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ABSTRACT Coordinated regulation of cell proliferation is vital for epithelial tissue homeosta-
sis, and uncontrolled proliferation is a hallmark of carcinogenesis. A growing body of evi-
dence indicates that epithelial tight junctions (TJs) play a role in these processes, although the
mechanisms involved are poorly understood. In this study, we identify and characterize a
novel plasma membrane pool of cyclin D1 with cell-cycle regulatory functions. We have de-
termined that the zonula occludens (ZO) family of TJ plaque proteins sequesters cyclin D1 at
TJs during mitosis, through an evolutionarily conserved class Il PSD-95, Dlg, and ZO-1 (PDZ)-
binding motif within cyclin D1. Disruption of the cyclin D1/ZO complex through mutagenesis
or siRNA-mediated suppression of ZO-3 resulted in increased cyclin D1 proteolysis and Go/G4
cell-cycle retention. This study highlights an important new role for ZO family TJ proteins in
regulating epithelial cell proliferation through stabilization of cyclin D1 during mitosis.
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INTRODUCTION

Epithelial tight junctions (TJs) protect an organism from its environ-
ment by establishing a barrier between epithelial cells. Transmem-
brane TJ proteins, such as claudins, occludin, and junctional adhe-
sion molecule (JAM), bridge the extracellular space and form
contacts with adjacent cells (Tsukita et al., 2001). Transmembrane
cell—cell adhesion molecules bind to cytoplasmic scaffolding pro-
teins forming a protein plaque. This protein scaffold then interacts
with the actin cytoskeleton and a host of cell signaling molecules
(Paris et al., 2008; Balda and Matter, 2009). The TJ scaffold plaque
is mainly composed of the zonula occludens (ZO-1, ZO-2, and ZO-3)
and membrane-associated guanylate kinase (MAGUK) family pro-
teins, both of which contain one or more protein—protein interaction
domains referred to as PDZ (PSD-95, Dlg, and ZO-1) domains
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(Beatch et al., 1996; Haskins et al., 1998; Gonzalez-Mariscal et al.,
2000). PDZ domains facilitate the formation of multimolecule pro-
tein complexes through homotypic association, as well as by bind-
ing to short C-terminal residues referred to as PDZ-binding motifs
(Harris and Lim, 2001). These highly conserved motifs are catego-
rized as class | (consensus motif = S/T-X-V-COOH), class Il (X-¢-X-¢-
COOQH), or class lll (D/E/R/K-X-¢-COOH, where X is any aa and ¢
is any hydrophobic aa), and confer specificity for protein—protein
interactions (Giallourakis et al., 2006).

Recent studies show that TJs also function as reservoirs for cell-
signaling components that regulate the proliferative potential of
epithelial cells (Matter and Balda, 2007; Guillemot et al., 2008; Balda
and Matter, 2009). For example, the TJ plaque protein ZO-1 was
found to sequester the transcription factor ZO-1-associated nucleic
acid binding protein (ZONAB) at TJs during states of high conflu-
ence, thereby suppressing cyclin D1 gene transcription in a cell
density-dependent manner (Balda et al., 2003). Similarly, ZO-2 has
also been found to regulate cyclin D1 protein levels and increase
cyclin D1 protein decay. The molecular mechanisms involved in
these processes, however, are incompletely understood (Huerta et
al., 2007; Tapia et al., 2009). ZO-3 is an epithelium-specific ZO fam-
ily protein that, in Madin Darby canine kidney (MDCK) cells, has
been shown to regulate Rho GTPase-related cell-signaling events
(Inoko et al., 2003; Wittchen et al., 2003). The contribution of ZO-3
in the regulation of cyclin D1-mediated proliferative processes has
not been investigated.

Cyclin D1 is a major regulator of cell proliferation. In response to
mitogenic signals, high cyclin D1 protein levels drive the cell through
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the G-to-S phase transition (Fu et al., 2004).
Cyclin D1 forms a complex with cyclin-de-
pendent kinases (Cdks), which together
translocate to the nucleus and signal to the
cell to proceed through the Gj-to-S phase
transition (Sherr, 1995). High levels of cyclin
D1 are inhibitory with respect to DNA syn-
thesis, however, and S-phase progression
requires cyclin D1 degradation. Nuclear ex-
port and proteolytic degradation of cyclin
D1 proceeds through the cell cycle-depen-
dent phosphorylation of cyclin D1 at a C-
terminal threonine residue (Thr-286) (Diehl
et al., 1998; Guo et al., 2005). Several ki-
nases have been implicated in this process,
notably GSK3-B, ATM/ATR, and IxB o ki-
nases (Diehl et al., 1997; Kwak et al., 2005;
Hitomi et al., 2008).

To further investigate the role of ZO fam-
ily TJ proteins in cyclin D1-mediated cell-
cycle progression, we first investigated the
subcellular localization of cyclin D1 in co-
lonic enterocytes by immunofluorescence
staining. Cyclin D1 and Cdk4 were found
to colocalize with TJ proteins in the prolif-
erative zone of mouse intestinal crypt epi-
thelial cells. Additionally, analysis of sucrose
density gradient fractions revealed that cy-
clin D1 cosediments with TJ proteins in
the plasma membrane-containing fractions.
Consistent with these findings, coimmuno-
precipitation studies confirmed a cyclin D1/
ZO-3 protein complex, and protein binding
assays revealed direct, PDZ-motif-mediated
binding between cyclin D1 and ZO-3. Green
fluorescent protein (GFP)-cyclin D1 fusion
proteins lacking this motif failed to localize
at TJs. Surprisingly, cyclin D1 was enriched
in TJs during mitosis. Further investigation
revealed that siRNA-mediated knockdown
of ZO-3 disrupted mitotic cyclin D1 TJ local-
ization, decreased cyclin D1 protein stability,
and suppressed epithelial cell proliferation.
To our knowledge, these data demonstrate
for the first time that cyclin D1 is stabilized
during mitosis through TJ sequestration by
ZO proteins, representing a novel mecha-
nism of cell-cycle regulation.

RESULTS
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Cyclin D1 and Cdk4 localize at TJs in intestinal epithelial cells in vivo and in vitro.
(A) Immunofluorescence imaging of cyclin D1 (green) colocalization with ZO-1 (red) in crypt
epithelia of murine distal colon tissue. Nuclei are stained with Topro-3 (blue). White arrow
designates epithelial surface cells facing the lumen; the asterisk designates crypt regions.
Scale bar = 40 pm. Merged inset at 2x magnification. Bottom panels: Magnified view of
murine colonic crypts. Scale bar = 10 pm. (B) Cdk4 (green) colocalizes with ZO-1 (red) in the
base of colonic crypts. (C) Mouse distal colon crypts stained for the proliferation marker Ki67
(red) and nuclei (blue). (D) Schematic summarizing the immunofluorescence data with cyclin D1
and Cdk4 colocalizing with ZO-1 in colonic crypt epithelial cells. Cyclin D1 and Cdk4 are not
present in lumen-facing surface cell populations, but appear restricted to the proliferative
zone as marked by Ki67.

clin D1 was localized in TJs of crypt epithelial cells (Figure 1A, bot-
tom panels), epithelial cells at the luminal surface (Figure 1A, white
arrow) lacked detectable cyclin D1. Similarly, immunohistochemical

Cyclin D1 colocalizes with the TJ plaque protein ZO-1

Cyclin D1 is a key promoter of G4-S phase transition and a major
regulator of cell proliferation (Malumbres and Barbacid, 2001; Balda
et al., 2003; Sherr and Roberts, 2004). Recent reports have linked
ZO family TJ proteins to cyclin D1 gene expression and protein sta-
bility (Balda et al., 2003; Sourisseau et al., 2006; Tapia et al., 2009).
To explore the relationship between TJ scaffolding proteins and cy-
clin D1 in the intestinal epithelium, we first examined the subcellular
distribution of cyclin D1 by immunofluorescence labeling and con-
focal imaging in native murine colonic epithelial cells. Colocalization
of cyclin D1 with the TJ scaffolding protein ZO-1 was observed in
the colonic crypt epithelium (Figure 1A). Interestingly, whereas cy-
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staining revealed that cyclin D1 levels decrease along the crypt-to-
surface cell axis, indicating that cyclin D1 is differentially expressed
within colonic crypts (Supplemental Figure 1). Cdk interactions me-
diate downstream cyclin D1 function with respect to cell prolifera-
tion. Therefore we investigated Cdk4 localization in colonic crypts
by immunofluorescence labeling and confocal microscopy. Figure
1B shows Cdk4 localization in TJs in addition to its nuclear localiza-
tion in crypt epithelial cells. The TJ distribution of Cdk4 further sup-
ports localization of its frequent binding partner, cyclin D1, in TJs.
Both cyclin D1 and Cdk4 preferentially localize at TJs within the pro-
liferative zone of colonic crypts, as indicated by the proliferation
marker, Ki67 (Figure 1C, magenta). Figure 1D summarizes the

Molecular Biology of the Cell
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FIGURE 2: Cyclin D1 cosediments with TJs in polarized epithelial
cells. (A) Representative Western blot of cyclin D1 in isolated
SKCO-15 cytosolic, cell membrane, and nuclear fractions. Tubulin is
shown as a marker of cytosolic protein and lamin A/C as a nuclear
marker. (B) Densitometry analysis of Western blot; n = 3. (C) Sucrose
density gradient fractionation of SKCO-15 cell lysate showing
cosedimentation of cyclin D1 with tight junction proteins. (D) Sucrose
density of indicated fractions (15-60%,; red) and ALP activity in the
corresponding fractions (blue; n = 8).

immunofluorescence data with cyclin D1 and Cdk4 colocalizing with
ZO-1 at TJs in colonic crypt epithelial cells. Analogous to cyclin D1,
Cdk4 was localized in the Ki67 positive proliferative compartment
and was not visualized in epithelial cells at the luminal surface. To-
gether these data show that both cyclin D1 and Cdk4 colocalize
with ZO-1 at the cell-cell contacts of proliferative colonic epithelial
cells.

Cyclin D1 cofractionates with TJ proteins

in plasma membranes

To confirm cyclin D1 membrane association, we performed sub-
cellular fractionation of model human colonic epithelial cells
(SKCO-15 cells). Cytoplasmic, membrane, and nuclear fractions
were isolated by detergent-free nitrogen cavitation and ultracen-
trifugation (described in Materials and Methods). The cytosolic
and nuclear fractions were identified by immunoblotting for tubu-
lin and lamin A/C, respectively (Figure 2A). Densitometric quanti-
tation revealed that a sizable proportion of cyclin D1 is found in
the cell membrane fractions (23% + 0.2%, Figure 2B) relative to
total protein levels, as compared with cytosolic (50% + 3.0%) and
nuclear fractions (26% + 3.0%).

The cell membrane preparation described earlier in the text con-
tains a complex mixture of cellular membranes. Therefore, to deter-
mine if cyclin D1 is associated with the TJ containing plasma mem-
branes, we performed additional subcellular fractionation using
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FIGURE 3: Cyclin D1 forms a PDZ-dependent complex with ZO-3.
(A) Western blot of IP experiments with nonimmune (NI)
immunoglobulin (Ig)G, cyclin D1, ZO-2, and ZO-3.

(B) Immunodepletion assay showing that only a fraction of ZO-3 is
bound to cyclin D1 (C) Schematic diagram of ZO-1, ZO-2, and ZO-3
showing multiple PDZ domains within ZO family proteins. (D) Amino
acid sequence alignment of human (HS), murine (MM), zebrafish (DR),
and Drosophila (Dm) cyclin D1 C-terminal tails showing a conserved
class Il PDZ binding motif (underlined). (E) GST-ZO-3 fusion proteins
interact preferentially with His6—cyclin D1 (H6 CD-1) containing an
intact PDZ binding motif and show attenuated binding to Hisé—cyclin
D1 mutant lacking the putative C-terminal PDZ binding motif
[H6-CD1(mut)]. (E) Immunodepletion assay showing retention of the
majority of cellular ZO-3 in the postbind fractions after iterative cyclin
D1IP.

sucrose density gradients. SKCO-15 cell lysates were cleared of nu-
clear material and applied to a continuous 15-60% sucrose gradi-
ent. Alkaline phosphatase (ALP) activity was measured to identify
plasma membrane containing fractions (Kaoutzani et al., 1993).
Fractions with high ALP activity (Figure 2C, fractions 9-12) contained
TJ proteins claudin 1 and ZO-1/2/3. Western blot analysis of cyclin
D1 and Cdk4 demonstrated cosedimentation of these proteins with
TJ proteins (red box). Additionally, cyclin D1 and Cdk4 cosedi-
mented with high-density, actin-rich fractions (Figure 2C, fractions
17-19). These findings are consistent with immunolocalization stud-
ies showing cyclin D1 and Cdk4 in TJs (Figure 1, A and B).

Cyclin D1 binds to ZO-3 through direct PDZ-mediated
interactions

The biochemical data just shown reveal that ZO-2 and ZO-3 cosedi-
ment with cyclin D1 in plasma membrane containing fractions sug-
gesting that ZO proteins associate with cyclin D1. Therefore we
assessed this possibility by immunoprecipitation (IP) and Western
blot analysis of SKCO-15 cell lysates for ZO/cyclin D1 protein com-
plexes. As shown in Figure 3A, both ZO-2 and ZO-3 coimmunopre-
cipitated with cyclin D1. Interestingly, ZO-3 complexes coimmuno-
precipitated with ZO-1, ZO-2, and cyclin D1 (Figure 3A). In addition,
Z0O-2 immunoprecipitates contained ZO-3 and low levels of cyclin
D1. These data reveal that cyclin D1 exists in a protein complex with
ZO proteins.

Z0-1,Z0-2, and ZO-3 each contain three protein—protein interac-
tion domains, called PDZ binding domains, which provide a scaffold-
ing function in TJs (Figure 3B). To investigate whether ZO proteins
interact with cyclin D1 through these domains, we performed an
amino acid sequence analysis of the cyclin D1 C-terminal tail. We

ZO-3 regulates cyclin D1 protein stability | 1679



found that cyclin D1 has an evolutionarily conserved class Il PDZ
binding motif (consensus site: DVDI-COOH, Figure 3C). Interest-
ingly, the Drosophila cyclin homologue, CycD1, lacks amino acid
identity with mammalian cyclin D1, yet contains a C-terminal class I
PDZ motif (Figure 3C). These findings suggest that cyclin D1 and ZO
family proteins may directly associate through PDZ domain-medi-
ated interactions. To test this hypothesis, cyclin D1 and ZO-2/3
binding assays were performed using bacterially expressed, full-
length recombinant proteins. Glutathione S-transferase (GST), GST-
Z0-2, or GST-ZO-3 was incubated with Hisé-labeled cyclin D1 to
assay for direct binding. As shown in Figure 3D, Hisé-cyclin D1 (H6-
CD1) binds directly to GST-ZO-3, but not to GST-ZO-2, showing
the specificity of ZO-3—cyclin D1 interactions. A His6-cyclin D1 trun-
cation mutant was constructed (H6-CD1(mut)) which lacked the last
four amino acids (DVDI) of the PDZ binding motif. A significant de-
crease in H6-CD1(mut)/ZO-3 association was observed when com-
pared with full-length protein interactions, indicating that PDZ do-
main interactions are involved in ZO-cyclin D1 complex formation
(Figure 3D). We next assessed the proportion of cyclin D1 bound to
ZO-3 through immunodepletion assays. SKCO-15 cell lysates were
subjected to iterative IPs using cyclin D1 antibodies. The postlP su-
pernatants (post bind) were monitored for both cyclin D1 and ZO-3
protein levels. As shown in Figure 3E, cyclin D1 protein removal
from protein lysates results in little change in ZO-3 protein levels.
Therefore a significant fraction of ZO-3 in the cell is not bound to
cyclin D1.

PDZ-mediated interactions regulate cyclin D1

subcellular localization

To determine whether ZO protein/cyclin D1 interactions regulate
the distribution of cyclin D1 in epithelial cells, we expressed GFP-
cyclin D1 fusion proteins either as full-length proteins or constructs
lacking the last four amino acids that constitute the PDZ binding
motif (Figure 4A). When expressed in SKCO-15 epithelial cells, full-
length GFP-cyclin D1 was localized primarily in the cytoplasm
and nucleus, with a subpool targeted to the plasma membrane
(Figure 4B, inset). In mutant cyclin D1 (which lacks the C-terminal
PDZ binding motif), however, we did not observe plasma mem-
brane localization, but rather a striking relocalization of cyclin D1
into the nucleus (GFP-CD1(mut); Figure 4B, right panel). Transient
overexpression of GFP, GFP-cyclin D1, or GFP cyclin D1(mut) in
SKCO-15 cells revealed altered subcellular localization of GFP-
cyclin D1(mut) when compared with GFP-cyclin D1 full-length pro-
tein. In contrast, GFP-cyclin D1(mut) protein was found predomi-
nantly in the nucleus, with only high-expressing cells exhibiting
cytoplasmic GFP-cyclin D1(mut) (Figure 4, B and C). GFP-cyclin
D1(mut) protein exhibited significantly higher nuclear localization
(50% + 10% of total fluorescence, p < 0.001) when compared with
wild-type controls (30% + 8%) or GFP alone (33% + 5%). To ensure
that full-length proteins were expressed in transfected cells, GFP-
cyclin D1 protein levels were analyzed by Western blotting with
both GFP and cyclin D1 antibodies (Figure 4D). Protein expression
levels were similar for both full length and GFP-cyclin D1(mut), and
the GFP fusion protein levels were comparable to endogenous pro-
tein levels. Importantly, GFP—cyclin D1 fusion proteins were ex-
pressed as full-length protein, and no GFP cleavage was observed.
These results demonstrate that cyclin D1 TJ localization is regu-
lated by the cyclin D1 C-terminal PDZ-binding motif.

Cyclin D1 localizes at TJ predominantly in mitotic cells. GFP-
cyclin D1 was observed at cell contacts in a minority of transfected
cells. Furthermore, as shown in Figure 3D, the majority of ZO-3 in
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FIGURE 4: The cyclin D1 PDZ motif is required for TJ localization.
(A) Schematic representing GFP—cyclin D1 [GFP-CD-1 and GFP-CD-
1(mut)] fusion constructs. (B) Live-cell imaging of GFP-cyclin D1, but
not GFP—cyclin D1(mut), located to sights of cell-cell contact (see
inset). GFP—cyclin D1(mut) is predominantly localized within the
nucleus (right panel). (C) Subcellular localization analysis of
overexpressed GFP, GFP-cyclin D1, or GFP—cyclin D1(mut) in
paraformaldehyde-fixed SKCO-15 cells. Ablation of cyclin D1
C-terminal PDZ binding motif results in redistribution of cyclin D1 to
the nucleus (*p < 0.001, n = 40 cells per condition per experiment;
n = 3). (D) Western blot of mock transfected, GFP-, GFP—cyclin D1-,
or GFP—cyclin D1(mut)-expressing SKCO-15 cells with anti-GFP (left
panel) and anti-cyclin D1 (right panel).

the cell does not appear to be bound to cyclin D1. We therefore
hypothesized that the cyclin D1/ZO-3 interaction was a transient,
cell cycle-dependent interaction. Therefore we screened
subconfluent (actively dividing) epithelial cells for cyclin D1 at cell
contacts. Surprisingly, we observed that cyclin D1 localized robustly
at cell contacts within actively dividing cells, where cyclin D1 cell
membrane staining during mitosis colocalized with ZO-3 (Figure 5A).
Robust cyclin D1 staining was also seen at the cleavage furrows of
late-stage dividing cells, presenting the possibility of additional
cyclin D1 interactions with actin structures or adherens junctions.
We did not see an increased membrane localization of Cdk4 in
mitotic cells, however (Supplemental Figure 8).

Phosphorylation of cyclin D1 at Thr-286 has been shown to pro-
mote cyclin D1 proteolysis and, therefore, S-phase cell-cycle entry
(Diehl and Sherr, 1997; Diehl et al., 1997, 1998; Guo et al., 2005).
We therefore asked whether membrane-sequestered cyclin D1
contained Thr-286-phosphorylated cyclin D1. Thr-286 cyclin D1
shows a striking accumulation at cell contacts in all cells undergoing
mitosis, and can be seen at all stages of mitosis (Figure 5B). Further-
more, z-stack reconstruction of confocal images confirmed Thr-286
cyclin D1 localization to apical TJ complexes (Figure 5C). Thr-286—
phosphorylated cyclin D1 at cell junctions during mitosis also colo-
calized with ZO family proteins ZO-2 and ZO-3 (Figure 5C). Similar
results were found in MDCK cells (Supplemental Figure 3), suggest-
ing a shared mechanism among epithelial cells. Furthermore, we
have determined that Thr-286—phosphorylated cyclin D1 is a small
fraction of the total cyclin D1 in cell-cycle heterogeneous cultures
(Supplemental Figure 3).

Cyclin D1/Z0-3 interactions are required for TJ localization and

cyclin D1 protein stability. We next asked whether ZO-3 was
required for cyclin D1 localization in mitotic cells. We therefore

Molecular Biology of the Cell
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FIGURE 5: Cyclin D1 accumulates at cell junctions during mitosis. (A) Cyclin D1 (green)
accumulates at cell-cell contacts (ZO-3; red) during mitosis. Scale bar = 20 pm.

(B) Immunofluorescence colocalization of Thr-286 cyclin D1 (green) with ZO-1 (red) at cell
contacts during mitosis. Scale bar = 40 ym. (C) Immunofluorescence costaining of ZO family
proteins (red) and Thr-286 cyclin (green) D1 at cell contacts during cell division. Z-plane
colocalization of cyclin D1 and ZO-1 confirms TJ association (top panel inset). Scale bar = 10 pm.

examined cyclin D1 localization in epithelial cells depleted of ZO-3
by immunofluorescence labeling. Given our finding that PDZ-
mediated interactions regulate cyclin D1 nuclear localization (Figure
4B), we first investigated whether ZO-3 suppression altered the
nuclear distribution of cyclin D1. ZO-3 knockdown cells were
identified by immunostaining and scored for the presence of nuclear
cyclin D1. No significant difference in the fraction of cells exhibiting
nuclear cyclin D1 was detectable between control and siRNA ZO-
3—treated cells (Supplemental Figure ). We next assessed the role
of ZO-3 in the localization of cyclin D1 at TJs. As shown in Figure 6A,
protein suppression of ZO-3 (red) prevented TJ accumulation of Thr-
286 cyclin D1 (green) in mitotic cells. Furthermore, sucrose density
cosedimentation of cyclin D1 with TJ proteins was diminished after
siRNA-mediated suppression of ZO-3 (Figure 6B). These observations
further support a role for ZO-3 in cyclin D1 TJ sequestration.

Cyclin D1 phosphorylation at Thr-286 has been shown to induce
rapid cyclin D1 proteolysis (Diehl et al., 1998). Therefore the accu-
mulation of Thr-286 cyclin D1 at TJs may play a role in regulating
cyclin D1 protein stability. To test this hypothesis, we treated SKCO-
15 cells with cycloheximide (Chx) to inhibit protein synthesis and
then analyzed cyclin D1 protein levels in cytoplasmic, membrane,
and nuclear fractions (Figure 6C). We observed that the differential
cyclin D1 protein stability is dependent on subcellular localization,
with a low-stability nuclear subpool and highly stable, membrane-
bound cyclin D1 fraction (Figure 6C). Given the role of ZO-3 in cyclin
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D1 membrane localization, we next asked
whether ZO-3 regulated cyclin D1 protein
stability. Cyclin D1 protein levels were moni-
tored in Chx-treated control siRNA cells as
well as ZO-3 siRNA-treated cells. Western
blot analysis revealed that the protein half-
life of cyclin D1 under control conditions is
48 min (8 min), whereas in the ZO-3 knock-
down cells, it is reduced to 32.6 min
(9.4 min) (Figure 6, B and C). These findings
demonstrate that, in cells with decreased
Z0O-3, cyclin D1 is degraded ~30% faster
compared with control epithelial cells.

Z0-3/cyclin D1 interactions regulate
G4-to-S-phase cell-cycle transition

We next hypothesized that the shorter cy-
clin D1 half-life observed in ZO-3 knock-
down cells would induce a decrease in the
proportion of replicating cells. Figure 7A
highlights siRNA-induced ZO-3 down-reg-
ulation as determined by Western blotting.
The suppression of ZO-3 had no detect-
able effects on the protein expression of
ZO-1 or ZO-2 (Figure 7A). To determine
whether the disruption of cyclin D1-ZO-3
protein interactions altered epithelial cell
proliferation, subconfluent SKCO-15 mono-
layers transiently transfected with ZO-3
siRNA were monitored for cell growth for
up to 3 d after transfection (Figure 7B). We
observed a significant decrease in cell
number in epithelial cells that had depleted
Z0O-3 protein levels when compared with
control siRNA transfected cells (day 3,
control = 2.6 x 10° £ 0.2 vs. siRNA ZO-3 =
2.0x10°£0.3 cells, p < 0.001, n = 4). This
response was not due to increased apoptosis, as ZO-3 suppression
did not increase terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) staining (Supplemental Figure 4). Cyclin D1
acts to promote Gq-to-S-phase transition and cell proliferation. To
determine the effect of ZO-3 depletion on cell-cycle status, cells
were transiently transfected with control siRNA (Control) or ZO-3
siRNA (ZO-3) and analyzed by flow cytometry. First, we identified
cell-cycle status of SKCO-15 cells using propidium iodide staining
(Figure 7B), and siRNA knockdown of ZO-3 was confirmed by flow
cytometry (unpublished data). Indeed, ZO-3-depleted cells con-
tain a significantly larger pool of cells in G (82.7 £ 1.0%) as com-
pared with control cells (69.4 £ 1.0%) (Figure 6B; p < 0.01). The
increase in Gy cells was accompanied by a commensurate de-
crease in S and Gy/M phase cell populations (Figure 6B).

In vivo, the intestinal epithelium is continuously regenerating.
Indeed, in response to mucosal damage or inflammation, reparative
wound-healing processes are associated with increased epithelial
cell replication (Nava et al., 2010). To determine whether increased
proliferation enhanced ZO-3—cyclin D1 interactions, we performed
an in vitro scratch wound assay (see Materials and Methods).
Mechanical wounding of epithelial monolayers was found to in-
crease the number of mitotic cells, particularly in the second or third
row of cells behind the wound edge (Figure 6C, arrows). Immuno-
blot analysis of whole-cell lysates from confluent or wounded SKCO-
15 monolayers showed an increase in cyclin D1 as well as Thr-286

Z0O-3 regulates cyclin D1 protein stability | 1681
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FIGURE 6: ZO-3 is required for cyclin D1 TJ localization and cyclin D1
protein stability. (A) SKCO-15 cells treated with siRNA directed
against ZO-2 (top panel) or ZO-3 (bottom panel) and immunostained
for Thr-286 cyclin D1 (green) and ZO proteins (red). Arrows highlight
mitotic cells. (B) Sucrose density gradient of colonic epithelial cells
after ZO-3 depletion. Cyclin D1-ZO-3 cosedimentation in TJ fractions
is diminished after ZO-3 depletion. (C) Subcellular fractionation
reveals differential cyclin D1 protein stability after Chx treatment

(50 pM, 1 h). (D) Cyclin D1 shows lower protein stability in ZO-3
siRNA-treated cultures. SKCO-15 cell lysates were harvested at the
indicated times up to 4 h posttreatment with Chx (50 uM).

(B) Densitometric analysis of Western blot data shows cyclin D1
protein levels in SKCO-15 cells after Chx treatment (n = 3).

phospho-cyclin D1 in wounded monolayers (Figure 7D). IP of ZO-3,
from lysates derived from resealing wounds, revealed an increase in
the amount of cyclin D1 that coprecipitated with ZO-3 (Figure 7E).
These data show that the ZO-3—cyclin D1 complex is enhanced in
actively proliferating cells (Figure 7F). Taken together, these data
show that cyclin D1-ZO-3 interactions are important for appropriate
cyclin D1 subcellular localization, protein stability, and, ulti-
mately, cell proliferation.

DISCUSSION

Correct spatial and temporal regulation of cyclin D1 is crucial for its
function as a mediator of cell-cycle advancement. Indeed, aberrant
cyclin D1 protein levels and localization have been reported to con-
tribute to carcinogenesis (Gladden and Diehl, 2005). As a case in
point, a spontaneously occurring mutation in the cyclin D1 gene
generates an alternate splice variant (cyclin D1b) that has enhanced
transformative properties due to its constitutive nuclear localization
(Solomon et al., 2003; Fu et al., 2004). Importantly, the cyclin D1b
splice variant results in a truncated protein that lacks the conserved
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C-terminal PDZ motif characterized in this report. We showed earlier
in the text that deletion of the C-terminal PDZ-binding motif is suf-
ficient to displace cyclin D1 from TJs and promote nuclear transloca-
tion. Furthermore, our demonstration of a direct, PDZ-mediated in-
teraction between cyclin D1 and ZO-3 provides strong evidence for
ZO-3 regulation of cyclin D1 localization. siRNA-mediated suppres-
sion of ZO-3, however, did not detectably affect the nuclear localiza-
tion of endogenous cyclin D1 (Supplemental Figure 4). These stud-
ies suggest that ZO-3 regulates cyclin D1 TJ localization, whereas
other cyclin D1 binding partners regulate nuclear localization.

Our data indicate that cyclin D1 is sequestered at TJs to prevent
its degradation during mitosis. Recent studies in NIH3T3 cells reveal
that iterative cell proliferation requires that cyclin D1, as well as Thr-
286-phosphorylated cyclin D1, accumulate throughout Gy M-
phase, and G1 (Guo et al., 2005). DNA synthesis then requires rapid
S-phase degradation of cyclin D1 (Pagano et al., 1994; Fukami-
Kobayashi and Mitsui, 1999). These findings would indicate that cy-
clin D1 levels are maintained throughout mitosis. Phosphorylation at
Thr-286, however, is considered a requirement for cyclin D1 protein
degradation. Therefore we propose that formation of the ZO-3/cy-
clin D1 complex has a protective effect against protein degradation
during mitosis (Figure 7G). Consistent with this hypothesis, siRNA-
mediated suppression of ZO-3 leads to lower cyclin D1 stability, loss
of Thr-286 cyclin D1 at TJs, and decreased overall cell proliferation.
These findings correlate with an accumulation of Go/Gj cells in ZO-
3—depleted epithelial cells and indicate that ZO-3 promotes cell-
cycle progression.

Although we were able only to confirm direct binding between
Z0O-3 and cyclin D1, both endogenous ZO-2 and ZO-3 were found
to coimmunoprecipitate with cyclin D1 in a protein complex (Fig-
ure 3A). Therefore we cannot, as yet, rule out the possibility of in
vivo interactions between ZO-2 and cyclin D1. ZO-1, ZO-2, and
ZO-3 are closely related proteins, and several recent reports have
found that ZO proteins are negative regulators of cyclin D1 gene
expression and protein stability (Huerta et al., 2007; Balda and
Matter, 2009; Tapia et al., 2009). ZO-1 is known to suppress cell
growth through the sequestration of ZONAB, thereby suppressing
cyclin D1 transcription (Balda and Matter, 2009). ZO-1 may also play
a role in the regulation of cyclin D1 membrane localization, al-
though we believe this function is secondary to ZO-1's ability to act
as a ZO-3 scaffold (Supplemental Figure 7). ZO-2 nuclear localiza-
tion has been previously reported to reduce cyclin D1 gene expres-
sion and protein stability (Diehl et al., 1998; Islas et al., 2002;
Betanzos et al., 2004; Huerta et al., 2007; Traweger et al., 2008).
Indeed, overexpression of ZO-2 in MDCK cells inhibits cell prolif-
eration due to Go/G1 cell-cycle block (Tapia et al., 2009). Conflict-
ing studies have reported, however, that ZO-2 plays a proprolifera-
tive role (Traweger et al., 2008). What could account for the
apparently contradictory findings? First, in MDCK cells, ZO protein
nuclear localization preferentially occurs in low-density cultures and
is diminished in confluent monolayers (Gottardi et al., 1996; Islas
et al., 2002). These observations may point to a role for nuclear
ZO proteins during conditions of relatively increased cell prolifera-
tion, before monolayer confluence. Second, ZO proteins may per-
form a dual role in regulating epithelial proliferation, with prolifera-
tive effects during sparse cell states and inhibitory effects in highly
differentiated monolayers. Last, the subcellular localization and
protein stability of cyclin D1 fluctuates during the cell cycle to pro-
mote cell division (Gladden and Diehl, 2005; Guo et al., 2005). In-
deed, enhanced protein stability of cyclin D1 due to ZO protein
binding would promote Gi-to-S phase progression, as high cyclin
D1 protein levels initiate S-phase (Sherr, 1995). Conversely, low
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FIGURE 7: ZO-3—cyclin D1 interaction regulates cell proliferation in ep

S-phase transition. (A) Western blot analysis of SKCO-15 cell lysates treated with control siRNA
(Control) or ZO-3 directed siRNA. (B) Growth curve showing cell number over 3 d
posttransfection with control siRNA (Control, 0) or ZO-3 directed siRNA (M) (*p < 0.001, n = 4).
(C) Propidium iodide-stained SKCO-15 cells, treated with either scrambled siRNA (Control,
black) or ZO-3-directed siRNA (red) were assayed for cell-cycle status by flow cytometry (n = 2).
(D) Confluent SKCO-15 cell monolayers (control) were scratch wounded to stimulate cell
proliferation (dotted line marks wound edge; mitotic cells are marked with white arrows). Scale
bar = 20 pm. (E) Scratch-wounded monolayers show increased cyclin D1 as well as increased
phospho-Thr-286-cyclin D1 when compared with confluent cultures (control). (F) Western blot
showing enhanced ZO-3 coimmunoprecipitation with cyclin D1 from lysates of scratch-wounded
cells. (G) Hypothetical model whereby ZO-3 acts to sequester cyclin D1 at TJs during mitosis.
This prevents cyclin D1 degradation during M-phase and promotes S-phase transition. Without

Z0-3, cyclin D1 is degraded during M-phase, delaying cells in G;.

cyclin D1 levels promote DNA synthesis during S-phase. There-
fore cell-cycle phase is highly relevant in assessing the role of cyclin
D1 inhibitors with respect to cell proliferation. Further studies will
be required to determine the mechanism through which ZO family
proteins regulate cell growth. Elucidating the role of cyclin D1/20
protein interactions in cell-cycle progression will require careful at-
tention to both subcellular localization and cell-cycle status. Based
on our data, however, we conclude that ZO-3/cyclin D1 interac-
tions promote cell-cycle progression through inhibition of cyclin D1
proteolysis during mitosis.

This study highlights a novel role for ZO-3 in the regulation of
cell proliferation. Recent studies have shown that ZO-3 function is
not required for effective TJ function, as RNAi-mediated suppres-
sion of ZO-3 had no discernable consequences on TJ formation or
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(Mandell et al., 2005). For transfection stud-
ies, DharmaFECT (Thermo Fisher Scientific,
Waltham, MA) was used for siRNA transfec-
tion, and Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) was used for expression of
GFP and GFP—cyclin D1 fusion proteins. To
visualize cyclin D1 in vivo, mouse distal co-
lon tissue was excised from 8- to 10-wk-old
C57BL/6 mice and processed for cryosec-
tioning. All procedures using animals were
reviewed and approved by the Emory Uni-
versity Institutional Animal Care and Use
Committee and were performed according
to National Institutes of Health criteria.

ithelial cells by promoting

Western blot and IP

Cells were scraped into RIPA lysis buffer (150 mM NaCl, 1% NP-40,
0.5% deoxycholic acid, 0.1% SDS, 50 mM Tris, pH 8.0) containing
protease and phosphatase inhibitors (Sigma, St. Louis, MO) and
1 mM phenylmethylsulfonyl fluoride (PMSF), sonicated, and cleared
by centrifugation. Protein concentration was determined using a
bicinchoninic acid protein assay, and samples were boiled in SDS
sample buffer with 50 mM dithiothreitol. Equal amounts of protein
were separated by SDS-PAGE and transferred onto polyvinylidene
fluoride membranes. Membranes were blocked for 1 h with 5% wt/
vol dry milk or bovine serum albumin in Tris-buffered saline contain-
ing 0.1% Tween-20, and incubated with primary antibodies in block-
ing buffer overnight at 4°C. Antibodies were detected using horse-
radish peroxidase (HRP)-linked secondary antibodies (Jackson
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ImmunoResearch, West Grove, PA) and chemiluminescent substrate
(Denville Scientific, Metuchen, NJ). Image quantitation was per-
formed by densitometry using National Institutes of Health (NIH)
ImageJ. To determine the protein half-life of cyclin D1, relative in-
tensity was determined as a proportion of signal at time 0. Multiple
exposures were examined in order to exclude overexposed bands.
All bands were normalized to actin loading control. IPs were per-
formed using DSP (dithiobis[succinimidyl propionate]) (#22586;
Thermo Fisher Scientific, Waltham, MA), a thiol-cleavable, cell-per-
meable cross-linking agent with a 12.0 A spacer arm at 1 mM for
30 min at room temperature. Cell were then scraped into RIPA lysis
buffer containing protease and phosphatase inhibitors (Sigma) and
1 mM PMSF. Antibody was added to the lysate at 1 pg, and IPs were
incubated overnight at 4°C. The following day, IPs were incubated
with G-coupled Sepharose (GE Healthcare, Piscataway, NJ) for
30 min at 4°C and then washed three times in cold phosphate-buff-
ered saline (PBS). Protein complexes were assessed by Western
blot.

Antibodies and reagents

Antibodies used were as follows: rabbit polyclonal anti-ZO-1/2/3
(Zymed, South San Francisco, CA), rabbit polyclonal cyclin D1
and Cdk4 (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit
polyclonal phospho-Thr-286 cyclin D1 (3300S; Cell Signaling
Technology, Danvers, MA), mouse monoclonal anti-ZO-1 (Zymed),
cyclin D1 (DCS-6; Sigma), and lamin A/C (Santa Cruz). Secondary
antibodies used were as follows: Alexa-conjugated secondary
antibodies were obtained from Molecular Probes (Alexa dye se-
ries; Eugene, OR). HRP-conjugated secondary antibodies were
purchased from Jackson ImmunoResearch Laboratories. Nuclei
were stained with ToPro-3 (Molecular Probes). Chx (Sigma) was
used at 50 pM for the times indicated before cell lysis. siRNA
reagents include ZO-3 (sc-43538), ZO-2 (sc-29833; Santa Cruz
Biotechnology, Santa Cruz, CA), and control nontargeting siRNA
(pool #1; Thermo Fisher Scientific, Waltham, MA).

Immunofluorescence labeling

Immunofluorescence detection of proteins of interest was per-
formed as described previously (Severson et al., 2009). Briefly, cells
were grown as confluent or subconfluent cultures as indicated and
fixed for immunofluorescence as follows: For the visualization of cy-
clin D1 at TJs (SKCO-15 and mouse colon tissue), cells were fixed in
absolute ethanol for 20 min at 20°C. For the visualization of Cdk4
and ZO family proteins at TJ, monolayers were prepermeabilized in
0.1% Triton X-100 for 2 min before fixation. Samples were blocked
in 1% BSA for 1 h before incubation with the indicated primary anti-
body for 1 h at room temperature. Incubation with Alexa-secondary
antibodies followed for 45 min at room temperature. To visualize ZO
family proteins simultaneously with phospho-Thr-286 cyclin D1, pri-
mary antibodies were labeled directly using Zenon Tricolor Rabbit
Antibody Labeling Kit (Z25370; Invitrogen, Carlsbad, CA). To visual-
ize both nuclei and apical TJs in columnar epithelial cultures, images
were compressed from multiple consecutive z-stack confocal sec-
tions (LSM 5 image browser; Zeiss Microimaging, Thornwood, NY).
Fluorescence images were acquired using an LSM 510 and META
image analysis software (version 4.2; Zeiss). Image quantitation was
performed using NIH ImageJ.

TUNEL assay

In vitro cell viability after ZO-3 siRNA treatment was assessed using
an In Situ Cell Death Detection Kit, Fluorescein (Roche, Mannheim,
Germany), according to the manufacturer’s instructions. Briefly, 48 h
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post-siRNA transfection, cells were air-dried and fixed in 4% para-
formaldehyde for 1 h at room temperature. Samples were washed
in PBS and permeabilized in 0.1% Triton X-100, 0.1% sodium citrate
for 2 min at 4°C. As a positive control, cells were treated with
DNase | (Sigma) in 50 mM Tris, pH 7.4, and 1 mg/ml BSA for 10 min.
Cells were incubated with labeling reagent for 1 h at 37°C before
visualization.

Propidium iodide cell-cycle assessment

Cell-cycle analysis was performed as follows: Adherent SKCO-15
cells were washed in Ca?*/Mg?*—free PBS and detached using
Trypsin-EDTA (Sigma) followed by a 15-min incubation in Ca?*/
Mg?*—free PBS, 2 mM EDTA at 4°C. The resulting single-cell suspen-
sion was pelleted and fixed in absolute ethanol overnight at 4°C.
Fixed cells were incubated in 50 pg/ml propidium iodide (Sigma),
0.1 mg/ml RNase A (Sigma), and 0.05% Triton X-100 for 40 min at
37°C. Cell cycle was detected with a 488-nm argon-ion laser line
using FACSCalibur (Becton Dickinson, Franklin Lakes, NJ) and ana-
lyzed with WinMDI 2.9 software (The Scripps Research Institute, La
Jolla, CA).

Subcellular fractionation and sucrose density

gradient analysis

SKCO-15 cell lysis and sucrose density fractionation were performed
as previously described (Kaoutzani et al., 1993). Briefly, epithelial cells
were grown to confluence and harvested in 10 mM HEPES, pH 7.4,
100 mM KCI, 3 mM NaCl, 1 mM Na,ATP, 3.5 MgCl,, Protease Inhibi-
tor Cocktail (Sigma), Phosphatase Inhibitor Cocktail | and Il (Sigma),
and 1 mM PMSF. Cell lysis was achieved by nitrogen cavitation, at 200
psi for 15 min, 4°C. Lysates were then cleared of nuclear material by
1000 x g spin for 10 min at 4°C. Supernatants were then applied to a
36 ml, 15-60% continuous sucrose gradient and separated by cen-
trifugation at 180,000 x g for 1 h at 4°C in a VTi50 rotor (Beckman
Coulter, Brea, CA). Fractions (2 ml) were collected and analyzed by
SDS-PAGE after methanol/chloroform protein extraction. ALP activity
was assessed in each fraction as described (Kaoutzani et al., 1993).

Fusion constructs and protein expression

GST-ZO-2/3 constructs were a gift of the Stevenson lab. GST fusion
protein expression was induced with 0.2 mM ilsopropyl-B-b-thio-
galactoside for 4 h at 37°C, and proteins were purified according to the
manufacturer’s protocol. Hisé-cyclin D1 constructs were cloned into
pet24a and expressed using a wheat germ extract TNT system (Pro-
mega, Madison, WI). Cyclin D1 constructs were cloned into pCDNA3. 1
GFP and expressed for 24 h before imaging.
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