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Fibrosis is a pathological process characterized by infiltration
and proliferation of mesenchymal cells in interstitial space. A
substantial portion of these cells is derived from residing non-
epithelial and/or epithelial cells that have acquired the ability to
migrate and proliferate. The mesenchymal transition is also
observed in cancer cells to confer the ability to metastasize.
Here, we show that renal fibrosis induced by unilateral ureteral
obstruction and metastasis of human cancer xenografts are sup-
pressed by administration of secreted Klotho protein to mice.
Klotho is a single-pass transmembrane protein expressed in
renal tubular epithelial cells. The extracellular domain of
Klotho is secreted by ectodomain shedding. Secreted Klotho
protein directly binds to the type-II TGF-f receptor and in-
hibits TGF-B1 binding to cell surface receptors, thereby inhib-
iting TGF-PB1 signaling. Klotho suppresses TGF-B1-induced
epithelial-to-mesenchymal transition (EMT) responses in cul-
tured cells, including decreased epithelial marker expression,
increased mesenchymal marker expression, and/or increased
cell migration. In addition to TGF-f1 signaling, secreted Klotho
has been shown to inhibit Wnt and IGF-1 signaling that can
promote EMT. These results have raised the possibility that
secreted Klotho may function as an endogenous anti-EMT fac-
tor by inhibiting multiple growth factor signaling pathways
simultaneously.
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The klotho gene was originally identified as a putative aging-
suppressor gene in mice that extended life span when overex-
pressed (1) and induced complex phenotypes resembling
human premature-aging syndromes when disrupted (2). The
klotho gene belongs to a family 1 glycosidases and encodes a
single-pass transmembrane protein of ~135 kDa expressed
predominantly in renal tubular epithelial cells (2). The intracel-
lular domain is very short (10-amino acid long) and has no
known functional domains. The extracellular domain is subject
to ectodomain shedding. Klotho protein is clipped on the cell
surface by membrane-anchored proteases and the entire extra-
cellular domain (~130 kDa) is released into systemic circula-
tion (1, 3-5). Thus, Klotho protein exists in two forms: mem-
brane Klotho and secreted Klotho.

Membrane Klotho functions as an obligate co-receptor for
fibroblast growth factor-23 (FGF23) (6, 7). FGF23 is a bone-
derived hormone that acts on kidney to promote phosphate
excretion into urine and suppress vitamin D synthesis, thereby
inducing negative phosphate balance (8, 9). One critical feature
of FGF23 is that it has very low affinity to FGF receptors (10).
FGF23 requires membrane Klotho to bind to its cognate FGF
receptors and exert its biological activity. Membrane Klotho
forms a constitutive binary complex with FGF receptors to cre-
ate a de novo high-affinity binding site for FGF23 (6, 11).
Namely, membrane Klotho functions as an obligate co-recep-
tor for FGF23.

Secreted Klotho functions as a humoral factor independently
of FGF23. Secreted Klotho regulates activity of multiple ion
channels (12-14) and transporters (15) on the cell surface by
modifying their N-linked glycans through its putative glycosi-
dase activity. In addition, secreted Klotho binds to Wnt ligands
(16) and receptors for insulin/IGF-1 (1, 17) to inhibit signaling
mediated by these growth factors.

Transgenic mice that overexpress Klotho are resistant to
renal fibrosis caused by chronic glomerulonephritis (18). Renal
fibrosis is characterized by infiltration and proliferation of
myofibroblasts (fibroblast-like mesenchymal cells with con-
tractile capability) in interstitial space. The origin of myofibro-
blasts can be fibroblasts migrating from bone marrow (19),
residing renal proximal tubular cells (19), and/or renal intersti-
tial pericytes (20). Regardless of the origin, these cells must
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undergo a phenotypic transition and acquire the ability to
migrate and proliferate to become myofibroblasts. This cellular
process (mesenchymal transition) is regarded as a response to
tissue injury, but can result in fibrosis under pathological set-
tings in kidney as well as in many other tissues, including liver,
lung, and heart (21). Importantly, cancer cells can also undergo
mesenchymal transition and acquire the ability to migrate and
proliferate, leading to metastasis (21).

Although several cytokines and growth factors are involved
in mesenchymal transition, TGF-B1 has been identified as the
most potent and universal growth factor that can indepen-
dently induce mesenchymal transition in various types of cells
(22). TGF-B1 inhibits expression of the genes essential for an
epithelial phenotype (e.g. E-cadherin) and induces expression
of the genes that confer a mesenchymal phenotype (e.g. vimen-
tin, collagen-1, N-cadherin) and invasiveness (e.g. metallopro-
teases), thereby conferring the ability to migrate on the cell
(23). The critical role of TGF-B1 in tissue fibrosis and cancer
metastasis has been further endorsed by the fact that neutraliz-
ing antibodies for TGF-B1 suppress renal fibrosis (24, 25) and
cancer metastasis (26).

In this work, we report a novel function of secreted Klotho; it
interferes TGF-B1 signaling by directly binding to type-II
TGE-B receptor and inhibiting TGF-B1 binding. We also show
that renal fibrosis is associated with significant decrease in renal
Klotho expression and that Klotho replacement therapy (injec-
tion of secreted Klotho protein) alleviates renal fibrosis. Lastly,
we show that secreted Klotho protein inhibits EMT in cultured
cancer cells and suppresses cancer metastasis in mice.

EXPERIMENTAL PROCEDURES

Mice—Klotho-overexpressing transgenic mice (EFmKL46)
and their wild-type controls were previously described (1, 2).
All the other mice were purchased from The Jackson Labora-
tories (Bar Harbor, ME). All animal experiments were approved
by the Institutional Animal Care and Use Committee at the
University of Texas Southwestern Medical Center at Dallas.

Generation of Recombinant Klotho Protein—A pcDNA3.1
expression vector containing cDNA encoding the rat Klotho
extracellular domain (Met' to Lys®°) with an HPC4 tag
(EDQVDPRLIDGK) attached to the C terminus was stably
transfected in CHO-K1 cells. Recombinant rat secreted Klotho
protein was purified from conditioned medium by anti-HPC4
monoclonal antibody affinity chromatography followed by
Superdex 200 chromatography.

Unilateral Ureteral Obstruction (UUO)—Under general
anesthesia, mice (129S1/Svim] males, 8 weeks of age) were sub-
jected to unilateral ureteral obstruction (UUO)*: the right ure-
ter is exposed after a midline abdominal incision and double-
ligated. Immediately after surgery, mice were administered
with secreted Klotho protein (0.01 mg/kg or 0.02 mg/kg in 0.1
ml of vehicle), vehicle (0.1 ml of 50 mm HEPES, 150 mm NaCl, 3
uM DTT, 0.00003% Tween 80, pH 7.4), neutralizing anti-
TGEF-B1 antibody (1D11, 1.5 mg/kg, R&D Systems, Minneapo-

“The abbreviations used are: UUQ, unilateral ureteral obstruction; EMT, epi-
thelial-to-mesenchymal transition; ADC, apparent diffusion coefficient;
SMA, smooth muscle actin.
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lis, MN), or normal mouse IgG; (1.5 mg/kg, R&D Systems) by
intraperitoneal injection. The same treatments were repeated
every 48 h until mice were used 3 or 7 days after UUO surgery.

Magnetic Resonance Imaging (MRI)—T2-weighed images
and ADC maps were generated using a 7-T small-animal MR
system (Varian, Palo Alto, CA) as previously described (27).

Histological Analysis—Kidneys were excised before or 3 or 7
days after UUO. A part of the kidney was fixed in buffered 10%
formalin and processed for standard paraffin sections. The sec-
tions were stained with hematoxylin-eosin for cell density
measurement as previously described (27). The sections were
also stained with Masson’s trichrome to detect fibrotic area as
blue staining, which was quantified by manually tracing the
blue area in 5 randomly selected microscopic fields as in cell
density measurements.

Immunohistochemistry—Paraffin sections of the kidney were
stained with antibodies against aSMA (Sigma) and collagen-1
(Abcam, Cambridge, MA) as previously described (28). The sig-
nal intensity of collagen-1 was quantified using Image] software
as previously described (28).

Cell Culture and Transfection—Rat renal epithelial
(NRK52E) and human embryonic kidney (HEK293) cells were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA). A549 and 3LL (Lewis Lung cancer) cells were
generous gifts from Drs. John Minna and Philip Thorpe at UT
Southwestern, respectively. These cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 5%
or 10% fetal bovine serum (FBS) and penicillin/streptomycin.
The A549 cell line that stably expressed Klotho (A549KL) and
the control line (A549mock) were generated by transfecting a
Klotho expression vector (pEFmKL) (6) or empty vector
(pEF1, Invitrogen, Carlsbad, CA), respectively, followed by
G418 selection as previously described (6). All cells were
mycoplasma-free.

Luciferase Reporter Assay—HEK293 and A549 cells were
transfected with a reporter vector that expressed luciferase
under the control of Smad (pGTCT2 X 2-Luc) and a lacZ
expression vector for normalization using Lipofectamine
(Invitrogen). Sixteen (16) hours after transfection, medium was
changed to DMEM with 0.05% FBS and, 2 h later inoculated
with Klotho or vehicle. Fifteen (15) minutes later cells were
stimulated with TGF-B1 (1.0 ng/ml) for 24 h and subjected to
standard luciferase and B-galactosidase assays.

Quantitative RT-PCR (qPCR)—RNA extraction and qPCR
were performed as previously described (6, 29). Primers used
for qPCR were shown in supplemental Table S1.

Immunoblot Analysis—Protein extraction and immunoblot
analysis were performed as previously described (6, 29). Pri-
mary antibodies used in this study were Klotho (KM2119)(30),
aSMA, Vimentin (Santa Cruz Biotechnology), E-Cadherin (BD
Biosciences, San Jose, CA), N-cadherin (Santa Cruz Biotech-
nology), phosphorylated Smad2 (Cell Signaling Technology,
Beverley, CA), phosphorylated Smad3 (Cell Signaling), Smad2
(Cell Signaling), Smad3 (Cell Signaling), GAPDH (Abcam).
Secondary antibodies used in this study were mouse IgG-HRP,
rat IgG-HRP, and human IgG-HRP (GE Healthcare, UK). Sig-
nals were detected using the SuperSignal West Dura system
(Thermo Fisher, Rockford, IL).
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FIGURE 1. Effects of Klotho protein injection on renal morphology in UUO mice determined by MRI. A, typical T2 weighted MR images from mice before
(Day 0) and after UUO (Day 3 and Day 7) administered with vehicle (upper panels) or Klotho (0.02 mg/kg, lower panels) by intraperitoneal injection every 48 h.
The arrow indicates enlarged pelvis. B, changes in the volume of pelvis and parenchyma determined by the MR images. Right kidneys (UUO) and left kidneys
(Control) from Klotho-treated mice (red, n = 6) and vehicle-treated mice (blue, n = 4) were compared.

Klotho Binding Assay in Vitro—Recombinant proteins of
receptor ectodomain (TGFBR1, TGFBR2, FGFR1c, FGFR1b,
LRP6, EGFR, PDGFR) with an Fc tag on the C termini (1 ug,
R&D Systems) were incubated with Protein A-Sepharose
beads (20 ul of 50% v/v slurry, Thermo Fisher) in 0.2 ml of
binding buffer (Krebs-Ringer-Hepes buffer (KRH) with 0.1%
bovine serum albumin (BSA)) at room temperature for 1 h.
After washing with binding buffer, Klotho protein (0.66 g
in 0.2 ml of binding buffer) was added and incubated at room
temperature for 1 h. The beads were washed three times with
binding buffer and three times with KRH without BSA. The
beads were then boiled in SDS-sample loading buffer and
subjected to immunoblot analyses using anti-Klotho
(KM2119) or anti-human IgG-HRP (GE Healthcare) anti-
bodies. To determine the apparent dissociation constant
(K,) between Klotho and TGFBR2 in vitro, quantitative
binding assay was performed. Recombinant TGFBR2 ect-
odomain with an Fc tag (2.5 ng) was incubated with protein
A beads (20 ul of 50% v/v slurry) in 0.2 ml of binding buffer.
After washing, the beads were resuspended in 0.2 ml of bind-
ing buffer containing Klotho protein (0.3 nm) and incubated
at room temperature for 1 h. The supernatant and the beads
were separated by centrifugation. Concentration of bound
Klotho and free Klotho was quantified by immunoblot anal-
yses using known amounts of recombinant Klotho protein
for calibration. Nonspecific binding (Klotho bind-
ing to protein A beads without TGFSR2) was undetectable
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by immunoblot analysis. The K, was calculated using
Equation 1.

K, = [free Klotho]([total TGFBR2]
— [bound Klotho])/[bound Klotho] (Eq.1)

TGF-B1 Binding Assay in Vitro—Recombinant TGFBR2 (2.5
ng) was incubated with protein A beads (20 ul of 50% v/v slurry)
in 0.2 ml of binding buffer (KRH with 0.1% BSA) for 1 h at room
temperature. After washing, the beads were incubated in 0.2 ml
of binding buffer containing a fixed amount of '**I-TGF-g1
(0.25 nm) and increasing amount of Klotho (0— 8.3 nm) for 1 hat
room temperature. Beads were washed three times with KRH
with 0.1% BSA, three times with KRH without BSA, and then
counted in a scintillation counter. Nonspecific binding was
determined by replacing Klotho with unlabeled TGF-B1 in
excess of 100-fold of *’I-TGF-B1. The K, between TGF-£1
and TGFBR2 in vitro (0.77 nMm) was calculated based on the
count from samples without Klotho. The equilibrium dissocia-
tion constant of Klotho calculated by the allosteric modulator
model and by the one-site fit model (the Prism 5 software) was
3.5 and 3.4 nwm, respectively.

Inhibition of TGF-B1 Binding in Cultured Cells—NRK52E
and A549 cells were cultured to confluence in 24-well plates.
Wells were washed with KRH with 0.1% BSA and then incu-
bated for 1 h at room temperature with a fixed amount of *?°I-
TGEF-B1 (0.25 nM) and increasing amount of Klotho (0, 0.1, and
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FIGURE 2. Effects of Klotho protein injection on renal cell density in UUO mice determined by MRI. A, typical ADC maps from mice before (Day 0) and after
UUO (Day 3 and Day 7) administered with vehicle (upper panels) or Klotho (0.02 mg/kg, lower panels). B, changes in the average ADC values. Data indicate
means £ S.E. ¥, p < 0.05 versus vehicle-treated mice at the same time points by two-tailed t test. #, p < 0.05 versus mice at Day 0 by two-tailed t test.

0.3 nM). The cells were rinsed three times with ice-cold KRH
with 0.1% BSA, lysed in 0.2 ml of lysis buffer (1% SDS and 1N
NaOH), and counted in a scintillation counter. Nonspecific
binding was determined by replacing Klotho with unlableled
TGE-B1 at 100-fold of **’I-TGF-1.

Cancer Cell Transplantation—A549mock or A549KL cells
were injected into athymic mice (females at 8 weeks of age) by
tail vein injection (2 X 10° cells per mouse). 3LL cells were
injected into wild-type mice (8 weeks of age) and age/sex-
matched Klotho-overexpressing transgenic mice (2 X 10° cells
per mouse) by tail vein injection. Also, 3LL cells were injected
into wild-type mice (2 X 10° cells per mouse, 8 weeks of age)
and then treated with either Klotho protein (0.01 mg/kg, intra-
peritoneal) or vehicle every other day. Survival of mice was
monitored for Kaplan-Meier analyses. For quantification of
metastasis, A549mock and A549KL cells were labeled with GEP
and RFP, respectively, and mixed at 1:1 ratio. Mixed A549 cells
were injected into athymic mice (2 X 10° cells per mouse).
Lungs were harvested 7 days after injection, digested with col-
lagenase I, and plated on 10 cm plates for 9 days. Metastatic
indices for A549mock and A549KL were measured as the num-
ber of GFP colonies and REP colonies, respectively. Also, 3LL
cells were transplanted at the flanks of athymic mice by subcu-
taneous injection (2 X 10° cells per mouse) and treated with
Klotho protein (0.01 mg/kg, intraperitoneal) or vehicle every
other day for 10 days. Lungs were harvested 21 days after trans-
plantation and the number of metastatic nodules was counted.

Cell Migration Assay—A549 cells stably transfected with a
CMV-luciferase expression vector were incubated with or
without TGF-B1 (2 ng/ml) or Klotho (5 nm) for 6 h and then
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transferred to Transwell chambers (20,000 cells per well). Cells
migrating from the upper to lower chambers in 5 days were
quantified by standard luciferase assays.

RESULTS

Recent studies demonstrated that forced expression of the
klotho gene in extra-renal tissues mitigated decline of renal
function in rodent models of chronic and acute renal failure (18,
31, 32), suggesting that the klotho gene product might function
as a renoprotective factor in a non-cell-autonomous manner.
To test a hypothesis that the secreted Klotho might mediate the
renoprotective properties of the klotho gene, we investigated
potential therapeutic effects of secreted Klotho on experimen-
tally induced renal damage in mice.

UUO (obstruction of the right ureter by ligation) is a well-
characterized experimental procedure that induces acute renal
fibrosis in rodents (33). Ureteral obstruction induces hydrone-
phrosis and results in renal fibrosis within a week. To determine
whether Klotho protects kidneys from fibrosis induced by
UUO, we administered purified recombinant secreted Klotho
protein (0.01 mg/kg or 0.02 mg/kg) or vehicle into mice imme-
diately after UUO by intraperitoneal injection followed by every
other day injection and evaluated renal fibrosis 3 days and 7
days after UUO.

UUO induced progressive hydronephrosis as evidenced by
enlargement of right renal pelvis in magnetic resonance imag-
ing (MRI) analysis (Fig. 14) (27). The average volume of pelvis
was not different between Klotho-treated and vehicle-treated
mice (Fig. 1B), indicating that Klotho treatment did not affect
the severity of hydronephrosis induced by UUO. In contrast,
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FIGURE 3. Effects of Klotho protein injection on cell density and fibrosis in UUO mice determined by histological analysis. A, typical histology of UUO
kidneys from mice treated with vehicle or Klotho. Paraffin sections of UUO kidneys were stained with hematoxylin-eosin staining. The arrow indicates
infiltration of myofibroblasts in the interstitial space. B, quantification of cell density. Five fields on a coronal section were selected randomly, and the number
of nuclei in each field was counted under a high power field (original magnification X400) by using the ImagelJ software as described previously (27). Data
indicate means = S.E. p < 0.01 between the Vehicle-treated group (n = 4) and the Klotho-treated group (n = 6) in UUO kidneys by two-tailed t test. C, typical
histology of UUO kidneys from mice treated with vehicle or Klotho. Paraffin sections of UUO kidneys were stained with Masson’s trichrome that detected
connective tissue as blue staining. D, Quantification of fibrotic area. Five fields on the coronal section were randomly selected and the ratios of blue to total
areas in each field were counted in a high power field (original magnification X400) using the ImageJ software. Data indicate means = S.E. p < 0.05 between

the vehicle-treated group (n = 4) and the Klotho-treated group (n = 6) in UUO kidneys by two-tailed t test.

the average volume of renal parenchyma in vehicle-treated
mice was significantly smaller than that in Klotho-treated mice
(Fig. 1, A and B), suggesting that Klotho treatment prevented
parenchymal contraction associated with fibrosis. The con-
tralateral non-obstructed left kidney did not exhibit significant
changes in the pelvis and parenchymal volume (Fig. 1, A and B).

Another characteristic feature of UUO-induced renal fibro-
sis is infiltration of myofibroblasts into the interstitial space,
which, in combination with contraction of the parenchymal
volume, results in significant increase in parenchymal cell den-
sity. Increases in cell density and extracellular matrices associ-
ated with fibrosis restrict Brownian motion of water molecule
in interstitial space that can be quantified by MRI as decreases
in ADC (34). We reported that decrease in ADC was correlated
with increase in cell density and expression levels of a-smooth
muscle actin (¢SMA), a marker for myofibroblasts, in UUO-
induced renal fibrosis (27). The average ADC value in Klotho-
treated mice was significantly higher than that in vehicle-
treated mice (Fig. 2, A and B), indicating that Klotho treatment
alleviated increases in cell density in renal parenchyma.

Consistent with the MRI findings, histological analysis con-
firmed that Klotho protein injection attenuated increases in cell
density (Fig. 3, A and B) and connective tissues (Fig. 3, Cand D).
These observations suggest that Klotho protein injection is an
effective treatment for renal fibrosis induced by UUO. Because
UUO significantly reduced Klotho expression (Fig. 44) and
Klotho replacement therapy alleviated renal fibrosis, we con-
clude that reductions in renal Klotho expression contribute to
pathogenesis of renal fibrosis.

ACEEVON

MARCH 11,2011 +VOLUME 286+NUMBER 10

To elucidate the molecular mechanism underlying the anti-
fibrosis activity of Klotho, we asked if Klotho administration
would alter expression of the genes involved in fibrogenic pro-
cesses (23). We observed significant increase in expression of
multiple mesenchymal markers in the UUO kidney, including
aSMA (Fig. 4B, supplemental Fig. S1), collagen-1 (Fig. 4C, sup-
plemental Fig. S2), Vimentin, and Matrix metallopeptidases
(MMP-2, -3, -9) (supplemental Fig. S3) at the mRNA and/or
protein levels. We also observed increased expression of Twist
and Snail-1 (supplemental Fig. S3), transcription factors that
transactivate these genes to confer mesenchymal phenotypes
(35). Of note, induction of Snail-1 expression was sufficient to
induce renal fibrosis in mice (36). Klotho treatment attenuated
induction of Snail-1, as well as all these mesenchymal markers
(Fig. 4, B and C, supplemental Figs. S1-S3).

Because Snail-1 expression is primarily induced by TGF-£1
(37), we speculated that Klotho might suppress UUO-induced
increases in TGF-f1 expression in kidney. However, it was not
the case (Fig. 4D). Expression of other inflammatory cytokines,
including IL-1a and TNF-«, were not suppressed, either (data
not shown). These observations suggest that secreted Klotho
does not reduce TGE- 1 expression through alleviating inflam-
matory responses, in general, but may specifically inhibit
TGE-B1 signaling.

To test this possibility, we stimulated cultured renal epithe-
lial cells (NRK52E) with TGF-B1 in the presence or absence of
secreted Klotho protein and asked if Klotho might inhibit the
canonical TGF-B1 signaling pathway. TGF-B1 signaling is
mediated by two types of receptor serine-threonine kinases
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FIGURE 4.Klotho protein injection suppresses mesenchymal marker expression in UUO kidney. A, Klotho mRNA levels determined by quantitative RT-PCR
(gPCR). Right kidneys (UUO) and left kidneys (Control) from mice treated with vehicle (n = 5) and Klotho (0.01 mg/kg or 0.02 mg/kg, n = 5 for each dose) were
compared on Day 3 and Day 7. Expression levels of mRNA were normalized with those in normal kidneys (Day 0). Data indicate means = S.E.*, p < 0.05; **, p <
0.01 versus vehicle-treated mice at the same time points by two-tailed t test. #, p < 0.05 versus mice at Day 0 by two-tailed t test. B, «SMA mRNA levels.

C, collagen-1 mRNA levels. D, TGF-B1 mRNA levels.

(38). Binding of TGF-B1 to the type-II receptor (TGFBR2)
recruits and activates the type-I receptor (TGFBR1) that phos-
phorylates Smad2/3. Phosphorylated Smad2/3 translocates
into the nucleus and functions as a transcription factor to reg-
ulate expression of TGF-B1 target genes. Klotho inhibited
TGF-B1-induced phosphorylation of Smad2 in a dose-depen-
dent manner in NRK52E cells (Fig. 54) and transactivation of a
Smad-responsive reporter in HEK293 human embryonic kid-
ney cells (Fig. 5B) and in NRK52E cells (supplemental Fig. S5).
Klotho also suppressed TGF-B1-induced increases in aSMA
(Fig. 5C) and Vimentin (Fig. 5D) expression in cultured renal
epithelial cells.

As a potential molecular mechanism by which secreted
Klotho inhibits TGF-B1 signaling, we identified direct protein-
protein interaction between Klotho and the TGFBR2 (Fig. 6A).
The apparent dissociation constant (K ;) of Klotho and TGF-B1
to TGEFBR2 in vitro was 1.9 nm and 0.77 nu, respectively. We
previously identified high affinity binding of Klotho to fibro-
blast growth factor receptor (FGFR) 1c (K, = 72 nm) (39).
Although binding of Klotho to FGFR1c significantly enhanced
the affinity of FGFR1c to a particular FGF ligand (FGF23) (6, 7),
binding of Klotho to TGFBR2 significantly reduced TGF-S1
binding to TGFBR2 in vitro (Fig. 6B), as well as to the surface of
cultured renal epithelial cells (Fig. 6C) and lung epithelial cells
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(supplemental Fig. S6), which explains the ability of Klotho to
inhibit TGF-pB1 signaling. In addition, the ability of Klotho to
inhibit TGF-B1-induced activation of Smad-sensitive reporter
activity was slightly attenuated or completely abolished by
overexpression of TGFBR2 or constitutive-active TGFBR1,
respectively (supplemental Fig. S5), further confirming that
Klotho acts to abrogate TGFBR2 function. It remains to be
determined whether Klotho inhibits TGF-B1 binding in a com-
petitive or allosteric manner.

Because inhibition of TGF-B1 activity by administration of
neutralizing antibody for TGF-B1 mitigated UUO-induced
renal fibrosis (25), we hypothesized that the anti-fibrosis activ-
ity of secreted Klotho protein might be attributed to its ability
to inhibit TGF-B1 signaling, at least in part. To support this
hypothesis, we treated UUO mice with the TGF-B1 antibody
alone or Klotho protein alone or both in combination, and
asked if the combination treatment would exert additive ther-
apeutic benefits when compared with individual treatments.
Effects of the TGF-B1 antibody treatment on expression of
mesenchymal markers were comparable with those of the
Klotho protein treatment. The combination treatment with the
TGEF-B1 antibody and Klotho protein did not induce further
suppression of mesenchymal marker expression (Fig. 7), which
did not contradict the notion that TGF-B1 antibody and Klotho
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FIGURE 5. Klotho protein inhibits TGF-£1 signaling and suppresses expression of mesenchymal markers in cultured cells. A, Klotho inhibits TGF-31-
induced phosphorylation of Smad2. NRK52E renal epithelial cells were incubated with secreted Klotho protein at the indicated doses for 30 min and then
stimulated with TGF-B1 (10 ng/ml) for 30 min. Cell lysates were subjected to immunoblot analysis using antibody against phosphorylated Smad2 (pSmad2) or
antibody that recognized Smad2 regardless of its phosphorylation state (Smad2). Typical results of 5 independent experiments are shown (upper panel).
pSmad2/Smad2 ratios in each treatment were normalized with those without TGF-B1 and Klotho. Data indicate means = S.E. of five independent experiments
(lower panel). p = 0.02 by one-way ANOVA. B, Klotho inhibits TGF-B1-induced activation of a Smad-responsive reporter. HEK293 cells were transfected with a
luciferase reporter containing Smad response elements (pGTCT2 X 2-Luc) and a lacZ expression vector for normalization. These cells were incubated with
TGF-B1 and/or Klotho at the indicated doses and subjected to standard luciferase assays. Data indicate means = S.E. of three independent experiments. p =
0.01 by one-way ANOVA. C, Klotho suppresses TGF-B1-induced increase in a-smooth muscle actin («SMA) protein. NRK52E cells were incubated with Klotho
protein and TGF-B1 at the indicated doses for 48 h in DMEM supplemented with 1% FBS. Cell lysates were subjected to immunoblot analysis using antibodies
against «SMA and tubulin. A typical result of five independent experiments was shown (upper panel). The «SMA/tubulin ratios in each treatment were
normalized with those without treatment. Data indicate means = S.E. of five independent experiments (lower panel). *, p < 0.01 by one-way ANOVA. D, same
as C, except that anti-Vimentin antibody was used.

might suppress renal fibrosis by a common mechanism,
namely, by preventing TGF-$1 from binding to TGFBR2.

TGEF-B1-mediated mesenchymal transition plays a critical
role not only in tissue fibrosis, but also in cancer metastasis (21).
Once cancer cells undergo EMT, they acquire the ability to
migrate from the primary lesion and invade into neighboring
tissues and blood vessels, leading to formation of metastatic
lesions.

To verify potential anti-metastasis activity of Klotho, we first
tested whether forced expression of Klotho in cancer cells
might suppress metastasis in mice with cancer xenografts. A
human lung cancer cell line, A549, was stably transfected with
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an expression vector for membrane Klotho protein or a mock
vector. Klotho-transfected cells released Klotho ectodomain
(secreted Klotho protein) into conditioned medium (supple-
mental Fig. S4). Cell lines that showed no difference in cell
cycle distribution, growth rates, and plating efficiency in cul-
ture were selected and transplanted into athymic mice by tail
vein injection. Mice injected with Klotho-expressing A549
cells (A549KL) survived significantly longer than those
injected with an equal number of mock-transfected cells
(A549mock) (Fig. 8A). Consistent with the improved sur-
vival, A549KL cells generated less metastasis than
A549mock cells (Fig. 8B). Also, A549KL cells exhibited
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FIGURE 6. Klotho binds to TGFBR2 and inhibits TGF-B1 binding to the receptor. A, direct protein-protein interaction between Klotho and TGF BR2. Klotho
protein was incubated with recombinant receptor ectodomain proteins with a human Fc tag and pulled down with protein A beads. The beads-bound protein
was detected by immunoblot analysis using anti-Klotho (upper panel) or anti-human IgG (Fc, lower panel) antibodies. TGF BR2; Type-Il TGF-B receptor, FGFR1b;
fibroblast growth factor receptor 1« (lllb), FGFR1¢; fibroblast growth factor receptor 1« (llic), TGFBR1; Type-l TGF-f receptor, LRP-6; LDL receptor-related
protein 6, EGFR; epidermal growth factor receptor, PDGFR; platelet-derived growth factor receptor-a. Klotho was reported to bind to FGFR1c but not to FGFR1b
(6, 39), which served as positive and negative controls, respectively. B, Klotho inhibits TGF-B1 binding to TGFBR2 in vitro. TGF-B1 binding assays were
performed using recombinant TGFBR2 protein on protein A beads in the presence of Klotho protein. Data indicate means of duplicated measurement and a
fitting curve (R* = 0.776). C, Klotho inhibits TGF-B1 binding to renal epithelial cells. TGF-81 binding assay was performed in NRK52E cells in the presence of
Klotho protein. Data indicate means = S.E. (n = 4 for each dose). p = 0.017 by one-way ANOVA.
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FIGURE 7. Minimal additive effect of Klotho protein and neutralizing TGF-£1 antibody on mesenchymal marker expression in UUO kidney. UUO mice
were treated with Klotho (0.02 mg/kg, intraperitoneal) or TGF-B1 antibody (1.5 mg/kg, intraperitoneal) or both every 48 h. On Day 7, mRNA levels of «SMA and
collagen-1 in the right (UUO) and left (Control) kidneys were determined by qPCR. Data indicate means = S.E. #, p < 0.05 versus mice without treatment by

two-tailed t test.

attenuation of Smad3 phosphorylation induced by TGF-B1
(supplemental Fig. S4B).

To determine whether the inhibitory effect of Klotho on can-
cer metastasis was cell-autonomous, we next asked if trans-
genic mice that overexpressed Klotho (1, 2) would survive can-
cer transplantation longer than wild-type mice. For this
purpose we used another human cancer cell line, 3LL (Lewis
Lung cancer), which is an aggressive cell line that can prolifer-
ate and metastasize in syngeneic mice when injected in tail vein
or via subcutaneous injections. Transplantation of 3LL cells
killed all the wild-type mice within 25 days. In contrast, 40% of
Klotho-overexpressing transgenic mice survived beyond 25
days (Fig. 8C), indicating that the anti-metastasis activity of
Klotho may be non-cell-autonomous and possibly mediated by
secreted Klotho.

Lastly, we tested whether injection of secreted Klotho pro-
tein would suppress cancer metastasis. Wild-type mice were
exposed to 3LL cells by intravenous injection and then treated
with secreted Klotho protein (0.01 mg/kg) or vehicle in the
same way as we did for UUO mice. Klotho-treated mice sur-
vived significantly longer than vehicle-treated mice (Fig. 8D).
To further confirm that Klotho treatment reduced metastasis,
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we transplanted 3LL cells into athymic mice at flank regions by
subcutaneous injection and then treated them with vehicle or
secreted Klotho protein. Klotho-treated mice generated
fewer metastatic nodules in the lung than vehicle-treated
mice (Fig. 8E).

Consistent with these findings in vivo, secreted Klotho
protein inhibited TGF-B1 signaling and suppressed EMT in
cultured A549 cells. Klotho inhibited TGF-B1-induced phos-
phorylation of Smad3 (Fig. 94), transactivation of the Smad-
responsive reporter (Fig. 9B), and binding of TGF-1 to the cell
surface (Fig. 9C) in a dose-dependent manner, as observed in
renal epithelial cells (Fig. 5). TGF-B1 treatment caused
decreased epithelial marker expression (E-cadherin), increased
mesenchymal marker expression (N-cadherin) (Fig. 9D), and
increased migration of A549 cells (Fig. 9E). All these TGF-S1-
induced EMT responses were attenuated by adding secreted
Klotho protein to the medium.

DISCUSSION

We have demonstrated that secreted Klotho suppresses renal
fibrosis induced by UUO (Figs. 1-4, supplemental Figs. S1-S3)
and cancer metastasis in mice transplanted with human cancer
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FIGURE 8. Klotho suppresses cancer metastasis and improve survival in
mice. A, mice transplanted with A549KL cells (n = 10) survived longer than
those transplanted with A549mock cells (n = 10). p = 0.038 by log-rank test.
B, A549KL cells metastasize to the lung less efficiently than A549mock cells.
A549KL and A549mock cells were labeled with different colors (GFP or RFP),
mixed at 1:1 ratio, and transplanted into athymic mice (n = 6) by tail vein
injection. Cells colonized in the lung were quantified by counting the number
of colonies grown from the lung primary culture (metastatic index). Data indi-
cate means = S.E. *, p < 0.05 by two-tailed t test. C, Klotho-overexpressing
transgenic mice (KL-Tg, n = 10) survived the 3LL transplantation longer than
wild-type mice (WT, n = 10). p = 0.008 by log-rank test. D, Klotho protein
injection improved survival of 3LL-transplanted mice. Wild-type mice were
transplanted with 3LL cells by tail vein injection and then treated with Klotho
protein (0.01 mg/kg, every 48 h, n = 14) or vehicle (n = 27). p = 0.014 by
log-rank test. E, athymic nude mice were transplanted with 3LL cells by sub-
cutaneous injection and then treated with Klotho protein (0.01 mg/kg, intra-
peritoneal, every 48 h, n = 10) or vehicle (n = 10) for 10 days. Lungs were
harvested 3 weeks after transplantation to count the number of metastatic
nodules. *, p < 0.05 by one-tailed t test with Welch'’s correction.

cells (Fig. 8). As a potential mechanism, we identified a novel
activity of Klotho that inhibits TGEF- 31 signaling (Figs. 5, A and
Band 9, A and B, & supplemental Fig. S5) and EMT responses
both in vitro (Fig. 5, Cand D and 9, D and E, & supplemental Fig.
S4) and in vivo (Fig. 4 & supplemental Fig. S3). Secreted Klotho
binds to TGFBR2 and inhibits binding of TGF-B1 both in test
tubes (Fig. 6, A and B) and in cultured cells (Figs. 6C and 9C and
supplemental Figs. S5 and S6). Because TGF-31 has been impli-
cated as a “master switch” of EMT in various types of cells and
because EMT plays a critical role both in tissue fibrosis and in
cancer metastasis (22), the present study has raised the possi-
bility that the ability of secreted Klotho to inhibit TGF-p1 sig-

MARCH 11,2011 +VOLUME 286+NUMBER 10

Klotho Inhibits TGF-31 Signaling

A C 150

TGF-1(ng/m) | 0| 2|2 |2 |2 |2

o
o

Klotho (nM) | 0 | 0 |0.3| 1 |3 [10

pSmad3

Bound TGF-B1
(% maximum)

50
SMad3 | we——————
0
0 0.1 0.3
Klotho (nM)
B 4q D
TGF-p1 (ng/ml) | o 2 0 2
_ P=0.02
o Klotho (nM) | 0 o |10 | 10
3 34
2 E-Cadherin | ** —== S s
©
2 N-Cadherin |+« soes -
S 24
; GAPDH |  ssmme s e
=
5
e 1 E 3.0
2
o E 2.0
0 Zc
el
TGF-pi(ng/mh| 0 |0 |2 |2 |2 |2 oG
o 5 1.0
Klotho (nM)| 0 | 10 | O 1 3 |10 S

0.0
TGF-B1 (ng/ml) | o 2 0 2

Klotho (nM) | 0 0 5 5

FIGURE 9. Secreted Klotho inhibits EMT in A549 cancer cells. A, Klotho
inhibits TGF-B1-induced phosphorylation of Smad3 in A549 cells. A549 cells
were incubated with secreted Klotho protein for 15 min and then stimulated
with TGF-B1 for 15 min at the indicated doses. Cell lysates were subjected to
immunoblot analyses using antibody against phosphorylated Smad3
(pSmad3) or antibody that recognized Smad3 regardless of its phosphoryla-
tion state (Smad3). B, Klotho inhibits TGF-B1-induced activation of the Smad-
responsive reporter. A549 cells were transfected with a luciferase reporter
containing Smad response elements (pGTCT2 X 2-Luc) and a lacZ expression
vector for normalization. These cells were incubated with TGF-B1 or Klotho at
the indicated doses for 6 h and subjected to a standard luciferase assay. The
luciferase activity was normalized with that of non-treated cells. Data indicate
means = S.E. of three independent experiments. p = 0.02 by one-way
ANOVA. ¢, Klotho inhibits TGF-B1 binding to A549 cells. TGF-B1 binding
assays were performed in A549 cells in the absence or presence of Klotho
protein (0.1 or 0.3 nm). The amount of bound TGF-B1 was normalized with
that without Klotho. Data indicate means = S.E. of four independent experi-
ments. p = 0.006 by one-way ANOVA. D, Klotho protein suppresses TGF-B1-
induced decrease in E-cadherin and increase in N-cadherin. A549 cells were
treated with TGF-B1 and/or Klotho at the indicated doses for 6 h and then
subjected to immunoblot analyses 48 h later. E, Klotho protein suppresses
TGF-B1-induced cell migration. A549 cells were treated with TGF-B1 and/or
Klotho at the indicated doses for 6 h and then subjected to a standard Tran-
swell migration assay. Data indicate means = S.E. of three independent
experiments. *, p < 0.001 versus TGF-B1 treatment alone by two-tailed t test.

naling may contribute to the therapeutic effects of Klotho on
renal fibrosis and cancer metastasis, at least in part. Lack of
additive effects of Klotho and anti-TGF-1 antibody on EMT in
vivo (Fig. 7) indirectly supports this hypothesis. However,
secreted Klotho inhibits not only TGF-1 but also Wnt (16) and
IGF-1 signaling (1, 17) that can all contribute to the promotion
of EMT. Thus, it is likely that the anti-EMT properties of
Klotho may be attributed to its ability to inhibit TGF-£1, Wnt,
and IGF-1 signaling pathways simultaneously. Further studies
are necessary to determine which activity of Klotho contributes
most significantly to the therapeutic effects of secreted Klotho
on renal fibrosis and caner metastasis.

Renal fibrosis is a final common pathology of chronic kidney
disease (CKD). More than 26 million Americans, or 13% total
population, has CKD and is increasingly recognized as a global
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public health problem (40). CKD is associated with marked
decrease in renal Klotho expression (41). These observations
and the present study justify urgent need for pre-clinical and
clinical studies to test whether Klotho deficiency may contrib-
ute to pathogenesis of renal fibrosis in CKD and that Klotho
replacement therapy may be effective for CKD-induced renal
fibrosis as well.

The present study used MRI as a non-invasive method for
evaluating renal fibrosis in mice. This is because MRI, unlike
computed tomography (CT), can detect and quantify fibrosis-
associated changes at the histological and functional level. ADC
determined by MRI reflects cell density in renal parenchyma,
which correlates the degree of fibrosis and mesenchymal
marker expression as shown in our previous (27) and present
studies. Also, decreased ADC is associated with decreased glo-
merular filtration rate (42), suggesting that ADC measurement
allows evaluation of functional difference between the right or
left kidney. In addition, MRI is free from ionizing irradiation.
Currently, MRI is not regarded as a standard diagnostic tool for
renal fibrosis in humans. However, these advantages of MRI
over CT may justify further validation of renal ADC as a bio-
marker for monitoring presence, progression, and response to
therapy in human renal fibrosis.

Several studies have identified association between Klotho
and cancer in humans. Decreased Klotho expression is associ-
ated with invasive breast cancer (17) and cervical cancer (43).
These studies observed loss of Klotho expression primarily in
invasive carcinoma, but not in carcinoma in situ or the early
non-invasive phase, suggesting that Klotho may be involved not
in cancer initiation but in cancer metastasis. These findings
coincide with the fact that Klotho counteracts EMT, and imply
that adverse effects of decreased Klotho on cancer may be
enhanced in a population with accelerated cancer initiation. In
fact, a functional variation of Klotho (F352V/C370S) that
exhibits reduced secretion in in vitro experiments (44) is asso-
ciated with increased risk for breast and ovarian cancer as well
as with younger age at diagnosis among BRCA1 mutation car-
riers (45). Because inhibition of IGF-1 receptor suppresses
breast cancer (46), these observations have been explained by
the ability of Klotho to suppress IGF-1 signaling (1, 17). The
present study has raised the possibility that the ability of Klotho
to suppress TGF-1 signaling may also partly contribute to the
anti-cancer properties of Klotho.

Although we have shown a novel activity of secreted Klotho
that inhibits TGF-f1 signaling, we have not excluded the pos-
sibility that the activity of secreted Klotho that inhibits IGF-1
(1,17) and Wnt (16) signaling pathways may also contribute to
the therapeutic effects of secreted Klotho on renal fibrosis and
cancer metastasis. Because Wnt can also function as a mediator
of mesenchymal transition, we tested whether inhibition of
Wnt signaling contributed to the therapeutic effect of secreted
Klotho protein on renal fibrosis. We introduced renal fibrosis
by UUO in TOPGAL mice, which carried a transgene that
expressed [(-galactosidase in response to activation of the
canonical Wnt signaling pathway (47), and treated them with
Klotho protein (0.02 mg/kg, intraperitoneal, every other day) or
vehicle for 7 days. We were unable to detect significant decrease
in B-galactosidase activity by the Klotho treatment in the UUO
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kidneys (data not shown). Together with the finding that com-
bination therapy of secreted Klotho and TGF-B1 neutralizing
antibody did not exhibit significant additive benefits (Fig. 7), we
speculate that contribution of TGF- 1 signaling inhibition may
be more significant than that of Wnt signaling inhibition to the
therapeutic effects of secreted Klotho on UUO-induced renal
fibrosis. Additional studies are needed to make a more defini-
tive conclusion whether or not the ability of Klotho to inhibit
TGEF-B1 signaling contributes to its anti-EMT properties.

IGF-1, Wnt, and TGF-f1 signaling pathways have been tar-
gets of therapeutic interventions in various types of tissue fibro-
sis and/or cancer. Secreted Klotho protein is unique in that it
can inhibit these three signaling pathways simultaneously. This
unique feature of secreted Klotho protein can be a major advan-
tage over numerous individual inhibitors in clinical and pre-
clinical development, including IGF-1 receptor antibodies,
tyrosine kinase inhibitors (48), Wnt signaling inhibitors (49),
TGF-B1 neutralizing antibodies, soluble TGFBR2, and TGF-f3
receptor kinase inhibitors (50, 51). In addition, Klotho therapy
will be safe, since Klotho overexpression extends life span in
mice (1). We suggest that secreted Klotho protein may be a
novel therapeutic reagent for tissue fibrosis and cancer metas-
tasis with unique mechanism of action.
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