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Abstract

Klotho was originally discovered as an aging-suppressor gene. The purpose of this study was to
investigate whether secreted Klotho (SKL) affects the proliferation and differentiation of adipose-
derived stem cells (ADSCs). RT-PCR and Western blot analysis showed that short-form Klotho
was expressed in mouse ADSCs. The K/otho gene mutation KL(—/-) significantly decreased
proliferation of ADSCs and expression of pluripotent transcription factors (Nanog, Sox-2, and
Oct-4) in mice. The adipogenic differentiation of ADSCs was also decreased in KL(-/-) mice.
Incubation with Klotho-deficient medium decreased ADSC proliferation, pluripotent transcription
factor levels, and adipogenic differentiation, which is similar to what was found in KL(-/-) mice.
These results indicate that Klotho deficiency suppresses ADSC proliferation and differentiation.
Interestingly, treatment with recombinant SKL protein rescued the Klotho deficiency-induced
impairment in ADSC proliferation and adipogenic differentiation. SKL also regulated ADSCs’
differentiation to other cell lineages (osteoblasts, myofibroblasts), indicating that SKL maintains
stemness of ADSCs. It is intriguing that overexpression of SKL significantly increased PPAR-y
expression and lipid formation in ADSCs following adipogenic induction, indicating enhanced
adipogenic differentiation. Overexpression of SKL inhibited expression of TGFB1 and its
downstream signaling mediator Smad2/3. This study demonstrates, for the first time, that SKL is
essential to the maintenance of normal proliferation and differentiation in ADSCs. Klotho
regulates adipogenic differentiation in ADSCs, likely via inhibition of TGFB1 and activation of
PPAR-vy.

Keywords

Adipose stem cell; Adipogenic differentiation; Osteogenic differentiation; Myofibroblastic
differentiation; TGFP1; Cell proliferation

Correspondence: Zhongjie Sun, M.D., Ph.D., FA.H.A., The Robert & Mary Cade Laboratory, BMSB 662A, Box 26901, Department
of Physiology, BMSB 662A, College of Medicine, University of Oklahoma Health Sciences Center (OUHSC), 940 S.L. Young Blvd.,

Oklahoma City, Oklahoma 73126-0901, USA. Telephone: 405-271-2226 x 56237; Fax: 405-271-3181; Zhongjie-sun@ouhsc.edu.

Author Contributions
Z.S.: developed the concepts and hypotheses designed the study and participated in writing the manuscript J.F.: conducted the
experiments analyzed the data and participated in writing the manuscript.

Competing Financial Interests
The authors declare that they have no competing financial interests.

J. F. is currently affiliated with the Department of Tissue Engineering, School of Fundamental Sciences, China Medical University,

Shenyang, China.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fan and Sun

Page 2

Introduction

Mesenchymal stem/stromal cells (MSCs) are multipotent cells capable of self-renewal and
differentiation into tissue-specific cell types. Among the various sources of MSCs, adipose-
derived stem cells (ADSCs) are abundant and easily obtained from subcutaneous adipose
tissue via liposuction in the clinic [1]. ADSCs have been shown to possess multi-lineage
potential, capable of differentiating into adipogenic, osteogenic, myogenic, and
chondrogenic cells [2], and ADSC-based transplantation is a promising therapeutic approach
for tissue regeneration and repair. Understanding the molecular mechanisms involved in
ADSC proliferation and differentiation is therefore of paramount importance.

Pluripotency markers, such as Oct-4, Nanog, and Sox-2, play a significant role in the
renewal and differentiation abilities of ADSCs [3]. ACSCs with overexpression of Oct-4 and
Sox-2 in ADSCs show an enhanced ability to differentiate into adipocytes and osteoblasts
relative to controls [4]. In human bone marrow stromal cells (BMSCs), increased Oct-4 and
Nanog expression also promotes proliferation and differentiation potential [5]. Aging is
associated with the reduction in self-renewal capacity and differentiation potential of MSCs,
and old BMSCs demonstrate lower levels of Oct-4 compared with young BMSCs and do not
express Sox-2 and Nanog [6]. Aging cells also enlarge, become more granular, and
proliferate slowly. Several types of MSCs show lower cell yields and impaired adipogenesis
with age [7].

Klotho was originally identified as an aging-suppressor gene and is mainly expressed in the
kidney and the brain choroid plexus. In mice, overexpression of Klotho extends life span [8],
while disruption of the K/otho gene results in accelerated aging and shortened lifespan [9].
There are three forms of Klotho: membrane Klotho, soluble Klotho, and secreted Klotho
(SKL). Soluble Klotho is generated by shedding the extracellular domain of the
transmembrane protein, whereas SKL can be generated by alternative RNA splicing [9].
SKL protein is then released from the cell into the extracellular space and emerges in blood,
urine, and cerebrospinal fluid [10, 11]. SKL functions as an endocrine factor and targets
distant organs, and it regulates the activity of ion channels and transporters on the cell
surface [12-14]. Both membrane and secreted forms of the Klotho protein were detected in
the 3T3-L1 cell line [15]. During adipose differentiation in 3T3-L1 adipocytes, the
membrane form of Klotho gradually increases in abundance, but the secreted form is not
altered [15]. In vitro studies showed that overexpression of Klotho in the 3T3-L1 cell line
facilitated the differentiation of preadipocytes into mature adipocytes [16]. However,
whether Klotho affects the proliferation and differentiation of ADSCs is unclear and is the
subject of investigation in this study.

TGF-B1, the most abundant isoform of the TGF- family, plays an important role in cell
growth, differentiation, and development. It induces chondrogenic or smooth muscle cell
differentiation of MSCs in vitro and also inhibits adipogenic differentiation of MSCs [17].
TGF-B1 is known to inhibit adipose differentiation of preadipocyte cell lines and ADSCs
[18] and also blocks adipogenesis in vivo [19]. It was previously reported that Klotho
inhibited TGF-pB1 and suppresses the epithelial-to-mesenchymal transition in A549 cells
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[12]. It is not clear, however, whether SKL regulates TGF-p1 signaling in the adipogenic
differentiation of ADSCs.

The objective of this study is to investigate whether SKL plays a role in the regulation of
proliferation and adipogenic differentiation in ADSCs.

Materials and Methods

Isolating ADSCs for Cultures

Adipose tissues were obtained from inguinal subcutaneous fat from KL(-/-) mice ina
129Sv background and wild type (WT) littermate 129Sv mice (4-5 weeks). An equal
volume of 0.1% type | collagenase was used to digest the samples in a 37°C water bath with
shaking for 1 hour. The digestion reaction was terminated with DMEM/F12 (Thermo Fisher
Scientific, Grand Island, NY, http://www.thermofisher.com) containing 10% fetal bovine
serum (FBS) with 1% penicillin-streptomycin. The digestion product was then centrifuged at
800g for 5 minutes. The resultant supernatant was discarded, and the corresponding
precipitate was suspended with DMEM/F12 and centrifuged after filtration. The pellet was
suspended in DMEM/F12 containing 10% FBS and 1% penicillin-streptomycin to obtain a
homogeneous suspension. Finally, the suspension was transferred to a flask and cultured at
37°C with 5% CO» in a humidified atmosphere. The culture medium was changed every 3
days, and the cells were passaged after 80%—90% confluence. The third-passage cells were
used for flow cytometry. Human adipose-derived stem cells (nADSCs, Lonza, Allendale, NJ,
http://www.lonza.com/) and mouse bone marrow-derived stem cells (MMSCs, Thermo
Fisher Scientific) were also cultured under the same conditions.

Flow Cytometry

The isolated ADSC phenotype was confirmed by assessing native markers (CD34 and
CD45) and positive markers (CD44 and CD105) using flow cytometry as described before
[20]. Third-passage ADSCs underwent digestion with 0.25% trypsin-EDTA and
centrifugation at 800g for 5 minutes. The resultant supernatant was discarded, and the cell
pellet was washed with PBS. A homogeneous cell suspension with a cell density of 1 x
108/ml was obtained using a small volume of PBS. Cell suspension aliquots were then
transferred to individual EP tubes (200 pl/tube). CD45, CD44, CD105 (BD Biosciences
Pharmingen, San Diego, CA, http://www.bdbiosciences.com), and CD34 (Abcam,
Cambridge, MA, http://www.abcam.com) were added to different individual tubes, and
aliquots without antibodies served as the negative controls. All samples were kept away
from light for 30 minutes and then washed with PBS to remove unbound antibodies. After
centrifugation at 800g for 5 minutes, 500 pl PBS was added to each tube for fluorescence-
activated cell sorting analysis.

Cell Proliferation and Colony Formation

ADSCs were isolated from WT and KL(-/-) mice. The cell proliferation rate was monitored
at different time points (days 1, 3, 5, 7, and 9) using the MTT assay. For the colony-
formation assay, ADSCs (1 x 10%) were seeded in a 10-cm dish and incubated at 37°C in a
5% CO- atmosphere. Non-adherent cells were removed, and the adherent cells were cultured
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in maintenance medium after 24 hours. On day 14, ADSCs were fixed with 4%
paraformaldehyde and stained with 0.5% crystal violet (Sigma-Aldrich, St. Louis, MO,
http://www.sigmaaldrich.com) in methanol for 10 minutes at room temperature before
counting the cell colonies. All experiments were independently repeated at least three times.

Multipotential Induction of ADSCs and mMSCs

Adipogenic differentiation was induced in DMEM/F12 (Thermo Fisher Scientific)
supplemented with 10% FBS, dexamethasone (1 uM), insulin (10 uM), indomethacin (200
UM), and 3-isobutyl-1-methylxanthine (0.5 pM, Sigma-Aldrich). Oil Red O staining was
performed to visualize lipid droplets, as described previously [21]. After microscopic study,
quantification of lipid accumulation was measured by an Oil Red O staining extraction
assay. Isopropanol (100%) was added to each well and gently mixed, the extract transferred
to a 96-well plate, and the absorbance recorded at 510 nm. For osteogenic differentiation,
confluent ADSCs were cultured and treated with 0.1 mM dexamethasone (Sigma-Aldrich),
10 mM B-glycerophosphate (Sigma-Aldrich), and 50 uM ascorbic acid (Sigma-Aldrich).
The osteoblast phenotype was indicated by alkaline phosphatase (ALP) determination, an
early marker of osteogenic differentiation. For ALP staining, cells were rinsed with PBS,
fixed with 4% paraformaldehyde for 2 minutes and stained with an ALP detection kit (EMD
Millipore, Billerica, MA, http://www.emdmillipore.com). The ALP activity in the samples
was measured using a colorimetric SensoLyte pNPP Alkaline Phosphatase Assay Kit
(AnaSpec, Fremont, CA, http://www.anaspec.com/) according to the manufacturer’s
recommendation. Alizarin Red S staining was performed to detect matrix mineralization
deposition at the late stage of bone formation. To induce differentiation of ADSCs into
myofibroblasts, ADSCs were treated with 2 ng/mL TGF-B1 (R&D Systems, Minneapolis,
MN, http://www.rndsystems.com) for 4 days. TGF-B1-induced differentiation of ADSCs
into myofibroblasts was confirmed by examining a-SMA (1:200, Abcam) expression by
immunohistochemistry.

Plasmid Construction

The pAAV-MCS plasmid vector was purchased from Stratagene (Stratagene, La Jolla, CA,
www.stratagene.com). The plasmid pAAV-mKIlotho was constructed by inserting mouse
SKL cDNA into the EcoRI and Xba I sites of the pAAV-MCS expression vector. Plasmids
were amplified in Escherichia coli DH5a cells, extracted by the alkaline lysis method, and
purified using a Qiagen Endo-free Plasmid Maxi Kit (Qiagen, Valencia, CA, http://
www.giagen.com). The quantity and quality of the purified plasmid DNA were assessed by
determining the absorbance at 260 and 280 nm and also by electrophoresis in agarose gels.
The plasmids were dissolved in TE buffer before use.

Purification of Recombinant Mouse SKL

A 6xHis tag was inserted into the pAAV-mSKL plasmid for construction of the pAAV-
Skl-6xHis plasmid, which was transfected into 293 cells using Lipofectamine Plus 2000.
The culture medium was collected after 3 days transfection, and the recombinant His-
tagged, SKL was purified with the His GraviTrap (GE, Healthcare, Piscataway, NJ, http://
www.gehealthcare.com). The purity of the recombinant SKL (rSKL) proteins was confirmed
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by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) stained with
Coomassie blue and Western blotting antibodies.

Generation of Klotho-Deficient Serum

The direct immunoprecipitation (IP) method (Pierce Direct IP Kit, Pierce Biotechnology,
Rockford, IL, http://www.thermoscientific.com/pierce) was used to remove SKL from FBS.
Briefly, the coupling of Klotho antibody (R&D Systems) to AminoLink Plus Coupling Resin
was performed according the manufacturer’s manual, and control medium was generated by
the coupling of 1gG to the AminoLink Plus Coupling Resin. Serum (450 pl, Sigma) was
added to the Klotho antibody-coupled resin in the spin column and incubated with shaking
for 24 hours at 4°C. The column was then centrifuged and the serum collected. IP Lysis/
Wash Buffer (300 ul) was then added to the spin column, which was centrifuged. The spin
column was then placed into a new collection tube, elution buffer added, and the spin
column again centrifuged. After elution, undepleted serum was again added to the column
and the procedure repeated as described above. Any residual Klotho protein was then
identified by Western blot.

Western Blotting

The cells were washed twice with PBS and lysed. The total protein levels were measured
using a BCA protein assay kit (Thermo Fisher Scientific). An equal amount of protein was
loaded on a 4%-20% gradient SDS-PAGE gel, and the protein was transferred onto
nitrocellulose filters after separation in the gel. Blots were blocked in 5% BSA in TBST for
1 hour at room temperature, and the membranes were then incubated with a primary
antibody overnight at 4°C. The primary antibodies used were Klotho (1:300, R&D Systems),
mouse anti-Oct-4 (1:1,000, EMD Millipore), rabbit anti-Sox-2 (1:1,000, Abcam), rabbit
anti-Nanog (1:1,000, Abcam), anti-PPAR-y (1:1,000, Cell Signaling, Danvers, MA, http://
www.cellsignal.com), rabbit anti-TGF-B1(1:1,000, Santa Cruz Biotechnology, Inc., Dallas,
Texas, http://www.scbt.com), rabbit anti-phospho-Smad2/3 (1:1,000, Cell Signaling), rabbit
anti-Smad2/3 (1:1,000, Cell Signaling), rabbit anti-a-SMA (1:500, Abcam) and mouse anti-
B-actin (1:10,000, Abcam). The membranes were incubated with HRP-conjugated secondary
anti-goat, anti-mouse, or anti-rabbit antibodies (diluted in the range 1:2,000 to 1:5,000) for 1
hour at room temperature. Proteins were visualized by ECL using ChemDoc XRS with
Quantity One Software (BioRad, Hercules, CA, http://www.bio-rad.com). Blots were
repeated at least three times for every condition. To quantify and compare the levels of
proteins, the density of each band was measured by densitometry.

ADSC Transfection

Subconfluent ADSCs were washed with PBS and incubated in trypsin/EDTA, PBS, and
collagenase. The cells were resuspended and pelleted at 800g for 5 minutes and then
resuspended in Opti-MEM | Reduced Serum Medium (Thermo Fisher Scientific). Five
hundred microliters of cell suspension was transferred to a 0.4-cm electroporation cuvette
(Bio-Rad), and 50 pg of each of the indicated plasmids were added. Empty vector (pcDNA3)
was used to normalize the total DNA added in all experiments. The cells were electroporated
using a Gene Pulser Xcell instrument (Bio-Rad) at 0.18 kV and 950 pF, and the cells were
allowed to recover for 10 minutes at room temperature. Equivalent amounts of cell
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suspension and fresh medium were added together and plated according to the intended
experiment.

RNA Isolation and RT-PCR

Total RNA was purified from mouse kidney and ADSCs using TRIzol Reagent, followed by
the Qiagen RNeasy Mini Kit. RNA (2 ug) was reverse-transcribed using SuperScript 111
Reverse Transcriptase with random hexamers in the presence of 10 ul dNTP for 1 hour at
50°C. Exons 4 and 5 of mouse K/otho cDNA (forward, 5'-GGGTGACTGGGTCAATCT-3’
and reverse, 5'-GCAAAGTAGCCACAAAGGC-3") were targeted, which generated a 339-
bp PCR product for mouse K/otho.

PCR reactions (20 pl total volume) contained 1 pl of the above cDNA, 0.2 uM of the
appropriate oligonucleotide primer pair, and Tag 2 x mix (New England Biolabs, Beverly,
MA,, http://international.neb.com). PCR amplification conditions were as follows: 95°C for 5
minutes followed by 30 cycles of 95°C for 1 minute, the optimized annealing temperature
for each primer pair for 1 minute, and 68°C for 1 minute. The PCR products were separated
on 1.5% agarose gels and stained with ethidium bromide. The bands were visualized using a
ChemiDoc System Imager (Bio-Rad) and quantified using Image J software (NIH, Bethesda,
Maryland, http://imagej.nih.gov).

Statistical Analysis

All the data were analyzed by one-way analysis of variance (ANOVA). The unpaired ¢test
was used for comparisons between two groups. Significance was set at a 95% confidence
limit.

Results

Klotho Deficiency Decreased Adipogenesis in Mice

To assess the effect of Klotho deficiency on adipogenesis, we used mice with K/otho gene
deletion, KL(=/-) [10]. ADSCs were isolated from the inguinal adipose tissue of WT and
KL(—/-) mice, cultured, and identified by flow cytometry using CD markers [20].
Expression of CD34 and CD45 was negative, while CD44 and CD105 were highly
expressed in isolated cells (Supporting Information Fig. S1). The multiple differentiation
capacity (adipogenic, osteogenic, and myofibroblastic differentiation) of the ADSCs were
also identified (Supporting Information Fig. S2). The results confirmed that the isolated cells
were ADSCs [20, 22].

Western blot analysis indicated that only short-form Klotho protein (SKL, 65 kDa) was
expressed in ADSCs in WT mice (Fig. 1A), but the long-form Klotho protein (130 kDa) was
not detectable (not shown). RT-PCR analysis showed that Klotho mRNA was expressed in
ADSCs in WT mice, although weakly (Fig. 1B). SKL mRNA and protein expression were
barely detectable in ADSCs in KL(-/-) mice (Fig. 1A, 1B), suggesting efficient deletion of
the Klotho gene.

To examine the effect of Klotho on the adipose tissue mass, we measured the weight of
subcutaneous adipose tissue. The adipose tissue weight was decreased significantly in KL(-/
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—) mice versus WT mice (Fig. 1C). Some of the KL(-/-) mice did not have adipose tissue,
which was replaced by fibrous tissue. Morphologically, the isolated ADSCs of the WT mice
were in a spindle (healthy) shape, whereas ADSCs of KL(-/-) mice had lost the spindle
shape and became enlarged and flattened (Fig. 1D), a sign of cell senescence.

Klotho Deficiency Decreased Cell Proliferation and Pluripotent Transcription Factor
Expression in ADSCs

A cell proliferation assay (MTT) showed that cell proliferation was decreased in ADSCs of
KL(-/-) mice versus WT mice (Fig. 2A). Colony-forming unit analysis revealed a decrease
in colony formation in ADSCs of KL(—/-) mice versus WT mice (Fig. 2B), suggesting a
decrease in ADSC proliferation.

Western blot analysis showed that protein expression of the pluripotency-associated
transcription factors Nanog, Sox-2, and Oct-4 was decreased in ADSCs of KL(-/-) mice
compared with the ADSCs of WT mice (Fig. 2C).

This finding indicated that Klotho deficiency suppressed ADSC proliferation potential.

Klotho Deficiency Attenuated Adipogenic Differentiation in ADSCs

To explore whether Klotho affects adipogenic differentiation in ADSCs, we used adipogenic
induction medium to induce differentiation in cultured ADSCs from KL(-/-) and WT mice.
The cells were stained with Oil Red O stain following incubation with the induction medium
for 7 days. The lipid-positive cells were counted using NIH Image J software, and
isopropanol elution was also used to quantify the accumulated lipid. The percentage of lipid-
positive cells was decreased significantly in ADSCs isolated from KL(—/-) mice versus WT
mice (Fig. 3A, 3B). Lipid accumulation (Oil Red O staining) was also attenuated in ADSCs
in KL(—/-) mice compared with WT mice (Fig. 3C). These results suggest that Klotho
deficiency inhibited adipogenic differentiation.

PPAR-y is a marker of adipocyte differentiation, and its expression in the ADSCs of KL(~/
—) mice was decreased remarkably compared with that of WT mice following adipogenic
induction (Fig. 3D). This result suggests that Klotho deficiency impairs adipogenic
differentiation in ADSCs.

rSKL Protein Rescued the Klotho Deficiency-Induced Decrease in Cell Proliferation and
Pluripotent Transcription Factor Expression in ADSCs

SKL is a secreted protein in serum. Therefore, we investigated whether removal of SKL
from serum affects pluripotent transcription factor expression and cell proliferation. Klotho
was removed from the serum using the direct IP method (Supporting Information Fig. S3).
The recombinant mouse SKL protein was generated from HEK293 cells with overexpression
of SKL (Supporting Information Fig. S4). Treatment with Klotho-deficient serum for 48
hours changed the ADSCs from spindle shapes (healthy) to flattened shapes (unhealthy), and
rSKL protein rescued these morphological changes (Supporting Information Fig. S5).

MTT analysis showed that cell proliferation of ADSCs decreased following treatment with
Klotho-deficient serum, which was rescued by rSKL (Fig. 4A). The expression of Oct-4 and
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Sox-2 decreased significantly in ADSCs treated with Klotho-deficient serum, which was
reversed by treatment with recombinant Klotho protein (Fig. 4B—4D). Nanog expression was
slightly, but not significantly, decreased by Klotho-deficient serum, and recombinant Klotho
protein increased its expression (Fig. 4B, 4E).

rSKL Rescued the Klotho Deficiency-Induced Decrease in Adipogenic Differentiation in

ADSCs

Since Klotho deficiency in serum affected cell proliferation and pluripotent transcription
factor expression, we further assessed whether Klotho deficiency affects adipogenic
differentiation in mouse ADSCs. The ADSCs were incubated in Klotho-deficient serum with
or without SKL, treated with adipogenic induction medium for 7 days, and stained with Oil
Red O stain (Fig. 5A). The results indicated that adipogenic differentiation was decreased by
Klotho deficiency, and this effect was abolished by rSKL (Fig. 5A-5C). Western blot
analysis showed that PPAR-vy, an adipogenic differentiation marker, was attenuated by
Klotho deficiency, which could be rescued by rSKL (Fig. 5D).

Klotho deficiency also decreased adipogenic differentiation in hADSCs which was rescused
by rSKL (Supporting Information Fig. S6). We also examined the effect of SKL on
adipogenesis in another type of stem cells. mMMSCs were incubated with Klotho-deficient
serum with or without addition of rSKL, then induced by adipogenic differentiation medium
for 7 days. The results demonstrated that rSK rescued the Klotho deficiency-induced
impairment in adipogenic differentiation in mMMSCs (Supporting Information Fig. S7).

Overexpression of SKL Inhibited TGFB1 Signaling in ADSCs

TGF1 inhibits adipogenic differentiation [18, 23]. To explore the molecular mechanism of
the effects of SKL on adipogenic differentiation in ADSCs isolated from WT mice (normal),
we assessed TGF-B1 and the downstream signaling level of p-Smad2/3 in ADSCs with
overexpression of SKL. Overexpression of SKL was achieved by transfection of ADSCs
with pAAV-mSKL plasmid DNA (driven by the cytomegalovirus promoter).
Morphologically, overexpression of SKL changed the ADSCs to a more spindle-like, healthy
shape (Fig. 6A). As shown in Figure 6B, transfection with pAAV-mSKL for 48 hours
significantly increased SKL protein levels in ADSCs compared with the control group and
the green fluorescence protein GFP (pAAV-GFP) group. SKL gene transfer resulted in SKL
(65 kDa) protein expression (Fig. 6B, 6C), but didn’t induce membrane Klotho (130 kDa)
expression (Supporting Information Fig. S8).

Overexpression of SKL significantly decreased TGF-B1 expression in ADSCs compared
with the control groups (Fig. 6B, 6D). Consistent with the role of p-Samd2/3 as a mediator
of TGFp signaling, overexpression of SKL also decreased the p-Samd2/3 level in ADSCs
(Fig. 6B, 6E). Overexpression of SKL, however, did not alter the expression of Nanog,
Sox-2, and Oct-4 in ADSCs (Supporting Information Fig. S9).

Overexpression of SKL Facilitated Adipogenic Differentiation in ADSCs

To investigate the effect of SKL overexpression on adipogenic differentiation in ADSCs, we
assessed lipid formation in ADSCs transfected with plasmid DNA pAAV-mSKL. After 7
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days of incubation in adipogenic induction medium, ADSCs were stained with Qil Red O
stain (Fig. 7A). The percentage of lipid-positive ADSCs (Fig. 7B) and lipid accumulation
(Fig. 7C) were both increased significantly by overexpression of SKL, suggesting that SKL
enhances adipogenic differentiation. Western blot analysis revealed that overexpression of
SKL increased expression of PPAR-y, an adipogenesis marker, in ADSCs (Fig. 7D). These
results demonstrate, for the first time, that SKL facilitates adipogenic differentiation in
ADSCs.

rSKL Protein Reversed the Inhibitory Effect of TGFBL on Adipogenic Differentiation in

ADSCs

To further investigate the biological function of SKL on TGFp1 signaling in the process of
adipogenic differentiation of ADSCs, these cells were treated with rSKL, TGFp1, or rSKL
plus TGFB1 for 2 days. ADSCs were then incubated with adipogenic induction medium for
7 days before staining with Oil Red O stain. The results showed that treatment with TGF-B1
inhibited adipogenic differentiation (Supporting Information Fig. S10A, 10B). The
inhibitory action of TGF-B1 on adipogenic differentiation of ADSCs was attenuated by
rSKL (Supporting Information Fig. SLOA-10C). Protein expression of PPAR-y, a marker of
adipogenic differentiation, was decreased by TGFB1, which was abolished by rSKL
(Supporting Information Fig. S10D). Therefore, rSKL antagonizes the inhibitory action of
TGFB1 in ADSC differentiation.

rSKL Protein Inhibits TGFBL Signaling in ADSCs

To further assess the effect of SKL on TGFp1 signaling in ADSCs, we treated ADSCs with
different concentrations of rSKL for 48 hours. Western blot analysis showed that rSKL dose-
dependently decreased TGFB1 expression in ADSCs (Supporting Information Fig. S11A,
11B). The TGFp1 signaling mediator p-Smad2/3 was also attenuated with increased
concentrations of rSKL (Supporting Information Fig. S11A, 11C). Therefore, rSKL
inhibited TGFR1 signaling in ADSCs.

SKL did not affect protein levels of Oct-4, Nanog, and Sox-2 significantly in ADSCs
(Supporting Information Fig. S12), which was consistent with the result for SKL
overexpression (Supporting Information Fig. S6).

SKL Mediated the Stemness of ADSCs

To explore whether SKL regulates ADSCs’ differentiation to other cell lineages, ADSCs
were undergone with osteogenic and myofibroblastic induction in Klotho-deficient serum
with or without addition of rSKL. The results showed that osteogenic and myofibroblastic
differentiation capacities were decreased due to Klotho deficiency, which was reversed by
addition of rSKL (Supporting Information Figs. S13, S14). Therefore, SKL may mediate the
stemness of ADSCs.

Discussion

Klotho was originally identified as an aging-suppressor gene and is implicated in a variety of
biological processes [9, 10, 24]. Klotho is primarily expressed in kidneys and the brain
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choroid plexus [9]. In this study, we found that Klotho was expressed in mouse ADSCs, as
evidenced by expression of Klotho mRNA and protein (Fig. 1A, 1B). The major Klotho
protein in mouse ADSCs is SKL, with an apparent molecular mass of 65 kDa (Fig. 1A).
Klotho gene mutation decreased ADSC proliferation, adipogenesis, and differentiation in
mice (Figs. 1-3), suggesting, for the first time, that Klotho is essential to the maintenance of
normal proliferation and differentiation in ADSCs. On the other hand, overexpression of the
Klotho gene or administration of the Klotho protein enhanced ADSC proliferation and
promoted adipogenic differentiation in ADSCs (Figs. 4-7). This study provides new and
important evidence that SKL regulates ADSC proliferation and differentiation.

ADSCs have self-renewal and multiple differentiation potentials that are critical for tissue
regeneration and repair and are particularly promising for regenerative therapies [25, 26].
However, their therapeutic potential may be limited due to cell senescence [27]. Stem cell
dysfunction or depletion might contribute to aging [28], and in recent years, Klotho, as an
aging-suppressor gene, has attracted much attention [9]. Overexpression of the K/otfo gene
extends lifespan, while its mutation leads to rapid aging and early death [29]. The SKL level
declines with age [9, 30, 31], while the number of senescent and dysfunctional stem cells
increases with age [32-34]. Aging impairs stem cell proliferation [35-37], and stem cell
proliferation and differentiation decrease in an age-dependent manner [37-39]. The number
of stem cells is decreased while the percentage of the senescent progenitor cells is increased
in tissues and organs in KL(-/-) mice [28]. Genetic ablation of K/otf0in mice results in a
significant decrease in the hematopoietic stem cell pool size in bone marrow and impaired
hematopoietic stem cell homing in vivo [40]. It remains unclear, however, whether the
impairment in stem cells is attributable directly to Klotho deficiency or is secondary to
hyperphosphetemia due to Klotho deficiency. In this study, we found that cell proliferation
was decreased in ADSCs isolated from KL(-/-) mice (Fig. 2). In addition, Klotho
deficiency impaired ADSC health, as evidenced by an enlarged and flattened cell shape in
KL(—/-) mice versus the healthy spindle shape in WT mice (Fig. 1). Similarly, incubation
with Klotho-deficient medium decreased the proliferation of ADSCs isolated from WT mice
(Fig. 4) and resulted in a change of cell morphology to an enlarged and flattened shape
(Supporting Information Fig. S4), a sign of MSC senescence. These changes were rescued
by adding rSKL protein (Supporting Information Fig. S4). Therefore, this study
demonstrates that SKL directly regulates and maintains normal cell viability and
proliferation of ADSCs.

The self-renewal capacity of embryonic stem cells is regulated by core pluripotent
transcription factors, such as Oct-4, Sox-2, and Nanog [41], which also control ADSC
differentiation abilities [42]. Overexpression of these transcription factors enhances the
capacity of ADSCs to differentiate toward adipogenesis or osteogenesis [4]. In this study, we
found that expression of Nanog, Sox-2, and Oct-4 was decreased in ADSCs in KL(-/-) mice
(Fig. 2) and in ADSCs cultured with Klotho-deficient medium (Fig. 4). The downregulation
of these transcription factors contributed to Klotho deficiency-induced impairment in
adipogenic differentiation (Figs. 3 and 5). Therefore, SKL is an important factor that
maintains the stemness of ADSCs, as SKL deficiency downregulates pluripotent
transcription factor expression and impairs adipogenesis in ADSCs. Interestingly, rSKL
rescued the downregulation of Nanog, Sox-2, and Oct-4 and normalized adipogenesis in
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ADSCs cultured in Klotho-deficient medium (Figs. (4 and 5)). By contrast, overexpression
of SKL or treatment with rSKL protein did not alter the expression of Oct-4, Nanog, and
Sox-2 in ADSCs isolated from WT mice cultured in normal serum (Supporting Information
Fig. S6), suggesting that excess Klotho does not affect these transcription factors in normal
ADSCs. However, overexpression of SKL enhanced adipogenic differentiation (Fig. 7).

Overexpression of SKL or treatment with rSKL protein decreased TGFp1 expression and its
downstream Smad?2/3 targets in ADSCs (Fig. 6, Supporting Information Fig. S8). Therefore,
SKL inhibited TGFpB1 signaling in ADSCs. SKL binds to TGFBR2 and inhibits TGF-p1
binding to the cell surface receptors, thereby inhibiting TGF-B1 signaling [12]. TGF-B1
regulates the differentiation process in several types of cells, including muscle, bone,
cartilage, and adipocytes [43]. TGFB1 was reported to inhibit adipose differentiation in
preadipocyte cell lines and ADSCs [18, 23]. In mice, transgenic overexpression of TGF-p1
in adipose tissue significantly reduced both white and brown adipose tissue in extent and
exhibited prominent fibroplasia [19]. Once TGF-p signaling is activated, the TGF-f
superfamily of growth factors signals via heteromeric complexes with type | (ALK) and type
Il receptors, recruiting downstream Smad proteins before translocating to the nucleus and
acting as a transcription factor on target genes [44]. TGFB1 inhibits adipogenesis through its
downstream target, Smad3, in a mouse preadipocyte cell line and in human ADSCs [18, 43].
TGF-p-Smad3 signaling inhibits adipogenic differentiation primarily through functional
repression of C/EBPp and C/EBPS, thus preventing their transcriptional activity at the
promoters of key adipogenic markers such as PPAR7y [45]. Indeed, Klotho has been shown
to upregulate C/EBP expression [46]. Chihara et al. found that Klotho also induced C/
EBPa and PPARy mRNA expression and promoted adipocyte differentiation [16]. PPARy
is known to play an important role in adipogenic differentiation. Therefore, SKL may
enhance adipogenic differentiation in ADSCs by inhibition of TGFp1 signaling, leading to
upregulation of PPARy.

In summary, this study provides the first evidence that SKL is expressed in ADSCs. It is new
and interesting that SKL deficiency impairs ADSC proliferation and adipogenic, osteoblastic
and myofibroblastic differentiation which were rescued by addition of rSKL. Therefore,
SKL is essential to the maintenance of stemness of ADSCs. SKL promotes adipogenic
differentiation in ADSCs by inhibiting TGFB1 signaling and upregulating PPARYy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance Statement

Kilotho was originally discovered as an aging-suppressor gene. This study investigated
whether secreted Klotho (SKL) affects the proliferation and differentiation of adipose-
derived stem cells (ADSCs). The results demonstrate, for the first time, that SKL is
essential to the maintenance of normal proliferation and differentiation in ADSCs. Klotho
regulates adipogenic differentiation in ADSCs, likely via inhibition of TGFp1 and
activation of PPAR-vy. The finding fundamentally advanced the field of ADSCs which
may facilitate the development of stem cell therapy using ADSCs.
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Figure 1.
Klotho deficiency decreased adipogenesis in mice. (A): Western blot analysis of Klotho

protein expression in adipose-derived stem cells (ADSCs) of WT and KL(-/-) mice. Mouse
kidney lysates were used as a positive control for Klotho, which was expressed at 65 KD,
while full-length Klotho protein (130 kDa) was not detectable. Results were normalized with
Bactin. (B): RT-PCR analysis of Klotho mRNA in ADSCs of WT and KL(-/-) mice. Klotho
mRNA in mouse kidney was used as the positive control. (C): Subcutaneous adipose tissue
weight in WT and KL(-/-) mice. (D): Photomicrographs of ADSC morphology. ADSCs
from WT mice had a spindle-like morphology (healthy), whereas ADSCs of KL(—/-) mice
had a flattened shape (unhealthy). Scale bar, 100 ym. **, p<.01; *** p<.001 versus the WT
group. 77 =3 independent experiments. Abbreviations: KL, WT, wild type.
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Figure 2.

Klotho deficiency decreased cell proliferation and pluripotent transcription factor expression
in adipose-derived stem cells (ADSCs). (A): MTT assay (optical densities) of the
proliferation of ADSCs in WT and KL(—/-) mice over a period of 9 days. (B): Colony
formation of ADSCs cultured for 14 days. (C): Western blot analysis of Nanog, Sox-2, and
Oct-4 expression. Results were normalized with g-actin. *, p<.05; **, p<.01 versus the WT
group. 77 =3 independent experiments. Abbreviations: KL, WT, wild type.
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Figure 3.
Klotho deficiency attenuated adipogenic differentiation in adipose-derived stem cells

(ADSCs). (A): Lipid formation assessed by Oil Red O staining after 7 days of adipogenic
induction. (B): Quantification of lipid-positive cells (lipid vacuoles stained with Qil Red O
stain) using NIH Image J software. (C): Quantification of lipid accumulation (Oil Red O
staining density). (D): Western blot analysis of PPAR-y expression in ADSCs. Results were
normalized with g-actin. Scale bar =20 ym. **, p<.01 versus the WT group. /7=3
independent experiments.
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Figure 4.
rSKL protein rescued the Klotho deficiency-induced decrease in cell proliferation and

pluripotent transcription factor expression in adipose-derived stem cells (ADSCs). (A): MTT
assay of the proliferation of ADSCs treated with Koltho-deficient serum and rSKL for 48
hours. (B): Representative Western blot bands of Oct-4, Sox2, and Nanog. Quantification of
Oct-4 (C), Sox-2 (D), and Nanog (E) expression. Results were standardized to g-actin. *, p
<.05; ** p<.01 versus the control group; #, p <.05 versus the Klotho-deficient-serum group.
n=3 independent experiments. Abbreviations: KL, rSKL, recombinant SKL.
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rSKL rescued the Klotho deficiency-induced decrease in adipogenic differentiation in
adipose-derived stem cells (ADSCs). (A): Lipid formation assessed by Oil Red O staining
after 7 days of adipogenic induction. (B): Quantification of lipid-positive cells (lipid
vacuoles stained with Oil Red O stain). Bar, 100 xm. (C): Western blot analysis of PPAR-y
expression in ADSCs. Results were standardized to S-actin. *, p<.05; ***, p<.001 versus
the control group; #, p<.05; ## p<.001 versus the KL(-) (Klotho-deficient) group. 7=3
independent experiments. Abbreviations: KL, rSKL, recombinant SKL.
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Figure®6.
Overexpression of SKL inhibited TGFpL1 signaling in adipose-derived stem cells (ADSCs).

(A): Morphology of ADSCs following overexpression of SKL. Cells had spindle-like shapes
following overexpression of SKL. (B): Western blot analysis of SKL, TGF-AL1, p-Smad2/3,
and Smad2/3 expression in ADSCs. Quantification of SKL (C), TGF-gL (D), p-Smad2/3
(E), and Smad2/3 (F) expression. Results were normalized with S-actin. Bar, 100 ym. *, p<.
05 versus **, p<.001 versus the control group; *, p<.05; **, p<.01 versus the GFP group. 7
=3 independent experiments. Abbreviations: GFP, SKL, secreted Klotho.
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Figure7.

Overexpression of SKL promoted adipogenic differentiation in adipose-derived stem cells
(ADSCs). (A): Lipid formation assessed by Oil Red O staining after 7 days of adipogenic
induction. Scale bar, 100 gm. (B): Quantification of lipid-positive cells (lipid vacuoles
stained with Oil Red O stain). (C): Quantification of lipid accumulation (Oil Red O staining
density). (D): Western blot analysis of PPAR-y expression in ADSCs. Results were
normalized with B-actin. *, p<.05; **, p<.01 versus the control group; *, p<.05; **, p<.01
versus the GFP group. Abbreviations: GFP, SKL, secreted Klotho.
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