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In many human lung adenocarcinoma cell lines, a pathway involving
epidermal growth factor receptor (EGFR), ErbB2 and ErbB3 receptors,
phosphatidyl inositol 3-kinase (PI3K), Akt, glycogen synthase kinase
3-� (GSK3-�), and cyclin D1 controls cell growth, survival, and inva-
siveness. We have investigated this pathway in paired transformed/
nontransformed cell lines from murine peripheral lung epithelium,
E9/E10 and A5/C10. The E9 and A5 carcinoma lines expressed ErbB3
and transforming growth factor-� (TGF-�) and responded to TGF-�
stimulation with protein complex formation including the p85 regu-
latory subunit of PI3K, activation of Akt, phosphorylation of GSK3-�,
and increased cyclin D1 protein and the cell cycle. ErbB3 and TGF-�
were not detected in the nontransformed E10 and C10 cell lines.
Nevertheless, exposure of E10 or C10 cells to TGF-� activated PI3K
and Akt and increased cyclin D1 and cell growth. The effector path-
way from the EGFR to PI3K in these nontransformed cells included
the adaptor Grb2, the docking protein Gab1, and the phosphatase
Shp2. Gab1 was highly expressed in E10 and C10 cells but not in
the malignant E9 and A5 sister lines. Complexes of EGFR/Grb2/
Gab1/Shp2 after TGF-� stimulation were prominent only in E10 and
C10 cells. Thus, alternate pathways downstream of EGFR regulate
mitosis in these paired malignant versus nontransformed lung cell
lines.
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Complex interactions of growth factors, receptors, and signaling
pathways regulate normal cell division of lung epithelial cells
and, in their derangement, contribute to the development of
malignancy. Systematic distinction of essential from secondary
changes is facilitated by the availability of two pairs of cell lines
derived from cells of the peripheral lung epithelium of BALB/c
female mice, which grew out after explanting the lungs (1, 2).
Each of these pairs was derived from a single immortalized cell
line, one subline of which underwent spontaneous malignant
transformation to an adenocarcinoma line showing growth in
soft agar and as nude mouse xenografts. These pairs are desig-
nated E9/E10 and A5/C10, where E9 and A5 are the malignant
lines.

The presence of lamellar bodies and cytoskeletal features
indicated that type II cells may have been the origin of these
lines (1, 2), confirmed by specific staining with antibodies to
cytokeratins (3). We have confirmed lamellar body–like struc-
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tures in E10 and C10 cells by electron microscopy (unpublished
data). E10 and C10 present 2–5% S-phase cells at confluence,
compared with 20–30% of E9 and A5 cells (3). The two nontrans-
formed cell lines, compared with the two transformed lines,
have higher levels of fibronectin, laminin, and vitronectin; more
organized cytoskeletons; more numerous gap junctions; and more
glucocorticoid- and platelet-derived growth factor receptors (3).

We have used these paired lines to investigate mechanisms
of regulation of cell growth via the epidermal growth factor
receptor (EGFR) ErbB1 in malignant compared with nontrans-
formed peripheral lung epithelial (PLE) cells. The EGFR family
of receptors can regulate many aspects of cellular behavior,
including proliferation (4, 5). This family consists of four
members—ErbB1 (EGFR), ErbB2, ErbB3, and ErbB4—which
have a common structural design involving an extracellular
ligand-binding domain, a single hydrophobic transmembrane do-
main, and a tyrosine kinase cytoplasmic domain. Ligands include
epidermal growth factor (EGF) and transforming growth
factor-� (TGF-�) for the EGFR and heregulins for ErbB3 and
ErbB4. However, no direct ligand has been discovered for
ErbB2, and ErbB3 lacks intrinsic kinase activity. Thus, hetero-
dimerization among the ErbB family members is central to their
functioning.

With regard to peripheral lung, immunohistochemical studies
have indicated the presence of EGFR (6) and ErbB3 (7, 8) in
normal human adult type II pneumocytes but have indicated
the absence of ErbB2 (7, 9). Immunohistochemistry and RNA
analyses indicate a lack of EGF in these cells (6, 10). The ErbB
receptors are frequently upregulated in non-small cell lung can-
cers. The EGFR may have high levels of expression (11), and
ErbB2 is overexpressed in up to 100% of lung adenocarcinomas
with associated poor prognosis (12). ErbB3 was highly expressed
in some lung adenocarcinomas (13) with associated poor progno-
sis (8), and ErbB3 co-expression with other family members
indicated probability of tumor recurrence (14). In other types
of cancer, including mammary and ovarian, complex with ErbB3
greatly enhances signaling through ErbB2 (15, 16).

These observations prompted our examination of ErbB3 ex-
pression and signaling in human lung adenocarcinoma cell lines.
We observed that ErbB3 was highly expressed in five of seven
human lung adenocarcinoma cell lines but absent from an im-
mortalized nontransformed human cell line, HPL1D, derived
from peripheral lung epithelium (17). Further studies showed
that a signaling pathway involving EGFR, ErbB2, ErbB3, phos-
phatidylinositol 3-kinase (PI3K), Akt, glycogen synthase kinase
3- � (GSK3-�), and cyclin D1 is essential for the maintenance
of survival, mitosis, and invasiveness of these cells (17, 18). How-
ever, because only one nontransformed cell line from human
lung peripheral epithelium was available, the generality of the
conclusions could not be confirmed. These results are extended
here by use of the E9/E10 and A5/C10 paired cell lines.
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Figure 1. Expression of ErbB family members
and ligands in nontransformed (C10, E10) and
malignant (A5, E9) sister lung cell lines. Western
blots of lysates (50 �g protein for growth factor
receptors and 20 �g protein for growth factors)
were probed with antibodies as indicated. Sizes
of the bands shown are 170 kD (EGFR), 185 kD
(ErbB2), 185 kD (ErbB3), 180 kD (ErbB4), 18 kD
(TGF-�), and 44 kD (Hrg-�). P85 was used as a
loading control for growth factor receptors (6%
gel), and �-actin was used as a loading control
for growth factors Hrg-� (12% gel) and TGF-�
(4–20% gradient gel). An extended exposure of
the blot was used to confirm the low level of
expression of EGFR in A5 cells (left panel, second
row).

Figure 2. Stimulation of ErbB2/ErbB3/PI3K complex formation by TGF-� in lung adenocarcinoma cells. (A ) E10 and E9 cell lysates were immunopre-
cipitated with anti-ErbB3 and were immunoblotted with anti-PI3K p85, then after stripping immunoblotted sequentially with anti-ErbB3, and
antiphosphotyrosine. E10 cells were used at 70% confluence. E9 cells were studied at 70% confluence or at 70% confluence and serum starved
for 48 h or after treatment of serum-starved cells with TGF-� (with or without EGFR inhibitor PD153035) for 5 min or after treatment of serum-
starved cells with EGF. (B ) E9 cells at 70% confluence or cells serum starved and treated with TGF-� or EGF were immunoprecipitated with anti-
p85 and immunoblotted with anti-ErbB3, then after stripping, immunoblotted sequentially with anti-p85 and anti-ErB2. (C ) E9 and E10 cells at
70% confluence and E9 cells treated with TGF-� after serum starvation were immunoprecipitated with anti-ErbB2 and were immunoblotted with
anti-ErbB2 then after stripping immunoblotted sequentially with anti-ErbB3 and anti-p85. (D ) A5 carcinoma cells were serum starved and treated
with TGF-� for 5 min with or without the PD153035 inhibitor. Immunoprecipitation/immunoblotting assays with anti-ErbB3 and anti-p85 were
performed as indicated.
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With these paired cells lines, we provide evidence that in the
nontransformed lines uniquely, EGFR signals to Akt using the
scaffolding adapter Gab1 (Grb2 associated binder 1) and the
protein tyrosine phosphatase Shp2 (SH2 containing protein tyro-
sine phosphatase 2). On the other hand, we have confirmed
operation of the EGFR/ErbB3/Akt pathway in the carcinoma
lines but not in the nontransformed lines. Alternate routing of
downstream mitogenic signaling from EGFR may be a character-
istic of lung adenocarcinoma.

MATERIALS AND METHODS

Cell lines from peripheral mouse lung epithelium, originally derived as
described (1, 2), were obtained from Dr. R. Ruch, Medical College of
Ohio (E10), Dr. A. Malkinson, University of Colorado (E9), and
Dr. S. Jakowlew (National Cancer Institute) (C10 and A5). E10 and E9
cells were maintained in CMRL 1066 basal medium. C10 and A5 cells
were maintained in Dulbecco’s modified Eagle’s medium (Biofluids,
Rockville, MD) and were supplemented with 2 mM glutamine, penicillin/
streptomycin, and 10% fetal calf serum (PAA Laboratories, Parkerford,
PA).

For serum starvation experiments, 70% confluent cultures were
maintained in media with 0.1% serum for 48 h and rinsed with fresh
0.1% serum-containing media 2 h before the experiment. Human EGF
was obtained from Invitrogen (Carlsbad, CA), and TGF-� was obtained
from Upstate Biotechnology (Lake Placid, NY). PD153035 (1 �M), a
specific inhibitor of EGFR (CalBiochem, San Diego, CA), or LY294002
(25–50 �M), a specific inhibitor of PI3K (Sigma, St. Louis, MO) was added
30 min before the addition of TGF-� (20 ng/ml) or EGF (100 ng/ml).
Antibodies to EGFR, ErbB2, EGF, TGF-�, heregulin-� (Hrg-�), Grb2,
Shp2, and total GSK3-� kinase were from Santa Cruz Biotechnology
(Santa Cruz, CA); antibodies to ErbB3, phospho-specific EGFR, phospho-
specific ErbB2, phosphotyrosine (clone 4G10), PI3K p85� (mouse
monoclonal, clone UB93-3), polyclonal p85, Gab1, Gab2, and cyclin
D1 were from Upstate Biotechnology; and antibodies to Akt, phospho-
Akt, and phospho-GSK3-� were from Cell Signaling Technology
(Beverly, MA).

Cultured cells for immunoblots or immunoprecipitations were
rinsed with cold phosphate buffered saline (PBS) (17 mM KH2PO4,
50 mM Na2HPO4, and 150 mM NaCl) and scraped in lysis buffer con-
taining 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
�-glycerophosphate, 1 mM sodium orthovanadate, and 1 �g/ml Leupep-
tin (Cell Signaling Technology) and supplemented with 1 mM phenyl-
methylsulfonyl fluoride (Sigma) just before use. For immunoprecipita-
tion, cells were prepared in lysis buffer as described previously, and
500 �g of protein was immunoprecipitated with antibodies overnight
at 4 �C. Protein A or G agarose (Roche Molecular Biochemicals,
Indianapolis, IN) was added, and incubation continued for 2 h at 4 �C.
The immunoprecipitates were washed three times in lysis buffer before
electrophoresis and immunoblotting.

For immunoblotting, the cell lysates were mixed with 2� Laemmli
sample buffer and loaded at the protein concentrations indicated in
the figure legends on Tris-Glycine gels (Invitrogen): 6% gels for growth
factor receptors; 16% gels or 4–20% gradient gels for TGF-� growth
factor; and 12% gels for Akt, GSK3-�, Grb2, Hrg-�, and cyclin D1.
Lysates were electrophoresed at 100 V. After transfer to Hybond nitro-
cellulose membranes (Amersham, Buckinghamshire, UK) at 22 V at
room temperature, the blots were blocked in 3% bovine serum albumin
or 3–5% dried milk for 2 h at room temperature and probed overnight
with antibodies at 1:1,000 dilution (1:100 dilution for monoclonal anti-
p85�). After application of appropriate secondary antibody (Amersham),
an ECL kit (Amersham) was used for the detection of bound antibody.
Bands were scanned with a Visioneer one-touch 9,320 scanner (Pleasan-
ton, CA) and quantified with UnScanIt software (Silk Scientific Inc.,
Orem, UT). For reprobing with another antibody, blots were stripped
in buffer containing 100 mM 2-mercaptoethanol, 2% sodium dodecyl
sulfate, and 65 mM Tris (pH 6.8) for 30 min at 60 �C and washed for
1 h with PBS/0.1% Tween 20.

For flow cytometric analysis (fluorescence-activated cell sorter
[FACS]), cells were treated as described in the figure legends, trypsin-
ized (Biosources, Rockville, MD), washed twice with ice-cold PBS,

Figure 3. Effects of TGF-� on PI3K p85, Akt, GSK3-�, and cyclin D1 in
all cell lines. (A ) C10, A5, E10, and E9 cell lines at 70% confluence were
serum starved and treated with TGF-� for 5 min in the presence or
absence of inhibitor PD153035. Lysates were immunoprecipitated with
anti-EGFR and immunoblotted with anti-p85. A TGF-�–stimulated,
PD153035-inhibited complex was detected in all four lines. (B ) C10,
A5, and E10 cells pretreated with or without the inhibitor PD153035
were stimulated for 5 min with TGF-�. Lysates from these cells were
immunoprecipitated with anti-ErbB2 and immunoblotted with anti-
p85. (C ) The four cell lines were treated as described previously for
5 or 10 min and immunoblotted, with sequential stripping, for EGFR,
pEGFR, Akt, and pAkt. EGFR and Akt phosphorylations were observed
in all four lines in response to TGF-� and were inhibited by PD153035.
(D ) The four cell lines were treated as described previously for intervals
between 10 min and 6 h with or without the PD153035 inhibitor of
EGFR or LY294002 specific for PI3K and immunoblotted for total Akt
and pAkt. Total Akt did not change. Akt phosphorylation reached a
maximum by 30 min and was markedly reduced by both inhibitors.
(E ) The four cell lines were treated as described previously for 5 or 10
min in the presence or absence of the PD153035 or LY294002 inhibitors
and immunoblotted for phosphorylated GSK3-�. In all lines, the latter
was increased by TGF-� treatment, and the increase was partially
blocked by each inhibitor. (F ) The four cell lines were treated as de-
scribed previously for intervals of 30 min to 6 h in the presence or
absence of PD153035 or LY294002 and immunoblotted for cyclin D1.
The latter increased progressively over this time course, and this increase
was completely blocked by each inhibitor.

�

resuspended in PBS, fixed by the addition of absolute ethanol to a final
concentration of 70%, and held at �20 �C. The day before the FACS
analysis, the cells were washed with PBS and resuspended in PBS, and
the cell nuclei were stained in the dark with 100 �g/ml propidium iodide
(Sigma) containing 125 U/ml RNase and held overnight at �4 �C. The
next morning, 10,000 stained nuclei were analyzed in a Coulter XL flow
cytometer, using System II version 3.0 software to ascertain percentage
of cells in the G0/G1, S, and G2/M phases of the cell cycle based on the
DNA content characteristic of each of these phases. Significances of
differences were evaluated with parametric or nonparametric tests as
appropriate with software from SigmaPlot, Inc., and GraphPad, Inc.,
Instat Version 3.00.

All results shown are representative of at least three independent
experiments with different cell cultures.

RESULTS

High Expression of ErbB3 and TGF-� in
Malignant Lung Cell Lines

Because ErbB3 is highly expressed in the majority of human
lung adenocarcinoma cell lines but is not detected in the non-
transformed cell line HPL1D from human lung peripheral epi-
thelium (17), we tested whether the same would be true for the
paired transformed/nontransformed cell lines from mouse PLE
cells E9/E10 and C10/A5. In confirmation of the findings for
human lung adenocarcinoma, ErbB3 protein was highly ex-
pressed in malignant lines E9 and A5 but was not detected in
the nontransformed sister lines E10 and C10 (Figure 1). Thus,
upregulation of ErbB3 in lung adenocarcinoma cells seems to
be a general phenomenon. By contrast, EGFR levels were higher
in the E10 and C10 cells, although EGFR was still detectable
in the E9 and A5 cells. ErbB4 was expressed in all four cell
lines.

The presence of agonists for the ErbB receptors was investi-
gated. EGF was not detected in any cell line (data not shown).
TGF-� was expressed only in the E9 and A5 adenocarcinoma
lines (Figure 1). Hrg� was detected in all lines.
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ErbB2/ErbB3/PI3K p85 Complex in E9 and
A5 Cells after EGFR Activation

In previous studies of human lung adenocarcinoma cells, ErbB3
was linked to PI3K downstream, with an ErbB2/ErbB3 hetero-
dimer forming a complex with the p85 regulatory subunit of
PI3K (17). To ascertain whether this was true in the mouse
lung adenocarcinoma cells, TGF-� or EGF was used to activate
EGFR, ErbB2, and ErbB3 after serum starvation. An antibody
to ErbB3 was used for immunoprecipitation of E9 cell lysates,
followed by immunoblotting for ErbB3, p85, and phosphotyro-
sine. The results show an increase in p85 and of phosphotyrosine
in the complex, which was blocked by inclusion of the EGFR
inhibitor PD153035 (Figure 2A). In a complementary experi-
ment, after treatment of serum-starved E9 cells with TGF-� or
EGF, antibody to p85 immunoprecipitated ErbB3 and ErbB2
(Figure 2B). Involvement of ErbB2 was confirmed by the pres-
ence of ErbB3 and p85 in immunoprecipitates with anti-ErbB2
antibody (Figure 2C). Lack of signal with E10 cells confirmed the
specificity of these results (Figures 2A and 2C). These findings
were confirmed for the A5 adenocarcinoma cell line, where the
occurrence of a TGF-�–stimulated, PD153035-inhibited, ErbB3-
p85 complex was demonstrated by reciprocal immunoprecipitation-
immunoblotting assays (Figure 2D).

Activation of an EGFR/PI3K/Akt Pathway by TGF-� in
Nontransformed Cell Lines

Because EGFR, ErbB2, and ErbB4, but not ErbB3, were
detected by Western blotting in the nontransformed E10 and
C10 cell lines (Figure 1), we determined whether activation of
p85 could be downstream of these receptors. Cell lysates were
immunoprecipitated with anti-EGFR and immunoblotted with
anti-p85. In E10 and C10, as in E9 and A5, treatment of serum-
starved cells with TGF-� resulted in the formation of a complex
of EGFR and p85, and the amount of this complex was markedly
reduced by the inclusion of the EGFR-specific inhibitor
PD153035 (Figure 3A). A complex of ErbB2 and p85 was seen
after TGF-� stimulation in C10, A5, and E10 (Figure 3B), as
had been shown for E9 (Figures 2B and 2C). Similarly, in all
four cell lines, TGF-� treatment led to an increase in pAkt,
and this was blocked by treatment with PD153035 (Figure 3C).
Increases in PD153035-inhibitable pEGFR were also demon-
strated with these lysates (Figure 3C). This was especially promi-
nent in the E10 and C10 cells, with high expression of EGFR.
At the same film exposure time, the pEGFR band was fainter
in A5 and E9 but was distinctly present (Figure 3C) and was
confirmed by longer exposures (data not shown).

PI3K activation of Akt as a result of EGFR stimulation was
confirmed for all four lines by use of the PI3K-specific inhibitor
LY294002 over a 6-h time course (Figure 3D). pAkt levels were
lower in the A5 cells and responded somewhat more slowly to
the TGF-� but were clearly present and confirmed by longer
film exposure (not shown). Thus, in all four lines, the EGFR
was responsive to TGF-� and formed an Akt-activating complex
with PI3K/p85.

GSK3-� and Cyclin D1 as Downstream Targets of pAkt in
Malignant and Nontransformed Cell Lines

pAkt may regulate the cell cycle by phosphorylation of GSK3-�,
resulting in downregulation of this protein and hence increased
stability of cyclin D1. Operation of this pathway was noted in
human lung adenocarcinoma cells (17, 18). This was confirmed
for the mouse E9 and A5 lung adenocarcinoma lines and for
the nontransformed E10 and C10 cells. Phosphorylation of GSK3-�
was demonstrated in all four cell lines, and this event was sensitive

to inhibition by PD153035 and LY294002 (Figure 3E). Also in all
four cell lines, levels of cyclin D1 increased steadily up to 6 h
after TGF-� treatment; this increase was blocked by treatment
with EGFR inhibitor PD153035 or PI3K inhibitor LY294002
(Figure 3F).

EGFR-PI3K Pathway Contribution to Cell-Cycle Control in
Malignant and Nontransformed Cell Lines

To confirm that the changes in cyclin D1 indicated differences
in cell growth, cell-cycle analysis was performed by FACS for
C10, E9, and E10 cells. Serum starvation was followed by TGF-�
stimulation. E10 cells recover poorly from complete serum star-
vation; therefore, they were starved in 1% serum. A5 cells could
not be included in this experiment because they show a major
apoptotic response to serum starvation. For C10, E9, and E10
cells, serum starvation led to arrest of the cell cycle, with signifi-
cant increases in G0/G1 fractions and decreases in S-phase cells
(Table 1). C10 and E10 also experienced a decrease in G2/M
phase cells after starvation. TGF-� treatment resulted in the
resumption of cell cycle in all cell lines, as shown by a decrease
in G0/G1 fractions, although this was of borderline statistical
significance for E10 cells. This was accompanied by increase in
S-phase cells in E9 and E10, whereas C10 responded to TGF-�
with a prominent elevation in the G2/M fraction. In all three lines,
the stimulatory effects of the TGF-� on cell cycle were significantly
abrogated by treatment with PD153035 or LY294002, confirming
involvement of the EGFR-PI3K pathway.

The reason for the differences in cell-cycle phase distributions
in C10 compared with E10 and E9 is not known. C10 cells grow
somewhat faster than E10 cells (not shown) and express less
p19, p53, and p21WAF1 (19). These differences may result in more
rapid transit of the S phase of the cell cycle by C10 cells.

Inducible Gab1/p85 Complex in Nontransformed E10 and
C10 Cells but Not in E9 or A5 Carcinoma Cells

If ErbB3 connects the EGFR to PI3K/p85 in the carcinoma cells,
then how is this connection made in the nontransformed E10
and C10 cells, which lack ErbB3? We postulated that a member
of the Gab family (20) could be a candidate for this function.
The Gab1 docking protein is known to be recruited to EGFR
complexes through the adaptor Grb and in turn to bind to the
p85 subunit of PI3K (20, 21). Lysates of C10 and E10 cells
responded with a strong signal to anti-Gab1 antibody; much less
was detected in E9 and A5 cells (Figure 4A). Furthermore, in
TGF-�–stimulated C10 and E10 cells, a mobility shift in Gab1
was noted (consistent with phosphorylation). This shift was not
seen in the presence of the EGFR inhibitor PD153035. No such
shift occurred in E9 or A5 cells treated with TGF-�. Quantitative
assessment showed a 5- to 10-fold difference in Gab1 expression
between C10 and A5 and between E10 and E9 (Figure 4B).

Increased association of EGFR with Grb2 was observed in
response to TGF-� stimulation in all four cell lines. This associa-
tion was inhibited with PD153035 treatment in all four cell lines
(Figure 4C). Repeated experiments to coimmunoprecipitate
EGFR with Gab1 failed to indicate a direct association between
EGFR and Gab1 in TGF-�–stimulated cells (data not shown).
Immunoprecipitation of these cell lysates with anti-Grb2 anti-
body confirmed formation of an EGFR-dependent Grb2/Gab1
complex after treatment with TGF-� only in C10 and E10 cells
(Figure 4D). Involvement of ErbB2 was also explored. TGF-�
stimulated a direct association of Gab1 to ErbB2 only in C10
cells; this complex was absent in E10 cells (Figure 4E). Even
with 2 mg protein from E10 cell lysates, there was no detectable
association between ErbB2 and Gab1 (data not shown).
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TABLE 1. CELL-CYCLE STIMULATION OF MALIGNANT E9 AND NONTRANSFORMED E10 AND C10 CELLS WITH TGF� AND
SUPPRESSIVE EFFECTS OF PD153035 AND LY294002 INHIBITORS

Proliferating Starved TGF-� 14 h T�LY 14 h T�PD 14 h TGF� 20 h T�LY 20 h T�PD 20 h

E9
41.8 � 1.02 75.0 � 0.52 62.73 � 3.1 76.9 � 0.88 72.57 � 2.41 61.6 � 1.99 78.1 � 0.68 73.3 � 0.88

G0/G1 P 	 0.01* P 	 0.05† P 	 0.05‡ P 
 0.05‡ P 	 0.05† P 	 0.05‡ P 
 0.05‡

49.2 � 1.51 15.4 � 0.72 25.2 � 0.40 12.37 � 0.59 17.83 � 0.91 26.87 � 1.58 11.37 � 0.63 15.06 � 1.5
S P 	 0.01* P 	 0.01† P 	 0.01‡ P 	 0.01‡ P 	 0.05† P 	 0.01‡ P 
 0.05‡

9.0 � 0.72 9.5 � 0.86 11.4 � 3.37 10.7 � 0.31 9.83 � 0.11 9.03 � 1.35 10.43 � 0.22 11.13 � 1.23
G2/M P 
 0.41* P 
 0.6† P 
 0.8‡ P 
 0.5‡ P 
 0.7‡ P 
 0.35‡ P 
 0.14‡

E10
73.1 � 5.64 91.3 � 1.35 85.6 � 3.05 92.06 � 0.96 92.13 � 1.27

G0/G1 P 
 0.05* — — — P 
 0.104† P 
 0.12‡ P 
 0.15‡

13.2 � 2.86 1.5 � 0.41 4.68 � 0.39 0.82 � 0.05 1.58 � 0.21
S P 	 0.05* — — — P 	 0.01† P 	 0.01‡ P 	 0.05‡

12.68 � 2.73 5.75 � 1.0 8.7 � 2.3 5.57 � 1.52 4.84 � 1.29
G2/M P 
 0.05* — — — P 
 0.25† P 
 0.218‡ P 
 0.175‡

C10
53.8 � 2.8 79.3 � 2.19 53.8 � 4.68 84.6 � 0.59 74.1 � 3.4

G0/G1 P 	 0.05* — — — P 	 0.05† P 	 0.05‡ P 	 0.05‡

25.17 � 3.34 7.03 � 1.19 9.3 � 0.66 1.57 � 0.03 8.85 � 0.56
S P 	 0.05* — — — P 
 0.06† P 	 0.01‡ P 
 0.74‡

30.4 � 2.69 13.2 � 1.13 36.2 � 4.9 13.06 � 0.63 16.6 � 1.1
G2/M P 	 0.05* — — — P 	 0.05† P 	 0.05‡ P 	 0.05‡

The percentages of cells in G0/G1, S, and G2/M phases of the cell cycle as determined by FACS from three different experiments for E9, E10, and C10 are shown.
Proliferating cultures were analyzed at 70% confluence, after serum-starvation for 48 h, and after treatment with TGF-� (T) for 14 or 20 h (E9) or 20 h (C10) with or
without EGFR inhibitor PD153035 (PD) or PI3K inhibitor LY294002 (LY). TGF� stimulated re-entry of serum-starved cells into the cell cycle, and this was blocked by
either inhibitor.

Bold type indicates significant P values.
* P values for the comparisons, proliferation versus starved cells.
† P values for the comparisons, starved versus TGF�-treated cells.
‡ P values for the comparisons, TGF�-treated versus TGF� plus inhibitor–treated cells, respectively.

From these results, it seemed possible that the connection
between EGFR and p85, provided by ErbB3 in the malignant
E9 and A5 cells, could be a function of Gab1 in the nontrans-
formed E10 and C10 cells. This was confirmed: Immunoprecipi-
tates of E10 and C10 lysate with anti-p85 antibody contained
Gab1; amounts of immunoblotted Gab1 were especially high in
E10 cells. Less Gab1 and a different migration pattern were
seen when the EGFR inhibitor PD153035 was used (Figure 4F).
Much lower Gab1 signals were observed in A5 cells and were
barely detectable in E9 cells (Figure 4F).

In further exploration of these interactions, antibody to phos-
photyrosine, which is effective for immunoprecipitation, was
used. After TGF-�, there was marked increase in Gab1, which
was inhibited by PD153035 (Figure 4G), and Gab2 was detect-
able. TGF-� also resulted in increased p85 in the complex, with
some mobility shift (Figure 4G).

Interaction of Gab1 with Shp2

Gab proteins have essential functional interactions with the pro-
tein tyrosine phosphatase Shp2 (20, 21). Immunoprecipitation of
C10 and E10 cells with anti-Shp2 antibodies revealed a Gab1 com-
plex that increased after TGF-� and was sensitive to PD153035
inhibition (Figure 5A). There was much less of this complex in
E9 cells, and none was detected in A5 cells (Figure 5A). In the
reciprocal assay, immunoprecipitation with anti-Gab1 and immu-
nodetection with anti-Shp2 gave similar results (Figure 5C). The
p85 subunit of PI3K was also found to be present in the anti-
Shp2 complex (Figure 5D).

DISCUSSION

Evidence is increasing for a consistent role for a PI3K-Akt-cyclin
D1 pathway in growth of lung cancers, including adenocarcino-

mas (22–24), implying direct involvement of the EGFR (25, 26).
The evidence presented here further extends this body of data
to two mouse lung adenocarcinoma cell lines and confirms a
malignancy-related role for the receptor ErbB3 in combination
with EGFR and ErbB2. Our data establish for the first time
the importance of the EGFR-PI3K-Akt-cyclin D1 pathway in
proliferation of nontransformed cells from the peripheral lung.
Stimulation of cell division in nontransformed type II–like cells
in culture by EGF and TGF-� has been demonstrated (27–30).
An in vivo experiment with a dominant negative EGFR mutant
clearly showed the role of this receptor in proliferative responses
of the type II cells to lung injury (31). In vivo, TGF-� is produced
by mesenchymal and inflammatory cells after injury. Our E10
and C10 cells, however, had no detectable EGF or TGF-�. What
stimulates the EGFR in these cells during proliferation in sub-
confluent cultures remains to be determined; heparin-binding
EGF, amphiregulin, betacellulin, and decorin are possibilities.

Activation of Akt as a result of EGFR stimulation in non-
transformed PLE cells is shown here possibly for the first time.
The PI3K-Akt pathway was activated in rat primary lung type II
cells by surfactant-associated protein A and was associated with
upregulation of anti-apoptotic pathways; proliferative effects
were not measured (32). A role for Akt activation was shown
in the stimulation of proliferation of rat lung type II cells by
keratinocyte growth factor (33). High levels of cyclin D1 in
proliferating nontransformed lung type II-like cells has been
described previously (34). Upregulation of cyclin D1 after EGFR
activation in this cell type may not have been reported, although
an increase in cyclin D1 in primary rat type II cells was noted
after treatment with keratinocyte growth factor (35).

A novel and interesting aspect of our findings relates to the
connection between the EGFR and the PI3K downstream pathway
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Figure 4. High levels of Gab1 and inducible Gab1/p85 complex in nontransformed E10 and C10 cells but not in E9 or A5 carcinoma cells. (A )
Immunoblots for Gab1 in the four cell lines, serum starved and with TGF-� treatment with or without EGFR inhibitor PD153035. Much higher
levels of Gab1 were found in C10 and E10 cells compared with A5 and E9 sister lines. Low levels of Gab1 were observed in E9 cells after longer
exposure of the blot (not shown). A Gab1 mobility shift occurred in C10 and E10 after TGF-� treatment, suggestive of phosphorylation. (B )
Quantification of the differing levels of Gab1 in the proliferating nontransformed versus proliferating malignant lung cells from three different
experiments. Gab1 expression levels in A5 and E9 cells were significantly different from those in C10 and E10, respectively (P � 0.01). Two exposure
levels of a representative western blot of Gab1 are shown. (C ) C10, A5, E10, and E9 cells were treated as described previously, immunoprecipitated
with anti-Grb2, and immunoblotted for EGFR (6% gel). Increased levels of EGFR coimmunoprecipitated with Grb2 in all four TGF-�–treated cells.
A weak band was observed for A5 cells after longer exposure of the blot (not shown). PD 153035 treatment inhibited the association of EGFR
with Grb2. Lysates immunoprecipitated with anti-Grb2 were resolved in 12% gel and immunoblotted with Grb2 (middle panel). (D ) Cell lysates
immunoprecipitated with anti-Grb2 were immunoblotted for Gab1. Large amounts of this complex were formed in response to TGF-� stimulation
in C10 and E10 cells and completely blocked with PD153035. No Grb2-Gab1 complexes were detectable in E9 and A5 cells. (E ) C10 and E10
cells were treated as described previously, and 1 mg cell lysate from each cell line was immunoprecipitated with anti-ErbB2 and immunoblotted
with anti-Gab1. TGF-� induced direct association of ErbB2/Gab1 complex only in C10 cells. Inhibitor PD153035 blocked this association. (F )
Immunoprecipitation of lysates of TGF-�–stimulated C10 and E10 cells with anti-p85 contained substantial amounts of immunoblotted Gab1; less
Gab1 and with a different migration pattern was seen when the EGFR inhibitor PD153035 was used. No Gab1 signal was observed in E9 cells. A
low level of constitutive p85/Gab1 complex in A5 cells was decreased after TGF-� treatment and was absent with PD153035 treatment. (G ) Lysates
of C10 and E10 cells were immunoprecipitated with antiphosphotyrosine after treatment with TGF-� with or without PD153035 and immunoblotted
sequentially with stripping, anti-Gab1, anti-Gab2, and anti-p85. The presence of immunoblotted Gab2 in the complex in E10 cells was confirmed
by a longer exposure of the blot (not shown). Inhibitory effects of PD153035 confirmed EGFR-dependent increases in Gab1, Gab2, and p85 in
the immunoprecipitates.

leading to cell-cycle enhancement. This connection seemed to dif-
fer in the cancer cell lines compared with their nontransformed
sister cell lines. The two cancer lines, E9 and A5, like their
human counterparts (17), express high levels of ErbB3, which
respond to activation of the EGFR to complex with ErbB2 and
p85 of PI3K. The demonstrated high constitutive expression of
TGF-� in these cells may result in a strong autocrine/paracrine
stimulation of cell division. By contrast, the nontransformed

sister lines, E10 and C10, do not express ErbB3 or TGF-�.
Instead, they present Gab1, a multifunctional scaffolding adap-
tor, which is recruited to activated EGFR by the adaptor Grb2;
PI3K is a prominent downstream target of activated Gab1 (21).
We demonstrated in the E10 and C10 cells phosphorylation
(activation) of Gab1 and formation of complexes with EGFR,
Grb2, and p85 of PI3K in response to TGF-�. Shp2 was also
present in these complexes. In the E9 and A5 cancer lines, on
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Figure 5. Complexes containing Shp2 with Gab1 and p85 in
C10 and E10 cells. (A and B ) C10/A5 and E10/E9 paired non-
transformed/malignant cell lines were serum starved and treated
with TGF-� with or without EGFR inhibitor PD153035. Lysates
were immunoprecipitated with anti-Shp2 and immunoblotted
sequentially with anti-Gab1 and anti-SHP2. In the nontrans-
formed cells, the complex was increased in C10 and E10 cells
by TGF-�, and this increase was blocked with PD153035. No
Shp2/Gab1 containing complex was detectable in A5 cells; a
low level was noted in E9 cells. (C ) The four cell lines were
treated as descibed previously, and lysates were immunoprecipi-
tated with anti-Gab1 and immunoblotted with anti-Shp2. Results
confirm the formation of a PD153035-inhibitable complex in
the E10 and C10 cells, with much less in the A5 and none in
the E9. (D ) The four cell lines were treated as described pre-
viously, and lysates were immunoprecipitated with anti-Shp2
and immunoblotted with anti-p85. This complex was formed
in response to TGF-� and was inhibited by PD153035 in C10
and E10 cells but not E9 and A5 cells.

the other hand, Gab1 complexes were minimal or absent and
were not induced by TGF-�.

The occurrence of a complex containing Gab1 and ErbB2 is
shown for the first time here. Although Gab1 has been shown
to bind only to EGFR, it is possible that it can bind to other
ErbB family receptors. Heregulin treatment, which induces only
ErbB2/ErbB3 phosphorylation, stimulated Gab1 phosphoryla-
tion and associated PI3K activity in colon cancer cells (36).
ErbB2 contains a putative Gab1 binding motif YXNQ at 1,139
in its carboxy terminus similar to that of ErbB1 at Y1068 (36).
Recent reports have identified Gab1 as a downstream effector
of ErbB2 (37–39). ErbB2-specific inhibitors have blocked the
EGF-induced Gab1/PI3K/Akt pathway in colon cancer cells (33)
and EGF-induced Gab1 phosphorylation in HEK 293 cells (40).
Because EGF does not bind directly to ErbB2, these results
suggest that Gab1 is activated downstream of ErbB2 possibly
through EGFR/ErbB2 heterodimer activation.

Thus, although EGFR is a trigger for cell division in nontrans-
formed and malignant PLE cells and PI3K and cyclin D1 are used
in both situations, the membrane events that ensue immediately
upon EGFR activation seem to differ, with ErbB2/ErbB3 re-
cruitment occurring uniquely in the cancer cells but Grb2/Gab1
engaged and activated as a major pathway in the nontransformed
cells only. It is tempting to speculate that the latter pathway can
be regulated and turned on and off as part of normal cellular
responses, whereas the former is autonomous and unresponsive
to regulation when combined with TGF-� production. This is
consistent with a view of Gab family proteins as signal amplifiers
(21). It needs to be determined whether loss of Gab1 is essential
to the establishment or maintenance of the malignant state and
is thus a potential target for remedy. Consistent with our results,
EGF induced an EGFR, Gab1, and Shp2 functional complex
only in immortalized, nontumorigenic hamster embryo fibro-
blasts (41), whereas lack of Gab1 and functional loss of the
EGFR, Gab1, Shp2 complex was noted in tumorigenic hamster
embryo fibroblasts (41). Overexpression of a truncated Gab-1,
unable to localize to the cell membrane, resulted in the enhance-
ment of preneoplastic changes in hamster embryo fibroblasts (42).

On the other hand, Gab1 overexpression in murine fibroblasts
promoted transformation (43), murine intestinal adenomas
showed increased association of EGFR with Gab1 (44), and
active ErbB2-mediated transformation of fibroblasts was
blocked by Gab-1 knock-out (39). Efficient ErbB2 induced mam-

mary tumor progression required EGFR-mediated Gab1 activa-
tion (38). In kidney cells, EGF activated Gab1 and Erk, and
Erk caused downregulation of the active Gab1 via stimulation
of a phosphatase (45). This suggests tight feedback regulation
of Gab1. The degree of expression and the maintenance of regu-
lation of Gab1 may be important to neoplasia development in
various contexts.

The phosphatase Shp2 was present in the Gab1 complex in
our nontransformed lung cells. An active role for Shp2 in Gab1
signaling has been apparent (20, 21) and is likely to be complex,
at least in glioblastoma cells (46) and fibroblasts (43, 47). Multiple
functions and possible contributions to cancer have been postu-
lated for Shp2 (48). Failure of normal differentiation of lung
was noted in Shp-2�/� chimeric mice, especially in those with a
dysfunctional EGFR (49, 50). These findings support an impor-
tant role for Shp2 downstream of EGFR in normal growth con-
trol in lung. No information on Gab1 is available for lung. Be-
cause the use of signaling molecules and pathways is cell-type
specific changes in Gab-1 expression and function during lung
tumorigenesis are worth further exploration.

In summary, our results indicate that activation of the EGFR
of transformed and nontransformed PLE cells leads to upregula-
tion of the cell cycle through events that include activation of
PI3K and Akt and increased cyclin D1. However, the upstream
connectors differ, with ErbB3 playing a key role in the cancer
cells but with the adaptor Grb2, the docking protein Gab1, and
the phosphatase Shp2 being prominent in the nontransformed
cell lines. These data encourage therapeutic targeting of ErbB3
in lung adenocarcinomas and the development of strategies to
enhance expression of Grb2/Gab1/Shp2 in these malignancies.
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