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Overexpression of synaptic vesicle protein Rab GTPase 3C
promotes vesicular exocytosis and drug resistance in
colorectal cancer cells
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Rab GTPase 3C (RAB3C) is a peripheral membrane protein that is
involved in membrane trafficking (vesicle formation) and cell movement.
Recently, researchers have noted the exocytosis of RAB proteins, and their
dysregulation is correlated with drug resistance and the altered tumor
microenvironment in tumorigenesis. However, the molecular mechanisms
of exocytotic RABs in the carcinogenicity of colorectal cancer (CRC)
remain unknown. Researchers have used various in silico datasets to evalu-
ate the expression profiles of RAB family members. We confirmed that
RAB3C plays a key role in CRC progression. Its overexpression promotes
exocytosis and is related to the resistance to several chemotherapeutic
drugs. We established a proteomic dataset based on RAB3C, and found
that dystrophin is one of the proteins that is upregulated with the overex-
pression of RAB3C. According to our results, RAB3C-induced dystrophin
expression promotes vesicle formation and packaging. A connectivity map
predicted that the cannabinoid receptor 2 (CB2) agonists reverse RAB3C-
associated drug resistance, and that these agonists have synergistic effects
when combined with standard chemotherapy regimens. Moreover, we
found high dystrophin expression levels in CRC patients with poor survival
outcomes. A combination of the dystrophin and R4AB3C expression profiles
can serve as an independent prognostic factor in CRC and is associated
with several clinicopathological parameters. In addition, the RAB3C—dys-
trophin axis is positively correlated with the phosphatidylinositol 4,5-
bisphosphate 3-kinase catalytic subunit alpha isoform (PIK3CA) genetic
alterations in CRC patients. These findings can be used to provide novel
combined therapeutic options for the treatment of CRC.
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1. Introduction

Colorectal cancer (CRC) is considered one of the
highest-risk cancers in the world [1]. Although che-
motherapy and a combination of surgery and che-
motherapy can successfully control some of the disease
progression, drug resistance and cancer metastasis
remain severe issues and are the primary causes of the
fatalities in CRC. The tumorigenesis of CRC consists
of several genetic mutations and epigenetic modifica-
tion events. Researchers have investigated the genetic
alteration events of adenomatous polyposis coli (APC)
[2], phosphatidylinositol-4,5-bisphosphate  3-kinase
(PIK3CA) [3-5], Kirsten rat sarcoma viral proto-
oncogene (KRAS) [6], and the tumor protein p53
(TP53) [7], and they have found that these events can
induce multiple individual pathways or increase the
mutation loads of clinical patients. In addition, the
CpG island methylator phenotype (CIMP) status [8,9]
and microsatellite (MS) status [10,11] also affect the
treatment strategies. Moreover, most patients are diag-
nosed at an advanced stage, which limits the therapeu-
tic options for achieving good responses and leads to a
poor prognosis. Therefore, we are searching for the
key factors that are associated with the drug resistance
and cancer metastasis in CRC to resolve this dilemma
and improve the outcomes of patients.

Recently, researchers identified the Ras-related protein
(RAB) small GTPase family as a key family that regu-
lates membrane trafficking [12-14], exosome formation
[15,16], and even pathway transduction [17]. The RAB3
family participates in the activation—inactivation cascade
of RAB26, RAB27, and RAB37, which causes exocytosis
[15,16,18,19]. The process of exocytosis involves cyto-
kine/chemokine secretion, drug efflux, and autocrine
pathway activation [20,21]. In our previous study, we
revealed that RAB3C is upregulated in CRC and inter-
acts with other family members [22]. Similarly, compared
with normal adjacent tissues, we also observed the
increased expression of RAB3C in tumor tissues. We
have established RAB3C-based transcriptomic datasets
and provided evidence that RAB3C promotes cancer
metastasis through the IL-6/STATS3 axis to affect patient
survival [22]. Nevertheless, we note that RAB3C plays an
additional role in the mechanisms that rely on exocytosis.
Therefore, in the current study we evaluated the increase
in the vesicle formation (exosomes, multivesicular bodies,
and lysosomes) in an RAB3C-overexpression model. We
demonstrated that RAB3C is the most important prog-
nostic factor among the RAB3 family members. RAB3C
enhances the exocytosis of CRC cells and increases the
resistance of several typical chemotherapy drugs (5-FU,
oxaliplatin, and regorafenib) [23-25].

RAB3C and drug resistance in CRC

Exosomes, or EVs, are small membrane vesicles of
endocytic origin that contain mRNAs, DNA frag-
ments, and proteins, and that are released by many
different cell types, including cancer cells. Tumor-
derived exosomes are involved in the formation and
progression of different cancer processes, including
tumor microenvironment remodeling, angiogenesis,
metastasis, and drug resistance [26]. Researchers have
shown interest in exosome-derived vectors for tracking,
delivery, and therapy. However, there are still many
unknown concepts as to their detailed contents and
mechanisms of action. The RAB3 family complex that
consists of RAB3C is involved in exosome trafficking
and its translocation [27]. We speculate that the over-
expression of RAB3C may lead to the formation and
secretion of abundant exosomes in CRC. Researchers
have identified several chemical drugs in exosomes,
which may also be the main cause of the chemoresis-
tance [28].

We demonstrated that dystrophin is one of the
abundant proteins that is overexpressed in our
RAB3C-based proteomic dataset from three indepen-
dent overexpression cell models. Indeed, we demon-
strated the direct binding of RAB3C to dystrophin
through protein—protein interactions and their regula-
tion of the drug resistance in CRC cells. We also
demonstrated that the signature of the combined
expression profiles of RAB3C and dystrophin could be
an independent prognostic factor for CRC patients
through immunohistochemistry staining. Most impor-
tant, this event was associated with frequent PIK3CA/
KRAS mutations in patients with CRC. We hypothe-
sized that certain drugs or compounds might reverse
these phenotypes by interfering with the RAB3C—dys-
trophin interaction and thereby enhancing the chemo-
sensitivity. Therefore, we utilized a connectivity map
to seek potential candidates. According to our results,
in CRC the treatment of the cannabinoid receptor
(CB2) agonist could synergize with conventional che-
motherapeutic agents to inhibit colon cancer cells.
Taken together, we propose a novel strategy for the
clinical application of the CB2 agonist for the
enhancement of the chemotherapeutic drug response in
colorectal patients with high expressions of RAB3C.

2. Materials and methods

2.1. Cell lines and stable clones

We cultured human colorectal SW48 (RRID:
CVCL_1724), SW480 (RRID:CVCL_0546), and SW620
(RRID:CVCL_0547) cancer cells in L-15 medium and
Dulbecco’s modified Eagle medium (DMEM). We
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cultured the colorectal HT-29 (RRID:CVCL_ASEZ)
and HCTI116 (RRID:CVCL_0291) cancer cells in
McCoy’s S5A medium, and the CX-1 (RRID:
CVCL_2011), DLD-1 (RRID:CVCL_0248), and H3347
(RRID:CVCL_LGO07) CRC cells in RPMI medium that
was supplemented with 10% fetal bovine serum (FBS).
We incubated all the cells under a humidified atmo-
sphere of 5% CO, at 37 °C. We purchased SW48,
SW480, SW620, HCT116, and DLD-1 from the ATCC
cell bank. These authenticated cell lines were received
within the last 3 years with a certificate. CX-1 and
H3347 were gifts from Prof Wei-Shone Chen (Division
of Colon & Rectal Surgery, Department of Surgery,
Taipei Veterans General Hospital, Taipei, Taiwan).
CX-1 and H3347 cells were authenticated by short tan-
dem repeat (STR) analysis, yielding more than an 80%
match in profiled loci. For this study, all cell lines were
identified as mycoplasma-free using an assay Kkit.

2.2. Gene construction and lentivirus production

We purchased the lentiviral envelope and packing plas-
mid (pMDG and pa8.91) from the National RNAi
Core Facility (Academia Sinica, Taiwan). We pur-
chased the plenti6.3-RAB3C lentiviral constructs and
empty vectors from Addgene (Watertown, MA, USA).
We cotransfected the lentiviruses into 293T cells with
pMDG, pa8.91, and the plasmid construct using the
calcium phosphate transfection method. After 48 h of
incubation, we collected the lentiviruses and used them
to infect the cells with polybrene (2 pg:mL™'). We
selected the cells with altered RAB3C expressions with
blasticidin (2 pg-mL™") for 2 weeks. We used a plas-
mid carrying a vector control sequence to create the
control cells. The detailed process and classification
are introduced in our previous articles [22].

2.3. CRC sample selection and
immunohistochemical analysis

In total, 215 patients diagnosed with colorectal adeno-
carcinoma at the Taipei Municipal Wan Fang Hospital
of Taiwan from 1998 to 2005 were included in this
study. We retrieved the CRC tissues from the Depart-
ment of Pathology, Taipei Municipal Wan Fang Hospi-
tal (Taipei, Taiwan), with Institutional Review Board
approval. All experiments were approved by the Ethical
Committee (Taipei Medical University-Joint IRB,
approval number: TMU-IRB 99049). All methodologies
conformed to the standards set by the Declaration of
Helsinki. Informed consent was signed by all patients
and all experiments were approved by the Ethical Com-
mittee. We fixed the surgical specimens in 10% buffered
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neutral formalin and embedded them in paraffin. We
reviewed the histological diagnoses, tumor sizes, levels
of tumor invasiveness, and lymph node statuses of all
the cases, and two pathologists (M.H. and C.L.C.) con-
firmed them. We determined the final disease stages
according to the Cancer Staging System of the Ameri-
can Joint Committee of Cancer (AJCC). We retrospec-
tively collected the clinical data, including data on the
follow-up period, overall survival period, and disease-
free survival period, from each patient’s medical record.
We followed the patients for more than 152 months or
until their deaths. We excluded the patients who died of
postoperative complications within 30 days of the sur-
gery from the survival analysis [29].

We used a tissue microarray (TMA) for the immu-
nohistochemistry (IHC) analysis of the RAB3C expres-
sion in this study [22]. We prepared the TMA
containing the CRC tissues and corresponding adja-
cent noncancerous colon tissues, as previously
described [22]. For each case, we selected three 1-mm
cores from different areas of the tumor tissue. In addi-
tion, if available, we also selected two 1-mm cores of
adjacent noncancerous normal colon mucosa for each
case. In total, we assembled 243 archival CRC samples
for the TMA. The antibodies that we used for the
IHC staining included antihuman RAB3C (1:100; Cat
# 15029-1-AP, Proteintech, Rosemont, IL, USA) and
dystrophin (1:50; Cat # HPA023885, Atlas Antibodies,
Bromma, Sweden). We performed the immunodetec-
tion with an EnVision dual-link-system horseradish
peroxidase (HRP) detection kit (DAKO, Glostrup,
Denmark). The detailed process and classification were
introduced in our previous articles [22].

2.4. Immunohistochemical scoring

We devised a four-point staining-intensity scoring sys-
tem to determine the RAB3C/dystrophin expression in
the CRC TMA specimens, and the staining intensity
scores ranged from 0 (no expression) to 3 (high expres-
sion). We classified the results into two groups accord-
ing to the intensity and extent of the staining: in the
low-expression group; either no staining was present
(staining intensity score = (), or we detected positive
staining in fewer than 10% of the cells (staining inten-
sity score = 1); in the high-expression group, positive
immunostaining was present in 10-30% of the cells
(staining intensity score = 2), or in more than 30%
(staining intensity score = 3). The extent of staining was
scored by the percentage of positive cells (0-100%).
The final IHC scores (0—300) were obtained by staining
intensity score multiplied by the percentage of positive
cells. All cases were divided into two groups according
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to the final IHC scores and processed 50% cutoff. Low
THC expression level was defined as a score less than
150 and a score more than 150 included and 150 itself
was defined as high expression. Two pathologists
reviewed and independently scored the IHC staining
results [30]. The detailed process and classification are
introduced in our previous articles [22].

2.5. Animal studies

All animal experiments were conducted in accordance
with the Guide for the Use and Care of Laboratory
Animals (Animal Research: Reporting of In Vivo
Experiments guidelines), and the animal protocol (AS
IACUC No. 19-12-1398) was approved by the Experi-
mental Animal Committee, Academia Sinica, Taiwan.
We used age-matched severe combined immunodeficient
gamma (JAXTM NOD.Cg-Prkdcscid I12rgtm1Wjl/SzJ;
NOD-SCIDy) male mice at 6 weeks old from Jackson
Laboratory (Bar Harbor, ME, USA). Animals were
housed in a sterile environment in cages with autoclaved
bedding, food, and water and maintained on a daily
12 h light, 12 h dark cycle. In addition, we randomly
divided the 18 mice into three groups (n = 6 per cage)
for further experiments. For the estimation of the in vivo
tumorigenicity, we resuspended 5 x 10° colon cancer
cells in 100 uL. of phosphate-buffered saline (PBS) and
subcutaneously injected them under the dorsal skins of
the mice. When the subcutaneous tumor size reached
0.5 cm, we initiated the different treatments: the sham
group received the PBS treatment. We used the Vernier
caliper measurement of two perpendicular tumor dia-
meters (L and W) to monitor the tumor growth once a
week. We calculated the tumor volume using the for-
mula LIW?/2. We measured the bodyweights weekly. We
stopped administering the treatment to the animals in
the regorafenib group when the bodyweights decreased
to below 80% of the starting bodyweights. We harvested
the tumor masses after 6 weeks of treatment. We eutha-
nized the mice when the tumor volume reached
1500 mm?, or in case of severe weight loss or necrosis,
with CO, in the air chamber. We maintained the CO,
flow until the animals stopped breathing. The detailed
process and classification are introduced in our previous
articles [22]. The Institutional FEthics Committees
approved the study protocol, and the animal experimen-
tal design was approved by the animal facility committee
(AAALAC/ICLAS) under the approved procedure.

2.6. Cell viability measurements

We determined the cell viability using the TACS tetrazolium
salt  3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
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bromide (MTT) cell proliferation assay kit (Trevigen,
Gaithersburg, MD, USA), according to the manufacturer’s
instructions. Researchers use MTT to determine the cell via-
bility in cell proliferation and cytotoxicity assays. We seeded
the cells at a concentration of 2000 cells per 100 pL culture
media per well into 96-well microplates. At 24 h postseed-
ing, we treated the cells with the dimethyl sulfoxide
(DMSO) solvent control or different doses of regorafenib
for 24, 48, or 72 h. Subsequently, we incubated the cells in a
medium containing MTT for 4 h, lysed them by DMSO,
and we then measured the optical density at 570 nm using a
microplate reader (Spectral Max250; Molecular Devices,
Sunnyvale, CA, USA). The detailed process and classifica-
tion were introduced in our previous articles [30].

2.7. Isolation and purification of exosomes
secreted by donor cells

For the separation of the exosomes from the conditioned
medium of Cx-1, DLD-1, and Hct116 cells, we harvested
160 mL of RPMI and Mccoy5A serum-free medium
after conducting it in 15-cm dishes, and we then removed
the cells and cell debris from the conditioned medium by
centrifugation at 500 x g for 10 min and 2000 x g for
30 min. We further filtered the supernatant through a
0.22-um filter and ultrahigh speed centrifugation at
100 000 x g (36 900 r.p.m.) for 90 min (Beckman 70Ti
rotor; Brea, CA, USA). We resuspended the pellets
in 20 mm 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), and we loaded them on top of the sucrose
gradients with the indicated compositions (from bottom
to top: 1.2 mL of 2 m; 2 mL of 1.3 m; 2 mL of 1.16 wm;
1.8 mL of 0.8 M; 1.8 mL of 0.5 m; 1.2 mL of 0.25 M, with
20 mm of Tris at a pH of 7.4). We performed the ultra-
centrifugation at 100 000 x g (28 500 r.p.m.) for 16 h
(Beckman SW41 rotor), and we collected 0.5 mL from
each fraction. We washed the isolated EVs 3 times with
PBS through Amicon 0.5 mL centrifugal filters
(100 kDa; Millipore, Billerica, MA, USA) for concentra-
tion and further analysis [31]. We recruited several rele-
vant molecules to validate each fraction (Fig. S1).

2.8. Electron microscopy and multivesicular
body (MVB) quantification

We washed the cells cultured on dishes in PBS and
fixed them for 1 h in 2.5% glutaraldehyde in 0.1 ™m
phosphate buffer at room temperature. Then we slowly
and gently scraped and pelleted the cells in Eppendorf
tubes. We washed the pellets in phosphate buffer and
incubated them with 1% OsO, for 90 min at 4 °C.
Then we dehydrated the samples, embedded them in
Spurr, and sectioned them using a Leica ultramicrotome
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(Leica Microsystems, Vista, CA, USA) [32,33]. We
stained ultrathin sections (50-70 nm) with 2% uranyl
acetate for 10 min, and with a lead-staining solution for
5 min, and we observed them using a transmission elec-
tron microscope (Hitachi TEM system, Tokyo, Japan).
We used iMAGES for the calibration, quantification, and
analysis of the images (National Institutes of Health,
Bethesda, MD, USA). We identified the MVBs and
counted them by morphology, having only discrete
ILVs. The lysosomes revealed the multilayer morphol-
ogy. We analyzed at least 20 MVBs per experiment
from the separate cells. We analyzed the data from
duplicate or triplicate experiments, and we used from
two to four grids for each condition. The minimum
number of cells scored for each condition was 20. We
generated the box scatterplots using PRISM GRAPHPAD
software (GraphPad Software, Boston, MA, USA), and
we performed the statistical tests in Microsoft Excel
(calibration: 2.0; magnification: x 2.0 k—x 6.0 k; lens
mode: Zoom-1; acc. voltage: 75.0 kV; emission:
5.8 pA). Data are means + standard deviations; *** P-
value < 0.0001.

2.9. Nanoparticle tracking analysis

We used the nanoparticle tracking analysis (NTA) sys-
tem to analyze the particle size distribution in the exo-
some sample. The system is equipped with a 488 nm
laser and a high-sensitivity scientific CMOS camera,
and it was used with the NanoSight NS300 system
(Malvern Technologies, Malvern, UK). According to
the manufacturer’s specifications, we diluted the sample
at 1:100 in particle-free PBS to an acceptable recom-
mended concentration to reduce the number of particles
in the field of view to below 100/frame. We took the
reading videos in a single capture during 60 s at 30
frames per second (fps), with the camera level set to 15
and manual temperature monitoring. Then we used the
NTA 3.1.54 software (Malvern Panalytical Ltd, Malvern,
UK) to divide the particle size distribution into 10-nm
wide intervals, which is used for all the video reproduc-
tion to determine the concentration measurement value.
To understand the variability in the estimated value
within the entire interval width, the software organizes
the statistical data obtained by each frame.

2.10. Exosome membrane labeling

Researchers commonly use fluorescent dyes to label
the cellular membrane for exosome labeling because
the lipid bilayers in exosomes are a good target. Here,
we chose the ExoParkler Exosome Membrane Label-
ing Lit-Red (Dojindo, Kumamoto, Japan), which
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enabled us to use the application to experiment using
multiple labels. After collecting 10°—10'° exosomes sus-
pended in 100 uL. PBS, we added 2 pL Mem Dye
stock solution and mixed it with the exosomes. We
transferred the staining exosomes to a filtration tube
and centrifuged them at 3000 x g for 5 min about
three times. We added 50 pL of PBS to recover the
labeled exosomes.

2.11. L1000 and LINCS analysis

L1000 is an innovative gene expression profiling tech-
nique with a high-throughput scale (20 x 384 samples
per week) for next-generation pharmaceutical discov-
ery applications. By using L1000 mining, we could pre-
dict the potential compounds that inhibit our input
event (RAB3C overexpression). We can generate
genetic perturbations using dedicated pattern-matching
algorithms in the Library of Integrated Network-based
Cellular Signatures (LINCS; https://lincsproject.org/).
The LINCS is an innovative gene expression profiling
solution for next-generation pharmaceutical discovery
applications. It is a high-throughput (20 x 384 sample
per week) and low-cost (~15% of regular array costs)
gene expression profiling platform that was built at the
Broad Institute (Cambridge, MA, USA) [34,35]. By
using L1000 profiling, we can access the expression
data generated from a large collection of small mole-
cules through a Google-like search engine, which
allows us to connect disease indications with potential
lead compounds by dedicated pattern-matching algo-
rithms. The LINCS dataset includes 3000 human
genes, including the known targets of FDA-approved
drugs, drug—target pathway members, and candidate
disease genes, which researchers have perturbed using
lentivirally delivered shRNAs in the same set of 15 cell
lines [36]. We list the gene perturbagen candidates in
Table S1, which we generated from a query of the
regorafenib treatment gene signature in the LINCS.
We then prioritized the perturbagen candidates by
their connectivity scores across the four cell lines, in
which the perturbagen gene signature was most
strongly connected to that of the regorafenib treatment
and cutoff at a connectivity score of = 90.

2.12. Western blot analysis

We lysed the cells in RIPA buffer for 30 min, and we
then centrifugated them at 13 000 r.p.m. for 15 min at
4 °C. We obtained the membrane/cytoplasmic protein
fractions of the cultured cells with the Mem-PER Plus
Membrane Protein Extraction kit (Thermo, Waltham,
MA, USA). We measured the protein concentration
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using BCA protein assay reagents (Thermo). We sepa-
rated the total proteins (30 pg) by SDS-PAGE on
10% polyacrylamide gels, and we transferred them to
a PVDF membrane. We hybridized the membranes
with primary antibodies overnight after blocking for
30 min in 5% nonfat milk. We incubated the samples
with the secondary antibodies for 1 h, and we then
visualized the proteins using enhanced chemilumines-
cence (ECL) reagents (Perkin Elmer, Waltham, MA,
USA). We obtained the quantitative data using IMAGEJ
software. The detailed process and classification are
introduced in our previous articles [22].

2.13. In-gel digestion and LC-MS/MS analysis

We stained the gel with Coomassie Blue (J.T. Baker,
Radnor, PA, USA) for 10 min, as described above for
SDS/PAGE, and we then cut it into strips and washed
it once with ddH,O. We destained the gel pieces with
50% acetonitrile (ACN)/25 mm ammonium bicarbonate
overnight at 4 °C. We stored each part of the gel in
ddH,0 at 4 °C. We discarded the gel containing liquid
and replaced it with reduction buffer (10 mm DTT/
25 mm ABC) for 1 h at 56 °C. The reduction buffer
and added alkylation buffer (55 mm TAA/25 mm ABC)
were in darkness for 1 h at room temperature. We dis-
carded the solution and washed it twice with 40%
ACN for 10 min, and we then dehydrated it by treat-
ment with 100% ACN. We dried the gel pieces under
vacuum and rewet them with 0.12 pg of modified tryp-
sin (Promega, Madison, WI, USA) in 25 mm ABC, and
we then digested them overnight at 37 °C. We trans-
ferred the solutions of the peptides to new Eppendorf
tubes and extracted them using two 100-puL portions of
60% ACN/0.1% trifluoroacetic acid (TFA). We dried
the solution in vacuum, and we redissolved the peptides
in 0.1% TFA for the LC-MS/MS analyses [37].

We performed the LC-MS/MS analyses on a linear
ion trap (LTQ) tandem mass spectrometer (LTQ-FT
LC/MS/MS, Thermo Electron). We used the mascot
search engine (Matrix Science, Plano, TX, USA) for the
protein identification, according to a curated protein
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database (International Protein Index [IPI] human data-
base, compiled by the European Bioinformatics Insti-
tute). We established the peptide mass tolerance and
fragment mass tolerance at 100 ppm and 0.25 Da,
respectively. We scored the proteins using a probability-
based MOWSE algorithm (for MOlecular Weight
SEarch), and we reported the MascoT scores in the form
of —10 x log(P), where P is the probability that the
observed match is a random event. We searched the
acquired data against the Human Protein Sequence
Database of the International Protein Index (IPI) by
using the automated database-searching program MAS-
cot (Matrix Science). We searched the spectra with mass
tolerances of 15 ppm for the MS data, and with mass
tolerances of 0.8 Da for the MS/MS data. We allowed
up to two missed trypsin cleavages. We set the carbami-
domethyl cysteine as the fixed modification, and we set
the oxidized methionine and deamidation as the variable
modifications. We summarized and exported all the
identified proteins as a spreadsheet in.xlsx file format.

2.14. The treatment of exosomes (cocultured
assays)

We seeded 10°-10° Cx-1 cells on a 6-cm dish (#3295,
Corning, Corning, NY, USA) and incubated them
overnight. The next day, we rinsed the dish twice with
PBS to remove the residual RPMI and replaced it with
serum-free RPMI. After adding about 10°-10'" exo-
somes (50 uL of the labeled exosomes), we incubated
them for 2 days for the subsequent analysis. To facili-
tate the exosome uptake by the recipient cells, we
reduced the volume of the culture medium to half of
the normal volume [22].

2.15. Immunoprecipitation and immunoblotting
analyses

We incubated the whole-cell lysates (2 mg) from the
cultured cells overnight in IP buffer with 25 pL of pro-
tein A/G magnetic beads and the corresponding antibo-
dies against RAB3C (Cat # 15029-1-AP, Proteintech,

Fig. 1. RAB3C regulates signaling transduction, vesicle formation, and exocytosis. (A) Western blots showing the RAB3C, total-/phosphor-Akt,
RAB3B, and RIMS1 in the RAB3C-overexpression models. (B) Intracellular expression of RAB3C in CRC cells after definition of cytoplasm/cell
membrane. (C) Representative images of RAB3C-expression model in SW480 cells examined by transmission electron microscopy (TEM).
White arrows indicate exocy.tosis; yellow and red arrows indicate ILVs and MVBs, respectively. ILVs: intraluminal vesicles; MVBs: multivesicu-
lar bodies. Scale bar: 1 and 0.5 um, respectively. Red arrows indicate exosomes. (D) (upper) Representative images and (lower) quantification
of exosomes between vector and RAB3C-overexpression models in SW480 cells examined by confocal microscopy. Analysis represents exoso-
mal membranes. Blue: DAPI. Green: exosome membrane. Scale bar: 25 pm. (E) Western blot analysis of expressions of RAB3C, calnexin, dys-
trophin, CD9, CD63, and TSG101 of whole cells and exosomes isolated in RAB3C-expression models. ***P < 0.001, NS, not significant. Data
are presented as the mean =+ standard error of the mean. Student’s ttest was used for the comparison of measurable variants of two groups.
All experiments were performed with at least three biological duplicates (n= 3) for each group, in triplicate.
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Fig. 2. RAB3C/dystrophin complex modulates exosome formation, vesicle trafficking, and drug resistance. (A) Venn diagrams of common
interacting molecules in proteomic profiles of SW480, SW48, and DLD-1 RAB3C models. (B) List of and fold-changes in common interacting
molecules in RAB3C-overexpression models. (C) Western blot analysis of RAB3C and dystrophin protein expressions in SW480 and SW48
cells with or without RAB3C overexpression. (D) We performed RAB3C/dystrophin-related immunoprecipitation assays on whole-cell lysates
from SW480-, SW48-, and DLD-1- RAB3C-overexpression models. (E) List of biological functions for RAB3C-interacting molecules by gene
annotation analysis. (F) gRT-PCR analysis of VAMPS8, RAB3C, and dystrophin expressions of whole cells and exosomes isolated in RAB3C-
expression models. **P < 0.01, ***P < 0.001. Data are presented as the mean =+ standard error of the mean. Student’s t-test was used for
the comparison of measurable variants of two groups. All experiments (C/D/F) were performed with at least three biological duplicates

(n = 3) for each group, in triplicate.

Rosemont, IL, USA) or dystrophin (Cat # HPA023885,
Atlas antibodies, Bromma, Sweden) in a 1.5-mL micro-
centrifuge tube with a final volume of 1000 pL. We
purified the proteins that interacted with the antibodies
according to the manufacturer’s protocol [38].

2.16. Migration assay

For the migration assays, we coated 8-pum-pore-size
polycarbonate filters (GE Healthcare Life Sciences,
Chalfont St. Giles, UK) with 1 mg-mL~" human fibro-
nectin (Sigma, St. Louis, MO, USA). We added a med-
ium containing 10% fetal bovine serum (FBS) to the
lower compartment, and we added cells suspended in a
serum-free medium to the upper compartment of the
Boyden chamber. After the optimized timing (12-16 h),
we stained the migrating cells with the Giemsa solution
and counted them under a light microscope (400x,
eight random fields of each well) for further quantifica-
tion. We performed three independent experiments with
four replicates each. The detailed process and classifica-
tion are introduced in our previous articles [30].

2.17. Synergy calculation

We formulated all the dosing groups in a dose-dependent
manner from 1 nM to 1 puMm to calculate the cell viability
percentages. We uploaded these values to the SynergyFin-
der website for the statistical calculations (https://
synergyfinder.fimm.fi/). We present the synergy scores
and degrees of inhibition for the two compounds based
on the available algorithms (synergy score (8-score) < 10:
antagonistic; —10 ~ 10: additive; > 10: synergistic).

2.18. Statistical analysis

The nonparametric Mann—Whitney U-test was used to
analyze the statistical significance of results from three
independent experiments. Statistical analyses were per-
formed using spss (Statistical Package for the Social
Sciences) 17.0 software (SPSS, Chicago, IL, USA). A
paired t-test was performed to compare the RAB3C/
dystrophin THC expression levels in cancer tissues and

in the corresponding normal adjacent tissues. Pear-
son’s chi-square test analyzed the association between
clinicopathological categorical variables and the
RAB3C/dystrophin THC expression levels. Estimates
of the survival rates were calculated using the KM
method and compared using the log-rank test. Follow-
up time was censored if the patient was lost during
follow-up. Univariate and multivariate analyses were
performed using Cox proportional hazards regression
analysis with and without an adjustment for RAB3C/
dystrophin IHC expression level, tumor stage, lymph
node stage, and metastasis. For all analyses, a P-value
of < 0.05 was considered significant.

We list the detailed resources and conditions in
Table S2.

3. Results

3.1. RAB3C regulates exosome formation and
vesicle trafficking

RAB GTPase is involved in many aspects of membrane
trafficking, including vesicle formation, movement, and
fusion and cytoskeleton modeling. RABs are involved
in processes that involve endosomes, exosomes, autop-
hagosomes, lysosomes, etc. RAB3C can promote CRC
cell migration/invasion through the autocrine regulatory
signaling pathways, and it can serve as a prognostic
indicator in CRC patients [22]. However, whether
RAB3C itself regulates exocytosis is still unclear. In
addition, we found that conditioned supernatant has a
similar tendency to promote certain cancer phenotypes.
Therefore, we propose that RAB3C may be involved in
the regulation of the exocytosis of CRC cells and the
formation of exosomes (Fig. S1). We analyzed the
RAB3C protein levels in normal colonic epithelial cells
(CoEpics). According to our results, RAB3C was sub-
stantially more expressed in the tumor cells than in nor-
mal primary cells (Fig. S2). We further established
RAB3C-overexpression cell models in several low-
endogenous-expression colon cancer cells, including
SW480 and SW48. In previous studies, researchers have
claimed that exosomes derived from cancer -cells
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promote the proliferation of recipient cells via the
PI3K/Akt pathway. The phosphorylation of Akt should
be a pivotal event of exocytosis [39]. After confirming
the overexpression of RAB3C, we observed an increase
in the phosphorylation status of Akt (Ser 473). At the
same time, the exosome-related RAB3B and the exocy-
tosis marker RIMSI1 were also increased (Fig. 1A). We
can also obtain complementary results if we perform
knockdown experiments using shRNA (Fig. S3).
According to previous reports, RAB3C is involved in
exocytosis (moving from the cytoplasm to the cell mem-
brane), the fusion into multivesicular bodies (MVBs)
and exosomes, and colocalization with various other
Rabs [40]. Meanwhile, some scaffold molecules, such as
caveolin-1 (Cav-1) or cadherins, participate in the vesi-
cle formation and secretion that sublocalizes to the cell
membrane. Cells that contain Cav-1 can also use exo-
somes as carriers to remove intracellular Cav-1 and
secrete them as vesicle cargo [41]. Therefore, we used
membrane and cytoplasmic fractions to observe whether
RAB3C promotes this mechanism. Our results con-
firmed that RAB3C and Cav-1 were translocated to the
membrane, presumably already preparing for exocytosis
via early endosomes and MVBs (Fig. 1B). Therefore, we
tried to determine the importance of RAB3C in exocy-
tosis. To confirm that the overexpression of RAB3C can
promote exocytosis and vesicle trafficking, we dissected
the formation state and used transmission electron
microscopy (TEM) to verify that there was more vesicle
formation in the RAB3C-overexpression group
(Fig. 1C). From this vesicle formation in cells, we can
presume the intraluminal vesicles (ILVs) and multivesi-
cular bodies (MVBs). We also tagged the exosomes with
green fluorescent protein (GFP), and we found that the
RAB3C group secreted and produced more substantial
amounts (Fig. 1D). We based the quantification on the
florescent signal (Fig. 1D and Fig. S4), and according to
the results, more exosomes were formed in the RAB3C
group, which is consistent with the use of purified exo-
somes, which has also been characterized by NTA

RAB3C and drug resistance in CRC

(particle size confirmation) to detect the extracellular
vesicle flux (Videos S1 and S2 and Fig. S5). According
to Fig. S5, the exosome size did not differ much before
or after the overexpression of RAB3C (control: 118 nm;
RAB3C overexpression: 97 nm). Conversely, the
RAB3C knockdown model also showed complementary
trends (Videos S3-S5 and Fig. S6). Furthermore, we
purified the exosomes and examined the molecular mar-
kers associated with the exosomes and our targets,
including RAB3C, dystrophin, CD9, TSG101, CD63,
and calnexin (Fig. 1E). According to the combined evi-
dence, RAB3C plays an important role in the prepara-
tion, flux, and efficiency of exocytosis.

3.2. RAB3C coordinates with dystrophin in
colorectal cancer to promote various phenotypes

To confirm whether there are other molecules involved
in the vesicle formation, fusion, or translocation dur-
ing RAB3C-overexpression-induced exocytosis, we
established the proteomic profiles of several RAB3C-
overexpression models by comparing the alterations in
the protein expressions in parental and RAB3C-
overexpressing cells. After the trypsin digestion and
mass spectrometry analysis of the protein extracts
from these cells, we identified the potential targets with
>5-fold changes in all three RAB3C-based cell models
through a Venn diagram analysis (Fig. 2A). These
commonly altered molecules include seven standard
upregulators and 25 standard downregulators (Fig. 2B
and Table S3). Among them, dystrophin has the most
substantial and consistent trend in all three cell mod-
els. We validated each of these proteins in RAB3C-
overexpression mode; however, some behaved inconsis-
tently with their proteomic signatures (Fig. S7A). In
addition, we focused on the positive correlation
between the candidate and RAB3C expression levels in
the TCGA_CRC cohort (Fig. S7B,C). We then
focused on dystrophin, and we found that its protein
level was profoundly increased in the RAB3C-

Fig. 3. Synergy of regorafenib and CB2 agonists in the RAB3C overexpression model of CRC. (A) Correlation plot showing the relationship
between RAB3C-expression level (Expression 21Q4 public) and the IC50 of regorafenib (BRD:BRD-K16730910-001-10-7) from the DepMap
portal website. Pearson r = 0.303; P-value = 0.0133. (B) Cell viability of regorafenib treatment in RAB3C-expression model in SW480 cells.
(C) Flowchart of candidate drug screening and prediction through integrated signatures of transcriptomics from the Connectivity website
(https://maayanlab.cloud/L1000CDS2/#/index). (D) Potential compound candidates predicted by SW480 RAB3C-overexpression transcriptomic
profiles from the L1000 website. (E) gRT-PCR analysis of VAMP8 with or without treatment with CB2 agonists in RAB3C-expression model.
(F) Detection of migration ability with or without treatment with CB2 agonists in the RAB3C-expression model. (G) Cell viability under treat-
ment of regorafenib alone or combined with various dosages of CB2 agonist AM1241 (10 nm—1 pwm) in the SW480 RAB3C-overexpression
model. (H) Synergy calculation of combined use of regorafnib and AM1241 through SynergyFinder service (synergy score (d-score) < 10:
antagonistic; —10 ~ 10: additive; > 10: synergistic). ***P < 0.001, NS, not significant. Data are presented as the mean =+ standard error of
the mean. Student’s ttest was used for the comparison of measurable variants of two groups. All experiments (B/E) were performed with
at least three biological duplicates (n = 3) for each group, in triplicate.
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expression model (Fig. 2C). Based on previous reports,
dystrophin is involved in cytoskeleton rearrangement
and exosome packing during exocytosis [42]. The loss
of the dystrophin function in cancer cells contributes
to cell movement or metastasis. Therefore, we per-
formed a two-way immunoprecipitation assay to con-
firm the interaction status between RAB3C and
dystrophin, and we observed the valid binding of
RAB3C and dystrophin in all three overexpression
models (Fig. 2D and Fig. S8). Meanwhile, according
to the gene annotation analysis, the organization of
the cytoskeleton, cellular transport, and microtubule-
related trafficking are the most affected features in
RAB3C-overexpressing cells (Fig. 2E). In order to
investigate the protein—protein-interaction state, we
further processed the protease inhibitor MG-132, and
we observed that dystrophin behaved differently from
the vector in the RAB3C model (Fig. S9). This evi-
dence may also indicate that the cytoskeleton reorga-
nizes during exocytosis, and that dystrophin
reassembles membrane components and actin filaments
and promotes exocytosis [43,44]. Therefore, we isolated
exosomes from the RAB3C-overexpression cells to
evaluate whether the RAB3C and dystrophin were
translocated and packed into them. According to our
data, the vesicle-associated proteins VAMPS, dystro-
phin, and RAB3C were all presented in the exosomes,
and their expressions were increased in the RAB3C-
overexpression model (Fig. 2F). When we attempted
to suppress the dystrophin expression in an RAB3C-
overexpression model, several exosome-related markers
also decreased (Fig. S10). According to these results,
dystrophin contributes to RAB3C-induced exocytosis.

3.3. Synergistic effect of CB2 agonist AM1241
and chemotherapy drugs in RAB3C-
overexpressing models

We next assessed the association of RAB3C-regulated
exosomes with migration, invasion, and a series of
EMT-related events in CRC cell (Fig. S11). Moreover,

RAB3C and drug resistance in CRC

we assessed whether the viability of standard che-
motherapy for CRC is affected by RAB3C overexpres-
sion. Exosomes have been implicated in their drug
resistance, and researchers have also demonstrated
their regulation through the PTEN/Akt pathway
[39,45], which is consistent with our observations
(Fig. 1A). Thus, we screened several chemotherapeutic
agents, including regorafenib (an antiangiogenic agent
that is commonly used for the treatment of metastatic
CROQ), oxaliplatin, and 5-FU. According to the results,
there were consistent trends across the multiple chemo-
drugs; however, the regorafenib sensitivity was inver-
sely correlated with the RAB3C-expression level in
colon cancer (Fig. 3A and Fig. S12). Mimicking the
clinical situation, 5-FU and oxaliplatin are now pri-
marily used in combination, rather than alone. There-
fore, we chose regorafenib as the control group, and
we examined the treatment response in the RAB3C-
overexpression model. According to our results, the
high RAB3C expression resulted in an increased resis-
tance to regorafenib (Fig. 3B).

To overcome the drug resistance effect and seek ways
to enhance the drug sensitivity in RAB3C-expressing
tumors, we assumed that the candidate compounds
could reverse the phenotypes induced by RAB3C over-
expression. We selected about 1000 probes that were
altered in the RAB3C-expression groups with more
than a 1.5-fold change. Through the L1000 CDS2 web-
site (Characteristic Direction Signature Search Engine),
we found that PKC activators, PI3K inhibitors, MEK
inhibitors, Hsp90 inhibitors, and HDAC inhibitors were
predicted to have the reverse effect of RAB3C overex-
pression (Fig. 3C and Table S1). However, some of the
prediction options above did not yield significant results
(Fig. S13). The cannabinoid receptor type 2 (CB2) ago-
nist was also considered to be an RAB3C-induced phe-
notypic inhibitor in colon cancer cells (Fig. 3D and
Fig. S13). Researchers have reported a cannabinoid that
inhibits the cancer-derived extracellular vesicle release in
a dose-dependent manner [46]. We recruited several
CB2 agonists, including GW405833, AM1241, and HU-

Fig. 4. Synergistic effect of regorafenib and CB2 agonists in vivo. (A) Overview of solid tumor response to regorafenib alone or regorafenib
combined with AM1241 compared with control group in vivo. Scale bar: 1 cm. (B) Tumor growth curve of solvent control, regorafenib alone,
and regorafenib combined with AM1241 in vivo. (C) Quantitation of tumor weights in mice with solvent, regorafenib alone, and regorafenib
combined with AM1241 treatments (P = 0.019). (D) Bodyweights of mice treated with solvent, regorafenib alone, and regorafenib combined
with AM1241 in vivo. (E) gRT-PCR analysis of RAB3C in solid tumors of mice treated with solvent, regorafenib alone, and regorafenib com-
bined with AM1241. (F) Western blot analysis of RAB3C protein expression in solid tumors of mice treated with solvent, regorafenib alone,
and regorafenib combined with AM1241. We used regorafenib at a concentration of 10 pum in this study, and at a concentration of 1 uwm for
AM1241. (G) Representative images of dystrophin/RAB3C protein staining and H/E staining results in xenograft models. We used paired t-
tests to analyze statistical significance in control and regorafenib groups. Scale bar: 500 um. ***P < 0.001, NS, not significant. Data are pre-
sented as the mean + standard error of the mean. Student’s ttest was used for the comparison of measurable variants of two groups. All
experiments were performed with at least three biological duplicates (n = 3) for each group, in triplicate.
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308. Our findings suggest that AM1241 more substan-
tially inhibits the phenotypes than the other drugs
(Fig. 3E,F). We then investigated the antiproliferative
effect of the combination of the CB2 agonist and regor-
afenib. According to the results, the combined treat-
ment of AM1241 and regorafenib had a better effect at
inhibiting the viability of the colon cancer cells (Fig. 3G
and Fig. S14), and after calculating the multiplicative
effect, the combination indeed had a synergistic effect
(Fig. 3H).

We validated this combination effect in mouse mod-
els by the subcutaneous injection of colon cancer cells,
followed by the drug treatments. According to our
data, the combination of regorafenib and AMI1241
had the most substantial effect on the tumor growth
inhibition in vivo compared with the solvent control
(Fig. 4A). Furthermore, we found that the tumor
volume can only be inhibited by combination therapy,
while regorafenib alone had no significant effect in vivo
(Fig. 4B,C). In particular, the bodyweights of each
group were not reduced by regorafenib or combination
therapy (Fig. 4D). To determine the consistent effi-
ciency of the combination, we also examined the
RAB3C expression using mouse xenograft tumors,
which showed that the RNA and protein levels were
reduced in the in vivo model (Fig. 4E,F). According to
the results of the hematoxylin and eosin (H/E) and
immunohistochemical staining of the xenograft model,
the combination group inhibited the tumor growth
and expressions of RAB3C and dystrophin (Fig. 4G),
which suggests that CB2 agonists may provide an
additional treatment option for patients with colon
cancer, and that they have a synergistic effect in com-
bination with regorafenib.

3.4. The synergistic effect of activated RAB3C
and dystrophin in CRC is associated with
clinicopathological events

To determine whether the RAB3C and dystrophin are
related to the clinicopathological parameters of cancer
patients, we performed the IHC staining of dystrophin
and RAB3C on the colorectal tissue arrays to assess

RAB3C and drug resistance in CRC

whether their expressions can be considered predictors
of a poor prognosis in CRC (Fig. 5A,B). According to
our data, the RAB3C and dystrophin demonstrated
coordinated expression, and the tumor tissues exhib-
ited stronger staining than the adjacent normal tissues
(Fig. 5C,D). According to the cell experiments,
RAB3C and dystrophin have colocalization, both exist
in the nucleus and cytoplasm, and their overexpression
increases the distribution on the cell membrane
(Fig. 5E and Fig. S15). Furthermore, according to the
Kaplan—-Meier survival analysis, the combination of
RAB3C and dystrophin was a significant predictor of
the patient survival and could be further used to cate-
gorize patients into different risk groups in terms of
both overall survival (Fig. 5F) and disease-free survival
(Fig. 5G). The univariate and multivariate analyses
also demonstrated the independent prognostic value of
RAB3C combined with dystrophin in colon cancer
patients (Table S4). According to these data, the
RAB3C/dystrophin protein has prognostic value in
cancer progression, and it can be used as a therapeutic
target for improving the survival rates of patients.

3.5. The RAB3C protein expression level was
positively correlated with genetic events of
PIK3CA and KRAS

Mutations in the PIK3CA or KRAS genes are consid-
ered to be one of the main genetic variants of CRC.
More important, these genetic alterations are constitu-
tively activated oncogenic signals for proliferation and
exocytosis [47]. We therefore dissected the proposal that
aberrant RAB3C expression is associated with genetic
mutations in the recruited cell lines and clinical samples.
We analyzed the mutation hotspots of PIK3CA and
KRAS in several CRC cohorts on the GEPIA website
(Fig. 6A and Fig. S16A). We observed that 10~30% of
colorectal adenocarcinomas are associated with
PIK3CA mutations, while 20~50% of patients are asso-
ciated with a KRAS mutation status (Fig. 6B and
Fig. S16B). Via the ranking of the genetic modification
events in the colon cancer cohorts, KRAS, PIK3CA,
and TP53 are the most important targets in colon

Fig. 5. Combined RAB3C and dystrophin serve as an independent indicator of poor prognosis, distant metastasis, and advanced stage in
CRC patients. (A) Scores indicating dystrophin levels in representative colorectal tumor tissues from 0 to 3. Scale bar: 300 um. (B) Scores
indicating RAB3C levels in representative colorectal tumor tissues from 0 to 3. Scale bar: 300 um. (C) Representative image of dystrophin/
RAB3C-protein-staining results in normal adjacent tissue/tumor pairs of patients. Scale bar: 300 um. (D) Correlation statistics between
RAB3C and dystrophin protein in CRC tissue microarray (n = 215; Pearson’s r = 0.34; P = 0.004). (E) Representative fluorescent images of
dystrophin/RAB3C-protein-staining results in RAB3C-expression model in CX-1 cells. Scale bar: 10 um. (F) Kaplan—-Meier curves of overall and
(G) disease-free survival of 215 patients with CRC, stratified by high or low RAB3C, combined with dystrophin protein expression levels
(P=0.013 and P = 0.038, respectively). “Others” include RAB3C high + dystrophin low group and RAB3C low + dystrophin high group. All
experiments were performed with at least three biological duplicates (n = 3) for each group, in triplicate.
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Fig. 6. RAB3C expression level is correlated with genetic events of PIK3CA/KRAS in CRC patients. (A) Protein domains of PIK3CA and its
mutation sites in colorectal adenocarcinoma patients from TCGA clinical cohort (n = 534) from GEPIA. (B) Bar graph showing frequency of
PIK3CA alterations in various clinical cohorts. Green: gene mutation. Red: amplification. (C) Ranking of genetic modification events in colon
cancer cohorts. (D) Representative image of PIK3CA E545K mutant protein staining results in colon cancer cells. (E) Representative image
of dystrophin/RAB3C/PIK3CA EB45-protein-staining results in clinical specimens. (F) Percentage of RAB3C-expression levels in PIK3CA wild-
type and mutant groups, respectively (wt: PIK3CA gene is wildtype; mut: PIK3CA gene mutation). (G) Correlation plot of IC50 of pictilisib
with RAB3C/dystrophin mRNA expression levels in colon cancer cell lines. Scale bar: 300 pm. All experiments were performed with at least

three biological duplicates (n = 3) for each group, in triplicate.

cancer patients (Fig. 6C). In addition, we confirmed
that two PIK3CA mutation events (E545K and
H1047R) are the most common mutant forms of the
PIK3CA gene (Fig. S16C). Therefore, we performed an
IHC analysis of the PIK3CA-specific mutant forms for
the genetic alteration events in CRC cell lines. Accord-
ing to our data, we detected mutant forms of PIK3CA
expression in DLD-1 (E545K), while we did not detect
any in SW480 (wildtype; Fig. 6D). We also examined
the endogenous RAB3C-expression level in the CRC
cell panel, which could respond to the PIK3CA genetic
alteration events (Fig. S16D). Using the PIK3CA
E545K mutant antibody expression classification, dys-
trophin and RAB3C were overexpressed in the positive
group and underexpressed in the negative group
(Fig. 6E). Based on these criteria, the clinical cases had
substantial differences (Fig. 6F). Researchers have
reported that KRAS alteration events can promote the
poor survival of clinical patients (Fig. S17); however,
there was no significant correlation with our results.
Following a similar procedure, we also included APC
and B-catenin (CTNNBI) mutation events for the ana-
lysis [48]. After calculation, the RAB3C of the APC
and P-catenin expressions were not different between
the mutation and wildtype groups (Fig. S18). To iden-
tify potential strategies for further application in the
clinic, we compared the ICs, of several PIK3CA inhibi-
tors and the endogenous levels of RAB3C and dystro-
phin in the colon cancer cell panel. According to our
results, high RAB3C/dystrophin expression may lead to
PIK3CA inhibitor resistance, including pictilisib,
NVPBEZ235, and AZD6482 (Fig. 6G and Fig. S19).
According to these results, in PI3KCA mutation cases,
the expression level and interaction state of RAB3C/
dystrophin are influential. Thus, detecting the RAB3C/
dystrophin expression in colon cancer can reflect the
patient’s prognosis, as well as his/her response to tar-
geted therapy applications (Fig. 7).

4. Discussion

Researchers have identified RAB3C as an integral part
of exosomes, and they have shown its interactions with

other family members, including RAB3A/B/D,
RAB26, RAB27, and RAB37 [49,51]. However, in this
study we observed that RAB3C translocates and regu-
lates the exosomal vesicles, and it forms protein—pro-
tein interactions during tumorigenesis. Therefore, we
established an RAB3C-based proteomic approach, and
we found that several factors are implicated in
RAB3C-related pathogenesis. Apart from RAB3C and
dystrophin, pyruvate dehydrogenase E1 beta subunit
(PDHB), plectin (PLEC), pseudouridine synthase 1
(PUS1), 3-hydroxyacyl-coa dehydratase 3 (HACD3,
PTPLADI1), and TRAF3 interacting protein 2 (TRA-
F3IP2, ACT1) were also upregulated in the three
RAB3C-overexpressing cell models. Nonetheless, we
prioritized dystrophin as our target to coordinate the
upregulation in CRC through a competitive statistical
analysis. Here we demonstrate that RAB3C dominates
the drug resistance and exocytosis in colon cancer, and
that dystrophin also plays a role. Both are overex-
pressed in tumorigenesis, and RAB3C stabilizes dys-
trophin. According to previous studies, dystrophin is a
cohesive protein that links actin filaments (F-actin)
with another supportive protein to the main cell cytos-
keleton [50]. During exocytosis, F-actin polymerizes to
the periphery to facilitate vesicle docking and fusion,
which, in turn, allows membrane indentation, budding,
and exocytosis [52,53]. We confirmed the exact interac-
tion site and validated the binding site with small
sequence peptides. We established the crystal structure
of RAB3C. We evaluated which small compounds can
block the binding affinity and have strong binding
energies and stabilization abilities through the virtual
screening system. Other molecules are worthy of inves-
tigation as prognostic factors or detailed mechanisms
in the future.

Recently, researchers have reported that secretory
RABs control the exosome secretion in cancer cells,
which functions in the facilitation of angiogenesis,
degrading the extracellular matrix and creating
an immune-privileged environment for cancer cells [54-
56]. Researchers have isolated the cancer progression
markers, including the molecules for metastasis and
signaling transduction, as well as some lipid-raft-

438 Molecular Oncology 17 (2023) 422-444 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



Y.-C. Chang et al.

Normal é/-/

Cytoplasm

5473 l - l

® e
F-actin

|
7,

Dystrophin

RAB3C and drug resistance in CRC

Colon Cancer

A\CC

Cytoplasm e PI3K a
H1027Rl

Fig. 7. Schematic representation of the study. This illustration integrates our evidence for the ability of RAB3C to regulate the exosome
formation, its interaction with dystrophin, and its relevance to gene-altering events in CRC.

associated proteins, from metastatic colon cancer-
derived exosomes [57,58]. Additionally, they have also
reported the level of circulating exosomes to be an
indicator for colon cancer prognosis [59,60]. Exosomes
also affect the chemoresistance and chemosensitivity of
cancer cells through the drug efflux mechanisms of
cytotoxic drugs, such as cisplatin and taxanes [61,62].
Furthermore, several studies on the inhibition of exo-
some liberation through interference with exocytotic
RABs have also provided new insights in the study of
the chemoresistance mechanisms.

As a standard protocol of CRC treatment, 5-FU-
based therapeutic agents are the primary regimen for
treating patients. Many chemotherapeutic regimens are
currently being adapted for the treatment of CRC.
The conventional treatment of advanced CRC encom-
passes a combination of 5-FU and leucovorin with
oxaliplatin or irinotecan (FOLFOXIRI) [23.,24].
Regorafenib has been used as a second-line drug for
treating CRC [25,63]. Despite the advancement of dif-
ferent therapeutic protocols for the treatment of CRC,
this cancer still displays specific mechanisms that result
in a lower therapeutic benefit, and especially in
advanced and recurrent tumors. In this study, we
determined that the interaction of RAB3C and dystro-
phin may lead to chemoresistance in CRC, which may
provide a new therapeutic target for overcoming the
drug resistance in this disease.
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The PIK3CA mutant status is one of the hallmarks
of CRC. Approximately 30% of clinical patients have
shown PIK3CA mutants through next-generation
sequencing (NGS) analysis [64,65]. In response to this
condition, researchers developed alpelisib and fulves-
trant as PIK3 inhibitors; however, they are still in clini-
cal trials [66]. The KRAS inhibitor sotorasib is
currently in a phase II clinical trial in CRC and a phase
III trial in nonsmall-cell lung cancer patients [67]. Addi-
tional therapeutic strategies are urgently needed for
CRC patients with frequent mutational events. We pre-
dicted the candidate compounds using RAB3C-based
gene signatures from the Connectivity-MAP database.
This also means that RAB3C and its interactomes have
higher performance/similarity, and that inhibitors can
have a dramatic effect. From this result, we speculate
that AM1241 can have an effect on RAB3C and render
the available drug effective. A combination with the
available chemotherapy approaches could result in a
synergistic effect for clinical patients. In follow-up stu-
dies, researchers should also focus on whether AM1241
can prevent exocytosis and the RAB3C/dystrophin
interaction, and compare it with the other predicted
inhibitors. Moreover, we observed that RAB3C/dystro-
phin proteins are prevalent in PI3K mutant cells. In
summary, we propose that CB2 agonists may have
synergistic effects with standard chemotherapy in CRC.
In our next study, we aim to determine the interaction
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affinity between RAB3C and dystrophin in PIK3CA or
KRAS mutant events. Moreover, whether the RAB3C/
dystrophin gene level and exocytosis ability changes are
different under genetic alterations is also a direction
that needs to be studied.

5. Conclusions

In this study we screened the expression levels of RAB
GTPases, and we found that RAB3C is the most impor-
tant factor for vesicle formation, drug resistance, and
clinical events in CRC. According to the RAB3C-based
proteomic datasets, dystrophin is one of the critical mole-
cules in RAB3C-based proteomics, and it directly binds
RAB3C. For drug repurposing, CB2 agonists have been
selected for synergy with chemotherapy drugs. The bind-
ing of CB2 agonists causes conformational changes in the
G-protein-coupled receptors (GPCRs) that facilitate the
coupling to intracellular proteins and initiates signaling
cascades. Researchers have studied some Rabs that
involve the slow recovery of GPCRs [68]. We suggest that
CB2 agonists may abolish this change. In addition, CB2
agonists have antiinflammatory effects [69], which also
echoes our previous findings that RAB3C cultivates the
IL-6/STATS3 axis in colon tumorigenesis [22]. These com-
bined approaches can reverse the malignant phenotype
in vitro and in vivo. Moreover, the combination profile of
RAB3C and dystrophin is an independent prognostic fac-
tor for CRC patients (Fig. 7).

Acknowledgements

We thank the GRC Instrument Core Facilities for
their support for the Affymetrix microarray, IVIS
spectrum, Aperio digital pathology analyses and AS-
EM core facility. This study was supported by the
Ministry of Science and Technology: [MOST 109-
2320-B-038-033] to MH. This study was supported by
the Ministry of Science and Technology: [MOST 110-
2320-B-038-074] and [MOST  111-2320-B-038-
061] to C-LC. And the support of Yen Tjing Ling
Medical Foundation [CI-112-6] and the Ministry of
Science and Technology: [MOST 111-2314-B-A49-036-
MY3] to Y-CC.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

Conception and design: C-LC, MH. Development
of methodology: Y-CC, M-HC, C-HL, C-YF, Z-XZ.

Y.-C. Chang et al.

Acquisition of data (provided animals, acquired and
managed patients, provided facilities, etc.): Y-CC, M-
HC, C-HL, C-YF, Z-XZ. Analysis and interpretation
of data (e.g., statistical analysis, biostatistics, computa-
tional analysis): Y-CC, C-YF, C-LC, MH. Writing,
review, and/or revision of the article: Y-CC, M-HC,
C-HL, C-YF, C-LC, MH. Administrative, technical,
or material support (i.e., reporting or organizing data,
constructing databases): C-LC, MH. Study supervi-
sion: MH.

Peer review

The peer review history for this article is available at
https://publons.com/publon/10.1002/1878-0261.13378.

Data accessibility

The datasets used and/or analyzed during the current
study are available from the corresponding author on
reasonable request.

References

—_

Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers
C, Rebelo M, et al. Cancer incidence and mortality
worldwide: sources, methods and major patterns in
GLOBOCAN 2012. Int J Cancer. 2015;136:E359-86.
https://doi.org/10.1002/ijc.29210

2 Kwong LN, Dove WF. APC and its modifiers in colon
cancer. Adv Exp Med Biol. 2009;656:85-106.

Cathomas G. PIK3CA in colorectal cancer. Front
Oncol. 2014;4:35. https://doi.org/10.3389/fonc.2014.
00035

4 Hamada T, Nowak JA, Ogino S. PIK3CA mutation
and colorectal cancer precision medicine. Oncotarget.
2017;8:22305-6. https://doi.org/10.18632/oncotarget.
15724

Wang Q, Shi YL, Zhou K, Wang LL, Yan ZX, Liu
YL, et al. PIK3CA mutations confer resistance to first-
line chemotherapy in colorectal cancer. Cell Death Dis.
2018;9:739. https://doi.org/10.1038/s41419-018-0776-6

6 Porru M, Pompili L, Caruso C, Biroccio A, Leonetti C.
Targeting KRAS in metastatic colorectal cancer: current
strategies and emerging opportunities. J Exp Clin
Cancer Res. 2018;37:57. https://doi.org/10.1186/s13046-
018-0719-1

Nakayama M, Oshima M. Mutant p53 in colon cancer.
J Mol Cell Biol. 2018;11:267-76. https://doi.org/10.1093/
jmcb/mjy075

Ogino S, Cantor M, Kawasaki T, Brahmandam M,
Kirkner GJ, Weisenberger DJ, et al. CpG Island
methylator phenotype (CIMP) of colorectal cancer is
best characterised by quantitative DNA methylation

(o8]

W

~

o]

440 Molecular Oncology 17 (2023) 422-444 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.


https://publons.com/publon/10.1002/1878-0261.13378
https://doi.org/10.1002/ijc.29210
https://doi.org/10.3389/fonc.2014.00035
https://doi.org/10.3389/fonc.2014.00035
https://doi.org/10.18632/oncotarget.15724
https://doi.org/10.18632/oncotarget.15724
https://doi.org/10.1038/s41419-018-0776-6
https://doi.org/10.1186/s13046-018-0719-1
https://doi.org/10.1186/s13046-018-0719-1
https://doi.org/10.1093/jmcb/mjy075
https://doi.org/10.1093/jmcb/mjy075

Y.-C. Chang et al.

10

11

12

13

14

15

16

17

19

20

Molecular Oncology 17 (2023) 422-444 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

analysis and prospective cohort studies. Gut.
2006;55:1000-6. https://doi.org/10.1136/gut.2005.082933
Rhee YY, Kim KJ, Kang GH. CpG Island Methylator
phenotype-high colorectal cancers and their prognostic
implications and relationships with the serrated
neoplasia pathway. Gut Liver. 2017;11:38-46. https://
doi.org/10.5009/gnl15535

Boland CR, Goel A. Microsatellite instability in
colorectal cancer. Gastroenterology. 2010;138:2073—
87.e2073. https://doi.org/10.1053/j.gastro.2009.12.064
Nojadeh JN, Behrouz Sharif S, Sakhinia E.
Microsatellite instability in colorectal cancer. EXCLI J.
2018;17:159—-68. https://doi.org/10.17179/excli2017-948
Bastin G, Heximer SP. Rab family proteins regulate the
endosomal trafficking and function of RGS4. J Biol
Chem. 2013;288:21836—49. https://doi.org/10.1074/jbc.
M113.466888

Herve JC, Bourmeyster N. Rab GTPases, master
controllers of eukaryotic trafficking. Small GTPases.
2018;9:1-4. https://doi.org/10.1080/21541248.2018.
1428853

Park HH. Structural basis of membrane trafficking by
Rab family small G protein. Int J Mol Sci.
2013;14:8912-23. https://doi.org/10.3390/ijms14058912
Bobrie A, Krumeich S, Reyal F, Recchi C, Moita LF,
Seabra MC, et al. Rab27a supports exosome-dependent
and -independent mechanisms that modify the tumor
microenvironment and can promote tumor progression.
Cancer Res. 2012;72:4920-30. https://doi.org/10.1158/
0008-5472.can-12-0925

Bustos MA, Lucchesi O, Ruete MC, Mayorga LS,
Tomes CN. Rab27 and Rab3 sequentially regulate
human sperm dense-core granule exocytosis. Proc Natl
Acad Sci USA. 2012;109:E2057-66. https://doi.org/10.
1073/pnas. 1121173109

Sun HJ, Liu YJ, Li N, Sun ZY, Zhao HW, Wang C,
et al. Sublocalization of Rab23, a mediator of sonic
hedgehog signaling pathway, in hepatocellular
carcinoma cell lines. Mol Med Rep. 2012;6:1276-80.
https://doi.org/10.3892/mmr.2012.1094

Ostrowski M, Carmo NB, Krumeich S, Fanget I,
Raposo G, Savina A, et al. Rab27a and Rab27b
control different steps of the exosome secretion
pathway. Nat Cell Biol. 2010;12:19-30. https://doi.org/
10.1038/ncb2000

Zheng Y, Campbell EC, Lucocq J, Riches A, Powis SJ.
Monitoring the Rab27 associated exosome pathway
using nanoparticle tracking analysis. Exp Cell Res.
2013;319:1706-13. https://doi.org/10.1016/j.yexcr.2012.
10.006

Blank U, Madera-Salcedo IK, Danelli L, Claver J,
Tiwari N, Sanchez-Miranda E, et al. Vesicular
trafficking and signaling for cytokine and chemokine
secretion in mast cells. Front Immunol. 2014;5:453.
https://doi.org/10.3389/fimmu.2014.00453

Federation of European Biochemical Societies.

21

22

23

24

25

26

27

28

29

30

RAB3C and drug resistance in CRC

Edwardson DW, Boudreau J, Mapletoft J, Lanner C,
Kovala AT, Parissenti AM. Inflammatory cytokine
production in tumor cells upon chemotherapy drug
exposure or upon selection for drug resistance. PLoS
ONE. 2017;12:e0183662. https://doi.org/10.1371/journal.
pone.0183662

Chang YC, Su CY, Chen MH, Chen WS, Chen CL,
Hsiao M. Secretory RAB GTPase 3C modulates 1L6-
STAT3 pathway to promote colon cancer metastasis
and is associated with poor prognosis. Mol Cancer.
2017;16:135. https://doi.org/10.1186/s12943-017-0687-7
Cassidy J, Clarke S, Diaz-Rubio E, Scheithauer W,
Figer A, Wong R, et al. Randomized phase III study of
capecitabine plus oxaliplatin compared with
fluorouracil/folinic acid plus oxaliplatin as first-line
therapy for metastatic colorectal cancer. J Clin Oncol.
2008;26:2006—12. https://doi.org/10.1200/jc0.2007.14.
9898

Falcone A, Ricci S, Brunetti I, Pfanner E, Allegrini G,
Barbara C, et al. Phase III trial of infusional
fluorouracil, leucovorin, oxaliplatin, and irinotecan
(FOLFOXIRI) compared with infusional fluorouracil,
leucovorin, and irinotecan (FOLFIRI) as first-line
treatment for metastatic colorectal cancer: the Gruppo
Oncologico Nord Ovest. J Clin Oncol. 2007;25:1670-6.
https://doi.org/10.1200/jc0.2006.09.0928

Lin CY, Lin TH, Chen CC, Chen MC, Chen CP.
Combination chemotherapy with Regorafenib in
metastatic colorectal cancer treatment: a single center,
retrospective study. PLoS ONE. 2018;13:¢0190497.
https://doi.org/10.1371/journal.pone.0190497

Mashouri L, Yousefi H, Aref AR, Ahadi AM, Molaei
F, Alahari SK. Exosomes: composition, biogenesis, and
mechanisms in cancer metastasis and drug resistance.
Mol Cancer. 2019;18:75. https://doi.org/10.1186/s12943-
019-0991-5

Schonn JS, van Weering JR, Mohrmann R, Schliiter
OM, Siidhof TC, de Wit H, et al. Rab3 proteins
involved in vesicle biogenesis and priming in embryonic
mouse chromaffin cells. Traffic. 2010;11:1415-28.
https://doi.org/10.1111/j.1600-0854.2010.01107.x
Hessvik NP, Llorente A. Current knowledge on
exosome biogenesis and release. Cell Mol Life Sci.
2018;75:193-208. https://doi.org/10.1007/s00018-017-
2595-9

Huang YJ, Jan YH, Chang YC, Tsai HF, Wu AT,
Chen CL, et al. ATP synthase subunit epsilon
overexpression promotes metastasis by modulating
AMPK signaling to induce epithelial-to-mesenchymal
transition and is a poor prognostic marker in colorectal
cancer patients. J Clin Med. 2019;8:1070. https://doi.
org/10.3390/jcm8071070

Chang YC, Chiou J, Yang YF, Su CY, Lin YF, Yang
CN, et al. Therapeutic targeting of aldolase a
interactions inhibits lung cancer metastasis and

441


https://doi.org/10.1136/gut.2005.082933
https://doi.org/10.5009/gnl15535
https://doi.org/10.5009/gnl15535
https://doi.org/10.1053/j.gastro.2009.12.064
https://doi.org/10.17179/excli2017-948
https://doi.org/10.1074/jbc.M113.466888
https://doi.org/10.1074/jbc.M113.466888
https://doi.org/10.1080/21541248.2018.1428853
https://doi.org/10.1080/21541248.2018.1428853
https://doi.org/10.3390/ijms14058912
https://doi.org/10.1158/0008-5472.can-12-0925
https://doi.org/10.1158/0008-5472.can-12-0925
https://doi.org/10.1073/pnas.1121173109
https://doi.org/10.1073/pnas.1121173109
https://doi.org/10.3892/mmr.2012.1094
https://doi.org/10.1038/ncb2000
https://doi.org/10.1038/ncb2000
https://doi.org/10.1016/j.yexcr.2012.10.006
https://doi.org/10.1016/j.yexcr.2012.10.006
https://doi.org/10.3389/fimmu.2014.00453
https://doi.org/10.1371/journal.pone.0183662
https://doi.org/10.1371/journal.pone.0183662
https://doi.org/10.1186/s12943-017-0687-7
https://doi.org/10.1200/jco.2007.14.9898
https://doi.org/10.1200/jco.2007.14.9898
https://doi.org/10.1200/jco.2006.09.0928
https://doi.org/10.1371/journal.pone.0190497
https://doi.org/10.1186/s12943-019-0991-5
https://doi.org/10.1186/s12943-019-0991-5
https://doi.org/10.1111/j.1600-0854.2010.01107.x
https://doi.org/10.1007/s00018-017-2595-9
https://doi.org/10.1007/s00018-017-2595-9
https://doi.org/10.3390/jcm8071070
https://doi.org/10.3390/jcm8071070

RAB3C and drug resistance in CRC

31

32

33

34

35

36

37

38

39

40

41

4

442

prolongs survival. Cancer Res. 2019;79:4754-66. https://
doi.org/10.1158/0008-5472.Can-18-4080

Chang YT, Peng HY, Hu CM, Huang SC, Tien SC,
Jeng YM. Pancreatic cancer-derived small extracellular
vesical Ezrin regulates macrophage polarization and
promotes metastasis. Am J Cancer Res. 2020;10:12-37.
Edgar JR. Q&A: what are exosomes, exactly? BMC
Biol. 2016;14:46. https://doi.org/10.1186/s12915-016-
0268-z

Villarroya-Beltri C, Baixauli F, Mittelbrunn M,
Fernandez-Delgado I, Torralba D, Moreno-Gonzalo O,
et al. ISGylation controls exosome secretion by
promoting lysosomal degradation of MVB proteins.
Nat Commun. 2016;7:13588. https://doi.org/10.1038/
ncomms13588

Nair P. Second act: drug repurposing gets a boost as
academic researchers join the search for novel uses of
existing drugs. Proc Natl Acad Sci USA. 2013;110:2430—
2. https://doi.org/10.1073/pnas.201300188

Peck D, Crawford ED, Ross KN, Stegmaier K, Golub
TR, Lamb J. A method for high-throughput gene
expression signature analysis. Genome Biol. 2006;7:R61.
https://doi.org/10.1186/gb-2006-7-7-r61

Yeh CN, Chang YC, Su Y, Shin-Shian Hsu D, Cheng
CT, Wu RC, et al. Identification of MALTI as both a
prognostic factor and a potential therapeutic target of
regorafenib in cholangiocarcinoma patients. Oncotarget.
2017;8:113444-59. https://doi.org/10.18632/oncotarget.
23049

Chi LH, Chang WM, Chang YC, Chan YC, Tai CC,
Leung KW, et al. Global proteomics-based
identification and validation of Thymosin Beta-4 X-
linked as a prognostic marker for head and neck
squamous cell carcinoma. Sci Rep. 2017;7:9031. https://
doi.org/10.1038/s41598-017-09539-w

Li CH, Chang YC, Hsiao M, Liang SM. FOXD1 and
Gal-3 form a positive regulatory loop to regulate lung
cancer aggressiveness. Cancers (Basel). 2019;11:1897.
https://doi.org/10.3390/cancers11121897

Zhang S, Zhang Y, Qu J, Che X, Fan Y, Hou K, et al.
Exosomes promote cetuximab resistance via the PTEN/
Akt pathway in colon cancer cells. Braz J Med Biol
Res. 2017;51:¢6472. https://doi.org/10.1590/1414-
431x20176472

Yi Z, Yokota H, Torii S, Aoki T, Hosaka M, Zhao S,
et al. The Rab27a/granuphilin complex regulates the
exocytosis of insulin-containing dense-core granules.
Mol Cell Biol. 2002;22:1858—-67. https://doi.org/10.1128/
mcb.22.6.1858-1867.2002

Ni K, Wang C, Carnino JM, Jin Y. The evolving role
of Caveolin-1: a critical regulator of extracellular
vesicles. Med Sci (Basel). 2020;8:46. https://doi.org/10.
3390/medsci8040046

Gartz M, Darlington A, Afzal MZ, Strande JL.
Exosomes exert cardioprotection in dystrophin-deficient

43

44

45

46

47

48

49

50

51

52

53

54

Y.-C. Chang et al.

cardiomyocytes via ERK1/2-p38/MAPK signaling. Sci
Rep. 2018;8:16519. https://doi.org/10.1038/s41598-018-
34879-6

Fairclough RJ, Wood MJ, Davies KE. Therapy for
Duchenne muscular dystrophy: renewed optimism from
genetic approaches. Nat Rev Genet. 2013;14:373-8.
https://doi.org/10.1038/nrg3460

Miiller MT, Schempp R, Lutz A, Felder T, Felder E,
Miklave P. Interaction of microtubules and Actin during
the post-fusion phase of exocytosis. Sci Rep.
2019;9:11973. https://doi.org/10.1038/s41598-019-47741-0
Zhong Y, Li H, Li P, Chen Y, Zhang M, Yuan Z,

et al. Exosomes: a new pathway for cancer drug
resistance. Front Oncol. 2021;11:743556. https://doi.org/
10.3389/fonc.2021.743556

Kosgodage US, Mould R, Henley AB, Nunn AV, Guy
GW, Thomas EL, et al. Cannabidiol (CBD) is a novel
inhibitor for exosome and microvesicle (EMV) release
in cancer. Front Pharmacol. 2018;9:889. https://doi.org/
10.3389/fphar.2018.00889

Bahrami A, Moradi Binabaj M, Ferns GA. Exosomes:
emerging modulators of signal transduction in
colorectal cancer from molecular understanding to
clinical application. Biomed Pharmacother.
2021;141:111882. https://doi.org/10.1016/j.biopha.2021.
111882

Zhang L, Shay JW. Multiple roles of APC and its
therapeutic implications in colorectal cancer. J Nat!
Cancer Inst. 2017;109:djw332. https://doi.org/10.1093/
jnci/djw332

Alexander M, Ramstead AG, Bauer KM, Lee SH,
Runtsch MC, Wallace J, et al. Rab27-dependent
exosome production inhibits chronic inflammation and
enables acute responses to inflammatory stimuli. J
Immunol. 2017;199:3559-70. https://doi.org/10.4049/
jimmunol.1700904

Prins KW, Humston JL, Mehta A, Tate V, Ralston E,
Ervasti JM. Dystrophin is a microtubule-associated
protein. J Cell Biol. 2009;186:363-9.

Waselle L, Coppola T, Fukuda M, Iezzi M, El-
Amraoui A, Petit C, et al. Involvement of the Rab27
binding protein Slac2c/MyRIP in insulin exocytosis.
Mol Biol Cell. 2003;14:4103-13. https://doi.org/10.1091/
mbc.e03-01-0022

Machado ER, Annunziata I, van de Vlekkert D,
Grosveld GC, d’Azzo A. Lysosomes and cancer
progression: a malignant liaison. Front Cell Dev Biol.
2021;9:642494. https://doi.org/10.3389/fcell.2021.642494
Parreno J, Fowler VM. Multifunctional roles of
tropomodulin-3 in regulating Actin dynamics. Biophys
Rev. 2018;10:1605-15. https://doi.org/10.1007/s12551-
018-0481-9

Hendrix A, Hume AN. Exosome signaling in mammary
gland development and cancer. Int J Dev Biol.
2011;55:879-87. https://doi.org/10.1387/ijdb.113391ah

Molecular Oncology 17 (2023) 422-444 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.


https://doi.org/10.1158/0008-5472.Can-18-4080
https://doi.org/10.1158/0008-5472.Can-18-4080
https://doi.org/10.1186/s12915-016-0268-z
https://doi.org/10.1186/s12915-016-0268-z
https://doi.org/10.1038/ncomms13588
https://doi.org/10.1038/ncomms13588
https://doi.org/10.1073/pnas.201300188
https://doi.org/10.1186/gb-2006-7-7-r61
https://doi.org/10.18632/oncotarget.23049
https://doi.org/10.18632/oncotarget.23049
https://doi.org/10.1038/s41598-017-09539-w
https://doi.org/10.1038/s41598-017-09539-w
https://doi.org/10.3390/cancers11121897
https://doi.org/10.1590/1414-431x20176472
https://doi.org/10.1590/1414-431x20176472
https://doi.org/10.1128/mcb.22.6.1858-1867.2002
https://doi.org/10.1128/mcb.22.6.1858-1867.2002
https://doi.org/10.3390/medsci8040046
https://doi.org/10.3390/medsci8040046
https://doi.org/10.1038/s41598-018-34879-6
https://doi.org/10.1038/s41598-018-34879-6
https://doi.org/10.1038/nrg3460
https://doi.org/10.1038/s41598-019-47741-0
https://doi.org/10.3389/fonc.2021.743556
https://doi.org/10.3389/fonc.2021.743556
https://doi.org/10.3389/fphar.2018.00889
https://doi.org/10.3389/fphar.2018.00889
https://doi.org/10.1016/j.biopha.2021.111882
https://doi.org/10.1016/j.biopha.2021.111882
https://doi.org/10.1093/jnci/djw332
https://doi.org/10.1093/jnci/djw332
https://doi.org/10.4049/jimmunol.1700904
https://doi.org/10.4049/jimmunol.1700904
https://doi.org/10.1091/mbc.e03-01-0022
https://doi.org/10.1091/mbc.e03-01-0022
https://doi.org/10.3389/fcell.2021.642494
https://doi.org/10.1007/s12551-018-0481-9
https://doi.org/10.1007/s12551-018-0481-9
https://doi.org/10.1387/ijdb.113391ah

Y.-C. Chang et al.

55 Jia Y, Chen Y, Wang Q, Jayasinghe U, Luo X, Wei Q,
et al. Exosome: emerging biomarker in breast cancer.
Oncotarget. 2017;8:41717-33. https://doi.org/10.18632/
oncotarget.16684

56 Maacha S, Bhat AA, Jimenez L, Raza A, Haris M,
Uddin S, et al. Extracellular vesicles-mediated
intercellular communication: roles in the tumor
microenvironment and anti-cancer drug resistance. Mol
Cancer. 2019;18:55. https://doi.org/10.1186/s12943-019-
0965-7

57 Yoshida K, Tsuda M, Matsumoto R, Semba S, Wang
L, Sugino H, et al. Exosomes containing ErbB2/CRK
induce vascular growth in premetastatic niches and
promote metastasis of bladder cancer. Cancer Sci.
2019;110:2119-32. https://doi.org/10.1111/cas.14080

58 Yu DD, Wu Y, Shen HY, Lv MM, Chen WX, Zhang
XH, et al. Exosomes in development, metastasis and
drug resistance of breast cancer. Cancer Sci.
2015;106:959-64. https://doi.org/10.1111/cas.12715

59 Huang T, Deng CX. Current progresses of exosomes as
cancer diagnostic and prognostic biomarkers. Int J Biol
Sci. 2019;15:1-11. https://doi.org/10.7150/ijbs.27796

60 Wang X, Ding X, Nan L, Wang Y, Wang J, Yan Z,
et al. Investigation of the roles of exosomes in
colorectal cancer liver metastasis. Oncol Rep.
2015;33:2445-53. https://doi.org/10.3892/0r.2015.3843

61 Marleau AM, Chen CS, Joyce JA, Tullis RH. Exosome
removal as a therapeutic adjuvant in cancer. J Transl
Med. 2012;10:134. https://doi.org/10.1186/1479-5876-10-
134

62 Yousafzai NA, Wang H, Wang Z, Zhu Y, Zhu L, Jin
H, et al. Exosome mediated multidrug resistance in
cancer. Am J Cancer Res. 2018:;8:2210-26.

63 Vogel A, Hofheinz RD, Kubicka S, Arnold D.
Treatment decisions in metastatic colorectal cancer —
beyond first and second line combination therapies.
Cancer Treat Rev. 2017;59:54-60. https://doi.org/10.
1016/.ctrv.2017.04.007

64 Lim SM, Park HS, Kim S, Kim S, Ali SM, Greenbowe
JR, et al. Next-generation sequencing reveals somatic
mutations that confer exceptional response to
everolimus. Oncotarget. 2016;7:10547-56. https://doi.
org/10.18632/oncotarget.7234

65 Zhang J, Zheng J, Yang Y, Lu J, Gao J, Lu T, et al.
Molecular spectrum of KRAS, NRAS, BRAF and
PIK3CA mutations in Chinese colorectal cancer
patients: analysis of 1,110 cases. Sci Rep. 2015;5:18678.
https://doi.org/10.1038/srep18678

66 Juric D, Janku F, Rodoén J, Burris HA, Mayer 1A,
Schuler M, et al. Alpelisib plus Fulvestrant in PIK3CA-
altered and PIK3CA-wild-type estrogen receptor-
positive advanced breast cancer: a phase 1b clinical
trial. JAM A Oncol. 2019;5:¢184475. https://doi.org/10.
1001/jamaoncol.2018.4475

RAB3C and drug resistance in CRC

67 Fakih MG, Kopetz S, Kuboki Y, Kim TW, Munster
PN, Krauss JC, et al. Sotorasib for previously treated
colorectal cancers with KRAS(G12C) mutation
(CodeBreaK100): a prespecified analysis of a single-
arm, phase 2 trial. Lancet Oncol. 2022;23:115-24.
https://doi.org/10.1016/s1470-2045(21)00605-7

68 Grimsey NL, Goodfellow CE, Dragunow M, Glass M.
Cannabinoid receptor 2 undergoes Rab5-mediated
internalization and recycles via a Rabl1-dependent
pathway. Biochim Biophys Acta. 2011;1813:1554-60.
https://doi.org/10.1016/j.bbamcr.2011.05.010

69 Breijyeh Z, Jubeh B, Bufo SA, Karaman R, Scrano L.
Cannabis: a toxin-producing plant with potential
therapeutic uses. Toxins (Basel). 2021;13:117. https://
doi.org/10.3390/toxins13020117

Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Table S1. Small compound candidates predicted by
L1000 CDS? in SW480 RAB3C cells.

Table S2. Detailed resources and reagents used in this
study.

Table S3. List of common signatures in RAB3C-based
proteomics. Normalized to the vector control group
and ordered by Log ratio.

Table S4. Univariate and multivariate analyses for
RAB3C/dystrophin expression in colorectal cancer.
Fig. S1. Fraction collection after sucrose gradient
separation and examination of exosome-related mar-
kers.

Fig. S2. Western blot analysis of RAB3C protein
expression in various colon cancer cells and normal
colon epithelial cells.

Fig. S3. Western blots showed the RAB3C, total-/
phosphor-Akt, RAB3B and RIMSI in RAB3C knock-
down models.

Fig. S4. ROI region delineation and quantification of
each group of confocal images.

Fig. S5. Exosome concentration (particlessmL~') and
intensity (a.u.) of the RAB3C expression model were
examined by nanoparticle tracking analysis (NTA).
Fig. S6. Exosome concentration (particlesmL™!) and
intensity (a.u.) of the RAB3C knockdown model were
examined by nanoparticle tracking analysis (NTA).
Fig. S7. Relationships between RAB3C and interaction
partners.

Fig. S8. RAB3C/dystrophin-related immunoprecipita-
tion analysis.

Fig. S9. Degradation rates between RAB3C and dys-
trophin.

Molecular Oncology 17 (2023) 422-444 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of 443

Federation of European Biochemical Societies.


https://doi.org/10.18632/oncotarget.16684
https://doi.org/10.18632/oncotarget.16684
https://doi.org/10.1186/s12943-019-0965-7
https://doi.org/10.1186/s12943-019-0965-7
https://doi.org/10.1111/cas.14080
https://doi.org/10.1111/cas.12715
https://doi.org/10.7150/ijbs.27796
https://doi.org/10.3892/or.2015.3843
https://doi.org/10.1186/1479-5876-10-134
https://doi.org/10.1186/1479-5876-10-134
https://doi.org/10.1016/j.ctrv.2017.04.007
https://doi.org/10.1016/j.ctrv.2017.04.007
https://doi.org/10.18632/oncotarget.7234
https://doi.org/10.18632/oncotarget.7234
https://doi.org/10.1038/srep18678
https://doi.org/10.1001/jamaoncol.2018.4475
https://doi.org/10.1001/jamaoncol.2018.4475
https://doi.org/10.1016/s1470-2045(21)00605-7
https://doi.org/10.1016/j.bbamcr.2011.05.010
https://doi.org/10.3390/toxins13020117
https://doi.org/10.3390/toxins13020117

RAB3C and drug resistance in CRC

Fig. S10. Various properties of dystrophin knockdown
model validation.

Fig. S11. Exosome co-culture validation.

Fig. S12. In silico analysis between RAB3C expression
and chemotherapeutic drugs.

Fig. S13. Cell viability in SW480 RAB3C cells treated
with different doses of predicted drugs.

Fig. S14. Cell viability under the treatment of regora-
fenib alone or combined various dosage of CB2 ago-
nist AM 1241 in SW480 vector cells.

Fig. S15. Multiplex immunofluorescence profiles in the
RAB3C knockdown model.

Fig. S16. KRAS gene alterations and expression in
colorectal cancer.

Fig. S17. The Kaplan—Meier plot show that patients
with altered KRAS displayed poorer overall survival
than those with unaltered group.

Y.-C. Chang et al.

Fig. S18. The percentage of RAB3C expression levels
in the wild-type and mutant APC and CTNNBI
groups.

Fig. S19. The correlation plot of IC50 of NVPBEZ235
and AZD6482 with RAB3C/dystrophin mRNA
expression level in colon cancer cells.

Video S1. Extracellular vesicles flux of control group
in CX-1 cancer cells (10 s).

Video S2. Extracellular vesicles flux of RAB3C group
in CX-1 cancer cells (10 s).

Video S3. Extracellular vesicles flux of control group
in DLD-1 cancer cells (10 s).

Video S4. Extracellular vesicles flux of shRAB3C-1
group in DLD-1 cancer cells (10 s).

Video SS. Extracellular vesicles flux of shRAB3C-2
group in DLD-1 cancer cells (10 s).

444 Molecular Oncology 17 (2023) 422-444 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



	Outline placeholder
	mol213378-aff-0001
	mol213378-aff-0002
	mol213378-aff-0003
	mol213378-aff-0004
	mol213378-aff-0005
	mol213378-fig-0001
	mol213378-fig-0002
	mol213378-fig-0003
	mol213378-fig-0004
	mol213378-fig-0005
	mol213378-fig-0006
	mol213378-fig-0007
	mol213378-bib-0001
	mol213378-bib-0002
	mol213378-bib-0003
	mol213378-bib-0004
	mol213378-bib-0005
	mol213378-bib-0006
	mol213378-bib-0007
	mol213378-bib-0008
	mol213378-bib-0009
	mol213378-bib-0010
	mol213378-bib-0011
	mol213378-bib-0012
	mol213378-bib-0013
	mol213378-bib-0014
	mol213378-bib-0015
	mol213378-bib-0016
	mol213378-bib-0017
	mol213378-bib-0018
	mol213378-bib-0019
	mol213378-bib-0020
	mol213378-bib-0021
	mol213378-bib-0022
	mol213378-bib-0023
	mol213378-bib-0024
	mol213378-bib-0025
	mol213378-bib-0026
	mol213378-bib-0027
	mol213378-bib-0028
	mol213378-bib-0029
	mol213378-bib-0030
	mol213378-bib-0031
	mol213378-bib-0032
	mol213378-bib-0033
	mol213378-bib-0034
	mol213378-bib-0035
	mol213378-bib-0036
	mol213378-bib-0037
	mol213378-bib-0038
	mol213378-bib-0039
	mol213378-bib-0040
	mol213378-bib-0041
	mol213378-bib-0042
	mol213378-bib-0043
	mol213378-bib-0044
	mol213378-bib-0045
	mol213378-bib-0046
	mol213378-bib-0047
	mol213378-bib-0048
	mol213378-bib-0049
	mol213378-bib-0050
	mol213378-bib-0051
	mol213378-bib-0052
	mol213378-bib-0053
	mol213378-bib-0054
	mol213378-bib-0055
	mol213378-bib-0056
	mol213378-bib-0057
	mol213378-bib-0058
	mol213378-bib-0059
	mol213378-bib-0060
	mol213378-bib-0061
	mol213378-bib-0062
	mol213378-bib-0063
	mol213378-bib-0064
	mol213378-bib-0065
	mol213378-bib-0066
	mol213378-bib-0067
	mol213378-bib-0068
	mol213378-bib-0069


