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Abstract: Colorectal cancer (CRC), a cancer of the large intestine and rectum, has one of the highest 

incidence and mortality rates, with incidences expected to nearly double in the next 25 years. The 

development of CRC may be caused by a collection of mutations via the chromosomal instability 

pathway, which results in approximately 70% of sporadic CRC cases, or the microsatellite instability 

pathway. At the same time, there are various modifiable and non-modifiable risk factors that increase 

one’s chances of developing a CRC causing mutation via these pathways. There are three widely used 

treatments for CRC: surgical resection, chemotherapy, and immunotherapy. Surgical resection remains 

the standard for CRC that has not metastasized with various options available such as open surgery, 

laparoscopy, and robotic surgery. In recent years, there has also been a plethora of new research into 

chemotherapies and immunotherapies as important treatments for metastatic or complicated CRC 

cases. In this review, we highlight the pathogenesis, risk factors, and treatments for CRC, while also 

providing a short summary of the diagnosis. Such a study will be helpful for clinicians to better manage 

patients with CRC. 
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Abbreviations: CRC: Colorectal cancer; CIP: Chromosomal instability pathway; MSI: Microsatellite 

instability pathway; LAS: Laparoscopic-assisted surgery; RAS: Robot assisted surgery; IT: 

Immunotherapy; irAEs: Immune-related adverse events 

1. Introduction 

Cancer continues to be a challenge to healthcare systems across the world due to its high mortality 

rate. In the United States, cancer is the second leading cause of death, trailing only heart disease [1]. 

Of the many cancer types, colorectal cancer (CRC) is of concern due to its high incidence and lethality. 

According to the data published by the Global Cancer Observatory in 2024, there were approximately 

1.9 million new CRC diagnoses and 900,000 deaths worldwide in 2022. These numbers rank second 

in mortality and third in incidence rate among all cancers [2]. Additionally, the incidence and mortality 

of CRC varies among different geographic regions according to GLOBOCAN data published in 2024 

(Figure 1) [3,4]. Of note, the incidence rates for CRC are about three times higher in nations with a 

high human development index (HDI) compared to nations with a low HDI. Moreover, Asia, North 

America, and Europe accounted for over 80% of the world’s CRC diagnoses in 2022 [3]. While the 

current prevalence of CRC is concerning, the future outlook paints a darker picture. It is projected that 

the global incidence will rise to over three million by 2040 [5]. These increased projections may be 

explained by the rapid increase in industrialization across the globe, ushering in a lifestyle that has a 

longer exposure to CRC specific risk factors. The projected increase in CRC incidence punctuates the 

need for a more complete understanding of CRC to develop novel and effective treatments. This paper 

aims to provide a general understanding of CRC from a pathological perspective and highlight the 

currently available treatment methods. 

 

Figure 1. Age-standardized rates of incidence and mortality for CRC for both sexes 

published in 2024, per 100,000 population [3,4]. 
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2. Pathogenesis 

Like many forms of cancer, the developmental pathways of CRC are diverse [6]. The majority of 

CRC develops from benign, precancerous lesions termed polyps. These polyps can be broken down into 

two categories: serrated polyps and adenomas [7]. Polyps are composed of aggregates of abnormal cells 

that collect new mutations within their genome over time [8]. Specific mutations are necessary for 

cancer development and confer advantages for tumor growth, local tissue invasion, and metastasis [7,8]. 

The adenoma size has been correlated with the risk of CRC: adenomas that are 1 cm or greater have a 

high risk of developing into CRC [9]. There are multiple identified pathways that lead to CRC, including 

the chromosomal instability pathway and the microsatellite instability pathway [6]. 

2.1. Chromosomal instability pathway 

Up to 70% of sporadic CRC can be attributed to chromosomal mutations [6]. The chromosomal 

instability pathway (CIP) is characterized by changes in the overall chromosome structure, including 

the amplification and deletion of certain regions, changes in the chromosome number, and a loss of 

heterozygosity [10]. Chromosomal abnormalities are caused by defects in genes responsible for DNA 

repair and chromosomal segregation [7,10]. Chromosomal abnormalities lead to increased mutation 

rates within key tumor suppressor genes and oncogenes that set the stage for CRC development [10]. 

Mutations to the tumor suppressor gene Adenomatous Polyposis Coli (APC) have been shown to 

be the first key mutations in this cascade and are seen in up to 80% of CRC cases [7,10,11]. APC 

functions to control the Wnt signaling pathway by regulating intracellular β-catenin levels. When Wnt 

binds to its receptor, β-catenin accumulates intracellularly and complexes with the transcription factors 

T-Cell Factor (TCF)/Lymphoid Enhancer Factor (LEF), which translocate into the nucleus and activates 

the transcription of pro-proliferative genes [7,12]. In the absence of Wnt signaling, APC forms a 

breakdown complex with axis inhibition protein (AXIN), glycogen synthase kinase 3 beta (GSK3β), and 

casein kinase 1 alpha (CK1α). Together, this complex degrades β-catenin via the ubiquitin-proteasome 

pathway and prevents cell proliferation [12]. Mutations to the APC gene result in a truncated protein that 

prevents the formation of the β-catenin breakdown complex. The lack of complex formation leads to 

unregulated cell proliferation due to the inability to break down β-catenin [7]. 

The second key mutation in the CIP is the Kirsten Rat Sarcoma (KRAS) oncogene, which is a 

member of the larger RAS family of proteins that play a crucial role in signaling pathways related to 

cell proliferation, apoptosis, and survival [10,13,14]. The activation of KRAS is dependent on upstream 

ligand binding to cell surface receptors. Upon ligand binding, a series of enzymatic reactions leads to 

KRAS transitioning from a GDP-bound inactive state to a GTP-bound active state [15]. Once active, 

KRAS can activate the RAF/MEK/ERK and PI3K/AKT/mTOR signaling pathways, among others. 

Both signaling pathways result in increased gene transcription and cell proliferation [13]. Mutations to 

KRAS result in it being locked in the GTP-bound active state that is independent of upstream ligand 

binding [15]. This ligand independent activation allows for the constitutive activation of the 

RAF/MEK/ERK and PI3K/AKT/mTOR pathways that cause unregulated cell proliferation [13,16]. 

Mutations to KRAS have been found in 40–45% of CRC patients [10]. Moreover, it has been shown 

that KRAS mutations are independent of adenoma size, suggesting that KRAS mutations happen early 
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in CRC development [17]. Both findings suggest KRAS mutations may play an important role in the 

progression of CRC. Additionally, KRAS mutations are associated with worse treatment outcomes and 

confer resistance to epidermal growth factor receptor (EGFR) targeted therapies [16], owing to the 

importance of genetic profiling of tumors before treatment initiation. 

TP53 is generally regarded as the gatekeeper of the cell cycle and is the most common gene 

mutation across cancer types. TP53 is a tumor suppressor gene that functions to control the cell cycle 

by regulating apoptosis, DNA repair, and cell senescence [18]. These processes are regulated through 

gene activation/inactivation, actions which are carried out by the transcription factor P53 [19]. P53’s 

control of the cell cycle takes place at the G1-S checkpoint in response to DNA damage [20]. Cell 

cycle inhibition is achieved through the activation of P21, which functions to inhibit cyclin 

dependent kinases (CDK) and freeze the cell cycle in the late G1 phase [21]. If the DNA damage is 

too extensive, P53 can induce apoptosis either through the upregulation of extrinsic receptors FAS 

and TNFRSF10A-D or the intrinsic proapoptotic molecule BAX [19]. Overall, TP53 mutations have 

been found in over 60% of CRC cases [6] which makes it a key gene in the development of CRC. 

Interestingly, there is a higher frequency of TP53 mutations in advanced CRC cases [22] and TP53 

mutations are found in only 4–26% of adenomas compared to over 50% of CRC cases [23]. Both 

observations suggest that TP53 mutations occur after significant tumor progression, compared to 

KRAS and APC, which are early mutations in tumor development. Lastly, studies have shown that 

TP53 mutations lead to worse outcomes for patients with late-stage CRC [24]. 

2.2. Microsatellite instability pathway 

The second pathway leading to CRC is the microsatellite instability pathway (MSI). While not as 

prevalent as CRC arising from the CIP, MSI has been detected in up to 15% of CRC cases [6]. 

Microsatellites are repetitive sequences located throughout the genome. Their repetitive nature puts 

them at an increased risk of incorrect base pairing by DNA polymerase during strand replication. 

Incorrect base pairing is the result of the insertion or deletion of base pairs within the microsatellite 

areas [25]. Normally, incorrect base pairing is repaired by the mismatch repair system (MMR), which 

is composed of many protein dimers (MLH1, MSH2, MSH6, MLH3, MSH3, PMS1, Exo1, and PMS2) 

that excise mismatched base pairs, thus fixing the initial error [26]. However, defects in MMR have 

been shown to be a key feature in MSI laden tumors. When the MMR is damaged, incorrect base 

pairing can no longer be fixed, which results in instability within microsatellite areas [27]. Defects in 

MMR are implicated in both hereditary and sporadic forms of CRC. Germline mutations in MMR 

proteins MSH2, MLH1, PMS2, and MSH6 are the basis of Lynch syndrome (otherwise known as 

Hereditary Nonpolyposis Colorectal Carcinoma [HNPCC]). Lynch syndrome is a common hereditary 

condition that has been shown to increase the lifetime risk of CRC development [28]. Most of the 

sporadic forms of MSI related CRC are caused by epigenetic silencing of MLH1 at methylation prone 

CpG islands [25,26]. Several genes have been found to have a high mutation frequency in MSI cells, 

including the anti-proliferative signal transduction molecule TGFβRII and proapoptotic molecules 

BAX and Caspase-5 [7,29]. The inactivation of genes responsible for limiting growth and apoptosis 

are thought to drive the tumorigenesis seen in CRC and other cancers. 
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3. Risk factors 

3.1. Nonmodifiable risk factors 

One of the strongest associated risk factors of CRC development is age. Many studies have 

found that the risk increases considerably after 50 years of age in both men and women [30,31]. 

Moreover, the incidence rates for CRC in men aged 70–74 years increases threefold compared to 

males aged 50–54 years [32]. Currently, the United States Preventive Services Task Force 

(USPSTF) recommends CRC screening for average risk individuals aged 45 years to 75 years old 

to catch potential CRC cases before late-stage development [33]. In addition to age, having a first 

degree relative with CRC significantly increases the risk of CRC development [30]. In fact, a large 

meta-analysis that compared the relative risk facts to the development of CRC found that 

individuals with a first degree relative diagnosed with CRC had a 1.87 higher chance of developing 

CRC compared to someone with no family history [34]. Lastly, personal medical history also plays 

an important role in the risk of CRC development. Diseases that affect the large bowel and rectum, 

such as Crohn’s Disease and Ulcerative Colitis, also increase risk [31,35]. 

While age remains a significant risk factor for CRC, it is important to note that an increasing 

amount of CRC diagnoses are being made in adults under the age of 50. Currently, the annual percent 

change in the incidence of CRC in adults 18–49 is beginning to outpace the annual percent change in 

adults >50. Data suggests the development of opposite trends in the incidence in CRC based on the 

age group. In many countries, the incidence of CRC has either stabilized or declined in adults >50 and 

increased in adults 18–49 [36,37]. These trends are currently not well understood, but may be fueled 

by young adults being exposed to risk factors earlier in life compared to previous generations. 

3.2. Modifiable risk factors 

Modifiable risk factors of CRC are a category that involves factors of lifestyle; there is evidence 

that risk factors can be modified to become protective factors against CRC development. Of note, obesity, 

or a high body mass index (BMI), is implicated as a risk factor for CRC [38]. Obesity promotes the 

development of a chronic inflammatory state by increasing the release of proinflammatory cytokines. 

Long term exposure to chronic inflammation can lead to DNA damage and cell dysregulation that may 

lead to cancer development [39]. Additionally, both smoking and alcohol consumption are positively 

correlated with CRC [38]. For alcohol, while there was no correlation found in light consumption, both 

moderate and heavy alcohol consumption was associated with an increased risk, with heavy consumption 

having a higher risk than moderate consumption [40]. Smoking is thought to increase the risk for CRC 

through DNA damage, which is precipitated though intracellular chemical accumulation and the hypoxic 

environment created by carbon monoxide [30]. Lastly, a diet high in red and processed meats is 

associated with an increased risk for CRC development [30,37,41]. Two theories have been proposed to 

explain the increased risk for CRC that red meat confers. Cooking meat leads to the development of the 

procarcinogens heterocyclic aromatic amines and polycyclic aromatic hydrocarbons [41]. Additionally, 

heme groups derived from red meat may produce carcinogenic substances via lipid peroxidation in the 

body [35]. 
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4. Diagnosis 

As mentioned earlier, the USPSTF’s current recommendation for CRC screening is for 

individuals between the ages of 45 and 75 years who are at average risk [33]. In recent years, there has 

been an increased emphasis on the development of noninvasive screening methods for CRC. 

Noninvasive screening methods offer several advantages compared to invasive screening methods. 

Noninvasive methods offer a quick and convenient option for screening while avoiding the extensive 

bowel prep and reducing risks that are associated with colonoscopies. The current standard of 

noninvasive screening involves the detection of blood in the stool. The Fecal Immunochemistry Test 

(FIT) uses antibodies to detect blood in the stool, and the Guideline Fecal Occult Blood Test (gFOBT) 

detects activity of peroxidases found in red blood cells [42]. Both tests have been proven effective in 

detecting CRC, with studies suggesting that the implementation of such tests has reduced the relative 

incidence of CRC development by 20% [33]. Moreover, studies have shown FIT and gFOBT have 

sensitivities for CRC of 79% and 70%, respectively [33,42]. While these numbers are promising, the 

diagnostic value of stool-based methods is limited by a lack of sensitivity to advanced adenomas, thus 

posing an important challenge for these screening methods [43,44]. New cutting-edge screening tests 

involve the use of body fluid samples, mainly blood, to screen for cancer. These “liquid biopsies” rely 

on cells shedding DNA, RNA, and proteins into body fluids as they die, which can be readily sampled 

and analyzed in a blood test [45]. To date, the most validated blood-based screening measure is SEPT9 

DNA testing. SEPT9 is a tumor suppressor gene that becomes inactivated through methylation as CRC 

progresses, and its detection in the blood can signal CRC pathology. Studies have reported a sensitivity 

of 68% for all stages of CRC [46]. Beyond SEPT9, blood-based screening methods are being 

developed that harness the ability to detect cancer before the spread to other tissues. Cohen et al. 

demonstrated that cancerSEEK, which is a screening test that is able to detect vast quantities of cancer 

specific mutations in eight different cancers, including CRC, reported a 72% and 78% sensitivity for 

stage II and III cancers, respectively [47]. Of note, cancerSEEK reported an 84% accuracy for CRC 

on the first prediction and a 100% accuracy for CRC based on its top two predictions [47]. Advances 

in noninvasive screenings has made screening much more accurate; however, the direct visualization 

of the large bowel by colonoscopy remains the gold standard to detect CRC [43]. An important aspect 

of colonoscopy screenings is the dual effect of visualization of growths and the ability to biopsy them, 

which is critical for diagnosis and staging [48]. 

Once a biopsy is performed, the sample can be assessed and staged to help with diagnostic clarity. 

The TNM system created by the American Joint Committee on Cancer (AJCC) and the Union for 

International Cancer Control (UICC) has been the gold standard for cancer staging for decades [49,50]. 

The TNM staging system is broken up into three components: primary tumor growth, lymph node 

involvement, and distant metastasis. Together, these three components offer valuable insights into 

the prognosis and guidance on treatment [49–51]. Table 1 provides an in-depth look into the TNM 

staging system. 
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Table 1. TNM Classification system. 

T-Primary Tumor Growth  

T0 No Evidence of primary tumor 

Tis Carcinoma in situ 

T1 Tumor invades the submucosa 

T2 Tumor invades the muscularis propria 

T3 Tumor invades the subserosa or non-peritonealized 

pericolic or perirectal tissue 

T4 Direct invasion of surrounding organs or structures 

or perforation of the visceral peritoneum 

T4a Tumor perforates the visceral peritoneum 

T4b Tumor invades surrounding organs 

N-Lymph node involvement  

N0 No regional lymph node involvement 

N1 Spread to 1–3 regional lymph nodes 

N1a Spread to 1 lymph node 

N1b Spread to 2–3 lymph nodes 

N1c Tumor deposits into the subserosa or non-

peritonealized pericolic or perirectal tissue without 

lymph node spread 

N2 Spread to 4 or more regional lymph nodes 

N2a Spread to 4–6 regional lymph nodes 

N2b Spread to 7 or more regional lymph nodes 

M-Metastasis  

M0 No distant metastasis 

M1 Distant metastasis present 

M1a Metastasis confined to one organ without peritoneal 

metastases 

M1b Metastasis to one or more organs 

M1c Metastasis to the peritoneum with or without organ 

involvement 

Note: Table. 1 TNM staging system for CRC [49–51]. 

5. Treatment 

CRC is accompanied by a high 5-year survivability prior to metastasizing. However, the 

survivability drops to 13% following metastasis [52]. Technological limitations, a lack of early 

diagnostic techniques, and an absence of symptoms during the early stages of CRC progression 

contribute to approximately 50% of CRC being metastatic at the time of diagnosis [53]. The poor 

prognosis associated with metastasis of CRC highlights the need for effective treatments and 

diagnostic techniques to increase early detection and successful treatment regimens. 
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5.1. Surgery 

Surgical resection remains the most effective form of treatment for advanced-stage colorectal cancer 

despite advancements in chemotherapy, radiotherapy, and immunotherapy [54]. There are two broad 

categories of surgical procedures that may take place: open surgery and minimally invasive surgery 

(MIS). MIS can be further separated into conventional laparoscopy, single incision laparoscopic surgery 

(SILS), robotic surgery, natural orifice transluminal endoscopy surgery (NOTES), natural orifice 

specimen extraction surgery (NOSES), and transanal total mesenteric excision (TaTME) [55]. 

Despite advancements in new surgical options, open surgery has been the conventional method used 

to surgically treat CRC for the past century. Open surgery provides the surgeon with a direct visualization 

and a greater mobility of instruments, especially in complex cases where minimally invasive techniques 

make it difficult to maneuver. However, there has been a marked increase in the use of MIS for CRC 

treatment, with laparoscopic-assisted surgery (LAS) being proposed as an alternative to open surgery in 

the early 1990s. LAS provides reduced scarring and a better cosmetic outcome along with an improved 

surgical precision that results from a high-quality, magnifying camera. Additionally, robot-assisted 

surgery (RAS) has advanced within the last 30 years to overcome the drawbacks associated with 

conventional LAS, such as a lack of a three-dimensional view and a long time to gain the necessary skill 

set to perform the surgery [56]. Finally, NOSES has progressed over the past several years to further 

minimize postoperative complications associated with a conventional laparoscopy and achieve a more 

pleasing scar-free outcome. Still, NOSES requires more evidence-based research before it becomes more 

widely accepted [57]. SILS and sole NOTES procedures have failed to gain popularity due to various 

reasons, such as their complexity and marginal clinical gains [55]. Therefore, much research has centered 

around determining the best treatment for CRC by evaluating the main outcomes of open surgery, LAS, 

and RAS. 

Meta-analyses have provided data that supports LAS as a more effective treatment for CRC than 

open surgery [58,59]. These studies have shown that patients who underwent LAS had reduced blood 

loss, length of hospital stay, complication rates, and mortality compared to open surgery. Furthermore, 

other reviews have focused on comparing the efficacy of LAS and RAS. One review of six randomized 

controlled trials (RCTs) concluded that LAS and RAS for CRC had similar blood loss, length of 

hospital stay, complication rates, and conversion to open surgery [60]. Another review of 11 RCTs 

supported a different conclusion that RAS had decreased blood loss, length of hospital stay, 

complication rate, and conversion to open surgery compared to LAS. The difference in the two studies 

was likely due to the sample size, and further large-sample RCTs should be conducted to provide a 

more conclusive comparison [61]. Although laparoscopic and robotic surgeries are supported as the 

more effective therapy for CRC, other complications may arise that warrant open surgery. The 

conversion to open surgery is an inevitable complication in some situations, and it is estimated that 

between 10%–16% of minimally invasive surgeries become open surgeries. Therefore, open surgery 

will remain a relevant surgical option in the foreseeable future [62]. Overall, surgical intervention 

remains the most effective treatment for CRC, and it remains up to the surgeon to determine which 

procedure to perform. 
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5.2. Chemotherapy 

5.2.1. Conventional therapeutics 

Chemotherapy is a common treatment for cases of CRC that are not amenable to surgery or have 

metastasized [63]. Chemotherapeutic approaches involve treatment regimens highlighted by multiple 

chemotherapeutic agents that have been approved by both the Food and Drug Administration (FDA) 

and European Medicines Agency (EMA) [64,65]. The mainstays of these chemotherapeutic regimens 

include 5-fluorouracil (5-FU), a potent inhibitor of DNA synthesis, and leucovorin, which 

synergistically acts with 5-FU to increase its effect [63,66]. 5-FU and leucovorin are combined with 

either the DNA cross linking agent oxaliplatin (FOLFOX) or the topoisomerase inhibitor irinotecan 

(FOLFIRI) [63,67]. FOLFOX and FOLFIRI are two of the most common first line chemotherapeutic 

regimens offered in the United States [63,66,68]. Table 2 provides a deeper look into current 

chemotherapeutic treatments. Multiple studies looking at the overall survival (OS) for patients with 

metastatic colorectal cancer (mCRC) being treated with either FOLFOX or FOLFIRI have shown only 

slight differences between the two [69,70]. These findings suggest that the clinical selection of 

chemotherapeutic regimens should be based on patient tolerability and tumor specific profiles. 

Toxicity is an important aspect in chemotherapeutic treatments, and along with further metastasis, 

is a key reason why patients switch regimens during treatment [63]. In a comparison, Colucci found 

that FOLFOX was more associated with thrombocytopenia (p < 0.0001) and neuropathy (p < 0.0001), 

while FOLFIRI was more associated with alopecia (p < 0.0001), diarrhea (p < 0.0007) and both nausea 

and vomiting (p < 0.009) [69]. Therefore, patient information such as age and health status should be 

considered when selecting first-line treatments. 

Table 2. Agents used in the treatment of CRC. 

Agent Effect FDA/EMA 

approval? 

Reference 

5-Fluorouracil Pyrimidine antimetabolite that blocks DNA synthesis Yes/Yes [63–65] 

Leucovorin Folic acid derivative that synergizes and increases 5-FU 

effect 

Yes/Yes [63–65] 

Oxaliplatin Platinum agent that cross links DNA Yes/Yes [64,65,67] 

Irinotecan DNA Topoisomerase inhibitor Yes/Yes [64,65,67] 

Cetuximab Chimeric monoclonal antibody that inhibits EGFR Yes/Yes [64,65,71] 

Panitumumab Human monoclonal antibody that inhibits EGFR Yes/Yes [64,65,72] 

Bevacizumab Human monoclonal antibody targeting VEGF-A Yes/Yes [64,65,73] 

Aflibercept Recombinant fusion protein that inhibits VEGFR-1 and 

VEGFR-2 

Yes/Yes [64,65,73] 

Ramucirumab Human monoclonal antibody that inhibits VEGFR-2 Yes/Yes [64,65,73] 

Pembrolizumab PD-1 inhibiting antibody Yes/Yes [64,65,74] 

Nivolumab PD-1 inhibiting antibody Yes/Yes [64,65,75] 

Ipilimumab CTLA-4 inhibitor Yes/Yes [64,65,76] 
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5.2.2. Targeted therapeutics 

In recent years there has been an explosion of research into the use of targeted biologic therapies 

alongside conventional chemotherapeutics in the treatment of mCRC. Biologic agents can be broken 

up into two categories: vascular endothelial growth factor (VEGF) inhibitors and EGFR inhibitors [68]. 

EGFR is a member of a larger family of receptors that encompasses erythroblastosis oncogene B 

(ErbB) and human epidermal growth factor (HER) receptors. These receptors are expressed on the 

surface of cells and are responsible for cell proliferation and survival via the activation of signaling 

pathways such as RAS, RAF, and PI3K/AKT, among others. EGFR and HER overexpression have 

been found in many cancer types, including CRC [77]. This finding has led to the development and 

study of biologic agents capable of inhibiting these receptors, thus limiting tumor growth. Multiple 

studies have demonstrated the benefits of using EGFR inhibitors in combination with chemotherapy. 

In patients with unresectable CRC, Van Cutsem investigated the EGFR inhibitor cetuximab combined 

with FOLFIRI vs FOLFIRI alone and found an OS time of 24.9 months (95% CI, 22.2 months to 27.8 

months) and 21.0 months (95% CI, 19.2 months to 25.7 months), respectively [71]. Another study by 

Douillard compared the EGFR inhibitor panitumumab combined with FOLFOX vs FOLFOX alone 

and found an OS of 23.9 months (95% CI, 20.3 to 28.3 months) and 19.7 months (95% CI, 17.6 to 

22.6 months), respectively [72]. 

A key factor in a tumor’s growth is the ability to increase its blood supply by building a dense 

network of new blood vessels. VEGF is an important signaling molecule that stimulates this process, 

and thus is critical in tumor growth [73]. Biologic agents such as bevacizumab, aflibercept, and 

ramucirumab have been approved by the Food and Drug Administration to interrupt aspects of the 

VEGF signaling pathway in an effort to inhibit tumor growth [68,73]. Saltz demonstrated the median 

survival time in patients with mCRC was 21.3 months when treated with bevacizumab combined with 

FOLFOX/XELOX compared to 19.9 months when treated with a placebo combined with 

FOLFOX/XELOX (HR, 0.89; 97.5% CI, 0.76 to 1.03; p = 0.077) [78]. In addition, Van Cutsem 

investigated the efficacy of the combination of aflibercept with FOLFIRI compared to FOLFIRI alone 

in mCRC patients who had previously undergone treatment. This study elucidated an increase in the 

median survival time of 13.5 months in the combination therapy vs 12.06 months in the chemotherapy 

only group ([HR], 0.817; 95.34% CI, 0.713 to 0.937; p = 0.0032) [79]. The use of both EGFR and 

VEGF inhibitors alongside chemotherapy offers a promising future in the treatment of mCRC. 

While studies show an increased survival time in mCRC patients treated with a combination 

therapy, these therapies are not without limitations. Studies have demonstrated that a first line 

treatment with EGFR inhibitors such as cetuximab resulted in the increased proliferation of KRAS 

mutations mCRC cells [80]. Additionally, mCRC patients that express high levels of angiopoietin-2, 

a pro angiogenic factor, were associated with worse treatment outcomes when treated with 

bevacizumab plus conventional chemotherapy [81]. Lastly, first line administration of bevacizumab 

has been shown to result in an increase in serum VEGF-A levels. This effect conferred a resistance to 

the second line use of EGFR inhibitors such as cetuximab [82]. While targeted therapies offer a new 

range of treatment options for patients with mCRC, natural resistance and tumor plasticity pose 

challenges for these therapies. More research into the effect of specific mutations and biomarkers is 

needed to create more thorough tumor profiles to assist with treatment selection and efficacy. 
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5.3. Immunotherapy 

Immunotherapy (IT) has recently become the most common form of treatment for tumors that 

have metastasized or are recurrent solid tumors, thus surpassing both chemotherapy and targeted 

therapy [53]. Numerous IT modalities exist today, including immune checkpoint inhibitors (ICIs), 

adoptive cell therapies, monoclonal antibodies, oncolytic viruses, anti-cancer vaccines, and immune 

system modulators. Of the current options, ICIs have become the leading treatment by restoring the 

antitumor immune response in patients with colorectal cancer. ICIs can be used to target receptor 

checkpoint proteins such as PD-1 and CTLA-4, along with their associated ligands, to hinder the 

growth of cancer [52]. Currently, treatments that have been approved by the FDA include 

pembrolizumab and nivolumab, which are two PD-1 ICIs, and ipilimumab, which is a CTLA-4 ICI. 

The KEYNOTE-177 phase III study established pembrolizumab as an effective first-line therapy for 

dMMR-MSI-H mCRC when compared to chemotherapy [74]. The five-year follow-up assessed a 

five-year OS of 54.8% with a median OS of 77.5 months with pembrolizumab. This was compared 

to a median OS of 36.7 months and a five-year OS of 44.2% with chemotherapy [83]. One active 

study of interest is investigating the therapeutic potential of pembrolizumab in combination with 

cetuximab and the BRAF inhibitor, encorafenib. This is for a subset of patients with both BRAF 

V600E mutations and DNA mismatch repair-deficient (dMMR)/microsatellite instability-high 

(MSI-H) mCRC (NCT05217446). Ipilimumab in conjunction with nivolumab has also been 

approved to treat dMMR-MSI-H CRC [84]. This stems from the CheckMate 142 phase II trial. This 

trial has produced important data on the use of nivolumab in conjunction with ipilimumab. It was 

found that in previously treated patients with DNA mismatch repair-deficient 

(dMMR)/microsatellite instability-high (MSI-H) mCRC, this combination had an objective 

response rate (ORR) of 55% and a disease control rate of 80% for at least 12 weeks [76]. These 

results propose a greater response than the monotherapy nivolumab, which concluded an ORR of 

31% and a disease control rate of 69% for at least 12 weeks [75]. Additionally, the 12-month OS 

was 85% in the combination therapy compared to 73% in monotherapy nivolumab. The CheckMate 

142 trial recently evaluated nivolumab plus low-dose ipilimumab as a first-line therapy for patients 

with the same dMMR-MSI-H mCRC as previously researched. The ORR was 69% and the disease 

control rate was 84%. This is a promising first-line therapy in which the authors stated a randomized 

trial is warranted for further investigation [85]. The four-year follow-up of the CheckMate phase II 

trial on previously treated patients found an increased ORR from 55% to 65% and a slightly increased 

disease control rate of 81% [86]. There is an active phase III trial assessing nivolumab, nivolumab plus 

ipilimumab, and the investigator’s choice of chemotherapy (NCT04008030). The CheckMate 142 

phase II trial also assessed the efficacy of nivolumab plus relatimab in previously treated patients with 

dMMR-MSI-H mCRC. Relatimab is a lymphocyte-activation gene 3 (LAG-3) inhibitor. The 

investigators assessed an ORR of 50% and a disease control rate of 70%, along with an OS rate of 56% 

at three years. Although the results proposed a less efficacious therapy compared to nivolumab plus 

ipilimumab, this could still be an important therapy for those that are intolerant of a nivolumab and 

ipilimumab combination [87]. 

The classification of CRC can be broken down into three types based on their repair system 

(MMR) and MSI: dMMR-MSI-H tumors resulting from a defective MMR and high mutation burden; 
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pMMR–MSI-L tumors resulting from an intact MMR and low mutation burden; and pMMR-MSS 

tumors resulting from an intact MMR while also lacking MSI features [84]. Unfortunately, the efficacy 

of the aforementioned medications is limited to patients with a dMMR-MSI-H classified tumor, which 

only accounts for 10%–15% of all CRC cases and 5% of mCRC cases. Fortunately, ongoing studies 

are working to improve the ICI efficacy for patients with the more common pMMR-MMS tumors 

through combination therapies with either chemotherapy, targeted therapy, or radiotherapy [52]. One 

such study assessed the efficacy of pembrolizumab with bevacizumab (VEGF-A monoclonal antibody) 

and binimetinib (MEK inhibitor) in the treatment of refractory pMMR-MSS mCRC patients. Although 

this treatment combination did not achieve a statistically significant higher ORR (ORR = 12% vs 

historical ORR = 5%) than the current treatment options, there was an observed efficacy improvement 

in patients without liver metastasis [88]. IT is a promising treatment modality for CRC, although 

similar to all other forms of treatment, there is the possibility of related adverse events. 

ICIs are stifled by the high occurrence rate of immune-related adverse events (irAEs), which may 

present as rash, colitis, pneumonitis, endocrine, cardiac, and musculoskeletal dysfunctions [89]. 

Hepatotoxicity is also a common problem that occurs in 2%–25% of ICI patients. Although high-dose 

corticosteroids may be used to treat ICI induced hepatotoxicity, they are only found to be effective in 

approximately 70% of patients with hepatic reactions [90]. Even worse is the evidence of fatal side 

effects that number over 600 between the years 2009 and 2018 [91]. In short, while ICIs have become 

a staple in cancer immunotherapy targeted treatments, the side effects involved pose a true challenge 

for those taking and managing the treatments. Future research is needed to investigate less harmful 

ICIs and better treatments for irAEs. 

6. Future directions 

CRC is a complex, multifaceted disease that poses many challenges to the modern medical system. 

This complexity limits the idea of a one size fits all cure. However, complexity should not be mistaken 

for dejection. While there are still many challenges to overcome, the progress that has already been 

made shines a light on the future. Advances in tumor profiling have allowed the birth of targeted 

therapies that match the features of an individual’s tumor, thus resulting in better outcomes. Looking 

forward, an emphasis should be placed on methods to increase the screening compliance and efficacy. 

Noninvasive methods offer a great alternative for individuals who feel colonoscopies are too invasive 

while also giving accurate results that warrant further investigations. A large meta-analysis found a 

strong association between the cancer stage and the length of time between a positive fecal test and 

colonoscopy [92]. Additionally, the relative 5-year survival rate for individuals with localized CRC is 

90.1% [93], while that rate drops to 69.2% for CRC that has spread to local organs/lymph nodes [93]. 

The rate drops even further to 11.7% for CRC that has metastasized to distant sites [49]. This highlights 

the importance of screening, and that early detection is the best method to save lives. 
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