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ABSTRACT

Z0-2 is a peripheral tight junction (TJ) protein whose silencing in renal epithelia induces cell
hypertrophy. Here, we found that in ZO-2 KD MDCK cells, in compensatory renal hypertrophy
triggered in rats by a unilateral nephrectomy and in liver steatosis of obese Zucker (OZ) rats, ZO-2
silencing is accompanied by the diminished activity of LATS, a kinase of the Hippo pathway, and the
nuclear concentration of YAP, the final effector of this signaling route. ZO-2 appears to function as
a scaffold for the Hippo pathway as it associates to LATS1. ZO-2 silencing in hypertrophic tissue is
due to a diminished abundance of ZO-2 mRNA, and the Sp1 transcription factor is critical for ZO-2
transcription in renal cells. Treatment of OZ rats with metformin, an activator of AMPK that blocks
JNK activity, augments ZO-2 and claudin-1 expression in the liver, reduces the paracellular perme-
ability of hepatocytes, and serum bile acid content. Our results suggest that ZO-2 silencing is
a common feature of hypertrophy, and that ZO-2 is a positive regulator of the Hippo pathway that
regulates cell size. Moreover, our observations highlight the importance of AMPK, JNK, and ZO-2 as
therapeutic targets for blood-bile barrier dysfunction.
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1. Introduction Z0-2 silencing in renal epithelial MDCK cells

Tight junctions (TJs) are cell-cell adhesion structures
present at the uppermost portion of epithelial cells.
TJ is a gate that regulates the passage of ions and
molecules through the paracellular pathway and
a fence that blocks the free diffusion within the
membrane of lipids and proteins from the apical to
the basolateral membrane and vice versa.! Zonula
occludens-2 (ZO-2) is a cytoplasmic T] protein, and
together with ZO-1, it forms a platform for the
polymerization of the integral T] proteins claudins
into TJ strands.” Besides this critical function at TJs,
Z0-2 participates in other cellular processes, includ-
ing cell size regulation (for review, see [3]).

induces hypertrophy by two mechanisms: prolong-
ing the time spent in the G1 phase of the cell cycle
due to an increase in the level of cyclin D1 and
through an augmented rate of protein synthesis in
response to the nuclear accumulation of Yes-
associated protein (YAP), the final target of the
Hippo pathway, and the subsequent activation of
mTOR signaling. In addition, we observed that in
renal compensatory hypertrophy (RCH) generated
in rats after a unilateral nephrectomy (UNX), the
expression of ZO-2 diminished while YAP concen-
trated at the nucleus.” Now, we explore in kidney
cells and tissue the mechanisms and factors that
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regulate ZO-2 silencing and transcription and the
interaction of ZO-2 with kinases in the Hippo path-
way, which regulates cell size.

To test if ZO-2 silencing is a common feature
observed in organ hypertrophy, we now explore
ZO-2 expression in hepatocytes from obese rats
that display hypertrophy due to an excessive accu-
mulation of lipids in the cytoplasm, also known as
liver steatosis or nonalcoholic fatty liver disease.
For this purpose, we employed Zucker diabetic
fatty (fa/fa) rats whose genetic alteration lies on
the substitution of a codon in the extracellular
domain of the receptor for leptin,” the hormone
predominantly made by adipose cells that inhibits
hunger (for review see [6]). Obesity in Zucker rats
is inherited as a Mendelian recessive trait, and
affected animals are hyperlipidemic, hypercholes-
terolemic, and hyperinsulinemic.” Obese Zucker
(OZ) rats are hypertriglyceridemic and insulin-
resistant at seven weeks of age and since then dis-
play liver steatosis. At week 14, rats are type 2
diabetic and become diabetic with insulin defi-
ciency at week 21.°

Fatty liver disease can remain limited to steatosis
or progress toward nonalcoholic steatohepatitis,
fibrosis, cirrhosis, and liver cancer.” However,
even simple steatosis poses a severe health risk as
these livers show a decreased regenerative
capacity'® and are unable to tolerate a variety of
challenges that healthy livers can cope with, like
injury by toxins'' and  post-ischemic
reperfusion.'" In addition, patients and animals
with liver steatosis have elevated plasma bile acid
levels,'*'> which have been attributed to
a disruption in bile acid metabolism'® and hepato-
cellular bile acid retention'” caused by reduced
canalicular bile acid secretion due to a decreased
expression of the multidrug-resistant associated
protein 2 (MRP2)'® and to an increase in basolat-
eral bile acid excretion transporters OSTB and
MRP1/4/5.'° In addition to these factors, we
hypothesize that bile acid leakage through the para-
cellular space into the liver parenchyma and plasma
might also be triggered by blood-bile barrier (BBiB)
dysfunction due to ZO-2 silencing in the hyper-
trophic cells of fatty livers. In this respect, it is
noteworthy that missense mutations in ZO-2 gene
TJP2 that occur in the first PDZ domain of the
molecule, together with mutations in BAAT, the

gene for a bile acid-conjugating enzyme, induce
familial hypercholanemia characterized by elevated
serum bile acid concentrations, itching and fat
malabsorption.”” Likewise, homozygous protein-
truncating mutations in TJP2 that lead to ZO-2
absence in canalicular liver membranes and cho-
langiocytes caused a failure of claudin-1 localiza-
tion and provoked progressive familial intrahepatic
cholestasis,”**! a severe pediatric liver disease that
can develop into hepatocellular carcinoma.*>*
Here, we explored if, in the hypertrophic liver of
OZ rats, the expression of ZO-2 diminishes and
changes the expression or localization of kinases
and targets of the Hippo pathway and the paracel-
lular permeability of the liver.

Our results show that in the three models of
hypertrophy studied: MDCK ZO-2 KD cells, RCH
in rats, and the steatotic liver of OZ rats, ZO-2
silencing is accompanied by a decrease expression
of active LATS and the nuclear concentration of
YAP. Moreover, ZO-2 is involved in the signaling
of the Hippo pathway due to its interaction with
LATS1. ZO-2 silencing in hypertrophic kidneys
and liver is due to a decrease in ZO-2 mRNA, and
the activity of transcription factor Spl1 is critical for
Z0-2 transcription. In OZ rats, activation of AMP-
activated protein kinase (AMPK) with metformin
restores ZO-2 and claudin-1 expression in the liver,
reduces paracellular permeability of canaliculi, and
total bile acid concentration in serum. This process
involves the inhibition of JNK signaling, which
triggers junction disassembly.**?

2. Material and methods
2.1. Cell culture

Parental (control) and ZO-2 KD MDCK II cells
were kindly provided by Alan Fanning (University
of North Carolina, Chapel Hill, NC) and cultured
as previously described.*® These cells stably express
a mixture of three different shRNAs against ZO-2
in the pSuper vector. Parental cells instead only
express the empty vector. The stable clonal ZO-2
KD MDCK cell line here employed (IC5) was
obtained based on zeocin resistance.

HEK-293 T epithelial cells derived from the
human embryonic kidney (ATCC, Cat. CRL-3216,
Manassas, VA) were grown in a high glucose



DMEM medium (Cat. 11965-118, Thermo Fisher
Scientific, Waltham, MA) supplemented with 5%
FBS and penicillin-streptomycin 10,000 (U/ug/ml)
(Cat. A-01 In Vitro, Mexico).

2.2. Immunofluorescence

Livers from Zucker rats were excised, washed thrice
with cold PBS, and cut into small pieces immersed
for 2 min in 2-methyl butane, previously cooled in
liquid nitrogen, and transferred to liquid nitrogen
for 10 min. The tissue was then sectioned in a Leica
MC1510 cryostat (Wetzlar, Germany), and 7 pm
sections were placed on top of 0.5% gelatin-coated
slides and left to dry at room temperature for 30
min. Sections were then fixed with 4% paraformal-
dehyde for 10 min and washed thrice with cold PBS.
Then, liver samples were subjected to different treat-
ments according to the antibody used. For the sam-
ples where we employed a rabbit polyclonal anti-
claudin-1 (Cat. 51-9000, dilution 1:100; Invitrogen,
Carlsbad, CA) or a mouse monoclonal anti-claudin
-2 (Cat. Sc 293233, dilution 1:100; Santa Cruz
Biotechnology, Santa Cruz, CA), the sections were
fixed with 100% ethanol at -20°C for 10 min,
washed thrice with cold PBS, treated with acetone
at —20°C for 3 min, washed with cold PBS for 30 min
and permeabilized with 0.25% Triton X-100 in PBS
during 10 min. Instead, the liver sections where the
rabbit antibodies against ZO-1 (Cat. 61-7300, dilu-
tion 1:300; Invitrogen, Carlsbad, CA), ZO-2 (Cat.
71-1400, dilution 1:100; Invitrogen, Carlsbad, CA),
Spl (Cat. GTX110593, dilution 1:100; Genetex,
Irvine, CA) or YAP (dilution 1:500, generously pro-
vided by Marius Sudol, Mechanobiology Institute,
National University of Singapore, Singapore) were
used, were first immersed in acetone at —20°C for
3 min, then washed thrice with cold PBS and per-
meabilized with 0.5% Triton X-100 in PBS during
15 min.

For the immunofluorescence of MDCK cells, we
employed a standard procedure previously
describe’” and used polyclonal rabbit antibodies
against pLATS S909 (Cat. 9157, dilution 1:100;
Cell Signaling, Danvers, MA) and Spl (Cat.
GTX110593, dilution 1:200; Genetex, Irvine, CA).
As secondary antibodies, we employed a donkey
against rabbit IgG coupled to Alexa-Fluor 594
(Cat. A21207, dilution 1:750; Invitrogen, Carlsbad,
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CA). Nuclei were stained with DAPI. Images were
examined in a confocal microscope (Leica TC5 SP8,
Wetzlar, Germany). Quantification of Spl immu-
nofluorescence intensity at the nucleus was done
using ImageJ. Nuclei images stained with DAPI
were used to define the region to be subsequently
quantitated for Spl immunofluorescence.

2.3. Immunoprecipitation

Immunoprecipitation of ZO-2 was done using 1 pl
of antibody against ZO-2 (Cat. 71-1400, Invitrogen,
Carlsbad, CA) or LATS1 (Cat. 3477, Cell Signaling,
Danvers, MA) /300 pg of protein in the lysate of
parental MDCK cells, and following a protocol pre-
viously described.”® The radioimmunoprecipitation
assay buffer employed contained: 50 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1% NP-40 vol/vol, and the

protease inhibitor cocktail Complete™ (Cat.
11697498001, Roche Diagnostics, Mannheim,
Germany).

2.4. Pull-down assays

HEK293T cells were transfected with amino (398-
962 nt), 3PSG (1595-3019 nt), or AP (3029-3923
nt) segments of cZO-2, inserted in the pcDNA4/
HisMax vector as was previously reported.”® After
24 h, cells were lysed, and the extracts were sub-
jected to affinity chromatography with Complete
His-Tag Purification Columns (Cat. COHISC-RO,
Sigma Aldrich, St. Louis, MO), following the man-
ufacturer’s instructions. The purified fractions were
run in an SDS-PAGE and blotted with rabbit poly-
clonal antibodies against 6x His tag (Cat.
GTX115045, dilution 1:5000; Genetex, Irvine,
CA), anti the amino segment of ZO-2 (Cat. 71-
1400, dilution 1:1000; Invitrogen, Carlsbad, CA),
anti the c-terminal region of ZO-2 (Cat. 00238,
dilution 1:1000; BiCell Scientific, Maryland
Heights, MO) and against LATS1 (Cat. 3477, dilu-
tion 1:1000; Cell Signaling, Danvers, MA).

2.5. RNA extraction and quantitative reverse
transcription-polymerase chain reaction (QRT-PCR)

An equivalent of 50 mg of kidney tissue from sham-
operated and UNX rats, and of liver tissue of LZ
and OZ rats was collected in TRI - Reagent (Cat.
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Table 1. Primers used for amplification.

Sample Gene Primer Forward Primer Reverse Ta (°C)
Kidney tissue TIP2 5 - CTTTCAACTACTCCAAGTCAAACC - 3’ 5 - GCTATTTCAATCCTCGCATTCTG - 3’ 62
Kidney tissue GAPDH 5 - GACCCCTTCATTGACCTCAAC - 3’ 5 - GTGGCAGTGATGGCATGGAC - 3’ 66
MDCK cells TJP2 5 — CTTTCAACTACTCCAAGTCAAACC - 3’ 5 - GCTATTTCAATCCTCGCATTCTG - 3’ 62
MDCK cells PRPO 5 - TACAACCCTGAAGTGCTTGAC - 3' 5 - GCAGATGGATCAGCCAAGAAG- 3 64
Liver tissue GAPDH 5 - GACCCCTTCATTGACCTCAAC - 3’ 5 - GTGGCAGTGATGGCATGGAC - 3’ 66
Liver tissue ACTIN 5 - GCTCGTCGTCGACAACGGCT - 3’ 5 - CAAACATGATCTGGGTCATCTTCTC - 3’ 66
Liver tissue TIP2 5 - CTCTATACACGTCTGCTCGG- 3’ 5 - GCTGGTGGAAATGATGTTGG - 3’ 64

T9424; Sigma-Aldrich, St. Louis, MO). According
to manufacturer instructions, total RNA was iso-
lated using the Direct-zol MiniPrep kit (Cat. R2050;
Zymo Research, Irvine, CA). Quantitative real-time
reverse transcription-PCR (qRT-PCR) was per-
formed using a one-step method with 20 ng of
total RNA using the KAPA SYBR FAST One-Step
qRT-PCR system (Kapa Biosystems) in a reaction
volume of 10 uL. Triplicate samples were subjected
to qPCR using the Step One Plus Real-Time PCR
system (Cat. 4376600; Applied Biosystems,
Carlsbad, CA). The PCR conditions were: after an
initial cycle of 5 min at 42°C, 1 cycle of 5 min at
92°C and 40 cycles of amplification (30 s at 92°C
and 30 s at 60°C) and a melt curve (15 s at 95°C;
1 min at 60°C; 15 s at 95°C). Primers used for
amplification are shown in Table 1.

The relative abundance of ZO-2 mRNA was
expressed as UNX vs. sham compared to gapdh or
prp0 (large ribosomal proteinP0) mRNA from
MDCK cells and was calculated using the 2— AAct
method.

2.6. Western blot

Western blots were done as previously reported,*
with the loading buffer as the sole variation. For the
Western blots of lysates from MDCK cells, we
employed a commercial sample buffer (Cat.
NP0008; Invitrogen, Carlsbad, CA); for Western
blots of kidney nuclear fractions from rats that
were sham-operated or had a UNX, and for the
Western blots of livers from Zucker lean and obese
rats, we employed Laemmli buffer (150 mM Tris-
HCI, pH 6.8; 300 mM DTT, 6% SDS, 0.3% bromo-
phenol blue, 30% glycerol and 20% 2-mercaptoetha-
nol). The following primary rabbit polyclonal
antibodies were used: anti-ZO-2 (Cat. 71-1400, dilu-
tion 1:1000; Invitrogen, Carlsbad, CA), anti claudin-
1 (Cat. 51-9000, dilution 1:1000; Invitrogen,
Carlsbad, CA) anti Spl (Cat. GTX110593, dilution

1:1000; Genetex, Irvine, CA), anti-LC3-I/LC3-II
(Cat. 2775, dilution 1:1000; Cell Signaling, Danvers,
MA), anti pLATS S909 (Cat. 9157, dilution 1:1000;
Cell Signaling, Danvers, MA), anti LATS1 (Cat.
3477, dilution 1:1000; Cell Signaling, Danvers,
MA), anti JNK (Cat. 9252, dilution 1:500; Cell
Signaling, Danvers, MA), and anti pJNK (Cat.
ab131499, dilution 1:500; Abcam, Cambridge, MA).
We also employed a rabbit monoclonal antibody
against LATS2 (Cat. 5888, dilution 1:500; Cell
Signaling, Danvers, MA) and mouse monoclonals
anti claudin-2 (Cat. Sc 293233, dilution 1:2000;
Santa Cruz Biotechnology, Santa Cruz, CA), lamin
Bl (Cat. 33-2,000, dilution 1:2,000; Invitrogen,
Carlsbad, CA) and tubulin (Cat. T7816, dilution
1:20,000; Sigma Aldrich, San Louis, MO). As sec-
ondary antibodies, we employed a goat IgG against
rabbit (Cat. 9162; Sigma Aldrich, San Louis, MO) or
mouse (Cat. 62-6520; Invitrogen, Carlsbad, CA)
coupled to horseradish peroxidase that was followed
by Immobilon chemiluminescence detection (Cat.
WVKLS 0500; Darmstadt, Germany).

In Figure 1Ab for the Western blot detection of
SAV in a ZO-2 immunoprecipitate, we employed
the TidyBlot Western blot Detection Reagent:HRP
(Cat. STAR209, BioRad, Hercules, CA), which spe-
cifically binds to native (non-reduced) antibodies,
in contrast to conventional secondary antibodies.
This reagent allowed us to detect SAV that weights
45 kDa without interference from denatured IgG
heavy chains (50 kDa) from primary antibodies
released from beads during immunoprecipitation
experiments.

2.7. Uninephrectomy (UNX)

8 week-old Wistar rats with bodyweight between
200-300 g were anesthetized with pentobarbital
(30 mg/kg). Then, an incision was done in the abdom-
inal wall under sterile conditions to expose the right
kidney. The renal pedicle was isolated, and the right
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Figure 1. Z0O-2 interacts with the kinase LATS1, and its presence favors LATS activation and concentration at the cell border.
A) In parental MDCK cells, ZO-2 was immunoprecipitated, and a subsequent immunoblot was done with antibodies against Z0-2,
LATS1, MST1/2, or SAV (a and b). A LATS1 immunoprecipitate was also blotted with antibodies against LATST and ZO-2 (c). As
a secondary antibody for detecting SAV in the ZO-2 immunoprecipitate, we employed the TidyBlot Western blot Detection Reagent:
HRP, which binds to non-reduced antibodies, in order to avoid interference from denatured IgG heavy chains (50 kDa). B) Western blot
analysis of pull-downs of amino, 3PSG, and AP segments of cZO-2. First panel, anti histidine antibody recognizes bands of 62, 53, and
45 kDa that respectively correspond to the expected molecular weight of the amino, 3PSG, and AP segments of cZO-2. Second panel,
the antibody against the amino segment of ZO-2 recognizes the 62 kDa band present in the pull-down of the ZO-2 amino segment.
Third panel, the antibody against the c-terminal segment of ZO-2 recognizes the 45 kDa band present in the pull-down of the AP
segment of ZO-2. Fourth panel, anti LATS1 antibody gives a strong signal in the pull-down of the AP segment of Z0O-2. ()
Immunofluorescence detection of active LATST (pLATS S909) in parental and ZO-2 KD MDCK cells. Nuclei were stained with DAPI.
Bar, 10 um. Upper panel, representative images; lower panel, quantitation of immunofluorescence for pLATS S909 at the cell borders.
Results are mean + SEM from at least three independent experiments. Statistical analysis was done with Mann Whitney test.
***p < .001. D) Western blot of LATST (upper panel) and pLATS S909 (lower panel, arrowhead), in parental and ZO-2 KD MDCK
transfected or not with an hZO-2 construct not susceptible to the shRNAs against ZO-2. GAPDH was employed as a loading control.
Left, representative images; right quantitative analysis. Results are mean + SEM from at least three independent experiments. Parental
cells data normalized to 1. Statistical analysis was done with One-way ANOVA followed by Tukey’s multiple comparisons post-hoc test,
**p <.01, ***p <.001. E) Western blot of LATS1 and pLATS S909 (arrowhead) in lysates derived from kidneys from 11-week-old rats that
at 8 weeks of age were subjected to UNX or sham operation (control) and tested 3 weeks later. GAPDH was employed as a loading
control. Left, representative images; right quantitative analysis. Results are mean = SEM from at least three independent experiments.
Control kidney data normalized to 1. Statistical analysis was done with Student’s t-test, ***p < .001.

kidney was removed. After surgery, the rats were  intraperitoneal pentobarbital sodium (100 mg/kg).
returned to their cage and given food and water ad ~ The kidneys were frozen in liquid nitrogen. Half of
libitum. Three weeks after surgery, the remaining  each kidney was later processed for Western blot
kidney undergoing renal compensatory hypertrophy  experiments, and the rest was used for immunofluor-
was removed, and the animal was killed with  escence assays.
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2.8. Isolation of nuclear fractions from kidney
tissue

A previously described protocol was employed with
minor modifications.”" Briefly, fresh kidneys were
cut into small rectangles with a sharp knife. Slices
were incubated for 20 min in buffer A [3 mM
MgCl,, 0.32 M sucrose, and 10 mM PBS containing
Complete inhibitor cocktail (Cat. 04693132001;
Roche Applied Science, Madison, WI)] at 4°C.
Slices were then homogenized with 25 strokes in
a Dounce immersed in ice. Then, homogenates
were filtered through a Falcon® 100 um Cell
Strainer (Cat. 352360; Falcon, Corning, NY). The
obtained cell suspension was centrifuged at 1100
x g for 20 min at 4°C, and the cellular pellet was
resuspended in 10 mL of buffer B (20 mM Tris-HCI
pH 7.6, 4 mM KH,PO,, 3 mM MgCl,, and 1.16 M
sucrose) at 4°C. The cell suspension was transferred
to a new tube over 1.5 mL of a 2 M sucrose cushion
(20 mM Tris-HCI pH 7.6, 4 mM KH,PO,, 3 mM
MgCl,, and 2 M sucrose) and centrifuged at
159,784 x g for 100 min at 4°C. The supernatant
and sucrose cushion was carefully removed, and the
pellet containing the purified nuclei was resus-
pended in RIPA buffer (25 mM Tris-HCI, pH 7.6,
150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1%
sodium deoxycholate, and 0.1% SDS) and sonicated
for 30 s. The nuclear extracts were kept frozen at
—70°C until used.

2.9. miRNA RT-qPCR analysis

Small RNA from frozen kidneys was extracted
using the miRVana™ miRNA isolation kit (Cat.
AM1560; Life  Technologies  Corporation,
Carlsbad, CA) following the manufacturer’s
instructions. Small RNA integrity was confirmed
by denaturing polyacrylamide gel electrophoresis
as previously described.’* Steady-state miRNA
levels were quantified by the stem-loop RT-qPCR
method™ using Maxima SYBR™ Green/ROX qPCR
Master Mix (Cat. K0223; Thermo Fisher Scientific
Inc. Waltham, MA) in a Rotor Gene™ 3000 thermo-
cycler (Corbett Research Pty Ltd., Australia).
Specific miR-23a and miR-23b primers were
designed according to>* based on the respective
template sequences obtained from the miRBASE
database.”> miR-124 primers were used as

previously described,’® and U6 rRNA was used as
an endogenous reference.”’ Primer sequences are
listed in Supplementary Table 1. PCR amplicons
were sequenced using the BigDye Terminator v3.1
Sequencing Kit (Cat. 4337455; Thermo Fisher
Scientific Inc., Waltham, MA) in an Applied
Biosystems Genetic Analyzer 310 automatic
sequencer.

2.10. LC3-ll flux assay

OZ and LZ rats subjected to a 24 h starvation
period were euthanized by cervical dislocation.
Then the livers were removed and placed at 4°C
in PBS pH 7.4. Slices of 200 um from the whole liver
were obtained using a vibratome series 1000 sec-
tioning System Microtome (Cat. 054026; Technical
Products International, Saint Louis, MO) and col-
lected in PBS pH 7.4 Slices were then incubated in
12 well plates with 0.5 ml of DMEM and 10%
newborn calf serum. In half of the wells, NH,CI
was added at a final concentration of 10 mM from
a 2 M stock solution in water. The plates containing
the liver slices were then incubated for 2 h at 37°C
in a CO, incubator with occasional swirling. The
tissue and medium suspension from each well were
placed in 1.5 ml tubes and centrifuged at 1,000 x g
for 5 min at 4°C. The supernatant was discarded,
and the tissue was washed with ice-cold PBS. After
another centrifugation at 1,000 x g for 5 min at 4°C,
the supernatant was discarded and the tissue bathed
in RIPA bufter (25 mM Tris- HCL, pH 7.6, 150 mM
NaCl, 5mM EDTA, 0.1% Triton X-100, 1% sodium
deoxycholate and 0.1% SDS) containing the pro-
tease  inhibitor  cocktail =~ Complete  (Cat.
11697498001; Roche Diagnostics, Manheim,
Germany) was homogenized with 30 strokes in
a dounce immersed in ice. After centrifugation at
15,142 x g for 15 min, the samples supernatants
were recovered, the protein quantitated, run in
a 15% acrylamide SDS-PAGE, and processed by
immunoblot with antibodies against LC3-I and
LC3-II. Actin was used as a loading control.

2.11. Zucker diabetic fatty rats

12 week-old male, obese or lean Zucker Diabetic
Fatty (ZDF) rats were obtained from the Claude
Bernard animal facility of the University of Puebla.



All protocols involving animals were approved by
the Institutional Animal Care and Use Committee
and followed the guidelines published for animal
care and use of laboratory animals by the National
Institutes of Health. Rats were maintained in
a 12:12 dark-light cycle at 22°C and had free access
to LabDiet 5008 and water.

Three days before the animals were sacrificed,
rats were challenged with an intraperitoneal bolus
of glucose. For this purpose, early in the morning,
blood glucose was tested by tail puncture using the
reactive strip Contour TS system (Bayer). This
measure was considered a spontaneous glucose
test. Then, animals were deprived of lab chow but
had free access to tap water. Fasting blood glucose
was measured six hours later before the intraper-
itoneal glucose administration (2 mg/Kg).
Afterward, blood glucose levels were evaluated
every 30 minutes for two hours. Obese ZDF rats
with blood glucose levels over 200 mg/dL were
excluded because they were considered diabetic.
Therefore, only obese non-diabetic and lean ZDF
rats (OZ and LZ) were used in these experiments.

Rats were sacrificed by cervical dislocation after
induction of anesthesia with sevoflurane (3-5%).
An anterior thoracotomy granted access to organs.
The heart was excised and perfused in
a Langendorft system with a 37°C tyrode solution
to remove blood. Immediately after, the liver was
removed and perfused through the portal vein until
complete exsanguination. Then the liver was pro-
cessed for Western blot, electron microscopy, and
immunofluorescence. Blood samples were obtained
directly from the heart just before organ removal.
400 pl of blood were placed in an Eppendorf tube
and centrifuged to 3500 RPM. The supernatant was
recovered and froze to —20°C.

2.12. Metformin treatment of obese ZDF rats

Twelve male obese ZDF rats aging 6 weeks were
caged individually and organized into two groups.
All animals had free access to LabDiet 5008 and
water. Consumption of water was measured and
averaged during the first seven days of acclimation.
Once rats aged 7 weeks, in one group of 6 rats, the
drinking water was daily supplemented with
300 mg/kg/day of metformin (Cat. D150959;
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Sigma-Aldrich, St. Louis, MO). This metformin
dose was chosen because it had been previously
employed to treat nonalcoholic hepatic steatosis in
ZDF rats.® The control group had no changes in the
original housing conditions. Bodyweight was con-
trolled two times per week through all the protocols
(Supplementary Fig. 3A). When rats reached
12 weeks of age, a glucose tolerance test was per-
formed, and three days after, the animals were
sacrificed, and the livers were weighed
(Supplementary Fig. 3B) and processed for
Western  blot, electron  microscopy, or
immunofluorescence.

2.13. Total bile acids assay

The quantitative determination of total bile acids in
serum from LZ and OZ rats treated or not with
metformin was done in vitro with the Diazyme
Total Bile Acid Assay Kit (Cat. DZ042A; Diazyme,
Poway, CA), following the manufacturer’s instruc-
tions. Blood samples were obtained directly from
the heart of the rats just before organ removal.

2.14. Liver lanthanum permeability determined by
electron microscopy

To determine the paracellular permeability of the
liver to lanthanum, we followed a protocol pre-
viously described.”® Briefly, livers were first flushed
with a physiological solution to clear the tissue
from the blood. Then we employed a perfusion/
fixation solution of 2.5% glutaraldehyde/4% lantha-
num nitrate in 0.1 mol/L cacodylate bufter, pH 7.8.
The lanthanum nitrate solution was prepared by
dissolving lanthanum nitrate in water (8%, wt/vol)
at 65°C and diluting 1:1 with 0.2 mol/L cacodylate
buffer pH 7.8. After perfusion, livers were excised,
cut into fragments, and incubated in the perfusion/
fixation solution. Then, tissue samples were rinsed
for 30 min in 0.1 mol/L cacodylates buffer/4%
nitrate lanthanum and postfixed in 1% osmium
tetroxide, containing 4% nitrate lanthanum, for
1 h at 4°C. Samples were then dehydrated in graded
ethanol and propylene oxide, embedded in Polybed
epoxy resins, and polymerized at 60°C for 24 h.
Thin sections (60 nm) were stained at room tem-
perature for 20 min with uranyl acetate and
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subsequently for 2 min with lead citrate before
examination using a Jeol JEM-1011 transmission
electron microscope.

The permeability of the T] present in the hepa-
tocytes of ZDF rats was evaluated by the penetra-
tion of lanthanum, an electron-dense heavy metal
tracer, across the junction, as previously reported.’®
Normal TJs prevent lanthanum diffusion into the
canaliculi; hence if bile canaliculi contained lantha-
num particles, TJs were considered leaky.

3. Results

3.1. ZO-2 interacts with LATS1, and the absence of
Z0-2 reduces LATS phosphorylation and
concentration at the cell borders

Previously, we demonstrated that ZO-2 silencing in
MDCK cells reduced the phosphorylation of YAP,
the downstream target of the Hippo pathway.* This
observation prompted us to explore if ZO-2 is
associated with proteins of the Hippo pathway.
Upon immunoprecipitation of ZO-2, we detected
that neither the kinase MST1/2 (mammalian Ste2-
like) nor its associated scaffold protein Salvador
(SAV) coimmunoprecipitate ~ with  ZO-2
(Figure 1Aa,b). Instead, the kinase LATSI (large
tumor suppressor 1) is present in a ZO-2 immuno-
precipitate (Figure 1Aa), and correspondingly ZO-
2 is detected in a LATS1 immunoprecipitate
(Figure 1Ac).

To further confirm ZO-2 interaction with
LATSI, we made a pull-down assay in the human
kidney cell line HEK293T. We choose these cells
because they display a better transfection efficiency
than MDCK cells. We transfected HEK293T cells
with the amino (coding PDZ domains 1, 2, and 3),
3PSG (coding the PDZ3, SH3, and GuK domains),
or AP (coding the acidic and proline-rich regions)
constructs of ¢cZO-2, introduced in the pcDNA4/
HisMax vector. The corresponding proteins were
purified from extracts of HEK293T cell using Ni
affinity columns, run in SDS-PAGE, and blotted
with antibodies against histidine and the amino or
carboxyl segments of ZO-2 (Figure 1B). The anti-
body against histidine reveals bands of 62, 53, and

45 kDa that respectively correspond to the amino,
3PSG, and AP segments of cZO-2. The identity of
the amino and carboxyl ZO-2 pulled-down seg-
ments was further confirmed with the respective
anti-ZO-2 antibodies that recognize these sections
of the protein, as indicated by the manufacturers,
while there is no commercial ZO-2 antibody that
can recognize the 3PSG segment. Blotting against
LATS1 gives a robust signal in the pull-down of the
AP segment of ZO-2, thus indicating that LATS1
strongly associates with this ZO-2 segment
(Figure 1B). Taken together, the immunoprecipita-
tion and pull-down assays indicate that ZO-2 inter-
acts with LATS1, a kinase of the Hippo pathway
involved in cell size regulation.

Next, we explored if the lack of ZO-2 affected
LATS1 localization in MDCK cells. By immuno-
fluorescence, we observed that in parental cells,
phosphorylated (S909) and hence active LATS1/2
is present at the cell borders, while in ZO-2 KD
cells, its expression is reduced (Figure 1C).
Unfortunately, we could not analyze the total
LATS]1 distribution since the antibodies against it
do not work for immunofluorescence (data not
shown).

By Western blot, we observe that in the absence
of ZO-2, the amount of phosphorylated LATS1/2/
total LATS1 diminishes, and this effect is reversed
by the transfection of MDCK KD cells with an
hZO-2 construct not susceptible to the shRNAs
against ZO-2, thus indicating that ZO-2 promotes
the localization of active LATS1/2 at the cell border
(Figure 1D). We did not analyze LATS2 because
available commercial antibodies do not detect
LATS2 in MDCK cells (Suppl. Fig. 1).

Previously, we demonstrated in rats that after
a UNX, ZO-2 expression diminished, while the
amount of nuclear YAP increased in the remaining
kidney.* Therefore, we now analyzed if the content
of phosphorylated LATS1/2 changed after a UNX,
finding that 3 weeks later, the remaining rat kidney
displayed a lower amount of phosphorylated LATS
(Figure 1E).

These results suggest that ZO-2 interaction with
LATSI favors its phosphorylation in kidney epithe-
lial cells both in vivo and in culture.



3.2. ZO-2 expression is regulated at the
transcriptional level by Sp1

Since ZO-2 content diminishes in the remaining
kidney after a UNX,* we now explored by quanti-
tative RT-PCR if this effect was due to a decrease in
Z0-2 mRNA. Figure 2A shows that three weeks
after the UNX, the amount of ZO-2 mRNA in the
remaining kidneys decreases by 36% compared to
the kidneys from sham-operated animals of the
same age (control).

Transcription of ZO-2 mRNA is driven in
humans by alternative promoters P, and P that
give rise to two ZO-2 isoforms: ZO-2A and ZO-
2 C.° P, in the hTJP2 gene has 27 Sp1 and 6 Zeste
sites.”” Hence, we next analyzed the expression of
the Spl transcription factor in renal tubular cells
from sham-operated and UNX rats. We performed
a cell fractionation assay of kidney tissue and ana-
lyzed the amount of Spl present in nuclear frac-
tions, finding a decreased Spl content in the
nucleus of kidney tissue after a UNX compared to
sham-operated rats (control) (Figure 2B).

To test the importance of Spl for ZO-2 tran-
scription, we next induced TJ formation in
MDCK cells in the presence of the gene-selective
Spl inhibitor, mithramycin (MTM).40 First, we
transferred monolayers cultured for 24 h in normal
calcium (NC) media (1.8 mM Ca**), to low calcium
media (LC, 1-5 uM Ca”") containing 2 mM EGTA
for 1 h, to induce T] disassembly and endocytosis,
as previously reported.*' Then, the monolayers
were transferred back to NC media to induce TJ
formation in the presence or absence of 400 nM
MTM. Figure 2C shows that the increase in ZO-2
observed after the monolayers were transferred
from LC to NC was not present in monolayers
incubated with MTM. Next, we analyzed by qRT-
PCR the amount of TJP2 mRNA, observing that in
cells cultured in the LC condition, the amount of
mRNA reaches significantly higher values than in
cells maintained in the NC condition, resembling
what we had previously observed for TJP1I mRNA*
(Figure 2D). Moreover, we observed that MTM
treatment inhibited the increase in ZO-2 mRNA
observed in the LC condition.

To further confirm these results, we analyzed by
immunofluorescence the expression of Spl in
MDCK monolayers after 24 or 36 h of incubation
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in NC or LC conditions. Figure 2E shows that the
expression of Sp1 is higher in the LC than in the NC
condition at both time points, in agreement with
the increased amount of ZO-2 mRNA found in the
LC condition.

Next, we analyzed by immunofluorescence Spl
expression in MDCK ZO-2 KD cells and observed
an increased expression compared to parental cells
(figure 2F). These results suggest that the presence
of the shRNAs against ZO-2 that trigger the clea-
vage of the ZO-2 mRNA or represses its translation
in ZO-2 KD cells induces a mechanism that aug-
ments Spl expression.

Altogether, our results strongly suggest that Spl
regulates the transcription of ZO-2.

3.3. Z0-2 silencing in the kidney after a unilateral
nephrectomy is not regulated by miRNAs —23a,
—23b, —124 or -137

Next, we analyzed if ZO-2 silencing after a UNX
could also be the result of miRNA regulation.
miRNAs are endogenous small non-coding RNAs
of 20-25 nucleotides associated with argonaute
proteins target sites at the 3’ untranslated region
(3'-UTR) of mRNAs, promoting translational
repression and degradation of targeted mRNAs.
miRNAs regulate the expression of genes involved
in embryonic development and diverse cellular
functions, and their deregulation is involved in
the initiation and progress of many diseases,
including cancer (for review, see [43]).

An in silico analysis done with TargetScan (www.
targetscan.org) revealed that the 3’-UTR of ZO-2
mRNA has conserved target sites for miR-23a and
b, and miR-124 in rat, mouse, dog, and human,
while the target site for miR-137 is not conserved
in the dog (data not shown). miRs —23a and -23b
that only differ by 1 nucleotide (g19) outside of the
seed region, respectively inhibit and increase
endothelial permeability;** miR-137 blocks the
expression of ZO-2 and increases the permeability
of brain microvascular cells,*> and miR-124 func-
tions as a tumor suppressor and exhibits
a polymorphism associated to the risk and clinico-
pathological characteristics of colorectal cancer.*

By RT-qPCR in rat kidneys, we searched for the
presence of miR-23a, miR-23b, miR-137, and miR-
124, finding no expression of miR-137 (data not
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Figure 2. Sp1 transcription factor regulates the expression of ZO-2 protein and mRNA. A) qRT-PCR ampilification of ZO-2 from the
kidney of sham-operated (control) rats or that had undergone a UNX 3 weeks ago. Control data normalized to 1. Statistical analysis was
done with Student’s t-test, *p < .05. Results are mean + SEM from at least three independent experiments. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was amplified as a control. B) Western blot of Sp1 present in nuclear fractions derived from
the kidney of sham-operated (control) rats or with a UNX done three weeks before. Lamin B1 was employed as a loading control. Upper
panel, representative images of three independent experiments; lower panel, densitometric analysis. Results are mean + SEM from at
least three independent experiments. Statistical analysis done with Student’s t-test, **p = .0074. C) The increase in ZO-2 protein
observed after MDCK monolayers are switched from LC media containing 2 mM EGTA to NC media, to induce TJ proteins synthesis and
assembly, was not present in monolayers incubated with 400 nM MTM. Upper panel, a scheme of the experimental procedure and
representative Western blot of three independent experiments; lower panel, densitometric analysis. Results are mean + SEM. Control
value at time 0 normalized to 1. Statistical analysis was done with Two-way ANOVA followed by Fisher’s LSD test, **p < .01, ***p <.001.
D) In monolayers transferred to LC, the amount of ZO-2 mRNA increases through a process mediated by MTM. Upper panel, the scheme
of the experimental procedure. Lower panel, amount of ZO-2 mRNA was determined by RT-qPCR. PRPO mRNA was used as control.
Data were normalized against NC values at time 0. Results are presented as mean = SEM from at least three independent experiments.
Values at time 0 normalized to 1. Statistical analysis was done with Two-way ANOVA followed by Tukey’s multiple comparisons post-
hoc test, *p < .05, ****p < .0001. E) Immunofluorescence detection of Sp1 in the nuclei of parental MDCK cells after 24 h of incubation
in NC or LC condition. Nuclei were stained with DAPI. Bar, 10 um. Left panel, representative images; right panel, quantitation of
immunofluorescence for Sp1 at the nuclei. The nuclei of 190 cells per condition derived from three independent experiments were
quantitated. Statistical analysis was done with Kruskal-Wallis test followed by Dunn’s multiple comparisons test, ****p < .0001. F)
Immunofluorescence detection of Sp1 in the nuclei of parental and ZO-2 KD MDCK cells. Nuclei were stained with DAPI. Bar, 10 um. Left
panel, representative images; right panel, quantitation of immunofluorescence for Sp1 at the nuclei. The nuclei of 100 cells per
condition derived from three independent experiments were quantitated. Statistical analysis was done with Mann Whitney test,
#e6ep <0001,



shown), and no difference in the level of expression
of miRs —-23a, —23b, and —-124 between animals
with a UNX or sham-operated (Figure 3)

Our results indicate that in the kidney, ZO-2
silencing after a UNX is due to transcriptional
inhibition regulated by a decreased expression of
Spl and not by translational repression with miRs
—23a, —23b, —124, or —137.

3.4. In the steatotic liver of OZ rats, the expression
of Z0O-2 in hepatocytes is silenced while YAP
concentrates at the nuclei

To further study if ZO-2 silencing is a common
feature of organ hypertrophy, we next studied the
steatotic liver of 12 week-old OZ rats. As a control,
we employed lean Zucker (LZ) rats of the same
age. Figure 4Aa shows in LZ rats that ZO-2 gives
a pair of dots staining pattern that limits the apical
membrane of adjacent hepatocytes forming the
lumen of bile canaliculi and of “railroad tracks”
in cholangiocytes that delineate the intrahepatic
small and large bile ducts.*’ In the liver of OZ rats,
we observed by immunofluorescence that the
expression of ZO-2 diminished (Figure 4ab).
Since ZO-1 and ZO-2 play a redundant role as
platforms for polymerizing claudins at the plasma
membrane,” we next analyzed whether ZO-1 was
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affected, finding that in OZ rats’ liver, the expres-
sion of ZO-1 was higher than in LZ rats
(Figures 4Ac and d).

The diminished expression of ZO-2 in the stea-
totic liver was further confirmed with a Western
blot against ZO-2 done in liver lysates derived from
LZ and OZ rats (Figure 4B). ZO-2 silencing is
apparently due to transcriptional regulation, as
the level of ZO-2 mRNA in the liver diminishes in
OZ compared to LZ rats (Figure 4C). In addition,
we observed a decreased expression of Spl in the
nuclei of OZ rats compared to LZ rats (Figure 4D).

In rats, we had previously shown that in the
remaining kidney after a UNX, ZO-2 silencing cor-
related with an increasing amount of nuclear YAP.*
Therefore, we now analyzed by immunofluores-
cence the expression of nuclear YAP in the liver
of OZ rats, observing an increased expression com-
pared to the liver of LZ animals (Figure 4E). Hence,
these results indicate that ZO-2 silencing coupled
to YAP concentration at the nucleus are common
features present in hypertrophic organs.

3.5. In the steatotic liver of OZ rats, autolysosome
activity is impaired

In the UNX model of renal hypertrophy, YAP
induces an increase in cell size through mTOR
activation, leading to the phosphorylation of 7056
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Figure 3. miRs —23a, —23b, and —124 that target the 3’ UTR of rat 7JP2 mRNA are expressed at the same level in rats with
a UNX or sham-operated. RT-qPCR analysis of miRs —23a, —23b, and —124 done in the kidneys of rats 3 weeks after a UNX or a sham
operation. Data derived from three animals per experimental condition. Results are mean = SEM. Statistical analysis was done with

Student’s t-test. ns, non-significant.
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Figure 4. In the liver of OZ rats with steatosis, 7/P2 mRNA and ZO-2 protein diminish while YAP concentrates at the nucleus of
hepatocytes. A) Frozen sections from livers of lean (LZ) and obese Zucker rats (0Z) of 12 weeks of age were processed for
immunofluorescence with antibodies against ZO-1 and ZO-2. Nuclei were stained with DAPI. Bar, 10 pm. Arrows indicate TJ staining
as a pair of dots; arrowheads show TJ staining at parallel strands along intrahepatic bile ducts. Left panel, representative images; right
panel, quantitative analysis. Statistical analysis was done with GraphPad Prism 5, Mann Whitney test, ***p < .001. B) Western blot of
Z0-2 present in a liver lysate derived from LZ and OZ rats. Upper panel, representative Western blot; lower panel, quantitative analysis
of three independent experiments. Results are mean + SEM. Statistical analysis was done with the student’s t-test. *p = .03. C) gRT-PCR
amplification of TJP2 mRNA from LZ and OZ rats. Data of LZ rat normalized to 1. Statistical analysis was done with GraphPad Prism 5,
Student’s t-test, *p < .05. Results were obtained from three independent experiments. Data were normalized against the geometric
mean of actin mRNA. D) Frozen sections from livers of LZ and OZ of 12 weeks of age were processed for immunofluorescence with
antibodies against Sp1. Nuclei were stained with DAPI. Bar, 10 um. Upper panel, representative images; lower panel, quantitation of
immunofluorescence for nuclear Sp1. The nuclei of 200 cells per condition derived from three independent experiments were
quantitated. Statistical analysis was done with Mann Whitney test, ****p < .0001. E) Frozen sections from livers of LZ and OZ of
12 weeks of age were processed for immunofluorescence with antibodies against YAP. Nuclei were stained with DAPI. Bar, 10 um.
Upper panel, representative images; lower panel, quantitation of immunofluorescence for nuclear YAP. The nuclei of 100 cells per
condition derived from three independent experiments were quantitated. Statistical analysis was done with Mann Whitney test,
#e6xp <0001,

kinase (S6K),* which in turn phosphorylates S6,
a component of the 40S ribosomal subunit. Both
S6K**>° and $6°" are critical regulators of cell size.
Here, we observed that in the liver of OZ compared
to LZ rats, the amount of ,;,S6K, and its degree of
phosphorylation, did not change, while the phos-
phorylation of S6 diminished in OZ rats
(Supplemental Fig. 2). These results indicate that
the hypertrophy of the liver in OZ rats is not
mediated by mTOR activation.

Hypertrophy is triggered by an imbalance
between protein synthesis and degradation,® and
lysosomal alkalinization is known to induce hyper-
trophy by reducing protein degradation.”>> Hence,
we next analyzed lysosome functionality in OZ
hepatocytes compared to LZ rats with an ex vivo
LC3 flux assay. LC3-I protein is conjugated to phos-
phatidylethanolamine (PE) to form LC3-II. The lat-
ter is specifically targeted to the phagophore and
remains associated with its expanding membrane,



sealed autophagosomes, and mature autolysosomes.
Upon fusion of autophagosomes with lysosomes, the
luminal pool of LC3-II is degraded. Therefore, if
there is an impaired lysosomal activity, LC3-II
degradation is blocked, and the ratio of LC3-II
/LC3-I augments (for review, see [54]). This assay
was done in liver slices derived from OZ and LZ rats
after a 24 h starvation period since autophagic pro-
tein degradation is enhanced during starvation.” To
cause a reduction in the autophagic flux, we used
100 mM NH,CI, which increases the pH inside the
lysosome and inhibits autophagosome-lysosome
fusion. Supplementary figure 2B shows that in the
liver of starved LZ rats, treatment with NH,CI
increases the ratio of LC3-II/LC3-I as expected due
to the inhibition of LC3-II degradation. Instead, this
increase of LC3-II/LC3-I ratio is not observed in
starved OZ rats after NH,ClI treatment.

These results indicate a lower abundance of
functional autolysosomes in the liver of OZ rats
compared to LZ animals, suggesting the contribu-
tion of this condition to the development of liver
hypertrophy.

3.6. The activation of AMPK with metformin
augments in the liver of OZ rats, the expression of
Z0-2 and active LATS, and diminishes the nuclear
concentration of YAP

To test the importance of ZO-2 silencing in the
development of leaky TJ in hepatic steatotic cells,
we tried to induce the re-expression of ZO-2 at the
TJs of liver cells. Our strategy for this purpose was
the activation of AMPK. Previous work had shown
that activation of this serine/threonine kinase pro-
motes cell polarization®® and TJ assembly””*® and
the re-localization of ZO-2 from the cytoplasm to
the borders of MDCK cells cultured in a condition
of LC.” Therefore, we treated 7 week-old OZ rats
with metformin, an antidiabetic drug that activates
AMPK in hepatocytes.”” We administered a daily
dose of 300 mg/kg/day of metformin until the ani-
mals reached 12 weeks of age and were sacrificed.
By immunofluorescence, we found that in the liver
of OZ rats treated with metformin, ZO-2 expres-
sion recovers (Figure 5Aa-c), and by Western blot,
we observed an increased expression of ZO-2 in OZ
rats treated with metformin compared to OZ and
LZ animals (Figure 5B).
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Since we had observed that YAP concentrates at
the nuclei of hepatocytes in OZ rats (Figure 4E), we
next tested if this effect could be reversed by met-
formin treatment. Figure 5Ad-f shows by immuno-
fluorescence that the activation of AMPK with
metformin diminished the nuclear accumulation
of YAP in OZ rats. This observation, together
with the newfound interaction between ZO-2 and
LATSI (Figure 1A), prompted us to test the expres-
sion of active LATS in the steatotic liver. Figure 5C
shows by Western blot a decrease in pLATS in the
liver of OZ rats in comparison to LZ, which
recovers after metformin treatment.

Our results indicate that ZO-2 silencing in the
hypertrophic liver is coupled to LATS inactivation
and YAP nuclear concentration and that this pro-
cess can be reversed by AMPK activation with
metformin.

3.7. Metformin treatment in OZ rats restores
claudin-1 expression, and ameliorates the increased
paracellular permeability of hepatocytes and the
augmented content of bile acids in serum

Progressive familial intrahepatic cholestasis (PFIC),
has several different genetic etiologies including in
PFIC type 4, mutations in TJP2.*****>®! These
mutations in TJP2 generate premature termination
codons that lead to the absence of ZO-2 in liver
tissue and a significant reduction in claudin-1 but
not claudin-2 in the liver.”’ Therefore, we next
examined if, in OZ rats, the reduction of ZO-2 in
the liver was accompanied by changes in the
expression of claudins —1 and —2. By immunofluor-
escence, we observed in OZ compared to LZ rats
a reduction in claudin-1 expression that was
reversed after OZ animals were treated with met-
formin (Figure 5Ag-i), while no changes were
observed in claudin-2 expression (Figure 5Aj-1).
By Western blot, we confirmed these observations
(Figure 5D,E).

Since elevated plasma/serum bile acid levels are
present in animals and patients with liver
steatosis''” as well as in children with PFIC-4,*'
we next analyzed if treatment with metformin that
augments the expression of ZO-2 in the liver can
reduce in OZ rats, the abundance of bile acids in
serum. figure 5F shows that the amount of bile
acids in serum augments in OZ rats compared to
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Figure 5. Treatment of OZ rats with metformin restores Z0-2, and claudin-1 expression in the liver reduces the permeability
of bile canaliculi and total bile acid concentration in serum and diminishes JNK activation. 7-week-old OZ rats received or not
a daily dose of 300 mg/kg/day of metformin (MET) until they reached 12 weeks of age and were sacrificed together with 12 week-old
LZ rats. 3 rats were employed per experimental condition. Livers were excised and then processed as explained in A-F. A)
Immunofluorescence with antibodies against ZO-2, YAP and claudins —1 (CI-1) and —2 (Cl-2). Nuclei were stained with DAPI. Left
panel, representative images, bar, 10 uM; right panel, quantitation of immunofluorescence. For ZO-2, CI-1 and CI-2, 20 bile canaliculi
per condition derived from three independent experiments were quantitated. Statistical analysis was done with Kruskal-Wallis test
followed by Dunn’s multiple comparisons test, *p < .05, ****p < .0001. For YAP, the nuclei of 100 cells per condition derived from three
independent experiments were quantitated. Statistical analysis was done with Kruskal-Wallis test followed by Dunn’s multiple
comparisons test, *p < .05, ****p < ,0001. B) Western blot with antibodies against ZO-2. GAPDH was employed as a loading control.
Six rats per cohort were employed and at least two blots were analyzed per each rat. Left panel, representative Western blot; right
panel, quantitative analysis. Results are mean = SEM from at least three independent experiments. LZ data normalized to 1. Statistical
analysis was done with One-way ANOVA followed by Fisher’s LSD, *p < .05, **p < .001, ****p < .0001. C) Western blot with antibodies
against pLATS S909 (arrowhead). GAPDH was employed as a loading control. Six rats per cohort were employed and at least two blots
were analyzed per each rat. Left panel, representative Western blot; right panel, quantitative analysis. Here we quantitated pLATS
S909/GAPDH and not pLATS S909/LATS1, because the antibody against LATS1 does not work in rat liver. Results are mean + SEM from
at least three independent experiments. LZ data normalized to 1. Statistical analysis was done with One-way ANOVA followed by
Fisher's LSD, *p < .05. D) Western blot with antibodies against claudin-1. GAPDH was employed as a loading control. Six rats per cohort
were employed, and at least two blots were analyzed per rat. Left panel, representative Western blot; right panel, quantitative analysis.
Results are mean + SEM from at least three independent experiments. LZ data normalized to 1. Statistical analysis was done with One-
way ANOVA followed by Fisher’s LSD, *p < .05, ***p < .001. E) Western blot with antibodies against claudin-2. GAPDH was employed as
a loading control. Six rats per cohort were employed, and at least two blots were analyzed per rat. Left panel, representative Western
blot; right panel, quantitative analysis. Results are mean = SEM from at least three independent experiments. LZ data normalized to 1.
Statistical analysis was done with One-way ANOVA followed by Fisher's LSD. F) Quantification of total bile acids in serum of LZ and 0Z
rats treated or not with metformin as mentioned above. Results are presented as mean + SEM. Statistical analysis was done with One-
way ANOVA followed by Tukey’s multiple comparison post-hoc tests, **p < .01, ***p < .001, ****p < .0001. G) Representative images of
the penetration of lanthanum into the canalicular liver lumen. In LZ rats, no accumulation of lanthanum is observed in the canalicular
lumen (asterisk). OZ rats, canalicular lumen with intense lanthanum staining (asterisk). OZ rats treated with metformin, TJ area that
limits the canalicular lumen shows the accumulation of lanthanum (arrows), together with a discrete lanthanum infiltration into the
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canalicular lumen (asterisk). H) Western blot with antibodies against pJNK and JNK. GAPDH was employed as a loading control. Six rats
per cohort were employed and at least two blots were analyzed per rat. Left panel, representative Western blot; right panel,
quantitative analysis. Results are mean + SEM from at least three independent experiments. LZ data normalized to 1. Statistical
analysis was done with One-way ANOVA followed by Fisher's LSD, *p < .05.

LZ animals and that this value diminishes after
metformin treatment. This result suggests that in
OZ rats, the escape of bile acids through the para-
cellular space into the liver parenchyma and serum
could be a consequence of the reduced expression
of ZO-2 that leads to the development of
a compromised BBiB.

To assess T] permeability in hepatocytes, we
evaluated by electron microscopy the penetration
of lanthanum, an electron-dense paracellular mar-
ker, across the junction. Figure 5G shows that no
accumulation of lanthanum is observed in the liver
in the canalicular lumen of LZ rats. Instead, in the
liver of OZ rats, the canalicular lumen display
intense lanthanum staining, whereas, in those trea-
ted with metformin, lanthanum accumulates
around the area that limits the canaliculi, infiltrat-
ing into them, albeit with less intensity than in the
liver of OZ rats.

Altogether, these results indicate that treatment
of OZ rats with metformin augments the expres-
sion of ZO-2 and claudin-1 in hepatocytes and
partially restores the BBiB.

3.8. Metformin reversal of BBiB dysfunction
encompasses inhibition of JNK

Stress-activated c¢-Jun N-terminal kinase (JNK)
triggers TJ] disassembly triggered by extracellular
calcium depletion,** while JNK inhibition attenu-
ates dextran sulfate sodium (DSS)-induced intest-
inal TJ barrier disruption.”> On the other hand,
metformin via AMPKal activation inhibits JNK
signaling and blocks, in consequence, intestinal
barrier dysfunction.®” Therefore, we next analyzed
whether metformin decreased the amount of active
JNK in the liver of OZ rats. Figure 5H shows an
increase in phosphorylated and hence active JNK in
OZ rats’ liver compared to LZ animals, which
diminishes upon treatment with metformin.
Hence, these results suggest that the mechanism
through which metformin protects against ZO-2
silencing and BBiB dysfunction in the steatotic
liver involves inhibition of JNK signaling.

4. Discussion

Our previous observation showed that in MDCK
cells, ZO-2 silencing reduced the phosphorylation
of YAP, the downstream target of the Hippo
pathway,” prompting us to explore the connection
between ZO-2 and this signaling pathway. We
demonstrate the interaction between ZO-2 and
LATS], a kinase responsible for YAP phosphoryla-
tion by co-immunoprecipitation and pull-down
assays. Moreover, we show that in the two models
of hypertrophy analyzed: RCH and liver steatosis,
Z0-2 silencing occurs together with a reduction in
the amount of active LATS and the concentration
of YAP at the nuclei (Figure 6). Altogether, these
observations suggest that ZO-2 functions as
a scaffold that facilitates LATS activation and pro-
motes signaling through the Hippo pathway to
regulate cell size.

We found that neither the kinase MST1/2 nor its
associated scaffold protein Salvador (SAV) coim-
munoprecipitate with ZO-2. However, it would be
important in the future to test if the interaction of
LATS1 with MST1/2 or MAP4Ks, another family of
kinases that phosphorylates LATS1,** diminishes in
the absence of ZO-2.

Here, we explored if ZO-2 silencing in hypertro-
phy is regulated at the transcriptional or transla-
tional level. We did not find evidence of
translational repression by miRs -23a, -23b,
—124, or —137 but observed a decrease in ZO-2
mRNA in the hypertrophic rat Kkidney.
Transcription by alternative promoters P, and P¢
generates ZO-2 isoforms A and C.** Both are
expressed in normal cells, but only the latter that
lacks 23 amino acids at the amino terminus is
maintained in cancerous pancreatic cells,”” suggest-
ing that isoform ZO-2A might be critical for TJ
function in non-cancerous epithelial cells.
Numerous Spl sites are present in P,,>” and Spl
is a transcription factor ubiquitously expressed that
functions as an activator of a wide variety of genes,
including housekeeping, cell cycle regulators, and
tissue-restricted genes (for review see [64]). Hence,
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Figure 6. ZO-2 silencing diminishes LATS activation, favoring the nuclear concentration of YAP and the development of
hypertrophy. A) ZO-2 functions as a scaffold at the TJ that facilitates LATS phosphorylation and inhibits the nuclear concentration of
YAP. B) In confluent cultures of MDCK cells incubated in medium with low calcium (LC), TJs cannot be established, but the cells
accumulate SP1 transcription factor and ZO-2 mRNA. C) In hypertrophic kidney and in the liver with steatosis, ZO-2 silencing is
generated by a decrease in ZO-2 transcription probably associated to a diminished nuclear content of Sp1 transcription factor. ZO-2
interacts with LATS, and the reduced expression of ZO-2 blocks LATS phosphorylation and activation facilitating the nuclear
concentration of YAP. In the steatotic liver this condition triggers an increase in paracellular permeability of hepatocytes and the
presence of bile acids in serum. Metformin, via AMPKa1 activation inhibits JNK signaling that promotes TJ barrier dysfunction.

we analyzed the expression of the Sp1 transcription
factor in the hypertrophic kidney and MDCK cells.
Our observation of a decreased amount of this
transcription factor in the kidney after a UNX
prompted us to employ MTM in MDCK cells to
study the effect of Sp1 inhibition on ZO-2 expres-
sion. Our results revealed that MTM blocked the
increase in ZO-2 mRNA when the culture was
maintained in the LC condition, and the increase
in ZO-2 protein was observed after the cells were
transferred from LC to NC media. These observa-
tions confirm that Sp1 regulates ZO-2 expression at
the transcriptional level and suggest that
a decreased expression of Sp1 silences ZO-2 in the
hypertrophic kidney. The increased ZO-2 mRNA
observed in cells cultured in LC compared to those
maintained in NC resembles a similar observation

previously made with ZO-1 in MDCK cells.** It
appears that if TJs are not established due to the
lack of extracellular calcium, the cells accumulate
Z0-2 mRNA as if they were building a reserve in
order to guarantee its future synthesis. Previously
we observed a similar situation for CD1 mRNA,
where the amount increased when MDCK cells
were not proliferating due to their culture in a low
serum condition (0.1% serum) compared to prolif-
erating cells maintained in 10% serum.®’
Hypertrophy develops due to an imbalance
between the rates of protein synthesis and
degradation,”®” and in hypertrophic ZO-2 KD
MDCK cells, we observed an increased mTOR
pathway activity, which augmented the protein
synthesis rate.* However, in OZ rats, we found
that the phosphorylation of S6 diminished,



indicating that liver hypertrophy is not mediated by
mTOR activation. Instead, we found in OZ rats
livers a lower abundance of functional autolyso-
somes than in LZ rats, thus suggesting that this
condition contributes to the development of liver
hypertrophy. These observations are in agreement
with a report indicating that in primary fetal hepa-
tocytes derived from ZDF rats with a fa gene fre-
quency of 0.75, the synthesis of proteins is
significantly lower than in cultures with 0.0 fa
gene frequency.®® In addition, they are in line with
the finding that NH,Cl inhibits protein synthesis in
0.0 but not in 0.75 fa gene frequency cultures,
suggesting that fetal hepatocytes bearing the fa
gene have a genetic error in lysosomal function.®®
This genetic mistake that decreases lysosomal
degradation might be crucial for the development
of hypertrophy in hepatocytes. It could also be
related to the observation that treatments that
restrict food intake in OZ rats reduce body weight
but cannot normalize these animals’ obese body
composition, which is 50% lipid versus under 20%
in lean littermates.®”

Another mechanism that could trigger the
hypertrophy of hepatocytes in OZ rats relies on
the observation that steatotic livers up-regulate
the cyclin-dependent kinase inhibitor p21 due to
the over-expression of the tumor suppressor p53
and a lowered phosphorylation of retinoblastoma
protein. All these alterations lead to a diminished
cell division'" that might facilitate a hypertrophic
phenotype.

We observe that the hypertrophy generated in
OZ rats liver induces ZO-2 silencing, and pre-
viously reported that hypertrophy in kidney trig-
gered by UNX also induces ZO-2 silencing.* Hence,
we hypothesize that hypertrophy, independently of
how it was generated, silences ZO-2.

In ZO-2 KD MDCK cells, we observed that
transfection of ZO-2 allowed cells to recover their
standard size.* This observation prompted us to
employ metformin to induce OZ rats to re-express
Z0O-2 in liver TJs. Metformin is a derivative of
guanidine, the active ingredient of G. officinalis,
also known as French lilac, which in medieval
times was used to treat diabetes.®® In OZ rats with
steatosis and diabetes, previous reports reveal that
treatment with metformin mitigates liver steatosis
and decreases plasma triacylglycerol (TAG)
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concentrations at 21 weeks of treatment but does
not modify energy intake or expenditure, the evo-
lution of diabetes, or the expression in the liver of
genes of fatty acid metabolism.”

Metformin,®® AICAR (5-aminoimidazole-4-car-
boxamide riboside), and the kinase LKB1 (ortholog
of PAR4 in C. elegans and D. melanogaster) activate
the serine/threonine kinase AMPK through differ-
ent procedures. For example, metformin that
employs an adenine nucleotide-independent
mechanism® increases the phosphorylation of
Thr-172 regulatory site on AMPK a-catalytic sub-
unit in human hepatic cells.”” Instead, AICAR is
a nucleoside that converts to the nucleotide ZMP,
which mimics the effects of AMP on AMPK,”!"?
and LKB1 phosphorylates Thr-172 in AMPK.”>”*

AMPK is a cellular energy sensor activated dur-
ing metabolic stresses such as hypoxia, ischemia,
glucose deprivation, or exercise.””’® Activation of
AMPK with LKB1, AICAR, or metformin favors
the appearance of TJ proteins. Thus, LKB1 activa-
tion induces the polarization of single intestinal
epithelial cells that display a redistribution of the
TJ protein ZO-1 in a dotted circle peripheral to the
brush border.”® Activation of AMPK with AICAR
facilitates T] assembly under conditions of standard
extracellular Ca** concentrations, partially protects
the TJs from disassembly induced by Ca** deple-
tion, and even initiates T] assembly in the absence
of Ca**>”*® Moreover, we specifically showed that
AMPK activation with AICAR triggers the re-
localization of ZO-2 from the cytoplasm to the
borders of MDCK cells cultured in a condition of
low calcium.” Metformin restores junction assem-
bly in the intestinal epithelium and protects against
intestinal barrier dysfunction in experimental coli-
tis induced by DSS and patients with ulcerative
colitis.>”” These observations agree with our
results showing that treatment of OZ rats with
metformin up-regulates ZO-2 and claudin-1
expression in the liver, reduces the serum bile acid
content, and the paracellular permeability of hepa-
tocyte TJs.

The mechanism through which AMPK activa-
tion by metformin enhances the expression of ZO-2
protein in the liver of steatotic OZ rats appears to
involve the inhibition of JNK activation since the
augmented level of phosphorylated JNK found in
OZ rats compared to LZ animals decreased after
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metformin treatment. These results agree with
observations done in intestinal Caco-2 monolayers
where metformin activation of AMPKal sup-
presses DSS-induced JNK activation and augments
the expression of ZO-1 and occludin.®®

The formation of bile acids is one of the main
functions of the liver. Bile acids are transported
across the hepatocytes apical membrane into the
lumen of bile canaliculi. Then, via extrahepatic bile
ducts reach the intestinal tract, having
a fundamental role in the solubilization of dietary
lipids. Bile acids are powerful detergents, and TJs
prevent their leakage to the basolateral surface and
the underlying parenchyma of hepatocytes and
cholangiocytes. In the liver claudins —1, -2 and -3
have been observed in hepatocyte TJs.”®”*®
Claudin-2 has been more thoroughly studied,
demonstrating its importance for the paracellular
water flow required for proper bile composition, as
a claudin-2 deficiency in mice increased bile con-
centration and promoted cholesterol gallstone
formation.®" In humans, the role of ZO-2 in liver
TJs appears to be critical and non-redundant since
homozygote’>** and compound heterozygote™°!
mutations in TJP2 cause PFIC-4. This disease, char-
acterized by fluctuating jaundice, persistent choles-
tasis, pruritus, and malabsorption, affects young
children and is an end-stage liver disease that
leads to  cirrhosis and  hepatocellular
carcinoma.’*?** In PFIC-4, the mutations of TJP2
that ablate ZO-2 expression induce a severe disease
only in the liver, even though ZO-2 is a protein
normally expressed in all epithelial cells. These
observations suggest that in the human liver, ZO-
2 plays a non-redundant role at TJs that cannot be
compensated by other T] proteins like, for example,
Z0-1 or ZO-3.

In mice, ZO-2 absence is lethal during embryo-
genesis, as ZO-2 knock-out mice die shortly after
implantation, showing decreased proliferation at
embryonic day 6.5 (E6.5) and increased apoptosis
at E7.5.%% Thus, ZO-2 appears to be essential for the
extraembryonic tissue and not for the mice embryo,
as lethality was rescued when ZO-2 '~ embryonic
stem cells were injected into wild-type blastocysts.*’
However, the resulting chimeric mice developed
a compromised blood-testis barrier in adulthood.®

In mice, the liver-specific deletion of TJP2 does
not trigger a complete disruption of the BBiB but
reduces claudin-1 protein expression and induces
mild progressive cholestasis characterized by
a diminished expression of bile acid transporter
Abcl11/Bsep and detoxification enzyme Cyp2b10.**
These mice are, however, more susceptible to liver
injury.** In contrast, the ZO-1/Z0-2 double mutant
mice die by 6 weeks of age and display a disrupted
BBiB that does not form TJs.*® These observations
suggest that in mice, ZO-2 is important for the BBiB,
however, its function in the liver can be compensated
by ZO-1. In rats, a similar situation is expected, since
the liver of OZ rats showed a decreased amount of
Z0-2 accompanied by an increased expression of
ZO-1, in comparison to LZ animals.

Finding that ZO-2 expression diminishes in the
steatotic liver and that metformin restoration of
ZO-2 expression is accompanied by a decreased
serum content of bile acids strongly suggests that
Z0-2 can be a therapeutic target for treating liver
conditions where the BBiB is compromised. In this
regard, it is noteworthy the case of intrahepatic
cholestasis of pregnancy (ICP), a disease where
women have pruritus, hepatic impairment, and ele-
vated serum bile acids that can lead to spontaneous
preterm delivery and stillbirth (for review see [86]).
In this disease that has a complete resolution after
delivery and high recurrence rates in subsequent
pregnancies, the affected women have heterozygous
mutations in TJP2 or one of the four genes for liver
transporters: ABCB4, ABCBI11, ABCC2, and
ATP8B1,” known to generate PFIC in patients
with homozygous protein-truncating mutations.*
However, patients only manifest the cholestatic
phenotype when pregnant, typically in the third
trimester, when they might have gained the most
weight. Also, the coexistence of ICP has been
observed with acute fatty liver of pregnancy.®®®
Our observation showing that ZO-2 content
diminishes in the hypertrophic liver speculatively
suggest that in pregnant women with a steatotic
liver, a decrease in ZO-2 expression could facilitate
the development of intrahepatic cholestasis if the
woman harbors a heterozygous mutation in the
genes for TJP2 or the liver transporters ABCB4,
ABCBI11, ABCC2 or ATP8BI.



In summary, our results demonstrate that ZO-2
interacts with LATS1 and promotes its activation,
whereas ZO-2 silencing in hypertrophic kidney and
liver leads to a decrease in LATS phosphorylation
and the nuclear concentration of YAP. These
results portray ZO-2 as a novel regulator of the
Hippo pathway and explain why ZO-2 silencing
in MDCK cells leads to the previously observed
increase in cell size.* Our observations highlight
the importance of AMPK, JNK, and ZO-2 as ther-
apeutic intervention targets for the restoration of
BBiB dysfunction.
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