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Abstract 

 

ADAMTS13 mRNA, encoding the von Willebrand factor-cleaving protease, has been detected 

in a variety of tissues including the kidney. The present study aimed to characterize tubular 

expression and bioactivity of ADAMTS13. ADAMTS13 mRNA was detected in cultured 

primary human renal tubular epithelial cells (HRTEC) and in A498 cells, a human renal 

carcinoma cell line, by real-time PCR. Protein was detected using immunofluorescence and 

immunoblotting. Immunoblots demonstrated that the protein was secreted. The protease was 

proteolytically active in both cell lysates and cleaved the FRETS-VWF73 substrate. 

ADAMTS13 was demonstrated in situ in the renal cortex by immunohistochemistry. Protease 

was detected in both the proximal and distal renal tubules in normal renal tissue (n=3) as well 

as in patients with tubular disorders (n=3). Using immunoblotting ADAMTS13 was 

demonstrated in urine from patients with tubulopathy (n=5) but not in normal urine. 

ADAMTS13 in urine had a molecular size similar to that in plasma, which would indicate that 

the protease originates in the tubuli because such large proteins do not normally pass the 

glomerular filter. In conclusion, human renal tubular epithelial cells synthesize biologically 

active ADAMTS13 which may, after release from tubuli, regulate hemostasis in the local 

microenvironment. 

 

Key words: ADAMTS13, kidney, pediatrics, tubular epithelial cells, urine 
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Introduction 

 

ADAMTS13 (a disintegrin-like and metalloprotease with thrombospondin type-1 motifs) is 

the physiological von Willebrand factor (VWF) cleaving protease [1, 2].  Severe ADAMTS13 

deficiency (<5% of normal plasma activity) is associated with thrombotic thrombocytopenic 

purpura (TTP) [3]  and may occur due to mutations in the ADAMTS13 gene (congenital TTP) 

[4, 5] or due to auto-antibodies against the protease (acquired TTP) [6].  

 

TTP is a thrombotic microangiopathy characterized by the occurrence of disseminated VWF 

and platelet-rich thrombi in the microcirculation of multiple organs, including the kidneys [7, 

8]. The function of VWF is to induce formation of platelet thrombi at sites of vascular injury 

and high-shear stress and it is dependent on the size of the VWF multimers, i.e. the larger the 

VWF multimer the more biologically active it is in inducing platelet aggregation. 

ADAMTS13 regulates the size and thereby the activity of VWF multimers by rapid cleavage 

upon their release from endothelial cells [9]. Deficient VWF cleavage, as occurs in TTP, 

allows ultra-large VWF (ULVWF) to accumulate in the circulation and contribute to 

thrombus formation [10]. 

 

ADAMTS13 normally circulates in plasma and has a mass of approximately 150 kD under 

non-reducing conditions and 190 kD under reducing conditions [1, 11]. ADAMTS13 antigen 

is present in the plasma of patients with acquired TTP, where it appears to be in complex with 

auto-antibodies [12], and is absent in congenital TTP [11, 13]. The cellular origin of 

ADAMTS13 in plasma has not been completely elucidated but the protease has been shown 

to be synthesized in liver stellate cells and in endothelial cells [14, 15]. ADAMTS13 mRNA 

has been detected in a variety of tissues including the kidneys [4, 16, 17]. The kidneys are one 
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of the organs mainly affected in TTP and localization of renal ADAMTS13 expression may 

therefore be relevant for understanding the pathophysiology. We have previously shown 

ADAMTS13 expression in the renal cortex in podocytes, glomerular endothelium, basement 

membrane and tubuli [16].  

 

The ADAMTS13 protease has been well characterized and consists of a signal peptide, a 

short propeptide, the metalloprotease domain, a disintegrin-like domain, a thrombospondin-1 

repeat, a Cys-rich domain, a spacer domain, seven additional thrombospondin-1 (TSP-1) 

repeats and two CUB domains [2]. In the present study we characterized ADAMTS13 

expression in cultured renal tubular epithelial cells by real-time PCR, immunoblotting and 

immunofluorescence using monoclonal and polyclonal antibodies directed to distinct domains 

in the protease. Bioactivity was demonstrated using the FRETS-VWF73 assay. In situ tubular 

cell expression was studied by immunohistochemistry and the pattern of expression in tubular 

damage as well as secretion into the tubular lumen, and ultimately into urine, was 

investigated.  
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Methods and subjects 

 

Cell culture  

In order to investigate ADAMTS13 expression cells of proximal tubular origin were cultured. 

HRTEC (human renal tubular epithelial cells) are primary human renal cortical cells 

previously isolated in our laboratory and characterized as tubular epithelial cells [18]. The 

A498 cell line originates from human renal epithelial carcinoma of tubular origin [19]. 

HRTEC and A498 cells were cultured as previously described [18, 20]. HRTEC were grown 

in Advanced D-MEM F-12 medium (Invitrogen GmbH, Karlsruhe, Germany) supplemented 

with 20 U/ml heparin (Leo Pharma, Malmö, Sweden), 2 mM glutamine, 100 U/mL penicillin, 

100 μg/mL streptomycin and 15% fetal bovine serum (all from Invitrogen GmbH). A498 cells 

were cultured in RPMI-1640 medium (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) 

supplemented with 1 mM non-essential amino acids (PAA Laboratories GmbH, Cölbe, 

Germany), 1 mM sodium pyruvate (PAA Laboratories GmbH), 100 U/mL penicillin, 100 

μg/mL streptomycin and 10% fetal bovine serum (all from Invitrogen GmbH). Cells were 

grown in culture flasks (Göteborgs Termometerfabrik, Västra Frölunda, Sweden) to collect 

cell lysate, medium and RNA, or on chamber slides (Nunc, Roskilde, Denmark) for 

immunofluorescence staining. HRTEC were used at passage 3-4.  

 

For experiments cells at approximately 95% confluence were washed and incubated with 

serum-free medium (as above for each cell type but without serum). After 24 hours media 

were collected and supplemented with Complete EDTA-free protease inhibitors (Complete 

Mini, EDTA-free; Roche Diagnostics GmbH, Mannheim, Germany). Media were centrifuged 

to remove cell debris and concentrated 20 to 30-fold using Centricon concentrators (Millipore 

Corp., Bedford, MA). Cells were washed and trypsinized. Detached cells were washed and 
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lyzed in lysis buffer: 0.01 M Tris 0.15 M NaCl pH 7.4 supplemented with protease inhibitors. 

Approximately 0.7-1 x 10
6
 cells/100 µl buffer were lyzed by repeated freezing and thawing 

(in liquid nitrogen and 37ºC water bath, respectively) followed by sonication in an ultrasonic 

bath (Grants Instruments (Cambridge) Ltd., Royston, England). Cell debris was removed by 

centrifugation. Total RNA was isolated as previously described [16]. For 

immunofluorescence experiments cells grown on chamber slides were washed, fixed with 2% 

paraformaldehyde (Sigma Aldrich Chemie GmbH), 4% sucrose (Acros, Geel, Belgium) in 

PBS  and permeabilized with 0.3% Triton X-100 (ICN Biomedical Inc., Aurora, OH) in PBS 

as previously described [21].  

 

Real-time PCR 

RNA was reverse transcribed and ADAMTS13 gene transcripts were detected by real-time 

PCR (ABI Prism 7000, Applied Biosystems, Foster City, CA) with a probe against exons 28-

29 (translating into part of the second CUB domain; Applied Biosystems, assay ID 

Hs00260148_m1) [16]. We have previously shown that kidney contains ADAMTS13 mRNA 

[16] and normal kidney RNA pooled from 14 individuals (BD Biosciences Clontech, Palo 

Alto, CA) was therefore used as the positive control. In addition, normal liver RNA (BD 

Biosciences) was used as a positive control. No template control was used as the negative 

control. 18S ribosomal RNA transcript (Applied Biosystems, assay ID Hs99999901_s1) was 

used as the reference gene to standardize the data. 
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Anti-ADAMTS13 antibodies 

Two polyclonal rabbit anti-human ADAMTS13 antibodies generated in our laboratory were 

used. SU19 against the second CUB domain was previously described [11] and SNO357 

directed against the metalloprotease and disintegrin-like domains, specifically at amino acids 

281-296 of the protease. The peptides against which these antibodies were raised were 

synthesized by Eurogentec, Seraing, Belgium. In addition, one mouse monoclonal antibody, 

A10 (a gift from Y. Fujimura, Department of Blood Transfusion Medicine, Nara Medical 

University, Nara and H. Hiura, Japan Clinical Laboratories, Kyoto, Japan) directed against the 

disintegrin domain [14] was used. The SU19 polyclonal antibody recognizes ADAMTS13 

under reducing and non-reducing conditions [11] whereas the SNO357 antibody recognizes 

ADAMTS13 only under reducing conditions and the A10 antibody recognizes only the non-

reduced form [11].  

 

Immunofluorescence 

ADAMTS13 was detected using the A10 monoclonal antibody at 5 µg/ml or SU19 polyclonal 

anti-ADAMTS13 F(ab’)2 at 15 µg/ml as previously described [16]. Signal was detected using 

goat-anti-mouse IgG F(ab')2 FITC 1:20 (DakoCytomation, Carpinteria, CA) or goat-anti-

rabbit (H+L) F(ab')2 Alexa Fluor 488 1:150 (Molecular Probes, Invitrogen GmbH, Karlsruhe, 

Germany). Normal mouse IgG2b-κ was used as the isotype control antibody for A10. 

Specificity of the polyclonal antibody was tested by preincubation with a 50-fold molar 

surplus of blocking peptide [16]. Specificity of the secondary antibodies was tested by 

omitting the primary antibody.  
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Immunoblotting for detection of ADAMTS13 

HRTEC and A498 cell lysates and media (1:2) were subject to SDS-PAGE and 

immunoblotting under reducing conditions as previously described [11]. ADAMTS13 was 

detected with the SNO357 antibody at 3.6 µg/ml. Purified recombinant ADAMTS13 1:2 was 

used as the positive control. For this purpose HEK293 cells transfected with the pIRESneo2 

VCP HIS-vector containing the human ADAMTS13 gene (a kind gift from Professor Reinhard 

Schneppenheim, University Medical Center Hamburg-Eppendorf, Department of Pediatric 

Hematology and Oncology, Hamburg, Germany) were cultured. The His-tagged protease was 

purified from HEK293 cell medium on Ni Sepharose His SpinTrap columns (GE Healthcare, 

Buckinghamshire, UK). Specificity of the antibody was tested by preincubation with 50x 

molar surplus of blocking peptide prior to the immunoblotting procedure as previously 

described [11]. 

 

Urine samples were subject to SDS-PAGE and immunoblotting conditions as previously 

described [11]. Samples were concentrated 20-fold with Centricon concentrators (Millipore). 

Immunoblotting with samples diluted 1:2 under non-reducing conditions was carried out 

using the A10 (0.55 µg/ml) monoclonal antibody. Normal plasma was used as the positive 

control. 

 

VWF-cleaving activity 

ADAMTS13 VWF-cleaving activity in HRTEC and A498 cell lysates was assayed using the 

FRETS-VWF73 substrate as previously described [22]. Briefly, 10 µl of sample was added to 

each well, followed by addition of 100 µl each of assay buffer (5 mmol/l Bis–Tris, 25 mmol/l 

CaCl2, 0.005% Tween-20, pH 6.0) and substrate solution (2 µM final concentration of 

FRETS-VWF73) [22]. A dilution series of normal pooled plasma was used for assay 
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calibration. Lysis buffer was used as the negative control. In order to test specificity cell 

lysates were preincubated with the A10 monoclonal antibody at 50 µg/ml final concentration, 

which has previously been shown to block ADAMTS13 activity [14].  

 

Immunohistochemistry 

Renal tissue was formaldehyde-fixed, paraffin-embedded, sectioned (3,5 µm on glass slides) 

and prepared as previously described [23]. ADAMTS13 expression in renal tissue was 

detected by immunohistochemistry with the A10 monoclonal antibody at 3 µg/ml as 

previously described [16]. Signal was detected using EnVision+ System anti-mouse HRP 

(DakoCytomation). Normal mouse IgG2b-κ was used as the isotype control and specificity of 

the secondary antibody was tested by omission of the primary antibody. Positive signal 

stained brown. 

 

Urine samples and renal tissue from patients and controls  

Patients 

Urine samples were available from 5 patients and renal biopsies from 3 patients with tubular 

disorders. All patients were treated at the Division of Pediatric Nephrology of the Department 

of Pediatrics, Lund University Hospital. The patients are described in Table 1. Sufficient renal 

tissue for immunohistochemical analysis was available from patients 4, 5 and 6.  

 

Controls 

Positive controls for the presence of ADAMTS13 in urine: 

Urine from a 16-year old female patient with nephrotic syndrome was available. The patient 

had nephrotic syndrome (with nephrotic-range proteinuria at sampling) due to focal segmental 

glomerulosclerosis, as diagnosed by renal biopsy in which no tubular damage was detected.  
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Urine from a 3-year old girl with acute post-infectious glomerulonephritis was also available. 

The diagnosis was based on the simultaneous presence of macroscopic hematuria, 

hypertension and low complement C3. At debut the patient had non-nephrotic range 

albuminuria as detected by albumin/creatinine index of 116 (reference value < 3.8 g/mol). No 

evidence of streptococcal infection was found but the patient made a full recovery including 

normalization of complement levels. 

 

Pediatric controls for ADAMTS13 in urine: 

Urine samples were available from four pediatric controls treated at the outpatient clinic of 

the Division of Pediatric Nephrology, Department of Pediatrics, Lund University Hospital. 

These patients, all boys aged 3, 6, 8 and 16 years, were followed for reflux nephropathy (2 

patients), posterior urethral valve and hypertension, respectively.  

 

Normal controls: 

Urine samples from seven healthy adults (of which three were women) were used as normal 

controls. None of the negative controls, both healthy adults and pediatric controls, had 

glomerular or tubular proteinuria (assayed as in Table 1). 

 

Control renal tissue was obtained from two adult patients (one male and one female) 

nephrectomized due to renal cancer. The tissue was taken from areas unaffected by the cancer 

and deemed normal by the pathologist. The patients had not received chemotherapy or 

radiotherapy prior to surgery. Normal renal tissue was also obtained from a renal biopsy taken 

from a 10-year old girl investigated for hematuria in which the renal biopsy was deemed 

normal by light microscopy and immunofluorescence [23]. The study was conducted with the 
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approval of the ethics committee of Lund University and samples were taken with the written 

informed consent of the participants or their parents. 
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Results 

 

ADAMTS13 mRNA is expressed in cultured tubular epithelial cells  

ADAMTS13 mRNA was detected in HRTEC and A498 cells using the probe against exons 

28-29. Human liver and human kidney have been shown to express ADAMTS13 mRNA [4, 

16, 17] and were therefore used as the positive controls. The negative control (no template 

control) showed no amplification (data not shown). The housekeeping gene 18S was 

expressed at comparable levels in all samples (data not shown) and was used as an 

endogenous control to standardize the data. Results are presented as the ratio of 

ADAMTS13/18S (Figure 1). 

 

ADAMTS13 protein is expressed in cultured tubular epithelial cells  

ADAMTS13 expression was detected in primary HRTEC cells (Figure 2, upper panel) using 

the A10 monoclonal antibody against the disintegrin domain, and the SU19 polyclonal 

antibody against the second CUB domain of the protease (Figures 2A and 2B). Incubation 

with the mouse control antibody resulted in lack of signal (Figure 2C), while preincubation of 

the polyclonal antibody with blocking peptide markedly reduced staining (Figure 2D). When 

primary antibodies were omitted no signal was detected (Figures 2E and 2F).  

 

The renal carcinoma A498 cell line showed similar results (Figure 2, lower panel). 

ADAMTS13 expression was observed using both the monoclonal and polyclonal antibody 

(Figures 2G and 2H). Specificity experiments were carried out as for the HRTEC cells and 

resulted in similar observations (Figures 2I-L). 

 



 13 

ADAMTS13 expression was further investigated by immunoblotting of cell lysates and 

media. Purified recombinant human ADAMTS13 was used as the positive control and 

exhibited a band at 190 kD under reducing conditions using the SNO357 antibody against the 

metalloprotease/disintegrin-like domains (Figure 3). Immunoblots of HRTEC cell lysates and 

media revealed bands at approximately 170 and 150 kD, respectively (Figure 3). 

Preincubation of the antibody with the blocking peptide which it was raised against, prior to 

the immunoblotting procedure, abolished all bands (data not shown). No bands were detected 

in the cell lysates and media of A498 cells (data not shown).  

 

ADAMTS13 activity  

Activity of cultured HRTEC and A498 cells was tested as the ability to cleave the FRETS-

VWF73 substrate (Figure 4). Experiments revealed VWF-cleaving activity in both cell types. 

HRTEC lysates showed a mean activity value of 6.24% (range 4.90-9.16%), while A498 cell 

lysates had a mean activity of 10.12% (range 6.05-13.50%). To test the specificity of the 

assay lysates were incubated with the A10 monoclonal antibody which has been shown to 

inhibit ADAMTS13 activity [14]. Following incubation with the monoclonal antibody 

activity values decreased to 1.93% for HRTEC lysates and 3.44% for A498 lysates. 

 

ADAMTS13 expression in damaged renal tubuli  

The ADAMTS13 expression pattern was examined in normal renal tissue as well as in 

biopsies from patients 4, 5 and 6 with tubular damage. ADAMTS13 antigen expression was 

detected in all tubular cells of the renal cortex, suggesting its presence in both proximal and 

distal tubuli (Figure 5A normal, 5B patient 4). In the normal tissue a diffuse intracellular 

expression pattern was exhibited (Figure 5C). In renal tissue from patients 4 and 5 

ADAMTS13 was either expressed diffusely or concentrated apically in damaged tubular cells 
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(Figures 5D-E). The tissue from patient 4 also showed desquamated tubular epithelial cells 

containing ADAMTS13 (Figure 5E). Labelling of the renal biopsy from patient 6 showed 

similar results (data not shown). The control antibody did not exhibit staining (Figure 5F). 

Similarly, experiments in which the primary antibody was omitted were negative (data not 

shown).  

 

ADAMTS13 detection in urine samples  

Urine samples were investigated with respect to ADAMTS13 expression with the A10 

monoclonal antibody using the immunoblotting procedure under non-reducing conditions. 

Results are shown in Figure 6. ADAMTS13 was not detected in urine from seven healthy 

individuals (Figure 6, lane 1 shows urine from one normal control) or in the urine samples 

from the four pediatric controls (data not shown). The A10 monoclonal antibody has 

previously been shown to detect an ADAMTS13 band in plasma at 150 kD [11]. Normal 

plasma was used as the positive control and showed a strong immunoreactive band at 150 kD 

(Figure 6, lane 2). Urine from the two positive controls (with unselective proteinuria) were 

run for comparison and exhibited a strong immunoreactive band at 150 kD (urine from the 

patient with nephrotic syndrome is shown in Figure 6, lane 3, data not shown for the other 

patient). An immunoreactive band at approximately 150 kD was observed in the urine 

samples from patients 1 to 5 with tubular damage (Figure 6, lanes 4 to 8).  
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Discussion 

 

In the kidney ADAMTS13 is found in glomerular endothelial cells, podocytes, glomerular 

basement membrane, as well as in tubular epithelial cells [16]. In the present study we 

investigated ADAMTS13 expression and activity in renal tubular epithelial cells. Both 

primary HRTEC and a renal carcinoma cell line of tubular epithelial origin (A498) [19] 

expressed ADAMTS13 mRNA (detected by real-time PCR) and protein (detected by 

immunofluorescence and immunoblotting). Furthermore, ADAMTS13 expressed by both cell 

types showed biological activity and was able to cleave the FRETS-VWF73 substrate [22].  

ADAMTS13 was detected in the renal cortex in tubuli and showed a diffuse staining pattern 

in normal renal tissue. ADAMTS13 in renal tissue from patients with tubular damage 

presented a diffuse pattern of staining or apical accumulation. Furthermore, ADAMTS13 was 

detected in the urine of patients with tubular damage but not in normal individuals. Taken 

together, these results indicate that tubular cells synthesize biologically active ADAMTS13. 

 

Urine samples from patients with tubular damage revealed detectable ADAMTS13 by 

immunoblotting. The size of the ADAMTS13 band detected in these urine samples was 

comparable to that in the plasma, indicating that tubular cells are capable of synthesizing and 

secreting full-length ADAMTS13. No ADAMTS13 was detected in the urine from the normal 

adult controls or from four pediatric controls. Such a large protein would not be expected to 

be filtered into the urine of individuals with healthy glomeruli, explaining why it is not found 

in normal urine. Its presence in tubular injury suggests that ADAMTS13 originated from the 

tubular cells as this large protein (150 kD) should not normally pass the glomerular barrier. 

Albumin (66 kD) and low molecular weight proteins may be filtered in small amounts but 

undergo reabsorption in healthy tubular cells. The presence of minimal albuminuria in 



 16 

patients with tubulopathy was indicative of defective tubular reabsorption. In the positive 

controls with nephrotic syndrome and post-infectious glomerulonephritis the ADAMTS13 

band was much stronger due to the fact that these patients leak plasma proteins unselectively 

into the urine.  

 

ADAMTS13 VWF cleaving activity was measured in the cell lysates as the ability to cleave 

the FRETS-VWF73 peptide, which is the smallest known substrate for ADAMTS13 [22, 24]. 

Activity was detected in both cell types and was markedly decreased when cell lysates were 

preincubated with an inhibitory antibody, further indicating specific ADAMTS13 activity. 

The presence of ADAMTS13 in the medium of HRTEC cells suggests that the protease is 

secreted from tubular cells. ADAMTS13 was not detected in the medium and lysates of A498 

cells. This discrepancy between HRTEC and A498 cells may be attributed to the fact that 

HRTEC are primary cells, thereby more closely resembling the normal cell physiology, 

whereas A498 is a cell line. HRTEC medium and lysate exhibited a band at 150 and 170 kD, 

respectively. An ADAMTS13 band at 170 kD has previously been described in endothelial 

cell lysates [25]. The slightly lower band detected in the medium may represent a breakdown 

product. 

 

Immunohistochemical studies of normal renal cortex showed that ADAMTS13 is diffusely 

expressed in renal tubular cells. However, in the renal tissue from patients with tubular 

damage the ADAMTS13 antigen was also detected apically in the cells. It is as yet unclear if 

there is a shift in the localization of ADAMTS13 in damaged tubular cells and whether this is 

due to a passive mechanism as a result of damage to the tubular cells, or an active one by 

which ADAMTS13 is transported to the lumen. This remains to be elucidated in future 

studies. Furthermore, desquamated tubular cells containing ADAMTS13 were found in 
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patient tissue. We propose that the ADAMTS13 detected in urine from the patients with 

tubular damage is possibly a combination of ADAMTS13 originating from the desquamated 

cells as well as ADAMTS13 released from damaged tubular cells. 

 

Besides their role in regulating water and electrolyte balance renal tubular cells seem to 

possess an important function in regulating coagulation/thrombosis and fibrinolysis in the 

kidney, as indicated by their ability to express a variety of proteins involved in these systems. 

Tubular epithelial cells have been shown to express both protein C and protein C inhibitor 

[26, 27], tissue factor and tissue factor inhibitor [28, 29] as well as urokinase-type 

plasminogen activator [30]. Chronic or acute kidney disease characterized by tubular and 

interstitial damage such as ischemic tubular necrosis and experimental lupus nephritis are 

often associated with fibrin deposition in the peritubular capillaries and along the tubular 

basement membrane [29]. Protein C expression in kidneys from mice with lupus nephritis 

revealed decreased levels of protein C mRNA in renal tubuli and lipopolysaccharide injected 

intraperitoneally in healthy mice lead to a transient decrease in protein C mRNA in tubular 

epithelial cells [27]. Furthermore, Sappino et al [30] demonstrated that murine tubular 

epithelial cells produced urokinase-type plasminogen activator that, besides its function in 

fibrinolysis, participated in extracellular proteolysis in tissue remodelling and cellular 

invasion. It is possible that ADAMTS13 expression by tubular epithelial cells may play a part 

in regulation of hemostasis, however, recent studies have shown that tubular cells also 

produce and release matrix metalloproteinases, and their inhibitors, found to be active in 

tissue remodelling [31]. Thus ADAMTS13 may have an alternate function, other than 

cleavage of VWF, possibly related to glomerular or tubular remodelling. 
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In a previous study [16] we demonstrated ADAMTS13 expression in podocytes and 

glomerular endothelial cells. Podocytes were found to secrete bioactive protease. We 

suggested that podocyte-derived ADAMTS13 may provide a mechanism by which secretion 

of the protease into the glomerular basement membrane protects glomeruli from the formation 

of platelet thrombi under local conditions of high shear stress and endothelial cell injury. We 

speculate that tubular cells could possibly secrete ADAMTS13 basally into peritubular 

capillaries providing a local protective mechanism against formation of thrombi.  

 

The findings observed in the present study indicate that tubular epithelial cells are able to 

express proteolytically active ADAMTS13. Immunohistochemical studies of ADAMTS13 

protein expression in situ in renal tubuli revealed that the pattern of expression may be altered 

with apical concentration in renal tissue from patients with tubular damage as compared to a 

more diffuse expression in normal tissue. In patients with tubular damage ADAMTS13 is 

released into the urine. Thus tubuli synthesize biologically functional ADAMTS13 possibly 

regulating hemostasis in the local vascular microenvironment. 



 19 

Acknowledgments 

 

The authors thank Professor Lars Holmberg (Department of Pediatrics, Lund University, 

Lund, Sweden) for sharing the SU19 anti-ADAMTS13 polyclonal antibody; Professor 

Catharina Svanborg and Dr. Majlis Svensson (Department of Microbiology, Immunology, 

and Glycobiology, Lund University) for the A498 cells; and Dr. Andreas Hillarp, Department 

of Clinical Chemistry, Malmö University Hospital, Malmö, Sweden for assistance in 

performing the FRETS-VWF73 ADAMTS13 activity assay. 

 

This study was supported by grants from The Swedish Research Council (K2007-64X-14008-

07-3), Sven Jerring Foundation, the Crafoord Foundation, The Fund for Renal Research, 

Crown Princess Lovisa’s Society for Child Care, The Maggie Stephen’s Foundation, The 

Magnus Bergvall Foundation, The Foundation for Fighting Blood Disease, Konung Gustaf 

V:s 80-årsfond and the Fanny Ekdahl Foundation (all to DK) . Diana Karpman is the recipient 

of a clinical-experimental research fellowship from the Royal Swedish Academy of Sciences.  

 

This paper was presented orally at the 3
rd

 International Workshop, Thrombotic 

Microangiopathies, Jena Germany, October 4 - 6, 2007. A previous version of the paper 

appeared in the PhD thesis of Dr. Minola Manea. 



 20 

 References  

 

1. Fujikawa K, Suzuki H, McMullen B, Chung D (2001) Purification of human von 

Willebrand factor-cleaving protease and its identification as a new member of the 

metalloproteinase family. Blood 98:1662-1666. 

2. Zheng X, Chung D, Takayama TK, Majerus EM, Sadler JE, Fujikawa K (2001) 

Structure of von Willebrand factor-cleaving protease (ADAMTS13), a 

metalloprotease involved in thrombotic thrombocytopenic purpura. J Biol Chem 

276:41059-41063. 

3. Bianchi V, Robles R, Alberio L, Furlan M, Lammle B (2002) Von Willebrand factor-

cleaving protease (ADAMTS13) in thrombocytopenic disorders: a severely deficient 

activity is specific for thrombotic thrombocytopenic purpura. Blood 100:710-713. 

4. Levy GG, Nichols WC, Lian EC, Foroud T, McClintick JN, McGee BM, Yang AY, 

Siemieniak DR, Stark KR, Gruppo R, Sarode R, Shurin SB, Chandrasekaran V, 

Stabler SP, Sabio H, Bouhassira EE, Upshaw JD, Jr., Ginsburg D, Tsai HM (2001) 

Mutations in a member of the ADAMTS gene family cause thrombotic 

thrombocytopenic purpura. Nature 413:488-494. 

5. Hommais A, Rayes J, Houllier A, Obert B, Legendre P, Veyradier A, Girma JP, Ribba 

AS (2007) Molecular characterization of four ADAMTS13 mutations responsible for 

congenital thrombotic thrombocytopenic purpura (Upshaw-Schulman syndrome). 

Thromb Haemost 98:593-599. 

6. Tsai HM, Lian EC (1998) Antibodies to von Willebrand factor-cleaving protease in 

acute thrombotic thrombocytopenic purpura. N Engl J Med 339:1585-1594. 



 21 

7. Asada Y, Sumiyoshi A, Hayashi T, Suzumiya J, Kaketani K (1985) 

Immunohistochemistry of vascular lesion in thrombotic thrombocytopenic purpura, 

with special reference to factor VIII related antigen. Thromb Res 38:469-479. 

8. Manea M, Karpman D (2009) Molecular basis of ADAMTS13 dysfunction in 

thrombotic thrombocytopenic purpura. Pediatr Nephrol 24:447-458. 

9. Dong JF, Moake JL, Nolasco L, Bernardo A, Arceneaux W, Shrimpton CN, Schade 

AJ, McIntire LV, Fujikawa K, Lopez JA (2002) ADAMTS-13 rapidly cleaves newly 

secreted ultralarge von Willebrand factor multimers on the endothelial surface under 

flowing conditions. Blood 100:4033-4039. 

10. Moake JL, Rudy CK, Troll JH, Weinstein MJ, Colannino NM, Azocar J, Seder RH, 

Hong SL, Deykin D (1982) Unusually large plasma factor VIII:von Willebrand factor 

multimers in chronic relapsing thrombotic thrombocytopenic purpura. N Engl J Med 

307:1432-1435. 

11. Manea M, Kristoffersson A, Tsai HM, Zhou W, Winqvist I, Oldaeus G, Billstrom R, 

Bjork P, Holmberg L, Karpman D (2007) ADAMTS13 phenotype in plasma from 

normal individuals and patients with thrombotic thrombocytopenic purpura. Eur J 

Pediatr 166:249-257. 

12. Tsai HM, Raoufi M, Zhou W, Guinto E, Grafos N, Ranzurmal S, Greenfield RS, Rand 

JH (2006) ADAMTS13-binding IgG are present in patients with thrombotic 

thrombocytopenic purpura. Thromb Haemost 95:886-892. 

13. Rieger M, Ferrari S, Kremer Hovinga JA, Konetschny C, Herzog A, Koller L, Weber 

A, Remuzzi G, Dockal M, Plaimauer B, Scheiflinger F (2006) Relation between 

ADAMTS13 activity and ADAMTS13 antigen levels in healthy donors and patients 

with thrombotic microangiopathies (TMA). Thromb Haemost 95:212-220. 



 22 

14. Uemura M, Tatsumi K, Matsumoto M, Fujimoto M, Matsuyama T, Ishikawa M, 

Iwamoto TA, Mori T, Wanaka A, Fukui H, Fujimura Y (2005) Localization of 

ADAMTS13 to the stellate cells of human liver. Blood 106:922-924. 

15. Shang D, Zheng XW, Niiya M, Zheng XL (2006) Apical sorting of ADAMTS13 in 

vascular endothelial cells and Madin-Darby canine kidney cells depends on the CUB 

domains and their association with lipid rafts. Blood 108:2207-2215. 

16. Manea M, Kristoffersson A, Schneppenheim R, Saleem MA, Mathieson PW, 

Morgelin M, Bjork P, Holmberg L, Karpman D (2007) Podocytes express 

ADAMTS13 in normal renal cortex and in patients with thrombotic thrombocytopenic 

purpura. Br J Haematol 138:651-662. 

17. Plaimauer B, Zimmermann K, Volkel D, Antoine G, Kerschbaumer R, Jenab P, Furlan 

M, Gerritsen H, Lammle B, Schwarz HP, Scheiflinger F (2002) Cloning, expression, 

and functional characterization of the von Willebrand factor-cleaving protease 

(ADAMTS13). Blood 100:3626-3632. 

18. Karpman D, Hakansson A, Perez MT, Isaksson C, Carlemalm E, Caprioli A, Svanborg 

C (1998) Apoptosis of renal cortical cells in the hemolytic-uremic syndrome: in vivo 

and in vitro studies. Infect Immun 66:636-644. 

19. Charlton JA, Simmons NL (1993) Established human renal cell lines: phenotypic 

characteristics define suitability for use in in vitro models for predictive toxicology. 

Toxic in Vitro 7:129-136. 

20. Hedlund M, Svensson M, Nilsson A, Duan RD, Svanborg C (1996) Role of the 

ceramide-signaling pathway in cytokine responses to P-fimbriated Escherichia coli. J 

Exp Med 183:1037-1044. 



 23 

21. Saleem MA, O'Hare MJ, Reiser J, Coward RJ, Inward CD, Farren T, Xing CY, Ni L, 

Mathieson PW, Mundel P (2002) A conditionally immortalized human podocyte cell 

line demonstrating nephrin and podocin expression. J Am Soc Nephrol 13:630-638. 

22. Kokame K, Nobe Y, Kokubo Y, Okayama A, Miyata T (2005) FRETS-VWF73, a first 

fluorogenic substrate for ADAMTS13 assay. Br J Haematol 129:93-100. 

23. Vaziri-Sani F, Holmberg L, Sjoholm AG, Kristoffersson AC, Manea M, Fremeaux-

Bacchi V, Fehrman-Ekholm I, Raafat R, Karpman D (2006) Phenotypic expression of 

factor H mutations in patients with atypical hemolytic uremic syndrome. Kidney Int 

69:981-988. 

24. Kokame K, Matsumoto M, Fujimura Y, Miyata T (2004) VWF73, a region from 

D1596 to R1668 of von Willebrand factor, provides a minimal substrate for 

ADAMTS-13. Blood 103:607-612. 

25. Turner N, Nolasco L, Tao Z, Dong JF, Moake J (2006) Human endothelial cells 

synthesize and release ADAMTS-13. J Thromb Haemost 4:1396-1404. 

26. Radtke KP, Fernandez JA, Greengard JS, Tang WW, Wilson CB, Loskutoff DJ, 

Scharrer I, Griffin JH (1994) Protein C inhibitor is expressed in tubular cells of human 

kidney. J Clin Invest 94:2117-2124. 

27. Yamamoto K, Loskutoff DJ (1998) Extrahepatic expression and regulation of protein 

C in the mouse. Am J Pathol 153:547-555. 

28. Nestoridi E, Kushak RI, Duguerre D, Grabowski EF, Ingelfinger JR (2005) Up-

regulation of tissue factor activity on human proximal tubular epithelial cells in 

response to Shiga toxin. Kidney Int 67:2254-2266. 

29. Sugawara T, Yamabe H, Osawa H, Kaizuka M, Shirato K, Nakamura M, Tamura M, 

Okumura K (2003) Tissue factor pathway inhibitor production by human proximal 

tubular epithelial cells in culture. Thromb Res 110:141-147. 



 24 

30. Sappino AP, Huarte J, Vassalli JD, Belin D (1991) Sites of synthesis of urokinase and 

tissue-type plasminogen activators in the murine kidney. J Clin Invest 87:962-970. 

31. Ahmed AK, Haylor JL, El Nahas AM, Johnson TS (2007) Localization of matrix 

metalloproteinases and their inhibitors in experimental progressive kidney scarring. 

Kidney Int 71:755-763. 

 



T
a
b

le
 1

: 
P

a
ti

en
ts

 i
n

cl
u

d
ed

 i
n

 t
h

is
 s

tu
d

y
 

P
a
ti

en
t 

n
u

m
b

er
 

S
ex

/ 

A
g
e 

 

(y
rs

) 

D
ia

g
n

o
si

s 
E

v
id

en
ce

 o
f 

tu
b

u
la

r 

d
a
m

a
g
e
 

U
ri

n
e 

 

A
lb

u
m

in
 

R
en

a
l 

fu
n

ct
io

n
 

B
io

p
sy

 f
in

d
in

g
 

U
ri

n
e 

sa
m

p
le

 

a
v
a
il

a
b

le
 

1
 

M
/ 

1
0
 

M
il

d
 c

h
ro

n
ic

 t
u
b
u
lo

p
at

h
y
 

o
f 

u
n
k
n
o
w

n
 e

ti
o
lo

g
y
 

U
ri

n
e-

N
A

G
1
: 

2
.2

  

u
ri

n
e 


1
- 

m
ic

ro
g
lo

b
u
li

n
2
: 

3
2
  

 

0
.0

2
3
 

N
o
rm

al
 

N
A

 
Y

es
 

2
 

M
/ 

7
 

F
an

co
n
i’

s 
sy

n
d

ro
m

e 

in
d
u
ce

d
 b

y
 c

h
em

o
th

er
ap

y
 

an
d
 r

ad
io

th
er

ap
y
 

U
ri

n
e 

N
A

G
1
: 

4
 

1
7

4
 

R
ed

u
ce

d
 

T
u
b
u
la

r 
in

te
rs

ti
ti

al
 d

am
ag

e 

w
it

h
o
u
t 

g
lo

m
er

u
la

r 

p
at

h
o
lo

g
y
 

 

Y
es

 

3
 

F
/ 

4
 

S
o
d
iu

m
 v

al
p
ro

at
e-

in
d
u
ce

d
 t

u
b
u
lo

p
at

h
y
, 

F
an

co
n
i’

s 
sy

n
d

ro
m

e 

 

U
ri

n
e 


1
- 

m
ic

ro
g
lo

b
u
li

n
2
: 

7
9
 

0
 

R
ed

u
ce

d
 

N
A

 
Y

es
 

4
 

F
/ 

1
8
 

A
cu

te
 t

u
b
u
la

r 
d
am

ag
e 

o
f 

u
n
k
n
o
w

n
 e

ti
o
lo

g
y
 

U
ri

n
e 


1
- 

m
ic

ro
g
lo

b
u
li

n
2
: 

3
.7

 

 

3
8

4
 

R
ed

u
ce

d
 

A
cu

te
 t

u
b
u
la

r 
n
ec

ro
si

s 

w
it

h
o
u
t 

g
lo

m
er

u
la

r 

p
at

h
o
lo

g
y
 

 

Y
es

 

5
 

F
/ 

2
 

S
m

al
l 

d
y
sp

la
st

ic
 k

id
n

e
y
s,

 

F
an

co
n
i’

s 
sy

n
d

ro
m

e 

au
to

so
m

al
 d

o
m

in
an

t 

fa
m

il
y
 h

is
to

ry
 o

f 
tu

b
u
la

r 

af
fe

ct
io

n
 

U
ri

n
e 


1
- 

m
ic

ro
g
lo

b
u
li

n
2
: 

3
6
 

7
8

4
 

R
ed

u
ce

d
 

C
h
ro

n
ic

 t
u
b
u
la

r 
n
ec

ro
si

s,
 

d
il

at
ed

 t
u
b
u
li

 a
n
d
 

d
es

q
u
am

at
ed

 t
u
b
u
la

r 

ep
it

h
el

ia
l 

ce
ll

s,
 i

n
te

rs
ti

ti
al

 

fi
b
ro

si
s.

 M
in

im
al

 m
es

an
g
ia

l 

p
ro

li
fe

ra
ti

o
n

 

 

Y
es

 

6
 

F
/ 

9
 

If
o
sf

am
id

e-
in

d
u

ce
d
 

tu
b
u
la

r 
to

x
ic

iy
 

G
lu

co
su

ri
a 

an
d
 t

u
b
u
la

r 

p
ro

te
in

u
ri

a 

0
 

R
ed

u
ce

d
 

P
ro

m
in

en
t 

tu
b
u
lo

-i
n
te

rs
ti

ti
al

 

ch
an

g
es

 w
it

h
 i

n
fl

am
m

at
o

ry
 

in
fi

lt
ra

te
s 

an
d
 e

d
em

a 

N
o
 

N
A

; 
n
o
t 

av
ai

la
b
le

. 
1

; 
N

A
G

: 
N

 a
ce

ty
l 


-D
-g

lu
co

sa
m

in
e,

 r
ef

er
en

ce
 v

al
u
e 

<
 0

.6
 u

/m
m

o
l 

cr
ea

ti
n
in

e.
 2

; 
re

fe
re

n
ce

 v
al

u
e 

o
f 

u
ri

n
e 


1
- 

m
ic

ro
g
lo

b
u

li
n

  
<

 0
.7

 g
/m

o
l.

 3
; 

as
sa

y
ed

 b
y
 a

lb
u

m
in

/c
re

at
in

in
e 

cl
ea

ra
n

ce
, 
re

fe
re

n
ce

 v
al

u
e 

<
 0

.0
1
 x

 1
0

3
. 

4
; 

as
sa

y
ed

 b
y
 a

lb
u
m

in
/c

re
at

in
in

e 
in

d
ex

, 
re

fe
re

n
ce

 v
al

u
e 

<
3

.8
 g

/m
o

l.
 



R
a
ti
o
 A

D
A

M
T

S
1

3
/1

8
S

HRTEC A498 HL HK

0,0

0,2

0,4

0,6

0,8

1,0

1,2

Figure 1



Figure 2

HRTEC
P

o
ly

c
lo

n
a

l
M

o
n

o
c
lo

n
a
l

A

B

C

D

E

F

A498

G

H

I

J

K

L

P
o

ly
c
lo

n
a

l
M

o
n

o
c
lo

n
a
l



Figure 3

190kD

170kD

150kD



Figure 4

A
D

A
M

T
S

1
3

 a
c
ti
v
it
y
 (

%
)

HRTEC lysate

MAb

A498 lysate

MAb

0

2

4

6

8

10

12

14



Figure 5

BA

E

DC

F



1      2      3      4      5       6      7       8

130 kD

Figure 6



 25 

Figure legends 

 

Figure 1. ADAMTS13 mRNA detected in cultured renal tubular epithelial cells 

mRNA from HRTEC and A498 cells was available from two separate cell experiments. 

Human liver and human kidney were used as the positive controls. The data was standardized 

against the housekeeping gene 18S, which was expressed at comparable levels in all samples. 

Results were run three times using cells from two experiments and are presented as mean and 

range. HL: human liver. HK: human kidney. 

 

Figure 2. ADAMTS13 protein expressed in cultured renal tubular epithelial cells 

 ADAMTS13 protein was detected in HRTEC cells (upper panel) using the A10 monoclonal 

antibody (A) and the SU19 polyclonal antibody (B). The mouse control antibody (C) resulted 

in lack of signal and preincubation of the polyclonal antibody with blocking peptide resulted 

in marked decrease in signal intensity (D). The secondary antibodies alone were negative (E) 

and (F). The A498 cell line showed comparable results (lower panel). Both the A10 

monoclonal antibody and the SU19 polyclonal antibody revealed a positive signal (G) and 

(H). The mouse control antibody was negative (I). Blocking of the polyclonal antibody with 

the peptide it was raised against resulted in marked decrease in signal intensity (J). Omission 

of the primary antibodies resulted in lack of signal (K) and (L). Reproducible results were 

obtained in at least three experiments performed on slides coated with cells from two separate 

experiments with each cell type. All images at 600x magnification.  
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Figure 3. ADAMTS13 detected in HRTEC lysates and media.  

Purified recombinant human ADAMTS13 was used as the positive control and revealed a 

band at 190 kD under reducing conditions as expected [11]. Lysate and medium from HRTEC 

cells were run on the same gel and exhibited a band at 170 and 150 kD, respectively. 

Experiments were carried out three times on samples from four cell experiments, with 

reproducible results.  

 

Figure 4. HRTEC and A498 cells exhibit ADAMTS13 VWF-cleaving activity 

HRTEC and A498 cell lysates, respectively, were incubated with FRETS-VWF73 and 

revealed mean activity values of 6.24 % (range 4.90 - 9.16 %) for HRTEC cells and 10.12 % 

(range 6.05 - 13.50 %) for A498 cells. Experiments were carried out twice using cells from 

two separate experiments with each cell type. Normal plasma was used as the reference 

standard. Specificity of the assay was tested by preincubation with the A10 monoclonal 

antibody [29] which has been shown to inhibit ADAMTS13 activity [14]. Activity values 

decreased to a mean of 1.93 % (range 0 - 3.86 %) for HRTEC cells and 3.44 % for A498 

cells.  

 

Figure 5. ADAMTS13 expression in normal renal cortex and in patients with 

tubulopathy.  

ADAMTS13 antigen was detected in all tubular cells (both proximal and distal) in normal 

renal cortex (A) and renal cortex from patient 4 with a tubular disorder (B). Tubular epithelial 

cells in normal renal tissue expressed ADAMTS13 diffusely in the cell cytoplasm (C). In 

renal tissue from patients with tubulopathy the signal was either concentrated apically (D and 

E; patients 4 and 5, respectively) or expressed diffusely in the tubular cells (E; patient 5). The 

tissue from patient 5 also exhibited desquamated tubular cells staining positively for 
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ADAMTS13 (E, see arrow). The control antibody incubated with normal kidney did not 

exhibit staining (F). Magnifications: A - B at 100x, C and F at 400x and D-G at 600x. 

 

Figure 6. ADAMTS13 in urine 

ADAMTS13 protein was detected in urine from patients with tubular damage by 

immunoblotting with the A10 monoclonal antibody. Normal urine was negative (lane 1), 

normal plasma used as the positive control (lane 2) showed an immunoreactive band at 

approximately 150 kD. Urine from a patient with nephrotic syndrome was used for 

comparison and exhibited a strong immunoreactive band (lane 3). In addition, a weaker band 

at 150 kD was detected in the urine sample from patients 1 - 5 with tubular damage (patient 1, 

lane 4; patient 2, lane 5; patient 3, lane 6; patient 5, lane 7; patient 4, lane 8). The urine 

sample from patient 4 was run on a separate gel depicted by the separating line. 

 


