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Abstract

Background: The protein C pathway plays an important role in the maintenance of endothelial barrier function and in the
inflammatory and coagulant processes that are characteristic of patients on dialysis. We investigated whether common
single nucleotide variants (SNV) in genes encoding protein C pathway components were associated with all-cause 5 years
mortality risk in dialysis patients.

Methods: Single nucleotides variants in the factor V gene (F5 rs6025; factor V Leiden), the thrombomodulin gene (THBD
rs1042580), the protein C gene (PROC rs1799808 and 1799809) and the endothelial protein C receptor gene (PROCR
rs867186, rs2069951, and rs2069952) were genotyped in 1070 dialysis patients from the NEtherlands COoperative Study on
the Adequacy of Dialysis (NECOSAD) cohort) and in 1243 dialysis patients from the German 4D cohort.

Results: Factor V Leiden was associated with a 1.5-fold (95% CI 1.1–1.9) increased 5-year all-cause mortality risk and carriers
of the AG/GG genotypes of the PROC rs1799809 had a 1.2-fold (95% CI 1.0–1.4) increased 5-year all-cause mortality risk. The
other SNVs in THBD, PROC, and PROCR were not associated with 5-years mortality.

Conclusion: Our study suggests that factor V Leiden and PROC rs1799809 contributes to an increased mortality risk in
dialysis patients.
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Introduction

The protein C pathway plays an important role in endothelial

barrier function and in inflammatory and anticoagulant processes

[1]. Protein C activation occurs on the endothelial cell membrane

by thrombin bound to thrombomodulin and this is enhanced

when protein C is bound to the endothelial protein C receptor.

Activated protein C together with its cofactor protein S inactivates

the procoagulant factors Va and VIIIa. Activated protein C

resistance is often caused by a variant of factor V (factor V Leiden),

that abrogates one of the inactivation sites in factor Va [2]. Besides

anticoagulant properties, activated protein C has direct cytopro-

tective effects on endothelial cells that include anti-inflammatory

actions, anti-apoptotic activities, and stabilization of endothelial

barriers. These effects are largely mediated by activation of

protease activated receptors [3–7].

The crucial role of the protein C pathway in endothelial

function, coagulation, and inflammation became evident in several

studies [8–12]. The importance of the protein C system is most

clearly demonstrated by the massive thrombotic complications

occurring in infants with severe protein C deficiency due to genetic

abnormalities [8] and the increased risk of venous thrombosis in

adults with a genetic defect resulting in decreased protein C levels

[9]. In severe sepsis patients with a high mortality risk treatment

with activated protein C reduced mortality, probably through its

anti-inflammatory and anticoagulant activities [10]. In addition,

low plasma protein C levels have been shown to increase the risk

of ischemic stroke [11]. Finally, particular combinations of variants
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in the thrombomodulin, protein C, and factor V genes seem to

increase the risk of cardiovascular events in the general population

[12].

Patients on dialysis have a high mortality risk due to endothelial

damage and subsequent cardiovascular diseases [13]. Dialysis

patients also have a high risk of dying from dialysis treatment

failure [13], which is associated with thrombotic events (i.e.

vascular access thrombosis and catheter thrombosis) and infections

[13]. Genetic variation in the protein C pathway could influence

the mortality risk by changing processes related to endothelial

damage, by influencing inflammatory response, and by increasing

or decreasing the chance of thrombotic events associated with

treatment failure. We hypothesized that single nucleotide variants

encoding protein C pathway components or targets might

influence mortality rates in dialysis patients.

We selected seven single nucleotide variants (SNVs) that are

known to influence levels or activity of proteins in the protein C

pathway or have been associated with venous thrombosis, arterial

thrombosis or mortality in the general population: factor V (F5)

rs6025 (factor V Leiden) [2], thrombomodulin (THBD) rs1042580

[12,14], protein C (PROC) rs1799809 and rs1799808 [15], and

protein C receptor (PROCR) rs867186, rs2069952, and

rs2069952.16 We investigated the association between these SNVs

and all-cause and cause-specific (cardiovascular and non-cardio-

vascular) mortality in the NEtherlands COoperative Study on the

Adequacy of Dialysis (NECOSAD) cohort and the German

Diabetes Dialysis Study (4D-study).

Methods and Materials

Patients
The Netherlands Cooperative Study on the Adequacy of

Dialysis (NECOSAD) is a prospective multicenter cohort study

in which incident adult dialysis patients from 38 dialysis centers in

the Netherlands were included. The Medical Review Ethics

Committee of the Leiden University Medical Center approved the

study. All patients gave written informed consent. Eligibility

criteria included age older than 18 years, and no previous renal

replacement therapy (transplantation or dialysis). For the current

analyses, we used data from patients who were included between

June 1997 and June 2007 in 23 dialysis centers that approved

DNA analysis. Information was gathered from patients until date

of death or date of censoring, i.e. transfer to a nonparticipating

dialysis center, withdrawal from the study, transplantation, or end

of the follow-up period in June 2009, whichever occurred first.

Demographic and clinical data
Data on age, sex, primary kidney disease, and cardiovascular

disease were collected at the start of dialysis treatment. Pre-existing

cardiovascular disease was defined as a history of angina pectoris,

myocardial infarction, heart failure, ischemic stroke, or claudica-

tion at the time of inclusion.

Single nucleotide variants
Blood samples were collected for DNA analysis. We genotyped

one SNV in the factor V gene (F5 rs6025; factor V Leiden), one

SNV in the thrombomodulin gene (THBD rs1042580), two SNVs

in the protein C gene (PROC rs1799809 and rs1799808), and three

SNVs in the protein C receptor gene (PROCR rs867186,

rs2069951, and rs2069952) using TaqMan SNV Genotyping

Assays (Applied Biosystems, Foster City, CA, USA) as described

previously [14–17].

Mortality
We classified causes of death according to the codes of the

European Renal Association-European Dialysis and Transplanta-

tion Association (ERA-EDTA) which is a standardized classifica-

tion of death causes in dialysis patients [18]. We grouped death

causes into cardiovascular and non-cardiovascular mortality.

Cardiovascular mortality was defined as death due to myocardial

ischemia and infarction (code 11); cardiac arrest/sudden death

(code 15); cardiac failure/fluid overload/pulmonary edema (codes

14,16,18); hyperkalemia/hypokalemia (code 12,17); pulmonary

embolism (code 21); cerebrum-vascular accident (code 22);

hemorrhage from ruptured vascular aneurysm (code 26); mesen-

teric infarction (code 29); cause of death uncertain/unknown (code

0). All other deaths were designated as non-cardiovascular

mortality.

Replication
For independent replication of the results of the NECOSAD

study, we analyzed data from the German Diabetes Dialysis Study

(4D-study). Methods of the 4D-study have been described in detail

previously [19]. Briefly, the 4D-study was a double-blind,

randomized trial on the effect of atorvastatin in hemodialysis

patients with type 2 diabetes mellitus who had less than two years

of previous hemodialysis treatment. The primary endpoint of was

a composite of cardiac death, non-fatal myocardial infarction and

stroke, whichever occurred first. Patients were randomly assigned

to either 20 mg of atorvastatin or placebo once daily until the date

of death, censoring, or the end of study in March 2004.

Atorvastatin showed no effect on the composite primary end

point [19]. The genotyping of the SNV in the factor V gene (F5

rs6025; factor V Leiden), the SNV in the thrombomodulin gene

(THBD rs1042580), the two SNVs in the protein C gene (PROC

rs1799809 and rs1799808), and the three SNVs in the protein C

receptor gene (PROCR rs867186, rs2069951, and rs2069952) were

the same as described above for the NECOSAD cohort. The SNV

in the factor V gene (F5 rs6025; factor V Leiden), the SNV in the

thrombomodulin gene (THBD rs1042580), and the SNV in the

protein C receptor gene (PROCR rs867186) were genotyped earlier

than the other SNVs, therefore the numbers vary for these SNVs

as compared with the other SNVs. Mortality was also categorized

into cardiovascular and non-cardiovascular deaths.

Statistical analysis
The baseline characteristics are presented as median and 5th–

95th percentiles for continuous variables, and as percentages for

categorical variables. Distributions of genotypes were compared by

the chi-square test to test for Hardy-Weinberg equilibrium. We

calculated pooled hazard ratios (HRs) with 95% confidence

intervals (95% CIs) for all-cause, cardiovascular, and non-

cardiovascular mortality by Cox’s regression analysis to study

the effect of the seven SNVs on 5-year mortality from start of

dialysis in the NECOSAD and 4D-study together. Moreover, we

investigated the effect on mortality of combinations of THBD

rs1042580 and single nucleotide variants that increased the

mortality risk of dialysis patients in our study, since a previous

study found associations between the combination of single

nucleotide variants in the protein C pathway and THBD

rs1042580 in the risk of cardiovascular diseases [12]. Furthermore,

we calculated HRs with 95% CIs separately for the NECOSAD

cohort and 4D-study. In addition, we repeated the analyses in the

NECOSAD cohort for only hemodialysis patients with diabetes

mellitus, since the 4D-study consists of only hemodialysis patients

with diabetes mellitus. HRs were calculated for homozygous or

heterozygous carriers of the rare alleles (except for rs2069952 for
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which the risk allele was the common major allele) of the SNVs

compared to non-carriers. We reported unadjusted HRs, since

adjustment in genetic association studies could potentially

introduce interference in the causal pathway and thereby bias

through overadjustment [20]. We used SPSS statistical software

(version 17.0; SPSS, Chicago) for all statistical analyses.

Results

A total of 1070 patients from the NECOSAD cohort and 1243

patients from the 4D cohort were genotyped for the seven SNVs.

Baseline characteristics of the 1070 patients from the NECOSAD

cohort and 1243 patients from the 4D cohort are shown in Table 1.

In contrast to the NECOSAD cohort, the 4D cohort consisted

only of hemodialysis patients with diabetes mellitus. In the

NECOSAD cohort, 140 hemodialysis patients (20.7%) had

diabetes mellitus.

Table 2 shows the genotype and allele frequencies for the seven

SNVs. All SNVs in the NECOSAD cohort were in Hardy-

Weinberg equilibrium, except PROC rs1799809 (p-value 0.002). In

the 4D cohort, F5 rs6025 (factor V Leiden) (p-value,0.001),

PROC rs1799808 (p-value ,0.036), and PROCR rs2069952 (p-

value 0.001) were not in Hardy-Weinberg equilibrium (Table 2).

Of the 1070 patients from the NECOSAD cohort, 401 died

within 5 years of follow-up; 185 patients due to cardiovascular

causes and 216 due to non-cardiovascular causes. In the 4D

cohort, 594 patients died within 5 years of follow-up (297 patients

due to cardiovascular causes and 297 due to non-cardiovascular

causes).

Factor V (Leiden) rs6025
Factor V Leiden was associated with a 1.5-fold (95% CI 1.1–

1.9) increased year all-cause mortality risk in the pooled results.

The hazard ratios were 1.4 (95% CI 0.9–2.1) in the total

NECOSAD cohort and 1.6 (95% CI 1.1–2.2) in the 4D-study

(Table 3). Restricting the analyses to diabetic patients with

hemodialysis in the NECOSAD study (similar to the 4D study

which only includes diabetic hemodialysis patients), factor V

Leiden was associated with a 2.1-fold (95% CI 1.0–4.5) increased

5-year all-cause mortality risk (Table 3).

As compared with THBD rs1042580 AA genotype in the

absence of factor V Leiden, the combination of factor V Leiden

and THBD rs1042580 AA genotype resulted in a 1.5-fold (95% CI

0.9–2.4) increased mortality risk, the combination of THBD

rs1042580 AA genotype in the absence of factor V Leiden resulted

in a 1.0-fold (95% CI 0.9–1.1) increased mortality risk, and the

combination of factor V Leiden and THBD rs1042580 AG/GG

genotypes resulted in a 1.4-fold (95% CI 1.0–2.0) mortality risk.

Thrombomodulin, protein C and protein C receptor
variants

As compared to the AA genotype in PROC rs1799809, carriers

of the AG/GG genotypes had a 1.2-fold (95% CI 1.0–1.4)

increased 5-year all-cause mortality risk (Table 3). As compared

with PROC rs1799809 AA genotype and THBD rs1042580 AA

genotype, the combination of PROC rs1799809 AG/GG geno-

types and THBD rs1042580 AA genotype resulted in a 1.1-fold

(95% CI 0.9–1.4) increased mortally risk, the combination of

PROC rs1799809 AA genotype and THBD rs1042580 AG/GG

genotypes resulted in a 0.9-fold (95% CI 0.7–1.2) increased

mortally risk, and the combination of PROC rs1799809 AG/GG

genotype and THBD rs1042580 AG/GG genotype resulted in a

1.2-fold (95% CI 0.9–1.5) increased mortally risk.

PROC rs1799809, THBD rs1042580, PROC rs1799808, PROCR

rs867186, PROCR rs2069951, and PROCR rs2069952 were not

associated with all-cause mortality in the NECOSAD and the 4D

cohorts (Table 3).

Discussion

This candidate-gene study assessed the 5-years mortality risk

while on dialysis treatment for seven genetic variants that influence

levels or activity of proteins in the protein C pathway: one SNV in

the factor V gene (factor V Leiden), two SNVs in the protein C

gene (PROC), one SNV in the thrombomodulin gene (THBD) and

three SNVs (tagging three haplotypes) in the protein C receptor

gene (PROCR). We found that factor V Leiden was associated with

a 1.5-fold (95% CI 1.1–1.9) increased 5-year all-cause mortality

risk and that PROC rs1799809 was associated with a 1.2-fold (95%

CI 1.0–1.4) increased 5-year all-cause mortality risk. Furthermore,

we showed that THBD rs1042580, PROC rs1799808, PROCR

rs867186, PROCR rs2069951, and PROCR rs2069952 were not

associated with an increased mortality risk.

Studies in the general population have shown an association

between factor V Leiden and an increased risk of different adverse

outcomes, including venous thrombosis [17], ischemic stroke [21],

and myocardial infarction [22]. We showed in the current study

that factor V Leiden was associated with increased all-cause

mortality in dialysis patients. Other studies did not find an

increased all-cause mortality risk for factor V Leiden in the general

population and in thrombophilic families [23,24]. However, it

could be the interaction between dialysis and factor V Leiden that

Table 1. Baseline characteristics.

NECOSAD N = 1070 4D-study N = 1243

Age (years), median (5th-95th percentile) 62.2 (33.0–80.2) 66.0 (51.0–78.0)

Males, % 62.9 54.1

Body mass index (kg/m2), median (5th–95th percentile) 24.3 (19.2–33.2) 26.7 (20.7–36.3)

Dialysis duration (months), median (5th–95th percentile) 0 6.0 (1.1–22.5)

Dialysis modality,%

Hemodialysis 63.4 100

Peritoneal dialysis 36.6 0

History of diabetes mellitus, % 20.7 100

Cardiovascular disease,% 35.2 29.5

doi:10.1371/journal.pone.0097251.t001
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could lead to an increased mortality, which is not present in the

general population. Previous studies on factor V in the dialysis

population have been focused on arteriovenous access failure. A

recent study showed that a factor V gene SNV (rs6019) was

associated with arteriovenous graft failure in dialysis patients

suggesting an association between factor V SNVs and adverse

outcomes in dialysis patients [25], which is in line with our study.

Factor V Leiden represents a single nucleotide variant in the

Factor V gene, encoding a change in the protein from an arginine

at position 506 to a glutamine. Since this amino acid is normally

the cleavage site for activated protein C, the mutation prevents

efficient inactivation of factor V. When factor V remains active, it

facilitates overproduction of thrombin leading to a procoagulant

state. Several mechanisms might provide plausible explanations

for the higher mortality risk in dialysis patients associated with

factor V Leiden. First, factor V Leiden in combination with pre-

existing and highly prevalent endothelial damage could lead to

excess mortality from cardiovascular events. Second, factor V

Leiden has been associated with venous thrombosis [14,16,17,26].

The excess mortality could have been caused by fatal pulmonary

embolisms due to the procoagulant changes due to factor V

Leiden in combination with the start of dialysis which is also

associated with an increased risk of venous thrombosis [27,28].

Arguing against this explanation is that in our study confirmed

pulmonary embolism was the cause of death in only three patients,

but pulmonary embolisms as cause of death might have gone

undetected or misclassified as for example sudden cardiac death.

Third, one of the main complications in dialysis therapy is clot

formation and thrombosis in vascular accesses [29]. Factor V

Leiden is associated with procoagulant changes and could

therefore lead to treatment failure in dialysis patients. Previous

studies have reported an increased risk of arteriovenous access

failure in patients with factor V SNVs [30,31].

THBD rs1042580 AG/GG genotypes have been associated with

venous thrombosis in the general population [14]. In addition, the

combination of THBD rs1042580 with different Factor V SNVs

was associated with an increased risk of cardiovascular events [12].

Other THBD SNVs have also been associated with cardiovascular

outcomes when combined with PROC SNVs or factor V Leiden in

the general population [12]. However, we did not find an

association between THBD rs1042580 AG/GG genotypes and

mortality in dialysis patients. Furthermore, we did not find an

important interaction between THBD rs1042580 and factor V

Leiden and between THBD rs1042580 and PROC rs1799809.

In contrast to previous studies in sepsis patients, we found no

association between the PROC rs1799808 and mortality. However,

we found that PROC rs1799809 was associated with a small

increased (hazard ratio 1.2, 95% CI 1.0–1.4) mortality risk.

Haplotypes tagged by these SNVs have been associated with

decreased survival and increased organ dysfunction in severe sepsis

patients [32,33]. An earlier study found that PROC rs1799808 was

less important in the determination of protein C levels, indicating

that the effect on protein C levels was mainly mediated by the

PROC rs1799809 [15]. Studies in the general population on

PROCR rs867186, PROCR rs2069951, and PROCR rs2069952

have been inconsistent in the risk of venous thrombosis [15,16,26]

and arterial thrombosis [34,35]. We did not find an association

between these SNVs and mortality.

The genotype distribution of PROC rs1799809 deviated from

Hardy-Weinberg equilibrium in the NECOSAD study and the

genotype distribution of F5 rs6025 (factor V Leiden), PROC

rs1799808, and PROCR rs2069952 were not in Hardy-Weinberg

equilibrium in the 4D cohort. It is likely that in diseased

populations, such as dialysis patients, selection could have resulted

in deviations from Hardy-Weinberg equilibrium.

A potential limitation of our study is that we replicated our

results in a dialysis population consisting of hemodialysis patients

with diabetes mellitus. For most of the SNVs this was not a

problem, since there were no large differences when we restricted

the NECOSAD cohort to hemodialysis patients with diabetes

mellitus. However, in the 4D-study, we could not investigate the

association between mortality and the protein C SNVs in

peritoneal dialysis patients and in patients without diabetes

mellitus. Furthermore, although we included more than 2000

dialysis patients, our study could be underpowered to detect small

differences. In addition, we did not correct for multiple testing,

since in this candidate gene study the single nucleotide were

chosen based on a priori hypotheses.

In conclusion, our study suggests that factor V Leiden and

PROC rs1799809 contributes to an increased mortality risk in

dialysis patients. This study is the first to investigate the association

between protein C pathway SNVs and mortality in large cohorts

of dialysis patients.

Acknowledgments

NECOSAD

We thank the patients, investigators and study nurses of the participating

dialysis centers and the data managers of the Netherlands Cooperative

Study on the Adequacy of Dialysis (NECOSAD) for collection and

management of data. NECOSAD was supported in part by unrestricted

grants from the Dutch Kidney Foundation. The funding source was

involved in neither the collection, interpretation, and analysis of the data

nor the decision for the writing and submission of this report for

publication. This study was supported by the applied GENomic stratEgies

for Treatment and Prevention of Cardiovascular death in Uraemia and

End stage REnal disease (GENECURE) project (?www.genecure.eu), a

Specific Targeted Research or Innovation Project, funded by the European

Commission under the Sixth Framework Programme as FP6-037696.

4D-study

We express our gratitude to all patients who participated in the 4D-

study. We thank all investigators and study nurses who took part and

contributed to data collection in the 4D-study. (?www.uni-wuerzburg.de/

nephrologie)

Author Contributions

Conceived and designed the experiments: GO CD CYV FRR MMH

RTK EWB FWD CW MV. Performed the experiments: GO CD CYV

HLV PHR MMH WM. Analyzed the data: GO CD CYV MV.

Contributed reagents/materials/analysis tools: GO CD CYV HLV FRR

PHR MMH WM WHO RTK EWB FWD CW MV. Wrote the paper:

GO CD CYV HLV FRR PHR MMH WM WHO RTK EWB FWD CW

MV.

References

1. Mosnier LO, Zlokovic BV, Griffin JH (2007) The cytoprotective protein C

pathway. Blood 109: 3161–3172.

2. Bertina RM, Koeleman BP, Koster T, Rosendaal FR, Dirven RJ, et al. (1994)

Mutation in blood coagulation factor V associated with resistance to activated

protein C. Nature 369: 64–67.

3. Joyce DE, Gelbert L, Ciaccia A, DeHoff B, Grinnell BW (2001) Gene expression

profile of antithrombotic protein c defines new mechanisms modulating

inflammation and apoptosis. J Biol Chem 276: 11199–11203.

4. Cheng T, Liu D, Griffin JH, Fernandez JA, Castellino F, et al. (2003) Activated

protein C blocks p53-mediated apoptosis in ischemic human brain endothelium

and is neuroprotective. Nat Med 9: 338–342.

Protein C Pathway and Mortality in Dialysis Patients

PLOS ONE | www.plosone.org 6 May 2014 | Volume 9 | Issue 5 | e97251



5. Domotor E, Benzakour O, Griffin JH, Yule D, Fukudome K, et al. (2003)

Activated protein C alters cytosolic calcium flux in human brain endothelium via
binding to endothelial protein C receptor and activation of protease activated

receptor-1. Blood 101: 4797–4801.

6. Mosnier LO, Griffin JH (2003) Inhibition of staurosporine-induced apoptosis of
endothelial cells by activated protein C requires protease-activated receptor-1

and endothelial cell protein C receptor. Biochem J 373: 65–70.
7. Riewald M, Petrovan RJ, Donner A, Mueller BM, Ruf W (2002) Activation of

endothelial cell protease activated receptor 1 by the protein C pathway. Science

296: 1880–1882.
8. Branson HE, Katz J, Marble R, Griffin JH (1983) Inherited protein C deficiency

and coumarin-responsive chronic relapsing purpura fulminans in a newborn
infant. Lancet 2: 1165–1168.

9. Allaart CF, Poort SR, Rosendaal FR, Reitsma PH, Bertina RM, et al. (1993)
Increased risk of venous thrombosis in carriers of hereditary protein C deficiency

defect. Lancet 341: 134–138.

10. Bernard GR, Vincent JL, Laterre PF, LaRosa SP, Dhainaut JF, et al. (2001)
Efficacy and safety of recombinant human activated protein C for severe sepsis.

N Engl J Med 344: 699–709.
11. Folsom AR, Rosamond WD, Shahar E, Cooper LS, Aleksic N, et al. (1999)

Prospective study of markers of hemostatic function with risk of ischemic stroke.

The Atherosclerosis Risk in Communities (ARIC) Study Investigators.
Circulation 100: 736–742.

12. Auro K, Alanne M, Kristiansson K, Silander K, Kuulasmaa K, et al. (2007)
Combined effects of thrombosis pathway gene variants predict cardiovascular

events. PLoS Genet 3: e120.
13. de Jager DJ, Grootendorst DC, Jager KJ, van Dijk PC, Tomas LM, et al. (2009)

Cardiovascular and noncardiovascular mortality among patients starting

dialysis. JAMA 302: 1782–1789.
14. Smith NL, Hindorff LA, Heckbert SR, Lemaitre RN, Marciante KD, et al.

(2007) Association of genetic variations with nonfatal venous thrombosis in
postmenopausal women. JAMA 297: 489–498.

15. Pomp ER, Doggen CJ, Vos HL, Reitsma PH, Rosendaal FR (2009)

Polymorphisms in the protein C gene as risk factor for venous thrombosis.
Thromb Haemost 101: 62–67.

16. Uitte de Willige S, Van Marion V, Rosendaal FR, Vos HL, de Visser MC, et al.
(2004) Haplotypes of the EPCR gene, plasma sEPCR levels and the risk of deep

venous thrombosis. J Thromb Haemost 2: 1305–1310.
17. Bezemer ID, Bare LA, Doggen CJ, Arellano AR, Tong C, et al. (2008) Gene

variants associated with deep vein thrombosis. JAMA 299: 1306–1314.

18. van Dijk PC, Jager KJ, de Charro F, Collart F, Cornet R, et al. (2001) Renal
replacement therapy in Europe: the results of a collaborative effort by the ERA-

EDTA registry and six national or regional registries. Nephrol Dial Transplant
16: 1120–1129.

19. Wanner C, Krane V, Marz W, Olschewski M, Mann JF, et al. (2005)

Atorvastatin in patients with type 2 diabetes mellitus undergoing hemodialysis.
N Engl J Med 353: 238–248.

20. Verduijn M, Jager KJ, Zoccali C, Dekker FW (2011) Genetic association studies:

discovery of the genetic basis of renal disease. Nephron Clin Pract 119: c236–

c239.

21. Kenet G, Sadetzki S, Murad H, Martinowitz U, Rosenberg N, et al. (2000)

Factor V Leiden and antiphospholipid antibodies are significant risk factors for

ischemic stroke in children. Stroke 31: 1283–1288.

22. Ye Z, Liu EH, Higgins JP, Keavney BD, Lowe GD, et al. (2006) Seven

haemostatic gene polymorphisms in coronary disease: meta-analysis of 66,155

cases and 91,307 controls. Lancet 367: 651–658.

23. Heijmans BT, Westendorp RG, Knook DL, Kluft C, Slagboom PE (1998) The

risk of mortality and the factor V Leiden mutation in a population-based cohort.

Thromb Haemost 80: 607–609.

24. Pabinger I, Vossen CY, Lang J, Conard J, Garcia-Dabrio MC, et al. (2012)

Mortality and inherited thrombophilia: results from the European Prospective

Cohort on Thrombophilia. J Thromb Haemost 10: 217–222.

25. Allon M, Zhang L, Maya ID, Bray MS, Fernandez JR (2012) Association of

factor v gene polymorphism with arteriovenous graft failure. Am J Kidney Dis

59: 682–688.

26. Saposnik B, Reny JL, Gaussem P, Emmerich J, Aiach M, et al. (2004) A

haplotype of the EPCR gene is associated with increased plasma levels of sEPCR

and is a candidate risk factor for thrombosis. Blood 103: 1311–1318.

27. Tveit DP, Hypolite IO, Hshieh P, Cruess D, Agodoa LY, et al. (2002) Chronic

dialysis patients have high risk for pulmonary embolism. Am J Kidney Dis 39:

1011–1017.

28. Casserly LF, Reddy SM, Dember LM (2000) Venous thromboembolism in end-

stage renal disease. Am J Kidney Dis 36: 405–411.

29. Feldman HI, Kobrin S, Wasserstein A (1996) Hemodialysis vascular access

morbidity. J Am Soc Nephrol 7: 523–535.

30. Girndt M, Heine GH, Ulrich C, Kohler H (2007) Gene polymorphism

association studies in dialysis: vascular access. Semin Dial 20: 63–67.

31. Knoll GA, Wells PS, Young D, Perkins SL, Pilkey RM, et al. (2005)

Thrombophilia and the risk for hemodialysis vascular access thrombosis. J Am

Soc Nephrol 16: 1108–1114.

32. Walley KR, Russell JA (2007) Protein C -1641 AA is associated with decreased

survival and more organ dysfunction in severe sepsis. Crit Care Med 35: 12–17.

33. Chen QX, Wu SJ, Wang HH, Lv C, Cheng BL, et al. (2008) Protein C -

1641A/-1654C haplotype is associated with organ dysfunction and the fatal

outcome of severe sepsis in Chinese Han population. Hum Genet 123: 281–287.

34. Ireland H, Konstantoulas CJ, Cooper JA, Hawe E, Humphries SE, et al. (2005)

EPCR Ser219Gly: elevated sEPCR, prothrombin F1+2, risk for coronary heart

disease, and increased sEPCR shedding in vitro. Atherosclerosis 183: 283–292.

35. Reiner AP, Carty CL, Jenny NS, Nievergelt C, Cushman M, et al. (2008)

PROC, PROCR and PROS1 polymorphisms, plasma anticoagulant pheno-

types, and risk of cardiovascular disease and mortality in older adults: the

Cardiovascular Health Study. J Thromb Haemost 6: 1625–1632.

Protein C Pathway and Mortality in Dialysis Patients

PLOS ONE | www.plosone.org 7 May 2014 | Volume 9 | Issue 5 | e97251


