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Abstract
Multiple Sclerosis (MS) is a neuroinflammatory disease mainly affecting young adults. A 
major pathological hallmark of MS is the presence of demyelinated lesions in the central 
nervous system. In the active phase of the disease, astrocytes become activated, migrate, and 
contribute to local tissue remodeling that ultimately can result in an astroglial scar. This process 
is facilitated by extracellular matrix proteins, including fibronectin. Tissue Transglutaminase 
(TG2) is a multifunctional enzyme with a ubiquitous tissue distribution and it has been shown 
that inflammatory cytokines can induce TG2 activity. In addition, TG2 is known to mediate 
cell adhesion and migration. We therefore hypothesized that TG2 is present in MS lesions 
and plays a role in cell adhesion and/or migration process. Our studies showed that TG2 
immunoreactivity appeared in astrocytes in active and chronic active MS lesions. These TG2 
positive astrocytes partly colocalized with fibronectin. Additional in vitro studies showed that 
TG2 mediated astrocytoma adhesion to and migration on the extracellular matrix protein 
fibronectin. We therefore speculate that TG2 mediates the enhanced interaction of astrocytes 
with fibronectin in the extracellular matrix of MS lesions, thereby contributing to astrocyte 
adhesion and migration, and thus in tissue remodeling and possibly glial scarring. 
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Introduction

Multiple Sclerosis (MS) is a neurological disease affecting mainly young adults. The 
patients suffer from loss of motor and sensory function, and even cognitive decline can be 
observed.123 A major pathological hallmark of MS is the presence of demyelinated lesions 
throughout the central nervous system (CNS).195 During lesion development, immune 
cells infiltrate the CNS and, in parallel to inflammatory processes, local astrocytes become 
activated, migrate, and eventually form a dense network of hypertrophic cells, the 
astroglial scar.155, 397 This reactivity of astrocytes is accompanied by changes in expression 
of e.g. adhesion molecules, cytokines, proteoglycans and proteases thereby creating 
an environment which may impede tissue repair.312, 350, 351 Concomitantly, infiltrating 
leukocytes, astrocytes and endothelial cells are producers of extracellular matrix (ECM) 
proteins in MS lesions.371, 383, 390 These ECM molecules were shown to be involved in tissue 
remodeling during e.g. tissue repair.336 Excessive deposition of ECM proteins, including 
fibronectin (Fn), and their interaction with local cells can be considered an important 
factor in the non-permissive nature for repair of CNS lesions in MS patients.250, 349, 390

Tissue Transglutaminase (TG2) is an ubiquitously expressed member of the family of 
transglutaminase enzymes. Although its complete functional role remains to be fully 
established, TG2 is well known for its ability to posttranslationally modify proteins in a 
calcium-dependent manner. TG2 can cross-link proteins, amidate or deamidate proteins, 
it can bind and hydrolyse GTP to mediate cell signaling, and it has isopeptidase activity.390 
Of all TG isoforms, TG2 is expressed most clearly within the CNS,163 where it has been 
shown to be expressed in neurons.290, 377 Aggregation of huntingtin or α-synuclein in the 
CNS of Huntington’s or Parkinson’s patients, respectively has been ascribed to the protein 
cross-linking activity of TG2.182, 211 In addition, a prominent role for TG2 in cell adhesion and 
migration has been put forward.9, 367 It has been shown that TG2 interacts with b-integrins 
to enhance the affinity of these cell-associated adhesion receptors for Fn.10 Indeed, TG2 
has a Fn binding site located in its N-terminal domain.127 Besides its interaction with 
Fn to stimulate cell adhesion, TG2 is involved in numerous other adhesion-dependent 
phenomena including cell migration, ECM assembly, and cell signaling.392 Cell adhesion 
and migration requires cytoskeletal reorganization and focal adhesion dissolution346, 347 
which is coordinated by Rho GTPases.313 These processes can be influenced by TG2 since 
it has been shown that TG2 activates Rho GTPases.341 
In parallel with ECM protein production and deposition, various inflammatory mediators, 
including pro-inflammatory cytokines, are produced in MS lesions.32, 41, 157 In vitro studies 
showed that the pro-inflammatory cytokines tumor necrosis factor-alpha (TNFa), 
interleukin-1 (IL-1) and interleukin-6 (IL-6) are able to increase cellular TG2 levels.187, 255 
All together, various ingredients are present in MS lesions, i.e. infiltrating and migrating 
immune cells, hypertrophic astrocytes, inflammatory cytokines and a disturbed ECM, on 
which we base our hypothesis that TG2 may be present in MS lesions and could play a 
role in cell adhesion and/or migration processes. By using well-characterized human post-
mortem material containing various stages of MS lesions, we studied the presence of TG2 
in MS lesions compared to that in control subjects. Since TG2 was clearly expressed by 
astrocytes, we subsequently used a human astrocytoma cell-line to further determine 
whether TG2 mediates the interaction between astrocytes and Fn, a prominent ECM 



Chapter 4

70

protein present in MS lesions.390 

Materials	and	Methods

Human	brain	material
Sub-cortical white matter from 14 patients with clinically diagnosed and 
neuropathologically confirmed MS was obtained at rapid autopsy and immediately 
frozen in liquid nitrogen (in collaboration with The Netherlands Brain Bank, coordinator 
Dr. I. Huitinga). Five subjects without neurological disease were incorporated as controls. 
White matter MS tissue samples were selected using post-mortem magnetic resonance 
imaging as published previously.42, 82 The age of the patients included in this study ranged 
from 52 to 80 years and the age of control subjects ranged from 52 to 88 years. Additional 
relevant information was retrieved from the medical records and is summarized in Table 1. 
All patients and control subjects had given informed consent for autopsy and use of their 
brain tissue for research purposes. 

Lesion	classification
Classification of white matter lesions was based on standard histopathological stainings 
for myelin-specific proteolipid protein (PLP) and inflammatory cells (LN3: anti-major 
histocompatibility complex class II) as described before.43, 375, 389 Active lesions were 
characterized by abundant phagocytic, perivascular and parenchymal macrophage 
infiltration throughout the lesion area and ongoing demyelination, whereas chronic 
active lesions have a demyelinated gliotic center with a hypercellular rim containing 
macrophages. Inactive lesions have few infiltrating inflammatory cells throughout the 
lesion. 

Immunohistochemistry
Cryosections (6 μm) were air-dried and fixed in acetone for 10 minutes (min) (PLP, LN3) 
or in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.6) for 10 min (TG2). 
Subsequently, the sections were preincubated for 15 min with 2% normal donkey serum 
in Tris-buffered saline (TBS) containing 0.5% Triton X-100. Thereafter, sections were 
incubated overnight (o/n) at room temperature (RT) with one of the following primary 
antibodies: mouse anti-PLP (Serotec, Oxford, UK; 1:1,000), mouse anti-MHC class II (HLA-
DR clone LN3, Labvision, Fremont, USA; 1:100), mouse anti-TG2 (Ab3, Labvision, 1:250) or 
goat anti-TG2 (Upstate, Charlottesville, USA; 1:3,000). After washes in TBS, the sections 
were incubated for 2 hours (h) at RT with the following appropriate secondary antibodies: 
biotinylated donkey anti-mouse IgG or biotinylated donkey anti-goat IgG (Jackson, 
Suffolk, UK; 1:400). Following washes in TBS, sections were incubated for another 60 min at 
RT with ABC-HRP complex (Vectastain; Vector Laboratories, Burlingame, USA). Peroxidase 
activity was visualized by 3,3-diaminobenzidine (Sigma, St. Louis, USA). Finally, sections 
were counterstained with haematoxylin. All antibodies were diluted in TBS containing 
0.5% Triton X-100 and 2% normal donkey serum. Omission of the primary antibodies for 
TG2 served as a negative control. Specificity of the anti TG2 antibodies was determined 
by preadsorption of the TG2 antibodies Ab3 and Upstate with at least 100-fold (w/w) 
excess of guinea pig TG2 (Sigma). After 6 h of preadsorption, adjacent tissue sections were 
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incubated with the preadsorbed or non-adsorbed antibodies and further treated as a 
regular immunohistochemical staining. 

Table	1:	Summary of MS patient details

Age Gender Type of MS 
lesion

Disease dura-
tion (years)

PMD (hours) Cause of death

78 female control NR 6:30 decompensatio cordis

82 male control NR 12:00 heart failure

81 male control NR 6:40 euthanasia

52 female control NR 6:00 leiomyosarcoma

88 female control NR 6:15 aging

52 female active 13 8:25 respiratory insufficiency/pneumonia

53 female active 27 8:30 euthanasia

70 male active unknown 6:25 unknown

69 female active 26 13:20 viral infection

76 female active 53 14:15 respiratory insufficiency/pneumonia

65 male chronic active 21 6:38 urosepsis

57 female chronic active 19 5:45 sepsis

72 female chronic active 13 12:00 pneumonia

77 male chronic active 26 4:15 cerebrovascular accident

66 female chronic active 43 6:20 liver failure due to metastases

72 male inactive 44 8:30 unknown

64 female inactive 25 7:45 dehydration and pneumonia

80 female inactive 59 9:35 acute leukemia

75 female inactive 42 8:00 pneumonia

MS, multiple sclerosis; PMD, post-mortem delay; NR, not relevant

Double	immunolabeling
To determine colocalization of TG2 with astrocytes, 4% PFA fixed cryosections containing 
active MS lesions were co-incubated with rabbit anti-GFAP (DAKO, Glostrup, Denmark; 
1:1,000) and mouse anti-TG2 (Ab3; Labvision; 1:200) or goat anti-TG2 (Upstate; 1:2,000). 
For colocalization of TG2 with the ECM protein Fn, cryosections containing active, chronic 
active or inactive lesions were co-incubated with rabbit anti-Fn (Sigma; 1:400) and mouse 
anti-TG2 (Ab3, Labvision; 1:200). Subsequently, sections were incubated with the following 
appropriate set of secondary antibodies: donkey anti-rabbit Alexa Fluor-488 and donkey 
anti-mouse Alexa Fluor-594 or donkey anti-mouse Alexa Fluor-488 and donkey anti-goat 
Alexa Fluor-594 (Invitrogen, Carlsbad, USA; 1:400). Incubation procedures were performed 
as described above. Fluorescent double immunolabeling was identified by confocal laser 
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scanning microscopy (Leica TCS-SP2-AOBS; Leica Microsystems, Wetzlar, Germany). 

Cell	culture	
Human astrocytoma cells (U373 cells; ECACC 89081403) were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM, Invitrogen) containing 10% fetal bovine serum 
(BioWhittaker) and penicillin/streptomycin (Invitrogen). The presence of TG2 was 
determined immunocytochemically, and by western blot analysis. To determine the role 
of TG2 in adhesion and migration onto Fn, U373 cells were treated with 0.5 mM KCC009, 
an irreversible inhibitor of TG2 activity.68 

TG2	immunocytochemistry	in	cell	culture
U373 cells were cultured in 8-well chamber slides (Nunc) coated for 1 h with 2 μg/cm2 Fn 
(Sigma-Aldrich, St. Louis, USA) at 370C. After 24 h, cells were fixed with 4% paraformaldehyde 
in 0.1M phosphate buffer (pH 7.6) for 15 min and subsequently rinsed with PBS. The cells 
were incubated with mouse anti-TG2 (Ab3, Labvision, 10 μg/ml or 4G3, gift from dr. A. 
Belkin, Baltimore, MD, U.S.A, 10 μg/ml) in PBS/2% bovine serum albumin (Sigma-Aldrich) 
for 4 h at 40C. After washes in PBS, the cells were incubated with biotinylated donkey anti 
mouse IgG’s (Jackson laboratories, 1:500) for 1 h at RT followed by an hour incubation 
with Alexa Fluor-488-coupled streptavidin (Invitrogen, 1:400) at RT. Cells were washed 
with PBS/0.1% Tween-20 and subsequently incubated for 1 h with rhodamine phalloidin 
(Invitrogen 1:300) at RT to visualize the actin cytoskeleton. Thereafter, cells were washed 
with PBS and slides were embedded in vectashield (Vector Laboratories Inc., Burlingame, 
CA, USA). Images were obtained using a confocal laser scanning microscope (Leica 
Microsystems).

TG2	down-regulation	in	astrocytoma	cells	using	siRNA 
Human U373 cells were used to determine the role of TG2 in astrocyte-fibronectin 
interaction. Therefore, TG2 siRNA (target sequence 5’-AAGGCCCGTTTTCCACTAAGA-3’) 
was designed and purchased from Qiagen (Hilden, Germany). A fluorescently labeled, 
commercially available nonsense siRNA served as a control (AllStars Neg. siRNA, Qiagen). 
For transfection, 4x105 U373 cells were plated in each well of a six well plate and allowed to 
adhere for 24 h. On the day of transfection, 15 μl RNAiFect transfection reagent (Qiagen) 
was added to 19.2 μl siRNA (0.26 μg/μl) in 65.8 μl buffer EC-R (Qiagen) to give a final 
volume of 100 μl. This siRNA transfection reagent mixture was left at RT for 15 min and 
added drop wise to the cells in serum containing medium. Three days after transfection, 
cells were used for cell adhesion experiments. Transfection efficiency was around 80% as 
determined microscopically of U373 cells transfected with fluorescently labeled nonsense 
siRNA (data not shown). 

TG	activity	assay
To measure TG activity, U373 cells were treated for 4 and 8 h with 0.5 mM KCC009 in 
0.2% DMSO or 0.2% DMSO only (vehicle) at 370C. Subsequently, cells were homogenized 
in ice-cold lysis buffer containing 10 mM Tris/HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 
mM DTT, 100 μM PMSF, 10 μg/ml leupeptin, 10 μg/ml pepstatin and 10 μg/ml aprotinin 
(all from Sigma). Homogenates were centrifuged for 30 min at 14,000 rpm and 40C, and 
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protein concentrations in the supernatants were determined by the BCA method (Pierce 
Biotechnology). TG activity was measured using the TG Covtest TCMA (Transglutaminase 
Colorimetric Microassay; Covalab, Villeurbanne, France) following the manufacturer’s 
protocol.323 In short, immobilized CBZ-Gln-Gly was coated onto the wells as the first TG 
substrate. Subsequently, 10 μg of protein from each sample was added/well, followed by 
addition of biotinylated cadaverine as a TG second substrate. After 30 min incubation at 
370C, plates were washed with Tween-20 buffered saline (TTBS) and streptavidin-labeled 
peroxidase (HRP) diluted in TTBS was added to the wells for 15 min. After washing, 
peroxidase activity was revealed using 100 μl of 0.01% H2O2 as HRP substrate and (0.1 mg/
ml) tetramethyl benzidine as electron acceptor (chromogen). The reaction was stopped by 
the addition of 50 μl of 2.5 N H2SO4. TG activity was detected by absorbance measurement 
of streptavidin-labeled peroxidase activity in each well on a microplate reader (SpectraMax 
250, Molecular Devices, Sunnyvale, CA, USA) at 450 nm. Purified guinea pig TG2 was used 
to prepare a standard curve. 

Cell	viability	measurements
The effect of KCC009 treatment on cell viability was determined by propidium iodide (PI) 
exclusion assay. U373 cells were plated in a 96-well plate (20,000 cells/well) and allowed 
to adhere for 24 h in serum free medium. Subsequently, medium was replaced with PBS 
containing 0.5 mM MgCl2, 1.2 mM CaCl2, 0.1% glucose, 40 μg/ml PI (Sigma) and 0.5 mM 
KCC009 in 0.2% DMSO or 0.2% DMSO only (vehicle). During the following incubation 
period of 16 h at 370C, PI fluorescence was measured at 30 min intervals, using a Fluostar 
OPTIMA microplate reader with an excitation wavelength of 544 nm and an emission 
wavelength of 612 nm. Average slope/min was measured per 30 min interval and averaged 
to a slope/min per 24 h (F-average). After 24 h, 160 μM digitonin was added for 20 min 
to permeabilize all cells and fluorescence measurements were performed to obtain a 
maximal fluorescent signal (Fmax). Percentage viability was calculated as 100-(F-average/
Fmax)x100%.325 

Astrocytoma	adhesion	onto	Fn
Astrocyte adhesion was performed as described.116 In short, 96-well plates were coated 
with 2 μg/cm2 Fn (Sigma-Aldrich, St. Louis, USA) for 1 h at 370C. U373 cells treated with 
siRNA were detached with 2 mM EDTA, washed with PBS and plated onto the Fn-coated 
wells (5x104 cells/well) in serum free medium. Cells were allowed to adhere for 3 h at 
370C incubated in the presence of 0.5 mM KCC009 or vehicle, or incubated in serum free 
medium only (siRNA treated cells). After 3 h, cells were washed 3 times with PBS and fixed 
with 4% formalin in 0.1 M phosphate buffer for 1 h at RT. Cells were stained with 100 
μl crystal violet solution (0.5 gr/100 ml 70% EtOH) for 40 min. Cells were then washed 
three times with PBS and crystal violet was extracted from the cells with 100 μl 30% acetic 
acid. The absorbance was measured on a microplate reader (SpectraMax 250, Molecular 
Devices) at 540 nm.

Astrocytoma	migration	across	Fn
Estimation of astrocyte migration was performed as described.174 In short, permanox 
chamberslides (4-wells, Nunc) were coated with 2 μg/cm2 Fn (Sigma-Aldrich) for 1 h at 
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370C. U373 cells were plated onto the Fn-coated wells (2x105 cells/well) in serum free 
medium. After 24 h, medium was replaced with fresh serum free medium containing 0.5 
mM KCC009 or vehicle, and a wound was made using a sterile 10 μl pipet-tip (Corning) 
eliminating cells in each well locally. To determine the optimal time-points to analyze the 
wound diameter, cells were fixed at 0, 4, 8 and 16 h with 4% PFA for 20 min. Cells were then 
washed with PBS and subsequently stained with rhodamine-phalloidin (Invitrogen, 1:300) 
for 1 h at RT, washed with PBS and embedded in vectashield (Vector Laboratories). Pictures 
were taken using a Colorview II digital camera (Olympus, Soft Imaging System, Munster, 
Germany) and Cell*F software (Olympus Soft Imaging Solutions GmbH). For subsequent 
quantitative analysis of the effect of KCC009 treatment on the wound diameter, cells were 
treated with KCC009 as indicated above, and phase contrast pictures were made within 
each experimental chamber-slide well at 0, 4 and 8 h after making the wound. The 16 h 
time-point was not incorporated as no clear outlining of the wound could be identified 
anymore, and thus no appropriate measurement of the wound performed. Five random 
20x fields per culture condition were captured, and mean wound diameter was assessed 
in each field. 

Bromodeoxyuridine	labeling	assay	
To determine the effect of KCC009 treatment on astrocytoma proliferation, U373 cells 
were plated on Fn-coated (2 μg/cm2, Sigma-Aldrich) chamberslides (4-wells, Nunc). After 
24 h, medium was replaced with fresh serum free medium containing vehicle or 0.5 mM 
KCC009 and a wound was made in each well. After 1 h, 10 μM bromodeoxyuridine (BrdU; 
Sigma, 10 μM/ml) was added for 7 h to label mitotic cells. Cultures were subsequently 
washed with PBS and fixed with 4% PFA for 20 min, permeabilized with 0.5% Triton X-100 
(Sigma-Aldrich) in PBS for 10 min and blocked with 3% BSA in PBS for 1 h. To identify BrdU, 
astrocytes were incubated with mouse anti-BrdU antibody (BD Biosciences, CA, USA, 
1:200) in PBS containing 1% BSA overnight at 40C, washed with PBS followed by incubation 
with donkey anti-mouse Alexa Fluor-488 (Invitrogen, 1:1,000) for 2 h. Cells were then again 
washed with PBS and embedded in Vectashield containing dapi, a nuclear dye (Vector 
Laboratories). Immunofluorescent staining was visualized using a Leica confocal laser 
scanning microscope (Leica Microsystems). The percentage of proliferative cells present 
per well was calculated as follows: number of BrdU positive cells/number of dapi positive 
nuclei x 100%.

Detection	of	F-actin	and	vinculin	
The effect of KCC009 on focal adhesion formation was visualized by detection of vinculin 
immunoreactivity. Furthermore, U373 cells were stained with rhodamine-phalloidin 
to visualize the F-actin cytoskeleton. Cells were plated on Fn-coated (2 μg/cm2, Sigma-
Aldrich) 8-well chamber slides (Labtek, Nalge Nunc International, 2x104 cells/well) and left 
o/n at 370C in serum free medium. The following day, the cells were incubated with 0.5 mM 
KCC009 or vehicle in serum free medium for 3 h and subsequently fixed for 20 min with 4% 
PFA, permeabilized with 0.5% Triton X-100 (Sigma-Aldrich) in PBS for 10 min and blocked 
with 3% BSA in PBS for 1 h. To identify focal adhesions, astrocytes were incubated with 
mouse anti-vinculin antiserum (Abcam, 1:400) in PBS containing 1% BSA overnight at 40C, 
then washed with PBS followed by incubation with donkey anti-mouse Alexa Fluor-488 
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(Invitrogen, 1:1,000). Slides were washed and to identify F-actin cytoskeleton filaments, 
the astrocytes were subsequently stained with rhodamine-phalloidin (Invitrogen, 1:300) 
for 1 h at RT, washed with PBS again and embedded in Vectashield (Vector Laboratories). 
Immunofluorescent staining was visualized using a Leica confocal laser scanning 
microscope (Leica Microsystems).

Western	blot
To determine TG2 protein expression levels in untreated and siRNA treated U373 cells and 
protein levels of vinculin after treatment with KCC009 or vehicle, cells were homogenized 
in ice-cold lysis buffer containing 10 mM Tris/HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 
mM DTT, 100 μM PMSF, 10 μg/ml leupeptin, 10 μg/ml pepstatin and 10 μg/ml aprotinin 
(all from Sigma). Homogenates were cleared by centrifugation (14,000 rpm for 30 min at 
40C) and protein concentrations in supernatants were determined by the BCA method 
(Pierce Biotechnology, Perbio Science, Etten-Leur, The Netherlands). Of each sample, 10 
μg of protein was subjected to 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to a polyvinylidene difluoride (PVDF) membrane (Invitrogen). Membranes 
were incubated with mouse anti-vinculin antibody (Abcam, 1:1,000), mouse anti-TG2 (Ab3, 
Labvision, 1:1,000) or mouse anti-b-actin (loading control) o/n at 40C. For subsequent 
antigen detection, blots were incubated for 2 h at RT with corresponding goat anti-
mouse Immunoglobulins/HRP (Dako, Glostrup, Denmark, 1:10,000). Bands were visualized 
using the enhanced chemiluminescence (ECL) detection system SuperSignal West Dura 
(Pierce Biotechnology) and a Chemidoc image capture system (Bio-Rad, Veenendaal, The 
Netherlands). Signal intensity of the bands was semi-quantified and corrected for b-actin 
using Quantity One software (Bio-Rad).

Statistical	analysis
Data were analyzed by one-way ANOVA, followed by a t-test for independent 
measurements (Fisher’s LSD test). The statistical evaluation was carried out by using 
the NCSS 2001 statistical program (NCSS, Kaysville, USA). Data are expressed as mean + 
standard error of the mean (s.e.m.). P<0.05 was considered significant.

Results

TG2	immunoreactivity	in	astrocytes	in	human	MS	lesions
In control subjects, TG2 immunoreactivity was mainly restricted to brain endothelium 
(Fig. 1A). In this subject group no demyelination (PLP staining) and mostly ramified 
MHC II positive microglial cells were observed (Fig. 1B,C). When studying sections of 
MS patients containing the various types of lesions, TG2 immunoreactivity was present 
in cells with a glial-like appearance (Fig. 1D,G). Using double immunofluorescence, 
these cells were clearly identified as GFAP-positive astrocytes (Fig. 2A-B). In active MS 
lesions, TG2 immunopositive astrocytes were localized within the lesion (Fig. 1D) where 
macrophages are present and demyelination is occurring (Fig. 1E-F). In chronic active 
lesions, TG2 immunopositive astrocytes were present at the rim of the lesion (Fig. 1G) 
and just outside the lesion (Fig. 1G insert) where active demyelination is ongoing (Fig. 
1H-I). In fully demyelinated, inactive MS lesions where mostly ramified microglia are 
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present (Fig. 1K-L), hardly any TG2 positive cells were present (Fig. 1J). Preadsorption of 
the anti-TG2 antibody (as shown for Ab3) with guinea pig TG2 convincingly attenuated 
TG2 immunoreactivity in the astrocytes (Fig. 2C-D). Omission of the anti-TG2 antibodies 
did not show any immunoreactivity (data not shown).

Figure	1: TG2 immunoreactivity in control subjects and various MS lesion types with corresponding 
MHC II (B,E,H,K) and PLP (C,F,I,L) immunoreactivity in adjacent tissue sections. In control subjects 
TG2 immunoreactivity is present in endothelium (A). In active MS lesions, TG2 immunoreactivity 
is additionally present in astrocyte-like cells (D), at the rim of chronic active MS lesions, some 
sparse TG2 positive astrocyte-like cells can be observed (G) but they are present to a larger extent 
just outside the lesion (insert). Hardly TG2 positive cells are found in inactive lesions (J) where 
demyelination is complete. Scale bar: 100 μm.
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TG2	immunoreactivity	colocalizes	with	Fn
In and around MS lesions Fn is produced by various cell types, including endothelial cells 
and astrocytes, and deposited into the ECM.356 By using double immunofluorescence 
we observed colocalization of TG2 and Fn in endothelial cells, which is well known.128 
Of interest is the partial colocalization of TG2 and Fn in cells with an astrocyte-like 
appearance (Fig. 2E-F). We also observed some TG2 immunoreactivity that was not clearly 
cell associated, but co-expressed with extracellular Fn (Fig. 2 E-F). 

Figure	 2: TG2 immunoreactivity in astrocytes. Double immunofluorescence staining showed 
the presence of TG2 immunoreactivity (A) in GFAP positive astrocytes (B). Scale bar: 40 μm. TG2 
immunoreactivity in astrocytes (C) and endothelium is abolished after preadsorption of the anti-
TG2 anti-serum with guinea pig TG2 (D). Scale bar: 100 μm. TG2 immunoreactivity in astrocytes, 
endothelium and extracellularly (E) colocalized with Fn, an ECM protein (F). Scale bar: 40 μm. 
Arrow: blood vessel, arrowhead: astrocyte, asterisk: extracellular.
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Figure	3: TG2 protein expression in U373 cells. A)	
TG2 protein expression in U373 cells, visualized 
using western blot. B) TG activity in U373 cells. 
Data is expressed as mean (n=8) + s.e.m. C) 
Immunoreactivity of TG2 (green) and F-actin (red) 
in U373 cells. Scale bar: 100 μm.

TG2	in	cultured	human	astrocytoma	cells
TG2 protein expression was studied in human U373 cells to determine if these cells were 
able to produce TG2, and thus might serve as a representative model for TG2 positive 
astrocytes in MS lesions. TG2 protein expression and activity was clearly present in 
U373 cells as determined by western blot (Fig. 3A) and a TG Covtest to measure enzyme 
activity (Fig. 3B). TG2 immunoreactivity (Fig. 3C) was present in subsets of astrocytoma 
cells, reflecting the situation in MS lesions. TG2 immunoreactivity was detected mainly 
in the cytoplasm, often localized in a perinuclear fashion (arrow), but was also present at 
the edge of the cell, where it colocalized with the actin cytoskeleton marker rhodamine-
phalloidin (arrowhead).

TG2	is	involved	in	adhesion	of	human	astrocytoma	cells	onto	Fn
To determine the role of TG2 in astrocyte adhesion, U373 cells were transfected with 
siRNA targeting TG2 or with nonsense siRNA (- control). Three days after transfection, 
cells were either used for adhesion experiments on fibronection or homogenized to 
detect TG2 protein levels by western blotting. TG2 siRNA transfected U373 cells adhere 
to a significantly lesser extent onto Fn which is about 31% reduced compared to control 
nonsense siRNA transfected U373 cells (Fig. 4A). Moreover, TG2 protein levels are clearly 
knocked down by 60% after transfection of the U373 cells with TG2 siRNA (Fig. 4B). Thus 
reduced adhesion of U373 cells onto the extracellular matrix protein Fn relates to less TG2 
protein levels in these TG2 siRNA transfected U373 cells. 
To study the effect of TG2 activity on astrocyte adhesion, U373 cells were treated with 
a specific TG2 inhibitor, KCC009, or vehicle, and allowed to adhere onto Fn for 3 hours. 
Adhesion of KCC009-treated U373 cells was reduced by 33% compared to adhesion of 
vehicle-treated U373 cells (Fig. 4C). Within a period of 24 hours, KCC009 treatment was not 
toxic to the cells as determined by the propidium iodide assay (Fig. 4D). 
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Figure	4: Adhesion of U373 cells onto Fn after reduction of TG2 protein expression or activity. A)	
Adhesion of U373 cells onto Fn coated wells in TG2 siRNA treated cells compared to nonsense siRNA 
treated cells (- control).  B) TG2 protein expression levels after treatment with nonsense siRNA (- 
control) or TG2 siRNA, visualized using westernblot. Bands were semi-quantified and corrected 
for b-actin. C) Adhesion of U373 cells onto Fn coated wells after treatment with 0.5 mM KCC009 
or vehicle. D) cell viability after treatment with 0.5 mM KCC009 or vehicle in U373 cells. Data are 
expressed as mean (n=12) + s.e.m., *P<0.05 compared to - control or vehicle-treated cells.

TG2	is	involved	in	migration	of	human	astrocytoma	cells	across	Fn	matrices
Subsequently, the role of TG2 activity in migration of astrocytes across Fn was determined. 
After plating the U373 cells on Fn, a wound was made and cells were allowed to migrate 
for 4, 8 and 16 hours in the presence of KCC009 or vehicle. Cells were fixed and stained 
with rhodamine phalloidin to determine the optimal time-points to visualize the effect of 
TG2 inhibition on the wound diameter. Vehicle-treated cells migrated into the wound and 
time-dependently formed a confluent layer within a time frame of 16 hours. Interestingly, 
KCC009-treated cells did not reach confluency within 16 hours (Fig. 5A). As the outline 
of the wound is almost undetectable at 16 hours in the vehicle-treated cells due to 
confluency, we subsequently quantified cell migration in an independent experiment at 
0, 4 and 8 hours after the wound was made. At the start of the experiment (0 hours) no 
difference in wound diameter was observed between the KCC009-treated and vehicle-
treated cells. However, whereas after 4 or 8 h the vehicle-treated cells showed a large 
reduction of up to 45% in wound diameter, the KCC009-treated cells at 8 hours reached a 
reduction of maximally 25% in wound diameter (Fig. 5B). This was not due to drug-induced 
change in cell division as after 8 h of KCC009 treatment, no effect on cell proliferation was 
found. In fact, BrdU incorporation in vehicle treated cells was 38% compared to 39% in 
KCC009 treated cells (data not shown). Treatment of U373 cells with KCC009 for 4 or 8 
hours significantly reduced the level of active TG by 33% or 22%, respectively (Fig. 5C).  
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Figure	5: Migration of U373 cells across Fn 
matrices after reduction of TG2 activity. A 
wound was made in an astrocyte confluent 
cell layer plated onto Fn. A) Astrocytes 
were allowed to migrate in the presence 
of vehicle or 0.5 mM KCC009. Cells were 
fixed after 0, 4, 8 and 16 h and stained with 
rhodamine-phalloidin to visualize the cells 
and determine the wound diameter. Scale 
bar: 100 μm. B) Astrocytes were allowed to 
migrate for maximally 8 h and the surface 
of the wound was quantified using phase-
contrast microscopy after 0, 4 and 8 h. C)	
TG2 activity was measured in astrocytes 
treated with vehicle or 0.5 mM KCC009 for 
4 and 8 h using the TG Covtest. Data are 
expressed as mean (n=6) + s.e.m., *P< 0.05. 

Inhibition	of	TG2	activity	redistributed	vinculin	immunoreactivity	within	U373	cells
Dissolution of focal adhesions is required for cell adhesion and migration processes. We 
thus examined the effect of KCC009 on vinculin expression in U373 cells. In addition, F-actin 
stress fibers were stained to visualize the actin cytoskeleton of the human astrocytoma 
cells. In vehicle-treated cells, vinculin immunoreactivity could be clearly observed spread 
throughout the cytoplasm (Fig. 6A, asterisk). Furthermore, vinculin immunoreacitiy was 
observed in the membrane (Fig. 6A, arrow) and also at the endings of F-actin fibers (Fig. 6A 
and insert, arrowhead). When U373 cells were treated with KCC009, cytoplasmic vinculin 
immunoreactivity was increased (Fig. 6B, asterisk). At the same time, however, vinculin 
immunoreactivity at the cell membrane (Fig. 6B, arrow) and associated with F-actin fibers 
seemed decreased (Fig. 6B and insert, arrowhead). When vinculin protein levels were 
analyzed by western blot, the amount of vinculin protein was increased by 35% after 
treatment with KCC009 (Fig. 6C).  
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Discussion

The present study is the first to identify the appearance of TG2 immunoreactivity 
in astrocytes in active and chronic-active MS lesions. In fact, the localization of TG2 
in endothelial cells as observed in the present study is well documented.34 We now 
demonstrate that, in active and chronic active MS lesions, TG2 immunoreactivity appeared 
in other cells located within and at the rim of the lesion. These cells had an astrocytic 
appearance. Indeed, the cellular identity was confirmed by double labeling of TG2 with 
the astrocyte marker GFAP. Morphologically, the TG2-positive astrocytes appeared as 
large hypertrophic cells, indicating their reactive state which can be induced by local 
pro-inflammatory cytokines and/or chemokines produced during lesion formation. In 
vitro studies have shown that certain pro-inflammatory cytokines, including TNFa, that 
are known to be present in active MS lesions, can induce TG2 production in astrocytes.255 
In inactive MS lesions, little TG2 immunoreactivity was found. This may be due to a 
reduced inflammatory profile of these inactive lesions, resulting in corresponding lower 
TG2 expression. During MS lesion development, astroglial cells become hyperactive and 
increase their metabolic activity during the inflammatory phase i.e. when the active 
lesions occur. They remain active until the ECM has been remodeled, inflammation has 
ablated, and the lesion has become inactive. Of importance during this process is the 
migration of astrocytes to the site of damage and their interaction with ECM proteins 
which all contribute to the complicated process of local tissue remodeling. Of note, also 
in HIV-related neuropathology, induced in rhesus monkeys by infection with simian 
immunodeficiency virus, TG2 immunoreactivity has been observed in astrocytes in the 
vicinity of lesions.316 The authors suggest that under HIV conditions, astrocytic TG2 can 
either contribute to astrogliosis and/or be involved in apoptosis. Indeed, TG2 has been 
identified as an important regulator of apoptotic cell death in various cell types, including 
monocytes and neurons.238, 281 Moreover, in vitro studies have shown that excitotoxic 

Figure	6: KCC009 treatment induces disruption of focal adhesions. Confocal images of astrocytes 
stained with phalloidin (red) to detect the F-actin network and an antibody against vinculin 
(green). A) U373 treated with vehicle and B) U373 treated with 0.5 mM KCC009 for 4 hours. Scale 
bar: 10 μm. C) U373 cells treated with 0.5 mM KCC009 or vehicle for 4 hours were lysed and vinculin 
expression in the cell lysates was visualized on western blot. Bands were quantified with Quantity 
One software.
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stimuli induce TG2 production and activity in astroglial cells.55 Glutamate treatment of 
cells induces calcium influx into the cell, which is known to elevate TG2 activity, and may 
ultimately contribute to cell death. In contrast, also anti-apoptotic effects of TG2 have 
been observed in vitro18 as well as in vivo,421 where they have shown that inhibition of 
TG2 activity in a glioblastoma model renders the cells more sensitive to chemotherapy, 
and thus suggests that the presence of TG2 protects these cells from dying. Of particular 
interest in relation to the present study is the observation that TG2 mediates adhesion-
dependent cell survival signaling,394 in which the interaction between TG2 and Fn rescues 
cells from a form of cell death induced by loss of adhesion, known as anoikis. 
Our immunohistochemical data show that TG2 colocalized with Fn in astrocyte-like 
cells in and at the rim of MS lesions. Moreover, extracellular Fn seems to colocalize with 
extracellular TG2. It has been shown that astrocytes within MS lesions can produce Fn.349, 

390 Our data suggest that both intracellular and cell surface associated/extracellular Fn can 
interact with TG2. In support of this, recent studies have indicated a prominent role for 
TG2 in the interaction between cells and the ECM protein Fn, playing a role in cell adhesion 
and migration.367, 426 In addition, it has been shown that inhibition of TG2 in glioblastomas 
blocked the remodeling of Fn in the ECM both in vitro and in vivo.422 Thus, the appearance 
of TG2 in astrocytes in MS lesions may suggest a role for TG2 in either cell survival/cell 
death and/or in cell adhesion/migration. The fact that the small molecule TG2 inhibitor 
KCC009 did not alter the viability of the cultured human U373 astrocytoma cells suggests 
that it is unlikely that astrocyte-derived TG2 is involved in cell death/survival processes 
under the conditions studied. It does however not exclude the possibility that astrocyte-
derived TG2 in MS lesions is involved in such processes. Alternatively, we studied the role 
of astrocyte-derived TG2 in the interaction with Fn, as a possible mechanism underlying 
astrocyte adhesion and migration as part of the tissue remodeling taking place during 
MS lesion formation. At first, the presence of TG2 protein and activity in the human 
astrocytoma cells used was identified, which is a prerequisite when studying its function. 
Furthermore, TG2 protein could be cellulary localized within the cytoplasm, and at the cell 
surface, as observed in other cell types, including monocytes.9 Subsequent inhibition of 
TG2 activity in human astrocytoma cells by using siRNA or KCC009 significantly reduced 
the adhesion of these cells onto Fn. These data support our immunocytochemical 
observation that astrocyte-derived TG2 is, at least partly, present at the cell surface. 
Furthermore, it shows for the first time that TG2 plays a role in the interaction between 
astrocytes and the ECM protein Fn. As we do not know at this stage whether this effect 
is mediated by transamidating activity of TG2 solely, other studies have suggested that 
TG2-Fn interactions can be performed independent of its transamidating activity.9, 127, 367 
Of subsequent interest is that inhibition of TG2 activity markedly reduced the migration 
of human astrocytoma cells across Fn in a time-dependent way. Even 8 h after induction 
of a scratch wound on the culture plate, the partly reduced TG activity levels impaired 
migration of astrocytoma cells. Although effects of TG2 on cell proliferation have been 
mentioned,25, 426 we did not observe an effect of inhibition of TG2 activity on human 
astrocytoma proliferation, as measured by BrdU incorporation. Thus, our data indicate 
that TG2 is involved in astrocyte migration across Fn. This may be of importance during 
MS lesion formation, when local Fn, in addition to other ECM proteins, is essential for tissue 
remodeling, resulting in scar formation. This scar mainly consists of astrocytes that have 
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migrated into the lesion. Cell adhesion and migration requires cytoskeletal reorganization, 
which can be visualized by F-actin distribution and its interactions with focal adhesions.13 
Recruitment of fine actin bundles into stress fibers is typically accompanied by the 
formation of focal adhesions, which link the ECM to the cytoskeleton via heterodimeric 
integrin receptors and adapter proteins including vinculin.406 In the present study, we 
observed that inhibition of TG2 activity increased cytoplasmic vinculin immunoreactivity, 
and simultaneously reduced vinculin immunoreactivity at the cell membrane. This 
suggests a relocation of vinculin from the cell surface into the cytoplasm. Moreover, an 
attenuated colocalization of vinculin with F-actin at the cell surface was found. Together, 
these data indicate that TG2 is involved in focal adhesion formation in astrocytes probably 
thereby mediating cell adhesion and migration. This is in line with a study where it was 
suggested that TG2 plays a role in integrin-mediated adhesion of mesenchymal stem 
cells to Fn.353 Ultimately, the effect of TG2 on focal adhesion formation and cytoskeletal 
reorganization could be mediated by the small GTPase RhoA. Active RhoA is known to be 
involved in stress fiber and focal adhesion assembly,313 and TG2 can activate RhoA. Further 
studies are required to study the mechanisms underlying the effects of TG2 in astrocyte 
adhesion and migration in more detail. 
In conclusion, our studies demonstrate that TG2 appears in astrocytes in active white 
matter lesions of MS patients. These astrocytes have a hypertrophic morphology, are 
reactive, and colocalize with Fn. In that respect, additional in vitro data show that TG2 
mediates the interaction between human astrocytoma cells and Fn, an ECM protein, 
present in MS lesions, and of importance for tissue remodeling. We therefore speculate 
that TG2 is an essential factor mediating the interaction between astrocytes and Fn in 
the ECM of MS lesions, thereby contributing to astrocyte migration and adhesion, finally 
resulting in tissue remodeling and glial scarring. 
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