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KEY PO INT S

l A VTE case/control
exome sequencing
study identified rare
variants in the genes
encoding protein S,
protein C,
antithrombin, and
stabilin-2.

l Rare damaging
variants in STAB2 are
associated with
increased plasma von
Willebrand factor
through decreased
clearance.

Deep vein thrombosis and pulmonary embolism, collectively defined as venous throm-
boembolism (VTE), are the third leading cause of cardiovascular death in the United States.
Common genetic variants conferring increased varying degrees of VTE risk have been
identified by genome-wide association studies (GWAS). Rare mutations in the anticoag-
ulant genes PROC, PROS1 and SERPINC1 result in perinatal lethal thrombosis in homo-
zygotes and markedly increased VTE risk in heterozygotes. However, currently described
VTE variants account for an insufficient portion of risk to be routinely used for clinical
decision making. To identify new rare VTE risk variants, we performed a whole-exome
study of 393 individuals with unprovoked VTE and 6114 controls. This study identified 4
genes harboring an excess number of rare damaging variants in patients with VTE: PROS1,
STAB2, PROC, and SERPINC1. At STAB2, 7.8% of VTE cases and 2.4% of controls had a
qualifying rare variant. In cell culture, VTE-associated variants of STAB2 had a reduced
surface expression comparedwith reference STAB2. Common variants in STAB2 have been
previously associated with plasma von Willebrand factor and coagulation factor VIII levels
in GWAS, suggesting that haploinsufficiency of stabilin-2 may increase VTE risk through

elevated levels of these procoagulants. In an independent cohort, we found higher von Willebrand factor levels and
equivalent propeptide levels in individuals with rare STAB2 variants comparedwith controls. Taken together, this study
demonstrates the utility of gene-based collapsing analyses to identify loci harboring an excess of rare variants with
functional connections to a complex thrombotic disease. (Blood. 2020;136(5):533-541)

Introduction
Venous thromboembolism (VTE), including deep vein thrombosis
and pulmonary embolism, is a complex genetic trait determined
by multiple genetic and environmental influences. Prolonged
hospitalization, surgery, and immobilization are the strongest risk
factors for VTE as well as advancing age, estrogen therapy,
cancer, chemotherapy, obesity, pregnancy, and smoking.1 Ge-
netic factors play a major role in VTE risk, especially in patients
with unprovoked VTE (without an identified environmental risk
factor).2 A recent sibling study estimated the heritability of VTE at
40% for males and 47% for females.3 Several individual genome-
wide association studies (GWAS) and metaanalyses for VTE have
been reported,4-13 identifying signals at loci containing common
gene variants already known to be associated with VTE, including
the ABO blood type, factor V Leiden, and prothrombin 20210. Of

note, these studies also provide convincing evidence to exclude
any significant contribution from several other previously impli-
cated common gene variants, including the SERPINE1 4G/5G and
MTHFRC677Tpolymorphisms.14 GWASbased on single-nucleotide
polymorphism (SNP) arrays and genotype imputation are generally
unable to capture rare variant genotypes and can be insufficiently
powered to detect the effect of genetic variants with minor allele
frequency ,1%. A recent analysis using whole-genome se-
quencing data suggests that such rare genetic variants account
for most of the “missing heritability” for human height not
captured by GWAS, supporting the investigation of rare variants
in other common complex traits.15

Autosomal dominant forms of thrombophilia have been iden-
tified in families, generally explained by rare loss of function
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mutations in one of the 3 natural anticoagulant proteins: protein
C,16,17 protein S,18,19 or antithrombin.20,21 An excess of rare
damaging variants in these 3 genes was recently reported in
68 individuals with out-of-hospital fatal pulmonary embolism.22

Exome sequencing of patients with VTE is beginning to be used
in clinical settings emphasizing the need for variant discovery
studies.23,24

We now report results from a gene-based collapsing analysis
of whole-exome sequencing data from 393 individuals with
VTE compared with 6114 controls. We identified an excess of
damaging variants among VTE patients for the genes encoding
the anticoagulants protein C, protein S, and antithrombin, as
well as STAB2, a gene encoding an endothelial scavenger
receptor. We examined selected VTE STAB2 variants in a
cell culture model and found altered intracellular trafficking
and reduced cell surface expression compared with reference
STAB2. We also studied individuals from an independent cohort
and found elevated plasma von Willebrand factor (VWF) levels in
individuals harboring rare variants in STAB2.

Patients and methods
Case and control samples for exome sequencing
Deidentified DNA samples from individuals with VTE were
collected as part of 3 previous clinical and genetic studies of
VTE. The study was approved by the University of Michigan
institutional review board and conducted in accordance with the
Declaration of Helsinki. One set of samples was derived from the
ELATE study, which was designed to compare the effectiveness
of different warfarin regimens after unprovoked VTE.25,26 Of the
661 DNA samples available from ELATE, 135 were selected for
exome sequencing. The second set of samples was derived from
the DODS study, which was designed to analyze the effec-
tiveness of plasma D-dimer as a biomarker for recurrent VTE.27,28

Of the 219 DNA samples available, 97 were selected for exome
sequencing. Samples from ELATE and DODS were selected
based only on quality of DNA and without knowledge of age,
ethnicity, sex, or severity of clinical disease. The third set of
samples was taken from the GIFT study, an affected sibling study
of VTE.29,30 In GIFT, we sequenced 1 affected proband from each
family for a total of 201 samples. Further demographic in-
formation on the participants of the ELATE, DODS, and GIFT
studies are available in the original referenced studies. Controls
were sourced from the Institute for Genomic Medicine (IGM) at
Columbia University. Samples were selected for inclusion as
controls if previously approved for control use and either whole
genome sequenced or sequenced using a Nimblegen EZCap V5
(Roche-Nimblegen, Madison, WI) or Agilent 65MB exome kit
(Agilent, Santa Clara, CA). In addition, samples were required to
have passed IGM automated sample level QC with regards to
sequencing quality, sex concordance, and cryptic relatedness
and were of self-declared Caucasian ethnicity. The controls were
not screened for a history of VTE.

Exome sequencing
DNA libraries were prepared at the University of Michigan DNA
sequencing core (N 5 296) using the Agilent SureSelect (n 5 8;
2012) or Nimblegen V3 (n 5 288; 2014) systems to enrich for
protein coding genomic DNA. Additional samples from theGIFT
study were sequenced at Marseilles (N 5 96; 2013) using the
Illumina TruSeq to enrich for exonic DNA. FASTQ files from both

centers were transferred to the IGM at Columbia University,
where sequence data from 6114 control exomes were available.
Further details on the variant calling pipeline, sample selection,
and gene-based collapsing analysis are available in the sup-
plemental data, available on the Blood Web site.

TwinsUK analysis
Plasma from 4000 participants (2000 sibling pairs) in the TwinsUK
study was characterized using VWF and VWF propeptide
(VWFpp) AlphaLISA assays as previously described.31 Levels
were mean centered, log transformed, and adjusted for ABO
genotypes. Whole-genome sequencing data were available for
1162 of the 4000 plasmas. VWF and VWFpp levels were com-
pared between individuals with andwithout qualifying variants in
STAB2 using the Mann-Whitney U test implemented in Prism 8
(GraphPad Software, San Diego, CA).

Stabillin-2 characterization in vitro
Further details on the cloning and creation of stable cell lines
expressing reference and STAB2 missense stabilin-2 can be
found in the supplemental data. Primers used to generate and
sequence these plasmid constructs are listed in supplemental
Table 1. To limit the variation of STAB2 expression due to in-
sertion site, complementary DNA (cDNA) encoding reference
STAB2 or selected missense variants was inserted into a specific
locus in TRex 293 cells using flp recombinase. We characterized
the relative expression of STAB2 messenger RNA using reverse
transcription polymerase chain reaction with TaqMan probes
specific for STAB2, TOP1, and GAPDH (supplemental data;
supplemental Figure 1). Synthesis of recombinant stabilin-2
protein in these cell lines was confirmed by western blotting
and confocal microscopy (supplemental data; supplemental
Figure 2). Stable cell lines were maintained with 5 mg/mL of
blasticidin.

Flow cytometry
Cells were acquired and analyzed using an LSR II flow cytometer
(BD Biosciences, San Jose, CA) and FlowJo software (FlowJo,
Ashland, OR). Cells were fixed in 4% formaldehyde in
phosphate-buffered saline (PBS) for 15 minutes, washed 3
additional times, and resuspended in PBS for subsequent
analysis via flow cytometry. Antibodies used in flow cytometry
analysis were rabbit anti-human stabilin-2 c-terminal domain
(Sigma-Aldrich) andmouse anti-stabilin-2 ectodomain (courtesy of
Edward Harris, MAb30). Secondary antibodies were goat anti-
mouse immunoglobulin G (IgG) AlexaFluor 488 (Invitrogen) and
goat anti-rabbit IgG AlexaFluor 647 (Invitrogen).

On-Cell Western
Cultured stable cells and untransfected cells Flp-In T-REx (Invitrogen)
were grown in poly-D-lysine (Millipore-Sigma) treated 24-well
tissue culture plates (Fisher Scientific) overnight and then
induced with 1 ug/mL tetracycline (Sigma) for an additional
24 hours until they reached 70% to 90% confluency. Cells were
then blocked with 13 Dulbecco’s PBS (Gibco)/1% bovine
serum albumin (Sigma)/2% normal donkey serum (Jackson
Immunoresearch) and incubated with anti-STAB2 (courtesy of
Edward Harris, MAb154) primary antibody and then washed
and incubated with a donkey anti-mouse IgG (IRDye 800CW,
LI-COR). Cells were washed with Dulbecco’s PBS, and DRAQ5
cell stain (Thermo Scientific) was added for a 5-minute incubation.

534 blood® 30 JULY 2020 | VOLUME 136, NUMBER 5 DESCH et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/136/5/533/1750431/bloodbld2019004161.pdf by guest on 02 June 2024



Cells were then imaged, and signals were quantified on LI-COR
Odyssey CLx infrared imaging system (LI-COR).

Results
Gene collapsing analysis of VTE
Whole-exome sequencing was performed on 393 DNA samples
from 3 different clinical studies of VTE as described above. After
selection of samples that were unrelated and of European an-
cestry (determined by principal component analysis of geno-
types), 373 VTE case exomes were available for comparison with
5784 control samples. The mean (standard deviation) percent of
CCDSr14 bases covered 103 in cases was 0.9598 (0.0169) and
in controls was 0.9615 (0.0162). The difference between
cases and controls in coverage was not significant (Wilcox test,
P 5 .3620913). The factor V Leiden variant (rs6025) was present
in 18.4% of our cases and 2.3% of controls, consistent with prior
studies showing similar allele frequencies in European VTE case/
control studies.5,8 Nonsense, frameshift, splice site, or nonbenign
(PolyPhen2; supplemental Figure 3) missense single nucleotide
variants were included. Only variants with allele frequencies
,0.05% across EVS, ExAC global, and subpopulations, as well as
within the internal case/control dataset, were selected for the
collapsing analysis because this low frequency better captured
rare coding variation with large odds ratios (ORs; supplemental
Figure 4). The dominant genetic model corresponding with the
known inheritance patterns for familial thrombophilia due to
antithrombin, protein C, or protein S deficiency was used. We
did not include common ABO blood type, factor V Leiden, or
prothrombin 20210 defining SNPs in our collapsing analyses
because their contribution to VTE risk is well documented, and
they are present in European populations well above allele
frequency thresholds used in our collapsing analysis.

Exome sequencing identified a total of 430 870 qualifying var-
iants in cases and controls. The gene-based collapsing analysis
included 18 669 CCDS annotated genes. We thus set the
exome-wide significance threshold at Bonferroni corrected
P value .05/18 669 5 2.6 3 1026. The top 4 genes by P value
were PROS1 (P5 2.013 1029, OR 11.8), STAB2 (P5 2.703 1027,
OR 3.37), PROC (P 5 3.24 3 1025, OR 11.0), and SERPINC1
(P5 1.103 1024, OR 8.49; Figure 1A). The quantile-quantile plot
(Figure 1B), demonstrated good control of systematic bias and
deviation from null hypothesis only at the lowest P values. Case/
control differential burden did not meet exome-wide significance
in PROC or SERPINC1, although these genes’ well-characterized
roles in the anticoagulation pathway suggest that they may in
fact represent true signal that lacked adequate statistical power
to formally implicate. A list of the top 25 genes in the collapsing
analysis and the list of annotated variants identified at the top 4
loci in cases and controls can be found in supplemental Tables 2-6.

The strongest signal in the collapsing analysis was generated by
variants in the PROS1 locus. Here, 14 of 373 cases had qualifying
variants (3.7%), whereas only 19 of 5784 controls had a qualifying
variant (0.3%). Most case variants in PROS1 were missense, al-
though 1 nonsense variant was identified. All PROS1 variants
identified in controls were missense.

At the STAB2 locus genotype level, our study identified 29
distinct qualifying variants in 373 case exomes (7.8%) compared

with 106 variants in 5784 control exomes (1.8%). This corre-
sponded to 29 case individuals and 141 controls with at least 1
qualifying variant in STAB2. Three case variants were found in an
additional case, and 8 case variants were also found in controls.
Three cases had compound heterozygous qualifying variants in
STAB2. The proportion of STAB2 variants that were loss of
function (stop gained, frameshift, splice donor/acceptor) was
significantly greater in cases than controls (8 of 29 qualified cases
vs 15 of 141 controls, OR 3.17, P5 .03). The collapsing statistics
for only loss-of-function variants in STAB2 are consistent with this
finding (8 of 373 cases vs 15 of 5784 controls, 2.0%/0.3%, OR
8.4, P 5 3.7 3 1025). Three of 29 (9.7%) individuals with qual-
ifying STAB2 variants were also heterozygous for factor V Leiden,
which was lower than all cases (18.5%).

In order to compare case/control burden while taking into ac-
count the potential mixture of effect sizes and directions exerted
by rare coding variation, we used the SKAT-O method to weight
variants by their minor allele frequency. In supplemental Fig-
ure 5, the results of SKAT-O testing are displayed. Here, PROC,
STAB2, and PROS1 had exome-wide significant signals (P5 5e-9,
6e-7, and 8e-7, respectively), whereas SERPINC1 was now ranked
11 in the full top results (P 5 4e-4). No other genes had exome-
wide significance.

Focus on STAB2 variants in VTE cases
The STAB2 locus on chromosome 12 has 69 exons .7659 bp
and encodes stabilin-2, a class H scavenger receptor expressed
predominantly in the sinusoidal endothelium of the liver and
spleen.32 Stabilin-2 is a single transmembrane domain glyco-
protein with previously described roles in the clearance from
circulation of a variety of plasma ligands, including heparan sulfate,
keratin sulfate, hyaluronic acid, and chondroitin sulfate.33,34 In re-
cent GWAS, variants in STAB2 and several other loci have been
associated with variation in plasma VWF levels.11,35,36 VWF is a
central mediator of hemostasis, facilitating platelet binding to areas
of endothelial injury and serving as a critical cofactor for circulating
coagulation factor VIII. Importantly, elevations in plasma VWF are a
well-described risk factor for VTE.37 Endothelial cells expressing
stabilin-2 have recently been reported to bind and internalize VWF
in vitro, whereas mice with engineered Stab2 deficiency exhibit a
prolonged half-life of infused human plasma–derived VWF com-
pared with controls, suggesting a possible direct connection be-
tween stabilin-2 function and plasma VWF concentration.38

In addition to an X-linked c-type lectin-like domain, stabillin-2
has multiple fasciclin-like and epidermal growth factor–like
domain motifs, but detailed structure function information on
these domains in stabilin-2 are lacking.34,39 We identified mu-
tations in STAB2 across the entire coding sequence in both cases
and controls without an overt clustering to a specific sequence-
defined functional domain (Figure 2). Although nonsense, splice
site, and frameshift variants strongly suggest loss of function, the
functional consequences of missense variants are more difficult
to predict without functional testing. Therefore, we further char-
acterized selected case missense variants in a cell culture model.

Missense variants have reduced surface expression
of stabilin-2
We selected 7 missense variants for further study based upon
their inheritance pattern and their frequency in VTE cases but not
on specific amino acid substitutions or amino acid residue
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Figure 1. Collapsing test results from exome sequencing.
We tested the coding sequence of 17 862 genes for greater
than expected number of rare damaging variants in 373 cases
vs 5784 controls. Gene names are indicated for top 4 signals.
(A) Manhattan plot of 2log10(p) values for each gene by
Fisher’s exact test. Each dot represents one of 17 862 tested
genes. Number of variants and OR (cases/controls, OR)
indicated for top 4 genes. (B) Quantile-Quantile plot of
observed2log10(p) (y-axis) vs expected (x-axis) by Fisher’s
exact test. Each dot represents one of 17 862 tested genes.
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location. In doing so, we attempted to select variants that po-
tentially had either strongly negative effects on stabilin-2
function or potentially minimal impact on stabilin-2 function.
Variants G1597S and I2124T were compound heterozygous
(unknown phase) with a nonsense mutation, R243* and E2123*,
respectively, which would reduce the “need” for those variants
to be damaging in an autosomal dominant model. G1565S and
G1592R were compound heterozygous in the same individual,
making it unclear which variants were driving risk. G785E,
E1669Q, and G2018R were all identified in 2 individuals with
VTE, suggesting that their overall allele frequencies are
higher or that they occurred more frequently in cases for a
functional reason.

To determine cell surface expression differences between ref-
erence STAB2 and VTE case variants, we quantified stabilin-2
protein on the plasma membrane using the On-Cell Western
technique.40 In 5 replicate assays using 2 independent clones for
each variant, reference sequence stabilin-2 had significantly
more surface expression signal compared with all other tested
variants (Figure 3A; P, .0001, except G1597S, P5 .0014, 2-tailed
Student t test).

To further quantify the surface expression of stabilin-2 protein,
we performed flow cytometry using antibodies specific to the
stabilin-2 ectodomain. Reference stabilin-2 exhibited the high-
est surface expression signal compared with cell lines expressing
missense variants, although variants G1592R and E1668Q did
not reach a statistically significant difference compared with
reference stabilin-2 (Figure 3B; P5 .134, .066, respectively, 2-tailed
Student t test).

In order to estimate the proportion of stabilin-2 receptor exiting
the endoplasmic reticulum and entering the Golgi, cell lysates
containing stabilin-2 protein were collected, denatured, and
digested with Endo H.39 Western blots revealed protein bands
from digested and protected forms of stabilin-2 for all variants

(supplemental Figure 6), and%EndoH resistance was calculated
(Figure 3C). Reference stabilin-2 protein had the highest pro-
portion of Endo H resistance, consistent with more efficient exit
from the ER and transport to the Golgi37,38 compared with case
variants. Of the stabilin-2 variants, only I2124T (a variant de-
tected in an individual with an additional variant E2123*) was
equivalent to reference protein (P 5 .1086, 2-tailed Student
t test).

Plasma VWF levels are elevated in individuals with
rare STAB2 variants
If stabilin-2 functions as a major clearance receptor for VWF in
humans, we hypothesized that individuals with damaging vari-
ants in STAB2 would have elevated plasma VWF levels due to a
longer half-life in circulation. Wemeasured plasma VWF levels in
4000 twin pairs from the TwinsUK study.41 We also measured
VWFpp levels as a way to in order to determine if the change in
VWF levels was due to altered clearance.31,42 We identified 1162
individuals who had whole-genome sequencing available43 and
identified 38 individuals (3.2%) with 1 qualifying variant in STAB2
as defined by allele frequency and PolyPhen criteria used in our
VTE case control study. This was similar in frequency to the
controls (2.4%) examined in our primary collapsing analysis. VWF
and VWFpp levels were log transformed to normalize distribu-
tions and adjusted for height, weight, and ABO status (de-
termined by genotyping),44 leaving 31 individuals with and 996
without a qualifying variant in STAB2 (Figure 4). The STAB22/1

group had higher VWF levels than the STAB21/1 group (P5 .0099,
Mann-Whitney U test) but equivalent VWFpp levels (P 5 .9320,
Mann-Whitney U test), suggesting that the difference in VWF
levels was due to altered clearance

Discussion
Although several well-powered VTE GWAS have identified
common genetic variant associations, they do not fully account
for the heritable risk for this complex disease. In the present
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study, we uncovered excess mutation burden in the 3 major
anticoagulant genes as well as a statistically significant associ-
ation with a new candidate gene for VTE risk, STAB2. For a
genomic study of a complex genetic trait, this study was limited
by the relatively small number of case individuals who had
exome sequencing data available. In addition, the imbalance
between the number of cases and controls could have led to
signal inflation. However, limiting our analysis to individuals of

European ancestry, variants of very low frequencies and identical
variant calling pipelines for case and control exomes generated a
QQ plot that suggests that signal inflation was well controlled.
By including only variants with very low allele frequencies, we
may have missed contributions to VTE risk by variants with allele
frequencies that were too low to be included in GWAS or ac-
curately imputed in other genotype-based association studies
but higher than our studies’ allele frequency limit. The collapsing
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Figure 3. Analysis of selected STAB2 missense mutants. Reference STAB2 cDNA or cDNA encoding 7 different missense variants was used to establish stable stabilin-2
expressing cell lines in flp in TREx 293 cells. (A) On-Cell Western quantification of stabilin-2 surface expression was performed using an anti-ectodomain antibody and quantified
with a Li-Cor Odyssey CLx and Image Studio software. IR antibody signal was normalized to cell counts, and reference sequence was mean centered to 100. All VTE variants had
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analysis method increases power to detect rare variant associ-
ations and has been used to study other complex traits45 but is
limited by the assumption that all qualifying variants have equal
likelihood of altering protein function in the same effect di-
rection. Indeed, this method ignores the possibility that some
missense variants could lead to gain-of-function mutations or
that some qualifying variants have no detrimental effect. In order
to compare case/control burden while taking into account the
potential mixture of effect sizes and directions exerted by rare
coding variation, we used the SKAT-Omethod to weight variants
by their minor allele frequency but did not identify significantly
different results. In addition, lack of interrogation of the non-
coding sequence in our study could not detect the effect of
noncoding regulatory variants. Despite these limitations, 3 of the
top 4 signals have previously been validated, suggesting that the
clinical phenotyping of these cases was excellent and the overall
rare variant architecture of VTE is relatively oligogenic, being
determined by a limited number of higher effect size genes.

ORs calculated for the 3 anticoagulant gene associations were as
high as expected, agreeing with previous studies in familial
VTE.16-21 These high ORs are consistent with a pattern observed
in many genomic studies where variants with very low allele
frequencies are associated with larger effect sizes than more
common variants.46 The OR for STAB2 in our collapsing analysis
was lower than any of the 3 natural anticoagulant genes and
more comparable to those estimated for more common SNPs
encoding factor V Leiden and the prothrombin 20210 variants.5

However, when we include only loss-of-function variants (non-
sense, splice site, and frameshift) for STAB2 in our collapsing

analysis, the OR increases to 8.4, which is more comparable to
the natural anticoagulant deficiencies. This finding emphasizes
the need for a more comprehensive functional analysis of rare
missense variants in STAB2 to understand which qualifying
missense variants are functional in order to calculate a more
accurate OR. Examination of the gnomAD database revealed a
greater tolerance for loss of function variants in STAB2 com-
pared with the PROC, PROS1, and SERPINC1 genes with a loss
of function observed to expected (90% CI) ratio of 0.76 (0.65 to
0.88) compared with PROS1, PROC, and SERPINC1, which had
ratios of 0.35 (0.23 to 0.57), 0.52 (0.33 to 0.86), and 0.0 (0.0 to
0.15), respectively.47

Genetic determinants of VTE alter the balance of procoagulant
and anticoagulant forces to favor thrombosis. Likewise, genetic
factors associated with altered plasma levels of important blood
clotting proteins have been detected in VTE GWAS.11 As ele-
vated plasma VWF levels have been linked to increased VTE risk,
we expect that common variants associated with increased VWF
would also be detected in GWAS for VTE. This is readily ap-
parent with strong GWAS signals at the ABO locus for both VTE
and VWF.On the other hand, it is unclear if loci from large GWAS
studies will also harbor rare variants associated with the same
complex genetic trait. Low-frequency variants in STAB2 are
associated higher VWF levels,35,36 rs141041254 (p.2377K), but
with the exception of subthreshold associations with common
STAB2 SNPs,4,13 STAB2 variants are absent from even large
metaanalysis studies of VTE risk.5,11,12 Our VTE study did not
include rs141041254 because its allele frequency was .0.05%.
When the distribution for rs141041254 was looked at, there was
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Figure 4. VWF and VWFpp levels weremeasured in plasma from the TwinsUK study. (A) VWF and (B) VWFpp levels were mean centered, log transformed, and adjusted for
height, weight, and ABO blood type status predicted by genotype. STAB22/1 indicated individuals with 1 qualifying variant in STAB2 (N 5 31), while STAB21/1 indicates
individuals with no qualifying variant (n 5 996). Black lines indicate interquartile range, and red line indicates median. P values for the difference in the distributions between
STAB22/1 and 1/1 individuals were calculated using the Mann-Whitney U test.
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not a significant difference between cases vs controls, although
we were very underpowered for single-variant tests (OR 5 2.09,
Fisher’s exact 2-sided, P5 .4155). The lack of a “genome-wide”
significant signal at STAB2 in VTE GWAS supports the idea that
large effect size is required, and many other loci with allelic
heterogeneity for rare variants may have important roles in
complex genetic traits even though large GWAS may be unable
to detect these loci.48

Even though STAB2 has not been directly associated with VTE in
previous studies, it remains a strong candidate gene for VTE. The
link between variants in STAB2 and plasma VWF levels is
strengthened by a previous study of murine Stab2 deficiency
that demonstrated stabilin-2 functions as a clearance receptor
for VWF.38 An earlier study in a large French Canadian family with
VTE detected a linkage signal near the STAB2 locus for plasma
VWF levels.4 Our study using TwinsUK plasma and DNA se-
quencing data demonstrates the association between rare
variants in STAB2 and plasma VWF levels in humans consistent
with common variant associations identified in GWAS. Inter-
estingly, 4 individuals in the TwinsUK study had rare variants we
also detected in our VTE cases and characterized in cell culture
models (supplemental Table 7).

As a scavenger receptor, we expect stabilin-2 to removemultiple
different components from blood. Our study and others have
made a connection between stabillin-2 and plasma VWF levels.
However, existing literature provides evidence that stabilin-2 is
an important clearance receptor for a large number of non-
protein ligands such as hyaluronic acid, heparin sulfate, extra-
cellular DNA, and phosphatidylserine-exposed cell membranes,
suggesting that there may be multiple changes in the plasma of
an individual with decreased stabilin-2 function that alter VTE
risk. Without a comprehensive understanding of these ligands,
we are limited in our ability to design a specific stabilin-2 functional
assay for VTE risk. We hypothesize that many STAB2 variants
operate through altered cell surface expression of stabilin-2 due
to protein misfolding or nonsense mediated decay, which would
inhibit the interaction of stabilin-2 and any of its ligands. Our
analysis of stable cell lines expressing stabilin-2 variants
generally supports this hypothesis by demonstrating increased
retention of variants in the ER and decreased surface expression
compared with reference sequence stabilin-2.

This report describes the role of rare variants in the genetic risk
for a common disorder of thrombosis, VTE. The association of
STAB2 and VTE was further explored in vitro with a cell culture
model. An independent study in the TwinsUK study strength-
ened the role of stabilin-2 and VWF clearance. Taken together,
this report contributes to the comprehensive understanding
of the genetic determinants of VTE by the addition of a new
candidate gene for VTE risk.
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37. Calabrò P, Gragnano F, Golia E, Grove E. von
Willebrand factor and venous thromboem-
bolism: pathogenic link and therapeutic im-
plications. Semin Thromb Hemost. 2018;
44(3):249-260.

38. Swystun L, Lai J, Notley C, et al. The endo-
thelial cell receptor stabilin-2 regulates VWF-
FVIII complex half-life and immunogenicity.
J Clin Invest. 2018;128(9):4057-4073.

39. O’Sullivan J, Ward S, Lavin M, O’Donnell J.
von Willebrand factor clearance–biological
mechanisms and clinical significance. Br
J Haematol. 2018;183(2):185-195.

40. Beard R Jr., Yang X, Meegan J, et al. Palmitoyl
acyltransferase DHHC21mediates endothelial
dysfunction in systemic inflammatory response
syndrome. Nat Commun. 2016;7(1):1-19.

41. Spector T, Williams F. The UK Adult Twin
Registry (TwinsUK). Twin Res Hum Genet.
2006;9(6):899-906.

42. Haberichter S. von Willebrand factor pro-
peptide: biology and clinical utility. Blood.
2015;126(15):1753-1761.

43. Moayyeri A, Hammond C, Hart D, Spector T.
TheUKAdult Twin Registry (TwinsUK Resource).
Twin Res Hum Genet. 2013;16(1):144-149.

44. Barbalic M, Dupuis J, Dehghan A, et al. Large-
scale genomic studies reveal central role of
ABO in sP-selectin and sICAM-1 levels. Hum
Mol Genet. 2010;19(9):1863-1872.

45. Cirulli E, Lasseigne B, Petrovski S, et al; FALS
Sequencing Consortium. Exome sequencing
in amyotrophic lateral sclerosis identifies
risk genes and pathways. Science. 2015;
347(6229):1436-1441.

46. Sun B, Maranville J, Peters J, et al. Genomic
atlas of the human plasma proteome. Nature.
2018;558(7708):73-79.

47. Lek M, Karczewski K, Minikel E, et al; Exome
Aggregation Consortium. Analysis of protein-
coding genetic variation in 60,706 humans.
Nature. 2016;536(7616):285-291.

48. Desch K, Ozel A, Siemieniak D, et al. Linkage
analysis identifies a locus for plasma von
Willebrand factor undetected by genome-
wide association. Proc Natl Acad Sci USA.
2013;110(2):588-593.

VTE EXOME SEQUENCING blood® 30 JULY 2020 | VOLUME 136, NUMBER 5 541

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/136/5/533/1750431/bloodbld2019004161.pdf by guest on 02 June 2024

https://doi.org/10.1101/588020

