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ZO-2 silencing induces renal hypertrophy 
through a cell cycle mechanism and the activation 
of YAP and the mTOR pathway

ABSTRACT Renal compensatory hypertrophy (RCH) restores normal kidney function after 
disease or loss of kidney tissue and is characterized by an increase in organ size due to cell 
enlargement and not to cell proliferation. In MDCK renal epithelial cells, silencing of the tight 
junction protein zona occludens 2 (ZO-2 KD) induces cell hypertrophy by two mechanisms: 
prolonging the time that cells spend at the G1 phase of the cell cycle due to an increase in 
cyclin D1 level, and augmenting the rate of protein synthesis. The latter is triggered by the 
nuclear accumulation and increased transcriptional activity of Yes-associated protein (YAP), 
the main target of the Hippo pathway, which results in decreased expression of phosphatase 
and tensin homologue. This in turn increased the level of phosphatidylinositol (3,4,5)-triphos-
phate, which transactivates the Akt/mammalian target of rapamycin pathway, leading to ac-
tivation of the kinase S6K1 and increased synthesis of proteins and cell size. In agreement, in 
a rat model of uninephrectomy, RCH is accompanied by decreased expression of ZO-2 and 
nuclear expression of YAP. Our results reveal a novel role of ZO-2 as a modulator of cell size.

INTRODUCTION
Hypertrophy is a process in which the increase in cell mass is not due 
to cell proliferation but to cell enlargement. In the kidney, growth of 
residual renal tissue in response to loss of other renal tissue is 

termed renal compensatory hypertrophy (RCH). This is reflected by 
an increase in protein per cell, protein per DNA, and cell size (Fine 
and Norman, 1989). Because the majority of the kidney mass 
corresponds to the proximal tubule, this section of the nephron con-
tributes mostly to hypertrophy (Hayslett et al., 1968). RCH occurs in 
a variety of conditions, including loss of renal mass by the removal 
of one kidney, known as uninephrectomy (UNX), the destruction of 
nephron units in the same kidney due to natural disease, diabetes 
mellitus, high-protein feeding, chronic metabolic acidosis, and 
chronic potassium deficiency (Fine et al., 1992). Although RCH de-
velops as a response to restore normal kidney function, in some 
cases, it is excessive and leads to tubular atrophy, interstitial fibrosis, 
and progressive decline of renal function (Fogo and Ichikawa, 1991; 
Hostetter, 1995). Therefore there is a need for a better understand-
ing of the factors that modulate renal hypertrophy.

We found that in an epithelial cell line derived from canine kid-
ney (Madin–Darby [MDCK] cells) in which the expression of the tight 
junction (TJ) protein zona occludens 2 (ZO-2) was stably silenced 
due to the transfection of a short hairpin RNA (shRNA; ZO-2 KD), the 
cells grew conspicuously in size. This observation prompted us to 
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capacitance in a whole-cell clamp configuration as previously re-
ported (Gonzalez-Mariscal et al., 1990). Figure 1C shows that ZO-2 
KD MDCK cells have a significantly higher (63%) amount of mem-
brane surface than parental MDCK cells.

To exclude the possibility that the observed phenotypic change 
is caused by shRNA off-target effects, we analyzed the size of two 
additional clones of ZO-2 KD cells, named IC6 and 2D1. Figure 1D 
(left) shows, using the FSC of light in a flow cytometer, that the 
three clones of ZO-2 KD cells (IC5, IC6, and 2D1) display the same 
phenotype of increased cell size in comparison to parental cells. 
Then we analyzed whether the phenotype in ZO-2 KD cell clone 
IC5 could be rescued by expressing a ZO-2 construct with altered 
shRNA-binding sites. Figure 1D (right) shows, based on the FSC of 
light in a flow cytometer, that transfection of ZO-2 partially re-
verses the increase in size observed in ZO-2–depleted cells. The 
reversal of size is partial instead of complete, since not all of the 
cells in the ZO-2 KD culture were transfected after Lipofectamine 
treatment with the ZO-2 construct. Hereafter, all the ZO-2 KD cells 
used in the study were of the clone IC5 and are referred only as 
ZO-2 KD cells.

Because we previously showed that ZO-2 siRNA–transfected 
monolayers display an atypical profile, with regions where the apical 
surface appears overgrown (Hernandez et al., 2007), we next ana-
lyzed by scanning electron microscopy the surface of confluent cul-
tures of ZO-2 KD and parental MDCK cells. Figure 1E shows that 
although the amount of microvilli varied among cells of the same 
clone, in ZO-2 KD MDCK cells, there was a notable increase in mi-
crovilli density in comparison to parental MDCK cells. Furthermore, 
some ZO-2 KD cells were covered by clusters of long membrane 
extensions (Figure 1E, inset) that resembled those previously de-
scribed in ZO-1 and ZO-2 double-KD cells (Fanning et al., 2012). We 
also analyzed whether the number of cilia per cell was modified due 
to the absence of ZO-2 and found, by staining the nuclei with 
4′,6-diamidino-2-phenylindole (DAPI) and the cilia with an antibody 
against acetylated tubulin, that it was reduced in ZO-2 KD cells 
(Table 1).

Absence of ZO-2 triggers cell hypertrophy by a cell 
cycle–dependent mechanism
Next we analyzed whether the lack of ZO-2 had an effect on cell 
proliferation. Figure 2A shows no significant difference in the num-
ber of proliferating cells between ZO-2 KD and parental MDCK 
cells. This result suggested that a process of hypertrophy and not of 
hyperplasia was occurring in ZO-2 KD cells. To confirm this, we mea-
sured the protein/DNA ratio and observed that it was 52% higher in 
ZO-2 KD MDCK cells than in parental cells (Figure 2B).

Two distinct mechanisms have been identified as triggers of hy-
pertrophy in renal cells. The first, which is cell-cycle dependent, in-
volves the coordinated action of a mitogen-like epidermal growth 
factor and an antiproliferative agent such as transforming growth 
factor β (Wolf et al., 1993; Franch et al., 1995; Liu and Preisig, 1999) 
or the CIP/KIP family of cyclin kinase inhibitors, such as p21 and p27, 
which inhibit the G1/S-phase cyclin-dependent kinase complexes 
(Monkawa et al., 2002; Wolf et al., 2003). The mitogenic stimulus 
induces quiescent cells into the G1 phase of the cell cycle, the acti-
vation of cdk4/cyclin D, and the stimulation of protein synthesis, 
whereas the antiproliferative agent arrests cell cycle progression be-
fore the restriction point, preventing the activation of cdk2/cyclin E 
and blocking the movement of cells into the S phase. In this way, the 
cells become hypertrophic by undergoing an increase in physical 
growth in early G1 without subsequent entry into S phase (Liu and 
Preisig, 1999).

study the mechanisms that induce cell hypertrophy triggered by the 
lack of ZO-2.

TJs are cell–cell adhesion structures present at the uppermost 
portion of the lateral membranes of epithelial cells. They regulate the 
passage of ions and molecules through the paracellular pathway and 
maintain cell polarity, blocking the free diffusion of lipids and protein 
within the plasma membrane from the apical to the basolateral do-
mains and vice versa. TJs are formed by a complex array of integral 
proteins such as claudins, occludin, tricellulin, and junction adhesion 
molecules (JAMs) and a group of peripheral proteins, including 
members of the membrane-associated guanylate kinase (MAGUK) 
protein family (for reviews, see Gonzalez-Mariscal et al., 2003, 
2011b). ZO-2 is a 160-kDa MAGUK protein that links the integral TJ 
proteins to the actin cytoskeleton (Wittchen et al., 1999) and is cru-
cial for the polymerization of claudins into TJ strands (Umeda et al., 
2006). In proliferating cells, ZO-2 is also present at the nucleus (Islas 
et al., 2002) and is involved in the regulation of gene transcription 
(Betanzos et al., 2004; Huerta et al., 2007). In particular, ZO-2 inhibits 
cell proliferation by blocking the entry of cells into the cell cycle via 
inhibition of cyclin D transcription and increased degradation of this 
protein (Tapia et al., 2009). In humans, ZO-2 is crucial for the proper 
sealing of TJs in the biliary ducts, as mutations in the ZO-2 gene 
(TJP2) are associated with familial hypercholanemia, a disease char-
acterized by leakage of bile into serum (Carlton et al., 2003), whereas 
genomic duplication and overexpression of TJP2/ZO-2 induces pro-
gressive nonsyndromic hearing loss due to increased expression of 
apoptosis genes in the cells of the inner ear (Walsh et al., 2010).

Here we show that in ZO-2 KD cells, hypertrophy is triggered in 
part by a cell cycle–related mechanism via an increase in the amount 
of cyclin D1 (CD1), which increases the time ZO-2 KD cells spent in 
the G1 phase of the cell cycle. Hypertrophy is also induced by an 
increase in rate of protein synthesis. This point is explored by testing 
whether the absence of ZO-2 affects the activity of the mammalian 
target of rapamycin complex 1 (mTORC1) pathway, which promotes 
protein synthesis (for review, see Laplante and Sabatini, 2012) and 
that of its upstream regulator, Yes-associated protein (YAP), the main 
target of the Hippo signaling pathway (Tumaneng et al., 2012b). We 
find that the absence of ZO-2 triggers the accumulation of YAP at 
the nucleus and stimulates its transcriptional activity, which results in 
decreased expression of phosphatase and tensin homologue (PTEN) 
and increased concentration of phosphatidylinositol (3,4,5)-triphos-
phate (PIP3), which in turn transactivates the Akt/mTORC1 signaling 
pathway and its downstream target, the kinase S6K1, which pro-
moted an increase in cell size. Moreover, in a rat model of UNX, we 
find that RCH is accompanied by decreased expression of ZO-2 and 
increased nuclear expression of YAP. Taken together, our results re-
veal a novel role of ZO-2 as a modulator of cell size and suggest that 
ZO-2 could become a therapeutic target for the control of renal 
hypertrophy.

RESULTS
Absence of ZO-2 results in increased cell size 
in epithelial cells
We observed that ZO-2 KD MDCK clone IC5 cells look conspicu-
ously bigger than parental cells (Figure 1A). This observation 
prompted us to estimate cell size by using flow cytometry to com-
pare the forward scatter (FSC) of light by ZO-2 KD and parental 
MDCK cells with that of reference microspheres with known diame-
ter. Figure 1B shows that whereas 73% of parental MDCK cells have 
a diameter of 35–40 μm, 67% of ZO-2 KD cells have a diameter of 
55–60 μm. In addition, we determined the membrane surface of 
ZO-2 KD and parental MDCK cells by measuring the electrical 
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To test whether a cell cycle–dependent 
mechanism is involved in the increase in size 
in ZO-2 KD cells, we used flow-cytometric 
analysis to analyze the distribution of paren-
tal and ZO-2 KD cells during the cell cycle. 
We incubated sparse ZO-2 KD and parental 
MDCK cells with DMEM with 10% serum 
(cDMEM) for 24 h. Then we transferred the 
cultures to DMEM with 0.1% serum for ar-
rest at the G0 stage of the cell cycle. After 
48 h, cell cycle entry was triggered by addi-
tion of cDMEM, and the percentage of cells 
at each stage of the cell cycle was deter-
mined at different time points by the addi-
tion of propidium iodide. Figure 2C shows 
that both parental and ZO-2 KD MDCK cells 
moved through the cell cycle after the 
monolayers were transferred from media 
with 0.1–10% serum. However, ZO-2 KD 
cells moved at a slower pace. This is more 
evident in Figure 2D, where a lower per-
centage of ZO-2 KD cells are in S phase 14 h 
after transfer to medium with 10% serum.

Previously we demonstrated that ZO-2 
inhibits the transcription of the cyclin D 
gene and promotes the degradation of the 
cyclin D protein (Huerta et al., 2007; Tapia 
et al., 2009). Because renal hypertrophy has 
been associated with the activation of CD 
without concurrent up-regulation of cyclin E 
(Liu and Preisig, 2002), we next analyzed the 
level of expression of CD1 in ZO-2 KD and 
parental MDCK cells. Figure 2E shows that 
ZO-2 KD cells have a higher increase in level 
of CD1 than parental MDCK as time pro-
ceeds after the monolayers were transferred 
from medium with 0.1–10% serum. These 
results suggest that the hypertrophy ob-
served in ZO-2 KD MDCK cells was due to a 
cell cycle–dependent mechanism by which 
the absence of ZO-2 produced an increase 
in the amount of CD1, which increased the 
time that the cells spent in the G1 phase of 
the cell cycle.

Increase in cells size observed in ZO-2 
KD cells is also a response to activation 
of mTORC1 complex and its 
downstream target, S6K1
The second mechanism identified as a trig-
ger of RCH involves a disparity between the 
rates of protein synthesis and degradation 
(Jurkovitz et al., 1992; Ling et al., 1996). Be-
cause protein synthesis increases when the 
kidney size increases (Rabkin and Dahl, 
1990), we next analyzed in ZO-2 KD cells 
the activation of the mTORC1 pathway, 
which promotes protein synthesis (Chen 
et al., 2005) via phosphorylation of its tar-
get, S6K1 (Chen et al., 2009). Activation of 
kinase S6K1 is critical for RCH (Chen et al., 
2009) and control of cell size in Drosophila 

FIGURE 1: The absence of ZO-2 altered the cytoarchitecture of epithelial cells. (A) ZO-2 KD 
cells are bigger than parental MDCK cells. MDCK cells were fixed and processed for 
immunofluorescence with antibodies against ZO-1 and ZO-2. (B) ZO-2 KD MDCK cells have a 
bigger diameter than parental cells. The diameter of cells was estimated by comparing in a flow 
cytometer the FSC signals with those of the reference microspheres. Results from three 
independent experiments. Statistical analysis done with two-way analysis of variance (ANOVA) 
followed by Bonferroni’s multiple comparison test. *p < 0.05, ***p < 0.001. (C) The amount of 
membrane surface is bigger in ZO-2 KD than in parental MDCK cells. Membrane surface was 
estimated by measuring the electrical capacitance in a whole-cell clamp configuration. The 
membrane surface of 33 parental cells and 36 ZO-2 KD cells was evaluated. Statistical analysis 
was done with Student’s t test, ****p < 0.0001. (D) Left, the FSC of light in a flow cytometer 
shows that three different clones of ZO-2 KD cells exhibit an increased cell size in comparison to 
parental cells. Right, the increase in cell size in ZO-2 KD cell clone IC5, evaluated by the FSC of 
light in a flow cytometer, was partially rescued by expressing a ZO-2 construct with altered 
shRNA-binding sites. (E) The amount of microvilli varies among cells of the parental MDCK clone 
(left), but in ZO-2 KD MDCK cells, microvilli density is significantly higher than in parental cells. 
Long membrane extensions are observed covering some ZO-2 KD cells (right, arrow).
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(Montagne et al., 1999) and mammals (Shima et al., 1998; Ohanna 
et al., 2005) but has no effect on cell proliferation and cell cycle 
distribution (Montagne et al., 1999; Ohanna et al., 2005).

We analyzed mTOR phosphorylation in S2448 because active 
mTOR, integrated into mTORC1, is predominantly phosphorylated 
in this residue (Copp et al., 2009). Figure 3A shows a similar phos-
phorylation level of mTOR S2448 in ZO-2 KD and parental MDCK 
cells. Next we analyzed S6K1 and not S6K2, since the former is es-
sential for cells to increase in size, whereas both are dispensable for 
cell proliferation (Ohanna et al., 2005). We used antibodies that 

Cells
Number of 

cellsa
Number of 

ciliab
Cilia/100 

cells

Parental 381 25 6.7

ZO-2 KD 614 22 3.4
aThe number of cells studied was determined by counting the nuclei that were 
stained with DAPI.
bCilia were identified by staining with an antibody against acetylated tubulin.

TABLE 1: Amount of cilia detected by immunofluorescence in ZO-2 
KD and parental MDCK cells.
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Absence of ZO-2 induces transcriptional activity of YAP, 
which results in transactivation of Akt/mTOR signaling 
pathway and increase in cell size
The final determination of cell size is the result of cross-talk between 
the Hippo and mTOR pathways (Csibi and Blenis, 2012). Yes-associ-
ated protein (YAP), the main downstream target of the mammalian 
Hippo pathway, is an upstream regulator of mTOR, as it induces, 
independently of growth factors or amino acids, the expression of 
miR-29, which inhibits the translation of PTEN. This lipid phospha-
tase negatively regulates the PI3K-Akt axis by reducing the level of 
phosphatidylinositol (3,4,5)-triphosphate (PIP3) (Tumaneng et al., 
2012b). Therefore we next analyzed the state of YAP in parental and 
three different clones of ZO-2 KD MDCK cells. Figure 4A shows that, 
as previously reported (Zhao et al., 2007), cell density regulated YAP 
localization, as it was present in the nucleus of cells in sparse but not 
in confluent cultures. Note that the absence of ZO-2 induced the 
nuclear accumulation of YAP in both culture conditions; however, in 
confluent ZO-2–depleted cells, YAP also appeared to be associated 
with the nuclear envelope and the endoplasmic reticulum (ER). A 
similar pattern of YAP expression was found in the three clones of 
ZO-2 KD cells. The large tumor suppressor (LATS) kinase of the 
Hippo pathway directly phosphorylates YAP on S127 (Zhao et al., 
2007) and creates a 14-3-3–binding site (Basu et al., 2003), which 
promotes YAP cytoplasmic localization and hence inhibits the tran-
scriptional activity of the protein (Zhao et al., 2007). In accordance, 
the Western blots in Figure 4B show that in ZO-2 KD cells, there was 
a 70% decrease in YAP S127 phosphorylation in comparison to pa-
rental cells, whereas no change was detected in the total amount of 
YAP. These results suggest the inactivation of the Hippo signaling 
pathway in ZO-2 KD cells.

At the nucleus, YAP serves as a cofactor for TEA-domain (TEAD) 
transcription factors, which promote the epithelial-to-mesenchymal 
transition (Li et al., 2008). Therefore we next analyzed the effect of 
ZO-2 absence on the activity of a reporter construct in which lucifer-
ase expression was driven by eight artificial TEAD-binding sites. 
Figure 4C shows that in the absence of ZO-2, the relative activity of 
the promoter increased in comparison to parental cells and that 
overexpression of ZO-2 abolished the promoter activity. The connec-
tive tissue growth factor (CTGF) is a direct YAP target gene (Li et al., 
2008), and hence we explored whether ZO-2 affects the activity of 
CTGF promoter. Figure 4D shows that in ZO-2 KD cells, CTGF pro-
moter is more active than in parental cells and that the cotransfection 

detect the two isoforms of S6K1—p70S6K and p85S6K—as well as 
antibodies that detect the mTORC1-dependant phosphorylation of 
sites that activate S6K1 via relief of pseudosubstrate suppression. 
Figure 3A shows that in ZO-2 KD cells, there is an increase in phos-
phorylation of S6K1 in comparison to parental cells of 12- and 2-fold 
in T389 and T421/S424, respectively. These results suggest that the 
increase in cell size triggered by the absence of ZO-2 is mediated by 
the activation of mTORC1 and its downstream target, S6K1.

To further pursue this point, we next analyzed the effect of ra-
pamycin, an allosteric mTORC1 inhibitor, on cell proliferation and 
cell size. Our results showed that cell proliferation in ZO-2 KD and 
parental MDCK cells was equally sensitive to rapamycin (Figure 2A) 
and that treatment of ZO-2 KD cells with rapamycin reversed the 
increase in cell size, as evaluated by the FSC of light in a flow cytom-
eter, to a value similar to that of parental cells (Figure 3B, left). To 
validate these results in greater depth, we silenced in ZO-2 KD cells 
with a specific small interfering RNA (siRNA), the expression of Rap-
tor, an essential component of the mTORC1 complex. The Western 
blot in Figure 3C (top) shows that Raptor siRNA decreased the ex-
pression of Raptor in ZO-2 KD cells, and by measuring the FSC of 
light in a flow cytometer, we found that Raptor silencing induced a 
reversal of size in ZO-2 KD cells to values present in parental cells 
(Figure 3C, bottom). Taken together, these results indicate that loss 
of ZO-2 results in mTORC1 activation, which mediates the increase 
in cell size.

The phosphatidylinositol 3 kinase (PI3K)-Akt pathway is a key up-
stream activator of mTORC1: the activation of Akt by PI3K inacti-
vates by phosphorylation the tuberous sclerosis complex (TSC) pro-
tein TSC2. This makes the TSC1-TSC2 complex unable to inactivate 
Rheb, promoting mTORC1 activation (for review, see Tumaneng 
et al., 2012a). Therefore we next analyzed whether PI3K inhibition 
with LY294002 and the Akt inhibitor Akt VIII reversed the increase in 
cell size observed in ZO-2 KD cells. Figure 3B shows that both 
LY294002 and Akt VIII returned the size of ZO-2 KD cells to that of 
parental MDCK cells. To further demonstrate the activation of Akt in 
ZO-2 KD cells, we evaluated the phosphorylation of GSK-3β at S9, a 
known target of Akt (Cross et al., 1995). Figure 3D shows that in 
ZO-2 KD cells, phosphorylation of GSK3β at S9 increased fivefold, 
confirming the activation of Akt in the absence of ZO-2. Taken to-
gether, these results suggested that ZO-2 KD cells turned on the 
consecutive activity of PI3K-Akt and TORC1, which ultimately acti-
vated S6K1 and promoted an increase in cell size.

FIGURE 2: The absence of ZO-2 had no effect on epithelial cell proliferation and instead increased the protein/DNA 
ratio and decreased the entry of cells into the S phase of the cell cycle. (A) The number of proliferating ZO-2 KD and 
parental MDCK cells treated or not with 100 nM rapamycin, an inhibitor of the mTORC1 complex, was measured with a 
tetrazolium salt assay. The absence of ZO-2 had no effect on cell proliferation, and ZO-2 KD and parental MDCK cells 
were equally sensitive to rapamycin inhibition of cell proliferation. Results from three independent experiments. 
Statistical analysis done with two-way ANOVA followed by Bonferroni’s comparison test. (B) The protein/DNA ratio was 
52% higher in ZO-2 KD cells than in parental MDCK cells. Protein and DNA concentrations were respectively 
quantitated using a BCA protein assay kit and in a spectrophotometer at 260 nm in suspensions derived from the same 
cell samples. Statistical analysis was done with Student’s t test, *p < 0.05. (C) ZO-2 KD cells moved through the cell 
cycle at a slower pace than parental cells. Cells were incubated with cDMEM for 24 h. Then the cultures were 
transferred to DMEM with 0.1% serum for 48 h. Next cell cycle entry was triggered by addition of cDMEM. The 
percentage of cells at each stage of the cell cycle was determined by flow cytometry in cells stained with propidium 
iodide at different times after cDMEM addition. (D) In comparison to parental cells, a lower percentage of ZO-2 KD cells 
were present in the S phase 14 h after the transfer to media with 10% serum. Values are relative to the percentage of 
cells present in the S phase at time 0. Statistical analysis was done with a two-way ANOVA followed by Bonferroni’s 
multiple comparison test; *p < 0.05. (E) ZO-2 KD cells expressed a higher level of CD1 than parental MDCK cells after 
their transfer from medium with 0.1-10% serum. Left, representative Western blot; right, densitometric analysis of three 
independent experiments. Statistical analysis was done with a two-way ANOVA followed by Bonferroni’s multiple 
comparison test; *p < 0.05, **p < 0.01, ***p < 0.001.
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of ZO-2 reduces promoter activity in both 
parental and ZO-2 KD cells. To strengthen 
this observation, we analyzed by reverse 
transcription quantitative PCR (RT-qPCR) 
whether the endogenous expression of 
CTGF was affected by the lack of ZO-2. 
Figure 4E shows that the absence of ZO-2 
increased by twofold the amount of CTGF 
mRNA relative to the housekeeping glycer-
aldehyde-3-phosphate dehydrogenase 
(GAPDH) and that overexpression of ZO-2 
reduced by 63% the amount of CTGF in pa-
rental cells. Taken together, these results in-
dicate that lack of ZO-2 induces the tran-
scriptional activity of YAP.

It was recently shown that YAP docks the 
ubiquitin ligase β-TrCP to the β-catenin de-
struction complex when the Wnt signaling 
pathway is inactive and that treatment with 
Wnt dislodges YAP from this complex and 
causes its nuclear accumulation (Azzolin 
et al., 2014). Because ZO-2 KD cells display 
a nuclear accumulation of YAP, we next 
tested whether ZO-2 KD cells exhibit a 
higher β-catenin/TCF transcriptional activity 
than parental cells. We carried out a re-
porter gene assay in parental and ZO-2 KD 
MDCK cells with the TOPFLASH/FOPFLASH 
reporter construct regulated by three TCF-
binding sites. Figure 4F shows that in ZO-2 
KD cells, the transcriptional activity of β-
catenin was much higher than in parental 
cells. This result confirmed that the absence 
of ZO-2 facilitated β-catenin/TCF transcrip-
tional activity and is in agreement with our 
previous observation that ZO-2 overexpres-
sion abolished β-catenin transcriptional ac-
tivity (Tapia et al., 2009).

At the nucleus, YAP induces the genera-
tion of miRNA29, which targets the 3′ un-
translated region of PTEN and inhibits its 
translation (Tumaneng et al., 2012b). There-
fore we analyzed whether ZO-2 KD cells ex-
hibited a decrease in the amount of PTEN, 
which could explain the increase in cell size 
as a result of mTORC1 activation. The West-
ern blot in Figure 5A shows that in compari-
son to parental cells, in ZO-2 KD cells, there 
was a 62% decrease in the amount of PTEN 
together with a threefold increase in Akt 
phosphorylation at T308 and S473. To pro-
vide experimental confirmation of the impor-
tance of the cross-talk between YAP and the 
PTEN/Akt/mTORC1 pathway for the increase 
in cell size observed in MDCK ZO-2 KD cells, 
we used a siRNA against Dicer, the RNase III 
enzyme that plays a fundamental role in small 
RNA biogenesis by cleaving dsRNA sub-
strates into functional small RNAs (for review, 
see Lau et al., 2012). Figure 5B (top left and 

FIGURE 3: The lack of ZO-2 activated the PI3K-Akt pathway, which in turn transactivates 
mTORC1 and its final effector, S6K1, which controls cell size. (A) In the absence of ZO-2, S6K1 is 
activated. Western blot of parental and ZO-2 KD MDCK cells done with specific antibodies 
against mTOR, P-mTOR S2448, p70S6K1/p85S6K1, P-p70S6K1 T389/ P-p85S6K1 T421/S424, 
and P-p70S6K1 T421/S424 /P-p85S6K1 T444/S447, and GAPDH as loading control. Left, 
representative images; right, densitometric analysis. Statistical analysis was done with Student’s 
t test. *p < 0.05; ns, nonsignificant. (B) The inhibition of mTORC1 with rapamycin (left), of PI3K 
with LY294002 (middle), and of Akt with Akt VIII (right) abolishes the increase in cell size 
observed in ZO-2 KD cells. Size of ZO-2 KD and parental MDCK cells was determined by the 
FSC of light in a flow cytometer after 12 h of incubation with rapamycin (100 nM), LY294002 
(50 mM), and Akt VIII (2.12 μM). At least 1000 cells were analyzed per experimental condition in 
each graph. (C) Silencing of Raptor with a specific siRNA reversed the increase in size of ZO-2 
KD MDCK cells to a value similar to that of parental cells. Left, top, Western blot of Raptor in 
parental and ZO-2 KD cells treated or not with Raptor siRNA. Lamin B1 was used as load 
control. Right, densitometric quantification of three independent Western blot experiments. 
Statistical analysis done with one-way ANOVA followed by Bonferroni’s multiple comparison 
test; **p < 0.01, ***p < 0.001. Left, bottom, FSC of light, a measure of cell size, of parental 
and ZO-2 KD cells transfected or not with a siRNA for Raptor. (D) In ZO-2 KD cells, GSK-3β, 
a target of Akt, is highly phosphorylated at S9 in comparison to parental MDCK cells. Left, 
representative image; right, densitometric analysis. Statistical analysis done with Student’s t test; 
*p < 0.05.
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right) shows that treatment of ZO-2–de-
pleted cells with siRNA against Dicer in-
creased PTEN expression. Then we analyzed 
whether Dicer silencing affected cell size. The 
histograms in Figure 5B (bottom left) show 
that treatment of ZO-2– depleted cells with 
siRNA against Dicer decreased cell size, as 
measured by flow cytometry, to a value simi-
lar to that of parental cells.

To explore further the role of a small 
RNA in the down-regulation of PTEN and 
the increase in cell size observed in ZO-2–
depleted cells, we transfected ZO-2 KD 
cells with PTEN and observed no increase in 
the amount of PTEN (Figure 5B, top left and 
right) and no decrease in cell size (Figure 
5B, bottom right). However, when ZO-2 KD 
cells were cotransfected with PTEN and a 
siRNA against Dicer, PTEN was expressed at 
a level similar to that in parental cells. These 
results agree with evidence showing that 
PTEN in cells exhibiting nuclear YAP is 
down-regulated by miRNA29 (Tumaneng 
et al., 2012b). Taken together, these obser-
vations indicate that the increase of cell size 
in ZO-2–depleted cells is regulated by the 
nuclear accumulation of YAP, which induces 
mTORC1 activation through a process me-
diated by a microRNA that downregulates 
PTEN expression.

Another link between the Hippo and 
PI3K signaling pathways has recently been 
found. Pik3cb, a gene that encodes for the 
catalytic subunit p110 of PI3K, is a direct 
transcriptional target of YAP (Lin et al., 
2015). This finding, together with the obser-
vation that ZO-2 KD cells exhibit a de-
creased amount of PTEN, prompted us to 
explore whether ZO-2 KD cells had an al-
tered expression level of PIP3. For this pur-
pose, we quantitated the amount of PIP3 in 
parental and ZO-2 KD cells and observed 
that it was 78% higher in ZO-2 KD cells 
(Figure 5C). In summary, these results indi-
cate that the absence of ZO-2 stimulates the 
transcriptional activity of YAP, which leads to 
the increase in PIP3 concentration that acti-
vates the Akt/mTOR signaling pathway and 
promotes the observed increase in cell size.

In compensatory renal hypertrophy, 
ZO-2 expression is silenced and YAP is 
concentrated at cell nuclei
Our results indicate that the absence of 
ZO-2 promoted an increase in cell size due 
to the accumulation of YAP at the nucleus 
and the subsequent activation of the 
mTORC1 pathway. To further confirm these 
observations, we studied the expression of 
ZO-2 and YAP in an in vivo model of hyper-
trophy. We chose the UNX because it has 
long been known that a reduction in the 

FIGURE 4: The absence of ZO-2 favored the nuclear recruitment of YAP and promoted its 
transcriptional activity. (A) In parental confluent cultures of MDCK cells, ZO-2 is not detected in 
the nucleus, whereas in three different clones of ZO-2 KD cells, YAP was detected in the nucleus 
in speckles and along the nuclear envelope and the ER. In sparse cultures, YAP nuclear staining 
was more conspicuous in ZO-2 KD cells than in parental cells. Parental and ZO-2 KD MDCK cells 
were plated at sparse and confluent density, and the distribution of YAP was observed by 
immunofluorescence using a specific YAP antibody. (B) In ZO-2 KD cells, YAP was less 
phosphorylated at S127 than in parental cells. The Western blot was done with parental and 
ZO-2 KD cell lysates using an antibody against YAP and p-YAP S127. Top, representative image; 
bottom, densitometric analysis. Statistical analysis was done with Student’s t test; *p < 0.05. 
(C) The lack of ZO-2 augmented the activity of an artificial promoter regulated by eight 
TEAD-binding sites, whereas ZO-2 overexpression repressed this promoter activity. A reporter 
gene assay was done in parental and ZO-2 KD MDCK cells by transfecting them with 0.5 μg/well 
(200 mm2) 8xGTIIC-Luc construct with or without the cotransfection of 0.8 μg/well pTRE- hZO-2. 
(D) The absence of ZO-2 increased the activity of hCTGF promoter, whereas the cotransfection 
of ZO-2 reduced the promoter activity in both parental and ZO-2 KD cells. MDCK cells were 
transiently transfected with hCTGF-Luc at a concentration of 0.5 μg/well (200 mm2) with or 
without the cotransfection of pTRE- hZO-2 at 0.8 μg/well. (E) ZO-2 negatively modulated the 
amount of CTGF mRNA present in MDCK cells. Total RNA was isolated to analyze CTGF 
expression by RT-qPCR using gene-specific probes. Expression was normalized to GAPDH. 
Parental cells were transfected or not with 0.5 μg/well pTRE-hZO-2. (F) In ZO-2 KD cells, the 
transcriptional activity of β-catenin was much higher than in parental cells. Reporter gene assay 
done in parental and ZO-2 KD MDCK cells with TOPFLASH/FOPFLASH reporter construct with 
and without the cotransfection of pTRE-hZO-2 construct. In C–F, one-way ANOVA was 
performed followed by Bonferroni’s post hoc comparisons test. *p < 0.05, **p < 0.01, and 
***p < 0.001.
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weight in the remaining kidneys 1–3 wk after 
the UNX in comparison to the removed kid-
neys. Next we used confocal microscopy in 
11-wk-old rats to confirm the increase in size 
of renal tubules in remaining kidneys 3 wk 
after UNX compared to control kidneys from 
11-wk-old rats. To facilitate the observation 
of the increase in size, in Figure 6B the api-
cal brush border and basolateral surfaces of 
proximal renal tubules were respectively 
stained with specific antibodies against di-
peptidyl peptidase IV (Dpp IV; Girardi et al., 
2001) and β-catenin. Figure 6C shows the 
increase in area of the proximal tubules as a 
function of time after UNX.

Then we explored whether this increase 
in kidney cell size was accompanied by 
changes in YAP and ZO-2 expression. We 
observed by Western blot that the amount 
of total YAP (Figure 7A), as well as of nuclear 
YAP (Figure 7B), in kidney homogenates in-
creased with time after UNX and in compari-
son to that in kidneys of 11-wk-old rats that 
had not undergone UNX (control; total YAP, 
1.4-, 1.6-, and 1.8-fold increase at 1, 2, and 
3 wk after UNX, respectively; nuclear YAP, 
2.2-, 2.2-, and 3.0-fold increase at 1, 2, and 
3 wk after UNX, respectively). Moreover, we 
observed by immunofluorescence that in 
frozen kidney sections, the expression of 
ZO-2 at the cell borders was significantly re-
duced 3 wk after the UNX, whereas in con-
trol kidneys from 11-wk-old rats, ZO-2 gave 
a clear tubular staining pattern as previously 
reported (Gonzalez-Mariscal et al., 2000; 
Figure 6D).

In summary, these results indicated that 
RCH was accompanied by decreased ex-
pression of ZO-2 and increased nuclear ex-
pression of YAP. These observations, to-
gether with the results obtained in the 
MDCK epithelial kidney cell line, highlight 
the crucial and novel role of ZO-2 as a 
modulator of cell size through the inhibi-
tion of the Hippo pathway and the relocal-
ization of YAP at the nucleus, which trig-
gers the activation of mTORC1 and its 
target S6K.

DISCUSSION
In this work, we showed that silencing of the 
TJ protein ZO-2 in MDCK renal epithelial 
cells induced a significant increase in cell 
size. Because this increase was accompa-
nied by a higher protein/DNA ratio, we con-
clude that the lack of ZO-2 triggered a hy-
pertrophy process.

We observed that the absence of ZO-2 increased the level of 
CD1, which in turn increased the time that the cells spent in the G1 
phase of the cell cycle, thus showing for the first time that the ab-
sence of ZO-2 triggers cell hypertrophy by a cell cycle–dependent 
mechanism. The increase in CD1 expression triggered by ZO-2 

number of functional nephrons triggers RCH, in which the remaining 
nephrons grow in order to restore normal kidney function (Brenner 
and Rector, 2008). Figure 6A shows the increase in size in the re-
maining kidney from an 11-wk-old rat 3 wk after UNX compared to 
the kidney of an 11-wk-old control rat. Table 2 shows the increase in 

FIGURE 5: The absence of ZO-2 stimulated the cross-talk between Hippo and mTOR signaling 
pathways. (A) ZO-2 KD MDCK cells displayed a lower amount of PTEN than parental cells and 
instead showed increased phosphorylation of Akt at S473 and T308. Left, representative 
Western blots of three independent experiments done with a specific antibody against PTEN, 
pAkt-T308, and pAkt-S473. Right, densitometric analysis. Statistical analysis was done on three 
independent experiments with Student’s t test; *p < 0.05. (B) The cross-talk between YAP and 
PTEN, mediated by a small RNA, is critical for the increase in cell size observed in MDCK ZO-2 
KD cells. Top, in ZO-2 KD cells, the expression of PTEN increased only after transfection with 
siRNA against Dicer and not with the sole transfection of PTEN. Statistical analysis done on 
three independent experiments with a one-way ANOVA followed by Bonferroni’s multiple 
comparison test; **p < 0.01, ***p < 0.001. Bottom, cell size measured by flow cytometry. 
Treatment of ZO-2–depleted cells with siRNA against Dicer decreased cell size to a value similar 
to that of parental cells (left), whereas no effect was observed after PTEN transfection (right). 
(C) The amount of PIP3 present in ZO-2 KD cells is higher than in parental cells. PIP3 was 
measured in parental and ZO-2 KD cells using a competitive enzyme-linked immunosorbent 
assay. Results from three independent experiments. Statistical analysis with Student’s t test; 
**p < 0.01
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cells with rapamycin or siRNA against Rap-
tor reversed the increase in cell size. We 
conclude that an increased rate of protein 
synthesis due to the activation of mTORC1, 
as well as the activation of its downstream 
target, S6K1, is another way in which the 
lack of ZO-2 induces hypertrophy in renal 
cells.

To understand how the lack of ZO-2 acti-
vated mTORC1, we analyzed the Hippo sig-
naling pathway, the upstream regulator of 
mTOR. In the Hippo pathway, the activation 
of MST1/2 kinases promotes the interaction 
with the scaffold protein salvador-family 
WW domain–containing protein 1 (SAV1), 
which allows the phosphorylation and acti-
vation of LATS 1/2 kinases, which in turn as-
sociate with cofactor MOB1 to phosphory-
late and inactivate the oncogenic protein 
YAP. When the Hippo pathway is inacti-
vated, YAP accumulates at the nucleus and 
promotes gene transcription (for review, see 
Hong and Guan, 2012). Here we observed 
that in ZO-2 KD cells, YAP is less phosphory-
lated at serine 127 and accumulates at the 
nucleus. Hence we conclude that the lack 
of ZO-2 inactivates the Hippo signaling 
pathway.

Recent evidence reveals that adeno-
matous polyposis coli (APC), a scaffold 
protein of the β-catenin destruction com-
plex (Markowitz and Bertagnolli, 2009), 
also functions at the Hippo pathway by 
enhancing the interaction between the ki-
nase LATS1 and the scaffold protein SAV1. 
This function of APC is regulated by GSK-
3β, as the inhibition of GSK-3β activity de-
creases the phosphorylation of LATS1 and 
YAP due to reduced physical interactions 
among APC, SAV1, and LATS1 (Cai et al., 
2015). These observations hence sug-
gested that in ZO-2 KD cells, the inhibi-
tion of GSK-3β reduced the phosphoryla-
tion of YAP and favored its nuclear 
accumulation.

Because YAP is a cofactor for TEAD 
transcription factors, we then demon-
strated that the activity of an artificial pro-
moter with TEAD-binding sites and of 
CTGF promoter—a natural promoter 

silencing was expected, since we previously demonstrated that 
ZO-2 overexpression inhibits CD1 transcription and promotes CD1 
protein degradation (Huerta et al., 2007; Tapia et al., 2009).

An imbalance between the rates of protein synthesis and 
degradation is also known to induce renal hypertrophy 
(Jurkovitz et al., 1992; Ling et al., 1996). Therefore we analyzed 
whether the absence of ZO-2 triggered the activation of the mTOR 
pathway, which increases the rate of protein synthesis and its tar-
get, S6K1, which regulates cell size in Drosophila (Montagne et al., 
1999) and mammals (Shima et al., 1998; Ohanna et al., 2005). Here 
we found a greater phosphorylation of S6K1 in MDCK ZO-2 KD 
cells than in parental cells and showed that treatment of ZO-2 KD 

FIGURE 6: Uninephrectomy triggered an increase in the size of the remaining kidney. 
(A) Images of kidneys from 11-wk-old rats. Left, kidney from a control animal; right, kidney 
from a rat in which the contralateral kidney had been removed 3 wk earlier. (B) Kidney frozen 
sections from 11-wk-old rats in control condition or that had experimented UNX 1–3 wk 
earlier. The apical brush border of proximal tubules is stained with specific antibodies against 
Dpp IV and the basolateral surface with anti–β-catenin. (C) Quantification of the area of 
proximal tubule cells from kidneys of 11-wk-old rats (control) or that had experimented UNX 
1–3 wk earlier. Area analysis was done using ImageJ on confocal images of frozen kidney 
sections stained with Dpp IV and anti–β-catenin. A minimum of 53 cells was evaluated for each 
condition. Statistical analysis with one-way ANOVA, followed by Dunnett’s test; *p < 0.05, 
***p < 0.001. (D) ZO-2 expression is lost in the remaining kidneys of rats subjected to UNX. 
Frozen sections of kidneys from 11-wk-old rats that had been subjected or not to UNX 3 wk 
earlier were processed for immunofluorescence with an antibody against ZO-2, and the nuclei 
were stained with DAPI.

Weight of removed 
kidney (g)

Time after 
UNX (wk)

Weight of remaining 
kidney (g)

0.78 ± 0.11 (n = 10) 1 1.02 ± 0.16*** (n = 10)

2 1.46 ± 0.06*** (n = 10)

3 1.89 ± 0.11*** (n = 10)

One-way ANOVA followed by Dunnett’s test, *** p < 0.001.

TABLE 2: Weight of rat kidneys before and after UNX.
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hypertrophy when excessive, leads to the development of fibrosis 
(Fogo and Ichikawa, 1991; Hostetter, 1995).

At the nucleus, YAP induces the expression of miR-29, which in-
hibits the translation of PTEN, a negative regulator of the PI3K-Akt 
signaling pathway (Tumaneng et al., 2012b), and promotes the tran-
scription of Pik3cb, the gene for the catalytic subunit of PI3K (Lin 
et al., 2015). In MDCK ZO-2 KD cells, we observed a decrease in the 
amount of PTEN together with an increase in PIP3 and in Akt phos-
phorylation at S473 and T308. In addition, we observed that the in-
hibition of PI3K and Akt, as well as treatment with siRNA against 
Dicer, reversed the increase in cell size observed in ZO-2 KD cells. 
Therefore we conclude that the absence of ZO-2 stimulates the 
transcriptional activity of YAP, which results in transactivation of the 
Akt/mTOR signaling pathway and thereby promotes the observed 
increase in cell size.

The relation between YAP2 and ZO-2 was previously explored in 
MDCK cells, showing that YAP2 overexpression increased cell prolif-
eration, whereas ZO-2 inhibited this effect (Oka et al., 2010). These 
results agree with our previous observation that ZO-2 overexpression 
blocks cell proliferation (Gonzalez-Mariscal et al., 2009). Here, in 
ZO-2 KD cells, we did not observe any change in cell proliferation in 
comparison to parental cells, and cells moved through the cell cycle, 
albeit with a delay in their entry into the S phase. In addition, ZO-2 
has been found to associate through its first PDZ domain with YAP2, 
facilitating the nuclear localization and proapoptotic function of YAP2 
(Oka et al., 2010). Here we observed nuclear accumulation of YAP in 
cells depleted of ZO-2, suggesting that the interaction between YAP 
and ZO-2 is not critical for the entrance of YAP into the nucleus.

We chose the model of hypertrophy generated by UNX because 
it fulfills the criteria of an increase in cell size and RNA and protein 
synthesis, together with minimal changes in cell number and DNA 
replication (for review, see Fine and Norman, 1989) and because, in 
contrast to the hyperplasia observed in liver regeneration (Friedman 
et al., 1984), renal hypertrophy triggers the expression of gene 
products required for ribosomal synthesis (Ouellette, 1978), which 
are induced during mTORC1 activation. In addition, mTORC1 (Chen 
et al., 2005) and S6K1 (Chen et al., 2009) have been identified as 
critical players in RCH induced by UNX.

We performed UNX in adult animals because in them, total DNA 
content increases only marginally, whereas in the neonatal animal, 
compensatory renal growth after UNX occurs by hyperplasia (Celsi 
et al., 1986). We found the expected increase in size and weight in 
the remaining kidney 3 wk after UNX and observed that these 
changes were accompanied by an increase in YAP expression and 
localization in the nucleus and obliteration of ZO-2 expression. 
These in vivo observations confirmed that cell hypertrophy was ac-
complished by ZO-2 silencing and highlighted the newly found role 
of ZO-2 as a modulator of cell size. Although CRH emerges as a re-
sponse to reestablish kidney function after disease or experimental 
damage, it can lead, when excessive, to fibrosis and progressive 
decay of renal function (Fogo and Ichikawa, 1991; Hostetter, 1995). 
Our results suggest that ZO-2 can be used as a novel therapeutic 
target to regulate renal hypertrophy.

Here we showed the importance of YAP for renal cell hypertro-
phy; other studies have revealed the crucial role of YAP for cardio-
myocyte proliferation. For example, the expression of active YAP 
in the adult heart stimulates cardiomyocyte proliferation and im-
proves contractility after myocardial infarction (Xin et al., 2013) 
and was sufficient to stimulate proliferation of cardiomyocytes in 
culture and in fetal and infant hearts without generating hypertro-
phic growth (von Gise et al., 2012), whereas YAP deletion impedes 
neonatal heart regeneration (Xin et al., 2013) and decreases 

regulated by TEAD sites—increased in MDCK ZO-2 KD cells in 
comparison to parental cells and that the overexpression of ZO-2 
abolished this promoter activity. Moreover, we observed that the 
absence of ZO-2 increased the amount of CTGF mRNA and that 
overexpression of ZO-2 reduced the amount of CTGF mRNA in 
parental cells. Our results hence indicate that the lack of ZO-2 in-
duces the transcriptional activity of YAP and show for the first time 
that ZO-2 modulates transcription mediated by TEAD sites.

We also demonstrated that in MDCK ZO-2 KD cells, the tran-
scriptional activity of β-catenin is much higher than in parental cells. 
Because β-catenin/TCF transcriptional activity targets genes that 
induce the epithelial-to-mesenchymal transformation (for review, 
see Gonzalez and Medici, 2014), our results help to explain why 

FIGURE 7: In an in vivo model of renal hypertrophy, the expression of 
YAP increased, while the protein concentrated at the nucleus. After 
UNX, the amount of total YAP (A) and nuclear YAP (B) increased in the 
remaining kidney. Lysates derived from kidneys from 11-wk-old rats 
(control) and rats that at 8 wk of age had been subjected to UNX 
were tested 1, 2, and 3 wk later. Representative blots from three 
independent experiments with the corresponding densitometric 
analysis. Statistical analysis was done with ANOVA and Dunnett’s test; 
*p < 0.05, **p < 0.01, ***p < 0.001.
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The pSUPER shRNA construct used to make 
the ZO-KD cells was previously described 
(Van Itallie et al., 2008). Rescue of the pheno-
type was done by transfecting ZO-2 KD 
MDCK cells with a ZO-2 construct resistant to 
the anti–ZO-2 shRNAs (kindly provided by 
Alan Fanning).

Immunofluorescence
Immunofluorescence of MDCK cells was 
done by standard methods as previously 
described (Quiros et al., 2013). We used 
the following primary antibodies: a rat 
monoclonal against ZO-1 (R26.4C; Devel-
opmental Studies Hybridoma Bank, Iowa 
City, IA), a mouse monoclonal anti–acetyl-α-
tubulin (32-2700; Thermo Fischer Scien-
tific, Waltham, MA), and rabbit polyclonals 
against ZO-2 (711400; Invitrogen, Carlsbad, 
CA) or against YAP (generously provided by 
Marius Sudol, Mechanobiology Institute, 
National University of Singapore, Singa-
pore). As secondary antibodies, we used an 
anti-rat polyclonal antibody coupled to 
Alexa Fluor 594 (A21209, dilution 1:300; 
Life Technologies, Eugene, OR) and an anti-
rabbit polyclonal antibody coupled to Alexa 
Fluor 488 (A11008, dilution 1:300; Life Tech-
nologies). In kidney frozen sections derived 
from control and UNX 11-wk-old rats, the 
immunofluorescence was done as previ-
ously described (Gonzalez-Mariscal et al., 
2011a) with rabbit polyclonals against ZO-2 
and mouse monoclonals anti Dpp-IV 
(MCA924, dilution 1:50; Serotec, Raleigh, 
NC) and β-catenin (13-8400, dilution 1:100; 
Invitrogen). As secondary antibodies, we 
used a donkey anti-rabbit immunoglobulin 
G (IgG) coupled to Alexa Fluor 488 (A21206, 
dilution 1:100; Invitrogen) and a donkey 

anti-mouse IgG coupled to Alexa Fluor 594 (A21203, dilution 1:100; 
Invitrogen).

Determination of cell area
Area analysis of proximal tubule cells stained with antibodies 
against Dpp-IV and β-catenin was done by converting the scale 
bar of known linear distance to the number of pixels correspond-
ing to its length using ImageJ (20 μm = 288 pixels; National Insti-
tutes of Health, Bethesda, MD). Then the border of each cell within 
the tubule was delineated, and the software automatically con-
verted pixel number into square micrometers, as previously de-
scribed (Agley et al., 2012).

Determination of cell volume
The size of ZO-2 KD and parental MDCK cells was determined using 
a flow cytometry size calibration kit (F-13838; Molecular Probes, 
Eugene, OR) containing six suspensions of unstained polystyrene 
microspheres, each with a known diameter. The size of the cells in 
the experimental sample was estimated by comparing the FSC sig-
nals with those of the reference microspheres. For this purpose, con-
fluent cultures of ZO-2 KD and parental MDCK cells were trypsin-
ized and resuspended in phosphate-buffered saline (PBS).

cardiomyocyte proliferation (von Gise et al., 2012). Therefore we 
can conclude that the mechanism by which YAP regulates organ 
size varies according to the tissue: in the heart, YAP promotes cell 
proliferation or hyperplasia, whereas in the kidney, YAP triggers an 
increase in cell size or hypertrophy.

In summary, our results indicate that the absence of ZO-2 pro-
motes an increase in cell size due to two mechanisms: an increase in 
the amount of cyclin D, which increases the time that the cells spend 
in the G1 phase of the cell cycle, and the accumulation of YAP in the 
nucleus, which promotes the transcriptional activity that triggers 
subsequent activation of the mTORC1 complex and its downstream 
target, S6K1 (Figure 8).

MATERIALS AND METHODS
Cell culture
Parental and ZO-2 KD MDCK cells were kindly provided by Alan Fan-
ning (University of North Carolina, Chapel Hill, NC) and cultured as 
previously described (Van Itallie et al., 2009). The three clones of ZO-2 
KD cells used in this study, IC5, IC6, and 2D1, stably expressed a 
mixture of three different specific shRNAs against ZO-2 in the pSuper 
vector, whereas parental cells only expressed the empty vector. Stable 
clonal MDCK cell lines were isolated on the basis of Zeocin resistance. 

FIGURE 8: Scheme of the mechanisms by which the lack of ZO-2 triggered cell hypertrophy. The 
absence of ZO-2 promoted an increase in cell size by two mechanisms: an increase in the time 
that the cells spent in the G1 phase of the cell cycle, and the accumulation of YAP at the nucleus, 
which promoted the transcriptional activity that triggered subsequent activation of the PI3K/
Akt/mTORC1 complex and its downstream target, S6K1, which increased protein synthesis. The 
increased inhibitory phosphorylation of GSK3β due to Akt activation inhibited the interactions of 
the SAV/APC/LATS1 complex in the Hippo pathway and thereby reduced the phosphorylation of 
YAP and promoted its transcriptional activity. Purple arrows, changes observed in MDCK ZO-2 
KD cells; blue arrows, cross-talk between YAP and PI3K/Akt signaling pathways; green arrows, 
GSK-3β regulation of β-catenin transcriptional activity and the Hippo pathway.
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Western blots
Western blots were done according to standard procedures as 
previously reported (Quiros et al., 2013), using the rabbit poly-
clonal antibodies against cyclin D1 (orb10496, dilution 1:300; 
Biorbyt, San Francisco, CA), mTOR (2983, dilution 1:1000; Cell 
Signaling, Danvers, MA), P-mTOR S2448 (2971, dilution 1:1000; 
Cell Signaling), p70S6K1/p85S6K1 (9202, dilution 1:1000; Cell 
Signaling), P-p70S6K1 T389/P-p85S6K1 T412 (9502, dilution 
1:1000; Cell Signaling), P-p70S6K1 T421/S424 /P-p85S6K1 T444/
S447 (9204, dilution 1:1000; Cell Signaling), GAPDH (2118, dilu-
tion 1:1000; Cell Signaling), p-YAP S127 (A0757, dilution 1:1000; 
Assay Biotech, Sunnyvale, CA), pAkt-T308 (Sc-135650, dilution 
1:1000; Santa Cruz Biotechnology, Dallas, TX), pAkt-S473 
(Sc-7985-R, dilution 1:1000; Santa Cruz Biotechnology), and YAP 
(generously provided by Marius Sudol) with a mouse monoclonal 
antibody against PTEN (Sc-7974, dilution 1:1000; Santa Cruz 
Biotechnology) or Akt (610876, dilution 1:1000; BD Biosciences 
San Jose, CA), or with a rabbit monoclonal antibody against Rap-
tor (2280, dilution 1:1000; Cell Signaling) followed by peroxidase-
conjugated goat antibodies against rabbit IgG (62-6120, dilution 
1:5000; Zymed Laboratories, South San Francisco, CA) or mouse 
IgG (26-6520, dilution 1:8000; Life Technologies, Carlsbad, CA) 
and a chemiluminescence detection system (ECL+, WBKLS 0500; 
Merck Millipore, Darmstadt, Germany).

Transfections and reporter gene assays
Parental and ZO-2 KD MDCK cells were plated in 24-well plates at 
a density of 5 × 104 cells/well. After 24 h, cells were transfected 
using Lipofectamine 2000 (11668-019; Life Technologies) with 
0.75 μg of the construct pTRE-hZO-2, which contains human ZO-2 
full length with altered shRNA-binding sites (generously provided 
by Alan Fanning); with 0.5 μg of construct pRZ21xdZ PTEN (kindly 
provided by Frank Furnari and Webster Cavenee, Ludwig Institute 
for Cancer Research, University of California at San Diego, La 
Jolla, CA); with 0.5 μg of plasmid 8xGTIIC-luciferase (plasmid 
34615; Addgene Cambridge, MA), which was derived from the 
4XGTIIC-Lux made from Ian Farrance by adding four more TEAD-
binding sites (Dupont et al., 2011); with 0.8 μg of a construct of 
the human CTGF promoter region that contains three putative 
TEAD-binding sites cloned into the basic luciferase reporter vec-
tor pGL3-6xOSE-Luc (Li et al., 2008; generously provided by 
Kun-Liang Guan, Moors Cancer Center, University of California at 
San Diego); or with 0.5 μg of the TOPFLASH/FOPFLASH reporter 
construct regulated by three TCF-binding sites (21-170/169; 
Merck Millipore). After 6 h, transfection medium was removed and 
replaced with fresh culture medium. After 24 h, cells were har-
vested and suspended in lysis solution for reporters (E3971; 
Promega, Madison, WI). Protein extraction was done by a heat-
shock lysis cycle of 5 min at 70°C followed by 1 min at 37°C and 3 
min in agitation. Finally, luciferase activity was determined using 
the Luciferase Assay System (E1500; Promega) and the Infinite 
M200 PRO series (Tecan, Männedorf, Switzerland) equipment. 
Luciferase activity values were normalized to protein content and 
expressed relative to those recorded in parental cells without 
transfected ZO-2.

The siRNAs for canine Raptor and Dicer were custom synthe-
sized by Thermo Scientific Dharmacon (Lafayette, CO; Raptor: 
sense, 5′AGGACAACGGUCACAAAUA3′; antisense, 5′UAUUU-
GUGACCGUUGUCCU3′; Dicer: sense, 5′GGGAAAGUGUGCAG-
AAUAAUU3′; antisense, 5′UUAUUCUGCAGACUUUCCCUU3′) and 
transfected into ZO-2 KD MDCK cells with Lipofectamine RNAiMAX 
(13778-150; Invitrogen) following the manufacturer’s instructions.

Membrane surface measurements
Membrane surface was estimated from capacitance currents 
recorded from cells in mature monolayers using the whole-cell 
patch-clamp technique, as described elsewhere (Gonzalez-Mariscal 
et al., 1990). Patch pipettes were made from borosilicate glass tub-
ing (Kimax-51; Kimble Chase, Vineland, NJ) in a P87 Flaming/Brown 
puller (Sutter Instruments, Novato, CA). Pulling parameters were set 
to obtain a tip resistance of 3–5 MΩ. Before recording, pipettes were 
backfilled with a saline solution composed of 120 mM KCl, 5 mM 
NaCl, 1 mM MgCl2, 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES), and 2 mM ethylene glycol tetraacetic acid–K, 
pH 7.4 and attached to a piezoelectric micromanipulator (PCS-250; 
Burleigh, Fishers, NY). MDCK monolayers were grown on glass cov-
erslips placed on a recording chamber bathed with an extracellular 
recording solution containing 110 mM NaCl, 5 mM KCl, 1 mM CaCl2, 
1 mM MgCl2, 10 mM HEPES, and 10 mM glucose at pH 7.4. The 
approaching and ultimate touching of cells by pipettes was moni-
tored with a Nikon Diaphot-300 inverted microscope (Nikon, Tokyo, 
Japan). Voltage control protocols and electrical current recordings 
were made with a DAGAN 8900 amplifier (DAGAN, Minneapolis, 
MN), controlled by the dedicated program Clampex, of the PClamp 
suite 6.0 (Axon Instruments, Union City, CA) on a PC. Trials having a 
seal resistance <3 GΩ were discarded. Once the whole-cell configu-
ration was set, capacitive currents were induced by step voltage 
pulses from −80 to −100 mV, low-pass filtered at 30 MHz, and re-
corded at 10 MHz. Membrane capacitance measurements were ob-
tained by integrating the area under the curve of capacitive current 
transients and then dividing such integral by the voltage pulse ampli-
tude (–20 mV). This procedure was performed off-line with the 
program Clampfit of Pclamp. The membrane surface was further 
calculated assuming a membrane capacitance of 1 pF/cm2.

Scanning electron microscopy
MDCK monolayers grown on cover slides covered with a thin 
layer of collagen were fixed for 1 h with 2.5% glutaraldehyde in 
0.1 M sodium cacodylate buffer, pH 7.2. Samples were washed in 
the same buffer and dehydrated in crescent concentrations of 
ethanol to reach 100%. Monolayers were incubated for 20 min 
with hexamethyldisilazane (HMDS; 692 Polysciences, Warrington, 
PA). After a second 10-min incubation in HMDS, the excess of re-
active was eliminated and left to air-dry for 30 min. Samples were 
mounted in specimen metal mounts and gold coated in an ion 
sputtering device (JFC-1100; JEOL, Peabody, MA). Samples were 
examined in a JEOL JSM-7100-F field emission scanning electron 
microscope.

Protein/DNA ratio determination
Parental and ZO-2 KD MDCK cells were plated at confluence (4 × 105 
cells/cm2) in 12-well plates. After 24 h, the monolayers were washed 
with PBS and then scraped with a rubber policeman in 0.5 ml of hy-
potonic lysis buffer (50 mM NaH2PO4, pH 7.4) containing protease 
inhibitors. Half of the resulting suspension was diluted with the same 
volume (0.25 ml) of hypotonic lysis buffer containing 2 mmol/l EDTA 
and used to measure DNA content in a spectrophotometer (Nano-
Drop 2000; Thermo Scientific, Waltham, MA) reading at 260 nm. The 
other half of the suspension was used to measure protein content 
using a BCA Protein Assay Kit (23227; Pierce, Rockford, IL).

Flow-cytometric analysis of the cell cycle
Synchronization of cell cultures and flow-cytometric analysis of the 
cell cycle with propidium iodide were done as previously reported 
(Tapia et al., 2009).
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determinations as previously described (Gonzalez-Mariscal et al., 
2011a).

Isolation of cytosolic and nuclear fractions from 
kidney tissue
We adapted for kidney tissue a technique described previously for 
the isolation of cytosolic and nuclear fractions (Fuentes-Mera et al., 
2006). Briefly, kidneys were unfrozen and cut into small rectangles 
with a sharp knife. Slices were incubated for 30 min in ice-cold PBS 
containing Complete inhibitor cocktail (04693132001; Roche Ap-
plied Science, Madison, WI), 50 mM Tris-HCl (pH 8), and 0.1% (wt/
vol) DNase1. Samples were sonicated for 30 s, and protein concen-
trations were determined by the Bradford protein dye banding 
method, using bovine serum albumin as standard. The homoge-
nates were then incubated for 30 min in cold buffer I (0.32 M su-
crose, 10 mM Tris-HCl, pH 8, 3 mM CaCl2, 2 mM magnesium ace-
tate, 0.1 mM EDTA, 1 mM dithiothreitol [DTT], 0.5 mM 
phenylmethylsulfonyl fluoride [PMSF], 0.5% (vol/vol) NP-40, and 
Complete protease inhibitor mixture; Cai et al., 2015). Then the ho-
mogenate was centrifuged at 200 × g for 10 min at 4°C. The super-
natant corresponding to the cytosolic fraction was removed and 
kept frozen at −70°C, and the pellet was resuspended in 200 μl of 
buffer I plus 200 μl of buffer II (2 M sucrose, 10 mM Tris-HCl, pH 8, 5 
mM magnesium acetate, 0.1 mM EDTA, 1 mM DTT, 0.5 mM PMSF, 
and Complete protease inhibitor mixture) and centrifuged at 30,000 
× g for 50 min at 4°C. The supernatant was eliminated, and the pel-
let containing the purified nucleus was resuspended in Complete 
inhibitor mixture with 3% (vol/vol) Triton X-100, 3% (wt/vol) SDS, and 
0.5% (wt/vol) DNase I and sonicated twice for 30 s. The nuclear ex-
tracts were kept frozen at −70°C until further use.

qRT-PCR
Total RNA was extracted from parental and ZO-2 KD MDCK cells 
using the TRIzol reagent (15596–026; Invitrogen). RT-qPCR was 
performed by a two-step method. cDNA was generated from 1 μg 
of total RNA by the Improm-II reverse transcription system (A3800; 
Promega, Fitchburg, WI) with oligo (dt) as a primer according to the 
manufacturer’s instructions. PCR was performed with the QuantiTect 
SYBR Green PCR Kit (204143; Qiagen, Hilden, Germany) in a vol-
ume of 25 μl. Triplicate samples were subjected to qPCR by using 
the Step One plus Real Time PCR system (4376600; Applied Biosys-
tems, Carlsbad, CA). The PCR conditions were as follows: after an 
initial cycle of 10 min at 94°C, 40 cycles of amplification (30 s at 
94°C, 1 min at 60°C, 30 s at 72°C) and a melt curve (15 s at 95°C, 
1 min at 60°C, 15 s at 95°C). Primers used for amplification were as 
follows: forward, GACTTTAGGAACAGTGGGAGAGCACC; and re-
verse, CCTCATGAAGAAGGCTGGAGAACAC. The relative abun-
dance of CTGF mRNA was expressed in comparison to GAPDH 
mRNA and was calculated using the 2ΔCt method.

Quantitative determination of PIP3 from epithelial cells
Monolayers of parental and ZO-2 KD cells plated at confluence in 
three plates of 60 cm2 were treated with 5 ml of 0.5 M trichloro-
acetic acid (TCA) at 4°C before being manually scraped with a 
rubber policeman. The cell suspension was next centrifuged at 
800 × g for 5 min. The supernatant was discarded, and the pellet 
was resuspended for 2 min with 3 ml of 1 mM EDTA in 5% TCA. 
The amount of protein in this suspension was quantitated. Then 
the suspension was centrifuged again at 800 × g for 5 min and the 
supernatant discarded. Three milliliters of ethanol:chloroform (2:1) 
was added to the pellet, followed by 30 min of mechanical agita-
tion. The amount of phosphorus of the phospholipids was quanti-
tated after digestion with Mg(NO3)2 and HCl with ammonium mo-
lybdate according to Ame’s method (Bartlett, 1959). The samples 
were next centrifuged at 800 × g for 5 min, and the supernatant 
containing the neutral lipids was discarded. Acidic lipids were next 
extracted by the addition to the pellets of 2.25 ml of 
methanol:chloroform:HCl (12 M; 80:40:1) followed by 15 min of 
mechanical agitation. The samples were next centrifuged at 800 × 
g for 5 min. The supernatants containing the acidic lipids were 
recovered, and 0.75 ml of chloroform and 1.35 ml of 0.1 M HCl 
were added to them. Samples were then centrifuged at 800 × g 
for 5 min. Then the upper organic phase was recovered with a pi-
pette and placed in a vial that was dried with liquid nitrogen and 
kept at −20°C until further analysis. The amount of PIP3 present 
within the lipid extracts was quantitated using a competitive PIP3 
Mass ELISA assay (K-2500s; Echelon, Salt Lake City, UT).

Unilateral nephrectomy
The model of RCH explored in this work is based on UNX. As 
previously described (Jaramillo-Juarez et al., 2000), adult (8 wk of 
age) male Wistar rats with a body weight between 200 and 300 g 
were anesthetized with isoflurane. Then an incision was done in 
the abdominal wall under sterile conditions to expose the right 
kidney. The renal pedicle was isolated, and the right kidney was 
removed. After surgery, the rats were returned to their cages and 
given food and water access ad libitum. At 1–3 wk after surgery, 
the remaining kidney, undergoing RCH, was removed and the 
animal killed with pentobarbital sodium (100 mg/kg intraperito-
neal). These kidneys undergoing RCH were compared with con-
trol kidneys from 11-wk-old rats. The kidneys were frozen in liq-
uid nitrogen, and half of each one was later processed for 
Western blot experiments and the rest for immunofluorescence 
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