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ABSTRACT  47 

We present a whole-blood isoform ratio QTL (irQTL) resource by analyzing genome-48 

wide isoform-to-gene expression ratios using sequencing data. In Framingham Heart 49 

Study (FHS, n = 2,622) discovery, we identify over 1.1 million cis-irQTLs (minor allele 50 

frequency [MAF] ≥ 0.01, ±1 Mb of 10,883 isoform transcripts, P < 5 × 10-8) across 51 

4,971 genes. Among 11,425 sentinel cis-irQTLs, 72% replicate (P < 1 × 10-4) in the 52 

Women’s Health Initiative (WHI; n = 2,005). Notably, 20% of cis-irQTLs have no 53 

significant association with overall gene expression, indicating isoform-specific 54 

regulation. These variants are enriched at splice donor/acceptor sites and genome-55 

wide association study loci (P < 1×10-10). We also identify 1,870 sentinel trans-56 

irQTLs (MAF ≥ 0.01, P < 1.5 × 10-13) for 1,084 isoforms across 590 genes, and 2,327 57 

rare cis-irQTLs (0.003 < MAF < 0.01) for 2,467 isoforms of 1,428 genes in FHS, with 58 

external replication rates of 61% and 41% in WHI, respectively. We highlight 59 

rs12898397 in ULK3, which alters splice site usage and reduces expression of a full-60 

length isoform. Mendelian randomization supports a causal role between this isoform 61 

shift and reduced diastolic blood pressure. These findings highlight the power of 62 

irQTL mapping to uncover transcript-specific regulatory mechanisms underlying 63 

complex traits.  64 

KEY WORDS, irQTL analysis, RNA alternative splicing, isoform, GWAS65 
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INTRODUCTION 67 

Isoform variation results from several mechanisms including alternative splicing, 68 

alternative transcription start sites, and alternative polyadenylation (polyA) sites.1-3 69 

These mechanisms generate distinct messenger RNAs (mRNAs) from the same 70 

gene, expanding proteomic diversity beyond the ~20,000 protein-coding genes in the 71 

human genome.4 Alternative splicing, which joins exons in different combinations to 72 

produce mature RNA isoforms,5 can be both a cause and consequence of disease.6,7 73 

Recent advances in sequencing technologies have revealed that up to 95% of multi-74 

exon genes undergo alternative splicing in humans.4  75 

While it is a dynamic process, isoform variation is under tight regulation. Many 76 

factors, including cis- and trans-regulatory elements and DNA methylation patterns 77 

regulate isoform variation.8-10 Several previous studies have provided crucial insights 78 

into the genetic regulation of transcriptomic isoform variation, contributing to our 79 

understanding of the genetic architecture underlying complex diseases.11-21 Two 80 

studies from the Genotype-Tissue Expression (GTEx) consortium used whole-81 

genome (WGS) paired with whole-transcriptome sequencing (RNA-seq) to identify 82 

single nucleotide polymorphisms (SNPs) affecting splice variation throughout the 83 

human genome across multiple tissues.17,22 These studies established the 84 

widespread influence of genetic variation on transcriptional regulation, including 85 

splice variation.22 In addition to SNPs that influence the overall gene expression 86 

levels alone (i.e., expression quantitative trait loci or eQTLs), SNPs that influence 87 

splicing (with or without effects on overall gene expression) may exert a pronounced 88 

impact on complex traits.17 The replication rate for splice variant-associated SNPs 89 

identified in these two studies, however, was low, possibly reflecting methodological 90 

differences in isoform characterization and sample size limitations.17,22   91 
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Comprehensive analyses of SNP associations with isoform variation in whole 92 

blood and their relevance to human health remain limited. In prior work, we identified 93 

exon-level expression variants in 2,650 genes using imputed SNPs and 94 

hybridization-based exon array data from 5,257 Framingham Heart Study (FHS) 95 

participants.21 Here, we present a new study leveraging WGS and RNA-seq data 96 

from 3,716 FHS participants (2,622 for discovery, 1,094 for internal replication) to 97 

map isoform ratio QTLs (irQTLs) as described originally by Yamaguchi et al. (2022)18 98 

(Supplementary Data 1). We further evaluate these findings in two external cohorts 99 

with WGS and RNA-seq data.23,24 Beyond identifying irQTLs, we distinguish those 100 

with little or no impact on gene-level expression, assess overlap with genome-wide 101 

association study (GWAS) loci,25,26 and use Mendelian randomization (MR)27 to 102 

evaluate potential causal effects on cardiovascular disease (CVD) risk factors 103 

(Figure 1). We highlight three irQTL-transcript pairs to illustrate how this resource 104 

can reveal candidate causal variants influencing disease through transcriptomic 105 

regulation. 106 

 107 

RESULTS 108 

We analyzed 12,887,093 SNPs (Hardy-Weinberg equilibrium, HWE P≥1x10-10) and 109 

isoform ratios of 25,642 transcripts (Trimmed Mean of M-values [TMM] ≥ 2 and < 110 

20% missing values) from 10,150 genes having more than one transcript in the FHS 111 

discovery sample (n = 2,622) (see Methods) to identify irQTLs, which capture how 112 

genetic variants influence the relative abundance of different transcript isoforms from 113 

the same gene18 (see Methods). Replication was performed internally in an 114 

additional FHS sample (n = 1,094) and externally in two cohorts: WHI24 (n = 2,005), 115 

using WGS and whole blood RNA-seq data, and the JHS23 (n = 1,010), using WGS 116 
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and RNA-seq from peripheral blood mononuclear cells (PBMCs) (Table 1, 117 

Supplementary Data 2). 118 

Discovery of transcriptome-wide common cis-irQTLs 119 

A cis-irQTL was defined as a variant within 1 Mb of the isoform’s transcription start 120 

site (TSS). We identified over 1.1 million common cis-irQTLs (minor allele frequency 121 

[MAF] ≥ 0.01) associated with 10,883 isoform transcripts, representing more than 3.5 122 

million significant cis-irQTL-isoform pairs (P < 5 x 10-8) across 4,971 genes. Of 123 

these, we prioritized 11,425 sentinel variants forming 14,056 lead pairs  with the 124 

same isoforms (Supplementary Data 3). A cis-irQTL is defined as a variant located 125 

within 1 Mb of an isoform’s transcription start site (TSS), and a sentinel cis-irQTL is 126 

the variant most strongly (i.e., with the lowest p-value) associated with an isoform. 127 

An isoform may be associated with multiple sentinel cis-irQTLs if they are in mutual 128 

perfect linkage disequilibrium (LD r² = 1). The top cis-irQTL-isoform pairs are listed in 129 

Table 2. The most significant sentinel cis-irQTL, rs4841, was positively associated 130 

with the ratio of isoform, ENST00000519690.1, of RPS14 and explained 96% of 131 

variance (R2) of the isoform ratio in the discovery sample. RPS14 encodes ribosomal 132 

protein 14, which plays a crucial role in ribosome biogenesis and protein synthesis 133 

as well as cell proliferation and nuclear stress.28,29  134 

The irQTL method, introduced by Yamaguchi et al. (2022),18 may identify 135 

QTLs that affect splicing, as well as QTLs associated with changes in isoform ratios 136 

resulting from other regulatory mechanisms. To better interpret the molecular 137 

consequences of each variant, we integrated multiple annotation layers from the 138 

following databases: GENCODE,30 SpliceAI,31 SNPEff,32 and Homer.33 Each 139 

database offers distinct strengths and limitations, capturing different aspects of 140 

variant annotation. SnpEff32 is a variant annotation tool that primarily uses Ensembl-141 
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based gene models, but it also supports RefSeq, GENCODE, UCSC Genome 142 

Browser annotations. According to SnpEff, 279 variants are related to splicing (e.g., 143 

as splice acceptor, splice donor, or splice region variants). SpliceAI,31 a tool for 144 

predicting splice site alterations from genetic variants, predicted that 215 variants 145 

had SpliceAI prediction scores >0.2, suggesting potential splice-altering effects, and 146 

82 of these had SpliceAI prediction scores >0.5, indicating a higher likelihood of 147 

splicing disruption. A total of 86 variants were identified by both SnpEff and SpliceAI 148 

as potentially splice-altering (Supplementary Data 3).  149 

Discovery of transcriptome-wide common trans-irQTLs 150 

A trans-irQTL was defined as being located more than 1 Mb away from the TSS of 151 

an isoform or on a separate chromosome. Using a significance threshold of P < 152 

1.5x10-13, we identified over 130,000 trans-irQTLs associated with 1,084 isoforms 153 

from 590 genes. For each isoform, we selected the most significant trans-irQTL per 154 

chromosomes (22 autosomes and X chromosome), yielding 1,870 sentinel trans-155 

irQTLs in the discovery sample (Supplementary Data 4). Notably, the largest fraction 156 

of these pairs (31%) involved transcripts from genes on chromosome 6 that were 157 

significantly associated with irQTLs across the genome, with more than half of these 158 

genes located in the HLA (Human Leukocyte Antigen)34 region. Additionally, over 159 

75% of these pairs involved irQTLs and gene transcripts located on different 160 

chromosomes (Supplementary Figure 1).  161 

The most significant of these inter-chromosomal pairs was rs1458255–162 

ENST00000418824, with the irQTL on chromosome 4 explaining 54% of variance of 163 

the isoform ratio of RPL9P9 (ribosomal protein L9 pseudogene 9), located on 164 

chromosome 15. RPL9P9 is a non-functional copy of the RPL9 gene, and the latter 165 

encodes a ribosomal protein that is a component of the 60S ribosomal subunit.35 166 
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Five of the sentinel variants were annotated as splicing-related by SnpEff, and one 167 

had a SpliceAI score greater than 0.2 (rs55934523 C>G variant in FBRSL1 with a 168 

score of 0.54 for acceptor gain (Supplementary Data 4).  169 

Discovery of transcriptome-wide rare cis-irQTLs 170 

We assessed cis-irQTL variants (0.003 < MAF < 0.01) in the discovery sample. This 171 

analysis identified 2,327 rare cis-irQTL variants associated with 2,467 isoforms (P < 172 

5 × 10⁻⁸), yielding 3,102 significant cis-irQTL-isoform pairs across 1,428 genes 173 

(Supplementary Data 5). Among these genes, 6% had isoforms that were not 174 

associated with common variants. Of note, some rare variants explained a larger R2 175 

of the corresponding isoform ratios than any common cis-irQTL variant for the same 176 

gene. For example, the rare variant rs1128271 (MAF = 0.0093) explained 177 

approximately 38% of the variance in isoform ratios of ENST00000301788.12 in 178 

POLR2G --much more than the strongest cis-irQTL, rs144760211 (MAF = 0.03), 179 

which explained just 9% of the variance in the isoform ratio (Supplementary Data 3 & 180 

5). Twenty-eight sentinel variants were annotated as splicing-related by SnpEff, and 181 

seven of them had a SpliceAI score greater than 0.2 (Supplementary Data 5). 182 

Replication of common cis-irQTLs  183 

An irQTL-isoform pair was considered replicated if it was found in the replication 184 

sample with a P < 1 x 10-4 and showed the same direction of association as in 185 

discovery. The replication rate was defined as the proportion of discovered irQTL-186 

isoform pairs present in the replication samples that met the predefined replication 187 

criteria.  188 

Among the 14,056 discovered sentinel cis-irQTL-isoform pairs (P < 5 x 10-8), 189 

10,783 (76.7%) were internally replicated in an additional 1,094 FHS samples, and 190 

10,174 (72.4%) were externally replicated in the WHI (Figure 2, Supplementary Data 191 
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6). R2 represents the proportion of variance in an isoform ratio explained by its 192 

corresponding irQTL. Replication rates increased with higher R2 values, as 193 

demonstrated in Figure 2A. For example, among irQTLs in the second decile, 194 

replication rates were approximately 46% in FHS and 44% in WHI, whereas in the 195 

eighth decile, these rates increased to 98% and 93%, respectively (Figure 2A). We 196 

also compared the effect sizes and directions of association for the 10,194 cis-irQTL-197 

isoform  pairs present in both the discovery and WHI replication samples. 198 

Approximately 99.8% of these pairs exhibited the same direction of association and 199 

highly concordant effect sizes (Pearson coefficient r = 0.91) (Figure 2B, 200 

Supplementary Data 3).  201 

The overall replication rate of cis-irQTLs with MAF ≥ 0.01 in JHS (n = 1,010) 202 

was 32.4%, substantially lower than in WHI, though replication improved with 203 

increasing cis-irQTL R² values (Supplementary Data 3 & 6, Supplementary Figure 2). 204 

JHS isolated RNA from PBMCs,23 whereas FHS and WHI used whole blood-derived 205 

RNA, limiting direct comparability (Supplementary Data 7). To further evaluate the 206 

effects of RNA source, ancestry, and sample size, separate analyses were 207 

conducted in African American (n = 918) and White American (n = 1,000) 208 

participants in WHI. Replication rates were lower in the White American sub-sample 209 

(60.2%), reflecting its smaller sample size, and even lower in the similarly sized 210 

African American sub-sample (49.0%), reflecting the potential influence of ancestry. 211 

This analysis suggests that the reduction in replication rate observed in the JHS 212 

cohort (32.4%) may largely reflect the use of a different RNA source.  213 

A prior splicing QTL study in FHS identified exon-level QTLs in 2,650 genes 214 

using imputed SNPs and exon array data.21 That study also reported the most 215 

significant splicing QTLs within 50 kb of each gene. Only 458 (17.3%) of gene-SNP 216 
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pairs from the earlier study showed P < 1 × 10⁻⁴ in our discovery sample 217 

(Supplementary Data 8). This modest replication rate likely reflects differences in 218 

technology (imputed SNPs vs. WGS; exon arrays vs. RNA-seq) and methodology 219 

(SNPs associated with exon expression vs. isoform ratio changes) between the 220 

earlier and current studies.  221 

Replication of common trans-irQTLs  222 

Using the same replication criteria described earlier, the average replication rates of 223 

the 2,999 sentinel trans-irQTL-isoform pairs were 80.8% in FHS and 60.8% in WHI. 224 

Similarly, replication rates increased with R2 values of the trans-irQTLs 225 

(Supplementary Data 4 & 9, Supplementary Figure 3). The replication rate of trans-226 

irQTL-isoform pairs was again substantially lower in JHS (average rate = 20.2%) 227 

compared to WHI.  228 

Replication of rare cis-irQTLs  229 

Using the same replication criteria, replication rates among the 3,102 significant cis-230 

irQTL-isoform pairs involving rare variants increased with higher R² values of the cis-231 

irQTLs (Supplementary Data 5 & 10, Supplementary Figure 4). However, overall 232 

replication rates of rare variant cis-irQTL-isoform pairs remained substantially lower 233 

than those observed for common variants, only 22.2% in the additional 1,094 FHS 234 

sample and 40.7% in WHI. The lower replication rate in FHS likely reflects its smaller 235 

sample size (n = 1,094) compared to WHI (n = 2,005). JHS (n = 1,010) showed a 236 

markedly lower replication rate of just 9.4%.  237 

Comparison of common cis-irQTLs and cis-eQTLs 238 

We previously reported 6,778,286 significant cis-eQTL-gene pairs from 2,855,111 239 

cis-eQTLs (MAF ≥ 0.01) associated with 15,982 genes (at P < 5 x 10-8), using the 240 

same sample as in the current irQTL discovery analysis (n = 2,622).36 In that study, 241 
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an expressed gene was defined as a gene with one or more significant eQTLs. 242 

Based on cis-eQTL and cis-irQTL analyses, about 80% (n = 3,997 of 4,971) of genes 243 

with irQTLs also had eQTLs (Figure 3A), indicating a strong overlap between splicing 244 

regulation (irQTLs) and gene expression regulation (eQTLs). In the remaining 20% 245 

of genes significantly associated with irQTLs but not eQTLs, isoform usage changes 246 

occurred independently of total expression levels, suggesting that alternative 247 

transcript usage can play a key regulatory role without significantly affecting overall 248 

gene expression. 249 

We analyzed 4,974 genes harboring irQTLs and their sentinel cis-irQTLs 250 

(MAF ≥ 0.01) by comparing the proportion of R² for isoform ratios to that for overall 251 

gene expression (i.e., as cis-eQTLs). Based on this comparison, the SNPs were 252 

categorized into three groups: 1,946 with stronger irQTL effects (higher R2 for 253 

isoform ratio), 2,716 with comparable irQTL and eQTL effects, and the rest with 254 

stronger eQTL effects (higher R2 for overall gene expression). For example, 255 

rs10774671 G>A in OAS1 was a strong cis-irQTL (R2 = 0.95) for the isoform ratio of 256 

ENST00000202917.10, but a weak eQTL for overall OAS1 expression (R2 = 0.05) 257 

(Figure 3B).  258 

We compared the predicted functions of sentinel cis-eQTLs and cis-irQTLs 259 

based on their physical locations (Supplementary Data 11). Compared to eQTLs, 260 

irQTLs were more enriched in splice donor sites (median fold enrichment = 25.2 vs. 261 

9.2; two-sided t-test, P = 4.3 x 10-56) and splice acceptor sites (median fold 262 

enrichment =  12.6 vs. 5.9, P = 8.8 x10-127) (Figure 3C). In contrast, eQTLs were 263 

more enriched in the upstream region of a gene (within 5 kb) (median fold 264 

enrichment=1.31 vs. 0.84, P < 1 x 10-300) or in the 5′ -untranslated region (UTR, 265 

median fold enrichment=3.0 vs. 2.5, P < 2.7 x 10-188)  (Supplementary Data 11). 266 
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Additionally, top irQTLs showed greater enrichment in RNA-binding protein (RBP) 267 

enhanced crosslinking and immunoprecipitation (eCLIP) peaks than top eQTLs 268 

(mean fold-enrichment 3.6 vs. 2.0, P < 2 x 10-16, see Methods) (Figure 3D). 269 

Enrichment of cis-irQTLs in GWAS Catalog SNPs 270 

We linked cis-irQTLs to GWAS Catalog SNPs to investigate whether cis-irQTLs are 271 

associated with diseases or traits.26 Common cis-irQTL variants exhibited 272 

enrichment in GWAS Catalog variants that were associated with hundreds of traits, 273 

such as blood protein measurement (fold enrichment = 7.0, P < 1 x 10-300), BMI-274 

adjusted waist-hip ratio (fold enrichment = 6.4, P < 1 x 10-300), and high-density 275 

lipoprotein cholesterol level (fold enrichment = 4.6, P < 1 x 10-300) (Supplementary 276 

Data 12). These findings were consistent with those from our prior cis-eQTL 277 

enrichment analysis,36 reflecting a sizable proportion of overlap of cis-irQTLs and cis-278 

eQTLs. In addition, we identified 197 GWAS traits enriched for trans-irQTL variants, 279 

including traits such as BMI-adjusted waist-hip ratio (fold enrichment = 16.8, P < 1 x 280 

10-300) (Supplementary Data 13). 281 

To demonstrate the utility of this irQTL resource in understanding the role of 282 

isoform regulation, particularly splicing, in relation to complex traits and diseases, we 283 

highlight three representative examples featuring top irQTLs from our analysis.  284 

OAS1 harbors a sentinel irQTL linked to isoform regulation 285 

The rs10774671 G>A variant was the 2nd most significant lead cis-irQTL in the entire 286 

analysis and is associated with the expression ratio of transcript 287 

ENST00000202917.10 (OAS1-201) in OAS1 at 12q24.13 (Figure 4A and Table 2). 288 

OAS1 produces seven detectable isoform transcripts in FHS (Supplementary Data 289 

14). OAS1 has long been known to play a role in the response to viral infection and 290 

diabetes risk, and has recently been implicated in COVID-19 severity.37-41 The 291 
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rs10774671-A allele disrupts the conservative dinucleotide “AG” of the splice 292 

acceptor site of intron 5, changing it to “AA” (Figures 4B & 4C). This resulted in a 293 

lower isoform ratio of OAS1-201 (R2 = 0.95, beta = -0.26, P = 1 x 10-1713) and higher 294 

isoform ratios of the other isoforms including OAS1-203 (beta = 0.11,  P = 1 x 10-295 

1359) (Figure 4D).  296 

According to SpliceAI,31 the rs10774671-A allele has a high probability score 297 

of 0.89 for splice acceptor loss in intron 5. To directly visualize the effects of this 298 

splice acceptor loss, we analyzed RNA-seq data from a randomly selected 299 

participant for each of the three rs10774671 genotypes: G/G, A/G, and A/A. The 300 

participant with the G/G genotype (i.e., carrying the canonical 'AG' acceptor site) 301 

exhibited complete exclusion of intron 5 in the mature mRNA isoform. Conversely, 302 

the participant with the A/A genotype (i.e., with complete loss of the acceptor site) 303 

showed full retention of intron 5 in mRNA. In contrast, the participant with the A/G 304 

genotype displayed partial retention of intron 5 (Figure 4C). 305 

In addition to its well-known role in impacting COVID-19 severity, the 306 

rs10774671-A variant was reported to be significantly associated with lower WBC 307 

count (beta = -0.013, P = 3.2 x 10-11) in a large GWAS42 (Figure 4E). Of note, our 308 

MR analysis suggested that a lower isoform ratio of OAS1-201 was putatively causal 309 

for a lower WBC count (MR beta = 0.053, P < 6.5 x 10-10) (Figure 4E, Supplementary 310 

Data 15). These findings support a causal role for this variant in COVID-19 severity.  311 

An irQTL in ULK3 alters isoform usage and protein structure 312 

The ULK3 gene (unc-51-like kinase 3, at 15q21.1) is a serine/threonine protein 313 

kinase gene on the negative strand of chromosome 15 (15q21.1), involved in 314 

regulating sonic hedgehog signaling and autophagy.43,44 It contains 16 exons and 315 

encodes 11 detectable isoform transcripts in FHS (Supplementary Data 14). Isoform 316 
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ENST00000440863.7 (ULK3-201) produces a full-length 472-amino acid protein, 317 

whereas ENST00000569437.5 (ULK3-220) produces a truncated 470-amino acids 318 

isoform, missing two amino acids (valine and lysine, “VK”) at the 5′ of the 14th exon 319 

(Figure 5A, Supplementary Figure 5). The sentinel cis-irQTL rs12898397 (T>C), 320 

located in exon 14, was strongly associated with lower expression ratio of ULK3-201 321 

(R² = 0.87, β = -0.26, P = 1x10-1154) (Table 2) and higher expression ratio of ULK3-322 

220 (R2 = 0.63, β = 0.16, P = 1x10-573) (Figure 5B). Since ULK3 is transcribed from 323 

the negative strand, we converted the sequence surrounding rs12898397 to its 324 

complementary form (e.g., T>C becomes A>G at rs12898397), while preserving the 325 

5′ to 3′ orientation for downstream analyses. 326 

We sought to understand the phenotypic consequences of these isoform 327 

proportion changes. The rs12898397-G allele, previously associated with lower 328 

diastolic blood pressure (DBP) in a GWAS,45 was also associated with a reduced 329 

expression ratio of the ULK3-201 isoform. Using rs12898397 as the genetic 330 

instrument in MR, we found that a lower expression ratio of ULK3-201 was causally 331 

associated with lower DBP (MR beta = 1.24, P  =1.8 x 10-6) (Figure 5C, 332 

Supplementary Data 15). Similarly, lower expression ratio of ULK3-201 was inferred 333 

to be causally associated with a lower level of lymphocyte percentage, consistent 334 

with the GWAS finding42 (MR beta = 0.054, P = 1.4 x 10-12). These findings support a 335 

model in which downregulation of ULK3-201 contributes to lower levels of DBP and 336 

lymphocyte percentage, highlighting a mechanistic connection between isoform-337 

specific regulation and cardiovascular traits.   338 

The ULK3 region (±250kb) harbors multiple cis-irQTLs and cis-eQTLs, with 339 

rs12898397 identified as the sentinel irQTL and rs936228 as the sentinel cis-eQTL36 340 

using the FHS dataset (Figure 5D, Supplementary Data 16). Overall, these cis-341 
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eQTLs displayed lower statistical significance than the cis-irQTLs. The sentinel cis-342 

eQTL (rs936228) is located approximately 2 kb from the sentinel cis-irQTL 343 

(rs12898397), with moderate LD with each other (LD R² = 0.62). Of note, rs936228, 344 

was associated with comorbidity of COVID-19 critical illness and hypertension.50 345 

Additional SNPs nearby that are in strong (R² > 0.9) or moderate (0.61 < R² < 0.63) 346 

LD with the two sentinel QTLs, exhibited significant associations with several traits in 347 

GWAS (Supplementary Data 16). Future studies are needed to investigate the role 348 

of irQTLs and eQTLs in trait associations. 349 

To assess the impact of the rs12898397 A>G variant on ULK3 splicing and 350 

structure, we applied MaxENT to the 9 nucleotides around the variant, the exon 14 351 

(Figure 6A),47 which predicts splice site strength using entropy models.47 By 352 

prediction, the rs12898397-G allele weakens the canonical 5′ GT donor site 353 

(MaxENT score: 7.93→4.44) while strengthens an alternative GT site within the exon 354 

(MaxENT score: 2.98→7.20), promoting skipping of six nucleotides (GTC AAG) and 355 

loss of two amino acids (“VK”) (Figure 6B). To validate this allele-dependent splicing 356 

pattern, we analyzed RNA-seq reads from three randomly selected FHS participants 357 

with A/A, A/G, and G/G genotypes (Figure 6C). As expected, the A/A individual used 358 

the canonical TG donor site to splice intron 14, while the G/G individual utilized a 359 

cryptic TG site, leading to loss of six nucleotides in the mature mRNA. The individual 360 

with A/G showed intermediate splicing, with ~50% of reads retaining the six bases . 361 

To assess structural impact, we used AlphaFold 3, an AI-powered tool with high 362 

prediction accuracy.48,49 The Google AlphaFold 3 analysis suggests conformational 363 

changes in the 173-amino acid C-terminal region, likely reflecting the VK loss (Figure 364 

6D, Supplementary Figures 6 & 7). 365 

Distinct irQTLs associated with multiple isoform transcripts of CNN2 366 
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CNN2 (calponin 2, 19p13.3) encodes a regulatory protein that interacts through its 367 

three well-conserved 26 amino acid residue domains, with actin, tropomyosin, and 368 

other cellular components, to modify cytoskeleton dynamics.51,52. CNN2 consists of 369 

five exons (Figure 7A), producing ten detectable isoform transcripts in FHS 370 

(Supplementary Data 14). We found two significant sentinel cis-irQTLs 371 

(Supplementary Data 3), rs930232 (G>A) and rs5014188 (T>C) (pairwise LD, R2 = 372 

0.13, all population in LDlink53), that were linked to three CNN2 isoforms, 373 

ENST00000263097.9 (CNN2-201), ENST00000348419.7 (CNN2-202), and 374 

ENST00000568865.3 (CNN2-209) (Figure 7A). 375 

The rs930232-A allele was strongly associated with a lower isoform ratio of 376 

CNN2-201 (R2 = 0.61, beta = -0.032, P = 1 x 10-532) and with a higher ratio of CNN2-377 

202 (R2 = 0.65, beta = 0.030, P = 1 x 10-586); however, it was only weakly associated 378 

with CNN2-209 (R2 = 0.04, beta = -0.00064, P = 1 x 10-27) (Figure 7B, 379 

Supplementary Data 3). Despite being strong irQTL, the rs930232 (G>A) variant was 380 

not predicted to directly influence splice sites by either SpliceAI or MaxENT. The 381 

rs930232-A allele was associated with a higher neutrophil count (beta = 0.021, P = 382 

1x10-26) in 746,667 individuals in a blood-cell composition GWAS54 (Figure 7C). In 383 

FHS participants, the CNN2-201 isoform ratio was negatively associated with 384 

neutrophil count (beta = -0.00042, P = 0.0015); MR also found that the CNN2-201 385 

isoform ratio was negatively associated with neutrophil count (beta = -0.50, P = 2x10-386 

15) (Figure 7C, Supplementary Data 15).  387 

Another cis-irQTL of CNN2, rs5014188-C, was strongly associated with a 388 

lower relative level of CNN2-209 (R2 = 0.58, beta = -0.0034, P = 1 x 10-481) while it 389 

showed no significant association with CNN2-201 (P > 5 x 10-8) and a much weaker, 390 

positive association with CNN2-202 (R2 = 0.02, beta = 0.0081, P = 1 x 10-13) (Figure 391 
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7B). The effect of CNN2 isoform variation on predicted protein sequence is depicted 392 

in Figure 7D. Predicted protein sequences were based on the standard translation of 393 

each of the mRNA sequences in the UCSC Genome Browser database55 394 

(https://genome.ucsc.edu/index.html). Three well-known calponin-like repeat motifs 395 

are indicated, superimposed on the contributions from exons 5, 6, and 7 in the three 396 

protein isoforms.51 Loss of exon 5 in CNN2-202 truncates the first repeat, while the 397 

gain of exon 7 in CNN2-209 truncates the second repeat and obliterates the third 398 

repeat entirely.51 These motifs are essential to the actin-binding properties of 399 

calmodulin 2, and thus, modifications of the relative amounts of these three isoforms, 400 

CNN2-201, CNN2-202, and CNN2-209, may mediate observed phenotypic 401 

consequences of CNN2 irQTLs.  402 

DISCUSSION 403 

We conducted comprehensive analyses using whole-genome and whole-404 

transcriptome sequencing to identify genetic variants associated with isoform 405 

variation. Using whole blood-derived DNA for WGS and RNA for RNA-seq in 2,622 406 

FHS participants, we identified 10,883 isoforms across genes associated with at 407 

least one significant cis-irQTL (P < 5 x 10-8) with MAF≥0.01, and 1,084 isoforms 408 

across 590 genes associated with at least one significant trans-irQTL (P = 1.5x10-13) 409 

with MAF ≥ 0.01. These associations replicated well, with cis-irQTL replication rates 410 

of 76.7% in FHS and 72.4% in WHI, and trans-irQTL replication rates of 80.8% and 411 

64.3%, respectively. Together, these results provide a large-scale catalog of 412 

regulatory variants influencing isoform usage and establish a resource for 413 

understanding the genetic architecture of splicing regulation. 414 

The isoform ratio method18 captures the relative expression of each isoform 415 

within a gene, allowing the detection of regulatory variation that affects full-length 416 
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splice isoforms. It is particularly useful for identifying biologically interpretable 417 

changes, such as isoform switches that impact coding potential, untranslated 418 

regions, or transcript stability. Compared to exon-level QTLs,21 which detect local 419 

events like exon skipping, and junction-based LeafCutter QTLs,16,17 which are 420 

optimized for discovering novel or cryptic intron excision, the isoform ratio method 421 

provides a clearer view of transcript-level consequences (Supplementary Data 17). 422 

However, it relies on comprehensive and accurate transcript annotations, potentially 423 

missing events in poorly annotated genes. It also has lower resolution to identify 424 

specific splice sites or exons, may overlook subtle or complex splicing changes. 425 

Additionally, the isoform ratio method introduces interdependency among isoforms of 426 

the same gene, as their proportions must sum to 1. Consequently, an increase in the 427 

expression ratio of one isoform may correspond to a decrease in one or more others. 428 

Despite these limitations, its high biological interpretability and relevance to 429 

phenotype-driven studies make it a valuable complement to other QTL approaches. 430 

To address these limitations and better characterize isoform ratio QTLs 431 

(irQTLs), we integrated multilevel computational annotations including transcript 432 

structure, splicing predictions, variant effects, and regulatory data from established 433 

genomic databases.30-33 This approach enabled functional interpretation of irQTLs 434 

acting at both canonical and non-canonical splice sites. For example, the cis-irQTL 435 

rs10774671 (G>A) in OAS1 disrupts a 3′ splice acceptor site (predicted by 436 

SpliceAI31), changing expression from the antiviral isoform OAS1-p46 to the less 437 

effective OAS1-p42, potentially modulating COVID-19 severity by altering how OAS1 438 

splicing influences white blood cell counts.40,56 MR analysis, along with GWAS,54 439 

supports a causal role for this splicing event in immune regulation.39-41 Similarly, 440 

rs12898397 (T>C) in ULK3, alters splice site usage (predicted by MaxEnt47), 441 
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resulting in exon skipping and a truncated protein, and a causal link to DBP, 442 

supported by GWAS57 and MR analyses. Finally, irQTLs at the CNN2 locus showed 443 

complex exon inclusion patterns not predicted by existing tools, suggesting 444 

regulation via non-canonical mechanisms.  445 

In addition to FHS, we analyzed community-based cohorts, JHS23 and WHI24, 446 

to enable independent replication and enhance the generalizability of our findings 447 

across diverse populations. We observed a 72% replication rate in WHI, supporting 448 

the robustness of our results. In contrast, replication in JHS was lower (32%), likely 449 

reflecting both technical and biological differences. Notably, JHS used RNA-seq from 450 

PBMCs, while FHS and WHI used whole blood. To further assess the impact of 451 

tissue source and ancestry, we stratified WHI by ancestry. Replication was highest in 452 

the full WHI cohort and lower in ancestry-specific subsets, partly reflecting reduced 453 

sample size (Supplementary Figure 2). Despite similar sample sizes, replication in 454 

JHS African American participants was lower than in WHI African American 455 

participants, suggesting that tissue source may have a greater effect on replication 456 

than ancestry. While clinical characteristics also varied across cohorts (Table 1,  457 

Supplementary Data 2), their influence on splicing could not be directly assessed. 458 

These results underscore the importance of considering tissue type, ancestry, and 459 

sample size in cross-cohort transcriptomic analyses. 460 

Using our approach, cis-irQTLs showed higher external replication rates than 461 

trans-irQTLs in WHI (n = 2,005), consistent with published findings,58,59 likely 462 

reflecting their proximity to target isoforms and involvement in local regulation. 463 

Nevertheless, we observed more replicated trans-irQTL-isoform pairs than cis pairs 464 

in the additional FHS sample (n = 1,094), which may be explained by consistent 465 

experimental conditions and shared analytical pipelines across FHS discovery and 466 
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replication sample. Our study confirmed a subset of splicing QTL-gene pairs 467 

previously reported in the FHS,21 identifying concordant associations for 17.3% of 468 

the 2,650 pairs tested (P < 1x 10-4). The limited overlap may reflect differences in 469 

study design and methodology, including genetic and transcriptomic platforms 470 

(imputed SNPs vs. WGS; exon arrays vs. RNA-seq) and the expression features 471 

tested (exon-level expression vs. isoform ratios). Some previously reported 472 

associations may also represent false positives, highlighting the importance of 473 

independent validation with high-resolution data. Our study has limited power to 474 

detect rare irQTLs reflecting constraints related to sample size and allele frequency 475 

thresholds. Larger and more diverse cohorts, along with alternative methods (e.g., 476 

SKAT60 and SKAT-O61), will be needed to capture the full spectrum of rare splicing 477 

regulatory variation.  478 

 In summary, our study presents a comprehensive map of genetic regulation at 479 

the isoform level, offering additional insights into the complexity of transcriptomic 480 

variation. By integrating isoform ratio modeling, splicing prediction tools, and causal 481 

inference analyses, we demonstrate that irQTLs play a distinct and functionally 482 

significant role in potentially mediating genetic associations with human traits. These 483 

findings emphasize the role of transcript-level analysis in understanding the 484 

mechanisms through which genetic variation influences phenotype. Future research 485 

should prioritize systematic functional characterization62,63 of irQTLs and clarify their 486 

unique contributions to variant-to-trait pathways relative to eQTLs. 487 

METHODS 488 

Ethical compliance 489 
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All research was conducted in accordance with relevant ethical guidelines and 490 

regulations. Study protocols were approved by the Institutional Review Boards 491 

(IRBs) at participating sites: the Boston Medical Center and Boston University 492 

Medical Campus IRB (FHS); Jackson State University, Tougaloo College, and the 493 

University of Mississippi Medical Center IRBs (JHS); and the IRBs of all participating 494 

institutions, with oversight from the Fred Hutchinson Cancer Research Center IRB 495 

(WHI). All participants provided written informed consent for genetic studies. 496 

Study participants 497 

We included 3,716 participants (n = 2,622 for initial discovery and n = 1.094 for 498 

internal replication), mostly self-identified White American participants primarily from 499 

the FHS Offspring and Third Generation cohorts (Table 1).64,65 Blood samples for 500 

RNA-seq were collected at the ninth examination cycle (2011–2014) of the Offspring 501 

cohort and the second examination cycle (2008–2011) of the Third Generation 502 

cohort (Table 1). In WHI, blood samples for RNA-seq were collected during a follow-503 

up examination (2012–2013) conducted as part of the Long Life Study (LLS), a sub-504 

study within the larger WHI cohort.24 The LLS repeated selected components of the 505 

original WHI physical examination and collected blood samples from approximately 506 

8,000 participants across the United States. A total of 2,005 WHI participants were 507 

included in the present analysis, comprising 1,000 White American participants, 918 508 

African American participants, and 87 participants self-identified as other 509 

race/ethnicity groups. We did not exclude any participants based on genetic 510 

similarity to reference panels such as 1000G. We also analyze 1,010 self-identified 511 

African American participants from JHS (Supplementary Information).  512 

This study included 54.5% women in FHS, 100% in WHI, and 64.4% in JHS, 513 

based on self-reported sex (Table and Supplementary Data 2). Sex distribution was 514 
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not part of the study design, as the cohorts were previously established as 515 

population-based studies. No sex-specific analyses were performed.  516 

Isolation of RNA from whole blood  517 

Isolation of RNA from peripheral whole blood36,58 was described briefly below. 518 

PAXgene™ tubes (PreAnalytiX, Hombrechtikon, Switzerland) were used to collect 519 

peripheral whole blood samples (2.5 mL) from both FHS and WHI participants. Total 520 

RNA was extracted using a standard protocol with the PAXgene Blood RNA Kit, 521 

either at local study-specific laboratories or at the TOPMed contract laboratory at the 522 

Northwest Genomics Center. After centrifugation and washing, white blood cell 523 

pellets were collected and lysed in guanidinium-containing buffer. The extracted 524 

RNA was evaluated for quality by determining absorbance readings at 260 and 280 525 

nm using a NanoDrop ND-1000 UV spectrophotometer. The integrity of total RNA 526 

was determined with the Agilent Bioanalyzer 2100 microfluidic electrophoresis (Nano 527 

Assay and the Caliper LabChip system). In JHS, RNA was extracted from peripheral 528 

blood mononuclear cells (PBMC) samples. Detailed blood sample collection and 529 

RNA extraction for JHS were described in Supplementary Information. Given the 530 

difference in RNA sources (i.e., whole blood vs. PBMC), we used JHS as the 531 

secondary replication cohort. 532 

Whole genome sequencing  533 

Details on DNA extraction, processing, and identification of variants23 were described 534 

briefly below. Whole genome sequencing (WGS) was conducted in one of the 535 

TOPMed contract sequencing centers. Consistent sequencing and data processing 536 

criteria were used across all centers, with DNA sequence alignment to human 537 

genome build GRCh38. The resulting BAM files were sent to TOPMed’s Informatics 538 
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Research Center (IRC) for re-alignment and standardized BAM file generation. This 539 

study used WGS data from the Freeze 10a, which included approximately 208 540 

million SNPs across TOPMed cohorts. 541 

RNA sequencing and processing   542 

RNA sequencing was conducted at one of the NHLBI TOPMed program contract 543 

laboratories, following a standard protocol36 for data processing. Base call 544 

generation was performed on the NovaSeq 6000 instrument (RTA 3.1.5), followed by 545 

the conversion of demultiplexed, unaligned BAM files to FASTQ format using 546 

SamTools bam2fq (v1.4). Sequence and base quality were assessed with the 547 

FASTX-toolkit (v0.0.13), and sequence alignment to GRCh38 with reference 548 

transcriptome GENCODE release 30 was conducted using STAR. FastQC (version 549 

0.11.9) provided initial quality control metrics. A genome index for mapping was built 550 

by STAR to generate BAM files at the gene and transcript levels based on the 551 

GRCh38 reference build. The TOPMed RNA-seq pipeline utilized RNA-SeQC66 to 552 

derive standard quality control metrics from aligned reads (Supplementary 553 

Information, Supplementary Figure 8). Consistent normalization was conducted 554 

across the FHS, JHS, and WHI samples. 555 

Calculation of isoform ratio 556 

Transcript-level expression of an isoform was quantified as Fragments Per Kilobase 557 

of transcript per Million mapped reads (FPKM), a normalization measure that 558 

considers the gene length in quantifying the expression level of a transcript. The 559 

trimmed means of M-values (TMM)67 were derived from the FPKM values using the 560 

edgeR package.66,68 The TMM method estimates scale factors between samples and 561 

relative RNA production levels from RNA-seq data. The isoform expression ratio was 562 
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calculated as the transcript level of an isoform (TMM value) divided by the sum of the 563 

levels of all isoforms (the sum of the TMM values) of its parent gene. The transcript 564 

isoform ratio was considered as missing if the overall expression level of its gene 565 

was zero.18  566 

Association analysis of genetic variants with isoform ratios 567 

We performed linear regression analyses of genome-wide SNPs having minor allele 568 

frequencies (MAFs) ≥ 0.01 and Hardy-Weinburg Equilibrium (HWE) p ≥ 1e-10 with 569 

isoform ratios for transcripts having the population median TMM ≥ 2 and fewer than 570 

20% missing values. The dosage (0, 1, or 2) of the alternative allele for each SNP 571 

was used as a continuous independent variable (additive model), with the isoform 572 

ratio as the dependent variable, adjusting for age, self-reported sex (not in WHI), 573 

white blood cell counts, and additional variates described below. In FHS, the isoform 574 

ratio was adjusted for family relationships to obtain residuals, which were then used 575 

as the dependent variable, while in WHI, the isoform ratio was used directly in the 576 

regression model. To minimize confounding, regression models included five 577 

genotype-based principal components (PCs) to account for population stratification 578 

and 15 transcriptome-based PCs to adjust for unknown confounders affecting gene 579 

expression. We explored additional technical covariates, including year of blood 580 

collection, batch (sequencing machine and time, plate and well), and RNA 581 

concentration36 but these covariates were not included in the final models since they 582 

explained < 1% of variance in isoform ratios. We employed the NIH-supported 583 

STRIDES cloud computing infrastructure for all association analyses. We used a 584 

Graphical Processing Unit (GPU)-based program58 for all computations. We stored 585 

effect sizes, standard error, partial R-squared, and p-values for SNP-isoform pairs 586 
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with P < 1e-4 to facilitate future meta-analysis and lookups by the broad scientific 587 

community.  588 

We identified significant isoform-ratio QTLs (irQTL). A cis-irQTL was defined 589 

as a polymorphism falling within 1 Mb of the transcription start site (TSS) of the 590 

isoform. In contrast, a trans-irQTL was defined as a variant located more than 1 Mb 591 

from the TSS or on a different chromosome. We used P < 5x10-8 to denote a 592 

significant cis-irQTL and P < 1.5x10-13 (~ 0.05/(25,642 transcripts×12,887,093 593 

SNPs)) to define a significant trans-irQTL. 594 

Internal and external replication 595 

Association analyses were conducted in two stages: an initial discovery stage (n = 596 

2,622), followed by a replication (Table 1). We conducted replication on the irQTL-597 

isoform pairs from sentinel irQTLs (the most significant irQTL per isoform). Internal 598 

replication was performed in an additional FHS sample (n = 1,094), while external 599 

replication was performed in the WHI cohort (n = 2,005, primary external replication) 600 

and the JHS cohort (n = 1,010, secondary external replication, given the use of a 601 

different RNA-seq source) cohorts (Table 1, Supplementary Information, 602 

Supplementary Data 2 & 7). In WHI, we conducted analyses in the full sample, White 603 

American participants (n = 1,000) and African American participants (n = 918). 604 

Replication was assessed only for irQTL-isoform pairs that were present in both FHS 605 

and the respective replication cohort. An irQTL-isoform pair was considered 606 

successfully replicated if it had a P < 1e-4 (for both cis- and trans- pairs) and 607 

consistent effect direction (i.e., the same sign of beta estimates) between the 608 

discovery and replication data. The replication rate was calculated as the proportion 609 

of irQTL-isoform pairs meeting these criteria among all pairs that were present in 610 

both the discovery and the replication samples. We calculated replication rate for 611 
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irQTL-isoform pairs from sentinel cis-irQTLs and trans-irQTLs. A sentinel cis-irQTL 612 

was defined as the variant most strongly associated with an isoform (i.e., lowest p-613 

value) within 1 Mb. For each isoform, a sentinel trans-irQTL was identified on each of 614 

the 23 chromosomes (22 autosomes and the X chromosome).  615 

Comparison of functional relevance of cis-irQTLs and cis-eQTLs  616 

We conducted several analyses to explore the functional relevance of cis-irQTLs in 617 

comparison to cis-eQTLs36 in the same participants. We compared the number of 618 

genes containing cis-irQTLs to those containing cis-eQTLs. We also compared the 619 

positions of sentinel cis-eQTLs and cis-irQTLs relative to the 5’ start and 3’ end of 620 

their associated genes. Additionally, we evaluated the variance explained by cis-621 

irQTLs compared to that explained by cis-eQTLs.  622 

We assessed the enrichment of sentinel cis-irQTLs and cis-eQTLs in relevant 623 

genomic features, including splice donor/acceptor sites, intron/exon boundaries, and 624 

eCLIP peaks for binding sites of 203 RNA-binding proteins (RBPs) from 625 

ENCODE.69,70 To reduce bias, we generated 1,000 sets, consisting of randomly 626 

selected SNPs with MAF ≥1% and Hardy-Weinberg equilibrium P ≥1x10-10, one for 627 

each cis-irQTL or cis-eQTL, matched based on similar MAF and distance to the TSS 628 

for the respective cis-irQTLs or cis-eQTLs, using the following bin boundaries: MAF 629 

bins at 0.01, 0.05, 0.1, 0.2, 0.3, and 0.5, and TSS distance bins at 0kb, 1kb, 10kb, 630 

100kb, and 1Mb. Enrichment of cis-irQTLs and cis-eQTLs in each feature was 631 

calculated as follows: 632 

           𝑠𝑄𝑇𝐿 𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 =
 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑡𝑜𝑝 𝑠𝑄𝑇𝐿 𝑤𝑖𝑡ℎ 𝑎 𝑔𝑒𝑛𝑜𝑚𝑖𝑐 𝑓𝑒𝑎𝑡𝑢𝑟𝑒

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑎𝑛𝑑𝑜𝑚 𝑆𝑁𝑃𝑠 𝑤𝑖𝑡ℎ 𝑎 𝑔𝑒𝑛𝑜𝑚𝑖𝑐 𝑓𝑒𝑎𝑡𝑢𝑟𝑒
  633 

           𝑒𝑄𝑇𝐿 𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 =
𝑝𝑟𝑜𝑝𝑜𝑡𝑖𝑜𝑛 𝑜𝑓 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑡𝑜𝑝 𝑒𝑄𝑇𝐿 𝑤𝑖𝑡ℎ 𝑎 𝑔𝑒𝑛𝑜𝑚𝑖𝑐 𝑓𝑒𝑎𝑡𝑢𝑟𝑒

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑎𝑛𝑑𝑜𝑚 𝑆𝑁𝑃𝑠 𝑤𝑖𝑡ℎ 𝑎 𝑔𝑒𝑛𝑜𝑚𝑖𝑐 𝑓𝑒𝑎𝑡𝑢𝑟𝑒
. 634 
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Enrichment analysis of cis-irQTLs with GWAS 635 

Overlap of irQTLs with GWAS Catalog SNPs 636 

We selected GWAS Catalog SNPs26 using two criteria: 1) a significance threshold of 637 

P < 5 x 10-8, and 2) a sample size threshold reported with both discovery and 638 

replication sample sizes ≥5000, or the discovery sample size ≥10,000. Replicated 639 

irQTLs were those in the irQTL-isoform pairs with P < 5 x 10-8 in the discovery 640 

sample. We then matched the selected GWAS Catalog SNPs with the identified 641 

irQTLs.  642 

Enrichment analyses using Fisher’s exact test 643 

We tested the null hypothesis that irQTLs are independent of GWAS SNPs (i.e., not 644 

enriched among them). A total of 12,887,093 SNPs across the genome (MAF ≥ 1% 645 

and Hardy-Weinberg equilibrium P ≥ 1e-10) served as the reference set. For 646 

example, we constructed a 2 × 2 contingency table including: (1) the number of 647 

SNPs overlapping between GWAS SNPs and irQTLs, (2) SNPs present in GWAS 648 

but not in irQTLs, (3) SNPs in irQTLs but not in GWAS, and (4) all remaining SNPs. 649 

Fisher’s exact test was used in this analysis. We presented results with P < 1 x 10-4. 650 

Prediction of SNP effects on alternative splicing 651 

We used two methods, SpliceAI31 and MaxENT,47 to predict the SNP effects for the 652 

25 top irQTLs on transcriptomic splice variation. SpliceAI uses deep a neural 653 

network to identify splicing and helps predict non-coding cryptic splice variants in the 654 

human genome.31 MaxENT refers to maximum entropy models that are specified by 655 

changing a set of constraints to discriminate human DNA 5´GT (i.e., donor) and 656 

3´AG (i.e., acceptor) splice sites from non-functional decoys.47  657 

Prediction of protein structures by Google AlphaFold 3.0 658 
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We used Google AlphaFold 3.0 to predict protein structures48,49 for the splicing 659 

variant rs12898397 [T>C] in ULK3 [unc-51 like kinase 3]) as an example of how such 660 

variants might affect protein structure (Supplementary Information). rs12898397 661 

[T>C] is located in the COOH-terminal region of ULK3 (NM_001411082.1). To 662 

confirm the structure, we first aligned it with the reference 4WZX crystal structure 663 

from the Protein Data Bank71 using the PyMOL Molecular Graphics System (Version 664 

3.0.4, Schrödinger, LLC).49 Next, we predicted the structures of the COOH-terminal 665 

region in responding to rs12898397 [T>C] using Google AlphaFold 3.0.48,49 The 666 

overlay of these structures was visualized using PyMOL.49  The structural differences 667 

were evaluated using root-mean-square deviation (RMSD) values, quantified by an 668 

Angstrom units (Å). An Å of 1.0 or lower Indicates nearly identical in conformations, 669 

while Å of 3.0 or higher suggests significant structural differences.72 670 

Mendelian randomization (MR) analysis 671 

To illustrate the utility of our irQTL resource, we conducted MR analysis to infer 672 

causality between the isoform ratios (as the exposure) of the respective transcripts 673 

for selected isoforms that harbor significant cis-irQTLs and CVD factors and blood 674 

composition traits (as the outcome). cis-irQTLs served as instrumental variables 675 

(IVs). We used the MR-base27 software to conduct the MR analysis in conjunction 676 

with summary statistics of SNPs from a large GWAS database26 (Supplementary 677 

Data 18). To minimize bias, we selected SNPs in MR analysis based on their linkage 678 

disequilibrium (LD) r2 < 0.001.27  We applied the inverse variance weighted (IVW) 679 

method to summarize results in MR analyses and used MR-Egger method to assess 680 

SNP horizontal pleiotropic effects.27   681 
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All statistical analyses were conducted using R (version 4.4.0) or JMPTM 682 

(version 18.1.1). Throughout the manuscript, we reported small p-values as -logP, 683 

representing -log10 (p-value). 684 

Data Availability  685 

The whole genome sequencing (WGS), RNA sequencing (RNA-seq), and 686 

phenotypic data from the Framingham Heart Study (FHS), the Jackson Heart Study 687 

(JHS), and the Women’s Health Study (WHS) used in this study are available at the 688 

dbGaP database under accession codes, phs000007.v32.p13 (FHS) 689 

[https://www.ncbi.nlm.nih.gov/projects/gap/cgi-690 

bin/study.cgi?study_id=phs000007.v34.p15], phs000964 (JHS) 691 

[https://www.ncbi.nlm.nih.gov/projects/gap/cgi-692 

bin/study.cgi?study_id=phs000964.v5.p1], phs001237 (WHI) 693 

[https://www.ncbi.nlm.nih.gov/projects/gap/cgi-694 

bin/study.cgi?study_id=phs001237.v3.p1]. The WGS, RNA-seq, and phenotypic data 695 

from all cohorts used in this study are available under restricted access to ensure 696 

confidentiality and protect participant privacy. Access can be obtained by submitting 697 

an ancillary study proposal and obtaining IRB approval. Timelines for the approval 698 

process range from 3–9 weeks.  699 

Results reported in this study are provided in the Supplementary 700 

information/Data accompanying this paper. Data for generating Figures (Figures 2A, 701 

2B, 3A, 3B, 3C, 3D, 4D, 5B, 5D, 7B; Supplementary Figures 1-4) have been 702 

deposited at https://doi.org/10.6084/m9.figshare.29885138. All summary data 703 

generated in this study for irQTLs with P < 1 × 10⁻⁴ have been deposited at: 704 

https://www.ncbi.nlm.nih.gov/projects/gap/cgi-705 

bin/study.cgi?study_id=phs001974.v8.p1. The data are accessible via dbGaP, with a 706 
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straightforward application process to ensure secure and ethical use. Researchers 707 

must first obtain an eRA Commons account, which is typically set up within 3-7 708 

business days if the applicant’s institution is already registered with NIH (institutional 709 

registration may add an additional 2-4 weeks). Once the account is active, access to 710 

the data can be requested by submitting a Data Access Request (DAR) through 711 

dbGaP. DARs are reviewed on a biweekly basis, and approvals are generally 712 

granted within 2-4 weeks, provided the documentation is complete. Following 713 

approval, researchers can seamlessly log in to the NIH BioData Catalyst (BDC) 714 

platform using the same eRA Commons credentials to download or directly analyze 715 

the data, enabling timely and secure access for downstream research.  716 

Code availability statement 717 

Codes for generating Figures 2A, 2B, 3A, 3B, 3C, 3D, 4D, 5B, 5D, 7B; 718 

Supplementary Figures 1-4 are available at 719 

https://doi.org/10.6084/m9.figshare.29885138.  720 
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Table 1. Participant characteristics of the discovery and replication samples in the 975 

Framingham Heart Study (FHS) and Women’s Health Initiative (WHI) 976 

 FHS 
WHI external 
replication 
(n = 2,005) 

Variable 
mean (SD) or % 

Discovery  
(n = 2,622) 

Internal 
replication  
(n = 1,094) 

Women 53.7 56.4 100 

Age, years 52.9 (14.0) 52.1 (12.7) 79.2 (6.7) 

BMI, kg/m2 28.0 (5.7) 28.0 (5.8) 28.7 (6.0)  

SBP, mmHg 118.6 (15.6) 119.0 (15.0) 126.9 (15.1)  

DBP, mmHg 73.4 (9.6) 73.8 (9.2) 72.7 (9.1) 

Fasting glucose, 

mg/dL 

98.6 (20.8) 97.1 (15.3) 100.4 (30.4)  

TC, mg/dL 185.9 (35.9) 188.9 (37.0) 195.7 (39.6)  

HDL, mg/dL 60.1 (18.2) 60.9 (18.5) 60.4 (15.0)  

Trig, mg/dL 114.2 (77.9) 114.6 (74.4) 104.9 (52.4)  

LDL, mg/dL 103.1 (30.8) 105.1 (31.1) 114.4  (35.0)  

Current smoking 8.6 10.7 2.6 

Hypertension 64.3 49.4 82.1  

Diabetes 7.5 5.7 34.3  

HRX 26.7 24.9  42.6  

LIPIDRX 24.8 23.0 40.3  

DMRX 5.7 4.0 14.1  

BMI, body mass index; SBP/DBP, systolic/diastolic blood pressure; TC, total cholesterol; 977 
HDL, high density lipoprotein; Trig, triglyceride; LDL, low-density lipoprotein; HRX, treatment 978 
for hypertension; LIPIDRX, treatment for high lipid level; DMRX, treatment for diabetes979 
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Table 2. Top cis-irQTL-isoform pairs identified in the Framingham Heart Study and replication in Women's Health Initiative 981 

     Gene  
Symbol 

FHS (n = 2,622) WHI (n = 2,005) 
Sentinel SNP A:EA Isoform Chr SNP Pos EAF R2 Beta -logP EAF R2 Beta -logP 

rs4841 C:T ENST00000519690.1 5 150446963 RPS14 0.25 0.96 0.045 1859 0.23 0.90 0.02 1004 
rs10774671 G:A ENST00000202917.10 12 112919388 OAS1 0.62 0.95 -0.258 1714 0.55 0.95 -0.26 1249 
rs73191241 A:G ENST00000388962.4 12 108619543 SELPLG 0.19 0.92 0.095 1443 0.14 0.77 0.11 637 
rs62477626 T:C ENST00000475668.6 7 142065610 MGAM 0.19 0.92 -0.352 1402 0.12 0.72 -0.26 549 
rs7513045 G:T ENST00000495526.5 1 39738494 PPIE 0.36 0.91 0.219 1314 0.30 0.88 0.08 893 
rs2318043 A:G ENST00000381605.8 20 1615827 SIRPB1 0.21 0.9 -0.261 1297 0.20 0.73 -0.21 560 
rs41280971 G:T ENST00000493091.5 7 100356834 PILRB 0.18 0.9 0.15 1284 0.15 0.81 0.07 702 
rs2425068 T:C ENST00000437340.5 20 35626801 CPNE1 0.08 0.88 0.152 1169 0.05 0.84 0.12 788 
rs12898397 T:C ENST00000440863.7 15 74837752 ULK3 0.6 0.87 -0.263 1154 0.39 0.73 -0.21 561 
rs7309653 A:G ENST00000541272.1 12 124910282 UBC 0.79 0.86 0.012 1103 0.54 0.87 0.05 875 
rs13320 C:T ENST00000368814.8 1 151874041 THEM4 0.58 0.86 0.165 1082 0.53 0.70 0.11 523 
rs14434 C:T ENST00000460851.6 3 150584223 EIF2A 0.86 0.85 -0.291 1045 0.74 0.80 -0.17 681 
rs28374262 A:G ENST00000465395.5 2 218234030 ARPC2 0.49 0.85 0.008 1044 0.32 0.67 0.01 483 
rs2724360 C:T ENST00000357714.5 1 207769813 CD46 0.8 0.84 -0.149 1012 0.78 0.80 -0.15 686 
rs2241976 A:G ENST00000418251.6 2 113185893 PSD4 0.41 0.84 0.101 1011 0.55 0.73 0.08 568 
rs7063 A:T ENST00000296754.7 5 96774507 ERAP1 0.3 0.83 0.165 1000 0.22 0.79 0.17 676 
rs7171507 T:C ENST00000564570.1 15 75444946 MAN2C1 0.28 0.83 0.038 1000 0.38 0.80 0.07 688 
rs9616714 G:A ENST00000405854.5 22 49657211 *C22orf34 0.63 0.83 0.298 995 0.45 0.74 0.29 571 
rs452717 T:G ENST00000493242.1 19 54277224 LILRB2 0.85 0.83 -0.129 990 0.73 0.78 -0.10 645 
rs10493821 C:T ENST00000489444.6 1 89009452 GBP3 0.34 0.82 0.29 963 0.21 0.74 0.25 571 
rs72494581 T:C ENST00000514448.5 5 181003797 BTNL8 0.3 0.82 0.135 959 0.27 0.63 0.12 426 
rs372699745 TA:T ENST00000343139.9 6 32593216 HLA-

DQA1 
0.29 0.82 -0.208 951 0.25 0.56 -0.15 357 

rs7724759 G:A ENST00000348386.7 5 96740783 CAST 0.33 0.82 0.1 947 0.22 0.78 0.09 658 
rs11382548 C:CA ENST00000334888.9 11 61398259 TMEM216 0.85 0.81 0.147 938 0.82 0.58 0.14 369 
rs34634498 G:A ENST00000376228.9 6 31268623 HLA-C 0.11 0.81 -0.081 924 0.12 0.58 -0.11 375 
rs930232 G:A ENST00000263097.9 19 1036019 CNN2 0.45 0.61 -0.032 532 0.43 0.43 -0.04 244 
rs930232 G:A ENST00000348419.7 19 1036019 CNN2 0.45 0.64 0.030 586 0.43 0.39 0.03 213 
rs5014188 T:C ENST00000568865.3 19 1037109 CNN2 0.88 0.58 -0.0034 481 0.83 0.58 -0.01 375 

A:EA, allele:effective allele; EAF, effective allele frequency; R2 , variance in an isoform ration that was explained by the sentinel irQTL; -logP, -log10 (p-value). 982 
FHS, Framingham Heart Study; WHI, Women’s Health Initiative. Linear regression was performed between the irQTL and genotype dosage, with significance 983 
assessed using a two-sided t-test for the null hypothesis, beta = 0. Significance was defined as –log₁₀(P) > 7.301 to account for multiple testing.  A random 984 
sentinel cis-irQTL was selected per gene if more than one cis-irQTL was associated with that gene.  *All genes, except for C22orf34 (a long intergenic non-985 
coding RNA), are protein-coding genes.  986 
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Figure Legend 987 

 988 

Figure 1. Schematic Outline. (A) RNA sequencing was performed on whole blood 989 

samples from the Framingham Heart Study (FHS, discovery cohort) and the 990 

Women’s Health Initiative (WHI, replication cohort). These stored samples from 991 

community-based populations enabled genome-wide analysis of both sequence and 992 

isoform-specific expression across thousands of genes. (B) Expression quantitative 993 

trait loci (eQTL) and isoform ratio QTL (irQTL) analyses were performed to identify 994 

genetic variants associated with overall gene expression or the relative abundance 995 

of specific transcript isoforms. Variant allele dosage (0, 1, or 2 copies) may 996 

correspond to low, intermediate, or high expression levels of particular isoforms, 997 

reflecting distinct regulatory patterns. Box plots illustrate the distribution of 998 

expression across genotype groups, showing the median (central line), interquartile 999 

range (box), and range of non-outlier values (whiskers), with individual outliers 1000 

plotted beyond 1.5×interqurtile range (IQR). This panel is schematic and intended for 1001 

illustrative purposes only; no statistical tests were performed. (C) Functional 1002 

consequences of genetically driven isoform regulation were evaluated using tools 1003 

such as Gene Set Enrichment Analysis and external resources including the GWAS 1004 

Catalog, ENCODE, and SpliceAI, which predicts the impact of genetic variants on 1005 

RNA splicing. (D) The clinical relevance of irQTLs was assessed by integrating 1006 

GWAS data and applying Mendelian randomization to identify causal links between 1007 

genetic variants, alternative splicing, and cardiovascular or hematological traits. This 1008 

framework connects genotype to splicing variation and ultimately to disease risk or 1009 

trait expression. 1010 

 1011 

Figure 2. Replication of sentinel cis-irQTLs in relation to their associated 1012 

isoforms. We identified 11,425 common variants (MAF ≥ 0.01) as sentinel cis-1013 

irQTLs for 10,883 isoforms across 4,971 genes in the FHS discovery sample (n = 1014 

2,622). Internal replication was performed in an independent FHS sample (n = 1015 

1,094), and external replication in the WHI cohort (n = 2,005). A sentinel cis-irQTL-1016 

isoform ratio association was considered replicated if its P < 1×10-4 in the replication 1017 

sample and showed the same direction of effect as in the discovery sample. 1018 

Replication rate was defined as the proportion of discovered pairs that met these 1019 

criteria in the replication sample. (A) Replication rates (y-axis) increased with R² (x-1020 

axis), proportion of isoform ratio variance explained by the irQTL. Average replication 1021 

rates were 76.7% in FHS and 72.4% in WHI. (B) Comparison of effect sizes between 1022 

the FHS discovery (x-axis) and WHI replication (y-axis) samples showed strong 1023 

consistency (Pearson r = 0.91; 95%CI: 0.90, 0.91), with 99.8% of cis-irQTL-isoform 1024 

pairs sharing the same direction of association. MAF, minor allele frequency.  1025 

 1026 

Figure 3. Comparison of cis-irQTLs and cis-eQTLs. (A) Among 2,622 1027 

Framingham Heart Study participants, more genes had cis-eQTLs36 (n = 15,707) 1028 

than cis-irQTLs (n = 4,971). (B) Association strength (R²) of cis-eQTLs versus cis-1029 

eQTLs across 4,971 irQTL genes in 2,622 participants. Dashed lines separate SNPs 1030 

into stronger irQTLs (cyan, n = 1,946), overlapping signals (middle, n = 2,716), and 1031 

stronger eQTLs (red). Highlighted genes (OAS1, ULK3, CNN2) are discussed in the 1032 

main text. (C) Fold enrichment of sentinel cis-eQTLs and cis-irQTLs in selected 1033 
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genomic features based on illustrative regions. Enrichment was calculated using 1034 

1,000 matched SNP sets based on their MAFs and TSS distance. Fold enrichment 1035 

reflects the observed overlap relative to the mean across matched null sets and 1036 

exhibits a non-normal distribution. Box plots show the distribution of fold enrichment 1037 

across replicates; white boxes represent the interquartile range, with the horizontal 1038 

line indicating the median. Based on median (IQR; range), irQTLs showed greater 1039 

enrichment than eQTLs at splice donor (25.2 [12.6–25.2; 4.2–25.2] versus 9.2 [5.5–1040 

13.8; 2.8–27.6]; P = 4 x 10-56), splice acceptor (12.6 [6.3–12.6; 3.2–12.6] versus 5.9 1041 

[4.0–11.9; 1.5–11.9]); P = 9 x 10-127), splice region (6.5 [5.6–7.7; 3.5–15.5] versus 1042 

3.2 [2.9–3.4; 2.2–5.2]; P < 2.2 x 10-308), and missense sites (3.5 [3.2–3.8; 2.5–5.9] 1043 

versus 1.9 [1.8–2.0; 1.6–2.6]; P < 2.2 x 10-308). Two-sided Wilcoxon rank-sum tests 1044 

compared fold enrichment distributions between irQTLs and eQTLs within genomic 1045 

regions. (D) Fold enrichment of sentinel cis-eQTLs and cis-irQTLs in RNA-binding 1046 

protein (RBP) binding sites from 203 in eCLIP datasets profiled by ENCODE, 1047 

showing stronger enrichment of irQTLs in functional RBP regions. Fold enrichment 1048 

analysis was performed using the same method described above. Median 1049 

enrichment (IQR; range) was 1.9 (1.6, 2.4; 0, 5.7) for cis-eQTLs and 3.7 (2.6, 4.8; 0, 1050 

7.4) for cis-irQTLs. MAF, minor allele frequency; HWE, Hardy-Weinberg Equilibrium; 1051 

IQR, interquartile range; TSS, transcript start site.  1052 

 1053 

Figure 4. Analyses of irQTLs Illustrated with the OAS1 Gene. (A) OAS1 on 1054 

positive strand of chromosome 12 (hg38). Its pre-mRNA undergoes editing and 1055 

alternative splicing. The sentinel irQTL, rs10774671 (G>A), lies at the splice acceptor 1056 

site of intron 5. (B) Schematic of alternative splicing: introns with conserved donor 1057 

(GU/GT) and acceptor (AG) sites are removed from pre-mRNA, generating isoforms 1058 

with defined splice junctions. (C) IGV visualization of RNA-seq reads near 1059 

rs10774671 (G>A) shows genotype-dependent splicing in three FHS participants: 1060 

G/G with exon skipping, A/G with partial splicing, and A/A with full intron 5 splicing. 1061 

These patterns align with high, intermediate, and low expression of isoform OAS1-1062 

201 (ENST00000202917.10). (D) Overall OAS1 expression is weakly associated 1063 

with rs10774671, showing a decrease with increasing A allele dosage (“as eQTL”). 1064 

The box plots show median (IQR; range) expression as −0.0027 (−0.16, 0.23; −0.89, 1065 

3.0) for G/G (n = 386), −0.074 (−0.25, 0.17; −1.09, 3.93) for A/G (n = 1,172), and 1066 

−0.11 (−0.33, 0.081; −1.26, 4.28) for A/A (n = 999). In contrast, isoform ratios of 1067 

OAS1-201 and OAS1-203 are strongly associated with rs10774671 (G>A) as irQTLs, 1068 

with OAS1-201 decreasing and OAS1-203 increasing with A allele dosage. The 1069 

median (IQR; range) isoform ratio of OAS1-201 was 0.94 (0.93, 0.95; 0.49, 0.97) for 1070 

G/G, 0.74 (0.72, 0.76; 0.60, 0.94) for A/G, and 0.44 (0.41, 0.46; 0.28, 0.92) for A/A. 1071 

The median (IQR; range) isoform ratio of OAS1-203 was 0.018 (0.014, 0.023; 1072 

0.0015, 0.20) for G/G, 0.10 (0.089, 0.113; 0.020, 0.18) for A/G, and 0.231 (0.209, 1073 

0.252; 0.030, 0.35) for A/A. (E) The rs10774671-A allele is associated with reduced 1074 

OAS1-201 expression in linear regression (P = 1 x 10-1714). MR supports a causal 1075 

relationship between lower OAS1-201 levels and reduced WBC count (P = 6.5 x 10-1076 
10), consistent with GWAS findings associating rs10774671-A with lower WBC levels 1077 

(P = 3.2 x 10-11). All tests are two-sided t-test or z-test (for MR) in regression 1078 

analyses. IGV, Integrative Genomics Viewer; IQR, interquartile range; WBC, white 1079 

blood cell; MR, Mendelian randomization. Gene names are italicized.  1080 
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Figure 5. Genetic associations of rs12898397-G with ULK3 splicing, 1082 

expression, and blood pressure trait. (A) unc-51 like kinase 3 (ULK3), containing 1083 

16 exons, is located on the negative strand of chromosome 15. To maintain 5′→3′ 1084 

transcriptional orientation, the positive-strand sequence around rs12898397 (e.g., 1085 

T>C) was converted to its complementary negative-strand form (A>G). (B) 1086 

rs12898397 (A>G) showed the strongest association with the isoform ratio of ULK3-1087 

201 (ENST00000440863.7), which encodes the full-length 472-aa protein (β = –0.26, 1088 

P = 1×10-1154). Median (IQR; range) isoform ratios were 0.49 (0.44, 0.54; 0.25, 0.84) 1089 

for A/A (n = 444), 0.34 (0.30, 0.39; 0, 0.62) for A/G (n = 1,208), and 0 (0, 0; 0, 0.34) 1090 

for G/G (n = 999). In contrast, rs12898397 was positively associated with ULK3-220 1091 

(ENST00000569437.5) (beta = 0.16, P = 1×10-573), which lacks two amino acids 1092 

('VK') at the 5′ end of exon 14. Median (IQR; range) isoform ratios were 0 (0, 0; 0, 1093 

0.011) for A/A, 0 (0, 0; 0, 0.49) for A/G, and 0.26 (0.20, 0.33; 0, 0.69) for G/G. (C) 1094 

MR supports a causal association (P = 1.8x10-6) between reduced ULK3-201 level 1095 

and DBP (P = 1 x 10-1154), consistent with the GWAS association of rs12898397-G 1096 

(P = 4 x 10-51). (D) The sentinel irQTL (rs12898397) and eQTL (rs936228, P =1.4 x 1097 

10-165) within CYP1A1–ULK3 region are associated with both DBP (rs12898397: P = 1098 

9.2 x 10-47;  rs936228: P = 1.1 x 10-73) and lymphocyte percentage (lymph_per, 1099 

rs12898397: P = 8.1 x 10-15;  rs936228: P = 3.6 x 10-10). All tests are two-sided t-test 1100 

or z-test (for MR) in regression analyses. IQR, interquartile range; DBP, diastolic 1101 

blood pressure; MR, Mendelian randomization. Gene names are italicized.  1102 

 1103 

Figure 6. Allele-dependent splice donor usage associated with rs12898397 in 1104 

ULK3. (A) The ULK3 exon 14 region is shown in transcriptional orientation (5′→3′) 1105 

as the complementary positive-strand sequence, highlighting two isoform transcripts, 1106 

ULK3-201 and ULK3-220. (B) MaxENT was applied to 9-nucleotide sequences 1107 

surrounding rs12898397. Lowercase letters denote intronic sequence and capital 1108 

letters exon sequences. The rs12898397-G allele was predicted to weaken the 1109 

canonical splice donor site (gt: 7.93 → 4.44) and strengthen a cryptic donor site (GT: 1110 

2.98 → 7.20), supporting allele-dependent splice switching. The green color 1111 

highlights the canonical and cryptic splice donor sites. (C) RNA-seq from three FHS 1112 

subjects showed rs12898397 (A>G) genotype-dependent splicing: A/A (green) used 1113 

the canonical donor, G/G (grey) used a cryptic donor skipping two codons (GTC-1114 

AAG), resulting in the absence of the valine-lysine (“VK”) dipeptide, and A/G (pink) 1115 

showed mixed splicing. Lowercase letters denote intronic sequence. (D) PyMOL 1116 

visualization of AlphaFold 3.0-predicted C-terminal models of ULK3 isoforms, with 1117 

(173 amino acids in green color) and without (in orange color) the “VK” dipeptide, 1118 

showed substantial structural divergence when aligned. The yellow region in the 1119 

model without “VK” highlights the area without “VK”. The Root-Mean-Square 1120 

Deviation (RMSD), which quantifies the average atomic distance between 1121 

superimposed protein structures, was 5.81 Å, indicating substantial structural 1122 

divergence. In general, RMSD values above 2–3 Å suggest significant 1123 

conformational differences between compared models. Gene names are italicized.   1124 

 1125 

Figure 7. CNN2 transcripts under genetic control. (A) Genome browser view of 1126 

CNN2 on the positive strand of chromosome 19 (hg38). Three CNN2 isoforms, 1127 

CNN2-201 (ENST00000263097.9), CNN2-202 (ENST00000348419.7), and CNN2-1128 

209 (ENST00000568865.3), differ by inclusion of Exons 5 and 6, Exon 6 alone, or 1129 
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Exons 5, 6, and 7, respectively. (B) Isoform ratios of CNN2-201 and CNN2-202 are 1130 

strongly associated with the sentinel cis-irQTL rs930232, while CNN2-209 is more 1131 

strongly associated with a different cis-irQTL, rs5014188, in regression analysis. For 1132 

rs930232, median (IQR; range) isoform ratios were as follows: for CNN2-201, 0.91 1133 

(0.90–0.92; 0.51–0.94) in G/G (n=781), 0.88 (0.86–0.89; 0.35–0.93) in A/G 1134 

(n=1,309), and 0.84 (0.83–0.86; 0.40–0.90) in A/A (n=532); for CNN2-202, 0.015 1135 

(0.010–0.024; 0–0.33), 0.044 (0.033–0.057; 0–0.42), and 0.079 (0.065–0.095; 1136 

0.016–0.50), respectively; and for CNN2-209, 0.0058 (0.004–0.008; 0–0.017), 1137 

0.0052 (0.004–0.007; 0–0.019), and 0.0050 (0.004–0.006; 0–0.012). For rs5014188, 1138 

median (IQR; range) isoform ratios were: for CNN2-201, 0.89 (0.88–0.90; 0.51–0.91) 1139 

in T/T (n=52), 0.89 (0.86–0.90; 0.56–0.94) in C/T (n=534), and 0.88 (0.85–0.90; 1140 

0.35–0.94) in C/C (n=2,036); for CNN2-202, 0.026 (0.022–0.034; 0.012–0.33), 0.035 1141 

(0.020–0.054; 0.004–0.33), and 0.043 (0.026–0.069; 0–0.50), respectively; and for 1142 

CNN2-209, 0.012 (0.0093–0.014; 0.0024–0.017), 0.0082 (0.0066–0.010; 0–0.019), 1143 

and 0.0048 (0.0036–0.0060; 0–0.011). (C) rs930232 (G>A) is associated with 1144 

reduced expression of CNN2-201 (beta=-0.032, P= 1x10-532), which is causally 1145 

linked to higher neutrophil percentage by Mendelian randomization (beta=-0.50, P = 1146 

2 x 10-15) consistent with GWAS results showing a positive association between 1147 

rs930232 and neutrophil percentage (beta=0.021, P = 1 x 10-21). (D) Predicted 1148 

calponin-2 protein sequences show how Exons 5, 6, and 7 contribute to isoform 1149 

structure. The three conserved 26-residue actin-binding domains are underlined in 1150 

each isoform. All tests are two-sided t-test or z-test (for MR) in regression analyses. 1151 

IQR, interquartile range; MR, Mendelian randomization. Gene names are italicized. 1152 

ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS



A. RNA-seq in discovery and 

replication samples 

B. Analyses of irQTLs

C. Functional inference 
D. irQTL, isoform ratio, and clinical 

traits: regression and MR analyses

GWAS Catalog
ENCODE
SpliceAI rs1234 trait

Iso-201

‒‒

+
Inflammation

ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS



BA

0.4

0.0

0.2

-0.2

-0.4

-0.4 0.0-0.2 0.2 0.4

FHS discovery: Beta 

W
H

I 
R

e
p
lic

a
ti
o
n
: 
B

e
ta

R
e
p
lic

a
ti
o
n
 r

a
te

s

1.0

0

0.2

0.4

0.6

0.8

1      2      3      4      5      6      7      8     9     10

Decile of R2 values

FHS 

WHI

ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS



0.4

0

0.6

0.8

0.2
0

0.4 0.6 1.0

1.0

c
is

-i
rQ

T
L
: 
R

-S
q
u
a

re
d
 

cis-eQTL: R-Squared 

A

0.8

0.2

F
o
ld

 e
n

ri
c
h
m

e
n
t

cis-irQTL-Gene

cis-eQTL-Gene

11,710
3997

974

cis-eQTL cis-irQTL

F
o
ld

 e
n

ri
c
h
m

e
n
t 6

4

2

0

3.7

1.9

C

B

D

30

20

10

0

cis-eQTL

cis-irQTL

ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS



0

GU
A

Pre-mRNA

Spliced mRNA
P3: A/A

P1: G/G

P2: A/G

rs10774671 

12q24.13

OAS1-201

A

B

AG

OAS1-201

rs10774671 

(G>A) 

WBC
Beta= -0.013

P = 3.2 x 10-11

E

C

R
N

A
-s

e
q
 re

a
d
s
 

D

5′ 3′

5′ 3′

OAS1-203

Is
of

or
m

 r
at

io

1.0
4

2

0

0

0.5

G
en

e 
ex

pr
es

si
on

 
rs10774671 

5′ 3′

As eQTL As irQTL

ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS



A 3′14th exon5′ Chr 15: q24.1 on the negative strand

B

1200

600

0
200

100

0

100

50

0

-l
o

g
1
0
 (

p
-v

a
lu

e
)

0

10

20

ENST00000440863.7 (ULK3-201, 472 amino acids)

ENST00000569437.5 (ULK3-220, 470 amino acids)

rs12898397

A/A

A/G

ULK3-201 ULK3-220

Is
o
fo

rm
 r

a
ti
o

0.8

0

0.4

G/G

irQTL

D

rs12898397 (A>G) C

ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS



A 14th exon

Reads count rs12898397

B

ULK3-220, 470 amino acids

rs12898397

ULK3-201, 472 amino acid

5′ 3′

A/A

A/G

G/G

B

C

D
V

K

ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS



Exon 5 6 7

A

DB

C

CNN2-

201

rs930232 

(G>A) 
Neutrophil

Beta= 0.021

P = 1 x 10-21

CNN2-201

0.75

1.00

0.85

rs930232 (G>A)

CNN2-209

G/G A/G A/A

CNN2-202

0

0.14

0.07

0

0.015

0.007

rs5014188 (T>C) 

TT TC CC

CNN2-201

CNN2-202

CNN2-209

0

0.015

0.007

0

0.14

0.07

0.75

1.00

0.85

CNN2-201

CNN2-202

CNN2-209

CNN2-201

CNN2-202

CNN2-209

Chr 19: p13.3 on the positive strand

5′ 3′

ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS


	SpringerNature_NatCommun_64336_ref.pdf
	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7


