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Summary

Thoracic aortic aneurysm (TAA) is characterized by dilation of the aortic root or ascending/descending aorta. TAA is a heritable disease
that can be potentially life threatening. While 10%-20% of TAA cases are caused by rare, pathogenic variants in single genes, the origin
of the majority of TAA cases remains unknown. A previous study implicated common variants in FBN1 with TAA disease risk. Here, we
report a genome-wide scan of 1,351 TAA-affected individuals and 18,295 control individuals from the Cardiovascular Health Improve-
ment Project and Michigan Genomics Initiative at the University of Michigan. We identified a genome-wide significant association with
TAA for variants within the third intron of TCF7L2 following replication with meta-analysis of four additional independent cohorts.
Common variants in this locus are the strongest known genetic risk factor for type 2 diabetes. Although evidence indicates the presence
of different causal variants for TAA and type 2 diabetes at this locus, we observed an opposite direction of effect. The genetic association
for TAA colocalizes with an aortic eQTL of TCF7L2, suggesting a functional relationship. These analyses predict an association of higher
expression of TCF7L2 with TAA disease risk. In vitro, we show that upregulation of TCF7L2 is associated with BCL2 repression promoting
vascular smooth muscle cell apoptosis, a key driver of TAA disease.

Introduction

Thoracic aortic aneurysm (TAA) is characterized by dilation
of the aortic root, ascending aorta, the aortic arch, and de-
scending aorta. TAA often develops asymptomatically over
a period of time, and thus, early diagnosis of TAA is quite
challenging. Aneurysms in thoracic aorta are frequently
followed by rupture or dissection of aortic tissue, which
can be fatal. Early diagnosis through selective screening
of individuals with the highest genetic risk of TAA can

potentially reduce the risk of death through early surgical
intervention.'

Approximately 10%-20% of TAA cases are monogenic,
i.e., due to rare, pathogenic variants in single genes.”” Var-
iants in at least 11 such genes (ACTA2, COL3A1, FBNI,
MYH11, SMAD3, TGFB2, TGFBR1, TGFBR2, MYLK, LOX,
and PRKG1I) are associated with strong risk of TAA* and
were primarily identified through family studies. Mono-
genic TAAs are often present with syndromic heritable
thoracic aortic disorders, including Marfan, Loeys-Dietz,
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Ehlers-Danlos, and smooth muscle dysfunction syn-
dromes.>° Moreover, approximately 50% of individuals
with congenital heart malformations, such as bicuspid
aortic valve (BAV), later develop TAA.” Yet the origin
of the majority of TAA cases remains unknown. It is
likely that these cases have more complex origins,
involving common genetic variants affecting many genes.
Genome-wide association studies (GWASs) have been
particularly successful in identifying common genetic var-
iants that increase disease risk. Previously, common vari-
ants in FBNI were found to be associated with TAA.®
Another study implicated LRP1 and ULK4 in acute thoracic
aortic dissection.”

In an attempt to identify genetic associations with TAA,
we performed a GWAS of 1,351 TAA-affected individuals
and 18,295 control individuals and identified a previously
unpublished genome-wide significant locus in the third
intron of TCF7L2. We replicated this signal with meta-anal-
ysis of four additional independent cohorts. At this locus,
an inverse association between TAA and type 2 diabetes
(T2D) was observed. The association signal colocalizes
with an eQTL of TCF7L2 in aorta, providing functional
insight into the genetic association. In vitro, we show a po-
tential role of TCF7L2 in vascular smooth muscle cell
(VSMC) apoptosis, a key TAA disease mechanism.

Material and methods

Description of the discovery cohorts

The Cardiovascular Health Improvement Project (CHIP) is a
cohort with genotype data linked to electronic health records,
family history, and aortic tissue from individuals seen at Michigan
Medicine. The Michigan Genomics Initiative (MGI) is a hospital-
based cohort with genotype data linked to electronic health re-
cords from individuals recruited during pre-surgical encounters
at Michigan Medicine. Both studies were approved by the Institu-
tional Review Board of the University of Michigan Medical School
(IRBMED) (HUMO00052866 and HUMO00071298) and informed
consent was obtained from study participants.

Genotype, QC, and imputation

CHIP and MGI samples were genotyped with two array versions
of customized Illumina Infinium CoreExome-24 bead arrays:
UM_HUNT Biobank 11788091_A1 and UM_HUNT Biobank v1-
1_20006200_A. A detailed description of these two arrays can be
found in Fritsche et al.'” Genotype calling was performed with Tllu-
mina GenomeStudio. Extensive quality control (QC) was performed
prior to imputation. For CHIP samples, we first excluded samples
with (1) rotated/swapped plates or DNA extraction batches, (2)
duplicate/redundant samples with lower call rate, (3) identical ID
and discordant genotypes or different ID but identical genotypes
(both samples excluded), (4) gender discordance (unusual XY
composition/no gender information available; no gender check
possible/reported gender different from inferred sex), (5) large
copy number variant, (6) estimated contamination > 2.5% (BAF
Regress''), and (7) sample call rate < 99%. In all samples, we
excluded variants with (1) call rate < 90%, (2) GenTrain score <
0.15, and (3) cluster separation < 0.3. After this, individual batches

in each array version were merged. We also obtained MGI samples
with similar processing as described in Fritsche et al.'” Next, from
three sets (two CHIP array versions and MGI), we excluded samples
with (1) outlier heterozygosity and (2) non-European ancestry as
identified by laser'? and variants with (1) call rate < 99% or (2) devi-
ation from Hardy-Weinberg equilibrium (p value < 10~*). Further
analysis was restricted to variants present in both the MGI and
two CHIP array versions among unrelated (>3 degree) individuals
identified via KING.'? Variants with allele frequency differences be-
tween two array versions in CHIP (Chi-square; p < 0.001) were
removed. Monomorphic variants were also excluded at this stage,
generating 457,758 polymorphic variants from 42,119 samples after
QC. As a preparation for imputation with the Haplotype Reference
Consortium (HRC) panel,'* we further excluded 71,942 variants
from this set by using McCarthy group tools. The 385,816 variants
that passed QC were used as input in the Michigan Imputation
server. Imputation was performed with the HRC reference panel
via Minimac4'® with Rsq filter 0.3.

Case-control selection and association analysis
TAA-affected individuals were identified from both CHIP and MGI
while control individuals were identified from MGI. Affected indi-
viduals in CHIP (n = 956) were defined as having an aneurysm in
the thoracic aorta following diagnosis by cardiologists. Individuals
with a known diagnosis of BAV were excluded because this is a
strong risk factor of TAA, presumably because of altered haemody-
namic blood flow and aortopathy instead of shared genetic archi-
tecture or molecular mechanisms.'®'” Affected individuals in MGI
(n = 395) were identified via International Classification of Dis-
eases (ICD) codes (ICD9, 441.1/441.2; ICD10, 171.1/171.2)
excluding samples with a diagnosis of BAV (ICD9, 746.4; ICD10,
Q23.1). After removing samples with any related diseases from
the potential control individuals (phecodes 440-449.99), we
used a case-control matching strategy to identify 18,295 control
individuals from MGI (Table S1). We used R package Matchlt
and applied nearest neighbor matching for birth year, PC1-4 (us-
ing Mahalanobis-metric matching), and exact matching for sex
and array version. Association analysis was performed via
SAIGE'® with sex, birth year, array version, and PC1-4 as covari-
ates. We reported results for all variants with minimum minor
allele frequency (MAF) of 0.01 and minor allele count of 5.

Replication data and meta-analysis

The replication study from the University of Texas Health Science
Center at Houston was approved by the institutional review board
(IRB) (HSC-MS-01-251) and all subjects signed consent forms at
recruitment to the study. The phenotyping and case-control associ-
ation analysis is described in LeMaire et al.® Briefly, this data com-
prises 765 individuals of European ancestry with sporadic ascending
aortic aneurysms or classic aortic dissection of the ascending or de-
scending thoracic aorta (Stanford types A and B, respectively) and
875 control individuals. A logistic regression model was used for
testing of variant association with the phenotype.

The VA Million Veteran Program (MVP) is comprised of veterans
aged 18 to >100 years recruited from VA healthcare centers across
the United States with genetic data linked to electronic health re-
cords. The study was approved by the VA central IRB and all partic-
ipants provided informed consent. In MVP, 6,554 unrelated TAA-
affected individuals of European ancestry were identified on the
basis of the occurrence of a TAA ICD code (ICD9, 441.1/ 441.2;
ICD10, 171.1/171.2) on two distinct dates (individuals with BAV

The American Journal of Human Genetics 7108, 1578-1589, September 2, 2021

1579



were excluded; ICD9, 746.4; ICD10, Q23.1) and compared to
329,971 unrelated control individuals who were free of any codes
listed in Table S2. Genotyping, imputation, and genomic quality
control was performed as described elsewhere.'” DNA variants
were tested for their association with TAA via logistic regression
in PLINK2 and controlled for age at time of analysis, age, gender,
HARE ancestry assignment,”” and the first five genetic principal
components of ancestry (PCAs). Sensitivity analyses were then
performed with participants who had undergone any form of
thoracic aortic repair and subgroups of ascending and arch repair
as cases based on Current Procedural Terminology (CPT) codes
provided in Table S2. Covariates and controls were included in
the same manner as the primary analysis.

The Trendelag Health Study (the HUNT Study)?' is a longitudinal
population-based health survey conducted in Norway. Participation
in the HUNT Study is based on informed consent, and the study has
been approved by the Norwegian Data Protection Authority and the
Regional Ethics Committee for Medical Research in Norway. Geno-
typing, quality control and imputation is described elsewhere.”” We
used ICD9 441.1/441.2 and ICD10 171.1/171.2 to identify 380
affected individuals and 69,255 control individuals from HUNT. As-
sociation analysis was performed via SAIGE'® v.43.3 with sex, birth
year, batch, and four PCs as covariates.

The UK Biobank® is a population-based cohort collected from
multiple sites in the United Kingdom. We used ICD10 171.1/
171.2 (excluding Q23.1) to identify 220 affected individuals
among those of white British ancestry. After excluding samples
with ICD10 171.0-171.9, 3,253 control individuals were selected
by case-control matching as described in the discovery cohort. As-
sociation analysis was performed via SAIGE'® with sex, birth year,
array version, and four PCs as covariates.

Meta-analysis of three variants in the discovery and replication
cohorts was performed by METAL** with the standard error
approach.

Additional datasets

We downloaded the T2D GWAS in Europeans as “Mahajan.NatGe-
net2018b.T2D.European.gz” from the DIAGRAM consortium.
The eQTL data in aorta as “Artery_Aorta.v8.signif variant_
gene_pairs.txt.gz” and “GTEx_v8_finemapping CAVIAR.tar”
were downloaded from the GTEx portal. DNase I hypersensitive
site and H3K27ac of thoracic/ascending aorta (Table S3) were ob-
tained from ENCODE. Promoter capture Hi-C data, as described
in Jung et al.,*® were obtained as “AQ.po.txt.zip.”

Conditional analysis

Approximate conditional analyses were performed with GCTA.*°
We used the —cojo-cond option to run conditional analyses with
specific variants. We used the full summary statistics but limited
the analysis to = 500 kb of the conditional variant by using the
—extract-region-snp parameter. For conditional analysis, imputed
variants from CHIP+MGI (European ancestry) were used as the
linkage disequilibrium (LD) reference. We reported the p value of
157903146 in T2D GWAS conditional on rs4073288 and the p
value of 154073288 in TAA GWAS conditional on 157903146 and
other T2D variants (Table S4).

Colocalization

Colocalization analyses were performed with the R package co-
loc.?” Coloc performs an approximate Bayes factor analysis with
association statistics. We used the function coloc.abf()to calculate

the posterior probabilities for the following: (HO) no association
with either trait, (H1/H2) association with one of the two tested
traits, (H3) association for both traits but different causal variants,
and (H4) association for both traits with the same causal variant. A
high posterior probability for H4 (PP4) indicates colocalization of
the two trait associations. Variants in the + 500 kb region sur-
rounding rs4073288 were used for colocalization. The default
prior probability for colocalization was used for both T2D and
eQTL analyses.

Transcriptome-wide association study

To evaluate the evidence of colocalization between the TAA
GWAS and eQTL association, we used the paradigm of transcrip-
tome-wide association study (TWAS). TWAS methods perform
gene-based association tests. We used these methods to test the as-
sociation between gene expression predicted by cis-eQTLs and
phenotype. We used the MetaXcan package®® to run TWAS with
TAA summary statistics. Briefly, we used GWAS tools from the
MetaXcan package for summary statistics harmonization and
imputation. The imputation step imputes missing GWAS variants
via present GWAS variants and the GTEx genotypes. Next, we ran
SPrediXcan with the imputed variants and the MASHR expression
model (eQTL) of aorta from GTEx v.8.%° We reported the Z scores
and p values from this analysis. We did not observe any inflation
of test statistics (A = 0.99). No other genes except TCF7L2 had sig-
nificant association after multiple testing correction for 13,951
genes present in the aortic expression model (p value significance
threshold; 0.05/13,951 = 3.58 x 107°).

Fine-mapping

We employed FINEMAP,* a Bayesian fine-mapping method that
implements a stochastic shotgun search algorithm incorporating
the LD structure and associations (Z scores) in a locus, to identify
potential causal variants. Variants with MAF > 5% in the = 500 kb
surrounding rs4073288 were used for this analysis. The LD struc-
ture in this locus was determined via PLINK®' from imputed vari-
ants in CHIP/MGI. The fine-mapping was carried out with the
assumption of a single causal variant. We constructed the 95%
credible set by including the variants with highest posterior prob-
abilities and until the sum of posterior probabilities was >0.95.
We used RegulomeDB*? to annotate variants. RegulomeDB uses
public databases to aggregate information about eQTL, transcrip-
tion factor binding/motif, DNase peak/footprint, etc. for each
tested variant. The method assigns a rank to each variant that rep-
resents the likelihood of a variant’s being a regulatory variant. We
prioritized two variants by using this approach (Table S5). Because
RegulomeDB operates in a tissue-agnostic manner, we checked the
overlap of fine-mapped variants with the DNase I hypersensitive
site and H3K27ac of thoracic/ascending aorta from ENCODE.**
We configured custom tracks in UCSC genome browser to visu-
alize the overlap of variant and chromatin marks. We obtained
the promoter capture Hi-C in aorta from Jung et al.>® The p values
of chromatin interaction between promoter (chr10: 114,703,220-
114,715,198) and variant (respective genomic bin) were reported.

LD score regression (LDSC)

We used “munge_sumstats.py” in LDSC** to format summary sta-
tistics. For further analyses, only variants with MAF > 0.01 and
imputation Rsq > 0.9 and that were from Hapmap3 were incorpo-
rated. Heritability calculation was performed via the -h2 parameter
(with —samp-prev and —pop-prev) in LDSC. Genetic correlations
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between TAA and other traits were calculated in LD Hub.>® Sources
of summary statistics of these traits are listed in Table S6.

Adenoviruses

The Myc-tagged human full-length TCF7L2 pcDNA3 plasmid was
previously reported®® (Addgene plasmid # 32738; RRID: Addg-
ene_32738). The coding region of Myc-TCF7L2 from that plasmid
was cloned into PCR8/GW/TOPO TA (entry) vector (K250020,
Thermo Fisher Scientific) and recombined from the entry vector
to the pAd/CMV/V5-DEST Vector (V49320, Thermo Fisher Scienti-
fic). The adenovirus carrying LacZ was described before.*” The ad-
enoviruses were packaged in HEK293A cells and purified by CsCl,
density gradient ultracentrifugation. Adenovirus titration was
determined by the Adeno-XTM quantitative PCR titration kit
(Clontech, CA, USA).

Cell line growth and TCF7L2 gain and loss of function

in vitro

Primary human aortic smooth muscle cells (HASMCs) (Lonza,
CC2571, lot # 000335663, Walkersville, MD, USA) were grown
in smooth muscle cell growth medium 2 containing 5% fetal
bovine serum (PromoCell, Germany) and 1% penicillin/strepto-
mycin solution (GIBCO, #15140122) at 37°C with 5% CO,; in a
humidified incubator and subjected to quiescence in Opti-MEM
for 48 h when so required. HASMCs were used from passage 5 to
8. For overexpression of TCF7L2, adenoviruses containing myc-
tagged TCF7L2 or LacZ (control) under the control of the cytomeg-
alovirus (CMV) promoter were used for infection at 30 MOI. For
knockdown, cells were transfected with siRNA against TCF7L2
(Horizon D-003816-01 sequence: GAUGGAAGCUUACUAGAUU)
or siRNA control (Horizon D-001206-14) at a concentration of
30 nM with Lipofectamine RNAiMAX for 72 h in serum-free me-
dium (Opti-MEM) before use for apoptosis studies.

Apoptosis studies

HASMCs with gain or loss of TCF7L2 as above were treated with
100 ng/mL Fas ligand (FasL) (Enzo Life Science: ALX-522-020) for
the indicated times in Opti-MEM, as we previously reported®’
(48 h after adenoviral infection or 72 h after siRNA treatment). For
annexin V studies, cells were treated for 4 h with FasL in Opti-
MEM medium (31985062, GIBCO). Cells were dissociated with
0.25% trypsin (25200056, GIBCO) and stained with the FITC An-
nexin V Apoptosis Detection Kit I (556548, BD Biosciences), as we
previously reported.’” In brief, the cells were washed with cold
PBS twice, suspended in 1x binding buffer and stained with FITC
annexin V and propidium iodide (PI). The flow cytometry analysis
was performed by the flow cytometry core at the University of Mich-
igan with a MoFlo Astrios Cell Sorter (Beckman Coulter, Brea, CA).
Apoptotic cells are defined as FITC annexin V positive and PI nega-
tive. For immunoblot, cells were treated for 6 h with FasL and sub-
jected to immunoblot with standard protocols as described below.

Quantitative real-time PCR and immunoblot

HASMCs were grown and treated as indicated in each case. For
quantitative real-time PCR, we isolated total RNA from HASMCs
with the RNeasy Mini Kit (QIAGEN, #74106) followed by the Super-
Script III First-Strand Synthesis System (Invitrogen, #18080051) by
using random hexamers to generate cDNA, as suggested by the
respective manufacturers. Gene expression was quantified in tripli-
cates by quantitative real-time PCR with IQ SYBR Green Supermix
(Bio-Rad, #1708882). Relative levels were determined via the AACt

method with expression of the ACTB (Actin Beta) gene as the inter-
nal control. The qPCR primer sequences are listed in Table S7. For
immunoblot, cell extracts were prepared with RIPA lysis buffer sup-
plemented with complete EDTA-free protease inhibitor cocktail
(Roche, #11836170001, Penzberg, Germany) and PhosSTOP phos-
phatase inhibitor (Roche, #4906845001). The protein concentra-
tion was determinedwith the Bradford assay (Bio-Rad, #5000002)
and a GloMax Explorer Multimode Microplate Reader. A total
of 40 pg of total protein/lane was resolved in SDS-PAGE gels (Bio-
Rad 4561094) and transferred to nitrocellulose membranes (Bio-
Rad, #1620115, Hercules, CA) with standard techniques. Anti-
bodies were used as follows: the BCL2 antibody (ab182858,
1.2 pg/mL) from Abcam (UK); B-actin (#3700, 0.65 ng/mL), PARP
(#9542, 0.1 pg/mL), Caspase 3 (#9662, 0.05 ng/mL), cleaved Cas-
pase 3 (#9664, 0.04 pg/mL), BAX (#5023, 0.14 pg/mL), and myc
(#2276, 0.3 pg/mL) from Cell Signaling Technology (CST, Danvers,
MA); and the secondary antibodies, IRDye 800CW Donkey anti-
Rabbit IgG and IRDye 680RD Donkey anti-Mouse IgG at 0.2 pg/
mL, from LI-COR Bioscience (Lincoln, NE). We collected data by us-
ing the Odyssey CLx Imaging System (LI-COR Bioscience) and
quantified data with the LI-COR Image Studio Software to deter-
mine the protein abundance relative to B-actin.

Results

We performed genetic discovery association analysis of
1,351 affected individuals and 18,295 control individuals
(European ancestry) from the Cardiovascular Health
Improvement Project (CHIP) and Michigan Genomics
Initiative (MGI) at the University of Michigan, Michigan
Medicine. Imputation with the HRC panel in the Michigan
Imputation Server enabled testing of 22.9 million variants.
We did not observe any evidence of inflation (Agc = 1.04)
of the association test statistics (Figure S1A). Using LD
score regression with sample- and population-level preva-
lence (6% and 0.34%,® respectively), we estimated SNP
heritability of TAA as 0.11 (SE = 0.04) in liability scale.
Next, genetic correlation between TAA and known risk fac-
tors was examined with GWAS summary statistics (Table
S6). We observed a positive genetic correlation between
TAA and height (ry = 0.32, SE = 0.11, p = 0.003). This cor-
relation remained significant after excluding variants
within 500 kb from rs591519 (FBN1, a gene associated
with Marfan syndrome and related disorders) from
TAA summary statistics. We did not observe a significant
genetic correlation between TAA and smoking or lipid
traits, two factors strongly correlated with abdominal
aortic aneurysm (AAA).** On the contrary, diastolic
blood pressure is positively correlated with TAA (r; =
0.27, SE = 0.09, p = 0.003) but systolic blood pressure is
not (ry = —0.006, SE = 0.08, p = 0.93).

Association with TAA at the TCF7L2 locus

57 variants from two loci reached genome-wide signifi-
cance (p < 5 X 107%) in our analysis (Figure S1B). First,
we replicated a significant association at the previously
known FBNI locus (index variant rs591519, A/T, effect
allele: T, p = 0.42, SE = 0.06, OR 95% CI = 1.35-1.71,
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p=1.1 x 10"?). Second, we identified a previously unpub-
lished TAA association in the intronic region of TCF7L2 in
chromosome 10 (Figure 1A). The index variant rs4073288
(Table 1) is a common variant with an MAF of 0.32 in cases
and 0.37 in controls. We observed 49 common variants
(MAF range: 0.37-0.47) with p < 5 x 107° in this locus
(three genotyped; 46 imputed, Rsq: 0.88 to 0.94). A condi-
tional analysis on rs4073288 did not identify any second-
ary independent variants in this locus. At both the TCF7L2
and FBN1 loci, we observed a reduced effect in MGI
compared to CHIP cases (Table S8). Among 956 CHIP cases,
approximately 80% and 8% were classified as ascending
and descending TAA, respectively. Interestingly, at the
TCF7L2 locus, we observed stronger effect in descending
TAA, while the FBN1 effects were stronger in ascending
TAA (Table S8). We observed lower effects in the same di-
rection for association with AAA®® at TCF7L2 (154073288,
effect allele: A, B = —0.05, SE = 0.02, OR 95% CI = 0.91-
099, p=3.1 x 107%) as well as FBN1 (15591519, effect
allele: T, p = 0.06, SE = 0.03, OR 95% CI = 1-1.13, p =
0.03). These variants were not significant (p > 0.05) for as-
sociation with intracranial aneurysm.*’

Next, we sought replication of the TCF7L2 locus in a
meta-analysis of four independent datasets of European
ancestry from (1) University of Texas Health Science
Center at Houston (UT, 765 affected individuals), (2) The
Trendelag Health Study (the HUNT Study, 380 affected in-
dividuals), (3) UK Biobank (220 affected individuals), and
(4) the Million Veteran Program (MVP, 6,554 affected indi-
viduals). We observed consistent direction of effect sizes in
all replication cohorts (Figure S2). At both the TCF7L2 and
FBN1 loci, substantial differences in effect estimates
among cohorts were observed (Figure S2). TCF7L2 effect es-
timates were similar between the Michigan discovery and
UT datasets, two cohorts that were primarily ascertained
from aortic clinics, whereas the other datasets used ICD-
based phenotypes from large biobanks. In MVP, we further
identified a smaller subset of TAA-affected individuals in
whom surgical repair was performed (730 affected individ-
uals). We observed stronger effect estimates in these
affected individuals compared to ICD-based phenotypes
(three TCF7L2 variants, OR = 0.86-0.89 for surgical repair
TAA versus OR = 0.94 for all ICD-derived TAA-affected in-
dividuals; Table S9). This observation highlights the
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Table 1. Discovery and replication of TCF7L2 variants in TAA

Discovery Replication Discovery - replication
OR OR OR
Variant EA OA Beta SE 95%Cl p Beta SE 95%Cl p Beta SE 95%Cl p
rs4073288 (index) A G -025 0.04 0.72-0.84 3.1 x 10°® -0.07 0.02 0.90-0.97 4.2 x 10~° -0.10 0.02 0.87-0.94 5.2 x 10~°

rs7904519 (genotyped) G A —0.21 0.04 0.75-0.88 3.6 x 107/

rs4074718 (fine-mapped) A G —-0.23 0.04 0.73-0.86 1.1 x 107/

—0.07 0.02 0.90-0.97 1.7 x 107> —0.09 0.01 0.90-0.93 3.3 x 10~°

—0.07 0.02 0.90-0.97 4.0 x 107> —0.09 0.02 0.88-0.95 5.8 x 10°?

EA, effect allele; OA, other allele.

limitation of replication with cohorts with different
phenotype definitions and/or case-ascertainment strate-
gies. Nonetheless, after combining all replication datasets,
we observed an association p value < 5 x 10~° for all three
tested variants at TCF7L2 (Table 1).

Comparison of the TCF7L2 association with TAA and
type 2 diabetes

TCF7L2 is known to be associated with T2D.*' A common
variant in the 3" intron of TCF7L2 is associated with T2D
and most likely causes a defect in insulin secretion in the
pancreas.*” The TAA index variant rs4073288 is in
relatively low LD with the T2D index variant rs7903146
(R> = 0.28 in Europeans, ~11 kb apart, 3rd intron). We
further examined GWAS summary statistics of T2D from
Mahajan et al.*® (1s7903146, Pr,p = 1.5 x 107*%;
4073288, Prop = 3.8 x 10771 (Figure 1B). Although the
same region within TCF7L2 (3" intron) is associated with
both TAA and T2D risk, the posterior probabilities from co-
localization analysis indicated independent signals for TAA
and T2D (COLOC, PP3 = 0.85, PP4 = 0.13). Also, a recip-
rocal conditional analysis did not diminish either signal
Completely (TAA, Pcond:rs7903146 154073288 = 4.5 x 1074,'
T2D, Peondirsao73288 157903146 = 3.4 x 1072%). Mahajan
et al. reported seven other secondary independent variants
associated with T2D in this locus, which may be functional
in different tissues.*® All of these secondary T2D variants
have very low correlation with the TAA index variant
154073288 (maximum R? = 0.24; Table S4). The association
between rs4073288 and TAA remained significant when we
conditioned on each of these eight T2D variants
(Figure 1C). These observations suggest the presence of
different causal variants for TAA and T2D. Finally, we noted
an opposite direction of effect (Figure 1D) for TAA and T2D
at variants in this region (rs4073288, effect allele: A, Braa =
—0.24 [0.04], Brzp = 0.13 [0.006]; 1s7903146, effect allele: T,
Braa = —0.18 [0.04], Brop = 0.31 [0.006]). The opposite di-
rection of effect for T2D and TAA was consistent in all var-
iants with Praa < 5 X 107% in this locus. We did not observe
a significant genetic correlation between TAA and T2D (rg =
0.006, SE = 0.15, p = 0.96) via GWAS summary statistics.

Higher expression of TCF7L2 in aorta is associated with
TAA risk

To investigate a potential effect of TAA GWAS variants on
expression of TCF7L2, we looked for tissue-specific cis-

eQTLs from GTEx v.8.%° The TAA index variant
154073288 is an eQTL of TCF7/L2 in aorta (effect allele:
A, normalized effect size = —0.27, p = 2.6 x 10°'!, N =
387). The TAA risk allele (G in rs4073288) is associated
with higher expression of TCF7L2 in aorta (Figure S3A).
This eQTL association was not observed in any other tis-
sue (Figure S3B). Further analysis revealed colocalization
(Figure 2B) between the GWAS and eQTL signal (COLOC,
PP3 =0.03, PP4 = 0.96). Next, we performed a TWAS anal-
ysis by using SPrediXcan”® with the MASHR aortic expres-
sion model from GTEx v.8. This resulted in a significant as-
sociation between predicted expression levels of TCF7L2
and TAA (Z score = 5.35; p = 8.38 x 10~%; Bonferroni cor-
rected threshold: 0.05/13,951 = 3.58 x 1075, Figure S3C).
A positive Z score in TWAS indicated that higher expres-
sion of TCF7L2 is associated with TAA disease. This obser-
vation suggests a probable disease mechanism of TAA-
associated variants via an increase of TCF7L2 expression
in aorta.

Investigation of the causal variant in the TCF7L2 locus

We hypothesize that the TAA causal variant affects the
expression of TCF7L2 via alteration of some regulatory
element in this region. In an attempt to identify the causal
variant, we applied a Bayesian fine-mapping approach, FI-
NEMAP.?” The 95% credible set for the GWAS consisted of
32 variants from this locus. We also obtained the fine-map-
ped variants in eQTL by CAVIAR** from GTEx. Out of 32
variants in the GWAS credible set, 23 were also present in
the 95% causal set of eQTL (Figure S4A). Next, we used Reg-
ulomeDB*? to annotate variants with known or predicted
regulatory elements. We could further prioritize (Table
S5) two variants in the common credible set (Figure 2B).
Both these variants (154074718 and rs4077527) have larger
effect sizes for the TCF7L2 eQTL than the index variant
1s4073288. While both variants are from regions anno-
tated as enhancers in multiple tissues, rs4077527 intersects
with accessible chromatin (DNase I hypersensitive site)
in adult thoracic/ascending aorta in ENCODE*® data
(Figure 2C, Table S3). We also observed strong evidence
of enhancer activity (H3K27ac) in these samples overlap-
ping 1s4077527. Because both these variants are quite
far from the TCF7L2 promoter (rs4074718, ~40 Kkb;
154077527, ~10 Okb), we examined promoter capture Hi-
C data from aorta.” A significant long-distance chromatin
interaction (p < 0.01, as per methods in Jung et al.”’)
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(A) LocusZoom plot of aortic eQTL of TCF7L2. LD colors are with respect to the TAA index variant rs4073288.
(B) Comparison of p values in TAA GWAS and aortic eQTL from GTEx. These two associations colocalize with posterior probability 0.96
by COLOC. The solid shapes represent 23 variants that were in both GWAS and eQTL 95% credible sets. Two variants were prioritized by

RegulomeDB (rs4074718 and 1s4077527).

(C) Regulatory landscape of TCF7L2 gene body in thoracic aorta/ascending aorta from ENCODE. The fine-mapped variant rs4077527
intersects with DNase I hypersensitive site (DHS) and H3K27ac in this tissue. Using promoter capture Hi-C in aorta, we highlighted
only genomic bins that significantly interact (p < 0.01) with TCF7L2 promoter. Promoter capture Hi-C p values for 23 variants are given

in Figure S4B.

between 154077527 and the TCF7L2 promoter region
(hg19; chrl0: 114,703,220-114,715,198) was observed
(Figure 2C, Figure S4B). Together, these observations pre-
dict 154077527 as a strong candidate for the causal TAA
variant in this locus, most likely interacting with the pro-
moter to impact TCF7L2 expression in the aorta.

TCF7L2 enhances human vascular smooth muscle cell
apoptosis

TAA s characterized by vascular smooth muscle cell (VSMC)
apoptosis in association with loss of their contractile
phenotype, inflammatory status, and increased extracel-
lular matrix degradation as drivers of adverse outcomes.*®
Loss of VSMC in TAA is recognized to be the result of
increased apoptosis through the endogenous pathway
regulated via BCL2.*>*® As a distal effector of the Wnt/p-cat-
enin/TCF-LEF pathway, TCF7L2 is known to regulate ho-
meostasis of VSMC, the media layer of blood vessels,
including phenotypic modulation and proliferation.*’*’

TCF7L2 may exert pro-°"°" or anti-apoptotic’>"* effects

in different contexts. Yet, contribution of TCF7L2 to
VSMC apoptosis in aneurysm remains unaddressed. We
experimentally assessed whether gain and loss of function
of TCF7L2 contributes to VSMC apoptosis via differential
regulation of BCL2 expression in human aortic smooth
muscle cells (HASMCs) in vitro. Adenoviral-mediated over-
expression of TCF7L2 resulted in reduced BCL2 expression
of both mRNA (54% reduction, p = 0.0004) and protein
(24% reduction, p 0.0011) (Figures 3A and 3B,
Figure S5A) compared with the adenoviral-mediated
expression of LacZ used as control. Conversely, siRNA-
mediated downregulation of TCF7L2, which resulted in a
significant reduction in endogenous TCF7L2 mRNA (80%
reduction, p = 0.0002 versus siRNA control) and protein
(77% reduction, p = 0.0145 versus siRNA control), demon-
strated a concomitant increase in BCL2 protein (1.6-fold
increase, p = 0.0154 versus shRNA control) and mRNA
abundance (2.7-fold increase, p = 0.0001) (Figures 3C and
3D, Figure S5B). Changes in TCF7L2 showed no significant
effects on BAX protein or mRNA expression (Figures 3A-3D,
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Figure 3.

TCF7L2 expression is directly associated with vascular smooth muscle cell apoptosis in vitro

HASMCs were infected with adenovirus (30 MOI)-encoding LacZ (control) or myc-tagged TCF7L2, and after 48 h, (A) the abundance of
the indicated proteins in the cell extracts was determined by immunoblot (representative of three independent experiments) and (B) the
mRNA expression of the indicated genes, relative to ACTB, by quantitative real-time PCR. A LacZ control was set at 1 as reference (n = 3;
representative of three independent experiments). Data are mean = SEM. **p < 0.0004. HASMCs were transfected with siRNA control or
siRNA against TCF7L2 via Lipofectamine RNAiMax, and after 72 h, (C) the abundance of the indicated proteins and (D) the mRNA
expression of the indicated genes were determined as described above with an siRNA control set at 1 as reference. **p < 0.0002. HASMCs
were infected with adenovirus as in (A). After 48 h in serum-free medium, they were treated with Fas ligand (FasL, 100 ng/mL) in serum-
free medium and apoptosis was assessed by (E) annexin V via FACS analysis after treatment for 4 h (n = 3; representative of three inde-
pendent experiments) or (F) the abundance of the indicated proteins in the cell extracts after 6 h as determined by immunoblot (repre-
sentative of three independent experiments). HASMCs were transfected with the indicated siRNA as in (C). After 72 h in serum-free me-
dium, they were treated with FasL (100 ng/mL) for (G) annexin V assay after 4 h as in (E) or (H) immunoblot after 6 h as in (F) and

subjected to immunoblot as in (E). Densitometry for (A), (B), (E), (F), and mRNA expression of BAX are provided in Figure S5.

Figures SSA-S5D). Consequently, we determined a signifi-
cant BAX/BCL2 protein ratio between TCF7L2 overexpres-
sion and knockdown (1.3222 + 0.1024 versus 0.6426 +
0.1176, p=0.0168, respectively) in basal growth conditions
(Figures 3A and 3B, Figure S5A), suggesting a potential pro-
apoptotic effect of TCF7L2 upregulation in HASMCs.

We further examined the expectation that increased
TCF7L2 expression enhances apoptosis of aortic smooth
muscle cells through treatment with FasL, a potent inducer
of VSMC apoptosis produced by inflammatory cells in the
aneurysmal tissues.*>>? In these experimental conditions,
FasL treatment resulted in significant increase in annexin
V positive cells (1.7-fold, p < 0.0001), indicative of
enhanced early apoptosis when TCF7L2 was overexpressed
(Figure 3E, Figure SSE), while siRNA-mediated TCF7L2
knockdown significantly reduced the apoptotic response
by 28% (p < 0.0001) (Figure 3G, Figure S5F), as determined
by fluorescence-activated cell sorting (FACS). These data
were in agreement with progression into apoptosis upon
TCF7L2 overexpression, as indicated by significantly

increased cleavage of PARP and caspase-3 compared to the
corresponding full-length proteins (Figure 3F, Figure S5G).
Conversely, siRNA-mediated knockdown of TCF7L2 signif-
icantly reduced cleavage of both apoptosis markers
(Figure 3H, Figure S5H). Overall, these data indicate that
increased expression of TCF7L2 may result in enhanced
apoptosis of vascular smooth muscle cells—a likely mecha-
nism of action of TAA-associated variants in TCF7L2.

Discussion

In this study, we identified a locus in the intronic region of
TCF7L2 that is associated with TAA, to our knowledge, the
first locus identified for TAA via genome-wide approaches.
Using eQTL from aorta, we provide evidence that TAA-
associated variants are associated with altered expression
of TCF7L2 and we highlight one variant in the locus
that overlaps with an enhancer active in aorta. Common
variants (rs7903146, index variant) in this locus are
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the strongest known genetic risk factor for T2D.** Vinuela
et al.””> demonstrated that the T2D risk allele of 1s7903146
decreases pancreatic islet expression of the last (3') exon of
TCF7L2. Although there is evidence of different causal var-
iants for TAA and T2D, we observed an opposite direction
in effect sizes. Interestingly, epidemiological studies have
historically suggested an inverse relationship between
aortic aneurysm and T2D.>° % Our genetic results suggest
that, at least for the TCF7L2 locus, shared but independent
etiology (gene-level horizontal pleiotropy) may be partially
responsible for this association. These results most likely
indicate that largely independent sets of causal variants
lead to increased TCF7L2 expression in the human aorta
and decreased TCF7L2 expression in pancreatic islets.
The T-cell factor/lymphoid enhancer factor (TCF/LEF)
transcription factors (including TCF7L2) are signal integra-
tors and effectors of the Wnt/p-catenin pathway with
contextual tissue and cell-type-specific functions®® and
can exhibit differential effects because of epigenetic modifi-
cations of the target genes. Wnt/p-catenin is an evolution-
arily conserved pathway that regulates various aspects of
development, including cell proliferation, migration, po-
larity, and apoptosis.®’ Dysregulation of the Wnt/B-catenin
signaling is involved in a wide range of disorders, including
Alzheimer disease, cancer, and metabolic diseases.®’ Cur-
rent research supports a role of TCF7L2 in vascular develop-
ment.®>%* In cardiovascular diseases, the Wnt/p-catenin
pathway was found to be dysregulated in restenosis,®> and
more recently, TCF7L2 was demonstrated to regulate
VSMC plasticity in both GATA6-dependent and -indepen-
dent fashions.?” Regarding aneurysm, Krishna et al. re-
ported activation of the Wnt/B-catenin pathway in AAA
via epigenetic silencing of the Wnt inhibitor sclerostin.®®
Recently, dysregulated Notch/BMP/WNT pathways were
found in aortic endothelial cells isolated from individuals
with TAA compared to healthy donors,”” including
increased TCF7L2 mRNA expression and activation of the
Wnt/B-catenin pathway in the endothelium. Our analyses
indicate that variants associated with higher expression of
TCF7L2 are also associated with TAA. TAA is a disease char-
acterized by VSMC death as a driver of adverse outcomes.**
Therefore, we specifically addressed the potential effects of
TCF7L2 on VSMC apoptosis in vitro. We show that TCF7L2
expression is directly associated with VSMC apoptosis and
that this effect could be mediated, at least in part, through
TCF7L2 repression of BCL2 expression, a known target of
the pathway. Our data from VSMC, together with the report
from endothelial cells,®” clearly indicate that upregulation
of TCF7L2 may play a fundamental role in TAA pathology.
Mendelian, monogenic inheritance of TAA is primarily
driven by pathogenic variants in genes from the TGF-B
signaling pathway (FBN1, SMAD3, TGFB2, TGFBR1, and
TGFBR2) and VSMC contraction pathway (ACTAZ,
MYHI11, MYLK, and PRKG1). The TGF-B/SMAD3 pathway
interacts with B-catenin in the canonical Wnt/B-catenin
signaling pathway toward activation of TCF/LEF transcrip-
tion factors (including TCF7L2) (Figure S6). Future studies

should focus on understanding whether the effects
observed in our experiments are dependent on its interac-
tion with B-catenin®® or other co-repressors or co-activa-
tors®”’! or whether they may reflect the ability of
TCF7L2 to integrate signaling from other pathways,
including TGF-p via SMAD3.”*

Current treatment of aortic aneurysms involves surgical
repair to reduce the risk of rupture, yet only a fraction of
patients are eligible and those who are eligible are at
high risk for post-surgery complications. Therapies for sta-
bilization of aortic aneurysms have yet to prove efficacy in
controlled clinical trials. Because of the involvement of
this pathway in various diseases, present efforts in the
drug development field are aimed at identifying inhibitors
of the B-catenin-TCF7L2 interactions’” and the design of
specific approaches targeting TCF7L2 stability.”* Our find-
ings here highlight a potential path for TCF7L2 as a target
for intervention in individuals with TAA or for possible
prevention in individuals at risk of TAA.

Data and code availability

TAA GWAS summary statistics from CHIP+MGI are available here:
http://csg.sph.umich.edu/willer/public/TAA2021/. Analyses were
performed by open-source software and cited in the material and
methods.
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Supplemental information can be found online at https://doi.org/
10.1016/j.ajhg.2021.06.016.
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