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Hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide and the
third most frequent cause of cancer-related death. The IRX5 transcription factor
plays a different role in multiple cancers and contributes to the development of many
tumours. However, little is known about the molecular mechanisms of IRX5 in HCC.
In this study, we found that IRX5 was abnormally upregulated in HCC tissues com-
pared with adjacent normal tissues. IRX5 promoted HCC cell proliferation and
upregulated the expression of cyclin D1 and knockdown of IRX5 suppressed tumori-
genicity in vivo. Furthermore, knockdown of IRX5 increased p53 and Bax expression
and decreased Bcl-2 expression. Thus, IRX5 suppressed apoptosis in HCC cells by
inhibiting the p53 signalling pathway, indicating its role as a treatment target
for HCC.

Significance of the study: Our study demonstrated that IRX5 was abnormally
upregulated in HCC tissues compared with adjacent normal tissues. IRX5 promoted
HCC cell proliferation and upregulated the expression of cyclin D1, and knockdown
of IRX5 suppressed tumorigenicity in vivo. Furthermore, knockdown of IRX5
increased p53 and Bax expression and decreased Bcl-2 expression. IRX5 suppressed
apoptosis in HCC cells by inhibiting the p53 signalling pathway, indicating its role as
a treatment target for HCC.
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1 | INTRODUCTION

Liver cancer was the sixth most commonly diagnosed cancer and the
fourth leading cause of cancer-related death worldwide in 2018,* with
approximately 841 000 new cases and 782 000 deaths annually.? Hepa-
tocellular carcinoma (HCC) accounts for 75-85% of primary liver cancers
and is one of the most common malignant tumours in the world.2 Sur-
gery is the most effective therapy for HCC at present.* The vast majority
of HCC patients present with advanced-stage disease that ultimately
leads to poor prognosis® and a 5-year survival rate of less than 20%*¢;
the recurrence rate is as high as 80%.” The mechanism of HCC develop-
ment has not been clarified, particularly the mechanism underlying the
regulation of the proliferation and apoptosis of HCC.

Iroquois homeobox (Irx) genes play pivotal roles in normal embry-
onic cell patterning and the development of malignancies.® The Irx
family is composed of six genes in humans and mice, including two
clusters, IrxA (Irx1, Irx2 and Irx4) located on chromosome 5 and IrxB
(Irx3, Irx5 and Irx6) located on chromosome 16.° IRX5 encodes a tran-
scription factor and is a highly conserved member of the Iroquois
homeobox gene family.? IRX5 plays a different role in multiple can-
cers, contributing to the development of many tumours by acting as
an important transcription factor regulating key regulatory genes that
control cell growth, invasion, migration and apoptosis. Recent data
suggest that IRX5 is a transcription factor that remarkably promotes
tongue squamous cell carcinoma tumour growth by targeting the
osteopontin (OPN) promoter and activating the NF-kB pathway.® Our
previous study showed that CRNDE acted as a tumour oncogene by
promoting the oncogenic properties of human HCC and revealed a
novel CRNDE-miR-136-5p-IRX5 regulatory network in HCC.®

CyclinD1 regulates cell cycle progression, forms complexes with

1011 and promotes

cyclin-dependent kinase 4 or 6 in the cytoplasm
progression from G1 to S-phase.}? Previous findings have indicated
that cyclin D1 is a downstream target of IRX5.? P53 is a tumour sup-
pressor gene,*® and the p53 protein is a transcription factor that is
involved in cell cycle arrest, DNA repair and apoptosis.* In the p53
signalling pathway, p53 positively regulates the proapoptotic proteins
Bax and p53 negatively regulates the transcription of Bcl-2.°

In this study, we explored the role ofIRX5 in HCC proliferation
and apoptosis. Next, we will discuss the properties of IRX5 in the p53

signalling pathway.

2 | MATERIALS AND METHODS

21 | HCCcelllines

HepG2, SMMC7721, SK-hep1, Huh7, human immortalized normal
human liver cell line (LO2) and the embryonic kidney cell line 293 T
were obtained from the Chinese Academy of Sciences Cell Bank. They
were cultured in Dulbecco's modified Eagle's medium (DMEM) of high
glucose with 10% foetal bovine serum (FBS, BI, ISR). All cells were
incubated at 37 °C in a humidified incubator with 5% CO,.

2.2 | Human tissues

Ten pairs of primary HCC and adjacent non-tumour tissues were
obtained from surgical resections of HCC in the Affiliated Hospital of
Guizhou Medical University between January 2015 and January
2016. Fresh tissue samples were collected and processed within
10 minutes. Each sample was snap-frozen in liquid nitrogen and then
stored at —196 °C. The data do not contain any information that could
identify the patients. All patients provided written informed consent,
and ethical consent was granted from the Committees for Ethical
Review of Research involving the Affiliated Hospital of Guizhou Medi-
cal University (Guizhou, China).

2.3 | Plasmid construction

PcDNA3.1-IRX5 was purchased from GenePharma (Shanghai, China).
The short-hairpin RNA targeting human IRX5 was ligated into the
pGreenPuro shRNA vector (SBI, Palo Alto, CA) according to manufac-
turer's protocol. The constructed sequence was further confirmed by
sequencing. Transfections were performed with a Lipofectamine
2000 kit (Invitrogen, Carlsbad, CA), according to manufacturer's
instructions. Cells were harvested 48-72 hours after transfection.

24 | Cell proliferation assays

Cells (2000 cells/well) were seeded into 96 well plates after 24 hours
of transfection and measured at different time points (0, 24, 48 and
72 hours) using the MTS kit (CellTiter 96 Aqueous One Solution Cell
Proliferation Assay, Promega), following the manufacturer's protocol.
The absorbance at 490 nm was measured with a spectrophotometer.

All experiments were performed in triplicate.

2.5 | Reverse transcription and quantitative real-
time polymerase chain reaction

We extracted total RNA from HCC cells using TRIzol reagent (Life
Technologies Corporation, Carlsbad, CA, USA) and determined RNA
concentration and quality by the 260/280 nm ratio using a Nanodrop
Spectrophotometer (ND-2000, Thermo Fisher Scientific, Waltham,
MA, USA). Next, RNA was reverse transcribed into cDNA and used for
quantitative real-time polymerase chain reaction (qQRT-PCR). We used
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal
control and expressed all of the results as the mean * standard devia-
tion (s.d.) of at least three independent experiments. Comparative
quantification was determined using the 2724t method. The primer
sequences were as follows: GAPDH-Forward: GTCTCCTCTGAC
TTCAACA and GAPDH-Reverse: GTGAGGGTCTCTCTCTTCCT;
IRX5-Forward: ACCCAGCGTACCGGAAGAA and IRX5-Reverse:
CGGCGTCCAC GTCATTTTAT.
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2.6 | Immunohistochemical staining

All tissues were fixed with 10% paraformaldehyde and embedded in par-
affin wax. Paraffin sections were placed in incubators kept at 55 °C for
4 hours. The sections were immersed in two consecutive washes of xylol
for 20 minutes to remove paraffin. Sections were then hydrated with dif-
ferent concentrations of ethanol including 100%, 95%, 85%, 70% and
deionized water. Endogenous peroxidase was quenched with 3% H,0,
in methanol for 10 minutes and washed for 10 minutes in PBS. The sec-
tions were immersed in citrate buffer solution (0.01 mol ™%, pH 6.0) and
heated to retrieve antigen. Then, 0.5%Triton-x-100 was incubated
30 minutes after washing with PBS. The tissues were blocked in 10%
goat serum for 1 hour before the addition of the mouse monoclonal anti-
bodies against IRX5 (diluted 1:150, Atlas, USA) and Ki-67 (1:500,
Abcam, Cambridge, UK) at 4 °C overnight. The sections were incubated
with HRP-conjugated goat anti-mouse secondary antibody (diluted
1:1000, Bioword, USA) for
3,3-diaminobenzidine (DAB)/H,0, for 5 minutes. Slides were imaged

30 minutes and then  with

under a light microscope (Olympus, Japan) at x400 magnification.

2.7 | Western blot analysis

We extracted total proteins from the HCC cells using RIPA buffer and pro-
tease inhibitors (Solarbio, Beijing, China) according to manufacturer's proto-
col, and the protein concentrations were determined using a BCA assay kit
(Solarbio, Beijing, China); protein were subjected to sodium dodecyl sul-
phate polyacrylamide gel electrophoresis and electrophoretically trans-
ferred to polyvinylidene fluoride membranes (Merck Millipore, MA, USA).
Membranes were incubated in 5% nonfat milk dissolved in Tris-buffered
saline (TBS) containing 0.1% Tween-20 for 2 hours at room temperature
and then incubated with primary antibodies as follows: IRX5 (diluted
1:500, Abcam, Cambridge, MA, USA), GAPDH (diluted 1:2000, Pro-
teinTech, Wuhan, China), Bcl-2 (diluted 1:500, Affinity Biosciences, Chang-
zhou, China), Bax (diluted1:2000,ProteinTech), cyclinD1 (diluted 1:500,
Bioworld Technology, Nanjing, China) and p53 (diluted1:2000, Pro-
teinTech).Then, the membranes were incubated with secondary antibodies
(diluted 1:5000, Affinity Biosciences, Changzhou, China) at room tempera-
ture for 2 hours. Immunoblots were visualised by enhanced chemilumines-
cence (ECL kit; Advansta, Menlo Park, CA, USA) and scanned using an ECL
chemiluminescence detection system (Pierce Biotechnology, Waltham,
MA, USA). All experiments were performed in triplicate.

2.8 | Cell cycle and cell apoptosis assays

Cell cycle and cell apoptosis assays were assays by using flow cytometry
assays (BD, Franklin Lakes, NJ). The cells were harvested and then washed
twice with PBS and resuspended in 100 pL of binding buffer. The cells
were fixed in 70% ice-cold ethanol and after holding overnight at 4 °C, the
cells were supplemented with RNaseA (Keygen Biotech) and propidium
iodide for 37 °C for 30 minutes. The DNA content of labelled cells was
detected using FACS cytometry (BD Biosciences Inc., Franklin Lakes, NJ,

USA). Cell apoptosis was assessed by using a flow cytometry assay (BD,

Franklin Lakes, NJ). Each experiment was performed in triplicate.

2.9 | Construction of stable cell lines

The short-hairpin RNA targeting human IRX5 was ligated into the
pGreenPuro™ shRNA vector (System Biosciences, Palo Alto, CA,
USA) according to the manufacturer's protocol. Transfected
SMMC7721 cells were selected with puromycin (2 pg ml~Y) for
4 weeks. Selected cells were further subcloned for uniform stable
cell lines. The stably interfering cell lines were identified using
western blot.

210 | Animal studies

Male BALB/c nude mice (4-6 weeks old) were purchased from the
Animal Care Committee of Chongging Medical College. Ten mice
were randomly allocated into two groups. A total of 1 x 107
SMMC7721 cells stably transfected with IRX5-interference (sh-
IRX5) and negative control shRNA (sh-NC) were subcutaneously
injected into the dorsal flanks of mice. After 28 days, the mice were
sacrificed, and tumours were removed and photographed. The
expression of IRX5 and Ki-67 in Xenograft tumours was detected

by immunohistochemistry.

2.11 | Statistical analysis

SPSS 17.0 software (SPSS Inc., Chicago, IL, USA) and GraphPad soft-
ware (GraphPad Software, Inc., La Jolla, CA, USA) were used to ana-
lyse all data for statistical significance. Two-tailed Student's t-test was
used for comparisons of two independent groups. A P value <0.05

was considered to indicate statistical significance.

3 | RESULTS
3.1 | IRX5 was upregulated in HCC tissues and cell
lines

Immunohistochemical (IHC) staining revealed that the IRX5 protein
was differentially expressed between tumour tissues and their matched
adjacent non-tumour tissues. The non-tumour tissues showed weak or
no expression of IRX5 (Figure 1A, left panel). However, strong immuno-
reactivity for IRX5 was detected in the cell nucleus and in the cyto-
plasm of the tumor tissues (Figure 1A, right panel). Total IHC score of
IRX5 in HCC tissues and non-tumour tissues (n = 10, P < 0.01)
(Figure 1B).

QRT-PCR analysis and western blot analysis were used to
HCC cell lines (HepG2,
SMMC7721, SK-hep1, Huh7) and a human immortalized normal

investigate thelRX5 expression in
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IRX5 was upregulated in HCC tissues and cell lines. (A) Immunohistochemical (IHC) staining of IRX5 in HCC tissues (T) and non-

tumour tissues (N). No. 1 was the representative micrograph. (B) Total IHC score of IRX5 in HCC tissues and non-tumour tissues (n = 10).

**P < 0.01. (C) IRX5 mRNA levels were detected by qRT- PCR in HCC cell lines(HepG2,huh7, SK-hep1 and SMMC7721) and human immortalized,
normal liver cell line (LO2). *P < 0.05, **P < 0.01.Transcript levels were normal to GAPDH expression. (D) IRX5 protein levels in HCC cell lines
(HepG2,huh7, SK-hep1 and SMMC7721) and LO2 were detected by western bloting. GAPDH was used as internal control. *P < 0.05, **P < 0.01

liver cell line (LO2).The results showed thatlRX5 expression was
markably increased in HCC cells compared with that in LO2 cells
(Figure 1C,D).

3.2 | IRX5 promoted HCC cell proliferation in vitro
To further understand the correlation between IRX5 expression
and the proliferation and apoptosis capacities of HCC cells, we
overexpressed IRX5 (pcDNA3.1-IRX5) and knocked down (sh-IRX5)
via transient transfection in SMMC7721 and HepG2 cells. Western
blotting confirmed that transfection with the IRX5 overexpression
plasmid significantly increased IRX5 expression (Figure 2A,B). The
efficiency of sh-RNA-mediated IRX5 knockdown was confirmed
(Figure 2A,B).MTS assays showed that the overexpression of
IRX5increased the proliferative capacities of SMMC7721 and
HepG2 cells compared with control cells containing empty vector,
whereas the opposite result was found when IRX5 expression was
silenced (Figure 2C). Moreover, IRX5 overexpression enhanced the
colony formation capacities of SMMC7721 and HepG2 cells,
whereas knockdown of IRX5 reduced them (Figure 2D,E).

Together, these data suggest that IRX5 enhanced HCC cell

proliferation.

3.3 | IRX5 induced cell cycle progression by
upregulatingcyclinD1 and suppressing apoptosis via
inhibiting p53 signalling in HCC cells

To gain insights into the mechanism by which IRX5 enhances HCC cell
proliferation and induces apoptosis, fluorescence-activated cell sorting
(FACS) was performed to analyse differences in cell cycle distributions
and apoptosis after IRX5 overexpression or silencing. The results rev-
ealed that a reduction in the G1 population and an increase in the S and
G2/M populations were observed in SMMC7721 cells overexpressing
IRX5. Conversely, repressing IRX5 expression mainly led to an accumu-
lation in G1 and decrease in S and G2/M phases (Figure 3A,C).
Apoptosis was measured by FACS-based annexin-V/7-AAD dou-
ble staining in HCC cells under serum starvation conditions for
48 hours. The results revealed that the percentage of annexin V-
positive cells was lower in IRX5-overexpressing SMMC7721 cells than

in control cells. In contrast, the sh-IRX5 group had a significantly
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FIGURE 2

IRX5 promoted HCC cell proliferation in vitro. (A,B) Overexpression and knock-down efficiency of IRX5. GAPDH was used as

internal control. (C) Proliferation of HCC cells assessed by MTS assays. IRX5 overexpression enhanced HCC cell proliferation, whereas IRX5
interference repressed HCC cell proliferation. (D,E) Clone formation assay of differently treated HCC cells. Representative graphs are shown. The

data graphs depict the count number from three independent experiments

higher percentage of annexin V-positive cells than the sh-NC group
(Figure 3B,D).

Furthermore, we also examined the levels of several key genes
involved in cell cycle checkpoints by western blot analysis in
SMMC7721 and HepG2 cells stably with silenced IRX5 expression.
Knockdown of IRX5 reduced the expression of the oncogenic cell
cycle regulator cyclinD1 but increased the expression of the cyclin-

dependent protein kinase inhibitor p53 (Figure 3E,F).

To investigate the role of IRX5 in the p53 signalling path-
way, the expression levels of Bax and Bcl-2 were detected. As
shown in Figure 3E,F, increased Bax and decreased Bcl-2
expressions were observed following downregulation of IRX5
indicated that

IRX5-induced cell cycle progression by upregulating cyclinD1

expression. Taken together, these results

and inhibited apoptosis by inactivating the p53 signalling path-
way in HCC cells.
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SMMC7721

IRX5 induced cell-cycle progression and suppressed apoptosis. (A,C) Cell-cycle analysis of differently treated HCC cells.

Representative graphs are shown. The data graphs depict the count number from three independent experiments. (B,D) Cell-apoptosis analysis of
differently treated HCC cells. Representative graphs are shown. The data graphs depict the count number from three independent experiments.
(E,F) The expression of CyclinD1, P53, Bcl-2 and Bax in cells were examined by western blotting analyses. GAPDH was used as internal control.

*P < 0.05 **P < 0.01

3.4 | Knockdown of IRX5 suppressed HCC tumour
growth in vivo

To determine the growth-enhancing effect of IRX5 in vivo, we injected
SMMC7721 cells stably transfected with sh-IRX5 or sh-NC subcuta-
neously into nude mice for xenotransplantation. Mice injected with

IRX5-silenced cells showed significantly decreased tumour growth
compared to those injected with cells transfected with sh-NC
(Figure 4A). As assessed by measurements of tumour volume and
weight (Figure 4B,C), the knocked down of IRX5 expression signifi-
cantly inhibited overall tumour growth. The immunohistochemistry

analysis of the tumour tissues from xenografts revealed that the



R RETs WL EY-| 7
(B) o~ © =
50 o e 5
@ @
£ 0.45 B shIRX5 =z
E k% ;5
S 0.30] g -
5 )
e 0.15- a
£ S
ﬁ 0.00- <
0 7 14 21 28 35 < &
& F
Days B %e"
(D)
sh-NC sh-IRX5 sh-NC sh-IRX5
FIGURE 4 IRX5 silence inhibited HCC growth in vivo. (A) The subcutaneous tumour model of stable IRX5-interference SMMC7721 cells

(n = 5 for both groups). (B,C) Tumour growth and tumour weights curves were analysed. (D,E) Immunohistochemistry analysis of ki-67and IRX5

were obtained from tumours (magnification, 400x; scale bar, 50 um)

expression of the cell proliferation marker, Ki-67, was significantly
weaker in xenografts of sh-IRX5 cells than in xenografts of sh-NC
cells (Figure 4D,E). These results showed that knockdown of IRX5
suppressed HCC cell proliferation in vivo.

4 | DISCUSSION

Our study demonstrates that IRX5 is upregulated in HCC cell lines
and HCC tissues. Furthermore, IRX5 promoted cell proliferation
in vitro and in vivo. In addition, IRX5 suppressed apoptosis in vitro.
IRX5 plays a different role in multiple cancers, contributing to the
development of many tumours by acting as an important transcription
factor regulating key regulatory genes that control cell growth, inva-
sion, migration and apoptosis. IRX5 activity is also present in the stro-
mal and proliferative late blastemal/early epithelial cells in developing
kidneys and Wilms tumours.*® Myrthue et al had revealed that

knockdown of IRX5 by RNA interference significantly reduction in
LNCaP cell viability, which resulted in increased LNCaP cell apoptosis
and was partially mediated by p53.” However, the role of IRX5 in
HCC is unknown. In this study, we provided the first evidence that
IRX5 is significantly upregulated in HCC cell lines and tissues. We fur-
ther identified the effects of IRX5 on the biological behaviours of
HCC cells, showing that IRX5 promoted HCC cell proliferation and
inhibited apoptosis. The results indicated that IRX5 acts as an onco-
gene in HCC. Moreover, the in vivo studies also confirmed that knock-
down of IRX5 suppressed tumour growth in nude mice, suggesting
that IRX5 could potentially be applied in the treatment of HCC. How-
ever, the underlying mechanisms by which IRX5 promotes tumour cell
proliferation and inhibits apoptosis remain unclear.

We provided evidence that IRX5 promoted HCC cell proliferation
in vitro and in vivo. Furthermore, our study found that a reduction in
the G1 population and an increase in the S and G2/M populations
SMMC7721 cells

were observed in overexpressing  IRX5.
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Mechanistically, IRX5 was shown to induce cell cycle progression by
upregulatingcyclinD1. It has been well defined that tumour-associated
cell cycle defects are often mediated by the accumulation of cyclins
(CCNs).X8 Cyclins are divided into two groups known as the G1/S
cyclins, which are essential for the control of the cell cycle at the G1
to S transition, and the G2/M cyclins, which control the cell cycle at
the G2 to M transition phase.?” Cyclin D1 is a major regulator of the
cell cycle and is responsible for the G1/S-phase transition.° Ao et al
reported that cyclin D1 was overexpressed in liver cancer cells and
promoted migration and invasion by regulating several enzymes.?!
Chen et al also reported that HCC tissues and HCC cells exhibited ele-
vated expression levels of cyclin D1 and its expression levels were
found to be correlated with tumour size and tumour staging.?? A pre-
vious study reported that IRX5 promotes NSCLC cell proliferation by
means of regulating the CCND1 promoter.? In this study, cyclin D1
expression was positively correlated with the expression of IRX5 in
HCC cells.

In addition to enhanced proliferation, resistance to apoptosis is
also a hallmark of cancer cells.2® The p53 gene is located on human
chromosome 17p13 and is a tumour suppressor and pro-apoptosis
gene. Wild-type p53 plays a key role in cell gene transcription, cell
cycle regulation, apoptosis, proliferation and differentiation.?2¢ The
amount of wild-type p53 protein is low in normal cells.?” The domi-
nant components of p53 signalling, including p53, Bcl-2 and Bax, have
been extensively studied in carcinomas.?®?’ A previous study
reported that p53 positively regulates Bax expression®® and nega-
tively regulates the transcription of Bcl-2.1>%° Thus, p53 is likely to
affect upstream pro-apoptotic proteins to modulate their functions in
the cytoplasm. We also found that the downregulation of IRXS5 signifi-
cantly increased the expression of p53 and Bax and decreased the
expression of Bcl-2 in HCC cells. However, in our study, we did not
study the mechanism by whichIRX5 inhibits the p53 signalling path-
way. Such mechanisms are left to be investigated in future studies.

In summary, our study demonstrated that IRX5 is a potential tumour
promoter gene in HCC. IRX5 promotes to the promoter of carcinogene-
sis by facilitating cell proliferation and suppressing cell apoptosis by
inhibiting the p53 signalling pathway. As a result, IRX5 might act as a
novel molecular target for the detection and treatment of HCC. How-
ever, further studies are needed to investigate the effect of IRX5 on

other cellular processes in HCC, such as cell adhesion and differentiation.

5 | CONCLUSION

Our results showed that IRX5 was upregulated in HCC and cells. Over-
expression of IRX5 promoted cell proliferation and tumourigenicity.
Knockdown of IRX5 promoted cell apoptosis through the p53 signal-
ling pathway in HCC.
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