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TNF is a pleiotropic cytokine that activates both anti- and proapo-
ptotic signaling pathways, with cell fate determined by the balance
between these two pathways. Activation of ErbB family members,
including EGF receptor (EGFR/ErbB1), promotes cell survival and
regulates several signals that overlap with those stimulated by
TNF. This study was undertaken to determine the effects of TNF on
EGFR and ErbB2 activation and intestinal epithelial cell survival.
Mice, young adult mouse colon epithelial cells, and EGFR knockout
mouse colon epithelial cells were treated with TNF. Activation of
EGFR, ErbB2, Akt, Src, and apoptosis were determined in vivo and
in vitro. TNF stimulated EGFR phosphorylation in young adult
mouse colon epithelial cells, and loss of EGFR expression or inhi-
bition of kinase activity increased TNF-induced apoptosis, which
was prevented in WT but not by kinase-inactive EGFR expression.
Similarly, TNF injection stimulated apoptosis in EGFR-kinase-
defective mice (EGFRwa2) compared with WT mice. TNF also acti-
vated ErbB2, and loss of ErbB2 expression increased TNF-induced
apoptosis. Furthermore, Src-kinase activity and the expression of
both EGFR and ErbB2 were required for TNF-induced cell survival.
Akt was shown to be a downstream target of TNF-activated EGFR
and ErbB2. These findings demonstrate that EGFR and ErbB2 are
critical mediators of TNF-regulated antiapoptotic signals in intes-
tinal epithelial cells. Given evidence for TNF signaling in the
development of colitis-associated carcinoma, this observation has
significant implications for understanding the role of EGFR in
maintaining intestinal epithelial cell homeostasis during cytokine-
mediated inflammatory responses.

TNF first was identified by its ability to induce hemorrhagic
tumor necrosis (1). However, extensive research has shown

conflicting roles of TNF as both an apoptotic and a growth-
promoting factor (2). In fact, we and others have reported that
this pleiotropic cytokine regulates both anti- and proapoptotic
signal transduction with cell fate determined by the balance
between these two pathways (3–5). TNF-regulated antiapoptotic
pathways include Akt/protein kinase B, ERK/MAPK, and
NF-�B (4, 6), whereas proapoptotic TNF-initiated signals in-
clude p38 and stress-activated protein kinase/JNK (6–8). The
molecular switch that determines TNF regulation of these two
different functions is not well characterized, however.

EGF receptor (EGFR) is a member of the ErbB family, which
consists of four tyrosine-kinase receptors: EGFR (ErbB1) and
ErbB2–4. These receptors modulate cell survival, proliferation,
and differentiation in many tissue types (9). EGFR and other
ErbB family members can be activated by direct interaction with
EGF-like ligands initiating formation of homo- and/or het-
erodimers and increased kinase activity (10, 11). In addition,
EGFR can be transactivated by various extracellular stimuli,
such as agonists for G protein-coupled receptors (GPCR) and
cytokine receptors (12). TNF, IL-8, IL-1�, IL-1�, and IFN-�
have been reported to transactivate EGFR in hepatocytes (13),
mammary epithelial cells (14), and cancer-derived cell lines (15,
16). Members of the Src family of nonreceptor intracellular
tyrosine kinases have been implicated as targets of GPCRs in
EGFR transactivation via direct phosphorylation of cytoplasmic
domains of EGFR or via stimulation of matrix metalloproteinase

(MMP) activity to promote the release of the membrane-bound
EGFR ligand (17, 18). Src and MMPs (14–16) also have been
reported for cytokine-stimulated EGFR transactivation in sev-
eral cell types.

TNF activates a number of signal transduction pathways in
intestinal epithelial cells, such as Akt and MAPK, which overlap
with those of EGFR activation. Therefore, we hypothesize that
transactivation of EGFR and ErbB2 is a mechanism by which
TNF regulates signaling pathways to promote survival of colon
epithelial cells. Here we report that EGFR and ErbB2 transac-
tivation promote the survival responses of intestinal epithelial
cells to TNF in vitro and in vivo. Furthermore, TNF transacti-
vation of both EGFR and ErbB2 requires Src-kinase activity
with Akt as a downstream target in this process. These findings
identify an important relationship between TNF and EGFR/
ErbB signal transduction pathways that permits maintenance of
intestinal-epithelial-cell survival in a cytokine-enriched environ-
ment during acute injury response.

Results
TNF Stimulates EGFR and ErbB2 Transactivation in Intestinal Epithelial
Cells. Because previous studies have shown overlap between TNF-
and EGFR/ErbB-regulated cellular responses and antiapoptotic
signal transduction pathways (9, 19), we tested whether TNF
transactivates EGFR/ErbB family members in young adult mouse
colon (YAMC) epithelial cells. TNF transactivation of EGFR was
concentration dependent with maximal activation at concentrations
of 10–100 ng/ml (Fig. 1A). In addition, TNF-stimulated EGFR
phosphorylation occurred within 5 min and was sustained for at
least 4 h (Fig. 1B). Therefore, we used 120-min treatment of TNF
at 100 ng/ml for subsequent experiments.

Because EGFR can form heterodimers with ErbB2 to amplify
EGFR biological responses (20), we determined the effect of
TNF on ErbB2 activation and found that TNF increased ErbB2
phosphorylation in YAMC cells in a pattern similar to EGFR
activation (Fig. 1).

To determine the role of EGFR tyrosine-kinase activity on
TNF transactivation of EGFR, we reconstituted EGFR signaling
in EGFR knockout mouse colon epithelial (EGFR�/�MCE)
cells by stably expressing WT and kinase-inactive (ki) EGFR
(Fig. 2A). TNF transactivated WT EGFR but not kiEGFR (Fig.
2A), suggesting that transactivation requires EGFR-kinase ac-
tivity. Furthermore, the EGFR-kinase inhibitor, AG1478,
blocked TNF-induced EGFR phosphorylation (Fig. 2B).

Interestingly, loss of EGFR suppressed TNF activation of
ErbB2, which was rescued by WT EGFR but not by kiEGFR
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expression (Fig. 2 A). Similarly, the EGFR tyrosine-kinase in-
hibitor, AG1478, blocked ErbB2 phosphorylation in response to
TNF (Fig. 2B). Suppressing ErbB2 protein expression by siRNA
in YAMC cells prevented activation of EGFR by TNF but not
by EGF (Fig. 2C). These findings indicate that TNF-stimulated
transactivation of EGFR and ErbB2 depends on the expression
and activity of both receptors.

TNF-Induced EGFR and ErbB2 Transactivation Is Antiapoptotic in
Intestinal Epithelial Cells. To investigate the role of EGFR trans-
activation, YAMC and HT29 human colon carcinoma cell lines
were treated with TNF (100 ng/ml), IL-1� (10 ng/ml), or IFN-�
(100 ng/ml) for 8 h in the presence or absence of an EGFR
tyrosine-kinase inhibitor, AG1478. TNF-induced apoptosis was
significantly enhanced in the presence of AG1478 in both
YAMC cells (Fig. 3 A and B) and HT29 cells (Fig. 3C).
Interestingly, AG1478 treatment did not increase apoptosis in
either IL-1�- or IFN-�-treated HT29 cells (Fig. 3C), suggesting
that the antiapoptotic role of EGFR is specific for TNF-induced
signaling. We further studied apoptosis by detecting caspase
activity, the major regulator of apoptosis. TNF-induced caspase
activity was increased 10-fold over the control in EGFR�/�MCE
cells expressing kiEGFR or vector-only cells, a response com-
pletely reversed by WT EGFR expression (Fig. 3 D and E).

We used siRNA directed against EGFR to reduce EGFR
expression in YAMC cells (Fig. 4A), which enhanced TNF-
induced apoptosis, compared with nontargeting control siRNA
transfection (Fig. 4B). Taken together, these results demonstrate
that EGFR expression and EGFR tyrosine-kinase activity are
required for survival of intestinal epithelial cells exposed to TNF.

We transfected YAMC cells with siRNA directed against
ErbB2 to study the role of ErbB2 activation in regulating cell fate
in response to TNF treatment. TNF significantly enhanced

apoptosis in cells with reduced ErbB2 expression (Fig. 4 C
and D).

Loss of EGFR Kinase Activity Enhances TNF-Induced Colon Epithelial
Apoptosis in Vivo. Injection of 105 units of TNF into mice induces
enteropathy, significant apoptosis, and intestinal epithelial cell
sloughing (21–23). To determine whether TNF-induced antiapo-
ptotic responses in vivo require EGFR kinase activity, we studied
the effects of a lower TNF concentration (104 units per mouse)
in EGFR-kinase-defective (EGFRwa2) mice by using i.p. injec-
tion of TNF as we described previously (5). TNF stimulated
EGFR and ErbB2 phosphorylation in WT but not in EGFRwa2

mice (Fig. 5A). Immunostaining showed increased EGFR phos-
phorylation in cells that stained positive for E-cadherin (an
epithelial cell adherens junctional marker), indicating that TNF
stimulated EGFR activation in colon epithelial cells (Fig. 5B).
Apoptosis, detected by ApopTag in situ oligo ligation kit (Mil-
lipore) staining, was increased up to 3-fold in TNF-treated
EGFRwa2 compared with WT mice (Fig. 5 C and D). Similarly,
activated-caspase-3 staining was increased in TNF-treated
EGFRwa2 mice within 24 h and was limited to the epithelial cell
layer (Fig. 5E), a pattern identical to the findings with ISOL
staining. Thus, these data indicate that survival of intestinal
epithelial cells exposed to TNF in vivo requires functional
EGFR.

Src Activity Is Required for TNF-Stimulated EGFR and ErbB2 Transac-
tivation and the Antiapoptotic Response in Intestinal Epithelial Cells.
One mechanism of EGFR transactivation includes activation of
Src-family protein kinases, leading to MMP-dependent ligand
release (17). Alternatively, activated Src is able to phosphorylate
and activate EGFR directly (18).

In YAMC cells, TNF stimulated Src activation (Fig. 6A).
Because the Src family members Src, Fyn, and Yes are expressed
in YAMC cells (24), we transfected cells with a siRNA mixture
that reduced expression of all three of these Src family members
and attenuated EGFR and ErbB2 transactivation by TNF but did
not attenuate EGF-stimulated EGFR activation (Fig. 6B). Like-
wise, treatment of cells with pharmacological inhibitors of Src
family kinases, CGP77675, PP1, or PP2, similarly inhibited TNF
transactivation of both EGFR and ErbB2 [supporting informa-
tion (SI) Fig. S1 A]. These findings suggest that Src regulates
TNF-dependent activation of EGFR and ErbB2 in intestinal
epithelial cells.

To determine the role of MMPs in transactivation of EGFR
and ErbB2, we used the pharmacological inhibitors TAPI-1
and GM6001. Neither the ADAM-17-specific inhibitor
TAPI-1 (Fig. S1B) nor the broad-spectrum MMP inhibitor
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GM6001 (data not shown) reduced TNF-stimulated EGFR
and ErbB2 transactivation.

To determine whether Src activation by TNF regulates the fate
of intestinal epithelial cells exposed to TNF, YAMC cells were
pretreated with Src inhibitors and TNF-induced apoptosis was
detected by TUNEL assay. All of the Src inhibitors tested
enhanced TNF-induced apoptosis (Fig. 6C), suggesting that Src
activation is required not only for EGFR and ErbB2 transacti-
vation but also for the survival of intestinal epithelial cells in
response to TNF treatment.

Akt Is a Potential Target of TNF-activated EGFR in Intestinal Epithelial
Cells. One of the major downstream signaling targets of EGFR
is Akt, a pleiotropic antiapoptotic kinase. TNF activates Akt in
a PI3K-dependent manner in intestinal epithelial cells (4), and
PI3K inhibitors enhance apoptosis in TNF-treated cells (6).
Therefore, we tested whether EGFR and ErbB2 are required for
activation of Akt by TNF. Loss of EGFR expression suppressed
TNF activation of Akt, which was rescued by WT EGFR (Fig.
7A). Likewise, TNF-stimulated Akt activation was inhibited by
reducing ErbB2 expression (Fig. 7B). Furthermore, Src inhibi-
tors blocked TNF-activation of Akt (Fig. S2). Interestingly,
although both EGF and TNF stimulate ERK1/2 activation in
intestinal epithelial cells, loss of EGFR or ErbB2 expression did
not block TNF-induced activation of ERK1/2 (Fig. 7) or I�B
degradation (Fig. S3).

Discussion
This study demonstrates an important mechanism of TNF
promotion of intestinal epithelial cell survival through transac-
tivation of EGFR and ErbB2, with the expression of both EGFR
and ErbB2 required for TNF transactivation of either tyrosine
kinase. Although specific mechanisms of EGFR and ErbB2

transactivation by TNF are not yet clear, this study provides
evidence that this pathway requires Src-kinase activity and seems
to be independent of MMP activity and that Akt activation is a
common target downstream of EGFR/ErbB2 transactivation.
These findings support the transactivation of EGFR and ErbB2
as a ‘‘molecular switch’’ determining the survival response of
intestinal epithelial cells exposed to TNF.

Elucidating the downstream targets of EGFR activation by
TNF is important to develop a clear understanding of the cellular
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responses induced by TNF. We showed that Akt/PI3K is a
potential key target of TNF-initiated EGFR transactivation. We
also found that TNF stimulates ERK1/2 MAPK activation in the
absence of EGFR expression (Fig. 7). Thus, although EGFR is
not necessary for TNF-stimulated MAPK activation in intestinal

epithelial cells, neither is MAPK activation sufficient to promote
cell survival after TNF stimulation (6). Our previous studies
showed that TNF regulates proliferation through ERK1/2 acti-
vation (25, 26). Together these findings suggest that EGFR/
ErbB2 may not be required for TNF-stimulated MAPK activa-
tion to regulate intestinal epithelial cell proliferation. Our
finding is consistent with results from two recently published
reports. The first report showed that gefitinib, an EGFR kinase
inhibitor, increases apoptosis stimulated by recombinant TNF-
related apoptosis-inducing ligand in a bladder cancer cell line in
an Akt-dependent and ERK/MAPK-independent manner (27).
The second paper showed that TNF activates MAPKs when
EGFR is blocked in HeLa cells (28). Other studies, however,
indicate ERK/MAPK as a target of TNF-transactivated EGFR
(13, 29).

We have reported previously that TNF initiates antiapoptotic
signaling pathways through kinase suppressor of Ras (KSR) in
intestinal epithelial cells (4, 5) with KSR required for TNF activa-
tion of ERK1/2 MAPK and I�B degradation in YAMC cells (4, 5).
Our findings here, however, show that neither ERK1/2 MAPK (Fig.
7) nor I�B (Fig. S3) is a downstream target of TNF-activated EGFR
transactivation. Thus, TNF may regulate cell survival through
multiple signaling pathways including both EGFR-transactivation-
dependent and independent mechanisms.

Interestingly, Akt seems to be a target for both KSR- and
EGFR-regulated antiapoptotic signaling pathways because
TNF-induced Akt activation is inhibited, but not completely
blocked, in KSR�/�MCE (5) (Fig. S3) and EGFR�/�MCE cells
(Fig. 7 and Fig. S3). Our studies suggest that TNF-initiated
EGFR and KSR signaling pathways are parallel in colon epi-
thelial cells because (i) TNF stimulates EGFR transactivation
and Akt activation in KSR1�/�MCE cells; (ii) the stronger
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inhibitory effects on Akt activation (as compared with YAMC
cells) are observed in EGFR�/�MCE cells at 1, 5, 10, and 120
min of TNF treatment and at 1, 5, 60, and 120 min in
KSR1�/�MCE cells; (iii) the peak of Akt activation by TNF is at
60 min treatment in EGFR�/�MCE cells and at 10 min in
KSR1�/�MCE cells.

TNF production is increased in a number of gastrointestinal
disorders, such as inflammatory bowel disease (30) and Helico-
bacter pylori-induced gastritis (31), which are coincident with
EGFR/ErbB activation and an increased risk of tumorigenesis
(32). Furthermore, dysregulated production of TNF is a medi-
ator of tumor growth (19). Therefore, the mechanisms of
TNF-regulated antiapoptotic responses are important in under-
standing the role of TNF in the pathogenesis of inflammation
and inf lammation-associated tumorigenesis. Activation of
EGFR and other ErbB family members by cytokines has been
reported in several cell types (13–16). TNF stimulates rapid
EGFR phosphorylation on Tyr-1068 in HeLa cells, although at
a lower level of phosphorylation than with EGF treatment (28),
consistent with our finding that EGF is more effective than TNF
in stimulating increased EGFR phosphorylation in YAMC cells
(Figs. 2 and 6). Thus, this evidence of the complex relationship
of cross-talk between TNF and EGFR/ErbB2 in modulating
cellular functions has significant implications for the clinical
manipulation of TNF signaling in inflammatory diseases and
tumor development.

Another finding is that TNF-transactivation of either EGFR
or ErbB2 requires expression of both EGFR and ErbB2 (Fig. 2).
TNF may increase EGFR/ErbB2 heterodimer formation, be-
cause ligand-induced formation of ErbB2-containing het-
erodimers is preferred over other ErbB combinations (33).
Furthermore, heterodimers, especially those containing ErbB2,
induce more potent signaling than EGFR homodimers (34).
Indeed, ligand-induced EGFR and ErbB2 phosphorylation de-

pends on the dimerization partner, and the presence of ErbB2
modifies EGFR-regulated signaling pathways (35). Overexpres-
sion of ErbB2 enhances ligand-independent EGFR activation
and EGFR recycling to the cell surface and inhibits down-
regulation of activated EGFR (34, 36). In addition, ErbB2
activation by TNF may be amplified by heterodimer formation
with EGFR because ErbB2 can be phosphorylated directly by
EGFR (37); alternatively, formation of the heterodimer induces
a conformational change that activates the intrinsic tyrosine
kinase domain of ErbB2, leading to autophosphorylation of
ErbB2 (38).

Src family members seem to regulate TNF-stimulated EGFR
and ErbB2 transactivation in intestinal epithelial cells. Thus, the
tyrosine kinase activity of Src family members seems to be
necessary for maximal TNF-stimulated EGFR/ErbB2 transacti-
vation and the antiapoptotic response. We cannot exclude the
involvement of MMPs that are not sensitive to either GM6001
or TAPI-1, however. We have generated ADAM-17/TACE-
deficient MCE cells, and TNF stimulates EGFR transactivation
in the absence of this well characterized MMP, which is known
to initiate processing of several EGFR ligands (data not shown).
Further studies, such as screening for TNF-stimulated EGFR/
ErbB2 ligand production, will be needed to define a role for
MMP activity in TNF transactivation of EGFR.

In summary, our study demonstrates that TNF stimulates EGFR
and ErbB2 transactivation with Akt as a potential target to promote
an antiapoptotic response in intestinal epithelial cells in vitro and in
vivo. Interestingly, recent reports show that TNF signaling is
required for the development of colitis-associated carcinoma (39),
and PI3K/Akt activation in tumor suppressor phosphatase and
tensin homolog (PTEN)-deficient mice plays a significant role in
intestinal stem cell activation and proliferation to initiate intestinal
polyposis (40). Therefore, these observations advance our under-
standing of the possible role of EGFR and other ErbB family
members in maintaining intestinal epithelial cell homeostasis in
TNF-induced inflammation with important implications for in-
flammation-associated carcinogenesis.

Materials and Methods
Information regarding antibodies, cytokines, growth factors, inhibitors, re-
agents, and the detailed methods for cell line preparation, cell culture, cellular
lysates preparation, immunohistochemistry, and apoptosis are provided in the
SI Materials and Methods.

Cell Culture. YAMC cells were isolated from the colonic epithelium of H-2Kb-
tsA58 mice (Immortomouse; Charles River Laboratories) (41). EGFR�/�MCE
cells were isolated from the colonic epithelium of EGFR-null heterozygous
mice crossed with the Immortomouse (42).

Generation of Stable Cell Lines. EGFR�/�MCE cells were transfected with
pcDNA3.1/Zeo vector control, pcDNA3.1/Zeo/WT EGFR, or pcDNA3.1/Zeo/
kiEGFR (K721R), which blocks ATP binding, by using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. Zeocin-selected
pools of cells were stained with anti-EGFR528-PE antibody (50 ml/5 � 106 cells)
and sorted by using Becton-Dickinson FACSAria flow cytometry. Stable pools
of cells expressing EGFR were maintained in medium containing 200 �g of
Zeocin per milliliter.

Transient Transfection of siRNA. YAMC cells were transiently transfected with
50 nM nontargeting siRNA, 50 nM mouse EGFR, or ErbB2 SMARTpool siRNA at
70% confluence by using Lipofectamine 2000 according to the manufacturer’s
instructions. After 24 h of transfection, cells were cultured in serum-starved
medium for 16–18 h before treatment.

Mice, TNF Injection, and Tissue Preparations. All animal experiments were
performed according to protocols approved by the Institutional Animal
Care and Use Committee at Vanderbilt University. EGFRwa2 mice with a
naturally occurring EGFR-kinase-defective mutation (Val to Gly mutation at
residue 743 in the kinase domain) (43) were obtained from David Threadgill
(University of North Carolina, Chapel Hill, NC) on a C57BL/6 background.
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YAMC       vector      wtEGFR
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Fig. 7. EGFR and ErbB2 are required for Akt activation in intestinal epithelial
cells treated with TNF. EGFR�/�MCE cells stably expressing WT EGFR or vector
only (A) and YAMC cells transfected with ErbB2 siRNA or nontargeting siRNA
(B) were treated with TNF (100 ng/ml) for 2 h or with EGF (10 ng/ml) for 5 min.
Akt and ERK1/2 activation were detected by Western blot analysis of cellular
lysates with anti-phospho (P)-Ser 473 Akt and anti-P-ERK1/2 antibodies, with
total expression levels detected by using anti-Akt and anti-ERK1/2 antibodies,
respectively.
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PCR primers specific for the EGFR sequence containing the point mutation
were used for genotyping (sequences available upon request). Mice (8 –10
weeks old, 25–30 g) were anesthetized and then were injected i.p. either
with TNF (104 units in PBS containing 2% FBS) or with PBS with 2% FBS only
in a total volume of 200 �l (5).

Colon tissue was fixed in 10% neutral-buffered formalin and was paraffin-
embedded before sectioning. The colonic mucosa was scraped into homoge-
nization buffer and tissue lysed (44) for Western blot analysis.

Statistical Analysis. Statistical significance in each study was determined by
using the Student’s t test with a confidence level of 0.05. All data presented are

representative of at least three repeat experiments and are presented as
mean � SEM.
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