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1. Ethics statements: 107 

 108 

a. UK Biobank Ethics statement: Under the application number 1602 we used 109 

data from the UK Biobank (UKB) database resource which includes medical 110 

and phenotypic data of recruited participants on the NHS patient registers of 111 

people aged 40–69 years (DOI: 10.1371/journal.pone.0075362). Ethical 112 

approval was given by the National Research Ethics Service Committee North 113 

West–Haydock (DOI: 10.1038/s41467-018-03242-8), and all participants gave 114 

https://doi.org/10.1371/journal.pone.0075362
https://doi.org/10.1038/s41467-018-03242-8
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written informed consent. All procedures were in accordance with the 115 

Declaration of Helsinki. 116 

 117 

b. Finngen/THL DF 10 Ethics statement: Patients and control subjects in 118 

FinnGen provided informed consent for biobank research, based on the Finnish 119 

Biobank Act. Alternatively, separate research cohorts, collected prior the 120 

Finnish Biobank Act came into effect (in September 2013) and start of FinnGen 121 

(August 2017), were collected based on study-specific consents and later 122 

transferred to the Finnish biobanks after approval by Fimea (Finnish Medicines 123 

Agency), the National Supervisory Authority for Welfare and Health. 124 

Recruitment protocols followed the biobank protocols approved by Fimea. The 125 

Coordinating Ethics Committee of the Hospital District of Helsinki and 126 

Uusimaa (HUS) statement number for the FinnGen study is Nr HUS/990/2017. 127 

  128 

The FinnGen study is approved by Finnish Institute for Health and Welfare 129 

(permit numbers: THL/2031/6.02.00/2017, THL/1101/5.05.00/2017, 130 

THL/341/6.02.00/2018, THL/2222/6.02.00/2018, THL/283/6.02.00/2019, 131 

THL/1721/5.05.00/2019 and THL/1524/5.05.00/2020), Digital and population 132 

data service agency (permit numbers: VRK43431/2017-3, VRK/6909/2018-3, 133 

VRK/4415/2019-3), the Social Insurance Institution (permit numbers: 134 

KELA58/522/2017, KELA 131/522/2018, KELA 70/522/2019, KELA 135 

98/522/2019, KELA 134/522/2019, KELA 138/522/2019, KELA 2/522/2020, 136 

KELA 16/522/2020), Findata permit numbers THL/2364/14.02/2020, 137 

THL/4055/14.06.00/2020, THL/3433/14.06.00/2020, THL/4432/14.06/2020, 138 

THL/5189/14.06/2020, THL/5894/14.06.00/2020, THL/6619/14.06.00/2020, 139 

THL/209/14.06.00/2021, THL/688/14.06.00/2021, THL/1284/14.06.00/2021, 140 

THL/1965/14.06.00/2021, THL/5546/14.02.00/2020, 141 

THL/2658/14.06.00/2021, THL/4235/14.06.00/2021, Statistics Finland (permit 142 

numbers: TK-53-1041-17 and TK/143/07.03.00/2020 (earlier TK-53-90-20) 143 

TK/1735/07.03.00/2021, TK/3112/07.03.00/2021) and Finnish Registry for 144 

Kidney Diseases permission/extract from the meeting minutes on 4thJuly 2019. 145 

  146 

The Biobank Access Decisions for FinnGen samples and data utilized in 147 

FinnGen Data Freeze 10  include: THL Biobank BB2017_55, BB2017_111, 148 
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BB2018_19, BB_2018_34, BB_2018_67, BB2018_71, BB2019_7, BB2019_8, 149 

BB2019_26, BB2020_1, BB2021_65, Finnish Red Cross Blood Service 150 

Biobank 7.12.2017, Helsinki Biobank HUS/359/2017, HUS/248/2020, 151 

HUS/150/2022 § 12, §13, §14, §15, §16, §17, §18, and §23, Auria Biobank 152 

AB17-5154 and amendment #1 (August 17 2020) and amendments BB_2021-153 

0140, BB_2021-0156 (August 26 2021, Feb 2 2022), BB_2021-0169, 154 

BB_2021-0179, BB_2021-0161,  AB20-5926 and amendment #1 (April 23 155 

2020)and it´s modification (Sep 22 2021), Biobank Borealis of Northern 156 

Finland_2017_1013, 2021_5010, 2021_5018, 2021_5015, 2021_5023, 157 

2021_5017, 2022_6001,  Biobank of Eastern Finland 1186/2018 and 158 

amendment 22 § /2020, 53§/2021, 13§/2022, 14§/2022, 15§/2022, Finnish 159 

Clinical Biobank Tampere MH0004 and amendments (21.02.2020 & 160 

06.10.2020), §8/2021, §9/2022, §10/2022, §12/2022, §20/2022, §21/2022, 161 

§22/2022, §23/2022, Central Finland Biobank 1-2017, and Terveystalo Biobank 162 

STB 2018001 and amendment 25th Aug 2020, Finnish Hematological Registry 163 

and Clinical Biobank decision 18th June 2021, Arctic biobank P0844: 164 

ARC_2021_1001. 165 

 166 

c. CHSS Ethics statement: The Ethics Committee for Human Research at Hospital 167 

Clinic de Barcelona approved the study protocol on the 24th of march of 2021 168 

(HCB/2020/1051) in the context of the EU project: ERAPERMED2019-108 - 169 

TRAJECTOME. All the data were handled in compliance with the General Data 170 

Protection Regulation 2016/679 on data protection and privacy for all 171 

individuals within the European Union. The study was conducted in conformity 172 

with the Helsinki Declaration (Stronghold Version, Brazil, October 2013) and 173 

in accordance with the protocol and the relevant legal requirements (Biomedical 174 

Research Act 14/2007 of 3 July). 175 

 176 

d. SHIP Ethics statement: The study followed the recommendations of the 177 

Declaration of Helsinki. The medical ethics committee of the University of 178 

Greifswald approved the study protocol, and oral and written informed consents 179 

were obtained from each of the study participants. 180 

 181 

 182 
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 185 

 186 

 187 

 188 

 189 

 190 

 191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 

2. Supplementary Figures for results section Dynamic Bayesian network 200 

analysis reveals seven MDD-related multimorbidity clusters 201 

 202 
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 203 
 204 

Figure S1.1. The temporal trajectories of the MDD-associated multimorbidity burden in the discovery cohorts 205 

(UKB, THL, CHSS). Boxes correspond to clusters. Colored lines denote the trajectories of randomly sampled 206 

individuals in each cluster, and the red lines denote the mean trajectories. Top: The trajectories according to all 207 

discovery cohorts as a function of the cumulative time intervals. Bottom: The trajectories according to each 208 

discovery cohort as a function of the first time interval and the difference between the subsequent consecutive 209 

time intervals. Cumulative time intervals 1: 0-20 years, 2: 0-40 years, 3: 0-60 years, 4: 0-70 years.  210 

 211 
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 212 
Figure S1.2. The average onset ages of the consensual diseases according to the seven clusters in the UKB.  213 

Average onsets are weighted by the cluster membership probabilities of each participant. The nodes’ color 214 

indicates the cluster, and the node size is proportional to the observed prevalence of the disease in the cluster.  215 

 216 
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 217 
Figure S2.1. Scatter plot of cluster membership variables’ coefficients on the onset of all consensual diseases 218 

according to CHSS versus UKB. Each point represents a disease according to a given cluster (indicated by the 219 

point’s color). Only those diseases are shown which are statistically significant in both cohorts. Diseases for 220 

which the sign of the coefficients differ are indicated with labels. 221 

 222 
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 223 
Figure S2.2. Scatter plot of cluster membership variables’ coefficients on the onset of all consensual diseases 224 

according to THL versus UKB. Each point represents a disease according to a given cluster (indicated by the 225 

point’s color). Only those diseases are shown which are statistically significant in both cohorts. Diseases for 226 

which the sign of the coefficients differ are indicated with labels. 227 

 228 
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 229 

Figure S2.3. Scatter plot of cluster membership variables’ coefficients on the onset of all consensual diseases 230 

according to FinnGen versus UKB. Each point represents a disease according to a given cluster (indicated by the 231 

point’s color). Only those diseases are shown which are statistically significant in both cohorts. Diseases for 232 

which the sign of the coefficients differ are indicated with labels. 233 
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 234 
Figure S2.4. Scatter plot of cluster membership variables’ coefficients on the onset of all consensual diseases 235 

according to SHIP versus UKB. Each point represents a disease according to a given cluster (indicated by the 236 

point’s color). Only those diseases are shown which are statistically significant in both cohorts. The disease for 237 

which the sign of the coefficient differs is indicated with a label (F17). 238 

 239 

 240 

 241 

 242 
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 243 
 244 

Figure S3. Density plot of the age pattern of each cluster in each cohort. Participants are weighted by the 245 

posterior probability of belonging to a cluster. Participants were excluded if both being under 60 years and 246 

having a maximum posterior probability < 0.25 to any of the clusters. UKB N = 364,008; CHSS N = 645,913; THL 247 

N = 23,786; FinnGen N = 277,252; SHIP N = 1126. 248 
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 249 
Figure S4. Kendall’s correlation matrix for cluster membership probabilities for each cohort. Kendall 250 

correlation coefficients were computed on filtered samples; participants were excluded if both being under 60 251 

years and having a maximum posterior probability < 0.25 to any of the clusters. A. UKB (N = 364,008); B. CHSS 252 

(N = 645,913); C. THL (N = 23,786); D. FinnGen (N = 277,252); E. SHIP (N = 1126).    253 

 254 
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 255 

 256 

 257 

 258 

 259 
Figure S5.1. Distribution of MDD-related cluster membership for Cluster 1 in UKB data (N = 247,325). Raw 260 

probability and posterior log-odds. 261 

 262 

 263 
Figure S5.2. Distribution of MDD-related cluster membership for Cluster 2 in UKB data (N = 247,325). Raw 264 

probability and posterior log-odds. 265 

 266 
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 267 
Figure S5.3. Distribution of MDD-related cluster membership for Cluster 3 in UKB data (N = 247,325). Raw 268 

probability and posterior log-odds. 269 

 270 

 271 
Figure S5.4. Distribution of MDD-related cluster membership for Cluster 4 in UKB data (N = 247,325). Raw 272 

probability and posterior log-odds. 273 

 274 
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 275 
Figure S5.5. Distribution of MDD-related cluster membership for Cluster 5 in UKB data (N = 247,325). Raw 276 

probability and posterior log-odds. 277 

 278 

 279 
Figure S5.6. Distribution of MDD-related cluster membership for Cluster 6 in UKB data (N = 247,325). Raw 280 

probability and posterior log-odds. 281 

 282 
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 283 
Figure S5.7. Distribution of MDD-related cluster membership for Cluster 7 in UKB data (N = 247,325). Raw 284 

probability and posterior log-odds. 285 

 286 

 287 

 288 

 289 

 290 



19 
 

 291 
Figure S6. Count distribution of MDD-related cluster membership for Clusters 1-7 in the individual cohorts. 292 

Colored bars show the expected proportion of participants belonging to each cluster. Each individual is weighted 293 

by their cluster membership probability; i.e., to compute the expected number of participants in a cluster, we 294 

summed each participant's corresponding cluster membership probability. 295 

 296 

 297 

 298 

  299 
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3. Supplementary Figures for results section GWAS analysis of MDD-related 300 

multimorbidity clusters in the UKB cohort identifies immune system-related genetic 301 

profiles 302 

 303 
Figure S7.1. GWAS results for MDD-related Cluster 1 membership in UKB data (N = 247,325). A. SNP-based 304 

genome-wide Manhattan plot. Results capped at 10-15 are indicated with red crosses. B. QQ-plot. C. Gene-based 305 

genome-wide Manhattan plot. The statistically significant genes are indicated  with labels. 306 
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 307 
Figure S7.2. GWAS results for MDD-related Cluster 2 membership in UKB data (N = 247,325). A. SNP-based 308 

genome-wide Manhattan plot. Results capped at 10-15 are indicated with red crosses. B. QQ-plot. C. Gene-based 309 

genome-wide Manhattan plot. The statistically significant genes are indicated  with labels. 310 
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 311 
Figure S7.3. GWAS results for MDD-related Cluster 3 membership in UKB data (N = 247,325). A. SNP-based 312 

genome-wide Manhattan plot. Results capped at 10-15 are indicated with red crosses. B. QQ-plot. C. Gene-based 313 

genome-wide Manhattan plot. The statistically significant genes are indicated  with labels. 314 

 315 
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 316 
Figure S7.4. GWAS results for MDD-related Cluster 4 membership in UKB data (N = 247,325). A. SNP-based 317 

genome-wide Manhattan plot. Results capped at 10-15 are indicated with red crosses. B. QQ-plot. C. Gene-based 318 

genome-wide Manhattan plot. The statistically significant genes are indicated  with labels. 319 

 320 
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 321 
Figure S7.5. GWAS results for MDD-related Cluster 5 membership in UKB data (N = 247,325). A. SNP-based 322 

genome-wide Manhattan plot. B. QQ-plot. C. Gene-based genome-wide Manhattan plot. The statistically 323 

significant genes are indicated  with labels. 324 

 325 
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 326 
Figure S7.6. GWAS results for MDD-related Cluster 6 membership in UKB data (N = 247,325). A. SNP-based 327 

genome-wide Manhattan plot. B. QQ-plot. C. Gene-based genome-wide Manhattan plot. The statistically 328 

significant genes are indicated  with labels. 329 

 330 
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 331 
Figure S7.7. GWAS results for MDD-related Cluster 7 membership in UKB data (N = 247,325). A. SNP-based 332 

genome-wide Manhattan plot. Results capped at 10-15 are indicated with red crosses. B. QQ-plot. C. Gene-based 333 

genome-wide Manhattan plot. The top 100 statistically significant genes are indicated  with labels. 334 
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Figure S8. Functional overrepresentation analysis of UKB and FinnGen GWAS. Results of overrepresentation analysis based on the g:Profiler method. Each dot represents 336 

a statistically significantly overrepresented Gene Ontology term or KEGG pathway (adjusted p-value < 0.01, based on g:SCS method). The color scales correspond to the 337 

cohorts, red dots indicate UKB results (at the left part of each column), and the blue dots indicate the FinnGen results (shown at the right part of each column). The size of 338 

the dots indicate the strength of the significance, measured by the negative log-transformed p-values.339 
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 340 
Figure S9. Genetic correlation between clusters and the consensual diseases on which the definitions of the 341 

clusters are based. Only those diseases are shown for which at least one cluster showed a statistically significant 342 

genetic correlation. p-values were adjusted using Benjamini-Hochberg method. Significant genetic correlations 343 

are indicated with dots. The GWAS of the cluster memberships and all diseases were performed on the UKB 344 

cohort using the same covariates and filtering procedure (see online Methods). 345 
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 346 

Figure S10. Comparison of the value of coefficient in Cox regression of cluster membership on disease onset 347 

versus the genetic correlation between the cluster membership and the disease occurrence in the UKB data. 348 

Only those diseases are shown that are statistically significant according to both methods. Each point represents 349 

a disease according to a given cluster (indicated by the color of the point). Diseases for which the sign of the 350 

effects differ are indicated with labels. 351 

 352 

 353 

 354 
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 355 

Figure S11.1. Functional modules of the human interactome in Cluster 1 that are pleiotropic with MDD. Top: Pleiotropic functional modules. Gray nodes were used as 356 

evidences in a network propagation algorithm used to score all genes in the STRING PPI network. The size of the nodes indicate the propagated score. Nodes with red 357 

border are statistically significant according to the GWAS of Cluster 1. Modules of the top scoring genes were identified, and those modules are shown in which the 358 

propagated effect of MDD-associated genes (shown with red labels, according to a GWAS meta-analysis of Howard et al.) are significantly enriched. Bottom left: The 359 
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relative contribution of the top 5 MDD-associated genes to the module. Bottom right: The at most top 5 most relevant statistically significant Gene Ontology terms 360 

overrepresented in the module. 361 

 362 

Figure S11.2. Functional module of the human interactome in Cluster 2 that is pleiotropic with MDD. See caption of Figure S11.1. for details. 363 

 364 
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 365 

 366 

 367 

Figure S11.3. Functional modules of the human interactome in Cluster 3 that are pleiotropic with MDD. See caption of Figure S11.1. for details. 368 

 369 
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 370 

 371 
 372 

Figure S11.4. Functional modules of the human interactome in Cluster 4 that are pleiotropic with MDD. See caption of Figure S11.1. for details. 373 
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 374 
 375 

Figure S11.5. Functional modules of the human interactome in Cluster 5 that are pleiotropic with MDD. See caption of Figure S11.1. for details. 376 
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 377 

Figure S11.6. Functional module of the human interactome in Cluster 6 that is pleiotropic with MDD. See caption of Figure S11.1. for details. 378 
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 379 

Figure S11.7. Functional modules of the human interactome in Cluster 7 that are pleiotropic with MDD. See caption of Figure S11.1. for details.380 
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4. Supplementary Figures for results section Modifiable risk-factor profiles of 381 

MDD-related multimorbidity clusters in the UKB cohort 382 

 383 

 384 
Figure S12. Complex linear regression models involving available modifiable factors included in the UK 385 

Biobank dataset for each cluster (N = 247,325). The “complex regression model” uses all available risk factors 386 

at once in a single model. The posterior log odds of being in a given cluster serves as the target variable. The 387 

direction of the triangles corresponds to the sign of the coefficient (positive - upwards; negative - downwards) 388 

and the color details the magnitude. The size of the triangles is proportional to the -log10 p-value, and only 389 

nominally significant values are shown (-log10p > 4). CRP: C-reactive protein; bp: blood pressure; sex: 1-males, 390 

2-females. 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 
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5. Supplementary Figures for results section Validation of MDD-related 410 

multimorbidity profiles at the genetic and modifiable risk-factor levels   411 

 412 

 413 
Figure S13. Pearson correlation pattern of GWAS derived beta values between MDD-related clusters. (A) UK 414 

Biobank (N = 247,325); (B) THL (N = 30,961); (C) FinnGen (N = 277,252). 415 

 416 
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 417 

Figure S14. Results for polygenic risk score (PRS) analysis in THL (N = 30,961). Results of linear regression 418 

analyses between posterior log-odds cluster membership variable and PRS for cluster membership based on 419 

UKB GWAS results for each of the seven clusters. Adjusted for age, sex, cohort, batch, east/west-background. 420 

Estimate and 95% confidence interval displayed.  421 

  422 
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 423 

Figure S15.1. GWAS results for MDD-related Cluster 1 membership in FinnGen data (N = 277,252). A. SNP-424 

based genome-wide Manhattan plot. B. QQ-plot. C. Gene-based genome-wide Manhattan plot. The statistically 425 

significant genes are indicated with labels.  426 
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 427 
Figure S15.2. GWAS results for MDD-related Cluster 2 membership in FinnGen data (N = 277,252). A. SNP-428 

based genome-wide Manhattan plot. B. QQ-plot. C. Gene-based genome-wide Manhattan plot. The statistically 429 

significant genes are indicated with labels.  430 
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 431 
Figure S15.3. GWAS results for MDD-related Cluster 3 membership in FinnGen data (N = 277,252). A. SNP-432 

based genome-wide Manhattan plot. B. QQ-plot. C. Gene-based genome-wide Manhattan plot. The statistically 433 

significant genes are indicated with labels. 434 

 435 
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 436 
Figure S15.4. GWAS results for MDD-related Cluster 4 membership in FinnGen data (N = 277,252). A. SNP-437 

based genome-wide Manhattan plot. B. QQ-plot. C. Gene-based genome-wide Manhattan plot. The statistically 438 

significant genes are indicated with labels. 439 

 440 



45 
 

 441 
Figure S15.5. GWAS results for MDD-related Cluster 5 membership in FinnGen data (N = 277,252). A. SNP-442 

based genome-wide Manhattan plot. B. QQ-plot. C. Gene-based genome-wide Manhattan plot. The statistically 443 

significant genes are indicated with labels. 444 

 445 
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 446 
Figure S15.6. GWAS results for MDD-related Cluster 6 membership in FinnGen data (N = 277,252). A. SNP-447 

based genome-wide Manhattan plot. B. QQ-plot. C. Gene-based genome-wide Manhattan plot. The statistically 448 

significant genes are indicated with labels. 449 

 450 
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 451 
Figure S15.7. GWAS results for MDD-related Cluster 7 membership in FinnGen data (N = 277,252). A. SNP-452 

based genome-wide Manhattan plot. B. QQ-plot. C. Gene-based genome-wide Manhattan plot. The statistically 453 

significant genes are indicated with labels. 454 

  455 
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 456 
Figure S16. Scatter plot of gene-level aggregated (negative log-transformed) p-values in UKB versus FinnGen. 457 

Gene-level p-values were aggregated with MAGMA. Genes that are significant according to Holm’s method are 458 

indicated with red dots and shown with labels. 459 

 460 

 461 

 462 

 463 

 464 

 465 

 466 
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 467 
Figure S17. Complex linear regression models involving available modifiable factors included in the THL data  468 

for each cluster (N = 23,786). The “complex regression model” uses all available risk factors at once in a single 469 

model. The posterior log odds of being in a given cluster serves as the target variable. The direction of the 470 

triangles corresponds to the sign of the coefficient (positive - upwards; negative - downwards) and the color 471 

details the magnitude. The size of the triangles is proportional to the -log10 p-value, and only nominally 472 

significant values are shown (-log10p > 4). CRP: C-reactive protein; bp: blood pressure; sex: 1-males, 2-females. 473 

 474 

 475 

 476 
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 477 

Figure S18. Four measures that show the performance of the clustering method using only a fraction of all 478 

consensual disease variables from UKB. The green lines show various baseline null models (a totally random 479 

(null) and a uniform cluster assignment). The dark blue line shows how a randomly chosen variable set performs, 480 

and the light blue curve shows how a greedily selected (~optimal) variable set performs. The red dot indicates 481 

the performance of the SHIP variable set. See methods for details. MAE: Mean absolute error, MSE: Mean 482 

squared error. 483 

 484 
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 485 

Figure S19. Pearson correlation matrix for polygenic risk scores (PRS) in SHIP (N = 1126). PRS were calculated 486 

as described in the online methods and based on MDD-related cluster GWAS from UKB. Correlation between 487 

the PRS revealed the same pattern on the genetic level as has been observed in the other cohorts.     488 
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 490 

 491 

Figure S20. Simple linear regression models involving modifiable risk factors included in the SHIP dataset for 492 

each cluster (N = 1126). The simple linear regression model involves one factor at a time with age and sex as 493 

covariates for each cluster. The posterior log odds of being in a given cluster serves as the target variable. The 494 

direction of the triangles corresponds to the sign of the coefficient (positive - upwards; negative - downwards) 495 

and the color details the magnitude. The size of the triangles is proportional to the -log10 p-value, and only 496 

values p > 0.05  are shown (-log10p > 1.3). CTQ: childhood trauma questionnaire; sex: 1-males, 2-females.  497 

 498 

 499 

 500 

 501 
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