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Abstract

Aberrant regulation of EGFR is common in non-small cell lung carcinomas (NSCLC), and tumor
resistance to targeted therapies has been attributed to emergence of other co-occurring oncogenic
events, parallel bypass receptor tyrosine kinase pathways including IGF1R, and TNF-a-driven
adaptive response via NF-xB. TNFAIP8, TNF-a-inducible protein 8, is an NF-xB-activated pro-
survival and oncogenic molecule. TNFAIP8 expression protects NF-xB null cells from TNF-a.-
induced cell death by inhibiting caspase-8 activity. Here we demonstrate that knockdown of
TNFAIPS8 inhibited EGF and IGF-1-stimulated migration in NSCLC cells. TNFAIP8 knockdown
cells showed decreased level of EGFR and increased expression of sorting nexin 1 (SNX1), a key
regulator of the EGFR trafficking through the endosomal compartments, and treatment with SNX1
SiRNA partially restored EGFR expression in these cells. TNFAIP8 knockdown cells also
exhibited downregulation of IGF-1-induced pIGF1R and pAKT, and increased expression of
IGF-1-binding protein 3 (IGFBP3), a negative regulator of the IGF-1/IGF1R signaling.
Consistently, treatment of TNFAIP8 knockdown cells with IGFBP3 siRNA restored pIGF1R and
pAKT levels. TNFAIP8 knockdown cells had enhanced sensitivities to inhibitors of EGFR, PI3K
and AKT. Furthermore, immunohistochemical expression of TNFAIP8 was associated with poor
prognosis in NSCLC. These findings demonstrate TNFAIP8-mediated regulation of EGFR and
IGF1R via SNX1 and IGFBP3, respectively. We posit that TNFAIP8 is a viable, multi-pronged
target downstream of the TNF-a/NF-xB axis, and silencing TNFAIP8 may overcome adaptive
response in NSCLC.

Implication: TNFAIP8 and its effectors SNX1 and IGFBP3 may be exploited to improve the
efficacy of molecular targeted therapies in NSCLC and other cancers.
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Introduction

Despite the fact that aberrant regulation of EGFR is quite frequently seen in non-small cell
lung carcinoma (NSCLC), only a small percentage of NSCLC patients have responded to
EGFR mutation-selective tyrosine kinase inhibitors (EGFR-TKISs) (1). Resistance to anti-
EGFR therapies in advanced-stage NSCLC has been attributed to the secondary mutations or
amplification of EGFR, emergence of co-occurring oncogenic events such as mutations in
TP53, PIK3CA, BRAF, MET, CDK4and CDK®, activation of parallel bypass signaling
pathways via other receptor tyrosine kinases (RTKs) including AXL and IGF1R, and TNF-
a-driven adaptive response (2-5). A large percentage of NSCLC (~ 30%) have gain-of-
function mutations in KRAS associated with the primary resistance to EGFR-TKISs (6,7).
Furthermore, most NSCLC patients do not respond to immune checkpoint inhibitor
monotherapy (8,9). Multiple combination modalities, including agents targeting EGFR,
ALK, immune checkpoints and/or immunosuppressive tumor microenvironment and
chemotherapy are being tested; however, the long-term risks and benefits of these strategies
in the treatment of NSCLC are currently unknown (10, 11). A better understanding of the
mechanisms regulating EGFR expression and activity will advance the biology of naive
tumors, and inform rational strategies for the personalized, multimodality management of
aggressive NSCLC.

TNF-a-inducible protein 8 (TNFAIP8) (aliases SCC-S2, GG2-1, NDED, TNFAIPS8 variant
2) is an NF-xB-inducible, pro-survival, oncogenic and metastatic member of the TIPE
family of proteins (12-19). The TIPE members have a highly conserved TIPE homology
(TH) domain for binding to phosphoinositides and function as lipid transporters (20).
TNFAIP8 expression is critical for inhibition of caspase-8 activity and evasion of drug-
induced apoptosis by H1299 lung tumor cells expressing mutant p53 (K120R) (21).
TNFAIPS8 broadly represses wild type p53 in A549 lung cancer cells, and silencing of
TNFAIPS8 leads to enhanced p53 binding and induction of target gene expression, p53-
dependent cell cycle arrest, and apoptosis in doxorubicin-treated lung cancer cells (22).
Expression of transcriptional co-activator and a Hippo pathway effector YAP1 has been
associated with resistance to TKI and BRAF inhibitors, upregulation of PD-L1, and poor
survival in NSCLC (23, 24). TNFAIP8 has been shown to interact with LATS1, one of the
Hippo core components, and promote nuclear localization of YAP and expression of
downstream targets cyclin D1 and CDKG® in lung cancer cells (25).

The functional significance of TNFAIP8 in regulation of growth factor receptor tyrosine
kinase signal transduction mechanisms remains unclear. Here we have investigated the
effects of stable knockdown of TNFAIP8 on EGFR and IGF1R signaling primarily in KRAS
mutant A549 NSCLC cells known to be relatively resistant to EGFR-TKIs (26). Our results
demonstrate that depletion of TNFAIPS results in loss of EGFR expression via upregulation
of sorting nexin 1 (SNX1), previously shown to target EGFR to late endosomes/lysosomes
(27-29). Similar observations were made in NRAS mutant H1299 NSCLC cells, KRAS
mutant PANC-1 pancreatic cancer cells and MDA-MB-231 and LM2-4175 breast cancer
cells, and C4-2B prostate cancer cells. We also demonstrate that knockdown of TNFAIPS is
associated with downregulation of IGF-1-inducible pIGF1R and pAKT levels via
upregulation of IGF-1-binding protein 3 (IGFBP3), a known negative regulator of IGF-1/
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IGF1R signaling (30-32). Consistently, TNFAIP8 knockdown cells showed enhanced
sensitivities to EGFR-TKI and the small molecule inhibitors of PI3K and AKT. In addition,
our findings support the notion that TNFAIP8 expression is a poor prognosticator of
NSCLC, warranting further study of TNFAIP8 in various molecular subtypes of NSCLC.

Materials and methods

Antibodies, growth factors and reagents used

Rabbit polyclonal anti-EGFR (D38B1), rabbit polyclonal anti-pEGFR Y1068 (D7Ab5), rabbit
polyclonal anti-AKT (pan) (11E7), rabbit polyclonal anti-pAKT S473 (D9E), rabbit
polyclonal anti-IGF-1 Receptorp (IGF-1R), rabbit polyclonal anti-pIGF-1R Y1135
(DATAB8), rabbit polyclonal anti-ERK1/2 (p44/42 MAPK) (13F5), mouse monoclonal anti-
PERK1/2 (p-p44/42 T202/Y204) (E10), rabbit monoclonal anti-Survivin (71G4B7), and
rabbit polyclonal anti- Cleaved PARP (Asp214) antibodies were obtained from Cell
Signaling (Danvers, MA). Mouse monoclonal anti-SNX1 and mouse monoclonal anti-EEA1
antibodies were obtained from BD Biosciences (Franklin Lakes, NJ). Rabbit polyclonal anti-
IGFBP3 (H-98) and mouse monoclonal anti-B-ACTIN (AC-15) were obtained from Santa
Cruz Biotechnology (Dallas, TX). Rabbit polyclonal anti-peptide TNFAIP8 antibody was
custom made from Covance Antibody Products (Dedham, MA) as described earlier (15, 33).
Conjugated secondary goat polyclonal anti-rabbit immunoglobulins-horseradish peroxidase
(HRP) and goat polyclonal anti-mouse immunoglobulins-HRP were obtained from Dako
(Carpinteria, CA). Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 546 goat anti-mouse
IgG1 (y1) were obtained from Life Technologies. Other reagents used were Selumetinib
(AZD6244) (Selleck chemicals, Houston, TX), Erlotinib (Cell Signaling, Danvers, MA),
LY294002 (Cell signaling, Danvers, MA), and MK-2206 2HCI (MK-2206) (Selleck
chemicals, Houston, TX), and the XTT cell viability assay kit (Biotium, Fremont, CA).

Cell lines and culture conditions

Non-small cell lung cancer cell lines A549 (KRAS G12S) (Georgetown Lombardi
Comprehensive Cancer Center Tissue Culture Shared Resource, TCSR) and H1299 (NRAS
Q61K) (ATCC) were cultured in RPMI 1640 medium supplemented with heat-inactivated
10% fetal bovine serum (FBS) and 100 U/mL penicillin and 100 pg/mL streptomycin (P/S)
(Life Technologies, Grand Island, NY). LM2-4175 cells, lung metastatic derivative of MD-
MB-231 breast cancer cells (KRAS, G13D; BRAF, G464V; TP53, R280K), were a kind gift
from Dr. Joan Massagué. Breast (MDA-MB-231 and LM2-4175), melanoma (MDA-
MB-435), prostate (PC-3, 7P53, K139fs31-del frame shift and C4-2B, 7P53wt) and
pancreatic cancer cells (PANC-1, KRAS, G12D; 7P53, R273H) (TCSR), and HEK293T
cells (ATCC) were grown in Dulbecco’s modified essential medium (DMEM) with
Glutamax and high glucose (Life Technologies) supplemented with heat-inactivated 10%
FBS and P/S. Various cell lines were authenticated at TCSR using PowerPlex® 16 System
(Promega). Mycoplasma testing at TCSR was done using the MycoAlert kit (Lonza). All
cell lines were passaged and used in the laboratory within six months of receipt from TCSR
or ATCC. All cultures were maintained in a humidified incubator at 37°C with 5% CO,.
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TNFAIP8 shRNA lentivirus and stable transductions

We first performed TNFAIP8 shRNA transient transfections using five different TNFAIPS
shRNAs detailed in Supplementary materials, and identified TNFAIP8 shRNA #3 as the
most potent sequence. Cancer cell lines stably expressing TNFAIP8 shRNA #3 (shT8) (5’-
CCGGCATCAAGCTGGCCATTCTTTACTCGAGTAAAGAATGGCCAGCTTGATGTTTT
TG-3), scrambled shRNA (scr) (5°-
CCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGG-3’), or
empty vector (pLKO.1) were established using the pLKO.1 lentiviral transduction procedure
(Addgene) as detailed in Supplementary materials.

Growth factor treatments and immunoblotting

Stock solutions of EGF and IGF-1 were prepared at 500 pg/mL in phosphate buffered saline
(PBS), and FGF-1 and VEGF were reconstituted in PBS containing 0.1% BSA at 25 pg/mL
and 100 ug/mL, respectively. All stock solutions were aliquoted and stored at —80°C.
Growth factor treatment conditions were followed as described before (30, 34, 35). In brief,
logarithmically growing cells were seeded in 6-well tissue culture dishes (3x10° cells per
well) in complete medium containing 10% FBS. At approximately 90% confluency (24 hr to
48 hr post-seeding), medium was replaced with SFM with P/S and incubations continued for
12 hr. Next day, SFM was replaced with fresh SFM containing desired final concentration of
growth factor for indicated times. Cells were scraped in lysis buffer and the lysates were
immediately processed for immunoblotting following the AbCAM Western Blotting guide
(http://www.abcam.com/index.html?pageconfig=resource&rid=11375) as detailed in the
Supplementary materials.

Detection of IGFBP3 in culture medium

To determine the level of IGFBP3 secreted into culture medium, logarithmically growing scr
A549 and shT8 A549 cells were seeded in duplicate 6-well tissue culture dishes (0.3 x 106
cells/well) in complete medium containing 10% FBS. At approximately 90% confluency,
medium was replaced with serum free RPMI 1640 with penicillin/streptomycin (SFM) (2
mL/well) for 12 hr. Culture media from scr A549 cells (scr-cm) and shT8 A549 cells (shT8-
cm) were then collected in 15 mL tubes and stored on ice. For immunoblotting, normalized
volume of culture medium (equivalent to approximately equal number of viable/adherent
cells) was loaded per lane, followed by immunablotting with anti-IGFBP3 antibody.

Culture medium treatments

Logarithmically growing cells were seeded in 6-well tissue culture dishes in complete
medium containing 10% FBS. At approximately 90% confluency, medium was replaced
with serum free RPMI 1640 with P/S (SFM) for 12 hr. Next day, medium was removed and
replaced with 2 mL culture medium collected from scr A549 cells (scr-cm) or shT8 A549
cells (shT8-cm), or cells were left untreated (ut) for 30 min, followed by cell lysis and
sequential immunoblotting with anti-pAKT and anti-g-ACTIN antibodies.

Mol Cancer Res. Author manuscript; available in PMC 2020 May 01.


http://www.abcam.com/index.html?pageconfig=resource&rid=11375

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Day et al. Page 5

Immunofluorescence

Logarithmically growing cells were seeded at 1 x 10° cells on a sterile glass coverslip placed
in a 12-well plate in complete medium. After 48 hr, cells were switched to SFM for 12 hr,
and treated for various times with 50 ng/mL EGF or left untreated (-EGF). The
immunofluorescence method is detailed in the Supplementary methods. In brief, cells were
fixed in 4% paraformaldehyde and permeabilized in 0.1% Triton X-100 for 20 min, followed
by blocking in 3% normal goat serum for 20 min. For immunostaining, combinations of two
primary antibodies were mixed in 3% goat serum in PBS for a final dilution of 1:200 per
antibody: rabbit anti-EGFR antibody plus mouse SNX1 antibody, and rabbit anti-EGFR
antibody plus mouse anti-EEA1 antibody. The cells were incubated with a mixture of the
two primary antibodies for 1 hr at RT, washed with PBS three times for 5 min each, followed
by treatment with a mixture of two secondary antibodies Alexa Fluor 488 goat anti-rabbit
A11034 (1/200 dilution), Alexa Fluor 546 goat anti-mouse 1gG1 (y1) A21123 (1/200
dilution), and 1 pg/mL 4’,6-diamidino-2-phenylindole (DAPI) in 3% goat serum in PBS.
After 1 hr, coverslips were washed in PBS and mounted on a glass slide in Fluorogel. The
colocalization of EGFR and SNX1 (green and red) or EGFR and EEAL (green and red) was
detected by confocal immunofluorescence microscopy. Photomicrographs were visually
scored for EGFR+ve puncta (green), EEA1+ve puncta (red), and EGFR+ve and EEAl+ve
puncta (merge, yellow).

Wound healing assay

A549 cells stably transduced with TNFAIP8 shRNA (shT8 A549) or scrambled shRNA (scr
A549) were seeded in 6-well plates at 0.3x10° cells/well and grown to 90% confluency in
complete medium. Medium was replaced with serum-free medium (SFM) for 12 hr. A 200
uL pipette tip was used to scrape the cells through the center of the well longitudinally, and a
line was drawn with a felt tip pen on the outside of the well perpendicular to the scratch as
described (36). Immediately after marking the scratch, cells were rinsed in SFM, and
medium was replaced with fresh SFM containing desired concentration of the growth factor.
Phase contrast microscopy images of the wound at 10x magnification were captured
immediately after wound generation, and at 6, 12, 18, and 24 hr post-scratch. Two images
were captured per scratch per time point, above and below the felt marked line. At various
times post-scratch, the wound area was quantified using ImageJ software (National Institutes
of Health, Bethesda, MD) and data, mean + standard deviation (SD), were plotted relative to
the initial wound area (O hr).

SNX1 siRNA and IGFBP3 siRNA transfections

Ab549 cells stably transduced with TNFAIP8 shRNA (shT8 A549) were seeded in 12-well
tissue culture plates with 0.1 x 108 cells per well in complete medium. At 70% confluency,
medium was replaced with 400 pL Optimem medium. Mixture of siRNA (0.25 uL of 100
UM stock) and LipofectAmine 2000 (4 L) was resuspended in 100 L Optimem medium
and incubated at room temperature (RT) for 20 min. The mixture was added to the cells to a
final concentration of 50 nM siRNA (siSNX1 #1, On-Targetplus SMARTpool; siSNX1 #2,
5’-AAGAACAAGACCAAGAGCCACUU-3’; silGFBP3, On-Targetplus SMARTpool; or
SiRNA On-Targetplus SMARTpool control). After 6 hr, 500 pL of complete medium was
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added per well, and after additional 48 hr, culture medium was changed to SFM with or
without 50 nM siRNA for 12 hr, followed by cell lysis and immunaoblotting. For growth
factor treatment, siRNA containing medium was replaced with fresh SFM and growth factor.

RT-PCR and qRT-PCR assays

Total RNA was extracted using RNeasy RNA miniprep kit according to manufacturer’s
instructions (Qiagen), and 1 ug of RNA was reverse-transcribed to cDNA using
SuperScriptlll First-Strand Synthesis SuperMix for qRT-PCR kit according to
manufacturer’s protocol (Life Technologies) as detailed in Supplementary materials and
reported earlier (37).

Cell viability assay

Sensitivities of shT8 A549 and scr A549 cells to Erlotinib, LY294002, and MK-2206 were
tested using the XTT Cell Viability Assay Kit. Cells were seeded in DMEM complete
medium supplemented with 10% FBS and P/S at a density of 1000 cells/100 pL/well (6
wells per data point) in a 96-well plate for approximately 16 hr. Next day medium was
replaced with 100 uL complete medium containing indicated drug concentration for 72 hr.
For vehicle control cells, medium containing 0.1% DMSO was used. Activated XTT reagent
(2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide) was added
to each well (25uL/well) and incubations continued for additional 4hr. Absorbance was
measured at 450 nm on a Victor Il spectrophotometer plate reader (Perkin Elmer, Waltham,
MA), and normalized to untreated cells. The experiment was repeated at least three times.

Tissue samples and immunohistochemistry

A total of 144 formalin-fixed, paraffin-embedded NSCLC specimens (122 primary tumor
resections and 22 Tissue Microarrays samples) including 47 squamous cell carcinomas
(SCCQ), 59 adenocarcinomas (AC), and 38 bronchioloalveolar carcinomas (BAC) were
immunostained by a manual method using a custom made and validated anti-TNFAIP8
antibody as described earlier (33). The Tissue Microarrays (TMAS) were purchased from US
Biomax, Inc. (Rockville, MD). The staining pattern was semi-quantitatively assessed based
on staining intensity and distribution and the results were correlated with morphologic and
prognostic variables.

Statistical analyses

Statistical significance was analyzed using the Student’s T-test. All means and confidence
intervals were calculated using Microsoft Excel (Microsoft Corporation, Seattle, WA). Two-
sided P-values were calculated and P < 0.05 was considered statistically significant. For
statistical analysis of TNFAIP8 expression in clinical specimens, we used Pearson chi-
square to test associations and Cox Proportional Hazard model for survival analysis.
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Inhibition of EGF and IGF-1-stimulated cell migration in TNFAIP8 knockdown lung cancer

cells

TNFAIP8 knockdown (shT8) A549 lung cancer cells and scrambled (scr) control A549 cells
were established using stable lentiviral transduction method as detailed in Materials and
methods. Approximately 70% inhibitions of the TNFAIP8 protein and mRNA levels were
seen in shT8 A549 cells relative to scr control (Fig. 1, A and B). In a time course
experiment, significant decrease in cell migration (i.e. wound closure) in response to EGF
was observed in shT8 A549 cells versus scr control (Fig. 1C, left panel). Under control SFM
conditions, no significant difference was noted in wound closure in shT8 cells versus scr (all
P-values > 0.05) (Fig. 1C, right panel). In an independent set of experiments, shT8 A549
cells showed a significantly delay in wound closure at 24 hr post-scratch as compared to scr
control in the presence of four different growth factors tested, EGF, IGF-1, FGF-1, and
VEGF (Fig. 1D and Fig. S1). These data demonstrate that knockdown of TNFAIP8
expression significantly decreases growth factor-induced cell migration in A549 lung cancer
cells.

Downregulation of EGFR expression and upregulation of vesicular trafficking protein
SNX1 in TNFAIP8 knockdown cancer cells

We next investigated the effects of TNFAIP8 knockdown on expression and activity of
EGFR in A549 cells. In the absence of EGF, moderate inhibition of EGFR expression (~
40%) was observed in shT8 cells versus scr (Fig. 2A). No change in EGFR mRNA level was
seen in shT8 A549 cells versus scr (Fig. S2). Upon treatment with various doses of EGF for
30 min, EGFR protein levels were further inhibited in shT8 cells versus scr. Representative
data are shown in Fig. 2A. Consistent with decreased levels of total EGFR, pEGFR
expression was also decreased in shT8 cells versus scr at all EGF doses tested (Fig. 2B).
Basal expression of EGFR protein was also reduced by ~ 70% in TNFAIP8 knockdown
H1299 cells by immunoblotting as compared to scrambled counterpart. Decreased basal
levels of EGFR protein expression were also noted in the antibody microarrays analysis of
three additional models of TNFAIP8 knockdown versus scrambled controls (MDA-MB-231,
~1.3-fold; PC-3, ~1.7-fold; MDA-MB-435, ~1.3-fold). Thus knockdown of TNFAIP8
expression was found to promote downregulation of EGFR expression in multiple cancer
cell lines tested.

Earlier reports have shown that overexpression of SNX1, a key vesicular trafficking protein
associated with the early endosome-to-lysosome sorting of cell surface receptor, leads to
direct binding of SNX1 with EGFR, accelerated degradation of EGFR through the
endocytic-lysosomal pathway and cell death (27-29). Our results showed that mMRNA and
protein levels of SNX1 were increased by ~3-fold in shT8 A549 cells versus scr (Fig. 2, C
and D). The RNA arrays profiling showed higher SNX1 mRNA levels (~1.4-fold) in
TNFAIP8 knockdown PC-3 cells versus scrambled counterparts. Increased expression of
SNX1 protein was also observed in three other shT8 models, H1299 NSCLC cells, PANC-1
pancreatic cancer cells and C4-2B prostate cancer cells (Fig. S3, A-C). The antibody
microarrays expression profiling also showed higher SNX1 protein levels in two TNFAIP8
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knockdown breast tumor cells versus scrambled counterparts (MDA-MB-231, ~1.5-fold,;
LM2-4175, ~1.5-fold). We have also detected enhanced expression of SNX1 in shT8 A549
cells versus scr, and demonstrated the co-localization of SNX1 and EGFR in response to
EGF by the immunofluorescence method (Fig. 2, E and F). To verify that TNFAIP8
knockdown cells showed decreased levels of EGFR via upregulation of SNX1 expression,
SNX1 was knocked down in shT8 A549 cells using SNX1 siRNA, siSNX1 #1 or siSNX1 #2
(Fig. 2G). As shown in Fig. 2H, in the siControl -treated shT8 A549 cells, EGFR expression
was ~60% at 30 min of EGF treatment versus untreated cells (ut), whereas shT8 cells treated
with siSNX1 #2 showed only ~ 30% inhibition of EGFR expression at 30 min post-EGF
treatment, suggesting that siSNX1 knockdown partially restored EGFR expression in shT8
A549 cells.

The early endosomal association of SNX1 has been shown to be important in its targeting of
internalized EGFR for lysosomal degradation (38, 39). To address whether the localization
of EGFR to early endosomes following ligand stimulation was differentially regulated in
TNFAIP8 knockdown cells versus scr control, immunofluorescence staining was performed
in ligand-stimulated shT8 A549 cells and scr A549 cells using anti-EGFR antibody, and
anti-EEA1 antibody to detect early endosome antigen 1 (EEAL), a marker of early
endosomes. Following EGF treatment, EGFR and EEA1 showed strong co-localization at 10
min, and the co-localization of EGFR with EEA1 was reduced at 30 min in both shT8 A549
and scr Ab49 groups. However, the reduction in EGFR localized to early endosomes at 30
min was found to be significantly higher in shT8 A549 cells versus scr (Fig. 3A, and Fig.
S4, A and B). These data suggest a relatively rapid exiting of EGFR from early endosomes
in shT8 A549 cells versus scr. TNFAIP8 knockdown A549 cells also showed inhibition of
EGF-induced pERK expression versus scr (Fig. 3B). Treatment of shT8 A549 cells with
Selumetinib (AZD6244), a small molecule inhibitor of MEK resulted in increased
expression of cleaved PARP relative to scr (Fig. 3C). In addition, EGFR-TKI erlotinib was
found to be more cytotoxic in shT8 A549 cells as compared to scrambled control cells (Fig.
3D).

Downregulation of pIGF1R and upregulation of IGFBP3 in TNFAIP8 knockdown lung

cancer cells

In dose-response and time- course experiments, IGF-1 treatment was found to have no effect
on expression of total IGF1R in shT8 A549 cells and scr. However, following treatment with
IGF-1 (10 ng/mL, 50 ng/mL, 75 ng/mL or 100 ng/mL, for 30 min), shT8 A549 cells showed
suppressed levels of pIGF1R relative to scr control. Representative data are shown in Fig. 4
(A and B) and Fig. S5 (A and B). In addition, IGF-1-stimulated pAKT expression was also
found to be suppressed in shT8 A549 cells versus scr (Fig. 4, C and D).

IGF1R signaling is mitigated by IGF-binding proteins (IGFBPs), a family of secreted
proteins, through their high affinity binding to IGF-1 and IGF-2 (31, 32). Our results showed
that IGFBP3 protein level was increased by ~ 5-fold in shT8 A549 cells versus scr (Fig. 5A).
The antibody array profiling showed that IGFBP3 expression was also increased by ~ 2-fold
in shT8 PC-3 cells relative to scr control. IGFBP3 mRNA level was also found to be higher
in shT8 A549 cells relative to scr (Fig. S6, left panel). Similar observations were made in
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shT8 C4-2B prostate cancer cells by the RNA array profiling (~ 4 to 5-fold) and validated
by gRT-PCR (Fig. S6, right panel). In three independent experiments, the levels of IGFBP3
present in the culture medium from shT8 A549 cells (shT8-cm) were found to be relatively
higher than in the culture medium from scr A549 cells (scr-cm). Representative data are
shown in Fig S7A. In addition, treatment of scr A549 and shT8 A549 cells with shT8-cm led
to decrease in basal expression of pAKT relative to scr-cm (Fig. S7, B-D). To verify that
increased expression of IGFBP3 directly led to downregulation of IGF-1-induced pIGF1R
and pAKT expression in shT8 A549 cells, IGFBP3 expression was transiently silenced in
shT8 A549 cells using IGFBP3 siRNA, sil GFBP3 (Fig. 5B). In the presence of silGFBP3,
pIGF1R and pAKT levels in shT8 A549 cells were higher both at 30 min and 60 min of
IGF-1 exposure relative to siControl (Fig. 5, C-E). Furthermore, shT8 A549 cells treated
with a PI-3K inhibitor LY294002 showed decreased expression of an inhibitor of apoptosis
protein Survivin (Fig. 5F) and enhanced cell death (Fig. 5G). TNFAIP8 knockdown cells
were also more sensitive to a pan-AKT inhibitor MK-2206 relative to scrambled control
(Fig. 5H).

Immunohistochemical expression of TNFAIP8 portends poor prognosis in NSCLC

In a total of 144 NSCLC specimens tested, TNFAIP8 immunoreactivity was found to be
predominantly cytoplasmic (Fig. 6). TNFAIP8 protein overexpression was noted in 84/144
(58%) tumors and correlated with tumor type [45/59 (76)% lung adenocarcinomas (AC)
versus 29/47 (62%) lung squamous cell carcinomas versus 10/38 (26%) bronchioloalveolar
carcinomas, p<0.0001], overall with advanced tumor stage [24/31 (77%) advanced versus
60/113 (53%) early, p=0.015], and lymph node positive status [31/41 (76%) LN+ versus
53/103 (52%) LN-, p=0.008]. Within the AC subgroup, there was a trend toward correlation
with advanced tumor stage [13/14 (93%) advanced versus 32/45 (71%) early, p=0.095] and
lymph node positive status [18/20 (90%) LN+ vs 27/39 (69%) LN-, p=0.076]. On
multivariate analysis, LN+ status independently predicted shortened survival. We conclude
that TNFAIP8 immunohistochemical expression portends poor prognosis in NSCLC,
warranting further study of TNFAIPS8 in relation to known molecular subtypes of NSCLC.

Discussion

This study demonstrates for the first time the mechanistic significance of TNFAIPS8 in
regulation of EGFR, one of the topmost growth factor RTKs implicated in NSCLC and
many other malignancies. Our data show that TNFAIP8 knockdown cells exhibited
significant inhibition of cell motility in response to EGF as compared to scrambled control
cells. The early endosomal association of SNX1 via its 3-phosphoinositide-binding phox
homology (PX) domain is required for SNX1-mediated targeting of internalized EGFR for
lysosomal degradation (38, 39). How SNX1 expression may be regulated in tumor cells has
not been addressed thus far. In this study, we found that the constitutive levels of SNX1
MRNA and protein were high in TNFAIP8 knockdown tumor cells. The siRNA knockdown
of SNX1 in TNFAIP8 knockdown cells was found to restore, in part, EGFR expression. The
co-localization of EGFR and SNX1 was seen within 10 min of EGF treatment in both the
TNFAIP8 knockdown and scrambled control A549 cells; however, consistent with a
relatively high level of SNX1, the internalized EGFR seemed to exit early endosomes rather
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rapidly in TNFAIP8 knockdown A549 cells versus control cells. These data suggest that
transcriptional upregulation of SNX1 is a consequence of depletion of TNFAIPS, leading to
enhanced SNX1-directed endosomal/lysosomal targeting of EGFR.

Amplifications of both the wild-type and mutant £EGFR have been associated with the
acquired resistance of NSCLC to EGFR-TKIs (40-42). Deletions or mutations within exons
18-21 of EGFR spanning amino acid residues 688—875 within the core EGFR tyrosine
kinase domain (residues 663-958) have also been associated with resistance or sensitivity of
NSCLC to EGFR-TKIs (43). Approximately 30% of NSCLC have mutant KRAS with the
highest mutational frequency at codons 12 and 13 (7), and there are no druggable targets in
KRAS mutant cancers. Moreover, KRAS mutations have been associated with the primary
resistance of NSCLC to EGFR-TKIs (6). An important question is whether SNX1-directed
lysosomal degradation of EGFR translates into enhanced sensitivity of distinct molecular
subtypes of NSCLCs to EGFR-TKIs. A549 cells express wild-type £GFR and mutant
KRAS (G12S) and TNFAIP8 knockdown in these cells was found to increase sensitivity to
EGFR-TKI erlotinib. TNFAIP8 knockdown was also found to increase SNX1 expression in
H1299 NSCLC cells (MRAS, Q61K), PANC-1 pancreatic cancer cells (KRAS, G12D) and
two breast cancer cell lines with mutant KRAS (G13D) MDA-MB-231 and LM2-4175.
SNX1 hinds to a 15-amino acid domain of EGFR (residues 943 to 957 containing the
predicted lysosomal targeting signal) distally within the tyrosine kinase domain (27). Thus,
it is plausible that TNFAIP8 downregulation and concomitant increase in SNX1 levels may
also increase EGFR-TKI sensitivities of NSCLC cell models expressing deletion mutant
EGFR (AE746-A750) (e.g. HCC827 and PC-9). As expected, TNFAIP8 knockdown A549
cells also showed decreased expression of pERK upon EGF stimulation. In addition,
enhanced level of cleaved PARP was seen in TNFAIP8 knockdown cells in the presence of a
MEK inhibitor AZD6244. Taken together, we conclude that TNFAIP8 knockdown results in
enhanced SNX1 expression and endosomal/lysosomal trafficking and downregulation of
EGFR as well as enhanced sensitivity to EGFR-TKI.

We have also observed decreased motility of TNFAIP8 knockdown lung cancer cells in
response to IGF-1. While IGF-1 treatment had no effect on total IGF1R expression,
decreased expression of pIGF1R and pAKT was seen in IGF-1-treated TNFAIP8
knockdown cells as compared to scrambled control cells. Interestingly, TNFAIP8
knockdown led to increased steady state levels of IGFBP3 mRNA and protein. Furthermore,
silencing of IGFBP3 resulted in restoration of IGF-1-stimulated pIGF1R and pAKT levels in
TNFAIP8 knockdown cells. We have also ascertained upregulation of IGFBP3 level in the
culture medium collected from TNFAIP8 knockdown cells, and observed downregulation of
pIGF1R and pAKT in cells treated with this culture medium. These data demonstrate that
TNFAIPS8 regulates IGF-1-induced pIGF1R and pAKT levels via modulation of IGFBP3
expression in lung cancer cells. Consistently, TNFAIP8 knockdown A549 cells treated with
PI3K inhibitor LY 294002 showed reduced expression of Survivin and an enhanced loss of
cell viability as compared to scrambled control. TNFAIP8 knockdown A549 cells were also
found to be sensitive to pan-AKT inhibitor MK-2206. Earlier, silencing of transcription
factor FOXAL has been associated with an increased expression of IGFBP3 (44), and
FOXAZ1 expression has been found to be significantly decreased in TNFAIP8 knockdown
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cancer cells (37). Therefore, one possibility is that upregulation of IGFBP3 in TNFAIP8
knockdown cells may be due to downregulation of FOXAL.

Cytoplasmic and/or nuclear expression of TNFAIP8 has been correlated with adverse
prognosis in several malignancies (17, 18, 33, 45). Data presented here extend these findings
in NSCLC specimens representing early or advanced stage of lung adenocarcinomas, lung
squamous cell carcinomas, or bronchioloalveolar carcinomas. All specimens were primary
tumors collected at initial diagnosis. The mutational status of these tumors was unknown
since these archival cases were diagnosed before mutation testing was recommended and
routinely performed. In an early study, TNFAIP8 expression seems to positively correlate
with EGFR expression in pancreatic cancer specimens and progression of pancreatic cancer
(46). Conversely, here TNFAIP8 knockdown PANC-1 pancreatic cancer cells showed
upregulation of SNX1 expression, indicative of decreased EGFR expression. Clearly, further
studies are necessary in order to establish a direct relationship between TNFAIP8 expression
in NSCLC primary tumors and markers of EGFR and IGF1R activation.

Recent report suggests that rapid increase in TNF-a level is a universal adaptive response
resulting in resistance to EGFR inhibition in lung cancers regardless of whether EGFR &
wild type or mutant (5). NF-xB appears to be a major downstream effector of TNF-a. in lung
cancer, and activation of NF-xB leads to an increased transcription of TNF-a in a feed-
forward manner (5). How may high TNF-a. levels protect lung cancer cells from TKI?
TNFAIP8 mRNA and protein levels are induced by TNF-a (13), and TNFAIP8 expression
protects NF-xB null cells from TNF-a-induced cell death by inhibiting caspase-8 activity
(14). Furthermore, TNFAIP8 is critical for evasion of drug-induced apoptosis in lung tumor
cells expressing mutant or wild type P53 (21, 22). Thus TNFAIP8 is a pro-survival molecule
along the TNF-a/NF-xB axis. Based on the present work, it is tempting to speculate that
TNF-a-driven adaptive response in lung cancer cells may be overcome by silencing
TNFAIPS.

In conclusion, activation of EGFR and IGF1R and prominent downstream effectors pERK
and pAKT are hallmarks of NSCLC and many other cancers. Moreover, bypass activation of
IGF1R has been reported in TKI-resistant NSCLC (4, 34, 35, 47). Our data demonstrate that
TNFAIP8 knockdown promotes trafficking and degradation of EGFR via increased
expression of SNX1, and downregulation of pIGF1R and pAKT via increased level of
IGFBP3 (Fig. 7). These observations provide a strong rationale for future preclinical
validation of TNFAIP8-mediated regulation of EGFR and IGF1R, and testing the usefulness
of SNX1 and circulating IGFBP3 as potential biomarkers in the naive and matched TKI-
sensitive and resistant models of NSCLC.
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Figure 1. Stable knockdown of TNFAIP8 inhibits EGF and | GF-1-induced cell migration in A549
lung cancer cells.

A. Upper panel, Immunoblot showing TNFAIP8 expression in scrambled shRNA (scr) and
TNFAIP8 shRNA (shT8) transduced cells. Lower panel, Relative TNFAIP8 protein levels
were quantified after normalization against the B-ACTIN signal in the corresponding lanes.
Data shown are mean + SD (n =3). B. gRT-PCR analysis of 7TNVFA/PE mRNA in shT8 cells
versus scr. Data shown are mean + SD (n =12). C. Wound healing assay showing decreased
migration of shT8 cells in response to EGF. Top panels, Phase contrast microscopy images
of wound closures at various time points post-scratch in the presence of EGF (left) or serum-
free medium (SFM) (right). Bottom panels, Quantification data are shown as % of wound
healed relative to 0 hr wound in scr cells (hatched bars) and shT8 cells (solid bars). Values
shown are mean = SD and each data point represents two fields per scratch per well (n =3).
*, P-value < 0.05, **, P-value <0.001. D. Top panels, Phase contrast microscopy images of
wound closures at 24 hr post-scratch in the presence of EGF (left) or IGF-1 (right). Bottom
panels, Quantification data (mean + SD) shown as % of wounds healed relative to 0 hr
wounds in scr and shT8 cells.
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Figure 2. Decreased expression of EGFR and pEGFR and increased expression of SNX1in
TNFAIP8 knockdown A549 cells.

A. Downregulation of total EGFR expression in shT8 cells versus scr. The blot was
sequentially probed with anti-EGFR, anti-TNFAIP8 and anti-B-ACTIN antibodies. Relative
EGFR and TNFAIP8 protein levels were quantified after normalization against the B-ACTIN
signal in the corresponding lanes. nt, non-transfected. B. Decreased expression of pPEGFR
expression in shT8 cells versus scr. The blot was sequentially probed with anti-pEGFR and
anti-p-ACTIN antibodies. Relative pEGFR levels were quantified after normalization against
the B-ACTIN signal in the corresponding lanes. C. gRT-PCR analysis showing increased
expression of SNXZ mRNA in shT8 cells versus scr. SNXZ scores were normalized to
ribosomal protein large, PO (RPLPO) control. Quantification data shown are mean £ SD (n
=24). D. Top panel, Increased expression of SNX1 in shT8 cells versus scr. Relative SNX1
levels were quantified after normalization against B-ACTIN signal in the corresponding
lanes. Bottom panel, Quantification data shown are mean + SD (n =8). E.
Immunofluorescence staining showing co-localization of EGFR and SNX1 upon EGF
treatment of scr A549 cells. F. Immunofluorescence staining showing co-localization of
EGFR and SNX1 upon EGF treatment of shT8 A549 cells. G. SIRNA knockdown of SNX1
expression in shT8 A549 cells. shT8 A549 cells were transfected with 50 nM of indicated
SNX1 siRNA (#1 or #2) or siControl for 12 hr, followed by cell lysis and sequential
immunoblotting with anti-SNX1 and anti-p-ACTIN antibodies. Quantification data shown
were normalized against B-ACTIN signal in the corresponding lanes. H. Partial restoration
of EGFR expression in SNX1 siRNA knockdown shT8 A549 cells. For EGF treatment,
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SNX1 siRNA #2 containing medium was replaced with fresh serum-free medium containing
EGF for indicated times, followed by cell lysis and sequential immunoblotting with anti-
EGFR and anti-p-ACTIN antibodies. Quantification data shown were normalized against -
ACTIN signal in the corresponding lanes. ut, untreated.
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Figure 3. TNFAIP8 knockdown cells show rapid exit of EGFR from early endosomes,
suppression of pERK expression, and enhanced sensitivity to EGFR-TKI, erlotinib.

A. Quantification data of immunofluorescence staining using anti-EGFR and anti-EEA
antibodies showing decreased localization of EGFR in the early endosomal compartment in
response to EGF in shT8 A549 cells versus scr. Three to five fields (~20 — 60 cells per
treatment group) were scored for EGFR+/EEA+ puncta after immunofluorescent staining. B.
Decreased expression of pERK in shT8 A549 cells versus scr cells. The same cell lysates
were probed with pERK and ERK antibodies, followed by reprobing with anti-p-ACTIN
antibody. C. Enhanced expression of cleaved PARP in shT8 A549 cells treated with a MEK
inhibitor AZD6244. Quantification data shown were normalized against anti-p-ACTIN
signal in the corresponding lanes. D. XTT cell viability assay showing enhanced cytotoxicity
of erlotinib in shT8 A549 cells versus scr control. Cells were treated with the drug for 72 hr.
The cell viability was measured after the addition of activated XTT reagent for 4hr. Values
shown are mean + SD and represent 4 independent experiments, each experiment had 5-6
replicates per data point. *~=0.017.
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Figure 4. TNFAIP8 knockdown cells show suppression of plGF1R and pAKT expression.
A. Quantification data showing suppression of pIGF1R expression in shT8 A549 cells

versus scr cells at various times of treatment with IGF-1 (50 ng/mL). Values shown are mean
+ SD from one (45 min) or two independent experiments (30 min and 60 min). B.
Immunoblot showing decreased expression of pIGF1R in shT8 A549 cells versus scr cells in
response to IGF-1. The same cell lysates were probed with pIGF1R and IGF1R antibodies,
followed by reprobing with anti-p-ACTIN antibody. Gaps within the same immunoblot
indicate non-relevant lanes that were digitally removed. C. Quantification data showing
suppression of pAKT expression in shT8 A549 cells versus scr cells at 45 min and 60 min of
treatment with low dose IGF-1. Values shown are mean + SD from two independent
experiments. D. Downregulation of pAKT expression in shT8 A549 cells versus scr cells in
response to high dose IGF-1. The same cell lysates were probed with anti-pAKT and anti-
AKT antibodies, followed by reprobing with anti-g-ACTIN antibody. ut, untreated.
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Figure 5. Upregulation of IGFBP3 levelsin TNFAIP8 knockdown A549 cells and enhanced
sengitivitiesto inhibitorsof PI3K and AKT.

A. Left Panel, Increased expression of IGFBP3 protein in shT8 A549 cells versus scr cells.
Right panel, Quantification data showing relative levels of IGFBP3. Values shown are mean
+ SD (n =4). B. SiRNA silencing of IGFBP3 expression in shT8 A549 cells. shT8 A549
cells were transfected with 50 nM control siRNA (siControl) or IGFBP3 siRNA (silGFBP3),
followed by cell lysis and sequential immunoblotting with anti-IGFBP3 and anti-p-ACTIN
antibodies. Quantification data shown were normalized against B-ACTIN signal in the
corresponding lanes. C. Silencing of IGFBP3 in shT8 A549 cells resulted in increased
IGF-1-induced expression of pIGF1R and pAKT. A549 cells stably expressing TNFAIP8
ShRNA (shT8) were transfected with indicated 50 nM siRNA. After 6 hr, 500 pL of
complete medium was added per well. After 48 hr, culture medium was changed to SFM for
12 hr. The siRNA containing medium was then replaced with fresh SFM and IGF-1 for
indicated times, followed by cell lysis and immunoblotting with anti-pIGF1R and anti-
IGF1R antibodies, and reprobing with anti-g-ACTIN antibody. The same cell lysates were
also probed with anti-pAKT and anti-AKT antibodies, followed by reprobing with anti-p-
ACTIN antibody. ut, untreated. D and E. Histograms showing quantification of pIGF1R (D)
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and pAKT expression (E) in silGFBP3 treated shT8 A549 cells relative to siControl cells.
The values shown are mean + SD from two independent experiments. F. Decreased
expression of Survivin in response to PI-3K inhibitor LY294002 in shT8 A549 cells. shT8
A549 and scr A549 cells were treated with the drug as indicated, followed by cell lysis and
sequential immunoblotting with anti-Survivin and anti- p-ACTIN antibodies. Quantification
data shown were first normalized against B-ACTIN signal in the corresponding lanes. G.
XTT cell viability assay showing enhanced cytotoxicity of LY294002 in shT8 A549 cells
versus scr. Cells were treated with the drug for 72 hr. The cell viability was measured after
the addition of activated XTT reagent for 4hr. Values shown are mean + SD and represent 7
independent experiments, each experiment had 6 replicates per data point. *p < 0.05. H.
XTT cell viability assay showing enhanced cytotoxicity of MK-2206 in shT8 A549 cells
versus scr control. Cells were treated with the drug for 72 hr. The cell viability was
measured after the addition of activated XTT reagent for 4hr. Values shown are mean + SD
and represent 6 independent experiments, each experiment had 6 replicates per data point.
*P=0.01.
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Figure 6. Immunohistochemical expression of TNFAIP8 in representative NSCL C specimens.
A. Lung adenocarcinoma showing intense diffuse cytoplasmic TNFAIP8 immunoreactivity

(advanced stage, LN+). B. Lung adenocarcinoma showing moderate diffuse cytoplasmic
TNFAIP8 immunoreactivity (early stage, LN-). C. Lung squamous cell carcinoma with
intense diffuse cytoplasmic TNFAIP8 immunoreactivity (advanced stage, LN+). D. Lung
squamous cell carcinoma with weak diffuse cytoplasmic TNFAIP8 immunoreactivity (early
stage, LN-). E. Bronchioloalveolar carcinoma with no cytoplasmic TNFAIP8
immunoreactivity (early stage, LN-).
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Figure 7. Schematic of how TNFAIP8 regulates EGFR trafficking and activity and IGF1R

activity in NSCLC cells.
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