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Exome sequencing identifies rare mutations of LDLR and QTRT1
conferring risk for early-onset coronary artery disease in Chinese
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Despite the advances made over the past
decades, the known loci for coronary
artery disease (CAD) still only explain
<20% of the genetic variation in risk
[1,2]. The known loci with the strongest
effects usually confer a 20%-37% in-
creased CAD risk and the most loci
modulate risk by <10% [1]. While most
of the current data are from European
populations, the use of trans-ethnic
analyses could be helpful to identify
additional loci. Genetic inheritance may
impose a high burden on early-onset
coronary artery disease (EOCAD). In
addition, most of the CAD genetic stud-
ies have been conducted in early-onset
myocardial infarction [3,4], whose un-
derlying pathophysiological mechanisms
might be variable [S]. The gold standard
involving angiography for the diagno-
sis of coronary atherosclerosis would
minimize the etiological heterogeneity
and enhance the statistical power in the
genetic study of EOCAD.

Here, we conducted a prospective,
multicenter, coronary angiography-
based GRAND study (Genetics and
clinical ~characteristics of coRonary
Artery disease in the ChiNese young
aDults, GRAND) [6] to explore the ge-
netic predisposition to EOCAD among
Han Chinese (Supplementary Fig. S1A).
We performed a two-stage analysis using

whole-exome sequencing data from
7671 Han Chinese individuals to identify
causal mutations in protein-coding
regions and susceptible genes for the
EOCAD risk (Supplementary Fig. S1).
The clinical information of the GRAND
study population, including 1950 EO-
CAD patients with a young age at onset
(<45 years) and 1006 non-CAD older
controls (>6S years, angiographically
confirmed), is listed in Supplemen-
tary Table SI1. In the discovery stage
of 1000 randomly selected EOCAD
patients and the 1006 non-CAD older
controls from GRAND (>6S5 vyears,
angiographically ~ confirmed), 1420
common mutations (minor allele fre-
quency (MAF) > 1%, P < 0.005),
107 rare mutations (MAF < 1%, odds
ratio (OR) > 3.5 and P < 0.01) and
85 genes enriched with rare mutations
(OR > 3.5and P < 0.01) were selected
for replication (Supplementary Fig.
S1B). We selected and matched the
general controls (20-60 years) from
two independent populations [7,8]
(Supplementary Methods) to the rest
of the EOCAD patients from GRAND
based on Euclidean distance in the space
of the top 20 principal components to
control population stratification (Sup-
plementary Fig. S2 and Supplementary
Data). The inflation factor analyses

confirmed that the patients and the
matched controls had similar genetic
backgrounds (Supplementary Fig. S3).
Eventually, from the analysis among
the 950 EOCAD patients and 4715
genetically matched controls (Supple-
mentary Fig. $2), 27 independent known
common variants (P < 0.005), three rare
mutations and two genes (OR > 3.5 and
P < 0.05) reached suggestive significance
(Supplementary Fig. S1B). When we
further combined the populations from
the discovery and replication stages with
10 588 Chinese general controls from
the China-Map project [9], all of these
three rare mutations (two novel muta-
tions in LDLR, rs879255066 encoding
p.A627T, OR = 117.49; 1s875989921
encoding p.W483X, OR = 117.49;
both P < 6.5 x 1077; one mutation in
the novel gene QTRT1I, rs1195458367
encoding p.R220X, OR = 41.9],
P < 6.5 x 1077) and two genes (QTRT1
and LDLR, P < 2.97 x 107%) achieved
exome-wide significance (Fig. 1B and
C, Supplementary Fig. S1B and Supple-
mentary Table S2). Sanger sequencing
confirmed these three rare mutations at
a 100% verification rate.

The two novel rare mutations in
LDLR from the Chinese population were
found to be monomorphic (p.A627T)
or absent (p.W483X) in European
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Discovery set

Replication set

Combined set+China-MAP

Gene  rsiD Position AT/AZ Function Variant —o o1 Geno2 OR P Genol Geno2 OR___P__ Gemol _ Geno2 _ OR P
LDLR rs879255066 19:11230801 A/G Missense p.A627T  0/9/991 0/0/1006 Inf. 1.88x10° 0/5/945 0/0/4715  Inf. 1.32x10% 0/14/1936 0/1/16308 117.49 3.32x10™
LDLR rs875989921 19:11224300 A/G Nonsense p.W483X 1/7/992 0/0/1006 Inf. 1.88x10° 0/5/945 0/1/4714 24.87 6.82x10* 1/1211937 0/1/16308 117.49 3.32x10™
QTRT1 51195458367 19:10822848 T/C Nonsense p.R220X 0/7/993 0/0/1006 Inf. 7.61x10° 0/3/947 0/1/4714 1491 002 0101940 0/2/16307 4191 1.03x10°
B — —
Population r; of cases QT_RT1 N QTRT_1 rare Carriers in cases Carriers in controls OR (95% Cl) Pvalue
‘controls mutation set mutations N (%) N (%)
Discovery set 1000/1006 Disruptive 1 7(0.70) 0(0) Inf (1.46, Inf) 7.57x10°
Replication set 950/4715 Disruptive 2 3(0.30) 2(0.04) 7.46 (1.16, 60.17) 3.60x10?
Combined set (incl. China-MAP) 1950/16309 Disruptive 4 10 (0.51) 5(0.03) 16.80 (5.23, 62.76) 3.42x107
C Angiographic severity ~ LDLR mutation carries, N (%) OR (95% Cl) P value D Age at onset, years  LDLR mutation carries, N (%) OR (95% CI) Pvalue
Single-vessel CAD 77 (5.67) Reference 41-45 41(4.57) Reference
Double-vessel CAD 30(11.32) 2.09 (1.33-3.27) 1.3x10° 36-40 48 (8.53) 1.96 (1.27-3.02) 2.3x10°
Triple-vessel CAD 15 (16.30) 3.21(1.76-5.85)  1.4x10* <36 41(9.07) 3.21(1.45-359)  3.7x10*
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Figure 1. Exome sequencing identifies rare mutations of LOLR and QTRTT conferring risk for early-onset coronary artery disease. (A) Rare mutations in
LDLR and QTRTT were associated with EOCAD with a significance of P < 6.50 x 10~ from two-sided Fisher's exact test. A1, minor allele; A2, major
allele; Geno1, the genotype count for the homozygous minor/heterozygous/homozygous major alleles in EOCAD patients; Geno2, the genotype count for
the homozygous minor/heterozygous/homozygous major alleles in controls. (B) QTRTT gene enriched with rare mutations was associated with EOCAD
from gene-wide association analysis with a significance of P< 2.97 x 1078 from two-sided Fisher’s exact test. (C) Associations between LDLRmutations
and angiographic severity in EOCAD patients. OR, odds ratio; 95% Cl, 95% confidence intervals. ORs were calculated from logistic regression models with
adjustment of the top five principal components of ancestry. (D) Associations between LOLR mutations and age at onset in EOCAD patients. ORs were
calculated from logistic regression models with adjustment of the top five principal components of ancestry. (E) Relative expression of genes related to
de novo lipogenesis (DNL) in QTRT1-overexpressing HepG2 cells with overexpression of wild-type QTRTT(QTRT1-WT) or mutated QTRT1(QTRT1-R220X)
or GFP control (GFP). (F) Relative expression of genes related to DNL in GTRT7-knock-down HepG2 cells (sh-QTRT7) and control HepG2 cells (sh-Control).
(G) Relative expression of QTRTT and genes related to DNL in QTRT1 inhibitor (7-methylguanine, 7-MG) treated HepG2. (H) The physical interaction
between QTRT1 with QTRT2 and mutated QTRT1. (I) Levels of serum triglycerides (TG), LDL-c and HDL-c in ad-QTRT7 and ad-GFP mice; n = 6-9. (J)
Representative images of Qil Red O-stained arteries in ad-QTRT7 and ad-GFP mice, and quantification of the percentage of plaque area in the Oil Red
O-stained arteries; n = 6-9. (K) Relative hepatic expression of genes related to DNL in ad-Q7RTT and ad-GFP control mice; n = 6-9. (L) Levels of
hepatic triglycerides (TG), LDL-c and HDL-c in liver-specific GTRT7 knockout mice (LKO) and control flox/flox littermates (f/f); n = 5. (M) Relative hepatic
expression of genes related to DNL in liver-specific QTRT7 knockout mice (LKO) and control flox/flox littermates (f/f); n = 5. *P < 0.05; **P < 0.01;
#P < 0.005; ?P < 0.001; *P < 0.0005. Mann-Whitney test was used for the statistical analyses in Fig. TE-M.

Page 2 of 4



participants in the Genome Aggrega-
tion Database (gnomAD) [10]. Notably,
rare LDLR copy number variations (Sup-
plementary Fig. S4) were more likely
to be found in this study compared
with a previous report (nine carriers in
1950 Han Chinese patients with whole-
exome sequencing data versus one car-
rier in 2081 European patients with
whole-genome sequencing data) [4]. In
our GRAND study population, LDLR
mutation carriers showed geographical
clustering characteristics, mainly from
East and Central China (Supplementary
Fig. $4). Among EOCAD patients, rare
LDLR mutations were associated with
more severe atherosclerosis (OR [95%
confidence interval ] of double-vessel dis-
ease 2.09 [1.33-3.27], P = 0.001; and
of triple-vessel disease 3.21 [1.61-3.52],
P=14x 10 Fig. 1C), an earlier on-
setage (for those with an onset age of 36—
40 years 1.96 [1.27-3.02], P = 0.002; for
those with an onset age of <36 years 3.21
[1.45-3.59], P = 3.7 x 107%; Fig. 1D)
and a higher risk of major adverse car-
diac events in 20 months (adjusted haz-
ard ratio [95% confidence interval] 6.18
[3.86-9.89] in carriers vs. non-carriers,
P=3.1 x 10'*) (Supplementary Fig. S4
and Supplementary Table S3).

Our study is the first to report that
QTRT1 was associated with CAD risk
to the best of our knowledge. We found
three extremely rare loss-of-function
mutations of QTRTI in the China-
MAP database (Supplementary Table
S2) but not in another large database
(PGG.SNV) [11], implying that this
gene might be relatively conserved
across populations. In the association
of QTRT1 with EOCAD, an extremely
rare nonsense mutation (rs1195458367
encoding p.R220X) was the leading
mutation. This rare mutation in QTRT1
had a MAF of 0.256% in patients,
0.0087% in our controls, 0.005% in
10588 Han Chinese [9] (Supplemen-
tary Table S2) and 0.003% in Europeans
in gnomAD. EOCAD patients carrying
the QTRTI p.R220X mutation had
higher plasma low-density lipoprotein
cholesterol (LDL-c) levels (mean = SD:
198.26 £ 76.29 mg/dL in carriers and
120.63 &+ 65.56 mg/dL in non-carriers,
P = 0.003) and lower high-density

Natl Sci Rev, 2022, Vol. 9, nwac102

lipoprotein cholesterol (HDL-c) levels
(28.67 £ 15.36 mg/dL in carriers and
37.36 £ 12.10 mg/dL in non-carriers,
P = 0.04). In additional data sets
(https://t2d.hugeamp.org/),  another
intronic QTRT1 mutation (rs4425006,
an extremely rare mutation in East Asians
but common in Europeans) was also
associated with multiple CAD-related
phenotypes (Supplementary Fig. SS).
Because LDLR is known to cause
hypercholesterolemia and CAD risk
[3] and QIRTI is the primary novel
finding from the above analyses, we
employed in vitro and in vivo experiments
to explore the function of QTRTI. First,
we overexpressed QTRTI-p.R220X or
wild-type QTRT1 in human hepatocytes
and tested whether it would impact the
hepatic lipid metabolism (Supplemen-
tary Fig. S6A). Our results showed that
both QTRTI-p.R220X and wild-type
QTRT]1 increased the expression of the
essential genes of de novo lipogenesis
(DNL) (ACCI, FASN and SCD1) (Fig,
1E), suggesting that QTRTI-p.R220X
might be a gain-of-function mutation and
upregulate lipid synthesis. Consistently,
the knock-down of QTRT1 significantly
downregulated the expression of the
genes related to DNL (Fig. 1F and
Supplementary Fig. S6B). In addition,
treatment with 7-methylguanine, a
known QTRT1 inhibitor, significantly
downregulated the expression of ACCI,
SCDI and FASN in hepatocytes (Fig.
1G). We noticed a simultaneous in-
crease in the expression of QTRTI in
the inhibitor-treated cells, suggesting a
feedback regulation on QTRTI expres-
sion (Fig. 1G). Previously, it has been
reported that QTRT2 shared a high
degree of homology with QTRT1, but
the different amino acids in the catalytic
area caused the inability of QTRT2 to
catalyse the reaction. However, forming
a heterodimer with QTRT?2 is critical for
QTRT1 activity [12]. Thus, we hypoth-
esized that the mutated QTRT1 might
also form a protein complex with wild-
type QTRT 1. To test this hypothesis, we
performed a Co-immunoprecipitation
experiment between mutated and
wild-type QTRT1. Our data confirmed
that, similarly to QTRT2, the mutated
QTRT1 could physically interact with
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wild-type QTRT1 (Fig. 1H), which
may explain the gain-of-function of
the mutated QTRT1. Combined with
the above-mentioned in vitro data, our
observations suggested that QTRT1
regulates DNL in hepatocytes in a
cell-autonomous manner.

Next, we tested whether the QTRT1
would play a role in lipid metabolism
in vivo. We overexpressed QTRTI in
the liver of ApoE null mice through tail
vein injection of adenovirus. qPCR data
confirmed the expression of QTRT1 in
the livers of overexpressed mice (ad-
QTRT1) was 2.77-fold higher than that
in the control mice (ad-GFP) 3 months
after the virus injection (Supplemen-
tary Fig. S6C). Furthermore, ad-QTRT1-
treated mice had significantly higher cir-
culating levels of LDL-c (5.19-fold) and
triglycerides (1.54-fold) but lower lev-
els of HDL-c (0.58-fold) compared with
the control group (Fig. 11). A similar but
milder trend appeared 2 months after the
virus injection (Supplementary Figs. S6D
and E), but no difference was observed
at 1 month since injection (Supplemen-
tary Fig. S6E). QTRTI overexpression
seemed to result in more arterial plaques
stained by Oil Red O (Fig. 1J), which
was in line with the higher serum levels
of LDL-c and triglycerides in ad-QTRT1
mice. Consistently with our in vitro data,
the expression level of essential genes
(ACCI, FASN and SCD1) for DNL was
upregulated in QTRTI-overexpressing
mice (Fig. 1K). QTRTI overexpression
did not affect the expression of other
genes related to lipoprotein transporta-
tion in the liver (i.e. LDLR, ApoAl and
ApoB; Supplementary Fig. S6F). Further,
we generated a conditional liver-specific
QTRT1 knockout mouse model to val-
idate the function of QTRTI in lipid
metabolism (Supplementary Fig. S6G).
In these QTRT1 knockout mice, we ob-
served lower total triglyceride (0.77-fold)
and trending lower LDL-c (0.66-fold)
but significantly higher HDL-c content
(1.79-fold) in the livers (Fig. 1L), which
is in line with the observation found
in QTRT1-overexpressing mice. Consis-
tently, a reduced expression of ACCI and
SCD1I, and a trending lower expression
of FASN were also found in liver-specific
QTRT1 knockout mice compared to


https://t2d.hugeamp.org/

wild-type control mice (Fig. 1M). These
results confirmed that QTRTI was essen-
tial in lipid metabolism and atherosclero-
sis development.

In this most extensive whole-exome
sequencing study of CAD among the
non-European population, we identified
that novel gene QTRTI and rare novel
mutations in LDLR contribute to EO-
CAD risk. QTRT1 mutations influenced
EOCAD risk through DNL dysregu-
lation and accelerated atherosclerosis.
These findings might provide new in-
sights into genetic screening, early diag-
nosis and future drug discovery for CAD
in young individuals.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.
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