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The zinc sensing receptor, ZnR/GPR39, controls
proliferation and differentiation of colonocytes and
thereby tight junction formation in the colon

OPEN

L Cohen', I Sekler' and M Hershfinkel*!

The intestinal epithelium is a renewable tissue that requires precise balance between proliferation and differentiation, an
essential process for the formation of a tightly sealed barrier. Zinc deficiency impairs the integrity of the intestinal epithelial
barrier and is associated with ulcerative and diarrheal pathologies, but the mechanisms underlying the role of Zn? * are not well
understood. Here, we determined a role of the colonocytic Zn?* sensing receptor, ZnR/GPR39, in mediating Zn“-dependent
signaling and regulating the proliferation and differentiation of colonocytes. Silencing of ZnR/GPR39 expression attenuated
Zn* " -dependent activation of ERK1/2 and AKT as well as downstream activation of mTOR/p70S6K, pathways that are linked with
proliferation. Consistently, ZnR/GPR39 silencing inhibited HT29 and Caco-2 colonocyte proliferation, while not inducing
caspase-3 cleavage. Remarkably, in differentiating HT29 colonocytes, silencing of ZnR/GPR39 expression inhibited alkaline
phosphatase activity, a marker of differentiation. Furthermore, Caco-2 colonocytes showed elevated expression of ZnR/GPR39
during differentiation, whereas silencing of ZnR/GPR39 decreased monolayer transepithelial electrical resistance, suggesting
compromised barrier formation. Indeed, silencing of ZnR/GPR39 or chelation of Zn? © by the cell impermeable chelator CaEDTA
was followed by impaired expression of the junctional proteins, that is, occludin, zonula-1 (ZO-1) and E-cadherin. Importantly,
colon tissues of GPR39 knockout mice also showed a decrease in expression levels of ZO-1 and occludin compared with
wildtype mice. Altogether, our results indicate that ZnR/GPR39 has a dual role in promoting proliferation of colonocytes and in
controlling their differentiation. The latter is followed by ZnR/GPR39-dependent expression of tight junctional proteins, thereby
leading to formation of a sealed intestinal epithelial barrier. Thus, ZnR/GPR39 may be a therapeutic target for promoting epithelial
function and tight junction barrier integrity during ulcerative colon diseases.
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The intestinal epithelial barrier, located at the interface
between the body and the digestive system lumen, facilitates
electrolyte and nutrient absorption while protecting against
permeation of antigenic, toxic or infectious materials.’
Stressful conditions in the intestinal lumen require rapid and
continuous renewal of the epithelial layer,? which occur
through tightly regulated and balanced proliferation, migration
and differentiation processes.®

Zn?* deficiency leads to a reduction of epithelial cell
proliferation rate, thus limiting renewal of gastrointestinal
mucosa, but it also impairs barrier function, increases
permeability and enhances cell death.*® Zn®* supplementa-
tion reverses these processes and restores integrity of colon
epithelium.>~” Importantly, Zn>* supplementation reduces
diarrheal disease activity index®® and is effective in decreas-
ing severity of histological and clinical scores in in vivo models
of ulcerative colitis.'®'" Despite these observations, the
signaling pathways linking Zn®* to intestinal epithelial
function or integrity are poorly understood.

We identified a Zn2* sensing receptor, ZnR, which links
between changes in extracellular Zn®* and major intracellular

signaling pathways. Functional studies indicated that ZnR is a
Gg-coupled receptor, which triggers inositol 1,4,5-trispho-
sphate (IP3)-dependent release of intracellular Ca®*,'?
leading to activation of mitogen-activated protein (MAP) and
phosphoinositide 3 (PI3) kinase pathways.'®'* Recent
studies showed that the Zn®*-dependent Ca®* rise is
mediated by the G-protein-coupled receptor GPR39, in
colonocytes.'® ZnR/GPR39 mediates recovery from acidic
pH by upregulation of Na™/H* exchange in colonocytic and
keratinocytic cell lines as well as in native colon epithelial
cells, demonstrating the important role of this receptor in
epithelial physiology.'®'*'® Finally, ZnR/GPR39 enhances
colonocytes survival from butyrate induced stress.'® Notably,
GPR39 knockout (KO) mice show symptoms of Zn?*
deficiency: accelerated gastric emptying and increased fecal
secretion.”” However how Zn®* or ZnR/GPR39 signaling
promote colon epithelial function is not well understood. Here
we show that ZnR/GPR39 regulates extracellular Zn?"-
dependent proliferation and differentiation processes in
colonocytes. Furthermore, we show that ZnR/GPR39 is
essential for expression and localization of tight junction
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proteins in vitro and in vivo, and thereby regulates the
formation of the colon epithelial barrier.

Results

Previous studies showed that Zn?* activates kinase path-
ways in colonocytes. Zn?" has pleiotropic interactions with
multiple proteins and signaling pathways, and while functional
analysis suggested a role for ZnR/GPR39 in mediating kinase
activation, the specific role of the receptor was not resolved.
We, therefore, initially used molecular silencing of ZnR/
GPR39 to determine whether Zn?* specifically activates
signaling via this receptor. ZnR/GPR39 mRNA levels in HT29
colonocytes (Figure 1a, left panel) transfected with siGPR39
were only 35 + 2% of their levels in control (siCONT) cells, and
a similar reduction in GPR39 expression levels was
monitored in siGPR39-transfected cells (Figure 1a, right
panel). Consistent with previous studies, reduced expression
of ZnR/GPR39 resulted in attenuated Zn® * -dependent Ca®*+
response (Figure 1b), a hallmark of ZnR signaling.'? The ATP-
dependent metabotropic Ca?* responses in siGPR39 cells
were similar to those in siCONT, indicating that the IP3
pathway remained intact in siGPR39 cells. Importantly,
extracellular Zn?*-dependent phosphorylation of extracellu-
lar regulating kinase (ERK)1/2 and AKT'® were attenuated in
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siGPR39 cells to only 56 + 11% and 52 + 6%, respectively, of
the level monitored in siCONT cells (Figures 1c and d). Note
that the residual ZnR/GPR39 level in siGPR39 cells is similar
to the Zn? " -dependent activation of ERK1/2 and AKT in these
cells. Thus, our results indicate that ZnR/GPR39 is a major
mediator of Zn?* signaling in colonocytes.

Activation of the mammalian target of rapamycin (mTOR)
signaling pathway, downstream to the PI3K cascade, leads to
cell growth and proliferation. We, therefore, asked if ZnR/
GPR39 mediates Zn? * -dependent activation of mMTOR and its
downstream target p70S6k. HT29 colonocytes were treated
with Zn®* (100 uM, 10 min) in the presence or absence of the
MEK1/2 and PI3K inhibitors u0126 (1M, 30min) and
wortmannin (30nM, 30min), respectively. Application of
Zn?~ resulted in a 62 + 8% increase in phosphorylated mTOR
(p-mTOR), compared with control non-treated cells
(Figure 2a). Inhibition of the MAPK or PI3K pathways reversed
the effect of Zn?* on mTOR activation (57 + 12% and 64 + 3%
of the Zn?* -treated cells, respectively) indicating that both
signaling pathways are required to mediate mTOR activation
by Zn?* (Figure 2a). Application of Zn?>* also increased the
phosphorylation of p70S6K by 47 + 4% compared with control
cells (Figure 2b). The stimulatory effect of Zn®* on p70S6K
was reversed by u0126 and wortmannin (57 +8% and
58+ 15% of the Zn? " -treated cells, respectively), indicating
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Figure 1 ZnR/GPR39 mediates Zn> " -dependent activation of ERK1/2 and AKT in HT29 colonocytes. HT29 cells were transfected with SiGPR39 or siCONT constructs.
(a) Left panel: real time PCR analysis of GPR39 mRNA levels in siCONT and siGPR39 cells. Right panel: representative immunoblots of ZnR/GPR39 expression and actin,
used for loading control. (b) Ca®™ responses were monitored in HT29 cells loaded with Fura-2 following Zn?* (200 M) and subsequently ATP (25 M) application in
Ca® " -free Ringer's solution, at the indicated times. (¢, d) AKT and ERK1/2 phosphorylation in HT29 cells was monitored after application of Zn?* (100 uM, 10 min) in
Ringer’s solution. Immunoblots using antibodies against phospho- or total- ERK1/2 (C) and AKT (D) are shown (upper panels). Phosphorylated ERK1/2 and AKT levels were
normalized to total ERK1/2 and AKT levels, respectively, and are presented as percentage of the phosphorylation induced by Zn®* in SiCONT cells. (n>3; *P<0.05)
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Figure 2 ZnR/GPR39 mediates Zn? * -dependent activation of mTOR and p70S6K via the MAPK and PI3K pathways. (a, b) HT29 cells were treated with Zn?* (100 uM,
10 min) in the presence or absence of the indicated inhibitors (u0126 1 1M, 30 min; wortmannin 30 nM, 30 min; and rapamycin 100 nM, 1 h) in Ringer’s solution. Immunoblots
using specific antibodies against phospho-mTOR, pospho-p70S6K and actin as control are shown (upper panels). Phosphorylated mTOR and p70S6K were normalized to
actin levels, and are presented as percentage of the phosphorylation induced by Zn®* . (¢, d) HT29 cells transfected with siGPR39 or siCONT constructs, as in figure 1, were
treated with Zn®* (100 M, 10 min). Shown are immunoblots (upper panels) and quantification, as percentage of the phosphorylation induced by Zn®* in sSiCONT cells.

(n=3; *P<0.05)

that the signaling triggered by Zn®> was mediated via ZnR-
dependent MAPK and PI3K pathways. Rapamycin (100 nM,
1h), inhibitor of the mTOR complex 1 (nTORC1), reduced
Zn?* -dependent activation of p70S6K to 59 + 12% of the
Zn? " -treated cells, a level similar to that found in the control
cells, indicating that Zn®*-dependent phosphorylation of
p70S6K is mediated by mTORC1. The stimulatory effect of
Zn?" was maintained in cells transfected with a scrambled
siRNA construct (siCONT), but in ZnR/GPR39-silenced cells
(siGPR39) Zn®* did not trigger a significant rise in p-mTOR or
p70S6K levels (52 +8% and 42 + 17% of the Zn?* -treated

siCONT cells, respectively, Figures 2c and d). Thus,
ZnR/GPR39 silencing reverses the effects of Zn®* on
activation of MAPK, PI3K, mTOR and p70S6K, indicating
that Zn®*-dependent activation of these pathways in
colonocytes is mediated by ZnR/GPR39.

Next, we studied the role of ZnR/GPR39 in enhancing HT29
colonocytes proliferation. As several days of culturing are
required to determine proliferation rates and cells may not
retain the siRNA constructs, we generated a stable ZnR/
GPR39-silenced cell line using shRNA sequences for GPR39,
which effectively reduced its mRNA levels (Figure 3a).
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We compared the proliferation rate of shGPR39 cells and cells
stably transfected with a scrambled shRNA (shCONT) that
served as a control. Already on the fourth day, the number of
control cells (shCONT) was about twofold higher than
shGPR39-silenced cells ((122 +19) x 10 and (52 + 16) x 10°
cells, respectively, Figure 3b). To further study the role of
ZnR/GPR39 in colonocytes proliferation, we determined the
growth of Caco-2 cells stably transfected with the same
shGPR39 construct that was used for HT29 cells (Figure 3).
Silencing of GPR39 lowered ZnR/GPR39 mRNA levels
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Figure 3 ZnR/GPR39 expression enhances HT29 colonocytes proliferation.
HT29 cells were infected with DNA sequences coding for shRNAs compatible with
ZnR/GPR39 (shGPR39) or a scrambled sequence (shCONT), as described in
Experimental Procedures. (a) Real time PCR of GPR39 mRNA levels in sShCONT
and shGPR39 cells. (b) Cells were seeded on 96-well plates and allowed to
proliferate for 7 days. Cells were fixed at the indicated times, and the SRB
colorimetric assay was used to determine cell numbers. (n=3; *P<0.05)

(Figure 4a, left panel) as well as the protein expression level
(Figure 4a, right panel). Consistent with the results obtained
for HT29 cells,’ knockdown of ZnR/GPR39 expression
in Caco-2 cells was followed by complete inhibition of the
Zn?"-dependent Ca® " responses but not the metabotropic
Ca®" responses triggered by ATP (Figure 4b). Finally,
proliferation of the Caco-2 shGPR39 cells was reduced
(by about twofold) compared with that of shCONT cells,
following 7 days of culture (Figure 4c). Altogether, our data
indicate that ZnR/GPR39 mediates the Zn®*-dependent
proliferation of colonocytes.

In the intestinal epithelium, colonocytes undergo a switch
from proliferation to differentiation.’®'® Previous studies
suggested that Zn®* promotes coloncytes differentiation,°
but whether the ZnR/GPR39 may also promote this process is
unknown. To study the role of ZnR/GPR39, early differentia-
tion was induced in HT29 colonocytes by exposure to
physiological concentrations of the short chain fatty acid
butyrate (5 mM, 48 h).2"22 HT29 cells differ in their sensitivity
to NaB-dependent cell death versus differentiation,? indeed,
30mM butyrate were required to trigger cell death'® in the
cells used in the current study. We compared the activation of
intestinal alkaline phosphatase (AP), which serves as a
well-established colonocyte differentiation marker,?' in
ZnR/GPR39-silenced HT29 cells (shGPR39) and control cells
(shCONT) treated with butyrate. Consistent with previous
studies, shCONT HT29 cells treated with butyrate showed a
dramatic increase of 88 +7% in AP activity compared with
non-treated cells (Figure 5a). In contrast, AP activation was
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Figure 4 ZnR/GPR39 signaling in Caco-2 colonocytes enhances proliferation. Caco-2 colonocytes were infected with lentivirus encoding shRNAs compatible with
ZnR/GPR39 (shGPR39) or a scrambled sequence (shCONT), as described in Experimental Procedures. (a) Left panel: levels of ZnR/GPR39 mRNA in Caco-2 cells
expressing sShCONT and shGPR39 were determined using real time PCR. Right panel: representative immunoblots of ZnR/GPR39 and actin, used as loading control, are
shown. (b) Ca®* responses in cells loaded with Fura-2 were monitored following application of Zn? * (200 uM) and subsequently ATP (25 ;M) in Ca®* free Ringer's solution.
(c) Cells were seeded on 96-well plates and allowed to proliferate of 9 days. Cells were fixed at the indicated times, and the SRB colorimetric assay was used to determine cell

numbers. (n=3; *P<0.05)
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Figure 5 ZnR/GPR39 controls HT29 colonocytes differentiation. HT29 cells infected with lentivirus encoding shRNAs compatible with ZnR/GPR39 (shGPR39) or a
scrambled non-coding sequence (ShCONT), as described above, were treated with butyrate (5 mM, 48 h). (a) Alkaline Phosphatase (AP) expression was measured and was
normalized to protein concentration. Results are shown as percentage of activity in sSh\CONT cells treated with butyrate. (b) Caspase-3 cleavage following butyrate treatment in
shCONT and shGPR39 HT29 cells. Representative immunoblots of caspase-3 expression and actin, used for loading control. (€) Immunofluorescence images of E-cadherin
and occludin expression, and DAPI staining for nuclei detection following the same experimental procedure as in a. (d) Quantitative analysis of E-cadherin and occludin
expression levels from images as presented in b, shown as percentage of expression level in control cells. (n=3; *P<0.05)

impaired when ZnR/GPR39 expression was reduced by
shGPR39, to only 52 + 7% of its level in shCONT cells treated
with butyrate (Figure 5a), indicating that ZnR/GPR39 med-
iates the Zn?* -dependent HT29 differentiation. As decreased
AP activity could also result from increased apoptosis, due to
butyrate treatment or ZnR/GPR39 silencing, we analyzed
caspase-3 cleavage following the same experimental

procedure as in Figure 5a, and found no activation of this
caspase (Figure 5b), arguing against an apoptotic effect.
Our results, therefore, indicate that ZnR/GPR39 induces
differentiation of the colonocytes.

The development of junctional complexes is a hallmark of
colonocytes differentiation and formation of the tight seal of
the intestinal barrier. We, therefore, asked if ZnR/GPR39

o
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regulates the expression of junctional complexes. Cells were
infected (shGPR39 or shCONT) and treated with butyrate as
in Figure 5a, and we monitored the expression of occludin, a
tight junctions protein, and E-cadherin, an adhering junctions
protein. Although HT29 cells do not fully differentiate and
localization of junctional proteins is not complete during the
first 48h,24% the rapid turnover (t;,» of 5h) of junctional
proteins allows monitoring of changes in their expression level
during this phase.?”® Immunostaining of the junctional
proteins, occludin and E-cadherin, in shCONT cells showed
mostly peripheral localization of both proteins following
treatment with butyrate (Figure 5c¢). Quantitative analysis of
the immunofluorescence signal indicated that shGPR39-
silenced HT29 cells exhibit significantly lower expression
levels of occludin and E-cadherin (54 £ 26% and 50 + 15%,
respectively; Figures 5¢c and d) compared with ZnR/GPR39
(shCONT) expressing cells. Analysis of nuclear staining by
DAPI did not exhibit differences in nuclear morphology
between the shGPR39 cells compared with shCONT cells
(Figure 5c). Thus, ZnR/GPR39 is clearly linked to enhanced
expression level of the junctional proteins during early
differentiation of HT29 colonocytes.

Caco-2 colonocytes differentiate spontaneously upon
reaching confluence in culture.?® To determine if ZnR/
GPR39 is involved in their differentiation, we first compared
mRNA levels of GPR39 between differentiating (4 or 10 days
of post-confluent culture), and proliferating cells (seeded at
30% confluence and allowed to proliferate for 4 days). Real
time PCR analysis showed that in differentiating Caco-2 cells
(4 days in culture) ZnR/GPR39 mRNA levels were signifi-
cantly elevated (2.3 £ 0.4-fold) compared with ZnR/GPR39
mRNA in proliferating cells (Figure 6a, left panel). Further
increase in ZnR/GPR39 mRNA levels, to 6.9 + 1.6 fold, was
monitored when cells were allowed to fully differentiate
(10 days in culture). The ZnR/GPR39 protein expression
levels in the differentiated cells also increased, consistent with
the mRNA analysis (Figure 6a, right panel). Thus, we asked if
extracellular Zn®* regulates formation of the junctional
complexes in differentiated Caco-2 colonocytes. As colono-
cytes secrete Zn?", which may activate ZnR/GPR39 endo-
genously, we buffered extracellular Zn®* concentration using
the cell impermeable Zn®* chelator calcium ethylenediami-
netetraacetic acid (CaEDTA) and did not add more of this
metal ion. Immunostaining of occludin and zonula-1 (ZO-1) at
tight junctions and E-cadherin at adhering junctions showed
that in control monolayers, grown without CaEDTA, all three
proteins are expressed and localized to the periphery of the
cells (Figure 6b). In contrast, the addition of 100 uM CaEDTA
strongly impaired the expression of all three proteins. As
shown, expression levels of occludin, ZO-1 and E-cadherin
were reduced to 16 £ 9%, 37 £ 12% and 14 + 4% of the control
cells, respectively (Figure 6c). The addition of 500 uM
CaEDTA resulted in a similar reduction of the junctional
proteins expression levels (Figures 6b and c), indicating that
low concentration of the Zn®* chelator is sufficient to reverse
the effect of Zn®* and inhibit junctional complexes formation.
Nuclear morphology, as monitored by DAPI staining, was
similar in the control cells and CaEDTA-treated cells
(Figure 6b). Consistently, enhanced cleavage of caspase-3
was not monitored in CaEDTA-treated cells compared with
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controls (Figure 6d). Thus, Zn?* removal, as performed here,
did not enhance apoptotic cell death.

To directly determine the role of ZnR/GPR39 in promoting
formation of the epithelial barrier and regulating expression of
junctional proteins, we silenced ZnR/GPR39 expression.
Caco-2 cells were stably infected with shCONT or shGPR39
plasmids (as in Figure 5) and grown to monolayers. Cells were
allowed to differentiate for 10 days, and transepithelial
electrical resistance (TEER) was compared between
shCONT and shGPR39 cells. ZnR/GPR39 silencing was
followed by decreased TEER values, reaching only 49 + 14%
of those of shCONT cells (Figure 7a). Similar to the effect
observed in HT29 cells, silencing of ZnR/GPR39 in differ-
entiating Caco-2 cells did not induce caspase-3 cleavage
(Figure 7b). Analysis of the cellular distribution of occludin,
Z0-1, and E-cadherin indicated that all three junctional
proteins were localized to the membrane in shCONT Caco-2
colonocytes, thus supporting proper formation of the barrier.
In contrast, shGPR39 cells showed dramatically lower
expression levels of all proteins (Figures 7c and d). Expres-
sion levels of occludin, ZO-1 and E-cadherin were decreased
in the shGPR39 Caco-2 monolayers to 11 + 6%, 19 + 9%, and
26 + 12%, respectively, compared with their expression in
shCONT cells (Figure 7d). Moreover, E-cadherin exhibited
diffused and partial cytoplasmatic pattern, in contrast to its
peripheral localization in control cells (Figure 7c). DAPI
staining of cell nuclei was similar in shCONT and shGPR39
Caco-2 cells and did not indicate apoptotic cells death
(Figure 7c). Altogether our results obtained with HT29 and
Caco-2 colonocytes, suggest a major role for ZnR/GPR39 in
colonocyte differentiation.

Finally, to determine the role of ZnR/GPR39 in barrier
formation in vivo, we compared the expression of junctional
complexes in colon tissue obtained from wildtype (WT) and
ZnR/GPR39 KO mice. Immunofluorescence analysis of
occludin and ZO-1 showed that expression of the two proteins
was appropriately localized at the brush border of colonocytes
in WT mice (Figure 8). In contrast, in colon tissue from ZnR/
GPR39 KO mice, we found a dramatic decrease in the
expression of tight junction proteins, occludin and ZO-1.
Surprisingly, expression of the adhering junction protein
E-cadherin was similar in WT and GPR39 KO mice (see
discussion). These results point towards a crucial role for ZnR/
GPR39 in formation of tight junctions and in sealing the
intestinal barrier in vivo.

Discussion

Zinc is essential for intestinal epithelium renewal and is
directly involved in crypt cell proliferation®® and epithelial
intestinal cell differentiation,?® whereas zinc deficiency is
associated with suppression of colonocyte proliferation.2°
Moreover, many studies underscored the importance of
extracellular Zn®* in cellular signaling associated with
proliferation of colonocytes. For example, Zn®* was linked
to regulation of the MAPK pathway,®'*? and was also
reported to activate the PI3 pathway.’®** The specific
receptor for extracellular Zn?*, ZnR/GPR39, is functional
in colonocytes and enhances colonocytes survival.’
Here, we show that ZnR/GPR39 is essential for mediating
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Figure 6 Zn2 -+ regulates barrier formation in Caco-2 colonocytes. (a) Left panel: comparison of ZnR/GPR39 mRNA levels in Caco-2 colonocytes during proliferation and
differentiation, using real time PCR. Right panel: representative immunoblots of ZnR/GPR39 expression and actin, used for loading control. (b) Caco-2 colonocytes were
allowed to differentiate for 10 days in growth medium with CaEDTA (100 and 500 M) or without it. Imnmunofluorescence images of occludin, ZO-1, E-cadherin and DAPI
staining are shown. (c) Quantitative analysis of occludin, ZO-1 and E-cadherin expression levels from images as presented in b, shown as percentage of expression level in
control cells. (d) Caspase-3 activation in Caco-2 colonocytes treated as in b. Representative immunoblots of caspase-3 and actin, used for loading control. (n>3; *P<0.05;

*P<0.01).

Zn?*-dependent cellular signaling pathways leading to both
proliferation and differentiation of colonocytes and that
silencing of ZnR/GPR39 diminishes most of the Zn®*-
dependent effect. Importantly, we show that knockdown of
ZnR/GPR39 expression does not increase cell death but
reduces cell numbers, suggesting that ZnR/GPR39 enhances
cell proliferation. Interestingly, Ca®" signaling, such as
mediated by ZnR/GPR39, has a role in gastric epithelial
repair.®® Thus, our results identify the ZnR/GPR39 as the
major mediator of Zn?* signaling leading to growth of

colonocytes. Although it is suggested that extracellular
Zn?* levels are extremely low, in the digestive tract Zn®*
released from the liver or found in digested food®®*” may be a
source for Zn?* signaling. In addition, Zn®* can be secreted
from epithelial cells,®®**° such secretion may paracrinically
activate ZnR/GPR39 in neighboring cells.*' Also, we
previously showed that Zn®* is released during epithelial cell
injury,'® and hence, cell death which occurs regularly in this
regenerative tissue may also be a source for Zn®>* required to
activate ZnR/GPR39 colonocytes. Moreover, accumulation of

)
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Figure7 ZnR/GPR39 is essential for the formation of the intestinal barrier. (a) Caco-2 colonocytes grown on permeable supports were allowed to differentiate for 10 days,
and transepithelial electrical resistance (TEER) was measured in control cells (shCONT) or ZnR/GPR39-silenced cells (shGPR39). (b) Caspase-3 activation in shCONT and
shGPR39 Caco-2 colonocytes following 10 days of differentiation as in a. Representative immunoblots of caspase-3 and actin, used for loading control. (¢) Expression of
occludin, ZO-1 and E-cadherin following the same experimental paradigm as in a. The cells were fixed and immunofluorescence was used for the detection of occludin, ZO-1,
E-cadherin and DAPI staining. (d) Quantitative analysis of occludin, ZO-1 and E-cadherin expression levels presented in ¢. Images were adjusted to the same threshold and
the histogram was produced. Pixel counts were compared between images of shCONT and shGPR39 cells and are presented as a percentage of the sShCONT cells. Note that
the expression of occludin, ZO-1 and E-cadherin is seen at the periphery of the shCONT cells indicating proper differentiation and formation of the junctional complexes.
Silencing of ZnR/GPR39 largely inhibited the expression of occludin, ZO-1 and E-cadherin, that were delocalized. n>3; *P<0.05; **P<0.01

Zn?* in colonocytes is triggered by oxidative stress.*?43

Interestingly, differentiated Caco-2 colonocytes accumulate
numerous Zn®* -containing vesicles stacked at the apical side
of the cells, and this Zn?* is required for cell survival.*® We
show here that chelating extracellular Zn?>* in growth media
during Caco-2 colonocytes differentiation dramatically inhibits
barrier formation and expression of tight and adhering
junctional proteins. This result suggests that even in the
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Caco-2 colonocytes model, there is sufficient Zn®* release
from the cells to activate signaling regulating differentiation of
the cells.

The mTOR signaling pathway integrates signals from
multiple inputs, such as growth factors, stress, nutrients and
energy.** A crucial effector of mTOR signaling is p70S6K,* a
pathway that is activated by AKT to enhance cell proliferation.
Several previous studies demonstrated a role for Zn®* in
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Figure 8 ZnR/GPR39 knockdown impairs the intestinal barrier proteins
expression in mouse colon epithelium. Colon tissues of WT and GPR39 KO mice
were removed, fixed and immunofluorescently stained for detection of occludin,
Z0-1 and E-cadherin. Although the expression of E-cadherin was unaltered in the
GPR39 KO mice, the expression of both occludin and ZO-1 was significantly
decreased in these mice. Shown is a representative example obtained from at least
24 sections (6 mice per group)

stimulation of the mTOR-signaling pathway in vitro and
in vivo.3346:47 For example, the mTOR pathway was activated
by Zn?7 in Swiss 3T3 fibroblasts, SHSY5Y neuronal cells and
in primary cultured neurons of rat cortical cortex but how Zn?*
interacts with this pathway was not clear. In mouse embryonic
stem (ES) cells, Zn®* stimulated proliferation through the
PIBK/AKT, MAPK and the downstream mTOR/p70S6K path-
ways.*® Here, we show that Zn?* -induced phosphorylation of
mTOR and p70S6K in colonocytes is largely blocked following
ZnR/GPR39 silencing or following inhibition of ZnR/GPR39-
dependent activation of MEK1/2 or PI3K. Thus, we suggest
that ZnR/GPR39 signaling is essential for Zn?*-induced
mTOR activation. The Zn?*-dependent phosphorylation of
p70S6K was further inhibited by rapamycin, indicating that it is
phosphorylated by mTORC1, the complex which is linked with
cell growth and proliferation.*® It is commonly accepted that
mTORCH1 is activated through the PIBK/AKT pathway, but
there are also studies suggesting that growth factors signal to
mTORC1 complexes also through the ERK pathway.*® Owing
to its major role in colonocytes growth, mTOR silencing
was suggested as a therapeutic strategy for colorectal
cancer.%5" Activation of the mTOR cascade by Zn? * through
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ZnR/GPR39, along with the evidence for a role of ZnR/GPR39
in growth of prostate cancer cells' and keratinocytes'® and
survival of HT29 colonocytes, '® suggest that ZnR/GPR39 is a
major regulator of epithelial cells growth.

Previous studies suggested that ZnR/GPR39 may have an
oncogenic effect and contribute to the development of
malignancies. For example, ZnR/GPR39 silencing in an
esophageal squamous cell carcinoma (ESCC) cell line
decreased cell proliferation and delayed the cells in the
G1/S phase.5? In addition, ZnR/GPR39 overexpression was
detected in specimens of human ESCC and associated to the
malignant development of this carcinoma,® but the role of
Zn®>* as the ligand of ZnR/GPR39 that promotes these
tumorigenic processes remained elusive. Our results, how-
ever, do not support an oncogenic effect for ZnR/GPR39, as
elevated levels of ZnR/GPR39 were found in differentiating
Caco-2 cells compared with cells in the proliferative phase.
Previous studies showed that Zn?* induces activation of AP
in Caco-2 cells,®® human skeletal cells,>* and in osteoblastic
MC3T3-E1 cells® but what mediates this signaling was
unknown. Our results indicate that ZnR/GPR39 mediates
Zn? " -dependent AP activity and, therefore, support a role for
ZnR/GPR39 in differentiation of colonocytes. It will be
interesting to determine whether the differentiation of colono-
cytes following ZnR/GPR39 activation will result in absorptive
enterocytes or Goblet cells lineage. Further support for the
role of ZnR/GPR39 in differentiation comes from recent
studies, demonstrating that ZnR/GPR39 is expressed during
adipocyte differentiation.®® In the pancreas, ZnR/GPR39 was
strongly upregulated during differentiation of the pluripotent
pancreatic cell line AR42J cells towards the endocrine
phenotype.®” Importantly, Zn®* is secreted from endocrine
p-cells in the pancreas and may trigger ZnR/GPR39 activation
and signaling, leading to differentiation of cells. Our results
similarly indicate that during differentiation of Caco-2 cells
ZnR/GPR39 expression is upregulated and may act as a
feedback mechanism, triggered by released Zn®>* in the
colon, to activate AP and differentiation of colonocytes. Such
change in expression level may indicate that the cellular
responses mediated by the receptor are tuned by its
expression levels, but how the changes in ZnR/GPR39
expression affect cellular signaling requires further study.

In agreement with the important role of ZnR/GPR39 in
differentiation of colonocytes, we also show its role in
formation of the junctional complexes constituting the
epithelial barrier. The expression of occludin and E-cadherin
was significantly decreased in ZnR/GPR39-silenced HT29
cells. The colonocytic cell line Caco-2 serves as a better
model for colonocytes differentiation as it spontaneously
differentiates and develops junctional complexes such as
found in the intestinal barrier. Caco-2 cell monolayers grown
in Zn? " -deficient media showed a decrease in trans TEER
and alterations of tight and adherens junctions with deloca-
lization of ZO-1, occludin, p-catenin and E-cadherin but the
mediator of this effect was not identified.> Moreover, these
previous studies did not distinguish between the role of
extracellular and intracellular Zn®>* on the formation of the
intestinal barrier. We show here that chelation of extracellular
Zn?* is sufficient to inhibit junctional complexes formation.
We further show that the differentiation process of
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colonocytes is impaired upon ZnR/GPR39 silencing. In
agreement with the Zn? " -deficiency experiment, our results
exhibit a decrease in TEER levels to about 50% of the control
cells inthe ZnR/GPR39-silenced cells. This was accompanied
by a dramatic reduction in occludin, ZO-1 and E-cadherin
expression and delocalization of the proteins. Similar effect of
ZnR/GPR39 was demonstrated here in vivo by the decrease
in tight junction proteins occludin and ZO-1 in the colon
epithelium of GPR39 KO mice, indicating that this receptor is
essential for the formation of the intestinal barrier in vivo.
Importantly, the impaired tight junction organization, mani-
fested by the absence of the tight junction apical proteins, may
underlie the GPR39 KO phenotype of enhanced gastric
emptying. During physiological cell shedding of the intestinal
epithelium redistribution of ZO-1 is a major cellular process
which controls the epithelial barrier function.®® In contrast to
the effects, we observed following ZnR/GPR39 silencing in
cultured HT29 and Caco-2 cells and to previous Zn?"-
deficiency studies,® the knockdown of ZnR/GPR39 did alter
the expression of the adhering junctional protein E-cadherin
compared with WT colon tissue. Although the reasons for this
discrepancy is not clear, it may result from a compensatory
mechanism that develops in the complete knockout model of
the mice, as the physical barrier is essential for development
of the epithelial layer and colon function. Our results,
therefore, suggest that although the structural elements of
the epithelial junctions are functional in the colon, the seal of
the tight junction proteins is impaired in the absence of ZnR/
GPR39. Thus, we show that ZnR/GPR39 is the missing link
between Zn?* and improved barrier function of differentiated
colonocytes.

Zn?+ deficiency impairs the intestinal barrier function, and
results in increased permeability and decreased host immu-
nity. For example, studies of the effects of alcohol on the
intestinal mucosa suggest that even minor Zn®>* deprivation
exaggerates the deleterious effect of alcohol on the epithelial
barrier.® On the other hand, Zn?* can improve barrier
function in Crohn’s Disease.” Thus far, signaling triggered by
Zn?" that induces these effects was unknown, our results
indicate that ZnR/GPR39 is a master regulator of Zn?"-
dependent signaling in colonocytes. Moreover, by controlling
renewal of intestinal epithelium and by the induction of
differentiation ZnR/GPR39 enhances barrier function of the
colon epithelial layer.

Materials and Methods

Cell Cultures. HT29-Cl were grown in standard DMEM medium containing,
100 U/ml penicillin, 0.1 mg/ml streptomycin, 2mM glutamine and 10% fetal calf
serum (Biological Industries, Kibbutz Beit Haemek, Israel), in a 5% CO, humidified
atmosphere at 37 °C. Caco-2 cells were grown in the same conditions with the
addition of 1% (v/v) nonessential amino acids (Biological Industries), and 1 mM
sodium pyruvate (Sigma-Aldrich, Rehovot, Israel).

GPR39 gene silencing. HT29 cells were seeded in 60-mm cell-culture
dishes (density of 7 x 10° cells/plate) or in 96-well plates (1.5 x 10* cells/well)
24h before transfection and maintained in standard DMEM culture media
as described above, without penicillin or streptomycin. Cells were transfected
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer's protocol, and used 48h post transfection. siRNA constructs
(Sigma-Aldrich) were utilized for silencing of target proteins; for ZnR/GPR39: 5'-C
CAUGGAGUUCUACAGCAU-3, for CLU: 5-CCAGAGCUCGCCCUUCUAC-3/,
and siRNA control (scrambled) sequence was 5'-GCCCAGAUCCCUGUACGU-3'.
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Stable GPR39 gene silencing. In order to establish stable gene silencing
of ZnR/GPR39 in HT29 and Caco-2 cells, transfection was carried out using
MISSION Lentiviral Transduction Particles (Sigma-Aldrich) according to manu-
facturer protocol. Briefly, 20000 cells were seeded a day before infection on
24-well plates. Infection was carried out using five lentivirus clones carrying DNA
sequences coding for shRNA compatible with hGPR39, or scrambled sequences,
at the multiplicity of infection of 5. Twelve hours post infection the medium was
replaced with growth medium and 48 h later cells were selected for 14-20 days
with 5 pg/ml puromycin, replacing the medium every 3 days. After selection, the
cells were grown in growth medium containing 5 xg/ml puromycin, which was
removed 48 h before the experiments.

Protein expression: Cells were seeded on 60-mm plates, and transfected
as described above. At 48 h after transfection (for siRNA transfected cells), or as
otherwise stated, 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 uM
MgCI2, 20mM P-nitrophenyl phosphate, 1mM Na3VO4, 25 mM NaF), in the
presence of Protease Inhibitor Cocktail (1:25 Complete, Roche, Germany).
Lysates were placed on ice for 10 min and then centrifuged for 30 min (14 000
rpom) at 4°C. Supernatants were collected, protein concentrations were
determined using Bio-Rad protein assay, SDS sample buffer was added, and
samples were boiled for 5min and then frozen at —80 °C until used. Whole-cell
lysates (50 ug) were separated on 10% or 15% SDS-PAGE (for GPR39 or
caspase-3 detection, respectively) and blotted onto nitrocellulose membranes.
For GPR39 detection, the antibodies used were raised against ZnR/GPR39 (The
HSHVPEFEVATWIK peptide conjugated to maleimide KLH, Pierce, was used to
immunize New Zealand White rabbits according to standard procedures
performed at the Antibody Unit in the Department of Biological Services,
Weizmann Institute of Science, Israel). For caspase-3 detection, primary
antibodies (Cell Signaling, Danvers, MA, USA) were used. Antibodies against
p-actin (MP Biomedicals, Santa Ana, CA, USA) were used for control.
Densitometric analysis of GPR39 expression level was performed using
EZQuant-Gel image processing and analysis software (EZQuant, Rehovot,
Israel). Protein levels were normalized to actin levels, and are presented as
percentage of the expression level of WT ZnR/GPR39. Each graph represents
an average of at least three independent experiments.

Monitoring Kinase Activation: HT29 cells were seeded on 60-mm
culture dishes and serum starved as described above. Cells were treated with
Zn2* (100 uM for 10min) in Ringer's solution, in the presence or absence of
the indicated inhibitors, added 30min before Zn®* treatment (except
rapamycin, added 60min before Zn®>* treatment). Cells were washed and
incubated for an additional 10min after the Zn®* treatment to allow kinase
phosphorylation. Next, cells were harvested as described above, centrifuged
and protein concentrations were determined using Bio-Rad protein assay.
Whole-cell lysates (50 ug) were separated on 10% SDS-PAGE, and blotted
onto nitrocellulose membranes. The required proteins were detected using
specific antibodies raised against the doubly phosphorylated ERK1/2 and total
ERK1/2 (Sigma-Aldrich), phosphorylated AKT and total AKT (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), p-mTOR (Cell Signaling), phosphory-
lated p70S6K (Cell Signaling) and actin (MP Biomedicals). Densitometric
analysis of expression level was performed using EZQuant-Gel (EZQuant).
Phospho-ERK1/2 or AKT levels were normalized against the total ERK1/2 or
AKT protein, respectively. Phospho-mTOR and phospho-p70S6K were
normalized against actin. Phosphorylation of all the proteins is presented as
percentage of the effect triggered by application of 100 uM Zn?*. Each graph
represents an average of at least three independent experiments.

Calcium imaging: The imaging system consisted of an Axiovert 100 inverted
microscope (Zeiss, Oberkochen, Germany), Polychrome V monochromator (TILL
Photonics, Graefelfing, Germany), and a SensiCam cooled charge-coupled device (PCO
Systems, Kelheim, Germany). Fluorescent imaging measurements were acquired with
Imaging Workbench 5 (INDEC Biosystems, Santa Clara, CA, USA). Cells were
incubated for 30 min with 2.5 uM Fura-2 acetoxymethyl ester (AM; TEF-Labs, Austin,
TX, USA) in Ringer's solution with 0.1% BSA. After dye loading, the cells were
washed in Ringer's solution, and cover slides were mounted into a chamber that
allowed perfusion. Fura-2 was excited at 340 nm and 380 nm, and imaged with a
510-nm long-pass fiter.” All results shown are the means of at least three
independent experiments, with averaged responses of 30 cells in each experiment.



Cell proliferation assay: Quantitative sulphorhodamine B (SRB) colori-
metric assay was used to determine cell proliferation.® Colorimetric measurement
of the dye, bound to basic amino acids, provides an estimate of the total protein
mass that is proportional to the cell number. HT29 and Caco-2 cells infected with
lentivirus encoding for shRNA's to silence ZnR/GPR39 expression (shGPR39) or a
scrambled sequence (shCONT) as described above, were seeded into 96-well
plates (20 000 cells per well) and grown for the indicated time in growth medium.
Cells were fixed using 10% TCA (trichloroacetic acid) for 1h at 4°C. The
supernatant was discarded and plates were washed. Hundred-microliter
sulforhodamine B (SRB 0.4 w/v in 1% acetic acid) was added and incubated
for 10 min at room temperature. The unbound SRB was removed by washing with
1% acetic acid. The dye bound to basic amino acids of the cell membrane was
solubilized with Tris buffer (10mM, pH 10.5) and then absorption measurements
at 540nm by ELISA reader (Molecular Devices, Sunnyvale, CA, USA) were
performed to determine relative cell numbers using a calibration curve. Each graph
represents an average of at least three independent experiments.

Real Time PCR: Real time PCR was used to estimate the mRNA levels of
ZnR/GPR39. Cells were seeded on 60-mm plates, and grown for the indicated
time. Cells were detached using 0.05% trypsin (Biological Industries), collected
into lysis buffer, and homogenized using QlAshredder kit (QIAGEN, Valencia, CA,
USA). Total RNA was purified using RNeasy mini Kit (QIAGEN) and 1-ug RNA
was converted to cDNA using Verso cDNA synthesis Kit (Thermo Scientific,
Waltham, MA, USA). cDNA was diluted 1:16, and subjected to real time PCR
(Tagman), using ABsolute Blue QPCR kit (Thermo Scientific). The relative quantity
of gene expression was analyzed by the 2-AA threshold cycle method.5' The level
of ZnR/GPR39 mRNA was normalized to the endogenous control, f-actin. Primers
and probes were from Solaris (Dharmacon RNAi Technologies, Thermo Scientific).
Primers for ZnR/GPR39 mRNA detection: 5'-CATCTTCCTGAGGCTGA-3' and
5-ATGATCCTCCGTCTGGTTG-3'. Probe sequence: 5'-TATGCTGGATGCCCAAC-3'.
Primers for actin: 5-TGGAGAAAATCTGGCACCAC-3' and 5-GGTCTCAAA
CATGATCTGG-3'. Probe sequence: 5-ACCGCCAGAAGATGACC-3'.

Immunofluorescence (IF)

HT29 and Caco-2 cells Preparation. Cells were seeded on glass cover slides
(Thermo-scientific) and grown for the indicated period. Antigene retrieval was
performed for 2min on ice, with pre-extraction buffer (0.02% Triton-X, 100 mM
KCl, 3mM MgCl,, 1 mM CaCl,, 200 mM sucrose, 10 mM Hepes). Cells were fixed
for 30min with 4% Paraformaldehyde (PFA, Sigma Aldrich), permeabilized for
5min on ice using permeability buffer (0.05% Triton-X), and blocked for 30 min
using normal goat serum. After rinsing with phosphate-buffered saline (PBS), cells
were incubated with antibodies raised against the ZO-1, occludin (Invitrogen,
Life Technologies), or E-cadherin (Cell Signaling Technology) for 1h at room
temperature, extensively rinsed with PBS, and incubated for 1h with affinity
purified Cy3-conjugated goat anti-rabbit (for detection of ZO-1 and occludin;
Jackson ImmunoResearch Laboratories, West Grove, PA, USA) or anti-mouse
IgG (for detection of E-cadherin; Jackson ImmunoResearch Laboratories).
Samples were mounted with Immuno-mount (Thermo Scientific), or Ultracruz
mounting agent containing 4',6-diamidino-2-phenylindole - DAPI (Santa Cruz
Biotechnology) for DNA staining, and imaged via a Zeiss Axiomat microscope
equipped with appropriate fluorescence barrier and excitation filters. Expression level
analysis of the ZO-1, occludin and E-cadhein proteins was done using Adobe
Photoshop software. The images, acquired using the same lighting and imaging
parameters, were adjusted to the same threshold and a histogram was produced for
each picture. The pixel counts, representing the level of expression, for ZnR/GPR39-
expressing cells in each image (shCONT) were compared with those obtained for
ZnR/GPR39-silenced cells (shGPR39). Each graph represents an average of at least
four independent experiments, and at least six different fields imaged.

Colon tissues preparation. WT or GPR39 KO' littermates were used after
genotyping using PCR of DNA isolated from mouse tail biopsy samples. Primers
5- ACCCTCATCTTGGTGTACCT-3' and 5-TGTAGCGCTCAAAGCTGAG-3
amplified a 311-bp band from the WT allele, whereas primers 5'-GGAACTCT
CACTCGACCTGGG-3' and 5-GCAGCGCATCGCCTTCTATC-3' amplified a
262-bp band from the knockout allele. Colon tissues were prepared in accordance
with protocols approved by the committee for the Ethical Care and Use of Animals
in Research at Ben-Gurion University. Mice at ages of 2-3 weeks were sacrificed
and distal colons were removed. Tissues were washed in PBS solution, fixed in
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4% PFA (Sigma Aldrich) for 24 h, and paraffin embedded. Paraffin-embedded
tissues sections were cut into 4-um sections, deparaffinized and rehydrated,
followed by antigen retrieval using either 0.1 M citric acid monohydrate (pH 6,
10min, 95 °C, for E-cadherin staining) or proteinase digestion (1 mg/ml, 37 °C,
10min for occluding and ZO-1 staining). Blocking and staining with the different
antibodies was performed as described above. At least three different sections
were analyzed from six WT mice and six GPR39 KO.

AP activity: HT29 cells infected with lentivirus encoding shGPR39 or shCONT,
as described above, were seeded to 80% confluence in 60-mm plates and 24 h
later butyrate (5mM, 48h) was added to the growth media. Cells were
then harvested and AP activity was measured using SensolLyte Luminescent
Alkaline Phosphatase Assay Kit (ANASPEC, Fremont, CA, USA), according to
manufacturer protocol. The protein concentrations in the lysate samples were
determined using Bio-Rad protein assay, and AP activity was normalized to
protein concentration, and compared between shGPR39 and shCONT cells.

TEER measurements: Barrier formation was determined by measuring
TEER® Caco-2 cells were seeded at a density of 150 000 per well on a permeable
support (12-well Thincert, 0.4-um pore diameter; Greiner Bio-One GmbH,
Frickenhausen, Germany). TEER was monitored on the indicated days using Evom
Electrical Resistance System (World Precision Instruments). TEER values are
expressed as Ohm (resistance) x cm? (surface area of the monolayer) after
subtracting the insert resistance value, and are compared between shGPR39 and
shCONT Caco-2 cells in the same experiment. The graph represents an average of
three different experiments.

Statistical Analysis. Data are expressed as means+S.E.M. Each
treatment group was evaluated using the Student's ttest or ANOVA followed
by Tukey—Kramer test, as appropriate. *P<0.05; **P<0.01;
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