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exhibit aberrant skin epidermis formation, which results in
water loss due to incomplete comnified envelope formation
(Matsuki et al. 1998).

TG2 is expressed in various cells and tissues and has
diverse functions. This enzyme reaction was observed to
be involved in cell fate decisions, as determined by its
post-translational modifications of extracellular matrix pro-
teins, transcription factors, and signaling molecules (Fesus
and Piacentini 2002; Beninati and Piacentini 2004; Mehta
et al. 2006; Tatsukawa et al. 2009). Although TG2-null
mutants exhibit a normal phenotype at birth, aberrant
wound healing, mild glucose intolerance, and abnormal
phagocytosis have been observed in the tissues of these
mice (Sarang et al. 2009). Celiac disease, related to TG2
activity, has been extensively studied; this disease involves
a chronic inflammation of the intestinal mucosa triggered
by deamidated gluten-derived peptides (Sollid 2002).

Both of these isozymes have been extensively charac-
terized also in terms of their gene expression and substrate
specificity (Esposito and Caputo 2005). However, to better
understand their physiological significance, the simultane-
ous detection of their protein expression and activity pat-
terns in various tissues is essential. To date, the tissue
distributions of these proteins and their enzymatic activi-
ties have not been thoroughly investigated, particularly
during embryonic development.

We have recently identified highly reactive glutamine-
donor substrate peptides of TGs using a random 12-mer
peptide library (Sugimura et al. 2006, 2008; Hitomi et al.
2009). Because these peptides exhibited a highly selective
reactivity to their respective isozymes, these appeared to be
an effective tool for detecting the enzymatic activities in an
isozyme-specific manner. Generally, the use of'a fluorescent-
labeled subsirate has been an efficient tool for the detection
of active enzymes (Van Nooden 2010). Using fluorescent-
labeled peptides, for both TGI and TG2, we successfully
detected their specific activities in frozen tissue sections
(Sugimura et al. 2008; Akiyama et al. 2010; Yamane et al.
2010; Johnson et al. 2012). When a reaction occurred, a
lysine-donor substrate in a tissue section covalently incor-
porated a glutamine-donor peptide and a fluorescent signal
represented apparently the presence of active TGs. In par-
ticular, experiments using whole mouse sections efficiently
provided the results for the expression levels of TG in the
active form-(Itoh et al. 2011).

In previous studies, the expression patterns of both TG1
and TG2 were investigated through mRNA expression and
protein levels in several tissues (Hiiragi et al. 1999; Griffin
et al. 2002). There have been some investigations on the
developmental variations of TG expression in some tissues
{Nagy et al. 1997; Citron et al. 2000; Bailey and Johnson
2004; Lee et al. 2005). However, variations in these enzy-
matic activities in whole mice have not been thoroughly
investigated, even though both enzymes may be essential

for body formation by modifying growth factors and/or by
cross-linking several structural proteins. Therefore, to
acquire more insights into the physiological reles of these
TGs during embryonic development, it is necessary to
simultaneously analyze both the protein expressions and the
enzymatic activity distributions of TGs.

In this study, we used fluorescent-labeled substrate pep-
tides to determine the mouse embryonic expression pattern
of the in situ activities of TGl and TG2. In addition to
detecting their enzymatic activity levels, we simultaneously
analyzed and compared their protein distributions using
antibodies specific for each isozyme. Our results should
contribute to understanding the roles of TG activities during
mouse body formation.

Materials & Methods

Materials

Fluorescent isothiocyanate (FITC)-labeled peptides were
synthesized by Biosynthesis (Lewisville, TX). Rabbit poly-
clonal anti-TG1 (A018) was purchased from Zedira
(Darmstadt, Germany). Rabbit polyclonal anti-TG2 serum
was made by Japan Lamb (Hiroshima, Japan) using mouse
recombinant TG2 as an antigen that was produced in our
laboratory. IgG was affinity purified using NHS-activated
Sepharose 4 Fast Flow, which was immobilized with
recombinant protein (GE Healthcare Bio-Sciences AB;
Uppsala, Sweden). Alexa 555-labeled donkey anti-rabbit
1gG (H+L) and Alexa 594-labeled donkey anti-rabbit 1gG
(H+L) were purchased from Life Technologies (Carisbad,
CA). MAS coated slide glass was purchased from
Matsunami Glass Ind., Ltd. (Osaka, Japan). Other chemical
reagents were obtained from Sigma-Aldrich (St Louis, MO)
or WAKO Chemicals (Osaka, Japan).

Preparation of Tissue Sections

ICR pregnant mice were purchased from Japan SLC, Ine.
(Shizuoka, Japan) and were sacrificed to collect embryos
at various pregnancy stages (E10.5, E12.5, E14.5, E16.5,
and E18.5). Neonatal mice were also used in this analysis.
TG1 and TG2 knockout (KO) C57/BL6 mice were main-
tained by K. Yamanishi and S. Kojima, respectively. TG2
KO mice were originally developed and kindly provided by
Dr. R. Graham (Nanda et al. 2001). Embryos were pro-
cessed for preparation according to the method described
by Kawamoto (Kawamoto and Shimizu 2000; Kawamoto
2003) and whole-body sections were produced using a mul-
tipurpose cryosection preparation kit (Section Lab Co. Ltd.;
Hiroshima, Japan). Briefly, the mouse was frozen in cold
hexane (-94C) and then freeze-embedded with Super
Cryoembedding Medium (SCEM). Ten-um-thick sections
were prepared with a cryomicrotome (Leica CM3050S;
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Leica Co. Ltd., Wetzlar, Germany) from the frozen speci-
men block and collected with cryofilm. All sections were
histologically identified by hematoxylin and eosin (H&E)
staining. Embryonic sequential sections were used for vari-
ous reactions for in situ enzymatic activity and immunos-
taining. All animal experiments were carried out according
to the guidelines of each institute (Nagoya University,
Hyogo College of Medicine, and RIKEN Institute).

In Situ Detection of the Enzymatic Activity of TG

Unfixed 10-pm cryosections of mice embryos were air-
dried and then blocked with 1% bovine serum albumin
(BSA) in phosphate-buffered saline (PBS; 10 mM
Na-phosphate - pH 8.0, 150 mM NaCl) at room temperature
for 30 min. These sections were subsequently incubated for
60 min at 37C in the substrate reaction solution containing
100 mM T ns—‘HCl (pH 8. O), 1 mM dithiothreitol, and 5 mM
CaCl. in the _presence of FITC-labeled peptide (pepKs5,

Tié) at the final concentration of 1 M. After the enzy-
manc reaction, ‘PBS containing 25 mM EDTA was added to
stop the reaction via chelating calcium ion. Then, after
washing with PBS three times, mounting solution SCMM
(R2) was added to. the sections for observation. As negative
controls the reacnon mixture containing EDTA (¢ mM)
instead of CaCi was used. Alternatively, the fluorescent-
labeled pcptldes (FITC-KSQN or FITC-T26QN) in which
the reactive glutamine residue was replaced by an aspara-
gine residue were used in the control reaction.

Immunostaining

Ten-pm cryosections of mice embryos were air-dried and
then fixed with mixed solution (methanol:acetone = 1:1) for
I min. After washing with PBS three times, the sections
were blocked with 1% BSA in PBS at room temperature for
30 min. The blocked sections were then incubated with
isozyme-specific antibodies diluted 1:250 (anti-TG1) and
1:500 (anti-TG2) in 1% BSA in PBS overnight at 4C. The
sections' were washed three times with PBS containing
0.15% Triton-X100 and 1% BSA and then incubated for
1 hr at'37C with fluorescent-labeled secondary antibodies:
Alexa 555-labeled donkey anti-rabbit IgG (TG1) and Alexa
594-labeled donkey anti-rabbit IgG (TG2), diluted 1:1000
in PBS containing 0.15% Triton-X100 and 1% BSA. After
washing with PBS, mount medium was dropped onto the
sections for observation.

In the case of double staining, immunostaining was per-
formed followed by in situ enzymatic reactions.

Microscopic Observation and Analyses

Samples were observed under a Keyence fluorescence
microscope (BZ-9000; Keyence, Osaka, Japan) using a x4

-99.

Table . Sequences of Isozyme-specific Substrate Peptides
for Transglutaminase Skin-type (TGI) (pepK5) and Tissue-type
(TG2) (pepT26).

Sequence

TG I: YEQHKLPSSWPF (pepKS5)
YENHKLPSSWPF (pepK5QN)

TG2: HQSYVDPWMLDH (pepT26)
HNSYVDPWMLDH (pepT26QN)

pepKSQN and pepT26QN are mutant peptides in which the reactive
glutamine residue was substituted with asparagine (indicated in bold).

lens (NA 0.20) for whole mouse sections and a %20 lens
(NA 0.75) for each tissue, H&E-stained images were
obtained using the same microscope or scanner (EPSON
GT-x750; Epson, Nagano, Japan).

The free software Image J (version 1.43y; image pro-
cessing and analyzmg java; http://rsbweb.nih.gov/ij/) was
used for linear adjustment of fluorescent images. This soft-
ware was also used for image mappmg using pseudo-colors
from the ﬂuorescent signal as a standard procedure.

Results

React:vmes and Spec:f icities by Comparat:ve
Staining Patterns with Fluorescent-Labeled Favorable
Substrate Peptides and Antibodies for TGI and TG2

To investigate the relationships between the transamidating
activities and protein expression levels of TGl and TG2, we
performed both in situ detection of the activity and immu-
nostaining using favorable substrate peptides and antibod-
ies, respectively. The sequences of pepK5 and.pepT26 were
used to detect TG1 and TG2 activities, respectively, as
shown in Table 1. We initially attempted to detect the activ-
ities and protein expressions using sections from TGI and
TG2 KO mice as well as wild type mice (Fig. 1). In this
figure, sagittal plane sections of an E19.5 embryo and a
neonate were used for TG1 and TG2 analyses, respectively.
In the case of TG1 analyses, we used E19.5 embryos instead
of neonates throughout the experiments, since KO mice for
TG1 died within a couple of hours after birth.

For an E19.5 stage wild-type mouse embryo (TG1 +/+),
significant fluorescent signals resulting from FITC-labeled
pepKS5 incorporation were observed in epithelial tissues,
which was consistent with our previous results (Itoh et al.
2011). No apparent signals could be detected in a reaction with
FITC-pepK5QN substituted peptide or in the co-presence of
EDTA. In addition, no signals were observed in a section
from a TG1-null mouse. These results demonstrated that
active TG1 was specifically detected.

When we used a polyclonal antibody against TG1, sig-
nals were obtained in the wild-type section corresponding
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pepT26QN
/CaCl2

pepKs
IEDTA

Anti-TG1

Figure [. In'situ detection of enzymatic activities using the preferential substrate peptides and immunostaining analysis using antibodies
against transglutaminase skin-type (TG1) and tissue-type (TG2). (A) Sagittal plane sections from the wild-type and TG1-null mice at E19.5
stage were reacted with | pM fluorescent isothiocyanate (FITC)-pepKS5 in the presence of 5 mM CaCl,. As negative controls, samples
were treated with | uM of FITC-pepKSQN or in the presence of 5 mM EDTA. Immunofluorescent staining using a polyclonal antibody
against TG was also performed. (B) Neonate whole-mouse body sagittal plane sections from wild-type and TG2-null mice were reacted
with | pM FITC-pepT26. As described in the legend to (A), negative controls (I pM FITC-pepT26QN or EDTA) and immunostaining

with an antibody against TG2 were performed. Bars = 0.5 em.

to the in situ enzymatic activity of TG1. In contrast, no sig-
nals were detected in a section from a TG1-null mouse. In
addition, without the primary antibody, no signals were
detected in this section (data not shown). These results indi-
cate that these procedures could be used to detect both the
enzymatic activity and protein expression.

As shown in Fig. 1B, TG2 activity analysis in wild-type
mouse showed significant fluorescent signals that resulted
from cross-linked FITC-pepT26 in various tissues, primar-
ily in connective tissues. No apparent signals were observed
for a reaction using FITC-pepT26QN substituted peptide or
in the co-presence of EDTA. With the exception of tongue
and rectum, no apparent signals were observed in a section
from a TG2-null mouse. When using a polyclonal antibody
against TG2, signals were detected over a wide area with a
pattern similar to that for TG2 enzymatic activity. No sig-
nals were detected in a section from a TG2-null mouse.
These results demonstrated that both TG2 protein expres-
sion and the enzymatic activity could be specifically
detected using this procedure simultaneously.

Simultaneous Detection of In Situ TG Activity
and Protein Expression Patterns in Embryonic
Whole Mouse Sections

For this experiment, we performed double-staining analy-
ses of frozen sections from embryos at various develop-
mental stages. Sections that reacted with FITC peptides
were  subsequently fixed and immunostained. For this
immunofluorescent analysis, we used secondary fluorescent-
conjugated antibodies for staining. These analyses allowed
us to compare the enzymatic activities and protein expres-
sion patterns.of the two major TGs present in the whole
body.

First, for TG1 (Fig. 2B), the results for the detection of in
situ enzymatic activity showed significant signals primarily
in epithelial tissues, including skin, esophagus, forestom-
ach, and tooth. For these epithelial tissues, an E10.5 section
showed weak signals, whereas the E12.5 to E14.5 sections
exhibited active signals, particularly around the bronchial
arch. These signals were dramatically enhanced at the stage
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A B

F:gure 2. Sxmuitaneous double staining fm* n sif
of embryos,at vanous fetai development stzges (E]

enzymanc actmty detection (FITCupepTZG) fotlowed by xmmunostammg for tra :

order as in (B). Bars =0.5 cm.

of E14.5 to E16.5, as shown by the pseudo-color image
data. In a neonate section, signal intensity also began to
increase in hair follicles in addition to epithelial areas.

Compared with the immunofluorescently stained area, the

resulting signals nearly overlapped with those for the sig-
nals of active enzyme.

Subsequemly, for TG2 (Fig. 2C), the enzymatic activity
was particularly higher in liver, heart, and spine compared
with other internal organs, on E12.5 to E14.5 sections. An
E16.5 section exhibited TG2 activity in other sites, such as
muscle. Depending on the developmental stage, the signal
pattern gradually changed to reflect that of an adult mouse.
With regard to immunofluorescently stained areas, weak
enzymatic activity was observed at earlier stages {(mostly
purple on pseudo-color images). During the embryonic
development, the immunofluorescent signals gradually
increased.

In Situ Activity and Protein Expression in Specific
Tissues
In general, the enzymatic activity level was correlated with

the protein expression level. However, in some tissues, the
ratios of the levels of enzyme activity and protein levels

the iegend to F;g L. Results in
how merged areas (yellow)
ne were subjected to in situ
utaminase tissue-type (TG2). Results are in the same

© were van ,d,'as shown by pseud()ecolor images (Fig. 2). In

addm ]

unique expr&csmn patterns were observed in some

: txssues as des

For TGl, whxch‘was primarily expressed in skin, the
enzyme activity and protein expression levels dramatically
increased starting at the E14.5 to E16.5 stage (Fig. 3A). In
the outermost cornified layers in the epidermis of the neo-
nate, the immunostaining signal levels were higher than
those for enzymatic activity as compared with the patterns
in other areas. A similar area (red) was also observed in an
E16.5 section, although it was thinner than that in the neo-
nate. This suggested that inactive TG1 itself had possibly
accumulated as a substrate in the differentiated keratino-
cytes by cross-linking. In the neonate, hair follicles also
showed apparent signals for TGl activity and protein
expression. Tooth tissues also showed that TG1 was highly
expressed in an active form (Fig. 3B). At the E18.5 stage,
TG1 activity, which was higher than that of the protein
level, was observed around the odontoblast. Fronrthe E18.5
stage to the neonatal stage, the protein expression level
gradually increased over a wide area containing dentin.

As shown in Fig. 4A, TG2 activity was observed in the
cartilage anlagen in the spine at the E12.5 stage. At E14.5,
these signals were concentrated in the perichondrium.
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Neonate

thure 3 Double-stammg pattems for transgmtammase skm»type (T G ) in various tissues during mouse embryonic development.
Enlarged pictures of H&E staining (left) and merged images of in situ activities and immunostaining for TG1, using f fluorescent isothiocyanate

(FITC)- pepKS and an anti-TG| antibody (right), are shown. Results in panels A and B are for the reactions with (A) skin and (B) teeth:

EHS and E16 5, the surrounding area of teeth was shown.

During further development, from the E16.5 stage to the
neonatal stage, and between the annulus fibrosus. and
nucleus pulposus, TG2 activities were enhanced in accor-
dance with the protein levels. In these areas, the protein
level was, relatively enhanced compared. to the enzyme
activity. This pattern was also observed in the hyaline carti-
lage of neonatal nose chondrocytes, whereas the activity
relative to protein expression in the perichondrium was
increased at a later stage of development (Suppl. Fig.).

In the intestine, in which h;gher TG2 activity was
detected among the tissues, unique expression variations
were observed during development (Fig. 4B). At the E12.5
stage, TG2 was highly expressed with regard to its

CL, cornified iayer, GL, granular layer' HF, hair follicle; ML, muscle layer; DF, denta! papilla; Od, odontoblast; De, dentin; En, enamel. At

enzymatic activity in the mesenchyznal area of the midgut.
Regardmg villi development, in the intestinal mucosa, TG2
enzymatic activity and the protem level were enhanced in
the layers of the lamina propria mucosae, muscularis muco-
sae, and submucosa.

Discussion

Post-translational modifications by TGs, such as cross-
linking between proteins, deamidation, and the attachment
of polyamines, are implicated in various biological events.
These enzymes, consisting of the eight isozymes, are
involved in these reactions in a calcium-dependent manner.
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A

Neonate

E18.5

E16.5

E14.5

E12.5

Figure 4. Double-staining pattems for transgiutammase tlssue-type (T G?.) in various tissues during mouse embryonic development H&E
staining (left) and merged images of in situ activities and immunostaining (right) with corresponding fluorescent isothiocyanate (FITC)-
pepT26 and an anti-transglutaminase tissue-type (TG2) antibody are shown. Results in panels A and B are for reactions. (A) Spine: AF,

annulus fibrosus: NP, nucleus pulposus; VB, vertebral body; BC, subperiosteal bone collar; Pe, perichondrium; CA, cartilage anlagen. (B}

Intestine: ME, mucosal epithelium; LP, lamma propﬂa mucosae; MM, muscularis mucosae; Su, submucosa; Me, mesenchyme. Bars =

Among them, both TG1 and TG2 are major enzymes that
are highly expressed in various tissues and have several
physiological roles. However, there is little information
regarding the distributions of TG activities during embry-
onic development among these isozymes. Therefore, we
aimed to simultaneously acquire insights into the positional
and developmental variations in the activities and protein
expressions of both TG1 and TG2.

To detect enzymatic activity in an isozyme-specific
manner, we established an in situ detection system using
fluorescent-labeled peptides that were isozyme-specific
glutamine-donor substrates (Itoh et al. 2011). Mouse whole-
body sections were successfully prepared for the detection
of in situ activities, and these sections also appeared to be
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suitable for immunostaining analysis (Fig. 1). Furthermore,
as shown in Fig. 2, immunostaining analyses could be sub-
sequently performed after detecting the enzymatic activity.
Thus, we could compare the protein expression levels and
in situ enzyme activities on the same sections, which estab-
lished precise tissue distributions for TGs (Table 2). In
addition, exarmining various tissues, including tooth, spine,
and nose chondrocytes, provided considerably novel
information.

Depending on the tissues and embryonic developmental
stages, the ratio of the protein level to activity level is var-
ied. In the liver (Fig. 2, neonate) and the intestine at earlier
developmental stages (Fig. 4A), the enzyme activity levels
relatively increased but the protein levels did not. In these
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Table 2. Summary of the Transglutaminase (TG) Protein
Expressions and Activity Levels during Mouse Embryo
Development.

TGl Ei25 EI45 EI6S5 EI85 Neonate
Tongue (epidermis)
A - - + + ++
P + + + ++ ++
Skin {granular layer)
A - + ++ ++
P - + ++ ++ +4
Teeth (odontoblast)
A - - - + +
P - - - - +
TG2 E125 EI45 El65 EI85 Neonate
Tongue (muscle)
A ’ - - - + ++
P : - - + ++ ++
Nose (hyaline

cartilage)
A - + + ++ ++ +
P - + + ++ ++
Spine (vertebra body).
A EPRE + + + ++ ++
P i B + + o +h
Heart (myocardial

fiber) , ;
A L N 5 ++ ++ ++
P O A +4
Lung (stroma) =

~ + + o +4+ +++

P EA I . + T4 ++ o+
Liver (hepatocyte) | |
A ‘ * + + + +
P o - - + 4
Intestine (lamina propria

mucosae)
A + + T == 3 +++
P i - - ++ ++ ++
Kidney (nephron)
A - + + + +
P - - + + +

TG protein expressions and activity levels were classified as either
undetectable (=), low (+), intermediate (++), or h;gh (+++). This
evaluation was carried out by the human operator’s eye. A and P
indicate the levels of in situ enzymatic activity and immunclogically
detected protein, respectively. TG, transglutaminase skin-type; TG2,
transglutaminase tissue-type.

cases, some activation mechanisms may have been required,
suchas bmdmg of an activator and limited proteolysis in the
case of TG1 (Hitomi 2005). In contrast, as observed by the
signals in the developed spine and the outermost cornified
layers of the skin (Figs. 3A and 3B), the protein levels were
higher at these sites than the enzymatic activity levels. In
these cases, TG1 may have been a favorable substrate, and

participated in cross-linking activity that would result in
polymerization and, also possibly. susceptibility to other
modifications such as sumoylation and phosphorylation
(Luciani et al. 2009; Wang et al. 2012). This would decrease
its enzymatic activity, although the area would still be
immunochemically positive. Therefore, our data from this
study were significant because active enzymes could be
detected in each of these tissues.

In a series of experiments from the present and the previ-
ous studies, we could not detect enzyme activity in some
tissues such as the brain (TG2) and the lung (TG!), where
each enzyme is considered to be actively expressed. This
was probably because of the release of ‘the cross-linked
products, which would make the signal undetectable.
Additionally, during preparation of the tissue sections and
the cross-linking - reaction, which may have led to a loss in

" cell membrane integrity, limited activity could be detected,
such as in the intracellular areas. Further modifications of
our procedures will be required in some tissues.

In this study, the signals detected for TG enzymatic activity
were based on lysine-donor (ghutamine-acceptor) substrates
for each TG. Although several TG subsirates have been identi-
fied, novel substrates may have been included among these
signals, in various tissues. Idennfymg these proteins using tag-
attached peptides ‘would enable the biochemical identification

~of novel substrates, whxch would be useful information for

understanding their physwloglcai sngmﬂcan& in each tissue.

In conclusion, we obtained data for the expression patterns
of major TGs at both the protein and transamidation activity
Ievels In addition to our previously develomd detection sys-
tem for in situ enzyme activity, we established conditions to
perfonnammultaneousnnmxmcstammganalysas Furthermore,
reactions for in situ detection of enzyme activity and subse-
quent xnmunaﬂuorescem analysis were successtully per-
formed. These. analyses provided mfcnnatmn on indexes for
both enzyme activity and protein expression levels.
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Background: The expression of PACI, a specific receptor for PACAP, is decreased in brain ischemia.
Results: PACI expression was attenuated by inactivation of Sp1 through cross-linking by transglutaminase 2 (TG2) activated by

ER stress.

Conclusion: TG2 is involved in negative regulation of PACI gene expression.
Significance: Suppression of PACI by TG2 might be involved in neuronal damage from brain ischemia,

Pituitary adenylate cyclase-activating polypeptide (PACAP)
functions as a neuroprotective factor through the PACAP type 1
receptor, PACL. In a previous work, we demonstrated that nerve
growth factor augmented PACI gene expression through the
activation of Sp1 via the Ras/MAPK pathway. We also observed
that PACI expression in Neuro2a cells was transiently sup-
pressed during in vitro ischemic conditions, oxygen-glucose
deprivation (OGD). Because endoplasmic reticulum (ER) stress
is induced by ischemia, we attempted to clarify how ER stress
affects the expression of PACL. Tunicamycin, which induces ER
stress, significantly suppressed PACI gene expression, and salu-
brinal, a selective inhibitor of the protein kinase RNA-like endo-
plasmic reticulum kinase signaling pathway of ER stress,
blocked the suppression. In luciferase reporter assay, we found
that two Sp1 sites were involved in suppression of PACI gene
expression due to tunicamycin or OGD. Immunocytochemical
staining demonstrated that OGD-induced transglutaminase 2
(TG2) expression was suppressed by salubrinal or cystamine, a
TG activity inhibitor. Further, the OGD-induced accumulation
of cross-linked Sp1 in nuclei was suppressed by cystamine or
salubrinal. Together with cystamine, R283, TG2-specific inhib-
itor,and siRNA specific for TG2 also ameliorated OGD-induced
attenuation of PACI gene expression. These results suggest that
Spl cross-linking might be crucial in negative regulation of
PACI gene expression due to TG2 in OGD-induced ER stress.

PAC1? belongs to the glucagon/secretin family of G protein-
coupled receptors. Pituitary adenylate cyclase-activating poly-
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peptide (PACAP) is the high affinity ligand for PAC1. Through
PAC1, PACAP plays a crucial role in the central nervous system
(CNS) as a neurotrophic factor, neurotransmitter, or neuro-
modulator (1). PACAP increases the survival of cultured neu-
ronal cells under ischemia-like conditions and has neuropro-
tective effects in in vivo animal models of focal and transient
global ischemia (2, 3). It has been reported that after global
ischemia, PACI mRNA was decreased throughout the hip-
pocampus in rat, whereas PACAP expression was selectively
increased in the granule cell layer (4). The expression of PACI
has also been shown to decrease after transient focal cerebral
ischemia in mice (1). So far; little information has emerged on
the reduction of PACI expression in ischemia, and moreover,
the mechanism of this suppression remains unclear.

We recently reported that nerve growth factor (NGF) aug-
mented PACI gene expression through the activation of tran-
scription factor Sp1 via the Ras/MAPK pathway in PC12 cells
(5). Moreover, it was reported that the administration of Sp1

- inhibitor mithramycin A after middle cerebral artery occlusion

significantly increased infarct volume in rat (6). Because Sp1 is
activated during oxidative stress (7, 8) and hypoxia (9, 10), Spl
is highly responsive to neuroprotective signals (6).
Endoplasmic reticulum (ER) stress has been reported to con-
tribute to the extent of cerebral infarct volume in ischemic
injury (11). ER stress includes a signaling pathway called the
unfolded protein response, which is a cellular stress response
induced by the accumulation of unfolded proteins in the lumen
of the ER. Protein kinase RNA-like endoplasmic reticulum
kinase (PERK) receptor response occurs within minutes to
hours of unfolded protein response activation to prevent fur-
ther translational loading of the ER. PERK activates itself by
oligomerization and autophosphorylation of the free luminal
domain. Although the unfolded protein response is primarily

PACAP, pituitary adenylate cyclase-activating polypeptide; PERK, protein
kinase RNA-like endoplasmic reticulum kinase; TG2, transglutaminase 2;
TM, tunicamycin.
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an adaptive response, if the stress persists, the ER stress recep-
tors can also trigger pro-apoptotic pathways to initiate cell
death (12). Because many profeins synthesized through the ER
are glycosylated, tunicamycin (TM), a protein glycosylation
inhibitor, induces unfolded protein accumulation in the ER
and, ultimately, cell death. Thus, TM is generally used as an
inducer in ER stress. Previously, we reported that PACAP pro-
tects PC12 cells against TM-induced cell death (13). TM-in-
duced cell death was inhibited by the salubrinal, a selective
inhibitor of cellular complexes that dephosphorylates eukary-
otic translation initiation factor 2 subunit « (elF2«) down-
stream of PERK pathways (14). Moreover, salubrinal signifi-
cantly increased the phosphorylation of elF2«, leading to
reduced ER stress-induced brain damage after ischemia/reper-
fusion injury (15).

It has been reported recently that ER stress or ischemia is
associated with transglutaminase 2 (TG2; EC 2.3.2.13); that is,
TG2 increased in the hippocampus after ischemia (16-18).
TG2is ubiquitously expressed, and one of its functions is Ca®*-
dependent cross-linking of the e-amino group of a lysine resi-
due to the y-carboxamide group of a glutamine residue (19).
TG2 has therefore been implicated in the regulation of cell
growth, differentiation, metastasis, and apoptosis. In terms of
apoptosis, it was reported that treatment of SH-SY5Y cells with
ER stress inducer thapsigargin or TM enhanced the formation
of TG2-immunoreactive granules and cell death (20). In addi-
tion, alcohol-induced accumulation of TG2 in the nuclei via ER
stress induced cross-linking Sp1 and apoptosis in the liver (21,
22), which were inhibited by salubrinal (23). However, it was
reported that cystamine, a TG activity inhibitor, exhibits pro-
tective effects in brain ischemia and reduces the expression of
TG2 in Neuro2a cells (24).

The purpose of this article is to describe basic datathat can be
useful to an understanding of the mechanisms of the down-
regulation of PACI expression in brain ischemia. We also
aimed to clarify a possible mechanism of the down-regulation
of PAC1 gene expression via nuclear TG2 in oxygen-glucose
deprivation (OGD)-induced ER stress.

EXPERIMENTAL PROCEDURES

Materials—Tunicamycin and cystamine were obtained from
Sigma-Aldrich, and salubrinal was from Santa Cruz Biotech-
nology. Antibodies against GRP78/Bip, CHOP/GADD153; and
B-actin were obtained from Santa Cruz Biotechnology; TG2
was from Thermo Scientific; tubulin, fibrillarin, and cleaved
caspase-3 were from Cell Signaling Technology; and PAC1
(93093-4) was donated by Dr. Arimura. A polyclonal antibody
against cross-linked Sp1 (CLSpl) was prepared as described
previously (21). The CLSp1 antibody is designed to recognize
the polymerized Sp1 (>450 kDa), but not monomer one. 5-(Bio-
tinamido) pentylamine (5-BAPA), a biotinylated primary
amine substrate for TG2, was obtained from Pierce. TG2-spe-
cific inhibitor R283 (targeting intracellular TG2) was prepared
as described previously (25, 26).

Cell Culture—Neuro2a mouse neuroblastoma cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Sigma) supplemented with 10% fetal bovine serum (FBS). After
a 16-h preincubation in DMEM without FBS, the cells were

B
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exposed to tunicamycin, salubrinal, cystamine, or R283 for 24-h.
Cultures of mouse primary cortical neurons were performed as
described previously (27). Briefly, the cortices of embryonic day
15-16 mice were treated with trypsin, and cells were plated on
culture dishes at the density of 3 X 10* cells/cm?®. Cells were
cultured for 2 h in DMEM supplemented with 10% FBS and
then in Neurobasal medium supplemented with 2% B27 sup-
plement (Invitrogen) for up to 21 days in vitro. The cells were
maintained in a humidified 37 °C incubator with 5% CO.,,

RNA Isolation and RT-PCR—Total RNA was extracted from
cells using RNAiso Plus (Takara Bio) according to the manufac-
turer’s protocol. After reverse transcription using a High
Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems), the resulting cDNA was subjected to PCR using TaKaRa
Ex Tag Hot Start Version (Takara Bio) according to the manu-
facturer’s protocol. PCR conditions were as follows: 30-35
cycles of denaturation at 94 °C for 1 min, annealing at 56 °C for
1 min, and extension at 72 °C for 120 s. The primer sequences
were as follows: mouse PACI, 5'-GTGGTGTCCAACTACT-
TCTG-3' (forward) and 5'-TGGAGAGAAGGCGAATAC-3'
(reverse); mouse Spl 5'-TCGCTTGCCTCGTCAGCGTC-3’
(forward) and 5’ -GCCCACCAGAGACTGTGCGG-3' (reverse);
mouse GAPDH, 5'-ACCACAGTCCATGCCATCAC-3’ (for-
ward) and 5'-TCCACCACCCTGTTGCTGTA-3’ (reverse).
GAPDH amplification was performed to normalize the results
from different samples.

Western Blotting—Western blotting was performed as
described previously (5). Briefly, nuclear and cytosolic proteins
were extracted from whole cells with NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Thermo Scientific) accord-
ing to the manufacturer’s protocol. Each 30 pg of protein was
loaded on a 12% polyacrylamide gel for electrophoresis at a
constant current of 100 mA/plate for 2 h at room temperature
and blotted to a polyvinylidene fluoride membrane previously
treated with 100% methanol. After blocking with 5% skimmed
milk dissolved in 20 mm Tris-HCl buffer (pH 7.5) containing
137 mu NaCl and 0.05% Tween 20, the membrane was incu-
bated with one of the following primary antibodies: PAC1
(1:5000), Sp1 (1:200), GRP78/Bip (1:1000), CHOP/GADD153
(1:200), TG2 (1:250), cleaved caspase-3 (1:1000), tubulin
(1:400), fibrillarin (1:400), or B-actin (1:1000).

OGD Conditions—Neuro2a cells or mouse cortical neurons
were washed with phosphate-buffered ‘saline (PBS) once and
incubated in DMEM without glucose (11966-025; Invitrogen)
after N, bubbling for 30 min. The Neuro2a cells or mouse cor-
tical neurons were then incubated in a hypoxia chamber (rec-
tangular jar, 2.5 liters) with an Anaero pack (Mitsubishi Gas
Company) to maintain oxygen concentration at <0.1% for 6 h
or 1 h, respectively.

Preparation of Vector Constructs for Luciferase Reporter Assays—
From the cloned 5'-upstream region of the human PACI gene
(ADCYAPIRI) (Ensembl Genome Browser: Chromosome7:
31058650-31113403), the fragments were subcloned and
inserted into the pGL3 (Promega) as described previously (5).
The resulting reporter vectors for PACI promoter activity are
designated as hP1L-1, -2, and -3, which contain —372 to +268,
—252 to +268, and +23 to +268 of 5'-flanking region of the
PACI gene, respectively. The mutated forms at two Sp1 sites of
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FIGURE 1. Effect of OGD or TM treatment on PACT expression with or without salubrinal. Neuro2a cells were treated with OGD for 6 h orwith TM for 24 h,
Aand B, mRNA (4) and protein (B) expression of PACT after OGD were determined by RT-PCR and Western blotting, respectively. Cand D, mRNA (C) and protein
(D) expression of PACT after OGD with presence or absence of salubrinal (Sal, 50 um) were determined. E and F, mRNA (E) and protein (F) expression of PAC1
after TM (0.5 pug/ml) treatment with presence or absence of salubrinal were alsc determined. G, after OGD with presence or absence of salubrinal, the protein
expression of GRP78, CHOP, cleaved caspase-3, and ;B—actm in the cytosolic extracts was determined by Western blotting using the specific antibodies. Values

are presented as means = SiE. (error bars). *, p < 0.05; %,

hP1L-1 were also prepared using the appropriate synthesized
primers with the KOD-Plus-Mutagenesis Kit (Toyobo), as
described previously (5). The resulting reporter vectors with
mutation of Sp1 elements in —314/—305 and —282/—273 were
desxgnated as mut1 and mut2, respectively. The $p1 element of
mut1 (5'-ACCGCGCCCC-3") and that of mut2 (5’-ACCCCG-
CCCC-3") were changed into 5'-ACgaattCCC-3’ and 5'-ACg-
tcgaCCC-3’, both of which contain a five-point mutation (indi-
cated by lowercase letters) by introducing an EcoRI site and a
Hincll site, respectively. The Spl-pGL3 promoter vector,
which contains three sequential repeats of consensus GC boxes
motifs derived from the c-met promoter in the upstream of the
luciferase complementary DNA, was generated by inserting a

32722  JOURNAL OF BIOLOGICAL CHEMISTRY

* p <0 01; and ***, p < 0.001. Representative results from three independent experiments are shown.

synthesized oligodeoxynucleotide cassette onto the pGL3 vec-
tor as described previously (21). All DNAs were prepared using
a NucleoBond Xtra Midi EF kit (Macherey-nagel) according to
the manufacturer’s protocol.

Dual Luciferase Reporter Assay—A dual luciferase reporter
assay was performed as described previously (5). Briefly,
Neuro2a cells were seeded onto 48-well plates at 1 X 10° cells/

well. The cells were co-transfected with mutated vector of

hP1L-1,-2, -3, mutl, mut2, or Sp1 with phRL-TK vector using
FuGENE 6 (Roche Applied Science) according to the manufac-
turer’s protocol. After the treatment with TM for 24-h, the cells
were rinsed with a passive lysis buffer (Promega) for 15 min at
room temperature. Luciferase activity was quantified in a Centro
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FiGURE 2. Involvement of Sp1 in suppressive effect of TM on promoter actmty of PACT gene. A, !ucxferase activity of three reporter constructs of the

5'-flanking region of human PACT gene in Neuro2a cells is shown. B, after transfection of the reporter vector hP1L-1, Neuro2a cells were treated with TM (0.5
1g/ml) in the absence or presence of salubrinal (Sal, 50 um). G, the cells were transfected with Sp1 promoter vector and then treated with TM for 24 h in the
absence or presence of salubrinal. D, schematic represents the mutated reporter constructs on each Sp1 site, which are designated as mut1 (mutation of Sp1
site in —314/-305 bp) and mut2 (mutation of Sp1 site in ~282/~273'bp). Luciferase activities of hP1L-1, mut1, and mut2 were assessed in the TM-treated or

nontreated cells.Values are presented asmeans = SE. (errorbars). *, p < 0.05; **
Representative results from three independent experiments are shown.

LB960 (Berthold Technologies) using the Dual Luciferase
Reporter Assay system (Promega). Cystamine, TG activity inhibi-
tor, and salubrinal eIF2« dephosphorylation inhibitor were added
to the medium 15 min before TM treatment. The relative lucifer-
ase activity of the pGL3 promoter was assigned a value of 100.
Immunocytochemistry—Neuro2a or mouse cortical neurons
were plated on a coverslip (Matsunami Glass) coated with poly-
L-lysine. The cells were fixed for 20 min with 4% paraformalde-
hyde in PBS, washed with PBS, and incubated in PBS containing

A CEVEN
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, p<0.01;and ***, p < 0.001 compared with untreated cells; n.s., not significant.

5% bovine serum albumin and 0.3% Triton X-100 for 60 min.
Cells were then incubated with antibodies TG2 (1:250) or
CLSp1 (2.5 pg/ml) followed by anti-rabbit secondary antibody
conjugated with Alexa Fluor 488 (Invitrogen). Samples were
mounted on coverslips with Dako mounting medium (Dako
Cytomation) containing 0.5 pg/ml Hoechst 33342 (Dojindo
Laboratories). Fluorescent images were obtained using an
LSM700 confocal laser scanning microscope (Carl Zeiss) and
Cellomics™ Arrayscan V system (Thermo Scientific).
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TG2 Activity—In situ TG2 activity was assessed as described
previously (21, 22). Briefly, in situ TG2 activity was detected by
incorporation of 5-BAPA into Neuro2a cells. Cells were incu-
bated with 0.2 mM 5-BAPA and 100 uM aminoguanidine for
18 h. After washing with culture medium, cells were fixed, per-
meabilized, and stained with tetramethylrhodamine isothio-
cyanate-conjugate streptavidin (1:500).

Short Interfering RNA (siRNA) Transfection—siRNA specific
for T7G2 was synthesized by Invitrogen and transfected into
Neuro2a cells with Lipofectamine RNAIMAX (Invitrogen)
according to the manufacturer’s instructions. Briefly, cells were
seeded at a density of 0.5 X 10° cells/cm? and cultured over-
night, after which RNAi/Lipofectamine complexes in Opti-
MEM (Invitrogen) were added. After 48 h of incubation, the
cells were subjected to OGD as described above. The sequence
of TG2 siRNA oligonucleotides is 5'-GAGCGAGATGAT-
CTGGAAC-3'.

Statistical Analysis—The data are expressed as means * S.E.
Using Prism 5 software (Graph Pad), analyses were performed
using Tukey’s test after analysis of variance or Student’s £ tests.
All experiments were repeated at least three times, and repre-
sentative results are included in the figures.

RESULTS

OGD or ER Stress Attenunted PACI Expression—Because it
was previously reported that PACT expression was significantly
decreased after experimental ischemic insult in vivo (4), we
assessed the effect of OGD, a model of ischemic insult in vitro,
on PACI expression in Neuro2a. The OGD condition
decreased PACI mRNA and protein expression levels (Fig. 1, 4
and B). Pretreatment with salubrinal ameliorated the suppres-
sion of PACI mRNA expression levels (Fig. 1C) and that of its
protein levels (Fig. 1D). As well as OGD, we also found that TM
treatment for 24 h decreased the expression of PAC1 protein
levels and that salubrinal reversed the suppression of PACI
mRNA (Fig. 1£) and that of its protein levels (Fig. 1F). The
expression of ER stress markers CHOP and GRP78 as well as an
apoptosis marker, cleaved caspase-3, was increased following
OGD, and pretreatment with salubrinal attenuated these
expressions (Fig. 1G), indicating that ER stress is involved in
OGD in Neuro2a cells. Thus, PACI was decreased in OGD-
induced ER stress, and pretreatment with salubrinal amelio-
rated its suppression of PACI expression.

Attenuation of Promoter Activity of PAC1 Gene by Tunicaimy-
cin Treatment—Using the dual luciferase reporter assay, we
evaluated the influence of ER stress on the promoter activity.
Among sequential deletion mutants of the 5'-flanking
region, the promoter activity of hP1L-1 was attenuated in

FIGURE 3. Effect of OGD or TM on Sp 7 expression in Neuro2a cells. Aand B,
after treatment with OGD for 6 h, Neuro2a cells were harvested, and nuclear
protein expression (A):and mRNA levels of SpT (B) were determined by West-
ern blotting and RT-PCR, respectively. C and D, after treatment with TM for
24 h, the nuclear protein expression (C) and the mRNA levels of Sp1 (D) were
also determined in the same way. £, Neuro2a cells treated with OGD for 6 h
were fixed and stained with anti-CLSp1 antibody (top row) or Hoechst 33342
{middle row). The two images were merged, and the final image is shownin
the bottom row {Merge). ***, p < 0.001 compared with untreated cells; n.s., not
significant. Scale bar (E), 20 jum. Representative results from three independ-
ent experiments are shown. Error bars, S.E.
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FIGURE 4. OGD augmented TG2 protein expression in both cytoso! and nucleus of Neuro2a cells. A, after treatment of Neuro2a cells with OGD in the
absence or presence of salubrinal (Sal, 50 um), the protein levels of TG2, B-tubulin (cytosolicloading control), and fibrillarin (nuclear loading control) in cytosolic
and nuclear fractions were determined using Western blotting. B, triple staining of TG2 nmmunoreactmty {top row), TG2 activity (second row), and Hoechst
33342 (third row) after OGD with presence or absence of salubrinal was performed. The results of merging the three images are shown in the bottom row
(Merge). C, after treatment with OGD in the absence or presence of cystamine (Cys, 500 um), Western blotting was conducted in the same way. D, triple staining
of TG2 lmmunoreactwny (top row), TG2 activity (second row), and Hoechst 33342 (third row) was performed inthe OGD-treated cells with or without cystamine.
The results of merging the three images are shown in the bottom row (Merge) E, double staining of CLSp1: xmmunoreacnwty (top row) and Hoechst 33342
(middle row) was performed in the OGD-treated cells with or without cystamine, The results of merging the two images are shown in the bottom row (Merge).
F, after OGD treatment with or without cystamine, protein levels of GRP78, CHOP, cleaved caspase—3 (Casp-3), and B-actinin cytosolic extracts were determined

using: Western blotting. Values are presented as means = SE. (error bars). ¥, p < 0.05; **

Representative results from three independent experiments are shown.

TM-treated Neuro2a cells (Fig. 24). The treatment with
salubrinal significantly reversed the suppression of the pro-
moteractivity (Fig. 2B). The promoter activity of hP1L-1was
also” attenuated in OGD-treated Neuro2a cells (data not
shown). Because two Spl elements were found between
—372and —252 and ethanol-induced ER stress was reported
to suppress Spl promoter-activity in HepG2 cells, we exam-
ined the promoter activity of three tandem functional GC
boxes reporter derived from c-met gene as described previ-
ously (21). As a result, the promoter activity was also signif-
icantly decreased by TM treatment, and salubrinal reversed
its suppression in Neuro2a cells (Fig. 2C). Then a point
mutation was introduced at either of two Spl elements
(—314/-305 bp and —282/—273 bp), designated as mutl
and mut2, respectively. As well as TM treatment, promoter

activities of mutl and mut2 were decreased by insertion of

mutation (Fig. 20). Their promoter activities were not
changed by treatment of TM. These results suggest that both
of putative Spl-binding elements could be necessary for ER
stress-mediated suppression of PACI promoter activity.

NOVEMBER 8, 2013+ VOLUME 288-NUMBER 45

, p < 0.01; and ***, p < 0.001. Scale bars (B, E, and D), 20 um.

Nuclear Cross-linked Sp1 Was Induced by OGD—After 6 h of
OGD condition or 24 h of TM treatment, expression levels of
Spl protein were significantly decreased in Neuro2a cells
(Fig. 3, A and C). SpI mRNA léVéls, ‘however, were not
altered (Fig. 3, B and D). Based on our previous finding that
Splis 1nact1vated by cross—hnkmg in liver injury-induced ER
stress (21 22), we examined whether ornot CLSp1 is formed
in neurons by OGD-induced ER- stress. Then in the OGD
condmon, 1mmunocytochem1cal staining with CLSp1-spe-
cific antibody demonstrated mducnon of CLSp1 in nuclei of
Neuro2a cells (Fxg 3E).

Accumulation of Nuclear Transglutammase 2 Was Blocked
by Salubrinal or Cystamzne—We investigated the molecular
mechanisms underlying the induction of CLSp1 in Neuro2a
cells after OGD. Western blotting analysis demonstrated that
OGDfincrea'sed cytoso’]ic and nuclear TG2 in Neuro2a cells,
and salubrinal significantly inhibited these increments (Fig.
4A). Immunostaining results also confirmed that OGD-in-
duced nuclear expression and activity of TG2 were suppressed
by salubrinal (Fig. 4B). It is interesting that cystamine, an inhib-
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FIGURE 5. The suppression of PAC1 expression was canceled by transgiutammase activity inhibitor, cystamine, or TG2-specific inhibitor R283 in Neuro2a
cells. Aand B, the protein expression of PACT after OGD or TMtreatment with the presence or absence of cystamine (Cys, 500 pm) was determined by Westem blotting.
Cand D, the protein expressaon of PACT after OGD or TM treatment with presence or absence of R283 (25 um) was determined in the same way. Values are presented
asmeans = S.E (error bars). ¥, p < 0.05;**, p < 0.01; and ***, p << 0,001. Representative results from three independent experiments are shown.

itor of transglu’faminase activity, signiﬁcanﬂy inhibited TG2 nuclear TG2 expression and activity were ameliorated by cys-
accumulation in cytosol and nucleus of Neuro2a cells induced  tamine (Fig. 4D). Immunocytochemical staining demonstrated
by OGD (Fig. 4C). Further, as well as salubrinal, OGD-induced that the OGD induced accumulation of CLSpl in Neuro2a
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TG2-specific siRNA or negative control. , the cells treated with OGD for 6 h after transfection with TG2-specific siRNA or negative control 1 were fixed and
stained with anti-CLSp1 antibody (top row) or Hoechst 33342 {middle row). The resuits of merging the two images are shown in the bottom row (Merge). Values

are presented as means = SE. (error bars).

nuclei (Fig. 4E, lane 2), which was suppressed by cystamine (Fig.
4E, lane 3). The increments of GRP78, CHOP, and cleaved
caspase-3 by OGD were sxgmﬁcantly attenuated by pretreat-
ment with cystamine (Fig. 4F),

The Suppression of PACI Gene Expresswn by OGD-induced
ER Stress Was Canceled by TG Activity Inhibitor or TG 2-specific
Inhibitor—We attempted to evaluate whether or not TG2 is
implicated in TM-induced suppression of PAC1 protein
expression. Pretreatment with cystamine significantly amelio-
rated OGD-induced or TM-induced suppression of PACI (Fig.
5, A and B). Furthermore, as well as cystamine, TG2-specific
inhibitor R283 also canceled the suppression of PAC1 protein
expression due to OGD or TM treatment (Fig. 5, Cand D).

Effect of Knocking Down of TG2 on the PAC1 Expression in
OGD Ischemia-induced ER Stress—To confirm the involve-
ment of TG2 in the OGD-induced attenuation of PACI gene
expression, Neuro2a cells were transfected with siRNA specxﬁc
for TG2, which produced a marked decrease in TG2 protein

levels (Fig. 64). Importantly, decreased expression of PAC1
protein by OGD was significantly recovered by the transfection
of siRNA against 7G2 (Fig. 6B). In addition, the accumulation
of CLSp1 in nuclei was abolished by 1'G2-specific siRNA treat-
ment, but not in the cells transfected with control siRNA (Fig.
6C).

Effect of OGD Condition or TM Treatment on Primary Mouse
Cortical Neurons—OGD significantly decreased PACI mRNA
in primary mouse cortical neurons (Fig. 74). Its protein level
was also decreased, but was completely recovered by the pre-
treatment of cystamine (Fig. 78). Both OGD and TM treatment
alsoinduced thenuclear expression of TG2 (Fig. 7, Cand D) and

NOVEMBER 8, 2013 - VOLUME 288-NUMBER 45

**, p < 0.01. Scale bar (), 20 pwm. Representative results from three independent experiments are shown.

induced nuclear accumulation of CLSp1 (Fig. 7, E and F, lanes
2), which was sxgmﬁcantly attenuated by pretreatment with
cystamine (Fig. 7, E and F, lanes 3).

DISCUSSION

PACAP exhibits plexotroplc action in the CNS through the
activation of PAC1. It is well known that both PACAP and NGF
enhanced the expression of PACI (1). Zacl, which regulates
apoptosis and cell cycle arrest, and pS3, a tumor suppressor
gene, have been shown t0 induce expression of the PACI gene
(28). We have recently demonstrated that NGF augmented
PACI gene expression through the activation of Sp1 via the
Ras/MAPK pathway in PC12 cells (5). Further, it was reported
that PACAP/PACI signaling is involved in pathophysiology of
post-traumatic symptom disease, in which a human patient
demonstrated increments of PAC1 in the amygdala and bed
nucleus of the stria terminalis (29). Thus, the positive regula-
tion of PAC1 has been profoundly investigated so far. However,
regarding the negative regulation of PACI, there are few
reports, that is, the attenuated expression of PAC1 after tran-
sient focal cerebral ischemia in mice (2). Another study
reported PACI mRNA was moderately decreased throughout
the hippocampus after global ischemia in rat, whereas PACAP
expression was selectively increased in the granule cell layer of
the hippocampus (4). However, the underlying mechanism in
the expression of the PACI gene has been unresolved so far. In
this context, the data presented here are the first to show a
mechanism of decreased PACI expression due to post-tran-
scriptional modification of Sp1, a transcriptional factor respon-
sible for the PAC! gene expression, by TG2.
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ith TG2 (top row), The results of merging the two i mages, TGZi lmmunoreactlvxty and Hoechst 33342, are shown in the middle row {Merge). The bottom

row.shows double-magnified photographs. £ and F, double staining of CLSp1 immunoreactivity (top row) and Hoechst 33342 (middle row) after OGD with the
presence or absence of cystamine was performed. The results of merging thetwo mages are shown in the bottom row (Merge). Scale bars, 40 pm (D) and 20 pm
(Eand F).

We first examined how PACI gene expression levels were
affected by ER stress with TM or i vitro ischemic condition
such as OGD. The expressions of cleaved caspase-3, GRP78 as a
marker of ER stress and CHOP as an ER stress apoptotic medi-
ator were sxgmhcam:ly increased by OGD as well as TM, and
their increments were attenuated by salubrinal, indicating a
shamd mechanism between OGD and TM treatment in terms
of ER stress. These findings are also corroborated with previous
reports (14). PACI expression levels were potently suppressed

32728 JOURNAL OF BIOLOGICAL CHEMISTRY

by OGD not only in Neuro2a cells but also in primary mouse
cortical neurons. Furthermore, salubrinal significantly amelio-
rated reduction of PACI gene expression by OGD as well as
TM, suggesting that the reduction in PACI expression might be
primarily due to OGD-induced ER stress.

A luciferase reporter assay was peziormed to zdentliy which
transcriptional element is involved in suppression of PACI
gene by ER stress. Among deleted mutants of the 5’-flanking
region, the promoter activity of hP11.-1 was most potent and

pCEVEN

VOLUME 288+NUMBER 45+NOVEMBER 8, 2013

-114-

CTNAT SPT IAATTEBANRT 110 €TrrT Rrorrrar A racania s redvare rreney massnar



PACT Gene Expression Is Suppressed by Transglutaminase 2

significantly attenuated by TM treatment in Neuro2a cells, sug-
gesting the presence of responsible element for the gene sup-
pression by TM in the region of —372/~252 bp. Then, a lucif-
erase reporter assay demonstrated that the mutation on each
Spl site located -at —314/—305 bp and —282/—273 bp of
hP1L-1 significantly canceled the suppression due to ER stress.
The Sp1 site at —282/—273 bp was identical among human,
mice, and rat, and the Sp1site at —314/—305 bp was also almost
conserved in all three species, suggesting that these Sp1 sites
might be important for the expression of PACI gene. In fact, we
recently reported that the Sp1 site at —282/~273 bp was par-
ticularly important for NGF-induced expression of PACI gene
in PC12 cells (5).

Using Western blot analysis, we found that the protein level
of Sp1 was significantly decreased by OGD or TM treatment in
Neuro2a cells, although its mRNA level did not change. Based
on our previous reports that inactivation and cross-linking of
Sp1 have been shown to be induced by TG2 in liver injury-
induced ER stress (21, 22), we focused on the cross-linking of
Spl, novel pcst—transcuptmnal suppression for protein func-
tion, and examined whether OGD-induced ER stress induces
the cross»hnkmg of Spl in neuronal cells. Immunocytochemi-
cal staining showed that the CLSp1 was induced in nuclei under
the OGD-induced ER stress and was suppressed by salubrinal,
cystamine or R283 (data not shown). This is the first report that
inactivation and crOSS-hnkmg of Sp1 were induced by ER stress
in neurons. These data suggest that, in addition to PAC1, cross-
linking and inactivation of Sp1 might also impair the expression
of Sp1-regulated target genes, which are critical for cell growth
and survival in the CNS. Thus, decrement of protein expression
but not mRNA ”pressmn of Spl was due tothe cross-linking of
Sp1, which contributed to the decxement of the expression of
PAC1 underlymg ER stress.

Although other reports demonstrated the augmentanon of
TG2 express n_in the’ hlppocampus after reperfusion i in a ger-
bil model of gkvbai cerebral ischemia (17, 30, 31), we found
OGD—mduced ER stress increased expression of TG2 not only
in cytoscl but also in nuclei of neuronal cells. Then OGD-in-
duced nuclear TG2 expression and TG2 actmty were markedly
attenuated by salubrinal in agreement with previous findings
(23). It should be interesting that cystamine attenuated not only
TG2 activity but also TG2 expression, which were induced by
OGD. Although cystamine is a transglutaminase inhibitor and
its underlying mechanism remains unknown, previous reports
also demonstrated the suppression of TG2 expression by cys-
tamine (31, 32). Then by using TG2-specific inhibitor R283 and
TG2-specific siRNA, we attempted to confirm whether or not
TG2 is involved in suppression of PAC1 in OGD-induced ER
stress, As a result, both treatments attenuated the accumula-
tion of CLSpl and the suppression of PACI expression in
Neuro2a cells not only by TM treatment but also by OGD.
Thus, we provide evidence that the accumulation of TG2 inthe
nucleus induces the formation of CLSp1, which subsequently
suppresses PACI expression under OGD-induced ER stress in
neuronal cells.

Regarding the effect on viability of neuronal cells, treatment
with either OGD or TM reduced their survival rate, which was
significantly ameliorated by the pretreatment with salubrinal or
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FIGURE 8. Schematic diagram showing how suppression of PACT is

induced by brain ischemia via ER stress-mediated PERK activation,
resulting in cross-linking of Sp1 by TG2.

cystamine (data not shown) in agreement with previous reports
(14,15,17,24, 30, 31). The present finding that CHOP, GRP78,
and cleaved caspase-S were attenuated by the pretreatment
with cystamme supports the previous report that the down-
stream activity of TG2 actlvates the calpamfcaspase pathway
(32). Also, knockmg down of TG2 expression significantly
attenuated their cell death (data not shown), In fact, it was
reported prevmusly that infarct volumes in TG2-knockout
mice were: sxgmﬁcanﬂy smaller compared with those in wild
type mice (33), suggesting that TG2 is a potential target for
development of therapeutics of brain ischemia.

In conclusion, we have shown that ischemia-induced activa-
tion of the PERK pathway of ER stress, subsequently activating
TG2 and cross-linking Sp1, results in the suppression of PACI
gene-expression (Fig. 8), suggesting the attenuation of PACAP
neuroprotection in brain ischemia. However, it is well known
thatbrain ischemia also induces gene expression of several neu-
rotrophic factors including NGF (34). Recently, we demon-
strated that NGF augmented PACI gene expression through
the activation of Sp1 via the Ras/MAPK pathway in PC12 cells
{5). These observations suggest that PACI gene expression
might be primarily suppressed but secondarily augmented and
that Sp1 might be a pivotal transcriptional element in not only
positive but also negative regulation of PAC1 gene expression.
Because our findings regarding the suppression of PACI
expression by TG2 were demonstrated only in ix vitro models
of neuronal apoptosis with OGD ischemia injury, further
detailed analyses of the neurodegenerative pathway and also
the protective pathway in vivo must lead us to the important
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pathophysiological knowledge of TG2 and PACAP. PACAP is
well known to exhibit potent neuroprotection and thus could
be expected as a therapeutic drug for brain ischemia. The pres-
ent finding that PACI expression is suppressed by ischemia or
ER stress should be substantially considered in the clinical
application of a PAC1 agonist-like drug for effective treatment
of ischemic damage following on stroke.
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SUMMARY

The eukaryotic biological clock involves a negative
transcription-translation feedback loop in which
clock genes regulate . their own transcription. and
that of output genes of metabolic significance. While
around 10% of the liver transcriptome is rhythmic,
only about a fifth is driven by de novo transcrip-
tion, indicating mRNA processing is a major circa-
dian component Here, we report that inhibition of
transmethylation reactlons elongates the circadian
penod RNA sequencing then reveals methyiaticn
inhibition ‘causes wndespread changes in the tran-
scnptn ‘the RNA processmg machmery, associ-
ated with m°A-RNA methylation. We identify m°A
sites on ‘many cleck gene transcripts and show that
specific inhibition of m®A methylation by silencing
of the m°A methylase Mett/3 is sufficient to elicit
circadian period elongation and RNA processing
delay. Analysis of the circadian nucleocytoplasmic
distribution of clock genes Per2 and Arntl then
revealed an uncouplmg between steady-state pre-
mRNA and cytoplasmic mRNA rhythms when m°A
methylatton is inhibited.

INTRODUCTION

The mammalian cnrcadéan clock regulates metabolism mainly via
transcnptlonal control of clock output genes coding for master
metabolic sw;tches or rate-limiting enzymes. Metabol;sm in tum
can adjust the clock, for example by modulatmg acetylatuon/de—
acetylatnon of histones on promoters activated by core clock pro-
tein complex CLOGK.ARNTL (Nakahata etal. 2008} ordirectly by
affecting acety!atton status of PER proteins (Asher et al., 2008).
(De)acetylat:ons however are only one of many m)ssxb!e
biochemical modifications that have the potential to link the

@) comon

circadian clock with metabolism. Here, we focused on transme-
thylations, i.e., the addition of only one carbon (-CHj) to target
substrates. Unlike acetylation that only affects proteins, transme-
thylations are found at each step of the central dogma: DNA
methylation, RNA methylation, and protein methylation (histone
and nonhistoneg) have all been described (Carmel and Jacobsen,
2001). The role of histone methylation for the function of the circa-
dian clock in mammals has recently been investigated (Katada
and Sassone-Corsi; 2010; Valekunja et al, 2013; Volimers
et al,, 2012). Similarly, the significance of the less dynamic DNA
CpG methylation for circadian clock inactivation during the
development of cancer and other diseasss has been suggested
(Ripperger and Merrow, 201 1) In contrast, the role of nonhistone
protein methylation and RNA methylation is unknown.

It has been known for many years that. about 10% of genes are
rhythmi¢ in the liver, driven by the circadian clock (Akhtar et al,,
2002). More recent RNA4SeQUenC(ng data have shown that, of
these rhythmic genes, only about a fifth is driven by de novo tran-
scription {Koike et al., 2012). This observation has put regulahon
of splicing and RNA processing at the forefront of biology since it
is not only significant for the function of the clock itself but also
how it regulates metabolism. In this light, RNA-methylation-
dependent RNA processing appears tobe an mterestmg avenue.

“All transmethylations, to various’ degrees, are ‘influenced by
the metabolic state of the cell due to thetr sensmv:ty to the avau}—
ability of s—adenosy(metmomna (SAM), the universal methyl
donor.cosubstrate, and to the relative amount of the its by-prod-
uct, S-adenosylhomocysteine (SAH), that acts as a competitive
inhibitor (Carmel and Jacobsen, 2001). The SAM/SAH ratio is
known as the “methylation potential.” lnvestfgatlons into cellular
transmethylatlons have relied on the pharmacological inhibition
of SAH hydrolysis (Chiang, 1998). This inhibition leads to the
accumulation of SAH, the decrease of the methylation potential,
and ultimately to the inhibition of transmethylations.

To our knowledge, this approach has never been applied to the
investigation of which transmethylations are needed for the circa-
dian clock function. Here, we report that the mammalian circa-
dian clock is exquisitely sensitive to the biochemical inhibition
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