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Hepatocellular carcinoma (HCC) is characterized by a high incidence of metastasis. The
dynamic remodeling of the actin cytoskeleton plays an important role in the invasion and
migration of HCC cells. In previous studies, we found that CAPZA1, a capping protein, can
promote EMT of HCC cells by regulating the remodeling of the actin filament (F-actin)
cytoskeleton, thus promoting the invasion and migration of HCC cells. In this study, we
found that FAM21C may have a regulatory effect on CAPZA1, and we conducted an in-
depth study on its potential regulatory mechanism. First, we found that FAM21C is highly
expressed in HCC tissues and its high expression could promote the malignant
progression of HCC. Meanwhile, the high expression of FAM21C promoted the
invasion and migration of HCC cells in vitro and in vivo. Further, FAM21C interacted
with CAPZA1, and their binding inhibited the capping capacity of CAPZA1, thus
promoting the invasion and migration of HCC cells. This effect of FAM21C was
abolished by mutating the CP-interacting (CPI) domain, the CAPZA1 binding site on
FAM21C. In conclusion, high expression of FAM21C in HCC tissues can promote
malignant progression of HCC and its potential mechanism involves FAM21C inhibition
of CAPZA1 capping capacity by binding to CAPZA1, which drives F-actin cytoskeleton
remodeling, and thus promotes invasion and migration of HCC cells.

Keywords: hepatocellular carcinoma, FAM21C, CAPZA1, actin cytoskeleton, invasion and metastasis
INTRODUCTION

HCC is the fifth most common tumor in the world and the second leading cause of cancer-related
deaths (1), and its high malignancy poses a serious threat to human health. Due to hepatitis B virus
infection and aflatoxin exposure, China has become a region with the highest incidence of HCC (2).
Currently, radical resection is still the most effective treatment for HCC, but its postoperative
Abbreviations: CAPZA1, capping actin protein of muscle Z-line alpha subunit 1; Co-IP, Co-immunoprecipitatio; F-actin,
actin filament; HCC, hepatocellular carcinoma; IB, Immunoblot; IP, Immunoprecipitation; MD, moderately differentiated; PD,
poorly differentiated; WD, well differentiated.
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survival rate at five years is only about 25% to 50%. The
appearance of invasion- and metastasis-related phenotype,
such as multifocal sites and invasion of the main vessel in
HCC predicts the poor prognosis of patients (3). Therefore, it
is very important to investigate the molecular mechanisms of
invasion and migration of HCC cells to identify the
corresponding therapeutic targets with the objective of
improving the prognosis of patients.

HCC invasion and metastasis is a complex biological behavior
of cells that involves multiple signaling pathways (4). The actin
cytoskeleton not only serves as a reticular scaffold supporting cell
space, but also participates in the regulation of a variety of cell
biological behaviors, including migration, invasion, and cargo
transport (5–7). Studies have shown that dynamic remodeling of
the cytoskeleton plays an important role in the invasion and
migration of tumor cells and is becoming a major focus of
current cancer research. It has been reported that actin
cytoskeleton remodeling promotes HCC invasion and
metastasis by participating in biological events such as
epithelial-mesenchymal transition (EMT), invadopodia
formation, and endocytic recycling of specific cargo in HCC
cells (8–10). These findings suggest that an in-depth study of the
cytoskeletal remodeling mechanism during tumor cell invasion
and migration may provide new ideas to reveal the mechanism of
tumor invasion and metastasis. Our previous study showed that
the a1 subunit of the cytoskeletal protein CAPZ (CAPZA1),
which can directly bind to F-actin, has low expression in HCC
tissues and can also participate in the regulation of actin filament
cytoskeleton remodeling to promote EMT in HCC cells (11).
Therefore, we suggest that the mechanism of CAPZA1 involves
the inhibition of further lengthening of F-actin by binding to the
barbed end of actin filaments, which induces cytoskeleton
remodeling and thus inhibits invasion and migration of HCC
cells. However, it has not been reported whether CAPZA1 is
regulated by other upstream molecules in HCC.

FAM21C, also known as vaccinia virus penetration factor
(VPEF), because it helps the vaccinia virus enter HeLa cells by
liquid-phase endocytosis (12). Subsequently, it was reported that
the WASH (WASP and SCAR homologue) complex is an
important member of the WASP family, consisting of five
subunits including FAM21 and containing the VCA domain,
which can achieve regulation of site-specific actin polymerization
by recruiting and activating the Arp2/3 complex; FAM21C is a
subunits of the WASH complex and plays an important role in
maintaining the ability of the WASH complex to promote the
localized F-actin polymerization (13, 14). Currently, the role of
FAM21 in tumors is unclear. Studies have confirmed that the
knockdown of FAM21 inhibits the migration of prostate cancer
cells, and its expression is regulated by the nuclear translocation
of IGFR (15); in pancreatic cancer studies, nuclear FAM21 was
found to regulate NF-kB transcription, and its reduced
expression increased the sensitivity of pancreatic cancer cells to
gemcitabine and pentafluorouracil (16); knockdown of FAM21
expression in breast cancer cells significantly reduced the ability
of cells to degrade the extracellular matrix (17). These findings
suggest that FAM21C may be an important regulator in
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promoting tumor cell invasion and migration, but its
underlying molecular mechanisms have not been clearly
reported. It is reported that Fam21-tail could interact with
CAPZa in HeLa cells (18). Moreover, through the STRING
database (19), we found that FAM21C could interact with
CAPZA1, and it is unclear whether this interaction promotes
the invasion and migration of HCC cells. Therefore, this study
aimed to investigate the biological functions of FAM21C in HCC
and the potential molecular mechanism involved in regulating
the remodeling of the actin cytoskeleton induced by CAPZA1 to
promote the invasion and migration of HCC cells.
MATERIALS AND METHODS

Bioinformatics Analysis
The Cancer Genome Atlas (TCGA) visualization tool found on
the GEPIA (http://gepia.cancer-pku.cn/index.html) website was
used to analyze the differences in mRNA expression levels
between 369 HCC tissues and 50 normal liver tissues of
FAM21C, and the realtionship between FAM21C mRNA and
ACTB, as well as the relationship between mRNA levels and
tumor stage and the overall survival (OS) rate in HCC. This is
done by enter the FAM21C in the “Search” field, and the analyses
was performed via different option. Then the statistical graphs
were generated directly. The differences in FAM21C protein
levels in HCC and liver tissues were analyzed using the Human
Protein Atlas (HPA) website (https://www.proteinatlas.org/). OS
and disease-free survival (DFS) associated with FAM21C in HCC
were analyzed by Kaplan–Meier Plotter (http://kmplot.com/
analysis/) website with the option “Automatically select the
best cut-off value”. The Ualcan online bioinformatics website
(http://ualcan.path.uab.edu/analysis.html) used the same
approach to obtain results of FAM21C on OS from the LIHC
database. The FAM21C protein interaction network was
analyzed by STRING (https://string-db.org/) and GeneMANIA
(http://genemania.org/) website in the same way as above.

Cases and Follow-Up
In this study, we collected pathological specimens from 129
patients who had undergone hepatectomy for HCC at the
Southwest Hospital (Chongqing, China) from January 2010 to
December 2012. The patients were followed for 5 years, and
clinicopathological data including age, sex, tumor size, TNM
stage, tumor classification, lymphatic metastasis, Vascular
invasion, intrahepatic metastasis, postoperative recurrence,
postoperative survival time were collected through medical
record systems and follow-up. This study was approved by the
Institutional Research Ethics Committee of Southwest
Hospital (KY2020127).

Immunohistochemical Staining Analysis
We collected 129 specimens from HCC patients as paraffin tissue
sections, which were then used in tissue microarrays (TMA).
After dewaxing and hydration, the chips were microwave heated
in sodium citrate solution to repair the antigen. Subsequently,
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endogenous peroxidase activity was removed with 3% hydrogen
peroxide at room temperature for 30 min, while 10% BSA was
used to block tissue at room temperature for 1 h. TMAs were
incubated with anti-FAM21C antibody (1:500, Biorbyt, UK) at
4°C overnight. The next day, the immunohistochemical staining
kit (Proteintech, China) was used for DAB staining according to
the kit instructions. After dehydration, the slices were sealed with
neutral resin. Each tissue was scored by 2 independent
pathologists according to the following methods: tissue staining
intensity scoring: 1 (+); 2 (++); 3 (+++) and positive cell ratio
scoring: 1 (0-25%); 2 (26%-50%); 3 (51%-75%); 4 (>75%). The
immunohistochemistry score is the product of the staining
intensity score and the positive cell ratio score.

Cell Line
Huh7 was obtained from the Fudan Cell Bank (China, Shanghai)
and HepG2 was obtained from the American Type Culture
Collection (ATCC). All cells were free of mycoplasma
contamination. Both cell cultures were cultured with
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco)
containing 10% fetal bovine serum (FBS) (Gibco). All cells
were maintained at 37°C, 5% CO2 in an incubator.

Lentivirus Infection
The FAM21C protein sequence was taken from the UniProt
database (NM_015262). FAM21C shRNA, overexpression and
mutation recombinant lentivirus (sh-FAM21C, FAM21C-OE,
FAM21C△) was constructed, packaged, amplified by Shanghai
Genechem Co Ltd. Scramble shRNA (sh-NC, LV-NC, NC-
FAM21C△) served as a negative control. FAM21C
overexpression and mutation lentiviruses expressed a fusion-
HA/Flag-tagged protein, respectively. Specifically, amino acids
were mutated at positions 1003, 1010, and 1019 to alanine
(Supplementary Figure 1). Huh7 and HepG2 cells were
seeded in 6-well plates and lentivirus transfection was
performed when cells reached 20% to 30% confluence. Cells
were replaced with 1 mL of fresh complete medium and the
corresponding volume of lentivirus and transfection reagent was
added to each well according to the instructions. Cells were
selected with puromycin. The transfection efficiency was
observed by fluorescence microscopy, followed by western
blotting experiments to detect the expression of FAM21C and
tagged proteins.

Transwell and Invasion Assay
Transwell chambers (8.0 mm, Corning Life Science, USA) were
inserted in 24-well plates (Nest, China). A 200 mL volume of
serum-free medium containing 1×105 cells and 600 mL of
complete medium containing 10% FBS were added to the
upper and lower chambers of each well, respectively. The cells
were further incubated for 24 h. The cells were fixed in 4%
paraformaldehyde at room temperature for 30 min, followed by
crystalline violet staining (Beyotime, China) for 30 min. The cells
in the upper chamber were then washed in PBS, and were gently
wiped with a cotton swab. Three fields of view were randomly
selected under the microscope to observe the cells and were
photographed for counting (20x magnification). For invasion
Frontiers in Oncology | www.frontiersin.org 3
experiments, Matrigel (Corning Life Science, USA) was mixed
with DMEM in a ratio of 1:6 and 30 mL was added to each
chamber and placed in an incubator at 37°C for 5 h. The
remaining steps were performed as for Transwell experiments.

Wound Healing
Huh7 and HepG2 were inoculated in 6-well plates and cultured
until the cells reached 100% confluence. Using a pipette tip, the
surface of the cell monolayer was scratched in a straight line.
After washing the cell debris with PBS, the culture was changed
to serum-free medium and continued for an additional 24 h. The
migration area of each group was observed under the microscope
and was photographed (20x magnification). Microscopic images
of Huh7 and HepG2 were collected at 0, 24, and 0,
30h, respectively.

Extraction of Cytoplasmic and
Cytoskeletal Proteins
The cytoplasmic and cytoskeletal proteins were extracted with
the Subcellular Structure Protein Extraction Kit (Sangon, China)
according to the manufacturer’s instructions. A standard
number of cells (2×106) were used in each sample. Each
sample was mixed with 500mL of cold Extraction buffer 1
supplemented with 5mL of protease inhibitor and shaken on
ice for 10min. The supernatant was collected and saved after
centrifugation at 3000 rpm for 8min at 4°C. The cytoplasmic
proteins were present in the supernatant. The residual
precipitation was re-suspended with 200 mL of Extraction
buffer 4. Then, the sample was centrifuged at 12000 g for
15 min at 4°C. The residual precipitation was dissolved with
200mL of 1×loading buffer after washing twice with −20°C with
90% acetone. The cytoskeletal proteins were dissolved in loading
buffer. The protein levels were detected by western blotting (20).

Western Blotting
Huh7 and HepG2 cells were lysed with RIPA buffer (Beyotime,
China) containing protease inhibitors or phosphatase inhibitors
(Beyotime, China) for 30 min on ice. The cell lysate was
centrifuged at 13000 ×g for 15 min at 4°C, and the supernatant
was collected. F-actin (cytoskeletal proteins) were extracted
followed by Extraction of cytoplasmic and cytoskeletal proteins.
The lysate was heated at 100°C in a metal bath for 5 mins after
mixing with 5× loading buffer. Proteins were separated by SDS-
PAGE and then transferred to PVDF membranes (Millpore,
USA). A solution of 5% skimmed milk was used to block the
membranes at room temperature for 1 h and then incubated with
a primary antibody at 4°C overnight. The next day, after washing
the membranes three times with TBST, the PVDF membranes
were incubated with homologous HRP-conjugated secondary
antibody at room temperature for 1 h. Finally, the blots were
visualized with ECL reagent using an imaging system (Vilber,
F rance ) . Ant ibody desc r ip t ions were a s f o l l ows :
(FAM21C:1:1000, Mil lpore, USA; GAPDH:1:10,000,
Proteintech, China; HA:1:1000, Roche, Switzerland; F-
actin:1:1000, Abcam, USA; CAPZA1:1:5000, Abcam, USA;
Flag:1: 1000, Sigma, USA).
January 2022 | Volume 11 | Article 809195
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Co-Immunoprecipitation
The Protein A/Gmagnetic beads were obtained from Biomake. A
50 mL volume of beads were transferred to eppendorf tubes, after
three washes in TBST, 200 mL PBS containing 10 mL of anti-
CAPZA1 antibody (Abcam, USA) or anti-HA antibody (Roche,
Switzerland) was added to eppendorf tubes, and shaken at room
temperature for 1 h. After washing with TBST three times, the
beads were resuspended in 500 mL of the antigen-containing
lysate, and shaken at 4°C overnight. The next day, the
supernatant was discarded by magnetic separation, TBST
washed three times and then 35 mL of 1×loading buffer was
added and heated at 100°C in a metal bath for 10 min. The
supernatant was collected in another eppendorf tube. The
remaining steps were the same as in those for western blotting.
For quantitative Co-immunoprecipitation, an equal number of
cells with different treatments were extracted. Protein
concentrations were determined using the BCA Protein Assay
Kit (Beyotime, China). CAPZA1 was considered as a loading
control. The remaining steps were the same as for Co-IP.

Immunocytofluorescence
Huh7 cells were seeded in 24-well plates containing clean
coverslips. After washing with PBS 3 times, cells were fixed in
4% paraformaldehyde and permeabilized with 0.2% Triton-100,
then blocked with 5% BSA for 1 h at room temperature.
Subsequently, the coverslips were incubated with primary
antibody (FAM21C: 1:50, Biorbyt, UK) at 4°C overnight. The
next day, the primary antibody was discarded and the cells were
washed 3 times with PBS and incubated with Alexa Fluor 488-
conjugated secondary antibodies (1:200, Proteintech, China) in a
wet box for 1 h. Subsequently, cells were stained with TRITC
Phalloidin (1:200, Solarbio, China) for 30 min at room
temperature to detect the actin cytoskeleton. Finally, 10 mL of
antifluorescence quencher containing DAPI was used to stain the
nuclei. Cells were examined by fluorescence microscopy and
photographed (40x magnification).

Orthotopic Xenograft Model
SPF-grade BALB/c nude mice were used to establish the
orthotopic xenograft model(6-week old, males, each group
n=6). Nude mice were anesthetized with isoflurane by
inhalation, a 1-cm incision was made in the midline of the
abdomen to expose the left lobe of the liver, and sh-FAM21C-
expressing Huh7 and negative control cells (1×106 cells/80 mL
DMEM, containing 30 mL of Matrigel) were injected with a
microinjector under the liver envelope. Continuous sutures
closed the abdomen. A normal diet was maintained and mice
were observed every 2 days. Six weeks later, the nude mice were
euthanized under deep anesthesia, the livers were removed and
photographed, and the number of metastases was counted, after
which tissues were preserved in 4% paraformaldehyde. then, the
liver was sectioned and stained with haematoxylin and eosin, and
tumor lesions were observed. Animal experiments were
approved by the Laboratory Animal Welfare and Ethics
Committee of the Third Military Medical University (Army
Medical University), chongqing, China.
Frontiers in Oncology | www.frontiersin.org 4
Statistical Analysis
All statistical analyses were performed with GraphPad Prism 6.0
(GraphPad Software Ltd, San Diego, CA). Images were processed
with ImageJ free software. The data were expressed as mean ±
standard deviation. Comparisons between two groups were
evaluated using independent sample t tests or paired-sample
t tests. The Chi-square test was used to analyze the relationship
between FAM21C and clinicopathological parameters. Survival
analysis was performed using Kaplan–Meier survival analysis.
P–value less than 0.05 (P<0.05) was considered significant.
RESULTS

Bioinformatics Analysis Suggested That
FAM21C Expression Was Closely Related
to the Malignant Progression of HCC
To gain a preliminary understanding of the role of FAM21C in
HCC, we analyzed 369 HCC tissues and 50 normal liver tissues
from the online database GEPIA (21), and FAM21C mRNA was
found to be highly expressed in HCC tissues (Figure 1A).
Meanwhile, the expression of FAM21C mRNA gradually
increased with increasing TNM stage (I–III) of HCC but the
elevated expression in stage IV HCC tissues was not significant
(P=0.00796) (Figure 1B). Furthermore, we searched for the
expression of the FAM21C protein in HCC tissues and normal
liver tissues in the HPA database and found that the
immunohistochemical staining signal of the FAM21C protein
was stronger in HCC tissues (representative images are shown)
(Figure 1C) (22). Finally, we analyzed the effect of FAM21C on
the prognosis of HCC patients from the GEPIA, Kaplan–Meier
Plotter, and Ualcan databases, and the results showed that the OS
and DFS were significantly lower in the FAM21C mRNA high-
expression group than in the FAM21C mRNA low-expression
group (Figures 1D–G) (23). The results of the above
bioinformatics analysis suggested that the high expression of
FAM21C in HCC could be closely related to the malignant
progression of HCC.

Case Analysis Confirms That High
Expression of FAM21C in HCC Tissue
Promotes Malignant Progression of HCC
To verify the prediction results of the bioinformatic analysis, a
tissue microarray using primary HCC tissue samples was
prepared. The tissue microarray contained 87 clinical tumor
tissue samples collected from patients with HCC, 42 of which
had paraneoplastic paired tissues. Seventeen (19.5%) of the 87
patients with HCC had TNM stage I, 12 (13.8%) had stage II, 44
(50.6%) had stage III, and 14 (16.1%) had stage IV. HCC was
classified according to the degree of differentiation into a highly
differentiated group: 8.0% (n=7), a moderately differentiated
group: 75.9% (n=66), and a poorly differentiated group: 16.1%
(n=14). Approximately 6.9% (n=6) of patients presented lymph
node metastases, 36.8% (n=32) had vascular invasion, 77.0%
(n=67) had recurrence within 5 years after surgery, 62.1% (n=54)
patients died from cancer-related deaths within 5 years after
January 2022 | Volume 11 | Article 809195
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su r g e r y (Tab l e 1 ) . Sub s equen t l y , we pe r fo rmed
immunohistochemical staining of FAM21C on HCC tissue
microarrays, and the results showed that the tissues were
classified as weakly positive (+), positive (++), and strongly
positive (+++) according to the depth of staining (Figure 2A).
Then we scored the 87 HCC tissues in the low expression group
(n= 42) and the high expression group (n= 45) based on the score
of the staining depth and the percentage of stained area, using the
median as the cut-off value. Among the 42 pairs of cancer and
para-cancer tissues, the expression of FAM21C was significantly
higher in HCC tissues than in para-cancerous tissues (8.05 ± 2.34
vs. 4.86 ± 1.32, P<0.0001) (Figure 2B). Subsequently, we
statistically analyzed pathological parameters such as tumor
Frontiers in Oncology | www.frontiersin.org 5
size, TNM stage, and vascular invasion, and postoperative
follow-up data of HCC patients in the FAM21C low-
expression and high-expression groups (Supplementary
Table 1), and the results suggested that the tumor diameter of
HCC in the FAM21C high-expression group was significantly
greater than in the low-expression group (8.7 ± 0.6 cm vs. 6.8±
0.5 cm, P=0.0192) (Figure 2C). Thirty-nine patients in the
FAM21C high-expression group were in stage III–IV, and the
number was significantly higher than that of the 19 patients in
the low-expression group (86.7% vs. 45.2%, P<0.001)
(Figure 2D). Twenty-three patients in the FAM21C high-
expression group presented microvascular invasion, which was
significantly more pronounced than that 9 cases in the FAM21C
TABLE 1 | Clinicopathologic Parameters of Patients.

Pathologic Variable No. of Patients Pathologic Variable No. of Patients

TNM stage 87 Vascular invasion 87
Stage I 17 (19.5%) Yes 32 (36.8%)
Stage II 12 (13.8%) No 55 (63.2%)
Stage III 44 (50.6%) Postoperative recurrence 87
Stage IV 14 (16.1%) Yes 67 (77.0%)

HCC differentiation 87 No 20 (23.0%)
PD 14 (16.1%) Cancer related death 87
MD 66 (75.9%) Death 54 (62.1%)
WD 7 (8.0%) Survival 33 (37.9%)

Lymph node metastasis 87
Yes 6 (6.9%)
No 81 (93.1%)
January 2022 | Volume 11
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FIGURE 1 | FAM21C increases in HCC and is an indicator a poor prognosis by bioinformatics analysis. (A) The differential analysis of mRNA levels of FAM21C
between 369 HCC tissue and 50 normal tissues. (B) Relationship between FAM21C mRNA expression levels and the HCC clinical stages in GEPIA datasets. (C) The
protein level of FAM21C in HCC tissue and non-tumor tissues using the Human Protein Atlas (HPA) database. Representative pictures are shown. (D, E) DFS and
OS of FAM21C in Kaplan–Meier Plotter database using the “Auto select best cutoff” option. (F, G) The OS of FAM21C in GEPIA and Ualcan database respectively.
Survival analysis showed that high expression of FAM21C mRNA indicated a poor survival time. *P < 0.05 was considered statistically significant.
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low-expression group (51.1% vs. 21.4%, P=0.0071) (Figure 2E).
Finally, we performed a statistical analysis of the prognosis of
patients in the FAM21C high-expression and FAM21C low-
expression groups, and the results showed that the OS and DFS
rates were significantly lower in the FAM21C high-expression
group than in the FAM21C low-expression group (Figures 2F, G).
These results suggest that FAM21C is highly expressed in
patients with HCC and can promote the malignant progression
of HCC.

FAM21C Promotes HCC Cell Invasion and
Migration In Vitro
The WASH complex is an important member of the WASP
family that plays an important role in mediating the dynamic
remodeling of the cytoskeleton. FAM21C is a key subunit of
WASH; thus, we hypothesized that it might be associated with
cytoskeleton-related invasion and metastasis. To investigate the
role of FAM21C in HCC, we first tested the expression of
FAM21C in high-invasive cells Huh7 and low-invasive cells
HepG2. Our results revealed that the protein level of FAM21C
in Huh7 cells was higher than in HepG2 (Figures 3A, B). Then
we stably knocked down and overexpressed FAM21C in Huh7
and HepG2 cells respectively, while adding the HA tag to the
Frontiers in Oncology | www.frontiersin.org 6
overexpressing lentivirus to construct the HA-FAM21C fusion
protein (Figures 3C, D). Transwell and Wound healing assays
showed that the migration ability of Huh7 cells with stably
knocked down FAM21C expression was significantly reduced;
and the invasion ability was also significantly reduced compared
to the negative control in Matrigel-precoated chambers
(Figures 3E, F, I, J). In contrast, in HepG2 overexpressing
FAM21C, migration ability was enhanced with increased
expression of FAM21C and invasion ability was also
significantly increased (Figures 3G–J). Reciprocally, we
overexpressed FAM21C in Huh7 cells and knocked it down in
HepG2, finding that the invasive and migratory ability of Huh7
and HepG2 was dramatically increased and significantly
decreased respectively (Supplementary Figure 2). These
results suggested that FAM21C can promote the invasive and
migratory ability of HCC cells in vitro.

FAM21C Is Involved in Regulating Actin
Filament Cytoskeleton Remodeling
Through Binding to CAPZA1
A previous study by our group found that low expression of
CAPZA1 induced the remodeling of the actin filament
cytoskeleton in HCC cells, driving EMT and thus promoting
A B

D

E

F

G

C

FIGURE 2 | Up-regulated expression of FAM21C promotes the malignant progression of HCC in patients. (A) Immunohistochemical staining was performed in 129
HCC tissue. The stain intensity was classified as weak (+), moderate (++), or strong intensity (+++). Representative images are presented. FAM21C expression was
scored according to intensity and area as described in the Materials and Methods. (B) The expression of FAM21C levels in 42 paired HCC tissue analyzed by paired
Student’s t test. (C) The mean tumor size in HCC patient of the FAM21C low-expression and high-expression group; red indicates the overexpression and blue
indicates the low-expression. (D) Tumor stage in HCC patients of the FAM21C overexpression and low-expression groups; red indicates the III+IV stage, and blue
indicates I+II stage. (E) Vascular invasion in HCC patients of the FAM21C overexpression and low-expression groups; red indicates the occurrence of vascular
invasion, and blue indicates no vascular invasion. (F, G) The Kaplan–Meier analysis of DFS and OS between FAM21C low-expression group and overexpression
group. *P < 0.05, **P < 0.01, ****P < 0.0001.
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invasion andmigration of HCC cells (11). A quantitative/TMT IP-
MS analysis of KIAA0196 indicated that FAM21C could interact
with CAPZA1 (24).What’s more, The bioinformatics analysis also
showed that the two can be combined (Supplementary Figure 3),
but the effects of its combination on HCC cells are unclear. Thus,
we used immunoprecipitation assays to first verify whether
FAM21C could interact with CAPZA1 in HCC cells by
constructing an FAM21C-HA fusion protein using a HA tag,
and interfering FAM21C expression with shRNA. Magnetic beads
encapsulated with the CAPZA1 antibody were used in pull-down
HA tag from the total protein lysate. The results showed that the
two could bind to each other in Huh7 overexpressing the
FAM21C-HA fusion protein, indirectly verifying that FAM21C
could interact with CAPZA1 (Figures 4A, B). Consistent with our
Frontiers in Oncology | www.frontiersin.org 7
previous study, immunoprecipitation assays confirmed that
CAPZA1 could bind to F-actin (Figure 4A). The effect of
FAM21C bind to CAPZA1 on the F-actin cytoskeleton was then
explored. Using western blotting assays, Huh7 cells with
knockdown of FAM21C, CAPZA1 expression did not change,
but the protein level of F-actin was decreased; in contrast, in Huh7
cells overexpressing FAM21C-HA, CAPZA1 expression was also
unchanged, but the protein level of F-actin was increased
(Figures 4C, D). The results suggest that FAM21C is not
significantly related to the expression of CAPZA1, but may be
involved in regulating the level of F-actin. A subsequent search of
the GEPIA database revealed no significant correlation between
FAM21C mRNA levels and F-actin (Supplementary Figure 4).
This suggested to us that FAM21C may influence the intracellular
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FIGURE 3 | FAM21C increases HCC cell invasion and migration in vitro.(A) The wild-type FAM21C content of Huh7 and HepG2 cells was detected by western blot.
(B) Histograms show the relative expression levels of FAM21C. (C) Western blotting was used to detect the protein levels of FAM21C in Huh7 and HepG2 after
infected with sh-FAM21C and FAM21C-OE lentivirus compared with the respective negative control. HA indicated that the overexpression of HA-FAM21C fusion
protein was effective. (D) Histograms show the relative expression levels of proteins. (E–H) Wound healing, Transwell and invasion assay were used to detect the
migration and invasion potential of Huh7 and HepG2 cells after transfected with knockdown or overexpression lentivirus respectively. The invasion and migration
ability of Huh7 was decreased after FAM21C knockdown; the invasion and migration ability of HepG2 was increased after FAM21C overexpression. Scale bar: 200×.
(I, J) Histograms show the percentage of migration area and cell count after the FAM21C expression was modulated. Data are represented as the mean ± SD, n=3.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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level of F-actin by promoting its remodeling. Next, we performed
quantitative Co-IP experiments by collecting the same number of
Huh7 cells in the FAM21C knockdown and control groups,
extracting the total protein and then normalizing the protein
concentration, and verifying the amount of F-actin bounding by
enriching CAPZA1. The results showed that after FAM21C was
knocked down, the amount of F-actin bound to CAPZA1
increased significantly in contrast to the decrease in total F-actin
content (Figures 4E, F). Meanwhile, immunofluorescence assays
revealed that the amount of FAM21C was significantly reduced in
the knockdown group compared to the control group, and the
actin cytoskeleton was scattered, while there was a lack of
colocalization of FAM21C with F-actin (Figure 4G). These
results suggested that FAM21C can promote F-actin
polymerization and thus regulate actin cytoskeleton remodeling
by interacting with CAPZA1 and inhibiting the capping ability of
CAPZA1 in HCC cells.
Frontiers in Oncology | www.frontiersin.org 8
FAM21C Binds to CAPZA1 Mainly Through
the CPI Domain and Inhibits the CAPZA1
Capping Function, Thus Promoting the
Invasion and Migration of HCC Cells
Protein molecules containing the CPI domain can bind to CAPZ;
leucine, arginine, proline, which are 3 highly conserved amino
acids exist in the CPI domain (25); thus, we performed a targeted
mutation of these three conserved amino acids to alanine in the
CPI domain based on the amino acid sequence of FAM21C (26)
(Supplementary Figure 1), to further verify whether FAM21C
promotes the invasion and migration of HCC cells by binding to
CAPZA1. We constructed a fusion protein (FAM21CD-Flag)
with the Flag tag protein and mutant FAM21C. An
immunoprecipitation was performed to verify whether the
Flag-tagged mutant FAM21C could bind to CAPZA1. The
results showed that the two did not bind (Figure 5A).
Subsequently, immunoblotting assay was performed to detect
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FIGURE 4 | FAM21C bind to CAPZA1 and inhibit the capping ability of CAPZA1 to promote cytoskeleton remodeling in HCC cells. (A, B) Co-Immunoprecipitation
(Co-IP) was performed to validate protein interactions. The results showed that HA-FAM21C and CAPZA1 can pull each other down. Moreover, Co-IP also showed
that CAPZA1 can interact with F-actin. (C) Western blotting was used to detect the expression of FAM21C, F-actin, and CAPZA1. GAPDH was used as the loading
control. (D) Histograms show the relative expression. (E) Quantitative Co-Immunoprecipitation showed that the binding level of F-actin to CAPZA1 was increased
after FAM21C knockdown. CAPZA1 level was considered loading control. (F) After Quantification by ImageJ software, the histograms showed the relative level of F-
actin. (G) Immunofluorescence assay on Huh7 cells showed that with the decreased of FAM21C, actin cytoskeleton scattered arrangement, and lack of the
colocalization of FAM21C and F-actin. (The arrowhead shows the colocalization). Nuclei were stained with DAPI. Scale bar = 400×. Data are represented as the
mean ± SD, n=3. ***P < 0.001, ****P < 0.0001; ns for no significance.
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transfection efficiency and the effect of mutant FAM21C on actin
cytoskeleton. The results showed that the content of FAM21C
was significantly higher in the treated group compared to the
control group, but the content of CAPZA1 and F-actin were not
significantly different (Figures 5B, C), suggesting that the
mutant FAM21C failed to affect the actin cytoskeleton of Huh7
cells. Then, in vitro functional assays did not show any significant
Frontiers in Oncology | www.frontiersin.org 9
differences in the migration and invasion ability of Huh7 cells
transfected with mutant FAM21C compared with the control
group (Figures 5D–F). To go a step further, we compared the
biological role of wild-type FAM21C and mutant FAM21C via
FAM21C-OE-Huh7 and FAM21CD-Huh7 cells. The western
blotting assay showed that the F-actin level was significantly
elevated in FAM21C-OE-Huh7 cells compared with FAM21CD-
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FIGURE 5 | FAM21C CPI mutation failed to promote the HCC cells invasion and migration. (A) Co-IP was used to validate the interaction between FAM21C
mutation and CAPZA1. The results showed that CPI mutation interfered with binding to CAPZA1. (B) Western blotting was performed to detect the expression level
of FAM21C, CAPZA1 and F-actin following transfected with mutation lentivirus in Huh7 cells. (C) Histograms showed the relative expression level. (D, E) Transwell,
Wound healing, and invasion assays were performed to validate the migration and invasion potential of CPI mutation Huh7 cells. (F) Histograms showed the results
were of no significant. (G) The protein of Flag, HA, FAM21C, F-actin, GAPDH were analyzed by western blotting. (H) Histograms showed the relative expression
levels of F-actin. (I, J) Transwell, Wound healing, and invasion assays were performed to validate the migration and invasion potential of FAM21C-OE-Huh7 and
FAM21CD-Huh7 cells. (K) The statistical graph indicates the cell count and percentage of the migration area. Data are represented as the mean ± SD, n=3. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001; ns for no significance.
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Huh7 cells (Figures 5G, H). Consistent with these findings, the
invasive and migratory ability of FAM21C-OE-Huh7 cells was
enhanced compared to FAM21CD-Huh7 cells (Figures 5I–K).
These data demonstrated that the binding of FAM21C to
CAPZA1 was inhibited by the mutation of the CPI domain,
resulting in an inability of FAM21C to regulate actin
cytoskeleton through CAPZA1, which failed to influence the
invasion and migration ability of HCC cells. In conclusion,
FAM21C exerts its procarcinogenic effects by binding to the
CAPZA1 through the CPI domain, which in turn induces
remodeling of the F-actin cytoskeleton, thus promoting HCC
cells invasion and migration.

FAM21C Promotes Invasion and
Metastasis of HCC in Nude Mice
We have demonstrated that FAM21C promotes HCC cell
invasion and migration in vitro. To investigate the role of
FAM21C in vivo, sh-FAM21C-expressing Huh7 and its
negative control cells were injected into the left lobe of the
nude mice liver (n=6). Six weeks later, all nude mice were deeply
anesthetized and euthanized, and the metastatic foci on the
surface of the nude mice liver was observed. The result showed
that few metastatic foci were present on the liver surface of nude
mice in the sh-FAM21C-expressing Huh7 group; in contrast, in
the control group, more metastatic foci were diffused on the liver
surface, along with the formation of localized masses
(Figures 6A, B). Subsequently, The liver sections were
confirmed as tumors tissue by hematoxylin and eosin staining.
The result showed that in the control group the metastasis foci
were more widely distributed in the liver tissue; Conversely, the
distant metastatic lesions of the sh-FAM21C-expressing Huh7
group displayed a restricted distribution (Figure 6C)
Frontiers in Oncology | www.frontiersin.org 10
(Supplementary Figure 5). This result suggested that FAM21C
could promote the invasive and migratory ability of HCC cells
in vivo.
DISCUSSION

In the present study, FAM21C expression was up-regulated in
HCC tissues and its high expression was significantly associated
with malignant progression of HCC. Meanwhile, we confirmed
that FAM21C could promote the invasion and metastasis of
HCC in vitro and in vivo. Additionally, we found and confirmed
that FAM21C could interact with CAPZA1 through its CPI
domain in HCC cells and FAM21C inhibits the capping ability
of CAPZA1, thus inducing the remodeling of the actin filament
cytoskeleton, which in turn promoted HCC invasion
and metastasis.

During tumor development, tumors achieve distant
settlement by encroaching on surrounding tissues to break the
tumor barrier (27). Dynamic remodeling of the actin filament
cytoskeleton and its associated regulators play an unquestionable
role in tumor spreading (28, 29). Thus it is important to
investigate the mechanism of actin filament cytoskeleton
remodeling during invasion and migration of HCC cells to
improve the patient’s prognosis. Based on the findings of a
previous study, we investigated the mechanism by which
FAM21C induces the remodeling of the F-actin cytoskeleton
by regulating CAPZA1 to promote HCC invasion and
metastasis. Consistently, the dynamic remodeling of F-actin
includes nucleation, polymerization, depolymerization, and
side branch formation (30). The WASP family molecules are
important regulators of F-actin remodeling, and their VCA
A B

C

FIGURE 6 | FAM21C could promote HCC invasion and metastasis in vivo. (A)The metastatic tumor foci were widely distributed on the liver surface of the negative
control group. The few metastatic lesions were localized predominantly on the liver lobe of the sh-FAM21C-expressing Huh7 group. Scale bar:1cm. (B) Histograms
show the number of the metastatic tumor foci. Data are represented as the mean ± SD, n=6. **P < 0.01. (C) Haematoxylin and eosin staining was performed on
xenograft liver sections. Scale bar = 100× and 400×.
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domains function to promote actin filament nucleation and
lengthening and can play important roles in different cellular
substructures (31). For example, N-WASP, an important
member of WASP, is highly expressed in HCC, and its
elevated expression predicts a poor prognosis in HCC patients,
and the potential mechanism maybe to promote prolongation of
actin filament side branch polymerization by activating the
Arp2/3 complex, which drives the formation of a bulge in the
cell membrane and thus enhances cell migration (32, 33).
WASH, a newly identified member of the WASP family, can
regulate actin formation on the surface of the endosomal
membrane to form a reticular scaffold, thus participating in
regulation of transferrin recycling (34). Furthermore, in
esophageal cancer, WASH overexpression improves the
characteristics of tumor stem cells and is associated with a
poor prognosis (35). The above results suggest that the WASP
family may play a role as a pro-oncogene in tumors, in which the
WASH complex may promote tumor cell development by
regulating actin filament cytoskeleton remodeling, but the
exact mechanism is not yet clear. FAM21C is an important
subunit of the WASH complex, and studies have shown that
FAM21 knockdown reduces the protein level of WASH, but
WASH knockdown does not alter FAM21 expression (36). In
this study, we investigated the potential mechanism of FAM21C,
a key subunit of the WASH complex, to promote the invasion
and metastasis of HCC through regulation of the remodeling
of the F-actin cytoskeleton, furthering the understanding of
the mechanism of the WASP family proteins to promote the
invasion and metastasis of HCC.

CAPZA1 is an important molecule that regulates the
remodeling of F-actin, which mainly regulates the prolongation
of F-actin by binding at the barbed end and preventing the
polymerization of G-actin. In our previous study, we found that
CAPZA1 had low expression in HCC tissues and its low
expression could promote the malignant progression of HCC
by regulating the remodeling of the F-actin cytoskeleton to
promote EMT in HCC cells (11). Furthermore, in our recent
study, we found that in HCC cells, PIP2 can bind to CAPZA1,
and the combination of the two led to disengaging CAPZA1
from the barbed end of F-actin, which in turn promoted the
prolongation of F-actin and drove the morphogenesis of HCC
cells (20). In this study, we found that FAM21C was highly
expressed in HCC tissues by bioinformatics analysis, and its high
expression predicted a poor prognosis for HCC patients;
Meanwhile, we further verified that FAM21C was highly
expressed in HCC tissues using TMAs, and its high expression
could promote malignant progression of HCC, and this result
was also confirmed in vitro and in vivo. Subsequently, we
explored the molecular mechanisms involved in FAM21C that
promotes HCC cell invasion and migration. We found that
FAM21C could bind to CAPZA1, and its binding could inhibit
the capping ability of CAPZA1 and thus promote the
prolongation of F-actin. After mutating the binding site,
FAM21C failed to regulate actin cytoskeleton via CAPZA1
capping ability. Therefore, we concluded that FAM21C plays
an important role in the invasion and metastasis of HCC by
Frontiers in Oncology | www.frontiersin.org 11
inhibiting capping ability by binding to CAPZA1, leaving the
barbed end of F-actin in an open state and polymerizing in the
positive direction, ultimately promoting dynamic remodeling of
the actin cytoskeleton.

It has been reported that FAM21C can attach the WASH
complex to endosomal membranes and is an essential molecule
for retromer-mediated WASH-dependent sorting of cargo
transport (36). In addition, WASH-mediated transport of
endosomal cargo such as b1 integrin and MT1-MMP is
important for tumor cell invasion and migration (37, 38).
Furthermore, the presence of numerous retromer-binding sites
in FAM21C allows the cargo, retromer, andWASH complexes to
constitute a fluid sorting platform linked to the actin
cytoskeleton (39). These findings suggested that FAM21C, a
key subunit of the WASH complex, is not only an essential
molecule to maintain the stability and function of the WASH
complex, but also plays an important role in actin cytoskeleton-
dependent endosomal vesicle transport. In particular, the
regulation of the specific endosomal cargo transport can have a
significant impact on the behavior of tumor cells such as invasion
and migration. Moreover, it was also reported that DKO cells
transfected with the FAM21 siRNAs, along with the loss of actin
foci (comets) on endosomes (40). In this study, the co-
localization of FAM21C with the actin cytoskeleton was
detected using an immunofluorescence assay, suggesting a
potential association between the subcellular structure in which
FAM21C is located and the actin cytoskeleton. Therefore, we
hypothesize that during HCC cell invasion and migration,
FAM21C in endosomal membranes remodels the F-actin
cytoskeleton through regulation of CAPZA1, an event that
promotes endosomal membrane skeleton formation and
prepares the structure for endosomal vesicle transport and
sorting. The above results suggest that FAM21C-regulated
remodeling of the F-actin cytoskeleton is closely related to
endosome-dependent cargo transport. Unfortunately, we did
not investigate the related mechanisms in depth in this study,
although we plan to design a specific study in the future.

In summary, we conclude that the high expression of
FAM21C in HCC tissues can promote the malignant
progression of HCC, and its mechanism involves the inhibition
of CAPZA1 capping function by FAM21C which binds to
CAPZA1, leaving the F-actin barbed-end in an open state,
which in turn induces the remodeling of the F-actin
cytoskeleton, thus promoting the invasion and migration of
HCC cells. The remodeling of the F-actin cytoskeleton
regulated by FAM21C through CAPZA1 may be closely related
to endosome-dependent cargo transport, which deserves further
in-depth study and its potential to become a new target for the
treatment of HCC.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
January 2022 | Volume 11 | Article 809195

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Lu et al. FAM21C Promotes Hepatocellular Carcinoma Metastasis
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Research Ethics Committee of
Southwest Hospital. The patients/participants provided their
written informed consent to participate in this study. The
animal study was reviewed and approved by the Laboratory
Animal Welfare and Ethics Committee of the Third Military
Medical University (Army Medical University), Chongqing,
China. Written informed consent was obtained from the
individual(s) for the publication of any potentially identifiable
images or data included in this article.
AUTHOR CONTRIBUTIONS

YL designed and performed experiments, analyzed data and wrote
the paper. DH analyzed the data and revised the manuscript. BW,
BZ, JL, and JS performed a part of experiments. SZ initiated the
study, provided the financial support and supervised laboratorial
processes. All the authors approved the final manuscript.
Frontiers in Oncology | www.frontiersin.org 12
FUNDING

This research was funded by the National Natural Science
Foundation of China, grant number 81972303.
ACKNOWLEDGMENTS

We thank Prof. Chuanming Xie (Institute of Hepatobiliary
Surgery, Southwest Hospital) for his help with HCC tissue
microarray. We also thank Mrs. Yujun Zhang (Institute of
Hepatobiliary Surgery, Southwest Hospital) for technical
assistance in Animal experiment.
SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2021.809195/
full#supplementary-material
REFERENCES
1. Heimbach JK, Kulik LM, Finn RS, Sirlin CB, Abecassis MM, Roberts LR, et al.

AASLD Guidelines for the Treatment of Hepatocellular Carcinoma.
Hepatology (2018) 67(1):358–80. doi: 10.1002/hep.29086

2. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global
Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality
Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018) 68
(6):394–424. doi: 10.3322/caac.21492

3. Dhir M, Melin AA, Douaiher J, Lin C, Zhen WK, Hussain SM, et al. A Review
and Update of Treatment Options and Controversies in the Management of
Hepatocellular Carcinoma. Ann Surg (2016) 263(6):1112–25. doi: 10.1097/
SLA.0000000000001556

4. Dang H, Takai A, Forgues M, Pomyen Y, Mou H, Xue W, et al. Oncogenic
Activation of the RNA Binding Protein NELFE and MYC Signaling in
Hepatocellular Carcinoma. Cancer Cell (2017) 32(1):101–14.e8.
doi: 10.1016/j.ccell.2017.06.002

5. Pollard TD, Borisy GG. Cellular Motility Driven by Assembly and
Disassembly of Actin Filaments. Cell (2003) 112(4):453–65. doi: 10.1016/
s0092-8674(03)00120-x

6. Yilmaz M, Christofori G. EMT, the Cytoskeleton, and Cancer Cell Invasion.
Cancer Metastasis Rev (2009) 28(1-2):15–33. doi: 10.1007/s10555-008-9169-0

7. Kaksonen M, Toret CP, Drubin DG. Harnessing Actin Dynamics for
Clathrin-Mediated Endocytosis. Nat Rev Mol Cell Biol (2006) 7(6):404–14.
doi: 10.1038/nrm1940

8. Peng JM, Bera R, Chiou CY, Yu MC, Chen TC, Chen CW, et al. Actin
Cytoskeleton Remodeling Drives Epithelial-Mesenchymal Transition for
Hepatoma Invasion and Metastasis in Mice. Hepatology (2018) 67(6):2226–
43. doi: 10.1002/hep.29678

9. Qi S, Su L, Li J, Zhang C, Ma Z, Liu G, et al. Arf6-Driven Endocytic Recycling
of CD147 Determines HCC Malignant Phenotypes. J Exp Clin Cancer Res CR
(2019) 38(1):471. doi: 10.1186/s13046-019-1464-9

10. Liu Y, Lu LL, Wen D, Liu DL, Dong LL, Gao DM, et al. MiR-612 Regulates
Invadopodia of Hepatocellular Carcinoma by HADHA-Mediated Lipid
Reprogramming. J Hematol Oncol (2020) 13(1):12. doi: 10.1186/s13045-
019-0841-3

11. Huang D, Cao L, Zheng S. CAPZA1 Modulates EMT by Regulating Actin
Cytoskeleton Remodelling in Hepatocellular Carcinoma. J Exp Clin Cancer
Res CR (2017) 36(1):13. doi: 10.1186/s13046-016-0474-0
12. Huang CY, Lu TY, Bair CH, Chang YS, Jwo JK, Chang W. A Novel Cellular
Protein, VPEF, Facilitates Vaccinia Virus Penetration Into HeLa Cells
Through Fluid Phase Endocytosis. J Virol (2008) 82(16):7988–99.
doi: 10.1128/jvi.00894-08

13. Linardopoulou EV, Parghi SS, Friedman C, Osborn GE, Parkhurst SM, Trask
BJ. Human Subtelomeric WASH Genes Encode a New Subclass of the WASP
Family. PloS Genet (2007) 3(12):e237. doi: 10.1371/journal.pgen.0030237

14. Jia D, Gomez TS, Metlagel Z, Umetani J, Otwinowski Z, Rosen MK, et al.
WASH and WAVE Actin Regulators of the Wiskott-Aldrich Syndrome
Protein (WASP) Family are Controlled by Analogous Structurally Related
Complexes. Proc Natl Acad Sci USA (2010) 107(23):10442–7. doi: 10.1073/
pnas.0913293107

15. Aleksic T, Gray N, Wu X, Rieunier G, Osher E, Mills J, et al. Nuclear IGF1R
Interacts With Regulatory Regions of Chromatin to Promote RNA
Polymerase II Recruitment and Gene Expression Associated With
Advanced Tumor Stage. Cancer Res (2018) 78(13):3497–509. doi: 10.1158/
0008-5472.CAN-17-3498

16. Deng ZH, Gomez TS, Osborne DG, Phillips-Krawczak CA, Zhang JS,
Billadeau DD. Nuclear FAM21 Participates in NF-kappaB-Dependent Gene
Regulation in Pancreatic Cancer Cells. J Cell Sci (2015) 128(2):373–84.
doi: 10.1242/jcs.161513

17. Hao YH, Doyle JM, Ramanathan S, Gomez TS, Jia D, Xu M, et al. Regulation
of WASH-Dependent Actin Polymerization and Protein Trafficking by
Ubiquitination. Cell (2013) 152(5):1051–64. doi: 10.1016/j.cell.2013.01.051

18. Harbour ME, Breusegem SY, Seaman MN. Recruitment of the Endosomal
WASH Complex is Mediated by the Extended 'Tail' of Fam21 Binding to the
Retromer Protein Vps35. Biochem J (2012) 442(1):209–20. doi: 10.1042/
BJ20111761

19. Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The
STRING Database in 2021: Customizable Protein-Protein Networks, and
Functional Characterization of User-Uploaded Gene/Measurement Sets.
Nucleic Acids Res (2021) 49(D1):D605–D12. doi: 10.1093/nar/gkaa1074

20. Huang D, Cao L, Xiao L, Song JX, Zhang YJ, Zheng P, et al. Hypoxia Induces
Actin Cytoskeleton Remodeling by Regulating the Binding of CAPZA1 to F-
Actin via PIP2 to drive EMT Hepatocellular. Carcinoma Cancer Lett (2019)
448:117–27. doi: 10.1016/j.canlet.2019.01.042

21. Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: AWeb Server for Cancer
and Normal Gene Expression Profiling and Interactive Analyses. Nucleic
Acids Res (2017) 45(W1):W98–W102. doi: 10.1093/nar/gkx247
January 2022 | Volume 11 | Article 809195

https://www.frontiersin.org/articles/10.3389/fonc.2021.809195/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.809195/full#supplementary-material
https://doi.org/10.1002/hep.29086
https://doi.org/10.3322/caac.21492
https://doi.org/10.1097/SLA.0000000000001556
https://doi.org/10.1097/SLA.0000000000001556
https://doi.org/10.1016/j.ccell.2017.06.002
https://doi.org/10.1016/s0092-8674(03)00120-x
https://doi.org/10.1016/s0092-8674(03)00120-x
https://doi.org/10.1007/s10555-008-9169-0
https://doi.org/10.1038/nrm1940
https://doi.org/10.1002/hep.29678
https://doi.org/10.1186/s13046-019-1464-9
https://doi.org/10.1186/s13045-019-0841-3
https://doi.org/10.1186/s13045-019-0841-3
https://doi.org/10.1186/s13046-016-0474-0
https://doi.org/10.1128/jvi.00894-08
https://doi.org/10.1371/journal.pgen.0030237
https://doi.org/10.1073/pnas.0913293107
https://doi.org/10.1073/pnas.0913293107
https://doi.org/10.1158/0008-5472.CAN-17-3498
https://doi.org/10.1158/0008-5472.CAN-17-3498
https://doi.org/10.1242/jcs.161513
https://doi.org/10.1016/j.cell.2013.01.051
https://doi.org/10.1042/BJ20111761
https://doi.org/10.1042/BJ20111761
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1016/j.canlet.2019.01.042
https://doi.org/10.1093/nar/gkx247
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Lu et al. FAM21C Promotes Hepatocellular Carcinoma Metastasis
22. Sivertsson A, Lindstrom E, Oksvold P, Katona B, Hikmet F, Vuu J, et al.
Enhanced Validation of Antibodies Enables the Discovery of Missing Proteins.
J Proteome Res (2020) 19(12):4766–81. doi: 10.1021/acs.jproteome.0c00486

23. Gyorffy B, Surowiak P, Budczies J, Lanczky A. Online Survival Analysis
Software to Assess the Prognostic Value of Biomarkers Using Transcriptomic
Data in non-Small-Cell Lung Cancer. PloS One (2013) 8(12):e82241.
doi: 10.1371/journal.pone.0082241

24. Huttlin EL, Bruckner RJ, Paulo JA, Cannon JR, Ting L, Baltier K, et al.
Architecture of the Human Interactome Defines Protein Communities and
Disease Networks. Nature (2017) 545(7655):505–9. doi: 10.1038/nature22366

25. Edwards M, Zwolak A, Schafer DA, Sept D, Dominguez R, Cooper JA.
Capping Protein Regulators Fine-Tune Actin Assembly Dynamics. Nat Rev
Mol Cell Biol (2014) 15(10):677–89. doi: 10.1038/nrm3869

26. Fokin AI, David V, Oguievetskaia K, Derivery E, Stone CE, Cao L, et al. The
Arp1/11 Minifilament of Dynactin Primes the Endosomal Arp2/3 Complex.
Sci Adv (2021) 7(3). doi: 10.1126/sciadv.abd5956

27. Hanahan D, Weinberg RA. The Hallmarks of Cancer. Cell (2000) 100(1):57–
70. doi: 10.1016/s0092-8674(00)81683-9

28. Haffner MC, Esopi DM, Chaux A, Gurel M, Ghosh S, Vaghasia AM, et al. AIM1
is an Actin-Binding Protein That Suppresses Cell Migration andMicrometastatic
Dissemination. Nat Commun (2017) 8(1):142. doi: 10.1038/s41467-017-00084-8

29. Pollard TD. The Cytoskeleton, Cellular Motility and the Reductionist Agenda.
Nature (2003) 422(6933):741–5. doi: 10.1038/nature01598

30. Ge P, Durer ZA, Kudryashov D, Zhou ZH, Reisler E. Cryo-EM Reveals
Different Coronin Binding Modes for ADP- and ADP-BeFx Actin Filaments.
Nat Struct Mol Biol (2014) 21(12):1075–81. doi: 10.1038/nsmb.2907

31. Rotty JD, Wu C, Bear JE. New Insights Into the Regulation and Cellular
Functions of the ARP2/3 Complex. Nat Rev Mol Cell Biol (2013) 14(1):7–12.
doi: 10.1038/nrm3492

32. Lorenz M, Yamaguchi H,Wang Y, Singer RH, Condeelis J. Imaging Sites of N-
Wasp Activity in Lamellipodia and Invadopodia of Carcinoma Cells. Curr Biol
(2004) 14(8):697–703. doi: 10.1016/j.cub.2004.04.008

33. Jin KM, Lu M, Liu FF, Gu J, Du XJ, Xing BC. N-WASP Is Highly Expressed in
Hepatocellular Carcinoma and Associated With Poor Prognosis. Surgery
(2013) 153(4):518–25. doi: 10.1016/j.surg.2012.08.067

34. Derivery E, Sousa C, Gautier JJ, Lombard B, Loew D, Gautreau A. The Arp2/3
Activator WASH Controls the Fission of Endosomes Through a Large
Multiprotein Complex. Dev Cell (2009) 17(5):712–23. doi: 10.1016/
j.devcel.2009.09.010
Frontiers in Oncology | www.frontiersin.org 13
35. Huang L, Lian J, Chen X, Qin G, Zheng Y, Zhang Y. WASH Overexpression
Enhances Cancer Stem Cell Properties and Correlates With Poor Prognosis of
Esophageal Carcinoma. Cancer Sci (2017) 108(12):2358–65. doi: 10.1111/
cas.13400

36. Gomez TS, Billadeau DD. A FAM21-Containing WASH Complex Regulates
Retromer-Dependent Sorting. Dev Cell (2009) 17(5):699–711. doi: 10.1016/
j.devcel.2009.09.009

37. Zech T, Calaminus SD, Caswell P, Spence HJ, Carnell M, Insall RH, et al.
The Arp2/3 Activator WASH Regulates Alpha5beta1-Integrin-Mediated
Invasive Migration. J Cell Sci (2011) 124(Pt 22):3753–9. doi: 10.1242/jcs.
080986

38. Monteiro P, Rosse C, Castro-Castro A, Irondelle M, Lagoutte E, Paul-
Gilloteaux P, et al. Endosomal WASH and Exocyst Complexes Control
Exocytosis of MT1-MMP at Invadopodia. J Cell Biol (2013) 203(6):1063–79.
doi: 10.1083/jcb.201306162

39. Gautreau A, Oguievetskaia K, Ungermann C. Function and Regulation of the
Endosomal Fusion and Fission Machineries. Cold Spring Harb Perspect Biol
(2014) 6(3). doi: 10.1101/cshperspect.a016832

40. Dong R, Saheki Y, Swarup S, Lucast L, Harper JW, De Camilli P. Endosome-
ER Contacts Control Actin Nucleation and Retromer Function Through
VAP-Dependent Regulation of PI4P. Cell (2016) 166(2):408–23.
doi: 10.1016/j.cell.2016.06.037

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Lu, Huang,Wang, Zheng, Liu, Song and Zheng. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
January 2022 | Volume 11 | Article 809195

https://doi.org/10.1021/acs.jproteome.0c00486
https://doi.org/10.1371/journal.pone.0082241
https://doi.org/10.1038/nature22366
https://doi.org/10.1038/nrm3869
https://doi.org/10.1126/sciadv.abd5956
https://doi.org/10.1016/s0092-8674(00)81683-9
https://doi.org/10.1038/s41467-017-00084-8
https://doi.org/10.1038/nature01598
https://doi.org/10.1038/nsmb.2907
https://doi.org/10.1038/nrm3492
https://doi.org/10.1016/j.cub.2004.04.008
https://doi.org/10.1016/j.surg.2012.08.067
https://doi.org/10.1016/j.devcel.2009.09.010
https://doi.org/10.1016/j.devcel.2009.09.010
https://doi.org/10.1111/cas.13400
https://doi.org/10.1111/cas.13400
https://doi.org/10.1016/j.devcel.2009.09.009
https://doi.org/10.1016/j.devcel.2009.09.009
https://doi.org/10.1242/jcs.080986
https://doi.org/10.1242/jcs.080986
https://doi.org/10.1083/jcb.201306162
https://doi.org/10.1101/cshperspect.a016832
https://doi.org/10.1016/j.cell.2016.06.037
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	FAM21C Promotes Hepatocellular Carcinoma Invasion and Metastasis by Driving Actin Cytoskeleton Remodeling via Inhibiting Capping Ability of CAPZA1
	Introduction
	Materials and Methods
	Bioinformatics Analysis
	Cases and Follow-Up
	Immunohistochemical Staining Analysis
	Cell Line
	Lentivirus Infection
	Transwell and Invasion Assay
	Wound Healing
	Extraction of Cytoplasmic and Cytoskeletal Proteins
	Western Blotting
	Co-Immunoprecipitation
	Immunocytofluorescence
	Orthotopic Xenograft Model
	Statistical Analysis

	Results
	Bioinformatics Analysis Suggested That FAM21C Expression Was Closely Related to the Malignant Progression of HCC
	Case Analysis Confirms That High Expression of FAM21C in HCC Tissue Promotes Malignant Progression of HCC
	FAM21C Promotes HCC Cell Invasion and Migration In Vitro
	FAM21C Is Involved in Regulating Actin Filament Cytoskeleton Remodeling Through Binding to CAPZA1
	FAM21C Binds to CAPZA1 Mainly Through the CPI Domain and Inhibits the CAPZA1 Capping Function, Thus Promoting the Invasion and Migration of HCC Cells
	FAM21C Promotes Invasion and Metastasis of HCC in Nude Mice

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


