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Cancer is a disease that predominantly affects older individuals. While age remains 

one of the most significant risk factors for cancer and metastasis, the biological sex of the 

host also plays a crucial role in influencing metastasis and survival outcomes. Specifically 

in colorectal cancer (CRC), both cancer incidence and deaths from metastatic disease are 

higher in males relative to females. The study hypothesizes that gender- and/or age-related 

differences in peritoneal mesothelial cells impact the interaction between tumor and 

mesothelial cells (MC) early in metastatic dissemination, influencing CRC metastasis 

success.  

In a comparative analysis using female or male young mice (3-6 months, equivalent 

to human 20-30 years old, FY and MY) and aged mice (20-23 months, equivalent to human 

60-67 years old, FA and MA) in an intra-peritoneal (ip) metastasis model, results show that 

aged males exhibit the highest metastatic tumor burden which aligns with human epidem-
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iological data. The results also show CRC selectively targets adipose tissues covered by 

visceral peritoneum. Additionally, the omentum shows gender-specific differences in aged 

groups. 

To further explore these gender and age effects, the study investigates the proteome 

of murine primary peritoneal mesothelial cells (MPPMCs) isolated from young and aged 

male and female mice. In each cohort, ~2000 proteins and ~1000 protein groups were 

identified. Proteomic analysis revealed differences in protein expression based on gender 

and age, providing baseline data for future studies on how these factors regulate MC 

homeostasis and influence the initiation of peritoneal diseases.  

One of the candidate proteins identified, protein tyrosine phosphatase type IVA 1 

(Prl-1), has been characterized in its function in CRC metastasis. Prl-1, expressed 

exclusively in aged male mice, is found to promote CRC metastasis by aiding initial 

adhesion of tumor cells to mesothelial cells. The study identifies key signaling pathways, 

including RhoA-GTPase and src-FAK/p130cas, that are activated by Prl-1. A Prl-1 

inhibitor, CMPD-43, shows promise in reducing cell adhesion and migration. The findings 

suggest that targeting Prl-1 could offer new therapeutic avenues to impede CRC 

progression and metastasis. 
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CHAPTER 1.  

INTRODUCTION 

 

 

 

1.1 What is Colorectal Cancer? 

Colorectal cancer (CRC) is recognized as one of the most prevalent malignancies 

globally, holding the position of the third most commonly diagnosed cancer and the second 

leading cause of cancer-related deaths for both men and women in the United States and 

worldwide.1, 2 Each year, the United States witnesses approximately 153,020 new cases of 

CRC and 52,550 deaths, with a notable portion of these cases occurring in individuals 

younger than 50 years.3 Over 75% of colon and rectal cancers occur to people with no 

known risk factors.3 More than half of CRC cases and fatalities are attributed to modifiable 

risk factors such as smoking, unhealthy diets, high alcohol consumption, physical inactivity, 

and excess body weight.1 The 5-year survival rates for CRC patients differ drastically 

depending on the stage at diagnosis. Over 90% of patients would live if diagnosed at an 

early stage, whereas only about 10% of those with late-stage CRC survive beyond five 

years.4, 5 Despite a decline in the incidence rate for localized-stage CRC, there has been an 

alarming increase in advanced-stage diagnoses. Older people are usually more prone to 

diagnosis with an advanced-stage CRC. However, it has been suggested that there is a 

demographic shift towards more patients under 65 years of age who are also diagnosed 
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with an advanced-stage CRC .3 This highlights a need to understand age related disparities 

for both old and young population.  

Generally speaking, 50%–90% of all CRCs are sporadic and 10%–50% at 

hereditary or familial.6 It is widely believed that somatic mutations in APC, K-ras, and p53 

follow a sequential order [Figure 1.1a] during the progression from normal colonic mucosa 

to colon carcinoma.7 Initial mutations in APC activates hyperproliferation in the normal 

epithelium and the formation of aberrant crypt foci lead to the development of small 

adenomas. Subsequently, a K- ras mutation promotes the growth of these adenomas into 

larger polyps. Finally, the combination of a p53 mutation and the loss of 18q result in the 

emergence of malignant cells, culminating in colon carcinoma.6 While CRC typically 

originates as precancerous polyps in the epithelial mucosa of the colon or rectum, they can 

progress outward to potentially enter the circulatory system, forming distant metastases. It 

can also invade the lymphatic system or the peritoneal cavity via direct implantation, 

leading to regional metastases [Figure 1.2]. It is noted that around 20% of newly diagnosed 

CRC patients present with distant metastases, while roughly 50% of all colorectal cancer 

patients without initial metastases will eventually develop metastasis.2, 8, 9  

Strikingly, researchers have suggested that unlike many other cancers, CRC may 

start developing into metastatic stage much earlier, as soon as the formation of the primary 

tumor. The exome-sequencing data from 118 biopsies from 23 CRC patients with 

metastases have shown that the genomic divergence between the primary tumor and 

metastasis is low and that canonical driver genes were acquired early. Analysis within a 

spatial tumor growth model and statistical inference framework indicates that early 

disseminated cells commonly (81%, 17 out of 21 evaluable patients) seed metastases while   
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Figure 1.1. a) Explanation of CRC development; 1) APC mutation happens first, 

followed by COX-2 overexpression which leads to hyperproliferation in the normal 

epithelium and the formation of aberrant crypt foci lead to the development of small 

adenomas; 2) Then a K-ras mutation promotes the growth of these adenomas into 

larger polyps; 3) Finally, the combination of a p53 mutation and the loss of 18q 

results in the emergence of malignant cells, culminating in colon carcinoma. b) 

Anatomical subtypes of colorectal cancer (CRC) and their associations with tumor 

molecular features and other factors. MSI: microsatellite instability, CIMP: CpG 

island methylator phenotype, HNPCC: hereditary non-polyposis colorectal cancer, 

CIN: chromosomal instability.10, 11
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Figure 1.2. Colorectal cancer peritoneal metastasis from precancerous polyp to 

secondary tumors; 1) CRC starts as precancerous polyps; 2) CRC progress and form 

a primary tumor in the colorectal lumen; 3) Cancer cells start to migrate through the 

colon wall into the circulatory system or the peritoneal cavity; 4) Cancer cells float 

inside the peritoneal cavity as intraperitoneal free cancer cells (IFCCs)l; 5) IFCCs 

land and adhere on peritoneal mesothelial cells; 6) Adhered CRC cells start to invade 

into the sub-mesothelial matrix and form a secondary tumor. 

the carcinoma is clinically undetectable (typically, less than 0.01 cm3).12 And again, only 

about 10% of those with late-stage (Stage IV) CRC survive beyond five years.4, 5  

The most frequent metastasis site is the liver (at least 25% of all CRC patients).12, 

13 As early as in 1889, Paget proposed the concept of “seed” and “soil” for “tumor cells” 

and “organs to be metastasized” in tumor metastasis.14 CRC liver metastasis cascade 

follows exactly what he proposed, just in a much more complex way. Liver metastasis of 

CRC can happen both hematogenously (through the blood stream) as well as through 
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invasion into the peritoneal cavity or lymph nodes as an example of regional metastasis.15, 

16 When the expression or function of intercellular adhesion molecules, like E-cadherin, is 

reduced, colorectal cancer (CRC) cells can detach from the primary tumor mass.17 They 

migrate through the extracellular matrix (ECM), invade into the neighboring tissues, intra- 

and extra-vasation if going through blood stream, survive in the circulation or peritoneal 

fluids, and finally, colonize to distant sites such as liver forming more aggressive secondary 

tumors.15 CRCs as well commonly metastasize to the lung (distant metastasis) 

and peritoneum (regional). Pulmonary (lung) metastases occur in 15% of CRC patients, 

and the lung is the second site of metastases occurrence after the liver.18, 19 Following that 

is the peritoneal metastasis (liver excluded) which accounts for 10-13% of all CRC 

patients.20, 21 Various other metastatic sites have been identified such as bone, spleen, brain 

and distant lymph nodes.22  

CRC intra-peritoneal (i.p.) metastasis can also be achieved via hematologic, lymph 

node, or direct extension.  Cancer cells may enter the peritoneal cavity either as single cells 

or in clusters, transforming into intraperitoneal free cancer cells (IFCCs).17, 23 The 

epithelial-mesenchymal transition (EMT) is crucial in endowing cancer cells with stem 

cell-like traits enabling them to survive matrix detachment, and increased motility, 

allowing them to migrate.24 During EMT, cellular motility is heightened, the ECM and 

cell-cell adhesion are disrupted, apical-basal polarity is lost, and the cytoskeleton is 

reorganized. These changes, driven by actin contraction, enable cancer cells to break away 

from the primary tumor site, migrate, and invade surrounding tissues.17, 25 The 

transformation of tumor cells at the invasive front into a mesenchymal-like state, as they 

shed their epithelial properties, enhances their aggressiveness.26 This adaptation allows 
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tumor cells to mimic processes seen in normal embryonic development, aiding in their 

survival in different microenvironments and facilitating their spread.17 Interestingly, it was 

suggested that the dissemination of IFCCs within the peritoneal cavity follows a specific 

pattern rather than occurring randomly. Factors such as respiratory movements, 

gravitational forces, and intestinal peristalsis influence this spread. These forces lead to 

changes in intra-abdominal pressure, which predispose certain regions, including the 

subdiaphragmatic area, the lesser sac, the mesentery, the diaphragm, and the paracolic 

sulcus, to a higher likelihood of metastasis.17, 27  

Nevertheless, CRC peritoneal metastasis (PM) also differs from the more 

recognized hematogenous spread in multiple ways, particularly in the detachment, 

dissemination, and attachment of tumor cells. The development of peritoneal 

carcinomatosis involves five essential steps: (1) detachment of tumor cells from the 

primary tumor and acquisition of motility, (2) evasion of anoikis, (3) adherence to the 

peritoneal surface, (4) invasion into the peritoneum, and (5) proliferation and formation of 

peritoneal metastasis.28, 29 The detachment of tumor cells from the primary tumor can occur 

through mechanisms such as spontaneous exfoliation of tumor cells in CRC growing 

through the serosa (T4 stage), spontaneous shedding of tumor cells into the lymphatics 

around the primary tumor due to increased interstitial fluid pressure, surgery-induced 

tumor spill from opening the tumor, transected lymphatics and blood vessels, or 

postoperative infections from anastomotic leakage, which has been associated with higher 

rates of tumor recurrence.28-31 On a molecular level, the detachment of tumor cells and 

subsequent acquisition of motility result from the downregulation of cell-cell adhesion  
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Figure 1.3 Colorectal cancer metastasis patterns change over the past 2 decades. The 

incidence of localized-stage disease has sharply declined, decreasing by 

approximately 4% annually from 2006 to 2019 overall. However, there has been an 

increase in advanced-stage disease, particularly among those under 65 years old. 

Since around 2010, rates of regional- and distant-stage disease have risen by about 3% 

per year in people under 50 years old, and by 2% and 0.5% per year, respectively, in 

individuals aged 50-64. In contrast, these rates have stabilized in those aged 65 and 

older since about 2015. Consequently, there has been a shift in the incidence patterns, 

with regional-stage disease now being the most common diagnosis among those over 

50, as well as in younger adults, surpassing localized-stage disease.3  
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molecules (CAMs) as part of EMT and changes in the cytoskeleton. Importantly, CAMs 

include integrins, cadherins, and selectins. The EMT process also involves EGFR, c-MET, 

and, particularly in the context of peritoneal carcinomatosis, the EMT trigger TWIST.28, 32 

Recently, attention has been focused on identifying the relevant adhesion molecules 

involved in peritoneal spread. Studies have shown that these molecules differ between 

hematogenous and peritoneal dissemination, suggesting distinct attachment processes. In 

hematogenous spread, primarily to the liver in CRC, adherence to the endothelium in the 

hepatic sinusoids requires CD44 binding to hyaluronan, blood group antigens sLeA and 

sLeX binding to selectins, and mucins binding to ECM components.28, 29 In contrast, 

peritoneal carcinomatosis, important adhesion molecules include integrins (e.g., α2β1) and 

their ligands, proteoglycans (e.g., CD44), members of the immunoglobulin superfamily 

(e.g., ICAM1, VCAM1, L1CAM), mucins (e.g., MUC16), and the epithelial cell adhesion 

molecule (EPCAM). There is ongoing debate regarding the significance of each of these 

molecules concerning metastatic sites. Data suggest that blood group antigens are involved 

only in hematogenous spread, while L1CAM and proteoglycans are specific to peritoneal 

dissemination.28, 29 Although the exact differences are still unclear, there is consensus on 

the critical role of adhesion molecules in metastatic spread, particularly since free-floating 

tumor cells in the peritoneal cavity do not necessarily result in peritoneal carcinomatosis. 

28, 29 The invasion into the peritoneum requires proteolytic enzymes such as matrix 

metalloproteases (e.g., MMP2/7/9) secreted by tumor cells or surrounding stromal cells. 

After invasion, tumor cells must survive in the new environment and sustain proliferation, 

with IGF-1 and angiogenesis-promoting factors such as HIF1α and VEGF playing crucial 
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roles. IGF-1 mRNA has been shown to be overexpressed in peritoneal spread compared to 

liver metastases.28, 32 

Among individuals over 50 years old, it has been reported that regional metastasis, 

which metastasis into adjacent lymph nodes or the peritoneal cavity, has become more 

common, a trend also observed in younger adults .3 Over the past decade, the incidence of 

localized-stage disease has decreased, but there has been an increase in regional-stage 

diagnoses, particularly among those under 65 years [Figure 1.3] .3 This stage of CRC 

presents unique treatment challenges and exhibits variations between men and women. 

Approximately 35-40% of all CRC patients experience peritoneal metastasis, which 

complicates treatment and necessitates specialized management strategies.3, 27, 33 

Compared to localized-stage or distant metastasis, peritoneal metastasis (PM) in CRC cases 

usually means that patients lose the possibility of conventional therapy and have a worse 

prognosis.17, 34, 35  

Due to the nature of CRC, patients’ and survivors’ quality of life, including physical, 

social, sexual, and psychological well-being, could also be severely affected. One of major 

issue that many CRC survivors would face is a colostomy, a surgical operation, temporary 

or permanent, that involves making an opening, known as a stoma, in the large intestine 

(colon) and bringing it to the surface of the abdomen. The stoma enables bodily waste, 

including feces, to exit the body and be collected in a bag worn over the stoma.36 An 

estimated 18%–35% of CRC survivors have received temporary or permanent intestinal 

ostomies as part of their cancer treatment.37 Stoma issues such as leakage and skin irritation 

were frequently encountered by ostomates. Those without a stoma or with a reversed stoma 

often face long-term and unpredictable changes in bowel function. Survivors frequently 
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adjust their dietary habits, including the timing, quantity, and types of food they consume, 

to manage bowel function. Less frequent symptoms include fatigue, sleep disturbances, 

and anal pain.38 

Fortunately, the diagnosis and treatment of CRC have seen significant 

advancements over the years. Since the mid-2000s, CRC incidence in the USA has 

decreased by 2–3% per year in both men and women.34 New technologies such as targeted 

therapies and immunotherapy demonstrate superior quality of life benefits over traditional 

chemotherapies. Monotherapy with drugs like cetuximab has been associated with 

significant improvements compared to combination therapy.2 Enhanced screening 

techniques, such as colonoscopy and fecal occult blood tests, have facilitated early 

detection and improved survival rates. The introduction of routine screenings in the late 

20th century led to a shift in the stage at diagnosis, with more cases being identified at 

earlier, more treatable stages.1 This contributed to a significant decline in the annual age-

standardized CRC incidence rate from its peak in 1985, largely due to improved screening 

and prevention strategies.1 Over the 10-year course, the 3-year survival rate for patients 

with metastatic rectal cancer has increased from 25% to 30%.2 However, recent trends 

show a shift back to advanced-stage diagnoses, likely due to factors such as screening 

saturation and the aggressive nature of early-onset CRC.1 

1.2 Colorectal Cancer Subtypes 

From a molecular perspective, colorectal cancer (CRC) is not a single disease but 

rather a collection of subtypes distinguished by specific genetic and morphological 

alterations. The most prevalent genetic alteration in CRC is chromosomal instability (CIN), 
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found in approximately 84% of all sporadic CRC cases. This subtype is characterized by 

numerous chromosomal changes, which contribute to tumorigenesis. Another significant 

subtype, present in about 13-16% of sporadic CRC cases, is hypermutated and exhibits 

microsatellite instability (MSI).39, 40 MSI accounts for the inactivation of genes involved in 

the repair of base-base mismatches in DNA, defined as MMR genes such as hMSH2, 

hMLH1, hPMS1, hPMS2 or hMSH6.40 Additionally, there are hereditary forms of CRC, 

such as Lynch syndrome and familial adenomatous polyposis, which, though less common, 

possess distinct genetic profiles and clinical implications.35 In MMR deficiency, such 

inactivation can be inherited, as seen in hereditary non-polyposis colorectal cancer 

(HNPCC) (where approximately 95% of mutations involve hMSH2 or hMLH1), or 

acquired, as observed in tumors with methylation-associated silencing of a gene encoding 

an MMR protein. An example of this is the biallelic silencing of the MLH1 gene's promoter 

region through promoter methylation (13,30).40-42 It has also been observed that germline 

deletions in the EpCAM (epithelial cell adhesion molecule) gene, also known as TACSTD1, 

have been found in some families with Lynch syndrome. These families lacked MMR gene 

mutations due to the uncommon hyper-methylation of the hMSH2 promoter.40, 43 

CRC can be further categorized into several molecular subtypes, each exhibiting 

unique genetic and morphological traits. These consensus molecular subtypes (CMS) 

include CMS1 (MSI immune group), CMS2 (canonical subtype), CMS3 (metabolic 

subgroup), and CMS4 (mesenchymal type).44 These subtypes correspond to different 

tumorigenesis pathways and have significant implications for both prognosis and treatment 

strategies. For example, CMS1 is frequently associated with microsatellite instability and 

immune cell infiltration, indicating a robust immune response towards the tumor. On the 
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other hand, CMS2 is characterized by chromosomal instability and the activation of WNT 

signaling pathways. CMS3 tumors frequently display mutations in KRAS, in line with an 

increase in metabolic pathways, and are generally CIMP low. TGFβ pathway is active in 

CMS4 tumors and serrated adenomas are predicted to progress to this cancer subtype. A 

large proportion of CMS1 and a subset of CMS4 tumors carry an activating mutation 

in BRAF.44 

The development of CRC is influenced by the cell of origin and the initial genetic 

mutations, which determine the subtype and guide its progression along distinct 

developmental paths based on anatomical location and other factors. Right-sided CRC 

(proximal colon, RCRC) often features characteristics associated with CMS1, including 

microsatellite instability, CpG island methylator phenotype (CIMP), and the 

BRAF^V600E mutation. In contrast, left-sided CRC (distal colon, LCRC) typically 

exhibits characteristics of CMS2, such as high chromosomal instability and common 

mutations in genes like APC, KRAS, and TP53 [Figure 1.1b]. 10, 44, 45 In a cohort study 

based on data from the SEER, the median survival of patients in the US was found to be 

78 months for RCRC and 89 months for LCRC (P = 0.001).11, 46, 47 Interestingly, a 

comparison between stage III and IV RCRC and LCRC patients showed poorer overall 

survival for RCRC patients, while stage I and II RCRC patients exhibited better overall 

survival than those with LCRC.11, 46 Generally speaking, women are more susceptible to 

right-sided colon cancer, which is linked to a more aggressive form of neoplasia compared 

to left-sided colon cancer [Figure 1.1b].4 Right-sided colon cancer has patients 48% in 

males and 52% in females, while left sided colon cancer has 61% male patients and 39% 

female patients.48 Left and right sided CRC have also shown age disparities [Figure 1.1b]. 
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The right-sided CRC incidence rates increase with age: 49% (65–74 years), 58.2% (75–

84 years), and 65.9% (≥ 85 years) (p  < 0.001).49 In the meantime, for individuals aged < 

50, most of these tumors were distal (rectum, left-sided colon, and right-sided colon were 

49.8%, 28.8%, and 21.4%, respectively).50 These variations underscore the biological 

diversity within CRC and highlight the importance of considering tumor location in both 

diagnosis and treatment planning.10, 11 

1.3 CRC Disparities among Demographic Groups 

Significant disparities exist in CRC incidence and outcomes across different 

demographic groups. A comprehensive study examined somatic mutation patterns by 

race/ethnicity and sex among 5,856 non-Hispanic White (NHW), 535 non-Hispanic Black 

(NHB), and 512 Asian/Pacific Islander (API) CRC patients, including 2,016 early-onset 

cases (diagnosed before the age of 50). Disparities were noted in the impact of mutations 

in genes like APC and FBXW7 between early-onset and late-onset non-hypermutated CRC. 

APC mutation rates in those patients across racial/ethnic groups are 59% of API individuals, 

76% of NHB individuals, and 75% of NHW individuals. 21% of tumors from young non-

Hispanic Asian individuals had FBXW7 mutations versus 15% of young NHW or 11.7% 

of young NHB patients.51 Similarly, FLT4, RNF43, LRP1B, PIK3CA, and ATRX are also 

shown to get significantly differed across racial/ethnic groups for early-onset non-

hypermutated tumors.51  

Another study showed that of incidences per 100,000 population, African 

Americans are 41.9 while that of European Americans are 37.0 in 2021.52 The newest 
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SEER data are consistent with the finding [Table 1],54 with American Indian/Alaska native 

people having the highest incidences, 58.6, followed by NHB (43.6) and NHW (37.7). At 

diagnosis, African Americans and European Americans present at a similar ratio for Stage 

I and II patients, 37% vs. 38%. Only 32% of African Americans present with regional/less 

fatal disease as compared to 36% of European Americans. However, 26% of African 

Americans present with metastatic CRC as compared to only 22% of European 

Americans.52 Overall 5-year CRC survival rates for African Americans have been 

consistently 6-12% below that of European Americans, with African American overall 

survival rates at 61% and European American survival rates at 67% in 2017.52 

 

 

TABLE 1.1 

SEER U.S. AGE-ADJUSTED COLORECTAL CANCER INCIDENCES PER 

100,000, 2021 

 

Race 
Hispanic 

(any race) 

Non-Hispanic 

American Indian 

Alaska Native 

Asian                

Pacific 

Islander 

Black White 

Overall 35.3 58.6 31.3 43.6 37.7 

Female 30.9 52.4 27.4 38.8 33.1 

Male 40.4 65.9 36 50.3 42.8 
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1.3.1 CRC Disparities by Age 

It is increasingly recognized that cancer is fundamentally a disease associated with 

aging. Our lab has also demonstrated that the peritoneal metastatic tumor burden from 

ovarian cancer increases with age.53 Similarly, age is one of the primary risk factors for 

colorectal cancer (CRC), with approximately 90% of patients being over 50 years old.54-57. 

At diagnosis, the median age of patients with colon cancer is 68 years for men and 72 years 

for women; the median age of patients with rectal cancer is 63 years for both genders.34 

Statistics from the American Cancer Society (ACS) and Surveillance, Epidemiology, and 

End Results Program (SEER) indicate that patients older than 65 have significantly higher 

incidence rates for all stages of CRC.3, 47 Additionally, a higher incidence of CRC has been 

observed in men compared to women across most age groups, especially under the age of 

65 [Figure 1.4].54 

A review of operative outcomes for colorectal cancer in the United States, utilizing 

data from the Nationwide Inpatient Sample between 2001 and 2010, revealed that among 

an estimated 1,043,108 CRC patients, 63.8% of surgeries were performed on those aged 

65 and older, and 22.6% on patients aged 80 and older. Patients aged 80 and older were 1.7 

times more likely to undergo urgent admission compared to those younger than 65. When 

compared to patients aged 45 to 64, the study found that risk-adjusted in-hospital mortality 

increased with advancing age: 65 to 69 years (odds ratio, 1.32; 95% CI, 1.18-1.49), 70 to 

74 years (2.02; 1.82-2.24), 75 to 79 years (2.51; 2.28-2.76), 80 to 84 years (3.15; 2.86-

3.46), and 85 years and older (4.72; 4.30-5.18) (P<.01). Similarly, higher risk-adjusted 

morbidity was observed with increasing age: 65 to 69 years (odds ratio, 1.25; 95% CI, 1.21-
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1.29), 70 to 74 years (1.40; 1.36-1.45), 75 to 79 years (1.54; 1.49-1.58), 80 to 84 years 

(1.68; 1.63-1.74), and 85 years and older (1.96; 1.89-2.03) (P<.01).58 Such comparison 

highlighted the need to improve and develop health care strategy to better help aged CRC 

patients. 

 

Figure 1.4. 2023 Estimate of colorectal cancer cases and deaths; Numbers 

summarized from ACS statistical reports. The data reveal a clear increase in the 

number of cases and deaths with advancing age, with the highest incidence occurring 

in individuals aged 65 and older. There is a total of 8990, 19400, 42770 female CRC 

cases and 10560, 28810, 42490 male CRC cases for age groups 0-49, 50-64, 65+ years 

respectively (Bars, left y-axis). The number at the middle of each bar represents the 

# of colon cancer cases (without rectal). There is a total of 1600, 5130, 17350 female 

CRC deaths and 2150, 8030, 18290 male CRC deaths for age groups 0-49, 50-64, 65+ 

years respectively (Lines, right y-axis). Males overall have higher mortality than 

females. Although the risk of colorectal cancer is higher in men than in women, the 

number of new cases in people ages 65 years and older is similar.3  
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The impact of age on CRC extends beyond the increased risk and mortality rates. 

Age-related factors also influence the biology and treatment response of CRC, further 

complicating management in older adults. Moreover, older patients often present with 

comorbid conditions, which can affect their ability to tolerate and respond to treatment. 

These age-related variations underscore the need for tailored approaches in the prevention, 

diagnosis, treatment, and longterm survivorship of CRC among older adults. Overall, the 

intersection of aging and CRC highlights the importance of continued research and 

intervention strategies aimed at improving outcomes for this more vulnerable population. 

By addressing the unique characteristics posed by age, researchers and healthcare providers 

can better support older adults in managing CRC and enhancing their quality of life. 

1.3.2 CRC Disparities by Gender 

While age is one of the major risk factors for cancer and metastasis, biological sex 

also significantly impacts metastasis and survival rates. In numerous cancer types (pan-

cancer), the incidence and survival rates both are lower in males compared to females.59 

For instance, studies on 164,996 colorectal cancer patients in Germany demonstrated that 

biological gender affects survival rates, with women showing significantly higher long-

term survival rates. However, this advantage diminishes after the age of 65 [Figure 1.4].60 

A recent study involving over 14 million patients found that while males have a lower 

cancer incidence (Incidence Rate Ratio 0.958; 95% CI 0.957–0.959; P < 0.001), they 

experience worse survival outcomes (Hazard Ratio 1.568; 95% CI 1.564–1.573; P < 0.001) 

compared to females.59 Furthermore, cancer incidence is higher in females compared to 
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males in the age range of 15 to 39 and those 65 and older, whereas it is higher in males 

compared to females aged 0 to 14 and 40 to 64.59 

In another review, the Global Cancer Observatory evaluated the age-standardized 

incidence rates (ASIR) and showed that globally in every 100,000 population each year, 

incidences in males (23.6 per 100,000 person-years) was 45% higher compared to females 

(16.3 per 100,000 person-years).10, 61 Additionally, males have a 50% higher cumulative 

risk (CR) of developing CRC than females (CR 2.75 vs. 1.83).10, 62 In Korea, cancer 

statistics from 2017 showed an ASIR of 30.8 per 100,000 persons, with rates of 39.9 in 

males and 23.0 in females.10, 63 The sex disparity in younger patients is not clear since the 

incidence of CRC in females under 50 years old is very low. The tendency for CRC to 

occur more frequently in males than in females becomes apparent from ages 45–50 in the 

USA, UK, and China.10 

Several factors potentially contribute to these disparities including sex hormones, 

biases in coding and noncoding cancer drivers, mutation prevalence and signatures, and 

reproductive stages.64-66 Data from the American Cancer Society (ACS) confirm that men 

have a higher overall risk of developing CRC compared to women, though the number of 

new cases in older age groups, more than 65 years old, is similar between genders.3 Women 

generally have a survival advantage over men, particularly under the age of 65.3 

Additionally, the incidence of CRC in younger adults is on the rise, presenting unique 

challenges for diagnosis and treatment.1 Females and males have also shown disparities in 

the rate of developing left and right sided CRC, which has been described in Chapter 1.2. 
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Screening uptake also varies by gender. In a study in the UK, women under 69 

years were more likely to present as emergency cases, while men are more often diagnosed 

through screening and two-week-wait referrals, a system that allows a patient with cancer 

related symptoms to be seen as quickly as possible.67 Similar gender-specific differences 

have been observed in Korea, China, and England.68-70 There are growing calls for gender- 

and age-based screening and treatment protocols for CRC.68, 71 However, common gender 

differences such as sex hormones exhibit age-dependent changes in their abundance, which 

do not always correspond to the magnitude of sex differences in cancer incidence and 

severity.72 

It has been suggested that this disparity may also be due to behavioral and social 

differences: men typically consume more red or processed meat, have higher alcohol 

consumption, smoke more, and tend to accumulate more abdominal visceral fat. Notably, 

although racial disparities greatly influence CRC incidence, in the US males presented with 

higher CRC incidences in all racial groups [Table 1.1]. All these factors are linked to an 

increased risk of CRC. However, some studies have indicated that even when these 

modifiable factors are controlled for, differences in CRC incidence between men and 

women remain.54, 55, 67, 73, 74 These findings suggest that while the fundamental biology of 

sex differences impacts cancer, the influence of host biological sex on cancer peritoneal 

metastasis remains largely unknown. Unfortunately, the understanding of how gender and 

age affect CRC progression and metastasis remains either lacking or conflicting.65 Such 

complexity highlights the necessity for further research to unravel the interplay between 

gender, age, and CRC, which could lead to more tailored and effective screening and 

treatment strategies. 
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1.4 Peritoneum and Mesothelium 

As mentioned in Chapter 1.1, metastatic CRC (Stage IV), can be either distant or 

regional. Regional metastasis of CRC has become more common;3  thus, it is important to 

examine the peritoneal cavity where the colon and rectum sits. The peritoneal cavity, which 

houses numerous vital organs, provides an environment conducive to the progression of 

late-stage cancer progression known as intraperitoneal metastasis. One of the primary 

components of this cavity is the peritoneum [Figure 1.5], consisting of two main 

compartments separated by a thin basement membrane (BM): the mesothelium and 

supporting connective tissues.75-77 This expansive, translucent serous membrane lines the 

inner walls of the abdominal cavity and the external surfaces of the visceral organs, known 

respectively as the parietal (18%) and visceral (82%) peritoneum.53, 75, 76, 78-81 The 

peritoneum's continuous surface area is approximately 1 to 2 square meters, nearly 

equivalent to that of the skin.53, 75, 76 Surprisingly, almost all peritoneal organs, including 

stomach, liver, and spleen, are not originally located within the peritoneal cavity itself 

which normally only contains peritoneal fluid. Instead, during embryological development, 

intraperitoneal organs invaginate and are completely or almost completely covered by the 

visceral layer of peritoneum.82 In addition to covering the visceral organs, the peritoneum 

folds on itself to form structures such as the mesentery and the omentum [Figure 1.5], 

which are significant sites for peritoneal metastasis.53, 83  

The mesothelium, an elastic monolayer of mesothelial cells (MC) with a collagen 

I-rich sub-mesothelial matrix [Figure 1.2], lines the surface of the peritoneum. The sub-

mesothelial matrix comprises extracellular matrix (ECM) proteins, capillaries, fibroblasts,  
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Figure 1.5. Sagittal section of the peritoneal cavity (female adult). Peritoneal 

peritoneum (parietal and visceral, dark pink curves) is one of the major structures 

lining the majority of the inner surface area of the abdominal cavity. It also folds to 

form omentum, mesentery and mesosigmoid. These features make the peritoneum 

the front line facing metastatic cancer cells. 
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and various types of innate immune cells, such as natural killer (NK) cells, mast cells, and 

macrophages.75 The ECM acts as a scaffold and transmits biochemical and biomechanical 

signals to cells.84 The mesothelium functions to protect and reduce friction between 

abdominal organs, acts as a dialyzing membrane, and participates in host defense and 

regeneration, thus contributing to the homeostasis of the peritoneal cavity.77 This 

anatomical structure is crucial in the context of peritoneal metastasis in colorectal cancer 

(CRC). During the process of CRC peritoneal metastasis, cancer cells detached from the 

primary tumor must first adhere to the surface of adjacent organs in order to colonize a new 

metastasis site. As a result, the mesothelium, more specifically the mesothelial cells, will 

be the first in contact. Mesothelial cells are specialized epithelial cells that originate from 

the mesoderm during development.85 They possess unique mesenchymal characteristics, 

expressing vimentin and cytokeratin 18, which distinguishes them from other epithelial 

cells.86-91  

Figure 1.6a and 1.6b show scanning electron microscopy (SEM) images revealing 

the apical surface of the mouse peritoneal mesothelium. The monolayer is covered with 

numerous long and thin microvilli, which are less densely packed than those in the 

epithelium lining the lumen of the intestine or kidney, where nutrient transport occurs.92 

Mesothelial cells are arranged in a mosaic or polygonal pattern, with microvilli often being 

most dense at the borders.93 Figure 1.6c and 1.6d illustrates the junction between the host 

mesothelium and a secondary colorectal cancer tumor growing on the surface of this 

peritoneum. 

A critical early event for successful metastasis onto peritoneal organs is the 

interaction of cancer cells with these peritoneal mesothelial cells. Only after a successful 
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adhesion of the cancer cell onto the mesothelial cell can a cancer cell begin its next steps 

including invasion into the sub-mesothelial collagen matrix and proliferate. As a result, it 

will be necessary to investigate the activities of cell adhesion proteins such as N-cadherin 

and E-cadherin, as well as matrix modifying proteins such as matrix metalloproteases 

(MMPs). It is also reported that free CRC cells release a range of pro-inflammatory 

cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, and interferon 

(IFN)-γ. These cytokines stimulate healthy cells, especially peritoneal MCs to upregulate 

the expression of intercellular adhesion molecules such (ICAM), platelet endothelial cell 

adhesion molecule (PECAM), vascular cell adhesion molecule (VCAM), and other 

immunoglobulin superfamily cell adhesion molecules (IgCAMs). This response leads to 

mesothelial cells contracting and becoming more rounded, exposing the basement 

membrane. Concurrently, IFCCs adhere to MCs through the specific interaction between 

CD43 (sialophorin) on the cancer cells and the IgCAMs on HPMCs.17, 94 Following this, 

mesothelial cells produce lysophosphatidic acid, which further enhances the adhesion of 

cancer cells, creating a positive feedback loop. Additionally, IFCCs express CD44, a cell 

surface glycoprotein that binds to hyaluronic acid secreted by mesothelial cells, promoting 

tumor cell adhesion to the mesothelium.95 A small number of tumor cells then invade the 

mesothelial layer, inducing apoptosis in HPMCs via the FasL/Fas pathway, thereby 

breaching the peritoneal barrier and infiltrating the sub peritoneal space.17, 96 Such process 

also involves the action of matrix metalloproteinases (MMPs), which are released by cells 

such as mesothelial cells, fibroblasts, inflammatory cells, and macrophages when tumor 

cells invade the sub-peritoneal space. These MMPs degrade the extracellular matrix (ECM), 

facilitating the spread of cancer.17 Additionally, the urokinase-type plasminogen activation  
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system contributes by activating pro-MMPs and further breaking down ECM 

components.97-99 This degradation allows tumor and stromal cells to secrete various growth 

factors, including the epidermal growth factor receptor (EGFR) and insulin-like growth 

factor 1 (IGF-1), through autocrine and paracrine signaling, promoting the continuous 

  

  

Figure 1.6. a) and b) Apical surface of mouse peritoneal mesothelium c) and d) 

Metastatic colorectal cancer growing on the peritoneal surface of mouse.   

a b 

c d Tumor 

Mesothelium 
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proliferation of cancer cells.17, 100 This interaction is hypothesized to be differentially 

impacted by both gender- and age-related differences in peritoneal mesothelial cells, 

thereby influencing the success of CRC metastasis. Understanding these interactions and 

the role of mesothelial cells can provide insights into the mechanisms of peritoneal 

metastasis and help develop targeted therapies to prevent or treat metastatic spread in CRC 

patients. 

1.5 Study Objective 

The primary objective of the proposed study is to deepen our understanding of how 

gender and age differences influence peritoneal metastasis in colorectal cancer (CRC) 

through the use of proteomic approaches. Previous research has indicated that 

approximately 35-40% of CRC patients develop peritoneal metastasis, a severe condition 

that can ultimately lead to death.3, 27, 33 The metastasis process may begin as early as the 

formation of the primary tumor, suggesting that any patient diagnosed with CRC has a 

significant risk of developing metastasis in the future.12 While early-stage CRC can often 

be treated successfully with surgery, metastatic CRC is much more challenging to eliminate 

and is frequently fatal. Among the estimated 150,000 CRC cases, approximately 50,000 

deaths occur, with many attributed to metastasis, particularly among older individuals and 

males. 

The overarching goal of this study is to identify and investigate therapeutic targets 

that are unique to for different gender and age groups, with the aim of preventing  or 

treating CRC metastasis in these populations. To achieve this goal, the study is structured 

around three main aims. 
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The first aim focuses on the hypothesis that different gender and age groups exhibit 

distinct patterns or extent of CRC metastasis. This aim will be addressed by examining the 

functional impact of gender- and age-related changes in peritoneal tissues on tumor-host 

interactions in CRC metastasis. Using an allograft model, the study will compare metastatic 

seeding in cohorts of young and aged male and female mice, which will be injected intra-

peritoneally (i.p.). Both in vivo and ex vivo fluorescent imaging techniques will be 

employed to qualify CRC metastasis patterns across these different groups. 

The second aim explores the hypothesis that the group with the most significant 

tumor burden will have a unique host proteome compared to others, with specific proteins 

driving these differences. This aim will involve conducting a proteomic characterization of 

gender- and age-related differences in tumor-naïve murine primary peritoneal mesothelium. 

The study includes the development of techniques to isolate and culture murine primary 

peritoneal mesothelial cells (MPPMC), enabling an analysis of proteomic differences in 

non-cancerous cells across different gender and age groups. This analysis will help identify 

unique proteins in the most tumor-rich group identified in the first aim. 

The third aim of the study seeks to characterize and validate the proteins identified 

in the second aim through in vitro and ex vivo protein function assays. The underlying 

hypothesis here is that treating healthy cells with inhibitors targeting the proteins identified 

in the second aim will reduce the impact of age and gender differences observed in the first 

aim, particularly in cancer cell adhesion models that are involved in early metastatic 

seeding. By doing so, the study aims to explore how these proteins contribute to CRC 

metastasis and their potential as therapeutic targets. 
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In summary, Aim 1 will first investigate the gender and age effects on CRC 

peritoneal metastasis. Aim 2 will then identify proteins that are differentially expressed in 

these groups through proteomic analysis. Finally, Aim3 will validate the role of these 

protein(s) in mediating CRC metastasis, with the ultimate goal of identifying therapeutic 

targets that can be used to prevent metastasis in different gender and age groups. 

Unlike most studies that focus on the cancer itself, this study is concentrating on 

the hosts. While the incidence of cancer may be unpredictable and challenging to prevent, 

it is possible to explore potential methods tailored to the needs of different genders and age 

groups to prevent primary or recurrent colorectal cancer from metastasizing, which 

accounts for the majority of fatalities. Our innovative approach seeks to provide molecular-

level insights by identifying proteins specific to each gender and age group. The long-term 

goal is to understand how these proteins contribute to intra-peritoneal metastatic seeding 

and to identify new targets for preventing metastatic spread. One of the significant findings 

from this study is the identification of Prl-1 (Chapter 4), Phosphatase of regenerating liver 

1, as a target that enhances the success of CRC peritoneal metastasis. Prl-1 is found 

exclusively expressed in the MPPMCs from Aged Male mice which has shown the most 

tumor burden in the in vivo study. The pro-metastatic effects of Prl-1 have been validated 

through the inhibition of Prl-1 and its downstream targets in both in vitro and ex vivo assays. 

By focusing on the proteomic differences associated with gender and age, this study 

aims to uncover specific proteins that play critical roles in the metastatic process. 

Understanding these differences could lead to the development of more effective, targeted 
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therapies that consider the patient's age and gender, thereby improving treatment outcomes 

and survival rates for CRC patients with peritoneal metastasis.  
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CHAPTER 2.  

IN VIVO COHORT STUDY USING ALLOGRAFT MODEL TO MEASURE CANCER 

METASTASIS 

 

 

 

2.1 Abstract 

Cancer is a disease that predominantly affects older individuals. Our laboratory has 

recently demonstrated an increase in peritoneal metastatic tumor burden from ovarian 

cancer with advancing age.53 While age remains one of the most significant risk factors for 

cancer and metastasis, the biological sex of the host also plays a crucial role in influencing 

metastasis and survival outcomes. Notably, in a pan cancer research, the survival rates tend 

to be lower in males compared to females, while the incidence rates for males are equal or 

less than females.59 It indicates that males are overall more prone to cancer related death, 

especially given that there is a similar number of patients diagnosed with cancer in both 

genders. Specifically in colorectal cancer (CRC), both cancer incidence and deaths are 

higher in males, especially under the age of 65, highlighting the serious mortality concerns 

for male CRC patients. Chapter 1 has explored published data on gender and age disparities, 

highlighting their substantial impact on CRC prognosis and survival. The findings suggest 

that fundamental biological differences between sexes influence cancer progression, yet 

the specific effects of biological sex on cancer peritoneal metastasis remain unclear. 
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This study seeks to enhance our understanding of the influence of gender and age 

on peritoneal metastasis in colorectal cancer (CRC). It is hypothesized that gender- and 

age-related differences in peritoneal mesothelial cells will differentially affect the 

interaction between tumor cells and mesothelial cells, thereby influencing the success of 

CRC metastasis. The initial objective is to evaluate the effects of gender and age on CRC 

intra-peritoneal (i.p.) metastasis. A comparative analysis of metastatic seeding has been 

conducted in cohorts of young and aged, male and female mice injected intra-peritoneally, 

utilizing both in vivo and ex vivo fluorescent imaging techniques. Our results indicate that 

aged male mice exhibit the highest tumor burden which aligns with epidemiological data. 

Additionally, CRC appears to selectively target adipose tissues which are heavily covered 

by visceral peritoneum during i.p. metastasis. Males, in particular, show a greater number 

of tumors in abdominal adipose tissue compared to females, with tumor intensity increasing 

with age. Notably, the omentum exhibits gender-specific differences predominantly in 

aged groups, rather than in young groups. 

These findings provide valuable insight into the biological mechanisms that may 

promote CRC i.p. metastasis, particularly in aged males. By focusing on the proteins 

potentially involved in this process, as will be further explored in Chapter 3, we aim to 

identify new targets for therapeutic intervention to prevent metastatic dissemination. 
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2.2 Materials and Methods 

2.2.1 Materials 

The cell culture media used is composed of Dulbecco’s Modification of Eagle’s 

Medium (DMEM, Corning, Midland, MI), supplemented with 1% penicillin-streptomycin 

solution (Corning), 10% fetal bovine serum (FBS, Gibco, Carlsbad, CA), 1% Non-essential 

amino acids (Sigma-Aldrich, St. Louis, MO), 1% GlutaMAX (Gibco), 1% HEPES buffer 

(Corning), and 1% Sodium pyruvate (Gibco). 

2.2.2 Animal and cell line. 

C57Bl/6 male and female mice were purchased from Jackson Laboratory at 2 age 

points: mature young (3-6 months old) mice (equivalent to human 20-30 years old) and 

aged (20-23 months old) mice (equivalent to human 60-67 years old).53, 101 Cohorts (10 

mice per cohort) were defined as Female Young (FY), Female Aged (FA), Male Young 

(MY) and Male Aged (MA).  All animal procedures were carried out according to the 

regulations of the Institutional Animal Care and Use Committee (IACUC) at the University 

of Notre Dame. The murine colon adenocarcinoma cell line MC-38, syngeneic with 

C57Bl/6, was purchased from Kerafast, MA.  

2.2.3 RFP tagging of MC-38 cells 

MC-38 was seeded on 24 well plates, 3000 cells/well until 80% confluency. 

Lentivirus encoding red fluorescent protein (RFP) was added to each well in a Multiplicity 

of Infection (MOI) gradient from 0.5 to 20 and incubated for 24 hours. Cells which 

survived were first screened under fluorescent microscope for RFP signal. Cells with MOI 
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= 10 were selected and sent to IUSM-SB Core Facility for cell sorting, generating new 

culture of MC-38-RFP cells [Figure 2.1].  

2.2.4 Assessing Tumor Burden in Allograft Model of CRC Metastasis 

To establish an allograft model of i.p. metastasis [Figure 2.1], MC-38-RFP cells (1x105) 

were injected intraperitoneally (i.p.) into 4 separate cohorts of FA, FY, MA, MY mice, 10 

mice from each cohort. Mice were monitored 3 times per week for disease condition and 

in vivo live imaging was taken each week to monitor tumor growth. Mice abdominal hair 

was removed weekly before imaging under anesthesia. Mice were anesthetized with 2.5% 

isoflurane, then placed on a sterile heating pad during imaging and hair removal. A nose 

cone was used to deliver 2.5% isoflurane during procedures. Tumor burden was monitored 

by longitudinal live imaging of the RFP signal for 4 weeks. Mice were then sacrificed. 

Fluorescent images were taken in situ with abdominal cavity exposed. Peritoneal organs 

were collected individually for ex vivo fluorescent images. Fluorescent signals were 

quantitatively analyzed using ImageJ. Tumor burden in the abdominal and organ images 

was analyzed by calculating the tumor area and the intensity of the RFP signal in that area 

(Raw Integrated Density). The threshold was set to 5500-65535 for in vivo pictures and 

10000-65535 for ex vivo and in situ pictures. The quantitative data is analyzed with 

standard two-way ANOVA. 

2.3 Results and Discussion 

In this cohort study, visual inspection of the tumor burden in live mice indicated 

that the Male Aged cohort displayed the greatest tumor growth, as observed through in vivo 

imaging [Figure2.2a]. Both aged female and male demonstrated more tumor burden than 
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Figure 2.1 Work flow for assessing tumor burden in allograft model of CRC 

metastasis; MC-38-RFP cells (1x105) were injected intraperitoneally (i.p.) into 4 

separate cohorts of FA, FY, MA, MY mice, 10 mice from each cohort. To monitor 

tumor growth, tumor burden was monitored by longitudinal live imaging of the RFP 

signal for 4 weeks. Mice were then sacrificed. Fluorescent images were taken in situ 

with abdominal cavity exposed. Peritoneal organs were collected individually for ex 

vivo fluorescent images. Fluorescent signals were quantitatively analyzed using 

ImageJ. F: Female; M: Male; A: Aged; Y: Young 

the young groups [Figure 2.2b]. To obtain a more precise measure of tumor burden, we 

utilized in situ fluorescent imaging of the exposed abdominal cavity post-sacrifice [Figure 

2.2c], with the mean tumor burden quantified in Figure 2.2d. Overall, aged male mice had 

the highest tumor burden, significantly exceeding that of the FA and FY groups. This 

observation aligns with clinical data indicating increased CRC incidence and mortality with 

aging.3, 47, 58 Similarly, epidemiological studies reveal that men generally experience higher 

CRC incidence and poorer survival rates compared to women.10, 61, 102 While it is 

reasonable to hypothesize that aged males would exhibit the highest tumor burden, data 

show that females tend to have worse survival outcomes beginning after age 65, suggesting  



 

35 

 

 

  

Figure 2.2 MC-38-RFP cells (1x105) were injected intraperitoneally (i.p.) into 4 

separate cohorts of FA, FY, MA, MY mice, 10 mice from each cohort. To monitor 

tumor growth, tumor burden was monitored by longitudinal live imaging of the RFP 

signal for 4 weeks. a) In vivo live imaging at week 4; b) quantitative analysis of in vivo 

fluorescent images of the mice; Mice were then sacrificed. Fluorescent images were 

taken in situ with abdominal cavity exposed. Peritoneal organs were collected 

individually for ex vivo fluorescent images; c) in situ imaging of the peritoneal cavity; 

d) quantitative analysis of in situ fluorescent images of the abdominal organs F: 

Female; M: Male; A: Aged; Y: Young 

a 

b 

c 

d 
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that the tumor burden in aged females could be comparable to that in aged males.3, 54 This 

discrepancy may arise from differences in the physiological aging process between humans 

and mice. Furthermore, in vivo imaging [Figure 2.2a and b] and in situ imaging [Figure 

2.2c and d] gave somewhat different results, with respect to statistical significance. In vivo 

imaging showed significant differences when comparing MA to MY and FA to FY, while 

in situ imaging showed significant differences when comparing FA to MA and FY to MA. 

These results highlight the inherit challenges in quantifying widely disseminated i.p. 

metastasis. Overall, the MA cohort displayed the greatest overall tumor burden. In a 

follow-up experiment using only the MA and MY cohorts (n = 5), in situ imaging showed 

a statistically significant differences comparing MA to MY [Figure 2.3]. Organ-specific 

Figure 2.3 Follow-up comparisons of MA and MY cohorts. MC-38-RFP cells (1x105) 

were injected intraperitoneally (i.p.) into cohorts of MA, MY mice, 5 mice from each 

cohort. To monitor tumor growth, tumor burden was monitored by longitudinal live 

imaging of the RFP signal for 4 weeks. Left: In Vivo imaging of MA vs. MY mouse 

abdominal tumor burden at week 4 post injection; Right: Quantitative analysis of 

MA vs. MY mouse abdominal tumor burden. MA bears significantly higher tumor 

RFP signal than MY. M: Male; A: Aged; Y: Young. 
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analysis of tumor burden is presented in Figure 2.4, offering a more nuanced interpretation 

of CRC i.p. metastasis. Of the 12 peritoneal organs collected, data for six selected organs 

are shown: liver, genitalia, colon (origin site of CRC), omentum, mesentery, and peritoneal 

adipose tissue. Other organs, including the intestine, stomach, diaphragm, parietal 

peritoneum, and spleen, are not shown due to the absence of RFP signal. Notably, CRC 

cells demonstrate a strong preference during i.p. metastasis, favoring the omentum, 

mesentery, and peritoneal adipose tissues. These are all visceral adipose tissues originated 

from the folding of the visceral peritoneum,53, 83 overlaid with a monolayer of visceral 

mesothelial cells that have been reported to contribute to inflammation, fibrosis, and 

adipocyte development.103 However, their interaction with CRC requires further 

investigation. Gender differences were particularly pronounced in organ-specific analysis. 

Regardless of age, males exhibited a greater tumor burden in abdominal adipose tissue 

compared to females, with tumor intensity increasing with age in males. Additionally, 

gender-specific differences were evident in the omentum of aged groups, but not in the 

younger cohorts. This analysis underscores the importance of considering both gender and 

age in determining CRC metastatic patterns. To identify proteins on peritoneal MC that 

contribute to i.p. metastatic seeding, proteomic profiles will be analyzed in Chapter 3. 

Ultimately, this research aims to discover new therapeutic targets to prevent metastatic 

spread, particularly in high-risk populations such as older males. 

2.4 Conclusion 

Aim 1 of this study elucidates the role of age and gender in peritoneal metastasis of 

colorectal cancer (CRC) using a murine model. Our findings demonstrate increased in vivo 

tumor burden with age in both male and female. Male aged mice exhibit the highest tumor  
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burden, particularly in adipose organs formed by the folding of visceral peritoneum, 

consistent with epidemiological data suggesting higher CRC incidence and mortality in 

males. The study also highlights the gender-specific differences in tumor burden are more 

pronounced in aged mice, particularly in the omentum and peritoneal adipose. These 

observations suggest that biological sex and age significantly influence CRC metastatic 

patterns, potentially via sex-specific proteins. Future proteomic analyses, as outlined in 

Chapter 3, will aim to identify these proteins and explore their roles in promoting peritoneal 

metastasis.  

  

Figure 2.4 Characterization of organ-specific tumor burden from the cohort study in 

Figure 2.2. Left: 6 out of 12 peritoneal organs collected are shown: liver, omentum, 

mesentery, peritoneal adipose on the left & right side, colon, genitalia. Right: 

Quantitative analysis of organ specific fluorescent images. Only significant differences 

are shown. F: Female; M: Male; A: Aged; Y: Young; *: p < 0.05; **: p < 0.01; ***: p < 

0.001; ****: p < 0.0001. 
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CHAPTER 3.  

ISOLATION AND PROTEOMICS ANALYSIS OF MURINE PRIMARY 

PERITONEAL MESOTHELIAL CELLS IDENTIFIES CANDIDATE PROTEINS 

POTENTIALLY AFFECTING CRC PERITONEAL METASTASIS SUCCESS 

3.1 Abstract 

A major abdominal organ is the peritoneum, a vast serous membrane that lines the 

inner walls of the abdominal cavity and the outside of the visceral organs with a continuous 

surface area of 1-2 m2, nearly equal to that of the skin.76, 79, 80, 104 The peritoneum consists 

of two compartments separated by a basement membrane: the mesothelium and supporting 

loose connective tissue.76, 77, 104 The mesothelium, a monolayer of mesothelial cells (MC), 

functions to reduce friction between abdominal organs, supports the homeostasis of the 

peritoneal cavity, and acts as a protective barrier to the collagen I-rich submesothelial 

matrix77, 105 and the underlying abdominal organs. As a result, many peritoneal diseases, 

including peritonitis, primary cancer (mesothelioma), and metastatic cancer including 

ovarian, pancreatic and colorectal cancer, initiate from interactions with the mesothelium.  

The mouse cohort study in Aim 1 demonstrated that the male aged cohort exhibited 

the most tumor burden; however, the impact of gender and age on the peritoneal MC has 

not been evaluated. To address this knowledge gap, the objective of this study was to 

identify and characterize gender- and age-related differences in the proteome of murine 
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primary peritoneal MC. Primary peritoneal MC were isolated from female or male young 

mice (3-6 months, FY and MY) and aged mice (20-23 months, FA and MA), lysed, trypsin 

digested using a S-Traps, then subjected to bottom-up proteomics using an nLC-Orbitrap 

mass spectrometer. In each cohort, ~2000 proteins and ~1000 protein groups were 

identified. Proteins were categorized using Gene Ontology Enrichment and pairwise 

comparisons between gender and age cohorts were conducted. This study establishes 

baseline information for future studies on peritoneal mesothelial cells in health and disease 

at two important physiologic age and gender points. Segregation of the data by both gender 

and age could reveal novel contributory factors to specific disease states involving the 

peritoneal cavity. This highly accessible in vitro primary cell model may have utility for 

future studies to examine the interaction between the mesothelium and foreign materials. 

The resulting data identify sex- and age-related differences that may regulate MC 

homeostasis in the healthy peritoneum and influence the initiation and progression of 

peritoneal diseases. 

3.2 Materials and Methods 

Raw and processed data are available through the MassIVE data exchange and 

cross-posted to ProteomeExchange. MSV000092134 

ftp://MSV000092134@massive.ucsd.edu (For Review) Password: MouseAge2302* 

https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp 

3.2.1 Materials:   

Rat tail collagen type I and trypsin were purchased from Corning. MPPMC culture 

media compositions include Dulbecco’s Modification of Eagle’s Medium (DMEM, 

ftp://MSV000092134@massive.ucsd.edu/
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Corning, Midland, MI), Ham’s F12 (Corning), 1% penicillin streptomycin solution 

(Corning), 15% fetal bovine serum (FBS, Gibco, Carlsbad, CA), 10ng/mL epidermal 

growth factor (EGF, Gibco), 400 ng/mL hydrocortisone (Corning), 1% GlutaMAX (Gibco), 

1% HEPES buffer (Corning), 1% ITS (ITS+1 Liquid Media Supplement, Sigma-Aldrich, 

St. Louis, MO). Primary antibodies used are vimentin (Sigma-Aldrich, catalog #: V5255), 

cytokeratin 18 (catalog #: ab668, Abcam, Cambridge, MA). Anti-mouse IgG peroxidase-

conjugated secondary antibodies were from Sigma-Aldrich. Peroxidase detection reagents, 

SuperSignal West Dura, and Halt™ Protease Inhibitor were obtained from ThermoFisher 

(Rockford, IL). Ammonium-Chloride-Potassium (ACK) Lysing Buffer was purchased 

from Gibco. LP9 cell culture media compositions include Medium 199 (Sigma-Aldrich), 

F12 medium (Gibco), supplemented with 15% FBS, 10 ng/mL EGF, 400 ng/mL 

Hydrocortisone, 1% Penicillin/Streptomycin (Pen/Strep; Lonza), 1% L-GlutMAX 

(Thermo Fisher Scientific) and 1% HEPES.  All methods were carried out in accordance 

with the University of Notre Dame Institutional Review Board (IRB) and Institutional 

Biosafety Committee (IBC) guidelines and regulations.    Experimental protocols were 

approved by the IBC committee (protocol 23-04-7798, expiration 06/14/26).  

 

3.2.2 Animals: 

C57Bl/6 male and female mice were purchased from Jackson Laboratory and 

housed at Freimann Life Science Center at 2 age points: mature young (3-6 months old) 

mice (equivalent to human 20-30 years old) and aged (20-23 months old) mice (equivalent 

to human 60-67 years old).53, 101 Cohorts (6 mice per cohort) were defined as Female Young 

(FY), Female Aged (FA), Male Young (MY) and Male Aged (MA).  All animal procedures 
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were carried out according to the regulations of the Institutional Animal Care and Use 

Committee (IACUC) at the University of Notre Dame.  

3.2.3 Murine Primary Peritoneal Mesothelial Cell (MPPMC) Isolation, Culture, and 

Lysis: 

Mice were sacrificed via isoflurane overdose in accordance with IACUC guidelines. 

To isolate primary MCs, immediately after sacrifice, mice were injected intra-peritoneally 

(i.p.) with 3 mL of 0.125% trypsin. Mice were maintained at 37℃ for 20 minutes, during 

which they were gently rotated to mix the peritoneal fluid every 2-3 minutes. After 

incubation, 6 mL of isolation media (DMEM/F12 1:1, 10% FBS, 1% Pen/Strep) were 

injected i.p. into each mouse to neutralize the trypsin and the peritoneal fluid was collected. 

The abdominal cavity was further washed with 3 mL of isolation media and the collected 

mixture was centrifuged at 180xg at 4℃. Each cell pellet was re-suspended in 2 mL ACK 

lysing buffer for 2 minutes on ice to remove blood cells followed by mixing with 6 mL of 

PBS to terminate the reaction.  After centrifugation (180xg, 4 oC), pellets were washed 

with 6 mL isolation media, followed by another centrifugation (180xg, 4 oC). Cells were 

re-suspended in culture media (DMEM/F12 1:1, 15% FBS, EGF 10 ng/mL, hydrocortisone 

400 ng/mL, 1% Pen/Strep, 1 % L-glutamax, 10 mM HEPES, ITS 1:100) and plated onto 

tissue culture dishes coated with rat tail collagen type I (10 μg/ml in coating buffer 0.1 M 

Na2CO3, pH9.6) or chamber slides as previously described.106  

In each cohort, 6 mice were sacrificed for MPPMCs and cells from each mouse 

were plated into individual wells of 24-well collagen-coated plates. Adherent cells were 

washed with warm PBS at 24 hours after being plated to remove non-adherent and/or dead 
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cells, then cultured for an additional three days prior to changing to serum free medium for 

24 hours to remove serum protein contaminants. For proteomic analysis, after washing 

three times with PBS, cells were lysed by adding 100 μL modified RIPA (mRIPA) buffer 

(150mM NaCl; 50mM Tris, pH 7.5; 20mM NaF; 10mM Na2P2O7; 5mM EDTA; 1% Triton 

X-100; 0.1% SDS) containing protease inhibitors to each well for 10 minutes at 4ºC. 

Preliminary analyses showed that the mass balance of these proteins was predominately 

media and murine blood-associated proteins.  Therefore, lysates from each cohort were 

pooled prior to analysis in order to increase the depth coverage of the proteome andto 

minimize the impact of individual subjects.  It should be noted that, as a primary cell, 

MPPMC do not maintain indefinite viability and can be maintained for a very limited 

number of passages (1-2 for cells from A mice, x-y for cells from Y mice, data not shown), 

thus limiting the number of cells available from each subject.  Pooled lysates, 100 μg each 

cohort, were concentrated and trypsin digested using the S-Trap protocol (Protifi).107 

3.2.4 Western Blots and Immunofluorescence: 

MC are unique among normal cells in that they display both epithelial and 

mesenchymal characteristics, a property usually limited to regenerating or neoplastic cells. 

To validate the epithelial and mesenchymal properties, isolated MPPMCs were evaluated 

by western blotting and immunofluorescence staining for expression vimentin 

(mesenchymal marker) and cytokeratin 18 (epithelial marker).88-91 For 

immunofluorescence experiments, freshly isolated MPPMCs were cultured on 22mm2 

glass coverslips (coated with rat tail collagen type I), washed twice with ice-cold PBS, and 

fixed with 4% paraformaldehyde in 0.12M sucrose in PBS for 20 minutes at room 
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temperature. Cells were blocked with 3% Bovine Serum Albumin (BSA) in PBS for 1 hour 

at room temperature, incubated with primary antibody (1:100) in 3% BSA for 1h at 37°C, 

rinsed thrice for 5 minutes with PBS, and incubated with appropriate Alexa-Fluor 

conjugated secondary antibody at a 1:300 dilution for 30 minutes at 37°C. After washing, 

cells were allowed to dry, mounted with VECTASHIELD Mounting Media with DAPI 

(Vector laboratories), and visualized on a Leica DM5500 B Fluorescence Microscope.108 

Images presented here were cropped from the full visual field. Brightness and contrast were 

adjusted equally across all images. 

For western blots, protein concentration of cells lysed with mRIPA buffer 

containing protease and phosphatase inhibitor was measured using DC™ Protein Assay 

(Bio-Rad). Protein (20μg) was electrophoresed on 9% SDS-polyacrylamide gels and 

transferred to methanol-activated polyvinylidene membranes. After transfer, membranes 

were blocked with 5% milk in TBST (150mM NaCl, 25mM Tris, 0.05% Tween 20 for 1 

hour at room temperature) to prevent non-specific binding. Primary antibodies, vimentin 

(Sigma-Aldrich, catalog #: V5255, 1:1000) and cytokeratin 18 (Abcam, catalog #: ab668, 

1:500) were diluted as indicated in 5% milk/TBST and incubated overnight at 4ºC. After 

washing, the membranes were incubated with horseradish peroxidase-conjugated 

secondary antibodies (1:4000 dilution) for 1 hour at room temperature, and then visualized 

with chemiluminescence using ChemiDoc™ Imaging.108, 109 Gels presented here (Figure 

3.1) were equally adjusted for brightness and contrast.  Grouping of gels was performed, 

they are delineated with spacing as shown in Figure 3.1.
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Figure 3.1. Validation of murine primary peritoneal mesothelial cells (MPPMC). (A) 

Representative morphology of MPPMC cultures collected from young (top panels) 

or aged (lower panels) mice shown at day 1, 2, and 4, as indicated (100X 

magnification).  (B) Immuno-fluorescent staining of MPPMCs using anti-vimentin 

antibody (1:100 dilution) in 3% BSA for 1h at 37°C, followed by Alexa-Fluor 

conjugated secondary antibody (1:300) for 30 minutes at 37°C.  Slides were 

mounted with VECTASHIELD Mounting Media with DAPI. (C) 

Immunofluorescent staining of MPPMC using anti-cytokeratin-18 antibody (1:100 

dilution) in 3% BSA for 1h at 37°C, followed by processing as in (B). (DandE) 

Western blots of MPPMC and LP9 (human mesothelial cell line) cell lysates (10 ug 

protein).  Lysates were electrophoresed on 9% SDS-PAGE and electroblotted to 

Immobilon membranes. After blocking with 5% milk/TBST, blots were probed with 

antibodies directed against (D) vimentin (1:1000 dilution) or (E) cytokeratin-18 

(1:500 dilution), washed and incubated with horseradish peroxidase-conjugated 

secondary antibodies (1:4000) for 1 hour at room temperature. Blots were developed 

using Super Signal West Dura Extended Duration Substrate (Thermo) and 

visualized using ChemiDoc™ Imaging.   
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3.2.5 MPPMC Proteomic Analysis 

For each cohort, pooled lysates were denatured, reduced and alkylated with 

iodoacetamide and digested using S-Traps following manufacturers recommendations.107 

Samples were analyzed in technical triplicate per pooled cohort for a total of 12 analyses. 

Digested samples were analyzed at the University of Notre Dame Mass Spectrometry core 

facility. Bottom-up proteomics experiments were conducted with a Thermo-Finnegan Q-

Exactive (QEHF) mass spectrometer coupled to a Waters MClass ultrahigh pressure liquid 

chromatography system via a nanoelectrospray ionization source. Tryptic peptides were 

harvested from S-Trap columns and the solvent was removed by evaporation. The peptides 

were re-dissolved in solvent A (0.1% formic acid in water, Burdick and Jackson, MI). The 

volume was adjusted according to the original protein content to normalize the sample 

concentration. A sample containing tryptic peptides (1 µg/ul) was eluted from an Acquity 

BEH C18 column, 1.7-μm particle size, 300 Å (Waters) column (100 μm inner diameter 

× 100 mm long) using a 100-min gradient at a flow rate of 0.9 μL/min [4–33% organic 

solvent B (0.1% formic acid in acetonitrile), Burdick and Jackson] for 90 min, 33–80% B 

for 2 min, constant at 80% B for 6 min, and then 80–0% B for 2 min to re-equilibrate the 

column. Data were collected in positive ionization mode. Mass spectra were acquired in 

the Orbitrap using a TOP17 Data Dependent Acquisition (DDA) method with 60k 

resolving power and tandem mass spectra were then generated for the top seventeen most 

abundant ions with charge states z = 2-5 inclusive. Fragmentation of selected peptide ions 

was achieved via higher energy collisional dissociation (HCD) at normalized collision 

energy of 28 eV in the HCD cell of the QEHF.  
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3.2.6 Database Analysis 

PEAKS Online software (Bioinformatics Solutions Inc.) filtered to a 1% false 

discovery rate (FDR) was used to identify proteins present in each sample by matching 

tandem mass spectra with peptides expected for proteins from the Uniprot mus (mouse) 

database and common contaminants (Approximately 56,000 entries). Fixed modification 

of Carbamidomethylation (C) and variable modification of deamiadation (NQ) 

phosphorylation (STY), oxidation (M) and pyroglutamic formation (QE) were considered 

as possible post-translational modifications. The study utilized the PEAKS Label Free 

Quantitation to make pairwise comparisons, “Female Young vs. Female Aged”, “Female 

Young vs. Male Young”, “Male Aged vs. Female Aged”, and “Male Young vs. Male Aged.” 

From each comparison, proteins differentially expressed (>2-fold) with high significance 

(ANOVA, -log10 P value > 10-1.3, 95% CI) were selected. Venn diagrams were generated 

using the online tools from UGent Bioinformatics and Evolutionary Genomics.110 Gene 

ontology enrichment analysis was performed on those proteins for their biological 

processes using the ShinyGO online software (FDR cutoff =0.05, Pathway size 2-

2000).111 

 

3.3 Results and Discussion  

3.3.1 Primary Cell Culture 

This study presents a reproducible method for isolation and short-term primary 

culture of peritoneal MC from young and aged mice [Figure 3.1A]. A unique aspect of 
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MC is that they display both epithelial and mesenchymal characteristics. Analysis of 

MPPMC using immunocytochemistry shows that all DAPI-positive nuclei are associated 

with positive staining for cytokeratin 18 and vimentin [Figure 3.1B], indicating the lack 

of potentially contaminating macrophages or fibroblasts (cytokeratin 18 negative).89 

Expression was confirmed by western blotting [Figure 3.1C]].88-90 One observation is that 

MPPMC from young mice generally grow and divide faster than those from old mice. Our 

results also show that young primary cells survive longer relative to cells obtained from 

old animals (> 1 month vs ~3 weeks, respectively, data not shown). As observed with many 

normal (i.e., non-malignant) primary cultures, cells at both ages proliferate better when in 

close cell:cell contact with neighboring cells. Little detachment, cell death, or crowding of 

the plate was observed in the first 3 weeks in culture. These primary cell cultures represent 

an in vitro model to enable examination of the impact of host sex and/or age on the 

interaction between the mesothelium and foreign materials such as asbestos fibers or other 

cell types including bacteria and metastatic cancer cells with less confounding factors 

relative to in vivo experiments.  

3.3.2 MPPMC Proteomics Overview 

MPPMC lysates from unpassaged day 4 primary cultures were concentrated and 

trypsin digested using S-Traps. Bottom-up proteomic analyses were then performed as 

described in order to compare expressed proteins in the four experimental groups: Female 

Young (FY), Female Aged (FA), Male Young (MY) and Male Aged (MA). Each cohort, 

FA, FY, MA, MY, contains a total of 2721, 1982, 2484, 2364 proteins and 899, 662, 816, 

805 protein groups respectively. FA, FY, MA, MY, have 379, 58, 202, 423 proteins and 
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150, 17, 66, 137 protein groups [Figure 3.2 and Table 3.1] unique to their individual 

group, respectively. This represents proteins identified with at least one peptide-sequence-

match with a false discovery rate of 1%. Detailed protein information is found in 

Supplemental Tables 1-4 and has been uploaded to MassIVE as indicated in data 

availability. Gene Ontology enrichment analysis was performed separately on the highly 

significant proteins as determined by ANOVA in PEAKS, filtered to include those unique 

to each group [Figure 3.3A-D]. In the males, a majority of proteins specific to MA are 

involved in protein/large molecule transportation and localization. The rest of MA and a 

majority of MY proteins are involved in translation and a variety of metabolic processes. 

On the other hand, the proteins specific to FA are mostly involved in multiple metabolic 

pathways. The number of unique proteins in FY is too small for informative analysis. 

 

For each pairwise comparison (primary comparisons), the PEAKS Label Free 

Quantitation uses one of the groups as the “base” and measures the fold change and 

significance (-10log10(p-value)) of each protein from another group as compared to the 

“base”. The results are collected in Venn diagrams and volcano plots [Figure 3.4A-D] 

representing proteins up- (blue) or down- (yellow) regulated as compared to the “base”. 

All proteins having 64-fold-change or more,  
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Figure 3.2 Overview of proteomic data.  (A) A Venn diagram showing 

common/unique protein groups between cohorts FA, FY, MA, and MY, having 150, 

17, 66, 137 protein groups unique to their individual group, respectively. (B) An upset 

plot (UpSetR Shiny App) comparing the protein groups identified from the 4 

cohorts.112  

B 
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including ‘infinity’, are binned on the left and right margins of each plot. In each of the 

primary pairwise comparisons, the list of proteins with high fold-change and significance 

(blue and yellow) are extracted. Gene Ontology enrichment analysis showing the biological 

processes prevalent in each list of proteins was also performed [Figure 3.5]. The 4 lists of 

proteins/biological processes generated from primary comparisons were then subjected to 

2 secondary comparisons. In comparison A [Figure 3.5A], “FA vs. MA”, gender specific 

differences in aged mice, was compared to “FY vs. MY”, gender specific differences in 

young mice. Their common biological processes indicate gender specific differences in all 

ages. In comparison B [Figure 3.5B], “FA vs. FY”, aging specific differences in female 

mice, is compared to “MA vs. MY”, aging specific differences in male mice. Their 

common biological processes indicate aging specific differences in all sexes. Comparison 

A shows that male and female MPPMCs are different in their protein translation and 

TABLE 3.1  

MS RESULTS FOR THE 4 COHORTS 

 

Sample Name Run MS1 MS2 PSM Peptides Proteins 
Protein 

Groups 

All (4 samples) 12 189219 184794 24531 5137 3697 1215 

Female Aged (FA) 3 45878 49256 7278 3256 2721 899 

Female Young (FY) 3 48673 42087 4681 2162 1982 662 

Male Aged (MA) 3 45286 50454 7330 3233 2484 816 

Male Young (MY) 3 49400 42997 5242 2594 2364 805 
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Figure 3.3. Gene Ontology Enrichment (GOE) analysis on proteins exclusively to each 

cohort showing their corresponding biological processes. Results show histograms 

listing biological processes that proteins unique to (A) FA, aged female; (B) FY, young 

female; (C) MA, aged male; (D) MY, young male; are involved. The number of genes 

involved in each process is shown on the x-axis. Fold enrichment increases from top 

to bottom. –log10(FDR) increases from yellow to blue. 
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Figure 3.4. Pairwise comparisons between gender- and age-cohorts.  (A) FA vs. FY, 

(B) FA vs. MA, (C) MA vs. MY, (D) FY vs. MY. (Left Panels) Common and unique 

proteins are shown as Venn diagrams. (Right Panels) Volcano plots present proteins 

significantly (-10log10(p-value) > 13) up-/down- regulated (log2(fold change) > 1). 

Proteins up-regulated when compared to the “base” are in blue, while those down-

regulated are in yellow.  The gene names for proteins with high significance and fold 

change are annotated. 
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peptide metabolism pathways. Comparison B indicates that the aged and young mesothelial 

cells have distinct metabolic processes. Interestingly, such results have a good correlation 

to the gene ontology enrichment analysis on the unique proteins in each cohort [Figure 

3.3].  

3.3.3 MPPMC proteomics revealed protein of interests which potentially regulate 

CRC peritoneal metastatic success. 

Our results identified differentially expressed proteins previously associated with 

peritoneal diseases including YWHAZ (tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein zeta), GSN (gelsolin), VIM (vimentin), and 

LGALS3BP (galectin 3 binding protein). It has been demonstrated that mesothelial cells 

treated with the secretome from malignant mesothelioma cultures decrease expression of 

YWHAZ and increase LGALS3BP levels.113 In another study, YWHAZ, GSN, VIM were 

enriched in the mesothelium in a rat model of chronic peritoneal dialysis.114 YWHAZ 

affects many vital cellular processes, including but not limited to metabolism, signaling, 

apoptosis, and cell cycle regulation.115 Newly characterized miRNAs, miR-1-3P and miR-

22, have been identified to target YWHAZ and inhibit metastasis of colorectal cancer and 

hepatocellular carcinoma respectively.116, 117 YWHAZ also modulates glycolysis and 

promotes ovarian cancer metastasis.115 YWHAZ is up regulated in FY and MA when both 

compared to FA and in MA compared to MY.  Future studies may address the role of 

YWHAZ in cancer peritoneal metastasis, particularly in the MA host. 

GSN is a multifunctional actin-binding protein and a substrate for extracellular 

matrix modulating enzymes.118, 119 Outside the cell, GSN also play a role in the presentation 
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Figure 3.5. Secondary comparisons between the pairwise (primary) comparisons 

from Figure 3.4. Comparisons use only proteins with high significance (-10log10(p-

value) > 13) and fold change (log2(fold change) > 1) as shown in Figure 3.4. Gene 

Ontology Enrichment analysis was performed on each of the 4 primary 

comparisons. The results are shown as histograms. Each character on the x-axis 

represents one biological process. The y-axis indicates log2(Fold Enrichment). (A) 

Comparison ①, FA vs. MA (blue) is compared to FY vs. MY (yellow); (B) 

Comparison ②, FA vs. FY(blue) is compared to MA vs. MY(yellow). Any character 

that has both a blue and yellow bin represents a common biological process shared 

by the 2 groups.  
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of lysophosphatidic acid and other inflammatory mediators to their receptors.118, 119 Many 

patients with renal diseases require constant automated peritoneal dialysis. It was 

discovered that their effluent after each peritoneal dialysis have simultaneous decrease in 

GSN levels, representing the presence of chronic inflammation. GSN interacts with 

MMP14 to enhance the activation of MMP2, thereby promoting the invasion and 

metastasis of hepatocellular carcinoma.15 In contrast, GSN is also shown to have a tumor 

invasion suppressor role in colon cancer.120 In this study, both FA and MY express more 

GSN than FY.  

VIM is a mesenchymal protein and widely accepted as a biomarker for epithelial–

mesenchymal transition.121 It maintains cytoskeleton organization and focal adhesion 

stability.122, 123 VIM is up regulated in MA and MY compared to FA and FY respectively, 

a clear gender difference that may account for many gender-specific phenotypes in cancer 

peritoneal metastasis. LGALS3BP is down regulated in MY when compared to MA and 

FY. LGALS3BP is a large oligomeric protein originally identified as a tumor-secreted 

antigen124, 125 associated with inflammatory processes.126 The majority of LGALS3BP 

proteins are heavily glycosylated and secreted to interact with the extracellular matrix.127 

It is associated with an IFN-induced signaling scaffold during viral infection, as well as 

certain bacterial proteins within infected cells.127-129 Low expression of LGALS3BP 

implicates malignant progression and poor prognosis of colorectal cancer patients.130 

Similar results have been found in Ewing’s sarcoma. Patients with tumors expressing high 

levels of LGALS3BP display a lower risk of developing metastasis and dying.124 Cancer 

cells overexpressing LGALS3BP were unable to form metastasis when injected into 

mice.124 



 

61 

 

Additional proteins identified as exclusively expressed in the MA cohort have not 

previously been associated with CRC peritoneal metastasis. The 202 proteins exclusively 

expressed in MA, the cohort with the most tumor burden (Aim 1), were examined for 

potential candidates that may contribute to metastasis success. Proteins were scored 

according to certain characteristics: 1) membrane proteins that regulate cell:cell adhesion 

or migration; 2) proteins that are involved in cell signaling; 3) proteins that have been 

shown to promote cell proliferation; 4) onco-proteins that have been reported as elevated 

in cancer tissue. From this analysis, three proteins of interests are: CD166, CLU, and Prl-

1.  

Activated leukocyte cell adhesion molecule (CD166) is a cell surface glycoprotein 

involved in homotypic and heterotypic cell adhesion.131 Besides cell adhesion, other 

ALCAM functions have been described such as angiogenesis, transmigration of 

monocytes, leukocyte intravasation across blood brain barrier, T cell activation, 

hematopoiesis, neurite extension, osteogenesis, and embryonic implantation in the 

uterus.131-133 CD166 has been reported to be increased in various cancers, such as those of 

the thyroid, head and neck, lungs, and liver.134 It has been shown in both ovarian and 

colorectal cancer, CD166 is capable of mediating the binding and subsequent uptake of 

cancer derived extracellular vesicles (EV) through homophilic or heterophilic interactions. 

Interestingly, such interaction can happen no matter whether it’s the cells or the EVs which 

are carrying CD166 on their surface.135  

Clusterin (CLU) is a highly conserved glycoprotein participates in a series of 

biological processes, including cell adhesion and programmed cell death.136, 137 It also 

exists in exosomes and helps cancer cells to metastasize.136, 138 Clusterin levels are 
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positively correlated with the degree of invasiveness and Clusterin regulated EMT through 

modulating ERK signaling and slug expression.139 Its overexpression has been observed in 

many cancer types including but not limited to gastric, ovarian, breast, and colorectal 

cancer.140 However, other studies have suggested that CLU can also have tumor suppressor 

activity in prostate, lung, and oral cancers, and low expression of CLU may be associated 

with worse prognosis and genetic instability.141  

Prl-1 is one of the members of the family phosphatases of regenerating liver. Prl-1 

has been identified as a critical factor in various cancers, including lung, ovarian, and colon 

cancers. Prl-1 has 2 forms, one as nuclear protein and the other as membrane protein. 

Initially characterized as a nuclear protein regulating cell growth, Prl-1 is known to 

influence cell proliferation and differentiation in a tissue-specific manner. The protein 

undergoes prenylation, facilitating its transport to membrane structures and impacting cell 

growth and migration through pathways involving proteins such as extracellular signal-

regulated kinase 1/2 (ERK1/2), proto-oncogene c-Src (src), and RhoA-GTPase activities, 

thereby regulating signal transduction pathways, cell proliferation, and actin dynamics.142  

3.4 Conclusion 

To our knowledge, this represents the first sex- and age-based comparison of the 

primary murine mesothelial cell proteome. The study provides valuable baseline 

information for a wide range of future studies on the role and function of peritoneal 

mesothelial cells in health and disease at two important physiologic age points. The very 

next step would be to analyze the function of candidate proteins to unveil their roles in 

colorectal cancer peritoneal metastasis. These proteins are potential targets for specialized 
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or even personalized treatments to prevent CRC from entering late stages. Future studies 

could compare the current data using healthy MPPMC to cells obtained from disease-

bearing models to facilitate the understanding of key mesothelial cell components in 

peritonitis, mesothelioma, and cancer intra-peritoneal metastasis.  Importantly, segregation 

of the data by both sex and age could reveal novel contributory factors to specific disease 

states involving the peritoneal cavity.  

A limitation of this study design is the lack of extracellular matrix and secreted 

proteins in the samples analyzed. In addition, the mesothelial microenvironment in vivo is 

not only comprised solely of mesothelial cells. The collagen coating on the culture dishes 

used for plating of primary cell cultures does not completely mimic the more complex 

collagen matrix in live animals. Moreover, our lab recently demonstrated changes in sub-

mesothelial collagen ultrastructure in aged mice relative to young using second harmonic 

generation and scanning electron microscopy.106 Fibroblasts and immune cells are also not 

represented in the primary culture system, but could impact the mesothelial cell proteome 

in vivo due to signaling induced by soluble factors or cell:cell interactions. Future studies 

incorporating other aspects of the in vivo mesothelial cell microenvironment will generate 

a more complete portrait of the mesothelial proteome. 

3.5 Associated data 

Raw and processed data are available through the MassIVE data exchange and 

cross-posted to ProteomeExchange. MSV000092134 

ftp://MSV000092134@massive.ucsd.edu (For Review) Password: MouseAge2302* 

https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp 

ftp://MSV000092134@massive.ucsd.edu/
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CHAPTER 4.  

COMPREHENSIVE ANALYSIS OF PRL-1 IN COLORECTAL CANCER 

METASTASIS USING IN VITRO AND EX VIVO MODEL 

 

 

4.1 Abstract 

This study investigates the role of protein tyrosine phosphatase type IVA 1 (Prl-1) 

in colorectal cancer (CRC) intraperitoneal (i.p.) metastasis, specifically exploring whether 

Prl-1 expressed in mouse primary peritoneal mesothelial cells (MPPMCs) from aged male 

mice promotes CRC metastasis via aiding their initial adhesion. Furthermore, the research 

aims to elucidate the pathways and proteins involved in this process. Prl-1, a membrane-

associated phosphatase, has been identified as a critical factor in various cancers, including 

lung, ovarian, and colon cancers. Initially characterized as a nuclear protein regulating cell 

growth, Prl-1 is known to influence cell proliferation and differentiation in a tissue-specific 

manner. The protein undergoes prenylation, facilitating its transport to membrane 

structures and impacting cell growth and migration through pathways involving proteins 

such as extracellular signal-regulated kinas 1/2 (ERK1/2), proto-oncogene c-Src (src), and 

RhoA-GTPase activities. 

The study emphasizes the interactions between Prl-1 and various signaling 

pathways. Disruption of Prl-1 trimerization has been identified as a promising therapeutic 



65 

strategy, with Prl-1 inhibitors like CMPD-43 demonstrating potent anticancer activity by 

inhibiting Prl-1-induced cell adhesion and metastasis. Four pathways have been implicated 

in Prl-1 pro-metastatic functions: 1) Rho family GTPases and N-cadherin; 2) kinase 

activation of src and the focal adhesion complexes; 3) ERK1/2 and matrix 

metalloproteinase (MMPs); and 4) the stabilization of Snail2 through USP36, highlighting 

the complexity of the network of interactions mediated by Prl-1. 

Key experimental approaches include cell viability assays using MTS, in vitro and 

ex vivo adhesion assays, and western blot analyses. These methods were employed to assess 

the cytotoxicity of CMPD-43, its effect on cell adhesion, and the expression and activation 

levels of signaling proteins such as FAK, p130cas, and RhoA. The results demonstrate that 

CMPD-43 exhibits selective cytotoxicity towards cancer cells, significantly reduces cell 

adhesion at higher concentrations, and decreases the levels of active signaling proteins 

involved in focal adhesion and cell migration. A decrease in RhoA activity supports the 

conclusion that Prl-1 facilitates cell-cell adhesion via the Prl1-RhoA-Ncad pathway. 

Notably, the study found that inhibiting Prl-1 also reduces the total levels of FAK and 

p130cas, suggesting an impact on cell-cell matrix adhesion. 

The findings provide valuable insights into the role of Prl-1 in cancer metastasis, 

highlighting its potential as a therapeutic target. By disrupting key interactions and 

signaling pathways, Prl-1 inhibitors like CMPD-43 could impede the progression and 

metastatic spread of colorectal cancer, offering new avenues for treatments. 
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4.2 Prl-1 and CMPD-43, a prl-1 inhibitor 

Prl-1, a membrane-associated protein tyrosine phosphatase, has been identified as 

a significant factor in various cancers, including lung, ovarian, and colon cancers.143 It was 

first discovered as a nucleus protein which regulates cell growth and was shown 

overexpressed in a number of tumor cell lines.144 Further investigation has suggested it 

regulates cell proliferation and differentiation in a tissue specific manner.145 Interestingly, 

this protein can also undergo prenylation, which facilitates its transport to membranes 

structures such as the ER and the cell surface membrane.146, 147 Initial studies indicated that 

Prl-1 is expressed at high levels in growing rat hepatic cells, rat intestinal epithelia, and 

some tumor cell lines, suggesting it could modulate cell growth or differentiation in a 

tissue-dependent manner.144-147 Its expression is induced by the Egr-1 transcription factor 

during liver regeneration and in mitogen-activated cells.146, 148 Prl-1 mRNA is widely 

expressed in normal adult human tissues, although levels vary among different tissues.146, 

149

In colorectal cancer cells, GINS2 has been shown to promote the expression of Prl-

1, a novel p53 target. GINS2 is a newly discovered oncogene that is overexpressed in 

several cancers. The Go-Ichi-Ni-San (GINS) family, including four subunits (GINS1–4), 

has a specific function in DNA replication and cell cycle, and plays a vital role in the 

development of chromosome and DNA replication forks.150-152 Lowering GINS2 levels 

increases p53 protein levels, while overexpressing Prl-1 decreases them. Notably, Prl-1 

overexpression can partially counteract the effects of GINS2 downregulation in colon 

cancer cells, indicating a complex interaction between these proteins.153 
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A significant development in targeting Prl-1 for cancer therapy involves disrupting 

its trimerization. Using structure-based virtual screening and medicinal chemistry, 

researchers have identified compounds such as Cmpd-43 that disrupt Prl-1 trimerization.154 

These compounds inhibit Prl-1-induced cell proliferation and migration by attenuating 

ERK1/2 and Akt activity. They have demonstrated potent anticancer activity in both in 

vitro and in vivo models, supporting the concept of trimerization inhibitors as potential 

treatments for Prl-driven cancers. CMPD-43 selectively suppressed the growth of MCF7 

breast cancer cells while showing lower toxicity toward non-tumorigenic MCF10A cells, 

highlighting its potential as a therapeutic agent with minimal side effects on normal 

cells.154-156 Thanks to Dr Bai’s (Purdue University) generosity, we are able to receive from 

him a plentiful quantity of CMPD-43 for our research. 

4.2.1 Prl-1 related pathways 

Prl-1 plays a role in promoting cancer cell progression, migration, and metastasis 

by interacting with several cellular pathways [Figure 4.1]. It enhances cancer cell 

proliferation and epithelial-mesenchymal transition via the PI3K/AKT pathway.157, 158 

Additionally, Prl-1 regulates Rho family GTPases to promote invasion and motility, 

highlighting its role in cancer progression.159 More specifically, it activates both the 

ERK1/2 and RhoA signaling pathways, contributing to cell growth and migration.155 

Recent research identified a Prl-1-binding peptide (Peptide 1) with high sequence identity 

to a conserved motif in the src homology 3 (SH3) domain of p115 Rho GTPase-activating 

protein (GAP). p115 RhoGAP directly binds Prl-1 in vitro and in cells via its SH3 

domain.155 Structural analyses of the Prl-1 Peptide 1 complex revealed a novel protein-  
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Figure 4.1. Prl-1 is involved in complex cellular signaling pathways which could 

potentially affect cancerous:mesothelial cell interactions. Prl-1 binds to the src 

homology 3 (SH3) domain of p115 Rho GTPase-activating protein (GAP). p115 

RhoGAP directly binds Prl-1 in vitro and in cells via its SH3 domain, competitively 

prevents the canonical binding between the SH3 domain of p115 RhoGAP to RhoA 

and MEKK1, leading to their activation. The extracellular domains of N-cadherin 

monomers engage in trans and cis interactions with partner monomers, facilitated by 

p120-catenin (p120), resulting in a lattice-like arrangement. Activation of RhoA keeps 

the β-catenin (β-cat) in place and leads to the accumulation of α-catenin (α-cat) at the 

N-cadherin intracellular domain. This promotes the anchorage of the N-cadherin-

catenin complex to the actin cytoskeleton through actin-binding proteins, thereby

stabilizing cell-cell contacts. Active MEKK1 further activates ERK1/2 which

promotes the expression of matrix metalloproteases (MMPs). Additionally, Prl-1

stabilizes Snail2 by activating ubiquitin specific peptidase 36 (USP36). Snail2

activates the expression of multiple proteins including N-cadherin. Moreover, Prl1

activates the Src kinase through increased Tyr416 phosphorylation. Src selectively

phosphorylate and activates focal adhesion kinase (FAK). Src and FAK also

phosphorylate and activate p130cas (Crk-associated substrate). Both p-FAK and p-

p130cas promote focal adhesion.
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protein interaction whereby a sequence motif within the PxxP ligand-binding site of the 

p115 RhoGAP SH3 domain occupies a folded groove within Prl-1.155 This interaction 

prevents the canonical binding between the SH3 domain of p115 RhoGAP to RhoA and 

MEKK1, leading to the activation of RhoA and ERK1/2, respectively, signaling by 

inhibiting the catalytic activity of p115 RhoGAP.155 

RhoA plays an important role in regulation of cell:cell junctional integrity [Figure 

4.1]. The extracellular domains of N-cadherin monomers engage in trans and cis 

interactions with partner monomers, facilitated by p120-catenin (p120), resulting in a 

lattice-like arrangement. Activation of RhoA keeps the β-catenin (β-cat) in place and leads 

to the accumulation of α-catenin (α-cat) at the N-cadherin intracellular domain.160 This 

promotes the anchorage of the N-cadherin-catenin complex to the actin cytoskeleton 

through actin-binding proteins, thereby stabilizing cell-cell contacts. Initial ligation of N-

cadherin extracellular domains also triggers PI3K/Akt signaling.160 Furthermore, Prl-1 also 

activates ERK1/2 which upregulates MMP2 and MMP9 through transcription factors AP1 

and Sp1, providing a potential mechanism whereby Prl-1 may regulate tumor invasion.161 

Additionally, Prl-1 stabilizes Snail2 by activating ubiquitin specific peptidase 36 

(USP36), identifying snail family transcriptional repressor 2 (Snail2) as a crucial mediator 

of Prl-1's oncogenic effects in glioblastoma (GBM) pathogenesis [Figure 4.1]. Snail2 

regulates the expression of multiple proteins including N-cadherin. This suggests that Prl-

1 activates USP36-mediated Snail2 deubiquitination, providing a novel mechanism for Prl-

1's role in cancer progression.162 Moreover, Prl1 activates the Src kinase through increased 

Tyr416 phosphorylation.161 Src selectively phosphorylate and activates Focal adhesion 
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kinase (FAK), regulates adhesion dynamics and survival signaling, thus potentially 

enhances cell migration and anchorage-independent growth.163 Src and FAK also 

phosphorylate p130cas (Crk-associated substrate), a protein implicated in cell 

transformation, adhesion, migration, growth factor stimulation, and cytokine receptor 

engagement [Figure 4.1].164 

In summary, Prl-1 is a critical factor in cancer progression and metastasis, affecting 

various signaling pathways and interacting with key regulatory proteins. Its role in 

promoting cancer cell growth, migration, and survival makes it a promising target for 

cancer therapy. The discovery of compounds that can inhibit Prl-1 activity offers new 

opportunities for therapeutic intervention in Prl-driven cancers. The study proposes further 

investigation into several signaling pathways potentially influenced by Prl-1, with plans to: 

1. N-cadherin Mediated Pathways: Evaluate whether the adhesion of MC38 to LP9 

cells is N-cadherin (N-cad) dependent using adhesion assays with anti-N-cad 

antibodies. Western blot analyses will measure changes in N-cadherin levels in 

response to CMPD-43 treatment. Finally, a RhoA activity assay will measure if 

CMPD-43 treatment alters the level of active RhoA, thereby regulating N-cad 

assembly via the Prl1-RhoA-Ncad pathway. 

2. Src-p130cas and FAK Pathway: Assess the impact of CMPD-43 treated LP9 cells 

on the phosphorylation levels of p130cas, and FAK. The hypothesis suggests that 

inhibiting Prl-1 may reduce the phosphorylation levels of both, potentially 

inhibiting focal adhesion formation. 

3. Erk1/2-MMPs Pathway: Investigate the total and phosphorylated ERK1/2 levels 

using western blots with/without CMPD-43 to understand Prl-1’s role in 

extracellular matrix degradation or modification. 

4. USP36-Snail2-Ncad Pathway: Examine the potential reduction in USP36 and 

Snail2 levels following CMPD-43 treatment, with a focus on N-cad expression 

modulation using western blots. A deubiquitination assay could be used to confirm 

if inhibiting Prl-1 in LP9 cells reduce Snail2 level via polyubiquitination.  
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4.3 Methods and materials 

4.3.1 Materials 

LP9 is a commercially available peritoneal mesothelial cell line commonly used to 

model mesothelial monolayer environments. These cells originate from a human female 

and have been immortalized for use in cell culture. Our preliminary studies have confirmed 

that LP9 cells express Prl-1 proteins (data not shown). The compound CMPD-43 was 

synthesized and generously provided by Dr. Bai from Purdue University. For experimental 

purposes, rat tail collagen type I and trypsin were procured from Corning. The primary 

antibodies used in this study include N-cad (Catalog #33-3900, ThermoFisher), p130cas 

(Catalog #610272, BD, Franklin Lakes, NJ), phospho-p130cas (Y410, Catalog #4011S, 

Cell Signaling, Danvers, MA), FAK (Catalog #06-543, Millipore, Burlington, MA), and 

phosphor-FAK (Y397, Catalog #05-1140, Millipore). Additionally, a function-blocking 

anti-N-cadherin antibody, clone GC-4, was obtained from Sigma-Aldrich, along with anti-

mouse and anti-rabbit IgG peroxidase-conjugated secondary antibodies. Peroxidase 

detection reagents, including SuperSignal West Dura, and Halt™ Protease Inhibitor were 

sourced from ThermoFisher. The LP9 cell culture media were prepared using Medium 199 

(Sigma-Aldrich) and F12 medium (Gibco), supplemented with 15% FBS, 10 ng/mL EGF, 

400 ng/mL Hydrocortisone, 1% Penicillin/Streptomycin (Pen/Strep; Lonza), 1% L-

GlutMAX (Thermo Fisher Scientific), and 1% HEPES. The CellTiter 96® AQueous Non-

Radioactive Cell Proliferation Assay (MTS) was obtained from Promega, Madison, WI. 

The RhoA G-LISA Activation Assay Kit (Colorimetric format) was purchased from 
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Cytoskeleton, Denver, CO. MitoTracker™ dyes (red and green) were acquired from 

Thermo Fisher Scientific. 

4.3.2 Animals 

Male C57Bl/6 mice were used for the study, housed at the Freimann Life Science 

Center. All mice used belong to the male aged (MA) cohort (20-23 months old), equivalent 

to human ages of about 60-67 years.53, 101 All procedures involving animals were performed 

following the ethical guidelines and regulations set by the Institutional Animal Care and 

Use Committee (IACUC) at the University of Notre Dame, ensuring compliance with 

institutional and national standards for animal welfare. 

4.3.3 Cell Viability Assay 

To evaluate the effects of CMPD-43 on cell viability, the MTS assay (CellTiter 

96® AQueous Non-Radioactive Cell Proliferation Assay) was utilized. LP9 mesothelial 

cells and MC38 colorectal cancer cells were cultured in 96-well plates until they reached 

confluency. Both cell types were treated with 10 μM CMPD-43 for a duration of 6 hours. 

Following treatment, the cells were washed three times with PBS at room temperature to 

terminate the exposure. Subsequently, 20 μL of the reagent mixture was added to each well 

containing 100 μL of complete media. The plates were incubated at 37°C for one hour to 

allow the cells to metabolize the compound and release fluorophores. The absorbance was 

measured at 490 nm using a standard microplate reader to determine cell viability. The 

assays were performed in biological triplicate. Data were analyzed via ANOVA using 

GraphPad Prism. Results were combined to one chart for presentation. 
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4.3.4 In vitro and ex vivo adhesion assays 

MC-38-RFP cells were pre-labeled with MitoTracker Red at a concentration of 1

nM for 30 minutes to enhance the fluorescent signal.  Mice were euthanized via excessive 

inhalation of isoflurane. The parietal peritoneum and omentum were then harvested and 

pinned in a silicone gel-coated 6-well plate. These tissues were incubated with 10 μM 

CMPD-43 in MPPMC culture media for 6 hours. Afterward, the explants were rinsed twice 

with cold PBS to halt the treatment. The adhesion assay involved seeding 500,000 MC-38-

RFP cells per well, followed by a 45-minute incubation period. Adhesion was terminated 

by PBS wash, 3 min 3 times. The number of adhered cells was quantified under a 

fluorescent microscope. For the in vitro adhesion assay, a similar protocol was followed, 

using cultured LP9 cells instead of mouse tissue explants. Additionally, adhesion assays 

were conducted to assess whether the adhesion of MC38 to LP9 cells is dependent on N-

cad. This was tested using anti-N-cad antibodies (GC-4) at a concentration of 120 μg/mL, 

with treatment variations including: 1) Both cells treated with Control IgG; 2) LP9 treated 

with control IgG + MC-38 treated with GC-4; 3) MC-38 treated with Control IgG + LP9 

treated with Anti-N-Cad; 4) Both cells treated with GC-4. All assays were performed in 

biological triplicate. Data were analyzed via t-tests using GraphPad Prism.  

4.3.5 Western blots 

LP9 cells were grown to confluence before being treated with 10 μM CMPD-43 in 

complete media at various time points: 0, 3h, 6h, 12h, and 24h. At the 6-hour mark, 

treatments were stopped with two washes of PBS, followed by the replacement of complete 

media. For Western blot analysis, protein concentrations in cells lysed with mRIPA buffer 



 

74 

 

containing protease and phosphatase inhibitors were measured using the DC™ Protein 

Assay (Bio-Rad). Equal amounts of protein (30μg) were separated by electrophoresis on 

9% SDS-polyacrylamide gels and transferred onto methanol-activated polyvinylidene 

fluoride (PVDF) membranes. Membranes were blocked with 5% milk in TBST (150mM 

NaCl, 25mM Tris, 0.05% Tween 20) for one hour at room temperature to prevent non-

specific binding. Primary antibodies against N-cad, p130cas, phospho-p130cas (p-

p130cas), FAK, and phospho-FAK (p-FAK) were diluted to 1:500 in 5% BSA/TBST and 

incubated with the membranes overnight at 4ºC. After thorough washing, membranes were 

incubated with horseradish peroxidase-conjugated secondary antibodies at a 1:2000 

dilution for one hour at room temperature. The resulting signals were visualized using 

chemiluminescence with the ChemiDoc™ Imaging system. All gel images presented in 

Chapter 4 were adjusted uniformly for brightness and contrast to maintain consistency 

across experiments. The assays were performed in biological triplicate for confirmation. 

4.3.6 RhoA activity assay 

To assess RhoA activity, LP9 cells were cultured to confluence and treated with 10 

μM CMPD-43 in complete media for 6 hours. Treatments were terminated by washing the 

cells twice with PBS. The RhoA G-LISA Activation Assay Kit was utilized for this purpose, 

with all necessary reagents provided by the kit, except for cell culture media and PBS. Cells 

were lysed using the lysis buffer supplied in the kit. Protein concentrations in the lysates 

were determined by mixing 20 μL of each lysate with 1 mL of Precision RedTM Advanced 

Protein Assay Reagent and measuring the absorbance at 600 nm. Lysates were standardized 

to equivalent protein concentrations before being frozen and stored. For the assay, cell 
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lysates were combined with binding buffer and loaded into 96-well binding strips, shaken 

at 200 rpm for 30 minutes at 4°C. This was followed by incubation with Antigen presenting 

buffer (2 minutes at room temperature), then with anti-RhoA primary antibody diluted 

1/250 (200 rpm shaking for 45 minutes at room temperature), and finally with secondary 

HRP-labeled antibody diluted 1/62.5 (200 rpm shaking for 45 minutes at room 

temperature). The HRP detection reagent was added (50 μL each well, 15 min at 37 °C), 

and the reaction was terminated with the HRP Stop Buffer. Absorbance at 490 nm was 

measured as an indicator of RhoA activity, providing insights into the regulatory effects of 

CMPD-43 on the signaling pathway. The assays were performed in biological triplicate. 

Data were analyzed via t-tests using GraphPad Prism. Results were combined to one chart 

for presentation. 

4.4 Results and Discussion 

4.4.1 General characterization of CMPD-43 on MC-38 and LP9 cells 

The MTS assay is a method used to assess cell viability and proliferation by 

measuring the metabolic activity of cells. Since Prl-1 is involved in regulating cell 

proliferation, inhibiting this protein may potentially halt the cell cycle and trigger apoptosis 

or even necrosis.144, 145 Although previous studies by Dr. Bai and colleagues have 

demonstrated that CMPD-43 exhibits minimal cytotoxicity in normal cells compared to 

cancer cells, it remains essential to evaluate its effects specifically on MC-38 and LP9 

cells.154, 165 An MTS assay [Figure 4.2a] was conducted to determine the cytotoxic effects 

of CMPD-43 on these cell lines. The results indicated that CMPD-43 does exhibit a slight 

cytotoxic effect on both MC-38 and LP9 cells (90% and 85% viability of the controls,  
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a 

Figure 4.2 Cell viability tests of LP9 and MC-38 upon CMPD-43 treatments. LP9 and 

MC38 cells were cultured in 96-well plates until they reached confluency. Both cell 

types were treated with 10 μM CMPD-43 for a duration of 6 hours. Following 

treatment, the cells were washed three times with PBS at room temperature for 

treatment termination. Subsequently, 20 μL of the reagent mixture was added to each 

well containing 100 μL of complete media. The plates were incubated at 37°C for one 

hour. The absorbance was measured at 490 nm. a) Cell viability (MTS) assay of LP9 

and MC-38 cells after 6-hour treatment with CMPD-43; b) Cell viability (MTS) assay 

of LP9 cells after 6-hour treatment with CMPD-43; the culture continued until 48 

hours.  

b 
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Figure 4.3 a) Work flow of MC-38 cells adhesion assay onto LP9 cells; LP9 cells were 

grown in 24-well plate until confluency; LP9 or MC-38 or both were treated with 

CMPD-43 for a duration of 6 hours; MC-38-RFP cells (5 X 105) were added to each 

well, followed by a 45-minute incubation period; Adhesion was terminated by PBS 

wash, 3 min 3 times. b) % MC-38 adhesion onto LP9 cells. LP9 or MC-38 or both 

were treated with CMPD-43. Percentages are normalized on average adhesion of the 

controls. 

b 

a 
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respectively). Another MTS test was conducted with LP9 cells treated with CMPD-43 for 

6 hours and examination of cell viability at various time points between 6 to 48 hours. A 

slight but significant reduction (85% viability) was observed at 48 hours [Figure 4.2b]. 

These results indicate that although CMPD-43 has some effect on cell viability in both cell 

lines, the reduction in cell viability was not substantial enough to interfere with subsequent 

experimental procedures. 

An in vitro adhesion assay was then performed to investigate the effects of CMPD-

43 on the adhesion of MC-38 cells to LP9 cells at varying concentrations of CMPD-43, 

ranging from 0 to 10 μM, with a treatment duration of 6 hours [Figure 4.3a]. The assay was 

conducted using three distinct treatment strategies: LP9 cells only, MC-38 cells only, and 

both LP9 and MC-38 cells treated with CMPD-43. The number of adhered cells per field 

was normalized to the control group averages.  

A significant reduction in cell adhesion was observed at CMPD-43 concentrations 

of 5 μM and 10 μM across all setups [Figure 4.3b]. Additionally, adhesion significantly 

decreased at concentrations of 1 μM and 2 μM when MC-38 cells were treated with CMPD-

43. These findings suggest that a concentration of 10 μM is effective for future experiments 

aimed at inhibiting Prl-1 in LP9 cells with CMPD-43. Furthermore, the results indicate that 

MC-38 cancer cells are more responsive to CMPD-43 than LP9 normal cells, consistent 

with previous literature.154, 165 

4.4.2 MC-38 ex vivo adhesion assay onto murine peritoneum and omentum explants 

To evaluate the effect of CMPD-43 on adhesion of MC-38 to murine peritoneal 

tissues, an ex vivo adhesion assay was used [Figure 4.4b]. In this experiment, only the  
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Figure 4.4 a) Workflow of an ex vivo adhesion assay; Aged male mice were sacrificed 

via isoflurane; Peritoneum and omentum tissue explants were collected and pinned 

in silicone coated dishes; they were then treated with 10 μM CMPD-43 for 6 hours; 

MC-38-RFP cells (5 X 105) were added to each well, followed by a 45-minute 

incubation period; Adhesion was terminated by PBS wash, 3 min 3 times. b) Violin 

plots of % MC-38 adhesion onto CMPD-43 treated peritoneum and omentum. 

Percentages are normalized on average adhesion of the controls.  

a 

b 
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tissue explants were treated as the focus of this project is inhibition of host MC-expressed 

Prl-1. Figure 4.4b illustrates the percentage of MC-38 cell adhesion (non-treated) onto 

peritoneum and omentum tissues treated with CMPD-43. A noticeable reduction in MC-

38 adhesion was observed to both peritoneal and omental tissues post-treatment (p < 0.0001 

and p = 0.0011 respectively). This observation supports the hypothesis that Prl-1 is crucial 

in mediating cancer cell adhesion to the surface of peritoneal organ mesothelial cells.  

4.4.3 Prl-1 function assays regarding the Prl1-RhoA-Ncad pathway 

Given that Prl-1 has been confirmed to promote cancer cell adhesion to mesothelial 

cells, it is crucial to explore the signaling pathways in a molecular level through which this 

effect is mediated. The first pathway examined in this study is the Prl1-RhoA-Ncad 

pathway. Prl-1 competitively binds to the SH3 domain of p115 RhoGAP [Figure 4.1], 

stopping it from binding and deactivating RhoA.155 As a result, Prl-1 competitively 

activates RhoA which subsequently promotes N-cad mediated cell-cell adhesion. Initial 

control experiments were performed to confirm a role for N-cad in mediating CRC to 

mesothelium adhesion. It is hypothesized that if N-cad functionally mediates MC-38 : LP9 

adhesion, thus inhibiting N-cad with a function-blocking antibody should significantly 

decrease the adhesion. An in vitro adhesion assay was conducted with MC-38 cells 

adhering to LP9 cells treated with the N-cad blocking antibody GC-4 [Figure 4.5a]. The 

results demonstrated a significant reduction in adhesion of MC-38 cells upon blocking N-

cad, indicating the involvement of N-cad in the adhesion between cancer cells and 

mesothelial cells. Notably, the most significant reduction in adhesion occurred when N-  
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Figure 4.5 a) MC-38 adhesion onto LP9 with N-cad function blocking antibody (GC-

4, 120 μg/mL, 1 hour incubation); MC-38-RFP cells (5 X 105) were added to each well, 

followed by a 45-minute incubation period; Adhesion was terminated by PBS wash, 3 

min 3 times; Treatment combinations includes: 1) Both cells treated with Control IgG; 

2) LP9 treated with control IgG + MC-38 treated with GC-4; 3) MC-38 treated with 

Control IgG + LP9 treated with Anti-N-Cad; 4) Both cells treated with GC-4; b) 

Western blots for CMPD-43 treated LP9 cell lysates against N-cad. LP9 cells were 

grown to confluence before being treated with 10 μM CMPD-43 in complete media at 

various time points: 0, 3h, 6h, 12h, and 24h. At the 6-hour mark, treatments were 

stopped with two washes of PBS, followed by the replacement of complete media. 

Equal amounts of protein (30μg per lane) were separated by electrophoresis on 9% 

SDS-polyacrylamide gels and transferred onto methanol-activated polyvinylidene 

fluoride (PVDF) membranes. Membranes were blocked with 5% milk in TBST 

(150mM NaCl, 25mM Tris, 0.05% Tween 20) for one hour at room temperature to 

prevent non-specific binding. Primary antibodies against N-cad (1:500 in 5% BSA) 

and incubated with the membranes overnight at 4ºC. After thorough washing, 

membranes were incubated with horseradish peroxidase-conjugated secondary 

antibodies at a 1: 2000 dilution for one hour at room temperature. The resulting signals 

were visualized using chemiluminescence with the ChemiDoc™ Imaging system. 

b 

a 
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cad was blocked in both cancer and LP9 cells. This result aligns with the understanding 

that N-cadherin-mediated cell-cell adhesion requires the formation of extracellular N-

cadherin dimers from both participating cells. Control experiment showed that the 

expression of N-cad after treatments was not affected [Figure 4.5b]. The RhoA activity 

assay [Figure 4.6a] further confirmed that inhibiting Prl-1 activity in LP9 cells significantly 

reduced the levels of active RhoA, providing strong evidence that Prl-1 facilitates cell-cell 

adhesion, at least in part, via the Prl1-RhoA-Ncad pathway. RhoA activation is known to 

stabilize β-catenin, leading to the accumulation of α-catenin at the intracellular domain of 

N-cad.160 The activation of RhoA aids in stabilizing the N-cad-catenin complex's 

attachment to the actin cytoskeleton, thereby reinforcing cell-cell contacts. The data 

indicate that Prl-1 does not affect N-cadherin expression, corroborated by the western blot 

results. 

4.4.4 The effect of Prl-1 inhibition on the level of active FAK, p130cas, and ERK1/2 

Prl-1 activates the Src/FAK/p130cas kinase cascade, providing a potential 

mechanism for enhanced cell adhesion, migration, anchorage-independent growth, cell 

transformation, growth factor stimulation, and cytokine receptor engagement [Figure 

4.1].161, 163 To assess the effects of Prl-1 inhibition on the signaling proteins FAK and 

p130cas, cell lysates were collected from CMPD-43-treated LP9 cells at various time 

points, ranging from 0 to 24 hours. The treatment duration was limited to the first 6 hours 

to align with the protein function assays. Figure 4.6b presents the western blot analyses for 

FAK, phosphorylated FAK (p-FAK), p130cas, and phosphorylated p130cas (p-p130cas). 

The phospho-specific antibodies targeted phosphorylation sites Y410 on p130cas and 
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Y397 on FAK, which are critical for their activation and proper localization during focal 

adhesions.163, 166, 167 The results showed a biphasic effect on FAK and p130cas 

phosphorylation, with a decrease in the phosphorylated levels of these proteins at the 3-6 

hour time point [Figure 4.6b], and subsequent increase in the 6-24 h time frame. Meanwhile, 

the total level of both proteins remains largely consistent throughout the 24-hour period. 

This is consistent with the hypothesis that Prl-1 activation would enhance the 

phosphorylation and activation of p130cas and FAK, and thus inhibiting Prl-1 should 

reduce the phosphorylated (active) form of both proteins without affecting their total 

expression levels. The data suggest that Prl-1 inhibition significantly reduces the active 

forms of FAK and p130cas, which could potentially alter cell:matrix adhesion. Although 

FAK and p130cas do not directly regulate cell:cell adhesion, altered cell:matrix adhesion 

between mesothelial cells to ECM could also destabilize the ECM structure at the 

cancerous:mesothelial junction [Figure 4.1]. As a result, inhibiting Prl-1 could deactivates 

FAK and p130cas, destabilizing the cancel cell:matrix:mesothelial cell complex.  

The Erk1/2-MMPs pathway was investigated by measuring the total and 

phosphorylated ERK1/2 levels using western blots. Interestingly, data have revealed that 

p-ERK1/2 (active) levels were significantly higher at the 6h time point than all others with

a consistent level of total ERK1/2 [Figure 4.6b]. This is inconsistent with the hypothesis 

that inhibiting Prl-1 would reduce the level of p-ERK1/2. Such dramatic and sudden change 

in p-ERK1/2 reveals interesting insight into the complexity of Prl-1 involved cellular 

network and awaits future investigations. 
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Figure 4.6 a) RhoA activity in LP9 cells treated with/without CMPD-43; LP9 cells 

were cultured to confluence and treated with 10 μM CMPD-43 in complete media for 

6 hours. Treatments were terminated by washing the cells twice with PBS. The RhoA 

G-LISA Activation Assay Kit was used for RhoA activity. Lysates were standardized 

to equivalent protein concentrations before being frozen and stored. Cell lysates were 

combined with binding buffer and loaded into 96-well binding strips, shaken at 200 

rpm for 30 minutes at 4°C. This was followed by incubation with Antigen presenting 

buffer (2 minutes at room temperature), then with anti-RhoA primary antibody 

diluted 1/250 (200 rpm shaking for 45 minutes at room temperature), and finally with 

secondary HRP-labeled antibody diluted 1/62.5 (200 rpm shaking for 45 minutes at 

room temperature). The HRP detection reagent was added (50 μL each well, 15 min 

at 37 °C), and the reaction was terminated with the HRP Stop Buffer. Absorbance 

was measured at 490 nm. b) Western blots for CMPD-43 treated LP9 cell lysates 

against FAK, p-FAK, p130cas, p-p130cas, and N-cad. LP9 cells were grown to 

confluence before being treated with 10 μM CMPD-43 in complete media at various 

time points: 0, 3h, 6h, 12h, and 24h. At the 6-hour mark, treatments were stopped 

with two washes of PBS, followed by the replacement of complete media. Equal 

amounts of protein (30μg per lane) were separated by electrophoresis on 9% SDS-

polyacrylamide gels and transferred onto methanol-activated polyvinylidene fluoride 

(PVDF) membranes. Membranes were blocked with 5% milk in TBST (150mM NaCl, 

25mM Tris, 0.05% Tween 20) for one hour at room temperature to prevent non-

specific binding. Primary antibodies against N-cad, p130cas, phospho-p130cas (p-

p130cas), FAK, and phospho-FAK (p-FAK) were diluted to 1:500 in 5% BSA/TBST 

and incubated with the membranes overnight at 4ºC. After thorough washing, 

membranes were incubated with horseradish peroxidase-conjugated secondary 

antibodies at a 1: 2000 dilution for one hour at room temperature. The resulting 

signals were visualized using chemiluminescence with the ChemiDoc™ Imaging 

system.  

a b 
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4.4.5 Limitations and Future directions 

The very next step could be to perform protein function assays for the remaining 

USP36-Snail2-Ncad pathway, as suggested. It is hypothesized that inhibiting Prl-1 would 

regulate the USP36-Snail2-Ncad pathway and cause a reduction in USP36 and Snail2 

levels following CMPD-43 treatment, resulting in a decrease in N-cad expression levels. 

A deubiquitination assay could be used to confirm if inhibiting Prl-1 in LP9 cells reduces 

Snail2 levels via polyubiquitination. However, N-cad western blot results [Figure 4.5b] 

showed no change in N-cad expression upon CMPD-43 treatment, suggesting that USP36-

Snail2-Ncad is not a key pathway regulating cell:cell adhesion in this system.  

One of the concerns regarding this project is the level of influence is not going to 

be as large as other tumor studies where their oncogenic targets are usually over-expressed. 

Due to the nature of this study, all treatments are performed on non-cancerous cells and 

tissues where everything tends to stay homeostatic. Unlike cancer cells, not many proteins 

in LP9 cells are greatly over- or under-expressed. As a result, inhibiting a protein in LP9 

cells may not result in changes as big as if the protein in overexpressed in some cancer cell, 

making the effects less significant. The reduction in adhesion and RhoA activity after LP9 

was treated with CMPD-43 are all significant but small. The N-cad level didn’t change too 

much after CMPD-43 treatments. It could be simple that the USP36-Snail2-Ncad pathway 

is irrelevant in this experiment. However, it could also be that the changes are just small 

and the cells’ other pathways also expressing N-cad self-rescued the total N-cad level. In 

future studies, more sensitive analytical methods such as isotope-labelled quantitative mass 

spectrometry could be used to examine such small changes. On the other hand, this project 
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also calls for attention that some proteins could have a significant effect on cancer 

metastatic success without being greatly over expressed as in some cancer cells. 

The complexity of tumor metastatic microenvironment of CRC patients can be 

much higher than in a murine model. Utilizing patient-derived xenografts (PDX) or 

organoid models can provide more relevant biological contexts to study the effects of Prl-

1 inhibitors. Inhibiting Prl-1 in normal or cancerous samples using these models can more 

accurately reflect the heterogeneity of human tumors and their microenvironments, 

offering a better predictive platform for clinical outcomes. 

While in vitro and ex vivo studies provide valuable insights, in vivo studies using 

animal models are crucial to confirm the therapeutic potential and safety of CMPD-43 and 

other Prl-1 inhibitors. These studies can help assess the drug's pharmacokinetics, 

pharmacodynamics, toxicity, and efficacy in a whole-organism context, which is essential 

before considering clinical trials. By continuing to investigate the molecular underpinnings 

of Prl-1's role in cancer, more effective treatments for patients suffering from Prl-1 driven 

malignancies could be advanced. It is also important to identify biomarkers associated with 

Prl-1 activity, to help in patient stratification and monitoring therapeutic responses. Such 

targets may be found from the proteomics data in Chapter 3 (host) or from cancer cell 

proteomics analysis. Given the complexity of cancer signaling networks, combination 

therapies involving Prl-1 inhibitors and other targeted treatments (e.g., chemotherapeutics, 

immunotherapies) might offer enhanced efficacy. Exploring synergistic effects and 

potential drug interactions in a murine model with CMPD-43 and standard of care 

therapeutics may further aid the development of more effective treatment regimens. The 
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question here will be: will a combination of Prl-1 inhibition with standard of care treatment 

reduce primary tumor size as well as preventing the tumor from forming metastasis? 

4.5 Conclusion 

This analysis underscores the pivotal role of both host and tumor Prl-1 in the metastatic 

process of colorectal cancer, particularly in mediating cancer cell adhesion to mesothelial-

linked structures. The study confirms that Prl-1 is an important player in several signaling 

pathways, including the Prl1-RhoA-Ncad pathway and Src-p130cas and FAK pathway, 

which are integral to cell proliferation, migration, and adhesion. The utilization of CMPD-

43, a Prl-1 inhibitor, has demonstrated significant efficacy in reducing cancer cell adhesion, 

highlighting its potential as a therapeutic agent. The findings also suggest that the 

disruption of Prl-1 activity can led to a decrease in key signaling molecules and pathways, 

such as FAK and p130cas, thereby potentially preventing cancer cell migration and 

metastasis.  

It is hypothesized that metastatic cancer cells may target membrane-bound Prl-1 

expressed by the host's healthy tissues to facilitate recruitment and initiate metastasis. The 

findings highlight the potential therapeutic value of Prl-1 inhibitors in preventing colorectal 

cancer metastasis. In patients diagnosed with early-stage colorectal cancer, a Prl-1 

inhibitory drug could significantly impede intraperitoneal metastasis, thereby maintaining 

the disease at an early, more treatable stage. The implications of these results are profound, 

as they suggest that targeting Prl-1 could offer a strategic advantage in the treatment of 

colorectal cancer, particularly in preventing metastasis to peritoneal surfaces. Future 

research should focus on further elucidating the specific mechanisms by which Prl-1 
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contributes to cancer progression and exploring the therapeutic potential of Prl-1 inhibitors 

in pre-clinical models and in clinical settings. By continuing to investigate the molecular 

underpinnings of Prl-1's role in cancer, patients suffering from CRC and malignancies may 

have more effective treatments for primary or recurrent diseases.   
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CHAPTER 5.  

PROJECT SUMMARY 

5.1 Introduction 

This study seeks to deepen our understanding of how gender and age differences 

influence peritoneal metastasis in colorectal cancer (CRC) through the use of proteomic 

approaches. The study identified and investigated potential therapeutic targets that are 

specialized for different gender and age groups. Colorectal cancer (CRC) remains one of 

the leading causes of cancer-related mortality worldwide, with a significant proportion of 

these deaths attributed to peritoneal metastasis.1, 2 Despite the critical role of metastasis in 

CRC prognosis, much of the existing research has focused primarily on the cancer cells 

themselves, rather than the host environment in which these cells metastasize. This study 

diverges from traditional approaches by shifting the focus to the proteomic differences in 

healthy tissues, specifically non-cancerous mesothelial cells, across different gender and 

age groups. The novel aspect of this research lies in its investigation of how these 

differences influence the metastatic process, particularly in the context of peritoneal 

metastasis. By examining the proteomic profiles of mesothelial cells in healthy mice, this 

study seeks to uncover the underlying biological mechanisms that predispose certain 

groups—most notably older males—to higher rates of metastasis. This focus on the host 

environment, rather than solely on the cancer cells, offers new insights that could lead to 

more personalized and effective therapeutic strategies [Figure 5.1]. 
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Figure 5.1 Graphical Abstract. This project starts with statistical data of colorectal 

cancer (CRC) patients from different gender and age groups.  Using murine models, 

the study progressed in 2 ways; one is using mouse allograph model to study CRC 

intra-peritoneal metastasis; the other in the proteomics analysis of isolated tumor 

naïve murine primary peritoneal mesothelial cells (MPPMCs). The observation from 

the tumor study, namely that, aged males present the highest tumor burden, was used 

as a guideline in analyzing the proteomics. Protein candidates potentially 

contributing to the gender/age differences in CRC metastatic success were identified, 

followed by protein function analysis. The characterized proteins can then be 

investigated in animal models and drug discovery for more personalized of CRC 

metastasis in the aged host. 



91 

5.2 Gender and Age Effect on CRC Intraperitoneal Metastasis Success 

Cancer predominantly impacts older individuals, with age being one of the most 

significant risk factors for both the disease and its metastatic spread. Additionally, the 

biological sex of the individual plays a critical role in determining the likelihood of 

metastasis and survival outcomes. Men, in particular, are more susceptible to cancer-

related mortality. In the case of colorectal cancer (CRC), incidence and mortality rates are 

notably higher in men, underscoring the serious mortality risks faced by male CRC patients, 

highlighting that fundamental biological differences between sexes significantly influence 

cancer progression.  

This study begins by exploring the impact of gender and age on the success of CRC 

metastasis within the peritoneal cavity, using a murine model. The findings reveal that aged 

male mice exhibit the highest tumor burden, particularly in adipose organs formed by the 

folding of visceral peritoneum. This observation is consistent with epidemiological data, 

which indicate higher CRC incidence and mortality rates in males, especially those over 

the age of 65. The study also highlights the gender-specific differences in tumor burden 

are more pronounced in aged mice, particularly in the omentum and peritoneal adipose. 

These results underscore the significant influence of biological sex and age on CRC 

metastatic patterns and suggest that these factors should be considered when developing 

therapeutic strategies. They also highlight the necessity of discovering new targets 

specifically for aged males who carried the highest risk of CRC metastasis. 
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5.3 MPPMC Proteomics Revealed Protein Targets Potentially Mediating CRC 

Intraperitoneal Metastasis Success in Aged Males 

Building on the findings regarding the gender and age effects, the study delves into 

the proteomic profiles of murine primary peritoneal mesothelial cells (MPPMCs) to 

identify potential mediators of CRC metastasis. The peritoneum is a large abdominal organ, 

consisting of an extensive serous membrane that lines the inner walls of the abdominal 

cavity and the outer surfaces of the visceral organs. Numerous peritoneal diseases, such as 

peritonitis, primary cancers like mesothelioma, and metastatic cancers including ovarian, 

pancreatic, and colorectal cancers i.p. metastasis, often begin with interactions involving 

the peritoneal mesothelial cells. The study developed and finalized an isolation protocol to 

reproductively isolate MPPMCs in vitro culture and utilized mass spectrometry as the gold 

standard to quantitatively build a proteomic portrait of the mesothelial cells from different 

gender and age group.  

Each cohort, FA, FY, MA, MY, contains a total of 2721, 1982, 2484, 2364 proteins 

and 899, 662, 816, 805 protein groups respectively. FA, FY, MA, MY, have 379, 58, 202, 

423 proteins and 150, 17, 66, 137 protein groups [Figure 3.2 and Table 3.1] unique to their 

individual group, respectively. By comparing the proteomes of MPPMCs from different 

gender and age groups, male and female MPPMCs are different in their protein translation 

and peptide metabolism pathways while the aged and young mesothelial cells have distinct 

metabolic processes. The study also identified significant differences in protein expression 

that may contribute to the observed disparities in metastatic success. Our results identified 

differentially expressed proteins previously associated with peritoneal diseases including 
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YWHAZ, GSN, VIM, and LGALS3BP. Notably, the proteomic analysis reveals that aged 

males exhibit a unique protein profile that could be linked to their higher tumor burden. 

CD166, CLU, and Prl-1 were highlighted from the profile by their metastasis-promoting 

characteristics. These findings establish baseline proteomic data that not only provide 

valuable insights into the role of mesothelial cells in maintaining peritoneal homeostasis 

but also suggest that specific proteins in aged males may facilitate CRC metastasis. This 

approach introduces a novel area of research, linking these proteomic differences to disease 

progression and identifying potential targets for future therapeutic intervention. More 

importantly, the proteomics data has been uploaded into databases which are open to all 

other researchers who are interested in studying peritoneal diseases, including but not 

limited to peritonitis, mesothelioma, and metastatic cancer including ovarian, pancreatic 

and colorectal cancer. While this study focused primarily on the MA cohort, other 

peritoneal diseases may present different trends according to gender and age, and therefore 

may find values in examination of these proteomics profiles.   

5.4 Comprehensive Analysis of Prl-1 in Colorectal Cancer Metastasis 

One of the key findings of the study is the identification of Prl-1 as a critical factor 

in CRC metastasis, particularly in aged male mice. Prl-1, a protein tyrosine phosphatase, 

is shown to play a significant role in promoting cancer cell adhesion and migration. Prl-1 

was first identified as a nuclear protein involved in regulating cell growth and is known to 

affect cell proliferation and differentiation in a tissue-specific manner. The protein 

undergoes prenylation, which aids in its transport to membrane structures, where it 

influences cell growth and migration through pathways involving proteins such as 
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extracellular signal-regulated kinase 1/2 (ERK1/2), the proto-oncogene c-Src (src), and 

RhoA-GTPase activities. 

The study confirms that Prl-1 is involved in several important signaling pathways, 

including the Prl1-RhoA-Ncad pathway and Src-p130casandFAK pathway, which are 

integral to cell proliferation, migration, and adhesion. The research further demonstrates 

that inhibition of Prl-1 using the specific inhibitor CMPD-43 effectively reduces CRC 

metastasis, making Prl-1 a promising therapeutic target. This comprehensive analysis of 

Prl-1 provides a deeper understanding of its role in the metastatic process and suggests that 

targeting this protein could offer a strategic advantage in preventing CRC metastasis, 

particularly in high-risk groups such as older males. 

In the current practice of colorectal cancer (CRC) treatments, commonly used 

precision therapeutic targets include: EGFR, KRAS, and VEGF etc. EGFR inhibitors like 

cetuximab and panitumumab are especially effective in tumors without RAS mutations. 

KRAS mutations are present in around 40% of CRC cases, making it a major therapeutic 

target. New approaches, including KRAS G12C inhibitors such as KRAZATI, Sotorasib, 

Adagrasib, and Fruzaqla have recently been approved to treat KRAS-mutated cancers.168-

171 VEGF/VEGFR could be targeted through VEGF inhibitors like bevacizumab. It 

interrupts angiogenesis and remains a key strategy, especially in combination with 

chemotherapy.170 Other than the pathways proposed in Chapter 4, candidate proteins found 

from the proteomics data (Chapter 3), PRL-1, CD166, and clusterin, have also been shown 

to correlate with those known therapeutic targets.  
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Prl-1, while not traditionally a major therapeutic target, shows potential due to its 

role in activating the EGFR-PI3K-CaM pathway, promoting cell proliferation and liver 

regeneration. Given its structural similarity to PRL-3, which is correlated with VEGF 

expression, PRL-1 keeps emerging as a target worth further investigation.172, 173 In humans, 

PRL-1 and PRL-2 share 87% homology in their amino acid sequences, while PRL-1 and 

PRL-3 are 79% homologous, and PRL-2 and PRL-3 exhibit 76% homology.146, 174, 175 Like 

PRL-1, PRL-2 plays a role in cell cycle regulation by promoting the G1 to S phase 

transition through the downregulation of p21Cip1/Waf1.176 In recent years, several studies 

have shown that PRL-2 is overexpressed in various cancer cell lines and tumor samples, 

including pancreatic, breast, and lung cancers. More significantly, PRL-2 has been linked 

to tumor progression.146, 177-179 Furthermore, the ectopic overexpression of PRL-2 in 

hematopoietic cells has been reported to affect malignant progression and metastasis. 146, 

180 Prl-2 has been shown to enhance cancer cell migration and metastasis via activating 

p130cas and ERK.177 PRL-2 exhibits phosphatase activity on multiple substrates, such as 

activating VCP/P97 at Y805 and deactivating PTEN at Y336. Overexpression of PRL-2 is 

believed to activate VCP, supporting lysosomal hemostasis and cancer cell survival.181 

PRL-2 deletion also mitigates p53 deficiency–induced tumor growth by increasing PTEN 

levels and reducing Akt activity.182 Although PTEN mutations are rare in colorectal cancer, 

VCP is a frequently studied target for CRC.183, 184 185, 186 Interestingly, CMPD-43 has been 

found to inhibit PRL-2 activity, providing an excellent starting point for further analysis of 

PRL-2 function.182 Analyzing the effect of inhibiting Prl-2 in combination with targeting 

Prl-1 or the other therapeutic targets can be the very next step understanding the complex 

pro-metastasis activities of the phosphatase of regenerating liver family. 
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CD166 is another molecule relevant to CRC due to its involvement in cellular adhesion 

and migration, impacting key pathways regulated by EGFR and KRAS. Researches 

supported that CD166 enhances EGFR phosphorylation and prolongs the signaling cascade, 

contributing to a cancer stem cell-like phenotype. Additionally, CD166-positive CRC 

specimens show a higher frequency of KRAS exon 2 mutations compared to CD166-

negative ones, underscoring a potential, albeit unconfirmed, link between CD166 and 

KRAS-driven pathways in CRC.170, 187, 188  

Clusterin (CLU) plays a significant role in modulating several oncogenic signaling 

pathways, including IGF-1/IGFR, EGFR, NF-kB, PI3K/AKT, and TGF-β.189 While many 

of those pathways can be oncogenic, a significant portion of KRAS mutation positive Non-

small cell lung cancer patients are concurrently deficient of CLU.190 Nevertheless, it has 

also been shown that heat shock factor 1 upregulated PDL1 (another CRC therapeutic 

target) expression by inducing clusterin expression and activating STAT3 signaling 

pathway in Hepatocellular cancer.165, 191 It indicates that CLU is involved in both tumor-

suppressive and tumor-promoting processes depending on the context. Interestingly, 

clusterin’s enhancement of astrocyte proliferation and activation of the Ras/Raf-

1/MEK/ERK signaling cascade via EGFR highlights its broader relevance to CRC 

signaling networks.192 

While VEGF is widely recognized for its role in CRC treatment, correlations 

between VEGF and clusterin were observed in other contexts. Intravitreal levels of VEGF 

and clusterin proportional to severity of diabetic retinopathy.193 N,N'-Dinitrosopiperazine 

(DNP) is involved in Nasopharyngeal carcinoma metastasis. DNP promotes NPC 

metastasis through up-regulating increase CLU, matrix metalloproteinases (MMP) 9 and 
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vascular endothelial growth factor (VEGF) expression and activity.194 These findings 

suggest that clusterin might interact with VEGF-driven processes, indirectly influencing 

metastasis and tumor progression in CRC as well. The upregulation of both VEGF and 

clusterin in certain conditions adds to the complexity of their relationship in cancer 

progression. 

Again, Prl-1, CD166, and CLU are all proteins found exclusively from aged male 

MPPMC proteomics in the tumor naïve host. The identification of proteins closely related 

to oncogenesis in healthy tissue holds profound importance for the future of cancer research 

and personalized medicine. These proteins’ interaction with metastatic cancer cells 

carrying those therapeutic targets could represent the early molecular shifts to metastasis, 

making them crucial targets for preventive strategies, especially given that CRC metastasis 

could start fast and early in tumor progression even before the carcinoma is clinically 

detectable.12 By studying these proteins in their pre-oncogenic tissue, researchers can 

uncover the subtle changes that occur before metastasis, potentially enabling the 

development of interventions that halt malignancy at its inception. Additionally, 

understanding these proteins within healthy tissue offers insights into the delicate balance 

of cellular processes that maintain normal function and how their dysregulation leads to 

cancer. As technology advances in proteomics and bioinformatics, the future lies in 

refining our ability to map these protein networks and their interactions in healthy versus 

diseased states. Such efforts could lead to more specific drug targets and tailored 

therapeutic strategies that focus on correcting or mitigating the pre-malignant shifts before 

they progress into full-blown oncogenesis. 
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5.5 Future Directions 

While this study provides significant insights into the role of gender, age, and 

specific proteins like Prl-1 in CRC metastasis, several limitations should be addressed in 

future research. One of the main limitations is the use of an in vitro culture system that 

does not fully replicate the complex in vivo mesothelial microenvironment. Future studies 

should incorporate additional factors, such as extracellular matrix components and other 

cell types like fibroblasts and immune cells, to provide a more comprehensive 

understanding of the mesothelial environment. Additionally, further research is needed to 

fully elucidate the mechanisms by which Prl-1 influences signaling pathways involved in 

CRC metastasis. This could involve more detailed functional assays and in vivo studies to 

validate the therapeutic potential of Prl-1 inhibitors in clinical settings. In addition, a larger 

in vivo cohort with more mice in each could potentially be used. The allograft model used 

in Chapter 2 exhibits large standard error, which may be reduced by increasing the sample 

size to at least 30-40 mice per cohort.  

The function studies on the Prl1-Erk1/2-MMPs and Prl1-USP36-Snail2-Ncad 

Pathways are currently ongoing as suggested in order to draw a more comprehensive and 

connected roadmap for Prl-1 mediated cell:cell adhesion. Other candidate proteins 

including CD166 and CLU shall also have their function analyzed on the mesothelium. 

Future research should also explore the therapeutic implications of the identified proteomic 

differences in MPPMCs, particularly in relation to developing gender- and age-specific 

treatments. Investigating how these proteins contribute to CRC metastasis in other high-

risk populations could lead to more effective and personalized treatment strategies. 
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Moreover, expanding the study to include other types of cancer that metastasize to the 

peritoneum could further enhance our understanding of the broader implications of these 

findings. 

Moreover, the peritoneal cavity is not the only site of CRC metastasis, and in many 

cancers, intra peritoneal, lymph node, and hematologic spread could all happen at the same 

time.17, 23 It could be important to also investigate the proteomics profiles specific to each 

gender and age group. Future researches could perform vertical comparisons between 

different groups like the current study. They could also conduct horizontal comparisons 

which focus on candidate proteins shared/differ between healthy tissues for the discovery 

of new therapeutic targets which could prevent metastasis not only in the peritoneal cavity, 

but also other parts of the body. 

In a recent study, several novel prognostic markers in CRC were identified, 

including AREG, FLCN, and TYRO3, etc.195 Their interactions with host tissue, perhaps 

mesothelial cells, could be a good representation and cut-in point to study cancerous : 

healthy intracellular interactions. AREG is synthesized as a membrane-anchored precursor 

protein that can engage in juxtracrine signaling with neighboring cells. Alternatively, after 

proteolytic processing by cell membrane proteases, AREG is secreted and acts as an 

autocrine or paracrine factor.196 AREG is an EGFR ligand associated with a favorable 

response to anti-EGFR therapy and improved progression-free survival in CRC.197 AREG 

activates EGFR signaling in an autocrine manner, promoting mucoepidermoid carcinoma 

(MEC) cell growth and survival.198 Additionally, AREG plays a critical role in cell 

migration, invasion, and EMT through activation of the EGFR/ERK/NF-κB signaling 

pathway in pancreatic cancer cells.199 FLCN, a tumor suppressor, also regulates EGFR 
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signaling by suppressing its activity and enhancing EGF-induced EGFR degradation.200, 201 

PRL-1 is also thought to be an EGFR ligand, but the correlation between these proteins 

remains unclear. Future research could explore how targeting AREG ’ s dual roles in 

autocrine and paracrine signaling might optimize therapies, particularly in the context of 

EGFR inhibitors in CRC and other malignancies. Understanding its interaction with other 

ligands and potential synergistic effects with PRL-1 could unveil new therapeutic 

combinations. Investigating the relationship between AREG, FLCN, and PRL-1, especially 

in the modulation of EGFR mediated pathways, holds promise for new avenues in precision 

oncology. Future studies could focus on whether they act in concert or opposition in tumor 

progression and whether manipulating this relationship could yield targeted therapies that 

enhance treatment efficacy. 

Furthermore, circulating small extracellular vesicles (csEV)-mediated TYRO3 

activation promotes migration and metastasis via EMT and RhoA stimulation in invasive 

cancer cells.202 Moreover, TYRO3 knockdown in gastric cancer (GC) cell lines effectively 

suppresses the PI3K/AKT/mTOR pathway, inhibiting tumor cell proliferation and 

migration.203 The role of TYRO3 in facilitating metastatic processes suggests it could be a 

viable target for preventing cancer spread. These findings highlight notable parallels with 

the activity of PRL-1.160, 172 Future research should delve deeper into csEV-mediated 

TYRO3 activation mechanisms and its interplay with other pathways like those involving 

PRL-1. Identifying co-regulatory mechanisms between TYRO3 and PRL-1 could 

potentially yield biomarkers or targets for combination therapies aimed at halting cancer 

progression. 
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5.6 Conclusion 

In conclusion, this study offers a novel perspective on colorectal cancer metastasis 

by focusing on the proteomic differences in healthy peritoneal mesothelial cells across 

different gender and age groups. The research highlights the significant impact of these 

differences on CRC metastasis, particularly in aged males, and identifies Prl-1 as a key 

player in the metastatic process. The findings suggest that targeting specific proteins, such 

as Prl-1, could lead to more effective strategies for preventing CRC metastasis, particularly 

in high-risk populations. By shifting the focus from the cancer cells themselves to the host 

environment, this study opens new avenues for personalized medicine and offers the 

potential for more targeted and effective therapeutic interventions. Identified proteins 

including but not limited to Prl-1, CD166, and CLU also carry great potential on their 

relationships with known prognostic signatures of colorectal cancer, which requires future 

research to uncover. Future research should then build on these findings by exploring the 

complex interactions within the mesothelial microenvironment and further investigating 

the therapeutic potential of the identified protein targets. 
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