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Abstract

Aortic aneurysm and dissection (AAD) is a multifaceted condition characterized by significant genetic predisposition and a considerable contribu-
tion to cardiovascular-related mortality. Previous studies have suggested that AAD subtypes share similar genetic mechanisms; however, these
studies investigated the subtypes separately. Here, we performed a large genome-wide association study (GWAS) meta-analysis for AAD by
combining its subtypes, including 11,148 cases and 708,468 controls of European ancestry. We identified 24 susceptibility loci, including four
novel loci at 1p21.2 (PALMD), 2p22.2 (CRIM1), 6922.1 (FRK), and 12914.3 (HMGA2), which were partially validated in both internal and external
populations. Cell type-specific analysis highlighted the artery as the most relevant tissue where the susceptibility variants may exert their
effects in a tissue-specific manner. By using four approaches, we prioritized 53 genes, reinforcing the importance of elastic fiber formation and
transforming growth factor-beta (TGF-f) signaling in the formation of AAD, and suggested potential target drugs for the treatment. Additionally,
various cardiovascular diseases were genetically correlated with AAD, and several cardiovascular risk factors [e.g., body mass index (BMI), lipid
levels, and pulse pressure] showed causal associations with AAD, underscoring their shared genetic structures and mechanisms underlying the
comorbidity. Moreover, five prioritized genes (PALMD, CRIM1, FRK, HMGAZ2, and NT5DCT1) at the novel loci were supported as regulators of
smooth muscle and endothelial cell functions through ex vivo and in vitro experiments. Together, these findings enhance our understanding of
the genetic architecture of AAD and provide novel insights into future biological mechanism studies and therapeutic strategies.
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Introduction pathway have been identified as potential biological path-

Aortic aneurysm and dissection (AAD) is a common and le-
thal disease with no effective cure. Based on the aortic region
involved, AAD can be classified as either thoracic AAD
(TAAD) or abdominal AAD (AAAD). AAD causes more than
10,000 deaths per year in the United States [1] and 150,000~
200,000 deaths per year worldwide [2]. Although no medica-
tions are currently effective in preventing AAD progression,
these deaths can be reduced by identifying high-risk individu-
als and applying appropriate management strategies to avoid
aneurysm ruptures [3-6]. The development of AAD is influ-
enced by multifactorial etiology, encompassing both genetic
predispositions and environmental factors, including smok-
ing, atherosclerosis, and hypertension [6-8]. A family history
of AAD could also increase the individual’s risk of AAD
[7,9]. The shared genetic determinants of AAD across sub-
types remain largely unknown.

The origins of smooth muscle cells (SMCs) in the thoracic
and abdominal aortas are different, resulting in distinct path-
ogenesis mechanisms of TAAD and AAAD [6]. Despite these
differences, TAAD and AAAD share several common patho-
logical features, including extracellular matrix (ECM) remod-
eling and SMC loss [7,10]. Additionally, the transforming
growth factor-beta (TGF-f) signaling pathway and LRP1

ways shared by both TAAD and AAAD [7,11]. Nevertheless,
each subtype also demonstrates unique pathological charac-
teristics. For instance, lipid metabolism and inflammatory
responses are major contributors to AAAD pathogenesis
but have minimal impact on TAAD [10-12]. Previous
genome-wide association studies (GWASs) have been con-
ducted for AAD mainly in populations of European ancestry;
however, TAAD and AAAD were often analyzed separately
[11-18]. The latest TAAD GWAS has identified 21 genes for
TAAD, of which 7 genes (TCF7L2, LRP1, SPSB1, ZNF827,
PRDM6, PLCE1, and ADAMTSS) are also associated with
the genetic risk of AAAD [11]. Moreover, the largest AAAD
GWAS has revealed that 24 AAAD index variants are also as-
sociated with TAAD, highlighting a moderate genetic correla-
tion between these two subtypes [11].

To increase sample size and boost the power of GWASs,
several studies have combined different histological subtypes.
This strategy has enabled the identification of additional sus-
ceptibility loci and provided novel insights into the genetic ar-
chitecture of complex diseases. For example, GWASs on
inflammatory bowel disease often include two subtypes,
Crohn’s disease and ulcerative colitis [19,20]; those on osteo-
arthritis and venous thromboembolism incorporate subtypes

920z Jequisldag 9| UO Jasn solwouas) jo aynsu| Bullieg Aq 616121 8/6£0ieZb/5/c2/010ne/qdB/Woo dno olwspese Wol) papeojumoq



Du Y et al / GWAS of Aortic Aneurysm and Dissection

from different body sites [21-24]; GWAS on stroke includes
subtypes of ischemic stroke and hemorrhagic stroke [25]; and
pan-cancer GWASs encompass multiple cancer subtypes
[26,27]. Furthermore, an increasing amount of tissue-specific
and cell type-specific omics data, along with biobank-scale
GWAS summary statistics, have become publicly accessible
[28-33]. Moreover, lots of state-of-the-art computational
approaches have been developed for post-GWAS integrative
analyses [34,35]. Previous studies have performed post-
GWAS analysis of cell type-specific enrichment and genetic
correlation estimation for TAAD and AAAD separately. For
instance, risk variants associated with AAAD are enriched in
the functional regions of endothelial cells (ECs) and vascular
SMCs of abdominal aortic tissue [11], whereas TAAD risk
variants are enriched in vascular SMCs and fibroblasts of
thoracic aortic tissue [12].

In our study, we performed a comprehensive GWAS for
AAD by combining TAAD, AAAD, and aortic aneurysm of
unspecified sites to uncover additional novel mechanistic can-
didate loci. We then integrated multiple omics datasets and
phenotypic traits to identify relevant cell types, prioritized
putative genes, and explored the genetic relationships

between AAD and other traits. We further validated the pri-
oritized genes at the novel loci by ex vivo and in vitro
experiments.

Results

GWAS meta-analysis identifies four novel loci

To enhance the understanding of AAD’s genetic architecture,
we performed a GWAS meta-analysis involving 11,148 cases
and 708,468 controls, utilizing European-ancestry data from
the UK Biobank (UKB) [32] and the FinnGen study [36]
(Figure S1). Comprehensive details on GWAS quality control,
sample size, and phenotype definitions are provided in the
“Materials and methods” section. The liability heritability
was 0.102 [standard error of the mean (SEM) = 0.010] when
setting the population prevalence to the sample prevalence
of 1.5%.

By using the clumping approach and stepwise conditional
analysis, we identified independent signals (P < § x 107%) at
24 loci (Figure 1A; Table 1), including 20 previously identified
loci for AAD, AAD histological subtypes of AAAD and TAAD,

coronary artery aneurysm and dissection, and brain aneurysm.
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Figure 1 GWAS meta-analysis of AAD in 719,616 individuals
A. Manhattan plot displaying the Pvalues of variants. The gray dashed line marks the genome-wide significance threshold of 5 x 1078, Top variants in the
known loci are shown in blue, while those in novel loci are highlighted in red. B.—E. Forest plots and regional plots for the novel loci PALMD at 1p21.2 (B),
CRIM1 at 2p22.2 (C), FRK at 6g22.1 (D), and HMGAZ at 12914.3 (E). In the forest plots, blue square represents the effect estimation in each study, and
red diamond represents the effect estimation in the meta-analysis. GWAS, genome-wide association study; OR, odds ratio; Cl, confidence interval; Chr,
chromosome; EAF, effect allele frequency; AAD, aortic aneurysm and dissection; UKB, UK Biobank.
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Four novel loci were PALMD at 1p21.2 (P = 3.51 x 107 for
rs7543130), CRIM1 at 2p22.2 (P = 1.5 X 1078 for rs848549),
FRK at 6q22.1 (P = 6.38 x 107 for rs6939175), and
HMGA2 at 12q14.3 (P = 1.8 x 1078 for rs1979440)
(Figure 1B-E). The internal validation study for the novel loci
in UKB and the FinnGen study showed that all lead variants
had consistent effect directions and met the nominal signifi-
cance threshold (P < 0.05), with the exception of rs7543130
at PALMD (P = 0.252 in UKB) (Figure 1B-E). For external
validation study, we evaluated these loci in the BioBank of
Japan (BBJ) and Michigan Genomics Initiative (MGI). All
lead variants exhibited consistent effect directions except for
rs1979440 at HMGA?2 (File S1; Figure S2).

Relevant tissues for AAD by partitioning the heritability

We used stratified linkage disequilibrium (LD) score regres-
sion (LDSC) to pinpoint the relevant tissues or cell types
based on their specific gene expression and histone modifica-
tion marks. The specific gene expression profiles from the
aorta artery showed the most significant enrichment for the
GWAS risk variants (P = 9.29 x 1078) (Figure 2A). Other ar-
teries, including the tibial and coronary arteries, also exhib-
ited significant enrichment (P < 0.0002). Interestingly, we
observed enrichment signals in the myometrium, uterus, and
cartilage. In addition, the specific histone marks in four cell
types (lung, aorta artery, osteoblast, and adipose nuclei) were
significantly associated with AAD (P < 0.0002) (Figure 2B).
Actually, osteoblasts are nearly indistinguishable from fibro-
blasts during cell culture [37]. The main components of myo-
metrium, uterus, cartilage, and lung are SMCs or fibroblasts,
both of which play critical roles in AAD development.
Adipose can also contribute to the progression of AAD.

Gene prioritization for AAD

For the identification of AAD candidate genes, we employed
four approaches and prioritized 53 distinct genes, including
24 genes based on their proximity to the lead variants
(Table 1), 7 genes identified through significant nonsynony-
mous variants (Table S1), 29 genes from artery-specific ex-
pression quantitative trait locus (eQTL) mapping (Table S2),
and 25 genes from artery-specific transcriptome-wide associ-
ation study (TWAS) (Table S3). Among these genes, ULK4,
ADAMTSS, and LOXL1 were identified by four approaches,
and CRIM1, ZNF827, PRDM6, FRK, LRP1, and NOC3L
were prioritized by three approaches (Table S4). Although
the artery-specific TWAS prioritized seven genes (TGFB2,
GDF7, LDAH, THBS2, HHIPL1, RORA, and BCAR1) out-
side the susceptibility loci identified in our GWAS-meta
analysis (Figure 2C), these genes were located at the known
loci for AAD, AAAD, or brain aneurysm in the previous stud-
ies [11,16,17,38,39].

At the novel loci, both the artery-specific TWAS and eQTL
mapping approaches prioritized another gene, NTSDC1 at
6q22.1, where the gene nearest to the lead variant is FRK. At
the novel locus 2p22.2, CRIM1 was the unique prioritized
gene by approaches of position mapping, artery-specific
TWAS, and eQTL mapping. Notably, the GWAS signals and
eQTLs for CRIM1, FRK, and NT5DC1 were colocalized
with a posterior probability of colocalization Hs > 0.8
(Table S3). In addition, PALMD and HMGA?2 were unique
genes only prioritized by position mapping at 1p21.2 and
12q14.3, respectively. To sum up, five genes (PALMD,
CRIM1, FRK, HMGA2, and NTSDC1) were prioritized at

these four novel loci. These genes were moderately or highly
expressed in bulk tissues, such as artery, fibroblast, and adi-
pose (Figure S3). In the high-resolution cell types identified
by single-cell RNA sequencing (scRNA-seq) analysis of tho-
racic aorta specimens, PALMD was highly expressed in the
ECs; CRIM1 and NTS5DC1 were highly expressed in the
SMCs; FRK was moderately expressed in SMCs (Figure 2D-
J). Meanwhile, in human abdominal aorta specimens
(GSE224587), we observed similar expression patterns for
these novel genes (Figure S4). Additionally, the functional
annotations and drug targets for these prioritized genes are
detailed in File S1, Figure S5, and Tables S5 and Sé.

Functional characterization of five genes at the
novel loci

We evaluated the protein localization and expression of five
prioritized genes at the novel loci in the aorta of AAD
patients and healthy controls. PALMD was predominantly
expressed in the intima of healthy controls. FRK, HMGA2,
and CRIM1 were highly expressed in the SMCs of AAD
patients, whereas NT5DC1 was highly expressed in the
SMC:s of healthy controls (Figure 3).

Human umbilical vein endothelial cells (HUVECs) were
transfected with a small interfering RNA (siRNA) targeting
PALMD or a negative control siRNA (Figure 4A).
Endothelial dysfunction initiates vascular remodeling and in-
flammation, attracting immune cells to the medial layer,
which is associated with the p38 and p65 signaling pathways
and endothelial adhesion molecules (VCAM-1 and ICAM-1)
[40]. Activation of p38 MAPK and p65 NF-xB leads to in-
creased downstream inflammatory cytokine synthesis and
plays a critical role in AAD formation [41,42]. PALMD
knockdown in HUVECs exacerbated angiotensin II (Ang II)-
induced increases in phosphorylated p65 (p-p65) and phos-
phorylated p38 (p-p38) levels (Figure 4A). Since downregulation
of endothelial adhesion molecules (VCAM-1 and ICAM-1) has
been found to attenuate Ang II-induced AAD progression [40,43],
we also assessed their expression. Immunofluorescence staining
revealed elevated levels of ICAM-1 and VCAM-1 in Ang II-chal-
lenged HUVECs with PALMD knockdown (Figure 4B,
Figure S6).

Phenotypic switching and loss are significant characteris-
tics of SMCs in AAD. Additionally, DNA damage is also
commonly observed in AAD. In our in vitro experiments, we
transfected human/mouse aortic SMCs with siRNAs target-
ing CRIM1, Frk, Hmga2, or Nt5dc1, followed by H,O, chal-
lenge, and assessed the outcomes using Western blot (WB; for
SM22-a, calponin, y-H2AX, cleaved-caspase-3) and flow cy-
tometry (FC). The results showed that contractile markers
(SM22-a and calponin) were downregulated in challenged
SMCs with Frk knockdown, but upregulated in challenged
SMCs with Hmga2, NtSdcl, or CRIM1 knockdown.
y-H2AX levels were increased in challenged SMCs with Frk
knockdown, but decreased with Nt5dc1 knockdown. No re-
markable change of y-H2AX occurred in challenged SMCs
with CRIM1 or Hmga2 knockdown. Moreover, apoptosis in
H,0,-challenged SMCs was aggravated by Frk or Hmga2
knockdown, alleviated by Nz5dcl knockdown, and unaf-
fected by CRIM1 silencing (Figure 4C-I, Figure S6).

Genetic correlations with other diseases

Phenome-wide genetic correlations were assessed to investi-
gate the genetic overlap and similarities between AAD and
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Figure 2 Relevant tissues and cell types for AAD

A. Enrichment analysis of relevant tissues based on gene expression in 205 tissues from human, mouse, and rat. The dashed line indicates the
Bonferroni-corrected significance level at 0.0002. B. Enrichment analysis of relevant cell types based on histone marks in 220 cell types from human. The
dashed line indicates the Bonferroni-corrected significance level at 0.0002. C. Manhattan plot for the P values of genes in artery-specific TWAS. The
dashed line indicates the transcriptome-wide significance level of 3.32 x 1076. The genes in red mean those near the newly discovered loci. D. Cell type
landscape in human sporadic type A aortic dissection based on scRNA-seq. E. Dot plot for five prioritized genes at the novel loci based on gene
expression in different cell types. F.—J. Relative expression of PALMD (F), CRIM1 (G), FRK (H), HMGAZ (I}, and NT5DC1 (J) in different cell types. Vsmc,
vascular smooth muscle cell; Mono/M¢/DC, monocyte/macrophage/dendritic cell; NK, natural killer; scRNA-seq, single-cell RNA sequencing; TWAS,
transcriptome-wide association study; +-SNE, t-distributed stochastic neighbor embedding.
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Figure 3 Localization and expression of prioritized genes in the aorta

Representative images of aortic sections from healthy controls (A) and AAD patients (B) showing the localization of PALMD, FRK, HMGA2, NT5DC1, and
CRIM1. Scale bar, 200 um. C. Quantitative analysis of protein levels in healthy controls and AAD patients. Data are represented as mean + SE (n = 4).
Statistical significance was determined by Student’s t-test (¥*, P < 0.01; **** P < 0.0001). MFI, mean fluorescence intensity; DAPI, 4',6-diamidino-2-
phenylindole; SE, standard error.
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Figure 4 Functional assays of prioritized genes in vascular ECs and SMCs

A. PALMD decreased after Ang Il administration (top), and knockdown of PALMD activated p65 and p38 MAPK (bottom). B. Immunofluorescence staining
showed that PALMD knockdown facilitated the expression of ICAM-1 and VCAM-1 in Ang ll-challenged vascular ECs. C.—G. Protein level changes of SM22-
a, calponin, cleaved-caspase3, y-H2AX, CRIM1, FRK, HMGA2, and NT5DC1 in H,O,-challenged SMCs (C), as well as in H,0.-challenged SMCs with
knockdown of CRIM1 (D), Frk (E), HmgaZ (F), and Nt5dc1 (G). H. and I. Apoptotic proportions of H,O,-challenged SMCs with or without gene knockdown
detected using flow cytometry. si-Ctrl refers to the negative control siRNA. siRNA, small interfering RNA; EC, endothelial cell; SMC, smooth muscle cell;
Ang I, angiotensin Il; p-p65, phosphorylated p65; p-p38, phosphorylated p38; PI, propidium iodide.

1864 diseases in the FinnGen study. After Bonferroni correc-
tion (P < 2.68 x 107°), ADD showed significant genetic cor-
relations with 37 diseases, ranging from 0.18 to 0.93 (Figure
5A and B; Table S7). Multiple cardiovascular diseases exhib-
ited significant genetic correlations with AAD, and several
cardiovascular risk factors [e.g., body mass index (BMI), lipid
levels, and pulse pressure] showed causal associations with
AAD (File S1; Figures S7 and S8). AAD showed strong ge-
netic correlations with its histological subtypes: thoracic aor-
tic aneurysm (I9_THAORTANEUR, r, = 0.93), dissection of

aorta (I9_AORTDIS, r, = 0.93), and abdominal aortic aneu-
rysm (I9_ABAORTANEUR, 7, = 0.85).

The lead variants associated with AAD exhibited consis-
tent effect directions at 635 loci (71.5%) across the geneti-
cally correlated diseases (Figure 5C; Table S8). For the
four novel loci, the effect directions of the lead variants
in PALMD, HMGA2, FRK, and CRIM1 for AAD subtypes
(z e., TAAD AAAD, and dlssectlon of aorta) were “+++7,

——”, C——t7, and “4++7, respectively. In addition,
in 57 of the 60 sets of results (95%), the lead variants for

920z Jaqwieldag 9| uo Jesn solwouss) Jo aymnsul Bullieg Aq 616121 8/6£0182b/5/cZ/31911e/qdB/Wwoo dnooiwepese Wolj papeojumo(


https://academic.oup.com/gpbjnl/article-lookup/doi/10.1093/gpbjnl/qzaf039#supplementary-data
https://academic.oup.com/gpbjnl/article-lookup/doi/10.1093/gpbjnl/qzaf039#supplementary-data
https://academic.oup.com/gpbjnl/article-lookup/doi/10.1093/gpbjnl/qzaf039#supplementary-data
https://academic.oup.com/gpbjnl/article-lookup/doi/10.1093/gpbjnl/qzaf039#supplementary-data
https://academic.oup.com/gpbjnl/article-lookup/doi/10.1093/gpbjnl/qzaf039#supplementary-data

Du Y et al / GWAS of Aortic Aneurysm and Dissection 9
A B C1: Diseases of certain infectious and parasitic (0/75) B C10: Diseases of the circulatory system (26/103)
B C2: Neoplasms from hospital discharges (0/124) W C11: Diseases of the respiratory system (0/95)
O C3: Neoplasms from cancer register (0/80) [ C12: Diseases of the digestive system (0/182)
3004 B C4: Diseases of the blood and immune mechanism (1/61) B C13: Diseases of the skin and subcutaneous tissue (0/108)
@ C5: Diseases of the endocrine, nutritional and metabolic (2/132) B C14: Diseases of the musculoskeletal system (3/213)
@ C6: Disorders of the mental and behavioural health (1/111) O C15: Diseases of the genitourinary system (1/117)
B C7: Diseases of the nervous system (2/111) O C16: Pregnancy, childbirth and the puerperium (0/71)
O C8: Diseases of the eye and adnexa (0/142) W C17: Congenital malformations (0/50)
B C9: Diseases of the ear and mastoid process (0/44) W C18: Other (1/45)
8 250+
g o4
Q
o)
_I,° ©
104
<
5 . e 8 Q 8 L[ ] (] L ]
i \. k k L t
0- k\ | \ “ K\ \
[ T T T T T T T T T T T T T T T T 1
C1 Cc2 C3 C4 C5 C6 Cc7 C8 c9 C10 c11 C12 C13 C14 C15 C16 C17 C18
B 1.0
0.8
0.6
o
0.4
0.0 -~ I
C | B B B PALMD rs7543130-A
LPA rs56393506-T
B FGF9 rs9316871-A
HMGA2 rs1979440-T
] LOXL1rs893816-T
] AAGAB rs10163156-A
RBBP8 rs35945038-A
55 N PCIF1 rs58749629-A
| PRDMB6 rs463106-T
[ ] SPSB1rs1106370-A
ol ] ADAMTS8 rs11222084-A
k3 CDKN2B rs4977575-C
T o0 | LRP1 1s4759276-A
D HYKK rs931794-A
N PDE3A rs4762926-T
] LTBP41s34093919-A
I ERG rs467207-A
-55 FRK rs6939175-A
| PLCE1 rs17516904-A
| ] ULK4 rs56377114-C
CRIM1 rs848549-T
ZNF827 rs13124853-A
FBN1 rs1036476-T
1 [0 AP3p1 rs77962077-A
Q > S KRR A &< © S L > O S S (D O
N0 RSP KX el \ ) > &L O QP O X Q AR
S FpOE S S F @ CFYT T I F ST FOFS (I YTE S FSE € o
QI L P O W oF o & A & Q7Y ™ VOIS e Y &L ol er Q}&Q‘“,‘f\\x/,\v
P s < o 0797 N S8 ¥ ¢S L
& o8l € & & e’ BN S oS &
v v/ o X <& & W
& o> S o
& T & &
\Q/

Figure 5 Phenome-wide genetic correlation analysis of AAD

A. Pvalues of genetic correlations between AAD and 1864 diseases in the FinnGen study. The gray dashed line indicates the significance threshold of
2.68 x 107° after Bonferroni correction for 1864 diseases. The number of diseases with significant genetic correlations and the total number of diseases
in each disease category are provided in parentheses. B. Bar plot showing the significant genetic correlations (rg) of AAD with 37 diseases. Bars are color-
coded by disease categories shown in (A). C. Heatmap illustrating the associations between AAD lead variants and the genetically correlated diseases.
The strength and direction of associations are depicted using color-coded cells: red indicates positive effects on disease risk, while blue represents
inverse associations. To enhance visualization, Zstatistics are truncated at +5.5 (approximately P = 5 x 1078). The AAD lead variants at the four novel
loci, as well as AA histological subtypes, are labeled in red. The star indicates that the lead variant is genome-wide associated with the genetically

correlated disease. AA, aortic aneurysm.

20 previously reported loci showed consistent effect direc-
tions across three AAD subtypes, except for rs58749629 at
PCIF1 and rs4977575 at CDKN2B in TAAD, as well as
rs35945038 at RBBPS in dissection of aorta. The lead vari-
ant rs7543130 at the novel locus PALMD was genome-wide

significantly associated with thoracic aortic aneurysm
(I9_THAORTANEUR, P = 2 x 10719, valvular heart dis-
ease excluding rheumatic fever (I9_VHD, P = 1 x 10729,
and non-rheumatic valve diseases (I9_NONRHEVALV,
P = 8.20 x 107%") in the FinnGen study. Moreover, the lead
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variant rs4977575 at CDKN2B showed the greatest number
(n = 14) of genome-wide significant associations with these
genetically correlated diseases (Figure 5C).

Discussion

We performed a comprehensive GWAS meta-analysis for
AAD and identified 24 susceptibility loci, including four
novel ones. For the four novel loci, rs7543130 is an inter-
genic variant located near the PALMD gene, whereas
rs848549,rs6939175, and rs1979440 are intronic variants in
CRIM1, FRK, and HMGA?2, respectively. Cell type-specific
analysis highlighted artery as the most relevant tissue where
AAD-associated genes likely exert their effects. Our integra-
tive analysis prioritized 53 genes, including five genes located
at the novel loci. In addition, various cardiovascular diseases
were genetically correlated with AAD, and several cardiovas-
cular risk factors showed causal associations with AAD.

Our discovery GWAS meta-analysis included two large
populations of European ancestry from UKB and the
FinnGen study. Different from the previous GWASs that sep-
arately studied TAAD and AAAD [11-18], we combined all
histological subtypes of AAD as cases, a strategy that has
been proven effective in identifying more loci and generating
novel insights into other diseases [19-27]. Most of the lead
variants within the identified susceptibility loci exhibited con-
sistent effect directions across cardiovascular diseases, partic-
ularly among AAD histological subtypes, suggesting shared
mechanisms. We validated the novel loci in both internal and
external populations, with the primary focus on the effect
directions of the lead variants. The signals at two novel loci,
PALMD and CRIM1, were relatively robust in the internal
and external populations, and consistent across AAD histo-
logical subtypes. However, in the meta-analysis of AAD sus-
ceptibility loci based on the external populations from BB]J
and MGI, the lead variant rs1979440 at the novel loci
HMGA2 was the unique variant showing an opposite effect
direction. Similarly, variants at FRK displayed consistent
effects in thoracic and abdominal aortic aneurysms, but
exhibited an opposite effect direction in aortic dissection. In
summary, our GWAS meta-analysis identified four novel loci
that were partially validated across populations and corre-
lated diseases, though further replication in larger and more
diverse populations is required.

As expected, AAD signals exhibited enrichment in func-
tional regions and genes highly expressed in arteries, as well
as in tissues abundant with SMCs, fibroblasts, or adipose tis-
sue — all of which are relevant to the histological subtypes of
AAD, including TAAD and AAAD [11,12]. Based on posi-
tion mapping and tissue-specific annotation, five genes
(PALMD, CRIM1, FRK, HMGA2, and NTSDC1) were pri-
oritized at the novel loci. PALMD is highly expressed in the
ECs of the cardiovascular system [44]. PALMD deficiency
may promote the development of calcific aortic valve disease
by activating NF-xB signaling in valvular ECs [45].
Additionally, PALMD variants have been associated with
aortic root size and aortic valve stenosis [46—-48]. We showed
that the knockdown of PALMD resulted in significantly ele-
vated pro-inflammatory signals in ECs. Based on these find-
ings, we speculate that PALMD plays a crucial role in
maintaining EC homeostasis and may be involved in AAD
pathogenesis. CRIM1 encodes a transmembrane protein that
anchors growth factors, such as vascular endothelial growth
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factor A, to the cell surface [49]. Furthermore, CRIM1 is in-
volved in maintaining endothelial integrity and has a critical
role in cardiovascular system development. Crim1 deficiency
causes primary defects in the extraglomerular vascular system
in mice [50]. We demonstrated that knockdown of CRIM1 in
SMCs could increase the expression of SM22-a and calponin,
promoting the contractile phenotype of SMCs, which could
protect against the formation of AAD. However, CRIM1
appears to have opposing effects in SMCs and ECs, suggest-
ing a complex role in AAD progression. Further in vivo stud-
ies are necessary to determine its overall effect. FRK encodes
a member of the SRC family of kinases that stabilizes PTEN
and BRCA1 via tyrosine phosphorylation [51]. Additionally,
it has been shown to inhibit the proliferation of human glio-
blastoma cells by reducing cyclin D1 nuclear accumulation
[52]. Therefore, FRK may also regulate arterial SMCs prolif-
eration. The variants in FRK are associated with apolipopro-
tein B and C-reactive protein, both of which are linked to
coronary heart disease [53,54]. Our study found that Frk
knockdown inhibited the contractile phenotype of SMCs and
activated SMC apoptosis and DNA damage. Thus, FRK may
act as a protective factor against aortic degeneration.
HMGA?2 is an architectural transcription factor involved in
DNA damage repair and stem cell self-renewal [55,56], po-
tentially mitigating SMC loss and associated local inflamma-
tion — both essential for stabilizing aortic structure. The
variants in HMGA2 also showed associations with aortic
root size [57] and cardiovascular risk factors of blood pres-
sure and BMI [58,59]. Our experiment indicated that the
knockdown of Hmga2 could simultaneously promote SMC
contractile phenotype and apoptosis, indicating its complex
role in AAD pathophysiology. The function of NTSDC1 is
less well studied. It has been implicated in susceptibility to
chronic obstructive pulmonary disease and as a marker for
pancreatic adenocarcinoma [60,61]. In our study, Nt5dcl
knockdown in SMCs significantly increased SM22-a and cal-
ponin expression, while downregulating proteins associated
with DNA damage and apoptosis, suggesting that NTSDC1
may aggravate AAD formation through its effects on SMCs.

In the phenome-wide genetic correlation analysis, AAD
demonstrated significant positive genetic correlations with 37
other diseases, predominantly cardiovascular diseases. The
moderate-to-strong genetic correlations with cardiovascular
diseases emphasize their shared genetic architecture and
mechanisms underlying comorbidities. Traditional cardiovas-
cular risk factors, including low-density lipoprotein (LDL),
total cholesterol (TC), triglyceride (T'G), high-density lipo-
protein (HDL), pulse pressure (PP), and BMI, were found to
be causally associated with AAD. In any case, as the first
study to comprehensively investigate the causal cardiovascu-
lar risk factors for AAD, we have identified several causal
exposures that may either serve as common risk factors for
various AAD subtypes or act as the predominant risk factors
for specific AAD subtypes.

Several limitations warrant mention. First, although we
tried to validate the novel loci in the internal and external
populations, as well as AAD histological subtypes, we mainly
focused on the sign of effect allele in the replication studies.
These novel loci could not all be fully validated under a strict
Bonferroni-corrected P value threshold. To provide more evi-
dence to support the novel loci, we prioritized five genes by
multi-omics integrative study and further conducted ex vivo
and in vitro experiments to explore their potential genetic
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mechanisms at the novel loci. Second, while we proposed a
list of potential drug targets for AAD treatment, we did not
perform drug intervention experiments to validate the effects
of these potential drugs due to limited experimental technol-
ogy. As a proxy approach, we performed drug-target
Mendelian randomization (MR) analysis, and successfully
highlighted the significant potential of LPA as a treatment
target for AAD. However, we failed to identify instrumental
variables for other proteins, which prevented us from evalu-
ating their potential as AAD targets. Third, we found that
several common cardiovascular risk factors, namely BMI, lip-
ids, and pulse pressure, showed causal associations with
AAD. However, these cardiovascular risk factors are corre-
lated, and their causal relationships may be mediated.
Conducting mediation analyses across these risk factors and
multiple AAD subtypes will comprehensively clarify the regu-
latory network.

In conclusion, this large-scale integrative genome-wide
analysis of various AAD subtypes has provided novel insights
into the genetic architecture and mechanism for AAD. Our
study has developed a comprehensive atlas of candidate
genes, relevant tissues and cell types, and pathways impli-
cated in AAD formation. Furthermore, we have identified a
list of potential drug targets for AAD and investigated its
associations with other diseases and traits.

Materials and methods
UKB genotyping and quality control

The UKB cohort is a large population-based cohort compris-
ing approximately 500,000 individuals with extensive pheno-
typic and genetic data. Detailed protocols of sample
processing, genotyping, and quality control have been de-
scribed elsewhere [32]. In this study, we used the imputed gen-
otypes of 15,456,785 variants in 378,474 European-ancestry
individuals, obtained from our previous work [62]. The UKB
Application No. for this study is 88159.

GWAS on AAD in UKB

The AAD phenotype in UKB was determined based on the
first occurrence of any code mapped to the 3-character
International Classification of Diseases 10th revision (ICD-10;
category ID 1712 in UKB), which was achieved by integrating
death register records, primary care data, hospital inpatient
records, and self-reported medical conditions collected during
the baseline assessments or subsequent visits to the UKB as-
sessment center. AAD cases were defined as individuals diag-
nosed with AAD, corresponding to ICD-10 code 171, and the
remaining participants were controls after further removing
those with several circulatory system diseases [i.e., atheroscle-
rosis (I70), other aneurysm (I72), other peripheral vascular
diseases (I73), arterial embolism and thrombosis (I74), other
disorders of arteries and arterioles (I77), diseases of capillaries
and disorders of arteries (178), and arterioles and capillaries in
diseases classified elsewhere (I79)], following the approach
used in the FinnGen study. After quality control, as of July
2022, 3753 UKB participants of European ancestry were clas-
sified as cases, while 358,929 individuals of the same ancestry
served as controls. Logistic regression implemented in PLINK
[63] was applied to detect the AAD-associated variants with
adjustments for sex, array batch, and the top 10 principal
components (PCs) of genetic ancestry.

1

GWAS summary statistics for AAD from the
FinnGen study

Summary statistics for AAD in the FinnGen study (data
freeze 9, April 2022, code I9_AORTANEUR) are publicly
available at https:/r9.finngen.fi/. In the FinnGen study,
AAD cases were defined by ICD-10 code 171, with the
exclusion of dissection of unspecified site of aorta (171.0),
resulting in 73935 cases. The remaining samples were controls
(n = 349,539) after further removing those with atheroscle-
rosis (I170), other aneurysm (I72), other peripheral vascular
diseases (I173), arterial embolism and thrombosis (174), other
disorders of arteries and arterioles (177), diseases of capillar-
ies and disorders of arteries (178), and arterioles and capillar-
ies in diseases classified elsewhere (179). The GWASs in the
FinnGen study were conducted using Regenie [64], adjusting
for sex, age, the top 10 PCs, and genotyping batch.

GWAS meta-analysis

The inverse-variance weighted meta-analysis using the fixed
effect model in METAL [65] was performed, with genomic
control correction applied to each input study. A total of
9,797,427 variants common to both UKB and FinnGen were
included for the subsequent analysis. Variants reaching
genome-wide significance (P < § x 107%) were identified. To
define the independent loci for the associated variants, we
first performed clumping to select the independent lead vari-
ant at each locus by setting LD #* less than 0.1 within a
10-Mb region in PLINK [63]. The LD was calculated based
on 1000 randomly selected European samples from UKB.
Second, we merged adjacent lead variants that were located
within 1000 kb into one locus. A total of 24 independent loci
were identified, and the corresponding nearest genes were
mapped. Furthermore, stepwise conditional analysis was con-
ducted with genome-wide complex trait analysis (GCTA)
[66] based on the aforementioned LD reference panel to de-
tect additional significant signals within a locus.

Previously reported loci of AAAD, TAAD, coronary artery
aneurysm and dissection, and brain aneurysm in the GWAS
Catalog (as of September 2023) [33] and the latest studies
[11,12,67] were downloaded. Loci that were significant in
our GWAS meta-analysis were designated as novel only if
they met both of the following criteria: (1) they did not pass
the genome-wide significance threshold in the GWAS
Catalog and latest publications, and (2) their lead variant
was located over 1000 kb away from any previously reported
index variant in the GWAS Catalog and latest publications.

Tissue and cell type identification

LDSC [68] was used to assess whether AAD heritability was
enriched in tissue-specific or cell type-specific functional
annotations. These included 220 cell type-specific genomic
functional regions defined by histone marks [69] and 205
tissue-specific gene expression sets [68]. A total of 53 non-
tissue-specific baseline annotations [e.g., coding, 3’ untrans-
lated region (UTR), §' UTR, promoter, and intron] [68,69]
were included in the LDSC model to minimize confounding
factors and enhance cell type-specific signals. LD scores were
calculated based on the genotypes of Europeans from the
1000 Genomes Project [69] and downloaded from https:/
alkesgroup.broadinstitute.org/LDSCORE/. For cell type-
specific and subsequent phenome-wide genetic correlation
analyses, only HapMap 3 single nucleotide polymorphisms
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(SNPs) were used, with SNPs in the major histocompatibility
complex (MHC) region excluded. Bonferroni correction was
applied to account for multiple testing.

Candidate gene mapping and prioritization

Four approaches were used to map variants to protein-coding
genes, including position mapping by the lead variant, nonsy-
nonymous variant mapping, artery-specific eQTL mapping
based on Functional Mapping and Annotation (FUMA;
https:/fuma.ctglab.nl) [70], and artery-specific TWAS and
colocalization analysis with the functional summary-based
imputation (FUSION) pipeline [71] (more details in File S1).
Previous studies reported that the heritability of TAAD and
AAAD was mainly enriched in aortic tissue, and accordingly
performed TWAS and eQTL mapping on TAAD and AAAD
using aortic data, respectively [11,12]. To identify more can-
didate genes, we conducted eQTL mapping and TWAS using
data from aorta artery, coronary artery, and tibial artery
from the Genotype-Tissue Expression (GTEx) project (v8),
respectively. The results from these three arteries were then
combined to boost the statistical power.

Cell type prioritization for genes at novel loci based
on scRNA-seq data

To pinpoint cell types where the five prioritized genes
(PALMD, CRIMI1, FRK, HMGA2, and NT5DC1) at the
novel loci might influence AAD risk, we utilized scRNA-seq
datasets of thoracic aorta specimens (GSE155468) and ab-
dominal aorta specimens (GSE224587) from TAAD/AAAD
cases and controls. We reanalyzed these scRNA-seq datasets
using Seurat (v4) [72]. Briefly, dimensionality reduction was
conducted using #-distributed stochastic neighbor embedding
(2-SNE), and cluster-defining genes were identified with the
FindAllMarkers function. Feature plots, dot plots, and heat-
maps were generated via Seurat (v4) [72].

Immunofluorescence and immunohistochemistry
analysis of aorta arteries

We obtained freshly isolated aortic tissues from the consent-
ing heart transplant recipients or AAD patients. The aorta
samples were fixed in 4% paraformaldehyde and paraffin-
embedded. Sections were cut, dewaxed, antigen-retrieved,
blocked with donkey serum, and incubated overnight with
primary antibodies. The slides were washed with phosphate-
buffered buffered saline with Tween 20 (PBST) and incubated
with suitable secondary antibodies. Antibodies used are listed
in File S1.

EC inflammation assay for PALMD

Confluent HUVECs were transfected with si-PALMD at a fi-
nal concentration of 37.5 nM for 24 h. Meanwhile, the con-
trol group was transfected with the negative control siRNA.
The medium was then changed, and HUVECs were stimu-
lated with Ang II (1 uM) for 24 h. After treatments, the pro-
tein levels of p-p63, p-p38, and PALMD were detected by
WB and immunofluorescence staining. Detailed siRNA
sequences are provided in Table S9, and antibodies used are
listed in File S1.
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SMC functional assays for CRIM1, Frk, HmgaZ2,
and Ntbdc1

Human aortic SMCs were transfected with si-CRIM1, while
mouse aortic SMCs were transfected with si-Frk, si-Hmga2,
or si-Nt5dcl, at a final concentration of 37.5 nM for 24 h.
Meanwhile, the control group was transfected with the nega-
tive control siRNA. The medium was then changed, and
SMCs were stimulated with H,O, (500 uM) for 24 h. After
treatments, the protein levels of SM22-a, calponin, cleaved-
casepase3, y-H2AX, CRIM1, FRK, HMGA2, and NT5DC1
were detected by WB. The apoptotic proportions of chal-
lenged SMCs were detected using FC. Detailed siRNA
sequences are provided in Table S9, and antibodies used are
listed in File S1.

Phenome-wide genetic correlation analysis

We obtained the GWAS summary statistics for 2269 binary
and 3 quantitative endpoints from FinnGen (data freeze 9,
April 2022). Genetic correlations between AAD and these
endpoints were calculated using cross-trait LDSC [73]. This
method employs a weighted linear model to regress the prod-
uct of Z-statistics for disease pairs on the LD scores of SNPs
across the genome, providing unbiased estimates of genetic
correlations for disease pairs, even when sample overlap
exists between studies. We successfully estimated genetic cor-
relations for 1864 pairs, and determined the significant corre-
lations using a Bonferroni-correlated P value threshold of
2.68 x 107°. Additionally, the Z-statistics of lead variants at
the AAD-associated loci were extracted from the correlated
diseases for further comparison.
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