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Abstract. Colorectal cancer (CRC) is the third most frequently 
detected type of cancer, and the second most common cause 
of cancer‑related mortality globally. The American Cancer 
Society predicted that approximately 147,950 individuals 
would be diagnosed with CRC, out of which 53,200 indi‑
viduals would succumb to the disease in the USA alone 
in 2020. CRC‑related mortality ranks third among both males 
and females in the USA. CRC arises from 3 major pathways: 
i) The adenoma‑carcinoma sequence; ii) serrated pathway; and 
iii) the inflammatory pathway. The majority of cases of CRC 
are sporadic and result from risk factors, such as a sedentary 
lifestyle, obesity, processed diets, alcohol consumption and 
smoking. CRC is also a common preventable cancer. With 
widespread CRC screening, the incidence and mortality from 
CRC have decreased in developed countries. However, over 
the past few decades, CRC cases and mortality have been on 
the rise in young adults (age, <50 years). In addition, CRC 
cases are increasing in developing countries with a low gross 
domestic product (GDP) due to lifestyle changes. CRC is an 
etiologically heterogeneous disease classified by tumor loca‑
tion and alterations in global gene expression. Accumulating 
genetic and epigenetic perturbations and aberrations over time 
in tumor suppressor genes, oncogenes and DNA mismatch 
repair genes could be a precursor to the onset of colorectal 
cancer. CRC can be divided as sporadic, familial, and inherited 
depending on the origin of the mutation. Germline mutations 
in APC and MLH1 have been proven to play an etiological role, 
resulting in the predisposition of individuals to CRC. Genetic 
alterations cause the dysregulation of signaling pathways 

leading to drug resistance, the inhibition of apoptosis and the 
induction of proliferation, invasion and migration, resulting in 
CRC development and metastasis. Timely detection and effec‑
tive precision therapies based on the present knowledge of 
CRC is essential for successful treatment and patient survival. 
The present review presents the CRC incidence, risk factors, 
dysregulated signaling pathways and targeted therapies.
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1. Introduction

Based on GLOBOCAN 2018 statistics, colorectal cancer 
(CRC) ranks as the third most frequently detected cancer and 
the second prominent cancer‑related fatality worldwide despite 
the advent of better screening for early detection and thera‑
peutic advances (1). By the year 2030, the incidence of CRC 
is predicted to increase by 60% in developing countries (2). 
Adenocarcinomas constitute >90% of CRC cases developing 
as a malignant lesion in glandular epithelial cells of the large 
intestine comprising of the colon and rectum (3). The majority 
of CRC cases (60‑65%) are sporadic (without a family history 
of CRC) acquiring somatic mutations and epigenetic altera‑
tions from modifiable risk factors (4). CRC due to hereditary 
components is estimated to be approximately 35‑40% (5,6) 
while family history attributes to approximately 25% of cases 
without any disease phenotype (3). CRC is found to be inherit‑
able in 5% of cases known as hereditary non‑polyposis CRC 
(HNPCC) or familial adenomatous polyposis (FAP) induced 
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by adenomatous polyposis coli (APC), MutL homolog 1 
(MLH1) and MutS homolog (MSH2) germline mutation (3). 
The development of CRC involves 3 global genetic and 
epigenetic aberrations: i) Chromosomal instability (CIN); 
ii) methylation of CpG island methylator phenotype (CIMP); 
and iii) instability of microsatellite DNA regions (MSI) (7‑9). 
The majority of sporadic cases of CRC (85%) result from CIN 
due to structural and numerical alterations, leading to the loss 
or gain of chromosomal segments, rearrangements leading 
to genetic instability and the loss of heterozygosity  (10). 
The loss of heterozygosity (LOH) causes alterations in copy 
number variations. On the other hand, CIMP augments 
alterations in the methylation frequency of CpG islands in 
promoter regions of tumor‑suppressor genes, rendering their 
subdued expression or complete silencing (11,12). Noticeable 
CRC cases have also been attributed to the unstable nature 
of microsatellite DNA (MSI) causing an alteration in the 
microsatellite length and are caused by the loss of DNA 
mismatch repair gene MLH1 driving hypermethylation and 
subsequent gene silencing  (13). Alteration in these events 
results in the perturbation of tumor‑associated genes, leading 
to changes in the cell cycle, which ultimately affects different 
cellular behaviors viz. cellular invasion, migration, prolif‑
eration and altered cell‑to‑cell signaling, leading to initiation 
and progression to CRC.

Naturally, the progression of CRC results from 4 steps: 
i)  Initiation; ii) promotion; iii) progression and iv) metas‑
tasis (14). In initiation, irreversible genetic alteration leads 
to neoplastic transformation. Promotion involves cell 
proliferation leading to abnormal growth. In the progression 
phase, these genetic/epigenetic aberrations provide a selective 
advantage to cells, converting benign cells to malignant cells, 
which further progress to gain aggressive characteristics and 
metastasis, which is indicative of advanced disease character‑
istics with the potential to spread to other organs of the body 
through the blood and lymph nodes.

The detection of CRC is defined as stages that reflect 
the extent of disease progression. As per the American Joint 
Committee on Cancer, the staging of CRC is based on the 
TNM (tumor‑nodes‑metastasis) system  (15). Tumor stage 
(T) characterizes the extent of tumor infiltration into the 
bowel wall, nodal stage (N) refers to local or regional lymph 
node spread and metastatic spread (M) defines the presence 
of distant metastasis. After the TNM characterization, the 
disease is assigned into 4 stages (I‑IV) categorizing stages I‑II 
as early and stage III‑IV as late‑stage CRC (15).

Alterations in genetic and epigenetic components lead to 
the aberrant activation of signaling pathways, a pre‑requisite 
for the progression from a benign to a malignant tumor. 
Crosstalk between signaling pathways further promotes 
the disease stage to metastasis, which is the main cause of 
CRC‑related mortality (16). Despite advancements being made 
in early diagnosis and treatments that include surgery and 
chemotherapy, significant numbers of patients with early‑stage 
CRC tend to develop metastasis and thus succumb to the 
disease. With the advent of robust next‑generation sequencing 
techniques, numerous deleterious single nucleotide polymor‑
phisms (SNPs) and mutations have been identified in genes 
directly or indirectly linked with CRC that may be the cause of 
carcinogenesis (17). According to Fearon and Vogelstein (18), 

a tumor acquires driver mutations, leading to the dysregula‑
tion of signaling pathways specifically targeting cell growth 
and differentiation, leading to colorectal carcinogenesis 
and further resulting in the metastatic phenotype. The most 
prevalent is the Wnt signaling pathway resulting from the 
APC mutation and is regarded as the earliest genetic lesions 
to induce cell transformation (19). Thus, understanding the 
signaling pathways underlying the adenoma‑carcinoma 
sequence is essential for the identification of novel biomarkers 
for diagnosis and targeted therapeutics for CRC treatment. 
The present review article discusses various incidences and 
events linked with the development and progression of CRC 
and dysregulation in signaling pathways (Wnt, epidermal 
growth factor receptor (EGFR), PI3K/AKT, vascular endo‑
thelial growth factor (VEGF), hepatocyte growth factor 
(HGF)/mesenchymal‑epithelial transition factor (cMET), 
Notch, Hedgehog, Hippo, NF‑E2‑related factor 2 (Nrf2) and 
immune checkpoint) that can cause malignancy. An overview 
of multiple targeted therapeutics that may help attenuate the 
course of the disease is also presented.

2. Incidence of colorectal cancer

The acquisition of genetic and epigenetic aberrations leads to 
the transformation of normal cells into benign lesions, which 
later become malignant. CRC arises as adenocarcinoma from 
glandular epithelial cells of the large intestine comprised of the 
colon and rectum. The development of CRC may take several 
years by establishing the dysregulation of several signaling 
pathways and avoiding multiple regulatory routes. Malignant 
cells arising in the large intestine constitute CRC. This includes 
the colon and rectum and since these include common features, 
it is grouped and termed ‘colorectal cancer’. CRC is the most 
prevailing cancer of the gastrointestinal tract. The growth of 
the majority of CRCs begins in the innermost colon linings or 
rectum in the form of polyps. Not all polyps are cancerous; 
however, depending on their type, over time, some polyps 
can become cancerous. There are 2 main types of polyps: 
i) Adenomatous polyps, which are termed ‘pre‑cancerous’ as 
they can sometimes develop into cancer; and ii) hyperplastic 
polyps (HPs) and inflammatory polyps, which are common, 
and they are generally not pre‑cancerous. Several other factors 
can increase the risk of polyps developing into CRC, such as: 
If the polyp size increases by >1 cm, if the number increases 
by >2, and if dysplasia occurs following polyp removal.

As has long been considered, CRC develops using the clas‑
sical pathway of adenoma to carcinoma route (20). Recently, 
another alternate pathway was coined as the serrated pathway. 
In this pathway, HPs were regarded as insignificant and only 
adenomas were responsible for CRC; accumulating evidence 
indicates that serrated polyps may form precursors to CRC, as 
well as through the serrated neoplasia pathway (21). Currently, 
patients with CRC with several serrated polyps classified as 
serrated polyposis syndrome have been demonstrated to have 
an increased risk of developing CRC (22). Small tumors are 
diagnosed within serrated lesions. It has been suggested that 
10‑30% of CRC cases develop from the serrated neoplasia 
pathway (23). Longacre and Fenoglio‑Preiser described serrated 
adenomas for the first time (24). Serrated polyps are hetero‑
geneous lesions histologically marked by glandular serration. 
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Colonic epithelial cells from crypts display luminal saw‑toothed 
morphology. In 2010, the WHO classified serrated polyps into 
3 groups: i) HPs; ii)  sessile serrated adenoma/polyps; and 
iii) traditional serrated adenoma (TSA) (25). Three‑quarters 
of serrated polyps constitute HPs. HPs establish earlier than 
traditional adenomas; however, after 50 years, their occurrence 
does not increase significantly (26,27). They develop as flat, 
sessile and pale lesions of approximately 5 mm in diameter 
and are etiologically located at the end of rectal mucosa folds. 
Sessile serrated adenoma/polyps (SSA/P) represent 15‑20% of 
all serrated polyps and these lesions are either flat or slightly 
elevated located in the proximal colon (28,29). TSAs are not 
very common polyps and constitute up to 5% of serrated 
polyps. They are found in the elderly and are located on the 
left side of the colon (30).

Incidence rates worldwide. CRC is the third most major type 
of cancer diagnosed in both sexes globally. Approximately 
1.8 million new cases are reported annually that account for 
approximately 10% of all common cancers investigated glob‑
ally, leading to approximately 9 million fatalities in 2018 itself 
that is 9.2% of all the cases investigated globally (31), as per 
the International Agency for Research on Cancer report 2018. 
Reports suggest a large topographical variation in the incidence 
and mortality of CRC among several countries worldwide 
(Fig. 1) (7). CRC is more prevalent in developed countries 
than economically transitioning countries (Brazil, Slovakia 
and China) where incidence rates have increased; however, the 
overall risk of CRC remains low. Incidence rates are decreasing 
with a higher human development index (HDI; North America 
and Europe), trailing a peak (USA, New Zealand and France), 
or increasing (Spain, Italy and Norway). In Saudi Arabia, CRC 
is the most common type of cancer in males (19.6%), while 
the third most common cancer in females (9.5%), causing 
highest cancer‑related mortality (32). Several countries have 
taken major initiatives, such as screening, resulting in the early 
detection of CRC along with better treatment management that 

has decreased mortality rates. However, some countries still 
need to improve the screening process with a more effective 
medical set up, so that CRC can be detected at an early stage 
and thus treatment can be improved. Statistics suggest a spike 
in CRC growth and mortality rates after 50 years of age. An 
estimated 90% of worldwide cases and deaths have been 
observed after this age. It is also noteworthy that the incidence 
rate in males is 30% higher compared to females, with wider 
variations for rectal cancer (60% higher) than for colon cancer 
(30% higher). Females also exhibit a lower susceptibility to 
malignancy overall. Older females, however, (≥50 years) are 
more prone to developing adenomas in the proximal colon 
than males. Sex inequalities and lifestyle habits follow differ‑
ences in exposures to risk factors, such as smoking and sex 
hormones, as well as complex interactions between these 
factors.

3. Types of colorectal cancer

The majority of CRCs are adenocarcinomas, a type of tumor 
that contributes to 96% of colon and rectal cancers. These 
adenocarcinomas line the inside of the colon and rectal tissues. 
Despite its occurrence in the large intestine, CRC is a deeply 
heterogeneous disease with subtype variations, causes and 
clinical outcomes. Depending on its anatomical site, CRC 
subtypes have been divided into 3 segments: Proximal colon, 
distal colon and rectal cancer (Fig. 2A) (33). The proximal 
and distal colon located within the peritoneal cavity and the 
rectum lies within the pelvis. The embryo of the proximal 
colon usually begins from the midgut, whereas the distal colon 
contains segments from the splenic flexure to the upper anal 
canal and rectum appears from the hindgut. These subtypes are 
comprised of branches of the superior and inferior mesenteric 
artery, respectively. Several studies reveal that CRC subtypes 
present at different anatomical sites possess distinct risk 
factors i.e., smokers are at an increased risk of proximal colon 
cancer and rectal cancer (34). Due to etiological heterogeneity 

Figure 1. Map showing estimated age‑standardized cancer incidence rates (worldwide) in 2018, colon and rectum, both sexes, all ages [reproduced from 
http://globocan.iarc.fr/ (31)].
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of CRC with tumor locations, major functions, such as nutrient 
absorption and fecal storage of the colon and rectum occurs in 
distinctly different segments of the large intestine, for example, 
sodium and water absorption rates are highest in the cecum 
and decrease progressively towards the rectum. This is also 
due to the functional variations of different segments of the 
large intestine. Demographic factors also contribute to the risk 
associated with CRC. The European Prospective Investigation 
into Cancer cohorts places females at a higher risk of proximal 
colon cancer (34%) compared to males (25%) (34) and this is 

age‑dependent i.e., increases with age (35% for individuals 
<60 years of age to 60% for individuals >70 years of age) (35). 
It has also been observed that subtypes of CRC are widely 
distributed based on ethnicity: Proximal colon cancer is more 
prevalent among Caucasians and individuals of African origin 
(USA: Proximal colon cancer accounts for 44 and 49%; rectal 
for 29 and 25%; and distal for 27 and 26% among Caucasians 
and African‑American individuals, respectively)  (36). In 
Asian countries, such as Korea, rectal cancer is more prevalent 
(rectal, 52%; proximal, 22%; and distal, 26%) (37), whereas, 

Figure 2. (A) Anatomical subtypes of colorectal cancer and their associations with tumor molecular features and other factors. (B) Colorectal adenoma‑carci‑
noma sequence. The APC mutation is the first step transforming normal colorectal epithelium to adenoma. The adenoma‑carcinoma sequence is caused by 
three major pathways: CIN, MSI and CIMP. CIN, chromosomal instability; MSI, microsatellite instability; CIMP, CpG island methylator phenotype; APC, 
adenomatous polyposis; KRAS, KRAS proto‑oncogene GTPase; BRAF, B‑Raf proto‑oncogene serine/threonine kinase; TP53, tumor protein 53; LOH, loss of 
heterozygosity; HNPPC, hereditary non‑polyposis colorectal cancer; MLH1, mutL homolog 1; MSH2, mutS homolog 2; DCC, DCC netrin 1 receptor; TGFBR, 
transforming growth factor‑β receptor; BAX, BCL2 associated X apoptosis regulator; IGF2R, insulin like growth factor 2 receptor; CDC4, cell division control 
protein 4.
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32‑34% of each subtype CRC cases are uniformly shared 
among Asian‑Pacific Islanders (API) across the 3 colorectal 
sections (36).

Hereditary and non‑hereditary CRC. The majority of CRC 
cases are sporadic with no family history or a predisposition 
to illness in individuals, although almost 1 out of 3 individuals 
with a family history of CRC develop the disease. The average 
lifetime risk of developing CRC in most western populations is 
in the range of 3‑5%. However, individuals with a family history 
of CRC in first‑degree family members diagnosed at 50‑70 years 
of age are at a double risk; the risk triples if the relative is 
<50 years of age at the time of diagnosis. The risk of developing 
CRC increases with ≥2 diagnosed first‑degree family members 
at any stage. There may be several reasons for the increased 
risk, such as genetics, environmental factors, or a combination 
of both. Approximately 5‑10% of the specific subgroup of 
individuals who develop CRC symptoms have inherited gene 
mutations that cause hereditary cancer syndrome, rendering 
them prone to developing the disease. It has been observed that 
FAP and HNPCC also known as Lynch syndrome, are the most 
prevailing inherited syndromes linked to CRC, accounting for 
approximately 2‑4% of all CRC cases (38).

HNPCC/Lynch syndrome. HNPCC is the most widespread 
inherited colorectal syndrome with an estimated 1 in 3,000 
affected individuals in western populations (39). Germline 
mutations in any of the mismatch repair genes, namely MLH1, 
MSH2, MSH6, PMS2 and epithelial cell adhesion molecule 
(EPCAM) have been reported to be associated with HNPCC. 
Generally, tumors harbor MSI (40), which primarily occurs 
due to the inability to rectify strand slippage within repetitive 
DNA sequences, leading to alterations in the mononucleo‑
tide or dinucleotide repeats, thus also altering the size and 
arrangement of microsatellites, which are strewn throughout 
the genome (12). This can be identified by a PCR test and 
immunohistochemical analysis, which can pinpoint the loss 
of expression of the mismatch repair protein factors (40‑43). 
Individuals affected with ‘non‑polyposis’ tend to have polyps 
from the defined spectrum, leading to cancer progression 
within 2‑3 years, as compared to the 8‑10 years of the ‘normal’ 
community.

FAP. FAP is the second major type of hereditary CRC 
syndrome, which accounts for >1% of all CRC cases (44). This 
syndrome affects almost 1 in 11,300‑37,600 individuals in the 
European Union (45) and is caused by hereditary germline 
mutation in the APC gene, which regulates the activity of the 
Wnt signaling pathway (46). Unlike patients with HNPCC 
who develop a few adenomas, patients with FAP tend to 
develop numerous adenomas, primarily in the distal colon at 
a younger age (44). Among the numerous adenomas in FAP, 
one or more adenomas undergo malignant transformation, 
virtually increasing the risk of developing CRC to 100% by 
40 years of age, unless the colon, or sometimes the rectum, is 
not removed (47).

Early‑onset colorectal cancer (EOCRC). The incidence of 
EOCRC is increasing in countries, such as the USA and 
Canada at an alarming rate, becoming the second most 

common type of cancer, and the third most common cause of 
cancer‑related mortality in individuals <50 years of age (48). 
Over the past 4 decades, the incidence of EOCRC has 
increased rapidly and by the year 2030, it is further expected 
to increase by >140%  (49,50). The incidence rates are 
inversely associated with age i.e., increasing significantly in 
younger individuals and decreasing in older individuals. Up 
to 13% of cases of EOCRC have been reported to be linked 
to a germline mutation in mismatch repair genes mentioned 
above, underlying hereditary CRC syndromes (51). Although 
early‑onset CRC patients have a higher risk of the prevalence 
of hereditary syndrome, approximately half the patients 
with early‑onset CRC do not have any family history of the 
disease (52). Studies have indicated a prominent difference in 
pathological characteristics between the elderly and younger 
groups of CRC patients (53), demonstrating an increase in 
EOCRC at a younger age, but often being detected at a higher 
stage (54,55). CRC diagnosed in younger patients is commonly 
symptomatic, at a later stage, mucinous and involves poorly 
differentiated tumors (56‑58). The cancer‑specific survival 
of younger individuals is markedly higher than older 
individuals  (53). No statistically significant difference in 
the disease‑free survival between these 2 groups has been 
demonstrated over the past 5 years (63.2% in both the young 
and elderly group) (53). Between 1992 and 2014, there was 
a significant increase in the number of young male patients 
with CRC than older patients (53.3% in the young and 49.7% 
in the older group). Compared to patients of a screening age 
(≥50), younger patients with CRC were mostly of African 
origin (16.8 vs. 10.4%), Asian/Pacific Islander (API) (5.6 vs. 
2.2%) and Hispanic (13.1 vs. 6.0%). In younger patients with 
CRC, there are high proportions of rectal (39.5 vs. 27.7%) 
and distal colon (43.9 vs. 33.8%) cancers as compared to 
elderly patients with a higher percentage of proximal colon 
cancers (58.2 vs. 48.2%) (54). However, the reason for 
EOCRC remains unclear, although certain risk factors, such 
as prolonged exposure to carcinogens and early childhood 
exposure serve as critical determinants of risk (31).

Several other physical factors, such as body weight, age, 
sex, body mass index (BMI) and lifestyle behaviors, such as 
smoking, etc. have also been associated with EOCRC. Weight 
loss may be an early symptom of EOCRC (59). Furthermore, 
females with a BMI of >30 have a higher risk of developing 
EOCRC (95% CI, 1.15, 3.25) compared to those with a normal 
BMI (60). Low et al suggested that smoking is not associated 
with the risk of EOCRC; neither current nor former smokers are 
at a risk of developing CRC as compared to non‑smokers (59). 
Rectal cancer has a higher chance of developing into EOCRC 
than colon cancer, whereas, in late‑onset cases, obesity is the 
major risk factor for colon cancer (61,62). These differences 
indicate several factors associated with EOCRC and further 
studies are required to identify the major associated risk 
factors.

4. Mutation basis and occurrence of colorectal cancer

CRC is a heterogeneous disease, resulting from the continuous 
accumulation of both genetic and epigenetic alterations 
within cells, leading to the transformation from a colorectal 
adenoma to a colorectal adenocarcinoma. This transformation 
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is associated with 3 major pathways of genome instability, 
namely CIN, MSI and CIMP, of which the latter 2 fall under the 
alternate serrated pathway (Fig. 2B) (63). The most common 
is CIN (chromosomal number and structural alterations) that 
leads to karyotyping variability among cells (64). The second 
most common pathway is MSI (molecular alteration and 
hyper‑mutable phenotype), which constitutes approximately 
15‑20% of CRC  (65) caused by defective DNA mismatch 
repair system (66). MSI can be defined as ‘alterations in the 
number of repetitive DNA in microsatellites (also known as 
short tandem repeats) throughout the genome sequence (67). 
The third pathway contains a high density of methylated genes 
termed CIMP cancers  (68). This type of cancer is mainly 
located on the proximal side of the colon (up to 40% of the 
cases) and appears in serrated polyps instead of adenomas (69).

5. Molecular pathways of colorectal cancer

CIN pathway. A number of studies have concluded that 
the majority of human tumors are heterogeneous in nature 
forming a ‘mutator‑phenotype’ due to continuous accumula‑
tion of multiple mutations that occur during cell division 
in cancer cells that generally function to maintain genetic 
stability (70). Both CIN and MSI are well defined and detected 
by karyotype and PCR‑based analysis, respectively; however, 
due to difficulty in predicting random mutations, particularly 
point mutations that limit the search for evidence of a mutator 
phenotype at single base‑levels (70), the ‘mutator phenotype’ 
may exhibit various manifestations, including increased muta‑
tion rates and genetic evolution of cancer cells that propel 
tumor progression (71). The mutator‑phenotype may be an 
attractive target for cancer therapy due to common features in 
the majority of cancers (72).

CIN appears in 70% of sporadic CRC cases. CIN causes 
an alteration in chromosome number, involving gain or losses 
of the whole or a large part of chromosomal aneuploidies, 
resulting in a rearrangement of chromosomes (karyotyping) 
from cell to cell (73). LOH and an imbalance in chromosome 
number (aneuploidy) are the most common characteristics 
of CIN. There are several techniques to measure CIN, such 
as cytometry, LOH analysis, karyotyping, fluorescent in situ 
hybridization (FISH) and a recently developed technique 
known as comparative genomic hybridization (CGH). CGH 
utilizes DNA microarray or ‘chips’ that are commonly used 
to detect copy number variations (74). In this advanced CGH 
microarray technique, cloned DNA fragments with precise 
genomic positions are used against the metaphase chromo‑
somal arrangement in conventional CGH (75). It is not always 
upfront to categorize tumors as CIN‑positive vs. CIN‑negative 
based on these different methods and criteria rather different 
sub‑categories of CIN‑high and CIN‑low for CIN‑positive 
tumors have been proposed in several studies (76‑78). Moreover, 
CIN contributing to CRC tumorigenesis through the aggrega‑
tion of mutations in specific oncogenes, including B‑Raf 
proto‑oncogene serine/threonine kinase (BRAF), KRAS 
proto‑oncogene GTPase (KRAS), tumor protein p53 (TP53) 
and tumor‑suppressor APC gene (12,75). The multistep genetic 
model proposal by Fearon and Vogelstein, which is now widely 
accepted, examines the different stages of tumor development 
i.e., from small adenomas to large adenocarcinomas (18). The 

model demonstrates the various events occurring at different 
stages of tumor development i.e., from normal colorectal 
epithelium to metastatic carcinomas (79). The first event is 
the mutation of APC, transforming normal colorectal epithe‑
lium to adenoma, followed by oncogenic KRAS mutation at 
early adenomatous stage and ultimately inactivation of the 
tumor‑suppressor gene TP53 on chromosome 17p and the dele‑
tion of chromosome 18q occurring during the progression to 
malignancy (80‑82). APC is a tumor suppressor gene located 
at chromosome 5, which is responsible for familial adenoma‑
tous polyposis constituting approximately 85% of colorectal 
cancer cases without a hereditary relationship (83,84). APC 
and CTNNB1 (β‑catenin) are the most frequently mutated 
genes in CRC. APC mutation breaks the association between 
APC and β‑catenin, resulting in a large amount of β‑catenin 
in the cytoplasm and the overactivation of the Wnt signaling 
pathway. Followed by tumor‑formation promoting gene 
translocation to the nucleus and interacting with other tran‑
scription factors involved in tumorigenesis and invasion (85). 
K‑RAS is located on chromosome 12 and is one of the most 
bulging proto‑oncogenes in colon carcinogenesis. RAS family 
proteins are involved in signal transduction. K‑RAS activates 
the mitogen‑activated protein kinase (MAPK) pathway elic‑
iting the nuclear expression of early response genes. RAF 
proteins are activated by the GTPase activity of RAS (86). 
Thus, K‑RAS mutations result in colon cancer formation in 
the early adenomatous stage and contribute to its formation by 
37‑41% (87,88). The allelic loss in chromosome 18q is observed 
in 70% of primary CRC cases in the late‑stage adenomas (89) 

and exhibits a strong association with a poor prognosis (90). 
The inactivation of tumor‑suppressor genes, including deleted 
in colon cancer (DCC), SMAD2 and SMAD4 present on the 
q arm of chromosome 18 due to LOH plays a significant role 
in CRC (18,82,91). The SMAD proteins are involved in TGF‑β 
signaling and in the regulation of genes involved in cell cycle 
programming (92). Since SMAD2 and SMAD4 are located 
on chromosome 18q, the loss of chromosome 18q leads to the 
deregulation of the TGF‑β signaling pathway and contributes 
to colorectal carcinogenesis (93,94). DCC is localized in the 
chromosome band 18q21.2 and is deleted in approximately 
70% of the cases  (95). However, no evidence supports the 
role of DCC in colorectal tumorigenesis (96). Patients with 
18q LOH (70%) have an increased 5‑year survival rate in 
stage II than those without 18q LOH (43%), which leads to 
the analysis of the impact of adjuvant therapy in stage II (97). 
There is an increase in the 5‑year survival rate of patients 
with 18q LOH receiving adjuvant therapy compared to those 
without 18q LOH (90 vs. 37%; P=0.01) (97). The TP53 gene 
located on the short arm of chromosome 17p13.1 consists of 11 
exons and 10 introns and is commonly lost in colorectal carci‑
noma (20,98). The TP53 mutation is most common in human 
cancers with 43.28% in CRC resulting in the loss of tumor 
suppressor activity or (gain of function) to support tumor 
progression (99). The majority of mutations occur in exon 5 
to 8 (DNA binding domain) (100,101). To date, the majority 
of TP53 mutations detected in CRC are missense mutations 
with AT for GC substitution (102). p53 is known as the ‘guard 
of the genome’ due to its ability to respond to mutagenic 
stress, such as DNA‑damage and repair, cell cycle arrest and 
apoptosis (103). It also inhibits the development of new blood 
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vessels (angiogenesis) through the induction of TSP1 (104). 
However, a mutation in p53 leads to oligomerization of the 
wild‑type and mutant p53, which can block the function of 
TP53, resulting in the loss of DNA binding specificity (105).

MSI. The second most common genomic instability is the 
hyper‑mutable phenotype (MSI) (106). MSI generally occurs 
due to damaged mismatch repair (MMR) along with the 
slippage of DNA polymerase which creates a short‑term 
insertion‑deletion loop (IDL) (106). These defects result in the 
alteration of the size of the allele as compared to those detected 
in the normal cells of the same individual. The DNA MMR 
system has several proteins (such as MLH1, MSH2, MSH6 and 
PMS2) that repair single base pair mismatch, incorporated into 
micro‑satellites during DNA synthesis to maintain genomic 
stability. MSI CRC mostly occurs in the proximal colon (107). 
Several studies have examined MSI a prognostic biomarker 
for CRC. The Bethesda guidelines proposed the first panel of 
MSI markers consisting of 5 microsatellite markers viz. mono‑
nucleotides (BAT25 and BAT26), and dinucleotides (D2S123, 
D5S346, and D17S250) to access the status of CRC (108). CRC 
can be classified based on the percentage of loci with MSI. 
In particular, >30% of unstable markers are classified as CRC 
with MSI‑high (MSI‑H), those with <30% markers exhibiting 
instability are termed MSI‑low (MSI‑L), and markers with 
no instability are termed microsatellite stable (MSS) (109). 
Defects in MMR genes occur either by mutational inactivation 
or by epigenetic silencing of CpG island hyper‑methylation of 
the MLH1 gene promoter (9).

The results of immunohistochemistry of CRC reveal the 
interaction between MMR proteins PMS2 and MSH6 with 
other repair factors, such as MLH1 and MSH2, respectively. 
Therefore, the inactivation of MSH2 is frequently associ‑
ated with the loss of the expression of MSH6, which is 
highly acceptable in MSH2 germline mutation. Similarly, 

MLH1 inactivation is frequently associated with the loss of 
expression of PMS2, which may result either from MLH1 
germline mutation or by the epigenetic silencing of CpG island 
hyper‑methylation of the MLH1 gene promoter. Germ‑line 
mutations of MSH6 and PMS2 are generally associated with 
the individual loss of expression of MSH6 and PMS2 proteins, 
respectively (110).

CIMP. CIMP represents a subset of CRC that contains a high 
density of hyper‑methylated genes, causing transcriptional 
silencing within the promoter region, resulting in the loss of 
gene expression  (111). CIMP contributes to approximately 
30‑35% cases of colorectal adenomas, occurring at an early 
stage and as a precursor to the serrated pathway of colorectal 
tumorigenesis (112‑114). CpG island hypermethylation present 
in the tumor suppressor gene promoter region results in gene 
silencing. The hypermethylation of MLH1 leads to its silencing 
and dysregulates MMR (mismatch repair) function (114). CIMP 
constitutes a prominent molecular characteristic of the serrated 
neoplasia in 20‑30% of CRC cases (115,116). CIMP has also 
been found histologically in patients with hyperplastic polyposis 
syndrome, suggesting that it is an important early event of the 
serrated neoplasia pathway (117). The inactivation of MLH1 by 
hypermethylation leads to the induction of MSI‑H followed by 
additional mutations in MSH3, MSH6, Bax, insulin‑like growth 
factor 2 receptor (IGF2R) and phosphatase and tensin homolog 
(PTEN), resulting in the development of dysplasia and cellular 
transformation  (118,119). Studies suggest that the serrated 
pathway is responsible for the rapid development of CRC, as 
compared to patients with CRC with Lynch syndrome (120,121).

6. Risk factors

Risk factors increase the chance of acquiring a disease. Several 
factors, such as environment and lifestyle have been associated 

Table I. List of modifiable and non‑modifiable risk factors for colorectal cancer.

Modifiable risk factors

Increases the risk of colorectal cancer	 Lowers the risk of colorectal cancer

Smoking	 Physical activity
Processed meat	 Whole grains
Alcohol intake	 Dietary fiber, tree nuts
Red meat	D airy products
Low intake of vegetables and fruits	 Fish intake
Body fat and obesity	 Vitamins (D, C and others), calcium supplements
Non‑modifiable risk factors	

Hereditary factors	 Other factors

Hereditary colorectal cancer syndromes	 Aspirin or NSAID use
Positive family history	 Menopausal hormone therapy
	 Statin use
	 Ethnicity, male gender
	 Type 2 diabetes and Inflammatory bowel disease

https://www.spandidos-publications.com/10.3892/ijmm.2021.4847
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with the increased occurrence of CRC (Table I). Smoking, an 
increased BMI, intake of red meat, lack of regular physical 
activity and poor diets are associated with an increased risk 
of CRC (122). Various studies show that approximately 12% 
of CRC‑related deaths are due to cigarette smoking. Tobacco 
smoke contains at least 70 chemicals classified as carcinogens. 
Smoking is associated with the early onset and distal loca‑
tion of CRC in males (123). The relative risk of CRC due to 
prolonged heavy smoking is 1.18 (95% CI, 1.11‑1.25) (124). A 
previous study found larger polyps in the colon and rectum 
of long‑time heavy smokers (123). Additionally, patients with 
Lynch syndrome (also known as HNPCC), who also smoke 
regularly, are at a higher risk of developing CRC as compared 
to former smokers, short‑term smokers and light smokers (125). 
Smoking is strongly associated with serrated polyps (relative 
risk (RR), 2.33 (95% CI, 1.76‑3.07), particularly in the left side 
of the colorectum and a weak association with adenomas (RR 
1.31 (1.08‑1.58) (126). Evidence points to the role of epigenetic 
modification in smoking‑related CRC. Smokers with MSI‑H 
tumors (RR, 1.99; 95% CI, 1.26‑3.14), CIMP‑positive tumors 
(RR, 1.88; 95% CI, 1.22‑2.90) and BRAF mutation‑positive 
tumors (RR, 1.92; 95% CI, 1.22‑3.02) are at a higher risk of 
developing CRC (127). In a cohort study from the USA, former 
smokers that had quit smoking prior to 40 years of age or had 
quit for ≥30 years, were at no risk of developing CRC (128). 
A previous meta‑analysis revealed a significant association 
of smoking cessation with improved an overall survival 
(HR <10 years, 0.78; 95% CI, 0.69‑0.88; HR ≥10 years, 0.78; 
95% CI, 0.63‑0.97) and CRC‑specific survival (HR ≥10 years, 
0.76; 95% CI, 0.67‑0.85) as compared to smokers who had not 
quit (129).

Several studies have associated alcohol consumption with 
an increased risk of developing CRC. Alcoholic beverages 
contain reactive metabolites known as acetaldehydes, which 
can be carcinogenic and mutagenic and are responsible for 
alcohol‑dependent carcinogenesis (130). A meta‑analysis of 
27 cohorts and 34 case‑control studies observed that there 
was a significant increase in the risk of developing CRC for 
moderate (2‑3 drinks per day; RR, 1.21; 95% CI, 1.13‑1.28) 
and heavy drinkers (≥4 drinks per day; RR, 1.52; 95% CI, 
1.27‑1.81), as compared to non‑drinkers (131). Nevertheless, 
another meta‑analysis published in 2018 on 14 cohorts 
in North America, Europe and Asia revealed a significant 
increase in the risk of CRC for light drinkers (≤1 alcoholic 
drinks per day) as compared with non‑drinkers/occasional 
drinkers (132). The increased risk of CRC is generally higher 
in males than in females, possibly due to the higher alcohol 
consumption (133). In 2012, the worldwide incidence and 
mortality rates of all cancer cases due to alcohol consump‑
tion were 5.5 and 5.8%, respectively (134). A total of 3.5% 
of all cancer‑related deaths in the USA are due to alcohol 
consumption (135).

Alcohol dehydrogenase is a key metabolic enzyme that 
metabolizes ethanol to acetaldehyde, which is then converted 
into acetic acid via aldehyde dehydrogenase (ALDH). The 
polymorphism ALDH2*2 in ALDH2 leads to an increased 
circulation of acetaldehyde, that can reach colonocytes. As 
compared to other parts of the world, the ALDH2 variant is 
very frequent among populations in East Asian. According 
to pooled studies in Japan, the relative risk associated with 

>45 g/day consumption of alcohol was 2.09 (95% CI, 1.65, 
2.64), but 1.41 (95% C I, 1.16‑1.72) in Europe and North 
America (133). A meta‑analysis found that obnoxious symp‑
toms of ALDH2 carrier that may be preventing them from 
consuming alcohol, thereby, reducing the risk of CRC by 
approximately 20%.

Diet is strongly associated with the risk of developing 
CRC, with studies showing a 70% risk reduction by a change 
to a healthier diet and acquiring healthy food habits (135). 
Patients who consume a high‑fat diet, particularly red meat, 
have been shown to have a higher risk of developing advanced 
CRC (136,137). Colon cancer exhibits a stronger association 
with the consumption of meat than rectal cancer (138). The 
mechanistic link with the positive association of the consump‑
tion of red meat with CRC is the presence of heme iron in 
the former  (138,139). Meat cooked at a high temperature 
produces heterocyclic amines and polycyclic aromatic 
hydrocarbons, which are considered to possess carcinogenic 
properties  (138,140). Individuals consuming a diet rich in 
calcium (dietary and supplements), fruits, fiber and vegetables 
are at a decreased risk of developing CRC (141,142).

Overweight and obese individuals are at a higher 
risk of fatality, with this being the fifth leading cause of 
cancer‑related mortality. Approximately 2.8 million adults 
die of obesity‑related cancer each year  (143). In Europe, 
approximately 11% of CRC cases are associated with obesity 
and being overweight (143). Researchers have found a posi‑
tive association between excess weight and cancer in both 
sexes; however, males were found to have a higher risk. This 
was attributed to lower testosterone levels in older males as 
compared to post‑menopausal women with higher estrogen 
levels (144). Various studies found a significant positive asso‑
ciation between CRC and BMI (145,146); the overall RR for 
CRC predicted per 1 kg/m2 of higher BMI was 1.03 (95% CI, 
1.02‑1.03) (147). BMI expresses overall body fat and waist 
circumference (WC), representing abdominal fat; studies 
have reported that WC, more than only the BMI, is strongly 
connected to an increased risk of CRC (148,149). Abdominal 
fat is divided into 2 categories: Visceral adipose tissue (VAT) 
and subcutaneous adipose tissue (SAT). VAT secretes higher 
levels of pro‑inflammatory adipokines (such as TNF) and 
lower levels of adiponectin (an insulin‑sensitizing hormone) 
as compared to SAT (150). Visceral obesity is more common 
among Asian populations than Caucasian populations for any 
given BMI (151). Evidence suggests a stronger association with 
obesity in males than in females, colon cancer over rectal cancer 
and distal cancer over proximal colon cancer (152). A previous 
meta‑analysis reported a link between abdominal obesity and 
an increased risk of colorectal adenomas (RR, 1.42; 95% CI, 
1.30‑1.56) (153). Another meta‑analysis predicted a higher risk 
of developing CRC among diabetic patients (21%; 95% CI, 
1.02‑1.42) as compared to non‑diabetic individuals  (154). 
Obesity can also cause hyperinsulinemia and insulin resis‑
tance (155) due to the lower expression of insulin‑receptor 
levels and decreased intracellular insulin signaling in response 
to insulin receptor binding (156). This results in an escalated 
release of insulin, and lower insulin sensitivity, leading to an 
increase in free insulin‑like growth factor 1 (IGF1). IGF is 
involved in the maintenance of tissue homeostasis, differen‑
tiated phenotype, growth regulation, proliferation, apoptotic 
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imbalance, angiogenesis, migration, cell adhesion and wound 
healing (157). The insulin/IGF1 signaling pathway promotes 
colorectal carcinogenesis by decreasing apoptosis and 
increasing cell proliferation (158). After menopause, adiposity 
becomes the main spot for estrogen production in women, 
protecting them against susceptibility to CRC (159,160). Thus, 
cancer caused due to insulin and IGF1 in overweight/obese 
elderly women could be counteracted by the anticancer effects 
of estrogen (7).

An increased intake of dietary insoluble‑fiber lowers the 
risk of colorectal epithelium carcinogenesis in the lumen by 
increasing fecal bulk, diluting fecal content, and decreasing 
transient time (47). Research has demonstrated a lower risk of 
developing CRC among rural Africans compared to Western 
populations, due to a higher fiber intake by the former (161). A 
nested case‑control design predicted the association between 
the incidence of CRC and dietary fiber intake, concluding that 
cereal fiber and whole grains having a high dietary fiber content 
were inversely associated with the risk of CRC (RR for 10 g 
per day increment, 0.90; 95% CI, 0.83‑0.97) as compared to 
fiber from fruits, vegetables and legumes (162). In their report, 
the World Cancer Research Fund (WCRF) and the American 
Institute for Cancer Research (AICR) added whole grains as a 
possible protective agent against CRC (163).

CRC is one of the few types of cancers that strongly suggests 
the absence of physical activity as a risk factor (164). It has 
been demonstrated that physical activity is inversely related 
and sedentary lifestyles are positively associated with the risk 
of CRC (165). A cohort study reported the benefits of aerobic 
exercise against digestive system cancers (of which CRC 

contributed to 56%) with optimal levels detected at approxi‑
mately 30 metabolic equivalent of task (MET) hours/week 
(HR, 0.68; 95% CI, 0.56‑0.83) (166). Regardless of the level 
of physical activity, sedentary activities, such as prolonged 
periods of sitting are strongly associated with an increased risk 
of CRC. For an increase of 2 h per day of television watching, 
the RR was 0.07 (95% CI, 1.05‑1.10; P<0.001) (167). Sedentary 
behavior results in weight gain in CRC survivors (168). In 
2008, a prospective cohort study concluded that physical exer‑
cise or sports activity >5 times per week was associated with a 
lower risk of developing colon cancer among males (P=0.001; 
RR, 0.79; 95% CI, 0.68‑0.91) and females (P=0.376; RR, 0.85; 
95% CI, 0.70‑1.04) as compared to very limited or no activity 
at all (169).

7. Overview of dysregulated signaling pathways

Intestinal epithelial cells renew constantly and are tightly regu‑
lated by several pathways (Fig. 3). Mutations in these pathways 
can lead to unchecked growth/delayed or failed apoptosis of 
epithelial cells, encouraging tumor formation, survival, angio‑
genesis and metastasis. The understanding of these pathways 
as targets of gene therapy to combat CRC is underway. While 
the dysfunction of a few growth and differentiation pathways 
may result in CRC, understanding these mechanisms may help 
in the prevention of tumor formation.

Wnt/β‑catenin signaling pathway. The Wnt/β‑catenin 
pathway is highly conserved as it is essential to embryo‑
genesis. Wnt proteins are growth stimulatory factors (the 

Figure 3. These pathways play an important role in cell growth, proliferation, and homeostasis, thus, a mutation in anyone may cause cancer cell survival, 
division and metastasis. These pathways include (from left to right) the PI3K/Akt pathway mutation linked with over‑expression of Akt, causing cell division 
and the inhibition of apoptosis is reported in 70% of CRC cases. The JAK/STAT pathway is associated with pro‑inflammatory gene expression due to binding 
and activation of GAS elements; EGFR/MAPK pathway regulates the CREB transcription factor, and over‑expression of EGFR is reported in CRC cases; Wnt 
pathway regulates the β‑catenin levels in the cell and activate target genes such as MYC, CCND1 and AXIN2. The Notch pathway and associated Notch‑1 have 
been found to be upregulated in CRC and adenocarcinomas; SHH pathway mutations are reported in CRC (Smo, Gli1 and Ptc); the TGF‑β pathway is ‘lost’ in 
cancer cells, thereby resisting growth inhibition; however, later stages of CRC report the pathway leading to EMT.
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attached palmitoleic acid assisting in protein‑binding). 
These proteins exhibit an abnormal cellular expression 
in patients with CRC. There are 19 Wnt genes present in 
mammals and all play regulatory roles in several biological 
and developmental processes, such as cell fate determina‑
tion, cell cycle, proliferation and migration. Membrane 
surface cell receptors comprise frizzled (Fz) and low‑density 
lipoprotein (LDL) receptor‑related protein (LRP) complexes 
at the cell surface. Along with this, there exists an intra‑
cellular complex comprising of several proteins, such 
as β‑catenin, dishevelled (Dsh), axin, glycogen synthase 
kinase‑3β (GSK‑3) and APC. The protein complex regulates 
the level of β‑catenin in the cell by proteasomal degradation. 
Following phosphorylation and ubiquitination (by β‑trcp) of 
β‑catenin, the transcriptional regulator is degraded by the 
cellular proteasome. Upon ligand‑binding, the degrada‑
tion process is inhibited, leading to the accumulation of 
active phosphorylated β‑catenin in the cell. The β‑catenin 
then translocates into the nucleus and induces transcrip‑
tion. Mutations in the APC gene can lead to colon cancer 
(reported in 90% of cases). The overexpression of Wnt is 
associated with tumorigenic activity and encourages tumor 
growth. Mutations in the Wnt/β‑catenin pathway lead to 
CRC development (170). This pathway also plays an essential 
role in tissue regeneration of hair, skin, intestine, etc. (171). 
The dysregulation of the Wnt pathway has been reported in 
a number of tumors, including CRC. The hyperactivation of 
this pathway is imperative for oncogenesis, leading to CRC 
development. Targeting Wnt/β‑catenin can be effectively 
used for the development of small molecules (172‑175).

EGFR/MAPK signaling pathway. A catalytic receptor tyro‑
sine kinase (RTK), EGFR, is present on the cell surface, 
having an extracellular ligand‑binding domain. EGF acts as a 
ligand and binds to EGFR, resulting in the autophosphoryla‑
tion of the tyrosine residues on the intercellular side of the 
transmembrane protein. This offsets a chain of cellular events; 
an adaptor molecule Grb‑2 interacts with the phosphorylated 
tyrosine through its SH2 domain, followed by interaction with 
the son of seven‑less protein (SOS) through the SH3 domain of 
Grb‑2. SOS, a guanine nucleotide exchange factor, enables the 
conversion of GTP from GDP on the RAS molecule, thereby 
activating it. Activation initiation results in a kinase cascade, 
activating mitogen‑activated protein kinase kinase kinase‑Raf 
(MAPKKK), mitogen‑activated protein kinase kinase‑MEK 
(MAPKK) and MAPK or extracellular signal‑regulated 
kinase (ERK) in turn through phosphorylation. ERK regulates 
cellular events, such as the proliferation and survival of cells 
by targeting cytoplasmic or nuclear substrates. Cytoplasmic 
substrates include c‑fos and c‑Jun (dimerized by MAPK) which 
enter the nucleus and interact with the AP‑1 motif of the DNA, 
initiating transcription. ERK also phosphorylates cytoplasmic 
substrate, ribosomal S6 kinase (RSK). The S6 protein can 
perform one of two functions including, negative regulation 
of the SOS molecule (effectively turning ‘off’ the signaling 
pathway by inhibiting the conversion of GTP from GDP) or 
entering the nucleus and regulating the CREB transcription 
factor. MAPK may also directly regulate the nuclear substrate 
MYC. Inactivation of the pathway can also occur through the 
hydrolysis of GTP through the GAP protein.

The MAPK pathway engages in various cellular processes 
such as growth, proliferation and survival of cells. The deregu‑
lation of the pathway results in the stimulation of growth, 
survival, angiogenesis and metastasis of neoplastic cells. The 
mutation of the K‑Ras gene has been reported in early cancer 
stages in almost 40% of CRC cases. Abnormal regulation, 
amplification, increased copy number and the overexpression 
of EGFR promoting MAPK activation has been reported in 
cases of CRC and is being studied as a possible and promising 
target for treatment (173‑175).

PI3K/AKT signaling pathway. The PI3K pathway is associ‑
ated with cell growth, proliferation and differentiation. The 
enzymatic receptor tyrosine kinase upon ligand‑binding, auto‑
phosphorylates and activates phosphatidylinositol 3‑kinase 
(PI3K) that has two subunits: p85 and p110. PI3K then, in turn, 
phosphorylates lipid protein, phosphatidylinositol‑4, 5‑biphos‑
phate (PIP2) to phosphatidylinositol‑3,4,5‑triphosphate (PIP3). 
PIP3 signals proteins, such as 3‑phosphoinositide‑dependent 
protein kinase 1 (PDK1) that activates protein kinase B 
(AKT/PKB) by acting upon its serine and threonine residues. 
AKT may be of 3 subtypes (AKT‑1, AKT‑2 and AKT‑3) 
depending upon whether it has been encoded by PKBα, PKBβ, 
or PKBγ, respectively. AKT targets downstream proteins, such 
as mammalian target of rapamycin (mTOR), which is respon‑
sible for cell cycle progression, proliferation, delayed apoptosis, 
growth and survival. Phosphatase and tensin homolog protein 
(PTEN) downregulate the pathway by dephosphorylating 
PIP3. PTEN is also a tumor‑suppressing molecule. The aber‑
rant expression of the pathway (inability to switch‑off) results 
in continuous and unchecked growth and survival of cells 
leading to cancer. PI3K consists of 3 classes, of which type 
class 1A is the most prevalent. The abnormal expression of 
PI3K accounts for 30% of human cancers. Overall, it is shown 
to serve as an oncogenic factor in the growth and development 
of CRC. The overexpression of phosphorylated AKT has been 
linked with cell division and the suppression of apoptosis in 
70% of patients with CRC, along with the abnormal expression 
of PTEN. Akt also targets downstream protein mTOR that has 
been shown to favor angiogenesis and growth; research into 
the use of aspirin (mTOR inhibitor) has demonstrated that it 
inhibits CRC progression (173,175).

VEGF/VEGFR pathway. Angiogenesis is an essential process 
for the formation of blood vessels contributing crucially to 
cancer initiation, cell proliferation, and growth, metastasis, 
and invasion. Identification of vascular endothelial growth 
factor (VEGF‑A) and the generation of monoclonal antibodies 
inhibitor against VEGF‑A led to the direct relationship 
between new blood vessel formation and carcinogenesis (176). 
Various pro‑angiogenic and anti‑angiogenic factors regulate 
angiogenesis like VEGF, FGF, TGF‑α, TGF‑β, PDGF, and 
angiopoietins which are released from the tumor microenvi‑
ronment (177‑179). The VEGF family of proteins is comprised 
of 5 proteins namely, VEGF‑A, B, C, D and placental growth 
factor (PIGF). These proteins bind to VEGFR: VEGFR1, 
VEGFR2 and VEGFR3, a type of receptor tyrosine kinases on 
endothelial cells. There are 2 non‑tyrosine kinase co‑receptors, 
neuropilin‑1 (NP‑1) and NP‑2. The diverse network between 
VEGF and VEGFR, VEGF‑A, VEGF‑B, and PIGF mainly 
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contribute to angiogenesis. However, VEGF‑C and VEGF‑D 
predominantly contribute to lymph angiogenesis. VEGF‑A and 
VEGF‑B prominently bind to endothelial cells and on some 
non‑endothelial cells via VEGFR‑1 and ‑2 (180). VEGFR‑3 is 
expressed on endothelial lymphatic cells and bind to VEGF‑C 
and D with increased affinity (181).

VEGFR‑1 belongs to receptor tyrosine kinase family 
protein known to be expressed on endothelial cells, inflam‑
matory cells and tumor cells. VEGFR‑1 regulates mainly 
differentiation and cell migration of endothelial cells and 
promotes epithelial cell differentiation during the early 
angiogenic event; however, it has an insignificant role in cell 
proliferation  (182,183). Furthermore, VEGFR‑1 activation 
mediates the activation of several downstream pathways, such 
as PI3K/AKT/MAPK/ERK in inflammatory cells, resulting 
in the upregulation of inflammatory cytokine and interleukin 
(IL) production, such as TNFα, IL‑1β, IL‑6 and IL‑8, leading 
to cell migration. VEGFR‑1 function is still unknown and 
mainly plays a regulatory role in the angiogenesis process. 
VEGFR‑2 is a 200‑230 kDa protein reported in its involve‑
ment in vascular formation. VEGFR‑2 is mainly expressed 
in blood and lymphatic epithelial cells (183). VEGF‑A binds 
to VEGFR‑2 leads to activation of VEGFR‑2 resulting in 
the activation of several downstream pathways, such as 
RAS/RAF/ERK/MAPK and PLCγ which promotes cell 
growth. The activation of VEGFR‑2 also activates PI3K‑AKT 
signaling, leading to the regulation of cell death (177‑180,184). 
The binding of VEGF‑C and ‑D to VEGFR‑3 results in 
lymphatic vessel formation (185,186). Activated VEGFR‑3 
activates RAS‑MAPK‑ERK and PI3K‑AKT/PKB pathways 
leading to differentiation, proliferation, survival, and migra‑
tion of lymphatic endothelial cells (185‑187). There is sufficient 
evidence to indicate that VEGF levels and VEGFR activity 
are elevated and considered to be associated with a poor 
prognosis in CRC (188). Elevated levels of VEGF are reported 
in the early and late advanced stages of CRC (189,190). The 
interaction between VEGF‑VEGFR is regulated by K‑RAS 
mutation, p53, Cox2 and hypoxia resulting in cell growth and 
migration in CRC (190‑193). The pro‑angiogenic function of 
this VEGF/VEGFR complex is critical at the primary site 
of tumor enhancing progression and migration and at the 
metastatic site for new vessel formation to promote cancer 
growth and survival. Targeting this complex with anti‑VEGF 
or anti‑VEGFR therapy may result in the depletion of tumor 
formation and metastasis.

HGF/cMET pathway. HGF and cMET play an essential 
role in proliferation, survival, drug resistance and metas‑
tasis  (194‑198). HGF is the only ligand known for MET 
receptor tyrosine kinase and is secreted from mesenchymal 
tissues. An increased expression of HGF in tissue and serum 
is related to a poor prognosis in various solid tumors of the 
breast and gastrointestinal tumors (199‑201). Patients with 
CRC with advanced disease symptoms are reported to have 
higher levels of serum HGF (202,203). MET belongs to the 
transmembrane receptor family known to express in hepa‑
tocytes, normal and malignant epithelial and endothelial 
cells, neural cells and hematopoietic cells (204‑206). MET 
has been reported to be overexpressed in various malignant 
tumors, such as hepatocellular carcinoma, lung, breast, 

thyroid, kidney, gastric cancer and CRC (207‑213). Several 
studies have demonstrated elevated levels of MET mRNA 
and protein in CRC during tumor progression and metas‑
tasis (214‑216). HGF binding to MET receptor leads to the 
activation of MET signaling, which initiates various down‑
stream signaling pathways, such as MAPK‑ERK, PI3K‑AKT, 
JAK‑STAT and NF‑κB, resulting in the regulation of hema‑
topoiesis, wound healing and organ regeneration (195‑200). 
Aberrant HGF‑MET axes are comprised of gene amplifica‑
tion, overexpression, mutation, and ligand‑mediated auto 
and paracrine signaling during oncogenesis  (217). Other 
factors also modulate the HGF/MET pathway. Recently, it 
has been reported that a novel gene metastasis‑associated in 
colon cancer 1 (MACC1) is a crucial player of HGF‑MET 
signaling and regulates cancer progression and CRC metas‑
tasis (218). Increased levels of MACC1 have been observed 
in primary and metastatic CRC tissues. HGF induces the 
translocation of MACC1 from the cell membrane into the 
nucleus and binds to MET promoter, leading to an increased 
MET expression. The MET signaling pathway is also regu‑
lated by crosstalk with receptor tyrosine kinases mainly 
EGFR. MET and EGFR are both known to be overexpressed 
in CRC (219). The individual blocking of MET or EGFR 
has little effect on downstream ERK/PI3K activation due 
to the compensatory mechanism. Targeting both receptors 
by combined therapy results in the abrogation of the down‑
stream pathway (220‑222).

Immune checkpoint pathway. Recent data suggest that 
targeting immune‑recognition and response may be effec‑
tive in eradicating cancer cells. This strategy includes 
malignant tumors having different genetic and epigenetic 
signatures that may be identified and attacked by the host 
immune system expressing unique antigens. This process 
consists of many steps, such as T cell binding to MHC 
molecules presented by antigen‑presenting cells (APCs). 
The next step involves signals mediated by co‑stimulatory 
or inhibitory receptors that play a critical role in the T cells 
activation and tolerance (223,224). This dual‑check mecha‑
nism is essential for avoiding excessive immune response 
in a normal scenario and attack diseased cells (225). The 
process of tumor cells evading host immune recognition and 
response is referred to as the immune escape and has been 
mentioned in cancer  (226). Immune escape results from 
immunosuppressive factors, such as TGF‑β of Treg cells and 
IL‑6 regulatory cells, or the loss of immunogenicity by the 
inhibition of MHC‑1 (227). The activation of co‑inhibitory 
receptors, also known as immune checkpoint receptors 
present on the surface of T cells, leads to cancer‑mediated 
T cell inactivation. The immune checkpoint receptors 
expressed on the surface of T cells comprise of programmed 
death‑1 (PD‑1) and cytotoxic T lymphocyte antigen 4 
(CTLA‑4). Ligands for these receptors are known as PD‑L1 
and PD‑L2 expressed on cancer, stromal and immune 
cells (228). Wang et al reported elevated levels of PD‑L1 in 
metastatic CRC as compared to primary CRC, allowing its 
targeting with an immune response (229). High levels of Treg 
cells have been found in CRC tissue as compared to adjacent 
normal tissue. These Treg cells are known to express PD‑1 
and are crucial to the immune response to CRC (230).
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JAK/STAT signaling pathway. The 4 types of Janus kinase 
proteins (JAKs) include JAK1‑3 and TYK2 that interact 
with cytokine receptors present in the colon. Although they 
are associated with different cytokine receptors, they have a 
common mechanism of the intracellular pathway, including 
signal transducer and activator of transcription (STAT) protein. 
Upon ligand‑binding and physiological transformation, the 
associated JAKs of the cytokine receptor autophosphorylate 
and proceed to phosphorylate specific residues on the recep‑
tors that act as docking sites for STAT proteins. Associated 
JAK proteins further phosphorylate these STAT proteins, 
causing their dissociation and dimer formation. These dimers 
translocate to the nucleus, identifying and binding to gamma 
activated sequence (GAS) elements, causing pro‑inflammatory 
gene expression and transcription and playing a role in the 
pathogenesis of inflammatory bowel disease (IBD). Drugs 
developed to inhibit the functioning of JAK proteins bind 
and prevent their phosphorylation, effectively blocking the 
pathway. JAK protein can also signal PI3K protein (Akt 
pathway) and Ras protein (MAPK pathway) (172).

TGF‑β signaling pathway. The TGF‑β pathway plays a role 
in cell growth, division and adhesion. It also stimulates 
apoptosis and cellular differentiation. Its downstream targets 
include important cell cycle checkpoint genes (p21, p27 and 
p15) that trigger growth. TGF‑β receptors occur as trans‑
membrane heterodimers (type 1 and 2) with kinase domains 
(KDs) present in the intracellular part. Upon ligand binding, 
2 of these heterodimers come together to form a complex 
through receptor dimerization. The KDs are activated through 
phosphorylation and further activate SMAD proteins present 
in the cytosol. SMAD2 and SMAD3 form phosphorylated 
heterodimers. This complex, joined by co‑factor SMAD4, 
forms a heterotrimer. The heterotrimers then translocate into 
the nucleus and bind to TGF‑β target genes and initiate tran‑
scription. TGF‑β is known to function as a tumor suppressor, 
normally controlling cell division and the death of epithelial 
cells of the colon. CRC cells lose TGF‑β, thereby resisting 
growth inhibition. However, in the later stages of CRC, TGF‑β 
expression is increased and influences epithelia‑to‑mesen‑
chymal transition (EMT), and as a result, increases invasion 
and cell migration thus subduing the normal cellular immune 
response. Mutations in SMAD4 have also been reported in 
cases of juvenile polyposis (172‑175).

Notch signaling pathway. The Notch signaling pathway occurs 
intercellularly and is highly conserved. Mammals possess 4 
types of notch receptors (Notch 1‑4). Ligands are of 2 types, the 
Jagged protein family (JAG 1 and 2) and the Delta‑like protein 
family (DLL 1, 3, and 4). A Notch receptor has 3 components, 
namely the notch extracellular domain (binds to the ligand), 
Notch intracellular domain (NICD) and the transmembrane 
component. Ligand activation of DLL or JAG proteins on the 
‘sending’ cell occurs through ubiquitination by a mind bomb 
protein (MIB). The activated ligand then binds to the extra‑
cellular component of the notch receptor. A disintegrin and 
metalloproteinase (ADAM protease) cleaves the extracellular 
domain of the notch receptor (S2 cleavage). Subsequently, 
another protease, secretase gamma, cleaves NICD causing it 
to dissociate from the transmembrane domain of the receptor 

(S3 cleavage). NICD, now free to move in the cytosol, binds 
to and activates the CSL transcription factor (suppressor of 
the hairless) that forms a complex with co‑activators MAML 
(mastermind‑like proteins), and p300. The complex translo‑
cates into the nucleus where the p300 acts as a histone acetylase, 
causing the activation of transcription factors (ex‑HES1) and 
the transcription of notch‑target genes (example‑MYC, p21). 
The downregulation of the pathway may occur by a ubiquitin 
ligase, f‑box/WD‑40 repeat‑containing protein 7 (FBW7) that 
ubiquitinates NICD causing its proteasomal degradation. The 
overexpression of Notch‑associated proteins and ligands (JAG, 
HES1, NICD, etc.) has been reported in CRC. Cell cycle and 
apoptotic regulation of target genes (p21 and PUMA genes) 
enhance the severity of CRC through Notch signaling. The 
pathway also influences CRC resistance to chemotherapeutic 
drugs (172‑175,231).

SHH signaling pathway. The SHH signaling pathway is 
essential for the regeneration and differentiation of epithe‑
lial cells present in adult colons. Hedgehog (Hh) ligands 
produced in the endoplasmic reticulum of secretory cells are 
released through a membrane protein known as Dispatch. In 
a paracrine‑type signaling event, these Hh molecules bind to 
Patched (Ptc) protein present in neighboring cell(s) thereby, 
inhibiting its function. Upon the inhibitory action of the Ptc 
molecule, the smoothened (Smo) protein molecule (previously 
inhibited by Ptc) is activated. The Smo protein present in the 
primary cilia of the intestine regulates the action of the 3 
intracellular Gli proteins (Gli‑1, Gli‑2 and Gli‑3). It releases 
Gli‑2 (transcriptional activator) from the suppressor complex 
composed of Costal‑2, Fused kinase (Fu) and SuFu (suppressor 
of fused), thereby, activating it. This Gli‑2 then acts upon and 
phosphorylates the transcription factor, Gli‑1, that translocates 
to the nucleus and acts upon SHH‑target genes. Smo protein 
also acts upon and inhibits the function of Gli‑3 (a transcrip‑
tional inhibitor). In CRC tissues, it is noted that the levels 
of the proteins SHH, Smo and Gli1 are uncharacteristically 
high (175). A previous study also reported that the subcuta‑
neous transplantation of speckle‑type POZ protein (SPOP) 
reduced the rate of tumor growth (in BALB/c nude mice) and 
increased apoptosis (in HCT116 cells) (232). In CRC, SPOP is 
shown to degrade Gli2 by ubiquitinating it (172). The arbitrary 
regulation of the signaling pathway, either by a mutation in Ptc 
(loss of function) or a mutation in Smo (gain of function), can 
lead to colon cancer development (233).

Hippo signaling pathway. The Hippo signaling pathway 
controls cell proliferation, homeostasis and regeneration 
(Fig. 4). The main transcriptional regulator of the pathway 
is Yes‑associated protein 1 (YAP). YAP and its homolog, 
PDZ‑binding domain taffazin (TAZ) regulate the Hippo 
pathway. Upon the initiation of the pathway, the activation and 
phosphorylation of first, mammalian Ste20‑like kinases 1/2 
(MST1/2), and subsequently large tumor suppressor 1/2 
(LATS1/2) occurs. LATS1/2, in turn, phosphorylates 
YAP/TAZ, resulting in its removal from the nucleus into the 
cytoplasm where it undergoes ubiquitin‑mediated protein 
degradation. An abnormally high level of YAP/TAZ protein 
has been reported in solid tumors and amplifies the frequency 
of tumors (174,234).
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KEAP1/Nrf2 signaling pathway. Reactive oxygen species 
(ROS) cause oxidative damage to cells and are linked to CRC 
(Fig. 4). In response to the fatal effects of oxidative stress, 
the cell releases antioxidant and detoxification genes, such 
as NF‑E2‑related factor 2 (Nrf2). A Cap‑n‑collar transcrip‑
tion factor, Nrf2 identifies antioxidant response elements on 
target gene promoters and combats free‑radical damage (by 
carcinogens, inflammation, etc.). Normally, Nrf2 is confined 
to the cytosol by Kelch‑like ECH associated protein 1 (Keap1). 
Keap1 acts as a linker protein between Nrf2 and Cul3‑based 
E3‑ubiquitin ligase complex, causing ubiquitination of Nrf2 
and its subsequent proteasomal degradation. Under conditions 
of oxidative stress, antioxidant response elements induce sepa‑
ration of Nrf2 and Keap1, leading to its nuclear transportation. 
There, Nrf2 undergoes dimerization and interacts with small 
musculoaponeurotic fibrosarcoma (Maf) proteins initiating 
the attachment of Nrf2 with antioxidant response elements, 
initiating transcriptional activation of target genes (174). The 
Nrf2/Keap1 pathway can help regulate the chemopreventive 
effects of various drugs for the treatment of CRC (174).

p53 gene‑mediated signaling pathway. p53 plays an impor‑
tant role in maintaining the integrity of cellular processes 
and genetic material. It is a well‑known tumor suppressor 
and spearheads repair and cellular apoptosis depending 
upon the extent of DNA damage (Fig.  4). Secreted in 
response to external stress such as UV rays, and hypoxia, 
p53 has a short half‑life in the cell and is directed by a 
fool‑proof regulatory system. Nicks or mutations caused 
due to external stress stimuli result in activation of the 
ataxia‑telangiectasia mutated (ATM) protein kinase CHK2, 
whose absence can delay the action of p53. The activation 
of the p53 gene also results in the production of mouse 
double minute 2 homolog (MDM‑2), an E‑3 ubiquitin ligase. 
MDM‑2 is a negative regulator that degrades the p53 gene 

by ubiquitinating it, thus setting up a self‑governing ‘loop’ 
to maintain the p53 level in the cell. Oncogenic events can 
lead to the transcription of the p19 alternate reading frame 
(ARF) protein that inhibits the functioning of MDM‑2, thus, 
failing to regulate p53 levels in the cell. Mutations in the p53 
gene and aberrant function lead to a loss of cellular check‑
points and programmed cell death, thereby compromising 
genetic integrity (174). Mutations also encourage EMT, and 
the formation of adenomatous polyps, eventually conferring 
malignancy, i.e., CRC. It has also been noted that 80% of 
p53 mutations in CRC cases stemmed from missense muta‑
tions, largely in exons 4‑8 (172).

TNF‑related apoptosis‑inducing ligand (TRAIL)‑mediated 
signaling pathway. The TRAIL‑mediated signaling pathway 
is a candidate for anticancer therapy by selectively targeting 
cancer cells (Fig.  4). TRAIL receptors span the cellular 
membrane and act as a conduit for the extrinsic apoptotic 
pathway. TRAIL ligand binds to specific death domain 
receptors DR4/DR5 which augments the association of 
Fas‑associated protein with death domain (FADD), an adaptor 
protein. FADD activates pro‑caspase 8, initiating the apoptotic 
pathway (through recruitment of various caspases initiating 
the extrinsic, and cytochrome‑c initiating the intrinsic apop‑
totic pathway) (172).

8. Crosstalk among various pathways

The majority of signaling pathways interact to maintain 
cellular homeostasis in healthy cells (Fig. 5). For example, the 
non‑canonical TGF‑β signaling pathway induces the MAPK 
and PI3K signaling pathways, both of which otherwise acti‑
vate upon ligand‑binding on receptor tyrosine kinase (EGFR). 
TGF‑β and its tumor‑suppressive activity can also be inhibited 
by interaction with the mutant p53 complex. Another example 

Figure 4. (Left to right) the p53 signaling pathway is activated in response to external stress (UV rays, hypoxia, etc.) and functions to repair DNA damage; 
the Hippo signaling pathway controls cellular homeostasis and proliferation; the Nrf2/KEAP1 signaling pathway is activated in response to ROS that damage 
cellular components; the TRAIL‑mediated signaling pathway initiates extrinsic and intrinsic apoptosis of cells.
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is the JAK/STAT signaling pathway. Following autophos‑
phorylation, it can activate Ras protein and ERK‑1/2 (MAPK 
pathway) and AKT in downstream signaling.

The Notch signaling pathway may interact with various 
other pathways (231); the Wnt pathway is influenced by the 
binding of NICD to the Dsh1 protein (173). The Wnt pathway 
can activate Jag1 and amplify Notch signaling initiating CRC. 
During colorectal oncogenesis, Notch activates the EGFR and 
PI3K pathways (173). PI3K is activated through the inhibition 
of PTEN by HES1 (a Notch transcription factor). It can also 
suppress the cell growth inhibiting‑function of the TGF‑β 
pathway (173). TGF‑β can non‑canonically activate various 
pathways, such as PI3K, MAPK/ERK (235), Wnt (236) and 
Notch (237). In CRC, TGF‑β activates Jag1 and leads to the 
overexpression of Notch signaling. K‑Ras from the MAPK 
pathway can interact with and activate the catalytic subunit 
p110 of PI3K. Carcinogenesis results in the aberrant activity of 
cell cycle regulators. The upregulation of cyclin D1 production 
and an increase in cellular β‑catenin levels is a result of K‑Ras 
and APC mutations and activation. The APC/axin/GSK3β 
complex from the Wnt/β‑catenin pathway and SMAD7 can 
alter the function of SMAD proteins of the TGF‑β pathway, 
resulting in delayed apoptosis and metastasis, and an increased 
cell growth and division. Studies have indicated that the Dsh 
protein of the Wnt pathway influences the translocation of 
YAP protein (Hippo pathway) by close contact inhibition of 
E‑cadherin (238,239).

The Hippo signaling pathway interacts with the TGF‑β 
pathway in a positive and negative regulatory manner, 

depending upon the circumstances. TAZ protein can bind to the 
SMAD2/3‑SMAD4 complex and maintain its accumulation 
in the nucleus (boosting TGF‑β pathway), or phosphorylated 
TAZ protein can prevent SMAD 2/SMAD 4 nuclear build‑up 
(repressing TGF‑β signaling).

The activation of the MAPK signaling pathway through 
RTK can influence Gli protein activity (of the SHH pathway) 
in a Smo‑independent manner. The co‑expression of EGF and 
Gli protein activates both pathways and promotes carcinogenic 
transformation. Smo‑independent and PI3K‑dependent Gli 
factor activation, occurring due to AKT‑associated preven‑
tion of proteasomal degradation of Gli2, is prevalent in colon 
cancer. Amplification of Gli1 activity through ribosomal 
S6 kinases is also influenced by the PI3K pathway. The 
non‑canonical SHH pathway promotes CRC cell survival via 
the Wnt signaling pathway, and EMT and tumor invasion via 
the TGF‑β signaling pathway (240,241).

9. Current chemotherapeutics for colorectal cancer

5‑Fluorouracil (5FU) is the backbone of chemotherapy with 
good activity against CRC (242). Folinic acid (FA, leucovorin) 
was then also added to the regimen, that achieves a median 
overall survival of approximately 8‑9 months and has become 
the standard treatment for metastatic CRC (mCRC) (243,244). 
Oxaliplatin (platinum analogue) and irinotecan (topoisomerase 
inhibitor) were added to the backbone of 5FU/FA. Combination 
chemotherapy has demonstrated a higher response rate 
and a better overall survival of 14‑18 months, as well as a 

Figure 5. The various canonical and non‑canonical signaling pathways interact with one another through downstream regulation or by inhibiting or enhancing 
the working of a gene/pathway. A few of these interactions have been shown in the figure inhibiting (dashed arrows) or inducing (black arrows) the working of 
the various components of the signaling pathways.
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progression‑free survival (PFS) of 5‑8  months. FOLFOX 
(5FU/FA and oxaliplatin) or FOLFIRI (5FU/FA and 
irinotecan) constitute first‑line standard combination chemo‑
therapy (245,246). Both have exhibited approximately equal 
clinical responses with different safety profiles. A regimen 
containing oxaliplatin gives rise to peripheral neuropathy and 
irinotecan results in gastrointestinal toxicity (247,248). The 
replacement of 5FU/FA with capecitabine (Xeloda) has been 
investigated with oxaliplatin (XELOX) or with irinotecan 
(XELIRI) resulting in similar efficacy, as the combination 
with 5FU/FA (249,250). With the improved screening efforts, 
the diagnosis of patients with CRC has improved and the 
mortality rate has decreased due to the early detection and the 
success of anticancer therapies. Despite the success of current 
therapeutics, 40‑50% of CRC cases ultimately relapse, leading 
to fatality due to metastasis  (251). Although the treatment 
options for patients with CRC have improved, more effective 
targeting agents are required for the treatment of advanced 
stages of the disease. Therefore, targeted anticancer thera‑
peutics are warranted to disrupt the dysregulated signaling 
pathways of CRC with a better outcome for patients.

10. Strategies for the targeted therapy of colorectal cancer

The idea of targeted therapy against cancer has flourished 
over the past 2 decades (252,253). Targeted therapies block 
the function of certain oncoproteins and downstream path‑
ways using monoclonal antibodies or small molecules against 
receptor/non‑receptor tyrosine kinases. Monoclonal anti‑
bodies are the main candidates in targeted therapies that target 
surface receptors and membrane‑bound factors outside the 

cancer cells (253,254). Monoclonal antibodies can recognize 
and bind cancer cells directly, regulating downstream path‑
ways and leading to the inhibition of cell cycle advancement 
and subsequent cell death. Immune cells are also targeted by 
monoclonal antibodies to manipulate the immune system to 
attack and discard cancer cells. Small molecules are robustly 
developed that work mostly inside the cells to target receptor 
and non‑receptor tyrosine kinases, thereby blocking cancer 
cell growth and inducing cell death (255). These targeted treat‑
ments lead to the inhibition of the differentiation, proliferation, 
invasion and migration of cancer cells. These therapies also 
act on the tumor microenvironment, resulting in a decrease 
in angiogenesis and rendering immune cells more alert for 
stronger surveillance and attack.

Monoclonal antibody against EGFR (cetuximab) was 
the first targeted therapy approved by the FDA in 2004 for 
the treatment of CRC. In the same year, another monoclonal 
antibody targeting VEGF‑A (bevacizumab) was approved for 
the treatment of CRC (256). Ideal sites for targeted therapy 
are present in the dysregulated pathway of TGF‑β/SMAD, 
Wnt/β‑catenin, EGFR, VEGFR/VEGRR, Notch, Hedgehog 
activating PI3K/AKT and RAS/RAF pathways  (257). The 
intricate network of downstream signaling pathways and 
the crosstalk among these renders the complete blocking of 
specific biological interactions complex and difficult.

The dysregulation of various signaling pathways leads to 
CRC initiation, progression and migration. The activation of 
signaling pathways leads to the acquisition of a malignant 
phenotype. One novel approach could be to use specific inhibi‑
tors targeting these pathways. Small molecule inhibitors‑based 
anticancer therapeutics provide an excellent opportunity for 

Table II. Targeted therapeutics for the EGFR/RAS/MAPK pathway.

Inhibitor	 Target	 Function

Cetuximab	 EGFR	 EGFR inhibitor
Panitumumab	 EGFR	 EGFR inhibitor
Geftinib	 EGFR	 EGFR inhibitor
Sorafenib	 RAF	 Tyrosine kinase inhibitor
Pertuzumab	 Her2	 Monoclonal antibody
Erlotinib	 EGFR	 Receptor Tyrosine kinase inhibitor
Lapatinib	 EGFR, Her2	 Tyrosine kinase inhibitor
Dacomitinib	 EGFR	 Irreversible EGFR inhibitor
Canertinib (CI‑1033)	 EGFR, Her2, ErbB‑4	 Irreversible tyrosine kinase inhibitor
Sunitinib	 RTK2	 Receptor Tyrosine kinase inhibitor
PD158780	 EGFR, ErbB‑3, ErbB‑4	 Tyrosine kinase inhibitor
SCH772984	 ERK1/2	 ERK1/2 inhibitor
VX‑11e	 ERK2	 ERK2 inhibitor
Binimetinib	 MEK1/2	 MEK1/2 inhibitor
Trastuzumab	 HER2/neu	 HER2 inhibitor
EMD72000	 EGFR	 Monoclonal antibody for EGFR
Vemurafenib	 BRAF‑V600E	 BRAF‑V600E inhibitor
Dabrafenib	 BRAF‑V600E, C‑RAF, BRAF	 BRAF‑V600E inhibitor
Encorafenib	 BRAF‑V600E	 RAF inhibitor
Selumetinib	 MEK1/2	 MEK1/2 inhibitor
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scientists to navigate various aspects of cell growth, cell cycle, 
cell proliferation to gene expression, and protein‑protein inter‑
action network. The EGFR/MAPK pathway has been targeted 
by small molecules and antibodies. Targeting the EGFR 
pathway and related factors has been achieved by the use of 
monoclonal antibodies, such as anti‑EGFR and tyrosine kinase 
inhibitors (TKIs) (Table II). Small molecules targeting EGFR, 
Ras and Raf are known to interfere with the MAPK signaling 
pathway. EGFR antibodies are also known to block MAPK 
signaling. For metastatic colorectal cancer, EGFR inhibitors 
are a valuable therapeutic option. Monoclonal antibodies for 
EGFR (cetuximab or panitumumab) in addition to chemo‑
therapy are effective for mCRC patients harbouring wild type 
RAS and BRAF (258). Previous research has reported different 
inhibitors for the targeting of PI3K signaling (259), namely: 
i) PI3K inhibitors; ii) dual inhibitors of PI3K and mTOR; 
iii) AKT inhibitors; and iv) mTOR inhibitors. A summary of 
some of the inhibitors targeting the PI3K/AKT pathway in 
CRC is presented in Table III.

Targeting the TGF‑β pathway has been achieved by 
specifically targeting the ligand, ligand‑receptor complex 
and the intracellular levels of TGF‑β. Anti‑TGF‑β therapy 
holds promise, as pre‑clinical studies and clinical trials have 
indicated  (260). TGF‑β synthesis has been blocked using 

antisense molecules in CRC. TGF‑β‑R1 and R2 kinase is 
known to be blocked by a small molecule (LY2109761) (261). 
The Wnt signaling pathway is targeted by different inhibitors 
ranging from small molecules, peptides and antibodies. In 
total, 4 types of Wnt inhibitors have been developed based on 
specific targets: i) Generic; ii) β‑catenin destruction complex; 
iii)  Wnt‑receptor complex; and iv)  nuclear‑transcription 
factor complexes (171). It has been found that targeting notch 
receptor and notch ligands using siRNA results in more effec‑
tive therapeutics  (262). Antibodies against Notch ligands 
and receptors have been reported to be effective in blocking 
the Notch pathway. Anti‑Notch‑1, ‑2/3 and anti‑DLL4 are in 
different stages of clinical trials (263) (Table IV).

JAK‑STAT pathway inhibition has been achieved 
using various approaches. The small molecule inhibitor of 
this pathway, such asJAK inhibitors are in clinical trials 
for gastrointestinal disorders, including ulcerative colitis 
(UC) (NCT01959282, NCT03006068, NCT02914535, 
NCT02914522, NCT02819635) and Crohn's disease 
(CD) (NCT03345836, NCT02782663, NCT03345849, 
NCT02914600, NCT02914561) (264). The anti‑IL‑6‑R anti‑
body is known to inhibit IL‑6R function and is in the preclinical 
stage of development. A JAK inhibitor (AZD1480) and STAT3 
inhibitors, such as TrichostatinA and bufalin have also been 

Table III. Targeting the PI3K‑AKT pathway.

Inhibitor	 Target	 Function

GSK690693	 AKT	 AKT Inhibitor
SF‑1126	 PI3K, mTOR	 PI3K pathway inhibitor
AZD8055	 mTOR	 mTOR inhibitor
Everolimus	 mTOR	 mTOR inhibitor
BGT226	 mTOR, PI3Kα/β/γ	 PI3K/mTOR inhibitor
CAL‑101	 P110γ/δ	 P110 inhibitor
Perifosine	 AKT	 AKT inhibitor
MK2206	 AKT	 AKT inhibitor
OSI027	 mTOR	 mTOR kinase inhibitor
Alpelisib	 PI3Kα	 PI3Kα inhibitor

Table IV. Targeting the TGF‑β/Wnt‑β‑catenin/Notch pathway.

Inhibitor	 Target	 Function

LY2109761	 TGFBRI/II	 TGF‑β receptor inhibitor
AP15012	 TGFb1	 Antisense molecules
AP11014	 TGFb	 Antisense molecules
PNU‑74654	 Wnt/β‑catenin	 Wnt‑β‑catenin inhibitor
BC2059	 β‑catenin	 β‑catenin inhibitor
Sulindac	D ishevelled	 Blocks PDZ domain of Dishevelled
GSI34	 γ Secretase	 γ Secretase inhibitor
RO4929097	 γ Secretase	 γ Secretase inhibitor
DAPT	 γ Secretase	 γ Secretase inhibitor
Dibenzazepine	 γ Secretase	 γ Secretase inhibitor
LY411575	 γ Secretase	 γ Secretase inhibitor
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shown to be successful in the inhibition of the JAK/STAT 
pathway (265). The association between CRC and hedgehog 
(Hh) signaling remains inconclusive; its inhibitors have been 

used in in vitro and in vivo studies (266). The most common 
Hh inhibitor is cyclopamine. Wu et al reported the efficacy 
of this inhibitor in the treatment of CRC in vitro (267). It has 

Table V. Targeting the VEGF/VEGFR pathway.

Inhibitor	 Target	 Function

Bevacizumab	 VEGF‑A	 Monoclonal antibody for VEGF‑A
Aflibercept	 VEGF‑A, ‑B	 Ligand trap for VEGF‑A, ‑B
Ramucirumab	 VEGFR‑2	 Monoclonal antibody for VEGFR‑2
Vanucizumab	 VEGF‑A/angiopoetin‑2	 Monoclonal antibody for VEGF‑A
Sorafenib	 VEGFR	 Tyrosine kinase inhibitor
Fruquintinib	 Pan‑VEGFR	 Tyrosine kinase inhibitor
Famitinib	 VEGFR‑2/‑3/PDGFR	 Tyrosine kinase inhibitor
Brivanib	 VEGFR‑2/FGFR	 Tyrosine kinase inhibitor
Nintedanib	 VEGFR	 Tyrosine kinase inhibitor
Sunitinib	 Pan‑VEGFR	 Tyrosine kinase inhibitor
Axitinib	 Pan‑VEGFR	 Tyrosine kinase inhibitor
Tanibirimab	 VEGFR2	 Monoclonal antibody
Regorafenib	 VEGFR/FGFR/PDGFR/BRAF	 Tyrosine kinase inhibitor

Table VI. Targeting the HGF/MET pathway.

Inhibitor	 Target	 Function

ABT‑700	 HGF	 Humanized antibody
Rilotumumab	 HGF	 Monoclonal antibody
Onartuzumab	 MET	 Monoclonal antibody
DN‑30	 MET	 Monoclonal antibody
AMG337	 MET	 Tyrosine kinase inhibitor
Tivatinib	 MET	 Tyrosine kinase inhibitor
Savolitinib	 MET	 Tyrosine kinase inhibitor
Capmatinib	 MET	 Tyrosine kinase inhibitor
Foretinib	 MET/VEGFR	 Tyrosine kinase inhibitor
Golvatinib	 MET/VEGFR	 Tyrosine kinase inhibitor

Table VII. Targeting immune checkpoint receptor pathway in colorectal cancer.

Inhibitor	 Target	 Function

Pembrolizumab	 PD‑1	 Monoclonal antibody
Nivolumab	 PD‑1	 Monoclonal antibody
Avelumab	 PD‑1/PDL‑1	 Monoclonal antibody
Atezolizumab	 PD‑1/PDL‑1	 Monoclonal antibody
Durvalumab	 PD‑1/PDL‑1	 Monoclonal antibody
SHR‑1210	 PD‑1/PDL‑1	 Monoclonal antibody
PDR‑001	 PD‑1/PDL‑1	 Monoclonal antibody
TSR‑033	 PD‑1/PDL‑1	 Monoclonal antibody
ONC‑392	C TLA‑4	 Monoclonal antibody
Tremelimumab	C TLA‑4	 Monoclonal antibody
Camrelizumab	 PD‑1/PDL‑1	 Monoclonal antibody
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also been demonstrated that cyclopamine can inhibit prolifera‑
tion and induction of apoptosis in CRC (267,268). The NRF2 
pathway is known to act as a ‘double‑edged sword’, acting as 
an oncogene and tumor suppressor in CRC (269). Inhibitors 
targeting the NRF2 and Hippo pathways are still in the initial 
stage, paving the way for further studies. A combination of 
conventional chemotherapeutics with inhibitors of signaling 
pathways may enhance patient outcome (270).

The discovery of bevacizumab (anti‑VEGF‑A) and its 
effectiveness against CRC was a milestone in the treat‑
ment of solid tumors by blocking angiogenesis  (271). It 
is a humanized IgG monoclonal antibody that improves 
both progression‑free survival and overall survival in 
mCRC. FDA approved VEGF‑targeted bevacizumab for 
the treatment of mCRC. Combining bevacizumab with the 
FOLFOX/FOXFIRI regimen has been shown to provide a 
partial significant improvement in progression‑free survival 
and overall survival (272). Various novel agents have been 
reported and few have been endorsed for the treatment of 
CRC. Aflibercept is a ligand trap‑based VEGFR‑1 and ‑2 
extracellular domain recombinant fusion protein targeting 
VEGF‑A and VEGF‑B; clinical trials have reported that 
it has a stronger affinity for VEGF‑A (273). A TKI, rego‑
rafenib, targeting VEGFR, FGFR, PDGFR and BRAF has 
been approved by the FDA for the treatment of mCRC (274). 
Another humanized monoclonal antibody for VEGFR‑2, 
ramucirumab, is an FDA‑approved second‑line treatment for 
mCRC (275) (Table V).

The HGF/MET pathway is known to be upregulated and 
therefore initiates the activation of downstream pathways, 
such as MAPK/ERK, PI3K/AKT and JAK/STAT in CRC. 
HGF/MET signaling can be blocked by antibodies and small 
molecules using different mechanisms  (202). These small 
molecules act by either blocking HGF activation or inhibiting 
HGF binding to MET receptors and thereby inhibiting cancer 
cell growth. Rilotumumab, a humanized monoclonal antibody 
for HGF acts by neutralizing HGF binding to receptors in 
clinical trials. Various antibodies targeting MET have been 
developed that target HGF binding to MET, resulting in its 
degradation. DN‑30, ABT‑700 and onartuzumab have been 
studied in solid tumors in clinical trials. Several selective 
and non‑selective TKIs have been investigated in clinical 
trials (276,277) (Table VI).

Targeted therapy for immune checkpoint enhances immune 
surveillance and tumor suppression by blocking tumor cell 
escape from T cell recognition (278). A phase I trial of immune 
checkpoint targeted therapy revealed a significant response 
in mCRC (279). Further studies noted that a small number 
of patients with mCRC responded to this therapy, owing to 
a high mutational burden, exhibiting high levels of MSI‑H 
and dMMR (MMR deficiency)  (280‑283). The first PD‑1 
blocker approved by the FDA in 2017 was pembrolizumab that 
exhibited promising efficacy in MMR‑deficient CRC (284). 
Pembrolizumab is a humanized IgG4 antibody against PD‑1 
set another milestone in CRC immunotherapy (285). Another 
humanized monoclonal IgG4 antibody for PD‑1 (nivolumab) 
received FDA approval for the treatment of MSI‑H and dMMR 
mCRC in 2017 (286). Other novel PD‑1/PDL‑1 inhibitors have 
been looking promising in phase I clinical trials of CRC and 
other solid tumors (287) (Table VII).

11. Conclusions

CRC is a complex and heterogeneous disease, exhibiting multiple 
genetic mutations and epigenetic aberrations. Individuals 
with predisposing germline mutations may exhibit somatic 
mutation accumulation at various stages, resulting in the cell 
transformation from normal epithelial cells to malignant and 
invasive cancer. Genetic testing for MSI in Lynch syndrome 
has led to the targeted surveillance of at‑risk family members 
for the prevention of CRC. Targeted EGFR and VEGF thera‑
pies have already had a better impact on the management of 
mCRC. A heterogeneous disease, such as CRC resulting from 
the activation of numerous signaling pathways, is therapeuti‑
cally challenging, and cannot be targeted with a single agent. 
A combination of conventional therapeutics with novel inhibi‑
tors targeting dysregulated pathways is required for a better 
outcome. The latest discoveries have assisted researchers in 
improving their knowledge of CRC to an unprecedented level. 
In the present review, the molecular pathways and the dysregu‑
lation of signaling pathways that play an essential role in CRC 
initiation and progression were discussed. More extensive 
knowledge of CRC has been acquired, and the efficiency of the 
first sign of targeted therapies provides an encouraging prospect 
for the future management and development of more efficient 
markers for the treatment of CRC. The design of novel scaf‑
folds, such as TKIs and specific inhibitors/antibodies to inhibit 
oncogenes and dysregulated signaling pathways is expanding. 
With the discovery of more targeted novel therapeutics, there is 
real hope that CRC can be better managed, leading to a lower 
disease burden in the future.
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