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Abstract The multifunctional enzyme tissue transgluta-
minase (TG2) contributes to the development and pro-
gression of several cardiovascular diseases. Extracellular
rather than intracellular TG2 is enzymatically active,
however, the mechanism by which it is exported out of the
cell remains unknown. Nitric oxide (NO) is shown to
constrain TG2 externalization in endothelial and fibroblast
cells. Here, we examined the role of both exogenous and
endogenous (endothelial cell-derived) NO in regulating
TG?2 localization in vascular cells and tissue. NO synthase
inhibition in endothelial cells (ECs) using N-nitro L-argi-
nine methyl ester (L-NAME) led to a time-dependent
decrease in S-nitrosation and increase in externalization of
TG2. Laminar shear stress led to decreased extracellular
TG2 in ECs. S-nitrosoglutathione treatment led to
decreased activity and externalization of TG2 in human
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aortic smooth muscle and fibroblast (IMR90) cells.
Co-culture of these cells with ECs resulted in increased
S-nitrosation and decreased externalization and activity of
TG2, which was reversed by L-NAME. Aged Fischer 344
rats had higher tissue scaffold-associated TG2 compared
to young. NO regulates intracellular versus extracellular
TG2 localization in vascular cells and tissue, likely via
S-nitrosation. This in part, explains increased TG2 exter-
nalization and activity in aging aorta.

Keywords Aging - Tissue transglutaminase -
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Introduction

An increase in central vascular stiffness is pathognomonic
of vascular aging and occurs as a result of complex changes
that occur in all components of the blood vessel wall,
including the endothelium, smooth muscle cells, and
matrix (Lakatta and Levy 2003). Increased stiffness of the
typically low resistance conduit vessels can lead to diverse
vascular pathologies such as atherosclerosis and isolated
systolic hypertension, which is associated with age-related
adverse outcomes, such as stroke, myocardial infarction
(Lakatta and Levy 2003), and renal failure (London and
Drueke 1997).

We have recently shown that increased tissue transglu-
taminase (T'G2) cross-linking activity contributes to age-
related increases in vascular stiffness (Santhanam et al.
2010). TG2 is highly expressed in all cellular components
of the vasculature including endothelial cells, smooth
muscle cells, fibroblasts, and monocytes/macrophages
(Sane et al. 2007; Bakker et al. 2008). NO is known to
inhibit TG2 protein cross-linking function via S-nitrosation
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(Lai et al. 2001). Indeed, NO reverses TG2-dependent
small-artery remodeling in response to vasoconstrictive
stimuli (Bakker et al. 2005, 2008; Pistea et al. 2008). We
have shown that TG2 is typically S-nitrosated and its cross-
linking activity held latent in the young aorta (Santhanam
et al. 2010). Diminished NO bioavailability in aging vas-
culature leads to decreased TG2 S-nitrosation, and conse-
quently, increased cross-linking activity in the extracellular
matrix (ECM). An interesting aspect of TG2 biology is that
it is predominantly a cytosolic protein; over 80% of total
TG2 resides inside the cell in GTP bound form (Begg et al.
2006; Zemskov et al. 2006; Lorand and Graham 2003).
However, TG2 is externalized to the cell surface and
exported to the ECM through a non-conventional and as
yet undefined mechanism, where it catalyzes the classical
protein cross-linking (transamidation) reaction (Bakker
et al. 2008; Zemskov et al. 2006; Bergamini et al. 2005).
Previously, we have shown that NO constrains TG2
externalization in human aortic endothelial cells (HAEC)
(Santhanam et al. 2010). A similar phenomenon has been
shown in fibroblasts (Telci et al. 2009). Thus, NO can
directly inhibit TG2 cross-linking function via S-nitrosa-
tion (Lai, et al. 2001) and regulate TG2 by constraining it
to the cytosol. In this study, we demonstrate that NOS3-
derived NO S-nitrosates and constrains TG2 externalization
in HAEC. Moreover, in co-culture studies, NO from HAEC
regulates TG2 activity and localization in human aortic
smooth muscle cells (HASMCs) and fibroblasts (IMR90).
Importantly, aged rats have higher levels of ECM-associ-
ated TG2, and attenuating NO bioavailability ex vivo leads
to increased TG?2 deposition in the ECM and increased
cross-linking activity. We thus describe a novel mechanism
by which TG2 externalization, and thus its cross-linking
function, is regulated in the vasculature.

Materials and methods
Animals

The animal protocols used have been approved by the
Institutional Animal Care and Use Committee at the Johns
Hopkins University School of Medicine. Eight young rats
(3- to 6-month old) and eight old (22- to 24-month old)
Fischer 344 rats (National Institutes of Aging) were used in
this study. All animals were fed and watered ad libitum.

Cell cultures
HAEC (Invitrogen) were cultured in endothelial cell
media [ScienCell Research Labs; ECM media supple-

mented with 5% fetal bovine serum (FBS), endothelial cell
growth supplement, and penicillin/streptomycin]. HASMC
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(Invitrogen), were cultured in smooth muscle cell media
(ScienCell Research Labs; SMCM media supplemented
with 2% serum, SMC growth supplement, and penicillin/
streptomycin). The human fibroblast cell-line, IMR90, was
purchased from ATCC, cultured in DMEM with 10%
FBS and penicillin/streptomycin. All cells types were
used between passages 7 and 10. For co-culture studies,
HASMC or IMR90 cells were seeded in 6-well plates with
HAECs in transwell inserts (Millipore). Cells were
co-cultured in the presence and absence of L-NAME
(100 uM; in both upper and lower chambers) for 18 h.

Shear stress

HAEC were grown to ~80% confluence and subjected to
laminar shear stress (LSS) of 18 dynes/cm2 (~400 rpm)
for 16 h using a cone-and-plate viscometer as described
previously (Santhanam et al. 2010).

TG2 expression

Expression was determined by western blotting using
mouse-monoclonal TGase2 antibody (TG 100, Ab-2, Ne-
omarkers; 1:5,000) for all cell and tissue samples. GAPDH
was determined as loading control using anti-GAPDH
antibody (1D4, Neomarkers; 1:5,000). HRP conjugated
goat-antimouse secondary (BioRad; 1:5,000) was used for
detection. Blots were developed using HyGlo Chemilu-
minescent HRP detected reagent (Denville Scientific),
scanned, and analyzed by densitometry using Imagel
software.

Transglutaminase activity assay

A dot blot assay was used to determine transglutaminase
activity as previously described (Santhanam et al. 2010).
The assay is based on the incorporation of the TG substrate
5-(biotinamido)pentylamine (BPA) (Pierce, USA) into
proteins. In brief, intact cells/tissues were incubated with
0.1 mM BPA and 1 mM Ca®" at 37°C for 4 h in culture
media (phenol red-free DMEM supplemented with 2%
FBS and penicillin/streptomycin) and then rinsed to free of
unreacted BPA using PBS (3 x 5 min washes). Samples
were then homogenized/lysed to recover proteins. Proteins
(0.5-1 pg) were loaded onto nitrocellulose membrane
(BioDot Dot Blot apparatus; BioRad). The membrane was
rinsed and blocked in 3% BSA overnight and probed with
HRP-conjugated streptavidin (Amersham Bioscience;
1:10,000 dilution in 3% BSA) to determine BPA incorpo-
ration. Blots were then stripped using Restore Plus strip-
ping buffer (Pierce) and reprobed with GAPDH to
determine protein loading. BPA incorporation and GAPDH
levels were determined by densitometry analysis using
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ImagelJ software (National Institutes of Health). For each
sample, activity was calculated as a ratio of BPA/GAPDH.

Isolation of cell surface proteins

Surface proteins were enriched using sulfo-NHS-LC biotin
(Pierce) (Santhanam et al. 2010). Briefly, cells were cul-
tured to confluence in 100 mm dishes and treated with
indicated drugs/reagents. Plates were then rinsed in cold
PBS and surface proteins were biotinylated using sulfo-
NHS-LC biotin (Pierce) following manufacturer’s protocol.
At the end of labeling, cells were trypsinized, recovered in
PBS, and counted. 1.5 x 10° cells from each sample were
pelleted and lysed in 100 pl 1x RIPA buffer (Upstate)
containing protease inhibitors (Roche). Biotinylated pro-
teins were enriched using streptavidin-coated agarose. TG2
was determined by western blotting.

Recovery of ECM proteins

Cells were grown to confluence and treated as indicated.
ECM was recovered following established methods
(Santhanam et al. 2010). In brief, cells were rinsed twice
with PBS. Cellular and nuclear materials were extracted
by incubation with cell removal solution (0.05% Triton
X-100, 50 mM NH,OH, in PBS) until the cells were
floating. The matrix was then briefly washed once with
rinse buffer (50 mM NH4OH in PBS) and then three times
with PBS (Quality Biological Inc, Gaithersburg, MD,
USA). ECM was scraped into 100 pl lysis buffer and TG2
was determined by western blotting.

Rat aorta decellularization

The aortas of rats were dissected out and cleaned. Rings of
approximately 5 mm were cut from the aortas and treated
as indicated. Samples were then decellularized following
methods described in the literature (Gui et al. 2009) with
minor modifications. In brief, samples were placed in
decellularization solution 1 (8 mM CHAPS, 1 M NaCl,
25 mM EDTA/PBS) for 24 h at room temperature with
continuous shaking, and then rinsed once for 15 min in
PBS. The samples were then incubated in decellularization
solution 1 again for 48 h and subjected to three 15 min
washes with PBS. Next, samples were transferred to
decellularization buffer 2 (1.8 mM SDS, 1 M NaCl,
25 mM EDTA in PBS) followed by 3 PBS washes of 1 h
each. The aorta were then incubated for 1 day in endo-
thelial cell culture media (ScienCell) followed by three
15-min washes with PBS to obtain decellularized vessels.
Removal of cells was confirmed by absence of DNA
assayed using the Pico Green assay kit (Invitrogen), and
absence of GAPDH (cytosolic protein) by western blotting.

Statistics

Bar graphs represent mean = standard error. Statistical
analyses were performed using GraphPad Prism software.
1-Way ANOVA with Tukey post hoc analysis was used
to compare three or more treatment groups; unpaired Stu-
dent’s ¢ test was used to compare 2 groups. The minimum
level of significance was set at p < 0.05.

Results

Endogenous NO regulates TG2 externalization
in HAEC

The role of NOS3 in regulating TG2 location in HAECs
was first investigated. Intact HAEC were treated with NOS
inhibitor L-NAME (100 pM) for 0-24 h and TG2 S-nitro-
sation and externalization were determined. There was
a time-dependent decrease in TG2 S-nitrosation and
increased surface/ECM-associated TG2 (Fig. 1a) with the
changes reaching significance at 16 h. Thus, a 16-24 h
treatment period was used for all subsequent experiments.
Next, HAECs were subjected to LSS at 18 dynes/cm” for
16 h, in the absence or presence of the NOS inhibitor
N-nitro-L-arginine methyl ester (L-NAME, 100 pM, Sigma)
and TG2 externalization was determined (Fig. 1b). LSS led
to decreased ECM-associated TG2 as compared to static
controls. L-NAME treatment tended to reverse the effect of
LSS, but the data did not reach significance. Surface TG2
levels decreased in cells exposed to LSS, compared to
unsheared controls, however, L-NAME treatment did not
restore surface bound TG2 toward baseline.

NO regulates TG2 localization and activity in HASMC

Next, the effect of exogenous and endogenous (endothelial
cell-derived) NO on other cell types within the vascular
wall was studied. We first examined the effect of exoge-
nous NO by treating confluent monolayers of HASMC with
the NO donor S-nitrosoglutathione (GSNO; 200 pM, 1 h).
GSNO treatment led to decreased cross-linking activity as
measured using BPA incorporation in intact cells (Fig. 2a).
In addition, GSNO treatment led to decreased surface and
ECM-associated TG2 in HASMCs (Fig. 2b, c¢). TG2
abundance remained unchanged with GSNO treatment.
To determine the effect of endogenous NO, a co-culture
system was used in which HASMCs were cultured in
6-well plates with HAECs in transwell inserts (Millipore).
Samples were either treated with L-NAME (100 uM) or left
untreated to determine the role of NOS. After 18 h of co-
culture, TG2 activity, expression, S-nitrosation, and local-
ization were determined in the HASMC layer. Co-culture
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Fig. 1 Endogenous NO regulates TG2 externalization in HAECs.
a NOS inhibition using .-NAME (100 pM; 0-24 h) led to a time-
dependent increase in ECM and surface-associated TG2 and decrease
in TG2 S-nitrosation, while expression was unaltered; b Laminar
shear stress (LSS; 18 dyne/cmz, 16 h) led to decreased ECM and
surface TG2; L-NAME (100 pM) partially reversed ECM-associated
TG2 but not surface TG2 toward untreated controls; blots are
representative of six independent experiments; ¢ Bar graphs of
densitometry analyses (n = 6; *p < 0.05 by l-way ANOVA with
Tukey post-test)

with HAEC led to decreased activity in the HASMC layer
(Fig. 3a), and decreased ECM/surface-associated TG2
levels (Fig. 3b, c¢). NOS inhibition using L.-NAME in the
HAEC layer restored both activity and localization in the
HASMC layer toward untreated controls (Fig. 3a—c).
Conversely, TG2 S-nitrosation increased in the presence of
HAEC and decreased toward untreated HASMC in the
L-NAME treated wells. TG2 abundance remained unaltered
in the HASMC:s over all conditions.

NO regulates TG2 localization and activity
in fibroblasts

Next, the effect of NO on TG2 localization was examined
in human fibroblasts cells (IMR90). The effect of exoge-
nous NO was first determined using GSNO (200 uM; 1 h).

Fig. 2 Exogenous NO
regulates TG2 localization and
activity in HASMCs.

a HASMCs treated with GSNO
(200 uM, 1 h) have lower TG
activity compared to untreated
controls; b ECM-associated and
cell surface TG2 levels decrease

(A) GSNO -+

g

I -

TG2 activity, expression, and externalization were mea-
sured. As with HASMCs, TG2 activity decreased following
GSNO treatment (Fig. 4a). Surface/ECM-associated TG2
also decreased (Fig. 4b, c), while total TG2 remained
unchanged.

IMR90 cells were also co-cultured with HAECs in
transwell inserts to determine the effect of endogenous NO
on TG2 activity, S-nitrosation, and localization. Samples
were either treated with L-NAME or left untreated to
interrogate the role of NOS in TG2 compartmentalization.
Again, TG activity was diminished in the IMR90 layer in
the presence of HAEC and NOS inhibition by L-NAME
reversed this (Fig. 5a). Co-culture with HAEC also led to
decreased cell-surface/ECM-associated TG2 and increased
TG2 S-nitrosation in the IMR90 layer (Fig. 5b, c). This was
reversed with L-NAME. TG2 abundance was constant
through all experiments.

TG?2 externalization increases in aorta of aged rats

We next determined whether aging is associated with
alterations in TG?2 localization in rat aorta. Aorta from four
young (3- to 6-month old) and four old (22- to 24-month
old) Fischer 344 rats were used. Aortic segments were
left intact (baseline), treated with L-NAME (L-NAME;
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Fig. 3 Endothelial cell-derived
NO regulates TG2 localization
and activity in HASMCs.

a HASMCs co-cultured with
HAECs have lower TG activity
compared to HASMCs alone
(baseline); L-NAME restores
TG activity in the HASMC
layer toward baseline; b ECM-
associated and cell surface TG2
decrease and TG2 S-nitrosation
increases in HASMCs
co-cultured with HAECs,
L-NAME partially reverses this;
TG2 abundance in the HASMC
layer is unchanged; and ¢ Bar
graphs of densitometry
analyses. (n = 6, *p < 0.05;
**p < 0.01; ***p < 0.001 by
1-way ANOVA with Tukey
post-test)

Fig. 4 Exogenous NO
regulates TG2 localization and
activity in IMR90 fibroblasts.

a IMROO fibroblasts treated with
GSNO (200 puM, 1 h) have
lower TG activity compared to
untreated controls; b ECM-
associated and cell surface TG2
levels decrease with GSNO
treatment; while TG2
abundance is unchanged; blots
are representative of six
independent experiments; and
¢ bar graphs of densitometry
analyses (n = 6, *p < 0.05;
**p < 0.01 by unpaired
Student’s ¢ test)

@ Springer

(A) HAEC o+
L-NAME -

-+
Activity

%TG2 Activity
(Normalized to
av. untreated)

(B) HAEC -+ 4

ﬁ-—'“"‘” Surface TG2

— d Total TG2

S " e=» GAPDH

(A) GSNO

Activity

GAPDH

-+

150
£28g
.E'ﬂ,g
@ 100
2.!2
~EE
8ES =
RZ®
0
(B) gsno -+

m Surface TG2

Total TG2

GAPDH

(©)

-
th
(=]

ECMTG2
(Normalized to
av. untreated)

g 38

L
>
m
(1]

-
(2]
=]

Surface TG2
(Normalized to
av. untreated)

g

%TG2 SNO
(Normalized to
av. untreated)

HAEC - + +
L-NAME - . +

(C) 150

23

EEE 100

SES s

wg .

F

GSNO

Surface TG2
(Normalized to
av. untreated)

GSNO



NO regulates tissue transglutaminase localization

Fig. 5 Endothelial cell-derived A) HAEC _ + + (o]
NO regulates TG2 localization ( ) ( )
and activity in IMR90 L-NAME - - + o 8 )
fibroblasts. a IMR90 fibroblasts .. (L]
co-cultured with HAECs have - Activity ; % g
lower TG activity compared to QES3
IMRO90 alone (baseline); _ GAPDH £ &
L-NAME restores TG activity in
the IMR90 layer toward 150 HAEC
baseline; b ECM-associated and —g 8 T L-NAME
cell surface TG2 decrease and EE ‘E 100
TG2 S-nitrosation increases in 'g T 150
IMR90 co-cultured with g ] : 50 wls
HAECs, L.-NAME partially REw ogg

i &% 100
reverses this; TG2 abundance in g= g
the IMRO90 layer is unchanged; Eﬁi‘:ﬁ = : £ E 5 50
and ¢ Bar graphs of @ Za
densitometry analyses. (n = 6, B 0
*p < 0.05; *p < 0.01; B hHaec - F + HAEC
*##%p < 0.001 by 1-way L-NAME - - + L-NAME

ANOVA with Tukey post-test)

. M TG2

100 uM), or de-endothelialized (E-) and incubated in
media (phenol red-free DMEM with 2% FBS, penicillin/
streptomycin) overnight. TG2 externalization was deter-
mined by decellularizing the aortic segments to recover the
tissue matrix scaffold. Samples were then homogenized
and TG2 abundance in the matrix measured by western
blotting. Efficiency of decellularization was determined by
assaying for DNA (not detected; data not shown) using the
PicoGreen assay kit and western blotting for GAPDH (not
detected, data not shown). Aged rats have significantly
increased matrix-associated TG2 compared to young
(Fig. 6). Both NOS inhibition with L-NAME and removal
of endothelial layer led to increased deposition of TG2 in
the matrix in both young and old rats.

Discussion

TG2 is a multifunctional enzyme that is constitutively
expressed at high levels in the vasculature including endo-
thelial cells, smooth muscle cells, and fibroblasts. The role
of TG2 in mediating development and progression of car-
diovascular disease is emerging (Sane et al. 2007; Bakker
etal. 2008). TG2 is shown to be involved in resistance vessel
remodeling (Bakker et al. 2005; Pistea et al. 2008), arterial
calcification (Johnson et al. 2008; Matlung et al. 2009), and

e s Syrface TG2 ] i
R z'g%‘ 150
: 3 wNg
S 1G2-SNO GEg 100
w— — — Total TG2 =35 0
aspesses® GAPDH HAEC“
L-NAME - - +

age-associated central aortic stiffening (Santhanam et al.
2010). NO inhibits TG2 cross-linking function in vitro by
S-nitrosation of key cysteine residues (Lai et al. 2001) and
exogenous NO donors mitigate TG2-mediated resistance
vessel remodeling in mice (Bakker et al. 2005). We have
recently shown that endothelium-derived NO regulates TG2
cross-linking activity in rat aorta ex vivo (Santhanam et al.
2010). At least 80% of total TG2 is cytosolic and exists in
GTP-bound form with its cross-linking activity held latent.
TG2 is exported out of the cell via a non-conventional and
unknown mechanism and deposited into the ECM where it
performs the classical protein cross-linking function of the
TGases (Bakker et al. 2008; Zemskov et al. 2006; Bergamini
et al. 2005). NO donors lead to decreased externalization of
TG?2 in fibroblasts (Telci et al. 2009). We have shown that
increased NO bioavailability confines TG2 to the cytosol,
and decreased NO (NOS3 inhibiton using L-NAME) leads to
increased externalization in endothelial cells (Santhanam
et al. 2010). Moreover, DTT led to increased externalization
of TG2, suggesting a role for a reversible thiol modification
such as S-nitrosation in this phenomenon. Thus, while NO
is believed to directly inhibit TG2 cross-linking function by
S-nitrosation of key cysteines (in particular, the active
site cysteine C277), it is possible that NO additionally
confines TG2 to the cytosol, thereby holding its cross-
linking activity latent.
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Fig. 6 TG2 externalization and
activity are increased with age
in rat aorta. Old rats have higher
levels of matrix-associated TG2
compared to young; removal of
endothelial layer (E-) and
L-NAME treatment lead
increased matrix-associated
TG2 compared to baseline

(n =4, *p < 0.05; **p < 0.01;
**%p < 0.001 vs. Young
baseline; 1-way ANOVA with
Tukey post-test)

|
w
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L-NAME

— -

- e
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In this study, we show that NOS3-dependent NO regu-
lates TG2 localization in vascular cells. NOS3 inhibition
with L-NAME led to a time-dependent loss of TG2 S-ni-
trosation and increased externalization TG2 in HAECs.
Both treatment with GSNO and co-culture with HAEC led
to decreased externalization of TG2 in HASMC and
IMROO fibroblasts. The effects of HAEC were reversed by
L-NAME, further supporting a role for NOS3-dependent
NO in regulating TG2 localization. Interestingly, while
LSS led to decreased TG2 externalization in HAECs,
L-NAME did not reverse the effect of LSS. This suggests
an involvement of another mechanosensitive, NOS3-inde-
pendent pathway in regulating TG2 localization in the case
of LSS. These remain to be determined. Genetic studies
using endothelial cells from wild type and NOS3™'~ mice
or HAECs treated with NOS3 siRNA will help elucidate
the specific role of NOS3 in regulating TG2 localization.
These studies are ongoing in our laboratory.

As aging is associated with decreased NO bioavailabil-
ity, it is important to interrogate whether this leads to
increased deposition of TG2 in the matrix of aortic tissue.
To this end, we used decellularized aortic segments from
young and old Fischer 344 rats, a widely used and well-
accepted aging model. We confirmed that aged rats have
higher levels of TG2 in the matrix (Fig. 6). We also
demonstrate that reducing NO bioavailability ex vivo either
by denuding the endothelial layer or by NOS inhibition
leads to increased TG2 levels in the matrix. This again
supports a role for NO in regulating TG2 localization in the
aorta.

The potential role of NO in regulating protein trafficking
in the cardiovascular system is emerging (Lowenstein
2007; Matsushita et al. 2003). This is of particular interest
in understanding vascular aging, where reduced NO bio-
availability is well established. Thus, NO can regulate
passive properties of the blood vessel by regulating traf-
ficking of proteins such as TG2 and matrix cross-linking in
addition to mediating well-established effects on vascular
reactivity through cGMP signaling.
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As regards TG2 function, the effects of NO on TG2
externalization provide important insights toward the
mechanism by which this trafficking might occur. TG2
nitrosylated in the absence of Ca** is about sixfold more
susceptible to binding and inhibition by GTP (Lai et al.
2001). Moreover, GTP stabilizes TG2 in its compact con-
formation (Begg et al. 2006), which in turn, is associated
with decreased TG2 externalization (Balklava et al. 2002).
Thus, it is possible that S-nitrosation of TG2 encourages
GTP binding and compact conformation of TG2 and con-
strains it to the cytosol. Furthermore, it is well known that
TG2 is not exported via the classical ER/Golgi route
(Zemskov et al. 2006). Recently, Belkin and co-workers
have shown that TG2 is externalized via recycling endo-
somes in an NO-dependent manner (Zemskov et al. 2011).
One of the major components of endosome machinery in
vascular systems is N-ethylmaleimide sensitive factor
(NSF), which is regulated by NO through S-nitrosation
(Matsushita et al. 2003). NO inhibits exocytosis and
accelerates endocytosis via S-nitrosation of NSF and dyn-
amin in endothelial cells (Lowenstein 2007; Matsushita
et al. 2003). This could represent the pathway by which
TG2 trafficking occurs in the cell and remains to be proven.
Should NSF be a critical component of TG2 trafficking, an
important question arises—is it nitrosation of NSF and/or
of TG2 that determines the subcellular fate of TG2?
Studies to address this question are ongoing in our
laboratory.

In conclusion, we show that endothelial cell-derived NO
serves to constrain TG2 to the cytosol in fibroblasts and
SMCs. We also show that this is relevant not only in cell
culture, but also at an organ level in rat aorta. Importantly,
we show that aging is associated with increased deposition
of TG2 to the ECM. In this study, we provide an insight
into a mechanism that might regulate TG2 externalization
in the vasculature, which is critical to our understanding
the biology of this complex protein. Moreover, this has
important implications for understanding the role of TG2 in
vascular disease in which NO bioavailability is decreased.
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