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Preface

Colorectal cancer is the third most common cancer globally, accounting for approxi-
mately 10% of all cancer cases, and it ranks as the second leading cause of cancer-
related deaths worldwide. In 2020, more than 1.9 million new cases of colorectal cancer
and more than 930,000 deaths due to colorectal cancer were estimated to have occurred
worldwide. By 2040, the burden of colorectal cancer will increase to 3.2 million new
cases per year (an increase of 63%) and 1.6 million deaths per year (an increase of 73%).
Colorectal cancer is often diagnosed at advanced stages when treatment options are
limited. With the development and improvement of new techniques, updated knowl-
edge and information are essential for management of colorectal cancer.

In the past decade, the use of improved diagnostic methods such as endoscopy, abdomi-
nal ultrasound, computed tomography (CT), magnetic resonance imaging (MRI), posi-
tron emission tomography (PET), and liquid biopsy (tumor cell or nucleic acid-based
molecular detection method) has significantly increased the detection rate of colorectal
cancer. Additionally, surgical treatment remains the first-line treatment to provide a
cure, and advances in surgery, including robotic surgical systems, have partly solved sev-
eral constraints of laparoscopic surgery. These new techniques offer technical advantages
in colorectal cancer surgery, which has improved the outcome of surgical treatment, and
their application will further expand in the future. For advanced or metastatic colorectal
cancet, the progress in targeted therapy, immunotherapy, cellular directed therapy, and
combination therapy has been improving patient survival outcomes. For these reasons,
the mortality of colorectal cancer in the future is expected to decrease.

With international experts sharing their valuable experience, knowledge, and reviews
on these various aspects in the management of colorectal cancer, this book offers all
physicians treating colorectal cancer, as well as researchers, updated information on
the epidemiology, diagnosis, and recent advances in treatment and management of
colorectal cancer. It is also a valuable resource for other specialists, researchers, and
colorectal cancer patients.

I would like to give my sincere and hearty thanks to all the chapter authors for their
excellent contributions. I would also like to thank the staff at IntechOpen, especially
Publishing Process Manager Ms. Valentina Joli¢. Without these individuals, this book
would not have been possible.

Jindong Chen

Chief Technology Officer,
Exploring Health, LLC,
Guangzhou, China
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Chapter1

Challenges of Colorectal Screening
in Developing Countries

Gede Eka Rusdi Antara

Abstract

Colorectal cancer (CRC) is the third most common cancer worldwide in 2020.
Screening is especially suitable for colorectal cancer (CRC), given its prevalence and
the belief that it represents a progressive adenoma-carcinoma chain. In developing
nations, CRC screening is occasionally opportunistic; it is sometimes detected con-
currently with other symptoms. There are several simple screening methods available
such as digital rectal examination and fecal occult blood test (FOBT). Furthermore,
the more advance screening method endoscopic, stoll-based, or radiological, blood-
based screening also available. But in the developing countries, that options are
limited due to lack of data, knowledge, awareness, human resources, infrastructure,
screening guidelines, and cost issue. To overcome that challenge, technological devel-
opment, policy updates, and the right screening choice can be effective in that setting.

Keywords: colorectal cancer, challenge, developing country, screening, cancer, CRC

1. Introduction

Following lung and breast cancer in terms of frequency of diagnosis, colorectal
cancer (CRC) is the third most common cancer worldwide in 2020. In 2020, CRC
came in third place for men and second place for women. A total of 1.931.590 new
cases, or 10.01% of the total, are diagnosed annually [1]. In Asia, colorectal cancer
accounted for 1,009,400 (17.6%) incidents and 506,449 (8.7%) deaths of all sexes
and ages. CRC is becoming an increasing health concern, particularly in developing
nations. An environmental factor significantly affects the pathogenesis of colorectal
cancer (CRC), as evidenced by the greater than 10-fold variation in global CRC inci-
dence and the rapid increase in CRC risk among the same generation of immigrants
from low-risk to high-risk regions [2].

Colorectal cancer (CRC) is an intestinal or rectal disorder. It results from an
abnormal proliferation of glandular epithelial cells in the colon. Sporadic, hereditary,
and colitis-related are the three primary classifications of CRC [3]. Cases of CRC are
on the rise worldwide. Genetic and environmental factors influence the likelihood
of developing CRC. Furthermore, patients who have ulcerative colitis and Crohn’s
disease have an elevated risk of developing colorectal cancer (CRC) as they age [4].
Several studies identify diet and lifestyle, family history, and chronic inflammation
as risk factors for CRC [4]. CRC cases have increased in economically developed
nations due to the adoption of Western lifestyles and dietary habits, which are marked
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by excessive consumption of meat, fat, and total calories. Population growth and an
extended life expectancy have also contributed to this trend [3, 5].

Screening is especially suitable for colorectal cancer (CRC), given its prevalence
and the belief that it represents a progressive adenoma-carcinoma chain. While the
precise duration from initial adenoma to established colorectal cancer (CRC) remains
unknown, available evidence indicates that it should not fall below 10 years. This
provides ample time for early detection via screening and subsequent treatment.
Moreover, colorectal adenomas can be removed to prevent colorectal cancer (CRC),
and early detection of CRC reduces the patient’s mortality risk [6]. In patients devoid
of symptoms and at no risk, fecal tests (FOBT) and fecal immunochemical tests (FIT)
are the most frequently advised and implemented screening methods for colorectal
cancer (CRC). These tests are specifically designed to identify minute quantities of
blood in the stool. Screening programs in high-income countries commonly invite
all individuals aged 50 and above to participate by submitting a stool sample. This
strategy is not yet fully implemented in developing nations due to inadequate infra-
structure and resources [7].

In developing nations, CRC screening is occasionally opportunistic; it is some-
times detected concurrently with other symptoms. Frequently, CRC cases are
identified after the onset of symptoms. Screening is crucial for preventing CRC-
related mortality and morbidity. Conquering the high mortality rate associated with
colorectal cancer (CRC) and the dearth of screening services in developing nations
represents a formidable obstacle [8]. Colorectal cancer is a malignant disease that
requires the establishment and implementation of screening interventions if it is not
detected early. Hence, this literature review aims to examine the obstacles associated
with colorectal cancer screening in developing nations.

2. CRC epidemiology in developing countries

Based on 2018 GLOBOCAN data, colon cancer is the malignancy with the fourth
highest incidence in the world, while rectal cancer is the eighth-highest malignancy
in the world. When combined, the incidence of colorectal cancer (CRC) is the third
highest in the world, with an estimated 11% of all diagnosed cancers. In 2018, there
were more than 1 million new cases of colon cancer and more than 700 thousand
new cases of rectal cancer, with an estimated more than 1.8 million new cases of CRC
diagnosed [9].

Based on demographics, the incidence of CRC in men is higher than in women,
3—4 times, and is more common in developed countries than in developing countries.
The age-standardized incidence rate per 100,000 CRC cases for both sexes is 19.7,
lower than the rate of 23.6 for men and higher than 16.3 for women. The age-stan-
dardized incidence for men in countries with a high human development index (HDI)
is 30.1 per 100,000, while in low-HDI countries it is only 8.4 per 100,000 [9].

Several recent studies show that CRC incidence and mortality increases in coun-
tries with medium-high HDI. This is associated with sedentary lifestyle habits, obe-
sity, red meat consumption, smoking habits, and alcohol consumption. Furthermore,
the CRC incidence rate in these countries is also increasing along with increasing life
expectancy [10]. In general, the incidence of CRC in developing countries or low-HDI
nations also varies. Age-standardized rate (ASR) incidence and mortality figures for
several regions in the world can be seen in the Table 1.
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Region/Category ASR Incidence ASR Mortality
Medium-HDI countries 11.3 6.7
Low-HDI countries 49 39
Micronesia 204 83
Eastern Asia 184 84
Caribbean 16.4 9.1
Polynesia 15.0 6.6
South-Eastern Asia 12.5 79
Southern Africa 109 74
Melanesia 8.8 6.2
Northern Africa 76 5.0
Eastern Africa 6.5 5.0
South-Central Asia 6.1 44
Sub-Saharan Africa 5.8 4.5
Middle Africa 48 39
Western Africa 41 33

ASR per 100.000 cases [11].

Table 1.
Age-standardized rate for incidence and mortality of CRC in developing countries [11].

Although in general the incidence of CRC is lower in developing countries, recent
trends show that the incidence of CRC in several developing countries has increased.
The incidence rate in several former Eastern European Communist Bloc countries
which are currently undergoing major economic transitions has equaled or exceeded
the incidence in several developed countries of the former Western Bloc. The same
thing is also observed in several countries in the East Asia region such as Taiwan,
Hong Kong, Singapore, China, and Thailand which are showing a drastic increase
in the incidence of CRC, so that it is almost close to the incidence rate in European
countries [12-15].

An increase in the incidence of CRC has also been found in several West Asian
countries which historically have had low incidence rates. Research in Iran shows a
drastic increase in incidents in the last 3 decades. Similar things were also found in
several other countries in the region such as Jordan, Saudi Arabia, Egypt, and Yemen.
An increase in incidents was also found in India, although at a less significant rate
compared to several developing countries in the East Asian region [12, 16].

The increase in CRC incidence in several developing countries is not due to an
increase in screening rates, because existing screening programs are generally still
limited or have only just been implemented in these developing countries. The
incidence of CRC was also found to be more common in the young population who
were not the target of the screening program. This phenomenon appears to be found
in several countries that are experiencing an epidemiological transition, such as Iran,
where almost 20% of CRC cases are less than 40 years old [12, 16, 17].
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3. Screening of CRC in developing countries
3.1 Indications for colorectal screening

The American Cancer Society (ACS) has published recommendations for rou-
tine screening of at-risk individuals starting at age 45 years. Individuals who are
considered to have an average risk of colorectal cancer are patients who have no
previous history of colorectal cancer or certain types of polyps, no family history
of colorectal cancer, no history of inflammatory bowel disease (ulcerative colitis or
Crohn’s disease), no confirmed history of the colorectal cancer syndrome, and no
history of exposure to radiation to the abdomen or pelvic region for cancer treatment.
Individuals who have a healthy body condition and have a life expectancy of more
than 10 years are encouraged to undergo colorectal cancer screening until the age of
75 years. For individuals aged 76 to 85, the decision to undergo screening is adjusted
to general health conditions, life expectancy, patient preferences, and prior screening
history. Meanwhile, patients over 85 years of age should no longer receive colorectal
cancer screening [18]. In Indonesia, indications for early examination for colorectal
cancer are categorized into moderate-risk and high-risk individuals. The indications
of screening for individuals classified as moderate risk are as follows [19].

1.Individuals aged 50 years or older.

2.Individuals who do not have a history of colorectal cancer or inflammatory
bowel disease (IBD).

3.Individuals who do not have a family history of colorectal cancer

4.Individuals diagnosed with adenoma or colorectal cancer after the age of
60 years

Meanwhile, indications for early detection of colorectal cancer with increased or
high risk are as follows [19].

1.Individuals with a history of curative resection of colorectal cancer
2.Individuals with a history of adenomatous polyps
3.Individuals with a long history of inflammatory bowel disease

4.Individuals with a first-degree family history of colorectal cancer or colorectal
adenoma. However, these recommendations differ based on the age of the family
at diagnosis.

5.Individuals with a diagnosis or suspicion of having Hereditary Non-Polyposis
Colorectal Cancer (HNPCC) syndrome or Lynch syndrome or Familial Adeno-
matous Polyposis (FAP).

Each cancer risk level has a recommended time to start screening and recommen-
dations for examinations to be carried out. Patients with a history of polyps will have
their number and grading assessed. In detail, indications, screening start time, and
screening recommendations are contained in the following Table 2 [19].
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No. Risk Categories Time Recommendations
1. Increased risk — Patients with a history of polyps on previous colonoscopy
Patients with small hyperplastic — Colonoscopy or other screening
polyps methods at recommended intervals
in moderate-risk individuals
Patients with 1 or 2 tubular 5-10 years after initial Colonoscopy
adenomas classified as low-grade polypectomy
dysplasia
Patients with 3-10 adenomas or 1 3 years after initial Colonoscopy every 5 years
adenoma measuring >1 cm or all polypectomy
with villous/high-grade dysplasia
Patients who had >10 adenomasat <3 years after initial Colonoscopy
one examination polypectomy
Patients who had sessileadenomas ~ 22-6 months to ensure Colonoscopy. Complete or
removed at one time complete removal incomplete removal is subject
to endoscopic and pathological
assessment.
2. Increased risk — Patients with colorectal cancer
Colon and rectal cancer patients 3-6 months after cancer Colonoscopy
who should undergo high-quality resection if unresectable
perioperative clearance metastases are not
found
Patients undergoing curative 1-year post-resection Colonoscopy
resection for colon and rectal
cancer
3. Increased risk — Patients with family history
First-degree relatives before the Age 40 yearsor 10 years ~ Colonoscopy every 5 years
age of 60 years have a history of before the youngest case
colorectal cancer or adenomatous in the family
polyps or > 2 first-degree relatives
atany age.
A history of colorectal cancer At the age of 40 years Screening methods and intervals
or adenomatous polyps in a are adjusted to moderate risk
first-degree relative >60 years or recommendations.
2 second-degree family members
with colorectal cancer
4 High risk
Individuals diagnosed with FAP Age 1012 years Sigmoidoscopy every 1 year to assess
without evidence of genetic abnormal genetic expression. If the
testing genetic test is positive, then consider
a colectomy.
Patients with a genetic or clinical Age 20-25 years or Colonoscopy every 1-2 years.
diagnosis suggestive of HNPCC 10 years before the At HNPCC, genetic testing is
or patients at increased risk of youngest case in the considered.
HNPCC family was discovered
Patients with IBD, Crohn’s disease, 8 years after pancolitis Colonoscopy every 1-2 years and
or chronic ulcerative colitis or 12-15 years after biopsy to assess for dysplasia
onset of left-sided
colitis
Table 2.

Indications of screening based on risk categories and recommendations of examination [19].
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3.2 Early detection in individuals with suspected colorectal cancer

Simple screening methods that are often used to check for colorectal cancer are
digital rectal examination and fecal occult blood test (FOBT).

3.2.1 Digital rectal examination

Based on the guidelines published by the Indonesian Ministry of Health, a digital
rectal examination can be performed once on individuals over 50 years. If clinical symp-
toms appear, a re-examination can be carried out [19]. The purpose of a digital rectal
examination is to evaluate the presence of abnormalities in the perianal, distal rectum,
anal canal, and rectovaginal septum in women. Apart from that, this examination also
aims to determine the integrity of the anal sphincter and determine the size and degree
of tumor fixation in the middle and distal 1/3 of the rectum. Specifically for colorectal
cancer, the points assessed are the condition of the tumor, tumor mobility, extension,
and tumor size. What is evaluated from the condition of the tumor are the extension of
the lesion on the rectal wall and the location of the lowest part of the uterine cervix, the
anorectal ring, and the top of the prostate. Tumor mobility is assessed to determine the
surgical therapy to be performed. Meanwhile, tumor extension is observed by evaluating
the upper, lower, and circular borders [19, 20].

The health care provider performs a rectal exam by first asking about the symp-
toms of the rectum, such as bleeding, pain, or a palpable mass. The examiner then
assesses the condition of the perianal with a radius of 5 cm from the anal verge,
followed by 360° palpation of the anal canal and distal rectum. This examination is
relatively fast and generally does not exceed 1 minute. Apart from the fast examina-
tion time, this examination is also cost-effective as a colorectal cancer screening
[20, 21].

The digital rectal examination is more useful for determining distal rectal tumors
[19]. Research conducted by Tanaka et al. also found that digital rectal examination
was more accurate in determining lower rectal lesions than middle rectal lesions. His
research found that digital rectal examination tends to give a lower estimated height
than endoscopy above 7 cm from the anal verge. A rectal digital examination can
provide information regarding the depth of invasion and circumferential location
of colorectal cancer [22]. However, this digital rectal examination depends on the
expertise and experience of the examining doctor. It is also limited to the reach of the
examining finger. The other study stated that digital rectal examination is not suit-
able for tumors that are >10 cm from the edge of the anal. Therefore, a digital rectal
examination is more accurate in determining locally advanced stages than early tumor
stages [19, 22].

3.2.2 Fecal occult blood tests (FOBTs)

The other early detection is fecal occult blood tests (FOBTs). This examina-
tion is useful for detecting early-stage colorectal cancer. FOBT is an examination
used to detect the presence of blood in feces that cannot be seen with a microscope.
Currently, there are three types of FOBT based on measurement techniques: chemical
tests, immunochromatography tests, and DNA tests [23-25].

The gFOBTSs examination is a qualitative examination that utilizes the activity of
the haem pseudo-peroxidase enzyme from hemoglobin molecules found in feces. The
discovery of blood components in feces is caused when haem originating from the
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blood mediates the oxidation of guaiac acid by hydrogen peroxide to become guaiac
blue. However, examination with gFOBTSs has a high risk of false positive results [23,
26]. Before undergoing gFOBTSs examination, patients are asked to avoid consuming
red meat 2-7 days before the test to avoid false positive results. In addition, green
vegetables that have chlorophyll-mediated pseudo-peroxidase activity or other foods
high in peroxidase are also avoided. These requirements are considered difficult for
some patients [25]. Apart from that, the specificity of gFOBTSs is also low, namely
almost 50%, because positive gFOBT results are not caused by colorectal cancer but
by other causes. Therefore, further examination is needed. If an individual has abnor-
malities in the digital rectum and FOBT, the individual will be referred for further
examination [19].

An alternative to gFOBTS testing is 3,3,5,5’-tetramethylbenzidine (TMB) testing.
The TBM examination is a one-stage examination using an examination paper. Paper
soaked with TMB indicator is placed in the toilet bowl immediately after defecation.
Another step is to stick the patient’s finger in the circular area on the front side, then
wipe the buttocks to collect a stool specimen in the circular area on the backside.
Next, the 3,3',5,5'-tetramethylbenzidine regimen and the hydrogen peroxide with
ethanol regimen will be dripped [27]. In this examination, haem originating from
free hemoglobin, myoglobin, or lysed erythrocytes will catalyze the oxidation
reaction and trigger a change in action to green or blue within 2 minutes. Compared
to gFOBTS, this examination is more comfortable for patients. However, this test
only detects blood in the external layer of the feces. Similar to gFOBTS, patients are
also asked to avoid consuming red meat, green vegetables, medicines, and citrus
fruit 3 days before the examination. Apart from that, the reading of the test results
is not objective but is based on the observation. As a result, wrong interpretations
can occur, especially if the patient sees the test results from a considerable distance
(Figure 1 and 2) [25, 27].

3.3 Advanced screening in individuals with suspected colorectal cancer

In the United States, several professional communities recommend CRC screen-
ing for asymptomatic individuals with an average risk between the ages of 50 and
75 years old [28]. Although the latest guidelines from the American Cancer Society
suggest initiating CRC screening at the age of 45 [29]. Commonly used methods
include endoscopic methods (colonoscopy and sigmoidoscopy), radiologic methods

ool collection ares
b
100 mm
Front side Back side
Harad ol side Specimen collossion side

Figure 1.
Design of the toilet paper by TMB test. (A) the front side of the paper. (B) the backside of the paper to collect the
stool [27].
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The comparison between the TMB test and gFOBTs [27].

l

NN l!ﬁ[’
R
l
g

|
i
i

(computed tomography (CT) colonography), stool-based testing (fecal immuno-
chemical test (FIT) and FIT-DNA), and blood-based screening tests (Figure 3) [30].

3.3.1 Endoscopic methods

Endoscopic methods are considered the most sensitive for CRC screening as they
allow direct mucosal inspection throughout the large intestine. A thin, flexible,
lighted tube is inserted through the anus and used to directly inspect the lining of the
rectum and the entire colon. In a population-based case-control study in Germany, a
history of colonoscopy resulted in a 77% decreased risk of CRC. In a large population-
based case-control study in Canada, colonoscopy reduced mortality rates by 67%
[30]. In alarge cohort study in the United States with a follow-up period of more than
22 years, negative colonoscopy results were associated with an overall 56% reduction
in CRC risk and a 27% reduction in proximal CRC risk [31]. The difference between
the reduction in proximal and distal CRC risks is likely related to several factors,
including incomplete colonoscopy evaluation, difficult visualization in the proximal
colon, poor bowel preparation, and operator skill. Several ongoing large randomized
trials are expected to yield important information in the coming years regarding
the efficacy of colonoscopy in reducing CRC incidence and mortality. Drawbacks
of colonoscopy include discomfort during bowel preparation before the procedure,
sedation risks (such as cardiovascular events), and procedure-related complications
(such as colon perforation and bleeding). In meta-analyses, there were reported risks
of perforation (0.5 per 1000), post-colonoscopy bleeding (2.6 per 1000), and mortal-
ity (2.9 per 100,000). Because the procedure usually requires sedation, you must be
accompanied home after the procedure, and you should not return to work or other
activities on the same day. The complication rates were found to be lower for screen-
ing procedures compared to diagnostic examinations [30, 32].

Another advanced screening method is flexible sigmoidoscopy, which examines
the lower part of the colon. Several studies indicate a decrease in CRC incidence among
individuals undergoing sigmoidoscopy followed by colonoscopy compared to those

10



Challenges of Colovectal Screening in Developing Countries
DOI: http://dx.doi.org/10.5772/intechopen.1004062

Temporal development of CRC

Figure 3.

CRC development and screening methods [44]. CRC, colovectal cancer; CIMB, CpG island methylator phenotype;
CT, computed tomography; FOBT, fecal occult blood test; FIT, fecal immunochemical test; MSI, microsatellite
instability; sDNA, stool DNA.

without screening. A major disadvantage of sigmoidoscopy is that it cannot detect polyps
or cancers that are located only on the right side (for example, in the cecum or ascending
colon to the hepatic flexure) or in the transverse colon, which are more common in older
women [33]. In a large multicenter randomized trial in the UK with a 17-year follow-up,
there was a 26% reduction in CRC incidence and a 30% decrease in CRC-related mortal-
ity [34]. Sigmoidoscopy remains a suitable choice for CRC screening when colonoscopy
availability is limited. The United States Preventive Services Task Force (USPSTF)
recommends screening with flexible sigmoidoscopy every 5 years [35].
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3.3.2 Stool-based testing

The Food and Drug Administration (FDA) recommends CRC screening using multi-
target Fit-DNA combined with FIT. Fit-DNA testing has proven to have higher sensitivity
in detecting CRC compared to FIT (92.3 vs. 73.8%) but lower specificity (86.6 vs. 94.9%)
[36]. The primary drawback of FIT-DNA lies in its lower specificity than FIT, leading to a
higher likelihood of false-positive results, necessitating further examination via colonos-
copy. Moreover, data regarding the mortality benefits of FIT-DNA as a CRC screening
test remain limited. Although the Centers for Medicare & Medicaid Services approve and
recommend FIT-DNA at three-year intervals in the United States, the optimal frequency
for using FIT-DNA for CRC screening has not been definitively established. Additionally,
the cost of FIT-DNA is significantly higher than FIT, which might pose a barrier to adopt-
ing this screening method in developing countries [30].

3.3.3 Radiologic method

CT Colonography is a radiologically-based screening method for CRC. Compared
to barium enemas, CT colonography is more sensitive [37]. CT colonography can
detect adenomas >1 cm with a sensitivity of 67-94% and specificity of 86-98% [38,
39]. European studies indicate that CT colonography has a high sensitivity compa-
rable to colonoscopy for polyps larger than 5 mm. CT colonography also presents the
advantage of minimal risk of perforation compared to colonoscopy [40]. However, for
smaller polyps, the sensitivity of CT colonography is lower than that of colonoscopy.
There are several drawbacks to CT colonography, including radiation exposure and
bowel preparation requirements. Despite its drawbacks, CT colonography is a recom-
mended CRC screening tool, especially for individuals at higher risk of complications
related to colonoscopy. Presently, the U.S. Multi-Society Task Force recommends a CT
colonography screening interval of every 5 years, and individuals with colon polyps
>6 mm on CT colonography should undergo colonoscopy [28, 30].

3.3.4 Blood-based screening tests (liquid biopsy)

Liquid biopsy involves analyzing circulating tumor cells (CTCs), cell-free tumor
DNA (ctDNA), and/or protein markers detectable in the blood [41]. The FDA approved
the first serum test for CRC screening, which is methylated DNA septin9. The septin9
test has a sensitivity of 48.2% and specificity of 91.5%. Sensitivity for CRC stages I-IV is
35.0, 63.0, 46.0, and 77.4%, respectively, but sensitivity for advanced adenomas is only
11.2% [42]. The Septin9 test has the advantage of being more comfortable for patients,
thereby increasing their willingness to undergo screening. However, the primary
drawback of the Septin9 test is its low sensitivity in detecting CRC and its relatively poor
performance in detecting advanced adenomas [43]. A meta-analysis involving 14 studies
indicated that the sensitivity of Septin9 in diagnosing CRC is only 67, with 89% specific-
ity in distinguishing CRC patients from cancer-free individuals (Table 3) [45].

3.4 Screening facilities in developing countries
In developing countries, there is a lack of standard screening and diagnostic facili-

ties, leading to frequent delays in cancer diagnosis. Screening facilities within health
care services provided at public facilities were identified as major barriers to screening
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Test Premise Sensitivity Screening Advantages Limitations
for CRC interval
Colonoscopy Endoscopic >95% Every High Invasive,
examination of 10 years sensitivity, unpleasant
the entire colon allows bowel
visualization preparation,
of full colon, requires
detection of special
distal and facilities and
proximal sedation, cost,
lesions, accessibility,
can remove need for
lesions at anesthesia,
time of low patient
detection compliance,
risk of bowel
perforation or
bleeding
Sigmoidoscopy Endoscopic >95% Every High Semi-invasive,
examination of (distal 5 yearsin sensitivity unpleasant
the distal colon colon only) combination (distal colon bowel
with FOBT only), full preparation,
sedation not requires
required, special
can remove facilities and
lesions at sedation, cost,
time of accessibility,
detection only screens
distal colon,
safety
concerns,
patient
discomfort
CT Radiologic >90% Every High Semi-invasive,
colonography visualization 5 years sensitivity, unpleasant
of the colon, allows bowel
aka virtual visualization preparation,
colonoscopy of full colon, requires
no sedation special
needed, facilities,
detection of cannot remove
distal and lesions at time
proximal of detection,
lesions radiological
safety
concerns
FOBT Enzymatic 33-75% Annually Accessibility, Poor
detection of noninvasive, detection of
hemoglobin in low cost, precancerous
the stool detection of lesions,
distal and cannot remove
proximal lesions at time
CRC of detection,
detects
ingested
hemoglobin
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Test Premise Sensitivity Screening Advantages Limitations
for CRC interval
FIT Immunochemical 60-85% Annually Accessibility, Poor
detection of noninvasive, detection of
hemoglobin in low cost, precancerous
the stool detection of lesions,
distal and cannot remove
proximal lesions at time
CRC of detection
mt-sDNA test Molecular 92% Every High Better
detection of DNA 3 years sensitivity, detection of
aberrations and accessibility, cancer than
hemoglobin noninvasive, precancerous
detection of lesions,
proximal and cannot remove
distal lesions lesions at time
of detection
Table 3.

Advanced screening test for CRC [44].

in developing countries [46]. In developed countries, colonoscopy enjoys better service
accessibility and quality, largely owing to adequate resources and stringent quality
monitoring. However, in developing countries, the capacity for colonoscopy screening
for CRC remains severely limited, as observed in Brazil, Indonesia, and several African
nations. Insufficient capacity to conduct colonoscopies, including infrastructure, utiliza-
tion, and quality, could adversely affect clinical practice and restrict the effectiveness of
endoscopic screening in reducing the burden of Colorectal Cancer [47-49]. Currently,
the standard imaging technique for staging CRC is a Computed Tomography scan. In the
public sector of Tanzania, there are 5.7 radiography units per million population. This
figure is significantly lower than the 20 units per million population recommended by
the WHO. In developing countries, laboratories for CRC sample testing require more
standard equipment and trained clinical pathologists. There is a shortage of gastroenter-
ologists and colonoscopy units in LMICs, especially in rural areas. Consequently, when
specimens collected from rural/isolated areas are sent to laboratories in major cities,
there are delays in delivering results due to limited standard equipment and expertise.
This situation also impacts the delay in commencing optimal treatment [50, 51].

Apart from facility limitations, a study in Pakistan indicated a lack of awareness
among healthcare professionals regarding colorectal cancer symptoms. For instance,
many doctors often overlook the significance of blood in stool, especially in individu-
als older than 50 years, requiring further investigation. Complaints about blood in the
stool cannot simply be associated with hemorrhoids and disregarded. Additionally,
in medical history-taking, the specific risk factors for colorectal cancer, particularly
genetic aspects, are frequently underexplored. First-degree family members of
patients with colorectal cancer are seldom informed about their higher risk for this
malignancy, necessitating screening as per indications [52].

4. Challenges in the CRC screening in developing countries

Until now, the recommended population-based CRC screening option is a stool
test, such as FOBT/gFOBT and the FIT/iFOBT immunochemical examination which
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can be used to detect small amounts of blood in stool samples from asymptomatic
and medium-risk patients. However, in developing country settings or low-middle-
income countries (LMIC), this approach is often unsuccessful due to limited
resources and infrastructure [53, 54]. The following are some of the challenges in CRC
screening in developing countries.

4.1 Lack of registry, poor reporting data

CRC cases are often not well recorded in cancer registries in several developing
countries. This is because the process of collecting data and reporting CRC cases is not
an obligation. This causes epidemiological data including incidence, mortality, and
screening numbers of CRC patients to be often limited [55]. This condition then leads
to the problem of CRC being underrepresented as a health problem and leading to low
funding allocated by the government for CRC treatment programs [53, 56].

In several developing countries with a low incidence of CRC, screening programs
are often not a priority for health programs. This can also be caused by underestima-
tion of the CRC problem itself which can be caused by a lack of reliable epidemiologi-
cal data [53, 56].

4.2 Lack of knowledge, awareness

The condition of society in general is less aware of CRC, CRC screening, and the
urgency of early detection of CRC. The low level of public knowledge about CRC can
also be caused by a lack of activities that can increase public awareness about CRC.
This is in line with the public’s lack of knowledge regarding the available screening
method options and several CRC risk factors [53, 56]. Althobaiti and Jradi’s research
found that the public’s low interest in screening was related to the public’s low knowl-
edge about screening options and the symptoms of CRC [57].

Furthermore, low knowledge of CRC among people in developing countries
can also be caused by the low level of education in these areas it fails to form public
awareness and attitudes towards the disease. Research on the elderly population in
Saudi Arabia shows that education about the signs, symptoms, and risk factors of
CRC has a positive impact on people’s awareness and desire to undergo screening
[58]. Research in China shows that people who know the choice of CRC screening
methods are 6 times more likely to undergo CRC screening than people who do not
know all [59].

4.3 Inadequate human resources and skills

Some CRC screening methods require experts in the field to assist in the diagnosis
process. However, in developing countries, expert human resources are often limited,
such as oncologists, endoscopists, gastroenterologists, and radiotherapists. This
condition is also exacerbated by the low opportunities for training for health service
providers so that resource development becomes limited and leads to low levels of
CRC screening and management services [53, 56].

In developing countries, existing health staff often have limited knowledge and
skills regarding CRC screening procedures [60]. Althobaiti’s research found that
medical students’ knowledge of CRC risk factors and available screening methods was
relatively low. This can then result in a lack of recommendations or encouragement
issued by health workers to the public to carry out screening [57].
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4.4 Poor infrastructure

CRC screening services require adequate equipment and health service providers,
but in some developing countries, this is limited. Available screening facilities are
often not widely available and require long waiting times for colonoscopy or endos-
copy examinations [61]. Some screening equipment is also limited and not available in
the entire network of screening facilities. In some cases, people often find it difficult
to access screening facilities due to long distances and extreme terrain, especially
those who live in rural areas [53, 56].

4.5 Absence of screening guideline

In several developing countries, there are often no adequate screening guidelines
based on the latest recommendations. Apart from that, existing screening guidelines
often do not facilitate the availability of equipment, especially in first-level health
facilities, so screening targets are not optimal [53, 56].

4.6 Cost and financial issues

Countries with a low incidence of CRC often do not prioritize CRC screening
programs so budgets are limited. This condition causes the development of screening
programs which include the development of infrastructure, tools, human resources,
and access to services to be limited [62]. Limited budgets also mean that CRC screen-
ing often requires large costs and must be borne by the patient, which reduces people’s
interest in screening [53, 56].

5. Recommendation or future strategies for CRC screening in developing
countries

Potentially, a greater comprehension of the etiology and risk elements associated
with colorectal cancer (CRC) may enhance the precision of cancer screenings and
result in more favorable prognoses. Further technological developments are neces-
sary in the coming years to improve the diagnostic sensitivity of screening tests and
decrease the incidence of false negatives. Concurrently, additional non-invasive tests
should be implemented to aid in increasing adherence to surveillance programs and
decrease the need for invasive screening [63].

There are currently insufficient empirical findings to establish a definitive supe-
rior approach, so it is impossible to define a universally ideal screening strategy for
colorectal cancer. The optimal choice is the one that is both financially feasible and
to which patients can most readily conform in the long run [8, 63]. Screening for
colorectal cancer (CRC) should commence at 50 years of age for at-risk populations,
be tailored for patients between 76 and 85 years of age based on the presence of
comorbidities, and cease for patients aged 85 years or older, or when the patient’s age
or general condition “a priori” precludes any treatment option [7, 63]. Fecal occult
blood tests (FOBT) and fecal immunochemical tests (FIT) are economical, non-
invasive, and well-tolerated fecal occult blood tests. There is substantial evidence to
support conducting testing annually or every 2 years. As a recall strategy, positive
test results necessitate that subjects undergo a colonoscopy to confirm or rule out the
presence of a tumor [63].
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6. Conclusion

Challenges to CRC screening in developing countries include insufficient infra-
structure and trained personnel, limited endoscopic capacity, and a lack of indi-
vidual awareness. Greater facility availability and individual awareness would help
overcome barriers in CRC screening. Implementation of intake interventions must
consider and respond to differences in each country’s health systems, economies, and
infrastructure.
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Abstract

This review highlights the most promising biomarker tests of tumor tissue from
colonoscopy biopsy for more individualized therapeutic approaches to patients with
colorectal carcinoma (CRC). Biomarkers are a key tool in early detection, survival,
and predicting treatment response and prognostic value. The tests can help doctors to
select a specific CRC treatment and targeted therapy. CRC is the third most common
cancer diagnosed, and the second leading cause of cancer-related deaths worldwide,
despite the progress made in detection and management through surgery, chemo-
therapy, radiotherapy, and immunotherapy. With a population totaling 273,523,621
people, Indonesia has estimated 396,914 new cases of all cancer and 234,511 cancer-
related deaths. Among those cancer cases, estimated 34,189 new CRC cases and
17,786 CRC deaths occurred in 2020. Most of CRC cases were located in the rectum
compared to those in the distal colon or proximal colon. CRC is a heterogeneous
cancer. Its therapeutic approaches vary, depending on the tumor location (proximal,
distal colon, or rectum), clinical signs and symptoms, staging and biomarkers such
as KRAS and NRAS, BRAF V600E, MSI high (AMMR), CIN, HER2-amplified, PD-1,
CTLA-4, MEK, and NTRK gene fusion-positive. CSCs and other biomarkers are being
developed and remain under investigation.

Keywords: colorectal carcinoma, tumor locations, biomarkers, systemic therapy,
targeted therapy

1. Introduction

Colorectal cancer (CRC) is the third most common cancer and the second leading
cause of cancer deaths among all cancers worldwide. There were an estimated of
1,931,590 new CRC cases (10% of an estimated 19.3 million new cases of all cancers),
and 915,880 CRC deaths (9.2% of all cancer deaths) worldwide in 2020. Indonesia,
with a total population of 273,523,621, estimatedly has 396,914 new cancer cases and
234,511 cancer-related deaths. Among those cancer cases, an estimated of 34,189 new
CRC cases and 17,786 CRC deaths occurred in 2020 [1-3]. A total of 74.6% of CRC
cases were found in the rectum, whereas those found in the distal colon and the proxi-
mal colon were 18.8% and 6.6% respectively [1].

Rising treatment costs for colorectal cancer, which is significantly higher than the
average increase in health costs, present a considerable concern for policy makers.
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These CRC costs translate to increasing economic burden for Asia and Indonesia, not
unlike what has been happening in Western countries [4].

A better understanding of the molecular pathways in the carcinogenesis of CRC
influenced by the genetic and epigenetic changes, and the interactions between
microenvironment and germline factors, has helped develop the current management
of CRC patients. Doctors can choose a specific course of CRC treatment based on
the biomarker tests of tumor tissue from a colonoscopy biopsy, and they can use the
tests to determine diagnostic and prognostic value, predictive factors, and targeted
therapy. Examining KRAS, BRAF, and microsatellite instability (MSI) is crucial in
order to establish an appropriate therapy for advanced or metastatic CRC [1, 5, 6].

There has been a published study on CRC biomarkers based on the three locations
[7, 8]. This study reported that there were differences in the characteristics of chro-
mosome instability (CIN), mismatch repair (MMR), and microsatellite instability
(MSI) found in the different locations (proximal colon, distal colon, and rectum)

[7, 8]. The MLH1 protein expression negative was prominent in proximal colon
cancer, MSH6 in distal and rectal cancer, and APC in distal colon cancer, respectively.
The MSI-H proportion was more likely to occur in proximal rather than in distal or
rectal cancer. These findings suggest that the CRC in each location has its own specific
molecular characteristics i.e., unique underlying carcinogenic pathways or molecular
backgrounds [6-8]. More than 50% of CRC patients will develop metastasis, and
approximately 25% of them present with metastasis at initial diagnosis [1, 6, 8].

CRC is a heterogeneous cancer, and the location of the tumor, clinical symptoms,
CRC stage, and biomarkers play a significant role in determining the therapeutic
approaches [1, 4, 7, 8].

There are two types of screening tests to detect CRC early: the non-invasive test by
examining patient’s stool (including gFOBT, FIT, and sDNA tests), and the invasive
colonoscopy. When the non-invasive tests yield a positive result, the patient must
then undergo a colonoscopy to confirm the diagnosis [4, 9].

Inherited/familial CRC is caused by germline mutations, while sporadic CRC is
caused by somatic mutations and is not associated with family history. Genetic and
epigenetic changes are involved in the formation of CRC. In the multistep genetic
model for colorectal carcinogenesis, there are three major pathways involved in
the genetic instability of CRC and its pathogenesis, namely chromosomal instabil-
ity (CIN), microsatellite instability (MSI), and CpG island methylator phenotype
(CIMP) pathways. Adenomatous polyps, sessile serrated lesions and traditional
serrated adenomas can grow into colorectal cancer. In the serrated pathway, RAS and
RAF mutations were found, as well as disturbances in the Wnt signaling pathway, and
CpG island methylation [10-13].

Biomarker tests affect therapeutic strategies chosen for colorectal cancer patients.
Targeted therapies are recommended for advanced or mCRC patients with mutated
KRAS/NRAS/BRAF or wild-type tumors, HER2-amplified tumors, and those with
NTRK gene fusion-positive, whereas those with MSI-High (IMMR) status are given
immunotherapy. Utilizing biomarkers in clinical settings is ever progressing and
remains a challenge for more in-depth study [1, 6, 8, 11, 12].

2. Diagnostic approach

The clinical signs and symptoms presented by CRC patients are related to the
tumor location, size, and CRC stage [1, 6-8]. It is possible for patients to exhibit
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no symptoms in the early stages. The frequently reported symptoms are changes in
bowel habit, such as diarrhea, constipation or change in the stool consistency, bloody
(bright red) stool (hematochezia), stomach pain/cramps, bloating, feeling full,
fatigue, or exhaustion, lower appetite, unexplained iron deficiency anemia, or weight
loss. Physical examination is focused on finding abdominal mass, especially at the
right and left iliac fossa, right upper abdomen, as well as finding possible metastatic
lesions, enlarged lymph nodes, hepatomegaly, etc. In addition, a digital rectal exami-
nation (DRE) is also needed.

Patients with proximal colon cancer, especially at the cecum may have abdominal
mass, particularly at the right iliac fossa, while patients with sigmoid cancer will have
palpable mass at the left iliac fossa. Common signs and symptoms of emergencies due
to complications of CRC should be examined, such as peritonitis from perforation, or
obstruction. Other signs, such as jaundice, hepatomegaly, and ascites may occur with
liver metastases [1, 11-13].

2.1 Colonoscopy and biopsy

The gold standard tools for diagnosing CRC are colonoscopy and tumor biopsy.
They are also useful preventive methods through screening and removing polyps or
premalignant lesions in the colorectal. The popular endoscopic techniques to remove
colon polyps or precancer growths are polypectomy, endoscopic mucosal resection
(EMR), or endoscopic submucosal dissection (ESD) [1, 9, 10, 13].

The currently available non-invasive screening tools are not sensitive enough
to detect pre-cancerous lesions and early-stage CRC. As such, colonoscopy is still
required to establish early CRC in patients [5].

2.2 Biomarker tests of tumor tissue biopsy

To determine the histology and examine the biomarkers of the tumor, first, a
specimen of fresh tissue from colonoscopy biopsy is fixated using 10% formaldehyde
buffering solution and made into paraffin blocks known as formalin-fixed and paraffin-
embedded tissues (FFPET). Then a special staining process i.e., hematoxylin and eosin
staining (H&E) is conducted to determine the histology of the tumor, and immunohis-
tochemistry (IHC) test to examine biomarker tests, to detect evidence of chromosome
instability (CIN) such as adenomatous polyposis coli (APC) protein expression, MMR
defect, MSI status, KRAS, BRAF v600E mutation status. PCR test is also used for the
detection of MSI and CpG island methylation phenotype (CIMP) [1, 6, 8, 11, 12].

2.3 Laboratory examination

The common laboratory examinations required are complete blood count, urinaly-
sis, serum chemistries e.g., hepatic function panel, kidney function tests, etc. Another
recommended test before and after surgery is carcinoembryonic antigen (CEA),
which may be needed every 6 months if cancer recurrence is suspected [1, 12].

2.4 CT scan or MRI

To determine the condition of the disease and detect metastases in CRC patients,
several examinations such as CT scanning of the chest, CT scanning of the abdo-
men, and pelvis, and especially MRI or transrectal USG (TRUS) for rectal cancer, are
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necessary. These examinations provide information about the staging of colorectal
cancer patients [1, 11, 12].

3. Treatment

There are several factors to consider in the treatment of CRC patients. They are the
stage of the disease according to TNM classification, the tumor location (proximal
colon, distal colon, or rectum), clinical signs, intestinal obstruction, biomarker test
results, patient’s general physical condition, and the treatment purpose (curative or
palliative). The treatment options include surgery (surgical resection, excision), and
systemic therapy consisting of chemotherapy, targeted therapy, and immunotherapy.
Cancer stage, circumferential resection margin, lymph-vascular invasion, perineural
invasion, and genotyping are considered as well to decide on the need for and the type
of adjuvant therapy. Therapeutic management is ideally a multidisciplinary approach
consisting of accurate diagnosis, cutting-edge surgical technique, biomarker tests,
optimal selection of drugs/procedure, and informed consent [5, 11-16].

3.1 Surgery

The main treatment for CRC is surgery limited to the colon or rectum. In the
early stage of CRC, removing cancerous tissues including tumors and lymph nodes is
expected to prevent the cancer from spreading. In the later stages, however, surgery
cannot stop the growth or spreading. Available options for stage 4 CRC patients are:
blockage-removal surgery, radiation, or chemotherapy to reduce the tumor size, pain
relief, treatment to manage the side effects of medication, and counseling [12-15].

3.2 Systemic therapy

Localized and advanced CRC can be treated by systemic therapy including che-
motherapy, targeted therapy, immunotherapy, and some recent therapies, or a newly
developed therapy.

The goal of these therapies is to reduce the size of the tumor/metastases to a
resectable status, thus increasing a patient’s chance of progression-free survival.
Chemotherapy works by destroying cancerous cells throughout the body. It is useful to
help shrink the tumor before surgery and relieve symptoms in the advanced stages.
However, since chemotherapy targets both healthy and cancerous cells, it can have
extensive negative effects or adverse effects on a patient’s body.

Targeted therapy targets specific protein molecules in order to prevent/slow down
the cancer cells’ growth. The adverse effects are usually less severe than those of che-
motherapy because these drugs only target specific cells. Immunotherapy block the
cancer cells’ ability that stop the immune system, and is recommended for advanced
CRC show MSI-high. Numerous newly developed therapies and biomarkers are avail-
able and reviewed in this article [1, 12-17].

4, Biomarkers in CRC

Biomarkers tests serve as a guide to cancer therapy and they can also be used as
a screening test to detect the disease early. The tests can be categorized into three:
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diagnostic, prognostic, and predictive. In each different stage of CRC, biomarkers
remain functional to evaluate the disease progression, recurrence, as well as to decide
on the effective and personalized treatment for patients [5, 18-22]. Early detection
of CRC is crucial, and there are two main methods of screening tests: non-invasive
and invasive. Non-invasive method examines patient’s stool by conducting tests such
as gFOBT, fecal immunochemical test (FIT), and stool DNA tests (sDNA); while
invasive methods is the form of colonoscopy. Using FIT and sDNA to screen for
advanced precancerous lesions has low sensitivities, and, in terms of detecting polyps
with high-grade dysplasia, and sessile serrated polyps >1 cm, both tests also have low
abilities. Therefore, due to the limitations/insensitivities of non-invasive screening
tests, they must be followed up by colonoscopy to confirm the diagnosis [1, 4, 5, 9].

Colorectal cancer can be categorized as one of these groups: sporadic, familial, and
hereditary CRC. Sporadic CRC is the most frequently found type (70-80%). It origi-
nates from somatic mutations and is not related to family history. The progression to
CRC is explained as the result of various genetic and epigenetic changes accumulated
overtime [1, 7, 8, 11, 21].

Chromosomal instability (CIN) leads to mutations or loss of protein expres-
sion of tumor suppressor genes, e.g., APC, P53, SMAD4, etc. And the mutation of
these tumor suppressor genes such as APC, p53, p27, and MSI-H, LOH 18q, DNA
hypermethylationwith the activation of oncogenes, including KRAS,NRAS,BRAF,
EGFR (Erb-B1), Erb-B2, can assist cancer growth or promote cancer cell survival and
suppress apoptosis.

Some biomarkers are based on the mutational status of tumor suppressor genes
or oncogenes known to be important in carcinogenesis of CRC, or based on defects in
DNA MMR (dMMR), MSI status, and CpG Island methylator phenotype methylation.

4.1 RAS mutation

There are three oncogenes of the RAS oncogene family, namely Kirsten rat sar-
coma (KRAS), Neuroblastoma (NRAS), and Harvey rat sarcoma oncogene homolog
(HRAS). RAS stimulates various signaling pathways, including the RAS-RAF-MEK-
ERK and the phosphatidylinositol 3-kinase (PI3K) pathways [17].

CIN trigger CRC via TSG (e.g., APC, TP53) loss or mutation and the activation of
oncogenes such as KRAS genes [6]. In many cases KRAS mutations occur in codon 12
of exon 2 [6].

In terms of clinical purpose, the recommended clinical guideline is to extend the
KRAS mutation testing in CRC patients to include KRAS and NRAS in exon 2 (codons
12 and 13), exon 3 (codon 59 and 61), and exon 4 (codon 117 and 146) [23]. KRAS
mutation indicates lack of/poor response to anti-EGFR therapy using cetuximab
and panitumumab. So anti-EGFR therapy is not the treatment suggested for patients
whose tumor has a KRAS mutation [6]. Testing for KRAS is recommended for stage
IV patients and any stage of recurrence. NRAS testing is typically put forward for
stage IV patients and stage III recurrence. Patients with wild-type NRAS may have a
positive reaction to certain treatment plans that include EGFR inhibitors [19].

4.2 BRAF mutations

Mutation in BRAF appears about 12% in all CRC patients; in addition, BRAF and
KRAS mutations are mutually exclusive [6]. When KRAS mutation is not found,
then it is suggested to test for BRAF [6]. BRAF mutation is strongly correlated with
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MSI-H/dMMR status. In the cases of sporadic CRC, BRAF mutation is present in 60%
of MSI-H tumors but only 5-10% in MSS tumors. This correlation distinguishes spo-
radic MSI-H/dMMR from Lynch syndrome because the BRAFV600E mutation excludes
Lynch syndrome but is related to CRC patients. The presence of BRAFV600E mutation
has a negative prognosis for stage II and III CRC [17]. The BRAF proto-oncogene works
via the RAS-RAF-MEK-ERK pathway regulating cell transcription. In comparison to
wild-type BRAF, the BRAFV600E mutation generally means lower survival rate i.e.,
lower progression-free and up to 50% worse overall survival rates [5].

Patients with BRAF mutation may not respond to EGFR-inhibitor drugs (cetux-
imab and panitumumab); there may be a poorer prognosis, and the use of standard
chemotherapy may not yield the expected good results. BRAF testing is commonly
used for stage IV patients, which can be simultaneously done with NRAS and KRAS
tests [19, 23]. If found, BRAFV600E indicates a particularly aggressive cancer that
needs to be treated aggressively. Approximately 20% of patients with BRAF V600E-
mutated mCRC also have MSI-H. Just like any other patients with MSI-H, these patients
can respond to checkpoint inhibitors such as nivolumab and pembrolizumab [24].

A number of signaling pathways involved in the initiation, progression, and
migration of CRC, is an ideal sites for targeted therapy such as Wnt/p catenin,

Notch, Hedgehog, and TGF-f (transforming growth factor-§)/SMAD, as well as
those capable of activating signaling cascades, such as phosphatidylinositol 3-kinase
(PI3K)/AKT or RAS/RAF.

The EGFR pathway belongs to the ErbB/HER family that, once activated, will trig-
ger various downstream intracellular signaling pathways, including RAS/RAF/MEK/
ERK, PI3K/AKT, and JAK/STAT3 (Janus kinase/signal transducer and transcription
activator), to manage cell growth, survival and migration [25].

4.3 The carcinoembryonic antigen (CEA)

CEA, a high molecular weight glycoprotein, is used as a biomarker to foresee early
recurrence in post-surgical patients. It is useful as a prognostic biomarker that may
change thresholds for further study of recurring cancers and higher chance of early
intervention [5]. To determine the presence of CRC post-operative recurrence, CEA
examination is performed before and after surgery [13].

4.4 MSI status and d-MMR

MSI is a clonal change in the number of repeated DNA nucleotide units in mic-
rosatellites; it is also known as a change in the length of a simple repeated nucleotide
sequence [7, 8].

MSI occurs as a result of MMR deficiency caused by the inactivity of one (or
more) of the four MMR genes. A high MSI status (MSI-H) or deficient MMR
(d-MMR) can be established through IHC test or PCR examination. In essence, MSI
can be defined as the loss of protein expression of MLH1, MSH2, MSH6, and PMS2
found upon immunohistochemical examination. PCR test using five microsatellite
markers (Bethesda panel) i.e., D2S123, D5S346, D175250, BAT25, and BAT26, can be
used to check MSI level. If the results show instability in two or more microsatellite
markers, it is categorized as MSI-H [1, 7, 8, 11]; and if no instability found, it means a
stable microsatellite (MSS) also known as a proficient MMR (p-MMR) [21].

Around 15% of all CRC cases possess significant defects in d-MMR and the tumor
tissues show MSI-H. Patients with MSI-H have a better prognosis in terms of longer

28



Biomarkers as a Therapeutic Approach in Colorectal Carcinoma
DOI: http://dx.doi.org/10.5772/intechopen.1004189

overall survival and lower metastatic rate, but the tumors are more resistant to
adjuvant chemotherapy such as 5-fluorouracil (5-FU) [23].

MSI status, as a predictive biomarker, is beneficial to assess mCRC patients’
response to the treatment of anti-programmed cell death 1 (PD-1) checkpoint inhibi-
tor pembrolizumab, since pembrolizumab is known to be effective only in mCRC
patients with high MSI status [23].

MSI status or MMR test is a key tool and should be conducted with all CRC
patients for the following reasons: (a) it is a universal screening test for Lynch
syndrome (HNPCC) which is the most common cause of inherited CRC, (b)
d-MMR status is well known to be indicative of a better prognosis, especially for
stage II CRC patients, as is MSI-H, (c) d-MMR status is a strong negative predic-
tive biomarker of 5-fluorouracil efficacy in stage II CRC patients, (d) in the case of
mCRC, MSI-H/d-MMR status is a strong positive factor for predicting check point
inhibitor (CPI) response [17]. Overall, biomarkers tests for measuring the status of
MMR/MSI, and RAS/BRAF mutation are necessary to evaluate the ideal first-line
therapeutic strategy.

4.5 Deficient mismatch repair (d-MMR)

d-MMR accounts for 15% of all CRC. It is observed more frequently in the early—
rather than the late—stage of the disease. Loss of the MMR protein expression that
can indicate deficient DNA mismatch repair (d-MMR) status can be found by doing
immune histochemistry (IHC); similarly, MSI status can be determined via PCR.
Because these two tests give fairly high matching results, IHC test is first performed
to check MMR status. In case the finding from the IHC test is inconclusive, further
test like PCR or next-generation sequencing (NGS-based assay) is recommended.
MSI-H/d-MMR mCRC are more frequently right-sided and poorly differentiated and
correlate more often with BRAF mutations [19].

5. Therapeutic approach
5.1 Current chemotherapy

Currently, available chemotherapy utilizes both single-agent and multiple-agent
regiments.

The single-agent program mainly uses fluoropyrimidine (5-FU), while the multi-
ple-agent contains one or several drugs including oxaliplatin (OX), Irinotecan (IRI),
and capecitabine (CAP or XELODA or XEL). The common combinations of drugs
regimens today are: FOLFOX (5-FU + OX), FOLFIRI (5-FU + IRI), XELOX or CAPOX
(CAP +0X), and CAPIRI [25]. But it is worth mentioning that 5-FU is connected
to toxicity and reduced clinical response in patients who have high MSI status and
dihydropyrimidine dehydrogenase (DPYD) deficiency [5].

5.2 Targeted therapy

a. Anti-EGFR cetuximab and panitumumab are recommended for KRAS/NRAS/
BRAF wild-type tumors.

b.Bevacizumab: anti vascular endothelial growth factor (m-Ab anti VEGFR).
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c.Ramucirumab (anti VEGFR-2) acts as antineoplastic agent and direct VEGFR2
antagonist.

d.Regorafenib (multi-kinase inhibitor) blocks kinases similar to Sorafenib, but
Regorafenib has more activity against VEGFR.

e. Aflibercept (recombinant fusion protein blocking VEGF A/B). It is an injection
type within a class of vascular endothelial growth factor-A (VEGF-A) medica-
tions. The combination of Zif-aflibercept (a VEGF inhibitor) and FOLFIRI is
stipulated to treat patients with metastatic CRC which resistant to oxaliplatin or
have progressed following an oxaliplatin regimen.

(b, ¢, d, and e: recommendations for KRAS/NRAS/BRAF mutated tumors) [26].
5.3 Immunotherapy (recommendations for: MSI-High tumors)

The recommended immunotherapy involves Pembrolizumab (m-Ab anti PD-1),
Nivolumab (anti-PD-1), and Iplimumab (anti-CTLA-4). The use of Nivolumab and
Iplimumab has shown benefits in MSI-High and d-MMR genotypes patients [5, 26].
5.4 Newly developed therapies

a.For BRAFV600E mutated tumors: Vemurafenib (BRAF inhibitors), Dabrafenib
(BRAF inhibitors), Encorafenib (BRAF inhibitors); Trametinib (MEK inhibi-
tors); Binimetinib (MEK inhibitors).

b.For HER2 amplified tumors: Trastuzumab (m-Ab anti HER2), Pertuzumab
(m-Ab anti HER?); Lapatinib (Dual HER2/EGFR inhibitors).

c.For NTRK gene-fusion positive tumors: Larotrectinib (TRK inhibitors);
Entrectinib (TRK-inhibitors) [5, 17, 18, 26].

Glossary terms:

* MAPK: mitogen-activated protein kinase.

* MEK: mitogen-activated extracellular signal-related kinase.
* CTL-4: cytotoxic T lymphocyte-associated antigen-4.

* PD-1: programmed cell death receptor-1.

* TRK: tropomyosin receptor kinase.

NTRK: neurotrophic tropomyosin kinase.

6. Other biomarkers used in therapeutic approach

The fact that KRAS, NRAS, BRAF, and MSI status is advocated in the evaluation of
treatment response and the outcome prediction of CRC signifies the need to develop
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more biomarkers. In addition, several other categories of biomarkers have also shown
useful potential in CRC therapeutic approach such as PD-1, CTLA-4, mitogen-acti-
vated extracellular signal-related kinase (MEK), HER2, TRK gene fusion, etc. Chemo
and radio resistance that lead failure in treating primary and mCRC patients has
pushed the research for the applicability of personalized medicine [27]. Another area
needing further research and investigation is the use of stem cells (SCs) and cancer
stem cells (CSCs) markers to develop a treatment plan; this is because CR-CSCs show
an ability to self-renew and to differentiate themselves which contributes to multiple
tumor malignancies e.g., recurrence, metastasis, heterogeneity, multidrug resistance,
and radiation resistance [26, 28]. The use of stem cells (SCs) and cancer stem cells
(CSCs) markers in such a treatment approach are necessary and further research on
CR-CSCs markers are greatly needed and remains under investigation [5, 27-29].

6.1 Immune checkpoint: programmed cell death protein 1 (PD-1)

Immune system sustains the body’s self-tolerance through check points such as
programmed cell death protein 1 (PD1) expressed on T-cells. The attachment of
ligands (programmed death ligand 1 [PD-L1] and PDL2) to programmed cell death
protein 1 (PD1) brings the downregulation of effector functions. Conversely, upregu-
lation of PD-1/PD-L1 is the mechanism that hides cancer cells from immune response
which serves as the basis of the development of immunotherapy use in cancer
treatment. Although immune checkpoint inhibition has seen some recent successes
in many cancer treatments, it benefits only 3-7% of mCRC patients with d-MMR
proteins/MSI-H [24].

PD-L1 expression is potentially useful in predicting patient’s response to pembro-
lizumab due to the relationship between high PD-L1 expression and MSI-H status
[23]. Also, neoadjuvant CPI demonstrates favorable results in treating patients with
nonmetastatic CRC and MSI-H status [17]. These patients usually present poorly dif-
ferentiated proximal tumors with numerous tumor-inflitrating lymphocytes, and the
chance for survival is higher during the early stage (stage IT). Pembrolizumab (anti-
PD-1) and nivolumab (anti-PD-1) are IgG4 m-Abs that bind to PD-1, and they are
FDA-approved as the subsequent-line of treatment of d-MMR or MSI-H mCRC [24].

In the case of mCRC, the anti-programmed cell death receptor-1 agents or anti-
PD1 (Nivolumab) and anti CTLA-4 (Ipilimumab) have been advantageous in MSI-
High tumors and mismatch repair deficient genotypes, thus being acknowledged for
patients progressing on first-line chemotherapy [5].

6.2 Human epidermal growth factor receptor 2 (HER2, Erb-B2)

The human epidermal growth factor2 (HER2) is a proto-oncogene located on
chromosome 17q21 that encodes for a transmembrane glycoprotein receptor with
tyrosine kinase activity [30]. HER2 alterations e.g., somatic mutations and amplifica-
tions are present only in 3-5% metastatic colorectal cancer patients. HER2 was first
assessed as a biomarker of resistance to anti-EGFR therapy.

The significance of HER2 in CRC therapeutic strategy is as follows:

(a) It serves as a biomarker of the resistance to anti-EGFR therapy and a nega-
tive predictive biomarker in CRC; (b) its overexpression/amplification shows poor
response to anti-EGFR treatments; (c) it has a clear predictive role in determining
EGFR inhibitor resistance; (d) it is more established as a negative predictive factor of
anti-EGFR agent resistance [17, 30].
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HER2 status can be assessed using immunohistochemistry (IHC) to determine
protein expression as well as by in situ hybridization (ISH) to assess for HER2 gene
amplification. HER2 overexpression is due to Erb-B2 amplification or the activation
of somatic mutations and is defined in clinical practice as IHC3+ or IHC2+ and in situ
hybridization (ISH)-positive disease. HER 2 overexpression is due to Errb2 amplifica-
tion or the activation of somatic mutations [21].

6.3 CpG Island methylation phenotype (CIMP)

CIMP indicates hypermethylation in tumor suppressor/tumor-related genes
and it can be classified as CIMP-High or CIMP-Low. The prognostic value of
CIMP-positive tumor shows worse overall and disease-free survival with dif-
ferential response to standard chemotherapeutic agents i.e., 5-FU and irinotecan
[5]. Nevertheless, CIMP tumors frequently have concomitant mutations in BRAF
or MSI, making CIMP involvement as an independent prognostic marker more
challenging to interpret. It is difficult to interpret the contribution of CIMP as an
independent prognostic marker [5].

Cancer with high DNA methylation can be categorized as CIMP positive, and
it encompasses 35-40% of sporadic CRC cases. CpG hypermethylation can lead to
silencing of tumor suppressor genes in carcinogenesis since the expression of the

genes is repressed. In some cases, the presence of epigenetic silencing overlaps with
MSI-H [6, 21, 31].

6.4 DNA methylation aberrations

Early changes in the pathogenesis of CRC can be identified through the pres-
ence of DNA methylation aberrations in cell-free DNA. For example, the sensi-
tivity of hypermethylation of septin-9 (SEPT9) is 51-90% and the specificity is
73-96% in CRC patient’s serum. However, SEPT9 sensitivity for advanced stage
adenomas is merely 9.6%, limiting its functionality as a predictive biomarker [5].
Moreover, DNA aneuploidy, a surrogate marker of chromosomal instability, is
associated with poor overall survival in stage IT and III CRC as well as risk of early
relapse in stage II CRC [5].

In addition, the loss of chromosome 18q associated with inactivation of tumor
suppressor genes DCC, SMAD4, SMAD2, and CABLESI results in low or poor overall
survival of CRC. A meta-analysis highlighted survival in stage Il CRC was 54% vs.
83% in the presence of 18q deletions.

In addition, over-expression of the pro-apoptotic BCL-2 gene is associated with
improved overall and disease-free survival in CRC, highlighting its potential as a
prognostic marker [5].

6.5 Chromosome instability (CIN)

Most CRC arises through the CIN pathway due to loss/mutation of tumor suppres-
sor genes and activation of oncogenes. The most commonly affected genes in CIN
pathway are tumor suppressor genes such as adenomatous polyposis coli (APC) and
P53, and oncogene KRAS, which all are responsible for the adenocarcinoma sequence
pathway. Alterations within these genes can activate oncogenes mutation or deacti-
vate tumor suppressors which will lead to malignant transformation. CIN pathway is
proposed to be responsible for 80-85% of all CRC and adenomas [6].
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6.5.1 Adenomatous polyposis coli gene (APC)

APC plays a significant role as the most important gatekeeper of colonic epithelial
cell proliferation in the Wnt/Wingless pathway. It controls the underlying oncop-
rotein called B-catenin. The loss of APC gene function may trigger the transition
from normal colonic mucosa to adenoma because of upregulation of B-catenin. Most
sporadic colorectal adenomas and cancers have somatic APC mutations. They gener-
ally occur in 70% of sporadic CRCs and they are the roots of FAP cancer predisposi-
tion syndrome. WNT signaling is negatively regulated by APC protein through the
facilitation of the targeting of the transcription factor B-catenin for ubiquitin-medi-
ated proteasomal degradation. APC mutation in mCRC translates to poorer overall
survival, which makes it useful to predict the clinical outcome of CRC [1]. And much
like KRAS, APC mutation also appears in the early stages of the progression from
adenoma to carcinoma [6, 31, 32].

6.5.2 TP53

TP53 is the most frequent somatic gene mutation, whose mutational status has been
closely linked to positive response to adjuvant 5FU therapy in stage III CRC patients;
although, further observations are required to determine TP53 role as a potential
prognostic and predictive CRC biomarkers. Mutation in TP53 occurs in about half of all
CRCs, and these mutations promote the malignant transformation of adenoma. Like
APC, TP53 is a key tumor suppressor gene that has been extensively substantially studied
in CRC, but it currently until now it still has no predictive or prognostic value role in the
clinical setting. TP53 mutations or loss of function are reported in 50-75% of CRC cases
[1, 21]. TP53 remains an important gene connected to with the progression adenoma-
malignant tumor progression, and its loss of functions increase cell multiplication/pro-
liferation and uncontrolled cell cycle (a pivotal step in the carcinogenesis of CRC) [22].

6.6 PIK3CA

PIK3CA is found in approximately 14-18% of CRC patients. It is one of the most
frequently mutated oncogenes, but routine PIK3CA testing is not currently recom-
mended for CRC patients. The existence of PTEN mutations, a tumor suppressor gene
in PI3K/AKT/mTOR pathway, can result in increased metastatic risk and low survival
rate [21]. Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
(PIK3CA) part of the PI3K/AKT/mTOR pathway has mutations in exon 9 or exon 20
in 10-15% cases [5].

6.7 Circulating free DNA (cfDNA)

CfDNA may be used to profile the molecular structure in early-stage of CRC
patients, especially if tumor tissue is not available, although the clinical use of cfDNA
in CRC patients is currently being investigated [17, 23]. FDA-approved screening test to
detect cfDNA in the serum of CRC patients is based on Methylated Septin 9 (mSEPT9)
DNA, as methylated biomarker. Detecting mSEPT?9 in the plasma of CRC patients has
been reported to be reliable to screen for CRC, it can also be found in precancerous
lesions e.g., colorectal adenomas, but it may not have the reliable sensitivity [23].

The presence of circulating free DNA may indicate CRC, residual disease in
CRC and other malignancies residuals. Therefore, cfDNA is associated with higher
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recurrence risk i.e. lower probability of recurrence-free and overall survival, and is
useful in the planning of adjuvant treatment in metastatic CRC cases [5].

6.8 Consensus molecular subtypes (CMS)

Consensus molecular subtypes (CMS) categorize CRC into four molecular
subtypes based on the biological differences in the profiles of the gene expression;
and each of these four subtypes has different prognoses. CMS1 (MSI-like) group is
marked by certain gene expression patterns such as d-MMR, MSI, and CIMP-high.
CMS?2 (canonical) includes CRC with activated Wnt and Myc signaling pathways.
CMS3 (metabolic) groups CRC with metabolic dysregulation in various pathways
with existing KRAS mutations and activated metabolic pathways. Finally, CMS4
(mesenchymal) CRC is characterized by a stromal invasion, angiogenesis, and
upregulation of epithelial-mesenchymal transition genes [17, 21-23, 25].

6.9 Cancer stem cells (CSCs)

Contemporary chemotherapies generally target mature cancer cells. They can
reduce the size of cancer tissue but cannot completely destroy cancer stem cells
(CSCs) that have stronger self-renewing ability and resistance toward chemotherapy
and radiotherapy compared to mature cancer cells. As such, when chemotherapy
treatment is withdrawn, CR-CSCs that escape the therapy can grow into mature
cancer cells, resulting in recurrence and metastasis [33].

Colorectal cancer stem cells (CR-CSCs) biomarkers can be valuable assets to
develop CRC personalized treatment and tumor stratification by targeting the
selected stem cell population. Mesenchymal stromal cells are known to have influ-
ential role on the therapy positive outcome, while resident stromal cells (RSCs) of
tumor microenvironment (TME) appear to encourage the tumorigenic and metastatic
processes [27].

CSCs are controlled by several pluripotent transcription factors such as OCT4,
Sox2, Nanog, KLF4, and MYC. They are also regulated by different intracellular
signaling pathways. These signaling pathways are: Wnt/f-catenin signaling pathways,
NF-kB (nuclear factor-kB), Hedgehog (Hh), Notch, JAK/STAT (Janus kinase/signal
transducers and activators of transcription), PI3K/AKT/mTOR (phosphoinositide
3-kinase/ AKT/ mammalian target of rapamycin), TGF (transforming growth fac-
tor)/ SMAD, and PPAR (peroxisome proliferator-activated receptor). Extracellular
factors are also play a role, e.g., vascular niches, hypoxia, tumor associated macro-
phage (TAM), cancer-associated fibroblasts, cancer-associated mesenchymal stem
cells, extracellular matrix, and exosomes [6, 26-28]. Several agents targeting CSCs
and signaling pathways are being studied by many research facilities, such as: a)
Napabucasin (targets the STAT3 pathway), b) Demcizumab (Anti-DLL4, inhibit
the Notch pathway and CSC activity), ¢) Vismodegib (Hh pathway), d) R05429083
(CD44), e) AMC303 (CD44V6), etc. [6, 26-28].

Isolating the CR-CSCs is possible based on a group of CR-CSCs surface markers
e.g., CD44, CD133, CD24, epithelial cell adhesion molecule (EpCAM), LGRS5, and
aldehyde dehydrogenase (ALDH). Since CR-CSCs are exceedingly tumorigenic,
aggressive, radio-resistant and chemo-resistant, they play critical roles in CRC recur-
rence and metastasis. Thus, the development of new therapies targeting CR-CSCs by
considering the tumor microenvironment (TME) and tumor metabolism may become
an important research direction to overcome resistance to therapies [6, 26, 28, 34].
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6.10 Tumor microenvironment (TME)

Tumor microenvironment (TME) includes various cell types such as cytotoxic and
regulatory T-cells (CTL, Tregs), helper (Th) cells, natural killer (NK) cells, B-cells,
myeloid-derived suppressor cells (MDSC), tumor-associated macrophages (TAM),
cancer-associated fibroblasts (CAF), and endothelial cells. These cells provide anti-
and pro-tumorigenic effects in their interaction with cancer cells, which play an
important role in modulating tumor growth, invasion, and progression [1, 33].

CR-CSCs are located in a specific region of the TME known as CSC niche that
preserves their properties and protects them from anti-cancer medications. TME and
metabolic plasticity may be the culprit behind therapeutic failure by imposing selec-
tive pressures on CSCs [1, 26].

Recently, there has been mounting evidence that suggests the CRC microenviron-
ment significantly supports or represses CRC progression and metastasis; hence,
the importance of these non-cell-autonomous signaling pathways is more recog-
nized [33].

TME alludes to a special biological environment constructed by malignant and
non-malignant cells, and their discharged elements. It is mainly made up of cellular
and non-cellular components that each have its own function but also work together
during cancer progression and metastasis. The cellular components have cancerous
and non-cancerous cells e.g., stromal myofibroblast, endothelial cells, immune cells
(such as lymphocytes, macrophages, dendritic cells, neutrophils), and cancer-related
fibroblast [26, 33]. The non-cellular component consists of the extracellular matrix
(ECM), cytokine, growth factors and extracellular vesicles [26]. In the tumor stroma,
cancer associated fibroblast secrete the cytokines CXCL1 and CXCL2 as well as
interleukin-6, which promote angiogenesis and tumor progression [26]. In addition to
these common components, intestinal cells are also in close contact with a large popu-
lation of microorganisms referred to as the gut microbiota [33]. Published research
found that there is a relationship between the expression levels of CD163 in Tumor
Associated Macrophages (TAM) and the expression levels of colorectal cancer stem
cell markers (CD133 and CD166) [35]. There is also previous research that studied
CD133 expression and its correlation with clinicopathological profile of CRC patients
in Medan, Indonesia. It reported that CD133 expressions were associated with the
tumor location but not with other clinicopathological factors [36].

6.11 NTRK gene fusion panel

Neurotrophic tyrosine receptor kinase (NTRK) gene fusions are an actionable
biomarker for cancer treatment. The presence of NTRK rearrangements in colorectal
cancer patients is rare (<1%) but this actually might be used as a target to raise posi-
tive outcomes in NTRK-positive CRC patients.

To identify solid tumors while at the same time assessing any fusions occurring
in the targeted regions of NTRK1, NTRK2, and NTRK 3 genes that result in fusion
transcript, a comprehensive biomarker test such as The Next Gen Sequencing (NGS)
can be utilized. The first-generation TRK inhibitors (Larotrectinib and entrectinib)
have demonstrated efficacy and safety for mCRC patients showing signs of NTRK
pathogenic fusions and having no alternative effective therapies.

NTRK-positive CRC patients is usually characterized by high tumor mutation
burden, MSI-H, and poor prognosis [37, 38]. As previously stated, NTRK fusion is
unusual; however, this information might be useful as a guidance for molecularly
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driven treatment, including targeted therapy and immunotherapy applicable to
NTRK-positive CRC patients [39].

NTRK fusion screening test should also be recommended for patients with MSI-H
or high TMB CRC [37]. CRC with NTRK fusions are described as having relation to
APC and TP53 mutations, mutually exclusive with RAS/RAF alterations, frequently
found in MSI-H/d-MMR CRCs [17]. mCRC with mutated NTRK commonly has wild-
type RAS/BRAF and high MSI/d-MMR status; it is positively correlated with right-
sidedness, female gender, old age, lymph node metastasis spread and worse prognosis.
Larotrectnib and entrectinib are approved for the treatment of CRC exhibiting NTRK
pathogenic fusions [39].

7. Conclusion

Biomarkers may serve as a therapeutic framework that influences the selection
of the most suitable CRC treatment strategy. There are several biomarkers present in
mCRC that can affect the success or failure of a chosen treatment, be it chemotherapy,
targeted therapy or immunotherapy. These biomarkers include extended RAS (KRAS
and NRAS), BRAFV600E mutation, d-MMR or microsatellite instability-high, and
immune checkpoint or PD1, CTLA4, human EFGR2 (HER2) amplification, MEK, as
well as actionable gene fusions such as neurotrophic tyrosine (tropomyosin) receptor
kinase (NTRK) fusions/rearrangements.

NTRK is exceedingly rare but it may become the new target to better the outcomes
of CRC treatment. The latest Next Generation Sequencing (NGS) method is able to
discover all required genomic alteration types e.g., amplification, fusions, and MSIL.
MSI is a crucial biomarker for diagnostic, prognostic, and predictive purposes in
CRC. The role of colorectal cancer stem cells (CR-CSCs) surface markers and target
therapies to CR-CSCs and other types of biomarkers are currently being developed
and continue to be researched by various researcher.
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Chapter 3

Hypercholesterolemia Increases

the Risk of Colorectal Cancer by a
Tet-1-Dependent HSC-Autonomous
Mechanism

Louis Messina and Guodong Tie

Abstract

The annual, age-standardized colorectal cancer (CRC) incidence rate has
decreased by 46% from its peak in 1985. However, this long-standing decline in cases
of CRC slowed due mainly to an increase in incidence in individuals younger than
50 years of age. For those less than 50 years of age, CRC is the leading cause of cancer
deaths in men and the second in women. At least half of all cases of young-onset CRC
are linked to lifestyle risk factors, including obesity. Hypercholesterolemia, a common
metabolic disorder in obese people, has been shown to increase the risk of colorectal
cancer, but the mechanism is unknown. We will show that hypercholesterolemia
increases the incidence and pathological severity of colorectal cancer by inducing
an oxidant stress-dependent hematopoietic stem cell-autonomous mechanism.

The oxidized-LDL increase in HSC oxidant stress initiates a signaling pathway that
culminates in the increased expression of miR101c that downregulates Tet1. This
downregulation of Tet1 reduces the expression of the genes critical to the production
and cytotoxicity of natural killer T cells and T cells, thereby impairing cancer immu-
nosurveillance against colorectal cancer. This reveals a novel mechanism where a
metabolic disorder induces epigenetic reprogramming of natural killer T cells and y8T
gene expression within hematopoietic stem cells.

Keywords: colorectal cancer, hematopoietic stem cells, hypercholesterolemia,
epigenetics, natural killer T cells and y8 T cells

1. Introduction

In 2024, colorectal cancer (CRC), the second most common cause of cancer death
in the United States, is anticipated to cause 152,810 new cases of CRC and 53,010
deaths [1]. The annual, age-standardized CRC incidence rate has decreased by 46%,
from 66.2 per 100,000 at its peak in 1985 to 35.7 per 100,000 persons in 2019. This
decline is similar for men and women and occurred in large part due to the rapid dis-
semination of colonoscopy, reduced smoking, and more effective treatments [1].
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However, this long-standing decline in cases of CRC has abated, driven largely
by an increase in individuals younger than 55 years of age developing early-onset
CRC at a more advanced stage and in the left colon/rectum [2]. For those less than
50 years of age, CRC is the leading cause of cancer death in men and the second lead-
ing cause of cancer death in women. Their presentation at a more advanced stage is
attributed to the lack of screenings for that age group [1]. According to an analysis of
the Surveillance, Epidemiology, and End Results (SEER) registry data, colon cancer
incidence in Americans 20-34 years of age is anticipated to increase by 90% by 2030
and for rectosigmoid and rectal cancers by 124% [2].

The reasons for this devastating young onset of CRC have not yet been elucidated.
Most do not have a genetic predisposition. For this reason, at least half of all cases of
young-onset CRC are linked to lifestyle risk factors such as obesity, antibiotic use, and
low physical activity. Diet may also be important in the development of young-onset
CRC [3-5]. Identifying the pathogenetic mechanisms responsible for the young onset
of CRC will permit the development of strategies to improve the clinical outcomes for
this group of young patients.

Obesity will soon surpass smoking as the most preventable cause of cancer [6, 7].
Central or abdominal obesity doubles the risk of developing CRC [8]. The studies
to determine which metabolic disorder in obese people is responsible for increasing
their cancer risk have been unconvincing [9]. A common metabolic disorder in obese
people, hypercholesterolemia, has been shown to increase cancer risk, including
a significant increase in the risk of colorectal cancer [10]. Abdominal obesity and
hypercholesterolemia synergically doubled the risk of CRC [8]. In addition, epidemi-
ological investigations have found that the occurrence of CRC is positively correlated
with a high-cholesterol diet [11, 12].

How hypercholesterolemia increases the risk of colorectal cancer has not been
established. The mechanism linking hypercholesterolemia to CRC is usually attrib-
uted to its luminal effects by increased toxic bile acids and carcinogenic heterocyclic
amines. Recently, a persuasive hypothesis has been advanced that hypercholesterol-
emia exerted a systemic and conditional influence that impaired the cellular compo-
nents of tumor immunosurveillance [5, 8].

Hypercholesterolemia has also been shown to regulate the inflammatory response
and innate immune response [13]. Additional support for the deleterious effects of
hypercholesterolemia on the incidence of CRC comes from studies that show statin
use can reduce the risk of overall colorectal cancer [14].

While hematopoietic stem cells maintain a quiescent undifferentiated state, they
are subject to activating epigenetic enzymes and expression of lineage-associated
genes, a process of lineage priming that maintains HSCs responsive to the physiologic
and pathological demands for immune cell responses [15-18]. We have established
that hypercholesterolemia profoundly affects HSC’s most fundamental functions. We
have shown that hypercholesterolemia induces oxidant stress in HSCs, accelerating
their aging and impairing their repopulation capacity [19].

The primary effect of hypercholesterolemia on HSCs is to induce a receptor-
mediated uptake of oxidized-low-density lipoprotein (ox-LDL) that increases the HSC
oxidant stress that, in turn, activates the p38 MAPK pathway, which increases Notchl
[19]. This increased Notch expression induced a loss of quiescence, reducing the num-
ber of “long-term HSCs,” undifferentiated pluripotent stem cells, and increased “short-
term HSC,” stem cells committed to various lineage specification pathways. In addition,
hypercholesterolemia shortened telomeres and reduced their repopulation capacity.
Together, these results show that hypercholesterolemia accelerates the aging of HSCs.
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Based on these findings, we advanced the hypothesis that hypercholesterolemia
induces an oxidized-LDL-dependent increase in HSC oxidant stress that reduces
the production of innate immune cells that, in turn, impairs immunosurveillance
against CRC.

2. The mechanisms by which hypercholesterolemia increases the
incidence and pathological severity of colorectal neoplasia

2.1 Hypercholesterolemia increases the incidence and histopathologic severity of
colorectal neoplasia by an HSC-autonomous mechanism

Colorectal neoplasia was induced with azoxymethane (AOM) in two mouse mod-
els of hypercholesterolemia, the ApoE—/— mouse and the C57BL/6 mouse fed a high
cholesterol diet (HCD). The average tumor number was more than two-fold higher
in hypercholesterolemic mice than in WT mice (Figure 1A). The histopathological
stage of the tumors in hypercholesterolemic mice was also more advanced than in WT
mice. The tumors in the hypercholesterolemic mice progressed to the late stages of
tumorigenesis, including adenoma-+ ++ and carcinoma stages. Meanwhile, the tumors
at the early stages of tumorigenesis, including hyperplasia and adenoma+, were dra-
matically reduced in hypercholesterolemic mice (Figure 1B). Together, these results
show that hypercholesterolemia increases the number and pathological severity of
colorectal tumors [13].

To determine if hypercholesterolemia increases the incidence and pathologic
severity of colorectal cancer by an HSC-autonomous mechanism, we transplanted
HSCs from WT (CD45.2) and hypercholesterolemic mice into lethally irradiated
WT mice (CD45.1). The serum cholesterol and white blood cell counts of the recipi-
ent WT mice were normal (Figure 2D and E). Remarkably, we found that the WT
mice reconstituted with HSCs from hypercholesterolemic mice had nearly two-fold
more tumors, and the histopathological severity was worse than that in WT mice
reconstituted with WT HSCs (Figure 1C and D). These results show that hypercho-
lesterolemia increases the incidence and pathologic severity of colorectal tumors by
an HSC-autonomous mechanism.

2.2 Hypercholesterolemia specifically reduces the differentiation of HSCs toward
NKT and y8 T cells

Given that hypercholesterolemia increases the incidence of colorectal neoplasia
by an HSC-autonomous mechanism, we hypothesized that hypercholesterolemia
impairs HSC production of immune cells that weakens cancer immunosurveillance
against colorectal neoplasia. We found that NKT and y8 T cells were significantly
reduced in number in the circulation. While these cells are rare in circulation and
secondary lymphoid tissue, they are enriched in many peripheral tissues, such as
the skin, intestines, and lungs. They are critical in the colon submucosa’s response to
infection and tumors. NKT and y8 T cells are unique because they exhibit innate and
adaptive immune responses. NKT and y8 T cells secrete various cytokines critical for
the antitumor functions of cytotoxic T cells. NKT and y8 T cells also interact with
antigen-presenting cells to induce them to secrete cytokines that recruit and stimulate
the antitumor functions of cytotoxic T cells, boosting innate and adaptive antitumor
responses [19-21].
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Figure 1.

Hy%aercholesterolemia increases the average tumor number and histopathologic stage of colovectal neoplasia
through a hematopoietic stem cell-autonomous manner. A. Average tumor number per mouse from WT, ApoE-/-,
and HCD mice. B. Histopathologic stages of the tumors from WT, ApoE-/-, and HCD mice. n=12, %, p<0.05; ™,
p<o.01, vs. WT. C. Average tumor number from WT recipient mice reconstituted with HSCs from WT or
ApoE-/- mice. D. Histopathologic stages of the tumors from WT recipient mice reconstituted with HSCs from WT
or ApoE-/- mice. n=12, %, p<0.05; ™, p<o.01, vs. WT [13].

NKT and y8 T cell concentrations were also reduced in the thymus of hypercholes-
terolemic mice (Figure 3A and B). At phases 1 CD44"NK1.17] and 2 [CD44"NK1.17;
intrathymic NKT-cell development in hypercholesterolemic mice was identical to WT
(Figure 4C) as was the CD4+ subsets of NKT cells (Figure 4D). In all of the mouse
models, the T-cell developmental intermediates were similar (Figure 4E and F)

FACS analysis did not show any significant change in CDe3+, CD4+, and CD8+
T-cell populations in the peripheral blood of hypercholesterolemic mice apart from
a slight decrease in B cells and a slight increase in NK cells (Figure 4G). In lethally
irradiated WT recipient mice that were reconstituted with HSCs from hypercholes-
terolemic mice, we observed in the thymus an almost identical decrease in the HSC
differentiation toward y3 T cells and NKT cells as that seen in hypercholesterolemic
mice (Figure 3C and D). Thus, hypercholesterolemia induces an HSC-autonomous
reduction in the production of HSCs toward NKT and y8 T cells [13].
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Figure 2.

W%" recipient mice reconstituted with HSCs from hypercholesterolemic ApoE-/- mice have normal serum
cholesterol levels and white blood cell counts. A. Serum cholesterol levels of WT recipient mice reconstituted with
HSCs from WT or ApoE-/- mice. B. White blood cell counts of WT recipient mice reconstituted with HSCs from
WT or ApoE-/- mice [13].
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Figure 3.

Hy%aercholesterolemia significantly impairs the differentiation of HSCs towards NKT and y8T cells which are
critical components of innate immunity against colorectal neoplasia. A. Hypercholesterolemia significantly
impairs the differentiation of HSCs toward NKT and yST cells, which are critical components of innate immunity
against colorectal neoplasia. A, Frequency and total number of NKT cells in thymus of WT and ApoE-/- mice.
n = 8. B. Frequency and total number of yST cells in thymus of WT and ApoE-/- mice. n = 8. C. Frequency and
total number of NKT cells in thymus of lethally irradiated WT recipients veconstituted with HSCs from WT or
ApoE-/- mice. n = 8. D. Frequency and total number of yST cells in thymus of lethally irvadiated WT recipients
reconstituted with HSCs from WT or ApoE-/- mice. n = 8. E. Frequency of submucosal NKT cells in colon of
WT and ApoE-/- mice. n = 8. F. Frequency of submucosal y5T cells in colon of WT and ApoE-/- mice.n = 8. G.
Average tumor number and histopathologic stage of AOM-induced colorectal neoplasia in CD1d-/- mice. n = 10.
H. Average tumor number and histopathologic stages of AOM-induced colorectal neoplasia in Tevd-/- mice.

n = 10. I. Frequency of NKT cells in the tumors from WT and ApoE-/- mice. n = 8. ], Frequency of y5T cells in
the tumors from WT and ApoE-/- mice. n = 8 [13].
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Figure 4.

Hypercholesterolemia reduces the frequency and alters specific subsets and maturation of NKT and yST cells

in the thymus. A. Frequency and number of NKT cells in thymus of WT and HCD mice. n=6, *, p<0.05, vs.

WT. B. Frequency and number of yST cells in thymus of WT and HCD mice. n=6, *, p<0.05, vs. WT. C. DN1
(CD44+CD25-DN), DN2 (CD44+CD25+DN) and DN3 (CD44-CD25+DN) populations in thymus of WT,
ApoE-/- and HCD mice. n=8, *, p<0.05, vs. WT. D. DP (CD4+CD8+), DN (CD4-CD8-), CD4+ and CD8+
populations in thymus of WT, ApoE-/- and HCD mice. n=8, *, p<0.05, vs. WT. E. Stage o (CD44-NK1.1-), Stage
1 (CD44+NKa1.1-) and Stage 2 (CD44+NKai.1+) of NKT cells in thymus of WT and ApoE-/- mice. F, CD4+
and CD4-CD8- subsets of NKT cells in thymus of WT and ApoE-/- mice. n = 5, %, p<0.05, vs. WT. G. Frequency
of B cells, NK cells, CD3e+, CD4+ and CD8+ cells in peripheral blood of WT, ApoE-/- and HCD mice. n =5, %,
p<0.05, v5. WT. H. NK cells (CD45+CD3e-NKp46+), CD11b- dendpritic cells (CD11c+ CD11b-CD103+F4/80-),
CD11b+ dendpitic cells (CD11c+CD11b+CD103+F4/80-), CD11c- macrophages (CD11c-CD11b+CD103-F4/80+)
and CD11c+ macrophages (CD11c+CD11b+CD103-F4/80+) in the colon of WT, ApoE-/- and HCD mice. n = 5,
¥, p<0.05, vs. WT [13].

In harmony with these findings in the thymus, in the colon submucosa of hyper-
cholesterolemic mice, we found a substantial reduction of NKT cells [up to 6-fold]
and y8 T cells [3-fold] (Figure 3E and F). In the meantime, we found in the colon
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of hypercholesterolemic mice that the other major cellular components of cancer
immunosurveillance, including NK cells, CD11b"~ dendritic cells, CD11b" dendritic
cells, CD11c™ macrophages, and CD11c" macrophages did not show any meaningful
changes (Figure 4H).

2.3NKT and y3 T cells are critical components of immunosurveillance against
colorectal neoplasia induced by azoxymethane

To provide additional support for our hypothesis that NKT and y8 T cells play a
critical role in immunosurveillance against colorectal neoplasia, colorectal neoplasia
was induced with azoxymethane in mice which lack y8 T cells (Tcrd—/— mice), and
in mice which lack NKT cells (CD1d—/—mice). Both mouse strains showed a much
higher incidence and greater histopathologic severity of colorectal neoplasia than that
documented in their control background strains (Figure 3G and H). We also showed
significantly lower concentrations of NKT and y8 T cells in the early but not later
stages of tumorigenesis in hypercholesterolemic mice than that in WT mice (Figure 31
andJ). These findings show that hypercholesterolemia reduced the concentrations
of NKT and y8 T cells, which impaired tumor immunosurveillance against colorectal
neoplasia [13].

2.4 The incidence of colorectal neoplasia is a linear function of
hypercholesterolemia-induced HSC oxidant stress

Hypercholesterolemia induced a receptor-mediated uptake of oxidized-LDL that
induced HSC oxidant stress that profoundly affected normal HSC function, acceler-
ating their aging and reducing their repopulation capacity [19]. These effects were
reduced by the administration of N-acetylcysteine [NAC]. Therefore, we hypoth-
esized that NAC would also reverse the effects of hypercholesterolemia on NKT
and y8 T cell number and cancer immunosurveillance. In pursuit of this possibility,
we confirmed in hypercholesterolemic mice that NAC also rescued the impaired
differentiation of HSCs toward NKT and y8 T cells (Figure 5A and B). In addition,
NAC significantly decreased the average tumor number in both ApoE—/— and HCD
mice. While NAC reduced the histopathologic severity of tumors in HCD mice, the
reduction in the histopathologic severity of tumors in ApoE—/— mice did not reach
statistical significance (Figure 5C and D). In both ApoE—/— and HCD mice, NAC
also increased the infiltration of NKT and y8 T cells in the early stages of tumorigen-
esis (Figure 5E and F). Linear regression analysis between the level of HSC oxidant
stress and the number of tumors per mouse revealed an incredible linear correlation
between these variables [1* = 0.87] (Figure 5G). These findings reveal that hyper-
cholesterolemia-induced hematopoietic stem cell oxidant stress directly mediates the
reduction of HSC production of NKT and y3 T cells, and this reduction in NKT and y8
T cells in tumor number and their histopathological severity [13].

2.5 Hypercholesterolemia-induced downregulation of Tet1 in HSCs impairs their
differentiation toward NKT and y6 T cells

Since the effects of hypercholesterolemia on NKT and y8 T cells are cell-autono-
mous and sustained after transplantation into WT mice who have normal cholesterol
levels, there are at least two possible molecular mechanisms: oxidative stress-induced
DNA mutations or oxidative stress-induced changes in epigenetic enzyme expression.
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Figure 5.

Hypercholesterolemia-induced oxidant stvess in HSCs strongly correlates with the incidence of AOM-induced
colorectal neoplasia. A. Frequency and total number of NKT cells in thymus of ApoE-/- and N-Acetyl Cysteine
(NAC) treated ApoE-/- mice. n=8, *, p<0.05, vs. ApoE-/-. NAC was given in drinking water for 8 weeks (150mg/
kg/day). B. Frequency and total number of yST cells in thymus of ApoE-/- and NAC treated ApoE-/- mice. n=8,
¥, p<0.05, vs. ApoE-/-. C. Average tumor number and histopathologic stages of tumors isolated from ApoE-/- and
NAC treated ApoE-/- mice. n=12, *, p<0.05, vs. ApoE-/-. D. Average tumor number and histopathologic stages of
tumors isolated from High Cholesterol Diet (HCD) and NAC treated HCD mice. n=12, *, p<o0.05, vs. HCD. E. NKT
cell infiltration in the early stages of tumorigenesis in ApoE-/- and NAC treated ApoE-/- mice. n=6, ¥, p<0.05, vs.
ApoE-/- . E. y8 T cell infiltration in the early stages of tumorigenesis in ApoE-/- and NAC treated ApoE-/- mice.
n=12, %, p<0.05, vs. ApoE-/-. G. Regression analysis between oxidant stress in HSCs and tumor number [13].

We found oxidant stress-dependent reduction in the expression of Tetl in HSCs from
hypercholesterolemic mice (Figure 6A and B). Tet2 has been shown to regulate key
HSC functions, including self-renewal, proliferation, and hematopoiesis [22-24].
However, the role of tetl in these key HSC functions is unknown. In order to deter-
mine if Tet1 plays a direct role in the reduced production of NKT and y8 T cells

and the consequent impairment of tumor immunosurveillance, we determined the
proportion and number of NKT and y8 T cells in the thymus of WT and Tet1—/— mice.
As we found in hypercholesterolemic mice, the proportion and number of NKT and
¥8 T cells in the thymus of Tetl—/— mice was significantly lower than that of WT mice
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Figure 6.

H)%nevchole:temlemia—induced oxidant stress in HSCs positively correlates with AOM-induced colorectal
neoplasia. A. Expression of Tet1, Tet2, and Tet3 in HSCs from WT and ApoE-/- mice; n = 6, **, P < 0.01, versus
WT. B. Downregulation of Tet1 expression in HSCs from ApoE-/- is oxidant stress dependent in mice; n = 6,
*P < 0.05; **, P < 0.01, versus ApoE-/-. C. Frequency and number of NKT cells in thymus of WT and Tet1-/-
mice; n = 5. %, P < 0.05, versus WT. D. Frequency and number of y5T cells in thymus of WT and Tet1-/- mice;
n =5.% P < 0.05, versus WT. E. Frequency of submucosal NKT cells in colon of WT and Tet1-/- mice; n = 5, %,
P < 0.05, versus WT. F. Frequency of submucosal y5T cells in colon of WT and Tet1-/- mice. n = 5; *, P < 0.05,
versus WT. G. Tet1-relative expression following its overexpression in WT and Apoe-/- HSCs. n = 6; %, P < 0.05,
versus WT; ##, P < 0.01, versus ApoE-/-. H. Frequency of NKT cells in thymus of recipient mice transplanted
with WT HSCs, ApoE-/- HSCs, Tet1-overexpressing WT HSCs, or Tet1-overexpressing ApoE-/- HSCs. n =

6; *, P < 0.05; ™, P < 0.01, versus WT+Mock; ##, P < 0.01, versus ApoE-/-+Mock. 1. Frequency of y5T cells

in thymus of recipient mice transplanted with WT HSCs, ApoE-/- HSCs, Tet1-overexpressing WT HSCs, or
Tet1-overexpressing ApoE-/- HSCs. n = 6; %, P < 0.05; **, P < 0.01, versus WT+Mock; ##, P < 0.01, versus
ApoE-/-+Mock [13].
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Figure7.

Frequency of T cell intermediate populations in thymus and cellular components responsible for cancer
immunosurveillance in peripheral blood and colon of WT and Tet-/- mice. A. Frequency of B cells, NK cells,
CD3e+, CD4+ and CD8+ cells in peripheral blood of WT and Tet1-/- mice. n = 6, *, p<0.05, vs. WT. B. NK

cells (CD45+CD3e-NKp46+), CD11b- dendritic cells (CD11c+ CD11b-CD103+F4/80-), CD11b+ dendritic

cells (CD11c+CD11b+CD103+F4/80-), CD11c- macrophages (CD11c-CD11b+CD103-F4/80+) and CD11c+
macrophages (CD11c+ CD11b+CD103-F4/80+) in the colon of WT and Tet1-/- mice. n = 6, %, p<0.05, vs. WT [13].

(Figure 6C and D). Also consistent with our findings in hypercholesterolemic
mice, the proportion and number of NKT and y3 T cells in the colon submucosa of
Tetl—/— mice was substantially lower than that in WT mice (Figure 6E and F). We
did not find any changes in the peripheral blood of Tetl—/— mice CD3e+. CD4+,
or CD8+ cells. We found a slight decrease in B cells and NK cells in Tetl—/— mice
(Figure 7A and B).

In contrast to these findings to these findings in Tetl knockout mice, we found
that overexpression of Tetlin HSCs from WT and hypercholesterolemic mice resulted
in a 7-fold increase of NKT cells in WT mice and an almost 20-fold increase in NKT
cells hypercholesterolemic mice, in vivo and in vitro. In parallel finding, overexpres-
sion of Tetlin HSCs from WT and hypercholesterolemic mice resulted in a 10-fold
increase in WT and a 20-fold increase in y8 T cells (Figures 6G-I and 8A, D and E).
These results support the novel and specific role of Tetl in HSCs lineage specification
toward NKT and y8 T cells.

Given these effects of overexpression of Tetl on the production of y3 T cells we
sought to test the hypothesis that overexpression of Tetl in hypercholesterolemic
mice would restore the production of NKT and y8 T cells and thereby immuno-
surveillance against colorectal neoplasia. To this end, we reconstituted lethally
irradiated WT mice with HSCs from WT and ApoE—/— mice that overexpress Tet1.
Unexpectedly, lethally irradiated mice reconstituted HSCs that overexpressed Tet1,
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The expression of Tet1 determines the differentiation of HSCs towards NKT and yST cells in vitro. A
Downregulation of Tet1 by shRNA in HSCs . n=6, *, p<0.05; **, p<0.01, vs. WT; #, p<0.05, vs. ApoE-/-. B
Differentiation of HSCs towards NKT cells in vitro following Tet1 downregulation C. Differentiation of HSCs
towards yST cells in vitro following Tet1 downregulation. n=6, *, p<o0.05; ™, p<o.01, vs. WT; #, p<0.05, vs.
ApoE-/-. D. Differentiation of HSCs towards NKT cells in vitro following Tet1 ovevexpression E. Differentiation
of HSCs towards y5T cells in vitvo following Tet1 overexpression. n=6, *, p<0.05; ™, p<o.01, vs. WT; #, p<0.05, vs.
ApoE-/- [13].
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and all died. To address this problem, we included 1/3 non-transduced HSCs. Under
these conditions, all mice survived, indicating clearly that Tet1 has an important

role in HSC engraftment after irradiation. Overexpression of Tetl in the HSCs of
hypercholesterolemic mice restored the concentration of NKT and y3 T cells in the
thymus and colon submucosa to that in WT mice (Figure 9A-E). Perhaps our most
important finding is, overexpression of Tetl in HSCs from hypercholesterolemic
mice reduced the number of colorectal tumors by 55%, similar to that in WT mice
(Figure 9F-G). Overexpression of Tet1 in HSCs of hypercholesterolemic also greatly
reduced the histopathological severity of the colorectal neoplasia (Figure 9G). In WT
and hypercholesterolemic mice, overexpression of Tet1 eliminated the progression of
tumors to the carcinoma stage.

These results show that the mechanism by which hypercholesterolemia increases
the risk of colorectal neoplasia is by inducing a Tet1-dependent HSC-autonomous
mechanism that epigenetically reprograms the number and gene expression of NKT
and y8 T cells. Given the unexpected simplicity of this finding, it could be leveraged
into the creation of a cell immunotherapy for a variety of cancers.

2.6 MiR101c mediates the downregulation of Tetl in HSCs isolated from
hypercholesterolemic mice

We have shown that hypercholesterolemia induces an oxidized-LDL-dependent
increase in HSC oxidant stress that initiates a signaling pathway culminating in the
reduction to Tetl. How is Tet1 directly regulated? To address this question, we per-
formed miRNA microarray analysis in HSCs isolated from WT and ApoE—/— mice
(Figure 10A). MiR101c, predicted to target Tet1 directly, was upregulated signifi-
cantly in HSCs from ApoE—/— mice. This increased level of miR101c was validated
by RT-PCR (Figures 10B and 11A). Application of NAC effectively reduced the
overexpression of miR101c in HSCs from ApoE—/— mice (Figures 10B and 11A).
Overexpression of miR101c in HSCs from WT and hypercholesterolemic mice greatly
reduced Tetl expression (Figure 11B and C). Transfection of an inhibitor of miR101c
greatly increased Tet1 expression (Figure 11D and E). In a luciferase assay of the Tet1
3’-UTR, miR101c reduced luciferase activity, whereas when the Tet1 binding sites
were blocked, miR101c failed to increase luciferase activity (Figure 11F) These find-
ings indicate that miR101c directly binds to the 3'-UTR of Tet1.

2.7 Tetl directly induces the expression of genes critical for HSC differentiation
toward NKT and y8 T cells

While the detailed mechanism by which HSCs produce NKT and y3 T cells
remains incompletely described, a group of genes has been shown to be critical to
this process [25, 26]. We sought to characterize the effects of Tet1 on the expres-
sion and epigenetic regulation of these genes that are required for HSC production
of NKT and y8 T cells (Table 1). Of these genes, five, Fyn, Sox13, IL15R, ITK, and
SH2D1a, had lower expression in ApoE—/— HSCs than in WT HSCs (Figure 12A).
When Tetl was overexpressed in HSCs from WT and ApoE—/— mice, their expres-
sion increased substantially (Figure 12A). Because Tet1 regulates the methylation of
genes [23, 27], we proceeded to use pyrosequencing to characterize the effects of Tetl
on the methylation at key regulatory regions of these five genes that were affected
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Figure 9.

Hypercholesterolemia induced oxidant stress downregulates the expression of Tet1 in HSCs that impairs their
diffeventiation towards NKT and yST cells. A. Frequency of cells derived from Tet1-overexpressing HSCs. The
transplantation of Tet1-overexpressing WT HSCs was supported with WT HSCs and the transplantation of
Tet1-overexpressing ApoE-/- HSCs was supported with ApoE-/- HSCs, both at the ratio of 3:1.m = 8 *, P <
0.05; **, P < 0.01, versus WT+Mock; ##, P < 0.01, versus ApoE-/-+Mock. B. Frequency and total number of
NKT cells in thymus of the vecipients after transplantation with WT HSCs, ApoE-/- HSCs, Tet1-overexpressing
WT HSCs+ WT HSCs, or Tet1-overexpressing ApoE-/- HSCs+ApoE-/- HSCs. n = 8; *, P < 0.05, versus
WT+Mock—>WT; #, P < 0.05, versus ApoE-/-+Mock—>WT. C. Frequency and total number of ydT cells in
thymus of the recipients. n = 8; *, P < 0.05, versus WT+Mock—>WT; #, P < 0.05, versus ApoE-/-+Mock—>WT.
D. Frequency of NKT cells in colon submucosa of the recipients. n = 8; **, P < 0.01, versus WT+Mock—>WT;
#, P < 0.05, versus ApoE-/-+Mock—>WT. E. Frequency of y8T cells in colon submucosa of the recipients. n = 8;
*, P < 0.01, versus WT+Mock—>WT; #, P < 0.05, versus ApoE-/-+Mock—>WT. F. Average tumor number per
mouse in the recipients. n = 12; ¥, P < 0.05, versus WT+Mock—>WT; #, P < 0.05, versus ApoE-/-+Mock—>WT.
G. Histopathologic stages of tumors. n = 12; %, P < 0.05; **, P < 0.01 versus WT+Mock—>WT; #, P < 0.05; ##,
P < 0.01, versus ApoE-/-+Mock—>WT [13].
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Figure 11.

Reconstitution of lethally irradiated WT mice with ApoE-/- HSCs that overexpress Tet1 vestores immunosurveillance
against colovectal neoplasia. A. The frequency and total number of NKT cells in thymus and blood of the recipients
after transplantation with WT HSCs, ApoE-/- HSCs, Tet1-overexpressing WT HSCs+ WT HSCs, or Tet1-
overexpressing ApoE-/- HSCs+ApoE-/- HSCs. n=8, *, p<0.05, vs. WT—->WT; #, p<0.05, vs. ApoE-/-—>WT. B. The
frequency and total number of yST cells in thymus and blood of the recipients. n=8, *, p<0.05, vs. WT->WT; #,
p<0.05, vs. ApoE-/-—WT. C. The frequency of NKT cells in colon submucosa of the vecipients. n=8, **, p<0.01, vs.
WT-WT; #, p<0.05, vs. ApoE-/-->WT. D. The frequency of y5T cells in colon submucosa of the recipients. n=8, **,
p<0.01, v5. WT—-WT; #, p<0.05, vs. ApoE-/-—>W'T. E. Average tumor number per mouse in the vecipients. n=12, *
p<0.05, v5. WT->WT; #, p<0.05, vs. ApoE-/-—>WT. F. Histopathologic stages of tumors. n=12, *, p<0.05, **, p<0.01
vs. WT—-WT; #, p<0.05, ##, p<0.01, vs. ApoE-/-—WT [13].

by hypercholesterolemia. As anticipated, we found hypermethylation of Fyn, Sox13,
I115R, IKT and SH2D1a in HSCs from hypercholesterolemic mice (Figure 12B).

As expected, the overexpression of Tetl in HSCs from WT and ApoE—/— mice
decreased the methylation and increased the expression of these five genes
(Figures 12B and 13B). In addition to these five genes, an additional five genes, ETVS5,
EGR2, SLAMF1, ZBTB16, and RELB, whose expression was unaffected in HSCs from
ApoE—/— mice, nonetheless their expression increased after Tetl overexpression
(Figure 13A). Both NKT and y8 T are being evaluated intensely as cell immunothera-
pies for a variety of cancers. This opens the possibility of a combined cell therapy
directed by Tet1 overexpression in HSCs.

The methylation of ETV5, EGR2, and NFKB1lwas higher in HSCs derived from
ApoE—/— mice than in HSCs from WT mice, but overexpression of Tet1 reduced this
methylation at or below that in WT HSCs (Figure 13B) Taken together, all of these
results show that Tetlregulates the expression of multiple genes that are essential to
produce NKT and y3 T cells and this regulation is disrupted by hypercholesterolemia.

2.8 Tetl regulates histone modifications by the O-linked N-acetylglucosamine
transferase (OGT)

O-linked N-acetylglucosamine transferase is an evolutionarily conserved enzyme
whose primary function is to catalyze)-linked protein glycosylation. Tet2 and Tet3
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Genes related to NKT cell differentiation Genes related to Y8 T cell differentiation
Interleukin-2 receptor f§ (IL-2Rb) B-cell lymphoma/leukemia 11B (BCL11b)
Interleukin-15 receptor (IL-15R) Early growth response protein 2 (EGR2)
E26 Transformation specific transcription factor 1 (Ets1) Etsvariant 5 (ETV5)

Myeloid Elf-1-like factor (MEF) Inhibitor of DNA binding protein 2 (ID2)
Interferon regulatory factor 1 (IRF-1) Inhibitor of DNA binding protein 3 (ID3)
Fyn Interleukin-2-inducible T-cell kinase (ITK)
Interleukin-2-inducible T-cell kinase (Itk) Interleukin 7 receptor (IL-7R)

Activator protein-1 (AP-1) Interleukine-15 receptor (IL-15R)

T cell factor 1 (TCF-1) PHD finger protein 1 (PHF1)

Nuclear factor kB p50 (NFkb) SLAM-Associated Protein (SAP, SH2D1a)
RELb Sry-related HMG box 13 (Sox13)

IxB kinase 2 (IKK2) T cell factor 12 (TCF12)

Protein kinase C-8 (PKCO) Zinc finger and BTB domain-containing protein

16 (ZBTB16)

Signaling lymphocytic activation molecule F1
(SLAMF1)

Signaling lymphocytic activation molecule-associated
protein (SAP)

Kriippel-like factor 2 (KLF2)
CCR9

Table1.
The genes related to the differentiation of NKT and y8 T cells. The genes highlighted with green color showed
significant changes in our study.

have been shown to act as stable partners if OGT in the nucleus [28-30]. Their
interaction with OGT induces GlcNAcylation of Host Cell Factor-1 that enhances

the H3K4 methyltransferase SET1/COMPASS complex, indicating that Tet enzymes
increase H3K4me3 modifications that result in transcriptional activation [31].

Our immunoprecipitation results establish that OGT interacts with Tet1 in HSCs
(Figure 14A). This Tet1l-OGT interaction was significantly less in HSCs from hyper-
cholesterolemic mice, consistent with the decrease in Tetl expression. Overexpression
of Tetl enhanced the Tet1-OGT interaction but had no effect on the expression or
interaction of Tet3 and OGT (Figure 14A and B). As anticipated by these findings,
overexpression increased H3K4me3-induced methylation at the promoters of all

of the genes evaluated except RELb and NFKBI1. These findings indicate that Tet1’s
interaction with OGT increases H3K4me3 levels that help maintain an active chroma-
tin structure near many of the genes required to produce NKT and y8 T cells by HSCs
(Figure 14C). These results show that Tet1 regulates the expression of multiple genes
required for NKT and y8 T cells by multiple mechanisms.

2.9 Hypercholesterolemia reduces Tetl expression in human HSCs that impairs
their production of NKT and y3 T cells

To determine if the effects of hypercholesterolemia on murine HSCs can
be extrapolated to human HSCs, we exposed human HSCs to oxidized-LDL,
the source of oxidant stress in HSCs from hypercholesterolemic mice [19].
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Figure 12.

Tet1 regulates the expression of the key regulatory genes in the differentiation of NKT and yST cells. A. The
expression of genes in cells from in vitro co-culture with WT HSCs, ApoE-/- HSCs, Tet1 overexpressing WT HSCs
or Tet1 overexpressing ApoE-/- HSCs. n=4, *, p<0.05, ™, p<0.01, vs. WT+mock; #, p<0.05, ##, p<0.01, vs. ApoE-
/-+mock. B. DNA methylation status of the targeted gene. n=4, *, p<0.05, ™, p<0.01, vs. WT+mock; #, p<0.05,
##, P<0.01, vs. ApoE-/-+mock [13].

Oxidized-LDL induced a concentration-dependent decrease in the expression of
Tetl (Figure 15C). This reduction in Tet1 expression reduced the differentiation
of human HSCs toward NKT and y8 T cells (Figure 15A and B). These preliminary
results suggest that the extensive findings from these studies are generalizable to
humans.

3. Conclusions

For those under 50 years of age, CRC is the leading cause of cancer death in men
and the second leading cause of death in women. More than 50% of cases are due to
lifestyle risk factors. Obesity will soon replace tobacco abuse as the most prevent-
able cause of cancer and is a significant risk for CRC. However, obesity is associated
with multiple metabolic abnormalities, including hypercholesterolemia, which is a
well-defined risk factor for CRC. We have shown that hypercholesterolemia impairs
immunosurveillance against colorectal neoplasia by reducing the number and func-
tion of NKT and yd T cells. In support of this role for NKT and y3 T cells in CRC
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Figure 13.
In HSCs, Tet1 overexpression reduces the expression of the key regulatory genes in their differentiation of NKT

and y5T cells. A. Gene expression analysis in WT HSCs, ApoE-/- HSCs, Tet1 overexpressing WT HSCs and Tet1
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Figure 14.

Tet1 regulates H3K4me3 modification of the key regulatory genes in the differentiation of HSCs towards NKT
and y8T cells in vitro. A. Detection of the expression of Tet1 and its association with OGT. Immunoprecipitation
was performed with WT HSCs, ApoE-/- HSCs, Tet1 overexpressing WT HSCs or Tet1 overexpressing ApoE-/-
HSCs. B. Detection of the expression of Tet3 and its association with OGT. C. H3K4me3 modification of the key
regulatory genes in the differentiation of HSCs towards NKT and yST cells in vitro. n=4, *, p<0.05, **, p<0.01, vs.
WT+mock; #, p<0.05, ##, p<0.01, vs. ApoE-/-+mock [13].

immunosurveillance, mice lacking NKT T cells have very substantial increases in
colorectal neoplasia.

At a molecular level, hypercholesterolemia induces an oxidized-LDL increase in
HSC oxidant stress that initiates a signaling pathway culminating in the downregula-
tion of Tetlwhihc is directly regulated by miR101c. These effects of hypercholester-
olemia on CRC are not due to a direct effect on NKT and y8 T cells, as is universally
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Ox-LDL impairs the differentiation of human HSCs towards NKT and y5T cells in vitro. A. Differentiation
of human HSCs towards iNKT cells in vitro. B. Differentiation of human HSCs towards y5T cells in vitro. C.
Relative expression of Tet1 in human HSCs treated with oxLDL. n=3, *, p<0.05, vs. control [13].

held. Rather, hypercholesterolemia increases the incidence of CRC by a Tet-
1dependent HSC-autonomous mechanism that epigenetically reprograms their gene
expression within the HSC. This reduction in gene expression is achieved by bivalent
regulation comprised of a gain of repressive DNA methylation and loss of activating
H3K4me3. Thus, we show for the first time that HSCs not only produce immune cells,
but they can also regulate their gene expression by oxidant stress-dependent epigen-
etic reprogramming.

Tetl is a critical tumor suppressor in multiple human cancers, including
colorectal cancer [32]. The analysis of tumor methylomes of tumor cell lines and
primary tumors of multiple carcinomas and lymphomas, including gastric and
colorectal carcinomas, showed that Tet1 is frequently methylated and conse-
quently downregulated [33-35]. The overexpression of the Tetl catalytic domain
can significantly reduce the methylation of tumor suppressor genes and thereby
restore their expression [34]. Reduced Tetl expression can repress the expression
of the DKK gene and the activation of the WNT pathway, which increases tumori-
genesis in the colon. In contrast, restoring Tetl expression in colon carcinoma cells
inhibits their proliferation as well as tumor xenografts [35]. All of these studies
strongly indicate that Tet1 plays a critical role in the transformation of colon
cells. So, in addition to these findings, we show that Tet1 regulates the production
of NKT and y8 T cells that is central to immunosurveillance against colorectal
neoplasia.
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Are these findings generalizable? We have also shown that type 2 diabetes mellitus
(T2DM) impairs wound healing by an HSC-autonomous mechanism [36]. In paral-
lel to our findings with hypercholesterolemia, T2DM induced a Nox-2-dependent
increase in HSC oxidant stress that initiated a signaling pathway that culminated in
the increased expression of Dnmt1 by reduced expression of let-7-3p. These changes
reduced the expression of KIf4, Notch-1and Pu.1, genes critical to the production
of monocytes and macrophages. Consequently, across the first two stages of wound
healing, T2DM reduced the number of macrophages and increased their polariza-
tion toward the M-1 phenotype. Reconstituting T2DM mice with HSCs from T2DM
in which an shRNA against Dnmt1 restored a normal rate of wound healing. Thus,
this may be a framework to identify the mechanism of the other risk factors for
young-onset CRC may be evaluated. Each risk factor induces a risk factor-specific
HSC oxidant stress that initiates a signaling pathway culminating in the changed
expression of an epigenetic enzyme(s) that is directly regulated by a miRNA. In this
way, risk factors affect the gene expression by inducing redox-dependent epigenetic
reprogramming of their gene expression within the hematopoietic stem cell.
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Abstract

Despite improvements in colorectal cancer screening, surgical resection, and systemic
treatment, colorectal cancer remains a leading cause of cancer deaths worldwide, and
survival in metastatic disease remains low. Further advancements in therapeutics are
thus necessary, and two new Food and Drug Administration (FDA) approvals in the
U.S were seen in 2023, with trifluridine and tipiracil with bevacizumab and fruquintinib
approved in previously treated metastatic colorectal cancer. In this book chapter, we
summarize current standard of care, including chemotherapy and these drug recent
approvals in colorectal cancer, as well as the current landscape of diverse novel therapies
under investigation. Targeted therapy has been an active therapeutic approach, particu-
larly with BRAF, HER2, and MAPK inhibition. We also summarize the current state of
immunotherapy particularly utilizing checkpoint inhibition, cancer targeted vaccines,
and cellular therapies within colorectal cancer. Metastatic colorectal cancer remains a
poor prognosis and novel therapies are needed, and multiple classes of novel therapeutics
are promising and under current investigation.

Keywords: colorectal cancer, therapeutics, targeted therapy, immunotherapy, cellular
therapy

1. Introduction

Colorectal cancer is the fourth most common cancer diagnosis in the United
States, behind only breast cancer in women, prostate cancer in men, and lung and
bronchus cancers [1]. Worldwide, colorectal cancer is the third most commonly
diagnosed at 10% of new cancer cases [2]. Colorectal cancer represents 7.8% of new
cancer cases and 8.6% of all cancer deaths in the United States. About 4.1% of US men
and women will be diagnosed with colorectal during their lifetime, although colorec-
tal cancer is more common in men. The diagnosis is most often made between ages 65
and 74 at 25.5%, and the median age at diagnosis is 66 [1].

Incidence of colorectal cancer in the U.S. had been decreasing since 2000 overall
and particularly in screening-aged populations above age 50. Decreasing incidence
has continued to be seen in the population above 60 [3]. Declining incidence par-
ticularly in these age ranges has largely been attributed to the success of screening
particularly with colonoscopy [4].
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Colorectal cancer is the second most common cause of cancer death in the US
[1]. Worldwide, it is also the second most common cause of cancer death at 9.4% [2].
Five-year relative survival in the United States over 2013-2019 was 65.0% [1]. This has
slowly improved since the 1970s, when 5 years relative survival was 50% [5]. Despite
advances in treatment, in patients with metastatic colorectal cancer, median overall
survival remains low at 30 months [6].

Early- or young-onset colorectal cancer has generally been defined as diagnosis
under the age of 50 years [7]. This cutoff is corresponding to the prior guidelines for
initiating screening in the general average-risk population at age 50 [8]. In patients
under the age of 50, the trend of incidence has been the reverse, and incidence rates
are increasing [9]. This trend of declining or stable incidence above age 50 with
rising incidence under age 50 has also been seen globally, in Germany, Australia, UK,
Denmark, New Zealand, Canada, Slovenia, and Sweden [10].

Early-onset colorectal cancer includes those with a genetic predisposition, but this
does not account for most early-onset colorectal cancer, with only about 16% having
a known germline genetic variant putting them at risk [11]. The cause of this rising
incidence in adults under 50 is not yet clear, but lifestyle risk factors like obesity and
metabolic syndrome and alcohol consumption have been associated [7].

With rising incidence in young adults and overall survival in metastatic disease
remaining low, there remains a great need for innovative treatment strategies to
improve survival. Novel therapies are emerging and changing the treatment paradigm
and prognosis of colorectal cancer. 2023 saw two new Food and Drug Administration
(FDA) approvals in the United States for therapies in previously treated metastatic
colorectal cancer; trifluridine and tipiracil with bevacizumab and fruquintinib were
both approved in 2023 [11, 12]. In this article, we will summarize the current treat-
ment paradigm in colorectal cancer including these two new approvals. We’ll also then
discuss the current landscape of novel emerging treatments including targeted thera-
pies, immunotherapy with checkpoint inhibition, vaccines, and cellular therapies.

2. Immunotherapy

Immunotherapy consists of therapies that activate the patient’s immune system
to destroy cancerous cells. The most notable mechanism within this therapeutic
category is immune checkpoint blockade which works by blocking downregulation of
the immune system. This can be achieved using antibodies that target the cytotoxic
T lymphocyte antigen-4 and programmed death-1 pathways. Nivolumab (PD-1
inhibitor), ipilimumab (CTLA-4 inhibitor), pembrolizumab (PD-1 inhibitor) are
prominent antibodies that act as checkpoint inhibitors [13]. Checkpoint inhibitors
have been studied and shown promise in numerous solid tumor types, particularly in
melanoma and non-small cell lung cancer [14, 15].

In colorectal cancer, the benefit of checkpoint inhibitors has been less widespread.
Most promise has been seen in tumors that are microsatellite instability-high (MSI-H)
or mismatch-repair-deficient ({MMR). Microsatellites are short repeating sequences
of DNA prone to error during replication which causes alteration through losses or
insertions. Mismatch repair is a mechanism to recognize and repair these errors. A
high number of microsatellites is then prone to error, and a deficiency in mismatch
repair prevents correction of these alterations [16]. Around 15% of all colorectal
cancers are dAMMR, but MSI-H/dMMR is more prevalent in earlier stage tumors and
the percentage of tumors that are MSI-H/dMMR declines with increasing stages [17].
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This is in contrast to tumors that are mismatch repair proficient (pMMR) and
microsatellite stable (MSS). The focus of checkpoint inhibitors in the MSI-H/dMMR
setting came from early studies in which PD-1 inhibition as monotherapy showed
anti-tumor activity in this population. Pembrolizumab was given to both patients that
were dMMR/MSI-H and pMMR/MSS. In one phase II trial of patients with progressed
metastatic disease, the AMMR/MSS cohort had a significantly higher ORR at 40%
(95% CI 12-74), while the pMMR/MSS cohort had an ORR of 0% (95% CI 0-20).
This focused following trials on dIMMR/MSI-H tumors [18].

The first FDA approval of a checkpoint inhibitor in colorectal cancer was in 2017,
when pembrolizumab was approved as second line treatment for metastatic colorec-
tal cancer with microsatellite instability-high (MSI-H) tumors. This was following
five clinical trials of MSI-H and dMMR tumors (with most being colorectal prima-
ries, although other tumor types with these abnormalities were enrolled) which
found an overall response rate of 39.6% (95% CI 31.7-47.9) and a 7% complete
response rate [19].

Pembrolizumab was then studied in patients with metastatic MSI-H or dMMR
colorectal cancer as first line treatment. In a phase 3, open-label trial, 307 patients
who had not previously received treatment were randomized to pembrolizumab
200 mg every 3 weeks or chemotherapy (5-fluoruracil-based with or without beva-
cizumab or cetuximab) every 2 weeks. Median progression free survival (PFS) was
longer with pembrolizumab than chemotherapy (16.5 vs. 8.2 months, hazard ratio
0.60; 95% CI 0.45-0.80). Grade 3 or higher treatment-related adverse events were
also less common in patients who received pembrolizumab versus chemotherapy
(22% and 66%, respectively) [20]. Based on these results, pembrolizumab is now
FDA approved as first-line therapy for metastatic MSI-H or dMMR colorectal cancer.

Nivolumab and ipilimumab are also approved in combination in MSI-H/dMMR
metastatic colorectal cancer. In the phase II CheckMate 142 trial, patients with meta-
static MSI-H/dMMR colorectal cancer who had not received prior treatment received
nivolumab every 2 weeks plus low-dose ipilimumab every 6 weeks until disease
progression. ORR was 69% (95% CI 53-82). Grade 3 or greater treatment-related
adverse events were seen in 22% of patients with 13% discontinuing treatment due to
treatment-related adverse events of any grade [21].

With the success of checkpoint inhibitors in MSI-H/dMMR seen in the metastatic
setting, application of checkpoint inhibitors to the adjuvant and neoadjuvant settings
for earlier staged colorectal cancers is undergoing study currently. This setting may
be of particular clinical benefit because a higher percentage of stage II and stage III
colorectal cancers are MSI-H/dMMR compared to metastatic disease. The POLEM
trial is an ongoing phase III randomized trial of avelumab (anti-PD-L1 antibody) plus
fluoropyrimidine-based chemotherapy in the adjuvant setting for stage III colorectal
cancer. Patients with completely resected stage III colon cancer confirmed to be
dMMR/MSI-H are eligible and are randomized to standard chemotherapy or chemo-
therapy followed by avelumab 10 mg/kg every 2 weeks for 24 weeks. Primary end
point will be disease free survival [22].

The ATOMIC trial is another ongoing phase III randomized trial of immuno-
therapy in the adjuvant setting for dMMR/MSI-H tumors. Patients with resected stage
III colon carcinomas with dMMR/MSI-H are randomized to modified FOLFOX6 for
6 months alone or in combination with atezolizumab (anti-PD-1 antibody) at 840 mg
IV every 2 weeks with chemotherapy and continuation of atezolizumab alone for an
additional 6 months for a total of a year of therapy. The primary end point will also be
disease free survival [23].
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Numerous trials are ongoing looking back to immunotherapy in the pMMR/MSS
population. As the majority of metastatic colorectal cancers are pMMR/MSS, benefit
in this area would apply to a significantly higher number of patients. With limited
benefit seen in monotherapy with approved checkpoint inhibitors in pMMR/MSS
in early studies, current trials are more commonly utilizing checkpoint inhibitors in
combination with another agent, either with chemotherapy, targeted therapies, or
dual-agent immunotherapy as combination therapy.

Pembrolizumab has been studied in combination with chemotherapy in pMMR/
MSS tumors. In a single-arm, phase 1b study, pembrolizumab was studied in com-
bination with FOLFOX6 chemotherapy in metastatic colorectal adenocarcinoma
regardless of mismatch repair status. A safety run-in for six patients was completed
first, and grade 3 and 4 neutropenia led to dose reduction of FOLFOX6 in the expan-
sion cohort. 30 treatment-naive patients received combination pembrolizumab
and FOLFOX. ORR was 56.7%, and median PFS was 8.8 months (80% CI 7.7-11.3).
Treatment-related adverse events were limited, mainly the neutropenia seen in the
safety run-in [24].

Nivolumab in combination with the VEGF inhibitor regorafenib is under
investigation as well. A phase 1b trial of advanced of metastatic colon and gastric
cancers refractory or intolerant to standard chemotherapy studied nivolumab plus
regorafenib until disease progression or toxicity. 49 of 50 patients were pMMR/MSS.
Overall ORR was 40%, with a ORR in patients with colorectal cancer of 36%. Median
PFES in colorectal cancer was 7.9 months. Common grade 3 or greater treatment-
related adverse events included rash (12%) and proteinuria (12%) [25]. This combi-
nation is undergoing further investigation in an ongoing phase III trial.

Two newer checkpoint inhibitors have shown some early promise in pMMR/MSS.
Botensilimab is a next generation anti-CTLA-4 antibody that is under investigation
in combination with balstilimab, an anti-PD-1 antibody in the pMMR/MSS setting.
Results of a phase 1a/1b trial of botensilimab plus balstilimab in metastatic pMMR/
MSS colorectal cancer with significant prior treatment (including 31% whom had
received prior immunotherapy) were presented at ASCO GI 2023. ORR of 23% (95%
CI 14-34) was seen in this cohort, and PFS was 4.1 months (95% CI 2.8-5.5). Grade
3 or greater treatment-related adverse events were seen in 43% of patients, most
commonly diarrhea/colitis (21%) [26]. In two patients with locally advanced pMMR/
MSS colorectal cancer, botensilimab and balstilimab were given in combination in the
neoadjuvant setting. Histologically, both patients showed rapid immune response [27].

Immunotherapy is a developing therapeutic approach in numerous solid tumors,
but progress in colorectal cancer has been more limited. However, success with
checkpoint inhibitors in the dMMR/MSI-H population in metastatic disease has led to
first line approval of pembrolizumab in this setting. Numerous trials with immuno-
therapy are ongoing with some promising early results, most notably in neoadjuvant
and adjuvant settings for d(MMR/MSI-H tumors as well as new combination therapy
for the pMMR/MSS metastatic population.

3. Current therapies

Current treatments for colon cancer must be considered in the context of the
tumor stage and unique genetic attributes when considering chemotherapies and bio-
logics. Colorectal cancers are typically staged according to two systems, AJCC staging
and TNM staging, which similarly take into account depth of tumor penetration,
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lymph node involvement, and presence of tumor metastasis [28]. For the purposes

of this review, we will refer to AJCC staging when we refer to tumor stage. Stage 1
colorectal cancer, in which the tumor is localized and invades into the muscularis
propria, can be managed exclusively through surgical resection, and then regular
monitoring [29]. Stage 2 colorectal cancer, in which the tumor remains localized, but
has penetrated into the pericolic tissue, patients can be managed with surgery with
consideration for adjuvant chemotherapy for high risk patients. High risk patients as
defined by having positive margins, lymphovascular invasion, poorly differentiated
tumors, perineurial invasion, perforation, tumor deposits, inadequate lymph node
sampling, and T4 lesions [30, 31]. For stage 3 colorectal cancer, in which the tumor
has become locally advanced, with lymph nodes positive for tumor tissue, surgery and
adjuvant chemotherapy is recommended [31]. Patients with Stage 4 colorectal cancer,
cancers which have metastasized, are no longer considered primarily surgical can-
didates, with some exceptions for exclusively liver or lung metastases, and patients
with acute surgical indications due to tumor location. As such, the treatment for these
patients consists of chemotherapy and biologic agents (Figure 1) [32, 33].

The surgical approaches to colorectal cancer tumor resection consists of a tran-
srectal and transabdominal approaches for rectal tumors, and colectomy for colon
cancers. The transrectal approach is recommended only to Stage 1 tumors which
make up <30% circumference of the bowel, are <3 cm in size, non fixed, and within
8 cm of the anal verge [29]. Alternatively, the transabdominal approach as a means
of obtaining total mesolectal excision reduces positive margin and recurrence, and
is a possibility for tumors in which transrectal approaches are not possible [34]. Both
of these approaches are able to be minimally invasive, however, several studies have
documented higher rates of incomplete and positive residual circumferential mar-
gins, and as such, must be considered carefully [35]. In patients with a primary tumor
which is located more distally along the colon, a colectomy should be considered
[36]. For colorectal cancer metastases, knowledge of location and extent of spread is
pivotal. For liver metastases, hepatic resection is a possibility, but it is recommended
to consider this as a consideration only if there are no unresectable extrahepatic

TREATMENT

SURGERY CHEMOTHERAPY BIOLOGIC
STAGE 1 v
STAGE 2 v v 1
STAGE 3 v v
STAGE 4 v, v v

Graphic 1 Basic Colorectal Cancer Treatment Paradigm

1. For high-risk patients
2. Based on location of Metastases

Figure 1.
Basic colovectal cancer treatment paradigm. 1. For high-visk patients. 2. Based on location of metastases.
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sites of tumor spread, and hepatic function can be preserved [37]. Lung metastases
alternatively are eligible for resection regardless of extra pulmonary metastases, with
the similar goal of maintaining native organ function, and having a primary tumor
which is resectable [38]. Notably, radiation therapy can also be considered in patients
with a limited number of liver or lung metastases [39].

Other surgical indications in colorectal cancer include SBO vs. signs of immi-
nent obstruction, significant bleeding, perforation, or other tumor mass related
symptoms, for these, resection, diverting ostomy, bowel bypass, and stenting can be
considered [40]. Radiation therapy is a necessary consideration with respect to tumor
respectability, as neoadjuvant radiation therapy with concurrent fluorpyrimide based
chemotherapy can be considered in patients with non-metastatic colon cancer for the
goal of achieving resectable tumors [41].

Most currently utilized chemotherapy regimens for colon cancer is based on
5-Fluorouracil (5-FU) and Leucovorin (LV), with multiple studies showing signifi-
cant risk reduction in death in comparison to observation for patients with stage III
colorectal cancer [42, 43]. There are now multiple chemotherapy regimens which
base itself on this combination, including the biweekly infusion termed LV5FU2, the
Roswell Park Schedule, and the Mayo Clinic Regimen. Researchers have looked to
develop alternatives to this combination in the form of alternative fluorpyrimidines,
notably capecitabine, (Xeloda) which has been found to be non inferior to 5-FU
with Leucovorin [44]. Other drugs have been studied in combination with 5-FU and
LV, including the addition of oxaliplatin (FOLFOX-4), which was shown to have a
statistically significant improvement in 3-year disease-free survival in comparison
to the cohort who received LV5FU2 [45]. Given its efficacy the FOLFOX regimen
has undergone several iterations, with similar levels of efficacy and toxicity [46].
Irinotecan is a topoisomerase inhibitor which has been studied in several combina-
tions, IFL (Irinotecan + LV + 5-FU bolus) and FOLFIRI (Irinotecan + LV + 5-FU
infusion over 48 hours). While IFL has yet to show clinical benefit in comparison
to 5-FU and LV in combination, and in some studies, shown inferiority, FOLFIRI
has been found to improve progression-free survival [47-49]. Capecitabine and
Oxaliplatin in combination, termed Xelox, has also been studied in comparison to
FOLFOX-4 and 6, and shown to be non-inferior [50, 51]. To take these combina-
tions a step further, FOLFOXIRI, combining 5-FU + LV + Irinotecan + Oxaliplat
in, has been shown to improved overall response rate and of attaining complete
remission, but has been shown to have greater levels of toxicity in comparison to
FOLFIRI and FOLFOX [52]. Bevacizumab, an anti-VEGF monoclonal antibody, has
been shown to prolong progression-free survival, when combined with 5-FU and
oxaliplatin based chemotherapy for colon cancer, including IFL, XELOX, FOLFOX
[53, 54], without significant increases in observed toxicities. Naturally, as a next step,
FOLFOXIRI + bevacizumab was shown improves survival in comparison to FOLFOX
and FOLFIRI + bevacizumab, except in patients with BRAF-mutations [55].

Advances in rectal cancer treatment have interestingly inverted the initial
approach to treatment.

Instead of removing the primary tumor, and then treating with chemotherapy, the
approach is to now treat with chemotherapy, coupled or followed by radiation therapy
or chemoradiotherapy, surgical intervention, followed by adjuvant chemotherapy.
Total Neoadjuvant Therapy (TNT), which consists of treating a patient with systemic
chemotherapy and radiotherapy prior to consideration of surgical intervention,
has been shown to result in lower rates of metastases, lower rates of disease-related
treatment failure, and had higher rates of pathological complete response [56].
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Notably, this trial failed to show a change in 3-year survival. Neoadjuvant chemo-
therapy regimens are similar to those of colon cancer. FOLFOX, has been shown

to have a significant effect on progression-free survival in patients with colon and
rectal cancer, 9 vs. 6.2 months [57]. As for the agents utilized for chemoradiotherapy,
Capecitabine, and 5-FU have been shown to be efficacious in the treatment of locally
advanced rectal cancer, including achieving complete clinical remissions in a small
number of patients, capecitabine being preferred due to side effect profile [58].
Chemoradiotherapy being preformed prior to surgical intervention was supported
by the results of the CAO/ARO/AIO-12 trials, which compared preoperative vs.
postoperative chemoradiotherapy for rectal cancer. This trial demonstrated that local
recurrence was significantly lower in patients who receive preoperative chemoradio-
therapy vs. patients who received postoperative chemoradiotherapy [59]. TNT with
mFOLFIRINOX was studied in the PRODIGE 23 trial, which showed that patients
who received this therapy prior to chemoradiotherapy, surgery, and adjuvant chemo-
therapy with FOLFOX, had improved 5-year survival, overall survival, metastatic-
free survival in comparison to patients who did not receive the mFOLFIRINOX, but
received all other interventions [60].

Metastatic colorectal cancer treatments can be considered grouped to some degree.
5-FU, capecitabine, oxalliplatin, irinotecan, and bevacizumab remain acceptable
treatments, with other chemotherapeutics, biologics, and immunotherapies being
considered. See Figure 2 for an overall guideline regarding first to fourth line treat-
ments for metastatic CRC grouped by their genetic profile.

Biologic agents for metastatic colon cancer can be grouped by their pathways,
broadly vascular endothelial growth factor (VEGF) and epidermal growth factor
receptor (EGFR). Aflibercept, a fusion protein of two VEGF receptors extracellular
domains (VEGFR1 and VEGFR2), was shown to improve overall survival when added
to FOLFIRI in comparison patients with metastatic colorectal cancer who exclusively
received FOLFIRI [61]. Ramucirumab, a monoclonal antibody which targets the
VEGFR?2 extracellular domain, similarly showed an improvement in the overall sur-
vival of patients when added to FOLFIRI in patients with metastatic colorectal cancer
[62]. Cetuximab, a mouse/human chimeric monoclonal antibody against EGFR, was
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Figure 2.
Immunotherapy for MSI-H/d-MMR cancers.
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shown to improve overall survival from 4.6 to 6.1 months, and improve progression-
free survival when compared to supportive care [63]. Panitumumab, a human mAB
against EGFR, has been shown to improve overall survival when added to mFOLFOX6
regimens in patients with RAS wild-type left-sided metastatic colorectal cancer who
had received no prior chemotherapy in comparison to those patients that were treated
with mFOLFOX6 + bevacizumab [64]. Regorafenib, a tyrosine kinase inhibitor which
was shown in the CORRECT trial to improve overall survival (6.4 vs. 5 months) when
compared to placebo in patients with refractory metastatic colorectal cancer [65].
Pembrolizumab, an anti PD-1 mAB, was compared to 5-FU based regimens (FOLFOX or
FOLFIRI) alone or with bevacizumab vs. cetuximab in patients with MSI-H metastatic
colorectal cancers, and found to prolong progression free survival [20]. Nivolumab,
another anti PD-1 mAB, has been shown to have achieved disease control in a stati-
cally significant disease control in patients with treatment MSI-H metastatic colorectal
cancer [66]. Encorafinib, a kinase inhibitor which targets BRAF V600E, has been shown
prolong survival when combined with cetuximab and binimetinib in patients with
BRAF V600E-mutated colorectal cancer, when compared to first line chemotherapy
[66]. Notably, two new treatments for metastatic colorectal cancer were approved in
2023, the combination of trifluoride and tipiracil (termed lonsurf) with bevacizumab
and fruquitinib. Lonsurf with bevacizumab was compared to Lonsurf alone was shown
to lengthen median overall survival in patients with metastatic colorectal cancer [67].
Fruquitinib was compared to placebo in patients with refractory metastatic colorectal
cancer, and was found similarly to lengthen median overall survival [68].

4. Vaccine

Vaccines as a method of preventing initial occurrence, inhibiting tumor progres-
sion, promoting treatment response, and preventing recurrence have been an area
of increased interest for multiple types of cancer [69]. Despite theoretical benefit
and promising studies showing improved survival and recurrence rates, there are no
approved vaccines for any colorectal cancer subtype [69]. The antigens which cancer
vaccines can target include tumor-associated antigens (TAAs), proteins present on
normal and tumor cells, but are typically over expressed on tumor cells, and tumor-
specific antigens (TSAs), which are present only on tumor cells. TSA targeting vac-
cines would be beneficial in that these vaccines would have more direct activity with
fewer systemic effects. Beyond their target proteins, cancer vaccines can be further
subdivided by their vector of transmission.

Peptide based vaccines contain epitopes of the TAAs and TSAs targets, are pre-
sented to the patient’s T-cells by antigen presenting cells via the major histocompat-
ibility complex eliciting an immune response against the target [70]. As opposed to
presenting the antigens, DNA and mRNA based vaccines, deliver genetic information
to have cells produce and target TAAs and TSAs through various mechanisms.

Viruses, bacteria, and yeast based vaccinations all seek to take advantage of a
patient’s native immune mechanisms. These vaccines express TAA and TSA trans-
genes, for the goal of promoting pathogen-associated molecular to trigger an immune
response against the target [71, 72]. Notable distinctions between these vectors,
include viral vectors ability to target specific antigen-presenting cells [73]. Bacterial
vectors induce a cell-mediated and humoral immune responses, with some bacteria
targeting solid tumors preferentially due of the tumor microenvironment [74]. Of the
yeast species typically utilized for yeast based vaccines, they are considered safe given
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Phase Brief description ClinicalTrials ID

I Safety, dosing, and efficacy of a personalized neoepitope yeast-based NCT03552718
vaccine in patients s/p curative treatment for several types of solid cancers.

II Efficacy of MUC1 peptide-poly-ICLC adjuvant vaccine in patient’s with NCT02134925
newly diagnosed advanced adenomatous polyps.

/11 Safety and efficacy of galinpepimut-S vaccine with pembrolizumab in NCT03761914
several types of advanced cancers.

II Efficacy of CV301 vaccine in combination with multiple drugs in patients NCT04491955
with metastatic and recurrent small bowl and CRCs.

/111 Effect on ctDNA of Maintenance Therapy with GRT-C901/GRT-R902 NCTO05141721
vaccines in combination with checkpoint inhibitors + Fluorpyrimidine and
Bevacizumab vs. Fluoropyrimidine and Bevacizumab alone.

/1l Safety and efficacy of frameshift-derived neoantigen dendritic cell NCTO01885702
vaccination on subjects with dMMR CRC and carriers of MMR-gene
mutation without signs of CRC

/11 Safety and efficacy of NANT CRC vaccine vs. Regorafenib in patients with NCT03563157
Metastatic CRC s/p SOC treatment

I Safety and efficacy of PolyPEPI1018 vaccine and atezolizumab in patients NCT05243862
with MSS CRC who have progressed s/p 2/3 SOC regimens.

Table 1.
Collection of all curvently active clinical trials documented in ClinicalTrials.gov for cancer vaccines in CRC
patients. January 2023.

their non-pathogenic nature [75]. There are also vaccines which use dendritic cells

as a vector. Dendritic cells, function as antigen presenting cells, and when used as
vaccines, trigger T cell activity directly [76]. These cells can be taken directly from the
patient, cultured, modified, and expanded, prior to being re-infused into the patient.
These cells can be modified by being mixed with TAAs and TSAs, tumor cell lysates,
or exposed to a viral vector in order to express the protein target. Active studies into
vaccines for colorectal cancer are looking into a variety of the above topics (Table 1).

5. Cell directed therapy

Cellular directed therapy, in which genetically modified immune cells are primed
to target tumor cells has been a growing area of interest. Showing significant promise
in the treatment of hematological cancers, many researchers are seeking to demon-
strate efficacy in solid tumors, particularly colorectal cancer (Table 2). There have
been multiple approaches to cell directed therapy developed, with the major ones
being categorized as tumor-infiltrating lymphocytes (TILs), natural killer cells,
cytokine-induced killer cells, chimeric antigen receptor (CAR) T cells, and engi-
neered T cell receptors (TCR).

When using tumor-infiltrating lymphocytes (TILs) researchers isolate and extract
lymphocytes which have infiltrated tumor, they are then amplified and then reintro-
duced into the patient. Given that these cells have not been modified during this pro-
cess, less reactions are expected in comparison to alternative treatments, but notably,
TILs efficacy is limited by tumors inherent immunosuppressive microenvironment
[77]. Natural killer (NK) cells, innate lymphocytes which directly target tumors, have
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Phase Brief description ClinicalTrials ID

II Safety and efficacy of Cytokine-Induced Killer Cells + S-1and NCT02487992
Bevacizumab S-1 and Bevacizumab alone as maintenance treatment for
Stage 4 CRC.

I Safety of anti-HER2 CAR Macrophages in patients with all HER2 over- NCT04660929
expressing solid tumors

I Safety of an infusion of CD39+ and CD103+ tumor infiltrating lymphocytes NCT05902520
among patients with multiple tumor types.

I Efficacy of autologous expanded tumor infiltrating lymphocytes amount NCT03610490
subjects with multiple tumor types.

I Safety and efficacy of LYL845 (a tumor infiltrating lymphocyte) in patients NCT05573035
with melanoma, NSCLC, and CRC.

I Safety of TBio-4101, a neoantigen-selected, TIL with pembrolizomab +/— NCTO05576077
SOC chemotherapy and RT in patients with advanced solid malignancies.

I Efficacy of short-term cultured TILs with Pembrolizomab following SOC NCTO01174121
in subjects with metastatic solid cancers

II Efficacy of TIL with high dose aldesleukin in patients with advanced, NCT03935893
recurrent, or metastatic solid cancers.

I Safety of NKG2D CAR-T therapy in patients with previously treated liver NCT05248048
metastatic CRC infused by hepatic artery.

I Safety of NKG2D CAR-NK therapy in patients with refractory metastatic NCT05213195
CRC administered by intra-peritoneal infusion, then by IV, with a plan to
include other cancer types.

/11 Safety and efficacy of NKT cells in patients with unresectable advanced NCT02562963
solid tumors.

I Safety of anti-HER2 oNK cells in patients with advanced or metastatic NCT04319757
HER2-expressing cancer types.

I Safety of CYAD 101(allogenic chimeric antigen Receptor t-cells) NCT04991948
administered with FOLFOX followed by pembrolizumab in patients with
unresectable metastatic colorectal cancer.

I Safety of CYAD 101(allogenic chimeric antigen Receptor t-cells) after NCT03692429
FOLFOX or FOLFIRI therapy in patients with unresectable metastatic
colorectal cancer

/11 Safety and efficacy of CNA3103 (LGRS targeted CAR T-cells) in patients NCT05759728
with metastatic CRC.

I Safety of GCC19CART in patients with relapsed or refractory metastatic NCT05319314
CRC.

I Safety and efficacy of IM96 CAR-T (anti-GUCY2C) cells in patients with NCT05287165
advanced digestive system neoplasms.

I Safety of HER2-specific CAR T-cells with CAdVEC (an oncolytic NCT03740256
adenovirus) in HER2 positive solid tumors

/11 Safety and efficacy of A2B530 (autologous logic-gated Tmod CAR T-cells) NCTO05736731
in patient’s with recurrent, unresectable, advanced, or metastatic solid
tumors, all with CEA expression and are gremlin HLA-A 02 heterogeneous.

I Safety of P-MUCI1C-ALLO1 (Mucin1 targeting CAR T-cell) with Rimiducid NCT05239143
in patients with advanced or metastatic epithelial derived solid tumors.

I Safety of EpCAM targeting CAR T-cells. In patients with malignant NCT05028933

digestive system tumors.
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Phase Brief description ClinicalTrials ID
I Safety of anti-CEA CAR T-cells in patients with CEA + CRC metastatic to NCT05240950
the liver with minimal residual lesions postoperatively.
I Safety of anti-CEA CAR T-cells in patients with CEA + advanced malignant NCT06043466
solid tumors. NCT05415475
NCT05396300
NCT04348643
I Safety of aPD1-MSLN-CAR T-cells (Mesothelin targeting) in patients with NCT05089266

MSLN positive advanced solid tumors.

Table 2.
Collection of all curvently active clinical trials documented in ClinicalTrials.gov for cell directed therapy in CRC
patients. January 2023.

also been an area of research. Endogenous NK cells are similarly extracted and ampli-
fied, but also undergo genetic modification to allow them to promote their anti-tumor
activity, and improve their drug resistance [78]. Cytokine-induced killer cell therapy,
in which CD3+CD56+ and CD3CD56- lymphocytes are extracted and amplified ex
vivo, and exposed to cytokines (i.e., IL-12, IL-15, and IL-18) in order to maintain
their anti-tumor activity in the absence of antibody detection when they are reintro-
duced into the patient [79]. Chimeric antigen receptor (CAR) T cells, T cells which
have had a retroviral vector introduce a chimeric antigen receptor, allowing these T
cells to now target the protein of interest. While results have been promising, adop-
tion has been limited due to cost, and life-threatening toxicities [78, 80]. Engineered
or cloned T cell receptors (TCR) cells function similarly to CAR T cells, but instead
have had the vector introduce T cell receptors which bind to major histocompatibility
complexes known to be associated with certain TAAs and TSAs [81]. As such, TCR
cells are not limited to cell surface antigens like CAR T cells.

6. Targeted therapies

Targeted therapies for colorectal cancer are a rapidly expanding and effective
approach to advanced cases, particularly metastatic disease. These therapies work by
modifying fundamental cell processes—including growth and migration—as well as
promoting host immune response against cancer cells [82].

Targeted therapies include mitogen-activated protein kinase (MAPK) inhibitors,
human epidermal growth factor receptor two (HER?2) inhibitors, and BRAF gene
inhibitors, among others and among an evolving landscape of gene targets. Choice
of targeted therapy depends on tumor-specific molecular factors and the stage and
progression of the cancer [83].

6.1 MAPK inhibitors

MAPK inhibitors encompass multiple proteins involved in epidermal growth
factor (EGF) cellular pathways, a growth factor that is frequently overexpressed in
colorectal cancers. They also serve to enhance the inflammatory response and anti-
tumor immunity [84]. These proteins include extracellular-signal-regulated kinases
(ERK MAPK), the c-jun N-terminal kinase (JNK), stress-activated protein kinases
(SAPK), and mitogen-activated protein kinase 14 (MAPK14) [85].
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Examples of commonly utilized MAPK inhibitors include Trametinib and
Cobimetinib, which—by inhibiting the MEK protein, a downstream mediator of
RAS in the MAPK pathway—impede cancer cell growth and proliferation [86].
These agents are often used in combination with a BRAF gene inhibitor in cases of
metastatic disease [87]. However, despite demonstration of effective MAPK inhibi-
tion, these MEK inhibitors have not shown to improve patient outcomes, neither in
progression-free nor in overall survival rates [82].

6.2 HER? inhibitors

HER2 is a member of the EGFR pathway. Ligand-bound receptors heterodi-
merize with HER2 proteins, which activates this pathway [88]. HER2 overexpres-
sion is commonly implicated in malignancy, including breast, gastric, lung, and
colorectal cancers. This overexpression is caused by gene amplification, allowing
for this pathway to proceed irrespective of the aforementioned ligand-bound
receptors [89].

HER?2 overexpression or amplification represents a small proportion of CRC cases,
estimated between 1% and 3% depending on tumor stage [82, 90]. And, even in this
small proportion of cases, HER2-targeted agents were shown to have low response rate
when used as a monotherapy, or when used in combination with only chemotherapy [82].
Yet, there are more promising developments in low-toxicity, HER2-based, dual-targeted
therapies that portend high disease control. One combination therapy—trastuzumab (a
HER? inhibitor) and lapatinib (an antineoplastic agents and tyrosine kinase inhibitor)—
was studied in the recent HERACLES trials demonstrating this potential [91].

6.3 BRAF inhibitors

BRAF inhibitors target the BRAF gene, which is, too, involved in the RAS-MAPK
signaling pathway [92]. In cases of CRC, patients routinely undergo molecular testing
of RAS and BRAF genes, and those with mutations in the latter are known to have
poorer prognoses [93]. This subset represents an estimated 12% of cases [94]. And,
nearly one-third of this subset harbors microsatellite instability, which represents a
target for BRAF-based therapy [95].

Similar to HER2 inhibitors, a BRAF-based, dual-targeted agent portends improved
outcomes compared to BRAF inhibitor monotherapy. Combination therapies include
those alongside anti-EGFR agents or MEK inhibitors [93]. This therapy most typically
includes a combination of encorafenib (BRAF inhibitor) and cetuximab (EGF anti-
body) after first-line bevacizumab/chemotherapy [96]. This regimen was developed
and demonstrated effective in the series of BEACON trials exploring BRAF V600E-
mutated metastatic colorectal cancer [97].

7. Conclusion

Colorectal cancer is a highly pervasive diagnosis within the United States, both
in terms of incidence of disease, as well as morbidity and mortality of patients upon
diagnosis. It is the fourth highest cancer in incidence and second highest rate of
cancer-related mortality [3].

Therefore, there is also ample research and development dedicated to curating
colorectal cancer therapies: in bolstering current therapies, in expanding novel

78



Novel Therapies for Colorectal Cancers
DOI: http://dx.doi.org/10.5772/intechopen.1006035

immunotherapies and targeted therapies, in combining agents with longstanding
chemo- and radiation therapies, and in promoting and prioritizing new vaccines
targeted against colorectal cancer subtypes.

These current therapies are typically based on cancer staging, ranging from
simple surgical resection and monitoring for early stage colorectal cancers [29], to
chemotherapy and biologic agents for advanced, metastatic disease [32, 33]. When
appropriate, the current approach involves treating with chemotherapy with or
without radiation therapy, followed by surgical intervention, and finally completed
with adjuvant chemotherapy. These surgical procedures are typically performed
under minimally invasive approaches, but again are limited in the case of even locally
spread disease.

More novel treatment strategies, on the other hand, include targeted therapies,
immunotherapies, vaccines, and cellular therapies, which are used in both isolation
and combination with other agents discussed, and particularly against advanced,
metastatic disease.

The most common genes targeted in such directed therapies include those related
to mitogen-activated protein kinase, human epidermal growth factor receptor two,
and BRAF genes [83]. Immunotherapies, on the other hand, typically consist of
immune checkpoint inhibitors and are particularly effective in colorectal cancers
involving microsatellite instability-high or mismatch-repair-deficient tumors [17].

Approved agents included pembrolizumab (shown to have 7% complete response
rate [19], and now considered first-line therapy for metastatic colorectal cancers with
microsatellite instability-high or mismatch-repair-deficient tumors [20]), as well
as nivolumab and ipilimumab (undergoing further study but with promising early
applications in similar metastatic cases [21]). These agents are also being investigated
in combination with other longstanding therapies, including alongside chemotherapy
and VEGF inhibitors. This therapeutic approach is therefore a promising area of
active research as it applies to colorectal cancer.

Vaccines are another largely untapped area of future research as it pertains to
colorectal cancer subtypes. These approaches would theoretically target tumor-
associated antigens, tumor proteins, and tumor-specific antigens.

Finally, within the realm of these novel therapies, cell-directed therapies are an
important area of evolving research. These agents are immune cells that are geneti-
cally modified to specifically target tumor cell types.

These agents are in constant evolution, both in expanding their individual effects,
as well as in their efficacy in conjunction with the abovementioned current therapies.

Future research is needed to better assess the rising incidence of early-onset
colorectal cancer, as well as the implications of the current lines of therapy against this
evolving landscape of the population of colorectal cancer patients [9]. Preliminary
data suggests that these cases are related to both hereditary causes (16% of patients
with germline mutations) and lifestyle factors (diet, exercise, metabolic syndrome,
alcohol consumption) [11, 98]. Yet, further exploration is necessary to further elu-
cidate out these and other factors that may be contributing to these changing cancer
incidence.
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Chapter 5

Treatment of Metastatic Colorectal
Cancer: Beyond Progression

Ali Kaan Giiven and Osman Kostek

Abstract

Metastatic colorectal cancer is a major health problem, accounting for 8.1% of US
cancer cases. Although 5-FU-oxaliplatin-irinotecan-based chemotherapy combination
regimens and targeted therapies have increased 5-year survival rates to around 13%.
The still low rate of this rate increases the demand for new treatment options. Advances
in the discovery of tumor biology have made it possible to better define the subtypes
and resistance mechanisms of metastatic colorectal cancer. In this regard, personalized
treatment strategies are becoming increasingly important in the treatment of advanced
stages of metastatic colorectal cancer. New therapeutic options, immune checkpoint
inhibitors, monoclonal antibodies against various targets, and multitargeted tyrosine
kinase inhibitors are available in the treatment of later lines of metastatic colorectal
cancer. The treatment strategy is based on patients’ performance status, residual toxic-
ity, and especially molecular profile.

Keywords: treatment, metastatic colorectal cancer, beyond progression,
immunotherapy, rechallenge, monoclonal antibody

1. Introduction

Metastatic colorectal cancer (mCRC) is the third most common cause of newly
diagnosed cancer and the second most common cause of cancer-related death in
both sexes [1]. Approximately, 8.1% of newly diagnosed cancer cases in the United
States are colorectal cancers. At the time of diagnosis, approximately, 21% of patients
are diagnosed in the metastatic stage. As systemic treatment options, 5 fluorouracil
(5-FU)-based chemotherapy combination regimens with monoclonal antibodies,
multitargeted kinase inhibitors alone, and immunotherapy agents are important
treatment arguments. With these treatment options, 5-year survival rates in patients
with metastatic colorectal cancer have improved significantly, reaching approxi-
mately 13% [2]. In addition, according to the surveillance epidemiology and end
results (SEER) medicare database analysis for mCRC, the increase in treatment lines
correlates with an increase in overall survival times (Figure 1) [3]. In other words, in
unresectable mCRC patients who exhausted the first two lines of treatment options,
overall survival (OS) durations of 23-24 months are known to increase with the drugs
used after beyond progression, with a significant additional contribution to overall
OS durations. In addition, after the first two treatment lines, approximately, 63.3%
of patients at baseline can reach to the third-line setting [4]. Designing the treatment
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SEER Medicare Database Analysis for mCRC (2003-2007; N = 5129)
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Figure 1.
Overall survival corvelated with increased treatment lines.

regimen for patients who have progressed to the third-line setting should be acknowl-
edged as the “art of science.” Because the probability rate of clinical benefit with treat-
ment in this patient group is approximately 35.2% [4]. In these patients, comorbidity
and performance status, tumor burden, residual toxicity, and most importantly, the
current molecular profile of the disease (biomarker analysis) should be considered

at beyond progression. Moreover, an investigation into the genomic landscape of this
ailment has allowed to therapeutic expansion, encompassing targeted therapies and
immunotherapy. Given these considerations, treatment options can be divided into
two groups: biomarker-driven therapy or non-biomarker-driven treatment path-
ways. In this section, treatment standards and especially current approaches will be
mentioned, especially in terms of the standard treatment approach, which is limited
especially after beyond progression, and an evaluation was made in terms of the
current developments in terms of precision medicine.

2. Biomarker—driven treatment options

2.1 dMMR/MSI-H status

Mismatch repair deficient/high microsatellite instability (IMMR/MSI-H) status
is recognized as a tumor-agnostic biomarker, demonstrating potential benefits
from immunotherapy when identified across all solid cancers. In clinical studies, its
prevalence has been reported to be approximately 4-5% in patients with metastatic
colorectal cancer [5]. Deficiency in the protein products of the MSH2, PMS-2, MLHI,
and MSH6 genes results in an inability to efficiently detect mismatched and unpaired
bases, leading to the expression of abnormal proteins that can be recognized by
the immune system as neoantigens. It is a poor prognostic marker before the era of
immunotherapy and has been particularly associated with resistance to conventional
5-FU-based chemotherapy combinations. These patients may have both sporadic and
familial dMMR. In patients with sporadic dAMMR, tumor location is more likely to be
a proximal colon, high grade, mucinous pathology, diploid, and closely associated
with BRaf proto-oncogene (BRAF) V600E mutations. Approximately, one in four
patients with dMMR present with familial Lynch syndrome. Sporadic IMMR tumors
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differ from familial AIMMR-Lynch syndrome in terms of female gender, smoking, and
younger age at diagnosis. Although individuals with Lynch syndrome typically receive
a diagnosis at an age below 45, it is essential to consider the possibility of concurrent
or subsequent extra-colonic tumors.

Patients with deficient mismatch repair (IMMR) status are eligible for immuno-
therapy in any line of therapy. In cases where these patients undergo chemotherapy in
the initial two lines and experience disease progression, the subsequent line of therapy
is appropriate for immunotherapy treatment. Checkpoint inhibitor treatment options
encompass nivolumab + ipilimumab, pembrolizumab, or dostarlimab-gxly (Table 1).

The KEYNOTE 164 study conducted a thorough investigation into the efficacy
of pembrolizumab among patients diagnosed with mCRC characterized by MSH or
dMMR. This patient cohort had undergone at least one series of standard therapy.
KEYNOTE-164, a phase 2 study, enrolled a total of 124 participants. Cohort A was
stratified based on patients who had undergone one or more sequential treatments,
while cohort B was categorized into patients who had received two or more sequential
treatments. The objective response rate was 33% (95% CI, 21-46%) for both cohort A
and cohort B, and the median duration of response was not reached in either cohort.
The median progression-free survival (PFS) was 2.3 months (95% CI, 2.1-8.1) for
cohort A and 4.1 months (95% CI, 2.1-18.9) for cohort B. Median overall survival was
31.4 months (95% CI, 21.4 months to not reached) for cohort A and not reached (95%
CI, 19.2 months to not reached) for cohort B. The rates of Grade 3-4 side effects were
similar in the two groups [6]. The responses obtained with the use of pembrolizumab
in MSI-H/dMMR CRC proved that the use of pembrolizumab is appropriate in patients
with MSI-H/dMMR CRC, regardless of mutation status and the number of prior lines
of therapy. It showed us that we should consider the option of immunotherapy in
patients with MSI-H/dMMR CRC who have not received immunotherapy before.

The efficacy of nivolumab was investigated in the CheckMate-142 studies. A phase
2 cohort first published in 2017 investigated the efficacy of nivolumab in patients

Study Phase Agent Line Outcome
Keynote-164 Phase 2 Pembrolizumab > 2 prior lines ORR: 33%
PFS: 2.3 mo
0S:31.4 mo
Pembrolizumab > 1 prior lines ORR: 33%
PFS: 4.1 mo
OS:NR
Checkmate-142 Phase 2 Nivolumab > 2 prior lines ORR: 35.8%

1-year PFS: 50.4%
1-year OS: 73.4%

Nivolumab+Ipilimumab > 2 prior lines ORR:65%
(CR:13%)
PFS: NR
0S:NR

Garnet* Phase 1 Dostarlimab > 2 prior lines ORR: 43.5%
PFS: 8.4 mo
OS:NR

*32.1% of study population was mCRC.

Table 1.
IClIs in patients with chemotherapy-vefractory mCRC.
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with dMMR mCRC who had received at least one prior series of standard therapy.
Nivolumab was administered IV at a dose of 3 mg/kg every 2 weeks. While complete
response could not be achieved, partial response was achieved in 23 patients and
stable disease in 28 patients. The objective response rate (ORR) for these patients
was 31.1% (95% CI, 20.8-42.9), and 69% of patients achieved disease control for at
least 3 months. 1-year PFS was 50% and OS was 73%. ORR was 28.6% in 21 patients
with programmed death-ligand 1 (PDL-1) >1%, and ORR was 27.7% in 47 patients
with PDL-1 < 1%. Grade 3-4 adverse events were observed in 20% patients [7]. These
results in patients with dAMMR mCRC showed that nivolumab alone had a positive
effect on treatment response independent of tumor PD-L1 expression level.

Another cohort within CheckMate-142 investigated the efficacy of nivolumab
plus ipilimumab in patients with dMMR mCRC who had received at least one prior
series of therapy. In the study of 119 patients, 76% had received two or more series
of standard therapy. Patients received nivolumab (3 mg/kg) plus ipilimumab (1 mg/
kg) at 3-week intervals (four doses) followed by nivolumab (3 mg/kg) at 2-week
intervals. ORR increased from 55% at 13.4 months to 65% at 50.9 months, and disease
control rate was 81%. Complete response (CR) rate increased from 3% at 13.4 months
to 13% at 50.9 months. Partial response (PR) was observed in 52% of patients, stable
disease (SD) in 21%, and progressive disease (PD) in 12%. Adverse events occurred
in 32% of patients, and 13% had to discontinue treatment due to adverse events [8].
These results demonstrated the long-term benefit of the combination of nivolumab
and ipilimumab in treatment-refractory MSI-H/dMMR mCRC patients.

Dostarlimab is a humanized anti-PD-1 monoclonal antibody that acts by binding
to the PD-1 receptor [9]. The efficacy of dostarlimab was first demonstrated in MSI-H
metastatic or recurrent endometrial cancer [10]. Next, the efficacy of the GARNET
study in the F cohort of non-endometrial solid tumors previously treated with dAMMR
was demonstrated. Of the 106 patients in this cohort, 69 were diagnosed with CRC.
Patients received 500 mg dostarlimab Q3W for four cycles followed by 1000 mg Q6W
until progression. The ORR in patients with mCRC was 36.2% (CI 25.0-48.7%) [11].
Based on the outcomes derived from this cohort, dostarlimab has emerged as a viable
treatment option for patients with dMMR mCRC who have undergone previous
therapeutic options.

Currently, with the IMMR test serving as the primary reflex test, immune check-
point inhibitor options are employed as the initial treatment for patients in this group.
In instances where patients experience progression following IO, they are transitioned
to other therapeutic options rather than immunotherapy options.

2.2 Anti-HER-2 treatments

HER-2 (human epidermal growth factor receptor 2) is a transmembrane protein
and a member of the human epidermal growth factor receptor family. It acquires
oncogenic characteristics through amplification or overexpression, potentially leading
to the development of various cancers. One of these cancers is colorectal cancer [12].
It is detected in approximately 2-6% of colorectal cancers [13]. Currently, for patients
with chemorefractory HER2-positive and RAS wild-type mCRC, there is evidence
supporting the utilization of a dual anti-HER2 regimen. Tucatinib plus trastuzumab
regimen has received initial FDA approval for this specific clinical scenario [14].
Furthermore, a combined PFS of 6.2 months indicates that HER2-targeted treatment
regimens are linked with a significant enhancement in survival outcomes within this
population (Table 2) [15].
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Study Phase Agent Line Outcome
MyPathway Phase 2 Trastuzumab+Pertuzumab > 2 prior lines ORR: 38%
PFS: 4.6 mo
0S:10.3 mo
HERACLES-A Phase 2 Trastuzumab+Lapatinib > 2 prior lines ORR: 30%
PFS: 5.3 mo
0S:11.5mo
DESTINY-CRCO01 Phase 2 Trastuzumab deruxtecan > 2 prior lines ORR: 45.3%
PFS: 6.3 mo
0S:15.5mo
MOUNTAINEER Phase 2 Trastuzumab+Tucatinib > 2 prior lines ORR:52.2%
PFS: 8.1 mo
0S:18.7 mo
Table 2.

Anti-HER-2 treatment trials in patients with chemothevapy-refractory mCRC.

2.2.1 Trastuzumab and pertuzumab

The MyPathway, TAPUR, and TRIUMPH studies have investigated the effective-
ness of the combination of trastuzumab and pertuzumab in patients with HER-2
positive mCRC who have undergone multiple lines of treatment. The MyPathway
study is a multicenter, open-label, phase 2a, multiple-basket trial. A total of 57
patients were enrolled in the study, with one patient showing a complete response
and 17 patients demonstrating partial responses. The ORR was determined to be
32% [95% CI 20—45]. The estimated median PFS was 2.9 months [95% CI 1.4-5.3],
and the estimated median OS was 11.5 months [95% CI 7.7 — not estimable (NE)].
Additionally, four patients exhibited a response lasting longer than 12 months [13].
The TAPUR study was a phase 2 basket trial. A total of 28 patients with HER-2
amplification were enrolled in the study. In the ERBB2 amplification cohort, durable
clinical benefit (DCB) and ORR were observed in 54 and 25% of patients, respec-
tively. The median PFS and median OS (95% confidence interval) were 17.2 weeks
[95% CI 11.1-27.4] and 60.0 weeks [95% CI 32.1 to 102.3], respectively [16]. The
TRIUMPH study showed that these patients who had received multiple lines of
treatment, the ORR was found to be 35%, and the median PFS was 4 months [17]. The
most important observed side effects in these studies include anemia, lymphopenia,
and left ventricular dysfunction.

2.2.2 Trastuzumab ve tucatinib

Tucatinib is an orally administered antitumoral agent that exerts its effects by
reversibly inhibiting the HER-2 tyrosine kinase inhibition [18]. The MOUNTAINEER
study was a global, phase 2 trial that included 117 patients with chemotherapy-resis-
tant, HER2-positive, RAS wild-type, unresectable, or metastatic colorectal cancer.
Tucatinib (300 mg orally twice daily) plus intravenous trastuzumab (initial loading
dose of 8 mg/kg, followed by 6 mg/kg every 21 days) was administered. Patients were
divided into three cohorts. In cohorts A and B, covering 84 patients, the combination
of Tucatinib and trastuzumab was given, while in cohort C, tucatinib monotherapy
was provided. In cohorts A and B, the overall response rate (ORR) was 38.1%

[95% CI 27.7-49.3], with complete response in three patients and partial response
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in 29 patients. The median duration of response (DOR) was 12.4 months [95% CI
8.5-20.5]. Median progression-free survival (PFS) was 8.2 months [95% CI 4.2-10.3],
and median overall survival (OS) was 24.1 months [95% CI 20.3-36.7]. Comparable
positive outcomes were not achieved in cohort C [19]. The achievement of a median
survival of 2 years in this metastatic patient group resistant to combination therapy
can be considered promising for the future.

2.2.3 Trastuzumab deruxtecan (T-DXd)

Trastuzumab deruxtecan, an antibody-drug conjugate (ADC), is formed through
the covalent binding of the humanized anti-HER2 IgG1 monoclonal antibody (mAb)
and the topoisomerase 1 inhibitor deruxtecan [20]. The efficacy of Trastuzumab
deruxtecan in patients with mCRC has been demonstrated through a phase 2 study,
DESTINY-CRCO1. The study included patients with HER2-positive mCRC who had
received at least two prior lines of treatment. The patients were divided into two
groups: Group A consisted of 53 patients with HER2-positive, immunohistochemistry
(IHC) 3+ or IHC 2+/in situ hybridization (ISH) +, while Group B included 33 patients
with IHC 2+/ISH- or IHC 1+. In Group A, the ORR was 45.3% [95% CI, 31.6-59.6],
and the DCR was 83% [95% CI 70.2-91.9], with 24 partial responses and 20 patients
showing stable disease. The median PFS and OS were 6.9 months [95% CI 4.1-8.7)
and 15.5 months [95% CI 8.8-20.8], respectively. In Group B, the ORR was 0% [21].
This study not only demonstrated the efficacy of Trastuzumab deruxtecan but also
highlighted the importance of considering Trastuzumab deruxtecan as an option,
particularly in patients with IHC 3+ or IHC 2+/ISH+.

2.2.4 Trastugumab ve lapatinib

Lapatinib, epidermal growth factor receptor (HER1/EGFR/ERBB1) and HER2/
ERBB2 inhibition, is a dual-acting oral antitumoral agent [22]. HERACLES, a
multicenter, open-label, and phase 2 trial, was conducted to assess the effectiveness
of the combination of trastuzumab and lapatinib in patients with mCRC who are
KRAS wild-type and HER? positive. Patients received IV trastuzumab at a loading
dose of 4 mg/kg, followed by maintenance doses of 2 mg/kg weekly, along with oral
lapatinib at a dose of 1000 mg daily. Out of the 27 patients included in the study,
eight achieved an objective response [%30, 95% CI 14-50]; one patient achieved
CR [%4, 95% CI 3-11], and seven patients achieved PR [%26, 95% CI 9-43]. SD
was observed in 12 patients [%44, 95% CI GA 25-63]. No serious drug-related side
effects were detected. The study concluded that the combination of trastuzumab
and lapatinib demonstrated antitumoral efficacy in HER2-positive mCRC patients
resistant to treatment [23].

2.3 KRAS G12C inhibitors

The KRASG12C mutation is identified in 2-4% of mCRC. The presence of the
KRASG12C mutation is associated with a poor response to chemotherapy and an
unfavorable prognosis. Selective KRASG12C inhibitors, such as sotorasib and adag-
rasib, have demonstrated indications of antitumor activity in mCRC. Adagrasib and
sotorasib are agents developed against the KRAS G12C mutation. They function by
irreversibly binding to the cysteine protein of KRAS G12C, thereby blocking KRAS
signaling. This interruption halts cell growth and induces apoptosis [24]. Initially
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investigated for the treatment of non-small cell lung cancer, the use of these agents
has later come to the forefront in the treatment of mCRC patients.

Sotorasib monotherapy was initially investigated in a phase 1-2 basket study
known as the CodeBreaK trial. In the phase 1 portion of the study, a disease control
rate of 73.8% was achieved in 42 patients with mCRC. In the phase 2 portion, objec-
tive response was observed in 9.7% of the 62 patients [25]. Subsequently, in December
2023, the results of a phase 3 randomized study comparing the combination of
sotorasib and panitumumab with standard treatments were published. In this study,
there were 53 patients in the sotorasib 960 mg and panitumumab arm, 53 patients in
the sotorasib 2400 mg and panitumumumab group, and 54 patients in the standard
treatment arm receiving regorafenib or trifluridine-tipiracil. Although OS data was
not mature, median PFS was 2.2 months [95% CI, 1.9-3.9] in the standard care group,
median PFS was 5.6 months [95% CI, 4.2-6.3) in the 960 mg sotorasib-panitumumab
group, and median PFS was 3.9 months (95% CI, 3.7-5.8) in the 240 mg sotorasib-
panitumumab groups. Compared with the standard care group, the hazard ratio for
disease progression or mortality was 0.49 [95% CI, 0.30 to 0.80; P = 0.006] in the
960 mg sotorasib-panitumumab group and 0.58 [95% CI, 0.36 to 0.93; P = 0.03] in
the 240 mg sotorasib-panitumumab group [26]. Based on the findings of this study;, it
can be concluded that the combination of sotorasib and panitumumab yielded more
favorable results compared to sotorasib monotherapy.

Adagrasib was investigated in the KRYSTAL-1 study, focusing on patients with
mCRC after studies involving solid tumors [27]. Then, current study compared adag-
rasib monotherapy with the combination of adagrasib and cetuximab in previously
treated mCRC patients. Adagrasib was administered orally at 600 mg twice daily.
Among the 44 patients treated with adagrasib monotherapy, responses were observed
in 19% of patients [95% CI, 8 to 33]. The median response duration was 4.3 months
[95% CI, 2.3-8.3], and the median progression-free survival was 5.6 months [95% CI,
4.1-8.3]. In the combination therapy group (Adagrasib plus cetuximab), the response
rate was 46% [95% CI, 28-66]. The median response duration was 7.6 months [95%
CI, 5.7 to not estimable], and the median progression-free survival was 6.9 months
[95% CI, 5.4 to 8.1] [28].

These studies showed that adagrasib and sotorasib, both as monotherapy and in
combination, had a positive effect on survival in patients with mCRC with KRAS 12C
mutation. Although monotherapies appeared safer in terms of side effect profile, they
had a more modest effect in terms of efficacy. In combination with panitumumab and
cetuximab, the effects on survival appear to be more significant. In this respect, the
guidelines primarily recommend combination therapies.

2.4 Anti-NTRK fusion-positive targets

RK fusions are infrequent but can be targeted mutations found across various
cancer types. NTRK gene fusion is less common in CRC compared to other muta-
tions (0.2-1%) [29]. Genetic profiling of 2519 colonic and rectal tumors revealed
an approximate prevalence of 0.7% for NTRK-positive CRC [30]. Additionally,
NTRK-positive CRC tumors demonstrated very high tumor mutation burden (median
53 mut/MB), microsatellite instability-high (MSI-H, 76%), and an enrichment of con-
current POLE and POLD1 mutations. This information can be valuable in directing
molecularly driven treatment strategies, including targeted therapy and immunother-
apy, for NTRK-positive CRC patients. Screening for NTRK fusions is recommended
for patients with dAMMR/MSI-H or high tumor mutational burden (TMB) CRC [30].
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Larotrectinib and entrectinib are pan-tropomyosin receptor kinase (TRK) inhibi-
tors that target TRKA, TRKB, and TRKC. These TRKs are encoded by the NTRK genes.
The intracellular activation of these kinases normally regulates cell growth and differ-
entiation. However, fusion proteins resulting from DNA damage in NTRK genes lead to
uncontrolled cell growth. Larotrectinib and entrectinib inhibit these TRKs, preventing
uncontrolled cell growth and differentiation. Importantly, they exhibit these effects
in a tumor-agnostic manner, demonstrating efficacy across various types of cancer
[31]. Indeed, due to their tumor-agnostic efficacy in targeting NTRK gene fusions,
both larotrectinib and entrectinib, have received approval from regulatory bodies,
such as the FDA (Food and Drug Administration) and EMA (European Medicines
Agency). This approval allows the use of these drugs across various cancer types where
NTRK gene fusions are present [32]. In a pooled analysis encompassing 55 patients
under investigation for the efficacy of larotrectinib, it was observed that four patients
exhibited colorectal cancer. The overall response rate, as determined by independent
assessment, was 75% (95% CI, 61-85). At the end of the first year, responses were sus-
tained in 71% of cases, and 55% of patients remained free of progression. Larotrectinib
was administered orally at a dosage of 100 mg twice daily, and it was well-tolerated in
93% of patients. Third or fourth-degree AEs occurred in 5% of the patient population
[33]. While larotrectinib and entrectinib have gained approval for tumor-agnostic
use in solid tumors with NTRK fusion, it is crucial to note that the studies conducted,
thus far have included a limited number of patients with mCRC. Consequently, there
is a substantial disparity in treatment responses, with larotrectinib showing a 75%
response rate compared to entrectinib’s 25%. Given this divergence, it is imperative to
conduct studies with larger patient cohorts to better demonstrate the efficacy of these
agents in metastatic colorectal cancer. This will contribute to a more comprehensive
understanding of their safety and effectiveness in the context of mCRC.

2.5 RET inhibitors

RET (Rearranged during Transfection) is a proto-oncogene that codes for a
transmembrane receptor possessing a tyrosine kinase domain. Various alterations,
such as mutations or rearrangements, lead to the activation of the kinase function of
the receptor [34, 35].

In colorectal cancer, gene rearrangements have been reported in less than 1% of
cases. Among these cases, common gene fusions identified in primary CRC tumors
include ALK, ROS1, RET, NTRK3, BRAF, and RSPOL1. These gene fusions represent a
novel paradigm of oncogenic addiction in CRC [36]. Notably, tumors harboring RET
fusions are characterized by their location in the right colon, older age at diagnosis,
wild-type RAS and BRAF, and predominantly microsatellite instability-high (MSI-
H), possibly defining a distinct subtype of colorectal cancer [37]. From a therapeutic
perspective, given the highly positive results reported in phase II and III clinical
trials for thyroid and lung cancers, there is an expectation that other types of tumors
with positive RET status could benefit from anti-RET drugs. However, due to the
rarity of such cases, conducting specific clinical trials for each disease is not feasible.
Consequently, data regarding the antitumor activity of these drugs are often derived
from early trials, emphasizing the need for further research and exploration in a
broader range of cancer types with positive RET status. Selpercatinib is a receptor
tyrosine kinase (RET) inhibitor. It is approved for use as a tumor agnostic in patients
with RET fusion [38]. However, studies showing efficacy in mCRC are limited.

Only 10 of the patients included in the phase 1-2 basket study LIBRETTO-001 were
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diagnosed with CRC. These patients had received at least two series of treatments.
The ORR in the CRC group was 20% [95% ClI, 2.5-55.6]. No complete response was
detected in patients with CRC. The median duration of response for the colon cancer
subgroup was 9.4 months [95% CI, 5.6-13.3]. Selpercatinib was used orally at a dose
of 160 mg twice daily without interruption in phase 2 of the study [39]. While the use
of selpercatinib in solid tumors is approved as tumor-agnostic, the LIBRETTO-001
study revealed that CR could not be achieved in patients with mCRC, and only 20%
of patients showed a partial response. This underscores the necessity for studies
with larger patient populations, specifically including those with mCRC, to better
demonstrate efficacy. Further research in this context is crucial for a comprehensive
understanding of the drug’s effectiveness in treating metastatic colorectal cancer.

2.6 Anti-EGFR inhibitors rechallenge or reintroduction

Monoclonal antibodies that target the epidermal growth factor receptor (EGFR),
such as cetuximab or panitumumab, represent foundational elements in the thera-
peutic approach to advanced-stage CRC [40]. As CRC progresses to the second, third,
or fourth line of treatment, the overall prognosis for patients tends to worsen, and
the available treatment options become more constrained. Additionally, a growing
proportion of mCRC patients become ineligible for further cytotoxic chemotherapy,
either due to a decline in performance status, severe adverse effects from prior
chemotherapy, or personal choices made by the patients. Consequently, depending
on the response to initial cytotoxic and anti-EGFR-based therapy, the rechallenge
or reintroduction to anti-EGFR treatment emerges as a promising approach in later
lines of treatment [41]. The CRICKET study, a prospective single-arm trial designed
as a proof of concept, aimed to evaluate the efficacy of rechallenging with cetuximab
plus irinotecan as a third-line treatment for patients with RAS and BRAF wild-type
mCRC. The study demonstrated that anti-EGFR re-exposure exhibited clinical
activity in mCRC cases that had developed acquired resistance to anti-EGFR treat-
ment [42]. Additionally, a single-arm phase II CAVE trial (cetuximab rechallenge plus
avelumab) enrolled 77 mCRC patients, concluding that cetuximab plus avelumab are
effective treatment strategies with manageable toxicity profiles [43]. Conversely, the
prospective CHRONOS trial has recently shown that liquid biopsy-driven rechallenge
strategies can be considered feasible, offering potential improvements in clinical
management [44]. Another study from a pooled analysis of the TRIBE and TRIBE2
studies investigated the efficacy of third and later-line treatments in subgroups of
the study. This study included 1187 mCRC patients. After second progression, 53% of
patients were able to receive treatment. In the subgroup analysis of patients with wild-
type KRAS, NRAS, and BRAF, the administration of cetuximab or panitumumab
as a third-line treatment resulted in a prolonged progression-free survival (PFS)
compared to alternative treatments (6.4 vs. 3.9 months, p = 0.02). This finding sug-
gests a potential benefit of using cetuximab or panitumumab in this specific patient
subgroup [45]. Upon analysis of data from the CHRONOS, CRICKET, and TRIBE
trials, it was observed that patients had undergone chemotherapy + bevacizumab
for a minimum of 4 months or longer in either the second series or in the previous
series. This extended exposure to chemotherapy and bevacizumab may contribute
to a reduction in the tumor population, potentially diminishing the presence of
anti-EGFR resistance, thereby enhancing the efficacy of rechallenge with cetuximab
or panitumumab in this patient group. Notably, the CHRONOS study demonstrated
that the clearance of the RAS mutant allele, as determined by liquid biopsy, was
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similarly achieved within a 4-month as well [44]. Hence, it is noteworthy that within
this patient population, a disease control rate of 63% was achieved, and there was
evidence of prolongation in PFS [42, 44, 45]. Despite promising efficacy observed in
prospective studies, there is a need for phase 3 trials conducted on a larger population
to further validate these findings. Large-scale and well-designed phase 3 studies will
provide more robust evidence regarding the effectiveness and safety of the rechal-
lenge strategies in the treatment of metastatic colorectal cancer.

2.7 BRAF/MEK inhibitors

BRAF V600E mutation is observed in about 5-10% in patients with metastatic
colorectal cancer, and this rate was found to be 9% in a meta-analysis of 6391 patients
[46]. The efficacy of agents, such as encorafenib and vemurafenib, which are uti-
lized in the treatment of other cancers, has been investigated in the management of
metastatic colorectal cancer.

2.7.1 Vemurafenib

Vemurafenib is a competitive kinase inhibitor that acts against V6OOE mutated
BRAF [47]. Its efficacy in the treatment of mCRC was demonstrated in the SWOG
S1406 study, a randomized, phase 2 trial. The study included 106 patients with mCRC
who had received at least 1 prior series of treatment. Patients were divided into two
groups: irinotecan and cetuximab with or without vemurafenib (960 mg PO twice
daily). Median PFS was 4.2 and 2.0 months in the vemurafenib and control arms,
respectively. PFS was significantly longer in the vemurafenib arm [95% CI, 0.32-0.76,
P = 0.001]. OS was not significantly different between the two arms [(HR, 0.77, 95%
CI), 0.50-1.18, P = 0.23]. Response rate and disease control rate were 17% and 65% in
the vemurafenib arm compared to 4% and 21% in the control arm [48]. The response
rate and PFS duration demonstrated that the combination of vemurafenib with
irinotecan and cetuximab is an option for patients with BRAF V600E mutant mCRC
who have received multiple lines of therapy.

2.7.2 Encorafenib and cetuximab or panitumumab and/or binimetinib

Encorafenib is a small molecule BRAF inhibitor that targets enzymes in the
MAPK signaling pathway [49]. Binimetinib is a potent and selective inhibitor of MEK
(Mitogen-Activated Protein Kinase Kinase), and it is administered orally. MEK is
a central kinase in the MAPK (Mitogen-Activated Protein Kinase) pathway, which
plays a crucial role in promoting tumor growth [50]. The efficacy of the combina-
tion of encorafenib and cetuximab or panitumumumab in patients with mCRC
was demonstrated in a phase 3 open-label study involving 665 patients. The study
included patients with BRAF V600E mutated metastatic colorectal cancer whose
disease progressed after one or two standard regimens. Patients were divided into
three groups such as encorafenib, binimetinib, and cetuximab (triple therapy group),
encorafenib and cetuximab (dual therapy group), and cetuximab and irinotecan or
cetuximab and FOLFIRI (folinic acid, fluorouracil and irinotecan) (control group)
in a 1:1:1 ratio. The median overall survival was 9.0 months in the triple therapy
group and 5.4 months in the control group [HR 0.52; 95%ClI, 0.39 to 0.70; P < 0.001].
The response rate was 26% [95% CI, 18-35] in the triple therapy group and 2%

[95% CI, 0-7, P < 0.001] in the control group. The median overall survival in the
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dual treatment group was 8.4 months [HR vs. control, 0.60; 95% CI, 0.45 to 0.79;

P < 0.001]. The response rate in the dual treatment group was 22% [95% CI, 14-33].
Grade 3 or higher adverse events occurred in 58% of patients in the triple treatment
group, 50% in the dual treatment group, and 61% in the control group [51]. Adverse
events were seen in more than 50%, but less frequently than in the standard arm.
The combination of encorafenib and cetuximab, in particular the combination of
encorafenib, cetuximab, and binimetinib, resulted in significantly longer overall sur-
vival and a higher response rate compared to standard therapy in previously treated
patients with BRAF V600E mutation. This strengthens clinicians’ hand for the future
as an important weapon in mCRC patients with BRAF V600E mutation.

2.8 Tumor mutation burden or POLE mutations

Tumor mutational burden (TMB) quantifies the cumulative somatic coding muta-
tions within a specific coding region of the tumor genome and is assessable through
Next-generation sequencing (NGS) techniques. Extensive research has identified
TMB as a potential biomarker indicative of immunotherapy response. Pembrolizumab
has received FDA approval for patients with unresectable or metastatic solid tumors
exhibiting high TMB (TMB-H), defined as 10 or more mutations/megabase by an
FDA-approved test, who have progressed post-prior treatment with no satisfactory
alternative options. The approval stems from the phase 2 study, KEYNOTE-158,
involving patients with advanced solid tumors. In this study, those with TMB-H
tumors treated with pembrolizumab demonstrated an ORR of 29%, contrasting with
6% in non-TMB-H tumors. A report from the phase II TAPUR basket study, focusing
on 27 patients with TMB-H advanced CRC treated with pembrolizumab, noted one
partial response and seven cases with stable disease for at least 16 weeks, resulting
in a disease control rate of 28% and an ORR of 4%. Another TAPUR study abstract,
covering 12 patients with TMB-H advanced CRC treated with nivolumab plus ipili-
mumab, concluded that this combination therapy lacks sufficient clinical activity in
microsatellite stable, TMB-H CRC [52-54]. Although TMB-H demonstrated therapeu-
tic significance in the KEYNOTE 158 study, some studies also showed that a TMB-H
cutoff value of >10 for patients with MSS CRC was not associated with clinically
meaningful response to immunotherapy.

Patients with colorectal cancer harboring POLE mutations exhibit distinctive
clinical characteristics, including a younger age at diagnosis, a higher proportion of
males compared to females, diagnosis at earlier stages, and a noteworthy increase in
tumor mutation burden [55]. Furthermore, in the GARNET trial, a limited number of
patients with POLE mutations were observed, with the majority of these cases being
gastrointestinal cancers. Notably, dostarlimab treatment demonstrated a promising
response in this specific population. Patients with microsatellite stable CRC carrying
POLE or POLD-1 mutations may exhibit an increased likelihood of benefiting from
immunotherapy.

3. Non-targeted therapies

3.1 Chemotherapy rechallenge or reintroduction

Chemotherapy rechallange therapy can be defined as the readministration of a
treatment that was previously used but discontinued due to reasons such as toxicity,
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patient choice, and especially disease progression, after receiving at least one differ-
ent treatment regimen. Reintroduction is defined as using the same treatment regi-
men again after discontinuation of treatment without previous disease progression.
It is frequently preferred by clinicians, especially in patients receiving multiple serial
treatments and in cases where accessible treatment options are reduced. Its efficacy
in mCRC has been discussed for a long time. Many studies with positive results have
been published [42, 56, 57]. Careful selection of patients, especially when choosing
the rechallenge approach in the third step, should take into account their disease
burden and residual toxicity. There are many studies showing clinical benefit in
appropriate patients [58]. There are also small group studies showing increased effi-
cacy of chemotherapy rechallenge after regorafenib [59]. Briefly, rechallange strategy
may be an important treatment option in patients eligible for standard chemotherapy
when treatment options are limited, taking into account performance status, previous
treatment response, and especially residual toxicities.

3.2 Regorafenib

Regorafenib (BAY 73-4506) is an orally available small-molecule multikinase
inhibitor. It inhibits angiogenic kinases (VEGFR1-2-3, platelet-derived growth factor
receptor o (PDGFRa) and fibroblast growth factor receptor 1 (FGFR-1)) and mutant
oncogenic kinases KIT, RET, and BRAF. It shows antitumoral effect through these
mechanisms [60]. The effect of regorafenib on mCRC was first demonstrated in the
CORRECT study, an international, multicenter, phase 3 trial. Patients with mCRC who
had progression during or within 3 months of the last standard treatment were ran-
domized. A total of 74% of patients received 3 or more serial treatments. Median over-
all survival was 6.4 months (IQR 3.6-11.8) in the regorafenib group and 5.0 months
(IQR 2.8-10.4) in the placebo group. The HR for overall survival was 0.77 [95% CI
0.64-0.94; p = 0.0052]. Median PFS was 1.9 months in the regorafenib group (IQR
1.6-3.9) and 1.7 months in the placebo group (1.4-1.9). The HR for PFS was 0.49 [95%
CI 0-42-0-58; p < 0.0001] for regorafenib vs. placebo [61]. After regorafenib entered
daily routine use, studies showing real-life data were conducted. In one of the most
important of these studies, the CONCUR study, the real-life data and side effect profile
of regorafenib in the Asian population were presented in more details. In this study,
median overall survival was 8.8 months [95% CI 7.3-9.8] in the regorafenib group and
6.3 months [95% CI 4.8-7.6] in the placebo group. Overall survival was significantly
better with regorafenib than with placebo (HR 0.55, [95% CI 0.40-0-77p = 0-00016]).
The most common side effects were hand-foot skin reaction (73%), hyperbilirubine-
mia (36%), alanine aminotransferase concentration and aspartate aminotransferase
concentration increased (24%), and hypertension (23%) as well [62].

3.2.1 Trifluridin ve tipivasil hidvokloriirden (TAS-102)

Trifluridine (FTD) and tipiracil hydrochloride (TPI), also known as TAS-102, is an
oral antimetabolic agent. FTD is a thymidine-based nucleoside analog, which is incor-
porated into DNA in the form of triphosphate, causing single-strand and double-
strand breaks. TPI is a potent thymidine phosphorylase inhibitor. It prevents the
rapid degradation of FTD, and thus ensures a sustained high concentration of FTD
after oral administration [63]. In 2015, the RECOURSE study, the results of which
were published in 2015, demonstrated its efficacy in mCRC. The RECOURSE study, a
randomized phase 3 trial, included 800 patients with mCRC who had received at least
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two series of standard chemotherapy and had progressed in the last 3 months. The
FTD/TPI arm was compared with the placebo arm. Median OS was 7.1 months [95%
CI, 6.5-7.8] in the FTD/TPI arm and 5.3 months [95% CI, 4.6-6.0] in the placebo arm.
The HR for mortality for FTD/TPI compared with placebo was 0.68 [95% CI, 0.58—
0.81; P < 0.001]. Median PFS was 2.0 months [95% CI, 1.9-2.1] in the FTD/TPI arm
and 1.7 months [95% CI, 1.7-1.8] in the placebo arm. The HR for progression (FTD/
TPI vs. placebo) was 0.48 [95% CI, 0.41-0.57; P < 0.001]. A total of 38% patients had
neutropenia, 21% had leukopenia, and 4% had febrile neutropenia [64]. After the
RECOURSE study, the results of the C-TASK FORCE study, a phase 1-2 study, were
published in 2017. This study compared the use of FTD/TPI alone versus in combina-
tion with bevacizumab. After a median follow-up of 10 months, the median PFS was
2.6 months for trifluridine-tipiracil alone and 4.6 months in combination with beva-
cizumab [HR, 0.45; 95% CI, 0.29-0.72; P = .0015]. These results showed that the use
of FTD/TPI with bevacizumab was more effective than its use alone [65]. SUNLIGHT
trial, phase 3, international, prospective, randomized, active-controlled, and trial
involving patients with refractory metastatic colorectal cancer showed that treatment
with FTD-TPI plus bevacizumab resulted in significantly longer overall survival and
progression-free survival and better disease control than treatment with FTD-TPI
alone. Although a minority of patients did not receive the trial treatment as third-line
therapy, this trial was predominantly a third-line trial (>90% of patients had received
two previous lines of therapy). The duration of overall survival in the FTD-TPI
group was consistent with previous observations, a finding that suggests the benefits
observed with FTD-TPI plus bevacizumab will be applicable to all suitable patients
with refractory disease [66]. In conclusion, FTD/TPI, both alone and in combination
with bevacizumab, improves OS and PFS in patients with mCRC who have received
multiple series of treatment. Since combined use with bevacizumab is more effective
than monotherapy, combined use may be preferred.

3.2.2 Fruquintinib (HMPL-013)

Fruquintinib (HMPL-013) is a novel oral small molecule that selectively inhibits
vascular endothelial growth factor receptors 1, 2, and 3 and has potent inhibitory
effects on multiple human tumor xenografts [67]. Its efficacy in patients with mCRC
who had received at least 2 prior lines of therapy was examined in the FRESCO study,
a phase 3 trial. Median overall survival was significantly prolonged with fruquintinib
compared with placebo (9.3 months [95% CI, 8.2-10.5] vs. 6.6 months [95% CI,
5.9-8.1]); the hazard ratio (HR) for mortality was 0.65 (95% CI, 0.51-0.83; P <.001).
Median progression-free survival was also significantly increased with fruquintinib
(3.7 months [95% CI, 3.7-4.6] vs. 1.8 months [95% CI, 1.8-1.8]); HR for progression
or mortality was 0.26 (95% CI, 0.21 to 0.34; P < .001) [68]. The FRESCO-2 study
was then conducted, again comparing the fruquintinib arm with the placebo arm.
Patients with mCRC included in the study had previously received a median of four
lines (IQR 3-6) of systemic therapy and 502 of 691 patients (73%) received more than
three lines. Median overall survival was 7.4 months (95% CI 6.7-8.2) in the fruquin-
tinib group vs. 4.8 months in the placebo group ([95% CI 4.0-5.8], HR 0.66, [95% CI
0.55-0.80; p < 0.0001)], PFS was 3.7 months in the fruquintinib arm and 1.8 months
in the placebo arm (HR 0.32; [95% CI: 0.27-0.39]; p < 0.001). Side effects seen in the
fruquintinib arms in the FRESCO and FRESCO two studies were similar. Grade 3 and
above toxicity was seen in more than 60% in both studies. Arterial hypertension was
the most common, while hand-foot skin reaction, asthenia, and proteinuria may be
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observed [69]. Fruquintinib was approved for use in previously treated mCRC by the
United States Food and Drug Administration (FDA) in November 2023. Fruquintinib
dose is 5 mg orally once daily, for the first 21 days of each 28-day cycle until disease
progression or unacceptable toxicity. Despite the elevated occurrence of Grade 3 and
above toxicity, signifying the need for caution regarding potential side effects during
fruquintinib use, it has emerged as a significant therapeutic option for patients who
have undergone multiple sequential treatments.

4. Brief recommendations from guidelines
4.1 ESMO recommendations

The European Society for Medical Oncology (ESMO) metastatic colorectal cancer
guideline was last updated in October 2022. In mCRC patients, the approach recom-
mendations in the first, second, and third treatment steps were clearly separated.

Since the previous sections mentioned the recommendations for first- and second-line
treatments, here, we will only talk about the recommended treatment approaches in
the third line and beyond. If progression did not develop during first-line indication
therapy, it was suggested that the same treatment could be given as reintroduction

after the second series. Single-agent anti-EGFR (panitumumab or cetuximab) was
recommended if RAS/BRAF wild patients were not previously treated with anti-EGFR.
In RAS/BRAF wild irinotecan-refractory patients, the combination of irinotecan plus
cetuximab was recommended more strongly than single-agent cetuximab. The use of
another anti-EGFR was not recommended in patients who had previously progressed
under anti-EGFR. Dual HER?2 blockade was recommended in RAS/BRAF wild-HER2
positive patients. Based on the HERACLES study, the combination of trastuzumab and
lapatinib was among the recommendations. The combination of encorafenib and cetux-
imab was recommended as the best option in series three in patients with previously
treated BRAF V600E-mutated mCRC. In all patients, regardless of RAS/BRAF status,
the oral agents reegorafenib or trifluridineetipiracil (TAS-102), which have previously
shown superiority over BSC, were recommended. It is noteworthy that immunotherapy
options (pembrolizumab, nivolumab, ipilimumab, and nivolumab) were recommended
in the first- and second-line setting rather than third-line setting [70].

4.2 NCCN recommendations

First, NCCN divided patients into two groups: pMMR/MSS and dMMR/
MSI-H. In the dMMR/MSI-H patient group, checkpoint inhibitor immunotherapy
(pembrolizumab, nivolumab, nivolumab plus ipilimumab, or dostarlimab-gxly)
was recommended as the first line of treatment. In patients who progressed under
immunotherapy, systemic therapies were recommended in the next-line treatments.
Cetuximab or panitumumab +irinotecan treatment was recommended in the third
step in patients with KRAS/NRAS/BRAF wild type located only in the left arm who
had not received anti-EGFR therapy before. Cetuximab or panitumumab +irino-
tecan treatment in the third line was suggested to be used in patients who received
irinotecan-based treatment in the first series plus oxaliplatin-based treatment +
anti-EGFR in the second series. However, emphasizing the number of patients and
patient distribution of the studies on rechallenge, rechallenge was not recommended
for treatment regimens under which progression had previously occurred. However,
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it was suggested that treatments that were discontinued due to conditions, such as
adjuvant therapy, cumulative toxicity, treatment break, and patient preference, could
be reintroduced in advanced steps. In the pMMR/MSS patient group, fruquintinib,
regorafenib, trifluridine + tipiracil + bevacizumab (primarily in combination with
bevacizumab) treatments were recommended regardless of any mutation status in
patients who received standard treatment in previous series [71].

4.3 ASCO recommendations

The ASCO guideline was last updated in October 2022. For this, the most
recent treatments such as fruquintinib, sotorasib, and adagrasib were not included.
Pembrolizumab treatment was recommended in MSH patients. Standard chemo-
therapy and anti-VEGFs were recommended in RAS mutant patients.

Standard chemotherapy and anti-EGFR antibodies were recommended in RAS/
BRAF wild patients with left colon localization. Encorafenib plus cetuximab was
recommended in BRAF V600E mutant patients with progression who had received at
least one prior series of treatment [72].

5. Summary

Discoveries in tumor biology and advances in molecular diagnostic methods help
to determine the most appropriate approach to treatment by analyzing the genetic
structure of tumors of patients with mCRC in detail. This increases the importance of
personalized treatment strategies in the treatment of advanced stages of mCRC. The
dMMR/MSI-H status of the tumor, HER2 amplification or overexpression, KRAS 12C
mutation, NTRK mutation, RET mutation, BRAF/MET status, TMB or POLE muta-
tion status are prominent in evaluating treatment options.

Pembrolizumab, dostalizumab, nivolumab, and nivolumab plus ipilimumab treat-
ments may be preferred in patients with d(MMR/MSI-H if immunotherapy option
was not used in previous lines. In particular, nivolumab plus ipilimumab treatment is
ahead of the other treatments with an ORR of 65%, but dostalimab also draws atten-
tion with an ORR of 43.5%.

Trastuzumab and pertuzumab, trastuzumab and tucatinib, trastuzumab
deruxtecan (T-DXd), trastuzumab and lapatinib may be preferred in patients
with HER2 amplification or overexpression. Among these treatment options,
trastuzumab+tucatinib treatment seems to be more prominent than other treatment
options with higher ORR, PFS, and OS values.

Although adagrasib and sotorasib monotherapies have shown their efficacy in
patients with KRAS 12C mutation, better survival results have been obtained in
combination with anti-EGFR. Therefore, the preference for combined use in KRAS
12C mutant patients will be a more accurate approach than monotherapies.

Larotrectinib and entrectinib in solid tumors with NTRK fusion, and selpercatinib
in patients with RET fusion have been approved for tumor-agnostic use, but the num-
ber of patients with mCRC in these studies is quite small. and it seems clear that new
studies are needed to support the data. Encorafenib and cetuximab or panitumumab
and/or binimetinib have demonstrated safety in terms of efficacy and side effect
profile in patients with BRAF V600E mutated mCRC.

Regorafenib, trifluridine and tipiracil hydrochloride (TAS-102), fruquintinib have
been replaced by regorafenib, Trifluridine and tipiracil hydrochloride (TAS-102) in
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patients who are not suitable for targeted therapies or who do not respond to these
therapies. While regorafenib and fruquintinib are used as monotherapy, TAS-102 can
be used as monotherapy or in combination with bevacizumab. Bevacizumab combi-
nation gives better results compared to monotherapy.

In cases where accessible treatment options are reduced, the use of conventional
chemotherapies as rechallenge or reintroduction is frequently preferred by clinicians.
They can also be used in patients who cannot be controlled with targetable agents. In
addition, conventional chemotherapies are indispensable for many clinicians when
financial toxicities are considered.

Despite all these developments, treatment responses and survival rates show that
new developments are still needed in this field.
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Chapter 6

Complications Following
Colorectal Cancer Surgery

Veysel Cem Ozcan

Abstract

Postoperative complications following colorectal cancer surgery occur in
approximately 50% of patients, resulting in increased healthcare expenses and a
decline in quality of life. Complication classification systems are commonly used
to assess and categorize these adverse events across various healthcare institutions.
The widely used Clavien-Dindo system is effective in classifying complications
based on their clinical severity, yet it does not provide insights into the underly-
ing factors contributing to their occurrence. Another classification system, the
American College of Surgeons National Surgical Quality Improvement Program
(NSQIP) surgical risk calculator, was developed to accurately predict complica-
tions and length of stay. Most current studies primarily focus on the prevention
of complications, employing preoperative, intraoperative, and postoperative
interventions. Factors such as surgical technique selection, fluid therapy, transfu-
sion preferences, and mechanical bowel cleaning can all play a significant role in
reducing the occurrence of complications. Furthermore, patient-associated factors
such as age, gender, tumor location, and body mass index (BMI) also influence
the likelihood of experiencing complications. Postoperative complications not
only negatively impact short-term quality of life and healthcare costs but also have
long-term implications on oncological outcomes. These complications can result in
delays or discontinuation of chemotherapy, even in patients who have clear indica-
tions for systemic therapy.

Keywords: colorectal cancer, surgery, complications, survival, factors affecting
complications

1. Introduction

Postoperative complications in patients undergoing colorectal cancer surgery
occur in approximately 50% of cases and have been found to be associated with
increased rates of morbidity and mortality, elevated healthcare costs, and a decline in
overall quality of life.

A study conducted in the United Kingdom examining complications follow-
ing colorectal surgery revealed that the in-hospital mortality rate ranged from 1 to
6.5%, while mortality within 30 days ranged from 0.7 to 11.3%. Additionally, the
study reported a morbidity rate between 26.4 and 54.5%. Similarly, a separate study
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conducted in the United States, with a comparable objective, observed a mortality
rate of 3.9% after colorectal surgery, a general morbidity rate of 24.3%, and a severe
morbidity rate of 11.4%.

2. Classification and prediction of complications

Most existing research focuses on the prevention of complications, and several
classification systems have been developed for this purpose. Among these systems,
the Clavien-Dindo classification system stands out as the most useful. This system
allows for easy comparison of complications across different time periods within the
same institution, as well as between different institutions. Furthermore, it enables the
comparison of surgical and conservative treatments, standardized documentation of
operations, and associated complications and facilitates meta-analysis. However, it is
important to note that the Clavien-Dindo classification system does not assess pre-
existing conditions and comorbidities, despite their significant role in the occurrence
of complications. In the Clavien-Dindo classification, only five grades of postopera-
tive complications are defined (Table 1). Another classification system that offers
a different approach is the American College of Surgeons National Surgical Quality
Improvement Program (NSQIP) surgical risk calculator. This model is built using data
from over 4.3 million operations in the ACS NSQIP database. The current Universal
Risk Calculator can be used for any procedure, in most surgical subspecialties, while
previously developed NSQIP-based risk calculators can only be used for individual
procedures (e.g., colectomy, pancreatectomy, etc.). The primary goal of this system
is to accurately predict the risk of complications and length of stay for patients. The
NSQIP takes into consideration the impact of a patient’s comorbidities on the risk

Gradel Any deviation from the normal postoperative course without the need for pharmacological
treatment or surgical, endoscopic, and radiological interventions. Allowed therapeutic
regimens are drugs as antiemetics, antipyretics, analgetics, diuretics, electrolytes, and
physiotherapy. This grade also includes wound infections opened at the bedside.

Grade Il Requiring pharmacological treatment with drugs other than such allowed for grade I
complications. Blood transfusions and total parenteral nutrition are also included.

Grade 11 Requiring surgical, endoscopic, or radiological intervention

a Intervention not under general anesthesia

b Intervention under general anesthesia

Grade IV Life-threatening complication (including CNS complications)* requiring IC/ICU management
a Single organ dysfunction (including dialysis)

b Multiorgan dysfunction

GradeV Death of a patient

d If the patient suffers from a complication at the time of discharge, the suffix “d”

(for“disability”) is added to the respective grade of complication. This label indicates the need
for a follow-up to fully evaluate the complication.

*Brain hemorrhage, ischemic stroke, sub-arrachnoidal bleeding, but excluding transient ischemic attacks. CNS, central
nervous system; IC, intermediate care; ICU, intensive care unit.

Table 1.
Classification of surgical complications.
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of postoperative complications. The calculator is online and accessible available at
https://riskcalculator.facs.org/RiskCalculator/index jsp.

2.1 Operative procedures in colorectal cancer and their effect on complications

The surgical techniques used in the management of colorectal malignancies can
be categorized into three main types: open surgery, laparoscopic surgery, and robotic
surgery. Recently, there has been a significant advancement in endoscopic interven-
tions, leading to the inclusion of therapeutic endoscopic approaches as a distinct
group in the treatment of colorectal malignancies.

Several publications have explored the impact of different surgical techniques on
the occurrence of complications. Comparing open surgery to laparoscopic surgery,
the latter has been found to offer several advantages, including smaller incision
length, reduced blood loss, and decreased post-operative pain. However, it should be
noted that, for larger tumors, laparoscopic surgery may be less effective due to limita-
tions in traction, resulting in inadequate exploration [1].

Laparoscopic surgery is associated with reduced blood loss when compared to
open surgery. This difference can be attributed to the implementation of a high-
resolution camera system during laparoscopic procedures, which allows for enhanced
visualization and the ability to thoroughly examine multiple anatomical areas.

The findings of the MRC CLASICC study indicated that patients who underwent
laparoscopic surgery had a shorter hospital stay compared to those who had the open
surgical approach. Furthermore, the study found no significant variation in the
occurrence of complications among the two groups at both 30 days and 3 months
post-surgery.

Various comparative effectiveness studies investigating the laparoscopic approach
versus the open approach in colon surgery have consistently demonstrated that
minimally invasive techniques yield better short-term outcomes.

3. Intraoperative complications

The complications observed during colorectal surgery can be identified as follows:
bleeding, injury to the small intestine and colon, vascular injuries, ureter and bladder
injury, seminal vesicle injury, vaginal injury, splenic injury, presacral bleeding, and
pelvic nerve injury.

3.1 Presacral hemorrhage

Preservation of the presacral fascia during rectal mobilization is crucial in pre-
venting such complications. In the event of a ruptured presacral vein, severe bleeding
occurs; however, it can effectively be controlled through suturing or cauterization.

3.2 Splenic injury

Iatrogenic splenic laceration is a frequent occurrence in colorectal surgery, often
seen during left colon mobilization. Typically, the injury is limited, manifesting as
a capsular tear on the anterior and inner surface of the spleen’s lower pole, resulting
from traction on the splenic ligaments or greater omentum. In instances where the
greater omentum is pulled, the injury may extend to the splenic hilum. In the past,
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splenectomy was commonly performed in all types of splenic injuries; however,
recent recommendations suggest prioritizing spleen preservation whenever feasible.
To prevent bleeding caused by splenic capsule tears, local hemostatic agents or
electrocoagulation can be employed. If uncertainty persists despite these measures,
splenectomy remains the most appropriate procedure.

3.3 Ureter, bladder, and urethra injuries

Intraoperative iatrogenic urethral injuries can occur when pelvic anatomy is
disrupted due to factors such as pelvic inflammation, previous surgical interven-
tions, radiation therapy, or malignancy. The occurrence rate of iatrogenic ureteral
injury in colorectal surgery ranges from 0.3 to 1.5%. However, only a small number of
these injuries are actually identified during the surgical procedure itself. The suspi-
cion of an injury can be confirmed through various diagnostic methods including
intravenous pyelogram (IVP), retrograde injection of methylene blue, intravenous
administration of methylene blue or indigo carmine, or the administration of contrast
material through a ureteral catheter.

Timely recognition and repair of an injury significantly enhance the recovery
process. Late diagnosis, on the other hand, leads to substantial morbidity and
increases the likelihood of nephrectomy by seven times. In the context of colon
surgeries, it is noteworthy that injuries to the left ureter are more prevalent com-
pared to the right ureter.

Risk factors that contribute to bladder injury during colorectal surgery encompass
arange of factors such as previous surgeries, radiation therapy, malignant infiltration,
chronic infections, and inflammatory conditions. To diagnose such injuries radiologi-
cally, healthcare professionals typically utilize either a CT cystogram or a fluoroscopic
cystogram. In cases where minor extraperitoneal injuries are identified, repair is
necessary, and the condition can be effectively treated through a period of 7-14 days
with foley catheter decompression.

Among intraoperative urologic injuries, damage to the urethra is considered the
least common. This type of injury frequently arises during abdominoperineal resec-
tion procedures. Fistula or stricture formation is a typical complication associated
with such injuries. To accurately locate the site of injury, medical professionals rely on
various diagnostic methods including cystoscopy, retrograde urethrogram, examina-
tion under anesthesia, and CT scan with both oral and rectal contrast. The preferred
approach for management involves a double primary repair utilizing absorbable
sutures at the time of injury. Additionally, utilizing an omental flap or a local tissue
flap may help reduce the likelihood of postoperative fistula development.

4. Postoperative complications

Postoperative complications can be classified into two categories based on their
occurrence in the early or late postoperative period. Early and late complications
are closely interconnected clinical parameters. The early postoperative period
is associated with the development of anastomotic leakage, anastomotic bleed-
ing, and stenosis, in addition to postoperative ileus. In the case of inflammatory
bowel diseases, there is a higher prevalence of thromboembolism and portal vein
thrombosis. In the early postoperative period, hollow organ injuries may present
with symptoms. Furthermore, wound complications, surgical site infections, and
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perineal complications can also arise during this period. On the other hand, in
the late postoperative period, one may encounter complications related to stomas.
Peristomal infection and skin problems may manifest as early clinical symptoms
during this period.

4.11leus

Postoperative ileus refers to the transient loss of intestinal motor function that
typically occurs after abdominal surgery. This response is triggered by the stimula-
tion of splanchnic sympathetic nerves as a result of bowel manipulation during the
surgical procedure. However, it can also be seen following surgery or trauma to other
organs. Gastric atony, which is the loss of muscle tone in the stomach, usually resolves
within one to 2 hours. The small intestine recovers its normal motor function within
1-2 days, while the large intestine takes approximately 2-3 days. It may take up to 5
days for the resumption of regular motor function in the intestines following postop-
erative ileus.

In the context of intra-abdominal infection, it is important to address the underly-
ing cause in order to resolve persistent ileus. Symptoms such as fever, leukocytosis,
and abdominal pain may suggest the presence of intra-abdominal infection or anas-
tomotic leakage. To address this condition, certain measures should be implemented.
These include the use of a nasogastric tube for decompression, suitable intravenous
fluid replacement, administration of antiemetic and prokinetic agents, and correction
of any electrolyte imbalances.

4.2 Bladder dysfunction

Bladder dysfunction is a frequently encountered issue that arises when the
parasympathetic nerves responsible for innervating the detrusor muscle or the
sympathetic nerves responsible for innervating the bladder neck, trigone, and urethra
sustain damage during pelvic dissection. This condition can be further exacerbated by
postoperative distension, prostatic hypertrophy, and pain. Following rectal dissec-
tion, bladder dysfunction has been observed to occur in approximately 20-30% of
cases. However, it is important to note that the majority of patients gradually regain
their bladder emptying capabilities, although this recovery process may take up to six
months.

4.3 Sexual dysfunction

Sexual dysfunction can result from damage to the sympathetic and parasympa-
thetic nerves in the pelvic region. Studies have reported a wide range of prevalence
rates, with sexual dysfunction occurring in approximately 15-60% of cases. The
parasympathetic erigentes nerves are responsible for the neurological impulse that
triggers an erection, while the sympathetic nerves are involved in the neurological
impulse for ejaculation. It is worth noting that female patients are generally less likely
to experience sexual dysfunction in comparison to their male counterparts.

Here is evidence to suggest that sexual dysfunction following proctectomy may
show spontaneous improvement within 6-12 months post-surgery. Additionally, the
use of sildenafil has shown promising results in improving erectile dysfunction in
approximately 80% of patients. Notably, the use of sildenafil may also contribute to
reducing postoperative morbidity [2].
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4.4 Fecal incontinence

Following an inferior anterior resection procedure, a small percentage of patients
(approximately 5-6%) may experience the development of fecal incontinence, an
increased number of bowel movements, and a decrease in the overall quality of life.
The causes of anal sphincter dysfunction in these cases are multifactorial. Possible
factors include damage to the sphincter caused by anastomotic staples applied
through the anus or denervation of the pelvic muscles during rectal mobilization.
However, it is important to note that these dysfunctions have the potential to improve
within one-year post-surgery.

4.5 Femoral and peroneal neuropathies

Automatic retractors have been identified as a common cause of femoral neu-
ropathies. The reported incidence of femoral neuropathy following colon resection is
approximately 0.7%. The femoral nerve, as the largest branch of the lumbar plexus, can
potentially be injured during the passage through the psoas muscle. Patients experienc-
ing this condition may present with symptoms such as weakness of the quadriceps
femoris, reduced or absent patellar tendon reflexes, and hypoesthesia of the anterome-
dial thigh. However, the prognosis for femoral neuropathy is generally positive, with
over 90% of patients showing recovery through the implementation of physical therapy.

4.6 Thromboembolism

The occurrence rate of thromboembolic events typically ranges from 1 to 7%.
Although many deep vein thromboses do not show symptoms, they can occasionally
progress to pulmonary embolism, which carries the risk of fatality. Findings from
various randomized trials indicate that the preventive measures for deep vein throm-
bosis include the use of low molecular weight heparin, elastic stockings or bandages,
and early mobilization.

4.7 Myocardial ischemia/infarction

The clinical manifestation occurs when an imbalance arises between the oxygen
demand and myocardial oxygenation. The etiology can be categorized into two main
aspects: conditions that increase oxygen demand (e.g., anemia, hypoxemia, hypoten-
sion, fever, tachycardia, surgical stress, etc.) and conditions that restrict perfusion (e.g.,
atherosclerosis, vasospasm, etc.). This clinical presentation is associated with significant
mortality and morbidity in the postoperative period and is considered one of the primary
causes of post-surgical death. The presence of risk factors such as underlying diabetes
mellitus, smoking, advanced age, and family history are indications of a poor prognosis.

4.8 Arrhythmia

Arrhythmia is frequently observed in patients with a cardiac disease history. It can
be classified into three main categories: tachyarrhythmias, bradyarrhythmias, and
blocks. Common presenting symptoms include palpitations, chest pain, shortness
of breath, hypotension, and syncope. Typically, arrhythmias are transient in nature,
and it is crucial to investigate and identify the underlying causes while prioritizing
hemodynamic stability.
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4.9 Pneumonia

Predisposing factors for pneumonia include chronic lung diseases, smoking, and
atelectasis. Patients with this condition often experience symptoms such as fever,
tachypnea, and tachycardia. Aspiration pneumonia is particularly a concern for
patients who undergo emergency surgery without a prior fasting period and those
with intestinal obstruction. Unfortunately, the mortality rate for aspiration pneumo-
nia exceeds 50%.

4.10 Anastomotic complications
4.10.1 Anastomotic leakage

Anastomotic leakage commonly manifests within the 5-7-day postoperative
period. Clinical follow-up may reveal fever, leukocytosis, tachypnea, hypotension,
localized or diffuse tenderness, ileus, tachycardia, and distension as potential find-
ings. Early leaks are associated with high morbidity.

In large series, the intra-abdominal leak rate ranges from 1 to 5%. However, when
it comes to anastomoses in the pelvis, the leak rate is higher, ranging from 5 to 15%.

4.10.2 Bleeding from the anastomotic line

Bleeding from the anastomosis line is uncommon and usually self-limiting.
However, in cases where the patient has a bleeding diathesis, it is important to correct
this condition. If the bleeding persists and worsens clinically, it can be managed by
placing sutures near the anal canal to control the bleeding. In the case of anastomoses
in the high-level region, if bleeding cannot be successfully stopped, it may be neces-
sary to perform a relaparotomy.

4.10.3 Anastomotic stenosis/stricture

Anastomotic stricture can be caused by various factors including ischemia,
anastomotic leakage, the use of narrow staplers, radiotherapy, and proximal diver-
sion. Stenosis in the rectum can be treated by methods such as rectal examination,
surgical intervention, or balloon dilatation. On the other hand, stenosis in colonic
anastomoses is less common. In large series, the rate of stenosis in rectal anastomoses
is reported to be around 20%, while it is lower at approximately 1-2% in colonic
anastomoses.

4.11 Stoma complications
4.11.1 Stoma ischemia and necvosis

Ischemia and necrosis occur more frequently in colostomies, particularly when
the left colic artery is ligated, compared to ileostomies. An ischemic stoma can be
identified by its pale, edematous, or grayish blue color. Without sufficient blood flow,
the ischemic stoma can progress to necrosis over time. Consequently, it is crucial to
closely observe the color of the stoma during the initial 24-48 hours following the
surgery. Stoma ischemia can be caused by a narrow opening in the abdominal wall or
a taut stoma opening.
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4.11.2 Stoma retvaction

Stoma retraction refers to the protrusion of the stoma into the abdominal cavity.
While it typically occurs in the early stages, it can also manifest later on. Inadequate
mobilization and fixation of the colon, as well as obesity, are contributing factors to
stoma retraction. In some cases, surgical revision may be necessary to address this issue.

4.11.3 Stoma prolapse

Stoma prolapse refers to the outward protrusion of the stoma from the abdominal
wall. In terms of functionality, stoma prolapse does not typically pose significant
implications for the patient. This complication usually arises in the later stages fol-
lowing the surgery. The risk of stoma prolapse is greater in ostomies created from the
transverse colon, ostomies with a wide opening that is inadequately secured to the
abdominal wall, patients with weak abdominal fascia, and elderly individuals. Mild
cases of prolapse can often be managed through manual reduction.

4.11.4 Stoma obstruction

Stoma obstruction commonly occurs in the later stages following the surgery. In
the case of ileostomies, intestinal adhesion, volvulus, and stoma stenosis are among
the factors contributing to obstruction. Specifically, obstruction caused by food
intake is most frequently observed during the third and sixth months following the
surgery for ileostomy patients. As for colostomies, causes of obstruction can include
stenosis or parastomal hernia. Additionally, tumor recurrence and hardened stool are
also potential factors leading to colostomy obstruction.

4.12 Wound site infection

Infection in the surgical wound typically occurs on the third or fourth day follow-
ing the operation. Clinical indications of infection encompass erythema, stiffness,
edema, enlargement, and elevated temperature in the wound area. The puncture or
opening of the wound may yield purulent, hemopurulent, or seropurulent discharge.
If left untreated, wound infection can lead to wound dehiscence. Treatment options
usually involve drainage and administration of antibiotherapy.

5. Impact of perioperative interventions on complications

The extensive research and debate surrounding the role of mechanical bowel
preparation in preventing surgical site infections is an ongoing topic of interest in the
medical field. However, the existing data on this subject are often conflicting, and
arguments for or against bowel preparation tend to be driven by personal preference
rather than strong evidence.

There are limited available data regarding the use of oral antibiotic preparation
without mechanical bowel cleansing. A study published in 2017 utilized data from
the American College of Surgeons National Surgical Quality Improvement Program
(NSQIP) to compare different patient groups. Among the 14,080 patients included
in the study, 1461 received only oral antibiotics, 9800 received mechanical bowel
cleansing, and 8819 received both oral antibiotics and mechanical bowel cleansing.

120



Complications Following Colovectal Cancer Surgery
DOI: http://dx.doi.org/10.5772/intechopen.1004839

When comparing the group that received oral antibiotics alone with the group that
underwent mechanical bowel cleansing, several outcomes were assessed. These
included surgical site infection, anastomotic leakage, postoperative ileus, and major
morbidity after colorectal surgery. Interestingly, the study found that the group
receiving oral antibiotics alone had decreased rates of these complications compared
to the group that underwent mechanical bowel cleansing. Based on these findings, the
study suggests that the addition of mechanical bowel cleansing may not be necessary
in the context of oral antibiotic administration. However, it is important to note that
this study is retrospective and utilized data from a national database. Therefore, it
is recommended that further research, specifically randomized controlled trials, be
conducted to provide a more definitive understanding of this issue.

There are several skin preparation techniques and products that exist for colorectal
procedures; however, a clear consensus regarding their efficacy is currently lacking.
A randomized controlled trial revealed that the utilization of chlorhexidine-alcohol,
as opposed to povidone-iodine, resulted in a notable reduction of both superficial
surgical site infections and deep incisional infections.

The implementation of an active heating strategy perioperatively has been demon-
strated to decrease surgical site infections in patients undergoing colorectal surgery.

The PROXI study evaluated whether the administration of 80% oxygen during
anesthesia in individuals undergoing abdominal surgery is effective in reducing the
occurrence of surgical site infections, while ensuring that the incidence of pulmonary
complications remains unaffected. Prior research has proposed that the use of 80%
oxygen during surgery may decrease the likelihood of surgical wound infections, but
the results have not been uniformly established. Moreover, the impact of 80% oxygen
on pulmonary complications remains poorly understood.

6. The effect of post-operative interventions on complications

The incorrect administration of intravenous fluids has been identified as a
contributing factor to postoperative complications. A study indicated that patients
who received restricted fluids experienced earlier return of bowel function, shorter
hospital stays, and lower rates of complications.

The findings of a meta-analysis of randomized controlled trials reveal that patients
who were treated with the Enhanced Recovery After Surgery (ERAS) protocol, which
includes fluid restriction, experienced significant benefits compared to those receiv-
ing standard postoperative care. Specifically, the patients in the ERAS group had
an average shorter length of stay by 2.5 days and a 50% lower rate of postoperative
morbidity.

Perioperative pain is recognized as a potent stimulus for the stress response, which
can induce activation of the autonomic nervous system and subsequently lead to nega-
tive postoperative outcomes. While it remains uncertain whether inadequate pain con-
trol directly contributes to complications, many surgeons have embraced the principle
of ensuring effective pain management as part of their postoperative care protocol.

According to a recently published meta-analysis, it was concluded that while there
was an improvement in pain control with the use of epidurals in patients undergoing
laparoscopic colectomy, there was no significant difference observed in terms of the
return of bowel function or the length of hospital stay.

Postoperative recovery protocols in academic journals have predominantly inte-
grated non-opioid-based pain regimens. Various studies have also emphasized the
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utilization of local blocks, such as the transversus abdominis plane (TAP) block, with
the aim of enhancing pain management.
Intraoperative contamination poses a risk of infection, with wound hematoma

or seroma acting as a potential trigger. A study involving 76 patients with high-risk
wounds examined the impact of daily negative pressure wound dressing compared to
standard wound treatment. The results revealed that patients treated with daily nega-
tive pressure wound dressing had lower rates of surgical site infection. Implementing
this technique on contaminated wounds can effectively reduce the incidence of surgi-
cal site infections. It is worth noting that this approach is minimally invasive and may
potentially lead to shorter hospital stays.

7. Factors affecting complications

Age is recognized as an independent risk factor for both morbidity and mortality,
surpassing the impact of other comorbidities [3]. Elderly patients often face a higher
degree of challenges regarding their ability to tolerate surgical procedures, surpassing
those experienced by other age groups. Moreover, the elderly population encounters
additional issues specific to their age group, including cognitive impairment and a
potential lack of social support.

Studies have demonstrated a link between cognitive impairment and an increased
need for higher levels of care in the older adult population. Specifically, it has been
found that preoperative cognitive impairment, regardless of age, is associated with a
higher likelihood of experiencing postoperative complications, an extended length of
hospital stay, and a higher six-month mortality rate.

Frailty is a syndrome characterized by age-related declines in functional reserves
across various physiological systems. The presence of negative energy and nutritional
imbalances exacerbates frailty, thereby prolonging postoperative care for affected
patients.

Obesity poses several challenges during surgical procedures, including increased
technical complexity and potentially longer duration. Additionally, it significantly
elevates the risk of developing wound site infections. A study conducted by Itani et al.
explored the connection between body mass index (BMI) and antibiotic prophylaxis
among patients undergoing elective colorectal surgery. The findings revealed a higher
incidence of surgical site infections among patients with a BMI above 30 kg/m?, irre-
spective of the type of prophylaxis employed [4]. Another study by Yamamoto et al.
identified BMI as an independent risk factor for the development of anastomotic leak-
age [5]. However, BMI alone fails to encompass the full risk of obesity-related wound
infections, leading to recent investigations into the role of waist circumference (WC)
and waist-to-hip ratio (WHR) in perioperative outcomes. A prospective, multicenter,
international study involving 1349 patients undergoing elective colorectal surgery
was carried out to evaluate the impact of WC and WHR on surgical complications.
The results demonstrated that increased WHR independently predicted intraopera-
tive complications, medical complications, and reinterventions, whereas increased
BMI was only associated with abdominal wall complications.

Minimally invasive surgery offers the advantage of reduced blood loss and a lower
rate of blood transfusion compared to traditional open surgery. Research studies
have consistently reported that perioperative blood transfusions can have detri-
mental effects on patient survival, and patients who receive transfusions are more
likely to experience postoperative complications [6, 7]. It is worth noting that the
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administration of allogeneic blood transfusions is also a well-known risk factor for
surgical site infections.

The American Society of Anesthesiologists (ASA) classification system is utilized
to evaluate and categorize patients prior to surgery. This classification helps deter-
mine the appropriate anesthetic approach and monitoring methods for each patient.
Longo et al. conducted a study examining the factors contributing to early mortality
and morbidity among patients undergoing colectomy. Their findings revealed that
patients classified as ASA 3, 4, and 5 exhibited higher rates of early mortality and
complications [8].

Previous research has established a connection between diabetes mellitus and a
greater risk of experiencing complications related to surgical site infection. Specifically,
inadequate glucose regulation has been linked to a heightened likelihood of early
postoperative surgical site infection in individuals undergoing colorectal surgery.

The location of a tumor plays a role in the occurrence of complications. Studies
have demonstrated that rectal tumors are more prone to developing anastomotic leak-
age when compared to tumors located in the colon.

In a study conducted by Hamabe et al., the correlation between neoadjuvant
chemotherapy and anastomotic leakage was investigated. The results indicated that
the risk of experiencing anastomotic leakage was 3.5 times greater in patients who
received neoadjuvant chemotherapy, as determined through multivariate analysis [9].

As the size of a tumor increases, there are limitations on intrapelvic manipulation,
and the process of rectal transection becomes more challenging. Consequently, tumor
size has been identified as a potential risk factor for anastomotic leakage. In a study
comprising 154 rectal cancer patients, findings revealed a four-fold increased risk of
anastomotic leakage in tumors that were equal to or larger than 5 cm in diameter [10].

According to existing literature, it has been noted that there is a higher incidence
of anastomotic leakage following colorectal surgery among male patients. This obser-
vation has been attributed to potential technical challenges arising from the narrower
pelvis in male individuals.

Considerable attention has been devoted to investigating the influence of surgical
volume on the occurrence of complications. The relationship between the volume of
surgeons and that of the medical institutions involved may be intricately intercon-
nected. Prior reviews and meta-analyses, which primarily focused on patients treated
prior to 2000, presented conflicting findings concerning the association between
hospital or surgeon volume and outcomes in rectal cancer cases. With advancements
in rectal cancer resection techniques, such as total mesorectal excision, it is crucial
to establish whether surgical volume has an impact on outcomes in patients treated
since 2000. Through a systematic literature search and meta-analysis comprising 2845
assessed articles, only 21 satisfied the specified inclusion and exclusion criteria. The
study’s conclusion supports the notion that higher hospital volume among patients
diagnosed since 2000 has shown a significant protective effect on outcomes for rectal
cancer surgery [11].

8. Impact of complications on survival

Postoperative complications are widely recognized to have detrimental effects on
both short-term quality of life and the financial burden of care. Additionally, emerg-
ing evidence suggests that these complications can also negatively influence long-term
oncologic outcomes.
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A conducted study by the Dutch cancer group focused on evaluating 11,000
stage-3 colorectal cancer patients within the period of 2008 to 2013. Among these
patients, 4899 individuals did not receive adjuvant chemotherapy. In this group, the
five-year survival rate was found to be merely 39%. However, when chemotherapy
was initiated after the 12th week following surgery, the five-year survival rate wit-
nessed a significant increase to 54%. Moreover, early initiation of chemotherapy, spe-
cifically within six weeks after surgery, resulted in a remarkable 5-year survival rate of
76%. These findings highlight the crucial impact of timely administration of adjuvant
treatment on patient prognosis. Consequently, mitigating postoperative complications
assumes added significance in terms of enhancing patient outcomes [12].

Complications that occur following surgery for colorectal cancer have been associ-
ated with a negative effect on survival rates. For instance, a meta-analysis examining
the implications of anastomotic leakage revealed a decrease in survival rates along
with an increased risk of local recurrence [13]. Similarly, another meta-analysis
concentrating on patients with colorectal cancer emphasized the detrimental impact
of infective complications on both disease-free survival and overall survival [14].

Postoperative complications may result in the delayed or complete cessation of
chemotherapy in patients who have clear indications for systemic treatment.
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IP6 + Ins in the Treatment

of Colon Cancer Patients during
Chemotherapy: Observational
Clinical Study

Nikica Drugzijanic, Ana Druzijanic and Ivana Vucenik

Abstract

Although multiple health-beneficial effects have been related to inositol
hexaphosphate (IP6), the most striking is its anticancer effect. This natural, highly
phosphorylated carbohydrate and its parent compound, myo-inositol (Ins), are
abundantly present in plants, but also in mammalian cells, where they regulate
important cellular functions. IP6 reduces proliferation and induces apoptosis and
differentiation of malignant cells, enhances immunity, and affects several critical
molecular targets. The best results were obtained from the combination of IP6 + Ins.
Available as a dietary supplement, IP6 + Ins can enhance the anticancer effect of
conventional chemotherapy, and improve quality of life in cancer patients, reducing
burden of chemotherapy. Here we present the first, but encouraging, clinical obser-
vational study with IP6 and Ins in colon cancer patients during chemotherapy. These
results were the basis for several randomized controlled trials organized later. We
hope that more clinical trials and mechanistic studies would follow to clarify these
intriguing findings.

Keywords: cancer prevention and treatment, phytic acid, molecular targets,
colon cancer, clinical study

1. Introduction

Cancer is still rapidly growing, representing one of the major global health prob-
lems. Today we know that more than one-half of cancer cases and deaths are poten-
tially preventable by modifications of major risk factors, such as smoking, unhealthy
diet, consumption of alcohol, physical inactivity, and overweight and obesity [1].

By increasing vegetable intake, maintaining the optimum body weight and regular
physical activity, it has been shown that 30-40% of cancers could be prevented [2, 3],
even more, if we can apply the knowledge about cancer prevention, the obstacles are
socio-economic reasons.

Globally, colorectal cancer (CRC) is the third most common cancer [4]. It also rep-
resents the second leading cause of death related to cancer [4]. It was projected that
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over 1.9 million new CRC cases and 930,000 deaths will happen in 2020. Estimated
to GLOBOCAN, by 2040 there will be 3.2 million new cases of CRC and 1.6 million
deaths [4].

However, interestingly, this highly frequent cancer worldwide is largely prevent-
able through changes in modifiable risk factors. Since diet has an important role in the
etiology of CRC [4, 5], the use of natural products, that are well tolerated, have been
suggested for the prevention and treatment of CRC.

IP6 (myo-inositol hexaphosphate, InsP¢, known also as phytic acid) and its parent
compound myo-inositol (Ins) are both found in plants [6-8]. Because of its unique
structure, IP6 is known and accepted as a strong antioxidant [9]. However, not only
in plants, but almost all mammalian cells contain IP6 and lower inositol phosphates.
These molecules have essential roles in regulating vital cellular functions and activi-
ties, energy metabolism, and signal transduction [10-12].

Here we give a brief overview of the anticancer potential of IP6, and then present
the first data in a clinical setting, in patients with colon cancer during chemotherapy.
This observational study provided a great basis for later clinical trials.

2. Anticancer potential of IP6
2.1 Cancer preventive and therapeutic activities

The first preclinical studies showing anticancer potential of IP6 in colon cancer
were conducted by Shamsuddin et al. [13-15]. IP6 was given in drinking water to
experimental animals and was able to prevent colon cancer using different animal
models (rats and mice) and even when using different carcinogens (1,2-dimethylhy-
drazine and azoxymethane) [13-21]. IP6 was potent and effective in inhibiting colon
cancer in a dose-dependent manner given either before or after carcinogen adminis-
tration. However, extremely exciting was the finding that IP6 was able to reduce the
development of large intestinal cancer even when given after carcinogen administra-
tion. This ability of IP6 to significantly lower tumor number and size even 5 months
after administration, had suggested its potential use of IP6 as a therapeutic agent
[15]. Furthermore, in these first experimental studies with IP6 in colon cancer, other
investigators (Drs. Pretlow and Reddy) demonstrated a decreased incidence of aber-
rant crypts, the parameter that has been often utilized as an intermediate biomarker
for colon cancer at that time [18, 19]. A broad-spectrum anticancer activity was shown
against cancers of different cells and different tissue systems, where IP6 inhibited
growth of malignant cells, induced differentiation in K-562 hematopoietic cells [22],
HT-29 cells human colon carcinoma [23, 24], prostate, breast, and rhabdomyosarcoma
cancer cells [25] in vitro. Additionally, in vivo experiments showed cancer preventive
and protective effects of IP6 in breast cancer [25], skin cancer [26, 27], and prostate
cancer [28].

The therapeutic properties of IP6 were shown in the FSA-1 mouse model of
transplantable and metastatic fibrosarcoma [29], in human rhabdomyosarcoma [30],
and experimental hepatoma model [31]. In a human rhabdomyosarcoma (RD) animal
model, RD cells were transplanted in nude mice [30], and the efficacy of IP6 was
tested on the tumor-forming capacity of RD cells during the peritumoral treatment
with IP6, initiated 2 days after subcutaneous injection of RD cells. In this model, IP6
was able to suppress tumor growth by 25-49-fold [30]. Furthermore, IP6 was also
potent to inhibit experimental hepatoma [31, 32], when the efficacy of IP6 was tested
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on tumorigenicity and on tumor regression. While a single treatment of HepG2 cells
in vitro by IP6 resulted in a complete loss of their ability to form tumors when inocu-
lated subcutaneously in nude mice [31], a dramatic regression of liver cancers was
demonstrated when tumors were treated directly with IP6 [31].

2.2 Possible mechanisms

It has been hypothesized and then shown in many experimental models that Ins
potentiates both the antiproliferative and antineoplastic effects of IP6 iz vivo in colon,
mammary cancer, and in metastatic lung cancer model [25]. In a series of preclinical
experiments Dr. Song Yang was studying colon cancer and its metastasis to the liver
[33-35], also demonstrating that Ins potentiates the anticancer effect of IP6. They
showed that when combining IP6 and Ins, the survival of experimental animals was
improved, while the tumor mass and liver metastasis were decreased. Because metas-
tasis is a primary cause of death in colon cancer patients, and the liver is the most
common site, the work of Dr. Song Yang and his group is very important [33-35].

Today we better understand the role of IP6, Ins and inositol phosphates, and
their involvement in multiple biochemical pathways and cellular interactions. We
know that almost all animal cells contain inositol phosphates that affect and regulate
multiple cell functions, signal transduction, and energy metabolism. The specific
role of IP6 among these multiple signaling pathways is very complex and still needs
to be studied in the future. Briefly, IP6 can modulate cellular response at the level
of receptor binding, can affect few critical molecular targets in the cell cycle (p27,
pRB phosphorylation), signal transduction (PI3K, PKC/RAS/ERK, Akt, ERK), and
inflammation (NF-xB). Several broad and extensive reviews of the anticancer activ-
ity of IP6 and Ins have been published [25, 36-39]. In this report, we mentioned
briefly some of the most important cellular mechanisms and molecular interaction
of IP6 and would like to focus on those important in colon cancer science and clinical
applications.

2.31P6 in colon cancer

Regarding the anticancer effect of IP6 in colon cancer, a wide range of results
starting from the initial aberrant crypt foci, an early biomarker of colon carcinogen-
esis [25] to the novel regulation of microRNA-155 and its related gene expression [40]
have been shown. Very novel are mechanisms related to the anti-metastatic effects
of IP6 and Ins in a liver metastasis model of colorectal cancer in BALB/c mice, that
involve the changing expression of the extracellular matrix proteins collagen IV,
fibronectin, and laminin, the adhesion factor receptor integrin-f1, the proteolytic
enzyme matrix metalloproteinase 9, and the angiogenic factors vascular endothelial
growth factor, basic fibroblast growth factor, and transforming growth factor beta
in the tumor metastasis microenvironment [33]. Trying to better understand the
mechanism of inhibiting tumor progression and liver metastasis of colorectal cancer,
Dr. Song’s team utilized an orthotopic transplantation model of colorectal cancer
[34] and monitored the expression of genes related to the Wnt/p-catenin in this
model. Their results of real-time PCR and Western blot indicated that mRNA and
protein expressions of p-catenin, Wnt10b, Tcf7, and c-Myc were significantly lower in
IP6 + Ins group [34].

In addition to its role and effects on tumor, IP6 can act on host’s immune
system. It was shown that IP6 can boost natural killer cell (NK) activity [41, 42].
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Interestingly, the inverse relationship between NK activity and tumor incidence
was shown. An increase in cancer incidence is associated with a decreased NK cell
activity, while increased NK activity, induced by IP6 is related to decreased tumor
incidence.

Furthermore, the sensitivity and selectivity of IP6 were shown, with ability to
target malignant cells without affecting normal cells and tissues [25]. Also, IP6 was
able to acts synergistically with standard chemotherapeutics and to overcome the
acquired drug resistance [25].

3.1P6 + Ins in the treatment of colon cancer patients during
chemotherapy: observational clinical study

IP6 + Ins has been available as a supplement for over 20 years. Both IP6 and
Ins met specifications of the FDA, and both have been given GRAS (Generally
Recognized As Safe) status. As a part of regular diet, both IP6 and Ins have very low
toxicity and therefore can be used to enhance the anticancer effect of conventional
chemotherapy with almost no, or very few side effects. Here we present observational
clinical study of colon cancer patients who were taking IP6 + Ins supplement during
chemotherapy. This study has never been published but served as a basis for several,
organized clinical studies.

3.1 Methods

In the period from 2000 to 2004, 22 patients with colon cancer stage Dukes B and
higher, treated at the University Hospital Split, Croatia were included in the study.
All patients were treated with postoperative chemotherapy. Data from preopera-
tive and postoperative evaluation, which included abdominal CT and ultrasound,
lung X-ray, complete blood count with differentials, biochemical laboratory tests,
tumor markers: CEA, CA 19-9, and pathohistological findings were included in this
study. Chemotherapy was administered according to the “Mayo Clinic” protocol,

5 days/6 weeks, with 5-FU 425 mg/m®, and Leucovorine 20 mg/m” Radiotherapy
was administered in 25 cycles of 2 Gy. IP6 + Ins regimen during chemotherapy was

4 capsules (2040 mg) thrice daily, 30 minutes before meals. Following chemo-
therapy, the IP6 + Ins regimen was 2 capsules (1020 mg), thrice daily, before meals.
Chemotherapy-related side-effects were monitored in all patients, namely: drop in
leukocyte and platelet counts, nausea, vomiting, stomatitis, fever, diarrhea, alopecia,
and neurological disorders (paraesthesia).

Statistical analysis was performed using t-test, Friedman’s test for finding differ-
ences in treatments across multiple attempts, and repeated measures ANOVA. p-value
<0.05 was considered significant.

3.2 Results

Out of 22 participants, 16 were males. The average age for male participants was
64 years (41-71), and for females 66 years (54-70). Colon cancer was classified as
Dukes B in 8, Dukes C in 10, and Dukes D in 4 participants. The right hemicolectomy
was performed in 3 patients, sub-total colectomy in 3, anterior resection of rectum in
12, and amputation of rectum in 4 patients. Laboratory results and their comparison
during chemotherapy, at the middle and the end of chemotherapy are shown in
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Middle of the chemotherapy End of the chemotherapy p-value
Hematocrit (L/L) 0.33 0.33 0.15
Platelets (x 10°/L) 240 231 0.37
AST (U/L) 179 196 047
Creatinine (pmol/L) 94.1 95.5 0.50
BUN (mmol/L) 59 6.0 0.68
Glucose (mmol/L) 56 5.7 0.58
CEA (ng/mL) 73 75 0.84
CA 19-9 (U/mL) 16.8 194 0.16

Table1.
Comparison of the laboratory results duving chemotherapy and IP6 + Ins.

Table 1. There were no significant changes in these values during chemotherapy in
patients who were receiving IP6 + Ins (t-test).

Table 2 shows comparison of the mean blood counts (erythrocytes, leukocytes,
platelets) at the beginning of chemotherapy, during, and at the end of chemotherapy,
evaluated by the Friedmanss test. It is known that chemotherapy can damage bone
marrow and produce low counts of erythrocytes, leukocytes, and platelets, causing
anemia, septicemia, and bleeding. Therefore, if the blood cell levels are too low, the
next treatment might be put off until these levels recover: this is known as “chemo
break” Although there were changes in blood counts during chemotherapy, these
levels were never so low that threatened patients’ lives, and chemotherapy was never
interrupted (no need for “chemo break”).

Thrombocytopenia and neutropenia are usual side effects of chemotherapy.
However, Figures 1 and 2 demonstrate that in two patients (Cases 1 and 2), as repre-
sentatives of the group, during chemotherapy white blood cell counts (leukocytes)
and platelet counts did not drop when IP6 + Ins were given to the patients, as also
shown in Table 2.

Metastases in colorectal cancer are most commonly found in the liver and lungs.
Figure 3 shows CT scan of lung metastases in a Duke’s D colon cancer patient in
2 years, indicating very slow progression of the existing and the absence of any new
metastatic lesions.

In the observed period, 3 patients died. All other patients received full dose of
chemotherapy and radiotherapy, without breaks (“chemo break”).

3.3 Discussion

Because preclinical and encouraging clinical data suggest that IP6 and Ins are
promising in prevention of cancer and as adjuvant therapy, more controlled clini-
cal trials are needed and encouraged. Particularly, because the rising incidence and
mortality for some cancers are of concern, and CRC is on the rise in USA among
young people, despite the decrease in overall cancer frequency and death rate, that
overall are encouraging. Currently, CRC is the fourth most common cancer in the
United States. It was predicted that in 2023, approximately 153,020 individuals will
be diagnosed with CRC and 52,550 will die from the disease [4]. However, among
these, about 20,000 cases and 3750 deaths are expected in individuals younger than
50 years, which is concerning and alarming [4].
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O Leukocytes
H Platelets

Figure 1.
Leucocytes and platelet counts shown during chemotherapy (Case 1).

B Leukocytes
E Platelets

Figure 2.
Leucocytes and platelet counts shown during chemothevapy (Case 2).

Figure 3.
Lung metastases in a Duke’s D colon cancer patient, showing CT scan in 2001 (left) and in 2003 (right).
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During chemotherapy, in most patients, some anomalies in their complete blood
count, primarily in the number of leukocytes and platelets are happening. Studies
also have associated chemotherapy with the increased risk of gastrointestinal, hema-
tologic, and cardiac toxicities in patients with colon cancer, with the most common
hematological adverse effect being agranulocytosis [43]. However, when IP6 + Ins was
given in combination with chemotherapy, side effects of chemotherapy were reduced
and patients were able to perform their daily activities [44, 45]. In a case study of lung
cancer, the long-term survival of a patient with advanced non-small cell lung cancer
treated with IP¢ + Ins treatment combined with chemo-radiotherapy was reported
[46]. In a phase I clinical study with Ins, it was shown that Ins was safe and well toler-
ated [47]. When IP6 was combined with beta-(1,3)/(1,6) D-glucan, the favorable and
beneficial effect on hematopoiesis in the treatment of patients with advanced malig-
nancies receiving chemotherapy was demonstrated [48]. The combination of IP6 and
Ins diminished the negative side effects of chemotherapy and preserved quality of life
in breast cancer patients in a small prospective, randomized, pilot clinical study [44].
In a double-blind, randomized controlled trial (RCT) in women with ductal breast
cancer, topical IP6 treatment was effective and safe in preventing and/or mitigating
chemotherapy-induced side effects and was able to preserve quality of life [49]. To
further identify the clinical evidence of the effectiveness of IP6 and Ins on the quality
of life in cancer patients, and to demonstrate that IP6 and Ins were able to improve the
quality of life in patients undergoing chemotherapy due to breast cancer, a literature
search was conducted to identify clinical evidence of the effectiveness of IP6 and Ins
on the quality of life in cancer patient and indeed demonstrated that IP6 and Ins were
effective in improving quality of life of patients receiving chemotherapy due to breast
cancer [50]. In a cohort of breast cancer patients, a combined oral-local treatment
with IP6 and Ins was conducted, with oral myo-inositol + IP6 local application. This
combined treatment with IP6 and Ins was also able to improve local symptoms and
quality-of-life-related symptoms [51].

A remarkable case report on melanoma was presented by Khurana et al. [52].
The patient was with metastatic melanoma and declined traditional therapy.
Instead, he decided to try the IP6 + Ins supplement only. To their surprise, the
patient achieved a complete remission and remains in remission 3 years later.

This might indicate a new pathway for IP6 in clinical practice - immunotherapy, a
potential for immune-stimulating effects of IP6 and Ins in patients with metastatic
melanoma could be explored.

In this pilot clinical observational study, a group of patients with multiple liver
and lung metastases, IP6 + Ins was given as an adjuvant to chemotherapy according to
Mayo protocol. Our results showed that no patient had to discontinue chemotherapy
due to abnormality of hematological and/or biochemical parameters. Three patients
died during the observed period. The first patient died 11 months after operation due
to myocardial infarction, other two patients died 30 and 33 months after the surgery,
respectively, due to dissemination of colorectal cancer. All deceased patients had
colorectal cancer classified as Dukes D.

This study indicated that IP6 and Ins contributed to the anticancer effect of che-
motherapy and improved the quality of life. This was a non-randomized clinical trial,
which did not allow us to compare the outcome with patients without IP6 and Ins
treatment. Side-effects were monitored by clinical observation, while standardized
questionnaires were not used. However, based on this initial clinical observational
study, a first prospective, randomized, pilot clinical study with IP6 + Ins was
organized and conducted [44].
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4, Conclusion

Available as dietary supplements, both with a GRAS status, IP6 and Ins have been
in clinical practice for over 20 years. From many case reports, some anecdotal evi-
dence, and few small clinical studies, the enhanced antitumor activity with improved
quality of life by IP6, Ins, and their combination with reduced tumor growth rate and
in some cases, even a regression of primary lesions, was reported.

Judged by multiple experimental and clinical data, it has been shown that IP6 + Ins
can be a new option for cancer prevention, but also for cancer treatment, and always
with ability to reduce the chemotherapy-induced side-effects. However, still more
experimental data and a more controlled clinical study are needed to evaluate the
antitumoral effect of IP6 + Inositol in cancer prevention and treatment and to better
understand the mode of its action.
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Chapter 8

Revealing Colon Cancer Resistance
with Identification of Glutamate
Metabolites by Proton MR
Spectroscopy In Vivo and the
Molecular Mechanism
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and Jing Zhang

Abstract

This study aimed to investigate the ability of 1H-MRS to evaluate drug-resistant
colon cancer in vivo. Xenograft tumour mouse models were generated by parental
SWA480 cells (5-FU-responsive) or SW480/5-FU cells (5-FU-resistant). After IH-MRS
was performed on these Xenograft tumour mouse models, the tumour lesions were
resected for the in vitro assessment of the expression of drug resistance-related pro-
teins and glutathione metabolism-related enzymes. The tumours from SW480/5-FU
mice showed significantly higher levels of choline, GIx1, and GlIx2 detected by
1H-MRS than the tumours from SW480 mice (P < 0.05). The SW480/5-FU tumours
also showed higher expression of glutathione metabolism-related enzymes (P < 0.05).
The 1H-MRS-detected metabolites showed positive correlations with the expres-
sion levels of drug resistance-related proteins and glutathione metabolism-related
enzymes. Glx1 and Glx2 metabolites detected in vivo by 1H-MRS may be biomarkers
of 5-FU drug resistance in colon cancer.

Keywords: proton magnetic resonance spectroscopy (1H-MRS), glutathione, human
colon cancer, tumour xenograft model, multiple drug resistance

1. Introduction

The most common treatment for patients with advanced colorectal cancer
(CRC) is palliative chemotherapy with a 5-fluorouracil (5-FU)-based regimen [1].
Unfortunately, the progression-free survival period is only 8.7-12.3 months [2].
Multidrug resistance (MDR) occurs frequently and remains the major obstacle in
CRC treatment [2-4].

For patients with CRC, knowledge of the drug resistance status of their tumour(s)
is very important because this information will serve as the basis for the therapeutic
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strategy and adjusting this strategy as the treatment progresses. At present, drug
sensitivity/resistance testing relies on in vitro assays [5]. The tumour is a heteroge-
neous and pleomorphic cell group with irregular differentiation. Because a biopsy

is required to obtain tumour tissue for testing via the in vitro method, the drug
resistance status detected is representative of only the biopsy area, and that of the
remaining tumour in situ is unknown. The invasive biopsy procedure itself is a major
drawback. Moreover, the time needed for obtaining a clinical sample and laboratory
testing is long. Undoubtedly, an in vivo method that will accurately and conveniently
evaluate the drug resistance status of a tumour is urgently needed.

Studies have identified multiple factors involved in MDR, and the biological
processes affected by these factors vary widely, including but not limited to the efflux
pump system [6], epigenetic modification [7], cell protection pathways [8, 9], oxida-
tive stress [10], and anti-apoptotic signalling [11]. Obviously, the aetiology of MDR
can be multifactorial and potentially cross-level.

One of the most common methods through which tumours acquire drug resistance
involves the induction and activation of efflux transporters such as P-glycoprotein
(P-gp), which affect the drug transmembrane balance at the plasma membrane [12].
Increased expression of P-gp leads to a decrease in drug accumulation in cells [13, 14].
P-gp activity can be regulated by protein phosphorylation catalysed by protein kinase
C (PKC). Thus, the absorption of drugs by cancer cells is reduced [15-17].

The second mechanism that imparts drug resistance to cancer cells occurs at the
intracellular level. This genetic system involves CYP3A4 [18] and glutathione-S-trans-
ferase (GST) [19], both of which are enzymes that contribute to cell detoxification
and hinder the accumulation of potentially heterologous organisms in cancer cells [5].
The detoxification function of glutathione has also been shown to play an important
role in the development of colon cancer resistance to 5-FU.

Magnetic resonance spectroscopy (MRS) is a noninvasive magnetic resonance
imaging (MRI) technique that indirectly reflects changes in the metabolic state of liv-
ing tissues and organs by measuring changes in the chemical composition of a certain
area of the human body [20]. 1H-MRS is sufficiently sensitive to detect changes in key
metabolites of the metabolic pathway related to the glutathione (i.e., GSH) system in
the tumour [20].

Studies on gliomas (the most common type of brain tumour) have found that
tumour cells increase glutamine through metabolic reprogramming to provide an
abnormally depleted energy source [21, 22], suggesting that an increase in gluta-
mine concentration is related to therapeutic resistance and proliferation of tumour
[23]. MRS has been used to quantify changes in metabolites induced by metabolic
reprogramming, distinguishing between proliferative gliomas and brain metastases
[24, 25]. Clinical longitudinal studies in patients with glioblastomas suggested that
pretreatment glutamine and glutamate levels detected by 1H-MRS in glioblastomas
were correlated with tumour proliferation and poor prognosis [26].

Our study first demonstrated that IH-MRS can detect increases in the glutamate
metabolism complex (Glx1 and Glx2) in vivo in 5-FU-resistant xenograft tumours,
which reflect increased glutathione biological synthesis [27]. Therefore, 1H-MRS may
play an important role in the detection of molecular markers of changes in tumour
resistance in vivo. In the present study, we opted to investigate the changes in GSH
metabolites between 5-FU-responsive and 5-FU-resistant colon cancer tissue via in vivo
1H-MRS with 3.0 T MRI. This preliminary investigation aims to provide knowledge on
the characteristic metabolites and molecular mechanisms of the drug resistance of CRC.
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2. Research process
2.1 Methods
2.1.1 Cell lines and resistance index

The human colorectal adenocarcinoma cell line SW480 was obtained from
the Experimental Animal Center of Sun Yat-sen University (Guangzhou, China).

Its 5-FU-resistant subline, SW480/5-FU, was developed by the high-dose impact
method with 5-FU (Xudong Haipu Pharmaceutical Co., Ltd., Shanghai, China)
[28]. SW480/5-FU cells that were capable of stable growth in 6 pg/mL 5-FU were
regarded as a 5-FU-resistant strain and named SW480/5-FU cells. Both SW480 and
SW480/5-FU cells were cultured in RPMI 1640 medium (HyClone Laboratories,
Logan, UT, United States) supplemented with 10% foetal bovine serum (Gibco,
Invitrogen, Waltham, MA, United States) and 100 U/mL penicillin (Solarbio Life
Science, Beijing, China) at 37°C in a humidified 5% CO, atmosphere and passaged
twice a week.

MTT assays were performed to determine the relative cell viability of the parental
SW480 and SW480/5-FU cells. For this assay, the cell lines were grown in RPMI 1640
medium as described above and seeded in 96-well plates at a density of 3000 cells
of each cell line per well [28]. The cells were treated with 5-FU at various concentra-
tions (0.5, 1.25, 2.5, 5, 10, 50, or 250 pg/mL) for 48 h. MTT (10 pL of 0.5 mg/mL)
was added to each well, and the cells were incubated for 4 h. All liquid was removed,
and 150 pL of dimethyl sulfoxide was added to each well. The absorbance at 490 nm
was read using a multifunction microplate reader (Boteng Instrumentation Co., Ltd.,
Beijing, China).

The half-maximal inhibitory concentration (ICsq) of the SW480 and SW480/5-FU
cells was determined using SPSS v13.0 statistical software (IBM Corp., Armonk, NY,
United States). The resistance index (RI) of the SW480/5-FU cells was calculated as
(SW480/5-FU ICs()/SWA480 ICsy = 4.44.

2.1.2 Tumour xenograft model

All animal experiments conformed to the internationally accepted principles for
the care and use of laboratory animals (Licence No. 2017-007, Ethical Committee for
Animal Research of Guangzhou Medical University, China).

Five- to six-week-old BALB/c nude mice were purchased from the Guangdong
Provincial Animal Experiment Center (15-17 g, females, No. 44007200046136).
Ten healthy BALB/c nude mice (female, aged 5-6 weeks, 16-18 g) were randomly
divided into a resistant tumour group and a responsive tumour group (5 mice in
each group). Tumour xenograft models were prepared as previously described
[28, 29]. Briefly, 0.2 mL of a suspension (4 x 107 cells/mL) of SW480 cells (respon-
sive tumour group) or SW480/5-FU cells (resistant tumour group) was injected
subcutaneously into the bilateral hind leg root to reduce the amount of mouse
used. The animals were housed in the specific pathogen-free facility at the Animal
Experimental Center of Guangzhou Medical University. Based on the ethical
standard of tumor burden on mice in the “Guidelines for the welfare and use of
animals in cancer research, 2010” [30], the maximal diameter of tumours on mice
was limited to less than 1.5 cm.
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2.1.3 In vivo MRI/1H-MRS

Immediately before the MR examination, each tumour-bearing mouse was
wrapped in plastic material to provide warmth and prevent curling artifact [28]. In
addition, increasing the volume of the imaged subjects can fill the coil imaging space
and improve the reliability of the data collection.

MR was performed using the MAGNETOM Skyra 3 T Siemens MR Imaging
System (Erlangen, Germany) equipped with an 8-channel mouse coil (Chenguang
Medical Technology Co., Shanghai, China). Axial, coronal, and sagittal T2WTI (TSE)
images (repetition time/echo time = 4500 ms/110 ms, slice thickness = 2 mm, inter-
val = 0, field of vision = 128 mm, NSA = 4, SENSE = 2, acquisition matrix = 128 x 128,
reconstruction matrix = 512 x 512, scan time = 2 min 2 s) were acquired to determine
the spectroscopic volume of interest in the cancer lesion (i.e., the hyperintense region
in the images) (Figure1).

1H-MRS was performed using the multivoxel three-dimensional volume acquisi-
tion editing MEGA-PRESS sequence with previously described procedures and
parameters (repetition time = 1700 ms, echo time = 40 ms, slice thickness = 2 mm,
interval = 0, field of vision = 60 mm, volume of interest = 30 mm, collection
voxel size = 4-9 mm, acquisition number = 8, acquisition matrix = 128 x 128, scan
time = 9 min 13 s) [28].

The acquired spectral data were processed using the device software (Siemens),
as previously described [28], and then independently reviewed by two radiolo-
gists (Yang YM and Wu MY), who were blinded to the sample grouping [28]. Any
discrepancies were resolved by discussion and consensus. The two reviewers inde-
pendently determined the semiquantitative value (area under the peak) from three
different voxels of the tumour while avoiding necrotic areas on T2 images; the two

nafyao5
D

I : Integral

Figure 1.
Metabolic profiles of SW480/5-fluorouracil cancer tissue in vivo.
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values were then averaged, and the resultant single value was used for the subse-
quent statistical analysis.

Choline (Cho; 3.21 ppm) and the glutamate and glutamine complex (GIx1;
2.05-2.35 ppm and GIx2; 3.75-3.8 ppm, respectively) were the target metabolites
investigated in this study (Figure 1).

2.1.4 Cancer tissue analysis

After MRI, the tumour-bearing mice were sacrificed via the intraperitoneal
injection of 10% chloral hydrate. The tumours were removed completely and pre-
pared for histological analysis [haematoxylin-eosin (HE) staining], western blotting,
and MTT assays [28].

The histopathological evaluations were performed by a pathologist with 25 years
of work experience (Zhang J). Tumour necrosis was assessed using the HE-stained
sections (magnification x 400). The degree of necrosis was rated on a 5-point scale: 1
(light) indicated necrosis in 1/5 of the tumour tissue, 2 (moderate) indicated necrosis
in 2/5 of the tumour tissue, 3 (severe) indicated necrosis in 3/5 of the tumour tissue,
4 (very severe) indicated necrosis in 4/5 of the tumour tissue, and 5 (total) indicated
necrosis throughout the entirety of the tumour tissue. The necrotic area was denoted
as extremely small by a rating of 0.5 points.

Western blotting was performed to detect the expression of P-gp, multidrug
resistance pump (MRP)1, PKC, y-GCSh, y-GCSlI, glutathione synthetase (GSHS),
and GST-n. Western blot testing was performed by Jie Tewei Biotechnology Co.,

Ltd. (Guangzhou, China) according to the instruction manual provided with the
Phototope®-HRP western blot kit (Cell Signaling Technology, Danvers, MA, United
States). The following antibodies were used: goat anti-mouse IgG/HRP (ABclonal,
Woburn, MA, United States), MDR1 (ABclonal), MRP1 (ABclonal), PKC (ABclonal),
y-GCSh (ABclonal), y-GCSI (ABclonal), GSHS (ABclonal), and GST-x (Cell Signaling
Technology). The detected protein bands were scanned into a computer in JPG format
and analysed using ImagePro-Plus 6.0 software for automatic determination of the
integral optical density (IOD) of the band intensities. The IOD of the expression of
each respective protein of interest was then divided by the IOD of the internal refer-
ence (GAPDH) to obtain the relative (R)IOD.

MTT assays were performed to determine the relative cell viability of cancer tissue
with different concentrations of 5-FU [28]. Briefly, the tumour tissue was minced
(to a size of 1-2 mm?), suspended in 1 mL of trypsin-EDTA (Gibco), and allowed
to digest for 50 min in a 37°C incubator. After the addition of 2 mL of RPMI 1640
medium (HyClone Laboratories, Logan, UT, United States) to terminate diges-
tion, the cell suspension was separated by centrifugation (5 min at a rotation speed
of 1000 r/min), resuspended in fresh RPMI 1640 medium (2-3 mL), and filtered
through a 200-mesh sieve into a 25-cm? culture flask. The ICs, was measured by the
MTT assay.

2.1.5 Statistical analysis

The SPSS v13.1 statistical software package was used for all the calculations. The
data are summarized as the means and standard deviations. Due to the small sample
size, the Mann-Whitney U test was selected for the comparison of metabolites and
protein expression between the 5-FU-responsive group and the 5-FU-resistance
group. The correlations between metabolites and P-gp, PKC, MRP1, y-GCSI, y-GCSh,
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GSHS, and GST-n protein expression were assessed by Spearman’s correlation test. A
P-value less than 0.05 was considered to indicate statistical significance.

2.2 Results

Two tumours smaller than 1 cm were removed from each group. A total of
16 tumours were included in this study: 8 from the 5-FU-responsive (SW480)
mice (maximum diameter range: 1. 21-1.48 cm) and 8 from the 5-FU-resistant
(SW480/5-FU) mice (maximum diameter range: 1.15-1.46 cm).

2.2.1 Evaluation of vesistance to 5-FU

2.2.1.1 SWA480/5-FU cells exhibit higher survivability in cancer tissue in vivo than
the parental SW480 cells

The viability of both the parental SW480 cells and SW480/5-FU cells decreased
with increases in the concentrations of 5-FU (Figure 2, MTT). The SW480/5-FU
tumours exhibited a significantly higher survival rate than the SW480 tumours
(P < 0.05) when the 5-FU concentration was higher than 2.5 pg/mL. The RI
of SW480/5-FU cells was calculated as follows: (SW480/5-FU I1Csy)/SW480
ICso = 42.914 pg/mL/9.516 pg/mL = 4.508.

2.2.1.2 The SW480/5-FU xenograft tumours showed significantly higher expression
of resistance-velated proteins

The SW480/5-FU xenograft tumours showed higher expression of P-gp, MRP1,
and PKC than the SW480 xenograft tumours (Figures 3 and 4). A statistical compari-
son of the RIOD values obtained for the expression of these proteins between the two
groups revealed that the difference was significant; the Mann-Whitney U test Z and
P values for P-gp, MRP1, and KPC were 2.611 and 0.003, 2.785 and 0.005, and 2.668
and 0.008, respectively.

ceoqeee SWAB0/5-FUcancer
2 lgg | & tissue
g Vo =l -, - SW480cancer tissue
80 0 TERL.. -
s 70 F 0 TEe *>-.
2 60 - et T
3 50 | ..
= 40 |
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Figure 2.
Drug resistance curves of SW480/5-fluovouracil and SW480 xenograft tumours.
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Figure 3.
Expression of P-glycoprotein, multidrug resistance pump 1, and protein kinase C in SW480/5-fluorouracil
xenograft tumours and SW480 xenograft tumours.
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Figure 4.

Relative integral optical density values for the expression levels of P-glycoprotein, multidrug resistance pump 1,
and protein kinase C in SW480/5-fluorouracil xenograft tumours and SW480 xenograft tumours.

Quantitative analysis of Cho in SW480 Quantitative analysis of Glx! in Quantitative analysis of GIx2 in SW480
and SW480/5-FU SWA4S80 and SW4S0/5-FU and SW480/5-FU

2.8840.62 'y 0.90+0.35

Y

2.8940.92

e
in
(5]

35 3 |
g Bas g 0.64021
52_5 g ; 0.8 '|'
L 42 1.38£0.10 706
8 0.94<0.47 815 i g l
=15 = g = 04
1 ! ’
0.5 0.5 02
0 0 . 0
SW4R0 SW4S0/5-FU SW480 SWAS0/5-FU SW480 SW40/5-FU

Figures.
Peak areas of choline, glutamate, and glutamine complex in the SW480/5-fluorouracil xenograft tumours and
SW480 xenograft tumours.

2.2.2 1H-MRS analysis

The SW480 (5-FU responsive) and SW480/5-FU (5-FU resistant) tumour tissues
were assessed by 1H-MRS for the iz vivo detection of Cho, Glx1, and GIx2 peaks. The
areas under the peak values for each of these metabolites are summarized in Figure 5.
All three metabolites were found at significantly higher levels in the 5-FU-resistant
tumours, as determined by the Mann-Whitney U test.

2.2.3 Cancer tissue analysis
2.2.3.1 Tumour necrosis

No significant difference in the degree of necrosis was observed between the
HE-stained tumour tissues of the SW480 (5-FU responsive) and SW480/5-FU
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Figure 6.
Degree of necrosis in the SW480/5-fluorouracil xenograft tumours and SW480 xenograft tumours.

Figure7.
Haematoxylin-eosin staining analysis of tumour tissues. Haematoxylin-eosin staining analysis of tumour tissues
(magnification: 400x ).

(5-FU resistant) xenografts (Figure 6; T tests, t = 1.76, P = 0.109). However, differ-
ences in other histological features were observed. The SW480/5-FU (5-FU resistant)
tumour tissues showed larger cell nuclei, a closer cell arrangement, and a greater cell
density (Figure7).

2.2.3.2 Expression of y-GCSh, y-GCSl, GSHS, and GST-x proteins in tumour tissues

The SW480/5-FU (5-FU resistant) tumour tissues showed higher expression of
glutamate-metabolizing enzyme proteins than the SW480 (5-FU responsive) tumour
tissues (Figures 8 and 9). A statistical comparison of the RIOD values for the expres-
sion levels of these proteins between the two groups revealed that the difference was
significant; specifically, the Mann-Whitney U test Z and P values for y-GCSh, y-GCSl,
GSHS, and GST-n were 2.643 and 0.008, 2.712 and 0.007, 2.635 and 0.008, and 2.627
and 0.008, respectively.
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Figure 8.
Expression of y-GCSh, y-GCSI, glutathione synthetase, and glutathione-n in SW480/5-fluorouracil xenograft
tumours and SW480 xenograft tumours.
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Relative integral optical density values for the expression levels of y-GCSh, y-GCSl, glutathione synthetase, and
glutathione-n in SW480/5-fluorouracil xenograft tumours and SW480 xenograft tumours.

2.2.4 Correlation between metabolites detected by 1H-MRS and protein expression
in tumour cells

The Cho peak area was positively correlated with the expression of P-gp
(r =0.636, P = 0.048), MRP1 (r = 0.821, P = 0.004), y-GCSh (r = 0.841, P = 0.002),
and y-GCSI (r = 0.799, P = 0.006). The GIx1 peak area was positively correlated
with the expression of MRP1 (r = 0.880, P = 0.021) and GST-x (» = 0.888, P = 0.018),
and the GIx2 peak area exhibited positive correlations with the expression of

149



Advances in Diagnosis and Therapy of Colorectal Carcinoma

MRP1 (r = 0.847, P = 0.002), y-GCSh (r = 0.644, P = 0.044), y-GCShl (r = 0.780,
P =0.008), and GSHS (r = 0.661, P = 0.038).

2.3 Discussion

In this study, the high-dose shock method was used to obtain 5-FU-resistant cells
from 5-FU-responsive cells, i.e., SW480/5-FU cells from parental SW480 cells. The RI
of the SW480/5-FU cells in vitro was very close to that of cancer tissue created with
these cells in a xenograft mouse model. The SW480/5-FU tumour tissues showed
significantly increased expression of P-gp, MRP1, and PKC, which indicated the
reliable features of these cells for the iz vivo study of 5-FU resistance. At the same
time, it was also observed that there was no difference in the necrotic range between
5-FU-resistant and 5-FU-responsive colon cancer tissues before being attacked by
50-FU. However, 5-FU-resistant colon cancer tissues had larger nuclei and higher
cell density, indicating a significant difference in their proliferative ability. It is
speculated that the related metabolites supporting the stronger proliferative ability of
5-FU-resistant colon cancer are higher.

During the development of drug resistance, a harsh microenvironment containing
chemotherapeutic drugs will induce tumour cells to undergo metabolic reorganiza-
tion at the genetic level (i.e., gene mutations in the cell cycle pathway) [31-33] up
to the protein level (i.e., mutation of metabolic enzymes) [34]. This reorganization
results in changes in the metabolite composition of the tumor and surrounding tissues
[33, 35]. Eventually, the microenvironment itself may become beneficial to tumour
survival. The related changes in the levels of certain metabolites will then differenti-
ate chemotherapy-responsive tumours from chemotherapy-resistant tumours. Such
metabolites represent the last step in the biological process of the tumour towards
immortality, but the clinical measurement of such metabolites can provide insight
into the case and its prognosis and/or management.

Compounds in human tissues can produce quantifiable chemical shifts under
specific conditions. The peak value generated by these shifts can be determined by
1H-MRS, and the area or peak height of compound resonance peaks can be calculated
to quantify the content of compounds in a tissue [36-39]. Thus, TH-MRS can detect
metabolite changes before and after the development of multidrug resistance in tumour
tissues in vivo and is particularly useful for screening metabolites with detoxification
functions that can improve the tumour microenvironment. We based our study on this
speculation that 1H-MRS has potential value for detecting tumour resistance in vivo.

GSH is a small-molecule peptide composed of three amino acids (tripeptide
thiol). Its main function is to detoxify and remove xenobiotics and other endogenous
compounds from the cell [27]. As such, its antioxidant function is closely related
to tumour MDR, which is an important feature of the drug resistance of malignant
tumours [40]. A large amount of reactive oxygen species (ROS) is produced during
tumour metabolism. High levels of ROS are cytotoxic and can cause apoptosis. Due
to the growth characteristics of tumour cells, these cells exist in a state of low oxygen
stress for a long time, which should sensitize the cells to death under the action of
ROS [21, 40, 41]. Indeed, this feature serves as the basis of many chemotherapeutic
drugs used in clinical practice (i.e., the achievement of an antitumour effect by gener-
ating a large amount of ROS). However, the main role of GSH is to reduce potentially
toxic oxidants, such as ROS, to produce oxidized GSH in the form of glutathione
disulfide (GSSG) [27] and thereby directly remove ROS from tumour cells, which
unfortunately leads to drug resistance [21, 41].
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In addition, anticancer drugs in tumour tissues can interact with GSH via GST and
then be exported from the cells through MRP [40, 42]. MRP is a relatively large trans-
membrane protein and is an ATP-driven outlet pump that excludes GSSG and various
glutathione-S conjugates [40, 42, 43]. Therefore, GSH improves the unfavourable
microenvironment for tumour cells and increases the chances of tumour survival.

Glutamine is converted into glutamic acid under the action of glutaminase, and
glutamic acid then combines with glycine to produce glutamylcysteine. This product
is further combined with cysteine to form GSH by a reaction catalysed by GSHS [27].
Therefore, two key enzyme-catalysed reactions occur upstream of GSH biosynthesis.

v-GCS is the key enzyme of the first step of GSH biosynthesis and is composed of
ay-GCSh heavy chain subunit (73 kDa) and a y-GCSl light chain subunit (27.7 kDa)
[27, 44]. y-GCSh harbours all functions of the complete catalytic enzyme and can
independently catalyse GSH synthesis without the y-GCSI subunit, which is regulated
by GSH feedback [45]. In contrast, the y-GCSI subunit harbours no enzymatic activ-
ity but can combine with the y-GCSh subunit through noncovalent bonds to form a
holoenzyme, which changes the spatial structure of y-GCSh and enhances its catalytic
activity [46]. Compared with the results obtained with y-GCSh alone, the catalytic
activity of y-GCSh combined with y-GCSl is higher and is less suppressed by GSH
feedback [47].

GSHS is the second key enzyme in GSH biosynthesis [27]. GSHS, which is com-
posed of two subunits and has the same molecular weight as y-glutamylcysteine syn-
thetase, is not subject to feedback regulation by GSH [27]. It has been reported that
GSHS is less important in GSH biosynthesis than y-GCS [47]. However, another study
demonstrated that GSHS plays a decisive role in GSH synthesis under certain tissue
hypoxia conditions [48]. Hamdoum et al. [49] reported that the synthesis of GSH is
reduced in response to treatment with GSHS inhibitors, which benefits leukaemia
patients by increasing their sensitivity to chemotherapy drugs.

GST represents a group of isozymes that exists in a broad array of organisms, is
encoded by multiple genes, and has myriad physiological functions [40]. Some studies
have shown that the abnormal expression of GST isoenzymes is related to the metabo-
lism of anticancer drugs that results in tumour drug resistance [50-53]. The GST
gene family is a huge supergene family. In terms of phenotype, each type of isozyme
includes many subtypes, and there are five subtypes [54]. Some studies have found
that GST-i exhibits the closest relationship with tumour MDR [54]. GST-7 is a phase
II metabolic enzyme that is expressed at high levels in most tumour cells [55-58].
GST-7t can catalyse the binding of harmful biological ions from internal and external
sources to GSH, which protects cells from damage. The GSH-chemotherapeutic drug
conjugate is actively pumped out of cells through MRP1, which reduces the accumula-
tion of chemotherapeutic drugs in cells [40, 43]. GST-1t can also be combined with
some anticancer drugs to form a complex with higher water solubility and easier
excretion. The complex is excreted through the kidneys, which reduces the cytotoxic-
ity of antitumour drugs but can also cause MDR [21]. In addition, the combination
of GST-7 and c-Jun N-terminal kinase impedes tumour cell apoptosis by blocking the
mitogen-activated protein kinase pathway, which ultimately leads to tumour drug
resistance [21].

GSH has three spin systems generated from three amino acid residues, i.e.,
y-glutamyl, cysteine, and glycine. These systems are tightly coupled second-order
y-glutamyl aCH, CH2 and yCH2, cysteine «CH and pCH2, and glycine «CH2
[59, 60]. The GSH spectrum consists of a series of resonances from the peptide com-
ponents, which are more or less transferred from the separated peptide resonances.
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In the central nervous system, all signals from GSH overlap with resonance from
other neurochemicals. These chemicals include N-acetylaspartate (at 2.02 ppm

and 2.45 ppm), polyglutamate recombination (centred at 2.05 ppm and 2.35 ppm),
creatine plus creatine phosphate (at 3.03 ppm and 3.96 ppm), and amino acids such as
glutamic acid, glutamine, and aspartic acid (at 3.75-3.8 ppm) [27].

In the current study, the 1H-MRS spectrum collected by clinical medical MR
mainly reflects GSH and upstream metabolites, i.e., glutamine and the glutamate
complex (Glx) at 2.1-2.5 ppm (CH2-CH2p-y peak) and 3.7-3.9 ppm (« peak of amino
acid CH). These complexes include the glutamate complex centred at 2.05 ppm and
2.35 ppm (Glx1) and amino acids such as glutamic acid, glutamine, and aspartic acid
at 3.75-3.8 ppm (Glx2). The GLX peak detected in vivo using 1H-MRS indirectly
reflects the metabolic changes of GSH [27].

This study found that y-GCSh, y-GCSI, GSHS, and GST were significantly
increased in SW480/5-FU tumour tissues compared with SW480 tumour tissues,
which indicated that the functions of GSH synthesis, detoxification, and removal
of xenobiotics and other endogenous compounds increased and resulted in tumour
tissue resistance to 5-FU. In addition, the peak areas of Glx1 and Glx2 detected by
1H-MRS in vivo in the SW480/5-FU tumour tissues were significantly higher than
those found in the SW480 tumour tissues. The area of Glx1 was highly positively
correlated with the expression of MRP1 and GST-m, and the area of Glx2 was highly
positively correlated with the expression of MRP1, y-GCSh, y-GCShl, and GSHS.
Therefore, the biological processes of GSH synthesis and detoxification can be repro-
duced in vivo, which suggests the formation of tumour resistance.

This study also showed that the cell nuclei of SW480/5-FU tumour cells were
larger than those of SW480 tumour cells (by HE histology); in addition, the former
cells were arranged more closely and exhibited a higher cell density. These findings
indicate that drug-resistant tumour cells proliferate more actively. The area of the Cho
peak detected with 1H-MRS in vivo was also significantly higher with SW480/5-FU
tumour cells and was positively correlated with the expression of tumour P-gp,
MRP1, y-GCSh, and y-GCSL. The level of Cho is closely related to Cho and phos-
pholipid metabolic activities, and the phospholipid bilayer is the basis of the cell
membrane. Thus, the Cho levels can indirectly reflect the activity of cell membrane
metabolism [61, 62]. We hypothesize that Cho may be able to promote or synergize
with GSH synthetic biological processes.

Our study has inherent limitations that must be considered when interpreting
our findings. First, only eight samples per group were included in this study. Further
study with a larger sample size is needed to determine the stability and repeatability
of the observed indicators. Second, the collection of 1H-MRS data for tumours in
xenograft models with clinical medical MRI systems may lead to a low signal-to-
noise ratio and result in bias. In addition, MRS remains a limited research tool. The
relatively long acquisition time is currently difficult to standardize and complicates
the accurate quantification of the metabolite tissue concentration [27]. This study
constitutes preliminary exploratory research using a 3 T MRI system equipped with
an 8-channel mouse coil, and we found a preliminary experimental result. Therefore,
an ultra-high field small animal MRI system with higher than 7 T is needed to verify
the repeatability and reliability of 1H-MRS for metabolite data acquisition. Finally, we
only studied 5-FU-resistant colon cancer, but other clinical chemotherapeutic drugs
for colon cancer were not included. The addition of an experimental exploration of
resistance to other clinical chemotherapeutic drugs for colon cancer, such as FOLFOX,
5-FU/LV, and other treatment regimens at the preclinical stage, is needed.
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3. Conclusion

1H-MRS can detect increases in Glx1 and GIx2 metabolites, reflecting an increase
in the GSH biological synthesis process, which is a cause of drug resistance in
tumours. Active membrane metabolism of tumours, tumour acidification, and GSH
synthesis biological processes have a promoting or synergistic effect, and the possible
mechanisms and connections need to be explored further. Therefore, 1H-MRS is
expected to provide biomarkers for the evaluation of colon cancer drug resistance by
detecting changes in tumour metabolites iz vivo.
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