
Claudin-2 suppresses GEF-H1, RHOA, and MRTF, thereby
impacting proliferation and profibrotic phenotype of tubular
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The tight junctional pore-forming protein claudin-2
(CLDN-2) mediates paracellular Na� and water transport in
leaky epithelia and alters cancer cell proliferation. Previously,
we reported that tumor necrosis factor-� time-dependently
alters CLDN-2 expression in tubular epithelial cells. Here, we
found a similar expression pattern in a mouse kidney injury
model (unilateral ureteral obstruction), consisting of an initial
increase followed by a drop in CLDN-2 protein expression.
CLDN-2 silencing in LLC-PK1 tubular cells induced activation
and phosphorylation of guanine nucleotide exchange factor H1
(GEF-H1), leading to Ras homolog family member A (RHOA)
activation. Silencing of other claudins had no such effects, and
re-expression of an siRNA-resistant CLDN-2 prevented RHOA
activation, indicating specific effects of CLDN-2 on RHOA.
Moreover, kidneys from CLDN-2 knockout mice had elevated
levels of active RHOA. Of note, CLDN-2 silencing reduced LLC-
PK1 cell proliferation and elevated expression of cyclin-depen-
dent kinase inhibitor P27 (P27KIP1) in a GEF-H1/RHOA-de-
pendent manner. P27KIP1 silencing abrogated the effects of
CLDN-2 depletion on proliferation. CLDN-2 loss also activated
myocardin-related transcription factor (MRTF), a fibrogenic
RHOA effector, and elevated expression of connective tissue
growth factor and smooth muscle actin. Finally, CLDN-2 down-
regulation contributed to RHOA activation and smooth muscle
actin expression induced by prolonged tumor necrosis factor-�
treatment, because they were mitigated by re-expression of
CLDN-2. Our results indicate that CLDN-2 suppresses GEF-
H1/RHOA. CLDN-2 down-regulation, for example, by inflam-
mation, can reduce proliferation and promote MRTF activation
through RHOA. These findings suggest that the initial CLDN-2
elevation might aid epithelial regeneration, and CLDN-2 loss
could contribute to fibrotic reprogramming.

Epithelial layers generate a barrier and mediate controlled
transport via transcellular and paracellular pathways. The mul-
tiprotein junctional complexes connecting individual cells are
key for maintaining structural and functional integrity of the
layer. Tight junctions (TJ),3 located apically, generate apico-
basal polarity and the selective paracellular pathways (1, 2). The
cytoskeleton is a key regulator of TJ dynamics (2, 3). Accord-
ingly, the small GTPase RHOA, a master regulator of the cyto-
skeleton, plays a central role in TJ remodeling (4). RHOA cycles
between inactive (GDP-bound) and active (GTP-bound) states.
Its activity is tightly controlled by three classes of regulators:
guanine nucleotide exchange factors (GEFs), GTPase-activat-
ing proteins, and guanine nucleotide dissociation inhibitors (5).
Activation of RHOA is promoted by GEFs, which constitute a
large family with �70 members. Interestingly, the state of the
TJs also affects RHOA and the cytoskeleton, likely via the bind-
ing of RHOA regulators at the TJs. One such protein is the Dbl
family guanine nucleotide exchange factor GEF-H1 (ARH-
GEF2). GEF-H1 binds to the microtubules and to TJ adapter
proteins, including cingulin and paracingulin, that control its
activity (6 –8). In our previous work we showed that GEF-H1
mediated TNF�-induced RHOA activation in epithelial cells
(9). Whether the TJs were involved in TNF�-induced GEF-H1
activation, however, remained unknown.

Claudins, a family of 27 small, tetraspan membrane proteins
are an integral part of the TJs and are expressed in a tissue-
specific manner (10). They bind their counterparts in neighbor-
ing cells in homo- and heterotypic interactions and thus seal off
the paracellular space. Some claudins generate selective para-
cellular channels for ions and water (pore-forming claudins),
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and they have unique permeability properties (10). The differ-
ential expression profile of claudins is the basis for tissue-spe-
cific epithelial permeability. The cytoplasmic tail of claudins
binds PDZ domain– containing adapter proteins (11). These
adapters generate multiprotein complexes that link claudins to
the junctional actomyosin ring, which contributes to dynamic
TJ regulation (3). TJs are also important signaling platforms,
providing input for diverse functions such as proliferation,
migration, and differentiation (4, 11). Many epithelial cancers
display altered claudin expression that correlates with progno-
sis (12), suggesting that claudins might directly affect tumor
growth and metastasis. Nevertheless, the exact mechanistic
details of such noncanonical functions remain incompletely
understood.

Claudin-2 (CLDN-2) is a pore-forming claudin expressed in
epithelial layers with high paracellular permeability such as
proximal tubules and the intestine (reviewed in Ref. 10). It
forms dynamically gated paracellular cation channels (13) that
are also permeable to water (14). Studies using CLDN-2 over-
expression or silencing in various cell lines substantiated that
CLDN-2 elevates Na� and water permeability, thereby reduc-
ing transepithelial resistance (14 –19). The data obtained in
claudin-2 knockout mice further support an important role in
energy-efficient paracellular salt transport (20 –22). The S2 seg-
ment of the proximal tubules of CLDN-2�/� mice showed sig-
nificantly reduced transepithelial reabsorption of Na�, Cl�,
and water. Higher energy demand of active transcellular Na�

absorption compensating for lack of CLDN-2–mediated pas-
sive paracellular transport resulted in medullary hypoxia and
augmented ischemic kidney injury (22). Thus, the transport
function of CLDN-2 appears to be crucial for minimizing oxy-
gen consumption in the kidney and thereby protecting it from
injury.

In cancer cell lines manipulation of CLDN-2 expression was
shown to alter proliferation (23) and migration (24), and
CLDN-2 was found to mediate effects of various pro-prolifera-
tive stimuli (e.g. (25)). CLDN-2 overexpression in lung adeno-
carcinoma, colorectal, and breast cancer was associated with
poor prognosis (26, 27). Thus, it is conceivable that altered
CLDN-2 expression plays a direct pathogenic role through
effects on cancer growth and metastasis.

In light of these findings, it is noteworthy that CLDN-2
expression is dynamically modulated by a variety of stimuli
through several pathways (28). In intestinal cells, cytokines
caused significant up-regulation of CLDN-2, likely contribut-
ing to permeability increase in inflammatory bowel disease (29).
TNF�-induced changes in CLDN-2 abundance were more
complex in tubular cells, where an initial increase in CLDN-2
levels caused by reduced degradation was followed by a drop in
mRNA and protein expression (19). In cultured tubular cells, a
variety of pathologically relevant chronic stimuli were shown to
reduce CLDN-2 expression. These include metabolic acidosis
(30), hyperosmolarity (31), H2O2 (32), and the immunosup-
pressant drugs sirolimus and cyclosporine A (33). Because
CLDN-2 affects proliferation, it is conceivable that its loss may
modify recovery from kidney injury. Nevertheless, the conse-
quences of altered tubular CLDN-2 expression beyond trans-
port remain largely undefined.

Considering these gaps in our knowledge, the overall objec-
tive of this study was to explore how CLDN-2 expression is
affected by kidney injury and to obtain mechanistic insights
into downstream consequences of altered tubular CLDN-2
expression. Because TJs can affect RHOA signaling, we
explored the effects of CLDN-2 on RHOA. Our data demon-
strate that CLDN-2 is a negative regulator of RHOA signal-
ing. Loss of CLDN-2 causes RHOA-dependent decrease in
proliferation and promotes fibrogenic epithelial reprogram-
ming. These findings highlight the potential functional sig-
nificance of cytokine-induced CLDN-2 changes beyond
effects on permeability.

Results

CLDN-2 expression is reduced in a mouse model of obstructive
nephropathy

We have previously shown that in cultured tubular cells
TNF� altered expression of the channel forming TJ protein
CLDN-2 in a biphasic manner, with an initial increase followed
by a drop (19). However, the effects of kidney injury and inflam-
mation on CLDN-2 expression in vivo remained unknown.
Therefore, we used unilateral ureteral obstruction (UUO) in
mice, as in our earlier studies (34, 35), to evaluate changes in
CLDN-2 abundance. UUO is an obstructive nephropathy
model, in which the primary trigger for injury is epithelial
mechanical stretch caused by elevated intratubular pressure
after ureteral ligation (36). Injury causes tubulointerstitial
inflammation characterized by the presence of a large array of
cytokines. Significant tubulointerstitial fibrosis develops by day
7 (36). As shown in Fig. 1(A, see right panel for quantitation, and
B), UUO caused a time-dependent change in the abundance of
CLDN-2 protein and mRNA, normalized to tubulin (protein)
or GAPDH (mRNA). Initially, CLDN-2 protein and mRNA lev-
els significantly increased (day 3). This was followed by a large
drop in CLDN-2 protein by day 7, when fibrosis developed.
Interestingly, although the protein dropped significantly below
the basal level at day 7, mRNA expression was reduced com-
pared with day 3 but remained around the baseline (sham) level.
This suggests that the observed decrease in CLDN-2 protein
was likely due to augmented degradation. In contrast to
CLDN-2, the mRNA of claudin-1 and 7 showed a substantial
and significant increase in UUO at 7 days (Fig. 1C).

UUO causes tubular injury, and therefore we wished to
exclude the possibility that loss of tubular cells accounts for
reduced CLDN-2 levels. Although the lack of change in
CLDN-2 mRNA suggests that at this time point proximal tubu-
lar cells are viable, to further substantiate this conclusion, we
measured mRNA levels of the sodium glucose co-transporter-2
(SGLT-2), that is expressed exclusively in the proximal tubules.
We found no difference in SGLT-2 mRNA expression in sham
and UUO at any time point (Fig. 1D). Finally, we used laser
capture microdissection (LCM) as earlier (34, 35) to assess
tubular markers. LCM allows the isolation of the tubular com-
partment, and thus the quantification of mRNA is not con-
founded by a change in other cell types, e.g. by influx of immune
cells. As shown in Fig. 1E, UUO did not change expression of
Na�/Cl� co-transporter (NCC), basic amino acid transporter 1
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Figure 1. A–C, changes in claudin expression in a mouse nephropathy model. A, whole kidney lysates were prepared from mice 3 or 7 days after sham or UUO
operation and probed for Cldn-2 and tubulin. Three samples/condition are shown from different animals. Cldn-2 expression was normalized to tubulin and
expressed as fold change from sham (means � S.D. n � 3). B–D. mRNA of Cldn-2, SGLT-2, Cldn-1, Cldn-7, and the housekeeping gene GAPDH were quantified
in whole kidney samples from sham or UUO (3 or 7 days, as indicated) using quantitative PCR. Claudin and SGLT-2 mRNA values were normalized to GAPDH
(means � S.D. n � 3–5). E, UUO does not cause loss of tubules. The mice were subjected to sham or UUO operation, and 7 days later the tubules were isolated
using laser capture microdissection. Compartment marker mRNAs were detected using end-point PCR. The tubular markers were: THP, Tamm–Horsfall protein;
BAT, basic amino acid transporter; and NCC, Na/Cl co-transporter. First and second lanes, tubular samples from sham and UUO mice, respectively; third and
fourth lanes, whole kidney samples from sham and UUO mice; fifth lane, no template control. Sixth lane, molecular weight marker. F–I, effect of IL1� and TGF�1
on Cldn expression in tubular cells. LLC-PK1 cells were grown to confluence and treated with 10 ng/ml IL1� or TGF� for the indicated times. F and H, Cldn-1, -2,
and -7 and the loading control protein GAPDH were detected by Western blotting and quantified as above. Normalized Cldn levels were expressed as fold from
control, set as 1 (means � S.D., n � 3–5). G and I, LLC-PK1 cells were treated with 10 ng/ml IL1� or TGF� for 24 h, and mRNA was quantified using quantitative
PCR, as above. GAPDH was used for normalization. Fold changes from control. The dashed line indicates the control set to 1. Graph shows means � S.D. (n � 3).
*, p � 0.05; **, p � 0.01.
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(BAT1), or Tamms–Horsfall protein, markers of various tubu-
lar segments. Taken together, CLDN-2 protein changes are
specific, and the late reduction is unlikely to be due to a mass
loss of proximal tubule cells.

Cytokines play a crucial role in the development of fibrosis,
and prolonged exposure to TNF� reduced CLDN-2 expression
in tubular cells (19). Therefore, we next tested the effects of
other relevant cytokines that are increased in UUO. We
exposed LLC-PK1 tubular cells to IL1� and found that short-
term (3 h) stimulation caused an increase in CLDN-2 expres-
sion but had no effect on Cldn-1 or 7 (Fig. 1F). In contrast, in
cells exposed to IL1� for 24 h, abundance of CLDN-2 but not
the other claudins showed a significant drop. Moreover, this
effect was accompanied by a significant drop in CLDN-2
mRNA, suggesting a reduction in synthesis (Fig. 1G). This
time-dependent biphasic effect is similar to the effects of
TNF� we reported earlier (19). Next, we assessed the effect
of TGF�1, the main pro-fibrotic cytokine on claudin expres-
sion. As shown on Fig. 1H, none of the claudins were affected
by short-term TGF�1 treatment. In contrast, long-term
TGF�1 treatment significantly reduced both CLDN-2 pro-
tein and mRNA expression (Fig. 1, H and I), similarly to IL1�.
Interestingly, long-term TGF�1 treatment significantly ele-
vated Cldn-1 and -7 protein expression (Fig. 1H). This was
likely due to increased synthesis, because mRNA of these
claudins also showed an increase, although the combined
effect at this time point did not reach statistical significance
for Cldn-1 (Fig. 1I). Taken together, these data suggest that
inflammatory/fibrogenic cytokines affect expression of var-
ious claudins during kidney injury and inflammation. Specif-

ically, CLDN-2 expression changes in a time-dependent
manner, and CLDN-2 levels drop in conjunction with the
development of renal fibrosis.

Claudin-2 silencing causes actin remodeling and myosin
phosphorylation

We next aimed at establishing the consequences of CLDN-2
loss. To this end, we silenced CLDN-2 in LLC-PK1 cells using
two different siRNAs, both of which caused �80% reduction in
CLDN-2 expression (Fig. 2, A and B). Because CLDN-2 is an
integral part of the TJs, we first wished to establish that
CLDN-2 silencing does not disrupt the TJs. In previous studies
we have demonstrated that CLDN-2 silencing did not interfere
with the establishment of a confluent monolayer and had no
effect on claudin-1 peripheral localization (19). In fact, the tran-
sepithelial resistance (TER) of the layer was higher following
CLDN-2 silencing, reflecting the absence of a main channel
forming claudin (19). To further verify that the junctions were
preserved following CLDN-2 silencing, we visualized the TJ-
associated adapter ZO-1 by immunofluorescence (Fig. 2C). No
change was observed in ZO-1 localization or expression in cells
transfected with CLDN-2 siRNA. The TJs are coupled to the
actomyosin belt that plays a key role in their regulation (3). The
TJs have also been shown to bind several regulators of small
GTPase signaling, thereby affecting cytoskeleton organization
(4). Therefore, we next asked whether CLDN-2 silencing alters
the actomyosin cytoskeleton. Our data show that CLDN-2
silencing elevated the overall level of phosphorylated myosin
light chain (pMLC) (Fig. 2B). The antibody against MLC and
pMLC visualized a doublet, as in previous studies, correspond-

Figure 2. Claudin-2 silencing does not prevent TJ formation but elevates pMLC levels. LLC-PK1 cells were transfected with NR or Cldn-2–specific siRNA #1
or #2 as indicated, and 2 days later either fixed with ice-cold methanol (A) or paraformaldehyde (C and D), or lysed (B). In A, C, and D, immunofluorescent staining
was performed using antibodies against Cldn-2 (A) or ZO-1 (C) or phalloidin rhodamine to label F-actin (D). In A, nuclei were counterstained with DAPI. Z-stacks
were obtained using confocal microscopy, and maximal intensity projection pictures were generated using the Metamorph software. In D, Z stacks were
obtained from the bottom of the cells to visualize stress fibers. The bar represents 10 �m. B, cells were lysed, and the indicated proteins were detected by
Western blotting. Note that two MLC isoforms are visualized by the antibodies. Densitometric analysis shows normalized Cldn-2 and pMLC levels expressed as
fold from control (means � S.D., n � 3).
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ing to two isoforms detectable in LLC-PK1 cells (37). Both
CLDN-2 siRNAs caused a well-detectable increase in the phos-
phorylation of both MLC isoforms. Next, we visualized F-actin
using fluorescently labeled phalloidin. Whereas the control
cells contained fewer and finer stress fibers, in cells transfected
with CLDN-2 siRNA stress fibers were thicker and more
numerous (Fig. 2D). Thus, CLDN-2 silencing did not prevent TJ
formation but resulted in alterations in actomyosin.

Loss of claudin-2 causes RHOA activation

Because the small GTPase RHOA is a key regulator of
F-actin and pMLC, we next asked whether CLDN-2 silencing

affected RHOA activity. We performed a Rhotekin–RHOA-
binding domain (RBD) precipitation assay, as previously
(38), using lysates of cells transfected with nonrelated (NR)
siRNA or two different CLDN-2 siRNAs. As shown on Fig.
3A, in cells transfected with CLDN-2 siRNA, significantly
more RHOA was precipitated by Rhotekin-RBD, indicating
RHOA activation. In many RHOA activation assays, we
observed a nonspecific band at 	25 kDa. The identity of the
RHOA-specific band at 20 kDa (labeled with an arrowhead)
was validated using an siRNA (Fig. 4A). The two CLDN-2
siRNAs induced similar RHOA activation. To demonstrate
that RHOA activation induced by CLDN-2 loss was not a

Figure 3. Claudin-2 silencing activates RhoA. A–D, WT LLC-PK1 cells (A and D) or MDCK cells (B) or HA-claudin-2 expressing LLC-PK1 cells (C) were transfected
with NR or Cldn-1, -2, or -7–specific siRNAs, as indicated. 48 h after transfection, the cells were lysed, and active RhoA was captured using GST–RBD-coupled
beads. Precipitated and total RhoA were detected by Western blotting. RhoA in the precipitate (active) is indicated by the arrowhead. Note that in some blots,
the antibody also visualized a nonspecific band above the RhoA-specific band. The identity of the RhoA band was verified by silencing. Active RhoA was
normalized to the corresponding input (total) RhoA and in each experiment expressed as fold from NR siRNA transfected control. The indicated claudins were
detected in total cell lysates to verify silencing. Graphs show means � S.E. n � 3–5. E, active RhoA staining is elevated in Cldn-2 KO mice. Active RhoA was
detected in kidney sections obtained from WT or Cldn-2 KO mice using a RhoA-GTP–specific antibody (left top row). The right top row shows labeling with the
secondary antibody alone. Middle row, nuclear stain with DAPI; bottom row, merged images. Bar, 50 �m. Intensity of the labeling was quantified using the Zen
software in regions of 100-�m diameter (�30 regions/animals in three KO and two WT animals). Average labeling in samples exposed to the secondary
antibody only was subtracted from each intensity value (means � S.D.)
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unique feature of LLC-PK1 cells, we repeated these experi-
ments in the distal tubule cell line MDCK. As shown on Fig.
3B, CLDN-2 silencing in MDCK cells also resulted in ele-
vated RHOA activity. Importantly, CLDN-2 siRNA did not
induce RHOA activation in LLC-PK1 cells expressing an

siRNA-resistant HA-tagged mouse CLDN-2 (Fig. 3C), veri-
fying that the effect was indeed due to loss of CLDN-2 pro-
tein. Moreover, RHOA activation was not a general phenom-
enon caused by loss of any claudin, because neither Cldn-1
nor Cldn-7 silencing altered RHOA activity (Fig. 3D).

Figure 4. A, Cldn-2 silencing activates pMLC through RhoA. LLC-PK1 cells were transfected with NR or claudin-2–specific siRNA with or without
RhoA-specific siRNA, and 48 h later the cells were lysed, and phospho-MLC was detected and quantified by Western blotting as in Fig. 2 (means � S.D.,
n � 3– 6). B, active RhoA is elevated in UUO. The mice were sham-operated or underwent UUO (7 days), as in Fig. 1. Active RhoA was detected in renal
tissue sections by immunofluorescent staining with a RhoA-GTP–specific antibody as in Fig. 3. The right images show labeling with the secondary
antibody alone. Bar, 50 �m. Intensity of the labeling was quantified using the Zen software in regions of 100-�m diameter (�30 regions/animals in three
animals in each group). Average labeling in samples exposed to the secondary antibody only was subtracted from each intensity value (means � S.D.)
C–E, Claudin-2 silencing activates RhoA through GEF-H1. C and D, WT or HA–CLDN-2 expressing LLC-PK1 cells were transfected with NR or Cldn-2–
specific siRNA, and 48 h later they were lysed, and active GEFs were precipitated using GST–RHOAG17A. Captured (active) and input (total) GEF-H1 was
detected by Western blotting. The input cell lysates were redeveloped with Cldn-2 antibody to verify silencing. Active GEF-H1 values were normalized
to the input GEF-H1 (means � S.D., n � 4). E, WT LLC-PK1 cells were transfected with NR or Cldn-2–specific siRNAs with or without GEF-H1 siRNA, and
active RhoA was precipitated and quantified as in Fig. 3 (means � S.D., n � 4).
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Next, we explored how loss of CLDN-2 affected RHOA activ-
ity in kidneys of a CLDN-2 KO mouse. We used an active
RHOA-specific antibody to stain kidney sections obtained from
WT or CLDN-2 KO mice, as in our earlier study (35). Immu-
nofluorescent staining with this antibody and the correspond-
ing quantification (Fig. 3E) revealed increased labeling localized
mostly in the tubules in the KO mice. Thus, loss of CLDN-2
results in elevated RHOA activity in tubular cells both in vitro
and in vivo.

We next asked whether CLDN-2 depletion elevated pMLC
through RHOA. We used a RHOA-specific siRNA, as in previ-
ous studies (19) that efficiently down-regulated RHOA (Fig.
4A). RHOA silencing reduced basal pMLC and prevented the
increase caused by CLDN-2 siRNA.

We have previously demonstrated that RHOA was acti-
vated in the kidney tubules in the UUO fibrosis model as
early as 1 day after ligation of the ureter (35). To assess
whether this activation was sustained, we used the active
RHOA-specific antibody in 7-day UUO samples (35). Immu-
nofluorescent staining revealed increased labeling localized
mostly in the tubules (Fig. 4B). Thus, RHOA activation is
sustained in a pro-fibrotic animal model concomitant with
CLDN-2 down-regulation.

Claudin-2 silencing activates RHOA through the exchange
factor GEF-H1

Next, we sought to determine how CLDN-2 silencing acti-
vated RHOA. GEF-H1 is an epithelial guanine nucleotide
exchange factor that binds to microtubules (39) and the inter-
cellular junctions (40, 41). In tubular cells GEF-H1 mediates
cytokine-induced RHOA activation (9, 38). To assess whether
CLDN-2 down-regulation affected GEF-H1, we performed an
affinity precipitation assay using GST–RHOAG17A (9) that
binds activated GEFs with high affinity. Active GEFs were pre-
cipitated from tubular cells transfected with NR or CLDN-2–
specific siRNA and assessed by Western blotting. Although
some active GEF-H1 was detectable in control, the level of
active GEF-H1 significantly increased upon CLDN-2 silencing
(Fig. 4C). In cells transfected with siRNA-resistant HA–CLDN-2,
basal GEF-H1 activity was lower, and CLDN-2 silencing caused
reduced GEF-H1 activation (Fig. 4D). Importantly, GEF-H1 was
required for RHOA activation induced by CLDN-2 depletion,
because silencing GEF-H1 along with CLDN-2 prevented this
effect (Fig. 4E).

ZO-2 silencing was recently shown to activate RHOA
through GEF-H1 (8). Therefore, we next asked whether

Figure 5. A and B, LLC-PK1 (A) or MDCK (B) cells were transfected with NR or Cldn-2 siRNA, and 48 h later the indicated proteins were detected by Western
blotting. The corresponding graphs show ZO-2 normalized with GAPDH (fold from NR siRNA transfected control) (means � S.D.; in A, n � 14 and 12 for
the two siRNAs, respectively; in B, n � 4). C and D, LLC-PK1 cells were transfected with NR or Cldn-2 or ZO-2 siRNA as indicated. In C, phospho-GEF-H1 was
detected and quantified using an antibody against pSer-885 GEF-H1. The graph shows the phospho–GEF-H1 signal normalized to total GEF-H1 and
expressed as fold over control. In D, 48 h after transfection, active GEF-H1 was detected and quantified as earlier (means � S.D., n � 3). The indicated
proteins were also detected in total cell lysates. E and F, LLC-PK1 cells expressing GFP–ZO-2 or the eGFP control vector were transfected with NR or Cldn-2
siRNA (E) or treated with 10 ng/ml TNF� for 10 min (F). Active GEF-H1 was detected and quantified as earlier (means � S.D., n � 3). The indicated proteins
were also detected in total cell lysates.
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CLDN-2 depletion altered ZO-2 expression. As shown on Fig.
5A, CLDN-2 depletion with either of the siRNAs caused a mod-
est (	25%) but significant drop in ZO-2 levels in LLC-PK1 cells.
In contrast, no change was observed in ZO-2 expression in
MDCK cells (Fig. 5B), despite efficient CLDN-2 silencing.
Thus, there was no clear correlation between the ability of the
CLDN-2 siRNA to activate RHOA and to induce a drop in ZO-2
levels. We next assessed the effect of CLDN-2 silencing on
GEF-H1 phosphorylation at Ser-885, which was shown to
increase GEF-H1 activity (38, 42). As shown of Fig. 5C, CLDN-2
silencing caused a substantial and significant increase in
GEF-H1 Ser-885 phosphorylation, whereas ZO-2 silencing
caused only a marginal and nonsignificant effect. Moreover,
CLDN-2 silencing caused much stronger GEF-H1 activation
than ZO-2 silencing, a finding concordant with their differen-
tial effect on GEF-H1 phosphorylation (Fig. 5D). Finally, we
generated an LLC-PK1 cell line expressing GFP–ZO-2. Silenc-
ing CLDN-2 in the control cells caused a well-detectable
GEF-H1 activation. In contrast, in the GFP–ZO-2– expressing
cells, CLDN-2 silencing no longer caused GEF-H1 activation
(Fig. 5E). We tested the effects of acute TNF� treatment, a
strong activator of GEF-H1. Of note, at this time point (10 min),
TNF� does not reduce CLDN-2 expression (19). Surprisingly,
in cells overexpressing GFP–ZO-2 TNF� failed to elicit
GEF-H1 activation (Fig. 5F). Thus, overexpression of ZO-2
likely exerts a general inhibitory effect on GEF-H1 activation.
Taken together, our data imply that although ZO-2 might con-
tribute to a limited extent to GEF-H1 activation induced by
CLDN-2 depletion, additional mechanisms must also contrib-
ute (see discussion on this point). Taken together, CLDN-2 spe-
cifically suppresses GEF-H1 and RHOA activity, and its down-
regulation leads to GEF-H1-dependent RHOA activation and
consequent increase in cell contractility.

CLDN-2 silencing reduces proliferation in tubular cells

CLDN-2 promotes proliferation in cancer cells (23). We next
wished to test whether a similar effect exists in tubular cells.
First, electric cell-substrate impedance sensing (ECIS) was used
to follow the development of the epithelial layer with or without
CLDN-2. Capacitance measurements at high frequency with
ECIS reflect electrode coverage and thus can be used to mea-
sure cell proliferation (43, 44). For these measurements equal
numbers of LLC-PK1 cells transfected with NR of CLDN-2–
specific siRNA were plated on ECIS electrodes, and capacitance
(C) was measured continuously, as in Ref. 38. The cell number
was chosen so that the initial layer was subconfluent. Thus,
capacitance decrease after the initial adhesion reflects cell
growth and the development of a confluent layer (38). When
the layer becomes confluent, C reaches a minimum. As shown
on Fig. 6A, CLDN-2 silencing resulted in a slower drop in C. In
fact, over several measurements, the time for reaching 50%
capacitance drop was significantly higher when CLDN-2 was
silenced (Fig. 6A, right panel), suggesting a slower proliferation
rate. Nevertheless, the drop in C suggested that the cells did
proliferate and reached confluence even when CLDN-2 was
silenced. To test the impact of CLDN-2 silencing on prolifera-
tion with an alternative method, we stained cells transfected
with control or CLDN-2–specific siRNA for Ki67, an indicator

of proliferation. We found that CLDN-2 silencing reduced
the number of Ki67-positive cells (Fig. 6B). Contact inhibi-
tion reduces proliferation of LLC-PK1 cells as they reach
confluence; however, a recently confluent LLC-PK1 cell layer
can still respond to proliferative stimuli (45). In fact, we
showed that TNF� augmented proliferation through trans-
activation of the EGF receptor (45). As shown on Fig. 6C,
expression of the proliferation marker proliferating cell
nuclear antigen (PCNA) was low in a serum-deprived con-
fluent layer but was augmented by 24-h treatment with
serum or TNF�, indicating that a portion of cells re-enter the
cycle under these conditions. This effect, however, was
markedly reduced in cells transfected with CLDN-2 siRNA.
To obtain a more quantitative assessment of cell cycle pro-
gress, we determined BrdU incorporation, a measure of
DNA synthesis during the S phase. In line with a lower pro-
liferation rate, CLDN-2 silencing reduced basal BrdU incor-
poration (Fig. 6D). Further, TNF� elevated BrdU incorpora-
tion in cells transfected with the nonrelated siRNA, but this
effect was significantly blunted in cells transfected with
CLDN-2 siRNA (Fig. 6D). To further verify that CLDN-2
modifies proliferation, we used an LLC-PK1 cell line with
stable overexpression of HA–CLDN-2. These cells showed
slightly but significantly elevated basal and TNF�-induced
BrdU incorporation (Fig. 6E). Importantly, neither Cldn-1
nor Cldn-7 silencing altered basal and TNF�-stimulated
BrdU incorporation (Fig. 6F). Taken together, CLDN-2
loss reduced, whereas CLDN-2 increase augmented cell
proliferation.

CLDN-2 silencing reduces proliferation through
RHOA-dependent up-regulation of P27KIP1

Cell cycle control involves the coordinated regulation of
cyclin-dependent kinases by cyclins and cyclin-dependent
kinase inhibitors (CDKI) (46). As shown in Fig. 7A, CLDN-2
silencing in tubular cells significantly up-regulated the Cip/Kip
family CDKI, P27KIP1 (cyclin-dependent kinase inhibitor 1B).
This protein blocks transition from the G1 to S phases, and thus
it reduces proliferation. The increase in P27KIP1 was prevented
by simultaneous silencing of RHOA (Fig. 7A). We also assessed
the role of GEF-H1. The cells were transfected with a GEF-H1–
specific siRNA (38) that caused 	50% down-regulation of the
protein (Fig. 7B). As reported by us earlier (33) GEF-H1 silenc-
ing reduced CLDN-2 expression. Importantly, down-regulat-
ing GEF-H1 along with CLDN-2 prevented the increase in
P27KIP1 caused by CLDN-2 silencing (Fig. 7B). These data sug-
gest that CLDN-2 alters proliferation through GEF-H1/RHOA.
Silencing of CLDN-2 also up-regulated P27KIP1 in MDCK
cells (Fig. 7C), indicating that the effect was not unique to
LLC-PK1 cells. In many scenarios RHOA promotes rather
than inhibits proliferation, although anti-proliferative ef-
fects were also demonstrated (47). To verify that RHOA acti-
vation indeed can reduce proliferation in LLC-PK1 cells, we
used Rho activator II, a cell-permeable toxin that activates
Rho GTPases by deamidating glutamine 63. Treatment of
LLC-PK1 cells with this toxin significantly reduced BrdU
incorporation (Fig. 7D). To assess the role of P27KIP1 as a
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mediator of the effects of CLDN-2 silencing, we simultane-
ously silenced CLDN-2 and P27KIP1. The P27KIP1-specific
siRNA efficiently reduced the protein and prevented its
increase upon CLDN-2 silencing (Fig. 7E, right panel). When
cells were transfected with the P27KIP1 siRNA close to con-
fluence, it did not interfere with the development of a con-

fluent layer and had no effect on basal BrdU incorporation
(Fig. 7E). Importantly, when P27KIP1 was silenced, loss of
CLDN-2 no longer reduced BrdU incorporation. Two differ-
ent P27KIP1siRNAs had similar effects.

Finally, we also assessed expression of P27KIP1 in the UUO
model. As shown on Fig. 7F immunohistochemical staining

Figure 6. Claudin-2 down-regulation reduces basal and TNF�-induced proliferation. A, LLC-PK1 cells were transfected with NR (blue dashed line) or
Cldn-2 (red solid line) siRNA. 24 h later cells were trypsinized and seeded on 8W10E array ECIS electrodes. Capacitance (C) was continuously monitored
at 32 kHz. The left graph shows a typical measurement of n � 3 (in duplicate). Average of two parallel measurements/conditions is shown. The values
were normalized to the first measurement point. The green horizontal line indicates 0.5 capacitance, and the red and blue (dashed) vertical lines indicate
corresponding time. The right graph shows the time required to reach the 0.5 capacitance value (means � S.D., n � 4 measurements in duplicate). B,
LLC-PK1 cells grown on coverslips were transfected with NR or Cldn-2–specific siRNA, and 48 h later, after reaching confluence, they were fixed and
stained using a Ki67-specific antibody and DAPI. Pictures were obtained using Olympus IX81 epifluorescent microscope. Ki67-positive cells were
counted using the Metamorph software and expressed as the percentage of total (DAPI-positive) nuclei. The average of ten fields in three coverslips/
treatment are shown (means � S.D., n � 3). The bar represents 10 �M and applies to all the images. C, LLC-PK1 cells transfected with NR or Cldn-2–specific
siRNA were grown for 24 h and then serum-depleted overnight. Next, 20 ng/ml TNF� or 10% FBS was added for 16 h. PCNA was detected by Western
blotting with GAPDH as loading control. D–F, WT or HA–CLDN-2 expressing (E) LLC-PK1 cells were transfected with NR, Cldn-1, -2, or -7–specific siRNAs,
as indicated. The cells were grown in 96-well plates to 
90% confluence, serum-depleted overnight, and treated with 20 ng/ml TNF� for 16 h in the
presence of BrdU. BrdU incorporation was quantified using a colorimetric ELISA kit (means � S.D.; in D, n � 4; in E, n � 3; in F, n � 5– 6, performed in
triplicate). ns, nonsignificant versus NR siRNA control.
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revealed a substantial and significant increase in the tubular
levels of P27KIP1. Taken together, these data show that
CLDN-2 silencing reduces proliferation through a GEF-H1 and
RHOA-dependent increase in the CDKI P27KIP1.

CLDN-2 silencing activates the MRTF/SRF pathway and
promotes pro-fibrotic changes

RHOA signaling plays a central role in the development of a
profibrotic epithelial phenotype (PEP) (35). This process is
brought about by a major transcriptional reprogramming,
which results in epithelial fibrogenic cytokine production. It
also manifests in a departure from the classic epithelial pheno-
type, resulting in partial and sometimes complete epithelial–
mesenchymal transition (EMT) or epithelial myofibroblast
transition (48). MRTF is a co-factor of SRF and the MRTF/SRF

complex is a crucial RHOA-regulated mediator of PEP and
EMT (49). To assess whether MRTF/SRF are affected by
CLDN-2, we used the CARG-box containing reporter 3DA pro-
moter (50). Transfection with CLDN-2 siRNA elevated the
activity of this promoter construct compared with the control
siRNA (Fig. 8A). Importantly, this effect was absent in cells
expressing the siRNA-resistant HA–CLDN-2. In addition, the
promoter was less active when CLDN-2 was overexpressed
(i.e. in the HA–CLDN-2 cells), further supporting a role for
CLDN-2 as a negative regulator of MRTF/SRF. The effect of
CLDN-2 siRNA on the reporter was mediated by RHOA,
because promoter activation was prevented by the RHOA
inhibitor Rhosin (Fig. 8B). MRTF can be phosphorylated on
multiple sites (51), a subset of which results in activation. To
test whether CLDN-2 silencing also affected phosphorylation,

Figure 7. Claudin-2 silencing slows proliferation through GEF-H1/RhoA-dependent up-regulation of p27kip1. A–C, LLC-PK1 (A and B) or MDCK (C) cells
were transfected with NR, Cldn-2, RhoA, or GEF-H1–specific siRNA, and the indicated proteins were detected and quantified by Western blotting. D, RhoA
activation reduces proliferation. Confluent LLC-PK1 cells were treated with 0.25 mg/ml Rho activator II for 16 h, and BrdU incorporation was measured as in Fig.
6. Graphs show means � S.D. In A, n � 10; in B, n � 4; and in D, n � 3. E, LLC-PK1 cells were transfected with NR or Cldn-2–specific siRNA with or without p27kip1

siRNA, as indicated, and BrdU incorporation was measured. In parallel experiments, silencing was verified by Western blotting (means � S.D., n � 12). F, mice
were sham-operated or underwent UUO (7 days), as described in Fig. 1. Renal tissue sections were processed for immunohistochemistry using a primary
antibody against p27kip1. Quantification was done as described under “Experimental procedures” (n � 5 and 7 random areas in 2 animals). Bar, 50 �m.
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Figure 8. Cldn-2 silencing activates MRTF and enhances pro-fibrotic changes in tubular cells. A and B, WT or HA–CLDN-2 expressing LLC-PK1 cells
were transfected with a firefly luciferase-coupled MRTF/SRF sensitive promoter (3DA), along with the internal control pRL-TK (Renilla luciferase). In A, the
cells were also transfected with NR or Cldn-2–specific siRNA. B, cells were treated with the Rho inhibitor Rhosin (24 h, 30 �M). 24 h post-transfection
luciferase activity was determined using the Dual-Luciferase assay kit. Firefly luciferase activity was normalized using the Renilla luciferase activity and
expressed as fold change from control (means � S.D., n � 3) C, whole cell extracts were separated on 6% SDS gels to detect the relative shift in MRTF-A
molecular mass with �-actinin as loading control. D, LLC-PK1 cells were transfected with Cldn-2 or MRTF-A–specific siRNAs, or both, as indicated. CTGF
and SMA were detected and quantified (means � S.D., n � 3). The blots were developed for Cldn-2 and MRTF-A to verify silencing. E and F, LLC-PK1 cells
were transfected with siRNAs and treated with 10 ng/ml TGF�1 for 1 h (in E) or 24 h (E and F), and the indicated proteins were detected. Note that the
two blots in E were run parallel, and thus the left blots serve as control for detectability of SMA expression. In F, graph shows means � S.D., n � 3.
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we detected changes in MRTF mobility on SDS gels, reflecting
the presence of phosphorylated species, as in Ref. 50. CLDN-2
silencing caused an upward shift in the apparent molecular
weight of MRTF, indicative of post-translational modification,
most likely phosphorylation (Fig. 8C).

Next, we asked whether activation of MRTF upon CLDN-2
depletion indeed might lead to PEP. Therefore, we explored the
expression of connective tissue growth factor (CTGF), a main
pro-fibrotic cytokine regulated by MRTF (35, 52). Indeed,
silencing claudin-2 by itself elevated CTGF expression (Fig.
8D). As expected, this effect was MRTF-dependent.

Confluent LLC-PK1 cells express only low levels of the
myofibroblast marker smooth muscle actin (SMA). More-
over, TGF�1, a strong inducer of EMT, is insufficient to
promote complete fibrotic reprogramming in an intact (con-
fluent) epithelial layer, unless a second hit (e.g. injury) to the
cell contacts is also present (53, 54). As shown on Fig. 8D,
CLDN-2 silencing by itself caused a small but significant
increase in SMA expression. Moreover, this effect was
MRTF-dependent, because co-transfection of an MRTF-A
siRNA prevented it. Further, in line with previous studies,
TGF�1 did not induce SMA expression in control cells (Fig.
8E). In contrast, prolonged (24 h) treatment with TGF�
strongly elevated SMA when CLDN-2 was silenced (Fig. 7E).
No similar augmentation was present on Cldn-7 silencing
(Fig. 7E). Finally, we also assessed whether other PEP/EMT-
promoting transcription factors were affected by CLDN-2
silencing. As shown in Fig. 8F, CLDN-2 silencing up-regu-
lated Slug (Snail2) in a RHOA-dependent manner. Taken
together, these findings support an EMT suppressor role for
CLDN-2 and suggest that its loss promotes epithelial
reprogramming.

TNF�-induced CLDN-2 down-regulation is a requisite for the
RHOA-activating effect of TNF�

In the final series of experiments, we wished to explore
whether TNF�-induced down-regulation of CLDN-2 contrib-
utes to the prolonged effects of this cytokine on SMA produc-
tion and RHOA activation. To this end, we compared SMA
expression in TNF�-treated WT or HA–CLDN-2 expressing
cells. In line with our previous findings, 24 h of TNF� treatment
potently reduced CLDN-2 levels in WT LLC-PK1 cells (Fig. 9A,
left two lanes). TNF� had significantly less effect on
HA–CLDN-2, driven by an artificial promoter (Fig. 9A, right
two lanes). Long-term TNF� stimulation significantly aug-
mented SMA expression in WT LLC-PK1 cells, but not in the
HA–CLDN-2 expressing cells, where CLDN-2 was still present.
Further, affinity precipitation of active RHOA showed that 24 h
of TNF� stimulation induced RHOA activation only in WT
LLC-PK1 cells, but not in cells overexpressing HA–CLDN-2,
where CLDN-2 was still detectable (Fig. 9B). Taken together,
our data support that prolonged TNF� down-regulates
CLDN-2, which is required for RHOA activation.

Discussion

The central finding of this study is that CLDN-2 is a neg-
ative regulator of RHOA. Accordingly, CLDN-2 loss induced
by cytokines can lead to GEF-H1– dependent RHOA activa-
tion, which mediates up-regulation of the CDKI P27KIP1
to reduce proliferation. Additionally, CLDN-2 loss can
enhance RHOA-mediated activation of MRTF to promote
profibrotic reprogramming.

Inflammation affects CLDN-2 in a tissue-dependent man-
ner. Although CLDN-2 expression is up-regulated in inflam-

Figure 9. Claudin-2 down-regulation by TNF� is a requisite for increased SMA expression and sustained RhoA activation. WT or HA–CLDN-2 transfected
LLC-PK1 cells were treated with 20 ng/ml TNF� for 24 h. In A, the indicated proteins were detected by Western blotting. In B, active RhoA was precipitated and
detected as in Fig. 3. In A, the arrow points to SMA (42 kDa), and in B, the arrowhead indicates RhoA. The blots were quantified as earlier (means � S.D., n � 5
(A) and 3–5 (B)).
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matory bowel disease (55), TNF� down-regulates CLDN-2 in
tubular cells (19). We showed that in a mouse kidney injury
model, CLDN-2 levels initially rose, followed by a drop. This is
in line with the effect of TNF� in tubular cells (19). In the 3-day
UUO condition, both CLDN-2 mRNA and protein increased,
suggesting augmented transcription/translation. In contrast, in
the 7-day UUO only CLDN-2 protein but not mRNA dropped
significantly below basal levels. Our data argue against a general
loss of tubules as the cause of the late drop in CLDN-2 protein.
This conclusion is supported by the fact that we found no
change in expression of CLDN-2 or SGLT-2 mRNA, which are
proximal tubular proteins. Further, several tubular markers
were also unchanged in UUO, as measured using LCM. Instead,
CLDN-2 protein down-regulation is likely the result of aug-
mented degradation. The mechanisms of CLDN-2 expression
changes during kidney injury, however, remain undefined and
warrant further studies.

We suggest that in resting epithelial cells CLDN-2 is a sup-
pressor of the RHOA pathway. This notion is supported by
experiments using CLDN-2 silencing and overexpression in
tubular cells and by the demonstration of elevated active RHOA
levels in the kidneys of CLDN-2 KO mice.

In our previous study we found that CLDN-2 silencing ele-
vated TER (19). In fact, increased TER as a result of claudin-2
depletion is well-established in the literature (18, 31, 56). In the
current study we report increased RHOA activity and pMLC
levels caused by CLDN-2 depletion. It is well-established that
pMLC promotes TJ protein endocytosis and junction disrup-
tion induced by various stimuli. Thus, simultaneous increases
in TER and pMLC may appear to be contradictory. However,
there is compelling evidence in the literature that these param-
eters can increase in parallel, consistent with our findings. For
example, stable ZO-2 KD in an MDCK cell line resulted in
RHOA activation, as well as CLDN-2 decrease and TER
increase (8). Further, in lung epithelial cells thrombin produced
prominent circumferential localization of actin fibers and ele-
vated both MLC phosphorylation and TER, resulting in barrier
protection (57). In endothelial cells sphingosine-1-phosphate, a
strong RHOA activator was shown by multiple studies to
induce endothelial barrier enhancement, mediated by RHOA,
along with increased peripheral pMLC (58 –60). How can these
discordant findings be reconciled? Fine spatiotemporal control
of RHOA and pMLC may be the key to the overall outcome.
Interestingly, in endothelial cells, RHOA activation at the cell
periphery correlates with barrier integrity, whereas its activa-
tion in the perinuclear area contributes to barrier disruption
(61). Together, these findings imply that the role of RHOA and
pMLC in TJ regulation is complex. Although pMLC is required
for endocytosis of TJ proteins and contributes to the disruption
of TJs, pMLC is also vital for the formation of adherens and
tight junctions (62, 63). The role of increased pMLC upon
CLDN-2 depletion remains to be further studied.

Rho family proteins are under tight spatiotemporal control
by numerous regulators, several of which can bind to TJs (4).
We suggest that the negative effect of CLDN-2 on RHOA sig-
naling in resting cells is due to suppression of GEF-H1. This
conclusion is based on the following evidence. A GEF affinity
precipitation assay (9, 64) revealed that CLDN-2 silencing

caused an increase in GEF-H1 activity. We also found aug-
mented phosphorylation on Ser-885. Importantly, GEF-H1
silencing blunted RHOA activation induced by CLDN-2 deple-
tion. GEF-H1 was first described as a microtubule-bound pro-
tein involved in microtubule–actin cross-talk (39). Subse-
quently, it was shown to bind the TJ-associated adapters
cingulin and paracingulin that inhibit its activity (6, 7). GEF-H1
affects a wide range of processes including cytokinesis (65),
mechanotransduction (66), migration (38, 67), junction forma-
tion (41), and vesicle trafficking (68). Thus, GEF-H1 activation
by CLDN-2 loss could lead to significant changes in a range of
epithelial functions. The mechanism through which CLDN-2
controls GEF-H1 remains to be elucidated. Sequestration of
GEF-H1 at the TJs by cingulin or paracingulin could play a role
(6, 7). In a recent paper Raya-Sandino et al. (8) showed that
ZO-2 down-regulation induced cingulin and GEF-H1 phosphor-
ylation and activated GEF-H1/RHOA. We explored the effects
of CLDN-2 silencing on ZO-2 levels and found no strong
correlation between the magnitude of ZO-2 reduction and
GEF-H1 activation. Specifically, the two CLDN-2 siRNAs
caused relatively modest (and somewhat variable) ZO-2 reduc-
tion in LLC-PK1 cells (up to 25%) but provoked stronger
GEF-H1 activation than direct and robust ZO-2 down-regula-
tion. In contrast, CLDN-2 silencing did not reduce ZO-2 in
MDCK cells, although it induced strong RHOA activation. Fur-
ther, whereas CLDN-2 silencing significantly elevated GEF-H1
phosphorylation, ZO-2 silencing caused only a weak, nonsignif-
icant rise, despite a substantial drop in ZO-2 expression. Taken
together, these data strongly argue that ZO-2 is not the major
mediator of GEF-H1 activation upon CLDN-2 silencing. Inter-
estingly, however, in a cell line expressing GFP–ZO-2, CLDN-2
depletion no longer activated GEF-H1. In these cells TNF�, a
strong activator of GEF-H1 also failed to promote GEF-H1 acti-
vation, under conditions where it did not affect CLDN-2 levels
(9, 19). This suggests that ZO-2 overexpression exerts a general
suppressive effect on GEF-H1 activation. In aggregate, our find-
ings imply that although ZO-2 reduction cannot be excluded as
a potential contributor to the overall effect, the participation of
additional mechanisms linking CLDN-2 depletion to GEF-H1
activation is very likely. The mechanisms through which
CLDN-2 affects ZO-2 are currently unknown. Interestingly,
ZO-2 and CLDN-2 mutually regulate each other’s expression,
because ZO-2 silencing induces a reduction in CLDN-2 (8, 69).
Thus, ZO-2 and CLDN-2 could regulate each other’s stability,
and both could be required for suppressing GEF-H1/RHOA.

Interestingly, CLDN-2 silencing strongly promoted GEF-H1
phosphorylation on Ser-885, which may be a key step in its
activation (38, 42). GEF-H1 can be phosphorylated by a variety
of kinases, including ERK, PAK, Aurora A, and GSK, and this
controls its activation (reviewed in Ref. 39). We found that in
tubular cells TNF�-induced ERK-dependent phosphorylation
on Thr-678 was necessary for RHOA activation, whereas Ser-
885 affected both RHOA and Rac exchange activity (38). Of
note, we did not find evidence that CLDN-2 depletion altered
ERK activity (not shown). Microtubule binding also controls
GEF-H1. Thus, possible changes in TJ-associated microtubules
induced by CLDN-2 depletion also warrant assessment. Cingu-
lin binds the TJ-associated apical microtubule network (70).
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Whether CLDN-2 interacts with this network is currently not
known.

Small GTPases are controlled by a multitude of inputs.
Therefore, the relative contribution of CLDN-2 in RHOA acti-
vation during inflammatory diseases is difficult to establish. We
recently found strong RHOA activation in the UUO model as
early as 1 day after the injury (35), This is likely due to the
presence of numerous early stimuli, including acute mechanos-
tress. At later time points, however, prolonged loss of CLDN-2
might be one of the factors that promotes sustained RHOA
activation. Our current findings showing elevated RHOA activ-
ity in the kidneys of a CLDN-2 KO mouse model are in line with
this suggestion.

One of the downstream consequences of CLDN-2 down-reg-
ulation described in this study is reduced proliferation. Accu-
mulating evidence suggests an important role for CLDN-2 as a
modulator of proliferation and cell death (23, 25, 26, 71). Aug-
mented CLDN-2 expression in some cancers correlates with
poor prognosis (26, 27). Further, reduced proliferation in
response to kaempferol, chrysin, luteolin, or histone deacety-
lase inhibitors correlated with CLDN-2 down-regulation and
could be counteracted by re-expression of CLDN-2 (72, 73). A
proposed mechanism described in lung and colon cancer cells
is nuclear translocation of CLDN-2 and binding to the pro-
proliferative transcription factor ZONAB (23, 25). Our study
extends these findings by demonstrating that in tubular cells,
CLDN-2 depletion slows basal and serum or TNF�-induced
proliferation. We also describe a new mechanism for these
effects, namely GEF-H1 and RHOA-dependent up-regulation
of the CDKI P27KIP1, an inhibitor of G1/S transition (46).
Silencing experiments revealed that P27KIP1 up-regulation
was necessary for reduced proliferation upon CLDN-2 deple-
tion. The finding that RHOA had a negative effect on prolifer-
ation was somewhat unexpected, because RHOA is generally
regarded as pro-proliferative. However, there is evidence for
anti-proliferative actions of RHOA as well. For example,
TGF�1 induces G2/M cell cycle arrest through RHOA-depen-
dent inhibition of Cdc25A and C phosphatases (47). RHOA/
Rho kinase can also promote apoptosis (74). Proliferation likely
requires fine-tuning of RHOA activity, and both reduction and
increase are detrimental. Further, the right amount of RHOA
activity might be cell type– dependent.

Our finding that RHOA mediates P27KIP1 increase upon
CLDN-2 silencing contrasts with some reports showing that
RHOA signaling inhibits P27KIP1 (75). However, there are sev-
eral mechanisms described that could cause a RHOA-depen-
dent P27KIP1 up-regulation. For example, RHOA was shown
to stabilize P27KIP1 through direct binding (46). RHOA can
also reduce P27KIP1 phosphorylation via phosphatase and ten-
sin homolog (PTEN), which is phosphorylated and activated by
Rho kinase (76, 77). The PTEN is also an inhibitor of the AKT
pathway, and AKT suppresses P27KIP1 transcription by inhib-
iting forkhead box transcription factors FoxO1/3a (78). The
role of AKT in mediating GEF-H1/RHOA– dependent
P27KIP1 up-regulation will require further evaluation. Irre-
spective of the mechanism, however, our finding suggests a
possible positive feedback cycle, because P27KIP1 can also be
upstream from RHOA (46).

Claudins might also be involved in feedback regulation of
epithelial phenotype transition. Tight junction down-regula-
tion is a hallmark of full-blown EMT (79), but interestingly,
multiple studies now suggest, a reciprocal correlation too,
namely active EMT-regulating roles for claudins. For example,
Cldn-1 overexpression was shown to promote EMT, whereas
Cldn-3 suppressed it (80, 81). The exact role of EMT in fibrosis
is under intense debate (82). Full-blown EMT that generates
myofibroblasts from tubular cells is thought not to be a major
event in kidney fibrosis, although in situ expression of SMA in
the injured epithelium has been documented. The current view,
however, attributes an alternative role for the epithelium in
fibrogenesis. Various harmful stimuli cause injury and intersti-
tial inflammation, which in turn provoke the development of a
profibrotic epithelial phenotype. This can be considered as par-
tial EMT and signifies a crucial event in fibrosis (35, 83). A key
feature of PEP is secretion of pro-inflammatory and profibrotic
mediators, e.g. TGF�1, platelet-derived growth factor, and
CTGF (82, 84, 85). These in turn promote myofibroblast tran-
sition in various precursor cells (86). We and others have estab-
lished that RHOA and its effector MRTF, a transcriptional
coactivator of SRF (49) are master regulators of epithelial repro-
gramming and the ensuing PEP (35, 49). In this study we show
that CLDN-2 suppresses fibrotic changes in tubular cells
through its negative effects on RHOA. We found that loss of
CLDN-2 activated MRTF/SRF and up-regulated its targets, the
pro-fibrotic CTGF and SMA, a key myofibroblast marker (87).
CLDN-2 silencing also induced RHOA-dependent up-regula-
tion of Slug (Snail2 or Snai2) a zinc-finger 2 transcription factor
belonging to the Snail family (88, 89). Because Slug is a pro-
EMT transcriptional repressor of junctional proteins including
E-cadherin and occludin, its up-regulation upon CLDN-2 loss
is consistent with a possible positive feedback loop further pro-
moting EMT (89). Future experiments using a broad array of
EMT markers are warranted to define the effects of CLDN-2 on
EMT.

Thus, our studies suggest that CLDN-2 down-regulation
brought about by e.g. oxidative stress, drugs, or cytokines might
contribute to induction of profibrotic mediator production by
the tubules (83). Significantly, the major pro-fibrotic cytokine
TGF�1 does not induce EMT in resting and confluent tubular
epithelial cells unless a second hit, e.g. disruption of the inter-
cellular junctions is also present (53). CLDN-2 silencing by
itself slightly elevates SMA levels and significantly augments
the effect of TGF�1. Thus, CLDN-2 down-regulation can pro-
vide such a second hit to prime cells to TGF�-induced EMT.
Although we found that RHOA was activated in 5-week-old
CLDN-2 KO mice, we did not find evidence of increased colla-
gen or fibronectin levels in animals up to 10 weeks old (not
shown). This may be due to the young age of the animals,
because fibrosis is a chronic condition. A more likely scenario is
that the animals may show increased susceptibility for develop-
ing fibrosis following injury, similar to augmented injury shown
by Pei et al. (22) in an ischemia–reperfusion model. Indeed, our
observations using cell lines are consistent with a potential
increase in susceptibility for fibrosis. However, this concept
should be tested using fibrosis models in CLDN-2 knockout
mice.
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In summary, this study provides evidence that CLDN-2 is a
modulator of RHOA activity, and through this propensity it can
impact epithelial regeneration and fibrosis. The presence of
CLDN-2 may promote proliferation upon adequate stimuli.
Conversely, down-regulation of CLDN-2 in response to pro-
longed inflammation can support a switch from a proliferative
to a pro-fibrotic state, an effect that can be crucial during epi-
thelial regeneration but could also contribute to disease-asso-
ciated fibrogenesis.

Experimental procedures

Materials and antibodies

TGF�1 and interleukin 1� were purchased from R&D Sys-
tems (Minneapolis, MN); TNF� was from Millipore Sigma;
Rhosin hydrochloride was from Tocris (Oakville, Canada). The
cell-permeable Rho activator II (CN03), a version of the cata-
lytic domain of the bacterial cytotoxic necrotizing factor toxin
that activates Rho GTPase isoforms by deamidating glutamine
63, was from Cytoskeleton Inc. (Denver, CO). BSA was from
BioShop (Burlington, Canada). Complete Mini Protease Inhib-
itor tablet and PhosSTOP Phosphatase Inhibitor tablets were
from Roche Diagnostics. Rhodamine phalloidin was from
Thermo Fisher Scientific/Molecular Probes. All other chemi-
cals were from Sigma–Aldrich or BioShop.

The following antibodies against tight junction molecules
were from Thermo/Invitrogen and have been validated earlier
(19, 69, 90): claudin-2: monoclonal mouse antibody (catalog no.
325600) (used for Western blotting) and polyclonal rabbit anti-
body (catalog no. 28530) (used for immunofluorescent stain-
ing); claudin-1 (catalog no. 51-9000), ZO-1 (catalog no. 10804),
claudin-7 (catalog no. 349100). Antibodies against ZO-2 (cata-
log no. 2847), RHOA (catalog no. 2117), GEF-H1 (55B6) (cata-
log no. 4076), MKL1/MRTF-A (catalog no. 14760), phospho-
myosin light chain 2 (Thr-18/Ser-19) (catalog no. 3674),
myosin light chain (catalog no. 3672), �-actinin (catalog no.
3431), and tubulin (catalog no. 2128) were from Cell Signaling
Technology (Danvers, MA) and have been validated and used
previously in Refs. 34, 38, 50, and 69. Antibodies against the HA
tag (catalog no. ab137838), Ki67 (catalog no. ab15580), and
GEF-H1 (pSer-885) (ab74156) were from Abcam (Cambridge,
MA); GAPDH (SC-47724) was from Santa Cruz Biotechnology;
P27KIP1 (catalog no. 610241) was from BD Biosciences (San
Jose, CA); and �-smooth muscle actin (catalog no. A5228) was
from Sigma–Aldrich. Snai2/Slug antibody was from LifeSpan
Biosciences (catalog no. C353781). PCNA antibody (catalog no.
bs-2006R) was from Bioss Antibodies (Woburn, MA), Active
RHOA-GTP from NewEast Biosciences (catalog no. 26904)
(35). Peroxidase-coupled secondary antibodies were from Jack-
son ImmunoResearch (West Grove, PA). Alexa Fluor 488 –
labeled secondary antibody was from Thermo Fisher (Wal-
tham, MA).

Cells

LLC-PK1, a kidney tubule epithelial cell line (male) with
mostly proximal tubule characteristics from the European Col-
lection of Animal Cell Cultures (Wiltshire, UK), was used as in
our earlier studies (19, 33). Low-resistance MDCK cells, a distal
tubule canine cell line (female) were from ATCC. Both cell lines

were maintained in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum and 1% penicillin/
streptomycin in an atmosphere containing 5% CO2. Tissue
culture media and reagents were from Thermo Fisher/Life
Technologies. HA-tagged claudin-2 was a kind gift from Dr.
Todd Alexander (91). pEGFP-C3–ZO-2 (referred to as GFP–
ZO-2) was a gift from Marius Sudol (Addgene plasmid no.
27422) (92). Stable cell lines expressing HA–CLDN-2 or GFP–
ZO-2 were generated by selection with G418.

Short interfering RNA

Oligonucleotides were purchased from Thermo Fisher/
Dharmacon. The following porcine sequences were targeted by
the siRNAs, as previously (19, 38, 50): CLDN-2 #1, CCAGAA-
CTCTCGCGCCAAA; CLDN-2 #2, CCCTGATAGCTGGGA-
TCAT; Cldn-1, AGTCAATGCCAGATATGAA; Cldn-7, CC-
AGATTGTCACAGACTTT; RHOA, AAAGCAGGTAGAG-
TTGGCTTT; GEF-H1, AAG CAG GGA CTG CCG GAA
GCT; P27KIP1 #1 CAGCCAGCGCAAGTGGAAT; P27KIP1
#2, CAGCCAGCGCAAGTGGAAT; and MRTF-A, CCAA-
GGAGCTGAAGCCAAA. In MDCK the following CLDN-2
sequence was targeted: CTTCCCAGCTGGCGAACAA. The
cells were transfected with 100 nM siRNA oligonucleotide using
the Lipofectamine RNAiMAX transfection reagent (Thermo
Fisher/Invitrogen) according to the manufacturer’s instruc-
tions. Control cells were transfected with 100 nM Silencer
siRNA negative control (NR siRNA) (Applied Biosystems/Am-
bion). Unless otherwise indicated, the experiments were per-
formed 48 h after transfection. Down-regulation was routinely
verified using Western blotting.

Western blotting

Following treatment, the cells were lysed with ice-cold lysis
buffer (100 mM NaCl, 30 mM HEPES, pH 7.5, 20 mM NaF, 1 mM

EGTA, 1% Triton X-100, supplemented with 1 mM Na3VO4, 1
mM phenylmethylsulfonyl fluoride, and protease inhibitors).
For detecting phospho-myosin II (pMLC) levels, a radioim-
mune precipitation assay lysis buffer was used (50 mm Tris, 150
mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton
X-100, pH 7.4) that was supplemented with protease and phos-
phatase inhibitors (34). Protein concentration was determined
by the bicinchoninic acid assay (Thermo Fisher/Pierce Biotech-
nology) with BSA used as standard. SDS-PAGE and Western
blotting were performed as in Ref. 19. The blots were blocked in
TBS containing either 5% BSA or 5% milk and incubated with
primary antibody overnight (1:1000 unless otherwise indi-
cated). Antibody binding was visualized with peroxidase-con-
jugated secondary antibodies and the enhanced chemilumines-
cence method (kit from Bio-Rad). GAPDH (1:10000), tubulin,
or �-actinin was used to demonstrate equal loading. The blots
were either stripped and redeveloped or were horizontally cut
following transfer, and the corresponding parts were simulta-
neously developed with specific antibodies. ECL signal was cap-
tured on X-ray films or with a Bio-Rad ChemiDoc Imaging
System. Densitometry of films was done using a GS-800 cali-
brated densitometer and the Quantity One software (Bio-Rad)
(69). Signal captured by ChemiDoc was quantified using Image-
Lab (Bio-Rad).
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Detection of MRTF molecular weight shift

Detection of MRTF molecular weight shift was carried out as
in our previous study (50). Briefly, total cell lysates were run on
6% SDS gels until the 75-kDa marker reached the edge of the
gel, transferred to nitrocellulose, and developed using MRTF-A
antibody, with �-actinin used as loading control.

Preparation of GST fusion proteins

Preparation of GST–RBD (where RBD includes amino acids
7– 89 of Rhotekin) and GST–RHOA(G17A) was described in
Ref. 38. The beads were stored frozen in the presence of
glycerol.

RHOA and GEF-H1 activation assay

Active (GTP-bound) RHOA and GEF-H1 were captured
from cell lysates using GST–RBD or GST–RHOA(G17A),
respectively (9, 38). RHOA(G17A) cannot bind nucleotide and
therefore has high affinity for activated GEFs (93). Confluent
LLC-PK1 cells were treated as indicated and then lysed with
ice-cold assay buffer containing 100 mM NaCl, 50 mM Tris base
(pH 7.6), 20 mM NaF, 10 mM MgCl2, 1% Triton X-100, 0.5%
deoxycholic acid, 0.1% SDS, 1 mM Na3VO4, and protease inhib-
itors. After centrifugation, aliquots for total RHOA or GEF-H1
were removed. The remaining supernatants were incubated
at 4 °C for 45 min with 20 –25 �g of GST–RBD or GST–
RHOA(G17A) beads, followed by extensive washing. Cell
lysates (input) and captured proteins were analyzed by Western
blotting and quantified by densitometry. Precipitated (active)
RHOA or GEF-H1 were normalized using the corresponding
input protein in the cell lysates. In the RHOA precipitation
assay, the antibody regularly visualized a nonspecific band
between 25 and 30 kDa. The identity of the RHOA-specific
band (22 kDa) was verified using siRNA and is indicated by
black arrowheads in the figures. Furthermore, some antibody
lots also visualized a nonspecific band at 	25 kDa in the total
cell lysates. To separate these, we used 15% gels and separated
the 20 –30-kDa area by running the gels longer.

Electric cell-substrate impedance sensing

The ECIS Ztheta system (Applied Biophysics, Troy, NY) was
used to assess the effect of CLDN-2 silencing on cell growth and
the development of a confluent layer (38, 44). LLC-PK1 cells
were transfected with NR or CLDN-2–specific siRNA. 24 h
later the cells were trypsinized and seeded on 8W10E electrode
arrays at 1.5 � 105/well. Capacitance (C) values were collected
continuously at 32,000 Hz. The values were normalized to the
first point representing 1.

BrdU incorporation assay

A BrdU cell proliferation assay kit (Abcam) was used, as in
Ref. 38. LLC-PK1 cells were plated on 96-well plates at 2 �
104/well in serum containing culture medium. After allowing
4 h for the cells to adhere, the medium was replaced by serum-
free medium containing BrdU for overnight. BrdU incorpora-
tion was quantified using a SpectraMax Plus384 microplate
spectrophotometer (Molecular Devices) at 450 nm.

Immunofluorescence microscopy

LLC-PK1 cells grown on coverslips were fixed with 4% para-
formaldehyde or ice-cold methanol (for CLDN-2), washed, and
blocked with 3% BSA in PBS. Following permeabilization, cov-
erslips were incubated with primary antibody (1:100, 1 h), fol-
lowed by washes and incubation with Alexa Fluor 488 –labeled
secondary antibody (1:1000). The nuclei were counterstained
with DAPI. The slides were viewed using a WaveFX spinning-
disk confocal microscope (Quorum Technologies, Guelph,
Canada) with an ORCA-flash4.0 digital camera with Gen II
sCMOS image sensor. Maximum intensity projection pictures
were generated from Z-stack using the Metamorph software.
For staining F-actin, fixed and permeabilized cells were incu-
bated with rhodamine phalloidin (Invitrogen). To visualize
stress fibers, maximum intensity projection images from stacks
of the bottom 4 �m of the cells (12–15 slices) were obtained.

Active RHOA in kidney tissues

Active RHOA in kidney tissues was labeled as in Ref. 35.
Briefly, paraffin-embedded kidney sections were stained with
anti-RHOA-GTP as in Ref. 35. Briefly, after deparaffinization,
slides underwent heat-induced antigen retrieval, followed by
blocking with DAKO serum-free protein blocking reagent, and
were exposed to active RHOA antibody (New East Bioscience
catalog no. 26904) (1:500) at 4 °C, overnight. After washing, the
samples were incubated with Alexa Fluor 555–labeled anti-
mouse antibody (Invitrogen) (1:500) (1 h). Images were cap-
tured and scanned using Zeiss Axio Observer microscope and
analyzed by the Zen Blue software. Background staining was
determined and subtracted using parallel staining with second-
ary antibody only. Representative images are shown from each
condition.

Unilateral ureteric obstruction

All animal studies were carried out according to a protocol
approved by the animal care committee of the St. Michael’s
Hospital. Male C57BL/6 mice (6 – 8 weeks old, from Jackson
Laboratory (Bar Harbor, ME)), underwent surgery as described
previously (34). Briefly, the left ureter was ligated. Three- or
seven-days after surgery, the mice were sacrificed, and the left
kidneys were harvested. Half of the kidney was snap-frozen in
liquid nitrogen, and the other half was fixed and embedded in
paraffin or frozen fresh in OCT medium. The samples were
stored at �80 °C until further processing.

CLDN-2 KO mice

CLDN-2 KO mice were acquired from the Mutant Mouse
Resource and Research Centres at UC Davis. The strain is
referred to as B6;129S5-Cldn2tm1Lex/Mmucd and has been
described before (21, 22). This strain was backcrossed onto WT
FVB/N mice (Jackson Laboratories) for �5 generations. Stand-
ard pelleted chow (PicoLab Rodent Diet 5053: 21% (w/w) pro-
tein, 5.0% (w/w) fat, 0.81% (w/w) Ca2�, and 2.2 IU/g vitamin D3)
and drinking water were available ad libitum. Genotyping was
performed using primers 5�-CAGGCTCCGAAGATACTTC
and 5�-GTAGAAGTCCCGAAGGATG for the WT reaction
and 5�-CAGGCTCCGAAGATACTTC and 5�-CCCTAGGA-
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ATGCTCGTCAAGA for the knockout reaction. At 5 weeks
WT and claudin-2 KO mice were euthanized, and kidney tissue
was either snap frozen as previously (94) or fixed in formalde-
hyde and embedded in paraffin for processing for immunoflu-
orescent staining. All animal experiments were approved by the
Animal Care and Use Committee for Health Science of the
University of Alberta (protocol no. 213).

Immunohistochemistry and quantification

Staining and quantification of paraffin-embedded kidney
sections was performed as in (35), using P27KIP1 antibody.
Standard immunohistochemistry protocol was used, with
horseradish peroxidase-labeled secondary antibody and a 3,3�-
diaminobenzidine (DAB)� substrate chromogen system from
Agilent, Dako (Mississauga, Canada). Histological slides were
viewed by an Olympus BX50 microscope driven by the
Cellsense software. The slides were analyzed using the Fiji soft-
ware. To quantify the DAB-positive signal in each image, color
deconvolution was applied using the Fiji software, followed by
thresholding. The number of positive pixels was then expressed
as fold change compared with sham.

RT-PCR for mRNA analysis

RNA was extracted using the RNeasy kit (Qiagen), and cDNA
was synthesized using iScript reverse transcriptase (Bio-Rad).
SYBR green-based real-time PCR was performed as in Ref. 19.
Primer pairs designed against the corresponding mouse
sequences were as follows: Claudin-2, 5�-CCCAGGCCATGA-
TGGTGA-3� and 5�-TCATGCCCACCACAGAGATAAT-3�;
SGLT-2, 5�-CATAAAGTCGAGGGTGTT-3� and 5�-GGAA-
GTGACAACCAATCA-3�(95); Claudin-1, 5�-CTGGAAGAT-
GATGAGGTGCAGAAGA-3� and 5�-CCACTAATGTCGC-
CAGACCTGAA-3�; Claudin-7, 5�-CCTGGTGTTGGGCTT-
CTTAGC-3� and 5�-CCCACAGCGTGTGCACTTC-3�; and
GAPDH, 5�-GCAAAGTGGACATGGTCGCCATCA-3� and
5�-AGCTTCCCATTCTCAGCCTTGACT-3� (19).

The following primers were used to detect pig mRNA: clau-
din-2, 5�-GCACTGGCATCACCCAGTGT-3� and 5�-GATG-
ATACAGGCCAACGAGG-3�; claudin-1, F, 5�-TTCTGGGA-
GGTGCCCTACTT-3� and 5�-TGGATAGGGCCTTGGTG-
TTG-3�; Claudin-7, 5�-ACTTAAAATTCGCCCACCCG-3�
and 5�-TGACGCAGTCCATCCATAGC-3�; and GAPDH,
5�-GCAAAGTGGACATGGTCGCCATCA-3� and 5�-AGCT-
TCCCATTCTCAGCCTTGACT-3�.

Laser capture microdissection

LCM was performed as earlier (34). Mouse kidneys from
sham and UUO (7 days) animals were embedded in Tissue-Tek
OCT medium, frozen in liquid nitrogen, and stored at �80 °C.
For processing, the tissues were sectioned at 2–5 �m, mounted
on glass slides, and stained using a rapid hematoxylin and
eosin–staining protocol (Mayer’s hematoxylin solution and
alcoholic eosin Y solution from Sigma). LCM was carried out
using the PixCell II laser capture microdissection system and
CapSure LCM Caps (Arcturus Mountain View, CA), with the
following parameters: spot size, 7.5 �m; power, 65 milliwatt;
and duration, 650 �s. A total of 100 –200 target tubules and
interstitial areas were captured for each sample. Total RNA

from LCM-captured samples was isolated using the RNeasy
micro RNA isolation kit (Qiagen) and reverse-transcribed using
a Sensiscript reverse transcription kit (Qiagen) with oligo(dT)
primer. PCR was performed using the iproof high-fidelity PCR
kit (Bio-Rad). The following primers were used to evaluate
tubular markers: Tamm–Horsfall protein (THP) (sense, 5�-
TCA-GCC-TGA-AGA-CCT-CCC-TA-3�; antisense, 5�-TGT-
GGC-ATA-GCA-GTT-GGT-CA-3�); basic amino acid trans-
porter (BAT) (sense, 5�-ACG-TCT-TCC-TCG-TGG-TTC-
TG-3�; antisense, 5�-GCC-ATC-TCT-TAG-GGA-GCT-T-3�),
and GAPDH (sense, 5�-ACC-ACA-GTC-CAT-GCC-ATC-AC-
3�; antisense, 5�-CAC-CAC-CCT-GTT-GCT-GTA-GCC-3�).

Luciferase reporter assay

Luciferase reporter assay was performed as previously (50,
69), with some modifications. The cells were plated on 24-well
plates and at 	60% confluence transfected using jetPrime
(Polyplus transfection, New York, NY). The transfection mix
contained 0.5 �g/well pGL3–3DA-luc reporter plasmid (Firefly
luciferase gene under the control of a CArG box triplet) (50, 96)
along with the normalizing vector enhancer-less Renilla lucif-
erase, pRL-TK (Promega) (0.125 �g/well), and, where indicated
NR or CLDN-2–specific siRNA. In some experiments promot-
er-transfected cells were treated overnight with 30 �M Rhosin.
24 h after transfection, the cells were lysed, and luciferase activ-
ity was measured using the Dual-Luciferase reporter assay sys-
tem kit (Promega) and a Berthold Lumat 9507 luminometer
according to the manufacturers’ instructions. Treatments were
done in duplicate, and the experiments were repeated at least
three times. For each sample firefly luciferase activity corre-
sponding to the 3DA promoter construct was normalized to the
Renilla luciferase activity. The results were expressed as fold
changes compared with the mean firefly/Renilla ratio of the
untreated controls taken as a unity.

Statistical analysis

All blots and immunofluorescent pictures are representa-
tives of at least three similar experiments. The data are pre-
sented as means � S.D. of the number of experiments indicated
(n). Statistical significance was assessed by one-way analysis of
variance performed using the GraphPad Prism software. Unless
otherwise indicated, Tukey’s post hoc test was used. For com-
parison of two conditions, Student’s t test (unpaired, equal vari-
ance) was performed.
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