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Abstract

Esophageal squamous cell carcinoma (ESCC) is a common cancer in East Asia and in other parts of the world and exhibits a poor
prognosis. Growth inhibitor 5 (ING5) is a new member of the growth inhibitor (ING) protein family and is involved in many
important cellular functions, such as the cell cycle, apoptosis, and chromatin remodeling. As a newly discovered tumor suppres-
sor, ING5 has been shown to inhibit lung cancer proliferation and distant metastasis through the AKT pathway. In lung cancer
tumors, ING5 can attenuate the ability of cancer cells to invade normal tumor-adjacent tissues. However, ING5 has rarely been
studied in ESCC. Here, we found that in ESCC EC-109 cancer cells, ING5 overexpression inhibited cell proliferation and tumor
invasion, whereas, in ESCC TE-| cancer cells, ING5 knockdown promoted cell invasion. In a nude mouse xenograft model, ING5
overexpression inhibited tumor growth and the invasion ability of ESCC cells. Further studies revealed that ING5 overexpression
inhibited IL-6/CXCL12 expression at both the mRNA and protein levels as well as morphological changes. We found for the first
time that INGS5 inhibits ESCC cell migration and invasion by downregulating the IL-6/CXCLI2 signaling pathway.
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cells enter the circulatory system by infiltration, and tumor
cells entering the circulatory system must survive in a flowing
environment.® Tumor cells in the circulatory system are
removed from the circulatory system by extravasation, they
enter distant tissues, they form tiny metastatic clones, and
then they form visible metastases via proliferation.”® The
IL-6/CXCL12 signaling pathway is closely related to the prolif-
eration, metastasis, and invasion of ESCC tumors.
Preliminary studies on ING5 have shown that ING5 can
interact with P300 and P53, causing apoptosis in colorectal
cancer cells.'® ING5 is a new member of the ING family, and

Introduction

Esophageal cancer is one of the most aggressive malignancies and
the sixth leading cause of cancer-related death worldwide.
Esophageal squamous cell carcinoma (ESCC) or adenocarcinoma
is the most common primary esophageal cancer.'” Research has
shown that 90% of esophageal cancer cases are ESCC in the
highest-risk areas in southern Africa and some Asian regions.’
Due to the continuous advancement and development of
medical technology, many new treatment options have been
used to treat ESCC, such as early screening or surgery combined
with chemotherapy and radiotherapy.* As the fourth most
common cancer in China, esophageal cancer has a poor progno-
sis.® Esophageal cancer is a multiple recurrent cancer with high
mortality. Therefore, there is an urgent need to elucidate the molec-
ular mechanisms underlying esophageal cancer proliferation and
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to develop effective molecular therapeutic targets.
During ESCC tumor metastasis, local tumor infiltration only
affects surrounding tissues, especially interstitial cells. Tumor
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multiple functions of ING5 have been reported since it was first
discovered through a homologous search.'' ING5 overexpres-
sion inhibits the growth of myeloid Elf-1 like factor (MEF),
induces cell arrest in the S phase, and increases fasl-induced
apoptosis.'> These features of ING5 depend on the role of
INCAL. Studies have shown that the interaction of ING5 with
INCAL1 can inhibit the activity of cyclin A1/CDK2."* The
results of this study all pointed out that INGS5 plays an important
role in the processes of cell proliferation, apoptosis, and differ-
entiation, indicating that INGS5 is closely related to the occur-
rence and development of tumors. However, in ESCC, the
exact role and potential mechanism by which INGS5 acts as a
tumor suppressor gene are not clear.

The IL-6/CXCL12 signaling pathway was originally discov-
ered as a participant in embryonic development."* During
tumor cell development, this pathway causes tumor cells to
lose some of their epithelial cell characteristics and to acquire
mesenchymal cell characteristics; at the same time, this
pathway gives tumor cells strong invasion and motility abili-
ties."> Studies have shown that multiple molecular signaling
pathways in tumor tissues can activate the IL-6/CXCL12 sig-
naling pathway.'® For example, nuclear translocation of the
HOP/HSP90 complex-mediated transcription factor Snail pro-
motes the IL-6/CXCL12 signaling pathway in gastric cancer;
AIBP through HIF1 disrupts the IL-6/CXCL12 signaling
pathway and inhibits HCC invasion and metastasis, and the
ING4/miR-940/Snaill signaling pathway regulates the IL-6/
CXCL12 signaling pathway in colorectal cancer.'>'®
However, no relevant research has revealed the relationship
between INGS and IL-6/CXCL12 or the role of INGS5 in
tumors, especially ESCC.

In this study, we used EC-109 and TE-1 cell lines to estab-
lish ING5 overexpression and knockdown ESCC cell lines,
respectively. Existing literature indicates that both EC-109
and TE-1 cells were derived from human esophageal squamous
cell carcinoma organization and have the characteristics of pro-
liferation and migration of cancer cells. It has the ability to form
distal metastasis in vivo. We found that ING5 can inhibit ESCC
cell proliferation, metastasis, and invasion in vitro and in vivo
compared with the effects in normal cells. For animal experi-
ments, we used a nude mouse model because the autoimmune
systems of mice are incomplete, which is conducive to the suc-
cessful construction of the model. The tumor-suppressive
mechanism of ING5 may include downregulation of the IL-6/
CXCLI12 pathway. The above results indicate that ING5 acts
as a tumor suppressor gene and plays an important role in
ESCC proliferation and metastasis; thus, ING5 can be used as
a potential therapeutic target.

Materials and Methods

Cell Culture

EC-109, TE-1, and human bronchial epithelial (HBE) cell lines
were purchased from the Chinese Academy of Sciences Type
Culture Collection Center, Shanghai, China. The cells were

grown in DMEM (Gibco) supplemented with 10% fetal
bovine serum (US HyClone), 10 mg/mL antibiotics (penicillin
and streptomycin), and L-glutamine at 37°C in 5% carbon
dioxide and saturated humidity.

Cell Proliferation Assay

The logarithmic growth phase cells were seeded into a 96-well
plate at a cell density of 5x 10%cells/mL. After successful
transfection for 48 h, the cells were incubated for 1 to 3
days, followed by the addition of 20 pL of CCK-8 reagent
per well. The Synergy H4 Hybrid microplate reader (Bio
Tek) detects readings at 450 nm.

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

The total RNA was isolated using TRIzol reagent (Invitrogen).
Total RNA extraction, reverse transcription, and polymerase
chain reaction (PCR) were performed in strict accordance with
the procedures of the product manual, and 1 ug of RNA was
reverse-transcribed into c¢cDNA. Upstream and downstream
microRNA-21 and B-actin primers were designed. The following
PCR conditions were used: predenaturation at 95°C for 30 s, fol-
lowed by 95°C for 5 s and 60°C for 30 s for a total of 40 cycles.
RNA (1 pg) was used with random primers and reverse tran-
scribed using MMLYV reverse transcriptase (Promega) according
to the manufacturer’s protocol. Quantitative RT-PCR was
performed with 1 pL. cDNA, sequence-specific primers, and the
SYBR green real-time PCR mixture (Applied Biosystems).
The following thermal conditions were used: 95°C for 10 min
and 35 cycles of 95°C for 15 min and 65°C for 1 min.

Western Blotting

The cells were seeded in a 6-well plate at a cell count of 1 X
10° cells/mL, and 3 replicate wells were set. After the cells
adhered to the surface, the cells were treated as needed.
After the cells were reoxygenated, the 6-well plates were
removed, and the supernatant was discarded. After washing
for 1 min with phosphate-buffered saline (PBS), lysis buffer
containing a protease inhibitor was added, and the cell pellet
was lysed and placed on ice. After lysis for 30 min, the cells
were scraped off with a cell scraper, transferred to a 1.5-mL
test tube, and centrifuged at high speed. The supernatant
was collected to obtain the extracted protein. After
protein quantification, sample buffer was added, and the
samples were boiled for 5 min and then frozen at —80°C for
storage. After SDS-PAGE, the protein was transferred to a mem-
brane, which was blocked with skim milk, washed with phosphate-
buffered saline with Tween20, cut into strips, and incubated with
anti-IL-6  (ENZO, PSC-XP-5704-M-C500), anti-CXCL12
(Promocell, PK-AB718-7591P), and anti-p-actin (Proteintech,
20536-1-AP) antibodies (diluted 1:1000) at room temperature for
1 h and then overnight at 4°C. The strips were washed repeatedly
the next day and incubated with secondary antibodies at room
temperature for 90 min. The strips were washed with PBS
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repeatedly; then, enhanced chemiluminescence solution was
added, and chemiluminescence was detected and photographed.

Lentivirus-Mediated Construction of EC-109
Overexpression and TE-| Knockdown Cell Lines

To generate stable ING5 overexpression and knockdown cell
lines, recombinants were confirmed by sequencing and
co-transfected with packaging plasmids into HEK293T cells
using Lipofectamine 2000 (Invitrogen). GV218-EGFP-ING5
and pLVX-shING lentivirus particles in cultural supernatants
were harvested and concentrated to a titer of 2 x 10° TU/mL
and stored at —80°C. For GV218-EGFP-INGS5 and
pLVX-shING virus transfection, EC-109 and TE-1 cells were
passaged at about 30% confluence in 6-well plates in the
absence of antibiotics. Empty vector was generated as a control.

Colony Formation Assay

Logarithmic growth phase cells were trypsinized, counted, and
then cultured at 300 cells/2 mL in a 6-well plate in a 37°C incu-
bator for 15 days. The number of clones formed was observed
under a microscope after crystal violet staining, and the colony
formation count was determined.

Wound-Healing Assay

Cells were seeded at 6 x 10° cells/well in a 6-well plate. Once
the cell confluence reached 90%, a wound area was carefully
made in the cell monolayer with a sterile 200-uL pipette. The
separated cells were washed with PBS. Cells migrated to the
injured area and were observed under an Olympus CK-2
inverted microscope and photographed (100 X magnification)
at 0, 6, 12, and 24 h.

Migration and Invasion Assay

In the migration assay, logarithmic growth phase cells were
digested with trypsin, counted, and inoculated at 5 x 10* cells/
well in serum-free DMEM in a Transwell chamber placed in
a 24-well plate. The lower chamber contained 600 pL of
normal DMEM with 10% fetal bovine serum, and the upper
chamber contained 200 pL of serum-free cell suspension.
After 12 h, the cells were washed twice with PBS, fixed with
4% paraformaldehyde for 15 min, and air-dried at room temper-
ature. The cells were then stained with 0.1% crystal violet for
15 min, and washed with PBS 3 times. The upper unmigrated
cells were gently wiped away with a cotton swab and decolor-
ized with 33% acetic acid, and the absorbance was read at
570 nm. In the invasion assay, BD gel was prepared in
culture solution (1:9) on ice and then incubated in a 37°C cell
incubator for 5 h, and the basement membrane was hydrated
in a 37°C cell incubator for 30 min. The remaining steps were
the same as above.

Xenograft Studies

Six-week-old male thymus nude mice were purchased from
Shanghai Kai Li. They were randomly divided into a control
group and an experimental group, with 5 animals in each
group. Every 5 mice are kept in a 30 x30 mm?® sterile cage.
All animal procedures were performed in accordance with pro-
cedures approved by the Animal Care and Use Committee.
The mice were injected subcutaneously with 6x 10° EC-109
control cells or EC-109 INGS cells. Tumor size was monitored
twice weekly using calipers, and tumor volume was estimated.
The model mice were injected intravenously with 6x 10°
EC-109 control cells or EC-109 INGS5 cells. The mice were sac-
rificed 45 days after injection to examine the formation of lung
tumors.

Statistical Analysis

For the in vitro studies, all experiments were performed in trip-
licate. The data were analyzed using the GraphPad Prism 6 soft-
ware. Data from 2 groups were statistically compared using an
unpaired Student’s #-test. P-values <.05 were considered signif-
icant for all analyses.

Results

Successful Establishment of Stable ING5 Overexpression
and Knockdown Cell Lines

We selected 2 common ESCC cell lines, EC-109 and TE-1.
ING5 mRNA and protein levels were detected in EC-109 and
TE-1 cells as well as in normal HBE cells. ING5 expression
was higher in TE-1 cells and lower in EC-109 cells
(Figure 1A and B) than in HBE cells. Therefore, we established
a stable INGS5 overexpressing (OE-INGSY) cell line and an INGS5
knockdown (KD-INGS5) cell line (Figure 1C).

ING5 Inhibits the Proliferation, Migration, and Invasion
of ESCC Cells

Based on the ING5 overexpression and knockout cell lines,
we examined the effects of INGS5 on cell proliferation, migra-
tion, and invasion. The results showed that ING5 overexpres-
sion significantly inhibited the proliferation and colony
formation ability of EC-109 cells, whereas ING5 knockdown
in TE-1 cells promoted these effects (Figure 2A and B).
Our results also indicate that INGS overexpression inhibited
the migration of EC-109 cells in a transwell migration
assay, and these cells were also subjected to a healing test
(Figure 2C to F). Overexpression of INGS significantly pre-
vented EC-109 cells from invading the transwell chamber
through the matrix-coated polycarbonate filter (Figure 2D).
In contrast, ING5 knockdown promoted the migration and
invasion of TE-1 cells (Figure 2C to F). These results indicate
that INGS5 has an anti-tumor effect and inhibits cell invasion
and proliferation.
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Figure 1. Establishment of INGS overexpression and knockdown cell lines. (A) Protein levels of ING5 in ESCC and HBE cells were determined
by Western blotting. (B) The mRNA expression level of ING5 in ESCC and HBE cells was determined by qRT-PCR. (C) INGS protein levels in
EC-109 control and EC-109 INGS overexpression (OE-ING5) cells and in TE-1 control and TE-1 INGS knockdown (KD-INGS) cells determined

by Western blotting.

Abbreviations: ESCC, esophageal squamous cell carcinoma; INGS, Growth inhibitor 5; HBE, human bronchial epithelial; qRT-PCR, quantitative real-time

polymerase chain reaction.

INGS5 Inhibits Tumor Growth and Invasion in Mouse
Xenograft Models

To confirm the role of ING5 in tumor growth capacity, we
established a mouse xenograft model with EC-109 INGS
and EC-109 control cells via subcutaneous injection. INGS5
overexpression significantly inhibited tumor growth and for-
mation and significantly reduced tumor volume (Figure 3A
and B). The most common site of metastasis of ESCC cells
in the body is the lung. We injected EC-109 INGS5 and
EC-109 control cells into the tail vein of mice. At 50 days
after injection, 5 mice injected with EC-109 control cells pro-
duced tumors in the lung, while 5 mice injected with EC-109
INGS cells had far fewer tumors than control group mice
(Figure 3C).

ING5 Inhibits the IL-6/CXCLI2 Signaling Pathway

To investigate whether INGS5 reduces cancer invasion by
inhibiting IL-6/CXCL12, we analyzed mRNA levels in
INGS5 overexpression and control EC-109 cells and in TE-1
cells. The gRT-PCR results showed that IL-6 and CXCLI12
mRNA levels were decreased in ING5-overexpressing
EC-109 cells, while IL-6 and CXCL12 mRNA levels were
elevated in TE-1 knockdown cells (Figure 4A). We further
examined changes in the protein levels of IL-6 and
CXCL12 in INGS5-overexpressing EC-109 cells and TE-1
knockdown cells via Western blotting and found decreased
IL-6 and CXCLI2 expression in ING5-overexpressing
EC-109 cells elevated expression in TE -1 knockdown cells
(Figure 4B).
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Figure 2. INGS5 inhibits ESCC proliferation, migration, and invasion. (A) Effect of ING5 overexpression or knockdown on the proliferation of
EC-109 and TE-1 cells, respectively; **P <.05. (B) Effect of ING5 overexpression or knockdown on EC-109 and TE-1 cell colony formation,
respectively; **P <.05. (C) Effect of ING5 overexpression or knockdown on the migration of EC-109 and TE-1 cells, respectively; **P <.05. (D)
Effect of INGS5 overexpression or knockdown on the invasion of EC-109 and TE-1 cells, respectively; **P <.05. (E, F) The migration abilities of
H1299 cells were measured by testing the wound closure after ING5 knockdown using wound-healing assays.

Abbreviations: ESCC, esophageal squamous cell carcinoma; INGS, Growth inhibitor 5.

Discussion cancer cells results in reduced colony formation efficiency

through interactions with P53 and P300.> In line with these pre-
INGS belongs to the ING candidate tumor suppressor family. It vious results, the present data also showed that ING5 overex-
has been reported that the overexpression of INGS5 in colorectal  pression inhibited cell proliferation and colony formation in
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Figure 3. Overexpression of ING5 inhibits tumor growth and invasion of ESCC cells in vivo. (A) Mice were injected subcutaneously with
6 x 10° EC-109 control cells or EC-109 INGS cells, **P<.05. (B) Isolation of tumors from mice, **P <.05. (C) Effect of ING5 overexpression

on the lung colonization of tumors in xenograft model mice, **P <.05.

Abbreviations: ESCC, esophageal squamous cell carcinoma; INGS, growth inhibitor 5.

NSCLC A549 cells,'”'® while the loss of ING5 promoted

these processes in the

NSCLC cell line H1299.!%2°

Furthermore, we found for the first time that ING5 could

inhibit ESCC migration and invasion in both in vitro and in
vivo studies, suggesting a role of INGS5 in preventing ESCC

metastasis.
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Figure 4. INGS inhibits the IL-6/CXCL12 signaling pathway. (A) mRNA expression level of IL-6/CXCN12 in EC-109 cell lines and TE-1 cells
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Abbreviations: ESCC, esophageal squamous cell carcinoma; INGS, Growth inhibitor 5; qRT-PCR, quantitative real-time polymerase chain reaction.
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INGS has been reported to be related to cell cycle progres-
sion and apoptosis. It has been reported that ING5 functions
as a cofactor of Tip60 for the acetylation of p53 at K120,
leading to the activation of p53,'"?! the expression of its
target genes and subsequent apoptosis in response to DNA
damage.'”?* Despite this, further studies are required to
reveal the mechanisms underlying the anti-proliferation effect
of INGS.

The invasive ability of ESCC cells is regulated by different
signaling pathways, among which the IL-6/CXCL12 pathway is
frequently activated and can result in tumorigenesis and pro-
gression.'* TL-6/CXCL12 pathway participates in the EMT
process by regulating many molecules. For instance, the
EMT-related transcription factor Snail has been widely investi-
gated as a downstream molecule in the IL-6/CXCLI12
pathway.”® We hypothesized that the tumor-suppressive role
of INGS5 was associated with IL-6/CXCL12 signaling in
ESCC. The activation of the IL-6/CXCL12 signaling pathway
can promote EMT and increase the distant metastasis and inva-
sion of tumor cells, playing a key role in the metastasis of tumor
cells in vivo.**** CXCLI12 is upregulated in many solid
tumors,”>*¢ including gastric cancer. IL-6 binds to CXCLI12
in tumor tissues and induces the synthesis of a variety of inflam-
matory mediators, including TNF-a, IL-8, and multiple chemo-
kines.?’*® Reports on the relationship between CXCR12 and
ESCC are relatively rare, and the exact mechanism underlying
how CXCRI12 promotes the occurrence and development of
ESCC requires further studies.

In this study, we detected INGS5 expression at mRNA and
protein levels in 2 cancer cell lines, EC-109 and TE-1, and a
normal cell line, HBE. INGS5 expression was higher in TE-1
cellsand lower in EC-109 cells than in HBE cells. We established
an ING5-overexpressing cell line and an ING5-knockdown cell
line. Based on these 2 cell lines, we studied the effects of ING5 on
cell proliferation, clonality, and migration and invasion in vitro.
The results showed that when ING5 was overexpressed, the
above effects of ESCC cells were effectively inhibited. Then,
we constructed an in vivo ESCC model in nude mice. The
nude mice were injected subcutaneously with EC-109 ING5
and EC-109 control cells. Overexpression of INGS5 significantly
inhibited the tumorigenic ability of ESCC cells. Subsequently,
we injected EC-109 ING5 and EC-109 control cells into the
tail vein of the nude mice in order to observe the migration
ability of ESCC cells to the lung. The results showed that
INGS overexpression inhibited ESCC cell metastasis. Finally,
we analyzed the expression of IL-6 and CXCL12 in the cell
lines with overexpression and knockdown of INGS5 using
gRT-PCR and western blotting. The results revealed reduced
IL-6 and CXCL12 mRNA levels in ING5-overexpressing
EC-109 cells and increased levels in TE-1-knockdown cells.
Western blotting showed reduced IL-6 and CXCL12 expression
in ING5-overexpressing EC-109 cells and increased expression
in TE-1-knockdown cells.

In conclusion, our study demonstrated that ING5 can inhibit
the migration and invasion of esophageal cancer cells by down-
regulating the IL-6/CXCL12 signaling pathway.

Animal Study Protocol

Male athymic nude mice (4 weeks old) were bought from
Shanghai Kai Li. Mice were injected subcutaneously with 5 X
10° EC-109 ING5 and EC-109 control cells. Tumor size was
monitored with calipers twice a week. Tumor volume was esti-
mated as (D2 X d)/2, where D is the largendiameter and d is the
small diameter of the tumor. For the intravenous mouse model,
mice were injected with 5x 10° EC-109 ING5 and EC-109
through teil vein, and mice were sacrificed at day 45 after injec-
tion, and lungs were inspected for tumor formation.
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