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Histone Deacetylase Inhibitors Up-Regulate the Expression

of Tight Junction Proteins

Mauro Bordin,"? Fabio D’Atri, Laurent Guillemot,' and Sandra Citi'?

"Department of Molecular Biology, University of Geneva, Geneva, Switzerland and 2Department of Biology,

University of Padova, Padova, Italy

Abstract

Histone deacetylase (HDAC) inhibitors promote cell
maturation, differentiation, and apoptosis through
changes in gene expression. Differentiated epithelial
cells are characterized by apical tight junctions (TJ),
which play a role in cell-cell adhesion, polarity, and
the permeability barrier function of epithelia. The
relationship between cellular differentiation and
expression of TJ-associated proteins is not known.
Here, we investigated whether HDAC inhibitors affect
the expression of TJ proteins in cultured cells by
immunoblotting, immunofluorescence, and quantitative
real-time, reverse transcription-PCR. We find that

the HDAC inhibitor sodium butyrate significantly
up-regulates the protein levels of cingulin, ZO-1, and
Z0-2 in Rat-1 fibroblasts, cingulin in COS-7 cells, and
cingulin and occludin in HeLa cells. Levels of mRNA for
cingulin, ZO-1, and ZO-2 are also increased in sodium
butyrate—treated Rat-1 fibroblasts. Up-regulation of
cingulin is reversible and dose dependent and requires
de novo protein synthesis and protein kinase activity,
because it is inhibited by cycloheximide and by the
protein kinase inhibitor H-7. Up-regulation of TJ
proteins by sodium butyrate is linked to the ability of
sodium butyrate to inhibit HDAC activity, because
suberoylanilide hydroxamic acid, a HDAC inhibitor of
a different structural class, also up-regulates cingulin,
Z0-1, and ZO-2 expression in Rat-1 fibroblasts.

These results indicate that cellular differentiation
correlates with kinase-dependent up-regulation of

the expression of specific TJ proteins.

(Mol Cancer Res 2004;2(12):692-701)

Introduction

The short-chain fatty acid sodium butyrate is produced
naturally in the colonic lumen by microbial fermentation of
dietary fiber and is believed to physiologically regulate
epithelial cell maturation in the intestinal tract by modulating
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the pathways of proliferation, differentiation, and apoptosis (1).
In vitro, sodium butyrate and related compounds inhibit cell
proliferation and induce cellular differentiation and apoptosis in
many cell types, including colon cancer cells (2, 3), breast
cancer cells (4), prostate cancer cells (5), leukemia cells (6), and
myogenic precursors and tumors (7, 8). The mechanism of
action of sodium butyrate involves inhibition of histone
deacetylase (HDAC) activity (9), which is followed by changes
in chromatin structure and de-repression of a fraction of cellular
genes (10). The ability of sodium butyrate to inhibit cell
proliferation and promote differentiation and apoptosis has
prompted studies on the use of butyrate-related compounds as
therapeutic antitumor agents in human neoplasias (reviewed
in ref. 11).

Differentiation can be defined as the gain of structural and
functional features of mature cells through the expression of
specific gene products that regulate cell shape, function,
adhesion, and communication. Differentiated epithelial cells
show apico-basal polarity and contain apical tight junctions (T1J).
TJ seal neighboring cells within epithelial sheets, thereby
creating a semipermeable barrier, which separates different body
and organ compartments. In addition, TJ separate the apical from
basolateral domain of the plasma membrane and thus contribute
to the maintenance of the polarized epithelial phenotype (12). TJ
comprise a large number of protein components, including
membrane proteins such as occludin (reviewed in ref. 13), and
cytoplasmic proteins such as ZO-1, ZO-2, and cingulin
(reviewed in ref. 14). Some of the cytoplasmic components of
TJ are evolutionarily conserved and play important roles in the
development of apico-basal polarity in vertebrates and inverte-
brates (15). However, the role of most TJ proteins in the
maturation of the polarized phenotype and in epithelial
differentiation is unknown. This question is complicated by the
observation that certain TJ-associated proteins are expressed not
only in TJ-bearing cells but also in nonepithelial cells and tissues.
For example, ZO-1 can be found associated with cadherin-based
adherens-type junctions in fibroblasts and other nonepithelial
cells and tissues (16). Thus, the relationship between expression
of TJ proteins and differentiation of epithelial and other cell types
remains an open question.

In this study, we addressed this question by asking whether
differentiation induced by HDAC inhibitors is associated with
changes in the expression of specific TJ proteins in cultured
cells. In addition, we used drugs that interfere with different
signaling pathways to explore the molecular mechanisms of
action of HDAC inhibitors. For our studies, we used cultured
“fibroblastic” cell lines, which typically express no or low
levels of TJ-specific proteins, and epithelial-derived cell lines,
including the cervical carcinoma line HeLa, which express some
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but not all of the TJ proteins that we examined. Our results show
that in several of these cell lines HDAC inhibitors lead to up-
regulation of specific TJ proteins through mechanisms that
require protein kinase activity and de novo protein synthesis.
These results suggest that modulation of the expression of
specific TJ proteins plays a role in cellular differentiation.

Results
Sodium Butyrate Dramatically Up-Regulates Cingulin
Expression in Rat-1 Fibroblasts

Rat-1 fibroblasts are an established fibroblastoid 3T3-like cell
line obtained by SV40 transformation of a permanent line
derived from Fisher rat embryos (17). Rat-1 fibroblasts do not
form TJ and are not known to express TJ membrane proteins,
although they express ZO-1, which is localized at adherens-type
junctions (18).

Confluent Rat-1 monolayers were treated with 10 mmol/L
sodium butyrate for 16 hours, and the cell morphology was
examined by phase-contrast microscopy. Control cultures
contained a homogeneous layer of cells with an elongated
shape (Fig. 1A and A’). Cultures treated with sodium butyrate
were overlaid by clumps of round cells, consistent with the
known ability of sodium butyrate to induce apoptosis (arrow-
heads in Fig. 1B). The monolayer contained occasional gaps,
and the cells appeared more spread out (Fig. 1B").

Confocal immunofluorescence microscopy was used to
study the expression and localization of TJ-associated proteins
(Fig. 1C-H). We chose cingulin, ZO-1, ZO-2, and occludin as
marker proteins, because previous studies indicate that cingulin
and occludin are expressed in an epithelium-specific manner,
whereas ZO-1 and ZO-2 have also been detected in non-
epithelial cells (19-23). In epithelial cells, these proteins are
associated in a multiprotein complex (24). In optical sections of
untreated fibroblasts, no junctional labeling was detected with
anti-cingulin antiserum (Fig. 1C, E, and G), although faint
staining was occasionally detected on isolated cells by
conventional microscopy (data not shown), indicating that
cingulin is expressed in Rat-1 fibroblasts at very low levels. In
contrast, ZO-1 staining was clearly distributed along the
junctional regions of all cells (Fig. 1C'), in a pattern of
contiguous segments of different length, which were oriented at
different angles but often perpendicular with respect to the cell
border (arrowheads in Fig. 1C"). Control cells stained for ZO-2
showed cytoplasmic and nuclear staining and undetectable
junctional labeling (Fig. 1E"). The nuclear localization of ZO-2
has been reported previously (25). No labeling for occludin was
detected in untreated Rat-1 fibroblasts (Fig. 1G’).

Upon sodium butyrate treatment, cingulin staining became
clearly detectable along cell-cell junctions (Fig. 1D and D") and
was precisely colocalized with ZO-1 (Fig. 1D’ and D) in a
pattern of contiguous segments that were typically oriented
parallel to the cell border. Similarly, on sodium butyrate
treatment, there was an increase in ZO-2 labeling, which was
detectable mostly in the cytoplasm or nucleus and weakly at
junctions, where it was colocalized with cingulin (arrowhead in
Fig. 1F, F', and F'’). In contrast, sodium butyrate treatment did
not result in detectable expression of occludin as determined by
immunofluorescence (Fig. 1H' and H").
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To analyze the expression of cingulin, ZO-1, ZO-2, and
occludin at the protein level, lysates from untreated and
sodium butyrate—treated cultures were analyzed by SDS-
PAGE and immunoblotting (Fig. 1I). In lysates of untreated
Rat-1 fibroblasts, the cingulin signal was either undetectable
or extremely faint, confirming that cingulin is expressed in
Rat-1 fibroblasts at barely detectable levels. In contrast,
lysates of sodium butyrate—treated cultures contained a clearly
labeled M, ~ 140-kDa polypeptide, which was recognized by
anti-cingulin antibodies and comigrated with cingulin from
Madin-Darby canine kidney (MDCK) epithelial cells (Fig. 1I).
Z0-1 and ZO-2 were clearly detected in lysates from
untreated Rat-1 fibroblasts, and their levels were increased
in sodium butyrate—treated cell lysates (Fig. 11). Densitomet-
ric analysis of immunoblots showed that ZO-1 levels were
increased ~2.5 + 0.27-fold (n = 3) and ZO-2 levels
were increased ~2.5 + 0.05-fold (» = 3) when cultures
were treated with HDAC inhibitors. In contrast, no occludin
was detected in control or sodium butyrate—treated Rat-1
lysates by immunoblotting (Fig. 1I). Taken together, these
observations show that, in Rat-1 fibroblasts, sodium butyrate
up-regulates, to different extents, the protein levels of
cingulin, ZO-1, and ZO-2. The lack of detection of occludin,
a major constituent of the membrane domain of TJ, shows that
not all TJ proteins are up-regulated by sodium butyrate in
these cells and suggests that functional TJ may not be formed.
Confirming this notion, measurement of the transepithelial
resistance showed that no significant paracellular permeability
barrier was measured across monolayers of Rat-1 fibroblasts
regardless of sodium butyrate treatment (data not shown).

To study in more detail the induction of TJ protein
expression by sodium butyrate, we analyzed the dose
dependence, time course, and reversibility of sodium butyrate
activity (Fig. 2). We focused our analysis on cingulin
expression, because the previous experiments indicated that
cingulin was the protein that showed the most dramatic up-
regulation in response to sodium butyrate treatment. Analysis
of lysates from cells incubated with different concentrations
of sodium butyrate for 16 hours showed that significant
cingulin protein was detected starting at 1 mmol/L sodium
butyrate and the maximal effect was seen between 2 and 10
mmol/L (Fig. 2A). When cells were incubated with 10 mmol/
L sodium butyrate, protein expression was detected by
immunoblotting at 5 hours after the beginning of treatment
and maximal up-regulation was detected between 16 and 24
hours (Fig. 2B). To determine whether the effect of sodium
butyrate is reversible, cultures were treated with 10 mmol/L
sodium butyrate for 16 hours; then, the sodium butyrate—
containing medium was removed and replaced with normal
medium, and cells were lysed at different times after sodium
butyrate removal. Immunoblotting showed that cingulin
progressively decreased 24 and 48 hours after sodium
butyrate removal, and no cingulin was detected 72 hours
after the removal of sodium butyrate (Fig. 2C). Thus, the up-
regulation of cingulin expression by sodium butyrate in Rat-1
cells is dose and time dependent and reversible.

Cingulin Up-Regulation Is Blocked by the Protein Kinase
Inhibitor H-7 and by Protein Synthesis Inhibitors

To investigate the molecular mechanisms and the signaling
pathways, which control up-regulation of cingulin expression by
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FIGURE 1. Sodium butyrate (NaB) up-regulates cingulin, ZO-1, and ZO-2 in Rat-1 fibroblasts. A-H. Rat-1 fibroblasts were incubated either without (A, C,
E, and G) or with (B, D, F, and H) sodium butyrate for 16 hours and observed by phase-contrast microscopy (A and B) or by confocal fluorescence
microscopy after fixation and immunolabeling with antibodies against cingulin [polyclonal antibody (C and D) and monoclonal antibody (E-H)], ZO-1
[monoclonal antibody (C' and D’)], ZO-2 [polyclonal antibody (E' and F')], and occludin [polyclonal antibody (G’ and H')]. Merge images (C-H) also show
4’ ,6-diamidino-2-phenylindole-stained nuclei. B. Arrowheads, clumps of Rat-1 cells (probably apoptotic) above the monolayer. C'. Arrowheads, labeling for
ZO-1 in untreated cells in a pattern of segments oriented toward the cell center. D, D', F, and F'. Arrowheads, junctional staining of cingulin colocalized with
Z0O-1 and ZO-2, respectively, in a pattern of segments oriented parallel to the cell-cell border. Polyclonal anti-cingulin antibodies also label centrosomes (not
detected in these confocal optical sections) possibly due to a nonspecific cross-reaction. Bar, 200 um (A and B) and 10 um (C-H). I. Immunoblot analysis:
total lysates of epithelial MDCK cells (MDCK-positive control) and Rat-1 fibroblasts (Rat-1) were analyzed by SDS-PAGE followed by immunoblotting with the
antibodies against cingulin (M, 140 kDa), ZO-1 (M, ~ 225 kDa), ZO-2 (M, ~ 160 kDa), occludin (M, ~ 60 kDa), and a-tubulin (M, ~ 50 kDa; control for protein
loading). —, no treatment; +, treatment with sodium butyrate (10 mmol/L, 16 hours). Note that sodium butyrate treatment induces increased labeling of the
cingulin, ZO-1, and ZO-2 polypeptides.

sodium butyrate, Rat-1 cells were treated with sodium butyrate in
the presence of agents that are known to interfere with a variety of
intracellular enzyme activities, signaling pathways, or the
organization of the actin and microtubule cytoskeletons.

The protein kinase inhibitor H-7 selectively prevents the
formation of TJ, but not adherens-type junctions, in cultured
epithelial cells (26). We thus hypothesized that H-7 might affect
cingulin up-regulation in response to sodium butyrate treatment.

Immunoblot analysis showed that when 5 umol/L H-7 was added
to the culture medium in the presence of sodium butyrate,
cingulin expression was still detectable (Fig. 3A). However, no
cingulin was detected in the presence of 100 or 10 pmol/L H-7
(Fig. 3A). Thus, the serine/threonine protein kinase inhibitor H-7
blocks up-regulation of cingulin by HDAC inhibitors.

We next tested whether valproic acid, another short-chain
fatty acid inhibitor of HDAC (27), is also effective in
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inducing cingulin up-regulation. Immunoblot analysis (Fig.
3A) and immunofluorescence (data not shown) showed that
the effect of wvalproic acid on cingulin expression is
indistinguishable from that of sodium butyrate and is equally
inhibited by H-7 (Fig. 3A). Because both sodium butyrate
and valproic acid have several actions that may not be a
consequence of inhibition of HDAC (28), we investigated the
effect of suberoylanilide hydroxamic acid (SAHA), a more
potent and specific HDAC inhibitor, on the expression of
cingulin and ZO-2 in Rat-1 fibroblasts. Immunoblot analysis
showed that SAHA induces up-regulation of cingulin and
Z0-2 (Fig. 3B) as well as ZO-1 (data not shown), confirming
the notion that up-regulation of TJ proteins is the
consequence of inhibition of HDAC. Conversely, no cingulin
up-regulation was detected when cells were treated with 5-
azacytidine, a DNA methylation inhibitor that can promote
epithelial differentiation of mesenchymal cells (ref. 29; data
not shown).

We then asked whether cingulin up-regulation is a conse-
quence of de novo protein synthesis rather than being due to an
increase in protein stability. Treatment of Rat-1 fibroblasts with
anisomycin at concentrations that inhibit translation (10 pug/mL)
blocked sodium butyrate—induced cingulin expression (Fig. 3C).
The same suppression of cingulin expression was obtained with
the protein synthesis inhibitor cycloheximide (Fig. 3C). Thus,
cingulin up-regulation by sodium butyrate requires de novo
protein synthesis.

Because H-7 can affect the organization of the actomyosin
cytoskeleton (30) and cingulin binds to actin filaments (31),
we tested whether inhibition of sodium butyrate—induced
cingulin up-regulation could be influenced by microfilament-
or microtubule-active drugs. Treatment of cells with sodium

NS
§O

butyrate in the presence of cytochalasin D (data not shown)
and nocodazole (Fig. 3C) were still associated with increased
cingulin expression, indicating that disruption of the cyto-
skeleton does not affect sodium butyrate—induced cingulin
up-regulation.

Because H-7 inhibits not only protein kinase C (PKC) but also
other kinases, we used additional signaling inhibitors and
activators to identify pathways involved in sodium butyrate—
induced cingulin up-regulation. Immunoblot analysis showed
that cingulin up-regulation by sodium butyrate was not inhibited
by the ROCK kinase inhibitor Y27632 (Fig. 3D), the cell-
permeable PKCE/N pseudosubstrate (PKC¢ inhibitor; Fig. 3D),
the protein kinase A inhibitor H-89, and the tyrosine kinase
inhibitor genistein (data not shown). Treatment of cells with the
PKC activator phorbol 12-myristate 13-acetate neither induced
cingulin expression in control cells nor prevented sodium
butyrate—induced cingulin expression (Fig. 3D), suggesting that
typical PKC is not involved.

Activation or inhibition of mitogen-activated protein
kinase pathways has been implicated in the development
and maintenance of differentiated or transformed phenotypes
in several cultured cell types (6, 32). In addition, mitogen-
activated protein kinase/extracellular signal-regulated kinase
kinase activity is required for claudin-mediated formation of
TJ (33). We therefore tested whether treatment of Rat-1
fibroblasts with drugs that inhibit or activate mitogen-activated
protein kinase pathways affects sodium butyrate—induced
cingulin expression. No effect on sodium butyrate—mediated
induction of cingulin was observed using the mitogen-
activated protein kinase/extracellular signal-regulated kinase
kinasel/2 inhibitor U0126 (Fig. 3D), the p38 inhibitor
SB203580, or the Jun NH,-terminal kinase and p38 agonist
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Cingulin (.

B
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(hrinduction) 0O 2 5
Cingulin .
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FIGURE 2. Cingulin up-regulation by sodium butyrate is dose and time dependent and reversible. A. Rat-1 fibroblasts were incubated for 16 hours in the
presence of the indicated concentrations of sodium butyrate, and total lysates were analyzed by immunoblotting with anti-cingulin antiserum. MDCK lane,
migration of the M, 140-kDa cingulin polypeptide. B. Rat-1 fibroblasts were treated with 10 mmol/L sodium butyrate for the indicated lengths of time (hours),
and total lysates were analyzed by immunoblotting with anti-cingulin antiserum and anti-tubulin antibodies. Note that maximal cingulin staining is observed
between 16 and 24 hours, whereas at 48 hours the intensity of cingulin and tubulin labeling decreases probably as a consequence of apoptosis-induced loss
of cells from the monolayer (C). Cells were treated with sodium butyrate for 16 hours, rinsed with normal medium, and incubated (wash) with normal medium
for the indicated lengths of time before preparation of lysates. Left, migration of the M, 140-kDa cingulin and M, ~ 50-kDa tubulin polypeptides.
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anisomycin (at the subinhibitory concentration of 50 ng/mL;
data not shown). Finally, studies on cultured hepatoma cells
indicated that sodium butyrate may act through phosphatases
(34). However, the phosphatase inhibitors okadaic acid or
H,0, did not prevent sodium butyrate—mediated cingulin
expression (data not shown).

Sodium Butyrate and H-7 Display Antagonistic Effects on
mRNA Levels for Cingulin, ZO-1, and ZO-2

To explore the effect of H-7 on the transcript levels of TJ
proteins, which are up-regulated by sodium butyrate (cingulin,
Z0-1, and ZO-2), quantitative real-time, reverse transcription-
PCR was done on RNA isolated from Rat-1 cells (Table 1).
Difference in threshold cycle values (AC,) was obtained using
the 18S RNA as the internal control, and fold changes in
mRNA levels were calculated by measuring the variation in
AC, value (AAC; see Materials and Methods). Sodium
butyrate induced an increase in mRNA levels by 2.8-fold
for cingulin, 2.5-fold for ZO-1, and 1.9-fold for ZO-2. H-7 not
only reversed the sodium butyrate—induced increase in mRNA
levels but also, by itself, dramatically reduced transcript levels
for cingulin, ZO-1, and ZO-2 (Table 1). Thus, the sodium
butyrate—induced increase in cingulin, ZO-1, and ZO-2
proteins, as detected by immunoblot, correlated with an
increase in their respective mRNA levels, and H-7 influenced
both protein and mRNA levels.

Sodium Butyrate Up-Regulates Cingulin and Occludin in
Other Cell Types

To establish whether up-regulation of TJ protein expression
by sodium butyrate is restricted to Rat-1 fibroblasts or occurs
in other cultured cell types, we examined by immunoblotting
the effect of sodium butyrate on the expression of cingulin,
Z0-1, ZO-2, and occludin in Chinese hamster ovary (CHO),
COS-7, HeLa, and 3T3 cell lines. Cingulin expression was
also analyzed by immunofluorescence.

No specific junctional cingulin labeling was detected by
immunofluorescence in CHO cells regardless of treatment with
sodium butyrate (Fig. 4A and A’). Rarely, cells showed diffuse,
nonspecific cytoplasmic labeling that was not affected by sodium
butyrate treatment. In lysates of CHO cells, the M, ~ 140-kDa
cingulin polypeptide was not labeled, whereas a cross-reacting
M,~150-kDa polypeptide was detected (asterisk in Fig. 4E).
This M~ 150 kDa may correspond to paracingulin (Genbank
accession no. AAT37906), a protein that shows partial homology
to cingulin. In contrast, ZO-1 and ZO-2 polypeptides were
clearly detected by immunoblotting in CHO lysates, and their
levels were not affected by sodium butyrate treatment (Fig. 4E).
Occludin was not detected in CHO lysates (Fig. 4E).

In COS-7 cells, the anti-cingulin antiserum stained the regions
of cell-cell contact in a linear pattern (arrow in Fig. 4B), and the
intensity of staining increased on sodium butyrate treatment (Fig.
4B’). A M.~ 140-kDa polypeptide, which comigrated with
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mammalian cingulin, was detected in COS-7 lysates by
immunoblotting analysis, and its intensity increased in lysates
from sodium butyrate—treated cells (Fig. 4E). In contrast, ZO-1
and ZO-2 were not detected in COS-7 lysates, possibly due to
lack of cross-reactivity of antibodies (Fig. 4E). However,
occludin was clearly detectable, and its levels were not affected
by sodium butyrate treatment.

Junctional labeling by anti-cingulin antibodies was
detected by immunofluorescence in the regions of cell-cell
contact in HeLa cells in a discontinuous pattern (Fig. 4C).
Upon sodium butyrate treatment, the intensity of the
immunofluorescent labeling increased significantly (Fig.
4C’). Analysis of HeLa cell lysates by immunoblotting
showed that the M,~140-kDa cingulin polypeptide was
detected in control cells, and its levels increased on sodium
butyrate treatment (Fig. 4E). In addition, a cross-reacting
M.~ 150-kDa polypeptide was labeled by anti-cingulin
antibodies in HeLa cell lysates, but its levels were not
affected by sodium butyrate treatment (Fig. 4E). ZO-1 and
Z0-2 polypeptides were detected by immunoblotting in both
control and sodium butyrate—treated HeLa cell cultures, and
their levels were not affected by sodium butyrate treatment
(Fig. 4E). In contrast, sodium butyrate treatment induced the
expression of occludin in HeLa cells as determined by
immunoblotting (Fig. 4E). Occludin was also detectable by
immunofluorescence only in sodium butyrate—treated cells
(Fig. 4C’) and was colocalized with cingulin (Fig. 4C).
Despite the expression of occludin, no significant TJ barrier
function was detected by measurement of transepithelial
resistance in HeLa monolayers (data not shown). This may
be due to the fact that TJ proteins were not distributed in a
continuous ring along the cell-cell border (Fig. 3C'), thus
preventing the establishment of a functional seal.

In 3T3 cells, the anti-cingulin antiserum labeled the
regions of cell-cell contact in a faint, discontinuous, granular
pattern (Fig. 4D), and the intensity of staining was slightly
increased on sodium butyrate treatment (Fig. 4D’). A
M, ~140-kDa polypeptide was barely detectable by immu-
noblotting in lysates of control 3T3 cells and more intensely
stained in sodium butyrate—treated fibroblasts (Fig. 4E). ZO-
1 was also barely detectable in lysates of 3T3 cells, whereas
Z0-2 and occludin were not detected (Fig. 4E).

Taken together, these observations indicate that cellular
differentiation induced by HDAC inhibitors correlates with

cingulin up-regulation not only in Rat-1 fibroblasts but also in
COS-7, Hela, and, to a lesser extent, 3T3 cells. In contrast,
occludin up-regulation was only detected in HeLa cells, and ZO-
1 and ZO-2 up-regulation was only detected in Rat-1 fibroblasts.

Discussion

The results presented here provide biochemical, morphologic,
and molecular evidence that the expression of specific TJ
proteins is up-regulated during cellular differentiation induced
by HDAC inhibitors in several cultured cell types and that
protein kinase activity is required for this up-regulation.

The identity of factors and signaling mechanisms, which
promote epithelial differentiation, is a question of considerable
biological significance. During development and epithelial
morphogenesis, cells acquire apico-basal polarity and assemble
junctions that mediate cell-cell adhesion, tissue sorting, and
separation of tissue compartments. With regard to disease states,
many cancer cells fail to achieve complete cell differentiation and
show a phenotype of maturation arrest together with unregulated
proliferation. Significantly, loss or down-regulation of cell-cell
junctions in malignant cancer cells can lead to increased cell
migration and metastasis (35), and recent studies suggest that TJ
proteins are also implicated in cancer. For example, a significant
correlation has been observed between decreased tumor
differentiation or histologic grade and ZO-1 (36), ZO-2 (37),
and claudin-7 expression (38) in breast carcinomas. In addition,
down-regulation of occludin has been shown to play an
important role in the loss of TJ induced by Ras/Raf-driven
epithelial transformation (39). Finally, cingulin expression was
detected in poorly differentiated colon adenocarcinomas but not
in nonepithelial cancers (40), suggesting that cingulin is an
epithelium-specific marker. All these observations indicate a
correlation between different levels of cellular differentiation and
the expression of specific TJ proteins. However, nothing was
known until this study about the effect of differentiating agents
such as HDAC inhibitors on the expression of TJ proteins.

It was shown previously that the differentiating agent sodium
butyrate affects the morphology and cytoskeletal organization of
cultured cells (reviewed in ref. 41) and the expression of several
cytoskeletal proteins, including intermediate filament proteins
(42), actin (43), and nonmuscle myosin (44). In addition, sodium
butyrate has been shown to induce stabilization of desmosomes in
MDCK cells (45) and increased expression and junctional
recruitment of cadherin and catenin in colon cancer cells (46).

TABLE 1. Sodium Butyrate and H-7 Show Antagonistic Effects on mRNA Levels of TJ Proteins in Rat-1 Fibroblasts
AC, Fold Change
Control + Sodium + H-7 + Sodium Sodium Butyrate Sodium Butyrate + H-7 H-7 versus
Butyrate Butyrate + H-7 versus Control versus Sodium Butyrate Control
Cingulin 15.9 £ 0.1 14.4 £ 0.1 179 £ 0.3 171 £ 0.3 128 165 1 4.0
Z0O-1 133 +£02 12.0 £ 0.1 138 £ 0.2 158 £ 0.2 125 1139 114
Z0-2 152 + 0.1 143 £ 0.2 214 £ 02 192 + 02 119 130.1 1735

NOTE: AC, values represent the difference between the C, value of the indicated gene and the C, value of the 18S RNA gene used as an internal control. Relative increases/
decreases (fold change) in mRNA levels are indicated by arrows and were calculated according to the formula 2-2€Y, Note that sodium butyrate up-regulates mRNA
levels, whereas H-7 down-regulates mRNA levels and reverses the effect of sodium butyrate.
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Now, we show that HDAC inhibitors belonging to two different
structural classes (sodium butyrate, valproic acid, and SAHA) up-
regulate the expression of TJ proteins in different cultured cell
lines. The response to sodium butyrate treatment is cell type
dependent because up-regulation of TJ proteins was not observed
in all cell lines. Cingulin up-regulation was strongest and was
detected in most of the cell lines we examined, suggesting that
cingulin may be a more sensitive marker of cellular differentiation
than ZO-1 or ZO-2, at least in the cell types we examined. The
notion that cingulin expression is linked to epithelial differenti-
ation is supported by the observation that cingulin is expressed in
several simple and stratified polarized epithelial tissues but shows
no or very low levels of expression in nonepithelial tissues such as
muscle, lens, and neural tissue (19, 40). In addition, the human
cingulin gene is mapped to the same chromosomal locus (1¢21;
ref. 47) as the epidermal differentiation complex, which consists of
multiple families of clustered genes that are generally expressed in
epithelial cells and undergo coordinated regulation during
keratinocyte differentiation (48). Finally, targeted mutation of
the cingulin gene in mouse embryonic stem cells results in altered
levels of expression of genes involved in endodermal differenti-
ation (GATA-4, GATA-6, HNF4a, etc.) only when embryonic
stem cells are stimulated to differentiate by growth in suspension
(49). Indeed, differentiation of embryonic stem cells into
embryoid bodies was found to be correlated with increased
mRNA levels for most TJ protein genes (49).

3T3

FIGURE 4. Effect of sodium
butyrate on the expression of TJ
proteins in CHO, COS-7, Hela,
and 3T3 cell lines. A, D, A", and
D'. Immunofluorescence analysis
shows the localization of cingulin in
control cells (A-D) and in cells
treated with sodium butyrate (A’-
D’). B and C. Arrows, cingulin
junctional labeling in COS-7 and
HelLa cells, respectively. C'.
Insets, colocalization (arrow-
heads) of cingulin (C'’) and occlu-
> din (C'’’) in sodium butyrate—
treated Hela cells. Bar, 20 pm. E.
Immunoblot analysis of total
lysates from CHO, COS-7, Hela,
and 3T3 cells using antibodies
against cingulin, ZO-1, ZO-2, and
occludin. —, untreated cells; +,
cells treated with sodium butyrate.
A lysate of MDCK cells was used
as a positive control. Arrowhead,
migration of the M, ~ 140-kDa cin-
gulin polypeptide; asterisk, cross-
reacting M,~150-kDa polypep-
tide, which is not up-regulated

. following sodium butyrate treat-
ment.

How could expression of specific TJ proteins affect cellular
differentiation? First, increased levels of TJ proteins could
negatively regulate cell migration by affecting cell-cell adhesion
either by acting directly as cell-cell adhesion molecules (e.g.,
occludin) or by strengthening the cytoskeletal scaffold underlying
the plasma membrane. Second, formation of the TJ would provide
epithelial sheets with a barrier function and thus regulate the
diffusion of signaling molecules across tissue compartments. Last
but not least, up-regulation of TJ proteins could indirectly affect
gene expression. Ithas long been known that cytoplasmic levels of
the junctional protein PR-catenin are linked to regulation of
transcriptional activity through the interaction of B-catenin with
the factor LEF-TCF1 (50). Recent evidence also points to TJ
proteins as potential regulators of transcription. The transcription
factors ZONAB, huASHI1, c-fos, and c-jun have been localized at
TJ (51-53). ZONAB, a ZO-1-binding protein, regulates cell
density and proliferation in epithelial monolayers, possibly
through interaction with cell division kinase 4 (54). One current
hypothesis is that, when the monolayer is confluent, TJ proteins
bind to and sequester transcription factors such as ZONAB at TJ,
thus preventing them from acting in the nucleus and stimulating
cell proliferation (55). Thus, pharmacologic or physiologic up-
regulation of TJ proteins may not only be a consequence of altered
gene expression during differentiation but may also in turn
contribute to regulating the activity of transcription factors and
controlling cell proliferation and apoptosis.
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In our study, we also sought to explore the contribution of
different signaling pathways to the up-regulation of cingulin
expression by sodium butyrate. Among several signaling
activators and inhibitors that we tested, only protein synthesis
inhibitors and the protein kinase inhibitor H-7 could block
sodium butyrate—induced cingulin up-regulation. In contrast,
drugs that interfere with the integrity of the actin and
microtubule cytoskeleton and the activity of a variety of
other signaling molecules did not prevent cingulin up-
regulation by sodium butyrate. Interestingly, H-7 induced a
decrease in mRNA levels for TJ proteins even in the absence
of sodium butyrate, suggesting that a constitutive kinase
activity is required to maintain mRNA levels of TJ protein
genes. We showed previously that H-7 selectively prevents the
assembly of TJ in cultured renal cells and suppresses cingulin
up-regulation during TJ assembly (26, 56). Because atypical
PKCQ{/\ is involved in the establishment of epithelial TJ (57),
one candidate target kinase for H-7 is atypical PKC. However,
because the PKC{ inhibitor did not prevent cingulin up-
regulation, a more likely candidate is the PKCe isoform,
which is required for expression of p21WAFVCP! in cells
treated with HDAC inhibitors (58, 59).

In summary, this study provides the first evidence that TJ
proteins are up-regulated in a kinase-dependent manner during
differentiation of cultured cells induced by HDAC inhibitors.
Up-regulation of cingulin and other TJ proteins may represent
an early step in the differentiation of cells toward an epithelial
phenotype before the recruitment of TJ membrane proteins and
final maturation of TJ. In addition, up-regulation of TJ proteins
during differentiation may contribute to the regulation of the
activity of transcription factors through their sequestration at
junctions. Further studies on the role of specific TJ proteins in
this and other experimental model systems should help to
clarify the molecular mechanisms underlying physiologic and
pathologic events in epithelial morphogenesis.

Materials and Methods
Cell Culture and Treatment with Sodium Butyrate

Rat embryonic cells (Rat-1), CHO cells, monkey kidney cells
(COS-7), human epithelial cervical tumor cells (HeLa), mouse
fibroblast cells (3T3), and dog kidney cells (MDCK cells; used
for preparation of control lysates) were cultured in a humidified
incubator at 37°C and 6% CO, in DMEM (high glucose,
Invitrogen, Carlsbad, CA) supplemented with 10% FCS and
nonessential amino acids. Cultures were plated on glass cover-
slips for immunofluorescence, on 60-mm diameter dishes for
preparation of cell lysates, and on Transwell filters (Costar,
Cambridge, MA) for measurement of transepithelial resistance
using a Millicel-ERS apparatus.

A stock solution (1 mol/L) of sodium butyrate (Sigma, St.
Louis, MO, B-5887, reconstituted in culture medium and stored
in aliquots at —20°C) was added to the culture medium of
confluent cultures to obtain the desired final concentration
(typically 10 mmol/L). Alternatively, cells were treated with
either valproic acid (Sigma P-4543, 2 mmol/L final concentra-
tion) or SAHA (Alexis, Lausen, Switzerland, 270-288-M001,
0.1-10 umol/L final concentration). Cells were incubated with
the HDAC inhibitors for different lengths of time (typically 16
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hours) and either fixed for immunofluorescence or lysed.
Measurement of transepithelial resistance was carried out on
monolayers seeded at confluent density and cultured on Trans-
well filters for 48 hours before sodium butyrate treatment.

Treatment of Rat-1 Fibroblasts with Signaling Inhibitors
and Activators

The following drugs were used: anisomycin (Sigma A-
9789, final concentration 0.05-10 pg/mL), 5 -azacytidine
(Sigma A-2385, 5 pg/mL), cytochalasin D (Sigma C-8273,
10 pmol/L), cycloheximide (Sigma C-7698, 10 pg/mL), H,O,
(Sigma H-1009, 50 umol/L), H-7 (Sigma 1-7016, 5-100 pmol/
L), H-89 (Sigma B-1427, 100 umol/L), PKC¢ inhibitor
(Biosource, Camarillo, CA, 77-748, 20 pumol/L), nocodazole
(Sigma M-1404, 0.2 pg/mL), okadaic acid (Sigma O-7760,
100 nmol/L), phorbol 12-myristate 13-acetate (Sigma P-8139,
100 nmol/L), SB203580 (Calbiochem, La Jolla, CA, 559389,
10 pmol/L), U0126 (Promega, Madison, W1, V1121, 50 umol/L),
and Y27632 (Tocris, Ellisville, MO, 1254, 10 pmol/L). The
drugs were added to the cells ~ 10 minutes before addition of
sodium butyrate by diluting stock solutions into the culture
medium. The drugs remained in the medium throughout the
sodium butyrate treatment. Control cultures were treated with
solvent alone.

Immunofluorescence

Immunofluorescent staining of cells on glass coverslips was
done by rinsing cells in PBS [136 mmol/L NaCl, 2.6 mmol/L
KCl, 10 mmol/L Na,HPO,, 1.7 mmol/L KH,PO, (pH 7.4)],
fixing for 5 minutes in methanol (at —20°C), washing with PBS,
and incubating with primary antibody (1 hour, room tempera-
ture) followed by washes in PBS, incubation with secondary
antibody (45 minutes, room temperature), washing, and
mounting. The following antibodies were used: rabbit anti-
cingulin (Zymed, South San Francisco, CA, 36-4401, 1:500),
mouse anti-cingulin (Zymed 37-4300, 1:50), rabbit anti-ZO-1
(Zymed 61-7300, 1:100), rabbit anti-ZO-2 (Zymed 71-1400,
1:200), and rabbit anti-occludin (Zymed 33-1500, 1:100).
Secondary antibodies (The Jackson Laboratory, Bar Harbor,
ME) were labeled with FITC, TRITC, or Cy5 and used at a
dilution of 1:200. Specimens were observed with a Zeiss
Axiovert SI00TV microscope using a 63X planApo (1.3 NA)
objective for immunofluorescence, and a 10X Plan-Neofluar
objective for phase contrast. Images were acquired with a
Hamamatsu C4742-95 CCD camera controlled by Openlab
software. For confocal microscopy, we used a Zeiss LSM-510
Meta system, and 1-um-thick optical sections were imaged.

Preparation of Cell Lysates and Immunoblotting

To prepare total cell lysates for immunoblotting, cultures on
60-mm dishes were rinsed twice with cold PBS, incubated in
0.25 mL radioimmunoprecipitation assay buffer [150 mmol/L
NaCl, 40 mmol/L Tris-HCI (pH 7.6), 2 mmol/L EDTA, 10%
glycerol, 1% Triton X-100, 0.5% sodium deoxycholate, 0.2%
SDS, 5 ug/mL antipain-leupeptin-pepstatin cocktail, 1 mmol/L
phenylmethylsulfonyl fluoride] at 4°C for 10 minutes, scraped
from the dish, and sonicated (Branson Digital Sonifier,
5 seconds at 33% amplitude). Protein loadings were normalized
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by staining immunoblots with antibodies against a-tubulin.
Gels were transferred electrophoretically onto nitrocellulose
(0.1 A, 12 hours, 4°C) and probed with the indicated
antibodies (at the dilutions recommended by the manufacturer)
followed by alkaline phosphatase—labeled (Promega) or
horseradish peroxidase—labeled (Amersham, Arlington
Heights, IL) secondary antibodies. The chromogenic substrate
nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate
(Sigma B-1911) or the chemiluminescent reagent SuperSignal
WestPico (Pierce, Rockford, IL, 34080) were used to reveal the
antibody reaction.

Quantitative Real-time, Reverse Transcription-PCR

Total RNA was prepared from Rat-1 fibroblasts using the
RNeasy mini kit (Qiagen, Valencia, CA). Sodium butyrate—
treated cultures were incubated with 10 mmol/L sodium butyrate
for 16 hours before RNA preparation. cDNA synthesis was
achieved with 1 to 2 pg of total RNA using the iScript cDNA
synthesis kit (Bio-Rad). SYBR green-based real-time PCR was
used to measure relative gene expression in each sample using
96-well plates. Each master mix (25 uL) contained a single gene-
specific primer set (forward and reverse, 2.5 pmol/L), 20 ng of
c¢DNA, 10 nmol/L fluorescein calibration dye, and 2x SYBR
Green PCR Mastermix (Applied Biosystems, Foster City, CA).
Each experimental sample was assayed using three replicates for
each primer, including the 18S RNA specific primer, which was
used as an internal standard. Negative controls lacking the
cDNA template were run with every assay to assess specificity.
Gene-specific primer sets were designed using Primer-
Express software (Applied Biosystems) and were as follows:
18S RNA forward 5 -ACATCCAAGGAAGGCAGCAG-3,
18S RNA reverse 5 -TTTTCGTCACTACCTCCCCG-3, cin-
gulin forward 5’ -AGTCAGACCGTGTGGCTTTTG-3’, cingu-
lin reverse 5'-CTGAAGGGCCACATTGCTCT-3’, ZO-1
forward 5 -GAGCTACGCTTGCCACACTGT-3, ZO-1 reverse
5" -TCGGATCTCCAGGAAGACACTT-3', ZO-2 forward 5 -
TCAGAGCCGGTGCAGCA-3', and ZO-2 reverse 5'-
TCATCTGAGCGCGTGGC-3'. The real-time fluorescence
signal was analyzed using the iCycler iQ software version 3.0
(Bio-Rad). The cycling conditions were as follows: 1 cycle at
95°C for 10 minutes followed by 40 cycles of PCR
amplification, each consisting of 95°C for 15 seconds and
60°C for 45 seconds. To identify specific PCR products, melting
curve analysis was done by heating the reaction mixture from
60°C to 95°C at the rate of 0.5°C per 10 seconds. A threshold
cycle (C,) was determined for each sample using the exponential
growth phase and the baseline signal from fluorescence versus
cycle number plots. PCR assays that showed nonspecific
products at the end point were excluded from further data
analysis. AC| values were obtained by subtracting the C, value of
the housekeeping gene 18S RNA from the C, value for each
indicated gene. Each AC value represents the mean + SD of
three independent experiments. AAC; was calculated as the
difference in AC; between different samples. Positive AAC,
values indicate a higher number of PCR cycles and therefore a
lower amount of mRNA. Conversely, negative AAC, values
indicate higher amounts of mRNA. The fold change was
calculated by 274A€Y,
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