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BACKGROUND: Genome-wide association studies have uncovered
common variants at many loci influencing human complex traits, such as
high-density lipoprotein cholesterol (HDL-C). However, the contribution
of the identified genes is difficult to ascertain from current efforts
interrogating common variants with small effects. Thus, there is a pressing
need for scalable, cost-effective strategies for uncovering causal variants,
many of which may be rare and noncoding.
METHODS: Here, we used a molecular inversion probe target capture
approach to resequence both coding and regulatory regions at 7
HDL-C–associated loci in 797 individuals with extremely high HDL-C
versus 735 low-to-normal HDL-C controls. Our targets included
protein-coding regions of GALNT2, APOA5, APOC3, SCARB1, CCDC92,
ZNF664, CETP, and LIPG (>9 kb) and proximate noncoding regulatory
features (>42 kb).
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RESULTS: Exome-wide genotyping in 1114 of the 1532 participants
yielded a >90% genotyping concordance rate with molecular inversion
probe-identified variants in ≈90% of participants. This approach
rediscovered nearly all established genome-wide association studies
associations in GALNT2, CETP, and LIPG loci with significant and
concordant associations with HDL-C from our phenotypic extremes design
at 0.1% of the sample size of lipid genome-wide association studies. In
addition, we identified a novel, rare, CETP noncoding variant enriched in
the extreme high HDL-C group (P<0.01, score test).
CONCLUSIONS: Our targeted resequencing of individuals at the HDL-C
phenotypic extremes offers a novel, efficient, and cost-effective approach
for identifying rare coding and noncoding variation differences in extreme
phenotypes and supports the rationale for applying this methodology
to uncover rare variation—particularly noncoding variation—underlying
myriad complex traits.
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lthough genome-wide association studies
(GWAS) have elucidated the role of common
genetic variation to many human complex traits,
such as blood lipids, the role of rare genetic variation
remains poorly defined.1 This is especially true for rare
noncoding variants, which are not captured by wholeexome sequencing currently being applied to large
numbers of participants. One strategy to capture novel
variation that may include putatively causal variants is
targeted resequencing of genes at candidate loci for
lipid traits. Indeed, this approach has been applied to
the follow-up of initial GWAS studies for low-density
lipoprotein cholesterol and triglycerides.2,3 These efforts
have largely sequenced the coding regions of candidate
genes, with the goal of identifying protein-altering variants that may have a profound functional impact. However, given that the majority of GWAS-implicated variants are in the noncoding genome,4 the contribution of
rare noncoding variants to these traits is underexplored.
Plasma levels of high-density lipoprotein cholesterol (HDL-C) are highly heritable. There are >70 loci
significantly associated with HDL-C levels through testing of common variants (minor allele frequency [MAF],
>0.05) on genome-wide genotyping arrays.5 However,
pinpointing the causal variants and genes from these
associated loci is challenging. Current efforts to resolve
this have included fine mapping of identified loci to
determine causal variants,6 but these methods are limited in that they focus on common single-nucleotide
polymorphisms (SNPs) with generally small effect sizes.
Given that common SNPs are estimated to explain only
a fraction of the heritability of HDL-C levels,7 additional
variance may be explained by low frequency (MAF, 0.01–
0.05) or rare variation (MAF, <0.01) not yet captured
in existing genotyping arrays and imputation reference
panels. Furthermore, the identification of rare, causal,
noncoding variants with strong effect sizes on HDL-C
may help to delineate causal and heritable mechanisms
governing HDL metabolism that could directly relate to
coronary heart disease risk. One limitation hampering
targeted sequencing efforts for the noncoding genome
is the relatively poor annotation of functional elements
most likely to harbor variants of significance. A related
issue is that targeted sequencing efforts are costly and
scale with the size of the genomic targets, so methods
have largely been developed for reliably amplifying and
sequencing coding regions of genes. Thus, there is a
pressing need for efficient and scalable method for capturing the noncoding genome to apply to large populations to uncover causal variation underlying complex
traits, such as HDL-C.
Here, we investigated the feasibility of targeting
the noncoding regions of candidate gene loci to identify rare variants underlying HDL-C phenotypic extreme
using a novel, cost-effective approach. We adapt a
recently reported target capture method involving

molecular inversion probes (MIPs)8,9 utilized for autism
spectrum disorder candidate gene sequencing to date.
Modifying this method, we show the ability to capture
noncoding genomic regions in a cohort of high HDL-C
cases versus low HDL-C controls. Our results validate
previously reported coding and noncoding SNP associations with HDL-C, identify gene-level associations in
these 7 regions with this trait, and also show the promise of expanding large-scale targeted resequencing of
noncoding regions via this approach for complex traits.

MATERIALS AND METHODS
The data, analytic methods, and study materials will be made
available to other researchers for purposes of reproducing the
results or replicating the analyses reported here. Data may be
made available on request to the corresponding authors. All
recruitment of human participants of this study was approved
by the Institutional Review Board of the Perelman School of
Medicine at the University of Pennsylvania, and all participants provided informed consent. Full Materials and Methods
are available in the Data Supplement of the article.

RESULTS
Multiplexed Targeted Sequencing
Approach and Variants Identified
We sought to apply multiplexed targeted sequencing
with the purpose of identifying novel and known noncoding variants underlying HDL-C. In doing so, we also
sought to test the hypothesis that noncoding variation
at HDL-C loci could underlie extreme HDL phenotypes
similarly to coding variation traditionally identified by
targeted resequencing approaches to date. Thus, we
used MIPs to resequence 7 HDL candidate gene regions
(Figure 1) in 1532 participants with either extremely
high HDL-C versus low HDL-C controls (Table 1; Materials and Methods in the Data Supplement; Figure I in
the Data Supplement). After initial sequencing read
quality control, alignment, genotyping, filtering, and
principal component analysis-based additional sample
filtering (Materials and Methods in the Data Supplement; Tables I through IV in the Data Supplement; Figures II through X in the Data Supplement), a total of
1500 of 1532 original samples remained for further
variant analysis.
To validate the variants identified from our MIP
sequencing, we genotyped 1114 of the 1532 participants (681 high HDL-C individuals and 433 low HDL-C
individuals) on the probe-based Illumina Exome Array.
Among the variants genotyped on this array, 38 were
within our target regions. We observed a high concordance rate in variant discovery between MIP sequencing and genotyping results, with 32 of 38 SNPs (84.2%)
overlapping on the Exome Array called with >90% concordance across all participants, and 987 of 1114 par-
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Figure 1. Candidate gene regions for molecular inversion probe (MIP) targeted sequencing.
All coordinates correspond to genomic build GRC37/hg19. Blue boxes correspond to MIP target locations.

ticipants (88.6%) demonstrating >90% concordance
of all genotyped SNPs (Figure 2).
The final MIP sequencing variant call set contained 1956 SNPs and 689 distinct insertion/deletion
events (indels; 78 insertions and 611 deletions) for
a total of 2645 unique variants in 1500 samples. Of
these, 556 correspond with previously reported variTable 1.

ants in dbSNP (v141), suggesting that the remaining
2089 were novel discoveries without any previous
annotation (Tables 2 and 3). We found that our
MIP sequencing capture approach did not preferentially identify variants of a given annotation across
our selected genomic targets (Figure XI in the Data
Supplement). After these efforts, the MIP sequencing

Characteristics of Participants for Molecular Inversion Probe Targeted Sequencing
High HDL Cohort

Age, y (SD)
White, %

Low HDL Cohort

All (n=789)

Men (n=228)

Women (n=561)

All (n=743)

Men (n=454)

Women (n=289)

High vs Low
HDL Cohort
(t Test)

58 (13)

59 (15)

58 (12)

55 (13)

56 (12)

53 (15)

P<0.0001

86.2

89.9

84.7

61.5

65.0

56.1

NA

Ashkenazi, %

7.9

8.3

7.7

2.6

3.5

1.0

NA

Black, %

4.6

2.2

5.5

27.5

23.3

33.9

NA

Total cholesterol, mg/dL

240 (42)

227 (40)

245 (42)

177 (72)

172 (74)

185 (68)

P<0.0001

HDL-C, mg/dL

107 (21)

94 (19)

112 (19)

32 (11)

31 (12)

34 (8)

P<0.0001

LDL-C, mg/dL

127 (60)

127 (40)

127 (71)

100 (59)

96 (58)

105 (61)

NS

TG, mg/dL

77 (34)

78 (37)

77 (32)

266 (566)

270 (537)

259 (610)

P<0.0001

Participants were recruited from the Penn High HDL Study as described previously. All lipid measurements were performed on plasma collected after participants
fasted overnight. Comparisons of absolute measurements were performed using a Student unpaired t test of all high HDL cohort participants vs all low HDL cohort
participants. All absolute data are reported as mean±SD. HDL indicates high-density lipoprotein; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; NA, not available; NS, nonsignificant; and TG, triglyceride.
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Figure 2. Concordance of variants identified from molecular inversion probe (MIP)
sequencing with exome chip genotyping.
Single-nucleotide variants identified in the
targeted regions by MIP sequencing were
compared with the discovery of those variants
by genotyping on the exome chip in a subset of
1114 participants who were included in both
variant discovery efforts. A total of 38 singlenucleotide polymorphisms (SNPs) that were included in the exome chip were found to overlap
the targeted regions by MIPs. Box plot on the
(left) shows the percentage of total SNPs that
were found by both discovery methods for each
individual (n=1114 participants). Box plot on the
(right) shows the percentage of individuals for
which a given SNP was found to be concordant
across the 2 discovery methods (n=38 SNPs).
Red line indicates those samples (left) and
SNPs (right) for which concordance between
MIP sequencing and the exome chip genotyping was >90%. Thirty-two of 38 SNPs (84.2%)
overlapping on the exome array were called
with >90% concordance across all participants.
Nine hundred eighty-seven of 1114 participants
(88.6%) demonstrated >90% concordance of all
genotyped SNPs.

variants were then tested for association with HDL-C
using a framework sensitive to MAF and protein coding status of the different variants (Figure XII in the
Data Supplement).

these, 17 were previously reported by the Global Lipids
Genetics Consortium GWAS.7

Replication of HDL-C Associations From
GWAS Through MIP Sequencing

Association of Single Variants From
Targeted Sequencing With Extremely
High HDL-C

In addition to rare, noncoding variants identified from
MIP sequencing, we also recovered common variants
previously associated with HDL-C through the Global
Lipids Genetics Consortium plus MetaboChip GWAS.7
In the Global Lipids Genetics Consortium study, 49
variants that exceeded genome-wide significance
(P<5×10−8) in their associations with HDL-C are located
in regions that overlap with MIP sequencing targets.

We tested the association of 336 common and lowfrequency (MAF, ≥0.01) SNPs and indels identified with
high versus low HDL levels and observed 34 alleles at
significantly greater frequencies among the high HDLC participants (P<1.49×10−4, score test; Table 4). Of
Table 2.

SNPs and INDELs Identified by Molecular Inversion Probe Sequencing of 1500 Extreme HDL-C Participants
SNPs

Chromosome

Genic Region

Target Size, bp

Common+Low
Frequency

INDELs
Rare

Common+Low
Frequency

Rare

Total
Variants

1

GALNT2

9636

63

271

14

110

458

11

APOA5-APOC3

6550

44

274

6

98

422

12

SBNO1

530

7

33

…

6

46

12

CCDC92-ZNF664

11 955

49

355

4

130

538

12

SCARB1

7815

38

247

7

102

394

16

CETP

5739

37

202

6

87

332

18

LIPG

9095

56

280

5

114

455

Total

51 320

294

1662

42

647

2645

SNPs and INDELs were assessed for each gene region (GRC37/hg19) and were processed using sample-level and variant-level quality control filters (Materials
and Methods). Minor alleles of identified variants were compared for frequency in the high vs low HDL cohort by the score test statistic. Noncoding variants
included any variants that were not present in protein-coding regions of the gene regions, including splice-site, intronic, 5′ UTR, 3′ UTR, and intergenic variants.
ExAC indicates Exome Aggregation Consortium; HDL, high-density lipoprotein; HDL-C, high-density lipoprotein cholesterol; INDEL, insertion/deletion event; and
SNP, single-nucleotide polymorphism.
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Table 3.

Chrom

Variants Identified by Molecular Inversion Probe Sequencing of 1500 Extreme HDL-C Participants

Genic Region

Known*
Noncoding

Novel†
Coding

Novel†
Noncoding

Significant
HDL-C Associations
(Score Test)

4

56

…

17

…

Known*
Coding

Common±low-frequency variants (MAF≥0.01)
 1

GALNT2

 11

APOA5-APOC3

4

32

3

11

…

 12

SBNO1

…

2

…

5

…

 12

CCDC92-ZNF664

4

36

5

8

9‡

 12

SCARB1

6

26

1

12

…

 16

CETP

5

32

2

4

20‡

 18

LIPG

4

45

…

12

5‡

Total

27

229

11

69

34‡

10

44

37

290

…

Rare variants (MAF≤0.01)
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 1

GALNT2

 11

APOA5-APOC3

8

26

52

286

…

 12

SBNO1

…

3

…

36

…

 12

CCDC92-ZNF664

10

45

66

364

…

 12

SCARB1

13

30

45

261

…

 16

CETP

18

26

42

203

2§

 18

LIPG

8

59

44

283

…

Total

67

233

286

1723

2§

SNPs and INDELs were assessed for each gene region (GRC37/hg19) and were processed using sample-level and variant-level
quality control filters (Materials and Methods). Minor alleles of identified variants were compared for frequency in the high vs low HDL
cohort by the score test statistic. Noncoding variants included any variants that were not present in protein-coding regions of the gene
regions, including splice-site, intronic, 5′ UTR, 3′ UTR, and intergenic variants. ExAC indicates Exome Aggregation Consortium; HDL,
high-density lipoprotein; HDL-C, high-density lipoprotein cholesterol; INDEL, insertion/deletion event; MAF, minor allele frequency; and
SNP, single-nucleotide polymorphism.
*Known variants were those for which an reference SNP cluster ID existed in Single Nucleotide Polymorphism database (v141) or
were able to be ascertained in publically available variant databases, including 1000 Genomes, the National Heart, Lung and Blood
Institute Exome Variant Server, and the ExAC database.
†Novel variants were all other variants not listed as known above.
‡No. of single-variant associations with HDL-C using the score test,9 at or below the experimental significance threshold of
P<1.49×10−4 (testing only 336 common and low-frequency variants).
§No. of single-variant associations with HDL-C using the score test,9 at or below the experimental significance threshold of
P<1.89×10−5 (testing all 2645 variants).

We observed all of the 49 variants in the MIP sequencing variant call set and likewise observed all of them at
common or low frequencies (MAF, >0.01) in the 1500
samples. A total of 17 of the 49 exceeded an experimental statistical threshold (score test P<1.49×10−4),
with an additional 10 that were nominally significant
(score test P<0.01; Table V in the Data Supplement;
Figures XIII through XVII in the Data Supplement).
All of the experiment-wide significant and nominally
significant associations we identified were directionally consistent with prior reports of SNPs as those loci
with HDL-C levels and with comparable MAFs to those
reported for each variant from 1000 Genomes Project
(phase 3 v5a, European sample set).10,11 An additional
17 SNPs and 2 indels not previously identified in the
Global Lipids Genetics Consortium GWAS were significantly associated with HDL-C (Table VI in the Data
Supplement).

Rare, Novel, Noncoding Variants With
Nominally Significant Associations With
HDL-C
Because of the small sample size of our study, we expected modest power to demonstrate association beyond
a reasonable doubt. Thus, we examined variants that
exhibited nominally significant associations (P<0.01,
score test) with elevated HDL-C and identified 68 such
SNPs and indels (Table VII in the Data Supplement). These
included 54 noncoding variants (ie, located outside of
protein-coding sequence) and 14 coding variants. Among
the coding and noncoding variants identified with nominally significant associations were 11 rare variants (MAF,
≤0.01), 6 low-frequency variants (0.01<MAF<0.05), and
8 variants not previously described in Single Nucleotide
Polymorphism database. Of the noncoding variants identified, 12 were found to have Combined Annotation
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Table 4.

Significant Single-Variant Associations With High HDL-C

Region
CCDC92-ZNF664

CETP

Downloaded from http://circgenetics.ahajournals.org/ by guest on July 17, 2018
LIPG

dbSNP rsID*

Type

Variant Call
Rate

MAF

Score
Statistic

Score
P Value†

T/C

rs9863

Noncoding

0.9993

0.4109

4.0051

6.20E-05

T/A

rs11057401†

Coding

1

0.3407

4.7169

2.40E-06

T/A

rs4930725

Noncoding

0.9987

0.3632

4.2263

2.38E-05

T/C

rs4930726†

Noncoding

0.9873

0.3754

4.4037

1.06E-05

124429279

G/A

rs3186071

Noncoding

0.9973

0.3259

4.1498

3.33E-05

12

124430612

G/A

rs4765305

Noncoding

0.9660

0.4824

4.1397

3.48E-05

12

124430812

G/A

rs4765335

Noncoding

0.9953

0.3985

4.0566

4.98E-05

12

124431049

G/A

rs11835839

Noncoding

0.9740

0.4182

4.8946

9.85E-07

12

124499839

C/T

rs3768

Noncoding

0.9993

0.2255

3.9722

7.12E-05

Chrom

Position

Variant

12

124421453

12

124427306

12

124428162

12

124428331

12

16

56995236

C/A

rs1800775†

Noncoding

0.8893

0.3212

7.3626

1.80E-13

16

56995814

G/A

rs34498052

Noncoding

0.9580

0.0010

5.3163

1.06E-07

16

56996158

T/C

rs3816117

Noncoding

0.9920

0.4755

9.7746

1.45E-22

16

56996211

G/A

rs711752†

Noncoding

0.9880

0.4295

7.8694

3.56E-15

16

56996288

G/A

rs708272

Noncoding

0.9887

0.4413

7.6112

2.72E-14

16

56998918

A/G

rs12720926

Noncoding

0.9360

0.3650

7.8158

5.46E-15
8.83E-17

16

56999258

A/C

rs7203984†

Noncoding

0.9747

0.2309

−8.3195

16

56999328

C/T

rs11508026†

Noncoding

0.9873

0.3964

9.4414

3.68E-21

16

57001254

T/TCACA

rs12720908

Noncoding

0.9780

0.1953

−7.8050

5.95E-15

16

57001274

AC/A

rs200751500

Noncoding

0.8853

0.1325

5.9512

2.66E-09

16

57001438

G/A

rs12444012

Noncoding

0.2433

0.4932

4.5664

4.96E-06

16

57004889

G/A

rs7205804†

Noncoding

0.9753

0.3568

6.9836

2.88E-12

16

57005301

C/T

rs1532625†

Noncoding

0.9840

0.3581

8.2715

1.32E-16

16

57005883

G/A

rs374409989

Noncoding

0.8733

0.0023

5.3838

7.29E-08

16

57007353

C/T

rs5883†

Coding

0.9847

0.0735

5.4895

4.03E-08

16

57007446

T/G

rs11076176

Noncoding

0.9940

0.1851

−6.8759

6.16E-12

16

57015091

G/C

rs5880
(Ala390Pro)†

Coding

1

0.0350

−4.9197

8.67E-07

16

57016092

G/A

rs5882†

Coding

0.9973

0.3737

−4.9708

6.67E-07

16

57017319

G/A

rs1800777
(Arg468Gln)

Coding

0.9973

0.0247

−5.4589

4.79E-08

16

57017474

G/A

rs289741†

Noncoding

0.9347

0.3574

−5.2733

1.34E-07

16

57017662

G/A

rs1801706†

Noncoding

0.9913

0.1725

4.8147

1.47E-06

16

57017796

G/A

rs289743

Noncoding

0.9440

0.2256

−3.8050

1.42E-04

18

47096016

G/A

rs1320700

Noncoding

0.9693

0.2775

4.1477

3.36E-05

18

47158186

T/C

rs10438978†

Noncoding

1

0.1920

4.7214

2.34E-06

18

47158234

C/T

rs9304381†

Noncoding

1

0.1767

4.6760

2.92E-06

18

47167214

T/C

rs4939883†

Noncoding

1

0.2073

4.6702

3.01E-06

18

47179516

G/A

rs1943973†

Noncoding

0.9947

0.1079

3.8348

1.26E-04

Variants (SNPs and INDELs) across targets were compared for frequency of the minor allele in high vs low HDL participants by score test statistic. Score test P
values, where P<0.01 were considered nominally statistically significant, whereas P values <1.27×10−5 were considered to exceed the experimental significance
threshold accounting for all 2645 variants called in this study. MAF refers to MAF within the sequencing cohort. Call rate refers to the fraction of 1500
samples for which a particular variant position was sequenced and passed sample-level and variant-level quality filtering. dbSNP indicates Single Nucleotide
Polymorphism database; GLGC, Global Lipids Genetics Consortium; GWAS, genome-wide association study; HDL, high-density lipoprotein; HDL-C, high-density
lipoprotein cholesterol; INDEL, insertion/deletion event; MAF, minor allele frequency; MIP, molecular inversion probe; rsID, reference SNP cluster ID; and SNP,
single-nucleotide polymorphism.
*Variants identified from MIP sequencing with significant associations with HDL-C (P<1.49×10−4 by score test9) that were previously found to have significant
associations with HDL-C in the GLGC GWAS7 are designated with
†Single-variant associations with HDL-C using the score test.9 Only variants with P values below experimental significance threshold of P<1.49×10−4 are shown.
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Dependent Depletion scores of ≥10, suggestive of deleteriousness to gene expression or function (Table VII in the
Data Supplement).12 We evaluated the putative impact of
the noncoding variants we identified across our regions
by exploring overlap between these SNPs and transcription factor binding sites and microRNA seed sites, which
identified multiple common noncoding variants across
our loci that overlapped such regulatory features (Table
VII in the Data Supplement). Among the noncoding SNPs
with potential functional impact on gene expression is a
proximal variant 21 bp upstream of the transcription start
site of CETP, rs34498052 (chr16:56995814 G>A), that
was previously identified in a resequencing study of 68
genes in French Canadian myocardial infarction cases and
controls. Although this variant overlaps multiple epigenetic marks from Encyclopedia of DNA Elements, including CpG methylation marks in HepG2 hepatocytes and
Human Microvascular Endothelial Cells endothelial cells,
it was extremely rare (MAF, 0.001; allele count [AC], 3),
which made statistical interpretation challenging because
the score test is not intended or calibrated for that end
of the frequency spectrum given our sample size. More
conservatively, for variants identified with >5 allelic copies
among the 1500 participants, we identified a single rare,
novel, noncoding SNP in a splice region of the CETP gene
(chr16:57005300 G>A) that was nominally associated
with high HDL-C (P=0.009, score test; AC, 8).
We also investigated the association of these SNPs
with expression of genes as expression quantitative
trait loci from the Genotype-Tissue Expression Project
(Tables VII and VIII in the Data Supplement).13 Analysis

of expression quantitative trait loci across human tissues
identified 21 of the 54 noncoding SNPs with at least 1
significant expression quantitative trait loci in a human
tissue. Among these are a set of noncoding SNPs at the
CCDC92 locus associated with reduced CCDC92 expression and that of other genes in subcutaneous adipose
tissues, consistent with the recent identification of a sentinel SNP at this locus in linkage disequilibrium with our
identified SNPs that was associated with coronary artery
disease and also with decreased CCDC92 expression in
the same tissue.14 As another example, we show that
another set of SNPs downstream of the LIPG gene are
associated with LIPG gene expression in skeletal muscle
and skin tissues. These SNPs are in linkage disequilibrium
with other GWAS-implicated SNPs downstream of LIPG
that we previously showed to reduce endothelial lipase
protein levels.15 Thus, our MIP sequencing experiment
identified multiple regulatory variants underlying high
HDL-C that also correlated with cis-regulatory effects on
gene expression across human tissues.

Rare Variant Burden Associations With
Extremely High HDL-C
Lastly, we tested the hypothesis that the genomic
regions we targeted harbor rare variants that collectively
contribute to the relationship of these genes with HDLC levels. We performed aggregate rare variant burden
using a framework that categorized rare variants (MAF,
<0.01) on the basis of their coding status, deleteriousness, and genic region (Tables 5 and 6; Figure XII in the

Table 5. Rare Variant Burden Test Associations of Molecular Inversion Probe Sequencing Variants With High High-Density Lipoprotein
Cholesterol (Coding)
Disruptive*
Chr

Genic Region

Variants

β (SE)

Disruptive and Missense†
P Value

Variants

β (SE)

P Value

Loss of Function‡
Variants

β (SE)

P Value

1

GALNT2

15

0.03 (0.33)

0.92

34

0.10 (0.22)

0.64

15

0.03 (0.33)

0.92

11

APOA5

15

−0.36 (0.30)

0.23

33

−0.37 (0.23)

0.10

14

−0.35 (0.31)

0.25

11

APOC3

5

−0.38 (0.71)

0.59

7

−0.60 (0.65)

0.36

5

−0.38 (0.71)

0.59

12

CCDC92

20

0.25 (0.27)

0.36

33

0.00 (0.22)

0.98

20

0.25 (0.27)

0.36

12

ZNF664

2

2.11 (1.38)

0.13

14

0.37 (0.32)

0.25

2

2.11 (1.38)

0.13

12

SCARB1

24

0.28 (0.27)

0.29

37

0.27 (0.21)

0.20

23

0.30 (0.27)

0.27

16

CETP

23

−0.10 (0.27)

0.71

33

−0.06 (0.22)

0.77

12

−0.52 (0.45)

0.25

LIPG

14

−0.10 (0.29)

0.73

32

0.01 (0.21)

0.95

13

−0.12 (0.29)

0.67

All coding§

118

0.04 (0.14)

0.78

223

−0.09 (0.12)

0.44

104

0.01 (0.14)

0.95

18

VEP indicates Ensembl Variant Effect Predictor.
*Disruptive coding variants included nonsense (stop-gained), frameshift, splice-donor, splice-acceptor, stop lost, start lost, inframe insertion, and inframe
deletion variants as annotated from VEP tool.
†Collection of disruptive plus missense coding variants. Missense variants were defined as nonsynonymous amino acid-altering variants using the dbNSFP
database (v2.9.1). Variants were included in this grouping if they were identified as deleterious or damaging by 1 of the 5 in silico prediction tools: Sorting
Intolerant From Tolerant (deleterious), PolyPhen2 HDIV (possibly damaging or probably damaging), PolyPhen2 HVAR (possibly damaging or probably damaging),
MutationTaster, and likelihood ratio test (disruptive).
‡Loss-of-function variants were defined based on loss of function prediction flags (high confidence, low confidence) generated by the VEP plugin Loss-OfFunction Transcript Effect Estimator. This set was then filtered to remove variants that were situated in unlikely open-reading frames, single-exon genes, or had
weak phylogenetic conservation scores.
§No coding regions of the SBNO1 region were sequenced in this study.
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Table 6. Rare Variant Burden Test Associations of Molecular Inversion Probe Sequencing Variants With High High-Density Lipoprotein Cholesterol
(Noncoding)
Nonrare Alleles at Multiallelic Positions Retained*
Chr
1

Nonrare Alleles at Multiallelic Positions Removed†

Genic Region

Variants

□ (SE)

P Value

Variants

□ (SE)

P Value

GALNT2

335

0.04 (0.12)

0.72

333

0.10 (0.12)

0.40

11

APOA5

100

−0.10 (0.14)

0.51

100

−0.10 (0.14)

0.51

11

APOA5-APOC3 intergenic

151

0.31 (0.12)

0.009

149

−0.02 (0.14)

0.89

11

APOC3

62

0.30 (0.20)

0.13

62

0.30 (0.20)

0.13

12

SBNO1

39

0.21 (0.21)

0.31

39

0.21 (0.21)

0.31

12

CCDC92

251

−0.08 (0.12)

0.48

251

−0.08 (0.12)

0.48

12

ZNF664

156

0.03 (0.13)

0.84

156

0.03 (0.13)

0.84

12

SCARB1

292

0.20 (0.14)

0.15

290

0.16 (0.12)

0.17

16

CETP

229

−0.06 (0.12)

0.63

229

−0.06 (0.12)

0.63

18

LIPG

343

−0.34 (0.14)

0.02

341

−0.16 (0.12)

0.19

All noncoding

1958

−0.63 (0.94)

0.50

1950

−0.27 (0.38)

0.48
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*Aggregation of rare noncoding variants included nonrare alleles at multiallelic positions also harboring rare variants.
†Aggregation of rare noncoding variants with nonrare alleles at multiallelic positions removed.

Data Supplement). We first identified rare coding variants believed to be nonbenign in their putative functional consequence (n=213), organized them based on their
predicted impact on protein function (ie, [1] disruptive,
[2] disruptive plus missense, or [3] loss-of-function; see
Materials and Methods for definitions), and then tested
aggregate rare coding variant burden across all targeted
genic regions for each predicted impact category. We
found that for each predicted impact category, the collection of all rare coding variants did not exhibit a level
of rare variant burden that was significantly associated
with HDL-C. Similarly, variant aggregation over the coding regions of the individual gene targets separately
(n=8) did not identify any individual region with significant variant burden associated with high versus low
HDL-C (collapsing test; Tables 5 and 6).
We then asked whether the burden of rare noncoding variants across all targets contributed to extremely
high HDL-C. Because of the fact that a methodological
framework for predicting the potential regulatory impact
of noncoding variants genome wide has yet to be widely
accepted, the rare noncoding variants were not subdivided into putative functional categories like the coding
variants described above. Thus, we first analyzed all rare
noncoding variants as a single group, which resulted in a
variant burden that was not significantly associated with
high HDL-C in our cohort (P=0.5; Tables 5 and 6). We
next grouped rare noncoding variants by physical genic
region (n=10) and performed variant burden analyses
separately on each region. This approach identified a collection of 151 rare variants in the APOA4-APOA5 intergenic region that were nominally significantly associated
with extremely high HDL-C (P=9.43×10−3, collapsing
test; Tables 5 and 6). Within this region, we noted a collection of 3 different indels as multiple alternative alleles
at the position chr11:116678249 (hg19). Of these, a rare

deletion CAA>C (MAF, 0.003; AC, 7) exhibited nominally significant association with high HDL-C (P=0.0427,
score test). The second allele was a common deletion
(MAF, 0.06; AC, 138) that was not associated with high
HDL-C (P=0.75, score test). The third allele was the same
common (MAF, 0.26; AC, 605) yet previously unreported
insertion of CAA>CAAA at chr11:116678249 that was
significantly associated with high HDL-C (P=8.9×10−4,
score test) in the single-variant analysis.
We hypothesized that these particular common
alternative alleles were driving the nominally significant
rare variant burden association signal for the APOA4APOA5 intergenic region. To test this, we removed it
(and all other nonrare variants at multiallelic sites) and
reassessed rare variant burden and found a complete
attenuation of the association (P=0.43; Tables 5 and 6),
thus suggesting that the originally significant association of the cluster of APOA4-APOA5 intergenic variants
with HDL-C was driven by common alleles alone.

DISCUSSION
Translating GWAS trait- and disease-associated common
variants to bona fide causal variants, genes, and biological mechanisms has been a major challenge for human
genetics. This is due in part to small effect sizes of GWAS
variants, and thus resequencing of candidate genes at
GWAS loci at the phenotypic extremes of complex traits
has become a leading approach to identify rare variants with larger effects. To date, this approach has been
applied to coding regions of GWAS candidate genes, yet
coding variants account for only a small fraction (≈11%)
of all variants tagged complex trait GWAS studies,16
underscoring the need to search the noncoding genome
for rare, putatively causal variants. Here, we utilized an

Circ Genom Precis Med. 2018;11:e002070. DOI: 10.1161/CIRCGEN.117.002070

July 2018

8

Khetarpal et al; Multiplexed Targeted Resequencing for High HDL-C

Downloaded from http://circgenetics.ahajournals.org/ by guest on July 17, 2018

inexpensive, modular, and scalable targeted sequencing
approach for identifying rare noncoding variants in candidate genes influencing HDL-C—a complex trait with
72 associated loci from GWAS.7 Our proof-of-principle
resequencing study of 7 candidate gene regions in 797
extremely high HDL-C versus 735 low HDL-C participants
rediscovered and validated nearly all prior GWAS-implicated tag SNPs and revealed ≈2000 variants in noncoding regions of targets, including rare, novel noncoding
variants that were nominally associated with HDL-C in
our study. As such, our findings provide one of the first
applications of a multiplexed targeted resequencing
study of noncoding variants across multiple loci at the
phenotypic extremes of a complex trait.
We selected 7 candidate loci for targeted sequencing of coding and noncoding regions in our cohorts (Figure 1). Four of the targeted loci, APOC3, SCARB1, CETP,
and LIPG, have known roles in HDL metabolism for which
loss of function has been shown to elevate HDL-C in
humans.17 To explore the hypothesis that rare noncoding
variants may underlie GWAS-implicated loci for HDL-C
levels, we selected 3 HDL-C loci newly identified through
GWAS, GALNT2, SBNO1, and the CCDC92-ZNF664
region for our targeted sequencing. Some sequencing
efforts have suggested that GALNT2 coding variants
segregate with elevated HDL-C, whereas a recent report
from our group found an opposite result for 2 rare coding variants.18 Similarly, the contribution of either coding or noncoding rare variants at the CCDC92-ZNF664
and SBNO1 loci to HDL metabolism remains completely
unexplored. Therefore, we evaluated these loci for rare
coding and noncoding variants to better determine
the directional relationship of these genes with HDL-C
beyond the initial common variant associations.
We rediscovered previously implicated variants in our
cohort, along with the initial discovery of a few novel
candidates requiring statistical support. Most notably,
we found significant or nominally significant associations for a majority (55%) of GWAS-implicated HDL-C
variants overlapping our targeted regions with consistent directionality to prior associations of these variants.
However, we replicated these associations at <1/100th
the cohort size of the most recent GWAS for HDL-C
(188 577 participants7 versus 1532 participants in our
study) through our phenotypic extremes design. We also
identified 3 rare (MAF, <0.01) or low-frequency (MAF,
<0.05) nonsynonymous coding variants associated with
HDL-C levels with directionalities consistent with previous reports (CETP Ala390Pro,19 CETP Arg468Gln,20 and
LIPG Asn396Ser21). Collectively, these findings support
the utility of candidate gene and noncoding locus resequencing at the extremes of a continuous trait distribution to enrich for trait-associated alleles, which may
allow ascertainment of genetic associations in smaller
populations than historical sizes for complex trait GWAS,
such as understudied ethnicities and population isolates.

Our study also has important methodological implications for future targeted resequencing efforts. To
date, MIP sequencing has been applied to targeted
sequencing of coding regions of candidate genes with
a sample preparation cost of <$1 per participant.8 Our
use of MIPs to interrogate noncoding regions of HDL-C
candidate genes represents one of the first applications
of this methodology for regulatory DNA regions. Our
sequencing efforts were completed at a comparable cost
with the prior applications, with similar target-coverage
depths across coding and noncoding targets. Additionally, our modified dual-barcoding approach allowed us
to multiplex all 1532 samples for sequencing in a single
lane of an Illumina HiSeq2500 sequencing run with a
median base coverage per participant of 110-fold—a
robust depth for novel and rare variant identification at
a sequencing cost of ≈$2000. Thus, our study highlights
the utility of an MIP-based approach for sequencing of
noncoding regions at a low per-sample cost.
Among the variants we identified were multiple noncoding variants in CETP and LIPG associated with high
HDL-C in our cohort. CETP is a circulating regulator of
HDL metabolism, and genetic inactivation of CETP is
associated with increased HDL-C in humans.17 Similarly,
LIPG, which encodes an enzyme catabolizing HDL called
endothelial lipase, contributes to heritable differences in
HDL-C. LIPG loss-of-function genetic variants are causal
contributors to elevated HDL-C in humans.18,22 Here, we
expanded the allelic spectrum of rare noncoding variation in these 2 HDL-C modulating genes contributing to
high HDL-C levels in humans. In both cases, the frequency of these variants and our limited sample size requires
further analysis in follow-up cohorts to demonstrate
conclusive association of these rare alleles with HDL-C.
Our current study has limitations, which serve as
opportunities for further study. First, our total cohort
size of 1532 participants limits both the ascertainment
of the full spectrum of rare variants that may underlie
extremely high HDL-C levels, as well as the power of our
statistical tests of common variant association and rare
variant burden. Second, our population of high and low
HDL-C participants was largely of European ancestry,
thus limiting our ability to extrapolate the variants discovered to other populations. Additionally, our ability
to validate variant discovery in this population for our
MIP sequencing-identified variants was limited to SNPs
largely in coding regions as we utilized the Exome Array
for confirmatory genotyping; thus we were restricted in
our ability to validate indels overlapping these regions.
Also, we used conventional strategies for rare-variant
grouping, which focused on gene-level aggregation.
However, for noncoding sequences, it was not obvious
which variant grouping strategy is optimally powered,
which remains an open question in the field. Finally,
because we selected a finite sequence of noncoding
genome with genomic annotations that we believed a
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priori would be functional and lipid related (eg, enhancer marks in liver) and focused on annotations in HepG2
cell lines for this selection, it remains possible that rarevariant burden either exists in other sequences we did
not target here and that such selection could have differed if we had used alternative cell sources for regulatory annotation, such as primary human hepatocytes.
In conclusion, our MIP-based targeted sequencing
approach has demonstrated the successful capture of
noncoding regions for the discovery of rare, noncoding
variants associated with HDL-C in a cohort of extremely
high versus low HDL-C participants. Though efforts to better identify the spectrum of noncoding variants underlying
complex traits have initiated, including denser genotyping
of noncoding variants20 and whole-genome sequencing,22
these approaches remain expensive and not readily applicable to the study of large populations or large case-control designs. Our results offer a scalable and cost-effective
targeted approach that complement future, larger candidate loci resequencing efforts for the discovery of putatively causal noncoding variants. These efforts, coupled
with appropriate functional investigation of identified
variants for impact on gene regulation, may substantially refine the causal genes at loci implicated from GWAS
studies and also help further explain the missing heritability underlying complex traits, such as HDL-C.
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