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Abstract

Phosphatase and tensin homolog (Pten) antagonizes PI3K-Akt signaling; therefore, Pten 

impairment causes tumorigenesis. However, the correlation between Pten deficiency and colon 

cancer has remained elusive due to numerous opposite observations. To study this correlation, we 

examined whether Pten deficiency in intestinal epithelial cells (IECs) induces tumorigenesis.

With mucosal biopsies of human colon cancer and normal colon, Pten mRNA was evaluated by 

quantitative PCR. Using IEC-specific Pten knockout mice (PtenΔIEC/ΔIEC), we examined the 

mitotic activity of IECs; and PtenΔIEC/ΔIEC; Apcmin/+ mice were generated by combining 

PtenΔIEC/ΔIEC with Apcmin/+ mice. Tumor-associated gene was evaluated by micro-array analysis. 

Fecal microbiome was analyzed through 16S rRNA gene sequencing.

We found that Pten mRNA level was reduced in human colon cancer relative to normal tissues. 

Augmented chromatids, increased Ki-67 and PCNA expression, and enhanced Akt activation were 

identified in IECs of PtenΔIEC/ΔIEC mice compared to Pten+/+ littermate. Combining PtenΔIEC/ΔIEC 
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with Apcmin/+ condition caused rapid and aggressive intestinal tumorigenesis. However, 

PtenΔIEC/ΔIEC mice did not develop any tumors. While maintaining the tumor-driving potential, 

these data indicated that IEC-Pten deficiency alone did not induce tumorigenesis in mice. 

Furthermore, the expression of tumor-promoting and tumor-suppressing genes was decreased and 

increased, respectively, in the intestine of Pten ΔIEC/ΔIEC mice compared to controls. The 

abundance of Akkermansia muciniphila, capable of inducing chronic intestinal inflammation, was 

diminished in PtenΔIEC/ΔIEC mice compared to controls.

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

microbiotashape a tumor-preventive microenvironment to counteract the tumor-driving potential, 

leading to the tumor prevention in PtenΔIEC/ΔIEC mice.
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1. INTRODUCTION

Phosphatase and tensin homolog (Pten) is a lipid phosphatase responsible for the conversion 

of phosphatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P3] to PI(4,5)P2; thus, Pten activation 

aborts phosphatidylinositol 3-kinase (PI3K)-mediated signaling pathways [1]. Conversely, 

defective Pten activity perpetuates the activation of PI3K signaling, leading to enhanced cell 

proliferation and survival, and ultimately tumorigenesis in a variety of organs including the 

prostate, kidney, ovary, and skin [2–5]. Germline mutations in Pten result in hamartomas 

(benign growths) in several organs with an increased risk of malignant tumors [6]. 

Therefore, Pten is considered to be a tumor suppressor gene. On the other hand, we and 

other groups have demonstrated that Pten gene deletion in intestinal epithelial cells (IECs) 

does not cause tumorigenesis in mice [7–10], implying the possibility that Pten may play an 

alternative role in the intestinal epithelium, which is in constant contact with luminal milieu 

like microbiota and nutrients. We previously found that the level of PI(4,5)P2 generated by 

Pten determines the plasma membrane localization of the adapter Mal/Tirap, thereby 

permitting Toll-like receptor 5 (TLR5) to interact with Mal/Tirap in order to mediate gut 

microbe-induced immune and inflammatory responses Based on this finding, we suggested 

an alternative function of Pten in the gut, where it participates in the regulation of immune 

and inflammatory responses [7].

In accordance with the tumor suppressor function of Pten, many studies have suggested that 

Pten deficiency is capable of inducing tumor development in the colon. For instance, 

reduced Pten expression has been observed in cancer tissues from colorectal cancer patients 

[11]. Additionally, mutations to Pten may contribute to primary colon cancer development in 

humans [12, 13], and Pten gene alterations have been associated with poor prognosis in 

patients with rectal cancer [14]. Similarly, conditional global Pten gene deletion, 

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

[15], has been suggested to induce the development of small-sized tumors in the mouse 

intestine [16], while global Pten knockout (KO) mice are embryonic lethal [17]. Together, 
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these observations suggest that Pten impairment may participate in the development of 

tumors in 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 [18]. Furthermore, the Pten mRNA level is not consistent 

among colorectal cancer tissues and varies depending on tumor location [19], and Pten 

mRNA expression was seen to be preserved in human colorectal adenomas and 

adenocarcinomas [20]. Together, these observations indicate that the loss of Pten expression 

may not be directly associated with tumor development in the colon. Thus, the role of Pten 

deficiency in the development of colon cancer remains elusive.

Through studies using IEC-specific Villin promoter-driven Cre expression, we and other 

groups have demonstrated that IEC-specific Pten-KO mice are normal without tumor 

development [7–9]. These findings prompted us to raise two important questions regarding 

the role of Pten impairment in colonic tumorigenesis: 1) Whether Pten gene deletion in IECs 

retains the potential to promote tumorigenesis; and 2) Whether there exists a tumor-

suppressing condition in the colon to counteract a tumor-promoting effect brought about by 

Pten deficiency. We used an array to evaluate tumor-associated gene expression and 

analyzed the fecal microbiome, and found that both tumor-promoting gene expression and 

the level of tumor-promoting microbe were substantially reduced in IEC-specific Pten-KO 

mice. These results indicate that the microbiota and cell signaling networks could provide 

tumor-suppressive intracellular and extracellular environments which inhibit the tumorigenic 

effect of Pten deficiency in the intestinal epithelium.

2. MATERIALS AND METHODS

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) who 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 previous chemotherapy or 

radiation therapy 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 (∼10 cm away from the lesion) normal colonic 

mucosa tissues at two independent medical centers in South Korea (Wonkwang University 

Sanbon Hospital and Inje University Seoul Paik Hospital). A small piece of each specimen 

was sent to a pathologist to determine the pathological assessment. Remaining parts of the 

specimen 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. 
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Based on the pathologic determination, cancerous (adenocarcinoma) colonic tissues 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 of the 

previous studies.

2.2. Animals

Pten floxed (PtenloxP/loxP) [21], Villin promoter-driven Cre expression mouse (VilCre/+) [22], 

and Apcmin/+mice [23] on the C57BL/6 background were obtained from the Jackson 

Laboratory (Bar Harbor, ME). As described previously [7–9], intestinal epithelial cell-

specific Pten knockout mice (Pten ΔIEC/ΔIEC) was generated by crossing PtenloxP/loxP mice 

with VilCre/+ mice. Then, Pten ΔIEC/ΔIEC mice were crossed with Apcmin/+ mice to generate 

Pten ΔIEC/ΔIEC;Apcmin/+ mice. 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.

2.3. Quantitative real-time PCR

As described previously [8, 24], 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). 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). Subsequently, 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 min) and activating AmpliTaq Gold activation at 95 °C (10 min), 

samples were denatured at 95°C (15 sec) and annealed/extended at 60 °C (1 min) for 40 

cycles. The primer pairs and FAM™ dye-labeled TaqMan® MGB (minor groove binding) 

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 [25] was used to calculate the relative gene expression. Each 

reaction was performed in triplicate. A Mann-Whitney U-test was performed on the 

normalized data to check whether the relative gene expression is statistically different (P < 

0.05).

2.4. Transmission Electron Microscopy

The mouse colon tissues were obtained from age- (3 months old) and gender-matched Pten 
ΔIEC/ΔIEC and Pten +/+ mice. As described in our previous publication [8], the dissected 
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tissues were immersed in a solution containing 2% glutaraldehyde and 2% 

paraformaldehyde in 0.1 M PBS (pH 7.4) for 2 h at room temperature then incubated at 4°C 

overnight. On the next day, 0.5% of tannic acid was added to the tissues and incubated for 1 

h at room temperature. The tissue blocks were then 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 times in Na acetate buffer (pH 5.5), block-

stained in 0.5% uranyl acetate in 0.1 M Na acetate buffer (pH 5.5) for 12 h at 4°C. The 

samples were dehydrated in graded ethanol (50%, 75%, 95%, 100%, 100%, 100%) 10 

minutes each, passed through propylene oxide, and infiltrated in mixtures of Epon 812 and 

propylene oxide 1:1 and then 2:1 for 2 h 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 h. 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 with Formvar and carbon and double-stained in aqueous solutions of 8% 

uranyl acetate for 25 min at 60°C and lead citrate for 3 min at room temperature. Thin 

sections subsequently were examined with a 100CX JEOL transmission electron 

microscope.

2.5. Immunohistochemistry

Mouse colon tissues were embedded and frozen immediately. Six-micrometer sections were 

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

2% bovine serum albumin (BSA) solution for 10 min, and incubated overnight with primary 

rat anti-mouse Ki-67 antibody (1:100) diluted in 2% BSA solution with 0.3% Triton X-100 

at 4 °C. The negative controls received 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 min at room temperature. After inactivating endogenous 

peroxidase, sections were processed for peroxidase immunohistochemistry. 0.2% light green 

(Sigma) solution was used for counterstaining.

After the Ki-67-stained sections were visualized using the microscope, each transverse 

section was divided into 4 quadrants. Crypt cell nuclei with clear positive brown staining 

were counted. The ratio between the number of cells labeled Ki-67-positive and total cell 

count was expressed as a percentage, referred to as the Ki-67 proliferative cell index.

2.6. Immunofluorescence staining

To visualize the expression of phospho-AKT(Ser473) and PCNA in colon tissues, tissues 

were fixed with 10% neutral buffered formalin solution (Sigma-Aldrich, St. Louis, MO) at 

room temperature (RT). After paraffin embedment, the tissue sections (5 μm thickness) were 

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

rehydrated with 100% ethanol for 2 min twice. Sections were soaked in 95% ethanol for 2 

min, and then 70% ethanol for 2 min. Those were rinsed with distilled water (DW) and 

boiled in sodium citrate buffer at 95–99°C for 20 min to antigen retrieval. Slides were 

washed with TBS-T for 5 min twice and rinsed with DW. To reduce surface tension, tissues 
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were washed with phosphate-buffered saline (pH 7.5) (PBS, Hyclone Inc., Logan, UT) 

containing 0.05% Trition X-100 for 5 min twice. Sections were soaked into blocking buffer 

(Protein Block Serum-Free, Aglient, Santa Clara, CA) containing 0.1% Trition X-100 to 

block non-specific binding for 2h at RT. Primary antibodies (P-AKT, #9271, Cell Signaling 

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

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

4°C overnight. After incubation, slides were soaked in PBS-T for 5 min and repeated 4 

times. Secondary antibodies; Goat anti-Rabbit IgG-heavy and light chain Antibody FITC 

Conjugated (A120–101F) and Goat anti-Mouse IgG-heavy and light chain Antibody FITC 

Conjugated (A90–116F) were from Bethyl Laboratory, Inc. (Montgomery, TX). After 

preparing diluted secondary antibodies with blocking buffer, the secondary antibodies were 

added to slides and incubated 2 h at RT. Slides were rinsed thoroughly 5 times with PBS-T, 

5 min each. 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.

2.7. Blood sample collection for serum chemistry and hematologic analysis.

Blood samples were harvested by cardiac puncture from mice and collected in clot activator-

containing Capillary Blood Collection Tubes, T-MG (Terumo Medical Corp. Elkton, MD). 

Immediately after blood collection, tubes were gently inverted several times and 

subsequently kept upright at 4 °C for 30 min to allow for clot formation. Then, serum was 

separated by centrifugation at 1,800g for 10 min at 4°C. The serum samples were subjected 

to serum chemistry analysis. For blood hematology procedures, mouse blood samples 

through cardiac puncture were collected in K2-EDTA (anticoagulant)-containing Capillary 

Blood Collection Tubes, T-MQK (Terumo Medical Corp. Elkton, MD). Blood serum 

chemistry and complete blood count were performed at DLAM Diagnostic Laboratory for 

blood analyses at UCLA.

2.8. Cancer-pathway focused gene analysis

To analyze the cancer-associated gene expression, the cancer pathway-focused PCR gene 

array analysis (Cat. No. PAMM-033Z; Qiagen, Valencia, CA) was performed in accordance 

with the manufacturer’s instruction. Briefly, 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 ABI 7500 Fast Real Time PCR System (Applied Biosystems, Foster City, CA). Then, 

the data (fold-changes in CT values for all the genes) were analyzed with SABiosciences 

software that the manufacturer provided.

2.9. Fecal sample collection for microbiome analysis

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

breeder cage in a SPF condition with standard breeding condition. After weaning, Pten 
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ΔIEC/ΔIEC and Pten +/+ mice were co-housed in a single cage. When the mice reached the age 

of 3 months old, the fecal stool pellet samples were collected from the colon, and snap-

frozen in liquid nitrogen before sequencing.

2.10. DNA extraction from mouse fecal samples

Genomic DNA was purified from fecal samples with PowerSoil® DNA Isolation Kit 

(MoBio, Carlsbad, CA) in accordance with the manufacturer’s instructions. 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 the elution buffer and stored at −20°C 

until PCR amplification.

2.11. PCR amplification and amplicon sequencing using next generation technology 
(bTEFAP®)

As described previously [26, 27], next generation technology (bTEFAP®) can be utilized to 

examine a broad range of microbiomes. A updated versions 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 the MiSeq 

with methods via the bTEFAP® DNA analysis, spans [8]. 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.

2.12. Sequence analysis

The sequence data obtained from MiSeq was elaborated through a proprietary analysis 

pipeline (www.mrdnalab.com, 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) [26, 28, 29]. OTUs were then 

taxonomically classified using BLASTn against a curated GreenGenes/RDP/NCBI derived 

database [30] and compiled into each taxonomic level.

Normalized and denoised files were then run through QIIME (Quantitative Insights Into 

Microbial Ecology) to generate alpha and beta diversity data, as described previously [29, 

31]. Based upon weighted unifrac analysis in the QIIME, principal coordinates analysis 
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(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.

2.13. Alpha and beta diversity analysis

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. Alpha and beta diversity 

analysis were conducted as described previously[29, 31] using QIIME (www.qiime.org).

2.14. 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.

3. RESULTS

3.1. Pten mRNA expression was reduced in colon cancer biopsies compared to normal 
tissues.

Although Pten is classified as a tumor suppressor, it has remained elusive whether Pten 

impairment is capable of inducing tumorigenesis in the colon. 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 

(qPCR), we found that the Pten mRNA level was substantially lower in colon cancer tissues 

compared to matched normal tissues (Fig. 1A). Pten mRNA expression was also lower in 

colon cancer tissues when compared to the expression level in unmatched normal tissues 

(Fig. 1B). Meanwhile, the Pten mRNA expression level was comparable between the normal 

colonic biopsies obtained from colon cancer patients and control subjects (Fig. 1C).

These data suggest that decreased Pten expression is associated with colon cancer 

development in humans, and are in accordance with previous research indicating that Pten 

deficiency may be associated with colon cancer development and metastasis in humans, and 

poor patient survival [13, 32].

3.2. Loss of the Pten gene in intestinal epithelial cells resulted in enhanced cell mitotic 
activity.

We observed that the small intestine and colon were substantially longer in mice with 

intestinal epithelial cell-specific Pten gene deletion (Pten ΔIEC/ΔIEC) than in littermate Pten 
+/+ mice (Fig. 2A and B). Similarly, the height of the villi in the colon was markedly 

increased in Pten ΔIEC/ΔIEC mice compared to Pten +/+ littermates (Fig. 2C). These data 

indicate that Pten gene deletion in IECs results in a proliferative effect within the intestine.
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Despite the cellular function of Pten as a tumor-suppressor gene, we and other groups have 

already demonstrated that mice Pten ΔIEC/ΔIEC mice do not develop tumors [7–9]. Therefore, 

we investigated why Pten deficiency in intestinal epithelial cells is not sufficient to induce 

intestinal tumor development. Given the augmented Akt activation observed in Pten-deleted 

epithelial cell lines [7], we first examined whether the intestinal epithelial cells of Pten 
ΔIEC/ΔIEC mice preserve enhanced mitotic activity. Transmission electron micrographs 

demonstrated that the intestinal epithelial cells of Pten ΔIEC/ΔIEC mice harbor atypical nuclei 

with increased chromatids and chromosomal irregularity, while littermate control (Pten +/+) 

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

lateral surface (Fig. 2D). Similarly, the expression of cell proliferation marker Ki-67 and 

PCNA was substantially enhanced in the colonic tissues of Pten ΔIEC/ΔIEC mice compared to 

controls (Fig. 2E and F). We further confirmed that Akt activation was substantially 

increased in the colonic tissue of Pten ΔIEC/ΔIECmice compared to controls (Fig. 2G), 

suggesting increased proliferation of the intestinal epithelial cells. Taken together, these 

observations indicate that loss of the Pten gene still increases the mitotic activity of intestinal 

epithelial cells.

3.3. IEC-Pten gene deletion promoted intestinal tumorigenicity in an Apc min/+ mouse 
model of colon cancer.

Although Pten is considered a tumor suppressor gene [33], several studies have 

demonstrated that Pten gene deletion in IECs is not capable of inducing tumorigenesis [7–9]. 

This raises the question of whether defective Pten in IECs still retains the potential to 

promote tumorigenicity, or just participates in regulating immune and inflammatory 

responses without influencing tumor development [7]. To address this question, we utilized 

an Apc min/+ mouse model of intestinal tumorigenesis. Specifically, Pten ΔIEC/ΔIEC mice 

were combined with Apc min/+ mice to generate Pten ΔIEC/ΔIEC; Apc min/+ mice. We 

observed massive tumor development throughout the small intestine and colon of Pten 
ΔIEC/ΔIEC; Apc min/+ mice (Fig. 3A). The number of tumors in the intestine was dramatically 

higher in Pten ΔIEC/ΔIEC; Apc min/+ mice compared to littermate Pten ΔIEC/+; Apc min/+ and 

Pten +/+; Apc min/+ mice (Fig. 3B and C). Pten ΔIEC/ΔIEC; Apc min/+ mice also had enlarged 

spleens compared to age-matched littermate Pten +/+; Apc min/+ mice (Fig. 3D), which 

appears to be a systemic effect in response to the severe intestinal tumor development. Due 

to the extensive tumorigenesis in the intestine, approximately 90% of Pten ΔIEC/ΔIEC; Apc 
min/+ mice failed to survive, while more than 90% of littermate Pten +/+; Apc min/+ mice 

survived until 3 months old (Fig. 3E).

Taken together, these data suggest that the Pten gene deletion in IECs substantially promotes 

tumor development in an Apc min/+ background. Although tumorigenesis does not occur in 

mice with IEC-Pten gene deletion alone, it is of note that Pten deficiency in IECs still 

possesses the latent capability of promoting tumor development.

3.4. The disease development in Pten ΔIEC/ΔIEC; Apc min/+ mice was limited to the 
intestine.

Through hematologic analysis, we observed that red blood cells, hemoglobin, and 

hematocrit were markedly reduced in Pten ΔIEC/ΔIEC; Apc min/+ mice compared to littermate 
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Pten ΔIEC/+; Apc min/+ and Pten +/+;Apc min/+ mice (Supplementary Fig. 1A). This 

observation is indicative of anemia resulted from severe intestinal tumor development. Pten 
ΔIEC/ΔIEC; Apc min/+ mice were also characterized by increased levels of RBC distribution 

width and a heightened percentage of monocytes, indicating malnutrition and a chronic 

inflammatory condition, respectively, due to the intestinal tumors. In addition, blood serum 

chemistry results showed reduced levels of albumin, alkaline phosphatase, and total protein 

in Pten ΔIEC/ΔIEC; Apc min/+ mice compared to controls (Supplementary Fig. 1B). Reduced 

levels of these proteins indicate protein-losing enteropathy, which is an atypical 

manifestation of severe intestinal tumorigenesis in Pten ΔIEC/ΔIEC; Apc min/+ mice. Alanine 

aminotransferase and aspartate aminotransferase, which signify liver- associated 

abnormality, were similar between the groups. Together, our data indicate that the tumor 

development observed in Pten ΔIEC/ΔIEC; Apc min/+ mice is limited to the intestine.

3.5. Tumor-promoting gene expression was reduced in the intestine of Pten ΔIEC/ΔIEC 

mice.

Although Pten gene deletion in IECs alone does not induce tumor development, our data 

demonstrated that it is capable of accelerating tumorigenesis in Apc min/+ mice. This 

observation prompted us to seek for an explanation for why IEC-Pten gene deletion alone 

does not induce intestinal tumor development at least in mice. To answer this question, we 

hypothesized that intracellular signaling networks and extracellular microenvironment 

comprised of gut microbiota would contribute to suppress the tumorigenicity driven by the 

Pten deficiency in the intestine.

To test this hypothesis, we first analyzed tumor-associated gene expression in the intestine of 

Pten ΔIEC/ΔIEC and littermate Pten +/+ mice using cancer pathway-focused PCR array 

analysis, followed by individual qPCR. Among various genes associated with tumorigenesis, 

we found that the expression of Sox10, Kdr, Mcm2, Ccnd2, and Cdc20 was downregulated 

in the intestine of Pten ΔIEC/ΔIEC mice compared to littermate Pten +/+ mice (Fig. 4A and B). 

Sox10 is a member of the SOX transcription factor family, which regulates canonical Wnt/β-

catenin signaling; therefore, elevated Sox10 expression has been suggested to promote 

tumor progression [34]. Kdr(Vegfr2) plays a crucial role in colon cancer progression; thus, 

heightened Kdr expression can predict a poor prognosis in colon cancer patients [35]. Mcm2 

regulates DNA replication; therefore, an enhanced Mcm complex including Mcm2 has been 

suggested to regulate various types of tumor development [36]. Ccnd2 promotes cell 

proliferation by favoring the G1/S cell cycle transition; consequently, enhanced Ccnd2 

expression is linked to colon carcinogenesis [37]. Cdc20 ubiquitinates the cyclin-dependent 

kinase (Cdk) inhibitor p21, which is a negative regulator of the cell division cycle [38]. 

Thus, Cdc20 activation results in p21 degradation, leading to enhanced cell mitosis and 

consequent tumorigenesis [39]. The activation of Sox10, Kdr, Mcm2, Ccnd2, and Cdc20 

should promote tumor development; therefore, the reduced expression of these genes 

observed in the intestine of Pten ΔIEC/ΔIEC mice appears to play an important role in 

preventing tumor development.

On the other hand, the expression of Apaf1 and Casp7 was up-regulated in the intestine of 

Pten ΔIEC/ΔIEC mice compared to controls. Apaf1 participates in the formation of 
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apoptosomes, leading to the activation of initiator caspases, including Casp9. The 

executioner Casp7 is subsequently activated, thereby inducing apoptosis [40]. In light of 

their essential roles in apoptosis, it is likely that the elevated expression of Apaf1 and Casp7 

may be capable of promoting cell apoptosis in the intestine of Pten ΔIEC/ΔIEC mice, 

conferring a tumor-suppressive effect.

Together, the gene expression array data suggest that Pten gene deletion in IECs diminished 

the expression of tumor-promoting genes, while enhancing tumor-suppressing gene 

expression.

3.6. Loss of the Pten gene in IECs resulted in intestinal dysbiosis.

Given the ability of certain commensal bacteria to stimulate inflammatory or anti-

inflammatory responses, an emerging body of evidence indicates that the gut microflora has 

a sizable impact on the promotion and suppression of colon cancer in humans [41–43]. 

Therefore, to account for the failure of Pten deficiency in IECs to induce intestinal tumor 

development, we next analyzed the fecal microbiome of sex- and age (3 months old)-

matched Pten ΔIEC/ΔIEC and littermate Pten +/+ mice that were co-housed since their birth. 

Through 16S ribosomal RNA (rRNA) gene sequencing, we evaluated the observed 

operational taxonomic unit (OTU) counts for Pten ΔIEC/ΔIEC and Pten +/+ mice along with 

the Shannon diversity index, and found no significant difference between the groups with 

regard to species richness (count of different species in each sample group). However, taking 

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

revealed a significant difference between the groups (Table 1).

Subsequently, we analyzed the bacterial community structure using weighted UniFrac 

distance matrices. Principal 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. Pten ΔIEC/ΔIEC and 

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

clusters (Fig. 5). With the ANOSIM R value (R=0.64, P=0.001), we determined that there is 

a significant difference between the sample groups. Note that an R value close to 1 indicates 

a high separation of microbial species composition between the samples, whereas an R value 

close to 0 indicates no separation.

While the species diversity itself was comparable between the fecal samples of Pten 
ΔIEC/ΔIEC and Pten +/+ mice, our data taken together demonstrate that Pten gene deficiency 

in IECs did alter the species composition of the fecal microbiome.

3.7. The fecal microbiota communities of Pten ΔIEC/ΔIEC mice were different from those of 
Pten +/+ mice.

We found that 100% of analyzed sequences from all Pten ΔIEC/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 assigned 

to 4 major phyla: Bacteroidetes (Pten ΔIEC/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%) (Fig. 6A). Among these major phyla constituting the fecal microbiota, it is worth 
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noting that the phylum of Verrucomicrobia was substantially reduced in Pten ΔIEC/ΔIEC mice 

compared to Pten +/+ mice.

Next, we examined whether any specific bacterial genera were significantly different 

between the samples. We identified a wide range of genera whose abundances were 

significantly different between the groups. To provide a visual overview combined with 

analysis, we generated a dual hierarchical dendrogram to display the data for the 

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

clustering (Fig. 6B), we observed a significant difference in the predominant genera detected 

between Pten ΔIEC/ΔIEC and Pten +/+ mice.

Taken together with the PCoA plots, these data suggest that the fecal microbial communities 

from Pten ΔIEC/ΔIEC mice are easily distinguished and indeed different from Pten +/+ mice, 

further demonstrating that Pten gene deletion in IECs changed the fecal microbiome.

3.8. The colon cancer-associated bacteria Akkermansia muciniphila was dramatically 
decreased in the feces of Pten ΔIEC/ΔIEC mice compared to Pten +/+ mice.

Subsequently, we examined bacterial genera whose abundances were significantly changed 

between Pten ΔIEC/ΔIEC and littermate Pten +/+ mice. 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 Pten ΔIEC/ΔIEC) and Clostridium(7.89% → 20.27%)(Fig. 7A). At the level 

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

in Pten +/+ → 2.88% in Pten ΔIEC/ΔIEC) was greatly reduced in the fecal samples of Pten 
ΔIEC/ΔIEC mice compared to Pten +/+ mice, while the abundance of Clostridium sp. was 

increased (6.97% in Pten +/+ → 19.23% in Pten ΔIEC/ΔIEC) (Fig. 7B).

Akkermansia muciniphila, the representative of the Verrucomicrobia phylum, is a mucin-

degrading bacterium [44], and thus has great potential to induce colonic inflammation [45]. 

It has been suggested that Akkermansia muciniphila colonization can markedly increase 

tumor development in an Apc mouse model of colon cancer [46] and may promote 

tumorigenesis in human colon cancer [47]. In light of this notion, 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 Pten 

ΔIEC/ΔIEC mice.

4. DISCUSSION

Tumorigenesis in the colon is influenced by a variety of factors, including chronic 

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

carcinogenic environmental agents. Amid these factors, an emerging body of evidence 

indicates that the complex interplay between the gut microbiome and the host confers a 

significant impact on tumor prevention and progression. For instance, Fusobacterium 
nucleatum is enriched in colorectal cancer tissues where it promotes the malignancy [48]. 

Bacteroides fragilis has been observed at an increased abundance in stool samples from 

colorectal cancer (CRC) patients compared to controls [49], and is known to promote colon 
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tumorigenesis by enhancing Th17 inflammatory responses [50]. Monocolonization with the 

commensal microbe Escherichia coli NC101 has been suggested to promote chronic 

inflammation in the colon, leading to enhanced tumorigenesis in azoxymethane-treated 

IL-10-KO mice [51]. Enterococcus faecalis is capable of causing a chromosomal aberration 

(aneuploidy) in colonic epithelial cells in IL-10-KO mice [52, 53]. The abundance of 

Akkermansia muciniphila has been measured to be 4 times higher in the stool samples of 

CRC patients than healthy subjects[47]; moreover, Akkermansia muciniphila colonization 

exacerbates tumor development in the intestine of Apc min/+ mice [46]. In contrast, probiotic 

bacteria, including Lactobacillus and Bifidobacterium species, have been suggested to 

confer a tumor-suppressing effect in the colon [54].

The mechanisms by which gut microbes mediate tumor-promoting or tumor-suppressing 

effects are not clear yet. Given the fact that long-term inflammatory conditions cause DNA 

damage and chromosomal instability, early genetic events in a pathway toward colon cancer, 

it appears that the bacterial capability of inducing a chronic inflammatory condition is a 

major culprit behind the promotion of tumor development [54]. In agreement with this 

notion, it has been demonstrated that Lactobacillus and Bifidobacterium species, which have 

a potent anti-inflammatory effect in the intestine, are capable of suppressing tumorigenesis 

[55, 56].

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

humans, where it comprises approximately 1–4% of the colonic microbiota [46, 57, 58] and 

has strong clinical relevance to a variety of diseases, including inflammatory bowel diseases 

(IBD) and metabolic disorders [44]. Akkermansia muciniphila has the clinically significant 

function of degrading high molecular weight glycoproteins released as mucins from 

epithelial cells in the intestinal epithelial layer, which allows the bacteria to modulate the 

selectively permeable, physical barrier system that separates the host from luminal milieu 

like gut microbes, toxins, and dietary antigens [44]. Due to its mucin-degrading capability, 

enriched Akkermansia muciniphila in the colon can act as a pathobiont to develop 

inflammatory conditions[45, 59], which substantially increase the risk of tumor 

development[8, 60]. Notably, our own fecal microbiome analysis data identified a 

dramatically reduced abundance of Akkermansia muciniphila in Pten ΔIEC/ΔIEC (2.88%) 

mice compared to Pten +/+ (28.61%) littermates. Given this bacterial species’ inflammatory 

impact, it is reasonable to believe that the decreased abundance of Akkermansia muciniphila 
has a role in preventing intestinal tumorigenesis in Pten ΔIEC/ΔIEC mice. This notion is 

supported by the differing rates of intestinal tumor development that have been observed in 

Pten ΔIEC/ΔIEC mice. Although several studies have demonstrated that Pten ΔIEC/ΔIEC mice 

do not develop tumors in the intestine during the first 12 months of life[7–9], Byun et al. 

have suggested that approximately 19% of Pten ΔIEC/ΔIEC mice develop tumors in the 

duodenum and jejunum of the intestine by the age of 12 months[61] The sizable discrepancy 

between these data strongly indicates that gut microbial differences between housing 

facilities may have a significant impact on tumorigenesis in mice with the same genetic 

predisposition.

A genetic predisposition can mediate the activation of tumor-promoting signaling pathways, 

leading to enhanced cell proliferation and consequent tumor development. Conversely, 
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tumor-suppressing signaling pathways can be activated to induce apoptotic cell death, 

leading to tumor prevention or suppression. Therefore, a dynamic balance between tumor-

promoting and tumor-suppressing pathways has a crucial role in inhibiting the initial cellular 

event of tumor development [62]. Likewise, changed expression of tumor-promoting or 

tumor-suppressing genes has an important role in signaling networks contributing to 

tumorigenesis. Numerous studies have demonstrated that the activation of Sox10, Kdr, 

Mcm2, Ccnd2, and Cdc20 has an important function in signaling networks promoting tumor 

development [34–39]. In contrast, the activation of Apaf1 and Casp7 mediates cell 

apoptosis, resulting in a tumor-suppressing effect [40]. We identified reduced expression of 

Sox10, Kdr, Mcm2, Ccnd2 and Cdc20 genes, and elevated expression of Apaf1 and Casp7 

genes in the intestine of Pten ΔIEC/ΔIEC mice compared to Pten +/+ mice. Therefore, along 

with the reduced abundance of the inflammation-inducing bacteria Akkermansia 
muciniphila in the colon of Pten ΔIEC/ΔIEC mice, decreased levels of tumor-promoting genes 

and elevated levels of tumor-suppressing genes may explain why intestinal tumors did not 

develop in Pten ΔIEC/ΔIEC mice.

Although it is unable to induce intestinal tumorigenesis in mice, Pten deficiency in humans 

has a well-characterized deleterious impact in patients with CRC. In fact, Pten gene 

alteration can be indicative of relapse [12], metastasis [63], and poor prognosis [14] in CRC 

patients. Although the underlying mechanisms remain elusive, impaired TGF-β signaling 

pathways [10, 63], promoted PI3K-Akt signaling pathways [12], or altered cell migration 

and interaction with the extracellular matrix [64] may contribute to the deleterious impacts 

of Pten deficiency in CRC patients.

5. CONCLUSION

In this study, we identified reduced mRNA expression of the tumor suppressor gene Pten in 

human colon cancer tissues relative to normal tissues, implying the involvement of Pten 

impairment in the development of colon cancer. However, Pten deficiency in IECs did not 

induce tumorigenesis in mice.We found that both the intestinal microflora and tumor-

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

in Pten ΔIEC/ΔIEC mice. Therefore, together with the changed expression of tumor-associated 

gene expression, our findings suggest that the gut microbiome plays an important part in 

shaping the tumor microenvironment to suppress tumorigenesis in the colon.
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Casp7 caspase-7

Ccnd2 Cyclin D2

Cdc20 cell division cycle 20 homologue

IEC Intestinal epithelial cells

Kdr kinase insert domain receptor

Pten Phosphatase and tensin homolog

Mcm2 minichromosome maintenance protein 2

Mal MyD88 adaptor-like

PCNA proliferating cell nuclear antigen

Sox10 SRY-box 10

Tirap TIR domain–containing adaptor protein

TLR5 Toll-like receptor 5
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4) Highlights

• Pten gene expression is reduced in human colon cancer biopsies.

• However, IEC-specific Pten-KO does not induce tumorigenesis in mice.

• IEC-Pten-KO mice differentially express tumor-associated genes in the gut.

• IEC-Pten-KO mice harbor low level of colitogenic bacteria, Akkermansia 
muciniphila.

• Altered gut microbiome and gene expression shape a tumor-preventive 

environment.
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Figure 1. Pten mRNA expression was reduced in human colon cancer tissues relative to normal 
tissues.
(A) 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). (B) The 

mRNA level was evaluated between unmatched normal tissues (n=8) independently obtained 

from healthy control subjects (Cont) and the colon cancer tissues (n=11) from colon cancer 

patients. (C) 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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Figure 2. Intestinal epithelial cells of Pten ΔIEC/ΔIEC mice exhibited enhanced mitotic activity 
compared to those of Pten +/+ mice.
(A and B) Presented is the representative gross appearance of the intestine from Pten 
ΔIEC/ΔIEC and littermate Pten +/+ mice (A). Full length of the small intestine and the colon 

from age (1 year)- and sex- matched mice was evaluated (n=14/group) (B). (C) Paraffin-

embedded sections of the mid-colon were prepared from age (3 months)-and sex-matched 

Pten ΔIEC/ΔIEC (n=9) and littermate Pten +/+ (n=9) mice. The sections were subjected to 

Alcian blue staining, followed by measurement of villus height under Axio Imager Z1 

microscope (Carl Zeiss, Oberkochen, Germany). (D) Presented are electron micrographs of 

the colonic epithelium from Pten ΔIEC/ΔIEC and littermate Pten +/+ mice at the age of 12 

month. (E) With the 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. (F and G) Paraffin-embedded sections of the mid-colon were subjected to 

immunofluorescence staining with PCNA (F) and phospho-Akt (P-Akt) (G) antibodies. ** 

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 (E) or 50 μm (F, G).
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Figure 3: IEC-specific Pten deletion dramatically enhanced the intestinal tumorigenesis in the 
Apc min/+ background.
(A) Gross images of the tumors observed throughout the small intestine (jejunum and ileum) 

and the colon of Pten ΔIEC/ΔIEC; Apc min/+ mice. (Scale bar, 1mm). (B) The full length of the 

small intestine was obtained from Pten ΔIEC/ΔIEC; Apc min/+ and littermate Pten +/+; Apc 
min/+ mice at the age of 5–6 weeks old, and prepared in a ‘swiss-roll’ method for H&E 

staining. Arrowhead indicates an individual tumor mass observed under microscope. (scale 

bar, 100 μm) (C) Using stereoscopic microscopy, the number of visible tumors (≥ 1.0 mm in 

diameter) was evaluated throughout the small intestine of the age (5–6 weeks old)-matched 

mice: lane 1, Pten +/+; Apc min/+ (n=12); lane 2, Pten ΔIEC/+; Apc min/+ (n=12); lane 3, Pten 
ΔIEC/ΔIEC; Apc min/+ mice (n=19). (D) Gross images and weight of the spleen obtained from 

Pten +/+; Apc min/+ and Pten ΔIEC/ΔIEC; Apc min/+ mice (n=5/group). (E) The mouse 
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mortality was evaluated between Pten +/+; Apc min/+ (n=25) and Pten ΔIEC/ΔIEC; Apc min/+ 

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). Data were analyzed with the results accumulated by 5 independent experiments. 

Presented are the representative images. ** P<0.01, *** P<0.001 (Mann-Whitney U test).
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Figure 4: The expression of cancer-associated genes was changed in the intestine of Pten 
ΔIEC/ΔIEC mice.
(A) 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) (B) 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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Figure 5: The fecal microbiome of Pten ΔIEC/ΔIEC mice was distinct from that of Pten +/+ mice.
The bacterial community structure of the fecal samples from Pten +/+ and Pten ΔIEC/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).
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Figure 6: Relative abundance of taxonomic groups observed in the fecal samples were different 
between Pten ΔIEC/ΔIEC and Pten +/+ mice.
(A) The abundance (% of sequences) of the phyla detected in the fecal samples of Pten 
ΔIEC/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). (B) 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.
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Figure 7: The abundance of the colitogenic bacteria Akkermansia muciniphila was dramatically 
reduced in Pten ΔIEC/ΔIEC mice compared to Pten +/+ mice.
(A and B) Major bacteria identified in the fecal samples of Pten +/+ (Pten-WT) and Pten 
ΔIEC/ΔIEC (Pten-IEC-KO) mice (n=8/group) were analyzed to compare the abundance at the 

genus (A) and species (B) level. Results are means ± SD, * P<0.05, **P<0.01 (Mann-

Whitney U test). n.s., not significant.
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Table 1.

Species richness and evenness were different between Pten ΔIEC/ΔIEC and Pten +/+ mice. No significant 

differences between Pten ΔIEC/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.

Variable
n=17,821

Observed species Shannon index

Mean Std.
Dev.

Mean
of

ranks
Statistics Mean Std.

Dev.

Mean
of

ranks
Statistics

 Pten ΔIEC/ΔIEC 1,407.375 137.670 9.875
P = 0.083

6.443 0.607  10.625
P = 0.015

 Pten +/+ 1,020.286 372.455 5.857 4.959 1.304  5.000
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