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SUMMARY

Intestinal epithelial deletion of the IGF2 messenger RNA
binding protein 1 enhances cell stemness and regeneration

in an autophagy-dependent manner. /GF2 messenger RNA
binding protein 1 modulates intestinal autophagy by regu-
lating protein levels of microtubule-associated protein 1
light chain 3.

BACKGROUND & AIMS: The intestinal epithelium interfaces
with a diverse milieu of luminal contents while maintaining
robust digestive and barrier functions. Facultative intestinal stem
cells are cells that survive tissue injury and divide to re-establish
the epithelium. Prior studies have shown autophagic state as
functional marker of facultative intestinal stem cells, but regula-
tory mechanisms are not known. The current study evaluated a

post-transcriptional regulation of autophagy as an important
factor for facultative stem cell state and tissue regeneration.

METHODS: We evaluated stem cell composition, autophagic
vesicle content, organoid formation, and in vivo regeneration in
mice with intestinal epithelial deletion of the RNA binding
protein IGF2 messenger RNA binding protein 1 (IMP1). The
contribution of autophagy to resulting in vitro and in vivo
phenotypes was evaluated via genetic inactivation of Atg?7.
Molecular analyses of IMP1 modulation of autophagy at the
protein and transcript localization levels were performed using
IMP1 mutant studies and single-molecule fluorescent in situ
hybridization.

RESULTS: Epithelial Imp1 deletion reduced leucine rich repeat
containing G protein coupled receptor 5 cell frequency but
enhanced both organoid formation efficiency and in vivo
regeneration after irradiation. We confirmed prior studies
showing increased autophagy with IMP1 deletion. Deletion of
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Atg7 reversed the enhanced regeneration observed with Imp1
deletion. IMP1 deletion or mutation of IMP1 phosphorylation
sites enhanced expression of essential autophagy protein
microtubule-associated protein 1 light chain 38. Furthermore,
immunofluorescence imaging coupled with single-molecule
fluorescent in situ hybridization showed IMP1 colocalization
with MAP1LC3B transcripts at homeostasis. Stress induction led
to decreased colocalization.

CONCLUSIONS: Depletion of IMP1 enhances autophagy, which
promotes intestinal regeneration via expansion of facultative
intestinal stem cells. (Cell Mol Gastroenterol Hepatol
2024;17:439-451; https://doi.org/10.1016/jjcmgh.2023.12.001)

Keywords: Autophagy; regeneration; post-transcriptional gene
regulation; intestinal homeostasis.

gr5+ active intestinal stem cells (a-ISCs) are the

workhorse cells of the epithelium, ensuring a robust
pool of cells to execute digestive and barrier functions in the
gut at homeostasis. However, a-ISCs are highly susceptible
to cell death owing to DNA damage and inflammation.’
When a-ISCs are depleted, the intestinal epithelium shows
plasticity (functional fluidity in cell identity and state) and
can recover via facultative intestinal stem cells (f-ISCs).” **
f-ISCs are relatively injury-resistant, and our recent work
identified autophagic state (specifically autophagic vesicle
levels) as a marker of crypt f-ISCs showing both DNA
damage resistance and plasticity."* Although cell states that
contribute to f-ISC capacity are beginning to be understood,
the regulatory factors facilitating these states remain
elusive.

RNA-binding proteins (RBPs) can regulate messenger
RNA (mRNA) processing, and, ultimately, cell state, by
governing interactions of mRNAs with the translation ma-
chinery, cytoskeletal network, or other trans-acting fac-
tors."* RBPs contribute to an essential mechanism for cells
to preferentially translate mRNAs in response to external
stimuli or stress. Our prior work showed that intestinal
epithelial-specific deletion of the RNA binding protein IGF2
messenger RNA binding protein 1 (IMP1) was associated
with increased autophagy in the colon and enhanced colon
regeneration after dextran sodium sulfate-mediated
epithelial damage.'® Furthermore, we found Imp1 deletion
was associated with increased regenerative microcolonies
after irradiation, and Imp1 deletion in Hopx-CreER express-
ing f-ISCs recapitulated the same phenotype, highlighting a
role for Impl in regulating f-ISC response to irradiation-
induced injury.'® However, the specific role for IMP1 in
modulating the balance between a-ISCs and f-ISCs (where
IMP1 is primarily expressed), and the mechanistic role for
IMP1 in autophagy regulation in the intestine are not
known.

In the present study, we evaluated mice with intestinal
epithelial Imp1 deletion to evaluate the frequency of Lgr5-
EGFP a-1SCs at homeostasis. We used ex vivo organoid for-
mation assays to define the census of single crypt cells with
stem cell capacity. We also evaluated the expression of
regeneration-associated genes. We then combined deletion

Cellular and Molecular Gastroenterology and Hepatology Vol. 17, Iss. 3

of Imp1 and the essential autophagy gene Atg7 to define the
requirement of autophagy in Imp1 deletion-mediated phe-
notypes in vitro and in vivo using an irradiation injury
model. Prior studies defined a direct interaction between
IMP1 protein and autophagy transcripts, especially
MAP1LC3B. We therefore evaluated the molecular mecha-
nisms of IMP1 deletion or IMP1 phosphorylation mutants
on microtubule-associated protein 1 light chain 38
(MAP1LC3B) protein expression and mRNA localization at
homeostasis and during cell stress. We show that Imp1
deletion reduces the number of Lgr5-EGFP a-1SCs, while at
the same time increasing organoid formation efficiency.
Imp1 deletion is associated with an increase in pro-
regenerative pathways including autophagy, which we show
is required for the regenerative benefit observed with Imp1
deletion. At the molecular level, IMP1 colocalized with
MAPILC3B transcripts at homeostasis, whereas stress
reduced this co-localization. Our data support a model in
which depletion of IMP1 enhances autophagy, which pro-
motes intestinal regeneration via expansion of facultative
intestinal stem cells.

Results
Epithelial IMP1 Deletion Reduces a-ISC
Frequency While Enhancing Organoid Formation

Efficiency

Although we previously reported that Imp1 deletion in
intestinal epithelial cells (IEC, Imp1“/E“) enhances intestinal
regeneration after 12 Gy whole-body irradiation,'® the ef-
fects of Imp1 loss on stem cell dynamics during homeostasis
is not known. We therefore evaluated the ability of epithelial
cells from Impl-deficient small intestinal crypts to form
enteroids when plated as single cells in a 3-dimensional
matrix in the presence of stem cell-supporting growth fac-
tors. We observed that Imp1-deficient crypt epithelial cells
can form significantly more organoids than their wild-type
counterparts (Figure 14 and B). To determine whether
this increased stem cell capacity is a result of an increased
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protein; HEK, Human Embryonic Kidney; IGF2BP1, IGF2 messenger
RNA binding protein 1; IMP1, IGF2 messenger RNA binding protein 1;
LC3, microtubule-associated protein light chain 3; Lgr5, leucine rich
repeat containing G protein coupled receptor 5; MAP1LC3B, micro-
tule-associated protein light chain 3beta (gene/transcript); mRNA,
messenger RNA; mTORC, mechanistic target of rapamycin complex;
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Figure 1.Imp1 deletion enhances organoid formation in intestinal epithelial cells. (A) Brightfield imaging showing that
in Imp1 AIEC mice, crypt-derived epithelial cells show enhanced %ganoid formation efficiency (OFE) compared with Imp1WT
mice. (B) Quantification of organoid formation efficiency in Imp1¥" and Imp12'E° crypt-derived epithelial cells. N = 3 mice/
group, 4-6 wells/mouse. P value was generated by a 2-tailed Student t test. (C) Plots showing a reduction in Lgr5-GFP+
intestinal stem cells in Lgr5—GFP;!/|\',n1J:>1A'EC vs Lgr5-GFP;Imp1™T mice. (D) Quantification of Lgr5-GFP+ cells in Lgr5-
GFP;Imp12'E° and Lgr5-GFP;Imp1"T mice. N = 5 mice/group. P value was generated by a 2-tailed Student t test.
(E) Representative fluorescent imaging of GFP+ crypts in Lgr5-GFP;Imp12'E° and Lgr5-GFP;Imp1*¥T mice. (F and G) gPCR fold
change quantification showing Tacstd2 and Ly6a expression in Imp14° vs Imp1"T organoids during initial plating and
subsequent passaging. N = 3-5 mice/group, 4-6 wells/mouse. P value was generated by a 2-way analysis of variance. (H and
/) Quantification of organoid formation efficiency in Imp1/T and Imp12'E° crypts during initial organoid plating and subsequent
passaging. N = 3 mice/group, 4-6 wells/mouse. P value was generated by a 2-tailed Student ¢t test. KO, knockout.
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frequency of Lgr5+ a-ISCs, we crossed Imp14'E¢ mice with

Lgr5-EGFP-IRES-CreERT2 mice and evaluated the percent-
age of Lgr5-EGFP a-1SCs in Imp1-deficient crypts cells via
flow cytometry. Intriguingly, we observed that Imp14t¢
mice showed a significant reduction of Lgr5-EGFP+ cells
compared with their wild-type counterparts (Figure 1C and
D). These results were confirmed further with ex vivo im-
aging showing a significant reduction of EGFP+ crypts in
Imp14'E¢ mice (Figure 1E).

The establishment of enteroids from single intestinal
crypt cells in vitro has been shown previously to recapitu-
late regenerative aspects of the intestinal epithelium. Upon
single-cell plating, cells with stem cell capacity can robustly
proliferate to form spherical organoids. Subsequently,
symmetry-breaking events occur in these spheres that
result in the formation of crypt-like structures that contain
the full gamut of intestinal epithelial cell types.'” " To
determine whether the increased organoid formation effi-
ciency of Imp1™=¢ crypt epithelial cells is associated with
previously described regenerative response genes, we
evaluated the expression of fetal marker genes Tacstd2 and
Ly6a, which have been shown to be up-regulated during the
in vivo intestinal regenerative response.”’** We observed
that Imp1?®¢ enteroids during initial plating show
increased expression of Tacstd2 and Ly6a compared with
controls, although these effects were variable and not sta-
tistically significant. Moreover, Tacstd2 and Ly6a expression
appeared to normalize to wild-type levels during subse-
quent organoid passaging (Figure 1F and G). In a similar
fashion, we observed that the organoid formation efficiency
of Imp1“E¢ enteroids returned to wild-type levels during
subsequent passaging (Figure 1H and I). These results
suggest that the enhanced organoid formation capacity of
Imp1?™¢ crypt epithelial cells is driven by increased
expression of genes activated during the intestinal regen-
erative response, but that this phenotype is not retained in
subsequent culture passages.

Imp1 Deletion Does Not Affect the Frequency of
Secretory Cells During Homeostasis

Injury-resistant f-ISCS are believed to drive regeneration
in the intestinal epithelium.2‘4‘6'7'9’1O‘25 Previous literature
has shown that f-ISCs are labeled by the expression of Bmi1-
and Hopx-CreER.*>*° Our recent study showed that Hopx-
CreER-marked cells express markers of cells in the secre-
tory lineage."® Furthermore, secretory lineages including
Paneth cells and enteroendocrine cells have shown f-ISC
capacity.”'’ To determine whether the increased regener-
ative capacity of Imp14=¢ epithelial cells is the result of
increased frequency of Hopx-CreER-marked cells, we
crossed the Hopx-CreER;Rosa-LSL-TdTomato reporter mouse
model to Imp " mice (Figure 24). Our prior work confirmed
the feasibility of this model to delete Imp1.'® We observed
that Imp1 deletion did not result in a significant difference in
Hopx-CreER;Rosa-LSL-TdTomato+ cells at homeostasis
(Figure 2B and (). To explore whether Imp1 deletion in the
intestinal epithelium affects overall secretory cell numbers at
homeostasis, we evaluated secretory cell frequency in
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Imp1“™¢ mice via analysis of cells expressing high levels of

CD24 (known to mark Paneth and enteroendocrine cells)*’
as well as Ulex Europaeus Agglutinin I (UEA-1, shown to
mark both goblet and Paneth cells).”® We did not observe a
significant difference in the percentage of CD24"" or UEA-
14+ cells in ImpI“¢ intestinal epithelial cells
(Figure 2D-G). Together these data show that Imp1 loss in
the intestinal epithelium does not affect Hopx-CreER;Rosa-
LSL-TdTomato or secretory cell frequency at homeostasis. As
such, we posited that there is an augmented cell state, rather
than augmented cell identity, in Imp14'5€ intestinal epithelial
cells that fosters f-ISC capacity.

Imp1 Deletion Enhances Intestinal Regeneration
in an Atg7-Dependent Manner

Autophagy flux, or the measurement of degradation ac-
tivity, can be ascertained by treating cells with lysosomal
inhibitors such as chloroquine. An accumulation of the
autophagic vesicle marker microtubule-associated protein
light chain 3 (LC3)-II or an increase in autophagic vesicles in
the presence of lysosomal inhibitors signifies normal
degradation activity.”” We previously showed that Imp1l
deletion in colonic epithelial cells resulted in increased
autophagic flux as evidenced by higher LC3-II by immuno-
blot in Imp14'5¢ compared with controls after chloroquine
administration. We also previously quantified CytoID+
(ENZO Life Science) autophagic vesicles in Imp1“=¢ intes-
tinal cells using flow cytometry, where we observed an in-
crease in Imp1“5¢ compared with wild type.'” In a separate
study, we showed that high autophagic vesicle content is a
marker of f-ISCs.*® Considering this, we reasoned that
enhanced stem cell capacity observed in Imp14¢ mice may
be the result of more autophagy in the intestinal epithelium.
Staining of Imp1“/5¢ enteroids with the autophagic vesicle
marker CytolD reveals CytoID+ puncta throughout Imp14/5¢
enteroids, whereas wild-type enteroids show more pro-
nounced puncta in crypt regions. Chloroquine treatment
resulted in relatively enhanced puncta in both conditions,
confirming normal degradation activity in both conditions
(Figure 34 and B). These results suggest that Imp1 deletion
may enable a broader number of cells to show autophagic
activity at homeostasis and is consistent with a model in
which cell state shifts with Impl deletion may underlie
enhanced regeneration.

Our next question was whether the increased organoid
formation efficiency of Imp1-deficient crypt epithelial cells is
dependent on autophagy. We generated Imp14/£¢ mice with
deletion of the essential autophagy gene Atg7 (Imp14'E;
Atg7*"¢) (Figure 3E). We observed that Atg7 deletion
abrogates the enhanced organoid formation efficiency
observed in Imp1?E¢ mice, suggesting that autophagy is
required for expanded f-ISC capacity in Imp14¢ mice
(Figure 3C and D). We previously showed that Imp1 deletion
in the intestinal epithelium results in an enhanced regen-
erative response after 12 Gy whole-body irradiation, as
evidenced by an increased level of regenerative micro-
colonies.'® Furthermore, we recently showed that intestinal
epithelial cells with high levels of autophagic vesicles are
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Figure 2.Imp1 loss does not affect secretory cell or f-ISC frequency during homeostasis. (A) Schematic showing
tamoxifen treatment scheme for evaluating f-ISC numbers in Hopx-CreER;Rosa-TdTomato mice with and without floxed Imp1
alleles. (B) Representative flow plots showing TdTomato+ cells in Hopx-CreER-Rosa-TdTomato and Hopx-CreER;Imp1fl/
fl;Rosa-TdTomato mice. (C) Quantification of TdTomato+ cells in Hopx-CreER-Rosa-TdTomato and Hopx-CreER;Imp1fl/
fl;Rosa-TdTomato mice. N = 4 mlce/E%roup P value was generated by a 2-tailed Student t test. (\)/TPIots showmg UEA'1+
cell numbers in Imp1™T and Imp14'¥° mice. (F) Quantification of UEA-1+ cell numbers in Imp1"T and Imp14'EC =4
mlce/qroup P value was generated by a 2-tailed Student t test. (F) PIots showmg CD24 high cell numbers in Imp1WT and
Imp12EC mice. (G) Quantification of CD24 high cell numbers in Imp1"" and Imp14'E° mice. N = 4 mice/group. P value was
generated by a 2-tailed Student t test. FITC, fluorescein isothiocyanate; RFP, mmm; Tam, mmm.

protected against irradiation-induced DNA damage numbers similar to wild-type animals (Figure 3F and G).
in vivo."”® To investigate whether enhanced regeneration Taken together, these results suggest that the enhanced
observed in vivo in Imp1¥“ mice is dependent on auto- regeneration observed after irradiation in Imp1“™=¢ mice is
phagy, we evaluated the number of regenerative micro- dependent on intact autophagy.

colonies formed 72 hours after 12 Gy ionizing irradiation in

Imp1#™¢;Atg 74" mice. We observed that although Imp1 [MP1 Deletion or Phosphorylation Mutants

single deletion results in an increased number of regener- Increase MAP1LC3B Protein Expression

ative microcolonies, Imp14/£¢;Atg74"E¢ mice show an abro- We  previously showed via ribonucleoprotein
gated regenerative response, with regenerative microcolony immunoprecipitation-quantitative polymerase chain
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Figure 3. Imp1 re%ulates intestinal regeneration in an autophagy-dependent manner. (A and B) Representative CytolD
staining in Imp12'€° and Imp1"" enteroids + chloroquine (CQ). N = 3 mice/%roup. (C) Brightfield imaging showing organoid
formation efficiency (OFE) in Imp1"T, Imp14'E°, Atg7*'E€, and Imp12'E¢;Atg72'=C mice. (D) Quantification of organoid formation
efficiency in Imp1™T, Imp12'E°, Atg72'¥C, and Imp12'E¢;Atg74'5¢ mice. N = 3 mice/group, 4-6 wells/mouse. P value was
generated by a 2-tailed Student t test. (E) Western blot from crypts isolated from indicated mice. (F) Representative images of
EdU+ foci in indicated mice. (G) Quantification of EAU+ foci per high-powered field in indicated mice. N = 4 mice per ge-
notype, >20 high-power fields (HPF) per animal. P values were generated via 1-way analysis of variance with Tukey multiple
comparisons. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 4. Imp1 regulates MAP1LC3B in a phosphorylation site-dependent manner. (A) Schematic showing IMP1 protein
structure and phosphorylation sites. (B) Western blot in IMP1-knockout (KO) cells with stable expression of indicated GFP
constructs. (C-F) Immunofluorescence and smFISH for IMP1-WT-GFP (green) and MAP1LC3B mRNA (red), respectively,
under the indicated conditions. White arrows show IMP1-MAP1LC3B co-localization. (G) Rank weight coefficient analysis of
MAP1LC3 transcripts and IMP1-GFP colocalization in the indicated cell lines. N = 3 high-power fields across 2 independent
experiments. P value was generated by a 2-tailed Student t test. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

reaction (qQPCR) that IMP1 can bind directly to autophagy
transcripts ATGS5, ATG3, and MAP1LC3B, and that IMP1
deletion increased MAP1LC3B protein levels.'” We there-
fore sought to evaluate molecular mechanisms of IMP1
regulation of MAP1LC3B. IMP1 contains a mechanistic
target of rapamycin complex 2 (mTORC2)-dependent
phosphorylation site at serine 181 (S181) and a proto-
oncogene tyrosine-protein kinase-dependent site at tyrosine
396 (Y396), which can affect translation and/or localization
of IMP1 targets (Figure 44).”**° We therefore evaluated the
relative contribution of IMP1 phosphorylation (p-IMP1) to
its modulation of MAP1LC3B. We generated IMP1-KO
Human Embryonic Kidney (HEK) 293 cell lines and
introduced the following constructs: control-GFP (IMP1-
KO) and IMP1-WT-GFP, and phosphorylation mutants:
IMP1-S181A-GFP and IMP1-Y396F-GFP, or double-mutant
IMP1-S181A/Y396F-GFP. ~ We  observed increased

MAP1LC3B protein expression in control-GFP, IMP1-
Y396F-GFP, and IMP1-S181A/Y396F-GFP mutant cells
compared with IMP1-WT-GFP or IMP1-S181A-GFP
(Figure 4B). Taken together, these data suggest that p-
IMP1 mutants, and particularly those with IMP1-Y396F,
recapitulate the effect of IMP1 deletion on MAP1LC3B
protein expression.

Because p-IMP1 effects IMP1 localization, which in turn
can effect translation of its targets, we used immunofluo-
rescent imaging combined with single-molecule mRNA
fluorescence in situ hybridization (smFISH) to evaluate
IMP1-MAP1LCB3 colocalization. Furthermore, IMP1 can
dynamically localize to stress granules in response to
various cell stressors, prompting us to wuse stress
granule-inducing sodium arsenite in our analyses.*' IMP1-
wild-type (WT)-green fluorescent protein (GFP) co-
localized with MAP1LC3B transcripts (Figure 4C, white
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arrows) and cell stress induction via arsenite treatment was
associated with reduced colocalization of MAP1LC3B mRNA
and IMP1-WT-GFP (Figure 4D). Colocalization also was
reduced in IMP1-S181A/Y396F-GFP cells regardless of
stress treatment (Figure 4E and F). The change in colocali-
zation between IMP1 and MAPILC3B was quantified via
rank weight coefficient (Figure 4G), showing a significant
reduction in colocalization with p-IMP1 mutant compared
with WT. Taken together, our data show that IMP1 coloc-
alizes with MAP1LC3B transcripts at homeostasis and that
derepression occurs in response to the IMP1 phosphoryla-
tion state or cell stress.

Discussion

Over the past 2 decades, the cellular dynamics of the
intestinal crypt, including the factors involved in intestinal
stem cell maintenance and cellular differentiation, have
become very well understood. Canonical Wnt signaling has
been shown to be essential for maintaining the intestinal
stem cell zone, with genetic disruption of the Wnt signaling
pathway in the epithelium resulting in abrogated crypt cell
proliferation.®* Furthermore, it now is appreciated that
precise regulation of the Notch signaling pathway is
required to maintain a balance of cellular differentiation
toward secretory or absorptive cells, with increased Notch
signaling resulting in absorptive cell bias, and inhibition
resulting in secretory cell differentiation.**** Less is known
about the cellular pathways required for f-ISC maintenance
and behavior. Recent advances in the field have suggested
that activity of mTORC1, an essential regulator of cell
growth and metabolism,”” is an important regulator of f-
ISCs in the intestinal epithelium. Yousefi et al*® showed that
mTORC1 activity is correlated inversely with f-ISC survival
after 12 Gy ionizing radiation. Furthermore, caloric restric-
tion and fasting (2 cellular states characterized by low
metabolic activity and decreased mTORC1 activity) have
been shown to result in enhanced intestinal regeneration
after irradiation, supporting the premise that mTORC1 ac-
tivity is an important regulator of f-ISC activity.***” Simi-
larly, high activity of the autophagy pathway (known to be
negatively regulated by mTORC1 and induced during calorie
restriction) protects intestinal stem cells against irradiation-
induced DNA damage.*® We recently showed that intestinal
epithelial cells with high levels of autophagic vesicles show
enhanced cellular plasticity and DNA damage resistance.'?
However, mTORC1 activity has been shown to be required
for cell-cycle re-entry after tissue damage, suggesting that
careful temporal regulation of the mTORC1 and autophagy
pathways is required for efficient tissue regeneration.
Recently, it was shown that after metaplasia-inducing injury
in gastric chief and pancreatic acinar cells, mTORC1 acti-
vation is required for cellular proliferation during the
regenerative response through a shared program referred
to as paligenosis.*’ The regulatory factors involved in
ensuring precise regulation of cell states related to f-ISCs
are incompletely understood.

Accumulating literature now has shown that RNA-
binding proteins are essential regulators in intestinal

Cellular and Molecular Gastroenterology and Hepatology Vol. 17, Iss. 3

epithelial cells that contribute to intestinal homeostasis, as
well as promoting intestinal regeneration after tissue
injury.'* Yousefi et al*® showed that deletion of the RNA-
binding proteins Musashi 1 and 2 is sufficient to
completely halt cell cycling in Hopx-CreER-labeled f-ISCs,
resulting in severely compromised intestinal regeneration
after irradiation. Subsequent studies by the same group
showed that Musashi RBPs are key regulators of mTORC1.""
Our group showed that intestinal epithelial-specific deletion
of IMP1 results in an enhanced regenerative response after
irradiation. Furthermore, Imp1 deletion in Hopx-CreER f-
ISCs is sufficient to recapitulate this phenotype, suggesting a
stem cell-specific role.'® We also have shown that Impl
deletion in the intestinal epithelium results in increased
autophagic activity, pointing toward a potential mechanism
by which IMP1 may be regulating intestinal regeneration."

In the present study we evaluated how Imp1 deletion
affects both a-ISCs and f-ISCs during homeostasis, a previ-
ously unexplored question, as well as the requirement of
autophagy for the enhanced regeneration observed in the
absence of Imp1. We show that Imp1 deletion in the intes-
tinal epithelium results in reduced numbers of Lgr5+ a-1SCs
during homeostasis, as well as increased organoid formation
efficiency, in intestinal epithelial cells. Furthermore, we
show that combined deletion of Impl and the essential
autophagy gene Atg7 completely abrogates the enhanced
organoid formation efficiency observed with Imp1 single
deletion. Furthermore, we show the requirement of intact
autophagy for the enhanced regenerative response observed
after 12 Gy irradiation in the context of intestinal
epithelial-specific Imp1 loss. Our group has previously shown
that high autophagic vesicle content protects against
irradiation-induced DNA damage.'® A potential mechanism
by which Imp1 loss results in enhanced regeneration is
through promoting increased f-ISC DNA damage resistance.
We intend to explore these hypotheses in subsequent studies.

Prior results from our laboratory have suggested direct
binding of IMP1 to multiple autophagy transcripts.'” In the
present article, we evaluated autophagy gene MAP1LC3B at
the protein level in cells with IMP1 deletion and found a
robust increase. MAP1LC3B is a component of the auto-
phagy cascade that, upon conjugation with phosphatidyl-
ethanolamine, is essential for autophagosome formation and
expansion.”>"** We also showed that mutation of the IMP1
Y-396 phosphorylation site, either alone or together with
mutation in the IMP1 S-181 phosphorylation site, recapit-
ulated the increase in MAP1LC3B we observed with IMP1
deletion. As such, IMP1 appears to regulate the total amount
of MAP1LC3B protein that is expressed, which could serve
as a rheostat for autophagy flux at homeostasis. We used
smFISH to evaluate IMP1 protein localization with
MAP1LCB3 transcripts. We found that IMP1 colocalizes with
MAP1LCB3B transcripts at homeostasis, and that both stress
induction via sodium arsenite or mutation of p-IMP1 sites is
associated with decreased colocalization. Taken together,
our results support the notion that IMP1 modulates auto-
phagy at homeostasis via regulation of MAPILC3B trans-
lation and localization in a manner dependent, at least in
part, on p-IMP1. Sodium arsenite-induced stress decreased
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IMP1 localization with MAP1LC3B mRNA, suggesting that
during stress, IMP1 no longer complexes with MAP1LC3B
mRNA in the perinuclear region. This is intriguing because
recent studies have suggested a functional role for localized
translation of specific transcripts in polarized epithelium,
such as intestinal epithelial cells.”* Based on these findings
in adherent cells, follow-up studies will evaluate whether
IMP1 contributes to specific localization of MAP1LC3B
mRNA at apical vs basolateral compartments at homeostasis
and in response to cell stress.

In summary, in this study we uncovered an
IMP1-autophagic state regulatory axis that contributes to
regeneration in the intestinal epithelium. More importantly,
these findings suggest that IMP1 may be a potential thera-
peutic target that could be modulated to promote improved
intestinal regeneration. Future studies in human tissues or
organoids are required to place the IMP1-MAPILC3B regu-
latory axis into the context of human diseases. Understanding
post-transcriptional mechanisms of autophagy regulation in
tissues such as the gastrointestinal tract will provide a basis
for understanding human disease pathogenesis, and, ulti-
mately, new therapeutic strategies for these diseases.

Methods

Animals

All mice used for these studies were between 6 and 12
weeks of age, fed ad libitum, and housed under standard
University Laboratory Animal Resources conditions. Both
male and female mice were used. The following mice were
obtained from Jax Laboratories: Hopx-CreER (#017606);
Lgr5-GFP (#008875); and R26-tdTomato (#007909). Villin-
Cre;Imp?" mice were generated previously and maintained
on a C57Bl/6 background. Control mice had floxed, intact
alleles (Imp1""). Atg7-floxed mice were kindly provided by
RIKEN BRC through the National Bio-Resource Project of
MEXT, Japan. To activate CreERT2-based alleles, mice
received 1 mg/kg body weight tamoxifen doses dissolved in
corn oil via intraperitoneal injection.

Isolation of Small Intestinal Crypts and
Fluorescence-Activated Cell Sorter Analysis

After the mice were killed, the gastrointestinal tract of
the mice was dissected and the most proximal 15 cm of the
small intestine was isolated in phosphate-buffered saline
(PBS). The tissue was washed briefly in fresh PBS and
subsequently was splayed open and transferred to a tube
containing 10 mL Hank’s balanced salt solution with 1
mmol/L N-acetyl cysteine. After collection, the tissue was
vortexed for 15 seconds, followed by a 15-second rest on
ice; this was performed repeatedly during a 2-minute
period. The tissue then was transferred to a tube contain-
ing 10 mL 1X Hank’s balanced salt solution with 1 mmol/L
NAC and 10 mmol/L EDTA and was placed on a rotator in
4°C for 45 minutes. After the incubation period, the tissue
was vortexed for 30 seconds followed by a 30-second rest
period on ice; this was performed repeatedly during a
3-minute period. After vortexing, the suspension was
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filtered through a 70-umol/L strainer and the flow-through
was centrifuged at 300 x g for 3 minutes. To generate a
single-cell suspension, the cell pellet was resuspended in a
single-cell suspension buffer containing DNase (35 ug/mL)
and Liberase TH (20 ug/mL; Sigma-Aldrich), and was
incubated at 37°C for 20 minutes. After digestion, the cells
were washed in PBS, resuspended in media containing the
desired antibodies, and incubated at 37°C for 30 minutes.
The following antibodies and dilutions were used: EpCAM-
phosphatidylethanolamine  (1:500, cat# 12-5791-82;
Thermo Fisher Scientific), CD24-APC (1:500, cat# 101813;
BioLegend), and UEA-1 (1:500, cat# FL-1061; Vector Labo-
ratories). Subsequently, the cells were washed in PBS and
resuspended in fluorescence-activated cell sorter (FACS)
buffer (PBS with 4% fetal bovine serum [FBS]) before FACS
analysis. The viability dyes 4/,6-diamidino-2-phenylindole
(DAPI) and DRAQ7 were used to exclude dead cells. Cells
were analyzed and sorted on the FACSJazz and FACSAria
Fusion sorters. Data analysis was performed using Flow]o,
LLC software.

Small Intestinal Enteroid Culture and Organoid
Formation Efficiency

For organoid formation efficiency, intestinal epithelial
cells isolated by FACS based on EpCAM positivity (1:500,
cat#12-5791-82; Thermo Fisher Scientific) were plated in
Matrigel (Corning) droplets at a density of 12,000 cells per
20-uL droplet. Matrigel droplets were overlaid with the
following medium: advanced Dulbecco’s modified Eagle
medium (DMEM)/F12 media containing 1X GlutaMAX,
10 mmol/L HEPES buffer, 1X antibiotic-antimycotic, titrated
R-spondin 1 and Noggin-containing conditioned media, N-2
supplement, 1x B-27 supplement, 5 umol/L CHIR99021, 1
mmol/L NAC, 50 ng/mL epidermal growth factor, and
Y-27632 (10 umol/L). Media was replaced the day after
initial plating (day 1), and every other day afterward. All
organoid experiments were imaged on day 5 using a Key-
ence BZ-X all-in-one fluorescence microscope to collect
Z-stack images of 3 x 3 focal plane that subsequently was
stitched together to form 1 image that encompassed the
entire Matrigel droplet. The number of organoids per
droplet were counted while making sure to count each
structure only once.

Reverse-Transcription gPCR Analysis in
Enteroids

Enteroids were washed with cold DMEM and pelleted.
RNA isolations were performed with Quick-RNA MicroPrep
kits (R1051; Zymo Research), followed by complementary
DNA generation (N8080234, reverse-transcription reagents;
Applied Biosystems), and qPCR with TagMan Fast Universal
PCR Master Mix (4444556; Applied Biosystems). The
following TagqMan Gene Expression Assays were used: Ly6a
Mm00726565_s1, Tacstd2 MmO00498401_s1, and Gapdh
Mm99999915_g1. Gene expression was calculated using the
R = 2022 method.
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Live Imaging of Autophagic Vesicles in Enteroids
To evaluate autophagic vesicle accumulation in enter-
oids, the CytoID Autophagy Detection Kit was used per the
manufacturer’s protocol, with modifications. Enteroids were
passaged 1 day before assays to obtain equivalent plating
densities. Three hours before imaging, 2 ug/mL CytolD and
2 ug/mL Hoechst33342 (ENZO Life Science) were added to
the medium and incubated at 37°C. In chloroquine-treated
enteroids, 120 umol/L chloroquine (ENZO Life Science)
also was added in the medium. After a 3-hour incubation,
enteroids were washed with PBS and fresh medium was
added. Enteroids were analyzed immediately using confocal
microscopy ECLIPSE Ti (Nikon). Six to 10 enteroids per
mouse were imaged across 3 mice per genotype. Additional
enteroid photos were obtained using a Leica TCS SP8
confocal microscope. Genotype-blinded enteroid imaging of
CytolD-positive puncta was performed by RM.
Generation of HEK293 IMP1-knockout cell lines. Cells
were seeded on a 6-well plate and grown to 60% confluency
under standard conditions: growth medium-DMEM with 4.5
g/L glucose and L-glutamine with 10 mmol/L sodium py-
ruvate (10-017-CV; Corning), 10% FBS (Peak Serum PS-
FB1), and penicillin and streptomycin (#15140122; Gibco),
in 5% CO,. IMP1 deletion was performed using the IGF2BP1
CRISPR/Cas9 knockout plasmid (cat# sc-401703; Santa
Cruz) and the IGF2BP1 HDR Plasmid (cat# sc-401703-HDR;
Santa Cruz) protocol as described by the manufacturer. Cells
were selected using 2 ug/mL puromycin for 2 passages and
knockout was confirmed using Western blot.
Generation of HEK293-IMP1-GFP mutant cells. IMP1-
S181A-GFP and IMP1-Y396-GFP were generated by site-
directed mutagenesis of IMP1-GFP by Genewiz, LLC, and
IMP1-S181A/Y396F-GFP was generated by site-directed
mutagenesis of IMP1-S181A-GFP by Genewiz, LLC. The
HEK293-IMP1-KO cells described previously were used to
seed 6-well plates to 60% confluency. Cells then were
transfected with plasmid cloning (pc) DNA-GFP, pcDNA-
IMP1-GFP, pcDNA-IMP1-S181A-GFP, pcDNA-IMP1-Y396F-
GFP, or pcDNA-IMP1-S181A/Y396F-GFP plasmids using
Lipofectamine 3000 (Thermo Fisher Scientific) and 2.5 ug
DNA/well for 24 hours in DMEM + 10% FBS. After 24
hours’ transfection, media was replaced with standard me-
dia (DMEM, 10% FBS, penicillin and streptomycin) for 24
hours. Selection with 500 ug/mL G418 occurred for 4-5
days to enrich for a stably expressing population. After se-
lection, cells were sorted for the highest 5% GFP expression
using Zombie Aqua (423101; BioLegend) and the MoFlo
Astrios (Beckman Coulter).
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Generation of cell lysates and Western blot. Cells were
lysed with lysis buffer (Cell Lysis Reagent [#9803S; Cell
Signaling], Halt Protease Inhibitor Cocktail [#78430; Life
Technologies], 1 mmol/L sodium orthovanadate, and 10
umol/L sodium fluoride) on ice and spun at 900 relative
centrifugal force at 4°C for 10 minutes. Running buffer (final
concentration, 62.5 mmol/L; Tris-HCl pH 6.8, 2.5% sodium
dodecyl sulfate, 0.002% Bromophenol blue, 5% B-mercap-
toethanol, and 10% glycerol) was added to supernatant and
boiled for 6 minutes and loaded onto a sodium dodecyl
sulfate-polyacrylamide gel electrophoresis with a percent-
age of 10%, 12.5%, or 15% acrylamide. Samples were run
and transferred onto a polyvinylidene difluoride membrane
using the Bio-Rad Trans-blot Turbo system and then
blocked in either 5% milk or bovine serum albumin (BSA) in
20.7 mmol/L Tris base, 150.7 NaCl, 0.1% Tween-20, pH 7.6
(TBS-T) for 1 hour at room temperature. Primary antibodies
were diluted in 5% milk or BSA in TBS-T and incubated with
gentle rocking at 4°C for 24 hours. Blots were washed with
TBS-T and then incubated in appropriate secondary anti-
body for 1 hour at room temperature with rocking. After
washing, blots were incubated with luminol reagent (sc-
2048; Santa Cruz Biotechnology) per the manufacturer’s
protocol and exposed to autoradiography film. All anti-
bodies are listed in Table 1.
Immunofluorescence imaging and histology. Cells
were grown on sterilized glass coverslips in 6-well plates
under standard conditions until 70% confluent, washed with
1X PBS, and fixed with 4% paraformaldehyde (J19943-K2;
Thermo Scientific) for 30 minutes at room temperature. Cells
were washed again with PBS and then permeabilized in 0.1%
Triton X-100 (Sigma-Aldrich) for 5 minutes and then 0.5%
Triton X-100 for 20 minutes before washing with PBS. Cells
were blocked in 3% BSA for 1 hour, incubated in primary
antibody at 4°C for 24 hours, followed by washing and incu-
bation with secondary antibody for 30 minutes. Cells were
stained with DAPI and mounted to coverslips using VECTA-
SHIELD Vibrance Antifade Mounting Medium (H-1700-2;
Vector Laboratories) and sealed with nail polish (Wet 'n Wild
Beauty), and imaged using a Keyence BZ-X700 microscope.
Images were processed using a BZ-X Analyzer (Keyence).
Immunofluorescence staining was performed using heat
antigen-retrieval in citric acid buffer (pH 6.0) and staining
with E-cadherin (610182, 1:1000 dilution; BD Biosciences).
5-ethynyl-2’-deoxyuridine (EdU) staining was performed
using the Click-iT EdU Alexa Fluor 488 Imaging Kit
(C10337; Thermo Fisher Scientific) as per the manufac-
turer’'s protocol. All sections were stained with DAPI

Table 1.Antibodies

Antibody Manufacturer Catalogue number Dilution (application, block)
IMPA Cell Signaling D33A2 1:1000 (Western blot, milk)
MAP1LC3B (D11) Cell Signaling 3868 1:1000 (Western blot, milk)
ATGs7 Cell Signaling D12B11 1:1000 (Western blot, milk)
GAPDH Santa Cruz sc-32233 1:2000 (Western blot, milk)
GFP Novus Bio NB100-1614 1:200 (immunofluorescence)

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Table 2.smFISH Probes

agctgcattttttctggttt MAP1LC3B_1

actgatcgatctcagttggt MAP1LC3B_2

actactgtttcatgatctgt MAP1LC3B_3

gctcagtttttctgcttgaa MAP1LC3B_4

ccaaagctgaatgtgctcac MAP1LC3B_5

gtctctctgaaagcectttaa MAP1LC3B_6

acttctacccaaaaaggcgg MAP1LC3B_7

gatctctctagctgagtaga MAP1LC3B_8

cttcacaactcaggcctaaa MAP1LC3B_9

aaatgcgttttgcgggggtt MAP1LC3B_10
cgtttgtgccaactgtgatg MAP1LC3B_11
tttacagtcagggccegtttt MAP1LC3B_12
taggagtcagggaccttcag MAP1LC3B_13
tgaggactttgggtgtggtt MAP1LC3B_14
gaaatgtctacccctgcaag MAP1LC3B_15
tttctccagggtcttttaag MAP1LC3B_16
ggcactagtttgaactcaga MAP1LC3B_17
tgctgctttccgtaacaaca MAP1LC3B_18
tgtactccagagtgacactg MAP1LC3B_19
tactattttgtgtttctcec MAP1LC3B_20
agggagtgtgtctgaatgtt MAP1LC3B_21
tggatcatccacagctttaa MAP1LC3B_22
gtgggtaccttttcagtaat MAP1LC3B_23
ctgtctgacctaagagtgat MAP1LC3B_24
tggtgtgggagaattctgat MAP1LC3B_25
ttctccacaactgacatgca MAP1LC3B_26
gtacggctctttttgctatg MAP1LC3B_27
ctcttgacattagtatctgt MAP1LC3B_28
atcacaggttgaacctgagg MAP1LC3B_29
tactgggaagcactagtctt MAP1LC3B_30
taaatagtgaaccccatgca MAP1LC3B_31
cacatagggtctaaagtggt MAP1LC3B_32
acaagggtaagttgtgacct MAP1LC3B_33
caggtatttcatacacatct MAP1LC3B_34
ttcccegttacagtaaacag MAP1LC3B_35
cccagatgcaaagaatctgg MAP1LC3B_36
tgacaggaactcctttaaca MAP1LC3B_37
tctaaacgagacagtccagt MAP1LC3B_38
ctgatcacacggtagttaca MAP1LC3B_39
gaccactcacatgggatata MAP1LC3B_40
gacagtttttaattgtgcct MAP1LC3B_41

(Invitrogen) and anti-mouse secondary antibodies. No-
primary negative controls also were used. Scoring of EdU-
positive foci, in which a single focus is defined by a clus-
ter of >5 EdU+ cells from a single clone (colony or
hyperproliferative crypt), were quantified across at least 20
high-powered fields per animal for a total of 4 mice per
genotype. Blinded scoring was performed (P.C. and K.E.H.).
SmFISH. smFISH studies were performed as described
previously.” Briefly, cells were grown on coverslips in 6-
well plates until confluent. For cell stress experiments,
cells were treated with 100 umol/L sodium arsenite for 30
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minutes. Cells then were fixed with 4% paraformaldehyde
for 10 minutes followed by washing and permeabilization in
70% ethanol overnight at 4°C. Cells were washed in FISH
wash buffer (2x side scatter, 10% formamide), and then
incubated overnight with probes in hybridization buffer
(10% dextran sulfate, 10% formamide, 2x SSC) at 37°C at a
dilution of 1:100. After washing, cells were stained with
DAPI followed by washing in 2x SSC buffer before being
mounted using VECTASHIELD Vibrance Antifade Mounting
Medium (H-1700-2; Vector Laboratories). Cells were imaged
using an inverted Nikon Ti2-E microscope equipped with a
SOLA SE U-nIR light engine (Lumencor), ORCA-Flash 4.0 V3
sCMOS camera (Hamamatsu), with x60 Plan-Apo 2
(MRD01605) or x20 Plan-Apo A (Nikon MRD00205). Spe-
cific probes are listed in Table 2. Images analyses were
performed using Image] (National Institutes of Health) and
CellProfiler.***’

Statistical Methods

Data were analyzed using unpaired, 2-tailed Student ¢
tests, 1-way analysis of variance, or 2-way analysis of vari-
ance with post hoc tests (Dunnett or Tukey), and P values
are indicated in individual figures. Analyses were performed
on data from a minimum of 3 experiments unless otherwise
noted, in which case multiple fields were analyzed. All
values are presented as means + SEM unless noted other-
wise. Specific experimental replicates are described in each
figure legend.

Supplementary Material

Note: To access the supplementary material accompanying
this article, go to the full text version at http://doi.org/10.
1016/j.jemgh.2023.12.001.
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