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TALEN-induced disruption of Nanog expression results in
reduced proliferation, invasiveness and migration, increased
chemosensitivity and reversal of EMT in HepG?2 cells
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Abstract. Accumulating evidence indicates that Nanog
plays a central role in modulating the biological behaviors
of human hepatocellular carcinoma (HCC). However, the
underlying mechanisms remain unclear. In the present study,
we employed transcription activator-like effector nucleases
(TALEN) to disrupt Nanog expression in HepG2 cells and
obtained subcloned cells with diallelic Nanog mutations.
Significantly, we found that the expression of pluripotency
factors Sox2, Oct4 and Klf4, as well as expression of cancer
stem cell (CSC) marker CD133, in the Nanog-targeted HepG2
cells was markedly downregulated. This finding suggests that
Nanog may play an important role in maintaining the pluripo-
tency and malignancy of HepG2 cells. We also revealed that
Nanog regulated cell proliferation by modulating the expres-
sion of cyclin D1/D3/E1 and CDK2, respectively. Additionally,
the disruption of Nanog resulted in the downregulation of
epithelial-mesenchymal transition (EMT) regulators Snail
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and Twist, which contributed to the elevated level of epithelial
marker E-cadherin, and to the decreased level of mesenchymal
markers N-cadherin and vimentin in the HepG2 cells. In
addition, the Nanog-targeted HepG2 cells exhibited reduced
ability of invasion, migration and chemoresistance in vitro. In
conclusion, the disruption of Nanog expression results in less
proliferation, invasiveness, migration, more chemosensitivity
and reversal of EMT in HepG2 cells, by which Nanog plays
crucial roles in influencing the malignant phenotype of HepG2
cells.

Introduction

Human hepatocellular carcinoma (HCC) is considered as the
third leading cause of cancer-related death worldwide (1-3). In
recent years, although surgical treatment has greatly improved
the survival rate of HCC patients, its prognosis and survival
rate remain poor due to frequent intra-hepatic and extra-
hepatic metastases and dissemination (3,4). Consequently,
further investigation of the underlying molecular mechanisms
are vital to identify novel therapeutic interventions and to
improve the prognosis for HCC.

Nanog, a central transcription regulator required for
maintaining the self-renewal capacity and pluripotent
state of embryonic stem cells (ESCs) along with Oct4 and
Sox2 (5-10), exhibits elevated expression in various types of
tumor cells (11,12). Intensive studies indicate that Nanog also
executes parallel functions as in ESCs, participating in tumori-
genesis and promoting the progression of certain types of
tumors, including pancreatic cancer, gastrointestinal tumors,
breast cancer, head and neck squamous cell carcinomas and
human HCC (13-16). In addition, our previous study was the
first to demonstrate that Nanog is involved in the invasion,
chemoresistance, clonogenicity, migration and metastasis
of the cervical carcinoma HelLa cell line (17). Nevertheless,
the precise role of Nanog in human HCC has not been fully
explored.

Epithelial-mesenchymal transition (EMT), which was
initially identified as a characteristic of morphogenesis
during embryogenesis, is a transdifferentiation program that
reprograms adherent epithelial cells into more phenotypical
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mesenchymal cells. During EMT, epithelial cancer cells
exhibit downregulation of the epithelial marker E-cadherin,
but upregulation of mesenchymal markers N-cadherin
and vimentin, promoting the acquisition of mesenchymal
traits that are required for migration and invasion (2,18,19).
Developmental genetics studies have revealed that the orches-
tration of EMT is critical to the development of malignant
traits, such as motility, invasiveness, metastasis, dissemina-
tion and apoptosis-resistance in various tumor cells (20-22).
However, emerging molecular mechanisms and the signaling-
network underlying the regulatory relationship between
Nanog and the EMT pathway in the HCC HepG2 cell line
remain unclear.

TALEN is gene editing tools with high efficiency and
specificity and with low genotoxicity in targeted genome
manipulation. TALEN is composed of repeats of DNA-binding
domains and the FokI nuclease domain. TALEN-mediated
double-strand breaks (DSBs) promote endogenous DNA
repair mechanisms through error-prone non-homologous end-
joining (NHEJ), by which TALEN successfully cleave the
target genome and induce the mutation of target genes (23-25).
Compared with RNA interference technology, TALEN offers
the advantage of achieving robust disruption of target gene
expression (26).

In the present study, we employed TALEN to induce dial-
lelic Nanog mutations to disrupt Nanog expression in HepG2
cells. Most significantly, we demonstrated that the disruption
of Nanog expression resulted in reduced proliferation, inva-
siveness, migration, enhanced chemosensitivity and reversal of
EMT in HepG?2 cells. Thereby, Nanog plays an important role
in retaining the malignant phenotype of HepG2 cells.

Materials and methods

Cell lines and culture. The human HCC cell line HepG2 was
cultured in Dulbecco's modified Eagle's medium (DMEM)
containing 10% fetal bovine serum (FBS) (both from Gibco®
Life Technologies, USA) under a humidified condition at 37°C
with 5% CO,.

TALEN plasmid construction and Nanog targeting. The
Nanog-TALEN plasmid was constructed according to our
previous study (17) using a Fast TALE™ TALEN Assembly
kit (SiDan-Sai Biotechnology, China). Approximately 10 ug of
the Nanog-TALEN plasmid (5 ug each for right and left arm)
and control plasmid were mixed with wild-type HepG2 cells
(1x10°) in 90 ul of Opti-MEM (Gibco® Life Technologies), and
were transferred to electroporation cuvettes for electroblotting.
After the cells were transfected with Nanog-TALEN and the
control plasmid under 150 V, the cells were exposed to 3 ug/
ml puromycin for 3 days. Then, the medium containing puro-
mycin was replaced with growth media.

T7 endonuclease 1 (T7EI) and genomic sequencing. Genomes
derived from the Nanog-targeted and control cells were
extracted using a Genomic DNA Extraction Mini kit (Tiangen,
China). The DNA fragment surrounding the Nanog-targeted
site was amplified and then analyzed by T7El (View Solid
Biotechnology, China) to evaluate Nanog-mutation efficiency.
The Nanog mutation was confirmed by sequencing.
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Cell proliferation assays. The proliferation of targeted and
control cells was monitored using an RTCA SP system, which
is a real-time cell-based assay system (ACEA Biosciences,
San Diego, CA, USA). According to the manufacturer's
instructions, 5x10° cells were seeded in triplicate in an E-Plate
VIEW 16 for real-time monitoring of the proliferative capaci-
ties of the cells for 120 h.

Cell migration assays. Scratch assays were used to determine
the migratory ability of HepG2 cells in compliance with our
previous description (17). The cells were maintained in trip-
licate into 6-well plates until completely confluent, and then
a scratch was created in the confluent cell monolayers using
a 10-ul pipette tip. After the cells were washed 3 times with
phosphate-buffered saline (PBS), the cells was cultured in
serum-free DMEM. The migratory capacity was assessed at
48 h under a microscope.

Matrigel invasion assays. We employed a Transwell inva-
sion assay (17) to measure the invasive abilities of the cells
in vitro. Cells were trypsinized and resuspended in DMEM
at a density of 2x10° cells/ml. Approximately 200 ul of cell
suspension was added in triplicate to the upper chamber of
the polycarbonate membrane filter, which was embedded
with 8-um pores (Corning, USA), that were pre-coated with
Matrigel. The lower chamber was filled with 500 ul DMEM
supplemented with 10% FBS. After the cells were incubated
for 48 h, non-migrating cells on the surface of the Matrigel in
the upper chamber were wiped off by cotton swabs, whereas
the cells migrating to the bottom of the membrane were fixed
in 95% ethanol for 30 min, and then stained with 0.1% crystal
violet. After the stained membrane was washed 3 times with
PBS, it was observed under a microscope and the number of
migrating cells was counted.

Chemosensitivity assays. Chemosensitivity assays were
performed to evaluate the sensitivity of Nanog-targeted and
control cells to chemotherapeutics. Trypsinized cells were
washed with PBS and then seeded in triplicate in an E-Plate
VIEW 16 at a density of 1x10* cells/well for real-time
monitoring using an RTCA SP system. After 6 h, cisplatin
(40 ug/ml) was added to the E-Plate VIEW 16 for detection of
chemosensitivity at 72 h.

Quantitative PCR. Total RNA from the Nanog-targeted and
control cells was extracted using TRIzol reagent (Invitrogen,
USA). The corresponding cDNA was synthesized using a
reverse transcription kit (Takara, China). SYBR-Green PCR
Master Mix was utilized to amplify the corresponding genes
of interest. The PCR cycling program was as follows: 95°C
for 5 min, followed by 32 cycles of 95°C for 30 sec, 58°C for
30 sec, 72°C for 30 sec with a final 10-min incubation at 72°C.
The relative levels of gene expression were analyzed by the
2244 method. The fold-change of mRNA was normalized to
[B-actin. Primer sets for corresponding genes were the same as
in our previous study (17).

Western blot analysis. Nanog-targeted and control cells were
collected, washed with PBS; and then lysed on ice using protein
lysis buffer and protein inhibitors. Protein lysates were mixed
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Figure 1. TALEN-mediated Nanog disruption. (A) Schematic representation of the Nanog locus and Nanog-TALEN design. (B) T7El endonuclease analysis
of the efficiency of genomic Nanog mutation in the Nanog-targeted mixed HepG2 cells. (C) Representative genomic sequencing results of the Nanog mutation
around the target site in the subclone 7. The black dotted line represents the nucleotide deletion and the number of the nucleotide deletion is indicated on the right.

with SDS-PAGE protein loading buffer (5:1) and boiled for
5 min, followed by separation by 12% SDS-PAGE. Then, the
proteins ofinterest were transferred onto polyvinylidene fluoride
(PVDF) membranes (Millipore, USA). After the membranes
were blocked in 5% non-fat milk in tris-buffered saline with
Tween-20 (TBST), they were incubated overnight at 4°C with
primary antibodies, respectively: anti-Nanog (no. sc-374103),
anti-Twist (no. sc-81417) (1:500; Santa Cruz Biotechnology,
USA), anti-Sox2 (no. D6DY), anti-Oct4 (no. 2750) (1:500;
Cell Signaling, USA), anti-CD133 (no. bs-4770R), anti-CDK?2
(no. bs-10726R), anti-cyclin E (no bs-0573), anti-E-cadherin
(no bs.1519R), anti-N-cadherin (no. bs-1172R), anti-vimentin
(no. bs-0756R), anti-ABCG2 (no. bs-0662R), anti-MDR1
(no.bs-0563R) (1:400; Bioss,China),anti-cyclin D1 (no. AC853),
anti-cyclin D3 (no AC856), anti-GAPDH (no. AG019) (1:500;
Beyotime Institute of Biotechnology, China). The membranes
were then incubated with a goat anti-rabbit (no. A0208) or
anti-mouse (no. A0216) IgG-conjugated to alkaline phospha-
tase secondary antibody for 2 h. Finally, the membranes were
washed 3 times with TBST and imaged using a gel imaging
system (Bio-Rad, USA).

Statistical analysis. All data are represented as the mean
+ standard deviation (SD) of 3 repeated experiments. The
Student's test was used to for comparison between two groups.
P<0.05 was considered statistically significant. All data were
analyzed with SPSS statistical software 18.0.

Results

TALEN-mediated diallelic Nanog mutations in the HepG?2
cells. To detect whether TALEN successfully achieved
cleavage of the target site of the Nanog gene (Fig. 1A), genomic
DNA from Nanog-targeted and control cells was extracted and
then used to amplify the DNA fragment containing the Nanog-
targeted site. The amplified product was analyzed by T7EI to
detect the activity and efficiency of TALEN. Surprisingly,
the efficiency of the TALEN-mediated Nanog gene muta-
tion approached 50% after two transfections (Fig. 1B).
Subsequently, we selected out single cells for further culture
from the Nanog-targeted mixture of cells. After 15 days, single
cell-derived subclone genomes were extracted and analyzed by
T7EL. Eventually, we identified subclones for further genomic
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Figure 2. Effects of Nanog disruption on pluripotency genes and cancer stem cell markers. The data are presented as the mean + SD of 3 independent experi-
ments. (A) The mRNA expression levels of pluripotency genes in the Nanog-targeted and control cells were detected by quantitative PCR; "P<0.05. (B) The
protein expression levels of the core pluripotency genes Oct4, Sox2 and Nanog, as well as the cancer stem cell marker CD133 in the Nanog-targeted and control

cells.
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Figure 3. Effects of Nanog disruption on proliferative ability. (A) Proliferation curves of the Nanog-targeted and control cells as detected by an RTCA SP
system over 120 h. (B) The protein expression levels of proliferative markers in the control and Nanog-targeted cells.

sequencing, and found that subclone 3 and 7 exhibited biallelic
Nanog mutations. The sequencing results indicated there were
at least 3 Nanog alleles in the HepG?2 cells (Fig. 1C).

Nanog regulates expression of pluripotency factors to
maintain the pluripotency and malignancy of HepG?2 cells.
To determine the effects of Nanog disruption on stemness
factors, we detected the expression of the pluripotency
factors Oct4, Sox2, KIf4, c-Myc and Lin28, as well as the
expression of cancer stem cell (CSC) marker CD133 by quan-
titative RT-PCR and western blotting. Our results indicated
that the expression of Nanog, Oct4, Sox2, K1f4 and CD133
was markedly downregulated in the targeted cells, whereas
the expression of c-Myc and Lin28 was not significantly
different (Fig. 2A and B).

Disruption of Nanog suppresses the expression of prolifera-
tive markers in the HepG2 cells. To determine the effect of
Nanog disruption on the apoptosis and proliferation of HepG2
cells, the proliferative capacity of Nanog-targeted and control
cells was measured using an RTCA SP system, which demon-
strated that the proliferative capacity of Nanog-targeted cells
was markedly reduced relative to the control cells (Fig. 3A).
We further detected cyclin D1/D3/E1 and cyclin-dependent

kinase 2 (CDK2) protein expression by western blotting. In the
Nanog-targeted cells, the expression levels of cyclin D1/D3/E1
and CDK2 protein were significantly reduced (Fig. 3B).

Disruption of Nanog impairs the migration and invasion of
the HepG2 cells. The scratch assays indicated that Nanog
disruption contributed to the reduced migration of HepG2
cells. As depicted in Fig. 4A, the migration distance of the
targeted cells was significantly less than that of the control
cells. CXCR4 is a migration-related factor that is able to
induce tumor cell migration (14,27,28). Notably, in the present
study, we also found that CXCR4 expression was significantly
decreased in the Nanog-targeted cells (Fig. 4B). Transwell
assays indicated that the number of targeted cells that invaded
through the membrane within 48 h was 15+5, which was less
than that of the control cells (80+8; P<0.01) (Fig. 4C). Previous
studies have reported that matrix metallopeptidase 2 (MMP2)
is an invasion-related gene that can regulate the invasive ability
of tumor cells. High expression levels of MMP2 are closely
related to tumor progression, invasion, metastasis and poor
prognosis in various types of cancers (14,29). In the present
study, we also found that MMP2 expression was noticeably
reduced in the targeted cells compared with expression in the
control cells (Fig. 4D; P<0.05).
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Figure 4. Nanog-mediated regulation of invasion and migration in the HepG2 cells. The data are presented as the mean + SD of 3 independent experiments.
(A) Scratch assays were performed to assess the migratory capacity of the control and Nanog-targeted cells within 48 h. (B) The expression levels of CXCR4
were determined by western blotting; "P<0.05. (C) The migrated cells on the bottom side of the membrane were stained with 0.1% crystal violet; “P<0.01.
(D) The expression level of MMP2 was determined by western blotting; "P<0.05.

Twist

Figure 5. Nanog regulates EMT via the modulation of EMT-related regula-
tors. The expression levels of EMT markers and EMT-related regulators were
detected by western blotting.

Disruption of Nanog expression decreases EMT by down-
regulating EMT regulators Twist and Snail. To elucidate
the effect of the disruption of Nanog on EMT, we detected

the expression of the epithelial marker E-cadherin, and the
mesenchymal markers N-cadherin and vimentin by western
blotting. Relative to the control cells, E-cadherin expression
was elevated, while N-cadherin and vimentin expression was
decreased in the Nanog-targeted cells. We further detected the
expression of the EMT regulators Twist and Snail, and found
that their expression levels were decreased in the Nanog-
targeted cells. (Fig. 5).

Disruption of Nanog enhances the chemosensitivity of HepG2
cells by downregulating multidrug resistance genes. To assess
the effect of chemotherapeutics on HepG2 cells, both Nanog-
targeted and control cells were exposed to cisplatin (40 ug/
ml), and chemosensitivity was measured using an RTCA SP
system. After 72 h of observation, we noted that the Nanog-
targeted cells were more sensitive to cisplatin than the control
cells (Fig. 6A). Furthermore, we detected the expression of
multi-drug resistant gene 1 (MDR1) and ATP-binding cassette
subfamily G member 2 (ABCG2) in the Nanog-targeted
and control cells, and found that expression levels of both
were significantly downregulated in the Nanog-targeted
cells (Fig. 6B).
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Figure 6. Chemosensitivity of the control and Nanog-targeted cells to chemotherapeutics. (A) Chemosensitivity of the control and Nanog-targeted cells to
cisplatin (40 ug/ml) was determined by an RTCA SP system after 72 h. Addition of cisplatin is indicated by a black vertical arrow. (B) The protein expression

levels of multi-drug resistance genes ABCG2 and MDRI relative to GAPDH.

Discussion

Increasing evidence suggests that Nanog expression is elevated
in HCC cell lines and in primary tumors, and high Nanog
expression is positively associated with HCC patient prog-
nosis (1,2,30). However, currently published investigations
have failed to establish the complete underlying molecular
mechanisms of Nanog in HepG2 cells. In the present study,
we aimed to clarify the precise mechanisms by which Nanog
affects the malignant behavior of the HCC HepG?2 cell line.

Previous investigations have verified that Nanog is able to
regulate cell cycle- and apoptosis-related factors to modulate
proliferation and apoptosis in various types of cancers (12,31).
However, whether Nanog exhibits this function in HepG2 cells
remained unclear. In the present study, we used an RTCA SP
system to detect the proliferative ability of Nanog-targeted and
control cells, and demonstrated for the first time that Nanog
can regulate cyclin D1/D3/E and CDK2 to influence prolifera-
tion in HepG2 cells.

To investigate the effect of the disruption of Nanog on
biological behavior, we conducted cell migration, Matrigel
invasion and chemoresistance assays. Our data indicated that
the disruption of Nanog confers an attenuated phenotype
with respect to migration, invasion and chemoresistance. The
migration-related gene CXCR4 and the invasion-related gene
MMP?2 play critical roles in migration and invasion in tumor
cells, respectively (28,29). Therefore, we also detected the
expression levels of CXCR4 and MMP?2 in Nanog-targeted
and control cells, demonstrating that the disruption of Nanog
reduced migration and invasion through downregulation
of CXCR4 and MMP2 in the HepG2 cells, respectively.
Therefore, inhibition of CXCR4 and MMP2 hindered HepG2
cell migration and invasion to a certain degree. The precise
mechanisms by which Nanog regulates CXCR4 and MMP2
require further research, which may reveal novel therapies
and strategies to suppress the migration and invasion of HCC.
Chemoresistance is always a large barrier for completely
eradicating tumors through anticancer drugs. In the present
study, we also detected the sensitivity of Nanog-targeted and
control cells to cisplatin (40 xg/ml) using an RTCA SP system
after 72 h, and demonstrated that the disruption of Nanog
rendered the HepG2 cells more sensitive to cisplatin (40 pg/

ml). We further detected the expression of ABCG2 and MDR1
in the Nanog-targeted and control cells; and revealed that the
disruption of Nanog expression downregulated ABCG2 and
MDRI1 expression to induce chemosensitivity in the HepG2
cells, causing HepG2 cells to have increased sensitivity to
chemotherapeutics. Our results suggest that targeting Nanog,
along with the administration of conventional anticancer
drugs, will be an optimal therapy with which to improve the
prognosis and survival rate of HCC patients.

EMT plays a crucial role in promoting invasion and
metastasis during tumor progression. During EMT, tumor
cells reduce cell-cell adhesion to acquire a mesenchymal-like
phenotype and disseminate into neighboring or distant
tissues (32,33). Therefore, enhanced EMT disrupts E-cadherin-
mediated cell-cell adhesion and converts epithelial-like cells
into mesenchymal-like cells during tumor cell progression. In
the present study, we detected the EMT markers in Nanog-
targeted and control cells, and found that the disruption of
Nanog resulted in inhibition of the EMT process with an
elevated E-cadherin level, and with decreased N-cadherin
and vimentin levels in HepG2 cells. Intensive studies have
revealed that transcription factors including Snail and Twist
regulate the EMT process (34-36). In the present study, we
further detected the expression levels of Snail and Twist in the
Nanog-targeted and control cells, and demonstrating that the
expression of these transcription factors also decreased. These
data suggest that Nanog participates in the regulation of the
EMT process to influence the metastasis of HepG2 cells via
modulating Snail and Twist. Our data also indicated that the
reversal of Snail and Twist expression may contribute to the
restoration of EMT, which may be an alternative target for the
future gene therapy of HCC patients to block the metastasis
and dissemination of tumor cells.
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