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Abstract

According to data from 2020, Slovakia has long been among the top five countries
with the highest incidence rate of colorectal cancer (CRC) worldwide, and the rate
is continuing to rise every year. In approximately 80% of CRC cases, allelic loss
(loss of heterozygosity, LOH) occurs in the long arm of chromosome 18q. The
most important genes that can be silenced by 18q LOH or mutations are small
mothers against decapentaplegic homolog (SMAD) 2 and SMAD4, which are
intracellular mediators of transforming growth factor (TGF)-B superfamily signals.
TGF-p plays an important role in the pro-oncogenic processes, including such
properties as invasion, epithelial-mesenchymal transition (commonly known as
EMT), promotion of angiogenesis, and immunomodulatory effects. Several recent
studies have reported that activation of TGF-B signaling is related to drug
resistance in CRC. Because the mechanisms of drug resistance are different
between patients in different stages of CRC, personalized treatment is more
effective. Therefore, knowledge of the activation and inhibition of factors that
affect the TGF- signaling pathway is very important.

Key Words: Small mothers against decapentaplegic homologs; Transforming growth
factor-beta; Colorectal cancer; Marker; Signaling pathway
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Core Tip: A thorough understanding of the complete transforming growth factor (TGF)-p/small mothers
against decapentaplegic homolog signaling pathway is important for defining its functions during
pathological processes of colorectal cancer. Inhibitors specifically targeting TGF-f pathway mediators that
reduce the expression of a particular protein may lead to fewer/milder adverse effects. However, the dual
role of the TGF-P pathway in the onset and progression of cancer complicates the physiological/
pathological and, thus, clinical situation. In recent years, research has shown that modification of members
of this pathway is a promising approach for clinical procedures. Long-term treatment should emphasize
personalized and targeted therapy.
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INTRODUCTION

According to data from 2020, Slovakia has long been among the top five countries with the highest
incidence rate of colorectal cancer (CRC) worldwide, and this rate continues to rise every year[1].
Although significant progress has been made in the diagnosis, screening, and treatment of patients with
advanced CRC, therapeutic options are still limited, requiring the discovery of additional markers to act
as prognostic predictors[2].

Up to 60%-65% of colorectal tumors have no family history (sporadic) and are the result of somatic
mutations and epigenetic changes due to factors such as a lifestyle with limited physical activity,
alcoholism and smoking[3]. CRC can arise as a result of these genetic and epigenetic aberrations
(Figure 1): Chromosomal instability (CIN; 65%-85%), methylation of the CpG island (CIMP; 10%-20%),
and DNA microsatellite instability (MSI; 12%-15%)[4]. Some authors have noted that patients with a
tumor-bearing the CpG island methylator phenotype will have a worse prognosis compared to patients
with a CIMP-negative tumor[5-7]. The instability of DNA microsatellite regions is characterized by
mutations in the genome that arise due to defects in mismatch repair genes and can affect and inactivate
tumor suppressor genes, leading to malignant transformation[8,9]. CIN is caused by the gain or loss of
whole or large parts of chromosomes, leading to karyotype variability between cells. CIN results in
chromosome imbalance (aneuploidy), subchromosomal genomic amplification, and loss of heterozy-
gosity (LOH)[10].

This type of classification, based on a single molecular marker, is not very informative in the early
diagnosis of CRC; thus, a combination of several molecular markers has been proposed as a better
classification approach for patients with CRC. Moreover, the joint efforts of the CRC Subtyping
Consortium have led to a formal proposal for the stratification of CRC cases into the following four
molecular subtypes (referred to as CMS1-4)[11,12] (Figure 2; Table 1).

CMS1 is usually a right-sided (proximal) tumor, commonly diagnosed in older age females, and is
associated with worse survival after relapse. This subtype is characterized by hypermethylation of CpG
islands, which causes loss of tumor suppressor function and has a low prevalence of somatic copy
number alterations (referred to as SCNAs). The hypermethylation of promoter regions of the MMR
genes causes MSI[11].

CMS2 is mainly located on the left side (distal part of the colon) and is often diagnosed in men, with a
better prognosis and a higher survival rate, even after relapse. This gene expression profile is charac-
terized by low mutation rate. CMS2 also represents over-activation of epidermal growth factor (EGF)-
related signaling pathways, with higher expression of the epidermal growth factor receptor (EGFR)[13].
Finally, Guinney et al[11] reported that CMS2 has more copy number gains in oncogenes and losses in
tumor suppressor genes than the other CMSs.

CMS3 is another right-sided subtype and is the most frequently diagnosed in patients with evident
metabolomics disease[13]. Although KRAS mutation is present in every CMS, it occurs more frequently
in CMS3[11].

CMS4 tumors exhibit extremely low levels of hypermutation and are defined by an activated
transforming growth factor (TGF)-p pathway and by epithelial-mesenchymal transition (EMT), making
them generally more chemoresistant[13]. CMS4 tumors tend to be diagnosed at more advanced stages
(III and IV); indeed, the poor prognosis of CMS4 (compared to the relatively favorable prognoses of
CMS1 and CMS2) in non-metastatic disease have been demonstrated[11].
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Table 1 Characteristics of individual colorectal cancer subtypes

CMS1 CMS2 CMS3 CMS4
(MSI immune) (Canonical) (Metabolic) (Mesenchymal)
CIMP high CIN CIN, CIMP low CIN

Hypermethylation

SCNA-low SCNA-high SCNA-intermediate SCNA-high

BRAF mutant KRAS mutant

Activation of immune cells WNT, MYC activation Metabolic deregulation TGEF- activation

Worse survival after relapse Superior survival after relapse Worse relapse-free and overall survival

SCNA: Somatic copy number alteration; CIN: Chromosomal instability; CIMP: Methylation of the CpG island; TGF: Transforming growth factor.

Figure 1 Representation of individual colorectal cancer subtypes.
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Figure 2 Three genetic and epigenetic aberrations of colorectal cancer formation. LOH: Loss of heterozygosity; TGF: Transforming growth factor.

The basic characteristics of each CRC subtype, CMS1-4, are summarized in Table 1.

Approximately 80% of colorectal tumors have loss of an allele in the long arm of chromosome 18q,
followed by LOH on chromosome 17p (75%-80%), 8p (40%), 5q (30%), and finally 22q (20%-30%). Allelic
loss in chromosome 18q has been reported in 70% of cases of primary CRC with late-stage adenomas
and shows a strong correlation with poor prognosis [14]. Patients with 18q LOH have a particularly
poor prognosis in stage II disease, leading to the conclusion that stage II adjuvant therapy is important
for these patients[15].
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There are many candidate tumor suppressor genes in 18q, including small mothers against
decapentaplegic homolog (SMAD) 2, SMAD4, netrin receptor DCC (DCC), and Cdk5 and Abl enzyme
substrate 1 (CABLES1T )[16]. The most important genes that can be silenced by 18q LOH or mutations are
SMAD2 and SMAD4, which are intracellular mediators of TGF-B superfamily signaling[17].

TGF-B SUPERFAMILY SIGNALING

TGF-p superfamily signaling is mainly divided into the following two subfamilies: TGF-B-activin-nodal
and bone morphogenetic protein (BMP). The TGF- ligand (comprised of the TGF-p1, -p2, and -B3
isoforms) is a multifunctional member of the cytokine family, playing an important role in such cellular
responses as cell proliferation, differentiation, and pathological processes. TGF-p itself plays a key role
in the processes of EMT and fibrosis[18].

The canonical (SMAD-dependent) TGF-B signaling pathway (Figure 3) utilizes serine/threonine
kinase receptors (TGF-BRI/TGF-BRII) in the plasma membrane and phosphorylates their cytoplasmic
effectors SMAD2 and SMAD3. TGF-BRI receptors differ from TGF-BRII by the presence of an N-terminal
glycine/serine-rich (GS) domain, which regulates kinase activity and SMAD binding. TGF-BRII receptor
phosphorylates serine and threonine residues within the GS domain of TGF-BRI, and activated TGF-BRI
receptor phosphorylates the distal C-termini of SMAD2 and SMAD3. An anchor of SMAD receptor
activation, a SMAD cofactor that directly interacts with SMAD2/3, is required to anchor SMAD2/3
proteins to the TGF-p receptor. After phosphorylation, SMAD2 and SMAD3 dimers form heteromeric
complexes with SMAD4 and then translocate to the nucleus. They act as transcription factors, mediate
the expression of various genes, and promote various biological functions in the tumor microenvir-
onment, resulting in tumor suppression[19].

A conserved branch of the TGF-B superfamily involves BMP signaling. BMP canonical signaling is
triggered upon the binding of soluble ligands to serine-threonine kinase receptors, BMPRI and BMPRII,
in the plasma membrane. Activated BMP receptors stimulate various intracellular signaling pathways.
This canonical pathway is characterized by phosphorylation of SMAD1/5/8, which subsequently forms
a gene-regulatory complex with SMAD4. Alternative BMP signaling can occur via the non-canonical
pathway and is due to the presence of multiple intracellular kinases (Figure 3)[20].

While TGF-B-induced extracellular matrix production promotes tumor development, the inhibitory
response to TGF suppresses tumor formation. Thus, the level of TGF-f receptor activation can alter the
outcome of TGF-p signaling from suppression to oncogenesis. The TGF-/SMAD signaling pathway has
a dual effect; during tumor initiation and early stages, it stops the cell cycle and triggers apoptosis and
in later stages, it promotes tumorigenesis and increases tumor progression and invasiveness[21]. TGF-p
signaling causes cell cycle arrest and death during tumor initiation, acting as a tumor suppressor.
However, it has also been demonstrated to increase tumor cell proliferation, EMT, and stem-like activity
during tumor progression, as well as fibrosis, inflammation, and angiogenesis[22-24].

TGF-B AND ITS ROLE IN TUMOR SUPPRESSION

TGF-p signaling regulates cell proliferation mainly by inhibiting cell cycle progression through a
mechanism that arrests the cell in the G1 phase. In most epithelial, endothelial, and hematopoietic cells,
this arrest occurs through the activation of cyclin-dependent kinase (CDK) inhibitors, such as p21CIP1
and p15INK4b. TGF-p signaling also inhibits c-Myc oncogene transcription as well as DNA-binding
protein inhibitors (ID1-3) and nuclear factors, which play key roles in cell differentiation and
progression from the G1 to S phase of the cell cycle[25].

The canonical TGF-B signaling pathway can induce apoptosis by modulating the expression of
various members of the B-cell lymphoma 2 (Bcl-2) family such as death receptor fibroblast death-
associated antigen (FAS), DNA damage-inducible (GADD) 45-f, and kinase associated with by death
(DAPK), which depends on the type of cells where the signaling takes place. It can also induce growth
arrest and modulate caspases to induce intrinsic and extrinsic apoptosis[18].

TGF-B AND ITS ROLE IN TUMOR PROMOTION

In later stages of cancer, TGF-B may adversely promote tumor progression and metastasis[18]. The TGF-
B signaling pathway activates the promoter activity of the translation inhibitory protein 4E-BP1
(regulator of eukaryotic translation initiation factor-4F (eIF4E) through SMAD4, thereby suppressing
translation, cell growth and proliferation [26]. TGF-p also promotes the secretion of matrix metallopro-

teases (MMPs), mainly MMP-2 and MMP-9, and inhibits the activity of their tissue inhibitors (TIMPs)
[27].
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Fibrotic processes are well known to play a key role in promoting malignancy, and TGF-p is one of
the most prominent inducers of fibrotic processes. During fibrosis, abundant ECM components
accumulate due to activated myofibroblasts. In tumor tissue, solidified stroma stimulates tumor cell
proliferation, migration, and survival. Fibrosis plays a vital role in EMT regulation, promotes
angiogenesis and hypoxia, and inhibits anti-tumor immunity. Ultimately, the degree of tissue fibrosis is
related to tumor aggression and poor patient prognosis[28].

TGEF-B collaborates closely with BMP during fibrosis, due to their structural similarity and shared
signal transmission modality. Their role is to regulate fibrosis-causing processes, like EMT. The
interaction of TGF-p and BMP to form a complex with SMAD4, together with SMAD? which elicits an
inhibitory effect, affects the balance between the activation of SMADs that are members of the TGF-p
signaling pathway (SMAD2/3) and SMADs that are part of the BMP signaling pathway (SMAD1/5/8).
Therefore, many studies report antagonistic roles of TGF-f and BMP[29,30]; according to them, BMP
activity is antifibrotic. Fewer studies support the opposite trend. Specifically, Katsuno et al[31]
determined that BMP signaling can promote TGF-f signaling through the activation of protein arginine
N-methyltransferase (PRMT1), which methylates SMAD6/7. SMADG6/7, in turn, activates SMAD1/3/5,
resulting in the promotion of EMT during fibrosis and the maintenance of the tumor cell phenotype in
malignancies[29,31].

TGF-B/SMAD RECEPTORS

Each of the isoforms of TGF-B (-1, -2, -3) binds to serine/threonine kinases, which belong to the group of
transmembrane receptors and can bind to TGF-BI and TGF-BII. The name of TGF-BRI is also an activin-
like receptor kinase (ALK). Seven types of TGF-BRIs have been identified to date (ALK1-7), five types of
TGF-pRIIs (TGF-BRII, BMPRII, ACVRII, ACVRIIB, and AMHRII), and two types of TGF-BRIIIs
(betaglycan and endoglin). All TGF-BRs consist of a C-terminal cytoplasmatic domain of a serine/
threonine kinase, an internal transmembrane region, and an N-terminal domain, which binds ligands
[18].

TGF-B receptors, SMAD proteins, and their mutation or inactivation have been described in many
publications, along with their role in the progression of malignancies[32,33]. The loss of TGF-$ tumor
suppressor functions, which play a key role in inhibition in normal epithelial cells as well as in tumor
cells, leads to oncogenic processes. Many human cancers, including CRC, are resistant to TGF-f-
mediated growth inhibition, however. This resistance may be due to mutation or functional inactivation
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of TGF-BRI, decreased expression of TGF-BRI or TGF-BRII, and inactivation mutations of individual
members of the TGF-p signaling pathway, such as SMAD2 and SMADA4[25]. Reportedly, approximately
20%-30% of CRCs contain mutations of TGF-BRII, and mostly involve colon cancer cells with MSI. One
of the most frequent MSI mutations detected occurs in a coding polyadenine tract in exon 3 of the TGF-$
RII gene. Some studies have even suggested that one of the important factors contributing to CRC
transformation is the inactivation of TGFBR2, which increases cell proliferation due to prolonged
activation of cdk4 expression[34-36].

Not only TGF-BRII but also TGF-BRI may contain a similar hypermutable polyadenine sequence
resulting from mismatch repair defects, and the mutant allele (known as TGF-BRI6A) has been
described to predispose to colon cancer, with a reported frequency of 100%[37].

SMADs

The mammalian TGF-B receptor family contains five SMAD substrates (SMAD1, SMAD2, SMAD3,
SMADS and SMADS); these are commonly referred to as receptor-regulated SMADs or R-SMADs[19].
Bone morphogenetic protein (BMP) and anti-Miieller receptors have high affinity for SMAD 1, 5, and 8
and TGF-B, activin and nodal receptors bind SMAD 2 and 3 proteins. SMAD4 belongs to the co-SMAD
group, the second class of the SMAD family, which serves as a common partner for all R-SMADs such
as SMAD2, SMAD3, SMAD1, SMADS5, and SMADS to form heterotrimeric complexes. These hetero-
trimeric SMAD complexes are subsequently translocated to nuclei, where they bind to specific
promoters to act as DNA-specific transcriptional regulators of target genes[38]. SMAD6 and SMAD?7
have inhibitory roles in the TGF-B/SMAD signaling pathway[39,40].

SMAD proteins are composed of approximately 500 amino acids and consist of two globular domains
[MAD homology (MH) 1 and MH2] joined by a linker region. The N-terminal domain of MH1 is highly
conserved in all R-SMADs and SMAD4, but not in SMADs 6 and 7, and contains a hairpin structure
with DNA-binding capability. The MH2 domain contains hydrophobic elements that bind to TGF-pR
and BMPR transmembrane receptors. The linker region is quite different between the different
subgroups, whereas the C-terminal domain (MH2) is identical in all SMAD proteins[19]. The MH2
domain is involved in SMAD protein homooligomerization and heterooligomerization, cytoplasmic
anchoring, and transcription. In normal (healthy) and premalignant cells, the TGF-f tumor signaling
pathway has a suppressive role, but this pathway can be inhibited, damaged, or even used by cancer
cells to promote oncogenic functions[38]. The known roles of individual SMAD proteins during the
onset and progression of CRC are summarized in Table 2.

In 65% of colon adenocarcinomas and 50% of rectal adenocarcinomas, mutations in any of the 43
genes that encode proteins of the TGF-B pathway superfamily have been described[19]. Many proteins
interact with the SMADs to modulate their activity. Therefore, by regulating these proteins, we can
influence the process of carcinogenesis[41].

Role of SMAD2/3

Many studies describe the significant role of SMAD2/3 in the EMT process, which is activated by the
TGE-p signaling pathway. The most important difference between SMAD2 and SMAD3 is that the MH1
region of SMAD2 has two more amino acid fragments than SMAD3. Due to this amino acid difference,
SMAD?3 can directly bind to DNA and has transcriptional activity, whereas SMAD2 lacks transcriptional
activity[42,43].

Although SMADS3 is highly homologous to SMAD?2, the roles of SMAD2 and SMAD3 are different in
the TGF-p signaling process. SMAD3 plays a very important role as a mediator of EMT, as demonstrated
by inhibition or knockdown of SMAD3, which blocked cell migration induced by the TGF-p signaling
pathway. Therefore, regulation of SMAD3 protein expression is a very important regulatory step in
EMT prevention[44].

The results of Liu et al[45] point to other important differences between SMAD2 and SMAD3. SMAD2
is mostly located in the cytoplasm, whereas a large amount of SMAD3 is distributed in the nucleus.
Western blot analysis was performed in that study, which provided evidence to support the conclusion
that in the absence of TGF-B activation, endogenous SMAD?2 is found mainly in the cytoplasm, while
large amounts of SMAD3 are found in the nucleus of human embryonic stem cells, kidney cells, and
skin fibroblast cells. This otherness in different cell compartments of SMAD2 and SMAD3 proteins may
reflect their activity in TGF-beta-induced signal transduction.

Analyses of tissue and experiments with explanted tissue have revealed strongly reduced
phosphorylated SMAD3 and increased levels of its inhibitor SMAD7 in Crohn’s disease tissue and a
moderate reduction in ulcerative colitis (UC) tissue[46]. UC poses a high risk of developing CRC;
however, the molecular mechanisms underlying the transition from UC to CRC are unclear[47].

Wang et al[48] showed that it was possible to increase the transcriptional activity of SMAD3,
phosphorylation of SMAD2, and reduction of SMAD? expression by knocking out signal transducer and
activator of transcription 3 (STAT3), which ultimately led to the suppression of tumor progression in
CRC. STATS3 is a member of the STAT protein family and can promote oncogenesis of CRC through
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Table 2 Roles of individual small mothers against decapentaplegic homolog proteins in the onset and progression of colorectal cancer

Type of

Role in colorectal cancer References
SMAD

SMAD1 Participates in the modification of cell growth, differentiation, apoptosis and other processes that are essential in the [39-42]
regulation of the body’s immune system

Promotes epithelial-mesenchymal transition process
By increasing the expression of ATG5 induces autophagy

SMAD2 Inhibits the expression of related functional genes, cell proliferation and regulates the transcriptional response that promotes  [43,44]
cell apoptosis

Expression of SMAD2 is correlated with patient survival

SMAD3 In the formation of a tumor, depending on the stage of the cancer, it plays the double role of an oncogene or a tumor [45-48]
suppressor gene

Reduces its expression through mir-4429, and inhibits the appearance, development and metastasis of cancer cells

SMAD4 Plays a very important role in the transduction of the TGF- signaling pathway [32,49]
Maintains the cell cycle in the G1 phase, which leads to abnormal tumor proliferation
Is a tumor suppressor gene
High mutation rate of SMAD4 in CRC patients was associated with poor prognosis, but not with clinical stage

SMAD5 Mediates TGF-B superfamily ligand signaling pathway and thus influences cancer progression [50]
No relevant studies on the role of SMADS5 in CRC patients have been found in the last 5 years

SMAD6 Regulates TGF-p signaling pathway, promotes angiogenesis, stimulates extracellular matrix, and inhibits immunity, thus [51]
contributing to tumor growth, diffusion, and metastasis

No relevant studies on the role of SMAD6 in CRC patients have been found in the last 5 years
SMAD?7 Plays a dual role in different tumor stages, acting as a tumor suppressor gene by inhibiting proliferation and promoting [52,53]

apoptosis in the early stage, and increasing invasion in the late stage, promoting epithelial-mesenchymal transition, which
correlates with the degree of malignancy

SMAD: Small mothers against decapentaplegic homolog; ATG5: Autophagy-related gene 5; CRC: Colorectal cancer; TGF: Transforming growth factor.

various pathways.

Liu et al[49] reported that treatment with exogenous interleukin 6 (IL-6) stimulated STAT3 activation,
increased TGF-B-induced SMAD3 and Snail expression, and inhibited the EMT process, suggesting that
the Janus kinase/signal transducer and activator of transcription 3 (JAK/STAT3) pathway is required
for TGF-B-induced EMT and cancer cell migration and invasion by upregulating SMAD3 and Snail
expression. Moreover, Xu et al[50] showed that the expression of SMAD?2 is correlated with patient
survival. Their results demonstrated that the MIR22 host gene (MIR22HG) has been shown to play a
role in suppressing colorectal tumors by binding competitively to SMAD2, thereby preventing the
interaction between SMAD2 and SMAD4. These data suggest that the MIR22HG silencing promotes the
EMT process and thus tumorigenicity in CRC.

Many papers have been published in recent years that link the action of the TGF-p signaling pathway
to other pathways. The mitogen-activated protein kinase (MAPK) pathway may phosphorylate a group
of proteins that are responsible for altering cell behavior, or conversely, proteins of this pathway may be
activated by extracellular molecules such as cytokines produced by the TGF- signaling pathway. The
extracellular signal-regulated kinase (ERK) pathway inhibits the TGF-p pathway by phosphorylating
SMAD?2 and SMAD3 without translocating them to the nucleus[51,52].

Despite the important roles of SMAD2 and SMAD3 in the TGF-p signaling process, the prevalence of
mutations was estimated up to 6%. Fleming ef al[53] showed that the percentage of mutations increased
with the combined prevalence of SMAD4, SMAD2, and SMAD3 mutations to 14.8% in primary sporadic
CRCs.

Lin et al[54] described that nitrilase 1 (NIT1) suppresses the proliferation of CRC cells through a
positive feedback loop between NIT1 and the TGFB/SMAD signaling pathway because SMAD3
transcriptionally upregulates at the transcriptional level. NIT1 belongs to the carbon-nitrogen hydrolase
superfamily and plays an important role in the suppression of CRC.

Role of SMAD4

A key component of TGF- signaling is SMAD4, which plays an important role as a so-called switch in
deciding whether to stop the cell cycle or progress to the spread of cancer[32]. Impaired TGF-p signaling
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due to the deletion of SMAD4 is detected in 16%-25% of CRCs[55]. Sadeghi et al[56] found SMAD4
mutations in 33.3% of analyzed tissues collected from patients with CRC.

Most SMAD4 mutations occur in the MH2 domain, although this domain represents only 41.5% of the
coding sequence of the entire SMAD4 protein[56-58]. The MH2 domain is essential for homodimer-
ization and heterooligomerization with SMAD2 or SMAD3 proteins. Therefore, mutations in this region
can cause blocks to the growth, inhibition, and apoptosis that is otherwise generally induced by TGE-p.
Moreover, SMAD4 mutations promote inflammation by TGF-p and thus may expand genetically
damaged cells during tumorigenesis[56]. The most frequent mutation of the SMAD4 gene has been
described in CRC which leads to the formation of a salt bridge between Arg361 and Asp351 and which
affects homodimerization and heterooligomerization with SMAD2 and SMAD3[59,60].

Sadeghi et al[56] further described in their publication that the other significant mutations in CRC are
at codons 264 and 271 of SMAD4 protein, which are located in the linker domain, a region required for
subcellular localization and transcriptional activation.

Analyzes of tissue sections by immunohistochemical methods of carcinomas from various organs,
including the gastrointestinal tract have shown a loss of SMAD4 expression in > 50% of colorectal
carcinomas, which is associated with lymph node metastases. SMAD4 loss has been seen in 58% of
pancreatic adenocarcinomas, 27% of appendiceal adenocarcinomas, 16% of cholangiocarcinomas, 10% of
lung adenocarcinomas, and < 5% of esophageal, breast, gastric, and mucinous ovarian adenocarcinomas
[61]. Although the LOH on chromosome 18q can be the main cause of SMAD4 loss in CRC, there are
other posttranscriptional and posttranslational mechanisms that may contribute to SMAD4 protein loss
or dysfunction, such as ubiquitylation, sumoylation, or interference with regulatory microRNA
(miRNA)[62].

Regarding the correlation between SMAD proteins and clinicopathological characteristics, Yang et al
[63] showed that SMAD4 concentrations in CRC patients were significantly higher in the NO stage
compared to patients with NI stage. Regarding patients in advanced stages (TNM III-IV), reduced
concentrations of SMAD4 were recorded in them compared to patients in early stages (TNM I-1I). In
addition, SMAD4 was significantly decreased in patients who were older than 65 years.

Szeglin et al[64] determined probes and corresponding genes from analysis of SMAD-binding
elements (SBEs) that were correlated with SMAD4 expression. They subsequently confirmed that a
SMAD4-modulated gene profile predicted disease-free survival in stage II and III CRC. According to
them, this gene profile has prognostic potential in selected CRC patients.

Role of SMAD7

SMADY acts as an inhibitor of SMAD in the TGF-B/SMAD pathway and may prevent TGF-B-dependent
SMAD2/SMAD4 complex formation and inhibit SMAD2 accumulation in the nucleus (Figure 4).
SMADY may also promote the dephosphorylation and inactivation of TGF-BRI with cooperation of the
E3 ubiquitin ligase SMURF1/2. SMAD7 may also localize to the nucleus and limit the binding of the
SMAD2-3/SMAD4 complex to specific SMAD-responsive DNA sequences[65]. So, SMADY7 plays an
important role in both the cytoplasm and the nucleus, thereby maintaining the balance in the TGF-p
induced signaling pathway. Inactivation of any component in this pathway will result in accelerated cell
growth and dysregulation of apoptosis signals, leading to uncontrolled cell growth and differentiation,
and the induction of cancer cells[66]. Therefore, overproduction of SMAD? leads to significantly
decreased EMT in response to TGF-B[67].

Several studies have reported the significant role of SMADY in sporadic CRC. According to results
published by Li et al[66], SMAD?Y is a target of miR-424, which is implicated in the regulation of SMAD?7
expression via the circTBL1XR1/miR-424 axis.

Boulay and colleagues, in 264 biopsy samples from CRC patients, showed that the deletion of SMAD7
is less common than deletion of SMAD4 and SMAD?2, and patients with such a SMAD? deletion have a
significantly better prognosis than patients without a deletion. Their findings demonstrated that
patients with SMAD? deletions had a low ratio of death risk and relapse, which clearly defined SMAD7
as a negative prognostic marker in CRC patients[68,69].

SMAD?7 and SMAD4 genes are deregulated in CRC, whereas there is a markedly higher increase in
SMAD? expression (~ 11.3-fold) than SMAD4 expression (approximately 2-fold) in tumor cells[70].
SMADY protein expression is closely related to Dukes” stage, CRC invasion depth, and lymph node
metastases, and positively correlates with CRC expression[66].

Less frequently, it has been reported that SMAD7 also has an anti-cancer effect. Gastrointestinal
carcinomas, such as CRC, are characterized by frequent genetic alterations in SMAD components.
Furthermore, depending on the stage of the tumor, SMAD?7 activity can transition from tumor-
suppressive to tumor-promoting (i.e., early vs advanced). Given the opposing roles of TGF signaling,
these seemingly contradicting functions are not surprising[71,72].

REGULATION OF TGF-f SIGNALING PATHWAY BY NON-CODING RNAs

Genes that encode proteins represent less than 2% of the total human genome, while approximately 90%
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Figure 4 Inhibitory effect of small mothers against decapentaplegic homolog 7 on the process of colorectal cancer development. TGF:
Transforming growth factor; SMAD: Small mothers against decapentaplegic homolog.
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of the human genome consists of non-coding RNAs (ncRNAs) that do not encode proteins. ncRNAs are
divided into two larger groups[73]; in one are the housekeeping ncRNAs, including the very abundant
rRNAs and tRNAs, and in the other are the regulatory ncRNAs, including long ncRNAs (IncRNAs),
microRNAs (miRNAs), circular RNAs (circRNAs), PIWI-interacting RNAs, small tRNA-derived RNAs
(tRFs), small nuclear RNAs (snoRNAs), siRNAs and others. The most studied classes of ncRNAs are
IncRNAs, miRNAs, and circRNAs. These types of ncRNAs very significantly regulate or are regulated
by the TGF- signaling pathway|[74].

LNCRNAs AS REGULATORS IN CRC

IncRNAs influence gene expression through several mechanisms, such as silencing of the X
chromosome, modification of chromatin, imprinting of the genome, activation of transcription, and
nuclear transport. Imbalance in regulation of IncRNA transcription has been associated with apoptosis,
angiogenesis, proliferation, invasion, metastasis and drug resistance of CRC[74].

The IncRNAs cancer susceptibility candidate 9 (CASC9) and small nucleolar RNA host gene 6
(SNHGS6) can positively regulate the TGF-B pathway in CRC. CASCY, in particular, increases the stabil-
ization of TGF-B2 mRNA[75], and a study by Zhang et al[76] showed that it targets miRNA-542-3p and
could also increase chemoresistance. The IncRNA SNHGS, on the other hand, targets miR-26a-5p and
increases the resistance of CRC cells to 5-fluorouracil (5-FU).

The IncRNA nuclear paraspeckle assembly transcript 1 (NEAT1) has been verified to participate in
the development and progression of colon cancer[77].

CTBP1-AS2 has an important role in CRC proliferation and metastasis. While CTBP1-AS2 has been
shown to significantly promote activation of the TGF-B/SMAD2/3 signaling pathway, miR93-5p (a
downstream molecule of CTBP1-AS2) has been shown to target the 3'-untranslated region (UTR) of
TGF-p. Furthermore, investigations of the functionally of miR-93-5p showed that its overexpression
exerts an anti-cancer effect by inhibiting the TGF-p/SMAD2/3 pathway[78].
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miRNAs AS REGULATORS IN CRC

miRNA regulates the transcription of genes encoding proteins at the post-transcriptional level. They
perform this task by binding to complementary sequences located in the 3'-UTRs of their target mRNAs
[79]. miRNAs are also competitively inhibited by IncRNAs[24].

In TGF-B signaling, miRNAs can play a stimulatory role, as shown in cells treated with anti-
metabolites and anti-microtubule medicines; this is similar to what has been reported in cases of chemo-
resistance against DNA damaging agents. In particular, miR-423-5p, miR-552, miR-34a, and the miR-17-
92 cluster (miR-17, miR-18a, miR-19a, miR-19b, miR-20a, and miR-92a) are examples of miRNAs that
regulate TGF-p signaling in CRC. Furthermore, SMAD2, SMAD4, and TGF-BRII genes are markedly
associated with miRNA-155 and miR-22, both of which strongly correlate with tumor properties,
suggesting clinical utility in immunotherapy[24]. miR-4666-3p and miR-329 act as tumor suppressor
genes, affecting TGF-BR1 and thus preventing the activation of the TGF-f1/Smad pathway[80]. Finally,
miR-147 overexpression has been shown to inhibit EMT and the TGF-B/SMAD pathway in colon cancer
cells[81].

circRNAs AS REGULATORS IN CRC

circRNAs are formed by back-splicing of linear RNA and connections via covalent linkage. circRNAs
can prevent miRNAs from binding to the 3’-UTR sequence of a particular gene, by attachment to
miRNAs, ultimately regulating gene expression by activating mRNA cleavage or subsequent translation
[82].

circPTENT1 is significantly downregulated in CRC and its expression is positively correlated with
patient prognosis. circPTEN1 binds to the MH2 domain of SMAD4 and prevents the interaction between
SMAD4 and SMAD?2/3, which leads to suppression of translocation of the SMAD complex into the
nucleus, followed by the activation of the transcription of downstream genes that regulate the EMT by
the TGF-p signaling pathway[83].

circPACRGL acts as a miR-142-3p/miR-506-3p sponge to promote TGF-p1 expression and, thus,
promote the differentiation of N1 to N2 neutrophils[84].

Gaining a more comprehensive understanding of the role of ncRNAs in CRC may lead to new
approaches in the treatment of this disease; however, currently, only a limited number of identified and
characterized IncRNAs and circRNAs with a confirmed regulatory role in CRC are known. There
remains an urgent need to investigate the role of other IncRNAs and circRNAs that may facilitate the
prognosis, diagnosis and treatment of CRC.

TREATMENT OF CRC

Over the last 10 years, researchers have developed a new anticancer therapy for patients with advanced
or metastatic cancer. Several recent studies have shown that drug resistance in the treatment of various
cancers, including CRC, is associated with the activation of TGF-B signaling[24]. 5-FU, an anticancer
agent that belongs to the category of antimetabolites, is widely used to regulate metabolic pathways that
are essential for cancer cell proliferation and survival. 5-FU is a standard chemotherapeutic used for the
treatment of CRC patients, and a large proportion of these patients relapse or metastasize during the
course of treatment. In patients with CRC, drug resistance is a key cause of chemotherapy failure and
disease progression[85,86]. Recent research suggests that SMAD4 expression levels correlate with the
prognosis and response to 5-FU and can help guide therapeutic decisions regarding its administration
[67,88]. Reduced concentrations of SMAD3 or loss of SMAD4 suppress the expression of tumor
suppressor genes that are induced by the TGF-f signaling pathway, which in turn leads to the
expression of anti-apoptotic proteins Bcl-2 and Bcl-Wand increased survival of cancer cells resistance to
5-fluorouracil in CRC[89].

The role of TGF-B/SMAD signaling in tumor radiotherapy is controversial. It has been described in
some studies that fibrosis is induced by upregulation of SMAD2/3 after radiation exposure. Reactive
oxygen species (ROS) are involved in irradiation (IR)-induced fibrosis through TGF-f signaling. SMAD
molecules that are activated by the TGF-p signaling pathway regulate ROS production by upregulating
NADP oxidase 4[89,90]. Mutations in some genes, such as tumor protein p53, Ras, SMAD4, and EMT, are
important in radioresistance or radiosensitization and can be controlled by SMAD-dependent or SMAD-
independent TGF-B pathways[91]. Publications in recent years suggest that TGF-p signaling through
various mechanisms, especially through miRNA-mediated regulation, plays an important role in the
resistance of tumor cells to DNA-damaging agents. In CRC, miR-34a interacts directly with the 3’-
untranslated region of SMAD4 and suppresses TGF-/SMAD4 signaling. In patients with oxaliplatin-
resistant CRC, miR-34a is downregulated to increase macroautophagy by activating the TGF-p/SMAD
pathway[92,93].
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ANTI-TGF-B THERAPIES

The objective of targeting TGF-p signaling as a therapeutic approach to treat cancer is supported by a
plethora of findings from genetic and preclinical studies. Several strategies have been tested thus far
that aim to block the TGF-B signaling pathway (Figure 5). These include: (1) Preventing TGF-B
production or expression of its receptor by antisense oligonucleotides (ASOs; short synthetic single-
stranded nucleic acids that bind to RNA to regulate gene expression); (2) preventing TGF-p activation
via integrin-blocking antibodies, in which the antibodies compete with the TGF-p ligand to bind to its
receptor, as well as the ability to block the activation of latent TGF-B (both steps are crucial for TGF-B to
elicit its protumorogenic and immunosuppressive responses); (3) inhibiting the interaction between
TGEF-B and its receptor with neutralizing antibodies to TGF-p, blocking antibodies to TGF-BRII or ligand
traps (engineered soluble forms of the receptor that compete with the cell-bound receptor); (4)
preventing intracellular TGF-B receptor signal transduction via small-molecule kinase inhibitors, which
bind to the ATP-binding domain of TGF- kinase and inhibit ATP kinase activity, thereby blocking the
downstream signaling cascade[94]; (5) immune checkpoint inhibitors (ICIs), which have essential roles
in modulating the immune system. This group includes monoclonal antibodies that send inhibitory
signals to T cells, enhancing T cells” antitumor immune response and improving antitumor defense. In
addition to immunoregulatory cells such as regulatory T cells (Tregs), M2 macrophages, and myeloid-
derived suppressor cells (MDSCs), the cytokine TGF-p also has the ability to control and modulate T cell
functions. This is facilitated by the release of molecules that are able to activate specific ICIs. In this way,
activation of inhibitory immune checkpoints, such as cytotoxic T-lymphocyte-associated protein-4
(CTLA-4), programmed cell death-1/Ligand (PD-1/PD-L1), lymphocyte-activation gene 3 (LAG3), or T-
cell immunoglobulin-and mucin domain-3-containing molecule 3 (TIM-3) can disrupt cytotoxic T-
lymphocyte (CTL) proliferation in CRC and reduce the immune response against cancer[95]; (6) vaccine-
based approaches to modulate TGF-p signaling, which have been applied with the aim of facilitating the
immune destruction of cancer cells in many different tumor types. It is important to realize that tumors
are able to prevent the activation of the immune system by hiding tumor cell antigens and also suppress
the immune system. Thus, cancer vaccines will help to activate and maintain an anti-tumor immune
response; and (7) adoptive cell therapy, which is a form of passive immunotherapy that involves
transferring immune cells or molecules to the host[96].
Many of these agents have been or are being evaluated in clinical trials to treat CRC (Table 3).

SMALL MOLECULE INHIBITORS OF SMAD EXPRESSION AND PHOSPHORYLATION

Since SMAD molecules have an important role in the TGF- signaling pathway, great efforts have been
made for the search of SMAD activation inhibitors. Indeed, it has been shown that SMAD3 silencing can
suppress cancer cell growth and metastasis by increasing the cancer-killing activity of natural killer
(NK) cells. Thus, the selective inhibition of the SMAD3 protein with a potent, low toxicity drug could
provide a promising anticancer treatment. Some compounds have shown good inhibitory activity
against SMAD 2 or SMAD3 through direct or indirect downregulation of their respective expressions
and phosphorylations[97].

Peptide aptamers or DNA aptamers are artificial short peptides, respectively single-stranded DNA or
RNA nucleotides, which are antibody-like in function. Aptamers can bind specific molecules with high
specificity and affinity. SMAD2-and SMAD3-binding aptamers have also been established. Upon
binding to SMAD2 or SMAD3, the aptamer prevents their binding and complex formation, thereby
arresting TGF-p signaling[98,99]. Aptamers also have the potential to be used more frequently in clinical
practice, from disease diagnosis to targeted delivery of therapeutic agents. Their simplicity in manufac-
turing and lengthy shelf life significantly improve this potential[100].

The specific inhibitor of SMAD3 (SIS3) is a synthetic substance that specifically inhibits the
phosphorylation of SMAD3 and thus its binding to SMAD4[101]. Furthermore, targeting the inhibition
of SMAD?3 is currently considered a promising therapeutic strategy in the treatment of cancer[102].

MEDICATION THERAPEUTIC STRATEGIES THROUGH THE TGF-B /SMAD SIGNALING
PATHWAY

The effects of several potential molecules that induce tumor growth or inhibit the proliferation and
metastasis of carcinoma cells through regulation of the TGF-B/SMAD signaling pathway have been
described[103]. Baicalein is a major flavonoid, originally extracted from the edible medicinal plants of
Scutellaria baicalensis and S. lateriflora. Baicalein reduces the concentrations of phosphorylated SMAD2
and SMAD3, without affecting the total levels of SMAD2 and SMAD3 and thus inhibits the TGF-p
/SMAD?2/3 signaling pathway in fibroblasts in vitro and in vivo without affecting SMAD 1, 5, and 8 in
the BMP signaling pathway[104].
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Table 3 Clinical trials of drugs for the treatment of colorectal cancer (United States National Library of Medicine; ClinicalTrials.gov)

Clinical trials
(phase)

Drug Target Mechanism of action

Antisense oligonucleotides

NCT00844064 (I)
Antibodies

NCT04952753 (IT)

NCT02947165 (I)

NCT01646203(I)

Ligand traps
NCT03436563 (I/1I)
NCT02517398(T)

NCT04856787
(11/1I)

AP12009 (trabedersen) TGEF-p2 By binding to TGF-BII mrna, its expression is reduced

NIS793 TGEF- Reduction of active cytokine, reduction of SMAD2/3 phosphorylation, and reduction of
TGF- target gene expression

NIS793 TGEF-B Reduction of active cytokine, reduction of SMAD2/3 phosphorylation, and reduction of
TGF-p target gene expression

IMC-TR1 TGF-BRII Reduction of active cytokine, reduction of SMAD2/3 phosphorylation, and reduction of
TGF-p target gene expression

M7824 TGE-BRII Bifunctional anti-PD-L1/TGF-BRII trap fusion protein

Bintrafusp alfa TGF-BRII and  First-in-class bifunctional fusion protein composed of a mab against PD-L1 fused to the
PD-L1 extracellular domain of the TGF-p receptor II

SHR-1701 TGEF-BRII Bifunctional anti-PD-L1/TGEF-BRII agent

Small molecule receptor kinase inhibitors

NCT04031872 (I/11)

NCT05400122 (I)

NCT03724851 (I/1I)

LY3200882; TGF-BRI By blocking ATP binding to TGF-BR, receptor kinase activity and signal transduction are
capecitabine reduced

Vactosertib TGF-BRI Inhibits the activity of TGF-BR1

Vactosertib + TGF-BRI Inhibits the activity of TGF-BR1

Pembroli-zumab

NCT03470350 (I/1I) ~ Galunisertib TGF-BRI Inhibits the activity of TGF-BR1

Immune checkpoints

NCT04540159 TGF-p1 Measuring the level Active TGF-B1 by flow-cytometric analysis in the intraabdominal
ascites

Adoptive cell therapy

NCT03431311 (I/I) ACT TGEF-BII ACT with Radium-1 TCR + T cells transiently redirected against the TGF-BRII frameshift
antigen which is expressed in MSI+ colon cancer.

NCT05040568 (I) CB-NK-TGF-i2R2- Immunotherapy with ex vivo preactivated and expanded CB-NK cells in combination

/NR3C1 with cetuximab

ACT: Adoptive cell therapy; TGF: Transforming growth factor.
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Ginseng is valued as the most important medicinal plant in traditional Chinese medicine. The major
constituents of ginseng are ginsenosides. Ginsenoside Rg3 has an inhibitory effect on the TGF-$/SMAD
and ERK signaling pathways in keloid fibroblasts and increases mRNA expression levels in SMAD7
[105]. Dai et al[106] showed that ginsenoside Rb2 can inhibit the expression of SMAD4 and
phosphorylated SMAD2/3 in CRC cells.

Kaempferol is a natural flavanol, a type of flavonoid, found in a variety of plants and plant-derived
foods, including kale, beans, tea, spinach, and broccoli. It binds to the TBRI, leading to its inactivation.
This results in inhibition of the TGF-B/SMAD signaling pathway due to reduced phosphorylation of
SMAD2/3[107].

Loureirin B, a flavonoid extracted from Dracaena cochinchinensis, is used in traditional Chinese
medicine (TCM). Loureirin B upregulates the expression of MMP-1, MMP-3, MMP-9, and MMP-13 and
thus causes degradation of extracellular matrix, inhibits the phosphorylation of SMAD2 and SMAD3
and thus effectively suppresses the TGF-$/SMAD pathway[108].

Galangin is a polyphenolic compound derived primarily from different medicinal herbs, the effect of
which is the downregulation of SMAD2 and SMAD3 phosphorylation without altering the expression of
total SMAD2, SMAD3, SMAD4, SMAD6, and SMAD7[109].

Celastrol is a pharmacologically active substance extracted from Tripterygium wilfordii Hook F, which
is used in TCM to treat cancer and other inflammatory diseases[110]. Zhang et al[111] showed that
celastrol reduces the levels of SMAD4 and phosphorylated SMAD2/3. Together, celastrol may inhibit
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Figure 5 Inhibition strategies of transforming growth factor-§ signaling pathway and miRNAs targets for colorectal cancer treatment.
TGF: Transforming growth factor; SMAD: Small mothers against decapentaplegic homolog.

CRC through TGF-B, which is a promising treatment for CRC.

Qingjie Fuzheng granules are TCM comprising a 4-herb mixture, composed of Hedyotis diffusa Willd,
malt, Astragalus, and S. barbata D. Don significantly inhibits the expression of several key proteins in the
canonical TGF-B/SMAD pathway, including TGF-B, phosphorylated SMAD2/3, and SMAD4. This
inhibition leads to a decrease in the ratio of N-cadherin to E-cadherin, indicating that EMT is inhibited
[111].

CONCLUSION

Antitumor immunity is mediated by macrophages, NK cells, granulocytes (polymorphonuclear
leukocytes, PMNSs), T cells, and antibodies. In recent years, the particular role of PMNs in regulation of
adaptive immunity, especially in cancer, has emerged. PMNs in cancer are functionally diverse, with
some authors describing their antitumor activity, but the number of publications in which the authors
confirm their negative regulation of immune responses and their presence in cancer patients associated
with poor prognosis and therapeutic outcomes is increasing. These cells suppress the physiological role
of T and B lymphocytes and NK cells, and also promote tumor progression and metastasis through non-
immune mechanisms. Cytokines produced by tumor cells [vascular endothelial growth factor (VEGF),
TGF-B] also play a similar role when they inhibit T cell development and function. TGF-f, as an
immunosuppressive factor, significantly affects the proliferation, activation, and differentiation of
immune effector cells. Epigenetic changes that may be affected by the TGF-B pathway in CRC should be
carefully studied because the mechanisms of drug resistance are different between patients in different
stages of cancer and personalized treatment is more effective. Therefore, knowledge of the activation
and inhibition of factors that affect the TGF-f signaling pathway is very important.
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