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ABSTRACT

The intestinal epithelial regeneration is driven by in-
testinal stem cells under homeostatic conditions. Dif-
ferentiated intestinal epithelial cells, such as Paneth
cells, are capable of acquiring multipotency and
contributing to regeneration upon the loss of in-
testinal stem cells. Paneth cells also support in-
testinal stem cell survival and regeneration. We re-
port here that depletion of an RNA-binding pro-
tein named polypyrimidine tract binding protein 1
(PTBP1) in mouse intestinal epithelial cells causes
intestinal stem cell death and epithelial regenera-
tion failure. Mechanistically, we show that PTBP1 in-
hibits neuronal-like splicing programs in intestinal
crypt cells, which is critical for maintaining intesti-
nal stem cell stemness. This function is achieved at
least in part through promoting the non-productive
splicing of its paralog PTBP2. Moreover, PTBP1 in-
hibits the expression of an AKT inhibitor PHLDAS3 in
Paneth cells and permits AKT activation, which pre-
sumably maintains Paneth cell plasticity and func-
tion in supporting intestinal stem cell niche. We show
that PTBP1 directly binds to a CU-rich region in the
3’ UTR of Phida3, which we demonstrate to be criti-
cal for downregulating the mRNA and protein levels
of Phida3. Our results thus reveal the multifaceted
in vivo regulation of intestinal epithelial regeneration
by PTBP1 at the post-transcriptional level.

INTRODUCTION

The intestinal epithelium lines the gastrointestinal tract and
plays a critical role in digestion, absorption, and protec-
tion against insults from luminal contents. The intestinal
epithelium undergoes constant regeneration to maintain its
functional integrity physiologically as well as following tis-
sue damage (1,2). Under homeostatic conditions, intesti-
nal regeneration is driven by intestinal stem cells (ISCs)
located in the crypt of Lieberkiihn. ISCs continuously di-
vide to generate new stem cells and proliferating transit-
amplifying cells. Most proliferating transit-amplifying cells
migrate up along the crypt-villus axis, during which they
differentiate into specialized intestinal epithelial cell (IEC)
lineages that execute specific physiological functions. Once
the mature IECs reach the tips of villi, they undergo apop-
tosis and are replaced by new epithelial cells generated by
ISCs. A small number of transit-amplifying cells migrate
down to the crypt base and differentiate into Paneth cells.
Based on the localization and functional properties, two
major types of ISC populations have been identified. The
first population is the active cycling crypt base columnar
(CBC) stem cells which are required for the renewal of IECs
under homeostatic conditions (2,3). The second population
is the ‘reserve stem cells’ (RSCs) which are activated in re-
sponse to epithelial damage to replenish the pool of CBC
stem cells and repopulate the IECs (2,3). Paneth cells, which
are interspersed between CBC stem cells, secrete molecules
that support ISC survival and stemness (4-8). Furthermore,
Paneth cells are capable of dedifferentiating and acquiring
ISC properties to contribute to epithelial regeneration in
response to the loss of ISCs (9-12). Despite these impor-
tant findings, it remains largely unclear how ISC niche and
Paneth cell plasticity are precisely maintained.
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The phosphoinositide-3-kinase-Akt (PI3K-AKT) path-
way is essential for maintaining the survival and regener-
ative capacity of ISCs under homeostatic conditions and
post-injury (13-16). AKT signaling activation is also es-
sential for Paneth cells to acquire ISC properties in re-
sponse to inflammation (11). AKT is a key effector of the
PI3K-AKT pathway. In response to stimulation by a vari-
ety of growth factors, AKT is recruited to the cell membrane
via interactions between its pleckstrin homology (PH) do-
main and the membrane lipid phosphatidylinositol-3,4,5-
trisphosphate (PIP3) (17). The relocation of AKT to the cell
membrane allows AKT to be phosphorylated on Thr308
and Ser473 and become activated to induce downstream
signaling cascades that inhibit cell apoptosis and promote
cell proliferation (17). The activity of PI3K-AKT signaling
is antagonized by tumor suppressor gene p53 in several tis-
sues and cell lines (18-23). One of the P53-mediated AKT
inhibitory mechanisms is through the transcriptional acti-
vation of AKT repressors. PH-like domain family A, mem-
ber 3 (PHLDA3), is one such repressor induced by P53, and
it possesses a PH domain that allows it to act as a dominant-
negative form of AKT (24,25). In cultured cells, PHLDA3
prevents AKT activation by interfering with AKT bind-
ing to PIP; resulting in apoptosis (24,25). While it re-
mains unclear whether PHLDA3 functions in vivo to reg-
ulate the AKT activity in intestinal regeneration, frequent
mutations and copy number variation in the Phlda3 gene
were found in colon carcinoma (https://cancer.sanger.ac.uk/
cosmic), which highlights a potential role of PHLDA3 in
regulating intestinal homeostasis.

Polypyrimidine tract binding protein 1(PTBPI, also
known as HNRNP I)is an RNA-binding protein that serves
critical roles in post-transcriptional gene regulation, par-
ticularly as a repressor of exon inclusion (26-29). PTBP1-
mediated post-transcriptional regulation is essential for em-
bryonic development, cell lineage differentiation, and tis-
sue regeneration (30-44). Among these functions, its role in
maintaining the multipotency and self-renewal of stem cells
is of particular interest (41-44), which has been most well
characterized in the neuronal system. In the brain, PTBP1
is expressed in neuronal progenitor cells to inhibit splicing
programs that drive neuronal differentiation (32-34). This
inhibitory role of PTBP1 involves repression of its para-
log PTBP2 (also called neuronal PTB) that is known to
induce neuronal-specific splicing programs (32-34,45-47).
How PTBPI controls stem cell stemness in other tissues re-
mains poorly understood. We previously reported that dele-
tion of the Pthpl gene in mouse neonatal IECs disrupts
neonatal immune adaptation and causes early onset of coli-
tis and colorectal cancer (39). Here, we report that in adult-
hood, PTBP1 controls ISC survival and epithelial regener-
ation. Mechanistically, PTBP1 inhibits neuronal-like splic-
ing programs in the intestinal crypt cells to keep their stem-
ness, which is achieved at least in part by inhibiting the ex-
pression of Ptbp2. We further show that PTBP1 inhibits the
expression of Phlda3 in Paneth cells and permits AKT ac-
tivation, which presumably maintains Paneth cell plastic-
ity and function in supporting the ISC niche. Our results
thus reveal a novel mechanism whereby PTBP1 controls in-
testinal epithelial regeneration through multifaceted post-
transcriptional regulations of gene functions.

MATERIALS AND METHODS
Animals
Generation of PtbpI11x/fo%; Villin-cre®™ T /* mice

The floxed Ptbpl mouse allele Ptbpl1o¥/1ox (hereafter
Ptbp1"') was generated as previously reported (39). The
floxed Ptbpl mice were crossed with the Villin-cre ERT?2
mice (48) to generate the Pthp11%/1°%; Villin-Cre®RT2/* mice
(hereafter Ptbp1't; Vil-cre®R+/-).

All mice used in this report are from the cross of the
Pthpl""; Vil-cre®R*/~ mice with the Ptbpl"/" mice unless
otherwise noted. The tamoxifen administrated PthpI1/"; Vil-
creBR*/~ mice are referred to as the knockout mice, and
their littermates Ptbp1"/" mice administrated with the same
dose of tamoxifen are referred to as the control mice. Ta-
moxifen was administrated by single daily injections for two
consecutive days at the dose of 100 mg/kg of body weight.
Genotyping primers are listed in Supplementary Table S1.

Generation of Pthp11%/1°%; Vil_cre®R12+/5 [ oy5-Egfp-IRES-
creERT?2 and Ptbp19°x/fo%; [ or5_Egfp-IRES-cre ERT2 mice

Ptbp1"t:Vil-cre®®*/=  mice  were  crossed  with
Lgr5-Egfp-IRES-creERT2  mice (49) to generate
Pthp110x/M0x: ] cpeERT2+/ = Lgr5-Egfp-IRES-creERT?
(hereafter  Ptbpl"/%;Vil-cre®™*/=;Lgr5-cre®®*/=)  and
Ptbp11o%/1o%: [ or5-Egfp-IRES-cre ERT? (hereafter Pthpl™/t;
Lgr5-crePR®*/~) mice. In these mice, Lgr5-expression ISCs
are labeled with GFP (49) and therefore were used to
assess the effect of PTBP1 deficiency on Lgr5-expression
ISCs. Furthermore, tamoxifen treatment allows deletion of
PTBPI1 in GFP-positive Lgr5-expressing CBC stem cells in
Ptbp1"; Lgr5-cre®R®*/~ mice. Genotyping primers used are
listed in Supplementary Table S1.

Ethics statement of animal use

All procedures involving mouse care, euthanasia, and tis-
sue collection have been approved by the University of Illi-
nois Urbana-Champaign Animal Care and Use Committee
(IACUC approved protocol #20177 and 20211). Mice were
used and cared according to the institutional ‘Guide for the
Care and Use of Laboratory Animals’ and in accordance
with all University of Illinois Urbana-Champaign policies
and guidelines outlining the care and use of animals in re-
search.

Weight loss measurement and death record

Mouse body weight was measured before tamoxifen injec-
tion and every 24 h after tamoxifen injection for 5 consecu-
tive days. Percent weight loss was calculated by subtracting
the weight measured at 24, 48, 72 h, etc., post tamoxifen in-
jection from the weight measured at 0-hour post tamoxifen
injection and dividing by 0-hour weight. Mice were mon-
itored every day after tamoxifen injection for at least two
weeks.

Histology and immunostaining

Intestines were isolated, fixed in 4% paraformaldehyde
at 4°C overnight, paraffin-embedded, and sectioned
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according to the standard protocols. Intestine sections
(5 pm) were processed for hematoxylin and eosin stain-
ing or for immunostaining. Immunohistochemistry
was performed using the R.T.U. vectastain kit (Vector
Laboratories) with DAB substrate and sections were
counterstained lightly with hematoxylin afterward. Dou-
ble immunofluorescence staining with two antibodies
produced in rabbits was done by following a protocol
described at the Jackson Immune Research Laboratory
website (https://www.jacksonimmuno.com). Briefly, after
the first secondary antibody incubation, rabbit serum was
applied to saturate open binding sites on the first secondary
antibody. This was followed by applying excessive uncon-
jugated fab goat anti-rabbit IgG (H + L) fragments on
the sections to cover the rabbit IgG to prevent the binding
of the second secondary antibody to the first primary
antibody. Images were taken from a Leica compound
microscope with a digital camera or a Nikon A1R confocal
microscope and processed using Adobe Photoshop.

Antibodies

Secondary antibodies used are goat anti-rabbit or mouse
AlexaFluor 488 or 594, donkey anti-goat or rabbit Alex-
aFluor 488 or 594 (all from Invitrogen). Sections were
counterstained with 4',6-diamidino-2-phenylindole (DAPI)
(Sigma, D8417). Primary antibodies used are rabbit anti-
active CASPASE 3 (Cell Signaling, 9661), mouse anti-
K167 (BD Pharmingen, 550609), rabbit anti-OLFM4
(Cell Signaling, 39141), goat anti-PTBP1 (Santa Cruz
sc-16547), rabbit anti-PTBP1 (gift from Dr. Douglas
Black), goat anti-GFP (Rockland, 600-101-215), rabbit
anti-P53 (Leica Biosystems, NCL-L-p53-CM5p), rabbit
anti-PHLDA3 (LifeSpan BioSciences, LS-C499531-100),
rabbit anti-Lysozyme antibody (Diagnostic Biosystems,
RP028), and Affinipure Fab Fragment Goat anti-Rabbit
IgG (H + L) (Jackson ImmunoResearch, 111-007-003).

Intestinal organoid culture and whole mount immunostaining

Crypts of the small intestine were isolated from the Ptbp1'/;
Vil-cre®™*/= and Ptbp1"/" mice as previously described (50).
Briefly, the small intestines were dissected and washed with
cold phosphate buffered saline (PBS). After surface villi
were scraped off, intestinal segments were cut into 0.5 cm
pieces and incubated in 2 mM EDTA /PBS for 30 min. After
washing with PBS, intestinal pieces were shaken vigorously
to release crypts, and the supernatants were filtered through
70 pm filters to collect the filtrate. The crypt release and fil-
tering steps were repeated 2 times to collect 3 fractions. The
fractions that were enriched with crypts were centrifuged
at 200 g at 4°C for 5 min to separate crypts from single
cells. The supernatants were discarded, and the crypt pel-
lets were resuspended in 5 mL cold DMEM/F-12 and used
for organoid culture. Organoids were cultured in IntestiCult
Organoid Growth Medium (Stem Cell Technology, 06005).
4-hydroxytamoxifen was added into the culture medium at a
final concentration of 200 nM to delete Ptbpl. After 24 h of
incubation, 4-hydroxytamoxifen was removed by replacing
it with a fresh medium. The culture medium was changed
every 48 h.
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For whole mount immunostaining, organoids were fixed
in 4% paraformaldehyde at 4°C overnight and permeabi-
lized with 0.5% Triton X-100 in PBS. Organoids were then
treated with 100 mM glycine in PBS to block free alde-
hyde groups. After being washed with PBS, organoids were
treated with a blocking buffer containing 5% serum for 90
min and incubated with the primary antibody overnight at
4°C. After washing with PBS, organoids were incubated
with the secondary antibody in the dark at room temper-
ature for 2 h and counterstained with DAPI. Images were
taken from a Nikon A1R confocal microscope and pro-
cessed using Adobe Photoshop.

Quantitative real-time PCR

Small intestinal crypt cells were isolated as described above
at 20, 24, 36, 48, and 50 h post tamoxifen induction. RNAs
were extracted using TRIzol reagent according to standard
protocols. Real-time PCR reactions were performed blindly
in triplicate or duplicate using SYBR green master mix.
PCR primers used are listed in Supplementary Table S2.

Western blots

Isolated small intestinal crypt cells were homogenized in
the lysis buffer as previously described (39). Protein lysates
were cleared by spinning the samples twice at 4°C. Subse-
quently, samples were separated on SDS-PAGE and ana-
lyzed by western blotting as previously described (39). Pri-
mary antibodies used are mouse anti-PTBP1 (Life Tech-
nologies, 324800), mouse anti-PTBP2 antibody (ABCAM,
sc-376316), rabbit anti-Pan AKT (Cell Signaling, 4685),
rabbit anti-Phospho-AKT (Ser473) (Cell Signaling, 4060),
mouse anti-HSC70 (Santa Cruz Biotechnology, SC-7298),
and rabbit anti-GRP78 (Abcam, ab32618). Membranes
were incubated with HRP-linked secondary antibodies and
developed using ECL prime (G&E Healthcare Life Sci-
ences).

Phlda3 reporter constructs and in vitro transcription

GFP-myc-SV40 was described previously (51). GFP-myc-
mPhlda3 3’ UTR constructs and pCS2-myc-mPTBP1 were
generated by standard PCR cloning methods. All mRNAs
used in this study were synthesized from 2 pg of plasmid
templates using the nMESSAGE mMACHINE SP6 Tran-
scription kit (Ambion, AM1340).

Phlda3 in vitro binding assay

To obtain myc-mPTBP1 protein, in vitro translation was
performed using the rabbit reticulocyte lysate system
(Promega, L4960) according to the manufacturer’s instruc-
tions. After translation, MYC antibodies (Invitrogen, 13-
2500) and Dynabeads Protein G (Thermo Fisher Scientific,
10004D) were added into the in vitro translation reaction
and incubated at 4°C overnight. Beads were washed ex-
tensively with RIPA buffer. The protocol for in vitro RNA
pulldown assay was described previously (52). Briefly, myc-
mPTBPI1-bound Dynabeads Protein G were incubated with
10 g yeast tRNA in 1 ml RIP buffer (50 mM Tris pH 7.6,
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125 mM NaClI, 1 mM EDTA, 0.25% NP-40, 0.2% glycerol,
0.1 mM dithiothreitol) at 4°C for 1 h. Subsequently, 100
ng of each synthesized Phlda3 3' UTR RNAs were added
and incubated at 4°C for 4 h. Afterward, beads were washed
with RIP buffer five times. RNAs associated with the beads
were recovered using TRIzol reagent for RT-qPCR.

Cell culturing and transfection of Phlda3 reporter constructs

SW480 cells were cultured in a complete cell culture
medium (RPMI1640) (Thermo Fisher Scientific, 22400-
089) supplemented with 10% fetal bovine serum, 1%
penicillin-streptomycin at 37°C in a humidified incubator
supplied with 5% CO2. Transfection was performed us-
ing PEI, and 0.5 ug of each plasmid was used for the ex-
periment. The plasmids were mixed with PEI, and incu-
bated in OptiMEM (Thermo Fisher Scientific, 31985-070)
for 20 min at room temperature. Afterward, the complex
was transfected into SW480 cells and incubated for 4 h.
Then, OptiMEM containing plasmid/PEI complexes were
discarded, replaced with a complete cell culture medium,
and incubated for 24 h. After transfection, cells were col-
lected for further analysis.

RNA extraction, RT-qPCR and western blot for Phlda3 re-
porter constructs

RNAs were extracted from transfected SW480 cells us-
ing TRIzol reagent. cDNA synthesis and qPCR were per-
formed using the M-MLV Reverse Transcriptase (Promega,
M1701) and Bimake 2x SYBR Green qPCR Master Mix
(Bimake, B21203), respectively. PCR primers used are listed
in Supplementary Table S2. Ct values were acquired using
Applied Biosystems QuantStudio 3 Real-Time PCR Sys-
tem. For western blots, cells were lysed using lysis buffer (50
mM Tris pH 7.6, 125 mM NaCl, 1 mM EDTA, 1% NP-40),
mixed with 2x SDS sample buffer, and boiled for 10 min
at 100°C. The rest of the procedure was followed by stan-
dard western blotting protocol. Goat anti-GFP (Rockland,
600-101-215) and mouse anti-HSC70 (Santa Cruz, sc-7298)
were used as primary antibodies.

RNA-seq analysis

Crypt cells from small intestines were isolated at 20 h post
tamoxifen administration from 3 knockout mice and 3 lit-
termate control mice. RNAs were extracted using Pure-
Link RNA Mini Kit (Ambion, Cat. 12183025). RNA-seq
libraries were constructed and sequenced at the University
of llinois Urbana-Champaign Biotechnology Center High-
Throughput Sequencing Core. Sequencing was done by us-
ing 150 base pairs of paired-end reads. Each library gen-
erated over 140 million paired reads. Raw reads were sub-
jected to read length and quality filtering using Trimmo-
matic V0.38 (53) and aligned to the mouse genome (mm10)
using STAR (version 2.6.1d) (54). Cufflinks package (55)
was used to assess differential gene expression events,
among which significant events were identified using a strin-
gent cutoff criteria: FDR(g-value) < 0.05, FPKM > 1 and
log;(fold change) >1. rMATS v4.0.2(turbo) (56) was used
to study differential splicing, and events with FDR <0.1,

junction read counts >10, and PSI >10% were deemed to
be significant.

Exon ontology analysis was performed on the set of al-
ternatively spliced cassette exons identified using rMATS.
Mouse(mm10) annotations were converted to human
(hgl9) annotations using UCSC liftover with a minimum
base remap ratio set to 0.8. Exon ontology pipeline (57) was
then used on the lifted exons to perform ontology analysis.

Motif analysis

K-mer enrichment and de-novo motif analysis were per-
formed using the set of regulated cassette exon sequences
and/or intronic region 100 bp upstream/downstream to
them. For each analysis, corresponding sequences from the
set of all cassette exons and their proximal regions were
used as background. kpLogo was used to generate k-mer
logos from upstream and downstream intronic regions (58).
De-novo motif discovery was performed using MEME in
Differential Enrichment mode considering Any Number
of Repetitions (anr) for motifs (59). A motif enrichment
map for alternatively spliced exons was constructed using
RMAPs with a 50-nucleotide sliding window (60).

PCR-based splicing assay

PCR-based splicing assays were performed by using primers
that target the constitutive exons flanking the alternative
spliced exons. The products were resolved on a 5% poly-
acrylamide gel and imaged using ethidium bromide staining
on a Biorad ChemiDoc XRS+ imaging system. Quantifica-
tion of gel images was done using Image Lab 5.2.1 software
(Biorad). PSI values were determined as [the exon inclu-
sion band intensity/(the exon inclusion band intensity + the
exon exclusion band intensity)] x 100. PCR primers used
are listed in Supplementary Table S3.

Crosslinked RIP-qPCR

Crosslinked RIP-qPCR was performed from SW480 cells
using an adapted eCLIP protocol (61). Briefly, cells were
subjected to UV crosslinking (254 nm, 400 mlJ/cm?),
lysed in 1ml iCLIP lysis buffer, and digested with Turbo
DNase (10 min at 37°C). PTBP1 was pulled down
from crosslinked lysate using 3 ug of anti-PTBP1 anti-
body (clone BB7, MABE986) conjugated to anti-mouse
Dyna beads, washed with wash buffer, and subjected
to proteinase-K digestion. RNA was extracted using
acid phenol/chloroform/isoamyl alcohol (pH 6.5), reverse-
transcribed using Maxima H reverse transcriptase, quan-
tified using qPCRs (PTBP2_RIP_Fp and PTBP2_RIP_Rp)
and normalized to respective inputs. PCR primers used are
listed in Supplementary Table S4.

Statistical analyses

Differences between the knockout mice and the control
groups were assessed for significance using a two-tailed un-
paired Student z-test unless otherwise noted. Data involving
two or more variables were analyzed by two-way ANOVA
using GraphPad Prism.



RESULTS

TIEC-specific Pthpl deletion in adulthood results in impaired
intestinal epithelium regeneration

Previously, we investigated the function of PTBP1 in the in-
testinal epithelium by deleting the Pthpl gene in IECs from
early embryogenesis using Villin-Cre (39). While this mouse
model allowed us to gain valuable insights into the role of
PTBPI in neonatal IECs, it is not applicable to studying the
function of PTBP1 in the adult intestinal epithelium. There-
fore, we generated a tamoxifen-inducible Ptbpl knockout
mouse model Pthpl™*; Vil-creFR*/~ mice. We found that
PTBPI1 protein is highly accumulated in the nuclei of all
IECs, including Lgr5-expressing CBC stem cells in the wild-
type mice (Figure 1A-D). Tamoxifen treatment induced a
near-complete depletion of PTBPI in the entire IECs of
Ptbhpl'"; Vil-cre®R*/~ mice, as indicated by nondetectable
PTBP1 protein in the IECs and a significant decrease in
the level of Ptbpl mRNA at 48 h post tamoxifen induction
(PTT) (Figure 1E-G).

Strikingly, all Ptbpl knockout mice showed significant
weight loss and died within 7 days PTI (Figure 1H and I).
To determine the cause of death, we collected intestine tis-
sues every 24 h PTT and performed histological analysis. We
found that the overall organization of the intestinal epithe-
lium in the knockout mice appeared relatively normal at 48
h PTI (compare Figure 1J to K). By 72 h PTI, knockout
mice displayed destruction of the epithelial structure due to
the detachment of the intestinal epithelial layer from lamina
propria and crypt cell death (compare Figure 1L to M). The
regular crypt-villus architecture was completely disrupted
in the knockout mice at 96 h PTI, displaying villous atro-
phy (Compare Figure IN to O). This finding indicates that
loss of PTBPI results in failure of intestinal epithelial regen-
eration.

Loss of ISCs in Ptbpl knockout mice

To determine if villous atrophy in the knockout mice is
caused by loss of ISCs, we first assessed cell apoptosis in the
crypt region of the knockout mice and detected a dramatic
increase in the number of cleaved CASPASE3-positive cells
at 48 h PTI (compare Figure 2B to A, Table 1, Supple-
mentary Figure S1). While crypt cell death was observed in
both the small and large intestines of the knockout mice, the
small intestine was more severely affected by PTBP1 dele-
tion, as indicated by the percentage of cleaved CASPASE3-
positive crypts in the small and large intestines (Table 1).
We, therefore, focused our studies on the small intestine.
We next checked if ISCs undergo apoptosis in
the knockout mice by assessing the colocalization of cleaved
CASPASE3 and OLFM4, a CBC stem cell marker (62). In-
deed, we detected cleaved CASPASE3 staining in OLFM4-
positive ISCs at 48 h PTI (Figure 2C), demonstrating apop-
tosis of ISCs in the knockout mice. Consistent with this
finding, the expression of OLFM4 was diminished in the
crypt cells of the knockout mice at 72 h PTI (compare Fig-
ure 2D to E). This was accompanied by a significant reduc-
tion in the number of proliferating crypt cells at 72 h PTI
in the knockout mice (Figure 2F—H). To determine whether
both CBC stem cells and RSCs are affected, we assessed the
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expression level of genes specific to CBC stem cells or RSCs.
The expression levels of Lgr5, Ascl2 and Smoc2 (signature
genes for CBC stem cells) and Hopx and Lrigl (RSC mark-
ers) were significantly reduced in the knockout mice (Figure
21 and J), indicating loss of both ISC populations. Collec-
tively, these results demonstrate that the epithelial PTBP1
plays a critical role in maintaining the survival and prolifer-
ation of ISCs.

To understand if loss of PTBP1 in ISCs alone
is sufficient to induce ISC apoptosis, we compared
the number of Lgr5-expresing ISCs in tamoxifen-
administrated Ptbpl"/";Lgr5¥®*/~ mice and Ptbpl"';Vil-
crePRY/=: Ler5EFR*/~ mice. In these mice, LGRS5-positive
CBC stem cells are labeled with GFP due to variegated
expression of the Lgr5-Egfp-IRES-CreERT2 transgene
(49). Since the CreERT2 fusion protein is expressed in
GFP-positive Lgr5-exressing ISCs (49), we were able
to delete PTBP1 specifically in GFP-expressing ISCs
in Pthpl"'; Lgr5¥®*/~ mice upon tamoxifen treatment
(Supplementary Figure S2A-D). Our results show that
deletion of PTBPI in the Lgr5-expressing ISCs did not
eliminate these cells at 48 h PTI (Figure 2K, Table 2), and
the intestinal epithelial structure appeared normal at 72
PTI (Supplementary Figure S2E). On the contrary, deletion
of PTBP1 in the entire IECs by tamoxifen administration
to the Ptbpl"";Vil-cre®™®*/=; Lgr5FR*/~ mice resulted in a
significant reduction in the number of the GFP-positive
Lgr5-expressing ISCs at 48 h PTI (Figure 2L, Table 2).
This was accompanied by the destruction of the epithelial
structure at 72 h PTI (Supplementary Figure S2F). This
finding suggests that loss of PTBP1 in Lgr5-expressing
ISCs alone is not sufficient to provoke the death of these
cells, and PTBPI1 function in other IEC linages is critical
for ISC survival, presumably by providing an ISC niche.

To further determine if PTBPI is required for main-
taining the ISC regenerative capacity, we established an
ex vivo intestinal organoid culture system using crypts
isolated from Ptbpl""; Vil-cre®®*/~ mice and their con-
trol littermate Ptbpl"”/! mice. Efficient deletion of Ptbpl
was observed in Ptbpl"'; Vil-cre®R*/~ organoids upon
4-hydroxytamoxifen treatment for 24 h (Figure 2M).
We found that 4-hydroxytamoxifen-treated PtbpI™'; Vil-
crePR*/= crypts failed to bud at day 4 of culture when com-
pared to vehicle-treated Ptbp1"/%; Vil-cre®™*/= crypts or 4-
hydroxytamoxifen-treated Ptbpl"/f crypts (Figure 2N). This
observation further demonstrates that PTBP1 is required
for ISC-mediated epithelial regeneration.

Transcriptome changes in PTBP1-deficient cells

To determine the molecular mechanism by which PTBP1
controls the survival and regeneration of intestinal crypt
cells, we deep-sequenced poly(A) selected RNAs prepared
freshly from age-matched wildtype and PTBP1-deficient
crypt cells. We chose to assess the transcriptome changes
in the knockout mice at 20 h PTI, a time point before cell
death could be detected in the crypt region so that the ob-
served changes represent the direct consequence of PTBPI
deficiency and are likely the cause of the crypt cell death.
Our results show that PTBP1 deletion predominantly af-
fects mRNA splicing (Figure 3A). We identified a total of
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Figure 1. IEC-specific Ptbp! deletion results in failure of intestinal epithelium regeneration. (A-F) Immunofluorescence staining using an anti-PTBP1
antibody shows PTBP1 protein localization in the wild-type and Pzbpl knockout small intestine. Nuclear accumulation of PTBP1 protein was detected in
all IECs, including LGR5-positive CBC stem cells in wild-type mice (arrows in D). LGR5-positive CBC stem cells were detected by an anti-GFP antibody
on intestinal tissues of non-tamoxifen treated PtbpI!/f;Lgr5ER*/~ mice. In the knockout mice, PTBPI expression is diminished in the IECs but remains
unaffected in the lamina propria cells at 48 h PTI (E and F). Nuclei were counterstained with DAPI. (G) Quantitative Real-time PCR shows a significantly
decreased level of Pthpl mRNA in the intestinal crypt cells of the knockout mice at 48 h PTI. Data were normalized to Gapdh. Each symbol in the graph
indicates fold change of Prbpl expression in individual mice. Bars show mean values. Mice of the knockout group and the wild-type group are sibling
littermates. The data shown are representative of at least three independent experiments. (H) shows a weight loss of Ptbpl knockout mice within 5 days
PTI. (I) shows the death of PtbpI knockout mice within 8 days PTI. Data in H and I were from N = 8 knockout mice and 9 control mice. (J-O) Hematoxylin
and eosin-stained sections show changes in the epithelial structures of the control mice and Pzbpl knockout mice at 48 h (J and K), 72 h (L and M), and
96 h (N and O) PTI. WT, wild-type; KO, knockout. Scale bars, 50 pm. **** P < 0.0001.

1165 altered splicing events within 834 genes (Figure 3A
and B, Supplementary Table S5). Remarkably, in contrast
to a large number of splicing changes, only 26 genes showed
changes in their mRNA abundance at 20 h PTI (Figure
3A and Supplementary Table S6). Amongst them, 4 genes
(Trim72, Ager, H2-Bl, and Fmrinb) exhibited significant
differences in both mRNA abundance and splicing. These

findings provide strong evidence that the splicing defects
triggered by PTBP1 deficiency are primary events that pre-
cede the onset of crypt cell death in the PTBP1 knockout
intestines.

The majority of splicing changes in PTBP1-deficient
crypt cells were exon skipping events (72%), but changes in
alternative 5’ or 3’ splice sites, intron retention, and mutu-
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organoids derived f10m PthpIt/t; Vil-crePR*/~ mice failed to bud at day 4 of culture, but not those from the control mice. Vehicle-treated organoids from
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* P < 0.05;** P < 0.01; **** P < (0.0001.
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Table 1. Quantification of crypt cell death at 48 h post tamoxifen injection

Control KO mice

mice small small Control KO mice
Genotype intestine intestine  mice colon colon
Number of crypts 605 728 665 573
examined
Percentage of 0.3% 43.7% 0.6% 9.9%
cleaved
CASPASE3-
positive
crypts

Table 2. Quantification of crypts that contain LGRS5-expressing CBC
stem cells at 48 h PTI based on the GFP expression

PihpI'/t; PthpI'/t;
Vil-creER/—; Vil-creER/—;
PthpI'/t; LgrsER*/- LgrSER*/=
Genotype LgrstR/~ mouse 1 mouse 2
Number of crypts 848 843 783
examined
Percentage of crypts 38.0% 8.9% 9.7%

that contain
LGRS-expressing
cells

ally exclusive exons were also detected (Figure 3B). Notably,
nearly two-thirds of skipped exons displayed increased in-
clusion in PTBP1-deficient crypt cells (Figure 3C), which
is consistent with the previous reports that PTBP1 primar-
ily functions as a repressor of splicing (29). Gene ontology
analysis further revealed that the differentially spliced mR-
NAs following Ptbp1 deletion were enriched in several func-
tional clusters, including mRNA splicing (Supplementary
Table S7), regulation of GTPase activity, chromatin mod-
ification, phosphorylation, and cellular response to DNA
damage stimulus (Figure 3D).

We next investigated the spatial distribution of PTBP1-
regulated exons in the crypt cells along their associated tran-
scripts, as previously described (63). Metagene analysis re-
vealed that approximately 70% of differentially spliced ex-
ons were located within coding sequences (CDS), and a size-
able number of those (15%) encoded alternate START or
STOP codons (Figure 3E). We then performed de novo mo-
tif discovery (for 4-8 bp long motifs) and position-specific
k-mer enrichment (for 6-mers) in the regulated cassette ex-
ons and/or proximal intronic region. We observed a signifi-
cant enrichment of the YCUY motif and CU-rich 6-mers
in the upstream intronic region surrounding the cassette
exons that were abnormally included in PTBPI-deficient
crypt cells (Supplementary Figures S3 and S4). Further-
more, we found a strong overrepresentation of the CU-
CUCUCU motif near the 3’ splice site of exons that are
more included upon PTBP1 depletion. (Figure 3F). These
CU /pyrimidine-rich motifs represent direct binding motifs
for PTBP1 (64-66), suggesting that in crypt cells, PTBP1
suppresses the inclusion of many alternate exons by directly
binding to its motif in the upstream introns.

The CDS-mapped PTBPI1-regulated exons were further
classified based on whether they were open reading frame
preserving (exon length is a multiple of 3). We found that
70% of the regulated exons preserve the open reading frame,

whereas 30% of them do not (Figure 4A). In both cases, only
about 3% of the exons were predicted to undergo nonsense-
mediated RNA decay (Figure 4A). This result is consistent
with our transcriptome data wherein most of the mRNAs
harboring PTBP1-regulated exons in crypt cells do not ex-
hibit a significant change in their overall abundance (Fig-
ure 3A). On the contrary, these exons are likely to alter
the intrinsic structure and function of the encoded proteins.
To further probe the functional properties and features of
PTBPI1-regulated exons, we performed exon ontology anal-
ysis, which revealed significant enrichment for sequences
encoding intrinsically unstructured regions, phosphoryla-
tion sites, post-translational modifications, cellular localiza-
tion, binding, and catalytic activity (Figure 4B and C). We
further noted that within the cellular localization category,
many PTBP1-regulated exons contained a nuclear localiza-
tion, export, or membrane targeting signal (Figure 4D).

Gene ontology analysis revealed that the differentially
spliced genes due to increased exon inclusion in PTBP1-
deficient crypt cells function in a number of biological pro-
cesses related to neuronal cell differentiation, including neu-
ron projection development, cellular responses to nerve
growth factor stimulus, regulation of synaptic depression,
dendrite morphogenesis, and axo-dendritic transport (Fig-
ure 4E, detailed in Supplementary Table S8). Using RT-
PCR, we validated the increase in exon inclusion in sev-
eral neuronal genes in PTBP1-deficient crypt cells (Supple-
mentary Figure S5A and B). This observation prompted us
to investigate whether loss of PTBP1 in crypt cells induces
global neuronal-like alternative splicing patterns as seen in
the brain. We compared the PSI values seen in the con-
trol and knockout crypt cell datasets to the wild-type brain
dataset obtained from the publicly available well-compiled
alternative splicing database (VastDB) (67,68). We found
that, on average, the differentially spliced events in PTBP1-
deficient crypt cells displayed inclusion levels closer to those
in the brain when compared to the control (Figure 4F to
H), indicating a shift toward a neuronal-like splicing pat-
tern. These findings suggest that PTBP1 represses splicing
programs required for neuronal differentiation in ISCs and
transit-amplifying cells, which is presumably important for
maintaining the multipotency of these cells. Interestingly,
we found that the expression levels of key transcriptional
factors that promote neuronal differentiation were not af-
fected by the loss of PTBPI (Supplementary Figure S5C),
suggesting that PTBP1 predominately inhibits neuronal-
like splicing patterns in crypt cells and is critical for main-
taining ISC stemness, but its loss is not sufficient to in-
duce successful neuronal differentiation in the crypt cells.
In addition to neuronal-like splicing, we validated 11 exon-
skipping events and observed an excellent correlation of
experimentally calculated APSI values with APSI values
determined in our computational analysis (Supplementary
Figure S6).

PTBP1 suppresses PTBP2 expression at the mRNA and pro-
tein levels in crypt cells

In the brain, PTBP1 suppresses neuronal-specific splicing
programs in neuronal progenitor cells through inhibiting
Ptbp2 expression (33,34,45,46,69,70). This is by repressing
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Figure 3. Transcriptome changes in PTBPIl-deficient crypt cells. (A) Venn diagram showing the number of genes in which differential gene
expression/alternative splicing changes were detected in the knockout crypt cells. Four genes (7rim72, Ager, H2-Bl, and Fmrinb) displayed changes in
both gene expression and splicing. (B) Breakdown of 1165 alternatively spliced events into various event categories. A3SS: Alternative 3’ splice site, A5SS:
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difference) distributions of significantly altered splicing events in the knockout crypt cells. (D) Gene ontology analysis demonstrates the top 10 biological
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the inclusion of the alternative exon 10 in the Ptbp2 tran-
script, which leads to nonsense-mediated RNA decay of
Ptbp2 (32,34,45). To determine if a similar repression mech-
anism exists in the crypt cells, we assessed Ptbp2 splicing
and expression. We found that among all RNA-binding
proteins that showed altered splicing or expression upon
loss of PTBP1, PTBP2 is the most affected one (Figure 5A).
We observed a striking increase in the inclusion of Pthp2
exon 10 in PTBP1-deficient crypt cells at 24 and 36 h PTI
(Figure 5B-D). This was accompanied by approximately a
net two-fold increase in the levels of total Ptbp2 transcripts
(Figure 5E, Supplementary Table S9) and a much signif-
icant upregulation in the levels of Ptbp2 transcripts that
contains exon 10 (Figure 5F). Because Prbp2 transcripts
containing exon 10 are productive and are not subjected
to NMD, PTBP2 protein levels are dramatically upregu-
lated as well (Figure 5G). To investigate if PTBP1 directly
represses Pthp2 exon 10 inclusion, we analyzed the pub-
licly available HepG2 PTBP1 ¢CLIP data from ENCODE
database (71). A prominent PTBP1 eCLIP peak near the
3’ splice site in the upstream intron of Ptbp2 exon 10 was
detected (Figure 5SH). By performing RIP-qPCR assay in
SW480 colon cancer cells, we found that PTBPI indeed
binds near this 3’ splice site (Figure 5I), suggesting that
PTBP1 directly represses Ptbp2 exon 10 inclusion in these
cells.

Given that PTBP2 is known to induce a neuronal-like
splicing program in the brain, we next analyzed whether up-
regulated PTBP2 induced similar splicing events in crypt
cells. We found that among all skipped exons that showed
significant splicing changes in PTBP1-deficient crypt cells,
69 events were reported to be regulated either by PTBP1
or PTBP2 in the brain (Figure 5J, detailed in Supplemen-
tary Table S10) (33). Among these 69 exons, 85.51% were
annotated to be specifically regulated by PTBP2, 4.35%
specifically regulated by PTBP1 and 10.14% regulated by
both PTBP1 and 2 (Figure 5J). This finding suggests that
the induction of neuronal-like splicing patterns in PTBP1-
deficient crypt cells is at least in part due to upregulated
PTBP2.

PTBP1 downregulates PHLDA3 and maintains AKT activ-
ity in the crypt cells

Given that loss of PTBP1 caused crypt cell apoptosis,
we analyzed genes associated with cell apoptosis among
those that are alternatively spliced or differentially ex-
pressed upon loss of PTBP1. This led to the identifica-
tion of Phlda3, a gene that encodes a negative regulator
of AKT signaling activity. Phlda3 showed the highest fold
change among the upregulated genes in PTBP1-deficient
crypt cells (Figure 6A, Supplementary Table S6). We per-
formed real-time PCR to assess the expression of Phlda3
in PTBP1-deficient crypt cells at different time points af-
ter tamoxifen induction. An increase in Phlda3 expression
was first detected at 20 h PTT in PTBP1-deficient crypt cells
and became more prominent at 36 and 50 h PTI (Figure
6B). Immunostaining revealed that PHLDA3 protein was
highly accumulated in the cells at the crypt bottom where
ISCs and Paneth cells are located (Figure 6C and D). In
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the PTBP1 knockout mice, PHLDAZ3 protein expression is
significantly increased in the crypt bottom region (Figure
6D). To determine which cell lineages express PHLDA3
protein, we performed double immunofluorescence stain-
ing with anti-PHLDA3 and anti-GFP antibodies on in-
testines of non-tamoxifen treated Pthpl"”/';Lgr5ER*/~ mice
in which LGR 5-expressing CBC stem cells are labeled with
GFP. Interestingly, we found PHLDAJ3 protein is localized
in cells that are interspersed between LGRS-positive CBC
stem cells (Figure 6E). Double immunofluorescence stain-
ing with anti-PHLDAS3 and anti-lysozyme antibodies indi-
cates that these PHLDA3-expressing cells are Paneth cells
(Figure 6F).

Since PHLDAS3 can interfere with AKT binding to PIP;
and thereby prevent AKT activation (24), we assessed AKT
phosphorylation in PTBPI-deficient crypt cells. Indeed,
phosphorylation of AKT on Ser473 was significantly de-
creased in PTBP1-deficient crypt cells at 24 h PTI (Figure
6G). This was accompanied by an increase in P53 activity
at 48 h PTI, judged by the nuclear localization of P53 in
the crypt cells (compare Figure 6H and I). Since Phlda3 is a
target of P53 (24,25), we examined whether P53 activation
occurred before the upregulation of Phlda3. Interestingly,
although the mRNA level of Phlda3 was upregulated sig-
nificantly in PTBP1-deficient crypt cells at 24 h PTT, we did
not detect any P53 activity at this time point (Supplemen-
tary Figure S7). This result suggests that upregulation of the
Phlda3 mRNA level in PTBP1-deficient crypt cells at 24 h
PTI is induced by a mechanism independent of P53.

To determine if Phlda3 mRNA levels in the crypt cells
are directly regulated by PTBPI1, we analyzed the HepG2
PTBP1 eCLIP data from ENCODE database (71). While no
PTBPI binding was detected in the coding region of Phlda3,
we identified eCLIP tags at both the 5 and 3’ untranslated
regions of the Phlda3 transcript (Figure 7A). We next per-
formed the in vitro RIP-qPCR assay to determine if PTBP1
directly binds to the 3’UTR region of Phlda3. We detected a
high binding affinity of PTBP1 to the full-length Phlda3 3’
UTR that includes a 17 bp long CU-rich region in the 3’ end
(Figure 7B and C). Deletion of this CU-rich region abol-
ished PTBP1 binding (Figures 7B and C). Furthermore,
the full-length Phlda3 3’ UTR containing this CU-rich re-
gion decreases the mRNA and protein levels of a GFP re-
porter in SW480 cells (Figure 7D to E). Deletion of this
CU-rich region increased the expression level of GFP tran-
scripts and protein (Figure 7D to E). These results suggest
that PTBP1 directly binds to a CU-rich region in Phlda3
3’ UTR, and this region is essential for downregulating the
Phlda3 mRNA and protein expression.

Collectively, our results reveal a novel mechanism
through which PTBP1 post-transcriptionally regulates gene
function to support ISC survival and epithelial regenera-
tion (Figure 8). PTBP1 represses PTBP2 expression by pro-
moting its non-productive splicing and suppresses the aber-
rant execution of a neuronal-like splicing program in the
crypt cells, which is probably essential for maintaining ISC
stemness. Moreover, PTBP1 downregulates PHLDA3 ex-
pression in the Paneth cells and permits AKT activation,
which presumably sustains the stem cell regeneration capac-
ity and Paneth cell plasticity.
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the knockout crypt cells. Red dots represent significantly upregulated genes (logoFC > 1, FDR < 0.05), blue dots represent significantly downregulated
genes (logoFC < 1, FDR < 0.05), and the black dots represent genes with no significant changes in expression between the knockout and control crypt cells.
Phlda3 showed the highest fold change among the upregulated genes (arrow). (B) Real-time PCR shows significant upregulation of Phlda3 mRNA level at
20, 24, 36 and 50 h PTI. Data were normalized to Gapdh. Each symbol in the graph indicates a fold change of Phlda3 expression in individual mice. Bars
show mean values. At each time point, sibling littermates were used for analysis. Data shown are representative of at least three independent experiments.
(C, D) Immunofluorescence staining using an anti-PHLDA3 antibody shows that PHLDAS3 protein expression is increased in the bottom crypt cells in the
knockout mice (D). Dotted boxes show the crypt bottom region. (E) Double immunofluorescence staining using anti-PHLDA3 and anti-GFP antibodies
shows PHLDA3 protein is localized in cells adjacent to LGR5-positive CBC stem cells (¥) in wild-type mice. PHLDA3-positive cells are delineated by
white dotted lines. (F) Double immunofluorescence staining using anti-PHLDA3 and anti-lysozyme antibodies shows that PHLDAS3 protein is localized in
Paneth cells in wild-type mice. Crypt cells positive for PHLDA3 and lysozyme are delineated by white dotted lines. (G) Western blot shows decreased AKT
phosphorylation on ser473 in knockout crypt cells at 24 h PT1. Quantification of the ratio of Phospho-AKT to Pan-AKT is shown in the right panel. Mice
used in the assay are littermates. PTBP1 was efficiently depleted in all three knockout mice. (H, I) Immunofluorescence staining with an anti-P53 antibody
shows an upregulation of P53 in the knockout crypt cells at 48 h PTI as indicated by nuclear localization of P53 (inset and arrows in ). ** P < 0.01; ****
P < 0.0001. WT, wild-type; KO, knockout. Scale bars, 50 pm.

DISCUSSION properties and contributing to epithelial regeneration upon
loss of ISCs (10-12). A better understanding of mechanisms
by which ISC niche and Paneth cell plasticity are properly
maintained will provide novel insight into the intestinal ep-
ithelial regeneration process.

AKT is crucial for ISC survival and proliferation (13—
16). AKT is also important for Paneth cells to acquire stem-
ness in response to tissue damage (11). Yet, the mechanisms

The intestinal epithelial regeneration is vital not only for
digestion and absorption but also for protection against in-
sults from environmental hazards. Under homeostatic con-
ditions, the regeneration of intestinal epithelium is driven
by ISCs. Paneth cells are reported to be important in pro-
viding a niche that supports ISC survival and self-renewal
(4-8). Paneth cells are also capable of acquiring stem cell
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Figure 7. PTBP1 binds to the CU-rich region in the 3’ UTR of Phlda3 mRNA. (A) UCSC track visualization of PTBP1 eCLIP data from HepG2 cells
demonstrates PTBPI binding sites at the UTR regions of the Phlda3 transcript. CDS, coding sequences. (B) Full-length and the truncated Phlda3 3'UTR
regions were fused to a GFP reporter to generate reporter constructs for the in vitro binding assay. A CU-rich region between the positions of 608 and 625
of Phlda3 3'UTR is only included in the full-length 3" UTR reporter construct. (C) In vitro RIP-qPCR assay demonstrating PTBP1 has a high binding
affinity to Phlda3 3'UTR when the CU-rich region is present. The data shown are representative of three independent experiments. (D, E) Cell transfection
assay demonstrating this CU-rich region represses the expression of the GFP reporter at both the mRNA (D) and protein level (E) in SW480 cells.

that control AKT activity in the intestine remain largely un-
clear. We report here that PTBP1, an RNA-binding pro-
tein that controls gene function post-transcriptionally, is
critical for regulating AKT signaling. We demonstrate that
PTBPI maintains AKT activity by repressing the Paneth
cell-specific expression of PHLDA3. Mechanistically, we
show that PTBP1 directly binds to a CU-rich region in the 3’
UTR of the Phida3 transcript, which we show is required for
downregulating the mRNA and protein levels of a reporter
gene. This finding raises the possibility that PTBP1 may in-
hibit Phlda3 expression by binding to its 3 UTR and desta-
bilizing its mRNA. Since PTBP2 also binds to CU-rich re-
gions (29,47,64,65) and is upregulated in the knockout mice,
it is possible that upregulated PTBP2 may stabilize Phlda3
by binding to its 3’'UTR. Further studies in PTBP1 and
PTBP2 double knockout mice are needed to test these pos-
sibilities. The physiological significance of PTBP1-mediated
Phlda3 inhibition in Paneth cells is of great interest. Given
that Paneth cells nurture and protect ISCs (4,5,7,11), it is
tempting to speculate that such inhibition is essential for
Paneth cells to support ISC survival and regeneration. In
support of this idea, we found that PTBP1 depletion in
the LGRS-positive cells alone was insufficient to provoke
ISC death, suggesting an impaired ISC niche may result in
their death. The disruption of intestinal epithelial regenera-
tion in the PTBP1 knockout mice also suggests that Paneth
cells failed to acquire multipotency and regenerate epithe-
lial cells upon the loss of ISCs. This is probably attributed
to impaired AKT activation in Paneth cells as well. A
follow-up study using a Paneth cell-specific PTBP1 knock-

out mouse model will elucidate the role of PTBP1 in Paneth
cells.

A number of studies indicate that PTBP1 is required
to maintain the multipotency of stem cells and progenitor
cells by inhibiting splicing programs that promote cell dif-
ferentiation (41-44). In the brain, this is through repress-
ing the productive splicing of PTBP2 to prevent activation
of neuronal-specific splicing programs (32,34,45-47,72). We
show that PTBP1 inhibits Ptbp2 expression in the intestinal
crypt cells through a similar splicing control, which inhibits
a neuronal-like splicing program in these cells. This inhi-
bition is likely critical for maintaining the multipotency of
intestinal crypt cells. Despite a shift toward neuronal-like
splicing patterns in PTBP1-deficient crypt cells, we did not
detect the activation of key transcriptional factors that pro-
mote neuronal differentiation. This suggests that eliminat-
ing PTBPI alone is insufficient to convert cells into neurons;
proper cell context and niche are required for neuronal cell
differentiation.

Results from our global transcriptome analysis show
that, in addition to Phlda3 and Ptbp2, PTBPI controls the
alternative splicing of many other genes in the crypt cells.
Loss of PTBP1 causes both an increase and a decrease in
exon inclusion in the crypt cells. The increased exon inclu-
sion events, however, are significantly more than the de-
creased events, suggesting that PTBP1 functions primar-
ily as a repressor of alternative spliced exons in the crypt
cells. This is consistent with previous findings that PTBP1
either represses or promotes exon inclusion of alternative
exons depending on its binding sites in the pre-mRNAs (29).
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Using exon ontology, we further show that PTBPI-
regulated alternative exons are important for protein struc-
ture, localization, modification, binding with other proteins,
and catalytic activity. Interestingly, we found these exons are
significantly enriched for regions encoding phosphorylation
sites, suggesting that PTBP1 regulates the functions of its
target genes through the control of their protein phospho-
rylation. Our gene ontology analysis further revealed that
PTBP1-mediated splicing control is important for modi-
fying genes that control RNA splicing, and some of them
are reported to be involved in regulating stem cell multipo-
tency. For example, MBNL2, a muscleblind-like RNA bind-
ing protein that negatively regulates the splicing program
important for pluripotency of embryonic stem cells (73),
is aberrantly spliced in PTBP1-deficient crypt cells. While

our findings support the idea that aberrant upregulation of
Phlda3 and Ptbp2 plays an important role in causing ISC
death and epithelial regeneration failure in PTBP1-deficient
mice, we cannot exclude the possibility that mis-splicing of
other genes provoked by PTBP1 deficiency may also con-
tribute to these defects. Follow-up studies are required to
determine the contribution of these genes in regulating in-
testinal epithelial regeneration.

Our studies using the constitutive Villin promoter linked-
Cre mouse model and the tamoxifen-inducible Cre mouse
model for PTBP1 deletion indicate that PTBP1 plays age-
related roles in IECs (39). In the neonatal stage, we showed
that PTBP1 deletion mediated by the constitutive Villin pro-
moter linked-Cre recombinase does not result in epithe-
lial regeneration defects in the small intestine (39). Instead,
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the knockout mice develop intestinal inflammation in the
colon shortly after birth, which is accompanied by early
onset of colitis and colorectal cancer (39). Mechanistically,
we demonstrate that epithelial PTBP1 downregulates the
Toll-like receptor signaling activity to suppress the intesti-
nal immunity in the neonates, which is important for gen-
erating a permissive environment for gut microbiota forma-
tion (39). The discrepancy in PTBP1 functions at the neona-
tal stage and adulthood are likely due to the differences in
epithelial regeneration mechanisms between the two stages.
Unlike the adult small intestine wherein Paneth cells sup-
port ISC survival and proliferation, the neonatal intestine
is immature and Paneth cells do not appear in the neona-
tal intestine until the second week after birth (74,75). As
such, a Paneth cell-independent mechanism accounts for
the ISC survival and regeneration in the early neonatal stage
(76). In addition, the neonatal period is a critical time win-
dow for microbial colonization which requires transient in-
testinal immune suppression (77). The physiological role of
PTBPI in the neonatal intestine is to presumably mediate
immune suppression instead of regulating ISC survival and
proliferation.

DATA AVAILABILITY

All raw RNA-seq data files are available for download
from the Gene Expression Omnibus (accession number
GSE185499).

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Dr. Adam Snook and Dr. Sylvie Robine for pro-
viding the Villin-cre ERT2 mouse line, Dr. Douglas Black
for providing the anti-PTBPI antibody, Dr. Waqar Arif for
sharing computational tools, Dr. Bo Wang for the technical
support on the organoid culture, and Dr. Michael Verzi for
sharing the primer sequence for genotyping Villin-cre ERT?2
in mice containing Lgr5-Egfp-IRES-cre ERT2.

Author contributions: U.V.C. performed computational
analysis and experiments, interpreted the data, and helped
writing the manuscript. W.S.T. and H.H. designed the
project, performed the experiments, and interpreted the
data. YYW., K.L.N., A.L., D.Y. and K.C. designed and per-
formed experiments. S.B. assisted in performing computa-
tional analysis. J.Y. and A.K. designed experiments, inter-
preted the data, supervised the study, and helped with writ-
ing the manuscript. W.M. designed the project, performed
the experiments, interpreted the data, supervised the study,
and wrote the manuscript.

FUNDING

National Institute of Health [AI138138, AI146900,
GM140306 to W.M., HL126845, AA010154, HD104039
to A.K., GM131810 to JY.]; Cancer Center at Illinois
[JumpStart Program funds to W.M. and seed grant to

A.K.]; Herbert E. Carter Fellowship from the Department
of Biochemistry, University of Illinois Urbana-Champaign
to U.V.C. Funding for open access charge: University of
Illinois Urbana-Champaign startup funds to W.M.
Conflict of interest statement. None declared.

REFERENCES

1. van der Flier,L.G. and Clevers,H. (2009) Stem cells, self-renewal, and
differentiation in the intestinal epithelium. Annu. Rev. Physiol., 71,
241-260.

2. Karmakar,S., Deng,L., He,X.C. and Li,L. (2020) Intestinal epithelial
regeneration: active versus reserve stem cells and plasticity
mechanisms. Am. J. Physiol. Gastrointest. Liver Physiol., 318,
G796-G802.

3. Gehart,H. and Clevers,H. (2019) Tales from the crypt: new insights
into intestinal stem cells. Nat. Rev. Gastroenterol. Hepatol., 16, 19-34.

4. Sato,T., van Es,J.H., Snippert,H.J., Stange,D.E., Vries,R.G., van den
Born,M., Barker,N., Shroyer,N.F., van de Wetering,M. and
Clevers,H. (2011) Paneth cells constitute the niche for Lgr5 stem cells
in intestinal crypts. Nature, 469, 415-418.

5. Farin,H.FE,, Van Es,J.H. and Clevers,H. (2012) Redundant sources of
Wnt regulate intestinal stem cells and promote formation of Paneth
cells. Gastroenterology, 143, 1518-1529.

6. Clevers,H.C. and Bevins,C.L. (2013) Paneth cells: maestros of the
small intestinal crypts. Annu. Rev. Physiol., 75, 289-311.

7. Langlands,A.J., Almet,A.A., Appleton,P.L., Newton,I.P,
Osborne,J.M. and Nathke,I.S. (2016) Paneth cell-rich regions
separated by a cluster of Lgr5+ cells initiate crypt fission in the
intestinal stem cell niche. PLoS Biol., 14, ¢1002491.

8. Cray,P.,, Sheahan,B.J. and Dekaney,C.M. (2021) Secretory sorcery:
paneth cell control of intestinal repair and homeostasis. Cell. Mol.
Gastroenterol. Hepatol., 12, 1239-1250.

9. Roth,S., Franken,P,, Sacchetti,A., Kremer,A., Anderson,K.,
Sansom,O. and Fodde,R. (2012) Paneth cells in intestinal
homeostasis and tissue injury. PLoS One, 7, €38965.

10. Yu,S., Tong,K., Zhao,Y., Balasubramanian,l., Yap,G.S.,
Ferraris,R.P., Bonder,E.M., Verzi,M.P. and Gao,N. (2018) Paneth
cell multipotency induced by notch activation following injury. Cel/
Stem Cell, 23, 46-59.

11. Schmitt,M., Schewe,M., Sacchetti,A., Feijtel,D., van de Geer,W.S.,
Teeuwssen,M., Sleddens,H.F., Joosten,R., van Royen,M.E., van de
Werken,H.J.G. et al. (2018) Paneth cells respond to inflammation and
contribute to tissue regeneration by acquiring stem-like features
through SCF/c-kit signaling. Cell Rep., 24, 2312-2328.

12. Jones,J.C., Brindley,C.D., Elder,N.H., Myers,M.G. Jr, Rajala, M.W.,
Dekaney,C.M., McNamee,E.N., Frey,M.R., Shroyer,N.F. and
Dempsey,PJ. (2019) Cellular plasticity of Defa4(Cre)-expressing
paneth cells in response to notch activation and intestinal injury. Cell.
Mol. Gastroenterol. Hepatol., 7, 533-554.

13. He,X.C., Zhang,J., Tong,W.G., Tawfik,O., Ross.J., Scoville,D.H.,
Tian,Q., Zeng,X., He,X., Wiedemann,L.M. et al. (2004) BMP
signaling inhibits intestinal stem cell self-renewal through suppression
of wnt-beta-catenin signaling. Nat. Genet., 36, 1117-1121.

14. Qiu,W., Leibowitz,B., Zhang,L. and Yu,J. (2010) Growth factors
protect intestinal stem cells from radiation-induced apoptosis by
suppressing PUMA through the PI3K/AKT/p53 axis. Oncogene, 29,
1622-1632.

15. Goldsmith,J.R., Spitofsky,N., Zamani,A., Hood,R., Boggs,A., Li,X.,
Li,M., Reiner.E., Ayyaz,A., Etwebi,Z. et al. (2020) TNFAIP8
controls murine intestinal stem cell homeostasis and regeneration by
regulating microbiome-induced Akt signaling. Nat. Commun., 11,
2591.

16. Li,F.Q., Mofunanya,A., Harris,K. and Takemaru,K. (2008) Chibby
cooperates with 14-3-3 to regulate beta-catenin subcellular
distribution and signaling activity. J. Cell Biol., 181, 1141-1154.

17. Manning,B.D. and Toker,A. (2017) AKT/PKB signaling: navigating
the network. Cell, 169, 381-405.

18. Mayo,L.D. and Donner,D.B. (2002) The PTEN, Mdm2, p53 tumor
suppressor-oncoprotein network. Trends Biochem. Sci, 27, 462-467.

19. Brooks,C.L. and Gu,W. (2006) p53 ubiquitination: mdm2 and
beyond. Mol. Cell, 21, 307-315.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad042#supplementary-data

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Gottlieb, T.M., LealJ.F., Seger,R., Taya,Y. and Oren,M. (2002)
Cross-talk between Akt, p53 and Mdm?2: possible implications for the
regulation of apoptosis. Oncogene, 21, 1299-1303.

Momand,J., Zambetti,G.P,, Olson,D.C., George,D. and Levine,A.J.
(1992) The mdm-2 oncogene product forms a complex with the p53
protein and inhibits pS3-mediated transactivation. Cell, 69,
1237-1245.

Mayo,L.D. and Donner,D.B. (2001) A phosphatidylinositol
3-kinase/akt pathway promotes translocation of Mdm?2 from the
cytoplasm to the nucleus. Proc. Natl. Acad. Sci. U.S.A., 98,
11598-11603.

Chen,Y. and Ohki,R. (2020) p53-PHLDA3-Akt network: the key
regulators of neuroendocrine tumorigenesis. Int. J. Mol. Sci., 21,
4098.

Kawase, T., Ohki,R., Shibata,T., Tsutsumi,S., Kamimura,N.,
Inazawa,J., Ohta,T., Ichikawa,H., Aburatani,H., Tashiro,F. et al.
(2009) PH domain-only protein PHLDA3 is a p53-regulated
repressor of Akt. Cell, 136, 535-550.

Leszczynska,K.B., Foskolou,I.P., Abraham,A.G., Anbalagan,S.,
Tellier,C., Haider,S., Span,P.N., O’Neill,E.E., Buffa,F.M. and
Hammond,E.M. (2015) Hypoxia-induced p53 modulates both
apoptosis and radiosensitivity via AKT. J Clin. Invest., 125,
2385-2398.

Garcia-Blanco,M.A., Jamison,S.F. and Sharp,P.A. (1989)
Identification and purification of a 62,000-dalton protein that binds
specifically to the polypyrimidine tract of introns. Genes Dev., 3,
1874-1886.

Patton,J.G., Mayer,S.A., Tempst,P. and Nadal-Ginard,B. (1991)
Characterization and molecular cloning of polypyrimidine
tract-binding protein: a component of a complex necessary for
pre-mRNA splicing. Genes Dev., 5, 1237-1251.

Sawicka,K., Bushell,M., Spriggs,K.A. and Willis,A.E. (2008)
Polypyrimidine-tract-binding protein: a multifunctional
RNA-binding protein. Biochem. Soc. Trans., 36, 641-647.
Kafasla,P., Mickleburgh,I., Llorian,M., Coelho,M., Gooding,C.,
Cherny,D., Joshi,A., Kotik-Kogan,O., Curry,S., Eperon,l.C. et al.
(2012) Defining the roles and interactions of PTB. Biochem. Soc.
Trans., 40, 815-820.

Suckale,J., Wendling,O., Masjkur.,J., Jager,M., Munster,C.,
Anastassiadis,K., Stewart,A.F. and Solimena,M. (2011) PTBP1 is
required for embryonic development before gastrulation. PLoS One,
6,¢16992.

Shibasaki,T., Tokunaga,A., Sakamoto,R., Sagara,H., Noguchi,S.,
Sasaoka,T. and Yoshida,N. (2013) PTB deficiency causes the loss of
adherens junctions in the dorsal telencephalon and leads to lethal
hydrocephalus. Cereb. Cortex, 23, 1824-1835.

Linares,A.J., Lin,C.H., Damianov,A., Adams,K.L., Novitch,B.G.
and Black,D.L. (2015) The splicing regulator PTBP1 controls the
activity of the transcription factor Pbx1 during neuronal
differentiation. Elife, 4, €09268.

Vuong,J.K., Lin,C.H., Zhang,M., Chen,L., Black,D.L. and Zheng,S.
(2016) PTBP1 and PTBP2 serve both specific and redundant
functions in neuronal pre-mRNA splicing. Cell Rep., 17, 2766-2775.
Boutz,P.L., Stoilov,P,, Li,Q., Lin,C.H., Chawla,G., Ostrow,K.,
Shiue,L., Ares,M. Jr and Black,D.L. (2007) A post-transcriptional
regulatory switch in polypyrimidine tract-binding proteins
reprograms alternative splicing in developing neurons. Genes Dev., 21,
1636-1652.

Yeom,K.H., Mitchell,S., Linares,A.J., Zheng,S., Lin,C.H., Wang,X.J.,
Hoffmann,A. and Black,D.L. (2018) Polypyrimidine tract-binding
protein blocks miRNA-124 biogenesis to enforce its neuronal-specific
expression in the mouse. Proc. Natl. Acad. Sci. U.S.A., 115,
E11061-E11070.

Monzon-Casanova,E., Screen,M., Diaz-Munoz,M.D.,
Coulson,R.M.R., Bell,S.E., Lamers,G., Solimena,M., Smith,C.W.J.
and Turner,M. (2018) The RNA-binding protein PTBPI is necessary
for B cell selection in germinal centers. Nat. Immunol., 19, 267-278.
Mei,W., Lee,K.W., Marlow,F.L., Miller,A.L. and Mullins,M.C.
(2009) hnRNP I is required to generate the Ca2+ signal that causes
egg activation in zebrafish. Development, 136, 3007-3017.

Yang,J., Chan,C.Y., Jiang,B., Yu,X., Zhu,G.Z., Chen,Y., Barnard,J.
and Mei,W. (2009) hnRNP I inhibits Notch signaling and regulates
intestinal epithelial homeostasis in the zebrafish. PLos Genet., 5,
€1000363.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57

Nucleic Acids Research, 2023, Vol. 51, No. 5 2413

Jin,Z., Liang,F., Yang,J. and Mei,W. (2017) hnRNP I regulates
neonatal immune adaptation and prevents colitis and colorectal
cancer. PLoS Genet., 13, e1006672.

Senoo,M., Takijiri,T., Yoshida,N., Ozawa,M. and Ikawa,M. (2019)
PTBPI contributes to spermatogenesis through regulation of
proliferation in spermatogonia. J. Reprod. Dev., 65, 37-46.

Rehn,M., Wenzel,A., Frank,A K., Schuster,M.B., Pundhir,S.,
Jorgensen,N., Vitting-Seerup,K., Ge,Y., Jendholm,J., Michaut,M.

et al. (2022) PTBP1 promotes hematopoietic stem cell maintenance
and red blood cell development by ensuring sufficient availability of
ribosomal constituents. Cell Rep., 39, 110793.

Ramos,A.D., Andersen,R.E., Liu,S.J., Nowakowski,T.J., Hong,S.J.,
Gertz,C., Salinas,R.D., Zarabi,H., Kriegstein,A.R. and Lim,D.A.
(2015) The long noncoding RNA pnky regulates neuronal
differentiation of embryonic and postnatal neural stem cells. Cell
Stem Cell, 16, 439-447.

Li,J, Yang,Y., Fan,J., Xu,H., Fan,L., Li,H. and Zhao,R.C. (2019)
Long noncoding RNA ANCR inhibits the differentiation of
mesenchymal stem cells toward definitive endoderm by facilitating the
association of PTBP1 with ID2. Cell Death. Dis., 10, 492.
Tahmasebi,S., Jafarnejad,S.M., Tam,L.S.,
Gonatopoulos-Pournatzis, T., Matta-Camacho,E., Tsukumo,Y.,
Yanagiya,A., Li,W., Atlasi,Y., Caron,M. et al. (2016) Control of
embryonic stem cell self-renewal and differentiation via coordinated
alternative splicing and translation of YY2. Proc. Natl. Acad. Sci.
US.A., 113, 12360-12367.

Spellman,R., Llorian,M. and Smith,C.W. (2007) Crossregulation and
functional redundancy between the splicing regulator PTB and its
paralogs nPTB and RODI1. Mol. Cell, 27, 420-434.

Makeyev,E.V., Zhang,J., Carrasco,M.A. and Maniatis,T. (2007) The
MicroRNA miR-124 promotes neuronal differentiation by triggering
brain-specific alternative pre-mRNA splicing. Mol. Cell, 27, 435-448.
Keppetipola,N., Sharma,S., Li,Q. and Black,D.L. (2012) Neuronal
regulation of pre-mRNA splicing by polypyrimidine tract binding
proteins, PTBP1 and PTBP2. Crit. Rev. Biochem. Mol. Biol., 47,
360-378.

el Marjou,F,, Janssen,K.P., Chang,B.H., Li,M., Hindie,V., Chan,L.,
Louvard,D., Chambon,P., Metzger,D. and Robine,S. (2004)
Tissue-specific and inducible Cre-mediated recombination in the gut
epithelium. Genesis, 39, 186-193.

Barker,N., van Es,J.H., Kuipers,J., Kujala,P., van den Born,M.,
Cozijnsen,M., Haegebarth,A., Korving,J., Begthel, H., Peters,P.J.

et al. (2007) Identification of stem cells in small intestine and colon by
marker gene LgrS. Nature, 449, 1003-1007.

Wang,B., Rong,X., Palladino,E.N.D., Wang,J., Fogelman,A.M.,
Martin,M.G., Alrefai,W.A., Ford,D.A. and Tontonoz,P. (2018)
Phospholipid remodeling and cholesterol availability regulate
intestinal stemness and tumorigenesis. Cell Stem Cell, 22, 206-220.
Jin,Z., Shi,J., Saraf,A., Mei,W., Zhu,G.Z., Strack,S. and Yang,J.
(2009) The 48-kDa alternative translation isoform of
PP2A:b56epsilon is required for wnt signaling during
midbrain-hindbrain boundary formation. J. Biol. Chem., 284,
7190-7200.

Aguero,T., Jin,Z., Chorghade,S., Kalsotra,A., King,M.L. and Yang,J.
(2017) Maternal Dead-end 1 promotes translation of nanosl by
binding the eIF3 complex. Development, 144, 3755-3765.
Bolger,A.M., Lohse,M. and Usadel,B. (2014) Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics, 30, 2114-2120.
Dobin,A., Davis,C.A., Schlesinger,F., Drenkow,J., Zaleski,C., Jha,S.,
Batut,P., Chaisson,M. and Gingeras,T.R. (2013) STAR: ultrafast
universal RNA-seq aligner. Bioinformatics, 29, 15-21.

Trapnell,C., Roberts,A., Goff,L., Pertea,G., Kim,D., Kelley,D.R.,
Pimentel,H., Salzberg,S.L., Rinn,J.L. and Pachter,L. (2012)
Differential gene and transcript expression analysis of RNA-seq
experiments with TopHat and Cufflinks. Nat. Protoc.,7, 562-578.
Shen,S., Park,JW., Lu,Z.X., Lin,L., Henry,M.D., Wu,Y.N., Zhou,Q.
and Xing,Y. (2014) rMATS: robust and flexible detection of
differential alternative splicing from replicate RNA-seq data. Proc.
Natl. Acad. Sci. U.S.A., 111, E5593-E5601.

. Tranchevent,L.C., Aube,F., Dulaurier,L., Benoit-Pilven,C., Rey,A.,

Poret,A., Chautard,E., Mortada,H., Desmet,F.O., Chakrama,F.Z.
et al. (2017) Identification of protein features encoded by alternative
exons using Exon Ontology. Genome Res., 27, 1087-1097.



2414 Nucleic Acids Research, 2023, Vol. 51, No. 5

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Wu,X. and Bartel,D.P. (2017) kpLogo: positional k-mer analysis
reveals hidden specificity in biological sequences. Nucleic Acids Res.,
45, W534-W538.

Bailey,T.L., Johnson,J., Grant,C.E. and Noble,W.S. (2015) The
MEME Suite. Nucleic Acids Res., 43, W39-W49.

Park,J.W., Jung,S., Rouchka,E.C., Tseng,Y.T. and Xing,Y. (2016)
rMAPS: RNA map analysis and plotting server for alternative exon
regulation. Nucleic Acids Res., 44, W333-W338.

Van Nostrand,E.L., Pratt,G.A., Shishkin,A.A., Gelboin-Burkhart,C.,
Fang,M.Y., Sundararaman,B., Blue,S.M., Nguyen,T.B., Surka,C.,
Elkins,K. et al. (2016) Robust transcriptome-wide discovery of
RNA-binding protein binding sites with enhanced CLIP (eCLIP).
Nat. Methods, 13, 508-514.

van der Flier,L.G., Haegebarth,A., Stange.D.E., van de Wetering, M.
and Clevers,H. (2009) OLFM4 is a robust marker for stem cells in
human intestine and marks a subset of colorectal cancer cells.
Gastroenterology, 137, 15-17.

Bangru,S., Arif,W., Seimetz,J., Bhate,A., Chen,J., Rashan,E.H.,
Carstens,R.P., Anakk,S. and Kalsotra,A. (2018) Alternative splicing
rewires hippo signaling pathway in hepatocytes to promote liver
regeneration. Nat. Struct. Mol. Biol., 25,928-939.

Xue,Y., Zhou,Y., Wu,T., Zhu,T., Ji,X., Kwon,Y.S., Zhang,C., Yeo,G.,
Black,D.L., Sun,H. et al. (2009) Genome-wide analysis of PTB-RNA
interactions reveals a strategy used by the general splicing repressor
to modulate exon inclusion or skipping. Mol. Cell, 36, 996-1006.
Llorian,M., Schwartz,S., Clark,T.A., Hollander,D., Tan,L.Y.,
Spellman,R., Gordon,A., Schweitzer,A.C., de la Grange,P., Ast,G.
et al. (2010) Position-dependent alternative splicing activity revealed
by global profiling of alternative splicing events regulated by PTB.
Nat. Struct. Mol. Biol., 17, 1114-1123.

Ray,D., Kazan,H., Cook,K.B., Weirauch,M.T., Najafabadi,H.S.,
Li,X., Gueroussov,S., Albu,M., Zheng,H., Yang,A. et al. (2013) A
compendium of RNA-binding motifs for decoding gene regulation.
Nature, 499, 172-177.

Tapial,J., Ha,K.C.H., Sterne-Weiler,T., Gohr,A., Braunschweig,U.,
Hermoso-Pulido,A., Quesnel-Vallieres,M., Permanyer,J., Sodaei,R.,
Marquez,Y. et al. (2017) An atlas of alternative splicing profiles and
functional associations reveals new regulatory programs and genes

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

that simultaneously express multiple major isoforms. Genome Res.,
27, 1759-1768.

Merkin,J., Russell,C., Chen,P. and Burge,C.B. (2012) Evolutionary
dynamics of gene and isoform regulation in mammalian tissues.
Science, 338, 1593-1599.

Zhang,M., Ergin,V., Lin,L., Stork,C., Chen,L. and Zheng,S. (2019)
Axonogenesis is coordinated by neuron-specific alternative splicing
programming and splicing regulator PTBP2. Neuron, 101, 690-706.
Zheng.S., Gray,E.E., Chawla,G., Porse,B.T., O’Dell,T.J. and
Black,D.L. (2012) PSD-95 is post-transcriptionally repressed during
early neural development by PTBP1 and PTBP2. Nat. Neurosci., 15,
381-388.

ENCODE Project Consortium (2012) An integrated encyclopedia of
DNA elements in the human genome. Nature, 489, 57-74.
Vuong,C.K., Black,D.L. and Zheng,S. (2016) The neurogenetics of
alternative splicing. Nat. Rev. Neurosci., 17, 265-281.

Han,H., Irimia,M., Ross,P.J., Sung,H.K., Alipanahi,B., David,L.,
Golipour,A., Gabut,M., Michael,I.P., Nachman,E.N. et al. (2013)
MBNL proteins repress ES-cell-specific alternative splicing and
reprogramming. Nature, 498, 241-245.

Bry,L., Falk,P., Huttner,K., Ouellette,A., Midtvedt,T. and
Gordon,J.I. (1994) Paneth cell differentiation in the developing
intestine of normal and transgenic mice. Proc. Natl. Acad. Sci.
US.A.,91, 10335-10339.

Fernandez,M.I., Regnault,B., Mulet,C., Tanguy,M., Jay,P.,
Sansonetti,P.J. and Pedron,T. (2008) Maturation of paneth cells
induces the refractory state of newborn mice to Shigella infection. J.
Immunol., 180, 4924-4930.

Zwiggelaar,R.T., Lindholm,H.T., Fosslie,M., Terndrup Pedersen,M.,
Ohta, Y., Diez-Sanchez,A., Martin-Alonso,M., Ostrop,J., Matano,M.,
Parmar,N. ez al. (2020) LSDI1 represses a neonatal/reparative gene
program in adult intestinal epithelium. Sci. Adv., 6, eabc0367.
Renz,H., Adkins,B.D., Bartfeld,S., Blumberg,R.S., Farber,D.L.,
Garssen,J., Ghazal,P., Hackam,D.J., Marsland,B.J., McCoy,K.D.

et al. (2018) The neonatal window of opportunity-early priming for
life. J. Allergy Clin. Immunol., 141, 1212-1214.



