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Serpinopathies, a group of diseases caused by muta-
tions that disrupt the structurally sensitive serpins,
have no known acquired cause. Interestingly, 1-aspara-
ginase treatment of acute lymphoblastic leukemia pa-
tients causes severe deficiency in the serpin antithrom-
bin. We studied the consequences of this drug on
antithrombin levels, activity, conformation, and immu-
nohistological and ultrastructural features in plasma
from acute lymphoblastic leukemia patients, HepG2
cells, and plasma and livers from mice treated with this
drug. Additionally, we evaluated intracellular deposi-
tion of al-antitrypsin. 1-Asparaginase did not affect
functional or conformational parameters of mature an-
tithrombin; however, patients and mice displayed se-
vere type I deficiency with no abnormal conformations
of circulating antithrombin. Moreover, L-asparaginase
impaired secretion of antithrombin by HepG2 cells.
These effects were explained by the intracellular reten-
tion of antithrombin, forming aggregates within dilated
endoplasmic reticulum cisterns. Similar effects were ob-
served for al-antitrypsin in plasma, cells, and livers,
and intracellular aggregates of additional proteins
were observed in frontal cortex and pancreas. This is
the first report of a conformational drug-associated ef-
fect on serpins without genetic factors involved. 1-As-
paraginase treatment induces severe, acquired, and
transient type I deficiency of antithrombin (and «al-
antitrypsin) with intracellular accuamulation of the nas-
cent molecule, increasing the risk of thrombosis. (4Am
J Patbol 2006, 169:142—-153; DOI: 10.2353/ajpath.2006.051238)
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Venous thromboembolism is a multifactorial disorder in
which genetic and acquired risk factors may interact to
determine the occurrence of the thrombotic event.
Throughout the last 30 years, a significant effort has been
done to determine inherited risk factors associated with
venous thrombosis. But even including low-risk polymor-
phisms up to 50% of cases have no identified genetic risk
factors. Much more effort is required to identify other
factors causing a transient hypercoagulable state that
could increase the risk of thrombosis and their underlying
mechanisms.

Antithrombin is the most important endogenous anti-
coagulant. Deficiency of this serpin significantly in-
creases the risk of venous thrombosis, and homozygous
deficiency is lethal." As for any other serpin, a flexible
structure of antithrombin is essential for its inhibitory ac-
tion, which leads to an irreversible destruction of the
target proteases. However, this structural flexibility also
makes serpins, and particularly antithrombin, especially
vulnerable to conformational changes with relevant func-
tional or pathological consequences.? Thus, the modifi-
cation of just a single amino acid in structurally sensitive
regions or any other factor able to disturb the complex
network of interactions in the whole molecule may pro-
duce overall conformational changes that affect all of the
functions of antithrombin, including its inhibitory activity
and its heparin-binding affinity. But most importantly,
such conformational changes can result in a loss of sta-
bility and facilitate the formation of intermolecular link-
ages and its subsequent intracellular retention. Accord-
ingly, some cases of venous thrombosis have been
included in the group of conformational diseases.® Anti-
thrombin deficiency is caused by a range of rare muta-
tions associated with a strong thrombotic risk (T. Bayston,
D. Lane: Antithrombin mutation database. Department of
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Haematology, Imperial College Faculty of Medicine,
Charing Cross Hospital Campus, Hammersmith, London,
UK. http.//www1.imperial.ac.uk/medicine/about/divisions/
is/haemo/antithrombin/default.html), some with demon-
strated conformational effect.* Acquired antithrombin de-
ficiency, also associated with an increased incidence of
thromboembolic events, occurs as a result of decreased
production, increased consumption, or increased renal
loss. However, few factors have been identified to cause
transitory deficiency of antithrombin.

L-Asparagine amido hydrolase, E.C. 3.5.1.1 (ASNase),
is a bacterial enzyme that produces aspartic acid and
ammonia by asparagine hydrolysis.® This enzyme is used
as an anti-neoplastic agent in acute lymphoblastic leuke-
mia (ALL) chemotherapy. Unfortunately, this treatment
causes a severe deficiency of antithrombin that might
explain the associated high incidence of venous throm-
boembolism (up to 36.7% in some series).® A recent and
extensive study supports that patients who received
ASNase had a 4.9-fold increased risk of thrombosis in
comparison with those who did not (95% Cl, 1.5 to 16.0).”
Moreover, the fatality rate attributable to thrombosis was
0.8%.” However, the mechanism responsible for the de-
crease of plasma antithrombin caused by ASNase re-
mains elusive.

Materials and Methods

Patients

ALL patients (n = 19) after induction therapy received
intravenous ASNase (Elspar; Merck and Co., Whitehouse
Station, NJ) at 10,000 IU/m? on days 9to 11, 16 to 18, and
23 to 25 of the induction chemotherapy. Additionally,
patients received intravenous prednisolone at 60 mg/m?
on days 1 to 27 and 30 mg/m? on days 28 to 35; intra-
venous vincristine at 1.5 mg/m? on days 8, 15, 22, and
28; intravenous daunorubicin at 30 mg/m? on days 8 and
15; intravenous cyclophosphamide at 1000 mg/m? on
day 22; and intrathecal therapy (methotrexate, ARA-C,
and hydrocortisone) on days 1 and 22. Venous blood
from ALL patients under ASNase treatment was collected
into 10 mmol/L trisodium citrate tubes. Fresh plasma from
these samples was obtained by centrifugation and imme-
diately aliquoted and stored at —70°C until the moment of
use. Two of these patients developed venous thrombo-
embolic events. As a control, we generated a pool of
citrated plasma from 100 healthy blood donors. The Uni-
versity of Murcia ethics committee approved the protocol,
and informed consent was obtained from patients or their
relatives.

In Vitro Studies

Venous blood from healthy blood donors (n = 4) was
anti-coagulated with 10 mmol/L trisodium citrate. Fresh
plasma from these samples was obtained by centrifuga-
tion and immediately stored in aliquots at —70°C. Plasma
samples were incubated with ASNase at either 70 or 700
|U/ml (the amount and a 10 times higher amount than that
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expected in plasma of patients treated with this drug) up
to 72 hours. Similar studies were performed with purified
human antithrombin obtained from commercial concen-
trates of therapeutic use (Kybernin-P; Aventis Behring,
Strasbourg, France).

Cell Culture Studies

Semiconfluent cultures of the human hepatoma HepG2
cell line cultured in Dulbecco’s modified medium (Gibco-
BRL, Paisley, UK) plus 10% fetal calf serum (GibcoBRL)
were extensively washed with phosphate-buffered saline
(PBS) and incubated in fetal calf serum-deprived Dulbec-
co’s modified medium (GibcoBRL) and treated with 70
IlU/ml ASNase (in sterile PBS). The same volumes of
sterile PBS were added to the medium of control cells.
Cell culture media samples from these groups were col-
lected (250 ul) at 24 hours after treatment and frozen at
—70°C until the moment of use. Cells were either fixed in
4% PBS-formaldehyde or lysated for immunoblotting or
immunoprecipitation purposes. Experiments (n = 6) were
performed in sixtuplicate.

Mouse Model

Non-inbred Swiss (ICR CD-1) male mice were intraperi-
toneally injected with 10,000 IU/m? ASNase (n = 8) for 2
consecutive days. Controls were intraperitoneally in-
jected with sterile PBS (n = 10). Venous blood samples
(10 wl) were collected on days 0, +1, and +2 after
treatment into 10 mmol/L trisodium citrate-containing
tubes. Mice were sacrificed on day +2. Livers were finely
dissected and either fixed in 4% PBS-formaldehyde for
histolopathology purposes or 4% glutaraldehyde for elec-
tron microscopy purposes, or frozen in liquid nitrogen for
immunoblotting purposes. A control pool of citrated
plasma from 10 untreated mice was generated. The an-
imals were kept under standardized conditions, and tap
water and mouse chow were provided ad libitum. All
experimental procedures were performed in accordance
with the University of Murcia approved institutional animal
care guidelines.

Determination of Anti-Factor Xa Activity and
Antigenic Levels of Antithrombin

Antithrombin activity in plasma was determined using a
commercial chromogenic (S-2765) anti-factor Xa (FXa)
assay with heparin (Instrumentation Laboratory, Milano,
Italy). Antithrombin antigen in plasma samples (from pa-
tients and mice) and medium samples were measured by
enzyme-linked immunosorbent assay and electro-immu-
nodiffusion (Laurell). Unless indicated, values were ex-
pressed as percentage of the results observed in the
respective control plasma pools (100%).



144  Hernandez-Espinosa et al
AJP July 2006, Vol. 169, No. 1

Detection of Conformational Variants of
Antithrombin

Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was performed in 8% (w/v) poly-
acrylamide gels, running purified antithrombin or plasma
(750 ng of antithrombin) and cell or liver lysates (40 nQ),
as previously described.® Additionally, nondenaturing
PAGE was performed as indicated elsewhere, with minor
variations.® Addition of 6 mol/L urea to the native gel
allows differentiation of the native and latent forms of
antithrombin, as reported.'® Briefly, purified antithrombin
(0.2 to 25 ug) and plasma from patients (1 to 2 ul) were
run in nondenaturing gels (with or without 6 mol/L urea).
Finally, the features of intracellular antithrombin in HepG2
cells were also analyzed using two-dimensional
electrophoresis.

Plasma from patients, mice, and cell lysates were blot-
ted onto polyvinylidene difluoride membranes and im-
munostained with goat anti-human antithrombin or
anti-human «-1 antitrypsin polyclonal antibodies (Dako
Diagnostics, Glostrup, Denmark), followed by rabbit anti-
goat IgG-horseradish peroxidase conjugate (Amersham
Biosciences Ltd., Little Chalfont, UK). Both primary anti-
bodies are able to recognize both mouse proteins given
the high degree of homology between human and
mouse. Densitometric analysis of bands was performed
using the Quantity-One software (Bio-Rad, Denver, CO).
Purified antithrombin was immunodetected or stained
with Coomassie.

Crossed Immunoelectrophoresis

Antithrombin affinity to heparin was evaluated by means
of bidimensional electrophoresis with heparin, using the
reagents and following the conditions previously de-
scribed by our group.’’

Detection of Antithrombin in HepG2 Cells and
Livers of Mice Treated with ASNase

Livers were weighed, minced, and homogenized into
10X volume of ice-cold lysis buffer [10 mmol/L Tris-HCI,
0.5 mmol/L dithiothreitol, 0.085% SDS, 1% Triton X-100,
50 pumol/L protease inhibitor cocktail (Sigma-Aldrich,
Poole, UK)]. The homogenate was centrifuged at 13,000
rom for 10 minutes, supernatants were kept and the
pellets were resuspended into 5X volume of lysis buffer.
These samples were stored at —80°C until the moment of
use. Similarly, HepG2 cells were extensively washed with
sterile PBS and then lysed with 500 ul of lysis buffer and
stored at —80°C until the moment of use. Bradford assays
(Bio-Rad) were performed to determine the protein
concentrations.

To detect antithrombin, supernatants (40 pg) and pel-
lets (40 ug) of liver and cell extracts (40 ng) were boiled
for 5 minutes in Laemmli buffer with 1 mmol/L dithiothre-
itol before electrophoresis and loaded into denaturing
gels. Additionally, HepG2 lysates were immunoprecipi-
tated with a rabbit anti-human antithrombin polyclonal

antibody (10 ug, Dako Diagnostics) for 16 hours. Sixty ul
of 50% slurry agarose-immobilized protein G (Invitrogen
Co., Carlsbad, CA) containing 2.5% bovine serum albu-
min were added, and the suspension was rotated for an
additional 2 hours at 4°C. Agarose beads were washed
five times in lysis buffer. Protein was eluted with 0.1 mol/L
glycine-HCI, pH 2.5 and buffered with 100 mmol/L Tris,
pH 7.5. Eluate (50 wl) was resuspended in two-dimen-
sional electrophoresis solubilization buffer (160 ul) con-
sisting of 9 mol/L urea, 3% CHAPS, 2% Triton X-100, 20
mmol/L dithiothreitol, and 0.5% ampholytes. Immobilized
pH gradient (IPG) strips (ReadyStrip IPG 11 cm, pH 4.7 to
5.9 linear; Bio-Rad) were passively rehydrated overnight
with protein solution. Isoelectric focusing of proteins was
performed using the following step gradient: 500 V for 1
hour, 1000 V for 1 hour, and 8000 V until a total of 35,000
V-hours had been achieved (Protean IEF Cell, Bio Rad).
After isoelectric focusing, strips were equilibrated in
buffer containing 7 mol/L urea, 2% SDS, 375 mmol/L Tris
(pH 8.8), and 10% glycerol plus either 50 mmol/L dithio-
threitol for reduction or 100 mmol/L iodoacetamide for
alkylation. Equilibrated IPG strips were loaded onto a
10% acrylamide gel and electrophoresed. Gels were
blotted to polyvinylidene difluoride membranes and im-
munostained with goat anti-human antithrombin poly-
clonal antibody (Sigma-Aldrich), as indicated before.

Histological and Histopathological Analyses

Paraffin-embedded liver, pancreas, and frontal cortex
sections (4 um) were stained with hematoxylin (Panreac,
Catelar del Valles, Spain), counterstained with eosin
(Panreac), dehydrated, and mounted in Dpex mounting
medium (Panreac) for light microscopy observation. To
detect intracellular B-sheet-mediated deposits of pro-
teins, Congo Red (Merck, Darmstadt, Germany) staining
was performed. Glycoproteic deposits were assessed by
the appearance of periodic acid Schiff-positive deposits
(Panreac). Cell viability was assessed by Hoechst stain-
ing (Sigma-Aldrich) and numbers of nuclei counted in
eight random x40 fields under blue fluorescence (exci-
tation, 365 nm; emission, 465 nm).

For antithrombin and a1-antitrypsin immunohistochem-
istry purposes, a peroxidase-anti-peroxidase technique
was performed. Briefly, sections were rinsed and endog-
enous peroxidase inhibited. Sections were blocked in
blocking solution [0.1% Tween-Tris-buffered saline
(TBS), 10% fetal calf serum, 5% bovine serum albumin]
for 30 minutes and incubated with rabbit anti-human
antithrombin polyclonal antibody (1:1000, Dako Diagnos-
tics) or rabbit anti-human a1-antitrypsin polyclonal anti-
body (1:250, Dako Diagnostics) for 90 minutes. Then,
sections were washed three times in 0.1% Tween-TBS
and incubated with biotin-labeled anti-rabbit secondary
antibody (1:250; Vector Laboratories, Burlingame, CA)
and signal-amplified with an ABC kit (Vector Laborato-
ries). Sections were then washed twice in 0.1% Tween-
TBS, once with TB, rinsed, developed with 3,3’-diamino-
benzidine (0.5 mg/ml) (Sigma-Aldrich) in 50 mmol/L TB
(pH 7.6), counterstained with hematoxylin, dehydrated,
and mounted.



HepG2 hepatoma cells were histologically stained
with the same techniques used for liver sections al-
though no dehydration was performed. Mounting was
performed in Vectashield mounting medium (Vector
Laboratories). Antithrombin and «a1-antitrypsin immu-
nofluorescence of HepG2 cells was assessed. Briefly,
cells were rinsed with PBS and blocked with blocking
solution (0.3% Tween-PBS, 10% fetal calf serum, 5%
bovine serum albumin). After this step, cells were in-
cubated with rabbit anti-human antithrombin or anti-
al-antitrypsin  polyclonal antibodies (1:1000 and
1:250, respectively; Dako Diagnostics) for 90 minutes
and washed three times in 0.1% Tween-PBS. Cells
were then incubated with a fluorescein-labeled anti-
rabbit IgG secondary antibody (1:250, Vector Labora-
tories) for 1 hour, washed three times in 0.1% Tween-
PBS, mounted in Vectashield mounting medium
(Vector Laboratories) and observed using green fluo-
rescence (excitation, 488 nm; emission, 530 nm).

Electron Microscopy Studies

Fixed samples of livers from ASNase-treated or control mice
(4% glutaraldehyde) were dehydrated in sequential gradi-
ents of ethanol. Samples were then infiltrated with increas-
ing concentrations of LR White resin (Merck). Polymeriza-
tion of the resin was performed under oxygen-free
conditions for 24 hours at 50°C. Ultrathin section were cut
by using a Leica ultramicrotome (Leica Mycrosystems, Hei-
delberg, Germany) at 50 nm onto copper grids (for ultra-
structural analysis) or nickel grids (for immunogold label-
ing). Copper grid sections were postfixed with osmium
tetroxide and then stained with uranyl acetate and lead
citrate. Ultrastructural morphology of mouse liver was ana-
lyzed using an EM-10 Zeiss transmission electron micro-
scope (Zeiss, Oberkochen, Germany).

A colloidal gold immunostaining technique for anti-
thrombin and a1-antitrypsin was used for nickel sec-
tions. Briefly, sections were rinsed and blocked in
blocking solution (0.1% Tween-TBS, 10% fetal calf se-
rum, 5% bovine serum albumin) for 45 minutes and
incubated with rabbit anti-human antithrombin and a1-
antitrypsin polyclonal antibodies (1:250, Dako Diag-
nostics) for 90 minutes. Then, sections were washed
three times in 0.1% Tween-TBS and incubated with 10
nm of protein A-conjugated colloidal gold in Tween-
TBS (1:40) (Sigma-Aldrich). Nickel grid sections were
then postfixed with osmium tetroxide and stained with
uranyl acetate and lead citrate. Immunogold labeling
was analyzed with the EM-10 Zeiss transmission elec-
tron microscope (Zeiss).

Statistical Analysis

Results are presented as mean values = SD. Unpaired
Mann-Whitney nonparametric t-tests were used for sta-
tistical significance determination purposes. Statistics
were performed using GraphPad Prism, version 4.0 (San
Diego, CA). A P value <0.05 was considered as statisti-
cally significant.
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Results

ASNase Reduced the Anticoagulant Activity and
Antigenic Levels of Antithrombin in ALL Patients

Induction ASNase treatment of ALL patients caused a
rapid and severe reduction in the anticoagulant activity of
antithrombin (Figure 1A). The average maximal loss of
antithrombin achieved during ASNase treatment was
40.0 = 10.6% of baseline values (range, 21.5 to 63.6)
(Figure 1B). These results were similar to those observed
in other studies.’®'® Moreover, in all cases ASNase
caused a type | deficiency, as activity and antigen dis-
played similar reductions (Figure 1C). However, once the
treatment was stopped, antithrombin levels reached
baseline values (Figure 1C). Thus, the induction treat-
ment of ALL patients with ASNase determines an ac-
quired but severe type | deficiency of antithrombin, sim-
ilar to that observed in patients carrying heterozygous
mutations, which explains the high thrombotic risk of
these patients. In our study, two patients developed ve-
nous thrombosis in this period (10.5%). Interestingly, the
thrombotic events take place when antithrombin levels
were minimal (29.1% and 38.6% of basal values). SDS-
PAGE and native Western blots of plasma samples of
ALL patients under ASNase treatment revealed neither
abnormal conformations nor significant increase of the
latent form (data not shown).

In Vitro Incubation with ASNase Had Neither
Effect on Antithrombin Activity and Antigenic
Levels nor on Conformation

To test the direct effect of ASNase on antithrombin,
plasma samples from healthy donors (n = 4) were incu-
bated at 37°C up to 72 hours with ASNase (up to 700
IU/ml, which represents 10 times the amount of ASNase
estimated in plasma of ALL patients under induction
treatment) or sterile PBS. In vitro ASNase treatment of
these samples affected neither the antigen levels of an-
tithrombin nor its anti-FXa anticoagulant activity. More-
over, this incubation did not modify the electrophoretic
mobility of the molecule in reduced SDS-PAGE. Addition-
ally, it neither increased the levels of latent form nor
produced polymers, and it had no effect on the heparin
affinity of antithrombin. Similar results were observed
when human purified antithrombin was used (at concen-
trations ranging from 150 ug/ml to 12 mg/ml) (data not
shown).

ASNase Treatment Induced the Intracellular
Accumulation and Concomitant Reduction in
the Secretion of Antithrombin in HepG2 Cells

A previous study reported that ASNase treatment does
not reduce antithrombin mMRNA levels.?® Accordingly, the
decrease in plasma levels of antithrombin, as a conse-
quence of the ASNase treatment, could be attributable to
either posttranslational or secretory mechanisms. To as-
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sess any possible effect of ASNase treatment on anti-
thrombin secretion, human hepatoma HepG2 cells were
treated with either ASNase or sterile PBS. Concentrations
of ASNase used to treat the cells were bioequivalent to
those found in plasma of ALL patients treated with this
drug (70 IU/ml). ASNase treatment produced a signifi-
cant decrease (P = 0.0031) in the levels of antithrombin
secreted to the medium by HepG2 cells (Figure 2A). This
effect correlated with significant morphological changes
in the cells. Indeed, untreated HepG2 cells had a round
shape, cells were basophilic, with a foamy-like appear-
ance, and their nuclei were homochromatinic. At 24
hours after ASNase treatment cells became fusiform,
cytoplasms acquired a vacuolized appearance, and
nuclei became more heterochromatinic (data not shown).
Hoechst staining revealed decreased cell viability in
ASNase-treated cells only after 48 hours (data not
shown).

In parallel to these changes, we observed a significant
intracellular accumulation of antithrombin. First, SDS-
PAGE immunoblotting of cellular lysates revealed an in-
creased proportion of intracellular antithrombin in treated
cells (Figure 2B). Second, immunofluorescent labeling of
antithrombin revealed the relocalization of the wide-
spread diffuse antithrombin into more intense clusters
(Figure 2C), suggestive of aggregates. Indeed, some of
these clusters were Congo Red-positive (data not
shown). Third, proteomic analysis confirmed the intracel-
lular accumulation of antithrombin in ASNase-treated
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Figure 1. Effects of ASNase treatment on plasma antithrombin during the in-
duction procedure of ALL patients and mice. A: Evolution of the anti-FXa
anticoagulant activity in ASNase-treated ALL patients (12 = 19). Arrows indicate
the start of every single block of treatment with ASNase. B: Highest loss of
antithrombin antigen levels and anti-FXa activity compared with the basal value
of each patient (100%). C: Reduction of the anti-FXa activity in plasma of mice
treated with 10,000 IU/m? of ASNase for 2 consecutive days.

cells and revealed that ASNase treatment caused a mod-
ification on intracellular antithrombin because these mol-
ecules displayed different features increasing the pl of
some forms and the amount of aggregated or polymeric
forms (Figure 2D). Interestingly, a recent article found
that antithrombin « and B forms (the last lacks the car-
bohydrate side chain on Asn'®®) differ by ~0.135 pH
units, assuming that the increase of the pl in the B form
corresponds to different numbers of sialic acids at the
end of carbohydrate antennas.?’ Therefore, antithrombin
pl variations observed in this experiment might corre-
spond to different carbohydrate contents of the molecule,
but further experiments are required to characterize the
post-translational modifications or abnormal conforma-
tions of antithrombin produced under ASNase treatment.

ASNase Treatment Caused a Significant
Retention of Antithrombin in Livers of Mice,
Which Determined a Circulating Acquired Type |
Deficiency

The mouse model accurately reproduced the effects of
ASNase treatment in ALL patients. Indeed, plasma of
mice treated with ASNase revealed a decrease in anti-
thrombin anti-coagulant activity (Figure 1C). Similarly to
the results observed in HepG2 cells, ASNase treatment
altered the morphology of the hepatocytes, by inducing
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Figure 2. Effect of ASNase incubation of HepG?2 cells after 24 hours. A: Antithrombin secreted to the medium as determined by enzyme-linked immunosorbent
assay. B: Intracellular antithrombin of HepG2 lysates as evaluated by SDS-PAGE under reducing conditions and immunoblotting. C: Intracellular distribution of
antithrombin in HepG2 as revealed by immunofluorescence. Arrowheads mark antithrombin aggregates. D: Antithrombin immunoblot of HepG2 immunopre-
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Figure 4. Intracellular retention of antithrombin aggregates in mice treated
with ASNase (2 days with 10,000 IU/ 'm?). A: Intracellular antithrombin eval-
uated by SDS-PAGE under reducing conditions and immunoblotting of su-
pernatant and pellets from liver lysates. B: Intracellular distribution of anti-
thrombin and cellular morphology and ultrastructure of hepatocytes as
revealed by immunohistochemistry (IH) under light microscopy and immu-
nogold labeling electron microscopy (IG-EM). Arrows indicate antithrombin
accumuli. Original magnifications: X100 (B, left); X40,000 (B, right).

intracellular depletion of glycogen and massive vacuolar
degeneration by 24 hours after treatment (Figure 3A).
Some of these vesicles contained Congo Red (Figure 3B)
as well as periodic acid-Schiff (PAS)-positive deposits
(Figure 3C), although cell death was not observed at this
time point. Additionally, electron microscopy studies of
livers from ASNase-treated mice revealed massive dila-
tion of the rough endoplasmic reticulum (ER) cisterns and
vacuoles that contained an electrodense material, some
of them having Mallory body-looking appearance (Figure
3D).

Accordingly, we evaluated a possible intracellular re-
tention and aggregation of antithrombin in livers of mice
treated with ASNase. SDS-PAGE immunoblotting of cell
lysates revealed intracellular accumulation of antithrom-
bin, particularly insoluble material, as demonstrated by
the increased amount of antithrombin in the pellets of
ASNase-treated animals (Figure 4A). Moreover, immuno-
histochemistry studies showed an intracellular retention
and aggregation of antithrombin in ASNase-treated mice
(Figure 4B). Finally, immunogold labeling confirmed the
retention and aggregation of the protein within the lumen
of dilated rough ER cisterns of ASNase-treated mice
(Figure 4B).
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Effects of ASNase Treatment on a1-Antitrypsin

Similarly to antithrombin, patients under ASNase treat-
ment also displayed a significant reduction in the plasma
levels of al-antitrypsin (Figure 5A). Moreover, ASNase
treatment induced similar retention and intracellular ag-
gregation of a1-antitrypsin to that seen for antithrombin in
cells and livers of mice. Thus, immunofluorescence anal-
ysis of HepG2 cells showed an intense expression of
al-antitrypsin in a cluster-like pattern in ASNase-treated
cells (Figure 5B). ASNase-treated mice displayed an in-
crease in intracellular a1-antitrypsin (Figure 5C). Finally,
immunohistochemical and immunogold-labeling electron
microscopy studies also revealed the intracellular reten-
tion and aggregation of a1-antitrypsin within the lumen of
dilated ER cisterns in livers of ASNase-treated mice
(Figure 5D).

ASNase Treatment Induced Intracellular
Retention and Accumulation of Glycoproteins in
Other Tissues

Additionally, we observed that ASNase treatment had a
more widespread action on conformationally-sensitive
tissues such as the pancreas and central nervous sys-
tem. Thus, scattered Congo Red- and PAS-positive intra-
cytoplasmic deposits of proteins were found in pancreas
(Figure 6A) and white matter from frontal cortex in
ASNase-treated mice (Figure 6B).

Discussion

Conformational diseases constitute an important group of
disorders, including diseases such as Alzheimer’s dis-
ease, Huntington’s disease, familial dementia, emphy-
sema, Creutzfeld-Jakob disease/scrapie, bovine spongi-
form encephalopathy, Parkinson’s disease, or type 2
diabetes mellitus, among others.?®> Most of these disor-
ders affect proteins with a certain degree of conforma-
tional instability. Thus, mutations affecting the structure of
the protein or noxious stimuli enable proteins to adopt a
partially folded state. In a second step, this intermediate
conformer forms intermolecular bonds that lead to multi-
meric structures, a step often mediated via hydrophobic
or B-strand interactions, which culminate in the deposi-
tion of proteinaceous aggregates.2® Although a wide va-
riety of clinical presentations and triggering factors exist,
understanding the pathological mechanism for one of
these diseases might help to unravel the mechanisms
involved in the pathogenesis of the others. Moreover,
similar therapeutical approaches might be applied to
different diseases.?® Interestingly, many of the conforma-
tional diseases are caused by abnormal aggregation of
serpins.®* Certainly, the molecular flexibility of serpins,
which is necessary for their inhibitory function, also ren-
ders these molecules especially susceptible to even mi-
nor changes.? Point mutations in the mobile domains of
several serpins, such as al-antitrypsin, C1-inhibitor of
complement, or neuroserpin, make the molecule vulner-
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Figure 5. Effects of ASNase on al-antitrypsin secretion and retention. A: Effects of ASNase treatment on the levels of al-antitrypsin in plasma during the induction
procedure of ALL patients. B: Intracellular retention and aggregation of al-antitrypsin in HepG2 cells as revealed by immunofluorescence (IF) after 24 hours of
incubation with ASNase. C and D: Intracellular al-antitrypsin in livers of ASNase-treated mice (2 days with 10,000 IU/m?) and their control littermates, as revealed
by immunoblotting of supernatants from liver lysates (C) and by immunohistochemistry (IH) under light microscopy or immunogold-labeling and electron
microscopy (IG-EM) (D). Arrows indicate al-antitrypsin aggregates. Original magnifications: X100 [B, D (top)]; X40,000 (D, bottom).

able to aberrant conformational transitions that allow pro-
tein polymerization at cell synthesis and processing stag-
es.2* This has two relevant consequences. First, their
secretion becomes impaired causing a plasma defi-
ciency, which could have pathological consequences
(such as emphysema or angioedema). Second, accumu-
lation of polymers inside cells might be toxic, leading to
cell death or degeneration that is also associated with
diseases such as cirrhosis or dementia.?*2°
Antithrombin has also been involved in conformational
diseases (T. Bayston, D. Lane: Antithrombin mutation
database. Department of Haematology, Imperial College
Faculty of Medicine, Charing Cross Hospital Campus,
Hammersmith, London, UK. http://www1.imperial.ac.uk/
medicine/about/divisions/is/haemo/antithrombin/default.
html).2* Particular missense mutations cause dimeriza-
tion, trimerization, or polymerization and intracellular re-
tention.* Environmental factors also cause conforma-
tional modifications in antithrombin. Particularly, high
temperatures (>60°C) or low pH (<6.5) induce the for-
mation of antithrombin polymers in vitro.® 2% However,
some of these conditions can hardly be achieved under

pathophysiological situations. Herein, we show consis-
tent data supporting the first evidence that the drug
ASNase causes an acquired and transient but profound
deficit of antithrombin, probably through a conformational
mechanism, which increases the risk of thrombosis. In
fact, two ASNase-treated ALL patients developed deep
venous thrombosis in the course of this study.
L-Asparaginase (EC 3.5.1.1) hydrolyzes L-asparagine to
L-aspartate and ammonia. ASNase activity might directly
affect key asparagine (Asn) residues of the molecule. Three
Asn are conserved in >70% of serpins—Asn 49, 158, and
186 in a1-antitrypsin numbering, supporting their structural
relevance.?” Moreover, three mutations affecting the anti-
thrombin gene changed two Asn residues, one strongly
conserved, Asn 187 (Asn 158 in the a1-antitrypsin template)
that is mutated to Lys or Asp, and Ans405Lys (T. Bayston,
D. Lane: Antithrombin mutation database. Department of
Haematology, Imperial College Faculty of Medicine,
Charing Cross Hospital Campus, Hammersmith, London,
UK.  htto.//www 1.imperial.ac.uk/medicine/about/divisions/is/
haemoyantithrombin/default.html). These mutations caused
type Il deficiency (T. Bayston, D. Lane: Antithrombin muta-
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Figure 6. Intracellular accumulation of proteins in pancreatic acinar cells (A) and frontal cortex white matter (B) from mice treated with ASNase (2 days with
10,000 IU/m?), as revealed by Congo Red and PAS staining under light microscopy. Arrowheads indicate B-amyloid (A, B) and glycoprotein (B) deposits.

Original magnifications, X100.

tion database. Department of Haematology, Imperial Col-
lege Faculty of Medicine, Charing Cross Hospital Campus,
Hammersmith, London, UK. http.//www1.imperial.ac.uk/
medicine/about/divisions/is/haemo/antithrombin/default.
html). Interestingly, the mutation of the conserved Asn 187
to Asp (antithrombin Rouen-VI) in the F-helix destabilizing
the underlying A-sheet of the molecule causes an increased
rate of peptide insertion into the A-sheet, facilitating the
formation of polymers.® Accordingly, ASNase could directly
cause conformational changes in antithrombin molecules
by modifying these Asn residues. However, our in vitro ex-
periments support that the enzymatic activity of ASNase
has no effect on the mature secreted protein, affecting
neither its conformation nor activity. In contrast, this drug
caused a transient but potent retention of this molecule
within ER cisterns and vacuoles, which explains the severe
type | deficiency observed in cell culture, mice, and pa-
tients. Remarkably, this effect is not specific to antithrombin.
We have also demonstrated similar effects on a1-antitryp-
sin, another hepatic serpin, probably affecting other struc-
turally flexible proteins, as suggested by Congo Red and
PAS stainings. Additionally, these effects could not be re-
stricted to the liver but affected other cell types in which
conformational diseases are promiscuous, such as pancre-
atic acinar cells or neurons.

Our results suggest that the effects of ASNase are
restricted to the nascent molecules at the intracellular

level. Different hypotheses could explain the ASNase-
induced intracellular mechanism. First, although the
ASNase used in ALL therapy belongs to the high-affinity
variants (type 1), further enhancement of activity of the
intracellular L-asparaginase Gliap, an atypical type | L-as-
paraginase particularly abundant in liver,?® could affect
Asn residues of the nascent proteins. These residues are
required for accurate glycosylation and are therefore crit-
ical for proper folding, especially of conformationally sen-
sitive proteins, such as antithrombin or a1-antitrypsin. On
the other hand, high ammonia levels, such as those ob-
served under ASNase treatment,?® have been shown to
interfere at different points with the intracellular energy
metabolism and to produce oxidative stress.*° Metabolic
energy is necessary for the proper folding of proteins as
well as for the degradation of misfolded proteins.®' Ad-
ditionally, oxidation per se can interfere with the proper
folding of proteins. Certain oxidized proteins are poorly
handled and become accumulated.®® Moreover, the abil-
ity of a cell to deal with reactive oxygen species and
oxidative stress depends on a cascade of intracellular
events collectively known as the unfolded protein re-
sponse, which includes chaperone up-regulation, antiox-
idant production, and protein degradation. The liver is
particularly susceptible to perturbations in this quality
control system. Indeed, different insults favor the forma-
tion of inclusion bodies known as Mallory bodies.>33°
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Therefore, high ammonia levels could lead to intracellular
accumulation of particularly susceptible proteins. Further
experiments are required to confirm the exact mecha-
nism that causes the intracellular accumulation of pro-
teins during ASNase treatment.

In the course of normal protein biosynthesis, misfold-
ing does occur especially in conformationally sensitive
molecules such as serpins. Accordingly, intracellular
mechanisms have evolved to degrade these aberrant
proteins.3® A particular protein susceptibility to aggrega-
tion, caused by genetic or environmental factors, may
overwhelm the quality control mechanisms of the cell. In
this setting, ER quality control mechanisms can prove
insufficient. High concentrations of mutant proteins lead
to aggregation and slow deposition into tissues through-
out time, explaining the late onset of many conformational
diseases. However, during the ASNase treatment, ER
stress is transient, and the main pathological conse-
quence becomes an impaired secretion of proteins,
causing a circulating deficiency. For antithrombin, such
acquired deficiency, even when transient, significantly
increases the risk of thrombosis. Two simple adaptive
mechanisms are used to bring the folding capacity of the
ER and its unfolded protein burden and return the ER to
its normal physiological state: up-regulation of the folding
capacity of the ER through induction of ER-resident mo-
lecular chaperones and foldases and an increase in the
size of the ER and down-regulation of the biosynthetic
load of the ER through shut-off of protein synthesis at
transcriptional and translational levels and increased
clearance of unfolded proteins from the ER through up-
regulation of ER-associated degradation.®” During
ASNase treatment, we observed an increase in the size of
the ER, suggesting the activation of these protective
mechanisms. Thus, after ASNase treatment, these mech-
anisms will probably remedy the stress situation, and
apoptosis is not initiated, even if highly expressed pro-
teins are affected. However, ASNase treatment might
impair the function of the affected organs, especially if
combined with additional factors. Therefore, adverse
side effects of this treatment such as hepatotoxicity and
neurotoxicity can be at least partially explained by the
conformational effects of ASNase treatment on organs
that are particularly susceptible to conformational
diseases.

In summary, ASNase affects neither functional nor con-
formational parameters of the circulating pool of anti-
thrombin but causes a severe yet transient type | anti-
thrombin, deficiency that justifies the increased risk of
thrombosis seen in ALL patients. This effect is a conse-
quence of impaired secretion due to intracellular aggre-
gation within the ER cisterns and vacuoles, forming in
some cases crystalloid structures that are similar to in-
clusion bodies. Features of these aggregates of anti-
thrombin are similar to those observed in the Z-form of
al-antitrypsin produced by the mutation Glu342Lys.?®
These data support the first case of a nonmutational
conformational mechanism that causes antithrombin de-
ficiency. Other factors yet to be defined might have sim-
ilar consequences and therefore could be involved in
acquired deficiency of this potent anticoagulant or other

diseases by means of an acquired conformational
mechanism.
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