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Silencing ZIC2 abrogates tumorigenesis
and anoikis resistance of non-small cell lung
cancer cells by inhibiting Src/FAK signaling
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Aberrant expression of the zinc finger protein (ZIC) family has
been extensively reported to contribute to progression and
metastasis in multiple human cancers. However, the functional
roles and underlying mechanisms of ZIC2 in non-small cell
lung cancer (NSCLC) are largely unknown. In this study,
ZIC2 expression was evaluated using qRT-PCR, western blot,
and immunohistochemistry, respectively. Animal experiments
in vivo and functional assays in vitro were performed to inves-
tigate the role of ZIC2 in NSCLC. Luciferase assays and chro-
matin immunoprecipitation (ChIP) were carried out to explore
the underlying target involved in the roles of ZIC2 in NSCLC.
Here, we reported that ZIC2 was upregulated in NSCLC tissues,
and high expression of ZIC2 predicted worse overall and pro-
gression-free survival of NSCLC patients. Silencing ZIC2
repressed tumorigenesis and reduced the anoikis resistance of
NSCLC cells. Mechanical investigation further revealed that
silencing ZIC2 transcriptionally inhibited Src expression and
inactivated steroid receptor coactivator/focal adhesion kinase
signaling, which further attenuated the anoikis resistance of
NSCLC cells. Importantly, our results showed that the number
of circulating tumor cells (CTCs) was positively correlated with
ZIC2 expression in NSCLC patients. Collectively, our findings
unravel a novel mechanism implicating ZIC2 in NSCLC, which
will facilitate the development of anti-tumor strategies in
NSCLC.
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INTRODUCTION
Lung cancer is the second-most common cancer diagnosed and the
leading cause of cancer-related mortality in 2021, accounting for
�12% of all new diagnoses; ranks next only to breast cancer; and
accounts for one-quarter of all cancer deaths.1 According to its path-
ological characteristics, lung cancer is mainly divided into two histo-
logical types: small cell lung cancer (SCLC) and non-SCLC (NSCLC),
where NSCLC primarily consists of lung adenocarcinoma (LUAD)
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and lung squamous cell carcinoma (LUSC). Although substantial
progress has been made with improvements in therapeutic strategies
against NSCLC, the 5-year overall survival (OS) rate does not exceed
20% in NSCLC patients.2 Thus, it is of great necessity to identify po-
tential biomarkers and therapeutic targets for NSCLC, which will be
beneficial to improve the survival period and prognosis of NSCLC
patients.

Aberrant expression or dysregulation of transcription factors has
been extensively implicated in the pathogenesis of a variety of human
cancers.3 Among the versatile transcription factor families, ZIC (zinc
finger protein) is a kind of highly conserved protein with cysteine 2/
histidine 2 motifs and exerts its function as a crucial transcription fac-
tor in multiple cellular and biological processes, such as embryo
development, skeletal patterning, cell morphogenesis, myogenesis,
and neurogenesis.4,5 Recently, accumulating momentum has impli-
cated the zinc finger transcription factor ZIC2 in the pathogenesis
and progression of multiple human cancer types. ZIC2 has been
widely reported to be overexpressed in several human cancer
types,6–13 and overexpression of ZIC2 promoted cancer progression
and metastasis by various mechanisms, suggesting that ZIC2 func-
tions as an oncogene in the context of cancers. However, ZIC2 was
found to be downregulated in breast cancer and pediatric medullo-
blastoma.14,15 These findings suggested that ZIC2 may play an onco-
genic or tumor-suppressive role in different types of cancer.
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Furthermore, ZIC2 has been demonstrated to be upregulated in
LUAD,16,17 as well as in SCLC,18 and high levels of ZIC2 predicted
poor OS in patients with LUAD.16 However, the clinical significance
and functional role of ZIC2 in NSCLC, especially in LUSC, remain to
be further elucidated.

The extracellular environment, especially the extracellular matrix
(ECM), provides adhesive support and connection among cells, which
initiate signal transduction to promote cell survival and growth.19 Loss
of this adhesive support or adhesion-mediated signaling leads to pro-
grammed cell death, referred to as anoikis.20 Anoikis resistance is a
critical characteristic of cancer cells, which develop the ability of
anchorage-independent growth for local dissemination and distant
colonization.21 Cancer cells exploit multiple mechanisms to promote
their resistance to anoikis, including epithelial-mesenchymal transi-
tion (EMT),22,23 deregulation of integrin,24 and constitutive activation
of pro-survival pathways, such as phosphatidylinositol 3-kinase/pro-
tein kinase B (PI3K)/AKT signaling,25 signal transducer and activator
of transcription 3 (STAT3) signaling,21 and steroid receptor coactiva-
tor/focal adhesion kinase (Src/FAK) signaling.26,27 Among these, the
pro-anoikis resistance role of Src/FAK signaling in cancer seizes great
attention, and activation of Src/FAK signaling has been demonstrated
to protect cancer cells from anoikis.28,29 FAK is a broadly expressed
non-receptor tyrosine kinase that elicit signals from integrins and
plays an important role in cell adhesion, survival, and proliferation.30

Src has been found to interact with FAK by facilitating the phosphor-
ylation (p) of FAK at Y397, leading to the activation of Src/FAK
signaling.28,31 However, the underlying mechanisms responsible for
anoikis resistance in NSCLC cells under the regulation of Src/FAK
signaling remain unclear.

In this study, we found that ZIC2 expression was elevated in both
LUAD and LUSC tissues, especially in LUSC tissues, which predicted
poor OS and short progression-free survival (PFS) in NSCLC pa-
tients. Loss-of-function assays demonstrated that silencing ZIC2
repressed the tumorigenesis of NSCLC cells in vivo and attenuated
the migratory, invasive ability and anoikis resistance of NSCLC cells
in vitro. Mechanically, silencing ZIC2 transcriptionally inhibited Src
expression and inactivated steroid receptor coactivator/focal adhe-
sion kinase signaling, which further attenuated the anoikis resistance
of NSCLC cells. Importantly, our results demonstrated that the num-
ber of circulating tumor cells (CTCs) with the ability to withstand
anoikis in NSCLC patients with high levels of ZIC2 expression was
dramatically higher than that in those with low levels of ZIC2 expres-
sion. Therefore, our results uncover a novel mechanism by which
ZIC2 promotes tumorigenesis and anoikis resistance of NSCLC cells.

RESULTS
ZIC2 is upregulated in NSCLC tissues

To determine the expression levels of ZIC2 in NSCLC, ZIC2 expres-
sion was first analyzed in the lung cancer dataset from The Cancer
Genome Atlas (TCGA: https://tcga-data.nci.nih.gov/tcga/). As
shown in Figure 1A, ZIC2 expression was dramatically upregulated
in lung cancer tissues compared with that in the adjacent normal
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tissues (ANTs). Further analysis revealed that ZIC2 was differen-
tially elevated in LUAD and LUSC tissues (Figure 1B). Similarly,
we found that ZIC2 was upregulated in both LUAD and LUSC tis-
sues in our previously integrative data profile of lung cancer based
on the Affymetrix U133 Plus 2.0 microarray (AE-meta)32 (Fig-
ure 1C). Then, we further examined ZIC2 expression in 10 paired
NSCLC tissues, including 6 LUADs and 4 LUSCs, by qRT-PCR
and western blot, and the results showed that messenger RNA
(mRNA) and protein levels of ZIC2 were elevated in 5/6 LUAD
tissues and 3/4 LUSC tissues compared with those in the corre-
sponding ANTs (Figures 1D and 1E). ZIC2 expression was further
examined in the normal lung bronchial epithelial cell line BEAS-2,
as well as in multiple lung cancer cell lines. As shown in Figures 1F
and 1G, ZIC2 expression was differentially upregulated in lung can-
cer cells compared with that in BEAS-2. These results suggested that
high expression of ZIC2 may be implicated in the pathogenesis of
NSCLC.

High levels of ZIC2 predict poor prognosis and early progression

To investigate the clinical significance of ZIC2 in NSCLC, we further
examined ZIC2 expression in a larger number of clinical NSCLC sam-
ples, including 168 LUADs and 93 LUSCs, by immunohistochemistry
(IHC). As shown in Figures 2A�2C, ZIC2 was mainly expressed in
the nucleus of cancer cells, and its expression levels were markedly
upregulated in both LUAD and LUSC tissues compared with that
in benign lung lesion tissues. Kaplan-Meier (KM) survival analysis
showed that NSCLC patients with high levels of ZIC2 expression dis-
played poorer OS and PFS than those with low levels of ZIC2 expres-
sion (Figures 2D and 2E). We then explored the clinical correlation of
ZIC2 expression with OS and PFS in two independent lung cancer da-
tasets from AE-meta and Kaplan-Meier Plotter and found that high
levels of ZIC2 expression predicted poor OS and short PFS of NSCLC
patients compared with patients with low levels of ZIC2 expression
(Figures 2F�2I), which further supported the findings from our clin-
ical samples. Furthermore, the expression of ZIC2 was gradually
increased with T classification, M classification, and the advancement
of clinical stage, respectively (Table 1). Therefore, these findings indi-
cated that high levels of ZIC2 predict a poor prognosis and early dis-
ease progression in NSCLC patients.

Silencing ZIC2 inhibits tumorigenesis in vivo and metastasis

in vitro of NSCLC cells

To determine the effect of ZIC2 on tumorigenesis of NSCLC cells
in vivo, we first constructed ZIC2-stably downexpressing cell lines
by endogenously knocking down ZIC2 via lentivirus infection in
A549 and NCI-H520 cells, which expressed the highest levels of
ZIC2 among all lung cancer cell lines (Figure 3A), where ZIC2-
sh#2 of NCI-H520 cells presented higher silencing efficiency and
was chosen for further analysis in vivo. Then, mice were randomly
divided into two groups (n = 6/group), and the NCI-H520 vector
or ZIC2-sh#2 cells were injected into the mice via tail veins. 6 weeks
after cell inoculation, we found that silencing ZIC2 reduced the
nodular growth of NCI-H520 cells in the lung and prolonged the cu-
mulative survival of the mice (Figures 3B�3D). Interestingly, our
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Figure 1. ZIC2 is upregulated in NSCLC

(A) Comparison of ZIC2 expression between NSCLC tissues and the matched adjacent normal tissues (ANTs) in The Cancer Genome Atlas (TCGA). (B) Expression level of

ZIC2 in 109 ANT, 514 lung adenocarcinoma (LUAD), and 496 lung squamous cell carcinoma (LUSC) tissues in TCGA. Each bar represents the mean ± SD. (C) Expression

level of ZIC2 in 340 ANT, 1109 LUAD, and 414 LUSC tissues in AE-meta. Each bar represents themean ± SD. (D) ZIC2mRNA expression in paired NSCLC tissues compared

with their matched ANT patient samples. Transcript levels were normalized to GAPDH expression. Each bar represents the mean ± SD of three independent experiments.

* p < 0.05. (E) ZIC2 protein expression in paired NSCLC tissues compared with their matched ANT patient samples. a-tubulin served as the loading control. (F) ZIC2 mRNA

expression in normal lung epithelial cell lines and NSCLC cell lines. Transcript levels were normalized to GAPDH expression. Each bar represents the mean ± SD of three

independent experiments. * p < 0.05. (G) ZIC2 protein expression in normal lung epithelial cell lines and NSCLC cell lines. a-tubulin served as the loading control.
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results revealed that silencing ZIC2 dramatically reduced the number
of CTCs extracted from the mice compared with the vector mice
groups (Figure 3E). Moreover, with the use of a wound-healing assay,
we demonstrated that silencing ZIC2 significantly inhibited the
migratory activity of NSCLC cells compared with that of control cells
(Figure 4A). Similarly, Transwell assays revealed that ZIC2 downre-
gulation abrogated the migratory and invasive ability of NSCLC cells
(Figures 4B and 4C). Collectively, these results demonstrated that
silencing ZIC2 inhibits the metastasis of NSCLC cells in vivo and
in vitro.
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Silencing ZIC2 abrogates anoikis resistance in NSCLC cells

To further determine the functional roles of ZIC2 downregulation in
inhibiting the tumorigenic ability of NSCLC cells in vitro, Cell
Counting Kit 8 (CCK-8) and colony-formation assays were first per-
formed. As shown in Figures 5A�5C, neither the cell growth nor the
colony-forming capability of NSCLC cells was affected by silencing
ZIC2. This finding suggested that silencing ZIC2 inhibits the growth
of NSCLC cells in vivo independent of cell proliferation. The above-
mentioned in vivo results showed that silencing ZIC2 reduced the num-
ber of CTCs that could survive under suspension conditions, namely,
anoikis resistance. Several lines of evidence have reported that anoikis
resistance plays a pivotal role in the metastasis of cancer cells, including
lung colonization and subsequent outgrowth.33 Therefore, the effects of
silencing ZIC2 on anoikis resistance in NSCLC cells was further inves-
tigated. As shown in Figures 5D�5F, silencing ZIC2 enhanced the
expression levels of cleaved caspase-3 and caspase-9 and the anoikis ra-
tio of NSCLC cells. Mitochondrial potential assay demonstrated that
silencing ZIC2 reduced the mitochondrial potential of NSCLC cells
(Figure 5G). Therefore, our findings supported the hypothesis that
silencing ZIC2 inhibits the tumorigenic ability of NSCLC cells by block-
ing anoikis resistance.

Silencing ZIC2 represses Src/FAK signaling via transcriptionally

inhibiting Src

Numerous studies have reported that unrestrained activation of Src/
FAK signaling plays a crucial role in maintaining anoikis resistance in
cancer cells.26,34 Thus, we further investigated whether Src/FAK
signaling is implicated in the functional role of ZIC2 in NSCLC.
Western blot analysis showed that silencing ZIC2 reduced the p-Src
and p-FAK levels in NSCLC cells but did not affect the total expres-
sion of FAK (Figure 6A). Notably, we found that silencing ZIC2
dramatically inhibited the total mRNA and protein expression of
Src in NSCLC cells (Figures 6A and 6B). This finding suggested
that ZIC2 regulates Src expression at the transcriptional level, which
was further supported by the finding that a decrease in the Src pro-
moter luciferase activity was observed upon downregulation of
ZIC2 in NSCLC cells (Figure 6C). A chromatin immunoprecipitation
(ChIP) assay indicated that ZIC2 could bind to the P2 and P7 binding
sites in the promoter region of Src in NSCLC cells (Figure 6D). These
results demonstrated that ZIC2 transcriptionally regulates Src expres-
sion, which further activates Src/FAK signaling in NSCLC cells.

Activation of Src/FAK signaling is essential for ZIC2-induced

anoikis resistance

To further determine the functional role of Src/FAK signaling in
mediating the effect of ZIC2 on anoikis resistance, constitutively
Figure 2. High levels of ZIC2 predict poor prognosis and early progression in N

(A) Representative images of ZIC2 immunostaining of 43 benign lung lesion tissues, 168 L

50 mm. (B) The number of lung tissues stratified by the staining index of ZIC2. (C) Stai

10th�90th percentile. (D and E) Kaplan-Meier survival curve of overall survival (OS) and

high ZIC2 expression. (F and G) Kaplan-Meier survival curve of OS and PFS in NSCLC pa

Kaplan-Meier Plotter of OS and PFS in NSCLC patients with low ZIC2 expression versu

95% CI, 95% confidence interval.
active Src (Y529F)35 and FAK (Y397E)36 were applied to ZIC2-
silenced NSCLC cells. As shown in Figures 7A and 7B, the expression
levels of cleaved caspase-3 and caspase-9 were dramatically inhibited
by Src (Y529F)35 and FAK (Y397E) in ZIC2-silenced NSCLC cells.
Consistently, either Src (Y529F) or FAK (Y397E) reduced the anoikis
ratio in ZIC2-silenced NSCLC cells (Figure 7C). Src (Y529F) or FAK
(Y397E) reversed the inhibitory effect of ZIC2 downregulation on the
mitochondrial potential in NSCLC cells (Figure 7D). These findings
indicated that silencing ZIC2 inhibits anoikis resistance in NSCLC
cells by inactivating Src/FAK signaling.

Correlation of ZIC2 expression with the CTC count in clinical

NSCLC samples

Since CTCs could withstand anoikis triggered by detaching from the
ECM for subsequent successful colonization,37 the clinical correlation
of ZIC2 expression with the number of CTCs in NSCLC patients was
further analyzed. Immunofluorescence staining of CD45 and 40,6-di-
amidino-2-phenylindole (DAPI) and fluorescence in situ hybridiza-
tion (FISH) with the centromere of chromosome 8 (CEP8) was
utilized to identify CTCs in NSCLC patients. CD45�/CEP8 > 2 cells
were defined as CTCs, whereas those with CD45+/CEP8 = 2 were
defined as white blood cells (Figure 8A). In line with the observations
in vivo, we found that the number of CTCs in NSCLC patients with
low levels of ZIC2 was fewer than that in those with high levels of
ZIC2 (Figure 8B), whereas the number of CTC-white blood cell
(WBC) clusters between them has no significant difference (Fig-
ure 8C). Our results indicated that ZIC2 expression levels are posi-
tively correlated with the number of CTCs in NSCLC patients.

DISCUSSION
The primary findings of the current study provide insights into the
clinical significance and biological function of ZIC2 in NSCLC. In
this manuscript, our results revealed that ZIC2 expression was
elevated in NSCLC tissues, and high levels of ZIC2 predicted shorter
overall and PFS in NSCLC patients. Loss-of-function assays demon-
strated that silencing ZIC2 repressed tumorigenesis of NSCLC cells
in vivo and attenuated anoikis resistance in NSCLC cells in vitro.
Our results further indicated that silencing ZIC2 transcriptionally in-
hibited Src expression and inactivated Src/FAK signaling, which
further attenuated the anoikis resistance of NSCLC cells. Therefore,
our findings pinpoint the oncogenic role of ZIC2 in NSCLC.

Numerous studies have demonstrated that ZIC2 was upregulated in
multiple human cancer types, including pancreatic cancer,6 menin-
gioma,7 nasopharyngeal carcinoma,8 oral squamous cell carcinoma,9

hepatocellular carcinoma,10,11 cervical cancer,12 and epithelial
SCLC patients

UAD tissues, and 93 LUSC tissues. Scale bars, upper panels, 200 mm; lower panels,

ning index of ZIC2 in different histologic types of NSCLC. Error bar represents the

progression-free survival (PFS) of NSCLC patients with low ZIC2 expression versus

tients with low ZIC2 expression versus high ZIC2 expression from AE-meta. (H and I)

s high ZIC2 expression. p value was determined by log-rank test. HR, hazard ratio;
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Table 1. The relationship between ZIC2 expression level and clinical

pathological characteristics in 261 patients with NSCLC

Parameters Number of cases

ZIC2 IHCa expression

p valuesLow (n = 121) High (n = 140)

Gender

Female 107 46 61 0.363

Male 154 75 79

Age

<60 68 38 30 0.067

R60 193 83 110

Grade

G1�G2 156 73 83 0.864

G3 105 48 57

T classification

T1�2 198 102 96 0.002b

T3�4 59 17 42

N classification

N0 141 70 71 0.344

N1�3 110 48 62

M classification

M0 243 117 126 0.033b

M1 18 4 14

Stage

I�II 181 93 88 0.014b

III�IV 80 28 52

aIHC, immunohistochemistry.
bp < 0.05.

Molecular Therapy: Oncolytics
ovarian tumor,13 and overexpression of ZIC2 promoted cancer pro-
gression and metastasis by varying mechanisms as an oncogene.
However, Liu and colleagues14 have reported that ZIC2 was down-
regulated in breast cancer, and ectopic expression of ZIC2 repressed
cell proliferation and the colony-formation ability in vitro and tu-
mor growth in vivo. Furthermore, a decrease in ZIC2 expression
was reported in pediatric medulloblastoma.15 These findings sug-
gested that the oncogenic or tumor-suppressive role of ZIC2 largely
depends on cancer type. Furthermore, ZIC2 has been widely re-
ported to be upregulated in LUAD16,17 and SCLC,18 and its high
expression was associated with poor OS in patients with LUAD.16

Consistently, our results in the current study demonstrated that
ZIC2 was upregulated in both LUAD and LUSC tissues. High
expression of ZIC2 was positively correlated with poor OS and
PFS in NSCLC patients. Our results further demonstrated that
silencing ZIC2 attenuated the tumorigenic ability of NSCLC cells
in vivo and the anoikis resistance of NSCLC cells in vitro. In addi-
tion, silencing ZIC2 attenuated the anoikis resistance of NSCLC
cells dependent on transcriptional repression of Src expression,
leading to inactivation of Src/FAK signaling. Collectively, our find-
ings uncover a novel mechanism by which ZIC2 promotes tumori-
genesis and anoikis resistance in NSCLC.
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As one of the originally identified members, ZIC2 belongs to a super-
family of zinc finger transcription factors and exerts its function as a
transcription factor by virtue of its nomenclature.38 A study from Lu
et al.11 has reported that ZIC2 directly bound to the P21-activated ki-
nase 4 (PAK4) promoter and transcriptionally upregulated PAK4
expression, leading to sustained activation of the rapidly accelerated
fibrosarcoma/mitogen-activated protein kinase (MEK)/extracellular
signal-regulated kinase (ERK) pathway, which further promoted tu-
mor growth and metastasis in hepatocellular carcinoma; in addition,
ZIC2 acted as an upstream transcription factor to recruit the nuclear
remodeling factor (NURF) complex to the octamer-Binding Protein 4
(OCT4) promoter, thereby increasing OCT4 expression at the tran-
scriptional level.10 Interestingly, ZIC2 has also been demonstrated
to function as a transcriptional repressor in osteosarcoma and breast
cancer by transcriptionally inhibiting SH2 domain-containing
inositol 5’-phosphatase 2 (SHIP2) and STAT3 expression, respec-
tively.14,39 However, the transcriptional regulatory role of ZIC2 in
NSCLC has not yet been elucidated. In the current study, our results
clarified for the first time, to the best of our knowledge, the transcrip-
tional activating role of ZIC2 in NSCLC, where we found that
silencing ZIC2 dramatically reduced the promoter luciferase activity
of Src. Specifically, our results further demonstrated that ZIC2 could
bind to the P2 and P7 binding sites in the promoter region of Src in
NSCLC cells. Therefore, our results elucidate the transcriptional reg-
ulatory role of ZIC2 in NSCLC.

It has been extensively documented that ZIC2 may be used as a po-
tential biomarker for the early diagnosis of cancer and the prediction
of prognosis of patients with cancer. ZIC2 was found to be upregu-
lated in hepatocellular carcinoma, which predicted worse overall
and disease-free survival of hepatocellular carcinoma patients.
Importantly, multivariate analyses showed that ZIC2 could serve as
an independent indicator of a poor outcome of hepatocellular carci-
noma patients.11 Moreover, high levels of ZIC2 were positively corre-
lated with poor OS of oral squamous cell carcinoma patients
compared with those with low levels of ZIC2.9 In the context of
lung cancer, overexpression of ZIC2 predicted poor OS in patients
with LUAD.16 Notably, antibodies against ZIC2 were present in
approximately 30% of SCLC patients but were not identified in
healthy controls.40 However, the potential of ZIC2 serving as a
biomarker to predict the prognosis in NSCLC remains unknown.
In this study, our results revealed that ZIC2 was upregulated in
both LUAD and LUSC tissues, which predicted poor OS and short
PFS in our clinical NSCLC patients, as well as in two independent
lung cancer datasets fromAE-meta and Kaplan-Meier Plotter, respec-
tively, which was consistent with the previously reported finding.16

Therefore, our results further suggested that ZIC2 may hold the po-
tential applicable value as a biomarker to predict prognosis in NSCLC
patients. However, a more solid conclusion needs to be warranted in a
large series of clinical studies in the following work.

In summary, our results demonstrate that ZIC2 promotes the tumor-
igenesis and anoikis resistance of NSCLC by transcriptionally inhib-
iting the Src/FAK signaling pathway. In-depth understanding of the



Figure 3. Silencing ZIC2 inhibits tumorigenesis of lung cancer cells in vivo

(A) ZIC2 expression in endogenous ZIC2-knockdown A549 and NCI-H520 cell lines. Transcript levels were normalized to GAPDH expression. a-tubulin served as the loading

control. Each bar represents themean ± SD of three independent experiments. * p < 0.05. (B) Metastatic lung tumor nests (upper panel, red arrow) and lungmetastatic tumor

tissues (lower panel) in the indicated mice group. Scale bars, 200 mm. (C) The numbers of tumor nodules in the lung section of each group. (D) Kaplan-Meier survival curves of

the mice after tail-vein injection of the indicated lung cancer cells. (E) The number of CTCs in blood samples of the indicated mice group. Each bar represents the median

values ± quartile values.
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underlying mechanism of ZIC2 in NSCLC will facilitate the early
detection of patients with NSCLC.

MATERIALS AND METHODS
Cells and cell culture

Non-cancerous, immortalized human lung bronchial epithelial
cell line BEAS-2B was purchased from Zhong Qiao Xin Zhou
Biotechnology (Shanghai, China). Normal fetal lung fibroblast cell
HFL1; human LUAD cell lines Calu-3, NCI-H1975, and NCI-
H1395; LUSC line NCI-H520; and other NSCLC cell lines A549
and NCI-H1299 were purchased from Procell (Wuhan, China).
LUSC lines NCI-H226 and SK-MES-1 were purchased from Shanghai
Chinese Academy of Science Cell Bank (Shanghai, China). BEAS-2B
was grown in Bronchial Epithelial Cell Growth Medium BulletKit
(BEGM; Lonza, Basel, Switzerland). HFL1 was cultured in Ham’s F-
12K medium (Gibco, Pittsburgh, PA, USA). Calu-3 and SK-MES-1
were cultured in Eagle’s minimum essential medium (MEM; Gibco).
NCI-H1975, NCI-H1395, NCI-H1299, NCI-H520, and NCI-H226
were maintained in RPMI-1640 (Gibco). All cell lines, except for
BEAS-2B, were supplemented with 10% fetal bovine serum (FBS),
streptomycin (100 mg/mL), and penicillin G (100 U/mL; Gibco). All
cell lines were authenticated by short tandem repeat (STR) profiling.
Cells were incubated at 37�C in a humidified atmosphere with 5%
CO2.

Patients and tissue specimens

The 6 fresh LUAD tissues, 4 fresh LUSC tissues, and paired adjacent
non-cancerous lung tissues were obtained during surgery, and the
clinicopathological features of the patients are summarized in Table
S1. A total of 304 frozen section and archived lung samples,
including 43 benign lung disease lesions, 168 LUAD tissues, and
93 LUSC tissues, were obtained during surgery or needle biopsy.
The clinicopathological features of the 43 patients with benign
lung disease are summarized in Table S2, and the 261 patients
with NSCLC are summarized in Table S3. All tissues were collected
from the Affiliated Jiangmen Hospital of Sun Yat-sen University
(Guangdong, China) between January 2008 and December 2019. Pa-
tients were diagnosed based on clinical and pathological evidence,
and the specimens were immediately snap frozen and stored
in liquid nitrogen tanks or the 6.0-mm frozen section stored in
a �86�C refrigerator. For the use of these clinical materials for
research purposes, prior patients’ consents and approval from the
Molecular Therapy: Oncolytics Vol. 22 September 2021 201
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Figure 4. Silencing ZIC2 inhibits metastasis of lung cancer cells in vitro

(A and B) The effect of ZIC2 onmigration of lung cancer cells was assessed by wound-healing assay (A) and Transwell migration assay (B). (C) The effect of ZIC2 on invasion of

lung cancer cells was assessed by Transwell invasion assay. Each bar represents the mean value ± SD of three independent experiments. * p < 0.05.
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Institutional Research Ethics Committee of the Affiliated Jiangmen
Hospital of Sun Yat-sen University were obtained. The proportions
of tumors versus non-tumors in hematoxylin and eosin (H&E)-
stained tissue samples were evaluated independently by two profes-
sional pathologists. All clinical lung cancer tissue samples analyzed
in this study with tumor proportions exceeding 75% were used for
further analysis.
IHC

IHC analysis was performed to examine ZIC2 expression in 304
frozen section and archived lung samples. The IHC procedures
and expression scoring were as described previously.32,41 Briefly,
the slides of a frozen section were antigen retrieved in Tris/EDTA
(TE; pH 9.0) buffer, 10 min by microwave heating, blocked by
hydrogen peroxide and goat serum, respectively, and incubated
overnight at 4�C in a humidified chamber with the anti-ZIC2 anti-
body (Invitrogen, Carlsbad, CA, USA) diluted 1:100 in Antibody
202 Molecular Therapy: Oncolytics Vol. 22 September 2021
Diluent (Abcam, Cambridge, MA, USA). After incubation, slides
were washed in Tris-buffered saline (TBS)/0.05% Tween 20, incu-
bated with biotin-conjugated secondary antibody (Proteintech, Wu-
han, China) and peroxidase-conjugated streptavidin (Proteintech),
30 min at 37�C, respectively, stained by the 3,30-diaminobenzidine
(DAB) Enhanced Liquid Substrate System (Sigma-Aldrich, St. Louis,
MO, USA). Staining index (SI) given by the two experienced
independent investigators was averaged for further comparative
evaluation of ZIC2 expression. Tumor cell proportion was scored
as follows: 0 (no positive tumor cells), 1 (<10% positive tumor cells),
2 (10%–35% positive tumor cells), 3 (36%–70% positive tumor cells),
and 4 (>70% positive tumor cells). Staining intensity was graded ac-
cording to the following criteria: 0 (no staining), 1 (weak staining,
light yellow), 2 (moderate staining, yellow brown), and 3 (strong
staining, brown). SI was calculated as the product of staining inten-
sity score and the proportion of positive tumor cells. Based on this
method of assessment, ZIC2 expression in lung tumor samples
was evaluated by the SI, with scores of 0, 1, 2, 3, 4, 6, 8, 9, or 12.



(legend on next page)
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SI score 4 was the median of all sample tissues’ SI. High and low
expression of ZIC2 was stratified by the following criteria: the
SI % 4 was used to define tumors with low expression of ZIC2
and SI score of >4 as tumors with high expression of ZIC2. Images
were collected under 10� and 40� objective magnification in hu-
man lung tissues using M8 Digital Microscopy (PreciPoint, Freising,
Bavaria, Germany).

Plasmids and transfection

The short hairpin RNA (shRNA) for human ZIC2 was cloned into a
U6-MCS-CBh-gcGFP-IRES-puromycin lentiviral vector (GV493;
Genechem, Shanghai, China), and the list of primers used in clone re-
actions is presented in Table S4. The promoter of SRC was PCR
amplified from genomic DNA and cloned into the luciferase reporter
pGL4.10[luc2] vector (Promega, Madison, WI, USA). Constitutively
activate Src (Y529F) and FAK (Y397E) plasmids were synthesized
by Transheep (Shanghai, China). Transfection of plasmids was per-
formed using the Lipofectamine 3000 reagent (Invitrogen) according
to the manufacturer’s instructions. Stable cell lines expressing ZIC2-
sh#1 or ZIC2-sh#2 were generated by filtered lentivirus infection
using HEK293T cells and selected with 0.5 mg/L puromycin
(Sigma-Aldrich) for 10 days, as described previously.32

Western blot analysis

Western blot was performed according to a standard method, as pre-
viously described.41 Briefly, the cell lysates were loaded with 10%
loading buffer (Beyotime, Shanghai, China) and heated for 5 min at
100�C. Equal quantities of denatured protein samples were resolved
on 8%–16% SDS-polyacrylamide gels and then transferred onto Im-
mobilon-PSQ polyvinylidene fluoride (PVDF) membranes (Milli-
pore, Bedford, MA, USA). After blocking with 5% non-fat dry milk
in TBS/0.05% Tween 20, the membranes were incubated with a spe-
cific primary antibody, followed by a horseradish peroxidase-conju-
gated secondary antibody (Thermo Fisher Scientific, Waltham, MA,
USA). Proteins were visualized using BeyoECL Plus reagents (Beyo-
time). Specific primary antibodies against ZIC2 (Abcam), p-Src
(Invitrogen), Src (Proteintech), p-FAK (Invitrogen), and FAK (Pro-
teintech) were applied, and a-tubulin was detected by anti-a-tubulin
(Proteintech) as the loading control.

RNA extraction, reverse transcription, and qRT-PCR

Total RNA was extracted from cells using TRIzol (Invitrogen) ac-
cording to the manufacturer’s instructions. mRNA was reverse
transcribed from total mRNA using the HiScript III 1st Strand
cDNA Synthesis Kit (Vazyme, Nanjing, China) according to the
manufacturer’s protocol. qRT-PCR was performed using ChamQ
Figure 5. Silencing ZIC2 abrogates anoikis resistance in lung cancer cells in v

(A�C) The effect of ZIC2 on proliferation of lung cancer cells was assessed by CCK-8 as

SD of three independent experiments. n.s, no significance. (D and E) The effect of ZIC2 on

of these two proteins. Each bar represents the mean value ± SD of three independent e

assessed under suspension growth conditions. Each bar represents the mean value ±

chondrial membrane potential of lung cancer cells under suspension growth condition.

0.05.
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Universal SYBR qPCR Master Mix (Vazyme) and quantified by
ABI 7500 Fast System (Thermo Fisher Scientific). The primers are
provided in Table S5 and were synthesized and purified by Biosune
Biotechnology (Shanghai, China). Real-time PCR was performed
according to the manufacturer’s protocol, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as an endogenous
control for mRNA. Relative fold expressions were calculated with
the comparative threshold cycle (2�DDCt) method, as described
previously.32
Wound-healing assay

For the wound-healing assay, cells (5 � 105) were plated in 6-well
plates, proliferating to 90% confluence. A wound was scratched into
the cells using a sterile plastic tip and then washed by PBS. Then, cells
were cultured inmedium containing 2% FBS. Images of random fields
were captured for analysis at the indicated times under a light micro-
scope (Leica, Wetzlar, Germany).
Transwell assay

Cells (4 � 104) were plated on the upper compartment of the 24-well
Transwell permeable chambers (Corning, Corning, NY, USA), cham-
bers were coated without Matrigel for migration and with Matrigel
(Corning) for invasion detection. The lower chamber of the Transwell
was filled with complete media supplemented with 10% FBS as a
chemoattractant. After incubation for 24 h, cells that migrated to
the bottom side of the chamber were fixed with stationary solution
(methanol:acetic acid = 3:1), stained with crystal violet, photo-
graphed, and quantified by counting in 5 random fields of view using
a light microscope (Leica).
CCK-8 analysis and colony-formation assay

For CCK-8 analysis, cells (0.5 � 103) were seeded into 96-well plates
and stained at the indicated time points with 100 mL CCK-8 (Dojindo,
Japan) dye for 1 h at 37�C, followed by measuring the absorbance at
450 nm, with 650 nm used as the reference wavelength. For the col-
ony-formation assay, cells (0.5�1.0 � 103) were plated into six-well
plates and cultured for 7�10 days. Colonies were fixed for 15 min
with 10% formaldehyde, stained with 1.0% crystal violet for 30 s,
and washed with water.
Caspase-9 or caspase-3 activity assays

The activity of caspase-9 or caspase-3 was analyzed by spectropho-
tometry using the Caspase-9 Colorimetric Assay Kit or Caspase-3
Colorimetric Assay Kit (KeyGen, Nanjing, China), which was per-
formed as previously described.42 The absorbance was measured at
itro

say (A and B) and colony-formation assay (C). Each bar represents the mean value ±

the activities of caspase-3 (D) and caspase-9 (E) was detected by the cleaved forms

xperiments. * p < 0.05. (F) The effect of ZIC2 on apoptosis of lung cancer cells was

SD of three independent experiments. * p < 0.05. (G) The effect of ZIC2 on mito-

Each bar represents the mean value ± SD of three independent experiments. * p <



Figure 6. Silencing ZIC2 inhibits Src/FAK signaling by transcriptionally inhibiting Src

(A) Effect of ZIC2 on p-Src, Src, p-FAK, and FAK expression in the indicated lung cancer cells. a-tubulin served as the loading control. (B) Effect of ZIC2 on the mRNA

expression of SRC and FAK. Transcript levels were normalized to GAPDH expression. Each bar represents the mean value ± SD of three independent experiments. * p <

0.05. (C) Luciferase reporter activity of the Src promoter in ZIC2-downexpressing lung cancer cells. Each bar represents the mean value ± SD of three independent ex-

periments. * p < 0.05. (D) Upper panel: schematic illustration of histone 3 lysine 27 acetylation (H3K27Ac) enrichment and RT-PCR fragments of the human SRC promoter

using the UCSC genome browser. Lower panel: the binding sites of ZIC2 in the promoter region of Src in lung cancer cells. Each bar represents themean values ±SD of three

independent experiments. * p < 0.05.
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405 nm, and bicinchoninic acid (BCA) protein quantitative analysis
was used as the reference to normal for each experiment group.

Flow cytometric analysis

Cells were incubated on poly-hydroxyethylmethacrylate (HEMA;
Sigma-Aldrich)-coated plates to prevent adhesion in suspension cul-
ture conditions for 48 h. Flow cytometric analysis of anoikis was per-
formed using the Annexin V-FITC/PI (fluorescein isothiocyanate/
propidium iodide) Apoptosis Detection Kit (KeyGen), as described
in the protocol. Briefly, the cells were dissociated with trypsin and
resuspended at 1 � 107 cells/mL in binding buffer with 500 mL/mL
Annexin V-FITC and 500 mL/mL PI. The cells were subsequently
incubated for 15 min at room temperature and then analyzed by a
Gallios flow cytometer (Beckman Coulter, Brea, CA, USA). The inner
mitochondrial membrane potential (DcM) of cells was detected by
flow cytometry using a JC-1 Staining Kit (KeyGen) as described in
the protocol. Briefly, the cells were dissociated with trypsin, resus-
pended at 1 � 107 cells/mL in assay buffer, and then incubated at
37�C for 15 min with 100 mL/mL JC-1. Before analysis by flow cytom-
etry, the cells were washed twice with assay buffer and then filtered
through a cell mesh. Flow cytometry data were analyzed using FlowJo
VX software (Tree Star, San Carlos, CA, USA).

Dual-luciferase report experiments

Cells (5� 104) were plated in 24-well plates, proliferating to 60%–80%
confluence after 24 h of culture, and 0.2 mg of pGL4.10-promoter re-
porter plasmid and 0.2 mg of the Renilla luciferase expression vector
thymidine kinase promoter-Renilla luciferase reporter plasmid were
transfected into the cells using Lipofectamine 3000. The cells were har-
vested after 48 h of transfection, washed with PBS, and lysed with lysis
buffer. The cell lysates were analyzed immediately using a Synergy 2
microplate system (BioTek, Winooski, VT, USA). Luciferase and Re-
nilla luciferase were measured using the Dual-Luciferase Reporter
Assay System (Promega, Madison, WI, USA) according to the
Molecular Therapy: Oncolytics Vol. 22 September 2021 205
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Figure 7. Activation of Src/FAK signaling is essential

for ZIC2-induced anoikis resistance

(A and B) Effect of Src (Y529F) or FAK (Y397E) on the ac-

tivities of caspase-3 (A) and caspase-9 (B) in the indicated

lung cancer cells. Each bar represents themean value ±SD

of three independent experiments. * p < 0.05. (C) Src

(Y529F) or FAK (Y397E) reversed the induction effects of

ZIC2 silencing on apoptosis analyzed under suspension

growth conditions. Each bar represents the mean value ±

SD of three independent experiments. Each bar represents

the mean value ± SD of three independent experiments. * p

< 0.05. (D) Src (Y529F) or FAK (Y397E) reversed the

inhibitory effects of ZIC2 silencing on the mitochondrial

membrane potential under suspension growth conditions.

Each bar represents the mean value ± SD of three inde-

pendent experiments. * p < 0.05.
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manufacturer’s instructions. The luciferase activity of each lysate was
normalized to Renilla luciferase activity. The relative transcriptional
activity was converted into fold induction above the control group
value.

ChIP

ChIP was performed as previously described.43 Cells (6 � 106) in a
100-mm culture dish were fixed with 1% formaldehyde to cross
link the proteins to the DNA. The cell lysates were sonicated to shear
the DNA to sizes of 300 to 1,000 bp. Equal aliquots of chromatin su-
pernatants were incubated with 1 mg of anti-FLAG antibody (Cell
Signaling Technology, Danvers, MA, USA) or an anti-immunoglob-
ulin G (IgG) antibody (Cell Signaling Technology) overnight at 4�C
with constant rotation. After reverse cross-linking of the protein/
DNA complexes to free the DNA, real-time PCR was carried out.
The primers used to detect the DNA fragments in the ChIP are pro-
vided in Table S6.

Animal study

The animal study was approved by the Ethical Committee of Xian-
gya Hospital, Central South University. At least 6 nude mice per
group were used to ensure the adequate power, and mice were
randomly allocated to the groups. For tail-vein injection, 1�2 �
106 cells in 100 mL PBS were injected into the lateral tail vein of
BALB/c-nu mice (4�6 weeks old; 18�20 g). Mice were monitored
twice weekly and were sacrificed by cervical dislocation depending
on their survival time. Lungs of each group of mice were dissected
and fixed with 4% paraformaldehyde and subjected to H&E stain-
ing. The tumor cell number was evaluated in 9 random fields
206 Molecular Therapy: Oncolytics Vol. 22 September 2021
(square millimeters) of the H&E tissues under
20� magnification using M8 Digital Micro-
scopy (PreciPoint). To detect CTCs in the ani-
mal samples, 100 mL whole-blood samples
were collected by tail-vein bleeding into
EDTA-coated tubes 14 days after intravenous
(i.v.) injection. GFP-positive tumor cells were
selected by flow cytometry using GFP antibody
(Cell Signaling Technology), and viable cells were counted using try-
pan blue exclusion assay.

Subtraction enrichment (SE) of blood samples for CTCs

For the clinical samples, enrichment of CTCs was performed using
the Human Circulating Tumor Cell (hCTC) Subtraction Enrichment
Kit (SHE-011; Cytelligen, San Diego, CA, USA) according to the
manufacturer’s instructions. Briefly, 6 mL of peripheral blood was
collected and centrifuged at 200 � g for 15 min. Sedimented blood
cells were gently mixed with 3.5 mL hCTC buffer and subsequently
loaded on a nonhematopoietic cell separation matrix, followed by
centrifugation at 450 � g for 5 min. The sedimented red blood cells
were removed. Supernatants containing the tumor cells were centri-
fuged and resuspended in hCTC buffer to 14 mL. Samples were
then spun at 500� g for 4min at room temperature, followed by aspi-
rating the supernatants down to 100 mL. The sedimented cells were
gently resuspended and mixed with cell fixative (Cytelligen). The
cell mixture was smeared on the formatted and coated CTC slides
and then dried for subsequent immunostaining–fluorescence in situ
hybridization (iFISH) processing.

Identification of CTCs using iFISH

iFISH was performed according to the manufacturer’s instructions
(Cytelligen). Briefly, dried monolayer cells on the coated slides were
rinsed and incubated with PBS at room temperature for 3 min, fol-
lowed by hybridization with a Vysis CEP8 SpectrumOrange (Abbott
Laboratories, Chicago, IL, USA) for 3 h using a S500 StatSpin Ther-
moBrite Slide Hybridization/Denaturation System (Abbott Molecu-
lar, Abbott Park, IL, USA). Samples were subsequently incubated



Figure 8. ZIC2 expression is positively correlated with the number of CTCs

in NSCLC patients

(A) Identification of CTCs in NSCLC patients. DAPI, blue; CD45, red; CEP8, orange.

Scale bars, 10 mm. (B) Number of CTCs in ZIC2-low (n = 32) and ZIC2-high (n = 33)

expression NSCLC patients. Error bar represents the 10th�90th percentile. (C)

Number of CTC-WBC clusters in ZIC2-low (n = 32) and ZIC2-high (n = 33)

expression NSCLC patients. Error bar represents the 10th�90th percentile.
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with Alexa Fluor 488-conjugated monoclonal anti-CD45 antibodies
(Cytelligen) at 1:200 dilution for 30 min in dark. Cell nuclei were
stained with DAPI (Beyotime). Images of the identified tumor cells
were automatically acquired using automated 3D CTC image scan-
ning and analyses. CTCs were defined as DAPI+, CD45�, CEP8 > 2
signals.

Statistical analysis

For categorical data, the chi-square test was used to analyze the rela-
tionship between ZIC2 expression and the clinicopathological charac-
teristics. For variables with a normal distribution, data are presented
as the mean ± standard deviation (SD), and Student’s t test was used
to determine statistical differences between two groups. One-way
ANOVAwas used to determine statistical differences amongmultiple
groups. Continuous variables without normal distribution are
presented as median and interquartile range. The significance of dif-
ferences was assessed using a non-parametric test (Mann-Whitney U-
test). Survival curves for both ZIC2-high and ZIC2-low patients were
applied by the Kaplan-Meier method and compared by the log-rank
test. In vitro experiments were repeated three times, and the data are
presented as the mean ± SD. p < 0.05 was considered statistically sig-
nificant. All analyses were performed using SPSS 23.0 software (IBM,
Chicago, IL, USA), and diagrams were drawn using GraphPad Prism
8.0 software (GraphPad, San Diego, CA, USA).
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