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Simultaneous upregulation of transglutaminase 2 (TG2) and epidermal growth factor receptor (EGFR)
have been reported in a number of systems. Moreover, TG2 has been identified as a downstream target
gene for EGF/EGFR. However, it is not known whether the relationship between EGFR and TG2 is only
one-way or collaborative. Using embryonic fibroblasts derived from TG2 null mice (MEFtg2�/�), co-
overexpressing native TG2 and EGFR, here we report that TG2 differentially regulates EGFR protein in
the presence and absence of EGF. In the absence of EGF, TG2 facilitates EGFR downregulation whereas
in the presence of EGF, TG2 has opposite effect on EGFR and facilitates Akt phosphorylation. TG2 medi-
ated ligand-independent downregulation of EGFR was not observed in MEFtg2�/� cells overexpressing
Ser212Ala phospho mutant form of TG2 suggesting a role of TG2 phosphorylation in this process. How-
ever, similar to native TG2, Ser212Ala-TG2 mutant was also able to attenuate ligand-dependent down
regulation of EGFR in MEFtg2�/� cells. Interestingly, overexpression of Ser216Ala-TG2 mutant led to
downregulation of EGFR in MEFtg2�/� cells irrespective of the ligand. These results were further confirmed
in breast cancer cells expressing high levels of EGFR. Collectively, data presented here suggests that the
relationship between EGFR and TG2 is collaborative and phosphorylation of TG2 play a key role in it.
Phospho mutant forms of TG2 reported in this study may be utilized as a part of a novel strategy to down-
regulate EGFR in cancers with enhanced EGFR signaling.

Crown Copyright � 2011 Published by Elsevier Inc. All rights reserved.
1. Introduction

Transglutaminase 2 (TG2) is a protein crosslinking enzyme with
diverse biological function [1]. Simultaneous upregulation and/or
activation of TG2 and epidermal growth factor receptor (EGFR)
have been reported in a number of cell/tissue types including drug
resistance breast cancer cells, proliferating hepatocytes, basophilic
leukemia cells and human glioblastoma cell lines and tumors [2–
5]. In addition to TG2, another member of TG family of proteins,
TG1 has also been identified as a target gene for EGFR in the differ-
entiation of the hair follicle and a synchronized upregulation of
EGFR and TG1 have been reported during hair morphogenesis
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[6,7]. Furthermore, TG2 has been reported as a downstream effec-
tor of prosurvival function of epidermal growth factor (EGF) which
requires phosphatidylinositol 3-kinase (PI3K) activity [8]. EGF in-
duces TG2 expression and activation in human breast cancer cells
which in turn contributes to their oncogenic potential [2]. Further-
more, inhibition of TG2 expression or activity in cancer cells has
been found to be associated with reversal of drug resistance
[9,10]. Taken together these studies suggest that an intimate asso-
ciation exists between TG2 and EGFR in both normal and the dis-
ease processes. However, it is not known whether TG2 works
only downstream of EGFR or also payback to EGFR in a way which
further facilitates EGFR signaling thus constitute a vicious cycle in
favor of invasive and drug resistance phenotype of cancer cells.

In addition to EGFR signaling, TG2 has been reported to play a
role in the activation of nuclear factor-kappa B (NF-jB) and subse-
quently downregulation of phosphatase and tensin homologue de-
leted on chromosome 10 (PTEN) [10,11]. PTEN is a phosphatase
that dephosphorylates phosphatidylinositol tri-phosphate (PIP3)
that is produced by PI3K and function as a ubiquitous inhibitor
of PI3K-dependent signaling [12,13]. Recently we have found that
phosphorylation of TG2 by protein kinase A (PKA) has a role in
TG2 mediated activation of NF-jB and in the downregulation of
ights reserved.
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PTEN which in turn contribute to the cell proliferative and invasive
potential of TG2 in cancer [14]. Moreover, we have shown that the
loss of TG2 phosphorylation prevents TG2 mediated activation of
NF-jB and downregulation of PTEN [14]. Phosphoproteomic anal-
yses of cancer signaling networks have consistently identified TG2
as a phosphoprotein in a number of cancer cell types indicating a
role of TG2 phosphorylation in the oncogenic potential of TG2 in
cancer cells [[15,16]; http://www.phosphosite.org/proteinAc-
tion.do?id=4135&showAllSites=true]. However, the identity of up-
stream kinase(s) responsible for TG2 phosphorylation and the
functional consequences of TG2 phosphorylation in cancer cells
are not known. Previously we have reported that TG2 contains
PKA consensus serine phosphorylation sites at position 212 and
216 in TG2 protein (209RDCSRRSSPVYVGRV223) and undergoes
phosphorylation in response to PKA activation [17,18]. In addition,
we have shown that phosphorylation of TG2 facilitates protein–
protein interaction and modulates TG2 activity [17,18]. The PKA
has a role in EGFR distribution on the plasma membrane [19]. It
has been shown that the predominant distribution of inactive EGFR
at the plasma membranes is not simply by default but involves a
PKA-dependent restrictive condition resulting in receptor avoid-
ance of endocytosis until it is stimulated by ligand [19]. Further-
more, inhibition of basal PKA activity has been shown to induce
internalization of unoccupied EGFR [19]. However, the underlying
mechanism involved remains elusive. As TG2 is a common target
for both PKA and EGFR, it is possible that TG2 has a role in fine-tun-
ing of EGFR function in response to cellular demands and crosstalk
with other signaling receptors. In this study, we have investigated
the functional impact of loss of TG2 phosphorylation at Ser212 and
Ser216 on EGFR in embryonic fibroblasts derived from TG2 null
mice (MEFtg2�/�) and in breast cancer cells.
2. Materials and methods

2.1. Reagents

MDA468 and T47D breast cancer cell lines and cell culture re-
agents were obtained from American Type Culture Collection (Dan-
vers, MA) and fetal bovine serum from Invitrogen (Carlsbad, CA).
Akt, EGFR and PTEN sampler kit and anti-Myc antibodies were pur-
chased from Cell Signaling Technology (Danvers, MA) and horse
radish peroxidase (HRP)-conjugated secondary antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). En-
hanced chemiluminescence (ECL) reagents were purchased from
Promega (Madison, WI). Other reagents were purchased from Sig-
ma (Oakville, ON) or as otherwise stated.

2.2. Animals

MEFtg2�/� cells were obtained from TG2 null mice as described
elsewhere [18]. TG2 knockout mice were generously provided by
Dr. Nikolaos Frangogiannis (Baylor College of Medicine, Houston,
TX) with permission from Dr. Gerry Melino (University of Leicester,
UK). Experiments involving mice were performed as approved by
the Animal Care Committee of the University of Manitoba.

2.3. TG2 constructs

Full length EGFR construct was obtained from Addgene (Cam-
bridge, MA), a non-profit plasmid repository. The pCMV vector
containing Myc tagged human TG2 (Myc-TG2) obtained from Ori-
gene Technology (Rockville, MD) was used to generate TG2 mu-
tants lacking Ser212 and Ser216 phosphorylation sites. TG2
mutants were made by a site-directed mutagenesis kit (Stratagene,
Santa Clara, CA) using two complementary nucleotide primers
(Ser212Ala: forward, 50-GCCGTGACTGCGCCCGCCGCAGC-30 and re-
verse 50-GCTGCGGCGGGCGCAGTCACGGC-30; Ser216Ala: forward,
50-CTCCCGCCGCAGCGCCCCCGTCTACGTG-30 and reverse, 50-CAC-
GTAGACGGGGGCGCTGCGGCGGGAG-30 containing desired muta-
tion and Myc-TG2 as the template. Authenticity of all the
constructs was confirmed by DNA sequencing.
2.4. Cell culture and transfection

MEF and breast cancer cell culture and treatments were per-
formed as described before [17,18]. Transfections with native and
mutant-TG2 constructs were performed using FuGENE HD Trans-
fection Reagent (Roche, Laval, QC) according to the manufacturer’s
instructions. Two days post-transfection, cells were serum starved
for 6 h and subsequently treated with EGF (100 ng/ml) for 10 min.
Cell lysates were prepared as described before and processed for
further analysis by immunoblotting [18].
2.5. Western blotting

Protein concentrations of lysates were determined by the Brad-
ford protein assay (Bio-Rad, Mississauga, ON) with bovine serum
albumin as the standard. Proteins were resolved on 10% sodium
dodecyl sulfate gel-electrophoresis and transferred onto nitrocellu-
lose membranes. Membranes were blocked in 5% fat free milk and
processed for incubation with primary and HRP-conjugated sec-
ondary antibodies [18]. Protein band was visualized using ECL
and Kodak BioMax film.
2.6. Statistical analysis

Experimental results are shown as means ± SEM. One-way AN-
OVA with Dunnett’s test was used for multiple comparisons. P val-
ues <0.05 were considered significant difference.
3. Results and discussion

3.1. TG2 differentially regulates EGFR with and without ligand

TG2 facilitates Akt mediated prosurvival effect of EGF in breast
cancer cells [2]. To explore whether TG2 mediated effect occurs at
the level of EGFR and involves TG2 phosphorylation, MEFtg2�/� cells
were co-transfected with EGFR (as these cells express very low lev-
els of EGFR) and various TG2 constructs. Post-transfection cells
were challenged with or without EGF and cell lysates were pro-
cessed for immunoblot analysis.

A ligand-dependent decrease in EGFR protein level was found in
the vector transfected cells in comparison to without EGF treated
cells (Fig. 1). Surprisingly TG2 overexpression resulted in a signifi-
cant downregulation of EGFR in the absence of EGF, whereas in the
presence of EGF TG2 completely blocked EGFR downregulation
(Fig. 1). TG2 mediated ligand-independent downregulation of EGFR
protein was not observed in MEFtg2�/� cells expressing Ser21Ala-
TG2 (Fig. 1). However, Ser212Ala-TG2 was fable to block
ligand-dependent downregulation of EGFR in comparison to vector
transfected control group (Fig. 1). This would imply that most likely
two different mechanisms are involved in TG2 mediated regulation
of EGFR in the presence and absence of ligand. Interestingly, EGFR
was found to be significantly downregulated in Ser216Ala-TG2
expressing MEFtg2�/� cells irrespective of the ligand suggesting a
critical role of Ser216 phosphorylation in the regulation of EGFR le-
vel (Fig. 1). Taken together, these data suggest that TG2 differentially
regulates EGFR protein in the presence and absence of the ligand and
phosphorylation of TG2 has a role in this process.
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Fig. 1. TG2 differentially regulates EGFR with and without ligand. (A) MEFtg2�/� cells were co-transfected with EGFR and various TG2 constructs. Forty eight hours post-
transfection cells were serum starved and incubated with and without EGF (100 nM) for 10 min. Cells were harvested and equal amount of proteins (25 lg) were analyzed by
Western immunoblotting using protein and phospho-specific antibodies. Representative immunoblots of four different experiments are shown. b-Actin immunoblot is shown
as a loading control. (B) Histograms showing relative quantification of protein/phospho-proteins as shown in A. (C) Histogram showing TG2 induced selective increase in Akt
phosphorylation at Ser473 in EGFR overexpressing cells in comparison to vector control group. Data are represented as mean ± SEM, n = 4. ⁄P < 0.05, ⁄⁄P < 0.01. M1, Ser212Ala-
TG2; M2, Ser216Ala-TG2.
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Fig. 2. Expression levels of TG2 and EGFR in cancer cells. Equal amount of proteins
harvested from various cell lines were analyzed by gel-electrophoresis and
immunoblotting using anti-TG2 and anti-EGFR antibodies as per manufacturer’s
protocols. b-Actin immunoblot is shown as a loading control.
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3.2. Overexpression of phospho mutant forms of TG2 downregulates
EGFR in breast cancer cells

To establish that the effect of TG2 on EGFR is not specific to MEF
cells; we determined the effect of native and TG2 mutants’ overex-
pression on EGFR in MDA468 and T47D breast cancer cells. These
cells lines were selected because in our preliminary experiments
we noticed that both cell lines express high levels of EGFR and
low levels of TG2 (Fig. 2). A similar pattern on EGFR protein level
was found in TG2 transfected MDA468 and T47D cells as in the
case of MEFtg2�/� cells with or without ligand, though to a lesser
extent than MEFtg2�/� cells (Fig. 3). Interestingly, unlike MEFtg2�/�

cells, in breast cancer cells both Ser212Ala and Ser216Ala phospho
mutants of TG2 were equally able to downregulate EGFR irrespec-
tive of the ligand (Fig. 3). These differences may be attributed to
the transcriptional or other regulatory differences in relation to
EGFR in MEFtg2�/� and breast cancer cells. Collectively, these data
suggest that TG2 attenuates ligand-dependent downregulation of
EGFR and phosphorylation of TG2 at Ser212 and Ser216 has a role
in this process.
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Fig. 4. TG2’s facilitatory effect on EGF induced Akt phosphorylation involves PI3K.
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(100 nM) for 10 min in the presence and absence of PI3K specific inhibitor
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3.3. TG2 selectively increase Akt phosphorylation at Ser473

To determine the functional consequence of TG2 mediated
changes in EGFR on EGFR signaling we determined the phosphor-
ylation status of Akt in MEFtg2�/� cell lysates with and without
EGF (as TG2 has been shown to facilitate EGF induced Akt effect).
As expected EGF stimulation leads to increased Akt phosphoryla-
tion at both residues (i.e., Thr308 and Ser473) in the vector transfec-
ted control group in comparison to non-stimulated cells (Fig. 1).
Akt phosphorylation at Ser473 was further enhanced with EGF
stimulation in MEFtg2�/� cells overexpressing TG2, whereas phos-
phorylation at Thr308 was reduced in comparison to vector trans-
fected control group (Fig. 1). Phosphorylation of Akt at Thr308

was further reduced in MEFtg2�/� cells overexpressing phospho
mutant forms of TG2 despite the protection of EGFR downregula-
tion in Ser212Al-TG2 expressing cells (Fig. 1). Unlike Thr308 phos-
phorylation, phosphorylation of Akt at Ser473 in TG2 mutants
expressing cells although reduced in comparison to TG2 expressing
cells but remained high in comparison to vector transfected control
group. No apparent difference in PTEN protein levels were found in
cells co-transfected with EGFR and TG2 with or without EGF sug-
gesting that enhanced Akt phosphorylation occurs in a PTEN-inde-
pendent manner (Fig. 1). Taken together these data suggest that
TG2 facilitates EGF induced phosphorylation of Akt in a site specific
manner.

As Thr308 and Ser473 in Akt are phosphorylated by two different
kinases, it is likely that TG2 mediated stabilization of EGFR leads to
preferential activation of signaling pathway leading to Ser473 phos-
phorylation or preventing its dephosphorylation whereas this may
be opposite in the case of Thr308 phosphorylation. Recently, the
mTOR complex 2 (mTORC2) has been identified as the kinase
responsible for the Akt-Ser473 phosphorylation [20]. It is believed
that the mTOR kinase activity towards Akt Ser473 phosphorylation
is also dependent on PI3K activation, although the underlying
molecular mechanism remains elusive [21]. To determine whether
TG2’s facilitatory effect on EGF induced Akt phosphorylation in-
volves PI3K, we analyzed Akt phosphorylation by immunoblotting
in the vector and TG2 transfected cells in the presence and absence
of PI3K specific inhibitor LY294002. In both groups, Akt phosphor-
ylation was completely blocked in the presence of LY294002 sug-
gesting involvement of PI3K in this process (Fig. 4).

In summary, data presented here unraveled a new role of TG2
and its phosphorylation in the regulation of EGFR protein suggest-
ing a mutual relationship between TG2 and EGFR in breast cancer
cells. As EGFR and EGFR signaling is a key target in the current
treatment of several neoplastic diseases our serendipitous discov-
ery may provide a novel strategy to downregulate EGFR in cancers
with enhanced EGFR signaling.
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