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Abstract

Background Chronic inflammation disrupts the colonic
epithelial layer in patients afflicted by ulcerative colitis
(UC). The use of inhibitors of glycogen synthase kinase
three beta (GSK3B) has proven efficacious to mitigate
disease symptoms in rodent models of UC by reducing the
pro-inflammatory response. Less is known about whether
these inhibitors promote colonic regeneration by stimulat-
ing proliferation of colonic epithelial cells.

We investigated whether delivery of the GSK3
inhibitor, lithium chloride (LiCl), during the recovery
period from acute DSS-induced colitis in mice promoted
colonic regeneration and ameliorated disease symptoms.
We also tested whether the c-MYC transcription factor
(MYC) was involved in this response.
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Methods Acute colitis was induced by administration of
2.5 % dextran sodium sulfate (DSS) to wild-type C57BL/6
mice for 5 days. During the recovery period, mice received
a daily intraperitoneal (IP) injection of LiCl or IX PBS as a
control. Mice were weighed, colon lengths measured, dis-
ease activity index (DAI) scores were assessed, and his-
tological analyses were performed on colonic sections. We
analyzed transcripts and proteins in purified preparations of
the colonic epithelium. We delivered the MYC inhibitor
10058-F4 via IP injection to assess the role of MYC in
colonic regeneration.

Results Lithium treatments promoted recovery from
acute DSS-induced damage by increasing expression of
Myc transcripts, MYC proteins, and expression of a subset
of Wnt/MYC target genes in the colonic epithelium.
Inhibiting MYC function with 10058-F4 blunted the
lithium response.

Conclusions By inducing Myc expression in the colonic
epithelium, lithium promotes colonic regeneration after
DSS-induced colitis. Therefore, the use of lithium may be
of therapeutic value to manage individuals afflicted by UC.

Keywords Ulcerative colitis - MYC - Glycogen synthase
kinase - Lithium - Colonic regeneration

Introduction

Ulcerative colitis (UC) is a form of inflammatory bowel
disease (IBD) that is characterized by chronic inflammation
of the colon [1]. In individuals afflicted with UC, a dete-
rioration of the colonic mucosa leads to an inappropriate
immune response against commensal microflora [2].
Depending on the severity of the disease, patients are
treated with aminosalicylates, immunosuppressive agents
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such as anti-tumor necrosis factor alpha (TNF-a)) antibod-
ies, and/or glucocorticosteroids [3, 4]. Even when effective
management is achieved and the disease goes into remis-
sion, nearly 70 % of patients suffer a disease relapse, and
up to 40 % of UC patients will ultimately undergo a
colectomy at some point in their lifetimes [5]. Clearly there
is an urgent need to develop better treatment options for
individuals suffering from UC.

In the colon, a single layer of epithelial cells protects
underlying tissues from the toxic contents of the lumen and
enteric bacteria [6]. These cells are arranged in a smooth
surface marked by invaginations, or crypts, and the entire
epithelial layer is replaced every five or six days making
the colon one of the most rapidly regenerating organs in the
body [6, 7]. This level of regeneration requires a constant
cycle of cellular proliferation, which is driven by the Wnt/
B-catenin signaling pathway [8]. Glycogen synthase kinase
three beta (GSK3p) is a central regulatory protein in the
Whnt/B-catenin pathway, and this kinase resides in a cyto-
plasmic “destruction complex” of proteins that controls
cellular levels of the B-catenin transcriptional co-activator
[8]. In the absence of Wnt, phosphorylation of B-catenin by
GSK3B targets it for degradation via the proteasome. In the
presence of Wnt, the destruction complex is inactivated,
and B-catenin translocates into the nucleus where it binds T
cell factor/Lymphoid-enhancer factor (TCF/Lef; hereafter
TCF) sequence specific transcription factors [9]. B-Catenin/
TCF complexes associate with Wnt responsive DNA ele-
ments (WREs) and activate expression of target genes
including the c-Myc proto-oncogene (Myc) [10—12]. While
the Wnt/MYC axis is involved in regenerating the colonic
epithelium following vy-irradiation [13], less is known
about whether this pathway plays a role in repairing
damage caused by UC.

In previous work, we identified a MYC 3’ WRE that
maps 1.4-kb downstream from the MYC transcription stop
site [12, 14]. Mice harboring a germ line deletion of this
element expressed 2.5-fold higher levels of MYC protein in
their colons, demonstrating that the physiological role of
the Myc 3’ WRE in this tissue is to repress Myc gene
expression [15]. As a consequence of elevated MYC, the
colonic crypts of Myc 3’ WRE™'~ mice contained an
expansion of the proliferative compartment and a reduction
in differentiated cells comprising the colonic epithelium.
When Myc 3 WRE™~ mice were subjected to an acute
model of UC damage involving feeding them with dextran
sodium sulfate (DSS) in their drinking water, these mice
displayed a more rapid recovery in comparison with wild-
type littermates subjected to the same protocol [15, 16].
This phenotype was accompanied by increased epithelial
cell proliferation and a more rapid repopulation of goblet
cells. Thus, a modest increase in MYC levels correlated
with an enhanced recovery from damage caused by DSS-

induced colitis, suggesting that pharmacological stabiliza-
tion of MYC may promote colonic regeneration.

Previous studies have examined the role of GSK3f in
regulating the response to UC damage in rodents [17-20].
In rats, pre-treatment with GSK3p inhibitors, such as
TDZD-8, SB415286, or lithium, reduced damage to the
colonic epithelium by suppressing the inflammatory
response [17, 20]. In a chronic model of UC in mice,
delivery of lithium or SB216763 during the recovery period
lessened the severity of disease symptoms by inhibiting pro-
inflammatory immune cells [18]. However, using an acute
model of UC in mice, van der Logt et al. [19] found that
lithium pre-treatment had no effect on DSS-induced dam-
age. These studies primarily focused on the inflammatory
responses associated with GSK3p inhibition and not on the
regeneration or proliferation of the colonic epithelium. In
addition, the impact of GSK3p inhibition on colonic MYC
expression was not addressed in these reports.

In the present study, we sought to determine whether
lithium treatment promoted recovery from DSS-induced
colitis in mice, and whether MYC was required for this
response. We found that administering lithium during the
recovery phase from acute colitis lessened disease symp-
toms and facilitated regeneration of the colonic epithelium.
Lithium stimulated epithelial cell proliferation and led to a
more rapid restoration of goblet cell populations. Lithium
promoted P-catenin and RNA Polymerase II (RNAP)
recruitment to the Myc proximal promoter region,
increased Myc expression, and stabilized MYC protein
levels in the colonic epithelium, which led to an increase in
expression of a subset of Wnt/MYC target genes. Impairing
the function of MYC as a transcription factor, through co-
administration of the MYC inhibitor 10058-F4 [21],
dampened the beneficial response of lithium treatments.
These findings not only demonstrate the critical role for
MYC in colonic regeneration after acute injury, but also
indicate that lithium treatment may be a viable alternative
to the more toxic and current therapies used for the man-
agement of individuals afflicted by UC.

Methods
DSS-Induced Colitis

Colitis was induced in 7-week-old male and female C57BL/
6 mice (Jackson laboratories) by administering 2.5 % DSS
(TdB Consulting; AB DB001-229) in their drinking water
for five days [22]. Following DSS treatment, the animals
were returned to normal drinking water and allowed to
recover for up to four days. For lithium treatments, animals
received a single 200-pl intraperitoneal injection of 4 mg
LiCl (EMD, 5910) dissolved in 1X PBS, or 1X PBS alone as
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a control, daily during the recovery period [18]. For
experiments involving MYC inhibition, animals were given
25 mg/kg 10058-F4 dissolved in 200 pl of 1X PBS/0.1 %
DMSO via intraperitoneal injection daily [23]. At each day
during recovery, mice were weighed and disease activity
index (DAI) scores were assessed [24]. DAI scores were
based on the following: changes in body weight, consis-
tency of stool, and hemoccult or visible bleeding. These
parameters were assessed on a scale from 0 to 4, with 4
being the most severe. The DAI data are presented as an
average score of these parameters taken daily. Colonic tis-
sue samples were also collected during each day of the
recovery period, fixed in formaldehyde and paraffin-em-
bedded or stored in a —80 °C freezer until analysis. The
Pennsylvania State University College of Medicine Insti-
tutional Animal Care and Use Committee (IACUC)
approved the animal protocols used in this study.

Histology and Immunohistochemistry

Tissue collection, processing, and immunohistochemistry
procedures were performed as described previously [15]. For
histological analyses, periodic acid-Schiff (PAS)-stained
slides were scored by a board certified pathologist, blinded to
treatment, using modified parameters described in Ju et al.
[25] (Supplemental Table S2). Briefly, inflammation sever-
ity, ulceration, and inflammation areas were assessed. For
inflammation severity, slides received a score of 0-3, with 3
assigned to tissues with the most severe degree of inflam-
mation. For ulceration, slides received a score of 0 (normal)
or 1, with 1 assigned to slides containing ulcers. For
inflammation area, slides received a score of 0—4 (0, no
inflammation; 1, 1-25 % inflamed; 2, 2650 % inflamed; 3,
51-75 % inflamed; 4, 76—100 % inflamed). A minimum of
n = 3 slides were assessed per condition, the scores were
tallied for each slide, and results were presented as aver-
ages =SD. For additional details, see Supplemental
Table S2. For alcian blue staining of goblet cells, following
rehydration, the slides were incubated in a 0.1 % alcian blue
solution for 30 min at room temperature and rinsed in water.
The samples were counterstained with nuclear fast red,
rinsed, and then dehydrated prior to mounting. Slides were
incubated with anti-Ki67 antibodies (Vector laboratories,
VP-RMO04, 1:200 dilution), or anti-cleaved caspase-3 (Cell
Signaling Technologies, 9961, 1:200 dilution). The slides
were examined at 200X magnification and images were
captured using an Olympus microscope and analyzed using
ToupeView software (Amscope, version X86.3.2.1168).

Transcript Analysis

A 100 mg section of the colon was resuspended in 1 ml of
TRIzol reagent (Invitrogen, 15596-018), and total RNAs
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were isolated following the manufacturer’s instructions.
cDNAs were synthesized using the iScript cDNA synthesis
kit (Bio-Rad, 170-8891), and quantitative PCRs (qPCRs)
were conducted using the SensiFAST kit (Bioline, Bio-
96020) using conditions described previously [26]. For
experiments conducted in IEC6 cells, total RNAs were
isolated from the cells in TRIzol reagent and cDNAs were
synthesized 24 h after treatment with LiCl and/or
10058-F4. The data are presented relative levels of target
gene expression using the 2T method with 8s ribosomal
RNA (18s rRNA) serving as the internal reference. The
primer sequences used to measure transcript levels of the
indicated genes are listed in Supplemental Table S1.

Chromatin Immunoprecipitation (ChIP)

We used a protocol modified from Mahmoudi et al. to
perform ChIP assays on purified samples of mouse
colonic epithelia as outlined in detail in our previous
report [27, 28]. Briefly, the colons were harvested, opened
longitudinally, rinsed with 1X PBS, cut into 5 mm pieces,
and these pieces were incubated for 30 min at 4 °C in ice-
cold chelation buffer (5.6 mM Na,HPO,, 8 mM KH,POy,,
96.2 mM NaCl, 1.6 mM KCl, 43.3 mM D-sorbitol,
0.5 mM DTT) containing 2 mM EDTA. The colonic
epithelial layer was separated mechanically by pipetting
multiple times using a 10-ml serological pipet and
allowing the underlying tissues to settle in a tube by
gravity. This process was repeated 8 times, after which
the pooled supernatants were passed through a 70-pm cell
strainer and centrifuged at 200xg for 3 min at 4 °C to
collect the epithelial layer. The samples were treated with
1 % formaldehyde for 30 min at room temperature, after
which 125 mM glycine was added to stop the cross-
linking. At this point, ChIP assays were conducted as
previously described [27]. The following antibodies were
used to precipitate the cross-linked and sonicated chro-
matin with 3 pg of each added per sample; anti-B-catenin
(BD Transduction, 610154), anti-TCF4 (Millipore,
05-511), and anti-RNAP (Covance, 8WGI16). After
reversing the cross-links, the DNA was purified and pre-
cipitated in ethanol. The DNA pellets were resuspended
in 150 pl of TE, and the Myc promoter and control region
were analyzed in qPCRs as previously described [26]
using primer sequences listed in Supplemental Table SI.
A standard curve that was generated with serial dilutions
of purified input DNA was used as a reference to quantify
Myc and control fragments in the precipitated DNA.
Specifically, these reactions contained 50, 10, 2, 0.4, or
0.08 ng of sonicated and purified input DNA to ensure
that the ChIP signal was within the lineage range of
detection. The data are presented as relative levels
obtained using the standard curve.
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Western Blotting

We prepared protein extracts and conducted western blot
analysis as previously described [15] with 25 pg of protein
loaded per lane on the polyacrylamide gel. The following
antibodies and concentrations were used for detection; anti-
MYC (Santa Cruz, SC-40; 1:250), anti-pT58-MYC (ABM,
Y011034; 1:1000), and anti-B-actin (Sigma, AS5541;
1:1000).

In Vitro Wound Assays

The IEC6 rat intestinal epithelial cell line (ATCC, CRL-
1592) was maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10 % fetal bovine
serum (FBS), 50 units/ml penicillin, 0.1 mg/ml strepto-
mycin, and 2 mM Glutamax at 37 °C in 5 % CO,. The
cells were grown to confluence in 6-well dishes, and a
vertical scratch was drawn across the monolayer using a
standard pipet tip. For experiments involving LiCl, cells
were serum-starved and then treated with 20 mM LiCl for
24 h prior to inflicting the scratch wound. For experiments
involving the MYC inhibitor 10058-F4, the inhibitor was
added at a concentration of 100 UM concurrently with
LiCl. Cells treated with vehicle alone served as controls,
and the cells were allowed to migrate into the wounded
area for 24 h. After migration, the percentage of wounded
area remaining was quantified using Image] software.

Statistical Analysis

Each experiment was repeated a minimal of three times.
For experiments involving IEC6 cells, four wells per
treatment were assessed. In the DSS-colitis experiments, a
minimum of five mice per condition was used to assess
differences in weight loss, colon lengths, DAI scores, and
for histochemical and immunohistochemical analyses at
each day during the recovery. For qRT-PCR and ChIP-
gPCR experiments, each of three independent samples was
analyzed in quadruplicate PCRs and statistical significance
was determined using the Student’s ¢ test. For analysis of
histological sections, statistical significance was deter-
mined using the Mann—Whitney U test.

Results

Lithium Treatment Improves Recovery of Mice
from Acute Colitis

UC can be modeled in mice through DSS administration
[22, 29]. DSS is toxic to colonic epithelial cells, and it
disrupts the epithelial barrier allowing inappropriate

penetration of commensal bacteria into the underlying
mucosal and submucosal layers. This insult elicits an innate
immune response, which neutralizes the bacteria and also
facilitates colonic repair. To determine whether lithium
treatment could improve recovery from DSS-induced
damage, mice were given 2.5 % DSS in their drinking
water for five days and then returned to normal drinking
water for four days to allow recovery (Fig. 1a). At each day
during the recovery period (recovery days 0-4; hereafter
referred to as RO-R4), mice were given a single intraperi-
toneal injection of lithium chloride (LiCl) or PBS as a
control. We monitored weight loss and shortening of the
colons, which are hallmarks of colitis in humans and are
also seen in mice subjected to DSS-induced damage [24,
30]. Whereas lithium treatment did not influence weight
loss, it did facilitate colonic lengthening during recovery
(Fig. 1b, ¢).

The disease activity index (DAI) is a scoring system that
evaluates the severity of colitis, and we used the DAI
system established by Cooper et al. [24] to evaluate
lithium-treated and control mice. Based on the degree of
weight loss, stool consistency, and rectal bleeding, mice are
assigned a score of 1—4, with 4 representing the most
severe state of the disease (Fig. 1d). The scores were tallied
and presented as an average DAI. At each day during the
recovery period, lithium treatment mitigated disease
symptoms, which were most apparent on days R2 through
R4 (Fig. le).

Lithium Promotes Restoration of the Colonic
Epithelium

We next conducted a series of histological analyses to
assess the architecture and cellular composition of the
colons of lithium-treated and control mice during the
recovery period. The slides were first stained with periodic
acid-Schiff (PAS) to assess goblet cells, which are depleted
in UC patients [31] and mouse models of UC [32], and
counterstained with hematoxylin to visualize colonic
architecture (Fig. 2a). The slides were assessed for the
degree of inflammation, the presence of ulcerations, and for
the percentage of tissue displaying inflamed areas. We
followed histological scoring criteria defined by Ju et al.
[25] where a score of nine denotes tissues with the most
severe inflammation and damage (Supplemental Table S2).
Whereas lithium treatments did not affect histological
scores at R1 and R2, lithium-treated mice at R3 and R4
displayed a marked reduction in these scores relative to
controls (Fig. 2b). An assessment of PAS™ cells found that
a reestablishment of goblet cell populations was evident at
R2 and R3 in lithium-treated mice, whereas this level of
repair was not seen in control mice until R4 (Fig. 2a, c).
The effect of lithium treatment on goblet cell re-population
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Fig. 1 Lithium treatment improves recovery of mice from acute
colitis. a Diagram of the DSS-colitis protocol. Mice were untreated
(UT) or given 2.5 % DSS in their drinking water for 5 days, after
which they were returned to normal drinking water. On each day
during the recovery period (R0O-R4), mice received a single
intraperitoneal injection of lithium chloride (LiCl), or 1X PBS
(PBS) as a control. b Assessment of weight loss and, ¢ colon lengths,

was also seen when these cells were stained with alcian
blue (Supplemental Fig. S1). By staining sections with
antibodies directed against the proliferation marker Ki67
[33], we noted that an increase in Ki67" epithelial cells
accompanied the more rapid restoration of the colonic
crypts in lithium-treated mice (Fig. 2d, e). To determine
whether the numbers of cells undergoing apoptosis were
affected, we stained sections with antibodies directed
against cleaved caspase-3 (Casp3). This analysis found that
lithium decreased the number of Casp3™ cells within the
colonic crypts at R2 and R3 (Fig. 2f, g). Together, these
results indicate that lithium treatment promotes recovery of
mice from DSS-induced colitis by diminishing inflamma-
tion and tissue damage, facilitating goblet cell repopula-
tion, stimulating epithelial cell proliferation, and reducing
the number of apoptotic cells in the regenerating colonic
epithelium.

Lithium Induces Myc and Expression of Wnt/MYC
Target Genes in Regenerating Colons

We next analyzed Myc expression and Wnt/MYC target
gene expression in purified preparations of colonic
epithelia from control and lithium-treated mice on recovery
days three and four (R3 and R4). In these preparations,
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RO R1 R2 R3 R4

of mice subjected to DSS-damage and then treated with LiCl or PBS
during the recovery period. d Parameters used to assess the Disease
Activity Index (DAI) score. e Average DAI scores of lithium-treated
or control mice during the recovery period. For these experiments,

n =35 mice were used for each group and error bars represent
standard errors of the mean (** P < 0.01; *** P < 0.001)

approximately 80 % of the cells are colonocytes and 16 %
are goblet cells [34, 35]. First, using qRT-PCR analysis on
cDNAs synthesized from isolated RNAs, we found that
lithium increased Myc mRNA levels 1.5-fold (Fig. 3a).
Within the Myc proximal promoter maps a WRE to which
TCF/B-catenin transcription complexes bind to control Myc
expression [10, 12, 14, 36]. Using chromatin immunopre-
cipitation (ChIP) assays, we found that while lithium
treatment stimulated RNAP and B-catenin recruitment to
Myc promoter, it did not affect TCF4 binding to this site
(Fig. 3b). Because lithium increased Myc mRNA expres-
sion, we next determined whether this effect was also seen
at the protein level. In western blot analyses of protein
extracts prepared from the colons of control and lithium-
treated mice, we found that lithium induced MYC protein
levels (Fig. 3c). MYC contains a phosphodegron at its
amino terminus, and when GSK3B phosphorylates thre-
onine 58 (T58) within this region, MYC is subsequently
ubiquitinated and targeted for proteasomal degradation
[37-39]. Using anti-T58 phospho-specific antibodies, we
found that lithium treatment reduced levels of pT58-MYC,
indicating that lithium is promoting MYC stabilization by
inhibiting GSK3p (Fig. 3c¢). Thus, by inhibiting GSK3,
lithium activates Myc expression indirectly by inducing B-
catenin and RNAP binding to the Myc 5’ proximal



Dig Dis Sci (2016) 61:410-422

415

PBS

LiCl

B C
W PBS W PBS
M LiCl m Licl
9 s 1207 e
8 2
o 7 > 1001
S S]
G 6 D 801
® 5 * W=
o o 60 *kk
8¢ 8
f 2 deke +0 dedk ok
1 7 20+
0 o 0-
R2 R3 R4 R1T R2 R3 R4

D Ki67 E
W PBS
_m Licl
s 250
PBS 3 -
% 2001
o
2 1501
Q
Q
g 100 .
. (8]
Licl £ s
©
X
0
R1 R2 R3 R4
Casp3
F G
s P, ; W PBS
Y A > 12, W LiCl
2
b ; < 10
o o
PBS A S
T s
8 s
: r
v 8 4
o + ok
Licl A 2 =
©
© 9
R1 R2 R3 R4
R1 R2 R3 R4

Fig. 2 Lithium promotes restoration of the colonic epithelium.
a PAS-stained sections of colons prepared from control (PBS) or
lithium-treated mice during the indicated days of recovery (R1-R4)
from DSS-induced colitis. The sections were counter-stained with
hematoxylin. b Histological scores evaluating the degree of damage
and inflammation in control and lithium-treated colonic sections.
¢ Quantification of PAS™ cells in the regenerating colonic crypts of
control and lithium-treated mice. d Slides were stained with anti-Ki67
antibodies to visualize proliferating cells in the colonic crypts in

promoter, and directly by reducing phosphorylation of
residue T58.

To determine whether lithium treatment influenced Wnt/
B-catenin- and MYC-co-regulated target gene expression,
we evaluated a panel of 25 genes whose expression were
shown previously to be regulated by these factors in the

control or lithium-treated mice during the indicated days of recovery.
e Quantification of Ki67" cells. f Slides were stained with anti-
cleaved caspase-3 (Casp3) antibodies to detect cells undergoing
apoptosis. g Quantification of Casp3™ cells. In b, n = 3 slides per
condition were evaluated. In ¢, e, and g, positively stained cells were
quantified in 15 independent fields of view per day per condition
examined. In these experiments, n = 5 mice were used for each group
and error bars represent standard errors of the mean (* P < 0.01;
*#* P < 0.01; #** P <0.001)

small intestines [40]. In a prior study, we demonstrated that
a subset of these genes was also regulated by B-catenin and
MYC in the colonic epithelium [27]. Using qRT-PCR
analysis, we found that expression of 22 of these targets
(88 %) was induced by lithium treatment on either R3 or
R4 (Fig. 3d). These results suggest that lithium promotes
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Fig. 3 Lithium induces Myc and expression of Wnt/MYC target
genes in regenerating colons. a qRT-PCR analysis of Myc mRNA
levels in colonic sections prepared from mice treated with LiCl or
PBS as a control on day 3 (R3) and day 4 (R4) during the recovery
period from DSS-induced colitis. The data is normalized to /8s rRNA
levels. b The proliferative portions of the colonic crypts were isolated
from lithium-treated and control mice on R3 and R4. Chromatin
immunoprecipitation (ChIP) assays were conducted with antibodies
directed against RNA Polymerase II (RNAP), B-catenin, or TCF4, and
purified DNAs were analyzed in qPCR reactions with

colonic regeneration following damage by stabilizing B-
catenin and MYC and increasing expression of a subset of
Wnt/MYC target genes.

Stem cells occupy the base of the crypts and produce
transit amplifying (TA) progenitor cells to maintain tissue
homeostasis [7]. Upon injury to the colonic epithelium,
stem cell populations proliferate to repair damage in the
regenerating intestines [41]. To determine whether stem
cell populations were induced in the regenerating colons,
we evaluated expression of a subset of stem cell markers in
RNAs isolated from purified preparations of colonic
epithelium of control and lithium-treated mice on R3 and
R4. Using qRT-PCR analysis, we analyzed expression of
Lgr5 [42], Bmil [43, 44], Lrigl [45], Olfm4 [46], and Hopx
[47]. On R3, lithium treatment induced expression of each
of these stem cell marker genes, whereas only Lrig/ and
Olfm4 expression was induced by lithium on R4 (Supple-
mental Figure S2). Thus, lithium acts on stem cell popu-
lations to promote regeneration of the DSS-damaged
colonic epithelium.
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oligonucleotides that annealed to the Myc promoter (Myc) or a distal
control region (dist.) that maps 13-kb downstream from the Myc
transcription stop site. ¢ Western blot analysis of MYC and pT58-
MYC levels in colonic lysates prepared from mice on R3 and R4.
Blots were re-probed with anti-B-actin antibodies as a control for
loading. d qRT-PCR analysis of Wnt/MYC target gene expression in
the colons of control or lithium-treated mice at R3 and R4. Expression
is normalized to /8s rRNA levels. Error bars are standard errors of the
mean (* P < 0.05; ** P < 0.01; *** P < 0.001)

MYC Is Involved In Lithium-Stimulated Intestinal
Epithelial Cell Wound Repair In Vitro

Our in vivo data suggest that colonic epithelial cells are
the primary targets of lithium treatments. To directly
assess whether lithium modulates the ability of intestinal
epithelial cells to repair a wound, we subjected rat
intestinal epithelial IEC6 cells to scratch-wound assays
[48]. In this assay, IEC6 cells are grown to confluence
and a wound is inflicted upon the monolayer using a
pipet tip. Over time, IEC6 cells respond by migrating
into the wounded area. In untreated samples, 24 h after
the scratch injury, we found that approximately 85 % of
the wound area was effectively repaired by migratory
IEC6 cells (Fig. 4a, b). Lithium promoted this response
as treated cells covered nearly all of the wounded area
(Fig. 4a, b).

Using a similar system, Liu et al. [49] demonstrated that
treatment of IEC6 cells with Wnt3A ligand potentiated
wound repair and that Myc was required for this response.
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Fig. 4 MYC is involved in lithium-stimulated intestinal epithelial
cell wound repair in vitro. a Rat intestinal epithelial cells (IEC6s)
were grown to confluence and treated with LiCl for 24 h. Cells treated
with PBS served as a control. A scratch was drawn across the
monolayer and migration of the cells into the denuded area was
assessed 24 h later. b Quantification of the percent wound area
remaining 24 h after the scratch was inflicted to the monolayer.
¢ gqRT-PCR analysis of Myc mRNA levels in IEC6 cells treated with
PBS or LiCl. d Western blot analysis of MYC and pT58-MYC levels

To determine whether Myc was involved in lithium-stim-
ulated wound response, we first analyzed Myc transcripts in
control and lithium-treated cells. We found that lithium
increased Myc expression 1.75-fold (Fig. 4c). In addition,
lithium blocked GSK3B-mediated phosphorylation of
MYC on residue threonine 58 and increased overall MYC
protein levels in treated cells (Fig. 4d). Thus, lithium
induces Myc expression and also stabilizes MYC protein
levels. These effects correlate with an increased capacity to
repair a scratch wound.

To evaluate the role of MYC in lithium-stimulated
wound repair, we used the MYC inhibitor 10058-F4 [21,
50]. This inhibitor binds to the basic helix-loop-helix-zip-
per domain of MYC, prevents its heterodimerization with
MAX, and therefore blocks its function as a transcriptional

in control and LiCl-treated cells. Blots were re-probed with anti-f-
actin antibodies to ensure equivalent loading. e qRT-PCR analysis of
Ccnd2 and Cad mRNA levels in cells receiving the indicated
treatments for 24 h. f Scratch-wound assays conducted in cells
pretreated with LiCl or LiCl and 10058-F4 as indicated. g Quantifi-
cation of the percent wound area remaining following a 24 h period of
cell migration. In ¢ and e, the data is normalized to fS-actin whose
levels were unchanged by the treatments. Error bars are standard
errors of the mean (** P < 0.01; *** P < (0.001)

regulator [21, 51, 52]. Treating cells with 10058-F4
reduced expression of the MYC target genes Cyclin D2
(Ccnd2) and carbamoyl phosphate synthase (Cad) [53],
indicating that the inhibitor was functioning appropriately
(Fig. 4e). Moreover, LiCl treatment activated expression of
these targets, presumably through stabilizing MYC tran-
scriptional regulatory complexes (Fig. 4e). Simultaneous
treatment with LiCl and 10058-F4 reduced levels seen with
LiCl alone, suggesting that MYC is a downstream regulator
of the lithium response (Fig. 4e). Finally, 10058-F4 treat-
ment impaired lithium-induced migration of IEC6 cells
into the scratch wound (Fig. 4f, g). These findings indicate
that functional MYC transcription complexes are required
for lithium-stimulated repair of scratch wound by intestinal
epithelial cells in vitro.
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Inhibiting MYC Impairs Lithium-Induced Colonic
Regeneration After Acute Colitis

The 10058-F4 inhibitor has previously been used in mice to
demonstrate a role for MYC in fat droplet accumulation in
cancer cells [23] and in osteoclast differentiation [54]. We
therefore used this inhibitor to determine whether MYC
plays a role in lithium-stimulated repair of the colonic
epithelium. Following DSS-induced colitis, and during
each day of the recovery period, mice were given
intraperitoneal injections of LiCl, 10058-F4, or LiCl and
10058-F4. The mice had to be euthanized at R3, rather than
R4, because those treated with the MYC inhibitor were
moribund. While these treatments did not influence weight
loss, MYC inhibition impaired the colonic lengthening
phenotype that was stimulated by lithium on R3 (Fig. 5a,
b). An assessment of disease progression using the DAI
system found that during the course of these experiments,
mice treated with 10058-F4 alone failed to recover
(Fig. 5¢). Moreover, 10058-F4 reduced the beneficial
effects of lithium treatment during the recovery period
(Fig. 5¢). qRT-PCR analysis of transcripts expressed in
colonic sections prepared on R3 found that 10058-F4
treatments reduced expression of Ccnd2 and Cad indicat-
ing that the inhibitor was targeting MYC-regulated genes
when administered to the mice (Fig. 5d).

Next conducted histochemical and immunohistochemical
analyses to determine whether MY C inhibition abrogated the
beneficial affects of lithium treatment on the architecture and
cellular composition of the colons of mice on R3 following
DSS-induced damage. An assessment of PAS-stained sec-
tions found that in comparison with mice treated with
lithium, the colonic epithelia of mice receiving 10058-F4
alone were severely damaged with widespread inflammation
(Fig. Se, f). Whereas lithium co-treatment appeared to par-
tially rescue the detrimental effects of 10058-F4 adminis-
trations on the colonic epithelium (Fig. Se), this phenotype
was not reflected in the histological scores (Fig. 5f). More-
over, in comparison with mice receiving only lithium, the
colons of mice injected with the MYC inhibitor alone con-
tained a severe reduction in PAS™ goblet cells, a reduced
number of Ki67" cells, and more Casp3™ apoptotic cells
(Fig. Se, g, h-k). When MYC function was inhibited in
lithium-treated mice through co-injection of 10058-F4, we
noted that the number of Ki67 " and PAS™ cells were reduced
and the number of apoptotic cells were increased in the
colonic epithelial relative to mice receiving lithium alone
(Fig. Se, g, h-k). Therefore, these results demonstrate that
MYC is a critical downstream target of lithium-stimulated
repair of the colonic epithelia of mice after DSS-induced
damage.
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Discussion

A single layer of epithelial cells lines the intestines and
forms a barrier protecting underlying tissues from enteric
bacteria and toxic contents of the lumen [6]. In UC, chronic
inflammation compromises this barrier function and leads
to a deterioration of the colonic crypt architecture [1, 2]. In
response, Wnt/B-catenin signaling induces cell prolifera-
tion to repair the damage [55]. GSK3 is a component of
the Wnt/B-catenin signaling pathway, and it serves to
negatively regulate B-catenin and MYC protein levels in a
cell. In this study, we demonstrate that inhibiting GSK3[3
activity during the recovery phase from DSS-induced col-
itis dampens disease symptoms by promoting proliferation
and regeneration of the colonic epithelium. In addition, we
demonstrate that MYC is a critical downstream effector of
this response.

Pharmacological inhibition of GSK3p has been studied
previously in rodent models of UC; however, differences in
experimental protocols and model systems complicate
comparison of results [17-20]. In rats, GSK3p inhibitors
were shown to lessen the severity of acute colitis by
reducing the inflammatory response [17, 20]. In these
studies, the GSK3f inhibitors were delivered prior to the
onset of colitis. Prior to our study, two groups evaluated the
efficacy of lithium to mitigate disease symptoms associated
with DSS-colitis in mice [18, 19]. Using a chronic colitis
model where Balb/c mice were treated with multiple cycles
of DSS with intermittent recovery periods, Hofmann et al.
[18] found that intraperitoneal injection of lithium, or the
GSK38 inhibitor SB216763, for five days after completion
of the last cycle attenuated the pro-inflammatory immune
response and facilitated recovery. In a second study, van
der Logt et al. [19] used the acute model of DSS-colitis,
similar to the protocol we used in this study, and they
found that delivery of lithium prior to the onset of DSS-
colitis did not provide a therapeutic benefit. The primary
feature that distinguishes our studies from these is that we
administered lithium during the recovery phase after
damage caused by acute DSS-induced damage in C57BL/6
mice. Our findings indicate that lithium treatment during
the recovery period from DSS-induced damage facilitated a
more rapid recovery of mice by promoting colonic repair
and regeneration. These findings support those reported by
Hofmann et al. [18], and together, indicate that inhibiting
GSK3B offers a beneficial therapeutic response from
damage to the colonic epithelium caused by acute and
chronic UC.

In response to damage to the intestinal epithelium
caused by exposure to y-irradiation, Wnt signaling acti-
vates Myc expression to promote cellular proliferation to
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repair the damage [13]. Furthermore, MYC was required
for full repair, arguing that the Wnt/MYC axis is a critical
pathway involved in intestinal regeneration in response to
damage [13]. During the recovery phase from DSS-induced
colitis, we found that lithium activated Myc expression in
the colons by stimulating binding of B-catenin and RNAP

; »or

0
Lc + - o+
10058-F4 - + +

Casp3* cells per field of view

to the Myc proximal promoter (Fig. 3a, b). TCF4 binding
was not affected, consistent with a role of TCF proteins
serving as a platform to exchange co-regulatory complexes
[11]. We also found that lithium treatment stabilized MYC
protein levels by reducing GSK3p-mediated phosphoryla-
tion on residue T58 of MYC (Fig. 3c). In addition, we
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«Fig. 5 Inhibiting MYC reduces lithium-induced colonic regeneration
after acute colitis. a Mice were subjected to the DSS-damage protocol
and were then treated with LiCl, the MYC inhibitor 10058-F4, or a
combination of LiCl and 10058-F4, during each day of the recovery
period. The mice were weighed on each day of the recovery period
and reported is the percentage of initial weight. b Measurements of
colonic lengths at R3 in mice receiving the indicated treatments.
¢ Average DAI scores in mice receiving the indicated treatments at
each day of recovery. d qRT-PCR analysis of Ccnd2 and Cad
expression in the colons of mice receiving the indicated treatments.
The data is normalized to /8s rRNA levels. e PAS-stained colonic
sections prepared from mice on R3 receiving the indicated treatments.
The slides were counterstained with hematoxylin. f Histological
scores with n = 3 slides evaluated per condition. g Quantification of
PAS™ cells. h Ki67-stained colonic sections and i, quantification of
Ki67" cells in mice receiving the indicated treatments on R3.
J Cleaved caspase-3 (Casp3)-stained colonic sections and Kk, quan-
tification of Casp3™ cells. In g, i, and k, positively stained cells were
quantified in 15 independent fields of view per day per condition
examined. For these experiments, n = 5 mice were examined per
group and error bars are standard errors of the mean (¥ P < 0.05;
** P <0.01; *** P < 0.001)

show that lithium treatment during the recovery period
activates expression of a subset of B-catenin/MYC target
genes (Fig. 3d) [27, 40]. These findings support a model
whereby lithium treatment activates a genetic program
controlled by MYC and B-catenin transcription complexes
to drive cellular proliferation and restore the colonic
epithelium. Therefore, and in agreement with Ashton et al.
[13], our report demonstrates that MYC is required to
regenerate the intestinal epithelium in response to damage.

While we demonstrate that colonic epithelial cells are
likely the primary targets for lithium action, we cannot rule
out the possibility that lithium is also acting on the immune
system to mitigate disease phenotypes. Indeed, our histo-
logical analyses of the colons from control and lithium-
treated mice (Figs. 2, 5) indicate that lithium suppresses
inflammation, as evident by the overall lower histological
scores relative to controls (Supplemental Figure S2) [25].
However, our studies using the MYC inhibitor 10058-F4
support our conclusions that lithium is acting through MYC
in the colonic epithelium to promote colonic regeneration.
In comparison with lithium-treated mice on R3, the colons
of mice receiving 10058-F4 alone remained severely
damaged (Fig. 5f). Co-treatment with lithium and
10058-F4 failed to improve the histological scores seen in
the colons of mice treated with 10058-F4 alone (Fig. 5f). If
MYC was functioning in leukocytes to promote inflam-
mation, and lithium was dampening this response, then we
would have expected that MYC inhibition in these lithium-
stimulated cells would decrease inflammation and improve
histological scores. Moreover, co-administration of the
MYC inhibitor reduced the number of PAS™ and Ki67"
cells seen in the colons of lithium-treated mice (Fig. Se,
g—i), and also increased the number of apoptotic cells
(Fig. 5j, k). Therefore, these data support a model whereby
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by lithium stabilizes MYC in the colonic epithelium to
promote recovery from damage caused by acute colitis.

Surprisingly, only a few studies have examined MYC
expression in intestinal tissues obtained from patients
afflicted by inflammatory disorders such as Crohn’s disease,
diverticulitis, and UC [56-58]. Of these, only the study by
Ciclitira et al. [57] analyzed MYC by immunohistochem-
istry, and they reported higher MYC levels in inflamed tissue
when compared to levels seen in uninvolved colonic mucosa.
While elevated MYC expression is usually correlated with
an adverse outcome, we propose that interpretation of
results, such as these, should be made with caution. Our
findings would suggest that elevated MYC expression may
demarcate epithelial cells that are actively engaged in
regeneration and that these MYC™ cells would therefore
correlate with a positive prognosis. Clearly, our study indi-
cates that a more complete and through evaluation of patient
samples is required to properly interpret the role of MYC in
IBD. For example, it would be of interest to determine
whether elevated MY C expression in the colonic epithelium
at ulcerated regions undergoing repair characterizes the
colons of UC patients whose disease is being managed by
current immunosuppressive strategies.

In summary, our findings support the possibility of using
lithium as a therapeutic to manage individuals suffering
from UC. In support of this strategy, a case report from over
four decades ago found that administration of lithium to a
patient with manic-depressive psychosis and UC alleviated
the symptoms associated with his colitis [59]. While the
underlying mechanisms to his recovery were not elucidated
as the molecular targets of lithium were unknown at that
time, the author of his study concluded that “further
investigation may prove rewarding.” Results presented in
this current study, and those described by others, support
this conclusion. Because lithium is an FDA-approved drug,
clinical trials are needed to determine whether lithium
treatment offers an alternative approach for treating indi-
viduals with UC. In addition, our results suggest that small
molecules designed to transiently stabilize MYC levels may
be efficacious in promoting colonic regeneration in
response to damage caused by chronic inflammation.
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