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ABSTRACT 
 

THE ROLE OF INSULIN-LIKE GROWTH FACTOR-2 mRNA BINDING PROTEIN 1 
(IMP1) IN INTESTINAL EPITHELIAL HOMEOSTASIS 

 
 Priya Chatterji 
Anil K. Rustgi 

 

The intestinal epithelium spans proliferating crypts at its base to differentiated villi 

at the luminal surface and renews itself every 3-5 days. It maintains a dynamic 

equilibrium between proliferation, differentiation and apoptosis. The regulation of 

homeostasis, response to injury, regeneration and transformation is a complex set of 

dynamic processes. mRNA binding proteins (RBPs) are newly recognized regulators of 

intestinal homeostasis. The RBP:mRNA complexes act as rheostats of key signaling 

processes by regulating expression of already transcribed RNAs. Their functional effects 

are tissue and context dependent. The manner in which RBPs operate and their 

interactions with other pivotal pathways in colorectal cancer provide a framework for new 

insights and potential therapeutic applications. This thesis focuses upon the interplay 

between LIN28B and IGF2 mRNA binding protein (IMP1) in the regulation of intestinal 

epithelial regeneration and malignant transformation, unraveling a new perspective on 

these processes. 

LIN28B plays a critical role in regulating growth and proliferation in the intestinal 

epithelium. LIN28B suppression of let-7 promotes upregulation of let-7 targets, including 

IMP1 (Insulin-like growth factor II mRNA-binding protein 1). Mice expressing LIN28B 

from the mouse Vil1 promoter (Vil-Lin28b mice) have increased proliferation and tumor 

formation in the small intestine. IMP1 protein levels are upregulated in these mice 

epithelia and tumors but specific role of IMP1 in Lin28b-mediated tumorigenesis remains 

unknown.  
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Additionally, IMP1 hypomorphic mice exhibit severe intestinal growth defects, yet 

it’s role in adult epithelium is unclear. We investigated the mechanistic contribution of 

epithelial IMP1 to intestinal homeostasis and repair. We evaluated IMP1 expression in 

Crohn’s disease patients followed by unbiased ribosome profiling in IMP1 knockout cells. 

We used irradiation and dextran sodium sulphate (DSS) induced colitis as injury models 

to evaluate regeneration in intestinal epithelium lacking IMP1. 

In total, these studies provide new insights into the role of IMP1 in regulating 

homeostasis, response to injury, and tumorigenesis in the intestine. It provides evidence 

that IMP1 regulates the expression of its targets at both the transcriptional and 

translational levels.  
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CHAPTER I: INTRODUCTION 
(Parts of this section have been published as a review in (Chatterji and Rustgi 2018)) 
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The intestinal epithelium 
 

The intestinal epithelium is a layer of simple columnar cells that line the small 

and large intestine at the luminal surface. This epithelium forms a barrier against 

microorganisms and harmful substances while helping absorb nutrients and minerals 

and also secreting hormones and digestive peptides (all in the small intestine). The 

intestinal epithelium comprises two major structural components: the crypts that are 

invaginations in the epithelium and the villi that protrude into the lumen and house the 

differentiated cells. The crypts and villi help increase the surface area four-fold. 

The intestinal epithelium is one of the most proliferative organs and renews itself 

every 3-5 days. The intestinal epithelium consists of stem cells, absorptive cells and 

secretory cells. The crypt base is the compartment for two types of stem cells; the 

actively dividing crypt base columnar stem cells (CBCs), and the quiescent +4 stem 

cells. All intestinal lineages (absorptive and secretory) arise from the stem cells and 

migrate upwards towards the luminal surface except for Paneth cells that migrate 

towards the base. The secretory cells consist of Paneth cells (secreting anti-microbial 

peptides), goblet cells (secrete mucus), enteroendocrine cells (secreting hormones) and 

tuft cells (secrete cytokines). The absorptive enterocytes make up the majority of the 

epithelium and absorb micronutrients, water and electrolytes. The transit amplifying cells 

are immediate progeny of stem cells. The colon epithelium is similar to the small 

intestinal epithelium but lacks villi and serves to absorb remaining water and provide a 

barrier against micro-organisms (FIGURE 1).  

The crypt base columnar stem cells are actively dividing cells at the base of the 

crypts. Over the past decade, several markers of this population have been identified. 

Leu-rich repeat containing G protein-coupled receptor 5 (Lgr5), has been identified, 

through lineage tracing experiments, as an important selective marker for CBC cells in 

the small intestine and the colon (Barker et al. 2007). Other markers include Achaete-
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Scute homologue 2 (Ascl2), SPARC-related modular calcium-binding 2 (Smoc2), 

Prominin 1(Prom1), Musashi homologue 1 (Msi1), Olfactomedin 4 (Olfm4), and EphB2 

(Kim et al. 2017a). These cells can give rise to the entire epithelium in 60 days. They are 

radiosensitive and can be completely eliminated by radiation injury of 12Gy and above. 

The +4 stem cells on the other hand, are label retaining cells that are radio-resistant and 

can give rise to all the different cell types, including CBC cells when activated, especially 

in cases of injury. These cells are marked by Bmi1, Homeodomain-only (Hopx), Leu-rich 

repeats and immunoglobulin-like domains 1 (Lrig1), and telomerase reverse 

transcriptase (Tert) and Hopx. All markers of stem cells have been identified using 

lineage tracing experiments (Kim et al. 2017a).  

 The Paneth cells are secretory cells that are interspersed between the stem cells 

in the crypt base. They are characterized by the large eosinophilic refractive granules 

that occupy most of their cytoplasm. These granules are comprised of anti-microbial 

compounds and hormones that help maintaining the gastrointestinal barrier as well as 

secrete some hormones to aid the stem cells (Adolph et al. 2013; Clevers and Bevins 

2013). While the ablation of Paneth cells does not have any effect on the intestinal 

epithelium at homeostasis, loss of these cells impairs the regenerative response 

following injury (Parry et al. 2013). The other secretory cells include goblet, tuft and 

enteroendocrine cells. The goblet and tuft cells accumulate and respond to parasites 

and help restructure the intestinal barrier (Haber et al. 2017). The goblet cells mainly 

secrete mucus, a viscous fluid composed primarily of highly glycosylated proteins 

called mucins suspended in a solution of electrolytes. These cells are upregulated to 

help protect from chemical damage and shear stress as well as microbial infections 

(Specian and Oliver 1991). The tuft cells have been shown to play an important role in 

the innate immunity response (Grencis and Worthington 2016). Finally, enteroendocrine 

cells secrete gastrointestinal hormones or peptides that are diffused as messengers in 
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response to various stimuli. The secreted hormones include 

somatostatin, motilin, cholecystokinin, neurotensin, vasoactive intestinal peptide, 

and enteroglucagon, depending on the location of the cells within the gastrointestinal 

tract (Krause et al. 1985). The enterocytes constitute the absorptive cell population in the 

intestinal epithelium.  The cells have a glycocalyx surface coat and contain digestive 

enzymes. Their apical surface is lined with microvilli to increase surface area for the 

digestion and transport of molecules from the intestinal lumen. These cells help with 

uptake of water, sugars, ions, peptides and amino acids, lipids, vitamin B12 and bile 

salts among others (Washabau 2013).  

 Together the different cellular lineages help maintain a dynamic equilibrium and 

respond efficiently to stress and injury. This equilibrium is disturbed during inflammation 

and injury and can give rise to inflammatory bowel disorders (IBD). IBD is a complex 

disease that results from immunological responses and responses of the intestine to 

inflammation. Several different factors including genetic factors, diet, environment, 

microbiota, intestinal barrier defects and hormonal variability can contribute to the 

disease. Crohns and ulcerative colitis are the principal types of IBD. This disease 

manifests with several symptoms that may include abdominal pain, diarrhea, vomiting, 

rectal bleeding, muscle spasm/cramps, anemia, and weight loss. It is diagnosed and 

confirmed with biopsies during colonoscopies. Therapeutic interventions include anti-

inflammatory and immunosuppressive drugs, diet and lifestyle changes, microbiome 

changes and surgery . 

  In certain cases, IBD can be a risk factor for colorectal cancer (CRC). Globally, 

CRC affects more than 1 million people every year and remains the fourth most common 

cause of cancer related deaths worldwide (Cunningham et al. 2010).  It remains among 

the top causes of cancer-related deaths in the United States, with greater than 50,000 

deaths per year. Despite significant emphasis placed on improving early detection, only 
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40% of new CRC cases are diagnosed with localized-stage disease. The 5-year survival 

rate for regional and distal metastases is 68% and 11%, respectively, underscoring the 

importance of elucidating the underlying mechanisms for these invasive processes. The 

molecular events underlying colorectal cancer (CRC) progression are predicated upon 

alterations in oncogenes and tumor suppressor genes, however, new mechanisms for 

regulating these genes are still being discovered and may hold the promise for better 

diagnostic and/or therapeutic targets. 

RNA binding proteins as regulators of intestinal homeostasis 
 

An emerging node of regulation of intestinal epithelial homeostasis, response to 

injury, and malignant transformation, is through RNA binding proteins (RBP). Broadly 

speaking, RNA binding proteins (RBPs) are vital for regulation of several essential 

cellular processes such as RNA splicing, modifications, transport, localization, stability, 

degradation and translation (Wang et al. 2018). Several RBPs are expressed 

ubiquitously and are evolutionarily conserved (Gerstberger et al. 2014) to maintain their 

roles in basic cellular functions. Any significant change or disturbance in the RBPs 

regulating these essential cellular functions can lead to different diseases, including 

cancer (Wang et al. 2018).  RBPs function by binding to their target RNA, forming 

ribonucleoprotein (RNP) complexes (Dreyfuss et al. 2002) and regulating gene 

expression post-transcriptionally in a plethora of ways. Since RBPs can regulate already 

transcribed RNAs, they act in a rapid and efficient manner to alter gene expression, 

especially during changes in the microenvironment. A single RBP can bind to hundreds, 

if not thousands of targets, and a combination of several RNP interactions contribute to 

cellular identity and response to stimuli (Smith and Valcarcel 2000). RBPs can help 

recruit translation machinery to activate translation (Michlewski et al. 2008). By contrast, 
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RBPs involved in the RNA-induced silencing complex (miRISC) result in decapping, 

deadenylation and translational repression of the target mRNAs (Fabian et al. 2010). 

They can also suppress translation and induce degradation (Kim et al. 2009). In some 

cases, two RBPs can bind to the same RNA target to stabilize it, either enhancing or 

repressing translation (Sureban et al. 2007). RBPs can also have dichotomous functions 

where they can both enhance (Hamilton et al. 2013; Gutschner et al. 2014) or repress 

(Hamilton et al. 2015; Wang et al. 2016a) tumorigenesis depending upon the cellular 

context. Figure 2 shows a simplistic schematic of the functional consequences of mRBP 

binding to its targets. 

Structure of RNA binding proteins 

 The functional effects of conventional RNA binding proteins are dependent upon 

their binding to their target RNAs and forming ribonucleoprotein (RNP) complexes. The 

RNP complexes help with RNA processing, translation, export and localization. Since 

RBPs have multiple biological roles, their structures consist of multiple small domains. 

These consist of several types of RNA recognition and binding domains interspersed 

between catalytic domains to efficiently recognize a wide range of targets and regulate 

catalytic activity (Lunde et al. 2007). These catalytic domains include helicases, 

deaminases and RNAse III domains (Han et al. 2006; Nishikura 2010). Multiple RNA 

binding domains (RBDs) provide specificity to recognize and bind either long RNA 

sequences or sequences separated by many nucleotides or two different RNAs(Lunde et 

al. 2007). These can help form large complexes and regulate major signaling pathways. 

RBDs may comprise RNA recognition motifs (RRMs), dsRNA binding motifs (dsRBD), K-

homology domain (KH), Zinc fingers, S1 domain, Piwi and PAZ (PIWI, AGO, and Zwill) 

domains amongst others. RRM is by far the most common and well-characterized 

domain and most RBPs have multiple RRMs to provide specificity. By contrast, RBPs 
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involved in translation, such as initiation and elongation factors, bind all mRNAs and lack 

specificity (Lunde et al. 2007). RBPs can regulate subcellular localization of their targets 

due to nuclear and/or nucleolar localization signals (NLS/NoLS) or nuclear export signals 

(NES) depending upon their functional requirements(Rosenblum et al. 1998; Cassola et 

al. 2010). Overall, the structure of these conventional RBPs comprise multiple repeats of 

different RBDs with varying functional specificities and catalytic domains to regulate their 

target RNAs. 

 The target RNAs for RBPs are quite diverse. While RBPs can bind different 

regions of mRNAs (exonic, intronic, UTRs), there is increasing evidence of interactions 

with other types of RNAs, including non-coding RNAs, namely microRNAs, t-

RNAs, small interfering RNAs (siRNA), telomerase RNA, small nucleolar RNAs 

(snoRNAs), splicesomal small nuclear RNAs (snRNA), as well as the RNA moiety of the 

signal recognition particle (SRP RNA or 7SL RNA). These non-coding RNAs form 

extensive secondary structures to associate with proteins and regulate several 

processes like splicing, RNA modifications, protein localization and secretion as well as 

chromosomal maintenance (Hentze et al. 2018). 

 In recent years, advanced structural-analysis studies have provided evidence of 

complex protein–RNA interactions that do not require canonical RBDs (Hentze et al. 

2018). RNA interactome capture (RIC) (Castello et al. 2013) studies have identified ‘non-

conventional’ RBPs in several organisms that do not have discernible RBDs and have 

no known relationship to RNA biology(Hentze et al. 2018). Further studies have also 

shown that disordered protein regions can also facilitate protein-RNA interactions that 

can be specific or non-specific (Jarvelin et al. 2016). These unorthodox interactions can 

regulate RNA metabolism and different RNA processes, both co- and post- 

transcriptionally(Jarvelin et al. 2016). (The role of non-conventional or non-canonical 

RBPs in cancer has been beautifully reviewed in (Moore et al. 2017)). 
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LIN28B 
LIN-28 was first discovered in C.elegans as a heterochronic gene that plays a 

vital role in developmental events (Ambros and Horvitz 1984). LIN28 has been studied in 

multiple species as a promoter of pluripotency. It has been shown to be expressed 

highly in undifferentiated tissues and its expression is downregulated as differentiation 

and development progress (Tsialikas and Romer-Seibert 2015). Hence, LIN28 is 

evolutionarily conserved to promote pluripotency and act as a ‘gatekeeper’ of 

differentiation. The most well studied mechanism of LIN28B function is via its interaction 

with the let-7 miRNAs (Balzeau et al. 2017).  

In mammals, there are two paralogs of LIN28; LIN28A and LIN28B that have 

mostly overlapping functions (Viswanathan and Daley 2010). LIN28A and LIN28B have 

a cysteine cysteine histidine cysteine (CCHC) zinc finger domain and a cold shock 

domain (Hafner et al. 2013). LIN28B also contains an extended C terminal region with a 

nuclear localization signal (NLS) (Piskounova et al. 2011) (Figure 3). In mice, LIN28 

proteins are expressed highly during embryonic development but their expression 

declines rapidly after E18.5 in the small intestine and colon correlating reciprocally with 

intestinal differentiation (Gregorieff and Clevers 2005; Madison et al. 2013b). In adult 

mice, LIN28B expression is limited to the crypt compartment (Madison et al. 2013b). 

This correlates with the reciprocal increase in the expression of the Let-7 microRNAs. 

LIN28B expression is observed in the nucleus of undifferentiated cells whereas low 

expression of LIN28B can be seen in the cytoplasm of differentiated intestinal cells. The 

constitutive knockout of either Lin28a or Lin28b causes dwarfism and a growth 

retardation phenotype in mice (Shinoda et al. 2013). The double knockout is 

synthetically lethal, and the mice do not survive past E12.5. This phenotype, however, is 

not observed when the genes are deleted in neonatal or adult mice (Shinoda et al. 
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2013). The intestinal epithelium specific single or double knockouts of Lin28a and Lin28b 

show no obvious intestinal phenotype (Tu et al. 2015). Furthermore, these mice also do 

not show any difference in susceptibility to colonic tumorigenesis with dextran sodium 

sulphate (DSS)/azoxymethane (AOM) when compared to their wild-type littermates (Tu 

et al. 2015). 

Several studies have shown that LIN28B is overexpressed in about 30% of 

colorectal tumors (King et al. 2011a; King et al. 2011b). LIN28B overexpression 

correlates with invasive tumor phenotype, worse survival and increased tumor 

recurrence in colorectal cancer (CRC) (Madison et al. 2013b; Madison et al. 2015; Tu et 

al. 2015). In mice, intestinal epithelial cell (IEC) specific Lin28b overexpression is 

sufficient to transform the epithelium and give rise to adenomas and adenocarcinomas 

between 9-12 months of age, which is accelerated by the concurrent knockout of Let7 

b1/c2 with faster and greater formation of adenocarcinomas within 6 months (Madison et 

al. 2013b; Madison et al. 2015).  LIN28B cooperates with Wnt signaling to increase 

tumor formation in carcinogen-induced mouse model of colitis-associated tumorigenesis 

(Tu et al. 2015). Furthermore, LIN28 overexpression increases tumor formation and 

decreases tumor latency in an Apc+/min model of colon cancer (Tu et al. 2015). LIN28A, 

which is structurally similar to LIN28B (Wang et al. 2016c), is upregulated in over 70% of 

CRC patients (Wang et al. 2016b) and overexpression of LIN28A is functionally similar 

to LIN28B (Tu et al. 2015). While silencing either LIN28 protein leads to increased 

apoptosis by targeting of anti-apoptotic BCL2L1 protein for degradation (Zhang et al. 

2018), LIN28A overexpression however, leads to increased chemosensitivity in CRC 

cells lines to 5FU (fluorouracil) treatment through induction of apoptosis (Wang et al. 

2016b).  In summary, LIN28B is critical in colorectal tumorigenesis and has been 

established to oncogenic effects in this context. While less studied in colorectal cancers, 

LIN28A has similar functions. 
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Insulin-like growth factor 2 mRNA binding protein 1 (IGF2BPs/IMPs) 

The insulin-like growth factor-2 mRNA binding proteins (IGF2BPs or IMPs) 

belong to a conserved subfamily of RBPs. The IMPs have been studied for their roles in 

regulation of post-transcriptional processes such as mRNA localization, turnover, and 

translational control (Nielsen et al. 2001; Yaniv and Yisraeli 2002). In mammals, the 

canonical domain structure of IMPs is similar. IMP1 and IMP3 are more closely related 

and have 73% sequence similarity whereas IMP2 shares 56% similarity (Bell et al. 2013) 

(Figure 3). IMPs contain 2 RRMs in their N-terminal region and 4 KH domains in the C-

terminal region(Nielsen et al. 1999). The KH domains are the primary RBDs while the 

RRMs are involved in stabilization of IMP-mRNA complexes (Nielsen et al. 2004; 

Wachter et al. 2013). The IMPs bind their targets in multiple low affinity higher-order 

complexes because KH domains allow recognition of only short stretches of RNA with 

relatively weak binding affinity (Chao et al. 2010). 

Imp proteins, especially Imp1, are expressed highly during development but expression 

is reduced drastically after post-natal day 12 in the small and large intestine. The adult 

mice retain low expression of IMP1 in the crypts (Hansen et al. 2004). IMP3, an isoform 

of IMP1, also follows a similar pattern of expression in the intestine (Mori et al. 2001). 

IMP2, by contrast, has been shown to be expressed postnatally (Dai et al. 2011) and is 

mainly found in Processing bodies (P bodies) in the cytoplasm (Lui et al. 2014). 

Similarly, Imp1 null mice show significant growth retardation at E17.5 and more than 

50% of the mice do not survive past post-natal day 3. The mice show impaired intestinal 

morphology and development (Hansen et al. 2004). By contrast, Imp2 null mice have no 

growth retardation but are highly resistant to diet induced obesity (Dai et al. 2015). In 
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colorectal cancer cell lines and fibroblasts, Imp2 deletion results in reduced proliferation 

(Dai et al. 2017). 

IMP1 plays a functional role in the RNA stability by binding and shielding several mRNAs 

that play critical roles in cell growth and proliferation from proteolytic degradation 

(Noubissi et al. 2006). IMP1 also regulates cell cycle progression and migration in 

human CRC cells (Boyerinas et al. 2008).  IMP1 is overexpressed in more than 80% of 

human CRC (Ross et al. 2001) and correlates with invasion, lymph node metastasis, 

and worse prognosis (Dimitriadis et al. 2007b; Hamilton et al. 2013; Madison et al. 

2013b). IMP1 overexpression in CRC cell lines causes a significant increase in tumor 

volume in xenograft models (Hamilton et al. 2013). By contrast, Imp1 loss in the stroma 

is associated with increased tumor number in the AOM-DSS model of colonic 

carcinogenesis. This dichotomous role of Imp1 is seen in other instances where IMP1 

stabilizes β-catenin mRNA in breast cancer cells (Gu et al. 2008) and is in turn activated 

by it in a feedback mechanism (Gu et al. 2009). In other studies, IMP1 was shown to 

bind and stabilize beta-TRCP1, a β-catenin antagonist in CRC cell lines (Elcheva et al. 

2009). IMP2 gene is amplified at a higher frequency in several solid tumors. IMP2 

depletion inhibits proliferation of mouse embryonic fibroblasts (MEFs) and well as 

several human cancer cell lines. It is also shown to stabilize oncogenic transcriptional 

regulator HMGA1 in MEFs (Dai et al. 2017). IMP3 expression has been shown to 

correlate with worse prognosis and increased recurrence in colon cancer patients(Li et 

al. 2009). It has also been associated with low progression-free survival in small-

intestinal neuroendocrine neoplasms (Massironi et al. 2017) and studied as an 

immunohistochemical marker in small intestinal adenocarcinomas (Daikuhara et al. 

2015). 

These studies imply divergent roles for IMP1, depending upon whether one considers 

the epithelial vs. stromal compartment. 
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Other RNA binding proteins in the intestine 

Several other mRNA binding proteins are increasingly being studied for their roles in 

intestinal homeostasis and disease. A few of the prominent ones are listed below. 

Musashi  

In the intestinal epithelium, the MSI family of proteins are expressed in the crypts 

in mice (Wang et al. 2015a). Their expression is observed in adult mice in both the 

active and reserve stem cell compartments (Li et al. 2014; Li et al. 2015). The MSI family 

of proteins consist of the functionally redundant MSI1 and MSI2. Ablation of Msi proteins 

(Msi1 or 2) in IEC, either individually or together, showed no changes in morphology, 

proliferation or differentiation (Yousefi et al. 2016). Although, intestinal epithelial specific 

double knockout of Msi1 and Msi2 (Msi1IEC Msi2IEC) in mice does not show any overt 

phenotype under basal conditions(Yousefi et al. 2016) .However, following 12Gy 

radiation injury, Msi1IEC Msi2IEC mice show a significant impairment in the regenerative 

response. MSI proteins are also up-regulated during activation of reserve intestinal stem 

cells and are required for lineage tracing from these cells under basal conditions by 

enabling their S-phase entry (Yousefi et al. 2016). MSI1 overexpression has been shown 

to induce tumorigenesis by activation of Wnt and Notch pathways in primary intestinal 

cells and xenograft models (Rezza et al. 2010). The overexpression of either MSI is 

sufficient to transform the intestinal epithelium and form tumors (Li et al. 2015; Wang et 

al. 2015a; Yousefi et al. 2016) via activation of the mTORC1 complex with inhibition of 

Pten (Li et al. 2015; Wang et al. 2015a). In patients with small intestinal 

adenocarcinomas, MSI1 is overexpressed in 71% of the tumors as compared to the 

normal tissue and correlated with depth of wall invasion (Wang et al. 2015c). In patients 

with Irritable bowel syndrome (IBS) the density of MSI1+ cells are significantly reduced 
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and correlates with dysfunctional stem cell potential (El-Salhy and Gilja 2017). MSI1+ 

cells have been shown to be involved in repair of the intestinal epithelium induced by 5-

FU (Luo et al. 2017). Due to their roles in EMT, stem cell identity, and oncogenesis, the 

MSI proteins have increasingly been linked to therapeutic resistance in cancer 

treatments (Han et al. 2015; de Araujo et al. 2016; Lee et al. 2016). This has resulted in 

efforts to develop inhibitors of MSI proteins as potential therapeutic targets (Clingman et 

al. 2014; Lan et al. 2015).  

 

HuR  

HuR , a member of ELAV family of RBPs (reviewed extensively in (Hinman and 

Lou 2008) ) consists of 2 RRM domains, a hinge region and a third RRM (Brennan and 

Steitz 2001) that helps it bind to adenylate uridylate (AU) rich regions in 3’ UTRs of 

target RNAs involved in cell survival and tumorigenesis(Brody and Gonye 2011). HuR is 

expressed throughout the intestinal epithelium in mice (Giammanco et al. 2014) (Liu et 

al. 2014a). Although mice with intestinal epithelial cell (IEC) knockout specific HuR show 

signs of mucosal atrophy, there are no changes in body weight or other abnormalities 

(Giammanco et al. 2014). These mice show reduction in proliferating cells in the 

intestine and shorter crypts and villi but are otherwise healthy and reproduce normally 

(Giammanco et al. 2014) (Liu et al. 2014a).  

 High HuR protein expression is found in both the nucleus and cytoplasm of 

human colon cancers (Denkert et al. 2006). While low HuR protein expression is 

observed in the normal colon (Young et al. 2009), it is increased significantly in the 

cytoplasm of colorectal tumors (Young et al. 2009). Mice with intestinal specific HuR 

deletion (HuRIEC) show increased injury in a doxorubicin induced acute injury model 

(Giammanco et al. 2014). These mice also show increased regeneration and 

compensatory proliferation during the peak damage phase. Furthermore HuRIEC mice 
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show more than 60% attenuation in the polyposis phenotype in the Apcmin/+ mice 

(Giammanco et al. 2014).By contrast, HuRIEC mice show increased protection in the 

AOM-DSS model of tumorigenesis (Giammanco et al. 2014). In intestinal cell lines, HUR 

inhibition causes a significant decrease in Wnt signaling, thereby suggesting a potential 

role in the regulation of the Wnt pathway (Liu et al. 2014a). HuR also has tumor 

suppressive functions via the regulation of tumor suppressors p21 and Wnt family 

protein Wnt-5a (Leandersson et al. 2006). HuR is known to mediate post-transcriptional 

regulation of its target mRNAs and is critical for neoplastic transformation and cancer 

development. Furthermore, HuR is activated in response to various stressors(Brody and 

Dixon 2018). HuR is being explored as a therapeutic target and small molecule inhibitors 

are being developed (Brody and Gonye 2011; Blanco et al. 2016; Brody and Dixon 

2018).One such molecule , MS-444, has been shown to inhibit HuR that in turn 

decreases GI tumorigenesis and the proliferation of colon cancer cells (Blanco et al. 

2016; Lang et al. 2017).  

 

Mex3A 

In humans, MEX3 has 4 homologous isoforms MEX 3A-3D(Buchet-Poyau et al. 

2007). In mice, MEX3A is expressed in the crypt base and labels a slowly cycling 

subpopulation of Lgr5+ intestinal stem cell population that can give rise to all lineages 

(Barriga et al. 2017). These MEX3A- high cells appear to resist the deleterious effects of 

chemotherapy or irradiation and play an important role in regeneration of damaged 

crypts(Barriga et al. 2017). Previous studies have shown that MEX3A regulates CDX2 in 

human colon cancer and correlates with “stemness” (Pereira et al. 2013). Mex3a 

deletion in IEC does not cause any changes in reproduction and intestinal morphology in 

mice (Barriga et al. 2017). In Caco2 cells that can spontaneously differentiate into an 

enterocytic-like phenotype upon reaching confluence (Pinto et al. 1983), inhibition of 
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endogenous MEX3A using siRNA resulted in higher CDX2 expression (Pereira et al. 

2013). MEX3A overexpressing Caco2 cells show increased RNA expression of stem cell 

markers (Pereira et al. 2013). Mex3a is overexpressed in cancers like bladder urothelial 

carcinoma  (Sakurai et al. 2017) and Wilm’s tumor (Jiang et al. 2012) whereas 

knockdown of MEX3A in human gastric cancer cells has been shown to significantly 

reduce cell proliferation (Jiang et al. 2012) thus indicating its role in carcinogenesis and 

potential as a therapeutic target. This indicates the potential to study Mex3a in colorectal 

cancer. 

 

CELF1 

CUG binding protein 1 (CUBP1) or CELF1 is a multifunctional RBP studied 

primarily for its role in RNA metabolism related processes like decay, translation and 

splicing. CELF1 is known to bind GU rich elements in 3’UTR of target RNAs to regulate 

RNA stability (Vlasova-St Louis and Bohjanen 2011). In mice, CELF1 is expressed 

throughout the small intestinal epithelium (Liu et al. 2015) and can be repressed by mir-

503 and recruited to P bodies (Cui et al. 2012). mRNAs are localized to these 

cytoplasmic RNP foci and sorted for degradation and/or translational repression. CELF1 

is also known to recruit certain target mRNAs like occludin to these P bodies and 

partially repress their translation (Liu et al. 2015).  Although CELF1 expression is found 

to increase proliferation and progression of several cancers (House et al. 2015; Xia et al. 

2015; Cifdaloz et al. 2017), increased CELF1 causes G1 phase growth arrest in 

intestinal epithelial cells. By contrast, CELF1 silencing enhances cell proliferation, with 

an increase in cells residing in S-phase, and elevated cell number. CELF1 silencing 

enhances MYC translation by releasing MYC RNA from RNP complexes (Liu et al. 

2015). HUR is found to competitively repress this CELF1-MYC interaction (Liu et al. 

2015). CELF1 is mainly studied for its role in regulation of splicing in myotonic dystrophy 
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(Ho et al. 2005; Zhang et al. 2008). In the context of cancer, CELF1 can act as a tumor 

suppressor (in liver cancer (Lewis et al. 2017)) , increase caspase activity/apoptosis (in 

hepatocellular carcinoma(Kim et al. 2017b) and  esophageal cancer (Chang et al. 2012)) 

and act as a central node in post-transcriptional regulatory programs underlying EMT (in 

breast cancer (Chaudhury et al. 2016)) indicating its diverse role in carcinogenesis. 

 

RBM3 

RNA-binding motif protein 3 (RBM3) , a glycine rich RBP (Kishore et al. 2010), is 

an important cold shock protein that is upregulated during environmental stimuli such as 

hypothermia, ischemia, and hypoxia (Yang et al. 2014). RBM3 deficient mice show no 

overt phenotype or growth changes and are fertile (Matsuda et al. 2011). RBM3 

overexpression in HCT116 and DLD1 colon cancer cells increases proliferation and 

engenders chemotherapy resistance. These cells also exhibit increased stem cell 

markers via an increase in Β-CATENIN activity. Therefore, the Β-CATENIN signaling 

pathway may be regulated through alterations in expression of RBM3 (Venugopal et al. 

2016). In colon cancer, RBM3 is upregulated in a stage dependent manner and its 

overexpression is capable of inducing oncogenic transformation (Sureban et al. 2008). 

RBM3 is shown to increase the stability and translation of rapidly degraded mRNAs such 

as cyclooxygenase 2 (COX-2), interleukin-8 (IL-8), and vascular endothelial growth 

factor (VEGF) (Sureban et al. 2008). Like the other RBPs, the role of RBM3 can be 

dichotomous in different contexts. In breast cancer, higher RBM3 expression correlates 

with increased disease-free survival (Jogi et al. 2009). RBM3 expression is upregulated 

in, and correlates with, good prognosis in several cancers, including ovarian, prostate, 

bladder, gastric, and colorectal cancer (Grupp et al. 2014; Melling et al. 2016; Jang et al. 

2017; Ye et al. 2017). RBM3 causes cellular differentiation and apoptosis in these 

cancers.  
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Dichotomous roles of RBPs in gastrointestinal cancer 

 RBPs are rapid and effective regulators since they bind already transcribed 

targets. The functional role of RBPs therefore depend on the transcripts present within a 

specific cell type. Even in the same cell type, changes in the transcriptome, due to 

environmental changes or injury, can lead to different functional outcomes for RBPs. 

This is also true for different tissues or organs where transcriptome profiles vary. 

Furthermore, since RBPs binding to target transcripts can result in a number of 

functional outcomes, it may be difficult to extrapolate the functional role from one context 

to another. For example, although IMP1 is recognized as an oncofetal protein due to its 

over-expression in colorectal cancers and increased tumor burden with IMP1 expression 

in xenograft models(Hamilton et al. 2013), IMP1 deletion in mesenchymal cells in the 

intestinal mucosa leads to increased tumor burden in mice(Hamilton et al. 2015). Similar, 

opposing roles for IMP1 has also been reported in breast cancer (Nwokafor et al. 2016) 

(Wang et al. 2016a) (Tessier et al. 2004). IMP may therefore can exhibit both tumor-

initiating or tumor suppressive functions. Another example of this paradigm is HuR, 

which has been known to stabilize and increase translation of several key cancer related 

pathways(Mazan-Mamczarz et al. 2008). In a recent study in pancreatic ductal 

adenocarcinoma cells, HuR deletion resulted in a decrease in proliferation and an 

increase in cell death, possibly via regulation of KRAS pathway genes(Lal et al. 2017). In 

contrast, other studies have shown that HuR knockdown in myeloid lineage cells in mice 

caused an increased susceptibility to colitis associated cancer and increase in 

inflammatory mRNAs(Yiakouvaki et al. 2012).  

Similarly, while CELF1 deletion in several cancer cell lines decreased 

proliferation and migration(Gao et al. 2015; House et al. 2015), and Celf1-deficient mice 

exhibited growth retardation(Kress et al. 2007), it has also been reported to promote 

apoptotic resistance in esophageal cancer(Chang et al. 2012). Furthermore, CELF1 
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Figures and Figure legends 

Figure 12�����,�0�3�����L�V���X�S�U�H�J�X�O�D�W�H�G���L�Q���D�G�X�O�W���D�Q�G���S�H�G�L�D�W�U�L�F���&�U�R�K�Q�¶�V���G�L�V�H�D�V�H���S�D�W�L�H�Q�W�V�� 

 

A.  qPCR analysis for IMP1 expression in colon biopsy samples from adult Crohn’s 

disease (CD) patients. IMP1 expression is >5 fold higher in CD samples (5.314 ± 1.807, 

n=8) as compared to control samples (1 ± 0.1245, n=7). B. Representative 

immunohistochemistry demonstrating IMP1 expression in colon biopsy samples from CD 

patients and normal adults. IMP1 expression is higher in CD samples (Scale bars = 

500m). C. Differential gene expression analysis of pediatric CD patient colon samples 

(n=180) show increased (>4 fold) IMP1 expression as compared to non-inflammatory 

bowel disease (IBD) (n=43) pediatric samples. (All data are expressed as mean ± SEM. 
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*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 by ordinary one-way ANOVA test 

or standard t-test). 
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Figure 13: Mice with intestinal epithelial cell deletion of Imp1 exhibit increased 
recovery following colitis 

 

A. Mice were given 3 cycles of 2.5% DSS in drinking water for 5 days followed by a 

week of recovery. Mice with Imp1 deletion lost significantly less weight as compared to 

controls at day 36. B. Representative H&E pictures of Imp1WT and Imp1ΔIEC mice at day 

36 after chronic DSS treatment (Scale bars = 500m).  C. Imp1ΔIEC mice show 

significantly less total colitis (7.769 ± 0.4824, n=13; As scored blinded by a pathologist) 

as compared to Imp1WT mice (9.714 ± 0.8371, n=7). D. Imp1ΔIEC mice show significantly 

less hyperplasia (1.615 ± 0.1404, n=13) as compared to Imp1WT mice (2.286 ± 0.2857, 

n=7). E. Imp1ΔIEC mice show significantly less inflammation score (6.231 ± 0.3608, n=13) 

as compared to Imp1WT mice (8 ± 0.6901, n=7). F. Imp1ΔIEC mice show significantly less 
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mono-nuclear cell infiltration (1.077 ± 0.076, n=13;) as compared to Imp1WT mice (1.714 

± 0.2857, n=7). G. qPCR data showing expression of different cytokines in colon 

epithelium of Imp1WT and Imp1ΔIEC mice at day 36 after chronic DSS treatment.  (All data 

are expressed as mean ± SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 

by ordinary one-way ANOVA test or standard t-test). 
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Figure 14: IMP1 knockout reveals global changes in the “translatome” 

 

A. Simplistic schematic of ribosome profiling technique. B. Scatterplot of differential 

expression between SW480 cells with and without IMP1 deletion. The log2 fold change 

between ribosome-bound RNAs (ribosome protected fragments, or RPF) and total 

mRNA is plotted. The plot indicates that IMP1 regulates both mRNA abundance and 

translation. C. Scatterplot of genes with significant (in blue) differential translational 

efficiencies between SW480 cells with and without IMP1 deletion. Translation 

efficiencies of transcripts are calculated as the ratio of reads of ribosome-protected 

fragments to the reads in total mRNA abundance. D. Pathway analysis using Toppgene 
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gene enrichment analysis software of differentially expressed genes from C to define 

which signaling/effector pathways are enriched with IMP1 deletion.  
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Figure 15: Mice with Imp1 loss exhibit morphological changes in Paneth cells and 
enhanced autophagy 

 

A. Paneth cells from Imp1WT and Imp1ΔIEC mice were evaluated histologically using IF for 

lysozyme (LYZ). E-cadherin (ECAD) staining was used to demarcate individual epithelial 

cells. Note presence of diffuse lysozyme staining in Imp1ΔIEC mice. B. Published 

lysozyme scoring was utilized to evaluate specific Paneth cell phenotypes. Imp1ΔIEC mice 

exhibit a significant shift from normal to diffuse lysozyme phenotype (n= 4 mice per 

genotype). C. Live cell staining of autophagic structures with the cationic amphiphilic 

tracer dye CytoID indicated a significant increase in autophagic vesicles in crypts from 

Imp1ΔIEC mice (n=8) compared to Imp1WT mice (n= 7) using flow cytometry. D. 

Transmission electron microscopy revealed an abundance of small, electron dense 
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granules in Imp1ΔIEC mice. E. To confirm a direct role for IMP1 knockdown to induce 

autophagy, we evaluated epithelial cells from colon in Imp1WT and Imp1ΔIEC mice. This 

confirmed a robust increase in LC3 and decrease in p62, which together indicate 

enhanced flux. Blots are representative of 3 independent experiments. F. Caco2 cells 

transfected with IMP1 siRNA demonstrated a robust increase in LC3-I/LC3-II indicating 

enhanced flux. Blots are representative of 3 independent experiments. G. Crypt enteroid 

cultures from Imp1WT and Imp1ΔIEC mice were treated with the autophagy inhibitor 

chloroquine (CQ) for 3 hours and then stained with CytoID to evaluate autophagy flux, 

where increased CytoID puncta with CQ treatment represents active flux. There was a 

modest increase in basal CytoID in Imp1ΔIEC enteroids compared to controls, as seen 

with FACS analysis of isolated crypts from Imp1ΔIEC mice in C, and both genotypes 

exhibited an increase in CytoID puncta with CQ treatment. H. qPCR for Imp1 expression 

in Lgr5+ and Paneth (CD24/cKit/SSC high) cells sorted from Lgr5-eGFP-IRES-CreERT2 

mouse crypt epithelium. (All data are expressed as mean ± SEM. *, p < 0.05; **, p < 

0.01; ***, p < 0.001; ****, p < 0.0001 by ordinary one-way ANOVA test or standard t-test). 

 

  



 105 

Figure 16: Genetic deletion of Atg7 reverses the Imp1ΔIEC phenotype during colitis 

 

A. Mice were given 5% DSS in drinking water for 5 days followed by 4 days of recovery. 

Mice with Imp1 deletion lost significantly less weight as compared to controls. 

Imp1ΔIECAtg7ΔIEC mice lost weight and became moribund more rapidly than Imp1WT and 

Imp1ΔIEC mice, requiring sacrifice prior to the recovery period. B. Imp1ΔIEC mice show 

significantly less total colitis (11.14 ± 1.933, n=7; As scored blinded by a pathologist) as 

compared to Imp1WT mice (17.75 ± 2.144, n=8). C. Imp1ΔIEC mice show significantly less 

epithelial loss (5.286 ± 0.865, n=7) as compared to Imp1WT mice (9.375 ± 1.375, n=8). D. 

Imp1 deletion confers protective effects following irradiation, which is reversed in the 
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context of Atg7 deletion. Imp1ΔIEC mice lost significantly less weight at sacrifice following 

irradiation than controls (18.83 ±0.98% in Imp1ΔIEC mice(n=12) versus 23.34 ±0.56% 

mean weight loss in controls (n=14). This phenotype was abrogated in Imp1ΔIECAtg7ΔIEC 

mice (23.5±1.05% mean weight loss, n=5). For untreated animals, there was no 

significant difference in mean body weights between groups (not shown). E&F. Analysis 

of EdU+, S-phase cells revealed similar staining in all non-IR mice; however, there was a 

robust increase in EdU+ regenerative crypt foci at 4 days following irradiation in Imp1ΔIEC 

mice compared to Imp1WT mice, and this effect was abolished in Imp1ΔIECAtg7ΔIEC mice 

(n=4 mice per genotype, 20-30 HPF per animal).(All data are expressed as mean ± 

SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 by ordinary one-way 

ANOVA test or standard t-test). 
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Figure 17: IMP1 directly binds autophagy mRNAs.  

 

We utilized computational predictions, analyses of published CLIP-Seq data and 

ribonucleoprotein-immunoprecipitation (RIP) to identify direct interactions between IMP1 

and autophagy transcripts. A. catRAPID Transcript Score. For each predicted transcript, 

we measured the IMP1 interaction propensity with respect to the negative control IgG. 

Negative targets (ITGA7 and TNFRSF1B) were also evaluated. B. We retrieved CLIP 

scores from published eCLIP data against the same set of autophagy-related transcripts 

analyzed in A and found a strong correlation between catRAPID scores and eCLIP data 

(r =0.9838465 Pearson correlation coefficient). The CLIP data scores were calculated as 

total number of reads corresponding to the transcript divided by the length of the 
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different isoforms. C. We evaluated binding of endogenous IMP1 to autophagy 

transcripts using RIP assays in Caco2 cells. Specific enrichment of IMP1 was confirmed 

by IP with either IMP1 or control IgG antibodies followed by western blot for IMP1. 

Enrichment of target transcripts over control is represented relative to negative target, 

TNFRSF1B. Positive controls were PTGS2 and ACTB. vs. negative target by 1-way 

ANOVA. n=3 independent experiments. D. Representative western blot showing 

upregulation of Atg3 and Atg5 in colon epithelium of Imp1ΔIEC mice as compared to 

controls. (All data are expressed as mean ± SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001; 

****, p < 0.0001 by ordinary one-way ANOVA test). 
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Figure 18: Model for IMP1 modulation of intestinal epithelial homeostasis.  

 

Schematic depicts proposed model for IMP1 function during homeostasis, where IMP1 

binds autophagy transcripts and represses their translation post-challenge in order to 

return to baseline epithelial homeostasis. 
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Supplementary Figure 11 

 

We evaluated binding of endogenous IMP1 to autophagy transcripts using RIP assays in 

Caco2 cells. A. Specific enrichment of IMP1 was confirmed by IP with either IMP1 or 

control IgG antibodies followed by Western blot for IMP1. Blot is representative of 3 

independent experiments. B, C. CatRAPID plots show the binding propensity along the 

isoform sequence for ATG3 and ATG5. Key: 5’ UTRs in red, ORFs in blue and 3’UTRs 

in green. 

Materials and methods 

Human samples 
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kDa molecular weight; Affymetrix CAS 9011-18-1) in drinking water for chronic (Figure 

S1) or 5% DSS for acute colitis (Figure 5). For irradiation experiments, animals were 

given a single dose of 12Gy using Gammacell 40 Cesium 137 Irradiation Unit. Mouse 

jejunum was analyzed for irradiation experiments. During all experiments, body weights 

were recorded daily, and mice were euthanized before losing a maximum of 25% total 

body weight. Histological scoring was performed blinded by expert veterinary pathologist 

Enrico Radaelli according to published protocols (Washington et al. 2013). Sample sizes 

were determined based upon the investigators’ prior experience with specific models 

(KEH, GDW).  

 

Ribosome profiling 

Ribosome profiling libraries from 3 pooled cell culture plates were prepared using a 

standard protocol (McGlincy and Ingolia 2017), with minor modifications. Separate 5’ 

and 3’ linkers were ligated to the RNA-fragment instead of 3’ linker followed by 

circularization (Subtelny et al. 2014). 5’ linkers contained 4 random nt unique molecular 

identifier (UMI) similar to a 5 nt UMI in 3’ linkers. During size-selection, we restricted the 

footprint lengths to 18-34 nts. Matched RNA-seq libraries were prepared using RNA that 

was randomly fragmentation by incubating for 15 min at 95C with in 1 mM EDTA, 6 mM 

Na2CO3, 44 mM NaHCO3, pH 9.3. RNA-seq fragments were restricted to 18-50 nts. 

Ribosomal rRNA were removed from pooled RNA-seq and footprinting samples using 

RiboZero (Epicenter MRZH116). cDNA for the pooled library were PCR amplified for 15 

cycles. RNA-seq and footprinting reads were mapped to the human transcriptome using 

the riboviz pipeline (Oana Carja 2017b).  

 

Autophagy analyses 
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CytoID Autophagy Detection Kit (Enzo Life Sciences) was used to stain single cell 

suspensions of crypt-enriched intestinal epithelium (1:100 in DPBS supplemented with 

10% FBS at 37°C for 30 min) and co-stained with DAPI. Flow cytometry was performed 

using FACSCanto or LSR II cytometers (BD Biosciences) and FlowJo software (Tree 

Star). Unstained cells from each specimen were utilized to establish background 

fluorescence. The percent of CytoID-positive cells was determined in the live cell fraction 

(DAPI-negative). The geometric mean fluorescence intensity for live cells was 

determined for each specimen following subtraction of background fluorescence. Blinded 

scoring was utilized (KAW) 75, 76. Enteroids were passaged 1 day prior to assays in order 

to obtain equivalent plating densities. Three hours prior to imaging, 2 μg/ml CytoID and 2 

μg/ml Hoechst33342 (ENZO Life Science) were added in the medium and incubated at 

37°C for 3 hours. 120 μM of chloroquine (ENZO Life Science) was used. Enteroids were 

immediately analyzed using confocal microscopy ECLIPSE Ti (Nikon). Six to ten 

enteroids per mouse were analyzed across three mice per genotype (blinded, RM).  

 

catRAPID analyses 

We used the catRAPID fragment approach (Bellucci et al. 2011; Cirillo et al. 2013) to 

predict IMP1 binding to autophagy-related transcripts (i.e.: MAP1LC3B, ATG3, BECN1, 

ATG5, ATG16L1 and ATG7). ACTB and TNFRSF1B/ITGA7 were also included as 

positive and negative controls, respectively. In our analysis, we included different 

isoforms for each transcript, for a total of 25 different targets, including the positive and 

negative controls (http://s.tartaglialab.com/page/catrapid_group).  

 

Transcript Score 

http://s.tartaglialab.com/page/catrapid_group)
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Given a transcript isoform , we used catRAPID uniform fragmentation to generate  

overlapping fragments that cover the entire sequence. The fragments  are then used 

to compute catRAPID interacting propensities with IMP1 and IgG (negative control). We 

define the interaction threshold
 

 as the highest interaction propensity score that IgG 

has with the  fragments generated from sequence : 

 

       

 (1) 

             

For every IMP1 interaction with fragments, we computed the normalized interaction  

by subtracting the interaction threshold of the corresponding transcript to the catRAPID 

interaction score. 

 

 
              

 (2) 

 

Fragments with normalized interaction score  are predicted to interact with IMP1. 

The Isoform Score of each isoform  (Fig. S4A) is computed as the average 

normalized interaction score of interacting fragments over the total number of 

fragments : 

  

  

         (3)                                
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We define the Transcript Score  (Fig. 5A) as a global interaction propensity of all 

isoforms belonging to a certain transcript. The Transcript Score is defined as the 

average of the Isoform Scores for all the isoforms analyzed for each transcript: 

 

,                  

(4)   

where  is the number of isoforms considered for each transcript.  

 

 

Statistical analyses 

Applying unpaired, two-tailed student’s t-tests or 1-way ANOVA, with P <0.05 as 

statistically significant, determined statistical significance of comparisons between 

control and experimental conditions unless otherwise noted in the figures legends. For 

all analyses, unless noted otherwise, data from a minimum of three experiments are 

presented as mean ± standard error. Sample sizes for individual experiments, including 

biological and technical replicates, are described in each figure legend, as well as 

number of experimental replicates. 

 

Supplementary Methods 
 
Cell lines 

Human colon cancer cell line Caco2 (ATCC HTB-37) cells were obtained from ATCC, 

which provides STR authentication, within the past 18 months. Cells are tested for 

mycoplasma at least every 3 months. IMP1 siRNA (h) (Santa Cruz, sc-40694) or 

Silencer® Select Negative Control No. 1 siRNA (Thermo Fisher Scientific, 4390843) was 

transfected in CaCo2 cells using Lipofectamine® RNAiMAX (Thermo Fisher Scientific, 

Pr

!

N r( )
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13778075). IMP1 was deleted in SW480 cells (ATCC® CCL-228™) by co-transfecting 

cells with IMP1 CRISPR/Cas9 KO Plasmid (h) (Santa Cruz; sc-401703) and IMP-1 HDR 

Plasmid (h) (Santa Cruz ; sc-401703 HDR) followed by sorting and clonal expansion of 

RFP+ve cells. Knockout was verified by western blotting for IMP1.  

 

Histology 

Small intestines were fixed in 10% formalin, processed and paraffin-embedded. 

Immunofluorescence (IF) staining was performed using heat antigen-retrieval in citric 

acid buffer (pH 6.0) and staining with antibodies. 5-ethynyl-2´-deoxyuridine (EdU) 

staining was performed using Click-iT® EdU Alexa Fluor® 488 Imaging Kit (C10337) as 

per manufacturer’s protocol. For IMP1 IHC, blocking was performed using Animal-Free 

Blocker (Vector Laboratories). For all staining, no-primary and/or biological negative 

controls (Imp1ΔIEC) were used. Lysozyme scoring was performed according to published 

protocols (Cadwell et al. 2008; Adolph et al. 2013). Scoring of EdU-positive 

“microcolonies”, where a microcolony is defined by a cluster of ≥5 EdU-positive cells 

from a single clone, were quantified, blinded, across at least 30 high-powered fields per 

animal for a total of 4 mice per genotype.  

 

qRT-PCR 

Small intestine crypt RNA was isolated using GeneJet RNA purification kit 

(ThermoFisher). Equal amounts of total RNA were reverse-transcribed using Taqman 

RT Reagents kit and resulting cDNA used with Power SYBR Green PCR Master Mix 

(Applied Biosystems/ThermoFisher) or Taqman Fast Universal PCR Master Mix (Applied 

Biosystems/ThermoFisher) and validated primer sets. Non-reverse transcribed samples 

were used as no RT controls. Gene expression was calculated using R = 2(−ΔΔC
t
) method, 

where changes in Ct values for the genes of interest were normalized to housekeeping 


