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ABSTRACT Zona occludens 2 (ZO-2) has a dual localization. In confluent epithelia, ZO-2 is
present at tight junctions (TJs), whereas in sparse proliferating cells it is also found at the
nucleus. Previously we demonstrated that in sparse cultures, newly synthesized ZO-2 travels
to the nucleus before reaching the plasma membrane. Now we find that in confluent cultures
newly synthesized ZO-2 goes directly to the plasma membrane. Epidermal growth factor in-
duces through AKT activation the phosphorylation of the kinase for SR repeats, serine argin-
ine protein kinase 1, which in turn phosphorylates ZO-2, which contains 16 SR repeats. This
phosphorylation induces ZO-2 entry into the nucleus and accumulation in speckles. ZO-2
departure from the nucleus requires intact S257, and stabilizing the -O-linked N-acetylglu-
cosylation (O-GlcNAc) of S257 with O-(2-acetamido-2-deoxy-b-glucopyranosylidene)amino-
N-phenylcarbamate, an inhibitor of O-GlcNAcase, triggers nuclear exportation and prote-
osomal degradation of ZO-2. At the plasma membrane ZO-2 is not O-GIcNAc, and instead,
as TJs mature, it becomes phosphorylated at S257 by protein kinase CC. This late phosphory-
lation of S257 is required for the correct cytoarchitecture to develop, as cells transfected with
Z0O-2 mutant S257A or S257E form aberrant cysts with multiple lumens. These results reveal
novel posttranslational modifications of ZO-2 that regulate the intracellular fate of this
protein.
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INTRODUCTION

In epithelial cells, tight junctions (TJs) play a crucial role in regulating
the movement of ions and molecules through the paracellular path-
way and in maintaining a polarized distribution of proteins between
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the apical and basal membranes (for review see Gonzalez-Mariscal
et al., 2003). Zona occludens 2 (ZO-2) is a 160-kDa protein present
at the cytoplasmic side of the TJ (Gumbiner et al., 1991) and is made
up of several domains and motifs (Jesaitis and Goodenough, 1994):
the amino portion contains three PDZ domains, the middle section
has an SH3 module and a guanylate kinase (GuK) domain, and the
carboxyl region ends with the PDZ binding motif TEL and contains
acidic and proline-rich domains that together constitute an actin-
binding region (ABR).

Z0O-2 functions as a scaffold that brings together muiltiple pro-
teins at the TJ (for reviews see Fanning and Anderson, 2009; Gonza-
lez-Mariscal et al., 2011). Thus the first PDZ domain associates to
claudins; the second PDZ to ZO-1, to other ZO-2 proteins, and to
the gap junction protein connexin 43; the third PDZ to JAMs; the
SH3-GuK region, which is structured as a hinge, associates to the
adherens junction protein o-catenin; the ABR region binds to actin,
protein 4.1, and cingulin; and the TEL motif associates to Scribble, a
member of the lateral membrane polarity complex.
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The importance of ZO-2 in different tissues has been highlighted
by the effect that its mutation, silencing, or overexpression exerts in
humans, mice, and tissue cultures. In humans, mutation V48A local-
ized in ZO-2's first PDZ domain, accompanied by a mutation in bile
acid CoA, the enzyme that converts bile acids to their salt form,
disrupts bile acid transport and circulation, leading to a hyper-
cholanemia inherited disease. This suggests that ZO-2 stability is
critical for the establishment of properly sealed TJs in hepatocytes
(Carlton et al., 2003). In humans, the genomic duplication of ZO-2
leads to overexpression of the protein and nonsyndromic hearing
loss due to an increased expression of apoptosis genes in the hair
cells of the inner ear, indicating a role of ZO-2 in the promotion of
apoptosis (Walsh et al., 2010). During mammalian development,
ZO-2 knockout is lethal, stopping development in early gastrulation
(Xu et al., 2008). Studies with mouse chimeras showed that ZO-2 is
crucial for the development of extraembryonic tissue and not for the
embryo per se, although in adult mouse chimeras, the lack of ZO-2
reveals that the protein is essential for the establishment of the
blood-testis barrier and male fertility (Xu et al., 2009). In mouse
EpH4 breast epithelial cells, ZO-2 silencing together with ZO-1
knockout inhibits claudin polymerization, whereas reexpression of
either of these proteins reestablishes TJ formation, indicating a re-
dundant role of these two ZO proteins in TJ strand formation (Tsukita
etal., 2009). ZO-2 silencing retards TJ formation induced by transfer
of cultures from low to normal (1.8 mM) calcium-containing media
and alters the cytoarchitecture of epithelial monolayers, widening
the intercellular spaces and creating regions in the culture where
cells grow on top of each other (Hernandez et al., 2007).

Previously we found that ZO-2 has dual localization (Islas et al.,
2002). Thus in confluent cultures ZO-2 is found at TJs, whereas in
sparse cultures it is also present in the nuclei distributed in speckles.
Z0-2 associates with a variety of nuclear factors, including lamin B
(Jaramillo et al., 2004), the essential splicing factor SC35 (Islas et al.,
2002), the scaffold attachment factor B (SAF-B; Traweger et al.,
2003), and the transcription factors Jun, Fos, C/EBP (Betanzos et al.,
2004), Myc (Huerta et al., 2007), and KyoT2 (Huang et al., 2002). In
addition, certain proteins enter the nucleus due to their association
with ZO-2. Such is the case for the transcriptional coactivator YAP-2,
which with its PDZ-binding motif binds to the first PDZ domain of
Z0O-2 (Oka et al., 2010); the armadillo repeat protein deleted in velo-
cardio-facial syndrome, whose PDZ-binding motif binds to the
amino segment of ZO-2 containing the three PDZ domains (Kausa-
lya et al., 2004); and LIM and SH3-domain protein 1, whose SH3
domain binds the proline-rich region of ZO-2 (Mihlan et al., 2012).

The intracellular traffic of ZO-2 is regulated by the cell cycle, as
ZO-2 enters the nucleus at late G1 and departs during mitosis, thus
explaining why no nuclear ZO-2 is observed in confluent quiescent
cultures, whereas it is present in sparse, proliferating cells (Tapia
et al., 2009). ZO-2 nucleocytoplasmic shuttling is mediated by nu-
clear localization signals (NLSs) and nuclear exportation signals
(NESs). Canine ZO-2 (cZO-2) sequence contains four NESs, two lo-
cated at PDZ-2 and two at the GuK domain (Gonzalez-Mariscal
et al., 2006). Previously we demonstrated that these four NESs are
functional and that the phosphorylation of S369 located within ZO-2
NES-1 by protein kinase Ce (PKCe) is critical for the exportation of
the protein (Chamorro et al., 2009). cZO-2 sequence contains three
putative NLSs: two bipartite (obpNLS-1g3.95 and bpNLS-2544.242) and
one monopartite (MPNLS1g5.1gg) located at linker U2 present be-
tween PDZ-1 and PDZ-2 (Jaramillo et al., 2004). In addition, ZO-2
linker U2 contains 16 SR repeats (Jaramillo et al., 2004). These mo-
tifs have been described in a variety of proteins (Boucher et al.,
2001), including transcriptional activators (Puigserver et al., 1998;
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Lai et al., 1999), and in a large family of eukaryotic pre-mRNA splic-
ing factors called SR proteins (Valcarcel and Green, 1996). SR motifs
are considered necessary and sufficient for targeting proteins to
nuclear speckles and constitute the only sequence that is shared by
all splicing factors that localize to speckles (Hedley et al., 1995).

Here we analyze the effect that posttranslational modifications
have on the intracellular fate of ZO-2 and observe that entry of
ZO-2 into the nucleus and accumulation in speckles is regulated by
the phosphorylation of its SR repeats by serine arginine protein
kinase 1, through a process initiated by epidermal growth factor
(EGF) activation of AKT. The B-O-linked N-acetylglucosylation
(O-GleNAC) of S257 at the nucleus favors the nuclear exportation of
Z0O-2, whereas the maturation of TJs is accompanied by ZO-2 phos-
phorylation at S257 by PKCC.

RESULTS

In confluent epithelial monolayers ZO-2 does not travel to
the nucleus

Here we analyzed whether in confluent monolayers newly synthe-
sized ZO-2 travels to the nucleus. To detect the presence of ZO-2 at
the nucleus, we blocked the nuclear exportation of this protein by
incubating Madin-Darby canine kidney (MDCK) cells for 24 h with
ev1-2, a PKCe permeable inhibitor peptide (Liedtke et al., 2002),
since we previously demonstrated that the nuclear exportation of
Z0O-2 requires the phosphorylation by PKCe of S369 located within
NES-1 (Chamorro et al., 2009). Figure 1 shows, as previously re-
ported (Islas et al., 2002), that ZO-2 is present in the nucleus of con-
trol monolayers in a sparse culture condition but not in confluent
cultures. Blocking the nuclear exportation of ZO-2 with ev1-2 does
not concentrate ZO-2 at the nucleus of confluent monolayers, indi-
cating that in confluent cultures ZO-2 does not travel to the nucleus.
Instead, strong increase in nuclear ZO-2 was observed in sparse cul-
tures treated with ev1-2, and no ZO-2 was detected in the nucleus
of sparse cultures treated for 24 h with the permeable PKCe-
activating peptide yeRACK (Inagaki et al, 2005), confirming
(Chamorro et al., 2009) that ZO-2 export from the nucleus is regu-
lated by PKCe phosphorylation.

Z0-2 NLS-1 is functional, whereas NLS-2 is not

Next we analyzed whether the putative bNLSs of ZO-2 are func-
tional. For this purpose we designed a reporter protein nuclear
importation assay (Figure 2A, bottom left) in which we microin-
jected into the cytoplasm of live MDCK cells the reporter protein
ovalbumin chemically coupled to a peptide homologous to ZO-2
bNLS-1 or bNLS-2. We coinjected rhodaminated albumin (Rho-
alb) as a negative control. After 2 h at 37°C the cells were fixed,
permeabilized, and treated with an antibody against ovalbumin
and a corresponding secondary antibody coupled to Alexa Fluor
488. The images in Figure 2A (top) and the corresponding quanti-
tative analysis (bottom right) show that bNLS-1-OVA (green) con-
centrates at the nucleus (blue), whereas bNLS-2-OVA does not
appear at the nucleus and instead distributes in the cytoplasm.
Rhodaminated albumin (red, top) remains at the microinjection
site and is diffusely distributed in the cytoplasm. Taken together,
these results indicate that ZO-2 bNLS-1 is functional, whereas
bNLS-2 is not.

The arrival of ZO-2 at the nucleus is delayed by
phosphomimetic mutations within bNLS-2

On analyzing the sequence of bpNLS-2, we observe that it is a
canonical bNLS (Macara, 2001), as it consists of two stretches of
basic amino acids separated by a linker region of 10-12 residues
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In confluent cultures, blocking the nuclear exportation of ZO-2 does not trigger the

Z0O-2 staining, respectively, at 24 h). Be-
cause the nuclear recruitment assay gives
only a qualitative result indicating the per-
centage of cells displaying ZO-2 at the nu-
cleus, we next performed a cell fraction-
ation assay and analyzed by Western blot
the amount of HA-ZO-2 present in the
plasma membrane and nuclear fractions
24 h after ZO-2 transfection. Figure 3B
shows that at this time, WT HA-ZO-2 is
barely detectable in the nuclear fraction,
whereas a considerable amount is present
at the plasma membrane. In contrast,
S257E HA-ZO-2 mutant accumulates in the
nucleus, whereas the S257A mutant is pres-
ent, albeit in low amounts, at both the nu-
cleus and the plasma membrane. These
results indicate that the phosphorylation of
S257 blocks the exportation of ZO-2 from
the nucleus, whereas the absence of S257
alters but does not completely block the
exportation of nuclear ZO-2.

nuclear accumulation of the protein. MDCK cells were left untreated or incubated for 24 h with

1 pM PKCe permeable inhibitor peptide ev1-2 or PKCe permeable activating peptide yeRACK.
Monolayers were fixed, permeabilized, and processed for immunofluorescence with an antibody
against ZO-2 (green). In control sparse cultures ZO-2 is present at the nucleus and cell borders,
whereas in control confluent cultures, ZO-2 is absent from the nucleus and concentrates at the
cell boundaries. Treatment with ev1-2 conspicuously concentrates ZO-2 at the nucleus of sparse
monolayers, whereas no change is observed in confluent cultures. Treatment of sparse

monolayers with yeRACK depletes the nucleus of ZO-2.

(Figure 2A). We noted, however, that it also contains three serine
residues (5257, S259, S261) within the carboxyl cluster of three argi-
nine residues, which by in silico analysis constitute putative PKC
phosphorylation sites. Therefore we hypothesized that the capacity
of bpNLS-2 to import proteins into the nucleus might be hampered
by the phosphorylation of these serines, which could neutralize the
positive charges present within the NLS. To test this, we next ana-
lyzed the intracellular traffic of ZO-2 when serines 257, 259, and 261
were substituted for glutamic acid (5257E, S259E, and S261E) or
when S257 was substituted for glutamic acid (5257E) to generate a
single phosphomimetic mutation or for alanine (S257A) to eliminate
a single phosphorylation site. Figure 3A shows, as we previously
reported (Chamorro et al., 2009), that ZO-2 wild type (WT) initially
accumulates at the nucleus (time 0 = 6 h after transfection) and de-
parts with time after transfection. Instead, we observe that at time O,
only 24, 41, and 64% of transfected cells, respectively, have the
S257E/S259E/S261E, S257E, or S257A mutants at the nucleus, in
comparison with the 78% of transfected cells that show ZO-2 WT at
the nucleus. Because the nuclear recruitment of ZO-2 is less effec-
tive in the triple than in the single phosphomimetic mutant and the
S257A mutant exerts a smaller effect than the S257E mutant, we
conclude that the phosphorylation of serine residues within bNLS-2
blocks the functionality of the signal and delays nuclear importation
of ZO-2. The fact that this blockade is overcome with time after
transfection suggests that the additional NLSs within ZO-2, namely
bNLS-1 and monopartite NLS, can rescue the nuclear importation of
the protein.

Figure 3A also shows that ZO-2 triple and single mutants are still
present at the nucleus 24 h after transfection, in contrast to trans-
fected WT ZO-2 (S257E/S259E/S261E, S257E, S257A, and WT
have 67,76, 78, and 17% of cells with nuclear hemagglutinin [HA]-
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Correct development of three-
dimensional cultures requires the
presence in ZO-2 of S257, which
becomes phosphorylated in mature TJs
Next we analyzed whether ZO-2 phosphory-
lated at S257 is present in epithelial cells. For
this purpose we generated a custom-made
antibody against the phosphorylated S257
of ZO-2 (ZO-2 pSer257). The specificity of this antibody was con-
firmed in a Western blot, which showed a decrease of the p-S257
signal in a cell lysate after phosphatase treatment and in cells trans-
fected with S257A mutant, whereas transfection with wild-type ZO-2
conspicuously increased the staining in comparison to control un-
transfected cells (Figure 4A).

Then we stained monolayers of MDCK cells at different times
after plating with the ZO-2 pSer257 antibody. Figure 4B shows that
12 and 24 h after plating, ZO-2 pSer257 is present at the nuclei. This
staining is unspecific, however, as it is also present in confluent ZO-2
knockdown (KD) cells, where no staining for ZO-2 is detected (Figure
4C). Instead, 48 and 72 h after plating, as the monolayers are be-
coming confluent, ZO-2 pSer257 is found at the cell borders (Figure
4B). These results hence suggest that the phosphorylation of ZO-2
at S257 occurs only in mature TJs. To further test this point, we ana-
lyzed the recruitment of ZO-2 pSer257 during new cell-cell contact
formation induced by a Ca?* switch. Figure 4D shows how as early
as 15 min after the transfer from low-calcium (LC) to normal-calcium
(NC) media, ZO-2 is detected at the cellular borders and at 180 min
forms a continuous network that encircles all the cells in the culture.
Instead, ZO-2 pSer257 starts to appear at 180 min, and at 360 min
has not yet formed a continuous “chicken-fence” pattern. In addi-
tion, the Western blot in Figure 4E shows that the amount of ZO-2
pSer257 increases with time in a Ca?*-switch assay. Taken together
these results indicate that phosphorylation of ZO-2 at S257 is a late
event occurring only in mature TJs.

Because one of the canonical functions of TJs is to maintain the
polarization of epithelial cells (Mandel et al., 1993) and the ab-
sence of ZO-2 is related to alterations in the cytoarchitecture of
cell cultures (Hernandez et al., 2007), we next analyzed whether
mutations at S257 of ZO-2 could alter the formation of cysts. These

Molecular Biology of the Cell
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Z0O-2 sequence has two bNLSs, but only bNLS-1 is functional in a reporter protein
nuclear importation assay. (A) Reporter protein nuclear microinjection assay. Bottom, left,
schematic representation of the assay, illustrating how the cytoplasm of sparse MDCK cells was
microinjected with the reporter protein ovalbumin chemically coupled to a peptide homologous
to ZO-2 bNLSs (bNLS-1-OVA or bNLS-2-OVA) and rhodaminated albumin (Rho-Alb). After a 2-h
incubation at 37°C, the cells were fixed and processed for immunofluorescence with an antibody
against ovalbumin and a corresponding secondary antibody coupled to Alexa Fluor 488. Top,
immunofluorescence obtained from the nuclear importation assay. Bottom right, quantitative
analysis of ovalbumin fluorescence signal intensity in the nucleus and cytoplasm made with
ImageJ (National Institutes of Health, Bethesda, MD) particle analysis. Results from three
independent experiments. *p < 0.05 as assessed by two-way analysis of variance (ANOVA)
followed by Bonferroni’s post hoc test. bNLS-1-OVA (green) concentrates at the nucleus stained
in blue with TO-PRO-3 (blue), whereas rhodaminated albumin (red) distributes in the cytoplasm.
bNLS-2-OVA does not travel to the nucleus and remains in the cytoplasm. (B) Schematic
representation of ZO-2 showing a polybasic region (+) located at the amino-terminal segment of
PDZ-1 and the beginning of the U2 linker between PDZ-1 and PDZ-2 domains. This region
contains 16 RS motifs (green), three NLSs (underlined), and a SRPK1-binding motif (dotted line).
The clusters of basic K and/or R amino acids in the NLS are shown in red, and the spacer amino
acids within the two bNLSs are marked in blue.

three-dimensional (3D) cultures, obtained by growing cells in the

extracellular matrix Matrigel, recapitulate several features of epi-
thelial tissues in vivo and therefore provide an ideal model in which
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to study epithelial morphogenesis and po-
larity under more physiological conditions
(Elia and Lippincott-Schwartz, 2009). Figure
5 shows that cysts formed with cells tran-
siently transfected with wild-type HA-ZO-2
are typical and as previously reported
(Elia and Lippincott-Schwartz, 2009) have a
hollow lumen surrounded by one layer of
polarized cells, where the apical surface fac-
ing the lumen is stained with gp135/podo-
calyxin, whereas those formed with cells
transfected with S257A or S257E HA-ZO-2
mutants display multiple lumens. In the
cysts, HA-ZO-2 (green staining) is present
throughout the cytoplasm, as expected for a
transfected cell where the protein is overex-
pressed, but is absent from the nucleus. This
was foreseeable since the cysts are 8 d old
and, as shown in Figure 1, ZO-2 makes no
detour to the nucleus in confluent cultures.

In summary, these results suggest that
the presence of S257 in ZO-2 is required for
the correct epithelial morphogenesis to de-
velop and that as the TJ matures, ZO-2 be-
comes phosphorylated at S257.

aPKCC phosphorylates ZO-2 at S257

Our next aim was to identify the kinase that
phosphorylates ZO-2 at S257. According to
the in silico analysis S257 is a putative phos-
phorylation site for PKC. Therefore we
treated confluent cultures of MDCK for 24 h
with the broad-spectrum PKC inhibitor G6
6850 (Song et al., 2001). Figure 6 shows that
the cell-border staining of ZO-2 pSer257 is
lost after treatment with 6 uM Go& 6850,
suggesting that the phosphorylation of
Z0-2 at S257 is due to PKC. To further de-
termine the PKC isozyme involved, we next
incubated the monolayers with 2 pM G&
6850, since at this concentration PKC o, B,
v, 8, and ¢ isoforms are inhibited but aPKC{
is not. Figure 6 shows that with 2 uM Go6
6850 the cell-border pattern of ZO-2 S257-
P is maintained, suggesting that PKC {
might be the PKC isozyme responsible for
S257 phosphorylation. To support this ob-
servation, we next treated the monolayers
with a specific PKC inhibitor, the myristoy-
lated permeable PKC{ pseudosubstrate
(Standaert et al., 1997), and observed that
Z0O-2 pSer257 is no longer present at the
cell borders. Of interest, the cell-border
staining obtained with the anti—-ZO-2 anti-
body diminishes but does not disappear in
the monolayers treated with PKCE pseudo-
substrate, suggesting that although a con-
siderable amount of ZO-2 is phosphorylated
at S257 in mature TJs, another pool of ZO-2

not S257 phosphorylated is also present.
Taken together these results indicate that PKC{ is responsible for
the phosphorylation of ZO-2 at S257 in mature TJs.
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FIGURE 3: ZO-2 triple mutant S257E/S259E/S261E and the single
mutants S257E and S257A arrive at the nucleus with a delay.

(A) Percentage of cells with nuclear HA-ZO-2 as a function of time.
The percentage of cells with nuclear ZO-2 was determined by
immunofluorescence using an anti-HA antibody. Monolayers were
fixed at the indicated times. Time O corresponds to 6 h after
transfection. Experiments were done with cells transfected with
full-length HA-ZO-2 (WT), the triple mutant S257E/S259E/S261E and
single mutants S257E and S257A. Results from three independent
experiments. In each experiment 100 transfected cells were evaluated
per experimental point. *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001 with respect to ZO-2 WT as assessed by two-way
ANOVA followed by Bonferroni’s post hoc test. (B) Detection by
Western blot of HA-ZO-2 present in plasma membrane and nuclear
fractions derived from cells 24 h after being transfected with
HA-ZO-2 WT or the mutants S257A and S257E. Lamin B1 and
Na*-K*-ATPase B1 subunit antibodies were used as positive controls
of nuclear and plasma membrane fractions, respectively.

The O-linked B-N-acetylglucosamination of ZO-2 at $257
promotes the nuclear exportation of the protein

Figure 3A shows that although newly synthesized ZO-2 mutant S257A
arrives at the nucleus in a manner similar to wild-type ZO-2, it cannot
depart from the nucleus, as no decrease in the nuclear recruitment
index is observed with time after transfection. This result suggests
that S257 plays a critical role in the nuclear exportation of ZO-2.
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In silico analysis (YinOYang 1.2; www.cbs.dtu.dk/services/
YinOYang/) shows that S257 is a Yin-Yang site, meaning that there
might be competitive and alternative occupancy of this residue as it
constitutes an attachment site for both an O-phosphate and an
O-GlcNAc (Hart et al., 2007). Therefore we next analyzed whether
Z0O-2 is O-GlcNAcylated and the effect of this modification on the
subcellular localization of the protein. Figure 7A shows that endog-
enous or transfected ZO-2 immunoprecipitated respectively with an
antibody against ZO-2 or the tag HA gives a strong positive reaction
when blotted with an antibody against O-GlcNAc. We then immu-
noprecipitated endogenous ZO-2 from MDCK cell nuclear or mem-
brane fractions and observed with the antibody against O-GlcNAc a
positive reaction only when ZO-2 is derived from the nuclear frac-
tion (Figure 7B). This result hence indicates that ZO-2 is being
O-GlcNAcylated at the nucleus.

To further identify the region of ZO-2 being O-GlcNAcylated, we
next transfected MDCK cells with two constructs corresponding to
different segments of ZO-2: amino (three PDZ domains: amino acids
[aa] 1-588) and AP (acidic and proline-rich domains: aa 878-1170).
Because ZO-2 O-GlcNAcylation takes place at the nucleus, we ex-
cluded the 3PSG construct (PDZ-3, SH3, and GUK domains: aa
402-874) because we previously showed that this ZO-2 segment
does not travel to the nucleus (Jaramillo et al., 2004). Figure 7C
shows that when the amino and AP segments were purified from an
MDCK cell extract with an affinity Tag column and blotted with an
antibody against O-GlcNAc, only the amino segment showed O-
GlcNAcylation. Next we tested whether mutation S257A ablated
the O-GlcNAcylation of the amino segment. For this purpose we
transfected MDCK cells with ZO-2 amino WT and amino S257A,
immunoprecipitated with an anti ZO-2 antibody and blotted against
O-GlcNAc. Figure 7D (left) shows that the O-GIcNAcylation signal is
lost in the S257A ZO-2 amino mutant segment present as a 75-kDa
band when blotted with the antibody against the Xpress tag. When
the same experiment was done transfecting full-length ZO-2 WT or
the mutant S257A we observed a very small decrease in the O-Gl-
cNAcylation signal (Figure 7D, right), indicating that additional O-
GlcNAcylation sites might be present in ZO-2 outside of the amino
segment and probably at the 3PSG segment. In summary, these
results indicate that ZO-2 is an O-GlcNAcylated protein and that
one of the places where this modification takes place is at S257.

Stabilizing the O-GlcNAcylation of ZO-2 promotes the
degradation of the protein

To test the impact of O-GlcNAcylation in the stability and subcellular
localization of ZO-2, we used O-(2-acetamido-2-deoxy-p-glucopyra-
nosylidene)amino-N-phenylcarbamate (PUGNAc), which is a GI-
cNAc analogue that inhibits O-GlcNAc hydrolase, the enzyme that
removes O-GlcNAc from proteins (Haltiwanger et al., 1998). Treat-
ment with PUGNACc inhibits O-GIcNAc turnover and increases O-
GlcNAcylation levels of a variety of proteins (Haltiwanger et al.,
1998).

Figure 8A (left) shows by Western blot that treatment for 16 h
with PUGNACc produces an increase in the O-GlcNAcylation of cell
extracts. By immunofluorescence we observe that under this same
treatment, the nuclei become depleted of ZO-2 (top right, middle),
and quantitative analysis of ZO-2 fluorescence signal intensity shows
a significant decrease in the nuclear staining of ZO-2 in PUGNAc-
treated cells (bottom right), suggesting that O-GlcNAcylation
prompts the nuclear exportation of ZO-2. Figure 8A (top right, mid-
dle) also shows loss of ZO-2 staining at some cell borders, suggest-
ing decreased stability of ZO-2 on increasing O-GlcNAcylation, as
has been shown for other proteins treated with PUGNAc (Srikanth
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Phosphorylation of ZO-2 at S257 occurs in mature TJs. (A) Western blot with the antibody against ZO-2
$257-P in a lysate derived from control cells (C) untreated or after alkaline phosphatase treatment (AP) or in cells
transfected with WT ZO-2 or ZO-2 mutant S257A. (B) ZO-2 S257-P is present at the cell borders at late but not at early
times after plating. MDCK monolayers plated at subconfluent density were fixed at different times after plating and
processed for immunofluorescence with a specific antibody against ZO-2 S257-P. (C) Nuclear staining with the antibody
against ZO-2 $S257-P is unspecific. An antibody against ZO-2 gives no staining in ZO-2 KD monolayers, whereas the
Z0-2 S257-P antibody gives a nuclear labeling in ZO-2-KD cells. (D) Phosphorylation of ZO-2 at S257 occurs in mature
TJs. ZO-2 appears at the cell borders 15 min after the Ca?* switch, whereas ZO-2 S257-P is detected 180 min after
transfer to NC. (E) The amount of ZO-2 S257-P increases as cell-cell contacts mature in a Ca?* switch assay. ZO-2 S257-P
was immunoprecipitated from monolayers incubated 20 h in low calcium or subsequently transferred to normal calcium

for3and 6 h.

etal., 2010). To test this point, we coincubated the cells for 16 h with
both PUGNAc and the proteosomal inhibitor MG132 (Lee and
Goldberg, 1998). Figure 8A, right, shows increased and diffuse ex-
pression of ZO-2 in the cytoplasm and the absence of ZO-2 from the
nuclei, and quantitative analysis of ZO-2 fluorescence signal inten-
sity confirms a significant decrease in nuclear staining and an
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increase in cytoplasmic ZO-2 in cells treated with PUGNAc and
MG132 in comparison to untreated cells (bottom right). Western
blot analysis of ZO-2 in nuclear, cytoplasm and plasma membrane
fractions (Figure 8B, left) and the corresponding densitometric anal-
ysis of ZO-2 signal (Figure 8B, right) showed that after 16 h of treat-
ment with PUGNAc the amount of ZO-2 present at the nucleus and
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§257 in ZO-2 is required for the correct formation of cysts.
MDCK cells transfected with ZO-2 WT or the mutant S257A or S257E
were incubated with Matrigel and observed 8 d later to allow the
formation of cell cysts. Cysts were fixed and processed for
immunofluorescence with antibodies against ZO-2 (green) and gp135/
podocalyxin (red). The nuclei were stained in blue with DAPI dissolved
in mounting medium. The images (top) and the graph with the
quantitated data (bottom) show that the substitution of S257 with
either alanine or glutamic acid induces the aberrant formation of
multiple lumens per cyst. A total of 50 cysts were analyzed per
experimental condition. In comparison to WT all conditions were
statistically significant, p < 0.001, using a chi-squared test.

plasma membrane fractions diminishes significantly and that treat-
ment with PUGNACc plus MG 132 allows the detection of ZO-2 at the
plasma membrane but not at the nucleus. Taken together, these
results confirm that O-GlcNAcylation of ZO-2 promotes the nuclear
exportation of the protein and indicate that if ZO-2 remains O-
GlcNAcylated, it is no longer directed to the TJs and phosphory-
lated at S257 and instead becomes degraded at the proteosome.
To further explore the degradation of O-GlcNAcylated ZO-2, we
used the in situ proximity ligation assay Duolink. This assay allowed
us to use one antibody to detect ZO-2 and another antibody to O-
GlcNAcylation, so that a signal visible as discrete fluorescent spots
would be generated when the two antibodies were bound in prox-
imity closer to 40 nm. Figure 8C shows that in control condition
positive fluorescent spots are present at the nucleus and cytoplasm
but not at the cell borders (left) and that treatment for 16 h with
PUGNAc completely obliterates the signal (middle), which is par-
tially restored by incubation with the protease inhibitor MG132
(right). These results confirm that O-GlcNAcylated ZO-2 is present
at the nucleus and cytoplasm but not at the TJ region and that sta-
bilization of O-GlcNAc by PUGNAc induces degradation of ZO-2.

Phosphorylation of SR motifs in ZO-2 by SRPK1 induces the
transport of the protein to the nucleus

SR proteins are splicing factors characterized by the presence of an
RNA recognition motif (RRM) and SR dipeptides. Because we previ-
ously observed in the sequence of cZO-2 the presence of 16 SR
motifs (Jaramillo et al., 2004; Figure 2B), we next searched for RRMs
but did not find the consensus sequence 1 (Adam et al., 1986) or 2
(Dreyfuss et al., 1988). Using BindN (bioinfo.ggc.org/bindn), how-
ever, a Web-based tool for the prediction of RNA-binding sites, we
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PKCC phosphorylates ZO-2 at S257. MDCK cells were
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G6 6850 or 10 pM PKCE pseudosubstrate. One day later the
monolayers were fixed and processed for immunofluorescence with
antibodies against ZO-2 or ZO-2 $257-P. Observe the disappearance
of the “chicken-fence” pattern of ZO-2 S257-P upon treatment with
PKC{ pseudosubstrate (PS) or 6 uM G6 6850.

found, with 98% sensitivity, seven binding sites: aa 129-147, 187-
192, 257-274, 676-685, 815-821, 981-*985, and 1160-1168.

SR proteins are extensively phosphorylated at their SR motifs by
SRPKs. The latter constitute a subfamily of serine-threonine kinases
that specifically phosphorylate serine residues residing in serine-
arginine/arginine-serine dipeptide motifs (for review see Giannak-
ouros et al., 2011). Phosphorylation by SRPK1, the isoform with a
broader tissue distribution, requires in its substrates the presence of
a docking motif with the consensus sequence RXR/KXXXR (where X
is any amino acid; Ngo et al., 2005). In cZO-2 we observe, within the
U2 linker (aa 186-192), the presence of an SRPK1 docking motif
(Figure 2B), and therefore we next analyzed whether ZO-2 and
SRPK1 are associated. For this purpose we transfected MDCK cells
with an hSRPK1-FLAG construct or the empty vector pCMV and per-
formed a Duolink assay with one antibody against ZO-2 and another
against FLAG. Figure 9A shows positive fluorescent spots in the cy-
toplasm but not the nucleus of cells transfected with SRPK1, sug-
gesting that ZO-2 is associated with SRPK1 in the cytoplasm.

Next we analyzed whether the transfection with SRPK1 increased
the phosphorylation of ZO-2. For this purpose we transfected
MDCK cells with HA-ZO-2 and SRPK1-FLAG and observed that the
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FIGURE 7: ZO-2 is O-GlcNAcylated at the nucleus at S257. (A) ZO-2 is an O-GlcNAcylated
protein. Endogenous (left) or exogenous (right) ZO-2 was immunoprecipitated with antibodies
against ZO-2 (left) or HA (right) and blotted with antibodies against ZO-2, HA, or O-GlcNAc.
PIS, preimmune serum; pGW1, empty vector. (B) O-GlcNAcylated ZO-2 is present in the nucleus
but not in the plasma membrane. Endogenous ZO-2 was immunoprecipitated from a membrane
(M) or nuclear (N) fraction derived from MDCK cells and blotted with an antibody against
O-GlcNAc. (C) The amino and not the AP segment of ZO-2 is O-GlcNAcylated. MDCK cells were
transfected with amino and AP histidine-tagged constructs of ZO-2. The corresponding proteins
were purified by Ni affinity columns, run in SDS-PAGE, stained with Coomassie blue, and
blotted with an antibody against O-GlcNAc. HMB, empty vector HisMax B. (D) ZO-2 is
O-GlcNAcylated at S257 and elsewhere outside of the amino segment. MDCK cells were
transfected with ZO-2 WT amino or amino 257A constructs (left) or ZO-2 full-length WT or
mutant 257A (right). ZO-2 was immunoprecipitated, run on SDS-PAGE, and blotted against

O-GlcNAc and the Xpress tag. Transf, transfection.

immunoprecipitated HA-ZO-2 displayed a higher amount of phos-
phorylated serine residues than cells nontransfected with SRPK1-
FLAG (Figure 9B, top left). To further test this, we performed pSer/
Z0O-2 densitometric analysis of the upper- and lower-molecular
weight bands of ZO-2, which showed a significant increase in pSer/
Z0-2 in cells transfected with SRPK1 (Figure 9B, bottom). To addi-
tionally confirm this point, we performed a mobility shift detection
assay of ZO-2. For this, we run extracts of MDCK cells transfected
with HA-ZO-2 or HA-ZO-2 and SRPK1-FLAG on phosphate-affinity
SDS-PAGE with a dinuclear manganese complex of acrylamide-
pendant Phos-tag, which selectively binds and retards the migration
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tion rate in SRPK1-transfected cells in com-
parison to cells transfected with the empty
vector, suggesting that nuclear ZO-2 re-
duces cells proliferation. Because we re-
cently identified a novel ZO-2-associated
protein named ZASP whose overexpression
blocks the inhibitory activity of ZO-2 on cy-
clin D1 (CD1) gene transcription and pro-
tein expression (Lechuga et al., 2010), we
next tested whether SRPK1 transfection
could alter the nuclear distribution of ZASP.
Supplemental Figure S2 shows that in cells
transfected with SRPK1, ZASP is displaced
from the nuclei and accumulates at the cy-
toplasm. This result suggests that the nu-
clear accumulation of ZO-2 triggered by SRPK1 overexpression has
the functional consequence of promoting the exit from the nucleus
of a factor that promotes the expression of CD1.

Activation of SRPK1 induced by EGF through Akt induces
serine phosphorylation of ZO-2 and triggers speckled
nuclear distribution of the protein

We next analyzed whether activation of SRPK1 could induce nu-
clear accumulation of ZO-2 in speckles. Recently it was shown
that SRPK1 is autophosphorylated and activated in response to
EGF signaling through Akt (Zhou et al., 2012). Therefore we
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PUGNAc-induced stabilization of O-GlcNAcylation promotes nuclear exportation and degradation of ZO-2.
Sparse cultures of MDCK cells were treated or not for 16 h with 100 uM PUGNAc or 100 pM PUGNAc plus 30 mM
MG132. (A) Western blot detection of O-GIcNAc in MDCK cell extracts treated or not with PUGNACc (left). PUGNAc
induces the disappearance of ZO-2 from the nuclei and cellular borders. Monolayers were fixed and processed for
immunofluorescence with an antibody against ZO-2. The quantitative analysis of ZO-2 fluorescence signal intensity in
the nucleus and cytoplasm was made with ImageJ particle analysis (bottom right). Results from three independent
experiments. *p < 0.05 and **p < 0.01 as assessed by two-way ANOVA followed by Bonferroni’s post hoc test.
(B) Treatment with PUGNACc decreases nuclear ZO-2. Left, Western blot against ZO-2 of nuclear (N), cytoplasmic (C),
and plasma membrane (PM) fractions derived from cells treated or not with PUGNAc or PUGNAC plus MG132.
Antibodies against 31-Na*-K*-ATPase, actin, and lamin B1 were used as positive controls of PM, C, and N fractions,
respectively. Right, densitometric analysis of the Western blot. Results from three independent experiments. *p < 0.05,
**p < 0.01, and ****p < 0.0001 as assessed by two-way ANOVA followed by Bonferroni’s post hoc test. (C) Treatment
with PUGNACc ablates the expression of O-GlcNAcylated ZO-2. The Duolink in situ immunoassay was done with an
antibody against ZO-2 and another antibody against O-GlcNAc. Cell borders and nuclei were respectively stained with
anti-E-cadherin antibody and DAPI.
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SRPK1 phosphorylation of ZO-2 SR motifs induces the transport of the protein to the nucleus. (A) ZO-2 and
SRPK1 associate in the cytoplasm. Duolink assay done with antibodies against ZO-2 and against FLAG in MDCK cells
transfected with SRPK1-FLAG or the empty vector pCMV. Nuclei were stained in blue with DAPI. (B) Overexpression of
SRPK1 induces serine hyperphosphorylation of ZO-2. Top left, MDCK cells were transfected with HA-ZO-2 or HA-ZO-2
plus SRPK1. Exogenous ZO-2 was immunoprecipitated with an anti-HA antibody and blotted with anti-pSer antibody,
stripped, and blotted with anti-ZO-2. Bottom, densitometric analysis of the pSer/ZO-2 signal present in the upper and
lower bands of the top left blot. In comparison to ZO-2 WT, ZO-2 WT/SRPK1 cotransfection was statistically significant,
p < 0.001, using a chi-squared test. Top right, a total cellular extract of MDCK cells was transfected or not with SRPK1
and run on an SDS-PAGE with acrylamide-pendant Phos-tag. (C) Overexpression of SRPK1 induces the transport of
Z0O-2 into the nucleus. In sparse cells transfected with SRPK1, ZO-2 concentrates at the nucleus (arrow) and disappears

from the cell borders (arrowhead).

analyzed whether EGF signaling through Akt induced the speck-
led appearance of ZO-2 at the nucleus. Figure 10A (top) shows
that treatment with 100 nM EGF for 24 h induces the appearance
of ZO-2 in nuclear speckles and that this process is mediated by
Akt, since treatment for 24 h with 30 nM of triciribine (TCN),
a selective inhibitor of Akt (Yang et al., 2004), blocks the EGF
effect. To demonstrate the participation of SRPK1 in this process,
we transfected the cells with a small interfering RNA (siRNA) ca-
pable of decreasing SRPK1 protein expression (Figure 10C) and
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observed that EGF could no longer induce the nuclear accumu-
lation of ZO-2 in speckles.

Next we tested whether SRPK1 activation through EGF signaling
incremented the level of ZO-2 serine phosphorylation. For this pur-
pose we performed a Duolink assay with one antibody against ZO-2
and another against pSer. Figure 10A (bottom) shows that upon
treatment with EGF, positive fluorescent spots become abundant in
the cytoplasm and the nucleus in comparison to control cells, indi-
cating that EGF induces the hyperphosphorylation of ZO-2 at serine
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EGF induces, via Akt and with the participation of SRPK1, phosphorylation of ZO-2 in serine residues and
triggers accumulation of the protein in nuclear speckles. Sparse cultures of MDCK cells transfected or not with a siRNA
for SRPK1 were treated for 24 h with 100 nM EGF or EGF plus 30 nM TCN. (A) Top, treatment with EGF induces the
appearance of ZO-2 in nuclear speckles (arrow) through a process sensitive to AKT inhibition with TCN and mediated by
the presence of SRPK1. Cells were fixed and processed for immunofluorescence with antibodies against ZO-2. Bottom,
EGF triggers increased phosphorylation of ZO-2 at serine residues through a process mediated by Akt and requiring the
expression of SRPK1. The Duolink in situ immunoassay was done with an antibody against ZO-2 and an antibody against
pSer. Cell borders were stained with an anti-E-cadherin antibody. (B) The shift in the ZO-2 band triggered by EGF in an
SDS-PAGE with acrylamide-pendant Phos-tag disappeared upon incubation with TCN or by transfection of MDCK cells
with a siRNA for SRPK1. (C) Transfection of a siRNA for SRPK1 decreases in MDCK cells the immunofluorescence (left,
red) and Western blot (right) signals of the protein detected with a specific antibody against SRPK1. Nuclei were stained

with DAPI.

residues. Most of these positive spots are lost upon addition of TCN
or a siRNA against SRPK1. Taken together these results indicate that
the enhanced phosphorylation in serine residues of ZO-2 triggered
by EGF is mediated by the AKT-SRPK1-SR axis.
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To further demonstrate the EGF induced phosphorylation of
Z0O-2, we next analyzed on a phosphate-affinity SDS-PAGE with
Phos-tag whether treatment with EGF retarded the band of ZO-2.
Figure 10B shows a ZO-2 band shift induced by EGF and blocked
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by TCN or a siRNA for SRPK1, confirming that activation of the
AKT-SRPK1-SR route induced by EGF produces hyperphosphory-
lation of ZO-2.

DISCUSSION

Here we studied the intracellular traffic of ZO-2. First we demon-
strated that in confluent epithelial monolayers ZO-2 does not travel
to the nucleus, as treatment with the PKCe inhibitor peptide does
not induce nuclear accumulation of ZO-2. Previously a 19-h turnover
rate for ZO-2 was demonstrated in confluent MDCK cells (Gumbiner
etal., 1991). This implies that in the 24 h that the experiment lasted,
more than half of ZO-2 in the cell was degraded and replaced by
newly synthesized ZO-2 that made no trip to the nucleus.

Then we explored whether the bNLSs and SR repeats of ZO-2
regulate the nuclear importation of the protein. With a reporter pro-
tein nuclear importation assay we demonstrated that the isolated
ZO-2 bNLS-1 is functional but bNLS-2 is not. NLSs are enriched in
the basic residues lysine and arginine (Lange et al., 2007), explaining
why, due to charge neutralization, the triple phosphomimetic muta-
tion of serines 257, 259, and 261 within bNLS-2 reduces the arrival
of ZO-2 to the nucleus in a more significant manner than the single
mutation S257E. Loss of functionality by phosphorylation was re-
ported for other NLSs, such as lamin B2 (Hennekes et al., 1993), the
transcription factors Jun (Tagawa et al., 1995), Pho4 (Kaffman et al.,
1998), Msn2 (Gorner et al., 2002), SWI5/6 (Jans et al., 1995), and
basonuclin (luchi and Green, 1997), the Ca?*/calmodulin-dependent
protein kinase CaM2 (Heist et al., 1998), the tumor suppressor pro-
tein adenomatous polyposis coli (Zhang et al., 2001), and the para-
thyroid hormone-related protein (Lam et al., 1999).

The antibody against ZO-2 pSer257 could not be used for de-
tecting nuclear ZO-2, as it gave strong nuclear speckled staining,
even in ZO-2 KD cells. We suspect that this staining was due to the
cross-reactivity of the antibody with nuclear factors that contain SR
motifs, since BLAST analysis of the sequence [ARHAG(pS)RSRSR]
used for generating the antibody reveals bit scores from 29.9 to
26.1 with several splicing factors (SR-rich splicing factors 6 and 12
from the frog Xenopus tropicalis; a putative splicing factor from
oomycete Albugo laibachii; and ASF/SF2 from deer tick, Ixodes
scapularis), protamine P1 from wallaby, and U2 small nuclear RNA
auxiliary factor 2a from zebra fish.

Nevertheless, the antibody ZO-2 pSer257 was very useful, as it
allowed us to detect a novel ZO-2 phosphorylation occurring in ma-
ture TJs. The phosphorylation of S257 by PKC{ appeared to con-
solidate immature cell-cell contacts, since it increased with time af-
ter the Ca?* switch. These observations agree with results in mouse
early embryos, where inhibition of PKCZ blocked the membrane
assembly of ZO-2 (Eckert et al., 2005).

We were not able to detect a positive Duolink signal at the
plasma membrane when the antibodies against ZO-2 and pSer
were used. This might be explained by proposing that in contrast
to cancerous cells like Hela, where positive Duolink signals were
found at cell—cell contacts (Rhett et al., 2011), no positive Duolink
signals at cell-cell contacts were detected in normal epithelia,
possibly due to the tight sealing of their TJs, which impairs proper
development of the assay.

By cell fractionation studies, transfection with different ZO-2 seg-
ments, and the amino S257A mutant, we were able to demonstrate
that O-GlcNAcylation of ZO-2 at Ser-257 takes place at the nucleus.
The nuclear concentration of ZO-2 observed after transfection with
the ZO-2 S257A mutant, as well as the nuclear depletion of ZO-2
present in monolayers treated with PUGNAc, strongly suggested
that O-GlcNAcylation of S257 promotes nuclear exportation of the
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protein. In addition, O-GlcNAcylation appears to induce prote-
osomal degradation of nuclear exported ZO-2. These results are in
agreement with others showing that polyubiquitination and degra-
dation of the yeast transcriptional repressor Mato:2 (Swanson et al.,
2001) and of p53 (Freedman and Levine, 1998) require nuclear ex-
port and that increasing O-GlcNAc levels enhance protein ubiquit-
ination (Guinez et al., 2008).

Transfected SRPK1 exhibits cytoplasmic and nuclear localization,
as reported for the endogenous enzyme (Giannakouros et al., 2011).
The positive Duolink signal present in the cytoplasm of MDCK cells
treated with antibodies against ZO-2 and the FLAG tag of SRPK1
indicates that ZO-2 and SRPK1 associate in the cytoplasm. The con-
centration of ZO-2 in the nuclei of sparse SRPK1-transfected cells
and the distribution of ZO-2 in nuclear speckles triggered by EGF
suggest that SRPK1-mediated phosphorylation favors the nuclear
import of ZO-2 and its concentration in speckles. These result agree
with the observation that SR proteins of Saccharomyces cerevisiae
are incapable of translocating to the nucleus when SRPK is deleted
(Yeakley et al., 1999) and of SF2/ASF human splicing factors whose
phosphorylation in the cytoplasm by SRPK1 is required for their
transport to the nucleus (Ngo et al., 2005). SRPK1 phosphorylates
clusters of SR repeats (Ghosh and Adams, 2011). Hence Ser257 lo-
cated at a SR motif within bNLS-2, could be a phosphorylation tar-
get of SRPK1. We cannot confirm that this phosphorylation takes
place at the nucleus, however, as the antibody against ZO-2 pSer257
gives an unspecific nuclear staining, and we do not believe that it
occurs in the cytoplasm, since the arrival of ZO-2 at the nucleus is
delayed in the mutant S257E.

The inhibition of cell proliferation induced by SRPK1 overexpres-
sion might be due to the accumulation of ZO-2 at the nucleus and
the nuclear exit of ZASP, since our previous work demonstrated that
ZO-2 overexpression inhibits cell proliferation at GO/G1 and de-
creases CD1 gene transcription and protein level (Huerta et al.,
2007; Tapia et al., 2009), whereas ZASP overexpression reverts
these effects (Lechuga et al., 2010). These results are in contrast
with those obtained upon transfection of a nuclear-directed ZO-2,
for which a significant increase in cell proliferation was observed
(Traweger et al., 2008). The discrepancy might result from the fact
that in the experiment with the nuclear-directed ZO-2, all of the
Z0O-2 protein synthesized was destined for the nucleus and none for
the plasma membrane, provoking an atypical condition in which
transepithelial electrical resistance collapsed.

We would like ZO-2 to be considered as a novel SR protein, as it
localizes in nuclear speckles (Islas et al., 2002), has 16 SR motifs
(Jaramillo et al., 2004), an SRPK-binding motif, and seven putative
RNA-binding sites. In addition, ZO-2 shares other characteristics of
SR proteins, such as its participation in gene transcription (Huerta
et al., 2007) and association with chromatin structure, highlighted by
Z0O-2 interaction with lamin B (Jaramillo et al., 2004), and with the
nuclear matrix protein scaffold attachment factor SAF-B (Traweger
et al., 2003).

The fact that EGF signaling through the AKT-SRPK1-SR axis in-
duces the accumulation of ZO-2 at the nucleus suggests that the
subcellular localization of the protein responds to physiological clues.
In this regard it should be recalled that EGF gains access to its recep-
tor only upon injury or death of cells within the epithelia, as the re-
ceptor is present at the basolateral membrane and EGF accumulates
at the apical surface (Fukuyama and Shimizu, 1991). Because nuclear
Z0O-2 has the capacity to block CD1 transcription (Huerta et al., 2007)
and the passage of cells from G1 to S (Tapia et al., 2009), finding that
EGF triggers the nuclear accumulation of ZO-2 uncovers a novel
negative feedback mechanism to down-regulate cell proliferation.
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FIGURE 11: Schematic representation of ZO-2 intracellular traffic. In sparse cultures, treatment
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serine residues present at the SR motifs of ZO-2, triggering the importation of the protein to the
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The ¢ZO-2 amino-terminal segment con-
taining PDZ1, PDZ2, and PDZ3 domains
(nucleotides [nt] 398-2165) and the cZO-2
carboxyl-terminal (AP) segment containing
the acidic and proline-rich regions (nt 3029-
3923) were introduced into the HisMaxB
vector as reported previously (Betanzos
et al., 2004; Jaramillo et al., 2004). The
following point mutants derived from these
constructs were made with the QuikChange
Multisite-Directed Mutagenesis Kit (200513;
Stratagene, Santa Clara, CA), according to
the manufacturer’s instructions: 1) pGW1-
HA-ZO-2: S257E/S259E/S261E, S257A,
and S257E and 2) HisMax-ZO-2-amino
S257A. SRPK1 was cloned into the FLAG-
CMV2 vector as previously described
(Nikolakaki et al., 2001) pFLAG-CMV-2-BAP
was used as control vector (E7033, Sigma-
Aldrich, St. Louis, MO). Transfections of
these plasmids and derived mutants were
done with Lipofectamine 2000 (11668-019;
Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. The siRNA for
canine SRPK1 was custom synthesized by
Thermo Scientific Dharmacon (Lafayette,
CO) and transfected into MDCK cells with
Lipofectamine RNAIMAX (13778-150; Life
Technologies, Grand Island, NY).

Proteosome

Stabilization of O-GlcNAcylation with PUGNAc induces proteosomal degradation of the protein.

A non-O-GlcNAc form of ZO-2 arrive at the TJ that becomes phosphorylated by PKC{ at $257

as the cell-cell contacts mature.

In summary, our results indicate that EGF induces through AKT
activation the phosphorylation of SRPK1, which in turn phosphory-
lates the SR repeats of ZO-2. This phosphorylation provokes ZO-2
entry into the nucleus and accumulation in speckles. ZO-2 arrival at
the nucleus is delayed by the phosphomimetic mutation of the ser-
ines present within bNLS-2. Stabilizing the O-GlcNAcylation of
$257 induces ZO-2 departure from the nucleus, followed by prote-
osomal degradation. At the plasma membrane ZO-2 is not O-Gl-
cNAcylated and instead becomes phosphorylated by PKC{ at S257
as TJs mature (Figure 11). This late phosphorylation of S257 is re-
quired for the correct development of 3D cultures, as cells trans-
fected with ZO-2 mutant S257A or S257E form aberrant cysts with
multiple lumens.

MATERIALS AND METHODS

Cell cultures

Epithelial MDCK cells from the American Type Culture Collection
(Manassas, VA; CRL-2936) between the 60th and 90th passages
were grown as described previously (Gonzalez-Mariscal et al.,
1985). Sparse and confluent cultures were respectively plated at a
density of 1 x 10° and 3 x 10° cells/cm?. MDCK ZO-2 KD were
kindly provided by Alan Fanning (University of North Carolina,
Chapel Hill, NC) and cultured as previously described (Van ltallie
et al., 2009).

Expression plasmids and transfection assays

Full-length canine ZO-2 (fl cZO-2) introduced into the cytomegalo-
virus expression plasmid pGW1 (pGW1-HA-ZO-2) was kindly pro-
vided by Ronald Javier (Baylor College of Medicine, Houston, TX).
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Immunofluorescence

Monolayers grown on glass coverslips were
fixed with 2% (wt/vol) paraformaldehyde in
phosphate-buffered saline (PBS), pH 7.4, and permeabilized for
10 min with 0.5% (vol/vol) Triton X-100 in PBS. Cells were washed
five times with PBS and then blocked for 30 min with 1% (wt/vol)
bovine serum albumin (immunoglobulin [Ig] free; 1331-A; Research
Organics, Cleveland, OH). The monolayers were incubated over-
night at 4°C with rabbit polyclonal anti-ZO-2 (71-1400, dilution
1:100; Invitrogen) and a custom-made anti—p-Ser257 of ZO-2
(dilution 1:50; ProSci, Poway, CA) or mouse monoclonals against
ovalbumin (A6075, dilution 1:50; Sigma-Aldrich), SRPK1 (ab58002,
dilution 1:100; Abcam, Cambridge, MA), and FLAG (F3165, dilution
1:50; Sigma-Aldrich). After 5x washing with PBS, the coverslips were
incubated for 1 h at room temperature with Alexa Fluor 488—cou-
pled goat anti-rabbit (A11008, dilution 1:300; Life Technologies)
and goat anti mouse (A11001, dilution 1:300; Life Technologies) or
Alexa Fluor 594—-coupled goat anti-mouse (A1105, dilution 1:300;
Life Technologies) antibodies. After 3x washing, the monolayers
were mounted with the antifade reagent Vectashield (H-1000;
Vector Laboratories, Burlingame, CA). The fluorescence of the
monolayers was examined using an SP2 confocal microscope (Leica,
Wetzlar, Germany) with argon and helium—-neon lasers and Leica
confocal software.

Analysis of the nuclear recruitment of ZO-2

At different time points taken after transfecting MDCK cells with
HA-ZO-2 or the mutant S257A or S257E, the cells were fixed and
processed for immunofluorescence with an antibody against HA.
The observations were initiated 6 h after transfection (time 0). In all
experimental conditions, at each time point, the subcellular distribu-
tion patterns of HA-ZO-2 were analyzed in 100 transfected cells
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observed in an Eclipse E600 microscope (Nikon, Tokyo, Japan) by
using a 63x objective lens. The nuclear recruitment index refers to
the percentage of transfected cells exhibiting nuclear stain and is
integrated by cells displaying nuclear distribution in any of the fol-
lowing patterns: only nuclear, membrane and nuclear, cytoplasm
and nuclear, and cytoplasm, nuclear, and membrane, as previously
described (Chamorro et al., 2009)

Cyst formation

MDCK cells were transfected with Lipofectamine 2000 with ZO-2
WT or the mutant S257A or S257E. One day later 3 x 10¢ cells were
trypsinized, resuspended in 30 pl of DMEM, mixed with 20 pl of
Matrigel, plated on top of a Transwell insert (polycarbonate filter,
6.5 mm diameter, 0.4-uym pores; catalog no. 3414; Corning,
Tewksbury MA), placed inside a 24-multiwell plate containing
DMEM, and incubated for 1 h at 37°C in an air-5% CO, atmo-
sphere. Then the upper chamber of the Transwell was bathed with
100 pl of cDMEM (complete DMEM) and left in the incubator for
additional 8 d, replenishing the culture media with fresh cDMEM
every third day. The cultures were then fixed with 2% paraformal-
dehyde, permeabilized with 0.5% Triton X-100 in PBS, and
processed for immunofluorescence in the Transwell insert by over-
night incubation with specific antibodies against ZO-2 and gp135/
podocalyxin (a kind gift of George Ojakian, SUNY Downstate
Medical Center, Brooklyn, NY). The Transwells were next incubated
overnight with the secondary antibodies Alexa Fluor 594 anti-
mouse and Alexa Fluor 488 anti-rabbit. After six washes with PBS,
the Transwell was inverted and the filter detached with a cutter.
Then the Matrigel matrix containing the cysts was pulled away
from the underlying filter by pushing the gelatinous matrix with a
spatula and placing it upon a slide, where it was covered with
mounting media with 4’,6-diamidino-2-phenylindole (DAPI;
Du082040; Sigma-Aldrich) and a coverslip and was observed in the
confocal microscope.

Reporter protein nuclear importation assay

To analyze whether the putative bNLSs in canine ZO-2 sequence are
functional, we designed a reporter protein nuclear importation as-
say. For this purpose, we chemically coupled synthetic peptides ho-
mologous to ZO-2 bNLSs (bNLS-1: g3RKSGKIAAIVVKRPRKgg and
bNLS-2: 246RRTOPDARHAGSRSRSR4) to the reporter protein oval-
bumin (bNLS-1-OVA and bNLS-2-OVA; customized synthesis and
coupling by Invitrogen) at a ratio of one bNLS peptide per ovalbu-
min molecule. Ovalbumin was selected as reporter protein due to
its lack of NLS and NES and 45 kDa size, which does not allow pas-
sive diffusion through the nuclear pore complex. Rhodamine-conju-
gated albumin was used as negative control. For the assay, the cyto-
plasm of live MDCK cells was microinjected with a solution containing
7 pl of solution A (120 mM KCI, 5 mM NaCl, T mM MgCl,, 5 mM
ethylene glycol tetraacetic acid—K*, and 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, pH 7.4), 1 pl of rhodaminated albu-
min (A23016, 0.5 mg/ml; Invitrogen), and 2 pl of bNLS-1-OVA or
bNLS-2-OVA. Microinjection was performed using an IM 300 appa-
ratus (Narishige, Tokyo, Japan) with glass micropipettes (Kimax
34500; Kimble Chase, Vineland, NJ) with tip diameter of ~0.2 um,
equivalent to an electrical resistance of ~10 mQ, made with a hori-
zontal Brown/Flaming puller (Sutter p87; Sutter Instrument, Novato,
CA). After backfilling, the pipettes were attached to a holder con-
nected to a piezoelectric micromanipulator (PCS500; Burleigh, New
York, NY). The microinjection was performed on the cytoplasm of
sparse cells plated 8-12 h before on glass coverslips and was veri-
fied by epifluorescence observation of the injected rhodaminated
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albumin in an inverted microscope (Diaphot 200; Nikon). After 2 h of
incubation at 37°C the cells were fixed, permeabilized, and pro-
cessed for immunofluorescence.

Z0O-2 immunoprecipitation

ZO-2 was immunoprecipitated from sparse MDCK cells with anti-
bodies against ZO-2, HA (H9658; Sigma-Aldrich), or p-Ser257 ZO-2
as described by Tapia et al. (2009). ZO-2 immunoprecipitation from
the nuclear and membrane fractions of MDCK cells was done as
described by Chamorro et al. (2009).

Cellular lysates, SDS-PAGE, and Western blot

MDCK cells were lysed under gentle rotation for 15 min at 4°C
with radioimmunoprecipitation assay (RIPA) buffer (40 mM
Tris-HCI, pH 7.6, 150 mM NaCl, 2 mM EDTA, pH 8.0, 10% [vol/vol]
glycerol, 1% [vol/vol] Triton X-100, 0.5% [wt/vol] sodium deoxy-
cholate, 0.2% [wt/vol] SDS, and 1 mM phenylmethylsulfonyl fluo-
ride) containing the protease inhibitor cocktail Complete
(04906837001; Roche, Indianapolis, IN). Subsequently the lysates
were sonicated three times for 30 s each in a high-intensity ultra-
sonic processor (Vibra-Cell; Sonics and Materials, Danbury, CT).
The proteins in the cellular extracts were quantified, and the sam-
ples were diluted (1:5) in sample buffer (125 mM Tris-HCI,
4% [wt/vol] SDS, 20% [vol/vol] glycerol, 10% [vol/vol] 2-mercap-
toethanol, pH 6.8), run in 12% polyacrylamide gels, and trans-
ferred to polyvinylidene difluoride membranes (GE Healthcare,
Little Chalfont, United Kingdom). The following primary antibod-
ies were used: rabbit polyclonal anti-ZO-2 (71-1400, dilution
1:1000; Invitrogen, Grand Island, NY) and mouse monoclonals
anti-HA (H9658, dilution 1:1000; Sigma-Aldrich,), anti-Xpress
(R910-25, dilution 1:5000; Life Technologies), anti-FLAG (F1304,
dilution 1:1000; Sigma-Aldrich), anti O-GlcNAc (MO1038, dilu-
tion 1:1000; Thermo Scientific, Waltham, MA), anti P-Ser (P3430,
dilution 1:200; Sigma-Aldrich); anti-B4 subunit of the Na*-K*-
ATPase (dilution 1:200; kindly donated by Michael Caplan, Yale
University, New Haven, CT), anti-lamin B1 (33-2000, dilution
1:100; Life Technologies), and anti-actin (dilution 1:2000; kindly
donated by Manuel Herndndez, Center for Research and
Advanced Studies, Mexico City, Mexico). Peroxidase-conjugated
goat IgG against rabbit IgG (62-6120, dilution 1:3000; Zymed
Laboratories, South San Francisco, CA) and mouse IgG (62-6520,
dilution 1:3000; Zymed Laboratories) were used as secondary an-
tibodies, followed by Immobilon chemiluminescence detection
(WBKLSO0500; Millipore, Billerica, MA).

For the mobility shift detection assay of phosphorylated proteins,
phosphate affinity SDS-PAGE was done with the acrylamide-pen-
dant Phos-tag ligand (AAL-107; Wako Pure Chemical Industries,
Richmond, VA) according to the manufacturer’s instructions.

Alkaline phosphatase treatment

Cells were harvested in ice-cold PBS, pelleted by centrifugation,
and resuspended in NEB Buffer 3 (100 mM NaCl, 50 mM Tris-HCl,
10 mM MgCl,, and 1 mM dithiothreitol, pH 7.9; B7003S, New Eng-
land BioLabs, lpswich, MA). Then the cells were sonicated and incu-
bated for 60 min at 37°C with the 20 U of calf intestine alkaline
phosphatase (M0290S; New England BioLabs). Samples were then
processed for Western blot.

Protein purification

Sparse cultures of MDCK cells were transfected with HisMax-
Z0O-2-NH; and HisMax-ZO-2-AP. After 24 h the cells were lysed
with RIPA buffer and the lysates passed through HisTrap FF affinity
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chromatography columns (17-5319-01; GE Healthcare, Pittsburgh,
PA) as indicated by the manufacturer. Purified fractions were re-
solved by SDS-PAGE and processed by Western blot.

Duolink in situ proximity ligation assay

The Duolink in situ proximity ligation assay (92101; Olink Biosci-
ence, Uppsala, Sweden) was done according to the manufacturer’s
instructions. Cell borders were stained with rat anti—-E-cadherin anti-
body (U3254, dilution 1:100; Sigma-Aldrich), followed by anti-rat
antibody coupled to FITC (F1763, dilution 1:100; Sigma-Aldrich).

Cell proliferation assay
A Cell Counting Kit-8 (CK0401; Dojindo, Rockville, MD) was used to
measure cell proliferation.

Drugs

The PKCe permeable inhibitor peptide ev1-2 (CFNGLLKIKI; kindly
provided by Daria Mochly-Rosen, Stanford University, Stanford, CA)
was dissolved in water as a stock at a concentration of 1 mM and used
at a final concentration of 1 uM. The PKCe permeable activating pep-
tide yeRACK (HDAPIGYD; kindly provided by Daria Mochly-Rosen)
was dissolved in water as a stock at a concentration of 1 mM and used
at a final concentration of 1 uM. Myristoylated PKC( pseudosubstrate
(539624; EMD Millipore, Darmstadt, Germany) was prepared as a
2 pg/ml stock in water and used at final concentration of 50 pM.
G66850 (203290; EMD Millipore) was prepared as a 6 mM stock in
dimethyl sulfoxide (DMSO) and used at final concentrations of 2 and
6 mM. PUGNAc (A7229; Sigma-Aldrich) was prepared as a 100 mM
stock in water and used at final concentration of 100 uM. MG132
(C2211; Sigma-Aldrich) was prepared as a 20 mM stock in DMSO and
used at final concentration of 50 uM. Triciribine (124012; EMD
Millipore) was prepared as a 30 mM stock in DMSO and used at final
concentration of 30 uM. EGF (E9644; Sigma-Aldrich) was prepared as
a 10 uM stock in water and used at final concentration of 100 nM.
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