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Impaired epithelial barrier function is a hallmark of inflammatory bowel
diseases, such as colitis, contributing to diarrhoea and perpetuating
inflammation. We show that the zinc sensing receptor, ZnR/GPR39, triggers
intracellular Ca®" signalling in colonocytes thereby inducing occludin
expression. Moreover, ZnR/GPR39 is essential for epithelial barrier recovery
in the dextran sodium sulfate (DSS) ulcerative colitis model. Loss of ZnR/
GPR39 results in increased susceptibility to DSS-induced inflammation,
owing to low expression of the tight junction protein occludin and impaired epi-
thelial barrier. Recovery of wild-type (WT) mice from the DSS insult was faster
than that of ZnR/GPR39 knockout (KO) mice. Enhanced recovery of the epi-
thelial layer and increased crypt regeneration were observed in WT mice
compared with ZnR/GPR39 KO, suggesting that ZnR /GPR39 is promoting epi-
thelial barrier integrity following DSS insult. Indeed, cell proliferation and apical
expression of occludin, following the DSS-induced epithelial erosion, were
increased in WT tissue but not in ZnR/GPR39 KO tissue. Importantly, survival
following DSS treatment was higher in WT mice compared with ZnR/GPR39
KO mice. Our results support a direct role for ZnR/GPR39 in promoting
epithelial renewal and barrier function following DSS treatment, thereby affect-
ing the severity of the disease. We suggest ZnR/GPR39 as a novel therapeutic
target that can improve epithelial barrier function in colitis.

This article is part of the themed issue ‘Evolution brings Ca®" and ATP
together to control life and death’.

1. Background

Inflammatory bowel diseases (IBD), including ulcerative colitis (UC) and Crohn’s
disease (CD), are characterized by chronic dysregulation of the mucosal layer
of the gastrointestinal system [1]. They share a relapsing and remitting chronic
condition and involve poorly characterized genetic component, immune dys-
regulation and environmental factors. Ulcerative colitis is associated with
increased infiltration of inflammatory cells and oedema, distortion of crypt struc-
ture and loss of the epithelial barrier that is followed by erosion and ulcerations.
Of major importance in the etiology of the disease are alterations in tight junctions
[2]. Tight junctions connect the epithelial cells, and induce a continuous boundary
between the lumen and the mucosal layer thereby protecting from paracellular
permeation and subsequent inflammation. Occludin is a critical component of
the tight junction complexes but its localization to the apical cell surface may be
disrupted by pathological stimuli [3,4]. Although mechanisms underlying IBD
are not fully understood, breakdown of the physical epithelial tight junction
barrier often precedes the onset of inflammation. Furthermore, animal models
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of experimental colitis, suggest that dysregulation of the tight
junctions enhances epithelial apoptosis and induces colitis [5].

Zinc enhances functional integrity of the digestive system
[6-8]. Zinc deficiency is frequently found in IBD patients and
linked to attenuated renewal of the epithelium and the onset
severe diarrhoea [9-11]. Consistently, zinc supplementation to
Crohn’s disease patients during clinical remission or in animal
models of experimental colitis reduced intestinal permeability
and mucosal damage [12—15]. A specific Zn?" sensing receptor
(ZnR) was functionally described in this tissue [16,17] and
was later associated with GPR39 as the molecular moiety
mediating its activity [18,19]. The ZnR/GPR39 triggers cellular
Ca”" signalling pathways and enhances cell proliferation, differ-
entiation and survival [20]. The ZnR/GPR39 is prominently
expressed in the gastrointestinal tract [21], and the analysis of
ZnR/GPR39 knockout (KO) mice suggested a mild gastric phe-
notype of accelerated gastric emptying and higher volume of
gastric fluid secretion [22]. Importantly, these mice have
normal life expectancy. The role for ZnR/GPR39 in intestinal
diseases linked to barrier function, however, had remained elu-
sive. We show, here, that ZnR/GPR39 activates intracellular
Ca”" signalling and promotes occludin expression and recovery
in the dextran sodium sulfate (DSS) ulcerative colitis model.

2. Material and methods
(a) Caco-2 imaging

Caco-2 colonocytic cells were grown in DMEM medium [20] con-
taining 100U ml™! penicillin, 0.1 mg ml™! streptomycin, 2 mM
glutamine, 10% foetal calf serum (Biological Industries, Kibbutz
Beit Haemek, Israel), 1% (v/v) nonessential amino acids (Biologi-
cal Industries) and 2mM sodium pyruvate (Sigma-Aldrich,
Rehovot, Israel) in a 5% CO, humidified atmosphere at 37°C.
Fluorescent imaging measurements were acquired on cells
loaded with Fura-2 acetoxymethyl ester (AM; TEF-Labs, Austin,
TX, USA) in Ringer’s solution (30 min 2.5 uM). Fura-2 was excited
at 340 and 380 nm, and imaged with a 510 nm long-pass filter,
the ratio of the signal is shown in the traces. Bar graphs show the
rate of the initial response and are the means of at least three inde-
pendent experiments, with averaged responses of 7-10 cells from
each of the 7 slides, as marked.

(b) Occludin recovery in Caco-2 cells

Caco-2 cells were differentiated on coverslips for 14 days. Sub-
sequently, cells were treated with 0.05% Ca*" for 16 h to deplete
occludin [23] and then activation of ZnR/GPR39 was triggered
by Zn** (200 pM, 2 min) in the presence or the absence of Ca*"
chelators. Cells were harvested into lysis buffer (50 mM HEPES,
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol,
1% Triton X-100, 10 pM MgCl2, 25 mM NaF), in the presence of
Protease Inhibitor Cocktail (1 : 50, Sigma-Aldrich). Protein concen-
trations were determined and whole-cell lysates (12 ug) were
separated on 10% SDS-PAGE and blotted onto nitrocellulose mem-
branes [20]. Antibodies raised against occludin (Invitrogen, Life
Technologies) were used, and blots were quantified using IMAGE]J
Gels Plugin.

(¢) Induction of colitis and clinical evaluation

Experimental procedures were performed in accordance with a
protocol approved by the committee for the Ethical Care and
Use of Animal in Experiments at the Faculty of Health Science at
Ben-Gurion University of the Negev. ZnR/GPR39 KO mice and
wild-type (WT) littermates, of C57BL background, 8—-10 weeks

Table 1. Disease activity index, adapted from [25].

weight stool occult/gross
score loss (%) consistency bleeding
0 none normal normal
1 1-5
2 6-10 loose stools haemoccult +
3 11-20
4 >20 diarrhoea gross bleeding

old were used in this study [22]. Mice were given DSS (MP Bio-
medicals) freshly prepared daily, at a concentration of 2.5% in
drinking water for 6 days (disease phase), followed by 4 days of
water (without DSS, recovery phase) administration. The control
group received water without DSS during the whole experiment.
The experimental protocol used in the current project was cali-
brated for this strain of mice [24]. Since high mortality rates in
both genotypes were monitored using the standard protocol [25],
we used 2.5% DSS for 6 days only. Mice exhibited severe disease
activity clinically and histologically, after 6 days of DSS: extensive
area of complete destruction of the mucosa with ulcers and active
inflammation, along with small regions of architectural distortion
of crypt, parallel to severe disease activity in UC patients [26].

Clinical evaluation was done daily for each mouse, by a person
blind to the genotype—the disease activity index was determined
by scoring changes in weight, haemoccult positivity or gross bleed-
ing and stool consistency [25]. The score for each parameter was
between 0 and 4; when 4 represents the most severe condition
(table 1). The score for weight changes were obtained as percentage
of initial weight. Stool blood kit (Cenogenics) was used in order to
determine severity of bleeding.

(d) Genotyping of mice

Polymerase chain reaction (PCR) was used to screen the mice,
using tail biopsy samples that were incubated overnight at 55° in
lysis buffer containing: 50 Mm KCl, 10 Mm Tris—HCI PH-8.3,
25 Mm MgCl,, 0.45% NP-40, 0.45% Tween-20 and fresh proteinase
K (Sigma-Aldrich). PCR was done with Red Mix (LAROVA
GmbH) solution according to the manufacturer’s protocol using
the following primers: 5'-ACCCTCATCTTGGTGTACCT-3 and
5'-ATGTAGCGCTCAAAGCTGAG-'3 (Sigma-Aldrich) that ampli-
fied a 311 bp band from the WT allele. ZnR/GPR39 KO primers
were 5-GGAACTCTCACTCGACCTGGG-3 and 5-GCAGCGCA
TCGCCTTCTATC-3 (Sigma-Aldrich) amplified a 262 bp band.
After amplification, samples were mixed with Syber Green (Life
Technologies) and loaded in electrophoresis agarose gel.

(e) Histological analysis

Mice were sacrificed at 0, 3, 6, 8, 10 days following the addition
of DSS and distal colons were dissected. Tissues were washed in
phosphate-buffered saline (PBS) solution and immediately moved
to 4% paraformaldehyde (Sigma-Aldrich) for 24h of fixation.
Next, tissues were washed in ethanol at increasing concentrations
(70-100%), and then moved to xylene (Biolab) and finally par-
affinized. Paraffin blocks containing longitudinally positioned
full-length colons were then cut into 4 um slices and stained with
haematoxylin and eosin (HE), using a standard protocol. The
HE-stained tissue sections were analysed [27] by a person blind
to the genotype and treatment stage. Tissues were graded by the
following features: level of inflammation, severity of the oedema,
extent of inflamed tissue within the wall (table 2). To directly deter-
mine the damage to the epithelial layer, we also determined level of
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Table 2. Quantitative histological grading of colitis; adapted from [27].

feature graded

inflammation

severity of oedema

extent of inflamed tissue within the wall
(extent of damage)

aypt damage

epithelbial damage (used only for the recovery phase)

crypt damage within the epithelium and the general epithelial
damage was determined, during the recovery phase only, as the
extent of injured non-regenerated tissue along the surface. Each of
the indices was blindly determined and given a grade as described
in table 2. For each feature, we also scored per cent of involvement
along the distal colon: 1: 1-25%, 2: 26-50%, 3: 51-75%, 4: 76—100%
of total colon length. We then multiplied the grades of each of the
features by the involvement score, to receive a histological index
in each of the features (ranging from 0-16), the histological indices
(exact values) achieved using this analysis are included in the text.
For simplicity of presentation in the bar graphs, all features were
normalized to the relevant score of the WT.

For occludin staining, slices were prepared as described
above and were permeabilized by incubating the slices with pro-
teinase at concentration 1mgml™' in 37°C for 10 min (for
occludin staining). Blocking was then done using normal goat
serum for 30 min in room temperature. Tissues were incubated
for 1 h with anti-mouse polyclonal antibodies against occludin
(1:50) (Invitrogen) and then 1h with a secondary anti-rabbit
IgG (1:150) fluorescently labelled with Cy3 (Jackson ImmunoR-
esearch). At least three images were taken from each slide using
florescence microscopy at 20x magnification and a single deter-
mined set of parameters for the image acquisition. Quantitative
analysis was performed by counting pixels that were stained
above a predetermined threshold in a constant sized region
along the mucosa in each image.

(f) Cell proliferation assay

Mice were intraperitoneally injected with 50 mgkg™ of the
thymidine analogue, 5-bromo-2-deoxyuridine (BrdU) 2 h before
sacrifice. Paraffin sections of distal colons were prepared as

grade

-bWN—‘OV-hWN—lOWN—\OWN—‘YOWN—lO

description

none

slight

moderate

severe

none

mucosa

mucosa and submucosa

transmural

none

mucosa

mucosa and submucosa

transmural

none

basal 1/3 damage

basal 2/3 damage

only surface epithelium intact

entire crypt and epithelium lost

complete regeneration or normal surface epithelium
almost complete regeneration of surface epithelium
regeneration of surface epithelium with crypt depletion
surface epithelium not intact

no epithelial repair ‘

described above and were incubated with HCl 2M at 37°C for
10 min for permeabilization. Blocking was then made using
normal goat serum (Biological Industries) for 1 h in room tempera-
ture. Tissues were incubated at 4°C overnight with rat polyclonal
antibodies against BrdU (1 :400) (Sigma-Aldrich) and then 1 h at
room temperature with anti- rat IgG (1 : 100) fluorescently labelled
with Cy3 (Jackson ImmunoResearch). On some of the tissues,
we used DAPI-containing immunomount solution (DAPI Fluoro-
mount-G, Southern Biotech). Images were taken using a
florescence microscope at 20x magnification. Number of BrdU-
stained cells were counted and normalized to the number of
crypts (as seen using bright-field microscopy) in the same area.

(g) Statistical analysis

Data are expressed as mean + s.e.m. Statistical significance
between groups were analysed by ANOVA multiple variables
test, followed by Tukey—Kramers post-hoc test using the StaTisTiC
program, or Student’s T-test as appropriate.

3. Results

() Znr/GPR39 triggers metabotropic Ca’" signalling
and uprequlates occludin expression in Caco-2

colonocytes
We first asked if ZnR/GPR39 triggers metabotropic Ca*"
signalling in colonocytes. Application of Zn*" (200 uM) to
Caco-2 cells loaded with the Ca®" indicator Fura-2 triggered
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Figure 1. ZnR/GPR39 triggers Ca>" signalling in Caco-2 colonocytes and requlates occludin expression. (a) Caco-2 colonocytes were loaded with Fura-2 and
responses were monitored in Ringer’s solution with (grey) and without (black) (a* " -free following the addition of In** (200 M) to control cell or cells treated
with the Gq inhibitor YM254890 (1 uM). Averaged response from seven cells in one slide is shown. (b) The response to In** (200 M, as in a) was monitored
before or after Ca>™ store depletion (ATP 100 M+-thapsigargin 200 nM). (c) The average initial rate of the Gt response as monitored in (a,b) (n = 10). (d) The
response to ZnZ* (200 M, as in @) was monitored in Caco-2 cells treated with an siRNA construct aimed to silence ZnR/GPR39 (siGPR39) or a scrambled control
(siScrambled). Panel (i) shows the average rate of initial G response (n = 20), panel (iii) shows mRNA level in control or siGPR39 silenced cells (n = 3).
(e) Representative immunofluorescence analysis of the expression of the tight junction protein occludin in siScrambled or siGPR39 Caco-2 cells. (f) Analysis of
occludin expression level after Ca depletion (see Material and methods) in differentiated Caco-2 cells treated with Zn** (200 M) or without it (control)
in the presence of the intracellular Ca*™ chelator BAPTA-AM (5 M) or the non-permeable (a*" chelator EDTA (100 M) (n = 2, *p << 0.05). (g) Representative
immunofluorescence analysis of the expression of the tight junction protein occludin in colon tissue from WT or ZnR/GPR39 KO mice. (h) Histochemical (H&E) analysis
of colon tissue sections from WT and ZnR/GPR39 KO mice in sections of colon. The mucosa layer is marked, showing similar crypt formation and low extent of
inflammation in both genotypes.
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Figure 2. Clinical and histological analysis of colon tissue at the acute phase of DSS treatment. (a,b) Representative immunofluorescence analysis of the expression
of the tight junction protein occludin in colon tissue from WT or ZnR/GPR39 KO mice following 3 days DSS treatment. (c) Quantification of occludin expression levels
during basal (figure 1f) or disease condition (figure 2a) using a threshold analysis (see Material and methods). Results were normalized to the average count in the
WT group at baseline/control conditions (n = 1535 slices from six to eight mice for each treatment, *p << 0.05 compared to control WT). (d,e) H&E analysis of
colon tissue sections from WT and ZnR/GPR39 KO mice in sections of colon following 3 days DSS treatment. The black lines mark the mucosal layer, intact crypts in
the mucosa or the inflamed mucosal layer (inflam). (f) Histological evaluation along the colon was done to obtain indices of: the inflammation level, severity of
oedema, extent of inflamed tissue within the wall (extent of damage) and crypt damage (see Material and methods). Each of the indices is normalized to the level

in WT tissues. (n = 22—23 per genotype, *p << 0.05 compared to WT).

a robust response in the absence or the presence of extracellular
Ca”" (figure 1a,c). This response was completely eliminated
by the selective Gaq inhibitor, YM254890 [28,29], suggesting
that it is mediated by the IP3 pathway. We then depleted
intracellular Ca* stores by applying ATP (100 pM), which
activates the purinergic receptor to release Ca?" from the
stores, together with thapsigargin (200 nM) that inhibits
the SERCA and blocks replenishment of the Ca®* stores [30].
The Zn*"-dependent Ca>" response was abolished following
depletion of intracellular Ca>" stores (figure 1b,c), indicating
that Zn>" activates metabotropic Ca®" signalling in Caco-2
colonocytes. Importantly, the intracellular Ca?* response was
also abolished when ZnR/GPR39 was silenced using an
siRNA construct (figure 1d), indicating that it is directly
mediated by ZnR/GPR39. To determine a physiological role
for ZnR/GPR39-dependent Ca>" signalling, we asked whether
ZnR/GPR39 regulates the expression of occludin, an important
factor of the tight junction barrier in the colon [3]. Indeed, silen-
cing of ZnR/GPR39 in Caco-2 cells largely downregulated
occludin expression (figure 1le). Next we asked if ZnR/
GPR39-dependent Ca?t signalling is essential for regulating

occludin expression. Caco-2 cells were differentiated thus
forming tight junctions, and Ca®** was then removed from
the growth medium for 16 h to lower occludin expression
[23]. Activation of ZnR/GPR39 by Zn>" (200 pM) largely
enhanced the recovery of occludin expression compared with
control cells not treated with Zn*" (figure 1f). The Zn>*-
dependent occludin expression was abolished when Ca”"
signalling was inhibited by the intracellular Ca®" chelator
BAPTA, or when extracellular Zn>t was chelated by EDTA
(100 wM). Thus, our results indicate that ZnR/GPR39, via acti-
vation of intracellular Ca®" signals, enhances recovery of
occludin expression.

We therefore asked whether ZnR/GPR39 may also affect
the expression of occludin in vivo. Expression of the tight
junction protein occludin was fourfold lower in mice lacking
ZnR/GPR39 (ZnR/GPR39 KO) compared with WT mice
(figure 1g). Histological analysis of HE-stained colon tissues
indicated that mucosal /submucosal organization was similar
in both genotypes, crypts were intact and no oedema or
excessive inflammatory cells were seen in both genotypes
(figure 1h).
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Figure 3. Clinical and histological analysis of colon tissue at the acute phase of DSS treatment. (a,b) Representative HE-stained colon tissue sections obtained
following 6 days of DSS treatment from WT (a) and ZnR/GPR39 KO (b). (c) Histological evaluation along the colon, performed as described in figure 1, shows
no significant differences in the severity of the injury to WT and ZnR/GPR39 KO mice. (d) Faecal blood and (e) faecal consistency indices were monitored
during the 6 days of DSS treatment (n = 2223, per genotype). The scores for blood index and stool consistency were between 0 and 4, when 0 indicates
the healthy stage (see Material and methods). (f) Weight loss during DSS treatment is shown. During the first 2 days of DSS treatment, the weight of treated
mice increased by 0.6 + 0.4% in WT mice and 1.5 4 0.4% in ZnR/GPR39 KO mice (n = 22-23, per genotype).

(b) Acute colitis phase: DSS treatment

To determine whether the impaired Ca*" signalling and epi-
thelial barrier, in the absence of ZnR/GPR39, results in
enhanced susceptibility inflammatory disease we
employed the DSS-induced acute colitis model [31]. Substan-

to

tial decreases in occludin levels were observed in WT tissues
after 3 days of DSS treatment compared with the untreated
controls (figure 2a). No change was observed in occludin
expression level in ZnR/GPR39 KO mice (figure 2b), consist-
ent with the very low basal occludin expression levels.
Importantly, 3 days of DSS treatment attenuate occludin
expression in WT mice, reducing it to the level monitored in
ZnR/GPR39 KO mice already under basal conditions
(figure 2c). Histological analysis of colon tissue sections on
the thirrd day of DSS treatment indicated that tissue organiz-
ation was still preserved in WT tissues but much less
preserved in ZnR/GPR39 KO (figure 2d—e). Moreover, inflam-
mation was almost absent in the WT tissue (figure 2d) while

regions containing infiltrating inflammatory cells within the
mucosa of ZnR/GPR39 KO mice were observed (figure 2e).
For quantifying mucosal integrity, we analysed four features
along the colon: level of inflammation, severity of oedema,
extent of tissue damage within the wall and extent of crypt
damage (Material and methods). Following 3 days of DSS treat-
ment, the level of inflammation and the extent of tissue damage
indices were significantly higher in ZnR/GPR39 KO (inflam-
mation: 3.6 + 0.4; extent: 2.8 +0.3) compared with WT
(inflammation: 2.0 + 0.4; extent: 1.6 + 0.3; p <0.05) mice
(figure 2f, note that for simplicity of presentation indices are
normalized to WT in the bar graphs). These findings indicate
that in ZnR/GPR39 KO tissue the destruction of the epithelial
layer was almost complete, while this layer was partially pre-
served in WT mice, as reflected by the larger extent of tissue
damage (figure 2f ). Moreover, crypt shortening was observed
in both genotypes but loss of crypts was more severe in the
ZnR/GPR39 KO mice in some regions along the colon
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Figure 4. ZnR/GPR39 ameliorates clinical symptoms of the disease and enhances survival during recovery from DSS treatment. Clinical scores were monitored daily
during the recovery period, following removal of DSS treatment, while on a regular drinking regime. Day 0 is the 6th day of DSS and shows the data as figure 3.
(a) Faecal blood and (b) stool consistency indices as well as (c) weight loss were determined in WT versus ZnR/GPR39 KO mice (as in figure 3 and Material and
methods). (d) Survival probability during the recovery period is presented using the Kaplan—Maier plot, p << 0.05 between WT and ZnR/GPR39 KO mice.

length. In agreement with the major effect on the epithelial
layer, WT mice were more resistant to the inflammatory
response in the mucosal layer. On day 6 of DSS treatment,
histological scores showed complete loss of crypts, focal ulcera-
tions, severe infiltration of inflammatory cells to the mucosa
and severe oedema in the submucosa (figure 3a—c). Impor-
tantly, there were no differences between the WT and the
ZnR/GPR39 KO tissues following 6 days of DSS treatment.
The tissues exhibit nearly complete erosion of the epithelial
layer throughout the length of the colon. Note that ZnR/
GPR39 activity was monitored in colonocytes (figure 1),
which were similarly absent in both genotypes on the 6th
day of DSS treatment. Clinical parameters were also deter-
mined throughout the 6 days of DSS treatment (Material and
methods). Changes in haemoccult positivity, gross bleeding,
stool consistency and weight were monitored daily. We
observed no significant differences between WT and ZnR/
GPR39 KO mice in all parameters during all 6 days of DSS
treatment, disease phase (figure 3d—-f). Previous studies indi-
cated that clinical manifestations during the acute disease
phase do not necessarily reflect the histological severity of
the disease in the colon tissue [32], in agreement with our
results. Because the clinical and histopathological scores were
similar between the genotypes on the 6th day of DSS treatment,
we continued to study whether ZnR/GPR39 affects a recovery
phase, following removal of DSS.

(c) Recovery phase: following DSS removal
The mice were allowed to recover by removing DSS from their
drinking water, yielding a period that bears resemblance to the
remission period in IBD patients [33]. Analysis of clinical
symptoms revealed that WT mice showed significantly faster
decrease in faecal blood indices (figure 44) and watery stool
consistency (figure 4b) compared with ZnR/GPR39 KO mice,
although both genotypes continued to lose weight even follow-
ing the removal of DSS (figure 4c). These differences were seen
on the second day of the recovery period and remained statisti-
cally significant even after 4 days, indicating a more rapid
recovery of WT compared to ZnR/GPR39 KO mice. In
addition, ZnR/GPR39 KO mice had lower overall survival
probability compared with WT mice (figure 4d, Kaplan—
Meier probability p < 0.05), averaged daily mortality rate
during the recovery period was 14 + 1% in ZnR/GPR39 KO
compared to 7.5 + 0.5% in WT (p < 0.05). Thus, during the
recovery from DSS-induced colitis, clinical symptoms were
ameliorated in WT mice compared to ZnR/GPR39 KO mice.
Histological analysis of distal colon tissue sections on day 2
of the recovery (figure 5a—b) showed no significant differences
between the genotypes in the extent of tissue damage within
the colon wall (4.3 + 0.1 in WT versus 4.5 + 0.2 in ZnR/
GPR39 KO). This finding is consistent with the severe acute
response triggered following destruction of the epithelial
layer during 6 days of toxin treatment in both genotypes.
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Figure 5. ZnR/GPR39 promotes crypts regeneration during the recovery period. (a,b) Representative HE-stained colon tissues from WT (a) and ZnR/GPR39 KO (b) mice
obtained on the second day of the recovery phase. (c) Histological evaluation along the colon was done to obtain indices of: the inflammation level, severity of oedema,
extent of inflamed tissue within the wall (extent of damage), crypt damage and extent of epithelial damage (regions of destructed tissue along the epithelial layer). For
clarity of presentation in a bar graph, each of the indices is normalized to the level in WT tissues. (n = 28—30 per genotype, *p << 0.05 compared to WT).

By contrast, the indices for immune cells infiltration (inflam-
mation index of 9.0 + 0.9 in WT versus 10.8 + 0.4 in ZnR/
GPR39 KO; p < 0.05) and the severity of oedema (4.5 + 0.3 in
WT versus 6.0 + 0.5in ZnR/GPR39 KO; p < 0.05) were signifi-
cantly higher in tissues from ZnR/GPR39 KO mice compared
with WT, suggesting partial recovery of the inflammatory
response in WT but not in the ZnR/GPR39 KO mice. Impor-
tantly, the crypt damage index, reflecting the direct loss of
crypts along the colon, was significantly higher in the ZnR/
GPR39 KO (139 + 0.7 in ZnR/GPR39 KO versus 11.7 + 0.9
in WT; p < 0.05). In addition, the index of epithelial damage
was significantly higher in ZnR/GPR39 KO mice compared
with WT (15.5 + 0.3 in ZnR/GPR39 KO versus 13.3 + 0.7 in
WT; p < 0.01). As such, in tissue from ZnR/GPR39 KO mice
we observed fewer and relatively short crypts with scarce
regions covered by surface epithelium, indicating mild regen-
eration from the destruction by DSS. But, in tissue from WT
mice we observed more regions along the colon where the sur-
face epithelial layer recovered from the damage and substantial
numbers of crypts were regenerated already 2 days follow-
ing removal of DSS (figure 5a—c, note that indices in c are
normalized to WT).

We then monitored BrdU incorporation, as an in situ prolif-
erative marker, to study if the differences in epithelial recovery
between WT and ZnR/GPR39 KO are directly linked to pro-
liferation. Quantitative analysis was done by counting the
number of BrdU-stained cells per crypt (as observed under
bright-field microscopy of the same field of view). Slices from
the distal colon were obtained from control mice, before DSS
treatment (control) to determine whether ZnR/GPR39 KO
mice have slower proliferation rates in the normal tissue. In
control tissues, under basal conditions, we did not monitor
differences in proliferating colonocytes between genotypes,
showing 2.7 + 0.3 cells crypt™ " in WT mice and 2.8 + 0.2 cell
crypt ! in ZnR/GPR39 KO mice (figure 6a left panels and b).
This is important because it allows us to determine whether
the proliferation rates are changed under conditions of recov-
ery from the injury when this process plays an important role
in tissue repair. We then studied the differences in proliferation
rates on the second and fourth days of the recovery period
(figure 6a—b). On the second day of the recovery period,
crypt cell proliferation among WT mice dramatically increased
compared with control mice untreated with DSS (4.8 + 0.3 cells
crypt !, p < 0.05 compared to control, figure 5a(i)), indicating
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DSS treatment at 2 days or 4 days of the recovery period (x 20). DAPI staining was added as a control. Note that DAPI staining is seen in epithelial as well as in
inflammatory cells nuclei within the mucosa. (b) Analysis of epithelial proliferation, using BrdU-stained tissue, comparing the number of stained cells to the number
of crypts observed in a field. (n = 37 per genotype, *p << 0.05 compared to control WT, *p << 0.05, between WT and ZnR/GPR39 KO on day 2 of recovery).
(c) Representative images of occludin expression levels during the recovery period, on the second and fourth days following removal of DSS, recovery phase.
(d) Quantitative analysis was performed as in figure 1 (n = 10—30 slices from 6 to 10 mice from each treatment and each genotype, *p << 0.05 compared

to 2 days of recovery in WT, *p < 0.05 compared to 4 days of recovery in WT).

that proliferation of epithelial cells is accelerated, apparently to
facilitate repair of the injured epithelial layer. In striking con-
trast to the WT colon, in ZnR/GPR39 KO mice the
proliferation within regenerated crypts during the recovery
phase from DSS was not enhanced, and even decreased com-
pared with untreated mice (1.9 + 0.2 cells crypt !, p < 0.05,
figure 6a bottom panels). BrdU-stained cells were counted
only in crypts that had well-defined morphology and structure,
and therefore this parameter reflects cell proliferation rates in
preserved /renewed crypts and argues against this being a

result of the general larger damage of the epithelial layer
seen in ZnR/GPR39 KO mice. After 4 days of recovery, pro-
liferation rate in WT mice decreased to 1.1 + 0.2 cells crypt™?,
suggesting a shift to a differentiation phase. Yet, in tissues
from ZnR/GPR39 KO mice, even on the fourth day of recovery,
the number of BrdU-stained cells remained low at 1.5 + 0.3
cells Cryptfl. Thus, in WT mice we monitored a large increase
in rates of proliferation during the initial recovery, thereby
rapidly renewing the epithelial layer. By contrast, in ZnR/
GPR39 KO mice we

observed attenuated epithelial
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proliferation even during the recovery period. These results
suggest that ZnR/GPR39 is required for promoting prolifer-
ation during the recovery phase following epithelial erosion
but not during the basal state, when proliferating cell numbers
were similar in the presence or the absence of the receptor.

Differentiation and formation of tight junctions are further
essential for the complete recovery of epithelial barrier [34],
thus we compared the expression levels of occludin during
the recovery period. In colon sections from the second day of
recovery, when peak proliferation was monitored, WT and
ZnR/GPR39 KO mice still exhibit low levels of occludin
expression. Importantly, on the fourth day of recovery, occlu-
din levels were increased in WT mice, by about threefold,
compared to the second day (figure 6¢—d). By contrast, occlu-
din expression in ZnR/GPR39 KO mice did not change from
day 2 to day 4 of the recovery period (figure 6c,d). Altogether
our results suggest that ZnR/GPR39 expression is required for
the formation and function of the tight epithelial barrier during
DSS-induced colitis and the recovery period.

4. Discussion

Reduction in the expression of occludin was seen in inflamed
epithelia of both Crohn’s disease and ulcerative colitis patients
even at early stages of the disease [35]. A fundamental differ-
ence between WT and ZnR/GPR39 KO mice is the basal
expression of occludin, in the absence of any pathological con-
dition. Compromised epithelial barrier in the absence of ZnR/
GPR39 may hence increase epithelial permeability. Indeed,
during the disease phase (DSS treatment), colon tissue from
ZnR/GPR39 KO mice exhibited more damage compared
with WT. Moreover, enhanced faecal expulsion and accelerated
gastric emptying that were described in ZnR/GPR39 KO mice
[22] may also result from the low expression of occludin and
compromised tight junction barrier. The low susceptibility to
DSS during the disease phase may result from the severity of
the chemical DSS insult which damages the epithelial layer.
However, the effect of the receptor is fully manifested during
the recovery when epithelial cells expressing ZnR/GPR39
enhance the buildup of the epithelial layer and barrier function.
Thus, our results suggest that ZnR/GPR39 has an important
role in rebuilding the epithelial barrier during remission in
ulcerative disease (figure 7).

Consistent with the findings in this study, extracellular
Zn** activates ZnR/GPR39 leading to Ca®" signalling and acti-
vating epithelial proliferation and migration [18—-20,36,37]. The
ZnR/GPR39 response is mediated via the IP3 pathway and
induces release of intracellular Ca?", which is essential for
downstream signalling [38] and recovery of occludin
expression. Remarkably, ZnR/GPR39-dependent colon epi-
thelial cell proliferation was largely increased only during the
recovery period, promoting epithelial renewal following its
erosion during the disease phase. Interestingly, the Zn>" trans-
porter Zipl4 has been recently shown to regulate occludin
expression [39]. Further studies will be required to study the
interaction of ZnR/GPR39 and intracellular Zn>" transporters
in regulating proliferation and differentiation.

One could argue that ZnR/GPR39 may have a direct role
on the immune response, as it is well known that zinc
deficiency affects immune system cells resulting in higher sus-
ceptibility to infections [40—42]. Our results, however, suggest
a prominent role for ZnR/GPR39-dependent regulation of

20 @ ZnR/GPR39
o Zn* o e

L O

o
tight junctions 10ccludin > .J
adhering junctions \\\pERKT l
"t PLC B
tca o
1P,

Figure 7. Scheme of ZnR/GPR39 signalling activated by Zn*" to enhance
tight junction formation. Our results indicate that ZnR/GPR39 signalling
activates Ca®" release from thapsigargin-dependent endoplasmic reticulum
stores in colonocytes, thereby upregulating occludin expression. In vivo,
InR/GPR39 expression is essential to enhance the recovery of occludin
expression and colonocytes proliferation following barrier disruption by DSS.

the epithelial barrier as the pathway for attenuating the
DSS-induced response. Consistent with this hypothesis, the
inflammatory index was lower in WT mice during the DSS-
induced disease phase when ZnR/GPR39 was functional on
WT epithelial cells. By contrast, when erosion of the epithelial
layer was complete (sixth day of DSS) we found no differences
in the inflammatory response between genotypes. Indeed, zinc
supplementation to Crohn’s disease patients during clinical
remission reduced intestinal permeability [12]. A similar role
on epithelial barrier, and thereby permeability, was described
for Zn?** in lung bacterial infection [43]. Importantly, a direct
effect of ZnR/GPR39 on the epithelial barrier is also supported
by the faster renewal of the epithelial surface layer along the
mucosa with crypt reorganization and increased proliferation
rate of epithelial cells in WT compared with ZnR/GPR39 KO
mice. The enhanced recovery of the epithelial barrier in WT
mice was reflected by amelioration of the clinical symptoms
(faecal blood and diarrhoea) during the recovery phase in
the WT mice compared to ZnR/GPR39 KO.

The essential role of zinc for function of the digestive
system is documented in many studies [7,10,13,44], but as the
specific molecular targets of this ion are unknown the regime
of treatment is controversial. By identifying a molecular
target of Zn*" in the digestive tract, ZnR/GPR39, we provide
a tool to study the effects of zinc treatment in IBD in a control-
lable manner. To date, there is no known medical cure for IBD
that targets the epithelial layer, we show that ZnR/GPR39
directly promotes intestinal barrier formation and function
and may therefore provide an effective therapeutic target in
ulcerative diseases.
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