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Klotho, an anti-aging gene, has recently been shown to contribute to human hepatic tumorigenesis. In addition, it is known
that Wnt signaling is antagonized by the protein klotho. Because augmented Wnt signaling has an important role in
tumorigenesis of human hepatocellular carcinoma (HCC), we studied the relationship of klotho expression and activity to the
Wnt pathway in this malignancy. Immunohistochemical analysis performed on tissue arrays revealed that klotho expression
levels were significantly lower in HCC than in adjacent noncancerous tissues, while klotho staining was inversely correlated
with clinical stage and histologic grade. Patients with klotho-expressing tumors had longer survival periods than did those
with klotho-negative tumors. Overexpression of klotho as well as treatment with soluble klotho protein reduced hepatoma
cell growth in vitro and in vivo, whereas klotho silencing enhanced cellular proliferation. Moreover, forced expression of klotho
inhibited Wnt/β-catenin signaling, as confirmed by reduced expression of β-catenin, inhibition of translocation of β-catenin
from the cytoplasm to the nucleus, and reduced expression of c-myc and cyclin D1, two known target genes of the Wnt/β-
catenin pathway. In contrast, activation of the Wnt/β-catenin pathway was enhanced when klotho was silenced by inhibitory
RNAs. Furthermore, serum levels of soluble klotho in patients with malignant tumors were studied, and results suggested a
significant increase in these levels in HCC patients. These data suggest that klotho acts as a tumor suppressor and an inhibitor
of the Wnt/β-catenin pathway in HCC, and moreover, that soluble klotho is a potential serum biomarker for HCC.
Laboratory Investigation (2016) 96, 197–205; doi:10.1038/labinvest.2015.86; published online 3 August 2015

Primary liver cancer, which consists predominantly of
hepatocellular carcinoma (HCC), is the fifth most common
cancer worldwide and the third most common cause of cancer
mortality.1,2 Most HCC cases (480%) occur in either sub-
Saharan Africa or in Eastern Asia. China alone accounts for
more than 50% of the world’s cases.1 The incidence of HCC is
also increasing in the western world, including the United
States and other countries.3 Because HCC is highly aggressive
and resistant to chemotherapy and radiotherapy,4 surgical
resection and liver transplantation are current best curative
options to treat liver cancer. However, recurrence or metastasis
is quite common in patients who have had a resection and
survival rate is 30–40% at 5 years postoperatively.5,6 Thus, in
order to develop improved specific or targeted therapies, it is
mandatory to understand molecular mechanism underlying
hepatocarcinogenesis.

Currently, analyses of genetic alterations have led to the
identification of several major signaling pathways that are
dysregulated in HCC, including the p53, Rb, and Wnt/
β-catenin pathways and, to a lesser extent, the TGF-β and
Met/HGF pathways.6,7 Recent studies have also established
that aberrations in the Wnt/β-catenin signaling pathway are
the dominant event in HCC formation. Approximately
20–90% of HCCs display Wnt/β-catenin pathway activa-
tion caused by diverse mechanisms.8,9 β-catenin is the
chief downstream effector of the canonical Wnt signaling
pathway. In the absence of Wnt signal, β-catenin is
destabilized by a multiprotein complex, and then degraded
by the proteasome.10 Activation of Wnt signaling leads to the
accumulation of cytoplasmic β-catenin, which in turn
translocates into the nucleus and interacts with transcription
factors of the T-cell factor family to activate target genes,
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including c-myc and cyclin D1, resulting in abnormal
hepatocyte proliferation.11

Klotho was identified in 1997 as an anti-aging gene, which
can extend life span when overexpressed and induce a
premature aging syndrome when disrupted.12,13 The klotho
gene, whose product is abundantly expressed in various
tissues, encodes a single-pass transmembrane protein com-
posed of a large extracellular domain, a transmembrane
domain, and a very short intracellular domain. The entire
extracellular domain is released into the extracellular space
and becomes detectable in blood, urine, and cerebrospinal
fluid.14–16 Recently, some studies have demonstrated that
klotho is related not only to the aging process, but also to
human tumorigenesis. For example, klotho functions as a
tumor suppressor in breast and pancreatic cancer by
inhibiting the insulin and insulin-like growth factor-1 (IGF-1)
and fibroblast growth factor (FGF) signaling pathways.17,18

Moreover, the extracellular domain of klotho binds to
multiple Wnt ligands and inhibits their ability to activate Wnt
signaling.12,19 The fact that klotho inhibits Wnt signaling may
explain several aging-like phenotypes observed in klotho-
deficient mice.12 Similarly, in cervical carcinoma, epigenetic
silencing of klotho occurs during the late phase of cervical
tumorigenesis, and consequent functional loss of klotho
contributes to aberrant activation of the canonical Wnt
pathway.20 Therefore, we hypothesize that klotho inhibits
HCC growth through downregulation of the Wnt/β-catenin
signaling pathway.

Here, we investigated klotho expression in HCC tissues and
sera and its involvement in hepatoma cell proliferation and
apoptosis, as well as its activation of the Wnt/β-catenin
pathway in vitro and in vivo. Our study provides evidence that
klotho acts a tumor suppressor and a modulator of the Wnt/
β-catenin pathway in human HCC.

MATERIALS AND METHODS
Chemicals, Antibodies, and Constructs
Recombinant soluble human klotho protein (sKL) was
obtained from PeproTech (Rocky Hill, NJ, USA). Antibodies
used were β-catenin, cyclin D1, c-myc, histone H3, β-actin
(Epitomics, USA), and klotho (Abcam, USA). Small interfer-
ing RNA oligos for knocking down klotho (siRNA-kl) and
non-target control siRNA (siRNAc) were purchased from
Santa Cruz Biotechnology. An expression plasmid encoding
klotho (pCMV6-KL) and the control vector pCMV6-AC-GFP
(pCMV6) were purchased from OriGene Technologies
(Rockville, MD, USA). All plasmid constructs were confirmed
by DNA sequencing.

Tissue Microarrays and Immunohistochemistry
HCC tissue microarrays were purchased from Shanghai
Outdo Biotechnology (Shanghai, China). These arrays con-
tained 52 cancerous and 54 adjacent noncancerous speci-
mens. Clinical parameters and follow-up information were
available on all 52 cases. The expression of klotho in tissues

was evaluated by immunohistochemical staining with a klotho-
specific antibody. Staining was scored according to staining
intensity and the percentage of cells stained. The intensity was
graded from 0 to III: Grade 0 for negative staining intensity,
Grade I for weak staining intensity, Grade II for moderate
staining intensity, and Grade III for strong staining intensity.
The percentage of klotho-positive cells was graded from 0 to 4
(0, less than 5% of positive cells; 1, 5–25%; 2, 26–50%; 3,
51–75%; 4, 76–100%). Final composite staining scores were
calculated as the product of staining intensity multiplied by the
percentage of stained cells. Klotho expression was considered
positive when this composite score was 44. Cases with scores
equal to or o4 were considered negative.

Cells and Transfections
The immortalized noncancerous liver cell line L02 and HCC
cell lines HepG1, HepG2, and SMMC-7721 were cultured in
DMEM supplemented with 10% FBS in a 5% CO2 incubator
at 37 °C. All transfection was performed using Lipofect-
AMINE 2000 according to the manufacturer’s protocol
(Invitrogen, Grand Island, NY, USA).

MTT Viability Assay
4 × 103 cells/well were plated in 96-well plates and cultured in
appropriate culture media. At indicated times, cells were
cultured for 2 hours with 500 mg/ml 3-(4,5–dimethylthiazol–
2–yl)-2,5-diphenyltetrazolium bromide (MTT) reagent
(Sigma, St Louis, MO, USA). Medium was aspirated, and
cells were dissolved with dimethyl sulfoxide. Absorbance of
formazan product was measured by an ELISA reader.

Flow Cytometry
Cells were harvested from 6-well plates and gently disag-
gregated to a single-cell suspension. Staining was performed
according to the manufacturer’s protocol. The rate of cellular
apoptosis was analyzed by flow cytometry using an annexin
V-FITC/PI kit (BD Biosciences, Franklin Lakes, NJ, USA)
following the manufacturer’s instructions.

Western Blotting
Protein extraction from cultured cells and western blot
analysis were carried out as previously described.21 Western
blotting of cytosolic and nuclear fractions of hepatoma cells
was notable for specific preparation of nuclear and cytosolic
fractions: cells were used for fraction collection via mechan-
ical homogenization. Isolation of nuclei and cytosol was
carried out using nuclear and cytoplasmic protein extraction
kits according to the manufacturer’s instructions (Beyotime,
Haimen, China). Primary antibodies used in western blotting
included antibodies against klotho, β-catenin, cyclin D1,
c-myc, histone H3, and β-actin.

Immunofluorescence Staining
After transfection with empty plasmid or klotho overexpres-
sion vector for 48 h, HepG2 cells were grown on coverslips,
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rinsed in PBS, and fixed with 4% formaldehyde in PBS for
20 min at 4 °C. Cells were permeabilized with PBS containing
0.01% Triton X-100 and 0.05% SDS, pH 7.4 for 5 min at 4 °C.
Permeabilized cells were rinsed in PBS supplemented with
0.5% Tween 20 (PBST), and cells were blocked with blocking
solution (0.2% BSA in PBS, pH 7.4) for 1 h. Cells were rinsed
in PBST three times and incubated with either a mixture of
anti-β-catenin mouse monoclonal antibody (1:300 dilution in
PBST) and anti-klotho rabbit polyclonal antibody (1:300
dilution in PBST) at 4 °C overnight. After rinsing in PBST,
coverslips were incubated in a mixture of Texas
red-conjugated anti-rabbit IgG secondary antibody and
fluorescein isocyanate (FITC)-conjugated anti-mouse IgG
secondary antibody (KPL, Gaithersburg, MD, USA), at a
1:200 dilution in PBST for 1 h at 37 °C. Cell nuclei were
counterstained with 10 μm 4’,6’-diamidino-2-phenylindole
(DAPI). The intracellular distributions of the target proteins
were analyzed using confocal fluorescent microscopy. Confocal
images were sequentially acquired with Zeiss AIM software on
a Zeiss LSM 510 confocal microscope system (Carl Zeiss,
Thornwood, NY, USA) with excitation at 488 nm (for FITC),
543 nm (for Texas red), and 340 nm (for DAPI). Negative
controls without primary antibody were also prepared.

Serum Samples
A total of 20 patients with newly diagnosed HCC, referred to
the Second Affiliated Hospital of Nanjing Medical University
from December 2011 to December 2012, were considered
eligible for this study. To exclude the possible confounding
influences of age, sex, and aging-associated basic diseases, the

patient characteristics should be matched between HCC
group and the controls. Thereupon, 29 subjects who visited
the hospital for their annual physical examinations were
assigned to a control group. For inclusion criteria, results of
their physical examinations had to reveal no evidence of
malignancy. Written informed consent was obtained for the
acquisition and use of serum samples and clinical data. Ethical
approval was granted by the Ethics Committee of the Second
Affiliated Hospital of Nanjing Medical University.

ELISA Assays
Blood samples were collected in the morning after a 12-hour
fast. Aliquots of serum were immediately obtained and stored
at − 80 °C. Serum soluble klotho levels were measured using
an ELISA kit purchased from Immuno-Biological Labora-
tories (Gunma, Japan). Intra- and inter-assay coefficients of
variation ranged from 2.7 to 9.8%. The minimum level of
detectability of the assay was 6.15 pg/ml.

Animal Studies
Mouse maintenance and experiments were carried out under
the institutional guidelines of Nanjing Medical University.
Athymic nude mice (BALB/c nu/nu, 5 weeks old) were
injected with hepatoma cells SMMC-7721 (2 × 106 cells)
subcutaneously into one flank. Tumor size was measured with
a digital caliper for up to 5 weeks, and volume was estimated
using the equation: tumor volume (mm3)= 0.5 × length
(mm)×width (mm)×width (mm). When tumors measured
an average volume of 80 mm3, mice were treated with
intratumoral injections of sKL 7 μg/kg or saline control twice

Figure 1 Reduced klotho expression in HCC tissues is associated with reduced survival of HCC patients. (a) Immunohistochemical staining reveals low-
klotho expression in HCC tissues (left panels, × 200 and × 400 magnification) and high-klotho expression in adjacent non-tumor liver parenchyma (right
panels, × 200 and × 400 magnification). (b) Kaplan–Meier survival analyses show worse survival in HCC patients with klotho-negative (n= 20) than those
with klotho-positive tumors (n= 32); Po0.05 by log-rank test. HCC, hepatocellular carcinoma.
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weekly for 4 weeks (n= 5 per group, three male and two
female).

Statistical Analyses
Experimental results were presented as mean± s.e.m. Cate-
gorical variables were compared between study groups using
Fisher’s exact test, while continuous variables were compared
using t-test. Survival was calculated from date of surgery to
date of death or last follow-up. Cumulative survival rate was
calculated by the Kaplan–Meier method, and differences in
survival were estimated with the log-rank test. Cox propor-
tional hazards modeling was used for multivariate survival
analysis. P-values o0.05 were considered significant. All
statistical analyses were performed using SPSS version 18.0
(SPSS, Chicago, IL, USA) software for Windows.

RESULTS
Reduced Klotho Expression in HCC
To investigate the clinical significance of klotho expression in
hepatocarcinogenesis, immunohistochemical analyses of
klotho expression were conducted on HCC tissue arrays,
containing 52 tumor specimens and 54 adjacent non-tumor
specimens. Positive klotho expression was observed in 53
(98.1%) of normal liver samples adjacent to HCC, compared
with 32 (61.5%) of HCC samples (Po0.05, Figure 1a).

An examination of clinical and pathological tumor
characteristics of the 52 HCC samples revealed that klotho
expression correlated inversely with histological grade and
clinical stage (Po0.05), but not with age, gender, tumor size,
liver cirrhosis, or invasion depth (Table 1). Moreover,
Kaplan–Meier survival analysis indicated that overall survivals
of hepatoma patients with positive klotho expression were
significantly longer than those with negative klotho expres-
sion (Po0.05, Figure 1b). Klotho expression in cell lines was
also analyzed by western blotting. Klotho expression was
higher in the immortalized normal liver cell line L02 than in
HCC cell lines HepG1, HepG2, and SMMC-7721 (Figures 2a
and b).

Klotho Overexpression Inhibits, Whereas Klotho
Downregulation Enhances, Hepatoma Cell Growth
To explore the potential function of klotho in the growth of
hepatoma cells, a series of cell culture models should be
established. Two common kinds of HCC cell lines, HepG2
and SMMC-7721, express low levels of klotho protein.
However, western blot revealed very-low klotho expression
in SMMC-7721 cells in comparison with HepG2 (Figure 2b),
so silencing of klotho in SMMC-7721 cells was not feasible.
Moreover, as HepG2 cells are more susceptible to HBV
(hepatitis B virus) infection, while HBV infection is a primary
cause of HCC in Chinese people, the results from HepG2 cells
may better match the findings of tissue microarrays of HCC
patients. Therefore, we chose HepG2 cells as our research
object in vitro.

Firstly, HepG2 cells were transfected with either a klotho
expression vector (pCMV6-KL) or an empty vector (pCMV6)
for 48 h. Transfection efficiency was assayed at 485%
according to the expression of GFP (data not shown). As
shown in Figure 2c, klotho expression in HepG2 cells was
markedly increased after transfection with pCMV6-KL. In
klotho-expressing cells, proliferation (evaluated by MTT
assays) was reduced to 43% (Figure 2d), whereas apoptosis
(as assessed by flow cytometry) was increased 2.3-fold
compared with control cells (Figure 2e).

Table 1 Associations of klotho expression with
clinicopathologic variables

Klotho expression

Group Number Positive (n, %) Negative (n) P-value

Age (years)

≥ 60 10 5 (50) 5 0.404

o60 42 27 (64.3) 15

Gender

Female 6 3 (50) 3 0.537

Male 46 29 (63.0) 17

Tumor size (cm)

≤ 5 24 17 (70.8) 7 0.202

45 28 15 (53.6) 13

Histological grade

Well (I, I–II) 8 8 (100) 0 0.002a

Moderately (II, II–III) 34 22 (64.7) 12

Poorly (III) 8 2 (25.0) 6

Clinical stage

1, 2 44 39 (70.5) 13 0.007a

3, 4 8 1 (12.5) 7

Invasion depth

T1, T2 46 31 (67.4 ) 15 0.05

T3 6 1 (16.7) 5

Liver cirrhosis

No 27 16 (64.0) 9 0.726

Yes 25 16 (59.3) 11

aPo0.05 was considered statistically significant.
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Because some degree of klotho expression was observed in
HepG2 cells (Figure 2a), we next examined the effects of
klotho downregulation in these cells. Analyses of klotho
protein levels following transfection with a klotho-directed
inhibitory RNA (siRNA-kl) revealed significant reduction of
klotho expression, compared with a siRNAc (Figure 3a).
Subsequent results showed that knockdown of klotho using

siRNA-kl enhanced the growth of HepG2 cells (Figure 3b),
but did not affect the rate of apoptosis (data not shown).

Klotho Inhibits Activation of the Wnt/β-Catenin Pathway
in Hepatoma Cells
As the Wnt/β-catenin pathway is known to have a key role in
the development of HCC,8,9 we analyzed the effect of klotho

Figure 2 Forced overexpression of klotho inhibits HCC cell growth. (a) Western blotting analysis of native klotho protein expression levels in L02,
HepG1, and HepG2 cell lines. (b) Western blotting analysis of klotho protein expression levels in HepG2 and SMMC-7721 cell lines. (c) Klotho protein
level measured by western blot, (d) cellular viability by MTT, and (e) apoptosis by flow cytometry, respectively, in HepG2 cells transiently transfected
with empty vector (pCMV6) or a klotho overexpression vector (pCMV6-KL) for 48 h. Western blot bands are representative of three independent
experiments. The bars represent means of three independent replicates per group, with s.e. bars (*t-test Po0.05). HCC, hepatocellular carcinoma.

Figure 3 Knockdown of klotho enhances HCC cell growth. Klotho protein expression measured by western blotting (a), cellular viability by MTT (b), and
apoptosis by flow cytometry (c), respectively, in HepG2 cells transfected with a nonspecific siRNA (siRNAc) or a klotho-specific siRNA (siRNAc-kl) for 48 h,
respectively. Western blotting bands are representative of three independent experiments. Bars represent means of three independent replicates per
group, with s.e. bars (*t-test Po0.05). HCC, hepatocellular carcinoma.
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on activation of the Wnt/β-catenin pathway in hepatoma
cells. HepG2 cells were transfected with either a klotho
plasmid or an empty vector for 48 h, then analyzed by western
blotting for expression of downstream components of the
Wnt pathway. Results of these assays revealed that klotho
overexpression reduced levels of the downstream genes
β-catenin (in whole cells, as well as in nuclear fractions),
c-myc, and cyclin D (Figures 4a and b). In particular,
immunofluorescence staining was used to visualize subcel-
lular localization of β-catenin. This experiment revealed that
β-catenin nuclear translocation was inhibited after transfec-
tion with klotho vs empty vector (Figure 4c). Thus, these data
indicate the inhibition of the Wnt/β-catenin pathway by
klotho overexpression in hepatoma cells.

Conversely, inhibition of klotho using klotho-directed
siRNA increased the levels of the Wnt downstream targets
β-catenin (in whole cells, as well as in nuclear fractions),
c-myc, and cyclin D, suggesting the enhancement of Wnt
signaling pathway activation (Figures 4d and e).

sKL Inhibits Hepatoma Cell Growth In Vitro and In Vivo
Klotho may be secreted from cells, where it may act as a
circulating hormone.12 We therefore tested the ability of sKL
to inhibit hepatoma cell growth. HepG2 cells were treated
with commercially available sKL, and cell viability was
evaluated by MTT assay. As showed in Figure 5a, after 48 h
exposure of HepG2 cells to sKL at concentrations of 0.25,

0.50, 0.75, 1.00, and 1.25 μg/ml, cell growth was reduced in a
dose-dependent manner (Po0.05). Moreover, downregula-
tion of β-catenin, c-myc, and cyclin D1 protein expression in
HepG2 cells treated with sKL (1.00 μg/ml, 48 h) indicated the
inhibition of Wnt/β-catenin pathway activation (Figure 5b).

As HepG2 cells were not feasible for establishing HCC in
nude mice, whereas SMMC-7721 cells were. Therefore, we
applied SMMC-7721 cells in our animal study instead of
HepG2 cells. SMMC-7721 cells were injected into one flank of
athymic mice to test the growth inhibitory activity of sKL
in vivo. Tumor size was measured with a digital caliper and
volume was estimated. When tumors measured an average
volume of 80 mm3, HCC-bearing mice were treated by
intratumoral injections of either control vehicle (n= 5) or
sKL (7 μg/kg, n= 5), twice weekly for 4 weeks. Administration
of sKL did not affect total animal weight (Figure 5c) but did
significantly decrease tumor size and weight (Figures 5d–f,
Po0.05 for comparison between treated and control groups).

Increased Serum Levels of Klotho in HCC Patients
We employed ELISA assays to measure soluble klotho levels
in sera of 20 HCC patients and 29 control subjects. Potential
confounding factors for serum klotho levels in subjects and
controls are shown in Table 2: differences were not
statistically significant. Higher serum klotho levels were noted
in HCC patients (mean± s.e.m., 291.60± 30.57 pg/ml) than
in control subjects (mean± s.e.m., 186.06± 14.28 pg/ml;

Figure 4 Blockage of Wnt signaling by klotho in HCC cells. Western blots of whole-cell (a and d), cytosolic (b and e), and endonuclear (b and e)
fractions reveals the expression levels of β-catenin, c-Myc, and cyclin D1 in HepG2 cells transfected with klotho plasmid (a and b) or klotho-specific
siRNA (d and e) for 48 h, respectively. β-actin was used as a whole-cell and cytoplasmic internal standard, while histone H3 was used as a nuclear
internal standard to exclude cross-contamination during subcellular fraction isolation. Bands are representative of three independent experiments. (c)
Representative immunofluorescence images show inhibition of translocation of β-catenin from the cytoplasm to the nucleus in HepG2 cells transfected
with klotho plasmid vs empty vector for 48 h, respectively. β-catenin is labeled green, while nuclei were blue counterstained with DAPI and membranes
were red with anti-klotho antibody. Magnification 400 × . HCC, hepatocellular carcinoma.
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Po0.05, Figure 6a). To further evaluate the potential utility of
serum klotho levels as a diagnostic test for HCC, receiver
operating characteristic (ROC) curve analyses were per-
formed, which yielded a cutoff serum klotho value of
227.90 pg/ml with a sensitivity of 71.4% and a specificity of
72.4% in 20 HCC patients vs 29 controls (Figure 6b). The area
under the ROC curve was 0.759, with Po0.05. These findings
suggest that soluble klotho levels represent a potential
diagnostic serum biomarker of HCC.

DISCUSSION
The klotho gene, named after the Greek goddess Klotho who
spun the thread of life, was originally identified as a putative

age-suppressing gene.22 Subsequently, various functional
aspects of the klotho gene have been investigated, leading to
the identification of multiple novel endocrine axes that
regulate various metabolic processes and an unexpected link
between mineral metabolism and aging.22 The observations of
Wolf et al17 identified, for the first time, tumor-suppressive
activity for klotho in breast cancer in 2008. Since that
publication, the role of klotho in tumorigenesis, cancer
progression, and prognosis has attracted increasing
attention.23 Recent studies have shown that klotho partici-
pates in the progression of several types of human cancer,
including lung cancer, gastric cancer and pancreatic
adenocarcinoma.23 In the majority of these malignant tumors,
klotho acts as a tumor suppressor gene. Nevertheless, some
controversial results have also been observed. For example,
high expression of secreted klotho was associated with an
increased risk of disease progression and death from ovarian
cancer.24

In HCC in particular, contradictory roles of klotho have
been reported by three recent studies. Xie et al25 found that
epigenetic silencing of klotho expression correlates with a
poor prognosis in HCC, suggesting a tumor-suppressive
function for klotho. Similarly, Shu et al26 reported that
restoration of klotho expression induces apoptosis and

Figure 5 sKL inhibits tumor growth in vitro and in vivo. (a) Diminished viability of HepG2 cells treated with sKL. MTT assays were conducted at 48 h.
The bars represent means of three independent replicates per group, with s.e. bars. *Po0.05 for treated cells vs control. (b) Diminished levels of
β-catenin, c-Myc, and cyclin D1 protein in HepG2 cells treated with sKL (1.00 μg/ml) for 48 h. Western blotting bands are representative of three
independent experiments. (c) Whole-animal weight in HCC-bearing mice treated by intratumoral injections of sKL (7 μg/kg) or saline control twice
weekly for 4 weeks (n= 5 per group). Weight was measured weekly. (d) Diminished tumor volume in sKL-treated vs control mice, monitored weekly.
(e) Diminished tumor weight and (f) grossly visible tumor size in sKL-treated vs control mice, measured on the day of sacrifice (*Po0.05).
HCC, hepatocellular carcinoma; sKL, soluble human klotho protein.

Table 2 Characteristics of HCC patients and control subjects
examined for klotho serum levels

Characteristic Control group (n= 29) HCC group (n=20) P-value

Age (years) 58.21 ± 2.08 56.05 ± 2.54 0.513

Gender (men) 20 13 0.771

Hypertension 11 6 0.566

Diabetes mellitus 4 2 1.000

Kidney disease 1 1 0.161

Klotho inhibits hepatoma cell growth
X Tang et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 96 February 2016 203

http://www.laboratoryinvestigation.org


autophagy in HCC cells. However, the study by Chen et al27

revealed a novel oncogenic function of klotho in promoting
anoikis resistance via the activation of VEGFR2/PAK1
signaling, thereby facilitating tumor migration and invasion
during hepatoma progression. These existing studies suggest
that the role of klotho in HCC development may be complex,
but that further clarification is needed. In the present study,
we studied the expression and activity of klotho in tissues and
sera of HCC patients, hepatoma cell lines in vitro, and HCC-
bearing nude mouse in vivo. Immunohistochemical analyses
of tissue arrays revealed reduced expression of klotho in HCC
vs adjacent noncancerous tissues. Moreover, staining levels of
klotho in HCC were inversely correlated with clinical stage
and histologic grade, but positively correlated with overall
survival. Similarly, overexpression of klotho reduced hepa-
toma cell growth and promoted cell apoptosis, whereas klotho
silencing enhanced cell proliferation in vitro. Finally, treat-
ment with soluble klotho protein strikingly inhibited
hepatoma cell growth both in vitro and in vivo. Therefore,
our observations consistently suggest that klotho acts as a
tumor suppressor in hepatocarcinogenesis, and moreover that
sKL may be useful as a potential strategy for the development
of novel therapeutic interventions in HCC patients.

Previous studies have indicated that klotho exerts an anti-
cancer role mainly via inhibition of tumor-related signal
transduction pathways, such as the insulin/IGF-1R and FGF
cascades.17,18 Hepatocarcinogenesis is a multi-step process,
with the accumulation of genetic and epigenetic events
occurring in a stepwise fashion during tumor progression.6,28

In this context, aberrant activation of the Wnt/β-catenin
signaling pathway has been shown to have a key role in the
pathogenesis of HCC.29 Secreted klotho protein has been
reported to bind to several Wnt ligands and to inhibit Wnt
signaling by preventing Wnt from binding to its cognate cell-
surface receptor.12,19 Klotho also acts as a Wnt antagonist,
and klotho gene mutants displayed enhanced Wnt signaling
along with stem cell depletion.19 In cervical carcinoma,
epigenetic silencing of klotho occurs during late phases of
cervical tumorigenesis, and consequent functional loss of

klotho contributes to aberrant activation of the canonical Wnt
pathway.20 Therefore, in the present study, we sought to
elucidate regulation by klotho of Wnt/β-catenin pathway
activation in HCC. Our results revealed that forced expression
of klotho inhibited the activation of Wnt/β-catenin signaling.
In contrast, activation of the Wnt/β-catenin pathway was
enhanced when klotho was silenced by siRNA. These data
suggest that klotho acts as an inhibitor of the Wnt/β-catenin
pathway in HCC.

Klotho exists in both membrane-bound and secreted
forms, the latter known as soluble klotho.14–16 Secreted
klotho can be transcribed through alternative splicing or
generated by shedding from the extracellular domain of its
transmembrane form.12,30 Recently, a sandwich ELISA for the
measurement of soluble klotho in humans was established
and is now commercially available.31,32 Soluble klotho is
inversely related to age in healthy subjects and with mortality
in the elderly.31,32 High levels of soluble klotho occur in
human umbilical cord blood.31,33 Sze et al34 first reported
dramatically increased soluble klotho levels in an acquired
disease (acromegaly) in humans. In their study, reversal of
acromegalic symptoms following tumor removal suggested a
causal relationship between the GH-producing adenoma and
high-serum klotho levels in acromegaly.34 In the present
study, to our knowledge for the first time, serum levels of
soluble klotho in malignant tumors have been analyzed. To
exclude the possible confounding influences of age, sex, and
aging-associated basic diseases, these patient characteristics
were first matched between HCC group and the controls. Our
ELISA results showed that serum klotho levels in HCC
patients were significantly higher than in control subjects.
Considering the reduced klotho expression levels seen in
HCC tissues, mechanisms underlying inconsistent klotho
expression patterns observed in HCC tissues and sera remain
unclear. It is also poorly understood why cancer development
is not impaired by high levels of serum klotho and expression
of secreted klotho in normal liver tissue surrounding cancer
cells in HCC patients. One possible explanation for this
phenomenon is reduced penetrance of soluble klotho to the

Figure 6 Serum levels of soluble klotho in HCC patients. (a) Klotho serum levels in HCC patients (n= 20) were significantly higher than in control
subjects (n= 29). (b) Receiver operating characteristic (ROC) curve analysis of serum klotho levels in 20 HCC patients vs 29 controls (*Po0.05). HCC,
hepatocellular carcinoma.
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tumor, due to the presence of desmoplastic stroma around
hepatoma cells, which is known to confer resistance to cancer
therapies.35 This hypothesis, to an extent, is supported in the
present study by the finding that intratumoral sKL injections
significantly decreased tumor size and weight in HCC-bearing
nude mice.

In summary, results of the present study support the role
of klotho as a tumor suppressor and a modulator of the
Wnt/β-catenin pathway in HCC. Moreover, expression
patterns of klotho in tissues and sera of HCC patients suggest
that klotho represents a potential biomarker for the diagnosis
of HCC. Finally, in view of the ability of recombinant sKL to
inhibit hepatoma cell growth in vitro and in vivo, intratumoral
injection or interventional treatment with sKL may, in the
near future, constitute novel therapeutic strategies in human
HCC patients.
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