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Glioblastoma (GBM) is themost aggressive primary brain tumor with poor patient survival that is at least partly
caused bymalignant and therapy-resistant glioma stem-like cells (GSLCs) that are protected in GSLC niches. Pre-
viously,we have shown that the chemo-attractant stromal-derived factor-1α (SDF-1α), its C-X-C receptor type 4
(CXCR4) and the cysteine protease cathepsin K (CatK) are localized in GSLC niches in glioblastoma. Here, we in-
vestigated whether SDF-1α is a niche factor that through its interactions with CXCR4 and/or its second receptor
CXCR7 onGSLCs facilitates their homing to niches. Furthermore,we aimed to prove that SDF-1α cleavage by CatK
inactivates SDF-1α and inhibits the invasion of GSLCs. We performed mass spectrometric analysis of cleavage
products of SDF-1α after proteolysis by CatK. We demonstrated that CatK cleaves SDF-1α at 3 sites in the N-ter-
minus, which is the region of SDF-1α that binds to its receptors. Confocal imaging of human GBM tissue sections
confirmed co-localization of SDF-1α and CatK in GSLC niches. In accordance, 2D and 3D invasion experiments
using CXCR4/CXCR7-expressing GSLCs and GBM cells showed that SDF-1α had chemotactic activity whereas
CatK cleavage products of SDF-1α did not. Besides, CXCR4 inhibitor plerixafor inhibited invasion of CXCR4/
CXCR7-expressing GSLCs.
In conclusion, CatK can cleave and inactivate SDF-1α. This implies that CatK activity facilitatesmigration of GSLCs
out of niches. We propose that activation of CatK may be a promising strategy to prevent homing of GSLCs in
niches and thus render these cells sensitive to chemotherapy and radiation.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Glioblastoma (GBM) is the most malignant primary brain tumor
with poor patient survival despite surgery, irradiation and chemothera-
py. This is at least partly due to the existence of glioma stem-like cells
(GSLCs) that are resistant to therapy [1–6]. Therefore, targeting GSLCs
is the key to improve anti-GBM therapy [1–6]. GSLCs reside in protective
niches, which are at least partly responsible for their resistance to
-C receptor type 4/7; GBM,
oxia-inducible factor-1α; HSC,
DF-1α, stromal-derived factor-
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therapy [1,7,8]. We have shown in a previous study in human GBM
that GSLCs reside around the endothelium of arterioles in hypoxic
niches, expressing the chemokine stromal-derived factor-1α (SDF-
1α), its receptors C-X-C receptor type 4 (CXCR4) and the cysteine pro-
tease cathepsin K (CatK) [9]. These proteins are also functional in hema-
topoietic stem cell (HSC) niches in human bonemarrow, where CXCR4-
positive HSCs are retained in hypoxic niches by high levels of SDF-1α
[10–13] (Hira et al., submitted). Bone-resorbing osteoclasts in bone
marrow release several proteases during stress conditions, such as
CatK that alone or collectively inactivate SDF-1α, resulting in migration
of HSCs out of HSC niches into the circulation [12,14,15] (Hira et al.,
submitted).

The SDF-1α/CXCR4 signaling axis is overexpressed in many types of
cancer, including GBM [7,16,17]. Another receptor for SDF-1α is CXCR7
that is like CXCR4 overexpressed in GBM cells and in particular in GSLCs
[18–21]. This upregulation of SDF-1α, CXCR4 and CXCR7 in GBM is
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induced by hypoxia-inducible factor-1α (HIF-1α) and vascular endo-
thelial growth factor (VEGF) [16,17], which are abundantly expressed
in and around GSLC niches [9]. GSLCs are attracted by SDF-1α [22–27]
and the SDF-1α/CXCR4 and SDF-1α/CXCR7 axes can facilitate homing
of GSLCs into GSLC niches and protect GSLCs against chemo-irradiation
[7]. Therefore, the development of novel strategies is in progress to pre-
vent homing of GSLCs in niches and/or to enforcemigration of GSLCs out
of niches to render these cells sensitive to chemo-irradiation [7,8] (Hira
et al., submitted).

CatK is an endolysosomal cysteine endopeptidase and is one of the
highest differentially expressed proteases in GBM as compared to nor-
mal brain [28,29]. This was shown in an in silico study of gene expres-
sion in human GBM using publically-available data sets, in GBM tissue
samples and in GBMcell lines. The overexpression of CatKwas validated
with RT-PCR, western blotting and immunohistochemistry [29]. How-
ever, activity of CatK has not been detected in extracts of GBM tissues
and cells, in contrast to the high activity of CatB and CatS that is likely
involved in invasion [30]. CatK activity may well not be detected be-
cause it is tightly regulated, which is needed to control its highly de-
structive proteolytic power [28,29,31]. Since CatK can cleave SDF-1α
in human HSC niches [12,14,15] (Hira et al., submitted) and it is
expressed in GSLC niches together with SDF-1α [9,28], we hypothesize
that SDF-1α facilitates homing of CXCR4 and/or CXCR7-positive GSLCs
in niches and that CatK regulates SDF-1α activity [9]. In the present
study, we provide supporting evidence for this concept.

2. Materials and methods

2.1. Cell culture

NCH421k GSLCs [32,33] were a generous gift from Prof. Christel
Herold-Mende (Heidelberg University, Heidelberg, Germany), and
were cultured in Neurobasal medium (Gibco Life Technologies,
Fig. 1.mRNA and protein expression of CXCR4 and CXCR7 in U87 and NCH421k cells. (A) q-RT-
their CXCR4 and/or CXCR7mRNA expression. NCH421k GSLCs had a relatively low expression o
CXCR4 and virtually no expression of CXCR7. (B) Flow cytometry analysis was performed to
protein levels were equally high on both cell lines, whereas CXCR7 protein expression was h
error of the mean. *, P b 0.05.
Carlsbad, CA, USA) containing 1% penicillin/streptomycin (Sigma, St.
Louis, MO, USA), 1% L-glutamine (Sigma), 2% B27, 0.08% bFGF (Gibco),
0.01% EGF (Gibco) and 0.01% heparin (Sigma) at 37 °C in a 5% CO2 incu-
bator. U87 GBM cells (ATTC, Teddington, Middlesex, UK) were cultured
in DMEMmedium (Sigma) containing 1% penicillin/streptomycin, 1% L-
glutamine and 10% fetal bovine serum (Gibco) at 37 °C in a 5% CO2 incu-
bator. These cells were authenticated as described by Torsvik et al. [34].
Patient-derived cell line GB7 was established from resected primary
GBM tumor tissue at the Barrow Neurological Institute, Phoenix, AZ,
USA. These GSLCs were grown as neurospheres (Gibco) in DMEM and
F12-Glutamax (Gibco) supplementedwith B27 (Thermo Fisher Scientif-
ic; Waltham, MA, USA) and N2 (Thermo Fisher Scientific) in the pres-
ence of 20 ng/mL EGF (EMD Millipore; Billerica, MA, USA) and
20 ng/mL bFGF (EMDMillipore).
2.2. Quantitative real-time PCR

Quantitative real-time PCR (qRT-PCR) was performed to assess
mRNA levels of CXCR4 and CXCR7. Total RNA was isolated from
NCH421k and U87 cells using Trizol reagent (Invitrogen). cDNA
was generated from 1 μg total RNA using a High Capacity cDNA Re-
verse Transcription Kit (Applied Biosystems; Carlsbad, CA, USA).
Real-time PCR was performed with the ABI 7900 HT Sequence Detec-
tion System (Applied Biosystems) using Taqman gene expression as-
says (Applied Biosystems) for the detection of CXCR4 and CXCR7
mRNA expression. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as internal control. The primers Hs00607978_s1
(Applied Biosystems), Hs00604567_m1 (Applied Biosystems) and
No. 4310884E (Applied Biosystems) were used for CXCR4, CXCR7
and GAPDH, respectively. Analyses were performed with SDS v2.2
software (Applied Biosystems). The experiments were performed
in triplicate.
PCR analysis of lysates of NCH421k GSLCs and U87 GBM cells was performed to determine
f CXCR4 and a high expression of CXCR7. U87 GBM cells had a relatively high expression of
determine CXCR4 and CXCR7 protein expression on U87 and NCH421k cells. The CXCR4
igher on NCH421k cells as compared to U87 cells. The error bars represent the standard



Fig. 2. CatK-induced cleavageproducts of SDF-1α. (A) Amino acid sequence of SDF-1α and
the cleavage sites by CatK at pH 5.5 and/or pH 7.4. Cleavage sites are indicated by arrows
and the secondary structure elements are shown above the amino acid sequence. (B)
Three-dimensional (3D) molecular structure of SDF-1α with cleavage sites mapped onto
the 3D structure of SDF-1α (PDB accession code 2N55). Residue numbering applies to
the mature form of SDF-1α. The 2 disulfide bonds, the N-terminal 6 residues and Leu29
of SDF-1α are shown as sticks. The image was created with UCSF Chimera software
(UCSF Chimera—a visualization system for exploratory research and analysis as
described in [44]).
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2.3. Flow cytometry analysis

Flow cytometry analysis was performed to determine CXCR4 and
CXCR7 expression on the cell surface of NCH421k and U87 cells. One
million NCH421k and U87 cells were harvested and washed twice in
buffer (2% BSA in 1× PBS). Cells were incubated with primary antibod-
ies against CXCR4 (1:500, R&D Systems, MAB42273; Minneapolis, MI,
USA) and CXCR7 (1:50; R&D Systems, MAB172) for 30 min at 4 °C.
After a washing step with buffer, cells were incubated with secondary
antibody rabbit anti-mouse Alexa Fluor 488 (Life Technologies, Carls-
bad, CA, USA) for 30 min at 4 °C, followed by another washing step
with buffer and resuspension in 1× PBS. Propidium iodide (1:100,
Miltenyi Biotec; San Diego, CA, USA) was added to the cell suspensions
to exclude dead cells. Analysis was performed using the flow cytometer
MACSQuantify Analyzer 10 (Miltenyi Biotec) and MACSQuantify soft-
ware (Miltenyi Biotec). Protein expression was observed in the FITC
channel and isotypic controls (IgG2B and IgG1, Abcam) were used in
the same concentrations as the primary antibodies to control for
aspecific background staining.

2.4. Western blot analysis

Whole-cell lysates of GSLC line GB7 were generated using standard
RIPA buffer (20 mM HEPES at pH 8.0, 1% NP40, 0.5% sodium
deoxycholate, 0.1% SDS, 25 mM EDTA) containing complete phospha-
tase and protease inhibitors (Thermo Fisher Scientific), rotated at 4 °C
for 30min and then centrifuged atmaximum speed to collect the super-
natant. Protein concentrations were determined using the Bradford
Assay (Thermo Fisher Scientific) and equal amounts of protein (30 μg)
were loaded and transferred to PVDF membranes (EMD Millipore).
Membranes were blocked in 5% BSA in TBST (Tris-buffered saline, 0.1%
Tween 20) buffer for 1 h at RT, and incubated overnight with primary
antibodies at 4 °C. Western blots were processed with fluorescent sec-
ondary antibodies (Pierce Dylight, Thermofisher Scientific) and devel-
oped with ClxLiCor Odyssey (Li-Cor; Lincoln, NE, USA). The following
antibodies were used for western blotting: rabbit anti-human CXCR4
(Abcam, Cambridge, UK), rabbit anti-human CXCR7 (Santa Cruz Bio-
technologies) and mouse anti-human vinculin (Abcam) as loading
control.

2.5. Proteolytic processing of SDF-1α by CatK

Proteolytic cleavage of SDF-1α by CatKwas performed in vitro to de-
termine the cleavage sites of SDF-1α (Peprotech, Rocky Hill, NJ, USA)
generated by CatK. Recombinant human procathepsin K was prepared
as described previously [35]. Purified procathepsin K was activated in
vitro at pH 4.0 and 37 °C. CatK activity was stopped by adjusting the
pH of the activation mixture to ~5.5. The active enzyme concentration
was determined by active site titration using the irreversible cystein ca-
thepsin inhibitor E-64 (Bachem, Bubendorf, Switzerland). Hydrolysis
was performed in 100 mM sodium acetate buffer pH 5.5 or in 50 mM
HEPES buffer pH 7.4, each buffer containing 1 mM EDTA and 5 mM di-
thiothreitol (DTT). Reaction mixtures containing 20 μM SDF-1α and
0.4 μM CatK were incubated on a Thermomixer (Eppendorf, Hamburg,
Germany) at 37 °C. The pH 5.5 reaction mixture was incubated for
30min and the pH7.4 reactionmixturewas incubated for 15min. Reac-
tionswere stopped either by the addition of E-64 in an amount equimo-
lar to the CatK concentration or, alternatively, by selective removal of
the produced small fragments by filtration through a 0.5 mL Ultra cen-
trifugal filter (Amicon, Temecula, CA, USA) with a 3 kDa cut-off at 4 °C.
The complete reaction mixtures, as well as mixtures of short cleavage
products only, were used in further experiments. To determine the
size and identity of the cleavage products, peptides generated by CatK
were analyzed at the commercial proteomics facility at the Jožef Stefan
Institute using matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry (Bruker, Bremen, Germany).
2.6. Two-dimensional invasion assays

Invasion assayswere performed using the transwell chambers, inserts
with 8.0 μm pores (Corning, Life Sciences, New York, NY, USA) and 2 cell
lines: U87 cells (40.000 cells/insert) and NCH421k cells (80.000 cells/in-
sert). The inserts were coated with 0.5 mg/mL Matrigel (Corning) and
dried overnight. Cells were plated in serum-free medium in the upper
chamber and normal medium containing SDF-1α or its derivatives
were placed in the lower chamber: (1) SDF-1α (10 ng/mL); (2) PepC-C
(3 ng/mL; sequence of 21 amino acids from the N-terminal end of SDF-
1α, KPVSLSYRCPCRFFESHIARA, as described in [36]); (3) complete reac-
tion mixture at pH 5.5 (10 ng/mL); (4) complete reaction mixture at
pH 7.4 (10 ng/mL); (5) and (6) complete cleavage products of SDF-1α
at pH 5.5 and 7.4 (10 ng/mL), respectively; (7) and 8) synthetic copies
of peptides (10 ng/mL; KPVS and KPVSLS, respectively; GenicBio, Shang-
hai, China) that are cleavage products of SDF-1α generated by CatK, and
(9) medium only as a control. After 48 h of incubation at 37 °C, tetrazoli-
um salt MTT (Sigma) was added to the upper and lower chambers and
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the incubation at 37 °C lasted for another 3 h. Then, formazan crystals
were collected separately from each chamber, pelleted by centrifugation,
dissolved in dimethylsulfoxide (DMSO) and the absorbance at 570 and
690 nmwasmeasured using a plate reader (SynergyMx, BioTek,Winoo-
ski, VT, USA). The relative invasion (%) was determined as the ratio of ab-
sorbance in the lower chamber and the sum of absorbance in both
chambers. The experiments were performed in triplicate.

2.7. Three-dimensional invasion assays

NCH421k cells were seeded in complete Neurobasal medium (Gibco)
containing 4% methylcellulose in U-bottomed 96-well plates with 3000
cells/well (BD Biosciences, San Diego, CA, USA) centrifuged at 850 × g
and 31 °C for 90 min and incubated at 37 °C in a 5% CO2 incubator for
3 days to form one spheroid in each well. Spheroids were transferred
into 24-well plates (Corning) and embedded in 6.0 mg/mL Matrigel
(Corning). After 30minof incubation at 37 °C in a 5%CO2 incubator, spher-
oids were covered with complete Neurobasal medium containing SDF-α
(10ng/mL), PepC-C (3ng/mL) and cleavageproducts of SDF-1αgenerated
by CatK at pH 5.5 or pH 7.4 (10 ng/mL; after filtration and removal of pep-
tides N3 kDa). As a control, only complete Neurobasal medium was used
to cover the spheroids. Numbers of GSLCs that invaded from the spheroids
into the Matrigel were determined using image analysis after day 3 and
day 6 using an inverted fluorescence microscope (Nikon Eclipse Ti,
Tokyo, Japan) at 4×magnification andNIS-Elements, Nikon software [37].

2.8. Cell viability assay

Fifty thousand GB7 cells were seeded on 6-well plates and were
treated with 10, 25, 50, 100 and 500 nM of the CXCR4 inhibitor
plerixafor (Selleck; Houston, TX, USA) for 24 h at 37 °C in a 5% CO2 incu-
bator. The number of viable cells was determined using a trypan blue
exclusion assay to assess the toxicity of plerixafor.

2.9. Plerixafor-treated GSLCs in transwell invasion assays

The effect of plerixafor on invasion of GB7 GSLCs was determined
using transwell assays and collagen-coated (Advanced BioMatrix; San
Diego, CA, USA) inserts with a pore size of 8 μm (Becton Dickinson;
Fig. 3. Transwell invasion assays of NCH421k GSLCs and U87 GBM cells. Relative cell invasion p
incubation in transwells. The data shows that SDF-1α and PepC-C had a strong chemotactic
mixtures after incubation of SDF-1α and CatK and small cleavage products only after filtra
chemotactic effects in both cell lines either. The error bars represent the standard error of the
Franklin Lakes, NJ, USA). Dissociated GB7 cells (50,000/insert) were re-
suspended in serum-freemediawith growth factors (20 ng/mL EGF and
bFGF) and mixed with thawed Matrigel (BD Biosciences; San Jose, CA,
USA). A total of 50 μL of Matrigel plus cell suspension was placed on
the inserts in duplicates. Inserts were then placed in 24-well plates.
After 24 h, invaded GB7 cells that accumulated on the bottom surface
of the insert membrane were fixed with 4% paraformaldehyde for
20 min, washed with 1× PBS for 10 min and stained with DAPI
(1:1000 in 1× PBS) for 10 min. The membranes were subsequently
cut out and mounted on microscopic slides for quantification. Images
of the membranes were taken using the fluorescence microscope
(Zeiss; Jena, Germany) and the ZenPro software (Zeiss). The total num-
ber of cells in five individual fields per membrane was counted using
Image J software [37,38]. Cells treated with 10, 25, 50, 100 and
500 nMplerixaforwere comparedwith the control and in all transwells,
SDF-1α (10 ng/mL) was used as chemo-attractant.

2.10. Brain tumor samples of patients

GBM samples from 10 patients were obtained from the Brain Tumor
Bankmaintained by the Department of Neuropathology at the Academ-
ic Medical Centre (AMC, Amsterdam, The Netherlands). Research was
performed on “waste”material that was stored in a coded fashion. Con-
sent for this project was reviewed and waivered, and the project was
approved by the Medical Ethics Review Committee of the Academic
Medical Center and University of Amsterdam (reference number
W14_224 # 14.17.0286). Consent for removal of the tissue and its storage
in the tumor bank for research purposes was obtained and documented
in the patients' medical charts. Tissue samples were snap-frozen in liquid
nitrogen in the operating room and stored at−80 °C until use. Cryostat
sections (7-μm thick) were cut at −25 °C on an HM560 cryostat
(MICROM, Walldorf, Germany), picked up on glass slides, and stored at
−80 °C until use. All staining procedures, including those for controls,
were performed on serial sections of each GBM sample [9].

2.11. Chromogenic immunohistochemistry

Immunohistochemistry (IHC)was performed on serial GBMcryostat
sections. Sections were air-dried at room temp for 15 min before
ercentages from the upper chamber to the lower chamber were determined after 48 h of
effect on NCH421k GSLCs and U87 GBM cells as compared to control, complete reaction
tion (b3 kDa). The two small synthetic peptides (KPVS and KPVSLS) did not show any
mean. *, P b 0.05.
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staining. Sections were fixed in acetone (−20 °C) for 10 min and air-
dried afterwards for 15 min. Sections were encircled with a PAP pen
(Dako, Glostrup, Denmark), followed by 3 washing steps of 5 min
with PBS. The sections were treated with 100% methanol containing
0.3% H2O2 for 15 min to block endogenous peroxidase activity and to
prevent non-specific background staining, followed by 3 washing
steps of 5 min each using PBS. Then, sections were incubated with PBS
containing 10% normal goat serum (Dako) and 0.1% bovine serum albu-
min (BSA) for 45min to further reducenonspecific background staining.
After tapping off the goat serum-containing buffer, sections were incu-
bated overnight at 4 °C with primary antibodies (rabbit-anti-human
CatK, ab19027, dilution 1:200, Abcam, Cambridge, UK; rabbit-anti-
human SDF-1α, MAB310, dilution 1:200, R&D Systems; mouse-anti-
human smooth muscle actin (SMA), M0851 clone 1A4, dilution 1:500,
Dako). After incubation with primary antibodies, sections were washed
3 times for 5 min in PBS containing 0.1% BSA. Sections incubated with
Fig. 4. Spheroid invasion assays using NCH421kGSLCs. (A) Images of spheroids surrounded by in
presence of SDF-1α (b), PepC-C (c), cleavage products of SDF-1α generated by CatK at pH 5.5 (
only (a). Scale bar = 100 μm. Please note that images were captured of spheroids in the cent
distances away from the spheroids. (B) Numbers of GSLCs invading into Matrigel out of sp
cleavage products of SDF-1α generated by CatK at pH 5.5 and 7.4 (b3 kDa) and medium onl
shown in Fig. 4A have been quantified. The data shows that treatment with SDF-1α and P
spheroids as compared to the control and cleavage products of SDF-1α b3 kDa generated by C
antibodies against CatK and SDF-1α were incubated with polyclonal
goat-anti-rabbit secondary antibody conjugated with horse-radish per-
oxidase (HRP) (Dako) in a 1:200 dilution in PBS containing 0.1% BSA for
1 h. Sections incubated with antibodies against SMA were incubated
with polyclonal goat-anti-mouse secondary antibody conjugated with
HRP (Dako) in a 1:200 dilution in PBS containing 0.1% BSA for 1 h. Incu-
bation with secondary antibodies was followed by 3 washing steps of
5 min with PBS. After that, sections were incubated with AEC (peroxi-
dase substrate kit; Vector Laboratories, Burlington, CA, USA) for
20 min, followed by one washing step of 5 min using PBS. Sections
were placed in running tap water for 20 min and then in distilled
water followed by incubation for 3 min in hematoxylin (Fluka
Biochemica, Sigma-Aldrich) for nuclear staining. Sections were again
placed in running tap water for 20 min and then in distilled water. All
incubation steps were performed at room temp, except for the over-
night incubations with primary antibodies that were performed at
vadingNCH421k GSLCs. Spheroids embedded inMatrigelwere incubated for 6 days in the
d), cleavage products of SDF-1α generated by CatK at pH 7.4 (e) and control with medium
er and invading cells in the vicinity of the spheroids. However, cells invaded over larger
heroids were determined using image analysis after treatment with SDF-1α, PepC-C,
y as control. All invaded cells, including the cells that invaded over larger distances than
epC-C significantly increased the numbers of GSLCs invading into the Matrigel out of
atK. The error bars represent the standard error of the mean. *, P b 0.05.
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4 °C. Finally, sections were covered with glycerin/gelatin mountingme-
dium (Sigma-Aldrich). Control incubations were performed in the ab-
sence of primary antibody. The second control panel was performed
with rabbit serum ormouse serum in the same concentration as the pri-
mary antibody, to determine the effect of the serum on non-specific
background staining.

2.12. Fluorescence immunohistochemistry

Sections were air-dried for 30 min at room temp, encircled using a
PAP-pen (Daido Sangyo, Tokyo, Japan) and fixed for 10 min at room
temp by using 4% paraformaldehyde (Acros Organics, Geel, Belgium)
containing 3.7% methanol (Merck, Darmstadt, Germany) diluted in
PBS. Sections were washed twice in PBS, followed by permeabilization
using 0.1% Triton X (Sigma) in PBS and 2 washing steps in PBS. Blocking
of non-specific staining was performed by incubation in PBS containing
0.5% BSA (Sigma). Afterwards, sections were incubated with primary
antibodies at room temp (rabbit-anti-human CatK (isotype IgG),
ab19027, dilution 1:500, Abcam; mouse-anti-human SDF-1α (isotype
IgG1), MAB310, dilution 1:600, R&D Systems; rabbit-anti-human SMA,
(isotype IgG2a), M0851 clone 1A4, dilution 1:500, Dako). Single, double
or triple staining procedures were used for the 3 primary antibodies.
After 60 min of incubation at room temp, sections were washed with
PBS. Incubation with secondary antibodies was performed for 30 min
at room temp (goat-anti-rabbit CatK (IgG) conjugated with Alexa 488,
dilution 1:500, Invitrogen, Carlsbad, CA, USA; goat-anti-mouse SDF-1α
(IgG1) conjugated with Alexa 647, dilution 1:500, Life Technologies,
Carlsbad, CA, USA; goat-anti-mouse SMA (IgG2a) conjugated with
Alexa 568, dilution 1:500, Life Technologies). Removal of fluorescent
lipofuscin from sections was performed by incubation for 30 min in
30 mM ammonium acetate (Merck, Darmstadt, Germany), and 10 mM
copper sulphate (Merck). Afterwards, sections were washed for 30 s
using distilled water and 4 times 5 min using PBS. Sections were
mounted in ProLong Gold containing DAPI (Life Technologies, Bleiswijk,
The Netherlands) and coverslipped. Preparations were hardened over-
night at room temp. Control incubationswere performed in the absence
of primary antibodies. Imaging was performed using a confocal
Fig. 5. Schematic representation of the GSLC niche. Our proposed model of GSLC niches around
and smooth muscle cells and the adventitia (stroma) containing ECM and stromal cells. Endoth
niches and loosen anchorage of GSLCs that express CXCR4 and/or CXCR7. CatK cleavage of SDF
microscope (SP8-X SMD; Leica, Amsterdam, The Netherlands). Images
of 1024 × 1024 pixels were taken as optical sections andwere analyzed
using LAS X software (Amsterdam, The Netherlands).

2.13. Statistical analyses

Data were processed in Excel 2013 (Microsoft, Redmond, WA, USA)
and GraphPad Prism 6 (La Jolla, CA, USA) for statistical analyses using t-
tests for qRT-PCR data and one-way ANOVA tests for invasion assays. P
values b0.05 were considered to indicate significant differences.

3. Results

3.1. Cellular expression of CXCR4 and CXCR7

Fig. 1A shows CXCR4 and CXCR7 mRNA expression levels in
NCH421k GSLCs and U87 GBM cells. NCH421k cells had a relatively
low expression of CXCR4 and a high expression of CXCR7, whereas
U87 cells had a relatively high expression of CXCR4 and virtually no ex-
pression of CXCR7.However,flow cytometry analysis revealed that both
U87 and NCH421k cells had a high and similar level of CXCR4 protein
expression on the cell surface, whereas CXCR7 protein expression was
higher on NCH421k cells as compared to U87 cells (Fig. 1B).

3.2. Proteolytic processing of SDF-1α by CatK

It has been shown in previous studies that CatK and other cysteine
cathepsins can cleave SDF-1α [39]. To determine the effect of the
CatK-induced cleavage on the chemotactic activity of SDF-1α, we ana-
lyzed the cleavage of SDF-1α in more detail, as presented in Fig. 2A.
Since CatK is active in both the endolysosomal compartment as well
as extracellularly, experiments were performed at two pH values, i.e.
pH 5.5 to simulate endolysosomal conditions and pH7.4 tomimic extra-
cellular conditions. Optimal incubation periods for the cleavage reac-
tions were determined to be 30 min at pH 5.5 and 15 min at pH 7.4
(data not shown). The mixtures of cleavage products were analyzed
by MALDI-TOF mass spectrometry to identify the cleavage sites within
arterioles. The arteriolar wall consists of an endothelial cell layer surrounded by pericytes
elial cells and/or GBM cells secrete proteases, including CatK, that cleave SDF-1α in GSLC
-1α enables mobilization of GSLCs out of niches.
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SDF-1α. In both conditions, peaks with average molecular masses of
7964.375, 7552.878 and 7352.643 Da, respectively, were identified.
These correspond to the singly protonated forms (MH+) of full-length
SDF-1α, and two N-terminally-cleaved fragments, the larger being
cleaved after Ser4 and the smaller after Ser6. Two additional fragments
were observed at pH 7.4 with molecular masses of 6729.879 and
4582.347 Da, respectively. These correspond to SDF-1α fragments pro-
duced by cleavage after Cys11 and Leu29. The kinetics of the reaction
Fig. 6. Immunolocalization of SDF-1α and CatK in niches around arterioles. (A) Immunohisto
cryostat sections of GBM, showing the expression of SDF-1α and CatK in GSLC niches around
smooth muscle cells of the arteriolar wall, which is the center of GSLC niches. (d, e) Inverse c
GBM. Red arrows indicate low protein expression and green arrows indicate higher protein e
100 μm. (B) Fluorescence immunohistochemical staining of SMA, SDF-1α and CatK was per
showed co-localization of SDF-1α (red) and CatK (green) around SMA-positive arterio
counterstained with DAPI to detect the nuclei. Scale bar = 10 μm.
showed that larger numbers of fragments appeared after shorter incu-
bation periods at pH 7.4 than at pH 5.5 (Fig. 2), indicating that CatK
cleaves SDF-1αmore readily at physiological extracellular pH. The posi-
tions of the cleavage sites in the three-dimensional (3D) structure of
SDF-1α are shown in Fig. 2B. Chemokines are known to interact with
two sites on their receptors, where the globular part of the chemokine
interacts with the N-terminal extension of the receptor, and the N-ter-
minus of the chemokine binds to the functional site of the receptor
chemical staining of SMA (a), SDF-1α (b) and CatK (c) was performed on human serial
SMA-positive arterioles and in the arteriolar wall (indicated by black arrows). SMA stains
orrelation of SDF-1α and CatK protein expression in niches in serial cryostat sections of
xpression. Sections were counterstained with hematoxylin to detect nuclei. Scale bar =
formed on human serial cryostat sections of GBM and imaging by confocal microscopy
les (light blue). SDF-1α and CatK were partly co-localized (yellow). Sections were
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[40,41]. The N-terminal cleavage sites of CatK are located in the flexible
region of SDF-1α that is responsible for binding to the functional site of
CXCR4/CXCR7 and for triggering of signaling. It has been shown that
cleavage of 2 residues from the N-terminus is sufficient to abolish acti-
vation of the receptor [42]. The remaining 2 cleavage sites are located
in the globular part of the molecule at positions that are directly in-
volved in the interactions with the N-terminal part of CXCR4/CXCR7
[43]. It is thus likely that CatK cleavage prevents SDF-1α from binding
to CXCR4/CXCR7. To test whether SDF-1a cleavage by CatK inhibits che-
motaxis, transwell invasion assayswere performed using either SDF-1α
as a chemo-attractant or the CatK-induced cleavage products of SDF-1α
(Section 3.3).
3.3. CatK cleavage of SDF-1α prevents transwell invasion

Transwell invasion assays were performed with NCH421k and U87
cells to determine the chemotactic activity of SDF-1α and its cleavage
products and PepC-C. The relative invasion of U87 and NCH421k cells
was higher in the presence of SDF-1α and PepC-C than in the presence
of reaction mixtures, SDF-1α cleavage products, synthetic SDF-1α N-
terminal peptides or control conditions and this effect was significant
(Fig. 3). Fig. 3 shows significant chemotactic effects of SDF-1α and
PepC-C on NCH421k and U87 cells as compared to the control. There
was no significant difference between the effects of SDF-1α and PepC-
C (Fig. 3). Cleavage products of SDF-1α generated by CatK at pH 5.5
and 7.4, both in the complete reactionmixtures and after filtration to re-
move peptides larger than 3 kDa, did not show any chemotactic effects.
The filtration stepwas performed to specifically determine the effects of
SDF-1α-derived small peptides from theN-terminus (Fig. 2). These data
indicate that SDF-1α cleavage by CatK at both pH 5.5 and 7.4 completely
abolished the chemotactic effects of SDF-1α. To study these phenomena
further, 2 small peptides from the N-terminus of SDF-1α were synthe-
sized and tested in transwell invasion assays. Fig. 3 shows that these
synthetic peptides had no chemotactic effects either alone or together.
Sincewe did not observe any difference between the effects of complete
reaction mixtures and filtrated small cleavage products, all further
Fig. 7.CXCR4 inhibitor plerixafor inhibits invasion of CXCR4/CXCR7-expressingGB7GSLCs. (A)W
loading control. (B) Cell viability assays were performed to determine toxicity of plerixafor. Tre
Transwell invasion assays were performed with GB7 GSLCs treated with 10, 25, 50, 100 and 50
shows that plerixafor reduces the number of invading cells significantly. DAPI-stained cells wer
error of the mean. *, P b 0.05.
experiments were performed with the filtrated small cleavage products
only.

3.4. CatK cleavage of SDF-1α prevents Matrigel invasion from spheroids

Invasion assays were performed in 3D to study the invasive behav-
iour of NCH421k cells that were growing as spheroids in Matrigel (Fig.
4A). Treatment of the spheroids with SDF-1α and PepC-C resulted in a
significantly increased number of NCH421k cells that invaded Matrigel
out of the spheroids, as compared to the control (Fig. 4Aa–c). CatK-in-
duced cleavage products of SDF-1α at pH 5.5 and 7.4 did not stimulate
invasion of GSLCs out of the spheroids as the invasion was similar to
that in control conditions (Fig. 4Aa, d, e). This invasive pattern was ob-
served both after 3 and 6 days.

3.5. Schematic representation of the GSLC niche

Fig. 5 shows our concept of the GSLCniche. CXCR4 and/or CXCR7-ex-
pressing GSLCs are retained around arterioles in the GSLC niche by SDF-
1α/CXCR4 and/or SDF-1α/CXCR7 interactions as was found in our pre-
vious study [9]. The arteriolar wall consists of endothelial cells,
pericytes, smoothmuscle cells and the adventitiawhich consists of stro-
ma containing extracellular matrix (ECM) and stromal cells. The GSLCs
are attached to the stroma via SDF-1α/CXCR4/7 interactions. CatK activ-
ity induces cleavage and inactivation of SDF-1α, which results inmigra-
tion of GSLCs out of GSLC niches.

3.6. SDF-1α and CatK expression around arterioles in GSLC niches

Chromogenic and fluorescence IHC were performed to provide
supporting evidence for our concept of the GSLC niche as illustrated in
Fig. 5. Human GBM serial cryostat sections were used for chromogenic
IHC to localize SDF-1α and CatK in GSLC niches. Fig. 6Aa–c shows that
SDF-1α and CatK are both localized around SMA-positive arterioles of
GSLC niches and are also expressed in the arteriolar wall. SDF-1α and
CatK were expressed around arterioles. In addition, we found SDF-1α
and CatK expression in an inverse correlation in niches (Fig. 6Ad, e).
estern blot data shows that GB7GSLCs express both CXCR4 and CXCR7. Vinculin is used as
atment with 10, 25, 50, 100 and 500 nM plerixafor for 24 h did not affect cell viability. (C)
0 nM plerixafor for 24 h with SDF-1α in the lower chamber as chemoattractant. The data
e counted using ImageJ software. Scale bar= 50 μm. The error bars represent the standard
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Fluorescence IHC and confocal imaging of humanGBM cryostat sections
showed that SDF-1α and CatK are co-localized around SMA-positive ar-
terioles of GSLC niches (Fig. 6B).

3.7. CXCR4 inhibitor plerixafor inhibits invasion of GSLCs

Since our data provides supporting evidence that the SDF-1α/
CXCR4/CXCR7 axis is involved in retaining CXCR4/CXCR7-expressing
GSLCs in SDF-1α-containing niches, we determined the effect of the
CXCR4 inhibitor plerixafor on invasion of GSLCs in response to SDF-
1α. Western blot analysis revealed that GB7 GSLCs express both
CXCR4 and CXCR7. Vinculin was used as loading control (Fig. 7A).
Next, we determined the toxicity of plerixafor by performing cell viabil-
ity assays. The data shows that treatmentwith plerixafor does not affect
cell viability after 24 h (Fig. 7B), confirming that plerixafor is not toxic
for the cells. Transwell invasion assays were performed to determine
the effect of plerixafor on invasion of GB7 GSLCs, which were treated
with various concentrations of plerixafor for 24 h and SDF-1α was
used as chemo-attractant. Fig. 7C shows a concentration-dependent ef-
fect of plerixafor with a significant reduction in the number of invading
GB7 GSLCs as compared to the control and 500 nM plerixafor had the
highest inhibitory effect on invasion.

4. Discussion

The present study shows that SDF-1α induces chemotactic re-
sponses of U87 GBM cells, and NCH421k and GB7 GSLCs supporting
the concept that SDF-1α recruits GSLCs to the wall of arterioles, where
GSLC niches are located. Our qRT-PCR data revealed that U87 cells
have higher levels of SDF-1α receptor CXCR4 mRNA, whereas the
NCH421k cells have higher levels of CXCR7 mRNA. However, the flow
cytometry analysis showed that both U87 and NCH421k cells express
high levels of CXCR4 protein and lower CXCR7 protein levels at their
surface.We assume that either CXCR7protein in NCH421k cells ismain-
ly present intracellularly in granules or that turnover rates of the recep-
tors in the 2 cell lines are different. In addition, our western blot analysis
showed that theGB7 cells express both CXCR4 and CXCR7 in serum-free
conditions. Hattermann et al. in 2010 found in serum-containing media
that CXCR4was expressed inGSLCs and differentiatedGBMcellswhere-
as CXCR7 was expressed in differentiated GBM cells [45]. Our data is in
linewith other studies that showed that CXCR4 and CXCR7 are essential
for functioning of brain tumor cells [18–21]. U87 and NCH421k cells dif-
fer in the expression of CXCR7, but we found similar chemotactic re-
sponses in vitro towards SDF-1α (Fig. 3). GB7 GSLCs also express both
CXCR4 and CXCR7 (Fig.7A) and these cells are strongly attracted to-
wards SDF-1α (Fig. 7C). This chemoattraction was inhibited by the
CXCR4 inhibitor plerixafor (Fig. 7C) which was also shown recently by
Yadev et al. in their study of perivascular invasion of GBM cells and
GSLCs [46], which is in line with our concept that the SDF-1α/CXCR4
axis is involved in retaining CXCR4-expressing GSLCs in SDF-1a-con-
taining niches (Fig. 5). We have not tested the CXCR7-inhibitor
CCX662 in our GSLC models. It is likely that CXCR7 is less involved in
the process of invasion than CXCR4, since the SDF-1α/CXCR7 axis acti-
vates β-arrestin, resulting in scavenging of SDF-1α. The heterodimeric
SDF-1α/CXCR4/CXCR7 signaling axis induces a conformational change
of CXCR4 and G-proteins and blocks further signaling [18]. Since CatK
activation is a complicated and highly regulated process, CXCR4/
CXCR7 inhibition may be a more promising strategy to enforce GSLCs
out of their niches than activation of CatK.

Protease signaling via modifications of their substrates may affect
cytokine activitywhich is a complex feedback loop between the families
of proteases and cytokines [47]. The co-localization and inverse correla-
tion between expression of SDF-1α and CatK proteins in GSLC niches
(Fig. 6) suggests that extralysosomal CatK cleaves and inactivates SDF-
1α, with the consequence of the release of GSLCs from niches (Fig. 5).
Extracellular SDF-1α can be explained by secretion by endothelial
cells and stromal cells and is upregulated by HIF-1α and VEGF [17].
SDF-1α can be present intracellularly as well as it can be internalized
after binding to CXCR7 [18]. CatK is an endolysosomal protease and is
therefore present intracellularly, but can also be present extracellularly
when secreted by GBM cells or endothelial cells.

CatKwas found to be one of the highest differentially expressed pro-
teases in GBM tissues and cells versus their normal counterparts [29],
but we have not been able to show its activity in GBM tissue and cell ly-
sates. This suggests that CatK activity is in vivo highly regulated by pro-
teolytic, possibly autolytic activation of its precursor form [39], which
may depend on pH and redox potential which in turn are regulated by
glutathione and hydrogen peroxide. The latter inhibits the processing
of the proenzyme and inactivates mature CatK [48]. CatK has already
been reported as one of the proteases besides MMP-2, MMP-9, neutro-
phil elastase and cathepsin G, that can inactivate SDF-1α by cleaving off
amino acids from the N-terminus of SDF-1α [49]. Later, Staudt et al.
showed that all 11 constitutively secreted cysteine cathepsins can
cleave SDF-1α to modulate the communication between HSCs and
their niches in the bonemarrow, and all were secreted as proteolytically
inactive enzymes [39]. Most cleavages of SDF-1α were observed with
CatB that is highly expressed in GBM [30,31], and, therefore, a possible
cooperation between CatK and CatB in regulating chemotactic activity
of SDF-1α in vivo cannot be excluded.

The N-terminal domain of SDF-1αwhich binds with residues 12–17
(RFFESH) to CXCR4 acts as an initial docking site for SDF-1α. After bind-
ing, the activation domain composed of amino acid residues 1–8
(KPVSLSYR) binds to theN-terminal endof the receptor, inducing a con-
formational change that allows binding of G-proteins to the intracellular
domain of the receptor, leading to activation of signaling pathways de-
scribed above [18]. Filipo et al. (2013) demonstrated that the N-termi-
nal sequence of SDF-1α, PepC-C (KPVSLSYRCPCRFFESHIARA), is
sufficient to stimulate proliferation and chemotaxis of neural stem cells
from the subventricular zone to injury sites in the cortex, thus possessing
full SDF-1α activity [36]. Here, we demonstrated that CatK cleaves SDF-
1α at 3 positions beyond the amino acid 21 position of N-terminal
PepC-C, thus completely inactivating SDF-1α activity. The two small syn-
thetic peptides of the N-terminus of SDF-1α (KPVS and KPVSLS) did not
show chemotactic activity, retaining U87 and NCH421k cell invasion at
control levels (Fig. 3). In contrast, PepC-C was chemotactically active in
a similarway as intact SDF-1α in invasion assays, aswas shownprevious-
ly [36]. It would be interesting to determine whether treatment with the
two small peptides together with SDF-1α results in inhibition of the che-
motactic activity of SDF-1α, as the two small peptidesmay be able to bind
to the active site of CXCR4/7 receptors without activating them and
preventing the SDF-1α binding. The bulk of the SDF-1α protein is not in-
volved in the chemotactic activity (Fig. 2). Therefore, it may have a func-
tion in protection of the activeN-terminus of SDF-1α against degradation.

In conclusion, the present study provides supporting evidence for
our concept of the GSLC niche that CatK activity releases GSLCs from
niches by inactivating SDF-1α and we proposed the novel therapeutic
approach that disrupts SDF-1α/CXCR4 and/or SDF-1α/CXCR7 interac-
tions to enhance GSLC migration out of niches, with subsequent loss of
their stemness and sensitization to chemo-irradiation. Therefore, it is
relevant to study CatK activity in more detail. An interesting question
that arises is whether CatK should be inhibited, as has been suggested
formany types of cancer [28], or rather upregulated. In linewith this up-
regulation, Lopez-Otin et al. in 2007 reported that the activity of many
proteases in cancer have tumor suppressing effects rather than tumori-
genic effects [50]. We therefore suggest that CatK activity should be up-
regulated in GBM before and during chemo-irradiation, since this may
sensitize GSLCs to chemo-irradiation.
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