1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Clin Pharmacol Ther. Author manuscript; available in PMC 2024 July 11.

-, HHS Public Access
«

Published in final edited form as:
Clin Pharmacol Ther. 2023 March ; 113(3): 624-633. doi:10.1002/cpt.2820.

Genomewide Association Study Identifies Copy Number Variants
Associated With Warfarin Dose Response and Risk of Venous
Thromboembolism in African Americans

Honghong Zhang?, Cristina Alarconl, Larisa H. Cavallari?, Edith Nutescu3, Gemma L.
Carvilll4, Minoli A. Pereral®t, Wenndy Hernandez>t

Department of Pharmacology, Feinberg School of Medicine, Northwestern University, Chicago,
lllinois, USA

2Department of Pharmacotherapy and Translational Research, Center for Pharmacogenomics
and Precision Medicine, College of Pharmacy, University of Florida, Gainesville, Florida, USA

SDepartment of Pharmacy Practice, College of Pharmacy, University of lllinois Chicago, Chicago,
lllinois, USA

“Department of Neurology, Feinberg School of Medicine, Northwestern University, Chicago,
lllinois, USA

5Section of Cardiology, University of Chicago, Chicago, lllinois, USA.

Abstract

The anticoagulant warfarin is commonly used to control and prevent thrombotic disorders, such

as venous thromboembolism (VTE), which disproportionately afflicts African Americans. Despite
the importance of copy number variants (CNVs), few studies have focused on characterizing and
understanding their role in drug response and disease risk among African Americans. In this
study, we conduct the first genome-wide analysis of CNVs to more comprehensively account

for the contribution of genetic variation in warfarin dose requirement and VTE risk among
African Americans. We used hidden Markov models to detect CNVs from high-throughput
single-nucleotide polymorphism arrays for 340 African American participants in the International
Warfarin Pharmacogenetics Consortium. We identified 11,570 CNVs resulting in 2,038 copy
number variable regions (CNVRs) and found 3 CNVRs associated with warfarin dose requirement
and 3 CNVRs associated with VTE risk in African Americans. CNVRs 1g31.2del and 6q14.1del
were associated with increased warfarin dose requirement (B = 11.18 and 4.94, respectively; Pemp
=<0.002); CNVR 19p13.31del was associated with decreased warfarin dose requirement (f =
—1.41, Pemp = 0.0004); CNVRs (2p22.1del and 5q35.1-¢35.2del) were found to be associated with
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increased risk of VTE (odds ratios (ORs) = 1.88 and 14.9, respectively; Pemp <0.02); and CNVR
10926.12del was associated with a decreased risk of VTE (OR = 0.6; Pemp = 0.05). Modeling of
the 100g26.12del in HepG2 cells revealed that this deletion results in decreased fibrinogen gene
expression, decreased fibrinogen and WDR11 protein levels, and decreased secretion of fibrinogen
into the extracellular matrix. We found robust evidence that CNVRs could contribute to warfarin
dose requirement and risk of VTE in African Americans and for 10g26.3del describe a possible
pathogenic mechanism.

Warfarin continues to remain a widely used anticoagulant with more than 15 million
prescriptions dispensed in 2017, ranking warfarin as the 51st most commonly prescribed
medication in the United States alone.! Unfortunately, warfarin can have serious adverse
effects ranging from occult bleeding to death. Population differences in warfarin dosing
requirements have been observed with African Americans having a higher rate of major
bleeding compared to White people.2 Clinical factors, demographics, and single nucleotide
polymorphisms (SNPs) in genes involved in warfarin dose variability (CYP2C9, VKORC],
CYP4F2, CALU, and GGCX) have been well studied.3 Yet combined, these factors are
estimated to explain ~ 50% of warfarin dose requirements in populations of European
ancestry and even <30% among populations of African ancestry*8 — highlighting the need
to improve our understanding of the genetic architecture, beyond SNPs, of warfarin dose
requirement especially in non-European ancestry populations.

Venous thromboembolism (VTE) is a significant health problem in the United States,
resulting in up to 600,000 new cases and up to 100,000 deaths annually.® VTE is

comprised of deep vein thrombosis (DVT) and its potentially fatal complication, pulmonary
embolism (PE). VTE susceptibility is complex and involves both genetic and acquired risk
factors, which include increasing age, surgery, immobilization, active cancer, prolonged
hospitalization, and obesity.1% The risk of VTE also differs by ancestry where individuals

of African descent have a higher incidence compared to individuals of European ancestry.
African Americans exhibit the highest incidence of DVT and mortality rates of PE.11.12 The
mechanisms causing idiopathic VTE remain, in great part, unknown. Previous genome-wide
association studies (GWAS), conducted primarily on populations of European ancestry, have
confirmed several VTE-associated loci either near or in F5, FGA-FGG, F2, F11, PROCR,
SCLC44A2, and ABO genes.13-19 Although the findings from two GWAS for VTE risk
among African Americans did not replicate those found in Europeans, they both suggest
that the variants found to be strongly associated with VTE risk in populations of European
ancestry are not associated in African Americans.15:16

Copy number variants (CNVs) are deletions and duplications of the human genome that
span at least 1 kb in length and can be polymorphic.20 Several complex disorders have
been associated with CNVs.21-23 Additionally, several CNVs in genes associated with
drug response, including CYP2D6and CYP2A6, have been identified.24 The continued
development of high-throughput, high-density genotyping technologies used in GWAS
combined with statistical calling algorithms offer a unique advantage of size resolution and
sensitivity for CNV detection and provide an opportunity to further characterize genomic
architecture.2>-27
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Very few genome-wide studies have focused on identifying and characterizing CNVs in
African Americans.28:29 Furthermore, the impact of CNVs on the myriad of phenotypic
traits, genetic conditions, and drug response in African Americans remains to be elucidated.
Warfarin is an effective anticoagulant to reduce morbidity and mortality in patients suffering
from VTE. Here, we report the first to date genome-wide study of CNVs for warfarin dose
requirement and VTE risk in African Americans in order to help better understand the
etiology of VTE and mechanisms regulating the warfarin dose requirement.

METHODS

Study population

Participants were part of a previously conducted GWAS, in collaboration with the
International Warfarin Pharmacogenetics Consortium (IWPC), on warfarin dose response

in African Americans.30 In the present study, we only considered patients locally enrolled at
The University of Chicago and The University of Illinois in Chicago (n7= 340). Briefly,

all participants were at least 18 years old, self-reported African American, and on a

stable maintenance dose of warfarin, defined as the same dose for at least 3 consecutive
clinic visits that produced and international normalized ratio (INR) within the therapeutic
range of 2 to 3. Data collected related to warfarin dose requirement included age; height;
weight; ethnicity; sex; liver disease; stable warfarin dose; INR at stable warfarin dose;
indication for warfarin therapy; and concomitant medications, including potential interacting
drugs (e.g., amiodarone, phenytoin, and carbamazepine). For VTE, warfarin patients with

a documented history of VTE, defined as DVT or PE, and without strong known risk
factors, including prolonged hospitalization, surgery, active cancer or history of malignancy
<5 years, pregnancy or puerperium, hormone replacement therapy, or protein C or S
deficiency, were classified as cases. VTE (DVT and/or PE) was diagnosed by physicians
using different methods, including venous examination of the lower extremities using duplex
ultrasound, spiral computed tomography, computed tomography pulmonary angiogram, or
ventilation-perfusion scan. Warfarin patients free of VTE were classified as control subjects.
VTE controls were on warfarin therapy due to atrial fibrillation/flutter, valve replacement,
cardiomyopathy, or stroke. Patients provided a DNA sample (whole-blood, saliva, or
mouthwash sample). The research protocol was approved by the local institutional review
boards (The University of Chicago and The University of Illinois), and study participants
gave written informed consent.

Genotyping and identification of CNVs

Genome-wide intensity data were retrieved from the existing GWAS dataset genotyped

with the lllumina 610 Quad BeadChip (lllumina, San Diego, CA) at the RIKEN Center

for Genomic Medicine (Yokohama, Japan).39 Probe information for each sample, including
genomic location, signal intensity (Norm R), allele frequency (Norm theta), log R ratios,
and B allele frequencies (BAFs), were calculated and exported using GenomeStudio. A copy
number state of 2 represents the normal diploid state, a lower value (0 and 1) represents

a deletion, and a higher value3 represents a duplication or triplication, respectively. The
start and end coordinates of each CNV in our dataset were based on the human genome
build GRCh37/hg19. For CNV calling, we chose two different segmentation algorithms that
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implement the hidden Markov model, PennCNV27 (June 2016) and QuantiSNP 2.04.25 To
reduce false positive results, only CNVs that were independently called by each algorithm
were included in the analysis. CNV calls from each algorithm were classified as either
deletion or duplication without accounting for hetero or homozygosity.

Stage 1 quality control

SNPs were excluded based on a genotyping rate <95%, a minor allele frequency of < 0.03,
and failed Hardy—Weinberg equilibrium tests at £< 0.00001. We also removed all SNPs that
did not get called in any individual because these loci may be CNV markers, particularly for
the Quad 610 Bead chip. G/C and A/T SNPs were removed due to ambiguity. Genomewide
genotype data were used to validate sex, as well as identity by descent. No sample had a call
rate of <95%, missingness > 0.10, sex misspecification, or identity by descent >0.125.

Stage 2 quality control

CNV detection was performed for each chromosome separately. Individuals with a total
number of CNVs exceeding the mean by more than three SDs were excluded, which helps
reduce the number of false positive results and improves the reliability of CNV calls. We
also removed samples based on previously used criteria for quality control: waviness factor
>0.05, SD for autosomal log R ratio >0.28, a median BAF >0.55 or < 0.45, or a BAF drift
of >0.002. A total of 326 samples passed quality control criteria and were included in the
analysis.

We excluded immunoglobulin regions, telomeric, and centromeric regions due to the high
frequency or repeats in these regions and the unreliability of calling CNVs in these regions.
Adjacent calls with a gap of < 20% of total length were merged together into one single call.
CNVs <10,000 bps were kept in the analysis if all of the following criteria were met: present
in at least 2 individuals, found in at least 2 plates, had the same start and end positions, and
the same SNPs on the genotyping platform were used to call the CNV. A total of 11,570
CNVs were identified in our African American cohort.

Copy number variable region determination

Due to technical fluctuations, the same CNV is frequently called with slightly different
breakpoint locations in different individuals. Therefore, we used BedTools Intersect intervals
from the Galaxy Project to merge CNVs overlapping at least one base pair into single CNV
regions (CNVRs).31 The breakpoints of each of these CNVRs were defined by the outer
boundaries of the cumulative individual CNVs. Only CNVRs called by both PennCNV and
QuantiSNP were included. The 11,570 CNVs identified resulted in 2,038 non-overlapping
CNVRs, which were used for association analyses of warfarin dose requirement and VTE
risk. For comparison to previously reported CNV loci, we obtained the March 29, 2012
release of the Database of Genomic Variants (DGVs).32 A table summarizing DGV build 37
(hg19) was downloaded, and the start and end points of each DGV were used to identify any
overlap with a CNVR. If a DGV overlapped by at least one base pair, then the CNVR was
considered to be previously identified. The UCSC Genome Browser LiftOver tool (https://
genome.ucsc.edu) was used to convert genomic coordinates from the original assembly to
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GRCh37/hg19 to identify phenotypes previously associated with CNVs within our CNVRs
and to build GRCh38/hg38 to identify genes more recently discovered.

Validation and determination of breakpoints for associated CNVRs

CNVRs associated with warfarin dose requirement and VTE risk were validated by high-
resolution custom Agilent 8 X 15 K microarray-based Comparative Genomic Hybridization
targeting each region specifically to confirm the breakpoints of each CNVR and processed
and analyzed according to the manufacturer’s instructions. We used a subset of eight
subjects shown to carry the CNVRs of interest. We were able to validate the breakpoints

of three CNVRs we found to be associated with either phenotypec (Tables 2 and 4).

CRISPR-Cas9 deletion of 10g26.12 CNVR

We chose CNVR at 10g26.12 due to the strong prior evidence for association with plasma
fibrinogen and cardiovascular phenotypes. Guide RNAs (QRNASs) were designed using
CHOPCHOP. The gRNA sets were tested for efficacy and accuracy of cutting using Guide-it
SgRNA Screening Kit (Takara, 632639), resulting in 2 sets of gRNAs, dubbed gRNA1 +

2 and gRNA1 + 3 which cut at the base positions 121,009,657-121,024,970 (Genomic
coordinate in build GRCh38/hg38) on Chromosome 10 and covered 83% of CNVR

(Table S1). The gRNAs were cloned into eSpCas9-2A-Puro (PX459) or eSpCas9-2A-GFP
(PX458) from GenScript. Cas9 and the gRNA expression plasmids were introduced into
HepG2 cells by transient transfection using Lipofectamine 3,000 Reagent (ThermoFisher
Scientific) according to the manufacturer’s instructions. After 72 hours of puromycin
selection and expansion, genomic DNA was isolated from pooled transfected cells, and
polymerase chain reaction (PCR) was conducted to confirm the deletion of the selected
CNVR. We designed primer pairs (Forward: 5’-GTAAG ATG TCT GCC ACC TACC-3’,
Reverse: 5’-GTGAC TGT GGT TTT CAG TTGC-3’) which flank the 15,623 base pair
regions on chromosome 10 to confirm the deletion after the transfection of gRNAL + 2 and
gRNA1 + 3.

Assessment of protein concentration via Western blot

Transfected cells were lysed in RIPA lysis buffer (Thermo Scientific, 11,965,092)
supplemented with protease inhibitor cocktail (Roche, 11,836,170,001). Whole cell lysates
were centrifuged, and protein concentration was determined using Pierce Coomassie Protein
Assay kit (Thermo Scientific, 23,200). Equal amounts of proteins were separated by
standard SDS-PAGE and transferred to PVDF membrane. After blocking with 5% non-fat
milk, the membranes were incubated with primary and secondary antibodies. The immune
complexes were detected using Amersham ECL Western Blotting Detection Reagent (GE
Healthcare). The protein quantification was done by Gels Analyze tool of Image J. WDR11
polyclonal antibody (A302-632A; Thermo Scientific), Fibrinogen alpha polyclonal antibody
(PA5-35319; Invitrogen), p-Actin monoclonal antibody (3,700; Cell Signaling) were used
in the Western blot experiment. Results represent Western blot obtained from at least three
independent experiments.
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Quantitative reverse-transcriptase polymerase chain reaction of WDR11 and fibrinogen in
HepG2 cells

To determine the effect of the 10g26.12del CNVR on WDR11 and fibrinogen gene
expression, we conducted quantitative reverse-transcriptase polymerase chain reaction
(gQRT-PCR). Briefly, RNA was isolated from HepG2 cells using the miRNeasy Mini

Kit (QIAGEN; 217004). RNA concentration was determined using Nanodrop. Reverse
transcription was performed using GoScript Reverse Trancriptase Kit (Promega; A5001)
with random primers. The qRT-PCR was performed using GoTag gPCR Master Mix
(Promega; A6001) and QuantStudio 7 Fast Real Time PCR system. The relative gene
expression was calculated by the double delta Ct method, using the Ct values from the genes
of interest (WDR11 and fibrinogen) and the housekeeping gene (TATA-box binding protein
(7BP)) for both control and 10g26.12del samples. The sequence of primers are as follows:
WDR11 (Forward: 5"-AGACA GTG CTC GGA TTC CACCA-3’, Reverse: 5'-CTGGA
TAC TCT GCC TTT CAAGTC-3"); fibrinogen (Forward: 5 -CAACG GCA TGT TCT
TCA GCACG-3’, Reverse: 5'-GTATC TGC CGT TTG GAT TGGCTG-3"); 7BP (Forward:
5-TGTAT CCA CAG TGA ATC TTGGTTG-3’, Reverse: 5'-GGTTC GTG GCT CTC TTA
TCCTC-3").

Fibrinogen enzyme-linked immunosorbent assay from HepG2 supernatant

To determine the supernatant concentration of fibrinogen, enzyme-linked immunosorbent
assay (ELISA) was performed in HepG2 cells using the Human Fibrinogen ELISA Kit
(BIOMATIK; EKU04090) according to the manufacturer’s instructions. Briefly, 100 pl of
standards or samples were added to each well of a 96-well plate coated with fibrinogen.
Following an hour incubation, 100 pL of Detection Reagent A working solution was added
to each well and incubation was carried out for an hour. After washing with 350 pL of

1 x wash solution for 3 times, 100 uL of Detection Reagent B working solution was
subsequently added to each well. After 30 minutes of incubation, the wells were washed

5 times. Next, 90 uL of substrate solution was then added to each well. After incubation

for 30 minutes, 50 pL of stop solution was added to each well. All measurements were
conducted at 450 nm immediately following the addition of stop solution. Calibration curves
were constructed with the following concentration of fibrinogen: 8,000, 4,000, 2,000, 1,000,
500, 250, 125, and 0 pg/mL and were used to determine sample concentration.

Statistical analysis

Principal component (PC) analysis was conducted using genome-wide complex trait
analysis,33 a linkage disequilibrium-pruned (72 > 0.2) set of 138,409 markers and reference
populations from the 1,000 Genomes Project phase | integrated variant set release in
National Center for Biotechnology Information (NCBI) build 37 (hg19) coordinates (Figure
S4). Percentage West African Ancestry was determined for each individual using ancestry-
informative markers for European and West African ancestry.3# The demographic and
clinical characteristics were analyzed by the chi-square analysis or Fisher exact test using
SPSS, and statistical significance for each covariate was determined as £ < 0.05. Association
between CNVRs and VTE risk was conducted using a logistic regression model adjusting
for age, sex, and the first three PCs using PLINK.3® For the association between CNVRs and
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warfarin dose requirement, weekly stable warfarin dose was found to be normally distributed
(Shapiro Wilk 2> 0.05) and a linear regression model was used adjusted for age, weight,
and VTE using PLINK.3% One-sided empirical Pvalues were calculated based on 1,000,000
permutations, statistical significance for each CNVR was determined as Pemp <0.05. 7-test
and analysis of variance were used to compare protein and mRNA differences between
control vs. gRNAL + 2 and gRNA1 + 3 CNVR deletions.

Sample characteristics

The cohort’s clinical and demographic characteristics are presented in Table 1. The mean
weekly warfarin dose was 45.5 + 18.8 mg. Increasing age was associated with a lower
warfarin dose requirement whereas height and weight were associated with higher warfarin
dose requirement (p = -0.45, < 0.001; p = 0.23 and 0.16, < 0.01, respectively; Table
1). Mean INR was 2.45 + 0.35 (Table 1). Neither mean West African ancestry nor sex was
associated with warfarin dose response (p = 6.26 and — 0.84, respectively; 2> 0.5; Table
1). Nearly half of the cohort (47.9%) was taking warfarin for the indication of VTE, and
this was significantly associated with an increased warfarin dose requirement (f = 1.86, P
< 0.001; Table 1). The second most common indication for warfarin was atrial fibrillation
(24.8%); cerebrovascular accident, mitral valve replacement, and sigmoid sinus thrombus
comprised the remaining indications for warfarin therapy (Table 1).

CNV discovery

Figure S1 shows the flowchart for the CNV discovery and association analyses. All samples
that passed quality control (QC; 7= 326) were included in the CNV discovery phase
regardless of warfarin dose or VTE status. The African American cohort that participated

in IWPC first underwent stage 1 QC, where SNPs that did not pass QC thresholds were
removed. After generating the CNV calls, samples underwent stage 2 QC, and the consensus
of the CNV calls from the 2 algorithms was generated. After stringent QC filtering measures
(Figure S1), a total of 11,570 CNVs were predicted in our African American cohort (n=
326) by both PennCNV and QuantiSNP (Table S2). Approximately 84% of CNVs detected
were deletions, with heterozygous deletions (CNV event 1) accounting for 75.9% of all
CNV events (Table S2). The median CNV length was 15,626 bp, with a minimum of 161

bp and maximum of nearly 2 Mbp (Table S2). The median number of SNPs used to detect
CNVs was 17, with a minimum of 3 and a maximum of 1,264 SNPs (Table S2). An example
of CNVs identified can be found in Figure S2. The breakpoints of each of these CNVRs
were defined by the outer boundaries of the individual CNVs. The 11,570 CNVs resulted

in a total of 2,038 CNVRs, ranging from 177 bp — 2,7 Mbp (Table S2). The distribution

and density of CNVRs varied between chromosomes (Figure S3). Chromosomes 1, 2, and

4 contained the most CNVRs (177, 164, and 161, respectively) whereas chromosomes 18,
13, and 3 had the higher number of CNVRs per Mbp (26.65, 23.45, and 23.04, respectively;
Figure S3). No unique CNVRs were detected as all were observed previously in the DGV.
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Identification of candidate warfarin dose requirement CNVRs

Given the lack of studies exploring the role of CNVs in pharmacogenomics among African
Americans, we tested for association between CNVRs and warfarin dose requirement in our
cohort and found three CNVRs to be significantly associated with warfarin dose requirement
(Table 2). All three CNVRs were deletions, ranged between ~ 51 Kbp and 555 Kbp,

and with frequencies between 4% and 24% in our cohort (Table 2). Both 1g31.2del and
6g14.1del were associated with increased warfarin dose requirement (p = 11.18 = 1.14—
21.23 and 4.94 + 1.72-8.60, respectively; Pemp = < 0.002; Table 2) whereas 19p13.31del
was associated with a decreased warfarin dose requirement in African Americans (f = -1.41
+-3.2310 =0.70, Pgmp = 0.0004; Table 2). Using a custom comparative Agilent 8 X 15 K
microarray-based Comparative Genomic Hybridization array, we were able to validate CNV
1g31.2del. Figure S5 shows the change in weekly warfarin dose of 57.09 mg vs. 45.9 mg
with the presence of the 1g31.2del CNV vs. no CNV.

Identification of candidate VTE risk associated CNVRs

Our next step was to examine if CNVRs were associated with VTE risk in African
Americans. The warfarin patient samples were divided into cases (patients with VTE) and
controls (all other patients) status, and clinical and demographic characteristics are given in
Table 3. Of the 172 VTE cases, 51% had DVT; 24% had DVT/PE, and 25% had isolated PE
(Table 3). VTE cases were significantly younger compared with controls (54.5 + 16.1 and
59.5 + 12.9, respectively; P=0.001; Table 3). Height, weight, and West African ancestry
were not associated with risk of VTE (P> 0.20; Table 3). Men were more likely to be VTE
cases than women (68.0% and 58.8%, respectively; 2= 0.01; Table 3).

We identified 3 CNVRs associated with VTE risk in African Americans with frequencies
ranging from 5.8 to 29.4% and lengths from ~ 18 Kbp-2 30 Kbp (Table 4). All CNVRs
were deletions, and none have been previously associated with VTE risk (Table 4).

Both 2p22.1del and 5935.1-g35.2del were associated with increased risk of VTE (odds
ratios (ORs) = 1.88 and 14.9, respectively; Pemp <0.02; Table 4). In addition, we found
10926.12del associated with a decreased risk of VTE (OR 0.6; 2= 0.05; Table 4). We
compared genomic coordinates (GRCh38/hg38) of the CNVRs from this study with those
previously reported in the DECIPHER database and found that chr2:41000001-42,000,000
duplications and deletions have been associated with malformation of the heart and great
vessels. Chr5:172500001-1 73,500,000 contain duplications and deletions, which span
across CNVR 5035.1-g35.2del, have been identified in patients with tachycardia, ventricular
septal defect, tetralogy of Fallot, and atrial septal defect.38 CNVR 10¢26.12del is located
within chr10:121000001-1 22,000,000, and duplications or deletions have been identified
in patients with several conditions related to heart defects, including abnormal heart
morphology, patent ductus arteriosus, and ventricular septal defect. These findings are
particularly interesting as heart defects can increase the risk of thrombotic events, including
VTE.%7

Modeling of the 10g26.12del in VTE risk in HepG2 cells

Among the CNVRs found to be associated with VTE risk, 10926.12del (validated) was of
particular interest because local ancestry within this region has been previously associated to
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myocardial infarction risk in African Americans.3® Although among individuals of European
ancestry, SNP rs2420915 located near the 10g26.12del region was found to be associated
with lower fibrinogen plasma concentration in a GWAS.3? Interestingly, SNP rs2420915

is also an expression quantitative trait loci for the gene WDR11 in whole blood where

the minor allele, A, was associated with decreased expression of WDR11,39 a gene that

is upstream of the discovered CNVR. Myocardial infarction is most commonly caused

by a thrombotic event and fibrinogen, or clotting Factor I, is essential for proper blood
clotting®® and support our findings that the 10q26.12del may contribute to VTE risk in
African Americans. To study the impact of 10g26.12del on gene expression in the region, we
used two paired gRNAs (JRNA1/gRNA2 and gRNA1/ gRNA3) and CRISPR/Cas9-mediated
genome engineering to delete this region (Table S1, Figure 1a). Using PCR amplification,

as expected, no PCR band was detectable in control HepG2 cells (Figure 1b), as the

PCR product would be too large to be amplified. However, we readily detected a PCR
product in the sample in which gRNAs had been combined (Figure 1b), indicating the
successful deletion of this region and the rejoining of the DNA ends after double-stranded
breaks. Using semiquantitative analysis of PCR products spanning the internal breakpoints
of the deletion, we determined that 30.6% and 80.4% of cells carried the 10926.12del with
gRNA1/gRNA2 and gRNA1/gRNAZ3, respectively. Therefore, we used gRNA1 + 2, gRNA1
+ 3 as gRNA pair for all subsequent experiments.

To determine if the 10926.12del affects the expression/abundance of the nearby gene/
protein, WDR11, and fibrinogen plasma concentration, we performed gRT-PCR and
immunoblotting and measured fibrinogen and WDR11 mRNA expression and protein levels
(Figure 2). The gRT-PCR analysis of 10g26.12del HepG2 cells (HepG2-del) compared with
HepG2 control cells showed fibrinogen expression levels decreased by 42% in gRNA1

+ 2 HepG2-del cells (P=0.002) and by 55% in gRNA1 + 3 HepG2-del cells (P=

0.0001; Figure 2a), and WDR11 mRNA expression was not statistically significant (P=
0.25; Figure 2b). We examined protein abundance using immunoblotting and found that

the 10026.12del also decreased fibrinogen and WDR11 protein levels (Figure 2c—e). We
found that fibrinogen protein levels decreased by 50% in gRNA1 + 2 HepG2-del cells
(P=0.003) and by 71% in gRNA1 + 3 HepG2-del cells (£=0.0003; Figure 2d), and
WDR11 protein abundance decreased by 35% in gRNA1 + 2 HepG2-del cells (P=0.04)
and by 56% in gRNAL + 3 HepG2-del cells (P= 0.003; Figure 2e). To further evaluate

the effect of 10g26.12del CNVR deletion on fibrinogen, we examined the extracellular
level of fibrinogen produced by HepG2 cells via ELISA. This experiment showed that

the 10026.12del decreased the secretion of fibrinogen into extracellular matrix by 63% in
gRNA1 + 2 HepG2-del cells (P=0.001) and by 55% in gRNAL + 3 HepG2-del cells (P=
0.03; Figure 3). The observed decrease in fibrinogen expression and protein levels among
cells with the 10g26.12del CNVR deletion strongly support our finding with decreased risk
of VTE in African Americans.

DISCUSSION

CNVs contribute substantially to phenotypic diversity among individuals, but despite the
importance of CNVs in disease risk and pharmacogenomics, coupled with the rich genetic
diversity found in individuals of African ancestry, very few studies have focused on
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characterizing and understanding the role of CNVs in African Americans.28:29 In this study,
we present the results of the first GWAS of CNVs in warfarin dose requirement and VTE
risk among African Americans.

We identified three CNVRs significantly associated with warfarin dose requirement (Table
2). The CNVR 1g31.2del was associated with increased warfarin dose requirement (p =
11.18 + 1.14-21.23, Pemp = 0.0023; Table 2). The wide confidence interval is due to the
small cohort size and hence is less precise in estimating effect size. An approximate 11
mg/week increase in warfarin dose is similar to the effect seen with the African specific
GWAS variant rs12777823. Well known coding SNPs such as CYP2C9*2and *3have been
associated with changes of between 14-20% and 21-49% of warfarin dose respectively.3041
These effects vary by population group. This locus harbors a cluster of IncRNAs. The role
of IncRNAs in pharmacogenomics is only beginning to emerge and so far has been shown
to be critical in cancer drug response.*2 Nearly 24% of our African American warfarin
cohort were carriers of the CNVR 6g14.1del, which was also associated with a higher
warfarin dose requirement (B = 4.94, Peyyp = 0.0002; Table 2). According to the ENCODE
Registry of candidate cis-Regulatory Elements, the region encompassing CNVR 6q14.1del
contains four regulatory elements for genes PHIP, HMGN3, and IRAK1BPL1 (Table 2).
Although these genes have not been implicated in warfarin drug response, genetic variation
of regulatory elements’ sequence can be a significant contributor to human disease and drug
response. One CNVR, 19p13.31del, was associated with a lower warfarin dose requirement
(B =-0.41, Pemp = 0.0004; Table 2) and encompasses the PSG genes. In contrast to our
findings, PSGI and PSG9have been shown to be antithrombotic by inhibiting platelet-f
ibrinogen interaction during pregnancy.*3 Although CNVRs 6q14.1del and 19p13.31del
were not validated in our study, these CNVRs have been previously reported in the DGV. In
accordance with previous studies among African Americans, we did not find an association
between warfarin dose requirement and CNVs among genes involved in warfarin dose
variability (CYP2C9, VKORCI, CYP4FZ, CALU, and GGCX) suggesting genetic variation
outside of these well-studied genes may influence warfarin dose requirement in African
Americans. 4

We found 2 CNVRs, 2p22.1del and 5g35.1-935.2del, significantly associated with increased
risk of VTE (OR = 1.88 and 14.9, respectively, Pemp <0.02; Table 4) and one CNVR,
10q26.12del, associated with decreased risk of VTE (OR = 0.60, Pemp = 0.05; Table

4) among African Americans. These three CNVRs contained clusters of miRNAs and/or
IncRNAs. Although there is a significant gap in knowledge of the potential role of non-
coding RNA molecules, studies have linked miRNAs to VTE risk and have suggested the
use of miRNAs as therapeutic targets.#® In addition to harboring a INcRNA cluster, CNVR
5035.1-g35.2del also encompasses genes DUSPI and ERG/CI for which deregulated gene
expression has been associated with risk of myocardial infarction.*® We decided to pursue
functional validation of the 10026.12 deletion because of the previous evidence in both
GWAS and gene expression studies linking this region to changes in fibrinogen plasma
levels. We demonstrate that in 2 sets of HepG2 cells harboring the CNVR 10¢26.12del,
fibrinogen gene expression was decreased compared with controls (P= 0.02 and £=0.0001;
Figure 2a). WDR11 gene expression showed no significant change in HepG2 cells carrying
the 100926.12del (P = 0.25; Figure 2b). We further examined the effect of 10926.12del on
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fibrinogen and WDRL11 protein levels (Figure 2e). This result is particularly striking in

light of the fact that we estimate that 30.6% and 80.4% of cells carried the 10926.12del

with gRNA1/gRNA2 and gRNA1/gRNA3, respectively, thus we anticipate that even stronger
effects may be observed in clonal cell cultures. However, clonal lines cannot be established
in HepG2 cells as they do not grow in single-cell cultures. It should be noted that the
10926.12 CNVR is reported in DGV as occurring in Bantu Africans and one Bedouin
(Accession Number: dgv1405n54).47 In the gnomAD database, this CNV has an allele count
of 1,039, in which 1,002 were found in African or African American subjects. Although
none of our CNVRs harbor variants previously associated with risk of VTE,14-1648 taken
together, our results provide strong evidence that CNVRs are associated with VTE risk

in African Americans. Deficiency of fibrinogen expression of 10q26.12del CNVR carriers
might be an underlying mechanism for their lower risk to VTE.

Our study has several limitations that must be taken into consideration. Approximately

84% of CNVs detected were deletions (9,737; Table S2). This is due to the genome-wide
signal intensity data used, which is more sensitive to the detection of deletions as opposed

to duplications.2” CNVs that were < 10 Kbs were excluded if they were not present in

at least 2 individuals even if the CNV was called by both algorithms. The stringent QC
measures implemented in our study may result in CNVs missing but also served to minimize
false-positive predictions. We were only able to functional validate one CNV using CRISPR/
Cas9 genome editing. This is due to the limitations in the size of CNV that can be created
using CRISPR methods. Nonetheless, our quality control measures increased the accuracy
of CNVs detected with high confidence. None of the CNVs identified in our African
American cohort were novel. However, this may be due to the SNP genotyping platform

that was used to call the CNVs (Illumina 610 Quad BeadChip) which offers less coverage

of genetic variants for non-European populations since these arrays have been designed
based primarily on genetic variation found in European populations. A recent study, utilizing
sequencing data, detected a much greater number of CNVRs among African populations and
identified novel CNVs.49 Nonetheless, our study builds upon the resources established from
a GWAS on warfarin dose response among African Americans conducted in collaboration
with the IWPC.30 In addition, we were able to validate three out of the six CNVRs (50%)
significantly associated with warfarin dose requirement or VTE risk.
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Refer to Web version on PubMed Central for supplementary material.
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Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

. Studies suggest that combined genetic, demographic, and clinical factors
explain < 30% of warfarin dose requirement in populations with African
ancestry, and variants strongly associated with venous thromboembolism
(VTE) risk in populations with European ancestry are not associated in
African Americans. Copy number variants (CNVs) have been implicated in
several disease risk and drug response studies.

WHAT QUESTION DID THIS STUDY ADDRESS?

. Are CNVs associated with warfarin dose requirement and VTE risk in
African Americans?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

. Our results implicate CNVs in warfarin dose requirement and strongly
support copy number variable region 10g26.12del as a novel protective locus
for VTE in African Americans.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

. Understanding the biological mechanisms of associated genomic variants
contributes to better understanding of drug response and disease
predisposition, identification of novel therapeutically relevant targets for
drug development, provides potential biomarkers that can be tested in larger
clinical cohorts, and may help prioritize patients for therapy and tailor drug
regimens.
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Figure 1.
Validation of 10926.13 CNVR deletion in HepG2 cells (HepG2-del). (a) The diagram

showing the genomic location of primers relative to the CNVR. The line in the top panel
represents the location of the CNVR just downstream of the gene WDR11. Genomics
positions on chromosome 10 are shown for the gRNA guides and CNVR. P15’ -GTAAG
ATG TCT GCC ACC TACC-3’,P25’-GTGAC TGT GGT TTT CAG TTGC-3’, P35’'-
GAGTG CCA TCT CAT GTAGG-3". (b) Agarose gel electrophoresis (1.5% agarose) of
PCR amplified products. Lane M, 1 kb plus DNA size marker. Lanes 1 and 2 (L1 and L2)
showed HepG2 cells without gRNAs. Lanes 3 and 4 (L3 and L4) showed HepG2-del cells
transfected by gRNA1 + 2. Lanes 5 and 6 (L5 and L6) showed HepG2-del cells transfected
by gRNA1 + 3. Lanes 7 and 8 are HepG2 control cells. Lanes 1-6 are using primer set P1
and P2 flanking the 15,623 base pair regions of the CNVR. The expected PCR product is
the gRNA1 + 2 and rRNA 1 + 3 lanes is 335 bp and 305 bp, respectively. Lanes 7 and 8 are
using primer set P1 and P3 flanking the 709 base pair regions including the CNVR. CNVR,
copy number variable region; PCR, polymerase chain reaction.
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Effect of 10926.12del CNVR on fibrinogen and WDR11 mRNA and protein expression
levels. Cells were transiently transfected by Cas9 and the gRNA expression plasmids for
72 hours. (a) Quantitative RT-PCR analysis showed that fibrinogen mRNA level were
significantly decreased in 10g26.12 CNVR deleted HepG2 (HepG2-del) cells compared
with HepG2 control cells (b) but not WDR11 mRNA level. (c) However, immunoblot
analysis demonstrated a reduction of fibrinogen and WDR11 protein levels in HepG2-del
cells compared with HepG2 control cells. (d, €) Protein quantification analysis showed a
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statistically significant reduction of fibrinogen and WDR11 protein levels in HepG2-del
cells compared with HepG2 control cells. Error bars indicate SEM. Representative images
are shown from three biological replicates (/7= 3). CNVR, copy number variable region;
RT-PCR, reverse-transcriptase polymerase chain reaction.
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Figure 3.
ELISA analysis of fibrinogen in 10926.12 CNVR deleted HepG2 cells (HepG2-del).

Cells were transiently transfected by Cas9 and the gRNA expression plasmids for 72

hours. Cell culture supernatant was harvested and analyzed using ELISA for fibrinogen
guantification. The quantitative analysis showed that fibrinogen production was significantly
decreased in HepG2-del cells compared with HepG2 control cells. Error bars indicate

SEM. Representative images are shown from three biological replicates (7= 3). ELISA,
enzyme-linked immunosorbent assay.
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Clinical and demographic characteristics of African American warfarin patients.

Table 1.

Variable N =327 B (95% CI) P-value
Dose, mg/week 45.47 £18.80
Age 57 +14.87 -0.45(-0.58-0.32)  <0.001
Height, cm 169.08 +11.58 0.23 (0.05-0.41) 0.01
Weight, kg 94.31 +27.56 0.16 (0.09 - 0.24) <0.001
West African Ancestry 0.82 +0.11 6.26 (-16.48 — 29.00) 0.59
INR 2.45 +0.35
Females 62.4% -0.84 (-5.08 - 0.39) 0.69
Males 37.6%
Indication for Warfarin
VTE 47.9% 1.86 (1.10 — 2.63) <0.001
Atrial Fibrillation 24.8%
Other 27.3%

Values for continuous variables are given in mean + standard deviation

ClI, confidence interval; INR, international normalized ratio; VTE, venous thromboembolism
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Table 2.

List of most significantly associated CNVRs with warfarin dose requirement in African Americans.

Intersecting

Cytoband CN state Validated Gene(s)/RE CNVR Size (bps) Frequency B (95% ClI) Pemp
: chrl: 11.18
10g31.2 Deletion (1) Yes IncRNA cluster 191854738-191906622 51,884 4.2% (2111245 0.0023
69141  Deletion(l)  No P AONS, esaen 761 67,954 23.9% 4'93_(5%)7 = 0.0002
. chr19: LAl
19p13.3 Deletion (1) No PSG cluster 42779968-43335936 555,968 15.8% (:?5'_%)_ 0.0004

Adjusted for age, weight, and VTE.
Genomic coordinates in build GRCh38/hg38.
B represent mg/week change per copy of CNV.

CNVR, copy number variable regions; CN, copy number;1 = heterozygous deletion; RE, regulatory element; IncRNA, long non-coding RNA,;
PHIP, Pleckstrin Homology Domain Interacting Protein; HMGNS3, High Mobility Group Nucleosomal Binding Domain 3; IRAK1BP1,(Interleukin
1 Receptor Associated Kinase 1 Binding Protein 1; PSG, Pregnancy Specific.
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Association between demographic and clinical characteristics to VTE risk.

Table 3.

Variable Cases (n=172) Controls (n=155) P-value

Age, years (mean £SD) 54.47 +16.1 59.54 +12.9 0.001
Height, cm (mean £SD)  168.69 +10.3 170.18 £10.7 0.29
Weight, kg (mean +SD)  93.37 +28.3 91.64 +26.2 0.23
West African ancestry 0.81 £0.02 0.80 £0.01 0.54
Sex

Female 32.0% 41.2%

0.01

Male 68.0% 58.8%
VTE Location (Cases)

DVT 51%

PE 25%

DVT/PE 24%

SD, standard deviation; VTE, venous thromboembolism; DVT, deep vein thrombosis; PE, pulmonary embolism.
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Table 4.

List of most significantly associated CNVRs with VTE risk.

Page 23

Cytoband  CN State  Validated Inggrsgéi)ng CNVR Lg;)%t)h Frequency (9535(:') Pemp

2p22.1 De'etlig’" o Yes MIiRNA cluster  chr2:41002158-41021328 18,170 29.4% 1'82_%)21‘ 0.02
IncRNA

5(35.2 Dezit)ion No lg'L‘jSStgrl;; chr5:172657047-172887792 230,746 5.8% 14&%5‘7‘ 0.01
ERGIC1

10026.13 De"*tlig’" O Yes  miRNAcluster chrl0:121009763-121028249 18,486 18.0% 0'%_(85;9‘ 0.05

Adjusted for age and sex.
Genomic coordinates in build GRCh38/hg38.

B represent mg/week change per copy of CNV.

CNVR, copy number variable regions; CN, copy number; 0 = homozygous deletion; 1 = heterozygous deletion; OR, odds ratio; miRNA,

microRNA; IncRNA, long non-coding RNA; DUSP1, Dual Specificity Phosphatase 1; ERGIC1, Endoplasmic Reticulum-Golgi Intermediate

Compartment 1.
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