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Abstract

Introduction—Recent genome wide association studies (GWAS) identified a novel susceptibility 

locus for thrombosis, harbouring the SLC44A2 gene which encodes the Solute Carrier Family 44 

Member 2 protein (SLC44A2). Thus far, SLC44A2 has not been studied in the context of 

thrombosis, and may be a unique contributor to thrombotic disease. Here we utilize mice lacking 

SLC44A2 (Slc44a2−/−) to evaluate a possible role of SLC44A2 in hemostasis.

Methods—Slc44a2−/− mice were evaluated in key aspects of normal hemostasis including a 

challenge of vascular damage by applying laser induced injury to the cremaster muscle arteriole.

Results—Slc44a2−/− mice had comparable levels of thrombin generation and gene expression of 

coagulation related genes, as compared to littermate wild type controls. Lower levels of circulating 
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plasma Von Willebrand factor (VWF) were measured in Slc44a2−/− mice, while no difference in 

VWF multimerization or vascular localization was detected. Upon in vivo laser injury of the 

cremaster arterioles, we detected an impairment of clot formation for Slc44a2−/− mice.

Conclusions—Although mice lacking SLC44A2 are normal for several hemostasis parameters, 

we do observe a reduction of plasma VWF levels and an altered response upon vascular damage, 

which suggests that SLC44A2 contributes to hemostasis upon injury. These findings are in line 

with the reported GWAS data and support further research on SLC44A2 in thrombosis.

Introduction

Thrombosis is a major contributor to the global health burden, with genetic predisposition 

being an important underlying element (1). Recently, a genome wide association study 

(GWAS) aimed at identifying novel genetic risk factors for venous thromboembolism (VTE, 

i.e. deep vein thrombosis (DVT) and pulmonary embolism (PE)), identified a susceptibility 

locus containing SLC44A2 (2). Interestingly, unlike the loci previously known to associate 

with VTE (ABO, F2, F5, F11, FGG, and PROCR), the SLC44A2 locus did not associate 

with hemostasis phenotypes included in the GWAS, such as enhanced thrombin generation, 

platelet counts and Von Willebrand factor (VWF) levels (2). Moreover, a second, 

independent GWAS detected an association between SLC44A2 and self-reported blood 

clotting events (DVT, PE, ischemic stroke), strengthening the implication that SLC44A2 is 

linked to thrombosis (3). Therefore, it is plausible that SLC44A2 plays a role in the 

pathophysiology of thrombosis.

SLC44A2 encodes Solute Carrier Family 44 Member 2 (SLC44A2) (4), a presumed choline 

transporter based on its homology to other transport proteins (5). Notably, an SLC44A2 

polymorphic site forms the human neutrophil antigen 3, an epitope for alloantibodies that 

mediate transfusion related acute lung injury (TRALI) (6, 7). TRALI, like thrombosis, has a 

central role in its pathogenesis for endothelial cells and neutrophils, both of which express 

SLC44A2, in addition to several other tissues (4). Furthermore, a recent TRALI study 

described SLC44A2 to be a binding partner of VWF, a key molecule in hemostasis (8). 

Additionally, SLC44A2 has been associated with autoimmune hearing loss, due to its 

importance in hair cell viability (9).

As the GWAS show an association between SLC44A2 and thrombosis, but not a mechanistic 

insight, further investigation of SLC44A2 with respect to its role in thrombosis is warranted. 

Here we utilize mice lacking SLC44A2 (Slc44a2−/−) to gain insight into the role of 

SLC44A2, if any, in hemostasis as a precursor to further thrombosis studies. To this end we 

characterized Slc44a2−/− mice for several parameters of hemostasis under normal conditions 

including a challenge of vascular injury.

Material and Methods

Slc44a2−/− mice were previously generated from mice with Slc44a2 exons 3–10 flanked 

with LoxP sites (Slc44a2fl/fl mice) and deleter EIIa-Cre transgenic mice (9, 10). The 

resulting Slc44a2−/− mice animals were subsequently backcrossed to FVB/NJ (FVB) (7 

generations) to form a FVB line at University of Michigan, USA. FVB;Slc44a2+/− mice 
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were used to generate Slc44a2−/− mice used for experiments, and Slc44a2+/+ littermates 

were used as controls. At Leiden University Medical Center (LUMC), In the Netherlands, a 

colony of Slc44a2−/− mice on an C57BL/6J (B6) background was established starting from 

frozen B6;129Sv-Slc44a2fl/+F2-N2 embryos obtained from the University of Michigan. After 

cryorecovery, genotyping (9) and backcross with B6 mice (Charles River, The Netherlands), 

Slc44a2fl/+ mice were again combined with in house B6;EIIa-Cre transgenic mice ((10), 

originally obtained from Jackson Laboratories, Bar Harbor, USA). The resulting EIIa-Cre 

positive Slc44a2+/− mice were used to generate the Slc44a2−/− and control Slc44a2+/+ 

littermates (backcrossed total 5 generations to B6). Mice of both sexes were used unless 

indicated otherwise. Apart from previously described age related (>6 months of age) 

progressive hearing impairment in FVB;Slc44a2−/−, no other abnormalities in Slc44a2−/− 

mice were reported (9). All experimental procedures were approved by local institutional 

animal welfare committees.

Sodium-citrated blood was collected directly from inferior caval vein of mice anesthetized 

by intraperitoneal injection of ketamine/xylazine (100 mg/kg). Plasma thrombin generation 

assays were performed using 10 or 20µg/mL ellagic acid (Sigma, USA) or 1pM tissue factor 

(Stago BNL, NL) (11). Coagulation gene profiling of lung and liver were determined by 

quantitative polymerase chain reaction (12). Primers are listed in Supplemental Table S1. 

Lung and liver fibrin deposition are determined by immunoblotting with 59D8 antibody 

(13).

Plasma VWF levels were determined by ELISA and multimerization by immunoblot with 

antihuman VWF (DAKO A082, USA) as described (14), except 10-fold higher plasma 

concentration was used compared to VWF ELISA using human plasma. 4µM cryosections 

of hind leg muscle (including femoral vein and artery) and left lung lobule, immunostained 

for VWF (DAKO A082, USA), were imaged by confocal microscopy (Leica SP8, Germany) 

at 63x magnification.

Blood cell counts were assessed by Hemavet (Hemavet950FS, USA) or Sysmex 

(SysmexXT-2000iV, Sysmex Europe GMBH, Germany). For platelet analysis, citrated blood 

was drawn via orbital sinus puncture of anesthetized mice. Pooled washed platelets were 

obtained from blood as described before (15). The presence of SLC44A2 protein in platelets 

was determined by immunoblot with anti-SLC44A2 antibody as previously described (9). 

Platelet count was adjusted to 2.4×108 platelets/mL and thrombin (0.1, 0.25, 0.5, 1.0 nM) 

induced platelet aggregation was measured as described before (15).

The in vivo response to vascular injury in mice was evaluated using a cremaster muscle 

arteriole injury model as described (15). Briefly, adult mice were anesthetized by 

intraperitoneal injection of ketamine/xylazine (100 mg/kg) and the cremaster muscle was 

prepared. DyLight 488-conjugated anti-GP1bβ antibody and Alexa Fluor 647-conjugated 

antifibrin antibody were administered prior to vascular injury via the jugular vein. Multiple 

independent injuries were induced in the arterioles of the cremaster muscle in each mouse 

by a laser ablation system. The dynamic accumulation of platelets and fibrin was monitored 

in real-time using a fluorescent microscope (Zeiss Axio Examiner Z1 fluorescent 

microscope with a ×63 objective and a high-speed sCMOS camera) and the data was 
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analysed as previously described (15–18). Injury experiments for both FVB and B6 

background mice were performed and analysed by one operator in a blinded fashion at the 

University of Michigan.

Results and Discussion

Mice deficient for SLC44A2 were originally generated for studies characterizing the role of 

SLC44A2 in autoimmune hearing loss and required FVB as the strain background (9). Here, 

we use these FVB; Slc44a2−/− mice and their wild type (Slc44a2+/+) littermates to further 

characterize the mice with regards to hemostasis under normal and challenging conditions 

(Figure1). Additionally, elements of this characterization were repeated for Slc44a2−/− mice 

and their wild type (Slc44a2+/+) littermates present on a B6 background (FigureS1), as this 

is the preferred background in cardiovascular research.

Thrombin generation, induced both by tissue factor and ellagic acid, was unaltered in 

Slc44a2−/− mice as compared to Slc44a2+/+ littermate controls (Figure1A/S1A). Changes in 

coagulation were also examined through transcriptional profiling of lung and liver genes 

(Figure1B/1SB). As expected, Slc44a2 was not detectable in Slc44a2−/− mice, confirming 

the genotype. Additionally, we did not observe a compensatory effect within the gene family 

in either line, as transcript levels of Slc44a family members (Slc44a1, Slc44a3 and Slc44a4) 
remained unchanged (FigureS2), with Slc44a5 being undetectable. In FVB Slc44a2−/− mice, 

a 12% increase in lung transcript of tissue plasminogen activator (Plat) was detected 

(p=0.018), when compared to Slc44a2+/+ littermates, whereas the levels remained 

comparable between B6 mice. Additionally, in the lung, transcript levels of F3, Vwf, F2r, 
F8, Thbd, Tfpi and Serpine1 were not different and no variation in Fga, F2, F5, F11 or Proc 
expression in the liver was found in either background. Furthermore, there was no detectable 

fibrin deposition (<2µg/mg tissue) in these tissues (FigureS3) of either background. These 

findings indicate that Slc44a2−/−mice do not display abnormalities in general coagulation, 

which is in line with the reported GWAS linking SLC44A2 to VTE, but not to coagulation 

parameters (2).

As it was previously described that HEK293 cells overexpressing SLC44A2 bind VWF in 
vitro, we sought to determine whether VWF could be altered in Slc44a2−/− mice (8). In the 

FVB line, a non-significant 27% decrease in median plasma levels of VWF was observed in 

Slc44a2−/− mice (p=0.1996) (Figure1C). In B6 Slc44a2−/− mice, median VWF plasma levels 

were significantly reduced by 20% (p=0.0442) (FigureS1C). SLC44A2 status did not affect 

VWF multimerization (Figure1D/S1D). To visualize possible changes in VWF localization, 

femoral veins and arteries as well as microvessels of the lung, were stained for VWF 

(Figure1E/S3/S4/S5). Although intensity of VWF was variable, we did not observe any 

differences in localization on the luminal side of the endothelial lining of the vessel walls 

nor in the microvasculature of the lung. Together these data suggest that VWF is lowered in 

the plasma of Slc44a2−/− mice, whereas multimerization and localization is unaltered.

Prior RNA-sequencing data confirmed that SLC44A2 is expressed by human platelets (19), 

and here we demonstrate that it is also present on murine platelets (Figure1F). Moreover, 

loss of SLC44A2 does not impact platelet counts, nor amounts of other blood cells 
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(Figure1F/Supplemental Table S2). To determine if SLC44A2 influences platelet function, 

we measured ex vivo platelet aggregation induced both by thrombin (Figure1G) and 

collagen (FigureS6), and although a trend towards accelerated thrombin induced platelet 

aggregation in Slc44a2−/− mice was visible, no significant differences between genotypes 

were observed.

To determine whether Slc44a2 status could affect clot formation in vivo, platelet and fibrin 

accumulation was measured upon laser-induced injury of the cremaster arteriole using 

intravital microscopy (Figure1H). Compared to control mice, clots grew to similar size in 

Slc44a2−/− mice on FVB background; however, clots in Slc44a2−/− mice were visually more 

unstable. There was no significant difference found in dynamics of platelet accumulation, 

although fibrin accumulation was significantly impaired in Slc44a2−/− mice (p<0.0001), 

which may be responsible for clot instability (Figure 1I). Interestingly, the response 

following laser injury in Slc44a2−/− mice on B6 background was also impaired with platelet 

accumulation significantly decreased as compared to control mice (p<0.05) (FigureS1E). 

Although the background of the mice was different, the impairment of clot formation 

seemed consistent across backgrounds.

We conclude that mice deficient for SLC44A2 are normal for the several hemostasis 

parameters that we evaluated; apart from the elevated lung Plat transcripts observed for 

Slc44a2−/− mice with an FVB background, and the reduced levels of circulating plasma 

VWF. Of note, a lower amount of plasma VWF was again observed for a third independent 

group of Slc44a2−/− mice (B6 background, −17% as compared to littermate controls, n=12, 

p=0.0211), highlighting that this observation is reproducible. Since SLC44A2 was reported 

to interact with VWF in vitro, at least in the context of TRALI (7), the observed modest 

lowering of plasma VWF upon SLC44A2 deficiency warrants further investigation, 

including VWF dependent models of thrombosis. Of note the cremaster laser injury model 

clot formation was previously shown to be independent of plasma VWF levels (20). 

Regardless, this observation, in addition to the recorded impact of SLC44A2 deficiency 

upon vascular challenge, suggests that SLC44A2 contributes to hemostasis in response to 

injury, however, whether this effect is direct or indirect remains to be determined. 

Nonetheless, these findings are in line with the reported GWAS (2, 3) and encourage further 

investigation of the role of SLC44A2 under pathological conditions i.e. thrombosis and, if 

any, the underlying mechanism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• GWAS identified SLC44A2 as a novel susceptibility gene for thrombosis.

• Here we characterize SLC44A2 deficient mice from a hemostasis perspective.

• Mice lacking SLC44A2 are normal for several hemostasis parameters.

• Lower levels of circulating plasma VWF are measured in SLC44A2 deficient 

mice.

• Upon vascular injury, mice lacking SLC44A2 exhibit an impaired response.
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Figure 1. Characterization of hemostasis in Slc44a2 deficient mice on an FVB background:
(A) Thrombin generation in plasma from mice induced either by 1pM Tissue Factor (n=7 

both groups) or 10 μg/mL ellagic acid (n=4 Slc44a2+/+; n=7 Slc44a2−/−). Solid lines 

represent the mean value and dotted lines the standard deviation (SD). (B) Gene transcript 

levels of Slc44a2 and coagulation related genes in lung (n=11 Slc44a2+/+; n=7 Slc44a2−/−) 
and liver (n=7 both groups). The comparative threshold cycle method with β-actin as 

internal control was used for quantification and normalization. The mean is represented as 

fold change compared to Slc44a2+/+ mice. Error bars represent the difference between 2 
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POWER of upper range of the mean ΔΔCt. ND; non detectable. (C) Level of plasma vWF 

expressed as a percentage (%) of the wild type controls; represented as Tukey whisker plot. 

(D) Immunoblot of VWF multimerization in plasma of Slc44a2+/+ and Slc44a2−/−mice 

(n=7). (E) Confocal microscopic images of vWF (green) in femoral vein and artery. (Images 

representative of 5 mice per group; scale bar 30μm). L: Luminal side. (F) Top: Total platelet 

counts of Slc44a2+/+ and Slc44a2−/− mice quantified as the median with range (n=5, 

female). Bottom: Immunoblot of SLC44A2 (SLC) protein expression in pooled platelets (P) 

(n=3) and lung tissues (L) from Slc44a2+/+ and Slc44a2−/−mice compared to control 

immunoglobulinG (IgG). (G) Thrombin (IIa) induced platelet aggregation using pooled 

platelets from Slc44a2+/+ (left graph) and Slc44a2−/− (middle graph) mice. Concentrations 

of thrombin indicated in red (0.1nM), black (0.25nM), blue (0.5nM) and purple (1.0nM) 

(Representative of n=3 platelet pools of 5 mice per pool, female). Quantification (right 

graph) represented as time to 50% aggregation (min) as median±range; (n=3 platelet pools 

of 5 mice per pool, female). (H) Representative images of laser-induced injury of the 

cremaster arterioles with stained platelets (green) and fibrin (red) (n=3 male mice per group, 

9–10 injuries per mouse, scale bar 10μm). Images taken one and three minutes after injury. 

(I) Dynamics of platelet accumulation and fibrin formation in clots in the cremaster 

arterioles in Slc44a2+/+ and Slc44a2−/−mice. The kinetic curves represent the mean 

fluorescence intensity (after subtracting the background) and the shaded regions are 

representative of the standard error (SEM). Platelets accumulation into the clot (left) and 

fibrin contents within clot (right) (8–10 independent injury per mouse, 3 mice in each 

group). Data represents mean±SEM; statistical analysis using 2-way ANOVA. This figure 

represents data from mice on a FVB background. Supplemental Figure 1 provides data from 

mice with a C57BL/6J background corresponding to Figure 1A, B, C, D and I. Data were 

analyzed with the Instat software (GraphPad, San Diego, USA). Statistical differences 

between Slc44a2+/+ and Slc44a2−/−were evaluated using a Mann-Whitney Rank sum test 

unless indicated otherwise. p-values<0.05 were regarded as statistically significant. 

Abbreviations: Vwf; Von Willebrand Factor, Thbd; thrombomodulin, Tfpi; tissue factor 

pathway inhibitor, Serpine1; serine protease inhibitor E 1, Plat; tissue-type plasminogen 

activator; Fga; Fibrinogen Alpha Chain, F2; Thrombin, F5; Coagulation Factor V, Proc; 

Protein C, Slc44a2+/+; Slc44a2 wild-type mice, Slc44a2−/−; Slc44a2 deficient mice.
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