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Sirtuin-6 Preserves R-spondin-1 Expression and Increases
Resistance of Intestinal Epithelium to Injury in Mice
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Sirtuin-6 (Sirt6) is a critical epigenetic regulator, but its function in the gut is unknown. Here, we studied the role of intestinal ep-
ithelial Sirté in colitis-associated intestinal epithelial injury. We found that Sirté, which is predominantly expressed in epithelial cells
in intestinal crypts, is decreased in colitis in both mice and humans. Colitis-derived inflammatory mediators including interferon-y
and reactive oxygen species strongly inhibited Sirté protein expression in young adult mouse colonocyte (YAMC) cells. The sus-
ceptibility of the cells to injurious insults was increased affer knockdown of Sirté expression. In contrast, YAMC cells with Sirté over-
expression exhibited more resistance to injurious insult. Furthermore, intestinal epithelial-specific Sirté (Sirté““*°) knockout mice
exhibited greater susceptibility to dextran sulfate sodium (DSS)-induced colitis. RNA sequenciny transcriptome analysis revealed
that inflammatory mediators such as tumor necrosis factor (TNF)-a suppressed expression of R-spondin-1 (Rspo1, a critical growth
factor for intestinal epithelial cells) in Sirté-sienced YAMC cells in vifro. In addition, lipopolysaccharide was found to inhibit co-
lonic Rspo1 expression in Sirt6“*° mice but not their control littermates. Furthermore, Sirf¢<*° mice with DSS-induced colitis also
exhibited in a significant decrease in Rspo1 expression in colons. In vitro, knockdown of Rspo1 attenuated the effect of ectopic
expression of Sirté on protection of YAMC cells against cell death challenges. In conclusion, Sirté plays an important role in pro-
tecting intestinal epithelial cells against inflasnmatory injury in a mechanism associated with preserving Rspo1 levels in the cells.
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doi: 10.2119/molmed.2017.00085

INTRODUCTION

Inflammatory bowel disease (IBD)
is an idiopathic disorder affecting ap-
proximately 1.5 million Americans and
others worldwide (1,2). The incidence
of IBD seems to be increasing in many

regions of the world (2,3). Crypt epithe-
lial cell damage associated with colonic
inflammation is a distinctive patho-
logical hallmark of IBD (4). However,
prevention and treatment of IBD remain
a challenge, as the pathogenesis of the
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disease is unknown (5). Therefore, there
is a strong rationale for exploring novel
therapeutic targets that can be applied to
strengthen epithelial cells against injuri-
ous insults for management of patients
with IBD.

The sirtuins are a family of proteins
that mainly function as nicotinamide
adenine dinucleotide-dependent
deacetylases (6). In mammals, there are
seven sirtuin proteins, Sirtl to Sirt7 (6).
Among them, Sirtl and Sirt6 are the
most well-characterized, with functions
associated with inflammation. Sirt1 is
a cytosolic protein with nuclear trans-
location ability. Previous studies have
shown that Sirtl plays a role in regula-
tion of inflammatory signals in the gut
(7,8). In contrast, Sirt6 is a nuclear and
chromatin-bound protein that emerges
as an important epigenetic regulator



controlling a number of metabolic and
survival processes in cells (9). Recently,
Kanfi et al. reported that mice overex-
pressing Sirt6 have increased longevity
(10). Sirt6 knockout mice were found

to die within one month after birth

due to numerous abnormalities, in-
cluding profound lymphopenia, loss of
subcutaneous fat, lordokyphosis and
severe metabolic defects (11). Evidence
suggests that Sirt6 has both proinflam-
matory and antiinflammatory roles,
depending on the context and cell type
involved (9). Currently, the exact role of
Sirt6 in intestinal epithelial cells remains
unknown, and how it is affected during
intestinal inflammation has not been
explored.

In this study, our objectives were to
evaluate the function of Sirt6 in intesti-
nal epithelial cells and to determine the
link between Sirt6 and colitis-associated
intestinal epithelial injury using both
in vivo and in vitro approaches. To this
end, we first studied whether colitis
development was associated with al-
terations in colonic Sirt6 expression in
mice and humans. Then, using mice
with intestinal epithelial cells deficient
in the Sirt6 gene, we assessed the role
of epithelial cell Sirt6 in dextran sulfate
sodium (DSS)-induced intestinal injury.
Furthermore, we confirmed the direct
role of Sirt6 in intestinal epithelial cells
in vitro in response to specific injurious
insults using gain- and loss-of-function
approaches. Finally, we explored
downstream molecules mediating the
protective effects of Sirt6 on intestinal
epithelial cell damage induced by in-
flammation using gene silencing and
RNA sequencing (RNA-seq) technology.
We found that Sirt6 plays an important
role in maintaining intestinal epithelial
cell resistance to injurious insult via
a mechanism involving R-spondin-1
(Rspol) protein, a critical epithelial
mitogen that stimulates intestinal
crypt cell growth in inflammation. This
study may open a new avenue for the
development of therapeutic targets to
maintain intestinal epithelial integrity in
colitis in the future.

MATERIALS AND METHODS

Animals

C57BL/ 6] mice, Villin-Cre transgenic
mice and Sirt6 conditionally mutated
(Sirt6“°’“°) mice were obtained from
Jackson Laboratories (Bar Harbor, ME,
USA). The Villin-Cre transgenic mice
express Cre recombinase specifically in
intestinal epithelium (12), whereas the
Sirt6-°’/“° mice possess loxP sites flanking
exons 2-3 of the Sirt6 gene, as previously
described (13). Intestinal epithelium—
specific Sirt6 knockout mice (Sirt6c°/ Co,
Villin-Cre or Sirt6"™“*© mice) were gen-
erated by intercrossing Sirt6“>/“° mice
with Villin-Cre mice. Mouse genotypes
were confirmed using polymerase chain
reaction (PCR)-based protocols provided
by Jackson Laboratories. Co-housed
littermates carrying the LoxP-flanked
alleles but not expressing Cre recombi-
nase were used as controls for Sirt6"™“<
mice. All mice were housed in a specific
pathogen-free animal facility at the Stan-
ley Manne Children’s Research Institute.
Animal husbandry was provided by
trained technicians and veterinarians.
All the animal experimental procedures
were conducted in accordance with the
National Institutes of Health guidelines
and were approved by the Institutional
Animal Care and Use Committee of
Northwestern University.

Induction of Colitis

Colitis was induced in mice using
our previously published protocol (14).
Briefly, mice (male, 8-10 wks old) fed
a normal diet were given ad libitum ac-
cess to 3.5% DSS (m.w. 36,000-50,000;
MP Biomedicals, Solon, OH, USA) to
drink for up to 1 wk. Control mice were
given regular drinking water. During
experiments, mice were weighed and
stools were tested for occult blood on a
daily basis. The disease activity index
of clinical colitis was calculated using
our well-established scoring system, as
previously described (14). At the end
of time points indicated, mice were
euthanized by CO, inhalation. Colons
and blood were collected. Blood was
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processed for isolation of plasma by
centrifugation at 1,000¢ for 10 min at
4°C. Plasma samples and colonic tissues
were stored at —80°C until used. In some
experiments, whole colon tissues were
processed for histological analysis, as
described below.

Histology and Microscopic
Examination

The fresh colonic tissues were fixed
in 10% neutral buffered formalin and
processed for routine histology as de-
scribed before (15). Hematoxylin and
eosin stained sections (5 um) were ex-
amined under a light microscope using
a scoring system in a blinded manner
(14). Briefly, three independent param-
eter scores were measured: severity
of inflammation (0 to 3: none, slight,
moderate, severe); depth of injury (0 to
3: none, mucosal, mucosal and submu-
cosal, transmural); and crypt damage
(0 to 4: none, basal one-third damaged,
basal two-thirds damaged, only surface
epithelium intact, entire crypt and epi-
thelium lost). Then, percent involvement
of the colon tissues was estimated. Each
parameter score was multiplied by the
percentage of tissue involved and totals
were added together to obtain a histopa-
thology score.

Immunofluorescent Staining
Deparaffinized slides were processed
for immunofluorescent staining using a
method modified from our previously
published protocol (16). Specifically,
deparaffinized slides were hydrated
through series alcohol, incubated in
10 mM sodium citrate buffer (pH 6.0) at
95-100°C for 15 min for antigen retrieval,
and gradually cooled to room tem-
perature for 45 min. Then, slides were
treated with 10% goat serum (Vector
Labs, Burlingame, CA, USA) for 1 h at
room temperature to block nonspecific
binding sites in tissues. Thereafter, slides
were stained with rabbit monoclonal
antibody against Sirt6 (1:50, CST, Dan-
vers, MA, USA) at 4°C overnight. The
negative control slides were stained with
naive rabbit IgG (R&D, Minneapolis,
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MN, USA). After washing with phos-
phate buffered saline (PBS), slides were
incubated with goat anti-rabbit IgG anti-
body labeled with Alexa Fluor 488 (1:250;
Thermo Fisher Scientific, Waltham, MA,
USA) for 90 min at 37°C in the dark.
Finally, slides were washed with PBS
and mounted using mounting solution
containing DAPI (Vector Labs). Slides
were examined under an upright fluo-
rescence microscope (model MD R; Leica
Microsystems) using appropriate filters.
Images were acquired with a digital cam-
era (QImaging Retiga 4000R), transferred
to an Apple iMac computer, analyzed

by Openlab image analysis software and
assembled with Adobe Photoshop CS5
software.

Human Samples

All studies were performed in accor-
dance with protocols approved by the
Human Research Ethics Committee at
Peking Union Medical College Hos-
pital, Beijing, China. In this study, we
recruited 15 patients with ulcerative
colitis (UC) who required diagnostic
colonoscopy and 17 healthy individuals
undergoing colonoscopy for colorectal
cancer screening at the Department of
Gastroenterology at Peking Union Med-
ical College Hospital. Under diagnostic
colonoscopy procedures, two colonic
biopsies were taken from sites showing
active mucosal inflammation in the sig-
moid colon in patients with UC. Com-
parable noninflamed sites of colonic
mucosa in individuals who were not
subsequently diagnosed with inflam-
matory injury in their colons were used
as controls. Immediately after biopsy,
a portion of samples was processed
for routine histology and pathologic
assessment, and the rest was immersed
in RNAlater solution (Thermo Fisher
Scientific) and stored at —80° for RNA
extraction and quantitative reverse tran-
scription (RT)-PCR.

Cell Cultures

Conditionally immortalized young
adult mouse colonocyte (YAMC) and
HT-29 cell lines were used. YAMC cells

(passage 7-15) were used according to
the protocol described by Whitehead

et al. (17). Briefly, the cells were main-
tained in RPMI 1640 medium (Thermo
Fisher Scientific) containing 5% heat-
inactivated fetal bovine serum (Thermo
Fisher Scientific), 5 U/mL mouse inter-
feron-y (IFN-y; PeproTech, Rocky Hill,
NJ, USA), 100 unit/mL penicillin, 100
ng/mL streptomycin (Thermo Fisher
Scientific), 5 pg/mL insulin, 5 pg/mL
transferrin and 5 ng/mL selenous acid
(#354351; BD Biosciences, San Jose,

CA, USA) at 33°C as permissive condi-
tions in a water-saturated atmosphere
incubator with 5% CO, (18). Before
experiments, the medium was replaced
with one without IFN-y and the cells
were moved to 37°C (a nonpermissive
temperature) for 24 h to allow them to
differentiate. Then, cells were contin-
uously cultured under nonpermissive
conditions (IFN-y—free and 37°C) for the
duration of the experiment. HT-29 cells
(a human intestinal epithelial cell line
derived from colonic adenocarcinoma)
were purchased from American Type
Culture Collection (ATCC, Rockville,
MD, USA) and cultured in a water-sat-
urated atmosphere with 5% CO, at
37°C. HT-29 cells (passages 20-35 after
receipt from ATCC) were maintained in
Dulbecco’s Modified Eagle Minimum
Essential Medium (Thermo Fisher Sci-
entific) containing 100 unit/mL penicil-
lin, 100 ng/mL streptomycin and 10%
heat-inactivated fetal bovine serum.

Preparation of Plasmid Constructs

A PCR fragment encoding the full
open reading frame of Sirt6 was gen-
erated from mouse mRNA by RT-PCR
and processed for DNA sequencing.
The sequence data were compared
against the National Center for Bio-
technology Information database using
BLAST. The mouse Sirt6 coding DNA
sequence with no mutations and mis-
matches was inserted into Xhol and
Nhel sites of pIRES2-zsGreenl expres-
sion plasmid using a standard molec-
ular cloning protocol of our lab (19).
The construct was sequenced to verify

274 | LIV ET AL. | MOL MED 23:272-284, 2017

the correct orientation and sequence
of the insert and was named pIRES2-
zsGreenl-mSirt6.

Cell Transfections

YAMC cells were seeded onto 6-well
plates at densities ranging from 1.5 to
3 x 10° cells per well and cultured with
complete medium at 33°C overnight. On
the second day, the cells were transfected
with plasmid DNA (2 pg/well) or nucleic
acids of siRNAs (50 nM) by using lipo-
fectamine 2000 (Thermo Fisher Scientific)
according to the manufacturer’s protocol.
After 24 h, the medium was replaced with
interferon-y—free culture medium. Cells
were then cultured at 37°C for an addi-
tional 24 h and processed for experiments
or harvested for molecular biology stud-
ies. siRNAs of Sirt6, Rspol or their controls
with unrelated sequences were purchased
from Origene (Rockville, MD, USA).

RNA Extraction

Total RNA was isolated from tissues
and cultured cells using Trizol solution
(Thermo Fisher Scientific), as recom-
mended by the manufacturer. To avoid
contamination by DSS, which has been
reported to inhibit the activity of both
polymerase and reverse transcriptase
(20), RNA extracted from colons of DSS-
treated mice were further purified using
a lithium chloride method previously
described by Viennois et al. (20). The
concentration of RNA was determined
by absorbance at 260 nm, and the purity
was checked by the 260:280 nm ratio
(between 1.8 and 2.0) using an ultraviolet
spectrophotometer.

Quantitative Real-Time RT-PCR
Single-stranded cDNA (20 pL) was
generated from total RNA samples using
iScript cDNA synthesis kit (Bio-Rad,
Hercules, CA, USA) according to the
protocol provided by the manufacturer,
and diluted to 80 pL with ddH,O. Quan-
titative real-time PCR for measuring
transcripts of a target gene was per-
formed using a protocol modified from
our previously published methods (14).
Briefly, 96-well microtiter plates were



used for PCR reactions. Each well con-
tained 7.5 pL 2 x SYBR Green PCR Uni-
versal Mastermix (Applied Biosystems,
Foster City, CA, USA), 0.5 pL of 10 uM
forward primer, 0.5 uL of 10 uM reverse
primer, 2.5 uL of ddH,O and 4 pL of
diluted single-stranded cDNA. PCR re-
actions were conducted in duplicate for
each sample using the Fast 7500 real-time
PCR system (Applied Biosystems) under
the following conditions: 50°C for 5 min,
95°C for 10 min, and then 40 cycles of
amplification (95°C for 15 sec and 60°C
for 1 min). The cycle at which each sam-
ple crossed a fluorescence threshold, CT
(at 0.1-0.2 fluorescence units), was de-
termined. The duplicate values for each
c¢DNA were averaged. Fold changes in
expression levels of mRNA of a target
gene in samples were calculated by using
the 27**“T method by using GAPDH
transcripts as the internal reference (21).
The AACT value is defined as the CT dif-
ference between the normalized amount
of sample and the normalized amount of
calibrator. Sequences of forward (F) and
reverse (R) primers for real-time PCR are
listed in Table 1.

Table 1. Sequence of gRT-PCR primers

Protein Extraction and Western Blot
Total proteins were isolated from
tissues and cells using our previously
described protocol (22). The protein
concentrations were measured using a
Pierce BCA protein assay kit (Thermo
Fisher Scientific), following the pro-
tocol provided by the manufacturer.
Then, proteins (10 pg/sample) were
mixed with 2 x Laemmli sample buffer
(Bio-Rad) and boiled for 5 min for de-
naturing. The denatured total proteins
were resolved on 4-20% TGX precast
sodium dodecyl sulfate polyacrylamide
gel electrophoresis gels (Bio-Rad) and
transferred onto polyvinylidene diflu-
oride membranes (Bio-Rad) as previ-
ously described (22). The membranes
containing sample proteins were used
for immunodetection of Sirt6 or Rspol
proteins. Briefly, blots preincubated
with PBS containing 5% nonfat dry
milk (Bio-Rad) were incubated with pri-
mary Ab against Sirt6 (1:1000, CST) or
Rspol (1:200, LsBio, Seattle, WA, USA)
with gentle shaking at 4°C overnight.
After incubation, blots were washed
three times with PBS containing 0.1%

mouse Sirté-F
mouse Sirfé-R
mouse Rspo 1-F
mouse Rspo I-R
mouse Gapdh-F
mouse Gapdh-R
human SIRT6-F
human SIRT6-R
human GAPDH-F
human GAPDH-R
mouse Tnf-o-F
mouse Thf-a-R
mouse Ifn-y-F
mouse Ifn-y-R
mouse lI6-F
mouse lI6-R
mouse II10-F
mouse II10-R
mouse Mcp-I1-F
mouse Mcp-1-R
mouse Mip-2o.-F
mouse Mip-2a-R
mouse Kc-F
mouse Kc-R

5'-AGGCCGTCTGGTCAITGTC-3’
5'-GCACATCACCTCAICCACGTA-3’
5'-CGACATGAACAAATGCATCA-3’
5'-CTCCTGACACTIGGTGCAGA-3’
5'-AACTTTGGCATTGTGCGAAGG-3’
5'-ACACATTGCGCGCGTAGGAACA-3’
5'-CCCGGATCAACGGCTCIATC-3'
5'-GCCTTCACCCITTICCGCEGE-3’
5'-TGCACCACCAACTGCTTAGC-3’
5'-GGCATGCGACTIGTGGTCATGAG-3’
5'-CCACCACGCICTICTGTICTA-3’
5'-AGGGTICTGGGCCATAGAACT-3’
5'-TCAAGTGGCATAGATIGTGCAAGAA-3’
5'-TGGCTCTGCAGGATTTTCATIG-3’
5'-ACCAGAGGAAATTTTCAATAGGC-3’
5'-TGATGCACTTGCAGAAAACA-3’
5'-TGAATTCCCTIGCGTIGAGAAG-3’
5'-TGGCCITGTAGACACCTTIGG-3’
5'-AGGTCCCIGTCAIGCTICTG-3’
5'-TCTGGACCCAITCCTICTTG-3’
5'-GCGCAGAGGGTIGAGTTIGGG-3’
5'-GCACACTCCTTCCATGAAAGC-3’
5'-AAAAGGTGTCCCCAAGTA-3’
5'-AAGCAGAACTGAACTACCAICG-3’
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Tween 20, and then incubated with 5%
nonfat dry milk containing 1/6000 di-
luted horseradish peroxide—-conjugated
goat anti-rabbit antibody (Jackson Im-
munoResearch, West Grove, PA, USA)
for 2 h at room temperature. After ad-
ditional washing with PBS containing
0.1% Tween 20, immune complexes on
the blot were developed with an ECL kit
(Thermo Fisher Scientific) and visual-
ized by Bio-Rad ChemiDoc MP System
(Bio-Rad). Images were analyzed with
Imaging Lab 4.1 software (Bio-Rad). For
detection of housekeeping gene expres-
sion, blots were stripped and reprobed
with a horseradish peroxide—conjugated
mouse mADb against B-actin (1:50,000,
clone AC-15, Sigma-Aldrich, St. Louis,
MO, USA) followed by development
with the ECL kit, scanning and analyz-
ing as described above.

Induction of Cell Death and
Assessment of Cell Viability

It has been shown that development of
IBD is associated with numerous types
of intestinal epithelial cell death, such as
apoptosis, necroptosis and DNA damage
related to cell injury (23,24). Thus, we
executed models of cell death induced
by various cell death inducers: methyl
methanesulfonate (MMS, a DNA-dam-
aging reagent), H,O, (oxidative damage),
TNF-o plus cycloheximide (apoptotic
challenge) and TNF-a plus z-VAD-fmk
(necroptosis stimulation) using YAMC
cells. Briefly, cells were subjected to
transfection with siSirt6 /siControl,
pSirt6/pVector or siRspol/siControl
using the protocol described above. After
24 h, the transfected cells were reseeded
in 96-well, white-walled, clear-bottomed
plates at 1.5 x 10* density per well and
cultured with IFN-y—free medium at 37°C
for 24 h, followed by treatment with
adequate cell-death-inducer cocktails:
MMS (2 mM), H,0, (400 uM), TNF-a
(20 ng/mL) + cycloheximide (5 png/mL)
and TNF-a (20 ng/mL) + z-VAD-fmk
(20 uM). All cell-death-inducer cocktails
were prepared in IFN-y—free medium.
For MMS treatment, cells were chal-
lenged with MMS for 1 h, followed by
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culture with MMS-free medium for an
additional 24 h. For other treatment reg-
imens, cells were treated with adequate
cell-death-inducer cocktails for 24 h. At
the end of treatments, cell viability was
assessed using CellTiter-Glo Assay Kit
(Promega, Madison, WI, USA), following
the manufacturer’s protocol.

RNA Sequencing

Total RNA was extracted from YAMC
cells using RNeasy Micro Kit (Qia-
gen, Hilden, Germany) according to
the manufacturer’s instructions. RNA
integrity and quantity were assessed
using Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA).
PolyA-enriched RNA was purified from
total RNA using paramagnetic oligo-dT
beads, fragmented and used for con-
structing cDNA libraries with NEBNext
Ultra RNA Library Prep Kit for Illumina
following the manufacturer’s protocol
(NEB, Ipswich, MA, USA). Libraries
were amplified, followed by removing
primers prior to sequencing. These
libraries were sequenced on Illumina
HiSeq 2500 generating 100 bp paired
end reads (Peking Jabrehoo Med Tech
Co., Beijing, China). After sequencing,
raw reads were cleaned by removing
adaptor sequences, empty reads and
low-quality sequences. The reads that
passed filtering were aligned to reference
sequences of the mouse transcriptome
(Ensembl release 75) using the Bowtie
version 1.0.1 alignment tool. Read counts
were normalized using edgeR, and reads
per kilobase per million mapped reads
values were calculated as the number
of counted reads per 1000 mapped and
counted bases per geometric mean of
normalized read counts per million. Fold
change ratio between the two groups
was calculated by reads per kilobase per
million mapped reads, and an absolute
value of log2 ratio > 0.415 was used as a
threshold to judge the difference of gene
expression. Heatmaps of differentially
expressed genes were generated by the
GENE-E visualization and analysis plat-
form. Gene ontology term analysis was
performed using Gene Set Enrichment

Analysis software (25,26) and visualized
by the REViGO tool (27).

Measurement of Myeloperoxidase
Activity

Briefly, colon tissues were homoge-
nized in 250 uL. myeloperoxidase (MPO)
assay buffer and centrifuged at 13000g
for 10 min at 4°C to remove insoluble
material. The supernatants were pro-
cessed for measurement of MPO activity
using an MPO Colorimetric Activity
Assay Kit (Sigma-Aldrich), following the
manufacturer’s protocol. MPO activity
was normalized by the protein loading
in each sample and reported as unit/gm
protein.

Cytokine and Chemokine
Measurements

Plasma cytokine/chemokine mea-
surements were made using Meso
Scale Diagnostics (MSD, Gaithersburg,
MD, USA) multiplex array technology.
Briefly, cytokines and chemokines were
measured using a mouse-specific 96-
well multispot plate of V-PLEX Plus
Proinflammatory Panel 1 Kit (MSD),
which included five markers: IL-1p, IL-6,
IL-10, TNF-a and KC. The assay was
performed according to the manufactur-
er’s instructions. A total volume of 50 pL.
diluted (1:2.5) sample was used in each
well. The assay was run in duplicate
for each sample. Plate readings were
performed on a SECTOR Imager 2400
instrument (MSD). Raw data were ana-
lyzed using MSD Discovery Workbench
software (version 4.0). The curves were
fitted using a 4PL fit with 1/y” weighting
according to the manufacturer’s instruc-
tions, and concentrations were deter-
mined from the standard curves.

Statistical Analysis

All experiments were performed
at least twice. Statistical analysis was
performed with Graphpad Prism 6
software. Reported data are the mean
+ standard error of the mean, and sta-
tistical significance was assessed with
either the Student t test or one-way
analysis of variance followed by Fisher’s
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least significant difference post hoc test.
P < 0.05 was considered significant.

Web Deposition of Data

Data in this study have been deposited
in the Gene Expression Omnibus site
(www.ncbi.nlm.nih.gov/geo), accession
number GSE89620.

RESULTS

Sirt6 Is Highly Expressed in Mouse
Intestines and Predominantly
Localized to Intestinal Epithelial Cells
in the Crypt Compartment

We first thought to compare expres-
sion patterns of Sirt6 protein in mouse
tissues. Using Western blot, we found
that Sirt6 protein was widely expressed
in different tissues, with particularly
strong expressions in the thymus, spleen
and intestines (Figure 1A). To further
characterize Sirt6 expression in intestines,
we examined its cellular localization in
the mouse intestines using immunoflu-
orescent staining. While it was strongly
detected in crypt epithelial cells (Figure
1B), Sirt6 was weakly presented in other
intestinal epithelial cells, suggesting its
role in the regulation of intestinal epithe-
lial cell homeostasis.

Colitis Is Associated with
Downregulation of Colonic Sirté
Expression in Mice and Humans

To examine whether acute colitis af-
fected Sirt6 expression in mouse colons,
adult mice (male, 8-10 wks old) were
given 3.5% DSS in drinking water ad [i-
bitum for a period of 7 d to achieve acute
experimental colitis using our standard
protocol (14). As expected, DSS admin-
istration induced experimental colitis in
the mice (Supplementary Figure S1).
Development of DSS-induced colitis
was associated with downregulation
of Sirt6 protein (Figure 2A) in a time-
dependent manner in mice. Notably,
Western blot revealed that some low-
molecular-weight bands were presented
in colonic tissue samples derived from
DSS-treated mice, suggesting that DSS-
induced colitis may result in degradation
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Figure 1. Characterization of Sirté protein expression in mouse tissues. (A) Western blot analysis of Sirté protein expression in various mouse
tissues. Total proteins isolated from indicated mouse tissues (10 pg/lane) were subjected to electrophoresis and Western blot using rabbit
antibody against mouse Sirté, as described in Methods. Upper panel: autoradiograph of a representative immunoblot and ftotal protein
yel. Lower panel: densitometric analysis of the immunoblot data (normalized to total protein, n = 3). Results are expressed as mean +
standard error of the mean (SEM). (B) Cellular localization of Sirté in mouse intestines. Deparaffinized sections of the small and large intes-
tines of normal mice were stained with immunofluorescence using rabbit antibody aygainst murine Sirté or rabbit naive IgG, as indicated.
Nuclei were counterstained with DAPI. Sections were observed by immunofluorescence microscopy. Sl, small intestine.
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Figure 2. Colitis is associated with downregulation of colonic Sirté expression in mice and
humans. For (A) the mouse colitis model, wild-type C57BL/6J mice (male, 8-10 wks old)
were yiven drinking water containing 3.5% DSS for up to 7 d. Colonic tissues were col-
lected at the indicated time points (n = 5 per time point). For (B) human samples, muco-
sal biopsies from the siymoid colons of health individuals (n = 17) and UC patients (n = 15)
were obtained through diagnostic colonoscopy procedures. Tissue samples were pro-
cessed for assessment of expression of Sirté protein with (A) Western blot or (B) mRNA, as
described in Materials and Methods. (A) Sirté protein levels in colon during development
of DSS-induced colitis in mice. Upper panel: autoradiograph of a representative immuno-
blot. Lower panel: densitometric analysis of the immunoblot data (normalized to B-actin).
(B) Relative expression of SIRT6 MRNA in the sigmoid colon biopsies of healthy individuals
and UC patients. Results are expressed as mean + SEM. *, P < 0.05 versus O d.

of intestinal Sirt6 protein. Furthermore,
we examined intestinal SIRT6 expression
in patients with UC and healthy individ-
uals. UC patients (41.4 + 13.6 years old,
7 male and 8 female) with Mayo Endo-
scopic Score between 1 and 3 were re-
cruited for this study. Among the healthy
individuals, 7 were male and 10 were fe-
male, 47.6 + 12.0 years old. Interestingly,
we found that the mean value of SIRT6
mRNA in inflamed mucosa of UC pa-
tients was significantly lower than that
in colon tissues of healthy individuals
(Figure 2B), suggesting a decrease in
colonic SIRT6 gene expression at the
transcriptional level in UC patients.

IFN-y Attenuates Sirté Protein
Expression in Colonic Epithelial Cells
In this experiment, we examined
whether inflammatory mediators modu-
lated Sirt6 expression in colonic epithelial
cells. Evidence shows that IFN-y is a dom-
inant proinflammatory cytokine in colitis
(28,29). Thus, we first studied the effect
of IFN-y treatment on Sirt6 expression in
YAMC cells, an epithelial cell line derived
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from mouse colonic epithelial cells. We
found that Sirt6 protein expression in
YAMC cells was markedly inhibited by
IFN-y treatment (Figure 3A). As free-rad-
ical species are generated during inflam-
mation and affect epithelial cell survival,
we determined the effect of hydrogen
peroxide (H,O,, oxidative free radicals)
challenge on Sirt6 expression in YAMC
cells. Similar to IFN-y, treatment with
H,0, downregulated Sirt6 protein expres-
sion in YAMC cells in a dose-dependent
manner (Figure 3B). Furthermore, we
confirmed that IFN-y inhibited SIRT6
expression in human intestinal epithelial-
specific cells (IECs) using HT-29, a human
colonic epithelial cell line (Figure 3C).

Sirté6 Plays a Role in Maintaining the
Resistance of Intestinal Epithelial Cells
to Cell Death Challenges

Previous studies showed that Sirt6 is a
master epigenetic gatekeeper of glucose
metabolism, a fundamental cellular event
generating metabolic intermediates im-
portant for cell growth (30). However,
little is known about the role of Sirt6
on intestinal epithelial cell homeostasis.
Thus, using both loss-of-function and
gain-of-function approaches, we investi-
gated whether Sirt6 regulates intestinal
epithelial cell resistance to cell death.
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We found that when Sirt6 expression
was silenced by transfection with si-
Sirt6, a siRNA against Sirt6 transcripts
(Figure 4A), YAMC cells had increased
cell death in response to various induc-
ers, including MMS (a DNA-damaging
reagent), H,0, (oxidative damage),
TNF-a plus cycloheximide (apoptotic
challenge) and TNF-a plus z-VAD-fmk
(necroptosis stimulation) (Figure 4B).

In addition, when Sirt6 was overex-
pressed by transfection with pIRES2-
zsGreenl-mSirt6, an expression plasmid
construct containing the full open
reading frame of mouse Sirt6 cDNA
(Figure 4C), YAMC cells were markedly
resistant to cell death induced by DNA
damage, superoxides, apoptotic stimula-
tion and necroptosis signals (Figure 4D).
Taken together, our data suggest that
Sirt6 renders intestinal epithelial cells
resistant to cell death insults.

Intestinal Epithelial Cell-specific
Knockout of Sirté Increases
Susceptibility to DSS-induced Colitis
in Mice

In this study, we first investigated the
physiological impact of downregulation
of Sirt6 expression in the intestinal ep-
ithelium of mice using a tissue-specific
knockout approach. Sirt6“°/“° mice
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Figure 3. Inflammatory mediators attenuate Sirté protein expression in mouse and human
colonic epithelial cells. (A, B) YAMC and (C) HT-29 cells were subjected to treatments

as indicated. Affer 24 and 48 h, respectively, total cellular proteins were extracted from
harvested cells. Levels of Sirté protein were accessed with Western blot using anti-Sirté
antibody, as described in Materials and Methods. Upper panels illustrate the autoradio-
graphs of representative immunoblofts; lower panels show densitometric analysis of the
immunoblot data (normalized to B-actin). The experiments were performed three times.
Results are expressed as mean + SEM. n = 3 in each group. *, P < 0.05 versus control;

**, P<0.01 versus control; ****, P < 0.0001 versus control.
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(a mouse line harboring a loxP-flanked
Sirt6 allele [13]) were crossed with
Vil-Cre mice to establish the Sirt6°/<;
Vil-Cre*" (ie, Sirt6™=“*°) mouse line.
Genotyping analysis of tail biopsy sam-
ples revealed that Sirt6™ O mice were
characterized as heterozygous for Vil-Cre
transgene and homozygous for floxed
Sirt6 allele (Supplementary Figure S2A).
Using Western blot, we found that
Sirt6™ O mice lacked Sirt6 protein ex-
pression in an intestinal tissue—specific
manner (Supplementary Figure S2B).
The Sirt6"<X0 mice were fertile and
healthy. Their body weights were indis-
tinguishable from those of their control
littermates (Supplementary Figure S2C).
Histological examination showed that
Sirt6™° mice did not display any phe-
notypical abnormalities in their intestines
(Supplementary Figure S2D). Together,
the data suggest that Sirt6 expression

is not essential for orchestrating mor-
phogenesis and maintaining integrity in
intestinal epithelial cells under a normal
physiological state.

Next, we examined whether lack of
Sirt6 in the intestinal epithelium affected
colitis development. For this purpose,
Sirt6™ ° mice and their control litter-
mates were given 3.5% DSS in drinking
water ad libitum for 7 d to induce colitis.
We found that DSS treatment resulted in
greater weight loss (Figure 5A) and more
severe colitis (Figure 5B) in Sirt6=“*©
mice than that in their control littermates
(n = 14-17 mice per group, P < 0.05),
specifically in the early period of colitis
development. Histological examination
showed that Sirt6""“*° mice displayed
more profound signs of colitis at d 7 than
their control littermates (Figure 5C). Mi-
croscopic scores for DSS-induced colonic
inflammation (Figure 5D) and crypt-
epithelial injury (Figure 5E) were signifi-

6'ESKO mice than that

cantly greater in Sirt
in their control littermates. Furthermore,
we found that there was significantly
higher MPO activity in the colons of
Sirt6™ K mice with DSS-induced colitis
compared with their control littermates
(Figure 5F). Together, our data sug-

gest that the loss of Sirt6 in intestinal
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Figure 4. Downregulation of Sirté results in increased susceptibility of mouse colonic epithelial cells to cell death challenges, whereas
Sirté overexpression increases resistance of mouse colonic epithelial cells to cell death challenyes. (A) Silencing of Sirté expression in
colonic epithelial cells was achieved using siRNA technology. The Sirté knockdown in vifro was confirmed using gRT-PCR (upper panel)
and Western blot (lower panel). (B) Silenciny of Sirté increases susceptibility of colonic epithelial cells fo cell death challenges. YAMC
cells were subjected to fransfection with siSirté or siControl, as described above. Forty-eight hours later, cells were treated with indicated
freatments. Twenty-four hours affer being challenged with cell death inducers, cell viability was assessed using CellTiter-Glo assay.

The experiments were performed three times. Results are expressed as mean + SEM. n = 3 in each group. *, P < 0.05 versus control;

**, P<0.01 versus control. (C) Ectopic expression of Sirté in intestinal epithelial cells by tfransfection with pSirfé (ie, pIRES2-zsGreen 1-mSirté
plasmid). Sirté overexpression was confirmmed with Western blot. pVector, the pIRES2-zsGreen plasmid (ie, control). (D) Overexpression of
Sirté renders colonic epithelial cells resistant o cell death challenges. YAMC cells were subjected to transfection with pSirté or pVector,
as described in panel C. Forty-eight hours later, they were subjected to indicated freatments. Twenty-four hours later, cell viability was
assessed using CellTiter-Glo assay. Results are expressed as mean + SEM and represent average of findings from three independent ex-

periments. n = 3 in each yroup. *, P < 0.05 versus control; **, P< 0.01 versus control.

epithelial cells markedly exacerbates
DSS-induced colitis.

Sirt6 Plays an Important Role in
Sustaining R-spondin-1 Expression
in Intestinal Epithelial Cells under
Inflammation

It has been reported that Sirt6 modu-
lates cellular homeostasis via shaping of
diverse transcriptional networks (31,32).
To determine whether Sirt6 is capable of
influencing gene expression in intestinal
epithelial cells under physiological and
inflammatory conditions, we knocked
down Sirt6 using siRNA-mediated gene
silencing in YAMC cells. Then, we per-
formed RNA-seq transcriptome analysis

in naive and TNF-a-treated Sirt6-silenced
YAMC cells to enrich for direct Sirt6
targets associated with inflammatory
stimulation. By comparing Sirt6-silenced
YAMC cells to siControl-transfected
YAMC cells, we found that there were
916 (Supplementary Tables S1 and S3)
and 1026 (Supplementary Tables S2

and S3) differentially expressed genes

in the naive and TNF-a treatment con-
ditions, respectively (Figure 6A). We
also found that there were 302 genes
that were co-expressed differentially

in both naive and TNF-a treatment
conditions between Sirt6-silenced and
siControl-transfected YAMC cells (Fig-
ure 6A and Supplementary Table S3).

MOL MED 23:272-284, 2017 |

Among the differentially expressed genes,
we found numerous targets related to cell
proliferation in cells treated with TNF-o
(Figure 6B). The hierarchical clustering
revealed that Sirt6 silencing markedly
affected global gene transcription in
intestinal epithelial cells under naive and
TNF-a treatment conditions (Figure 6C).
Notably, the differential gene expres-
sion analysis indicates downregulation
of R-spondin-1 (Rspol) in TNF-o-treated
Sirt6-knockdown YAMC cells (Figure 6C).
Rspol is a Wnt signaling pathway—
associated mitogen (33,34). Previously,
Zhao et al. showed that Rspol amelio-
rates DSS-induced colitis in mice (35).
Thus, we further verified the effect of
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Figure 5. Intestinal epithelial cell-specific knockout of Sirfé yene increases susceptibil-

ity o DSS-induced colitis in mice. Sirt6"“*° mice (n = 14) and their control littermates

(n =17) (male, 8-10 wks old) were given drinking water containing 3.5% DSS for 7 d. A

set of mice received normal drinking water as controls. (A) Body weight and (B) disease
activity index (DAI) were monitored on a daily basis. Mice were euthanized at d 7 of

DSS treatment. (C) Colonic tissues were processed for routine histology and H&E staining
and assessed in a double-blind fashion for histological colonic tissue injury in ferms of (D)
inflamsnmation severity and (E) crypt of damage using a scoring system described in Mate-
rials and Methods. (F) The severity of colitis was further determined by MPO assay. Results
are expressed as mean = SEM. *, P < 0.05 versus control.

TNF-a on Rspol expression in YAMC
cells using qRT-PCR and Western blot.
We confirmed that reduction of Rspol
mRNA and protein levels occurred in
Sirt6-silenced IECs after TNF-o. treatment
in vitro (Figures 7A and 7B). In addition,
knocking out Sirt6 in intestinal epithe-
lial cells in vivo did not affect intestinal
Rspol expression at baseline (Figure 7C).

In contrast, treatment of Sirt6"=“*° mice
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with lipopolysaccharide resulted

in downregulation of Rspol mRNA
(Supplementary Figure 3) and protein
expression in colons (Figure 7C). Sim-
ilarly, we found a trend of decreasing
Rspol protein levels in colons of wild-
type littermate mice with DSS-induced
colitis (Figure 7D). Furthermore, a sig-
nificant reduction of Rspol protein ex-

pression was observed in Sirt6"*“*° mice
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compared with control littermates under
a colitis condition (Figure 7D). Finally,
we performed an in vitro study to exam-
ine whether Rspol mediates the protec-
tive role of Sirt6 that was revealed in the
experiments described in Figure 4. We
found that silencing Rspol with siRNA
technology resulted in diminishing the
beneficial effect of Sirt6 overexpression
on protection of YAMC cells against cell
death induced by MMS, H,0O,, TNF-a
plus cycloheximide and TNF-a plus
z-VAD-fmk (Figure 8). Collectively, our
data suggest that Sirt6 has an important
role in protecting intestinal epithelial
cells under inflammation by maintaining
expression of the Rspol gene.

DISCUSSION

In the present study, we investigated
the role of intestinal epithelial Sirt6 in
gut injury and inflammation. Our find-
ings show that Sirt6 is expressed by in-
testinal epithelial cells, predominantly in
crypt cells. We demonstrated that colitis
is associated with decreased levels of
intestinal Sirt6. Inflammatory mediators,
including IFN-y and reactive oxygen spe-
cies, directly inhibited Sirt6 expression in
intestinal epithelial cells. Mice deficient
in Sirt6 in intestinal epithelial cells are
prone to DSS-induced colonic mucosal
injury, suggesting that inflammation-
induced impairment of Sirt6 expression
in intestines contributes to the pathogen-
esis of colitis. Furthermore, we found
for the first time that Sirt6 is critical in
maintaining levels of Rspol in intesti-
nal epithelial cells under inflammatory
conditions. Since Rspol is an important
trophic factor for intestinal epithelial cell
growth (35,36), our data strongly suggest
the notion that Sirt6 plays a central role
in protecting against colitis-associated
intestinal epithelial cell injury via preser-
vation of Rspol.

Emerging studies have shown that
Sirt6 is a key regulator of genome sta-
bility, glucose homeostasis, metabolism
and inflammation (9). It governs diverse
cellular functions, such as transcription,
telomere integrity and DNA repair (9).
Mouse pups with whole-body Sirt6
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Figure 6. Abolishing Sirté expression impacts franscriptome responses to TNF-a stimulation in colonic epithelial cells. YAMC cells were
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containing TNF-a (100 ng/mL) or medium alone for an additional 24 h. At the end of freatment, cells were harvested for RNA extraction,
followed by RNA-seq franscriptome analysis. (A) Differential yene expression analysis (log2 ratfio > 0.415 fold change) was carried out to
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deficiency exhibit postnatal growth retar-
dation and eventually die at about 4 wks
after birth, highlighting the importance
of Sirt6 for growth and survival (11).

Furthermore, a distinctive phenotype of
colitis with prominent epithelial slough-
ing was previously found in weaning

Sirt6-null mice (11), suggesting that Sirt6

MOL MED 23:272-284, 2017

is required in remodeling tissue archi-
tecture as intestinal mucosa grow and
mature during postnatal development.
However, we did not find a significant
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RT-PCR and (B) Rspo protein with Western blot. (C) Sirt6£“*© mice and their control lit-
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mice were euthanized by CO, inhalation. Then, colons were collected and processed fo
determine levels of Rspo1 protein by Western blot. (D) Western blot examination of Rspol
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effect of intestinal epithelial deletion of
Sirt6 on intestinal morphology in mice,
implying that Sirt6 in intestinal epithelial

Evidence suggests that Sirt6 expression
is inhibited in numerous pathological
conditions associated with inflammation.

cells is not an essential protein for intes-
tinal development and homeostasis in
normal physiological states.

For example, decreased Sirt6 expression
in fetal membranes occurs in preterm
labor (37). Balestrieri et al. found that
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Figure 8. Rspo1 is required for protection
of intestinal epithelial cells against cell
death challenges by Sirté overexpression.
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as indicated using a protocol described
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Sirt6 protein expression is downregu-
lated in diabetic atherosclerotic lesions
(38). A previous study identified that
H,0O, treatment results in marked re-
duction of Sirt6 in endothelial cells (39).
Consistent with these previous findings,
our data indicate that mucosal Sirt6 pro-
tein expression is decreased in colitis.
Furthermore, we found that not only
H,0,, but also IFN-y is a strong inhibitor
of Sirt6 expression in intestinal epithelial
cells. In addition, our study shows that
deletion of Sirt6 in intestinal epithelial
cells exacerbates DSS-induced colitis,
strongly supporting the notion that in-
flammation-induced downregulation of
intestinal epithelial Sirt6 directly impacts
intestinal mucosal integrity during colitis
development.

Sirt6 is an enzyme that has ADP-
ribosyltransferase activity (40,41) and
histone deacetylase activity (42-45). It
influences chromatin structure and gene
expression. Particularly, previous stud-
ies demonstrated that Sirt6 functions at
chromatin to attenuate NF-kB-dependent
transcription (46). On the other hand,
Sirt6 was found to positively regulate
TNF-o. production at the post-transcrip-
tional level in vitro (47). Thus, the effect



of downregulation of Sirt6 in regulating
the inflammatory response may be com-
plicated in vivo. Indeed, our data show
that knockout of Sirt6 in intestinal epithe-
lial cells did not influence the cytokine
profile in colitis (Supplementary Figure
S4), while the Sirt6"™ K mice were more
susceptible to DSS-induced colitis than
their control littermates. This observation
suggests that Sirt6 protects intestinal ep-
ithelial cells against inflammatory injury
through a cytokine-independent mecha-
nism. Using global RNA expression data
obtained by RNA-seq transcriptome anal-
ysis, we found that knockdown of Sirt6
markedly alters gene expression in naive
intestinal epithelial cells. Furthermore,
we found that the response to TNF-a
challenge in Sirt6-silenced IECs differs
from that in IECs with intact Sirt6 expres-
sion. Together, it appears that Sirt6 plays
an important role in maintaining the ho-
meostasis of gene expression in intestinal
epithelial cells in both the normal physio-
logical state and inflammation.

In addition, our finding that knocking
down Sirt6 expression in intestinal epi-
thelial cells decreases Rspol expression
in inflammation is intriguing. Rspol is
a trophic factor for intestinal epithelial
cells (35,36). Previously, Zhao et al. (35)
reported that Rspol is predominantly
expressed in crypt Paneth cells and
differentiated enterocytes along the in-
testinal villus epithelium, where Sirt6 is
also expressed in the mouse gut. Wnt/f-
catenin signaling plays an essential role
in regulating gastrointestinal homeosta-
sis. Rspol has been shown to stimulate
intestinal epithelial cell proliferation and
protect epithelial cells from constant
exposure to toxins, inflammatory cyto-
kines and reactive oxygen radicals by
increasing B-catenin nuclear localization
and subsequently turning on Wnt down-
stream target gene activation (35,48,49).
Administration of recombinant Rspol
was reported to strongly ameliorate
colitis symptoms in several experimental
colitis mouse models (35,48,50), suggest-
ing that it has a protective role in the
gut under inflammation. We show here
that a decrease in Rspol expression is

associated with an increase in sensitivity
to various death inducers in Sirt6 knock-

6'ECKO mice exhibit a lack

down cells. Sirt
of ability to maintain Rspol expression
in their intestines under inflammation,
implying that an increase in susceptibil-
ity to inflammatory intestinal injury in
Sirt6"=“*° mice may be due to a lack of
the protective factor Rspol. Furthermore,
we found that Rspol mediates the role
of Sirt6 in the protection of intestinal ep-
ithelial cells against cell injury. Together,
our data in combination with previous
findings support the notion that the
Sirt6-Rspol signal axis plays a role in the
protection of intestinal epithelial cells
against inflammatory injury.

CONCLUSION

In summary, our study reveals that
expression of Sirt6 in intestinal epithelial
cells is necessary for protection of the in-
testinal mucosa against colitis. We iden-
tified that intestinal inflammation causes
downregulation of Sirt6 in the gut, which
leads to increased susceptibility of in-
testinal epithelial cells to injury. In ad-
dition, we found Rspol to be regulated
by Sirt6 in intestinal epithelial cells. Our
data suggest that inflammation-induced
downregulation of Sirt6 contributes to
decreased Rspol expression in intesti-
nal epithelial cells, thus leading to an
increased susceptibility of the intestinal
mucosa to injury under inflammatory
conditions. These findings provide novel
insights into both the pathogenesis of
colitis and potential therapeutic targets
for intestinal injury and inflammation.
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