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maintained when this receptor is ER-retained.

genic transformation.
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(Bacl(ground: Deregulation of EGF receptor (EGFR) signaling leads to cellular transformation.
Results: Reduction of net charge in the EGFR juxtamembrane region generates constitutively active EGFR, and activity is

Conclusion: Wholly ER-retained, constitutively active EGFRs can drive transformation through PI3K activation.
Significance: The polybasic juxtamembrane sequence plays an important role in regulating EGER signaling leading to onco-
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Deregulation of ErbB receptor-tyrosine kinases is a hallmark
of many human cancers. Conserved in the ErbB family is a clus-
ter of basic amino acid residues in the cytoplasmic juxtamem-
brane region. We found that charge-silencing mutagenesis
within this juxtamembrane region of the epidermal growth fac-
tor receptor (EGFR) results in the generation of a mutant recep-
tor (EGFR Mut R1-6) that spontaneously transforms NIH 3T3
cells in a ligand-independent manner. A similar mutant with
one additional basic residue, EGFR Mut R1-5, fails to exhibit
ligand-independent transformation. The capacity of EGFR Mut
R1-6 to mediate this transformation is maintained when this
mutant is retained in the endoplasmic reticulum via a single
point mutation, L393H, which we describe. We show that EGFR
Mut R1-6 with or without L393H exhibits enhanced basal tyro-
sine phosphorylation when ectopically expressed, and the
ligand-independent transforming activity of EGFR Mut R1-6 is
sensitive to inhibition of EGFR kinase activity and is particularly
dependent on PI3K and mTOR activity. Similar to EGFR Mut
R1-6/L393H in NIH 3T3 cells, EGER variant type III, a highly
oncogenic mutant form of EGFR linked to human brain cancers,
confers transforming activity while it is wholly endoplasmic
reticulum-retained in U87 cells. Our findings highlight the
importance of the polybasic juxtamembrane sequence in regu-
lating the oncogenic potential of EGFR signaling.

Receptor-tyrosine kinases (RTKs)? initiate some of the most
complex signaling networks in cells (1). To maintain normal
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cellular homeostasis, RTK signaling must be tightly regulated.
Loss or perturbation of this regulation leads to defects in cellu-
lar processes that give rise to oncogenic transformation (2).
Oncogenic mutations in RTKs can lead to their overexpression,
constitutive activation, and/or mislocalization in cells.

The ErbB family and in particular, ErbB1, or the epidermal
growth factor receptor (EGFR) serves as a prototypic model for
RTK signaling. EGER is a type I transmembrane glycoprotein
consisting of an extracellular ligand binding segment, a single
transmembrane segment, and an intracellular segment that
contains a juxtamembrane (JX) region, a tyrosine kinase
domain (TKD), and a C-terminal tail. Signaling by EGFR is ini-
tiated after its ligand-induced dimerization, which leads to
TKD-dependent phosphorylation of the C-terminal segments
of two interacting receptors (3). The ~37-residue cytoplasmic
JX region of EGFR has emerged as a key regulator of receptor
function (4-6). Several intrinsic sorting signals have been
mapped to this JX region (7-9), which also contains a basic
calmodulin binding sequence (10) that additionally interacts
with acidic phospholipids (11-13). In an active receptor dimer,
the C-terminal halves of the JX region have been shown to clasp
two interacting EGFRs together in a conformation that pro-
motes their activation (4, 5), whereas the N-terminal halves of
these domains stabilize this interaction via the formation of an
antiparallel helical dimer (5). Recent evidence and molecular
dynamics simulations suggest that basic residues in the N-ter-
minal JX region facilitate insertion of adjacent leucine amino
acid side chains into the plasma membrane (PM) bilayer in
inactive EGFR, and these hydrophobic side chains are expelled
to allow formation of the helical dimer in the active state (6, 14).

EGER plays important roles in cell differentiation, prolifera-
tion, and epithelial organogenesis (15). Changes in its expres-
sion and regulation, due to gene duplication events (16-19),
in-frame deletions (20, 21), and point mutations (4, 21), have

endoglycosidase H; PNGase F, peptide N-glycosidase F; PM, plasma mem-
brane; ER, endoplasmic reticulum.

VOLUME 288+NUMBER 48-NOVEMBER 29, 2013



A Polybasic Sequence in EGFR Regulates Cell Transformation

been linked to tumor progression. EGFR variant type III
(EGFRVII) is an example of an in-frame deletion of EGFR
found frequently in glioblastoma multiformes as well as in non-
small cell lung carcinomas and breast and ovarian cancers.
Expression of this tumor-specific mutant receptor occurs in
one-third of glioblastoma multiformes and is an independent
negative prognostic indicator of survival (22). It results from
deletion of exons 2-7 of EGFR (801 bp), which encompasses
much of the ligand binding domain. This mutant exhibits con-
stitutive tyrosine phosphorylation (23) and downstream signal-
ing through the PI3K pathway (24) to JNK (25). Although it has
been reported that EGFRVIII is completely (26) or partially (27)
mislocalized intracellularly, this remains an area of controversy
(28-30). An additional question we address in the present
study is whether a constitutively active variant EGFR that is
fully retained in the ER can cause cellular transformation.
Motivated by the hypothesis that electrostatic binding of the
polybasic JX region of EGER to acidic phospholipids restricts
access of the kinase domain to substrate tyrosines, we demon-
strate that sufficient reduction of the net charge in the JX region
of wild-type (WT) EGFR results in constitutive activation of the
receptor. Furthermore, we show that this activity is maintained
when the receptor is retained in the ER via a novel point muta-
tion that we describe. Importantly, we find that this ER-re-
tained mutant EGFR exhibits constitutive autophosphorylation
in the absence of ligand binding and induces cellular transfor-
mation by preferentially signaling through phosphatidylinosi-
tol 3-kinase (PI3K) and mTOR. In addition, we provide evi-
dence that the highly oncogenic mutant EGFRVIII is wholly
retained in the ER of U87 glioblastoma cells and is robustly
phosphorylated at this intracellular membrane, demonstrating
that this EGFR deletion mutant, implicated in human brain
cancers, can be oncogenic in an intracellular location. Our find-
ings provide strong evidence that constitutively active EGFRs
are capable of sending transforming signals from the ER and,
furthermore, that the cytoplasmic JX polybasic sequence regu-
lates spontaneous EGFR activation and cell transformation.

EXPERIMENTAL PROCEDURES

Materials—All cell culture reagents, EGF, and precast gels
for blotting were from Invitrogen. FUGENE HD was from
Roche Applied Sciences. The anti-N-terminal (clone LA1) and
anti-C-terminal (clone E235) human EGFR antibodies (used for
immunochemistry) as well as the PVDF filters were from Mil-
lipore Corp. The anti-protein disulfide isomerase (PDI) mAb
was from Affinity Bioreagents. All Alexa dye-conjugated sec-
ondary antibodies were from Invitrogen, and the Cy5-conju-
gated anti-rabbit IgG was from Jackson ImmunoResearch Lab-
oratories. The antibodies that recognize the phosphorylated
forms of Akt, c-Jun, and Erk as well as phospho-specific EGFR
antibody (1068), anti-EGFR (used for blotting), anti-Akt, and
anti-c-Jun antibodies were from Cell Signaling. The anti-actin
antibody was from LabVision/Thermo. HRP-conjugated sec-
ondary antibodies used for blotting were from GE Healthcare.
LY294002, PD98059, and rapamycin were from EMDBiosci-
ences. Gefitinib (Iressa) was from Selleck Chemicals. The
endoglycosidase H (Endo H) and peptide N-glycosidase F
(PNGase F) as well as restriction enzymes (Dpnl, Xbal, EcoRI,
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Mfel), and the Phusion High-Fidelity DNA Polymerase were
from New England Biolabs. The anti-GFP mAb and monoclo-
nal anti-EGFR (clone 225, Cetuximab) as well as any chemical
not noted otherwise were purchased from Sigma.

Expression Plasmids—The human EGFR-GFP construct has
been described previously (31). To generate the juxtamem-
brane mutants, site-directed mutagenesis was performed using
the QuikChange site-directed mutagenesis kit (Stratagene) or
Phusion High-Fidelity DNA Polymerase (New England Bio-
labs). Before generation of stable cell lines, the W'T and mutant
EGER constructs were cloned into the pKH3 expression vector
(Addgene) using the Xbal and EcoR1 restriction sites. Primers
containing the Xbal and Mfel restriction sites were annealed to
the N and C termini, respectively, of the EGFR constructs due
to the presence of an EcoRI restriction site within EGFR. The
particular restriction sites were chosen to eliminate the tri-
ple-HA tag, present in the pkH3 vector, from the final protein
product. EGFR-VIII cDNA was obtained in an MSCV-XZ066
vector (Addgene). The EGFR-vIII-pkH3 construct was made as
described above for the other EGFR constructs.

Cell Culture—Rat RBL-2H3 mast cells were grown in mini-
mum Eagle’s medium containing 20% (v/v) fetal bovine serum
(FBS) (Atlanta Biologicals) and 10 wg/ml gentamicin sulfate as
described previously (32). In preparation for imaging and flow
cytometry, cells were plated at 25—-50% confluency into 35-mm
MatTek wells (MatTek Corp.) or 60-mm dishes, respectively.
After ~20 h, RBL-2H3 cells were transfected with either
mutant or wild-type versions of EGFR. These constructs were
transfected using FUGENE HD (Roche Applied Sciences) per
the manufacturer’s instructions, with modification to enhance
transfection efficiency in the RBL cells previously described
(32). Cells were processed for imaging or flow cytometry 24 h
after transfection.

Mouse NIH 3T3 cells were grown in DMEM containing 10%
(v/v) calf serum. In preparation for imaging, cells were plated at
50% confluency into 35-mm MatTek wells. After ~20 h, cells
were transfected with either mutant or wild-type versions of
EGER. These constructs were transfected using FuGENE HD
(Roche Applied Sciences) per the manufacturer’s instructions.
U87 cells were grown in DMEM supplemented with 10% (v/v)
FBS. Where indicated, NIH 3T3 or U87 cells were treated with
0.1 or 0.02 ng/ml EGF. To generate stable cell lines, NIH 3T3 or
U87 cells were transfected with the various pkH3 vectors either
alone or incorporating EGFR constructs using FUGENE HD
(Roche Applied Sciences). Transfected cells were maintained in
DMEM supplemented with 10% calf serum (NIH 3T3) or 10%
FBS (U87) and 2 ug/ml puromycin (Invitrogen). After 10—14
days, puromycin-resistant colonies were selected (NIH 3T3) or
pooled (U87) and subcultured in DMEM supplemented with
10% calf serum (NIH 3T3) or 10% FBS (U87) and 0.5 ug/ml
puromycin. The clones/lines were then assessed for expression
of each respective EGFR construct.

Confocal Fluorescence Microscopy—NIH 3T3 and RBL-2H3
cells were washed once with buffered salt solution (20 mm
HEPES, 135 mMm NaCl, 1.8 mm CaCl,, 2 mm MgCl,, 5.6 mm
glucose, 1 mg/ml BSA, pH 7.4), fixed using 4% paraformalde-
hyde with 0.1% glutaraldehyde, permeabilized (or not) with
either 1% v/v Triton X-100 or 0.05% w/v saponin, and labeled
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FIGURE 1. A single point mutation L393H within the N-terminal segment of EGFR inhibits its capacity to traffic to the plasma membrane. A, wild-type
and mutant EGFR-GFP constructs generated. The JX sequence in EGFR is shown, with basic amino acids in bold and mutated residues underlined. (TM =
transmembrane). B, expression of WT and mutant EGFR-GFP constructs in suspended RBL mast cells. Transiently expressing cells were fixed and labeled with
an anti-N-terminal EGFR antibody followed by Alexa 647-anti-lgG. Scale bar, 10 um. C, representative flow cytometric scatter plots. RBL-2H3 cells transiently
expressing GFP-tagged EGFR constructs were harvested, fixed, and labeled with anti-N-terminal EGFR antibody followed by Alexa 647-anti-IgG. Cells were
gated on positive GFP fluorescence (blue and purple populations), and Alexa 647 fluorescence was analyzed to determine PM localization (purple population).
D, EGFR-GFP constructs express at similar levels. The average GFP fluorescence (total EGFR fluorescence) is from the data plotted in E. UN, untransfected; LH,
L393H point mutation; n.s, not significant; a.u., arbitrary units. E, quantification of the effect of mutation of the polybasic JX segment of EGFR and the L393H
point mutation (LH) on biosynthetic trafficking. The ratio of PM-localized EGFR fluorescence to total EGFR fluorescence for mutants is normalized to WT, and

error bars indicate = S.D. of three independent experiments in which =8000 cells expressing each construct were analyzed.

for 1 h with the specified antibodies in phosphate-buffered
saline (PBS) with 10 mg/ml BSA and 0.01% w/v sodium azide
(PBS/BSA). Images were collected using an upright Leica TCS
SP2 laser scanning confocal microscope (Leica Microsystems,
Exton, PA) with a 63 X 0.9 NA, HCX APO L U-V-I water-
immersion objective.

Flow Cytometry—RBL-2H3 cells were harvested, washed
once with buffered salt solution, fixed using 4% paraformalde-
hyde with 0.1% glutaraldehyde, and washed once with PBS/
BSA. Cells expressing GFP-tagged wild-type or mutant EGFR
constructs were labeled with the appropriate antibodies for 1 h
in PBS/BSA. Samples were evaluated using a BD Biosciences
LSR II flow cytometer, and data were analyzed using BD
FACSDiva software. Analysis was gated to include single cells
on the basis of forward and side light-scatter, and data from
single-color samples were used to determine the gates for pos-
itive fluorescence from each fluorophore.

Immunoblot Analysis—Cells were washed in PBS, incubated
in lysis buffer (25 mm Tris, pH 7.4, 100 mm NaCl, 1 mm EDTA,
1% (v/v) Triton 100, 1 mm DTT, 1 mm sodium orthovanadate, 1
mM B-glycerol phosphate, 1 ug/ml leupeptin, and 1 ug/ml
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aprotinin), and supernatants were retained following micro-
centrifuge centrifugation. Protein concentrations of the whole
cell lysates were determined using the Bio-Rad DC protein
assay. The whole-cell lysates (35 ug/lane) were resolved by
SDS/PAGE, and the proteins were transferred to PVDF mem-
branes. The filters were blocked in 10% BSA diluted in 20 mm
Tris, 135 mm NaCl, and 0.02% Tween 20 and then incubated
with the indicated primary antibodies diluted in the same
buffer. The primary antibodies were detected with HRP-conju-
gated secondary antibodies followed by exposure to ECL re-
agent (Invitrogen).

Endo H Sensitivity Assay—NIH 3T3 or U87 cells were lysed as
above, and whole-cell lysates were divided into three equal por-
tions that then were treated or not with Endo H (33) or PNGase
F according to the manufacturer’s instructions (New England
Biolabs). Samples were incubated for 24 h at 37°C, and the
digestion reactions were stopped by heating at 95 °C for 5 min
after the addition of SDS-PAGE sample buffer. Samples were
analyzed by immunoblotting.

Anchorage-independent Growth Assays—NIH 3T3 cells sta-
bly overexpressing vector only (control), WT EGFR, EGFR Mut
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R1-5, EGFR Mut R1-6, EGFR L393H, or EGFR R1-6/L393H
were plated at densities of 8.5 X 10° cells/ml in medium con-
taining 0.3% agarose with or without EGF or the specified inhib-
itors onto underlays composed of growth medium containing
0.6% agarose in 6-well dishes. The soft agar cultures were re-fed
with fresh medium (including EGF or specified inhibitors) every
5th day for 15—20 days, at which time the colonies that had formed
were counted. Each of the assays was performed at least three
times, and the results were averaged and expressed = S.D. Exper-
iments using parental U87 cells and stably expressing EGFRVIII
cells were performed similarly, except 3 X 10? cell/ml were plated
in medium containing 0.3% agarose, and colonies were enumer-
ated after 6 days, including re-feeding with fresh medium =* inhib-
itor on day 3.

Data Analysis—Statistical analyses were determined using
GraphPad Prism (GraphPad Software, La Jolla, CA) using Stu-
dent’s ¢ test, with p = 0.05 considered statistically significant.

RESULTS

Mutations in EGFR Influence Its Trafficking from the ER to
the Plasma Membrane—In an attempt to understand the func-
tional roles of the polybasic JX cytoplasmic sequence in EGFR-
mediated cell signaling (5, 34—36), we sequentially mutated
these basic residues to alanines (Fig. 14). Based on the work of
others (11, 12), we hypothesized that charge silencing within
the JX sequence of EGFR would release regulatory electrostatic
interactions with membrane lipids and thereby promote the
activity of the TKD (see “Discussion”). Whereas WT EGFR-
GEFP is found almost exclusively at the PM when expressed in
RBL mast cells, reduction in the net charge of the JX region
from +8 to +3 (EGFR Mut R1-6) initially appeared to result
in complete intracellular retention. However, sequencing
revealed that unintentional mutagenesis occurred during the
construction of Mut R1-6 and that a single point mutation,
L393H, in the EGFR extracellular domain is responsible for the
complete intracellular retention (EGFR Mut R1-6/L393H).
When this single point mutation was made in the context of
WT EGFR (wt EGFR L393H), trafficking was similarly pre-
vented, as evidenced by both confocal imaging (Fig. 1B) and
quantitative flow cytometry (Fig. 1, C and E). Notably, none of
these mutations (L393H or JX) significantly altered the protein
expression levels (Fig. 1D).

Strong evidence that EGFR L393H and EGFR Mut R1-6/
L393H localize to the ER is provided by immunofluorescent
colocalization with the resident lumenal ER protein, PDI (Fig.
2A), and by complete sensitivity of EGFR Mut R1-6/L393H to
digestion by Endo H (Fig. 2B). Endo H acts by cleaving N-linked
oligosaccharide chains near their site of attachment to the pro-
tein, and once a protein has trafficked to the Golgi, further
oligosaccharide processing results in resistance to Endo H
digestion. PNGase F removes all glycosylations and serves as a
control for these assays. When lysates from cells expressing
EGFR Mut R1-6/L393H are subjected to Endo H digestion,
the Endo H-sensitive band is the same molecular weight as the
PNGase F-sensitive band, thus supporting the contention that
EGFR Mut R1-6/L393H contains only N-linked oligosaccha-
ride chains and has not trafficked beyond the ER. In contrast,
WT EGFR and EGFR Mut R1-6 (without L393H) show only a
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FIGURE 2. EGFR-GFP Mut R1-6/L393H is retained and intact within the ER.
A, attached RBL mast cells transiently expressing WT EGFR-GFP, EGFR-GFP
Mut R1-6, EGFR-GFP L393H, or EGFR-GFP Mut R1-6/L393H were fixed, per-
meabilized, and labeled with an anti-PDI antibody followed by Alexa555-anti-
mouse lgGto label the ER. Scale bar, 10 um. B, whole cell lysates from RBL mast
cells transiently expressing either WT EGFR, EGFR Mut R1-6, or EGFR Mut R1-6/
L393H (LH) were untreated (Un), treated with Endo H (EH), or treated with
PNGase F (PNG) for 24 h before Western blot analysis with an anti-EGFR
antibody.

small amount of Endo H sensitivity (Fig. 2B), consistent with
confocal imaging and flow cytometry results showing predom-
inant surface localization for both of these proteins (Fig. 1).
Immunoblot analysis shows that EGFR Mut R1-6/L393H
retained in the ER is intact in RBL cells.® ER-retained EGFR Mut
R1-6/L393H appears to be oriented correctly across the ER
membrane, with its C-terminal domain extending into the
cytosol; confocal imaging of cells in which the PM (but not the
ER) was selectively permeabilized with a low concentration of
saponin showed that these receptors are labeled with anti-GFP
antibody (Fig. 3). Collectively, these results show that EGFR
Mut R1-6/L393H is confined to the ER, whereas EGFR Mut
R1-6 is largely expressed at the PM.

To investigate the basis for retention of EGFR L393H, we
mutated Leu-393 to amino acids other than histidine. We
found that the causative factor for retention is loss of leucine
393, as replacement of this residue with alanine also results in
complete retention in the ER, and replacement with a phenyl-
alanine results in substantially reduced PM association (Fig. 4).
Whereas replacement of Leu-393 with histidine or alanine
results in ER retention, we think this is not due to gross mis-

3 K. L. Bryant, unpublished observations.
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FIGURE 3. EGFR-GFP Mut R1-6/L393H is correctly oriented across the ER
membrane. A, the lumen of the ER, marked by PDI, is accessed when 1%
Triton X-100 is used as a permeabilization agent but not with 0.05% saponin,
which permeabilizes the PM without permeabilizing internal membranes.
RBL-2H3 cells were fixed, permeabilized as indicated, and labeled with an
anti-PDI mAb followed by Alexa 555-anti-mouse IgG. B, RBL-2H3 cells tran-
siently expressing WT EGFR-GFP or EGFR-GFP Mut R1-6/L393H (R1-6 LH) were
fixed, permeabilized (or not) as indicated, and labeled with anti-GFP mAb
followed by Alexa555-anti-mouse 1gG to label the C terminus of the
expressed EGFR construct. The GFP epitope on the EGFR-GFP Mut R1-6/
L393H C terminus is labeled after permeabilization (Unperm) with either
0.05% saponin or Triton X-100, consistent with cytoplasmic exposure. Scale
bar, 10 um.

folding of the protein; EGFR acquires the capacity to bind
ligand after exiting from the ER (37), and neither the ER-local-
ized WT receptor nor EGFR Mut R1-6/L393H bind the confor-
mation-specific antibody, Cetuximab (Fig. 5). However, EGFR
L393F, which does traffic from the ER, binds Cetuximab once it
is Golgi- or PM-localized (Fig. 5), indicating that mutation of
Leu-393 per se does not globally disrupt the folding of the extra-
cellular EFGR region.

Both EGFR Mut R1-6 and ER-retained EGFR Mut RI1-6/
L393H Transform Cells Independently of EGF—A previous
study showed that individual mutations of five of the six basic
residues to alanine significantly reduced the constitutive tyro-
sine kinase activity of a cytoplasmic intracellular domain con-
struct (4). In contrast, we hypothesized that charge silencing
within the JX sequence of full-length EGFR would release reg-
ulatory electrostatic interactions with acidic phospholipids at
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FIGURE 4. EGFR-GFP L393A was ER-retained, whereas EGFR-GFP L393F
showed reduced PM association. A, representative confocal images of WT
and mutant EGFR-GFP constructs in suspended RBL mast cells. Transiently
expressing cells were fixed and labeled with an anti-N-terminal EGFR anti-
body followed by Alexa 647-anti-IgG to reveal surface expression. Scale bar,
10 wm. LH, L393H; LF, L393F; LA, L393A. B, quantification of the effect of the
L393H, L393F, and L393A point mutations on biosynthetic trafficking. RBL-
2H3 cells transiently expressing GFP-tagged EGFR constructs were harvested,
fixed, and labeled with anti-N-terminal EGFR antibody followed by Alexa 647-
anti-IgG, then analyzed by flow cytometry to determine the ratio of PM-local-
ized EGFR fluorescence to total-EGFR fluorescence. Data from mutants is nor-
malized to WT, and error bars indicate = S.D. of three independent
experiments in which =8000 cells expressing each construct were analyzed.

the membrane and thereby promote the activity of the TKD.
Thus, we tested the possibility that EGFR Mut R1-6 would pro-
mote cell transformation due to constitutive activation by gen-
erating NIH 3T3 cell lines stably overexpressing WT EGER,
EGFR Mut R1-5, EGFR Mut R1-6, EGFR L393H, and EGFR
Mut R1-6/L393H and comparing their anchorage-independent
growth. We selected a NIH 3T3 subline that has an unusually
low expression of endogenous EGFR (38), and the EGFR con-
structs we used for stable expression contained no GFP tag.
Selected clones stably expressing WT EGFR, EGFR Mut
R1-5, and EGFR Mut R1-6 were found to express their respec-
tive EGFR proteins to similar extents, whereas the level of ER-
retained EGFR Mut R1-6/L393H is somewhat lower and that of
EGFR L393H is further reduced (Fig. 6A). However, in all five
cases robust overexpression of EGFR was observed to be far

S
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FIGURE 5. Wt EGFR and EGFR L393F bind Cetuximab only after they exit
the ER. RBL-2H3 cells transiently expressing WT EGFR-GFP, EGFR-GFP L393F
(LF), or EGFR-GFP L393H (LH) for either 12 h or 24 h were fixed, permeabilized,
and labeled with the anti-EGFR mAb Cetuximab followed by Alexa 647-anti-
mouse IgG to label the EGF binding segment of the expressed EGFR con-
struct. Specific labeling was observed once the receptors exit the ER, and
EGFR L393F bound Cetuximab as well as WT EGFR in both the Golgi region
and PM. Scale bar, 10 um.

above the endogenous level of EGFR expressed by the parent
NIH 3T3 cell line (vector control; Fig. 6A). Furthermore, cellu-
lar distributions of these constructs, monitored with immuno-
staining, are similar to their GFP-tagged counterparts tran-
siently expressed in RBL-2H3 cells (compare Figs. 1B and 6B).
Similarly, Endo H sensitivity supports the conclusion that these
stably expressed EGFR proteins localize in the NIH 3T3 cells
similarly to their transiently expressed counterparts in RBL-
2H3 cells; WT EGFR and EGFR Mut R1-6 are largely trafficked
out of the ER, whereas EGFR mutants that contain L393H are
localized exclusively in the ER (Figs. 6C and 2B).

We tested the stably expressed receptors for their capacity to
induce anchorage-independent growth, a reliable indicator of
transformation (39). Although the NIH 3T3 cells stably
expressing vector alone express small amounts of endogenous
EGER, these levels are not sufficient to mediate anchorage-in-
dependent growth even when stimulated with EGF. Overex-
pression of WT EGER results in robust transformation but only
in the presence of EGF (Fig. 7, A and B). Similarly, overex-
pressed EGFR Mut R1-5 transforms NIH 3T3 cells in an EGF-
dependent manner. However, stably expressed EGFR Mut R1-6
stimulates anchorage-independent growth of NIH 3T3 cells
even in the absence of EGF. Furthermore, EGFR Mut R1-6/
L393H retains the capacity to transform cells in a ligand-inde-
pendent manner, whereas EGFR L393H is incapable of trans-
forming NIH 3T3 fibroblasts in the absence or presence of
ligand. The transforming capacity of EGFR Mut R1-6 and EGFR
Mut R1-6/L393H is observed in multiple clones, and the degree
of colony formation by these clones correlates with EGFR Mut
R1-6/L393H expression levels (Fig. 7, C and D). In addition,
EGFR Mut R1-6, which expresses to a higher level than EGFR
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FIGURE 6. EGFR Mut R1-6/L393H is retained in the ER when stably
expressed in NIH 3T3 cells. A, whole cell lysates of NIH 3T3 cells stably
expressing WT EGFR, EGFR Mut R1-5, EGFR Mut R1-6, EGFR L393H (LH), EGFR
Mut R1-6/L393H, or vector only were subjected to Western blot analysis using
an anti-EGFR antibody and an anti-actin antibody (loading control). B, confo-
calimages of NIH 3T3 cells stably expressing vector only, WT EGFR, EGFRR1-5,
EGFR Mut R1-6, EGFR L393H, or EGFR Mut R1-6/L393H. Before imaging cells
were fixed and labeled with an anti-N-terminal EGFR antibody followed by
Alexa 647 anti-mouse IgG, then washed, permeabilized, and labeled with
anti-C-terminal EGFR antibody followed by Alexa 488-anti-rabbit IgG. Scale
bar, 10 um. C, whole cell lysates from NIH 3T3 cells stably expressing either
the WT EGFR, EGFR Mut R1-6, EGFR Mut R1-6/L393H, or EGFR L393H were
untreated (Un) or were treated with Endo H (EH) or with PNGase F (PNG) for
24 h before Western blot analysis with an anti-EGFR antibody.

Mut R1-6/L393H (Fig. 6A), forms more colonies than ER-re-
tained EGFR Mut R1-6/L393H in soft agar in the presence and
absence of EGF (Fig. 7, A and B). Collectively, these results show
that the charge-silencing mutation R1-6 in the JX region leads
to structural alterations in EGER that cause ligand-independent
transformation by receptors at the PM and the ER.

We observe that EGF consistently enhances the number of
colonies formed in NIH 3T3 cells stably expressing EGFR Mut
R1-6/L393H by a small, but statistically significant, amount
(Fig. 7A). Thus, we tested the possibility that a small population
of EGFR Mut R1-6/L393H, below the level of detection by
imaging (Fig. 6B) and Endo H sensitivity assays (Fig. 6C), is
trafficked to the PM. Anchorage-independent growth assays
were carried out on the cells expressing EGFR Mut R1-6/L393H
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shown represent the mean =+ S.D. for colonies per 2.25 cm? from at least three independent experiments. B, representative images of the colonies quantified
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independent experiments). Western blot analysis using an anti-EGFR antibody was performed on whole cell lysates from the same two clones without or with
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by EGFR Mut R1-6/L393H that is due to a PM-associated pool b4
would be expected to be reduced in the presence of this anti- 'g 80 1
body. However, the addition of Cetuximab did not decrease o
transformation mediated by EGFR Mut R1-6/L393H under o 60 -
conditions in which it significantly inhibited transformation by :

WT EGEFR (Fig. 8). These findings suggest that the enhanced o 40

transformation seen in NIH 3T3 cells stably expressing the '%

EGFR Mut R1-6/L393H in the presence of EGF is due to signal- T o0

ing by endogenous EGER at the PM that synergizes with con- «

stitutively active EGFR Mut R1-6/L393H at the ER (see 0 -

“Discussion”). EGF + + - -
Transformation Mediated by EGFR Mut R1-6 Requires Its Cetuximab - + - +

Kinase Activity—W'e investigated whether EGFR Mut R1-6 and
EGER Mut R1-6/L393H are constitutively active. We found that
treatment with the EGFR-tyrosine kinase inhibitor gefitinib
(Iressa) at 2.5 um eliminates transformation of NIH 3T3 cells
expressing either EGFR Mut R1-6 or EGFR Mut R1-6/L393H and
by EGF-stimulated NIH 3T3 cells overexpressing WT EGFR

FIGURE 8. Anti-EGFR Cetuximab does not inhibit transformation by EGFR
Mut R1-6/L393H. NIH 3T3 cells stably expressing WT EGFR or EGFR Mut R1-6/
L393H (LH) were cultured in soft agar in the presence or absence of Cetux-
imab (5 ng/ml) and/or EGF (20 ng/ml). Mean = S.D. is from three independent
experiments, normalized to WT EGFR + EGF. **** p < 0.01; n.s., not
significant.

(Fig. 9A4). The effects of gefitinib on these stable cell lines is
dose-dependent, with IC,, values of <2 um gefitinib.? We
observed significant basal phosphorylation of both EGFR Mut
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R1-6 and EGFR Mut R1-6/L393H by Western blotting of whole
cell lysates from cells expressing these mutant receptors using
anti-phospho-EGFR (Tyr-1068) antibody. The phosphoryla-
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FIGURE 9. Transformation by EGFR Mut R1-6 and ER-retained EGFR Mut
R1-6/L393H and their ligand-independent phosphorylation are EGFR
kinase-dependent. A, inhibition of colony formation of NIH 3T3 cells stably
expressing WT EGFR, EGFR Mut R1-6, or EGFR Mut R1-6/L393H (LH) by the
EGFR kinase inhibitor gefitinib (2.5 um). Data shown are the mean = S.D.from
three independent experiments normalized to WT EGFR + EGF. **** p <
0.0001. B, quantification of phospho-Tyr-1068 EGFR detected in the whole
cell lysates from serum-starved NIH 3T3 cells expressing EGFR Mut R1-6/
L393H treated as shown (gefitinib = 5 um). Data were averaged from four
independent experiments. Error bars show S.E., **, p < 0.01; n.s., not signifi-
cant. C, serum-starved NIH 3T3 cells stably expressing either WT EGFR, EGFR
Mut R1-6, or EGFR Mut R1-6/L393H were treated without or with EGF as in Fig.
3. Lysates (equal protein content) were untreated (Un) or were treated with
Endo H (EH) or with PNGase F (PNG) for 24 h before Western blot analysis using
anti-phospho-Tyr-1068-EGFR and anti-actin antibodies.

tion of EGFR Mut R1-6/L393H is not detectably enhanced
upon EGF addition, and it decreases substantially upon treat-
ment with gefitinib (Fig. 9B). These results suggest that the
ligand-independent transformation mediated by EGFR Mut
R1-6/L393H is consistent with its constitutive activity. Wt
EGFR (and EGFR L393H)? exhibit lower levels of constitutive
phosphorylation at residue 1068, and Endo H digestion con-
firms that the WT EGFR and EGFR Mut R1-6, which become
robustly phosphorylated at Tyr-1068 upon the addition of
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FIGURE 10. Transformation mediated by ER-retained EGFR Mut R1-6/
L393H depends on PI3K signaling. A, whole cell lysates from serum-starved
NIH 3T3 cells stably expressing WT EGFR or EGFR Mut R1-6/L393H (LH) and
treated as indicated were immunoblotted with antibodies specific for phos-
pho-Akt S473, total Akt, total EGFR, or actin (loading control). Before lysing
the cells, EGF was added for 5 min at 100 ng/ml in the presence or absence of
10 wMLY294002 (LY). B, quantification of Akt phosphorylation in cells express-
ing WT EGFR or EGFR Mut R1-6/393H in the absence of EGF. Data were aver-
aged from five independent experiments including those shown in A (error
bars show S.E.; **, p < 0.01). C, the effect of the PI3K inhibitor LY294002 (5 um)
on the capacity of WT EGFR-, EGFR Mut R1-6-, or EGFR Mut R1-6/393H-ex-
pressing cells to grow in soft agar. The data shown represent the mean =+ S.D.
from three independent experiments, normalized to WT EGFR + EGF. **, p <
0.01; **** p < 0.0001. D, the effect of mTOR inhibition on the capacity of WT
EGFR-, EGFR Mut R1-6-, or EGFR Mut R1-6/L393H-expressing cells to grow in
soft agar was assessed by adding rapamycin (Rapa, 25 nm) to soft agar cul-
tures. The mean = S.D.is from three independent experiments, normalized to
WT EGFR + EGF. * p < 0.05; ***, p < 0.001.

ligand, are largely at the PM (Fig. 9C). In contrast, Tyr-1068-
phosphorylated EGFR Mut R1-6/L393H is retained in the ER
(Fig. 9C), providing additional evidence that receptor signaling
from this location leads to transformation.

The ER-retained EGFR Mut R1-6/L393H Signals through the
PI3K Pathway—To determine the signaling pathway(s) responsi-
ble for mediating the ligand-independent transforming activity of
EGFR Mut R1-6/L393H, we focused our investigation on proteins
that interact with EGFR via phospho-Tyr-1068, including PI3K.
Fig. 10 summarizes results comparing the activity of this path-
way in the NIH 3T3 cells stably expressing WT EGEFR to those
expressing EGFR Mut R1-6/L393H. Cells expressing EGFR
Mut R1-6/L393H exhibit higher basal levels (without EGF stim-
ulation) of activated Akt than cells expressing WT EGFR (Fig.
10, A and B), and this activation is prevented by treatment with
the PI3K inhibitor LY294002 at 10 um (Fig. 104). Treatment
with a concentration of LY294002 (5 uMm) that only partially
decreases EGF-dependent WT EGFR-mediated anchorage-in-
dependent cell growth abolishes colony formation mediated by
EGFR Mut R1-6/L393H, suggesting greater sensitivity of trans-
formation by this mutant to PI3K inhibition (Fig. 10C). Simi-
larly, transformation mediated by EGFR Mut R1-6/L393H is
more susceptible to rapamycin, an inhibitor that interferes with
the capacity of PI3K to signal through mTOR, than transforma-
tion mediated by WT EGER (Fig. 10D). Cells expressing EGFR
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FIGURE 11. Contribution of Erk pathway to EGFR Mut R1-6/L393H-medi-
ated transformation. A, whole cell lysates of serum-starved NIH 3T3 cells
stably expressing vector control, WT EGFR, or EGFR Mut R1-6/L393H (LH) were
treated or not with EGF (100 ng/ml) *+ gefitinib (5 um) and immunoblotted
with antibodies against phospho-Erk, total EGFR, and actin (loading control).
B, inhibition of transformation by the MEK inhibitor PD98059 (50 um). The
mean * S.D.is from three independent experiments, normalized to WT EGFR
+ EGF. *** p < 0.001.

Mut R1-6 without L393H also exhibit increased susceptibility
to PI3K (Fig. 10C) and mTOR inhibition (Fig. 10D) as compared
with WT EGFR-expressing cells. However, they are not as sus-
ceptible as cells expressing EGFR Mut R1-6/L393H. In contrast,
cells expressing EGFR Mut R1-6/L393H do not show elevated
levels of phosphorylated Erk compared with WT EGFR-ex-
pressing and vector control cells with or without EGF stimula-
tion, and treatment with the MEK inhibitor PD98059 inhibits
transformation mediated by WT EGFR and EGFR Mut R1-6/
L393H to a similar extent (Fig. 11). These results provide a
consistent picture that the transformation caused EGFR Mut
R1-6 and EGFR Mut R1-6/L393H is mediated primarily by the
PISK-mTOR signaling axis.

EGFRvIII Localizes to the ER Where It Is Constitutively Active
in U87 Cells—TIt is becoming increasingly clear that the subcellu-
lar localization of a signaling protein can influence signaling out-
puts (41). Although EGFR R1-6/L393H has not been observed
clinically, it has been suggested that other cancer-causing EGFR
mutants, such as EGFRVIII, are ER-localized (26). Because the
subcellular distribution of EGFRVIII in cancer cells has been
controversial, we investigated this question by generating U87
human glioblastoma cells that stably express EGFRVIIIL. Similar
to EGFR Mut R1-6/L393H in NIH 3T3 cells, we found that
EGERVIII in U87 cells is robustly phosphorylated on tyrosine
1068 independent of EGF, and Akt and c-Jun, components of
the PI3K signaling pathway, are also basally phosphorylated
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(Fig. 12A). U87 cells expressing EGFRVIII show enhanced
transformation compared with vector control, as revealed by
anchorage-independent growth assays in soft agar, and this col-
ony formation is inhibited by treatment with gefitinib (Fig.
12B). Immunostaining of EGFRVIII with an antibody specific
for the cytoplasmic C terminus of EGFR showed a clear reticu-
late pattern that colocalizes with PDI (Fig. 12C), and ER local-
ization of EGFRVIII in U87 cells was further confirmed by com-
plete sensitivity of this mutant receptor to digestion by Endo H
(Fig. 12D). Most importantly, Tyr-1068-phosphorylated
EGFRVIII is Endo H-sensitive, corresponding to ER localiza-
tion, whereas Tyr-1068-phosphorylated WT EGFR is not, con-
sistent with PM localization of this receptor (Fig. 12D). These
results provide evidence that the human oncogene, EGFRVIII,
like EGFR R1-6/L393H, can signal from the ER in a ligand-
independent manner.

DISCUSSION

Signal generation from phosphorylated RTKs that are acti-
vated by their respective ligands at the PM has been a tenet in
the field of receptor biology since the early 1980s (42). The
findings that many epithelial tumors overexpress RTKs, partic-
ularly members of the ErbB family, and that they are key con-
tributors in cancer progression (1, 43) led to an explosion of a
field that continues to grow at a rapid pace today. By the end of
that decade it was understood that, like overexpression, muta-
tions in RTKs can lead to dysregulated signaling. A prominent
example in human brain cancers is EGFRVII], a deletion mutant
lacking exons 2-7 (20). Although a number of other cancer-
causing mutations within surface-localized RTKs have been
described previously (3), impaired receptor trafficking both to
and from the plasma membrane has been recognized more
recently as yet another possible mechanism of dysregulation
(44, 45).

Prompted by the hypothesis that the basic residues in the JX
region of EGFR negatively regulate kinase domain interactions,
we sequentially mutated these residues to alanines. We found
that by reducing the net charge of the polybasic sequence
within the JX region of EGFR from +8 to +3 we generated a
receptor (EGFR Mut R1-6) that is constitutively active and can
transform cells even when retained in the ER by a point muta-
tion (L393H; Figs. 7 and 9). We showed that EGFR Mut R1-6/
L393H receptors are intracellularly retained using both confo-
cal microscopy and quantitative flow cytometry (Figs. 1 and 6),
and we identified the site of retention as the ER both by colo-
calization with the ER-marker PDI (Fig. 2A) and by Endo H
digestion (Figs. 2B and 6C). Similarly, we found that EGFRVIII
stably expressed in U87 cells is completely Endo H-sensitive
(Fig. 12D) and that its immunolabeling colocalizes with PDI
(Fig. 12C), consistent with its ER localization. Furthermore, we
show that both EGFRVIII (Fig. 12D) and EGFR Mut R1-6/
L393H (Fig. 9C) are constitutively phosphorylated in the ER
and signal primarily through the PI3K pathway to mediate cell
transformation, which is sensitive to gefitinib (Figs. 94 and
12B).

Although ER-retained RTK mutants have been described
previously (26, 46), these mutants all possess a large deletion of
the original protein sequence. Novel to this study is the discov-
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FIGURE 12. EGFRvIII stably expressed in U87 glioblastoma cells is robustly phosphorylated, enhances cell transformation, and is localized to the ER.
A, parental U87 cells and those stably expressing EGFRvIIl were treated without or with 100 ng/ml EGF for 5 min. Whole cell lysates were electrophoresed, and
Western blots were probed with antibodies that recognize EGFR, the activated form of EGFR (phospho-Tyr-1068-EGFR), P-Akt (T308), P-c-Jun, total Akt, or total
c-Jun. B, parental U87 cells and those stably expressing EGFRvIII were cultured in soft agar without EGF with or without gefitinib (20 um). The data shown
represent the mean * S.D. for colonies per 2.25 cm? from at least three independent experiments. ***, p < 0.001; ****, p < 0.0001. C, parental U87 cells and
those stably expressing EGFRvIII were fixed, permeabilized, and labeled with an anti-C-terminal EGFR antibody followed by Alexa 488-anti-rabbit IgG. Cells
were then labeled with an anti-PDI antibody followed by Alexa555-anti-mouse IgG to label the ER. Scale bar, 10 um. D, whole cell lysates from parental U87 cells
and those stably expressing EGFRVIII treated without or with EGF (100 ng/ml) were untreated (Un) or treated with Endo H (EH), or with PNGase F (PNG) for 24 h

before Western blot analysis using an anti-EGFR antibody or an anti-phospho-Tyr-1068-EGFR antibody.

ery that a single amino acid substitution of leucine 393 for his-
tidine results in the retention of EGFR in the ER. The causative
factor for retention seems to be the loss of leucine 393, as we
show that replacement of this residue with alanine also results
in complete ER retention, and replacement with a phenylala-
nine results in dramatically reduced PM association (Fig. 4).
Leucine 393 is located in domain III of the extracellular region
of EGFR, which resembles other leucine-rich repeat proteins
(47, 48). We hypothesize that replacement of leucine 393 with a
histidine or alanine residue disrupts the closely packed hydro-
phobic core of the leucine-rich repeat, and this disruption
results in a structural change that in turn disallows EGFRs con-
taining this mutation from exiting the ER. Interestingly, human
ErbB3 and ErbB4 both have a hydrophobic phenylalanine at
position 393 (48), consistent with the observed tolerance for
this substitution in EGFR.

Although the L393H point mutation is primarily responsible
for the ER retention described herein, we consistently observe a
modest reduction in the trafficking of EGFR Mut R1-6 to the
PM. Based on quantitative flow cytometry, we observed a ~35%
decrease in the ratio of PM-localized to total expressed EGFR
Mut R1-6 as compared with WT EGER (Fig. 1E), and it appears
that this is due to partial retention in the ER, based on confocal
imaging (Figs. 1B and 6B) and Endo H digestion assays (Fig. 6C).
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EGER contains a canonical di-acidic ER exit motif downstream
from an YXX¢ targeting sequence in its C terminus (49). It has
been demonstrated in other proteins, such as the vesicular sto-
matitis viral glycoprotein (vsv-g), that both these sequences are
important for efficient ER exit (50). We hypothesize that, by
mediating protein-lipid interactions, the polybasic JX region of
EGER positions this potential ER exit motif for efficient recog-
nition by the COPII trafficking machinery. In preliminary
experiments to test this hypothesis, we generated a mutant in
which the residues defined to be important for ER exit within
these two motifs were replaced with alanines. Initial results sug-
gest that the trafficking rate of this mutant is very similar to that
of Mut R1-6,> supporting the possibility that the JX region is
functionally linked to this downstream ER exit motif.

It has been suggested that electrostatic binding of the JX
region and a TKD face to acidic lipids in the PM restrict access
of the kinase domain to substrate tyrosines in an inactive con-
formation (11). Recently reported molecular dynamics simula-
tions provide further support that basic residues in the JX
region of EGER can associate electrostatically with acidic lipids
and contribute to burying hydrophobic residues of this JX
region of non-activated EGFRs in the membrane (6). Based on
these observations, we hypothesized that an EGFR mutant lack-
ing these basic amino acids has a more easily accessible kinase
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domain that signals without regulation. Consistent with this
view, we show that stable expression of EGFR Mut R1-6 confers
the capacity of NIH 3T3 cells to form colonies under anchor-
age-independent and ligand-independent conditions irrespec-
tive of its localization at the PM or ER (Fig. 7). Notably, stable
expression of EGFR Mut R1-5 does not result in ligand-inde-
pendent transformation, indicating that reduction of the net
charge of the polybasic JX region from +8 to +3 is the minimal
change necessary for constitutive kinase activity and oncogenic
potential of EGFR Mut R1-6. Interestingly, the number of col-
onies formed by EGFR Mut R1-6/L393H-expressing cells
increases a small but significant extent in the presence of EGF
(Fig. 7A). This may be explained by the small amount of EGFR
that is endogenous to the parental NIH 3T3 cells, which is not
sufficient to promote colony formation in soft agar in response
to EGF but may synergize with the large number of constitu-
tively active Mut R1-6/L393H EGFRs. This synergy may involve
additional activation of Erk by EGF (Fig. 11).

Consistent with a constitutively activated state, EGFR Mut
R1-6/L393H is phosphorylated at residue Tyr-1068 indepen-
dent of the addition of EGF (Fig. 9, B and C). We are currently
investigating the nature of this constitutive phosphorylated
state, including the possibility that EGFR Mut R1-6/L393H
spontaneously forms active dimers in the ER. Activation of
EGEFRVIII has been suggested to be independent of dimer for-
mation (51); thus, understanding the basis for activation of
EGEFR Mut R1-6/L393H could reveal a potentially novel mech-
anism for EGFR dimerization that could be more generally rel-
evant for cell transformation by EGFR variants. The N-termi-
nal portion of the JX sequence containing the basic residues
we have mutated has been shown to form an anti-parallel
a-helical dimer important in EGF-activated EGFR (5, 14).
Consistent with this, we find that EGFR Mut R1-6 exhibits
reduced Ca®* signaling in response to EGF compared with
its WT counterpart.?

Constitutively phosphorylated at Tyr-1068 and oriented cor-
rectly across the ER membrane (Fig. 3), EGFR Mut R1-6/L393H
appears poised to requisition the canonical cytosolic signaling
proteins that normally interact with EGF-stimulated EGFR.
Adaptors that interact with Tyr(P)-1068, Grb2 and Gab2 (52,
53), lead to Ras-Erk/MAPK and PI3K pathways, respectively.
We found that EGFR Mut R1-6/L393H signals primarily
through the PI3K pathway; colony formation mediated by Mut
R1-6/L393H EGER is particularly sensitive to treatment with
the PI3K inhibitor L'Y294002 (Fig. 10B) and to mTOR inhibi-
tion by rapamycin (Fig. 10D). Furthermore, we found that Akt is
basally phosphorylated in EGFR Mut R1-6/L393H-expressing
cells (Fig. 10, A and B). In contrast, Erk phosphorylation is not
increased in these cells compared with those expressing WT
EGER or vector only (Fig. 11A). Although inhibition of Erk by
PD98059 decreases colony formation mediated by EGFR Mut
R1-6/L393H, this decrease is similar to that for WT EGFR in the
presence of EGF (Fig. 11B), suggesting a contribution from
endogenous EGEFR to the transformation phenotype. Interest-
ingly, EGFRVIII has been shown to signal similarly through the
PI3K pathway while only slightly activating the Ras-Erk/MAP
kinase pathway (24, 54). Determining how ER-retained EGFR
mutants selectively commandeer the PI3K pathway merits fur-
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ther study. We note that all Ras isoforms are tethered to mem-
branes through an isoprenyl moiety together with either palmi-
toylation or a polybasic sequence (55). In contrast, PI3K and its
downstream mediator Akt are cytosolic proteins that are
recruited through protein-protein or protein-lipid interactions.
This disposition likely increases their intracellular accessibility
for activation by ER-membrane-localized EGFR Mut R1-6/
L393H or EGFRVIII receptors.

Our results confirm that wholly ER-retained, constitutively
active EGFRs can drive cellular transformation. In a clinical
context, cancers mediated by similarly retained mutant EGFRs
will likely be more optimally treated by inhibitors that access
their intracellular location. Our results further reveal that the
polybasic JX sequence confers a regulatory role in EGFR signal-
ing important for oncogenic cell transformation.
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