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1 | INTRODUCTION

Epidermal growth factor receptor (EGFR) tyrosine kinase inhibi-
tors (TKIls) such as gefitinib have been demonstrated to improve
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Abstract

Epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIls) (eg, gefi-
tinib) exert potent therapeutic efficacy in non-small-cell lung cancer (NSCLC) har-
boring EGFR-activating mutations. However, the resistance to EGFR TKiIs limits their
clinical therapeutic efficacy. TIP30, a newly identified tumor suppressor, appears to
be involved in the regulation of cytoplasmic and nuclear EGFR signaling in NSCLC.
Our previous study demonstrated that TIP30 regulated EGF-dependent cyclin D1
transcription in human lung adenocarcinoma and suppressed tumorigenesis. In the
present study, the involvement of TIP30 in combating gefitinib resistance in NSCLC
was determined for the first time in vitro and in vivo. Gain and loss of function studies
showed that overexpression of TIP30 effectively sensitized cells to gefitinib in vitro,
whereas TIP30 inhibition promoted gefitinib cell resistance. Moreover, TIP30 nega-
tively regulated the activation of the p-AKT and p-MEK signaling pathways in PC9/
GR. Importantly, PC9/GR harbored high levels of nuclear EGFR, and overexpression
of TIP30 restored irregular EGFR trafficking and degradation from early endosomes
to the late endosomes, decreasing the nuclear accumulation of EGFR, which may
partly or totally inhibit EGFR-mediated induction of c-Myc transcription. Xenographic
tumors induced by overexpression of TIP30 by PC9/GR cells in nude mice were sup-
pressed compared with their original counterparts. Overall, it was revealed that
TIP30 overexpression restored gefitinib sensitivity in NSCLC cells and attenuated the
cytoplasmic and nuclear EGFR signaling pathways and may be a promising biomarker
in gefitinib resistance in NSCLC.
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progression-free survival following unsuccessful front-line che-
motherapy in patients with advanced non-small-cell lung cancer
(NSCLC).*® Based on its marked clinical efficacy, in 2015, gefitinib
was approved by the Food and Drug Administration (FDA) as the
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first-line treatment for metastatic NSCLC in patients with activat-
ing EGFR mutations.* All patients, however, who initially responded
to EGFR TKI, developed acquired resistance to TKls within 6-12 mo
after the initial treatment.” Recent studies have indicated that the
key mechanisms leading to acquired resistance to gefitinib involve
secondary resistance mutations, such as T790 M., MET proto-
oncogene amplification,” and activation of other signaling path-
ways.®”? Moreover, although third-generation EGFR TKI has been
shown to be effective in the treatment of NSCLC, the majority of
patients still developed resistance and disease progression, indicat-
ing the existence of unknown mechanisms of gefitinib resistance. It
has been proposed that multiple resistance mechanisms may coexist
in the same cell population.'® Therefore, combining therapies with
multiple targets could improve the efficacy of therapies involving
EGFR TKI.

Ligand-activated EGFR internalization and downstream signaling
cascades play vital roles in cancer proliferation and progression.'*
Previous studies have shown increased accumulation of EGFR in
the nuclei of cancer cells following various therapies, including ra-

2 3 and anti-EGFR therapies such as

diotherapy,*?> chemotherapy,*
gefitinib and cetuximab.’*!> The exact molecular and cellular mech-
anisms of resistance remain unclear; however, the involvement of
nuclear EGFR in the acquired resistance of cancer cells to EGFR TKI
has been confirmed. Huang et al reported that nuclear EGFR func-
tions as a transcriptional factor to regulate the expression of breast
cancer-resistant protein (ie, BCRP/ABCG?2), a plasma membrane-
bound ATP-dependent transporter, which can expel anti-cancer
drugs from cells and induce gefitinib resistance.’® Nuclear EGFR is
associated with both first- and third-generation acquired resistance
to TKIs. Rong et al demonstrated that membrane EGFR is translo-
cated to the cytoplasm/nucleus, inducing first generation TKI re-
sistance. Moreover, nuclear translocation of EGFR might also be a
significant and independent factor contributing to Osimertinib, ef-
fecting third-generation TKI resistance.'’

Tat-interacting protein (TIP30), also known as CC3 or HTATIP2,
is widely expressed in numerous normal human tissues, but is down-
regulated in various cancers.'®2° For instance, low expression of
TIP30 is associated with poor tumor differentiation and high risk
of metastasis in NSCLC.2%22 |t has previously been shown that in
mice deletion of TIP30 led to the spontaneous development of lung
cancer. In addition, TIP30 knockdown in human lung adenocarci-
noma cells has been demonstrated to delay EGFR degradation, as
well as to increase nuclear localization of EGFR.2® Our previous
work suggested that nuclear TIP30-induced downregulation of
cyclin D1 transcription disturbed EGFR signaling and suppressed
tumorigenesis in lung adenocarcinoma.?* The above studies indi-
cated that the functional role of TIP30 in lung adenocarcinoma is
closely associated with the EGFR signaling pathway. Intriguingly,
Zhu et al reported that decreased TIP30 expression contributed
to chemotherapeutic resistance by regulating the AKT/glycogen
synthase-3AKT-catenin signaling pathway in laryngeal squamous
cell carcinoma.?® Therefore, we speculated that TIP30 might be
involved in EGFR-induced acquired resistance to TKI in NSCLC. In

the present study, we determined that TIP30 was downregulated in
gefitinib-resistant lung cancer PC9/GR cells. Investigations involv-
ing cells and xenograft models have highlighted the essential role
of TIP30 in gefitinib resistance. Mechanistically, it was found that
TIP30 regulated subcellular trafficking of EGFR and transcription-
ally inactivated the expression of c-Myc, subsequently contributing
to gefitinib resistance.

2 | MATERIALS AND METHODS
2.1 | Cell culture and reagents

The human NSCLC cell line PC9 and PC9/GR cells were provided by
the Guangdong Lung Cancer Research Institute (Guangdong, China)
and cultured following previously described methods.?® To maintain
drug resistance, prior to conducting the experiments, PC9/GR cells
were first grown in a medium containing 0.5 uM gefitinib and subse-
quently in a drug-free medium for at least 1 wk. Gefitinib was diluted
in DMSO at the stock concentration of 20 mM (stored at -20°C).
Recombinant human epidermal growth factor (EGF) was purchased
from R&D Systems. An EGFR internalization assay was conducted as
described before.?” Cells were incubated in a serum-starved medium
overnight, pretreated without or with gefitinib for 60 min, followed
by 50 ng/mL EGF stimulation using the designated times.

2.2 | Antibodies

Rabbit anti-TIP30 antibody was provided by Dr. Hua Xiao (Michigan
State University, USA). ERK, p-ERK, AKT, p-AKT, EGFR, p-EGFR, and
STAT3 antibodies were purchased from Cell Signaling Technology.
c-Myc antibodies were obtained from Invitrogen. Anti-STAT3 re-
combinant rabbit polyclonal antibody used for the chromatin immu-
noprecipitation (ChlP) assay was acquired from Thermo Scientific.
Anti-LAMP1 antibodies and anti-EGFR antibodies used for immuno-
fluorescence studies were obtained from Abcam.

2.3 | Lentivirus transfection

TIP30 lentiviral plasmid LV5-TIP30-homo and shRNA-containing
lentiviral vectors against TIP30 were purchased from Shanghai
GenePharma Co., Ltd. Virus packaging, transfection, and puromycin
selection were carried out in accordance with the manufacturer’s
instructions.

2.4 | MTT cell viability assay

The MTT assay was conducted following the manufacturer’s pro-
tocol. Half maximal inhibitory concentrations (Icso) were calculated

using GraphPad Prism 8 software.
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2.5 | Apoptosis assessment by Annexin V staining

An Annexin V-APC/Pl Apoptosis Detection Kit was used for the
apoptosis assay in accordance with the manufacturer’s instruc-
tions. The percentages of apoptotic cells in the Annexin V/PI” and

Annexin V*/PI" populations were determined.

2.6 | Colony formation assay

Here, 35 mm dishes were coated with 0.8% agarose in complete me-
dium (1.5 mL agarose/well), which was allowed to solidify at room
temperature for 15 min. Cells (5 x 10° cells/mL) were individually
mixed with 0.4% agarose and added to the bottom of agarose-coated
wells. The solutions were allowed to solidify for another 20 min.
Complete medium (750 ulL) was added to each well to prevent dry-
ing, and the cells were incubated for 14 d. Colonies larger than 75 um

in diameter or containing more than 50 cells were counted.

2.7 | Co-immunoprecipitation (co-IP) and
immunoblotting analyses

The preparation of total cell lysates and subcellular fractionation, co-IP,
and western blot analyses were performed using a previously described
method.?* For western blots of phosphoproteins, the cells were lysed
in a lysis buffer consisting of RIPA reagent, protease inhibitor cocktail
used at 1:20, and phosphatase inhibitor cocktails used at 1:100.

2.8 | Reverse transcription and real-time PCR

Complementary DNA (cDNA) was synthesized from total RNA using
the cDNA Reverse Transcription Kit (TaKaRa). RT-gPCR was per-
formed using the FastStart DNA Master SYBR Green | Kit (TaKaRa).
Primer sequences are shown in supplementary data Table S1.

2.9 | Chromatin immunoprecipitation assay

The ChIP assay was conducted using the Simple ChIP Enzymatic
Chromatin IP Kit (Cell Signaling Technology) in accordance with the
manufacturer’'s recommendations. Immunoprecipitation was performed

using anti-STAT3 antibodies. Primer information is shown in Table S1.

2.10 | Invivo animal model experiments

Five-wk-old female Balb/c-nude mice were purchased from the
Guangdong Animal Experimental Center and were fed in a specific
pathogen-free (SPF) environment with sterilized food and water; 20 mice
were divided into 4 groups randomly. PC9, PC9/GR + Mock or PC9/
GR + TIP30 cells (5 x 10% were injected subcutaneously into the right
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flank of nude mice. Tumors were monitored and measured using elec-
tronic calipers every 2 d. When the subcutaneous tumor reached a volume
of approximately 50 mm®, PC9 group, PC9/GR + TIP30 group, and one of
the PC9/GR + Mock groups were subjected to treatment, the other PC9/
GR + Mock group was set as vehicle groups (n = 5 per group). The mice
were administered saline or gefitinib (20 mg/kg/per day) orally. After 12
d consecutively of observation, all mice were anesthetized and sacrificed
by cervical dislocation, and subcutaneous tumors were surgically excised
and weighed. Tumor size was calculated based on the following formula:
volume (mm?®) = length (mm) x width (mm)?/2, where length and width

indicated the longest and shortest tumor diameters, respectively.

2.11 | Tissue samples and
immunohistochemistry analysis

Tumor tissue was sliced and placed in 4% paraformaldehyde for pos-
terior fixation, followed by dehydration with gradient alcohol. Xylene
treatment was conducted to make the tissue transparent. Tumor sec-
tions were stained with antibodies following standard immunohis-
tochemistry protocols. The following antibodies and dilutions were
used: 1:200 anti-c-Myc, 1:100 anti-EGFR, and 1:200 anti-TIP30.

2.12 | Confocal immunofluorescence

Fixed cells were permeabilized using 0.3% Triton X-100 for 5 min, and
incubated with normal goat serum for 1.5 h. The cells were incubated
with anti-EGFR (1:200) or anti-LAMP1 (1:300) antibody overnight at
4°C. After thorough washing, the bound primary antibodies were visu-
alized using Alexa Fluor 594 and Alexa Fluor 488 and counterstained
with DAPI nucleic acid stain for cell counting. Fluorescence images
were obtained using the ACAS Ultima 312 confocal laser-scanning

microscope.

2.13 | Statistical analysis

Results are reported as the mean + standard deviation (SD). SPSS
software, v.13.0 was used for statistical analysis. The comparison
between 2 groups was analyzed statistically using an independent
sample t test, and one-way ANOVA was used for comparisons of
multiple groups. A P-value < .05 was considered statistically signifi-
cant. All experiments were conducted in triplicate.

3 | RESULTS

3.1 | TIP30 correlates with gefitinib resistance in
NSCLC cells

As shown in Figure 1A, the MTT assay confirmed the acquired resist-
ance of the PC9/GR clones toward gefitinib. PC9/GR2 cells exhibited
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FIGURE 1 Overexpression/downregulation of TIP30 increases/decreases the sensitivity of PC9/GR and PC9 cells to gefitinib. A, The
growth inhibitory effects of gefitinib on PC9 and two different gefitinib-resistant clones of PC9/GR cells were determined by MTT assays.
B, C, The mRNA and protein levels of TIP30 expressed in PC9, PC9/GR, PC9/GR2 + TIP30, Mock, and negative control cell lines. D, Western
blotting and RT-gPCR analysis of the TIP30 levels in PC9 + shTIP30 and shRNA-Con cells. E, Gefitinib sensitivities of PC9, PC9/GR2 + Mock,
PC9/GR2 + TIP30, PC9 + TIP30-SH2, and PC9 + shRNA-Con cells were evaluated using the MTT assay. F, Transfected PC9 cells or PC9/
GR2 cells were treated with 0.1 uM gefitinib or 5 pM gefitinib for 24 h, respectively, followed by flow cytometry to evaluate the apoptotic
rate. The same concentration of DMSO was used as the control. G, Colony formation assay for transfected PC9/GR2 and transfected PC9
cells under the stimulation of 5 uM or 0.1 uM gefitinib, respectively.‘P <.05; 'P<.01; " P<.001

a higher IC;, (9.01 + 0.32 pM) than PC9/GR1 (1.328 + 0.15 pM) and
PC9 cells (0.15 + 0.19 pM), P < .01. Furthermore, it was found that
PC9/GR cells exhibited lower expression levels of TIP30 compared
with PC9 cells (P < .01, Figure 1B). To determine the functional role
of TIP30 in PC9/GR, PC9/GR2 cells were selected for subsequent
investigation. TIP30 was overexpressed using a lentivirus encod-
ing TIP30 cDNA (LV-TIP30). Compared with the mock transfection
group (Mock) and negative control (NC) group, the cells in the PC9/
GR + TIP30 group stably overexpressed TIP30 at both at mRNA
and protein levels (P < .001, Figure 1C). We also performed TIP30
knockdown in PC9 cells. Silencing efficiency is shown in Figure 1D.
The MTT assay (Figure 1E) revealed that overexpression of TIP30
evidently reversed the sensitivity of PC9/GR2 cells to gefitinib (IC,
value, PC9/GR2 + TIP30 vs PC9/GR2 + Mock, 1.468 + 0.172 uM vs
9.01 + 0.32 uM, P < .001); conversely, TIP30 knockdown promoted
gefitinib resistance of PC9 cells (IC,, value, PC9 + TIP30-SH2 vs
PC9 + shRNA-Con, 0.262 + 0.119 uM vs 3.679 + 0.789 uM, P < .01).
As shown in Figure 1F, the percentage of apoptotic cells significantly
increased in PC9/GR2 cells that overexpressed TIP30 compared
with PC9/GR2 + Mock cells with or without gefitinib, respectively,
and TIP30 knockdown in PC9 cells inhibited apoptosis relative to
that in PC9 + shRNA-Con cells with or without gefitinib. Moreover,
colony formation assays revealed that either gefitinib treatment or
TIP30 overexpression decreased the number of colony formations in
PC9/GR cells. Gefitinib treatment combined with or without TIP30
knockdown showed a similar trend in PC9 cells. However, gefitinib
seemed to be more effective than TIP30 in regulating colony forma-
tion in both cells (Figure 1G). Overall, the data suggested that TIP30
might re-sensitize gefitinib-resistant cells to gefitinib in vitro.

3.2 | Specific overexpression of TIP30 decreased
activation of p-AKT, p-ERK, and p-EGFR in PC9/
GR cells

Previous studies revealed persistent AKT and ERK phosphoryla-
tion in NSCLC cells exhibiting acquired gefitinib resistance.?® In
the present study, we used western blotting to evaluate the role of
TIP30 in the whole protein and phosphorylated protein expression
of the EGFR signaling pathway. As demonstrated in Figure 2A, the
expression of p-EGFR, p-AKT, and p-ERK in PC9 cells was dose-
dependently attenuated following gefitinib treatment. Conversely,
a minor decrease in the expression levels of p-EGFR, p-ERK, and p-
AKT was observed for PC9/GR cells (Figure 2A). We subsequently

examined whether TIP30 was involved in gefitinib resistance by

regulating tyrosine phosphorylation in the EGFR signaling pathway.
Compared with PC9/GR + Mock cells, an obvious decrease in the
levels of p-AKT, p-EGFR, and p-ERK in response to a gradual in-
crease in gefitinib concentrations was detected for PC9/GR + TIP30
cells (Figure 2B). These results indicated the presence of persistently
activated EGFR signaling cascades in PC9/GR cells. Moreover, the
activation of this signaling cascade was partly blocked by TIP30.

3.3 | TIP30increases EGFR degradation in late
endosomes/lysosomes in PC9/GR cells, which is also
increased by gefitinib treatment

To compare the intracellular distribution of EGFR between the
gefitinib-resistant PC9/GR cells and PC9/GR + TIP30 cells follow-
ing EGF stimulation for 30 min, the cells were labeled with EGFR
antibodies and DAPI, revealing the nuclei. For PC9/GR + Mock cells,
EGFR (red) partly localized within small vesicular structures distrib-
uted throughout the cytoplasm and cell membrane. Additionally,
some punctate signals were clearly detected in the nucleus (white
arrows, Figure 3A). The expression of TIP30 resulted in a significant
decrease in the nuclear EGFR signal in PC9/GR cells. Furthermore,
western blotting also confirmed the decreased protein expression
of nuclear EGFR in PC9/GR + TIP30 cells (P < .01, Figure 3B). These
results suggested that TIP30 might contribute to the degradation of
EGFR in the cytoplasm of PC9/GR + TIP30 cells.

Furthermore, we attempted to monitor the consequences of
TIP30 expression on the degradation of EGFR in PC9/GR cells.
Lysosomes/endosomes were marked with lysosomal associated
membrane protein 1 (LAMP1) to exhibit green fluorescence. As
shown in Figure 3C (left), following EGF treatment, nuclear EGFR in
PC9/GR + Mock cells increased in a time-dependent manner, which
was evident by the formation of red puncta. The staining between
EGFR and LAMP1 in PC9/GR + Mock cells overlapped after EGF
treatment, suggesting that some nuclear EGFR degraded in aggre-
gated late endosomes following stimulation with EGF. Notably, EGF
treatment for 30 min resulted in an increase in EGFR in the LAMP1-
labeled late-endosome/lysosome compartments in PC9/GR + TIP30
cells (Figure 3D, left). Furthermore, decreased accumulation of in-
ternalized EGFR was observed in the late endosomes of PC9/
GR + TIP30 cells after EGF treatment for 60 min. Negligible EGFR
was detected in the nucleus. These data support the hypothesis that
overexpression of TIP30 increases the degradation of EGFR in late
endosomes/lysosomes and decreases EGFR nuclear localization in
PC9/GR cells.
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FIGURE 2 Cytotoxic effects of gefitinib on PC9, PC9/GR, and PC9/GR + TIP30 cells. A, PC? and PC9/GR cells were pretreated with
different concentrations of gefitinib (0-1 uM) for 24 h. Expression of p-AKT, total AKT, p-EGFR, total EGFR, p-ERK, and total ERK in the cell
lysates was evaluated by western blotting. B, PC9/GR + TIP30 and PC9/GR + Mock cells were pretreated with different concentrations of
gefitinib (0-1 pM) for 24 h. Expression of p-AKT, total AKT, p-EGFR, total EGFR, p-ERK, and total ERK was investigated by western blotting.

‘P <.05;"'P<.001

FIGURE 3 TIP30 modulates lysosome-

mediated EGFR degradation and nuclear (A)
localization upon EGF treatment in EGF
gefitinib-resistant NSCLC cells. A,
Confocal microscopy analysis of EGFR
localization was carried out in PC9/

GR + Mock and PC9/GR + TIP30 cells. B,
Western blot analysis of EGFR expression
in the nuclear fraction and total fraction
of PC9, PC9/GR + Mock, and PC9/

GR + TIP30 cells following EGF treatment
for 30 min. C, D, Fluorescence microscopy
analysis of the EGFR localization in PC9/
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In our experiments, after gefitinib treatment and EGF stimula-
tion, the endocytosis of EGFR was significantly suppressed in both
PC9/GR + TIP30 and PC9/GR + Mock cells (Figure 3C, right and 3D,
right). Most of the EGFR was located on the plasma membrane, ex-
hibiting red fluorescence. The suppressive effect of gefitinib on the
endocytosis of p-EGFR in PC9/GR + TIP30 cells was much stronger
than that in PC9/GR + Mock cells.
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3.4 | TIP30 negatively regulates c-Myc transcription
in PC9/GR cells

Nuclear EGFR functions as a transcription cofactor rather than a
DNA-binding transcription factor to mediate its downstream gene
transcription. Jaganathan et al reported that EGFR, Src, and STAT3

formed a heteromeric complex and upregulated the transcription of
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¢-Myc in pancreatic cancer cells.?? As TIP30 was identified as the
co-transcription factor regulating the c-Myc transcription in mam-
mary glands,30 we speculated that TIP30 might also act as a co-
transcription factor of STAT3-mediated c-Myc transcription in PC9/
GR cells. RT-gPCR was performed to detect whether TIP30 had a
direct role in regulating nuclear EGFR-mediated transcription of
common downstream genes, such as cyclin D1, iNOS, and c-Myc. As
demonstrated by the data shown in Figure 4A,B as well as supple-
mentary data in Figures S2 and S3, c-Myc mRNA and protein levels
were negatively associated with TIP30 expression in PC9 or PC9/GR
cells (P < .001).

Based on the putative binding sites for STAT3 in the promoter
region of c-Myc determined using online Matlnspector software
(v.8.1, Genomatix, http://www.genomatix.de/), we designed 2
pairs of primers for ChIP analysis that annealed to these putative
binding sites (Figure 4C). ChlIP analysis demonstrated that STAT3
bound directly to the c-Myc promoter in both PC9/GR and PC9/
GR + TIP30 cells. Both binding sites of STAT3 were statistically sig-
nificant compared with 1gG, and enrichment of STAT3 in binding
site 2 (-659 to -641 bp) was higher than in binding site 1 (-511
to -493 bp) (P < .001). Furthermore, overexpression of TIP30 re-
sulted in reduced binding of STAT3 to the c-Myc promoters, indi-
cating the dependency of STAT3 binding on TIP30 (P < .01, Primer
2) (Figure 4D).

3.5 | The formation of subcutaneous tumors
induced by PC9/GR cells is suppressed by
overexpression of TIP30

To provide further in vivo evidence regarding the role of TIP30 in
reversing gefitinib resistance in NSCLC, the investigated tumor bear-
ing mice were randomly divided into 4 groups for treatment with ve-
hicle or gefitinib at 3-d intervals (Figure 5A). Mice injected with PC9
cells and treated with gefitinib were used as a negative control, and
the PC9/GR + Mock group was the positive control. Figure 5A shows
the representative tumor burdens induced by each group. Compared
with PC9/GR + gefitinib or PC9/GR + Mock groups, the tumor bur-
dens normally induced by PC9/GR cells overexpressing TIP30 were
mostly inhibited by gefitinib. Intriguingly, there was no obvious dif-
ference in the tumor volume induced by PC9/GR + Mock cells with
or without gefitinib treatment.

Furthermore, 4 groups of xenograft nude mice tumors were ran-
domly selected and immunohistochemistry analysis was conducted
to determine whether c-Myc or nuclear EGFR expression was af-
fected by TIP30. As shown in Figure 5C, high expression of c-Myc
and nuclear EGFR (black arrows) and low expression of TIP30 was
observed in tumors induced by PC9/GR + Mock cells. Conversely,
decreased c-Myc and EGFR expression was detected in tumors
induced by PC9/GR + TIP30 cells. Moreover, we noted that the
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Cancer Science muis s e

Nude mice

A B
TIP30 attenuates growth of PC9/GR A < ®) Nod No2 No3 Nod N
xenograft tumors in nude mice cells. A, § 191 stovlogl gL
Subcutaneous tumors were generated in I-:'.: e
nude mice injected with PC9 and PC9/ () PC9/GR
GR cells that overexpressed TIP30 or 3 *+Mock
carried a Mock vector. Representative o PC9
images of the xenograft tumors dissected o] PC9/GR
after treatment with gefitinib or vehicle o E, +Mock
for 12 d. B, Representative tumor 2 © PCOIGR
burdens in the 4 investigated groups. 2 +TIP30
In vivo tumor growth curves for the
4 groups were plotted and compared ™
using Student t test. C, Representative e} 8 v )
immunohistochemical staining of c-Myc, E E : -~ PCO/GR+Mock
nuclear EGFR, and TIP30 in xenograft ‘s g : :zz;;:f;::’meeﬂmb
tumors. P <.01; n =5 for each group Q S ] 500 -~ PCY/GR+TIP30+Gefitinib
o g 500
S~
S ™ 400
o zE
2 5 £ 300
o
= 5 200
& 100
[C) 0
= 12 15 18 21 24
2 Days
Gefitinib
©) PC9/GR+Mock PC9 PC9/GR+Mock
RATERL] LY
F Y. R
i £ ]5"::"’“ }‘:‘ 73
b h‘."."j"! G
SN 2
el T b o P
6A 7 i
nEGFR DORGAT L
& N Q’ 3§
NI N Y P
e Y :\"_ ",“l,, :
~‘,\\.“ RN :'v’.-i L
I A A 0\, PR A
i
& SYSFRd T )
TIP30 / 51 e
(2@ ke ,; -{J\ {‘

expression of TIP30 in PC9/GR cells was markedly weaker than that
in PC9 cells following gefitinib treatment, and was consistent with
the results of the conducted in vitro experiments. These outcomes
also implied that TIP30 increased the sensitivity to gefitinib by inac-
tivating nuclear EGFR c-Myc signaling pathway in NSCLC.

4 | DISCUSSION

TIP30 has been shown to be a tumor suppressor, which plays impor-
tant roles in tumor suppression, anti-angiogenesis, and metastasis.
Although the functions of TIP30 in the progression and metastasis of
NSCLC have been well characterized, the relationship of TIP30 with
gefitinib resistance in NSCLC has not been previously determined.
In the present study, PC9 and PC9/GR cells were used as models to
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investigate the function of TIP30 in the acquired resistance to gefi-
tinib in NSCLC. We identified that the expression of TIP30 in gefitinib-
resistant PC9/GR cells was naturally downregulated compared with
that in the wild-type PC9 cells. A possible explanation for this could be
that continuous exposure to gefitinib downregulated the expression
of TIP30, resulting in the formation of a gefitinib-resistant phenotype
of PC9 cells. These findings led us to explore the biological function
as well as the underlying mechanism of TIP30 in gefitinib resistance
in NSCLC in more detail. Overexpression of TIP30 sensitized PC9/GR
cells to gefitinib; this was shown by changes in IC,, values and the in
vitro colony formation efficiency. This led to apoptosis in NSCLC cells.
Rescue experiments showed that TIP30 knockdown reversed these
effects in PC9 cells. All these results highlighted the essential role of
TIP30 in gefitinib resistance, and suggested that TIP30 may be a good
biomarker of EGFR TKI resistance in NSCLC.
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Dysregulation of the EGFR signaling pathway is associated with TKI
resistance of EGFR-mutated lung adenocarcinomas.®"*? Therefore,
understanding the roles of TIP30 in regulating divergent cytoplasmic
EGFR signaling and the nuclear EGFR pathway, which was correlated
with TKI resistance of EGFR-mutated lung adenocarcinomas, is of
particular importance. We noted that gefitinib attenuated phosphor-
ylation of ERK, AKT, and EGFR in the wild-type PC-9 cells; however,
persistently activated phosphorylation of ERK, AKT, and EGFR was
detected in PC9/GR cells upon gefitinib treatment. This result is in
agreement with previously reported outcomes, indicating persistent
activation of the MAPK/ERK cascades in gefitinib-resistant cells.3®
This sustained EGFR signaling activation may be associated with the
T790M mutation of PC9/GR cells (Table S2). In contrast, TIP30 over-
expression inactivated this protein phosphorylation, indicating that
the role of TIP30 in gefitinib resistance in NSCLC cells with T790M
may involve the ability to inhibit EGFR downstream signals.

Upon EGF stimulation, EGFR was endocytosed through
clathrin-dependent or clathrin-independent mechanisms, followed
by endosomal recycling back to the plasma membrane, lysosomal
degradation, or altered EGFR distribution to the nuclei or mito-
chondria (Figure 6).34%° Previous studies have reported that EGFR
endocytic homeostasis was disturbed after competent EGF treat-
ment in gefitinib-resistant cell lines, leading to aggregation in early
endosomes and delayed degradation.36 Consistent with earlier
reports, we found that internalized EGFR aggregated in the nu-
cleus, but not in late lysosomes of PC9/GR cells after rapid stim-
ulation of EGF. However, large amounts of EGFR co-localized with
LAMP1-positive late endosomes/lysosomes in PC9/GR cells that
overexpressed TIP30 after 30 min of EGF stimulation. These results
showed that overexpression of TIP30 significantly accelerated the
degradation of EGFR in PC9/GR cells, resulting in loss of recycled
EGFR to the plasma membrane and irregular EGFR trafficking to
the nuclei. Decreased recycling of EGFR back to the plasma mem-

brane provided an alternative explanation to the above observations

that ERK, AKT, and EGFR phosphorylation were inhibited in PC9/
GR + TIP30 cells. A previous study has reported that TIP30 facili-
tated the localization of Rab5a and V-ATPases in endosomes leading
to EGFR trapping in endocytic vesicles.®” This study also provided a
clue to further studies involving the mechanism of TIP30-regulated
endocytic trafficking in gefitinib resistance cells. It is also notewor-
thy that internalization and accumulation of EGFR in late lysosomes
were mostly impaired after gefitinib treatment in PC9/GR + TIP30
cells, whereas, this effect was limited in PC9/GR cells. Therefore, we
speculate that TIP30 overexpression may restore the inhibition of
kinase-dependent EGFR internalization by gefitinib in PC9/GR cells.
However, further investigation is required. Collectively, we propose
that TIP30 activation may play a positive role in regulating the cyto-
plasmic EGFR signaling pathway through multiple endocytic path-
ways. This effect may therefore be disturbed in drug-resistant cells
that lack TIP30, in favor of nuclear EGFR translocation.

In the present study, ChIP assay data showed that overexpression
of TIP30 decreased the occupancy of STAT3 in the c-Myc promoter
in PC9/GR cells. We speculated that there may be several reasons.
First, overexpression of TIP30 increased EGFR endocytic degrada-
tion and decreased EGFR nuclear localization. Decreased amounts
of transcription cofactor may contribute to transcriptional depres-
sion. Second, TIP30 overexpression may decrease IL-6-induced
nuclear STAT3 expression in PC9/GR cells, %7 although this hypoth-
esis needs further confirmation. Third, TIP30 functions as a tran-
scription inhibitor, negatively regulating c-Myc transcription. Hence,
based on the ChlIP assay and co-IP results (Figure S4), we found that
STAT3 and EGFR formed a transcriptional complex. Nevertheless,
the interaction of TIP30 with STAT3 or EGFR was not determined by
the co-IP assay (negative data were not shown). A possible explana-
tion was that TIP30 may be located inside the transcription complex,
and was therefore inaccessible to the antiserum used in the co-IP
assay. The transcriptional complex of EGFR, TIP30, and STAT3 reg-

ulated c-Myc gene transcription, consequently inducing activation
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of some downstream genes, and was closely correlated with cell
cycle DNA synthesis and eventually caused genomic instability in
some cancers.*®*! All these changes increased the expression of
several genes and uncontrolled cell proliferation, which increased
the risk of acquiring secondary mutations that contributed to tumor
development.42 Therefore, PC9/GR cells, which naturally express
low TIP30, maintained the activation of nuclear EGFR signaling,
to send proliferative and oncogenesis signals, and avoid the tradi-
tional kinase-dependent signaling pathway, which is inhibited by
TKI. These results implied that TIP30 conferred gefitinib resistance
by repressing the nuclear EGFR-c-Myc signaling pathway in NSCLC.
Moreover, the present in vivo results were consistent with the con-
ducted cell experiments and further confirmed our hypothesis.

In conclusion, we characterized TIP30, a tumor suppressor in-
volved in gefitinib resistance in NSCLC cells by regulating cytoplas-
mic and nuclear EGFR signaling. Although the current technique of
restoring the tumor suppressor gene in cancer therapy is limited, our
study still showed that this specific TIP30 overexpression treatment
may be a potential therapeutic approach to improve outcomes in
patients with EGFR-mutated NSCLC undergoing gefitinib therapy.
Also, TIP30 may serve as a prognostic biomarker for NSCLC harbor-

ing gefitinib resistance.
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