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Purpose: lonizing radiation (IR) is widely used for treating nasopharyngeal carcinoma (NPC).
However, recent studies indicate that IR can also promote the migration and invasion of malig-
nant tumors. Phosphatase 1 nuclear-targeting subunit (PNUTS), a novel interacting protein, was
recently demonstrated to be involved in tumorigenesis and metastasis formation. This protein
was hypothesized to take part in IR-induced migration and invasion in NPC cells in this study.
Materials and methods: Western blotting was used to detect how PNUTS was expressed
in NPC cells with or without IR treatment. Wound-healing and Transwell assays were used to
measure cell migration and invasion. Quantitative real-time PCR and Western blotting were used
to determine the expression levels of PNUTS and epithelial-mesenchymal transition (EMT)
proteins, respectively, after CNE-2 cells were infected with an adenovirus vector, ad-PNUTS, or
transfected with PNUTS-specific siRNA. Finally, the expression levels of PI3K/AKT signaling-
related proteins were detected by Western blotting.

Results: IR significantly promoted PNUTS expression and the migration and invasion in CNE-2
cells. Moreover, after exposure to IR, expression of the mesenchymal markers N-cadherin and
vimentin increased, while that of the epithelial marker E-cadherin decreased. Silencing PNUTS
remarkably attenuated IR-induced increases in cell migration and invasion and reversed the
EMT process. Additionally, the overexpression of PNUTS restored the mobility and invasive-
ness of CNE-2 cells, which regained EMT characteristics. Furthermore, we found that PNUTS
regulated IR-induced EMT via the PI3K/AKT signaling pathway.

Conclusion: Our research illustrates a relationship between PNUTS and IR-induced cell
migration and invasion and provides a novel therapeutic target for preventing radiotherapy-
induced metastasis in NPC patients.
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Introduction

As a common malignant tumor in the head and neck, nasopharyngeal carcinoma (NPC)
has an obvious regional aggregation, especially in Guangdong, China.'> Radiotherapy,
a medical method that utilizes ionizing radiation (IR) to achieve therapeutic goals, is
the preferred treatment strategy for patients with NPC.* In clinical practice, we typi-
cally use fractionated IR to reduce the side effects that generate the inevitable damage
to normal tissues caused by radiotherapy.>® However, several recent studies suggest
that IR contradictorily induces the malignant characteristics of tumor cells, resulting in
local recurrence and distant metastasis in patients after radiotherapy.’® Therefore, it is
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essential to elucidate the effects of IR-induced cell metastasis
and to identify the relevant molecular mechanisms involved.

Epithelial-mesenchymal transition (EMT) has been
recognized as a key process in the invasion and metastasis
of various malignancies,’ such as breast,'®!! prostate,'> and
lung cancer.'*!* During this process, epithelial cells change
their original morphology from a cobblestone phenotype to a
spindle-like fibroblastic phenotype and obtain the properties
of mesenchymal cells.'® This transition is characterized by
the increased expression of mesenchymal marker proteins
(for example, vimentin and N-cadherin) and the downregula-
tion of epithelial marker proteins (for example, E-cadherin).'¢
Moreover, several lines of evidence indicate that exposure
to IR causes tumor cells to undergo EMT, promoting the
malignant characteristics of cancer cells.!”'® However, the
potential mechanisms of IR-induced EMT and metastasis in
cancer cells have not been fully elucidated.

Originally isolated as a nuclear protein, protein phos-
phatase 1 nuclear-targeting subunit (PNUTS), also known
as PPP1R10 or p99, combines with protein phosphatase 1
(PP1) to form a stable complex in mammalian cells and is
involved in transcriptional regulation, cell cycle control,
apoptosis, and DNA damage responses.'*? PNUTS is known
to be a potent modulator of PP1 catalytic activity toward
exogenous substrates, such as retinoblastoma (Rb) protein.?!
When cells suffer from exposure to external stimuli, such as
chemotherapeutic drugs or hypoxia, PNUTS detaches from
PP1 and causes the dephosphorylation of Rb, resulting in
reduced cell viability due to the activation of apoptosis.?'*?
Recently, increasing evidence demonstrated that PNUTS
is involved in cancer development. PNUTS is ubiquitously
expressed in multiple cancers and closely linked to tumori-
genesis and metastasis formation.?*?* However, whether
PNUTS participates in IR-induced metastasis and EMT in
cancer cells is still unknown.

In this study, we demonstrate that PNUTS is a critical
protein that regulates IR-induced cell migration and invasion
and EMT in human NPC CNE-2 cells through the PI3K/
AKT signaling pathway, suggesting that PNUTS can serve
as a potential target for intervention in IR-induced NPC
metastasis.

Materials and methods

Cell lines and reagents

Gibco (Waltham, MA, USA) provided us with FBS and RPMI-
1640 medium. The Radiology and Oncology Laboratory of
Chongqing Medical University provided us with the human
NPC cell lines CNE-1 (highly differentiated), CNE-2 (poorly

differentiated), and HONE-1 (poorly differentiated ). The
Institutional Review Boards of The First Affiliated Hospital of
Chongqing Medical University approved the use of the three
cell lines. BiocolorBio Science & Technology Co. (Shang-
hai, China) provided us with goat anti-mouse IgG antibodies
labeled with horseradish peroxidase (HRP; catalog no. A0216),
tris buffered saline, radioimmunoprecipitation (RIPA) lysis
buffer, PBS, the BCA protein assay kit, polyvinylidene fluo-
ride (PVDF) membranes, the enhanced chemiluminescence
(ECL) kit, and mouse anti-DAPDH (catalog no. AF0006).
Santa Cruz Biotechnology (CA, USA) provided us with
goat anti-rabbit IgG antibodies labeled with HRP (catalog
no. sc-2040), mouse anti-PNUTS (catalog no. sc-271681),
anti-N-cadherin (catalog no. sc-8424), and anti-vimentin
antibodies (catalog no. sc-66001). Cell Signaling Technology
(Beverly, MA, USA) provided us with mouse anti-E-cadherin
(catalog no. 14472), anti-AKT (catalog no. 2920), rabbit anti-
p-AKT antibodies (catalog no. 4060), and the PI3K inhibitor
LY294002 (catalog no. 9901).

Cell culture and irradiation

A humidified incubator containing RPMI 1640 medium
with 10% FBS was used to culture the three human NPC
cells at 37°C under 5% CO,. When 70% confluence was
reached in the cells, they were irradiated at a dose rate of
2 Gy/min with a linear 6 MV X-ray accelerator (CD2300;
Varian, Palo Alto, CA, USA). The source—skin distance was
set as previously described.”® When the radiation procedure
was completed, the cells were returned to the incubator
and then harvested at the specified times for subsequent
experiments. For pathway inhibition experiments, the PI3K
inhibitor LY294002 was added to the cells for 1 hour before
IR treatment.

Protein extraction and Western blotting
analysis

After IR treatment for 24 hours, we harvested and lysed the
cells in RIPA buffer to extract all proteins. A BCA protein
assay kit was used to measure the protein concentrations.
Total proteins were then electrotransferred to PVDF mem-
branes after separation by 10% SDS-PAGE. The membranes
were then incubated overnight using primary antibodies at
4°C after being blocked for 2 hours with 5% nonfat dry
milk. The membranes were incubated for 1 hour using
HRP-conjugated secondary antibodies after being washed
twice with PBS. Finally, an ECL kit was used to detect the
target proteins. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used for the loading control.
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Wound-healing assay

Cells were seeded in 60 mm dishes and incubated until 80%
confluence was achieved. Then, a 20 UL pipette tip was used
to create scratch wounds in the cell layers, and PBS was used
to wash the wells twice. Finally, an inverted microscope was
used to observe scratch closure at the beginning and after
24 and 48 hours.

Transwell migration and invasion assay

A Transwell system equipped with 8-wm-pore polycarbonate
filters (Corning, Acton, MA, USA) was applied to detect
cell migration and invasion. The upper chamber, which was
coated with or without Matrigel (BD Biosciences, Bedford,
MA, USA), contained 1x10° cells incubated in serum-free
medium. The lower chamber contained RPMI 1640 with
10% FBS as a chemoattractant. The nonmigratory cells were
removed after incubation for 24 hours, and the migrated or
invaded cells were fixed, stained, and counted under a light
microscope.

Cell transfection

Genechem (Shanghai, China) synthesized the specific
siRNA against human PNUTS and its negative control.
The PNUTS target and control sequences were as follows:
5’-GCAGACCCGUUCACCAGAA-3"and5-UUCUCCGAA
CGUGUCACGUTT-3". In brief, we seeded 2x10° cells/well
in six-well plates and then divided the plates into three
groups: si-PNUTS, si-NC, and control. PBS was only used
to treat the control group cells. Then, Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) was used to transfect the
cells with si-PNUTS or si-NC after the cells reached 50%
confluence. The transfection efficiency was verified with
RT-qPCR and Western blotting.

RNA extraction and quantitative

real-time PCR (qRT-PCR)

A HiPure Total RNA Mini Kit (Magen Biotechnology Co.,
Guangzhou, China) was used to isolate total RNA. Then,
the quality of the total RNA was determined by absorbance
readings at 260 nm using an Agilent 2100 Bioanalyzer
(Agilent, Santa Clara, CA, USA). One microgram of RNA
was reverse-transcribed into cDNA with a gDNA Eraser
(TaKaRa, Japan) using a PrimerScript™ RT Reagent Kit. The
primers for PNUTS and GAPDH were as follows: PNUTS
(forward 5'-CCCATAGACCCCAAAGAACTTC-3, reverse
5’-ATCGACTCACCATCTTTCGTG-3") and GAPDH
(forward 5-CGGATTTGGTCGTATTGGGC-3’, reverse
5-AGCATCGCCCCACTTGATTT-3"). Next, an ABI 7500

Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA) and a SYBR Premix Ex Tag™ Kit (TaKaRa,
Shiga, Japan) were used for amplification process according
to the user instructions. The PCR amplification conditions
were 40 cycles at 95°C for 30 seconds, 95°C for 5 seconds,
and 60°C for 1 minute. GAPDH was screened as an internal
control by the geNorm software. PNUTS expression was
normalized against GAPDH, and the results were analyzed
using the 2724 method and presented in the form of relative
expression. The experiments were repeated in triplicate to
confirm the findings.

Adenovirus infection

An adenovirus expressing PNUTS and its control vector GFP
were packaged and synthesized by Genechem (Shanghai,
China). We seeded 1x10° CNE-2 cells/well in six-well plates
and divided them into two groups: ad-PNUTS and ad-GFP.
The cells were infected with adenovirus encoding PNUTS
and negative control ad-GFP at a total titer of 3x10° PFU/mL
after incubation for 24 hours. The infection was stopped after
another 24 hours of incubation, and the cells were used for
subsequent experiments.

Statistical analyses

All data were analyzed with SPSS 21.0 software (IBM
SPSS Statistics) and presented as the mean = SD. One-way
ANOVA or Student’s #-test was used to analyze the differ-
ences between groups. All statistical analyses used P<<0.05
as an indicator of statistical significance.

Results

IR increases PNUTS expression in
CNE-2 cells

We performed a Western blotting analysis using the
HONE-1, CNE-1, and CNE-2 human NPC cell lines to
determine whether IR affects the expression level of PNUTS
in different human NPC cells. A single dose of 4 Gy of
X-rays was administered to these cells. Among the three cell
lines, PNUTS expression was significantly increased only
in CNE-2 cells (Figure 1A). Wound-healing and Transwell
assays were carried out to investigate whether IR promotes
the invasive and metastatic capability of CNE-2 cells. The
wound-healing assay detected markedly enhanced migration
of CNE-2 cells, as shown in Figure 1B, and the same result
was obtained in the Transwell assay (Figure 1C). Based
on these findings, CNE-2 cells were used for subsequent
experiments.
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Notes: (A) After IR treatment, PNUTS expression in the HONE-I, CNE-2, and C

NE-1 cell lines was detected by Western blotting. (B, C) The migration and invasion

abilities of CNE-2 cells with or without IR treatment were measured by wound-healing assays (photographed at 100x magnification after 24 and 48 hours) and Transwell

assays (photographed at 100x magnification after 24 hours). Mean £ SD. n=3. **P<Q0.

01. GAPDH served as an internal control.

Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IR, ionizing radiation; PNUTS, phosphatase | nuclear-targeting subunit.

Inhibition of PNUTS reverses IR-induced
EMT and abolishes CNE-2 cell migration

and invasion ability

EMT has a pivotal role during tumor cell invasion and
metastasis.” Given that IR induces cancer cells to undergo
EMT,'® and PNUTS mediates the metastatic potentiality of
malignancies,? we hypothesized that PNUTS participates in
IR-induced EMT. First, the expression levels of EMT marker
proteins in CNE-2 cells were examined after 24 hours of
exposure to IR. As seen in Figure 2C, comparison of lanes
1 and 2 shows that IR upregulated the expression levels
of N-cadherin and vimentin while downregulating that of
E-cadherin. To clarify the function of PNUTS in IR-induced

EMT, we transfected CNE-2 cells with si-PNUTS or si-NC
to inhibit PNUTS expression, and we validated the efficiency
by performing Western blotting assays and qRT-PCR.
Compared with the control group, PNUTS expression was
significantly reduced at both the mRNA and protein levels
in CNE-2 cells (Figure 2A and B). Furthermore, Western
blotting analysis demonstrated that PNUTS inhibition
increased the expression levels of vimentin and N-cadherin
while suppressing E-cadherin expression in CNE-2 cells
after IR relative to the group treated with si-PNUTS alone
(lane 3 vs lane 4 in Figure 2C). Moreover, IR-induced cell
migration and invasiveness were remarkably abolished by
PNUTS inhibition in CNE-2 cells (Figure 2D and E). All of
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these findings suggest that IR-induced EMT was reversed
by inhibiting PNUTS expression, and PNUTS plays an
important part in regulating the migration and invasion of
CNE-2 cells.

Overexpression of PNUTS induces EMT
and significantly increases the mobility

and invasiveness of CNE-2 cells

To clarify how PNUTS functions in the EMT process
and in cell mobility and metastasis, we performed rescue
experiments by infecting CNE-2 cells with adenovirus
(ad-PNUTS). PNUTS expression was markedly increased
in PNUTS-overexpressing cells relative to cells infected
with ad-GFP (Figure 3A). Additionally, E-cadherin expres-
sion was upregulated in PNUTS-overexpressing cells,
whereas vimentin and N-cadherin levels were downregulated
(Figure 3A). Meanwhile, the exogenous overexpression of
PNUTS promoted migration and invasion, similar to IR, in
CNE-2 cells, according to wound-healing and Transwell
assays (Figure 3B and C). Collectively, these results indicate
that PNUTS is a key regulator of the EMT process and medi-
ates the mobility and invasiveness of CNE-2 cells.

PNUTS contributes to EMT via the PI3K/
AKT signaling pathway in CNE-2 cells

To clarify the molecular mechanism by which IR induces
mobility and invasiveness, we attempted to investigate
PNUTS-mediated EMT in CNE-2 cells to identify the
involved signaling pathway. Multiple signaling pathways,
for example, PI3K/AKT, nuclear factor kappa B, and TGF-B/
Smad, can be activated during the EMT process.” In this
study, we focused on the PI3K/AKT signaling pathway
because it can induce EMT to accelerate tumor progres-
sion. Western blotting results revealed that IR significantly
increased phosphor-AKT levels, whereas the level of total
AKT was not obviously changed relative to control cells
(lane 1 vs lane 2 in Figure 4A). Next, a comparison of lane 2
and lane 4 indicated that the increased levels of phosphor-
AKT were significantly downregulated by PNUTS inhibition,
which suggested that PNUTS knockdown could override the
effect of IR on PI3K/AKT signaling activation (Figure 4A).
Additionally, PNUTS overexpression obviously enhanced
phosphor-AKT levels relative to those in the control group
(Figure 4B). To clarify how PI3K/AKT signaling regulates
IR-induced EMT via PNUTS, we treated CNE-2 cells with a
PI3K inhibitor, LY294002, which previously has been shown
to inhibit the PI3K/AKT signaling pathway. Western blotting
analysis showed that AKT phosphorylation was markedly

reduced (lane 1 vs lane 4 in Figure 4A). Intriguingly, after
LY294002 treatment, PNUTS overexpression decreased the
expression of N-cadherin while increasing that of E-cadherin
(lane 2 vs lane 3 in Figure 4B). These results demonstrate
that PNUTS activates the PI3K/AKT signaling pathway in
CNE-2 cells and consequently induces EMT.

Discussion

Radiotherapy is an effective and common treatment for NPC.
However, accumulating evidence indicates that IR not only
kills cancer cells but also promotes cell migration and inva-
sion by initiating the EMT.!!¥ Our results showed that IR
induced EMT and promoted the invasion and migration of
CNE-2 cells, whereas the inhibition of PNUTS expression
reversed IR-induced EMT and abolished the migration and
invasion capacity of CNE-2 cells. Interestingly, although
PNUTS was expressed in all three NPC cell lines tested,
increased PNUTS expression was only detected in CNE-2
cells after IR treatment, which may be related to the tumor
cell heterogeneity and cancer stem cell-like characteristics
of CNE-2 cells.?” To further clarify how PNUTS functions
in the EMT process and the mobility and invasiveness of
CNE-2 cells, we overexpressed PNUTS using adenovirus
infection to conduct rescue experiments. Our results showed
the recovery of PNUTS and EMT characteristics. Moreover,
the migration and invasion capacity of CNE-2 cells also
recovered. Therefore, PNUTS may be a promising target for
the treatment of radiation-induced metastasis.

PNUTS, a novel interacting protein, has been defined as
a nuclear conditioner of PP1 that combines with PP1 and
sharply reduces the catalytic activity of PP1 toward exog-
enous substrates.”” PNUTS is involved in various biologic
functions, such as apoptosis, cell cycle control, transcrip-
tional regulation, and telomere maintenance.'***? Emerging
evidence suggests a role for PNUTS in tumorigenesis and
metastasis formation.?3%3! PNUTS depletion leads to Rb
dephosphorylation and the formation of a complex with the
transcription factor ZEB1, thus inhibiting the ZEB1 tran-
scriptional repressor activity of E-cadherin, and increasing
E-cadherin expression, which impedes the EMT process.*
Moreover, PNUTS can modulate TGF( and AKT signaling
and promote the migration and metastasis of cancer cells,
which allow it to serve as a potential oncogene.?>** However,
the mechanism involving PNUTS is still unknown.

To further our research into the underlying mechanism by
which PNUTS mediates IR-induced EMT and metastasis, we
explored how IR-induced PNUTS expression activates the
PI3K/AKT signaling pathway, which significantly contrib-
utes to the regulation of cancer cell and EMT progression.*3
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Recent studies have revealed that PI3K/AKT signaling
significantly mediates the responsiveness of tumor cells

to radiation.*® Therefore, IR-induced AKT phosphoryla-

tion stimulates multiple transcription factors, for example,

L]
Cell invasion

by increasing the expression of ZEB1 and thus promoting

the EMT process, which correlates with recurrence and

distant metastasis in NPC patients.?” This study showed that

IR increased the phosphorylation of AKT and that silencing
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PNUTS obviously attenuated this effect, suggesting that
PI3K/AKT signaling pathway activation was mediated
PNUTS. Furthermore, pretreating CNE-2 cells with a PI3K
inhibitor (LY294002) facilitated the downregulation of
N-cadherin and the upregulation of E-cadherin. When cells
overexpressing PNUTS were treated with LY294002, the
EMT process was reversed. In this study, it is not clear how
PNUTS interacted with the PI3K/AKT signaling pathway
under our experimental conditions. However, molecules
such as PTEN have been reported to mediate the expres-
sion of PNUTS via the PI3K/AKT signaling pathway.?**
In addition, because PTEN, PI3K, and AKT are closely
related, one possible mechanism is that PTEN mediates the
effects of PNUTS on IR-induced EMT and metastasis of
CNE-2 cells and consequently plays a role in the PI3K/
AKT signaling pathway, but this hypothesis requires further
confirmation in future studies. According to our findings,

the tumor-promoting effects of PNUTS on the IR-induced
EMT and metastasis of CNE-2 cells are activated at least in
part by the PI3K/AKT signaling pathway.

Conclusion

PNUTS regulates IR-induced cell invasion and migration via
EMT through activation of the PI3K/AKT signaling pathway,
which provides a new target to understand how tumor inva-
sion and metastasis are affected by IR.
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