Articles

VPS35 promotes cell proliferation via EGFR recycling and
enhances EGFR inhibitors response in gastric cancer
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Summary

Background Vacuolar protein sorting-associated protein 35 (VPS35) is a core component of the retromer complex
which mediates intracellular protein transport. It is well known that dysfunctional VPS35 functions in the
accumulation of pathogenic proteins. In our previous study, VPS35 was found to be a potential gene related to
poor prognosis in gastric cancer. However, the biological functions of VPS35 in gastric cancer remain unclear.

Methods Cell viability assays were performed to examine whether VPS35 affected cell proliferation. Immunopre-
cipitation and biotin assays showed that VPS35 bound to epidermal growth factor receptor (EGFR) in the cytoplasm
and recycled it to the cell surface. Patient-derived xenografts and organoids were used to evaluate the effect of VPS35
on the response of gastric cancer to EGFR inhibitors.

Findings VPS35 expression levels were upregulated in tumour tissues and correlated with local tumour invasion and
poor survival in patients with gastric cancer. VPS35 promoted cell proliferation and increased tumour growth.
Mechanistically, VPS35 selectively bound to endocytosed EGFR in early endosomes and recycled it back to the cell
surface, leading to the downstream activation of the ERK1/2 pathway. We also found that high VPS35 expression
levels increased the sensitivity of the xenograft and organoid models to EGFR inhibitors.

Interpretation VPS35 promotes cell proliferation by recycling EGFR to the cell surface, amplifying the network of
receptor trafficking. VPS35 expression levels are positively correlated with gastric cancer sensitivity to EGFR in-
hibitors, which offers a potential method to stratify patients for EGFR inhibitor utilisation.
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Introduction method.” In our previous study, we constructed a gastric

Gastric cancer ranks fifth in terms of cancer incidence
and fourth among the leading causes of death in the
world."” The Cancer Genome Atlas (TCGA) Network
has depicted a huge landscape of major genetic aberra-
tions in gastric cancer’; however, the translation of
molecular characterisation into clinical drug application
needs further exploration.* An important goal is to
delineate the genomic regulation network and deter-
mine vital genes for cell survival, which can be recog-
nized using the genome-scale CRISPR-Cas9 screening

cancer prognosis model based on a functional genome
database generated from CRISPR-Cas9 screen. Among
the constituents of this model, vacuolar protein sorting-
associated protein 35 (VPS35), with a hazard ratio of
~2,° attracted our attention.

VPS35 plays a predominant role in cargo selection of
the retromer complex,” which is well known as a retro-
grade transporter, trafficking proteins from endosomes to
the trans-Golgi network (TGN).* Retromers can also pre-
vent the missorting of selected transmembrane cargo
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Research in context

Evidence before this study

The retromer complex mediates protein transport from
endosomes to other intracellular compartments. Vacuolar
protein sorting-associated protein 35 (VPS35) is a core
component of retromer complex in cargo sorting. It is well
illustrated that dysfunctional VPS35 participates in the
accumulation of pathogenic proteins in Parkinson’s
disease. Although several studies have proposed

VPS35 correlated to poor prognosis in cancer, the
underlying mechanisms of VPS35 function in cancer
remain unclear.

proteins into the lysosomal degradation pathway.” The
retromer complex consists of three main components:
VPS35, VPS26, and VPS29.” In addition to its canonical
function in endosome-to-TGN transportation, VPS35 has
also been found to participate in endocytosed protein-
tetherin transportation to the cell surface.” Many studies
have focused on VPS35 mutants which cause trans-
portation imbalances and pathogenic protein (a-synu-
clein) accumulation in Parkinson’s disease.” Our previous
study showed that VPS35 is a prognosis-related gene in
gastric cancer.® However, the carcinogenic mechanism of
protein transport via VPS35 was still unclear."

In gastric cancer, many oncogenic drivers have been
identified from TCGA database, including human
epidermal factor receptor 2 (HER2), epidermal growth
factor receptor (EGFR), and fibroblast growth factor re-
ceptor 2 (FGFR2)."? EGFR is a transmembrane glyco-
protein and member of the receptor tyrosine kinase
ErbB family.” Upon binding to its ligands (EGF,
amphiregulin, and epiregulin), EGFR is endocytosed
and then degraded or recycled.” Evidence has indicated
that EGFR amplification, gain-of-function mutations,
and trafficking result in proto-oncogenic events.'*'¢
Whether VPS35 mediates EGFR trafficking and pro-
motes cancer development has not been reported.

In this study, we demonstrated that VPS35 promotes
cell proliferation and increases tumour growth in gastric
cancer. VPS35 overexpression increased cellular EGF-
saturated concentrations and increased EGFR density
on the cell surface by binding to EGFR and recycling it
to the cell surface. Additionally, our study sheds new
light on the role of VPS35 in gastric cancer sensitivity to
EGEFR inhibitors, which offers a potential path to guide
anti-EGFR therapy.

Methods

Specimens and ethics

All procedures of human and mouse experiments were
approved by Ethics Committee of Shanghai Ruijin
Hospital, Shanghai Jiao Tong University School of
Medicine, Shanghai, China (Approval No.2017-6). All

Added value of this study

VPS35 was found to promote gastric cancer by recycling EGFR
to the cell surface and activating downstream pathways. By
increasing the density of EGFR on the cell surface, VPS35
enhanced gastric cancer sensitivity to EGFR inhibitors.

Implications of all the available evidence

This study increases our knowledge of the intracellular protein
transportation and receptor trafficking network. These
findings indicate that VPS35 is a potential treatment effect
marker to stratify gastric cancer patients for anti-EGFR therapy.

samples were obtained with the patients’ informed
consent. Excluding unpaired tumor-normal samples and
samples of incomplete clinical information, specimens
of tumour and adjacent non-tumour tissues from 96
gastric cancer patients with intact clinical information
who underwent D2 gastrectomy were collected. Patients
who underwent preoperative treatment such as radiation
or chemotherapy were excluded from our study.

Antibodies and reagents
The antibodies to VPS35 (ab157220, RRID: AB_2636885),
EGFR (ab52894, RRID: AB_869579), CyclinD1 (abl3
4175, RRID: AB_2750906), CDK2 (ab32147, RRID: AB_
726775), phospho-CDK2 (ab68265, RRID: AB_1139872),
AKT1 (ab108202, RRID: AB_10860681), phospho-AKT1
(ab81283, RRID: AB_2224551), and Ki-67(ab16667,
RRID: AB_302459) were purchased from Abcam (Bos-
ton, MA, USA). The antibodies to ERK1/2 (4695S, RRID:
AB_390779), phospho-ERK1/2 (4370T, RRID: AB_
2315112), and VPS35 (81453S) were purchased from
Cell Signaling Technology (Danvers, MA, USA). The an-
tibodies to p-tubulin (10094-1-AP, RRID: AB_2210695)
and GAPDH (60004-1-Ig, RRID: AB_2107436) were pur-
chased from Proteintech (Rosemont, IL, USA).
Recombinant human EGF protein (HY-P7109),
cycloheximide (HY-12320) and cetuximab (HY-P9905)
were purchased from MedChemExpress (NJ, USA).
BeyoClickTM EdU cell proliferation Kit with Alexa
Fluor-594 (C0078S) was obtained from Beyotime
(Shanghai, China). The Cell Cycle Staining Kit was
purchased from BD Biosciences (New Jersey, USA).

Cell culture

Human gastric cancer cells AGS (RRID:CVCL_0139)
and NCI-N87 (RRID:CVCL_1603) were purchased
from American Type Culture Collection (ATCC, USA),
and MGC803 (RRID:CVCL_5334), MKN28 (RRID:
CVCL_1416), MKN45 (RRID:CVCL_0434), HGC27
(RRID:CVCL_1279) and HS-746T (RRID:CVCL_0333)
cells were purchased from Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences.
Cells were authenticated by STR profiling and free of
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mycoplasma contamination. Cells were cultured as
previously described.®

Lentivirus vectors and infection

For knockdown of VPS35, target shRNA sequences were
subcloned into GPH-shRNA Lentivector (CMV-copGFP-
T2A-puro-H1-MCS) (Bioegene, Shanghai, China). The
shRNA of VPS35 targeted the following sequence: 5'-CC
TCCAGACTTTGAATCCTTT-3". The shRNA of EGFR
targeted the following sequence: 5-GTGGCTGGTTA
TGTCCTCATT-3". Human full-length cDNA of VPS35
was subcloned into pGMLV-CMV-MCS-EF1-T2A-Blas-
ticidin lentivirus vector (Genomeditech, Shanghai,
China). The transfection process and cell selection were
performed as previously described.®

Cell viability, colony formation assay and cell cycle
analysis

Cell viability, colony formation assay and cell cycle
analysis were performed as previously described.® Cell
viability assay was evaluated with the Cell counting Kit-8
(CCKS, Dojindo Molecular Technologies, Kumamoto,
Japan) according to the manufacturer’s protocol.

BeyoClickTM EdU cell proliferation assay

Cells were cultured in 24-well plates. EAU was added to
the culture medium and the assay was completed ac-
cording to the manufacturer’s protocol.

Western blotting
Western blotting was performed as previously described.

RNA extraction and quantitative real-time PCR
(qRT-PCR)

RNA extraction and qRT-PCR were performed as pre-
viously described.® The sequences of the primers were
as follows: GAPDH, forward, 5-GCACCGTCAAGGC
TGAGAAC, reverse, 5 -ATGGTGGTGAAGACGCCAGT;
VPS35, forward, 5-GTTTTGACTGGCATATTGGAGCA,
reverse, 5-TCTGGTGTAACTCAGCACAGG. The ex-
pression level was normalized to the internal control and
determined by a 2-AACT method.

Library construction and RNA-Seq

Total RNA was extracted from the tissue using TRIzol®
Reagent according the manufacturer’s instructions
(Invitrogen) and genomic DNA was removed using
DNase I (TaKara). Then RNA quality was determined by
2100 Bioanalyser (Agilent) and quantified using the
ND-2000 (NanoDrop Technologies). Only high-quality
RNA sample (0D260/280=1.8~2.2, 0D260/230>2.0,
RIN>6.5, 28S:185>1.0, >1 pg) was used to construct
sequencing library. RNA-seq transcriptome library was
prepared using TruSeqTM RNA sample preparation Kit
from Mlumina (San Diego, CA), SuperScript double-
stranded cDNA synthesis kit (Invitrogen, CA) and

www.thelancet.com Vol 89 March, 2023

Phusion DNA polymerase (NEB) according to manu-
facturer’s protocol. After quantified by TBS380, paired-
end RNA-seq sequencing library was sequenced with
the NovaSeq 6000 sequencer (2 x 150bp read length).

Transcriptome analysis using reference genome-
based reads mapping

The raw paired end reads were trimmed and quality
controlled by SeqPrep and Sickle with default parame-
ters. Then clean reads were separately aligned to refer-
ence genome with orientation mode using HISAT2
software.”” The mapped reads of each sample were
assembled by StringTie in a reference-based approach.'
To identify DEGs (differential expression genes), the
expression level of each transcript was calculated ac-
cording to the transcripts per million reads (TPM)
method. RSEM" was used to quantify gene abundances.
Essentially, differential expression analysis was per-
formed using the DESeq2,”° DEGs with [log2FC|>1 and Q
value < 0.05 were considered to be significantly different
expressed. In addition, functional-enrichment analysis
including GO and KEGG were performed at Bonferroni-
corrected P-value <0.05 by Goatools and KOBAS.*!

Immunoprecipitation and mass spectrometry
(IP-MS)

IP-MS was performed as previously described.® Im-
munoprecipitation was performed using Pierce Co-
Immunoprecipitation (Co-IP) Kit (88804, Thermo
Fisher) according to manufacturer’s protocol. Protein-
Chip Gold Array (Bio-Rad) with a Bio-Rad Protein Chip
System Series 4000 mass spectrometer was used for
analysis.

Immunofluorescence (IF) assay of EGFR degradation
Immunofluorescence assay was performed as previ-
ously described.”>”* In brief, cells were starved overnight
and stimulated with 100 ng/mL EGF and 100 pg/mL
cycloheximide for indicated times. Then, cells were fixed
and stained with antibodies. Images were captured us-
ing an inverted fluorescent microscope (Fluoview
FV1000, Olympus). Fluorescence intensity were quan-
tified using Image]J as described previously.*

Flow cytometry

To detect the protein density on the cell membrane, flow
cytometry was performed as previously described.”” The
antibodies used were APC anti-human EGFR (352905,
RRID: AB_11148943, BioLegend, San Diego, CA, USA),
APC anti-human CD340 (324407, RRID: AB_756123,
BioLegend), APC anti-human VEGFR2 (359915, RRID:
AB_2565927, Biolegend), ¢-MET (8198, RRID: AB_
10858224, Cell Signaling Technology, Danvers, MA,
USA), and Alexa Fluor® 647 donkey anti-rabbit IgG
(ab150075, RRID: AB_2752244, Abcam, Boston, MA,
USA).


nif-antibody:AB_11148943
nif-antibody:AB_756123
nif-antibody:AB_2565927
nif-antibody:AB_10858224
nif-antibody:AB_10858224
nif-antibody:AB_2752244
www.thelancet.com/digital-health

Articles

Cell surface biotinylation assay

A modified protocol by Nishimura and Sasaki was used
to examine the recycling of EGFR to the cell surface.”
Briefly, proteins on the cell surface were marked using
EZ-Link Sulfo-NHS-SS-Biotin (A39258, Thermo Fisher
Scientific, Waltham, MA, USA) on ice. The cells were
incubated with 100 ng/mL EGF at 37 °C for 30 min to
internalise the receptors. After internalisation, cells
were washed with MESNA (Thermo Fisher Scientific)
for the first time to remove extra biotin. Next, cells were
incubated at 37 °C for the indicated times and stripped
using MESNA on ice for the second time to remove
biotin linked to the recycled receptors on the cell sur-
face. Recycling measurements have been described
previously.”?

H&E analysis and immunohistochemistry (IHC)
Immunohistochemistry assay was performed as previ-
ously described according to the manufacturer’s proto-
col (Immunostain SP kit, DakoCytomation, USA).»>*
The THC staining scores were determined according
to semi-quantitative immunoreactivity scoring (IRS)
system.***

Bioinformatic analysis on GDSC, CCLE, and TCGA
screens

The sensitivity of gastric cancer cell lines to erlotinib
was compared using Genomics of Drug Sensitivity in
Cancer (GDSC). Three sensitive and three insensitive
cell lines were selected, and their gene expression data
were collected from the Cancer Cell Line Encyclopedia
(CCLE). Differentially expressed genes (DEGs) were
analysed using the limma package. The correlation be-
tween VPS35 and each receptor was analysed using the
corrplot package and GEPIA.

Dose-effect curves

Cells were plated into 96-well plates. Medium with
erlotinib at concentrations of 0, 10, 20, 40, 80, 160,
320 nM was added to wells and medium was replaced
every day with fresh medium with erlotinib. After 10
days culture, CCK-8 kit was used according to the
manufacture’s instruction.

Cell-derived and patient-derived xenograft (PDX)
tumour models

BALB/c male nude mice (RRID: IMSR_JCL:JCL:mID-
0001, 4-6 weeks old, purchased from SPF (Beijing)
Biotechnology Co., Ltd., Beijing, China) were housed
in specific pathogen-free cages and used to construct
xenograft models. Animal experiments were per-
formed in accordance with the institution’s guidelines
and animal research principles, and daily care has been
provided. After acclimatization for 3 days in an

approved facility (water and food at libitum and
controlled environmental conditions), experiments
were conducted. The single blind method was adopted
in our experiments. Nude mice were randomised into
four treatment groups (n = 5): MKN28/Ctrl, MKN28/
shVPS35, HGC27/Ctrl, and HGC27/VPS35. Approxi-
mately 5 x 10° cells suspended in PBS were injected
subcutaneously.

PDXs were established with tumors of gastric cancer
patients from Ruijin Hospital as described previ-
ously.”*! For PDX transplantation, tumor fragments of
1-2 mm were subcutaneously engrafted into nude mice
under anaesthesia. When tumors reached a volume of
100 mm?, the mice were separated into 2 groups for
treatment with Erlotinib (50 mg/kg, orally) or Vehicle
(n = 3). Treatment was administered by gavage 5 days a
week for 3 weeks. Nude mice received subcutaneous
injection inoculation with 5 x 10° cells of HGC27/
Ctrl and HGC27/VPS35, and were randomised into
the following four treatment groups (n = 5): Ctrl-
Vehicle, VPS35-Vehicle, Ctrl-Erlotinib (20 mg/kg, peri-
tumoural injection every 2 days), and VPS35-Erlotinib.
Tumour volumes were measured using calipers every 4
or 5 days and calculated with the formula: volume
(mm?) = length x width x width/2. If volumes were over
4000 mm?® or the diameter in either dimension was
greater than 20 mm (humane endpoint), mice were
euthanised. Otherwise, mice were euthanised under
anaesthesia after whole treatment, and tumours were
removed and weighed.

Establishment and culture of patient derived

organoids (PDO) from gastric cancer patients

PDO establishment was performed as previously
described.® The tumor tissues from gastric cancer pa-
tients were digested with shaking and filtered through a
70 pm cell strainer (BD Biosciences). After centrifuged,
Matrigel was added to the pellet and plated in the 24-
well plate. The shVPS35 lentivirus, pGMLV-VPS35,
and control lentivirus were transfected into organoids.
Erlotinib were added and refreshed every day for ten
days and CellTiter-Lumi™ Luminescent Cell Viability
Assay Kit (Beyotime) was used to evaluate the viability.

Statistical analysis

All statistical calculations were performed using
GraphPad Prism (version 8.0). Student’s t tests (two-
tailed) were applied to assess the statistical significance
of the qPCR, gene expression, colony formation and
EdU assay. Two-way ANOVA was applied on CCK-8
assays examining cell viability. Comparisons among
multiple groups were analysed by the one-way ANOVA.
All results were presented as the mean + standard de-
viation (SD) from triplicate experiments. Chi-square
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tests were performed to assess clinical and biological
variables between patient groups. Log-rank analysis was
used for survival analysis. Differences with P value less
than 0.05 were considered statistically significant.

Role of funders

The funders had no role in the study design, data
collection and analysis, decision to publish, or prepara-
tion of the manuscript.

Results

VPS35 expression was upregulated in tumour
tissues of gastric cancer and indicated poor
prognosis

Our previous study showed that VPS35 is closely related
to the survival of gastric cancer patients. To further
investigate the function of VPS35 in cancer, VPS35
expression levels in tumour and adjacent non-tumour
tissues were analysed in digestive system cancers
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Fig. 1: VPS35 expression upregulated in tumour tissues and associated with poor prognosis of the patients with gastric cancer.
(a) Upregulation of VPS35 in six digestive system cancer types in the GEPIA database. (b) Overall survival curves of the 384 patients in the
gastric cancer cohort in GEPIA, with patients stratified based on VPS35 expression levels (Log-rank test). (c) Average immunohistochemistry
(IHC) scores of VPS35 of patient samples in the Ruijin gastric cancer cohort (n = 96, Chi-square test). (d) Representative images of VPS35 IHC in
gastric cancer and matched normal tissues from the Ruijin cohort. (e) Overall survival curves of our patient cohort, with patients stratified based
on VPS35 expression levels (Log-rank test). (Scale bars: 100 um, *, p < 0.05; **, p < 0.01; ***, p < 0.001 and ****, p < 0.0001.).
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Clinicopathologic Number VPS 35 IHC p-value
parameters of cases - o
N =96 Negative  Positive
36) (60)
Age(years) 0.3998
<60 47 20 27
>60 49 16 33
Sex 0.6636
Male 60 24 36
Female 36 12 24
Local invasion <0.0001
T1, T2 31 24 7
T3, T4 65 12 53
Lymph node metastasis 0.0003
No 31 20 11
Yes 65 16 49
Distant metastasis 0.4248
No 78 31 47
Yes 18 5 13
TNM stage 0.0101
I 55 27 28
I, v 41 9 32
Table 1: Correlation between the Clinicopathologic features and
expression of VPS35.

based on TCGA database using GEPIA (http://gepia.
cancer-pku.cn/). We found that VPS35 was upregu-
lated in tumour tissues compared to that in the paired
normal tissues in gastric, colorectal, and pancreatic
cancers (Fig. la). Survival analysis showed that high
VPS35 expression levels in tumour tissues were posi-
tively related to short survival time of patients (p = 0.015,
Log-rank test) (Fig. 1b) in TCGA database. IHC staining
of gastric cancer tissue in the cohort (n = 96) also
showed that VPS35 protein expression in tumour tis-
sues was higher than that in adjacent non-tumour tis-
sues (Fig. 1c and d). Importantly, higher VPS35 staining
scores were associated with deeper local invasion
(p < 0.0001, Chi-square test), local lymph node metas-
tasis (p = 0.0003, Chi-square test), and later TNM stag-
ing (p = 0.0101, Chi-square test) (Table 1). Patients with
higher VPS35 expression in tumour tissues were
correlated with shorter 5-year overall survival (OS)
compared to patients with VPS35 lower-expressing tu-
mours (p = 0.0085, Logrank (Mantel-Cox) test)
(Fig. 1e), consistent with the results of TCGA analysis.

VPS35 promoted gastric cancer cell proliferation

in vitro and in vivo

To explore the impact of VPS35 on the proliferation of
gastric cancer cells, we constructed VPS35 knockdown
cells (AGS/shVPS35 and MKN28/shVPS35) by trans-
ducing shRNA, and VPS35 overexpressed cells
(HGC27/VPS35 and HS-746T/VPS35) by transfecting

VPS35 expression vectors (Fig. 2a and S1). Compared to
the negative control cells (AGS/Ctrl, MKN28/Cirl,
HGC27/Ctrl, and HS-746T/Ctrl), VPS35 knockdown
(AGS/shVPS35 and MKN28/shVPS35) significantly
inhibited cell proliferation, whereas VPS35 over-
expression (HGC27/VPS35 and HS-746T/VPS35) pro-
moted the proliferation of gastric cancer cells (Fig. 2b
and c). Furthermore, EdU staining also showed that
VPS35 high-expressing cells were more likely to be EQU-
positive than VPS35 low-expressing cells (Fig. 2d). The
cell cycle assay revealed a remarkably reduced fraction of
cells in the S phase and an elevated fraction of cells in
the G1 phase in the AGS/shVPS35 and MKN28/
shVPS35 cells. In contrast, VPS35 overexpression
reversed this effect and promoted G1/S transition
(Fig. 2e and f). The levels of both p-CDK2 and cyclin D
(key proteins of the G1/S cell-cycle checkpoint) were
dramatically decreased in AGS/shVPS35 and MKN28/
shVPS35 cells, whereas CDK2 levels were stable
(Fig. 2e). In contrast, HGC27/VPS35 and HS-746T/
VPS35 cells exhibited increased levels of p-CDK2 and
cyclin D (Fig. 2e). These findings indicate that VPS35
could accelerate cell cycle progression and promote cell
proliferation in gastric cancer by activating the CDK2
and cyclin D pathways.

Given the findings described above, we further
investigated the effect of VPS35 in vivo using xenograft
tumour models. MKN28/Ctrl, MKN28/shVPS35,
HGC27/Ctrl, and HGC27/VPS35 cells were inoculated
subcutaneously into the flank of nude mice (Fig. 3a).
After 28 days, we found that tumour weights in the
MKN28/shVPS35 group were significantly lower
(p < 0.0001, the student’s t tests) than those in the
MKN28/Ctrl group (Fig. 3a-b). In contrast, tumours
derived from HGC27/VPS35 cells grew faster
(p < 0.0001, the student’s t tests) and weighed more
(p < 0.0001, the student’s t tests) than tumours from the
HGC27/Ctrl group (Fig. 3a-b). IHC also showed that
HGC27/VPS35 tumours had more p-CDK2-positive
cells than HGC27/Ctrl tumours (Fig. 3c), whereas
MKN28/shVPS35 tumours had more p-CDK2-negative
cells than MKN28/Ctrl tumours (Fig. 3c).

Identification of VPS35 binding to EGFR

As a core component of the retromer, VPS35 binds to
many proteins in endosomes to exert its function in
gastric cancer. To determine which proteins VPS35 binds
to, and the mechanism of its proliferation-promoting
function, transcriptome profiling (RNA-Seq) was per-
formed in MKN28/Ctrl and MKN28/shVPS35 cells
(Fig. S2a). According to the gene ontology (GO) enrich-
ment analysis of DEGs, receptor ligand activity, genes
related to EGFR binding, and regulation of epithelial cell
proliferation were enriched (Fig. 4a and S2b). The Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis of differentially expressed genes (DEGs)
indicated that genes in the MAPK signalling pathway (q-
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Fig. 2: VPS35 stimulated cell proliferation of gastric cancer in vitro. (a) VPS35 expression knockdown by shRNA in AGS (upper left) and MKN
28 (upper right) and VPS35 overexpression in HGC 27 (lower left) and HS-746T (lower right), detected by western blotting and quantitative
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Fig. 3: VPS35 promoted gastric cancer development in vivo. (a) Images of subcutaneous tumours formed by MKN28/Ctrl, MKN28/shVPS35,
HGC27/Ctrl, and HGC27/VPS35 cells (five biological replicates). (b) Quantification (tumour volume at indicated time points, tumour weight at
endpoint) of subcutaneous tumours formed by MKN28/Ctrl, MKN28/shVPS35, HGC27/Ctrl, and HGC27/VPS35 cells. (c) Representative images
of H&E staining and IHC (VPS35 and p-CDK2) of subcutaneous tumours formed by MKN28/Ctrl, MKN28/shVPS35, HGC27/Ctrl, and HGC27/
VPS35 cells. (Scale bars: 100 pm. The student’s t tests, *, p < 0.05; **, p < 0.01; ***, p < 0.001 and ****, p < 0.0001.).

value = 0.043, Fisher’s exact tests) were significantly  positively correlated with growth factor receptor binding
enriched (Fig. 4b). Furthermore, Gene Set Enrichment  (NES = -1.57, p < 0.001, empirical phenotype-based
Analysis (GSEA) showed that VPS35 expression was  permutation test) (Figs. S2c-d).

reverse transcription PCR (GRT-PCR). Experiments were conducted three times independently. (b) CCK8 assay (Two-way ANOVA). Experiments
were conducted three times independently. (c) Colony formation assay. Colonies were counted in three independent experiments. (Scale bars:
1 cm) (d) Cell proliferation measured by EdU incorporation. RFP: EdU-555, Scare bars: 200 pm. Experiments were conducted three times
independently. (e) Western blotting for the indicated proteins in HGC27/Ctrl, HGC27/VPS35, HS-746T/Ctrl, and HS-746T/VPS35 cells, and
western blotting for the indicated proteins in AGS/Ctrl, AGS/shVPS35, MKN28/Ctrl, and MKN28/shVPS35 cells. B-tubulin was used as an internal
control. Experiments were conducted three times independently. (f) Flow cytometry analysis indicated that VPS35 knockdown suppressed the
G1/S transition in AGS/shVPS35 and MKN28/shVPS35 cells, and VPS35 overexpression facilitated the G1/S transition in HGC27/VPS35 and HS-
746T/VPS35 cells. Populations of cells at the G1, S, and G2/M phases were shown as percentages of the whole cell population. (The results were
representative samples from three independent repeats, and data were present as mean + SD. The student’s t tests, *, p < 0.05; **, p < 0.01; ***,
p < 0.001 and ****, p < 0.0001.).
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Fig. 4: Identification of VPS35 binding to EGFR. (a) Gene Ontology pathway enrichment analysis of significantly differentially expressed genes
(DEGs) between MKN28/Ctrl and MKN28/shVPS35 cells revealed by RNA-Seq. (three biological replicates, transcriptomic data were submitted to
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As VPS35 plays a role in protein transportation and
DEGs enriched in the MAPK pathway and receptor
binding, correlation analysis between VPS35 expression
levels and multiple gene expression levels of MAPK-
related receptors was performed in TCGA database
(Fig. 4c). We found a total of six receptor genes related
to VPS35 (coefficient correlation value: R > 0.3), in-
cluding EGFR, HER2, ERBB3, MET, VEGFR1, and
VEGFR2 (Fig. 4d and S3a). As VEGFR1 was scarcely
expressed in epithelial cells and ERBB3 could not
convey the signal to the cell by itself, they were excluded
from further validation (Fig. S3b). To confirm whether
VPS35 regulates the remaining four receptors in gastric
cancer cells, the density of these four receptors on the
cell surface was evaluated by flow cytometry in AGS/
shVPS35, MKN28/shVPS35, HGC27/VPS35, HS-746T/
VPS35, and the corresponding negative control cells
(Fig. 4e and S3c). We found that only EGFR density on
the cell surface changed with the perturbation of VPS35
expression (Fig. 4e). The fluorescence density of EGFR
on the cell surface decreased in AGS/shVPS35 and
MKN28/shVPS35 cells, but increased in HGC27/VPS35
and HS-746T/VPS35 cells (Fig. 4e). IHC staining of the
paired tissue microarray confirmed that VPS35 expres-
sion was positively correlated with EGFR expression in
the Ruijin cohort (Fig. 4f). Immunoprecipitation and
mass spectrometry (IP-MS) revealed that VPS35 binds
to EGFR in the cytoplasm (Fig. 4g). Co-IP assays also
confirmed that VPS35 and EGFR could bind to each
other (Fig. 4h). Also, to explore whether VPS35 binds to
mutated EGFR proteins, we transfected EGFR“°5R
mutated plasmids and VPS35 plasmids into HEK293T
cells. Co-IP assays confirmed that VPS35 and
EGFR™*®® mutated proteins could still bind to each
other (Fig. S4). Collectively, these findings indicate that
VPS35 binds to EGFR, and its overexpression increases
surface-EGFR density.

VPS35 recycled EGFR to the cell surface and
decreased EGFR degradation

After binding to EGF and initiating downstream cas-
cades, endocytosed EGFR localises to early endosomes,
waiting to be recycled or transported to lysosomes.™
Generally, EGFR is ubiquitinated in the endosome,

recognised by ubiquitin-interacting motif-containing
proteins, and targeted to lysosomes.*” Since VPS35 is a
core component of the retromer in endosomal protein
trafficking, we wondered whether more VPS35 trans-
ported more EGFR back to the membrane and inhibited
EGFR degradation by binding to EGFR.

Because EGFR is endocytosed into the cytoplasm
after binding to EGF, sequential protein blot detection
of EGFR was performed (Fig. 5a). After EGF was
washed by starvation overnight, EGFR was gathered
on the cell surface. With cycloheximide addition, EGFR
was processed without inference of secondary protein
synthesis. AGS/shVPS35 and MKN28/shVPS35 cells
showed significantly lower EGFR levels 30 min after
EGF addition than the corresponding negative control
cells, and EGFR was nearly undetectable 60 min later
(Fig. 5a). In contrast, HGC27/VPS35 and HS-746T/
VPS35 cells displayed a slower rate of EGFR reduction
than the negative control cells, and EGFR was still
detectable at 60 min in HGC27/VPS35 and HS-746T/
VPS35 cells (Fig. 5a). We also performed immunofluo-
rescence assays at 60 and 120 min, considering their
higher sensitivity when detecting sequential changes
than protein Dblotting. AGS/shVPS35 and MKN28/
shVPS35 cells showed weaker EGFR fluorescence
density at every time point than the corresponding
negative control cells (Fig. 5b and S5a-b). For HGC27/
VPS35 and HS-746T/VPS35 cells, the mean EGFR
fluorescence density was stronger at 30, 60, and 120 min
than that of HGC27/Ctrl and HS-746T/Ctrl cells (Fig.
5b and Fig. S5c-d).

A cell-surface biotinylation assay was used to
examine EGFR recycling.”” Protein blot detection of
biotin-tagged EGFR can reflect unrecycled EGFR. We
found more biotin-EGFR in AGS/shVPS35 and
MKN28/shVPS35 cells than in the control groups,
indicating that fewer EGFR molecules were recycled to
the surface. Meanwhile, biotin-EGFR decreased more
rapidly at 30-45 min in HGC27/VPS35 and HS-746T/
VPS35 cells than in the negative control cells, implying a
faster rate of EGFR recycling in VPS35 overexpressed
cells (Fig. 5c). Overall, these findings indicated that
VPS35 slowed EGFR degradation by promoting its
recycling to the cell surface.

the GEO database (GSE210320). (b) KEGG pathway enrichment analysis of significantly DEGs (Fisher’s exact tests). (c) A pairwise correlation of
RNA expression of VPS35 with MAPK-associated genes of receptor components (i.e., EGFR, VEGFR2, MET, and FGFR3) from TCGA gastric cancer
cohort. Left triangle: a colour plot for the expression of two molecules showing different correlation by colours; diagonal: the name for each
molecule; and right triangle: correlation coefficient. (d) Correlation of RNA expression of VPS35 with several related genes from the GEPIA
gastric cancer cohort (Spearman'’s correlation). (e) Flow cytometry analysis for AGS/Ctrl, AGS/shVPS35, MKN28/Ctrl, MKN28/shVPS35, HGC27/
Ctrl, HGC27/VPS35, HS-746T/Ctrl, and HS-746T/VPS35 cells. Compared with cells in the control groups, AGS/shVPS35 and MKN28/
shVPS35 cells had a significantly decreased EGFR fluorescence density (left two panels), while HGC27/VPS35 and HS-746T/VPS35 cells had a
significantly increased EGFR fluorescence density (right two panels). Experiments were conducted three times independently. (f) Correlation of
EGFR and VPS35 expression levels by linking IHC scores of EGFR to VPS35 in paired patient samples (Pearson’s correlation). (g) Different binding
proteins derived from immunoprecipitation and mass spectrometry (IP-MS) of MKN28 cells. (h) Interaction of VPS35 with EGFR determined by
co-Immunoprecipitation (Co-IP) assays in MKN28 cells. (The student’s t tests, *, p < 0.05; **, p < 0.01; ***, p < 0.001 and **** p < 0.0001.).
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VPS35 activated EGFR downstream pathways to
increase tumour growth
EGFR transmits extracellular signals mainly by acti-
vating the downstream ERK1/2 and AKT pathways. We
previously found that VPS35 expression correlated with
the MAPK and AKT signalling pathways using RNA-Seq
analysis. Indeed, the phosphorylation level of p42/44
MAPK (known as ERK1/2) at Thr202 and Tyr204
decreased in AGS/shVPS35 and MKN28/shVPS35 cells,
whereas the opposite change was found in HGC27/
VPS35 and HS-746T/VPS35 cells, indicating that the
ratio of p-ERK1/2 to ERK1/2 was positively related to the
VPS35 expression level (Fig. 6a). We also found that
the phosphorylation level of AKT decreased in AGS/
shVPS35 and MKN28/shVPS35 cells, but increased in
HGC27/VPS35 and HS-746T/VPS35 cells (Fig. 6a). In
addition, there were more p-ERK1/2- and EGFR-
negative cells in MKN28/shVPS35 tumours than in
MKN28/Ctrl tumours (Fig. S6a), and HGC27/VPS35
tumours had more p-ERK1/2- and EGFR-positively
stained cells than HGC27/Ctrl tumours (Fig. S6D).
These results indicate that VPS35 activates EGFR do-
wnstream of the ERK1/2 and AKT pathways.
Furthermore, HGC27/VPS35 and HS-746T/VPS35
cells immersed in 200 ng/mL rhEGF proliferated more
rapidly than those in 100 ng/mL rhEGF, implying an
EGF-saturated concentration of over 100 ng/mL (Fig. 6b).
However, the proliferation rates of HGC27/Ctrl and
HS-746T/Ctrl cells with 200 ng/mL rhEGF did not
exceed those with 100 ng/mL rhEGF, indicating that
HGC27/VPS35 and HS-746T/VPS35 cells had a higher
EGF-saturated concentration than the negative control
cells (Fig. 6b and S7a). The results of the colony forma-
tion assay for HGC27/VPS35 and HS-746T/VPS35 cells
were consistent with these findings (Fig. 6¢). Cetuximab
(an antibody blocking the extracellular domain of EGFR)
was used for rescue experiments. Increasing cetuximab
concentration reduced the growth difference between
VPS35 overexpression cells and negative control cells.
Extremely high concentrations of cetuximab (400 pg/mL)
blocked surface EGFR and eliminated the difference
between VPS35 overexpression cells and the negative
control cells. These results indicated that EGF signals
transmitted by surface EGFR in HGC27/VPS35 and HS-
746T/VPS35 cells could be completely counteracted by
cetuximab (Fig. 6d and e, and S7b). The results were

validated by a colony formation assay, which also showed
that VPS35 overexpression did not promote cell prolif-
eration with 400 pg/mL cetuximab (Fig. 6f). These find-
ings suggest that increased EGF signals were transmitted
to the cytoplasm due to VPS35 upregulation and more
EGFR on the cell surface, leading to cell proliferation.
Besides of direct blocking EGFR with cetuximab, we also
knockdown EGFR expression in VPS35 overexpressed
cells and monitored cell growth. In our results, ShEGFR-
HS746T cells grew slower than Ctrl-HS746T cells,
OEVPS35-HS746T cells grew faster than Ctrl-HS746T
cells, and sShEGFR-OEVPS35-HS746T cells grew signifi-
cantly slower than both Ctrl-HS746T cells and OEVPS35-
HS746T cells (Fig. S8). Similar results were shown in
HGC27 cells. Our results showed that after EGFR
knockdown, VPS35 upregulation could not promote
cancer cell growth any more.

VPS35 sensitised gastric cancer cells to EGFR
inhibitors
Interestingly, as the inhibitory effect of cetuximab on cell
proliferation depended on its concentration, we also
found that VPS35 affected the sensitivity of cells to
cetuximab. The ICs, values of HGC27/VPS35 and HS-
746T/VPS35 cells for cetuximab were lower than those of
the negative control cells, indicating that VPS35 upre-
gulation increases the sensitivity of cells to cetuximab
(Fig. S9). As there are two main species of EGFR in-
hibitors, anti-EGFR monoclonal antibodies (cetuximab)
and small-molecule tyrosine kinase inhibitors (erloti-
nib),” we also tested erlotinib sensitivity in VPS35-
overexpressed cells. Consistent with the above findings,
VPS35 overexpression decreased the ICs, values,
whereas VPS35 knockdown increased them (Fig. 7a).
Additionally, the conjoint analysis of the Genomics of
Drug Sensitivity in Cancer (GDSC),* Cancer Cell Line
Encyclopedia (CCLE),* and genome CRISPR-Cas9
screens also showed that VPS35 was a differentially
expressed gene between the low- and high-erlotinib-
sensitive groups and a prognostic gene associated with
poor survival in gastric cancer specifically (Fig. S10).
We used patient-derived organoids (PDOs) to further
confirm that VPS35 increases the sensitivity of gastric
cancer to erlotinib. Tumours from Patient-2 (P2) had
low expression levels of VPS35, whereas tumours from
Patient-5 (P5) had high expression levels of VPS35

degradation in indicated cells in response to EGF stimulation in the presence of cycloheximide (left panels). Densitometric analysis of EGFR blots
from three independent experiments are shown as mean + SD (right panels). Experiments were conducted three times independently. (b)
Localisation analysis of EGFR after EGF and cycloheximide treatment at different time points. At 0 min, EGFR was located mainly on the cell
surface in all indicated cells after overnight starvation. With the passing of time, AGS/shVPS35 cells showed weaker fluorescence intensity
compared to AGS/Ctrl cells, while HS-746T/VPS35 cells retained stronger fluorescence intensity than cells in the control group did. RFP: EGFR.
Experiments were conducted three times independently. (c) VPS35 knockdown inhibited EGFR recycling and VPS35 overexpression promoted
EGFR recycling. Indicated cell surfaces were labelled with Sulfo-NHS-SS-biotin on ice and stimulated for 30 min with EGF at 37 °C. Recycling of
EGFR was determined at different time points indicated in the graphs by western blotting (upper panels). The values in western blotting were
mean + SD from three independent experiments (lower panels). Experiments were conducted three times independently. (Scale bars: 100 pm).

www.thelancet.com Vol 89 March, 2023


www.thelancet.com/digital-health

Articles

a AGS MKN 28
.
9tko[@m | vPs3s §° Sewss gikp[mm —| vPS35 g
PERK1/2 33 | 42/44kD [ ——| p-ERK1/2 éi «ld
ERK1/2 i} 42/44kD[="==] ERK1/2 §§
thg@ P-AKT §,, gg:glE] el i B
——| AKT ==
55kD—=1 p-Tubulin = 55kD[ == =] f-Tubulin 2
Ctrl shvPS35 o Ctrl shvPS35

77

= o 2s
= WSS 91kD[— =w=|VPS35 gi"

HGC 27

42/44kD [— &3] p-ERK1/22

42/44kD 3
60kD 210
ok W we kT B,
55kD [wm ] 8-Tubulin

00-
Ctrl OE-VPS35 ff &

HS-746T

42144k [ = p-ERK1/23
42440 = =ERK12 $3s

60KD [ @] pAKT 2.,
6OKD |yt | AKT g.,
55kD |~ ~——[p-Tubulin =

Ctrl OE-VPS35 fff

91kD ="w=]vPs35 j e
g0

HGC 27 HS-746T
3
g 2
ég - Ctrl-200 S - Ctrl-200
- OE-0 18 —— OE-0
= Ongml 5 = OE-100 = 0ng/ml o OE-100
= 50 ng/mi s 16 = 50 ngiml =
©3 100 ng/mi “== [0F;200 § © 100 ng/mi = OE-200
= 200 ng/im 1 © 14 = 200 ng/mi 1
= 500 ng/mi = 500 ng/mi s
12 —
ctn OE-VPS35 : 1 2 3 5 ca OF-vPS3S 2 3 4 5
c Time(days) Time(days)
———
EGF(ng/ul) 0 50 100 200 500
P = 0ng/ml
= 50 ngimi
ctr T é =3 100 ng/mi
@ 2 =3 200 ng/ml
[¢] g‘ =3 500 ng/m!
N S
f ~N H
OEVPS35 -
%
T H = 0ng/ml
(In g =3 50 ng/ml
~ s =3 100 ng/ml
& H =3 200 ng/mi
= 8 =1 500 ng/mi
cta OEVPS3S
HGC 27
HGC 27 - CUiNS
= e
= EGF 15 ==
= EGFICTX 10l § —lis
10 S = EGF
=3 EGF+CTX 50 ug/ml EGF+
3 EGF+CTX 100 ug/ml 05 = CTx 400 ugimi
=3 EGF+CTX 400 ug/ml
ctrl OE-VPS35
T T 1
Tt
e HS-746T
HS-746T
15 o - cums
= NS
1.0 = EGF
g 3 EGF+CTX 10 ugiml
©os = EGF+CTX 50 ug/mi 1
=3 EGF+CTX 100 ug/ml
00 EGF+CTX 400 ug/ml .
ct OEVPS35 Zﬁé" Z‘gé’ o
£ & &
f e

CTX(ug/ml) 0

Ctrl

0 50 100 400

Ctrl

OEVPS35

EGF(ng/pl) 0 50 50 50 50

www.thelancet.com Vol 89 March, 2023

12 O9H
‘colony number
g 8 8 3

°

Ctrl OEVPS35

EGF(ng/ml)
3 EGF 0 ng/ml + CTX 0 pg/ml
3 EGF 50 ng/ml +CTX 0 pg/m!
£ EGF 50 ng/ml +CTX 50 pg/mi
3 EGF 50 ng/ml +CTX 100 pg/m!
3 EGF 50 ng/mi +CTX 400 pg/ml

19¥/-SH

colony number

ctd OEVPS35

EGF(ng/ml)
3 EGF 0 ng/ml + CTX 0 pg/ml
3 EGF 50 ng/m! +CTX 0 pg/ml
3 EGF 50 ng/mi +CTX 50 pg/mi
3 EGF 50 ng/mi +CTX 100 pg/mi
3 EGF 50 ng/mi +CTX 400 pg/ml

Fig. 6: VPS35 activated EGFR downstream pathways and exerted its proliferation-promoting role via EGFR. (a) Reduced phosphorylation
levels of ERK1/2 and AKT in AGS/shVPS35 and MKN28/shVPS35 cells and increased phosphorylation levels of ERK1/2 and AKT in HGC27/VPS35
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Fig. 7: VPS35 overexpression sensitised gastric cancer cells to erlotinib. (a) Dose-effect curves and 1Cs, values of different erlotinib treatment
groups in indicated cell lines for ten days (Extra sum-of-squares F test). Experiments were conducted three times independently. (b) Images of
organoids in the vehicle- and erlotinib-treated groups treated with the indicated concentrations, and dose-effect curves with 1G5 values of
organoids with or without lentivirus transfection for ten days (Extra sum-of-squares F test). Experiments were conducted three times inde-
pendently. (c) and (d) Images and quantification (tumour volume at indicated time points, tumour weight at endpoint) of subcutaneous PDX
tumours with vehicle and erlotinib (Three biological replicates, Left: two-way ANOVA; right: one-way ANOVA). (e) Representative images of
H&E staining and IHC (VPS35 and Ki67) of subcutaneous PDX tumours with vehicle and erlotinib treatment. (n = 3; scale bars: 1000 pm, *
p < 0.05; **, p < 0.01; ***, p < 0.001 and ****, p < 0.000L.).

(Fig. S11a). P2 organoids had fewer Ki67-positive cells P2 organoids (ICso = 430.5 nM) (Fig. 7b). VPS35
than P5 organoids did (Fig. S11a). Consistent with the  expression was knocked down in P5 organoids (P5-KD)
results based on the cell lines, P5 organoids  and ectopically overexpressed in P2 organoids (P2-OE).
(ICsp = 154.4 nM) were more sensitive to erlotinib than ~ Frozen sections were stained by an EGFR antibody. P2-

and HS-746T/VPS35 cells (the student’s t tests). Experiments were conducted three times independently. (b) CCK8 assay of HGC27/Ctrl, HGC27/
VPS35, HS-746T/Ctrl, and HS-746T/VPS35 cells with the addition of EGF concentration gradients at Day 4. Experiments were conducted three
times independently. (c) Colony formation assay of HGC27/Ctrl, HGC27/VPS35, HS-746T/Ctrl, and HS-746T/VPS35 cells with the addition of EGF
with concentration gradients at Day 4. Colonies were counted in three independent experiments. (Scale bars: 1 cm). (d) and (e) CCK8 assay of
HGC27/Ctrl, HGC27/VPS35, HS-746T/Ctrl, and HS-746T/VPS35 cells with the addition of fixed EGF and cetuximab with concentration gradients
at Day 4 (Medium: the student’s t tests). Experiments were conducted three times independently. EGF was used at 50 ng/mL. (f) Colony
formation assay of HGC27/Ctrl, HGC27/VPS35, HS-746T/Ctrl, and HS-746T/VPS35 cells with the addition of fixed EGF and cetuximab with
concentration gradients. CTX: Cetuximab. Colonies were counted in three independent experiments. (Scale bars: 1 cm. One-way ANOVA, *,
p < 0.05; **, p < 0.01; ***, p < 0.001 and ****, p < 0.0001.).
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Fig. 8: A proposed model depicts how VPS35 participates in the trafficking of EGFR and its effects on downstream ERK and AKT

signalling.

OE organoids showed stronger fluorescence intensity
than P2 control organoids, whereas P5-KD organoids
displayed weaker fluorescence intensity than P5 control
organoids, further demonstrating that VPS35 modu-
lated EGFR expression (Fig. S11b). Erlotinib inhibited
P2-OE organoid viability (ICso = 122.8 nM) more effi-
ciently than P2 control organoids (ICsy = 424.3 nM),
whereas P5-KD organoids (ICsq = 606.7 nM) were less
sensitive to erlotinib than P5 control organoids
(ICsp = 151.7 nM), as indicated by the different ICsq
values (Fig. 7b). Thus, these findings indicate that
VPS35 overexpression sensitises both gastric cancer cell
lines and organoids to erlotinib, and VPS35 levels might
help guide clinical erlotinib application.

We generated PDX tumors with vehicle or erlotinib.
Erlotinib significantly reduced tumour growth in high-
VPS35 PDX#2 group, while it did not inhibit tumour
growth in low-VPS35 PDX#1 group (Fig. 7c). Moreover,
erlotinib-treated PDX#2 tumours became smaller than
vehicle tumours, whereas no significant difference was
between erlotinib-treated and vehicle PDX#1 tumours
(Fig. 7c and d). IHC staining also revealed fewer Ki67-
positive cells in PDX#2 tumours than in PDX#1
tumours with erlotinib (Fig. 7e). We also generated
cell-derived xenografts with peritumour injection of
erlotinib (20 mg/kg, every two days) 7 days post-
cell-inoculation. The results were consistent with our
findings in PDX tumors (Fig. S11c-e). These findings
indicate that VPS35 plays an oncogenic role in preclin-
ical models of gastric cancer and elevates sensitivity to
erlotinib.
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Discussion

The retromer is a canonical complex that transports
proteins between cellular compartments. VPS35 is the
core component of the retromer complex. For decades,
many studies have focused on the relationship between
VPS35 and neurodegenerative diseases, such as Par-
kinson’s and Alzheimer’s diseases.'>® Recently, re-
searchers have focused on the role of VPS35 in
cancer.'"” For example, VPS35 is upregulated in breast
cancer and promotes cell proliferation by affecting
autophagy.”” VPS35 can also promote hepatoma cell
proliferation through the AKT pathway, mainly by
influencing FGFR3 trafficking."! In this study, we
investigated the role of VPS35 in gastric cancer. We
found that VPS35 promoted cell proliferation, cell cycle
transition, and xenograft tumour growth. Mechanisti-
cally, VPS35 overexpression increased EGFR density on
the cell surface by selectively binding to endocytosed
EGFR in early endosomes, recycling it back to the cell
surface, decreasing EGFR degradation, and activating
the downstream ERK and AKT pathways, further pro-
moting cancer development and leading to erlotinib
sensitivity (Fig. 8).

EGFR, a transmembrane protein, can activate sig-
nalling cascades, including the ERK and AKT path-
ways, with phosphorylated cytoplasmic residues.'®*
After binding to its ligands, EGFR is endocytosed
into early endosomes. Within the endosome, different
membrane compartments hold multiple protein ma-
chineries that control cargo recycling and sorting into
multivesicular ~ bodies. Retromer and retriever
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complexes take centre stage in cargo recycling.”” Some
EGFR proteins in endosomes are recycled to the cell
surface by intracellular transportation, and others in
multivesicular bodies are directed to lysosomes for
hydrolysis.'* Previous studies have found that EGFR
recycling can take place via multiple routes, including
through the calcium-modulating cyclophilin ligand*
and adaptor protein Epsl5," showing that cells can
increase EGFR efficiency in various ways. In normal
cells, a delicate equilibrium between EGFR recycling
and degradation sustains moderate signalling, and
aberrations in either route would cause dysregulated
cell proliferation and oncogenesis.'"* We demon-
strated that VPS35 transported endocytosed EGFR back
to the cell surface, increased EGFR density, and acti-
vated the downstream ERK and AKT pathways,
through which VPS35 exerts its oncogenic function in
gastric cancer. This discovery indicated that the EGFR
recycling routes were replenished in the cytoplasm,
which is a newly discovered retromer function in
EGFR recycling, and illustrated the mechanism of
VPS35-mediated recycling in cancer development.

Gastric cancer responds poorly to immunotherapy
and molecular-targeted therapy’ such as EGFR in-
hibitors. It has been proposed that the failure of anti-
EGFR therapy results from the enrolment of patients
without prior genomic detection and selection.”
Recently, Maron et al. reported the clinical response of
eight EGFR-amplified patients; complete response was
observed in 43% (3/7) of patients and partial response in
one patient.”” Ji et al. also reported a GC subtype with
EGFR amplification and overexpression benefit from
anti-EGFR therapy.” Recycling EGFR serves as an
economical way to upregulate EGFR." In our study,
VPS35 recycled the endocytosed EGER to the cell sur-
face. Interestingly, we observed that VPS35 could elevate
the sensitivities of gastric cancer cells to both species of
EGFR inhibitors, cetuximab and erlotinib. Additionally,
VPS35 increased the sensitivity of gastric cancer orga-
noids to erlotinib.

In our study, VPS35 was negatively correlated with G
protein-coupled receptor and phospholipase C upregula-
tion (Fig. S12). Indeed, stimulatory G-protein alpha sub-
units are also thought to participate in the poor response
to anti-EGFR therapy."* The effects of EGFR accumulation
and GPCR inhibition indicated that VPS35 might serve as
a more comprehensive indicator than EGFR expression
for anti-EGFR therapy in gastric cancer, similar to the
KRAS status which indicates EGFR inhibitor efficacy
in colorectal cancer.” Our study is rather preliminary,
showing the link between VPS35 and anti-EGFR drugs.
Using only one shRNA could not exclude off-target pos-
sibility, which is our limitation. There is still a long way to
go with clinical trials, like retrospective study and pro-
spective cohort study to reveal the relation between VPS35
and anti-EGFR drugs in the real world. Further research is

recommended to investigate the impact of VPS35 in all
aspects of anti-EGFR therapy.

In conclusion, our study sheds new light on the
ERK/AKT pathway-activated and tumourigenic role of
VPS35 in gastric cancer. Mechanistically, this study
showed that VPS35 promotes EGFR recycling to the cell
surface, which may amplify the network of intracellular
protein transportation and receptor trafficking. As
VPS35 increases the sensitivity of gastric cancer to
EGER inhibitors, VPS35 could be a potential treatment
effect marker to stratify patients for anti-EGFR therapy
in gastric cancer.
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