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Background: The liver is the most common target for metastatic colorectal cancer. Changes
of the local hepatic niche due to hepatic diseases such as cirrhosis decrease the incidence of
colorectal cancer liver metastasis. Hepatic niche heterogeneity could influence the risk of
hepatic metastasis.

Materials and Methods: We simulated changes of the hepatic niche via prophylactical
liver irradiation with a safe dose of 6 Gy. GEO dataset and GO analysis revealed a difference
in the expression of matrix metalloproteinase 1 (MMP1) in primary colorectal cancer versus
liver metastasis, as well as synchronous versus metachronous liver metastasis. Western
blotting, Immunofluorescence and qRT-PCR were conducted to measure protein expressions,
location and RNA expressions. Colony formation, wound-healing, transwell assays experi-
ments were performed to determine the malignant biological properties of colorectal cancer
cells. shRNA transfection was used to conduct stable transfected cell lines.

Results: Tissue inhibitor of metalloproteinases 1 (TIMP1) expression was significantly
higher in metastases lesions than primary tumors. In vivo, TIMP1 expression in the hepatic
niche increased after a safe dose of 6 Gy irradiation, along with MMP1 decreased, leading to
collagen fiber deposition and impairment of hepatic microcirculation. In vitro, irradiated
hepatic stellate cells-conditioned media reduced the migration and clone formation ability of
colon cancer cells SW480 and HCT116. Low TIMP1 expression in hepatic stellate cells
reduced tumor cell invasion and migration.

Conclusion: Prophylactical 6 Gy whole-liver irradiation could inhibit colorectal cancer liver
metastasis by regulating TIMP1/MMP1 balance in the hepatic niche before liver metastatic lesion
formed.

Keywords: prophylactical liver irradiation, colorectal liver metastasis, hepatic niche,
metallopeptidase inhibitor-1

Background

The primary cause of disease progression and death for patients with colorectal
cancer is colorectal cancer liver metastasis (CRLM). CRLM occurs in more than
25% of patients diagnosed with primary colorectal cancer,' and half of the patients
would be affected by CRLM over the full course of colorectal cancer.'=*
Moreover, liver metastasis may occur in more than 80% of CRLM patients while
the primary lesion is still clinically undetectable (0.0001-1 ¢cm?®).®> Thus, prophy-
lactical intervention as early as possible after primary diagnosis is the most
promising method to reduce the incidence of CRLM and mortality of colorectal

cancer patients with a high risk of CRLM.
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The heterogeneity of the hepatic niche is a critical
factor for the occurrence of CRLM. A large number of
clinical studies® '® have shown that previous liver diseases
such as hepatitis, liver fibrosis, and cirrhosis can change
both the hepatic niche and local immunity to reduce the
incidence of CRLM. Hepatic stellate cells (HSCs) in the
liver microenvironment were shown to be involved in
chronic liver diseases and the progression of liver damage
to eventual cirrhosis.''*'> Moreover, matrix metalloprotei-
nases (MMPs) and tissue inhibitors of MMPs (TIMPs)
secreted by HSCs are the most important factors involved
in extracellular matrix (ECM) remodeling. Imbalance of
the TIMP1/MMPI1 ratio can accelerate liver fibrosis, and
studies have shown that high TIMP1 and low MMPI1
expression in liver fibrosis leads to ECM accumulation
and restoration of the hepatic lobule structure.'*'
Furthermore, MMP levels indicated the strength of corre-
lation between cancer cells and the liver microenviron-
ment, whereas differences in expression of specific
MMPs and TIMPs were associated with susceptibility to
chemotherapy in CRLM.'> Therefore, local interventions
that adjust the expression of MMPs/TIMPs in the hepatic
niche before CRLM might be a novel method to prevent
its development.

Local intervention by liver irradiation is widely used
for the treatment of primary and secondary liver cancer. It
works both through directly killing tumor cells and affect-
ing HSC status and ECM distribution in the hepatic
niche,'® which suggests that it can prevent CRLM by
modifying colorectal cancer cell anchorage to the liver.
As such, whole-liver low dose irradiation may be a novel
treatment option to prevent CRLM by regulating the bal-
ance of TIMP1/MMP1 in the liver microenvironment. The
aim of our study was to provide evidence to uncover the
mechanism by which it may decrease the incidence of
CRLM. To our knowledge, this is the first report that
prophylactical whole-liver irradiation at a safe dose can
reduce the incidence of CRLM.

Materials and Methods

Patients

Basic clinical information was collected for patients who
underwent primary colorectal cancer radical resection in
Tongji hospital from January 2015 to January 2017,
including gender, age, clinical adjuvant therapy, initial
tumor site, disease stage, degree of differentiation, and
past history of liver disease. According to the literature,

approximately 40% of patients exhibit recurrence and
metastasis after radical resection, with the majority occur-
ring within two years and accounting for 80% of all
diagnosed patients.'”'? Therefore, in this study, we
assessed the occurrence of liver metastasis within two
years after radical resection. The patients that did not
develop liver metastasis after two years were defined as
non-metastasis patients. This study was approved by the
ethics committee of Tongji Hospital and was conducted
according to the Declaration of Helsinki and the Good
Guidelines of the
Conference on Harmonization, all patients provided
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informed consent.
Animal Experiments

Six-week-old  C57/BL6J (Huafukang
Bioscience Co., Beijing) were selected and raised in

male mice
a specific pathogen-free (SPF) animal laboratory. Mice
were separated into control and experimental groups. The
experimental group was immobilized on a small animal
irradiator board, following abdominal anesthesia with
sodium pentobarbital (1%, 50 mg/kg). The upper costal
and sub-umbilical areas were covered with a lead plate,
which exposed only the whole-liver area to irradiation of 6
Gy from a small animal irradiating apparatus (Rad Source,
RS2000). The control group was anesthetized using the
same method, without irradiation, then fed in the same
SPF animal laboratory. At 8 weeks following irradiation,
on an aseptic operating table, the CRLM model was
initiated by injecting MC38 cells transfected with lucifer-
ase (Cell Bank of the Chinese Academy of Sciences,
Shanghai, China) into the spleen of both groups. After 4
weeks, hepatic metastatic lesions were detected via in vivo
imaging (Spectral Instrument Imaging, Lago X). The small
animal B ultrasonic (Vevoll00, Fujifilm Visualsonics,
Canada) device was also used to assess the number and
size of hepatic metastases inside the liver. Blood samples
from each group were collected via orbital blood collec-
tion. The liver function index was determined by transa-
minase, bilirubin, and albumin concentrations measured by
ELISA according to the kits” protocols. Liver and spleen
tissues were embedded and analyzed by H&E staining and
Masson’s trichrome staining, as well as MMP1 (Abclone
#2,758,853) and TIMP1 immunohistochemical staining
(Absin #131,990). The animal experiments were carried
out according to the National Institutes of Health animal
use guidelines

and approved by Tongji Hospital

Institutional Review Board of Experimental Animals.
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GEO Datasets

We searched the National Center for Biotechnology
Information Gene Expression Omnibus (GEO) database
and selected gene expression data from the following
studies related to CRLM: GSE89393, GSE92914,
GDS4396, and GDS3501. The data were analyzed and
genes that were found to have statistically significant dif-
ferences in expression in all datasets were identified.
Moreover, Gene Ontology (GO) analysis was performed
to identify the most enriched signaling pathways in
CRLM.

Cell Lines

Two types of human colon cancer cells and hepatic stellate
cells (Cell Bank of the Chinese Academy of Sciences,
Shanghai, China) were cultured using Dulbecco’s modified
Eagle’s medium (DMEM, HyClone) or Roswell Park
Memorial Institute medium (RPMI, HyClone) 1640,
respectively. The media were supplemented with 10%
fetal calf serum (Gibco) and 1% penicillin/streptomycin
(Gibco 15,140-122). Cell lines were washed with phos-
phate buffer saline (PBS) (HyClone), and the medium was
replaced with fresh culture medium when the cells were
passaged and seeded on plates (BEAVER, Cat. 40,106).
Cells were stored at —80°C in DMSO (MP, CAS 67-68-5)
and culture medium. A crystal violet staining solution
(Solarbio, G1063) was used for cell counting. The small
animal irradiating apparatus was used for cell irradiation.

Wound-Healing Assay

A total of 5 x 10° colorectal cancer cells were seeded on
a 6-well plate (BEAVER, Cat. 40,106) and cultured over-
night. Subsequently, a vertical scratch was drawn using
a pipette tip, and conditioned culture medium was added
after washing 3 times with PBS. The dimensions of each
scratch were measured at 5 positions at 0 h and 24 h. The
distances (D) were calculated and compared by applying
the formula: D = Dgy, - Daap.

Clone Formation Assay

After inoculating 200 cancer cells in each 6-well plate and
leaving them to attach overnight, the medium was replaced
with conditioned culture medium. After 2 weeks, when
visible clones appeared in the dish, the medium was dis-
carded, and the cells were washed 3 times in PBS.
Subsequently, 2 mL of pure methanol (SCR, CAS 67-56-
1) was added, and the cells were fixed for 15 min. The

fixing solution was discarded, and a 0.1% crystal violet
staining solution was added. Cells were stained for 30 min,
washed 3 times with PBS and then air-dried.

Transwell Assay

The surface of the upper chamber of the Transwell disk
was coated with a 1:8 dilution of 50 mg/L Corning
Matrigel (BD, #354,230), and then air-dried at 4°C.
A total of 50 pL of serum-free culture medium was
added to each well and incubated for 30 min at 37°C.
The culture medium was discarded by centrifugation
after the digestion. The cells were washed 3 times with
PBS and suspended again with the conditioned medium.
Cell density was adjusted to 5 x 10°. A volume of 200 uL
of cell suspension was added to the upper chamber and
500 pL of complete medium was added into the lower
chamber. The supernatant was discarded, and the cells
were washed with PBS 3 times. Subsequently, the cells
were fixed with 2 mL of pure methanol for 15 min. The
fixing solution was discarded, and 0.1% crystal violet
staining solution was added. Cells were stained for 30
min, washed with PBS 3 times, and then air-dried.
A Leica DC 300F orthostatic microscope was used to
observe and image 5 fields.

Immunofluorescence

After cancer cells adhered to the culture slides, condi-
tioned medium was added to the culture for 48 h. The
medium was then discarded, and the cells were washed
with PBS 3 times, each time for 3 min. The slide was fixed
with 4% paraformaldehyde (Yeasen, 36314ES60) for 15
min and then washed with PBS 3 times, each time for 3
min. Cells were permeabilized with 0.5% Triton X-100
(SIGMA, T8787) diluted in PBS (PBS-T) at room tem-
perature for 20 min (this step was omitted if the antigen
was expressed on the cell membrane). The cells were then
washed with PBS 3 times, each time for 3 min, and dried
using a blotting paper. Goat serum (Abcam, ab7481) was
added to the slides and sealed at room temperature for 30
min. The blocking solution was discarded, and a drop of
PBS-T diluted primary antibody (Abcam, #EP1247Y) was
added to each slide and incubated overnight at 4°C. Slides
were then washed with PBS-T 3 times, each time for 3
min. After drying the slides, PBS-T diluted fluorescent
secondary antibody (Cell Signaling Technology, #4414)
was added and incubated at room temperature in the dark
for 1 h. Slides were subsequently washed with PBS-T 3
times, each time for 3 min in the dark. DAPI (Wuhan
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promoter Bio-Tech co., China) was added to the slide and
incubated in the dark for 5 min, and then washed with
PBS-T 3 times, each time for 5 min. Slides were sealed
using a sealing liquid containing an anti-fluorescence
quenching agent, and then the slides were observed and
imaged using a fluorescence microscope (LSM780, Carl
Zeiss, Germany).

Western Blotting

The protein extract was obtained from cells and separated
by NuPAGE 10% Bis-Tris Gel Electrophoresis, and then
transferred to polyvinylidene difluoride (PVDF) mem-
branes (Immobilon, Cat IPVHO00010). The membrane
was incubated in 10% bovine serum albumin (Solarbio,
A8010) for 1 h in tris-buffered saline with 0.1% Tween 20
(TBS-T), then incubated with primary antibodies (Cell
Signaling Technology, #8946, 54,376, 68,463) in 10%
nonfat dry milk at 4°C. After washing with TBS-T 3
times, the membrane was incubated with the second anti-
body (diluted according to protocol with 10% nonfat dry
milk in TBS-T) for 1 h at room temperature. Horseradish
(HRP)-conjugated anti-rabbit IgG (Cell
Signaling Technology, #7074) or HRP-conjugated anti-

peroxidase

mouse IgG (Cell Signaling Technology, #7076) was used
as secondary antibodies. Proteins were visualized using
Chemiluminescent Substrate (Thermo SuperSignal West
Pico PLUS). All experiments were independently per-
formed 3 times.

shRNA Transfection

MC38 cells were infected with a lentivirus (Genechem,
Shanghai, China) containinga luciferase gene in media
with polybrene and cultured in a 37°C incubator with 5%
CO, to stably express the luciferase. Puromycin (Sigma,
USA) was used to select infected cells with puromycin
resistance. Vectors containing a TIMP1-based short hair-
pin RNAs (shRNA) sequence (sh-7/MP1) and scrambled

The scramble shRNA was used as the normal control
(shNC). According to the manufacturer’s instructions,
stable transfected cell lines were selected by puromycin
treatment of the culture medium for the indicated time.
Transfection efficiency was assessed by Western blotting
and quantitative real-time polymerase chain reaction (qQRT-
PCR).

qRT-PCR

Total RNA was extracted by Trizol (Sigma), and then
reverse transcribed into cDNA by PrimeScript™ RT
Master Mix (Takara). qRT-PCR was conducted using
SYBR Green qPCR Master Mix (MedChemExpress).
Expression levels were normalized with GAPDH and cal-
culated using the 2**“" index. The specific primers used

for RT-PCR are shown in Table 1.

Statistical Analysis

Statistical analysis was performed using the SPSS software
(version 16.0, SPSS Inc, Chicago, IL) and GraphPad Prism
5.0 (GraphPad, San Diego, CA, USA). Descriptive statistics
were used for basic characteristics of the patients. Multiple
regression analysis was used to find the clinical factors
related to CRLM. Student’s ¢-test was performed to calculate
and analyze the number of hepatic metastases, liver function
index, H score of IHC, transwell cells, and clone formation.
Gray analysis, quantitative fluorescence analysis were per-
formed, and migration distance was measured using the
Image J software (National Institutes of Health, USA),
*P < 0.05, **P < 0.01, ¥**P < 0.001, **** P <0.0001.

Results
Hepatic Disease and CRLM

A total of 246 colorectal cancer patients who had under-
gone radical surgery from January 2015 to January 2017
were included in this study, including 165 patients without
liver metastasis and 81 patients with liver metastases at

shRNA were purchased from Genechem, Shanghai, China. two years post-resection. Tumor stage, degree of
Table | Primers Used for qRT-PCR
Target Forward Primer Reverse Primer
MMP| CAGATGCTGAAACCCTGAA CAGATGTGTTTGCTCCCA
TIMP| TTCCAGTCCCGTCACCTT CAGGCTTCAGCTTCCACTC
TIMP2 TTGCAGGAGGAATCGGT ACAGGCAAGAAGCAATGG
TIMP3 GGCACCTGAAGTTTCCCT GCCCTCTGACATCGCTT
TIMP4 TGAGTATGCAGGTCGGAAG CCCCAGGCTTTATGAGGT
GAPDH ATCATCAGCAATGCCTCCT CATCACGCCACAGTTTCC
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differentiation, adjuvant therapy, and previous liver dis-
ease were shown to be independent risk factors for CRLM
in Table 2. A total of 23 patients had a previous liver
disease, 18 patients infected hepatitis B, three patients
had schistosomiasis and two with unknown causes.
Among patients with hepatitis B, seven patients had cir-
rhosis. Patients with previous liver disease were shown to
have a lower incidence of CRLM, suggesting that passive
changes of the liver microenvironment due to hepatic
diseases could reduce the occurrence of CRLM.

GEO Datasets Related to CRLM

We searched for CRLM-related datasets in the GEO
GSE89393, GSE92914, GDS4396,
GDS3501 were chosen for GO analysis. Three genes,
MMPI1, ANCA, and NEGRI, had statistically significant
differential expression in all GEO datasets, and were
selected for further study. GO analysis of GSE89393
and GSE92914 suggested that genes related to ECM
structure constituents

database. and

and metallopeptidase activity

Table 2 Clinical Data of Patients with Colorectal Cancer After
RO Resection

Non-Metastasis | Metastasis P-value
(N=165) (N=81)
Age 0.36
260 64 70% 27 30%
<60 101 65% 54 35%
Gender 0.72
Male 104 67% 52 33%
Female 6l 68% 29 32%
Primary location 0.68
Left colon 142 67% 71 33%
Right colon 23 70% 10 30%
Stage 0.029
I 80 75% 26 25%
1l 85 61% 55 39%
Differentiation 0.037
Poor 26 58% 19 42%
Moderate 90 65% 48 35%
High 49 78% 14 22%
Adjuvant therapy | 128 75% 42 25% 0.001
RAS state
Wild 102 65% 55 35% 0.54
Mutation 63 71% 26 29%
Hepatic disease 20 87% 3 13% 0.025

were the most enriched in CRLM, except for receptor
activity. Compared to the primary colon lesions, there
was a statistically significant difference in the expres-
sion of TIMPI in liver metastases. Therefore, MMPI
and TIMPI] were selected for subsequent in vitro ana-
lyses (Figure 1).

Prophylactical Liver Irradiation Inhibited
CRLM in vivo

Schematic diagrams of the in vivo study are shown in
Figure 2A. The number of hepatic metastasis detected
both by small animal B ultrasound and visual inspection
was lower in the experimental group (Figure 2B and C). As
well, by in vivo fluorescent imaging of labeled cancer cells,
the fold change in fluorescence in the experimental group
was lower than in the control group (Figure 2D). After low-
dose irradiation of 6 Gy, liver function indicators, such as
total and direct bilirubin and AST, of C57/BL6 mice were
shown to be slightly, but not significantly, increased (Figure
3A and B). However, ALT was shown to be significantly
increased, and mouse weight and albumin levels were found
to be significantly decreased (Figure 3A—D). The survival
rate of mice in the CRLM model was 100% at one week
after 6 Gy low-dose irradiation, and the median overall
survival in the experimental group was higher than that of
the control group (Figure 3E). Hematoxylin and eosin
(H&E) staining showed a decrease in the diameter of the
hepatic small central veins (Figure 4A) and Masson’s tri-
chrome staining showed an increase in the relative collagen
area (Figure 4B) in the experimental group. MMP1 expres-
sion was significantly decreased and TIMP1 expression was
group

significantly increased in the

(Figure 4C).

Status Changes of HSCs Affected
CRLM-Related Phenotypes in vitro

Schematics of in vitro experiments are shown in Figure
5A. SW480 or HCTI116 cells were co-cultured with
conditioned medium of LX-2 that had been irradiated
at 6 Gy. SW480 cultured in the supernatant of HSCs
after 6 Gy irradiation formed a smaller number of

experimental

clones by clone formation assay, and had impaired
mobility in the wound-healing assay. Moreover, in the
transwell assay, this experimental group showed fewer
migrating cells compared with the control group, which
was cultured with non-irradiated HSC supernatant.
There were no statistically significant differences in

these assays for cancer cells cultured in media from
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Figure | Colorectal liver metastasis related GEO databases. GSE89393, GSE92914, GDS4396, GDS3501 were chosen to analyze the differential expression of proteins
between primary colorectal tumors and hepatic metastasis lesions. (A) MMPI, NEGRI, ACAN were identified from the intersection set. (B) P-value of MMP| differential
expression. (C) GO analysis of molecular function (P < 0.05). Extracellular matrix structural constituent and metallopeptidase activity are the most significantly enriched,

except for receptor activity in GSE92914 and (D) GSE89393.

irradiated 7/MP1-shRNA HSCs (Figure 5). HSC super-
natant after 6 Gy irradiation applied to colorectal cancer
cells reduced MMP1 expression and increased TIMP1
expression. There were no significant changes observed
when TIMPI-shRNA HSCs were used (Figure 6A).
Western blotting indicated that the expression of a-
SMA and TIMPI1 and that of MMPI
decreased, in HSCs after irradiation (Figure 6B). By

increased,

qRT-PCR, cells cultured in supernatant from 6 Gy-
irradiated HSCs had lower MMPI expression and higher
TIMP1 expression, but no change in TIMP2-4 expres-
sion (Figure 6C). Laser confocal immunofluorescence
showed that MMP1 expression in the cytoplasm of
colorectal cancer cells was lower when they were trea-
ted with supernatant from 6 Gy-irradiated HSCs. There
was no significant difference in the expression of MMP1
in cells cultured in the supernatant of 6 Gy-irradiated
TIMPI1-shRNA HSCs (Figure 6D). The mechanism that
whole-liver 6 Gy irradiation might prevent CRLM is
shown in Figure 7.

Discussion

This study found that remodeling of the hepatic niche
due to previous liver diseases, such as cirrhosis, hepati-
tis B, and schistosomiasis reduced the incidence of
CRLM in colorectal cancer patients. Therefore, we sug-
gest the adoption of a prophylactical novel local inter-
vention, whole-liver irradiation, to change the hepatic
niche and reduce CRLM without disturbing normal liver
function. The results of this study confirmed that 6 Gy
liver irradiation significantly reduced the incidence of
CRLM. GO analysis of four clinical datasets associated
with CRLM found that, compared to primary colorectal
cancer, CRLM gene expression was enriched for ECM
structure constituents
MMP1/TIMP1, except for receptor activity. We found
that after irradiation, HSC supernatant reduced the inva-

and metallopeptidase activity

sion and clone formation ability of colon cancer cells
increased TIMP1 and decreased MMPI1
expression. This suggests that prophylactical liver irra-
diation adjusts the balance of MMP1 and TIMPI1

through
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Figure 2 6 Gy liver irradiation prevented hepatic metastasis in vivo. (A) Schematic diagrams of the in vivo study. The number of hepatic metastatic lesions was detected by
animal ultrasonography (B), general view (C), and an imaging system (D). The red circles in panel (B) indicated the liver metastasis lesion in the hypoechoic area and the red
circles in panel (C) indicated the colorectal liver metastatic lesions in liver and spleen. Hepatic metastasis lesions in the control group are more in number than those in the 6

Gy group, as detected by ultrasonography. *P < 0.05, ***P < 0.001.

expression in colorectal cancer cells and reduces the
incidence of CRLM.

Regardless of the targeted organ, pre-clinical metastasis is
a common phenomenon, which highlights the importance of
early prevention in metastasis. The first step of tumor invasion
and metastasis is degradation of the ECM and basement mem-
brane barrier.”’ Moreover, ECM accumulation due to an
MMPI1/TIMP1 imbalance is central to the process of hepatic
niche remodeling during conditions such as cirrhosis and
CRLM.?'*? Researchers have shown that for patients with
liver fibrosis and cirrhosis, abnormal expression of MMPs
and TIMPs leads to excessive pathological deposition of
ECM.?** In this study, 8 weeks after whole-liver irradiation
of 6 Gy in mice, the number of central small veins was reduced,
decreasing micro-circulation in the sinus. The most primitive
cells in the liver involved in hepatic structure remodeling
include activated HSCs with a special geographical position
in the space of Disse, which not only secrete 0-SMA, large
amounts of ECM, and high TIMP, but also directly secrete
cytokines related to ECM remodeling that feedback on
HSCs.>> 27 TIMP1 is secreted from activated HSCs, hepato-
cytes, and endothelial cells and could inhibit MMPs expres-
sion, especially MMP1. It is mainly located in the central vein
and the hepatic portal area.”®>' Moreover, high expression of

MMP1 was related to the progression and poor prognosis of
patients, as well as the invasion and metastatic ability of cancer
cells.*” In this study, expression of TIMP1 was increased after
6 Gy irradiation of HSCs, which inhibited MMP1. After the
supernatant was applied to colorectal cancer cells, the expres-
sion of MMP1 in cancer cells decreased, while the expression
of TIMP1 increased, thereby inhibiting colorectal cancer inva-
sion and metastasis.

Whole-liver irradiation dose of 6 Gy was shown to be safe,
with no observed radiation-induced liver injuries. Moreover, it
was capable of remodeling the hepatic niche. Radiation ther-
apy, such as stereotactic body radiation therapy, is an important
method in the treatment of primary or metastatic liver cancer. It
not only directly destroys tumor cells but also changes the
structure of the liver stroma and immune microenvironment
to affect the progression of CRLM. Previous studies in mice
have reported no obvious radiation-induced liver injury after 5
Gy irradiation, whereas some mice showed unstable liver
injury after 10 Gy irradiation.*® Therefore, whole-liver irradia-
tion under 10 Gy is considered safe for mice. In this study, the
total and direct bilirubin and transaminase in mice increased at
8 weeks following 6 Gy whole-liver irradiation. However,
there was no statistical difference in the survival prognosis,
indicating that whole-liver irradiation at 6 Gy is safe to
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Figure 4 HE, Masson’s trichrome staining and IHC in liver metastasis. (A) H&E staining shows decreased diameter of the hepatic small central vein. (B) Masson’s trichrome
staining shows a relative increase in the collagen area. (C) MMP| expression decreased relative to the control group, and TIMP| expression is shown to be increased. P <

0.001, ****P < 0.0001.
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Figure 5 Clone formation assay, wound-healing test, and transwell assay in SW480 and HCT 1 16. (A) Schematic diagram of in vitro experiments. (B, C) HSC supernatant
after 6 Gy irradiation was co-cultured with colon cancer cells. The cells formed a lower number of clones, as observed by the clone formation assay, with decreased mobility
as observed in the wound-healing assay. Moreover, the number of migrating cells in the transwell assay was shown to be the lowest. Changes were not significant in cells

treated with supernatant from the irradiated TIMPI-shRNA HSCs. **P < 0.01.
Abbreviation: n.s., not significant.

preserve normal liver function. Radiation-induced changes in
the hepatic sinus include the narrowing of the small central
vein and a collagen accumulation gradient, thereby creating
a hypoxic niche.>*>® In the hepatic sinus near carcinoma,
HSCs adjust the balance of TIMPI/MMPI1 to form
a secondary basement membrane, thereby inhibiting the for-
mation of metastases, which partly explains the lower inci-
dence of CRLM.

Conclusions

Prophylactical 6 Gy whole-liver irradiation with a safe
dose was a novel alternative method to reduce the occur-
rence of CRLM. Prophylactical 6 Gy whole-liver irradia-
tion disturbed the balance of MMP1/TIMP1 expression in
the hepatic niche by changing the status of HSCs, thus
leading to resistance to CRLM in mice and inhibit the

invasion and metastasis of colorectal cancer cells.

OncoTargets and Therapy 2020:13

submit your manuscript

8459

Dove


http://www.dovepress.com
http://www.dovepress.com

Wang et al Dove
a b c d e
MMP1 [ = — — —— | 08 o B MMP1-HCT116
TIMP1 L — — — - . Il TIMP1-HCT116
I I HCT116 ; . B MMP1-SW480
GAPDH s e s s s | £ o Bl TIMP1-SW480
> K
>
MMP1 — — —— — g 0.2
TIMP1 — S ——— SW480
0.0
GAPDH| = e cxmp e =] H . i M .
B f g h i

MMP1|— —_—  —— -l

-——-a

GAPDH| S—— — a—

o-SMA

LX-2

TIMP1 |

Cc D

- MMP1
5] 9
h
_—
H
3 o
[4
E 2 DAPI
E
Q
o
,\«‘2 «*QW & @ Merge

Hl aSMA
B TIMP1
. MMP1

Figure 6 Laser confocal immunofluorescence, PCR and Western blot of TIMPI/MMPI in colon cancer cells. (A) MMPI expression was reduced in the cytoplasm of colon
cancer cells cultured in 6 Gy-irradiated HSC supernatant. For the TIMPI-shRNA HSC group, there was no significant difference in the expression of MMPI. (B) 0-SMA and
TIMPI expression level increased and MMPI| expression in HSCs decreased after irradiation. (C) qRT-PCR showed that cancer cells grown in supernatant from 6 Gy-
irradiated HSC had lower MMP| expression and higher TIMPI expression, but no changes were observed in TIMP2-4. (D) HSC supernatant after 6 Gy irradiation co-
cultured with colon cancer cells was shown to reduce MMPI expression in cancer cells. In the TIMPI-shRNA HSC group, irradiated HSC supernatant did not lead to

significant changes. **P < 0.0, **P < 0.001, **** P < 0.0001.
Abbreviation: n.s., not significant.
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Figure 7 Mechanism of action underlying the prevention of CRLM by 6 Gy
irradiation of the whole liver. In the hepatic niche, HSCs activated by 6 Gy irradia-
tion secreted more ECM components, which could protect against metastatic cells.
Moreover, irradiation induced a TIMPI-high and cirrhosis-like environment, leading
to a decrease in MMP1 expression and the ability of cancer cells to proliferate and
invade, thereby preventing CRLM.
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