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A B S T R A C T

Studies have shown that hypoxia can induce cytoskeletal injury and remodeling through the activation of the
RhoA/ROCK signaling pathway by hypoxia-inducible factor-1α (HIF-1α). Our previous study confirmed that
CAPZA1 can modulate EMT by regulating actin cytoskeleton remodeling. However, the relationship between
HIF-1α and CAPZA1 has not been illustrated. Therefore, this study aimed to investigate the mechanism by which
hypoxia induces the remodeling of the actin cytoskeleton by regulating CAPZA1 in hepatocellular carcinoma
(HCC) cells. In the present study, we showed that the low expression of CAPZA1 promotes HCC cell invasion and
migration in vitro and in vivo by regulating actin cytoskeleton remodeling to drive EMT. Furthermore, we found
that the combination of PIP2 and CAPZA1 enables CAPZA1 to be released from the barbed end of F-actin, which
in turn drives the remodeling of the actin cytoskeleton. Finally, we confirmed that hypoxia increases PIP2 levels
and its binding to CAPZA1 in HCC cells via the HIF-1α/RhoA/ROCK1 pathway. Thus, CAPZA1 and PIP2 could be
therapeutic targets to inhibit the invasion and migration promoted by hypoxia in HCC cells.

1. Introduction

Among all malignant tumors, hepatocellular carcinoma (HCC) is
characterized by high invasion and metastasis, ranking fifth in in-
cidence and second in mortality [1]. Due to the large number of he-
patitis B patients, approximately half of HCC patients are in China. At
present, surgical resection is the main treatment for HCC, but the re-
currence and metastasis rate is still as high as 70% within 5 years after
surgery [2]. Studies have shown that high invasiveness is an important
cause of the postoperative recurrence and metastasis of HCC [3]. The
epithelial-mesenchymal transition (EMT) is one of the important me-
chanisms of HCC cell invasion [4]. EMT refers to the biological process
of the transformation of epithelial cells into mesenchymal cells under
specific microenvironment conditions. Under EMT, the phenotype of
HCC cells is transformed, and eventually, these cells acquire the ability
of invasion and migration [5,6]. Studies have shown that the essence of
EMT is the initiation of actin cytoskeleton remodeling [7,8]. Cytoske-
letal remodeling was previously thought to be a result of EMT, but
recent studies have found that cytoskeletal remodeling can initiate EMT
as an upstream event [9]. The regulation of cytoskeletal remodeling in
EMT has become a new insight for preventing HCC from invasion and
migration [9–11].

Hypoxia is a common phenomenon in solid tumors that not only
kills some tumor cells but also changes the metabolism, gene expression
and postexpression modification of another tumor cells [12]. Tumor
cells can undergo a series of adaptive changes in the hypoxic environ-
ment to promote their proliferation, migration, invasion and drug re-
sistance [13–15]. The liver has a rich blood supply due to the influx of
double blood from the portal vein and hepatic artery. Therefore, hy-
poxia is more prominent during the growth of HCC [16]. The cytos-
keleton is highly sensitive to hypoxia. Studies have reported that hy-
poxia can induce cytoskeletal injury and remodeling through the
activation of the RhoA/ROCK signaling pathway by hypoxia-inducible
factor-1α (HIF-1α) [17,18]. Since the essence of EMT is the remodeling
of the cytoskeleton, hypoxia can directly induce EMT through the
RhoA/ROCK pathway, but the specific mechanism remains unclear.

The cytoskeleton is an intricate network of protein filaments
throughout the cytoplasm, which is the basis for maintaining cell
morphology [19]. Actin filament (F-actin) is an important component
of the cytoskeleton and the dynamic remodeling of these filaments
provides the impetus for cell invasion and migration [20]. Capping
actin protein of muscle Z-line (CapZ) is an actin binding protein that
can bind to the barbed end of F-actin. CapZ is a heterodimeric protein
comprising α and β subunits [21]. Capping actin protein of muscle Z-
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line alpha subunit 1 (CAPZA1) is the α1 subunit of CapZ. In our pre-
vious study, we have confirmed that CAPZA1 promoted EMT in HCC
cells by regulating the remodeling of F-actin [11]. However, how the
combination of CAPZA1 and F-actin is regulated in tumor cells remains
unclear.

Phosphatidylinositol (4,5)bisphosphate (PIP2) is a kind of phos-
pholipid. Although its content is less than 1%, its functions are very
complicated [22]. Studies have found that PIP2, as an integrator of
signal transduction on the plasma membrane, can regulate biological
processes, such as actin cytoskeleton remodeling, which is necessary for
cell migration [23]. The mechanism of PIP2 on actin cytoskeleton re-
modeling has not been elucidated during HCC progression. In the pre-
sent study, we demonstrate that PIP2 is a negative regulator of CAPZA1
binding to F-actin. Hypoxia can increase the level of PIP2 in tumor cells
by activating the HIF-1α/RhoA/ROCK pathway and thus initiate the
remodeling of the actin cytoskeleton to drive EMT. Therefore, reg-
ulating the level of PIP2 could be a new target for the treatment of HCC
cell invasion and migration.

2. Materials and methods

2.1. Cell culture and hypoxia treatment

Human HCC cell lines SMMC-7721 and MHCCLM3 (obtained from
the cell bank in our laboratory) were cultured in DMEM (HyClone,
USA) containing 10% fetal bovine serum (ZETA life, USA) at 37 °C in a
5% CO2 humidified incubator. For hypoxia treatment, the cells were
cultured in DMEM containing 10% FBS and 400 μM Cobalt(II) chloride
hexahydrate (CoCl2•6H2O) (Sigma-Aldrich, USA) at 37 °C in a 20% O2

humidified incubator or in DMEM containing 10% FBS at 37 °C in a 1%
O2 humidified incubator for 24 h.

2.2. Reagents and inhibitors

PIP2 reagent (500 ng/L), purchased from SANTA CRUZ (USA), was
used to treat the HCC cell lines for 12 h. Neomycin (Sigma-Aldrich,
USA) has a high affinity for PIP2 and can isolate PIP2 in cells. The HCC
cells were treated with neomycin (500 μM) for 12 h. YC-1 (50 μM)
(Sigma-Aldrich, USA), a HIF-1α inhibitor, was used to abolish the ac-
cumulation of HIF-1α. C3 transferase protein (0.25 μg/ml)
(Cytoskeleton, USA), an inhibitor of RhoA, was used to inhibit the ac-
tivation of RhoA. Y-27632 (10 μM) (MedChem Express, USA), an in-
hibitor of ROCK, was used to inhibit the ROCK1 activation.

2.3. Lentiviral infection

CAPZA1 overexpression and interference lentiviruses (LV8-CAPZA1
and LV10-CAPZA1) were constructed by GenePharma Company in
Shanghai, China. SMMC-7721 and MHCCLM3 cells were seeded onto 6-
well plates, and lentiviral infection was carried out when the cell fusion
rate reached 50–70%. For infection, 1 ml of fresh culture medium was
replaced, and 10 μl of lentivirus (1× 109 TU/ml) was added to each
well. After 48–72 h, the infection rate was observed using a fluores-
cence microscope, and CAPZA1 expression levels were detected by
western blotting.

2.4. Matrigel invasion assay

Before invasion assays, the transwell chambers (8 μm, 24-well
format) (Millipore, USA) were coated with 30 μl of Basement
Membrane Matrigel (diluted 1:6 in DMEM; Corning Life Science, USA)
for 5 h in a 37 °C incubator. Then, 200 μl of serum-free DMEM con-
taining 6× 104 cells and 800 μl of DMEM containing 10% FBS were
added to the upper and lower wells of the chamber, respectively.
Following 36 h of incubation, the chambers were fixed with 4% par-
aformaldehyde for 30min, stained with crystal violet (Beyotime, China)

for 15min, and washed with PBS until the residual crystal violet was
washed clear. The Matrigel and cells on the upper chamber were gently
removed with a cotton swab. The number of invading cells was pho-
tographed and counted in three randomly selected×200 fields under a
microscope.

2.5. Wound healing assay

HCC cells were seeded onto the 6-well plates and incubated at 37 °C
until the cell fusion degree reached 100%. Wounds were created with a
10 μl pipette tip by scratching straight lines on the cell surface. After
washing with PBS three times, the cells were incubated in a cell in-
cubator with serum-free DMEM. Cell migration across the wound lines
was monitored at 24 h after scratching.

2.6. Xenograft models

After anesthetizing with 1% sodium pentobarbital (100ml/kg;
Sigma-Aldrich, USA) by intraperitoneal injection, a median abdominal
incision of 1 cm was made under the xiphoid of nude mice. After ex-
posing the livers of nude mice, a total of 1×105 HCC cells (stable sh-
CAPZA1-expressing SMMC-7721 cells, CAPZA1-overexpressing
MHCCLM3 cells and corresponding control cells) (50 μl of cell suspen-
sion mixed with 30 μl of Matrigel) were injected under the liver capsule.
After 6 weeks, a 7.0 T small animal MRI (Bruker Biospec, Germany) was
used to scan the mice to observe metastasis of the tumor. After the
execution of nude mice, the liver was removed and sliced into paraffin
sections. Finally, the sections were stained with hematoxylin and eosin
(HE). The animal research was approved by The Institutional Animal
Use and Care Committee and complied with the Animal Research Ethics
Committee of the Third Military Medical University (Army Medical
University).

2.7. Western blot analysis

HCC cells were lysed with RIPA (Beyotime, China) supplemented
with protease inhibitors and/or phosphatase inhibitors (Beyotime,
China) on ice for 20min. The lysate was centrifuged for 10min at
14 000 g at 4 °C. The supernatant is the total protein solution. The
concentration of the supernatant was measured, mixed with loading
buffer and then boiled for 5min. The proteins were separated by 10%
SDS-PAGE and transferred onto PVDF membranes (Millipore, USA). The
PVDF membranes were blocked with 5% skim milk for 2 h at room
temperature and incubated with antibodies (Table S1) overnight at 4 °C.
The membranes were subsequently incubated with a homologous HRP-
conjugated secondary antibody at room temperature for 1 h. The pro-
teins were detected using a gel imaging system (Vilber, France) with
Clarity Western ECL Substrate (Bio-Rad, USA).

2.8. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted with the Ultrapure RNA Kit (CWBIO,
China). Reverse transcription was performed according to a reverse
transcription reagent protocol (Takara, Japan). PCR primers targeting
CAPZA1, E-cadherin, N-cadherin, vimentin and GAPDH were used in
this study. The qRT-PCR reactions were performed with SYBR Premix
Ex TaqII (Takara, Japan) according to the manufacturer's protocols.

2.9. Coimmunoprecipitation

Then, 100 μl of protein A or protein G SureBeads reagent (Bio-Rad,
USA) was transferred to a 1.5 ml tube after resuspending in solution.
The supernatant was discarded after the beads were magnetized with a
magnetic separation rack. Following washing three times with PBST,
the beads were incubated in a 200 μl final volume of solution con-
taining 3 μg of CAPZA1 antibody (Proteintech, USA) or F-actin antibody

D. Huang, et al. Cancer Letters 448 (2019) 117–127

118



(Abcam) for at least 30min at room temperature. The supernatant was
discarded and the beads were washed with PBST three times. Then, the
beads were resuspended in 500 μl of antigen-containing lysate and in-
cubated at 4 °C with rotating overnight. After discarding the super-
natant and washing with PBST three times the next morning, the beads
were resuspended in 30 μl of SDS-PAGE loading buffer and boiled for
10min. The residual buffer was collected and detected by western
blotting.

2.10. PIP2 bead affinity precipitation

SMMC-7721 cells were lysed and sonicated in 500 μl of wash/bind
buffer containing 10mM HEPES (pH 7.4), 150mM NaCl, and 0.25%
Nonidet P-40. After centrifugation at 10,000 g at 4 °C for 10min, the
supernatant was mixed with 60 μl of PIP2-conjugated agarose beads
(Echelon Bioscience, USA) and incubated at 4 °C overnight with ro-
tating. After washing three times with wash/bind buffer, the beads
were heated at 100 °C for 10min in 30 μl of SDS-PAGE loading buffer.
The eluted proteins from the PIP2 beads were detected by CAPZA1
antibody (Proteintech, USA) with western blotting.

2.11. Dot blots

Whole cell lysates from HCC cells were extracted under each hy-
poxic condition. The lysates were spotted onto a nitrocellulose mem-
brane. The nitrocellulose membranes were blocked with 5% skim milk
for 2 h at room temperature and incubated with PIP2 (2C11) antibody
(1:200, SANTA CRUZ, USA) and GAPDH (1:5,000, ABclonal, USA) at
4 °C overnight. After incubation with a homologous HRP-conjugated
secondary antibody at room temperature for 1 h, the membranes were
detected using a gel imaging system (Vilber, France) with Clarity
Western ECL Substrate (Bio-Rad, USA).

2.12. PIP2 ELISA assay

Whole cell lysates were extracted from HCC cells under hypoxic
conditions with RIPA lysis buffer and sonication. The Human
Phosphatidylinositol (4,5)bisphosphate (PIP2) Kit was purchased from
the Shanghaijining Company (N112976). The standard wells were set
according to the manufacturer's instructions, and 50 μl of whole cell
lysate was added to the sample wells. Then, 100 μl of homologous HRP-
conjugated secondary antibody were added to the standard and sample
wells, followed by incubating at 37 °C for 1 h. The supernatant was
discarded, and the wells were washed five times with 350 μl of wash
buffer. Next, 50 μl of substrates A and B were added into each well and
incubated for 15min at 37 °C without light. The reaction was stopped
with 50 μl of stop buffer and detected by a Nano drop spectro-
photometer (Thermo, USA) at 450 nm.

2.13. Active RhoA pull-down assay

HCC cells were cultured in medium (with 400 μM CoCl2) at 37 °C for
24 h after the addition of C3 or PBS. The cells were lysed on ice after
rinsed twice with ice-cold PBS. And then, the lysate protein con-
centrations were determined using BCA protein assay. According to the
instructions of Active Rho Detection Kit (Cell Signaling Technology,
USA), GST-Rhotekin-RBD fusion protein was used to bind the activated
Rho protein. The levels of the activated form of RhoA, RhoA-GTP, were
determined by western boltting using a RhoA Rabbit antibody
(Proteintech, USA).

2.14. Immunofluorescence

HCC cells were briefly seeded on clean glass cover slips. After
washing with PBS, the cells on the cover slips were fixed with 4%
paraformaldehyde for 20min. The cover slips were rinsed 3 times with

PBS for 3min each. The cells were permeabilized with 0.2% Triton X-
100 in PBS for 5min and incubated with a blocking solution of 5% goat
serum in PBS for 30min. The blocking solution was aspirated, and the
cells were incubated with CAPZA1 antibody (1:100, Proteintech, USA),
or PIP2 (2C11) antibody (1:50, SANTA CRUZ, USA) overnight at 4 °C.
The cover slips were washed with PBS 3 times for 3min each. The cover
slips were incubated with Alexa Fluor 488-conjugated and/or Alexa
Fluor 594-conjugated secondary antibodies (1:200, Proteintech, USA)
for 1 h in a moist, dark environment. After washing with PBS, phal-
loidin labeled with rhodamine (1:200, Solarbio, China) was used to
label the F-actin for 30min at room temperature. Then, 10 μl of antifade
mounting medium containing DAPI (VECTASHIELD, USA) was added to
the cover slips for nuclear staining.

2.15. 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)
was used in each sample. Each sample was mixed with 500 μl of cold
Extraction buffer 1 supplemented with 5 μl 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 μl of Extraction buffer 4. Then, the sample was
centrifuged at 12000 g for 15min at 4 °C. The residual precipitation was
dissolved with 200 μl 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.

2.16. Cases and follow-up

In this study, we analyzed 154 HCC patients who received patho-
logical liver resection at Southwest Hospital between January 2010 and
December 2012. The clinicopathologic data (gender, age, tumor size,
TNM stage, HCC differentiation, lymph node metastasis, vascular in-
vasion and other information) for the patient were collected by in-
quiring patient records and pathological examination. The patients
were followed up until 5 years after surgery, and tumor recurrence and
patient death were recorded. All subjects signed an informed consent
form. The study was approved by the institutional research ethics
committee of Southwest Hospital.

2.17. Immunohistochemical staining

The patient pathological tissues were made into a tissue array in-
cluding 60 pairs of cancer and paracancer tissues, and 94 cases of HCC
tissue. After dewaxing and hydration, the tissue arrays were heated in
sodium citrate solution for antigen retrieval. After naturally cooling, the
array was incubated in 3% H2O2 for 10min and blocked in 10% goat
serum at room temperature for 1 h. The arrays were incubated with
anti-CAPZA1 (1:50, Proteintech, USA), antieHIFe1α (1:100,
Proteintech, USA), anti-E-cadherin (1:100, Abcam, USA), anti-Vimentin
(1:100, Proteintech, USA) and anti-PIP2 (2C11) (1:50, SANTA CRUZ,
USA) antibodies overnight at 4 °C. An anti-mouse/rabbit im-
munohistochemical detection kit (ZSGB-Bio, China) was used to detect
the Immunohistochemical reaction. Finally, the arrays were dehy-
drated, stained with hematoxylin and mounted with neutral resin.

2.18. Statistical analysis

Statistical analyses were conducted by SPSS 19.0 (SPSS Inc., USA)
for Windows and Prism 6 (GraphPad, USA). Continuous variables were
expressed as the means ± standard deviation and compared using the
Independent Sample t-test and the Mann-Whitney U test. For catego-
rical variables, comparisons were made using chi-square analysis or
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Fisher's exact test. All statistical tests were two-way. P < 0.05 was
considered statistically significant.

3. Results

3.1. Downregulation of CAPZA1 expression drives HCC EMT by regulating
actin cytoskeleton remodeling

To observe the role of CAPZA1 on the invasion and migration of
HCC cells, we performed Matrigel invasion and wound healing assays in

vitro. First, we detected the expression of CAPZA1 in MHCCLM3, Huh7,
MHCC97h, MHCC97L, SMMC-7721 and HepG2 cell lines using western
blotting. The expression of CAPZA1 was lowest in the HCCLM3 cell line
and highest in the SMMC-7721 cell line (Fig. S1A). Then, CAPZA1
overexpression and interference were performed in MHCCLM3 and
SMMC-7721 cells (Fig. 1A, Fig. S1C). The upregulation of CAPZA1 ex-
pression decreased the invasion and migration of SMMC-7721 cells. In
contrast, the downregulation of CAPZA1 expression enhanced the in-
vasion and migration of SMMC-7721 cells (Fig. 1B, Fig. S1B). These
phenomena were also observed in MHCCLM3 cells (Figs. S1D and E).

Fig. 1. Downregulation of CAPZA1 expression drives HCC EMT by regulating actin cytoskeleton remodeling. (A) CAPZA1 overexpression and interference were
performed in SMMC-7721 cells. (B) The upregulation of CAPZA1 decreased the invasion of SMMC-7721 cells, and the downregulation of CAPZA1 enhanced the
invasion of SMMC-7721 cells. (C) Small animal MRI scan. The intrahepatic tumor metastases (Indicated by red arrowheads in MRI pictures and marked as “T” in HE
pictures) of nude mice grown with sh-CAPZA1-expressing SMMC-7721 cells were significantly higher than those in the control mice. (D, E) Western blotting and qRT-
PCR were performed to detect the expression of EMT related markers. The downregulation of CAPZA1 inhibited the expression of the epithelial marker E-cadherin
and enhanced the expression of the mesenchymal markers N-cadherin and Vimentin; when the expression of CAPZA1 was upregulated, these results were reversed.
(F) Immunofluorescence of CAPZA1 and F-actin on SMMC-7721 cells showed that the level of F-actin in the si-CAPZA1 group was significantly increased. (G) Western
blotting showed that the interference of CAPZA1 expression increased the F-actin level. (H) IP confirmed that CAPZA1 could interact with F-actin. *P < 0.05,
**P < 0.01, ***P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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The in vitro experiments verified that CAPZA1 can inhibit the invasion
and migration of SMMC-7721 and HCCLM3 cells. Furthermore, we
observed that in the animal experiment the intrahepatic tumor metas-
tases of nude mice grown with sh-CAPZA1-expressing SMMC-7721 cells
were significantly higher than those in the control group mice (Fig. 1C)
and the intrahepatic tumor metastases of nude mice grown with
CAPZA1-overexpressing MHCCLM3 cells were significantly less than
those in the control group mice (Fig. S1F).

EMT is one of the important mechanisms by which HCC cells dis-
seminate from the primary lesion. E-cadherin is a major component of
epithelial adherens junctions which mediate intercellular adhesion
along with tight junctions. N-caherin belongs to classical cadherins
family and forms hemophilic cell-cell adhesion junctions [7]. Vimentin,

a intermediate filament protein, participates in numerous cellular
processes including cell adhesion, migration and invasion [10]. The loss
of epithelial E-cadherin and gain of mesenchymal N-cadherin and vi-
mentin expression is a major hallmark of EMT. A recent study reported
that actin cytoskeleton remodeling drives EMT for hepatoma invasion
and metastasis in mice [9]. CAPZA1 is an important actin filament
binding protein that participates in the regulation of actin cytoskeleton
remodeling. Therefore, in the present study, we investigated the role of
CAPZA1 as a regulator of EMT by modulating actin cytoskeleton re-
modeling in HCC cells. The results of the western blot analysis and qRT-
PCR showed that when the expression of CAPZA1 was downregulated,
the epithelial marker E-cadherin was downregulated and the me-
senchymal markers N-cadherin and Vimentin were upregulated; when

Fig. 2. PIP2 regulates the binding of CAPZA1 to the barbed end of F-actin. (A) CAPZA1 was pulled down by the beads coated with PIP2. (B) The level and structure of
F-actin and the cell morphology were changed after treatment with neomycin and PIP2. (C, D) The binding level of CAPZA1 to F-actin was increased after treatment
with neomycin and was decreased after treatment with PIP2. (E) The distribution of CAPZA1 in the subcellular structure. CAPZA1 was more bound to the cytos-
keleton and less distributed in the cytoplasm after cells were treated with neomycin; CAPZA1 was less bound to the cytoskeletonand and more distributed in the
cytoplasm after treatment with PIP2. (F, G) The capacity of invasion and migration was inhibited after treatment with neomycin, and was enhanced after treatment
with PIP2.
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the expression of CAPZA1 was upregulated, the results were reversed
(Fig. 1D and E). Subsequently, the regulation of CAPZA1 in actin cy-
toskeleton remodeling was observed by immunofluorescence. Com-
pared with the control group, the level of F-actin in si-CAPZA1 group
was significantly increased (Fig. 1F). This result was also confirmed by
western blotting (Fig. 1G). However, when the expression of CAPZA1
was upregulated in MHCCLM3 cells, the level of F-actin was decreased
(Fig. S2A). In addition, in the si-CAPZA1 group, the HCC cells presented
an obvious long fusiform shape, and the F-actin was distributed along
the long axis of the cells (Fig. 1F, Fig. S1G). Finally, the results of the

coimmunoprecipitation experiment showed that CAPZA1 can interact
with F-actin (Fig. 1H).

3.2. PIP2 regulates the binding of CAPZA1 to the barbed end of F-actin

PIP2 regulates many actin regulatory proteins. The change of the
PIP2 level in cells has a profound effect on the actin cytoskeleton [24].
Therefore, to investigate whether PIP2 could regulate CAPZA1 directly,
we performed a PIP2 bead affinity precipitation assay. The results
showed that beads coated with PIP2 pulled down CAPZA1 (Fig. 2A).

Fig. 3. Hypoxia increases the PIP2 level by activating the HIF-1α/RhoA/ROCK1 signaling pathway. (A, B) The expression of HIF-1α, RhoA and ROCK1 increased
with CoCl2 treatment, especially with CoCl2 treatment for 24 h, but the expression of CAPZA1 did not change with the treatment. (C, D) Dot blot analysis and ELSA
showed that PIP2 levels gradually increased with the time of CoCl2 treatment, and the increase in PIP2 levels was inhibited by Y-27632. (E, F) The treatment of CoCl2
for 24 h had the same effect on HCC cells as 1% O2 induction for 24 h. Both CoCl2 treatment and hypoxia induction increased the expression of HIF-1α, RhoA and
ROCK1, but did not affect the expression of CAPZA1. (G) Both CoCl2 treatment and 1% O2 induction for 24 h had the same role to increase the PIP2 level. (H) The
expression of HIF-1α, RhoA and ROCK1 was increased after hypoxia treatment. However, the addition of YC-1, an inhibitor of HIF-1α, inhibited the expression of
HIF-1α, RhoA and ROCK1 induced by hypoxia. (I, J) Active RhoA pull-down and western blotting assays confirmed that hypoxia treatment (treated with 400 μM
CoCl2 for 24 h) increased the levels of RhoA-GTP and ROCK1, while the RhoA inhibitor C3 transferase inhibited these trends. (K, L) The level of PIP2 was significantly
increased after hypoxia treatment (treated with 400 μM CoCl2 for 24 h). The addition of C3 transferase and/or Y-27632 blocked the increase of PIP2 level caused
CoCl2 treatment. (M) The level of PIP2 was significantly increased, and the enrichment of F-actin was in the region with more PIP2 distribution with hypoxia
treatment (treated with 400 μM CoCl2 for 24 h). The morphology of the cells with hypoxia treatment changed into a long fusiform shape. All of these changes were
inhibited by Y-27632. *P < 0.05, **P < 0.01, ***P < 0.001.
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The experiment confirmed that PIP2 can combine with CAPZA1. Sub-
sequently, a series of experiments was performed to investigate the role
of the binding on the actin cytoskeleton remodeling. The immuno-
fluorescence results showed that the level of F-actin was decreased, the
structure was scattered and the morphology of the cells became round
after treatment with the PIP2 inhibitor neomycin in HCC cells. In
contrast, the F-actin level in cells treated with PIP2 was increased sig-
nificantly (Fig. 2B). In addition, the increase in the F-actin level induced
by CAPZA1 depletion was inhibited when treated with the PIP2 in-
hibitor neomycin. When treated with PIP2, the F-actin level was in-
creased, similar to the result of CAPZA1 interference (Fig. S2B). Then,
we investigated whether the binding of PIP2 to CAPZA1 regulates the
binding of CAPZA1 to the barbed end of F-actin. In the same number of
HCC cells, we observed changes in the binding level of F-actin and
CAPZA1 using IP experiments. The expression of CAPZA1 in HCC cells
did not change after treatment with neomycin or PIP2, but the binding
amounts of F-actin and CAPZA1 were increased or decreased, respec-
tively (Fig. 2C and D). Additionally, we observed the subcellular loca-
lization of CAPZA1 when treated with neomycin or PIP2. CAPZA1 was
more bound to the cytoskeleton and less distributed in the cytoplasm
after the cells were treated with neomycin, while CAPZA1 was less

bound to the cytoskeleton and more distributed in the cytoplasm after
treatment with PIP2 (Fig. 2E). Finally, we also detected the changes in
the invasion and migration capacity of HCCLM3 cells. The capacity of
invasion and migration was inhibited after treatment with neomycin,
and was enhanced after treatment with PIP2 (Fig. 2F and G).

3.3. Hypoxia increases the PIP2 level in HCC cells by activating the HIF-1α/
RhoA/ROCK1 signaling pathway

Hypoxia is a common phenomenon in solid tumors, especially in
HCC [25]. Persistent hypoxia in the HCC microenvironment can change
the metabolism and gene expression of tumor cells and accelerate the
aggressiveness of HCC cells [26,27]. Therefore, we investigated the
relationship between hypoxia and PIP2. First, we used the CoCl2
treatment as a hypoxia mimetic and found that the CoCl2 treatment can
increase the expression levels of HIF-1α, RhoA and ROCK1 especially
with the treatment for 24 h. However, the expression of CAPZA1 did not
change with the treatment (Fig. 3A and B). Then, PIP2 levels were
measured by dot blot analysis. The results showed that PIP2 levels
gradually increased with the time of CoCl2 treatment, especially after
24 h. This result was consistent with the change of the expression of

Fig. 4. The poor expression of CAPZA1 is associated with the malignancy of HCC. (A) Representative images of the samples in which CAPZA1 expression was higher
in PC than in CA (Pt #1), CAPZA1 expression were both positive in PC and CA (Pt #2), CAPZA1 expression was higher in CA than in PC (Pt #3) and CAPZA1
expression were both negative in PC and CA (Pt #4). (B) Among the 60 paired tissues, CAPZA1 expression was higher in PC than in CA in 44 cases. (C) Representative
images of the expression of CAPZA1 in HCC tissues scored 0, 1+, 2+, 3 + and 4+. (D, E) The tumor-free survival time and survival time of HCC patients in the
CAPZA1 underexpression group were significantly lower than those in the overexpression group at 5 years after surgery.
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HIF-1α, RhoA and ROCK1 (Fig. 3C). The changes in PIP2 with the CoCl2
treatment were also confirmed by PIP2 ELSA (Fig. 3D). Interestingly,
with the addition of Y-27632, a ROCK1 inhibitor, PIP2 levels no longer
changed with CoCl2 treatment, even when treated with CoCl2 for 24 or
48 h (Fig. 3C and D).

Additionally, to detect whether the CoCl2 treatment had the same
effect as hypoxia, the cells were cultured in a low O2 incubator. The
results showed that the SMMC-7721 cells treated with 400 μM CoCl2 for
24 h were similar to those cultured at 37 °C in a 1% O2 incubator for
24 h in the expression of HIF-1α, RhoA, ROCK1, CAPZA1 and PIP2
(Fig. 3 E, F and G). Therefore, we believed that the treatment of 400 μM
CoCl2 for 24 h was an effective hypoxia mimetic.

Then, we investigated the effects of HIF-1α, RhoA, ROCK1 and PIP2
on the actin cytoskeleton remodeling. The expression of HIF-1α, RhoA
and ROCK1 was increased after hypoxia treatment. However, the ad-
dition of YC-1, a HIF-1α inhibitor, inhibited the expression of HIF-1α,
RhoA and ROCK1 induced by hypoxia (Fig. 3H). The active RhoA pull-
down assay showed that the level of RhoA-GTP was increased in HCC
cells after CoCl2 treatment. However, the increased level of RhoA-GTP
induced by CoCl2 treatment was inhibited by the C3 transferase. In-
terestingly, the increased ROCK1 level was also inhibited by the RhoA
inhibitor C3 transferase (Fig. 3I and J). In order to verify whether RhoA
and ROCK1 were involved in the regulation process of hypoxic-induced
PIP2 level increase, the RhoA inhibitor C3 transferase or the ROCK1
inhibitor Y-27632 was added into the culture medium during CoCl2
treatment of HCC cells. We found that with the addition of C3 and/or Y-
27632, the increased level of PIP2 induced by CoCl2 treatment was
abolished (Fig. 3K and L). Finally, we observed the role of PIP2 in the
actin cytoskeleton remodeling under hypoxic environments. We found
that after 24 h of CoCl2 treatment, the level of PIP2 was significantly
increased in HCC cells, and the enrichment of F-actin was in the region
with more PIP2 distribution. The morphology of the cells with CoCl2
treatment changed into a long fusiform shape. Howere, all of these
changes were inhibited by the ROCK inhibitor Y-27632 (Fig. 3M).
Therefore, we believed that the HIF-1α/RhoA/ROCK1 signaling
pathway was involved in the regulation of hypoxic-induced PIP2 level
increase.

3.4. The poor expression of CAPZA1 is associated with the malignancy of
HCC

Of the 154 patients with HCC in the present study, 15 were female
and 139 were male. The average age of the patient cohort was
47.8 ± 10.5 years.

CAPZA1 immunohistochemistry was conducted on the tissue array
including 60 pairs of carcinoma tissue (CA) and adjacent para-carci-
noma tissue (PC) and 94 cases of HCC tissue. Among the 60 paired
tissues, CAPZA1 expression was higher in PC than in CA in 44 cases
(P=0.001) (Fig. 4A and B). According to the percentage of positively
stained HCC cells, the expression of CAPZA1 in HCC tissues was scored
as follows: 0 (0%), 1+ (1–24%), 2+ (25–49%), 3+ (50–74%), and 4+
(75–100%) (Fig. 4C). The expression scores of 0 and 1 + were defined
as the CAPZA1 underexpression group (n = 71), while 2+, 3 + and
4 + were defined as the CAPZA1 overexpression group (n = 83). Then,
we analyzed the effect of CAPZA1 expression on HCC pathological
characteristics and the prognosis of HCC patients. By TNM staging,
there were more cases in TNM stage III-IV in the CAPZA1 under-
expression group than in the CAPZA1 overexpression group
(P=0.002). By HCC differentiation class, there were 21 cases of poor
differentiation in the CAPZA1 underexpression group, which was more
than that in the CAPZA1 overexpression group (P=0.001). The rate of
lymphoid tissue (12.7% vs 3.6%; P=0.037) and vascular (45.1% vs
28.9%; P=0.038) invasion was significantly higher in the CAPZA1
underexpression group than in the overexpression group. The recur-
rence rate (81.7% vs 67.5%; P=0.045) and mortality (78.9% vs
51.8%; P=0.000) at 5 years after surgery in the CAPZA1 under-
expression group were significantly higher than those in the over-
expression group (Table 1). Additionally, the tumor-free survival and
survival time at 5 years after surgery of HCC patients in the CAPZA1
underexpression group were significantly lower than those in the
overexpression group (Fig. 4D and E).

3.5. The expression of CAPZA1 is negatively correlated with EMT in HCC
tissue

Subsequently, immunohistochemistry was used to detect the ex-
pression of E-cadherin and Vimentin, markers of EMT, in HCC tissues.
Statistically, the expression of CAPZA1 was positively correlated with
the E-cadherin expression (Fig. 5A and B) and negatively correlated
with the Vimentin expression in HCC tissues (Fig. 5C and D).

T.Nishikawa has reported that immunohistochemistry can be used
to stain PIP2 on the paraffin-embedded brain tissue slides of
Alzheimer's disease patients with a PIP2 (2C11) antibody [28]. Our
preliminary immunohistochemical assay also showed that the PIP2 on
paraffin-embeded HCC tissue slides had not been wipe out during the
dewax producedure. The binding of PIP2 (2C11) antibody to PIP2 was
effectively prevented by pre-incubation with neomycin (Fig. S3). Fi-
nally, we performed immunohistochemical staining in HCC tissue
continuous sections to clarify the expression relationship between HIF-
1α and PIP2 in HCC tissue. The results showed that the expression of
HIF-1α and PIP2 in HCC was positively correlated (Fig. 5E and F).

4. Discussion

The invasion and metastasis of cancer are landmark events in which
cancer cells escape from the primary lesion and settle in other organs,
threatening the life of the patient. The initial steps in the local invasion
of cancer cells involve the activation of cytoskeletal remodeling-asso-
ciated signaling pathways [29,30]. Cell migration is a complex process
that requires the remodeling of the cytoskeleton to form a pseudopo-
dium, including filopodia and lamellipodia, at the leading edge [31].
Therefore, it is important to understand the mechanism of the regula-
tion of cytoskeletal remodeling during cancer cell invasion and migra-
tion. Hypoxia is a common phenomenon in solid tumors and an

Table 1
Comparison of the clinicopathological features and Patient prognosis in the
CAPZA1 underexpression and overexpression.

Levels of CAPZA1 expression P-value

Underexpression
0,1+(n = 71)

Overexpression
2+,3+,4+
(n = 83)

Mean tumor size(cm) 7.8 ± 3.3 6.8 ± 3.6 0.062
TNM stage 0.002
Stage Ⅰ 9 (12.7%) 23 (27.7%)
Stage Ⅱ 7 (9.9%) 12 (14.5%)
Stage Ⅲ 33 (46.5%) 41 (49.4%)
Stage Ⅳ 22 (31.0%) 7 (8.4%)

HCC differentiation 0.001
WD 2 (2.8%) 8 (9.6%)
MD 48 (67.6%) 69 (83.1%)
PD 21 (29.6%) 6 (7.2%)

Lymph node metastasis (Yes/
No)

9/62 (12.7%) 3/80 (3.6%) 0.037

Vascular invasion(Yes/No) 32/39 (45.1%) 24/59 (28.95) 0.038
Postoperative recurrence

(Yes/No)
58/13 (81.7%) 56/27 (67.5%) 0.045

Cancer related death (Yes/
No)

56/15 (78.9%) 43/40 (51.8%) 0.000

HCC, hepatocellular carcinoma. WD, well differentiated. MD, moderately dif-
ferentiated. PD, poorly differentiated. CAPZA1, Capping actin protein of muscle
Z-line alpha subunit 1.
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important stimulant to initiate the invasion and metastasis of cancer
cells [32]. In this study, we demonstrated that hypoxia can increase
PIP2 levels and its binding to CAPZA1 in HCC cells by activating the
RhoA/ROCK1 pathway and thus modulate the remodeling of the actin
cytoskeleton. Our findings are consistent with those of other studies
reporting that hypoxia can activate signaling pathways that control
cytoskeletal dynamics to initiate cancer cell invasion and migration
[33,34].

EMT is a crucial mechanism of tumor cell invasion and metastasis.
Actin filament is an important component of the cytoskeleton and is
deeply involved in the initiation and progression of EMT [9,35].
CAPZA1, an actin binding protein, can bind to the barbed ends of actin
filaments, maintaining the stability of the actin cytoskeleton [36]. The
role of CAPZA1 in HCC has rarely been reported. In the present study,
we manipulated the expression of CAPZA1 in HCC cells. The down-
regulation of CAPZA1 expression promoted the invasion and migration
of HCC cells in vitro and in vivo, while the upregulation of CAPZA1
inhibited this activity. Additionally, the alteration of CAPZA1

expression changed the degree of EMT and the level of F-actin in HCC
cells. Therefore, we reported that CAPZA1, which is abnormally ex-
pressed in HCC cells, can regulate the remodeling of the actin cytos-
keleton to drive EMT. CAPZA1 is similar to other actin binding proteins
[9,37,38].

PIP2 is a kind of phospholipids. Although its level is less than 1%,
PIP2 function is very complicated [39]. PIP2 is a key molecule in the G
protein-coupled receptor signal transduction pathway. In this signaling
pathway, extracellular signaling molecules bind to the G protein-cou-
pled receptor on the cell surface, activate phospholipase C on the
plasma membrane, and hydrolyze PIP2 into 1,4, 5-triphosphoinositide
(IP3) and diacylglycerol (DG). This signaling system is also known as
the “double messenger system” [40]. Recent studies have found that
PIP2, as an integrator of signal transduction on the plasma membrane,
can regulate biological processes, such as actin filament cytoskeletal
remodeling, which is necessary for cell migration [41,42]. In the pre-
sent study, we found that PIP2 could bind to CAPZA1, which changed
the distribution of CAPZA1 in the cytoplasm and cytoskeleton.

Fig. 5. The expression of CAPZA1 was negatively correlated with EMT in HCC tissues. (A) Representative images of samples in which CAPZA1 and E-cadherin
expression were both positive (Pt #5) and negative (Pt #6). (B) CAPZA1 was positively correlated with the expression of E-cadherin in HCC tissues. (C)
Representative images of samples in which CAPZA1 expression was low while Vimentin expression was high (Pt #7) and CAPZA1 expression was high while
Vimentin expression was low (Pt #8). (D) CAPZA1 was negatively correlated with the expression of Vimentin in HCC tissues. (E) Representative images of HIF-1α and
PIP2 expression in HCC tissue continuous sections. (F) The positive expression relationship of HIF-1α and PIP2 was confirmed by immunohistochemical staining in
HCC tissue continuous sections.
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Moreover, after PIP2 was added to the medium, CAPZA1 was less
bound to F-actin, and the level of F-actin was significantly increased. In
contrast, CAPZA1 was more bound to F-actin, and the level of F-actin
was significantly decreased after the PIP2 inhibitor Y-27632 was added.
Therefore, we demonstrated that PIP2 could bind to CAPZA1, which
caused CAPZA1 to release from the barbed ends of actin filaments, thus
promoting the remodeling of the actin cytoskeleton. Our result is con-
sistent with those of previous studies, which reported that the regula-
tion of CAPZ on the remodeling of the actin cytoskeleton can be regu-
lated by PIP2 in a ventricular myocyte hypertrophy model [43,44].

RhoA/ROCK is an important signaling pathway that regulates the
dynamics of the actin cytoskeleton, which can be activated by many
stimulators, including mechanical stress and hypoxia, during cell in-
vasion and migration [45,46]. In the present study, the RhoA/ROCK1
signaling pathway was activated under hypoxia by HIF-1α, and the
signaling pathway inhibitors, C3 and Y-27632, inhibited the change in
hypoxia-induced PIP2 levels in HCC cells. Finally, the consistency of F-
actin and PIP2 distribution was disturbed by Y-27632. Our views are in
line with those of J. Li, who reported that a possible mechanism for cell
hypertrophy was the accumulation of thin filament assembly triggered
partially by the increased PIP2 level via the RhoA/ROCK signaling
pathway in response to mechanical strain [44].

Finally, we reported that the poor expression of CAPZA1 is asso-
ciated with the malignancy of HCC. Tumors with the underexpression
of CAPZA1 showed malignant behavior, and the patients in the CAPZA1
underexpression group had a poor prognosis. Moreover, the expression
of CAPZA1 was negatively correlated with EMT of HCC and the ex-
pression of HIF-1α and PIP2 in HCC was positively correlated in HCC
tissues.

In conclusion, our study shows that the low expression of CAPZA1
promotes HCC cell invasion and migration in vitro and in vivo. We
demonstrate that the combination of PIP2 and CAPZA1 enables
CAPZA1 to be released from the barbed end of F-actin, which in turn
drives the remodeling of the actin cytoskeleton to promote the EMT of
HCC cells. Furthermore, hypoxia increases PIP2 levels and its binding to
CAPZA1 in HCC cells via the HIF-1α/RhoA/ROCK1 pathway (Fig. 6).

Thus, CAPZA1 could be a therapeutic target to inhibit the invasion and
migration driven by hypoxia in HCC cells and a potential clinical bio-
marker to predict the outcome of HCC patients. Regulating the level of
PIP2 in HCC cells may be a new method to inhibit HCC invasion and
metastasis.
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Fig. 6. The mechanism of hypoxia induced EMT
in HCC cells. Hypoxia increases PIP2 levels and
its binding to CAPZA1 in HCC cell by activating
the HIF-1α/RhoA/ROCK1 pathway. Then, the
combination of PIP2 and CAPZA1 enables
CAPZA1 to be released from the barbed end of F-
actin, which in turn drives the remodeling of
actin cytoskeleton to promote the EMT of HCC
cells.
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HIF-1α hypoxia inducible factor-1α
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MD Moderately differentiated
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PD Poorly differentiated
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ROCK Rho-associated protein kinase
siRNA Small interfering RNA
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