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Aberrant expression of GTPase-activating =

protein ARAP1 triggers circular dorsal ruffles
associated with malignancy in hepatocellular
carcinoma Hep3B cells

Xiaowei Sun'’, Yanan Li'", Yuxin He', Longjiao Cheng', Li Wang', Jinzi Wei', Jianan Chen?, Linxuan Du',
Zhongyang Shen?** Yan Xie>®", Adam C. Midgley'”", Wentao Jiang>®" and Sei Yoshida'*#%"

Abstract

Background Circular dorsal ruffles (CDRs) are large and rounded membrane ruffles that function as precursors

of macropinocytosis. We recently reported that CDRs form in Hep3B hepatocellular carcinoma (HCC) cells, but not in
Huh?7 and HepG2 HCC cells or LO2 cells, suggesting that an unknown molecular mechanism implicates CDRs

in Hep3B malignancy through macropinocytosis uptake of excessive extracellular nutrients. In this study, we inves-
tigated the cellular role and the mechanism of CDRs in Hep3B cells by focusing on the GTPase-activating protein
ARAP1.

Methods ARAP1 knock-out (KO) cells were generated. Confocal microscopy and high-resolution scanning electron
microscopy (SEM) were used for identification of the target proteins and structure analysis, respectively. Proteasome
inhibitor MG132, mitochondrial function inhibitor CCCP, ARF1 inhibitor Golgicide A, and macropinocytosis inhibitor
EIPA were used to investigate the molecular mechanism. Cell proliferation and Transwell migration/invasion assays
were used to investigate the role of ARAPT in cellular malignancy.

Results ARAPT was localized to CDRs, which had reduced size following ARAP1 KO. CDRs comprised small vertical
lamellipodia, the expression pattern of which was disrupted in ARAP1 KO cells. Extracellular solute uptake, rate of cell
growth, and malignant potential were attenuated in KO cells. ARAP1T was also localized to mitochondria in Hep3B cells
but not in the control cell lines. Mitochondrial fission protein was increased in KO cells. CCCP treatment blocked CDRs
in Hep3B cells but not in controls. Surprisingly, ARAP1 expression level in Hep3B cells was lower than in Huh7, HepG2,
and LO2 cells. MG132 treatment increased the ARAP1 levels in Hep3B cells, but not in Huh7 cells, revealing that ARAP1
is actively degraded in Hep3B cells.
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Conclusions These results strongly suggest that the aberrant expression of ARAP1 in Hep3B cells modulates CDRs
via mitochondrial function, thereby resulting in excess uptake of nutrients as an initial event in cancer development.
Based on these findings, we propose that the molecular mechanisms underlying the formation of CDRs, focusing
on ARAP1, may serve as an effective therapeutic target in some types of HCC and cancers.

Keywords Circular dorsal ruffles, Macropinocytosis, ARAP1, Hepatocellular carcinoma

Background

Circular dorsal ruffles (CDRs) are enlarged and rounded
membrane ruffles that form on the dorsal surface of cells
[16, 20, 59]. In response to stimulation with extracellular
ligands, such as platelet-derived growth factor (PDGF),
epidermal growth factor (EGF), hepatocyte growth factor
(HGF), and insulin; cells induce the surface development
of vertical membrane ruffles to produce these CDRs, in
which the ruffles bend inward and gradually envelop the
open area to generate vesicles [59]. It has accordingly
been proposed that CDRs are involved in macropinocy-
tosis, a large-scale type of endocytosis that facilitates the
uptake of extracellular solutes [12, 16, 20]. Live-cell imag-
ing of CDRs in mouse embryonic fibroblasts (MEFs) and
human glioblastoma LN299 cells clearly show that large-
sized vesicles (macropinosomes) are generated upon the
closure of CDRs [59, 61]. Since CDRs were originally
identified in PDGF-stimulated human glial cells in 1983
[34], the structures have been confirmed in more than
15 different cell types, including mouse embryonic fibro-
blasts (MEFs) [59], mouse fibroblast NIH-3T3 cells [14],
mouse podocyte MPC5 cells [18], human glioblastoma
LN229 cells [61], and hepatocellular carcinoma (HCC)
Hep3B cells [46].

In terms of the molecular mechanism of CDR forma-
tion, numerous studies have focused on the roles of small
GTPases [20]. For example, Racl has been detected in
CDRs [17], and it was demonstrated that overexpression
of the active form of Rab5a induces CDRs, whereas the
effect was diminished by expression of the dominant-
negative form of Rac [37]. Moreover, co-expression of
the dominant-active form of Ras and wild-type Rab5a
has been shown to induce CDRs in MEFs [29]. Similarly,
the role of the ARF family of small GTPases and associ-
ated signaling molecules have been implicated in the
process. To date, six different ARFs have been identified
in mammalian cells, although humans lack ARF2 and
thus, only five of these are expressed [49]. Among the
ARFs, ARF], 5, and 6 have been shown to be localized
in CDRs [14, 53]. In common with other small GTPases,
ARFs are negatively regulated by GTPase-activating pro-
teins (GAPs). There are more than 15 ARF GAPs, and 6
of them (ACAP1, ACAP2, AGAP1, ASAP1, ASAP3, and
ARAP1) have been shown to be involved in the forma-
tion of CDRs [50]. Overexpression studies have revealed

that ACAP1, ACAP2, and AGAP1 inhibited the develop-
ment of CDRs [21, 35]. Knockdown of ASAP1 was shown
to result in an increased number of cells showing CDRs
[8]. Furthermore, ASAP3 has been detected at CDRs [13]
and ARAP1 has been established to regulate the size of
CDRs via ARF1/5 [14].

Certain types of cancer cells are reported to be char-
acterized by the development of CDRs, with growth fac-
tor stimulations being shown to induce CDRs in human
pancreatic cancer PANC1 cells [36], mouse epithelial
tumor Mgat5 cell line [5], and mouse melanoma 2054E
cells [25]. Trastuzumab, a monoclonal antibody that tar-
gets human ERBB2 (HER2) was found to induce CDRs in
the human breast cancer SK-BR-3 cell line [4]. In human
glioblastoma LN229 cells, the growth arrest-specific 6
(GAS6) protein induces CDRs, which promotes macropi-
nocytosis and contributes to the focal adhesion turnover
in these cells [61]. Furthermore, we have recently found
that growth factor (GF) treatment induced CDRs in the
human Hep3B HCC cell line, although not in other HCC
cell lines, such as HepG2 and Huh7, or in the LO2 cell
line [46]. Given that macropinocytosis functions in the
uptake of extracellular solutes, it has been proposed that
heightened nutrient uptake via macropinocytosis in can-
cer cells triggers sufficient cell growth resulting in tumor
development [39, 41, 48, 58]. On the basis of these find-
ings, we hypothesized that the development of CDRs in
certain cancer cells is associated with abnormally high
levels of macropinocytosis, thereby contributing to the
uptake of excess amounts of nutrients and thus promot-
ing rampant tumor growth [46]. The differential molec-
ular mechanisms that govern the formation of CDRs in
Hep3B, but not in other HCC cell lines, remains unclear.

Interestingly, the ARF-GAP ARAP1 (Arf-GAP with
Rho-GAP domain, Ankyrin repeat and PH domain 1),
which is involved in CDR formation, has also been sug-
gested to play a role in the development of cancer.
ARAP1] antisense RNA1 (ARAP1-AS1) has been found to
enhance the levels of ARAP1 mRNA [57], and increases
in ARAP1-AS]1 expression have been reported in human
gastric cancer [22]. Moreover, a low level of ARAP1-
AS1 expression has been demonstrated to be associated
with an inhibition of lung cancer proliferation [51], and
silencing ARAP1-AS1 has the effect of suppressing the
proliferation of breast cancer cells [33]. Although several
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studies have proposed the molecular mechanisms by
which ARAP1-AS1 modulates tumor development such
as in bladder cancer [52, 63], renal cell carcinoma [65];
and ovarian cancer [30], the roles of ARAP1 and ARAPI1-
AS]1 (as the antisense RNA of ARAP1) in cancer develop-
ment have yet to be sufficiently determined. It could be
hypothesized that ARAP1 is involved in cancer develop-
ment via CDR formation.

In this study we investigated the molecular mecha-
nisms regulating the formation of CDRs in Hep3B cells,
focusing on the function of ARAP1 in the context of can-
cer development. We found that ARAP1 was expressed
at the CDRs of Hep3B cells, and observed reductions in
the size of CDRs, extracellular solute uptake efficiency,
and rate of cell growth in ARAP1 knock-out (KO) cells.
Invasion and migration assays showed that ARAP1 KO
attenuated malignancy. We also revealed that ARAP1
was uniquely expressed at the mitochondria in Hep3B
cells, but not in control cells. Inhibition of mitochondrial
function blocked the formation of CDRs in Hep3B cells,
but not in MPC5 control cells. The mitochondrial dis-
tribution pattern was altered in ARAP1 KO cells and we
found that the expression level of FIS1, a mitochondrial
fission protein [3, 19], was increased in ARAP1 KO cells.
These findings suggest an interaction between mitochon-
drial function and the formation of CDRs in Hep3B cells.
Collectively, we provide evidence that aberrant ARAP1
expression in Hep3B cells induces the formation of
CDRs via modulation of mitochondrial function, leading
to increased nutrient uptake, which in turn triggers the
development of cancer.

Methods

Reagents and antibodies

Recombinant human EGF (AF-100-15) and human HGF
(100-39 H) were purchased from Peprotech (Cran-
bury, USA). Recombinant human insulin (M9194) was
purchased from AbMole (Houston, USA). The ARF1
inhibitor Golgicide A (HY-100540) was obtained from
MedChemExpress (Monmouth Junction, USA); EIPA
(1154-25-2) was obtained from Tocris (Bristol, UK);
CCCP (HY-100941) and Brefeldin A (Hy-16592) were
obtained from MedChemEepress (Monmouth Junc-
tion, NJ, USA); MG132 (GC10383) was obtained from
GLPBIO (California, USA); protease inhibitor cock-
tail (04,693,159,001) was purchased from Roche (Basel,
Switzerland); and rhodamine phalloidin (RM02835) was
purchased from ABclonal (Wuhan, China). Anti-AKT
(#9272) and pAKT (Serd73) (#4060) antibodies, used for
western blot analysis, were purchased from Cell Signaling
Technology (Danvers, USA); anti-ARAP1 (A10466), anti-
B-Actin (AC004), and anti-GFP (AE012) antibodies, used
for western blot analysis, were purchased from ABclonal;
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anti-FIS1 antibody (TA369131), used for western blot
analysis, was purchased from ORIGENE (Rockville, MD,
USA); anti-NUMB (A9352), used for immunofluores-
cence staining, was obtained from ABclonal; anti-ARF1
(10790-1-AP), anti-ARF6 (20225-1-AP), anti-TOM20
(11802-1-AP), and anti-Golgin97 (12640-1-AP) antibod-
ies, used for immunofluorescence staining, were obtained
from Proteintech (Wuhan, China); anti-TIM23 (611222).
used for immunofluorescence staining, was obtained
from BD Biosciences (San Jose, USA); and anti-ARAP1
(HPA012412), used for immunohistochemistry staining,
was obtained from Sigma (St. Louis, MO, USA).

Cell culture and inhibitor treatment

Hep3B, HepG2, and MPC5 cells were purchased from
Tongpai Biotechnology (Shanghai, China). Huh7, LO2,
293T, and NIH-3T3 cells were purchased from Hunan
Fenghui Biotechnology (Changsha, Hunan, China). Cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM: C12430500BT; Gibco) supplemented with 10%
fetal bovine serum (FBS: FS301-02; TransGen Biotech,
Beijing, China), penicillin (B25911; Shanghai Yuanye Bio-
Technology), and streptomycin (A610494-0050; Sangon
Biotech, Shanghai, China). To prevent mycoplasma con-
tamination, cells were treated with prophylactic plas-
mocin (ant-mpp; InvivoGen, San Diego, USA), according
to the manufacturer’s instructions. For inhibitor treat-
ments, cells were pre-treated with Golgicide A (10 pM)
for 60 min or with CCCP (10 uM ) for 6 h. For MG132
treatment, cells were incubated with the drug (10 uM) for
the indicated time points.

CDR assay

The CDR assay was performed as previously described
[46]. To induce CDRs, cells were stimulated with EGF
(1 pg/mL, 3 min), insulin (0.6 pg/mL, 3 min), and HGF
(10 ng/mL, 5 min). More than 1000 cells from three
independent experiments were observed to calculate
the average number of CDRs per cell. Actin images were
used to identify the structures.

Establishment of a stable ARAP1-deficient Hep3B cell line

CRISPR-based knockout cell lines were generated using
the lentiCRISPRv2 vector obtained from Addgene, which
expresses a single guide RNA, Cas9 protein, and puro-
mycin resistance gene. The ARAP1 single guide RNAs
were designed, synthesized, and cloned into the lentiC-
RISPRv2 vector. Two different single guide RNAs tar-
geting the human ARAP1 were designed [sgARAP1-1%:
5"-CACCGAATAGCTGCGCCACACCCCA-3’ (for-
ward) and 5-AAAC TGGGGTGTGGCGCAGCTA
TTC-3" (reverse); sgARAP1-2*: 5-CACCGAGCC
AGAGTGATGACCAAGA-3" (forward) and 5 -AAAC



Sun et al. Cell Communication and Signaling (2025) 23:75

TCTTGGTCATCACTCTGGCTC-3" (reverse); and
sgARAP1-3%: 5-CACCGCCACCCGTGCCGCCCC
GCAC-3" (forward) and 5'-AAACGTGCGGGGCGG
CACGGGTGGC-3’ (reverse)]. An empty lentiCRISPRv2
plasmid was used as the control vector. 293T packaging
cells from Hunan Fenghui Biotechnology (Changsha,
Hunan, China) were seeded in 10-cm culture dishes and
subsequently co-transfected with 4 pg sgRNA plasmid
or empty lentiCRISPRv2 plasmid, 1 pg pVSVg (AddGene
8454) and 3 pg psPAX2 (AddGene 12260) using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA, USA). Follow-
ing 24- or 48-h incubations, 293T cell supernatants were
harvested by centrifuging for 10 min at 1000 rpm, then
filtered through 0.45-pm membrane filters. The super-
natants containing the virus were used to infect Hep3b
cells for 6 h. After selection with puromycin (5 pg/mL)
for 3 days, the knockout efficiency was assessed by west-
ern blot analysis and the confirmed KO cells were used in
subsequent experiments.

Construction of GFP-ARAP1 plasmid (pGFP-ARAP1)

and the transfection

The plasmid pGFP-ARAP1 was generated by Gentle-
Gen Science and Technology Ltd (Suzhou, Jiangsu,
China). ARAP1 sequences were constructed based on
the human transcript variant 3 mRNA (NCBI Reference:
NM 001040118.3) and subcloned into the pEGFP-N1
vector (BR083; Fenghui Biology, Changsha, China) using
the BamH1 and Agel sites. The ARAP1 sequence that
was cloned into the resulting plasmid was confirmed by
another company (Beijing Tsingke, Beijing, China). Plas-
mids were purified using the TIANpure Midi Plasmid
Kit (DP107-02; TIANGEN, Beijing, China). GeneTwin
(TG101-02; Biomed, Beijing, China) was used for trans-
fection according to the manufacturer’s protocol.

Immunofluorescence staining and confocal microscopy

Cells were cultured overnight on coverslips in low-glu-
cose DMEM without FBS. After stimulation with growth
factors, the cells were fixed in fixation buffer A (4% para-
formaldehyde (PFA) in phosphate-buffered saline (PBS),
pH 7.4) for 20 min at room temperature (RT) and washed
in TBST (20 mM Tris, 150 mM NacCl, 0.1% Tween 20, pH
7.6). For immunofluorescence (IF) staining, cells were
permeabilized in 0.1% Triton X-100 in PBS for 5 min
and then incubated in blocking buffer (5% bovine serum
albumin (BSA) in TBST) for 30 min at RT. For primary
antibody treatment, all primary antibodies were diluted
1:50 in blocking buffer and incubated with samples over-
night at 4 °C. Thereafter, the samples were washed with
TBST (three times for 10 min at RT). As a secondary
antibody treatment, samples were incubated for 2 h at
RT with anti-rabbit IgG Alexa Fluor 488 (150081; Abcam,
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Boston, USA) and anti-mouse IgG Alexa Fluor 546 (Invit-
rogen A1003) diluted to 1:500 in the blocking buffer. The
cells were then incubated for 1 h at RT with rhodamine
phalloidin diluted 1:100 in TBST containing 5% BSA.
The samples were subsequently washed three times with
TBST for 10 min at RT and then mounted using mount-
ing medium containing DAPI. Microscopic observations
were performed using a Leica TCS SP5 confocal micro-
scope at the Core Facility of the College of Life Sciences,
Nankai University, China. To display the merged images,
Alexa Fluor 546 images (shown as bright orange) and
rhodamine-phalloidin images (shown as red-orange)
were converted to the pseudocolor magenta using Image]
software (version 2.14.0/1.54 f; National Institutes of
Health).

Quantification of IF images

Image] software was used for image analysis. To quan-
tify the size of the mitochondrial distribution area, the
original images were converted into 8-bit images. Actin
images were used to determine the area of the cells using
the “polygon selection” tool. TOM20 or TIM23 images
were used to generate the threshold images, from which
we determined the area of mitochondria. The ratio of
“area of the mitochondria”/“area of the cell” was cal-
culated as the result. To quantify the ARAP1 signal at
the mitochondria, TIM23 images were used to deter-
mine mitochondrial locations. A binary image map was
produced from the TIM23 image. ARAP1 images and
the binary images were combined using the “and” tool
to generate images showing ARAP1 at mitochondria
(ARAP1 at Mito). The ARAP1 signal areas in “ARAP1”
and “ARAP1 at Mito” images were measured, then the
ratio of “ARAP1 at Mito”/“ARAP1” was calculated. All
experiments performed in this study were conducted in
at least two biological replicates. The data are expressed
as the means + standard error of the mean.

Cell lysate preparation and western blotting

Cell lysates were prepared as previously described [46].
Briefly, the cells were lysed in cold lysis buffer (40 mM
HEPES pH 7.5, 120 mM NaCl, 1 mM EDTA, 10 mM
pyrophosphate, 10 mM glycerophosphate, 1.5 mM
Naz;VO,, 0.3% CHAPS, and a mixture of protease inhibi-
tors) for 10 min. The lysates thus obtained were centri-
fuged at 13,000 X g for 15 min at 4 °C. and the resulting
supernatants were mixed with 5X sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE)
sample buffer (#E153; GenStar, Beijing, China) and
boiled for 5 min. The samples were subjected to SDS-
PAGE and subsequent western blotting using the indi-
cated antibodies.
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Scanning electron microscopy

Hep3B cells were cultured on coverslips with collagen
(Type I solution from rat tail, Sigma C3867) and fixed in
fixation buffer B (2.5% glutaraldehyde, 0.18 M Na,HPO,,
0.019 M KH,PO,, pH 7.2) after human EGF stimulation
as previously described [46]. The samples were submit-
ted to Yimingfuxing Bio (Beijing, China) for embedding,
according to standard procedures. Observations were
performed using a field emission scanning electron
microscope (SEM; Apreo S LoVac, Thermo Fisher) at the
Central Laboratory of Nankai University. To determine
the angles between the small ruffles, supporting lines
were drawn according to each ruffle. Image ] was used
to measure the angle at which the lines interested as the
angle between the ruffles. The total number of small ruf-
fles of Control (n=25), KO1 (n=25), and KO2 (n=18)
were observed from at least five different SEM images.
Averages and standard deviations were calculated, and
the one-way ANOVA statistical test was used to deter-
mine statistical significance.

FDx70 assay

Cells were cultured overnight on coverslips in low-glu-
cose DMEM without FBS. Following the additions of EGF
(1 pg/mL) or HGF (10 ng/mL) and fluorescein isothiocy-
anate-labeled dextran with an average molecular weight
of 70,000 (FDx70, 0.5 mg/mL) (D1822; Invitrogen), the
cells were incubated at 37 °C for 5, 10, 15, 30, and 60 min.
Thereafter, the cells were fixed with 4% paraformalde-
hyde in PBS at RT for 20 min, washed three times with
DPBS (B220K]; BasalMedia, Shanghai, China) for 10 min,
and mounted. For each sample, we obtained at least 10
phase-contrast and FITC-FDx70 images using a Live Cell
Station (Zeiss Axio Observer Z1) at the Core Facility of
the College of Life Sciences of Nankai University. Cell
numbers were determined from phase contrast images
and the number of induced macropinosomes was deter-
mined by counting FDx70-positive vesicles. The Image]
software was used to measure the intensity of FDx70.

Cell counting Kit-8 cell proliferation assay

Cell Counting Kit-8 (CCK-8) cell proliferation assays
were carried out as described previously [31]. Briefly, cells
were seeded in the wells of 96-well plates (TCP010096;
BioFil, Guangzhou, China) at a density of approximately
2000 cells per well (100 pL/well), with each treatment
being assessed in five replicate wells. Thereafter, cell pro-
liferation was examined daily up to 5 days, after which.
10 uL of CCK-8 solution (CK04; Dojindo Laboratories,
Kumamoto, Japan) was added to the wells followed by
incubation for 2 h at 37°C. The absorbance of wells was
subsequently measured at 450 nm using a Multiskan FC
microplate reader (Thermo Fisher Scientific).
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Transwell migration and invasion assays

To assess cell migration and invasion, we used 24-well
plates containing Transwell chambers of 8 pm size
(TSC020024; BioFil). As the chemoattractant, 10% FBS
was used [38]. For the migration assays, cells were har-
vested and resuspended in DMEM without FBS at a con-
centration of 5X10°/mL. A 100-pL aliquot of the cell
suspension was seeded in the upper chambers, and 500
uL of DMEM supplemented with 10% FBS was placed in
the lower chambers. Cells were incubated for 48 h, after
which the medium was removed from the Transwell
chambers, non-migrating cells were removed from the
upper chambers using a cotton swab. The upper cham-
bers were then washed three times with PBS, and cells
were fixed with 4% paraformaldehyde in PBS. Thereafter.
the cells were stained for 20 min at RT with 600 pL of 1%
crystal violet (C805211; MACKLIN, Shanghai, China).
The upper chambers were washed a further three times
with PBS (each for 10 min), and the number of the cells in
the upper chambers was counted using a LeicaDFC420C
light microscope. For the invasion assays, the Transwell
chambers were pre-treated with Matrigel (354234; Corn-
ing) diluted 1:50 with DMEM for 1 h at 37°C, after which,
1 mL of cells was placed in the upper chamber at a con-
centration of 2x 10°/mL. The remaining procedures were
carried out as described for the migration assay.

Statistical analysis

GraphPad Prism software (version 8.0; GraphPad Soft-
ware) was used for statistical analyses. We performed a
one-way ANOVA (for Figs. 1E, 2B, 5B and C, 8H and I
and 9B and D; Supplementary Fig. 2B and D; Supplemen-
tary Fig. 3E; Supplementary Fig. 6B and C), two-tailed
unpaired Student’s t-test (for Fig. 7C and E), two-tailed
paired Student’s ¢-test (for Figs. 4A, 61 and ] and 8C-F;
Supplementary Fig. 6D; Supplementary Fig. 8D), one-
tailed unpaired Student’s t-test (for Fig. 6D), and fre-
quency distribution (for Supplementary Fig. 1D and
Supplementary Fig. 3A). For all analyses, a p-value of
less that 0.05 was considered to signify a statistical
significance.

Results

The GTPase-activating protein ARAP1, although not the
target molecule ARF1, is located in the CDRs of Hep3B
cells, and depletion of ARAP1 alters CDR size

To characterize the role of CDRs in the activity of Hep3B
cells, we generated knockout (KO) cells in which the
molecular mechanisms underlying CDR formation
were attenuated. In this regard, we decided to generate
ARAP1 KO cells, as it has previously been demonstrated
that ARAP1 regulates the size of CDRs in NIH-3T3
cells [14]. Initially, we sought to determine whether, as
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Fig. 1 ARAP1 modulates the size of CDRs in cells of the Hep3B hepatocellular carcinoma cell line. A and B Representative confocal images

of Actin/ARAP1 (A) and Actin/ARF1 (B) with/without epidermal growth factor (EGF) and insulin. Actin was used to identify CDRs. C Western blot
analysis was performed to confirm ARAP1 knock out (KO). AKT, SeK, ERK, and Actin are shown as the control. D Representative confocal images
of CDR assays showing that the sizes of CDRs in the ARAP1 KO cells (KO1 and KO2) are smaller than those in the control cells (SCR: scramble).
Two representative images are shown for each sample. E Quantification analysis of the size of CDRs induced by EGF treatment in the control
(SCR, n =141),KO1 (n = 104), and KO2 (n = 134) cells from two independent experiments. The average size of CDRs in the control cells was used

as the standard. ****p < 0.0001 (one-way ANOVA). AU: arbitrary unit

in NIH-3T3 cells; ARAP1 and the target protein ARF1
are located at the growth factor (GF)-induced CDRs of
Hep3B cells. Based on confocal microscopy observa-
tions, we accordingly established that ARAP1, although
not ARF], is expressed at the CDRs induced by EGF and
insulin (Fig. 1A and B). It has previously been shown
that the small GTPase ARF6 and the upstream signal-
ing molecule NUMBI are expressed in CDRs [67], and in
the present study, we also observed that these molecules
are recruited to the CDRs in Hep3B cells (Supplemen-
tary Fig. 1A and B). Having initially determined these

distributions, we established two different ARAP1 KO
cell lines, namely, KO1 and KO2. Western blot analysis
(Fig. 1C) and immunofluorescence (IF) staining (Sup-
plementary Fig. 1C) confirmed that the expression of
ARAP1 was successfully depleted in both cell lines. Using
these KO cell lines and the control cells, we performed
a CDR assay, which revealed that the size of CDRs was
reduced in the KO cells (Fig. 1D and E). We also com-
pared the relative sizes of individual CDRs between con-
trol and KO cells. If the sizes of the CDRs were at least
two-fold larger than average size of CDRs in the control
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Fig. 2 High-resolution SEM observations revealed that the sizes of CDRs in KO cells were reduced and the expression patterns of vertical
lamellipodia were disrupted. A Representative high-resolution SEM images of EGF-stimulated Hep3B cells showing CDRs consisting of small

vertical ruffles (arrows) in both control (SCR) and KO (KO1) cells. Two representative images are shown for each sample. B Quantification of the sizes
of CDRs in the control (SCR, n = 33), KO1 (n = 30), and KO2 (n = 27) cells. ****p< 0.0001; **p < 0.001 (one-way ANOVA). AU: arbitrary unit. C Enlarged
high-resolution SEM images showing details of the vertical ruffles (arrows). In contrast to the regular pattern of ruffles comprising the CDRs

of the control (SCR) cells, the orientation of ruffles in the CDRs of KO (KO1) cells was disrupted. Two representative images are shown for each

sample. Additional SEM images are shown in Supplementary Fig. 3

cells, we defined these CDRs as “large-sized” CDRs. We
then found that “large-sized” CDRs were only observ-
able in the control cells but not in the KO cells (Supple-
mentary Fig. 1D). These findings indicated that ARAPI is
associated with a molecular mechanism that contributes
to determining the size CDRs, particularly the formation
of large-sized CDRs.

In a previous study, we showed that CDRs regulate
GF-induced AKT phosphorylation (pAKT) in Hep3B
cells [46], and in the present study, immunoblots

revealed that the levels of pAKT in the KO cells were
lower than those detected in the control cells, albeit
not significantly (Supplementary Fig. 2A and B). Fur-
thermore, IF staining of pAKT and AKT revealed that
whereas the ratio of pAKT/AKT in the CDRs of KO1
cells was less than that for control cells, this differ-
ence was not detected in the KO2 cells (Supplementary
Fig. 2C and D). Based on these observations, we con-
cluded that although the depletion of ARAP1 contrib-
utes to a reduction in the size of CDRs, the difference is
not sufficient to influence CDR-dependent pAKT.
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Scanning electron microscopy observations revealed

that CDRs comprise small-sized vertical lamellipodia,

the expression pattern of which is disrupted in ARAP1 KO
cells

To visualize the effects of ARAP1 depletion in the CDR
formation, we performed high-resolution SEM. As we
have reported previously [46], the SEM images obtained
in the present study showed that small-size vertical lamel-
lipodia form the circle-like structures defined as CDRs
(Fig. 2A). Given that our confocal observations revealed
that the overall average size was reduced (Fig. 1E) and
that “large-sized” CDRs were not induced in the KO cells
(Supplementary Fig. 1D), we also measured the area of
CDRs using these SEM images. In line with expectation,
we found that the average size of the CDRs in both KO1
and KO2 cells was significantly smaller that of CDRs in
the control cells (Fig. 2B). Moreover, our examination of
33 micrographs revealed the presence of three “large-
sized” CDRs in the control cells, whereas none of these
structures were identified in the KO cells (Supplemen-
tary Fig. 3A). Interestingly, examination of high-mag-
nification images revealed that whereas in the control
cells, the small lamellipodia were regularly induced and
collective formed the circle-like structures that are char-
acteristic of CDRs, the orientation of these ruffles was
disrupted in both KO1 (Fig. 2C) and KO2 (Supplemen-
tary Fig. 3B) cells. Indeed, quantification analysis indi-
cated that the average angle size between each of the
ruffles in the control cells was approximately 40 degrees,
while those in KO1 and KO2 cells were approximately 80
degrees (Supplementary Fig. 3C-E). Moreover, the differ-
ence between the average degree size of control and KO
cells was significant, whereas there was no significant dif-
ference between the average angle size in KO1 and KO2
cells (Supplementary Fig. 3E). Consequently, SEM obser-
vations provided evidence that ARAP1 determines the
size of CDRs by modulating the distribution of individual
small ruffles.

ARAP1 is specifically localized to the mitochondria

in Hep3B cells

Confocal microscopy observations of ARAP1 and ARF1
signals revealed that the expression patterns of these
molecules were specific, and presumably mitochondri-
ally localized (Fig. 1A and B). Thus, we prepared different
types of control cells to test whether the cellular localiza-
tion of ARAP1 in other cells was also unique. The ARAP1
antibody used in this study is the only product verified for
IF staining. Therefore, to validate ARAP1 imaging experi-
ments, we verified the specificity of the antibody used
for IF staining by generating a GFP-ARAP1 expression
plasmid (Supplementary Fig. 4). GFP-ARAP1 or GFP was
expressed in 293T cells. Western blot analysis showed
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that GFP-ARAP1 was detected by the anti-GFP antibody,
as well as the anti-ARAP1 antibody we used (Supplemen-
tary Fig. 4A). Moreover, confocal microscopy confirmed
that the ARAP1 antibody detected GFP-ARAPI, but
not GFP, in the cells (Supplementary Fig. 4D). In a pre-
vious study, we reported that the HCC cell lines Huh7
and HepG2 cells did not express CDRs, and used these
cell lines as controls for experiments using Hep3B cells
[46]. Using Huh7 cells, we confirmed that this ARAP1
antibody detected GFP-ARAP1 expression in the cells
by western blot analysis and confocal microscopy (Sup-
plementary Fig. 4B and E). These results indicate that the
ARAP1 antibody was specific and could be used for sub-
sequent IF staining experiments.

To determine whether ARAP1 localized at the mito-
chondria, we used two well-established mitochondrial
markers, TIM23 and TOM20 [43, 64]. TIM23/ARAP1
double staining clearly showed that ARAP1 was specifi-
cally co-localized with TIM23 in Hep3B cells (Fig. 3A and
B). As control cell lines, we used Huh7 (Fig. 3C and D),
HepG2 (Fig. 3E), and the LO2 cell line (Fig. 3F). Weak
and partial co-localization of TIM23 and ARAP1 was
observed in these cells. It has been shown that NIH-3T3
and podocyte MPC5 cells also presented CDRs [14, 18].
However, we did not observe ARAPI localization at the
mitochondria of these cells (Fig. 3G and H). In addition,
colocalization of ARAP1 and TIM23 was not observed in
293T cells (Fig. 3I). These results indicated that the dis-
tribution pattern of ARAP1 in Hep3B cells was unique
compared to that in the control cell lines.

ARAP1 expression in Hep3B cells is lower than in control
cells

Interestingly, western blot analysis showed that the
expression level of ARAP1 in Hep3B cells was lower than
that in Huh7, HepG2, and LO2 cells (Fig. 4A). Notably,
we were unable to express GFP-ARAP1 in Hep3B cells
for unknown reasons (Supplementary Fig. 4C). These
results suggest that ARAP1 expression in Hep3B cells is
aberrant, presumably because the expression mechanism
is disturbed or protein degradation mechanisms target-
ing the protein are activated. To test this line of thought,
we incubated Hep3B cells with proteasome inhibitor
MG132 for the indicated time points, and found that
the expression level of ARAPI increased approximately
2-fold after 2 h of MG132 treatment (Fig. 4B). As a con-
trol, the experiment was replicated using Huh7 cells,
and the results showed that the treatment did not affect
ARAP1 expression (Fig. 4C).

We also compared expression level and the distribu-
tion pattern of ARAP1 in Huh7 and Hep3B cells by con-
focal microscopy under the exact same experimental
conditions. We observed that ARAP1 expression level
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Fig. 3 ARAP1 is specifically localized to the mitochondria in Hep3B cells. A-B Representative confocal images of TIM23/ARAP1 in Hep3B cells
without growth factor stimulation. Strong co-localization of TIM23 and ARAP1 was observed. Images are shown at low magnification (A) and high
magnification (B). C-D Representative confocal images of TIM23/ARAP1 in Huh7 cells without growth factor stimulation. Weak co-localization

of TIM23 and ARAP1 was observed. Images are shown at low magnification (C) and high magnification (D). E-F Representative confocal images
of TIM23/ARAP1 in HepG2 (E) and LO2 (F) cells without growth factor stimulation. Weak co-localization of TIM23 (magenta) and ARAP1 (green)
was observed. G-H Representative confocal images of TIM23/ARAP1 in NIH-3T3 (G) and MPC5 (H) cells without growth factor stimulation.
Co-localization of TIM23 (magenta) and ARAP1 (green) was not observed. | Representative confocal images of TIM23/ARAP1 in 293T cells

without growth factor stimulation. Co-localization of TIM23 (magenta) and ARAP1 (green) was not observed

was higher in Huh7 cells than in Hep3B cells and that
ARAPI1 expression was elevated in the nuclei of Huh?7
cells (Supplementary-Fig. 5A). Interestingly, when we
observed the distribution pattern of ARAP1 in Hep3B
cells with/without MG132 treatment, we found that the
expression level of ARAP1 in the nuclei was increased
after treatment (Supplementary-Fig. 5B), suggesting an
interaction between the ARAP1 degradation mecha-
nism and its nuclear expression. Based on these results,
we concluded that ARAP1 expression was aberrant in
Hep3B cells compared to Huh7, HepG2, and LO2 cells.

The distribution pattern of mitochondria is changed

in ARAP1 KO cells

Confocal microscopy observation of TIM23 suggested
that Hep3B cells has a distinct distribution pattern of
mitochondria, compared to the control cells (Fig. 3). To
determine whether the mitochondrial localization of
ARAPI1 has any influence on the mitochondrial distri-
bution pattern in Hep3B cells, we compared the cellular
localization of TOM20 in controls and KO cells. Actin
was used to identify the cell area, and the ratio of TOM20
to Actin was calculated as the “area of TOM20”/“cell



Sun et al. Cell Communication and Signaling (2025) 23:75 Page 10 of 19

>
w

<& & & &\

—_— MG132 & 7\0‘(\\‘3@@ A W
:::;g-g ARAP1 o
S = . (<]
£50 Tubulln|-------‘| P
% gg 1.00 0.91 1.00 0.96 1.04 2.17 1.87 1.78 : ARAP1/Tubulin (AU)
% 2.0 C
< 1'8 MG132 & DAY
ARAP1 Arar 1[I S|

Huh7

o? é\ ((9\/ o‘\/ 1.00 0.84 0.57 0.84 : ARAP1/Tubulin (AU)
§SE~
SRS
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Fig. 5 Mitochondrial distribution patterns are disrupted in ARAP1 KO cells. A Representative confocal images of Actin/TOM20 staining in control
(SCR) and knockout (KO1 and KO2) cells. The area of the TOM20 distribution pattern (green) was expanded in KO cells. B Quantitative analysis

of the area of the TOM20 distribution pattern in different cell types. The area of the TOM20 distribution pattern and sizes of cells were measured
using ImageJ software and the ratio of “area of TOM20"/"cell area." was calculated. The results revealed that the ratios obtained for KO cells were
higher than those obtained for the control cells, thereby indicating that the mitochondrial distribution area increased in response to the deletion
of ARAP1. n =64 (SCR), 56 (KO1), and 71 (KO2), from two independent experiments. ****p < 0.0001 (one-way ANOVA). AU: arbitrary unit. C
Quantitative analysis showing that cell sizes were not altered in response to deletion of ARAP1 as control data for (B). D Representative western
blot analysis results showing that FIST expression was increased in ARAP1 KO cells (KO1 and KO2) compared to the control (SCR). AKT, S6K; ERK,
and Actin are shown as the control. The results of western blot analysis using KO3 are shown in Supplemental Fig. 6D
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Fig. 6 There is an interaction between mitochondrial functions and CDR formation in Hep3B cells. A Representative confocal images of Actin/
TIM23 in Hep3B cells with/without EGF stimulation. TIM23 was not detected in the circular dorsal ruffles (CDRs).B Representative confocal images
of Actin/TOM20 in Hep3B cells with/without EGF stimulation. TOM20 was not detected in the CDRs. C-D The ARAP1 signal in mitochondria

was reduced in cells with CDRs. Representative images used for the quantification are shown (C). Pseudo images showing ARAP1 at mitochondria
(ARAP1-Mito) were generated based on ARAP1 and TIM23 images. The percentage of ARAP1 signal at mitochondria was calculated

as "ARAP1-Mito"/"ARAP1". A total of eight cells were observed. The ratios between cells without CDRs and with CDRs were compared (D). *p

< 0.05 (one-tailed unpaired Student t-test). E-F PP2A was translocated from mitochondria to CDRs upon EGF stimulation. PP2A was localized

to mitochondria prior to EGF stimulation (E). PP2A was observed at EGF-stimulated CDRs (F). G-H RINT was used as a negative control for the ARAP1
and PP2A staining experiments. RINT was observed at mitochondria prior to EGF stimulation (G), but not observed at the EGF-stimulated CDRs
(H). I-J CCCP, a drug that blocks mitochondrial functions, inhibited EGF-induced CDRs in Hep3B cells (I) but not in MPC5 cells (J). In total, more
than 1000 Hep3B cells and 1200 MPC5 cells were counted per experiment to calculate the average number of CDRs per cell. Three independent
experiments were performed for the quantification. ***p < 0.001 (two-tailed paired Student t-test)

area”. Compared with the control cells, confocal micros-
copy revealed an expanded distribution area of TOM20
expression in KO cells (Fig. 5A). Furthermore, the quanti-
fication analysis clearly showed that the ratio was slightly,
albeit significantly, increased in the KO cells (Fig. 5B),
whereas the sizes of cells remained unaltered (Fig. 5C).
Therefore, these observations indicated that the mito-
chondrial distribution area was increased in KO cells.
By way of confirmation, we also used the mitochondrial
marker TIM23, and accordingly detected an increase
in the “area of TIM23”/“cell area” ratio in the KO cells
(Supplementary Fig. 6A-C). Although imaging analy-
sis revealed that the distribution area of mitochondria

identified by the marker proteins was altered by the
depletion of ARAPI, the underlying molecular mecha-
nism was unknown. Mitochondria continuously change
structure by undergoing a merging process called mito-
chondrial fusion and a dividing process called mito-
chondrial fission [2]. The mitochondrial fission protein
1 (FIS1) is one of the key molecules that regulates mito-
chondria fission. It has been shown that the expression
level of FIS1 is increases during fission, making FIS1 a
suitable mitochondria fission marker [3, 19]. Surpris-
ingly, we found that the expression level of FIS1 increased
in KO cells compared to that in control cells (Fig. 5D),
suggesting that mitochondrial fission was induced by
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Fig. 7 ARF1 regulates CDR size independently of ARAP1 function. A Representative confocal images showing the co-localization of TIM23
(magenta) and ARF1 (green) in both control (SCR) and ARAP1 knockout (KOT and KO2) cells. B and C ARF1 inhibitor Golgicide A (GCA) treatment
had no appreciable effects on the distribution pattern of TOM20. Representative confocal images of Actin (magenta) and TOM20 (green)

without (DMSO)/with (GCA) the ARF1 inhibitor (B). Statistical analysis showing that the area of TOM20 distribution remained unchanged after GCA
treatment (C). n =61 (DMSO) and 65 (GCA), from two-independent experiments. ns: not significant (two-tailed unpaired Student’s t-test). AU:
arbitrary unit. D and E GCA treatment resulted in a reduction of CDR size.Representative confocal images of EGF-induced CDRs identified by actin
(magenta) without (DMSO)/with (GCA) the inhibitor (D). Statistical analysis revealed a reduction in CDR area in response to inhibitor treatment
(E).n =121 (DMSO) and 135 (GCA), from two-independent experiments. ****p < 0.0001 (two-tailed unpaired Student’s t-test). AU: arbitrary unit. F
Representative confocal images showingthat ARAP1 was localized in EGF-induced CDRs without (DMSO)/with (GCA) the inhibitor

ARAP1 depletion. Because this result was unpredicted,
to exclude the possibility of the side effect of KO process
of ARAP1, we generated the 3rd KO cell line (KO3) and
confirmed that FIS1 expression was increased in the KO
cells (Supplementary Fig. 6D and E). Collectively, these
findings suggested that ARAP1 is uniquely located at the
mitochondria of Hep3B cells and is associated with the
molecular mechanisms underlying mitochondrial fission.

Interaction between mitochondrial function and CDR
formation in Hep3B cells

Given our finding of the ARAPI localization at mito-
chondria, we predicted that mitochondria might be
recruited to the CDRs. Contrary to expectations, how-
ever, we observed that the distribution patterns of both
TIM23 and TOM20 remained virtually unaltered in
response to EGF stimulation, and we detected an absence
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Fig. 8 The CDR-macropinocytosis process functions as a system for the uptake of extracellular nutrients. A Image analysis revealed CDRs (red
arrows) and macropinosomes (MPs), identified using fluorescein isothiocyanate-labeled dextran with an average molecular weight of 70,000
(FDx70, green) (white arrows), in Hep3B cells following EGF stimulation. B Quantitative analysis based on three independent experiments

revealed that CDRs were generated within 30 mins after EGF stimulation, with peak production occurring at 5 mins and subsequent development
of macropinosomes. C and D 5-(N-Ethyl-N-isopropyl)-amiloride (EIPA) treatment inhibited the induction of MPs by EGF (C) and HGF (D). n = 3. ***p<
0.001; *p < 0.05 (two-tailed paired Student’s t-test). E and F Results of cell counting kit-8 (CCK-8) cell proliferation assays. EIPA treatment attenuated
growth factor-induced cell growth in cell culture media containing serum. n= 3. ***p < 0.001; *p < 0.05 (two-tailed paired Student’s t-test). AU:
arbitrary unit. G and H ARAP1 KO cells were characterized by lower levels of nutrient uptake. Image analysis shows fewer FDx70 signals in the KOs
(KO1 and KO2) cells compared with the control (SCR) cells (G). Quantitative analysis showing that the total intensity of FDx70 signals in the KO cells
was lower than that in the control cells (H). Cells were stimulated by EGF for 30 minutes with FDx70, and fixed. The FDx70 signals were measured
for each cell and the values were divided by the cell area (intensity of FDx70/cell). n = 64 (SCR), 47 (KO1), and 58 (KO2), from two independent
experiments. ****p < 0.0001 (one-way ANOVA). AU: arbitrary unit. I Results of a CCK-8 assay showing that the rates of KO (KO1 and KO2) cell growth
were slower than that of the control (SCR) cells in cell culture media containing serum. n = 3. ****p < 0.0001; **p< 0.01; *p < 0.05. ns: not significant

(one-way ANOVA). AU: arbitrary unit

of signals within the CDRs (Fig. 6A and B). These obser-
vations would thus suggest that following GF stimulation,
ARAP1 undergoes translocation from the mitochon-
dria to the CDRs. To test this hypothesis, we measured
the efficiency of ARAP1 and TIM23 colocalization in
cells with or without CDRs (Fig. 6C and D). Using image
analysis software, pseudo-images showing ARAPI1 at
the mitochondria were generated based on the ARAP1
and TIM23 images (Fig. 6C, ARAP1-Mito). Then, the

percentage of ARAP1 at mitochondria was calculated
as “ARAP1-Mito”/“ARAPY’, and the results were com-
pared between cells without CDRs and cells with CDRs
(Fig. 6D). Quantitative analysis showed that the ARAP1
signal at mitochondria was decreased in cells with CDRs,
suggesting that ARAP1 located at the mitochondria was
translocated to CDRs. To identify other proteins trans-
ferred from the mitochondria to the CDRs, we screened
several proteins involved in mitochondrial functions and/
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Fig. 9 The involvement of ARAP1 in Hep3B cell malignancy. Transwell migration (A and B) and invasion (C and D) assays in vitro showing
that the deletion of ARAP1 influenced the malignant potentials of Hep3B cells. More than 10 images from two independent experiments
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or observed in the CDRs. Protein phosphatase 2 (PP2A)
regulates mitochondria-lysosome crosstalk [7] and mito-
chondria-associated membrane (MAM) formation [6].
We found that PP2A was localized to the mitochondria
without EGF stimulation in Hep3B cells, and the protein
was also detected at the CDRs (Fig. 6E and F). In a previ-
ous study, we showed that RIN1 protein was not detected
at CDRs and used it as a negative control for IF experi-
ments [46]. Interestingly, we found that RIN1 was present
at the mitochondria, but not at the CDRs (Fig. 6G and H).
Thus, RIN1 can also be used as a negative control for pro-
teins transferred from the mitochondria to CDRs. Finally,
to test whether there is a direct interaction between CDR
formation and mitochondrial function, we used carbonyl
cyanide m-chlorophenyl hydrazone (CCCP), an inhibi-
tor of mitochondrial oxidative phosphorylation that has
been used as a drug to block mitochondrial functions [28,
56]. The results showed that CCCP treatment completely
blocked EGF-induced CDRs in Hep3B cells (Fig. 6I), but
not in MPC5 cells (Fig. 6]). Thus, these results suggest
that there is an interaction between mitochondrial func-
tion and CDR formation in Hep3B cells and that both
ARAP1 and PP2A are involved in this mechanism.

Intracellular protein trafficking mechanism is dysfunctional
in Hep3B cells

Our results raised the possibility that aberrant membrane
tethering between the mitochondrial surface and the
Golgi Apparatus may have occurred in Hep3B cells. Thus,
we next sought to observe if there is a difference in the
distribution patterns of cargo proteins such as Golgin-97,
which is involved in Golgi trafficking mechanisms [44], in
Huh?7 and Hep3B cells (Supplementary Fig. 7). Confocal

microscopy showed that while Golgin-97 was expressed
with the expected pattern of Golgi Apparatus structure
in Huh?7 cells, but the distribution pattern was disturbed
in Hep3B cells. Co-localization of Golgin-97 and TIM23
was evident in Huh7 cells. Meanwhile, in Hep3B cells,
Golgin-97 signal was observed close to TIM23 signal, but
they were not co-localized. This suggested that intracellu-
lar protein trafficking mechanisms may be dysfunctional
in Hep3B cells. Indeed, when Brefeldin A (BFA) was used
to block intracellular trafficking, the distribution patterns
of TIM23 in Huh7 cells were altered (Supplementary
Fig. 8A) but not in Hep3B cells (Supplementary Fig. 8B).
Lastly, we tested whether BFA treatment affected HGF-
induced CDRs and found that CDRs were still induced
after treatment (Supplementary Fig. 8C). These results
suggested that dysfunction of intracellular protein traf-
ficking mechanisms affected the distribution pattern of
mitochondria in Hep3B cells.

ARF1 is mitochondrially localized and inhibition of ARF1
function disrupts CDR formation

We also observed that ARF1 was co-localized with
TIM23, and confirmed this co-localization in the KO
cells (Fig. 7A). To establish whether ARF1 is involved in
the mechanisms associated with mitochondrial distri-
bution pattern, we used the ARF1 inhibitor Golgicide A
(GCA) [42]. We found that treatment with this inhibi-
tor had no appreciable effects on the distribution pat-
tern of TOM20 (Fig. 7B and C) or on the co-localization
of ARF1 and TIM23 (Supplementary Fig. 9A). We also
detected the co-localization of ARF1 and TIM23 in Huh7
cells, which would indicate that ARF1 may play a role in
mitochondrial localization or function (Supplementary
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Fig. 9B). Interestingly, we observed a reduction in the
size of CDRs following inhibitor treatment (Fig. 7D and
E), and also noted the maintained CDR localization of
ARAP1 in inhibitor-treated cells (Fig. 7F).

Depletion of ARAP1 attenuates CDR-mediated
macropinocytosis as a nutrient uptake pathway

and malignant potential in Hep3B cells

The fluorescent dye FDx70 has previously been used as
a representative extracellular solute to measure the effi-
ciency of endocytic ingestion [18, 60], and in the present
study, we used this system to determine whether the
CDRs in Hep3B cells undergo a transition to macropino-
somes. Time-course experiments revealed that whereas
CDRs were induced within 5 min following EGF stimu-
lation, they had disappeared when assessed at 15 min,
concomitant with an increase in the numbers of vesi-
cles characterized by FDx70 signals, thereby indicat-
ing the formation of macropinosomes (Fig. 8A and B).
These findings thus indicate that the induction CDRs is
a key step in the nutrient uptake pathway of cells. EIPA
is known as an established inhibitor of macropinocyto-
sis but not of other endocytosis pathways [47, 55], with
demonstrated use in both in vitro [27] and in vivo [10]
experiments. We observed that EIPA treatment reduced
the number of EGF-mediated induction of macropi-
nosomes (Fig. 8C). We also demonstrated that HGF
treatment induced CDRs and macropinosomes (Sup-
plementary Fig. 10), and the formation of these was also
inhibited by EIPA treatment (Fig. 8D). Subsequently, to
determine whether inhibition of macropinosomes influ-
ences GF-stimulated cell growth, we performed cell pro-
liferation assays in the presence or absence of EIPA in
cell culture media containing serum with EGF (Fig. 8E)
or HGF (Fig. 8F). Compared to the control cells, we
detected a reduction in the rate of cell growth in cells
exposed to EIPA. These findings suggest that CDR-
associated macropinocytosis plays an important role in
promoting cell growth, presumably via uptake of extra-
cellular nutrients.

Based on our observations of smaller CDRs in ARAP1
KO cells (Figs. 1D and 2A-B), we speculated that the
nutrient uptake mechanism in these cells would be
attenuated. Therefore, we next measured the amount of
ingested extracellular solutes by comparing the inten-
sities of integrated FDx70 detected in control and KO
cells. Cells were stimulated with EGF and incubated with
FDx70 for 30 min, as described previously (Fig. 8A). The
results revealed a diminished intensity of FDx70 in the
KO cells, implying a disruption of the nutrient uptake
mechanisms in the KO cells (Fig. 8G and H). Moreover, a
cell proliferation assay using control and KO cells in cell
culture media containing serum without GF stimulation
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showed that the rate of KO cell growth was slower than
that of control cells (Fig. 8I). Therefore, ARAP1 plays an
important role in cell growth.

Finally, given that Hep3B is an HCC cell line, we sought
to assess whether the depletion of ARAP1 would influ-
ence cell malignancy. For this purpose, we performed
Transwell migration and invasion assays to measure can-
cer cell motility and invasiveness [23, 24, 38, 54]. Cells
were cultured on the Transwell insert for 48 h, and the
migrated cells were observed at the basal side of the
porous membranes (Fig. 9A and B). For the invasion
assay, the extracellular matrix was coated on the surface
of the insert, and the cells at the basal side of the mem-
branes were observed as invaded cells (Fig. 9C and D).
The results clearly revealed that both the migration and
invasion capacities of these cells were reduced following
ARAPI1 KO.

Discussion

In the present study, we investigated the molecular mech-
anisms and roles of CDRs in Hep3B cells, focusing on the
cellular functions of ARAP1. We found that the CDRs in
ARAP1 KO cells were smaller in size than those in con-
trol cells (Fig. 1D and E, and Fig. 2A and B). Moreover,
we established that the deletion of this protein attenu-
ated the efficiency of extracellular solute uptake (Fig. 8G
and H), rate of cell growth (Fig. 8I), and migration/inva-
sion behavior (Fig. 9) of cells. These findings provide evi-
dence that by modulating the nutrient uptake pathway
mediated via CDR-associated micropinocytosis, ARAP1
may play an important role in the malignant activity of
Hep3B cells (Fig. 10). We also observed that ARAP1 was
specifically localized to the mitochondria in Hep3B cells
(Fig. 3A and B). Interestingly, inhibition of mitochondrial
function blocked EGF-induced CDRs in Hep3B cells, but
not in MPC5 cells (Fig. 61 and J). Thus, we speculated
that the mitochondrial localization of ARAPI is associ-
ated with the induction of CDR formation in Hep3B cells
(Fig. 10).

We found that both ARF1 and ARAP1 were at mito-
chondria in Hep3B cells (Fig. 3A and B, and Fig. 7A).
ARF1 was located at mitochondria in the ARAP1 KO
cells and with ARF1 inhibitor treatment (Fig. 7A and
Supplementary Fig. 9A). Moreover, we established that
whereas the deletion of ARAPI altered the mitochon-
drial distribution pattern, the inhibition of ARF1 did
not (Fig. 5A-C, and Fig. 7B and C). FIS1 expression was
increased in the ARAP1 KO cells (Fig. 5D and Supple-
mentary Fig. 6D). Comparison of Golgin-97 and TIM23
observations between Huh7 and Hep3B cells suggested
that dysfunction of intracellular trafficking triggers an
abnormal distribution pattern of mitochondria in Hep3B
cells (Supplementary Figs. 7 and 8). Based on these
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Fig. 10 A proposed model of ARAP1 function and the physiological
role of CDRs in Hep3B cells. ARAP1 is specificallylocated

at the mitochondria, thereby downregulating the activity of ARF1,
which would modulate the mitochondrial distribution pattern.
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lamellipodia, the distribution of which is regulated by ARAP1. CDRs
develop into macropinosomes, resulting in an excessive uptake

of nutrients and thus leading to cancer development. Protein
degradation mechanisms targeting ARAP1 might be activated
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findings, we concluded that mitochondrial fission was
hindered by ARAP1 and the distribution pattern of mito-
chondria was disturbed in Hep3B cells. If so, it could be
proposed that the mitochondrial localization of ARAP1
suppresses the activity of ARF1 function, thereby modu-
lating the pattern of mitochondrial distribution in Hep3B
cells. Interestingly in this regard, several studies have
reported that ARF1 modulates mitochondrial morphol-
ogy. For example, in Caenorhabditis elegans, activation of
ARF1 by the guanine nucleotide exchange factor (GEF)
GFB1 has been established to regulate the interactions
between the endoplasmic reticulum (ER) and mitochon-
dria, which results in the formation of a complex referred
to as the ER-mitochondria encounter structure (ERMES)
[1, 45], and in Candida albicans, the deletion of ARF1
has been found to induce the formation of ERMES [62].
The role of the GBF1-ARF1 pathway in mitochondria
has also been examined in human retinal pigment epi-
thelial RPE1 cells [53], whereas in HeLa cells, deletion of
GBF1 has been demonstrated to induce the condensa-
tion of mitochondrial networks. In the present study, our
finding that ARF1, although not ARAPI, is localized at
the mitochondria of Huh7 cells (Supplementary Fig. 9B),
indicates that the activation of mitochondrially localized
ARF1 may play an important role in determining the cel-
lular distribution of these organelles. Consequently, we
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hypothesize that by suppressing ARF1 activity, ARAP1 at
the mitochondria would disrupt the mitochondrial distri-
bution pattern in Hep3B cells (Fig. 10).

On the basis of confocal microscopy observations,
we established that ARAP1 is also located at the CDRs
of Hep3B cells, which could provide evidence that in
response to GF stimulation, ARAP1 is translocated from
the mitochondria to the CDRs, although at present the
underlying molecular mechanisms remain unclear. Inter-
estingly in this context, it has previously been shown that
mitochondrial overexpression of the ARF1-GAP ASAP1
has the effect of inhibiting the spread and migration of
REF52 rat embryo fibroblasts [32]. In the present study,
we found that deletion of ARAP1 resulted in a reduction
in the size of CDRs (Fig. 1D and E and 2 A and B) and
disruption of the expression patterns of small vertical
lamellipodia in ARAP1 KO cells (Fig. 2C and Supplemen-
tary Fig. 3B). Thus, it can be reasoned that a downregula-
tion of ARF1 induced by the mitochondrial localization
of ARAP1 might have an influence on the cytoskeletal
mechanisms associated with the formation of CDRs
(Fig. 10). Accordingly, further studies are warranted to
elucidate the molecular mechanisms and cellular func-
tion of mitochondrially expressed ARAP1 in Hep3B cells.

We also established that inhibition of ARF1 similarly
resulted in a reduction in the size of CDRs, (Fig. 7D and
E), even though we were unable to detect this protein in
the CDRs (Fig. 1B). Given that ARAP1 was found to be
localized in the CDRs, even after ARF inhibitor treat-
ment (Fig. 7F), we speculate that ARF1 and ARAP1
contribute independently to the regulation of CDR for-
mation. In previous studies that have examined the roles
of ARF1 and other ARFs in CDR formation, Hasegawa
et al. observed the localization of GFP-ARF1 in the
PDGF-induced CDRs of NIH-3T3 cells [14], and also
found that overexpression of the dominant-negative
forms of ARF1 and ARF5 induced larger-sized CDRs.
Furthermore, it has been demonstrated that ARF6 reg-
ulates CDRs as a downstream signaling molecule of
NUMB-EFA6B pathway [67]. EFA6B is one of the ARF6
GEFs [11], and these authors revealed that EFA6B is reg-
ulated by the tumor suppressor NUMB, the deletion of
which (presumably leading to the deactivation of ARF6)
was associated with an increase in the number of CDRs
induced by HGF in HeLa cells, as well as that induced by
PDGF in MEFs. It has also been shown that overexpres-
sion of the dominant-active form of ARF6 (Q67L) is asso-
ciated with a reduction in the numbers of PDGF-induced
CDRs in NIH-3T3 cells [14]. In the present study, we
similarly observed that both NUMB and ARF6 are CDR
localized in Hep3B cells (Supplementary Fig. 1A and B).
Although the precise mechanisms have yet to be estab-
lished, these findings provide evidence that ARFs 1, 5,
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and 6 coordinately regulate CDR development via GAPs
and GEFs. Further studies using the same cell types and
ligand sets should be conducted to elucidate the roles of
each of these molecules in CDR formation.

In addition to its unique cellular localization, our data
showed that the expression level of ARAP1 in Hep3B
cells was lower than that in control cells (Fig. 4A). This
suggests that the expression mechanism of ARAP1 is dis-
turbed or that protein degradation mechanisms targeting
ARAP1 are continuously activated in Hep3B cells. Indeed,
ARAP1 expression level in Hep3B, but not in Huh7, was
increased by MG132 treatment (Fig. 4B and C). In addi-
tion, we observed that GFP-ARAP1 could be expressed in
293T and Huh?7 cells, but not in Hep3B cells (Supplemen-
tary Fig. 4A-C). Based on these results, we speculate that
ARAP1 is stringently regulated, and possibly by overac-
tive degradation in Hep3B cells (Fig. 10). There are three
different protein degradation mechanisms: autophagy,
unfolded protein response (UPR) and ER-associated pro-
tein degradation (ERAD) [15, 26, 40]. Among them, the
UPR and ERAD function in the ER. Since we observed
clear mitochondrial localization of ARAPI, the protein
may be degraded in the mitochondria, suggesting a pro-
cess related to mitophagy. Meanwhile, our data suggest
that ARAP1 has a cellular function in regulating mito-
chondrial distribution patterns. If this is the case, mito-
chondrial localization of ARAP1 would not be involved
in the degradation process, but as a part of the cellular
function. Meanwhile, confocal microscopy showed that
nuclear expression of ARAP1 was apparent in Huh7 cells
(Supplementary Fig. 5A) and that ARAP1 expression in
nuclei was increased after MG132 treatment in Hep3B
cells (Supplementary Fig. 5B). Therefore, it could be pro-
posed that ARAP1 in the cytosol is the predominant tar-
get of protein degradation mechanisms. This hypothesis
reflects one of the future research directions to identify
further details of the molecular mechanisms of ARAP1
expression in Hep3B cells.

Transwell migration and invasion assays showed that
the depletion of ARAP1 affected the malignant poten-
tial of Hep3B cells (Fig. 9). Since macropinocytosis
regulates the AKT and mTORC1 pathways [48], which
are involved in tumor cell motility and invasion [9, 66],
it could be predicted that the dysfunction of CDRs in
ARAP1 KO cells would disturb these pathways, resulting
in reduced migration and invasion ability. Meanwhile, we
observed that the ARAP1 expression level in Hep3B cells
was lower than that in the control cells that do not pre-
sent CDRs (Fig. 4A). Given that our data suggested that
ARAP1 downregulates mitochondrial fission, we also
hypothesize that expression level of ARAP1 would affect
the function of mitochondria in Hep3B cells. To elucidate
the role of ARAP1 in cancer development, further studies
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should focus on at least three aspects: the molecular
mechanisms of ARAP1 degradation, the role of ARAP1
in mitochondrial fission, and the function of ARAPI in
CDRs.

Conclusions

In this study, we characterized the roles of ARAP1 with
respect to the development of circular dorsal ruffles
(CDRs) in Hep3B cells. Our findings indicate that ARAP1
regulates both CDR formation and the pattern of mito-
chondrial distribution, which leads us to speculate on a
mechanistic interaction between CDR formation and
mitochondrial function in Hep3B cells. Scanning electron
micrographs revealed that CDRs comprise small-sized
vertical lamellipodia, the expression pattern of which
was observed to be disrupted in response to the deletion
of ARAPI1. Accordingly, it is conceivable that as an ini-
tial step in the induction of CDR, the cellular locations
of the mitochondria might determine the distribution
of individual lamellipodia. As to the cellular function of
these structures, our data clearly reveal that CDRs could
play an important role in the nutrient uptake of Hep3B
cells in response to growth factor stimulation. Given that
CDRs are not exposed on the surfaces of other types of
HCC cells, such as HepG2 and Huh7, or the LO2 cell line
[46], it can be predicted that nutrients taken up via CDRs
might abnormally influence the anabolic and catabolic
processes of Hep3B cells. If this is indeed the case, as
CDRs have been observed in certain other types of can-
cer cells, it is reasonable to assume that the excess uptake
of nutrients is associated with cancer development. Our
finding that ARAP1 was specifically localized at mito-
chondria in Hep3B cells, and the protein expression level
was lower than in control cells, suggested that aberrant
expression of ARAP1 affects the CDR formation. Given
the important implications of these findings, we believe
that the molecular mechanisms underlying the formation
of CDRs focusing on ARAP1 could serve as an effective
therapeutic target in some types of cancer.
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