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Abstract

Obesity strongly increases the risk of cardiometabolic diseases, yet the underlying mediators of
this relationship are not fully understood. Given that obesity has broad effects on circulating
protein levels, we investigated circulating proteins that mediate the effects of obesity on coronary
artery disease (CAD), stroke, and type 2 diabetes—since doing so may prioritize targets for
therapeutic intervention. By integrating proteome-wide Mendelian randomization (MR) screening
4,907 plasma proteins, colocalization, and mediation analyses, we identified seven plasma
proteins, including collagen type VI a3 (COL6A3). COL6A3 was strongly increased by body mass
index (BMI) (8 = 0.32, 95% Cl: 0.26-0.38, P = 3.7 x 10°® per s.d. increase in BMI) and increased
the risk of CAD (OR = 1.47, 95% Cl:1.26-1.70, P = 4.5 x 107 per s.d. increase in COLGA3).
Notably, COL6A3 is cleaved at its C-terminus to produce endotrophin, which was found to
mediate this effect on CAD. In single-cell RNA sequencing of adipose tissues and coronary
arteries, COL6A3 was highly expressed in cell types involved in metabolic dysfunction and fibrosis.
Finally, we found that body fat reduction can reduce plasma levels of COL6A3-derived
endotrophin, thereby highlighting a tractable way to modify endotrophin levels. In summary, we
provide actionable insights into how circulating proteins mediate the effect of obesity on
cardiometabolic diseases and prioritize endotrophin as a potential therapeutic target.
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63 Background
64  Over 1.9 billion people worldwide have obesity, which is strongly linked to the risk of many
65 cardiometabolic diseases, including coronary artery disease (CAD), stroke, and type 2 diabetes?.
66  There are many biological mechanisms whereby obesity causes disease, including metabolic
67  dysfunction, inflammation, and endothelial damage®. However, most of the factors mediating this
68 relationship are not yet fully understood. Therefore, identifying modifiable mediators of this
69 relationship could yield potential therapeutic targets, which may be targeted pharmaceutically or
70  non-pharmaceutically, for example with lifestyle interventions. Circulating proteins are potential
71  candidates because obesity strongly influences the level of plasma proteins*®, and they play a
72 critical role in disease development and progression. Moreover, circulating proteins can be
73  measured and sometimes modulated®, and their levels can be used as a surrogate measure of
74  target engagement in drug development programs. Therefore, understanding their role in disease
75  could provide multiple avenues to lessen the impact of obesity on cardiometabolic disease.
76
77  One way to understand the role of circulating proteins in disease has been through observational
78 epidemiology studies. However, such studies are not ideal for identifying causal mediators of
79  disease because they are prone to bias from unmeasured confounders and reverse causation”?,
80 wherein the disease itself influences the protein level. What is therefore needed is a method to
81 understand mechanisms of disease, while reducing such biases.
82
83 Mendelian randomization (MR) is a genetic epidemiology approach that can contribute to the
84  understanding of the causal relationship between exposures and outcomes while minimizing the
85 bias from confounding and avoiding reverse causation ®'2. MR can be described as a natural
86  experiment somewhat analogous to randomized controlled trials (RCTs)" because both rely upon
87  randomization to reduce bias from confounding. In MR studies randomization is achieved through
88 the random allocation of alleles at conception. Moreover, reverse causation can be theoretically
89 avoided because genotype is always assigned prior to the onset of disease.
90
91 Despite these advantages, MR relies on three key assumptions”®: there exist genetic variants
92 that: (l) are associated with the risk factor of interest; (II) are not correlated with confounders of
93 the exposure-outcome relationship; (Ill) affect the outcome only through the exposure (also known
94  as lack of horizontal pleiotropy). Of these, the third assumption is the most problematic and can
95 be a source of potential bias in MR. Nevertheless, when these main assumptions are met, MR
96 can be a powerful tool to describe causal relationships in humans—free of model systems.
97
98 Advancements in large-scale proteomics have facilitated the discovery of genetic variants that
99 influence plasma protein levels on a proteome-wide scale'*'®. These genetic variants, referred to
100 as protein quantitative trait loci (pQTLs), can be utilized in MR to estimate the causal effect of
101 circulating protein levels on disease. Such methods have been successfully leveraged to prioritize
102  therapeutic targets, including OAS1 for COVID-19%"" and IL6R for both COVID-19'®'° and CAD?,
103  and ANGPTL3 for CAD?'. As drug discovery is costly and prone to failure?, proteo-genomics-
104 based MR could play an important role since such studies could provide causal targets, which
105 can be measured, thereby providing proximal read-out of drug target engagement, but also
106  providing biomarkers for recruitment into clinical trials. Indeed, drugs with human genetics
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107  evidence are more likely to be successful in Phase Il and lll trials, and two-thirds of FDA-approved
108  drugs in 2021 were supported by human genetics evidence®*%*.

109

110  Furthermore, MR methods can be leveraged to understand mediators of the biological pathways
111  connecting obesity with cardiometabolic disease when deployed in a two-step study design?2°.
112 Step 1 begins by estimating the effect of BMI on protein mediators. Step 2 estimates the effect of
113  the identified mediators on the outcome of interest (in this case, cardiometabolic diseases).
114  Previously, we have successfully used this approach to identify a circulating protein, nephronectin,
115  that mediates the impact of obesity on COVID-19 severity?’.

116

117  In the present study, we conducted an integrative MR analysis of on a proteome-wide scale,
118  screening 4,907 proteins, statistical colocalization, and mediation analysis to identify circulating
119  proteins that mediate the effects of obesity on CAD, ischemic stroke, cardioembolic stroke, and
120 type 2 diabetes. We then focused on collagen type VI a3 (COL6A3) as a potential target,
121 performing multiple follow-up analyses, including replication and single-cell sequencing analysis.
122 Additionally, we evaluated the actionability of COL6A3 by assessing the effect of reducing body
123  fatonits circulating protein level in multivariable MR and also assessed the implication of reducing
124  the identified proteins on a phenome-wide association study.

125

126 Results

127  The overall study design and a summary of the results are illustrated in Fig. 1. The study consisted
128  of four main sections:

129 1) Step 1 MR, which evaluated the causal effect of body mass index (BMI) on the levels of
130 circulating plasma proteins. We also evaluated the consistency of MR findings when BMI and
131  body fat percentage were used as the exposures.

132 2) Step 2 MR, which assessed the causal effects of BMI-driven proteins on four cardiometabolic
133  outcomes (CAD, ischemic stroke, cardioembolic stroke, and type 2 diabetes).

134  3) Follow-up analyses for COL6A3 and its cleavage product, known as endotrophin, which
135 assessed its role in CAD.

136 4) Assessment of clinical actionability for COL6A3-derived endotrophin and other protein
137  mediators by reducing body fat mass.

138  Each of these four steps and their results is described in detail below.
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Figure 1. Study design.

To identify proteins that mediates the effect of obesity on cardiometabolic diseases, we used a
two-step approach. In Step 1 Mendelian randomization (MR), we assessed the effect of body
mass index (BMI) on 4,907 plasma proteins, which led to the identification of 2,714 proteins
influenced by BMI (referred to as “BMI-driven proteins”) using two-sample MR.
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144  In Step 2 MR, we assessed the effect of these BMI-driven proteins on cardiometabolic diseases,
145  again using two-sample MR.

146 In the subsequent sections, we conducted follow-up analyses of COL6A3 and evaluated the
147  potential for actionability of this protein and other mediators we identified.

148 BMI: body mass index, cis-pQTL: cis-acting quantitative trait loci.

149

150

151

152 1) Step 1 MR: Identification of the causal effect of BMI on plasma protein levels

153  We evaluated the causal effect of BMI on 4,907 circulating proteins using the SomaScan v4

154  aptamer binding assay (Somalogic, Boulder, CO). For clarity, we will refer to protein-targeting
155 aptamers as “proteins” unless otherwise specified. We performed causal inference using two-
156 sample MR, to estimate the effect of an exposure on an outcome of interest using two separate
157  genome-wide association studies (GWAS); one for the BMI and the second for circulating proteins
158 " (Methods). Specifically, we used the GWAS of BMI from the GIANT and UK Biobank
159  consortia®® (n = 681,275 individuals) and circulating protein levels from the deCODE study'® (n =
160 35,559 individuals). In both studies we included only participants of European genetic ancestry
161 (Supplementary Table 1). We performed two-sample MR, using the inverse variance weighted
162 method as the primary analysis and then filtered these results dependent upon sensitivity
163 analyses, including tests for heterogeneity, directional horizontal pleiotropy, and reverse
164  causation. We used false discovery rate (FDR) correction with 0.5% as a strigent threshold for
165 significance, given that many protein levels are correlated with each other and therefore a
166  Bonferroni correction would be overly conservative (see Methods). No evidence of weak
167 instrumental variables (suspected when F-statistics < 10) were found (Supplementary Table 2).
168

169  We found that BMI influenced 2,728 proteins, passing tests of significance, heterogeneity, and
170 directional pleiotropy (Supplementary Table 3). However, among them, 14 showed evidence of
171  reverse causation, wherein the protein influenced BMI (Supplementary Table 4), and these 14
172 proteins were removed from further analyses. Thus, we identified a total of 2,714 plasma proteins
173  that are influenced by BMI. Hereafter, these 2,714 proteins are referred to as BMI-driven proteins
174  (Fig. 2a, 2b, and 2c).

175

176  Additionally, we performed MR to evaluate the effect of body fat percentage on the same 4,907
177  plasma proteins (Methods). We did this because body fat percentage is considered to be a more
178  direct proxy of obesity, whereas BMI is an easy-to-measure, clinically relevant proxy.?° However,
179  the sample size available to assess the genetic determinants of BMI is larger than that of body fat
180 percentage, provide more precise estimates. We found that body fat percentage influenced 94.7%
181  of all BMI-driven proteins with the same direction of effect as BMI (Fig. 2d), illustrating a high
182  concordance of results between the two different measures of obesity (r = 0.93; P < 2.2 x 107).
183  Given the high concordance between MR results from BMI and body fat percentage, we proceed
184  to Step 2 MR with BMI-driven protein results.
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Figure 2. MR analyses for the effect of BMI on plasma protein levels.

(a) Flow diagram outlines Step 1 Mendelian randomization (MR).

(b) A volcano plot illustrates the effect of BMI on each plasma protein from MR analyses using
the inverse variance weighted method. The x-axis represents beta estimates, and the y-axis
represents -logio(P) values from MR results. Red dots represent proteins that passed all tests,
including significance with a false discovery rate (FDR) < 0.5%, as well as tests for heterogeneity,
directional pleiotropy, and reverse causation. Grey dots represent proteins that failed any of these

tests.

(c) MR scatter plot shows the effect of BMI on plasma levels of COL6A3 using the inverse-
variance weighted method (primary analysis), weighted median, or MR-Egger slope methods.

(d) Directional consistency between MR results for the effect of BMI on plasma proteins and MR
results for the effect of body fat percentage on plasma protein levels using the inverse variance

weighted method.

The x-axis denotes beta estimates from MR results, and r denotes Pearson’s correlation.
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199

200

201

202  2) Step 2 MR: Identification of the causal effect of BMI-driven proteins on cardiometabolic
203 diseases

204  Next, we estimated the causal effect of these BMI-driven proteins on CAD, ischemic stroke,
205 cardioembolic stroke, and type 2 diabetes, again using two-sample MR (Fig. 3a). We used the
206  BMI-driven protein levels identified in Step 1 MR as exposures. The outcomes were CAD,
207  ischemic stroke, cardioembolic stroke, and type 2 diabetes (see Methods). To minimize the risk
208  of bias from horizontal pleiotropy, we used cis-acting protein quantitative trait loci (cis-pQTLs)
209 identified from 35,559 individuals from the deCODE study'® as instrumental variables. In this
210 context, instrumental variables are genetic variants that influence the exposure (i.e., circulating
211  protein levels). We have defined cis-pQTLs as pQTLs that reside within a + 1 Mb region around
212  atranscription start site of a protein-coding gene. Since such cis-pQTLs would be likely to directly
213  influence the circulating protein level by influencing the transcription or translation of mRNA from
214  the gene that encodes the protein, they are less prone to bias from horizontal pleiotropy.
215 Horizontal pleiotropy produces bias from the genetic variant influences the outcome
216 independently of the circulating protein level.

217

218  To further reduce the risk of horizontal pleiotropy, we restricted instrumental variables to genetic
219  variants that were cis-pQTLs to only one protein. To do so, we removed variants associated with
220 more than two proteins in a cis-acting manner (Fig. 3a; see Methods). For the outcomes, we
221  used the largest available GWAS for CAD* (181,522 cases and 1,165,690 controls), ischemic
222  stroke, and cardioembolic stroke®' (34,217 ischemic stroke cases, 7,193 cardioembolic stroke
223 cases, and up to 2,703,029 controls), and type 2 diabetes? (80,154 cases and 853,816 controls).
224

225  Following MR with cis-pQTLs and sensitivity analyses (heterogeneity, pleiotropy, and reverse
226  causation assessment), we performed colocalization to evaluate whether the pQTL of the protein
227  of interest and the disease outcome shared a single causal variant around a 1-Mb (+ 500 kb)
228  region surrounding the lead cis-pQTL. As different linkage disequilibrium (LD) structures across
229  different study populations may lead to bias in the MR estimates, the presence of a shared single
230 causal variant between the pQTL and the disease outcome can increase the robustness of MR
231  findings (see Methods).

232

233  After MR with cis-pQTLs, sensitivity analyses, and colocalization, we identified 21 protein-disease
234  associations that passed both step 1 and step 2 MR (Supplementary Table 5), including collagen
235 type VI a3 (COL6A3) and PCSK9 for CAD, F11 for ischemic and cardioembolic stroke, and SF3B4
236  fortype 2 diabetes. Among these proteins, COL6A3 was associated with the highest odds of CAD
237  per one standard deviation (s.d.) increase in the protein levels (odds ratio (OR) = 1.47, 95% CI:
238  1.26-1.70, P = 4.7 x 107). We note that the finding of PCSK9 serves as a “positive control” and
239 illustrates the utility of this method as PCSK9 is a well-known drug target, and its inhibition has
240  been shown to reduced cardiovascular outcomes in multiple clinical trials®**=°. Full results for CAD,
241 ischemic stroke, cardioembolic stroke, and type 2 diabetes are provided in Supplementary Table
242 6-9.
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As an additional filtering step, we performed mediation analyses for the identified protein-disease
associations. To do this, we used the product of coefficients method?”*¢* (Methods). Given that
BMI increases the risk of cardiometabolic diseases (Bswmi-to-cardiometaboic > 0 in Extended Fig. 1;
Supplementary Table 10), we restricted the analysis to proteins that increased the risk of
cardiometabolic diseases through their mediation pathway (Bemi-to-protein * >0in

Extended Fig. 1; Supplementary Fig. 10). Among the 21 protein-disease associations, 8 met
this condition. Notably, all eight protein-disease associations were supported by mediation
analyses, suggesting that the effect of BMI on the cardiometabolic outcome was mediated, at
least partially, by the circulating protein (Figure 3b; Supplementary Table 10).

'Bprotein—to—cardiometabolic

(a) (b)

'. Step 2 I ‘ Proteins Coronary artery disease Odds ratio P-value  PP.H4
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Figure 3. MR analyses for the effect of BMI-driven proteins on cardiometabolic diseases.
(a) Flow diagram of the Step 2 Mendelian randomization (MR) analyses.

(b) Forest plots for the effect of body mass index (BMI)-driven proteins on four cardiometabolic
diseases (coronary artery disease, ischemic stroke, cardioembolic stroke, type 2 diabetes). The
MR analyses were conducted using the largest available GWAS of coronary artery disease™
(181,522 cases and 1,165,690 controls), ischemic stroke (34,217 cases and 2,703,029 controls),
cardioembolic stroke®! (7,193 cases and 2,703,029 controls), and type 2 diabetes*? (80,154 cases
and 853,816 controls).


https://doi.org/10.1101/2023.04.19.23288706
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2023.04.19.23288706; this version posted April 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

268 Follow-up analyses of COL6A3 (collagen type VI a3)

269  Circulating COL6A3 levels had the strongest effects on CAD across all the mediators of the
270 relationship between BMI and this outcome. We therefore sought to further test the hypothesis
271 that COL6A3 mediates the relationship between obesity and cardiometabolic disease using
272  analyses from orthogonal resources.

273

274  Replication MR using cis-pQTL from different cohorts

275 We evaluated whether the causal relationship between COL6A3 and CAD could be replicated
276  using different sources of cis-pQTLs from other cohorts. For this, we conducted two-sample MR
277  using cis-pQTLs from three additional cohorts: UK Biobank® (n = 35,571 individuals), Fenland™
278  (n= 10,708 individuals), and ARIC'™ (n = 7,213 individuals). MR in all cohorts supported the
279  causal effect of COL6A3 levels on CAD, in the same direction (Supplementary Table 11).
280  Specifically, each s.d. increase in COL6A3 was associated with increased odds of CAD in UK
281  Biobank® (OR = 1.30, 95% CI: 1.17-1.45, P = 2.4 x 10®), Fenland (OR = 1.23, 95%Cl: 1.12—
282 1.35, P =8.9 x 10®), and ARIC (OR = 1.09, 95%Cl: 1.05-1.13, P = 1.6 x 10°°). Notably, UK
283  Biobank used Olink Explore 3072 assay*®, whereas deCODE'®, Fenland', and ARIC' used
284  SomaScan v4 assay. Hence, concordant MR results using cis-pQTLs from the different studies
285 from two different proteomic platforms further strengthened the evidence that COL6A3 partially
286 mediates the relationship between obesity and CAD.

287

288  Observational epidemiological evaluation in the EPIC-Norfolk cohort

289  If testing a hypothesis using different designs yields similar results, it is less likely that the results
290 are due to bias specific to one of the study designs. This is because different study designs have
291  different bias architectures and concordant results across study designs strengthens causal
292 inference because it is less likely that a single source of bias generated the results. Such testing
293  has been referred to as a triangulation of evidence.[ref] We therefore performed observational
294  association analysis with a randomly selected sub-cohort of the EPIC-Norfolk study (n = 872),
295  which included 207 prevalent or incident cases of CAD (see Methods). EPIC-Norfolk is a
296  population-based cohort from the United Kingdom. We found that increased BMI was associated
297  with increased plasma levels of COL6A3 (8 = 0.06, 95% CI: 0.04-0.08, P =8.5 x 107?), and a s.d.
298 increase in plasma COL6A3 levels was associated with increased odds of CAD (OR = 1.34, 95%
299 CI: 1.12-1.59, P = 1.1 x 10?). The mediation analysis supported that plasma COLGA3 levels
300 partially mediated the effect of BMI on CAD (Supplementary Table 12).

301

302 Given the robustness of these findings, we then explored the potential mechanism whereby
303 COL6A3 may influence CAD.

304

305 Identification of the causal domain of COL6A3

306 Cleavage of proteins can influence their biological mechanism*. Previous studies have shown
307 that the C-terminal domain, also known the Kunitz domain, of COL6A3 is proteolytically cleaved
308 toform a biologically active fragment known as “endotrophin”. Endotrophin is produced in multiple
309 tissues, including adipose tissue*®*'. Endotrophin strongly induces fibrosis and inflammation, and
310 recent evidence suggests that it is involved in obesity-induced metabolic dysfunction*®“*® (Fig 4a).
311  Therefore, we evaluated whether this particular domain of COL6AS is driving its effect on CAD.
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312

313 The SomaScan v4 assay measures target protein levels using aptamers, which are short, single-
314 stranded DNA or RNA molecules that can selectively bind to the target protein®. SomaScan v4
315 assay has two separate aptamers targeting two domains of COL6A3, the N-terminal and C-
316 terminal (Kunitz domain) (Methods). These two separate aptamers thus allowed us to disentangle
317 the effects of the N-terminal and C-terminal containing fragments of COL6A3.

318

319 Intriguingly, we found that the aptamer binding the C-terminal of COL6A3 (Fig. 4b) was
320 associated with an increased risk of CAD (OR = 1.46 per s.d. increase in the protein level, 95%
321 CI: 1.37-1.93, P = 2.7 x 10'®), whereas the aptamer binding the N-terminal (i.e., the non-cleaved
322  portion of COL6A3) was not associated with the risk of CAD (OR = 1.06, 95% CI: 0.96-1.18, P =
323 0.22) in domain-aware MR (Supplementary Table 13). These findings suggest that the C-
324  terminal of COL6A3, which is cleaved into endotrophin, explains the effect of COL6A3 on CAD
325 and the aptamer binding to the C-terminal of COL6A3 may be capturing the plasma levels of
326  endotrophin or endotrophin-containing fragments. In the remainder of the manuscript, we refer to
327  such fragments as endotrophin for clarity.

328

329 To further test the hypothesis that endotrophin is responsible for COL6A3’s effect upon CAD, we
330 tested whether cis-pQTLs from the Olink Explore 3072 assay***’ for COL6A3 were associated
331 with CAD. The Olink Explore 3072 assay uses a polyclonal antibody to target the C-terminal
332  (Kuniz domain) of COL6A3. The cis-pQTL (rs1050785) from UK-Biobank, which uses the Olink
333  platform, was in high linkage disequilibrium (R?= 0.73) with cis-pQTL (rs11677932) of the C-
334 terminal-targeting aptamer from the deCODE study but not in LD (R? = 0.0) with the cis-pQTL of
335 the N-terminal-targeting aptamer of COL6A3 (rs2646260). We found that the cis-pQTL from the
336 Olink platform was strongly associated with increased odds of CAD (OR = 1.32, 95%CI: 1.16—
337 1.50, P = 1.75 x 10°°) (Supplementary Table 13), which was consistent with the finding using
338 SomaScan v4 assay’s aptamer binding the C-terminal of COL6A3. Taken together, these results
339  provide evidence from orthogonal proteomic assays that circulating levels of C-terminus COL6A3-
340 derived endotrophin likely explain the effect of COL6A3 levels on CAD.

341

342  Moreover, domain-aware MR analysis revealed that the aptamer targeting the C-terminal of
343  COLG6A3 (cleaved portion) was more strongly increased by an increase in BMI (8 = 0.32, 95% CI:
344  0.26-0.38, P = 3.7 x 10*) than the aptamer targeting N-terminal (uncleaved portion) (8 = 0.10,
345 95% Cl: 0.04-0.16, P = 2.1 x 10®), as shown by non-overlapping confidence intervals. These
346 findings indicate that an increase in BMI could increase both the expression of COL6A3 and its
347 cleavage, but has a preferential effect on the cleavage of COL6A3 into endotrophin.

348

349 COLG6A3 expression analyses

350 We next explored the tissues in which COL6A3 is expressed using GTEx v8, which is a
351 compendium of expression data from 49 tissues across 838 individuals*®. In GTEx v8
352  (https://gtexportal.org/), COL6A3 was significantly expressed in multiple tissues, including
353 adipose tissue and coronary arteries when compared to the whole blood (P < 0.001) (Fig. 4c).
354  Therefore, it is possible that these tissues may locally produce COL6A3 and consequently its
355 cleavage product, endotrophin. While tissue-level examination of expression is helpful, such
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356 methods do not permit resolution to the cellular level. Considering that the adipose tissue is
357 reported to be the primary source of COL6A3* and that the coronary artery is the location of
358  primary lesions in CAD*, to better understand the cell type of origin of COL6A3 we analyzed
359 single-cell COL6A3 expression in human white adipose tissues®® (SCP1376 at
360 https://singlecell.broadinstitute.org/) and coronary arteries in patients with CAD*® (GSE131780 at
361  https://www.ncbi.nlm.nih.gov/geo/).
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363 Figure 4. Follow-up analyses for collagen type VI a3 (COL6A3).
364 (a) Schematic illustration of proposed relationship between obesity, COL6A3 (Collagen type VI
365 a3 chain), endotrophin, and coronary artery disease. Obesity leads to increased production of

366 COL6A3, whose C-terminal is cleaved into an active form termed endotrophin, which increases
367 the risk of coronary artery disease.
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368  (b) Schematic diagram of COL6A3 (UniProt ID: P12111). COLAS consists of a short collagenous
369 region flanked by multiple von Willebrand factor type A (VWF-A) modules (N1-N10 in the N-
370 terminal and C1,2 in the C-terminal). There are three additional C-terminal domains unique to
371 COLG6A3 (C3-C5), which are not present in other collagen type VI families. The most C-terminal
372  domain (C5) is cleaved into a soluble protein termed endotrophin.

373  The two amino acid sequences targeted by the aptamers are as follows: the N-terminal-binding
374  aptamer targets the amino acid sequence 26-1036 (uncleaved section), while the C-terminal
375  aptamer targets the amino acid sequence 3108-3165 (cleaved section). The figure has been
376  modified from ref®:82,

377 (c) COL6A3 expression profile in human tissues in GTEx v8*. COL6A3 expression levels were
378 represented on a log transcript per 10 thousand plus one (TPM + 1) scale.

379

380

381

382 In single-cell sequencing, COL6A3 was significantly enriched in adipose progenitor/stem cells of
383 adipose tissues when compared to other cell types in adipose tissues (permutation P < 0.001;
384 see Methods) (Fig. 5a). Given that these cell populations play critical roles in maintaining adipose
385 tissue and metabolic function®"*2, the findings indicate that metabolic dysfunction may be an
386 underlying biological mechanism whereby COL6A3 influences CAD. Additionally, we found that
387 COL6A3 was significantly expressed in fibroblasts, which plays a key role in the atherosclerosis
388  of the coronary artery®®, when compared to other cell types in the coronary artery (permutation
389 P <0.001; see Methods) (Fig. 5b). Taken together, these findings suggested that these cell types
390 may be responsible for the local production of COL6AS3 in these tissues.
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391 Figure 5. Single-cell sequencing analyses of COL6A3.

392 COLG6A3 expression patterns in the adipose tissues (a) and coronary arteries (b). We obtained
393  single-cell transcriptomic data of human adipose tissue from Emont et al.®® (SCP1376 at
394  https://singlecell.broadinstitute.org/) and the data of coronary arteries from Wirka et al.*®
395 (GSE131780 at the Gene Expression Omnibus database https://www.ncbi.nim.nih.gov/geo/).
396 ASPC: adipose stem and progenitor cells, LEC: lymphatic endothelial cells, NK: natural killer cells,
397 DC: dendritic cells.

398

399

400
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401  Assessment of clinical actionability

402  While identifying mediators of the effect of obesity on cardio-metabolic disease is relevant, such
403 targets could become clinically relevant if their modification through weight loss or other methods
404 influenced disease outcomes. We therefore explored whether reducing fat mass and/or increasing
405 lean mass could improve plasma COL6A3-derived endotrophin and other protein levels, thereby
406 reducing the risk of cardiometabolic diseases. For this, we used multivariable MR to evaluate the
407 independent effects of body fat and lean mass (i.e., body fat-free mass) on the protein mediators
408 and cardiometabolic disease outcomes (Methods).

409

410 We found that an s.d. increase in fat mass was independently associated with increased plasma
411 levels of all protein mediators (COL6A3-derived endotrophin, F11, PCSK9, C1R, SPATA20,
412  SF3B4, and ANGPTL4) (Fig. 6b and Supplementary Table 14) and increased odds of type 2
413  diabetes, CAD, and ischemic stroke. On the contrary, an s.d. increase in lean mass was
414  independently associated with decreased plasma levels of some protein mediators including F11
415 and PCSK9 (Fig. 6b and Supplementary Table 15).
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(a)

Effect of fat mass on plasma protein levels Effect of lean mass on plasma protein levels
Proteins B (95% Cl) P-value Proteins B (95% Cl) P-value
COL6A3 0.32(0.24-0.39) 4.11 x 1016 COL6A3 0.004 (-0.09, 0.10) 0.94
F11 0.31(0.23-0.38) 3.93 x 1015 F11 -0.26 (-0.35, -0.16)  1.38 x 107
PCSK9 e 0.23 (0.15-0.30)  7.61 x 10° PCSK9 e -0.19 (-0.29, -0.10)  7.42 x 10
C1R — 0.19 (0.12-0.27)  7.35x 107 C1R + -0.11(-0.21,-0.02)  1.59 x 102
SPATA20 —— 0.17(0.10-0.24)  4.15x 106 SPATA20 —— -0.14 (-0.23, -0.06)  1.49 x 103
SF3B4 0.16 (0.04-0.23)  7.61 x 10° SF3B4 -0.10 (-0.19, -0.02)  2.03 x 102
ANGPTL4 0.14 (0.04-0.21)  1.83 x 104 ANGPTL4 -0.09 (-018, 0.002)  5.42 x 102
-03 00 03 03 50 03
E per s.d. increase in protein levels ﬁ per s.d. increase in protein levels
(b)
Effect of fat mass on cardiometabolic diseases Effect of lean mass on cardiometabolic diseases
Proteins Odds ratio P-value Proteins QOdds ratio P-value

Type 2 diabetes 3 —— 3.04 (2.66-3.47) 4.77 x 10" Type 2 diabetes 0.63 (0.54-0.74) 2.52 x 108
Coronary artery ‘ . 35  Coronary artery 11

disease 3 164 (1.52-1.78) 6.27 x 10 disemse 0.72 (0.65-0.79) 1.65 x 10
Ischemic stroke Lo 1.29 (1.20-1.39) 2.23 x 10" |schemic stroke 0.82 (0.75-0.90) 3.34 x 105
Cardioembolic 1 o Cardioembolic

stroke 5& 1.14 (0.98-1.32) 0.08 siroke 1.16 (0.96-1.39) 0.12

0 1 2 3
Odds ratio per s.d. increase in fat mass Odds ratio per s.d. increase in lean mass

416  Figure 6. Multivariable MR analysis for evaluating the independent effects of fat mass and
417 lean mass on plasma NPNT levels (a) and cardiometabolic diseases (b).

418 We performed multivariable Mendelian randomization (MR) using fat mass and lean mass as
419 exposures and plasma protein levels of the seven protein mediators or cardiometabolic diseases
420  as outcomes.

421

422

423

424  This has important clinical implications for actionability because interventions such as exercise,
425  appropriate diet, or weight loss drugs such as the GLP-1 receptor agonist semaglutide and GLP-
426  1/GIP co-agonist tirzepatide, which reduces body fat mass more than lean mass®**°, could be
427  effective in improving these protein levels and subsequently decreasing the risk of
428 cardiometabolic diseases. However, future clinical trials are needed to confirm this hypothesis.
429

430 Lastly, we evaluated whether reducing COL6A3-derived endotrophin is associated with any
431  adverse health outcomes using a phenome-wide association analysis in the UK Biobank, FinnGen,
432  and the GWAS catalog. We did this because clinical trials for some drug candidates have been
433  terminated due to unexpected adverse events in later stages of the trials®**%; thus, understanding
434  the potential effects of perturbing the target on a phenome-wide level may to anticipate possible
435 adverse events. Therefore, we assessed whether reducing COL6A3-derived endotrophin levels
436  may have any implications on other traits. For this, we queried traits associated with the lead cis-
437  pQTL of COL6A3 (rs11677932) from the deCODE study (a proxy for the COL6A3’s C-terminal-
438  derived endotrophin) in data from UK Biobank, FinnGen, and GWAS catalog using the Open
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439  Target Genetics (https://genetics.opentargets.org/) at P < 1.0 x 10°. The phenome-wide
440  association analysis revealed that decreased plasma levels of COL6A3-derived endotrophin (A-
441  allele of rs11677932; B = -0.07, P = 1.5 x 10™*) was associated with decreased risk of coronary
442  atherosclerosis (8 =-0.05, P = 1.0 x 107°), increased heel bone mineral density (8 =0.02, P=2.9
443  x107?), and increased lung function (FEV1/FVC) (8 = 0.02, P = 5.2 x 10™"®) in addition to reduced
444  risk of CAD (8 =-0.03, P = 2.9 x 107'?) (Supplementary Table 16).This suggests that decreasing
445  COL6A3-derived endotrophin may decrease the risk of multiple morbidities, including coronary
446  atherosclerosis, CAD, bone mineral density, and lung function, offering COLG6A3-derived
447  endotrophin as an attractive therapeutic target.

448

449 Discussion

450 Obesity is a major risk factor of multiple diseases, and therapies are required that reduce its
451 clinical consequences. Here, we identified seven protein mediators (from eight protein-disease
452  associations) that partially mediate the effect of obesity on cardiometabolic diseases in humans.
453  All of these protein levels, including COL6A3, could potentially be improved through body fat
454  reduction, illustrating their possible clinical actionability. Furthermore, triangulation of evidence
455  with multiple follow-up analyses indicated that endotrophin, which is derived from the cleavage of
456  COLG6A3, drives a part of the effect of obesity on CAD. These findings provide insights into how
457  obesity causes cardiometabolic disease and provide circulating proteins that could be
458 investigated as potential drug targets to lessen the public health burden of obesity.

459

460 The major finding of this study is the mediating role of endotrophin in the effect of obesity on CAD
461 in humans. Previous studies reported endotrophin as an important hormone that induces
462  metabolic dysfunction, fibrosis, and inflammation in rodent models*®*?%", and cross-sectional
463  studies in humans have found that increased circulating endotrophin level was observationally
464  associated with cardiovascular events and all-cause mortality*>*>°®, However, cross-sectional
465  observational studies cannot disentangle cause and consequence. Therefore, our study, which
466  utilized MR to make causal inferences, provides evidence that endotrophin acts as a causal
467  mediator for the relationship between obesity and CAD in humans. Considering our findings that
468 reducing COL6A3 and its cleaved product, endotrophin, can reduce the risk of CAD without
469  apparent adverse health outcomes, directly targeting endotrophin can be an attractive therapeutic
470 approach, and it may be particularly effective in individuals with obesity.

471

472  Notably, we found that the aptamer targeting C-terminal of COL6A3 (also called the Kunitz domain,
473  which is cleaved into endotrophin) was more strongly affected by an increase in BMI than the
474  aptamer targeting the N-terminal. This indicates that obesity may increase both COL6A3
475  expression and the cleavage of COL6A3, but with a preferential influence on the cleavage of
476  COLG6A3 into endotrophin, leading to an increase in endotrophin levels. Several studies using
477 mice models have shown that the bone morphogenetic protein 1 (BMP1)*', matrix
478  metallopeptidase 14 (MMP14)%°, and other MMPs® can release the C-terminal of COL6A3 as
479  endotrophin after proteolytic cleavage. However, as these studies were conducted using rodent
480 models, further research is needed to establish whether the same applies to humans. Despite
481 this, inhibition of BMP1 reduces scar formation and supports the survival of cardiomyocytes®',
482  which may be partly due to lower levels of endotrophin. Nevertheless, BMP1 also cleaves other
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483  procollagens into mature collagens, which introduces pleiotropy. Therefore, more research is
484  necessary to determine how to selectively inhibit the cleavage of the C-terminal of COL6A3 to
485  reduce endotrophin levels.

486

487  Our study also illuminated other proteins, such as ANGPTL4, which mediate the relationship
488 between obesity and type 2 diabetes. Previous studies have shown that ANGPTL4 inhibits
489 lipoprotein lipase®?, thereby reducing triglyceride levels®®. Additionally, ANGPTL4 has also been
490 implicated as an important player in obesity-induced glucose intolerance®*®®, consistent with our
491 findings. Currently, an ANGPTL4 inhibitor, which is hepatocyte-targeting GalNAc-conjugated
492  antisense oligonucleotides that downregulate ANGPTL4 levels in liver and adipose tissue, is in
493  phase 1 clinical trial for hypertriglycedemia®’. Our research indicates that this drug may be tested
494  for the prevention of type 2 diabetes, and further clinical trials are required to evaluate the safety
495  and efficacy of ANGPTL4 inhibition in humans. Another notable finding is F11 (coagulation factor
496  Xl) as a mediator of the effect of obesity on cardiometabolic disease. F11 is a critical player in the
497  coagulation pathway and has been identified as causal for stroke by multiple studies®®®. However,
498  few studies highlighted its role as a mediator. Currently, the F11 inhibitor, abelacimab®, is in
499 phase Il clinical trial for  venous  thromboembolism  (NCT05171049  at
500 https://www.clinicaltrials.gov/). Our findings suggest that this drug may be effective for reducing
501 the risk of ischemic stroke, especially for individuals with obesity.

502

503  This study has important limitations. First, we focused on analyzing data solely from European-
504  ancestry individuals to prevent confounding by population stratification. While the ARIC cohort
505 reported cis-pQTL for individuals of African ancestry'®, the sample size (n = 1,871) is still limited
506  when compared to data for those of European ancestry (deCODE study; n = 35,559). The same
507 applies to CAD GWAS, with 181,522 CAD cases in European ancestry individuals’ compared to
508 only 17,247 cases in African ancestry individuals’'. This limited sample size in African ancestry
509 individuals reduces the statistical power of MR analysis. Therefore, further efforts are needed to
510 increase the sample size of non-European-ancestry pQTL data. Second, we did not perform sex-
511 stratified analysis due to the unavailability of sex-specific datasets. Third, while the mediation
512  analyses results with both MR and observational evaluation in EPIC-Norfolk provided additional
513  evidence supporting COL6A3-derived endotrophin as a causal mediator, it should be noted that
514  the mediation analyses are based on additional assumptions’. Therefore, we used them as one
515  of several orthogonal validation methods. Fourth, we did not explore the molecular mechanism
516  whereby these proteins mediated the effect. Finally, although we triangulated multiple lines of
517  evidence to propose several promising therapeutic targets that mediate an important proportion
518 of the effect of obesity on cardiometabolic diseases (e.g., COL6A-derived endotrophin and
519 ANGPTL4), future clinical trials are required to explore the effect of pharmacologically influencing
520 these protein levels.

521

522  Conclusions

523  These results provide actionable insights into how circulating proteins mediate the effect of
524  obesity on cardiometabolic diseases. Our study highlights the importance of body fat reduction to
525 reduce the risk of cardiometabolic diseases and offers potential therapeutic targets, including
526  COL6A3-derived endotrophin, which may be prioritized for drug development.
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527 Methods

528 Step1 MR

529 MR to evaluate the effect of BMI on plasma protein levels

530 We performed two-sample MR using BMI as exposure and circulating protein levels as outcomes.
531 The BMI exposure data came from a meta-analysis GWAS of UK Biobank and GIANT involving
532 693,529 European-ancestry individuals®® (Supplementary Table 1). For the outcomes, we used
533 a GWAS of protein levels from the deCODE study'®, measuring 4,907 proteins in 35,559
534 individuals of European ancestry using the SomaScan assay v4 from Somalogic (Boulder,
535 Colorado, USA).

536

537 We performed two-sample MR using genome-wide significant and independent single nucleotide
538  polymorphisms (SNPs) with P <5 x 10 and r? < 0.001 as instrumental variables. We excluded
539 SNPs in the human major histocompatibility complex region because of their complex linkage
540  disequilibrium structures. Clumping was performed using PLINK v1.9 (https://www.cog-
541  genomics.org/plink/) with 10-Mb window. When the instrumental variable SNPs were not present
542 in the outcome GWAS, we identified proxy SNPs with r» = 0.8 using snappy v1.0
543  (https://qgitlab.com/richards-lab/vince.forgetta/snappy/). To reduce the risk of weak instrument
544  bias, we calculated F-statistics and evaluated whether they were above ten>"* (Supplementary
545  Table 2).

546

547  After harmonizing the exposure and outcome GWAS, we performed two-sample MR analysis
548  using the inverse variance weighted method with a random-effects model as the primary analysis,
549  implemented using TwoSampleMR v0.5.6. We set FDR < 0.005 (0.5%) as a stringent threshold
550 for significance. We used FDR correction, given that many proteins are correlated with each other
551 and that a Bonferroni correction can be overly conservative in such situations. However, we used
552  a strict threshold of 0.5% instead of a conventional threshold of 5% to reduce false positive
553 findings, as our intention was not to generate a complete list of potential associations, but rather
554  to generate a smaller set of high-confidence findings. We used weighted median, weighted mode,
555 and MR-Egger slope as supplementary analyses to evaluate the directional concordance of the
556 effect. Heterogeneity was tested using the /? statistic with results of * > 50% and heterogeneity
557 P <0.05 considered as substantial heterogeneity. Directional horizontal pleiotropy was tested
558 using the MR-Egger intercept test, and results with P < 0.05 were considered to indicate the
559  presence of directional horizontal pleiotropy.

560

561  For reverse MR, wherein we examined the effect of plasma protein levels on BMI, we performed
562  two-sample MR using cis-pQTLs variants from the deCODE study as exposures and BMI GWAS
563 from UK Biobank as an outcome. We used the inverse variance weighted method or the Wald
564 ratio method when only one SNP was available. We used FDR < 0.5% as a threshold for
565  significance. For BMI GWAS, we used data from the UK Biobank instead of the meta-analysis
566 GWAS of UK Biobank and GIANT because a number of cis-pQTL SNPs were not available in the
567 latter due to the stringent quality control process of the meta-analysis.

568

569 MR to evaluate the effect of body fat percentage on plasma protein levels
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570  While BMI is an easily measurable, clinically relevant proxy of obesity with the largest GWAS,
571  body fat percentage is considered a more direct measurement of body fat accumulation. Thus, a
572 high concordance between the BMI and body fat accumulation MR results may strengthen the
573 inference from the findings of Step 1 MR for BMI.

574

575  Therefore, we performed two-sample MR using body fat percentage as exposure and plasma
576  protein levels as outcomes. We used GWAS of body fat percentage in 454,633 European-
577  ancestry individuals from UK Biobank (Accession ID: ukb-b-8909 at IEU OpenGWAS project) and
578 the same protein levels for GWAS from the deCODE study as used in Step 1 MR.

579

580 Step2 MR

581 MR with cis-pQTL to evaluate the effect of BMI-driven proteins on disease outcomes

582  Next, we performed two-sample MR using circulating protein levels as exposures and
583  cardiometabolic diseases as outcomes, separately for each disease outcome. We used cis-pQTL
584  variants from the deCODE study in 35,559 European-ancestry individuals'® as the instrumental
585 variables. The cis-pQTL was defined as pQTL located within 1 Mb (+ 1Mb) from the transcription
586  start site of the corresponding protein-coding gene. For the outcome, we used the largest
587 available GWAS of CAD* (181,522 CAD cases and 1,165,690 controls), ischemic stroke, and
588  cardioembolic stroke®' (34,217 ischemic stroke cases, 7,193 cardioembolic stroke cases, and up
589 102,703,029 controls), and type 2 diabetes®? (80,154 type 2 diabetes cases and 853,816 controls).
590 After data harmonization, we estimated the effect of each of the BMI-driven proteins on these
591 outcomes. Two-sample MR was performed using TwoSampleMR v0.5.6 with an inverse variance
592  weighted method and a random-effects model or Wald ratio when only one SNP was available as
593  aninstrumental variable. FDR < 0.5% was set as the threshold for significance. To minimize the
594  risk of horizontal pleiotropy, we removed the variants associated with more than one protein in a
595 cis-acting manner; therefore, we only retained the variants that were cis-pQTL for one protein
596 (7008 out of 7572 variants are associated with only one protein in a cis-acting manner, and these
597 7008 variants are used as instrumental variables). To further test the absence of directional
598 horizontal pleiotropy, we used the MR-Egger intercept test when applicable (i.e., if there are at
599 leastthree instrumental variables). Additionally, we used the MR-Steiger test from TwoSampleMR
600 v.0.5.6 to assess reverse causation, whereby cardiometabolic diseases influence plasma levels
601  of proteins.

602

603  Colocalization

604  To ensure that the proteins and cardiometabolic diseases share the same causal genetic signal
605 and avoid false-positive findings, We also performed colocalization using coloc R package
606 v5.1.0"°. We evaluated whether cis-pQTL of the protein shared the same causal variant with
607 cardiometabolic diseases within 1 Mb (+ 500 kb). We used default prior of p; = 10*, p2 = 10,
608 and p+2 = 10 for coloc, where p; is a prior probability of trait 1 having a genetic association in the
609 region, p2 is a prior probability of trait 2 having a genetic association in the region, and p+2 is a
610 prior probability of the two traits having a shared genetic association. We considered the posterior
611  probability of a shared causal variant (PPshared) > 0.8 as evidence of colocalization.

612

613  Mediation analyses
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614  As a validation analysis, we performed mediation analyses using network MR with a product of
615 coefficients method. We did not adjust for the exposure (BMI) when estimating the effect of the
616  mediator on the outcome (Bmediator-to-cardiometabolic) t0 @avoid weak instrument bias. This approach has
617  been adopted in multiple studies?®-36-3,

618 Considering that the proportion mediated can be only estimated when the direction of effects is
619 consistent between total causal effect and causal mediation effect, we restricted the analyses to
620 proteins that meet the following criteria: Biotal X Bmediated >0

621  where: Bwwa denotes the total effect (i.e., the effect of BMI on cardiometabolic diseases), and
622  Bmediated denotes the causal mediation effect (i.e., the effect mediated by the circulating proteins).
623

624  To estimate the causal mediation effects (Bmediatea), We estimated the effect of BMI on the plasma
625  protein levels (Bswmito-protein) @nd the effect of the plasma proteins on cardiometabolic diseases
626 (,Bprotein-to-cardiometabolic), and then mUItIleed these values (Bmediated = ,BBMI-to-protein X ﬁprotein-to-cardiometabolic)-
627  For this, we performed MR using the same instrumental variables as in Steps 1 and 2 of MR.
628  Subsequently, we divided Bmediated bY Brotal to €stimate the proportion mediated and calculated the
629  P-value under the null hypothesis that the protein of interest did not mediate the effect of BMI on
630 the outcome of interest. We considered results with P < 0.05 to be significant. Since proteins can
631 be correlated (e.g., in the same biological pathways), we did not apply Bonferroni correction.
632

633  Follow-up analyses

634  Replication MR using cis-pQTL from different cohorts

635 To replicate the causal estimates for the effect of COL6A3 on coronary artery disease, we
636 conducted two-sample MR using cis-pQTLs from different cohorts: UK Biobank® (n = 35,571
637 individuals), Fenland™ (n = 10,708 individuals), and ARIC (n = 7,213 individuals), using the same
638 method as described in Step 2 MR.

639

640 Mediation analysis with individual-level data in the EPIC-Norfolk cohort

641 The EPIC-Norfolk study, a component of the pan-European EPIC Study, is a cohort of 25,639
642  middle-aged individuals from the general population of Norfolk, a county in Eastern England’®,
643  who attended the baseline assessment between 1993-1998. We performed mediation analysis
644  in arandomly selected subcohort (n = 872) of the EPIC-Norfolk study, in which proteomic profiling
645  was performed using the SomaScan v4 assay. Death certificates and hospitalisation data were
646  obtained using National Health Service numbers through linkage with the NHS digital database.
647  Electronic health records were coded by trained nosologists according to the International
648  Statistical Classification of Diseases and Related Health Problems, 9™ (ICD-9) or 10th Revision
649  (ICD-10). Participants were identified as CAD cases if the corresponding ICD-codes (ICD-9: 410-
650 414, ICD-10:120-125) were registered on the death certificate (as the underlying cause of death or
651  as a contributing factor), or as the cause of hospitalization. The current study is based on follow-
652  up to the 31% March 2018. The case definition included all individuals identified as prevalent (at
653 the baseline study assessment) or incident CAD cases over the follow-up period of over 20-years.
654  The plasma protein levels were normalized with rank-based inverse normal transformation using
655 R package RNOmni v1.01. We used the product of coefficients methods to calculate the
656  proportion mediated, as described above, using the R package mediation’” v4.5.0. We used linear
657  regression adjusting for age and sex to estimate the effect of BMI on plasma COL6A3 levels and
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658 the effect of BMI, and logistic regression adjusting for age and sex to estimate the effect of BMI
659 on the risk of CAD and the effect of plasma COLG6AS3 levels on the risk of CAD. Significance of
660 the indirect effect and the proportion mediated was estimated by computing unstandardized
661 effects in 1000 bootstrapped samples, and calculating the corresponding 95% confidence
662 intervals.

663

664 Identification of the causal domain of COL6A3

665  Target region of the SomaScan v4 assay and the Olink Explore 3072 assay

666  We used SomaScan Menu 7K (https://menu.somalogic.com/) to determine the target amino acid
667  sequence of two aptamers for COL6A3 from on SomaScan v4 assay with additional support from
668  Somalogic (Boulder, Colorado, USA). We also obtained data on the target region of Olink Explore
669 3072 assay from Olink (Uppsala, Sweden). In SomaScan v4 assay, two aptamers target COL6A3:
670 one for the C-terminal of COL6A3, also known as Kunitz domain (UniProt ID: P12111, target
671 amino acid sequence: 3108-3165) and another for the N-terminal (UniProt ID: P12111, target
672 amino acid sequence: 26-1036). In Olink Explore 3072 assay, the assay targets the C-terminal
673  Kunitz domain of COL6A3 with polyclonal antibody (O1D20292:v1).

674

675 Linkage disequilibrium of COPL6A3’s cis-pQTL from the deCODE study and UK Biobank
676  We used the LDmatrix tool available at LDlink (https://Idlink.nci.nih.gov) with the 1000 genomes
677 European samples as the reference panel’ to calculate R? values between three SNPs: the cis-
678 pQTL for COL6A3 from UK Biobank (rs1050785), the cis-pQTL of the C-terminal-targeting
679 aptamer (rs11677932) from the deCODE study, and the cis-pQTL of the N-terminal-targeting
680 aptamer of COL6A3 (rs2646260) from the deCODE study.

681

682 COLG6A3 expression analyses

683 We downloaded bulk gene expression data in human tissues (GTEx_Analysis 2017-06-
684 05 v8 RNASeQCv1.1.9 gene tpm.gct.gz) from GTEx portal (https:/gtexportal.org/). We
685  generated the violin plots of COL6A3 expression levels in each tissue using R v4.1.2. We used a
686 two-sided Wilcoxon rank sum test to compare COL6A3 expression in each tissue with its
687  expression in the whole blood.

688

689  Single-cell RNA sequencing analysis

690 To investigate COL6A3 expression at single-cell resolution in adipose tissues and coronary
691 arteries, we reanalyzed the published expression matrix data from Emont et al.*® (SCP1376 at
692  https://singlecell.broadinstitute.org/) and Wirka et al.*® (GSE131780 at Gene Expression Omnibus
693 database https://www.ncbi.nIm.nih.gov/geo/), focusing on COL6A3 expression. Following Wirka
694 et al.*®, we removed low-quality cells that expressed < 500 genes or had a mitochondrial content
695 > 7.5%, and genes expressed in < 5 cells. Cells expressing > 3,500 genes were also removed to
696  avoid bias due to doublets. The retained gene expression profiles were normalized to library size.
697  The top 2,000 most variable genes were selected after variance-stabilizing transformation using
698 the FindVariableFeatures function in Seurat v4.0.6. Principal component analysis was performed
699 based on these 2,000 most variable genes after scaling and centering. Nearest-neighbor graph
700 construction was conducted based on the first 10 principal components using the FindNeighbors
701  function in Seurat v4.0.6 with default settings. Cell clusters were identified using the FindClusters
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702  function in Seurat v4.0.6 with default settings. Uniform Manifold Approximation and Projection
703  (UMAP) was also performed on the first 10 principal components. Two-dimensional visualization
704  of the cell clusters was based on the first two UMAP dimensions. We used SingleR v2.0.0 to
705 annotate the cell clusters with the Blueprint/ENCODE dataset as the reference using default
706  settings.

707

708 To assess whether certain cell types express COL6A3 more significantly than others, we
709  performed 1,000 permutations of the cell type labels and calculated the frequency (permutation
710 p-value) of the same cell type containing the same or a larger proportion of cells expressing
711  COLG6A3 compared to all cells.

712

713  Follow-up analyses for the identified proteins

714  Assessment of actionability

715 To estimate the independent effects of fat mass and lean mass on plasma protein levels, we
716  performed multivariable MR using fat mass and lean mass as exposures and protein levels as
717  outcomes.

718

719 GWAS of fat mass and lean mass

720  We retrieved the GWAS data for fat mass and lean mass (i.e., fat-free mass) from UK Biobank
721  through the OpenGWAS portal (https://gwas.mrcieu.ac.uk/). The data included 454,137
722  individuals of European ancestry for fat mass and 454,850 individuals for lean mass. The
723  accession codes for the datasets were ukb-b-19393 for fat mass and ukb-b-13354 for lean
724  mass.The fat mass and fat-free mass of the UK Biobank participants (second release, 2017) were
725  evaluated by UK biobank with bioelectrical impedance analysis using the Tanita BC418MA body
726  composition analyzer (Tanita, Tokyo, Japan).

727

728  Multivariable MR to evaluate the independent effect of fat mass and lean mass on protein
729  levels and cardiometabolic diseases

730 To obtain instrumental variables, we applied the same selection criteria as in Steps 1 and 2 of
731 MR (P<5x10®and r? <0.001), excluding those in the MHC region (GRCh37; chr6: 28,477,797—
732 33,448,354). We performed data harmonization in TwoSampleMR v0.56 and multivariable MR
733 with the inverse variance weighted method and a random-effect model in MVMR v0.37*. We
734  calculated conditional F-statistics using MVMR v0.3™ and evaluated whether they were above
735 ten>™ (Supplementary Table 14 and 15). The phenotypic correlation matrix was calculated
736  using metaCCA v1.22.0"°. As additional sensitivity analyses, we performed multivariable MR-
737  Egger analysis using MendelianRandomization v0.6.085%.

738

739  Phenome-wide association study for rs11677932

740 We queried traits associated with the lead cis-pQTL of COL6A3 (rs11677932) from the deCODE
741  study in the UK Biobank, FinGen, and GWAS catalog using the Open Target Genetics
742  (https://genetics.opentargets.org/)

743

744  Ethical approval
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745  All contributing cohorts obtained ethical approval from their intuitional ethics review boards. The
746  contributing cohorts include UK Biobank, GIANT consortium, deCODEstudy, Fenland study,
747  AGES Reykjavik study, INTERVAL study, CARDIoGRAMplusC4D, GIGASTROKE, and MAGIC
748  consortium. The study was approved by the Norfolk Research Ethics Committee (no. 05/
749  QO0101/191), and all participants gave their informed written consent.

750

751 Data availability

752  We used GWAS summary statistics from the following source:

753  BMI GWAS from GIANT and UK Biobank (https://portals.broadinstitute.org/collaboration/giant/).
754  Plasma proteome GWAS from the deCODEstudy (https://www.deCODE.com/summarydata/), UK
755  Biobank (https://doi.org/10.1101/2022.06.17.496443), Fenland
756  (https://omicscience.org/apps/pgwas/), and the AGES Reykjavik study
757  (https://doi.org/.1126/science.aaq1327).

758 We also used coronary artery disease GWAS from CARDIoGRAMplusC4D
759  (http://www.cardiogramplusc4d.org/), stroke GWAS from GIGASTROKE (GCST90104534 and
760 GCST90104535, at https://www.ebi.ac.uk/gwas/studies/), and type 2 diabetes GWAS from
761  Mahajan et al. (https://doi.org/10.1038/s41588-022-01058-3).

762  For gene expression data, we used data from Nathan et al. (SCP498 at Single Cell Portal
763  https://singlecell.broadinstitute.org/) and Wirka et al (GSE131780 at Gene Expression Omnibus
764  database https://www.ncbi.nim.nih.gov/geo/).

765

766  Code availability

767 We used R v4.1.2 (https://www.r-project.org/), TwoSampleMR v.0.5.6
768  (https://mrcieu.qgithub.io/TwoSampleMR/), shappy v1.0 (https://gitlab.com/richards-
769 labl/vince.forgetta/snappy), coloc v5.1.0 (https://chriswallace.github.io/coloc/), PLINK v1.9
770  (http://pngu.mgh.harvard.edu/purcell/plink/), GCTA fastGWA v1.93.3
771  (https://yanglab.westlake.edu.cn/software/gcta/), and Seurat v4.0.6 (https://satijalab.org/seurat/).
772  Custom codes will be made available on GitHub (https://github.com/satoshi-
773  yoshiji/lcm_proteogenomics/) upon publication of the manuscript.
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Extended Figure 1. Schematic illustration of the mediation analysis.

The figure demonstrates the causal relationship between BMI, the protein mediator, and
cardiometabolic diseases using directed acyclic graphs. The dark blue arrow represents the total
effect of BMI on cardiometabolic diseases (Bswmi-to-cardiometaboiic), While the red arrow represents the
effect of BMI on cardiometabolic diseases mediated by the protein mediator. To calculate the ratio
mediated, we used the product of coefficients method. This involved multiplying the effect of BMI
on the protein mediator (Bemi-w-protein) by the effect of the protein mediator on cardiometabolic
diseases (Bprotein-to-cardiometabolic) {0 €stimate the effect mediated by the protein (Bmediated = BaMi-to-protein
X Bporotein-to-cardiometabolic). Subsequently, we divided Bmediated bY Biotar 10 estimate the proportion
mediated and calculated the P-value under the null hypothesis that the protein of interest did not
mediate the effect of BMI on the outcome of interest.

BMI: body mass index, MR: Mendelian randomization.
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