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Background-—The structural elements of the vascular wall, namely, extracellular matrix and smooth muscle cells (SMCs),
contribute to the overall stiffness of the vessel. In this study, we examined the crosslinking-dependent and crosslinking-
independent roles of tissue transglutaminase (TG2) in vascular function and stiffness.

Methods and Results-—SMCs were isolated from the aortae of TG2�/� and wild-type (WT) mice. Cell adhesion was examined by
using electrical cell–substrate impedance sensing and PicoGreen assay. Cell motility was examined using a Boyden chamber assay.
Cell proliferation was examined by electrical cell–substrate impedance sensing and EdU incorporation assays. Cell micromechanics
were studied using magnetic torsion cytometry and spontaneous nanobead tracer motions. Aortic mechanics were examined by
tensile testing. Vasoreactivity was studied by wire myography. SMCs from TG2�/� mice had delayed adhesion, reduced motility,
and accelerated de-adhesion and proliferation rates compared with those from WT. TG2�/� SMCs were stiffer and displayed
fewer cytoskeletal remodeling events than WT. Collagen assembly was delayed in TG2�/� SMCs and recovered with adenoviral
transduction of TG2. Aortic rings from TG2�/� mice were less stiff than those from WT; stiffness was partly recovered by
incubation with guinea pig liver TG2 independent of crosslinking function. TG2�/� rings showed augmented response to
phenylephrine-mediated vasoconstriction when compared with WT. In human coronary arteries, vascular media and plaque, high
abundance of fibronectin expression, and colocalization with TG2 were observed.

Conclusions-—TG2 modulates vascular function/tone by altering SMC contractility independent of its crosslinking function and
contributes to vascular stiffness by regulating SMC proliferation and matrix remodeling. ( J Am Heart Assoc. 2017;6:e004161.
DOI: 10.1161/JAHA.116.004161.)
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S tiffness of the central vasculature increases with normal
aging and accompanies various morbidities such as

hypertension and obesity. Loss of compliance in the large
vessels results in left ventricular hypertrophy, isolated systolic
hypertension, and persistence of pulsatility along the vascular
tree, which can ultimately damage more distal microvascula-
ture and compromise end-organ perfusion and function.1

Indeed, vascular stiffening is highly predictive of major
adverse cardiovascular events.2 The disease burden of
vascular stiffening continues to grow with the predicted aging
of the population as well as the increasing incidence of
hypertension and obesity. Therefore, there is significant
interest in the discovery and characterization of therapeutic
targets.
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The development and progression of vascular stiffening
is multifactorial and can occur as a result of alterations in
the vascular matrix or the function and behavior of vascular
smooth muscle cells (SMCs).3–6 The nuanced bidirectional
communication between the SMCs and the matrix further
impacts vascular stiffness.7,8 At the molecular level, loss of
nitric oxide (NO) bioavailability and increased redox stress
contribute to the upregulation of matrix synthesis and
deposition.9–11 Such changes can also affect the stiffness,
tone, and functional contractility of the SMCs themselves,
in what is being increasingly recognized as “smooth muscle
cell stiffness syndrome.”3–6 The SMCs not only regulate
vascular tone by responding to chemical and biomechanical
stimuli, but also maintain and remodel the matrix in which
they reside. Alterations to matrix stiffness can further cause
changes in SMC behavior, leading to a complex system.
Obtaining insights into the nuanced interplay between
matrix stiffness and SMC stiffness will assist us in
developing novel targeted therapies to manage and treat
vascular stiffening.

Tissue transglutaminase (TG2) is an enzyme of the
transglutaminase superfamily that is ubiquitously expressed
in the vasculature.12–14 TG2 is secreted through a Golgi-
independent mechanism to the extracellular matrix, where it
can be activated to a Ca2+-bound open conformation to
catalyze the formation of isopeptide bonds.15,16 The secretion
of TG2 to the extracellular matrix is redox- and NO-
dependent.15,17,18 Loss of NO bioavailability (for example,
with aging in rats or genetic ablation of endothelial NO
synthase in mice) increases TG2 protein secretion and TG-
catalyzed crosslinks in the vascular matrix and coincides with
higher pulse wave velocity (PWV), a measure of vascular
stiffness.18,19 In addition to conduit vessels, TG2 has been
shown to mediate mesenteric artery remodeling in response
to reduced flow and hypertension in a redox-dependent
manner.20–22

Interestingly, TG2 is a multifunctional protein whose
function is dependent on its localization, conformation, and
redox state as well as availability of Ca2+ and GTP.12,13 At
the cell surface, TG2 mediates cell–matrix interaction(s) by
binding to integrins, fibronectin, and syndecans.23–28 In
various cell types, including fibroblasts, breast cancer cells,
and osteoblasts, TG2 mediates cell adhesion and prolifera-
tion independent of its crosslinking function.28–30 Moreover,
as a GTPase (G(h)a), TG2 can mediate signaling via the a1B
adrenergic receptor, resulting in inositol phosphate 3 release
and phospholipase C d activation, which in turn can lead to
increased SMC tone.31–34 Though these functions of TG2
have been described in the literature, their contribution to
vascular function and mechanical properties remain to be
fully elucidated. Therefore, in this study, we tested the
hypothesis that TG2 can modulate vascular function and

stiffness by crosslinking-dependent and -independent mech-
anisms.

Materials and Methods

Experimental Animals
Male Fischer 344 rats (6 months old), TG2�/� mice on a
BL6/129S mixed background, and wild-type (WT) BL6/129S
mixed background mice were used in this study. All animals
were maintained in the Johns Hopkins University School of
Medicine animal care facility according to Animal Care and
Use Committee recommendations. Animals were fed and
watered ad libitum and maintained on a 12-hour light/dark
cycle.

Isolation and Culture of Mouse Aortic SMCs
Aortae of mice were dissected and cleaned. SMCs were
isolated as previously described.19 Cells were maintained in
DMEM supplemented with 10% fetal bovine serum, subcul-
tured at a ratio of 1:2, and used within 3 passages. For
recovery-of-function experiments, TG2�/� SMCs were trans-
duced with 15 multiplicity of infection of adenovirus encoding
the TG2 gene (AdTG2; Vector Biolabs). Adenovirus containing
empty vector was used as control at multiplicity of infection of
15.

Cell Adhesion (PicoGreenTM Assay)
Equal numbers of cells (59105) were seeded into the wells
of a 6-well plate and allowed to adhere for 1 - 3 hours. The
media containing nonadhered cells was centrifuged at
105 g for 5 minutes for collection of the cell pellet, which
was then lysed in radioimmunoprecipitation assay buffer.
The adhered cells were scraped into 1x radioimmunoprecip-
itation assay buffer containing protease inhibitors (Roche
Bioscience). The PicoGreen DNA quantitation assay (Invitro-
gen) was used to quantify DNA in the bound and unbound
fractions according to the vendor’s recommendations.
Adhesion was defined as the fraction bound, ie, (bound/
[bound+unbound]).

Cell De-Adhesion Assay
Cells were grown to 80% confluence and used to monitor de-
adhesion as described by Sen and Kumar.35 After briefly
rinsing the cell monolayer with sterile PBS, we severed the
cell–matrix adhesive contacts with 0.05% trypsin. We moni-
tored the cellular retraction that precedes cell detachment by
imaging the cell monolayer every 10 s for 2 minutes at 910
magnification. Total area occupied by cells was then
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calculated for each image with ImageJ software. The time-
dependent normalized area was quantified as:

Anormalized ¼
Ainitial � AðtÞ
Ainitial � Afinal

where Ainitial=initial spread area; A(t)=spread area at time t,
Afinal=final spread area. The normalized area versus time data
were then fit to the following Boltzmann sigmoidal curve:

Anormalized ¼ 1

1þ e�ðt�s1Þ=s2

where s1 and s2 are time constants of de-adhesion with lower
values representing rapid detachment of cells. s1 is the time
at which 50% retraction in cell spread area has occurred and
s2 describes the steepness (slope) of the curve.

Cell Migration
We determined SMC migration by a Boyden chamber assay
(Fluorimetric QCM 8 lm 24-well Chemotaxis assay; EMD
Millipore) using 10% serum as chemo-attractant according to
the vendor’s instructions. Before experiments, SMCs were
serum starved for 18 hours and then seeded (29105 in
300 lL) in the top chamber. The bottom chamber contained
500 lL of medium with or without 10% serum (chemoattrac-
tant). Samples were incubated for 5 hours in a cell culture
incubator, and cells on both sides of the membrane were
quantified by CyQUANT fluorimetric dye.

Cell Proliferation
SMC proliferation was determined with the Click-iT� EdU
Cell Proliferation assay (Invitrogen) according to the man-
ufacturer’s protocol. SMCs were serum starved for
18 hours and then seeded at 50% confluence on fibronec-
tin-coated coverslips in SMC medium supplemented with 5%
serum. EdU reagent was added 3 hours after seeding, and
the cells were cultured for an additional 24 hours. Samples
were gently rinsed with 1% bovine serum albumin in sterile
PBS 3 times and fixed with the Click-iT� fixative solution
(15 minutes, room temperature). The samples were gently
rinsed twice in 1% bovine serum albumin in sterile PBS, and
permeabilized with 1x Click-iT� sponin-based permeabiliza-
tion and wash reagent. EdU-positive cells were labeled with
Cy5 dye by using a click reaction. After excess reagent was
rinsed, nuclei were labeled with DAPI. The coverslips were
mounted, sealed, and imaged by epifluorescence micro-
scopy on a Nikon 80i microscope equipped with a
CoolSnap HQ camera. Four images were captured per
coverslip at 94 magnification. EdU-positive and DAPI-
positive nuclei were quantified (Nikon NIS Elements
software).

Electrical Cell–Substrate Impedance Sensing
(ECIS)
Cell adhesion and proliferation were also measured by ECIS
(Applied Biophysics). We coated 8W10E+ arrays with L-
cysteine according to the manufacturer’s recommendation.
For cell adhesion, we added 80 000 cells to each well and
analyzed the capacitive portion of the impedance at
40 000 Hz.36 For cell proliferation, we added 40 000 cells
to each well and measured resistance at 4000 Hz until steady
state was achieved in all samples.37 In both sets of
experiments, cell-free wells were used as controls.

Live Cell Micromechanical Methods
Using spontaneous and forced motions of RGD-coated
ferromagnetic microbeads (�4.5 lm in diameter) anchored
to the cytoskeleton through cell surface integrin receptors of
the adherent living cell, we detected cytoskeleton remodeling
dynamics and the mechanical properties (elastic modulus and
loss modulus) of isolated SMCs. These methods, spontaneous
nanoscale tracer motions and magnetic twisting cytometry,
are described in detail elsewhere.38,39

Collagen Assembly Assay
We examined the assembly of fluorescein isothiocyanate
(FITC)–conjugated collagen I by live SMCs using the assay
described by Johnson and Galis.40 Briefly, SMCs isolated from
TG2�/� and WT mouse aortae were seeded on cell culture
coverslips (Fisher) at 80% confluence and allowed to adhere
for 8 hours. The TG2 gene was delivered by adenovirus to a
subset of TG2�/� SMCs. Samples were then incubated for
1 day followed by serum starvation for 18 hours. The serum-
free medium was then replaced with DMEM containing 2%
serum and 50 lg/mL FITC-labeled bovine type I collagen. At
the indicated times, the coverslips were rinsed 3 times in
sterile PBS and fixed in 4% buffered paraformaldehyde. Nuclei
were stained with DAPI. Cell-free coverslips treated in the
same manner were used as controls. The coverslips were
mounted and imaged at 3 distinct locations with a Nikon
Eclipse 80i fluorescence microscope equipped with a CoolS-
nap HQ2 CCD camera at 910 magnification. Each experiment
was performed in triplicate.

In Vitro Remodeling
The aorta was dissected out, cleaned free of connective
tissue, and cut into 1- to 2-mm rings. Rings were maintained
in extracellular matrix medium (ScienCell Research Labs) with
guinea pig liver TG2 (gpTG2, 1 mU; Sigma) in the presence
and absence of dithiothreitol (DTT; 100 lmol/L) and the TG2
inhibitor L682.777 (10 lmol/L; Zedira) for 48 hours in a cell
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culture incubator. Samples were then gently rinsed twice with
PBS and used for either tensile testing or wire myography.

Tensile Testing
The elastic properties of the samples were analyzed by tensile
testing as previously described.19,41 Mouse and rat aortae
were harvested, cut into 2-mm rings and used. A subset of the
samples was decellularized as previously described.19 Sam-
ples were incubated with the indicated treatments for
16 hours in endothelial cell media (ScienCell Research Labs)
in a cell culture incubator. Samples were then mounted onto
the pins of an electromechanical puller (DMT560; Danish Myo
Technology A/S, Aarhus, Denmark). After calibration and
alignment, the pins were slowly moved apart using an
electromotor at a rate of 50 lm/s to apply radial stress on
the specimen until breakage. Displacement and force were
recorded continuously. The sample to be tested was imaged
longitudinally and the cross section of a 0.5-mm segment
proximal to the test sample ring was imaged at 910
magnification along with a graticule. Vessel lumen diameter
(Di), wall thickness (t), and sample length were calculated
using ImageJ software (National Institutes of Health,
Bethesda, MD). Engineering stress (S) was calculated by
normalizing force (F) to the initial stress-free area of the
specimen (S=F/2t9l; where t=thickness and l=length of the
sample). Engineering strain (k) was calculated as the ratio of
displacement to the initial stress-free diameter. The stress–
strain relationship was represented by the equation S=a exp
(bk), where a and b are constants. a and b were determined
by nonlinear regression for each sample and used to generate
stress–strain curves by treating the x-axis as a continuous
variable.

Wire Myography
Vasoconstriction in response to phenylephrine treatment was
examined by wire myography as previously described.19,41

Briefly, after careful excision and cleaning from the surround-
ing soft tissues, the thoracic aorta was cut into 2-mm rings.
The endothelium was removed by mechanical scraping for a
subset of the rings. Each ring was placed in Krebs (containing
[in mmol/L] 118.3 NaCl, 4.7 KCl, 1.6 CaCl2, 1.2 KH2PO4, 25
NaHCO3, 1.2 MgSO4, and 11.1 dextrose at a pH of 7.4) and
then transferred to a myograph chamber (DMT, Denmark),
continuously bubbled with 95% O2 and 5% CO2 (37°C). The
rings were stretched in 100-mg increments to a final tension
of 600 mg. After passive stretching of the rings, KCl
(60 mmol/L) was added to determine the viability of the
vascular preparation and to obtain maximal contractility.
Concentration–response curves were constructed for
phenylephrine (10�9–10�5 mol/L). Next, endothelial-

mediated vasorelaxation was studied using increasing doses
of acetylcholine (10�9–10�5 mol/L) in vessels preconsticted
with phenylephrine. Finally, endothelial-independent vasore-
laxation mediated by increasing doses of sodium nitroprus-
side (10�9–10�5 mol/L) was examined in vessels
preconstricted with phenylephrine.

Pulse Wave Velocity Measurement
In vivo vascular stiffness was examined by obtaining invasive
PWV measurements at mean arterial pressures varying from
55 to 130 mm Hg as previously described.19,41,42 We used a
high-fidelity dual-pressure catheter sensor to measure aortic
PWV. Mice were anesthetized with an intraperitoneal injection
of 1.2% Avertin (2,2,2-tribromoethanol, 240 mg/kg) in 0.9%
saline. The animal was positioned supine on the heating pad,
with water temperature set to 40°C. Anesthesia was main-
tained by mask ventilation with 1.0% to 1.5% isoflurane (in
100% O2), and the reflex response to hind-paw pinching was
assessed to monitor depth of anesthesia. After midline neck
incision from mandible to sternum, a 1.2-Fr, dual-pressure
sensor catheter (Scisense, London, Ontario, Canada) was
introduced into the descending thoracic aorta through the left
carotid artery without opening the chest cavity. The distance
between 2 sensors is fixed at 1 cm. A 30-gauge cannulation
needle connected to polyethylene tubing was inserted into the
left femoral vein for infusion of fluid/drugs. After stabilization
of the signal for 10 to 15 minutes, baseline blood pressures
were recorded. Mean arterial pressure was raised and lowered
to obtain a full physiological range of blood pressure using
intravenous infusion of phenylephrine and sodium nitroprus-
side, respectively. PWV at corresponding mean arterial
pressure was calculated using the foot-to-foot method, the
foot being defined by the peak of the second time derivative
of 2 aortic pressures measured simultaneously during each
pulse. PWV was plotted against mean arterial pressure to
construct phase plots to characterize PWV over a wide range
of mean arterial pressures from 50 to 150 mm Hg in the
aorta.

Fluorescence Polarization Activity Assay for TG2
The crosslinking of FITC-cadaverine with N0,N0-dimethyl casein
(DMC; Sigma), as described by Lorand et al,43 was used with
minor modifications as a measure of TG2 activity (Figure S1).
Reactions were performed in black 96-well plates as follows:
A 10 mg/mL solution of DMC was prepared in a Tris-HCl
buffer (100 mmol/L, pH 8.0) containing 5 mmol/L calcium
chloride. FITC-cadaverine (Invitrogen; 200 nmol/L final con-
centration) was added to the DMC solution, and 100 lL of
this mix was dispensed into each well. To initiate the reaction,
we added 100 lL of gpTG2 (4 mU/mL in 100 mmol/L Tris-
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HCl, pH 8.0). The plate was incubated for 4 hours at 37°C,
and fluorescence polarization was measured on a Flex Station
III (Molecular Devices; excitation at 485 nm, emission at
515 nm, G=1). Experiments were performed in the presence
and absence of DTT and L682.777.

Human Coronary Tissue Microarray (TMA)
Construction
Coronary artery segments were obtained from orthotopic heart
transplant specimens that were collected over an 11-year
period. Coronary arteries were selected to capture a range of
ages, extent, and etiologies of cardiovascular disease. As
previously described, all specimen block information was
entered into TMAJ, a Java-based tool for TMA creation and
management.44 We selected a feature (punch) size of 1.5 mm
to capture the full-thickness of the vessel wall (tunica intima and
tunica media) and assembled a 99-spot TMA using a manual
tissue arrayer (Beecher Instruments, Silver Spring, MD). The
TMA consisted of 4 control and 95 coronary artery segments.
Four hearts provided 8 cores (using 2 different coronary
segments). The 95 coronary features were composed of
coronary arteries from subjects transplanted for dilated
cardiomyopathy (39), ischemic cardiomyopathy (26), valve
disease (10), hypertrophic cardiomyopathy (7), congenital heart
disease (5), myocarditis (5), arrhythmogenic right ventricular
cardiomyopathy (1), giant cell myocarditis (1), or sarcoidosis
(1). Four control samples (skin, intestine, placenta, and
esophagus) were also present for orientation. Four-micro-
meter-thick sections were cut from each block and placed on
charged slides stored in a sealed container at �20°C until use
for immunofluorescence. The Johns Hopkins School of
Medicine IRB granted approval for this study (NA_00036222).

Immunohistochemistry and Immunofluorescent
Staining
TG2 (mouse monoclonal T100, 1:250; ThermoFisher) and TG2
crosslinks (Ne-c-glutamyl lysine antibody) were examined by
immunohistochemistry in the TMA as previously described.18,45

TMAJ software was used to quantify the staining. TG2–
fibronectin interaction was examined by immunofluorescence
staining. After being incubated with TG2 (mouse monoclonal)
and fibronectin (rabbit polyclonal) primary antibodies, the
samples were stained with FITC-conjugated mouse secondary
and Cy3-conjugated rabbit secondary antibodies. Nuclei were
stained with DAPI. Each sample was imaged at 920 and 940
magnification on a Nikon 80i Epifluorescence microscope
equipped with a CoolSnap HQ2 camera. A pathologist at the
Johns Hopkins University School of Medicine scored fibronectin
expression (scale: none=0, high=5) and TG2-fibronectin colo-
calization (no=0, rare=0.5, high=1).

Western Blotting
TG2 expression was examined by Western blotting. Briefly,
equal amounts of proteins from each sample were resolved by
SDS-PAGE and electrotransferred to a nitrocellulose mem-
brane. After being blocked with 3% nonfat milk in Tris-buffered
saline/Tween-20 for 1 hour, blots were incubated with
primary antibodies targeting TG2 (rabbit polyclonal
CUB7402, 1:5000; ThermoFisher) or glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH, mouse monoclonal, 1:5000;
Novus Biological) for 1 hour at room temperature. Blots were
then rinsed and incubated with horseradish peroxidase–
conjugated secondary antibodies (1:5000; BioRad) for 1 hour
at room temperature. Western blots were developed with
West Pico Chemiluminescence substrate (BioRad) and quan-
tified by densitometry with ImageJ software (National Insti-
tutes of Health).

Statistical Analysis
Cell micromechanical data are presented as geometric
mean�SE of measurement. To satisfy the assumptions of
normal distributions associated with ANOVA, micromechan-
ical data were converted to log scale before analysis. All other
data are presented as arithmetic mean�SE of measurement.
Box and whisker plots are shown as mean�min-to-max.
Sample size (n) is indicated for each reported value. Statistical
evaluation was performed using the nonparametric Wilcoxon
rank-sum test to compare 2 means. When more than 2 means
were compared, the Kruskal–Wallis nonparametric test with
Dunn’s comparison was used. For multiple comparisons, 2-
way ANOVA with Bonferroni analysis was used. Means were
considered to be statistically different at P<0.05.

Results

TG2 Regulates Cell Behavior
To investigate the role of TG2 in SMC behavior, we used
mouse aortic SMCs isolated from WT and TG2�/� mice. The
quality of SMC isolation was determined prior to use.
Immunofluorescent staining for a-smooth muscle actin
showed that the isolated cells were >98% SMCs (Figure S2).
Western blotting confirmed that TG2 was expressed in WT but
not TG2�/� cells (Figure 1A). Next we examined SMC
adhesion and proliferation. Lack of TG2 expression markedly
delayed SMC adhesion on uncoated tissue culture dishes as
determined by the PicoGreen (Figure 1B) and ECIS (Fig-
ure 1C) assays. There was a small but statistically significant
delay in TG2�/� SMC adhesion on fibronectin and collagen I
supports (Figure 1B). SMC proliferation was examined by 2
complementary approaches: the EdU incorporation assay,
which measures DNA synthesis, and ECIS, which measures
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cell counts. Cells lacking TG2 expression had significantly
higher proliferation rates (Figure 1D and 1E) than did WT cells
that showed robust TG2 expression. Moreover, the resistance
in confluent TG2�/� SMCs was strikingly lower than that of
WT SMCs, suggesting weaker cell–cell contacts.

TG2 Regulates Cytoskeletal Dynamics and Cell
Stiffness
Cytoskeletal dynamics contribute to physical processes,
including cell motility/migration. The method of spontaneous
nanoscale tracer motions showed that TG2�/� SMCs had
significantly fewer cytoskeleton remodeling events than did
WT SMCs (Figure 2A). Mean square displacements were
significantly lower in TG2�/� cells over a broad time scale
from 10 s (Figure 2B) to 300 s (Figure 2C). Consistent with
slower cytoskeleton remodeling, TG2�/� cells also showed
diminished migration in response to 10% serum in a Boyden

chamber assay (Figure 2D). Next, SMC stiffness was exam-
ined by magnetic twisting cytometry. SMCs isolated from
TG2�/� mouse aorta exhibited greater stiffness (g0) and
internal friction (g″) over 5 decades of frequency than did WT
SMCs (Figure 2E and 2F). Moreover, TG2�/� cells displayed
accelerated de-adhesion in response to 0.05% trypsin as
reflected in a reduced s1 (time to attain 50% retraction of
initial cell spread area) when compared with that of WT cells
on uncoated dishes, fibronectin, and collagen I supports
(Figure 2G, Figure S3). This finding is in accord with increased
stiffness of these cells. Fibronectin support delayed de-
adhesion of WT SMCs but not TG2�/� SMCs (Figure 2G).

TG2 Mediates Early Stages of Collagen Assembly
To further elucidate the contribution of TG2 to extracellular
matrix remodeling by SMCs, we examined the assembly of
exogenous FITC-labeled collagen I by TG2�/� and WT SMCs

Figure 1. TG2 regulates smooth muscle cell (SMC) function. SMCs were isolated from wild-type (WT) and TG2�/� mouse aortae. A,
Representative Western blot from 8 independent experiments showing that TG2 expression was present in WT SMCs but absent from TG2�/�
SMCs; a-actin was used as a loading control. B, Adhesion of TG2�/� SMCs on plastic, fibronectin, and collagen I supports was lower than that
of WT SMCs by PicoGreen assay (*P<0.05, **P<0.01; 2-way ANOVA with Bonferroni post hoc correction; n=7). C, Adhesion of TG2�/� SMCs
was delayed on uncoated supports as examined by electrical cell-substrate impedance sensing (ECIS). Data are shown as mean (solid line)�SE
of measurement (broken lines); ***P<0.001 by Kruskal–Wallis test; n=6 for TG2�/� and WT SMCs, n=4 for cell-free. D, EdU incorporation
assay showed that proliferation of TG2�/� cells was elevated (*P<0.05; by Wilcoxon rank-sum test; n=6 for WT, n=9 for TG2�/�). E, TG2�/�
cells reached confluence earlier than WT cells and had a lower steady-state resistance as examined by ECIS (**P<0.01; Kruskal–Wallis test; n=6
for TG2�/� and WT SMCs, n=4 for cell-free condition). TG2 indicates tissue transglutaminase.
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(Figure 3). Collagen assembly was evident inWT cells at the end
of 1 day (panel I), and robust structures were visible at the end
of 3 days (panel II). In contrast, TG2�/� SMCs exhibited no
distinct structures at 1 day (panel III). However, by 3 days, the
collagen assembly around TG2�/� cells was indistinguishable
from that of WT samples (panel IV). After adenoviral delivery of
the TG2 gene to TG2�/� cells, Western blotting showed that
TG2 expression was restored (Figure 3B). Restoration of TG2
expression recovered collagen assembly at day 1 similar to that
in WT cells (panel V), with robust structures visible at 3 days
(panel VI). Cell-free samples did not show any significant
structures (panels VII, VIII), confirming that the collagen
assembly observed in panels I to VI is cell dependent.

TG2 Contributes to the Aortic Modulus
Next, we examined the contribution of TG2 at the tissue
level in aortic rings ex vivo by tensile testing. Decellularized

aortic matrices from WT mice were stiffer than those from
TG2�/� mice (Figure 4A). Interestingly, despite the greater
stiffness of TG2�/� SMCs, intact aortae from TG2�/�
mice remained less stiff than those from WT mice ex vivo
(Figure 4B). On the other hand, PWV, a measure of in vivo
vascular stiffness, was similar in TG2�/� and WT mice over
a range of mean arterial pressures (Figure 4G). In the tensile
testing experiments, strain at sample failure were lower in
the TG2�/� decellularized segments when compared with
TG2�/� intact segments and in WT decellularized segments
when compared with WT intact segments (Figure 4C and
4D). Stress at sample failure was higher in TG2�/�
decellularized samples when compared with intact TG2�/�
rings. Values were similar in intact TG2�/� versus intact
WT rings as well as decellularized TG2�/� versus decellu-
larized WT rings. Lumen diameters were similar in the 2
cohorts (Figure 4E). Wall thickness was significantly lower in
the decellularized samples than in intact samples in WT

Figure 2. TG2 contributes to smooth muscle cell (SMC) micromechanics. A, TG2�/� SMCs showed strikingly lower cytoskeletal remodeling
dynamics when compared with wild-type (WT) SMCs (n=540 WT cells, 525 TG2�/� cells; 4 independent measurements; *P<0.05). B and C, Mean
square displacements were significantly lower in TG2�/� cells at 10 s (B) and 300 s (C). D, TG2�/� SMCs showed diminishedmotility in response
to 10% serum as chemoattractant in a Boyden chamber assay when compared with that of WT SMCs (*P<0.05; by Kruskal–Wallis test; n=9). E, Both
storage (g0) and loss (g″) moduli of TG2�/� SMCs were markedly higher than those of WT SMCs over 5 decades of frequency (n=186WT cells, 227
TG2�/� cells; 4 independent measurements). F, Overall cell stiffness was greater in TG2�/� cells than in WT cells. G, De-adhesion from uncoated,
fibronectin-coated, and collagen-coated cell culture disheswas faster in TG2�/�SMCs than inWTSMCs in response to treatmentwith 0.05% trypsin
(**P<0.01 vs WT; #P<0.05 vs plastic WT by 2-way ANOVA with Bonferroni post-hoc correction; n=6). RFU indicates relative fluorescence units; TG2,
tissue transglutaminase.
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aorta (Figure 4F). TG2 was expressed in WT but not TG2�/�
mouse aorta (Figure 4H).

TG2 Protein Increases Vascular Stiffness In Vitro
Independent of Its Crosslinking Function
We examined whether exogenous, purified gpTG2 protein
could restore the mechanical properties of the aorta ex vivo.
Guinea pig liver TG2 is commercially available and has 82%
sequence identity with mouse TG2 and 81% identity with rat
TG2 (Figure S4C). We first verified the activity of gpTG2 by
monitoring the incorporation of FITC-cadaverine with N,N0-
dimethylcasein by fluorescence polarization in the presence
or absence of DTT and L682.777, an inhibitor of TG2’s
crosslinking function. DTT is required to activate the
crosslinking function of gpTG2 in vitro, as in its absence,
gpTG2 had negligible crosslinking activity. L682.777, the
small molecule inhibitor of TG2’s crosslinking function,
inhibited the crosslinking function of DTT-activated gpTG2
(Figure 5A). Thus, we can examine crosslinking-independent

functions of TG2 by using gpTG2 in the absence of DTT or in
the presence of L682.777. We then verified delivery and
activity of gpTG2 in the vascular media using TG2�/� mouse
aorta. Confocal microscopy revealed robust FITC-cadaverine
incorporation by gpTG2 in the vascular media around vascular
SMCs in the presence of DTT (Figure 5B, top left) and minimal
activity in the absence of DTT (Figure 5B, bottom left).
L682.777 inhibited gpTG2-dependent FITC-cadaverine incor-
poration in the vascular media (Figure 5B, top right). To
investigate potential compensation by other TGases, we
examined the basal TGase activity in the aortae isolated from
TG2�/� mice. Negligible FITC-cadaverine incorporation was
observed in the absence of gpTG2, suggesting TG2 is the
primary TGase in the mouse aorta (Figure 5B, bottom right).

Next, we incubated aortic rings from TG2�/� mice with
recombinant gpTG2 in the presence and absence of L682.777
for 48 hours to examine crosslinking-dependent and -
independent effects (Figure 5C). Incubation with gpTG2
resulted in a large increase in aortic stiffness to levels similar
to those of WT, even in the presence of the TG2 inhibitor

A

I

II

III

IV

V

VI

VII

VIII

B

Figure 3. TG2 participates in collagen assembly. A, Collagen assembly was delayed in TG2�/� smooth muscle cells (SMCs; panels III, IV) when
compared with that of WT SMCs (I, II). Adenoviral delivery of TG2 to TG2�/� SMCs (panels V, VI) recapitulated the WT time course for collagen
assembly. Cell-free samples did not show any assembled collagen fibers (panels VII, VIII). Images are representative of 6 independent experiments.
B, Representative Western blot showing TG2 and a-actin expression at days 1 and 3. TG2 indicates tissue transglutaminase; WT, wild type.
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Figure 4. TG2 contributes to aortic modulus. A, Decellularized and (B) intact aortic segments from
WT mice were significantly stiffer than those from TG2�/� mice; solid lines represent arithmetic
mean and dotted lines represent SE of measurement (*P<0.05). C, Maximum strain at sample rupture
was lower in the decellularized segments than in intact segments and similar between genotypes
(*P<0.05). D, Maximum stress was higher in the decellularized segments than in intact aorta for the
TG2�/� genotype but not the WT genotype. E, Lumen diameters were larger in decellularized
segments than in intact segments for WT aorta (*P<0.05). F, Walls were significantly thinner in
decellularized samples than in intact samples, in WT aorta (n=12 per group; *P<0.05). G, Pulse wave
velocity (PWV)–mean arterial pressure (MAP) correlation was similar in 12- to 14-week-old WT and
TG2�/� mice (n=8). H, Representative Western blot showing that TG2 protein was expressed in
aorta from WT but not TG2�/� mice; GAPDH was used as loading control. TG2 indicates tissue
transglutaminase; WT, wild type.
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Figure 5. Exogenous TG2 affects vascular stiffness and vasoreactivity independent of crosslinking function. A, Activity of
exogenous guinea pig TG2 (gpTG2) was examined by quantifying the crosslinking of FITC-cadaverine and N,N0 dimethyl casein
by fluorescence polarization. Dithiothreitol (DTT) activated and L682.777 inhibited gpTG2 (*P<0.05 by Kruskal–Wallis test;
n=12 per group). (B) GpTG2 activity was examined by confocal microscopy in TG2�/� mouse aorta. GpTG2-dependent
incorporation of FITC-cadaverine occurred in the presence of DTT and was inhibited by L682.777. Negligible FITC-cadaverine
incorporation was observed in samples lacking DTT and those lacking gpTG2 treatment. Images are representative of 8
independent experiments. C, Aortic modulus was examined by tensile testing; solid lines represent arithmetic mean and dotted
lines represent SE of measurement. Incubation of TG2�/� mouse aorta with gpTG2 increased aortic stiffness to levels similar
that of WT aorta both in the absence (blue) and presence (green) of TG2 inhibitor L682.777 (*P<0.05; n=8 per group). D,
Incubation of rat aorta with DTT-activated gpTG2 significantly increased stiffness (red). GpTG2 in the absence of DTT (blue) also
resulted in a significant increase in stiffness when compared with baseline (black), but the magnitude of increase was reduced.
L682.777 partially reversed the increase in stiffness in DTT-activated gpTG2 (orange) and had no effect in the absence of DTT
(green) n=8 per group; *P<0.05, **P<0.01. E, Vasoconstriction of aortic rings in response to increasing doses of
phenylephrine (PE) was examined by wire myography. The response of rings from TG2�/� mice (red) was significantly left-
shifted compared with those from WT mice (black). Incubation of TG2�/� aortic rings with gpTG2 restored contractility
toward that of WT in the absence (blue) and presence (green) of L682.777. n=8 per group; *P<0.05. (F) Endothelium-denuded
rings of TG2�/� and WT mice show similar responses to PE, suggesting an endothelial component to vascular responses. (G)
Maximal contractility with KCl (60 mmol/L) is similar in intact TG2�/� and WT vessels and in denuded TG2�/� and WT
vessels; denuded vessels had lower contractility than their endothelium-intact counterparts. FITC indicates fluorescein
isothiocyanate; TG2, tissue transglutaminase; WT, wild type.
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L682.777, suggesting that the crosslinking function of TG2 is
not required to elicit increases in vascular stiffness. The same
experiments were also performed in rat aortic rings (Fig-
ure 5D). In these experiments, DTT-activated TG2 caused a
substantial increase in stiffness compared with baseline
stiffness of the rat aorta. TG2 lacking crosslinking function (ie,
in the absence of DTT and inhibition in the presence of
L682.777) also caused a large increase in stiffness, but to a
lower magnitude than observed with catalytically active TG2.

TG2 Modulates the Contractile Response of the
Aorta
To study the contribution of TG2 to aortic function, we examined
vasoreactivity of aortic rings from WT and TG2�/� mice in
response to increasing doses of phenylephrine by wire myog-
raphy (Figure 5E). Aortic rings from TG2�/� mice had
increased contractility and a lower EC50 than those from WT
mice (0.37�0.02e-7 versus 2.54�0.19e-7; P<0.05). Preincu-
bation of TG2�/� rings with gpTG2 partially restored vessel
function toward WT in the presence and absence of L682.777.
Responses of endothelial cell–denuded vessels were similar
(Figure 5F). Maximal contractility in response to KCl
(60 mmol/L) was similar between TG2�/� and WT aorta
(Figure 5G). Endothelial-dependent (acetylcholine-mediated)
and -independent (sodium nitroprusside-mediated) vasorelax-
ation in rings preconstricted with phenylephrine were similar in
both cohorts (Figure S4).

TG2 and Fibronectin Colocalize in Human
Coronary Arteries
The relevance of the findings in cell and mouse models to
human disease was examined with a 99-feature TMA. Vascular

stiffening is commonly observed in patients with heart
failure.46,47 We chose to sample coronary arteries because it
is possible to observe the entire wall of the coronary artery in a
feature size of 1.5 mm. The TMA included samples from
patients 0.25 to 70 years of age with dilated cardiomyopathy,
congenital heart disease, hypertrophic cardiomyopathy,
ischemic cardiomyopathy, myocarditis, and valve disease.
Control samples included skin, intestine, placenta, and esoph-
agus. Hematoxylin & eosin (H&E) staining was used to
determine the quality of the tissues (Figure 6A). A single
feature with representative H&E and smooth muscle actin
staining is shown in Figures 6B and 6C, respectively. Fibrosis
and plaque size did not correlatewith age or disease (Figure S5A
through S5D). TG2 expression was high in the vascular media
and variable in plaque (Figure 6D, Figure S5E). Fibronectin
expression (Figure 6E, Figure S5F) and fibronectin-TG2 colo-
calization (Figure 6F) were present in the media of coronary
arteries. Both fibronectin expression and colocalization with
TG2 were greater in plaque than in media. TGase crosslink
frequency, which was examined with the n-e-c-glutamyl lysine
antibody, did not correlate with age, disease, or location in the
coronary artery (Figure 6G, Figure S5G). Representative
images of TG2 (green) and fibronectin (red) immunofluores-
cence staining in plaque (Figure 6H) and vascular media
(Figure 6I) are shown; nuclei were stained with DAPI (blue).

Discussion
The results from this study indicate that (1) TG2 plays a role in
the fundamental properties of aortic SMCs including adhesion,
motility, proliferation, cell stiffness, and cytoskeletal dynam-
ics; (2) TG2 participates in matrix deposition by SMCs in the
early but not later phases; (3) TG2 contributes to vascular
function and stiffness through both crosslinking-dependent

Figure 5. Continued
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and crosslinking-independent functions; and (4) TG2-fibronec-
tin colocalization accumulates in humans with coronary artery
disease, suggesting a crosslinking-independent role for TG2 in
human disease. TG2 is an enzyme that participates in matrix

deposition by catalyzing the formation of isopeptide bonds
between the side chains of lysines and glutamines via the
classical transglutaminase reaction. The catalytic activity of
TG2 is necessary but not sufficient to remodel the matrix, as

Figure 6. TG2 and fibronectin colocalize in plaque in human coronary arteries. A 99-feature
human coronary artery tissue microarray (TMA) was used to examine the role of TG2 in human
disease. A, A photograph of the TMA with hematoxylin & eosin (H&E) staining. B, Sample H&E
and (C) smooth muscle actin stains of a single feature. D, TG2 expression was high in the
vascular media but varied in plaque from very rare to highly abundant. E, Fibronectin
expression was higher in plaque than in media. F, Colocalization of TG2 and fibronectin was
more abundant in plaque than in media. G, TG crosslinking was similar in all samples.
Representative immunofluorescence images in plaque (H) and vascular media (I; green=TG2,
red=fibronectin, blue=nuclei); arrows indicate sample areas of colocalization. *P<0.05. TG2
indicates tissue transglutaminase.
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matrix proteins that are the substrates for TG2 must also be
actively synthesized and secreted. In the vasculature, TG2
itself can contribute to matrix synthesis via its crosslinking-
independent functions, for example, by acting through the
transforming growth factor-b pathway.48

In the vascular media, SMCs maintain and remodel the
matrix in which they reside. Indeed, SMC hypertrophy and
hyperplasia are hallmarks of many vascular pathologies, such
as hypertension and atherosclerosis. In this study, genetic
ablation of TG2 delayed collagen assembly, suggesting that
TG2 participates in early matrix deposition but that other
enzymes (such as lysyl oxidases) may compensate in later
phases.49 Through its noncovalent interactions with fibronec-
tin, integrins, and syndecans, TG2 can participate in SMC
adhesion, motility, and proliferation. Lack of TG2 expression
delayed TG2 adhesion and diminished cell migration; these
results are consistent with our findings of decreased
cytoskeletal remodeling in TG2�/� cells as well as previous
work in which aggressive cancer cells were shown to have
increased cytoskeleton remodeling.50 Two complementary
approaches (DNA synthesis and cell counting) showed that
cell proliferation was higher in SMCs lacking TG2 expression.
Moreover, cell–cell contacts appeared to be weaker in the
TG2�/� cells than in WT cells, as reflected in the
significantly lower trans-well resistance monitored by ECIS
(Figure 1E). Previous studies have shown that under basal
conditions, TG2 stabilizes the contractile phenotype of SMCs
and would thus support lower proliferation rates.51 TG2
protein expression is lost in the SMCs of hypertensive rats
(corresponding to proliferative SMC phenotype).52 These
findings are supportive of our current results. However, in
response to stress or growth factors, cell-surface TG2 can
promote dedifferentiation and proliferation of SMCs. For
example, WT SMCs were shown to proliferate more rapidly
than TG2�/� SMCs in response to treatment with platelet-
derived growth factor BB.53 Taken together, these studies
underscore the complexity of TG2 signaling in normal vascular
physiology and pathophysiology.

In vitro, it is possible to assess the crosslinking-independent
effects of TG2 using the small-molecule inhibitor L682.777,
which targets the crosslinking function but not the other
functions of TG2. In aortic rings from TG2�/� mice, gpTG2
elicited a substantial increase in stiffness in vitro independent
of crosslinking function as evidenced by the lack of any effect of
L682.777. In the rat aorta, addition of DTT to activate gpTG2’s
crosslinking function resulted in a striking increase in stiffness.
Rat TG2 may also be activated by DTT in vitro and contribute to
this process. In the present study, inhibition with L682.777 did
not fully prevent the increase in gpTG2-mediated stiffness;
instead the elastic properties of these samples coincided with
those observed in the samples treated with TG2 that lacked
crosslinking function. These observations demonstrate a
significant contribution of TG2 to vascular modulus through
crosslinking independent mechanisms.

Intriguingly, in cell culture, TG2�/� SMCs are stiffer than
their WT counterparts and have fewer cytoskeletal remodeling
events. The de-adhesion dynamics of TG2�/� SMCs are also
accelerated, a fact that further supports an increase in cell
stiffness.35 In vitro, despite the elevated cellular stiffness, the
overall modulus of the intact TG2�/� aorta remains lower
than that of the WT aorta. In vivo, however, PWV, a measure of
vascular stiffness, was similar in adult (12–14-week-old)
TG2�/� and WT mice over a range of mean arterial
pressures. Given these observations, we postulate that
increased cell stiffness and SMC tone in the absence of
TG2 expression is a compensatory mechanism to counteract
the loss in mechanical modulus of the matrix. Moreover, our
studies suggest that the contribution of cell stiffness to
vascular compliance requires integrated physiological signal-
ing, including mechanical and biochemical cues, underscoring
the importance of in vivo compliance measurements.

Ex vivo, in the intact aorta, exogenous TG2 caused an
increase in the stiffness of mouse and rat aorta and acutely
altered phenylephrine-mediated vasoconstriction even in the
absence of crosslinking function. TG2�/� mouse aorta
demonstrated increased sensitivity to phenylephrine-mediated

Figure 6. Continued
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vasoconstriction that was partly reversed by incubation with
gpTG2 independent of crosslinking function. We propose that
this could be attributed to the GTPase function of TG2, which is
shown to signal via PLCd and activate the BK channel,31,54

which in turn would result in SMC hyperpolarization and
decrease SMC tone. This effect is in part mediated by
endothelial cells as endothelium-denuded vessels from
TG2�/� mice demonstrate phenylephrine responses that
are similar to those from WT. Taken together, these findings
suggest that TG2 modulates SMC tone/function via crosslink-
ing-independent mechanisms, which in turn contribute to
vascular function and stiffness.

Aortic stiffening and endothelial dysfunction are observed in
patients with heart failure. Moreover, endothelial dysfunction
and reduced NO bioavailability are triggers for increased TG2
secretion in the vasculature.15,17–19,41 In human coronary
arteries obtained from individuals with various cardiomy-
opathies, TG2 and fibronectin are not only highly expressed in
the vascular media, but there is also a strong colocalization of
the two. We have previously shown a greater abundance of TG2-
mediated cell adhesion via integrin/fibronectin binding in adult
eNOS-deficient mice when compared with age-matched WT
mice.19 The present study demonstrates that a similar interac-
tion exists in human vasculature. The abundance of N-e-c-
glutamyl lysine crosslinks was similar in all samples and did not
correlate with age, likely because the presence of cardiomy-
opathy masked the effect of age. We also examined the
abundance of proteins and co-localization in the plaque in these
samples. Intriguingly, there is increasing accumulation of
fibronectin protein as well as increased colocalization of
fibronectin with TG2 in the neo-intima and plaque when
compared with the media, suggesting that this interaction
could be important in plaque formation. The relevance of this
observation in the development of atherosclerosis remains to be
studied. Overall, the presence of the TG2-fibronectin interaction
in vivo in humans with cardiomyopathy is suggestive of a
crosslinking-independent role for TG2 in vascular stiffness. To
the best of our knowledge, this is the first study demonstrating
TG2-fibronectin colocalization in human vasculature.

In conclusion, under pathophysiological conditions such as
elevated blood pressure, NO dysregulation, and increased
oxidative stress, TG2 can contribute to mechanical modulus
and contractile function of the aorta through crosslinking-
dependent and -independent mechanisms. The specific con-
tribution of possible mechanisms (cell adhesion versus G-
protein signaling) remains to be elucidated.
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Supplemental Figure I. Fluorescence polarization (FP)-based assay for transglutaminase (TG) activity. A, The principle of the assay is 
that as the low molecular weight fluorescent molecule FITC-cadaverine is incorporated by transamidation into the high molecular weight N,N’-
dimethylcasein, the FP signal of FITC-cadaverine increases. B, His-tagged recombinant human TG2 was expressed in HEK293 cells and 
purified with a BD-Talon purification kit before use. Representative Coomassie blue staining of the purified product is shown in the inset. FP 
signal increased with increasing TG2 protein in the reaction mixture. C, The IC50 of cystamine was calculated to be 0.025±0.005 mmol/L in 
the FP assay. This value is in good agreement with the published value of 0.02±0.05 mmol/L (n=12 per group). D, The IC50 of L682.777 was 
calculated to be 0.86±0.1 µmol/L, which is in good agreement with the value of 0.5 µmol/L provided by the vendor (Zedira; n=12 per group). 
E, Unlabeled cadaverine, which was used as a competitive inhibitor for FITC-cadaverine, had an IC50 of 56±0.1 nmol/L (n=12 per group). F, 
The assay was used to examine activity in the protein lysates/homogenates obtained from human aortic endothelial cells (HAEC), rat liver, 
and rat heart prepared in 1x radioimmunoprecipitation assay (RIPA) lysis buffer with protease inhibitors. FP signal increased in a protein 
concentration-dependent manner in all of the samples (n=8 per group). G, The assay tolerated DMSO up to 4% v/v with ~5-7% decrease in 
activity when compared with 0% DMSO. H, We evaluated the assay by carrying out 24 replicates each of baseline reaction (Rxn); 4% DMSO, 
10 µmol/L L682.777, and RIPA buffer negative control. The Z’ values were 0.76 (Rxn vs. RIPA), 0.71 (Rxn vs. L682.777), 0.71 (DMSO vs. 
RIPA), and 0.62 (DMSO vs. L682.777). A Z’ value of 0.5-1 represents a robust assay (n=24 per group).  



Supplemental Figure II 
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Supplemental Figure II. Smooth muscle cells (SMCs) isolated from TG2-/- and wild-type (WT) mouse aortae (MASMC) were stained with smooth muscle 
actin to verify the quality of SMC isolation. More than 98% of the cells stained positive for smooth muscle actin. Images are representative of 10 SMC 
preparations.  



Supplemental Figure III 

Supplemental  Figure III. De-adhesion dynamics of TG2-/- and wild-type (WT) smooth muscle cells (SMCs) were examined by using 0.05% trypsin to sever 
the cell-matrix interactions. Time course of de-adhesion on A, tissue culture plastic; B, fibronectin; and C, collagen I-coated dishes. D, the τ2 time constant 
of the de-adhesion curves was similar for TG2-/- and WT SMCs on all supports. Ai = initial spread area; At = spread area at time t, Af = final spread area. 



Supplemental Figure IV 

Supplemental Figure IV. Dose response (D/R) curves for induction of vasorelaxation by acetylcholine (Ach: A) and sodium nitroprusside (SNP; B) in aortic 
rings from wild-type (WT) and TG2-/- mice preconstricted with phenylephrine. No difference is apparent between the two groups (n=8 per group). C, 
gpTG2 (10001) shares 81% sequence identity with rat TG2 (10003) and 82% with mouse TG2 (10002); rat and mouse TG2 share 93% sequence identity.   
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Supplemental Figure V 
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Supplemental Figure V 
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Supplemental Figure V. Results from human coronary artery TMA.  A, 
Significant fibrosis was present in samples and %Fibrosis (scored using 
the Aperio software) did not correlate with age or B, disease; C, Plaque 
was present in all the samples; plaque size was scored by a pathologist 
at the Johns Hopkins University School of Medicine and did not correlate 
with age or D, disease; E, TG2; F, Fibronectin; and G, TG-crosslinks were 
highly expressed in the vascular media and did not correlate with 
disease.  
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