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Abstract
Although the pivotal role of platelet derived growth factor (PDGF)-mediated signaling in vascular
diseases was demonstrated, the pathophysiological mechanisms driving its over-activation remain
incompletely understood. Tissue transglutaminase (tTG) is a multifunctional protein expressed in
the vasculature, including smooth muscle cells (SMCs), and implicated in several vascular
pathologies. The goal of this study is to define the regulation of PDGF-BB/PDGFRβ-induced
signaling pathways and cell responses by tTG in vascular SMCs. We find that in human aortic
SMCs, shRNA-mediated depletion and over-expression of tTG reveals its ability to down-regulate
PDGFRβ levels and induce receptor clustering. In these cells, tTG specifically amplifies the
activation of PDGFRβ and its multiple downstream signaling targets in response to PDGF-BB.
Furthermore, tTG promotes dedifferentiation and increases survival, proliferation and migration of
human aortic SMCs mediated by this growth factor. Finally, PDGF-BB stimulates tTG expression
in human aortic SMCs in culture and in the blood vessels in response to injury. Together, our
results show that tTG in vascular SMCs acts as a principal enhancer within the PDGF-BB/
PDGFRβ signaling axis involved in phenotypic modulation of these cells, thereby suggesting a
novel role for this protein in the progression of vascular diseases.

Keywords
transglutaminase; PDGF; PDGFR; signaling; vascular SMCs

Introduction
In mammals, vascular smooth muscle cells (SMCs) maintain considerable plasticity
throughout lifetime and exhibit a wide range of different phenotypes shaped by alterations in
tissue microenvironment (Yoshida and Owens, 2005). Impaired control of the differentiation
state of vascular SMCs contributes to a number of vascular pathologies, including restenosis
and atherosclerosis (Owens et al., 2004; Cai, 2006). Differentiated SMCs in blood vessels
undergo phenotypic modulation in response to tissue injury or inflammation, the process
accompanied by increased cell proliferation, migration and ECM protein synthesis, and
decreased expression of SMC-specific markers, including smooth muscle (SM) α-actin,
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myosin heavy chain, SM22α and others (Owens, 2007). SMC-specific gene expression was
shown to be mediated by several transcription factors, such as serum response factor and
myocardin (Yoshida and Owens, 2005; Owens et al., 2004). They mediate the transduction
of regulatory extrinsic cues that impact on the plasticity of vascular SMC phenotype.
Multiple growth factors, cytokines, and ECM proteins are involved in this regulation
(Owens, 2007). Among them, platelet derived growth factor (PDGF) acting via its cognate
receptor, PDGFR, has been established as a key survival factor, mitogen, and motogen for
vascular SMCs, and principal regulator of vascular SMC phenotype (Heldin and
Westermark, 1999; Raines, 2004; Andrae et al., 2008).

PDGF-BB and PDGFRβ are intimately involved in vascular development as their deficiency
impairs the recruitment of vascular mural cell progenitors in the growing arteries (Andrae et
al., 2008). Although PDGF-BB and PDGFRβ-deficient mouse embryos develop until E16–
E19 they display a grossly abnormal vascular morphogenesis(Hellstrom et al., 2001).
PDGF-AA and PDGF-BB expression was shown in various cell types in atherosclerotic
arteries and their levels are elevated over those in the normal vessel wall(Raines, 2004).
PDGFRα and PDGFRβ levels are also increased in vascular SMCs in atherosclerosis
(Raines, 2004; Andrae et al., 2008). Neutralizing PDGFRβ antibodies and PDGFR kinase
inhibitors were found to decrease atherosclerotic lesion formation in ApoE-deficient mice
(Sano et al., 2001; Kozaki et al., 2002). Similarly, hyper-activation of the PDGF/PDGFR
signaling axis was shown in animal models of acute arterial injury (Andrae et al., 2008) in
which accumulation of neointimal SMCs was significantly attenuated by neutralizing PDGF
or blocking PDGFR signaling(Ferns et al., 1991; Levitzki, 2005). Finally, a use of genetic
approach in conjunction with carotid ligation model showed a critical role of PDGFRβ in the
migration of vascular SMCs from media to neointima (Buetow et al., 2003), whereas no
involvement of PDGFRα in neointima formation during acute or chronic arterial injury was
found (Andrae et al., 2008).

An emerging theme in the field indicates a significant role for various modifiers of the
PDGF/PDGFR signaling axis in vascular pathophysiology(Heldin and Westermark, 1999;
Andrae et al., 2008). One important example comes from studies on the function of
transmembrane endocytic and signaling receptor low-density lipoprotein receptor-related
protein 1 (LRP1) in the vessel wall. While LRP1 was shown to interact with PDGFRβ, its
SMC-specific knockout led to markedly increased atherosclerotic response in an LDL
receptor-deficient background(Boucher et al., 2003). This response was mediated by robust
elevation of the expression and autophosphorylation levels of PDGFRβ in vascular SMCs.
These findings revealed atheroprotective role of the PDGFRβ interacting partner, LRP1, in
controlling the PDGFRβ levels and activation in the vessel wall (Boucher et al., 2003).
Likely, other proximal activators and inhibitors of PDGFR function in vascular SMCs
remain to be identified.

tTG is a ubiquitously expressed member of transglutaminase family of protein cross-linking
enzymes, which in addition to its enzymatic activity has important non-enzymatic
functions(Lorand and Graham, 2003; Zemskov et al., 2006). On the cell surface, tTG binds
to β 1 and β 3 integrins and mediates their interaction with fibronectin (Akimov et al., 2000;
Zemskov et al., 2006). The adhesive/signaling function of cell surface tTG is based on its
ability to regulate integrin-mediated adhesion, signaling, and downstream integrin-mediated
cell responses such as cell survival, growth, migration, and ECM assembly(Zemskov et al.,
2006). Importantly, recent studies point to emerging role of this protein in vascular
pathologies (Sane et al., 2007; Bakker et al., 2008), including atherosclerosis (Haroon et al.,
2001; Cho et al., 2008; Matlung et al., 2010), vascular calcification (Faverman et al., 2008;
Johnson et al., 2008), small artery remodeling(Bakker et al., 2004; Pistea et al., 2008), and
age-dependent aortic stiffening(Santhanam et al., 2010). Despite these advances, the
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molecular basis for the involvement of tTG in these processes remains largely unknown.
Meanwhile, our recent work revealed a direct interaction of tTG with PDGFR on the cell
surface and amplification of PDGF-dependent activation of this receptor and its signaling
function in fibroblasts (Zemskov et al., 2009). Here we set to define the impact of tTG on
the PDGF-BB/PDGFRβ-mediated signaling axis and its regulation of cellular phenotype in
vascular SMCs.

Materials and Methods
Animals

The animal protocol used was approved by the Institutional Animal Care and Use
Committee at the University of Maryland. 12 week-old male wild type C57BL/6J mice were
used in these experiments. Complete ligation model of restenosis in the left carotid artery of
mice (Kumar and Lindner, 1997) was employed to induce arterial remodeling and neointima
formation due to cessation of blood flow during 4 weeks.

Cell culture and lentiviral infection
Human aortic SMCs were obtained from Lonza and cultured according to vendor’s protocol.
The cells at 4th passage were infected with Trans-Lentiviral particles containing shRNA for
human tTG, control non-silencing shRNA or human tTG cDNA (NM_004613) in pGIPZ™

vector with the use of Arrest-In™ or Express-In™ reagents (all from Thermo Scientific). The
lentivirus-infected cells were selected with puromycin and used between 7th and 10th

passages.

Reagents
mAbs CUB7402 and TG100 and rabbit polyclonal antibody against tTG were from
Neomarkers. The following antibodies were from Santa Cruz Biotechnology (PDGFRβ,
sc432; pTyr751-PDGFRβ, sc12906; pTyr716-PDGFRβ, sc19569; FGFR-1, sc123;
epidermal growth factor receptor, sc03; pTyr861-FAK, sc16663; pTyr317-Shc, sc-18075;
pp38MAPK, sc7975R; SM α-actin, sc130617;β-tubulin, sc9104); Cell Signaling Technology
(PDGFRα, 3164; pTyr740-PDGFRβ, 3168; pTyr771-PDGFRβ, 3124; pTyr1021-PDGFRβ,
2227; pThr202-pTyr204-ERK1/2, 9101; pTyr418-src, 2113; pThr308-Akt1, 4056; pSer473-
Akt1, 2337; pTyr542-Shp-2, 3751); R@D Systems (neutralizing antibody AF385 against the
extracellular domains of human PDGFRβ is specific for the β isoform of the receptor and
does not react with the α isoform; neutralizing antibody MAB765 against the extracellular
domains of human FGFR-1); BD Pharmingen (rat anti-mouse/human β 1 integrin, clone
9EG7, 553715); Sigma (pTyr397-FAK); and Millipore (β 1 integrin cytoplasmic domain,
AB1952). Horseradish peroxidase-conjugated secondary antibodies were from Pierce.
Cross-species-adsorbed donkey anti-mouse AlexaFluor 594, donkey anti-rabbit AlexaFluor
488, and donkey anti-rat AlexaFluor 350 antibodies were from Molecular Probes.

Immunofluorescence and immunohistochemistry
To simultaneously visualize tTG, PDGFRβ, and β 1 integrins on the surface of SMCs,
quiescent or PDGF-BB-treated live non-permeabilized cells were triple-labeled with mouse
anti-tTG mAb CUB7402, goat antibody specific for the PDGFRβ receptor isoform (R@D
Systems, AF385), and rat mAb 9EG7 againstβ 1 integrins (each at 20 μg/ml) for 30 min at
4°C. The cells were washed, fixed with 3% paraformaldehyde in PBS, and stained with a
mixture of secondary anti-mouse AlexaFluor 350 IgG, donkey anti-goat AlexaFluor 488
IgG, and donkey anti-rat AlexaFluor 594 IgG. To test surface distribution of PDGFRβ in
cells with normal or depleted levels of tTG, double staining for tTG and PDGFRβ was
performed by co-incubation of PDGF-BB-treated live non-permeabilized cells with a
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combination of 20 μg/ml mouse anti-tTG mAb CUB7402, goat antibody to PDGFRβ for 30
min at 4°C, fixing with 3% paraformaldehyde in PBS, and staining with secondary anti-
mouse AlexaFluor 594 IgG and donkey anti-goat AlexaFluor 488 IgG. Cells were viewed
and photographed with 100× objective using Zeiss/Bio-Rad 200 confocal microscope.
Images were acquired and digitally merged with Volocity software (Improvision).

For immunohistochemical detection of tTG and tTG-generated isopeptide cross-links, 5-μm
paraffin sections of the entire necks were generated. Rabbit polyclonal antibody against tTG
(Neomarkers) and mAb 81D2 against the tTG cross-links (Abcam) were used to identify the
protein and its enzymatic footprints on tissue esctions. Staining for elastin was performed as
described(Kumar and Lindner, 1997).

Immunoblotting
Quiescent or PDGF-BB-treated cells were lysed directly in SDS-PAGE sample buffer.
Proteins (20 μg per sample) were separated on 4 12% Bis/Tris Novex gels (Invitrogen),
electroblotted on polyvinylidene difluoride membranes, and probed with antibodies to the
cytoplasmic domain of PDGFRα or PDGFRβ, their individual pTyr residues, or several
downstream signaling targets of the receptor (ERK1/2, Akt1, Shp-2, Src, Shc, FAK,
p38MAPK). Peroxidase-conjugated secondary antibodies and enhanced chemiluminescence
(ECL) were used for signal detection. The signals were quantified with NIH Image 1.63f
software and averaged for each individual phospho-site.

Cell differentiation, survival, migration and proliferation assays
The levels of tTG, fibronectin, SM α-actin, and tubulin mRNAs in serum-starved and
PDGF-BB-treated populations of human aortic SMCs were determined by isolation of total
RNA with TRIzol™ (Invitrogen) and quantitative RT-PCR with specific primers. In parallel,
the protein levels of tTG, fibronectin, SM α-actin, and tubulin were determined by
immunoblotting with whole cell lysates.

Serum-starved populations of human aortic SMC were stimulated to undergo apoptosis with
100 μM H2O2 for 12 hours in the presence or absence of 10 nM PDGF-BB and 20 μg/ml
AG1296 (Vantler et al., 2005). Cell death detection ELISA (Roche Diagnostics) was utilized
to measure cell death by quantitation of cytoplasmic histone-associated DNA fragments
(mono- and oligo-nucleosomes) in cell lysates.

To analyze the effects of tTG on PDGF-dependent cell proliferation, the populations of
human aortic SMCs were plated at 5×103 cells per well in 96-well microtiter plates and
starved for 48 hours. PDGF-BB (0 10 nM with or without 20 μg/ml PDGFR inhibitor
AG1296) was added, and cell proliferation was determined 72 hours later by the addition of
the CellTiter 96® AQueous MTS-based Reagent (Promega, G3580) during the last 4 hours
of culture. The quantity of formazan product proportional to the number of metabolically
active live cells was measured at 490 nm and converted to cell numbers.

Chemotactic migration of human aortic SMC (5×104 cells/insert) toward PDGF-BB gradient
under serum-free conditions was studied in Transwells with 8-μm pores (Costar). Before
plating the cells into the inserts, they were metabolically labeled with Tran35S-label. PDGF-
BB (0 10 nM) was added to the lower chambers and AG1296 (20 μg/ml) was added to both
upper and lower chambers of some wells to inhibit PDGFR activation. After incubation for 8
hours at 37°C, cells transmigrated to the membrane undersurface were detached,
radioactivity was counted in a scintillation counter and converted to cell numbers.

Zemskov et al. Page 4

J Cell Physiol. Author manuscript; available in PMC 2013 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Other methods and statistics
Quantitative RT-PCR with specific primers was used to determine the levels of tTG,
PDGFRα, PDGFRβ, SM α-actin and tubulin mRNAs in the populations of human aortic
SMCs. Metabolic labeling of human aortic SMCs with Tran35S-label (MP Biomedicals) was
performed as described(Zemskov et al., 2009). PDGFRβ immunoprecipitated from cell
extracts was analyzed by SDS-PAGE and fluorography. To quantify the relative PDGFRβ
amounts in each sample, gel slices containing the 35S-labeled protein bands were dissolved
in 30% H2O2, and 35S radioactivity was determined by scintillation counting.

For flow cytometry, live populations of human aortic SMCs were stained for cell surface
tTG as reported (Akimov et al., 2000). The cells were analyzed in FACScan™ flow
cytometer (Becton Dickinson).

Statistical significances were determined using unpaired, two-tailed Student’s t tests.
Differences were considered significant if the P value was <0.05.

Results
tTG down-regulates PDGFRβ levels by accelerating receptor turnover and induces
receptor clustering in vascular SMCs

To determine the impact of tTG on the PDGFRβ function in vascular SMCs, we generated
human aortic SMC populations stably expressing sh-tTG, non-silencing control, or
overexpressing this protein (Fig. 1). Altering the levels of tTG in these cells did not affect
those of PDGFRα and PDGFRβ mRNAs (Fig. 1A). However, tTG down-regulated the
PDGFRα and PDGFRβ protein levels, suggesting that it acts posttransriptionally to
modulate these receptors (Fig. 1B). The overall tTG levels in these populations correlated
with those on the cell surface (Fig. 1C). Double staining for tTG and PDGFRβ revealed their
partial colocalization on the surface of human aortic SMCs (Fig. 1D), which was further
increased by PDGF-BB treatment (Supplemental Fig. 1). However, while the two proteins
were often codistributed in large clusters throughout the lamellae, tTG depletion led to
disappearance of PDGFRβ clusters in these cells. To study mechanisms of tTG-mediated
PDGFRβ down-regulation, metabolic labeling and pulse-chase assays were performed with
the cells expressing different tTG levels in the absence of exogenous PDGF-BB (Fig. 1E).
Immunoprecipitation of 35S-labeled PDGFRβ from cell extracts showed that tTG decreased
the amounts of de novo synthesized PDGFRβ 30 min after onset of the chase, and the
receptor levels continued to decline faster thereafter. Additional experiments confirmed that
PDGF-BB accelerated PDGFRβ internalization from the surface and revealed that tTG
promotes this process (Supplemental Fig. 2). Therefore, tTG stimulates PDGFRβ clustering
but reduces overall receptor levels by accelerating its turnover in vascular SMCs.

Earlier work revealed a potentiation of PDGF-BB-induced signaling by PDGFRβ interaction
with β 1 integrins(Sundberg and Rubin, 1998). Importantly, cell surface tTG interacts with β
1 integrins (Akimov et al., 2000) and binds to PDGFRβ in vitro and on the cell
surface(Zemskov et al., 2009). We also found that all these three proteins co-localized in
large clusters on the surface of PDGF-BB-treated human aortic SMCs and the increase in
tTG levels elevated the amounts of PDGFRβ-associated tTG and PDGFRβ-β 1 integrin
complexes (Supplemental Fig. 3). Thus, we proposed that tTG can bridge these receptors on
the cell surface and amplify their signaling output in vascular SMCs.
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tTG increases PDGF-induced PDGFRβ activation and amplifies downstream signaling in
vascular SMCs

To examine the impact of tTG on the PDGF-BB/PDGFRβ signaling axis in human aortic
SMCs, we tested the effect of its depletion on PDGF-BB-mediated activation of PDGFRβ
and its targets (Fig. 2). Evaluation of the early time course of PDGFRβ autophosphorylation
at Tyr residues 716, 740, 751, 716, and 1021 in its cytoplasmic tail revealed that tTG
accelerated and amplified maximal receptor activation (Fig. 2A). The effect of tTG on the
activation of multiple PDGFRβ downstream targets by PDGF-BB essentially mirrored that
on the receptor activation (Fig. 2B). The PDGF-BB-mediated activation of selected
PDGFRβ signaling targets Akt1, ERK1/2, Shp-2, Src, FAK, Shc, and p38 MAPK was
attenuated and inhibited by tTG down-regulation. Quantification of phospho-site signals in
these targets showed that some of them were particularly sensitive to the tTG levels, with
the extent of phosphorylation of Shp-2 at Tyr542, Akt1 at Thr308, and Shc at Tyr317
declining the most upon depletion of tTG, indicating that the associated signaling pathways
are primarily affected by this protein (Fig. 2C). At the same time, depletion of tTG in human
aortic SMCs did not alter the overall protein levels of multiple PDGFRβ signaling targets
(Supplemental Fig. 4). Therefore, tTG down-regulation in human aortic SMCs decreases
PDGF-BB-dependent PDGFRβ activation and inhibits signaling by its downstream targets.
In vascular SMCs, tTG raises the magnitude of PDGFRβ activation by the soluble ligand,
PDGF-BB, and amplifies the receptor downstream signaling. These tTG-dependent
alterations are specific for this signaling receptor, since the activation levels of FGFR-1 by
FGF2 and of EGFR by HB-EGF were not affected by altering tTG levels in these cells
(Supplemental Fig. 5).

tTG promotes PDGF-BB-induced dedifferentiation of vascular SMCs
PDGF-BB is the most potent negative regulator of vascular SMC differentiation (Raines,
2004; Andrae et al., 2008), which also up-regulates the levels of fibronectin (Hedin et al.,
1988), a major ECM binding partner of tTG (Akimov et al., 2000). In contrast, the PDGF-
BB-induced transition of vascular SMCs from contractile to synthetic phenotype is
accompanied by down-regulation SM α-actin and several other SMC differentiation markers
by transcriptional mechanisms (Holycross et al., 1992). Meanwhile, the role of tTG in
phenotypic modulation of vascular SMCs has not been explored. Hence, we employed
quantitative RT-PCR and immunoblotting to determine the levels of fibronectin and SMα-
actin mRNAs and proteins in human aortic SMCs with different tTG levels (Fig. 3). tTG
expression increased the fibronectin mRNA levels in these cells both in the absence and
presence of PDGF-BB (Fig. 3A,B). Conversely, the increase in tTG amplified the PDGF-
BB-induced down-regulation of the SM α-actin mRNA levels, but did not alter those in the
absence of this growth factor (Fig. 3A,C). These alterations were also mirrored in the tTG-
dependent up-regulation of fibronectin (Fig. 3D,E) and PDGF-BB-mediated down-
regulation of SM α-actin, which was further enhanced by tTG (Fig. 3D,F). Therefore, we
concluded that tTG expression levels in vascular SMCs control those of the fibronectin
mRNA and protein. Moreover, much like its key ECM partner, tTG serves as a marker of
secretory phenotype by enhancing the PDGF-BB-mediated dedifferentiation of these cells
via transcriptional down-regulation of SM α-actin expression levels.

tTG stimulates PDGF-BB-dependent survival, proliferation, and chemotactic migration of
vascular SMCs

PDGF-BB was shown to act as a principal survival factor, mitogen, and motogen for
vascular SMCs(Heldin and Westermark, 1999; Raines, 2004; Andrae et al., 2008), whereas
the impact of tTG on these processes has not been studied. Hence, we examined the effects
of tTG on PDGF-BB-induced survival, growth, and migration of human aortic SMCs with
various levels of this protein (Fig. 4). tTG had only marginal effects on the extent of
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peroxide-induced apoptosis of these cells in the absence of PDGF-BB (Fig. 4A). While this
growth factor increased the resistance of cells to peroxide-induced apoptosis for all the cell
populations, its effect was proportional to the cellular tTG levels. Likewise, whereas PDGF-
BB displayed a potent concentration-dependent mitogenic effect in human aortic SMCs, its
impact on cell proliferation was significantly amplified by tTG (Fig. 4B). Similarly, PDGF-
BB-dependent chemotactic migration of human aortic SMCs was enhanced by the cells
expressing increased tTG levels (Fig. 4C). Notably, the observed stimulatory effects of tTG
on the survival, proliferation, and migration of human aortic SMCs were abolished by
specific and potent inhibitor of PDGFR tyrosine kinase activity, AG1296 (Fig. 4A–C).
Therefore, tTG specifically promotes the survival, growth, and chemotactic migration of
vascular SMCs driven by the PDGF-BB/PDGFRβ-mediated signaling.

tTG levels are increased in blood vessels in response to injury and by PDGF-BB in
cultured vascular SMCs

To further explore the potential role of tTG in modulation of the PDGF-BB/PDGFRβ
autocrine/paracrine signaling in the vasculature, we evaluated its protein levels and
extracellular enzymatic activity in uninjured mouse carotid artery and in the neointima after
injury to the vessel wall (Fig. 5A–G). tTG and the tTG-generated isopeptide cross-links
were detected primarily in the endothelium of uninjured artery, while their levels appeared
to be low in the normal media. However, elevated levels of tTG and the enzymatic tTG-
generated cross-links were observed in the neointima of carotid artery 4 weeks after vessel
wall injury. We also evaluated the tTG levels in human aortic SMC cultures treated with
PDGF-BB, proinflammatory cytokines, or proatherogenic LDLs (Fig. 5H). Stimulation of
quiescent cells with PDGF-BB increased the amounts of tTG, whereas IL-1β further
amplified this effect (left panels). Likewise, proatherogenic oxidized LDLs, but not native
unmodified LDLs, up-regulated the tTG levels (right panels). Hence, PDGF-BB and
proinflammatory/proatherogenic factors present at the site of vessel wall injury increase the
levels of tTG in vascular SMCs. Together, our findings indicate that tTG acts as a potent
enhancer within the PDGF-BB/PDGFRβ signaling axis in the vasculature (Fig. 6).

Discussion
Whereas the central role of the PDGF/PDGFR signaling axis and its over-activation has
been recognized in atherosclerosis, restenosis, and vascular proliferative diseases (Ferns et
al., 1991; Buetow et al., 2003; Raines, 2004), the factors and mechanisms that regulate the
activities of this ligand/receptor pair in driving pathophysiological alterations of vascular
SMC phenotype remain incompletely understood(Heldin and Westermark, 1999; Andrae et
al., 2008). Here we describe the regulation of PDGF-BB/PDGFRβ signaling and associated
responses in vascular SMCs by the PDGFR-binding protein, tTG (Zemskov et al., 2009).
Our results show the ability of tTG to control the levels and localization of PDGFRβ, and
increase the PDGF-BB-induced receptor activation and downstream signaling in vascular
SMCs (Fig. 6). The tTG-dependent reduction in PDGFRβ levels, combined with an increase
in signaling output shows that tTG sensitizes this receptor to its soluble ligand. tTG also
amplifies the PDGF-BB-elicited responses of vascular SMCs, including their phenotypic
modulation, survival, growth, and chemotactic migration. Finally, tTG own levels are
elevated in these cells by injury and inflammation with PDGF-BB having a robust
stimulatory effect. Together, these findings indicate a novel role for tTG as a signaling
amplifier within the PDGF-BB/PDGFRβ pathway in vascular SMCs.

Recent studies implicated tTG in the development and progression of vascular
diseases(Haroon et al., 2001; Bakker et al., 2004; Cho et al., 2008; Faverman et al., 2008;
Johnson et al; 2008; Pistea et al., 2008; Matlung et al., 2010; Santhanam et al., 2010) and
collectively suggested that the classical enzymatic (cross-linking) function of this protein
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contributes to these pathologies (Iismaa et al., 2009). In contrast, our findings indicate the
involvement of non-enzymatic tTG functions in vascular pathologies as its cross-linking
function is dispensable for PDGFR binding and receptor activation (Zemskov et al., 2009).
Notably, two alternatively spliced tTG forms with truncated C terminus, tTGV1 and tTGV2,
are co-expressed with full-length tTG in human vascular SMCs(Lai et al., 2007). While
tTGV1 and tTGV2 were shown to retain <10% of the cross-linking activity of the major tTG
isoform (Lai et al., 2007), they are likely to interact with PDGFR as the second tTG domain
is involved in binding this receptor (Zemskov et al., 2009).

Previous studies implicated the gatekeeper function of LRP1 in restricting the PDGFRβ
activity in the vasculature as SMC-specific LRP1 knockout enhanced PDGFRβ activation
and atherosclerotic response in LDL receptor-deficient mice (Boucher et al., 2003). Yet, cell
surface tTG is efficiently down-regulated via LRP1-mediated endocytosis and its levels
increase in the LRP1-deficient cells (Zemskov et al., 2007). Hence, one can envision a
cross-talk between the negative regulator of PDGFRβ function, LRP1, and its activator, tTG,
in the modulation of signaling by this receptor on the surface of vascular SMCs. In addition,
the LRP1 function in vascular SMCs is antagonized by the membrane-anchored matrix
metalloproteinase MT1-MMP, which cleaves this endocytic/signaling receptor, thereby
facilitating the PDGF-BB/PDGFRβ signaling and concomitant dedifferentiation of these
cells (Lehti et al., 2009). Although cell surface tTG also serves as proteolytic substrate of
MT1-MMP, its degradation is blocked by the major ECM ligand of tTG, fibronectin (Belkin
et al., 2001).

Our findings also suggest that cell surface tTG cooperates with fibronectin in the PDGF-BB-
induced modulation of vascular SMC phenotype. Indeed, tTG serves as an integrin-binding
receptor for fibronectin on the cell surface (Akimov et al., 2000), and expression of these
proteins is co-regulated on the transcriptional level in several cell types (Thomas-Ecker et
al., 2007; Chen et al., 2010). Fibronectin enhances PDGF-BB-mediated signaling in
fibroblasts (Sundberg and Rubin, 1998), serves as a key ECM component that stimulates the
PDGF-BB-induced transition of vascular SMCs from contractile to synthetic phenotype
(Hedin et al., 1988), and promotes their survival, growth and migration (Grainger et al.,
1994; Nelson et al., 1997). Moreover, fibronectin gene expression is induced by PDGF-BB
in vascular SMCs (Lo et al., 1995 and this study). Finally, the alterations in tTG expression
in these cells parallel the changes in the levels of fibronectin mRNA and protein. Hence, the
tTG-fibronectin adhesive/signaling complexes in the ECM can amplify the PDGF-BB/
PDGFRβ signaling axis and associated cell responses acting as potent modulators of
vascular SMC phenotype. Future mechanistic studies on the cross-talk among tTG,
fibronectin, LRP1 and MT1-MMP on the surface of vascular SMCs should help to define
the individual roles of these proteins as well as their interactions in the regulation of PDGF-
mediated processes in the normal vasculature and vascular diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. tTG regulates PDGFRβ receptor levels and localization in vascular SMCs
(A) tTG does not alter PDGFRα and PDGFRβ mRNA levels in vascular SMCs. mRNA
levels of tTG, PDGFRα, PDGFRβ, and tubulin were determined by quantitative RT-PCR in
human aortic SMCs expressing sh-tTG, control vector, and tTG. (B) tTG down-regulates
PDGFRα and PDGFRβ levels in vascular SMCs. The levels of tTG, PDGFRα, PDGFRβ,
and tubulin were defined by immunoblotting. The amounts of tTG, PDGFRα, and PDGFRβ
were quantified by densitometry, averaged, and expressed as % change compared to those in
control cells. (C) Surface tTG levels were defined by immunostaining of live
nonpermeabilized cells and flow cytometry. (D) tTG promotes PDGFRβ clustering in
vascular SMCs. Human aortic SMCs that express non-silensing control (HASMC-control)
or tTG (HASMC-shtTG) shRNA were double stained for PDGFRβ (green) and tTG (red).
Note large PDGFRβ clusters containing tTG in the lamellae of HASMSC-control cells
(arrowheads, bottom) and their lack in tTG-deficient HASMC-shtTG cells (top). (E) tTG
promotes PDGFRβ turnover. HASMC-shtTG and HASMC-control cells were pulse-labeled
with Tran35S-label™ for 30 min without PDGF-BB and then chased for indicated times in
the absence of growth factors. PDGFRβ was immunoprecipitated from SDS-denatured cell
extracts containing 200 μg total cell protein. The immune complexes were resolved by SDS-
PAGE and detected by fluorography. The amounts of de novo synthesized PDGFRβ were
defined by 35S scintillation counting and presented as percentages of those in the cells
before start of the chase. (B,E) Shown are the means ± S.D. for three independent
experiments.
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Figure 2. tTG increases PDGF-BB-dependent activation of PDGFRβ and its downstream
signaling targets in vascular SMCs
Adherent quiescent human aortic SMCs expressing non-silencing shRNA (control) or tTG
shRNA (shtTG) were treated with 0.5 nM PDGF-BB for 0 6 min. (A,B) Activation levels of
PDGFRβ (A) and its downstream targets (B) were defined by immunoblotting with
antibodies to pTyr716-PDGFRβ, pTyr740-PDGFRβ, pTyr751-PDGFRβ, pTyr771-PDGFRβ,
pTyr1021-PDGFRβ, PDGFRβ, pThr308-Akt1, pSer473-Akt1, pERK1/2, pTyr542-Shp-2,
pTyr418-src, pTyr397-FAK, pTyr861-FAK, pTyr317-Shc, and pp38MAPK. All samples
were normalized for equal amounts of tubulin. (C) Phospho-site signals were quantified,
averaged, and expressed for control cells as -fold activation over those in shtTG-expressing
cells. Shown are the means ± S.D. for three independent experiments.
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Figure 3. tTG promotes PDGF-BB-mediated dedifferentiation of vascular SMCs
(A,B) Adherent quiescent human aortic SMCs expressing tTG shRNA (shtTG), non-
silencing shRNA (control) or tTG were treated with 10 nM PDGF-BB for 72 hours. (A) tTG
increases fibronectin mRNA levels and enhances PDGF-BB-dependent down-regulation of
SM α-actin mRNA. mRNA levels of tTG, fibronectin, SM α-actin, and tubulin were
determined by quantitative RT-PCR. (D) tTG increases the levels of fibronectin and
promotes PDGF-BB-induced down-regulation of SM α actin. The levels of tTG, fibronectin,
SM α-actin, and tubulin were defined by immunoblotting. The amounts of fibronectin and
SM α-actin mRNAs (B,C) and proteins (E,F) were quantified by densitometry, averaged,
and expressed as -fold increase over those in control cells without PDGF-BB treatment.
Shown are the means ± S.D. for three independent experiments.
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Figure 4. tTG stimulates PDGF-BB-induced survival, proliferation, and migration of vascular
SMCs
(A) tTG promotes PDGF-BB-mediated vascular SMC survival. Apoptosis of adherent
quiescent human aortic SMCs expressing tTG shRNA (shtTG), non-silencing shRNA
(control) or tTG was induced by treatment with 100 μM H2O2 for 12 hours with or without
10 nM PDGF-BB and 20 μg/ml AG1296. The numbers of apoptotic cells were quantified
and expressed as -fold increase over those in the control cells without H2O2 and PDGF-BB.
(B) tTG promotes PDGF-BB-mediated vascular SMC proliferation. Proliferation of adherent
serum-starved human aortic SMCs expressing tTG shRNA (shtTG), non-silencing shRNA
(control) or tTG was measured after induction with 0–10 nM PDGF-BB for 72 hours. Cell
numbers were quantified and expressed as % change compared to those in the population of
control cells without PDGF-BB. (C) tTG stimulates PDGF-BB-mediated migration of
vascular SMCs. Chemotactic migration of 5×104 35S-labeled adherent quiescent human
aortic SMCs expressing tTG shRNA (shtTG), non-silencing shRNA (control) or tTG
through 8-μm membrane pores was studied in Transwells™ with 0–10 nM PDGF-BB in
lower chambers. After 12 hours, transmigrated cells were removed from the filter bottoms;
radioactivity was counted and converted to cell numbers. The upper panels show membrane
undersides stained with crystal violet. Bar - 100 μm. (A–C) Some samples contained
PDGFR inhibitor AG1296. Shown are the means ± S.D. for three independent experiments
with measurements performed in triplicate, *P< 0.05.

Zemskov et al. Page 15

J Cell Physiol. Author manuscript; available in PMC 2013 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. PDGF-BB and injury increase tTG levels in vascular SMCs
(A–G) Left mouse carotid artery was wire-injured (Lindner et al., 1993) and neointima was
allowed to form for 4 weeks. (A) Transverse section of the injury area was stained to
visualize elastin. The area marked by rectangle shows neointima formation. (B,C)
Extracellular tTG-generated Gln-Lys isopeptides are present in the neointima. Sections were
labeled with mAb reacting with tTG-generated Gln-Lys isopeptide (B), or the same antibody
preincubated with excess free Gln-Lys isopeptide (C). (D–G) The levels of tTG and
extracellular tTG-generated cross-links are increased in neointima. Transverse serial
sections of uninjured contralateral (D,E) and neointima in the injured (F,G) carotid arteries
were labeled with antibodies to tTG (D,F) or tTG-generated Gln-Lys isopeptides (G,E). The
staining was developed with peroxidase-conjugated secondary IgG, DAB substrate, and
counter-staining with hematoxylin and eosin. Bars - 50 μm (A), 20 μm (B,C), and 10 μm
(D–G). (H) PDGF-BB and oxidized LDLs increase tTG levels in human aortic SMCs.
Quiescent adherent cells were treated with 2 nM PDGF-BB, 1 nM IL-1β, their combination,
2 nM basic FGF, or 1 nM TNFα for 48 hours (left panel). Adherent cells in delipidated 10%
serum (ds) were treated with 100 μg/ml native or oxidized LDLs for 24 hours (right panel).
The levels of tTG and tubulin were defined by immunoblotting. tTG amounts were
quantified by densitometry, averaged, normalized for tubulin loadings and expressed as -fold
increase over those in cells in quiescence (left panel) or in delipidated serum (right panel).
Shown in (H) are the means ± S.D. for three independent experiments.
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Figure 6. The enhancer role of tTG within the PDGF/PDGFR signaling axis in vascular SMCs
tTG amplifies PDGF-BB-mediated signaling and downstream responses due to binding
PDGFRβ and promoting the receptor activation, whereas tTG own levels are increased by
PDGF-BB. See additional comments in the text.
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