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ADAMTS13 is a circulating zinc metalloprotease that cleaves the hemostatic glycoprotein von Willebrand factor
(VWF) in a shear-dependent manner. Deficiency in ADAMTS13, owing to genetic mutations or autoimmune
inhibitors, causes thrombotic thrombocytopenic purpura (TPP). Northern blot analysis has shown that
ADAMTS13 is expressed primarily in the liver. By using real-time RT-PCR, we confirmed that in mice the liver
had the highest level of the ADAMTS13 transcript. To identify the liver cell-type-specific origin of ADAMTS13,
we used in situ hybridization techniques to investigate the pattern of ADAMTS13 expression in the liver;
analyzed the ADAMTS13 proteolytic activity in the culture media of fractionated liver cells; and confirmed
ADAMTS13 expression with RT-PCR analysis and cloning of the mouse ADAMTS13 gene. The results revealed
that ADAMTS13 was expressed primarily in cell fractions enriched in hepatic stellate cells. The mouse
ADAMTS13 cloned from primary hepatic stellate cells was similar to its human counterpart in digesting VWF
and was susceptible to suppression by EDTA or the IgG inhibitors of patients with TTP. Since hepatic stellate
cells are believed to play a major role in the development of hepatic fibrosis and cirrhosis, the identification of
the liver cell-type expressing ADAMTS13 will have important implications for understanding pathophysiological
mechanisms regulating ADAMTS13 expression.
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The von Willebrand factor (VWF) is a multimeric
glycoprotein that mediates adhesion and aggrega-
tion of platelets at sites of vascular injury. A
metalloprotease cleaves VWF at the Tyr1605–
Met1606 bond, generating homodimers of the 176
and 140 kDa fragments.1,2 The VWF-cleaving pro-
tease is essential for preventing platelet aggregation
in the circulation, and deficiency of the protease is
associated with thrombotic thrombocytopenic pur-
pura (TTP), a disease characterized by the develop-
ment of VWF-platelet-rich thrombi in the arterioles

and capillaries.3 Recent studies identified this
protease as ADAMTS13, a member of the reproly-
sin-type zinc metalloprotease family.4–6

The human ADAMTS13 gene, spanning 37 kb on
human chromosome 9q34, comprises 29 exons that
encode a polypeptide of 1427-amino-acid residues
and possibly several splicing isoforms. Although it
shares with other members of the ADAMTS family a
common domain architecture consisting of metallo-
protease, disintegrin-like sequence, thrombospon-
din type 1 repeat, cysteine-rich and spacer regions,
ADAMTS13 exhibits several distinct features, such
as an RGDS sequence in the spacer domain and two
copies of CUB domains at the carboxyl terminus.
Substitution of the D residue in the RGDS sequence
does not appear to diminish the proteolytic activity
of ADAMTS13.7 Unlike other ADAMTS proteases,
pro-ADAMTS13 is proteolytically active.8 These
unique features of ADAMTS13 are consistent with
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the early phylogenetic divergence of the protease
from other members of this recently recognized zinc
metalloprotease family.9

In circulating blood, ADAMTS13 is enzymatically
active. Similarly, transfection studies using cultured
cells showed that ADAMTS13 was released in
culture medium in an active form. Studies of
patients with TTP reveal that plasma ADAMTS13
activity inversely correlates with the severity of
TTP.10 Low ADAMTS13 activity levels have been
described in patients with several conditions,
including liver disease and sepsis.11–13 Nevertheless,
the mechanisms for the decreased ADAMTS13
activity levels in these conditions are not clear and
except for circulating inhibitors or mutations affect-
ing the ADAMTS13 gene, the factors regulating
plasma ADAMTS13 levels remain poorly under-
stood. The lack of characterization of the cells that
synthesize ADAMTS13 has limited the progress of
investigation. Previous studies using Northern blot
analysis demonstrated that full-length ADAMTS13
is expressed primarily in the liver.4–6 In this study,
we determined the type of cells in the liver that
express ADAMTS13.

Materials and methods

Animals

FVB/N mice were from Jackson Laboratories (Bar
Harbor, ME, USA). The animals were maintained
under controlled light and temperature conditions
with free access to pelleted food and water. The
Animal Care and Use Committees approved animal
protocols in accordance with institutional and NIH
guidelines.

RNA In Situ Hybridization

Human liver tissues, preserved in 4% formaldehyde
in phosphate-buffered saline solution (its usually
10% buffered formalin) after either autopsy or
needle biopsy, were used for the study. The liver
tissue blocks were sectioned at 4mm in thickness
with a microtome and used in in situ hybridization
using the procedures as previously described.14 To
generate probes for hybridization, an ADAMTS13
cDNA from human fetal liver cDNA library span-
ning nucleotide 541–1680 and inserted in pBSII-
SKþ , kindly provided by David Ginsburg (Howard
Hughes Medical Institutes, Ann Arbor, MI, USA)
was used as the template. The plasmid was used to
prepare labeled antisense or sense RNA by in vitro
transcription with bacteriophage T7 or T3 RNA
polymerase in the presence of 12 mmol/l UTP and
4mmol/l [33P]UTP. The radiolabeled probe was used
at 0.5–1.0� 107 counts per minutes per slide. Slides
were exposed for 2–3 weeks, counterstained with
hematoxyline, and examined by both bright- and
dark-field light microscopy.

Cell Lines

THLE-3 cell line (ATCC, cat. no. CRL-2706, Rock-
ville, MD, USA), derived from primary normal
human liver cells following introduction of the
SV40 large T antigen, was propagated in culture
dishes or flasks coated for 2 h at 371C with 1% CELL
PRIME 100 (Cohesion, Palo Alto, CA, USA) using
BEBM medium (Clonetics Corporation, Walkers-
ville, MD, USA) and 10% fetal bovine serum
(FBS). Human hepatocellular carcinoma-derived
cell line, HuH-7, and rat hepatic stellate cell lines
CFSC-3H and -8B, which were originally created
from Wistar male albino rats treated with CCl4 in the
laboratory of Marcos Rojkind (Albert Einstein
College of Medicine, Bronx, NY, USA; presently
Walter Reed Army Medical Center, Washington, DC,
USA), were maintained in Dulbecco’s-modified
Eagle’s Medium (DMEM) (GIBCO/BRL, Gaithers-
burg, MD, USA) supplemented with 100U/ml
penicillin, 100U/ml streptomycin and 10% heat
inactivated FBS (GIBCO/BRL)).15,16 A hepatic stel-
late cell line, generated from primary normal human
liver cells transfected with human telomerase
reverse transcriptase (hTERT-HSC), was a generous
gift of David Brenner (University of North Carolina,
Chapel Hill, NC, USA; presently Columbia Univer-
sity, NY, USA).17 These cells were maintained in
DMEM supplemented with 10% FBS and 400mg/ml
geneticin (GIBCO/BRL) in 5% CO2-humidified atmo-
sphere at 371C.

For detecting ADAMTS13 release, 5ml serum-free
culture media were conditioned with confluent cell
monolayers in 25 cm2 flasks for 48 h. After centrifu-
gation to remove insoluble elements, conditioned
culture media were concentrated 15 folds on
Centricon concentrators (Millipore Corp, Bedford,
MA, USA).

Fractionation of Mouse Liver Cells

Mouse liver was digested by collagenase perfusion
as described previously.18 Briefly, the FVB/N mouse
liver was perfused with Leffert’s buffer followed by
the same buffer containing 2mmol/l CaCl2 and
0.33mg/ml collagenase. Then the liver was excised
and filtered with an 80-mm nylon gauze. Hepato-
cytes were pelleted by centrifugation under 50 g and
plated in plastic culture dishes. After another round
of centrifugation under 50 g, the supernatant was
pelleted under 350 g and applied to a two-layer
discontinuous Percoll gradient. After centrifugation
under 900 g for 20min, hepatic stellate cell and
endothelial cell fractions were recovered from the
upper and lower bands, respectively. The cell
viability was tested by trypan blue dye exclusion
and 1–2� 106 cells were plated in 35-mm culture
dishes. Hepatic stellate cells and hepatocytes were
cultured in DMEM supplemented with 10% FBS
and antibiotics. The hepatocyte culture medium was
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supplemented with 5 mg/ml insulin and 5 mmol/l
hydrocortisone (Sigma Chemical Co., St Louis, MO,
USA). Endothelial cells were cultured in 199
medium supplemented with 20% FBS and anti-
biotics (GIBCO/BRL).

Cytostainings for Characterization of Primary
Mouse Cells

Glycogen staining followed a previously described
protocol.19 For CD31 immunostaining, cell smears
were air-dried and fixed in cold acetone for 10min
followed by incubation with rat anti-mouse CD31
(BD Biosciences Pharmingen, San Diego, CA, USA)
diluted 1:100 in 3% goat serum for 1 h at room
temperature. For macrophage/Küpffer cell marker
F4/80, cells were fixed with 4% paraformaldehyde
in PBS for 10min and incubated with rat anti-mouse
F4/80 (1:500, Serotec, Raleigh, NC, USA). Antibody
binding was detected by incubation with anti-rat IgG
labeled with Alexa Fluor 546 (1:500, Molecular
Probes) for 1h at RT. After washing with PBS, cells
were counterstained with DAPI-Antifade (Molecular
Probes, Eugene, OR, USA).

Reverse Transcription and PCR

Total RNAwas isolated from tissues or cells by using
the Total RNA Purification System (Invitrogen) and
subjected to reverse transcription by using Thermo-
Script RT-PCR System for First-Strand cDNA Synth-
esis kit (Invitrogen). The ADAMTS13 sequence was
amplified with PCR by using the nucleotide
sequences 50-atgagccagctttgcctgtg-30 and 50-ctaggaca-
gagccaggctgt-30 as the primers. The PCR products
were further amplified by using the nested se-
quences 50-tcatccttgatgagcgtctg-30 and 50-aggaagc-
cagggctaaactc-30 as the primers. The DNA bands
were separated by agarose gel electrophoresis and
visualized by staining with ethidium bromide. Their
nucleotide sequences were determined at the DNA
Sequencing Facility of the Albert Einstein College
of Medicine using the Applied Biosystems model
3700 DNA Sequencer. For housekeeping controls,
the sequences 50-acccacactgtgcccatctac and 50-
gccatctcctgctcgaagtc were used as the primers to
amplify b-actin.

Real-Time RT PCR

cDNAwas prepared as in RT-PCR experiments. Real-
time RT-PCR of ADAMTS13 was performed on a
LightCycler (Roche Applied Science, Indianapolis,
IN, USA), using the sequences 50-tccttctaccactgg-
gatgc-30 and 50-ccatcatcctgaggaccact-30 as primers.
The same sequences used in RT-PCR were used as
the primers to amplify b-actin. The cycling condi-
tion was 501C, 2min; 951C, 3min; 50 cycles of 951C,
5 s, 581C, 10 s, and 721C, 10 s; 951C, 30 s; 551C, 30 s;

701C, 0 s; 951C, 0 s; and 401C 1min. SYBR Green I
was added to the reaction mixtures for tracking the
generation of dsDNA. The intensity of fluorescence
was measured at the end of each elongation step of
the PCR reaction. The specificity of the PCR
reactions was confirmed by analysis of the melting
curves and in some instances also by agarose gel
electrophoresis of the reaction products. We used
serially diluted RNA samples from one randomly
selected FVB/N mouse liver to construct the refer-
ence curves for ADAMTS13 and b-actin. The
ADAMTS13 transcript level of each sample, as
determined by the second derivative maximum
method, was adjusted for the level of b-actin
transcript and expressed as a multiple or fraction
of the ADAMTS13 transcript level in the liver.

Transient Expression of Mouse ADAMTS13
(mADAMTS13)

The complete coding sequence of mADAMTS13 was
amplified with the PfuUltra DNA polymerase (Stra-
tagene, La Jolla, CA, USA), using the sequences 50-
aaagatgagccagctttgcc-30 and 50-ctaggacagagccaggctgt-
30 as the primers. The PCR product was ligated into
the mammalian expression vector pcDNA3.1/V5-His
(Invitrogen). We transfected this plasmid into
actively growing COS-7 cells with Lipofectamine
2000 (Invitrogen). At 48h, the conditioned serum-
free medium was collected and concentrated 15-fold
on Centricon YM-30 concentrators (Millipore, Bill-
erica, MA, USA). The cells were lysed in an equal
volume of SDS-PAGE sample buffer. Recombinant
proteins were separated by 7.5% SDS-PAGE and
visualized by immunoblotting with monoclonal
anti-V5 antibody (Invitrogen), horseradish peroxi-
dase-conjugated anti-mouse IgG, and SuperSignal
chemiluminescent substrate (Pierce, Rockford, IL,
USA).

Determination of ADAMTS13 Activity Levels and
Protein Concentrations

The ADAMTS13 activity levels in either cell culture
medium or plasma samples were determined by
measuring the proteolytic fragments produced from
the human VWF substrate, using previously de-
scribed procedures.20 Plasma samples from patients
with TTP were obtained as in previous studies. To
determine the concentrations of recombinant
ADAMTS13 proteins, we immunoblotted the pro-
tein with monoclonal anti-6His (Invitrogen), and
obtained the protein concentration by reading the
optic density against a concentration–optic density
curve constructed from the corresponding values of
a purified recombinant protein GST-1596VWF1668-
6His with a known protein concentration.21 All
ADAMTS13 samples were stored at �701C. The
Institutional Review Boards approved the use of
human liver and plasma samples.
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Results

Distribution of ADAMTS13 Transcripts in the Human
Livers

We investigated the pattern of ADAMTS13 tran-
script expression by in situ hybridization in seven
liver tissues: one without evidence of liver disease,
two with chronic hepatitis C, two with cirrhosis,
and one each with metastatic colonic or broncho-
genic adenocarcinoma. Examination of the liver
sections hybridized with 33P-labeled ADAMTS13
RNA antisense probe under either bright- or dark-
field light microscopy revealed that ADAMTS13
transcripts existed in aggregates perinuclearly pri-
marily in a subset of liver cells (Figure 1). In the
normal human liver, the ADAMTS13-positive cells
appeared to be in perisinusoidal locations and
displayed smaller, slightly elongated nuclei, with
denser chromatin compared to hepatocytes (panels
a–d). Such aggregates of deposits were not found in
the control sections hybridized with a sense probe
(not shown). Individual radioactivity granules were
seen in sections hybridized with either antisense or
sense probe, indicating that at least some of these
granules represent nonspecific deposits. The overall
pattern of ADAMTS13 expression was not different
in liver sections with type C viral hepatitis (panels e
and f), cirrhosis (panels g and h), or metastasis (not
shown), except that ADAMTS13 cells were not
present in the area of inflammatory infiltrates of
hepatitis (panels e and f) but clustered adjacent to
fibrous septae in the cirrhotic liver (panels g and h).
In all liver sections examined, no expression of
ADAMTS13 was observed in cells situated within
the portal tracts, the liver sinusoidal endothelial
cells (LSEC), or within the areas occupied by
metastatic cancer cells (not shown).

ADAMTS13 Activity in the Culture Media of Cell
Lines and Primary Liver Cells

To determine whether hepatocytes or hepatic stel-
late cells (HSC) synthesized ADAMTS13, we ana-
lyzed conditioned cell culture medium from human
hepatoma cell line HUH-7, human hepatocyte cell
line THLE-3, human HSC line hTERT-HSC, and rat
HSC CFSC-3H or -8B cells.

We also analyzed primary mouse liver cells
fractionated into hepatocytes, stellate cells and
endothelial cells fractions by differential centrifuga-
tion (see Methods). The hepatocyte fraction was
highly pure and was not contaminated with CD31-
positive LSEC, F4/80-positive Küpffer cells, or
vitamin A containing HSC (Figure 2, panels a–c).
The LSEC fraction demonstrated over 70% LSEC
with CD31-staining and only extremely rare hepa-
tocytes or HSC (o1%), although 5–15% cells
showed F4/80-staining, indicating the presence
of Küpffer cells (Figure 2, panels d–g). The HSC
fraction contained cells with vitamin A autofluor-

escence in over 50%; however, this cell fraction
contained up to 40% LSEC with CD31-staining and
up to 15% Küpffer cells with F4/80-staining (Figure
2, panels h–k), indicating a relatively heterogeneous
cell population. All cell fractions, that is, hepato-
cyte, LSEC and HSC fractions were highly viable
and monolayer cell cultures were successfully
established (Figure 2, panels a, d and h).

Analysis of the culture media conditioned with
human hepatocyte cell line THLE-3 or HUH-7, rat
HSC line CFSC-3H or -8H, or human HSC line
(hTERT-HSC) revealed that cells derived from HSC,
but not cells derived from hepatocytes, released
ADAMTS13. The results with CFSC-3H and THLE-3
are illustrated (Figure 3, panel a). These results were
confirmed by analysis of the culture media condi-
tioned with primary mouse liver cells: ADAMTS13
protease activity was detected in culture media
conditioned with primary mouse HSC, but not in
conditioned medium from either primary hepato-
cytes (Hep) or LSEC (Figure 3, panel b).

Analysis of the ADAMTS13 Transcript by Real-Time
RT-PCR

To confirm that the liver is the major organ
expressing ADAMTS13, we analyzed the levels of
ADAMTS13 transcripts by real-time RT-PCR in
various tissues of two FVB/N mice and found that
in both mice ADAMTS13 transcript was readily
detected in the liver, but was either undetectable or
detected at much lower levels in the spleen, lung,
brain, peripheral blood cells, heart, or skeletal
muscle (Figure 4).

Analysis of ADAMTS13 Expression by RT-PCR

To determine that mouse HSC expressed the full-
length mRNA of ADAMTS13, we amplified the
cDNA generated from cell fractions containing
mouse HSC, hepatocytes, or LSEC by using the
primer sequences that encompassed the published
complete coding sequence of mouse ADAMTS13
(NM_001001322), followed by another round of PCR
with nested primers that amplified the sequence
between nucleotides 451 and 4196. As demon-
strated in Figure 5, panel a, the PCR experiments
generated a 3.7-kb product from the whole mouse
liver and the HSC fraction but not from the
hepatocyte or LSEC fraction. Sequence analysis
confirmed that the PCR product consisted of the
expected mADAMTS13 (not shown).

Cloning of Mouse Full-Length ADAMTS13

The mouse ADAMTS13 produced by PCR was
cloned in pcDNA3.1/V5-His. Sequence analysis
confirmed the construct contained the complete
coding sequence of mADAMTS13 gene, encoding a
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protein of 1426 amino acid residues, coinciding
with the published sequence data (NM_001001322).
Expression of this construct in COS-7 cells resulted
in the synthesis of a 190-kDa protein, 12% of which

was released in the culture medium (Figure 5, panel
b). By comparing with a His-tagged reference
protein, we determined that the concentration of
the secreted protein was 8nmol/l. The protein

Figure 1 Digital light micrographs of adult human liver tissue sections hybridized with ADAMTS13 antisense RNA probe or sense RNA
probe (not shown). Panels (a, c, e and g) bright-field photos; panels (b, d, f, and h) dark-field photos of the corresponding fields. (a and c)
ADAMTS13-positive cells (arrows) in a normal human liver, which are better visualized in the dark-field photos of the same fields
(panels b and d). (e and f) A section of liver with viral hepatitis C, showing ADAMTS13-positive cells (arrows) in the liver parenchyma, a
pattern similar from that observed in the normal liver. ADAMTS13 cells are not present in the inflammatory infiltrate adjacent to a
central vein. (g and h) A section of a cirrhotic liver depicting the transition between a fibrous septum and the reactive cells, many of them
expressing ADAMTS13. Original magnifications: panels (a and b) � 200; panels (c and d) � 400; panels (e–h) � 100.
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cleaved hVWF substrate with 3U/ml of proteolytic
activity (1U equals the protease activity in 1ml of
normal human plasma), generating from the hVWF
substrate the same fragments expected of hA-
DAMTS13 (Figure 5, panel c). The protease activity
was suppressed by EDTA as well as by each of eight
randomly selected TTP plasma samples, one of
which is illustrated (Figure 5, panel d). The specific
protease activity of recombinant mADAMTS13
(3U/mlC8nmol/l¼ 375U/nmol) was similar to the
presumed specific activity of human plasma
ADAMTS13 (1U/mlC5nmol/l¼ 200U/nmol, assu-
ming plasma ADAMTS13 level¼ 1 mg/ml, or 5 nmol/
l).22 These estimates need to be confirmed in the
future by direct analysis of purified proteins. We
also determined the ADAMTS13 activity level in the
heparin-anticoagulated plasma of FVB/N mice by
using the same hVWF substrate and found that the
mean (7s.d.) plasma ADAMTS13 activity level was
3.0970.45U/ml in 14 FVB/N mice (age 12–16
weeks). However, since the ADAMTS13 protein

concentration in mouse plasma has not been
determined, the specific activity level of mouse
plasma ADAMTS13 is unknown.

Discussion

To understand the factors affecting the level of
ADAMTS13 in plasma, we have characterized in
this study the cellular source of ADAMTS13, a
member of the recently recognized ADAMTS super-
family.9 Our findings here indicate that HSC are
the most active hepatic source of ADAMTS13
production. This result may provide the basis for
future investigations to elucidate the regulation of
ADAMTS13 in thrombotic thrombocytopenic pur-
pura and various pathophysiological conditions.

Previous studies using Northern blot analysis
demonstrated that ADAMTS13 is expressed primar-
ily in the human liver. Nevertheless, experiments
using RT-PCR detected the presence of ADAMTS13

Figure 2 Selected properties of primary mouse liver cells, which were separated into fractions enriched in hepatocytes (a–c), LSEC (d–g)
and HSC (h–k). The cell fractions were examined for hepatocyte marker (glycogen), endothelial marker (CD31), HSC marker (vitamin A
autofluorescence), and Küpffer cell marker (F4/80), as indicated. Panels (c, f, g, j and k) were counterstained with DAPI (blue color).
CD31 and F4/80 staining is seen in red color. Panels a, d, and h show cells cultured for 4 days to indicate that isolated cells were healthy.
Original magnification: � 400.
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transcript in a varieties of tissues,4–6,23 and one study
describes the expression of ADAMTS13 in human
platelets.24 However, the RT-PCR studies did not
directly compare the levels of expression among the
different tissues. In our real-time RT-PCR experi-
ments, we designed the primers to amplify the
portion of ADAMTS13 that is present in all the
known isoforms, and the results confirm quantita-
tively that mADAMTS13 is expressed most actively
in the liver. In the other tissues, the ADAMTS13
transcript is present at much lower levels or
undetectable.

The in situ hybridization results revealed that
hADAMTS13 transcript was not present throughout
all liver cells. Instead, it was found only in a subset

Figure 3 Detection of ADAMTS13 activity in the culture media of
liver cells by SDS PAGE and immunoblotting. (a) ADAMTS13
activity was detected in the culture medium conditioned with a
rat line CFSC-3H (HSC), but not with a hepatocyte cell line THLE-
3 (Hep). NHP: normal human plasma. (b) ADAMTS13 activity was
detected in the culture medium of primary stellate cell fraction
(HSC) but not in the primary hepatocytes (Hep) or LSEC of the
mouse liver. To assay ADAMTS13 activity, a human VWF
substrate was added to the test sample in the absence (�) or
presence (þ ) of EDTA. In the absence of EDTA, the ADAMTS13
activity in normal human plasma (NHP) or HSC caused an
increase in the homodimers of the 176-kDa and the 140-kDa
fragments, labeled as (176kDa)2 and (140kDa)2 respectively. No
such increase was detected in the culture media of hepatocytes or
endothelial cell. The assay had a sensitivity of detecting a
protease activity level at 10% of that in the normal control
plasma.

Figure 4 Analysis of mADAMTS13 transcript levels by RT-PCR.
RNA molecules extracted from various tissues of FVB/N mice
were reverse transcribed to cDNA and amplified by PCR. The
levels of PCR products were traced by measuring the fluorescence
intensity of CYBR Green I in a LightCycler. Representative
tracings of one experiment are shown. For comparison among
the tissues, the ADAMTS13 transcript level of each tissue was
normalized for the b-actin level and expressed as a fraction of the
corresponding ADAMTS13 level in the liver. The table shows the
means of the values obtained from two mice.

Figure 5 RT-PCR and cloning of mouse ADAMTS13. (a) RT-PCR
generated a 3.7-kb ADAMTS13 band from the RNA samples
extracted from mouse liver or primary HSC. No PCR products
were generated from primary hepatic endothelial cells (LSEC) or
hepatocytes (Hep). As a result of the nesting design, the PCR
product was smaller than the expected size of 4.7 kb. (b)
Transfection of COS-7 cells with a construct of full-length murine
ADAMTS13 resulted in the synthesis of a 190-kDa protein,
visualized on the immunoblot with anti-V5. Approximately 12%
of the protein was released in the culture medium. (c) VWF-
cleaving activity of mouse ADAMTS13. Each sample was tested
in the absence or presence of EDTA. An increase of the VWF
fragments in the absence of EDTA resulted from digestion of the
VWF substrate by ADAMTS13 in either normal human plasma
(NHP) or mADAMTS13 transfection medium (mAD13). No
protease activity was detected in the control medium conditioned
with cells transfected with vector alone. Owing to its high
proteolytic level, the recombinant mouse ADAMTS13 was diluted
three folds before the analysis. (d) Inhibition of mADAMTS13
activity by TTP plasma. In the mixing study, an equal volume of a
TTP patient plasma (TTP*) or normal plasma (NHP*) was added
to normal control plasma before the ADAMTS13 activity levels in
the mixtures were analyzed. The TTP plasma, but not the normal
plasma, suppressed the mouse ADAMTS13 activity. Prior to the
mixing study, both plasma samples had been heated at 561C to
inactivate endogenous ADAMTS13 activity (*). The result with
one TTP plasma sample is shown. Similar suppression was
observed with each of seven other TTP plasma samples tested.
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of liver parenchymal cells. The morphological
features and anatomic location of cells expressing
ADAMTS13 transcripts suggested that these were
HSC. The cellular location of the diffuse radio-
activity granules could not be ascertained morpho-
logically. By comparing with the control sections
of sense probes, it was apparent that some of
the granules represented nonspecific deposits. On
the other hand, since hepatic stellate cells have 3-
dimensional structures with elongated projections
wrapping around the basal surface of endothelial
cells, sections of these cytoplasmic projections are
present throughout the liver that may appear
unconnected to the cells. Therefore, we cannot
exclude the possibility that this structural character-
istic of HSC may account for some of the individual
granules that do not appear to cluster around
particular cells.

The morphological features suggest but do not
prove that HSC express ADAMTS13. We performed
further studies using cell lines and fractionated
primary liver cells to confirm that HSC express
ADAMTS13. Studies of cell lines revealed that
ADAMTS13 protease activity was detected in the
culture media of three HSC lines investigated,
including one from the human liver and two from
the rat liver, but was not detected in the culture
media of hepatoma-derived HUH-7 or human hepa-
tocyte-derived THLE-3 cell line.

Since immortalized cell lines may not fully
represent the properties of primary cells, we
additionally utilized primary mouse liver cells to
analyze ADAMTS13 production. A recent study
reported that certain mouse strains harbor an
intracisternal-associated particle (IAP)-type retro-
transposon in the ADAMTS13 gene, which leads
to the expression of a truncated form of
ADAMTS13.23 Therefore, in this study, we used
the FVB/N mouse strain, which, based on our PCR
analysis of genomic DNA, does not contain the
IAP-type retrotransposon (data not shown).

Indeed, protease analysis detected VWF cleaving
activity in culture media of the primary HSC
fraction, but not of the hepatocyte or LSEC fractions.
Furthermore, the RT-PCR experiments generated a
full-length ADAMTS band from the FVB/N mouse
liver and primary mouse HSC, but not from either
primary mouse hepatocytes or LSEC. Also, we found
that cloned constructs of the full-length ADAMTS13
cDNA expressed the ADAMTS13 protease that was
capable of cleaving the hVWF substrate. Like its
human counterpart, the recombinant mADAMTS13
was sensitive to suppression by cation chelator
EDTA or IgG inhibitors of TTP patients and its
specific activity level is very similar to or higher
than that of the human plasma ADAMTS13. These
similarities are not surprising since the mA-
DAMTS13 and its substrate VWF are both 70–80%
identical to their human homologues. Banno et al23

cloned the ADAMTS13 from mouse livers and
showed that the protease cleaved a VWF fragment

of 73 amino-acid residues that spans the presumed
Tyr1605-Met1606 cleavage site of the VWF protein.

Our cell isolation procedures produced enriched,
albeit nonhomogeneous fractions of specific liver
cell types. The hepatocyte fraction was most
enriched and showed virtually no contamination
with other cell types. On the other hand, the LSEC
fraction contained significant numbers of Küpffer
cells, and the HSC fraction contained significant
numbers of LSEC, as well as Küpffer cells. Most
procedures to separate liver cells take advantage of
differences in cell density. We found that our cell
separation procedures were convenient for the
initial screen and produced reliable results of
ADAMTS13 expression for the following reasons.
First, the hepatocyte fraction and LSEC fraction
were essentially negative for ADAMTS13 expres-
sion, leading to confidence that contamination of
the HSC fraction with these cells would not have
confounded our results. Second, we did not find
ADAMTS13 expression in peripheral blood leuko-
cytes, which contain circulating mononuclear cells
that are the counterparts of Küpffer cells. Similarly,
absence of ADAMTS13 expression in the LSEC
fraction, despite up to 10% Küpffer cells in this
fraction was against ADAMTS13 expression in
Küpffer cells. Thirdly, ADAMTS13 was expressed
in HSC-derived cell lines and not hepatocyte-
derived cell lines. Therefore, we interpret our
results to indicate that ADAMTS13 expression was
a function of HSC, irrespective of the presence of
additional cell types in this fraction.

HSC, which account for approximately 15% of all
liver cells, are phenotypically heterogeneous, as
indicated by variable intensity of vitamin A auto-
fluorescence and expression of desmin, glial fibril-
lary acidic protein, or alpha smooth muscle actin.
Further complicating laboratory studies, HSC vary
in their biological functions, ranging from lipid and
vitamin A storage, contractile activity capable of
modulating hepatic vascular responses, cytokine
release, and myofibroblast transformation during
fibrosis.25 It is presently unknown how these
phenotypic variations in HSC might affect the
expression of ADAMTS13. Since our studies detect
the presence of many ADAMTS13-positive cells
surrounding the fibrous septae of cirrhotic liver, it is
possible that ADAMTS13 is synthesized in activated
HSC. In fact, both human and rat HSC lines used in
this study exhibit features of activation. Further
studies are needed to delineate how the activation
state of HSC may affect the expression and synthesis
of ADAMTS13.

In summary, the study suggests that the liver cells
expressing ADAMTS13 are morphologically similar
to HSC. This interpretation is further corroborated
by the results from cell lines and primary liver cell
fractions, demonstrating that HSC expresses the
ADAMTS13 transcript and secretes active
ADAMTS13. Additionally, ADAMTS13 cloned from
mouse HSC is proteolytically active and exhibit
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features similar to human ADAMTS13. As a result of
their contribution to fibrogenesis, the stellate cell is
considered a main culprit of liver cirrhosis.26 The
successful localization of the cell-type synthesizing
ADAMTS13 will facilitate further studies to define
the regulation of ADAMTS13 transcription, transla-
tion, and secretion under physiological and patho-
logical conditions. These studies should offer novel
insights into the pathogenesis and therapies of TTP.
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