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MIG6 Loss Potentiates Lung Tumorigenesis by Mutant EGFR

Figure 7. Model depicting the regulation of WT EGFR
and mutant EGFRs by MIG6. A, MIG6 binds to and inhibits
kinase activity of activated WT EGFR. MIG6 also promotes
WT EGFR traf“cking to the degradation pathway. How-
ever, once activated, EGFR phosphorylates MIG6 Y394/
Y395 residues to increase MIG6 binding and decrease
inhibition of WT EGFR kinase. This may be a feedback

WT EGFR

Mutant EGFR

mechanism for reversing the inhibitory role of MIG6 on

WT EGFR. B, mutant EGFRs are constitutively active. This
results in constitutive and increased phosphorylation at
MIG6-Y394/Y395. This increases the interaction of MIG6
with mutant EGFRs. Increased tyrosine phosphorylation

of MIG6 results in decreased kinase inhibition of mutant
EGFRs. Furthermore, MIG6 cannot promote mutant EGFR
degradation. Hence, mutant EGFRs undergo relatively
attenuated inhibition by MIG6. H owever, this incomplete
inhibition of mutant EGFRs is still suf“cient for MIG6 to
function as a potent tumor suppressor for the initiation

and progression of tumorigenesis in mouse models of
mutant EGFR...driven lung tumorigenesis. EE, early endo-
some; LE, late endosome; P, phosphorylation.

Lysosome

We saw comparable induction of steady-state levels of
transgenic mutant EGFR transcripts in the early time periods
of doxycycline induction, regardless of MIG6 status. How-
ever, there were more TTF1 and EGFRM%R immunostained
cells at these time periods, consistent with enhanced stimu-
lation of growth by mutant EGFR and early tumorigenesis
in Mig6-null transgenic mice. Surprisingly, mutant EGFR
protein levels in tumor lysates collected at the survival end-
point were significantly lower in Mig6”/~ mice than in Mig6*/*
mice. We demonstrated that the low level of transgenic EGFR
protein was still hyperphosphorylated in these late-stage
tumors, and the pEGFR:EEGFR ratio was higher in tumors
from Mig6”/~ mice than in tumors from Mig6*/* mice, suggest-
ing that the residual mutant EGFR activity was sufficient to
maintain these aggressive tumors. We did not find any differ-
ence in the mutant EGFR and 7tTA transcript levels at earlier
time periods. However, there was a slight decrease of 7#TA and
mutant EGFR transcript expression in the late-stage tumors.
This could be a result of decreased CCSP promoter activity in
the lungs of older Mig6”/~ mice, reducing mutant EGFR tran-
scripts. This is corroborated by the fact that MIG®6 is essential
for normal lung development (34). However, the modest
decrease in 7tTA or mutant EGFR mRNA does not explain the
reduced levels of mutant EGFR protein. We speculate that
during the progression of tumorigenesis, there is selection for
lower transgenic EGFR-expressing cells. However, the resid-
ual mutant EGFR signal strength is still enough to maintain

Weak signaling ¢ 1 Signaling
Heavy degradation Light degradation
of EGFR of EGFR

Lysosome

these aggressive tumors. We also speculate that MIG6 inhib-
its heterodimers of mutant and WT EGFR and promotes
their degradation in the early stages of doxycycline induc-
tion of mutant EGFRs in these models, thus explaining the
dramatic tumor-suppressive role. At later stages, because of
increased transgenic mutant EGFR levels, the mutant EGFRs
exist predominantly as homodimers. MIG6 is unable to traf-
fic these homodimers to degradation pathways because of
increased feedback tyrosine phosphorylation; instead, MIG6
binds more strongly and stabilizes mutant EGFR homodim-
ers at this stage. Hence, MIG6 deficiency results in lower levels
of transgenic mutant EGFRs in end-stage tumors.

We postulate a two-pronged mechanism by which mutant
EGFRs dampen inhibition by MIG6; one acts to regulate the
levels and the other modulates the function of MIG6. The
first is by a downregulation of MIG6 protein levels similar
to the regulation of a classic tumor suppressor. In a recent
study, lung cancer-specific EGFR mutations correlated with
loss of MIG6 protein; 12 of 16 EGFR-mutant tumors lacked
MIG6 protein (58). At least one lung adenocarcinoma cell
line, H322M, harbors a homozygous nonsense mutation in
MIG6, with undetectable MIG6 protein in the context of
WT EGFR expression (30). Around 50% of primary glioblas-
toma multiforme (GBM) tumor samples and cell lines have
reduced MIG6 RNA and protein expression (29). MIG6 levels
may also be regulated by epigenetic mechanisms. MIG6 pro-
moter methylation was observed in 79% of papillary thyroid
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carcinomas (59), and histone deacetylation (HDAC) inhibi-
tion upregulates MIG6 in lung cancer cell lines (60). We con-
firmed that MIG6 functions as a potent tumor suppressor in
the initiation and progression of tumorigenesis induced by
mutant EGFRs in mouse models. Furthermore, our studies
indicate that MIG6 can act as a haploinsufficient tumor sup-
pressor in the context of mutant EGFRs.

The second mechanism of reduced MIG6 inhibitory func-
tion is the increased tyrosine phosphorylation of Y394/Y395
by mutant EGFRs, leading to decreased kinase inhibition (44,
47) and increased constitutive binding of MIG6 to mutant
EGFRs, possibly stabilizing mutant EGFRs presented in this
study. Recently, Ying and colleagues (29) also observed that
the EGFRVIII mutant does not undergo MIG6-mediated
endocytosis and degradation in lysosomes of GBM cell lines,
unlike WT EGFR. A recent study showed a modest decrease in
EGFR internalization upon MIG6 knockdown in PC9 cells, a
lung adenocarcinoma cell line harboring the EGFRP®! mutant
(54). The study by Walsh and colleagues does not distinguish
between mutant EGFR and WT EGFR in PC9 cells, which are
heterozygous for the EGFRP®! mutant. Furthermore, we also
noticed that mutant EGFRs could be effectively internalized
into early endosomes in HBECs (Supplementary Fig. SOA-B).
Interestingly, we found strong colocalization of mutant or
WT EGFR and MIG6 in discrete vesicles upon EGF stimu-
lation of HBECs. However, there was less colocalization of
mutant EGFR compared with WT EGFR and LAMP1, a lyso-
somal marker even after 2 hours of EGF stimulation, suggest-
ing that mutant EGFR may not traffic through the lysosomal
degradation pathway (Supplementary Fig. SOC-D). Our data
suggest that mutant EGFR degradation is inhibited in spite of
the increased interaction of MIG6 and mutant EGFRs (Fig. 6
and Supplementary Fig. S9).

Prospective biomarker-validation studies are warranted to
establish the role of MIG6 expression or phosphorylation
in the overall prognosis of patients harboring WT EGFR or
mutant EGFRs. Such clinical studies are needed to ascertain
whether absolute MIG6 levels can influence the initiation,
progression, and EGFR-TKI response in mutant EGFR-driven
lung adenocarcinoma.

METHODS

Additional methods are described in the Supplementary Materials
and Methods section.

Reagents and Antibodies

RPMI and DMEM tissue culture media and FBS were obtained
from Invitrogen. Defined FBS for H3255 adenocarcinoma cell cul-
ture was obtained from Hyclone. All chemicals were obtained from
Sigma-Aldrich, unless stated otherwise. Fugene X-tremeGENE 9
DNA transfection reagent, complete minitab protease inhibitor, and
PhosStop phosphatase inhibitor were obtained from Roche Applied
Science. Nitrocellulose Western transfer sandwich was obtained
from Invitrogen, and nitrocellulose membrane was obtained from
GE Healthcare Life Sciences. EGF was obtained from Millipore and
Peprotech. The tyrosine kinase inhibitor erlotinib was obtained from
Beta Pharma, Inc. Mouse anti-MIG6 mAb was a kind gift from Dr.
Oreste Segatto (Regina Elena Cancer Institute, Italy) and was also
obtained from Abnova. Mouse anti-EGFR mAb was obtained from
BD Biosciences. Rabbit polyclonal antibodies to EGFRPe(E746-A750),

pEGFR (Y1068), EGFR, AKT, ERK, RSK, 4EBP, pAKT, pERK, pRSK,
and p4EBP, as indicated in the figures, were obtained from Cell Sig-
naling Technology. Rabbit polyclonal antibodies to MIG6 (H125)
were obtained from Santa Cruz Biotechnology. Mouse mAbs to
EGER5R (18D 1), EGFRS (9D3), and EGFR¥S (13D6) were made
in collaboration with nanoTools. Anti-EEA1 and anti-LAMP1 anti-
bodies were obtained from Abcam and Cell Signaling Technology,
respectively. Anti-TTF1 antibody was obtained from Dako, Inc., and
rabbit anti-Rho-GDI polyclonal antibodies, protein A and G sepha-
rose, were obtained from Sigma. Ki67 and p19**¥-specific antibodies
were obtained from Abcam. TUNEL staining was performed using
the ApopTag Peroxidase In Situ Apoptosis Detection Kit (Millipore).

Cell Lines

H1975 and HEK293 cell lines were purchased from the ATCC,
the PC9 cell line was obtained from the Varmus Laboratory, and the
H322M cells were obtained from the Division of Cancer Treatment
and Diagnosis (DCTD) Tumor Cell Line Repository (NCI, Frederick,
MD). All human lung adenocarcinoma cells were maintained in
RPMI supplemented with 10% FBS, 100 units/mL penicillin, and
100 ug/mL streptomycin. The human embryonic kidney cell line
HEK293 was cultured in DMEM supplemented with 10% FBS, 100
units/mL penicillin, and 100 ug/mL streptomycin. The HBECs were
a kind gift from Dr. John D. Minna (University of Texas Southwest-
ern, Dallas, TX), and were maintained in keratinocyte serum-free
medium (Invitrogen) supplemented with bovine pituitary extract
(BPE) and EGF. Cells were authenticated by short tandem repeat
(STR) profiling using the AmpFISTR Identifiler kit at the Protein
Expression Laboratory (NCI, Frederick, MD) in February 2015.

Plasmids

Site-directed mutagenesis of human EGFR and MIG6 and subclon-
ing of wild-type and mutant constructs for lentivirus production
were performed at the Protein Expression Laboratory, a Frederick
National Laboratory for Cancer Research (FNLCR) core facility.

Cell Extract and Mouse Tissue Extract Preparation,
Immunoprecipitation, and Inmunoblot Analysis

Tissue culture or mouse tissue lysates used for immunoblot were
prepared in RIPA lysis buffer (150 mmol/L NaCl, 1.0% IGEPAL
CA-630, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mmol/L Tris,
pH 8.0). For immunoprecipitation, cell extracts were prepared in
NP-40 lysis buffer. Mouse tissue extracts were prepared in RIPA
buffer using a tissue lyser (Qiagen) following the manufacturer’s
protocol. For phosphoproteomic analysis, mouse tissue extracts
were prepared in urea lysis buffer (20 mmol/L Hepes pH 8.0,
9 mol/L urea, 1 mmol/L sodium orthovanadate, 2.5 mmol/L sodium
pyrophosphate, and 1 mmol/L B-glycerophosphate). All lysis buff-
ers contained protease and phosphatase inhibitor cocktails from
Roche, and 1 mmol/L sodium orthovanadate to inhibit protease and
phosphatase activities. Protein concentrations were quantified using
a modified Lowry method (BioRad). For immunoprecipitation, 800
to 1,000 pg of lysate was incubated overnight at 4°C with 2 to S ug
of mouse anti-EGFR (MAB108) or mouse anti-Flag (MIG6) mono-
clonal antibody. The antigen-antibody complex was then captured
by incubating the mixture with protein G beads for an additional
1 hour. The immunocomplexes were washed with NP-40 lysis buffer
twice and once with PBS buffer containing 1 mmol/L sodium
orthovanadate. The bound proteins were then extracted with 2x
SDS loading buffer [65.8 mmol/L Tris-HCI, pH 6.8, 2.1% SDS, 26.3%
(w/v) glycerol, 0.01% bromophenol blue, 5% 2-mercaptoethanol] by
incubating at 95°C for 5 minutes and fractionated by SDS-PAGE
(4%-15%). The proteins were transferred to nitrocellulose membrane
using either the semidry or wet transfer method, and probed with
the specified antibody.
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EGFR Degradation Assays

Cells were serum starved for 18 hours and treated with 100 umol/L
cycloheximide (Sigma-Aldrich) for 1 hour to inhibit new protein
synthesis. Cells were either mock stimulated or stimulated with EGF
(100 ng/mL) for different time points at 37°C. Following EGF treat-
ment, the cells were quickly chilled and washed with cold PBS, and
lysed in RIPA buffer supplemented with protease and phosphatase
inhibitors, as previously described. For the degradation assay in the
presence of chloroquine, cells were serum starved and treated with
cycloheximide as described above. Fifteen minutes before EGF addi-
tion, cells were treated with or without 100 pmol/L of chloroquine.
Extracts for Western blot analysis were prepared at various time
points after EGF stimulation.

Mouse Strains

The doxycycline-inducible EGFR"58® and EGFRP! transgenic mod-
els have been described previously (35). All mice were maintained in
a pathogen-free facility approved by the NCI and Memorial Sloan
Kettering Cancer Center (MSKCC) Animal Care and Use Commit-
tees (ACUC). Animal studies were carried out with the approval
of research protocols by the ACUC. We bred Mig6*~ mice with
CCSP-rtTA mice, and Mig6*/~ mice with TetO-EGFR™* mice. Resulting
Mig6*~/CCSP-rtTA and Mig6*~/TetO-EGFR™ offspring were then
crossed to generate mutant EGFR-expressing mice in a Mig6 wild-
type (Mig6**), Mig6 heterozygous (Mig6*"), or Mig6-null (Mig67")
background.

Tumor Monitoring

Transgenic mice were fed with doxycycline-impregnated food
pellets (625 ppm; Harlan-Teklad) to induce mutant forms of
human EGFR from a doxycycline-regulated promoter. Mice were
monitored for EGFR-driven tumor development by MRI of the
lungs. MRI was carried out with respiratory gating at the MRI Core
Facility of NCI or MSKCC. Serial MRI analyses were performed,
and the tumor burden was quantified by Image]J software. Regions
of interest tool (ROI) was used to outline the lung and tumor
within the lung. ROI measurements provided the area and mean
intensity of lung and tumor. For each MRI time point, the percent-
age of tumor burden was calculated from the total lung and tumor
measurements obtained. Mice were selected to be euthanized for
survival analysis primarily using clinical criteria such as hunched
posture, trachypnea, weight loss, and decreased movement. Lungs
were perfused with PBS, and a representative portion of the tumor
tissue was frozen in liquid nitrogen for further analysis. Another
representative lung tumor tissue was processed by perfusion with
phosphate-buffered 4% paraformaldehyde for histopathology
evaluation.

Statistical Analysis

For replicate experiments, SD or SE was calculated to indicate the
variation between experiments, and values given represent the mean
+ SD. Statistical analyses of the results to assess the significance
of differences were performed using an unpaired Student ¢ test. A
threshold of P < 0.05 was used for significance. Kaplan-Meier sur-
vival analyses were performed on tumor-bearing mice using Graph-
Pad Prism.
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