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Abstract

Maintenance of the intestinal mucosa is driven by local signals that coordinate epithelial 

proliferation, differentiation, and turnover in order to separate antigenic luminal contents from the 

host’s immune system. Breaches in this barrier promote gastrointestinal pathologies ranging from 

inflammatory bowel disease to cancer. The ubiquitin ligase ITCH is known to regulate immune 

responses, and loss of function of ITCH has been associated with gastrointestinal inflammatory 

disorders, particularly in the colon. However, the small intestine appears to be spared from this 

pathology. Here we explored the physiological mechanism that underlies the preservation of 

mucosal homeostasis in the small intestine in mice lacking ITCH (Itcha18H/a18H). Histological 

analysis of the small intestines from young adult mice revealed architectural changes in animals 

deficient for ITCH, including villus blunting with cell crowding, crypt expansion, and thickening 

of the muscularis propria relative to age-matched mice sufficient for ITCH. These differences were 

more prominent in the distal part of the small intestine and were not dependent upon lymphoid 

cells. Underlying the observed changes in the epithelium were expansion of the Ki67+ 

proliferating transit amplifying progenitor population and increased numbers of terminally 

differentiated mucus-secreting goblet and anti-microbial producing Paneth cells, which are both 

important in controlling local inflammation in the small intestine and are known to be 

dysregulated in inflammatory bowel disease. Homeostasis in the small intestine of Itcha18H/a18H 

animals was maintained by increased cell turnover, including accelerated migration of epithelial 

cells along the crypt-villus axis and increased apoptosis of epithelial cells at the crypt-villus 

junction. Consistent with this enhanced turnover, Itcha18H/a18H mice carrying the Min mutation 

(Itcha18H/a18H; ApcMin/+) displayed a 76% reduction in tumor burden as compared to ApcMin/+ 

littermates with normal levels of ITCH. These findings highlight the role of ITCH as an important 

modulator of intestinal epithelial homeostasis.
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1. Introduction

In the small intestine, the mucosal epithelium is a folded monolayer of columnar cells that is 

organized into crypts, which invaginate into the underlying mesenchyme, and villi, which 

project into the lumen. This structure is ideally suited to provide an essential, physical 

barrier between the host and its environment that must facilitate the absorption of nutrients 

while simultaneously preventing the loss of fluids and electrolytes as well as the entry of 

microorganisms into the body (van der Flier and Clevers, 2009). When the intestinal 

epithelium is disrupted, commensal and pathogenic microbes gain access to the host 

organism, prompting an inflammatory response, which can itself cause further tissue damage 

if not appropriately regulated (Turner, 2009). Thus, communication between mucosal 

immune cells (particularly those of the myeloid lineage) and the overlying epithelium is 

essential in maintaining gut homeostasis and in controlling intestinal inflammation (van der 

Gracht et al., 2016). Preservation of barrier function is dependent, in part, upon the 

continuous renewal of intestinal epithelial cells (Bischoff et al., 2014). Regeneration of the 

small intestinal epithelial architecture is a highly complex process that relies on the balanced 

coordination of cellular proliferation within the crypts of Lieberkühn, preservation of 

epithelial function through cellular differentiation, and homeostatic cell migration along the 

crypt-villus axis (Pellettieri and Sanchez Alvarado, 2007). Dysregulation of any one of these 

aspects of epithelial maintenance can drive a diverse collection of pathologies, ranging from 

improper nutrient absorption to inflammatory bowel disease (IBD) to intestinal 

carcinogenesis (Williams et al., 2015).

The rapid and constant renewal of the intestinal epithelium is initiated by the multipotent 

crypt base columnar (CBC) stem cells that reside at the bottom of the crypts (Barker et al., 

2007). Upon cellular division, the CBC stem cells give rise to a rapidly dividing transit-

amplifying (TA) population that will commit and differentiate into the five major post-

mitotic cells of the small intestinal epithelium (Barker, 2014). The most abundant of these is 

the absorptive enterocyte. The remaining four post-mitotic cell types originate from the 

secretory cell lineage and include the mucus-secreting goblet cells, anti-microbial secreting 

Paneth cells, hormone producing enteroendocrine cells, and tuft cells (Barker, 2014). With 

the exception of Paneth cells, which migrate deeper into the crypt, the other four post-

mitotic cell types normally move onto the villus where they continue to travel upward along 

this axis, eventually being sloughed off at the tip into the lumen. Because of the rapid 

turnover of the small intestinal epithelium, both spatial and temporal timing of signals are 

paramount. Accumulating evidence suggests that post-translational modifications such as 

ubiquitylation are essential in the regulation of these signals to promote tissue homeostasis 

(Strikoudis et al., 2014).

Mentrup et al. Page 2

Differentiation. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Protein ubiquitylation is a highly conserved process characterized by the attachment of a 

ubiquitin molecule to a lysine residue within a target protein via the sequential action of 

three enzymatic/scaffolding proteins: the ubiquitin-activating enzyme (E1), the ubiquitin-

conjugating enzyme (E2), and the ubiquitin ligase (E3). Ubiquitylation of a target substrate 

can lead to its degradation in the proteasome or lysosome, to its altered function, or to a 

change in its subcellular localization (Popovic et al., 2014). The E3 ubiquitin ligase ITCH 

was originally identified when the molecular etiology of the radiation- and 5-hydroxyurea-

induced a18H mutation was elucidated, revealing a paracentric inversion on the distal end of 

mouse chromosome two, the breakpoints of which disrupted both the Itch and Agouti loci 

(Perry et al., 1998). Animals homozygous for this null mutation of Itch (Itcha18H/a18H) 

display lymphoproliferation in the spleen, lymph nodes, and thymus, atopic dermatitis, and 

pulmonary interstitial inflammation with alveolar proteinosis which culminates in death 

around 6–8 months of age on a C57BL/6J background (Hustad et al., 1995), whereas 

animals heterozygous for this mutation appear relatively unaffected with a normal lifespan 

(Hustad et al., 1995; Parravicini et al., 2008). The skin and lung inflammation in these 

animals occurs in the absence of known pathogen exposure, implying that immune 

activation may result from inappropriate inflammatory responses to environmental antigens 

at mucosal surfaces. Consistent with this assertion, loss of ITCH function has also been 

associated with a gastrointestinal inflammatory phenotype in both mice and humans 

(Kathania et al., 2016; Lohr et al., 2010; Ramon et al., 2011; Tao et al., 2009). In mice, this 

appears to be more severe in the colon with moribund Itcha18H/a18H mice developing 

spontaneous colitis characterized by an increase in mixed inflammatory infiltrate and 

colonic epithelial destruction that was not observed in their age- and gender-matched wild 

type counterparts and has been hypothesized to be lymphoid-driven (Kathania et al., 2016). 

However, only mild inflammation has been observed in the small intestine of similarly aged 

(i.e., 5–7 month old) animals lacking ITCH (Kathania et al., 2016; Ramon et al., 2011). This 

led us to hypothesize that, owing to differences in architecture, function, and microbiota 

composition, additional compensatory pathways may be activated in animals lacking ITCH 

in order to better maintain homeostasis in the small intestine as compared to what has 

already been described for the colon. Using the previously characterized Itcha18H/a18H 

mouse model, we found that, in the distal small intestines of Itcha18H/a18H animals, there 

were increased numbers of goblet and Paneth cells which correlated with increased 

proliferation of progenitor cells and expansion of the crypts. However, overall, homeostasis 

and cell number was maintained in these animals by accelerated migration and increased 

apoptosis of epithelial cells as compared to wild type animals. Furthermore, these changes in 

epithelial cell dynamics were associated with a 76% reduction in small intestinal tumor 

burden in animals lacking Itch expression on an ApcMin/+ background as compared to 

ITCH-sufficient ApcMin/+ littermates. Collectively, these data demonstrate a previously 

unappreciated role for ITCH in the regulation of intestinal epithelial homeostasis, and 

provide further insight into regional differences in this process along the intestines.
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2. Materials and methods

2.1. Animals

Animals homozygous for a null allele of Itch (Itcha18H/a18H) have been previously described 

(Hustad et al., 1995). For this line, the a18H allele was backcrossed to C57BL/6J for 27 

generations. Therefore, age-matched male and female C57BL/6J mice were used as referent 

controls (Itch+/+) in the indicated experiments. To study the effect of this mutation on APC-

induced tumorigenesis, a two generation intercross was performed. Specifically, 

Itcha18H/a18H mice were bred to ApcMin/+ animals (JAX stock #002020) to produce 

Itcha18H/+; ApcMin/+ and Itcha18H/+; Apc+/+ offspring, which were interbred to generate Itch
+/+; Apc+/+, Itcha18H/a18H; Apc+/+, Itcha18H/a18H; ApcMin/+, and Itch+/+; ApcMin/+ animals 

for analysis. For all experiments, both genders were represented in each genotype in all 

experiments. The specifics of this (as well as numbers of litters represented in each cohort) 

is summarized in Supplemental Table 1. All experiments were conducted in full compliance 

with the Institutional Animal Care and Use Committee of the University of South Carolina.

2.2. Histology and staining

Small intestines derived from young adult animals were flushed with phosphate-buffered 

saline (PBS) after being cut into three equally sized segments (designated proximal, middle 

and distal), opened longitudinally, and fixed overnight with either 4% paraformaldehyde or 

with 10% neutral buffered formalin. Swiss-rolled intestinal tissues or were paraffin-

embedded and sectioned at 5 μm. Hematoxylin and eosin (H & E) staining was performed to 

assess tissue morphology. Alcian blue and nuclear fast red staining was performed by 

applying alcian blue, pH 2.5 for 30 min at 25 °C followed by 0.1% nuclear fast red for 5 

min. The Grimelius stain was performed according to previously published methodology 

(Grimelius, 2004). Briefly, tissue sections were treated with a 0.03% silver nitrate staining 

solution (Fisher Scientific, S181) for 3 h at 60 °C followed by a 2 min treatment with a silver 

reducing solution (5% Sodium Sulfite/1% Hydroquione) that was pre-warmed to 58 °C. 

Alkaline phosphatase (AP) staining was carried as previously described (Burstone, 1961). 

Specifically, a 2% naphthol AS-MX phosphate solution diluted in N,N-dimethyformamide 

was added to a 50%/50% mixture of Tris buffer, pH 8.74 and distilled water to create a final 

solution containing 0.5% napththol AS-MX phosphate in Tris buffer. This was then filtered 

through a 0.45 μm filter. Slides were placed in the solution for 45 min at 37 °C and washed 

before counter-staining with hematoxylin.

2.3. Immunohistochemistry and Immunofluorescence

For immunohistochemistry (IHC), antigen unmasking was performed using target retrieval 

solution for Ki67 (Dako # S1699) or 10 mM Tris–HCl/1 mM ethylenediaminetetraacetic 

acid (EDTA), pH = 9 for 30 min at 95 °C for cleaved-caspase 3. Sections were blocked in a 

solution containing 10% normal goat serum, 2% bovine serum albumin, and 0.2% Triton 

X-100 in Tris buffered saline (10 mM Tris–HCl, pH 7.6, 150 mM NaCl). An additional 

hydrogen peroxidase block was performed for 20 min at 25 °C. The primary antibodies 

recognizing either Ki67 (B56, BD Pharmingen, 1:100) or cleaved-caspase 3 (Cell Signaling 

Technology, #9664, 1:100) were diluted in Tris buffered saline containing 1% normal goat 

serum and 0.1% Triton X-100 and incubated on sections in a humidified chamber overnight 
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at 4 °C. The antibody was visualized using the EnVision+ system-HRP per the 

manufacturer’s instructions (Dako # K4006). Brightfield images were acquired on a Zeiss 

Axio Imager A1 equipped with an AxioCam MRc5 camera.

Tissue immunofluorescence for lysozyme was performed as previously described (Basheer 

et al., 2015) with the following modifications: 5 μm paraffin sections were blocked for 1 h 

before applying an anti-lysozyme antibody (RP028, Diagnostic BioSystems, 1:100) 

overnight at 4 °C. AlexaFluor659-conjugated goat anti-rabbit secondary (Jackson 

ImmunoResearch) was applied at a 1:500 dilution for 1 h before mounting sections in 

Fluoro-gel II with DAPI (17985-51, Electron Microscopy Sciences). Phase contrast-coupled 

fluorescent images were acquired on a Leica DMI6000B epifluorescence microscope 

equipped with a Hamamatsu ORCA-R2 CCD camera.

2.4. Quantitative measurements: histological measurements, cell proliferation, and post-
mitotic cell differentiation

All parameters quantified by histological examination were assessed in the distal segment 

from four or five 8–10 week old animals of each genotype (i.e., Itch+/+, n = 4 or 5 and 

Itcha18H/a18H, n = 4 or 5). Crypt and villus areas were quantified using a minimum of 25 

well-oriented crypt or villus structures from at least seven different 10x fields per animal. 

The crypt or villus unit was outlined using the polygon tool in ImageJ, and the areas were 

quantified in μm2. Cell proliferation was measured by first manually counting the total 

number of Ki67+ cells stained by IHC in 25 well-oriented crypts from a minimum of nine 

20x fields per animal. Then, the total number of cells in those same crypts was determined 

by enumerating the nuclei stained with Ki67 and/or hematoxylin. To calculate the average 

percentage of Ki67+ cells in a crypt, the number of Ki67+ cells was normalized to total cell 

number for that crypt and expressed as a percentage.

Phase contrast-coupled fluorescence images immunostained with an anti-lysozyme antibody 

were used to determine average Paneth cell number. In particular, individual Paneth cells 

were delineated using the cell membrane highlighted by phase-contrast microscopy, the 

DAPI-stained nucleus, as well as reactivity with the anti-lysozyme antibody. Paneth cells 

were counted in 30 crypts from a minimum of twelve 20x fields per animal. Average goblet 

cell and enterocyte number was determined by staining sections with alcian blue and a 

nuclear fast red counterstain. Goblet cells were recognized on the basis of the reactivity of 

their cytoplasm with alcian blue and by their characteristic shape, while enterocytes were not 

reactive with alcian blue and were instead identified by their typical columnar appearance. 

Both types of cells were counted on 30 villi in at least eight different 10x fields per animal. 

Similarly, enteroendocrine cells identified through Grimelius stain were counted from 30 

villi in eight different 10x fields per animal.

2.5. Bromodeoxyuridine (BrdU) migration assay

Twelve young adult Itch+/+ and twelve young adult Itcha18H/a18H animals were 

intraperitoneally injected with 100 mg/kg BrdU (B5002, Sigma) dissolved in sterile PBS. 

Three animals of each genotype were randomly assigned to one of three cohorts and 

euthanized at 2, 24, 48, or 72 h post-injection. The small intestines from these animals were 
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cut into equally sized proximal, middle, and distal segments and flushed with PBS prior to 

4% paraformaldehyde fixation, paraffin-embedding, and sectioning at 5 μm. IHC was 

performed as described above using anti-BrdU (3D4, BD Pharmingen, 1:8000). Images were 

acquired by bright field microscopy on a Zeiss Axio Imager A1 equipped with an AxioCam 

MRc5 camera and subsequently analyzed using ImageJ to determine migration and villus 

lengths. Percent cell migration was assessed from 25 villi in at least five different 10x fields 

per animal and calculated by normalizing the length of the furthest migrated epithelial BrdU
+ cell from the base of the villus to the entire length of the villus from BrdU immunostained 

sections and converting to a percentage.

For figure presentation, brightfield images of sections immunostained with an anti-BrdU 

antibody were transformed to a spectral image using ImageJ. This was accomplished by first 

inverting the images and then converting them to 8-bit gray scale. In order to specifically 

highlight cells that had taken up the BrdU label, the pixel intensity for those nuclei staining 

only for hematoxylin was subtracted out by calculating their background values. 

Specifically, for each converted image, a minimum of six different BrdU− nuclei were 

identified throughout the image and the pixel value for each was determined using a 

constant, ImageJ pre-defined area for the cursor. These values were averaged and considered 

the background level for each image. A similar background level was calculated in all the 

images except the 72 h Itcha18H/a18H image, which was higher. To account for this 

discrepancy, 55 pixels were subtracted from all the images except the 72 h image captured 

from the Itcha18H/a18H animal in which 67 pixels were subtracted due to high background. 

Finally, the royal lookup table was applied to all images to re-colorize them.

2.6. Transmission electron microscopy

The small intestine from four young adult animals of each genotype was cut into three 

equally sized segments, flushed with PBS, and then opened longitudinally. The proximal 

segment was dissected into 4 mm2 pieces which were fixed in 2% glutaraldehyde/2% 

paraformaldehyde and secondarily post-fixed in buffered 1% osmium tetroxide/1.5% 

potassium ferricyanide. After dehydrating in ethanol, the samples were infiltrated and 

embedded in PolyBed 812 epoxy and allowed to polymerize for at least 48 h at 60 °C. At 

that time, blocks were sectioned at approximately 90 nm on a Leica UltraCut R and post 

stained with 2% uranyl acetate (aq) and Hanaichi’s calcined lead citrate. Images were 

obtained on a JEM 1400+ with an AMT mid-mount camera.

2.7. Polyp counts

The small intestines from 15 week-old male and female Itch+/+; Apc+/+, Itcha18H/a18H; Apc
+/+, Itcha18H/a18H; ApcMin/+, and Itch+/+; ApcMin/+ animals were cut into 4 equally sized 

segments, flushed with PBS, opened longitudinally, and fixed overnight in 10% neutral 

buffered formalin. The samples were stained with 0.1% methylene blue to identify tumors. 

Total tumor number for each animal was assessed by counting and tabulating the polyp 

number along the entire axis of the small intestine by an observer blinded to genotypes.
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2.8. Statistics

Statistical comparisons of Ki67+ cells, Paneth cells, goblet cells, enteroendocrine cells, 

enterocytes, BrdU migration, and tumor counts (reported as mean and standard deviation 

(SD) or standard error of the mean (SEM), as indicated, 2-tailed unpaired t-test for mean 

comparisons, Mann-Whitney test for comparing non-parametric medians of non-normally 

distributed enteroendocrine cells, and one-way ANOVA with a post hoc Tukey correction for 

tumor counts) were performed in Microsoft Excel or Prism Software (GraphPad Software, 

Inc) and plotted using Prism software. A p-value < 0.05 was considered statistically 

significant.

3. Results

3.1. Itcha18H/a18H animals have altered small intestinal morphology

Using a previously described loss of function mouse model (Hustad et al., 1995), the role of 

ITCH in intestinal homeostasis was examined by first characterizing the impact that loss of 

ITCH has on the morphology of the small intestines in young adult animals. This was 

accomplished by harvesting the small intestines from four or five 8–10 week old mice of 

each genotype and separately examining the architecture of the proximal, middle, and distal 

thirds of the intestine to account for known regional variations in structure. Interestingly, 

examination of H & E stained sections from the various segments revealed hyperplasia of 

the crypts which became more prominent caudally along the small intestinal tract of 

Itcha18H/a18H animals as compared to ITCH sufficient referent controls (Fig. 1A). 

Additionally, villus blunting (with more disorganized epithelial cell organization) as well as 

thickening of the muscularis propria were observed in the distal portion of animals lacking 

ITCH (asterisk, Fig. 1A) and was associated with occasional mild mucosal inflammation 

(arrow, Fig. 1A). These phenotypes were also noted in Itcha18H/a18H; Rag1−/− animals which 

lack functional lymphoid cells (Fig. S1 and (Tao et al., 2009)), indicating that these changes 

were dependent on cues garnered from epithelial and/or innate immune cells. To quantify the 

changes in size of the crypts and villi in Itcha18H/a18H animals, we measured the area of 25 

crypts and 25 villi from Itch+/+ and Itcha18H/a18H animals in each region of the small 

intestine. Consistent with the apparent crypt expansion noted microscopically, the crypt area 

was significantly increased in the middle and distal segments of Itcha18H/a18H intestine as 

compared to age-matched wild type animals (19,772.23 μm2 vs 11,165.53.12 μm2 and 

22,653.25 μm2 vs. 15,780.51 μm2, respectively) as determined by 2-tailed, unpaired t-test 

(Fig. 1B). While there was a trend toward increased villus area across the entire small 

intestine, only in the distal segment was a statistically significant increase noted in animals 

lacking ITCH relative to those that were sufficient for ITCH (62,056.18 μm2 vs. 47,144.47 

μm2, Fig. 1C). Therefore, for our subsequent analyses, we focused on changes in the distal 

segment of the small intestine.

3.2. Expansion of the crypt in adult Itcha18H/a18H animals is associated with an increase in 
the number of proliferating cells and Paneth cells in the distal small intestine

As there was a statistically significant increase in the crypt area of Itcha18H/a18H animals 

relative to Itch+/+ controls, we hypothesized that an increase in cell number might underlie 

this expansion. Indeed, when the total number of cells in the crypts was calculated in tissues 
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derived from five young adult animals of each genotype, a statistically significant increase in 

cell number was found in animals lacking ITCH (Fig. S2). To determine which cell 

populations might be expanded in the crypt, we first performed IHC using an antibody that 

recognizes the proliferation marker Ki67 since crypts are mostly composed of rapidly 

proliferating progenitor TA cells (Fig. 2A). Upon evaluation of 25 well-oriented crypts from 

a minimum of nine 20x fields per animal (n = 5 for each genotype), 40.14 ± 4.91 (SD) Ki67+ 

cells on average were found in the crypts of the Itcha18H/a18H animals whereas 29.056 ± 2.91 

(SD) Ki67+ cells on average were found in the crypts of Itch+/+ controls, and this difference 

was found to be statistically significant by 2-tailed, unpaired student t-test (Fig. 2B). 

Although there was an increase in the absolute number of Ki67+ cells detected in 

Itcha18H/a18H animals, there was no difference in the percentage of proliferating cells within 

the crypt when compared to Itch+/+ controls (Fig. 2B), suggesting that progenitors cells were 

not the only cell type contributing to this increase in total cell number within the crypt.

In addition to stem and progenitor cells, Paneth cells also reside in the crypt. To test whether 

increased numbers of Paneth cells might be contributing to the increased crypt area observed 

in Itcha18H/a18H mice, small intestinal sections from five animals of each genotype were 

immunostained with an antibody recognizing lysozyme, a mature Paneth cell maker (Fig. 

2C), allowing for the enumeration of Paneth cells in 30 crypts from a minimum of twelve 

20x fields per animal. Interestingly, there was a significant increase in Paneth cells in the 

crypts of Itcha18H/a18H animals (6.82 ± 0.64, SEM) compared to Itch+/+ controls (5.17 

± 0.19, SEM). When the means were compared by unpaired, 2-tailed student t-test, the 

difference was found to be statistically significant (Fig. 2D). Taken together, these results 

indicate that increases in the number of proliferating progenitor cells and differentiated 

Paneth cells contributed to the crypt expansion observed in Itcha18H/a18H animals.

3.3. Itcha18H/a18H animals have increased numbers of goblet cells along the villi of the 
distal small intestine

The epithelium of the small intestine is comprised of a variety of different cell types that 

arise from the rapidly dividing TA progenitor population found within the crypt. Since there 

was an expansion of proliferating cells in the crypts of mice lacking ITCH and since Paneth 

cells are only one of several different kinds of differentiated cells contributing to the 

epithelial architecture of the small intestine, it was a distinct possibility that other classes of 

post-mitotic cells which localize to the villi could also be altered in Itcha18H/a18H animals. 

To determine if goblet and enteroendocrine cells were also affected in Itcha18H/a18H animals, 

we stained small intestinal tissue sections obtained from four animals of each genotype to 

specifically highlight each type of post-mitotic secretory cell. In particular, goblet cells were 

visualized using alcian blue, a stain identifying glycosylated mucins (Fig. 3A), and the cell 

number determined by counting positively stained cells on 25 villi in at least eight different 

10x fields per animal. Interestingly, there was a 48% increase in the number of goblet cells 

on the villus of Itcha18H/a18H animals as compared to Itch+/+ animals (10.93 ± 0.98 (SEM) 

vs. 7.37 ± 0.69 (SEM)), and this difference was statistically significant by 2-tailed, unpaired 

t-test (Fig. 3D). However, no statistically significant difference in the number of 

enteroendocrine cells (visualized by Grimelius stain, which reacts with the hormones in the 

secretory granules, and quantified in 30 villi from eight different 10x fields per animal) was 
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observed in the distal small intestine derived from Itcha18H/a18H mice as compared to those 

derived from age-matched ITCH sufficient controls. Because of the left-shifted distribution 

of enteroendocrine cells in animals of both genotypes, a Mann-Whitney comparison of non-

parametric medians was performed to determine significance for this population (Figs. 3B 

and 3D).

In addition to the post-mitotic cells derived from the secretory lineage, the absorptive 

enterocyte (the most abundant cell type in the small intestine) is essential to the structure and 

function of the small intestine. For this reason, mature enterocytes were characterized by 

staining distal intestinal tissues derived from young adult mice of both genotypes with AP in 

order to visualize the brush boarder (which is critical in nutrient absorption). When 

examining the sections of Itch+/+ and Itcha18H/a18H-derived tissues, no appreciable difference 

in AP staining was seen, suggesting that the overall architecture and functionality of the 

enterocytes was preserved even in the absence of ITCH (Fig. 3C). To determine whether 

there was instead a difference in enterocyte number between the two genotypes, the number 

of enter-ocytes was determined using alcian blue/nuclear fast red stained distal intestinal 

sections from four animals of each genotype. For this analysis, enterocytes were identified 

on the basis of their nuclear morphology and typical columnar cell profile and were counted 

from 25 villi in at least eight different 10x fields per animal. Although there was a trend 

towards reduced enterocyte number in the ileum of Itcha18H/a18H animals (48.52 ± 2.38, 

SEM) as compared to the control (54.67 ± 3.13, SEM, Fig. 3D), this difference was not 

statistically significant by two-tailed unpaired t-test (p = 0.07). Additionally, there was no 

statistically significant difference between genotypes in the total number of epithelial cells 

on those same villi (Fig. S3). Collectively, these data suggest that proliferating progenitor 

cells in the Itcha18H/a18H animals still retain the ability to give rise to both the absorptive and 

secretory cell lineage, albeit the percentage of the cell types are altered.

3.4. Itcha18H/a18H animals have increased epithelial cell turnover

Because Itcha18H/a18H animals have an increase in the number of proliferating progenitor 

cells within the crypt compartment yet still have comparable numbers of post-mitotic cells 

on the villus as age-matched ITCH sufficient controls, we speculated that animals lacking 

ITCH might have increased apoptosis of epithelial cells. To evaluate steady-state apoptosis 

levels, IHC was performed on sections derived from the distal small intestines of four young 

adult animals of each genotype using an antibody that recognizes cleaved-caspase 3, a 

critical executioner for apoptosis. As would be expected under normal conditions, very few 

apoptotic cells could be detected in Itch+/+ intestines, except for the rare epithelial cell at the 

tip of a villus that was presumably in the process of being sloughed off (Fig. 4). In addition 

to the occasional cleaved-caspase 3+ cell at the tip of a villus, there were a number of 

apoptotic cells at the crypt-villus junction in Itcha18H/a18H animals that were never seen in 

the intestines derived from Itch+/+ mice (second row of images, Fig. 4). Thus, there was 

increased apoptosis of epithelial cells in the distal small intestines derived from animals 

lacking ITCH, even without some sort of stress or stimulus.

Another potential mechanism for more rapid turnover of the epithelium includes enhanced 

homeostatic epithelial cell migration along the crypt-villus axis, particularly since this is 
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known to be influenced by proliferation within in the small intestinal crypt, wherein an 

increase or reduction in cell proliferation can enhance or slow migration, respectively 

(Parker et al., 2017). Given the observed increase of proliferative cells within the crypts of 

Itcha18H/a18H animals, we sought to evaluate intestinal epithelial cell migration by 

intraperitoneally injecting twelve young adult Itcha18H/a18H and twelve young adult Itch+/+ 

animals with 100 mg/kg BrdU, and three animals of each genotype were euthanized 2, 24, 

48 or 72 h post injection. IHC was performed on sections from the distal small intestines of 

these animals using an anti-BrdU antibody in order to localize the cells that had taken up the 

BrdU pulse. As illustrated in Fig. 5A, at 2 h, all labeled cells were contained within the 

crypts of both ITCH sufficient and ITCH deficient mice. By 24 h following injection, there 

were distinct differences between the two genotypes. In particular, mice lacking ITCH 

showed accelerated exodus of the label from the proliferating cells in the crypt at 24 h, 

increased migration up the villus at 48 h, and nearly complete elimination by 72 h. To 

quantify the difference in cell migration along the villus while simultaneously accounting for 

the influence of ITCH on the crypt-villus architecture, a normalized measure of cell 

migration was calculated by dividing the measured length of the furthest migrated BrdU+ 

cell on the villus to the entire length of the villus from 25 well-oriented villi in at least five 

different 10x fields per animal and expressed as a percentage (Fig. 5B). Consistent with our 

qualitative observations, cell migration in the Itcha18H/a18H animals was more than double 

that of the Itch+/+ animals at the 24 h time point (33.46 ± 3.64%, SD, vs. 15.47 ± 4.68%, 

SD), which was statistically significant. A similar trend was apparent at both the 48 and 72 h 

time points, though the difference between genotypes was not as drastic due to the sloughing 

of cells from the villus tip. In particular, at 48 h, the edge of the BrdU label front had 

migrated 58.57 ± 1.91% (SD) up the villus in Itcha18H/a18H animals whereas, on average, in 

Itch+/+ animals, the leading edge had not yet reached the midway point (47.15 ± 2.02%, 

SD). At 72 h post injection, the BrdU pulse was nearly completely shed in animals lacking 

ITCH, and those labeled cells that remained were at the very tip of the villi (97.58 ± 0.09%, 

SD). In contrast, in those animals sufficient for ITCH, the vast majority of the labeled cells 

were present with the farthest migration point being 90.39 ± 4.36% the length of the villus. 

Collectively, our data suggest that expansion of the proliferating progenitor cell population 

leads to accelerated cell migration along the crypt-villus axis in Itcha18H/a18H animals.

In the small intestine, the intercellular junctions of epithelial cells have been noted to be 

highly dynamic in order to accommodate the rapidly dividing cells while still maintaining 

tissue integrity (Peglion et al., 2014). Further, alterations in adherens junctions and 

desmosomes are known to influence cell migration in the small intestine (Schneider et al., 

2010). Since Itcha18H/a18H animals have increased proliferation and cell migration compared 

to Itch+/+ animals, we hypothesized the cell-cell junctions might be affected in mice lacking 

ITCH. To test this hypothesis, small intestinal tissues derived from four young adult 

Itcha18H/a18H and four age-matched Itch+/+ mice were examined by transmission electron 

microscopy. This analysis revealed several differences in the ultrastructure of these 

junctions. In particular, while tight junctions could be readily identified in both Itcha18H/a18H 

and Itch+/+ derived tissue (Fig. 6, asterisks), adherens junctions were less discernable in 

small intestines derived from Itcha18H/a18H animals (Fig. 6, arrow) and the associated actin 

cytoskeleton appeared to be less organized. In addition, there was a complete absence of 
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desmosomes in the small intestines of Itcha18H/a18H mice (Fig. 6, arrow head). Collectively, 

these data are consistent with a role for ITCH in regulating intestinal epithelial turnover.

3.5. Loss of ITCH significantly decreases intestinal adenoma formation in the small 
intestine of ApcMin/+ animals

As the epithelium of the small intestine is under rapid and continuous renewal, stringent 

regulation of epithelial cell turnover is essential to prevent the growth of intestinal adenomas 

(Wong et al., 1996). In fact, increases in homeostatic cell migration have been associated 

with reduced ApcMin/+ -induced tumorigenesis in the small intestine (Sansom et al., 2007). 

Since Itcha18H/a18H animals have enhanced epithelial cell migration, we hypothesized that 

loss of ITCH would decrease intestinal adenoma formation. To test this hypothesis, the Min 
mutation (ApcMin/+) was moved onto the Itcha18H/a18H background via a two generation 

intercross. This allowed for polyp assessment in Itch+/+; Apc+/+ (ITCH and APC sufficient), 

Itcha18H/a18H; Apc+/+ (ITCH deficient but APC sufficient), Itcha18H/a18H; ApcMin/+ (ITCH 

deficient and carrying the mutant Apc allele), and Itch+/+; ApcMin/+ (ITCH sufficient and 

carrying the mutant Apc allele) littermates. Total polyp number in the small intestines 

derived from eleven animals of each genotype (with approximately equal numbers of males 

and females) was determined when the animals reached 15 weeks of age. Consistent with 

previous reports (Tucker et al., 2002, 2005), a total of 115.7 ± 52.49 (SD) polyps were 

observed in Itch+/+; ApcMin/+ animals at this age (Fig. 7). Interestingly, the Itcha18H/a18H; 
ApcMin/+ animals examined had only 27.36 ± 19.62 (SD) polyps (Fig. 7). This represents a 

76% reduction in tumor burden as compared to the Itch+/+;ApcMin/+ cohort, which was 

statistically significant (p < 0.001). However, the number of polyps found in Itcha18H/a18H; 
ApcMin/+ animals was not statistically different from that of either wild-type animals (Itch
+/+; Apc+/+) or from animals lacking ITCH (Itcha18H/a18H; Apc+/+) as assessed by one-way 

ANOVA with post hoc Tukey correction. Further, despite the altered cell-cell junctions seen 

in mice lacking ITCH (Fig. 6), this accelerated migration appeared to be physiological and 

was not associated with a pathological epithelial-to-mesenchymal transition (EMT) process 

as EMT markers N-cadherin and vimentin could not be detected by western blot on villus 

protein extracts from either Itch+/+ or Itcha18H/a18H animals but were detected in positive 

controls (heart tissue lysate for N-cadherin and HeLa lysate for vimentin, Fig. S4). Thus, as 

a whole, these data suggest increased cell turnover in Itcha18H/a18H mice protects from the 

initiation of small intestinal adenoma formation in ApcMin/+ animals.

4. Discussion

As a dividing line between self and non-self, the mucosal surface of the intestine is essential 

to maintaining homeostasis, and its breach is associated with pathologies like IBD 

(Mankertz and Schulzke, 2007), chronic viral infections (Brenchley et al., 2006; Sandler et 

al., 2011), and extra-intestinal autoimmune diseases such as type 1 diabetes (Wen et al., 

2008), rheumatoid arthritis (Wu et al., 2010), and multiple sclerosis (Berer et al., 2011; Lee 

et al., 2011). However, the intestine is far from being a single homogeneous organ; rather, it 

consists of a number of anatomically and functionally specialized segments, each with 

distinct environmental pressures (Agace and McCoy, 2017). Here, we have identified a novel 

role for the E3 ubiquitin ligase ITCH in the proliferation, migration, and differentiation of 
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small intestinal epithelial cells, and, in so doing, offer a putative physiological mechanism 

for the attenuated inflammatory phenotype in the small intestine versus what has been 

previously reported in the large intestine of animals lacking ITCH (Kathania et al., 2016; 

Ramon et al., 2011). Consistent with those studies, we found little inflammation in the 

mucosa of the small intestine of young adult Itcha18H/a18H mice despite the chronic 

inflammation that is known to accumulate with age at other mucosal surfaces like the lungs 

and skin (Hustad et al., 1995). Even though there was a lack of inflammatory infiltrate, 

distinct architectural changes (including villus blunting with some cellular disarray, crypt 

expansion, and thickening of the muscularis propria) were present along the length of the 

small intestine, and these were most pronounced in the distal portion. Many of these same 

alterations were seen in the small intestines of Itcha18H/a18H; Rag1−/− mice which lack a 

functional lymphoid compartment of the immune system. This suggests that these changes 

result from altered programs in non-hematopoietic cells, in the resident innate immune cells, 

or a combination thereof.

Animals lacking ITCH also displayed increased numbers of Paneth and goblet cells in the 

distal small intestine. Paneth cells are normally only found in the small intestinal epithelium 

and play an important protective role in intestinal homeostasis by secreting antimicrobial 

peptides (Mukherjee et al., 2008; Vaishnava et al., 2008). Further, defects in Paneth cell 

function have been described in IBD patients (Elphick and Mahida, 2005; Wehkamp et al., 

2008) as well as in a number of mouse lines that develop spontaneous intestinal 

inflammation including Casp8IEC-KO (Gunther et al., 2011), FADDIEC-KO (Welz et al., 

2011), NEMOIEC-KO (Nenci et al., 2007), and IKK2caIEC-KO (Vlantis et al., 2011). While 

the phenotypes in these lines result from intestinal epithelial-specific loss of proteins, the 

effects of Paneth cell function are far from cell autonomous as they help shape the 

microbiome, modulate the mucosal immune response, and provide important signaling cues 

in the intestinal stem cell niche (Okumura and Takeda, 2017). Similarly, the mucins secreted 

by goblet cells in the small and large intestine offer a protective barrier against commensal 

and pathogenic bacterial contact with the immune system. However, the composition of the 

mucous layer is different in the small and large intestine. In the former, there is a loose, more 

porous mucus that better facilitates the absorption of nutrients and depends on peristaltic 

actions to propel trapped microbes down the digestive tract whereas in the large intestine, 

the mucus is made of two discrete layers (an upper, thinner layer and a thicker lower layer) 

that has more permanence and thus more resident bacteria (Johansson and Hansson, 2016). 

As with defects in Paneth cell function, goblet cell depletion or dysfunction is a frequent 

histopathological feature of IBD (Gersemann et al., 2009). Thus, increased numbers of 

goblet and Paneth cells in the small intestine of animals lacking ITCH may protect it from 

the more severe inflammation observed in the colon.

In Itcha18H/a18H mice, increased numbers of Paneth and goblet cells were associated with 

increased proliferation of progenitor cells in the crypt. It is tempting to speculate that either 

cell intrinsic or local cues promote secretory cell specification towards these cells fates. 

Differentiation within the secretory cell lineage is highly complex wherein a heterogeneous 

population of precursors exists to direct lineage specification toward enteroendocrine cells or 

a common goblet and Paneth progenitor cell (Basak et al., 2014). While loss of ITCH was 

associated with an increase in goblet and Paneth cell numbers, enteroendocrine lineage 
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specification and maturation appeared unaffected since there were equivalent numbers of 

these cells in the distal small intestine of mice sufficient and deficient for ITCH (Fig. 3). 

Thus, ITCH may influence goblet and Paneth cell differentiation downstream of this 

specification step, potentially through the regulation of transcription factors such as SPDEF 

(Gregorieff et al., 2009).

While changes in epithelial differentiation might be driven by epithelial-intrinsic factors, it is 

also a formal possibility that they result secondarily from signals from the surrounding 

stroma. In fact, both mesenchymal and immune cells that normally reside in the lamina 

propria also contribute to intestinal self-renewal. Secretion of Hedgehog (Hh) ligands from 

the epithelium activates this signaling pathway within the mesenchyme, which, in turn, can 

influence intestinal homeostasis by altering cell proliferation, differentiation, inflammation, 

and turnover (Buller et al., 2012; Powell et al., 2011). Interestingly, ITCH has also been 

shown to negativity influence Hh signaling by targeting the downstream transcription factor 

GLI1 (Di Marcotullio et al., 2011), but it remains to be determined how loss of ITCH might 

impact Hh signals in the mesenchyme and innate immune system. In addition to their 

capacity as potential targets for Hh signals, inflammatory cells within the lamina propria can 

influence epithelial homeostasis via the release of proinflammatory cytokines that are 

capable of feeding back onto the intestinal epithelium to modulate renewal (Garrett et al., 

2010). Interestingly, ITCH deficient animals have an increase in the mucosal production 

(particularly in the colon) of the proinflammatory cytokines TNF-α, IL-1β, IL-6, and IL-17 

(Kathania et al., 2016; Tao et al., 2009; Theivanthiran et al., 2015), which are similarly 

dysregulated during gastrointestinal inflammation and barrier dysfunction (Schenk and 

Mueller, 2008). In order to pinpoint the initiating signals for the altered intestinal 

homeostasis observed in ITCH deficient mice, future studies employing the recently 

generated floxed allele of Itch (Jin et al., 2013) are necessary to delineate the tissue-specific 

contribution of ITCH in the epithelium, immune system, and mesenchyme in isolation from 

the other genes potentially influenced by the a18H inversion to gain important additional 

insight into the multifaceted role ITCH plays in mucosal barrier function.

Increased proliferation in the small intestinal crypts of animals lacking ITCH was balanced 

by increased apoptosis at the crypt-villus junction and by the enhanced migration and 

shedding of epithelial cells. Renewal of the small intestinal epithelium is very rapid, and 

complete epithelial turnover occurs every 4–5 days (van der Flier and Clevers, 2009). 

Turnover in Itcha18H/a18H animals is accelerated even further, with approximately 98% of 

cells being shed from the villus after 3 days (Fig. 5). This increased migration correlated 

with the presence of altered cell-cell junctions between intestinal epithelial cells. In 

particular, ITCH deficient mice lacked desmosomes and had disorganized adherens 

junctions while the tight junctions appeared to remain intact. Interestingly, E-cadherin, a 

critical component of adherens junctions, has been shown to influence intestinal 

homeostasis. Its loss in the intestinal epithelium was associated with altered differentiation 

and maturation of Paneth and goblet cells, induction of cell death, loss of adherens junctions 

and desmosomes, and mislocalization of Paneth cells along the crypt-villus axis of the small 

intestine, and this phenotype was more severe in the colonic epithelium despite the fact that 

more residual E-cadherin expression was retained there (Schneider et al., 2010). Further, 

overexpression of E-cadherin within the intestinal epithelium resulted in suppression of 
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proliferation and a reduction in migration along the crypt-villus axis (Hermiston et al., 

1996). As mice lacking ITCH still have adherens junctions (albeit disorganized ones), it is 

possible that there might be a slight decrease in E-cadherin within epithelial cells that is 

sufficient to contribute to increased proliferation, accelerated migration, and increased 

apoptosis of epithelial cells within the small intestine which does not affect maturation 

programs. Because of the reported disparity in response to loss of E-cadherin between the 

epithelium of the small intestine and that of the colon, it is tempting to speculate that this 

might contribute to the different inflammatory profiles of the small and large intestine in 

Itcha18H/a18H mice.

Further evidence that homeostasis is more appropriately regulated in the small intestine than 

in the colon of mice lacking ITCH comes from our observation that Itcha18H/a18H; ApcMin/+ 

animals had a 76% reduced tumor load as compared to Itch+/+; ApcMin/+ littermates (Fig. 7), 

whereas ITCH deficient mice have been reported to be more susceptible to the induction of 

colitis-associated cancer which develops in the context of chronic inflammation of the colon 

(Kathania et al., 2016). This likely reflects, in part, the different initiating events in these 

types of tumors. Specifically, while the ApcMin/+ mouse more closely parallels what occurs 

in sporadic colon cancers where there is a sequential accumulation of genetic mutations that 

promotes a progressively more malignant phenotype in what has been dubbed the 

“adenoma-carcinoma sequence” (Cho and Vogelstein, 1992), colitis associated cancer is 

driven by the activation of completely different pathways, usually without constitutive 

activation of the APC-β-catenin-TCF axis (Foersch and Neurath, 2014). Furthermore, the 

increased cell turnover in the small intestine of ITCH deficient animals potentially 

contributes to the decrease in adenoma initiation observed in Itcha18H/a18H; ApcMin/+ mice. 

Previous studies have shown that increased homeostatic epithelial migration was associated 

with reduced ApcMin/+ -induced tumorigenesis in the small intestine (Sansom et al., 2007), 

suggesting that perturbations in the intestinal epithelial cell migration observed in 

Itcha18H/a18H mice could influence intestinal adenoma formation by limiting the anchorage 

of cancer-initiating cells needed for adenoma induction and growth. However, there was no 

evidence that animals lacking ITCH had a switch from E-cadherin to N-cadherin expression 

which is observed in EMT and promotes the invasive capabilities of cancer cells (Halbleib 

and Nelson, 2006), though this possibility needs to be more thoroughly evaluated in a more 

aggressive colorectal cancer model than the ApcMin/+ mouse because the tumors in those 

animals rarely become invasive (Nalbantoglu et al., 2016).

In conclusion, the differences observed in the homeostasis of the intestinal epithelium of the 

small versus the large intestines in Itcha18H/a18H animals provide physiological insight into 

regional specificities of these segments of the gastrointestinal tract. Further studies aimed at 

defining the molecular pathways downstream of ITCH and determining whether the 

phenotype of the Itcha18H/a18H small intestine resembles that of “mucosal healing” in IBD 

following the abatement of inflammation may allow for the identification of novel 

biomarkers associated with long-term remission and low risk of surgical treatment in IBD as 

well as potential new avenues for therapeutic intervention.
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Fig. 1. 
Small intestinal architecture is altered in Itcha18H/a18H animals. (A) Representative H & E 

stained paraffin-embedded small intestinal sections derived from the proximal (left most 

column), middle (center column), and distal (right hand column) segments of young adult 

Itch+/+ and Itcha18H/a18H animals accentuate an enlargement of the intestinal crypt, villus 

blunting with crowding of epithelial cells, and thickening of the muscularis propria (asterisk) 

in Itcha18H/a18H animals, becoming more pronounced distally. Mild inflammation was also 

occasionally noted in the lamina propria (arrow). Scale bars = 200 μm. (B) Small intestinal 

crypt and villus areas from young adult Itch+/+ (n = 4 or 5) and Itcha18H/a18H (n = 5) were 

measured in μm2 using ImageJ. A minimum of 25 well-orientated crypts or villi from at 

least seven different 10x fields were measured per animal. Average crypt area was 

significantly increased (*p < 0.005) in the middle and distal small intestine of Itcha18H/a18H 

compared to Itch+/+. (C) Average villus area was significantly increased (*p < 0.05) distally 

in the small intestine of Itcha18H/a18H animals compared to Itch+/+.
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Fig. 2. 
Crypt expansion in Itcha18H/a18H animals is accompanied by an increase in proliferating TA 

cells and differentiated Paneth cells. (A) Pictured are representative micrographs of IHC 

performed on paraffin-embedded distal intestinal sections derived from young adult Itch+/+ 

and Itcha18H/a18H animals (n = 5 for each genotype) using an anti-Ki67 antibody and 

subsequently counterstained with hematoxylin. Animals lacking ITCH appear to have 

increased cellular proliferation in the crypt. Scale bars = 50 μm. (B) Average number and 

average percentage of Ki67+ cells in the crypts from adult Itch+/+ (n = 5) and Itcha18H/a18H 

(n = 5) animals. Ki67+ cells and total cell numbers were counted from 25 well-oriented 
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crypts in a minimum of nine different 20x fields per animal. Itcha18H/a18H animals had, on 

average, 13 more Ki67+ cells per crypt which was statistically significant (*p < 0.01). No 

difference was observed in the percentage of proliferating cells within the crypt. Error bars 

represent SD. (C) Representative phase contrast-coupled immunofluorescent images of 

paraffin-embedded sections of distal intestine from five adult Itch+/+ and five age-matched 

Itcha18H/a18H animals stained with anti-lysozyme (red) and counterstained with DAPI (blue) 

to detect nuclei. Scale bars = 100 μm. (D) Average number of Paneth cells per crypt from 

adult Itch+/+ (n = 5) and Itcha18H/a18H (n = 5) animals. Paneth cell numbers from 30 crypts in 

a minimum of 12 different 20x fields were averaged to determine that Itcha18H/a18H animals 

have significantly more Paneth cells (*p < 0.05) than Itch+/+ animals. Error bars represent 

SEM (For interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.).
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Fig. 3. 
Loss of ITCH promotes goblet cell differentiation. (A) Paraffin-embedded intestinal sections 

stained with alcian blue, pH 2.5 and counterstained with nuclear fast red distinguish goblet 

cells from adult Itch+/+ and Itcha18H/a18H animals. Scale bars = 200 μm. (B) Pictured are 

representative Itch+/+ and Itcha18H/a18H derived paraffin-embedded sections stained with 1% 

silver nitrate to identify enteroendocrine cells in the small intestine. Scale bars = 200 μm. 

(C) Paraffin-embedded sections stained with AP highlights the brush boarder of enterocytes 

on the villi of Itch+/+ and Itcha18H/a18H animals. Scale bars = 200 μm. (D) Average number 

of goblet cells, enteroendocrine cells, and enterocytes located on the villus of Itch+/+ (n = 4) 

and Itcha18H/a18H (n = 4) animals. Indicated type of cells were counted on 30 villus 

structures from a minimum of eight different 10x fields per animal. Enteroendocrine cell 

counts are presented as a histogram of the total number of villus structures bearing no, one, 

two or three cells in Itch+/+ (n = 4) and Itcha18H/a18H (n = 4) animals. Itcha18H/a18H animals 

have a statistically significant increase (*p < 0.05) in goblet cells. There was no statistically 

significant difference in enteroendocrine or enterocyte cell number. Error bars represent 

SEM for goblet cell counts.
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Fig. 4. 
Loss of ITCH promotes epithelial apoptosis in the small intestine. Paraffin embedded 

sections from the distal small intestine of young adult Itch+/+ and Itcha18H/a18H animals (n = 

4 for each genotype) were immunostained for cleaved-caspase 3 and counterstained with 

hematoxylin. Representative photomicrographs are shown. While rare apoptotic cells could 

be found at the tips of villi in animals of both genotypes (arrowheads, top row of 

micrographs), increased apoptosis was seen at the crypt-villus junction in only those animals 

lacking ITCH (bottom row, 63x). Scale bars = 100 μm (top row) or 50 μm (bottom row).
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Fig. 5. 
Epithelial turnover is increased in animals that lack ITCH. (A) IHC with an anti-BrdU 

antibody was conducted on paraffin-embedded sections obtained from young adult Itch+/+ 

and Itcha18H/a18H animals intraperitoneally injected with 100 mg/kg of BrdU. Brightfield 

images were taken 2, 24, 48, and 72 h post injection and representative examples from each 

genotype and time point were converted to spectral images using the royal look-up table 

available in ImageJ. An intensity scale for this spectrum is pictured to the right. These 

images demonstrate enhanced migration of epithelial cells in Itcha18H/a18H animals with 

complete sloughing by 72 h following the BrdU pulse. Scale bars = 200 μm. (B) Average 

cell migration of BrdU-labeled cells along the villus axis in Itch+/+ (n = 3) and Itcha18H/a18H 

(n = 3) animals at 24, 48, and 72 h after BrdU incorporation was calculated by dividing the 

measured distance of the furthest migrated labeled cell from the base of the villus by the 

entire length of the villus from 25 villi in a minimum of five different 10x fields per animal. 
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Since all cells were localized to the crypt in both genotypes at the 2 h timepoint, this data 

point is not shown. A statistically significant increase in cell migration at was detected in 

Itcha18H/a18H derived tissues at 24 (**p < 0.005), 48 (**p < 0.005), and 72 h (*p < 0.05) 

versus tissues derived from Itch+/+ animals. Error bars represent SD.
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Fig. 6. 
Itcha18H/a18H animals have altered cell-cell junctions. Representative transmission electron 

micrographs of cell-cell junctions (tight junctions marked by asterisks, adherens junctions 

by arrows, and desmosomes by arrow head) from the proximal small intestine of nine week-

old Itch+/+ and Itcha18H/a18H animals are depicted here. In total samples from four animals 

of each genotype were examined. Itcha18H/a18H animals lack identifiable desmosomes and 

adherens junctions appeared more disorganized than the ITCH sufficient control samples. 

Scale bar = 200 nm.
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Fig. 7. 
Loss of ITCH is protective in ApcMin/+-induced tumorigenesis. Polyps from the small 

intestine of 15 week-old Itch+/+; Apc+/+ (n = 11), Itcha18H/a18H; Apc+/+ (n = 11), Itch+/+; 

ApcMin/+ (n = 11), and Itcha18H/a18H; ApcMin/+ (n = 11) animals were visualized by staining 

the flushed and fixed small intestine with 0.1% methylene blue. Polyps from the entire 

length of the intestine were counted under a dissecting microscope. The graph shown here 

depicts the average number of small intestinal polyps per animal. Itcha18H/a18H; ApcMin/+ 

animals were observed to have a significant reduction in tumor burden compared to Itch+/+; 

ApcMin/+ littermates (*p < 0.001, NS = not significant). Error bars represent SD.
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