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Introduction
Membrane protrusion and adhesion to the extracellular matrix 
are the 2 fundamental processes of different modes of cell migra-
tion, which are crucial for embryonic development, wound heal-
ing, immune responses, and tumor invasion and metastasis (1, 
2). Membrane protrusion, a de novo membrane extension in the 
direction of movement forming the leading edge as filopodia, 
lamellipodia, or invadopodia, results from the expansion of the 
cytoskeleton (actin filaments or F-actin, which serves as a scaffold 
for myosin II motors and other effectors). Adhesion to the extra-
cellular matrix occurs through the formation of adhesion com-
plexes, namely cell-matrix adhesions. Cell-matrix adhesions are 
membranous hubs that mediate the interaction between the extra-
cellular matrix and the cellular scaffolding and signaling machin-
ery via membranous receptors, mainly integrins, for extracellular 
ligands. Integrins, a large superfamily of heterodimeric receptors, 
bind to diverse extracellular matrix molecules to trigger intracel-
lular signals (3, 4). Talin is required for most integrin-mediated 
adhesive functions (5, 6) and is thus viewed as a central player in 
integrin functions, such as adhesion for migration (7, 8). Binding of 
talin to the cytoplasmic domain of integrin β leads to the formation 

of integrin αβ heterodimers, resulting in the assembly of nascent 
cell-matrix adhesions, which then elicit adhesion-mediated sig-
nals regulating actin cytoskeleton polymerization and cell motil-
ity (9). Therefore, the formation of nascent cell-matrix adhesions 
plays a pivotal role in cell adherence to the matrix and signaling 
for extension of the actin cytoskeleton during cell migration (10). 
Interestingly, accumulating evidence suggests the involvement 
of deregulated cell-matrix adhesions in cancer development and 
tumor metastasis (11, 12). However, how cells, particularly tumor 
cells with high invasiveness, spatiotemporally regulate cell-matrix 
adhesion and the formation of filopodia, lamellipodia, and inva-
dopodia for directional migration remains unclear.

The chloride intracellular channel (CLIC) family consists of 
6 highly conserved members (CLIC1–6). All CLICs consist of an 
N-terminal thioredoxin-like domain followed by an α-helix C-ter-
minal domain (13). The CLICs are unique among eukaryotic ion 
channels in that they can exist as either a soluble monomer or an 
integral membrane channel upon undergoing structural rearrange-
ment (14). These proteins play diverse physiological roles in health 
and diseases, including inflammatory responses to tissue injury 
and tumor progression (15). CLIC1 is the most studied because of 
its broad expression in different mammalian tissues and cells (16). 
In response to stimuli, such as oxidative stress, CLIC1 changes its 
structure and is inserted into lipid membranes to form an ion chan-
nel in vitro (14, 17, 18). In macrophages, CLIC1 inserts into the pha-
gosomal membrane upon phagocytosis. Increasing evidence has 
shown that CLIC1 can insert into the plasma membrane (19) and 
function as a chloride ion channel (20), although these findings are 

Membrane protrusion and adhesion to the extracellular matrix, which involves the extension of actin filaments and formation 
of adhesion complexes, are the fundamental processes for cell migration, tumor invasion, and metastasis. How cancer cells 
efficiently coordinate these processes remains unclear. Here, we showed that membrane-targeted chloride intracellular 
channel 1 (CLIC1) spatiotemporally regulates the formation of cell-matrix adhesions and membrane protrusions through 
the recruitment of PIP5Ks to the plasma membrane. Comparative proteomics identified CLIC1 upregulated in human 
hepatocellular carcinoma (HCC) and associated with tumor invasiveness, metastasis, and poor prognosis. In response to 
migration-related stimuli, CLIC1 recruited PIP5K1A and PIP5K1C from the cytoplasm to the leading edge of the plasma 
membrane, where PIP5Ks generate a phosphatidylinositol 4,5-bisphosphate–rich (PIP2-rich) microdomain to induce the 
formation of integrin-mediated cell-matrix adhesions and the signaling for cytoskeleon extension. CLIC1 silencing inhibited 
the attachment of tumor cells to culture plates and the adherence and extravasation in the lung alveoli, resulting in 
suppressed lung metastasis in mice. This study reveals what we believe is an unrecognized mechanism that spatiotemporally 
coordinates the formation of both lamellipodium/invadopodia and nascent cell-matrix adhesions for directional migration 
and tumor invasion/metastasis. The unique traits of upregulation and membrane targeting of CLIC1 in cancer cells make it an 
excellent therapeutic target for tumor metastasis.

CLIC1 recruits PIP5K1A/C to induce cell-matrix 
adhesions for tumor metastasis
Jei-Ming Peng,1,2 Sheng-Hsuan Lin,1 Ming-Chin Yu,3 and Sen-Yung Hsieh1,4

1Department of Gastroenterology and Hepatology, Chang Gung Memorial Hospital, Linkou, Taoyuan, Taiwan. 2Institute for Translational Research in Biomedicine, Kaohsiung Chang Gung Memorial Hospital, 

Kaohsiung, Taiwan. 3Department of General Surgery, Chang Gung Memorial Hospital, Linkou, Taoyuan, Taiwan. 4Chang Gung University College of Medicine, Taoyuan, Taiwan.

Authorship note: JMP and SHL contributed equally to this work.
Conflict of interest: The authors have declared that no conflict of interest exists.
Copyright: © 2021, American Society for Clinical Investigation.
Submitted: October 7, 2019; Accepted: October 14, 2020; Published: January 4, 2021.
Reference information: J Clin Invest. 2021;131(1):e133525. 
https://doi.org/10.1172/JCI133525.

https://www.jci.org
https://doi.org/10.1172/JCI133525


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2021;131(1):e133525  https://doi.org/10.1172/JCI1335252

el: normal liver/early HCC/invasive HCC = 
1/4.65/10.09, P < 0.001; Figure 1, B–D, and 
Supplemental Table 2). We thus selected 
CLIC1 for further investigation.

CLIC1 upregulation in HCC is associat-
ed with vascular invasion, metastasis, and 
lower survival. To validate the correlation 
between CLIC1 upregulation and HCC 
progression, we used immunohistochem-
istry (IHC) to compare the CLIC1 levels 
between the HCC tissues and the para- 
tumor liver tissues on tissue microarrays 
(TMA) from 89 patients with HCC (Sup-
plemental Figure 1A and Supplemental 
Table 3). The CLIC1 level was significantly 
increased in the HCC tissues (P < 0.001 by 
Student’s t and paired t tests; Figure 2A). 
Moreover, high CLIC1 levels were signifi-
cantly associated with advanced tumor 
stages (P = 0.006, Kruskal-Wallis test), 
higher vascular invasion status (P = 0.018, 
Kruskal-Wallis test; Table 1), and a lower 
survival rate (P = 0.008, log-rank test; Fig-
ure 2B). We further compared the CLIC1 
levels between the paired primary and met-
astatic HCC samples from 12 patients (Sup-

plemental Figure 1B). We found significantly higher CLIC1 levels 
in the metastatic HCC samples than the primary HCC samples  
(P = 0.019, t test and P < 0.001, paired t test; Figure 2C).

To consolidate the above findings, we retrieved an HCC cohort 
from The Cancer Genome Atlas (TCGA, https://cancergenome.
nih.gov/) database. We found that progressive CLIC1 upregula-
tion went along with higher tumor stages (P = 0.0014; Figure 2D). 
Moreover, high CLIC1 expression was associated with lower sur-
vival (P < 0.001; Figure 2E).

Considering that pancreas and lung cancers are highly inva-
sive, we retrieved a cohort of pancreatic ductal adenocarcino-
ma (PDAC, n = 177) and a cohort of non–small cell lung cancer 
(NSCLC; n = 513) from TCGA data sets. We found that high CLIC1 
expression was significantly associated with lower survival in both 
cohorts (P < 0.001 and P = 0.021 for PDAC and NSCLC, respec-
tively; Figure 2, F and G). Collectively, these findings indicate that 
CLIC1 is upregulated in HCC, and its upregulation is associated 
with tumor invasion and metastasis and poor clinical outcomes.

CLIC1 facilitates adherence and extravasation of tumor cells for 
metastasis in mice. To verify the clinical findings that CLIC1 facil-
itates tumor invasion and metastasis, we used xenograft tumor 
assays in mice. We first examined CLIC1 expression in a panel of 
hepatoma cell lines. Cells with high CLIC1 expression displayed 
relatively mesenchymal traits and high invasiveness (SK-Hep1 and 
Mahlavu cells vs. Hep3B and HepG2 cells; Supplemental Figure 2). 
We then silenced CLIC1 expression by using siRNAs (siCLIC1) or 
small hairpin RNAs (shCLIC1) in luciferase-transformed SK-Hep1 
and Huh7 cells for xenograft tumor metastasis in nude mice. Lung 
metastasis assays were performed by injection of tumor cells 
through the tail veins of nude mice. Four hours after the injection, 
approximately equal amounts of tumor cells targeted to the lungs 

still under debate. CLIC1 is widely upregulated in many types of 
human cancers (21–26) and is associated with tumor progression 
and metastasis (22, 27, 28). However, the involvement of CLIC1 in 
tumor progress and metastasis has not been fully elucidated.

Here, we demonstrate that CLIC1 is progressively upregulat-
ed along with the progression of human hepatocellular carcinoma 
(HCC) and associated with tumor metastasis. In response to che-
motaxic or mechanotaxic stimuli, CLIC1 recruited PIP5Ks to the 
leading edge of the plasma membrane, where it generates phos-
phatidylinositol 4,5-bisphosphate (PIP2) and subsequently activa-
tion of talin and integrin α4β1 and α6β4 to initiate the assembly of 
nascent cell-matrix adhesions and adhesion-mediated signaling 
for actin cytoskeleton remodeling to form lamellipodia and inv-
adopodia. CLIC1 deletion suppressed the formation of nascent 
adhesions and signaling of tumor cells in vitro and tumor metas-
tasis in vivo. Our findings suggest CLIC1 as a potential therapeutic 
target for cancer invasion and metastasis.

Results
Comparative proteomics disclosed that CLIC1 is progressively upreg-
ulated along with HCC progress. HCC is highly invasive (29). To 
identify proteins contributing to the high invasiveness of HCC, 
we compared the protein profiles in 7 normal liver samples, and 
12 early (solitary tumor < 3 cm without invasion), and 13 invasive 
(invading into major branches of the portal or hepatic veins) HCC 
samples by using 2D gel electrophoresis (Supplemental Table 1; 
supplemental material available online with this article; https://
doi.org/10.1172/JCI133525DS1) (Figure 1A). A total of 1238 spots 
matched across gels and 104 proteins were identified (Supple-
mental Table 2). Of them, CLIC1 was the only one that was pro-
gressively upregulated along with tumor progression (relative lev-

Table 1. Correlation of CLIC1 levels to clinical manifestations in 89 patients with HCC

Group Low CLIC level High CLIC level Total P value Statistical test
Sex Male 31 31 62 0.15 χ2

Female 18 9 27
Age, years 20–29 1 0 1 0.563 Kruskal-Wallis

30–39 1 8 9
40–49 21 12 33
50–59 17 10 27
60–69 8 10 18
70–79 1 0 1

Tumor stage I 21 9 30 0.006 Kruskal-Wallis
II 18 12 30

IIIB 10 19 29
Etiology HBV 24 21 45 0.745 χ2

HCV 25 19 44
Vascular invasion 0 26 13 39 0.018 Kruskal-Wallis

1 1 1 2
2 19 18 37

3–4 3 8 11

IHC score: percentage of positive cells × IHC intensity (0–3); high IHC score ≥ 200; low IHC score < 
200. HBV, hepatitis B virus; HCV, hepatitis C virus. Vascular invasion grade: 0, no vascular invasion; 1, 
capsular vein invasion; 2, microscopic vascular invasion; 3, gross vascular invasion; 4, main branches 
of the portal or hepatic vein invasion.
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Figure 1. Comparative proteomics identified CLIC1 progressively upregulated along with HCC progress. Liver samples, including 7 normal livers (para- 
tumor liver from cases of hepatic focal nodular hyperplasia), 12 early HCCs, and 13 invasive HCCs, were subjected to proteomics analysis. (A) Representative 
2D gel maps of normal liver, early HCC, and invasive HCC. Red arrows indicate CLIC1 on 2D gel maps. (B) Volcano plots present overviews of the proteins 
that are differentially expressed in healthy liver, early HCC, and invasive HCC. The log2 fold change and the negative log10 (FDR) are indicated on the x 
and y axis, respectively. Proteins with greater than 2-fold changes and P < 0.05 were regarded as deregulated (red spots) and are summarized in lower 
panels. Arrows indicate CLIC1, which is the only protein that is progressively upregulated along with HCC progress. Statistical analysis was performed by 
Mann-Whitney U test. (C) Representative focal 2D images show CLIC1 in normal liver, early HCC, and invasive HCC. (D) Dot plot of the normalized volumes 
of CLIC1 in normal liver, early HCC, and invasive HCC. Mean ± SD are shown. Statistical analysis was performed by 1-way ANOVA with Dunnett’s corrections. 
See also Supplemental Tables 1 and 2. *P < 0.05; ***P < 0.001.
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ed tumor cells was confirmed by immunoblotting assays (Figure 
3E). Moreover, constitutively silenced CLIC1 in the xenograft 
HCC cells prolonged the overall survival of the mice (P = 0.0049, 
shEV vs. shCLIC1; Figure 3F), while transient silencing of CLIC1 
by siCLIC1 exerted only a marginally protective effect (P = 0.083; 
Figure 3G). Consistently, CLIC1 depletion (shCLIC1) suppressed 
liver metastasis (as compared with the control, shEV), which was 

in all 4 groups were observed (Figure 3A). However, 5–9 weeks 
after the injection, overt lung metastasis developed in the control 
groups (siNC, siRNAs containing scrambled sequences; or shEV, 
shRNA harboring empty vector), but relatively low (siCLIC1) or 
undetectable (shCLIC1) signals of lung metastasis were found 
when CLIC1 was transiently (siCLIC1) or constitutively (shCLIC1) 
silenced (Figure 3, A–D). The silencing efficiency of the inoculat-

Figure 2. CLIC1 upregulation in HCC is associated with vascular invasion, metastasis, and lower survival. A total of 89 pairs of HCC (T) and para-tumor 
(N) liver tissues and 12 pairs of primary and metastatic HCCs were included. IHC scores for CLIC1 (calculated as percentage of positive hepatocytes × IHC 
intensity [range 0–3]) were determined by an automation system (inForm Advanced Image Analysis Software, version 2.3, PerkinElmer). (A) A pair of 
representative IHC images of N and T. Scale bar: 100 μm. Dot plots show the comparison between N and T. Upper, 2-tailed Student’s t test; lower, paired 
t test. ***P < 0.001. (B) Kaplan-Meier survival curves for the 89 cases of HCC with high (IHC score ≥ 200, n = 40) and low (IHC score < 200, n = 49) CLIC1 
levels. A log-rank test determined P value. (C) Representative IHC images of paired primary and metastatic tumors. Scale bar: 100 μm. Dot plots: Upper, 
Mann-Whitney U test; lower, Wilcoxon signed-rank test. **P < 0.01. (D) Violin plot shows the relative CLIC1 mRNA levels (central dots: medians; bold bars: 
interquartile ranges) in different stages of HCC in a TCGA HCC cohort (n = 370). Statistical analysis was performed by 1-way ANOVA with Tukey’s correc-
tions. TPM, transcripts per kilobase million. (E–G) Kaplan-Meier survival curves generated from 3 TCGA cohorts: HCC (n = 370), PDAC (n = 177), and NSCLC  
(n = 504). High and low CLIC1 levels were based on the median CLIC1 value for HCC and the optimal P values by log-rank tests for PDAC and NSCLC.
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performed by injection of Huh7 cells through the spleen into nude 
mice (Figure 3, H–K).

In tail-vein injection mouse models, lung metastasis involves 
adherence in the lung/extravasation, premetastatic niche forma-
tion, and colonization/proliferation of tumor cells in the meta-
static cascade (30). To identify which steps of metastasis were 
inhibited by CLIC1 depletion, we did lung dissection at different 
time points after injection of the GFP-labeled tumor cells through 
the tail vein in nude mice. As shown in Figure 3L, equal numbers 
of tumor cells with (shCLIC1) and without (shEV) CLIC1 deple-
tion were detected in the lung sections at 4 and 8 hours, followed 
by a rapid loss of the shCLIC1 tumor cells, but not shEV cells, in 
the lung tissue at 12 hours and after that. This finding suggested a 
defect in the adherence in the lung alveoli and extravasation steps 
rather than in the subsequent colonization of tumor cells in the 
lung metastasis cascade.

To further verify the hypothesis, we seeded SK-Hep1 and 
Mahlavu cells with and without CLIC depletion on the lami-
nin-coated plates. Cells with CLIC1 depletion significantly lost 
their adhesion to the plats as compared with the control (P < 
0.001 for both SK-Hep1 and Mahlavu cells; Figure 3M). Therefore, 
CLIC1 is critically required for tumor cells adhering to the extra-
cellular matrix. Together, our findings suggest that CLIC1 plays a 
pivotal role in the adherence and extravasation of tumor cells in 
the metastasis cascade.

CLIC1 facilitates filopodia, lamellipodia, and invadopodia upon 
migration induction. Given that adhesion to the extracellular matrix 

and membranous protrusions are the fundamental processes for 
cell migration and tumor invasion and metastasis, we evaluated 
the roles of CLIC1 in the formation of membrane protrusions. We 
examined the roles of CLIC1 in cell migration and invasion in vitro. 
Transwell assays showed that CLIC1 depletion (shCLIC1) signifi-
cantly suppressed the migration and invasion (with and without 
Matrigel coating, respectively) of SK-Hep1, Mahlavu, and Huh7 
cells (Figure 4, A and B). In contrast, ectopic expression of CLIC1 
in Huh7, HepG2, and Tong cells (poorly motile cells) enhanced 
their migration and invasion (Figure 4, C and D, and Supplemen-
tal Figure 3, A and B). The silencing and induction efficiencies of 
CLIC1 expression are summarized in Supplemental Figure 3C.

Notably, CLIC1 depletion in SK-Hep1, Mahlavu, Hep3B, and 
Huh7 cells or ectopic expression of CLIC1 in Huh7 and HepG2 
cells did not affect cell proliferation (Supplemental Figure 4). 
Thus, CLIC1 is functionally involved in the regulation of tumor 
cell migration and invasion in vitro and tumor metastasis in vivo.

We then studied the role of CLIC1 in membrane protrusion in 
response to migration-related stimuli. We cocultured Huh7 cells 
with and without CLIC1 silencing on the same plate. As shown in 
Figure 4E, free-space exposure induced the formation of filopodia 
in control cells, but not in the cells with CLIC depletion (negative 
for green fluorescence, Figure 4E; P = 0.032). Interestingly, some 
CLIC1 was targeted to the tip of filopodia. In response to epithe-
lial growth factor (EGF) treatment (chemotaxis), the formation 
of lamellipodia was induced in the control cells (shEV), but not in 
cells with CLIC1 depletion (shCLIC1, Figure 4F). Notably, CLIC1 
accumulated at the leading edge of lamellipodia was seen (Figure 
4F, rightmost panel). In a time-lapse observation for cell response 
to EGF treatment, CLIC1-GFP (fusion with GFP) and GFP were 
initially evenly distributed in the cytosol with spared membrane 
edges (Figure 4G, 0 min). Then, some CLIC1-GFP, but not GFP, 
was targeted to the leading edge of the membrane protrusions of 
migrating cells (Figure 4G). In 3D invasion assays, CLIC1 was tar-
geted to the front end of invading tumor cells (Figure 4H), while 
the invasion was suppressed in the tumor cells with CLIC1 deple-
tion (Figure 4B). Therefore, these findings suggest CLIC1 is tar-
geted to the tips of the membrane protrusions, and plays a crucial 
role in the formation of filopodia, lamellipodia, and invadopodia 
for cell migration and tumor invasion.

CLIC1 directs the formation of nascent cell-matrix adhesions and 
signaling. Since cell-matrix adhesions are the membranous hubs 
essential for cell adhering to the extracellular matrix and migra-
tion, we speculated that CLIC1 might be involved in the formation 
of nascent cell-matrix adhesions. We examined the formation of 
cell-matrix adhesions in response to EGF (chemotaxis; Figure 
5A) and exposure to free space (wounding, mechanotaxis; Figure 
5B). The results showed that CLIC1 was not only targeted to the 
leading edge plasma membrane but also colocalized with vincu-
lin and talin (Figure 5, A and B, white arrowheads), landmarks 
of cell-matrix adhesions. In contrast, the lamellipodia formation 
was substantially suppressed in cells with CLIC1 depletion (Fig-
ure 5, A and B, open arrowheads). To further confirm that CLIC1 
was targeted to nascent cell-matrix adhesions, we inspected the 
formation of nascent cell-matrix adhesions by reseeding CLIC1-
GFP–transfected cells on culture plates. CLIC1 was translocated to 
the membranous margin 15 minutes after reseeding and then tran-

Figure 3. CLIC1 facilitates adherence and extravasation of tumor cells for 
metastasis in mice. Luciferase-transduced SK-Hep1 and Huh7 cells were 
used for in vivo metastasis in nude mice. Cells transfected with siRNAs con-
taining scrambled sequences (siNC) or targeting CLIC1 (siCLIC1), or constitu-
tively transduced with shRNAs targeting CLIC1 (shCLCI1) or an empty vector 
(shEV). (A) Lung metastasis assays by injecting SK-Hep1 cells (1 × 106 cells 
in 200 μL PBS/mouse, n = 6) through tail veins. (B) The statistical results of 
the luminescence signals for lung metastasis. Statistical analysis was per-
formed by using Mann-Whitney U test between 2 groups (n = 6/group; *P < 
0.05; ***P < 0.001). (C) Representative lung tissues 63 days after injection. 
Arrowheads, metastatic tumors. Lower panel: H&E staining for the lung 
sections. A, lung alveoli; T, metastatic tumors. Scale bar: 120 μm. (D) Dot 
blot of metastatic tumor foci per lung. Statistical analysis was performed 
by using Mann-Whitney U test between 2 groups (n = 6/group; ***P < 
0.001). (E) Western blots for CLIC1 silencing efficiency in HCC cells. (F and G) 
Cumulative survival curves for the mice bearing xenograft tumors. P values 
were determined by the log-rank test. (H) Liver metastasis in nude mice by 
injection of luciferase-transduced Huh7 cells through the spleen. (I) Liver 
metastasis was inspected by IVIS imaging at weeks 1 and 6 after injection. 
Lower panel: quantification of luciferase signals in the liver 6 weeks after 
injection. Statistical analysis was performed by using Mann-Whitney U test 
(n = 6/group; ***P < 0.001). (J) H&E staining for liver sections. Scale bar: 
120 μm. (K) Western blots for CLIC1 silencing efficiency. (L) GFP-transduced 
SK-Hep1 cells with or without CLIC1 depletion were injected through tail 
veins. Lungs were assayed at 4, 8, 12, 16, 20, and 24 hours after injection. 
Representative lung section images at 8, 16, and 24 hours after injection are 
shown. GFP-labeled tumor cells were detected and quantified. Statistical 
analysis was performed by using Mann-Whitney U test between 2 groups  
(n = 8; NS, no statistical significance; ***P < 0.001). (M) In vitro cell adhe-
sion assays. The experiments were conducted twice independently. Statisti-
cal analysis was performed by using 2-tailed Student’s t test between 2 
groups (n = 8/group; ***P < 0.001).
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substantially suppressed (Figure 5, A and B; open arrowheads indi-
cate cells with CLIC1 depletion and no nascent adhesion formed).

If CLIC1 facilitates the assembly of nascent cell-matrix 
adhesions, we predicted that CLIC1 promotes the nascent adhe-
sion-mediated signaling. We compared adhesion-mediated cellu-
lar signaling between inactive (no nascent adhesion formation) or 
reseeded (inducing nascent adhesions) cells. We found that CLIC1 
depletion only suppressed the phosphorylation of FAK, Src, and 
AKT in reseeded cells but not in inactive cells (Figure 5H, left pan-
el). Moreover, CLIC1 depletion selectively suppressed the ITGB4 
and ITGA4 levels as well as the phosphorylation of Src and AKT in 
the reseeded cells but not in inactive cells (Figure 5H, right panel), 
suggesting that CLIC1 is selectively involved in the regulation of 
nascent, but not mature, adhesion-mediated signaling.

Overall, these findings support the hypothesis that CLIC1 is 
specifically required for the induction of nascent cell-matrix adhe-
sions and signaling, which is known to drive F-actin elongation for 
lamellipodia and filopodia formation (31).

CLIC1 recruits PIP5K to the plasma membrane to initiate PIP2/
talin/integrin–mediated cell-matrix adhesion formation. To further 
investigate the mechanism by which CLIC1 facilitates nascent 
adhesion formation, we used IP and found that PIP5K1A and PIP-
5K1C were bound to CLIC1 (Figure 6, A and C). Specific binding 
of PIP5K1A and PIP5K1C with CLIC1 was further confirmed by 
reciprocal IP assays (Figure 6B) or competition binding assays 
with a recombinant CLIC1 (Figure 6D).

We then inspected the interaction of PIP5K1A and PIP5K1C 
with CLIC1 at the subcellular level. We found that EGF induced 
cotargeting of CLIC1 and PIP5K1A to the leading edge of mem-
brane protrusions (Figure 6E). Consistently, free-space exposure 
induced cotargeting of CLIC1 and PIP5K1A to the leading edge 
of lamellipodia in 2 primary HCC cell lines derived from patients 
with HCC (Supplemental Figure 6). However, in response to EGF 
treatment, not only the membrane-targeting of PIP5K1A but 
also the formation of membrane protrusions were substantially 
reduced in the cells with CLIC1 depletion (Figure 6F; open arrow-
heads) as compared with cells without CLIC1 deletion (Figure 6F; 
arrowheads). Consistently, CLIC1 depletion suppressed accumu-
lation of PIP5K1C to the plasma membrane and colocalization 
with nascent cell-matrix adhesions in reseeding assays (Figure 
6G, red arrowheads [shCLIC1] vs. yellow arrowheads [shEV]).

To further confirm that CLIC1 is required for translocation 
of PIP5K1A/C from the cytosol to the plasma membrane, we 
compared the PIP5K1A levels associated with the plasma mem-
brane and in the cytosol in response to EGF treatment. EGF 
treatment increased the membranous PIP5K1A by 2.5 fold, but 
not the cytosolic PIP5K1A, in cells without CLIC1 depletion, 
consistent with membrane translocation of PIP5KIA (Figure 
6H, lanes 1, 2, 5, 6). However, in cells with CLIC1 depletion, 
not only was the membranous PIP5K1A level substantially 
decreased but also the response to EGF treatment was abol-
ished (Figure 6H, lane 3, 4). Therefore, CLIC1 is required for 
the recruitment of PIP5K1A to membrane. As a result, our data 
support the hypothesis that, in response to chemotaxis or mech-
anotaxis (free-space exposure), the membrane-targeted CLIC1 
recruits PIP5K1A/C to the plasma membrane to facilitate the 
formation of nascent cell-matrix adhesions.

siently targeted to the edge of membrane protrusions morpholog-
ically consistent with nascent cell-matrix adhesions (30 minutes, 
Supplemental Figure 5A). We then cotransfected cells with CLIC1-
RFP (red fluorescence protein) and GFP-tagged adhesion marks, 
including talin, vinculin, and paxillin (Figure 5C). The membra-
nous CLIC1 was colocalized with talin, vinculin, and paxillin at the 
nascent adhesions (Figure 5C, right panel).

In contrast, neither the membrane domain-deleted mutant 
CLIC1 (dCLIC1-GFP, deletion of aa 2-90) nor GFP was targeted 
to the nascent cell-matrix adhesions (Figure 5D). Moreover, the 
formation of nascent cell-matrix adhesions was also decreased in 
cells with CLIC1 depletion (Figure 5, A and B). These findings sug-
gested that CLIC1 is required for the assembly of nascent cell-ma-
trix adhesions, which is dependent on the membrane-associated 
domain of CLIC1.

To further verify the role of CLIC1 in the assembly of nascent 
cell-matrix adhesions, we used coimmunoprecipitation assays to 
inspect the integrity of cell-matrix adhesions between the cells 
with and without CLIC1 depletion. We found that CLIC1 deple-
tion slightly decreased the levels of talin, vinculin, and Src, but 
not β-actin, FAK, or caveolin1 (Figure 5E). However, the silencing 
of CLIC1 decreased the vinculin, FAK, Src, β-actin, and caveolin 
levels in the precipitate by using anti-talin antibodies (Figure 5F, 
left panel); decreased the vinculin, Src, and β-actin levels in the 
precipitate by using anti-FAK (Figure 5F, middle panel); decreased 
the FAK and β-actin levels in the precipitate by using anti-Src (Fig-
ure 5F, right panel); and reduced the vinculin, FAK, and Src levels 
in the precipitate by using anti–β-actin (Supplemental Figure 5B). 
The results are summarized in Figure 5G. Collectively, silenced 
CLIC1 expression disrupts the integrity of cell-matrix adhe-
sions. Indeed, in CLIC1-depleted cells, the formation of nascent 
cell-matrix adhesions at the leading edge of migrating cells was 

Figure 4. CLIC1 facilitates filopodia, lamellipodia, and invadopodia upon 
migration induction. (A–D) Transwell assays for migration and invasion 
(with Matrigel coating) of tumor cells with and without CLIC1 depletion 
(A and B), or with and without ectopic expression of CLIC1 (C and D). Two 
shRNA clones targeting CLIC1 mRNA were used. Vector, empty vector. 
Statistical analysis was performed by using 1-way ANOVA with Dunnett’s 
test (A and B) or 2-tailed Student’s t test (n = 6/group in triplicate; **P < 
0.01; ***P < 0.001). See also Supplemental Figure 3. (E) Huh7 cells with 
(open arrowheads) vs. without CLIC1 depletion 8 hours after free-space 
exposure. Green (Alexa 488), endogenous CLIC1. Red (Alexa 549), F-actin. 
White arrowheads: CLIC1 accumulated at the filopodia tips. Box plot: Rel-
ative numbers of filopodia per cell. P values were determined by 2-tailed 
Student’s t test (n = 20 cells/group). Scale bar: 20 μm. (F) Huh7 cells with 
and without CLIC1 depletion before and 10 minutes after EGF treatment. 
Arrows: CLIC1 at lamellipodia of migrating cells. Scale bars: 10 μm. Dot 
plot: the relative fluorescence intensity at the lamellipodia tips per cell. P 
values were determined by using 2-way ANOVA with Tukey’s corrections 
(n = 8 cells/group). (G) Time-lapse tracking of GFP (upper panel) and 
CLIC1-GFP (lower panel) in Mahlavu cells in response to EGF treatment. 
Images were taken every 2 minutes after EGF treatment. Arrow: migra-
tion direction. Scale bar: 10 μm. Statistical analyses were performed by 
2-way ANOVA with Tukey’s corrections (n = 8 cells/group). (H) 3D invasion 
assays for CLIC1-GFP cells. Arrows: invasion direction. Red arrowheads: the 
protruding edge of the invading cells. Arrow: migration direction. Dot plot 
shows the fluorescence intensity (CLIC1-GFP) at the rear versus front tips 
of cells during passing the matrix gel. Statistical analyses were performed 
by using 2-tailed Student’s t test (n = 8 cells/group).
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CLIC1 and its ion conductance are therapeutic targets for tumor 
metastasis. Given that membranous CLIC1 can function as a chlo-
ride ion channel (17, 20, 35) and is associated with tumor invasion 
and metastasis, we speculated that CLIC1 or its chloride conduc-
tance are potential therapeutic targets for tumor metastasis. To 
test this hypothesis, we treated tumor cells with indanyloxyacetic 
94 (IAA-94), a small molecule that is known to inhibit CLIC fam-
ily channel (35, 36). We found that IAA-94 interfered with tumor 
cell adhesion to the laminin-coated culture plates compared with 
those treated with dimethyl sulfoxide (DMSO, the solvent) as a 
control (Figure 8A), similar to the suppression of cell adhesion by 
CLIC1 depletion (Figure 3M). We then injected luciferase-trans-
duced SK-Hep1 cells through tail veins of nude mice to assay lung 
metastasis. Equal numbers of tumor cells were trapped in the 
lungs 3 hours after injection (Figure 8B). However, IAA-94 treat-
ment or constitutive silencing of CLIC1 significantly suppressed 
the subsequent lung metastasis (50 days after injection; P < 0.001, 
shEV vs. shCLIC1; P < 0.001, DMSO vs. IAA-94). We dissected 
lung tissues (Figure 8C) and confirmed the suppression of lung 
metastasis either by silencing CLIC1 expression with shRNAs (17.4 
vs. 0 per lung, P < 0.001) or IAA-94 treatment (19.8 vs. 0 per lung, 
P < 0.001; Figure 8C, right panel).

Overall, our study supports the hypothesis that in response to 
chemotactic or mechanotactic stimuli, CLIC1 recruits PIP5K1A/C 
to the leading edge of the plasma membrane, where PIP5K1A/C 
generate a PIP2-rich microdomain to activate talin (37, 38). The 
activated talin then induces the formation of integrin-mediated 
adhesions and signals for lamellipodia/invadopodia formation in 
a spatiotemporal regulatory manner (Figure 8D). Aberrant CLIC1 
upregulation, which is frequently found in metastatic tumors, 
endows tumor cells with high motility and invasiveness. Inhibition 
of CLIC1 or its ion conductance are promising approaches for the 
prevention and treatment of tumor invasion and metastasis.

Discussion
Efficient membrane protrusion and adhering to the extracellular 
matrix are fundamental cell processes and crucial for migration, 
in particular, in tumor invasion and metastasis. In this study, we 
identified CLIC1 that is upregulated in human HCC and associated 
with tumor invasion, metastasis, and poor clinical outcomes. We 
further demonstrated that, in response to chemotaxis and mech-
anotaxis, CLIC1 is targeted from the cytosol to the leading edge of 
the plasma membrane to form both nascent cell-matrix adhesions 
and the signals for lamellipodia and invadopodia formation in a 
spatiotemporal regulatory manner. Our findings provide a clue to 
the answer to a long-term enigma of how tumor cells efficiently 
regulate lamellipodia and invadopodia for invasion and metastasis.

CLIC1 shuttles between the cytosol and plasma membrane 
through conformational changes (17) without known biological 
significance (39). We herein report that in response to chemotaxis 
by EGF or mechanotaxis by disrupting cell-cell contacts (temporal 
factors), PIP5K1A/C are recruited by CLIC1 to the leading edge 
of the plasma membrane, where PIP5K1A/C generate a PIP2-rich 
microdomain (spatial factors). It is known that PIP2 clusters acti-
vate talin by way of a pull-push mechanism (38), resulting in induc-
ing integrin-mediated cell-matrix adhesion formation (37, 40). 
Therefore, the shuttling of CLIC1 between the cytosol and plasma 

It is known that talin can be activated by PIP2, which is a prod-
uct of PIP5Ks, resulting in the assembly of integrin-mediated 
adhesions (32, 33). We thus tested whether the membrane-target-
ing of CLIC1 facilitated PIP2 accumulation in the plasma mem-
brane for nascent cell-matrix adhesions. As shown in Figure 6I, in 
the reseeded cells, PIP2 was highly accumulated at the edge of the 
plasma membrane (left panel) where nascent cell-matrix adhe-
sions were formed. In contrast, CLIC1 depletion suppressed the 
accumulation of PIP2 in the plasma membrane (right panel).

Collectively, the above findings support the hypothesis that 
CLIC1 recruits PIP5Ks to the plasma membrane to activate the 
PIP5K/PIP2/talin/integrin signaling pathway to induce nascent 
adhesions and adhesion-mediated signals. As such, ectopic 
expression or activation of PIP5Ks or talin would restore the 
nascent adhesion formation and signals in the cells with CLIC1 
depletion. Consistently, ectopic expression of PIP5K1C or talin 
prevented the suppression of nascent adhesion-mediated signal-
ing (phosphorylation of FAK, paxillin, and Src) and integrins α4 
and β4 by CLIC1 depletion (Figure 6, J–L).

The expression levels of adhesion-related effectors predict poor 
clinical outcomes in HCC. Given that cell-matrix adhesions play a 
crucial role in tumor invasion and metastasis, we hypothesized 
that the cell-matrix adhesion markers might predict clinical out-
comes, as does CLIC1 in patients with HCC. We retrieved a cohort 
of 370 patients with HCC from the TCGA database (34). We found 
a positive correlation of the CLIC1 expression levels with the 
cell-matrix adhesion markers, including talin (P = 5.6 × 10–10; R = 
0.32), vinculin (P = 2.2 × 10–12; R = 0.35), paxillin (P = 0; R = 0.49), 
and FAK (P = 2.8 × 10–11; R = 0.34; Figure 7A). Interestingly, high 
expression levels of talin (HR = 1.44; P = 0.039), vinculin (HR = 
1.74; P = 0.0027), paxillin (HR = 1.79; P = 0.0017), and FAK (PTK2; 
HR = 1.49; P = 0.030) in HCC were associated with a high mortal-
ity rate (Figure 7B). These findings further support the implication 
of cell-matrix adhesions in HCC progression.

Figure 5. CLIC1 directs the formation of cell-matrix adhesions and signal-
ing. (A and B) Nascent cell-matrix adhesions in lamellipodia of cells with 
and without CLIC1 depletion in response to (A) EGF treatment (10 minutes, 
100 ng/mL) or (B) exposure to free space (8 hours after wounding). White 
arrowheads indicate the tips of lamellipodia. Open arrowheads indicate 
cells with CLIC1 depletion, in which few lamellipodia and nascent adhe-
sions were seen. Scale bar: 10 μm. (C and D) Confocal images for the forma-
tion of nascent cell-matrix adhesions 15–30 minutes after cells reseeded 
on laminin-coated plates. See also Supplemental Figure 5A. (C) Red, 
CLIC1-RFP; green, talin-GFP, vinculin-GFP, and paxillin-GFP. Box plots: the 
median and interquartile ranges of the amounts of CLIC1 colocalized with 
talin, vinculin, and paxillin. (D) Colocalization of CLIC1-GFP but not dCLIC1 
(deleted transmembrane domain) or GFP with talin at nascent cell-matrix 
adhesions. Scale bar: 5 μm. (E) Immunoblots show the effects of silencing 
CLIC1 on the talin, vinculin, FAK, Src, and actin levels. (F) Coimmunopre-
cipitation assays using antibodies against talin, FAK, and Src to pull down 
binding proteins of SK-Hep1 cells with versus without CLIC1 depletion. 
Immunoblots with antibodies to detect the key components of cell-matrix 
adhesions. See also Supplemental Figure 5B. Each assay was performed 
independently at least twice. (G) Cartoons summarize the results from 
co-IP. (H) CLIC1 selectively required for activation of nascent adhesion–
mediated signals. Huh7 cells transfected 2 different clones of siCLIC1 or a 
control siRNA (siNC). We compared the cells after they had been reseeded 
(+) or in inactive status (–). Reseeding assays were used to induce the 
formation of nascent cell-matrix adhesions.
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(47, 48). Further studies to evaluate the efficacy of anti-cancer ther-
apy by targeting CLIC1 in human cancers are warranted.

In summary, membrane targeting of CLIC1 regulates nascent 
cell-matrix adhesions, signaling, and membrane protrusions by 
way of transporting PIP5Ks to the plasma membrane. This CLIC1/
PIP5K/PIP2/talin/integrin/adhesion signaling pathway orches-
trates the spatiotemporal formation of lamellipodia and invadopo-
dia for tumor invasion and metastasis. Our findings suggest that 
CLIC1, with its unique properties in cancer cells, can serve as an 
excellent target for the prevention and treatment of invasion and 
metastasis in cancers.

See complete unedited blots in the supplemental material.

Methods
See supplemental material for additional details.

Cell lines, cDNA clones, siRNAs, shRNAs, and reagents. We used 
Huh7, Hep3B, Mahlavu, and HepG2 (human hepatoma cell lines); 
SK-Hep1 (a human hepatic adenocarcinoma cell line); and 2 pri-
mary HCC cell lines, LT87 and PDX57, which were derived from 2 
patients with HCC, in this study. For immunoprecipitation assays, 
we used human 293T cells because of their high efficiency in the 
expression of transduced clones. The cells were cultured in DMEM 
(Thermo Fisher Scientific) with 10% FBS. Plasmid pCLIC1-GFP was 
from Origene (#RG218042), and plasmids pPIP5K1A-Myc (#20580), 
pPIP5K1C-GFP (#22299), and PLC-delta-GFP were from Addgene 
(#21179). The PIP5K1A cDNA, which was cloned into pCMV6-Myc, 
was from Addgene (#20580). pEGFP-C2-PIP5K1C90 was from 
Addgene (#22299). The target sequences of siRNA or shRNA for 
CLIC1 were TGGCTCAAGGAGTCACCTTCAATG and CCCAT-
TCCTGCTGTATGGCACTGAA (Thermo Fisher Scientific). The 
MQAE staining reagent was from Thermo Fisher (catalog E3101). 
R(+)-IAA-94 was purchased from MilliporeSigma (catalog I117). 
Pseudolentivirus for shRNAs targeting CLIC1 mRNA (shCLIC1), 
luciferase (shLuc), or an empty vector (shEV) were obtained from 
National RNAi Core. Overexpression of CLIC1 was performed using 
the Lenti-X Tet-Off Advanced Inducible expression system (632163; 
Clontech) according to the manufacturer’s instructions.

Comparative proteomics. For 2D proteomics, we collected tumor 
and para-tumor liver tissues from 7 patients with hepatic focal nod-
ular hyperplasia, 12 patients with early HCC (solitary tumor < 3 cm 
without vascular invasion), and 13 patients with invasive HCC (with 
invasion into main branches of the portal or hepatic veins) who 
received hepatectomy in our hospital. 2D gel electrophoresis, gel 
staining, image analysis, and protein identification were performed 
as previously described (49).

In vivo metastasis assays. We used SK-Hep1 and Huh7 cells for in 
vivo metastasis assays, including lung metastasis via tail vein injec-
tion and liver metastasis via spleen injection, as previously described 
(29). We transduced SK-Hep1 and Huh7 cells with the lentivirus vec-
tor carrying a dual GFP/luciferase expression system (SK-Hep1-GL 
and Huh7-GL cells). We then transduced SK-Hep1-GL Huh7 cells 
with shEV or shCLIC1 and with siRNAs targeting CLIC1 (siCLIC1) 
or scrambled sequences (siNC). We injected 1 × 106 SK-Hep1 cells 
in 200 μL PBS per mouse into BALB/c null mice (BALB/cAnN.Cg- 
Foxn1nu/CrlNarl) through the tail veins or 5 × 105 Huh7 cells in 100 μL 
PBS per mouse spleen for lung and liver metastasis, respectively. To 
compare the effect of IAA-94 treatment on tumor metastasis, mice 

membrane spatiotemporally regulates the formation of filopodia, 
lamellipodia, and invadopodia for directional cell migration and 
tumor invasion and metastasis.

The ability of CLIC1 to shuttle between the cytosol and plas-
ma membrane and its involvement in the regulation of cell adhe-
sion to the extracellular matrix are reminiscent of those found for 
other CLIC family members. Argenzio et al. found that CLIC4 is 
rapidly recruited to the plasma membrane and colocalized with β1 
integrin in response to the activation of RhoA-mediated signaling 
(41, 42). Moreover, CLIC4 is critical for β1 integrin internalization 
and recycling. Interestingly, the membrane-targeting of CLIC4 
provides a feedback mechanism to counteract filopodium for-
mation (41). CLIC3 is upregulated and required for the invasion 
of breast and pancreatic cancers by regulating Rab25-dependent 
α5β1 integrin recycling (43) and Rab25-independent MMP14 recy-
cling (44). Apparently, different CLIC members have different cel-
lular functions but share similar molecular mechanisms.

Since CLIC1 is upregulated in many types of human cancers 
and selectively targeted to the plasma membrane in tumor cells, 
it can be a promising target for the anticancer treatment of inva-
sion and metastasis. Notably, the CLIC1 gene is highly conserved 
among tumors, with only 2% of patients harboring missense or 
nonsense mutations, indicating that its role in tumorigenesis is 
more related to its membrane localization-associated activity than 
to mutations (45). Gurski et al. reported that in renal cell carcinoma, 
CLIC1 cooperates with integrin αvβ3 and fibronectin to stabilize 
invadopodia for tumor invasion by regulating myosin light chain 
kinase (MYLK) (46). Recently, it was reported that silencing CLIC1 
impairs the proliferative capacity and self-renewal properties of 
glioblastoma cells, thereby indicating the vital role of CLIC1 in sus-
taining the stemness of cancer cells. Given that cancer cells with 
chemo-resistance and metastasis have been attributed to a minor 
fraction of tumors with stemness properties, targeting CLIC1 pro-
vides a novel approach to directly eradicate such cancer stem cells 

Figure 6. CLIC1 recruits PIP5K to the plasma membrane to initiate PIP2/
talin/integrin–mediated cell-matrix adhesion formation. (A–D) Immu-
noprecipitation (IP) by using antibodies against the flag- or myc-tag. WCL, 
whole-cell lysate as the loading control. (A) IP for CLIC1-bound proteins. 
(B) IP for PIP5K1A-bound proteins. (C) IP for CLIC1-bound proteins. (D) 
The binding specificity was examined by a recombinant CLIC1 (rCLIC1) 
before IP. (E) Immunofluorescence (IF) demonstrates cotargeting of CLIC1 
(Alexa 594, green) and PIP5K1A (Alexa 488, red) to the tips of lamellipodia 
in Huh7 cells before and after EGF treatment (10 minutes, 100 ng/mL; 
indicated by arrowheads). (F) IF for lamellipodia formation and colocaliza-
tion of PIP5K1A with CLIC1 at the front edge of lamellipodia of cells with 
versus without CLIC1 depletion after EGF treatment. Scale bars: 10 μm. (G) 
Confocal images show CLIC1-dependent accumulation of PIP5K1C at the 
nascent cell-matrix adhesions of cells after being reseeded. Lower panel: 
Fluorescence intensities recorded along the arbitrary lines across the cell 
membrane. (H) Subcellular fractionation for membrane-associated versus 
cytosolic proteins. Na/K ATPase was used as a membranous marker, 
GAPDH, a cytosolic marker. EGF treatment: 100 ng/mL for 10 minutes. 
(I) GFP-PH-PLC, a PIP2 biosensor, was used to measure the intracellular 
concentration of PIP2 (54). Scale bars: 10 μm. The fluorescence intensities 
were recorded along the arbitrary lines across the plasma membrane. (J–L) 
Ectopic expression of talin (J) or PIP5K1C (K and L) prevented the suppres-
sion of integrins α4 and β4 (J and K) and the nascent adhesion–mediated 
signals (L) in CLIC1-depletion cells 45 minutes after reseeding.

https://www.jci.org
https://doi.org/10.1172/JCI133525


The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

1 3J Clin Invest. 2021;131(1):e133525  https://doi.org/10.1172/JCI133525

Time-lapse imaging. We labeled the target proteins with GFP or RFP. 
We trypsinized and reseeded cells onto a dish coated with fibronectin 
(10 ng/mL). Cells with fluorescence-tagged proteins were monitored by 
using a Leica SP8 inverted microscope with an enclosed incubator (5% 
CO2, 374°C). The intensity and performance of the fluorescence were 
analyzed by Leica Application Suit Core X software (version 3.3.0).

Wound healing assay, Transwell migration, and invasion assay. 
We assayed cell migration and invasion with previously published 
protocols (52).

Immunoprecipitation. We conducted immunoprecipitation using 
previously published protocols (53). In brief, SK-Hep1-shEV and 
SK-Hep1-shCLIC1 cells were cultured in DMEE with 10% FBS and 
harvested for IP as growing up to 80% confluence. After being washed, 
cells were lysed in a buffer containing 50 mM Tris (pH 8.0), 150 mM 
NaCl, 1% Triton X-100, and protease and phosphatase inhibitors 
(Roche) for 15 minutes. Cell debris were removed by centrifugation at 
13,539g at 4°C for 15 minutes. An equal amount of protein (1 mg) was 
subjected to immunoprecipitation with the corresponding primary 
antibodies and Protein G Mag Sepharose Xtra (Blossom Biotechnol-
ogies, Inc.) according to the manufacturer’s instructions. Nonimmune 
IgG or Protein G-Sepharose beads were used as negative controls.

TCGA human HCC cohorts and data processing. An HCC cohort 
containing 370 cases (including 168, 84, 82, and 6 cases at tumor stage 
I, II, III, and IV, respectively) was retrieved from The Cancer Genome 
Atlas (TCGA) database, queried by CLIC1, HCC, survival rate, and 
gene expression as keywords. The expression of CLIC1 in patients 
was sorted and survival plots were analyzed by using the UCSC 

were intraperitoneally injected with DMSO or IAA-94 (50 mg/kg of 
body weight). We used the IVIS image analysis system (Xenogen) to 
monitor the location and relative amounts of these transduced cells 
in mice at the indicated time points. Quantitative analysis of lung or 
liver metastasis was performed by using Living Image software (ver-
sion 4.0, PerkinElmer). The lung or liver sections were taken, followed 
by the analysis of fluorescence-positive cells to determine xenograft- 
tumor invasion and metastasis.

Immunofluorescence staining. We conducted immunofluorescence 
staining to track the expression and subcellular location of the indicat-
ed proteins, as previously described (50). In brief, we first fixed cells in 
4% paraformaldehyde, permeabilized the plasma membrane in 0.1% 
Triton X-100, blocked the background signals with a buffer containing 
1% BSA, 0.1% Tween 20 for 30 minutes, treated the cells with primary 
antibodies (talin, vinculin, paxillin, FAK, PIP5K1A; 1:200) overnight at 
4°C, washed the samples with PBST 3 times, and then added secondary 
antibodies (phalloidin-Alexa488 or -Alexa594; 1:200 in blocking buf-
fer) for 30 minutes. We counterstained the nuclei with DAPI for 5 min-
utes and mounted the samples with Prolong Gold antifade reagent. We 
inspected and analyzed the results using a confocal microscope (SP8, 
Leica) and Leica Application Suite Core X software (version 3.3.0).

Detection of PI(4, 5)P2. We determined the amount of PI(4, 5)P2 
by transfecting cells with a GFP plasmid to express PLCdelta, which 
contains the PI(4, 5)P2 lipid selective PH domain as a fluorescence 
translocation biosensor to determine the concentration of PI(4, 5)P2 
lipids (51). Fluorescence intensity and quantification were analyzed by 
ImageJ software (version 1.43).

Figure 7. The expression levels of adhesion-related effectors predict poor clinical outcomes in HCC. A cohort of 370 cases of HCC was retrieved from 
TCGA. (A) The mRNA levels of cell-matrix adhesion markers, including talin, vinculin, paxillin, and FAK, were correlated to the CLIC1 mRNA levels by using 
the Pearson correlation. (B) Kaplan-Meier curves and log-rank tests for the probability of survival of 370 patients with HCC with high and low expression 
levels of talin (TLN1), vinculin (VCL), paxillin (PXN), and FAK (PTK2) in HCC patients. Stratification of patients into low- and high-expression subgroups 
was based on the optimal P values, which were determined by the log-rank tests.
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Figure 8. CLIC1 and its ion conductance are therapeutic 
targets for tumor metastasis. (A) IAA-94 reduced cell 
adherence. Yellow arrowheads: partially spread cells, rep-
resenting a failure in adherence to the stratum. Scale bar: 
50 μm. Statistical analysis was performed by using 2-tailed 
Student’s t test between 2 groups (4 fields/dish, 2 indepen-
dent experiments; *P < 0.05, **P < 0.01). (B) Xenograft lung 
metastasis monitored by Xenogen IVIS at different time 
points after injection of luciferase-transduced SK-Hep1 cells 
via the tail veins. Right panels: The box-and-whisker  
plots show the mean and interquartile ranges of the 
tumor-associated fluorescence intensity 3 hours (upper) or 
50 days (lower) after the injection. Statistical analysis was 
performed by using Mann-Whitney U test between 2 groups 
(n = 5 mice/group; NS, no statistical significance; ***P < 
0.001. (C) Representative lung tissues and corresponding 
dot plot. Arrows indicate tumor nodules. Statistical analysis 
was performed by using Mann-Whitney U test between 2 
groups (n = 5 mice/group). (D) Schematic of the CLIC1- 
directed PIP5K/PIP2/talin/integrin signaling pathway to 
initiate the assembly and signaling of nascent cell-matrix 
adhesions. Left: at inactive status; right: in response to 
chemo- or mechanotaxis, or in tumors with aberrant upreg-
ulation of CLIC1. Aberrant upregulation of CLIC1 leads to 
the PIP5K/PIP2/talin/integrin signaling to promote tumor 
invasion and metastasis.
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Memorial Hospital (Taiwan) and developed by the Guide for the Care and 
Use of Laboratory Animals (National Academies Press, 1985).

Author contributions
SYH conceived the concept, designed the studies, and secured 
funding. JMP and SHL performed the experiments and acquired 
and analyzed data. MCY collected the clinical samples and data. 
SYH and JMP wrote the manuscript.

Acknowledgments
We are grateful to Pien-Chien Huang at Johns Hopkins Univer-
sity for critical review of this manuscript. We thank Hsiao-Ling 
Huang for excellent assistance, Donia Alson for English review, 
the Microscopy Core, Center for Advanced Molecular Imaging, 
Laboratory Animal Center, and Clinical Proteomics Core of the 
Chang Gung Memorial Hospital for their technical assistance, the 
Taiwan Liver Cancer Network for the HCC tissue arrays, and the 
National RNAi Core of Taiwan for the lentivirus-based shRNA  
clones. This work was supported by research grants from the 
Chang Gung Medical Foundation (CMRPG3K0681-2, OMRP-
G3H0011), National Health Research Institute (NHRI-EX106-
10408BI, NHRI-EX109-10806BI), and the Ministry of Science 
and Technology (MOST103-2314-B-182A-117-MY3; MOST107-
2314-B-182A-020-MY3), Taiwan.

Address correspondence to: Sen-Yung Hsieh, Department of Gas-
troenterology and Hepatology, Chang Gung Memorial Hospital, 
Taoyuan 333, Taiwan. Phone: 886.975368031; Email: siming@
cgmh.org.tw or siming.shia@msa.hinet.net.

Xena Functional Genomics Explorer (https://xenabrowser.net) and 
SurvExpress (http://bioinformatica.mty.itesm.mx:8080/Biomatec/ 
SurvivaX.jsp). The cumulative survival curves for talin, vinculin, pax-
illin, and FAK were performed by using the software of Kaplan-Meier 
Plotter (https://kmplot.com/analysis/index.php?p=service) (34).

Patients, tissue arrays, immunohistochemistry. Human HCC tissue 
arrays containing 45 cases of chronic hepatitis B–associated and 45 
cases of chronic hepatitis C–associated HCC were obtained from the 
Taiwan Liver Cancer Network (53). These patients underwent hepa-
tectomy in 2008 in our hospital. The average follow-up time for these 
patients was 41 months (ranging from 2 to 106 months) (53). The IHC 
scores (calculated as the percentage of positive cells × IHC intensity 
[range 0–3]) were determined by using an automation system, inForm 
Advanced Image Analysis Software (version 2.3, PerkinElmer).

Statistics. Statistical analyses were performed using GraphPad 
Prism 8 (GraphPad Software). A Student’s t test (2-tailed), Mann- 
Whitney U test, or 1-way or 2-way ANOVA with Dunnett’s or Tukey’s 
multiple comparisons test was performed. One-way ANOVA with 
Dunnett’s multiple comparisons test was used for comparisons with 
the control group, 1-way ANOVA with Tukey’s multiple comparisons 
test was used for comparisons between groups, and 2-way ANOVA 
with Tukey’s multiple comparisons test was used for pairwise com-
parisons. Unless otherwise noted, all in vitro experiments were per-
formed at least 2 independent times, and values represent the mean ± 
SD. P values less than 0.05 were considered significant.

Study approval. The Internal Review Board approved specimen col-
lection procedures for HCC for the Medical Ethics of Chang Gung Memo-
rial Hospital (201700344A3). All experimental procedures involving mice 
were approved by the Animal Care and Use Committee of Chang Gung 
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