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KEY WORDS Abstract The mucosal barrier is crucial for intestinal homeostasis, and goblet cells are essential for
maintaining the mucosal barrier integrity. The proviral integration site for Moloney murine leukemia
virus-1 (PIM1) kinase regulates multiple cellular functions, but its role in intestinal homeostasis during
colitis is unknown. Here, we demonstrate that PIM1 is prominently elevated in the colonic epithelia of
both ulcerative colitis patients and murine models, in the presence of intestinal microbiota. Epithelial
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Intestinal homeostasis; PIM1 leads to decreased goblet cells, thus impairing resistance to colitis and colitis-associated colorectal
Epigenetic modification; cancer (CAC) in mice. Mechanistically, PIM1 modulates goblet cell differentiation through the Wnt and
Ulcerative colitis; Notch signaling pathways. Interestingly, PIM1 interacts with histone deacetylase 2 (HDAC2) and down-
CAC regulates its level via phosphorylation, thereby altering the epigenetic profiles of Wnt signaling pathway
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genes. Collectively, these findings investigate the unknown function of the PIM1—HDAC?2 axis in goblet
cell differentiation and ulcerative colitis/CAC pathogenesis, which points to the potential for PIM1-
targeted therapies of ulcerative colitis and CAC.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ulcerative colitis (UC) is a chronic inflammatory bowel disease
characterized by mucosal inflammation and ulceration in the colon
and rectum’. It affects millions of people worldwide and signifi-
cantly burdens global health care’. The exact etiology of UC
remains elusive, but it is thought to arise from the complex
interplay of genetic factors, environmental factors, epithelial
barrier defects, and dysregulated immune responses’. Among
these factors, the intestinal mucosal barrier function is essential
for maintaining immune homeostasis as it ensures the complex
crosstalk between the gut microbiota and the host immune
system™. Therefore, maintaining the intestinal mucosal barrier
integrity and functions has been recognized as a critical player in
gut homeostasis maintenance’.

Among the various components of the mucosal barrier, colonic
goblet cells serve a crucial role in maintaining mucosal integrity’.
Goblet cells are specialized epithelial cells that synthesize and
secrete mucins, the major structural components of mucus. Mucus
layers covering the intestinal epithelial cells provide a protective
barrier that prevents pathogenic microbial invasion and coloni-
zation®. Several studies have revealed that altered goblet cell
numbers, reduced mucin production, and disrupted mucus layers
contribute to the occurrence and progression of UC”!'. The Notch
and Wnt signaling pathways are crucial for goblet cell
differentiation”'>"?,

The proviral integration site for Moloney murine leukemia
virus-1 (PIMI) is a proto-oncogene encoding a serine/threonine
kinase'*. PIM1 kinase is constitutively active and involved in
various cellular processes, including cell survival, proliferation,
and differentiation, by phosphorylating a wide range of sub-
strates'™'®. PIM1 kinase has been linked to several malig-
nancies'”'®. Some studies have explored the role of PIM1 kinase
in animal models of autoimmune diseases, such as experimental
autoimmune uveitis (EAU) and systemic lupus erythematosus
(SLE)'**°. Emerging evidence suggests that the PIM1 inhibitor
attenuates trinitrobenzene sulphonic acid (TNBS) and dextran
sodium sulfate (DSS)-induced colitis in mice”'*”. However, its
role in UC and the underlying mechanisms remain unknown.

HDAC?2, a class I histone deacetylase, removes acetyl groups
from lysine residues in histones to suppress gene transcription.
HDAC?2 primarily targets histones H3 and H4 and some non-
histone substrates. HDAC2 is predominantly located in the
nucleus and undergoes various posttranslational modifications,
including acetylations, phosphorylations, nitosylations, and
sumoylations™. It has been reported to play essential roles in
cellular proliferation, cell migration, cell senescence, cell
apoptosis, inflammation, and gene expression regulation, which
contribute to the pathogenesis of various diseases”*”. Evidence
suggests that HDAC overexpression is a biomarker for tumori-
genesis, such as HDAC1/2/3, which is upregulated in human

cervical cancer cells and tissues’®”’. Inhibitors that target

abnormal HDACs have shown promising antitumor effects.
Recent studies have also implicated HDAC2 as essential for IEC
homeostasis and inflammatory responses®®. Nevertheless, the
function and underlying mechanisms of HDAC2 in UC have not
yet been determined.

In this study, we report the role of PIM1 in UC and its impact
on colonic goblet cell differentiation, which is critical for main-
taining mucosal homeostasis. Mechanistically, PIM1 modulates
goblet cell differentiation by regulating Wnt and Notch signaling
pathways, partially mediated by its binding, phosphorylating, and
downregulating of HDAC2. Our findings emphasize the complex
interplay between PIM1—HDAC2 and UC pathogenesis and
highlight the potential of PIM1 and HDAC2 as diagnostic in-
dicators and therapeutic targets.

2. Materials and methods

2.1. Mice

All mice used in this study were on the C57BL/6J background.
Piml heterozygous (Pim1*'™) and Piml homozygous (Piml -
were generated from Biocytogen Pharmaceuticals (Beijing, China)
and were confirmed by PCR genotype analysis. PimI¥" and Villin-
Cre mice were purchased from GemPharmatech (Nanjing, China).
Wild-type male C57BL/6J mice were obtained from the Academy
of Military Medical Science (Beijing, China). Mice were housed
in a specific pathogen-free environment at the Department of
Laboratory Animal Science and Technology of Tianjin Medical
University. Unless otherwise specified, they were used for
experiments at 6—8 weeks of age. All animal experiments were
approved by the Animal Care and Use Committee of Tianjin
Medical University (TMUaMEC 2021039).

2.2.  Human samples

Colonic tissue samples were collected from patients diagnosed
with ulcerative colitis at Tianjin Medical University General
Hospital. Colonic tissue samples were collected from patients
diagnosed with colorectal cancer (CRC) at Tianjin Medical Uni-
versity Cancer Institute and Hospital. The diagnosis was made
based on colonoscopy and pathological examination of the
collected tissue. Relevant clinical information for the patients is
presented in Supporting Information Table S1. The human CRC
tissue chip was obtained from Guilin Fanpu Biotechnology Co.,
Ltd. (Guilin, China). All samples were obtained with the informed
consent of the patients (Supporting Information Fig. S1), and the
study was approved by the Ethics Committee of Tianjin Medical
University General Hospital (IRB2020-KY-190) or the Ethics
Committee of Tianjin Medical University Cancer Institute and
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Hospital (bc2023182) or Guilin Fanpu Biotechnology Co., Ltd.
(Fanpu [2018] No. 23).

2.3.  Cell lines and reagents

The human colon adenocarcinoma cell lines Caco2 (ATCC HTB-
37) and human embryonic kidney 293T cell (ATCC CRL-3216)
were obtained from ATCC. Caco2 cells were maintained in RPMI
1640 medium supplemented with 20% fetal bovine serum. 293T
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum. Cells were
incubated at 37 °C in a humidified incubator containing 5% CO,.
The Wnt activator (10 pmol/L; 252917-06-9, MedChemExpress,
NJ, USA) and Notch inhibitor (5 pmol/L; 208255-80-5,
MedChemExpress) were dissolved in DMSO (D8372, Solarbio,
Beijing, China) and added to the culture medium for 24 h.

2.4. GEO datasets

We employed six datasets to analyze PIMI gene expression. The
microarray data obtained from the Gene Expression Omnibus
(GSE75214, GSE65114, GSE47908, GSE37364, GSE44861, and
GSE4183) were processed using Sanger Box software.

2.5.  ScRNA-seq analysis

The PIMI expression was analyzed by Majorbio Bio-Pharm
Technology Co., Ltd. (Shanghai, China) in the colon biopsies of
patients with UC using Single-cell RNA sequencing (scRNA-seq)
data on the Broad Institute Single Cell portal (https://singlecell.
broadinstitute.org/single_cell/study/SCP259/intra-and-inter-cell
ular-rewiring-of-the-human-colon-during-ulcerative-colitis).

2.6. DSS-induced acute colitis mouse model

For the DSS-induced acute colitis mouse model, mice were
administered 1.5% DSS (0216011090, MV = 36—50 kDa, MP
Biomedicals, OH, USA) dissolved in drinking water for seven
days. Weight, rectal bleeding, and stool consistency were assessed
daily and scored according to previously described methods™.
The disease activity index (DAI) was evaluated based on body
weight loss, rectal bleeding, and stool consistency. Body weight
loss was categorized as follows: 0 (<2%), 1 2%—5%), 2 (5%—
10%), 3 (10%—15%), and 4 (>15%). Rectal bleeding was cate-
gorized as follows: 0, normal; 1, brown color; 2, reddish color; 3,
bloody stool. Stool consistency was organized as follows: 0,
normal; 1, mild soft stools; 2, very soft stools; 3, watery stools. On
the seventh day, the mice were euthanized, and colon tissues were
harvested. The distal part of the colon was fixed in 4% para-
formaldehyde and embedded in paraffin for subsequent histolog-
ical analysis. Another portion of the distal colon was embedded in
an optimal cutting temperature (OCT, 4583, Sakura Finetek, USA)
compound, rapidly frozen in liquid nitrogen, and stored at —80 °C
until further use.

2.7.  Intestinal permeability

After mice were administered 1.5% DSS in drinking water for six
days, they were gavaged orally with FITC-dextran (0.6 mg/g body
weight, Sigma—Aldrich, Germany). After 4 h, the blood was
collected by cardiac puncture. Subsequently, blood serum was
analyzed for measuring fluorescence intensity with Synergy HT

Multi-Mode Microplate Reader (Bio-tek Winooski, VT, USA) at
an excitation wavelength of 485 nm and emission wavelength of
525 nm.

2.8.  Hematoxylin and eosin (H&E) staining

The distal colon tissue was fixed with 4% paraformaldehyde to
perform histological analysis and then embedded in paraffin. The
tissue was sectioned into 5 um slices and stained with hematoxylin
and eosin. Images were captured using a microscope (BX46,
Olympus, Tokyo, Japan). The histological score was assessed
based on previously established criteria®”. Briefly, the histological
score was scored with seven parameters: degree of inflammation
(0—4), the severity of crypt damage (0—4), immune cell infiltra-
tion (0—3), submucosal edema (0—3), loss of goblet cells (0—3),
active epithelial hyperplasia (0—3), and crypt abscesses (0—2).

We used the AB-PAS Stain Kit (Solarbio, Beijing, China)
according to the manufacturer’s guidelines to detect goblet cells.
Goblet cell quantification was performed by counting the total
number of goblet cells within crypts from four fields.

2.9.  Immunohistochemistry

Paraffin-embedded colon tissue sections were deparaffinized using
xylene and dehydrated using alcohol, then subjected to antigen
retrieval in citrate buffer (pH 6.0). The sections were treated with
0.3% hydrogen peroxide to block endogenous peroxidase activity
and blocked with 5% normal goat serum for 1 h. The sections
were incubated overnight with primary antibodies against MUC2
(1:1000, Proteintech, Chicago, IL, USA), HDAC2 (1:1000, Pro-
teintech), LGRS (1:400, Affinity Biosciences, Cincinnati, OH,
USA), cleaved caspase-3 (1:2000, Cell Signaling Technology,
Danvers, MA, USA), ZO-1 (1:500, Thermofisher Scientific,
Waltham, MA, USA), PIM1 (1:200, Thermofisher Scientific,
USA), and OCCLUDIN (1:200, Abcam, Cambridge, MA, USA).
After washing with PBS at least five times, the sections were
incubated with horseradish peroxidase (HRP)-labeled secondary
antibody (Zsbio, Beijing, China) for 30 min. Diaminobenzidine
chromogenic substrate (Zsbio) was used to develop the staining.
Hematoxylin was applied as a counterstain, and the sections were
dehydrated and mounted. Tissue samples were imaged using an
Olympus BX46 microscope (OLYMPUS, Japan). Staining
intensity was quantified using the Image Pro Plus software.

2.10.  Immunofluorescent staining

5 pum sections were cut from tissues embedded in OCT com-
pounds. The sections were treated with cold acetone for 10 min at
4 °C to fix. Tissues were blocked using 5% BSA for 1 h, followed
by incubation overnight with the indicated primary antibody
against MUC2 (1:500, Proteintech). The samples were washed
with PBS and then incubated with Alexa Fluor 488-labeled second
antibody (1:500, Proteintech) for 1 h. After washing thoroughly,
the sections were mounted with DAPI Fluoromount-G gum and
imaged using a confocal fluorescence microscope (Leica TCS-
SP8, Leica Microsystems, Germany).

Cells were fixed with 4% paraformaldehyde for 15 min and
then permeabilized with 0.25% TritonX-100 for 10 min. The cells
were treated with 5% normal goat serum for 1 h to block non-
specific binding before being incubated with primary antibodies
against MUC2 (1:500, Proteintech), FLAG (1:1000, Sigma—
Aldrich), and HDAC2 (1:1000, Proteintech) overnight. After
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washing, the samples were incubated with Alexa Fluor 488- or
Alexa Fluor 594-labeled second antibody (1:500, Proteintech).
Subsequently, fluorescence imaging was carried out using a
fluorescence microscope (OLYMPUS IX73, OLYMPUS, Japan).

2.11.  Fecal microbiota transplantation

200 mg of stool was collected daily from WT donor mice or DSS-
induced colitis donor mice. The stool was resuspended in 1 mL
sterile anaerobic PBS and then passed through a 70-um filter. WT
recipient mice were pretreated with a cocktail of broad-spectrum
antibiotics for seven days and then were intragastrically admin-
istered with 0.2 mL fresh fecal solution of WT donor mice or
DSS-induced colitis donor mice once daily for seven days.

2.12.  Proximity ligation assay

Proximity ligation assay was performed using Duolink In Situ
Proximity Ligation Assay kit (DU092013, Sigma—Aldrich)
according to the manufacturer’s instructions. Cells were fixed with
4% paraformaldehyde for 10 min at room temperature, followed
by permeabilization with 0.25% TritonX-100 for 15 min at room
temperature. The cells were blocked using 1 x blocking solution
for 60 min at 37 °C to block non-specific binding. Cells were then
incubated with primary antibodies against FLAG (1:1000, Sig-
ma—Aldrich) and HDAC2 (1:500, Abcam) overnight at 4 °C.
After washing with wash buffer A, cells were incubated with PLA
probes at 37 °C for 60 min. Subsequently, the cells were rewashed
in wash buffer A and incubated in ligation solution for 30 min at
37 °C. Afterward, cells were washed two times with wash buffer A
and incubated with an amplification solution at 37 °C for 100 min.
Finally, the cells were washed two times with wash buffer B and
mounted with DAPI Fluoromount-G gum. Fluorescence imaging
was carried out using a confocal fluorescence microscope (Leica
TCS-SP8, Leica Microsystems).

2.13.  RNA extraction and real-time PCR

Total RNA from colon tissue and Caco?2 cells were extracted using
the TRizol reagent (Solarbio, Beijing, China) following the
manufacturer’s instructions. MonScript™ RTIII All-in-One Mix
(Monad, Suzhou, China) was used to reverse-transcribe 1 pg of
total RNA to cDNA. Quantitative real-time PCR was performed in
triplicate using SYBR Green qPCR Master mixes (Cwbio,
Jiangsu, China) under the thermocycler PCR system (LightCyler
96, Roche). The relative gene expression was calculated using the
27AACT method. B-Actin was used as an internal control. The
primer sequences are listed in Supporting Information Table S2.

2.14.  Isolation of mesenteric lymph nodes (MLN) and colonic
lamina propria cells

We obtained lymphocytes from the mesenteric lymph nodes
(MLN). The nodes were directly ground using a 70-um cell
strainer with RPMI 1640 medium supplemented with 10% FBS.
The resulting mixture was centrifuged, and the cells were then
suspended in RPMI 1640 medium for further evaluation.

To obtain lymphocytes from the colonic lamina propria, the
colon tissues were first cut into 1 cm pieces in cold PBS. These
pieces were then incubated with cold PBS containing 2 mmol/L
dithiothreitol (DTT) at 150 rpm (Eppendorf Centrifuge 5424R,
Hamburg, Germany) and 37 °C for 10 min, followed by

incubation with cold PBS containing 5 mmol/L EDTA three times
at 150 rpm (Eppendorf Centrifuge 5424R) and 37 °C for 10 min
each. Next, the colon tissue was minced using scissors and
digested in 1 mL of a solution containing 0.5 mg/mL collagenase
(Sigma—Aldrich), 0.05 mg/mL hyaluronic acid, 100 ng/mL
DNase I in RPMI 1640 medium at 150 rpm (Eppendorf Centrifuge
5424R) and 37 °C for 30 min. After digestion, the cell solution
was filtered through a 70-um cell strainer and suspended in 40%
Percoll (Healthcare, Chicago, IL, USA). The suspension was
centrifuged at 670xg (Eppendorf Centrifuge 5810R, Hamburg,
Germany) for 30 min at 4 °C.

2.15.  Flow cytometry

For cell surface staining, single-cell suspensions were stained with
the following antibodies for 30 min at 4 °C in the dark: anti-CD45
conjugated to APC (1:100, 103111, Biolegend, San Diego, CA,
USA), anti-CD11b conjugated to PE-Cy7 (1:100, 25-0112-81,
Invitrogen, Waltham, MA, USA), anti-F4/80 conjugated to FITC
(1:100, 11-4801-85, eBioscience, San Diego, CA, USA), anti-
CD45 conjugated to APC-Cy7 (1:100, 103116, Biolegend), anti-
MHCII conjugated to PE (1:100, 107607, Biolegend), anti-CD11c
conjugated to APC (1:100, 117309, Biolegend), anti-CD45 con-
jugated to PerCP/Cy5.5 (1:100, 103132, Biolegend), anti-Ly6G
conjugated to APC (1:100, 127614, Biolegend).

For intracellular cytokine staining, single-cell suspensions
were stimulated with cell activation cocktail containing Brefeldin
A for 5 h at 37 °C. After the stimulation, cells were washed with
PBS and stained with Zombie NIRTM Fixable Viability Kit
(1:1000, 423105, Biolegend) for 30 min at 4 °C and then incu-
bated with the following antibodies: anti-CD3 conjugated to FITC
(1:100, 100204, Biolegend), anti-CD4 conjugated to PE-Cy7
(1:100, 100422, Biolegend). Subsequently, the cells were fixed
using a fixation buffer (420801, Biolegend) and permeabilized
with an intracellular staining permeabilization wash buffer
(421002, Biolegend) according to the manufacturer’s instructions.
Cells were then incubated for 30 min at 4 °C with the following
antibodies: anti-IL-17A conjugated to APC (1:100, 509616, Bio-
legend), anti-IFN-y conjugated to PerCP/CyS5.5 (1:100, 45-7311-
82, Invitrogen), anti-IL-4 conjugated to PE (1:100, 504103, Bio-
legend). The cells were subjected to staining using the following
antibodies: anti-CD3 labeled with FITC (1:100, 100204, Bio-
legend), anti-CD4 labeled with PE-Cya7 (1:100, 100422, Bio-
legend), and anti-CD25 labeled with PE (1:100, 102008,
Biolegend) to analyze Treg cells. Subsequently, the cells were
fixed and permeabilized using the Foxp3/transcription factor
staining buffer sets (00-5523-00, eBioscience, Waltham, MA,
USA) according to the manufacturer’s instructions. This was
followed by staining with anti-Foxp3 labeled with APC (1:100,
320014, Biolegend). The acquired data were analyzed using the
FlowlJo software (FlowJo, Ashland, OR, USA) on the FACS Canto
IT Flow Cytometer (BD Biosciences).

2.16.  Western blotting

The distal colon was homogenized in RIPA lysis buffer supple-
mented with complete protease inhibitors (Roche, Mannheim,
Germany). Protein lysates were boiled with 5 x SDS buffer at
99 °C for 10 min. Samples were then separated by 10% SDS-
PAGE gels and transferred to the PVDF membrane. After blocking
with 5% milk for 1 h, the PVDF membrane was incubated with
primary antibodies anti-PIM1 antibody (1:1000, Thermofisher
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Scientific, USA) overnight in 4 °C. Subsequently, and the mem-
brane was incubated with the corresponding HRP-conjugated
secondary antibodies for 1 h. Signals were detected with Immo-
bilon Western Chemiluminescent HRP Substrate (Merck Milli-
pore, Billerica, MA, USA).

Cells were lysed in an ice-cold lysis buffer supplemented with
complete protease inhibitors. The cell lysates were collected and
boiled at 99 °C for 10 min, then loaded onto 10% SDS-PAGE gels.
After electrophoresis, proteins were transferred to PVDF mem-
branes and blocked with 5% milk for 1 h. The membranes were
further probed with the indicated primary antibodies overnight at
4 °C. The following primary antibodies were used: anti-PIM1
antibody (1:1000, Thermofisher Scientific, USA), anti-HDAC2
antibody (1:1000, Abcam), anti-FLAG antibody (1:1000,
Sigma—Aldrich, USA), anti-MYC antibody (1:1000, Cell
Signaling Technology, USA). The next day, the membrane was
incubated with the corresponding HRP-conjugated secondary an-
tibodies for 1 h. The protein bands were detected with Immobilon
Western Chemiluminescent HRP Substrate (Merck Millipore,
Billerica, MA, USA). Densitometry was performed using ImageJ
software (National Institutes of Health, Bethesda, USA).

2.17. Antibiotic treatment

Mice received the antibiotic cocktail (Abx, ampicillin (1 g/L),
neomycin (1 g/L), metronidazole (1 g/L), and vancomycin
(500 mg/L), SangonBiotech, Shanghai, China) with drinking
water for seven days to clear gut microbiota. Abx-containing
water was replaced every 3—4 days. Mice were administered 1.5%
DSS in drinking water for seven days, after which colon tissues
were collected on the 7th.

2.18.  Co-housing experiment

For the co-housing experiments, two male WT and two male
PimlI™~ mice (4 weeks of age) were co-housed in a single cage
for 4 weeks. At least three cages were used to co-house WT and
PimI™'~. After co-housing, the mice were subjected to 1.5% DSS
treatment for 7 days. Colon tissues and fecal samples were
collected.

2.19. IECs harvest

The colons from WT and Pim! '~ mice were cut longitudinally
and then divided into 1 cm pieces to incubate in ice-cold PBS
containing 30 mmol/L EDTA and 1.5 mmol/L DTT for 30 min.
The remaining colons were then suspended in PBS containing
30 mmol/L EDTA at 37 °C for 10 min. Samples were shaken
gently for 30 s to release epithelium from the basement mem-
brane. After removing the remnant intestinal tissue, IECs were
centrifuged at 1000 rpm (Eppendorf Centrifuge 5424R) for 5 min
at 4 °C. The IECs were washed with ice-cold PBS at 4 °C and then
were lysed in Trizol reagent (Invitrogen) for RNA extraction or
lysed in lysis buffer for immunoprecipitation assays.

2.20.  Silver staining and mass spectrometry

Cellular extracts of Caco2 cells transfected with vector or FLAG-
PIM1 were incubated with anti-FLAG beads overnight at 4 °C
with constant rotation. After centrifugation, the beads were thor-
oughly washed, treated with SDS loading buffer, and analyzed by
SDS-PAGE and silver stained. Silver staining was performed

using the Pierce silver stain kit (24612, Thermofisher Scientific)
following the manufacturer’s instructions and then subjected to
LC—MS/MS analysis.

2.21.  Immunoprecipitation (IP) assays

The harvested IECs and Caco2 cells were washed with pre-chilled
PBS and lysed in a lysis buffer containing complete mini-EDTA-
free protease inhibitor cocktail tablets (Roche) on ice for 30 min.
Cell supernatants were collected at 12,000xg (Eppendorf
Centrifuge 5424R) for 30 min to remove cell debris. For immu-
noprecipitation of FLAG-tagged or MYC-tagged proteins, cell
lysates were incubated with either anti-FLAG beads or anti-MYC
beads overnight at 4 °C with constant rotation, followed by
centrifugation at 500xg (Eppendorf Centrifuge 5424R) and
washed with binding buffer (2 mmol/L EDTA, 50 mmol/L
Tris—HCI (pH 7.4), 150 mmol/L NaCl, 0.1% NP-40, 30% glyc-
erol). Then, the beads were thoroughly washed, treated with SDS
loading buffer, and analyzed by SDS-PAGE and Western blotting.

For immunoprecipitation of endogenous proteins, IECs and
Caco2 cell lysates were incubated with anti-HDAC2 antibody or
immunoglobin G (IgG, 3420S, Cell Signaling Technology) over-
night at 4 °C with constant rotation and subsequently incubated
with Protein A/G beads (20241, Thermofisher Scientific) for 2 h.
After incubation, the beads were thoroughly washed, treated with
SDS loading buffer, and analyzed by SDS-PAGE and Western
blotting.

2.22. 168 rRNA-sequencing

According to the manufacturer’s recommendations, fecal genomic
DNA was extracted from each mouse using the Stool DNA Kit
(D4015-02, Omega Bio-tek, Norcross, GA, USA). The final DNA
concentration and purity were determined using a NanoDrop 2000
UV—Vis spectrophotometer (Nanodrop Technologies, Wilming-
ton, DE, USA).

16S rRNA gene sequencing was performed by Majorbio Bio-
Pharm Technology Co., Ltd. (Shanghai, China). The 16S libraries
were amplified by 515F/806R primer targeting the 16S rRNA gene
hypervariable V3 and V4 regions. The purified products were
quantified using a QuantiFluor™-ST (Promega, Madison, WI,
USA) according to the manufacturer’s protocol. The purified
amplicons were pooled in equimolar amounts and paired-end
sequenced (2 x 300 bp) on an Illumina MiSeq platform (Illumina,
San Diego, CA, USA) according to the standard protocols by
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). The
raw reads were deposited in the NCBI Sequence Read Archive
(SRA) database (Accession No.: SRP440557).

2.23.  RNA sequencing

Total RNA from IECs and Caco2 cells were extracted using
TRIzol Reagent, following the manufacturer’s instructions (Invi-
trogen). The quality of the extracted RNA was assessed using a
2100 Bioanalyzer (Agilent, CA, USA), and the RNA concentra-
tion was determined using the ND-2000 (NanoDrop Technolo-
gies). For RNA sequencing (RNA-seq), a transcriptome library
was prepared using the TruSeqTM RNA sample preparation Kit
from Illumina (San Diego, CA, USA). Paired-end RNAseq
sequencing libraries were sequenced on the Illumina NovaSeq
6000 sequencer with 2 x 150 bp read length, following standard
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protocols provided by Majorbio Bio-Pharm Technology Co., Ltd.
or LC-Bio Technology Co., Ltd.

The raw paired-end reads obtained were subjected to trimming
and quality control using SeqPrep (https://github.com/jstjohn/
SeqPrep) and Sickle (https://github.com/najoshi/sickle) with
default parameters. Subsequently, the clean reads were aligned
separately to a reference genome using the HISAT2 software in
the orientation mode (http://ccb.jhu.edu/software/hisat2/index.
shtml). The mapped reads for each sample were assembled
using  StringTie  (https://ccb.jhu.edu/software/stringtie/index.
shtml?t=example) in a reference-based approach.

The expression level of each transcript was calculated using the
TPM or FPKM method to identify differentially expressed genes
(DEGs) between two different samples. Gene abundances were
quantified using RSEM (http://deweylab.biostat.wisc.edu/rsem/).
Analysis of differential gene expression, KEGG pathway analysis,
and Gene Set Enrichment Analysis (GSEA) were performed on the
Majorbio I-Sanger Cloud platform (https://cloud.majorbio.com) or
OmicStudio tools (https://www.omicstudio.cn/tool). The detailed
RNA sequencing data have been deposited in NCBI’s Gene Expres-
sion Omnibus (GEO) and can be accessed through the GEO series
accession number GSE234120 and GSE234122.

2.24. DNA constructs

Human PIM1 and HDAC2 were amplified by PCR and cloned to a
pITA vector with C-terminal 3 x FLAG tag or N-terminal
6 x MYC tag. Human HDAC2 was amplified by PCR and
cloned to pET-28a(+) vector (Novagen, Madison, WI, USA) with
N-terminal 6 x MYC tag to produce recombinant MYC-tagged
HDAC?2 proteins. The primer sequences are listed in Table S2

Anti-PIM1 shRNAs were designed based on the pLKO.1
vector. Potential target sites in PIMI were located using siRNA
Target Finder software (Ambion, USA). To design highly effective
plasmid-based shRNA constructs, the shRNA target sequences
were also checked for 100% homology against the complete
genomic sequences of PIM1 strains. The sequences of the siRNAs
are listed in Table S2.

2.25.  DNA transfection

The constructed plasmid pITA-FLAG-PIM1, pITA-6xMYC-
HDAC?2, pLKO.1-shPIM1#1, and pLKO.1-shPIMI#2 were trans-
fected into 293T cells in addition with assistant vectors psPAX2
and pMD2.G. Fourty-eight hours after transfection, the viral su-
pernatants were harvested and filtered to remove cell debris. The
mixture of viral supernatants and the medium was incubated with
Caco2 cells for 12 h after the centrifugation at 1800x g (Eppen-
dorf Centrifuge 5810R) for 45 min at 20 °C. The Caco2 cells
infected with the virus were then selected by drug treatment.

2.26. Recombinant protein purification

The overexpression plasmid pET-28a(+)-MYC-HDAC2 was
transformed into the BL21 (DE3) cells for induction and expres-
sion. The bacteria were cultured in LB broth at 37 °C until an
0OD600 of 0.6—0.8. Protein expression was induced by 0.1 mmol/L
isopropyl (-p-thiogalactopyranoside (IPTG, B300845, Sangon
Biotech, Shanghai, China) at 16 °C for 18 h. Cultured bacteria
were harvested by centrifugation at 8000xg (Eppendorf
Centrifuge 5810R) for 5 min at 4 °C. Cells were lysed with

sonication in a lysis buffer containing 50 mmol/L Tris—HC] pH
7.5, 100 mmol/L. NaCl, and 10 pg/pL lysozyme (L6876, Sig-
ma—Aldrich) and supplemented with a complete EDTA-free
protease inhibitor cocktail (11697498001, Roche, Mannheim,
Germany). The protein-containing supernatants were collected
by centrifugation at 8000xg (Eppendorf Centrifuge 5810R) for
30 min at 4 °C. The protein was purified and eluted using the
Ni-NTA Purification System (L00250, GenScript, Nanjing,
China) following the manufacturer’s instructions. The His-
tagged protein was concentrated using Amicon Ultra-15 Cen-
trifugal Filter Units (UFC903096, Millipore, Burlington, MA,
USA) after dialysis against PBS. Protein concentration was
determined spectrophotometrically using the BCA Protein Assay
Kit (23225, Thermofisher Scientific), and proteins were visual-
ized by Coomassie blue staining (CW0023, CWBio).

The recombinant plasmid pITA-FLAG-PIM1 was overex-
pressed in 293T cells to purify the FLAG-tagged PIM1 protein.
The cell pellets were lysed using a lysis buffer containing 2 mmol/L
EDTA, 50 mmol/L Tris—HCl pH 7.4, 150 mmol/L NaCl, 1%
NP-40, 20% glycerol, and complete mini-EDTA-free protease
inhibitor cocktail tablets. The protein-containing supernatant
was incubated with anti-FLAG beads (A7470, Sigma—Aldrich)
at 4 °C for 12 h with constant rotation. The beads were then
incubated with FLAG peptides (M2435, Sigma—Aldrich) in
TBS buffer (20 mmol/L Tris—HCI pH 7.6, 140 mmol/L NaCl)
on ice for 2 h, followed by centrifugation to collect the re-
combinant FLAG-tagged proteins. Protein concentration was
determined using a Nanodrop-2000 spectrophotometer and the
BCA Protein Assay Kit (23225, Thermofisher Scientific).

2.27.  Invivo kinase assay

For analysis of HDAC2 phosphorylation, cells were lysed in RIPA
lysis buffer (R0020, Solarbio) with the addition of protease in-
hibitors and phosphatase inhibitors. Whole-cell lysates superna-
tants were incubated with anti-MYC beads (A7470,
Sigma—Aldrich) overnight at 4 °C. After incubation, beads were
thoroughly washed with lysis buffer, boiled in SDS loading buffer
and subjected to SDS-PAGE and Western blotting with anti-
phosphoserine  (ab9332, Abcam), or anti-phosphothreonine
(ab9337, Abcam) antibodies.

2.28.  Invitro pulldown assay

Recombinant FLAG-PIM1 protein (1 pg) and recombinant MYC-
HDAC2 protein (1 pg) were incubated in binding buffer
(20 mmol/L Tris—HCI pH 7.4, 0.1% Triton-X 100, 100 mmol/L
NaCl, 20% glycerin, 1% BSA) for 12 h. The mixture was then
added to anti-FLAG beads (A2220, Sigma—Aldrich) and incu-
bated for another 12 h at 4 °C with constant rotation. After
washing, the beads were boiled in SDS loading buffer and
analyzed by SDS-PAGE and Western blotting.

2.29. TCGA data analysis

The relationship between the incidence of colorectal cancer and
the PIM1 gene expression was analyzed by The Cancer Genome
Atlas (TCGA) database. The Kaplan—Meier survival of colorectal
cancer patients with different PIMI gene expression levels was
analyzed by OncoLnc at http://www.oncolnc.org.


https://github.com/jstjohn/SeqPrep
https://github.com/jstjohn/SeqPrep
https://github.com/najoshi/sickle
http://ccb.jhu.edu/software/hisat2/index.shtml
http://ccb.jhu.edu/software/hisat2/index.shtml
https://ccb.jhu.edu/software/stringtie/index.shtml?t=example
https://ccb.jhu.edu/software/stringtie/index.shtml?t=example
http://deweylab.biostat.wisc.edu/rsem/
https://cloud.majorbio.com
https://www.omicstudio.cn/tool
http://www.oncolnc.org/

PIM1 regulates intestinal homeostasis

3055

2.30. AOM/DSS-induced CAC in mice

Six—eight-week-old mice were intraperitoneally injected with
10 mg/kg AOM (MP Biomedicals). Seven days after the AOM
intervention, the mice received drinking water containing 2% DSS
for seven consecutive days. Mice were then provided regular
drinking water for 14 days, and the same cycle was repeated twice,
followed by normal drinking water until Day 70. All mice were
sacrificed, and the colon was collected and cut open longitudi-
nally. The presence of visible tumors was assessed, and the
number of tumor nodules was quantified. Additionally, the sam-
ples were fixed in 4% paraformaldehyde for histopathological
examination.

2.31.  ChlP-seq

To prepare the ChIP-Seq library, 2 x 10° Caco2 cells underwent
crosslinking with 1% formaldehyde for 10 min at room temper-
ature. The crosslinking reaction was then quenched by adding
125 mmol/L glycine. The chromatin was fragmented, and the
resulting fragments were subjected to pre-clearing. Immunopre-
cipitation was carried out using Protein A + G Magnetic beads
coupled with antibodies specific to anti-HDAC2 (ab7029,
Abcam). After reverse crosslinking, the ChIP and input DNA
fragments were processed for end repair and A-tailing using the
NEBNext End Repair/dA-Tailing Module (E7442, NEB). Subse-
quently, adaptor ligation was performed using the NEBNext Ultra
Ligation Module (E7445, NEB). The DNA libraries were ampli-
fied through 15 cycles of PCR and sequenced using Illumina
Hi-Seq with paired-end 2 x 150 sequencing mode.

Raw reads were filtered to obtain high-quality clean reads by
removing sequencing adapters, short reads (length <35 bp), and low-
quality reads using Cutadapt v1.18 and Trimmomatic v0.38. Then
FastQC (with default parameters) ensures high read quality. The clean
reads were mapped to the human genome (assembly GRCh38) using
the Bowtie2 v2.3.4.1 (with default parameters) software. Duplicate
reads were then removed using Picard MarkDuplicates. Peak detec-
tion was performed using the MACS v2.1.2. Annotation of peak sites
to gene features was performed using the ChIPseeker R package. The
detailed ChIP-seq data have been deposited in NCBI's Gene
Expression Omnibus (GEO) and can be accessed through the GEO
series accession number GSE234117.

2.32.  ChIP-gPCR

ChIP assay was performed as described previously’’. The
immunoprecipitation from Caco2 cells was performed using the
anti-HDAC2 antibody (ab7029, Abcam). The precipitated DNA
fragments were purified and analyzed by real-time PCR with the
related primers. The primer sequences are listed in Table S2.

2.33.  Statistical analysis

Data were presented as the mean + standard deviation (SD). The
statistical significance was determined by unpaired Student’s
t-test, paired Student’s r-test, one-way ANOVA, or two-way
ANOVA. The correlation was analyzed with Pearson correlation.
Statistical analyses were performed using GraphPad Prism 6 (San
Diego, CA, USA).

3. Results

3.1. PIMI is elevated in the colonic tissues of patients and mice
with colitis

To investigate the molecular mechanisms of PIM1 in ulcerative
colitis, the protein levels of PIM1 were measured in colonic
biopsies from healthy controls and patients with mild and severe
UC. We found that PIM1 protein levels were significantly elevated
in colon tissues from colitis samples compared to healthy controls.
Higher PIM1 expression was observed in colonic tissues from
severe UC than from mild UC (Fig. 1A). Accordingly, there was a
positive correlation between PIM1 protein levels and the eryth-
rocyte sedimentation rate (a widely used serum biomarker for UC)
(Fig. 1B). Using the Gene Expression Omnibus (GEO) database
(GSE75214, GSE65114, and GSE47908), it was further confirmed
that PIM1 expression was higher in ulcerative colitis specimens
than in healthy controls (Fig. 1C).

Next, we wanted to determine PIM1 protein levels in colon
tissues from DSS-induced colitis in mice. Consistent with the
previous findings®*, PIM1 expression was markedly increased in
colonic tissues of DSS-treated mice (Fig. 1D and E). Notably,
PIM1 was predominantly expressed in the colonic epithelia of UC
patients and DSS-treated mice (Fig. 1A and D). We further vali-
dated this observation using single-cell RNA sequencing (scRNA-
seq) data from colon biopsies of healthy controls and UC patients
(Single Cell Portal accession SCP259)*" (Supporting Information
Fig. S2A). Then, we investigated whether intestinal microbiota
influenced PIM1 expression. Wild-type mice were administered a
cocktail of antibiotics (Abx) in drinking water before the DSS
challenge. Abx treatment attenuated PIM1 expression induced by
DSS (Fig. 1F and Fig. S2B). Meanwhile, we performed the fecal
microbiota transplantation from colitis/WT mice into WT mice.
PIM1 expression was higher in colonic tissues of colitis micro-
biota recipient mice (Fig. 1G). These results indicated intestinal
microbiota is required for DSS-induced PIM1 expression in mice.
Together, these results suggest a potential association between
PIM1 and UC pathogenesis.

3.2, Piml™™ mice exhibit resistance to DSS-induced colitis

To investigate whether PIM1 contributes to UC pathogenesis, we
generated heterozygous Pim/ ™'~ and homozygous Piml ™~ mice,
which were verified using immunoblot and immunohistochemical
analysis (Fig. S2C and S2D). Histological evaluation of the colon
revealed no significant changes in Pim! ™~ mice, PimI ™'~ mice,
and WT mice (Fig. S2E). In line with previous studies®>, Piml ™~
mice exhibited overall growth retardation compared with Piml ™~
and WT mice (Fig. S2F). Similarly, the colon length was signif-
icantly altered in Piml ™~ mice compared to PimI ™'~ mice and
WT mice (Fig. S2G), indicating the limited subsequent
investigations in PimI ™~ mice. Therefore, we evaluated the
physiological roles of PIM1 in acute DSS-induced colitis using
PimI™"™ mice. Pim! '~ mice showed lower body weight loss and
disease activity index (DAI, a clinical disease score to assess the
clinical symptoms of colitis) compared with WT littermates
(Fig. 2A and B). Meanwhile, Pim!™~ mice displayed longer
colon length and less histological damage than WT littermates
(Fig. 2C and D). This phenotype was accompanied by increased
goblet cells and elevated expression of the goblet cell marker
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Figure 1 PIMI is upregulated in the colon tissue of UC patients and mice with colitis. (A) Immunohistochemistry staining and quantitation of
PIMI in the colon tissue samples from healthy controls (n = 9) and patients with mild UC (n = 8) and severe UC (n = 8). (B) Pearson’s
correlation analysis between the PIM1 expression of colonic biopsies and ESR (erythrocyte sedimentation rate) from 13 patients with UC
(Spearman’s rank correlation coefficient, r = 0.5671, statistical analysis is performed using linear regression, P = 0.0433). (C) Box plot of PIM1
mRNA expression in healthy controls and UC patients from the GEO database. (D) Immunohistochemistry staining and quantitation of PIM1 in
the colon tissue from wild-type mice with or without DSS treatment. n = 10 from 3 independent experiments. (E) Western blotting of PIM1
expression in the colon tissue from mice without or with DSS treatment (n = 4). (F, G) Immunohistochemistry staining and quantitation of PIM1

in the colon tissue from the indicated mice (n = 10 from 3 independent experiments). Scale bar: 50 um. The data represent the mean £ SD.
Statistical significance was determined by one-way ANOVA (A, F) or unpaired Student’s ¢-test (C, D, and G).

MUC?2 (essential factors in the clinical manifestations of colitis)
(Fig. 2E and F). In addition, permeability assays validated that
PimI*'~ mice maintained better intestinal barrier function than
WT littermates (Fig. 2G).

As UC pathogenesis is associated with intestinal inflamma-
tion', we then assessed whether PIM1 deficiency would alter the
state of intestinal inflammation. The mRNA levels of proin-
flammatory cytokines and chemokines, including Tnfo, iNOS,
1I-16, 1I-6, Ccl2, and Cxcll, were substantially diminished in
colon tissues of Piml™~ mice compared with WT littermates
(Fig. 2H). Consistent with intestinal inflammation, Pim/ '~ mice
had lower immune cell infiltration, including dendritic cells,

macrophages, and neutrophils in the colonic lamina propria (cLP).
Meanwhile, a lower percentage of Thl, Th2, and Th17 cells and a
higher percentage of Treg cells in mesenteric lymph nodes (MLN)
were observed in PimI™~ mice (Fig. 2I and Fig. S2H). Overall,
these findings indicate that PIM1 deficiency protects against DSS-
induced colitis.

3.3.  PIMI deficiency alters colonic goblet cell differentiation
To determine how PIM1 deficiency affects colitis, the functions of

PIM1 in epithelial homeostasis under the naive condition were
evaluated. We discovered that LGRS expression (the intestinal
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stem cell marker) is similar in PimI™'~ mice colon tissues and

WT littermates (Supporting Information Fig. S3A). We next
examined whether PIM1 deficiency altered epithelial differentia-
tion patterns. PIM1 deficiency increased goblet cell numbers in
colons of PimI '~ mice (Fig. S3B). Consistent with an increase in
goblet cells, the MUC2 protein level and thickness of the mucus
layer were elevated in PimI™~ mice (Fig. S3C and S3D).
Considering that tight junctions are essential for epithelial barrier
function and that aberrant modulation of tight junctions contrib-
utes to UC pathogenesis® %, we assessed whether PIM1 defi-
ciency maintains the barrier integrity by regulating tight junction
proteins. Nevertheless, the tight junction proteins OCCLUDIN
and ZO-1 expression did not differ in PimI*'~ mice (Fig. S3E
and S3F). To address whether PIM1 deficiency affects the
regeneration capacity of epithelium, cell proliferation using Ki-67
staining and cell apoptosis using cleaved caspase-3 staining were
examined. The numbers of Ki-67 positive cells were significantly
higher in PimI™~ mice, while cleaved caspase-3 positive cells in
PimI™*"~ mice were comparable to those of WT mice (Fig. S3G
and S3H).

To validate the functions of PIM1 in epithelial cells in vitro, we
performed the PIM1 knockdown and overexpression in human
colorectal cancer cell line Caco2. In line with the in vivo results,
Caco2 cells with PIM1 knockdown displayed higher MUC2
expression (Fig. S3I). Accordingly, MUC2 expression was
significantly reduced in Caco2 cells with PIM1 overexpression
(Fig. S3J). These data indicate that PIM1 deficiency contributes to
epithelial homeostasis by promoting goblet cell differentiation and
regeneration.

3.4.  Epithelial PIM1 confers increased susceptibility to DSS-
induced colitis

To determine whether the phenotypes observed in PIM1-deficient
mice were of epithelial origin, we developed PimI*"Villin-Cre
mice, allowing for IEC-specific PIM1 overexpression, which was
confirmed by immunohistochemical staining (Supporting
Information Fig. S4A). The growth rate and body size of WT
and PimI®Villin-Cre mice appeared identical (Fig. S4B). In
addition, we observed no difference in histological evaluation and
colon length between WT and PimIXVillin-Cre mice (Fig. S4C
and S4D).

Next, we examined the phenotypes of PimI*'Villin-Cre mice
with DSS treatment. In accordance with results obtained using
PimI™~ mice, PimI®Villin-Cre mice exhibited profound weight
loss, greater disease activity index, exacerbated colonic shortening,
and more histologically severe damage than WT mice (Fig. 3A—D).
Histological and immunohistochemical analysis revealed that the
goblet cell numbers and MUC2 protein levels were strikingly
decreased in colons of PimI*"Villin-Cre mice compared with WT
mice (Fig. 3E and F). Additionally, the permeability for FITC-
Dextran was substantially upregulated in Piml Klyillin-Cre mice
(Fig. 3G). Furthermore, colonic mRNA levels of iNOS, 1I-10, Ii-6,
Tnfa, Cel2, and Cxcll increased significantly in PimI¥'Villin-Cre
mice (Fig. 3H). Consistently, an intense infiltration of dendritic
cells, macrophages, and neutrophils was observed in Pim/*"Villin-
Cre mice (Fig. 3I). The percentage of Th1, Th2, and Th17 cells was
also slightly increased in PimI¥'Villin-Cre mice, but without sta-
tistical differences (Fig. 3I). Meanwhile, the lower percentage of
Treg cells was observed in PimI*<'Villin-Cre mice (Fig. 3I).

Based on the homeostatic changes observed in PimI™™ mice,
we asked whether epithelial PIM1 overexpression contributes to

epithelial homeostasis disruption. The numbers of goblet cells and
the MUC2 levels were reduced in PimI*'Villin-Cre mice in the
basal state using immunohistochemical staining (Fig. S4E and
S4F). This phenotype was accompanied by decreased Ki-67 pos-
itive proliferating epithelial cells in PimI*'Villin-Cre mice (Fig.
S4G). Collectively, these findings reveal that epithelium-intrinsic
PIM1-induced disruption of epithelial homeostasis is responsible
for the susceptibility to DSS-induced colitis.

3.5.  Piml™" mice protect against colitis in a microbiota-
independent manner

Intestinal microbiota plays a crucial role in colitis. Intestinal
microbiota can mainly affect the bioavailability of oral drugs by
changing the metabolism catalyzed by intestinal microbial
enzymes, regulating host gene expression and substrate competi-
tion, and affecting intestinal properties®>. Given that PIMI
expression can be regulated by intestinal microbiota (Fig. 1F and
G), we investigated the function of intestinal microbiota in the
protective colitis phenotype of Piml "~ mice. We performed 16S
rDNA sequencing of PimI™~ and WT mice stool samples.
Neither the amount of bacterial DNA nor the Shannon diversity
index differed significantly between PimI"~ and WT mice
(Supporting Information Fig. S6A and S6B). However, PimI™~
mice displayed significant G-diversity differences in the microbial
composition (Fig. S6C). In addition, PimI "~ mice possessed a
greater relative abundance of Roseburia, Alloprevotella, and
Bifidobacterium at the genus level (Fig. S6D, S6E and S6H),
which are implicated in protection from colitis. Thus, these find-
ings demonstrate that PIM1 deficiency altered gut microbiota
composition.

Then, we investigated whether distinct intestinal microbiota
contributes to Piml™~ mice resistance to DSS-induced colitis. We
administered Pim! ™~ and WT mice with broad-spectrum antibi-
otics to deplete their intestinal microbiota, followed by a DSS
challenge (Supporting Information Fig. S5A). Antibiotic treatment
did not eliminate the difference in disease activity index, colon
length, and histological scores between Piml™~ and WT mice
(Fig. S5B—S5D). Meanwhile, we cohoused WT with Piml™~
mice for four weeks before DSS treatment (Fig. SSE). Cohoused
PimI™~ mice continued to exhibit mild colitis compared with
cohoused WT mice (Fig. SSF—S5H). Consistently, the number of
goblet cells and Ki-67 positive epithelia, as well as the MUC2
level, were persistently increased in cohoused PimI ™~ mice (Fig.
S51—S5K). The intestinal microbial composition of Pim! ™~ and
WT mice after cohousing was analyzed. The amount of bacterial
DNA, Shannon diversity, and §-diversity showed no significant
differences in the feces of cohoused Pimi ™t~ and WT mice (Fig.
S6A—S6C), and the gut microbiota of cohoused WT mice dis-
played a significant shift toward that of cohoused PimI ™~ mice
compared with single-housed WT mice (Fig. S6D—S6H). In
summary, these data indicate that PIM1 deficiency alters the gut
microbiota composition, which is dispensable for protection
against colitis in PimI ™™ mice.

3.6. PIMI deficiency promotes goblet cell differentiation
through regulating Wnt and Notch signaling

To provide insight into the molecular mechanisms underlying
intestinal epithelial alterations in Piml™~ mice, gene expression
alterations in IECs from WT and PimI*"~ mice were character-
ized using RNA-seq. The results showed that 1434 genes were
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upregulated and 1518 genes were downregulated in Piml ™~ mice

(P < 0.05 and fold change >1.5) (Fig. 4A). These genes include
goblet cell-related and differentiation-determining genes (Fig. 4A,
marked genes). Consistently, KEGG analysis revealed that the

significantly enriched in FoxO, MAPK, Wnt, TNF, Notch, and
JAK—STAT signaling pathways (Fig. 4B). Of them, Wnt and
Notch signaling downregulation promotes intestinal goblet cell
differentiation. The expression levels of goblet cell markers

downregulated genes
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deficient IECs (Fig. 4C). Wnt signaling-related genes such as
Wnt8b, WntSa, Tcf7l1, Fzdl, and Lrp6 and Notch signaling-
related genes such as DIlI, Hesl, and Dvi3 were downregulated
in PIM1-deficient IECs (Fig. 4D and E). Furthermore, gene set
enrichment analysis (GSEA) confirmed that Wnt and Notch
signaling pathways were strikingly down-regulated in IECs from
PimI™~ mice (Fig. 4F and G). To substantiate this observation,
we performed whole-transcriptome RNA-seq in PIMI-
overexpressing Caco2 cells. The results showed that 356 genes
were upregulated and 498 genes were downregulated in PIM1-
overexpressing Caco2 cells (P < 0.05 and fold change >1.5,
Supporting Information Fig. S7A). In line with RNA-seq analysis
in vivo, the expression levels of goblet cell markers, including
MUC2, MUC4, and MUCI3, were downregulated in PIMI1-
overexpressing Caco2 cells (Fig. S7B). The Wnt and Notch
signaling were enriched in the upregulated genes in PIMI1-
overexpressing Caco2 cells (Fig. S7C). Wnt and Notch signaling
pathways were consistently activated in PIMI1-overexpressing
Caco?2 cells (Fig. S7D and S7E).

To further elucidate the role of Wnt and Notch signaling
pathways in the regulation of PIM1-induced goblet cell differen-
tiation, we performed rescue assays by treatment of PIMI-
knockdown Caco2 or PIMI-overexpressing Caco2 cells with
Wnt activator CHIR99021 and Notch inhibitor DAPT, respec-
tively. CHIR99021 treatment significantly restored the upregu-
lated MUC2 expression in PIM1-knockdown cells, and DAPT
treatment significantly rescued the decreased MUC2 levels in
PIM1-overexpression cells (Fig. 4H and I). These data indicate
that PIM1 enhances goblet cell differentiation by suppressing the
Wnt and Notch signaling pathways.

3.7.  PIMI modulates goblet cell differentiation by
downregulating HDAC?2 expression

PIMLI is a serine/threonine kinase essential in multiple biological
processes ®. To understand how PIM1 regulates Wnt and Notch
signaling, we performed immunoprecipitation and mass spec-
trometry in Caco?2 cells overexpressing FLAG-PIM1 to identify its
target proteins. The identified PIM1-associated proteins included
HDAC2 and other known PIMI-interacting proteins of such as
DDXS5 and EDC3 (Fig. 5A). To verify the interaction between
PIM1 and HDAC2, Caco2 cells overexpressing FLAG-PIM1 and
MYC-HDAC2 were subjected to co-immunoprecipitation, and
FLAG-PIM1 was immunoprecipitated with MYC-HDAC?2, and
vice versa (Fig. 5B). To further investigate whether PIM1 inter-
acted endogenously with HDAC2, co-immunoprecipitation with
anti-HDAC2 antibody was performed in Caco2 cells and IECs
with PIM1 overexpression, and PIM1 was detected in HDAC2
immunoprecipitates (Fig. 5C and Fig. S7F). Moreover, in vitro
pulldown assay further demonstrated a direct interaction between
PIM1 and HDAC2 (Fig. 5D). Additionally, proximity ligation
assay revealed the colocalization of PIM1 and endogenous
HDAC?2 in Caco2 cells (Fig. 5E). In summary, these findings
indicate that PIM1 directly interacts with HDAC?2.

Due to the direct interaction of PIM1 with HDAC2, we
hypothesized that PIM1 could phosphorylate HDAC2. Immuno-
precipitation of HDAC2 followed by Western blotting analysis of
phosphoserine and phosphothreonine confirmed that PIM1 phos-
phorylated the endogenous HDAC?2 at serine and threonine (Fig.
5F and Fig. S7G). Simultaneously, PIM1-mediated phosphoryla-
tion of HDAC2 was further verified in IECs with PIM1 over-
expression (Fig. S7TH). As several studies have shown that HDAC2

phosphorylation promotes its degradation®*, we measured the
expression of HDAC?2 in Caco2 cells with PIM1 overexpression or
knockdown by Western blotting and immunofluorescence. We
found that PIM1 decreased the HDAC?2 protein level (Fig. 5G and
H, Fig. S7I and S7J).

To further support this observation, we examined HDAC2
expression in colon tissue from Piml*'~ and PimI*'Villin-Cre
mice. Immunohistochemical staining revealed that PIM1 attenu-
ated the HDAC2 expression under basal and DSS-induced colitis
conditions (Fig. 5T and J, Fig. S7K and S7L). Notably, the negative
statistically significant correlation between PIM1 and HDAC2
expression was validated in colon tissues from ulcerative
biopsies (Fig. 5K). Likewise, we observed the levels of PIM1
negatively correlated with HDAC2 expression among ulcerative
colitis patients based on data from public databases (NCBI’s Gene
Expression Omnibus: GSE72514) (Fig. 5L).

We next investigated whether HDAC2 participates in PIM1-
modulated goblet cell differentiation and found that HDAC2
overexpression essentially rescued the PIMI-induced MUC2
downregulation in Caco2 cells (Fig. SM). Together, these results
suggest that PIM1 suppressed HDAC2 protein level by phos-
phorylation, which induces PIMI-mediated goblet cell
differentiation.

3.8.  PIMI affects Wnt signaling by regulating HDAC2 binding
to the promoter of Wnt-related genes

To gain further mechanistic insights into the role of HDAC2 in
PIM1-mediated goblet cell differentiation, we performed a ChIP-
seq assay for HDAC2 in Caco2 cells overexpressing PIMI,
focusing on the regions of HDAC2 binding of the transcription
start site (TSS) and transcription end site (TES). The signal in-
tensity of the HDAC2 peak was lower in PIM1-overexpressing
Caco2 cells than in control cells (Fig. 6A and B). The ChIP-seq
analysis generated 14,132 enriched regions (peaks), including
6688 unique control peaks and 2305 unique PIM1 peaks (Fig. 6C),
and 55.7% of HDAC2 peaks decreased in the PIMI group
occurred within gene promoters (Fig. 6D). Using motif enrich-
ment analysis of these decreased HDAC?2 peaks, we identified two
statistically significant motifs as potential HDAC?2 binding sites in
the promoter region of various genes to regulate gene expression
(Fig. 6E). Furthermore, KEGG pathway analysis of these
decreased HDAC?2 peaks revealed a significant enrichment of Wnt
signaling pathway (Fig. 6F). Visual analysis using IGV confirmed
low enrichment of HDAC2 in the promoters of Wnt signaling-
related genes such as DVLI, LGR6, PRICKLE3, RORI, SMAD3,
NKDI1, PRKCA, PRKCB, and FZDI in the PIM1 group (Fig. 6G
and Fig. STM). ChIP-qPCR was used to verify the ChIP-seq
results (Fig. 6H). In accordance with ChIP-seq results, the gene
expression levels of these Wnt signaling-related genes were
significantly higher in PIM1-overexpressing Caco2 cells using
RNA-seq (Fig. 61 and J). These gene expression levels were
consistently substantially decreased in PIM1-deficient IECs (Fig.
6K and L). These results demonstrate that the HDAC2-regulated
Wnt signaling pathway partially accounts for PIMI1-mediated
goblet cell differentiation.

3.9.  Upregulated PIMI in epithelia accelerated AOM/DSS-
induced CAC

Given that long-term chronic inflammation in UC patients has
been recognized as a significant risk factor for colitis-associated
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Figure 5 PIMI1 alters goblet cell differentiation by downregulating HDAC?2 expression. (A) Silver staining and mass spectrometry analysis of
PIM1 binding proteins in the indicated Caco2 cells. (B) Co-IP analysis of the interactions between FLAG-PIM1 and MYC-HDAC?2 in Caco? cells.
(C) Endogenous Co-IP analysis of the interactions between PIM1 and HDAC2 in Caco2 cells. (D) In vitro pulldown assay examining the
interactions between FLAG-PIM1 and MYC-HDAC?2. (E) Proximity ligation assay in Caco2 cells expressing FLAG-PIM1 or Vector. (F) Western
blotting analysis of HDAC2 phosphorylation with anti-phosphoserine or anti-phosphothreonine antibodies after IP assay with anti-MYC antibody
in Caco? cells. (G, H) Western blotting analysis of the protein levels of HDAC?2 in Caco2 cells infected with FLAG-PIM1 overexpression (G) or
PIM1 knockdown (H). The signal densities of HDAC2 were normalized to those of (-actin. Three independent experiments. (I) Immunohisto-
chemistry staining and quantitation of HDAC?2 in colonic sections from untreated WT and Pim/ *~ mice (n = 10 from 2 independent experi-
ments). (J) Immunohistochemistry staining and quantitation of HDAC? in colonic sections from untreated WT and PimI¥"Villin-Cre mice (n = 8
from 2 independent experiments). (K) Immunohistochemistry staining and quantitation of HDAC?2 using colonic biopsies from healthy controls
(n = 9) and patients with UC (n = 11) (left). Pearson’s correlation analysis between HDAC?2 and PIM1 protein expression of colonic biopsies
from 11 patients with UC (Spearman’s rank correlation coefficient, r = —0.6201, statistical analysis is performed using linear regression,
P = 0.0418) (right). (L) Pearson’s correlation analysis between HDAC2 and PIM1 mRNA expression in intestinal biopsies of healthy controls and
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Figure 6 HDAC2 participates in PIM1-regulated goblet cell differentiation through the Wnt signaling pathway. (A—G) ChIP-seq analysis of
HDAC?2 in Caco2 cells infected with FLAG-PIM1 overexpression. (A) Aggregate plots of HDAC?2 signals in the region —3 kb from the TSS to
+3 kb from the TES. (B) Heatmap of HDAC?2 peak signals with peaks subset into those upregulated (top) or downregulated (bottom) in the PIM1
group. (C) Venn diagram showing the number of HDAC2 unique peaks in the vector or PIM1 group. (D) Genome-wide distribution of differential
HDAC?2 peaks between the vector and PIM1 group. (E) DNA motif enrichment from downregulated HDAC2 peaks in the PIM1 group relative to
the vector group. (F) KEGG analysis of downregulated genes in the PIM1 group. (G) Representative IGV tracks of Wnt signaling-related genes.
(H) ChIP-gPCR analysis for HDAC2 at the promotor of Wnt signaling-related genes. (I) Heatmap showing the relative expression of Wnt
signaling pathway-related genes in Caco2 cells with PIM1 overexpression. (J) Real-time PCR analysis of mRNA levels of Wnt signaling pathway-
related genes in Caco?2 cells with PIM1 overexpression (n = 5 from 3 independent experiments). (K) Heatmap showing the relative expression of
Wnat signaling pathway-related genes in IECs from WT and PimI™~ mice. (L) Real-time PCR analysis of mRNA levels of Wnt signaling
pathway-related genes in IECs from WT and PimI™~ mice (n = 8 from 2 independent experiments). The data represent the mean £ SD.
Statistical significance was determined by unpaired Student’s -test (H, J, and L).

UC patients from the publicly available GEO database (Spearman’s rank correlation coefficient, r = —0.318, statistical analysis is performed
using linear regression, P = 0.0058). (M) Representative confocal images and quantification of MUC2 staining (red) and DAPI (blue) in the
indicated Caco2 cells (n = 3 from 3 independent experiments). Scale bar: 10 pm. The data represent the mean & SD. Statistical significance was
determined by unpaired Student’s #-test (I—K) or one-way ANOVA (M).
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colorectal cancer and PIM1 has been implicated in the tumori- significant weight loss, increased tumor burden in the colon, and

genesis’’, we sought to examine whether epithelial PIM1 over- more severe colorectal tissue damage (Fig. 7A—D). Moreover,

expression promotes AOM/DSS-induced colitis-associated colon IHC analysis revealed that epithelial PIM1 overexpression led to a

cancer. We found that PimI®'Villin-Cre mice exhibited more significant increase in colorectal tumor proliferation, as indicated
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Figure 7  Epithelial PIM1 overexpression promotes AOM/DSS-induced CAC. (A—E) WT and PimI*'Villin-Cre mice were treated with AOM-
DSS (n = 10 from 2 independent experiments). (A) Schematic overview of the AOM/DSS-induced CAC model. (B) Body weight loss of AOM/
DSS-treated WT and PimI*'Villin-Cre mice. (C) Quantitation of tumor number and load in colonic tissues from WT and PimI¥'Villin-Cre mice.
(D) Representative images of H&E staining in colonic tumor tissues from WT and PimI*"Villin-Cre mice. (E) Immunohistochemistry staining and
quantitation of Ki-67 in colonic tumor tissues from WT and PimI*'Villin-Cre mice. (F) PIMI mRNA expression levels in the CRC cohort from
TCGA (left). PIM1 mRNA expression levels at different tumor stages (right). (G) Kaplan—Meier analysis of the overall survival of the CRC
cohort from TCGA. (H) Box plot of PIM1 mRNA expression in normal tissues and CRC tissues from the GEO database. (I, J) Immunohisto-
chemistry staining and quantitation of PIM1 (I) and HDAC2 (J) in para-carcinoma and cancer tissues (left) (n = 44). PIM1 and HDAC2
expression levels at different tumor stages from I to IV (right). Scale bar: 50 pm or 100 pm. The data represent the mean + SD. Statistical
significance was determined by two-way ANOVA (B), unpaired Student’s t-test (C, E, F, and H), one-way ANOVA (F, I, and J), or paired Student’s
t-test (I, J).
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by higher proportions of Ki-67 positive cells in PimI*"Villin-Cre
mice (Fig. 7E). These results suggest that PimI<'Villin-Cre mice
are highly susceptible to CAC. Conversely, PimI ™'~ mice were
more resistant to AOM/DSS-induced CAC than WT mice, as
evidenced by less weight loss, lower tumor burden, and slower
tumor proliferation rate than WT mice (Fig. S§A—S8D).

To further elucidate the effect of PIM1 on tumorigenesis, we
analyzed PIM1 in the CRC cohort from The Cancer Genome Atlas
(TCGA). PIMI was markedly increased in tumor tissues
compared to normal tissues, and significantly higher PIMI
expression was found for patients with advanced stage of CRC
(Fig. 7F). Kaplan—Meier analysis revealed that PIM1 expression
was negatively associated with the survival of CRC patients (Fig.
7G). Besides, analyses of public datasets further validated the
higher expression of PIM] in CRC tissues compared with healthy
controls (datasets from NCBI’s Gene Expression Omnibus:
GSE37364, GSE44861, and GSE4183) (Fig. 7H). Moreover, in
clinical specimens, PIM1 and HDAC2 protein levels were upre-
gulated in CRC tissues compared with matched para-carcinoma
tissues (Fig. 71 and J). PIM1 and HDAC2 expression increased
with advancing TNM (the most widely used cancer staging sys-
tem) stage of CRC (Fig. 71 and J). Meanwhile, the results were
confirmed in the CRC tissue chip using IHC (Fig. S8E and S8F).
Together, these results suggest the significance of epithelial PIM1
overexpression in the progression of CAC tumorigenesis.

4. Discussion

Previous studies show that PIM1 inhibitors have protective effects
against colitis, accompanied by inhibiting proinflammatory im-
mune responses’>>. However, the molecular mechanisms of
PIM1 kinase in ulcerative colitis remain unknown. In the current
study, we demonstrated the critical role of PIM1 in colonic goblet
cell differentiation, which affects intestinal homeostasis.

Goblet cells are critical for the maintenance of the colonic
barrier through the production of mucus®. Goblet cells are
derived from crypt-residing intestinal stem cells®”. Differentiation
from stem cells to goblet cells involves a variety of complex
signaling pathways, such as Wnt, Notch, PI3-kinase/Akt, and bone
morphogenetic protein (BMP) signaling. Our findings indicate that
PIM1 deficiency negatively regulates Wnt and Notch signaling in
colonic epithelial cells. Additionally, we observed inhibition of the
FoxO and MAPK signaling pathways in IECs from Pim/ ™~ mice.
FoxO signaling pathway is believed to play essential roles in the
cell cycle, cell death, mitochondrial metabolism, oxidative stress
response, and autophagy. Recently, it was shown that FoxO
signaling pathway inhibition decreases the expression of stem cell
markers and impairs stem cell renewal*’. Another study showed
FoxO and Notch signaling converge on regulating mitochondrial
fission that promotes stem cell differentiation into goblet cells and
Paneth cells*'. MAPK signaling pathways regulate intestinal
epithelial cell growth and Paneth cell differentiation. Recent
studies have revealed that inhibition of MAPK signaling pathways
promotes Paneth cell differentiation and expands the ISC popu-
lation by activating the Wnt signaling pathway*>**. Another study
showed that activation of MAPK signaling pathways promotes
goblet cell differentiation in a Notch signaling pathway-dependent
manner™*. These studies suggest that the role of FoxO and MAPK
signaling pathways in intestinal homeostasis is complicated.
Overall, the maintenance and differentiation of intestinal stem
cells are tightly regulated by several critical signaling pathways.

Wnt and Notch signaling pathways are the main signaling path-
ways that regulate intestinal stem cell proliferation and
differentiation.

HDAC?2 plays an essential role in the epigenetic regulation of
gene expression by removing the acetyl groups on a histone of the
specific gene®. Here, we showed that PIMI modulated HDAC2
protein levels and that HDAC?2 acted as a negative regulator of
the Wnt signaling pathway by binding with the promoter to
enhance goblet cell differentiation. Moreover, previous studies
suggest that IEC-specific HDAC1/2 deletion represses secretory
cell development and modulates the activation of Notch
signaling®*®. However, the effect of PIMI-mediated HDAC2
modulation on Notch signaling was not apparent in our study.
Together, HDAC2-dependent epigenetic modification provides
novel insight into the molecular mechanisms underlying PIM1-
regulated goblet cell differentiation.

Overwhelming evidence suggests that various post-
translational modifications, such as phosphorylation, acetylation,
ubiquitination, SUMOylation, nitrosylation, and carbonylation,
regulate HDAC?2 expression. Among the various post-translational
modifications, HDAC2 phosphorylation has been well studied**. It
has been demonstrated that HDAC2 phosphorylation by CK2
promotes its ubiquitination and subsequent degradation in human
bronchial epithelial and primary small airway epithelial cells*’.
However, phosphorylation of HDAC2 at Y222 by c-Abl tyrosine
kinase increases its stability and prevents HDAC?2 proteasomal
degradation™®. Thus, there is a discrepancy in the effect of HDAC2
phosphorylation on its protein level. We discovered that HDAC2
phosphorylation by PIM1 decreased its level in vitro. Accord-
ingly, PIM1 reduced HDAC2 expression under both basal and
DSS-induced colitis conditions. Whether HDAC?2 phosphorylation
by PIM1 impacts its transcriptional repression activity awaits
further investigations.

Studies have demonstrated that PIM1 promotes the occurrence
and development processes of tumors through phosphorylating
various proteins and is highly expressed in several cancers,
especially CRC*. Colitis-associated colorectal cancer (CAC), a
subtype of CRC closely associated with ulcerative colitis, is more
dangerous than sporadic CRC*". Although the role of PIMI in
CRC has been demonstrated, the function of PIM1 in CAC re-
mains unclear. In this study, we identified that overexpression of
PIM1 in IECs promoted the development of CAC, suggesting that
PIM1 may be a potential target for the treatment of CAC.

5. Conclusions

Our study defines previously unknown functions of PIM1 as a
critical regulator of goblet cell differentiation, providing a better
understanding of PIM1 in intestinal homeostasis. Increased
expression of PIM1 kinase has been observed in colonic tissues
from UC patients, suggesting its potential as a biomarker and
therapeutic target for UC.
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