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Abstract

Transglutaminase 2 (TG2) is a multifunctional protein that modulates cell survival and death
pathways. It is upregulated in numerous ischemic models, and protects primary neurons from
oxygen and glucose deprivation. TG2 binds to the hypoxia inducible factor (HIF) 1p and decreases
the upregulation of hypoxic-induced proapoptotic genes. To investigate the role of TG2 in
ischemic stroke in vivo, we used the murine, permanent middle cerebral artery (MCA) ligation
model. TG2 mRNA levels are increased after MCA ligations, and transgenic mice that express
human TG2 in neurons had significantly smaller infarct volumes than wild type littermates.
Further, TG2 translocates into the nucleus within 2 hours post ligation. Nuclear-localized TG2 is
also apparent in human stroke cases. TG2 suppressed the up regulation of the HIF-induced,
proapoptotic gene, Noxa. The findings of this study indicate that TG2 plays a role in attenuating
ischemic-induced cell death possibly by modulating hypoxic-induced transcriptional processes.
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Introduction

Stroke is a major cause of adult acquired disability. Inadequate delivery of oxygen and
glucose to cerebral tissue initiates numerous processes including excitotoxic and apoptotic
cell death, as well as adaptive responses in the penumbra (tissue surrounding the core of the
stroke; (Aarts and Tymianski, 2004; Sharp et al., 2000)). Molecular mechanisms in response
to stroke that dictate cell survival or eventual death in the penumbra are incompletely
understood. It is clear, however, that transcriptional processes play key roles.

A decrease in oxygen delivery activates hypoxic signaling, with hypoxia inducible factors
(HIFs; (Wang et al., 1995)) being responsible for the majority of changes in gene
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expression. The extent and cell type specificity of HIF activation results in alternative
outcomes regarding cell fate (Baranova et al., 2007; Chen et al., 2008; Vangeison et al.,
2008) with the differential upregulation of both pro-survival and pro-death genes (Aminova
et al., 2005; Dayan et al., 2006; Hu et al., 2007). One protein upregulated in ischemia that
has previously been shown to regulate cell death and survival pathways is Transglutaminase
2 (TG2) (lentile et al., 2004; Tolentino et al., 2004). Although the mechanism of TG2
upregulation in hypoxia remain unclear, TG2 has recently been shown to be directly
regulated by HIF (Jang et al., 2009). TG2 binds the constitutively expressed subunit of HIF,
HIF1p, attenuates HIF signaling, and protects against oxygen and glucose deprivation
(OGD)-induced cell death in neurons and human neuroblastoma cells (Filiano et al., 2008).
The impact of TG2 in modulating stroke damage has not yet been investigated.

TG2 is a multifunctional protein. In addition to its transamidating activity, TG2 has GTPase,
kinase, and protein disulphide isomerase activities, as well as scaffolding/linker properties
(Fesus and Piacentini, 2002; Hasegawa et al., 2003; Milakovic et al., 2004; Mishra and
Murphy, 2004). The ability of TG2 to interact with numerous proteins may be due to its
ability to take on different structural conformations (Liu et al., 2002; Pinkas et al., 2007)
and/or its subcellular localization (Gundemir and Johnson, 2009; Milakovic et al., 2004). A
primary role of TG2 is modulating transcription by interacting with specific regulatory
proteins; especially those affecting cell survival after insults (Ahn et al., 2008; Filiano et al.,
2008; Lee et al., 2004).

TG2 belongs to a family of 9 transglutaminases, of which 8 have catalytic activity (Lorand
and Graham, 2003). The transamidating reaction catalyzed by transglutaminases can yield
protein crosslinks or incorporation of polyamines into proteins. Transglutaminases can also
catalyze the deamidation of proteins (Lorand and Graham, 2003). While earlier studies
focused on TG2’s transamidating activity, it is now clear that this activity is tightly
controlled and predominately inactive (Begg et al., 2006; Siegel et al., 2008) and is not
required to protect against OGD-induced cell death (Filiano et al., 2008) or death induced by
other stressors (Milakovic et al., 2004).

TG2 is the primary transglutaminase in the brain (Bailey et al., 2004; Kim et al., 1999)
where it is predominately expressed in neurons (Kim et al., 1999; Lesort et al., 1999; Perry
and Haynes, 1993; Perry et al., 1995). It is largely excluded from the nucleus but
translocates there in response to specific stressors (Campisi et al., 2003; Dardik and Inbal,
2006; Filiano et al., 2008; Lesort et al., 1998). Although the mechanisms and outcome of
this translocation have not been elucidated, it puts TG2 in proximity to interact with
components of transcriptional machinery.

In this study, we show that exogenous expression of human TG2 (hTG2) in mouse neurons
results in significantly smaller infarct volumes after middle cerebral artery (MCA) ligation.
Within hours post ligation, TG2 translocates to the nucleus of neurons. Further, nuclear
localization of TG2 was observed in the area of stroke in human post-mortem tissue. TG2
binds HIF1p in vivo and attenuates the expression of HIF-dependent genes that are
upregulated after MCA occlusion. These findings and our previous report (Filiano et al.,
2008) indicate that TG2 protects against stroke damage by modulating hypoxia-mediated
transcriptional events, possibly by attenuating HIF activation of pro-cell death genes.

Materials and Methods

Latex perfusions

Latex perfusions were modified from a previously reported study (Maeda et al., 1998).
C57BL/6 mice were housed in microisolators and all animal studies were performed in
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accordance with ARP and UCAR-approved protocols. Mice were anesthetized with
Nembutol (90mg/kg i.p.; Ovation Pharmaceuticals, Inc.) and given a lethal dose of
papaverine (i.v. 50mg/kg; Sigma) in neutral buffered saline. An incision was made to expose
the abdominal thoracic aorta. The descending aorta was cleaned of all fat and connective
tissue under a dissecting microscope. Using a small 22G catheter (Terumo), the aorta was
cannulated and tied in with 5-0 monofilament sutures (Ethicon). Warm latex (Chicago Latex
Products; no. 563) was colored with Coomassie Brillant blue and maintained at 37°C. After
cannulation, 2mls of pre-warmed latex was slowly injected and the mouse was immediately
chilled on ice until the latex settled. Mice were decapitated and brains removed and post
fixed overnight in 4% paraformaldehyde (PFA). Brains were placed in a mount to maintain
appropriate perspectives and photographs were taken through a low power dissection
microscope with a camera. Angles between MCASs and anterior cerebral arteries were
measured using Image J software (NIH). It should be noted that these flat field images could
not take into account the effect of the curvature of the brain.

Magnetic resonance imaging

Magnetic resonance imaging (MRI) investigation was performed using a horizontal Bruker
Biospect 94/20 9.4T MR scanner (Billerica, MA, USA) equipped with a BGA12 gradient
insert (max strength = 400 mT/m, @= 120 mm) employing a 72 mm resonator for radio-
wave transmitting and an active-decoupled 20 mm surface coil for signal receiving. The
mice were anesthetized by introduction of 5% isoflurane in O, gas and placed in an animal
bed equipped with circulating warm water to maintain body temperature at 37+0.5 °C.
Anesthesia was maintained by continually delivering the mixed gas at 1.5-2% via a nose
cone during MRI scans. T2-weighted MR images were acquired using spin echo sequence
(RARE) with the following acquisition parameters: TR/TE = 5000/60 ms, 20 continuous
slices with 0.5mm thickness which covered the whole stroke area, and FOV 25x25mm and
matrix size of 256x256 to yield 0.098x0.098 mm in-plane resolution. The total acquisition
time was approximately 11 minutes. Stroke infarct volumes were calculated from image
stacks using Image J software.

3D MR angiographic imaging was performed using a 3D FLASH sequence without any
contrast agent and the following imaging parameters: TR = 12 msec, TE = 2 msec, flip angle
= 20°, NA (number of average) = 4, field of view (FOV) = 12x16x12mm, matrix size = 128
x 128 x 96, and acquisition time = 10 minutes.

Middle cerebral artery ligations

All mice used were 10-12 week old males that averaged approximately 269 in weight. The
hTG2 mice were all hemizygous and have been described previously (Tucholski et al.,
2006). No differences in weight were observed between wild type and transgenic hTG2
mice (data not shown). Mice were anesthetized by oxygen gas passed through an isoflurane
vaporizer set to deliver 1.5%-2% isoflurane. The surgical area was shaved and prepared with
alternating betadine scrub and ethanol. A small 5 mm vertical skin incision was cut between
the left eye and ear to expose the skull. The temporal muscle was retracted and a small hole
carefully removed with a 19 gauge needle at the junction of the zygomatic arch and
squamosal bone. Using a dissecting microscope, further craniectomy with small bone
rongeurs exposed the middle cerebral artery which was cauterized just distal of the
lenticulostriate arteries. The incision was closed with sterile nylon monofilament sutures.
Buprenorphine was used at 0.05mg/kg, im or sc prior to surgery, and then every 12 hours for
two more doses. Body temperature was maintained at 37 °C with a heating pad during
surgery (approx. 30 minutes) and recovery. For visualization of hypoxic tissue, hypoxyprobe
(60mg/kg; Natural Pharmacia International) was injected i.p. just prior to anesthesia. Twenty
four hours after surgery, brains were removed then processed for immunocytochemistry as

Neurobiol Dis. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 4

described below and tissue stained with MAb1 Hypoxyprobe-1 (1:50; Natural Pharmacia
International).

Immunohistochemistry

Human brain sections from stroke cases were obtained from the Neuropathology core at the
University of Rochester Medical Center. All studies on human tissue were reviewed by the
IRB and qualified for exemption. Tissue for these studies was removed from unaffected
brain areas, as well as from the infarcted area 11-27 hours post-mortem. The tissue was
fixed for 10-14 hours in neutral buffered formalin; paraffin embedded, and cut into 4 um
sections. Paraffin was removed with Histoclear solution (Electron Microscopy Science) and
the tissue rehydrated with isopropanol followed by boiling in citrate buffer for antigen
retrieval. Slides were blocked in phosphate buffered saline (PBS) with 1% BSA and 0.2%
non-fat dry milk for 1 hour before an overnight incubation in primary antibody. The dilution
of antibodies was as followed: NSE (1:50, Abcam ab53025 rabbit polyclonal) and TG 4C1
(1:250, lowa Developmental Studies Hybridoma Bank mouse monoclonal). Sections were
subsequently incubated with fluorescent conjugated antibodies (1:1000; Invitrogen) and then
for 5 minutes with DAPI (1uM) in PBS to stain nuclei. To eliminate autofluorescence of
lipofuschin granules, slides were incubated with 0.3% Sudan Black in 70% ethanol for 5
minutes after incubation with the secondary antibody. Remnant Sudan Black was removed
by washing slides in 70% ethanol followed by a PBS wash. Using Immunomount (Thermo
Shandon), coverglass was mounted on the slides and immunofluorescence was viewed using
an Axiovert inverted microscope at 40X with attached Axiocam-XMR camera (Zeiss).

For immunohistochemical analyses of the mouse brains, mice were injected with a lethal
dose of Nembutol (100mg/kg i.p.) and subjected to trans-cardial perfusion with PBS
followed with 4% PFA. Brains were removed and submersed in 4% PFA overnight. Brains
were paraffin embedded and 7 um sections were cut then processed and stained as above
(TG2 Ab-1 1:500, Thermo Fisher Scientific). Nuclear quantification of hTG2 was performed
with Image J software. Autothresholding of hTG2 and DAPI images were converted to
binary, and overlapping pixels were counted and expressed as pixels per cell in the field.
Microvasculature was analyzed with a modified, previously described technique
(Hohenstein et al., 2005). Briefly, Deparaffinized slides were washed with PBS and
incubated with fluorescein labeled Lycopersicon Esculentum (Tomato) Lectin (250ug/ml in
PBS) for 1 hour at 37°C. Slides were then washed, mounted, and imaged as described above.

Co-immunoprecipitation

Mice were injected with a lethal dose of Nembutol 5 hours, 1 day, and 5 days post MCA
ligations and brains were collected. Brains were quickly dissected on ice and cerebellum and
olfactory bulbs were removed. Parallel cuts were made 2mm from the midline for collection
of “at risk” (ipsilateral) and contra-lateral cortical tissue. Tissue was homogenized in IP
Lysis Buffer [L0 mM Tris pH 7.5, 10 mM NaCl, 3 mM MgCl,, 1 mM EGTA and 0.05% (v/
v) NP-40] supplemented with the following protease inhibitors: 2 mM phenylmethylsulfonyl
fluoride (PMSF), 20 pg/ml leupeptin, 20 pg/ml pepstatin and 10 ug/ml aprotinin. Lysates
were sonicated and spun at 16000 g for 15 minutes. Supernatants of the soluble protein were
collected and protein concentrations were determined by the bicinchoninic acid assay
(Pierce). For immunoprecipitation, Dynabeads® M-280 magnetic beads that were coupled
with sheep anti-mouse IgG antibodies (Invitrogen) were washed three times in Wash Buffer
[PBS with 0.1% (w/v) BSA] and then incubated overnight with 2 pg of anti-HIF1f (Novus)
antibody at 4°C with constant agitation. Beads were washed three times with Wash Buffer
and incubated with 200 pg of brain lysate for immunoprecipitation of HIF1 for 3 hours at 4
°C with constant agitation. Beads were washed three times in Wash Buffer and bound
protein was collected into 2X SDS Stop Buffer by boiling as described below. For
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immunoblot analysis, protein was diluted into 2X SDS Stop Buffer, boiled and
electrophoresed on 8% SDS-polyacrylamide gels. Electrophoresed protein was then
transferred to nitrocellulose membranes and nonspecific sites were blocked by incubating
membranes in Blocking Solution [5% (w/v) skim milk powder in Tris-buffered saline
containing Tween 20 (TBS-T) [20 mM Tris pH 7.5, 137 mM NaCl and 0.05% (v/v) Tween
201] for 1 hour at room temperature. Membranes were washed with TBS-T and incubated
with primary antibodies for hTG2 (1:5000; TG100) or HIF1p (1:2000; Novus) in Blocking
Solution overnight at 4 °C. Membranes were then washed with TBS-T and incubated with a
goat anti-mouse IgG (H+L) secondary antibody conjugated with horseradish peroxidase
(HRP) (Bio-Rad) (1:2500) in Blocking Solution for 1 hour at 23 °C. Membranes were
washed with TBS-T and developed by chemiluminescence following 1 minute incubation in
Developing Buffer [48.3 mM Tris pH 8.6, 681 pM luminol, 32.3 uM para-coumeric acid
and 0.0045% (v/v) H,0,]. Immunoblots that were reprobed were first incubated for 15
minutes in Stripping Buffer [62.5 mM Tris pH 6.8, 100 mM 2-mercaptoethanol and 2% (w/
v) SDS] at 55 °C. Membranes were washed with TBS-T and then reprobed as described
above starting at the blocking step.

RNA collection and quantitative real-time PCR (Q-PCR)

RNA was collected by adding 10X Trizol reagent (Invitrogen,) to tissue in cold PBS and
homogenized. After isopropanol precipitation, RNA was treated with DNase | (Invitrogen)
to eliminate any contamination of genomic DNA. RNA concentrations were measured and
cDNAs were created by using SuperScript 111 Reverse Transcriptase and Random Primers
(Invitrogen). cDNAs were diluted 1:10 and 2ul per well in a 96 well plate format were then
used for Q-PCR with TG2 (Mm_00436980), Vegfa (Mm_01281449), Noxa
(Mm_00451763), Bnip3 (Mm01275601), and PAI-1 (Mm_00435860) pre-made primer set
and data was normalized to actin (Mm_02619580; Applied Biosystems). Amplification was
performed using an ABI Prism 7300 Sequence Detection System (Applied Biosystems) at
50°C for 2 minutes, 95°C for 10 minutes, followed by 40 cycles of a 15-sec step at 95°C and
a 1-minute step at 60°C. Data was analyzed using the AACt method as previously described
(User Bulletin No. 2, Applied Biosystems).

Statistical analysis

Results

Data from infarct studies are represented as volumes = SD from 7 WT mice and 10 hTG2
mice. Statistical comparisons were done using a two-tailed unpaired t-test. The data from
MCA angles and microvasculature analysis are represented as average from 4 and 3
(respectively) animals + SD and also compared using a two-tailed unpaired t-test. Nuclear
quatification of TG2 was analyze using a one-way analysis of variance (ANOVA) followed
by Bonferroni posttest at each time point. For gene expression studies, statistical
comparisons were conducted between wild type and TG2 expressing mice with MCA
ligations using a two-way (ANOVA) followed by Bonferroni posttest at each time point.
Significance was determined if p<0.05.

Infarct volumes are smaller in transgenic mice over-expressing human TG2 in neurons

To assess the molecular events that occur subsequent to an ischemic insult, we used the
permanent MCA ligation model in C57BL/6 mice as described by Tamura and colleagues
(Tamura et al., 1981). This results in consistent infarct volumes in the frontal and parietal
cortex. The role of TG2 in ischemic stroke was evaluated in hemizygous transgenic mice
overexpressing hTG2 under a prion promoter (Tucholski et al., 2006), and wild type
littermate controls. The approximate location of the MCA ligation is indicated by the black
bar in the image of the brain with latex perfused arteries shown in Figure 1A. Demonstration

Neurobiol Dis. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Filiano et al.

Page 6

of disrupted blood flow after the permanent occlusion can be observed in the MR
angiograph (bottom panel, white arrow; Fig. 1B). The top panel in Figure 1B is the same
mouse 24 hours prior to ligation. Hypoxic infarct zones are distinct and confined to the
frontal/parietal cortex with low variability between surgeries. Hypoxic tissue was identified
by immunohistochemical staining of Hypoxyprobe-1 adducts formed in low oxygen (Fig.
1C). After MCA ligations, mice were allowed to recover for 24 hours then sequential (every
500 um) T2 weighted MR images were acquired encompassing the entire infarct. An
individual image is shown in Figure 1C. The yellow box corresponds to the area used for
identification of hypoxic tissue (above). Upon volumetric analysis of infarct volumes, mice
overexpressing hTG2 had infarct sizes of 21.7 mm3+ 6.07 compared to 32.9 mm3+ 5.84 (p <
0.005) in wild type controls (Fig. 1D). T2 weighted signal declines over time (3 and 5 days),
however hTG2 mice always presented with smaller infarcts than littermate controls (data not
shown).

hTG2 mice show no differences in brain vasculature

Although hTG2 expression is driven by the mouse prion promoter and almost exclusively
expressed in neurons (Tucholski et al., 2006), it is important to determine if hTG2
expression has an effect on brain vasculature which may contribute to the reduction of
stroke volumes. Evaluation of the vasculature is also important because TG2 can modulate
HIF signaling (Filiano et al., 2008), and HIF signaling plays a pivotal role in angiogenesis
and vascular development (Fong, 2008). Cerebral artery branches were visualized by
perfusion of blue latex into the thoracic descending aorta (Fig. 2). No structural differences
in macrovasculature were observed in the brains of mice overexpressing hTG2 compared to
wild type mice. Angles between the MCA and anterior cerebral arteries were similar in wild
type mice (86.5° + 5.42) and hTG2 mice (85.1° £ 2.67; p=0.823; n=4 (Fig. 2). In both
cohorts of mice, the posterior communicating artery was poorly developed or absent, but no
differences between lines were observed. These data were expected, as the expression of
hTG2 is driven by the prion promoter, and therefore predominantly neuronal (Tucholski et
al., 2006).

The microvasculature was also analyzed by labeling 5 brain sections per mouse
corresponding to approximately +1.95, +0.74, —0.94, —2.12, —3.80mm from bregma from
hTG2 and wild type mice with fluorescein-conjugated lectin (Fig. 3). The average pixel
densities per slice were calculated then averaged for hTG2 expressing (83.6 +4.04) and wild
type mice (80.9 +4.41). No significant differences were observed (p=0.672; n=3; Fig. 3).

hTG2 translocates to the nucleus early after MCA ligations

Based on our recent findings that in response to OGD, TG2 translocates to the nucleus in a
neuroblastoma cell line and suppresses HIF signaling (Filiano et al., 2008), we next
investigated TG2 localization in the mouse post MCA ligation. Brains from hTG2 mice
were collected 2 and 5 hours post surgery and subsequently prepared for
immunohistochemical analysis. In the contra-lateral cortex (not shown) and sham-operated
mice (Fig. 4A), hTG2 was exclusively detected in the cytoplasm of virtually all neurons (the
sham surgery shown is at 5 hours post surgery). Two hours post MCA ligation, neuronal
hTG2 staining was slightly elevated (Fig. 4B). Five hours after surgery this staining pattern
was even more pronounced as TG2 increasingly localized to the nucleus (Fig. 4C). After 24
hours, although there was significant tissue loss in the infarcted area, virtually all remaining
neurons presented with TG2 localized exclusively to the nucleus (data not shown).
Quantification of images shows the nuclear localization of hTG2 to the nucleus increases
over time suggesting hTG2 translocates to the nucleus in response to ischemia (Fig. 4D).
Immunohistochemical identification of endogenous mouse TG2, unfortunately, could not be
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performed due to the fact that all available antibodies recognize a non-specific neuronal
epitope in mouse brain (e.g., see (Bailey et al., 2004)).

TG2 is localized to the nucleus in human stroke

Given the fact that hTG2 translocates to the nucleus in a murine model of stroke and that
there is increasing evidence that TG2 plays a role in regulating transcription processes, we
examined the neuronal distribution of TG2 in human ischemic tissue. For these studies post-
mortem human brain sections obtained, both from the region of ischemia and from
unaffected regions, were immunostained for TG2. As expected, TG2 in unaffected brain
tissue showed primarily cytoplasmic staining with a distribution pattern similar to neuronal
specific enolase (NSE; Fig. 5). In contrast, in the peri-infarct zone, neuronal TG2 was
predominantly nuclear and co-localized with DAPI staining (Fig. 5), with the distribution of
NSE being the same as in the unaffected areas. The images shown in Figure 5 are
representative of the TG2 staining pattern observed in 4 out of the 5 cases analyzed (data not
shown). It should be noted that TG2 is also in endothelial cells (resulting in staining of the
vasculature), as well as in other non-neuronal cells in the brain which accounts for the TG2
staining pattern as previously described (Wilhelmus et al., 2009).

Endogenous TG2 is upregulated after MCA ligation

WT mouse brain mRNA was isolated from the cortex containing the MCA ligation as well
as contra-lateral cortex and analyzed by Q-PCR for TG2 transcripts (Fig. 6). All data are
internally normalized to actin and represented as fold change relative to a sham control.
Analysis of data shows that endogenous TG2 increases after MCA ligation (p<0.05) and
with time (p<0.05). At 2 hours post ligation, TG2 transcripts were slightly decreased relative
to contra-lateral cortex. Starting at 5 hours, TG2 mRNA level increased and peaked at 24
hours post surgery (*p<0.01).

TG2 coimmunoprecipitates with HIF1B in mouse brain

We previously identified HIF1p as a binding protein for TG2 in human neuroblastoma SH-
SY5Y cells, and a decrease in HIF signaling in response to hypoxia as measured using a
synthetic reporter (Filiano et al., 2008). To determine whether TG2 bound HIF1p in vivo, a
co-immunoprecipitation experiment was performed with hTG2 mouse brain lysate.
Immunoprecipitation of HIF1p revealed that that hTG2 co-immunoprecipitates with HIF1p
in lysates from sham surgery and after MCA ligation (Fig. 7). No differences in binding
were observed in the two conditions.

hTG2 differentially regulates the expression of HIF responsive genes

We previously demonstrated that in a cell model increased expression of TG2 attenuated
hypoxia-induced expression of Bnip3. To extend these studies, we analyzed expression of
several HIF responsive genes post MCA ligation in mice overexpressing hTG2 and wild
type mice. Gene expression was assessed 2, 5, 24, and 120 hours after ligation (Fig. 8).
Using a two-way ANOVA to evaluate the effects of time and overexpression of hTG2 on
gene expression post MCA ligation, we analyzed 4 known HIF controlled transcripts. 3 out
of 4 HIF controlled genes analyzed were up regulated after MCA ligation in wild type mice.
There was a significant upregulation in Vegf gene expression with time post-MCA ligation
(p<0.005). Vegf was upregulated at 2 hours after MCA ligation and decreased back to
baseline levels at 120 hours. When comparing mice that overexpress hTG2 to littermates,
there was significantly less upregulation of Vegf mMRNA (p<0.05). Noxa, a pro-apoptotic
HIF dependent gene (Kim et al., 2004), was upregulated and peaked at 5 hours post MCA
ligation in wild type mice. This upregulation was significantly inhibited in hTG2 mice (two-
way ANOVA (p<0.05) using a post-hoc test (*p<0.05)). Immunoblotting revealed that Noxa
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protein levels were also lower in hTG2 mice compared to wild type mice 24 hours after
stroke, although these differences did not reach significance (data not shown). This is not
surprising given that Noxa is unstable and is rapidly turned over (Hagenbuchner et al, 2010).
PAI-1 was activated in wild type mice and there was a slight yet not significant attenuation
in mice overexpressing hTG2 (p=0.14). Bnip3 mRNA levels were not elevated in either
cohort.

Discussion

In this study we demonstrate for the first time that increased neuronal expression of TG2 in
the mouse brain protects against stroke damage. In response to stroke, TG2 mMRNA was
upregulated in WT mice. Nuclear translocation of hTG2 takes place within hours of MCA
occlusion in the mouse permanent MCA ligation model, and this nuclear localization of TG2
was also observed in human stroke cases. TG2 represses HIF dependent genes, including
Noxa, that are upregulated after MCA ligation and possibly maintains HIF activation at
beneficial levels. These findings suggest that TG2 can affect signaling processes that result
in neuronal protection against ischemic insult. We postulate that translocation of TG2 from
the cytoplasm to the nucleus during in vivo ischemic insult to the brain may be essential to
its protective role through regulation of transcriptional processes.

TG2 is predominately cytosolic but can translocate to the nucleus under certain conditions.
By fractionating human neuroblastoma SH-SY5Y cells, it was found that ~7% of TG2 is
localized to the nucleus under resting conditions (Lesort et al., 1998). However, increasing
intracellular calcium concentrations led to a distinct nuclear translocation. TG2 is also
upregulated and present in nuclei of astrocyte cultures exposed to glutamate (Campisi et al.,
2003). The direct mechanisms of TG2 nuclear translocation are currently unknown. It is
suggested that the interaction of TG2 with the nuclear transport protein, importin a-3 may be
involved (Peng et al., 1999). Additionally, TG2 forms a complex with nucleoporin p62
(Singh et al., 1995). TG2 may also be shuttled into the nucleus by direct interactions with
other proteins. We have previously shown that TG2 bind HIF1p and they co-
immunoprecipitate in mouse brain. This interaction with HIF1p (Filiano et al., 2008), as well
as other transcription factors such as c-Jun (Ahn et al., 2008), may also facilitate the nuclear
translocation of TG2 in hypoxia/ischemia.

Evaluation of the role of TG2 in ischemia was performed using the permanent MCA
occlusion model in mice overexpressing hTG2 in neurons. The permanent occlusion of the
mouse MCA results in a distinct zone of ischemia in the cortex that is ideal for investigating
the initial molecular mechanisms of TG2 in ischemia. Twenty-four hours after occlusion,
infarcts in transgenic mice overexpressing hTG2 in neurons were 33% less in volume than
wild type control mice when analyzed using T2 weighted MRI. Nuclear translocation of
hTG2 was also observed as early as 2 hours post insult. This translocation was increasingly
evident at 5 hours and all remaining neuronal cells contained nuclear hTG2 24 hours post
stroke (data not shown). It would be extremely beneficial to investigate endogenous mouse
TG2 in ischemia, but unfortunately all TG2 antibodies, to our knowledge, bind a non
specific epitope in mouse neurons and cannot be used for immunohistochemistry (Bailey et
al., 2004).

Even though hTG2 was expressed under the mouse prion promoter, which leads to
predominately neuronal expression (Tucholski et al., 2006), it was important to rule out the
possibility that hTG2 was attenuating stroke damage by altering the brain vasculature. Using
latex perfusions and microvasculature staining, we revealed no discernible differences in the
brain vasculature of hTG2 mice when compared with wild type mice. We conclude that
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decreased infarct volumes were not due to smaller MCA vascular beds but intracellular
protective mechanisms.

Immunohistochemistry of TG2 after stroke in human post-mortem tissue parallels the mouse
pathology. In human brain, TG2 is predominately excluded from the nucleus in neurons.
However, when sections of post-mortem ischemic tissue were analyzed, TG2 was located in
neuronal nuclei. This is intriguing given the fact that the ischemic insult occurred at least
several days or more prior to tissue collection. It is possible that TG2 shuttles in the nucleus
post stroke to limit infarct progression by regulating nuclear signaling events in ischemia.

There is an emerging appreciation that TG2 functions to modulate a number of
transcriptional pathways. TG2 can form polymers of inhibitor of nuclear factor (NF)-xB
(IxB) leading to increased NF-«B activation. The effect of NF-xB signaling in ischemia
remains controversial but activation of NF-xB has shown to be neuronal protective in MCA
occlusions (Li et al., 2008; Valerio et al., 2009). TG2 immunoprecipitates with c-Jun and
can interfere with its interaction with c-fos and decrease c-Jun binding to AP-1 binding sites.
This leads to down regulation of matrix metalloproteinase-9 (MMP-9) (Ahn et al., 2008).
MMP-9 degrades the basal lamina in cerebral ischemia (Rosenberg et al., 1992). Although
this is an attractive mechanism, we see no differences in Evan’s Blue extravasation in
transgenic hTG2 mice compared to wildtype mice post stroke (data not shown). Increased
cAMP levels upon adenylate cyclase activation leading to an augmented CREB signaling
response was observed in SH-SY5Y cells that overexpress TG2 (Tucholski and Johnson,
2003). This could lead to neuronal protection and increasing levels of BDNF production in
response to cerebral ischemia (Blanquet et al., 2006; Sonmez et al., 2007). TG2 can also
modulate retinoblastoma protein (pRb) to protect cells against apoptosis (Boehm et al.,
2002). Interestingly, a nuclear targeted, transamidating inactive TG2 mutant binds pRB and
protects cells against intracellular calcium overloads (Milakovic et al., 2004). Additionally,
ATP levels in hearts from TG2 -/- mice were 40% lower than wild type control (Szondy et
al., 2006). The results of these last two studies may indicate that TG2 functions regulate
mitochondrial genes needed to maintain ATP levels in the penumbra. In fact, cells
overexpressing TG2 have higher mitochondria membrane potentials (Piacentini et al., 2002)
that may lead to greater amounts of ATP generated. It is clear that TG2 can affect
transcriptional responses in many paradigms.

HIF has been shown to be the major transcriptional regulator in hypoxia. Activation of HIF
results in the up regulation of genes needed for adaptation and cell survival (Guo et al.,
2001; Sharp and Bernaudin, 2004; Tang et al., 2006). In addition to this function, recent data
has shown that HIF also regulates a subset of proapoptotic genes including Bnip3, NIX,
Noxa, and procaspase-3 (Baranova et al., 2007; VVan Hoecke et al., 2007) and may have
injurious effects upon activation. Neuronal cultures that express a dominant negative form of
HIF1a, the oxygen dependent subunit of HIF, are protected against delayed hypoxic cell
death (Halterman et al., 1999). HIF1a co-localizes with activated caspase-3 in ischemic
infarcts and HIF1a binds to the procaspase-3 promoter following photothrombic cortical
occlusion (Van Hoecke et al., 2007). Bilateral occlusion of the common carotid arteries in a
conditional HIF1a knock out under a CaMKII-a-Cre neuronal specific promoter results in
less cell neuronal death in the hippocampus compared to wild type mice (Helton et al.,
2005). However, in another study, the same transgenic mice show an increase in cell death
and reduced overall survival after transient focal cerebral ischemia (Baranova et al., 2007).
In this study, a biphasic upregulation of HIF dependent genes is described. Q-PCR of
specific HIF genes reveals an upregulation of proapoptotic genes 5 hours after transient
MCA occlusion, and an additional upregulation of prosurvival genes at day 5 (Baranova et
al., 2007). Inactivation of HIF1a using 2-methoxyestradiol or ShRNA decreased infarct sizes
in neonates exposed to transient unilateral carotid artery ligation (Chen et al., 2009; Chen et
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al., 2008). These reports suggest that there is more to HIF signaling than just activation
under certain oxygen concentrations. HIF signaling needs to be differentially regulated in
different tissues to control the severity of the response. In fact, differences in neuronal cell
survival can be observed by differentially knocking out HIF1a in neurons or astrocytes in
co-cultures (Vangeison et al., 2008). The complexity of HIF signaling is apparent in light of
these studies and may not be resolved by complete inhibition of the HIF signaling pathway.

These major discrepancies in the role of HIF in ischemia are possibly due to the strength and
duration of HIF activation, as well as the differential activation of HIF isoforms, such as
HIF-2a. The transactivation domains of HIF 1 and 2a contribute to the differential
specificity of each isoform’s target genes (Hu et al., 2007). This regulation at the
transcriptional complex relies on specific co-activators (i.e. CBP/p300) that result in
differential activation of specific HIF dependent genes (Kasper et al., 2005; Kasper and
Brindle, 2006). TG2 attenuates HIF signaling in the human renal cell carcinoma cell ling,
786-0 (Filiano et al., 2008). These cells have a mutation in VHL and rely primarily on a
constitutively active HIF2a, (Maxwell et al., 1999; Warnecke et al., 2004) and hence it is
likely that TG2 attenuates signal of both orthologs. Although, HIF1a and HIF2a can bind
identical hypoxic response elements therefore activating synthetic luciferase reports, they
regulate distinct subsets of genes via their transactivation domains (Hu et al., 2007). Further
studies may reveal that TG2 modulates the HIF orthologs distinctively. CBP/p300 are
thought to be mandatory coactivators for HIF, yet many HIF genes are not affected by
mutations of CBP/p300 (Kasper and Brindle, 2006). We have previously shown that
overexpression of TG2 in a neuroblastoma, SH-SY5Y, cell line and in rat primary cortical
neurons protects against oxygen and glucose deprivation (Filiano et al., 2008). TG2 binds to
HIF1p in numerous assays and functions to attenuate HIF signaling in hypoxia. It is
currently unknown how TG2 functions to decrease HIF activation without interrupting the
formation of the HIF heterodimer, inhibiting nuclear translocation, or obstructing HIF from
binding to the hypoxic response element. We hypothesize that TG2 may modulate the
interactions between HIF and transcriptional activators. Furthermore, TG2 reduces the
transcription of numerous proapoptotic genes in hypoxia. The mechanism by which TG2
attenuates HIF signaling has yet to be elucidated but is crucial to understanding how TG2
protects neurons against ischemia. Nonetheless, in the initial stages of ischemia TG2
translocates to the nucleus and remains there, most likely interacting with components of
transcriptional machinery. This translocation is observed in humans and mice upon ischemic
injury to the brain. All of these data strongly suggest that hTG2 regulates hypoxic signaling
pathways in neurons and contributes to protection following cerebral ischemia.
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Fig. 1.

Expression of hTG2 in mouse neurons reduces stroke volume after permanent MCA
ligation. Permanent MCA ligation was performed on C57BL/6 mice at 10-12 weeks of age.
A. Mouse brain macrovasculature is visualized using blue latex. The approximate location
of MCA cauterization is represented by the black bar. B. Magnetic Resonance Angiograms
of C57BL/6 pre (top) and 24 hours post MCA ligation (bottom). The position of the ligation
of the MCA is indicated by white arrow. The absence of signal is due to an interruption of
blood flow. C. Permanent ligation of the MCA results in a hypoxic/ischemic infarct that is
restricted to the mouse cortex. Hypoxic area is visualized with an antibody that recognizes
the chemical adducts formed in low oxygen with Hypoxyprobe, which is injected i.p. 30
minutes prior to ligation (left). The yellow box in the MRI scan represents area of histology.
Infarcted tissue is recognized by increased T2 weighted MRI signal 24 hours post surgery on
representative sections taken every 500uM throughout the mouse cortex (right). D.
Calculated infarct volumes in hTG2 mice (21.70 mm3+ 6.07; n=7) are 33% smaller than
wild-type littermates (32.90 mm3+ 5.84; n=10), p < 0.005.
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Fig. 2.

Brain macrovasculature is not affected by neuronal expression of TG2. The primary
vasculature of the brain of wild type (WT) and mice expressing hTG2 in neurons was
labeled with blue latex. Angles between the MCA and horizontal (A1) segment of anterior
cerebral artery were calculated using Image J. No differences in MCA branching angles
from the Circle of Willis of WT and hTG2 mice were observed when calculated. p=0.8233;
n=4.
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hTG2 overexpression does not affect mouse brain microvasculature. Microvasculature of the
mouse brain was visualized by staining with Fluorescein-conjugated lectin. Representative
photomicrographs are shown, wild type (WT) (top left) and hTG2 (top right).
Microvasculature from 5 sections per brain was quantified and represented as pixels/brain
section. No difference in staining was observed between WT and hTG2. p=0.6715; n=3
mice per group.
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Fig. 4.

TG2 translocates to the nucleus following permanent MCA ligation. After sham surgeries,
or 2 or 5 hours post permanent MCA ligation, the localization of hTG2 was visualized by
immunohistochemistry. A. In sham surgeries (n=8), hTG2 is completely excluded from the
nucleus (DAPI). This can be seen when the images are merged (A, far right). B. At 2 hours
post MCA ligation (n=8), hTG2 colocalizes with numerous neuronal nuclei stained with
DAPI. C. hTG2 translocation into the nucleus is observed in almost all neuron in the region
of the infarct at 5 hours post ligation (n=6). D. Images were quantified and data is
represented as TG2 and DAPI co-localizing pixels per cell £ SEM. *p<0.05
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TG2 localizes to the nucleus of neurons after human stroke. Post mortem tissue from a
human stroke case was immunostained for neuronal specific enolase (NSE) and TG2. In
unaffected tissue, TG2 staining colocalized completely with NSE (top, yellow asterisks),
suggesting that TG2 is expressed throughout neurons in human brain. In stroke tissue, TG2
colocalized with DAPI, yet NSE remained express in the entire neuronal body (middle,
yellow asterisks). Higher magnifications of representative neurons are outlined in yellow
and shown at the bottom. For clarity purposes, only TG2 (red) and DAPI (blue) are in
included in the merged images.
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Endogenous TG2 is upregulated after permanent MCA ligation. Mouse brain mRNA was
collected 2 hours to 5 days post MCA ligation in WT mice. Ipsilateral and contralateral
cortex was dissected and mRNA was isolated. Total MRNA was reverse transcribed and
cDNA for TG2 was analyzed with quantitative real-time PCR. A. TG2 mRNA was
normalized to actin and expressed relative to sham control, which is defined as 1. *p<0.05;
B. data are show normalized to actin and expressed relative to contralateral cortex (n=4-7).
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TG2 co-immunoprecipitates with HIF1B in mouse brain. Protein samples of mouse brain
cortical hemispheres, with and without MCA ligation from 2 independent experiments were
immunoprecipitated for HIF1p and immunoblotted for both HIF1p and TG2. The amount of
TG2 that pulled out with HIF1p correlated with the amount of HIF1p initially
immunoprecipitated. A control immunoprecipitation where the immunoprecipitating
antibody was omitted is shown in lane 3.
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Fig. 8.

TG2 attenuates the upregulation of HIF dependent genes after MCA ligations. Mice were
subjected to MCA ligation and sacrificed 2 hours to 5 days post surgery. Data were
normalized to B-actin and expressed relative to contralateral cortex. Expression of HIF
dependent genes from WT and hTG2 mice are expressed as mean + SEM from at least three
mice per group. Two-way ANOVAs show significant effects of hTG2 on Vegf and Noxa
expression (p<0.05) and an effect of time on Vegf expression (p<0.005) post MCA ligation.
Asterisks denote a significant difference between WT and hTG2 mice at 5 hours (Bonferroni
posttest, p < 0.05).
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