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Abstract

RNA binding proteins, including IMP1/IGF2BP1, are essential regu-
lators of intestinal development and cancer. Impl hypomorphic
mice exhibit gastrointestinal growth defects, yet the specific role
for IMP1 in colon epithelial repair is unclear. Our prior work
revealed that intestinal epithelial cell-specific Impl deletion
(Imp17"¥°) was associated with better regeneration in mice after
irradiation. Here, we report increased IMP1 expression in patients
with Crohn’s disease and ulcerative colitis. We demonstrate that
Imp14¥€ mice exhibit enhanced recovery following dextran sodium
sulfate (DSS)-mediated colonic injury. Imp1#€ mice exhibit Paneth
cell granule changes, increased autophagy flux, and upregulation
of Atg5. In silico and biochemical analyses revealed direct binding
of IMP1 to MAPILC3B, ATG3, and ATGS5 transcripts. Genetic deletion
of essential autophagy gene Atg7 in Imp1* ¢ mice revealed
increased sensitivity of double-mutant mice to colonic injury
compared to control or Atg7 single mutant mice, suggesting a
compensatory relationship between Impl and the autophagy
pathway. The present study defines a novel interplay between
IMP1 and autophagy, where IMP1 may be transiently induced
during damage to modulate colonic epithelial cell responses to
damage.
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Introduction

Intestinal epithelium maintains its integrity through orchestration of
self-renewal, proliferation, differentiation, and cell death. The rapid-
ity with which intestinal epithelium must respond to environmental
stressors suggests a necessity for multiple layers of gene regulation.
RNA binding proteins have emerged as critical regulators of intesti-
nal proliferation and stem cell dynamics [1-7]. IGF2 mRNA-binding
protein 1 (IMP1, IGF2BP1) is an RNA binding protein with roles in
mRNA trafficking, localization, and stability. Target mRNAs of IMP1
(orthologues include CRD-BP, ZBP1) include IGF2, ACTB, MYC,
HI19, CD44, GLI1, and PTGS2 [8-15]. In vitro studies demonstrate
that IMP1 forms stable complexes with its target mRNAs, confining
these transcripts to ribonucleoprotein particles (RNPs) and stabiliz-
ing mRNA or inhibiting translation [13,14,16-23]. IMP1 also plays a
functional role in mRNA transport to aid in cellular processes
including movement and polarity [13,24]. Photoactivatable ribonu-
cleoside-enhanced crosslinking and immunoprecipitation (PAR-
CLIP) and enhanced crosslinking and immunoprecipitation (eCLIP)
studies have identified a myriad of IMP1 targets, providing impor-
tant insight into the diverse roles of IMP1 via regulation of specific
transcripts [25,26]. Finally, recent reports suggest that IMP proteins
are “readers” of N 6-methyladenosine (m®A) modified mRNAs,
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which may impart binding and functional specificity of IMPs to
regulate mRNA storage and stability [27].

In mice, Impl is expressed in the small intestine and colon
during embryonic development through postnatal day 12 and at
low levels during adulthood [28]. ImpI hypomorphic mice exhibit
dwarfism, intestinal defects, and perinatal lethality [28,29]. In
these mice, development of the intestine was impaired and
mucosal thickness was significantly reduced. These mice had
diminished villi and crypts which was associated with severe
malabsorption, but no obvious impairment of cellular lineages.
Recent studies in the fetal mouse brain implicate Impl as a regu-
lator of differentiation of stem/progenitor cells, where Impl dele-
tion leads to neural stem cell depletion [30]. In adult mouse
colon, IMP1 is expressed in the epithelial crypt base and in
mesenchymal cells following injury [15,31]. Our prior published
studies demonstrated that IMP1 may promote or suppress colon
tumorigenesis based upon its expression and function in the
epithelial or mesenchymal compartments, underscoring the notion
that IMP1 may exhibit opposing effects in different contexts
[32,33]. Taken together, prior in vivo studies suggest that IMP1 is
a key regulator of development and cancer, potentially via regula-
tion of stem/progenitor cell maintenance [34]. We recently
demonstrated that Impl is expressed in intestinal epithelial stem
cells and that Impl deletion in these cells promotes enhanced
regeneration following whole body irradiation, suggesting that
Impl may play an integral role in modulating tissue damage
responses in the gut [35].

Prior in vitro reports have suggested a role for IMP1 in cellular
stress response. Studies of the IMP1 chicken orthologue, ZBP1,
revealed an essential role in the integrated stress response (ISR)
via differential regulation of mRNA fates in non-stressed versus
stressed cells [18]. Characterization of IMP1 RNP granules in vitro
revealed enrichment of mRNAs encoding proteins involved in the
secretory pathway, ER stress, and ubiquitin-dependent metabolism
[36]. Furthermore, evaluation of processing bodies (P-bodies)
using fluorescence-activated particle sorting (FAPS) demonstrated
enrichment of IMP1 together with translationally repressed
mRNAs, suggesting that IMP1 may stabilize and/or repress target
mRNAs [37]. Despite its considerable importance in normal devel-
opment and its role in coordinating cellular stress, the specific
mechanistic roles of IMP1 in adult tissues have yet to be eluci-
dated in vivo. The focus and goal for the present study is to
demonstrate functional roles of IMP1 in the adult gastrointestinal
epithelium (where IMP1 is dynamically expressed following
damage) in order to understand how these findings may be rele-
vant to human disease.

Results

IMP1 is upregulated in patients with Crohn’s disease and
ulcerative colitis

Previous studies demonstrated that Impl exhibits heterochronic
expression in mice during development, has low expression in
adult tissues, and is highly expressed in multiple cancers. Our
recent study revealed Impl upregulation in intestinal epithelial
cells in response to whole body irradiation [35]; however, the
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mechanistic role for Impl in regulating epithelial damage remains
unknown. We evaluated whole tissue biopsies from adult patients
with Crohn’s disease and ulcerative colitis (Table 1) in order to
ascertain IMP1 expression in human disease. We observed a > 5-
fold increase in IMPI RNA levels in both Crohn’s disease
(5.3 + 1.81) and ulcerative colitis mucosal biopsies as compared
to those from control subjects (6.6 + 2.6; Fig 1A). We confirmed
IMP1 overexpression in patients with Crohn’s disease via immuno-
histochemistry, where we observed both epithelial and stromal
IMP1 staining and confirmed little or absent IMP1 expression in
healthy control patients (Fig 1B). Consistent with these findings,
analysis of published the Pediatric RISK Stratification Study (RISK)
cohort of RNA-sequencing data [38] from pediatric patients with
Crohn’s disease (CD) patients revealed that IMPI is upregulated
significantly compared to control patients and that this effect is
specific to IMP1 (i.e., other distinct isoforms, IMP2 and IMP3, are
not changed; Fig 1C).

Table 1. Patient demographics.

Analysis Type Sex Age

qPCR Control Female 66
Control Male 64
Control Male 76
Control Male 61
Control Male 62
Control No info given No info given
CcD Male 21
CcD Female 73
CcD Female 28
CcD Male 20
CcD Female 32
CcD Female 22
CcD No info given No info given
cDh Female 49
uc Male 74
uc Male 32
uc Male 30
uc Female 57
uc Male 64
uc Female 56

IHC Control Female 40
Control Male 38
Control Male 47
Control Male 54
CcD Male 65
CcD Female 66
CcD Female 61
CcD Female 55

CD, Crohn’s disease; IHC, Immunohistochemistry; UC, Ulcerative colitis.

© 2019 The Authors
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Figure 1. IMP1 is upregulated in patients with Crohn’s disease and ulcerative colitis.

A gPCR analysis for IMP1 expression in colon biopsy samples from adult ulcerative colitis (UC) and Crohn’s disease (CD) patients. IMP1 expression is > 5-fold higher in
UC (6.554 £ 2.609, n = 6; P-value = 0.0302) and CD samples (5.314 + 1.807, n = &; P-value = 0.0343) as compared to control samples (1 = 0.1245, n = 6).
B Representative immunohistochemistry demonstrating IMP1 expression in colon biopsy samples from CD patients and normal adults (Scale bars = 500 um).

(@}

bowel disease (IBD) pediatric samples (n = 43).

O mm g

DSS (P-value = 0.0415).

Differential gene expression analysis of pediatric ileal CD patient samples (n = 180) shows increased (> 4-fold) IMP1 expression as compared to non-inflammatory

Experiment schematic. Mice were given either 3% or 5% dextran sodium sulfate (DSS) in drinking water for 5 days followed by 4 days of recovery.

With 3% DSS, mice with Imp1 deletion [Imp1%¢ (n = 8)] lost significantly less weight compared to controls (Imp1™" (n = 18); P-value = 0.0259 at day 6).

With 5% DSS, Imp1“¥“ mice began to regain weight at day 9 compared to controls (Imp1"" (n = 22) and Imp1* (n = 16; P-value = 0.0104).

Imp1“"€€ mice show significantly less total colitis (11.14 + 1.933, n = 7; scored blinded by a pathologist) as compared to Imp1"'" mice (17.75 + 2.144, n = 8) after 5%

H  Imp1“™€ mice show significantly less epithelial loss (5.286 + 0.865, n = 7) as compared to Imp1*"" mice (9.375 + 1.375, n = 8) after 5% DSS (P-value = 0.0303).

Data information: All data are expressed as mean £ SEM. *P < 0.05; **P < 0.01 by unpaired two-tailed t-test (for DSS weights, significance was determined using the

Mann-Whitney test).

Intestinal epithelial Imp1 deletion attenuates the effects of DSS-
mediated colonic damage

Our recent publication revealed that mice with Impl deletion in
intestinal and colonic epithelium (VillinCre; Imp1™¥", referred to as
Imp1”™€ mice; Fig EV1A) exhibit enhanced recovery following
12 Gy whole body irradiation, where Imp1™ mice formed signifi-
cantly more regenerative microcolonies in small intestine compared
to control mice [35]. To determine the role for Imp1 during colonic
injury, we evaluated ImpI“"= mice using the dextran sodium sulfate
(DSS) model, which leads to robust colonic epithelial damage
(Fig 1D). ImpI™" and Imp1?™° mice exhibited similar weight loss
during initial days of 3% DSS treatment, but ImpI“™=C mice exhib-
ited less weight loss during recovery starting at day 6 (1 day follow-
ing the cessation of DSS treatment, Fig 1E). We next evaluated mice
treated with higher (5%) DSS levels and evaluated mice at day 5
when damage level is peak. While we did not observe significant
differences in weight loss or histological colitis score between geno-
types at day 5 of 5% DSS (Fig EV1B and C), we did observe that 5%
DSS-treated ImpI?™° mice regain more weight at day 9 (4 days
following the cessation of DSS, Fig 1F) and exhibited significantly
lower histological colitis and epithelial loss scores compared to
controls at this key time point in epithelial recovery (Fig 1G and H).
Taken together, these data suggest that IMP1 is robustly upregulated
during chronic inflammation in patients with inflammatory bowel
disease and mice with intestinal epithelial Imp1 deletion exhibit an
increase in recovery following acute colonic damage.

We next evaluated Imp1”™€ mice during chronic DSS (Fig 2A).
We found that Imp 1™ mice exhibited less weight loss at the termi-
nation of the chronic DSS protocol compared to controls
(Fig EV1B-D), and this was associated with a significant decrease
in histological colitis, inflammation, hyperplasia, and mononuclear
cell score in ImpI1%™C mice (Fig 2B-E). In addition, expression of
Il6, Il11, Tnf, Il1b, and Ifng cytokines in colonic tissue was
decreased in Imp1?™€ mice (Fig 2F-J). Together, these observations
suggest that Imp1 loss in colonic epithelium is associated with an
attenuated response to chronic, DSS-induced epithelial damage,
allowing for better regeneration following inflammation. Because
ImpI loss was associated with less damage/better repair, we evalu-
ated whether Imp1¢ mice were more susceptible to inflammation
(DSS)-associated tumorigenesis [39]. We subjected mice to the
azoxymethane (AOM)-DSS model of colitis-associated tumorigene-
sis to determine the phenotypic consequence of Imp! deletion upon
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tumor growth (Fig 2K). We did not observe a significant difference
in tumor number, size, or load between the ImpI™" and Imp1™©
mice (Fig 2L-N). This is intriguing, since our prior studies demon-
strated that stromal Impl deletion was associated with enhanced
tumor growth [33]. Taken together, the present findings suggest
that colonic epithelial cells with Impl deletion regenerate better
following damage than mice with wild-type Imp1; however, these
mechanisms do not render Imp14€ mice more or less susceptible
AOM-DSS tumorigenesis.

IMP1 deletion is associated with changes in mRNA abundance
and translation efficiency

Our finding that ImpI1?™ mice exhibit better regeneration after
chronic DSS compelled us to evaluate putative pathways underlying
this phenotype. We demonstrated recently that IMPI deletion in
LIN28B overexpression cells is associated with global changes in
translation efficiency [35]. We therefore used ribosome profiling to
evaluate changes in protein translation in the SW480 colorectal
cancer cells with IMPI deletion (Fig EV1E). Following deep
sequencing to compare total RNA abundance, RNA fragments
protected by bound ribosomes (ribosome protected fragments,
RPFs) were sequenced to define actively translating mRNAs (Data
deposited in GEO (GSE112305) [NCBI tracking system #18999297]).
We found that IMPI deletion affected gene expression at both
mRNA abundance and RPF levels. Of the 10,043 genes analyzed,
7,386 exhibited no change in mRNA abundance or RPFs. We
observed that 642 transcripts were exclusively changed at the
mRNA abundance level, whereas 1,264 genes were changed only at
the RPF level. The rest of the genes were regulated on both the
mRNA abundance and RPF level (Fig 3A).

Translational efficiency of a gene is defined as the ratio of abun-
dance in RPF to that of total mRNA abundance for a gene [40]. Cells
with IMP1 deletion exhibited differential translational efficiency for
1,469 genes (all translational efficiency data is listed in Dataset
EV1). Pathway enrichment analysis for genes with differential trans-
lational efficiency [41] revealed a significant representation of path-
ways linked to cell cycle, gene expression and RNA processing,
post-translational modification, autophagy, and metabolism (Fig 3B
and Table EV1). These analyses (i) support the concept that IMP1
levels can globally affect mRNA abundance and translation effi-
ciency, and (ii) compelled us to consider autophagy as a putative
pathway underlying a role for IMP1 in colonic epithelial repair

© 2019 The Authors
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Figure 2. Intestinal epithelial Imp1 deletion attenuates the effects of DSS-mediated colonic damage.

A Mice were given three cycles of 2.5% dextran sodium sulfate (DSS) in drinking water for 5 days followed by a week of recovery. Mice were analyzed at day 36.
B Imp1“"E€ mice show significantly less total colitis (7.769 & 0.4824, n = 13; scored blinded by a pathologist) as compared to Imp1"/" mice (9.714 + 0.8371,n = 7;

P-value = 0.0435).

Imp14"¥€ mice show significantly less hyperplasia (1.615 & 0.1404, n = 13) as compared to Imp1"'" mice (2.286 4+ 0.2857, n = 7; P-value = 0.0287).

C

D Imp1“"E€ mice show significantly less inflammation score (6.231 & 0.3608, n = 13) as compared to Imp1"" mice (8 + 0.6901, n = 7; P-value = 0.0213).

E Imp12"€ mice show significantly less mononuclear cell infiltration (1.077 4+ 0.076, n = 13) as compared to Imp1"'" mice (1.714 + 0.2857, n = 7; P-value = 0.0128).
F-J  qPCR data showing cytokine expression following chronic DSS treatment in colon epithelium of Imp1"" (n = 4) and Imp1”¥€ mice (n = 6) at day 36 (P-values are

as follows: 0.0109 for //6, 0.0107 for /111, and 0.0240 for /11b).

K Tumors were induced in Imp1”" and Imp1€€ mice using the azoxymethane/dextran sodium sulfate (AOM/DSS) model.
L Tumors were evaluated 14 weeks after the initial AOM injection. Imp1"'" (8.235 + 1.723, n = 17, 5F/12M) and Imp1“'¥® (7.571 + 1.337, n = 14, 7F/7M) mice do not

show any significant difference in tumor initiation.

M, N Imp1”" and Imp1?"¥€ mice do not show any significant differences in tumor size or load. Imp1"'" n = 17, 5F/12M; Imp1'€¢ n = 12, 7F/7M.

Data information: Data are expressed as mean + SEM. *P < 0.05, **P < 0.01; by unpaired two-tailed t-test.
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Figure 3. IMP1 deletion increased level of proteins in the autophagy pathway.

A

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 loss is associated with changes in mRNA abundance and RPF.
Pathway analysis of genes with differential translational efficiencies between SW480 cells with and without IMP1 deletion to define signaling/effector pathways that

are enriched with IMP1 deletion.

based upon evidence for autophagy as a protective mechanism in
the gut [42-47].

Mice with Imp1 deletion exhibit Paneth cell abnormalities and
changes in epithelial cell autophagy

Despite significant morphological defects reported by others in Imp1
hypomorphic mice, including villus blunting and misshapen crypts
[28], we did not observe gross phenotypic changes in Imp14®¢ mice
where Imp1 is lost solely in intestinal epithelial cells, which suggests
that IMP1 is dispensable in this epithelial compartment during
homeostasis (Fig EV2A). We analyzed differentiated epithelial cell
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types and did not observe differences in Paneth, goblet, or enteroen-
docrine cell numbers between genotypes (Fig EV2B-E); however,
we observed diffuse lysozyme staining in ImpI*EC Paneth cells
(Fig 4A and B), which we confirmed using transmission electron
microscopy (Fig 4C).

Autophagy gene mutations have been associated with Paneth cell
granule defects in patients with disease in numerous published stud-
ies [48-52]. We therefore evaluated autophagy levels in Imp1/™©
mice. We performed western blotting for cleaved LC3 in freshly
isolated colon and jejunum crypt cells, which contain stem, Paneth,
and transit-amplifying cells. An increase in the lipidated form of
cleaved LC3 (lower band) coupled with decreased expression of the

© 2019 The Authors
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Figure 4. Mice with Imp1 deletion exhibit Paneth cell abnormalities and changes in epithelial cell autophagy.

A Paneth cells from Imp1"'" and Imp1?'€ mice were evaluated histologically using immunofluorescence (IF) for lysozyme (LYZ). E-cadherin (ECAD) staining was used

to demarcate individual epithelial cells. Note presence of diffuse lysozyme staining in Imp1?" mice. Scale bar = 25 pm.

Published lysozyme scoring was utilized to evaluate specific Paneth cell phenotypes. Imp14£“ mice exhibit a significant shift from normal to diffuse lysozyme

phenotype (n = 4 mice per genotype, blinded scoring; P-value = 0.0116).

C  Transmission electron microscopy revealed an abundance of smaller, electron dense granules in Imp1#€¢ mice compared to control.

D  Western blot for cleaved LC3 and p62 in colon epithelial cells from /mp1"'" and Imp14'¢
densitometry measurements listed below each band.

E, F Live cell staining of autophagic structures with the cationic amphiphilic tracer dye CytolD indicated a significant increase in autophagic vesicle content in crypt
epithelial cells from Imp14'¥“ mice (n = 8) compared to Imp1"" mice (n = 7) via flow cytometry (representative histogram plot in E).

G Crypt enteroids from control and ImpI1'¥ mice treated with Bafilomycin A1 for 12 h. Enteroids were washed with cold PBS and harvested in protein lysis buffer prior to
immunoblot. Blot is representative of two independent experiments, representing independent enteroid lines. Densitometry measurements are listed below each band.

mice. Blots are representative of three independent experiments with

Data information: All data are expressed as mean £ SEM. *P < 0.05; **P < 0.01, ***P < 0.001; by ordinary one-way ANOVA with Bonferroni’s multiple comparison test
(F) or unpaired two-tailed t-test (B).

© 2019 The Authors EMBO reports  20: 4707412019 7 of 16



EMBO reports

autophagy cargo-associated protein p62 suggested that autophagy flux
may be increased in ImpI14"® mice (Fig 4D colon; Fig EV2F jejunum)
[53]. We observed concurrently a decrease in autophagy cargo-asso-
ciated protein p62 in Impl?™° colon crypts (Fig 4D). To evaluate
changes in autophagy flux by a second method, we utilized freshly
isolated, live crypt cells stained with the cationic amphiphilic tracer
dye CytoID, which selectively labels autophagic structures [54-56].
We validated CytoID as a tool to measure autophagy in crypt cells via
western blot and flow cytometry using Atg7*"™ mice (Fig EV3A and
B). CytoID analysis revealed an increase in basal autophagic vesicle
content in ImpI1“™* mice compared to ImpI1"”, an effect that was
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Figure 5. IMP1 interacts with autophagy transcripts.
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amplified in live cells at day 4 recovery following 12 Gy irradiation
(Fig 4E and F). We did not observe significant differences in cell
viability between genotypes in this assay (Fig EV3C). Taken together,
these data suggest that Imp1“™®® mice exhibit modest, yet significant
increases in basal autophagy flux in intestinal epithelium.

Ribosome profiling analysis demonstrating increased translation
efficiency of the autophagy pathway with IMPI deletion was consis-
tent with observed increases in LC3 protein levels in both ImpI14%C¢
mice and IMP1-KO cells (Figs 4D and EV4A). We observed minimal
differences in mRNA levels for autophagy genes in vitro or in vivo
(Fig EV4B and C), except for Atg3 and ATGS, which were increased
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A catRAPID transcript score. For each predicted transcript, we measured the IMP1 interaction propensity with respect to the negative control IgC. Negative targets

(ITGA7 and TNFRSF1B) were also evaluated.

B We retrieved CLIP scores from published eCLIP data and compared 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). CLIP data scores were calculated as total number of reads

corresponding to the transcript divided by the length of the different isoforms.

C We evaluated binding of endogenous IMP1 to autophagy transcripts using RIP assays in SW480 cells (n = 3). Specific enrichment of IMP1 was confirmed by IP with
either IMP1 or control IgG antibodies followed by western blot for IMP1. We used cells with IMP1 deletion as negative control.

D Enrichment of target transcripts over control is represented relative to negative target, TNFRSF1B. ACTB is the positive control (P-value < 0.0001; n = 3 independent
experiments). The targets that are significant are ATGS (P-value = 0.0013), MAP1LC3B (P-value = 0.0148), and ATG3 (P-value = 0.0052).

Data information: All data are expressed as mean & SEM. *P < 0.05; **P < 0.01, ****P < 0.0001; by ordinary one-way ANOVA test or unpaired two-tailed t-test.
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in vitro and in vivo, respectively. We found a significant increase in
Atg5 protein levels in Imp1/™C mice as well (Fig EV4D). To evaluate
autophagy flux, we assessed crypt enteroids from Imp14*®“ mice in the
presence of the Bafilomycin A, a lysosomotropic agent that inhibits
autophagy. We observed a robust increase in cleaved LC3 and accu-
mulated p62 in Bafilomycin A-treated Imp1#™ enteroids as compared
to Imp1™7, suggesting higher autophagy flux in knockout enteroids
(Fig 4G). These data support Imp1 in intestinal epithelium as a nega-
tive regulator of autophagy. Thus, dynamic regulation of Impl may
serve to modulate autophagy during the reparative response.

IMP1 interacts with autophagy transcripts

IMP1 is a pleiotropic protein that has been demonstrated to bind
directly to a large number of transcripts in cell lines [26,57]. We
therefore evaluated putative interactions between IMP1 protein
and autophagy transcripts. We first performed in silico analyses to
assess binding propensities of IMP1 for autophagy transcripts using
catRAPID (fast predictions of RNA and protein interactions and
domains at the Center for Genomic Regulation, Barcelona, Catalo-
nia), which predicts RNA:protein interactions based upon nucleo-
tide and polypeptide sequences as well as physicochemical
properties [58]. These analyses predicted binding of IMP1 to
BECNI, MAPILC3B, and ATG3 transcripts (Fig 5A), as well as the
positive control ACTB. IMP1 binding was also predicted to
ATGIG6LI, ATG?7, and ATGS, albeit with low binding scores. This
algorithm predicted no binding to negative targets TNFRSF1B and
ITGA7 [26]. We next evaluated published IMP1 eCLIP data [26]
for the same autophagy transcripts and found positive binding
(Fig 5B). We interrogated published eCLIP data for binding loca-
tion of autophagy transcripts and found that all IMP1 reads on
autophagy transcripts were localized on untranslated regions
(UTR) regions. Specifically, these analyses revealed IMP1 binding
on the S'UTR for ATG3, ATGS5, and BECNI and 3'UTR for
ATGIG6LI, ATG7, and MAPILC3B (Table 2).

To evaluate IMP1 binding to these targets in colon cancer cell
lines, we performed ribonucleoprotein (RNP)-immunoprecipitation
with antibodies to endogenous IMP1 in SW480 (Fig 5C) and Caco2
cells (Fig EV4E and F). Previously confirmed IMP1 target ACTB and
negative targets TNFRSFIB and ITGA7 were used as positive and
negative controls, respectively. We observed significant enrichment
of IMP1 (normalized to input and then negative controls) binding to
autophagy genes MAPILC3B, ATGS, and ATG3 (Fig 5D). ATG7 and
BECNI demonstrated higher enriched binding than negative
controls, but these were not significant. Taken together, we demon-
strate via three independent methods that IMP1 binds directly to a
subset of autophagy transcripts, all of which are required early in
the autophagy cascade.

Atg7 deletion augments the response of Imp1'5 mice to DSS-
induced colonic damage

We reported recently that ImpI14EC mice recover more efficiently
following 12 Gy whole body irradiation [35]. To evaluate the rela-
tive contribution of autophagy to colonic epithelial responses to DSS
in Imp1™C mice, we crossed Impl*EC mice with mice harboring
Atg7-floxed alleles (Imp14ECAtg74EC). ATG7 is an essential compo-
nent of the ATG conjugation system and is critical for early
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Table 2. eCLIP binding analysis.
Number of reads that bind to

Transcript 5'UTR CDS 3'UTR
MAP1LC3B 0 0 32
ATG3 25 0 0
ATG16L1 0 0 25
ATG7 0 0 86
ATG5S 8 0 0
BECN1 20 0 0

CDS, coding determining region; UTR, untranslated regions.

autophagosome formation [59]. In addition, prior studies of intesti-
nal epithelial-specific Atg7 deletion demonstrated loss of autophagic
vacuoles via transmission electron microscopy analysis similar to
that of intestinal epithelial-specific knockout of the autophagy genes
Atgl6LI or AtgS [43,60]. Interestingly, we found upregulation of
Impl protein levels with Atg7 deletion (Fig 6A). Prior studies
suggest modest enhanced susceptibility to colitis in mice with
genetic deletion of Atg7 [61]. When Atg7*™“ and Imp1*™CAtg7™¢
mice were treated with 3% DSS and compared to experiments
performed in Fig 1E, we found that Imp1™7, Imp14™, and Atg7*™=¢
mice exhibited modest weight differences during recovery, whereas
Imp1?™€Atg7*EC mice exhibited rapid weight loss and did not
recover (Fig 6B and C), suggesting a compensatory mechanism
between Impl and Atg7. Using a higher dose of 5% DSS, we
observed that both Atg7*™ mice and Imp1*EAtg7*"® mice became
moribund more rapidly than Imp1"" and Imp1™C mice (Fig EV5A
and B).

To determine whether concurrent deletion of ImpI and Atg7 is
associated with spontaneous inflammation, we aged these mice for
12 months and evaluated them for histological changes. Blinded
examination of colon and small bowel sections revealed no dif-
ference between aged ImpI™" and Imp14™FCAtg7*"" mice. ImpI14™®
CAw7AIEC mice exhibited minimal foci of acute inflammation
(neutrophils in < 5% of examined mucosa) in 3 of 8 colons and 7 of
8 small bowels; similar findings are seen in control colon (1 of 6)
and small bowel (3 of 6; Fig 6D). There were no features that
suggest spontaneous chronic enteritis in either group.

Discussion

In the current study, we evaluated roles for the RNA binding protein
IMP1 to regulate tissue homeostasis in colonic epithelium. Prior
in vivo studies have implicated IMP1’s critical function in develop-
ment, and we and others have demonstrated diverse roles for IMP1
in cancer [28,32,33,35]. The present study is the first to uncover
in vivo mechanisms for IMP1 during colonic epithelial repair, which
could have important implications in human disease. Indeed, we
report that IMP1 is upregulated in patients with Crohn’s disease and
ulcerative colitis and that mice with Impl loss exhibit enhanced
repair following DSS-mediated damage.

RNA binding proteins can exhibit pleiotropic roles during home-
ostasis and stress. IMP1-containing RNP granules are localized
around the nucleus and in cellular projections, containing mRNAs
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Figure 6. Atg7 deletion augments the response of Imp14/5 mice to DSS-induced colonic damage.
A Representative western blot for cleaved LC3-1 protein in mice with Atg7 deletion (Atg74" and Imp1*"€Atg7"€ mice). Atg7“'c mice also exhibit increase in IMP1

expression with densitometry measurements listed below each band.

B Evaluation of weight loss during 3% DSS and recovery for Imp1™" (n = 18), Imp1¥€ (n = 8), Atg7*"“ (n = 5), and Imp1?"€Atg7*" (n = 7) mice. At day 5, Imp14"¥;
Atg7“"E€ mice lose significantly more weight as compared to control mice (P-value = 0.0076). Note that data for Imp1"'" and Imp1%¥¢ mice from Fig 1 are presented
here for comparison to Atg74"¢and Imp12'€S:Atg74"*¢ mice, which were performed in a separate cohort.

C Kaplan—Meier curve of the mice used in (B), demonstrating Imp1€Atg7"€ mice become moribund prior to study endpoint during recovery from 3% DSS compared

to controls (P-value = 0.0082).

D Representative images of blinded examination of small bowel and colon sections from aged Imp1*’" and Imp1?'Atg74"= mice. Imp14Atg7" mice exhibited
minimal foci of acute inflammation (neutrophils in < 5% of examined mucosa pointed by yellow arrows; Scale bar = 100 pum).

Data information: All data are expressed as mean £ SEM. **P < 0.01. For DSS weights, significance was determined using the Mann—Whitney test. Cox regression was

used to calculate statistical significance for Kaplan—Meier curves.

representing up to 3% of the transcriptome in HEK293 cells [36].
These granules contain significant enrichment of transcripts encod-
ing proteins involved in ER quality control, Golgi, and secretory
vesicles. Recent studies describe IMP1 localization in P-bodies,
which house mRNAs involved in many regulatory processes that
are transiently repressed [37]. This suggests that IMP1 may modu-
late repression of target mRNAs in certain contexts. In the present
manuscript, we find that IMP1 deletion is associated with
increased autophagy, which indicates a putative role for IMP1 to
repress this pathway in intestinal epithelial cells (Fig 7).
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provide evidence for increased mRNA, protein, and translation effi-
ciency of autophagy pathway components with IMP1 deletion
suggesting that IMP1 could affect the autophagy pathway both
transcriptionally and translationally, either directly or indirectly.
Future studies are required to demonstrate whether IMP1 directly
modulates translation of autophagy transcripts in the colonic
epithelium.

We cannot exclude a role for IMP1 in regulating autophagy
transcript stability. Recent eCLIP studies in human pluripotent
stem cells (hPSCs) revealed IMP1 binding largely, but not
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Figure 7. IMP1 contributes to colonic epithelial repair in part via modulation of autophagy.

We demonstrate that Imp1 deletion enhances autophagy flux and promotes better recovery from DSS-induced damage. Deletion of Atg7 in mice with Imp1 deletion increases
sensitivity to damage, suggesting that pathways regulated by Impl may normally compensate for autophagy loss. These data contribute to a working model whereby
dynamic regulation of Imp1 during injury may serve to modulate autophagy during the reparative response.

exclusively, to 3'UTRs to regulate mRNA stability (Conway 26),
whereas our analysis of this dataset revealed IMP1 binding to
ATG3 and ATGS transcripts at the 5’UTR. In addition, recent stud-
ies described a new role for IMP proteins as “readers” of N 6-
methyladenosine (m®A) modified mRNAs [27]. This is intriguing,
as emerging studies suggest that autophagy transcripts may be
controlled by m°A modification [62]. It is therefore likely that
IMP1 may modulate the autophagy pathway via multiple mecha-
nisms, which provides one explanation as to why we observe
direct binding of some, but not all autophagy transcripts in RIP
assays for IMP1 in colon cancer cell lines.

In intestinal epithelial cells (IECs), autophagy can contribute to
microbial regulation through packaging and secretion of lysozyme
by Paneth cells [63]. Independent groups have demonstrated that
mice with AtgIl6ll gene mutations are more sensitive to colitis or
infection, exhibit increased serum IL-1p and IL-18, and display dif-
fuse lysozyme staining in Paneth cells [42-47]. Evaluation of
Imp1?™€ mice revealed diffuse lysozyme staining. Recent studies
have demonstrated that Paneth cells secrete lysozyme via secretory
autophagy during bacterial infection through activation of dendritic
cell-innate lymphoid cells circuit [63]; however, it remains unclear
whether secretory autophagy is engaged as a homeostatic mecha-
nism. As such, it would be interesting to determine whether IMP1
may regulate Paneth cell secretory autophagy in future studies,
which could underlie its putative role in patients with inflammatory
bowel disease. Our finding that Atg7 deletion sensitizes Imp1™¢

© 2019 The Authors

mice to DSS together with data that Imp1 is upregulated with Atg7
deletion suggests a potential compensatory role for pathways regu-
lated by IMP1 and autophagy. Prior studies have demonstrated that
the ER stress pathway is upregulated in mice with autophagy dele-
tion and that deletion of both pathways at the same time
can promote spontaneous ileitis [60]. We therefore evaluated
ImpI*CAtg74™C mice for evidence of spontaneous intestinal
inflammation, but did not find any evidence of chronic enteritis in
these mice.

We developed recently a transgenic mouse with intestinal epithe-
lial Impl overexpression [35] and found that these mice do no
exhibit spontaneous inflammation (evaluated up to 16 months of
age, unpublished). Therefore, our data demonstrating high IMP1
expression in patients with Crohn’s disease and ulcerative colitis
suggest that IMP1 may be upregulated as a consequence of chronic
stress or inflammation rather than acting as an initiating factor. The
upstream signaling pathways that regulate IMP1 expression in
intestinal epithelial cells and the fate of IMP1-bound transcripts (sta-
bilization versus degradation) during chronic inflammation are
therefore a key area for future investigation. In summary, the
current data contribute to a working model whereby IMP1 may
function as a mediator of epithelial repair in part by modulating or
compensating for autophagy aberrations in intestinal epithelial cells.
More broadly, these studies underscore the importance of evaluat-
ing posttranscriptional contributions to gastrointestinal homeostasis
and disease.
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Materials and Methods
Human sample analyses

Frozen colon tissue and formalin-fixed paraffin-embedded (FFPE)
samples from adult normal, Crohn’s disease, and ulcerative colitis
patients were obtained from the Cooperative Human Tissue
Network (CHTN) via the University of Pennsylvania Center for
Molecular Studies in Digestive and Liver Diseases Molecular Biology
and Gene Expression Core. Patient demographics are listed in
Table 1. RNA was extracted from frozen tissue using Trizol
(Thermo Fisher, Waltham, MA). Publicly available RNA-sequencing
data from the RISK cohort of pediatric ileal Crohn’s [38] were evalu-
ated for differential expression of IGF2BP1 (IMP1), IMP2, and IMP3.
Sequenced reads were trimmed using Trim Galore! (version 0.4.4),
and aligned to the GRCh37 reference genome using STAR, version
2.5.3a. Uniquely mapped reads were quantified by Ensembl gene
IDs using featureCounts from Subread version 1.6.0. Lowly or unex-
pressed genes were removed from the analysis if they showed < 2
counts per million in < 5 samples across all conditions. Read counts
were transformed with voom and evaluated for differential expres-
sion using limma. Immunohistochemistry for IMP1 in human tissue
sections was performed using anti-IMP1 (Santa Cruz, sc-21026,
Table EV4) using Animal-Free Blocker (Vector Laboratories).

Mice

Mice were cared for in accordance with University Laboratory
Animal Resources requirements under an Institutional Animal Care
and Use Committee-approved protocol. VillinCre;ImpI-floxed
(ImplAIEC) mice were generated previously [32] and maintained on
a C57Bl/6 background. Control mice had floxed, intact alleles
(ImpI1™™). Male and female mice were both used at 8-12 weeks.
Atg7-floxed mice were kindly provided by RIKEN BRC through
National Bio-Resource Project of MEXT, Japan [59]. Genotyping
primers are listed in Table EV2. Mice were housed in specific
pathogen-free conditions and fed standard, irradiated chow and
water ad libitum.

Co-housed control and experimental genotypes were randomized
at weaning across multiple cages. Mice were given 3% or 5%
dextran sodium sulfate (40,000-50,000 kDa molecular weight; Affy-
metrix CAS 9011-18-1) in drinking water for acute or 2.5% DSS for
chronic colitis. During all experiments, body weights were recorded
daily, and mice were euthanized before losing a maximum of 25%
total body weight or if they began to show poor body condition.
Mice that died or were euthanized prior to the study endpoint due
to poor body condition were included in weight loss calculations
where data points were available. Histological scoring was
performed blinded by expert veterinary pathologist Enrico Radaelli
and human pathologist Benjamin Wilkins according to published
protocols [64]. Sample sizes were determined based upon the inves-
tigators’ prior experience with specific models (KEH, GDW). Animal
numbers are listed in Table EV3. Data for both sexes were combined
and analyzed with specific statistical tests indicated in each figure
legend.

For AOM/DSS tumor model, adult (8-12 weeks) male and female
control and ImpI™€ mice were given a single intraperitoneal injec-
tion of azoxymethane (AOM, Sigma, St Louis, MO) at a dose of
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10 mg/kg, followed by three cycles of 2.5% dextran sodium sulfate
(DSS, Affymetrix, Santa Clara, CA) for 5 days in the drinking water
ad libitum with 1 week of normal water in between each cycle.
Mice were sacrificed 14 weeks after the AOM injection. A total of
> 14 mice per genotype were tested across two independent experi-
ments. Upon sacrifice, gross colon lesions were evaluated in a
blinded fashion (KEH) using a Nikon SMZ645 dissecting stereomi-
croscope.

gRT-PCR

Cell line, small intestine, or colon crypt epithelial RNA was isolated
using GeneJet RNA purification kit (ThermoFisher). Equal amounts
of total RNA were reverse-transcribed using Tagman RT Reagents
kit and resulting cDNA used with Power SYBR Green PCR Master
Mix (Applied Biosystems/ThermoFisher) or Tagman Fast Universal
PCR Master Mix (Applied Biosystems/ThermoFisher) and validated
primer sets (Table EVS5). Non-reverse-transcribed samples were
used as no RT controls. Gene expression was calculated using
R = 2(-2%) method, where changes in C, values for the genes of
interest were normalized to housekeeping genes. All experiments
were replicated in at least three independent experiments with tech-
nical replicates (duplicates).

Histology

Small intestines were fixed in 10% formalin, processed, and paraf-
fin-embedded. Immunofluorescence (IF) staining was performed
using heat antigen-retrieval in citric acid buffer (pH 6.0) and stain-
ing with antibodies listed in Table EV4. For all staining, no-primary
and/or biological negative controls (Imp1“) were used. Lysozyme
scoring was performed according to published protocols [42,60] by
a blinded investigator (ETL). Muc2 scoring was performed by count-
ing the number of Muc2-positive in 10 high powered (10x%) fields
taken at random throughout the small intestinal epithelium. Images
were taken and counted by an observer blinded to genotype (SFA).
Counting was performed using the ImageJ Cell Counter plugin.

Transmission electron microscopy

Mouse small intestine tissues were fixed in cacodylate-buffered
2.5% (w/v) glutaraldehyde, post-fixed in 2.0% osmium tetroxide,
and then embedded in epoxy resin and ultrathin sections post-
stained in the University of Pennsylvania Electron Microscopy
Resource Laboratory. Images were obtained using Jeol-1010 trans-
mission electron microscope fitted with a Hamamatsu digital camera
and AMT Advantage imaging software. A total of four mice per
genotype were evaluated by two investigators for Paneth cell gran-
ule morphology and representative photographs presented (KEH
and BJW) [53]. Image contrast was enhanced equally in all photo-
graphs.

Western blot
SW480 and Caco2 cells or isolated mouse epithelial cells were
harvested in western lysis buffer (Cell Signaling #9803, 10 mM NaF,

1 mM Na3;VO,, Halt protease cocktail ThermoFisher #78430),
resolved in reducing conditions on 4-12% gradient gels, and
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detected with ECL Prime Western Blotting Detection Reagent (Amer-
sham; RPN2232). Antibodies are listed in Table EV4. Western blots
were reproduced in at least three independent passages of cells
representing individual experiments.

Autophagy analyses via CytolD

CytolD 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 (4',6-diamidino-2-phenylindole). 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 fluores-
cence. 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 analysis was
utilized (KAW) [54,65].

Cell lines

Human colon cancer cell line SW480 (ATCC CCL-228) and Caco2
(ATCC HTB-37) cells were obtained from ATCC. Cells are tested for
mycoplasma at least every 3 months. IMPI was deleted in SW480
cells 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.

Ribosome profiling

Ribosome profiling libraries from three pooled cell culture plates
were prepared using a standard protocol [66], with minor modifi-
cations. Separate 5’ and 3’ linkers were ligated to the RNA-frag-
ment instead of 3’ linker followed by circularization [67]. 5
linkers contained four 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 fragmenta-
tion by incubating for 15 min at 95°C with 1 mM EDTA, 6 mM
Na,CO;, and 44 mM NaHCO;, pH 9.3. RNA-seq fragments were
restricted to 18-50 nts. Ribosomal rRNA was removed from
pooled RNA-seq and footprinting samples using RiboZero (Epicen-
ter MRZH116). cDNA for the pooled library was PCR-amplified
for 15 cycles. RNA-seq and footprinting reads were mapped to
the human transcriptome using the riboviz pipeline [68].
Complete TE analyses and pathway analyses are provided in
Dataset EV1 and Table EV1, respectively.

Enteroid analyses

Crypt isolation and culture was performed as described previously
[69]. An equal number of crypts were plated in 24-well plates at
a density of 300 crypts per well in an 80/20 mixture of Matrigel
Matrix (Corning) and complete media (containing 50 ng/ml mouse
EGF (R&D Systems) and 2.5% Noggin/R-spondin conditioned
media [70]. Enteroids were treated with 100 ng/ml Bafilomycin A
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for 12 h and harvested using western lysis buffer. Two indepen-
dent enteroid lines from each of Imp1™" and Imp1?"° mice were
generated and used at passage 1. Impl knockout was confirmed
by qPCR.

catRAPID analyses

We used the catRAPID fragment approach [71,72] to predict IMP1
binding to autophagy-related transcripts (i.e., MAPILC3B, ATGS3,
BECNI1, ATGS, ATGI6L1, and ATG7). ACTB and TNFRSFIB/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

Given a transcript isoform r;, we used catRAPID uniform fragmenta-
tion to generate j overlapping fragments that cover the entire
sequence. The fragments r;; are then used to compute catRAPID
interacting propensities with IMP1 and IgG (negative control). We
define the interaction threshold 6(r;) as the highest interaction
propensity score that IgG has with the j fragments generated from
sequence 7y

0(r;) = max(n(p = 1gG, r = ;)] @8]
j

For every IMP1 interaction with fragments, we computed the
normalized interaction n’ by subtracting the interaction threshold of
the corresponding transcript to the catRAPID interaction score.

'(p =IMPLl,r =ry;) = n(p = IMP1,r =1y;) — 6(ry) )

Fragments with normalized interaction score =’ >0 are
predicted to interact with IMP1. The Isoform Score of each isoform
IT; is computed as the average normalized interaction score of
interacting fragments ©’ > 0 over the total number of fragments n
@:

1 n(i

J)
||:m§ ©(p=IMPl,r=ry;)Vj: "' (p=IMPL,r=r;;) >0 (3)
i i

We define the Transcript Score I1, (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:

1 N(r)
L =511 @
t
Where N(r) is the number of isoforms considered for each
transcript.
Ribonucleoprotein particle (RNP)-immunoprecipitation
RNP-immunoprecipitations (RIPs) were performed in Caco2 and

SW480 cells using the RiboCluster Prolifer™ RIP-Assay Kit (Medical
& Biological Laboratories) according to manufacturer’s instructions.
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Anti-IMP1 (MBL RN007P, which targets 561-577aa) or control IgG
(supplied in kit) was used. Quality control samples for total protein
and RNA input as well as immunoprecipitated proteins were evalu-
ated for each experiment. Isolated RNA was reverse-transcribed
using the Tagman RT Reagents kit and qPCR performed using the
oligonucleotides listed in Table EV5. Raw C; values from IMP1- and
IgG- immunoprecipitated samples were used to determine “percent
input” for each target, followed by dividing IMP1-immunoprecipi-
tated signal by the respective IgG signal. Data for each individual
target were then normalized to input and expressed as fold-enrich-
ment relative to negative control targets TNFRSF1B. Positive control
was previously identified IMP1 target ACTB [9,15]. Three indepen-
dent RIP experiments were performed. Cells with IMP1 deletion
were used as negative control.

Statistical analyses

Applying unpaired, two-tailed Student’s t-tests or one-way ANOVA,
with P < 0.05 as statistically significant, determined statistical signif-
icance of comparisons between control and experimental conditions
unless otherwise noted in the figure legends. For weight analyses in
DSS experiments, statistical significance is determined using the
non-parametric Mann-Whitney test. Cox regression was used to
calculate statistical significance for Kaplan-Meier curves. For all
analyses, unless noted otherwise, data from a minimum of three
experiments are presented as mean =+ standard error of mean
(SEM). Sample sizes for individual experiments, including biological
and technical replicates, are described in each figure legend, as well
as number of experimental replicates.

Expanded View for this article is available online.
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