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ABSTRACT 

 

 

 

STUDYING THE ROLE OF PTEN IN THE GUT AND THE GUT-BRAIN 

INFLAMMATORY INTERACTION 

 

by 

 

Cody Howe 

 

 

Adviser:  Sang Rhee, Ph.D. 

 

 

 Phosphatase and tensin homolog (Pten) deficiency causes tumorigenesis because 

Pten opposes PI3k-Akt signaling. However, correlation between Pten deficiency and 

colon cancer remains unclear due to contradicting studies. The first project examines this 

correlation by generating intestinal epithelial cell (IEC) – specific Pten knockout (KO) 

mice. However, IEC-Pten deficiency alone did not induce tumorigenesis in mice but 

maintained the tumor-driving potential. The expression of tumor-promoting and tumor-

suppressing genes was decreased and increased, respectively, in the intestine of 

PtenΔIEC/ΔIEC mice compared to controls. The abundance of Akkermansia muciniphila, 

capable of inducing chronic intestinal inflammation, was reduced in PtenΔIEC/ΔIEC mice. 

These findings suggest that altered tumor-associated gene expression and changed gut 

microbiota shape a tumor-preventive microenvironment in PtenΔIEC/ΔIEC mice. It was 

recently suggested that PTEN regulates TLR5-induced immune and inflammatory 

responses in IECs, suggesting an immunomodulatory function of PTEN in the gut. 

However, this alternative function of PTEN has not been evaluated in an in vivo context 

of protection against enteropathogenic bacteria. In the second project, PtenΔIEC/ΔIEC mice 
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were subjected to the streptomycin-pre-treated mouse model of Salmonella infection. The 

bacterial infection in PtenΔIEC/ΔIEC mice increased the mortality, induced gastrointestinal 

inflammation, up-regulated pro-inflammatory cytokines, and increased bacterial loads in 

extraintestinal tissues. This suggests that IEC-restricted Pten deficiency renders the host 

greatly susceptible to Salmonella infection and supports an immune-regulatory role of 

PTEN in the gut. Lastly, in the third project, chronic gut inflammation is associated with 

neurodegenerative diseases. However, the direct evidence for and the underlying 

mechanism of the gut-brain interaction remain obscure. An interleukin-10 (IL-10) KO 

mouse was fed piroxicam-mixed chow, where it found that the brain and gut had 

increased levels of IL-1β and IL-6 cytokines. These findings suggest an inflammatory 

link in the piroxicam-fed IL-10 KO mice. Pten is an important factor in maintaining gut 

homeostasis, which is important for neural function. 
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CHAPTER ONE 

BACKGROUND AND SIGNIFICANCE 

 

 

 

1.1: Introduction 

Hippocrates, the father of medicine, once stated that “all disease begins in the 

gut”. Although a generalized statement, this proverb has only begun to be appreciated 

due to recent understanding of chronic inflammatory diseases in the gut. It was originally 

believed that genetic predisposition and exposure to environmental triggers were both 

necessary to develop chronic inflammatory diseases or cancer. However, it is becoming 

more evident that chronic inflammatory diseases, such as IBD, come from a complex 

interplay between genetic and environmental factors, as well as, constituents of the gut 

microbiome (Fasano, 2020). Recent research has also identified a bidirectional 

connection between the enteric nervous system and central nervous system known as the 

gut-brain axis, where emotional and cognitive centers of the brain are linked with 

peripheral intestinal functions (Carabotti et al., 2015). The brain-gut axis affects functions 

such as motility of the gut, intestinal permeability, and immune activation. Recent 

advances also suggest that the gut microbiota exhibits a great influence over the gut-brain 

axis by their metabolites and by products (Rutsch et al., 2020). In clinical practice, 

dysbiosis of gut microbiota has been associated with central nervous system disorders 

like Parkinson’s disease, Alzheimer’s disease and dementia (Peterson, 2020; Stadlbauer 

et al., 2020). Although the exact mechanisms of these diseases remain unclear, these new 

finding echo Hippocrates’s proverb, suggesting the cause of some of disease to be rooted 

in the gut.  
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1.2: Inflammatory Bowel Disease 

 Inflammatory bowel disease (IBD) is an umbrella term that is mostly 

encompassed by Crohn’s disease (CD) and ulcerative colitis (UC). IBD is typically 

characterized by episodes of abdominal pain, bloody stools, diarrhea, weight loss, and an 

influx of neutrophiles and macrophages that produce cytokines, proteolytic enzymes, and 

free radicals which result in inflammation and ulceration (Stokkers & Hommes, 2004; 

Szigethy et al., 2010). Both CD and UC may occur in adolescents and adults and affect 

men and women equally (Baumgart & Sandborn, 2007). IBD has been considered one of 

the most prevalent gastrointestinal (GI) diseases with a growing incidence rate in newly 

industrialized countries, with the highest prevalence remaining in Europe and North 

America (Ng et al., 2017). The two diseases differ in their location and depth of 

involvement within the bowel wall. UC is typically marked by diffuse inflammation of 

the colonic mucosa, usually affecting the rectum, but may extend into or beyond the 

sigmoid colon, or include the colon up to the cecum; whereas CD results in transmural 

ulceration of any portion of the GI tract, but tends to affect the terminal ileum and colon 

more (McDowell et al., 2022). Although the etiology of IBD remains unknown, progress 

has been mad to uncover the pathogenesis of this disease. Studies have provided evidence 

that IBD could be associated with factors such as genetic susceptibility, intestinal 

microbiota dysbiosis, immunological abnormalities and other environmental components 

(Kaser et al., 2010; Monteleone et al., 2006). This indicates that the intestinal epithelial 

barrier dysfunction could be playing central role in IBD, given the importance of the 

intestinal epithelial barrier in inhibiting toxins and pathogenic microbes to underlying 

tissues.  
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1.3: The Gut Epithelial Barrier 

The human body consists of many mucosal epithelia that form a direct barrier 

between the environment and the internal host milieu. The GI tract harbors the largest 

luminal barrier in the human body, and it prohibits the passage of potentially harmful 

antigens, microorganisms, and toxins by working together with immune and stromal cells 

(Helander & Fändriks, 2014). 

Figure 1: The illustration above depicts a “zoomed-in view” of the intestinal microenvironment. The 

different assortment of cells constitutes the gut epithelial barrier, which separates the gut lumen from 

the lamina propria. Commensal microbes, food particles, microbial metabolites, and foreign antigens 

reside in the gut lumen. Immune cells, like macrophages and dendritic cells, occupy the lamina propria.  

These immune cells will commonly reach across the barrier for antigen sampling to maintain intestinal 

homeostasis. 
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Therefore, the GI tract plays a pivotal role in the immune system (Turner, 2009). The GI 

barrier is comprised of a single layer of intestinal epithelium which lines the gut lumen, 

and it is a selectively permeable barrier to permit the flux of water, electrolytes, and 

essential dietary nutrients (Blikslager et al., 2007; Bröer, 2008; Ferraris & Diamond, 

1997; Kunzelmann & Mall, 2002). The two major routes in which intestinal epithelium 

mediates selective permeability are the transcellular pathway and the paracellular 

pathway. The transcellular permeability pathway is typically associated with solute 

transport through the epithelial cells and is primarily regulated by select transporters for 

amino acids, electrolytes, short-chain fatty acids (SCFAs), and sugars (Bröer, 2008; 

Ferraris & Diamond, 1997; Kunzelmann & Mall, 2002). The paracellular permeability 

pathway is associated with transport in the space between epithelial cells and is regulated 

through intercellular junctional complexes localized at the apical-lateral membrane and 

along the lateral membrane (Turner, 2009; Van Itallie & Anderson, 2006). Together, 

these two pathways regulate the crossing of the GI barrier.  

 Individual intestinal epithelial cells (IECs) make a monolayer of epithelial cells to 

form the intestinal epithelium through cell-cell junctions. This monolayer of cells, along 

with many other cell types, will all come together to form the intestinal epithelial barrier. 

The cell-cell junction is comprised of several cell-cell structures: tight junctions (TJs), 

adherens junctions (AJ), gap junctions, and desmosomes (Campbell et al., 2017). These 

different junctions work together to modulate intestinal permeability, or barrier entry, 

which allows different constituents of the intestines to pass through.
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Figure 2: The illustration above portrays a view of junctional protein complexes between cells of the 

gut epithelial barrier. These junctional protein complexes are responsible for regulating the 

permeability of the gut barrier. Without proper barrier function, microbial translocation can more 

readily occur and promote inflammation. 
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These junctional complexes are comprised of transmembrane proteins that link adjacent 

cells to the actin cytoskeleton via cytoplasmic scaffolding proteins (Groschwitz & Hogan, 

2009). TJs are the apical junctional complexes that consist of transmembrane proteins, 

peripheral proteins, and regulatory proteins and are mainly responsible for sealing the 

intercellular space (Harhaj & Antonetti, 2004; Vancamelbeke & Vermeire, 2017). The 

AJs and desmosomes are thought to be more important in the mechanical linkage of 

adjacent cell (Hartsock & Nelson, 2008). The AJ and TJ complexes are also important in 

the regulation of cellular proliferation, polarization, and differentiation (Cereijido et al., 

2004; Tsukita & Furuse, 2000). Gap junctions provide a direct connection of cytoplasm 

between two neighboring cells. A gap junction channel is formed by end-to-end docking 

of two hemichannels or connexons, with each connexon comprised of six connexin 

subunits that connect across the intercellular space, and this link allows for electrical 

impulses, ions, and other small molecules to pass between cells (Willecke et al., 2002). 

Lastly, desmosomes function as cell-to-cell adhesion complexes similar to a ‘spot-weld’, 

where the desmosomes help meld cells together. Desmosomes are formed by 

desmosome-intermediate filaments complexes, which are a network of cadherin proteins, 

keratin intermediate filaments and linker proteins (Delva et al., 2009). Desmosomes have 

also been suggested to act as signaling centers which may help regulate fundamental 

processes such as cell proliferation, differentiation, and morphogenesis (Garrod & 

Chidgey, 2008). Together, these complexes, with other additional proteins, help maintain 

the integrity of the gut epithelial barrier and prevent the entry of antigens that could 

promote inflammation, and later on, inflammatory disease. 
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1.4: The Importance of the Cell Junctions 

 The intestinal epithelial barrier is a well-maintained dynamic system that is in 

constant contact with the gut microbiota, foreign antigens and other external 

environmental insults (Fasano, 2011; Nusrat et al., 2000). Failure of the gut barrier could 

allow these substances to invade the tissues beneath the intestinal epithelium and diffuse 

into the bloodstream, which could induce to secondary inflammation. The inflamed cells 

release pro-inflammatory cytokines and chemokines that lead to barrier impairment. One 

possible cause of gut barrier failure could stem from dysfunction of cell junction proteins, 

which would in turn cause an increase in intestinal permeability, thus allowing the 

passage of foreign antigens. The opening of intercellular tight junctions my act as a 

trigger for some disease (Farhadi et al., 2003). This increased permeability, also known 

as “leaky gut syndrome”, may play a crucial role in the pathogenesis of many diseases 

(Clayburgh et al., 2004; Turner, 2009). Such diseases would include celiac disease 

(Bischoff et al., 2014), Crohn’s disease (Gibson, 2004), multiple sclerosis (Yacyshyn et 

al., 1996), rheumatoid arthritis (Matei et al., 2021), type 1 diabetes (Viggiano et al., 

2015), type 2 diabetes (Bischoff et al., 2014), and ulcerative colitis (Bruewer et al., 

2005). The commensal gut microbiota plays a role in regulating the gut barrier by 

interacting through the host’s pattern recognition receptors, which include toll-like 

receptors (TLRs) and nucleotide-binding oligomerization domain (NOD) – like receptors 

(NLRs) in a phenomenon known as antigen sampling. Some gut microbiota can directly 

interact with the gut intestinal barrier and cause dysfunction. Also, some bacterial 

products and metabolites can also indirectly affect the intestinal barrier function and can 

cause disruption of the barrier integrity. 
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1.5: The Gut Microbiome 

 The gut microbiota is comprised of all bacteria residing withing the GI tract. The 

gut microbiome has been an area of research interest for potential therapeutic gut 

microbe-host interactions. The gut microbiota plays important roles in absorption of 

nutrients and minerals, along with synthesis of amino acids, enzymes, SCFAs and 

vitamins (Moens & Veldhoen, 2012). The gut microbiota are also essential in the defense 

against pathogens due to competition for adhesion sites and nutrients, where some will 

actively destroy competition via secretion of antimicrobial peptides (Kamada et al., 

2013). This is accomplished by a phenomenon known as antigen sampling. In the GI 

tract, lamina propria dendritic cells of the small intestine will actively sample gut bacteria 

by the formation of transepithelial dendrites via a mechanism dependent on the CX3CR1 

chemokine receptor (Foti & Ricciardi-Castagnoli, 2005). It has been recently shown that 

microbiota colonization in early life is necessary for optimal development of the immune 

system. In experiments with germ-free animals, intestinal mucosal immunity was 

underdeveloped and, the animals displayed smaller mesenteric lymph nodes, Peyer’s 

patches and reduced number of immune cells, which overall results in a weakened ability 

to fend off pathogenic bacteria (Sommer & Bäckhed, 2013). However, it is still not 

exactly clear exactly how microbial composition regulates immune homeostasis. 

1.6: Phosphatase and Tensin Homolog (Pten) 

 Phosphatase and tensin homolog (PTEN), also known as MMAC1 or TEP1, was 

independently discovered by three different labs in 1997 as a tumor suppressor gene and 

as a novel tyrosine phosphatase (D. M. Li & Sun, 1997; J. Li et al., 1997; Steck et al., 

1997). The tumor-suppressive role of PTEN was later confirmed by a germline mutation 
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in Pten resulting in a spectrum of rare autosomal dominant disorders known as PTEN 

hamartoma tumor syndrome (PHTS), which was characterized by multiple hamartomas 

(Pilarski, 2019). Pten mutations are associated with many types of tumors such as brain, 

breast, prostate, kidney, ovary, and skin (Haddadi et al., 2018; Jamaspishvili et al., 2018; 

J. Li et al., 1997; Que et al., 2018; Steck et al., 1997; Vecchio et al., 2013). Pten is only 

second to p53 mutations to cause tumor formation (Xu et al., 2014). Pten is a 200 kb gene 

located on chromosome 10q23.3 and is composed of nine exons and eight introns, and 

encodes a 403 amino acid long proteins with a relative molecular mass of approximately 

47 kDa (X. C. Zhang et al., 2012). The amino- terminal region shares sequence homology 

with the actin filament capping protein Tensin and the putative tyrosine-protein 

phosphatase Auxilin (Stiles, 2009). Tensin is an actin-binding protein located in focal 

adhesion sites, whereas Auxilin is involved with the uncoating of clathrin-coated vesicles 

(Lo et al., 1994; Zhao et al., 2001). Crystal structure of PTEN reveals a C2 domain that 

contain the affinity for phospholipids on membranes and a phosphatase domain that 

contain the CX5R signature motif for phosphatases (Lee et al., 1999). In vitro, PTEN is 

capable of dephosphorylating phosphopeptides as well as phospholipids, thus PTEN 

possess both protein and lipid phosphatase activity (C.-Y. Chen et al., 2018). The lipid 

phosphatase activity is closely linked with the ability of PTEN to function as a tumor 

suppressor, whereas protein phosphatase activity is intramolecular and regulatory in 

nature (X. C. Zhang et al., 2012).  

  



 10 

CHAPTER TWO 

STUDYING THE ROLE OF PTEN IN THE INTESTINAL EPITHELIUM 

 

 

 

2.1: Introduction 

2.1.1: Pten in the Intestinal Epithelium 

 The Pten gene encodes a phosphatase enzyme that catalyzes the 

dephosphorylation of the 3’ carbon of the inositol ring in phosphatidylinositol 3,4,5-

triphosphate [PI(3,4,5)P3] to produce phosphatidylinositol biphosphate [PI(4,5)P2]; 

consequently, PTEN activation antagonizes the phosphatidylinositol 3-kinase (PI3K) 

mediated signaling pathways (Hsu & Mao, 2015). PIP3 produced by activated PI3K 

induces the activation of protein kinase B (AKT) mediated signaling pathways, which 

leads to enhanced cell proliferation, growth, metabolism, movement, polarization, and 

survival (Gupta & Leslie, 2016; Song et al., 2012). Given its phosphatase activity, the 

activation of PTEN reduces the cellular level of PIP3, which opposes PI3K induced cell 

proliferative signaling pathways. Contrarily, loss of the Pten gene leads to unopposed 

activation of the PI3K-AKT pathway. This perpetuates promotion of cell proliferation 

and survival and ultimately results in tumor development (Haddadi et al., 2018; 

Jamaspishvili et al., 2018; Que et al., 2018; Vecchio et al., 2013). Because inactivation 

leads to tumorigenesis, Pten has been classically regarded as a tumor suppressor gene. 

However, several studies have shown that Pten gene deletion in IECs does not induce 

tumor development in mice (Choi et al., 2013; Im et al., 2014; Langlois et al., 2009; Yu 

et al., 2014). This suggests that PTEN may play an alternative role in the intestinal 

epithelium.  
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Figure 3: The illustration above depicts the typical PI3K/Akt signaling pathway. Through this pathway, 

cellular processes such as cell survival, apoptosis, proliferation are regulated. PTEN is a known agonist 

of this pathway, which results in a build-up of PIP2.  
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 Some studies have suggested that PTEN deficiency is capable of inducing tumor 

development in the colon due to the tumor suppressor function of PTEN.  For example, 

reduced PTEN expression has been observed in cancer tissues from colorectal cancer 

patients (Lin et al., 2015). Additionally, mutations to Pten may contribute to primary 

colon cancer development in humans (Colakoglu et al., 2008; Zhou et al., 2002). Pten 

gene alternations have also been associated with poor prognosis in patients with rectal 

cancer (Bohn et al., 2013). Similarly, conditional global Pten gene deletion, 

accomplished via interferon α/β-responsive gene (Mx-1) promoter-driven Cre expression, 

has been suggested to induce the development of small-sized tumors in the mouse 

intestine (Asano et al., 2003; X. C. He et al., 2007), while a global Pten knockout (KO) is 

embryonic lethal in mice (Cristofano et al., 1998). Together, these observations support 

the notion that Pten gene mutation may participate in the development of tumors within 

the colon.  

 In contrast, there is considerable evidence suggesting that Pten may not be 

directly associated with tumorigenesis in the colon. A study examining single nucleotide 

polymorphisms (SNPs) in the PTEN gene indicated that there may be no association 

between PTEN and colon cancer in humans (Phillips et al., 2009). Moreover, PTEN 

mRNA levels are not consistent among colorectal cancer tissues and vary depending on 

the tumor location (Kuramochi et al., 2016). PTEN mRNA expression was also seen to be 

preserved in human colorectal adenomas and adenocarcinomas (Taniyama et al., 2001). 

Together, these observations indicate that the loss of PTEN gene expression may not be 

directly associated with tumor development in the colon, thus suggesting that PTEN may 

have an alternate role in the intestinal epithelium. 
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2.2: Materials and Methods 

2.2.1: Human Tissues 

 All human tissues were collected and analyzed with the approval of the UCLA 

Institutional Review Board (protocol: 14-000132), Wonkwang University Sanbon 

Hospital Institutional Review Board (protocol: 2011-07), and Seoul Paik Hospital 

Institutional Review Board (protocol: IIT-233). Participants (aged 32-85) that underwent 

colonoscopy screening provided written informed consent to the study protocol. Patients 

with a personal or first-degree family history of cancer were excluded. Patients with any 

infectious disease or intestinal inflammatory disease such as IBD were also excluded. 

 Two board certified gastroenterologists performed the colonoscopy and obtained 

the colorectal cancer tissues and adjacent normal colonic mucosa tissues (about 10 cm 

away from the lesion) at two independent medical centers in South Korea (Wonkwang 

University Sanbon Hospital and Inje University Seoul Paik Hospital). A pathologist was 

sent a small piece of each specimen to determine the pathological assessment. The 

remaining parts of the specimens were immediately immersed in RNAlater RNA 

stabilization reagent (Qiagen, Valencia CA) and stored at 4°C overnight and kept in 

liquid nitrogen until RNA isolation. Based on the pathologic determination from the 

pathologist, cancerous colonic tissues (adenocarcinoma) were selected for the 

experiment. 

 Similarly, unmatched normal colonic mucosa specimens were collected from 

tumor-free healthy subjects undergoing routine colonoscopy screening at Wonkwang 

University Sanbon Hospital. The patients examined in this study have never been 

included in any previous studies. 
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2.2.2: Animals 

 Pten floxed (PtenloxP/loxP) (Groszer et al., 2001), Villin promoter-driven Cre 

expression mouse (VilCre/+) (Madison et al., 2002), and Apcmin/+ mice (Kühn et al., 1993) 

on the C57BL/6 background were obtained from the Jackson Laboratory (Bar Harbor, 

ME). Intestinal epithelial cell (IEC)-specific Pten knockout (KO) mice (PtenΔIEC/ΔIEC) was 

generated by crossing PtenloxP/loxP mice with VilCre/+ mice as described by previous studies 

(Choi et al., 2013; Im et al., 2014; Langlois et al., 2009). Mice were bred and maintained 

under standard SPF conditions with normal drinking water ad libitum at the animal 

facility of University of California Los Angeles and Oakland University under the 

approval of the Institutional Animal Care and Use Committees of UCLA and OU. 

2.2.3: Quantitative Real-Time PCR: 

 Total RNA was initially isolated from human colon specimens or the full 

thickness of mouse intestinal tissues using RNeasy Plus Universal Midi Kit (Qiagen, 

Valencia, CA) as described in previous studies (Choi et al., 2010; Im et al., 2014). Then, 

an equal amount of RNA (4 μg in 40 μL) was transcribed into cDNA with a High-

Capacity Reverse Transcription Kit obtained from Applied Biosystems (Foster City, CA). 

Afterwards, quantitative real-time PCR was performed with TaqMan Universal Master 

Mix to measure gene expression by following the standard conditions from Applied 

Biosystems in 7500 Fast Real-Time PCR system. After incubating at 50 °C (2 minutes) 

and activating AmpliTaq Gold activation at 95 °C for 10 minutes, samples were 

denatured at 95 °C for 15 seconds and annealed/extended at 60 °C for 1 minute for 40 

cycles. The primer pair and FAM™ dye-labeled TaqMan® MGB (minor groove binding) 
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probes were purchased from Applied Biosystems. Gapdh was included as an internal 

control.  

 Using the PCR cycle (CT) at which the probe’s fluorescent intensity passes a 

certain threshold value (CT) at the exponential phase, the level of expression was 

calculated. Through the difference in the CT values of the target genes after normalization 

to RNA input level, relative gene expression was determined using the CT value of 

control Gapdh. The delta/delta CT (2-ΔΔC
T) method was used to calculate the relative gene 

expression. Each reaction was performed in triplicate (Livak & Schmittgen, 2001). A 

Mann-Whitney U-test was performed on the normalized data to check whether the 

relative gene expression is statistically different (P < 0.05). 

2.2.4: Transmission Electron Microscopy 

 The mouse colon tissues were obtained from 3-month-old and gender-matched 

PtenΔIEC/ΔIEC and Pten+/+ mice. The dissected tissues were immersed in a solution 

containing 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate-buffered 

saline (PBS) (pH 7.4) for 2 hours at room temperature and then incubated at 4 °C 

overnight as described in a previous publication (Im et al., 2014). On the next day, 0.5% 

of tannic acid was added to the tissues and incubated for 1 hour at room temperature. 

Then, the tissue blocks were washed five times in 0.1 M PBS buffer and post-fixed in a 

solution of 1% OsO4 in PBS (pH 7.2-7.4). The combination of tannic 

acid/glutaraldehyde/paraformaldehyde followed by osmification increased the staining of 

the membranes. The samples were washed four time in sodium acetate buffer (pH 5.5), 

block-stained in 0.5% uranyl acetate in 0.1 M sodium acetate buffer (pH 5.5) for 12 hours 

at 4 °C. Next, the samples were dehydrated in graded ethanol (50%, 75%, 95%, 100%, 
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100%, 100%) for 10 minutes each. The samples were then passed through propylene 

oxide and infiltrated in mixture of Epon 812 and propylene oxide in a 1:1 ratio, and then 

in a 2:1 ratio for 2 hours each. The tissues were then infiltrated in pure Epon 812 

overnight. Embedding was then performed in pure Epon 812 and curing was done in an 

oven at 60 °C for 48 hours. Sections of 60 nm thickness (gray interference color) were 

cut on an ultramicrotome (RMC MTX) using a diamond knife. The sections were 

deposited on single-hole grids coated in Formvar and carbon and double-stained in 

aqueous solutions of 8% uranyl acetate for 25 minutes at 60 °C and lead citrate for 3 

minutes at room temperature. Thin sections were then examined with a 100CX JEOL 

transmission electron microscope. 

2.2.5: Immunohistochemistry 

 Mouse colon tissues were embedded and frozen immediately. 6 μm sections were 

cut and fixed in acetone for 15 minutes at 4 °C. After rehydration, sections were blocked 

with 2% bovine serum albumin (BSA) solution for 10 minutes and incubated overnight 

with primary rat anti-mouse Ki-67 antibody diluted (1:100) in 2% BSA solution with 

0.3% Triton X-100 at 4 °C. Negative controls were given an equivalent concentration of 

non-immune rat IgG. After washing with PBS, sections were incubated with biotinylated 

anti-rat secondary antibody (Vector Laboratories, Burlingame, CA) diluted (1:200) in 2% 

BSA solution with 0.3% Triton X-100 for 45 minutes at room temperature. After 

inactivating endogenous peroxidase, sections were processed for peroxidase 

immunohistochemistry. A 0.2% light green (Sigma) solution was used for 

counterstaining. 
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 After using the microscope to visualized the Ki-67-stained sections, each 

transverse section was divided into four quadrants. Crypt cell nuclei with clear positive 

brown staining were counted. The ration between the number of cells labeled as Ki-67 

positive and total cell count was expressed as a percentage, thus referred to as the Ki-67 

proliferative cell index.  

2.2.6: Immunofluorescence Staining 

 Tissues were fixed with 10% neutral buffered formalin solution (sigma-Aldrich, 

St. Louis, MO) at room temperature to visualize the expression of phosphor-

AKT(Ser473) and PCNA in colon tissues. After paraffin embedment, the 5 μm thick 

sections were prepared. The slides with tissue sections were dewaxed with xylene for 7 

minutes twice and rehydrated with 100% ethanol for 2 minutes twice. Sections were then 

soaked in 95% ethanol for 2 minutes and then 70% ethanol for 2 minutes. Then, slides 

were rinsed with distilled water and boiled in sodium citrate buffer at 95 °C for 20 

minutes for antigen retrieval. Sections were then washed with TBST-T for 5 minutes 

twice and rinsed with distilled water. Tissues were washed with PBS (pH 7.5) (Hyclone 

Inc., Logan, UT) containing 0.05% Triton X-100 for 5 minutes twice to reduce surface 

tension. To block non-specific binding, sections were soaked in blocking buffer (Protein 

Block Serum-Free, Aglient, Santa Clara, CA) containing 0.1% Triton X-100 for 2 hours 

at room temperature. Primary antibodies (p-AKT, #9271, Cell Signaling Technology), 

PCNA (sc-56, Santa Cruz Biotechnology, Inc.) were diluted in blocking buffer with a 

1:200 ratio. Slides containing blocked tissues were incubated in a humidified chamber at 

4 °C overnight. After the incubation, slides were then soaked in PBS-T for 5 minutes and 

repeated 4 times. Goat anti-rabbit IgG-heavy and light chain antibody FITC conjugated 
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(A120-101F) and Goat anti-mouse IgG-heavy and light chain antibody FITC conjugated 

(A90-116F) were selected from Bethyl Laboratory, Inc (Montgomery, TX). After 

preparing diluted secondary antibodies with blocking buffer, the secondary antibodies 

were then added to the tissue sections and incubated for 2 hours at room temperature. 

Slides were rinsed thoroughly 5 times with PBS-T for 5 minutes each. Next, the slides 

were mounted with VECTASHIELD® Mounting Medium with 4’,6-diamidino-2-

phenylindole (DAPI) (Vector Laboratories, Burlingame, CA). Stained tissues were 

observed by FV10i (Olympus Inc, Center Valley, PA) with image analysis by FV10i 

FluoView software.  

2.2.7: Cancer-Pathway Focused Gene Analysis 

 A cancer pathway-focused PCR gene array analysis (Cat. No. PAMM-0033Z; 

Qiagen, Valencia, CA) was performed in accordance with the manufacturer’s instruction 

to analyze the cancer-associated gene expression. Immediately after harvesting the small 

intestinal tissues, total RNA was isolated using RNeasy Plus Universal Midi Kit (Qiagen, 

Valencia, CA). 1 μg of total RNA was treated with DNase.  cDNA was synthesized using 

RT2 First Strand kit (Qiagen, Valencia, CA). For each analysis, cDNA samples were 

mixed with RT2 qPCR Master mix and distributed across the PCR array 96-well plates 

containing gene PCR probes and control housekeeping gene probes. The amplification 

cycling was performed with an ABI 7500 Fast Real Time PCR System (Applied 

Biosystems, Foster City, CA). Then, the data (fold-changes in CT values for all the genes) 

was analyzed with SABiosciences software was provided by the manufacturer. 
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2.2.8: Fecal Sample Collection for Microbiome Analysis 

 Co-fostered Pten ΔIEC/ΔIEC mice and littermate Pten +/+ mice were obtained from a 

single parental breeder cage in a SPF condition with standard breeding conditions. 

Pten ΔIEC/ΔIEC and Pten +/+ mice were co-housed in a single cage after weaning. When the 

mice reached 3 months old, the fecal stool pellet samples were collected from the colon, 

and snap-frozen in liquid nitrogen before sequencing. 

2.2.9: DNA Extraction from Mouse Fecal Samples 

 In accordance with the manufacturer’s instructions, Genomic DNA was purified 

from fecal samples with PowerSoil® DNA Isolation Kit (MoBio, Carlsbad, CA). 

Approximately 2 fecal pellets were subjected to the PowerBeads tube for cell lysis. The 

isolated genomic DNA was eluted from the spin filter using 50 μL of elution buffer and 

stored at −20°C until PCR amplification. 

2.2.10: PCR Amplification and Amplicon Sequencing Using Next Generation 

Technology 

 Next generation technology (bTEFAP®) can be utilized to examine a broad range 

of microbiomes as described in previous studies (Dowd, Callaway, et al., 2008; Dowd, 

Sun, et al., 2008). An updated version of bTEFAP® has adapted to non-optical 

sequencing technologies such as the Ion Torrent PGM as well as the Illumina MiSeq and 

HiSeq platforms and become one of the most widely published methods to evaluate 

microbiota. 

 V1–3 regions of Eubacterial 16S rDNA was amplified using primers the 16S 

universal Eubacterial primer 27F-519R set (27F AGRGTTTGATCMTGGCTCAG, and 

519R GTNTTACNGCGGCKGCTG) to assess the microbial ecology of each sample on 
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the MiSeq with methods via the bTEFAP® DNA analysis, spans (Im et al., 2014). A 

single-step 30 cycle PCR using HotStarTaq Plus Master Mix Kit (Qiagen, Valencia, CA) 

was used under the following conditions: 94°C for 3 minutes, followed by 28 cycles of 

94 °C for 30 seconds; 53 °C for 40 seconds and 72 °C for 1 minutes, final elongation 72 

°C for 5 minutes. Amplicons were further purified using Agencourt Ampure beads 

(Agencourt Bioscience Co., Beverly, MA) and equimolar amplicons were pooled. 

Following PCR, all amplicon products from different samples were mixed in equal 

concentrations and purified using Agencourt Ampure beads (Agencourt Bioscience Co., 

Beverly, MA). Sequencing was performed with the Illumina MiSeq in accordance with 

the manufacturer’s protocols. 

2.2.11: Sequence Analysis 

 The sequence data obtained from MiSeq was elaborated through a proprietary 

analysis pipeline (MR DNA, Shallowater, TX). Barcodes and primers were trimmed, then 

short sequences < 200bp, sequences with ambiguous base calls, sequences with 

homopolymers exceeding 6bp, and chimeric sequences were removed. Sequences were 

then denoised. Operational taxonomic units (OTUs) were defined after removal of 

singleton sequences, clustering at 3% divergence (97% similarity) (Dowd, Callaway, et 

al., 2008; Edgar, 2010; Swanson et al., 2011). OTUs were then taxonomically classified 

using BLASTn against a curated GreenGenes/RDP/NCBI derived database and compiled 

into each taxonomic level (DeSantis et al., 2006). 

 Normalized and denoised files were then run through QIIME (Quantitative 

Insights Into Microbial Ecology) to generate alpha and beta diversity data, as described 

previously (Callaway et al., 2010; Swanson et al., 2011). Based upon weighted unifrac 
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analysis in the QIIME, principal coordinates analysis (PCoA) plots were generated. 

Additional statistical analyses were performed with NCSS2007 (NCSS, UT) and 

XLstat2012 (Addinsoft, NY). Significance reported for any analysis is defined as p<0.05. 

2.2.12: Alpha and Beta Diversity Analysis 

 Alpha and beta diversity analysis was conducted as described in other previous 

studies using QIIME (Callaway et al., 2010; Swanson et al., 2011). Alpha diversity is 

essentially a means to evaluate how many different bacterial species are within the given 

sample or treatment group. Beta diversity allows comparison of the community of 

bacteria as a whole taking into account both how many different things are in the sample 

and what those things are related to phylogenetically. 

2.2.13: Statistical Analysis: 

 Statistical analysis was conducted with GraphPad Prism (GraphPad Software, 

Inc., San Diego. CA) unless stated otherwise. Additional information regarding statistical 

analysis is presented in the corresponding figure legend. P values less than 0.05 were 

considered significant. 

2.3: Results 

2.3.1: Pten mRNA Expression was Reduced in Colon Cancer Biopsies Compared to 

Normal Tissues 

 To investigate the association of PTEN deficiency with colonic tumor 

development, we evaluated the PTEN mRNA expression in human colon cancer tissues. 

Colon cancer and adjacent normal tissues (matched) were obtained from patients with 

colon cancer. Normal colonic biopsies were also collected from healthy control subjects 

(unmatched). With quantitative real-time PCR, PTEN mRNA level was found to be 
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substantially lower in the colon cancer tissues compared to matched normal tissues.  

PTEN mRNA expression was also lower in colon cancer tissues when compared to the 

expression level in unmatched normal tissues. Though, the PTEN mRNA expression 

level was comparable between the normal colonic biopsies obtained from colon cancer 

patients and control subjects. 

 

This data suggests that decreased PTEN expression is associated with colon 

cancer development in humans. This finding is congruent with previous studies indicating 

that PTEN deficiency may be associated with colon cancer development and metastasis in 

humans, along with poor patient prognosis (Wang et al., 1998; Zhou et al., 2002). 

Figure 4: PTEN mRNA expression was decreased in human colon cancer tissues compared to normal 

tissues. (4A) PTEN mRNA levels were evaluated by qPCR with matched normal tissues (NT) and 

colon cancer tissues (CT) obtained from colon cancer (CC) patients (11 sets). (4B) The mRNA level 

was evaluated between unmatched normal tissues (n = 8) independently obtained from healthy control 

subjects and the colon cancer tissues (n = 11) from colon cancer patients. (4C) The mRNA expression 

in unmatched normal tissues (n = 8) from healthy control subjects was compared with the data in the 

normal tissues from colon cancer patients (n = 11). * P < 0.05, ** P < 0.01, n.s. stands for not significant 

(Mann-Whitney U test). Each bar indicates mean. 
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2.3.2: Generating the Intestinal Epithelial Cell Specific Pten Gene Knockout Mice 

 Villin promoter-driven Cre expression mouse (VilCre/+) and Pten floxed 

(PtenloxP/loxP) on the C57BL/6 background were purchased from the Jackson Laboratory 

(Bar Harbor, ME). IEC-specific Pten KO mice (PtenΔIEC/ΔIEC) were generated by crossing 

PtenloxP/loxP mice with VilCre/+ mice. The protein villin is specific for the villi structures of 

IECs, and when Cre recombinase is inserted after the villin promoter, it will drive the 

expression of Cre solely in IECS. The loxP sequence will flank both sides of the gene 

sequence of Pten and act as a guide for Cre recombinase to cut the sequence of Pten 

specifically in IECs of the gut. This will allow the chance to study the effect of Pten gene 

deletion in mice, as an organism-wide KO of Pten is embryonic lethal in mice.  

 

Figure 5: The illustration above shows the mating cross between Vilcre/+ mice and Ptenloxp/loxp mice 

using the Cre-lox recombinase system. Once the mice are crossed, the offspring produced will be a non-

lethal, intestinal tissue-specific knockout, or PtenΔIEC/ΔIEC mice.   
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2.3.3: Intestinal Epithelial Cells of PtenΔIEC/ΔIEC Mice Exhibited Enhanced Epithelial Cell 

Growth in the Gut 

 It was observed that the small intestine and colon were considerably longer in 

mice with IEC specific Pten gene deletion (PtenΔIEC/ΔIEC) than in littermate Pten+/+ mice. 

This finding suggests that PtenΔIEC/ΔIEC mice demonstrate enhanced mitotic activity 

compared those of Pten+/+ mice.  

 

 It was also observed that the height of the villi in the colon was significantly 

increased, via Alcian blue staining, in PtenΔIEC/ΔIEC mice compared to Pten+/+ littermates. 

This additionally demonstrated that Pten gene deletion in IECs leads to an increased 

proliferative effect in the intestine of these mice. 

Figure 6: Intestinal epithelial cells of PtenΔIEC/ΔIEC mice displayed enhanced mitotic activity compared 

to those of Pten+/+ mice shown in the figures above (left and right). Presented to the left is the 

representative gross appearance of the intestine from PtenΔIEC/ΔIEC and littermate Pten+/+ mice. On the 

right, the image shows evaluated full length of the small intestine and the colon from one-year-old, sex 

matched mice (n=14/group). 
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2.3.4: Intestinal Epithelial Cells of PtenΔIEC/ΔIEC Mice Exhibited Enhanced Mitotic 

Activity 

 Despite Pten being typically regarded as a tumor suppressor gene, many groups 

have found that Pten gene deletion in mice does not lead to increased tumor formation 

(Choi et al., 2013; Im et al., 2014; Langlois et al., 2009). Thus, this study aimed to 

decipher why Pten deficiency alone in IECs is not enough to cause tumorigenesis.  

First, the IECs of PtenΔIEC/ΔIEC mice were investigated increased mitotic activity 

given the supposed enhanced Akt activation in these mice. Transmission electron 

micrographs revealed that the IECs of PtenΔIEC/ΔIEC mice contained atypical nuclei with 

increased chromatids and chromosomal irregularities, while littermate control Pten+/+ 

mice exhibited normal columnar epithelial cells with intact cell-to-cell interaction along 

the lateral surface.  

Figure 7: The above image shows paraffin-embedded sections of the mid-colon. These tissues were 

prepared from three-month-old, sex matched PtenΔIEC/ΔIEC mice (n=9) and littermate Pten+/+ (n=9) mice. 

The sections were then subjected to Alcian blue staining, followed by measurement of villus height 

under an Axio Imager Z1 microscope (Carl Zeiss, Oberkochen, Germany). 
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Figure 8: Presented in the above images are electron micrographs of the colonic epithelium from 12-

month-old PtenΔIEC/ΔIEC and littermate Pten+/+ mice. The IECs of PtenΔIEC/ΔIEC mice contained 

atypical nuclei with increased chromatids and chromosomal irregularities. 

Figure 9: Cell proliferation was evaluated in the colon of PtenΔIEC/ΔIEC and littermate Pten+/+ mice. With 

frozen sections of the mouse colon, expression of the cell proliferation marker Ki-67 was evaluated by 

immunohistochemistry with an antibody against Ki-67 and its isotype control IgG. Ki-67 positive cell 

index was evaluated and presented as means ± SEM. ** P < 0.01, *** P < 0.001 (Mann-Whitney U 

test). Representative images from three independent experiments were presented. Each bar in the graph 

indicates mean. Scale bar represents 100 μm. 
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Similarly, by immunohistochemistry, the expression of cell proliferation marker 

Ki-67 was markedly increased in the colonic tissues of PtenΔIEC/ΔIEC mice compared to 

Pten+/+ control mice. Ki-67 is a well-known protein for its role in heterochromatin 

organization by preventing aggregation of mitotic chromosomes, thus acting as a good 

biomarker for cell proliferation (Sun & Kaufman, 2018). Increased cell proliferation was 

then further confirmed via immunofluorescence of both proliferating cell nuclear antigen 

(PCNA) and phosphorylated Akt (P-Akt). PCNA is known for its critical role during 

DNA replication. PCNA encircles DNA and functions as a processivity factor for DNA 

polymerase delta and DNA polymerase epsilon, allowing it to be a good biomarker for 

cell division, and thus, mitotic activity. Akt, or protein kinase B, is a protein in the PI3K 

signaling pathway which is involved in cell metabolism, cell survival, cell growth, and 

cell proliferation (Gupta & Leslie, 2016; Song et al., 2012). Given that PTEN would be 

absent from the PI3K signaling pathway, the activation of this pathway should occur 

unopposed, leading to increased expression of phosphorylated Akt in Pten deficient mice.  

Both PCNA and P-Akt were found to be significantly increased in the colonic tissue of 

PtenΔIEC/ΔIEC mice compared to Pten+/+ littermate control mice, which additionally 

supports the finding of increased proliferation of IECs. With all of these data taken 

together, these observations indicate that loss of the Pten gene in mice still increases the 

mitotic activity of IECs. However, even with this increased mitotic activity found in Pten 

deficient IECs, no tumor formation was discovered in any part of the small intestine or 

colon of these mice.  
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Figure 10: Paraffin-embedded sections of the mid-colon were subjected to immunofluorescence 

staining with PCNA antibody. An increased expression of PCNA was found in PtenΔIEC/ΔIEC mice 

compared to littermate Pten+/+ mice. Scale bar represents 50 μm. 
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Figure 11: Paraffin-embedded sections of the mid-colon were subjected to immunofluorescence 

staining with phospho-Akt (P-Akt) antibody. An increased expression of P-Akt was found in 

PtenΔIEC/ΔIEC compared to littermate Pten+/+ mice. Scale bar represents 50 μm. 
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 With no tumor formation in the Pten deficient mice, this brought into question if 

defective Pten in intestinal epithelial cells still retained the potential to promote 

tumorigenicity, or if Pten just participates in the regulation of immune and inflammatory 

responses without influencing tumor development. To answer this question, an Apcmin/+ 

mouse model was utilized. The Apcmin/+ model is known to exhibit multiple intestinal 

neoplasias, which mimic human familial adenomatous polyposis and colorectal tumors 

(Ren et al., 2019). PtenΔIEC/ΔIEC; Apcmin/+ mice were generated by breeding the 

PtenΔIEC/ΔIEC mice with Apcmin/+ mice. Through this breeding, extensive tumor 

development throughout the small intestine and colon of PtenΔIEC/ΔIEC; Apcmin/+ mice was 

observed.

  

Figure 12: The illustration above depicts the mating cross between PtenΔIEC/ΔIEC mice and APCmin/+ 

mice. Once crossed, the mice will produce PtenΔIEC/ΔIEC; APCmin/+ mice.  In these newly generated mice, 

we observed marked tumor development throughout the intestine, thus demonstrating that there remains 

a potential tumorigenic drive, but Pten deficiency alone is unable to cause tumorigenesis.  
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2.3.5: Intestinal Epithelial Cells of PtenΔIEC/ΔIEC Mice Exhibited Enhanced Tumorigenesis 

in the Apcmin/+ Mouse Model of Colon Cancer 

 Along with enhanced tumor formation, the number of tumors in the intestine was 

dramatically higher in PtenΔIEC/ΔIEC; Apcmin/+ mice (lane 3) compared to PtenΔIEC/+; 

Apcmin/+ control mice (lane 2) and Pten+/+; Apcmin/+ control mice (lane 1). This finding 

suggests that the tumorigenic-drive in Pten deficient cells remains, however, Pten gene 

deletion alone is not enough to cause tumorigenesis in any part of the intestine or the 

colon. 

 

Figure 13: The image above shows gross images of the tumors observed throughout the small intestine 

(jejunum and ileum) and the colon of PtenΔIEC/ΔIEC; Apcmin/+ mice (scalebar, 1 mm). The mating cross 

resulted in explosive tumor formation, suggesting that the tumorigenic drive is still present in 

PtenΔIEC/ΔIEC mice. 
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 PtenΔIEC/ΔIEC; Apcmin/+ mice additionally had enlarged spleens compared to age-

matched littermate Pten+/+; Apcmin/+ control mice. The enlarged spleens in these mice 

signifies a systemic effect upon the mouse in response to the severe intestinal tumor 

development. Furthermore, it was also found that approximately 90% of PtenΔIEC/ΔIEC; 

Apcmin/+ mice failed to survive past 3 months of age due to the extensive tumorigenesis in 

the intesine, whereas more than 90% of littermate Pten+/+; Apcmin/+ control mice survived 

until 3 months of age.  

Figure 14: The number of tumors was increased in PtenΔIEC/ΔIEC; Apcmin/+ mice. The left images show 

full length of the small intestine was obtained from 5 to 6 weeks-old PtenΔIEC/ΔIEC; Apcmin/+ and 

littermate Pten+/+; Apcmin/+ mice, and prepared in a ‘swiss-roll’ method for H&E staining. The 

arrowheads indicate an individual tumor mass observed under microscope (scale bar, 100 μm). Shown 

in the graph on the right, using stereoscopic microscopy, the number of visible tumors (≥1.0 mm in 

diameter) was evaluated throughout the small intestine of the mice: lane 1, Pten+/+; Apcmin/+ (n=12); lane 

2, PtenΔIEC/+; Apcmin/+ (n=12); lane 3, PtenΔIEC/ΔIEC; Apcmin/+ mice (n=19). ** P < 0.01, *** P < 0.001 

(Mann-Whitney U test). 
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Figure 15: PtenΔIEC/ΔIEC; Apcmin/+ mice have an increased kidney sized compared to littermate Pten+/+; 

Apcmin/+ mice. The data above displays gross images and weight of the spleen obtained from Pten+/+; 

Apcmin/+ and PtenΔIEC/ΔIEC; Apcmin/+ mice (n=5/group). ** P < 0.01, *** P < 0.001 (Mann-Whitney U 

test). 

Figure 16:  PtenΔIEC/ΔIEC; Apcmin/+ mice have an increased mortality compared to littermate Pten+/+; 

Apcmin/+ mice. The mouse mortality was evaluated between Pten+/+; Apcmin/+ (n=25) and PtenΔIEC/ΔIEC; 

Apcmin/+ mice (n=23) over 5 months after birth. Difference in survival was shown by Kaplan-Meier plot. 

The log rank (Mantel-Cox) test was used to compare significant survival difference (P < 0.0001). 
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 Altogether, these data suggest that the Pten gene deletion in IECs significantly 

promotes tumor development in an Apcmin/+ background. This also further demonstrates 

that although tumorigenesis does not occur in mice with IEC Pten gene deletion alone, 

the IECs of these mice still possess the tumorigenic-driving potential to promote tumor 

development in the intestine and colon. 

2.3.6: Tumor-Promoting Gene Expression was Reduced in the Intestine of PtenΔIEC/ΔIEC 

Mice 

 Finding that Pten deficiency alone did not give rise to tumor development in 

PtenΔIEC/ΔIEC mice, led to answering the question of why Pten gene deletion in intestinal 

epithelial cells did not lead to tumor development. To address this question, analysis of 

tumor-associated gene expression in the intestine of PtenΔIEC/ΔIEC mice was compared to 

Pten+/+ littermate mice. This was performed using a cancer pathway-focused PCR array 

analysis followed by individual qPCR of significant genes of interest. 
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Figure 17: The expression of cancer-associated genes was changed in the intestine of PtenΔIEC/ΔIEC 

mice. (17A) An array of cancer-associated gene expression was analyzed using the mouse small 

intestine. Gene expression profiles with significant difference were visualized in the heat map 

(n = 4/group) (17B). To confirm the representative gene expression exhibiting a significant difference 

from the array data, individual qPCR was independently performed using the mouse small intestine 

(n = 6/group). Data are the representative of three independent experiments. Error bars indicate ± SEM. 

* P < 0.05, ** P < 0.01 (Mann-Whitney U test). 
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 It was found that the expression of tumor-promoting genes Ccnd2, Cdc20, Mcm2, 

Kdr, and Sox10 was downregulated in the intestine of PtenΔIEC/ΔIEC mice compared to 

Pten+/+ littermate mice, along with other various genes associated with tumorigenesis. 

Sox10 is a member of the SOX transcription family, which is known for regulating 

canonical Wnt/β-catenin signaling. Elevated SOX10 expression has been associated with 

promoting tumor progression (Cronin et al., 2018). A heightened Kdr (Vegfr2) 

expression can predict a poor prognosis in colon cancer patients due to its crucial role in 

colon cancer progression (S.-D. Zhang et al., 2015). Because Mcm2 regulated DNA 

replication, an enhanced Mcm complex that includes Mcm2 has been suggested to 

regulate different types of tumor development (Y. Liu et al., 2013). Enhanced Ccnd2 

expression is linked to colon carcinogenesis due to Ccnd2 promoting cell proliferation by 

favoring the G1/S cell cycle transition (Mermelshtein et al., 2005). Cdc20 ubiquitinates 

the cyclin-dependent kinase (Cdk) inhibitor p21, which is a negative regulator of the cell 

division cycle (Pei & Xiong, 2005). Cdc20 activation results in p21 degradation, 

producing an enhanced cell mitosis and resulting tumorigenesis (Amador et al., 2007). 

Activation of Sox10, Kdr, Mcm2, Ccnd2 and Cdc20 would promote tumor development, 

however, the reduced expression of these genes found in the intestine of PtenΔIEC/ΔIEC 

mice appears to play a significant role in preventing tumor development.  

Tumor-suppressing genes Apaf1 and Casp7 were found to have increased 

expression in the intestine of PtenΔIEC/ΔIEC mice compared to Pten+/+ littermate mice. 

Apaf1 plays a part in the formation of apoptosomes, which leads to the activation of 

initiator caspases, including Casp9. Casp7, the executioner, is then activated, which 

induces apoptosis (Galluzzi et al., 2016).  Because of their essential roles in apoptosis, it 



 37 

is likely that the elevated expression of Apaf1 and Casp7 may be promoting cell 

apoptosis in the intestine of PtenΔIEC/ΔIEC mice, conferring a tumor-suppressive effect. 

 These findings from the gene expression array data demonstrates that Pten 

deficient IECs downregulated the expression of tumor-promoting genes, while 

upregulating tumor-suppressing gene expression, ultimately resulting in a tumor-

suppressive effect. 

2.3.7: Loss of the Pten Gene in Intestinal Epithelial Cells Resulted in Intestinal Dysbiosis 

 Recently, evidence indicated that the gut microflora has a sizable impact on the 

promotion and suppression of colon cancer in humans because of the ability of certain 

commensal bacteria to stimulate inflammatory or anti-inflammatory responses (Buchta 

Rosean & Rutkowski, 2017; J. Chen et al., 2017). The fecal microbiome of sex and age 

(3 months old) matched PtenΔIEC/ΔIEC and littermate Pten+/+ mice that were co-housed 

since their birth were analyzed to account for the failure of Pten deficiency in intestinal 

epithelial cells to induce intestinal tumor development. Through 16S ribosomal RNA 

(rRNA) gene sequencing, the observed operational taxonomic unit (OTU) counts for 

PtenΔIEC/ΔIEC and Pten+/+ mice were evaluated, and found no significant difference 

between the groups with regard to species richness (count of different species in each 

sample group). However, using the Shannon diversity index and taking species richness 

as well as evenness (relative abundance of different species) into account revealed a 

significant difference between the two fecal microbial groups of the PtenΔIEC/ΔIEC mice 

compared to Pten+/+ littermate control mice.   
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Variable 

=17,821 

Observed species Shannon Diversity Index 

Mean: STD 

Dev: 

Means 

of 

Ranks: 

Statistics: Mean: STD 

Dev: 

Means 

of 

Ranks: 

Statistics: 

PtenΔIEC/ΔIEC 1407.375 137.670 9.875  

P=0.083 

6.443 0.607 10.625  

P=0.015 

Pten+/+ 1020.286 372.455 5.857 4.959 1.304 5.000 

 

 

 Next, the bacterial community structure was analyzed using weighted UniFrac 

distance matrices. Principle coordinate analysis (PCoA) plots were used to visualize the 

data in these matrices, and analysis of similarities (ANOSIM) was utilized to determine if 

there was a significant difference between the bacterial communities. PtenΔIEC/ΔIEC mice 

and littermate Pten+/+ mice fecal samples in the weighted PCoA plot form two separate 

clusters, suggesting that Pten deficient mice had a changed fecal microbiome. With the 

ANOSIM R value (R = 0.64, P = 0.001), we determined that there is a significant 

difference between the sample groups.  

Table 1: PtenΔIEC/ΔIEC Fecal Microbiome Vs Pten+/+ Fecal Microbiome. Species richness and 

evenness were different between the fecal microbiomes of PtenΔIEC/ΔIEC and Pten+/+ mice. No significant 

differences between PtenΔIEC/ΔIEC and Pten+/+ mice were observed with regards to species. However, 

taking species richness as well as evenness into account, there is a significant difference found between 

the groups. The mean rarefaction predicted OTUs data for the mouse groups were measured at a depth 

of 17,821 sequences. Presented are the observed species and the Shannon index showing the mean 

value. 
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Figure 18: The fecal microbiome of PtenΔIEC/ΔIEC mice was distinct from that of Pten+/+ mice. The 

bacterial community structure of the fecal samples from Pten+/+ and PtenΔIEC/ΔIEC mice was analyzed 

using weighted UniFrac distance matrices. (A to C) Principal coordinate analysis plots represent the 

three highest discriminating axes. The primary vector PC1 explains 49.27% of the variation between 

the groups, while PC2 and PC3 represent 15.04% and 12.15%, respectively. PVE, percent variance 

explained (D) The first three vectors together exhibit 76.4% of the variation among the groups. Each 

dot represents individual microbiota samples from the mouse. (n = 8/each group). 



 40 

 While the species diversity itself was comparable between the fecal samples of 

PtenΔIEC/ΔIEC and Pten+/+ mice, these data taken together demonstrate that Pten gene 

deficiency in intestinal epithelial cells did alter the species composition of the fecal 

microbiome.  

2.3.8: The Fecal Microbiota Communities of PtenΔIEC/ΔIEC Mice Were Different from 

Those of Pten+/+ Mice 

  It was determined that 100% of analyzed sequences from all PtenΔIEC/ΔIEC and 

Pten+/+ mouse samples belonged to the bacteria kingdom, with no detectable archaeal or 

eukaryotic contamination. The majority (>98.7%) of analyzed sequences from the mice 

were from 4 major phyla: Bacteroidetes (PtenΔIEC/ΔIEC vs. Pten+/+, 45.07% vs. 36.34%), 

Firmicutes (47.47% vs. 31.30%), Verrucomicrobia (2.88% vs. 28.61%), and 

Proteobacteria (3.46% vs. 2.55%). Among these major phyla constituting the fecal 

microbiota, it is worth noting that the phylum of Verrucomicrobia was substantially 

reduced in PtenΔIEC/ΔIEC mice compared to Pten+/+ mice.  
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 It was then examined whether any specific bacterial genera were significantly 

different between the samples, and a wide range of genera whose abundances were 

significantly different between the groups was identified. To provide a visual overview 

combined with analysis, a dual hierarchical dendrogram was generated to display the data 

for the predominant genera with clustering related to the different groups. Based on the 

distinct clustering, a significant difference in the predominant genera detected between 

PtenΔIEC/ΔIEC and Pten+/+ mice was observed. 

Figure 19: Relative abundance of taxonomic groups observed in the fecal samples were different 

between PtenΔIEC/ΔIEC and Pten+/+ mice. The abundance of the phyla detected in the fecal samples of 

PtenΔIEC/ΔIEC and Pten+/+ mice. Bacteroidetes, Firmicutes, Verrucomicrobia, and Proteobacteria are the 4 

major phyla encompassing the majority of sequences (>98.7%). A statistically significant difference 

between the groups was identified in Verrucomicrobia. ** P < 0.01 (Mann-Whitney U test). 
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Figure 20: A dual hierarchal dendrogram was generated based on the predominant genera using Ward's 

minimum variance clustering and Manhattan distances. Samples with more similar microbial 

populations are mathematically clustered closer together. The samples with a more similar consortium 

of genera cluster closer together with the length of connecting lines (top of heatmap) related to the 

similarity; shorter lines between two samples indicate closely matched microbial consortia. The 

heatmap represents the relative percentages of each genus. The legend for the heatmap is provided in 

the upper left corner. The predominant genera are represented along the right Y-axis. 



 43 

 Altogether, these data suggest that the fecal microbial communities from 

PtenΔIEC/ΔIEC mice are easily distinguishable and different from Pten+/+ mice, further 

demonstrating that Pten gene deletion in intestinal epithelial cells changed the fecal 

microbiome. 

2.3.9: Colon Cancer-Associated Akkermansia Muciniphila was Dramatically Decreased 

in the Feces of PtenΔIEC/ΔIEC Mice Compared to Pten+/+ Mice 

 Next, the bacterial genera whose abundances were significantly changed between 

PtenΔIEC/ΔIEC and littermate Pten+/+ mice was examined. Although there were a wide range 

of genera that were found to be significantly different between the mouse groups, the two 

most notable differences were found in the relative abundances of Akkermansia (28.61% 

in Pten+/+ → 2.88% in PtenΔIEC/ΔIEC) and Clostridium (7.89% → 20.27%). At the level of 

bacterial species, we observed that the abundance of Akkermansia muciniphila (28.61% 

in Pten+/+ → 2.88% in PtenΔIEC/ΔIEC) was greatly reduced in the fecal samples of 

PtenΔIEC/ΔIEC mice compared to Pten+/+ mice, while the abundance of Clostridium sp. was 

increased (6.97% in Pten+/+ → 19.23% in PtenΔIEC/ΔIEC).  
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Figure 21: The abundance of the colitogenic bacteria Akkermansia muciniphila was dramatically 

reduced in PtenΔIEC/ΔIEC mice compared to Pten+/+ mice. Major bacteria identified in the fecal samples of 

Pten+/+ and PtenΔIEC/ΔIEC mice (n = 8/group) were analyzed to compare the abundance at the genus (21A) 

and species (21B) level. Results are means ± SD, * P < 0.05, **P < 0.01 (Mann-Whitney U test). n.s., 

not significant. 
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 Akkermansia muciniphila, member of the Verrucomicrobia phylum, is a mucin-

degrading bacterium (Derrien et al., 2017). Because of this ability, Akkermansia 

muciniphila has great potential to induce colonic inflammation (Ganesh et al., 2013). It 

has been suggested that Akkermansia muciniphila colonization can noticeably increase 

tumor development in an Apc mouse model of colon cancer, and it may also promote 

tumorigenesis in human colon cancer (Dingemanse et al., 2015; Weir et al., 2013). 

Therefore, it is reasonable to believe that the greatly decreased abundance 

of Akkermansia muciniphila would participate in providing a tumor-suppressing 

microenvironment to prevent tumor development in PtenΔIEC/ΔIEC mice.  

2.4: Discussion 

 Colon tumorigenesis is influence by a range of factors such as chronic 

inflammatory conditions, genetic aberrations, impaired tumor-immune responses, and 

environmental carcinogens. Among these factors, new evidence suggests that complex 

interactions between the gut microbiome and host have a significant impact on tumor 

prevention and progression. For example, Fusobacterium nucleatum accumulates in the 

colon cancer tissue where it promotes malignant transformation (Kostic et al., 2012). 

Bacteroides fragilis has been found at a greater prevalence in stool samples of colorectal 

cancer patients compared to controls and is known to promote colon tumorigenesis by 

enhancing the Th17 inflammatory response (Toprak et al., 2006; Wu et al., 2009). It has 

been suggested that monocolonization of commensal microbe Escherichia coli NC101 

promotes chronic inflammation of the colon and increases tumorigenesis in IL-10 KO 

mice treated with azoxymethane (Arthur et al., 2012). Enterococcus faecalis can cause a 

chromosomal aberration (aneuploidy) in the colonic epithelial cells of IL-10 KO mice 
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(Balish & Warner, 2002; Kim et al., 2005). The amount of Akkermansia muciniphila has 

been measured to be 4 times higher in colorectal cancer patients compared to healthy 

subjects (Weir et al., 2013). In addition to this, Akkermansia muciniphila colonization 

exacerbates tumor development in the intestine of Apcmin/+ mice (Dingemanse et al., 

2015). On the contrary, probiotic bacteria, including Lactobacillus and Bifidobacterium 

species, have been shown to exert a tumor-suppressive effect in the colon (Cipe et al., 

2015).  

 The mechanisms by which gut bacteria modulates tumor-promoting or tumor-

suppressing effects remain elusive. Given that long-term inflammation causes DNA 

damage and chromosomal instability, it seems logical that bacteria which can cause 

chronic inflammatory disease could be a major culprit of promoting tumor development 

(Cipe et al., 2015). Consistent with this notion, Lactobacillus and Bifidobacterium,  

which both possess potent anti-inflammatory effects in the intestine, have been shown to 

be able to suppress tumor formation (Lightfoot et al., 2013; Ringel et al., 2011). 

 Akkermansia muciniphila is a relatively abundant bacteria found in the colon of 

humans that comprises approximately 1-4% of the colonic microbiota and has strong 

clinical relevance to a variety of diseases, including IBD and metabolic disorders 

(Collado et al., 2007; Derrien et al., 2008, 2017; Dingemanse et al., 2015). Akkermansia 

muciniphila has the clinically relevant function of breaking down high-molecular-weight 

glycoproteins released as mucins from IECs, thus allowing bacteria to regulate the 

selectively permeable gut barrier system, which separates the host from intraluminal 

environment containing enteric bacteria, toxins and food antigens (Derrien et al., 2017). 

Because of its ability to break down mucus, Akkermansia muciniphila enriched in the 
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colon can act as a pathobiont to develop inflammatory conditions, which significantly 

increases the risk of tumor development (Ganesh et al., 2013; Long & Sands, 2018; 

Seregin et al., 2017). Notably, the fecal microbiome analysis data presented in this study 

identified a dramatically reduced abundance of Akkermansia muciniphila in 

PtenΔIEC/ΔIEC (2.88%) mice compared to Pten+/+ (28.61%) littermates. Given the 

inflammatory impact Akkermansia muciniphila possess, it is reasonable to believe that 

the decreased abundance of the bacterial species has a role in preventing intestinal 

tumorigenesis in PtenΔIEC/ΔIEC mice. This idea is further supported by the differing growth 

rates of intestinal tumors that was observed in PtenΔIEC/ΔIEC mice. Many studies have 

demonstrated that PtenΔIEC/ΔIEC mice do not develop tumors in the duodenum and jejunum 

of the intestine by 12 months (Choi et al., 2013; Im et al., 2014; Langlois et al., 2009). 

However, other studies have suggested that approximately 19% of PtenΔIEC/ΔIEC mice 

develop tumors in the duodenum and jejunum of the intestine by 12 months (Byun et al., 

2011). This sizable discrepancy between these data strongly supports that gut microbial 

differences between housing facilities may have an important impact on tumor formation 

in mice with similar genetic predisposition.  

 A genetic predisposition may mediate the activation of tumor-promoting signaling 

pathways, which would lead to increased cell proliferation and consequent tumorigenesis. 

Conversely, tumor-suppressing signaling pathways can be activated to induce apoptotic 

cell death, leading to tumor prevention or suppression. Thus, the dynamic balance 

between tumor-promoting and tumor-suppressing pathways play an important role in 

inhibiting the initial cellular event of tumor growth (Ucker & Levine, 2018). Similarly, 

altered expression of tumor-promoting or tumor-suppressing genes have a crucial role in 
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signaling networks contributing to tumorigenesis. Many studies have indicated that 

activation of Sox10, Kdr, Mcm2, Ccnd2 and Cdc20 have important functions in singling 

networks that promote tumor growth (Amador et al., 2007; Cronin et al., 2018; Y. Liu et 

al., 2013; Mermelshtein et al., 2005; Pei & Xiong, 2005; S.-D. Zhang et al., 2015). The 

activation of Apaf1 and Casp7 mediates cell apoptosis, which results in a contrasting 

tumor-suppressing effects (Galluzzi et al., 2016). In this study, reduced expression of 

Sox10, Kdr, Mcm2, Ccnd2 and Cdc20 genes was identified, along with elevated 

expression of Apaf1 and Casp7 genes in the intestine of PtenΔIEC/ΔIEC mice compared to 

Pten+/+ mice. Therefore, in addition to the reduced abundance of pro-inflammatory 

bacteria Akkermansia muciniphila in the colon of PtenΔIEC/ΔIEC mice, decreased 

expression of tumor-promoting genes and increased levels of tumor-suppressing genes 

may explain why intestinal tumors did not develop in PtenΔIEC/ΔIEC mice.  

 Pten deficiency alone is unable to induce intestinal tumorigenesis in mice. 

However, PTEN deficiency in humans has well-characterized deleterious impacts in 

colorectal cancer patients. PTEN gene alteration can be indicative of relapse, metastasis, 

and poor prognosis in colorectal cancer patients (Bohn et al., 2013; Colakoglu et al., 

2008; Dicuonzo et al., 2001). It has been suggested that impaired TGF-β signaling 

pathways, promoted PI3K-Akt signaling pathways, or altered cell migration and 

interaction with the extracellular matrix may contribute to the deleterious impacts of 

PTEN deficient colorectal cancer patients (Colakoglu et al., 2008; Dicuonzo et al., 2001; 

Tamura et al., 1998; Yu et al., 2014). However, the underlying mechanisms remain 

unknown. 
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2.5: Conclusion 

 In this study, human colon cancer tissues had reduced mRNA expression of the 

tumor suppressor gene PTEN compared to controls, which implies the involvement of 

PTEN impairment in the development of colon cancer. However, Pten deficiency in IECs 

did not induce tumorigenesis in mice. It was found that both the intestinal microflora and 

tumor-associated gene expression had been shifted toward a tumor-suppressing condition 

in the gut of PtenΔIEC/ΔIEC mice. Therefore, these findings suggest that the gut 

microbiome, alongside a changed tumor-associated gene expression, plays a crucial part 

in shaping the tumor microenvironment in the colon.  
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CHAPTER THREE 

STUDYING THE IMMUNE-REGULATORY ROLE OF PTEN IN THE GUT 

 

 

 

3.1: Introduction 

In support of an alternative function of PTEN, it has been recently discovered that 

PTEN is capable of regulating the immune and inflammatory response in IECs by 

controlling Toll-like receptor 5 (TLR5), which is a microbial sensing mechanism 

(Mitchell et al., 2018).  PIP2 generated by active PTEN mediates localization of the 

adaptor protein MAL/TIRAP to the plasma membrane, which allows MAL/TIRAP to 

bind to the cytoplasmic region of TLR5 (Choi et al., 2013). Moreover, MAL/TIRAP 

functions as a bridge between TLR and MYD88, an additional adaptor protein (Kagan & 

Medzhitov, 2006). Thus, the loss of the Pten gene impedes the recruitment of 

MAL/TIRAP and MYD88 to TLR5 in IECs, which are cells in constant contact with 

luminal milieu such as the gut microbiota and other nutrients(Choi et al., 2013). 

Therefore, PTEN is capable of regulating the gut microbe–induced immune and 

inflammatory response via modulation of adaptor protein recruitment because microbial 

sensing through TLRs is required to elicit potent innate and adaptive immune responses 

in the gut (Choi et al., 2013; Im et al., 2014). This evidence indicates that PTEN may 

have other unidentified roles yet to discover. 

Salmonella enterica is a Gram-negative enteropathogenic bacteria that can cause 

self-limiting gastrointestinal disorder or typhoid fever in humans (Gut et al., 2018). A 

particular susceptible strain of mice has a defective mutation in the natural resistance 

associated macrophage protein (Nramp) gene, which are sensitive to an infection of 
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Salmonella enterica serovar Typhimurium (S. Typhimurium), resulting in disease 

symptoms similar to Salmonella-induced typhoid fever (Govoni & Gros, 1998; Tsolis et 

al., 1999). However, most inbred mice, like C57BL/6 and BALB/c1 strains, do not 

exhibit disease symptoms, such as intestinal inflammation, due to gut commensal 

microbes that produce inhibitory molecules and outcompete Salmonella for nutrients 

when housed in a conventional or specific pathogen free condition (Erova et al., 2016; 

Kaiser et al., 2012).  

To overcome this inherent natural resistance found in inbred mice, a 20 mg 

pretreatment of streptomycin can be administered, which then renders C57BL/6 mice 

susceptible to infection of Salmonella and thus eliciting colitis (Barthel et al., 2003). The 

antibiotic-pretreatment of streptomycin depletes the gut commensal microbiota in the 

intestine, thus eliminating competition and hinderances. The C57BL/6 mice develop 

marked inflammation in the solely in the cecum and colon when infected with an 

intragastric administration of high inoculum of S. Typhimurium. Thus, this streptomycin-

pretreated mouse model is an established and highly reproducible animal model for 

studying the mechanism of intestinal inflammation produce from a Salmonella infection 

(Hapfelmeier & Hardt, 2005; Kaiser et al., 2012). 

Due to the immune regulatory function of PTEN in IECs, it was hypothesized that 

loss of the Pten gene in IECS would compromise intestinal immune responses in the 

intestine, thus rending the host greatly susceptible to S. Typhimurium infection. IEC-

restricted Pten gene knockout mice were found to be highly prone to S. Typhimurium 

infection, which was characterized by massive inflammation in the small intestine and 



 52 

cecum. This data suggests an that Pten has an important immune regulatory function in 

response to pathogenic microbial infection in the gut. 

3.2: Materials and Methods 

3.2.1: Animals 

 IEC-restricted Pten gene knockout (PtenΔIEC/ΔIEC) mice were generated by mating 

Pten-floxed (PtenloxP/loxP) mice (Groszer et al., 2001) with Villin promoter-driven Cre 

expression mice (VilCre/+) (Madison et al., 2002) purchased from Jackson Laboratory (Bar 

Harbor, ME). PtenΔIEC/ΔIEC mice were backcrossed into the C57BL/6 background for at 

least 6 generations prior to performing experiments as described in previous studies (Choi 

et al., 2013; Im et al., 2014; Langlois et al., 2009). Mice were bred and maintained under 

standard SPF conditions with normal drinking water ad libitum at the animal facility of 

University of California Los Angeles and Oakland University under the approval of the 

Institutional Animal Care and Use Committee (IACUC) of UCLA and OU.  

3.2.2: Bacterial Strain and Culture Condition 

 Salmonella enterica serovar Typhimurium strain (14028) (Fields et al., 1986) was 

obtained from American Type Culture Collection (ATCC) and selected for this study. S. 

Typhimurium was cultivated in Luria-Betani (LB) broth (10g Bacto tryptone, 5g yeast 

extract, 10g NaCl per L) solidified by the addition of 1.5% (wt/vol) agar when needed. 

The bacteria was cultivated for 12 hours at 37°C in LB broth while shaking at 225 RPM 

for liquid culture as described in a previous study (Stecher et al., 2006). Next, the 

bacterial culture was diluted (1:20) in fresh LB medium, followed by cultivating for 4 

hours with gentle aeration to ensure the exponential growth phase. Then, the cultivated 

bacteria were collected by gentle centrifugation and washed three times in ice-cold 
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phosphate-buffered saline (PBS). Afterwards, the pellets were resuspended in cold PBS 

(2 x 104 CFU/200 mL). The Salmonella strain was periodically assessed on Salmonella-

Shigella agar plates for purity. 

3.2.3: Animal Experiments 

 8-week-old and sex-matched PtenΔIEC/ΔIEC and littermate Pten+/+ control mice were 

pretreated with an oral gavage of streptomycin (25 mg/mouse) for 24 hours. The mice 

were inoculated with a low inoculum of S. Typhimurium (2 x 104 in a volume of 200 

mL/mouse) using a blunt gastric tube. The mice health condition was then monitored for 

24 hours after inoculation, where a moribund state was considered as an experimental 

endpoint for determining mortality. 

3.2.4: Analysis of S. Typhimurium Loads in the Liver, Mesenteric Lymph Nodes, and 

Spleen 

 The mice were pretreated with streptomycin for 24 hours and then given an oral 

gavage of S. Typhimurium (2 x 104 per mouse). After 48 hours, the mice were then 

euthanized, and the liver, mesenteric lymph nodes, and spleen were aseptically harvested 

from the mice. To analyze bacterial colonization, the mice tissues were homogenized in 

4°C PBS (0.5% Tergitol, 0.5% bovine serum albumin) as described in a previous study 

(Barthel et al., 2003). The bacterial loads were determined by plating appropriate 

dilutions on MacConkey agar plates.  

3.2.5: Tissue Histology Analysis 

 Mice were euthanized after 24 hours of bacterial inoculation, and the small 

intestine and cecum were fixed in 10% buffered formalin, dehydrated, and embedded in 

paraffin. Tissue sections were cut (5 mm) and prepared for Hematoxylin & Eosin (H&E) 
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staining. Images were first visualized with an Axio Imager Z1 microscope (Carl Ziess) 

and captures with an AxioCam digital camera. Images were then processed with Adobe 

Photoshop. The histological severity of colitis was graded in a blind fashion as described 

in previous studies (Choi et al., 2010; Rhee et al., 2015).  

3.2.6: Enzyme-Linked Immunosorbent Assay 

 The entirety of mouse small intestine was homogenized in RIPA lysis buffer. 

Total protein lysates were then subjected to an enzyme-linked immunosorbent assay 

(ELISA) to measure cytokines mouse KC, MIP3a, IL-6 and myeloperoxidase (MPO) 

using appropriate kits from R&D Systems and LSBio Inc. following manufacturer’s 

instructions. The concentration of cytokine was normalized by total protein 

concentration. All assays were performed in triplicate and data was expressed as Mean ± 

SEM. 

3.3: Results 

3.3.1: Pten Gene Deletion in IECs Increased Susceptibility to Infection of Salmonella 

enterica serovar Typhimurium in Streptomycin-Pretreated Mice 

 Mice are inherently resistant to Salmonella infection, unlike humans, who are 

susceptible to infection by Salmonella. This natural resistance can be overcome by oral 

administration of streptomycin, which transiently depletes the microbiota, and renders the 

mouse exceptionally susceptible to Salmonella infection (Barthel et al., 2003). After a 

single pretreatment of streptomycin, oral administration of a high inoculum of Salmonella 

(108 CFU) causes acute intestinal inflammation within 6 to 8 hours, presented by massive 

growth of the pathogenic bacteria and noticeable cecum and colon inflammation 

(Altmeyer et al., 2010; Barthel et al., 2003). Use of this mouse model allowed the 
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investigation whether Pten gene deletion in IECs could enhance susceptibility to enteric 

salmonellosis in PtenΔIEC/ΔIEC mice and littermate Pten+/+ controls. 

 8-week-old and sex-matched PtenΔIEC/ΔIEC mice and littermate Pten+/+ mice were 

pretreated with an oral, intragastric administration of streptomycin (25 mg/mouse) for 24 

hours. Mice were then infected with a low inoculum of S. Typhimurium (2 x 104 CFU) 

via an oral gavage.  

 

 

 PtenΔIEC/ΔIEC mice were observed to exhibit an increased mortality 48 hours after 

bacterial infection compared to Pten+/+ control mice. Next, the ceca of the mice was 

examined because it is the most sensitive portion of the intestinal tract of the 

streptomycin mouse model of salmonellosis (Altmeyer et al., 2010; Barthel et al., 2003). 

The ceca PtenΔIEC/ΔIEC mice not only appeared pale with reduced cecal contents, but the 

ceca were also shriveled to a small size with exudate. Whereas the ceca of the Pten+/+ 

control mice had a grossly normal appearance. Lastly, the weight of the ceca from 

PtenΔIEC/ΔIEC mice were significantly lower compared to Pten+/+ control mice, which 

suggest that PtenΔIEC/ΔIEC mice were experiencing enhanced susceptibility to the infection 

Figure 22: The illustration above represents the experimental timeline for the streptomycin-

pretreatment and subsequent bacterial inoculation. Sex matched, 8-week-old PtenΔIEC/ΔIEC and littermate 

Pten+/+ mice were pretreated with an oral gavage of streptomycin (25 mg/mouse) for 24 hours. The 

mice were then inoculated via an oral gavage with a low inoculum of S. Typhimurium (2 × 104 in a 

volume of 200 mL/mouse). 
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Figure 23:  PtenΔIEC/ΔIEC and Pten+/+ mice were inoculated via an oral gavage with a low inoculum of S. 

Typhimurium (2 × 104 in a volume of 200 mL/mouse). The mouse health condition was monitored for 

48 h after inoculation. Mouse mortality was evaluated by Kaplan-Meier plot. The log-rank (Mantel-

Cox) test was used to compare significant survival difference (P = 0.0033). Data were analyzed with 

results accumulated by 3 independent experiments. PtenΔIEC/ΔIEC (n = 18); Pten+/+ (n = 15). 

Figure 24: The photograph above shows representative gross anatomical images of the ceca obtained 

from both Pten+/+ mice (left) and PtenΔIEC/ΔIEC mice (right). The ceca of the PtenΔIEC/ΔIEC mice were 

much smaller with reduced fecal contents compared to Pten+/+ control mice.  
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 Together these data show that a deficiency of the Pten gene in the intestinal 

epithelium render mice unable to resist infection with a low inoculum of S. Typhimurium 

in a streptomycin-pretreated mouse model.  

3.3.2: Low Inoculum of Salmonella enterica serovar Typhimurium Produced Massive 

Inflammation in the Small Intestines of PtenΔIEC/ΔIEC Mice 

 High inoculum of S. Typhimurium (108 CFU) in the streptomycin-pretreated 

mouse model can induce substantial inflammation in the cecum and colon, however, the 

small intestine in not usually inflamed by bacterial infection (Altmeyer et al., 2010; 

Barthel et al., 2003). In this study, it was found that just a low dose (2 x 104 CFU) 

infection of S. Typhimurium not only increased mortality, but also induced inflammation 

in the ceca of streptomycin-pretreated PtenΔIEC/ΔIEC mice.  

Figure 25: Cecum weight was measured and then graphed to compare the susceptibility to S. 

Typhimurium infection between the mouse groups. PtenΔIEC/ΔIEC (n = 10); Pten+/+ (n = 9). *** P < 0.001 

(Mann-Whitney U test). 
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 Next, it was examined whether a low dose S. Typhimurium infection is also 

capable of producing deleterious inflammation in the small intestine of PtenΔIEC/ΔIEC 

mice. Tissue sections of the cecum from streptomycin-pretreated PtenΔIEC/ΔIEC mice 

exhibited massive inflammation in response to the low inoculum of S. Typhimurium, in 

line with the inflamed gross appearance of ceca previously mentioned. However, the ceca 

of the streptomycin-pretreated Pten+/+ mice appear to have normal histology of the 

epithelia and mucosa. 

 

 

Figure 26: The above image shows a Hematoxylin and Eosin (H&E) staining of mice cecum sections. 

The antibiotic pre-treated PtenΔIEC/ΔIEC and Pten+/+ mice were infected with an oral gavage of S. 

Typhimurium (2 × 104/200 mL/mouse). 24 hours after the infection, the mice were euthanized to 

harvest the intestinal tissues. Tissues were fixed in 10% buffered formalin and subsequently embedded 

in paraffin and then stained. The photographs are representative images of the damage and 

inflammation in the cecum. Inset area (box in yellow) was enlarged. 
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 Surprisingly, just a low inoculum of S. Typhimurium produced extensive 

inflammation in the small intestine of streptomycin-pretreated PtenΔIEC/ΔIEC mice. 

Although, Pten+/+ mice maintained fairly normal structure of the epithelia and mucosa in 

the small intestine. 

 

 Microscopic examination of the intestinal tissue histology revealed that 

streptomycin-pretreated PtenΔIEC/ΔIEC mice exhibited prominent abscesses, massive 

neutrophil infiltration, increased epithelial erosion and enhanced necrosis in both the 

Figure 27: The image above shows a Hematoxylin and Eosin (H&E) staining of mice small intestine 

sections. The antibiotic pre-treated PtenΔIEC/ΔIEC and Pten+/+ mice were infected with an oral gavage of 

S. Typhimurium (2 × 104/200 mL/mouse). 24 hours after the infection, the mice were euthanized to 

harvest the intestinal tissues. Tissues were fixed in 10% buffered formalin and subsequently embedded 

in paraffin and then stained. The photographs are representative images of the damage and 

inflammation in the small intestine. Insert area (box in yellow) was enlarged. 
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small intestine and the cecum in response to the infection by S. Typhimurium. However, 

these histological parameters were almost negligible in the intestinal tissues of control 

mice. 

 

 

 It was observed that a low inoculum of S. Typhimurium did not induce noticeable 

inflammation in the cecum and small intestine of the streptomycin-pretreated Pten+/+ 

mice. However, this data clearly exhibits that the streptomycin-pretreated PtenΔIEC/ΔIEC 

mice had considerable inflammation in the cecum and small intestine in response to low 

dose S. Typhimurium infection. Therefore, these results suggest that Pten deficiency in 

IECs significantly increases the susceptibility to enteropathogenic bacterial infection. 

Figure 28: The graphs above display quantified histological parameters were for H&E sections of the 

cecum (shown left) and small intestine (shown right) of the two mouse groups (n = 7/group). 
PtenΔIEC/ΔIEC mice had significantly increased inflammation in the cecum and small intestine compared 

to Pten+/+ controls. ** P < 0.01, *** P < 0.001 (Mann-Whitney U test). 
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3.3.3: Salmonella enterica serovar Typhimurium Infection Induced Pro-Inflammatory 

Cytokine Production in the Small Intestine of PtenΔIEC/ΔIEC Mice 

 The production of pro-inflammatory cytokines in the intestinal tissues was then 

analyzed. It was identified that infection by S. Typhimurium markedly up-regulated the 

production of various pro-inflammatory cytokines (KC, MIP3a, and IL-6) in the small 

intestine of streptomycin-pretreated PtenΔIEC/ΔIEC mice compared to Pten+/+ mice.  

 

 Myeloperoxidase (MPO) production was also significantly increased in the small 

intestine of PtenΔIEC/ΔIEC mice compared to Pten+/+ controls. MPO has an important role in 

the initiation and progression of inflammatory disorders by generating hypochlorous acid. 

Figure 29: The graphs above show pro-inflammatory cytokine levels of the small intestine of 

PtenΔIEC/ΔIEC and Pten+/+ mice. PtenΔIEC/ΔIEC and Pten+/+ mice were pretreated with streptomycin, 

followed by an oral gavage of S. Typhimurium (2 × 104/200 ml/mouse). 24 hours after administration, 

the mice were euthanized to harvest the small intestine. The total protein was extracted from the mouse 

small intestine, followed by ELISA to measure the level of KC, MIP3a, and IL-6 production. Data were 

expressed as mean ± SEM (n= 4 mice per group, each with triplicate determinations). * P < 0.05 

(Mann-Whitney U test). 
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3.3.4: Bacterial Colonization was Increased in Streptomycin-pretreated PtenΔIEC/ΔIEC Mice 

 S. Typhimurium can penetrate the intestinal epithelial barrier by infiltrating 

microfold cells (M cells) or by transportation through dendritic cells, leading to severe 

inflammation of the cecum and colon. Additionally, S. Typhimurium is capable of 

translocation and colonization of the mesenteric lymph node (MLN), where thereafter S. 

Typhimurium can migrate to the spleen and liver (Bravo-Blas et al., 2019). It was next 

examined whether the bacterial load in extraintestinal organs could be increased in 

PtenΔIEC/ΔIEC mice due to the previous finding that a low inoculum of S. Typhimurium in 

streptomycin-pretreated PtenΔIEC/ΔIEC mice elicited deleterious inflammation in the small 

intestine and cecum. The tissue homogenates were plated using a serial dilution on 

Figure 30: The graph above compares the myeloperoxidase (MPO) levels in the small intestine of 

PtenΔIEC/ΔIEC and Pten+/+ mice. PtenΔIEC/ΔIEC and Pten+/+ mice were pretreated with streptomycin, 

followed by an oral gavage of S. Typhimurium (2 × 104/200 mL/mouse). 24 hours after administration, 

the mice were euthanized to harvest the small intestine. The total protein was extracted from the mouse 

small intestine, followed by ELISA to measure the level of MPO. Data were expressed as mean ± SEM 

(n= 4 mice per group, each with triplicate determinations). * P < 0.05 (Mann-Whitney U test). 
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MacConkey agar plates and then incubated to evaluate bacteria colony growth. The 

bacterial load determined by the number of CFUs was observed to be significantly 

increased in the MLN, liver, and spleen of PtenΔIEC/ΔIEC mice, whereas bacterial colony 

formation from the tissues of Pten+/+ mice was almost negligible. An enlarged spleen is 

indicative of bacterial infection in mice. Consistent with this notion, streptomycin-

pretreated PtenΔIEC/ΔIEC mice presented enlarged spleens in response to the S. 

Typhimurium infection compared to controls. 

These data together suggest that the translocation and extraintestinal colonization 

of S. Typhimurium will be enhanced in the IEC-restricted Pten gene deficient condition. 

Additionally, these results indicate that PTEN expression in the intestinal epithelium 

should play a key role in the innate and adaptive immune defenses that protect the host 

from invasion by S. Typhimurium. 
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Figure 31: The images above show the bacterial load found in extraintestinal organs of PtenΔIEC/ΔIEC 

and Pten+/+ mice. The mice were pretreated with streptomycin, followed by an oral gavage of S. 

Typhimurium (2 × 104/200 mL/mouse). The liver (top left), mesenteric lymph node (MLN) (top right), 

and spleen (bottom center) were harvested in 48 hours and homogenized in PBS. The sample dilutions 

were plated on MacConkey agar plates and incubated in 37°C. The photograph is representative images 

of the culture plates, and the inset area was enlarged to visualize the bacterial colonies. Gross 

appearance of the spleen from the mice was compared, and ruler markings indicate mm measurement. 

The bacterial loads were determined by counting the number of colony forming units (CFU) per organ. 

Pten+/+ (n = 7); PtenΔIEC/ΔIEC (n = 12), *** P < 0.001 (Mann-Whitney U test). 
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3.4 Discussion 

 Using the streptomycin-pretreated mouse model of S. Typhimurium infection, it 

was observed that a low dose of S. Typhimurium did not induce intestinal inflammation 

in Pten+/+ mice. However, streptomycin-pretreated PtenΔIEC/ΔIEC mice developed 

deleterious inflammation throughout the small intestine and cecum in response to a low 

dose of S. Typhimurium infection. These data clearly demonstrate that Pten deficiency in 

IECs dramatically enhance the susceptibility to bacterial infection. Therefore, PTEN 

plays an important role in mediating defense against enteropathogenic bacteria in the gut. 

 PTEN is an essential mediator of microbial sensing and subsequent immune 

activation signaling in the intestine. PIP2, produced by PTEN, tethers MAL/TIRAP to the 

plasma membrane, where it thereby facilitates the interaction of MAL/TIRAP with TLR5 

in the membrane of IECs (Choi et al., 2013). TLR5, which is potently expressed in IECs, 

plays a canonical role in the intestinal epithelium for microbial sensing and in shaping the 

innate and adaptive immune system of the gastrointestinal tract (Rhee et al., 2006). In this 

context, PTEN should at least be considered an immune regulating factor in the gut, in 

addition to its role as a tumor suppressor. Nevertheless, it has remained elusive whether 

PTEN deficiency in IECs can influence susceptibility to enteropathogenic bacterial 

infection. Therefore, this study provides important data to fill in the gap between an 

immune regulatory effect of PTEN and in vivo susceptibility to pathogenic bacterial 

infection. 

 Regarding the immune effector mechanism resulting from PTEN-mediated 

signaling, it is possible that antimicrobial peptides, intestinal lamina propria dendritic 

cells, macrophages, and T cell responsiveness could participate from protecting the hose 
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from enteropathogenic bacterial infection (Ellenbroek et al., 2017; H. Liu et al., 2016; 

Vijayan et al., 2018). A group of antimicrobial peptides, which constitute an efficient 

innate immune mechanism to eliminate invading microbes, can be upregulated by TLR5-

induced signaling pathways in the gut (Vijayan et al., 2018). Likewise, TLR5 activation 

has been suggested to not only activate dendritic cells and macrophages in the intestinal 

mucosa, but also to mediate effector T cell responses, which are the key players of 

adaptive immunity (Ellenbroek et al., 2017; H. Liu et al., 2016). Therefore, it is 

reasonable to consider PTEN an essential regulatory factor of the gut mucosal immune 

response, because the level of PIP2, which is controlled by PTEN, is critical for an TLR5 

immune activation in IECs.  

3.5: Conclusion 

 This study provides in vivo data demonstrating that Pten gene deletion in IECs 

renders mice exceedingly susceptible to enteropathogenic bacterial infection, thus 

building upon a previously reported study accounting for how PTEN is capable of 

regulating TLR5-mediated immune and inflammatory responses (Choi et al., 2013). 

These findings presented in this study provide in vivo data which demonstrates strong 

evidence that PTEN has an immune regulatory function in the GI tract. Additionally, this 

project connects the gap between the PTEN-associated immune mechanism suggested in 

an in vitro setting and relevant in vivo significance for enteropathogenic bacterial 

infection. 
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CHAPTER FOUR 

STUDYING THE GUT-BRAIN INFLAMMATORY INTERACTION 

 

 

 

4.1: Introduction 

 The gut and brain are fairly separated anatomically, but emerging evidence 

suggests that these two organs may communicate and influence each other’s 

physiological functioning in a bidirectional manner (Rhee et al., 2009). In the descending 

pathway of the gut-brain axis, psychological stress has been proposed to play an 

important role in the development and progression of irritable bowel syndrome (IBS) and 

may also increase the chances of IBD (Jones et al., 2006; Levenstein et al., 2000). 

Psychological stress has also been suggested to increase intestinal permeability, which 

would allow luminal contents into the submucosa, which could trigger the immune 

system and cause an inflammatory response (Zong et al., 2019). In the ascending pathway 

of the gut-brain axis, signals from the gut create an effect on the brain. In this case, it has 

been suggested that the human appendix contains α-synuclein aggregates that accumulate 

in Lewy bodies of Parkinson’s disease (Killinger et al., 2018). Additionally, patients with 

IBD experience transient cognitive impairments such as “brain fog”. Which is typically 

characterized by memory issues, disorientation, hazy thought processes, and slow 

cognitive reaction time (Petruo et al., 2017; Yelland, 2017). Emerging evidence suggests 

that the enteric microbiota has a crucial impact on the gut-brain axis, not only interacting 

with various intestinal cells, but also with the central nervous system through 

neuroendocrine and metabolic pathways (Carabotti et al., 2015). Patients with IBD tend 

to have higher rates psychological, such as depression and anxiety (Gracie et al., 2018). 
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Gut microbiota have been noted to have a role in influencing anxiety and depressive-like 

behaviors (Foster & McVey Neufeld, 2013; Naseribafrouei et al., 2014). Altogether, 

these studies suggest a communitive-link between the gut and brain, and that chronic 

intestinal inflammation may influence brain functionality. However, evidence for an 

underlying mechanism between the chronically inflamed gut and brain remains elusive. 

 To further study the gut-brain inflammatory interaction, an interleukin-10 

knockout (IL-10 KO) mouse, which is a known mouse model of chronic enterocolitis 

(Kühn et al., 1993), Mice deficient in IL-10 will spontaneously develop chronic colitis, 

however, the incidence rate of colitis in this model is low and prolonged (Chichlowski et 

al., 2010). To overcome this challenge, IL-10 KO mice were fed a piroxicam-mixed 

chow. The mixed chow contains a non-steroidal anti-inflammatory drug that inhibits 

cyclooxygenase (COX) enzymes and suppresses the colonic level of prostaglandin E2 

(PGE2) (Berg et al., 2002). This suppression of PGE2 leads to damage of the gut-mucosa 

lining and impaired mucosal integrity, which gives way to translocation of luminal 

bacteria to trigger inflammation (Agard et al., 2013). Thus, the IL-10 KO condition 

combined with piroxicam-mixed chow feeding more closely mimic IBD.   

4.2: Materials and Methods 

4.2.1: Animals 

 IL-10 KO mice and IL-10 WT mice were obtained from the Jackson Laboratory 

(Bar Harbor, ME). Mice were bred and maintained under standard SPF conditions with 

normal drinking water ad libitum at the animal facility of Oakland University under the 

approval of the Institutional Animal Care and Use Committees of UCLA and OU. 
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4.2.2: Chronic Colitis Mouse Model 

 IL-10 KO and IL-10 WT mice were fed three cycles of piroxicam-mixed chow for 

seven days. Piroxicam was purchased from Millipore Sigma (St. Louis, MO) and sent to 

Research Diets Inc. (New Brunswick, NJ), where the piroxicam was pressed into custom 

pellets and purchased for mouse consumption. The two mice groups were then fed 

normal mice pellet chow for seven days for recovery to mimic the chronicity of colitis. 

4.2.3: Enzyme-Linked Immunosorbent Assay Quantification of IL-1β, IL-6 and High-

Mobility Group Box 1 

 Enzyme-linked immunosorbent assay (ELISA) kits (mouse IL-1β and IL-6) 

compatible with tissue extract samples from RayBiotech Inc. (Norcross, GA) were 

utilized. The cerebrum, hippocampus, and colon tissues were homogenized in 

radioimmunoprecipitation assay lysis buffer supplemented with cOmplete Protease 

Inhibitor Cocktail and Phosphatase Inhibitor Cocktail 2 and 3 (Millipore Sigma, St. 

Louis, MO), followed by evaluation of the total protein concentration using the Pierce 

BCA Protein Assay Kit (Thermo Fisher Scientific). ELISA was performed in accordance 

with the manufacturer’s instruction. The concentration was normalized according to the 

total protein concentration of the sample. All assays were performed in triplicate, and 

data are shown as means ± SEM.  

4.2.4: Statistical Analysis 

 Data of body weight change were compared by using a student T-test. Results are 

provided as means ± SD. P < 0.05 was considered significant.  Additional information 

regarding statistical analysis is described in the corresponding figure legends. Statistical 

analysis was conducted with Microsoft Office Excel (Microsoft, Redmond, WA).  
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4.3: Results 

4.3.1: Bodyweight of Piroxicam-fed IL-10 KO Mice was Lower Compared to Piroxicam-

fed IL-10 WT Control Mice  

IL-10 KO and IL-10 WT mice were fed 3 cycles of piroxicam-mixed chow for 7 

days, then both mice groups were allowed 7 days of regular chow for recovery in order to 

mimic chronic colitis. Bodyweights were collected from IL-10 KO mice and IL-10 WT 

my for 36 days. It was observed that the piroxicam-fed IL-10 KO mice exhibited 

decreased bodyweight compared to wild-type control mice, thus indicating that the IL-10 

KO mice were experiencing colitis symptoms. 

 

 

Figure 32: This graph shows the relative bodyweight change of IL-10 KO mice vs IL-10 WT mice. 

Piroxicam mixed chow was given to both mice groups for 7 days, then given regular chow for 7 days to 

allow for recovery. The graph depicts decreasing bodyweight in the IL-10 KO mice compared to 

control mice indicating that these mice are experiencing IBD symptoms. Data was shown as mean ± 

SD. Bodyweight comparison significance was calculated using independent student T-test. * P < 0.05, 

** P < 0.01, *** P < 0.001 was considered significant. 
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4.3.2: Colon Size and Length of Piroxicam-fed IL-10 KO Mice were Decreased 

Compared to Piroxicam-fed IL-10 WT Control Mice 

After harvesting tissues, the gross anatomical size and length of the piroxicam-fed 

IL-10 KO mice colons were found to be smaller and decreased in length compared to 

controls. Additionally, the piroxicam-fed IL-10 KO mice appeared to have notably 

smaller ceca compared to IL-10 WT control mice.

 

Figure 33: The image above depicts the gross anatomy of the colon of both IL-10 wild-type controls 

(first 3 colons starting from left to right) and IL-10 KO mice (last 4 colons starting from left to right). 

The colons of the IL-10 knockout mice appear inflamed with a white, pale appearance along with 

notably smaller cecum and length. On the right, the lengths were quantified and graphed. Control 

colons (white circle) were confirmed to have increased length compared to IL-10 KO mice (red circle).  

* P<0.05 was considered significant based on a one-tailed statistic test.  
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4.3.3: Pro-inflammatory Cytokine Levels were Elevated in Piroxicam-fed IL-10 KO Mice 

Tissues Compared to Piroxicam-fed IL-10 WT Control Mice Tissues 

In order to observe the inflammatory connection between the gut and brain, the 

expression of pro-inflammatory cytokines IL-1β and IL-6 was measured in the mice 

cerebrum, hippocampus and colon tissues. 

 

 

Figure 34: This graph shows the measurement of IL-1β pro-inflammatory cytokine expression in the 

colon tissue of piroxicam-fed IL-10 KO mice (red circles, n=17) and IL-10 WT mice (blue circles 

n=11). The average for each group is marked by a black bar. This data shows that IL-1β production was 

increased in IL-10 KO mice colon tissues compared to IL-10 controls, which demonstrates that IL-10 

KO mice are experiencing colitis. * P<0.05, ** P < 0.01, *** P <0.001 was considered significant based 

on a one-tailed statistic test. 
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Figure 35: This graph shows the measurement of IL-1β pro-inflammatory cytokine expression in the 

hippocampus tissue of piroxicam-fed IL-10 KO mice (red circles, n=14) and IL-10 WT mice (blue 

circles n=11). The average for each group is marked by a black bar. This data shows that IL-1β 

production was increased in IL-10 KO mice hippocampus tissues compared to IL-10 controls, which 

supports that IL-10 KO mice are experiencing neuroinflammation. * P<0.05 was considered significant 

based on a one-tailed statistic test. 
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Figure 36: This graph shows the measurement of IL-1β pro-inflammatory cytokine expression in the 

cerebrum tissue of piroxicam-fed IL-10 KO mice (red circles, n=16) and IL-10 WT mice (blue circles 

n=11). The average for each group is marked by a black bar. This data shows that IL-1β production was 

increased in IL-10 KO mice cerebrum tissues compared to IL-10 controls, which supports that IL-10 

KO mice are experiencing neuroinflammation. * P<0.05 was considered significant based on a one-

tailed statistic test. 
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Figure 37: This graph shows the measurement of IL-6 pro-inflammatory cytokine expression in the 

colon tissue of piroxicam-fed IL-10 KO mice (red circles, n=16) and IL-10 WT mice (blue circles 

n=16). The average for each group is marked by a black bar. This data shows that IL-6 production was 

increased in IL-10 KO mice colon tissues compared to IL-10 controls, which demonstrates that IL-10 

KO mice are experiencing colitis. * P<0.05, ** P < 0.01 was considered significant based on a one-

tailed statistic test. 
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Figure 38: This graph shows the measurement of IL-6 pro-inflammatory cytokine expression in the 

hippocampus tissue of piroxicam-fed IL-10 KO mice (red circles, n=16) and IL-10 WT mice (blue 

circles n=16). The average for each group is marked by a black bar. This data shows that IL-6 

production was increased in IL-10 KO mice hippocampus tissues compared to IL-10 controls, which 

supports that IL-10 KO mice are experiencing neuroinflammation. * P<0.05 was considered significant 

based on a one-tailed statistic test. 
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4.4: Discussion 

 IBD is a chronic inflammatory disease affecting the gastrointestinal tract, and can 

develop in a variety of ways. For instance, a defective mucosal barrier resulting in 

decreased permeability has been shown in patients with IBD (Michielan & D’Incà, 2015; 

Vanuytsel et al., 2021). It has also been suggested that commensal gut microbes can 

cause IBD by creating abnormal immune responses in genetically susceptible individuals 

Figure 39: This graph shows the measurement of IL-6 pro-inflammatory cytokine expression in the 

cerebrum tissue of piroxicam-fed IL-10 KO mice (red circles, n=16) and IL-10 WT mice (blue circles 

n=11). The average for each group is marked by a black bar. This data shows that IL-6 production was 

increased in IL-10 KO mice cerebrum tissues compared to IL-10 controls, which supports that IL-10 

KO mice are experiencing neuroinflammation. * P<0.05 was considered significant based on a one-

tailed statistic test. 
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(Y. Chen et al., 2021; Loh & Blaut, 2012). Patients with IBD tend to develop 

extraintestinal manifestations in other organs such as the skin, joint, eyes, liver, pancreas 

and kidneys (Rogler et al., 2021). Those with IBD seem to be at a higher risk of dementia 

and Parkinson’s disease (Killinger et al., 2018; Villumsen et al., 2019). A longitudinal 

cohort study recently identified that patients with IBD have a four-times increased risk 

for dementia, including Alzheimer disease, compared to healthy control patients (B. 

Zhang et al., 2021). However, the mechanism between the gut-brain axis has remained 

elusive.  

 This present study provides evidence that there may be an inflammatory link in 

the ascending pathway of the gut-brain axis. It was shown that piroxicam-fed IL-10 KO 

mice undergoing chronic colitis had an increased level of pro-inflammatory cytokines IL-

1β and IL-6 in the hippocampus and cerebrum tissues compared to piroxicam-fed IL-10 

control mice. This finding supports that IBD can lead to neuroinflammation in mice. 

Based on previous a previous study from this lab, it is hypothesized that HMGB1 could 

be a key molecule that can mediate neuroinflammatory responses in chronic colitis mice 

(Mitchell et al., 2022).  

 High mobility group box 1 (HMGB1) is a highly conserved chromatin-binding 

nuclear protein present in all cell types. HMGB1 is able to activate the transmembrane 

protein receptor for advanced glycation end-products (RAGE) and TLRs as a damage-

associated molecular pattern when secreted into the extracellular environment (Sims et 

al., 2010; Wakabayashi et al., 2018). Additionally, HMGB1 has the ability to induce the 

production of pro-IL-1β in macrophages (Q. He et al., 2012). Elevated levels of HMGB1 

protein have been found in stool samples of patients with IBD (Vitali et al., 2011). 
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Therefore, it is hypothesized that when IECs are necrotic or damaged, HMGB1 is 

released into the extracellular environment, where it can travel in the bloodstream cause a 

second wave of inflammation in peripheral tissues, such as neuroinflammation in the 

brain.     

4.5: Conclusion 

 In conclusion, this study provides support for the ascending connection between 

the gut-brain axis via an inflammatory link. It was found that piroxicam-fed IL-10 KO 

mice undergoing chronic colitis had an increased level of pro-inflammatory cytokines IL-

1β and IL-6 in the cerebrum, hippocampus and colon tissues compared to piroxicam-fed 

IL-10 control mice. It is hypothesized that this inflammatory link is derived from an 

HMGB1-associated pyroptosis mechanism based on previous published findings from 

this lab. 
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CHAPTER FIVE 

OVERALL CONCLUSIONS AND FUTURE DIRECTION 

 

 

 

5.1: Conclusion 

 These findings presented in this thesis reinforce Hippocrates famous proverb that 

“all disease begins in the gut” and furthers understanding of chronic inflammatory 

diseases. A complex interplay of genetic factors, environmental factors, as well as the gut 

microbiome, all contribute to the pathology of chronic inflammatory diseases like IBD. It 

has also been suggested that there is a bidirectional link between gut and brain where the 

cognitive and emotional centers of the brain are linked with peripheral intestinal 

functions, known as the gut-brain axis. All of which is also supported by these findings 

presented in this thesis. 

 Projects one and two examined the role of PTEN in IECs. In project one, human 

colon cancer tissues had reduced mRNA expression of PTEN compared to controls, 

suggesting that PTEN deficiency is involved in the formation of colon cancer. However, 

this project found that Pten deficiency in IECs of mice did not induce tumorigenesis. It 

was found that both the intestinal microflora and tumor-associated gene expression had 

been shifted toward a tumor-suppressing condition in the gut of PtenΔIEC/ΔIEC mice.  

Therefore, these finding demonstrate that the shifted gut microbiome, along with a 

changed tumor-associated gene expression, plays a crucial part in the shaping of the 

tumor microenvironment in the colon. Project two further explores the role of Pten gene 

deletion in IECs by providing in vivo data demonstrating PtenΔIEC/ΔIEC mice are 

susceptible to enteropathogenic bacterial infection, and that PTEN has an immune 
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regulatory function within the GI tract. Lastly, project three provides support for the 

ascending connection between the gut-brain axis via an inflammatory link. 

5.2: Future Direction 

 Although the discoveries in this dissertation have expanded the understanding of 

both the function of Pten in the intestine and the ascending inflammatory link of the gut-

brain axis. However, there are a few questions that have now come from the findings 

presented, which will require further experimentation to answer. Projects one and two 

deepens the understanding of the role of Pten in IECs, however, the specific role and 

exact mechanism of how Pten functions in IECs remains unclear. From the findings 

presented in the two projects, it is hypothesized that Pten may have an immune 

regulatory function by modulating intestinal permeability. The next part of the PTEN 

project should involve investigating the change in permeability of Pten deficient mice. 

Some experiments to further delve into the mechanism could include performing a 

luciferase bead assay on PtenΔIEC/ΔIEC mice. Cell junction proteins regulate intestinal 

permeability in IECs. Thus, the expression of cell junction proteins such as claudins, 

occludin, E-cadherin, and JAMs could be explored with immunofluorescence staining 

and western blotting to demonstrate a decrease in permeability in both PtenΔIEC/ΔIEC mice 

intestinal tissues and Pten-KO cells. 

 Lastly, project three explored the gut-brain axis. An inflammatory link in the 

ascending pathway was discovered in this project, however, the exact mechanism 

remains to be confirmed. Based on previous published findings from the lab (Mitchell et 

al., 2022), it is hypothesized to be an inflammatory HMGB-1 dependent mechanism. To 

confirm this HMGB-1 mediated mechanism, ELISA should be performed on PtenΔIEC/ΔIEC 
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mice brain, blood, and intestinal tissues. These results from the ELISA could then be 

confirmed with both immunofluorescence staining and western blotting to investigate the 

expression of HMGB1.  
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