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A B S T R A C T

Despite the increasingly important role of Hippo-Yap in hepatocellular carcinoma (HCC) development and
progression, little insight is available at the time regarding the specifics interaction of Yap and cancer cells
migration. Here, we identified the mechanism by which tumor-intrinsic Yap deletion resulted in HCC migratory
inhibition. Yap was greatly upregulated in HCC and its expression promoted the cells migration. Functional
studies found that knockdown of Yap induced JNK phosphorylation which closely bound to the Bnip3 promoter
and contributed to Bnip3 expression. Higher Bnip3 employed excessive mitophagy leading to mitochondrial
dysfunction and ATP shortage. The insufficient ATP inactivated SERCA and consequently triggered intracellular
calcium overload. As the consequence of calcium oscillation, Ca/calmodulin-dependent protein kinases II
(CaMKII) was signaled and subsequently inhibited cofilin activity via phosphorylated modification. The phos-
phorylated cofilin failed to manipulate F-actin polymerization and lamellipodium formation, resulting into the
impairment of lamellipodium-based migration. Collectively, our results identified Hippo-Yap as the tumor
promoter in hepatocellular carcinoma that mediated via activation of cofilin/F-actin/lamellipodium axis by
limiting JNK-Bnip3-SERCA-CaMKII pathways, with potential application to HCC therapy involving cancer me-
tastasis.

1. Introduction

Hepatocellular carcinoma (HCC) is reported as the most common
one in digestive cancers in the worldwide [1]. Due to the rapid pro-
gression of HCC, most patients with this disease are diagnosed at ad-
vanced stage. In advanced HCC cases, the 5-year survival rate is as low
as 25–39%, and the recurrence rate is approximately 80% [2]. Several
patients underwent operative resection, however, these patients still
suffered from a poor prognosis [3]. Notably, some HCC patients with
advanced stage have no chances for operation, and their overall sur-
vival period is less than one year [4]. It has been reported that recur-
rence and metastasis account for the high mortality of HCC patients [5].
Therefore, it is critical to identify the potential molecular mechanisms

underlying the progression and metastasis in HCC.
The Hippo network is a major conserved growth suppressor that

participates in organ size control during development and prevents
tumor formation during adult homeostasis [6]. The central component
of the Hippo pathway is the transcriptional co-activator Yes-Activated
Protein (Yap). Yap binds to transcription factor partners driving a
transcriptional programme that specifies cell growth, proliferation,
apoptosis, migration and invasion [7–9]. However, the mechanism by
which Yap regulates the cellular migration or invasion is incompletely
understood.

Cancer cells migrating into lymph nodes or blood vessels to form
metastases is vital for the progression of HCC [10]. In tumor progres-
sion, cancer cells can migrate as single cells or collectively as groups in
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a lamellipodium-based migration mode [11]. Under this condition,
cellular membrane extension in lamellipodia is driven predominantly
through F-actin polymerization [12]. A large array of actin binding
proteins (ABPs) have been found to be the regulator of F-actin poly-
merization and lamellipodium formation [13]. Among them, cofilin is
an indispensable controller [14,15]. Dephosphorylated cofilin aug-
ments the F-actin synthesis and actin filament extension, which assist
the formation of lamellipodia. What remains unknown is whether co-
filin and actin-driven lamellipodium is regulated by Yap, and if so, what
molecular links Yap to cofilin.

Cellular migration involves drastic structural changes, a process that
demands high levels of energy and fully functional mitochondria [16]
whose quality and quantity are balanced by mitophagy [17,18]. Our
previous study has suggested that mitophagy could regulate the en-
dothelial migration via modification of F-actin homeostasis [19].
Moreover, excessive mitochondrial damage such as mitochondrial fis-
sion would lead to the collapse of F-actin and lamellipodium [20,21].
These information indicate the possible relationship between mi-
tochondria and lamellipodium-based migration. Given the available
evidences linking Yap and mitochondria [22,23], we therefore want to
know whether mitochondria, especially mitophagy, is the bridge con-
necting upstream Yap and downstream cofilin/F-actin. If so, what sig-
nals are responsible for mitophagy and cofilin/F-actin.

Apart from mitochondria, cellular migration also needs moderate
intercellular calcium ([Ca2+]i) concentration [24]. The excessive
[Ca2+]i elevation would impair the cellular migration via activation of
Ca/calmodulin-dependent protein kinases II (CaMKII) [25]. The
CaMKII has the ability to phosphorylate cofilin [26]. Phosphorylated
cofilin is an inactivate form without the ability to assembly F-actin and
promote lamellipodium formation. Our previous study [27] has re-
ported that the [Ca2+]i balance is highly dependent on the sarco/en-
doplasmic reticulum Ca2+-ATPase (SERCA) activity which uptakes 92%
[Ca2+]i back to endoplasmic reticulum in the resting state. Meanwhile,
SERCA is a Ca-ATPase and its activity is heavily relied on the cellular
ATP production. Considering the decisive action of mitophagy in ATP
production [28], we therefore ask whether mitophagy handles cofilin
via SERCA-mediated [Ca2+]i imbalance and CaMKII activation. Thus,
this study is undertaken to establish the regulatory effect of Yap on HCC
migration, particularly focusing on the mitophagy-SERCA-CaMKII
pathways and cofilin/F-actin/lamellipodium axis.

2. Methods

2.1. Patients and specimen selection

The present study was conducted in accordance with the Guide for
the Care and Use of Laboratory Animals, which was published by the US
National Institutes of Health (NIH Publication No. 85-23, revised 1996)
and the guidelines of the Ethics Committee of Chinese PLA (People's
Liberty Army) General Hospital, Beijing, China. The all experimental
protocol was approved by Ethics Committee of Chinese PLA (People's
Liberty Army) General Hospital, Beijing, China. In all, 6 samples of liver
cancer were obtained from the department of oncology, PLA general
hospital cancer center. Meanwhile, 6 samples of normal liver tissues
that were obtained from patients who underwent surgery were included
in this study. The informed consent forms, including blood sample
collection consent and operation consent were obtained from all in-
dividual participants included in this study.

2.2. Cell culture

The liver cancer cell lines HepG2 and normal live cell lines (L02)
used in the present study were obtained from the Chinese Academy of
Sciences (Shanghai, China). All cell lines were cultured in RPMI-1640
supplemented with 10% fetal bovine serum (FBS), penicillin G (100 U/
mL) and streptomycin (100 g/mL) and were maintained in monolayer

culture at 37 °C in humidified air with 5% CO2.

2.3. The qPCR and RNA interference

The qPCR assay was carried out according to our previous study
[29]. The primers used for polymerase chain reaction were as follows:
Bnip3, forward, TCCAGCCTCGGTTTCTATTT and reverse, AGCTCTTG-
GAGCTACTCCGT, YAP, forward, CCCAGACTACCTTGAAGCCA and re-
verse, CTTCCTGCAGACTTGGCATC, GAPDH, forward, GCGGGAAATC-
GTGCGTGAC and reverse, CGTCATACTCCTGCTTGCTG. Quantification
of gene expression was performed using the ABI PRISM 7500 Sequence
Detection System (Applied Biosystems, Foster City, CA) with SYBR
Green (TransGen Biotech Co., Ltd., China). The mRNA levels were de-
termined by qRT-PCR in triplicate for each of the independently pre-
pared RNAs and were normalized to the levels of GAPDH expression.

The shRNA or scrambled shRNA control specific against the ex-
pression of Yap was constructed using a lentiviral shRNA technique
(GeneChem), as described previously by our laboratory [30]. The
shRNA was used to generate the stable cell line HepG2 without ex-
pression of Yap. To suppress the Bnip3, siRNA was used according to
our previous study [19]. The siRNA targeting Bnip3 was purchased
from Santa Cruz Biotechnology.

2.4. Western blot analysis

Cells were rinsed with cold PBS and harvested in lysis buffer [31].
Then, the extractions were obtained and then centrifuged at
14,000 rpm for 30 min. Twenty-five micrograms of protein was loaded
per lane and separated by SDS-PAGE, then transferred to nitrocellulose
membranes and blocked overnight in 5% skim milk. Then, the mem-
brane was incubated with primary antibodies at 4 °C and subsequently
incubated with a secondary antibody for 2 h at room temperature. The
primary antibodies for the blots are as follows: p-CaMKII (1:1000, Cell
Signaling Technology, Inc.), p-cofilin (1:1000, Abcam plc), CaMKII
(1:1000, Cell Signaling Technology, Inc.), cofilin (1:1000, Cell Sig-
naling Technology, Inc.), Beclin1 (1:1000, Cell Signaling Technology,
Inc.), LC3II (1:1000, Cell Signaling Technology, Inc.), ATG5 (1:1000,
1:1000, Abcam plc), Yap (1:1000, Cell Signaling Technology, Inc.), F-
actin (1:1000, 1:1000, Abcam plc), G-actin (1:1000, 1:1000, Abcam
plc), p-JNK (1:1000, Cell Signaling Technology, Inc.), JNK (1:1000, Cell
Signaling Technology, Inc.), Parkin (1:1000, Cell Signaling Technology,
Inc.), p-Parkin (1:1000, Cell Signaling Technology, Inc.), Bnip3
(1:1000, Cell Signaling Technology, Inc.), p62 (1:1000, 1:1000, Abcam
plc) and SERCA (1:1000, Cell Signaling Technology, Inc.)

2.5. Detection of Ca2+ concentration and SERCA activity

Intracellular Ca2+ [Ca2+]i was measured using the calcium-de-
pendent fluorescent dye Fura-2 as our previous study described [27].
Briefly, 5 μL of Fura-2-acetoxymethyl ester (AM; 10 μM; Life Technol-
ogies, Carlsbad, CA, USA) was applied in the medium for 30 min [27].
The Fura-2-loaded cells were then observed under confocal microscope
(Olympus).

The calcium mapping was used to quantify the calcium intensity
according to our previous study [32]. Fluorescence intensity of Furo-2
was measured by excitation wavelengths of 340 and emission wave-
lengths of 500. Data (F/F0) were obtained by dividing fluorescence
intensity (F) by (F0) at resting level (t = 0) which was normalized by
control groups.

For SERCA activity assay, cells after treatment were harvested to
isolate the total proteins. The protein concentration of the supernatant
was determined using the BCA method. Sample protein concentrations
were adjusted to 1000 μg/mL. The proteins were incubated in a 30 °C
water bath for 10 min and 20 μL ATP was added. Thirty seconds later,
20 μL of the sample was added. After mixing for 45 s, the OD values
were measured [33].

C. Shi et al. Redox Biology 14 (2018) 59–71

60



2.6. Cell migration and invasion assay

Transwell assay was used to examine cell migration according to our
previous study [29]. Briefly, a 24-well transwell chamber with a pore
size of 8 µm (Corning, USA) was used to conduct the transwell assay
[34]. First, 105 cells were seeded into the upper chamber in serum-free
medium. DMEM supplemented with 10% FBS was added to the lower
chamber. After a 12-h incubation at 37 °C, the non-migrating cells in
the upper chamber were carefully removed and the cells that had tra-
versed the membrane were fixed in methanol and stained with 0.05%
crystal violet. For quantification, the number of migrated cells was
calculated by counting at least five random separate fields as the ratio
of the experimental samples to the control samples × 100 [35].

Cell invasion was detected by transwell methods [36]. With regard
to the invasion assay, cells (2×105) were seeded in the upper chambers
in serum-free media with the matrigel membrane, whereas the lower
chambers were loaded with DMEM supplemented with 10% FBS. After
24 h, the cells in the upper chambers that had not migrated were re-
moved by a cotton swab. The total number of migrated cells was
counted after they were fixed [37].

2.7. Immunofluorescence

The immunofluorescence staining was conducted as our previous
study described [38]. After treatment, cells were fixed with 4% paraf-
ormaldehyde for 10 min at room temperature. The primary antibodies
were as follows: p-cofilin (1:1000, Abcam, #ab124956), F-actin (1:500,
Abcam, #ab205), tubublin (1:1000, Abcam, #ab7291). DAPI (Sigma-
Aldrich), lysosome stain, and a mitochondrion-selective MitoFluor ™
stain (Molecular Probes, Burlington, ONT, CA) were used to marker the
nuclear, lysosome, and mitochondria, respectively. Fluorescence con-
focal images were captured using a LSM 5 Pa Laser Scanning Micro-
scope (Zeiss Germany, Oberkochen, Germany). For the observation of
lamellipodium, the staining of F-actin was used and the images were
obtained under black-and-white vision.

2.8. Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed as described pre-
viously [39]. Formaldehyde cross-linked chromatin fragments were
immunoprecipitated with either anti-p-JNK antibody or anti-histone H3
antibody overnight at 4 °C. Control samples were treated in the same
way except that no antibody was present. Immune-complexes were
captured with protein A/G-agarose and washed with 150 mM NaCl,
13.5% sucrose, 1% Triton X-100, 0.2% SDS, 0.02 NaN3, 5 mM EDTA
and then 500 mM NaCl, 1% Triton X-100, 0.1% deoxycholate, 0.2%
NaN3, 1 mM EDTA and 50 mM HEPES (pH 7.5), and finally Tris-EDTA
(10 mM Tris, 1 mM EDTA, pH 8.0). Immune-complexes were then
eluted by incubation with 1% SDS and 100 mM NaHCO3. To reverse
cross-links, eluates and input DNA were incubated overnight at 65 °C.
DNA was purified using the Qiagen PCR clean-up kit (Qiagen, Valencia,
CA, USA). PCRs were performed with primers flanking the Bnip3 pro-
moter. PCR products were resolved by electrophoresis in agarose gel
and visualized with ethidium bromide.

2.9. Mitochondrial respiratory chain complex function

To investigate the function of mitochondria, the ATP production
was examined [40]. Besides, mitochondrial respiratory complexes ex-
pression and activity were measured according to our previous studies
[33]. Mitochondrial respiratory function was measured polaro-
graphically at 30 °C using a Biological Oxyge Monitor System (Hansa-
tech Instruments, King's Lynn, UK). Mitochondrial respiration was in-
itiated by adding glutamate/malate to a final concentration of 5 and
2.5 mmol/L, respectively. State 3 respiration was initiated by adding
ADP (150 nmol/L); state 4 was measured as the rate of oxygen

consumption after ADP phosphorylation. The respiratory control ratio
(state 3/state 4) and the ADP/O ratio (number of nmol ADP phos-
phorylated to atoms of oxygen consumed) were calculated as our pre-
viously described.

2.10. Reagent treatment

To activate mitophagy, FCCP (5 μM, Selleck Chemicals) was used
2 h before treatment. To inhibit the mitophagy, its specific inhibitor 3-
MA (10 mM, Selleck Chemicals) was added to the medium for 1 h to
block mitophagy activation. To suppress and activate the JNK pathway,
SP600125 (SP, 10 μM, Selleck Chemicals) and Anisomycin (Ani, 10 μM,
Selleck Chemicals) were used 2 h before treatment, respectively. To
blockade of the intracellular calcium overload, cell-permeable calcium
chelator BAPTA (Sigma, #A1076) was diluted in D-Hanks solution to a
final concentration of 50 μM for 30 min pretreatment. In contrast, to
induce the cellular calcium overload, ionomycin, a calcium agonist was
used 30 min before treatment. Jasplakinolide (Jas, 2 μM, Abcam,
#ab141409) was used 2 h before treatment to inhibit the F-action de-
gradation.

2.11. Statistical analysis

All data in this study are expressed as the mean± SD of at least
three independent experiments. Statistical analysis of differences was
performed by one-way analysis of variance (ANOVA) or student t-test
using SPSS 17.0 software. P value less than 0.05 was considered sta-
tistically significant.

3. Results

3.1. Loss of Yap impairs the HCC migration and invasion via inhibiting F-
actin-induced lamellipodium formation

To figure out the expression of Yap in HCC cancer tissues and
normal tissues in the present study, we carried out qRT-PCR and wes-
tern blot analysis by extracting total mRNAs and proteins from patients.
In this study, 6 cases of tissue samples were collected and detected
using Yap primers or anti-Yap antibody. We found that the Yap mRNA
and proteins expression were increased in tumor tissues compared with
that in normal liver tissues (Supplemental Fig. 1A-C). These data in-
dicated that Yap may be involved in the development of HCC. Fur-
thermore, we also detected the change of Yap in HCC cell line HepG2
and normal liver cell line L02. We found abundant Yap expression in
HepG2 but not in L02 (Fig. 1A-B), suggesting that Yap may have a
causal role in regulating cellular migration. Thus, we stably knocked
down Yap expression using a lentivirus vector–based shRNA technique
in HepG2 cells. The knockdown efficiency was confirmed by western
blotting (Fig. 1A-B). Through loss-of function assay about Yap in HepG2
cells, we confirmed that Yap had the ability to influence cellular in-
vasion (Fig. 1C and E) and migration (Fig. 1D and F). Loss of Yap abated
the numbers of migrated and invaded cells when compared to the
control group (Fig. 1E-F). These results suggested that Yap was upre-
gulated in HCC and higher Yap promoted HCC migration and invasion
in vitro.

Cancer migration depends on the formation of lamellipodium.
Compared to the control HepG2 cells, Yap deficiency reduced the la-
mellopodium length (Fig. 1G) and impaired its formation (yellow ar-
rows in the amplification panel of Fig. 1H). Because lamellipodium is
composed of F-actin, and the collapse of lamellipodium could be de-
rived from F-actin degradation. In control HepG2 cells, the F-actin was
clear and expressed in the cytoplasm with regular arrangement
(Fig. 1H). However, after Yap deletion, F-actin was unclear, inordinate
and fragmented, suggesting that Yap loss facilitated F-actin collapse
(Fig. 1H). To further demonstrate whether F-actin was specially han-
dled by Yap, we also co-stained tubulin, another element of
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cytoskeleton, which makes up microtubule and promotes intracellular
transport but has no role in cellular migration [41]. As shown in
Fig. 1H, loss of Yap had no influence on the tubulin structure. Alto-
gether, these data indicated that Yap controlled lamellipodium-based
migration of HCC via sustaining F-actin homeostasis.

3.2. Yap deficiency induces F-actin degradation via phosphorylation of
cofilin by activating CaMKII

Because F-actin was made up of G-actin, we therefore wanted to
know whether Yap deficiency induced F-actin malfunction via pro-
moting F-actin degradation into G-actin. As shown in Fig. 2A-C, loss of
Yap was associated with more G-actin but less F-actin in HepG2 cells.
However, after application of depolymerizing agent jasplakinolide (Jas)
under Yap deletion group, the F-actin expression was increased while
the G-actin was reduced (Fig. 2A–C). These data indicated that Yap
deletion disassembled F-actin into G-actin. Furthermore, because cofilin
is the vital regulator for the balance between F-actin and G-actin. De-
phosphorylated cofilin has the ability to assist G-actin to form F-actin
which facilitates the cell migration in some direction via lamellipo-
dium. In our present study, loss of Yap upregulated the phosphorylated
cofilin when compared to the control HepG2 cells (Fig. 2A and D).
These could be the underlying mechanism by which Yap deficiency
induced F-actin degradation.

According to previous study, the initial signal for cofilin con-
formational change is primarily attributed to CaMKII which phos-
phorylates cofilinat Ser3 site [26,42]. To demonstrate whether CaMKII
was involved in the cofilin modification in Yap-deleted HepG2 cells, we
firstly examined the change of CaMKII. Compared to the control HepG2
cells, Yap deficiency augmented the CaMKII phosphorylation (Fig. 2E-
F), indicative of increased CaMKII activity. In contrast, the KN-93, an
inhibitor of CaMKII, could neutralize CaMKII phosphorylation under
Yap deletion (Fig. 2E-F). Furthermore, KN-93 also alleviated the ex-
pression of p-cofilinSer3 and therefore elevated the cellular depho-
sphorylated cofilin (Fig. 2E and G), hinting that activated CaMKII by
Yap deficiency was instrumental to the cofilin inactivation. To further
provide solid evidence for the contributory effect of CaMKII on cofilin
phosphorylation, we used immunofluorescence to observe the changes
of p-CaMKII and p-cofilin. As shown in Fig. 2H, loss of Yap increased p-
CaMKII and p-cofilin. However, inhibition of CaMKII via KN-93 had the
ability to abate p-CaMKII expression as well as p-cofilin content
(Fig. 2H). Altogether, these data indicated that CaMKII was the Yap's
sequential signaling to govern cofilin phosphorylation and F-actin-to-G-
actin degradation.

3.3. CaMKII is activated by SERCA-mediated [Ca2+]i overload

Given that CaMKII is a calcium dependent protein whose activity

Fig. 1. Knockdown of Yap impaired HCC metastasis in vitro via inhibition of F-actin-induced lamellipodium formation. A-B. The expression of Yap in HepG2 cells and L02 cells.
HepG2 cells stably expressing the shRNA vector had lower Yap expression when compared to the control-shRNA group and normal liver L02 cells. C. The invasion assay was performed in
wild-type cells (Ctrl) and in cells with stable knockdown of Yap (shRNA-Yap). Representative photographs are presented. D. The representative photographs of cell migration are
presented. E. The relative number of invasive cells. F. The relative number of migratory cells. G-H. The co-staining of F-actin and tubulin. The amplification panel was indicative of the
lamellipodia outside of the cell membrane (yellow arrows). *P< 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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and phosphorylation are relied on [Ca2+]i concentration. Based on this,
we observed the change of [Ca2+]i concentration. Firstly, Fura-2AM.
based calcium detection illustrated that [Ca2+]i fluorescence was in-
creased in response to Yap deficiency (Fig. 3A-B). To further prove
whether [Ca2+]i overload was responsible for CaMKII activation, we
used BAPTA, a calcium chelator, to suppress Yap-mediated [Ca2+]i
outburst. As shown in Fig. 3. A-B, BAPTA not only reduced [Ca2+]i but
also alleviated p-CaMKII expression (Fig. 3C-D). In contrast, the iono-
mycin (Ion), a calcium agonist, could increase the [Ca2+]i (Fig. 3A-B)
as well as the CaMKII phosphorylation in shRNA-control HepG2 cells
(Fig. 3C-D). Accordingly, these data elucidated that CaMKII was drove
by [Ca2+]i overload.

Our previous study has proposed that the SERCA inactivity and
downregulation account for [Ca2+]i overload. The SERCA re-uptakes
92% calcium back to endoplasmic reticulum (ER) in resting condition
[27,32]. Therefore, we wanted to know whether [Ca2+]i overload was
resulted from the aberrant SERCA. As for SERCA expression, no sig-
nificant change was observed regardless of Yap deficiency or not

(Fig. 3C and E). Notably, SERCA activity was strongly reduced after Yap
deletion (Fig. 3G). These data hinted that SERCA activity rather than its
expression was manipulated by Yap.

Considering that SERCA is a Ca-ATPase whose activity is highly
dependent on ATP production. We therefore examined the fluctuation
of intracellular ATP. Compared to the control group, the ATP produc-
tion was robustly declined in Yap-deleted HepG2 cells (Fig. 3F). In
contrast, exogenous ATP application (1 mM) not only reversed the
cellular ATP content to normal level (Fig. 3F) but also restored SERCA
activity in Yap-deleted cells (Fig. 3G). Moreover, these tendencies were
functionally accompanied with a drop in [Ca2+]i intensity via calcium
mapping analysis (Fig. 3H-I). Application of ATP could reduce calcium
overload in Yap-deleted cells. However, inhibition of SERCA activity
via its inhibitor thapsigargin (Tg) elevated [Ca2+]i in shRNA-control
group. These data implied that ATP shortage causally forced SERCA
inactivation and calcium overload. The latter elicited CaMKII phos-
phorylation.

At last, we conducted the loss-and gain-of function assay of SERCA

Fig. 2. Yap silence was associated with F-actin depolymerization into G-actin via activation of CaMKII/cofilin pathways. A-C. Yap deficiency broken-down F-actin into G-actin.
Jasplakinolide (Jas), an inhibitor of F-actin depolymerization, reversed the F-actin content in Yap-deleted HepG2. A and D. The change of cofilin phosphorylation. Yap loss enhanced the
expression of p-confilin, an inactive form of cofilin. E-G. Yap deficiency could activate CaMKII and cofilin. And CaMKII pathway was responsible for cofilin phosphorylation because
inhibition of CaMKII via KN93 abated p-cofilin expression. H. The co-staining of p-CaMKII and p-cofilin. Yap loss caused the synergistic change of p-CaMKII and p-cofilin. However,
CaMKII blocker KN93 suppressed the Yap-induced cofilin phosphorylation. *P< 0.05 vs. control group; #P<0.05 vs. shRNA-Yap group.
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activity via exogenous ATP and SERCA inhibitor Tg. Then, we observed
the change of p-CaMKII and p-cofilin. As shown in Fig. 3J, the extra
ATP treatment had the ability to dramatically attenuate p-CaMKII and
p-cofilin. In contrast, inhibition of SERCA via Tg re-introduced the p-
CaMKII and p-cofilin. Altogether, these data revealed that ATP shortage

blunted SERCA, leading to the [Ca2+]i elevation which was the main
molecular mechanism for CaMKII activation and cofilin phosphoryla-
tion.

Fig. 3. CaMKII and cofilin phosphorylation were droved by SERCA-mediated [Ca2+]i overload. A-B. The intracellular calcium ([Ca2+]i) intensity was measured by Fura-2 A.M.
BAPTA, a calcium chelator, was used to reduce the level of [Ca2+]i. Ionomycin (Ion), a calcium agonist, was applied to induce [Ca2+]i overload. C-D. The CaMKII was phosphorylated by
[Ca2+]i overload. C and E. The change of SERCA expression. F. The ATP production was also decreased in Yap-deleted HepG2 cells. G. The alteration of SERCA activity. SERCA activity
was declined in response to Yap loss. Whereas exogenous treatment of ATP could reverse SERCA activity. H-I. The [Ca2+]i map via confocal microscopy by Fura-2 A.M. Fluorescence
intensity of Fura-2AM was measured by excitation wavelengths of 340 nm and emission wavelengths of 500 nm, respectively. Data (F/F0) were obtained by dividing fluorescence
intensity (F) by (F0) at resting level (t=0) which was normalized by control groups. Exogenous treatment of ATP was used to reverse the SERCA activity. Thapsigargin (Tg), an inhibitor
of SERCA was used to block SERCA activity. J. The co-staining of p-CaMKII and p-cofilin. Recovery of SERCA via exogenous ATP reduced p-CaMKII and p-cofilin in Yap-deleted HepG2
cells. While inhibition of SERCA by Tg caused the increases in p-CaMKII and p-cofilin in shRNA-control HepG2 cells. *P< 0.05 vs. control group; #P<0.05 vs. shRNA-Yap group, @
P<0.05 vs. shRNA-ctrl group.
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3.4. Yap deficiency activates mitophagy leading to energy metabolism
disorder

Because mitochondria are the center of cellular energy production
[43]. The ATP undersupply may be derived from the mitochondrial
dysfunction [44]. Based on the property of Yap on mitochondrial da-
mage via Bcl-XL [22], we therefore speculated that Yap deficiency was
associated with mitochondrial energy disorder. As shown in Fig. 4A–D,
loss of Yap repressed the state 3/4 respiratory rate, ADP phosphoryla-
tion (respiratory control ratio) and ATP synthesis efficiency (ADP/O).
These data claimed the damage of mitocondrial oxidative

phosphorylation under Yap deletion.
Based on the increasingly important action of mitophagy on mi-

tochondrial quantity and quality, we therefore asked whether mito-
phagy was implicated in the Yap-mediated mitochondrial malfunction.
As shown in Fig. 3E, compared to the normal HepG2 cells, Yap defi-
ciency positively promoted the fusion of mitochondria and lysosome,
which was witnessed by more overlap of mitochondria and lysosome. In
contrast, the mitophagy inhibitor 3-MA weakened the integration be-
tween mitochondria and lysosome. However, in the shRNA control
group, application of FCCP, an inducer of mitophagy, could augment
the merge of mitochondria and lysosome.

Fig. 4. Yap-related energy disorder was due to excessive mitophagy. A-D. Effect of Yap deletion on state 3 respiration, state 4 respiration, respiratory control ratio (RCR [state 3/state
4]), and number of nmol ADP phosphorylated to atoms of oxygen consumed (ADP/O). E. The mitophagy activity was examined via the overlap of mitochondria and lysosome. Compared
to the control cells, Yap-deleted HepG2 cells had more lysosome containing mitochondria. 3-MA was the inhibitor of mitophagy and 3-MA could alleviate the promotive effect of Yap
deficiency on mitophagy. FCCP was the inducer of mitophagy, which was used as the positive control group. F-J. The change of proteins related to mitophagy. K-L. The content of
mitochondrial electron respiratory complex (ETC). Yap caused a significant drop in ETC contents. But this tendency was reversed by 3-MA. M. The changes in ETC I, II, and V activities
were measured spectrophotometrically. Yap deficiency was associated with the ETC inactivity which was reversed by mitophagy inhibition via 3-MA. N. The mtDNA copy number was
assessed by complex IV segment. O. The transcript level of mtDNA was reflected by two different components: NADH dehydrogenase subunit 1 (ND1) encoded by the light chain of
mtDNA and cytochrome c oxidase subunit I (COX I) encoded by the heavy chain of mtDNA. *P< 0.05 vs. control group; #P<0.05 vs. shRNA-Yap group, @ P<0.05 vs. shRNA-ctrl
group.
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Besides, loss of Yap also enhanced the LC3II accumulation on the
mitochondria which was accompanied with the increases in p62, be-
clin1 and ATG5 expression (Fig. 4F–J). These changes could be reversed
by 3-MA, an inhibitor of mitophagy(Fig. 4F-J). Excessive mitophagy
would consume most of mitochondria. As shown in Fig. 4K–L, we found
that loss of Yap caused the downregulation of mitochondrial electron
respiratory complex (ETC). However, 3-MA inhibited the decline of ETC
in Yap-deleted HepG2 cells (Fig. 4K-L). These data indicated that mi-
tophagy induced mitochondrial damage. Similarly, the ETC activities
were also reduced after knockdown of Yap but increased once inhibi-
tion of mitophagy (Fig. 4M). Thus, these data collectively described that
Yap deficiency was associated with mitophagy activation which con-
sumed lots of mitochondria, leading to the ETC down-regulation and
inactivation.

The ETC was encoded by mitochondria DNA (mtDNA), we therefore
wanted to know whether excessive mitophagy debased the mtDNA copy
number and mtDNA transcripts. The mtDNA copy number was assessed
by complex IV segment. The transcript level of mtDNA was reflected by
two different components: NADH dehydrogenase subunit 1 (ND1) en-
coded by the light chain of mtDNA and cytochrome c oxidase subunit I
(COX I) encoded by the heavy chain of mtDNA. As shown in Fig. 4N–O,
under Yap deficiency, the mtDNA copy and transcription were ob-
viously diminished. However, inhibition of mitophagy by 3-MA pro-
tected the mtDNA copy and transcription in Yap-deleted HepG2 cells.
These findings explained that Yap-mediated energy shortage was de-
rived from excessive mitophagy which degraded the mtDNA copy and
transcription, leading to ETC loss and oxidative phosphorylation col-
lapse.

3.5. Mitophagy is triggered by Bnip3 upregulation

Mitophagy could be regulated via BCL2/adenovirus E1B 19 kDa
protein-interacting protein 3 (Bnip3), FUN14 domain containing 1
(FUNDC1) and Parkin [19,30,45]. FUNDC1-required mitophagy was
primarily triggered in response to hypoxia according to our previous
finding [19]. As for Parkin, its activation was largely dependent on
PINK or mitochondrial membrane potential collapse as our previously
reported [30]. Bnip3 was considered as a tumor suppressor to limit
tumor development and progression [46]. In the present, we argued
that Bnip3 may be more likely to be employed in Yap-mediated mito-
phagy. As expected, compared to the control HepG2 cells, no changes
were found about the total FUNDC1 (t-FUNDC1), phosphorylated
FUNDC1 at Tyr18 (p-FUNDC1), total Parkin (t-Parkin) and phos-
phorylated Parkin at Ser65 (p-Parkin) in Yap-deleted HepG2 cells
(Fig. 5A-C). While the Bnip3 content was significantly increased in Yap-
deleted HepG2 cells (Fig. 5A and D). These data fully explained that
Bnip3 was commanded by Yap and may be involved in mitophagy ac-
tivity. Next, siRNA was used to establish the regulatory role of Bnip3 in
mitophagy (the siRNA knockdown efficiency was confirmed in Fig. 5F).
After Bnip3 silence, less LC3II was migrated on the mitochondria
(Fig. 5E), indicative of mitophagy inhibition. These data uncovered that
Yap regulated mitophagy via Bnip3.

Furthermore, to demonstrate whether mitophagy was involved the
CaMKII and cofilin regulation, we detected the expression of CaMKII
and cofilin. The results shown in Fig. 5F-I displayed that loss of Bnip3
abated CaMKII and cofilin phosphorylation. Moreover, to provide the
direct evidence for the role of Bnip3-required mitophagy in F-actin
degradation and lamellipodium disorder, we stained F-actin. As shown
in Fig. 5J, Yap deficiency caused F-actin malalignment with less la-
mellipodium around the cells. However, loss of Bnip3 reversed F-actin
structure and lamellipodium number (Fig. 5J). Thus, we solidly con-
firmed that mitophagy was regulated by Bnip3 and contributed to the F-
actin degradation and CaMKII/cofilin activation.

3.6. Yap deletion augments Bnip3 expression via JNK pathway

At last, we wanted to know how Yap increased the expression of
Bnip3. Several studies have indicated that Bnip3 could be regulated by
JNK pathways. Considering the available evidences linking Yap and
JNK, we therefore guessed whether JNK was the node connecting Yap
and Bnip3. Firstly, we demonstrated that Yap loss was associated with
JNK phosphorylation (Fig. 6A-B). SP600125 (SP) is the inhibitor of JNK
and it blocked Yap-mediated JNK phosphorylation (Fig. 6A-B). More-
over, SP also halted the Yap-evoked Bnip3 upregulation (Fig. 6A and C).
In contrast, Anisomycin (Ani) is the activator of JNK, which was used as
the positive control group. Ani induced JNK phosphorylation (Fig. 6A-
B) and Bnip3 upregulation (Fig. 6A and C) in shRNA-control group.
These data confirmed our original assumption that Yap deletion ele-
vated Bnip3 via JNK.

To further explain how JNK elevated the Bnip3 expression, we fo-
cused the Bnip3 gene transcription. Firstly, Bnip3 mRNA was increased
after Yap deletion, but was reduced under SP treatment (Fig. 6D).
Whereas in the shRNA-control group, the Ani had the ability to promote
Bnip3 transcription (Fig. 6D). These data hinted that JNK may con-
tribute to Bnip3 gene transcription. Through chromatin-anti-p-JNK
immunoprecipitation (ChIP) assay, we demonstrated that p-JNK struc-
turally bound to Bnip3 promoter (Fig. 6E-F). In Yap-deleted HepG2
cells, p-JNK could interact with Bnip3 promoter (Fig. 6E-F). Whereas SP
inhibited this tendency (Fig. 6E-F). Furthermore, we also used the JNK
activator Anisomycin (Ani) in the shRNA-control HepG2 cells (Fig. 6E-
F). The result exhibited that Ani treatment induced the interaction
between p-JNK and Bnip3 promoter. Altogether, this data illustrated
that p-JNK was the positive transcription factor for Bnip3.

At last, to demonstrate whether JNK was also involved in mitophagy
activation and F-actin degradation, we firstly co-stained mitochondria
and lysosome. As shown in Fig. 6G, loss of Yap caused more mi-
tochondria and lysosome overlap. And this change was reversed by JNK
inhibitor. Furthermore, we used the F-actin, tubulin and lysosome
staining to explain the role of JNK in F-actin and lamellipodium reg-
ulation. As shown in Fig. 6H, loss of Yap caused F-actin disarrangement
and lysosome upregulation, which was accompanied with lamellipo-
dium collapse (yellow arrows in the amplification panel of Fig. 6H).
However, inhibition of JNK via SP in Yap-deleted HepG2 cells, the
number of lysosome was reduced (Fig. 6H). Meanwhile, SP also sus-
tained F-actin and lamellipodium (Fig. 6H). In contrast, in the shRNA
control group, activation of JNK by Ani upregulated the lysosome and
disrupted F-actin/lamellipodium. Collectively, these data identified the
vital role of JNK in mitophagy activation, F-actin degradation and la-
mellipodium disorder.

4. Discussion

In this study, we found that (1) Yap was significantly increased in
the HCC cancer tissues and HepG2 cells; (2) loss of Yap was closely
associated with the inability of HepG2 cells to migrate and invade in a
F-actin dependent mode; (3) Yap deficiency greatly contributed to the
JNK phosphorylation which directly interacted the Bnip3 promoter and
augmented the Bnip3-required mitophagy; (4) excessive mitophagy
unfortunately consumed most of mitochondria leading to the mi-
tochondrial DNA damage, ETC loss and energy disorder; (5) insufficient
ATP specifically blunted SERCA and trigged [Ca2+]i overload; (6)
[Ca2+]i elevation drastically phosphorylated CaMKII which inactivated
cofilin, finally resulting into F-actin degradation and abrogating la-
mellipodium-based migration. To our best known, this is the first study
to describe the comprehensive role of Yap in the HCC migration via
regulation of cofilin/F-actin axis by inhibiting JNK/Bnip3/SERCA/
CaMKII pathways (Fig. 7).

Hepatocellular carcinoma (HCC) is the fifth most common malig-
nancies worldwide and the second frequent cause of cancer-related
death [5]. Despite remarkable advances in diagnosis and improvement
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in therapeutic modalities, including novel chemotherapeutic interven-
tions and target therapy, the long-term survival of HCC patients re-
mains unsatisfactory due to the high rates of distal metastasis [2,4].
Thus, it is essential to explore the molecular mechanisms of metastasis
and recurrence of HCC.

Cancer cell migration requires important regulations of cell cytos-
keleton, volume, morphology, cell-to-matrix and cell-to-cell adhesions

[15,47]. Over the recent years, multiple modes of cancer cell migration
have been characterized. Notably, the mesenchymal mode (or the la-
mellipodium-based migration mode) on individual cell migration has
been described by several studies [10,15]. In the lamellipodium-based
mode, the arrangement and dynamic behavior of F-actin filaments
supply the protrusive force for cell movement [48], determine the
shape of migrating cells [49], and provide the cortical tension necessary

Fig. 5. Yap deficiency activated Bnip3-required mitophagy. A-D. The change of t-FUNDC1, p-FUNDC1, t-Parkin, p-Parkin and Bnip3. Yap loss upregulated Bnip3 expression but had
no role in other mitophagy receptors. E. Bnip3 upregulation was associated with the mitophagy activation. The siRNA was used to knockdown the expression of Bnip3. In Yap-deleted
HepG2 cells, more LC3II migrated on the surface of mitochondria. In the amplification panel, we observed more foci of mitochondria and lysosome. However, this change was blocked
once knockdown of Bnip3. F-I. Bnip3-required mitophagy was associated with CaMKII/cofilin phosphorylation. Western blots indicated that both of p-CaMKII and p-cofilin were
suppressed once silence of Bnip3. J. Inhibition of Bnip3-required mitophagy reversed the F-actin and lamellipodia in Yap-deleted HepG2 cells. The F-actin and lamellipodia images were
obtained under black-and-white vision. In the amplification panel, the yellow arrows indicated the lamellipodia. *P<0.05 vs. control group; #P<0.05 vs. shRNA-Yap group. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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for maintaining cell/cell and cell/matrix contacts [50,51]. These
functions depend on a complex network of F-actin filaments that extend
throughout the cytoplasm and is mainly controlled by cofilin [12,52].
Thus, the F-actin cytoskeleton and its regulator cofilin are the major
vehicle for cellular migration and invasion [53,54]. In the present, we
found that Hippo-Yap pathway was the upstream controller of cofilin/
F-actin. Loss of Yap caused the cofilin phosphorylated inactivation,
which was accompanied with lamellipodium collapse. As far as we
know, this is the first investigation to describe the relationship between
Hippp-Yap and cofilin/F-actin.

The Hippo pathway is strongly considered as an important player in
cancer development involving cellular growth and apoptosis in liver
cancer, prostate cancer, lung cancer, and ovarian cancer [55–57]. Al-
though clinical data have illustrated high Yap expression correlates
with poor survival for HCC patients [58], little evidence is available to

explain the role of Yap in cellular migration. In the present study, we
provided solid evidence for the indispensable action of Yap on cellular
migration. Yap negatively controlled the JNK/Bnip3 activation and
sustained mitochondria ATP supply via abating Bnip3-required mito-
phagy. More ATP production could preserve the SERCA activity and
intracellular calcium homeostasis, powerfully blocking CaMKII activa-
tion. CaMKII is the upstream mediator for the cofilin phosphorylated
inactivation [59]. Inhibition of CaMKII/cofilin pathway by Yap main-
tains F-actin updating and prevents F-actin degradation. Thus, through
modification of JNK/Bnip3/SERCA/CaMKII pathways, Yap forcefully
keeps the cofilin and F-actin balance. This is the mechanism by which
Yap regulates the cell migration.

JNK has been reported as the stress-activated protein kinases in the
liver [60], and activation of JNK induces inflammation and apoptosis
[61]. JNK has a close relationship with c-Jun, a kind of phosphorylation

Fig. 6. JNK pathway mediated Bnip3 upregulation via regulating Bnip3 transcription. A-C. Yap deletion was involved in the JNK activation. SP600125 (SP) and Anisomycin (Ani)
were used to inhibit or activate JNK pathways, respectively. Inhibition of JNK pathway abated Bnip3 upregulation in Yap-deleted HepG2 cells. However, activation of JNK triggered
Bnip3 expression in shRNA-control HepG2 cells. D. The mRNA expression of Bnip3. E-F. Chromatin-anti-p-JNK immunoprecipitation (ChIP) assay displayed that p-JNK interacted with
the Bnip3 promoter in Yap-deleted HepG2 cells, but it does not in control or shRNA-control HepG2 cells. Immunoglobulin-G (IgG) was used as negative control, and anti-histone-3 (α-H3)
as a positive control; input demonstrated equal amplification of DNA in non-immunoprecipitated samples; IP corresponds to the amplified DNA band in the immunoprecipitated samples.
G. Inhibition of JNK also alleviated the mitophagy activity via mitochondria and lysosome co-staining. H. Blockade of JNK prevented the F-actin degradation and therefore contributed to
the lamellipodia formation. The tubulin was used as the negative control group. In the amplification panel, yellow arrows indicated the lamellipodia. *P< 0.05 vs. control group;
#P<0.05 vs. shRNA-Yap group, @ P<0.05 vs. shRNA-ctrl group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 7. Deletion of Yap impaired the HCC migration.
Loss of Yap enhanced the JNK activity.
Phosphorylated JNK translocated into nuclear where
it directly interacted with Bnip3 promoter and con-
tributed to Bnip3 transcription and expression.
Higher Bnip3 forced the mitophagy which ex-
cessively consumed mitochondria, leading to the
mtDNA damage, mitochondrial electron respiratory
complex (ETC) downregulation and ATP under-
supply. The energy disorder blunted SERCA activity
resulting into the inability of SERCA to reuptake in-
tracellular calcium into ER. The elevation of calcium
activated CaMKII which phosphorylated cofilin,
leading to the obstacle of F-actin assembling. The
failure of F-actin to form the stress fiber impeded
lamellipodium formation in the cell membrane, fi-
nally limiting the cancer migration. Therefore, Yap
regulated HCC metastasis and mobilization via gov-
erning cofilin/F-actin/lamellipodium axis by inhibi-
tion of JNK/Bnip3/SERCA/CaMKII pathways.
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activated transcription factor. We found that phosphorylated JNK could
bind to the Bnip3 promoter, leading to Bnip3 upregulation. Further-
more, Bnip3 has the ability to activate mitophagy which is the house-
keeper of mitochondrial quantity and quality [62]. Notably, different
mitophagy receptor may have different role in cell fate. Our previous
study has found that FUNDC1-required mitophagy benefited cells sur-
vival under hypoxia [19]. In contrast, in the reoxygenation stage after
hypoxia, the Parkin-required mitophagy was the culprit for cellular
death [30]. While, in the present study, JNK/Bnip3-required mitophagy
specifically induced mitochondrial dysfunction, causing HCC migration
inhibition. This data puts forward that the Bnip3-required mitophagy
may be the core signal to handle cancer migration.

Mechanistically, excessive mitophay consumed the mitochondrial
mass and led to the drop in mtDNA copy and transcript, which was
accompanied with the decline in ETC contents. Lower ETC failed to
produce enough ATP to fuel the cellular biological function, especially
intracellular calcium recycle. The ATP shortage finally impaired SERCA
activity and evoked calcium overload, suggesting that mitophagy has
the ability to modify calcium balance. Notably, several studies have
uncovered the relationship between calcium and mitophagy. But they
argued that calcium was the upstream signal for the mitophagy [40,63].
Little evidence is available for the feedback signal of mitophagy to
calcium. Based on our data, we added more information of the reg-
ulatory effect of mitophagy on calcium balance. These findings confirm
that mitophagy is not only the scavenging system of mitochondria, and
that it also influences the calcium homeostasis and ER-related calcium
channel SERCA. Cautiously, the calcium homeostasis is finely-con-
trolled by inositol trisphosphate receptor 3 (IP3R), ryanodine receptor
(RyR) and SERCA according to our previous study [32,64]. Whether
mitophagy also exerts influence on IP3R or RyR remains unknown and
further insights into these molecular mechanisms are needed.

The CaMKII could be launched by calcium overload. Activated
CaMKII elicited cofilin phosphorylation, an inactive form of cofilin. In
the process of cellular migration, actin cytoskeleton rearrange needs the
dephosphorylated cofilin [65]. It promotes G-actin assembling into F-
actin at the front of cell, contributing to the formation of lamellipodium
[66]. In contrast, p-cofilin causes the F-actin synthesis disturbance, and
even mediates F-actin depolymerization into G-actin. As the con-
sequence of F-actin collapse, the lamellipodium-based migration was
blunt. In the present study, Yap deficiency was associated with the
cofilin phosphorylation via activation of JNK/Bnip3/SERCA/CaMKII
pathways, hinting the indispensable role of Yap in cancer migration.
Thereby, there findings enrich the tumor-promotive effect of Yap via
enhancing migration, which fills the gap underlying Yap and cancer
metastasis. Meanwhile, we also explore a novel pathway to regulate the
F-actin/lamellipodium homeostasis, and that is Yap-JNK-Bnip3-SERCA-
CaMKII. However, more solid clinical evidences are needed to support
our notation.

Collectively, the results of our report illustrate the important role of
Yap in the HCC migration via regulating cofilin/F-actin/lamellipodium
related cellular mobilization by inhibiting JNK/Bnip3/SERCA/CaMKII
pathways. Moreover, we establish the links between Hippo-Yap
pathway, Bnip3-required mitophagy, SERCA-related calcium overload
and cofilin-associated F-actin homeostasis with respect to cellular mi-
gration. Based on these findings, the strategies to regulate the balance
of Hippo-Yap pathway and F-actin/lamellipodium could be a ther-
apeutic target to HCC metastasis and recurrence in the clinical practice.
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