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Abstract

Background: Exosomal proteins from cancer cells are becoming new

biomarkers for cancer monitoring and efficacy evaluation. However, their

biological function and molecular mechanism underlying tumor metastasis

are largely unknown.

Methods: Bioinformatic methods such as bulk gene expression analysis,

single-cell RNA sequencing data analysis, and gene set enrichment analysis

were employed to identify metastasis-associated proteins. The in vitro and

in vivo experiments were used to investigate the function of RAB13 in HCC

metastasis.

Results: We identified RAB13 as one of the critical regulators of metastasis in

HCC-derived exosomes for the first time. In vitro, the invasiveness of HCC cell

lines could be attenuated by RAB13 silence. In vivo, tumor size and proportion

of high-grade lung metastatic nodule could be reduced in the mice with

orthotopic transplantation of tumors and intravenously injected with exosomes

derived from MHCC97H cell with RAB13 silence (si-RAB13-Exo), as compared

with those without RAB13 silence (si-NC-Exo). Moreover, in si-RAB13-Exo
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group, circulating tumor cell counts were decreased at the third, fourth, and fifth

weeks after orthotopic transplantation of tumors, and MMP2 (matrix metal-

loproteinase 2)/TIMP2 (tissue inhibitor of metalloproteinases 2) ratio was also

significantly decreased. In addition, RAB13 expression was also associated

with VEGF levels, microvessel density, and tube formation of vascular endo-

thelial cells by both in vitro and in vivo models, indicating that RAB13 was

associated with angiogenesis in HCC.

Conclusions: We have demonstrated exosomal RAB13 as a potential regu-

lator of metastasis for HCC by in silico, in vitro, and in vivo methods, which

greatly improve our understanding of the functional impact of exosomal pro-

teins on HCC metastasis.

INTRODUCTION

Liver cancer is estimated to be responsible for 8.3% of
cancer death globally in 2020.[1] Basically, HCC often
develops in a complex tumor microenvironment (TME)
affected by chronic inflammation, which ultimately result in its
poor prognosis.[2]

The TME, characterized by its acidic, hypoxic, and
high-interstitial pressure nature, is mainly composed
of extracellular matrix (ECM), fibroblasts, immune
cells, mesenchymal stem cells, vessels, and other
signaling molecules.[3,4] Of note, the TME interacts
with tumor cells in diverse manners. Besides direct
cell-to-cell contact, they also communicate through
indirect ways including paracrine signaling by cyto-
kines, growth factors, and extracellular vesicles.[5] The
imbalance between the proteolytic activity of matrix
metalloproteinase 2 (MMP2) and the tissue inhibitor of
matrix metalloproteinase 2 (TIMP2) has been reported
to be responsible for the degradation of ECM
components,[6] and ECM degradation and re-modeling
are required for the intravasation of tumor cells,[7]

which play a key role in tumor invasion and meta-
stasis. Exosomes are extracellular vesicles originating
from early endosomes,[8] and along with microvesicles
and apoptotic vesicles, exosomes are essential play-
ers in intercellular communications in the TME.[9,10]

Cancer-derived exosome cargos often contain nucleic
acids and proteins that help initiate a neoplastic
microenvironment in multiple cancer types, as is
reported.[11] Meanwhile, exosomal levels of specific
noncoding RNAs and proteins could serve as indica-
tors in the detection of a malignant tumor and/or
metastasis.[12] Our previous work has demonstrated
that exosomal circRNA-100338 could promote
HCC metastasis by enhancing invasiveness and
angiogenesis.[13] Due to the significant heterogeneity
of exosomes, there are varied mechanisms behind
exosome-mediated tumor metastasis. For example,
exosomal EPHA2 derived from breast cancer cells
promotes angiogenesis and metastasis,[14] suggesting

that functional molecules carried by the tumor-derived
exosomes played key roles in tumor metastasis.
Generally, tumor-derived exosomes can regulate the
sloughing of tumor cells from the primary sites,
increase circulating tumor cell (CTC) count and
promote metastasis.[15–17]

We have previously found that the low invasiveness
of Hep3B could be enhanced by the co-culture with the
exosomes derived from MHCC97H, an HCC cell line
with highly metastatic potential, which give us a hint that
some substances, such as DNAs, RNAs, or proteins,
carried by tumor-derived exosomes might promote
tumor cell metastasis. In this study, we found that
RAB13, which could sustain the stemness of breast
cancer cells by supporting tumor-stroma cross-talk,[18]

was closely associated with pulmonary metastasis of
HCC by bioinformatic analysis. To our knowledge, the
functional role of RAB13 or exosomal RAB13 in HCC
has not been unveiled by previous research studies so
far. Therefore, we investigated the impact of RAB13 or
exosomal RAB13 on HCC metastasis by in silico,
in vitro, and in vivo methods, and anticipated to uncover
the underlying mechanism of RAB13 in HCC
metastasis.

MATERIALS AND METHODS

Patients, clinical specimens, and follow-up

The inclusion criteria for 10 consecutive HCC patients
with advanced stage in this study were: (a) tumor node
metastasis classification (TNM, IIIc–IV); (b) availability of
specimens including CTCs, frozen biopsy, and/or
resected primary and metastatic HCC tissues; (c)
pathologically proven HCC based on World Health
Organization (WHO) criteria; and (d) availability of clinical
data. This study was approved by the ethics committee of
our hospital (No. 2022-020; China Clinical Trial Registra-
tion Center—Registration No. ChiCTR220055847). The
Written consent was obtained from all subjects.
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Cell lines

HCC cell lines of MHCC97H and HCCLM3 with high
metastatic potential were established at the authors’
institution, and HCC cell line of Hep3B with very low
invasiveness was purchased from Shanghai Cell Bank of
the Chinese Academy of Sciences. The details for the cell
culture can be seen in Supplementary Methods (http://links.
lww.com/HC9/A14).

Mice grouping and treatments

Male athymic BALB/c nu/nu mice of 18–20 g at 5
weeks’ age were obtained from the Shanghai Institute
of Materia Medica, Chinese Academy of Science. All
mice were handled according to the recommendations
of the National Institutes of Health Guidelines for Care
and Use of Laboratory Animals. Human HCC tumor
models produced by MHCC97H were established in
nude mice by orthotopic inoculation,[13] with some
modifications. Thirty-six nude mice randomized into 2
groups were used in this study. Intravenous injection
started on 2 hours after tumor implantation. si-NC-exo
group (control group, n = 18): Each mouse received
caudal vein injection of 100 μg exosomes (1 μg/μL)
derived from si-NC-MHCC97H cells. si-RAB13-Exo
group [knockdown (KD) group, n = 18]: Each mouse
received caudal vein injection of 100 μg exosomes
(1 μg/μL) derived from si-RAB13-MHCC97H cells.
Three nude mice in each group were randomly
sacrificed by cervical dislocation and autopsied 48 hours
after injection at the end of the 0, first, second, third,
fourth, and fifth week. Tumor volume was estimated by
the formula V = π/6×a×b2, where a was the long and b
was the short tumor axis, and pulmonary metastasis
was examined by hematoxylin and eosin staining at the
fifth week. The degree of lung metastasis was graded
by the maximum number of tumor cells counted in the
solitary pulmonary metastatic nodules (grades): grade I,
n < 20; grade II, n = 20–50; grade III, n = 50–100;
grade IV, n > 100.[19] Pulmonary metastatic extent was
defined as low grade (I, II) and high grade (III, IV).

Samples prepared

Culture supernatants, blood samples, lung tissues,
tumor tissues, and protein extracts were harvested for
in vitro and in vivo studies.

Proteomic data analysis of HCC cell
line-derived exosomes

The protein intensity of the HCC cell line-derived
exosomes was downloaded from PRIDE database with

accession PXD004779.[20] The details can be seen in
Supplementary Methods (http://links.lww.com/HC9/A14).

Single-cell RNA sequencing (scRNA-seq)
data analysis

The count table of scRNA-seq data was downloaded from
Gene Expression Omnibus (GEO) with accession
GSE125449.[21] Among the 19 tumor samples, 9 HCC
samples were used and 10 intrahepatic cholangiocarci-
noma samples were excluded in this study. The data
preprocessing and normalization was conducted by R
Seurat package.[22] Specifically, the cells with low quality
were excluded if the gene counts were smaller than 200 or
greater than 3000, or the percent of unique molecular
identifier count mapped to mitochondrial genes was above
20%. The count was normalized by being divided by the
total counts for that cell and multiplied by the scale factor
(1e6). The principal component analysis was conducted
based on the top 2000 variable genes. Moreover, the
multiple samples were integrated by R Harmony
package.[23] The Uniform Manifold Approximation and
Projection (UMAP) reduction was conducted on the PCs
by Harmony. The single cells were clustered by a shared
nearest neighbor modularity optimization-based clustering
algorithm at the resolution of 0.5, and clusters with the same
marker genes were merged as the same cell type. The
marker genes for the cell types were obtained from the
previous study.[21] The Multi-subject Single Cell deconvolu-
tion (MUSIC) method was employed to estimate the cell
proportions using bulk RNA sequencing data.[24]

Gene set enrichment analysis

The gene set enrichment analysis was implemented by R
clusterProfiler package.[25] Specifically, the enrichment of
pathway genes in the differentially expressed genes/
proteins was tested by the Fisher exact test (using the
enricher function). The enrichment of CUX1 target genes
in the upregulated genes of RAB13-hi malignant cells/
HCC cell models was conducted by gene set enrichment
analysis (using GSEA function).

Quantitative Real-time PCR

Total RNA was prepared using TRIzol reagent (Invi-
trogen) following the guidance. The complementary
DNA was synthesized by 5xTransScript All-in-One
SuperMix and used for quantitative PCR analysis
following the manufacturer’s instructions, respectively.
The complementary DNA samples were diluted to 10%
concentration and used as templates for quantitative
PCR analysis (ABI Stepone plus). The primer sequen-
ces for RAB13 are listed as follows:
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Forward primer: TCCATGCAGAATTTTCGTCACC.
Reverse primer: TACTAGGATAATGCCCATGGCT.

Western blot

The proteins were first isolated from the cells using RIPA
lysis buffer. Subsequently, the isolated proteins were
quantified by the BCA assay kit (Beyotime Biotechnol-
ogy). Each 40 μg total protein was electrophoresed on
10% SDS-polyacrylamide gel and then transferred to
polyvinylidene fluoride membranes, which were incu-
bated with primary antibodies against RAB13 (Abcam;
ab233810). A secondary antibody was added and
incubated for 2 hours at 37°C. Glyceraldehyde 3-phos-
phate dehydrogenase gene products were used as the
internal controls for both RNA and protein quantification.

KD of RAB13 gene

The small interfering RNA (siRNA) sequences targeting
RAB13 were designed according to a modified Tuschel
standard, and the detailed siRNA sequences were as
follows:

si-RAB13: (+) 5′- TGACCTCAACTACATGGTC-
TACA-3′, (−) 5′- CTTCCCATTCTCGGCCTTG-3′.

The details can be seen in Supplementary Methods
(http://links.lww.com/HC9/A14).

Stable lentiviral transfection of HCC cells

HCC cells were plated in 24-well plates. Subconfluent
cells were infected with 3 mL/well 3 times (3 hours per
infection). The cells were divided into 2 groups: the KD
cells transfected with RAB13 siRNA lentivirus (KD
group), and the negative control cells transfected with
empty lentivirus (normal control group).

RAB13 overexpression

The full sequence of RAB13 was amplified by the standard
PCR procedure. We transfected the pCMV6-empty and
pCMV6-RAB13 into Hep3B cancer cells and RNA was
extracted. RAB13 overexpression was confirmed, and
invasive potential was assessed.

Isolation of exosomes from culture
supernatants

Isolation of exosomes in supernatants according to our
previous study,[13] with some modifications. Exosomes
were resuspended in precooled PBS and examined by
transmission electron microscope.

Nanoparticle tracking analysis

The study used a ZetaView particle tracker (ParticleMe-
trix) to detect the concentration and size of exosomes.
In brief, 1 mL sterile PBS was used to resuspend the
exosomes, and then exosomes were injected into a
clean sample pool. Next, the sample tool was placed
into the instrument to detect the size of the exosomes
for further volume distribution analysis.

Isolation and identification of CTCs
in blood samples

The CTCs in blood samples were isolated and identified
following the previous report,[26] with some modifications.
The details can be seen in Supplementary Methods (http://
links.lww.com/HC9/A14).

Immunohistochemistry (IHC) assay

Intratumoral microvessels immunostained for CD34
(Abcam; ab269304) were counted using the method
described by the earlier study.[27] The details can be
seen in Supplementary Methods (http://links.lww.com/
HC9/A14).

ELISA

Protein levels of MMP2, TIMP2, and VEGF in the
serum-free supernatants of HCC cell lines and in the
tumor tissue extracts were measured via commercially
available MMP2 (R&D Systems), TIMP2 (Amersham
Biosciences), and VEGF ELISA (R&D Systems) kits.
Absorbance was measured at 450 nm, using a micro-
plate spectrophotometer with the correction wavelength
of 570 nm. The assays were conducted in triplicate.

Cell proliferation and invasion assays

The CCK8 kit (Absin; abs50003) was used to measure
the cell proliferation levels. The cell invasion assays were
conducted in triplicate using transwell chambers (8 μm
pore size; Millipore) and chambers coated with
Matrigel,[19] respectively. The details can be seen in
Supplementary Methods (http://links.lww.com/HC9/A14).

Tube formation assay

Tube formation assay was performed to assess the
effect of exosomal RAB13 on angiogenesis. Growth
factor-reduced Matrigel (BD Biosciences) was placed in
48-well plates. Human umbilical vein endothelial cells
(HUVECs) were first incubated with serum-free medium
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for 12 hours and then transferred onto the 48-well plates
precoated with Matrigel. After incubation for 10 hours,
tube formation was examined in photographs taken
under a microscope. The total tube length was
determined by measuring the branches of blood vessels
using ImageJ software.

Statistical analysis

The 2-sample comparison was tested by t test. The
contingency table was tested by chi-square test.
p value < 0.05 was considered as statistically
significant.

RESULTS

Identification of proteins associated with
metastasis from HCC-derived exosomes

Our previous work found that the invasive ability of
Hep3B could be enhanced by co-culture with the
exosomes of MHCC97H.[13] In this study, we further
observed that invaded cells of MHCC97H could be
increased about 15.5% by co-culture with the exosomes
of HCCLM3 (baseline vs. co-culture groups, 35.2±3.9
vs. 40.7±4.8, Figure 1A, p = 0.0018), giving us a hint
that some substances, such as DNAs, RNAs, or
proteins, carried by tumor-derived exosomes might
promote tumor cell metastasis. Therefore, to identify
the proteins associated with HCC metastasis from
tumor-derived exosomes, we re-analyzed the protein
abundances in exosomes derived from 3 HCC cell lines,
including Hep3B, MHCC97H, and HCCLM3, by the
previous study.[20] Specifically, the differential protein
abundance analysis was conducted by comparing the
exosomes derived from HCC cells of highly metastatic
potential (MHCC97H and HCCLM3) with those of lowly
metastatic potential (Hep3B). Totally, we identified 31
and 61 proteins with higher abundance in the exosomes
derived from HCC cell lines with highly and lowly
metastatic potential, respectively (Figure 1B, adjusted p
< 0.15, p < 0.05, fold change >2). Interestingly, the
proteins involved in complement cascade were highly
abundant in the exosomes derived from both HCC cell
lines with lowly metastatic potential (A2M, SERPINA1,
F2, FGG, FGA, C4BPB, C3, FGB) and those with highly
metastatic potential (CFHR1, CFH, and C1S)
(Figure 1C, D). Moreover, MET, one of receptor
tyrosine kinases, and RAB13, one of RAS oncogene
family members, were also observed to be highly
abundant in the exosomes of HCC cell lines with
highly metastatic potential (Figure 1D). These results
suggested that the proteins with higher abundance in
the exosomes of HCC cell lines with highly metastatic
potential might be implicated in the HCC metastasis.

RAB13 is highly expressed in malignant
cells and associated with poor prognosis

To further screen out the exosomal proteins associated with
HCC metastasis, we investigated the expression levels of
genes encoding the metastasis-associated proteins within
exosomes in HCCmalignant cells and tissues. The scRNA-
seq data analysis (16,498 single cells and 9 HCC samples)
identified 7 major cell types (Figure 2A, B), including B cells
(MS4A1, CD79A, and CD79B), hepatic stellate cells
(RGS5, PDGFRB, and ACTA2), T cells (CD3D, CD3E,
and CD3G), myeloid cells (LYZ, AIF1, and CD14),
endothelial cells (KDR, VWF, PLVAP), natural killer cells
(KLRC2, KLRF1, and KLRC3), and malignant cells (ALB,
GPC3, and AFP). Notably, the genes encoding RAB13,
CFHR1, AKR1C4, CFH, C1S, MET, and AGR2 were highly
expressed in malignant cells of HCC tissues (Figure 2C and
Figure S1, http://links.lww.com/HC9/A9). Among those
genes, RAB13 and MET were found to be upregulated in
HCC tissues as compared with the adjacent normal tissues
using 3 public gene expression datasets (The Cancer
Genome Atlas, GSE14520, and CPTAC) (Figure 2C and
Figure S2, http://links.lww.com/HC9/A10). The protein
expression levels of both RAB13 and MET were also
upregulated in HCC tissues, as compared with the adjacent
normal tissues (Figure 2C, CPTAC cohort). As MET has
been well studied by previous studies,[28,29] we then focused
on the functional role of RAB13 in HCC metastasis. Even
though RAB13 was expressed in both malignant cells and
endothelial cells, its RNA expression level was significantly
higher in malignant cell than endothelial cell (Figure 2D).
Furthermore, higher expression of RAB13 was associated
with shorter overall survival in the 3 HCC cohorts
(Figure 2E). These results suggested that high expression
of RAB13 in malignant cells might be associated with poor
prognosis.

RAB13 silence in MHCC97H could
attenuate exosome-induced invasion in
Hep3B via the decrease of MMP2/TIMP2
ratio

As the protein abundance of RAB13 was higher in the
exosomes of HCC cell lines with highly metastatic
potential, we then employed western blot assay to
quantify its expression levels in HCC cell lines.
Consistently, RAB13 was expressed highest in
HCCLM3, followed by MHCC97H and Hep3B
(Figure 3A), suggesting that RAB13 was associated
with the metastatic potential in HCC. We have
previously found that the exosomes derived from HCC
cell lines with highly metastatic potential (MHCC97H)
could enhance the invasiveness of cells with lowly
metastatic potential (Hep3B).[13]

To explore the association of RAB13 with HCC
invasion, we KD RAB13 expression in the highly
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metastatic cell line (MHCC97H) by siRNAs, and
overexpressed RAB13 expression in the lowly meta-
static cell line (Hep3B). The decreased expression of
RAB13 RNA in the si-RAB13-MHCC97H indicated that
KD could efficiently suppress RAB13 RNA expression
(a decrease of 54.0% of RAB13 expression in si-
RAB13, p < 0.001). Accordingly, the increased
expression of RAB13 RNA in the OE-RAB13-Hep3B

suggested that the overexpression could increase
RAB13 expression (an increase of 10.2 folds of
RAB13 RNA expression in OE-RAB13, p < 0.001). A
significant decrease of invaded cells was observed in
MHCC97H with si-RAB13 treatment [control (si-NC)
vs. RAB13 KD (si-RAB13), 36.4± 4.1 vs. 28.9± 5.3, p
< 0.001, Figure 3B]. The RAB13 overexpression in
Hep3B significantly enhanced its invasiveness

A

C D

B

F IGURE 1 The differential abundance of exosomal proteins between HCC cell lines with highly and lowly metastatic potential. (A) The number
of invaded cells in MHCC97H with and without co-culture of the exosomes derived from HCCLM3. (B) The volcano plot for the exosomal proteins
with differential abundance. The red and blue points represent the highly and lowly abundant proteins in the exosomes of HCC cell lines with highly
metastatic potential. The proteins with low and high abundance in the exosomes of HCC cell lines with highly metastatic potential were displayed
in (C) and (D).
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[RAB13 overexpression (OE-RAB13) vs. control
(Scramble-CON), 11.1± 2.9 vs. 8.3± 1.8, p < 0.001,
Figure 3C].

Furthermore, we also employed the ELISA to detect
the concentrations of MMP2 (ng/mL) and TIMP2 (ng/
mL), the well-recognized biomarkers for cancer

invasion, in the supernatant of MHCC97H cells with
stable lentiviral transfection of si-NC or si-RAB13 (co-
culture for 12, 24, 36, and 48 hours). Compared with si-
NC group, si-RAB13 group had an unchanged expres-
sion of MMP2, but had an increased expression of
TIMP2 and a decrease of the ratio of MMP2/TIMP2

A C

D E

F

B

F IGURE 2 RAB13 RNA/protein expression levels in HCC malignant cells and tissues. (A) The cell annotation for the single-cell RNA
sequencing data of HCC samples. (B) The differential expression levels of marker gene in the cell types of HCC tissues by single-cell RNA
sequencing. The color represents the average expression and the diameter of the circle represents the percentage of expressed cells. (C) The
RNA expression levels of RAB13 in the cell types of HCC tissues. (D) The differential RNA/protein expression levels of RAB13 between HCC
tissues and adjacent normal tissues. (E) Differential RNA expression levels of RAB13 between malignant cells and myeloid cells in HCC tissues.
(F) The prognostic value of RAB13 RNA expression in HCC.
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(Figure 3D). Notably, the most significant changes of
TIMP2 and the ratio of MMP2/TIMP2 were observed at
24 hours.

Subsequently, we also isolated the exosomes from
culture supernatants of MHCC97H following our pre-
vious study[13] (Figure S3, http://links.lww.com/HC9/
A11), and the Hep3B cells were co-cultured with the
exosomes derived from MHCC97H with si-NC or si-
RAB13 treatments after 24 hours. The number of
invaded cells was greater in the Hep3B cells co-cultured
with exosomes derived from MHCC97H of
si-NC group (si-NC-Exo), as compared with si-RAB13
group (si-RAB13-Exo) (Figure 3E, F, si-RAB13-Exo vs.
si-NC-Exo, 11.4± 3.7 vs. 14.5±3.9, p < 0.05),
respectively. Accordingly, the measurements of MMP2

and TIMP2 in the supernatants of Hep3B revealed that
the MMP2/TIMP2 ratio was significantly decreased in si-
RAB13-Exo as compared with si-NC-Exo (Figure 3G).
These results suggested that RAB13 silence in HCC
could attenuate the exosome-induced invasion.

RAB13 is associated with CTC
accumulation and clustering, and HCC
metastasis based on in vivo study and
clinical samples

Considering that tumor-derived exosomes could pro-
mote metastasis by increasing CTC counts based on
previous study,[15–17] we then investigated whether

A B C

D E

F G

F IGURE 3 The impact of RAB13 on HCC invasion by in vitro study. (A) The protein expression of RAB13 in HCC cell lines by western blot. (B)
The number of invaded cells in MHCC97H treated with si-NC or si-RAB13. (C) The number of invaded cells in Hep3B treated with and without
RAB13 overexpression. (D) The differences of the MMP2/TIMP2 ratio between MHCC97H supernatants treated with si-NC and si-RAB13 across
the 4 time points (12, 24, 36, and 48 hours). (E) The impact of MHCC97H derived si-NC-Exo or si-RAB13-Exo on Hep3B invasion by Transwell
assay (bar, 50 μm). (F) The number of invaded cells in Hep3B treated with si-NC-Exo or si-RAB13-Exo. (G) MMP2/TIMP2 ratio in supernatants
from Hep3B, which were co-cultured with exosomes derived from MHCC97H treated with si-NC and si-RAB13 after 24 hours (si-NC-Exo vs.
si-RAB13-Exo).
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RAB13 silence could inhibit tumor-derived exosomes-
induced CTC accumulation/clustering and HCC meta-
stasis by orthotopic mouse model of HCC. Specifi-
cally, we randomly divided the 36 mouse models into
control (n = 18, si-NC-Exo) and treatment (n = 18, si-
RAB13-Exo) groups by intravenous injection of 100 μg
(1 μg/μL) exosomes derived from MHCC97H cell with
si-NC and si-RAB13 through tail vein, respectively,
following the methods of our previous work. To
investigate the dynamic changes of CTCs, 3 nude
mice in each group were sacrificed by neck dissection,
and blood was collected from eyeballs to capture
CTCs at weeks 0, 1, 2, 3, 4, and 5 after orthotopic
transplantation of tumors. No significance differences
of CTC counts were observed between si-NC-Exo and
si-RAB13-Exo groups at 0, first and second weeks,
while the CTC counts were decreased about 9.4% (p
= 0.043), 10.1% (p = 0.015), and 10.5% (p = 0.002)
in si-RAB13-Exo group as compared with si-NC-Exo
group at third, fourth, and fifth weeks (Figure 4A). As
shown in Figure 4B and C, the tumor volume (mm3)
was significantly greater in si-NC-Exo group than si-
RAB13-Exo group (1703.2± 268.0 vs. 1026.6± 210.4,
p < 0.05) at the end of the fifth week. Particularly, we

also observed CTC clusters were exclusively occurred
at the fifth week. In addition, the proportion of high-
grade lung metastatic nodule in si-NC-Exo group was
higher than that in si-RAB13-Exo group (Figure 4D
and Figure S4, http://links.lww.com/HC9/A12, Table 1,
chi-square test, p < 0.05). In accordance with the
in vitro findings, the ratio of MMP2/TIMP2 was
significantly decreased in the mouse models of si-
RAB13-Exo group as compared with si-NC-Exo group
at the fifth week (Figure 4E, p < 0.05). These results
indicated that silence of RAB13 could attenuate HCC
metastasis.

We have previously proved that pulmonary meta-
stasis was frequently observed at the fifth week in
mouse models,[30,31] which was equivalent to the
advanced stage of HCC. Therefore, we selected 10
consecutive cases with advanced HCC (TNM stage,
IIIc–IV) that had been surgically removed recently
(Table S1, http://links.lww.com/HC9/A15), including 6
cases with metastases (tumor thrombus in the main
branch of portal vein is defined as intrahepatic meta-
stasis) and 4 cases without any metastasis. The IHC for
RAB13 indicated that the metastatic group had a higher
RAB13 intensity than the nonmetastatic group

A B

C

D E

F IGURE 4 The impact of RAB13 on HCC metastasis by in vivo study. (A) The CTC counts between mouse models treated with si-NC-Exo or
si-RAB13-Exo at 0, first, second, third, fourth, and fifth weeks. (B and C) The tumor sizes (bar, 5 mm) between mouse models treated with si-NC-
Exo or si-RAB13-Exo. (D) The proportion of high-grade pulmonary metastatic nodules in si-NC-Exo or si-RAB13-Exo groups. (E) The difference of
MMP2/TIMP2 ratio between supernatants from mouse models treated with si-NC-Exo or si-RAB13-Exo at fifth week.
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(Figure 5A). The imageological and pathological
diagnosis for the primary HCC and metastatic lymph
node of the representative case (case no. 2) could be
seen in Figure S5 (http://links.lww.com/HC9/A13). The
metastatic group had more preoperative CTC count
than that in the nonmetastatic group (Figure 5B,
16.5±2.7 vs. 14.1± 2.8, p = 0.024). Moreover, we
also captured the CTCs in peripheral blood 3 times in 1
week before surgery or transcatheter arterial
chemoembolization for each patient, and observed
that the CTC clusters were more frequently observed
in metastatic group than the nonmetastatic group
(Figure 5C, 12/18 vs. 2/12, p = 0.011). Moreover, the
10 patients were divided into RAB13 high (n = 5) and
low groups (n = 5) (RAB13-hi vs. RAB13-lo) based on
the RAB13 protein expression by IHC assay. The
RAB13-hi group had a higher percentage of metastasis
than the RAB13-lo group (4/5 vs. 2/5). The RAB13-hi
group had 19.8% CTC count more than the RAB13-lo
group (Figure 5D, p = 0.007). In addition, the frequency
of CTC clusters in RAB13-hi group is 3.7 times as that in
RAB13-lo group (Figure 5E, p = 0.009). These results
indicated that RAB13 was closely associated with HCC
metastasis.

RAB13 promotes angiogenesis via
upregulating VEGF in HCC

To further investigate the impact of RAB13 on the
TME, we divided the HCC samples in the scRNA-seq
dataset into RAB13-hi and RAB13-lo groups based on
their average expression of RAB13 in malignant cells.
Among the cell types annotated by scRNA-seq data,
the proportion of endothelial cells was higher in
RAB13-hi group than RAB13-lo group (Figure 6A, p
< 0.05). The vascular endothelial cell markers, such
as VWF, KDR, and NRP1/2, had higher expression
levels in RAB13-hi group (Figure 6B, p < 0.05).
Notably, both RAB13-hi malignant cells and RAB13-hi
HCC cell models had a higher expression level of
VEGFA (Figure 6C, p < 0.05), suggesting that
RAB13-hi malignant cells might promote
angiogenesis by overexpression of VEGFA.
Furthermore, a deconvolution method was employed
to estimate the cell proportions in HCC tissues using
bulk RNA sequencing data, and RAB13 expression
was positively correlated with endothelial cell

proportion in HCC tissues (Figure 6D, Spearman
correlation, p < 0.05). In vitro, the measurement of
VEGF in the supernatants of Hep3B co-cultured with
exosomes from MHCC97H revealed that the VEGF
expression was significantly decreased in si-RAB-
13-Exo as compared with si-NC-Exo (Figure 6E). The
cell proliferation assay of the HUVECs co-cultured
with exosomes derived from MHCC97H revealed that
RAB13 silence significantly suppress the cell
proliferation of HUVECs (Figure 6F). Accordingly,
tube formation assay revealed that the tube
formation in si-RAB13-Exo group was significantly
inhibited as compared with the si-NC-Exo group
(Figure 6G). In vivo, VEGF protein level was
significantly decreased in the mouse models of si-
RAB13-Exo group as compared with si-NC-Exo group
at the fifth week (Figure 6H, p < 0.05). In addition, the
microvessel density analysis of the orthotopic mouse
model of HCC revealed that si-RAB13-Exo group had
a significant lower MVD than si-NC-exo group
(Figure 6I, J, 42.9± 5.2 vs. 38.1± 4.4, p < 0.05).
These results indicated that RAB13 was associated
with angiogenesis in HCC.

In silico analysis reveals RAB13 is involved
in vesicle-mediated transport through
CUX1 in HCC cells

To further infer the molecular mechanism of RAB13
underlying HCC metastasis, we compared the malig-
nant cells of high RAB13 expression (RAB13-hi) with
those of low RAB13 expression (RAB13-lo) using the
scRNA-seq data. The genes upregulated in RAB13-hi
malignant cells were significantly enriched in vesicle-
mediated transport, membrane trafficking, G2M
checkpoint, ECM organization, hypoxia, cell cycle,
degradation of the ECM, and translocation of SLC2A4
(GLUT4) to the plasma membrane (Figure 7A). As
RAB13 was involved in vesicle-mediated transport,
the key components in this pathway, such as VPS45,
KIFAP3, CUX1, YWHAG, CD55, EXOC2, TJP1,
CCZ1, NECAP1, TUBA1B, COL4A2, KIF1B, STX4,
and COPS2, were expressed higher in RAB13-hi than
RAB13-lo malignant cells (Figure 7B). Moreover, we
also investigated the expression levels of those genes
in 79 HCC cell models from the previous study.[32]

Consistently, those genes were also upregulated in

TABLE 1 Effects of HCC-derived exosomes on pulmonary metastasis

Pulmonary metastatic extent (grade)
Group The number of lung metastatic nodule (n) I–II (gradeLow) III–IV (gradeHigh)

si-NC-Exo 22 8 14

si-RAB13-Exo 19 13 6

Lung metastases were verified by hematoxylin and eosin staining, and the difference of pulmonary metastatic extent between 3 groups was significantly (p = 0.041).
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RAB13-hi cell models as compared with RAB13-lo cell
models (Figure 7C, p < 0.05). RAB13 was directly
connected with CUX1, STX4, EXOC2, TJP1, and
YWHAG by mapping those genes to protein-protein
interaction network, of which, CUX1, encoding a
transcription factor, might act as one of the
downstream effectors of RAB13 (Figure 7D). The
gene set enrichment analysis revealed that CUX1
target genes were significantly enriched in the
upregulated genes of RAB13-hi group (false
discovery rate < 0.05, Figure 7E). These results
indicated that RAB13 was associated with enha-
nced vesicle-mediated transport capability and
transcriptional activity of CUX1 in HCC cells.

DISCUSSION

Tumor-derived exosomes contain abundant proteins,
and exosomal proteins from cancer cells are becoming

new biomarkers for cancer monitoring and efficacy
evaluation.[33] However, their biological function and
molecular mechanism underlying tumor metastasis are
largely unknown. In this study, we conducted a system-
atically bioinformatic analysis to screen out RAB13 as
one of the critical regulators of HCC metastasis in
tumor-derived exosomes for the first time. RAB13 was
observed to be upregulated in HCC cell lines with highly
metastatic potential, and its RNA was specifically
expressed in malignant cells by scRNA-seq data. The
transcriptome and proteome analysis revealed that
RAB13 RNA and protein expression levels were
upregulated in HCC tissues as compared with the
adjacent normal tissues, and its high expression was
associated with worse prognosis, indicating that RAB13
was closely associated with HCC progression. Rab13,
whose subcellular localization sites include recycling
endosome, tubular endosome, trans‐Golgi network and
tight junction, belongs to the Rab8/Sec. 4 subfamily.[34]

Rab13 is capable of disrupt tight junction assembly via

A

B C D E

F IGURE 5 Hematoxylin and eosin (HE) staining and immunohistochemistry for RAB13 in primary HCC tissues of metastatic and non-
metastatic groups and the scanning electron microscopy of circulating tumor cells (CTCs) and CTC clusters. (A) The HE staining and immu-
nohistochemistry for RAB13 in the primary HCC tissues of metastatic and nonmetastatic groups (original magnifications: ×100, ×200, and ×400).
(B) Immunofluorescent identification of single CTCs in HCC patients. (C) Immunofluorescence identification of CTC clusters (Captured by Ep-LMB
and Vi-LMB, respectively, and identified by immunofluorescence by DAPI, CK-FITC, and CD45-PE). (D) The CTC counts in HCC patients of
RAB13-hi and RAB13-lo groups. (E) The percentages of CTC clusters observed in HCC patients of RAB13-hi and RAB13-lo groups.
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F IGURE 6 The association of RAB13 with angiogenesis in HCC. (A) The differential cell proportions between RAB13-hi and RAB13-lo HCC
samples by single-cell RNA sequencing data. (B) The expression of vascular endothelial markers in RAB13-hi and RAB13-lo endothelial cells. (C)
The differential expression levels of VEGFA expression between RAB13-hi and RAB13-lo malignant cells (left) and HCC cell lines (right). (D) The
correlation between RAB13 expression and endothelial cell proportion in HCC tissues by bulk RNA sequencing data. (E) The VEGF levels in
MHCC97H supernatants treated with si-NC and si-RAB13 across the 4 time points (12, 24, 36, and 48 hours). (F) The CCK8 assay for the
proliferation of human umbilical vein endothelial cells co-cultured with exosomes derived from MHCC97H with (si-RAB13-Exo group) and without
(si-NC-Exo group) RAB13 silence. (G) The tube formation assay for the human umbilical vein endothelial cells co-cultured with exosomes derived
from MHCC97H with (si-RAB13-Exo group) and without (si-NC-Exo group) RAB13 silence. (H) Tumor VEGF levels in mouse models (si-
RAB13-Exo vs. si-NC-Exo groups) at fifth week. (I) Representative CD34 immunostained intratumoral microvessels of si-RAB13-Exo and si-NC-
Exo groups (original magnification, ×200; bar, 50 μm). (J) The MVD count in HCC tissues of mouse models (si-RAB13-Exo vs. si-NC-Exo groups).
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binding to PKA, which in turns enhances the invasive-
ness of malignant cells.[35]

In vitro, the invasiveness of Hep3B cells co-cultured
with the exosomes derived from MHCC97H was
significantly attenuated by silencing RAB13 in
MHCC97H, and the Hep3B cells had a decreased ratio
of MMP2/TIMP2 expression in the supernatants, sug-
gesting that exosomes with RAB13 silence could
attenuate the HCC invasion. Consistently, RAB13 has
been reported to regulate small extracellular vesicles
secretion in mutant KRAS colorectal cancer cells, and
mediate cell proliferation and invasion via autocrine and
paracrine signaling.[36] In vivo, CTC counts were
decreased about 9.4% (p = 0.043), 10.1% (p =
0.015), and 10.5% (p = 0.002) in si-RAB13-Exo group
as compared with si-NC-Exo group at third, fourth, and
fifth weeks after orthotopic transplantation of tumors,
suggesting that RAB13 silence could efficiently reduce
the tumor burden, which may be attributed to the
decline of the MMP2/TIMP2 ratio. Furthermore, larger
tumor size, higher proportion of high-grade lung
metastatic nodule, and higher expression of MMP2/
TIMP2 ratio were observed in si-NC-Exo group, as
compared with si-RAB13-Exo group, further indicating
that RAB13 silence could reduce HCC metastasis. In
addition, the HCC patients with higher RAB13 expres-
sion had more CTC counts and higher detectable rates
of CTC clusters, suggesting that RAB13 were closely
associated with HCC metastasis.

Furthermore, we also found that the proportion of
endothelial cells was higher in RAB13-hi group than
RAB13-lo group by scRNA-seq data. The vascular
endothelial cell markers, such as VWF, KDR, and
NRP1/2 had higher expression levels in RAB13-hi
group, and both RAB13-hi malignant cells and
RAB13-hi HCC cell models had a higher expression
level of VEGFA, suggesting that RAB13-hi malignant
cells might promote angiogenesis by overexpression
of VEGFA. Besides, the VEGF level in both in vitro and
in vivo models was positively correlated with RAB13
expression. The co-culture of HUVECs with the
exosomes derived from MHCC97H suggested that
RAB13 silence could significantly suppress HUVECs
proliferation and tube formation. In vivo, MVD analysis
of the orthotopic mouse model of HCC revealed that
si-RAB13-Exo group had a significant lower MVD
than si-NC-Exo group, indicating that RAB13 was
associated with angiogenesis in HCC. Consis-
tently, RAB13 has been shown to play a role in
angiogenesis.[37,38]

In addition, we also explored the underlying mech-
anism of RAB13 in HCC metastasis. RAB13 was
predicted to regulate in vesicle-mediated transport
through CUX1. In addition to regulating vesicle-medi-
ated membrane trafficking, CUX1 could also increase
tumor cell proliferation, tumor growth, resistance to
apoptosis, and angiogenesis in vitro and in vivo in
pancreatic neuroendocrine neoplasms.[39]

A B

C D E

F IGURE 7 The inference of RAB13 downstream pathways. (A) The pathways enriched by the upregulated genes in the RAB13-hi malignant cells. (B)
The differential expression levels of key components involved in vesicle-mediated transport between RAB13-hi and RAB13-lo malignant cells. (C) The
differential expression levels of key components involved in vesicle-mediated transport between RAB13-hi and RAB13-lo cell models. (D) The protein-protein
interaction (PPI) network of the key components involved in vesicle-mediated transport. (E) CUX1 target genes significantly enriched in RAB13-hi cell models.
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However, the present work is a preliminary study and
has some limitations. First, the detailed molecular
mechanism of metastasis driven by exosomal RAB13
is still unclear. Second, the clinical significance of
exosomal RAB13 needs further validation. In conclusion,
we systematically analyzed multiomic data to screen out
RAB13 as a key regulator of HCC metastasis in
exosomes, demonstrated its functional role, and inferred
its molecular mechanism underlying HCC metastasis,
which improved our understanding of exosomal protein-
mediated HCC metastasis.
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