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A B S T R A C T

Tumor cells need to attain anoikis resistance to survive prior to metastasis making it a vital trait of malignancy.
The molecular mechanism by which hepatocellular carcinoma (HCC) cells resist anoikis remains not fully un-
derstood. Here, we report that ZNF32 expression is markedly upregulated in HCC cells upon detachment.
Enforced ZNF32 expression significantly promotes the anchorage-independent growth capability of HepG2 and
Huh7 cells, whereas knockdown of ZNF32 results in increased apoptosis of HCC cells after detachment.
Mechanistically, we demonstrate that ZNF32 overexpression suppresses the reactive oxygen species (ROS) ac-
cumulation and maintains mitochondrial membrane potential, leading to ATP, GSH and NADPH elevation and
promoting HCC cell survival in response to suspension. Moreover, ZNF32 enhances the phosphorylation and
activation of Src/FAK signaling. Src and FAK inhibitors effectively reverse ZNF32-induced anoikis resistance in
HCC cells. Collectively, our findings not only reveal a novel and important mechanism by which ZNF32 con-
tributes to anoikis resistance through maintaining redox homeostasis and activating Src/FAK signaling, but also
suggest the potential therapeutic value of ZNF32 in HCC patients.

1. Introduction

Hepatocellular carcinoma (HCC) is the most common liver cancer
and the second leading cause of cancer related death in the world [1,2].
The standard treatments for HCC include surgical resection, liver
transplantation, local ablation therapy, transhepatic arterial che-
motherapy and embolization [3,4]. Recent advances in HCC diagnosis
and therapeutics have led to improved survival in patients with HCC,
however, almost all of HCC patients eventually develop recurrence and
metastasis, which are the underlying causes of poor long-term survival

after clinical treatment in HCC [5]. Thus, a better understanding the
potential molecular mechanisms during HCC metastasis provides an
opportunity for preventing the initiation of metastasis in early HCC
patients and developing therapeutic strategies in advanced HCC pa-
tients.

HCC metastasis is a multistep, multifactorial process, including
adhesion of tumor cells to the extracellular matrix (ECM), remodeling
and degradation of ECM, invasion through local tissue, intravasation
into blood or lymph vessels, and forming new tumors at distant sites
[6,7]. Loss of adhesion or adhesion-mediated signaling results in
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programmed cell death, referred to as anoikis. Anoikis has been sug-
gested to act as a physiological barrier to metastasis and is an early step
in preventing cancer metastasis [8,9]. However, anoikis resistance en-
dues malignant tumor cells with anchorage-independent growth, which
has a crucial role in tumor metastasis. The cancer cells exploit many
mechanisms to confer anoikis resistance, including deregulation of in-
tegrin, aberrant constitutive activation of serval anti-apoptotic or pro-
survival pathways, undergoing epithelial–mesenchymal transition
(EMT), and altered metabolism [10,11]. However, the mechanisms
responsible for anoikis resistance of HCC are still not fully understood.

Zinc finger protein 32 (ZNF32) belongs to the Krüppel-like family of
transcription factors that are critical for normal biologic processes as
well as cancer development [12,13]. Our previous study demonstrates
that knockout of ZNF32 promotes the regeneration of the lateral line
system in zebrafish [14]. ZNF32 protects against oxidative stress-in-
duced apoptosis by modulating C1QBP transcription [15]. Furthermore,
ZNF32 dysregulation is associated with multidrug resistance in lung
adenocarcinoma [16]. However, the role of ZNF32 in HCC progression
remains unknown. In the present study, we provided the first evidence
that ZNF32 was up-regulated in HCC cells upon detachment. ZNF32
overexpression significantly promoted the anchorage-independent
growth capability of HCC cells. Mechanistically, we demonstrated that
ZNF32 maintained mitochondrial function through inhibition of excess
ROS accumulation and promoted the phosphorylation of Src/FAK sig-
naling. Taken together, our study indicated that ZNF32 induced the
anoikis resistance of HCC cells by maintaining redox homeostasis and

activating Src/FAK signaling, implicating ZNF32 as a potential ther-
apeutic target of advanced HCC.

2. Materials and methods

2.1. Cell culture and reagents

The human HCC cells HepG2 and Huh7 cells were purchased from
the Chinese Academy of Sciences Cell Bank (Shanghai, China) and
maintained at 37 °C and 5% CO2 in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum (Gibco) and 100
units/ml penicillin, and 100mg/mL streptomycin. Both cell lines were
authenticated by short tandem repeat DNA profiling from the cell
banks. FAK Inhibitor (Y15), Src inhibitor (PP2) and Trypan Blue were
purchased from Sigma. The primary antibodies included, cleaved cas-
pase-3 (Cell Signaling Technology, #9664), cleaved PARP (Cell
Signaling Technology, #5625), β-actin (Santa Cruz Biotechnology, sc-
47778), Src (Cell Signaling Technology, #2123), p-Src (Cell Signaling
Technology, #6943), FAK (Cell Signaling Technology, #13009), p-FAK
(Cell Signaling Technology, #8556).

2.2. Stable cell line generation for ZNF32 knockdown or overexpression

The ZNF32 lentiviral expression vector was constructed by inserting
expanded ZNF32 cDNA (NM_006973.2) fragments into a lentiviral
shuttle vector. Silencing of ZNF32 was accomplished using a specific

Fig. 1. ZNF32 was upregulated in detached HCC cells. Quantitative real-time PCR (A) and immunoblot analysis (B) of ZNF32 expression in attached HepG2 and Huh7
cells, or detached HCC cells cultured in suspension for indicated time. Quantitative real-time PCR (C) and immunoblot analysis (D) of ZNF32 expression in attached
HepG2 and Huh7 cells, or detached HCC cells cultured in suspension for 24 h and treated in the presence or absence of Matrigel. HepG2 and Huh7 cells were left
adherent, detached for 4 h, or detached and replated onto ECM for the indicated time periods, and then subjected to quantitative real-time PCR (E) and immunoblot
analysis (F).
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Fig. 2. ZNF32 enhanced the anoikis resistance of HCC cells. (A) Quantitative real-time PCR and immunoblot analysis of ZNF32 expression in the indicated HepG2 and
Huh7 cells. (B) ZNF32-overexpression and mock HCC cells were cultured in the plates coated with poly-HEMA to avoid the adhesion of cells. Forty-eight hours later,
the cell viabilities were determined by trypan blue exclusion assay. (C) HCC cells transfected with mock or ZNF32 were subjected to the soft agar assay. (D) FACS
assay for measuring apoptosis of HCC cells transfected with mock or ZNF32 in suspension culture 48 h (E) HCC cells transfected with mock or ZNF32 were subjected
to immunoblot analysis using the indicated antibodies. Data represent the mean ± standard deviation (SD). Each experiment was performed at least in triplicate,
producing consistent results. **P < 0.01, ***P < 0.001.

Fig. 3. ZNF32 contributed to ROS defense and the
maintenance of mitochondrial membrane potential
in detached HCC cells. (A) HepG2 and Huh7 cells
stably expressing ZNF32 and cultured in the sus-
pension for 48 h were stained with CM-H2DCFDA
and subjected to fluorescence intensity analysis to
determine the intracellular ROS levels. (B) The in-
dicated cells cultured in the suspension for 48 h were
stained with MitoSOX Red, and ROS levels were de-
termined. (C) The indicated cells cultured in the
suspension for 48 h, and reduced GSH levels was
measured. (D) The indicated cells cultured in the
suspension for 48 h, and NADPH levels was mea-
sured. (E) The indicated cells cultured in the sus-
pension for 48 h were subjected to measurement of
the mitochondrial membrane potential using the JC-
1 assay. (F) The indicated cells cultured in the sus-
pension for 48 h, and ATP was measured using the
ATP determination kit. Data represent the mean ±
standard deviation (SD). Each experiment was per-
formed at least in triplicate, producing consistent
results. **P < 0.01, ***P < 0.001.
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shRNA targeting ZNF32. The sequences of shRNA were as follows:
shRNA-ZNF32, 5′-GAA TGT AGC GTT CTT CAA TGT-3’; shRNA-NC, 5′-
TTC TCC GAA CGT GTC AGG T-3’. Both lentiviral shuttle vectors ex-
pressed EGFP. The packing and purification of the recombinant lenti-
viral vector were performed by the GenePharma Company (Shanghai,
China). The indicated HCC cells infected with the recombinant lenti-
viral vectors were selected with puromycin for 2 weeks.

2.3. RNA extraction and real-time PCR

Total RNA was extracted using RNAiso Plus (TAKARA) according to
the manufacturer's instructions. Real-time PCR was performed with
SYBR® Premix Ex Taq™ II (TAKARA) using an iCycler iQ™ Multicolor
Real-Time Detection System (BIO-RAD) as previously described [17].
The following primers were used: ZNF32, 5′-AGA ATG TAG CGT TCT
TCA ATG TG-3’ (forward) and 5′-CCT GTA GTG TCT TCG AAT CTG G-3’
(reverse); GAPDH, 5′-ACC ACA GTC CAT GCC ATC AC-3’ (forward) and
5′-TCC ACC ACC CTG TTG CTG TA-3’ (reverse). The relative expression
levels were determined using Gene Expression Macro Version 1.1
software (BIO-RAD).

2.4. Soft agar colony formation assay

A total of 5× 104 cells were suspended in DMEM containing 0.35%
agar and seeded onto a 0.6% agar layer in 6-well plates. The cells were
maintained at 37 °C in a 5% CO2 incubator for 2 weeks and then cells

were stained with crystal violet. Images were taken and analyzed with
ImageJ software.

2.5. Induction of anoikis

To prevent cell adhesion, 6-well plates were coated with a solution
of poly-HEMA (Sigma-Aldrich), dissolved at 10mg/mL in ethanol. To
coat 6-well plates, 2 mL of poly-HEMA solution was added to each well.
Plates were kept at 37 °C for at least 3 days until the solvent had
completely evaporated. To induce anoikis, 1× 105 cells resuspended in
DMEM medium containing 10% FBS were plated on the poly-HEMA
plates. At the indicated times, the cells in suspension were recovered
and submitted to trypan blue exclusion assay.

2.6. Annexin V-PE analysis

Apoptotic cells were quantified via Annexin V-PE apoptosis detec-
tion kit from KeyGEN Biotech (Nanjing, China). Briefly, cells were
trypsinized with trypsin, washed twice with PBS, resuspended in 500 μl
of binding buffer containing 1 μl of Annexin V-PE and incubated at
room temperature for 15min. Then, the cell mixture was immediately
analyzed using a fow cytometer (FACSAria, Becton Dickinson).

2.7. Assays of reactive oxygen species

The intracellular levels of H2O2 were measured with CM-H2DCFDA

Fig. 4. Antioxidants rescued ZNF32 deficiency-induced anoikis in detached HCC cells. Quantitative real-time PCR (A) and immunoblot analysis (B) of ZNF32
expression in attached HepG2 and Huh7 cells, detached HCC cells treated with or without NAC and GSH. (C) The indicated cells were cultured in the plates coated
with poly-HEMA and treated with NAC or GSH, and subjected to trypan blue exclusion assay. (D) The indicated cells were cultured and treated as in (C), and
subjected to Annexin V assay. (E) The indicated cells were cultured and treated as in (C), and subjected to the soft agar assay. (F) The indicated cells were cultured
and treated as in (C), and subjected to immunoblot analysis using the indicated antibodies. Data represent the mean ± standard deviation (SD). Each experiment
was performed at least in triplicate, producing consistent results. *P < 0.05, **P < 0.01, ***P < 0.001.
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(Thermo). Mitochondrial ROS production was detected by the MitoSOX
Red assay (Thermo). Fluorescence was detected by flow cytometry.

2.8. NADPH, GSH and ATP assays

The intracellular levels of NADPH were measured using the NADP/
NADPH Quantitation Colorimetric Kit (Biovision) as described pre-
viously [18]. The intracellular levels of reduced GSH were measured
using the Reduced Glutathione (GSH) Assay Kit (Biovision) according to
the manufacturer's instructions. The intracellular level of ATP was
measured with an ATP Colorimetric/Fluorometric Assay Kit (Biovi-
sion). All the measurements were normalized to the protein content of
the cells.

2.9. Mitochondrial membrane potential analysis

The mitochondrial membrane potential was measured using a mi-
tochondria-specifc dual fluorescence probe, JC-1 (KeyGEN Biotech,
Nanjing, China), as described previously [15]. Briefly, cells were wa-
shed twice with PBS and loaded with JC-1-containing solution for
30min at 37 °C. JC-1 fluorescence was quantified by flow cytometry, in
which red JC-1 aggregates were gated in the FL2 channel and green JC-
1 monomers in the FL1 channel. Analysis of the multivariate data was

performed using FlowJo software.

2.10. In vivo assays for tumor metastasis and anoikis

Female BALB/c nu/nu mice (6-week-old) were raised in specific
pathogen-free conditions. Animal care and experimental protocols were
in accordance with guidelines established by the Institutional Animal
Care and Use Committee of Sichuan University. For mouse lung me-
tastasis model, single-cell suspensions of 5× 106 cells were injected
into the tail vein of nude mice. The mice were killed 8 weeks after
injection and the lungs were resected and fixed in formalin, and the
visible tumor nodules were counted. The fixed lungs were then em-
bedded in paraffin, sectioned, and stained with hematoxylin and eosin,
and microscopic lung metastasis was counted under a light microscope.

For mouse peritoneal cavity model, 5× 106 indicated HepG2 cells
were i.p. injected into nude mice. After 72 h post injection, ascites fluid
was drawn out from the peritoneal cavity. GFP positive tumor cells
were selected by flow cytometry and viable cells were counted using
trypan blue exclusion assay.

2.11. Statistical analysis

All the experiments were performed at least three times

Fig. 5. The activation of Src/FAK signaling was required for ZNF32-mediated anoikis resistance. (A) The indicated HepG2 and Huh7 cells were cultured in the
suspension and subjected to immunoblot analysis using the indicated antibodies. (B) and (C) The effect of ZNF32 on the association of Src with FAK was detected by
immunoprecipitation for Src or FAK, followed by immunoblotting for FAK and Src. (D) ZNF32-overexpressing HCC cells were cultured in suspension and treated with
PP2 or Y15, and subjected to trypan blue exclusion assay. (E) The indicated cells were cultured and treated as in (D), and subjected to Annexin V assay. (F) The
indicated cells were cultured and treated as in (D), and subjected to immunoblot analysis using the indicated antibodies. Data represent the mean ± standard
deviation (SD). Each experiment was performed at least in triplicate, producing consistent results. ***P < 0.001.
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independently, and all data are expressed as “mean ± SD”. A one-way
ANOVA test was used to analyse quantitative data between groups. The
data were analyzed using SPSS statistical software version 22.0.
P < 0.05 was considered statistically significant.

3. Results

3.1. ZNF32 is upregulated in HCC cells following detachment

To explore the relationship between ZNF32 and anoikis in HCC
cells, we first evaluated the expression of ZNF32 in HepG2 and Huh7
cells upon detachment. HCC cells were plated on poly-2-hydro-
xyethylmethacrylate (poly-HEMA)-coated plates to inhibit cell attach-
ment to matrix as previously described [19]. Both the mRNA and
protein levels of ZNF32 were robustly increased in a time-dependent
manner following detachment (Fig. 1A and B). The addition of Matrigel
basement membrane-like matrix to detached HCC cells markedly
blocked the elevated levels of ZNF32 (Fig. 1C and D). Moreover, we
found that if HCC cells that had been detached for 4 h were allowed to
reattach to ECM, the expression of ZNF32 was decreased (Fig. 1E and
F). These data suggest a potential role of ZNF32 in the anoikis of HCC
cells.

3.2. ZNF32 promotes the anchorage-independent growth of HCC cells

To determine whether ZNF32 is involved in anoikis in HCC cells, we
engineered stable upregulation or knockdown of ZNF32 expression in
HepG2 and Huh7 cells via ectopic expression of ZNF32 cDNA or ZNF32-
specific short hairpin RNA (shRNA) using lentiviral technology (Fig. 2A
and Supplementary Fig. S1A). ZNF32 overexpression significantly in-
creased the number of surviving detached HepG2 and Huh7 cells,
whereas ZNF32 deficiency suppressed the anoikis resistance of HCC
cells in response to detachment (Fig. 2B and Supplementary Fig. S1B).
Enforced ZNF32 expression significantly promoted the anchorage-in-
dependent growth capability of HCC cells, leading to a marked increase
of colonies as analyzed by soft agar assay (Fig. 2C). In contrast, ZNF32
deficiency resulted in decreased the colonies number of HepG2 and

Huh7 cells on soft agar compared with control cells (Supplementary
Fig. S1C). Moreover, upregulated ZNF32 markedly reduced the per-
centage of apoptotic cells (Fig. 2D) and protein levels of cleaved caspase
3 and cleaved PARP (Fig. 2E). The converse results were observed in
ZNF32-knockdown HCC cells (Supplementary Figs. S1D and S1E).
Taken together, these results indicate that ZNF32 induces anoikis re-
sistance of HCC cells in vitro.

3.3. ZNF32 regulates redox homeostasis in HCC cells following detachment

As ECM-detachment is now well established to cause a host of cat-
astrophic metabolic alterations including a robust increase in ROS, di-
minished pentose phosphate pathway flux, and reduced cellular ATP
levels [20,21], we next examined whether ZNF32 affected cellular
redox balance upon detachment. Flow cytometry analysis of CM-
H2DCFDA, a ROS sensitive dye, revealed that ZNF32 significantly re-
pressed ROS levels in the suspended HCC cells (Fig. 3A). Likewise,
experiments using MitoSOX Red dye, a probe of mitochondrial super-
oxide production in live cells, showed that mitochondrial ROS levels
were lower in ZNF32-overexpression cells compared with control cells
(Fig. 3B). Conversely, knockdown of ZNF32 resulted in increased ac-
cumulation of intracellular and mitochondrial ROS levels
(Supplementary Figs. S2A and S2B). The glutathione (GSH) and NADPH
levels, two most abundant antioxidant to neutralize ROS in human
cells, were increased in ZNF32 overexpressing HCC cells under de-
tachment conditions (Fig. 3C and D). However, decreased GSH and
NADPH contents were observed in ZNF32 knockdown cells
(Supplementary Figs. S2C and S2D). Moreover, overexpression of
ZNF32 reduced mitochondrial permeabilization according to the
fluorescent JC-1 aggregation assay and promoted ATP generation in
HCC cells following detachment (Fig. 3E and F), while ZNF32-defcient
HCC cells displayed marked mitochondrial membrane potential im-
pairment and diminished ATP production (Supplementary Figs. S2E
and S2F). These results reveal that ZNF32 promotes HCC cells re-
sistance to anoikis through enhancing the antioxidant capacity of cells
to detoxify excess ROS.

Fig. 6. ZNF32 promoted anoikis resistance of HCC
cells in vivo. HepG2 cells transfected mock or ZNF32
were injected into the tail vein of Balb/c nude mice
to establish an in vivo model of lung metastasis. (A)
The representative images of lung tissue sections
from the indicated groups obtained 8 weeks after tail
vein injection. (B) The number of lung metastasis
nodules was counted from mice as in (A). (C)
Indicated HepG2 cells were i.p. injected into Balb/c
nude mice. GFP-positive HepG2 cells isolated from
ascites fluid were selected by flow cytometry and
viable cells were counted using trypan blue exclusion
assay. Data represent the mean ± standard devia-
tion (SD). Each experiment was performed at least in
triplicate, producing consistent results. **P < 0.01.
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web ver-
sion of this article.)
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3.4. Antioxidants rescue ZNF32 deficiency-induced anoikis in HCC cells
following detachment

Given the evidence that ZNF32 is upregulated in detached HCC cells
and that its overexpression can repress excess ROS accumulation, we
investigated the effect of antioxidants on ZNF32 expression in detached
cells. The antioxidant agent N-acetyl-L-cysteine (NAC) or GSH was
sufficient to eliminate cellular ROS levels in HepG2 and Huh7 cells
(Supplementary Figs. S3A and S3B). Treatment of detached HepG2 and
Huh7 cells with NAC or GSH significantly inhibited the elevated ex-
pression of ZNF32 in detached cells (Fig. 4A and B), suggesting that
ZNF32 expression was regulated by ROS levels. Next, we determined
whether antioxidants addition could attenuate ZNF32 deficiency-in-
duced anoikis in HCC cells after detachment. Indeed, silencing ZNF32
caused increased apoptotic rate of detached HCC cells that was rescued
by NAC or GSH treatment (Fig. 4C and D). Consistently, NAC or GSH
addition efficiently promoted anchorage-independent survival of
HepG2 and Huh7 cells in the absence of ZNF32 (Fig. 4E). Moreover,
ZNF32-defcient cells exhibited increased protein levels of cleaved cas-
pase 3 and cleaved PARP that was reversed by NAC or GSH treatment
(Fig. 4F). These data indicate that antioxidants can rescue the survival
of ZNF32-silenced HCC cells after detachment.

3.5. Src/FAK signaling is required for ZNF32-mediated anoikis resistance

Src/FAK pathway has been reported to protect the tumor cells from
anoikis [22,23]. To further understand the molecular mechanism by
which ZNF32 regulated anoikis resistance, we explored the effect of
ZNF32 on the activation of Src/FAK signaling. ZNF32 overexpression
resulted in the increased phosphorylations of Src and FAK, whereas
ZNF32 knockdown inhibited the activation of Src and FAK (Fig. 5A).
We next assessed whether ZNF32 influenced the interactions
between Src and FAK. Immunoprecipitation of Src followed by anti-
FAK immunoblot analysis revealed an association between Src and
FAK that was significantly augmented by ZNF32 overexpression
(Fig. 5B). Parallel effects were observed when FAK im-
munoprecipitates were assayed for Src (Fig. 5B). Conversely, down-
regulation of ZNF32 inhibited Src/FAK complex formation following
detachment (Fig. 5C). To assess the functional roles of Src/FAK sig-
naling in ZNF32-mediated anoikis, indicated HCC cells were treated
with Src inhibitor PP2 or FAK inhibitor Y15 after detachment, respec-
tively. Indeed, PP2 or Y15 treatment was efficiently to suppress the
phosphorylations of Src and FAK, respectively (Supplementary Fig. S4).
As shown in Fig. 5D, PP2 and Y15 treatment resulted in decreased
number of surviving detached HepG2 and Huh7 cells in the presence of
ZNF32. Consistent with this, both PP2 and Y15 treatment effectively
reversed ZNF32-induced anoikis resistance in HepG2 and Huh7 cells
(Fig. 5E), leading to the increased levels of cleaved caspase 3 and
cleaved PARP (Fig. 5F). These results imply that the activation of Src/
FAK signaling plays a critical role in ZNF32-mediated anoikis resistance
in HCC cells.

3.6. ZNF32 enhanced the metastasis and anoikis resistance of HepG2 cells
in vivo

To confirm whether ZNF32 contributes to the metastasis of HCC
cells, we established a lung metastasis model by injecting HepG2 cells
into the tail vein of nude mice. A representative lung metastasis is
presented in Fig. 6A. Overexpression of ZNF32 significantly augmented
the ability of HepG2 cells to establish lung metastases (Fig. 6B). To
further determine the effect of ZNF32 on in vivo anoikis, the indicated
HepG2 cells were implanted into the peritoneal cavity of nude mice. At
72 h after implantation, GFP positive tumor cells from peritoneal cavity
were selected by flow cytometry and viable cells were counted using
trypan blue exclusion assay. As shown in Fig. 6C, ZNF32 overexpression
resulted in a significantly increased the number of surviving HepG2

cells in the mouse peritoneal cavity compared to control cells. These
data indicate that high level of ZNF32 is associated with acquired an-
oikis resistance and metastasis of HCC cells in vivo.

4. Discussion

Anoikis, defined as detachment-induced apoptosis, exerts as a bar-
rier to cancer metastasis. Resistance to anoikis is known as a critical
step in metastasis, as it compromises tumor cells to survive in the sys-
temic circulation and facilitates their metastasis to distant organs
[24,25]. However, the molecular mechanism of anoikis resistance in
HCC remains not fully understood. In the present study, we found that
ZNF32 expression was significantly upregulated in HCC cells following
detachment. Overexpression of ZNF32 promoted the resistance to an-
oikis, whereas ZNF32 suppression resulted in reduced anchorage-in-
dependent growth in HCC cells. Our data revealed a crucial role for
ZNF32 in regulating HCC malignant progression.

Recent studies have demonstrated that ECM-detachment induces
robustly increased basal ROS levels that can cause damage to cellular
components and ultimately lead to cell death [26,27]. Strikingly, cancer
cells seemed to benefit from the elimination of ECM-detachment
mediated ROS production as overexpression of the ErbB2 oncogene led
to luminal filling and diminished ROS levels [28]. Here, we reported
that overexpression of ZNF32 significantly repressed ROS levels and
enhanced antioxidant-scavenging capacity as indicated by accumula-
tion of two intracellular antioxidants GSH and NAPDH to promote
survival of suspended HCC cells. Moreover, the defect of anchorage-
independent growth caused by ZNF32 deficiency was restored by an-
tioxidants NAC or GSH treatment. Consistent with our study, a recent
study reported that antioxidant enhanced anchorage-independent
colony formation of breast cancer cells [29]. Furthermore, additional
studies have revealed that upregulated pyruvate dehydrogenase kinase
4 attenuated the production of ROS through stalling the flux of glyco-
lytic carbon into mitochondrial oxidation to enable cell survival during
ECM-detachment [30]. Based on elevated ROS levels are essential to
promote tumor cell survival and malignant progression [31,32], we
hypothesize that cancer cells need to both inhibit anoikis and appro-
priately regulate ROS levels to survive during the metastatic cascade.

Mitochondrial is the main source for ROS and ATP generation, and
the loss of mitochondrial membrane potential is involved in the al-
teration of mitochondrial metabolism and mitochondrial failure-in-
duced cell death [33,34]. In this study, we showed that upregulated
ZNF32 sustained mitochondrial membrane potential and facilitated
ATP production in detached HCC cells, suggesting that ZNF32 protected
detached HCC cells from anoikis by modulating mitochondrial function.
In support of this, expression of SOD2, a mitochondrial protein that
reduces oxidative stress-induced mitochondrial impairment caused by
respiratory chain leak, was increased in more advanced and higher
grade mammary tumors and positively correlated with metastasis of
breast cancer cells [35]. Furthermore, the elevated expressions of
ZNF32 in detached HCC cells were significantly inhibited by NAC or
GSH treatment. Our previous study demonstrated that the transcription
of ZNF32 was precisely regulated by SP1 upon oxidants treatment [15].
These results suggest that ZNF32 may act as a sensor of intracellular
ROS levels that maintains redox homeostasis under oxidative stress.

FAK, a broadly expressed non-receptor tyrosine kinase which
transduces signals from integrins, growth and hormonal factors, plays a
critical role in many fundamental biological processes and functions,
including cell adhesion, migration, proliferation and survival [36,37].
Src was found to induce the FAK phosphorylation at Y397, leading to
the activation of FAK [22,38]. In the present study, we found that
ZNF32 overexpression promoted the phosphorylations of Src and FAK,
whereas knockdown of ZNF32 resulted in inactivation of Src and FAK
after detachment. In line with our observation, several studies reported
that the activation of Src triggered downstream pro-survival pathways
to confer anoikis resistance, thus promoted tumor growth and
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metastasis [39,40]. In contrast, the Src kinase inhibitor PP2 and FAK
inhibitor Y15 treatment significantly inhibited anchorage-independent
growth of ZNF32-overexpressing HCC cells. Therefore, our data in-
dicate that the ZNF32 overexpression activates Src, which in turn
promotes phosphorylation of FAK, and ultimately leading to anoikis
resistance in HCC.

In summary, our current findings provide the first evidence that
upregulated ZNF32 expression is associated with anoikis resistance in
HCC cells, and the expression of ZNF32 is dependent on intracellular
ROS levels. Overexpression of ZNF32 maintains mitochondrial mem-
brane potential and augments cellular antioxidant capacity to detoxify
excess ROS, and these effects promote HCC cell survival upon detach-
ment. Taken together, our study delineates the molecular mechanisms
underlying the ZNF32-dependent regulation of anoikis resistance
through manipulation of redox homeostasis and activation of Src/FAK
signaling, and we propose that inhibition of ZNF32 may serve as an
efficient strategy to enhance the sensitivity of HCC cells to anoikis.
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