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Abstract

The plasma compartment of the blood holds important information on the risk to develop 
cardiovascular diseases such as venous thrombosis (VT). Mass spectrometry‑based targeted 
proteomics with internal standards quantifies proteins in multiplex allowing generation of 
signatures associated with a disease or a condition. Here, to demonstrate the method, we 
investigate the plasma protein signatures in mice following the onset of VT which was induced 
by RNA interference targeting the natural anticoagulants antithrombin and protein C. We 
then study mice lacking SLC44A2 which was recently characterized as a VT‑susceptibility 
gene in human genome‑wide association studies. We use a recently developed panel of 
375 multiplexed mouse protein assays measured by mass spectrometry. A strong plasma 
protein signature was observed when VT was induced. Discriminators included acute phase 
response proteins, and proteins related to erythrocyte function. In mice lacking SLC44A2, 
protein signature was primarily overruled by the difference between sexes and not by the 
absent gene. Upon separate analyses for males and females, we were able to establish a 
signature for Slc44a2 deficiency, in which glycosylation‑dependent cell adhesion molecule‑1 
and thrombospondin‑1 were shared by both sexes. The minimal impact of Slc44a2 deficiency 
on the measured plasma proteins suggests that the main effect of SLC44A2 on VT does 
not lay ultimately in the plasma compartment. This suggests further investigation into the 
role of this VT‑susceptibility gene should perhaps also question the possible involvement 
in cellular mechanisms.
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Introduction

Venous thrombosis (VT), i.e. unwanted clotting of the blood within a vein, is a complex 
cardiovascular disease and its pathogenesis is not completely understood (1, 2). The 
plasma compartment of the blood, which provides the clotting factors involved in VT, holds 
important information on the risk to develop VT (3). Several clotting factors i.e. pro‑ and 
anticoagulant proteins, as well as pro‑ and antifibrinolytic proteins are affected by genetic 
and acquired risk for VT (4, 5). Plasma levels and activity of these proteins are important in 
assessing VT risk, and contribute to understanding how genetic and acquired risk factors 
relate to VT (3, 4). In addition, there is increasing evidence supporting that also proteins not 
belonging to coagulation and fibrinolytic pathways may play a role in VT, including proteins 
involved in inflammation, the complement system, or lipoprotein metabolism (6‑10).

Recently, a meta‑analysis of genome‑wide association studies (GWASs) revealed two novel 
genetic susceptibility loci for VT (5). Interestingly, these loci harbor genes encoding proteins 
that cannot directly be linked to coagulation. Among these was a VT locus encompassing 
the SLC44A2 gene, located on 19p13.2, which was associated with thrombotic events also 
in a second independent GWAS cohort (11). SLC44A2 encodes the solute carrier family 44 
member 2 protein (SLC44A2), a poorly characterized gene, and regarding a mechanism 
underlying the association between SLC44A2 and VT can, at present, only be speculated. 
So far no links to coagulation‑ and fibrinolysis‑related pathways could be identified (5) apart 
from an interaction of SLC44A2 with von Willebrand factor (VWF) as identified in in vitro 
studies (12).

To understand the role of SLC44A2 in VT we previously undertook an animal approach 
using recently generated Slc44a2 deficient (Slc44a2‑/‑) mice (13). Compared with their wild 
type (Slc44a2+/+) littermates these Slc44a2‑/‑ mice revealed no differences in the measured 
coagulation related parameters, i.e. thrombin generation, transcriptional profiling of 
coagulation related genes, multimerization and localization within venous and arterial 
vessels, with the exception of a modest decrease in plasma VWF level (14). These first 
observations encourage to further explore the link between SLC44A2 and VT in and outside 
of coagulation‑ and fibrinolysis‑related pathways using more in depth analysis.

As an alternative to individual activity‑ or antibody‑based plasma protein assays, mass 
spectrometry(MS)‑based proteomics allows deeper investigation of the proteome in relation 
to health and disease (15‑20). The levels of several coagulation proteins can be measured 
in plasma and serum by MS (21, 22) as well as secreted proteins that are unrelated to the 
coagulation cascade but associated with VT risk (23). Detection of venous thromboembolism 
signature in serum using proteomics was previously demonstrated (24) as well as in depth 
analysis of VT proteomics using ex vivo prepared fibrin clots (25). In mouse, various studies 
demonstrated phenotyping of disease models using proteomics, showing also evidence 
of an age and sex dependent plasma proteome (26, 27). We recently demonstrated that 
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MS‑based targeted proteomics with stable‑isotope‑labeled internal standards can be used 
for rapid, multiplexed, and precise quantification of coagulation‑ and fibrinolysis‑related 
plasma proteins in human using as small volumes as less than 10 μL of plasma (28, 29). We 
were able to capture plasma protein signature information on VT, in particular VT and cancer, 
which was not obvious from single measurements by the conventional assays. Contrary 
to traditional protein phenotyping techniques, MS‑based targeted proteomics can be 
highly multiplexed without sacrificing specificity nor quantitative precision (30). This allows 
measuring abundance of hundreds of proteins in hundreds of samples in standardized way 
facilitating best comparative analysis.

Recently, hundreds of MS‑based targeted proteomics assays for various mouse proteins 
have been developed and validated (26). This opens up the opportunity to measure 
abundances of many mouse proteins for which traditional techniques like antibody assays 
are currently not available, nor feasible. In addition, it allows capturing plasma protein 
signature information associated with genes or disease in an experimental mouse setting 
using low volumes of samples, which is a limitation in small animals like mice. In the present 
study, we use these assays to extend our analysis beyond traditional coagulation factors 
and measure additional plasma proteins.

First, we measured plasma protein levels in mice where VT follows RNA interference‑mediated 
imbalance in natural anticoagulation (31, 32). Although one can question its suitability as 
best VT model mimicking human disease, we chose to use this model as it presents a strong 
venous thrombotic phenotype, coincides with clinical signs and changes in clotting tests. As a 
result, changes in abundance of various plasma proteins are expected. Next, we determined 
protein levels in plasma samples from seemingly normal Slc44a2 deficient mice to investigate 
any possible protein signature for this less‑characterized VT‑susceptibility gene. Putting the 
results of both experiments side by side, i.e. changes in plasma protein levels in induced VT 
and Slc44a2 knockout mice, can give an indication to the level to which the Slc44a2 absence 
affect plasma proteins. A strong signature in plasma protein abundances was observed 
when VT was induced including acute phase response and erythrocyte‑specific proteins. 
In mice lacking Slc44a2, the plasma protein signature was overruled by the sex of the mice 
and not by the absent gene. When stratifying for sex, we were able to establish a signature 
for Slc44a2 deficiency represented in glycosylation‑dependent cell adhesion molecule‑1 
and thrombospondin‑1. Both these proteins are associated with cell‑cell interactions, which 
suggests that the role of Slc44a2 lays outside of the plasma and perhaps question possible 
involvement of this VT‑susceptibility gene in cellular mechanisms.

Materials and Methods

Mice
Female C57BL/6J mice aged 6 weeks were obtained from Charles River, Maastricht, The 
Netherlands. Mice deficient for solute carrier family 44 member 2 protein (Slc44a2‑/‑, gene 
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located on mouse chromosome 9) were previously generated by crossing mice with Slc44a2 
exon 3 to 10 flanked by LoxP sites with deleter EIIa‑Cre transgenic mice (13, 14). Mice were 
genotyped for presence of the Slc44a2 knockout allele using ear biopsy DNA as previously 
described (14). Offspring, heterozygous for the Slc44a2 knockout allele (Slc44a2+/‑), was 
used for backcrossing to C57BL/6J (at least seven generations). Subsequently, interbreeding 
of the Slc44a2+/‑ mice yielded male and female Slc44a2‑/‑ and wild type littermate control 
Slc44a2+/+ mice which were used for blood and tissue collection (at 15 weeks of age, N=8 for 
female Slc44a2+/+ and weight at euthanasia 21.75 ± 2.14 g, N=8 for female Slc44a2‑/‑ mice 
and weight at euthanasia 22.36 ± 1.14 g, N=8 for male Slc44a2+/+ and weight at sacrifice 
29.82 ± 5.51 g, and N=7 for male Slc44a2‑/‑ mice and weight at euthanasia 29.22 ± 1.70 g). 
All mice in this study were housed under standard conditions with free access to water 
and food. All experiments were approved by The Netherlands National Animal Welfare 
Committee, under project license number AVD106002016607.

Induction of venous thrombosis
Small interfering RNAs (siRNAs) targeting mouse antithrombin (siAT, cat. #S62673, Ambion, 
Life Technologies, CA, USA) and protein C (siPC(31), cat. #S72192) and a negative control 
siRNA referred to as siControl (cat. #4404020) were complexed with Invivofectamine® 3.0 
(Invitrogen, Life Technologies, CA, USA) exactly according to the procedure provided by the 
manufacture. A mixture of complexed siAT and siPC (siAT/PC) was prepared in PBS with 
a final concentration of 4.2 nmol per mL for both siAT and siPC (total 8.4 nmol/mL). The 
complexed siControl was diluted in PBS to a final concentration of 8.4 nmol/mL. The siAT/
PC and siControl were injected intravenously (tail vein) of the 6‑week‑old female C57BL/6J 
mice (200 µL per mouse i.e., a total of 1.7 nmol siRNA per mouse, N=8 for siAT/PC and weight 
at injection was 20.77 ± 1.11 g, and N=7 for siControl and weight at injection was 20.19 ± 
0.82 g). The spontaneous venous thrombotic phenotype that follows injection of siAT/PC 
has been described previously (31, 32). As soon as a siAT/PC injected mouse presented the 
typical externally visible clinical signs that coincide with the VT phenotype, it was euthanized 
together with one mouse randomly selected from the siControl injected control group.

Blood collection and processing
For euthanasia, animals were anesthetized using a mixture of ketamine (40 mg/mL, A.A.‑Vet, 
Biddinghuizen, The Netherlands), xylazine (5 mg/mL, Dechra, Northwich, United Kingdom), 
and atropine (0.1 mg/mL, Pharmachemie BV, Haarlem, The Netherlands) in PBS (indicated 
are end concentrations) injected subcutaneously at a volume of 75 and 125 µL for females 
and males, respectively. Before euthanasia, 20 µL of water was added to dipotassium 
ethylenediaminetetraacetic acid (K2EDTA) coated vials (average of 1mg K2EDTA/vial, ref: 
365975, BD, NJ, USA), vortexed to dissolve the K2EDTA, and transferred quantitatively into 
1‑mL syringes with 24‑gauge needle. The anesthetized animal’s abdomen was opened, the 
inferior vena cava exposed and 350 (from animals injected with siControl or siAT/PC) or 
500 µL of blood (from Slc44a2‑/‑ and Slc44a2+/+ males and females) was collected using the 
K2EDTA‑loaded 1‑mL syringe within approximately 15 to 30 seconds. Blood was thoroughly 
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but carefully mixed with the K2EDTA within the syringe, and transferred to the original K2EDTA 
vials (allowing mixture with possible residual K2EDTA, and kept on ice until centrifugation). 
Vena cava and abdominal aorta were cut, allowing euthanasia. Ice‑cold blood samples were 
visually inspected for signs of clotting (absent for all samples) and centrifuged for 5 minutes 
at 10,000 rpm at 4°C in an Eppendorf Centrifuge 5417R. From the plasma fraction, aliquots 
were snap frozen in liquid nitrogen, stored at ‑80°C, shipped on dry ice to the University 
of Victoria, Canada, and stored again at ‑80°C until use. Slc44a2 status was confirmed with 
PCR on tail tip DNA and at transcript level from the liver transcriptome by quantitative PCR 
using β‑actin (Actb) as a reference as described previously (14, 33).

Targeted proteomics
We used 375 validated protein assays in a setting of experimental VT and altered 
VT‑susceptibility. These proteins are measured in a multiplexed experiment and are related 
to various pathways and, besides their biological relevance reported in literature, they 
were selected after careful validation for detectability and quantifiably in mouse blood 
plasma (Table S1, Figure S1)(26). Indeed, proteomics as a field offers other approaches like 
semi‑quantitative bottom‑up proteomics that allows detection of more proteins (34). We 
opted for a targeted proteomics with internal standard approach to achieve best specificity 
and highest precision, using validated assays for predefined limited–yet expandable–number 
of proteins. This choice is mainly to achieve best possible comparability between samples.

A total of 375 proteins and their surrogate peptides are listed in supplementary Table S1. The 
assays are highly multiplexed and standardized consisting of 3 panels of 125 assays each 
running in parallel in multiple reaction monitoring (MRM) mode and cover various pathways 
and molecular functions (Figure S1 and Table S1). The development and validation of these 
assays were performed previously as part of the Proteomics Centre at the University of 
Victoria efforts to build a library of targeted proteomics assays for profiling mouse plasma 
and tissues (26, 35, 36). The peptides for the MRM assays were selected using PeptidePicker 
and synthesized at the University of Victoria Proteomics Centre (37). The sample preparation 
was performed using a Tecan Freedom Evo 150 robot. The urea‑based preparation protocol 
used was developed and applied previously (38).

The samples were separated on‑line with an ultra‑high performance liquid chromatography 
column (EclipsePlusC18 RRHD 150 x 2.1 mm i.d., 1.8 μm particle diameter; Agilent) maintained 
at 50°C. Peptide separation was performed at 0.4 mL/minute over a 56 minute run, using 
a multi‑step LC gradient (1.5‑81% to 2‑80% mobile phase B; mobile phase B: 0.1% formic 
acid in acetonitrile). The exact gradient was as follows (time point in min, solution B %): 0 
minutes, 2%; 2 minutes, 7%; 50 minutes, 30%; 53 minutes, 45%, 53.5 minutes, 80%; 55.5 
minutes, 80%; 56 minutes, 2%. The LC system was interfaced to a triple‑quadrupole mass 
spectrometer Agilent 6495 via a standard‑flow electrospray ionization source and operated 
in the positive ion mode.
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Data processing and analysis
We inspected all response peaks using Skyline software (39) to ensure correct retention 
time, accurate selection and integration, and uniformity of peak shape for the endogenous 
and internal standard peptide signals. We calculated the relative peak area ratio of the 
endogenous to the heavy labeled internal standard peptide. Using this ratio and the known 
concentration of internal standard peptides, we determined the concentration of the 
endogenous peptides in the sample by comparison to a standard curve generated in pooled 
sample (29), for which we used 1/x2 regression weighting. For all hierarchical agglomerative 
clustering, we used Ward’s algorithm (40, 41) on the Euclidean’s distances of the scaled 
and centered determined protein concentrations. All data analysis and visualization were 
performed using own routines written in R statistical language. For the selection of best 
discriminating proteins, we used Wilcoxon’s signed‑rank test.

Figure 1. Venous thrombosis in mice 48 to 72 hours after intravenous injection of siRNA 

targeting antithrombin and protein C (siAT/PC) or control siRNA (siControl). N=8 for siAT/PC 

and N=7 for siControl. (A) Eye of an siAT/PC‑treated animal. Unilateral exophthalmos and periocular 

hemorrhages are shown (arrow head). (B) Hematoxylin and eosin staining of coronal head section (5 

µm) of mice treated with siAT/PC and siControl, thrombus (thr) and bleeding (bl) are indicated. (C) Weight 

change at euthanasia of mice treated with siAT/PC and siControl relative to weight at siRNA injection 

(complete information on the weight of all mice are in Table S2 and Table S3). Statistics using Wilcoxon’s 

rank sum test. (D) Plasma protein concentration of antithrombin (left) as well as protein C (right) in siAT/

PC and siControl mice. PC, protein C; siRNA, small interfering RNA; AT, antithrombin.
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Results

Induced venous thrombosis and Slc44a2 deficiency in mice
We applied quantitative targeted proteomics to determine abundance of 375 proteins 
in plasma samples collected from mice that developed VT following injection of siRNAs 
targeting antithrombin and protein C (siAT/PC) or control siRNA (siControl). In line with 
previous observations (31, 32), within 3 days post injection all siAT/PC treated mice 
developed the typical externally visible clinical signs of VT i.e. unilateral lesions around 
the eye, edema, and swellings in the head (Figure 1A). Histologically, this presents as a 
thrombotic coagulopathy (Figure 1B). Additionally, the siAT/PC‑treated mice showed expected 
loss in body weight as compared with their control (P‑value=0.0015, Figure 1C). Despite 
this phenotype, the mice remained lively and did not become lethargic, unresponsive to 
stimuli, or hypothermic, which may occur upon phenotype progression (31). Effectiveness 
of antithrombin and protein C silencing was confirmed at the plasma protein level (Figure 
1D, described in more detail below). In a parallel experiment, to investigate the effect of the 
novel thrombosis‑susceptibility gene Slc44a2, we used Slc44a2 deficient (‑/‑) mice and their 
wild type (+/+) littermates as controls (these mice were all healthy and were not subjected 
to siAT/PC‑induced VT). Upon euthanasia, after Slc44a2 liver transcript analysis (data not 
shown), and subsequent re‑genotyping at the level of tail tip DNA (data not shown), one 
knockout male appeared to be heterozygous (Slc44a2+/‑). This mouse was included in the 
plasma proteomics sample measurement, but was later excluded during the data analysis.

Quantification of mouse plasma proteins
In 49 plasma samples (46 mice with 3 measured in duplicate as quality control), we 
determined the abundance of 375 proteins, which equals a total of 18,375 measurements 
that were performed on our LC‑MS system within a week. The three duplicates were included 
at origin to control for all aspects of sample handling, shipment, wet laboratory preparation, 
and measurement. In addition, seven in‑house quality controls (pooled mouse plasmas 
from C57BL/6 mice of both sexes) were included. All measurements were performed in a 
blinded fashion and the samples were randomized on a 96‑well plate to rule out possible 
batch effects. From the 375 protein assays that were validated and successfully measured in 
previous mouse experiments (26), 221 proteins passed our stringent quantifiability criteria 
in the current study, while 154 proteins were below the lower limit of quantification in at 
least 37 of the 47 samples measured, that is, 80%. This is not necessary a reason to consider 
these measurements failed. They could still be indicative and the reason to be on the lower 
side in protein concentration can be related to the experimental intervention, experimental 
setting, and/or genetics. In addition, our panel includes proteins which are not necessary 
found in plasma under healthy conditions. For example, the majority of the proteins are not 
detectable in both male and female control mice cover various molecular functions that are 
not native to plasma (Figure S1 and Table S1).
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Although it was not our main objective to compare the two experimental groups (induced 
VT and Slc44a2 deficiency) when looking at all measured samples together using hierarchical 
clustering (Figure S2), we observed that the strongest discrimination corresponds to the 
“experimental group”. Each experimental group forms its own cluster, the siRNA‑treated 
mice (orange in the first annotation bar, bottom), the Slc44a2 deficient mice and their 
controls (green, middle), and the in‑house quality controls (blue, top). One single outlier 
from the female siControl group showed more similarity to wild type Slc44a2 group from the 
same sex. Within the siRNA‑treated group, a clear distinction was observed between mice 
treated with siAT/PC, which developed VT and the siControl treated mice, which remained 
fully healthy, as can be seen in the second annotation bar. In the Slc44a2 group, we observed 
a clear distinction between males and females as can be seen in the sex annotation bar, 
while a clustering based on Slc44a2–forth annotation bar–is not observable. The one male 
Slc44a2+/‑ clusters with the rest of the male mice, but was later removed from the data 
analysis and interpretation. Including all samples in this comparison allowed a fast check 
on the data collected and showed that unsupervised clustering on all measured proteins 
is able to capture clusters based on the presence of VT as well as sex, but not on Slc44a2 
status. In other words, the Slc44a2 absence does not influence the plasma proteins as 
strongly as induced VT or sex.

Protein profile (dis)similarities
In order to assess the protein profile similarities in and between groups and samples, 
we opted to comparing the Pearson’s correlation coefficients pairwise between each 
two samples. When referring to protein profiles, we consider here the proteins that were 
quantitatively measured in our experiment, although the detectable plasma proteome is 
indeed larger with over a thousand proteins (42). There were few general observations that 
stood out. With regard to the three duplicates which were included at origin, a very high 
correlation of >99% was determined between duplicates (Figure 2A). This confirms the 
robustness of our method in capturing the similarity in the quantifiable protein profiles. The 
histogram in Figure 2B shows two distinct distributions of the correlation factors separated 
around 95%. Slc44a2‑/‑ and Slc44a2+/+ samples were very similar and show a correlation 
centered around 97%, while those from siAT/PC versus siControl as well as Slc44a2 knockout 
were with lower correlation values centered around 92%. This implies that samples from 
animals with induced VT, that is, siAT/PC are clearly deviating in their profiles from all other 
samples.
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Traceable protein changes due to induced venous thrombosis
A clear distinction could be observed between mice treated with siAT/PC, which developed 
VT, and the siControl treated mice (Figure 2 and Figure S2). Despite developing VT, siAT/PC 
treated mice remained lively and did not appear sick (i.e. lethargic, unresponsive to stimuli, 
or hypothermic as may be observed upon progression of the phenotype (31)), nevertheless 
changes in the plasma proteome appear considerable. The top 10 discriminating plasma 
proteins are shown in Figure 3A and listed in Table 1A. Principle component analysis 
(PCA) on these 10 proteins shows a very good separation with principle component (PC) 
1 explaining 82% of the variance observed between the two experimental groups (Figure 3E). 
The log2 fold changes (log2 FC) in protein levels also show that the effect on the proteome 
is substantial with several proteins having more than three times log2 FC (Figure S3A). As 
expected antithrombin III is in the list of discriminating proteins with large fold change (log2 
FC of ‑4.93) which reflects the successful antithrombin gene silencing strategy (Figure 1D). 
Lower levels of protein C are also expected (32) and were readily observed (log2 FC of ‑1.98), 
although not amongst the top 10 selected most discriminatory proteins. Plasma hemoglobin 
subunit beta‑1 is discriminating and is strongly reduced with log2 FC of ‑2.88 upon VT, which 
is in line with the observed decrease in two other hemoglobulin subunits i.e. alpha and 
zeta (log2 FC of ‑3.94 and ‑3.97 respectively, Figure S3A).In addition, a strong increase of 
hemoglobin‑binding protein haptoglobin (log2 FC of 9.20, Figure S3A) is observed. Together 
these alterations in plasma proteins point toward changes in erythrocyte functioning, 
which can be explained as erythrocyte trapping and extravasation in the (large veins of 
the) heads of affected mice is a key feature of this VT model (Figure 1B). Since formation of 
fibrin‑networks (trapping the erythrocytes) is also part of the pathology in this VT model, the 
decrease in coagulation factor XIIIB (log2 FC of ‑1.25) and coagulation factor XIIIA (log2 FC of 
‑1.91), the two subunits of coagulation factor XIII (FXIII) that is involved in covalent crosslinking 
of fibrin, is not unexpected either. While consumption of plasma coagulation factors is 
reported previously in this model (31), this is not supported by the observations in the 
present study as changes for other coagulation proteins that were included in the current 
analysis (fibrinogen, coagulation factor II, V, VII, X, XI, XII) were limited (log2 FC did not exceed 
‑1 or 1). It is important to note that in Safdar et al. (31), the sampling time point is different, i.e. 
prolonged VT in Safdar et al. versus onset of VT in this study, and the sample collection and 
handling is different, i.e. normal collection of citrated versus immediate cooling of K2EDTA 
plasma which affect the intrinsic proteases activities.

Several proteins among the 10 most discriminating proteins with higher abundance upon VT 
and number are known as acute phase proteins (APPs) i.e. c‑reactive protein (log2 FC of 1.30), 
ceruloplasmin (0.80), fibronectin (1.34), alpha‑1‑acid glycoprotein 2 (3.76), complement C3 
(1.01) and complement C8 gamma chain (0.69; (43‑45). Various other proteins that increase in 
their average abundance (Figure S3A), but are not among the top discriminating proteins due 
to their variance, are also APPs which include serum amyloids (SA) SAa2 (log2 FC of 11.55), 
SAa1 (8.91), SAa4 (1.78) and SAp (7.42). Apolipoprotein D was also observed to have a higher 
abundance in mice with VT (log2 FC of 0.72), it has however no known role in erythrocyte 
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function, coagulation, or as an APP. Apolipoprotein D changes upon VT did not coincide with 
changes in levels of other apolipoproteins included in the analysis (apolipoproteins A‑I, A‑II, 
B, C‑I, C‑II, C‑III, C‑IV and E).

Plasma proteome influenced by sex group
The (dis)similarities in protein abundance profile according to intervention (Figure 2) as 
well as the traceable protein changes due to induced VT (Figure S2), demonstrate the 
capability of the method in capturing protein signatures in experimental VT models. Figure 
S2 shows further how unsupervised clustering on all data and samples results in perfect 
discrimination between male and female. We further compared the plasma levels of the 
wild type (Slc44a2+/+) males and females with Figure 3B as well as Table 1 listing the top 
discriminatory proteins. The log2 fold changes in plasma protein levels for sex are smaller 
than those observed upon VT (Figure S3B) and shows that sex has a substantial but more 
limited impact on the plasma proteome as compared with induced VT. Of note, the protein 
levels changing mostly do not overlap with the top discriminating proteins for sex. Principal 
component analysis on the 10 most discriminating proteins shows perfect separation along 
PC1, which explains 88% of the variance (Figure 3F).

The discriminating proteins are from multiple pathways and include coagulation proteases 
(vitamin K dependent protein C, log2 FC of 0.82 and carboxypeptidase B2, log2 FC of 0.45, 
a complement protease (C8 alpha and gamma chain, log2 FC of 2.05 and 1.92 respectively), 
a protease inhibitor (alpha‑1‑antitrypsin 1‑1, log2 FC of 4.06), a hormone binding protein 
(corticosteroid‑binding globulin protein, log2 FC of ‑1.10), three signaling proteins 
(adiponectin, log2 FC of ‑0.90, epidermal growth factor receptor, log2 FC of 1.18, interleukin‑1 
receptor accessory protein, log2 FC of 0.65) and an immunity‑related protein (H‑2 class I 
histocompatibility antigen Q10 alpha chain, log2 FC of 0.85). For adiponectin and complement 
C8, an impact of sex on plasma levels was previously reported (46, 47). This observed strong 
discrimination between the protein profiles of male and female shows that the plasma 
proteomes for the sexes are different. Subsequently, we performed the analysis of the effect 
of Slc44a2 deficiency on the plasma protein levels per sex separately as the anticipated 
effects of Slc44a2 deficiency may be more limited.
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Effect of Slc44a2 on plasma proteome is limited
No obvious discrimination between Slc44a2‑/‑ and Slc44a2+/+ mice was observed when all 
proteins were included in the clustering (Figure S2). However, limiting the analysis to the 
top 10 discriminating proteins between these groups (Table 1), right grouping in Slc44a2‑/‑ 
and +/+ during cluster analysis for males (Figure 3C) as well as for females (Figure 3D) can 
be obtained with a single Slc44a2+/+ female outlier. PCA on these discriminatory proteins 
explains 44.6 and 46.2% of variance in male (Figure 3G) and female (Figure 3H), respectively. 
This is lower compared with the previous PCAs of the VT model as well as the discrimination 
between female and male. Also, the fold changes in protein levels for Slc44a2 deficiency 
are smaller compared with those of VT and sex groups (Figure S3C and S3D). As observed 
for the male versus female comparison, for Slc44a2 mice there is no overlap between the 
proteins that change most in abundance and the proteins that discriminate most for Slc44a2 
status, both in females and males.

The discriminating proteins are from multiple pathways and interestingly, thrombospondin‑1 
(Tsp‑1) and glycosylation‑dependent cell adhesion molecule‑1 (Glycam‑1) are present in the 
top 10 of both sexes. Tsp‑1 is low abundant (Table 1) in plasma and only modestly reduced 
in plasma of Slc44a2‑/‑ as compared to Slc44a2+/+ mice (for male and female log2 FC of 
‑0.09 and ‑0.41 respectively). This protein functions in platelet signaling and its deficiency 
was shown to lead to decreased (arterial) thrombus formation in mice (48, 49). Signature 
protein Glycam‑1 is higher in abundancy in Slc44a2‑/‑ as compared to Slc44a2+/+ mice (Figure 
S3B, log2 FC male: 1.26 and female: 0.68). Little is known about the biological function of 
Glycam‑1, though it was shown to be a ligand for L‑selectin, expressed on endothelial cells 
and involved in neutrophil rolling in inflammation (50, 51). In summary, Slc44a2 deficiency has 
a smaller impact on the plasma proteome compared to VT and sex, nevertheless we were 
able to establish a plasma proteome signature for Slc44a2 for both male and female mice.
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Figure 3. Discrimination between the various study groups based on the plasma abundance of 

the selected top 10 discriminating proteins in each group (Table 1). Discriminations are illustrated 

using hieratical clustering and heatmaps (A‑D) as well as corresponding principle component analysis 

(E‑H). N=8 for female wild‑type mice (Slc44a2+/+), N=8 for female Slc44a2 deficient mice (Slc44a2‑/‑), 

N=8 for male Slc44a2+/+, N=6 for male Slc44a2‑/‑, N=8 for siRNA targeting antithrombin and protein C 

(siAT/PC), and N=7 for siControl. (A) and (E) show the results for siAT/PC treated mice and their controls 

(siControl). (B) and (F) show the discrimination between the wild type male and female mice.
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Figure 3 (continued). Discrimination between the various study groups based on the plasma 

abundance of the selected top 10 discriminating proteins in each group (Table 1). Discriminations 

are illustrated using hieratical clustering and heatmaps (A‑D) as well as corresponding principle 

component analysis (E‑H). N=8 for female wild‑type mice (Slc44a2+/+), N=8 for female Slc44a2 deficient 

mice (Slc44a2‑/‑), N=8 for male Slc44a2+/+, N=6 for male Slc44a2‑/‑, N=8 for siRNA targeting antithrombin 

and protein C (siAT/PC), and N=7 for siControl. (C) and (G), as well as (D) and (H) show the discrimination 

between Slc44a2+/+ and Slc44a2‑/‑ in male and female respectively. PC, protein C; AT, antithrombin; 

siRNA, small interfering RNA.
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Discussion

We investigated the possible plasma protein signatures in mice following the onset of VT 
and in mice lacking Slc44a2 which was recently characterized as a VT‑susceptibility gene 
in human GWAS. We used 375 validated multiplexed MS‑based protein assays to measure 
the plasma protein levels. The mouse model where VT follows RNA interference mediated 
silencing of antithrombin and protein C was included as it features a strong VT phenotype, 
coinciding with strong clinical signs. Upon VT numerous plasma proteins changed yielding 
a strong protein signature that was easily measurable using our method. Furthermore, 
profile (dis)similarities according to intervention demonstrated the capability of the method 
in capturing plasma protein dynamic. In mice lacking Slc44a2, the protein signatures were 
primarily overruled by the differences between male and female and not the absent gene. 
By looking in each group separately, modest alteration of two proteins was identified in 
males and females lacking Slc44a2. This indicates that the link between SLC44A2 and VT is 
outside traditional coagulation‑ and fibrinolysis‑related pathways. Possibly, SLC44A2 affects 
(blood) cell‑cell interactions as reflected Glycam1 and L‑selectin being part of gene signature.

In addition to serving as validation experiment, the strong signature obtained for the mouse 
VT model also provided novel insights into this model. The presence of APPs (haptoglobin, 
fibrinogen, c‑reactive protein, ceruloplasmin, fibronectin, alpha‑1‑acid glycoprotein 2, 
complement C3, complement C8, SAa2, SAa1, SAa4 and SAp) among the signature for VT 
indicate that the VT following silencing of natural anticoagulants has a more systemic and 
acute impact than currently known. The microscopically visible VT is confined to the large 
veins of the head is characterized among others by a strong recruitment and influx of 
leukocytes (32). Whether the local recruitment of leukocytes is causing the systemic acute 
phase response or this is a secondary effect is subject to speculation. Apart from leukocytes, 
another major constituent of the thrombi in the large veins of the head is trapped and 
recruited erythrocytes (32). In addition, erythrocytes extravasate upon rupture of the 
occluded veins. Circulating hemoglobulin and haptoglobin levels (inversely) relate to blood 
erythrocyte numbers, and may explain why the plasma levels change when erythrocyte‑rich 
thrombi are formed in the head. We expected that the coagulation factors, which were 
included in the assay, should be among the signature proteins for VT as these may drop in 
circulating levels being consumed at the expense of thrombus formation. Coagulation factor 
XIII (FXIII, both FXIIIa and FXIIIb subunits) is the only coagulation protein among the top 10 
discriminatory proteins for VT. FXIII is a well‑known contributor to fibrin network formation 
and stabilization (52). In addition, Factor XIII is involved in (fibrin‑mediated) erythrocyte 
retention in venous thrombi (53, 54). The drop in plasma FXIII levels possibly reflects trapping 
of the FXIII protein in the fibrin‑network of the formed thrombi. Hence, it would be interesting 
to determine the (critical) role of this protein in this model of VT for example by subjecting 
FXIII knockout mice to the model.



103

SLC44A2 AND THE PLASMA PROTEOME 

4

Although the impact of sex overruled the effect Slc44a2, we obtained a specific Slc44a2 
signature focusing on most discriminating proteins The proteins involved in these 
sex‑specific signatures have not yet been subject to investigation with respect to control 
by sex hormones (estrogens and testosterone). Hence, whether these strong male‑female 
differences are a direct result of regulation, or an indirect effect caused by for example 
differences in body weight, plasma volume, organ size and function can only be speculated. A 
recent study aimed at determining plasma proteome dynamics in different laboratory mouse 
strains including C57BL/6J (26) found complement C8 gamma and beta chain, Epidermal 
growth factor receptor and corticosteroid‑binding globulin among the plasma proteins that 
discriminated males from females, which is in line with our findings using mice of the same 
background. In a mouse study focusing on sex specific liver gene expression epidermal 
growth factor receptor and complement factor 8 were found to be different between males 
and females for liver transcript also in line with our findings in plasma (55). Future studies 
into the origin of the strong sex‑specific plasma protein signature are of interest. For the 
present study, sex is a major determinant of the plasma proteome and therefore males and 
females should essentially be considered as two different groups.

Slc44a2 deficient mice appear normal and so far impact on disease (hearing loss, VT) only 
became apparent upon challenges (13, 14). Hence, the very modest impact of Slc44a2 
deficiency on the plasma proteome supports the concept that SLC44A2 has a limited role 
in normal physiology, or one that can be compensated for. In the top 10 discriminating 
proteins for Slc44a2 two proteins were present in both females and males, i.e. Tsp‑1 and 
Glycam‑1. Tsp‑1 plasma abundance was lower in Slc44a2 deficient mice. Tsp‑1 is an adhesive 
glycoprotein that mediates cell‑to‑cell and cell‑to‑matrix interactions, first identified as a 
component of the secreted product of activated platelets (56). Tsp‑1 was previously linked 
to thrombosis, as its absence delays thrombus formation in mice (48, 49). Part of these 
Tsp‑1 effects require interaction with VWF. SLC44A2 also interacts with VWF (12) and we 
observed a modest decrease in VWF abundance in Slc44a2 deficient mice before (14). For 
future studies on the role of SLC44A2 in VT and its possible interaction with VWF it is 
recommended to investigate Tsp‑1. Glycam‑1 abundance was higher in Slc44a2 deficient 
mice. Glycam‑1 has not been linked to thrombosis before, it was however shown to be a 
ligand for L‑selectin, expressed on endothelial cells, and involved in neutrophil rolling in 
inflammation (50, 51). In general, selectins (including also P‑ and E‑selectins) are important 
in mediating interactions between leukocytes and the vessel wall and P‑ and E‑selectin are 
well‑known player in thrombosis. In future studies on SLC44A2, it is worthwhile to investigate 
possible roles of Glycam1 and L‑selectin. In summary no major effect of Slc44a2 deficiency 
in plasma was found. The minimal effect observed involves changes in Glycam‑1 and tsp‑1 
plasma levels, which suggest a mechanism related to cell‑cell interactions. Observations 
regarding the role of SLC44A2 in experimental VT in mice (unpublished work) showed that 
Slc44a2 deficiency does not influence VT driven by hypercoagulability (31, 32). Slc44a2 
deficient mice do however display reduced thrombus formation following flow restriction (57) 
where inflammatory cells from the blood, including neutrophils and platelets, are important 
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contributors (58, 59). Moreover, it was recently demonstrated that platelets primed by VWF 
display activated integrin αIIbβ3 (but not CD62P), which can then bind neutrophil SLC44A2 
and mediate NETosis under venous flow (60), suggesting that SLC44A2 is a mediator of 
cell‑cell interactions. Therefore, we suggest incorporating the cellular compartment of the 
blood in further investigation of the effect of SLC44A2 on VT. To elucidate the contribution 
of SLC44A2 on the different cell types, cell specific knockouts of Slc44a2 might be interesting 
to include.

A strength of MS‑based targeted proteomics assays is specificity. Each assay is designed to 
target a specific peptide with multi‑level of assurance. However, the measured endogenous 
peptide can also be originated from degradation products or inactive forms of the protein. 
It is possible to design an experiment with multiple peptides per proteins (28) to infer 
information on the level of protein (in)activity; however, this was not considered in the current 
study. Nonetheless, quantitative‑targeted proteomics allowed detecting subtle changes in 
abundance of plasma proteins in murine VT research for which currently no traditional 
(antibody‑based) assays are available. Besides unspecificity, the antibody assays that are 
available for mouse require substantial amounts of plasma making measurement of multiple 
protein levels from one sample not feasible. For example, when we examined available 
Tsp‑1 antibody assay, these required up to 200 µL plasma, which was unavailable from 
each mouse, compared with less than 10 µl for MS. The high multiplicity and precision allow 
determining the abundances of hundreds of proteins with standardized sample processing, 
producing a sharp snapshot of the targeted proteins in the samples. Using simple data 
analysis method like correlation, hierarchical clustering, and PCA allow generating clear 
signatures of conditions and protein signatures were generated for a VT model, sex and a 
Slc44a2 deficient mice.
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Figure S1. The top 10 biological pathways covered by the used protein assays.
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Figure S3. Fold changes in protein abundancy of (A) siAT/PC vs. siControl proteins with higher fold 

changes than log2 3 are displayed. (B) male vs. female proteins with higher fold changes than log2 2 

are displayed. (C) male Slc44a2‑/‑ (KO) vs. male Slc44a12+/+ (WT) proteins with higher fold changes 

than log2 1 are displayed. (D) female Slc44a2‑/‑ (KO) vs. female Slc44a2+/+ (WT) proteins with higher 

fold changes than log2 1 are displayed.

Table S1 Proteins and surrogate peptides used in our quantitative targeted proteomics method

Table is available in online supplement.



114

CHAPTER 4

Ta
bl

e 
S2

. W
ei

gh
t c

ha
ng

e 
of

 m
ic

e 
tr

ea
te

d 
w

ith
 s

iA
T/

PC
 a

nd
 s

iC
on

tr
ol

.

W
ei

gt
h 

(g
ra

m
) 

M
ou

se
 #

St
ra

in
 

Se
x

A
ge

 

(w
ee

ks
) 

Tr
ea

tm
en

t

at
 s

iR
N

A
 

in
je

ct
io

n 
 

24
 h

rs
 p

os
t 

in
je

ct
io

n 

32
 h

rs
 p

os
t 

in
je

ct
io

n 

A
t 

sa
cr

ifi
ce

 

D
el

ta
 (i

nj
ec

ti
on

 

to
 s

ac
ri

fi
ce

)

Cl
in

ic
al

 s
ig

ns
 (h

r.
 

po
st

 in
je

ct
io

n)
 

32
C5

7B
LA

CK
/6

J
Fe

m
al

e 
6

si
Co

nt
ro

l
21

,4
21

,3
21

,7
21

,1
‑0

,3
N

/A

33
C5

7B
LA

CK
/6

J
Fe

m
al

e 
6

si
Co

nt
ro

l
18

,7
19

,2
19

,7
19

,8
1,

1
N

/A

34
C5

7B
LA

CK
/6

J
Fe

m
al

e 
6

si
Co

nt
ro

l
20

,7
21

,1
21

,4
21

,9
1,

2
N

/A

35
C5

7B
LA

CK
/6

J
Fe

m
al

e 
6

si
Co

nt
ro

l
21

,9
22

,0
22

,0
22

,3
0,

4
N

/A

36
C5

7B
LA

CK
/6

J
Fe

m
al

e 
6

si
Co

nt
ro

l
21

,1
20

,9
21

,3
20

,7
‑0

,4
N

/A

37
C5

7B
LA

CK
/6

J
Fe

m
al

e 
6

si
Co

nt
ro

l
21

,6
20

,5
20

,8
21

,3
‑0

,3
N

/A

38
C5

7B
LA

CK
/6

J
Fe

m
al

e 
6

si
Co

nt
ro

l
20

,0
20

,0
20

,7
20

,6
0,

6
N

/A

39
C5

7B
LA

CK
/6

J
Fe

m
al

e 
6

si
AT

/P
C

18
,7

17
,9

17
,4

16
,1

‑2
,6

65

40
C5

7B
LA

CK
/6

J
Fe

m
al

e 
6

si
AT

/P
C

20
,7

20
,4

20
,8

18
,4

‑2
,3

65

41
C5

7B
LA

CK
/6

J
Fe

m
al

e 
6

si
AT

/P
C

19
,9

19
,9

18
,9

18
,2

‑1
,7

44

42
C5

7B
LA

CK
/6

J
Fe

m
al

e 
6

si
AT

/P
C

20
,9

20
,6

20
,1

17
,5

‑3
,4

65

43
C5

7B
LA

CK
/6

J
Fe

m
al

e 
6

si
AT

/P
C

19
,5

19
,5

19
,3

17
,2

‑2
,3

65

44
C5

7B
LA

CK
/6

J
Fe

m
al

e 
6

si
AT

/P
C

21
,1

20
,6

19
,3

18
,7

‑2
,4

44

45
C5

7B
LA

CK
/6

J
Fe

m
al

e 
6

si
AT

/P
C

20
,7

21
,1

21
,6

19
,3

‑1
,4

65

46
C5

7B
LA

CK
/6

J
Fe

m
al

e 
6

si
AT

/P
C

20
,0

20
,0

20
,4

18
,3

‑1
,7

66



115

SLC44A2 AND THE PLASMA PROTEOME 

4

Table S3. Weight of the Slc44a2 KO mice as well as wild type littermates at sacrifice.

Mouse # Age (weeks) Sex Genotype Body weigth at sacrifice (gram)

11 15 Female WT 24,8

21 15 Female WT 22,5

10 15 Female WT 21,2

27 15 Female WT 18,3

20 15 Female WT 23,3

13 15 Female WT 23,5

28 15 Female WT 20,1

29 15 Female WT 20,4

22 15 Female KO 21,3

31 15 Female KO 22,7

12 15 Female KO 21,9

18 15 Female KO 22,5

23 15 Female KO 22,2

26 15 Female KO 21,4

19 15 Female KO 21,9

30 15 Female KO 24,9

6 15 Male WT 28,3

17 15 Male WT 28,9

1 15 Male WT 27,2

15 15 Male WT 30,7

25 15 Male WT 28,4

4 15 Male WT 29,7

8 15 Male WT 31,7

5 15 Male WT 31,1

24 15 Male HET 27,0

14 15 Male KO 35,2

16 15 Male KO 31,2

3 15 Male KO 30,5

9 15 Male KO 24,7

2 15 Male KO 29,6

7 15 Male KO 27,7


