsch et al.39 https://cadd.gs.washington.edu/

Software and algorithm

R N/A https://www.r-project.org/

MR-seek Burgess and Thompson40 https://github.com/OpenOmics/mr-seek.git

GCTA-COJO Yang et al.41 https://yanglab.westlake.edu.cn/software/gcta

coloc Giambartolomei et al.42 https://chr1swallace.github.io/coloc/index.html

’SVA’ R package Leek et al.43 https://bioconductor.org/packages/release/bioc/html/sva.html

enrichR Kuleshov44 https://cran.r-project.org/web/packages/enrichR/index.html

Ensembl Variant Effect Predictor (VEP, version 109) Cingolani et al.45 https://useast.ensembl.org/info/docs/tools/vep/index.html

SnpEff 5.1.d (Build 2022-04-19) Cingolani et al.45 https://pcingola.github.io/SnpEff/snpeff/build_db/

miRDB version 6.0 Chen and Wang46 https://mirdb.org/
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The FHS is a long-term observational study with a focus on cardiovascular disease that started in 1948. The study began by recruiting an orig-

inal cohort of residents of Framingham, MA, with the aim of identifying risk factors for CVD. Later on, in 1971, the FHS Offspring cohort was

established, consisting of a subset of children of the original cohort and their spouses. To further expand the study, the Third Generation

cohort was established in 2002 and recruited children of the FHS Offspring Cohort. In order to increase the diversity of the FHS study pop-

ulation and accurately reflect the evolving demographics of Framingham, the first Omni cohort was established in 1995. This cohort was

comprised of participants from various ethnic backgrounds, including African American, Hispanic, Asian, Indian, Pacific Islander, and Native

American communities. All FHS participants underwent examinations at approximately 2 to 4-year intervals since the study’s inception. These

examinations entailed the comprehensive collection of various biosamples including whole blood and plasma.

In this investigation, plasma samples for ex-miRNA measurement were obtained from 4,036 participants in the FHS Third Generation

cohort who attended examination cycle 1 (2002–2005), and from 404 participants of the OMNI II cohort who attended examination cycle 1

(2003–2005). There were 3,416 participants from the Third Generation and 377 from the OMNI II cohort having ex-miRNA data and genotyp-

ing data available for exQTL analysis.

Whole blood samples for both whole blood miRNA and mRNA (RNA-seq) measurements were collected from participants in the FHS

Offspring cohort attending examination cycle 8 (2005–2008), and from the Third Generation cohort during examination cycle 2 (2008–

2010). For correlation analysis between ex-miRNA and whole blood miRNA, 3,196 samples from the FHS Third Generation cohort were uti-

lized, including those with available data for both ex-miRNA and whole blood miRNA. Furthermore, for correlation analysis between ex-

miRNA and whole blood mRNA, 2,721 samples from the FHS Third Generation cohort were utilized, including those with available data

for both ex-miRNA and whole blood miRNA. It is noteworthy that there was a 6-year gap between the two time points of plasma and whole

blood sample collection, which may potentially overlook dynamic molecular changes that could have occurred during the time frame in the

correlation analysis. All participants provided written consent for genetic research.
METHOD DETAILS

Plasma ex-miRNA measurement

We previously implemented an extracellular RNAseq pipeline using 40 plasma samples from FHS Offspring cohort participants as described

previously.14 This strategy yielded 331 expressed human miRNAs that were selected for quantitative reverse transcription-polymerase chain
12 iScience 27, 110988, October 18, 2024
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reaction (qRT-PCR) measurements in 4,440 FHS Third Generation andOmni cohort participants. The 282 miRNAs in the present investigation

are miRNAs that were expressed in at least one plasma sample.

qRT-PCR is a sensitive and specificmethod formeasuring RNAexpression levels. The ThermoFisherMagMAXmirVana Total RNA Isolation

Kit (Applied Biosystems; catalog #A27828) was utilized for the isolation of plasmamiRNAs. EDTAwas added to the proteinase K (PK) digestion

and elution buffer at a final concentration of 1 mM. Modifications were made to the protocol by increasing the volume of magnetic beads to

30 mL, the volume of the lysis buffer to 195 mL, and the volume of isopropanol added to the beads/lysis buffer mix to 375 mL. C. elegansmiRNA

39.3p was added to the lysis buffer as an internal control after being phosphorylated. Subsequently, samples were processed using the

ThermoFisher Flex Magnetic Particle Processor, 96DW. Following elution, 25 mL of miRNAs were dried using Biotage SPE instruments and

stored at �80�C until further use. ThermoFisher TaqMan Advanced miRNA cDNA synthesis kits (catalog #A28007) were used for conversion

of isolated miRNAs to cDNAs. Preamplification involved the addition of 5 mLPoly(A) Reaction Mix to the dried miRNA sample followed by 16

cycles of amplification as per vendor instructions. Applied Biosystems ProFlex (96-well PCR SystemCatalog #4484075) or Quant Studio 3 PCR

system (Product A28137) was used for both syntheses and preamplification. The Fluidigm BioMark HD instrument (#BMKHD-BMKHD) and

ThermoFisher TaqManAdvancedmiRNA assays (#A25576) were employed formultiplex quantification ofmiRNAs in 96 samples x 96 samples.

Samples and assays were loaded onto the integrated fluidic circuit (IFC) chips using the Fluidigm HX (#68000112) instrument. The miRNA

expression levels were measured using cycle threshold (Ct) values. Single copy can be detected at threshold Ct < 34.

Whole genome sequencing (WGS)

Using genomic DNA extracted from whole blood buffy coat, FHS participants underwent WGS as part of the NHLBI’s TOPMed program.38

DNA fragmentation and library construction were carried out using standard procedures, and the sequencing was performed by the Broad

Institute of MIT and Harvard, which is a TOPMed reference laboratory. HiSeq X, together with sequencing software HiSeq Control Software

(HCS) version 3.3.76, was used for the sequencing process, followed by analysis using RTA2 (Real Time Analysis). The DNA sequence reads

were aligned to human genome build GRCh38, using a common pipeline that was utilized by all TOPMedWGS centers. A sample’s sequence

was considered complete when the mean coverage of nDNA was more than 30x. For this analysis, genetic variants generated from TOPMed

Freeze 10a were used, and we focused on 19 million SNPs that had a minor allele count of at least 10 and at Hardy-Weinberg equilibrium

(HWE) p-value >1e-10.

Whole blood mRNA expression

Peripheral whole-blood samples were collected in PAXgene tubes (Asuragen, Inc., Austin, TX, USA). Total RNA was extracted using a stan-

dard protocol with the PAXgene Blood RNA Kit. After allowing tubes to thaw for 16 h at room temperature, white blood cell pellets were

collected following centrifugation and washing. Subsequently, the cell pellets were lysed in a guanidinium-containing buffer. The extracted

RNA was tested for its quality by determining absorbance readings at 260 and 280 nm using a NanoDrop ND-1000 UV spectrophotometer.

The Agilent Bioanalyzer 2100 microfluidic electrophoresis (Nano Assay and the Caliper LabChip system) was used to determine the integrity

of total RNA. All RNA samples were sequenced by an NHLBI TOPMed program reference laboratory (Northwest Genomics Center) following

the TOPMed RNA-seq protocol. All RNA-seq data were processed by University of Washington Northwest Genome Center. The raw reads

(in FASTQ file) were aligned using the GRCh38 reference build to generate BAM files using STAR v2.6.1day. RNA-SeQC v2.3.3 was used for

processing of RNA-seq data by the TOPMed RNA-seq pipeline to derive standard quality control metrics from aligned reads. Gene-level

expression quantification was provided as read counts and transcripts per million (TPM). GENCODE 30 annotation was used for annotating

gene-level expression. For more comprehensive information on the RNA-seq and the subsequent data processing steps, please refer to the

provided ref.15

Platelet traits

We collected standard blood platelet (PLT) and mean platelet volume (MPV) measurements from the Third Generation cohort participants

attending exam 2. These measurements were obtained using a complete blood count and analyzed with the Coulter HmX hematology

analyzer (Beckman Coulter, Inc.). Our analysis focused exclusively on individuals who had measurements of ex-miRNAs. We also excluded

individuals who had been previously diagnosed with leukemia or lymphoma before the examination, as these conditions have been associ-

ated with low blood cell counts, and also excluded individuals with PLT levels exceeding 1000x109/L. Following these exclusions, our study

included 2398 individuals for further analysis of PLT and 2,389 for MPV analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Identification of exQTLs

A linear mixed model was employed to assess the association of each ex-miRNA with each polymorphic SNP with a minor allele count of at

least 10. Themodel was adjusted for covariates including age, sex, high-density lipoprotein (HDL), total cholesterol (TC), triglyceride (TG), and

5 genetic principle components as fixed effects, with cohort included as a random effect. As ex-miRNAs can be bound to and guided by li-

poproteins, the regression models included lipid covariates including HDL, TC and TG. cis- and trans-exQTLs were identified based on the

location of SNPs relative to ex-miRNAs. cis-was defined as an SNP within 1 megabase (Mb) of the miRNA, while trans-was defined as an SNP

outside of this range. The statistical significance thresholds for cis- and trans-were set at P < 5x10�8 and P < (5x10�8/282) = 1.8x10�10,
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respectively. The exQTL analysis was performed using a custom Java script developed in-house. The NIH-supported STRIDES cloud infra-

structure (cloud.nih.gov/) was utilized for all analyses, with the aid of a program based on a graphical Processing Unit (GPU) to facilitate

computation.

We utilized GCTA-COJO (Genome-wide Complex Trait Analysis)41 to perform a multi-SNP-based conditional and joint association anal-

ysis, aiming to identify association signals that are conditionally independent within 1 MB of the peak SNPs. This analysis employed stepwise

selection to choose SNPs based on their conditional P-values and provided the joint effects of the selected SNPs after optimizing the model.

To compute the LD reference panel, we used genetic data from FHS WGS data from TOPMed Freeze 10a (N = �7,000). Our analysis incor-

porated several filters, including aMAF threshold of >0.001, a conditional p-value threshold of 53 10�8, a collinearity threshold of 0.9, and an

assessment window of 10,000 base pairs.

Functional annotation of exQTLs

We annotated SNPs by adding functional information to variants using Ensembl Variant Effect Predictor (VEP, version 109) and SnpEff 5.1.d

(Build 2022-04-19).45 VEP and SnpEff take information from a multiple annotation database and determine the effect of genetic variants on

genes, transcripts, and protein sequence, as well as regulatory regions. The reference genome is GRCh38. We used Combined Annotation

Dependent Depletion (CADD) to predict functional consequences of identified allelic variants. CADD is an integrative annotation built from

more than 60 genomic features and can score whole human genome�29.4 million variants.39 A scaled CADD score of 10 or 20 means that a

variant is among the top 10% or 1% of deleterious variants in the human genome. SNPs scored CADD >15 were considered putatively dele-

terious variants.

We used the NHGRI-EBI GWAS catalog to annotate clinical diseases and traits associated exQTLs.16 The NHGRI-EBI GWAS catalog is a

curated collection of all human genome-wide association studies, produced by a collaboration between EMBL-EBI and NHGRI.16 Significant

associations of 196,868 unique SNPs with 4,417 unique clinical phenotypes (P < 5x10�8) were downloaded from the GWAS catalog.

Mendelian randomization (MR) analysis

To investigate the putatively causal relation of ex-miRNAs to clinical phenotypes, we performed two-sample MR analyses by utilizing cis-

exQTLs as instrument variables (IVs), ex-miRNAs as exposures, and clinical traits as outcomes. MR is a statistical method used to investigate

the causal relationship between an exposure and an outcome. In two-sampleMR, genetic variants associated with the exposure are identified

in one sample, while genetic variants associated with the outcome are identified in another sample. The effect of the exposure on the

outcome is then estimated by combining the effect sizes of the genetic variants on the exposure and the outcome using statistical methods.47

To facilitate thisanalysis,weutilizedour in-housedevelopedanalytical pipelinecalledMR-Seek (https://github.com/OpenOmics/mr-seek.git).

To estimate associations and effect sizes between SNPs and traits, we relied on publicly available GWAS databases. Specifically, we included

2,261 published sets of GWAS results for more than 1000 clinical traits from the NHGRI-EBI GWAS catalog.16 As most ex-miRNAs have only

one independent cis-exQTL, we employed the Wald MR method using the peak cis-exQTL (a single genetic variant that exhibits the strongest

association signal with ex-miRNA expression, as determined by the variant with the lowest SNP-ex-miRNA p-value) as an IV for each test.48 Sig-

nificance levels of MR results were determined based on the Benjamini-Hochberg corrected FDR with a threshold of <0.05. The MR analysis of

platelet count were further replicated using GWAS of platelet count.17

Colocalization analysis

Colocalization tests were conducted on each pair of ex-miRNA and whole blood mRNA, which shared at least one cis-eQTL (i.e., cis-miR-

eQTL-p is the same as the cis-mRNA-eQTL-w). A Bayesian colocalization method implemented in the coloc.abf() function in an R package

was implemented to assess the likelihood of a specific variant acting as a causal factor for the expression levels of an ex-miRNA and whole

blood mRNA pair.42 Each cis-eQTL was assigned to one of the five hypotheses: H0: there exist no causal variants for either the plasma or the

whole blood expression; H1: there exists a causal variant for the plasma expression only; H2: there exists a causal variant for the whole blood

expression only; H3: there exist two distinct causal variants, one for the plasma expression and one for the whole blood expression; or H4:

there exists a single causal variant for both the plasma and the whole blood expression. The result of this procedure is five posterior prob-

abilities (PP0, PP1, PP2, PP3 and PP4) for each hypothesis. In this study, the association results between SNPs and ex-miRNA, and between

SNPs and whole bloodmiRNA or mRNA within a 2 Mb region were used as input. Prior probabilities were set as default values, that is p1 and

p2 are both set to 1E�4, and p12 is set to 1E�5. An SNP was considered to be colocalized for an ex-miRNA with a whole blood miRNA (or

mRNA) if the posterior probability (PP4) was greater than or equal to 80%.

cis-mRNA-eQTL-w was calculated in 2622 samples whose WGS and whole blood RNA-seq data were both available as described

previously.15

Coexpression analysis

Coexpression analysis of ex-miRNAwith whole bloodmRNAwas performedon all profiled protein-coding or non-codingmRNAs (N= 37,773)

and 282 ex-miRNAs, utilizing data from 2,732 FHS participants where both ex-miRNA and whole blood mRNA data were available. Linear

mixed models were utilized to perform pairwise association analyses of ex-miRNAs and whole blood mRNAs. Covariates considered in

the models included age, sex, imputed blood cell types for whole blood samples, technique covariates (e.g., batch) for miRNA and
14 iScience 27, 110988, October 18, 2024
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mRNA measurements, surrogate variables (SVs) of RNAseq data, and family ID. These SVs were computed using the ’SVA’ R package.43

To control for multiple testing, the Benjamini–Hochberg method was applied to calculate FDR. Subsequently, coexpression pairs with an

FDR <0.01 were considered statistically significant and selected for further analysis.

miRNA targets

For the coexpressedmiRNA–mRNApairs, we usedmiRDB version 6.0 to evaluate whether themRNAs were the corresponding targets for the

miRNAs.46 miRDB is a comprehensive database, offers an extensive collection of predicted and experimentally validated miRNA-target in-

teractions, making it a valuable tool for understanding the regulatory roles of miRNAs in gene expression. Leveraging the latest version 6.0 of

miRDB ensures that we incorporate the most up-to-date and accurate information in our analysis, providing a robust foundation for our

research.

Gene ontology (GO) enrichment analysis

GO biological process (GO-BP) enrichment analysis was performed for mRNA which coexpressed with miRNAs using the R package en-

richR.44 Fisher’s exact tests were utilized to assess whether the set of mRNAs showed enrichment for genes involved in certain GO-BP terms.

The significant threshold used a corrected FDR<0.05 for multiple terms.

Replication of exQTLs

We replicated the significant cis- and trans-exQTLs identified in FHS by investigating the SNP-ex-miRNA associations in a separate cohort of

2,178 participants from the RS. The methods used in this replication study are described in detail in the ref.13

RS is a prospective population-based cohort study that focuses on middle-aged and elderly individuals residing in the suburb of Om-

moord, Rotterdam, the Netherlands. Genotyping in the RS cohort was carried out using either the HumanHap550 Duo 446 BeadChip

(Illumina, San Diego, California) or the Global Screening Array 447 (GSAMD-v3) Illumina array. Imputation of genotypes was performed using

the MaCH/minimac software with reference to the 1000 Genomes dataset. Genetic variants with a minor allele frequency <0.05 and imputa-

tion quality <0.7 were excluded from the analysis after genotype imputation. To measure plasma miRNA levels, the HTG EdgeSeq miRNA

Whole Transcriptome Assay, capable of quantitatively detecting the expression of 2,083 human miRNA transcripts, was used (Molecular

Diagnostics, Tuscon, AZ, USA). Additionally, the Illumina NextSeq 500 sequencer (Illumina, San Diego, CA, USA) was employed to facilitate

this analysis. To assess the associations between each SNP and each of the 2,083miRNAs,multiple linear regression analyses were conducted

on the subset of 2,178 participants randomly selected from three sub-cohorts within the Rotterdam Study. These analyses were adjusted for

age, sex, sub-cohort membership, and the first five principal components (to account for population stratification).

Associations of ex-miRNA with platelet traits

For association analyses of each ex-miRNAwith platelet traits including PLT andMPV, covariates included age, age2, sex, HDL, TC, and TG as

fixed effects, with family ID as a random effect. The significance threshold used a corrected FDR<0.05.
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