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Abstract

Radiotherapy (RT) represents one of the major treatment methods for cancers.
However, many studies have observed that in descendant surviving tumor cells, suble-
thal irradiation can promote metastatic ability, which is closely related to the tumor mi-
croenvironment. We therefore investigated the functions and mechanisms of sublethal
irradiated liver nonparenchymal cells (NPCs) in hepatocellular carcinoma (HCC). In this
study, primary rat NPCs and McA-RH7777 hepatoma cells were irradiated with 6 Gy
X-ray. Conditioned media (CM) from nonirradiated (SnonR), irradiated (SR), or irradi-
ated plus radiosensitizer celecoxib-treated (S[R + D]) NPCs were collected and added to
sublethal irradiated McA-RH7777 cells. We showed that CM from sublethal irradiated
NPCs significantly promoted the migration and invasion ability of sublethal irradiated
McA-RH7777 cells, which was reversed by celecoxib. The differentially expressed genes
in differently treated McA-RH7777 cells were enriched mostly in the AMP-activated
protein kinase/mammalian target of rapamycin (AMPK/mTOR) signaling pathway. SR
increased the migration and invasion ability of HCC cells by inhibiting AMPK/mTOR
signaling, which was enhanced by the AMPK inhibitor compound C and blocked by the
AMPK activator GSK-621. Analyses of HCC tissues after neoadjuvant radiotherapy con-
firmed the effects of radiation on the AMPK/mTOR pathway. Cytokine antibody arrays
and further functional investigations showed that matrix metalloproteinase-8 (MMP-
8) partly mediates the promotion effects of SR on the migration and invasion ability
of HCC cells by regulating AMPK/mTOR signaling. In summary, our data indicate that
MMP-8 secreted by irradiated NPCs enhanced the migration and invasion of HCC by
regulating AMPK/mTOR signaling, revealing a novel mechanism mediating sublethal ir-

radiation-induced HCC metastasis at the level of the tumor microenvironment.
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1 | INTRODUCTION

The primary goal of cancer treatments is to eradicate all tumor cells,
including primary tumors and obvious or hidden metastases, which
are key drivers of patient prognosis and outcome. More than half of
cancer patients need radiotherapy as a part of their cancer treat-
ment,* and this treatment is important for patients with tumors
that cannot be operated on or are incompletely removed, as well as
patients with recurrent disease. Although radiotherapy has played
key roles in many types of cancer, sublethal irradiation has been re-
ported to promote the invasive and metastatic ability of descendant
surviving cancer cells.? However, little is known about the underly-
ing mechanisms.

Hepatocellular carcinoma (HCC) is the sixth most common ma-
lignant tumor and ranks the fourth in terms of cancer mortality
worldwide.® However, as liver tissue has a low tolerance for radia-
tion, the radiotherapy dose to malignant tumors is usually limited.*
In the clinic, HCC patients receiving subcurative doses of radiation
are likely to develop regional and/or distant metastasis.” Several
possible mechanisms have been proposed to explain radiation-in-
duced metastasis. For example, Nagaraja et al showed that radia-
tion-induced epithelial-mesenchymal transition (EMT) increases the
metastatic potential of lung tumor cells.® Radiation-induced vascu-
lar damage may increase the recruitment of migrating tumor cells.”
An increased fraction of hypoxic cells has been observed after ra-
diotherapy, and hypoxia causes significant upregulation of metas-
tasis-related genes.7'8 However, most previous reports focused on
changes in tumor cells, and the key role of the radiation-induced
tumor microenvironment (TME) in promoting tumor metastasis was
underestimated.

In addition to hepatocytes, liver tissue is also composed of non-
parenchymal cells (NPCs), which include stellate cells, Kupffer cells,
and hepatic sinus endothelial cells. Radiation can induce alterations in
the expression of various genes in liver cells and NPCs and generate
many substances, leading to changes in the TME and in the biological
behaviors of tumor cells. This led us to explore whether the TME is
responsible for the increased invasion and metastasis of tumor cells
treated with radiotherapy. In a previous study, we observed that many
cytokines, such as IL-6, TGF-f, and TNF-a, are released from irradiated
NPCs.” However, the detailed roles of NPCs in HCC under sublethal
irradiation treatment conditions are largely unclear.

Here, we show that conditioned media (CM) from sublethally
irradiated NPCs promote the migration and invasion of HCC.
Further mechanistic studies revealed that MMP-8 secreted by
NPCs mediates the NPC-induced migration and invasion of HCC
through the AMPK/mTOR signaling pathway. These findings might
provide a new strategy for improving the therapeutic effect of

radiotherapy.

2 | MATERIALS AND METHODS
2.1 | Isolation and preparation of rat liver NPCs

Male, 12-week-old, inbred Sprague-Dawley rats were maintained
under controlled conditions (24°C + 2°C temperature, 40%-70%
relative humidity, 12 h light/12 h dark cycle, normal laboratory diet
and water). Rat liver NPCs were isolated by collagenase digestion
and differential centrifugation. Perfusion buffer was dripped onto
the cut portal vein, and the liver was perfused with Ca®*-free and
Mg?*-free Hanks' balanced salt solution (HBSS), followed by perfu-
sion with HBSS containing 0.02% collagenase IV (Sigma). After the
liver was digested, the suspension was filtered through a strainer
and centrifuged at 70 g for 5 min at 4°C. The NPC fraction in the
supernatant was washed in phosphate-buffered saline (PBS) and
then pelleted at 650 g for 5 min at 4°C. Cell pellets were mixed with
Dulbecco's modified Eagle's medium (DMEM) and centrifuged at
1800 g for 20 min at 4°C. The enriched NPC pellet was resuspended
in buffer. The animal experiment was approved by the Clinical
Research Ethics Committees of Affiliated Hospital of Jiangnan
University (JN. No20190330b0180630).

2.2 | Preparation of CM

Isolated NPCs were cultured at 37°C under an atmosphere of 5%
CO, in a 6-well plate. Cells were cultured for 48 h and then placed
in fresh Williams’ E medium containing penicillin, streptomycin, and
HEPES. NPCs were divided into a nonirradiated control group, an
irradiation group, and an irradiated plus celecoxib group. Cells were
cultured to 80% confluence, and then a linear accelerator (Oncor;
Siemens) was used to deliver 6 Gy radiation at a rate of 3 Gy per min-
ute. After 48 hours of incubation, the supernatants were collected
and then centrifuged at 1000 g for 5 min at 4°C. CM from nonirradi-
ated, irradiated, and irradiated plus celecoxib cultures were termed
SnonR, SR and S(R + D), respectively.

2.3 | Radiation schedule

McA-RH7777 cells were cultured to 80% confluence and then re-
ceived 6 Gy of X-ray irradiation at a dose rate of 3 Gy per minute using
a linear accelerator (Oncor; Siemens). When cells were irradiated, a
T25 flask was put on the couch, and a 1.5-cm-thick bolus was used
to correct the distribution of radiation. Irradiation characteristics
were beam energy, 6-MV photons; source-surface distance, 100 cm;
size of the radiation field, 10 x 10 cm?; gantry, 180°. Dosimetry was

measured with a cylindrical ionization chamber before irradiation.
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2.4 | Reagents and cell lines

Rat McA-RH7777 cells (from the American Type Culture Collection)
were maintained in high-glucose DMEM containing 10% fetal bo-
vine serum (FBS) and penicillin/streptomycin at 37°C in a humidified
atmosphere containing 5% CO,. McA-RH7777 cells were irradiated
in single doses of O, 2, 4, 6, or 8 Gy, respectively. After subculture,
cells were transferred to conditioned SnonR, SR, or S(R + D) me-
dium and then received a single dose of 6 Gy irradiation. Cells from
SR, S(R + D), and SnonR cultures were termed RH6Gy-SR, RH6Gy-
S(R + D), and RH6Gy-SnonR, respectively. Exogenous recombinant
interleukin-2 (IL-2), vascular endothelial growth factor (VEGF), trans-
forming growth factor-beta (TGF-p), and matrix metalloproteinase-8
(MMP-8) were purchased from R&D Systems, and celecoxib was
purchased from Dalian Meilun Biology Technology Co., Ltd.

2.5 | Colony formation assays

Approximately 500 cancer cells were seeded into each well of six-
well plates and incubated for 6 hours followed by treatment with
different doses of IR (0, 1, 2, 4, 6, or 8 Gy) using a linear accelerator.
After approximately 14 days, cells were washed with precooled PBS,

fixed in precooled methanol, and stained with crystal violet. The cell

(A)

RH6Gy-S(R+D) RH6Gy-SR RH6Gy-SnonR

FIGURE 1 Irradiated supernatant
(SR) promotes hepatocellular carcinoma
(HCC) cell migration and invasion. A,
The effects of nonirradiated (SnonR), (B
irradiated (SR), and irradiated plus drug
(celecoxib)-treated S(R + D) supernatant
on RH6GYy cell migration were examined
by wound healing assays, and wound
healing was quantified as the ratio of the
remaining cell-free area to the area of
the initial wound (calculated as the mean
percentage) using ImageJ software. B,
The effects of SnonR, SR, and S(R + D)
on RH6GYy cell invasion were examined
by transwell invasion assays (N = 3).
Quantitative data are presented as the
mean + standard deviation. *P < .05,
**P<.01

~

RH6Gy-S(R+D) RH6Gy-SR RH6Gy-SnonR
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survival curves were plotted with SigmaPlot 14.0 software using the

multi-target, single-hit model $ = I-(1-e ®/Po)N,

2.6 | Cytokine antibody arrays

Cytokines were detected in SR, S(R + D), and SnonR conditioned
medium with rat antibody arrays (RayBio rat cytokine array L series;
RayBiotech) following the manufacturer's instructions, and 90 cy-
tokines related to cell growth, angiogenesis, and inflammation were

simultaneously screened.

2.7 | Transwell invasion assay

The invasion of RH6Gy-SR, RH6Gy-S(R + D), and RH6Gy-SnonR
cells was assessed by transwell invasion assays using medium sup-
plemented with cytokines or CM. Four hours before seeding cancer
cells onto the membrane, 50 pl Matrigel (diluted 1:8 with DMEM)
(BD Biosciences) was added to each upper transwell chamber and
incubated at 37°C for 4 hours. A suspension of McA-RH7777 cells
(at a density of 5 x 10* cells/ml supplemented with cytokines or
CM) was prepared. These cells (200 pl) were added to the upper
chamber of the transwell chamber, and DMEM containing 10% FBS
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(1000 pl) was added to the lower chamber. After 48 h, cells reach-
ing the underside of the membrane were stained with crystal violet

staining solution (Beyotime) and counted at 10x magnification.

2.8 | Wound healing assay

RH6Gy-SR, RH6Gy-S(R + D), and RH6Gy-SnonR cells were grown
in six-well culture plates. When cells reached confluency, we used
200 pl pipette tips to scratch wounds. The cell layer was wounded
with a uniform scratch using sterile pipette tips, and the plates were
washed three times to remove shedding cells and then incubated in
culture medium containing 10% FBS supplemented with cytokines
or CM for 24 h. RH6Gy cells were observed at different time points,

and cell migration was observed under a light microscope.

2.9 | Western blot analyses

Protein extracts were probed with antibodies against rat phos-
pho-mTOR (1:500, Sangon Biotech), mTOR (1:1000, Proteintech),
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FIGURE 2

phospho-AMPK (1:500, Sangon Biotech), AMPK (1:1000, Sangon
Biotech), and GAPDH (1:5000, Sangon Biotech). A peroxidase-con-
jugated anti-rabbit antibody (1:5000, Sangon Biotech) was used as
the secondary antibody, and the membranes were visualized with

enhanced chemiluminescence (Beyotime).

2.10 | Gene chip detection

Total RNA of RH6Gy-SnonR and RH6Gy-SR cells (1 x 10° cells) was
extracted according to the instruction manual provided with TRIzol
reagent (Genewiz Inc), and the concentration and quality of the ex-
tracted RNA were measured on a NanoDrop nucleic acid analyzer to
ensure reliable RNA quality. Gene chip sequencing was completed
by Shanghai Bohao Biotechnology Co., Ltd.

2.11 | GO and KEGG enrichment analyses

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses of the coregulated differentially

MF-protein binding .
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Irradiated supernatant (SR) may influence the AMPK/mTOR signaling pathway. A, Circos plot showing the differentially

expressed genes and their chromosome positions. Red and blue indicate up- and downregulated genes, respectively. B, Scatter plot of
the top nine KEGG pathways. Each color indicates a different P-value as indicated. KEGG, Kyoto Encyclopedia of Genes and Genomes. C,
Scatter plot of the top 15 GO terms. The size of the circle indicates the number of enriched genes in each pathway. Each color indicates a
different P-value as indicated. GO, Gene Ontology. The rich factor represents the ratio of enriched genes in the selected pathway to the

total number of genes in the pathway
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expressed genes were performed through the online tool Database
for Annotation, Visualization, and Integrated Discovery (DAVID)
(version 6.8, https://david-d.ncifcrf.gov/).

2.12 | Immunohistochemical (IHC) staining

Tumor tissues were obtained from stage IlI-IV HCC patients treated
with or without neoadjuvant radiotherapy (N = 7 for each group) at
Zhongshan Hospital Affiliated with Fudan University between 2012
and 2019. The intervals between neoadjuvant radiotherapy and sur-
gery were 6 weeks. All patients were ranging from 52 to 75 years
old; the majority of patients have concomitant cirrhosis. All patients’
data were obtained with informed consent, and the Clinical Research
Ethics Committee approved the project of the participating institu-
tions (No. 2011-235). HCC tissue samples were fixed in 4% neutral
buffered paraformaldehyde, paraffin embedded and sectioned. The
sections were blocked and then incubated with phospho-mTOR
(1:50, Sangon Biotech), mTOR (1:200, Proteintech), phospho-AMPK
(1:50, Sangon Biotech), and AMPK (1:80, Sangon Biotech) antibodies
overnight at 4°C. Then, the sections were treated with the corre-
sponding secondary antibody (Gene Tech). Diaminobenzidine (DAB)
was dropped onto the sections for color reaction. For the quanti-
tative analysis, the IHC score from three randomly selected micro-
scopic fields (200x) was calculated (Sl = staining intensity + staining
percentage) and averaged to obtain the mean. Staining intensity
scores ranged from O to 3 (O = no staining, 1 = low staining, 2 = me-
dium staining, and 3 = strong staining). The percentage of positively
stained cells was also assigned scores of 1-3, where 1 = <25% posi-
tive staining, 2 = 25-50% positive staining, and 3 = >50% positive

staining.

2.13 | Statistical analyses

The results were assessed by a paired t-test and a X2 test. All statisti-
cal analyses were performed using SPSS 23.0 software, and P < .05
was considered to indicate a statistically significant result.

3 | RESULTS
3.1 | SR promotes HCC cell migration and invasion

As shown in Figure S1, irradiation killed McA-RH7777 cells in a loga-
rithmic dose-dependent manner. In the 6 Gy group, about 1% of cells
survived, and few cells could survive in the 8 Gy group. So, 6 Gy
was selected for subsequent studies. To determine whether suble-
thal irradiated NPCs can modulate the metastatic ability of HCC, we
examined the effects of SR on McA-RH7777 cell migration and inva-
sion using wound healing and transwell invasion assays. As shown
in Figure 1A and B, SR-treated cells exhibited considerably faster

migration and invasion ratio than their control SnonR cells (P < .05).

Cancer Science Byl

Radiosensitizer celecoxib belongs to the nonsteroidal anti-inflam-
matory drugs family and is a selective cyclooxygenase-2 inhibitor.
Celecoxib could inhibit tumor invasion by inhibiting PGE2 produc-
tion and downregulating MMP-2 secretion.’® To evaluate whether
the metastasis-promoting effect of sublethal irradiated NPCs on
HCC cells can be reversed by celecoxib, NPCs were pretreated with
30 pmol/L of celecoxib for 24 hours and then irradiated. Our data
showed that CM from celecoxib-pretreated and sublethal irradiated
NPCs significantly reduced the promotion effects of SR on cell mi-
gration and invasion, further validating that the invasive behaviors of
HCC can be enhanced by SR.

3.2 | SR may influence the AMPK/mTOR
signaling pathway

Next, we investigated whether SR can activate intracellular signaling

pathways associated with cell migration and invasion. To this end,

TABLE 1 Top 20 differentially expressed genes in McA-RH7777
cells receiving sublethal irradiation

Fold change (RH6Gy-SR/

Gene symbol RH6Gy-SnonR)

Upregulated

ABCG5 191.3249
WDR11 183.7237
LOC498084 174.045

DHX32 165.1955
LAMTORS 161.2523
PRP2L1 149.0754
SNRPC 148.8021
KCNJ16 129.4143
OPRM1 124.6007
OLR672 122.0062

Downregulated

OLR729 0.0044
TELO2 0.0049
GABRE 0.0082
LOC688649 0.0097
AKR1B10 0.0100
KCNIP3 0.0104
KLHL24 0.0107
OLR1492 0.0107
PVR 0.0111
ZC3H12C 0.0113

Note: Gene expression changes in RH6Gy irradiated supernatant (SR)
cells (McA-RH7777 cells treated with irradiated conditioned media
[CM] cultures, then received 6 Gy irradiation) compared with RH6Gy
nonirradiated supernatant (SnonR) cells (McA-RH7777 cells treated
with nonirradiated CM cultures, then received 6 Gy irradiation); 726
genes with a fold change greater than 3 were identified. The 20 genes
shown in the table exhibited the most dysregulated changes.
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mRNA expression profiles in RH6Gy-SnonR and RH6Gy-SR cells
were analyzed using a microarray to screen differentially expressed
mRNAs. The 20 most dysregulated genes and their chromosome po-
sitions using the circus plot are represented in Figure 2A and Table 1.
These differentially expressed genes were analyzed by GO and KEGG
enrichment analyses. KEGG pathway analysis revealed that the most
significantly enriched pathway was the “AMPK/mTOR signaling
pathway” (Figure 2B), suggesting that the AMPK/mTOR signaling
pathway may play key roles in SR-induced cell migration and inva-
sion. Therefore, we hypothesized that SR may influence the AMPK/
mTOR signaling pathway and promote HCC cell migration and inva-
sion. In addition, among the GO terms molecular function (MF), cel-
lular component (CC) and biological process, “MF-protein binding,”
“CC-cytoplasm,” and “CC-cytosol” were the three major GO terms
(Figure 2C). These results imply that the AMPK/mTOR pathway may

play key roles in SR-induced cell migration and invasion.

3.3 | SR enhances the migration and invasion
ability of HCC cells by inhibiting the AMPK/mTOR
signaling pathway

AMPK is a ubiquitous serine/threonine protein kinase that regu-

lates tumor development, metastasis, and chemoresistance
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(C) p-mTOR mTOR

through the negative regulation of mTOR.***?2 AMPK and mTOR
have been implicated in cancer progression and metastasis. In
human cholangiocarcinoma (CCA), the activated AMPK/mTOR
signaling pathway suppresses the invasion and migration of CCA
cells.’® We next explored whether SR promotes RH6Gy cell migra-
tion and invasion by regulating AMPK/mTOR signaling. As shown
in Figure 3A, the AMPK activator GSKé621 significantly inhibited
the SR-induced invasion of RH6Gy cells, while the AMPK inhibi-
tor compound C enhanced invasion ability in all three groups of
RH6Gy cells (RH6Gy-SnonR, RH6Gy-SR, and RH6Gy-S[R + DJ).
The expression of p-AMPK, AMPK, p-mTOR, and mTOR in RH6Gy
cells was analyzed by Western blot analysis (Figure 3B and Figure
S2A). The results showed that the phosphorylated AMPK levels
in RH6Gy-SR cells were significantly lower than those in RH6Gy-
SnonR cells, and S(R + D) treatment significantly inhibited this de-
crease. In contrast, the expression of phosphorylated mTOR was
markedly increased in RH6Gy-SR cells. Nevertheless, the total
AMPK and mTOR levels were not significantly different between
these groups. Thus, RH6Gy-SR can regulate the AMPK/mTOR
signaling pathway by inhibiting AMPK phosphorylation and pro-
moting mTOR phosphorylation.

To investigate whether ionizing radiation influences the AMPK/
mTOR signaling pathway in human liver cancer tissues following neo-

adjuvant radiotherapy, we next performed IHC staining to visualize

p-AMPK AMPK

40X

Non-irradiated

200X

40X

200X

6 I Non-irradiated

—a W Irradiated

Mean IHC score

p-mTOR  mTOR  p-AMPK  AMPK

Irradiated supernatant (SR) promotes hepatocellular carcinoma (HCC) cell migration and invasion by inhibiting the AMPK/

mTOR signaling pathway. A, The effects of nonirradiated (SnonR), irradiated (SR), and irradiated plus drug (celecoxib)-treated S(R + D)
supernatant on RH6Gy cell invasion were examined by transwell invasion assays. SR enhanced the invasiveness of RH6Gy cells, GSK621
reduced invasion ability, and compound C enhanced invasion ability in all three groups of RH6Gy cells (RH6Gy-SnonR, RH6Gy-SR, and
RH6Gy-S[R + D]). B, Representative Western blot showing the levels of p-AMPK, AMPK, p-mTOR, and mTOR in RH6Gy-SnonR, RH6Gy-SR,
and RH6Gy-S(R + D) cells; GAPDH served as an internal control. C, Immunohistochemical (IHC) analysis of p-mTOR, mTOR, p-AMPK, and
AMPK and representative images of 14 samples, including HCC patients who received neoadjuvant radiotherapy (N = 7) or did not receive
radiotherapy (N = 7). Magnification: 40x (first and third panels),200x (second and fourth panels). IHC score of p-mTOR, mTOR, p-AMPK,

and AMPK in HCC tissue. *P < .05, **P < .01, ***P < .001, ****P < .0001
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the changes in phospho-mTOR, mTOR, phospho-AMPK, and AMPK
in HCC tissues following neoadjuvant radiotherapy. As shown in
Figure 3C, the expression of p-mTOR was upregulated, whereas the
expression of p-AMPK was downregulated in the irradiated group
compared with the nonirradiated group (P < .001). The total mTOR
and AMPK levels were not significantly different between the two
groups. Taken together, these results imply that radiation also in-
hibits the AMPK/mTOR signaling pathway in HCC tissues following

neoadjuvant radiotherapy.

3.4 | Increased secretion of inflammation- and
metastasis-related factors following SR

Because cytokines play key roles in the crosstalk between differ-
ent cells of the TME, we next investigated whether irradiated NPCs
secrete certain cytokines that affect the migration and invasion
ability of the offspring after liver cancer irradiation. Therefore, a cy-
tokine array was performed on SnonR, SR, and S(R + D). The results
showed that some cytokines, including MMP-8, IL-2, TGF-p1, Tie-2,
and VEGF, were significantly upregulated in the SR group and res-
cued in the S(R + D) group (Figure 4A and B). Then, we analyzed

the expression of and large changes in cytokines of interest, such as

Cancer Science Ui s

IL-2, VEGF, and MMP-8. Remarkably, the expression of TGF-p1 was
significantly upregulated after radiation, while celecoxib treatment
did not reduce the promotion effects of SR on cell migration and
invasion. TGF-p is well known to facilitate tumor metastasis, so we
also evaluated whether TGF-p is critical for the migration and inva-
sion of HCC.

3.5 | MMP-8 mediates the promoting effects of SR
on the migration and invasion of HCC

Exogenous recombinant IL-2, VEGF, TGF-$, and MMP-8 were
added to the culture medium of RH6Gy cells at different concen-
trations for 24 or 48 hours. The results showed that both 2 ng/ml
VEGF and 20 ng/ml MMP-8 promoted cell migration and invasion
(Figure 5A,B). Further analyses demonstrated that 20 ng/ml MMP-
8, but not VEGEF, significantly decreased the phosphorylated AMPK
levels and increased the phosphorylated mTOR levels in RH6Gy cells
(Figure 5C and Figure S3A). The expression of total AMPK and mTOR
was not significantly changed in either group. Taken together, our
results demonstrate that MMP-8 is the key factor that mediates the
promoting effects of SR on the migration and invasion of HCC by
regulating the AMPK/mTOR signaling pathway.
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FIGURE 4 |Increase in inflammation- and metastasis-related factors released following SR. A, Relative expression of interleukin-2 (IL-

2), vascular endothelial growth factor (VEGF), matrix metalloproteinase-8 (MMP-8), and transforming growth factor-beta-1 (TGF-p1) in
conditioned medium from irradiated (SR), irradiated plus drug (celecoxib)-treated S(R + D), and nonirradiated (SnonR) supernatant based on
rat cytokine arrays. Error bars indicate the mean + SD. B, Hierarchical clustering analysis of all expressed SnonR, SR, and S(R + D). Maps

on the left are based on the expression values in SnonR and SR. Maps on the right correspond to the expression values in SR and S(R + D).
The expression values are depicted in line with the color scale. The intensity increases from green to red. Green represents all cytokines
expressed in SnonR and SR with a fold change < 0.66, and red indicates all cytokines expressed in SR and S(R + D) with a fold change > 1.5.

*P < .05, **P < .01, ***P <.001, ****P < .0001
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FIGURE 5 Matrix metalloproteinase-8 (MMP-8) enhances the migration and invasion of hepatocellular carcinoma (HCC) through the
AMPK/mTOR signaling pathway. A, Cell migration was measured by wound healing assays. B, Cell invasion was detected by transwell
invasion assays (N = 3 in each group). C, Representative Western blot showing the levels of p-AMPK, AMPK, p-mTOR, and mTOR in
RH6GYy cells supplemented with exogenous recombinant MMP-8; GAPDH served as an internal control. *P < .05, **P < .01, ***P < .001,

P <.0001

4 | DISCUSSION

In this study, we established stable radioresistant HCC cell lines and
investigated the roles of NPCs in enhanced cell migration and inva-
sion. Our data demonstrated that the sublethal irradiation of NPCs
promotes HCC's metastatic potential. Our finding is consistent with
the clinical observation that failure of HCC radiotherapy is usually
related to metastasis.'* We also showed that the increased meta-
static potential of residual cells after irradiation is mediated by the
secretion of cytokines such as MMP-8 by NPCs into the TME and
subsequent inhibition of the AMPK/mTOR signaling pathway. Our
results suggest that the use of inhibitors that block AMPK/mTOR
signaling or MMP-8 secretion may decrease the risk of sublethal ir-
radiation-associated metastases in HCC.

Malignant tumors are characterized by their uncontrolled
growth, often accompanied by invasion and metastasis, the latter
being the leading cause of death in patients. Among the factors that

affect tumor metastasis, the migration and invasion of tumor cells

are prerequisites and are the most important driving forces that pro-
mote tumor progression by increasing the depth of tumor cell infil-
tration and facilitating both local and distant metastases.*® Several
classes of proteins are associated with tumor invasion and metas-
tasis: integrins, calcium-dependent cadherins, lymphangiogenesis
factors, angiogenetic factors, and extracellular proteases.'® Among
these factors, MMPs play significant roles in promoting tumor inva-
sion and metastasis by degrading the extracellular matrix, disabling
cellular adhesion, enhancing EMT, and promoting tumor angiogene-
sis.Y” The abnormally high expression of MMPs is closely related to
tumor metastasis and poor patient survival.'® Qian showed that
MMP inhibitors can block the radiation-induced metastasis of human
pancreatic cancer cells, and another study showed that radiotherapy
for lung cancer and breast cancer increased plasma MMP-9 levels.?°
Nirmala found that radiation significantly increased MMP-9 levels
and their mRNA expression in cocultures of retinal endothelial cells
and glioblastoma cells.?! Murawaki demonstrated that MMPs syn-

thesized by HCC cells play an important role in angiogenesis, cell
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invasion, and metastasis.?? Similarly, in this study, sublethal irradia-
tion enhanced the secretion of cytokines such as MMP-8 in NPCs,
promoting the migration and invasion of RH6Gy cells. Therefore, our
data demonstrate that MMP-8 may be a radiation-responsive me-
diator that degrades the extracellular matrix and promotes cancer
invasion and metastasis.

Noncurative tumor irradiation can enhance the incidence of
tumor metastasis. Through preclinical investigations, many mecha-
nisms involved in this change have been identified, including EMT,
vascular damage, and the increased flux of tumor cells into the circu-
lation.?%2¢ However, no systematic study has focused on sublethal
irradiation-induced changes in the TME. The TME is the environment
in which tumor cells are located and is closely related to tumorigen-
esis and metastasis. The TME provides cancer cells with cues and a
physical environment to progress and eventually metastasize, repre-
senting a welcoming site for these migrating cells.»?” The effects of
radiotherapy on the TME include the induction of hypoxia and the
increase in cytokines and growth factors secreted by stromal cells

and immune cells, 2832

which may contribute to increased metasta-
sis. However, the correlation between radiation-induced metastasis
and clinical experience and the mechanisms involved are still unclear.
There remains a need to explain the interaction between the TME
and cancer cells after radiotherapy. It is important to elucidate the
phenotypic and functional heterogeneity of the TME so that these
strategies can serve as molecular leaders in cancer treatment while
optimizing tumor control.

Our results demonstrate that irradiation affects cancer cells
and surrounding normal cells. Radiotherapy should consider the
effect of irradiation on the TME, and this phenomenon may play a
role in the microenvironment of sublethally irradiated cancer cells.
Interestingly, we observed that the metastasis-associated cytokine
MMP-8 secreted by irradiated NPCs enhanced the migration and
invasion of HCC by regulating the AMPK/mTOR signaling pathway,

as shown in Figure 6. The clinical implication of this study is a key
requirement for inhibiting sublethal radiation-enhanced cancer cell
metastasis. Therapeutic improvement is based not only on the eradi-
cation of local disease but also on the control of the systemic metas-
tasis of cancer cells. By clarifying the signal transduction mediators
involved in this process, it is possible to develop specific inhibitors
to modulate harmful metastatic signals and retain the therapeutic

benefits of radiation therapy for local disease.
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