Single cell transcriptomic meta-analysis uncovers sample-specific molecular heterogeneity in atrial fibrillation
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1. Background and Aim 5. Latent-space analysis reveals distinct molecular AF subgroups

Atrial fibrillation (AF) is the most common sustained arrhythmia, affecting >59 million people worldwide, and
IS a major cause of stroke and heart failure. AF is multifactorial, with genetic contributors such as the PITX2
locus, and progresses from paroxysmal to persistent and permanent disease states. Despite available rate-
and rhythm-control therapies, AF remains difficult to reverse or completely cure.

Previous transcriptomic studies reported AF-vs-sinus rhythm (SR) molecular differences, but it remains AF
unclear which signatures are reproducible across cohorts. Here, integrated human atrial snRNA-seq meta- >R
analysis was used to identify shared AF-associated transcriptional programs and characterize cell-type-
specific and inter-individual heterogeneity.
2. Study Design C
€ STUDY SOURCES @ SAMPLE © DATAINTEGRATION © TRAIN VAEMODEL @ LATENT ZSPACE @  SAMPLE (@ GWAS CANDIDATE
PROCESSING EXTRACTION CLUSTERING MATCHING
4 LA  e0e000000
° ° . Eln house | i ~
L )o@ AT .
_SR AF - : LLLLLE L L
¢ — " tieereepeppereRRERIOTRNE M
= )
w w w EKanemaru _% Ug “weihts i
SR AF Y ¢ - N ] geneT \/ \/ UMAP1
: = inukova | | T | | | (eeee T ene2 ®AD ©CM ®EEC ®FB ®L ® MESO ®MP ©PER ®SC ©SMC © VEC
aliny 102 samples {gSequencmg ngtvmukova VAP 1 7 i v X D
l£ 37 AF . 65 SR N - a Cell types preserved gene3 X X CM
— 4512 EA,5476'\|/IQA ELeblanc | | Fecsisss with sample variation sample distances
|
Schematic overview of the study design. Human atrial snRNA-seq datasets from in-house and four public 1 2 3 4 I Age e
studies (Hill et al. [1], Kanemaru et al. [2], Leblanc et al. [3], and Litvinukova et al. [4])were integrated across o 1550 ’
- - - 1 1 s SR -
disease status, sex, and atrial region. After sample processing and cell-type annotation, cell-type-specific | - Sex Study o © g
- 5 c . . 55-60
expression profiles were used to train a variational autoencoder (VAE) model and extract latent Cluster group F s inhouse 60-65 i 5
0 - . . 0 0 i - 4 I
representations. Sample-level clustering of the latent space was then used to identify molecularly similar WH Wﬂ W ﬁ ( ﬁ m ﬁﬂ mﬁ H ! e s %
AF/SR samples, define cluster-specific transcriptional programs, and integrate these findings with GWAS ; T 180 )
and QTL evidence to highlight candidate genes with genetic support.
[ [ [ ] [ E
3. Integrated cell atlas maps major atrial cell populations of heart atria H.HMMT“
- Group1
B N Myofibril |
assembly ® o
A B Cad wles s SR BT TR N WS NR OPEE ’
ECM organization 1 @ 8 = ,
0 Gene ratio
. 6 2 @ 0.10
" i e AUt ® 7 @os
| . 4 [
Cell-matrix
‘ ' : eadfrlneasign)'l(o 5‘ - 3
g ' ' ' ' ' : B e N [ EENEE ¢ m aeam
PER % LI‘D(;rcentage of cells (‘2? % o lf‘:‘ ﬁ Bl TR Odds ratio
o i Sex dependent
él\[;_.... SO0 e e e 0 ; o e e :.-l-—-—l' = Esignatures Oxidat Group4
o e . 4 o : xidative |
M“E‘S«(Dy VEC EEc{ - - - @@ o C e . - o - - 0 + .« o BN cHCEEE —— ..‘- Phosphorylation ' iy
""m’ o FB4d - . . o . . . Q® - . . o ° . . o o . . | -
L{ - ° o0 - b —
| oo L raction m B : Cellular Respiration 1 ‘ Lo & .
v . P ) Ly 10 & 0 005
| study | nNuctei JESEES ° o e - - 00 .| isee® Protein Targeting o 3 @010
MP. Hill 208,591 sc{ - o - Q@ - - - - 1030 50 70 90 To Mitochondrion | ® . T @o1s
I 188.867 smc4 - - - - © - O H .. e Mea_nexpression '4
= 5 N in grou i i
& Litvinukova 70,394 N q/ 6 ,\ o $' '\ ‘b 'b ,\ ‘b O:) l—f-pz- EGWAS NegatWSFR:gglgatg(s)ig OJ 110 2
< :
3 Kanemaru 19,246 Q\/ Q\Q&\ Q’+9€O‘<\ 0&%3; OQ @ '\rbv 96 O\l}$ & \X\ \{\& ° écandidates Odds ratio
UMAP1 Leblanc 17,180 '
: H PITX2 BMP10
(A) UMAP embedding of integrated human atrial nuclei grouped by major cardiac cell types. (B) Comparison G s I == | ==
] ] [} ] ] + 10.0
of cell-type proportions between AF and SR samples. (C) Canonical marker gene expression confirming cell- . o 2 z
type annotation across atrial cell populations; dot size represents the fraction of expressing cells and color o g "' _JE S
. . . | | C ) 0.7 O 2.5
intensity represents mean expression. o = o2 (s T e
AD, adipocytes; CM, cardiomyocytes; EEC, endocardial endothelial cells; FB, fibroblasts; L, lymphocytes; [ ot e | SR AF Sl AF
MESO, mesothelial cells; MP, myeloid phagocytes; PER, pericytes; SC, Schwann cells; SMC, smooth e 15 *e ® Topoza e CACNATE
. o @ Lead SNPs 121
muscle cells; VEC, vascular endothelial cells. 10 - ® Independent significant SNPs jg ‘%
" ° - T .| [o% | Ry
n ] n ] u n n n n n (g-’ @
4. Differential gene expression analysis identifies limited common AF signatures _ g . i i
o ATAC-seq from cardiomyocytes
A B CM LA 00466 - 0- o )
TNFA_SIGNALING_VIA_NFKB A ATRNL1
SRvs AF IL6_JAK_STAT3_SIGNALING 1 < I ‘h . i bl *
KRAS_SIGNALING_UP A log(padi) o N
FB EPITHELIAL_MESENCHYMAL_TRANSITION | ® 5.00 —— ;
VP E2F TARGETS - . @ 1000 RA c.004s6- =1 ?_ ¢ -
DNA_REPAIR - 3 . - >
cM 4 MTORC1_SIGNALING - . ST i : —_—— e @, i & z‘;
OXIDAT|VE—PHOSPHORYLAT|ON | . Score ENPEP PITX2 LINCO01438 ENSG00000288692 % E
PER - UNFOLDED_PROTEIN_RESPONSE1{ @ 0 —H = H f | = 2
cec ] MYC_TARGETS_V1 | . _5 ENI-SH600000250511 m IEN5600000289096
—'I] 0 (I) 110.56 Mb 110.64 Mb 110.72 Mb 110.80 Mb 110.88 Mb 110.96 Mb 01 O@ . O O
VEC A score chrd (hg38) SR AF SR =
MESO - FB Female Female Male Male
TNFA_SIGNALING _VIA_NFKB -
SMC - ESTROGEN_RESPONSE_EARLY A °
INFLAMMATORY _RESPONSE - ° log(padj)
o TGF_BETA_SIGNALING . . (A) VAE-derived latent representations reveal sample-specific transcriptional heterogeneity across the
sc Up in AF, p-value < 0.05 ESTROGEN_RESPONSE_LATE U ‘20-00 . . . . . . c
= Downin i, pabe <0 L6 JAK STAT3 SIGNALING - . dataset while preserving major cardiac cell-type variation. (B, C) AF/SR labels do not form a single
Up in AF, padj < 0.05 - - — . . - .
AD - B Do A7 5 <05 KR/(f;Ms]g:imPgU; ' ccore global separation, whereas sex shows stronger latent-space organization. (D) Sample-level clustering
llog2FC| 2 0.58 _ _UrF 1 ¢ - Y 0 Ac . . . c - - -
800 600 200 200 0 200 200 600 800 INTERFERON_ALPHA_RESPONSE { + i“’ identifies distinct cardiomyocyte transcriptional programs, and highlights candidate genes with
Number of DEGs PROTEINSECRETIONT =~ | 0 potential links to AF genetic risk loci. (E) Group 1 is enriched for structural remodeling programs (F)
% ore Group 4 is enriched for mitochondrial and metabolic programs (G) The AF-associated PITX2 locus
shows stronger chromatin accessibility in LA than RA, indicating an atrial-region-specific regulatory
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fibroblasts based on ranked AF-vs-SR transcriptional changes.
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AF samples separated into distinct cardiomyocyte molecular programs associated with sex, structural
remodeling, mitochondrial metabolism, and AF-associated loci, including the PITX2 region.




