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Abstract

Klotho is a kidney-derived protein that has been shown to exert anti-tumor effects in a 
variety of malignancies. Expression of Klotho is generally reduced in cancerous cells and 
contradictory effects of Klotho on angiogenesis have been reported. To assess whether 
Klotho inhibits tumor angiogenesis we explored the effects of exogenous Klotho stimulation 
in glioblastoma (GBM) models. GBM is an aggressive brain tumor that is amongst the most 
vascularized solid cancers. We investigated the direct and indirect, GBM cell-mediated, 
effects of Klotho in in vitro tube formation assays, in ovo chorioallantoic membrane (CAM) 
assays, and in vivo mouse GBM xenograft studies. We found that Klotho directly inhibits 
microvascular endothelial cell tube formation at a low dose that does not affect proliferation 
or induce apoptosis. Klotho-treated GBM cell-conditioned medium (U251, U87 and GSC23 
cells) exerted similar anti-angiogenic effects in tube formation assays. In ovo stimulation with 
Klotho did not alter capillary formation in the CAM, while supernatants from Klotho-stimulated 
GBM cells (U87 and GSC23) reduced the in ovo capillary vascularization. In vivo, we were 
unable to identify an effect of intracranial or intraperitoneal Klotho treatment on GBM growth, 
tumor vascularization, or survival, in mouse GBM models. We found that Klotho is an inhibitor 
of tumor-mediated angiogenesis in vitro and in ovo, but was ineffective as a treatment in 
mouse GBM models.
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Introduction

Glioblastoma (GBM) is an aggressive primary brain tumor characterized by a high degree 
of aberrant vascularization and short median patient survival [1]. Anti-angiogenic treatment 
strategies, centered around inhibition of vascular endothelial growth factor (VEGF), have 
so far not uniformly resulted in substantial improved overall survival in a trial setting [2-7]. 
A novel endogenous anti-tumor factor, Klotho, has recently been investigated in numerous 
types of cancer, including lung cancer [8], pancreatic carcinoma [9], breast cancer [10], 
hepatocellular carcinoma [11], colorectal carcinoma [12], diffuse large B cell lymphoma 
[13], melanoma [14] and ovarian carcinoma [15]. Klotho is a transmembrane protein most 
abundantly expressed in the kidney and in the choroid plexus, where it is shed to the blood, 
urine, and cerebrospinal fluid [16,17]. Both soluble and locally expressed Klotho exert 
anti-tumor effects. Klotho expression is generally decreased in tumors due to promoter 
hypermethylation [18-25], and Klotho expression has also been found to be decreased 
in GBM [26]. Furthermore, Klotho-negative tumors are generally associated with a worse 
prognosis in a variety of cancers [20]. In general, it has been described that Klotho anti-
tumor effects are due to inhibition of proliferation [9-11,13,26-28] and migration [29-31], as 
well as to induction of apoptosis [11,13,21,26], often as a result of inhibitory effects on IGF1/
PI3K/Akt signaling [9,10,27,29]. It is unknown whether soluble non-tumor-derived Klotho is 
effective against GBM and whether its anti-tumor effects are also exerted by modulation of 
tumor angiogenesis. While it has long been known that Klotho deficiency in mice results in 
impaired angiogenesis in hind-limb ischemia models [32,33], suggesting that it may be a pro-
angiogenic factor, the choroid layer of the retina in Klotho-/- mice is disorganized with dilated 
blood vessels [34], indicating that Klotho can also have anti-angiogenic effects. Furthermore, 
the findings that Klotho inhibits both tumor growth [8-13,15] and the development of 
atherosclerotic plaques in animal models [35] could signify that Klotho may have differential 
effects with regard to angiogenesis in different tissues, as angiogenesis is considered vital 
to the progression of these disease processes. To assess the effect of soluble non-tumor-
derived Klotho in angiogenesis and tumor angiogenesis, as well as the effects on GBM, we 
investigated the effect of Klotho treatment in vitro, in ovo, and in vivo in various angiogenesis 
and GBM models.

Materials and methods

Cell culture

Human GBM cell lines A172, U251, and U87 were cultured in DMEM/F-12 (Lonza, Belgium), 
supplemented with 10% fetal bovine serum (Sigma-Aldrich, Germany) and 1% penicillin/



streptomycin (Lonza). Human GBM cell line GSC23 with stem-like characteristics was 
cultured in DMEM/F-12 supplemented with 2% B27, 20 ng/ml bFGF, and 20 ng/ml EGF 
(Life Technologies, USA), and 1% penicillin/streptomycin. Human dermal microvascular 
endothelial cells (HMEC-1) were kindly provided by dr. E.W. Ades (CDC, Atlanta, USA), 
through Prof. G. Molema and the UMCG Endothelial Cell Facility [36]. HMEC-1 were grown 
in M-199 medium (Lonza), supplemented with 10% FBS, 10% human serum (Sigma-Aldrich), 
1% penicillin/streptomycin and 1% L-glutamine (Lonza).

Conditioned medium (CM) preparation

GBM cell lines (A172, U251, U87, and GSC23) were stimulated with recombinant human 
Klotho (aa 34-981; R&D Systems, USA) at a concentration of 40 pM, equivalent to 5.2 ng/
ml) for 6 hours, after which cells were washed with Hank’s Balanced Salt Solution (HBSS, 
Lonza) and fresh serum-free culture medium was added. After 24 hours of conditioning, 
supernatants were collected and filtered through 0.22 µm filters (Corning, USA).

Proliferation assay

We used the Chemicon® 3-(4,5-dimethylthiazol-2-yl)-2,3-diphenyl tetrasodium bromide 
(MTT) cell proliferation assay according to manufacturer instructions (Merck Millipore, 
Germany). Briefly, 2.5×103 cells per well (U87, GSC23 or HMEC-1) were seeded in 96-wells 
plates and treated with 5.2 ng/ml Klotho or PBS for the examination of the direct effects, 
and indirect effects were examined through the addition of CM from PBS-treated or Klotho-
treated GBM cells. MTT reagent was added after 72 hours of incubation and formazan 
crystal formation was allowed for 4 hours, after which 0.04 N HCl/isopropanol was admixed 
thoroughly by pipetting up and down. Absorbance was measured directly afterwards on a 
Varioskan (Thermo Fisher Scientific, USA) at 570 nm with a reference wavelength of 630 nm. 
Conditions were performed in triplicate and experiments were performed three times.

Apoptosis assay

For assessment of apoptosis, 2.5×104 cells were seeded in poly-L-lysine-coated chamber 
slides (Thermo Fisher Scientific). Cells were stimulated with 5.2 ng/ml recombinant Klotho 
or PBS (U87, GSC23, HMEC-1), or with PBS-CM or Klotho-CM for 24 hours (HMEC-1), after 
which the cells were fixed using 4% paraformaldehyde, blocked using 0.2% non-fat dry milk 
in PBS for 30 minutes, and incubated with anti-cleaved caspase-3 (1:400; clone Asp175, Cell 
Signaling Technology, USA) for 1 hour. After washing with PBS and incubation with goat anti-
rabbit-Alexa Fluor 555 (1:200; Life Technologies) for 30 minutes, cells were counterstained 
with DAPI. A total of 5 images at a 100× magnification was obtained per condition. The 
cleaved caspase-3-negative fraction was quantified. A172 cells treated for 24 hours with 
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recombinant human sTRAIL (100 ng/ml; Preprotech, USA) were used as a positive control 
for each experiment. Experiments were performed three times.

In vitro invasion assay

Transwell inserts with 8.0 µm pores in polycarbonate membranes (Corning, USA) were coated 
overnight at 37°C with 1.5 mg/ml collagen I solution (Sigma-Aldrich). U87 cells were serum-
starved for 24 hours and 2.5×104 cells were seeded in coated inserts with 5.2 ng/ml Klotho 
or PBS. Medium with 10% serum was used in the lower chamber as a chemoattractant for 
the stimulation conditions, while 0.1% serum was used as a negative control. After 24 hours, 
membranes were washed, fixed in methanol and stained with hematoxylin for 10 minutes. 
Non-migrated cells on the upper chamber side of the membrane were removed using a 
cotton swab and excised membranes were photographed, taking 5 images per membrane. 
Experiments were performed five times.

Tube formation assay

µ-Slides for Angiogenesis (Ibidi, Germany) were inoculated with growth factor-reduced 
Matrigel® (Corning) and incubated at 37°C for 30 minutes. HMEC-1 cells were serum-
starved for 24 hours and 5×103 cells were seeded per well. HMEC-1 cells were stimulated 
with Klotho (5.2 ng/ml) or PBS (direct effects) during this assay, or they were treated with 
PBS-CM or Klotho-CM from tumor cells. After incubation of 5 hours at 37°C, the formed 
capillary-like endothelial cell networks were photographed. Angiogenesis Analyzer [37] in 
ImageJ was used for quantifications. Stimulations were performed in triplicate and assays 
were performed three to five times.

Chorioallantoic membrane (CAM) assay

Freshly fertilized chicken eggs were purchased from Het Anker B.V. (Ochten, The Netherlands) 
and incubated at 38°C with a humidity of 60% and continuous rotatory movement. On the 
third day of incubation, a small hole was created at the apex to allow for the formation of 
an air sac, and from day 3 onwards, the eggs were kept fixed. After 7 days, the holes were 
enlarged and 500 µl of recombinant Klotho (5.2 ng/ml) or PBS, or 500 µl of PBS-CM or 
Klotho-CM (from U87 or GSC23 cells) was pipetted carefully onto the CAM of viable eggs. 
The eggs were further incubated for 48 hours, after which the CAMs were excised and the 
chicken embryos were euthanized. A total of three microphotographs were taken from each 
membrane. The capillary density was determined using Aperio ImageScope 12.1.0. The 
CAM assay is illustrated in Supplemental Figure 1).
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In vivo GBM xenograft study

All animal procedures were reviewed and approved by the Institutional Animal Care and 
Use Committee at the M.D. Anderson Cancer Center (Houston, TX, USA). We performed 
an intracranial treatment study with GSC23 cells and a fixed endpoint, and intraperitoneal 
treatment studies with GSC23 and GSC20 cells. In the latter study we aimed to examine 
the effects of prolonged Klotho treatment on tumor growth and survival, and GBM stem-
like cells with differential molecular phenotypes were used to take a degree of molecular 
heterogeneity into account. For the intracranial study, female nude mice (Foxn1nu) of 8 weeks 
of age were injected intracranially with 1.0×105 GSC23 cells through a previously implanted 
guide-screw system [38]. Treatment commenced 14 days after tumor cell implantation and 
intratumor dosing with recombinant human Klotho (25 ng per dose) or PBS was applied 
biweekly using the guide-screw system, for the duration of 3 weeks. For the examination 
of vascular integrity on post-mortem tissue sections, mice were injected intravenously 
with 50 µl of high-molecular weight FITC-dextran (30 mg/ml in PBS, MW 2000 kDa, Sigma-
Aldrich) 30 minutes prior to termination. Mice were euthanized by CO2 inhalation, brains were 
collected and fixed in 10% formalin for 48 hours, before further processing and embedding 
in paraffin. For the survival studies, we used 7-week-old mice, injected with 1.0×105 GSC23 
cells or 5.0×105 GSC20 cells, which were treated starting from 11 days post-engraftment. 
Cell numbers were adjusted according to previous experiences with intracranial xenograft 
progression to provide the maximum treatment window. Mice were treated thrice weekly 
with 0.5 µg of human recombinant Klotho or PBS. Mice were sacrificed when they displayed 
neurological symptoms (seizures, inactivity and/or ataxia), suffered severe weight loss (≥25% 
body weight) of when they were moribund. 

In vivo bioluminescence imaging

Cells had been transfected with pCignal lenti-CMV-luc viral particles to express luciferase 
(SA Biosciences, USA), allowing for in vivo bioluminescence assessment of tumor growth in 
the fixed-endpoint study on days 13 (baseline, prior to the initiation of treatment), 28, and 
34 (prior to study termination), on an in vivo bioluminescence imaging system (Ivis® 200, 
Perkin Elmer, USA). For the studies assessing survival, in vivo bioluminescent scanning was 
performed at day 10 (baseline, prior to initiation of treatment) and was subsequently followed 
up weekly as long as tumor size could be scanned reliably. Before imaging, mice were 
injected with 200 µl of D-luciferin sodium salt solution (15 mg/ml in PBS; Gold Biotechnology, 
USA). After 15 minutes of incubation, mice were scanned with a 30 seconds exposure time 
window and analysis was performed on Living Image software version 4.5 (Perkin Elmer).
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Immunohistochemistry

Mouse brain 3 µm paraffin sections were stained with antibodies against CD34 (1:100; 
MEC14.7, Abcam, UK), Nestin (1:100; 10C2, Santa Cruz Biotechnology, USA), and FITC 
(1:50; ab19492, Abcam). Briefly, sections were deparaffinized and re-hydrated, and 
underwent heat-induced epitope retrieval in 10 mM sodium citrate buffer (pH 6.0) for 15 
minutes. Endogenous peroxidase was inactivated for 30 minutes in 0.3% H2O2/PBS, followed 
by incubation with primary antibodies for 1 hour, by appropriate horseradish peroxidase-
labeled secondary and tertiary antibodies. The chromogenic reaction was performed 
using 3,3’-diaminobenzidine (DAB) and hydrogen peroxidase for 10 minutes, followed by 
hematoxylin counterstaining.

Statistical analysis

Statistical analysis was performed using Graphpad Prism version 5 (Graphpad Software 
Inc, USA). Normally distributed data were compared using a t test or ANOVA followed by 
Bonferroni’s correction for multiple-group comparisons. Non-normally distributed data were 
compared using a Mann-Whitney U test or Kruskal-Wallis test followed by Dunn’s post-hoc 
correction for multiple-group comparisons. Correlations were assessed using Pearson’s 
or Spearman’s correlation coefficient, depending on the distribution. Data are plotted as 
averaged values from independent experiments ± standard deviation (SD). Two-sided 
P-values <0.05 were considered significant.

Results

To assess the effects of Klotho on tumor angiogenesis, we first investigated the direct effects 
of Klotho on endothelial cells in vitro, as well as the indirect effects of Klotho through the use 
of CM from GBM cell lines that had been stimulated with Klotho on microvascular endothelial 
cells in vitro. We then investigated the direct and indirect effects of Klotho in ovo, proceeding 
to assessing the effects of Klotho in in vivo mouse models of GBM, in which both the 
vasculature and the tumor itself are subject to treatment. We opted for stimulating GBM cell 
lines in vitro and in vivo with recombinant Klotho protein to explore the potential use of Klotho 
as a feasible treatment option, rather than overexpressing Klotho in cells. Endogenous Klotho 
expression in GBM cell lines was undetectable (data not shown), precluding potentially 
confounding effects of endogenous Klotho expression.
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Klotho inhibits angiogenesis in vitro but not in ovo

As it is currently unclear whether Klotho modulates angiogenesis in a direct manner, we 
stimulated HMEC-1 cells in vitro with recombinant Klotho at concentrations of 20 pM (2.6 ng/
ml), 40 pM (5.2 ng/ml), and 400 pM (52 ng/ml; a typically used concentration for recombinant 
Klotho in vitro [39,40]). For the assessment of in vitro tube formation we obtained three 
representative measures, which were the number of nodes (points where at least three 
branches come together), the number of junctions (points where at least three branches 
come together that are all part of a closed loop), and the total tube length. A concentration-
dependent inhibitory effect of Klotho was observed (Figure 1A, B), with a trend of 14 to 24% 
reduction in these parameters of in vitro angiogenesis with 2.6 ng/ml Klotho and a significant 
decrease of 26 to 43% with 5.2 ng/ml Klotho. Stimulation with 52 ng/ml did not exacerbate 
this effect further (data not shown). 

Figure 1. Klotho inhibits tube formation in vitro but not angiogenesis in ovo. HMEC-1 cells were treated with recombinant 
human Klotho (2.6 ng/ml or 5.2 ng/ml) for 5 hours in tube formation assays (A). The quantification indicated that Klotho 
reduced in vitro network formation (B). Developing CAMs were treated with recombinant Klotho (5.2 ng/ml) or PBS and 
the effect on capillary formation in the membrane was examined (C). Similar levels of capillary density were quantified 
with either PBS or Klotho treatment (D). Mean values of tube formation parameters are expressed relative to the control 
± SD, capillary density in the CAM is averaged per egg and horizontal lines depict mean values; *: P<0.05.
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 Because alternate processes like proliferation and apoptosis could potentially confound 
the identified effects in the tube formation assay, we then assessed whether the applied 
concentration of Klotho affected these processes independently. These assays confirmed 
that indeed stimulation of HMEC-1, U87, and GSC23 cells with 5.2 ng/ml Klotho did not 
significantly affect proliferation (Supplemental Figure 2A) or induce apoptosis (Supplemental 
Figure 2B). It is thus unlikely that we were observing cellular processes potentially interfering 
with the ability of endothelial cells to self-organize in capillary-like network structures.
 The effect of Klotho stimulation on angiogenesis was then further studied through the 
application of PBS (control) or human Klotho onto developing CAMs of chicken embryos 
(Figure 1C, N = 15 per condition). Quantification of the capillary density of these membranes, 
in which we focused exclusively on the small capillaries and therefore excluded the larger 
collecting vasculature, indicated that Klotho did not alter the level of capillary density in the 
CAMs (Figure 1D).

Klotho-treated GBM cells reduce in vitro and in ovo angiogenesis

Since it is long known that tumor cells are able to instigate angiogenesis, we were interested 
to see whether the effects of supernatants from GBM cell lines treated with Klotho would differ 
from the effects of PBS-treated GBM cell lines. For this purpose GBM cell lines (A172, U251, 
U87, and GSC23) were treated with Klotho (5.2 ng/ml) and supernatants were collected after 
24 hours of conditioning. Note that the CM used in these experiments did not contain any 
recombinant Klotho, only the supernatants produced after 6 hours of exposure to Klotho or 
PBS. Klotho stimulation resulted in a significant decrease of in vitro tube formation with CM 
from 3 (U251, U87, GSC23) out of 4 cell lines (Figure 2A, B, Supplemental Figure 3).
 Similar to the experimental setting in which endothelial cells were directly stimulated with 
Klotho, we needed to assess whether effects on proliferation or apoptosis rates of HMEC-1 
cells were confounding the in vitro reduction in tube formation. Also in this setting we were 
unable to identify significant alterations of these processes (Supplemental Figure 4A, B), 
strengthening the hypothesis that the CM from tumor cells inhibited in vitro angiogenesis.
Using PBS-CM and Klotho-CM from U87 and GSC23 cell lines as a treatment for in ovo 
CAMs, we observed a significant decrease in mean capillary density in Klotho-CM-treated 
membranes of 45 and 36%, respectively (Figure 2C, D). Taken together, these results 
indicate that Klotho treatment reduces GBM-mediated in ovo angiogenesis.
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Figure 2. Klotho inhibits GBM cell line-induced tumor angiogenesis in vitro and in ovo. CM was added to HMEMC-1 cells 
to explore effects of tumor cell conditioning by Klotho in tube formation assays (A). CM after Klotho treatment of A172, 
U251, U87, and GSC23 cells decreased tube formation of HMEC-1 cells in vitro, compared to CM after PBS treatment 
(B). Photomicrographs are depicted of PBS-CM-treated and Klotho-CM-treated CAM membranes (CAM) from cell 
lines U87 and GSC23 (C). Quantification of capillary density in panel C shows Klotho-mediated reduction of capillary 
formation in ovo (D). Mean values of tube formation parameters are expressed relative to the control ± SD, capillary 
density is averaged per CAM and horizontal lines depict mean values; *: P<0.05; **: P<0.01.

Intracranial klotho treatment did not modulate GBM growth and angiogenesis in vivo

To explore whether Klotho treatment would affect tumor progression and angiogenesis, we 
then implanted GBM cells orthotopically in female nude mice. Intracranial Klotho treatment 
(25 ng) was applied twice weekly for 3 weeks and tumor progression was followed in vivo 
over the course of the treatment by in vivo bioluminescence as schematically depicted in 
Figure 3A. The quantification of these images indicated that no differences in luminosity were 
observed between the Klotho-treated and PBS-treated groups (Figure 3B, C), suggesting 
that the total tumor sizes were comparable. 
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Figure 3. Intracranial Klotho treatment does not affect GBM growth in vivo in mice. The outline of the study is schematically 
depicted (A). Images of brains are depicted to observe xenograft growth in response to PBS and Klotho treatment in 
mice on days 13, 28, and 34 (B). Luminosity quantification of panel B, indicating that there were no differences in tumor 
size between the groups throughout the study (C, bars depict median flux values).

 The vascularization level, vascular leakiness, and invasion in the xenografts were then 
assessed with immunohistochemistry (IHC). We used CD34 as an endothelial marker (Figure 
4A) and we quantified CD34 positivity relative to the tumor surface area on the tissue section. 
No differences in CD34 expression were detected between PBS-treated and Klotho-treated 
xenografts (Figure 4B), but the strong positive correlation between CD34 positivity and tumor 
surface area indicates that vascularization was relatively similar after correction for tumor 
size (Figure 4C).
 Vascular leakiness was assessed through staining for FITC (Figure 4D), which was 
introduced in the circulation of the mice 30 minutes prior to termination. The high molecular 
weight labelling of the FITC allowed the use of this marker for vascular leakiness, since 
extravasation of this marker would then indicate increased vascular hyperpermeability. 
Vascular leakiness also remained unaffected by Klotho treatment (Figure 4E), and the level 
of vascular leakiness was found to be unrelated to the level of vascularization (Figure 4F).
 Finally, invasive growth of the xenografts was quantified on an IHC staining for human 
Nestin (Figure 4G). We had found indications that Klotho was able to reduce in vitro invasion 
of U87 cells (Supplemental Figure 5), and by quantifying the positivity for Nestin (i.e. tumor 
cells) in the peritumoral region of approximately 10 cell layers, we were able to assess the 
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degree of in vivo invasion. Klotho did not change the degree of invasion (Figure 4H) and the 
significant positive correlation between the surface area in which invasion was quantified and 
the length of the tumor border along which this quantification area was selected confirmed 
that invasion was quantified in areas of similar sizes in the xenografts (Figure 4I).

Figure 4. Immunohistochemistry indicates that intracranial Klotho treatment does not affect vascularization, vascular 
leakage, and invasion in GBM in mice. CD34 positivity (A) was not different between Klotho-treated and PBS-treated 
mice (B), and CD34 positivity correlates with tumor surface area (C). FITC positivity (D) was not different between Klotho-
treated and PBS-treated mice (E). FITC positivity did not significantly correlate with CD34 positivity (F). Peritumoral 
Nestin staining (G) was not different between Klotho-treated and PBS-treated mice (H). Peritumoral Nestin positivity 
correlated with tumor border length along which invasion was quantified (I). Scale bars indicate 100 µm (CD34, FITC) 
or 200 µm (Nestin) and plotted bars depict median values.
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Intraperitoneal klotho treatment did not affect survival in vivo

Ultimately, we used GSC23 and GSC20 to investigate the effect of prolonged Klotho treatment 
on GBM tumor growth in vivo (Figures 5A, 6A). We performed this survival study with two 
types of stem-like GBM cell lines to examine the potentially different response from GBM 
xenografts with different molecular phenotypes [41]. 

Figure 5. Intraperitoneal Klotho treatment does not affect GSC23 GBM growth or survival in mice. The experimental 
outline is depicted (A). Imaging results of in vivo bioluminescence imaging is shown to monitor xenograft growth 
following PBS or Klotho treatrment (B). Luminosity quantification of panel B, indicating that there were no differences 
in tumor size between the groups throughout the study (C). Bars depict median flux values. Kaplan-Meier analysis of 
survival, indicating that there was no difference in survival between Klotho-treated and PBS-treated mice (D).

 Both experiments commenced with 10 mice per experimental group, but since one 
mouse did not survive the bolting, the Klotho treatment group only consisted of 9 mice. An 
additional 2 mice were excluded from further study, as these mice did not show successful 
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engraftment while they were treated with vehicle (PBS). This left the control group of the 
GSC20 study with 8 mice for the analysis. Pre-treatment bioluminescent tumor signals were 
similar across groups for both cell lines (Figure 5B, C and Figure 6B, C). Intraperitoneal 
Klotho treatment did not affect tumor size or survival for either GSC23 (Figure 5B-D) or 
GSC20 (Figure 6B-D) during follow-up and up to termination.

Figure 6. Intraperitoneal Klotho treatment does not affect GSC20 GBM growth or survival in mice. The experimental 
outline is depicted (A). Imaging results on day 11, 18, 24, 30, 39, 45, 53, 59 to illustrate xenograft growth in the mice 
under PBS or Klotho treatment (B). Luminosity quantification of B), indicating that there were no differences in tumor 
size between the groups throughout the study (C, bars depict median flux values). Kaplan-Meier analysis of survival, 
indicating that there was no difference in survival between Klotho-treated and PBS-treated mice (D).
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Discussion

In this study, we assessed the direct and indirect effects of Klotho on angiogenesis using 
tube formation assays in vitro, the CAM assay in ovo, and finally in vivo GBM xenograft 
mouse models. We found that Klotho, even at a low concentration, inhibits the tumor-
mediated angiogenic behavior of GBM cell lines in vitro. Strikingly, in the in ovo CAM model 
of angiogenesis, supernatants from Klotho-treated GBM cells were also found to inhibit the 
angiogenic response in comparison to supernatants from PBS-treated GBM cells. These 
effects were consistent across multiple cell lines, adding to the robustness of our findings. 
 However, we unfortunately did not observe an effect of Klotho treatment on GBM 
growth or vascularization in in vivo mouse models, using both intracranial and intraperitoneal 
treatment, and two different cell lines for the latter treatment strategy. It is possible that 
the increased microenvironmental complexity in in vivo models relative to in vitro culture 
conditions conferred resistance to our treatment. To ensure delivery of Klotho to the tumor, 
we employed multiple treatment strategies, including direct intratumoral injection. We do 
not know whether intraperitoneally injected Klotho, which has previously been shown to be 
effective in a variety of conditions [42,43] including pancreatic cancer [9], breast cancer [10], 
and lung cancer [8], effectively reached the brain tumor, although the general impairment of 
the blood-brain barrier in GBM, the FITC positivity we observed in the tumors, and the lack 
of an effect upon intracranial treatment suggest that the delivery was likely effective, but the 
treatment was not. We cannot exclude that a more frequent dosage regimen, a different 
dose, or the employment of Klotho as an add-on treatment to a different chemotherapeutic 
drug may have produced different in vivo results. Furthermore, we do not know how tumor 
engraftment and growth may have been affected by Klotho, had we performed our studies 
in transgenic Klotho-overexpressing mice, or with tumor cells overexpressing Klotho, both 
of which approaches have yielded promising results in other tumor entities previously 
[8,12,13,15].
 This is the first study in which the effects of Klotho on tumor angiogenesis have been 
assessed and observed. In recent years, Klotho has been shown to inhibit proliferation of 
and to induce apoptosis in many different cancer cell types, as well as to inhibit migration 
[9,10,13,26-29,31]. It is a promising finding, perhaps for other tumors that are less 
aggressively pro-angiogenic than GBM, that Klotho was found to inhibit tumor angiogenesis 
in our study. Furthermore, although the exact mechanism is unclear, this effect may be tumor 
cell-mediated rather than ligand-targeted, potentially preventing a pro-invasive response to 
the treatment-induced decrease in neovascularization [44], as suggested by the finding that 
Klotho inhibited migration of U87 cells. While it is unknown via which mechanism Klotho 
inhibited tumor angiogenesis in our in vitro and in ovo experiments, it is possible that inhibition 
of IGF1/PI3K/Akt signaling [45,46], inhibition of Wnt signaling [47,48], and inhibition of TGFβ1 
signaling [8] played a role. 
 Our attempts to characterize the direct effects of Klotho on angiogenesis have revealed 
inhibitory effects on tube formation of HMEC-1 cells, which is difficult to appraise in light of the 
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current body of evidence for pro-angiogenic effects of Klotho in the literature. We know that 
Klotho deficiency in both heterozygotes and homozygotes results in impaired angiogenesis 
compared to WT littermates in hind limb ischemia models [32,33,49], suggesting a 
general pro-angiogenic effect. However, in the retina, the choroid layer of Klotho-/- severely 
degenerates as it becomes increasingly disorganized with large and dilated blood vessels 
[34], suggesting important anti-angiogenic effects of Klotho in the retina. Furthermore, in the 
same study, Klotho was found to inhibit VEGF release from retinal pigmented epithelium. 
It is therefore likely that Klotho has differential effects on angiogenesis in different tissues. 
Perhaps the HMEC-1 cell line and tube formation assay we employed are the reason for the 
differences between the anti-angiogenic effects found in our study and the pro-angiogenic 
effects described by Markiewicz et al., using primary, isolated human dermal microvascular 
endothelial cells and scratch assays [50] and Mazzotta et al., who also used primary, isolated 
human dermal microvascular endothelial cells, and both scratch assays and tube formation 
assays [51]. Mazzotta et al. used a Klotho concentration similar to ours, while Markiewicz 
et al. used a 100-fold higher concentration. We also still know relatively little about Klotho-
endothelial cell interactions, other than that Klotho appears to bind to endothelial cells [52] 
and that it protects the endothelium from VEGF-induced TRPC1-mediated calcium entry and 
subsequent µ-calpain overactivation by forming a complex with TRPC1 and VEGFR2 that 
promotes TRPC1 internalization [53]. It is yet to be investigated whether this mechanism 
is involved, or whether Klotho is linked to angiogenesis via other pathways, or entirely via 
other cell types. While we did not observe any direct effect of Klotho on angiogenesis in the 
CAM model, we do not know whether the use of chicken Klotho (which is not commercially 
available), would have better elucidated this issue in an in ovo model. 
 To conclude, we found that Klotho acts as an inhibitor of tumor angiogenesis associated 
with GBM in vitro and in ovo, although in vivo experiments did not result in any therapeutic 
benefit or any measureable difference in vascularization in GBM. Given the robustness 
of inhibition of tumor angiogenesis in several models, it is imaginable that Klotho is able 
to counteract angiogenesis in other tumor entities. Although the effects did not prove to 
be beneficial for GBM xenografts, anti-angiogenic effects of Klotho treatment could have 
contributed to the identified anti-tumor activity in other studies, thus casting Klotho in a new 
light as an inhibitor of tumor angiogenesis.
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Supporting information

Supplemental Figures

Supplemental Figure 1. Experimental in ovo procedure for the CAM angiogenesis assay. Viability was assessed visually 
by trans-illumination of the eggs (A). The apical opening is created on day 3 after fertilization and it allows for an air sac 
to form, providing room for the application of treatment solution, which is pipetted into the hole after slight enlargement 
on day 7. CAMs are exposed through further enlargement of the opening after 48 hours of treatment, on day 9 (B). 
CAMs are excised and allowed to unfold in formalin, which is subsequently aspirated for image acquisition (C). The 
capillary bed surface area is quantified (D). Larger vascular structures are excluded from analyses.
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Supplemental Figure 2. Klotho does not affect proliferation or apoptosis of GBM cell lines and endothelial cells. 
Recombinant human Klotho treatment (5.2 ng/ml) does not significantly affect proliferation of U87, GSC23, or HMEC-1 
cells after 72 hours (A). Klotho treatment (5.2 ng/ml) does not induce apoptosis in U87, GSC23, or HMEC-1 cells after 24 
hours (B). Mean proliferation and apoptosis rates , averaged from minimally 3 independent experiments, are expressed 
relative to the control ± SD.

Supplemental Figure 3. Klotho inhibits GBM cell line-induced tumor angiogenesis in vitro. Klotho-treated CM from GBM 
cells reduces the number of nodes (A) and the number junctions (B) relative to PBS-treated CM from GBM cells in 
tube formation assays. Mean values of tube formation parameters, averaged from 5 independent experiments, are 
expressed relative to the control ± SD; *: P<0.05; **: P<0.01.
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Supplemental Figure 4. Klotho-CM does not affect proliferation or apoptosis of GBM cell lines. CM after Klotho treatment 
of A172, U251, U87, and GSC23 does not significantly affect proliferation HMEC-1 cells after 72 hours (A). CM after 
Klotho treatment of A172, U251, U87, and GSC23 does not induce apoptosis of HMEC-1 cells after 24 hours (B). Mean 
proliferation and apoptosis rates, averaged from 3 independent experiments, are expressed relative to the control ± 
SD.

Supplemental Figure 5. Recombinant Klotho inhibits the migration of U87 cells in vitro. Photomicrographs of transwell 
insert membranes depicting migrated cells after PBS treatment and Klotho treatment (A). The quantification of the 
number of invading cells indicates that Klotho treatment (5.2 ng/ml) for 24 hours significantly inhibits migration of U87 
cells compared to PBS treatment (B). A 0.1% fetal bovine serum condition (FBS) served as a non-migratory control, 
the migration level of which is indicated by the red tick on the y-axis. Mean counts of invading cells, averaged from 5 
independent experiments, are expressed relative to the control ± SD; *: P<0.05.
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