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Abstract

Klotho is originally discovered as an anti-aging gene and knock-out of klotho accelerates aging in mice. Subsequent
studies support the anti-carcinogenesis role of klotho in a variety of human malignancies. The present study investi-
gated the role of klotho on growth and metastasis of osteosarcoma cells. The osteosarcoma cells were transduced
with lentivirus particles encoding klotho or scramble control. The reconstructed osteosarcoma cells were injected
into the femoral medullary cavity of nude mice to establish a xenograft animal model. The anti-tumor properties of
klotho were evaluated in terms of tumor growth, apoptosis, glycogen production, and pulmonary metastasis.
Lentivirus-mediated overexpression of klotho significantly decreased tumor volume and weight in osteosarcoma
mice. Determination of PCNA and Ki67 expression revealed that overexpression of klotho inhibited cell proliferation
in tumor tissues obtained from osteosarcoma xenografts. PAS staining also showed that overexpression of klotho
significantly decreased the production of glycogen in osteosarcoma. Moreover, TUNEL positive cells were signifi-
cantly increased after lentivirus-mediated overexpression of klotho. Furthermore, lentivirus-mediated upregulation of
klotho reduced the number of pulmonary metastatic lesions in mice compared to control mice. These findings dem-
onstrated that elevated klotho could inhibit osteosarcoma cell growth and pulmonary metastasis in vivo, suggesting
that klotho may be a valuable therapeutic target for osteosarcoma.
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Introduction

Osteosarcoma is the most common primary bone ma-

lignancies, accounting for 60% of all bone sarcoma. Osteo-

sarcoma has a worldwide incidence of approximately 1~3

annually per million with 50% of 5-year overall survival.

However, the survival of patients with metastatic osteo-

sarcoma has remained only 20% with an overall 5-year sur-

vival rate (Kager et al., 2017; Harrison et al., 2018).

Current treatment strategy includes surgical resection and

chemotherapy. Systematic toxicity induced by chemother-

apy often leads to patient’s health deterioration. Thus, new

therapeutic targets with specific targeting cancer cells are

urgently needed to be developed.

Klotho is a membrane-bound protein that primarily

expressed in the distal tubule of the kidney (Ide et al.,

2016). Moreover, klotho is also detected in the proximal tu-

bule, choroid plexus, parathyroid gland, and sinoatrial no-

de. The extracellular part of Klotho contains two homolo-

gous domains that share sequences with a high similarity

(Takeshita et al., 2004). Studies in animal models suggest

that abnormal expression of klotho leads to a syndrome that

resembles human aging, including a short lifespan, osteo-

porosis, arteriosclerosis, infertility, emphysema, and skin

atrophy (Kuro-o et al., 1997). In addition, klotho expres-

sion is dysregulated in several human malignancies (Zel-

dich et al., 2015). Further studies have shown that overex-

pression of klotho plays a suppressive role in tumorigenesis

and progression in ovarian, breast, cervical, pancreatic,

colorectal and lung cancers (Zhou and Wang, 2015; Aviel-

Ronen et al., 2016; Li et al., 2018). However, the precise

role of klotho is osteosarcoma has not been evaluated.

Therefore, the present study, for the first time, explored the

effects of klotho in osteosarcoma proliferation and metasta-

sis.

Material and Methods

Cell culture

MNNG/HOS cells were obtained from the Shanghai

Institute of Biological Sciences, Chinese Academy of Sci-

ences (CAS, Shanghai, China). Cells were maintained in

Dulbecco’s modified Eagle medium (DMEM) (Gibco, NY,

USA) containing 10% fetal bovine serum, 100 �g/ml strep-

tomycin, and 100 �g/ml penicillin (Hyclone, USA). Cells

were cultured at 37 °C in a 5% CO2 humidity-controlled in-

cubator.
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Xenograft animal model

All animal procedures were approved by the Animal

Ethics Committee of our hospital. Six-week-old, SPF-gra-

de nude mice were purchased from Shanghai Slak. Prior to

injection, the mice were anesthetized with intraperitoneal

injection of pentobarbital. Human osteosarcoma

MNNG/HOS cells infected with lentivirus particles encod-

ing klotho (Genechem, Shanghai, China) were injected into

the femoral medullary cavity of nude mice. In addition,

mice in the control group were injected with MNNG/HOS

cells and no operative measures were taken on those mice

in the blank group. Tumor dimensions (length, L and width,

W) were measured and tumor volumes were then calcu-

lated as TV= (LW2)/2. Mice were euthanized followed by

cervical dislocation at the end point and the tumor samples

were measured and collected for subsequent experiments.

PAS staining

Tissue samples were fixed in 4% paraformaldehyde,

permeabilized with Tween 20, and then treated with amy-

lase for 20 min. Cells were then treated with 1% periodic

acid for 10 min and washed with running tap water to re-

move excess acid. Subsequently, cells were treated with

Schiff’s reagent for 20 min, followed by washing and coun-

ter staining with DAPI to stain the nucleus.

Immunohistochemistry

The paraffin-embedded blocks were cut into 3-�m

thickness sections and mounted on glass slides coated with

poly-L-lysine, deparaffinized with xylene and rehydrated

with gradient ethanol. The slides were heated and incubated

in a 10 mM citrate buffer and incubated with antibodies

against Ki-67 and PCNA. The immunostaining intensity

was independently evaluated by two pathologists.

In vivo pulmonary metastasis assay

Mice were killed and tumor samples were frozen in

liquid nitrogen and stored at –80 °C for further analysis.

Following fixation in neutral buffered formalin, paraffin-

embedded specimens were cut 4�m thick and stained with

hematoxylin and eosin.

Apoptosis assays

Tumor samples were fixed in 4% paraformaldehyde,

deparaffinized, washed with xylene and ethanol and fixed

in 4% paraformaldehyde for 15 min. Each section was incu-

bated with 20 �g/mL proteinase K solution for 10 min,

washed and re-fixed in 4% paraformaldehyde for 5 min.

TUNEL staining was performed using the Cell Death De-

tection Kit (Roche) according to the manufacturer’s proto-

col. Three independent experiments were conducted

Statistical analysis

Experimental data were analyzed using the GraphPad

Prism program (GraphPad Software, Inc., San Diego, CA).

Data are presented as mean � S.E.M. Statistical signifi-

cance was performed on the data using ANOVA. A value of

P<0.05 was considered to be statistically significant.

Results

Overexpression of klotho inhibits osteosarcoma cell
growth in vivo

In order to determine whether klotho was involved in

tumor growth, mice were injected with osteosarcoma cells

with or without overexpression of klotho, and tumor vol-

ume and weight were evaluated. Klotho overexpression in

transduced osteosarcoma cells was confirmed by western

blot (Figure 1A). Four weeks after injection, we found that,

compared to the control group, the tumor volume and

weight in the blank group showed no significant changes

(P>0.05). However, lentivirus-mediated overexpression of

klotho significantly decreased tumor volume and weight in

the mice model of osteosarcoma (Figure 1B and C). Fur-

thermore, we examined the effects of klotho on cell prolif-

eration in tumor tissues derived from control and klotho

overexpressed mice using anti-PCNA or anti-Ki67 anti-

body (Figure 2). PCNA and Ki67 are the markers of cell

proliferation. Overexpression of klotho inhibited cell pro-

2 Li et al.

Figure 1 - Overexpression of klotho inhibits osteosarcoma growth. Klotho overexpression in transduced osteosarcoma cells was confirmed by western

blot (A). A final concentration of 107 cells/ml of osteosarcoma cells with or without overexpression of klotho were injected into mice. Four weeks after in-

jection, the tumor volume (B) and weight (C) were evaluated in each group. ** P<0.01, n=5 mice in each group.



liferation in tumor tissues obtained from xenografts com-

pared to control mice, as measured by immunohistoche-

mistry (IHC). Collectively, these data suggested the

anti-proliferative role of klotho in osteosarcoma.

Overexpression of klotho inhibits glycogen
production in osteosarcoma

To determine whether klotho was associated with

glycogen production in tumor cells, mice were injected

with osteosarcoma cells with or without overexpression of

klotho. Then, PAS staining was used to assess the glycogen

content of osteosarcoma with or without overexpressed

klotho. We observed no significant changes in glycogen

storage between control and blank groups (P>0.05). How-

ever, overexpression of klotho significantly decreased the

PAS-positive cells per field and thus suppressed the pro-

duction of glycogen in osteosarcoma (Figure 3).

Overexpression of klotho induces apoptosis in
osteosarcoma

To determine whether up-regulation of klotho was as-

sociated with the induction of apoptosis, mice were injected

with osteosarcoma cells with or without overexpression of

klotho. Then, TUNEL staining was used to assess the

apoptotic cell death induced by klotho. Consequently, we

detected no significant changes in TUNEL positive cells

between control and blank groups (P>0.05). Nevertheless,

lentivirus-mediated overexpression of klotho obviously

suppressed the TUNEL-positive cell number, suggesting

that enhanced expression of klotho was associated with in-

duction of apoptosis in osteosarcoma (Figure 4).

Overexpression of klotho inhibits lung metastasis of
osteosarcoma in vivo

To clarify the role of klotho in osteosarcoma metasta-

sis in vivo, mice were injected with osteosarcoma cells with
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Figure 2 - Overexpression of klotho inhibits osteosarcoma cell proliferation in vivo. A final concentration of 107 cells/ml of osteosarcoma cells with or

without overexpression of klotho were injected into mice. Four weeks after injection, immunohistochemistry was performed to detect the expression of

PCNA and Ki67 in each group. ** P<0.01, n=5 mice in each group.
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Figure 3 - Overexpression of klotho inhibits glycogen production in osteosarcoma. A final concentration of 107 cells/ml of osteosarcoma cells with or

without overexpression of klotho were injected into mice. Four weeks after injection, PAS staining was used to assess the glycogen content of

osteosarcoma. ** P<0.01, n=5 mice in each group.

Figure 4 - Overexpression of klotho induces apoptosis in osteosarcoma. A final concentration of 107 cells/ml of osteosarcoma cells with or without

overexpression of klotho were injected into mice. Four weeks after injection, TUNEL staining was used to assess the apoptotic cell death in each group.

** P<0.01, n=5 mice in each group.



or without overexpression of klotho. Subsequently, all in-

jected tumor cells formed large primary tumors at the injec-

tion site. Examination of the lungs revealed a high number

and volume of metastatic lesions in mice injected with con-

trol and blank cells. However, there was a marked reduc-

tion in metastases produced by cells overexpressing klotho

(Figure 5A and B). These data suggested that enforced ex-

pression of klotho could suppress the spontaneous pulmo-

nary metastasis of osteosarcoma in vivo.

Discussion

Klotho is firstly discovered as an anti-aging gene and

knock-out of klotho accelerates aging in mice (Kurosu et

al., 2005). Subsequently, accumulating evidence support

that klotho has a wide range of biological effects, including

anti-aging, anti-apoptosis, calcium and phosphorus metab-

olism, anti-carcinogenesis, and anti-oxidation (Abraham et

al., 2016; Boksha et al., 2017). In our study, overexpression

of klotho exhibited a significant anti-oncogenic role in

osteosarcoma.

Firstly, we investigated whether klotho is associated

with tumor growth of osteosarcoma. Previous studies sug-

gest that klotho inhibits many pathways involved in carci-

nogenesis, including PI3K/Akt/mTOR signaling, Wnt/�-

catenin signaling, ERK1/2 signaling, and Smad2/3 signal-

ing (Tang et al., 2016; Lim et al., 2017). It is reported that

the anti-tumor effects of klotho are found to include the in-

hibition of proliferation. It is shown that klotho can sup-

press tumor growth and improve survival in several human

malignancies, including lung, pancreatic, breast and colo-

rectal carcinoma (Chen et al., 2016; Mencke et al., 2017;

Yan et al., 2017). Notably, klotho-deficient mice present

several bone-associated problems. It has been reported that

klotho deficiency in vivo leads to overactivation of Wnt sig-

naling, resulting in stem cell senescence and a complex

bone phenotype, which could be prevented by klotho

overexpression in this model (Liu et al., 2007). Conversely,

klotho preservation attenuates chronic kidney disease-asso-

ciated bone injury in mice via inhibition of histone dea-

cetylase (Lin et al., 2017). In addition, klotho is a co-recep-

tor of FGF23, an endocrine FGF expressed and secreted by

osteocytes, increases the affinity for FGF23 and potentiat-

ing downstream signaling that potentiates phosphaturia and

inhibits activation of vitamin D (Kurosu et al., 2006; Ura-

kawa et al., 2006; Guan et al., 2014). However, the role of

klotho in the pathogenesis of osteosarcoma has never been

reported. In our study, we found that lentivirus-mediated

overexpression of klotho significantly decreased tumor vo-

lume and weight in osteosarcoma mice. Molecularly, IHC

analysis of PCNA and Ki67 expression revealed that

overexpression of klotho inhibited cell proliferation in tu-

mor tissues obtained from osteosarcoma xenografts, sup-

porting the anti-proliferative role of klotho in osteosar-

coma. Excessive glycogen production is detected in tumor

cells with altered metabolism. Thus, evaluation of glyco-

gen production could reflect the status of cellular metabo-

lism in tumors. PAS staining also showed that overexpres-

sion of klotho significantly decreased the production of

glycogen in osteosarcoma. Evidence also shows that the
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Figure 5 - Overexpression of klotho inhibits lung metastasis of osteosarcoma in vivo. A final concentration of 107 cells/ml of osteosarcoma cells with or

without overexpression of klotho were injected into mice. Four weeks after injection, the general morphology and tumor number were observed (arrow

indicated tumors) (A). And metastatic volume of tumors was analyzed by HE staining in each group (B). ** P<0.01, n=5 mice in each group.



anti-tumor effects of klotho are involved in induction of

apoptosis (Xie et al., 2013; Sun et al., 2015; Dai et al.,

2016). Consistently, TUNEL positive cells were signifi-

cantly increased after lentivirus-mediated overexpression

of klotho. These findings demonstrated that enhanced ex-

pression of klotho was associated with suppression of

growth and induction of apoptosis in osteosarcoma.

As reported previously, the anti-tumor effects of klo-

tho are attributed to its capacity to suppress migration

(Mencke et al., 2017). For example, klotho inhibits trans-

forming growth factor-�1 signaling and suppresses renal

cancer metastasis in mice (Doi et al., 2011). Another study

suggests that klotho inhibits the capacity of cell migration

and invasion in cervical cancer (Chang et al., 2012). In ad-

dition, loss of Klotho leads to increased Wnt5A expression,

filamin cleavage, and cell migratory potential during mela-

noma progression (Camilli et al., 2011). Therefore, we

evaluated the role of klotho in osteosarcoma metastasis in

vivo. Subsequently, examination of the lungs revealed a

low number of metastatic lesions in mice injected with

lentivirus particles encoding klotho, compared to control

and blank cells, supporting the fact that klotho overex-

pression could suppress the spontaneous pulmonary metas-

tasis of osteosarcoma in vivo.

In conclusion, we have shown that elevated expres-

sion of klotho is able to suppress growth and pulmonary

metastasis of osteosarcoma in vivo. These findings demon-

strate that klotho may serve as a valuable therapeutic target

for treatment of osteosarcoma.
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