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Abstract: Hepatocellular carcinoma (HCC) is one of the most frequent cancers in humans,
characterised by high resistance to conventional chemotherapy, late diagnosis, and high mortality
rate. It is necessary to elucidate the molecular mechanisms involved in hepatocarcinogenesis to
improve diagnosis and treatment outcomes. The Runt-related (RUNX) family of transcription
factors (RUNX1, RUNX2, and RUNX3) participates in cardinal biological processes and play
paramount roles in the pathogenesis of numerous human malignancies. Their role is often
controversial as they can act as oncogenes or tumour suppressors, dependent on cellular context.
Evidence shows that deregulated RUNX genes may be involved in hepatocarcinogenesis from the
earliest to the latest stages. In this review, we summarise the topical evidence on the roles of RUNX
gene family members in HCC. We discuss their possible application as non-invasive molecular
markers for early diagnosis, prognosis, and development of novel treatment strategies in HCC
patients.
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1. Introduction

Hepatocellular carcinoma is a primary liver cancer and one of the leading causes of mortality
with wide geographic variation [1]. Any factor that leads to chronic liver injury and cirrhosis can be
considered an oncogenic agent. Prevalent HCC risk factors are Hepatitis viruses B and C infection,
excessive alcohol intake, nonalcoholic steatohepatitis (NASH), and aflatoxin B1 exposure [2,3].

The major problem with the HCC treatment is the diagnosis is usually made in progressed
disease stadiums when conventional systemic chemotherapy is ineffective [4]. To overcome this
problem, researchers are developing molecularly targeted treatments that represent a more
promising approach for advanced HCC. Several such drugs are clinically available, but their efficacy
is limited [5]. Therefore, elucidating the molecular processes at the basis of hepatocarcinogenesis is
critical for improving therapy outcomes and diagnosis.

The family of Runt-related (RUNX) genes (RUNX1, RUNX2, and RUNX3) is crucial for the
different tumour types' development and progression. RUNX genes are transcription factors that
behave in opposing ways, promoting or suppressing tumourigenesis [6-8].

1.1. RUNX genes’ and proteins’ structure

Human RUNX genes participate in neuro-, blood, and bone development [7,8]. The role in
developmental processes implies tight control of RUNX genes at transcriptional and
posttranscriptional levels. RUNX genes' chromosome location differs depending on the species, and
human RUNX1, RUNX2, and RUNX3 genes’ locations are on chromosomes 21, 6, and 1, respectively.
Two alternative promoters of RUNX genes, P1 and P2, generate two dominant isoforms with
differing 5'-untranslated regions (5'-UTRs) (Figure 1A). These transcripts give two polypeptides with
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different N-terminal sequences, distal and proximal [9]. The diversity of RUNX transcripts is the
result of alternative splicing. RUNX1 and RUNX2 have nine exons and twelve isoforms, whereas
RUNX3 has six exons and two isoforms [7,10]. RUNX proteins' molecular weight is 44, 50 and 57 KDa
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Figure 1. (A) RUNX1, RUNX2, and RUNX3 genes’ structure. The rectangles-exons, the lines-introns,
the ATG-start codon; P1 and P2-promoters; the RHD-Runt homology domain; the TAD-
transactivation domain. Grey rectangles-untranslated regions. (B) RUNX1, RUNX2, and RUNX3
proteins’ structure. The rectangles-protein domains. The numbers-the amino acids” numbers. NLS-
nuclear localisation signal; QA-the glutamine/alanine-rich signal, the RUNX2 specific; the ID-
inhibitory domain; VWRPY-Groucho/TLE binding site. The figure is a not-to-scale drawing. We
modified the figure, under CC BY NC, based on Yi et al. 2022 [10].

RUNX proteins got their name from the Runt homology domain (RHD) on the protein N-
terminus, which has approximately 90% sequence homology in all three proteins [6]. The RHD
domain binds to the target genes' DNA through the consensus sequence of seven nucleotides,
'PyGPyGGTPy'. Nuclear localisation and interaction with other proteins are also the functions of the
RHD domain [10]. The RUNX proteins’ C-terminus encompasses the transactivation domain (TAD),
and inhibitory domain (ID), with the consensus sequence of five amino acids, valine-tryptophan-
arginine-proline-tyrosine (VWRPY). This sequence recruits Groucho/Transducin-like enhancer
protein (TLE) corepressors [7,10,11]. TLE corepressors further control several target genes’
transcription. The TAD domain is the place of RUNX proteins’ interactions with the other regulatory
proteins and control of their transcriptional activity [12]. In complex with the coregulators, RUNX
proteins influence various cell processes [10] (Figure 1B).

Posttranscriptional modifications of RUNX affect their overexpression or loss of function,
indicating RUNX's dual role [13]. RUNX proteins also undergo post-translational modifications [8],
further influencing cell cycle regulation and response to external stimuli [6].

1.2. The role of the RUNX genes in normal development

RUNX genes engage in normal cell development and differentiation processes, playing a tissue-
specific role [14]. RUNX1 is crucial for cell growth and differentiation of immune cells, epithelial stem
and epithelial cells, and neurodevelopment [11,15]. RUNX1 acts in the development of hematopoietic
cells in vertebrates [13,16]. Consequently, the chromosomal rearrangements and somatic and
germline mutations involving RUNX1 lead to various leukaemia types [13]. RUNX2 is a factor in
bone generation [11]. The RUNX2 knockout mice lack osteoblast differentiation, leading to
osteoporosis [17]. RUNXS3 is essential for embryogenesis, and RUNX3 knockout mice die soon [18].
Additional studies have shown that RUNX3 participated in nervous and gastrointestinal system
development, bone, and immune cells [11,19]. We used multi-omics datasets from the atlas of the
healthy human liver [20] to examine RUNX-specific tissue expression in different liver cell
compartments. According to the Liver Cell Atlas datasets, the overall RUNX1, RUNX2, and RUNX3
expression levels were 14.9%, 7.6%, and 25.1%, respectively [21].
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1.3. The role of RUNX genes in cancer

RUNX genes’ mutations and abnormal expression lead to various cancer types. RUNX genes can
hinder or activate tumourigenesis [12]. A recent study by Pan and colleagues [22] suggests that RUNX
genes’ aberrant expression causes disparate cancer types and influences disease prognosis. Also, the
co-expression of RUNX genes with epigenetic regulators could affect the onset of some cancer types.
The researchers should pay attention to epigenetic mechanisms of RUNX genes’ regulation, including
DNA methylation and miRNAs [22]. As epigenetic regulators, RUNX proteins cooperate with diverse
coregulators and involve many signal transduction processes. Besides, they participate in chromatin
landscape remodeling [10].

The previously mentioned RUNX genes’ functions indicate that they are of great importance for
further investigation of HCC. With this in mind, this review collects the existing data and questions
the possibility of including RUNX genes as the diagnostic, predictive or prognostic biomarkers in
HCC treatment.

2. RUNX1 IN HCC

The RUNX1 gene belongs to a Runt-related gene family on chromosome 21, coding for the
RUNX1 protein [23]. The researchers characterised the RUNX1 gene for the first time in chromosomal
translocation t(8;21) of the acute myeloid leukaemia gene 1 (AML1) in AML cancer patients [24]. Two
promoters, P1 (distal) and P2 (proximal) regulate the transcription of the RUNX1 gene, forming two
isoforms which differ in the first exon [25]. The researchers have discovered twelve transcription
variants of the RUNX1 mRNA [7].

2.1. RUNXT1 role in HCC

The RUNX1 role in solid tumours is controversial, acting in two opposite ways. It could impede
or promote cancerogenesis, as reviewed in [7,26]. Databases that collect transcriptomic studies and
link data on the genomic and clinical parameters with various cancer groups show controversial
results on the RUNX1 expression. According to the Gent2 and TIMER2.0 databases, there was a
significantly higher expression of RUNX1 transcript in hepatocellular carcinoma compared to normal
tissue [27,28]. However, the UCSC database shows the opposite results [29]. It has an upgraded
version [30]. The RUNXI1 expression was decreased in hepatocellular carcinoma. That was consistent
with the work of Miyagawa and colleagues, who noticed that RUNX1 mRNA was 76% and 47% lower
in HCC and cirrhotic tissue than in normal tissue. Also, there was a significant decrease of RUNX1
mRNA in HCC compared to cirrhotic liver samples [31]. Liu and colleagues also noticed the RUNX1
transcript and protein expression decreased in HCC patients” samples and cell culture compared to
paratumor controls [32]. By transfecting RUNX1-expressing vectors into liver cancer cells, Liu and
colleagues found that RUNX1 negatively influenced tumour cell potential of metastasis and
proliferation. They assumed that RUNXI1 influenced epithelial-mesenchymal transition (EMT) and
its factors. In RUNX1 overexpressed cells, they noticed Vimentin and MMP2 expression decreased,
and E cadherin increased, indicating an inhibitory role of RUNXI1 in the EMT process [32]. On the
other hand, RUNX1 influence the collagen type IV alpha 1 chain (COL4A1) upregulation. The
COLA4A1 stimulated the growth and expansion of HCC cells, involving the Fak-Src signalling
pathway [33].

One of the crucial processes in cancer progression is angiogenesis. In hematopoietic cell
differentiation from hemogenic endothelium cells, RUNX1 has a vital role. The RUNX1-deficient
mice lack hematopoiesis and angiogenesis [34]. Added exogenously, IGFBP-3 inhibited RUNXI1-
promoted angiogenesis dose-dependently [35]. Thus, we can conclude that RUNX1 has a cardinal
role in angiogenic differentiation and vascularisation. Vascular endothelial growth factor (VEGF) is
an angiogenesis modulator in a cancer cell environment and a negative prognostic factor for acute
myeloid leukaemia. In the HCC cell culture, Elst and colleagues found that RUNX1 inhibited VEGF
expression [36]. Liu and colleagues confirmed these results on HCC patients’ samples and cell lines.
They observed Vegf expression decreased and RUNX1 expression increased in HCC patients’
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samples. The HCC cell lines with increased RUNX1 expression exhibited VEGF expression decline,
too [32]. They concluded that both molecules, VEGF and RUNX1, could be the candidates for the
molecularly targeted HCC treatment. Figure 2 shows the impact of RUNX1 on proliferation,
metastasis and angiogenesis in HCC.
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Figure 2. Roles of RUNX1 in hepatocellular carcinoma. COL4A11- Collagen type IV alpha 1 chain
increases; VEGF |-Vascular endothelial growth factor decreases.

2.2. RUNX1 and miRNAs

There are not many studies of epigenetic processes involving the RUNX1 gene. Tuo and
colleagues noticed the hypomethylation of the RUNX1 promoter in hepatocellular carcinoma [37].
Some studies show the association between several miRNAs and RUNX1 in HCC (Table 1).
Transcript 1 of RUNX1 (RUNX1-IT1) is a long noncoding sequence of an RNA transcript of the
RUNX1 gene [38]. Yan and colleagues noticed the RUNX1 expression decrease in the HCC patients’
samples, and the knocking-down of RUNX1-IT1 increased the proliferation and reduced apoptosis
in HCC cells [39]. Sun and colleagues observed the association of decreased RUNX1-IT1 expression
with shorter DFS and OS. RUNX1-IT1 binds mir-632, competing with the other RNAs in HCC cells
for target gene GSK-3f binding and modulating the WNT/B-catenin signalling cascade. Added
hypoxia-prompted histone deacetylase 3 (HDAC3) in HCC cells reduced the RUNX1-IT1 expression.
They concluded that the goal of HCC therapy should be to activate RUNX1-IT1 [40]. On the other
hand, Vivacqua and colleagues noticed that oestrogen receptor agonists, such as the G protein-
coupled oestrogen receptor agonist (G-1) and 17p-oestradiol (E2), increased miR-144 expression in
HepG2 hepatocarcinoma cells, via the G protein-coupled oestrogen receptor 1 (GPER) and the
PIBK/ERK1/2/Elk1 pathway. miR-144 then downregulates RUNX1 promoting the cell cycle [41],
(Table 1).

Table 1. Link between miRNAs or IncRNAs and RUNX genes in HCC.

Gene  miRNAC(s) or IncRNA(s) References
miR-632 Sun et al., 2020
RUNX1
miR-144 Vivacqua et al., 2015
miR-455 Qin et al., 2016
miR-196 Wang et al., 2019
miR-24 Wang et al., 2021
RUNX2
miR-23a Huang et al., 2018

IncRNA HAND?2 antisense RNA 1 (HAND2-AS1) Jing et al., 2021
IncRNAmetallothionein 1D, pseudogene (MT1DP)  Yuet al,, 2014
miR-186 Chen et al., 2019
miR-130 Gou et al., 2017

RUNX3
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Li and colleagues found that the molecule Pam3CSK4, an agonist of Toll-like receptor 2 (TLR2),
injected into mice inhibited tumour growth and reduced myeloid-derived suppressor cells (MDSCs),
thereby attenuating HCC progression [42]. MDSCs participate in the formation of an immune
microenvironment of the tumour. Pam3CSK4 targets RUNX1 and promotes the MDSCs polarisation.
On the contrary, inhibiting RUNXI1 resulted in tumour enlargement and shortened overall survival.
Their results indicated the role of RUNX1 and TLR2 in the MDSCs' formation, function, and polarity.
Considering all, RUNX1 and TLR2 targeting could lead to a potential mechanism of HCC
immunotherapy [42].

In conclusion, RUNX1 binds target genes (VEGF, COL4A1) and involves signalling pathways of
cancer proliferation, metastasis, and angiogenesis. RUNXI1 also interacts with several miRNAs, for
example, mir-632 and mir-144. Given the importance of RUNXI in hepatocellular carcinoma, its
potential suitability as a treatment target requires additional studies. Researchers should pay
particular attention to the binding of RUNXI to the other genes and miRNAs and its involvement in
signalling pathways.

3. RUNX2 IN HCC

The second member of Runt-related family genes, RUNX2, is located on the 6p21 chromosomal
region, with the function of a transcriptional regulator in human osteoblast differentiation and
chondrocyte maturation [43,44]. Further experimental data indicate that RUNX2 also has a
carcinogenic function in various human malignancies [45]. As a regulatory molecule, RUNX2 has
been a part of molecular networks that promote the invasive behaviour of tumours [45].

3.1. General role of RUNX2 in HCC

According to literature data, the expression of RUNX2 on mRNA and/or protein level is elevated
in HCC cell lines, as well as in liver tumour tissue [46—48], suggesting that this transcription factor
has a role in hepatocarcinogenesis. Previous findings confirmed higher RUNX2 expression in HCC
patients than expression detected in non-tumour tissues or healthy controls [46,47,49]. Wang and
colleagues noticed that increased expression of RUNX2 significantly correlates with unfavourable
clinicopathological features in HCC. These adverse features included the onset of multiple tumour
nodes, higher histological grades and TNM stages, and venous invasion presence [47]. Moreover,
aberrant RUNX2 expression acts as an independent prognostic factor since hepatocellular carcinoma
patients with high RUNX2 expression demonstrated shorter 5-year disease-free and overall survival
[47,48]. Additionally, RUNX2 contributed to the HCC development regardless of the presence of
HBV or HCV infections. Besides, the measured level of RUNX2 expression was not significantly
impaired by the HCV or HBV existence [46].

3.2. RUNX2 tumour invasion activity in HCC

The general mechanisms underlying the role of RUNX2 in various tumour types provide
directions for detailed studies on the impact of RUNX2 on the pathogenesis of HCC. Many reports
showed that increased RUNX2 expression enhances the migration of tumour cells migration and
invasive properties [50-56]. Previous studies revealed the crucial role of the RUNX2 in the regulation
of the epithelial-to-mesenchymal transition (EMT) process in many tumours [48,57], which is the first
step toward tumour invasion and metastatic potential (Figure 3).
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Figure 3. RUNX2 oncogenic mechanisms in hepatocellular carcinoma.

Cao and colleagues found that RUNX2 overexpression can promote EMT in HCC [48]. Elevated
RUNX2 expression can also trigger vasculogenic mimicry (VM), providing a direct metastatic route
to distant sites [58,59]. Experiments on HCC cell lines revealed that RUNX2 is associated with EMT
and VM processes by regulating the expression of adhesion molecules such as VE-cadherin and
galectin-3, which indirectly contribute to tumour cell migration and enhanced metastatic potential
[48,60,61]. Moreover, RUNX2 is implicated in tissue microenvironment regulation and extracellular
matrix reshaping. A previous report demonstrated that RUNX2 acted as an initiator of migration and
invasion of the HCC cells in vitro by enhancing the expression of the matrix metalloproteinase 9
(MMP9) [47].

The level of RUNX2 expression significantly correlates with the expression level of MMP9 in
hepatocellular carcinoma [47]. This association between RUNX2 and MMP9 expression levels was
also detected in breast cancer [53]. Moreover, the results of two experimental studies have clarified
the RUNX2 indirect oncogenic role in hepatocarcinogenesis. Using a gain/loss-of-function study
approach, Yang and colleagues demonstrated that zinc finger protein 521 (ZNF521) strongly
repressed the transcriptional activity of RUNX2 and affected RUNX2-related PI3K/AKT signalling
pathways, significantly inhibiting HCC growth [62]. Moreover, ZNF521-mediated downregulation
of RUNX2 also suppresses tumorigenic processes in HCC cells [62]. Moreover, the downregulated
RUNX2 gene notably decreased the HCC cells” propagation, migration, and chemoresistance [49].
This study specifically examined the role of RUNX2 in the NUPR1/RELB/IER3 signalling cascade as
a suggested molecular mechanism underlying HCC development and response to sorafenib
treatment [49].

3.3. RUNX2 and non-coding RNAs in HCC

Previous studies showed that multiple microRNAs could be differentially expressed in HCC,
directly or indirectly affecting RUNX2 expression and activity (Table 1). RUNX2 might be directly
repressed by the miR-455 molecule in human HCC samples [63], which has already demonstrated
tumour-suppressive properties [64,65]. Further gain/loss-of-function analyses showed that in HCC
cells, miR-455 regulates the process of RUNX2 accumulation in vitro, which significantly suppresses
cell migration abilities [63]. Additionally, several miRNAs can regulate RUNX2 expression by direct
binding to the RUNX2 gene 30-UTR region [66,67]. Wang and colleagues suggested that miR-196a
could have a significant role in HCC development through the RUNX2 upregulation, which in HCC
cell lines produced higher osteopontin levels as a consequence [68]. Osteopontin is a well-known
bone marrow-produced protein that regulates bone regeneration, although previous reports indicate
that this protein also contributes to cancer metastasis [69]. On the other hand, RUNX2 may entangle
in the HCC development by directing the expression level regulation of several miRNAs. Wang and
colleagues investigated the mechanism underlying the increased level of O-GlcNAc transferase,
which enhances tumour cell migratory abilities and HCC invasive capacities [70]. Their results
showed that RUNX2 indirectly affects OGT expression via transcriptional activation of miR-24 by
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binding to its promoter [70]. In another study on mouse hepatoma cells, RUNX2 binds to the miR-
23a gene’s promoter and indirectly promotes lymphatic metastasis by targeting the Mgat3
glycosyltransferase affecting directly the glycosylation process on the cell surface [71].

Increasing evidence suggests that RUNX2 can interact with long non-coding RNAs (IncRNAs),
which contribute to hepatocellular carcinogenesis (Tablel.). For example, the IncRNA called
HAND2-AS plays a tumour-suppressive role in liver cancer and prohibits hepatoma cancer cell
proliferation by decreasing the expression level of RUNX2 [46]. In another study, RUNX2 and
transcriptional regulator YAP inhibit the expression level of IncRNA annotated MTI1DP,
demonstrating tumour-suppressive behaviour in hepatocellular carcinoma [72]. However, detailed
analyses are necessary to clarify the correlation between RUNX2 and different IncRNAs, and their
synergistic effect on liver carcinogenesis.

RUNX2, a unique transcription factor, exhibits a crucial oncogenic role in hepatocellular
carcinoma. Moreover, we should consider RUNX2 aberrant expression as a novel prognostic
indicator in HCC. Studies on RUNX2-related regulatory mechanisms hint at its pro-invasive
functions in HCC by reshaping the tumour microenvironment, making RUNX2 a potential
therapeutic target for blocking metastasis and further disease progression. Since the RUNX2
transcription regulator is implicated in many signalling pathways and interacts with multiple
regulatory molecules like microRNAs and IncRNAs, more in-depth studies for a better
understanding of its role in the molecular pathology of hepatocellular carcinoma are needed.

4. RUNX3 IN HCC

The third member of the Runt-related gene family, RUNX3, is located in the chromosomal region
1p36-35 [73]. RUNX3 has initially been reported as a tumour suppressor in gastric cancer [74].
Subsequent studies confirmed its tumour-suppressive role in some of the most common cancer types
in humans, including colorectal [75], prostate [76], breast [77], lung cancer [78], and melanoma [79].
On the other hand, RUNX3 has been shown to act as an oncogene and promote tumour development
in ovarian [80], head and neck [81], and pancreatic carcinoma [82]. This dualistic function of RUNX3
is cell-context dependent [83].

RUNX3 is required for normal liver development, while its loss is associated with hepatocellular
carcinogenesis, where it acts as a tumour suppressor [18,84]. RUNX3 gene expression is decreased in
up to 80% of HCCs, predominantly due to promoter methylation. The loss of heterozygosity (LOH)
was also observed in several cases [85,86]. In two meta-studies, RUNX3 hypermethylation has been
shown to occur early in hepatocarcinogenesis, including premalignant conditions, like liver fibrosis
and cirrhosis, with the highest frequencies being reported in HCC [87,88].

4.1. General role of RUNX3 in HCC

Several studies have shown that RUNX3 inactivation is cardinal for the initiation and
progression of HCC [87-92]. As a multifunctional transcription factor, RUNX3 is implicated in
diverse signalling pathways and cellular processes, thereby exerting multiple effects on tumour
suppression [93,94]. According to current knowledge, RUNX3 participates in the regulation of the
cell cycle [95], proliferation and apoptosis [96], angiogenesis [18], and EMT [90,97]. Its loss is also
related to chemoresistance [98,99] (Figure 4).
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Figure 4. The downregulation of RUNX3 in HCC.

4.2. RUNX3 regulates cell cycle, proliferation, and apoptosis

Dysregulation of the cell cycle is a prime event in hepatocarcinogenesis. RUNX3 may play a
pivotal role in this process by employing diverse mechanisms [96]. Earlier studies on gastric epithelial
cells demonstrated that RUNX3 regulates the cell cycle by interacting with p21, p27, and cyclin D1
proteins [100-102]. Further research revealed that RUNX3 induce the expression of the ARF and
CDKNT1A cell cycle regulators by interaction with BRD2 and pRB proteins [78,95]. Moreover, it has
recently been shown that RUNX3 activates the cell cycle restriction (R)-point-associated genes by
recruitment of chromatin-remodelling complex, histone modifiers and cell-cycle regulators to form
RUNX3-containing activator complex, which opens chromatin structure in the vicinity of target genes
[103]. Whether RUNX3 exerts such a function in HCC remains to be elucidated.

As the major component of the transforming growth factor-beta signalling (TGF-8) pathway
[8,104], RUNX3 can stop cell proliferation, inducing p21 cell-cycle inhibitor [102]. Similarly, it can
suppress apoptosis by inducing apoptosis initiator Bim, as it has been shown on gastric cancer cell
lines [105].

Another study on human HCC cell lines demonstrated that RUNX3 could induce apoptosis
through the Bim-caspase pathway, even in the TGF-3 absence [84]. RUNX3 also regulates the TGF-
-mediated growth arrest through the induction of CDK inhibitors and/or the repression of the c-Myc
proto-oncogene [106,107].

Another study in mice showed that proliferation marker Ki67 was more frequently observed in
the RUNX3 knock-out liver cells than in wild-type cells, which further confirmed the role of RUNX3
in hepatocyte proliferation regulation [18]. RUNX3 has been reported to control cellular senescence,
a potent anti-cancer mechanism that prevents the proliferation of potentially cancerous cells [108]. A
recent study on human HCC samples and cell lines demonstrated that RUNX3 could modulate the
expression of key markers of cellular senescence, p53 and p21, via the circLARP4/miR-761/RUNX3
signalling axis [109], (Table 1). As a competing endogenous RNA, the circLARP4 harbours miR-761,
abrogating its inhibitory effect on the RUNX3 gene. RUNX3 subsequently activates the p53/p21
signalling pathway and enhances the downstream senescence phenotype in HCC [109].

In addition, evidence suggests that RUNX3 can regulate cell cycle and apoptosis through the
Wnt/B-catenin signalling pathway, whose oncogenic activation is a usual event in HCC [110-112].
RUNX3 directly interacts with the Wnt transcription factor, TCF4-B-catenin complex, and thus
inhibits the expression of Wnt target genes, c-Myc and cyclin D, regulators of apoptosis and cell cycle,
respectively [93,113,114].

Oncogenic activation of the Notch signalling pathway is also implicated in hepatocyte growth
and proliferation [115,116]. Gao and colleagues have shown that RUNX3 can suppress oncogenic
Notch signalling through direct interaction with the intracellular domain of the Notchl protein in
HCC cell lines [94]. Further studies revealed that RUNX3 decreases jagged-1 (JAG1) mRNA and thus
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inhibits JAG1-mediated Notch signalling in HCC [115,117]. Moreover, RUNX3 has been reported to
inhibit the transcription of HES1, the Notch target gene, implicated in the stemness, metastasis, and
chemoresistance regulation in cancer [94]. Given that, affecting Notchl signalling by RUNX3
reactivation might be a promising therapeutic approach for the HCC treatment.

4.3. RUNX3 in the angiogenesis regulation

A crucial tumour-suppressive role of RUNX3 is angiogenesis prevention and tumour invasion.
A recent study revealed that after the HCC therapeutic drug’s application, sorafenib, RUNX3
suppressed VEGF expression in HCC, which was associated with reduced tumour growth [118]. A
previous study on gastric cancer cells demonstrated that RUNX3 destabilised hypoxia-inducible
factor HIF-1a in the hypoxic microenvironment, thus inhibiting angiogenesis [119]. Additional
research is necessary to confirm whether this mechanism exists in HCC, as inhibition of angiogenesis
is an important therapeutic strategy for the prevention of HCC progression [120].

4.4. RUNX3 and epithelial-mesenchymal transition

Previous studies have shown that the loss of RUNX3 contributes to EMT, a crucial process
related to metastasis, chemoresistance, and tumour stemness [121,122]. In vifro experiments
demonstrated that RUNX3 repressed tumour metastasis and invasion by upregulating E-cadherin
through the miR-186/E-cadherin/EMT axis [90,123] (Table 1.). In addition, experiments on human
HCC cell lines revealed that the loss of RUNX3 supports pro-oncogenic TGF-f3 signalling through the
upregulation of EMT genes and that RUNX3 can also suppress EMT via the inhibition of Wnt
signaling [97]. Given its crucial role in carcinogenesis, targeting EMT by re-expressing RUNX3 could
be another potential therapeutic approach for treating HCC patients.

4.5. RUNX3 and chemoresistance

A study on human HCC samples and cell lines demonstrated that RUNX3 could be
downregulated by overexpression of miR-130 through the miR-130a/RUNX3/Wnt signalling
pathway. This mechanism was associated with increased chemoresistance to cisplatin [99]. Studies in
gastric [124] and cervical cancer [125] demonstrated that miR-130 directly binds to the RUNX3 and
thus inhibits its expression. Accordingly, restoration of RUNX3 expression by targeting miR-130
could be a potential approach to overcome chemotherapy resistance in HCC patients.

Researchers also demonstrated that the loss of RUNX3 contributes to 5-fluorouracil (5-FU) and
cisplatin (CDDP) resistance in HCC cell lines and patients through increased expression of multidrug
resistance-associated proteins (MRP) [98]. Drug resistance is an extensive obstacle to the successful
treatment of HCC. Therefore, additional research is necessary to address this issue and develop more
efficient treatment approaches.

All concerning, RUNX3 appears to be involved in hepatocarcinogenesis at distinct stages, from
initiation to progression and metastasis. Thus, its potential clinical application might have a wide
range. However, given that many results are on cell lines, further studies on HCC patients are needed
for a complete understanding of the significance of RUNX3 in HCC.

5. Conclusion and Future Directions

Despite considerable advances in cancer diagnosis and treatment, HCC remains one of the most
common and hard-to-treat human cancers. Revealing the essential molecular processes underlying
hepatocarcinogenesis is crucial for establishing reliable diagnostic, prognostic, and therapeutic
markers. RUNX genes are often deregulated in HCC, exerting complex and conflicting functions. The
role of RUNXI is still contradictory, as there are reports of its tumour-suppressive but also an
oncogenic role in HCC. According to the current knowledge, RUNX2 acts as an oncogene and is
related to the more aggressive forms of the disease, whereas RUNX3 exerts tumour suppressive role
and could be used as a biomarker for early HCC detection. All three genes could serve as therapeutic
targets. However, a deeper understanding of the relationship between different RUNX family
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members and the signalling pathways they are involved in, considering the cell-specific
microenvironment, is necessary for effective HCC therapeutic strategy development.
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