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Abstract 

Suppressor gene research is one of the main current trends in modern cancer research. Oncogenesis, including colorectal 
cancer (CRC), is a  process strictly dependent on the proper functioning of the suppressor genes and their proteins. The 
molecular genetic studies of hereditary cases and sporadic forms of cancer conducted for several years have revealed that 
a significant feature of the occurrence and progression of neoplastic changes is silencing of the expression of tissue-specific 
suppressor genes. Restoring the proper activity of the respective suppressor proteins plays a key role in anti-cancer preven-
tion and gives hope for the development of effective personalised therapy. This review presents the latest reports on the mo-
lecular mechanisms regulating the expression, activity, and function of suppressor genes, which were silenced in tissues and 
cell lines of colorectal cancer, and restoration of their correct expression inhibited the proliferation and invasion of CRC cells.

Streszczenie

Badania genów supresorowych to jeden z głównych nurtów współczesnych badań nad nowotworami. Onkogeneza, również 
raka jelita grubego (CRC), jest procesem ściśle uzależnionym od właściwego działania genów supresorowych i kodowanych 
przez nie białek. Prowadzone od lat genetyczne badania molekularne przypadków dziedzicznych oraz postaci sporadycz-
nych nowotworów wykazały, że znamienną cechą wystąpienia i progresji zmian nowotworowych jest wyciszenie ekspresji 
charakterystycznych dla danej tkanki genów supresorowych, a przywrócenie właściwej aktywności odpowiednich białek 
supresorowych odgrywa kluczową rolę w ochronie przeciwrakowej i daje nadzieję stworzenia skutecznej spersonalizowa-
nej terapii antynowotworowej. W niniejszym opracowaniu przedstawiono najnowsze doniesienia na temat molekularnych 
mechanizmów regulujących ekspresję, aktywność i  funkcję genów supresorowych, których wyciszenie zaobserwowano 
w tkankach i liniach komórkowych raka jelita grubego, a odtworzenie ich prawidłowej ekspresji hamowało proliferację oraz 
inwazję komórek CRC.

Introduction

Colorectal cancer (CRC) is one of the most common 
cancers in the world, and its incidence has increased in 
recent years [1, 2]. It is the third most common cancer 
in men (10%) and the second in women (9%). Being 
the second most common cancer cause of death in the 
world, with about 881,000 deaths estimated for 2018, it 
appears to be a significant epidemiological problem [2, 

3]. Colorectal cancer most often develops sporadically; 
hereditary forms make up 10–30% of cases. These in-
clude: Lynch syndrome – hereditary non-polyposis 
colorectal cancer (HNPCC), familial adenomatous pol-
yposis (FAP), and other polyposis syndromes (Peutz-
Jeghers syndrome, juvenile polyposis syndrome) and 
familial colorectal cancer (FCC).

The carcinogenesis of colorectal cancer, especially 
its sporadic form (sCRC), is not completely under-
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stood. The essence of this process is the formation of 
a  cascade of cytogenetic and epigenetic changes as 
a result of long exposure to environmental and hered-
itary cancer risk factors that disrupt cellular homeo-
stasis. The carcinogenesis process is stretched in time, 
about 10–20 years pass from the first mutation to the 
development of invasive cancer, and about 5–10 years 
from the appearance of the polyp to invasive cancer. 
The long period of cancer formation and the repeated 
absence of precursor changes signalling the cancer 
process indicate the need to search for new diagnostic 
markers of the disease. Recent scientific reports show 
that the molecular mechanism of colorectal cancer 
pathogenesis is more complicated and diverse than 
the first linear multi-stage model with the inactiva-
tion of the APC, SMAD4, and TP53 suppressor genes 
and the stimulation of the KRAS oncogene [4]. Present 
research capabilities created by next-generation se-
quencing enabling the screening of the entire genome 
in search of new genes that can be markers of CRC 
oncogenesis have opened up exciting new possibili-
ties in recent years.

This article presents a review of the latest reports 
on previously recognised and tested, as well as new, 
currently proposed suppressor genes as molecular 
markers of colorectal cancer, with particular reference 
to its sporadic form. The study presents the mecha-
nisms of action, areas of activity, specificity of func-
tions, as well as ways of regulating the expression of 
suppressor genes, taking into account their role in 
colorectal cancer – a role that can shed new light on 
the diagnostics and therapy of the disease.

RB1 and TP53 genes

The RB1 gene was the first discovered suppressor 
gene, and it is classified as a  classic suppressor. The 
RB1 gene, located on 13q14.2, encodes the RB protein, 
which is a negative regulator of the cell cycle (prevents 
the cell from S phase entry). RB binds to E2F transcrip-
tion factors and blocks the transcription of genes nec-
essary for DNA replication (G1 phase arrest) [5–7].

In many cancers, the classic loss of function of the 
RB1 gene is observed, and thus the reduction or loss 
of expression of its protein product [4, 8]. In contrast, 
an increase in RB1 gene expression was found in both 
mRNA and protein levels in colorectal cancer tissue. 
The overexpression of the RB1 gene in cancer cells in 
CRC is probably the result of the need to maintain 
a homeostatic balance between feedback mechanisms 
that coordinate levels of proteins regulating prolifera-
tion and apoptosis. Its role in CRC carcinogenesis is 
functional transcript and protein regulation rather 
than the classic role of a  suppressor associated with 
gene inactivation [8].

The TP53 gene located on chromosome 17p13.1 
is an important classic suppressor gene that plays an 
important role in the signal transduction pathway by 

stopping the cell cycle (using the RB protein) and acti-
vating apoptosis. The TP53 gene, called the guardian 
of the genome, identifies DNA damage. This gene in 
its wild type form encodes the p53 protein, which acts 
as a  transcription factor for several target genes. The  
CDKN1A gene, a  major transcriptional target of p53, 
codes for the p21 cyclin-dependent kinase inhibitory 
protein, which causes cell cycle arrest. MDM2 is anoth-
er important transcriptional target gene of p53, where 
the MDM2 protein controls the level of p53 by a nega-
tive autoregulatory feedback loop in which MDM2 
binds to and ubiquitinates p53, targeting it for pro-
teasomal degradation. The proapoptotic action of the 
p53 protein is the result of proapoptotic BAX gene ac-
tivation, antiapoptotic BCL2 gene inhibition, as well as 
stimulation of cytochrome c to cell caspases activation, 
which is responsible for final cell degradation [9, 10].

Gene mutation can cause continuous cell replica-
tion, despite DNA damage as well as damage in pro-
grammed cell death activation as an effect of mutant 
p53 protein action. Mutations in the TP53 gene are the 
most common genetic changes in cancer, with muta-
tions being present in approximately 50% of all inva-
sive tumours [11]. Somatic mutations in the TP53 gene 
are reported in approximately 43.32% of CRC cases. 
According to the COSMIC database, more than 50% 
of the TP53 alterations are missense mutations. This 
is followed by non-sense mutations contributing to 
about 10% of total TP53 alterations [12, 13]. Mutant 
p53 protein is an important candidate target against 
which new anticancer treatments could be developed. 
Some compounds have recently been reported to re-
active mutant p53 protein by converting it to a form 
exhibiting wild-type properties. Consistent with the 
reactivation of mutant p53, these compounds have 
been shown to exhibit anticancer activity in preclini-
cal models expressing mutant p53. There is a need for 
further studies to show whether any mutant p53-re-
activating compound has efficacy for the treatment of 
human cancer [11].

In addition to mutations in the TP53 gene, the 
relationship between various TP53 polymorphisms 
and the encoded protein expression has been inves-
tigated in recent years. The latest reports from Zhang  
et al. show a relationship between the TP53 rs1042522 
polymorphism and p53 protein expression. Accord-
ing to this study, p53 protein expression affected by 
TP53 polymorphism is associated with the biological 
behaviour and prognosis of low rectal cancer (CRC 
phase and the survival time). It is thought that the 
TP53 rs1042522 polymorphism and p53 protein ex-
pression may serve as indicators to predict the bio-
logical behaviour and prognosis of LRC in clinical 
practice [14].

Assessment of the association between the muta-
tional status of TP53 gene and p53 protein expression 
has become a challenge in recent years in the study 
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of new indicators, which may benefit in the selection 
of the treatment option and prognostication of treat-
ment efficacy in CRC. Manoharan et al. reported in 
2020 that the correlation of functional status of p53 
and TP53 variants not only provides clues for the aeti-
ology of the tumour formation, but also may have an 
impact on treatment efficacy [13].

p16 gene

The p16 gene (also named CDKN2A, INK4A, CDK4I), 
located on the 9p21.3 chromosome, is one of the most 
studied epigenetic markers in CRC. The p16 gene be-
longs to the suppressor genes due to its function. The 
p16 gene encodes the p16 protein, which protects cells 
from increased proliferation by inhibiting cyclin-de-
pendent kinase 4 (CDK4) involved in cell cycle pro-
gression (transition from G1 phase to S phase) [15].

Inactivation of p16 as a  tumour suppressor gene 
causes a loss of cellular capacity to block the cell cycle 
and is widely known in human cancers [16]. It has 
been proven that the main mechanism leading to 
the inactivation of the p16 gene is hypermethylation, 
which is a common phenomenon in colorectal cancer 
[17, 18]. Literature data from 2018 indicate that stud-
ies on p16 gene methylated regions in relation to the 
stage of cancer are underway [19]. To date, the asso-
ciation between hypermethylation of p16 gene regions 
and p16 protein expression has remained controver-
sial, mainly due to inconsistent, incomparable results 
obtained by methods that test shorter fragments, 
different CpG regions, or other gene target sites. Ac-
cording to Ye et al. from 2018, using the LC-MS/MS 
(liquid chromatography mass spectrography) method 
covering larger gene fragments (exons 1 and 2 rich in 
CpG regions), the entire methylation was assessed in 
the studied regions achieving very satisfactory and 
consistent results. Methylation levels were evaluated 
in paired CRC and adjacent normal tissues. As a result 
of comparative analysis of results of particular pairs, 
it was found that there is a clear negative correlation 
between the degree of exon 2 CpG island methylation 
and, to a lesser extent, exon 1, and the expression of the 
p16 gene as well as protein in the examined tumour tis-
sues, compared to the analysed non-cancerous tissues. 
In addition, a positive correlation between the degree 
of methylation and the stage of cancer was observed. 
These data indicate that the studied regions of the p16 
gene may become new, more specific CRC diagnostic 
biomarkers and the target of new therapies [19].

APC gene

The APC suppressor gene with a  chromosomal 
5q22.2 location plays a key role in the carcinogenesis 
of colorectal cancer. Embryonic mutations of the APC 
gene have been identified in familial adenomatous 
polyposis (FAP), a hereditary disease in which hun-

dreds of colon polyps develop, leading to colon can-
cer. Somatic mutations in both APC alleles are also ob-
served in more than 80% of sporadic, non-hereditary 
forms of colorectal cancer [5, 20, 21].

The APC gene encodes the APC protein, which 
plays an important physiological role in regulating the 
concentration of transcription cofactor – β-catenin, 
which is responsible for promoting proliferation and 
inhibiting cell differentiation and cell migration. The 
main function of the APC protein is the regulation of 
the Wnt/β-catenin cell signalling pathway by forming 
with the Axin protein a destructive complex binding 
β-catenin to reduce its concentration [22]. If an APC 
gene mutation occurs, the abnormal protein prod-
uct lacks β-catenin binding capacity. Accumulated 
free β-catenin is continuously transported to the cell 
nucleus, activating genes responsible for cell division, 
increasing proliferation, and inhibiting differentia-
tion [20, 23].

The APC gene contains 21 exons coding 2843 aa. 
In the central part the APC contains three 15-aa and 
seven 20-aa repeats, which form the β-catenin bind-
ing site. Three amino acid repeats containing the so-
called SAMP motif (SER-ALA-MET-PRO) in their core 
are responsible for interactions with the Axin domain. 
The APC mutation in FAP is usually located near the 
5´ end of the sequence coding the first SAMP repeat, 
causing the falling out of half of the APC C-terminus 
(where the Axin binding sites are found), and leading 
to stabilisation of β-catenin. The loss of this part of the 
protein also causes the loss of several NES (nuclear ex-
port signal) sequences responsible for the distribution 
of APC between the cell nucleus and the cytoplasm. 
This may be of fundamental importance for the func-
tioning of APC, which, in addition to inhibiting the 
import of β-catenin into the cell nucleus, simultane-
ously increases its export from the cell nucleus to the 
cytoplasm. Research to date suggests that APC may 
also protect β-catenin against dephosphorylation ca-
talysed by 2A protein phosphatase (PP2A). It may also 
facilitate the removal of phosphorylated β-catenin 
from junctions with Axin and thus facilitate its deg-
radation and create space for the new β-catenin phos-
phorylation cycle [24, 25]. In addition, β-catenin ac-
cumulated as a  result of APC protein disfunction 
disturbs the migration of intestinal epithelial cells 
towards the mucosa surface, where they peel physi-
ologically. Accumulation of undifferentiated cells in 
intestinal crypts leads to the formation of polyps [26].

ING4 gene

The ING4 gene (inhibitor of growth family mem-
ber 4) with chromosomal location 12p13.31, belong-
ing to the ING gene family, is an important suppressor 
gene encoding the ING4 suppressor protein involved 
in cell cycle arrest, apoptosis, DNA repair, chromatin 
modification, and inhibition of cell migration [27]. 
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Decreased ING4 expression often occurs in many 
cancers, including head cancers, squamous cell carci-
noma of the neck, hepatocellular carcinoma, gastric 
adenocarcinoma, lung, breast, and colorectal can-
cer, and is often correlated with poor prognosis [28]. 
Chen et al. report that ING4 plays an important role 
in inhibiting angiogenesis in colorectal cancer [29]. 
The ING4 protein has in its structure a specific PHD 
(plant homeodomain), which is responsible for bind-
ing of the transcription factor Sp1 (specificity pro- 
tein 1), destabilisation of its expression, transcription 
activity, and degradation. There is evidence that both 
Sp1 expression and transcriptional activity are exces-
sively increased in various types of cancers. High Sp1 
expression positively correlates with the maintenance 
of proliferation and inhibition of apoptosis, induc-
tion of angiogenesis, invasion, and metastasis and is 
generally considered a negative prognostic factor [30]. 
Sp1 activity is regulated by some post-translational 
modifications, including phosphorylation via cyclin-
dependent kinase 2 (CDK2) and ubiquitination in 
which the ING4 protein is involved [29]. ING4 inhib-
its the phosphorylation activity of CDK2 by inducing 
the expression of p21 protein leading to destabilisa-
tion and ubiquitination of Sp1, thereby silencing the 
expression of Sp1-regulated pro-angiogenic MMP-2 
and COX-2 genes.

Both mRNA and ING4 protein have been shown 
to be lower in CRC compared to normal colon tissues 
[31]. Reports from Chen et al. from 2016 showing the 
anti-angiogenic activity of ING4 in colorectal cancer 
provide the basis for the conclusion that restoring 
normal expression of the ING4 suppressor gene may 
prove to be an innovative strategy in the treatment of 
metastatic colorectal cancer [29]. Another study pub-
lished by You et al. in 2018 confirms the suppressor 
activity of ING4 in CRC and shows miR-650 as a po-
tent ING4 inhibitor in CRC. According to these stud-
ies, miR-650 can target ING4 and thereby stimulate 
CRC progression through the MAPK signalling path-
way. The relationship between miR-650 and ING4 de-
scribed in this study provides a solid basis for devel-
oping new therapeutic strategies in CRC by inhibiting 
miR-650 and thus restoring normal expression of the 
ING4 suppressor gene [32].

SMAD4 gene

The SMAD4 gene (SMAD family member 4) locat-
ed on chromosome 18q21.2, encodes the SMAD4 pro-
tein belonging to the SMAD family of proteins. SMAD 
proteins are a  unique group of proteins involved in 
signal transduction into the cell after activation of 
the transforming growth factor-β (TGF-β) receptors 
(TGF-βR1 or 2). TGF-β is a highly relevant cytokine, 
having the ability to control complex biological pro-
cesses, including processes of cell differentiation, mi-
gration and adhesion, angiogenesis, and apoptosis. 

The TGF-β signalling pathway regulates, by means 
of signal proteins from the SMAD family, the ex-
pression of hundreds of target genes that coordinate 
growth slowdown (e.g. CDK inhibitors) or inhibition 
of epithelial cell proliferation (e.g. c-MYC gene). The 
activity of SMAD proteins inhibiting carcinogenesis  
has been identified as antiproliferative and proapop-
totic [33].

A defect in the conduction signal through SMAD 
family proteins is a common anomaly in patients with 
colorectal cancer. During tumour progression, TGF-β 
activity is often inhibited and, resulting in reduced 
expression or complete absence of SMAD family pro-
teins. The results of previous studies indicate the use-
fulness of SMAD protein expression assessment as an 
independent prognostic factor in, among others, pan-
creatic and colorectal cancer [34]. 

SMAD4 is a protein necessary to form a complex 
that transfers signal proteins to the cell nucleus. Si-
lencing of SMAD4 prevents transcription, making the 
cells resistant to TGF-β inhibition. Smad4 is absent or 
mutated in numerous tumour types, including pan-
creatic, colon, gastric, and liver cancer, and particular-
ly in digestive system tumours. Therefore, it is thought 
to function as a  tumour suppressor gene. Mutations 
in SMAD4 were identified in colorectal cancers, and 
germline mutations are associated with juvenile pol-
yposis – a rare autosomal dominant inherited gastro-
intestinal cancer predisposition syndrome. According 
to recent literature, mutations in the SMAD4 suppres-
sor gene affect about 10% of sporadic colorectal can-
cers [35]. Studies by Liao et al. show that mutations 
in the SMAD4 gene, with the most common change 
in the MH2 domain of the SMAD4 protein, are much 
more frequently observed in advanced stages with 
lymph node metastasis, which suggests that they are 
an unfavourable prognostic factor. 

A  number of studies have reported that low ex-
pression of SMAD4 is associated with EMT and poor 
prognosis of colon cancer. EMT is thought to play 
an important role in CRC metastasis as well as in in-
creased drug resistance. According to a study by Lin 
et al. from 2019, silencing SMAD4 attenuated the sen-
sitivity of SW480 CRC cells to cetuximab by partial 
reversal of the effects of cetuximab on the mRNA and 
protein expression levels of vimentin, Bax/Bcl-2, and 
E-cadherin, while SMAD4 overexpression enhanced 
SW480 cell sensitivity to cetuximab. In this study, 
silencing SMAD4 partly reversed the expression of  
E-cadherin increased by cetuximab and the expres-
sion of vimentin decreased by cetuximab. Accord-
ing to this publication, several previous studies have 
reported that mutation or loss of SMAD4 in CRC is 
also closely associated with chemoresistance on con-
ventional chemotherapeutic drugs, including 5-fluo-
rouracil and oxaliplatin. This is evidence that SMAD4 
may play a  vital role in the sensitivity of CRC cells 
to chemotherapeutic drugs by promoting EMT [36]. 
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It seems important to search for pharmacological fac-
tors that restore wild-type SMAD4 function, which 
could improve current therapy. 

Reports from Chung et al. from 2018 show that the 
loss of the SMAD4 protein together with the PTEN 
protein has a synergistic effect leading to a more ag-
gressive form of the disease and an unfavourable 
prognosis in patients with CRC compared to the loss 
of SMAD4 alone [37].

KLF10 gene

The KLF10 (Krüppel-like factor) gene, originally 
called the inducible early gene 1 TGF-β (TIEG1 – 
transforming growth factor β inducible early gene 1), 
located on chromosome 8q22, encodes the KLF10 pro-
tein, which is a DNA binding transcription regulator 
containing the triple zinc finger domain, one of the 
structural motifs responsible for binding to DNA. By 
binding DNA and interacting with other regulatory 
transcription factors, KLF10 stimulates and suppress-
es the expression of many genes in many cell types. 
KLF10 exhibits antiproliferative activity and induces 
apoptosis in various cancer cells, which has allowed 
the gene to be described as a tumour suppressor gene. 
KLF10 is thought to act as a suppressor gene in many 
types of cancer, including colorectal cancer.

Many studies have shown that the KLF10 gene acts 
as a  tumour suppressor mainly through the TGF-β 
signalling pathway.

As shown in Figure 1, the KLF10 gene expression 
is induced in a manner dependent on the SMAD2/3/4 
protein complex. By affecting TGF-β-dependent tar-
get genes, KLF10 simultaneously inhibits the inhibi-
tory effect of the SMAD7 protein on TGF-β, thus in-
terfering with the negative feedback loop. In addition, 
KLF10 serves as a positive feedback loop to regulate 
TGF-β signalling by inducing SMAD2 expression [38].

In colorectal cancer cells, the KLF10 gene is addi-
tionally one of the mediators of signal transduction 
of the peroxisome proliferator activated g receptor 
(PPAR-γ) pathway. Peroxisome proliferator activated 

receptors (PPARs) are transcription factors that belong 
to the family of nuclear hormone receptors. Their 
main role is to regulate metabolism – regulation of 
insulin resistance, fatty acid metabolism, and mainte-
nance of glucose homeostasis. They can also affect the 
regulation of cell survival and proliferation through 
metabolism.

Colorectal cancer cells contain a high concentra-
tion of PPAR-γ, but its inhibitory function is very low, 
which means a defect in the PPAR-γ pathway. Stud-
ies have also shown that 15-hydroxy-eicosatetraenoic 
acid (15S-HETE), an endogenous ligand for PPARγ, is 
significantly reduced in the serum of patients with 
colon cancer, and treatment with 15-hydroxy-eico-
satetraenoic acid (15S-HETE) stops colon cancer cells 
from growing through the PPARγ-dependent path-
way, which is preceded by an increased expression of 
KLF10 and a decrease in expression of the antiapop-
totic BCL-2 (B cell lymphoma 2) gene. 15S-HETE activ-
ity may be blocked when PPAR-γ is turned off, e. g. as 
a result of mutation [39].

KLF10 is thought to play an important role in 
inhibiting cancer cell proliferation and promoting 
apoptosis, which highlights its suppressor proper-
ties. There is still limited information on the KLF10 
mechanism in cancer, and additional information is 
needed to understand its role in diseases, including 
cancer [38].

PTEN gene

The PTEN gene (phosphatase and tensin homo-
logue gene) belongs to the suppressor genes, which 
are some of the most common genetic defect tar-
gets in human cancer. It is located on chromosome 
10q23.31 and encodes the PTEN protein belonging to 
the phosphatase group. The PTEN gene is a  tumour 
suppressor that negatively regulates the phosphoino-
sitol-3-kinase/AKT signalling pathway, the function 
of which is to stimulate growth, cell proliferation, cell 
cycle progression, and inhibition of apoptosis. The 
PTEN protein plays a role as the inhibitor of phospha-

Figure 1. Intermediary role of the KLF10 gene in the TGF-β signalling pathway for various target tissues

Target organ Target genes Role

Breast SMAD2, 3, BRCA1/BRAD1 Suppressor

Kidney VHL, GF-β1 Suppressor

Liver SMAD2, P15, TGF-β

SMAD3, SMAD7 

 Activator

Suppressor

Lung SMAD/TGF-β, SNA11, HDCA1 Suppressor

Pancreas SMAD2 Suppressor

Prostate SMAD dependent 

pathway

Suppressor

SMAD3

SMAD2

SMAD2

KLF10TGF-β

 Cytoplasm Nucleus

TGF-β target genes

SMAD7SMAD4
R1

R2
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tidylinositol 3-kinase (PI3K) – the upstream protein of 
this process. The loss of PTEN protein leads to an un-
controlled course of the AKT kinase signalling path-
way and, as a result, to increased cell proliferation and 
inhibition of apoptosis [36]. PTEN is important in sus-
taining cell homeostasis and genomic stability, and its 
inactivation almost always leads to cancer [40].

A feature of colorectal cancers is the relatively low 
frequency of PTEN mutations or deletions, while a de-
crease in PTEN occurs in about a  third of tumours. 
Recent reports indicate that PTEN inactivation may 
be even greater when taking into account the changes 
in post-translational modifications and/or incorrect 
location of the gene or suppressor protein, posttran-
scriptional targeting by microRNAs (miRNAs/miRs), 
and regulation by transcription factors. They have all 
been shown to affect the tumour suppressor functions 
of PTEN. It is suggested that strategies based on phar-
macologically induced restoration of wild-type PTEN 
function in colorectal cancer cells should be consid-
ered to inhibit cell growth, induce apoptosis, and sen-
sitise cancer cells to therapeutic agents [41].

The latest studies confirm that the PTEN expres-
sion in CRC depends not only on discrete and stepwise 
changes in PTEN allele loss, as described in the two-
hit hypothesis. Increasing evidence supports dosage-
dependency of PTEN tumour suppressor function in 
CRC connected with the influence of the aforemen-
tioned mechanisms as well as novel factors – the func-
tional involvement of competing endogenous RNAs 
(ceRNAs) in miRNA-dependent and coding-indepen-
dent regulation of genes. The ceRNAs are thought to 
act as PTEN derepressors. A new type of dose-sensitive 
PTEN suppressive function was described in a study 
by Roquid et al., published in 2019. The study reported 
and validated DNA methyltransferase 3β (DNMT3B) 
and TET methylcytosine dioxygenase 3 (TET3) as nov-
el ceRNAs of PTEN as well as their relationship with 
miR-4465 in HCT116 colorectal cancer cells. miR-
4465 was identified as a direct negative regulator of 
all three transcripts, i.e. DNMT3B, TET3, and PTEN 
via their 3’untranslated regions (3’UTR). Overexpres-
sion of DNMT3B or TET3 3’UTR promoted apoptosis 
and decreased migratory capacity, potentially because 
of shared miRNA sequestration and subsequent acti-
vation of PTEN expression. The findings of the study 
identified DNMT3B and TET3 as novel ceRNAs of 
PTEN that may impact its dose-sensitive tumour sup-
pressive function [42].

BMP5 gene

The BMP5 (bone morphogenetic protein 5) gene, 
located on chromosome 6p12.1, encodes a  protein 
that acts as a ligand for the TGF-β protein family and 
plays a role in bone and cartilage development. Poly-
morphisms of this gene may be associated with osteo-
arthritis in humans. Different expression of this gene 

is also observed in many human cancers. The BMP5 
gene has already been classified as a suppressor gene 
in myeloma, adrenocortical carcinoma and breast 
cancer, but the expression and significance of BMP5 
in gastrointestinal cancers have not yet been fully 
studied. The recent research carried out in China by 
Chen et al. shows that the nonsense BMP5 mutation is 
a characteristic change observed in colorectal cancer, 
and the loss of BMP5 expression is specific and domi-
nant for CRC, which may indicate that it occurs at an 
early stage of epithelial changes. The level of BMP5 
mRNA observed in the experiment was significantly 
reduced in colorectal tumour tissue compared to nor-
mal tissues. In addition, low BMP5 expression corre-
lated with poor patient survival, which was not seen 
in studies on the remaining six types of cancer. The 
study revealed that, in addition to the main TGF-β/
SMAD signalling pathway that inhibits cell growth 
by arresting the cell cycle [43], BMP5 induces cell 
cycle arrest by stimulating the expression of CDKN1 
– a strong binding inhibitor of several cyclin/CDK G1 
complexes and a negative regulator of cell prolifera-
tion leading to cell cycle phase arrest at the G1-S level. 
In addition, transcriptome sequencing studies have 
discovered a  novel cell growth inhibition pathway 
that BMP5 transduces through the JAK/STAT signal-
ling pathway by playing the role of a negative regula-
tor in this path [44]. The JAK (Janus-activated-kinase)/
STAT (signal transducer and activator of transcription) 
pathway transmits signals from cytokines, interleu-
kins, and growth factors through transmembrane re-
ceptors to cytoplasm and finally to the nucleus, mod-
ulating the transcription of genes that control cellular 
proliferation, differentiation, and apoptosis [45]. 

The co-expression analysis of the EPSTI1 core 
gene carried out in the Chen et al. study showed a re-
lationship between BMP5 and the JAK-STAT pathway 
and proved the role of BMP5 in CRC initiation. The  
EPSTI1 gene induces stromal fibroblasts and shows 
strong overexpression in cancerous tissues in breast 
cancer [46]. EPSTI1 expression levels are associated 
with tumour initiation, stem cell properties, and 
epithelial-mesenchymal transformation (EMT). In-
creased levels of EPSTI1 are involved in the activation 
of the JAK-STAT pathway induced by IL28A (interleu-
kin 28A), and BMP5 negatively suppresses IL28A ex-
pression, thereby inhibiting genes downstream in the 
pathway. In addition, in the part of the experiment 
carried out on the HT-29 cell line, it was shown that 
cells expressing BMP5 had an increased level of epi-
thelial markers CK13, CK19, and E-cadherin and a de-
crease in the level of mesenchymal markers such as 
chemokines MMPs or CCL, compared to non-BMP5 
expressing cells. This is evidence of a relationship be-
tween BMP5 expression and inhibition of the epithe-
lial-mesenchymal transition (EMT), a  phenomenon 
responsible for tumour progression [44].
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Suppressive BMP5 function was confirmed in an-
other recent report by Chen et al., the results of which 
suggested a  significant role of the miR-32/BMP5 
axis in CRC tumorigenesis. The bioinformatic analy-
ses conducted in the study identified that miR-32 
expression is associated with CRC lymphatic inva-
sion and metastasis, and correlates with poor patient 
survival, and revealed that BMP5 protein is a direct 
target of miR-32. The loss of tumour suppressor BMP5 
may partially due to the miR-32 dysregulation. The 
functional assays confirmed the miR-32/BMP5 onco-
genic-suppressive correlation and demonstrated that 
overexpression of miR-32 in LoVo cells promoted cell 
proliferation and migration, whereas inhibition of 
miR-32 in HCT 116 cells showed the contrary results. 
The inverse correlation between miR-32 and BMP5 
was observed in CRC, especially in advanced tu-
mour patients. Furthermore, cotransfection of miR-32 
mimics and BMP5 recombinant vector in LoVo cells 
showed that BMP5 could reverse the oncomiR effect 
of miR-32 [47]. 

The discovery of common mutations in BMP5, 
mechanisms of its regulation, together with data in-
dicating its effect on cell growth and migration, as 
well as the ability of suppression the oncomiR-32, 
suggest that BMP5 is an important suppressor gene 
in colorectal cancer. It should be emphasised that the 
loss of BMP5 occurs at an early stage of CRC, and its 
prognostic value and pattern of co-expression with 
E-cadherin may be specific, especially for sporadic 
colorectal cancer. In view of the above, BMP5 appears 
to be a new suppressor gene that can affect initiation, 
progression, and prognosis in colorectal cancer.

It is worth emphasising that all previous reports, 
together with those mentioned above, about the role 
of BMP5 in CRC have been confirmed in the latest 
multibioinformatic analysis from 2019 done by Ad-
nan Karim et al. According to this report, BMP5 meets 
the conditions for becoming a  new biomarker and 
a potential therapeutic target for various human can-
cers, including CRC [48].

FLYWCH1 gene

The FLYWCH1 gene with chromosomal location 
16p13.3 belongs to the genes encoding the FLYWCH1 
protein containing the zinc finger motif domain, act-
ing as a DNA binding agent in the Wnt/β-catenin sig-
nalling pathway. The Wnt signalling pathway with 
its main β-catenin transmitter plays a key role in the 
development of cancerous colon tissue. The negative 
regulator of β-catenin, and thus the Wnt pathway in 
colorectal cancer, is the well-known APC protein de-
scribed above; however, it is known that inactivation 
of β-catenin also occurs under the influence of other 
molecular interactions. Last year, a British-American 
research group reported a  new Wnt pathway tran-
scription modulator – FLYWCH1 [49]. Muhammad  

et al. demonstrated that FLYWCH1 binds to non-phos-
phorylated (nuclear) β-catenin, preventing its attach-
ment by TCF4 (T-cell factor 4) and effectively inhib-
its the transcriptional activity of the Wnt/β-catenin 
pathway by competing with TCF4 for binding to 
β-catenin. FLYWCH1, by transforming the transcrip-
tional activity of β-catenin/TCF4, selectively regulates 
the expression of specific genes associated with mi-
gration and cell morphology, such as ZEB1 (zinc fin-
ger E-box binding homeobox 1), EPHA4 (ephrin type-
A  receptor 4), and E-cadherin. ZEB1 and EPHA4 are 
associated with polarisation and cell migration dur-
ing the development of colorectal cancer and metas-
tasis, and E-cadherin is responsible for cell adhesion. 
Changes in cell motility and morphology are the ini-
tial steps towards invasion and metastasis, one of the 
most important cancer characteristics. Overexpres-
sion of FLYWCH1 has been shown to reduce motility 
and increase cell adhesion. The study revealed a new 
molecular mechanism in which FLYWCH1 plays the 
role of a tumour suppressor. The FLYWCH1/β-catenin 
complex represses the selectively targeted genes of 
the Wnt pathway, including the β-catenin-induced 
ZEB1 gene, thereby increasing cadherin-mediated cell 
binding and, as a result, preventing colorectal cancer 
metastasis. It is suggested that FLYWCH1 may become 
a potential biomarker and therapeutic target against 
metastatic colorectal cancer in the future.

SARDH gene

The SARDH (sarcosine dehydrogenase) gene is 
a gene located on chromosome 9q34.2 encoding the 
enzyme protein sarcosine dehydrogenase, which ca-
talyses the reaction of oxidative demethylation of sar-
cosine in the mitochondrial matrix. In a study at the 
University of Xi’an [50], a SARDH gene mutation was 
found in sporadic colorectal cancer (sCRC). SARDH 
was abnormally lowered in sCRC at both transcrip-
tional and translational levels. It was observed that 
overexpression of SARDH inhibited the proliferation, 
migration, and invasion of colon cancer cell lines, 
while silencing it stimulated these processes. SARDH 
mRNA levels were also reduced in oesophageal can-
cer, lung cancer, liver cancer, and pancreatic cancer. 
SARDH has been identified as a new suppressor gene. 
Sporadic colorectal cancer is a highly heterogeneous 
complex disease. Classic markers for sCRC, includ-
ing mutations in the APC, KRAS, BRAF, and TP53 
genes and epigenetic changes can only identify some 
cases of this condition, so new biomarkers are be-
ing sought. In this context, SARDH appears as a new 
marker for sCRC that may become a therapeutic tar-
get in the future.

TUSC7 gene

The TUSC7 gene (tumour suppressor candida-
te 7), belongs to the group of long noncoding RNAs  
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(lncRNAs) and is located on chromosome 3q13.31. 
It joined the class of new suppressor genes showing 
a reduction in expression in cell lines and tissues of 
colorectal cancer. According to Ren et al. from 2017, 
the decrease in expression correlates with the stage of 
the disease and the overall survival rate [51]. In the 
above study, lower TUSC7 expression was observed 
in patients with high-grade colorectal cancer (accord-
ing to Dukes’ classification: C and D) compared to pa-
tients with low-grade colorectal cancer (Dukes’ classi-
fication: A and B). A group of patients with colorectal 
cancer with lower TUSC7 expression had worse over-
all survival rates. Further literature data from 2017 
confirm the relationship between silencing TUSC7 
expression and lower survival rates [52]. Increased 
expression of TUSC7 has also been found to inhibit 
proliferation of colon cancer cells of the SW480, 
HT29, HCT116 and CaCo-2 cell lines [51–53]. In ad-
dition, studies show that TUSC7 overexpression by 
negatively regulating miR-10a expression increased 
expression of the PTEN gene that encodes the PTEN 
protein, which is a negative regulator of the AKT sig-
nalling pathway, an inhibitor of cell proliferation and 
cell cycle progression. The PTEN gene was the direct 
target of miR-10a. The results suggest that the TUSC7 
suppressor gene may be a new therapeutic target in 
colorectal cancer due to the possibility of miR-10a in-
hibition [51].

RASSF6 gene

The RASSF6 gene (Ras-association domain family 
member 6) with chromosomal location 4q13.3 belongs 
to the family of RASSF suppressor genes acting as me-
diators in the biochemical Hippo signalling pathway. 
Scientific reports confirm the extremely important 
role of the components of this pathway in the process 
of tumorigenesis in various types of tissues [54]. 

The main components of the pathway are kinases 
MST1 and 2 (mammalian STE20-like kinases 1 and 2) 
and LATS1 and 2 (large tumour suppressor kinases 1 
and 2), whose cascade action is to inhibit the function 
of its nuclear effector – the YAP protein (Yes-associated 
protein1) as a transcription co-activator. The RASSF6 
gene acts as a  parent element regulating the afore-
mentioned pathway kinases. During genetic stud-
ies on the main components of the Hippo pathway, 
parent elements were included in the group of genes 
regulating cell proliferation. It has also been shown 
that mutations within them often cause uncontrolled 
growth and increased cell proliferation [55].

Hippo pathway inactivation due to disturbances 
in the expression of one of the parent elements acti-
vates YAP protein, which meets all the conditions nec-
essary to initiate the process of cancer transformation 
[56]. It turns out that in most cases disorders of the 
Hippo pathway inhibit its suppressive activity rela-
tive to the YAP transcriptional co-activator, which en-

hances cell proliferation and avoidance of cell apop-
tosis. Decreased expression of the genes encoding  
MST1/2, LATS1, and LATS2 was found in gastroin-
testinal cancers, including gastric cancer (MST1/2, 
LATS1) as well as in hepatocellular carcinoma and bile 
duct cancer (LATS2) [55].

Proteins from the RASSF family are involved 
in the activation of Hippo pathway kinases, basic 
proapoptotic kinases – MST1 (RASSF2 protein) and 
MST2 (RASSF1 protein) [55]. Reports by Iwasa et al. 
from 2015 [57] and Chen et al. from 2016 [58] show 
that also RASSF6 interacting with MST kinases is 
one of the parent elements of the Hippo signalling 
pathway. Moreover, the studies of both of the above-
mentioned teams show that RASSF6 regulates apop-
tosis and the cell cycle by binding to the MDM2 gene 
(TP53 gene inhibitor) causing degradation of the 
MDM2 protein and thereby regulating p53 protein 
expression [57, 58]. The research by Chen et al. has 
shown that increased expression of RASSF6 induces 
apoptosis in the mechanism of activation of the pro-
apoptotic BAX gene and induction of cytochrome c 
release, which activates caspases in the cell respon-
sible for its final degradation [58]. This means that 
RASSF6 induces apoptosis in the caspase-dependent 
pathway, as well as in the Hippo pathway – acting 
independently. In addition, a 2016 Chen et al. study 
reported the detection of loss of function mutation 
and the RASSF6 gene missense in patients with spo-
radic colorectal cancer. Reduced RASSF6 levels were 
observed in adenocarcinoma cells compared to nor-
mal tissue cells in the cases studied. Gene expression 
inhibition occurs by hypermethylation, but other 
regulatory mechanisms are also contemplated. In 
the above-mentioned study, RASSF6 implementation 
suppressed proliferation, migration, and invasion as 
well as induction of in vitro apoptosis of LoVo colorec-
tal cancer cells and inhibited tumour growth in vivo. 
On the other hand, silencing of RASSF6 in HT29 cells 
showed the opposite effect [58].

Another study, reported by Zhou et al. in 2017, 
revealed that low RASSF6 expression corresponds to 
a  poor prognosis in colorectal cancer patients, and 
low RASSF6 expression is markedly associated with 
tumour progression. An investigation of in vitro CRC 
cell lines (DLD1 and HCT116) confirmed the suppres-
sive role of RASSF6 and provided the information 
that RASSF6 inhibits the expression of the classical 
target genes of Wnt signalling as demonstrated by 
the reduced expression of TCF1, c-Jun, and c-Myc in 
RASSF6-overexpressing DLD1 stable cell lines. More-
over, the research showed the correlation of RASSF6 
downregulation with EMT promotion. The expres-
sion levels of the epithelial markers ZO-1 and E-cad-
herin were increased, while the expression level of 
the mesenchymal marker Snail was decreased in an 
RASSF6-overexpressing DLD1 cell line. Exploring the 
molecular mechanism of colorectal cancer metastasis 
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is important due to the fact that distant metastasis is 
the primary barrier for the successful treatment of pa-
tients with colorectal cancer [59].

The above reports show that the RASSF6 gene func-
tions as a suppressor gene in CRC, and the conducted 
experiments prove that it can be used in targeted ther-
apy of the sporadic forms of colorectal cancer.

Summary

This review presents current knowledge about the 
molecular mechanisms regulating the expression, ac-
tivity, and function of suppressor genes, which were 
silenced in colorectal cancer tissues and cell lines, and 
restoration of their correct expression inhibited pro-
liferation and invasion of CRC cells. The mechanisms 
of biochemical pathway action presented in this re-
view, in which the genes responsible for regulating 
cell proliferation and apoptosis are involved, demon-
strates the complexity of the process in which the cell 
determines its purpose. Each element of a given signal 
pathway individually, but also interacting with oth-
er proteins, has its unique function in the cell cycle. 
Disturbances of action, mainly due to the changed 
level of expression, cause many modifications that 
can initiate the process of neoplastic transformation. 
It is significant that despite the large amount of in-
formation obtained on the functioning of the pre-
sented pathways and their individual components, 
new aspects are constantly emerging in which these 
pathways can potentially perform superior regulatory 
functions, and the complex network of connections 
between biochemical pathways is still not fully un-
derstood. The use of the potential of individual ele-
ments of a given pathway in targeted cancer therapy 
will be possible only after a more accurate description 
of their regulation disorders in states of uncontrolled 
cell growth and division. In the case of sCRC, which 
accounts for about 80% of colorectal cancer cases, the 
spectrum of somatic mutations contributing to gene 
expression disorders and the proteins they encode 
is not fully understood compared to, e.g. hereditary 
non-polyposis colorectal cancer (HNPCC). In light of 
modern scientific reports, it is known that sCRC ge-
netic changes include not only APC gene mutations 
at an early stage of adenomatous polyp development, 
activation of the KRAS oncogene from early adenoma 
to late adenoma, or suppression of suppressor genes 
such as p53, but also many mutations and epigenetic 
changes of other genes, whose brief characteristics are 
described above. The dynamic development of mod-
ern molecular technologies makes it possible to screen 
the entire genome for new candidate genes whose 
identification is key to understanding the spectrum 
of genetic mutations in sCRC. Understanding the 
changes in the expression profile of suppressor genes 
in tumour induction and progression can be impor-
tant for personalising colorectal cancer treatment and 

can also be the basis for developing new molecularly 
targeted therapeutic strategies.
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