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Symplekin is a ubiquitously expressed protein involved in cytoplas-
mic RNA polyadenylation and transcriptional regulation and is
localized at tight junctions (TJs) in epithelial cells. Nuclear symplekin
cooperates with the Y-box transcription factor zonula occludens 1-
associated nucleic acid-binding protein (ZONAB) to increase the
transcription of cell cycle-related genes and also inhibits differ-
entiation of intestinal cells. We detected high levels of nuclear
symplekin in 8 of 12 human colorectal cancer (CRC) samples. shRNA-
mediated reduction of symplekin expression was sufficient to
decrease significantly the anchorage-independent growth and
proliferation of HT-29 CRC cells as well as their tumorigenicity
when injected into immunodeficient animals. Symplekin down-
regulation also was found to alter ion transport through TJs, to
promote the localization of ZONAB in the membrane rather than
the nucleus, and strongly to enhance cell polarization in a 3D
matrix, leading to the formation of spheroids organized around a
central lumen. Claudin-2 expression was reduced following sym-
plekin down-regulation, an effect mimicked when ZONAB expres-
sion was down-regulated using selective siRNA. Virus-mediated
restoration of claudin-2 expression was found to restore nuclear
expression of ZONAB in HT29ΔSym cells and to rescue the pheno-
typic alterations induced by symplekin down-regulation of cell
polarity, paracellular transport, ZONAB localization, cyclin D1
expression, proliferation, and anchorage-independent growth.
Finally, siRNA-mediated claudin-2 down-regulation increased the
transepithelial resistance and decreased cyclin D1 expression and
ZONAB nuclear localization, similar to observations in symplekin-
depleted cells. Our results suggest that nuclear overexpression of
symplekin promotes tumorigenesis in the human colon and that the
regulation of claudin-2 expression is instrumental in this effect.
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The role of β-catenin in maintaining the stem/proliferative cell
compartment at the bottom of the intestinal crypts of Lie-

berkühn has been well described (1). Similarly, tight-junction
(TJ) complexes are emerging as active players in the regulation
of cellular proliferation, differentiation, and apoptosis (2), and
recent results suggest that alteration of their function is also
involved in tumorigenesis (3, 4).
Among the proteins detected at the TJ, the zonula occludens 1-

associated nucleic acid-binding protein/zonula occludens protein 1
(ZONAB/ZO-1) complex was identified as a regulator of cell pro-
liferation. In highly confluent epithelial cells, ZO-1 is located ex-
clusively at theTJ and sequesters theY-box transcriptional regulator
ZONAB/decorin-binding protein A (DbpA) at the cytoplasmic
plaque. However, under various physiological or pathological con-
ditions, this complex can be dissociated, resulting in the accumu-
lation of ZONAB/DbpA in the nucleus, where it promotes cell
proliferation (5). In kidney and intestinal cells this function relies in
part on the capacity ofZONAB/DbpA to interact in the nucleuswith
symplekin (6).

Like ZONAB/DbpA, symplekin belongs to a family of proteins
that localize in two subcellular compartments, the nucleus and the
cytoskeletal plaques of TJ (7). It is involved in the nuclear pre-
mRNA cleavage and polyadenylation machinery (8–11), and we
and others recently reported a direct interaction of symplekin with
two transcription factors, ZONAB/DbpA and heat shock factor
protein 1 (HSF1) (6, 12). The functional interaction between
symplekin and ZONAB/DbpA promotes proliferation (6) and acts
as a negative modulator of goblet-cell differentiation in the intes-
tine (13). However, despite its partial TJ localization, nothing
currently is known about a potential role of symplekin in cell
polarization. In addition, although ZONAB/DbpA overexpression
has been reported in various carcinomas (14, 15), the expression
pattern of symplekin in these tumors is not documented.
The objectives of the present study were to analyze the expres-

sion pattern of symplekin in human colorectal tumors, to assess
whether it is involved in regulating tumorigenicity in intestinal
cells, and to investigate the mechanisms underlying these effects.

Results
NuclearSymplekin Is StronglyExpressed inHumanColorectalCarcinoma.
Symplekin expression in human colorectal cancer (CRC) was ana-
lyzed in the SAGE Genie database (16), which indicated that sym-
plekin mRNA identification tags are strongly overexpressed in
human tumors fromthecolon, lung,muscle, andprostate, compared
with healthy tissue (http://cgap.nci.nih.gov/SAGE). Using RT-
qPCR, we found that the symplekin mRNA was overexpressed in
∼67% (8/12) CRC tumor samples compared with matching healthy
tissue, without any obvious correlation with tumor stage (Fig. 1A).
Immunostaining performed in eight of these samples showed a
strong nuclear expression of symplekin in all of them (Fig. 1B).
Concomitant cytoplasmic stainingwas detected in stage IV samples,
whereas membrane staining was not found in any of the tumors
tested. In contrast, nuclear staining for symplekin was restricted
largely to the bottom half of colonic crypts in the macroscopically
healthy epithelium, as described in ref. 13 and shown in Fig. S1.

Author contributions: M.B., D.J., and F.H. designed research; M.B., M.P., C.B., C.D., W.S.R.,
V.G., and J.P. performed research; A.P. and J-F.B. contributed new reagents/analytic tools;
M.B., M.P., C.B., J.P., and F.H. analyzed data; and D.J. and F.H. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. V.V. is a guest editor invited by the
Editorial Board.
1Present address: Ludwig institute for Cancer Research, Parkville, VIC3052, Australia.
2Present address: Rotary Bone Marrow Research Laboratory, Royal Melbourne Hospital,
Parkville, VIC3052, Australia .

3To whom correspondence should be addressed. E-mail: fhollande@univ-montp1.fr.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0903747107/DCSupplemental.

2628–2633 | PNAS | February 9, 2010 | vol. 107 | no. 6 www.pnas.org/cgi/doi/10.1073/pnas.0903747107

http://cgap.nci.nih.gov/SAGE
http://www.pnas.org/cgi/data/0903747107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
mailto:fhollande@univ-montp1.fr
http://www.pnas.org/cgi/content/full/0903747107/DCSupplemental
http://www.pnas.org/cgi/content/full/0903747107/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.0903747107


Symplekin Down-Regulation Reduces Tumor Growth in Vitro and in
Vivo. To analyze the role of symplekin on CRC cell tumor-
igenicity, we used HT-29Cl.16E cells, which proliferate steadily,
polarize when grown at high confluence (17), and generate
aggressive tumors following xenotransplantation into nude mice
(18). As described before (6), symplekin expression strongly
decreased after tetracycline (tet) induction in clones expressing
independent shRNAs directed against the symplekin mRNA
(ΔSymA and ΔSymB) (Fig. S2).
To determine whether symplekin down-regulation affects anchor-

age-independentgrowth,wequantified thecapacityofΔSymclones to
grow as spheroid bodies in suspension. Both number and size of
spheroid bodies were reduced in ΔSym clones as compared with
control cells (Fig. 2A), indicating that symplekin down-regulation
impaired the capacity of these tumor cells to grow in the absence of an
extracellularmatrix. Similar results were obtained in a soft agarmodel
(Fig. 2B). The ability of symplekin-depleted cells to form xenografts
wasquantified following injection intoBALB/cnudemice.Thirtydays
after injection, the volumeof tumors derived fromΔSymcellswas 50–
55% smaller than that of tumors induced by control cells and of
tumors developed in mice without doxycycline (Fig. 2C). Thus, sym-
plekin down-regulation decreases the tumorigenicity of HT-29 cells.

Symplekin Modulates Cell Architecture and TJ Physiology in HT-
29Cl.16E Cell Monolayers. We then asked whether phenotypic mod-
ifications other than proliferation were responsible for the reduced
tumorigenicity of HT-29Cl.16E/ΔSym cells. Using transmission elec-
tron microscopy, we found that confluent monolayers of ΔSym cells
were much more compact and displayed smaller intercellular spaces
than control cells. In addition, although superposition or cytoplasmic
projections of cells above one other were often seen in controls, these
occurrences were very rare after symplekin down-regulation, sug-
gestingan increasedpolarizationof symplekin-depletedcells (Fig.S2).
BecauseHT29-Cl.16E cells are known to polarize spontaneously (19)
when confluent and to form adherens junctions and TJs (6), trans-
epithelial resistance (TER) measurements were performed to cor-
roborate this result. Maximal TER values, obtained 14 days after the
cells reached confluence, were strongly elevated following symplekin
down-regulation (Fig. 3A), and a significant decrease in the dilution

potential also was observed after symplekin depletion, reflecting a
defective passage of positively charged ions (Fig. 3A).
These results indicate that symplekin down-regulation induces

morphological changes that promote the formation of cohesive
and organized cell–cell contacts, inducing significant alterations
of TJ charge-selectivity in HT29-Cl.16E cells.

Symplekin Down-Regulation Increases the Polarization and Decreases
the Proliferation of CRC Cells in 3D Cultures. To determine whether
the regulation of TJ function by symplekin is concomitant with an
effect on polarization, 3D cultures were prepared by growing
HT29-Cl.16E cells into aMatrigel layer. Symplekin-depleted cells
preferentially grew into organized spheroids containing a lumen,
whereas control cells almost exclusively formed cell masses with-
out a lumen (Fig. 3B). In addition, although ezrin localization was
diffuse in controls, it was restricted to the apicalmembrane around
the lumenof spheres grown from symplekin-depleted cells, reflecting
their increased polarization (Fig. 3C). Finally, proliferative cells were
distributed evenly throughout control spheroids, whereas pro-
liferation was restricted to a smaller fraction of cells following sym-
plekindown-regulation (Fig. 3DandFig. S2).Apoptosiswas low inall
samples but increased slightly following symplekin down-regulation,
as assessed via activated caspase 3 detection (Fig. 3D and Fig. S2).
Thus, symplekin down-regulation, induced by an increased

cellular polarization combined with a reduction in proliferation,
leads to a reorganization of CRC cancer cells.

CLDN2 Gene Expression Is Decreased in Symplekin-Depleted Cells. The
claudin family of TJ proteins is essential to regulate paracellular ion
transport (20, 21) and epithelial cell polarity (22). Because both events

Fig. 1. Symplekin expression in human CRC. (A) Symplekin mRNA expres-
sion in tumor samples (black bars) from 12 patients with CRC, relative to the
level of expression in their respective healthy epithelium (white bars), which
was normalized to 1 for each patient. Values are means ± SEM (n = 3) after
correction for total RNA loading and for the presence of stroma using
GAPDH or vimentin and smooth muscle actin mRNA expression, respectively.
The patient identification number and TNM staging of tumors are indicated
below the horizontal axis. (B) Immunofluorescence (IF) detection of sym-
plekin in four human CRC samples, representative of eight similar samples.
Patient numbers correspond to samples analyzed in A. (Scale bar, 25 μm.)

Fig. 2. Symplekin depletion reduces the tumorigenicity of HT29-Cl.16E CRC
cells in vitro and in vivo. (A) (Top) Representative photograph demonstrating
the formation of spheroids by symplekin-depleted (ΔSymA and ΔSymB) and
control clones (NS) in suspension after 10 days with or without tet. (Scale bar,
50 μm.) (Bottom) Number of spheroids per well, expressed as the mean ±
SEM obtained from 24 wells per sample. *, P < 0.05 compared with NS
control cells (n = 3). (B) (Top) Growth of ΔSymA, ΔSymB, and NS clones in soft
agar in the presence or the absence of tet. (Scale bar, 300 μm.) (Bottom)
Relative colony size, expressed as the mean ± SEM; *, P < 0.05 compared
with NS control cells (n = 3). (C) Tumor size was checked regularly for 30 days
after injection of HT29Cl16E::SYM-shRNA (Left) or of HT29Cl16E::LUC-shRNA
(Right) in BALB/c nude mice. Animals were kept without (− Dox) or with (+
Dox) doxycycline in the drinking water. Results represent mean ± SEM of six
mice per group. *, P < 0.05 compared with noninduced HT29Cl16E::SYM-
shRNA and with HT29Cl16E::LUC-shRNA cells.
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arealtered following symplekindown-regulation,weanalyzedwhether
the expression levels or localization of claudin isoforms are altered in
ΔSym cells. Among the isoforms expressed by HT-29Cl.16E cells,
symplekin depletion strongly down-regulates the expression of clau-
din-2 (Fig. 4 and Fig. S3), while increasing claudin-15 mRNA
expression (Fig. S3). mRNA levels for claudin-1, -3, -4, and -7, as well
as forweaklyexpressedclaudin-9, -14, -17, and -22, arenot significantly
affected by symplekin down-regulation. In addition, claudin-2mRNA
expression displays a strong correlation trend with symplekin expres-
sion in a panel of 12CRCsamples (Spearman’s correlation coefficient
r= 0.52, P= 0.08) (Fig. S3).
This transcriptional down-regulation of claudin-2 expression in

ΔSym cells (Fig. 4C and Fig. S3) was confirmed at protein level using
Westernblotting (Fig. 4A) and immunofluorescent staining (Fig. 4B).
We then determined whether the previously described coopera-

tion between symplekin and ZONAB/DbpA in the regulation of
transcription extendsd to the regulation of claudin-2 expression.
Indeed,CLDN2mRNAlevels also aredecreased in cells transiently
transfected with ZONAB/DbpA-selective (6) siRNA, and these
siRNA do not further decrease CLDN2mRNA expression in cells
where symplekin is already down-regulated (Fig. 4C), suggesting
that these two proteins cooperate to regulate CLDN2 expression.
The down-regulation of claudin-2 mRNA in symplekin-

depleted cells and the increase of TER and the decrease of the

symplekin/ZONAB target cyclin D1 (6) are reversed following
transfection with a large amount of human symplekin construct,
corroborating the specificity of these effects (Fig. S4).

Claudin-2 Is Instrumental for Symplekin’s Effects on TJ Function, Cell
Polarity, and Anchorage-Independent Growth. Our results show that
symplekindrives, at least inpart, claudin-2expression inHT29CRC
cells. The strong nuclear expression of symplekin in CRC cells thus
could be involved in claudin-2 overexpression inCRC (23), and this
overexpression recently was shown to increase the invasive poten-
tial of cancer cells (24).We therefore analyzedwhether claudin-2 is
involved in the biological effects of symplekin on tumorigenicity.
Weused infectionwith claudin-2-expressing retroviral constructs to
restore claudin-2 expression in symplekin-depleted cells (ΔSymB::
CLDN2) and compared these cells withΔSymcells transducedwith
control retrovirus (ΔSymB::puro) (Fig. S5).
Claudin-2 reexpression in ΔSym::CLDN2 cells reverses both the

increase in TER and the reduction of dilution potential induced by
symplekin depletion, whereas claudin-2 overexpression in control
clones slightly increases the dilution potential without affecting
TER, in agreementwith the knownpositive effect of claudin-2 onTJ
selectivity for positively charged ions (Fig. 5A) (25, 26). In addition,
phalloidin staining of the actin cytoskeleton in confluent HT29-
Cl.16E cells (Fig. 5B) shows that the distance between basal and
apical membranes is increased in ΔSym clones, but claudin-2
reexpression largely prevents this increase (Fig. 5B). Furthermore,
claudin-2–transduced cells loose their capacity to organize around a
central lumen in 3D Matrigel cultures and to display a polarized
expression of apical markers such as ezrin (Fig. 5C). These results
demonstrate that modulation of claudin-2 expression is essential for
the effects of symplekin on cell polarity. In addition, claudin-2
reexpression in ΔSym::CLDN2 cells restores the ability of HT-29

Fig. 3. Symplekin down-regulation alters TJ physiology and increases CRC
cell polarization. (A) (Left) Mean ± SEM of maximal TER values in control
[parental (P), empty vector (VO), and NS (control shRNA)], ΔSymA, and
ΔSymB clones grown on Transwell filters for 14 days at confluence with (gray
bars) or without (white bars) tet (n = 4). Right, dilution potential (ΔP) in P,
VO, NS, ΔSymA, and ΔSymB clones was measured once they reached max-
imal TER. Values represent mean ± SEM; n = 3. *, P < 0.05 with control cells,
Student t test. (B) (Top) IF staining for E-cadherin (red) and β-catenin (green)
on confocal sections generated from 3D cultures of ΔSymB and control cells
grown in Matrigel for 14 days with or without tet. (Scale bar, 50 μm.)
(Bottom) Pictures were taken from 25 different areas, and the number of
spherical structures with (w/lumen) or without a lumen (w/o lumen) was
quantified. P < 0.05 compared with percentages of spheres without (*) or
with (#) a lumen (n = 3, Student t test). Similar results were obtained for
clone ΔSymA. (C) Cells grown as in A were stained for F-actin (red) or ezrin
(green). White arrowheads indicate the apical membrane localization of
ezrin in ΔSymB + tet cells. (D) Proliferation and apoptosis were analyzed in
control and ΔSymB cells grown as in A, using Ki67 or activated caspase 3
staining. Nuclei were stained with DAPI. (Scale bars, 10 μm.)

Fig. 4. Symplekin down-regulationmodifies the pattern of claudin expression
in CRC cells. (A) (Top) Claudin-2 and actin expression inΔSymA, ΔSymB, and NS
clones grown with or without tet for 10 days at confluence. (Bottom) Quanti-
ficationofclaudin-2expression inclonesexpressingcontrolor symplekin-specific
shRNA. Results are a percentage of the average expression in two untreated NS
clones (dark gray bars). Results aremean± SEM,n= 3. *,P< 0.05 comparedwith
control cells, Student t test. (B) Confocal images of control (NS) or HT29-Cl.16E
ΔSymB cells treated or not treated with tet and stained for CLDN2. (Scale bar,
20μm.) (C)CLDN2mRNAexpression inHT29-Cl.16EΔSymBclonesgrownwithor
without tet and transfected or not with ZONAB-selective siRNA. Results are
expressedrelativetotheexpression levels inNSandNS+tetcells,withorwithout
luciferase siRNA, as represented by the dashed line. (*, P < 0.05; **, P < 0.01
compared with control cells; n = 3).
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cells to form large spheroidswhengrown in suspension, aswell as the
proliferative phenotype within these spheres (Fig. 5D and Fig. S5).
Similar to the effect of symplekin down-regulation, siRNA-

mediated claudin-2 down-regulation decreases the expression of
cyclin D1 mRNA and increases the transepithelial resistance in HT-
29Cl.16E control cell monolayers (Fig. S6). The effects of symplekin
and claudin-2 down-regulation on cyclin D1 expression and TER are
not additive, arguing in favor of both proteins being part of the same
pathway (Fig. S6). Accordingly, we found that claudin-2 over-
expression (ΔSym::CLDN2 cells without tet) increases cyclin D1
levels and subconfluent cell proliferation in 2D, in comparison with
ΔSym::puro cells. Once cells are highly confluent, claudin-2 over-
expression no longer has any effect on proliferation but still reverses
the inhibition induced by symplekin down-regulation (Fig. S6), thus
mimicking the results obtained in 3D.
Finally, to examine the effects of symplekin on cell polarization

and proliferation in the absence of claudin-2, siRNA-mediated
symplekin down-regulationwas performed in SW480CRCcells, in
which the expression of the CLDN2 gene appears to be turned off
(Fig. S7). In these cells, cyclin D1 expression, cell polarization,

proliferation, and TER are not significantly affected by symplekin
down-regulation (Fig. S7).
Taken together, these results indicate that claudin-2 is anessential

mediator in the effects of symplekin in promoting proliferation and
anchorage-independent growth and that it is instrumental for sym-
plekin-mediated modulation of TJ function and cell polarization.

Claudin-2 Expression Modulates ZONAB Localization in HT-29Cl.16E
CRC Cells. Finally, we determined that symplekin levels are similar in
tet-inducedΔSym,ΔSym::puro, andΔSym::CLDN2, indicating that
the phenotypic rescue induced by CLDN2 reexpression in symple-
kin-depleted cells is not caused by a positive feedback on symplekin
levels (Fig. S5). Because we previously had shown that symplekin
and ZONAB form a transcriptionally active complex within the
nucleus, we also analyzed ZONAB localization in ΔSym::CLDN2
cells and found that the nuclear localization of ZONAB is largely
reinstated when normal CLDN2 expression is restored despite the
down-regulation of symplekin (Fig. 6A). Similarly, transfection of
claudin-2–selective siRNA in control HT-29Cl.16E cells induces a
partial shift ofZONABaway from thenucleus (Fig. 6B) but does not
further modify ZONAB localization in symplekin-depleted cells,
strongly suggesting that the decreased claudin-2 expression induced
by symplekin down-regulation is involved in the alteration ofZONAB
localization. Finally, claudin-2 overexpression is not able to rescue the
decrease incyclinD1expression inducedby transientdown-regulation
of ZONAB (Fig. 6C), corroborating our hypothesis that the latter is
essential for claudin-2-mediated regulation of cyclin D1.
These data suggest the existence of a positive feedback loop in

which high levels of claudin-2 expression,maintained in part by the
activity of the symplekin/ZONAB complex, promote in turn the
localization of ZONAB in the nucleus, where it is transcriptionally
active (Fig. S8).

Discussion
In this study, we detected a high level of symplekin expression in the
nucleus of human CRC cells, similar to that recently detected in the
proliferativecompartmentat thebottomofhealthycoloniccrypts (13).
We also demonstrated that symplekin down-regulation in CRC cells
reduces their tumorigenicity in vitro and in vivo. This effect probably is
related to the role of symplekin as a transcriptional cofactor in the
nucleus, where it modulates the expression of genes involved in pro-
liferation and stress responses in vitro (6, 12) and inhibits intestinal
differentiation in vivo (13). In addition, symplekin down-regulation
promotes polarization in CRC cells, strongly suggesting that symple-
kin overexpression in these cells also plays an active part in the dis-
ruptionof tissuehomeostasis bydisrupting epithelial cell organization,
resulting in a promotion of tumor progression.
These effects of symplekin down-regulation on CRC cell polar-

ization and tumorigenicity involve a transcriptional inhibition of the
gene encoding the transmembraneTJprotein claudin-2.This protein
is known to convert TJ from a tight to a leaky strand phenotype (20),
and its expression is regulated by cingulin, another TJ cytoplasmic
plaque protein that modulates proliferation in Madin-Darby canine
kidney cells (27).The transcriptional regulationofCLDN2bynuclear
symplekinprovides a potential explanation for the similarities of their
expression pattern in human CRC, where claudin-2 also is overex-
pressed (23), and in healthy human and rodent colonic epithelia,
where claudin-2 expression is restricted to the bottom section of the
Lieberkühn crypts (28–30). In addition, because de novo exper-
imental expression of claudin-2 restores the proliferation and
anchorage-independent potential of cells with down-regulated sym-
plekin, we conclude that claudin-2 is an essential mediator in the
tumor-promoting role of symplekin. A tumor-promoting role for
claudin-2 was suggested recently in adenocarcinoma gastric carci-
nomacells (24).Overexpressionof this protein increases cell invasion
but not proliferation in these cells, a discrepancy that could be caused
by the difference in tumor type or in the density of cell populations
used.Because claudin-2overexpressionprevents the relocalizationof

Fig. 5. Restoration of claudin-2 reverses the phenotype induced by symplekin
down-regulation in CRC cells. (A) TER (Left) and dilution potential (Right) were
measured as described in Fig. 3A in NS and ΔSymB cells transduced with a ret-
roviral construct expressing claudin-2 (::CLDN2) or a control empty vector (::puro).
Results are mean ± SEM. n = 3, P < 0.05 compared with control cells (*) or with
symplekin-depleted cells (#); Student t test. (B) xy- (Top) and xz- (Bottom) confocal
sections were collected from TRITC-phalloidin–stained NS::CLDN2, ΔSymB::puro,
andΔSymB::CLDN2 cells grownwith tet. (Scale bar, 50 μm.) (C) (Top) IF detection
of F-actin (red) and ezrin (green) inΔSymB::CLDN2 andΔSymB::puro cells grown
in the presence or absence of tet. (Scale bar 10 μm.) (Bottom) Quantification of
spheres with (w/lumen) or without (w/o lumen) a lumen, as described in Fig. 3B.
(D) (Top)Growth in suspensionofNS,ΔSymB,ΔSym::puro, andΔSym::CLDN2cells
after 10 days in serum-free medium. (Scale bar, 50 μm.) (Bottom) Quantification
of spheroids of increasing size in the absence (Left) or the presence (Right) of tet.
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ZONAB away from the nucleus upon symplekin down-regulation,
and because it cannot restore elevated cyclin D1 levels following
ZONABdown-regulation,we conclude that, inCRCcells, the role of
claudin-2 is related to its ability to alter the recruitmentofZONABby
TJ complexes, thus facilitating the transcriptional activity of this fa-
ctor within the nucleus.
Finally, we found that siRNA-mediated down-regulation of

ZONAB/DbpA triggers a regulation ofCLDN2 expression similar to
that induced by symplekin depletion. The effects of ZONAB siRNA
andsymplekin shRNAarenotadditive, suggesting that the regulation
of CLDN2 expression by symplekin depends on its functional inter-
actionwithZONAB. It is noteworthy thatZONAB/DbpA is strongly
overexpressed in pancreatic carcinoma and hepatocellular carcino-
mas (14, 15), whereas symplekin expression is slightly decreased in
the latter (31). In tumors such mutually exclusive alterations are
found frequently for genes/proteins that are involved in a similar
signaling pathway (32, 33), suggesting that overexpression of sym-
plekin or ZONAB could have similar consequences for tumori-
genesis.AlthoughE2F1-mediated transcriptional stimulation (34), as
well as the presence ofmutations and polymorphism in theZONAB/
DbpApromoter (35), has been suggested as a cause for the increased
transcriptional activity detected in hepatocarcinoma, the reasons
underlying symplekin overexpression remain to be investigated.
In conclusion, this study suggests that nuclear overexpression of

symplekincooperateswithZONAB/Dbpatopromotethetranscription
of claudin-2 in CRC cells, resulting in increased proliferation, a partial
loss of polarization, and in the promotion of tumorigenesis (Fig. S8).

Materials and Methods
Further information about materials and methods is provided in SI Materials
and Methods.

Cell Culture. Control and ΔSym HT29-Cl.16E clones are described in ref. 6, and
3D culture in Matrigel was performed as in ref. 36. Suspension cultures were
performed by seeding 5 × 103 cells/well into 96-well ultra-low attachment
microplates (Corning), in DMEM (InVitrogen) + 1% FCS (Eurobio), with or
without tet (1 μg/mL). For the soft agar colony assay, 1 × 105 cells were
seeded into 60-mm cell culture dishes in 2 mL DMEM + 10% FBS + 0.33%
agar (Sigma), on top of a 4-mL layer of 0.5% agar. Cells were grown for 2
weeks in the presence (1 μg/mL) or absence of tet . At least 20 randomly
chosen fields were photographed with a CCD camera coupled to a light
microscope. Maximal colony diameter was measured using the National
Institutes of Health Image software (National Institute of Mental Health
Research Services Branch).

Retroviral Production. Human CLDN-2 cDNA was subcloned into pBABEpuro
using BamHI and EcoRI linkers. Retroviral particles were produced in Phoenix
helper cells using standard procedures. We infected 2 × 105 HT29-Cl.16E cells
with 1 mL of viral supernatant containing 15 μg Polybrene (Sigma). Super-
natants were removed 24 h later, and 1 μg/mL puromycin (Gibco/InVitrogen)
was added the following day to select for stable integration.

Tissue Samples. Specimens of colon tumors and histologically normal epi-
thelium from 12 patients, as well as paraffin-embedded sections from eight
patients, were obtained from the pathologist after resection, in accordance
with French government regulations and with the approval of the ethical
committee of the Nîmes University Hospital.

Ultrastructural Characterization. Processing and observation of samples for
transmission electron microscopy was performed as described in ref. 13.

Growth of HT29 Xenografts in Nude Mice. Invivoexperiments compliedwith the
French guidelines for experimental animal studies (Direction des Services Vét-
érinaires (DSV) Agreement No. B 34–172-27) and with the U.K. Co-ordinating
Committee on Cancer Research Guidelines for the welfare of animals in exper-
imental neoplasia. BALB/cnu/nu mice were injected s.c. with 107 control HT29-
Cl.16E cells in one flank and with the same amount of ΔSymA or B cells on the

Fig. 6. Reduction of nuclear ZONAB expression following CLDN2 reexpression in HT29-Cl.16E ΔSym cells. (A) (Top) Localization of claudin-2, ZONAB/DbpA, and
symplekin in ΔSymB::CLDN2 and ΔSymB::puro cells grown without or with tet. (Scale bar, 50 μm.) (Bottom) Western blot representing the expression of ZONAB in
nuclear extracts fromΔSymB::CLDN2 and ΔSymB::puro cells, induced (+ tet) or not induced with tet. Nuclear actin was used as a loading control. (B) Localization of
claudin-2andZONAB/DbpA inNSandΔSymB+ tet cells, transfectedwithβ-galactosidaseorCLDN2-selective siRNA.Nuclei arevisualizedwithDAPI. (Scalebar, 20μm.)
(C) RT-qPCR quantification of mRNA for ZONAB and cyclin D1 in noninducedΔSymB::CLDN2 andΔSymB::puro cells, transfected or not (− tet) for 48 h with ZONAB/
DbpA-selective siRNA. Results are expressed relative to ΔSymB::puro cells transfected with siRNA against Luciferase.
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opposite side. The mice were divided into two groups, one provided with, and
the other without, doxycycline in the drinking water. Tumor growth was
measured every fourth day once tumors became visible. Tumor volume was
estimated as (length ×width × thickness)/2.
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