THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 14, pp. 10115-10125, April 4, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

A Novel Mechanism by Which Tissue Transglutaminase
Activates Signaling Events That Promote Cell Survival
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Background: Tissue transglutaminase (tTG) promotes various aspects of oncogenesis, including cell survival.

Results: Ectopically expressed tTG in non-transformed cells triggers a survival response that involves c-Src and PI3-kinase.
Conclusion: tTG promotes survival by activating PI3-kinase through a c-Src-dependent mechanism.

Significance: These findings demonstrate that tTG has an intrinsic capability to promote cell survival and explains how it

contributes to oncogenesis.

Tissue transglutaminase (tTG) functions as a GTPase and an
acyl transferase that catalyzes the formation of protein cross-
links. tTG expression is frequently up-regulated in human can-
cer, where it has been implicated in various aspects of cancer
progression, including cell survival and chemo-resistance. How-
ever, the extent to which tTG cooperates with other proteins
within the context of a cancer cell, versus its intrinsic ability to
confer transformed characteristics to cells, is poorly under-
stood. To address this question, we asked what effect the ectopic
expression of tTG in a non-transformed cellular background
would have on the behavior of the cells. Using NIH3T3 fibro-
blasts stably expressing a Myc-tagged form of tTG, we found
that tTG strongly protected these cells from serum starvation-
induced apoptosis and triggered the activation of the PI3-ki-
nase/mTOR Complex 1 (mTORC1)/p70 S6-kinase pathway. We
determined that tTG forms a complex with the non-receptor
tyrosine kinase c-Src and PI3-kinase, and that treating cells with
inhibitors to block tTG function (monodansylcadaverine;
MDC) or c-Src kinase activity (PP2) disrupted the formation of
this complex, and prevented tTG from activating the PI3-kinase
pathway. Moreover, treatment of fibroblasts over-expressing
tTG with PP2, or with inhibitors that inactivate components of
the PI3-kinase pathway, including PI3-kinase (LY294002) and
mTORCI1 (rapamycin), ablated the tTG-promoted survival of
the cells. These findings demonstrate that tTG has an intrinsic
capability to stimulate cell survival through a novel mechanism
that activates PI3-kinase signaling events, thus highlighting tTG
as a potential target for the treatment of human cancer.

Tissue transglutaminase (tTG)? is a protein that is capable of
multiple catalytic activities. In particular, tTG can bind and

" These authors contributed equally to this work.

2To whom correspondence should be addressed: Department of Molecular
Medicine, Cornell University, Ithaca, NY 14853-6401. Tel.: 607-253-3888;
Fax: 607-253-3659; E-mail: rac1@cornell.edu.

3 The abbreviations used are: tTG, tissue transglutaminase; BPA, biotinylated
pentylamine; CS, calf serum; DAPI, 6-diamidino-2-phenylindole; EGF, epi-
dermal growth factor; MAP kinase, mitogen-activated protein kinase;
MDC, monodansylcadaverine; mTOR, mammalian target of rapamycin;
mTORC1, mTOR complex 1; PVDF, polyvinylidene fluoride; ERK, extracellu-
lar signal-regulated kinase; JNK, c-Jun-N-terminal kinase; p70 Sé-kinase,
ribosomal protein S6 kinase; c-Src, cellular sarcoma; PTEN, phosphatase
and tensin homologue deleted on chromosome ten.

APRIL 4, 2014 «VOLUME 289-NUMBER 14

hydrolyze GTP-like members of the large and small families of
GTPases (i.e. Rho, Rac, Cdc42, and Ras) (1-3). It also exhibits a
calcium-dependent acyl transferase activity (transamidation)
that catalyzes the formation of an amide bond between the
y-carboximide group of a glutamine residue within one protein
and the primary amino groups or the e-amino group of a lysine
residue within another protein (4, 5). Because its transamida-
tion activity requires millimolar concentrations of calcium, it
seems likely that this activity becomes most relevant when tTG
is secreted from cells. tTG has been implicated in the regulation
of a wide array of cellular processes, ranging from the mainte-
nance of the extracellular matrix and cell adhesion to the induc-
tion of cellular differentiation and apoptosis (6 —10). However,
tTG has also been suggested to play crucial roles in the progres-
sion of a number of human disease states. In particular, during
the past decade, several laboratories, including our own, have
shown that increases in t TG expression are hallmarks of various
types of human cancer including breast, brain, ovarian, and
pancreatic cancers (11-16). In many of these same studies, it
was also shown that knocking-down tTG expression by siRNA
in cancer cell lines where it was aberrantly expressed, or treat-
ing the cells with the small molecule MDC, which binds as a
competitive inhibitor/substrate at the transamidation active
site of tT G, either ablated the growth of the cancer cells or made
them more sensitive to chemotherapy and other types of apo-
ptotic-inducing cellular stress (11-13, 16).

The indications that the overexpression of tTG contributes
to tumor progression and metastasis raise an important ques-
tion, namely to what extent are the contributions of tTG to
cancer progression shaped by the cancer cell context and the
various signaling proteins present within transformed cells,
versus the intrinsic ability of t TG to alter normal cellular behav-
ior. Indeed, various studies have suggested that tTG can work
together with different signaling proteins in the background of
a cancer cell (17-20). One example from studies performed in
our laboratory involves the ability of t TG to influence the trans-
formed characteristics of human breast cancer cells. In partic-
ular, we discovered, when using the human SKBR3 breast can-
cer cell line as a model, that tTG expression and activation were
strongly up-regulated in an epidermal growth factor (EGF)-de-
pendent manner. Moreover, tTG was essential for the EGF-
stimulated growth of these cancer cells in monolayer, as well as
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for their anchorage-independent growth and importantly, their
survival in the face of stress conditions and apoptotic challenges
such as chemotherapeutic agents (20). We then demonstrated
that a key element in the transformed characteristics of these
breast cancer cells, as imparted by tTG, was its ability to form a
complex with the non-receptor tyrosine kinase and proto-on-
cogene c-Src.

Here, we have set out to determine whether tTG has the
ability to alter the behavior of non-transformed cells, as a means
of obtaining insights into the capability of this protein in the
absence of a cancer cell context to induce characteristics nec-
essary for malignant transformation. To address this important
question, we have examined the biological consequences of
ectopically expressing tTG in NIH3T3 cells, a fibroblast cell
line. Interestingly, we found that tTG strongly promoted
NIH3T3 cell survival by enhancing the activation of the canon-
ical PI3-kinase/mTORC1/p70 S6-kinase pathway. We then
went on to demonstrate that the ability of tTG to activate this
signaling pathway was through the assembly of a complex con-
sisting of tTG, c-Src, and PI13-kinase. Importantly, treating the
cells with either the Src inhibitor, PP2, or MDC, disrupted the
interaction between c-Src and tTG, as well as blocked the ability
of tTG to stimulate PI3-kinase-mediated signaling events.
Thus, these findings point to tTG as being a key participantin a
c-Src-PI3-kinase signaling pathway and that it is able to associ-
ate with these signaling proteins even in a non-transformed
cellular context. This capability is likely to have important con-
sequences for enabling cancer cells to survive various apoptotic
challenges including treatment with chemotherapeutic drugs.

EXPERIMENTAL PROCEDURES

Materials—All cell culture reagents (unless mentioned oth-
erwise), Lipofectamine, EGF, and protein G-agarose beads were
from Invitrogen. Monodansylcadaverine (MDC) and 6-di-
amidino-2-phenylindole (DAPI) were obtained from Sigma,
while PP2, LY294002, and rapamycin were from Calbiochem.
Biotinylated pentylamine (BPA) was obtained from Pierce, and
the Myc and HA antibodies were from Covance. The Ras, pan-
p70 S6-kinase, and p85 antibodies were from Millipore, the tTG
antibody was from Zedira, the p110 antibody was from Santa
Cruz Biotechnology, and the actin antibody was from Neo-
markers. The anti-phosphotyrosine, cleaved caspase-3, and
cleaved PARP antibodies, as well as the antibodies that recog-
nize the total, activated, and/or phosphorylated forms of ERK
(Thr-202/Tyr-204), c-Jun (Ser-63/Ser-73), AKT (Thr-308 and
Ser-473), mTOR (52448), p70 S6-kinase (Thr-389), p85 (Tyr-
458), and PTEN (Ser-380/Thr-382/Thr-383) were from Cell
Signaling.

Cell Culture—Parental NIH3T?3 cells were grown in DMEM
containing 10% calf serum (CS), while HEK293T cells were
grown in DMEM containing 10% fetal bovine serum (FBS). The
pcDNA3 constructs encoding the Myc-tagged forms of wild-
type tTG or tTG C277V and the HA-tagged forms of H-Ras
G12V, c-Src, v-Src, p85, or p110«, were transfected into cells
using Lipofectamine. Clones of NIH3T3 mouse fibroblasts sta-
bly expressing the vector alone or a Myc-tagged form of wild-
type tTG were selected by culturing the cells in DMEM con-
taining 10% CS and 2 ug/ml puromycin. Once individual clones
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expressing either the vector alone or the Myc-tagged form of
tTG were obtained, the cells were then maintained in the same
growth medium supplemented with 0.5 ug/ml puromycin.
Where indicated, cells were treated with 50 um MDC, 0.1
pg/ml EGF, 10 um PP2, 10 um LY294002, or 50 nMm rapamycin.
Cells were lysed with cell lysis buffer (25 mm Tris, 100 mm NaCl,
1% Triton X-100, 1 mm EDTA, 1 mMm DTT, 1 mm NaVO,, 1 mm
B-glycerol phosphate, 1 ug/ml aprotinin, 1 pug/ml leupeptin).
The Bio-Rad DC protein assay was used to determine the pro-
tein concentrations of the cell lysates.

Transamidation Activity Assays—Fifteen micrograms of
whole cell extracts collected from parental NIH3T3 cells or
NIH3T3 cells stably expressing the vector alone or a Myc-
tagged form of tTG, were incubated in a buffer containing 10
mM dithiothreitol, 10 mm CaCl,, and 50 um BPA for 10 min
followed by the addition of Laemmli sample buffer. The sam-
ples were boiled, subjected to SDS-PAGE, transferred to poly-
vinylidene fluoride (PVDF) membranes, and blocked for 1 day
in BBST (100 mM boric acid, 20 mM sodium borate, 0.01% SDS,
0.01% Tween 20, 80 mm NaCl) containing 10% bovine serum
albumin (BSA). The PVDF membranes were then incubated
with horseradish-peroxidase-conjugated streptavidin at a dilu-
tion of 1:2000 in BBST containing 5% BSA for 1 h, followed by
extensive washing with BBST. The membranes were then
exposed to ECL reagent, and the proteins that had incorporated
BPA were visualized using x-ray film.

Focus Formation Assays—Nearly confluent cultures of fibro-
blasts were transfected without (Mock) or with expression plas-
mids encoding a Myc-tagged form of tTG or an HA-tagged
form of activated H-Ras (H-Ras G12V) and were maintained in
DMEM containing 10% CS for 10 days. The cells were then
fixed with 3.7% formaldehyde and stained with 0.4% crystal
violet to visualize any resulting foci that formed.

Cell Migration (Scratch) Assays—Multiple sets of NIH3T3
cells stably expressing either the vector alone or a Myc-tagged
form of tTG were grown to confluence, at which time a wound
was struck down the center of each plate using a pipette tip and
the cultures rinsed with phosphate-buffered saline to remove
the detached cells. One set of cells was immediately fixed with
3.7% formaldehyde after striking the wound to indicate the size
of the initial wound. The remaining sets of cells were then
placed in DMEM containing 0.1% CS for 1 day before being
fixed. The ability of the cells to migrate into the wound was
visualized by light microscopy and photographed.

Cell Growth Assays—Multiple sets of NIH3T3 cells stably
expressing the vector alone or a Myc-tagged form of tTG were
plated in 6-well dishes at a density of 2 X 10* cells/dish and
maintained in DMEM containing 0.1% CS. One set of the cells
was counted every 2 days, while the medium on the remaining
sets of cells was replenished. The growth assays were carried-
out over a span of 6 days.

Apoptotic Assays—NIH3T3 cells stably expressing either the
vector alone or a Myc-tagged form of tTG were seeded in 6-well
dishes and then maintained in serum-free medium without or
with PP2, LY294002, MDC or rapamycin for the indicated
lengths of time. The cells (both floating and attached) were then
collected and stained with DAPI (2 ug/ml) for viewing by fluo-
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rescence microscopy. Apoptotic cells were identified by con-
densed and/or blebbed nuclei.

PI3-kinase Activity Assays—Serum-starved cultures of
NIH3T3 cells stably expressing the vector alone or a Myc-
tagged form of tTG were treated without or with EGF for 10
min and lysed. Immunoprecipitations using a p85 antibody
were performed on the cell lysates, and then the immunocom-
plexes were subjected to kinase reactions through the addition
of ATP and PI(4,5)P,. The resulting production of PI(3,4,5)P,
was quantified using an ELISA-based assay kit obtained from
Echelon Biosciences. All procedures were carried out according
to the manufacturer’s instructions.

Immunoprecipitations—Cell lysates (typically 1.2 mg) were
initially pre-cleared using protein G-agarose beads. The pre-
cleared lysates were then incubated with an antibody for 1.5 h,
followed by the addition of protein G-agarose beads for another
1.5 h. After extensive washing of the beads with cell lysis buffer,
Laemmli sample buffer was added to the beads and the samples
were boiled.

Immunoblot Analysis—Whole cell lysates (60 g of each) and
the resulting immunoprecipitates were resolved by SDS-PAGE,
and the proteins were transferred to PVDF membranes. The
membranes were incubated in primary antibodies prepared in
20 mm Tris, 135 mm NaCl, and 0.02% Tween 20. Horseradish-
peroxidase conjugated secondary antibodies were used to
detect the primary antibodies, followed by exposure to ECL
reagent.

Statistical Analysis—All assays/experiments were performed
a minimum of three separate times and many of the results
were presented as bar graphs. In these cases, the error bars
indicate standard deviation. Statistical analyses of the results
were done using Excel to perform Student’s t-tests. p values <0.05
were considered statistically significant and were indicated with
asterisks.

RESULTS

Ectopic Expression of tTG in Fibroblasts Promotes Cell
Survival—Increases in tTG expression and activation occur in
several different types of human cancer resulting in a wide
range of potential interactions and cross-talk with other pro-
teins that drive transformation (12, 14, 20-22). This has con-
tributed to some confusion in the field regarding the many pos-
sible roles that tT'G plays in cancer progression. In particular, it
has been extremely difficult to identify the inherent and funda-
mental actions of t TG that contribute to the development of the
malignant state. To determine the intrinsic capability of tTG to
mediate actions relevant to cancer progression, we examined
the effects of overexpressing this protein in a non-transformed
cell type. The NIH3T3 mouse fibroblast cell line was chosen as
our model system for this study, as it is commonly used to
read-out various types of cellular outcomes (23-25). Fig. 14
(top panel, first lane) shows that these cells express low, but
detectable, levels of tTG. We then generated two different
NIH3TS3 stable cell lines; one expressing the vector alone and
the other expressing a Myc-tagged form of wild-type tTG (Fig.
1A, second panel from the top, second and third lanes). The tTG
ectopically expressed in the fibroblasts is functionally active, as
indicated by its ability to catalyze the calcium-dependent incor-
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poration of biotinylated pentylamine (BPA) into lysate pro-
teins, as compared with parental or vector alone-expressing
fibroblasts, which exhibit little detectable activity in this assay
(Fig. 1A, bottom panel).

Previous work from our laboratory had suggested that over-
expressing tTG in non-transformed cell lines was not sufficient
to induce transformation, as indicated by their inability to
exhibit anchorage-independent growth (i.e. as assayed by col-
ony formation in soft agar) (26). Here, we followed-up on these
findings by performing focus formation assays on NIH3T?3 cells
ectopically expressing tTG. The ability of cells to form foci (i.e.
distinct areas of high cell density) represents another indicator
of cellular transformation that measures the ability of cells to
overcome the contact inhibition exhibited by non-transformed
cells when grown in monolayer. For these experiments, cultures
of parental fibroblasts were transiently transfected without
(Mock), or with expression plasmids encoding either tTG (¢7G)
or an oncogenic form of Ras (H-Ras G12V), and then were
maintained in normal growth medium (DMEM containing 10%
CS) for 10 days. The resulting cell cultures were then fixed and
stained with crystal violet to highlight any differences in cell
densities (i.e. foci) that might have occurred as an outcome of
expressing tTG or activated H-Ras in the cells. As anticipated,
fibroblasts expressing oncogenic Ras (H-Ras GI12V) formed
numerous foci (Fig. 1B, bottom panel), while neither the control
fibroblasts (Mock) (Fig. 1B, top panel), nor the NIH3T3 cells
transfected with the tTG plasmid (Fig. 1B, middle panel),
showed detectable foci.

Given that tTG has been shown to localize to the leading
edges of actively migrating cancer cells where it promotes the
EGF-stimulated migration of the HeLa cervical carcinoma cell
line, as well as the constitutive migration exhibited by the
MDAMB231 breast cancer cell line (17, 27), we next examined
whether the over-expression of tTG in NIH3T3 cells would
enhance their ability to migrate. The NIH3T3 cells stably
expressing the vector alone or a Myc-tagged form of tTG were
subjected to wound healing (scratch) assays to determine
whether there was any difference in the rate at which these cell
lines migrated. Fig. 1C shows that the extent of cell migration
into the wound by fibroblasts expressing the vector alone, ver-
sus Myc-tagged tTG, was similar, suggesting that tTG is not
important for promoting the general migration of these cells.

We then examined the ability of tTG to impact cell survival.
Serum starvation is a stress that induces a cell death response in
a number of cell types, including NIH3T3 fibroblasts (26, 28).
Thus, we took cultures of NIH3T3 cells stably expressing the
vector alone or Myc-tagged tTG and placed them in serum-free
medium for increasing lengths of time ranging from 0 to 48 h.
The cells were then collected, and the extent of cell death was
determined by staining the cells with DAPI and examining
them for the appearance of condensed and/or blebbed nuclei,
an indicator of apoptosis. Fig. 1D shows that the vector alone-
expressing cells undergo a time-dependent apoptotic response,
with ~75% of the cells dying after being cultured in medium
lacking serum for 48 h. In contrast, ~20% of the tTG-express-
ing fibroblasts were apoptotic under the same culturing condi-
tions, suggesting tTG strongly promotes the survival of the
fibroblasts. To further substantiate these findings, the stable
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FIGURE 1. Ectopic expression of tTG in NIH3T3 fibroblasts promotes cell growth and survival. A, whole cell lysates of parental NIH3T3 cells, or NIH3T3 cells
stably expressing the vector alone or a Myc-tagged form of tTG, were immunoblotted with tTG, Myc, and actin antibodies. The same cell lysates were also
assayed for transamidation (cross-linking) activity by determining the incorporation of BPA into lysate proteins as described in “Experimental Procedures.” B,
focus formation assays were carried-out on parental fibroblasts that were transiently transfected without (Mock), or with expression plasmids encoding either
Myc-tagged tTG (tTG), or an HA-tagged activated form of Ras (H-Ras G12V). The cells were maintained in DMEM supplemented with 10% CS for 10 days, at which
time they were fixed and stained with crystal violet. Shown are representative images of the resulting foci that formed for each condition. C, cell migration
(scratch) assays were performed on NIH3T3 cells stably expressing the vector alone or a Myc-tagged form of tTG. Twenty-four hours after striking the wound,
the cells were fixed and then visualized by light microscopy to determine the extent of wound closure. One set of vector alone-expressing fibroblasts was fixed
immediately after striking the wound (Control 0 h.) to indicate the width of the initial wound (indicated by dashed lines). D, cultures of the NIH3T3 cells stably
expressing the vector alone or a Myc-tagged form of tTG were placed in serum-free medium for the indicated lengths of time, at which point they were
collected and stained with DAPI to identify condensed and/or blebbed nuclei. Percent apoptosis was determined by calculating the ratio of apoptotic to
non-apoptotic cells. The experiments were performed in triplicate, and the results were averaged. The error bars indicate standard deviation, and the p values
determined for the different conditions are as follows; *, p < 0.05 and **, p < 0.01. E, stable cell lines were cultured in serum free medium for the indicated
lengths of time and lysed. The extracts were then immunoblotted with Myc, actin, cleaved caspase-3, and cleaved PARP antibodies. F, growth in low serum
assays were performed on NIH3T3 cells stably expressing the vector alone or Myc-tagged tTG by plating them at a density of 2 X 10* cells/dish in 6-well dishes
and then placing them in DMEM containing 0.1% CS. Every other day for 6 days, one set of cells was counted, while on the remaining sets of cells the medium
was replenished. The experiments were performed in triplicate, and the results were averaged together and graphed. The error bars indicate standard
deviation, and the p values determined for the different conditions are as follows; *, p < 0.05 and **, p < 0.01.

cell lines, after being subjected to a similar serum starvation
time course, were collected and analyzed by Western blot anal-
ysis for the presence of the apoptotic markers cleaved caspase-3
and cleaved PARP. Fig. 1E shows that cleaved forms of
caspase-3 (second panel from the top) and PARP (third panel
from the top) start to be detectable in the fibroblasts expressing
the vector alone by 24 h of serum deprivation, and are near
maximal at 36 h. In contrast, the amounts of cleaved caspase-3
and PARP detected in the cells expressing tTG remained low
throughout the duration of the experiment.

The growth rates of the stable cell lines maintained in
medium containing 0.1% serum (low serum conditions) over
the course of 6 days were also assessed. The results in Fig. 1F
show that tTG promoted the growth of fibroblasts cultured
under low serum conditions, as evidenced by the continued
growth of the cells stably expressing tTG, whereas, the growth
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rate of the cells expressing the vector alone was stunted. These
data suggest that tTG expression in a normal non-transformed
cell type is sufficient to promote some aspects of cellular trans-
formation, in particular, cell survival, and growth in low serum.

tTG Activates PI3-kinase—To further explore how tTG pro-
motes cell survival, the NIH3T3 stable cell lines were main-
tained in serum-free medium for 24 h and lysed. The whole cell
lysates were then subjected to Western blot analysis using anti-
bodies which detect the activated or phosphorylated forms of
several traditional signaling proteins known to promote cell
survival, with the expectation being that if tTG promotes cell
viability by activating certain signaling proteins, then we should
be able to detect an increase in the activation/phosphorylation
of these proteins in fibroblasts expressing Myc-tagged tTG,
compared with cells expressing the vector alone. The proteins
whose activities were examined included members of the mito-
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form of tTG were placed in serum-free medium for 24 h, at which time they were lysed and subjected to Western blot analysis using the indicated antibodies.
B, serum-starved cultures of the same stable cell lines were left untreated or were treated with EGF for 10 min prior to being lysed. Immunoprecipitations using
a p85 antibody (/P: p85) were carried-out on the cell extracts (1.2 mg), as was a beads only (no antibody) immunoprecipitation performed on lysates collected
from EGF-stimulated NIH3T3 cells expressing the vector alone (the negative control for these experiments). The resulting immunocomplexes and 60 g of each
whole cell lysate (WCL) were subjected to Western blot analysis using the indicated antibodies (left panels). The immunocomplexes were also subjected to
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0.05. G, stable cell lines were cultured in serum-free medium supplemented without (not treated; NT) or with MDC for 24 h at which time they were lysed. The
whole cell lysates were then subjected to Western blot analysis using the indicated antibodies.

gen-activated protein (MAP) kinase family, specifically, extra-
cellular signal-regulated kinase (ERK) and c-Jun N-terminal
kinase (JNK), as well as components of the canonical PI3-kinase
signaling cascade, namely, AKT, mammalian target of rapamy-
cin (mTOR), and p70 S6-kinase (p70S6K). Fig. 2A shows that
when using antibodies recognizing the activated form of ERK,
as well as the phosphorylation of the transcription factor c-Jun
at Ser-63 and Ser-73 (i.e. two known JNK phosphorylation
sites), we found that neither of these MAP kinase family mem-
bers were activated by tTG overexpression (third and fourth
panels from the top, respectively). However, components of the
PI3-kinase pathway were significantly affected. Specifically,
fibroblasts ectopically expressing tTG showed higher levels of
AKT (fifth and sixth panels from the top), mTOR (eighth panel
from the top), and p70 S6-kinase phosphorylation (tenth panel
from the fop) compared with control cells, while the overall
expression levels of each of these signaling proteins remained
constant (seventh, ninth, and eleventh panels from the top,
respectively).

We examined whether PI3-kinase activity is up-regulated in
the cells expressing tTG. Serum-starved cultures of NIH3T3
cells stably expressing the vector alone or a Myc-tagged form of
tTG were either left untreated or were stimulated with EGF for
10 min prior to being lysed. Immunoprecipitations using a p85
antibody were carried out on the cell extracts, and then the
resulting immunocomplexes, together with the whole cell

APRIL 4, 2014 «VOLUME 289-NUMBER 14

extracts, were immunoblotted with an antibody that detects
p85 and another that recognizes the different isoforms of p110.
Fig. 2B (left panels) shows that the levels of p85 and p110 iso-
forms detected in the stable cell lines (WCL) were similar (third
and fourth panels from the top), as was the amount of p85 that
was immunoprecipitated from each of the lysates (top panel).
The immunocomplexes were then subjected to kinase reac-
tions, where the amount of PI(3,4,5)P; generated by each sam-
ple was determined using an ELISA-based detection assay. Fig.
2B (right panel) shows that PI3-kinase activity in the cells
expressing the vector alone is low and is comparable to the
background levels of activity seen in the negative control (i.e.
immunoprecipitations without p85 antibody performed on
lysates from EGEF-stimulated NIH3T3 cells expressing the vec-
tor alone). However, the cells expressing tTG exhibited an
~4-fold increase in PI3-kinase activity. In fact, the level of PI3-
kinase activity detected in these cells was similar to that
obtained in the positive control, where cells expressing the vec-
tor alone were treated with EGF. Thus, these results demon-
strate that PI3-kinase activity is increased in the cells overex-
pressing tTG, and is consistent with the increases in the
phosphorylations of AKT, mTOR, and p70 S6-kinase detected
in these cells (Fig. 24).

To further confirm that these results were due to the ectopic
expression of tTG, we treated the stable cell lines without or
with the tTG inhibitor, MDC, which binds at the transamida-
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tion active site. Fig. 2C shows that MDC treatment blocked the
increases in AKT, mTOR, and p70 S6-kinase activities observed
in fibroblasts over-expressing tTG (third, fourth, sixth, and
eighth panels from the top, respectively), again without altering
the expression levels of each of these proteins (fifth, seventh,
and ninth panels from the top, respectively).

The Ability of tTG to Activate the PI3-kinase Pathway
Requires Src Kinase Activity—We wanted to learn more about
how the overexpression of tTG in NIH3T3 cells leads to
increased activation of PI3-kinase and several of its down-
stream effectors, namely AKT, mTOR, and p70 S6-kinase.
Based on a recent suggestion that tTG can down-regulate the
expression of the lipid phosphatase and major negative regula-
tor of PI3-kinase signaling, PTEN (for phosphatase and tensin
homologue deleted on chromosome ten), in pancreatic cancer
cells (22), we first examined whether tTG affected PTEN
expression in a manner that might promote PI3-kinase signal-
ing activity in NIH3T3 cells. However, this was ruled out when
we compared the levels of PTEN in the lysates collected from
the NIH3T3 fibroblasts expressing the vector alone, to those
expressing Myc-tagged tTG, and found that they were similar
(Fig. 24, bottom panel). Moreover, we also determined whether
the phosphorylation of PTEN was increased in fibroblasts over-
expressing tTG, as the phosphorylation of PTEN in its C-ter-
minal tail has been shown to inhibit its phosphatase activity, as
well as enhance its stability (29, 30). However, the relative
amounts of phosphorylated PTEN detected in these same
whole cell lysates were nearly identical (Fig. 24, second panel
from the bottom), further suggesting that t TG is not stimulating
the PI3-kinase pathway by inhibiting PTEN.

The non-receptor tyrosine kinase c-Src, as well as other
members of the Src family, can bind and phosphorylate the p85
regulatory subunit of PI3-kinase (31-33). This phosphorylation
event is believed to induce a conformational change in p85 that
allows the p110 catalytic subunit of PI3-kinase to become acti-
vated and signal to its downstream effectors (i.e. AKT, mTOR,
and p70 S6-kinase) (34, 35). Moreover, it has been shown that
the ability of Src to stimulate PI3-kinase activity is critical for
Src-mediated cellular transformation, highlighting that these
two proteins can participate in a common signaling pathway
important for malignant transformation (36, 37). Interestingly,
our laboratory recently reported that t TG can bind and activate
¢-Src in human SKBR3 breast cancer cells stimulated with EGF
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(20). Since c¢-Src interacts with both PI3-kinase and tTG, and
the overexpression of tTG in fibroblasts enhances the activa-
tion of the PI3-kinase pathway, we asked whether Src activity
was important for the ability of tTG to stimulate PI3-kinase/
mTOR/p70 S6-kinase signaling. To address this question,
serum-starved fibroblasts stably expressing the vector alone or
Myc-tagged tTG were incubated without or with the Src kinase
inhibitor PP2, before being lysed and then immunoblotted to
read-out the effects of this treatment on p70 S6-kinase activity.
Fig. 3A shows that inhibiting Src in cells expressing Myc-tagged
tTG reduced the levels of p70 S6-kinase activity (third panel
from the top) to those observed in control cells expressing the
vector alone. Thus, c-Src kinase activity is indeed necessary for
tTG to activate the PI3-kinase pathway.

This finding prompted us to then determine whether the
activation of c-Src was sufficient to mimic the effects of tTG
and stimulate PI3-kinase-mediated signaling events. NIH3T3
cells stably expressing the vector alone or a Myc-tagged form of
tTG were transiently transfected without (Mock) or with a plas-
mid encoding HA-tagged viral Src that lacks a critical C-termi-
nal inhibitory phosphorylation site, making it constitutively
active (HA-v-Src) (38). The transfectants were maintained in
serum-free medium for 12 h, before being lysed and subjected
to Western blot analysis. Using p70 S6-kinase activation as the
read-out for activation of the PI3-kinase pathway, we found
that despite the relatively high expression of HA-tagged v-Src
in the vector alone-expressing cells (Fig. 3B, second panel from
the top), only a modest increase in p70 S6-kinase activity (fourth
panel from the top) was detected, that was significantly less
than the activity observed in fibroblasts overexpressing tTG. It
is also worth noting that the ectopic expression of HA-tagged
v-Src in cells stably expressing tTG did not enhance p70 S6-ki-
nase activity beyond that observed in cells stably expressing
tTG alone. Taken together, these results suggest that while
c-Src kinase activity is necessary for tTG to activate PI3-kinase,
it is not sufficient to completely mimic the effects of tTG.

tTG Forms a Complex with Src and Pl3-kinase—How then
does tTG cooperate with c-Src to activate the PI3-kinase path-
way? Since Src was previously shown to bind and phosphorylate
the p85 regulatory subunit of PI3-kinase, which induces the
activation of its p110 catalytic subunit, we examined the possi-
bility that tTG stimulates P13-kinase activity by binding to c-Src
and enhancing its ability to phosphorylate p85. Whole cell
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FIGURE 4. tTG binds Src and PI3-kinase. A, immunoprecipitations were performed using an HA antibody on whole cell lysates (1.2 mg) collected from
HEK293T cells ectopically expressing Myc-tagged tTG, or Myc-tagged tTG and HA-tagged c-Src. A beads only control was included to confirm the specificity of
the interaction. The resulting immunocomplexes (IP:HA) and 60 p.g of each whole cell lysate (WCL) were blotted with Myc and HA antibodies. B, immunopre-
cipitations were performed using an HA antibody on extracts (1.2 mg) collected from HEK293T cells ectopically expressing Myc-tagged tTG, or Myc-tagged tTG
together with either the HA-tagged form of the p110 catalytic subunit of PI3-kinase (HA-p110) or the p85 regulatory subunit of PI3-kinase (HA-p85). A
beads-only control was included to confirm the specificity of the interactions. The resulting immunocomplexes (IP:HA) and 60 ng of each whole cell lysate
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lysates generated from HEK293T cells that had been transiently
transfected with a Myc-tagged tTG construct, alone, or
together with an HA-tagged c-Src construct (Fig. 4A, left pan-
els), were subjected to immunoprecipitations using an HA anti-
body. Fig. 4A (right panels) shows that, indeed, tTG co-immu-
noprecipitates with c-Src, similar to what our laboratory has
shown in the past (20). Surprisingly, we also found that tTG is
capable of interacting with PI3-kinase. For these experiments,
rather than transiently expressing Myc-tagged tTG together
with HA-tagged c-Src, we instead co-expressed Myc-tagged
tTG together with one of the two subunits of PI3-kinase; the
p110« catalytic subunit (HA-tagged p110) or the p85 regula-
tory subunit (HA-tagged p85). Fig. 4B (left panels) shows that
the ectopic expression of these constructs in cells was similar.
Immunoprecipitations using an HA antibody performed on the
whole cell lysates prepared from these transfectants showed
that tTG co-immunoprecipitates with both of the PI3-kinase
subunits (Fig. 4B, right panels).

These same protein interactions also occur in NIH3T3 cells.
HA-tagged forms of c-Src, p85, and pl10 were transiently
transfected into the fibroblasts stably expressing either Myc-
tagged tTG or the vector alone (Fig. 4C, WCL panels) and the
cell lysates generated from these cell cultures were subjected to
immunoprecipitation using a Myc antibody. Fig. 4C (IP: Myc
panels) shows that c-Src, as well as the PI3-kinase subunits, p85
and pll0, immunoprecipitates with Myc-tagged tTG in
NIH3T3 mouse fibroblasts.
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Is the formation of a complex between tTG, Src, and PI3-
kinase responsible for the enhanced PI3-kinase signaling
observed in the tTG-expressing fibroblasts? Given that the tTG
inhibitor MDC and the Src inhibitor PP2 can abrogate the
enhanced PI3-kinase signaling observed in fibroblasts stably
expressing tTG, we reasoned that if the formation of a trimeric
complex was important for this outcome, MDC and PP2 might
then inhibit its formation. To test this, tTG was expressed
alone, or together with c-Src or p85, in HEK293T cells and then
the cells were treated without or with either PP2 or MDC for 6 h
prior to being lysed. The cell extracts were then incubated with
an HA antibody to immunoprecipitate either the HA-tagged
forms of c-Src or p85 expressed in the cell lysates (Fig. 54,
second and third panels from the top, respectively). The result-
ing immunocomplexes were also immunoblotted with a Myc
antibody to detect the extent that tTG interacted with c-Src or
p85 under conditions where Src or tTG activity was inhibited.
Fig. 5A (top panel) shows that the interaction between tTG and
p85 was insensitive to treatment with either PP2 or MDC, sug-
gesting that the ability of these to proteins to interact with one
another does not require c-Src kinase activity, nor access to the
transamidation active site of tTG (i.e. that would be blocked by
the competitive inhibitor MDC). On the other hand, PP2 and
MDC blocked the ability of tTG to co-immunoprecipitate with
Src. Importantly, Fig. 5B (right side) shows that a transamida-
tion (crosslinking)-defective form of tTG generated by mutat-
ing the essential active site cysteine to valine (Myc-tagged tTG
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FIGURE 5. Inhibiting tTG or Src activity blocks the ability of tTG to bind Src and the ability of Src to phosphorylate p85. A, HEK293T cells ectopically
expressing Myc-tagged tTG (Myc-tTG), Myc-tagged tTG and HA-tagged c-Src (Myc-tTG/HA-c-Src), or Myc-tagged tTG and the HA-tagged p85 regulatory subunit
of PI3-kinase (Myc-tTG/HA-p85), were treated without (not treated; NT) or with PP2 or MDC for 6 h and then lysed. The cell lysates (1.2 mg) were subjected to
immunoprecipitations using an HA antibody. A beads-only control was included to confirm the specificity of the interactions. The resulting immunocomplexes
(IP:HA) and 60 g of each whole cell lysate (WCL) were blotted using Myc and HA antibodies. B, immunoprecipitations were performed using an HA antibody
on whole cell lysates (1.2 mg) collected from HEK293T cells ectopically expressing various combinations of Myc-tagged tTG wild-type (WT), Myc-tagged tTG
C277V,and HA-tagged c-Src. A beads-only control was included to confirm the specificity of the interaction. The resulting immunocomplexes (IP:HA) and 60 ug
of each whole cell lysate (WCL) were blotted with Myc and HA antibodies. C, HEK293T cells co-expressing Myc-tagged tTG and HA-tagged p85 (Myc-tTG/HA-
p85) were treated without (not treated; NT) or with PP2 or MDC for 6 h and then lysed. The lysates (1.2 mg) were subjected to immunoprecipitations using an
HA antibody. 60 ug of each whole cell lysate (WCL) was blotted with Myc and HA antibodies. The resulting immunocomplexes (IP:HA) were first blotted with a
phosphotyrosine antibody. The blot was then stripped and re-probed with an HA antibody to confirm that an equal amount of p85 was immunoprecipitated
for each condition. D, experiment shown in C was performed in triplicate and the extent of HA-tagged p85 tyrosine phosphorylation detected by Western blot
analysis was quantified for each condition and averaged and graphed. The error bars represent standard deviation, and the p values determined for the
different conditions are as follows; *, p < 0.05 and **, p < 0.01. £, NIH3T3 cells stably overexpressing Myc-tagged tTG were treated without (not treated; NT) or
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form of p85 (p-p85 (Y458)), as well as ones that detect total p85 (pan-p85), Myc-tTG, and actin.

C277V) is still capable of co-immunoprecipitating with HA-
tagged c-Src in HEK293T cells, suggesting that the transamida-
tion activity of t TG, per se, is not required for this interaction to
occur. Rather, it appears that the interaction of MDC with tTG
in some way (e.g. sterically) blocks its ability to form a stable
complex with c-Src.

Src has been shown to phosphorylate p85 and to stimulate
the signaling capability of PI3-kinase (31). This, coupled with
the fact that we find tTG is able to form a complex with both
PI3-kinase and c-Src, raised the interesting possibility that tTG
functions to help mediate the activation of PI3 kinase by c-Src.
To test this idea, Myc-tagged tTG was transiently expressed
along with HA-tagged p85 in HEK293T cells, and then the cells
were incubated without or with PP2 or MDC. The cells were
lysed and the HA-tagged p85 was immunoprecipitated from
the extracts using an HA antibody. The resulting immunocom-
plexes were first immunoblotted with a phosphotyrosine anti-
body to detect whether p85 was phosphorylated. Fig. 5C (top
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panel) shows that p85 is indeed phosphorylated in the control
lysates (not treated; NT), whereas the tyrosine phosphorylation
is decreased by ~80% with PP2 treatment and ~60% with
MDC. The blot was then stripped and re-probed with HA anti-
body to confirm that an equivalent amount of p85 was immu-
noprecipitated for each condition (Fig. 5C, second panel from
the top). These experiments were performed multiple times
and the results from each experiment were quantified and
graphed (Fig. 5D).

Theability of tTG to promote the c-Src-dependent phosphor-
ylation of p85 was also seen in the NIH3T3 fibroblasts stably
expressing Myc-tTG. For these experiments, the cells were
treated without or with PP2 or MDC, similar to what we had
done in the HEK293T cells, and the effects of the inhibitors on
the phosphorylation of endogenously expressed p85 was read-
out using an antibody that recognizes p85 when it is phosphor-
ylated on tyrosine 458, a known c-Src phosphorylation site (31).
Fig. 5E (second panel from the top) shows that PP2 and MDC
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FIGURE 6. Inhibition of Src, PI3-kinase, or mTORC1 blocks the tTG-en-
hanced cell survival. Aand B, NIH3T3 cells stably expressing the vector alone
or Myc-tagged tTG were placed in serum-free medium supplemented with-
out (not treated; NT) or with PP2, LY294002, MDC, or rapamycin for 36 h, at
which time the cells were collected and stained with DAPI to identify con-
densed and/or blebbed nuclei. Percent apoptosis was determined by calcu-
lating the ratio of apoptotic to non-apoptotic cells. The experiments were
performed in triplicate, and the results were averaged. The error bars indicate
standard deviation, and the p values determined for the different conditions
are as follows; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

treatment reduced the extent of p85 phosphorylation in
NIH3TS3 cells overexpressing tTG, as compared with cells not-
treated with inhibitors (NT).

Inhibiting tTG, Src, and Components of the PI3-kinase Path-
way Eliminate tTG-enhanced Cell Survival—The overexpres-
sion of tTG in NIH3T3 cells protects them from serum-starva-
tion-induced apoptosis, as well as increases the activities of
AKT, mTORCI, and p70 S6-kinase, leading us to propose that
tTG-promoted cell survival is dependent on its ability to acti-
vate the PI3-kinase pathway. Thus, we examined whether treat-
ing serum-starved fibroblasts expressing tTG with inhibitors of
different components of this pathway, including PP2 (to inhibit
Src activity), MDC (to block the transamidation active site of
tTG), LY294002 (to inhibit PI3-kinase activity), and rapamycin
(which specifically inhibits mTORC1), eliminated the protec-
tive effects of tTG and re-sensitized the cells to serum-starva-
tion-induced apoptosis. Fig. 6A shows again that tTG overex-
pression strongly prevented the cells deprived of serum from
undergoing cell death. However, the protective effect of tTG
was completely ablated when the cells were treated with PP2.
Likewise, MDC, LY294002, and rapamycin treatment blocked
the ability of tTG to promote cell survival (Fig. 6B), indicating
that this tTG-dependent effect requires its ability to activate the
PI3-kinase signaling pathway, thus leading to the model shown
in Fig. 7. tTG binds to c-Src and PI3-kinase to help facilitate the
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c-Src-dependent phosphorylation of the p85 regulatory sub-
unit of PI3-kinase. This gives rise to the activation of the p110
catalytic subunit and its downstream effectors, AKT,
mTORC], and p70 S6-kinase, which ultimately results in
enhanced cell survival.

DISCUSSION

There have been an increasing number of studies implicating
tTG in cancer progression. tTG expression is frequently up-
regulated in a number of types of human cancer, particularly
those that are highly aggressive, metastatic, and chemo-resis-
tant (11-16, 21, 39). Importantly, several of these studies have
shown that knocking-down tTG expression in cancer cells with
siRNAs, or treating cells with compounds that bind at the
transamidation active site of tTG, often sensitizes these cancer
cells to chemotherapeutic agents and reduces many of their
transformed features (11-16). While these findings point to
tTG as being an important player in cancer progression, exactly
how tTG contributes to the malignant state and whether it rep-
resents a valid target for cancer therapy, remains to be
determined.

In this study, our goal was to use a simplified model system to
better understand the intrinsic capability of tTG to confer cel-
lular changes that might shed important light on the role that it
plays in cancer progression. Thus, we sought to examine the
actions of tTG in a non-transformed cellular context, specifi-
cally NIH3T3 fibroblasts, so as to avoid the aberrant oncogenic
signaling inputs characteristic of transformed/cancer cells that
might complicate the picture. In fact, we found that the over-
expression of tTG in NIH3T3 fibroblasts did not cause the cells
to lose their normal contact inhibition and form foci when
grown in monolayer, nor did it enhance their migration. How-
ever, interestingly, we discovered that tTG provided a marked
survival advantage to the cells challenged with serum starva-
tion, and that treatment of the cells with the tTG inhibitor
MDC, ablated this effect. This finding was consistent with our
earlier observations that tTG confers cancer cells with a strong
protective effect against apoptotic stresses, such as those elic-
ited by treatment of cells with chemotherapeutic agents, and
thus potentially would explain the advantage provided by the
overexpression of tTG in high grade and highly aggressive
forms of human cancer (6, 39).

So how does the overexpression of tTG in non-transformed
fibroblasts enhance their survival capability? We obtained an
interesting clue when we analyzed the activities and/or phos-
phorylation levels of components of the MAP kinase and PI3-
kinase signaling pathways and found that significant increases
in the phosphorylation of AKT, mTOR, and p70 S6-kinase
occurred in the tTG-expressing fibroblasts, compared with
those expressing the vector alone. We then took this one step
further by directly showing that PI3-kinase activity was
increased in the cells ectopically expressing tTG. These results
led us to suspect that tTG promotes cell survival by enhancing
the activation of the PI3-kinase/mTOR/p70 S6-kinase pathway.

This raised an important question, namely, how is tTG able
to activate the PI3-kinase pathway? While there have been sug-
gestions in the literature that tTG may regulate the levels of
PTEN, and in turn, enhance AKT activation (22), we assessed
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FIGURE 7. Model depicting how tTG promotes c-Src-mediated PI3-kinase signaling and cell survival. Our results suggest that tTG functions to promote
cell survival by potentiating the activation of PI3-kinase. Specifically, tTG forms a complex with c-Src and PI3-kinase, an outcome that promotes a c-Src-de-
pendent phosphorylation of the p85 regulatory subunit of PI3-kinase causing it to adopt a conformation that allows the p110 catalytic subunit of PI3-kinase to

become activated and signal to its downstream effectors.

the levels of PTEN in the NIH3T3 stable cell lines and found
that they were unaffected by tTG. This led us to examine
whether c-Src is contributing to the activation of PI3-kinase in
tTG-expressing fibroblasts. c-Src binds PI3-kinase and requires
this interaction to promote cellular transformation (31-33, 36,
37). Given our recent findings in the human breast cancer cell
line SKBR3, that tTG is able to bind and increase c-Src activity
in response to EGF treatment (20), we wondered whether a
similar mechanism might be operating in fibroblasts over-ex-
pressing tTG. Indeed, we found that the activation of the PI3-
kinase pathway that signals to mTOR and p70 S6-kinase, in
NIH3TS3 cells overexpressing tTG, is sensitive to Src inhibition.

Because we had shown previously that Src co-immunopre-
cipitates with tTG, and it has been reported that Src can bind to
and activate PI3-kinase, we examined the possibility that Src,
tTG, and PI3-kinase form a signaling complex. Indeed, we dis-
covered that in addition to binding Src, tTG can be co-immu-
noprecipitated with both the p110 catalytic subunit and the p85
regulatory subunit of PI3-kinase. We reasoned that if the
assembly of a complex that includes tTG, Src, and PI3-kinase is
essential for sending a survival signal, then we would expect
that inhibitors like MDC and PP2, which block these signals
would have a corresponding inhibitory effect on complex for-
mation. Interestingly, while inhibiting tTG and Src activity had
no effect on the ability of tTG to be co-immunoprecipitated
with p85, we found that these inhibitors blocked the interaction
between tTG and Src. Thus, apparently Src and p85 have dif-
ferent requirements for binding to tTG. Importantly, however,
disrupting the ability of t TG to associate with Src eliminates the
Src-mediated tyrosine phosphorylation of p85, which in turn
reduces the activation of the PI3-kinase signaling pathway. We
have recently found that the tTG C277V mutant adopts a dif-
ferent conformation (i.e. an open conformational state) than
wild-type tTG (which exists in cells as a closed conformational
state), based on biochemical studies and small angle x-ray scat-
tering measurements (40). Thus, the tTG C277V mutant
adopts an open conformational state that apparently can still
allow complex formation with c-Src and PI3 kinase. MDC,
which also induces an open conformational state within tTG
(40), as well as binds to its transamidation active site, apparently
is able to interfere with the binding of c-Src to tTG. Thus, we
suspect that the ability of tTG to bind to c-Src and p85 in a
manner that leads to the activation of P13 kinase activity is more
likely an outcome of tTG adopting the proper conformational
state, rather than being dependent upon its protein crosslinking
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(transamidation) activity. Indeed, we have thus far failed to find
any involvement of protein crosslinking in these interactions.

Collectively, these findings point to a novel mechanism by
which tTG is capable of triggering signals essential for cell sur-
vival (Fig. 7). Given the established link between Src and PI3-
kinase, it is clear that these two proteins can work together to
promote cellular transformation, particularly in cells express-
ing oncogenic Src mutants. However, we now find that tTG,
when overexpressed even in a non-transformed cellular setting,
is capable of forming a complex with c-Src and PI3-kinase that
facilitates the activation of PI3-kinase, thereby providing a sur-
vival advantage to cells. These findings also offer important
insights into how the overexpression of tTG in cancer cells can
have important consequences that enable their survival in the
face of stress and apoptotic signals such as chemotherapeutic
drugs, and thus highlight tTG as a potentially an important
therapeutic target in human cancer.
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