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The cadherin/catenin complex serves as an important structural component of adherens junctions in
epithelial cells. Under certain conditions, 3-catenin can be released from this complex and interact with
transcription factors in the nucleus to stimulate the expression of genes that regulate apoptosis and cell cycle
control. While studying the effects of the bacterial pathogen Chlamydia trachomatis on human cervical epithelial
cells in culture, we observed that C. trachomatis caused the epithelial cells to separate from each other without
detaching from their growing surface. The objective of the present study was to determine if this effect might
involve the disruption of the cadherin/catenin complex. Primary cultures of human cervical epithelial cells or
HelLa cells were infected with C. trachomatis serovar E. Cadherin-like immunoreactive materials and -catenin
were visualized by immunofluorescence. Preliminary studies showed that N-cadherin was the primary cadherin
expressed in both the primary cultures and the HeLa cells. In noninfected cells, N-cadherin and 3-catenin were
colocalized at the intercellular junctional complexes. By contrast, the infected cells showed a marked loss of
both N-cadherin and f-catenin labeling from the junctional complexes and the concomitant appearance of
intense (3-catenin labeling associated with the chlamydial inclusion. The results of Western blot analyses of
extracts of C. trachomatis showed no evidence of cross-reactivity with the B-catenin antibody. These results
indicate that C. frachomatis causes the breakdown of the N-cadherin/3-catenin complex and that the organism
can sequester [3-catenin within the chlamydial inclusion. This could represent an important mechanism by

which C. trachomatis alters epithelial cell function.

Chlamydia trachomatis is an obligate intracellular bacterial
pathogen that typically infects columnar epithelial cells but
which may also infect a variety of other types of mammalian
cells (24). The organism can exist as a metabolically dormant
elementary body and an active reticulate body. The initial
infection involves the attachment of the elementary body to the
cell surface and the subsequent internalization of the organ-
ism. Inside the cell, the elementary body differentiates to form
reticulate bodies that replicate within a vacuole, or “inclusion,”
in the cytoplasm. Chlamydiae depend on their host cell for
nutritional support and can alter cellular function to evade
various intracellular defense mechanisms, inhibit apoptosis,
direct vesicular traffic, disrupt cytoskeletal arrangements, and
alter host cell signaling mechanisms (for reviews, see refer-
ences 24 and 25).

Despite extensive research efforts, the exact mechanisms by
which C. trachomatis causes derangements of host cell physi-
ology remain poorly understood. During the course of studies
to address this problem, we observed that infection of primary
cultures of human cervical epithelial cells with C. trachomatis
caused the cells to separate from each other without detaching
from their growing surface. This suggested to us that C. tra-
chomatis might somehow affect one or more of the molecular
elements that maintain epithelial cell-cell adhesion.

One of the most important molecular determinants of epi-
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thelial cell-cell adhesion is the cadherin/catenin complex. The
cadherins represent a diverse family of Ca®"-dependent cell
adhesion molecules (for reviews, see references 23, 42, 51, and
56). Thus far, over 40 cadherins have been described, with the
best characterized being the classical cadherins, such as E-, P-,
and N-cadherin. These classical cadherins are integral Ca®*-
binding glycoproteins that are usually localized at the adhering
junctional complexes in epithelial cells (12, 16, 61). The cad-
herins are transmembrane proteins that contain an extracellu-
lar domain, a transmembrane domain, and an intracellular
domain. The extracellular domain contains the Ca®*-binding
sites, as well as the adhesive regions of the molecule. The
binding of extracellular Ca®" causes the molecule to assume a
more rigid conformation and orients the adhesive regions so
that the cadherin from one cell can interact, in a homologous
manner, with a similar cadherin from an adjacent cell (1, 4, 40,
47, 48, 54). The intracellular domain of the cadherin is linked
to B-catenin, which is also bound to «-catenin, which in turn
links the entire complex to the actin cytoskeleton (2, 27, 36, 41,
43, 44, 52). In this context, the cadherin/catenin complex serves
as a key structural component of adherens-type junctions

In addition to our observation that infection with C. tracho-
matis causes cervical epithelial cells to separate from each
other, several other lines of evidence suggest that C. tracho-
matis might affect the cadherin/catenin complex. Majeed et al.
(32-34) have shown that the infection of epithelial cells with C.
trachomatis and the translocation of the bacterium within the
cells involves Ca®* jons and a reorganization of the actin
cytoskeleton, both of which could directly or indirectly affect
the cadherin/catenin complex. Moreover, while there is no
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FIG. 1. C. trachomatis causes cervical epithelial cells to separate from each other. Cells were infected with C. trachomatis and processed for the
visualization of the Chlamydia antigen as described in Materials and Methods. (A) Phase-contrast view of normal cells; (B) fluorescence view
showing a lack of Chlamydia labeling in the normal cells; (C) phase-contrast view of Chlamydia-infected cells; (D) fluorescence labeling of
Chlamydia antigen in infected cells. The arrows indicate the gaps between the Chlamydia-infected cells. Original magnification, X525.

direct information regarding the effects of chlamydiae on the
cadherin/catenin complex, a large number of recent studies
have shown that other bacterial pathogens, including various
species of Listeria, Salmonella, Shigella, and Helicobacter, can
interact with the cadherins, the catenins, or their associated
proteins and that this mechanism may play a critical role in
microbial infection and subsequent changes in cell physiology
(28,30, 31, 37, 39, 53, 57, 58). In light of these observations, we
felt that it would be interesting to examine the effects of C.
trachomatis on the integrity of the cadherin/catenin complex
and the localization of B-catenin in human cervical epithelial
cells.

MATERIALS AND METHODS

Cell culture and infection with C. trachomatis. C. trachomatis serovar E (E-
BOUR Y17 H8) was obtained from Todd Cotter and was derived from a seed
stock originally supplied to him by Harlan Caldwell at Rocky Mountain Labo-
ratories, National Institute of Allergy and Infectious Diseases, National Insti-
tutes of Health, Hamilton, Mont. Stock organisms were propagated in our
laboratory in HeLa 229 cells and purified by differential centrifugation as de-
scribed previously (14). The stocks were assessed for viable chlamydiae by cul-
ture of sequential 10-fold dilutions in HeLa 229 monolayers and subsequent
enumeration of inclusions by indirect immunofluorescence (17, 18). The remain-

ing samples were frozen at —70°C in SPG buffer (0.25 M sucrose, 10 mM
phosphate, and 5 mM L-glutamic acid, pH 7.3) until they were needed. Primary
cultures of human cervical epithelial cells (CrEC-Ec) were purchased from
Clonetics Inc. (San Diego, Calif.) and maintained in monolayer cultures in
CC-3118 epithelial growth medium (Clonetics Inc.). In most experiments, the
cervical epithelial cells or HeLa 229 cells were seeded onto glass coverslips in
24-well plates and grown to 80 to 90% confluence. The cells were then inoculated
with C. trachomatis at a multiplicity of infection of 0.3, centrifuged at 1,500 X g
at 36°C for 1 h, and incubated for 24 h in a humidified environment of 5% CO,.
Following fixation with methanol, the monolayers were processed for fluores-
cence microscopy. All experiments included control samples in which cell mono-
layers were treated in the same manner except that C. trachomatis was omitted
from the inoculation solution.

Fluorescence microscopy. Preliminary immunofluorescence studies employing
a panel of antibodies that specifically recognize either E-, P-, or N-cadherin, as
well as a broad-spectrum pancadherin antibody, indicated that the primary cad-
herin that was expressed in both the primary cultures of the cervical epithelial
cells and the HeLa cells was N-cadherin. For the present studies, N-cadherin was
visualized by indirect immunofluorescence using the following procedure. Cells
on glass coverslips were infected with C. trachomatis as described above. After
24 h, the samples were fixed in methanol at —20°C for 10 min. They were then
incubated in 3% goat serum for 15 min (primary blocking serum). The samples
were then incubated for 40 min with the primary antibody, a mouse anti-human
N-cadherin (Transduction Labs, Lexington, Ky.), washed in phosphate-buffered
saline (PBS), and incubated for 40 min in the secondary antibody, a fluorescein
isothiocyanate (FITC)-labeled goat anti-mouse immunoglobulin G (IgG; Sigma,
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FIG. 2. Effect of C. trachomatis on the localization of N-cadherin. Normal and Chlamydia-infected cells were processed for the visualization of
N-cadherin, as described in Materials and Methods. (A) Control cells; (B) Chlamydia-infected cells. Original magnification, X525.

St. Louis, Mo.). The samples were washed in deionized water, mounted on glass
slides in Aqua Polymount (Polysciences Inc., Warrington, Pa.), and viewed with
a fluorescence microscope. B-Catenin and Chlamydia inclusions were visualized
by indirect immunofluorescence using a dual-labeling procedure. Samples were
fixed and permeabilized in —20°C methanol for 10 min and then blocked with
10% goat serum in PBS for 10 min. The samples were then incubated for 45 min
at 37°C in PBS containing the primary antibodies, a polyclonal rabbit anti 3-cate-
nin (Zymed Laboratories, South San Francisco, Calif.) at 10 pg/ml and a mouse
anti-Chlamydia genus-specific monoclonal antibody (14 M-3-B9) that recognizes
a genus-specific epitope of the chlamydial lipopolysaccharide at a 1:300 dilution
(18). To assess background labeling, some samples were incubated in the same
manner except that the primary antibodies were omitted from the solution. The
samples were rinsed quickly in PBS and then incubated for 30 min at 37°C in PBS
containing the secondary antibodies, a tetramethyl rhodamine isothiocyanate
(TRITC)-conjugated goat anti-rabbit IgG (Sigma) at a dilution of 1:100 and an
FITC-conjugated goat anti-mouse IgG (Calbiochem, San Diego, Calif.) at a
dilution of 1:60. To visualize DNA in the same samples, 0.1 pg of 4,6-diamido-
2-phenylindole (DAPI)/ml was also included in the solution. The samples were
rinsed successively in PBS and deionized water and then were mounted on glass
slides in Aqua Polymount. The samples were allowed to dry in the dark and were
viewed with a 100X objective lens on a Nikon Eclipse E400 epifluorescence
microscope. Digital images of the cells were captured with a Spot 2 digital
camera (Diagnostic Instruments Inc., Sterling Heights, Mich.) using constant
exposure times and gain settings. For the labeling of B-catenin, the Chlamydia-
specific antigen, and DAPI-reactive materials, the exposure times were 0.8 s
(red), 1.0 s (green), and 0.8 s (blue), with a gain setting of 8. For the labeling of
N-cadherin in the primary cell culture, the same exposure times were used, but
the gain was set at 16. For the labeling of N-cadherin in the HeLa cells, the
exposure times were increased threefold. The digital images were processed
using the Image-Pro Plus image analysis software package (Media Cybernetics,
Inc., Silver Spring, Md.). All experiments were repeated at least three times and
were highly reproducible.

Western blot analysis of B-catenin. To examine the possibility that C. tracho-
matis contains proteins that could cross-react with the B-catenin antibody, pro-
tein extracts of C. trachomatis, as well as extracts from the human cervical
epithelial cells, were subjected to Western blot analysis. Chlamydia elementary
bodies were purified from HeLa 229 cells by differential centrifugation followed
by ultracentrifugation over a Renograffin density gradient as previously de-
scribed (14). The purified elementary bodies were then inactivated with UV light
(50), standardized according to protein content (BCA Protein Assay kit; Pierce
Chemical Co., Rockford, IIl.), and frozen in sterile PBS at —80°C until they were
used. Cervical epithelial cells and the isolated C. trachomatis cells were lysed with
1 ml of 4X lithium dodecyl sulfate sample buffer (Invitrogen, Carlsbad, Calif.)
containing 0.5 M dithiothreitol (Invitrogen) at 90°C for 4 min. The samples were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis
using a 4% stacking gel, a 10% separating gel, the standard Laemmli buffer
system, and BlueRanger prestained protein molecular weight standards (Pierce
Inc.). The separated proteins were electrophoretically transferred from the gels
to polyvinylidene difluoride membranes. The membranes were blocked in 1%

fat-free bovine serum albumin (Sigma)-10 mM Tris-100 mM NaCl-0.1% Tween
20 for 2 h and incubated with the mouse anti-B-catenin antibody dilution for 2 h
at room temperature. The membrane was then incubated in an anti-mouse I1gG
peroxidase conjugate (Sigma) at a dilution of 1:20,000 for 2 h at room temper-
ature. The B-catenin probe was visualized using Super Signal West Pico chemi-
luminescent substrate (Pierce), and the membrane was exposed to X-ray film for
10 s. To visualize total protein, the membrane was stained with GelCode Blue
stain reagent (Pierce) according to the manufacturer’s protocol.

RESULTS

C. trachomatis causes cervical epithelial cells to separate
from each other. Figure 1 shows the effect of C. trachomatis on
the general morphology of the primary cultures of cervical
epithelial cells. As may be seen in the phase-contrast image in
Fig. 1A, the normal cells were closely associated with each oth-
er and exhibited an epithelium-like phenotype, although some
of the cells were irregularly shaped and contained elongated
processes that extended over adjacent cells. These normal cells
showed no labeling with the Chlamydia-specific antibody (Fig.
1B). As may be seen in Fig. 1C, the Chlamydia-infected cells
appeared to have separated from each other, as evidenced by
the appearance of gaps between the cells. Labeling with the
Chlamydia-specific antibody showed that approximately 25 to
30% of the cells contained a single large inclusion.

Effects of C. trachomatis on localization of N-cadherin. The
results of preliminary studies (not shown) had indicated that
the predominant cadherin that was expressed in the cervical
epithelial cells was N-cadherin. As may be seen in Fig. 2A,
N-cadherin was primarily localized at the contacts between the
cells. Infection of the cells with C. trachomatis caused a marked
loss of N-cadherin from the cell-cell contacts, as well as the
retraction of cells from each other and the appearance of gaps
between the cells (Fig. 2B). Other samples from this experi-
ment that were labeled with the Chlamydia-specific antibody
indicated that about 30% of the cells were infected (not
shown).

C. trachomatis accumulates B-catenin in the intracellular
inclusion bodies. Figure 3 shows the effects of C. trachomatis
on the localization of B-catenin in primary cultures of human
cervical epithelial cells. In the normal cells (Fig. 3A), B-catenin
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3. C. trachomatis sequesters B-catenin. Normal cells and Chlamydia-infected cells were processed for the visualization of B-catenin, the

1-specific antigen, and DNA as described in Materials and Methods. (A) Control cells with B-catenin; (B) Chlamydia-infected cells with

; (C) control cell% with Chlamydia-specific antibody; (D) Chlamydia-infected cells with Chlamydia-specific antibody; (E) control cells with

DAPI labeling of DNA; (F) Chlamydia-infected cells with DAPI labeling of DNA. The arrows in panel F indicate the labeling of the DNA in the
Chlamydia inclusions. Original magnification, X525.
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FIG. 4. Western blot analysis of B-catenin. Protein extracts con-
taining 3 pg of protein from concentrated isolates of C. trachomatis
and cervical epithelial cells were subjected to Western blot analysis
using the B-catenin probe as described in Materials and Methods.
Protein extracts from the cervical epithelial cells showed pronounced
-catenin labeling at an apparent molecular mass of 98 kDa. In con-
trast, no B-catenin labeling was evident in the extracts from C. tracho-
matis.

was localized at the contacts between the cells, with some
diffuse labeling present in the cytoplasm and little or no label-
ing in the nuclei. As may be seen in Fig. 3B, infection with C.
trachomatis caused a reduction in the intensity of B-catenin
labeling at the cell-cell contacts. Of even greater importance
was the observation that some of the cells showed intense
intracellular labeling in well-defined structures that appeared
to be shaped like the Chlamydia inclusions. Viewing the same
samples with filter configurations to highlight the labeling with
the Chlamydia-specific antibody (Fig. 2C and D) or the DAPI
nucleic acid labeling (Fig. 2E and F) also indicated that the
B-catenin was associated with the inclusion. The DAPI labeling
was especially interesting, since it highlighted both the inclu-
sions and the nuclei of the cervical epithelial cells.

In order to rule out the possibility that the apparent B-cate-
nin labeling of the inclusions resulted from fluorescence “spill-
over” when the FITC-labeled Chlamydia samples were viewed
with the TRITC filter configuration used to visualize B-catenin,
some samples of the Chlamydia-infected cells were labeled
with the Chlamydia-specific antibody and the FITC tag and
then viewed using the TRITC filter configuration. Under these
conditions, the FITC-labeled Chlamydia tag exhibited no flu-
orescence (not shown), indicating that the apparent B-catenin
labeling in the inclusion did not result from any fluorescence
spillover.

To examine the possibility that the B-catenin labeling in the
inclusions resulted from the cross-reactivity of the B-catenin
antibody with a chlamydial protein(s), we first performed
BLASTIN and BLASTX sequence similarity searches (5) using
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human B-catenin (GenBank accession number NM001904) as
the query and the C. frachomatis genome. The results of these
searches indicated that there were no statistically significant
regions of similarity. In addition, extracts from concentrated
isolates of C. trachomatis, as well as the cervical epithelial cells,
were subjected to Western blot analysis using the B-catenin
antibody as the probe. As may be seen in Fig. 4, protein
extracts from the cervical epithelial cells showed pronounced
B-catenin labeling at an apparent molecular mass of 98 kDa
along with unidentified bands at 79 and <27 kDa. By contrast,
no B-catenin labeling was evident in the extracts from C. fra-
chomatis. The absence of labeling in the Chlamydia extracts
indicates that there is no cross-reactivity between the B-catenin
antibody and any chlamydial proteins. This strongly suggests
that the B-catenin labeling of the inclusion is, in fact, due to the
sequestering of mammalian B-catenin.

While this study was under review, the company from which
we had purchased the primary cultures of cervical epithelial
cells (Clonetics) instituted several changes in their policies for
the distribution of primary cell cultures. Due to a delay in the
implementation of the new policies, the primary cultures of the
cervical epithelial cells were temporarily unavailable. In order
to identify an alternate model system for our studies, we ex-
amined the effects of C. trachomatis in HeLa cells. As may be
seen in Fig. 5, the normal HeLa cells expressed both N-cad-
herin (Fig. 5A) and B-catenin (Fig. 5C), which were colocal-
ized at the cell-cell contacts, although the intensity of the
labeling was slightly less than in the primary cell cultures. As in
previous studies with primary cell cultures, infection of the
HeLa cells with C. trachomatis caused a marked loss of both
N-cadherin (Fig. 5B) and B-catenin (Fig. 5D) from the cell-cell
contacts and the concomitant accumulation of 3-catenin label-
ing in the inclusions (Fig. 5D and F).

DISCUSSION

The results of these studies indicate that C. frachomatis
disrupts N-cadherin-dependent cell-cell junctions and causes
the breakdown of the N-cadherin/B-catenin complex in pri-
mary cultures of human cervical epithelial cells and in HeLa
cells. Moreover, C. trachomatis appears to sequester -catenin
in its cytoplasmic inclusions. Each of these findings could have
important implications regarding the mechanisms by which C.
trachomatis produces its pathophysiologic effects. For example,
the loss of N-cadherin-mediated cell-cell adhesion and the
subsequent increase in epithelial paracellular permeability
could help to explain some of the physiologic manifestations of
acute Chlamydia infections, including inflammation, secretory
response (i.e., watery discharge), and the associated increased
susceptibility to infections by other pathogens, such as human
immunodeficiency virus (59).

In considering the possible significance of our findings, it is
important to note that in addition to serving as a structural
component of adherens junctions, B-catenin functions as an
important component of the so-called wingless, or Wnt, sig-
naling pathway in the regulation of gene expression. Originally
described in Drosophila, this pathway appears to be highly
conserved in mammalian cells. The details of the Wnt/B-cate-
nin signaling pathway and the possible roles that it may play in
developmental biology and in the initiation and progression of
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. Effects of C. trachomatis on N-cadherin and B-catenin in HeLa cells. HeLa 229 cells were infected with C. trachomatis as described in
Materials and Methods and incubated for 36 h. Some of the samples were processed for the visualization of N-cadherin, whereas other samples
were processed for the visualization of B-catenin and the Chlamydia-specific antigen by the dual-labeling procedure described in Materials and
Methods. (A) Control cells with N-cadherin; (B) Chlamydia-infected cells with N-cadherin; (C) control cells with B-catenin; (D) Chlamydia-
infected cells with B-catenin; (E) control cells with Chlamydia-specific antigen; (F) Chlamydia-infected cells with Chlamydia-specific antigen.
Original magnification, X525.
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FIG. 6. Role of B-catenin in the wingless/Wnt nuclear signaling pathway.

cancer have recently been discussed in several excellent re-
views (7, 9, 11, 13, 19, 49). The key elements of this signaling
pathway are shown schematically in Fig. 6. Under certain con-
ditions, B-catenin can be released from the junctional com-
plexes into the cytosol, where it may be targeted for proteoso-
mal degradation in a complex process that involves the
adenomatous polyposis coli (APC) gene product, or it can be
translocated to the nucleus, where it can bind to transcription
factors, such as TCF/LEF1, and stimulate the expression of
various genes that regulate apoptosis and cell cycle control (10,
11, 13, 19). Activation of B-catenin signaling has been impli-
cated as a key regulator of a variety of physiologic processes,
including cell growth and differentiation, the induction of ap-
optosis, and carcinogenesis (9, 10, 11, 13, 45).

In light of the importance of B-catenin as an intracellular
signaling molecule, the apparent ability of C. trachomatis to
accumulate B-catenin in the intracellular inclusions could be
especially significant. One of the more intriguing questions that
arises from this observation is, what biological advantage might
C. trachomatis gain by sequestering B-catenin? While we can
only speculate at this time, one possibility might be to prevent
the infected cells from undergoing apoptosis. Previous studies
have shown that cells infected with C. trachomatis become
resistant to apoptotic stimuli (21, 22). At the same time, other
studies have shown that the release of B-catenin from junc-
tional complexes into the cytosol may be an important step in
the initiation of apoptotic death in several types of cells (3, 15,
20, 29, 46, 60, 62). Perhaps, by binding B-catenin and disrupt-
ing one of the pathways that leads to apoptotic cell death, C.
trachomatis might prolong the life of the infected cell so that
the organism can develop and mature.

It should be noted that along with the decrease in junction-
associated B-catenin in the infected cells, noninfected cells also
showed a decrease in the amount of 3-catenin at the cell-cell
contacts. The most likely explanation for this phenomenon is
that the disruption of cadherin/catenin-mediated adhesion in
one cell indirectly affects adjacent cells. In noninfected cells
that are adjacent to an infected cell, there would be nothing for
the cadherin/catenin complex to adhere to on the surface of
the infected cell. Since each cell is normally attached to many
others, infection of just a few cells could affect catenin local-

ization in many cells. Whether this has any functional conse-
quences for B-catenin signaling in noninfected cells remains to
be seen.

Another interesting question that arises is whether the
effects of C. trachomatis on B-catenin may be related to the
increased risk of cervical cancer that has been associated
with C. trachomatis infections (6). The B-catenin-mediated
nuclear signaling system has been implicated in a variety of
existing cancers, and activation of this system has been sug-
gested to play a role in the induction of oncogenes and the
carcinogenic transformation of cells (7, 9, 11, 26, 35, 38, 55).
Intuitively, it might seem that the ability of C. trachomatis to
sequester B-catenin in the inclusion bodies would inhibit
B-catenin-mediated nuclear signaling and, if anything, pre-
vent the carcinogenic transformation of cells. However, it is
important to note that the present study focused on the
early stages of chlamydial infection and did not explore the
long-term fate of the Chlamydia—B-catenin interaction. Spe-
cifically, chlamydial infection of a host cell in vivo may not
always result in host cell lysis, as is normally observed in
most in vitro systems. As reviewed by Beatty et al. (8),
stressors, such as heat, cytokines, nutrient deprivation, or
suboptimal antimicrobial therapy, may induce persistent
nonlytic chlamydial infections of host cells and elaborate a
structurally and physiologically altered form of the organ-
ism. Could such persistent infections prevent host cell lysis
or apoptosis and thereby eventually allow a transformation
event to occur? While we do not yet know the fate of
B-catenin during the later stages of active or persistent in-
fection, this would be an interesting area for future re-
search.

While this study was under revision, Belland et al. (10)
published a report showing that the C. frachomatis strains
MoPn and D caused HelLa cells to separate from each other
and that this effect may be mediated by a specific chlamydial
cytotoxin that resembles known clostridial cytotoxins. At
present, it is not clear whether this cytotoxin is involved in
mediating the effects of C. trachomatis on N-cadherin and
B-catenin, although this too would be an interesting area for
future research.
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