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YKL-40 is a 40 kDa secreted glycoprotein belonging to the family of
‘mammalian chitinase-like proteins’, but without chitinase activity.
YKL-40 has a proliferative effect on fibroblasts, chondrocytes and
synoviocytes, and chemotactic effect on endothelium and vascular
smooth muscle cells. Elevated YKL-40 levels are found in serum of
patients with diseases characterized by inflammation, fibrosis and
tissue remodeling. Several studies have reported that high serum
YKL-40 levels in patients with cancer are associated with poor
prognosis. YKL-40 expression is strongly elevated in serum and
biopsy material from glioblastomas patients. We investigated the
expression of YKL-40 in three human malignant glioma cell lines
exposed to different types of stress. Whereas a polymerase chain
reaction transcript was detectable in all three cell lines, only U87
produced measurable amounts of YKL-40 protein. In U87, hypoxia
and ionizing radiation induced a significant increase in YKL-40
after 24-48 h. The hypoxic induction of YKL-40 was independent of
HIF1. Etoposide, ceramide, serum depletion and confluence all
led to elevated YKL-40. Inhibition of p53 augmented the YKL-40
expression indicating that YKL-40 is attenuated by p53. In contrast,
both basic fibroblast growth factor and tumor necrosing factor-ou
repressed YKL-40. These are the first data on regulation of YKL-40
in cancer cells. Diverse types of stress resulted in YKL-40 elevation,
which strongly supports an involvement of YKL-40 in the malignant
phenotype as a cellular survival factor in an adverse micro-
environment. (Cancer Sci 2005; 96: 183-190)

YKL- 40 a mammalian member of ‘chitinase-like proteins’, is
a secreted 40 kDa glycoprotein named after its molecular
weight and the three N-terminal amino acids, tyrosin (Y), lysine
(K) and leucine (L)."? Other names for YKL-40 are human
cartilage glycoprotein-39 (HC gp-39),® 38-kDa heparin
binding glycoprotein (Gp38k),* Chitinase 3-like protein
(CHI3L1),*” Breast regressing protein-39,® and Chondrex.®
The gene for YKL-40 (CHI3L1)%7 is located on chromosome
1q31-g32. The crystallographic three-dimensional structure of
human®!'" and goat YKL-40"? are described, but the site and
mode of binding to cell surface receptors is unknown. Although
homologous in sequence to bacterial and fungal chitinases, and
with high chitin binding ability, YKL-40 fails to degrade chitin
due to a single amino acid substitution in the proposed catalytic
site.?® The function of YKL-40 is still elusive, but high
expression is found during non-pathological processes such as
mammary involution, and in pathological conditions charac-
terized by inflammation, tissue destruction and development of
fibrosis, suggesting a major role of YKL-40 in inflammation and
tissue remodeling.®*1%2» YKIL.-40 messenger ribonucleic acid
(mRNA) and protein expression is found in differentiated macro-
phages in vitro, and in a subset of macrophages in vivo under
pathological conditions such as rheumatoid arthritis, osteoarthritis,
giant cell arteritis and arteriosclerosis.®!"2) Expression is also
seen in synovial cells, chondrocytes and neutrophils.®!8222520)
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YKIL-40 stimulates proliferation of connective tissue cells, including
skin and lung fibroblasts, chondrocytes and synovial cells, and
it modulates expression of chemokines and metalloproteases in
inflammatory fibroblasts.*’*” The porcine variant of YKL-40
(Gp38k) is expressed by vascular smooth muscle cells® and
functions as a chemotactic factor for human umbilical vein
endothelial cells,® as well as an adhesion and migration factor
for vascular smooth muscle cells;®” two processes involved in
angiogenesis.

Concordantly, high serum concentrations of YKL-40 are
found in patients with pathologies, such as rheumatoid arthritis,
osteoarthritis, giant cell arteritis, bacterial infections, inflammatory
bowel diseases and liver fibrosis.®'*1¢21232 Strong evidence
also point to a role of YKL-40 in cancer. First, microarray gene
analyses have identified the YKL-40 gene to be one of the most
highly over-expressed genes in high-grade malignant gliomas,®'%
in papillary thyroid carcinomas,®” and in extraskeletal myxoid
chondrosarcoma.®® Furthermore, YKL-40 is expressed by murine
mammary tumors initiated by neu/ras oncogenes but not by
c-myc or int-2 oncogenes.®

Second, elevated serum YKL-40 levels (compared to healthy
subjects) are found in subgroups of patients with different types
of solid tumors, including several types of primary or advanced
adenocarcinomas (breast, colorectal, ovarian), small cell lung cancer
(SCLC) and glioblastoma, and elevated serum YKL-40 is related
to short recurrence-free interval and short survival.®336-4 Tn
patients with gliomas, serum YKL-40 was positively correlated
to tumor grade and burden.®®

Regulation studies of YKL-40 expression are sparse. Tran-
scriptional regulation of YKL-40 during human macrophage
differentiation has been described.” There are probably two
independent transcription start sites and the promoter sequence
contained binding sites for several known factors and specific
binding of nuclear PU.1, Spl, Sp3, USF, AML-1 and C/EBP
proteins. It was found that the Spl-family transcription factors
seem to have a predominating role in controlling YKL-40 pro-
moter activity.”

Our general hypothesis is that YKL-40 is a cellular survival
factor. Therefore, we investigated to what degree various types
of physiological stress, mimicking the adverse microenviron-
ment of solid tumors during growth or therapy, influences the
expression of YKL-40.

Methods and Materials

Reagents. Cobalt chloride (CoCl,), N-acetyl cysteine, tumor
necrosing factor-alpha (TNFa), basic fibroblast growth factor
(bFGF) and interleukin (IL)-6 were obtained from Sigma
Aldrich. Cyclic pifithrin-o. and C, ceramide was obtained from
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Calbiochem. All cell culture reagents were obtained from
Invitrogen unless other suppliers are listed.

Cell lines and treatments. The glioblastoma cell lines U87,
U118 and U373 were obtained from American Type Culture
Collection and cultured at 37°C, 5% carbon dioxide and 95—
98% humidity in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS). The cell
lines were tested free of mycoplasma. Twenty-four hours prior
to treatment, cells were seeded at 10° cells/mL. Immediately
prior to treatment, the media was changed. After treatment, a
250 uL media sample was collected from individual dishes
at different time points and frozen at —80°C with 40 uL of
Complete protease inhibitor (Roche Diagnostics) for later
enzyme-linked immunosorbent assay. The cells were trypsinized,
nigrosin stained and counted. Cells exposed to the same treatment
were pooled, rinsed in ice cold phosphate-buffered saline and
frozen at —80°C for later RNA or protein isolation. For
radiation, the cells were given a single dose of ionizing radiation
of 0, 2, 5, 10 or 20 Gy (Stabilipan; Siemens). For hypoxia
treatment, the cells were transferred to an incubator with a
hypoxic environment, with 0.1% oxygen in an InVivo 400
Hypoxia Cabinet (Ruskinn Technology). For treatment with
CoCl, (0, 100 and 250 uM), etoposide (0, 0.16, 0.31, 0.63, 1.25
and 2.5 uM), C, ceramide (0, 5, 10 and 20 uM) or IL-6 (1, 10,
100 or 500 U/mL), cells were allowed to plate overnight (O/N)
before treatment. When treated with bFGF and TNFa, cells
were allowed to plate O/N in media containing 10% FBS. The
cells were rinsed and given fresh media with 0.1% FBS with
TNFo (10 ng/mL) or bFGF (25 ng/mL). Cyclic pifithrin-a., a
p53 inhibitor,*> was given at 0, 100 nM or 1 uM 30-60 min
prior to radiation. A commercial siRNA duplex against p53 was
obtained from Dharmacon. Semi-confluent cells were transfected
with either buffer or siRNA (100nM) by Lipofectamine2000
(Invitrogen) as described by the manufacturer for 6 h, left O/N
and trypsinized for irradiation in 10 mL of media. After
irradiation the cells were reseeded and cells and media was
harvested 48 h later. For N-acetyl cysteine (NAC) treatment (0,
5 and 25 mM) cells were treated 24 h before irradiation and
continuously hereafter until harvest 48 h after irradiation.

Enzyme-linked immunosorbent assay. YKL-40 protein secreted
by the cells was measured in the collected media samples by a
two-site sandwich-type enzyme-linked immunosorbent assay
(ELISA) (Quidel Corporation).®

This assay uses a streptavidin-coated microplate well, a
biotinylated-Fab monoclonal mouse antibody against human
YKL-40 (capture antibody), and an alkaline phosphatase-labeled
polyclonal rabbit antibody against human YKL-40 (detection
antibody). Bound enzyme activity is detected with p-nitrophenyl
phosphate as substrate. The sensitivity of the ELISA is 8 pg/l1,
and the intra- and interassay coefficient of variations are <3.6%
and <5.3%, respectively. YKL-40 content in the conditioned
media was quantified per number of cells. Each time point/dose
tested was analyzed in triplicate. No detectable YKL-40 was
measured in Dulbecco’s minimal essential medium (DMEM)
containing 10% FBS. Vascular endothelial growth factor (VEGF)
protein secreted by the cells was measured in the media by
ELISA (R & D System).

Reverse-transcriptase polymerase chain reaction and Northern
blots. Total RNA was extracted with TRizol (Invitrogen) or
with RNeasy minikit (Qiagen, Germany) as described by the
manufacturer. cDNA was generated by ThermoScript cDNA kit
(Invitrogen) as described by the manufacturer. Total RNA (1 ug)
was used for each reaction with polyT primers. All reverse
transcriptase-polymerase chain reaction (RT-PCR) fragments
were amplified using the AmpliTaqgGold System (Applied
Biosystems, USA) under the following conditions: 95°C for
5 min, followed by 35 cycles of 95°C for 30 s, a 1 min annealing
step at 60°C, and a 1 min elongation step at 72°C. All PCR
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were finalized by a 10 min elongation step at 72°C. A control
reaction with GADPH primers (sense 5’AACGGATTTGGTCG-
TATTGGGC3’ and antisense 5-TAAGCAGTTGGTGGTG-
CAGG?3") was performed to verify the quality of the cDNA
before PCR with primers for human YKL-40 (493-bp product:
sense 5-CCTGCTCAGCGCAGCACTGT-3" and antisense 5’-
GCTTTTGACGCTTTCCTGGTC.

For Northern blots, 10 g total RNA was separated on a 1%
agarose gel containing 2% formaldehyde and blotted to a Gene
Screen plus membrane by capillary transfer. A 493 bp YKL-40
probe was generated by RT-PCR on cDNA from the osteosar-
coma cell line MG-63 (American Type Culture Collection), a
well known producer of YKL-40, with the above mentioned
primers and conditions. The size and purity was analyzed on a
1.2% agarose and identity was verified by sequencing (MWG-
Biotech AG).

The YKL-40 probe was labeled with P* by random prime
using a Rediprime DNA labeling kit (Amersham, Pharmacia
Biotech). The probe was hybridized O/N at 42°C to membranes
prehybridized for at least 1 h in 5% dextran sulfate, 50% forma-
mide, 1% sodium dodecylsulfate, 1 M NaCl and 100 pg/mL
salmon sperm DNA. Following hybridization, the membranes
were washed under high stringency conditions and RNA expression
was visualized on a STORM 840 Phospholmager (Molecular
Dynamics Inc.). After stripping, the membranes were probed for
28S to ensure equal loading. The 28S probe was a commercial
oligo (Amersham, Pharmacia Biotech) that was labeled by 5’end
labeling kit (Amersham, Pharmacia Biotech Inc.).

Western blotting. Protein was extracted from cell pellets with
a lysis buffer (50 mM Tris [pH 7.5]), 150 mM NaCl, 1% NP-40,
0.1% SDS, 1% (w/v) Natrium-deoxycholat, 1 mM Na,VO,,
1 mM dithithreitol (DTT), Complete protease inhibitors (Roche
Diagnostics), and homogenized by sonication. Protein concentra-
tion was determined by BCA protein assay (Pierce). 30—90 ug
of protein was separated on NuPage Bis-Tris gels (Invitrogen) at
150 V and transferred to nitrocellulose membranes by semidry
blotting. Protein transfer was confirmed by ponceau dye staining.
Western detection was performed after blocking in 5% dry milk
in TRIS buffered saline with 0.1% tween-20 (TBST). The
membrane incubated O/N at 4°C with primary antibody in
TBST (p53, Pharmingen, 15791 A, 2 pg/mL or Oncogene, OP43,
0,1 pg/mL; P21, Oncogene, Ab-1, 1:500; hypoxia inducible
factor (HIF) 1o, Transduction Laboratories, 1 pg/mL, Tubulin,
Sigma T-9026, 1:80 000) and horse radish peroxidase (HRP)
coupled secondary antibody (Dako) for 1h before detection
with ECL Plus (Amersham, Pharmacia Biotech). The Western
blots were visualized by a STORM 840 blue fluorescence
scanner (Molecular Dynamics Inc.).

Statistical analysis was performed using #-test.

Results

Three glioma cell lines were analyzed for YKL-40 mRNA and
protein expression by RT-PCR and ELISA.

In all three cell lines, a transcript was detected (Fig. 1),
whereas YKL-40 protein was found in measurable amounts in
conditioned media from U87 cells only (Fig. 2a).

lonizing radiation induces YKL-40 expression. U87, U118 and
U373 cells were irradiated with 10 Gy, and YKL-40 was
measured in the media after 48 h. An increase in secreted YKL-
40 at 48 h after irradiation was found in U87, but not in U118
or U373 cells (Fig. 2a). The U87 cell lines was subjected to
doses of 0, 2, 5, 10 and 20 Gy of irradiation, and the increase in
YKL-40 after irradiation was found to be dose dependent and
significant at 5, 10 and 20 Gy (Fig. 2b). To ensure that this was
not a consequence of YKL-40 accumulating in the media after
cell death, the up-regulation was confirmed at mRNA level by
Northern blotting, showing an increase in YKL-40 mRNA after
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Fig. 1. Reverse transcriptase-polymerase chain reaction (RT-PCR) of
cDNA from U87, U118 and U373 cells with primers specific for YKL-40.
The PCR products were separated on a 1.2% agarose gel and visualized
by ethidium bromide staining. A ladder was included as a size control
and a separate RT-PCR with primers for the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase was performed to verify
the quality of the cDNA.

exposure of cells to 2, 5 and 10 Gy of ionizing radiation
(Fig. 2c¢). Elevated YKL-40 mRNA was not seen until 48 h after
irradiation, indicating that the expression of YKL-40 is a
secondary response to ionizing radiation downstream of other
signals. An increased YKL-40 mRNA expression was also
found in non-irradiated cells as a result of high cell density,
which in itself increases YKL-40 production in U87 cells. A
dose of 10 Gy reduced the cell number by approximately 50%
at 48 h, relative to non-irradiated control cells.

YKL-40 expression is induced by hypoxia, independently of
hypoxia inducible factor 1. During severe hypoxia (0.1%) the
level of YKL-40 in the media of U87 cells was significantly
upregulated in a time dependent manner after 24 and 48 h of
hypoxia (Fig. 3a). The hypoxia induced YKL-40 production at 24
and 48 h was verified on mRNA level by Northern blotting
(Fig. 3b). As with ionizing radiation, no effect of hypoxia on YKL-
40 expression was seen in U118 and U373 cells (data not shown).

HIF1 is a well-characterized transcription factor responsible
for upregulation of many genes in response to hypoxia.“=4? A
strong upregulation of HIF1o was observed after 4 h in response
to hypoxia and a subsequent increase in VEGF after 8 h (data
not shown). To investigate if the upregulation of YKL-40, seen
under hypoxic conditions, was mediated by HIF1, U87 cells
were treated with cobalt chloride. Cobalt chloride induces

‘chemical hypoxia’ by preventing the normoxic degradation of
the HIF1o subunit through an inhibitory binding of cobalt to
prolyl-4-hydroxylase, which targets the HIF1a subunit of HIF1
for degradation. Consequently genes under transcriptional
control of HIF1 are upregulated.®® We found no increase in
YKL-40 protein levels in conditioned media of U87 cells
following treatment with cobalt chloride, whereas VEGF levels
in the media increased dose dependently, which confirmed the
expected stabilization of the HIFlo in the HIF1 complex
(Fig. 3c,d). Therefore HIF1 does not mediate the hypoxic upreg-
ulation of YKL-40.

Etoposide induces YKL-40 expression. U87 cells were treated
with etoposide, which induces DNA double strand breaks
through inhibition of topoisomerase II. The U87 cells had a
mortality of approximately 50% after 48 h of treatment with
0.31 uM etoposide. YKL-40 protein content in conditioned
media increased significantly. This increase was confirmed on
the mRNA level by Northern blotting (Fig. 4).

Ceramide induces YKL40 expression. Ceramide is an intracel-
lular messenger, which has previously been found elevated
after irradiation and by hypoxia and etoposide treatment.®'>%
U87 cells were treated with a dose range of C, ceramide; a cell
permeable analog of ceramide. We found a dose dependent
increase in YKL-40 mRNA expression after 72 h of treatment
(Fig. 5b). The dose dependent increase in secreted YKL-40 was
significant with 10 and 20 uM C, ceramide (Fig. 5a). C, Ceramide
is a known inducer of apoptosis®® and a dose dependent
toxicity, with 25% less cells at 20 uM C, ceramide compared to
control treatment was observed.

The tumor suppressor p53 has an inhibitory effect on YKL-40
expression. The increase in YKL-40 by irradiation and hypoxia
is seen only in U87 cells, but not in U118 and U373 cells. U87
cells are p53 proficient, whereas U118 and U373 are p53
deficient.®® P53 is a tumor suppressor, known to be involved
in damage responses after irradiation, hypoxia and etoposide
treatment acting upstream of ceramide signaling.®>7>% We
hypothesized that the difference in YKL-40 expression in U87
compared to U118 and U373 could be caused by the possible
pS3 response in U87 cells induced by cellular stress. We
analyzed p53 function in U87, U118 and U373, 24 h after 10 Gy
of ionizing irradiation (Fig. 6a). P53 was increased in U87 cells
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Fig. 4. U87 cells were treated with etoposide (0.16, 0.31, 0.63, 1.25
and 2.5 uM, or vehicle only [0.1% DMSO]) for 48 h. (a) YKL-40 was
measured in the conditioned media by enzyme-linked immunosorbent
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Northern blotting with a YKL-40 probe. The stripped membrane was
probed for 28S to verify equal loading.

after irradiation. The increased levels of functional p53 are
demonstrated by an increase in downstream p21. The high levels
of p53 in U118 and U373 cell lines, both with and without
irradiation, is most likely caused by a failure to degrade p53
through hDM2 ubiquitin ligase loop.®® No difference in p21
levels were found in U118 and U373 after irradiation, reflecting
that they have mutated (non-functional) p53 protein as described
in the literature.®® Therefore, recognizing that only U87 cells
have functional p53, we continued our investigations with
this cell line. We repressed p53 function in U87 cells prior to
irradiation (10 Gy) with either a small molecule p53 inhibitor,
cyclic pifithrin-o, or with siRNA against p53. In both cases,

186

Fig. 5. U87 cells were treated with C, ceramide (5uM or 20 uM, or
vehicle only [0.1% dimethyl sulfoxide]) for 24, 48 and 72 h. (a) YKL-40
was measured in the conditioned media by enzyme-linked
immunosorbent assay after 72 h of treatment and normalized to 0 uM.
Experiments were performed in triplicates. Mean and standard
deviation are shown. (b) Cells were collected after 24, 48 and 72 h of
treatment, and YKL-40 messenger ribonucleic acid was analyzed by
Northern blotting with an YKL-40 probe. The stripped membrane was
probed for 28S to verify equal loading.

additional elevations in YKL-40 mRNA (Fig. 6e,g) and secreted
protein (Fig. 6d,f) were found, thus demonstrating that p53 has
an inhibitory effect on YKL-40. The inhibition of p53 function
by cyclic pifithrin-o. and with siRNA against p53 was verified
by Western blotting against p53, and the downstream protein
p21 (Fig. 6b,c). It should be noted that while siRNA treatment
against pS3 causes down-regulation of both p53 and p21, cyclic
pifithrin-o. caused only a decrease in p53 levels, whereas no
effect could be seen on p21 levels. This is in agreement with the
original characterization of p53 inhibition with cyclic pifithrin-o..“>
Cyclic pifithrin-o. caused no toxicity, neither before nor after
irradiation, while siRNA against p53 resulted in approximately
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(a) U87, U118 and U373 cells were irradiated (10 Gy). Protein from irradiated and control cells was used for Western blotting with p53 and

p21 antibodies. Equal loading was confirmed by tubulin antibody. (b) Confirmation of siRNA treatment against p53. Protein from siRNA treated
U87 cells and controls with and without irradiation (10 Gy) was used for Western blotting with p53 and p21 antibodies. Equal loading was
confirmed by tubulin antibody. (c) Similar to (b) with protein from cyclic pifithrin-o treated U87 cells. (d) U87 cells were treated with siRNA against
p53 (si p53) and ionizing radiation (10 Gy). Controls were treated with siRNA buffer only. YKL-40 was measured in conditioned media by enzyme-
linked immunosorbent assay (ELISA) 48 h after ionizing radiation. The experiment was performed twice and the mean is shown. YKL-40 levels were
normalized to control (0 Gy). (e) YKL-40 mRNA from the same experiment was analyzed by Northern blotting with an YKL-40 probe. The stripped
membrane was probed for 28S to verify equal loading. (f) U87 cells were treated with the small molecule p53 inhibitor cyclic pifithrin-o, 1 h prior
to ionizing radiation (10 Gy). Control cells were treated with vehicle (0.1% dimethyl sulfoxide) only. Media was harvested 48 h after irradiation
for YKL-40 protein measurement by ELISA. YKL-40 levels are normalized to control (0 Gy). Experiments were performed in triplicates. Mean and
standard deviation are shown. (g) The increases in YKL-40 levels were confirmed on RNA levels by Northern blotting with YKL-40 and 28S probes.

25% less cells at 0 Gy, and no further increase in toxicity after
10 Gy of irradiation.

Antioxidant treatment enhances YKL-40 expression. Reactive
oxygen species (ROS) are generated by ionizing radiation and
hypoxia.®? Furthermore, ceramide signaling is documented
to function downstream of RQS.64+556369 Cells were treated
with the antioxidant NAC. A dose of 25 mM of NAC was
significantly toxic and the increase in YKL-40 protein level was
significant both with and without irradiation (Fig.7a). The
increase in YKL-40 mRNA is evident at both 5 and 25 mM,
both with and without radiation. (Fig. 7b).

Serum depletion enhances YKL-40 expression while TNFa and bFGF
repress YKL-40 expression. The YKL-40 response to treatment
with TNFo and bFGF was investigated. To avoid interference
from growth factors present in serum, these investigations were
performed at 0.1% FBS. Serum depletion (0.1%) in itself
upregulated YKL-40 mRNA and YKL-40 protein levels. Band
treatment with TNFo and bFGF prevented this upregulation of
YKL-40 at 0.1% FBS (Fig. 8a,b). IL-6 treatment had no effect
on YKL-40 expression levels (data not shown).

Junker et al.

Discussion

We found increased YKL-40 expression in U87 cells exposed to
an array of stress stimuli in the form of ionizing radiation,
hypoxia, cellular confluence, etoposide, ceramide treatment, p53
inhibition, antioxidant treatment and serum depletion (Table 1).
The increase in YKL-40 expression was found both on RNA
levels and protein levels, which implies that YKL-40 is
regulated on mRNA level either through transcriptional control
or mRNA stabilization.

Hypoxia, chronic as well as acute, is an important constituent
of the microenvironment of malignant tumors, and alterations in
regulation of HIF1 and its downstream pathways are important
determinants of the malignant phenotype.“® The enhanced
expression of YKL-40, found during severe hypoxia, was not
reproduced by stimulation with cobalt chloride, which induces
‘chemical hypoxia’ through stabilization of HIF1.¢? Therefore,
the increase in YKL-40 expression caused by hypoxia is highly
unlikely to be mediated by HIF1. This is in accordance with the
observation that a strong increase in HIF1 ol expression occurs
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Fig. 7. U87 cells were exposed to N-acetyl cysteine (NAC) (5 uM and
25 uM) and ionizing radiation (10 Gy). Cells were treated with NAC
24 h prior to irradiation. Conditioned cell culture media and cells were
collected for (a) enzyme-linked immunosorbent assay and (b) Northern
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triplicates and YKL-40 levels were normalized to control, 0 Gy. Mean
and standard deviation are shown. (b) YKL-40 messenger ribonucleic
acid was analyzed by Northern blotting with an YKL-40 probe. The
stripped membrane was probed for 28S to verify equal loading.

as early as after 4 h of hypoxia with a subsequent increase in
VEGF protein in the media after 8 h. In contrast, the increase
in YKL-40 expression occurred later and is first significantly
present after 24 h and more pronounced at 48 h after initiation
of hypoxia.

YKL-40 is expressed in vivo by arthritic chondrocytes and macro-
phages in inflamed synovial membrane, and high levels of YKL-40
are found in synovial fluid of patients with active rheumatoid
arthritis."® Tt is known that the microenvironment of the arthritic
joint is relatively ischemic and hypoxic,®% and thus hypoxic
upregulation of YKL-40 expression in these situations is plausible.

The cellular response to irradiation is manifold and includes
reactions such as DNA damage, ceramide signaling, p53 stabili-
zation, generation of ROS and growth arrest.®'>3%61:67) Cells
exposed to hypoxia share many of these responses.+37:5862)

U87 cells exposed to etoposide have elsewhere been shown to
induce p53 stabilization as well as ROS and ceramide genera-
tion,®» which would suggest an effect on YKL-40 expression.
The moderate increase in YKL-40 levels on mRNA level could,
in part, be explained by the continuous treatment with etoposide
for 48 h as opposed to the instant DNA damage induced by irra-
diation. YKL-40 is a late signal, and early cellular responses
(e.g. DNA repair mechanisms) perhaps must be completed
before YKL-40 induction occurs.

Treatment with C, ceramide led to elevated YKL-40 levels.
This response did not occur until after 72 h of treatment,
whereas the responses to irradiation, hypoxia and etoposide
were seen earlier (at 24 and 48 h). This difference might reflect
a lower signaling efficiency of the C, ceramide compared to
endogenously generated ceramide, or it might indicate that
ceramide is not part of the same pathways, but rather in itself
initiates an YKL-40 response after long term exposure.

As a result of an effective p53 signaling block in U87 cells
by siRNA or cyclic pifithrin-o, increased levels of YKL-40
occurred both with and without irradiation. This strongly sug-
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Fig. 8. U87 cells were treated with 0.1% and 10% fetal bovine serum
(FBS), as well as with tumor necrosing factor-o. (10 ng/mL) and basic
fibroblast growth factor (25ng/mL) in 0.1% FBS media for 72 h.
Conditioned cell culture media and cells were collected for (a) enzyme-
linked immunosorbent assay and (b) Northern blot. (a) Experiments
were performed in triplicates and YKL-40 levels were normalized to
untreated controls. Mean and standard deviation are shown. (b) YKL-
40 messenger ribonucleic acid was analyzed by Northern blotting with
an YKL-40 probe. The stripped membrane was probed for 28S to verify
equal loading.

Table 1.
u87 cells

Summary of factors that can regulate YKL-40 expression in

Elevated YKL-40
expression

Repressed YKL-40
expression

Tumor necrosing factor-o
Basic fibroblast growth factor

Hypoxia

lonizing radiation
Confluence

Etoposide

Ceramide

P53 inhibition
Antioxidant treatment
Serum depletion

gests that p53 stabilization exerts an inhibitory influence on
YKL-40 production. The different types of stress stimuli that
we have applied (Table 1) can induce p53 stabilization,®>36%
which therefore must wear off before the YKL-40 response
occurs. Concordantly, one could speculate that p53 stabilization
is responsible for the rather late increase in YKL-40 following
irradiation. Alternatively, p53 could be part of a balance
between pro- and anti-YKL-40 stimuli, where the inhibitory
signal from p53 is eventually overridden by stronger YKL-40
stimulating signals. Protection against ROS, in this case by NAC
treatment, produced a similar effect, reflecting that p53 and
ROS could be in the same pathway upstream of YKL-40 after
irradiation.

Since p53 down regulation in U87 led to significantly increased
levels of YKL-40, the lack of YKL-40 response in two other
tested human glioma cell lines, U118 and U373, is unlikely to
be a direct effect of their mutated non-functional p53.5¢

We also observed that both bFGF and TNFa could block the
YKL-40 elevation induced by serum depletion. Effects of TNFou
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on YKL-40 expression have previously been investigated in
chondrocytes and synovial cells.?*® In early passages of
human cultured chondrocytes, TNFa inhibited YKIL-40 protein
expression, suggesting that the suppression by TNFo might be
a general phenomenon in YKL-40 producing cells.?® In the
same experiment, bFGF was found to have no or little stimulating
effect on YKL-40 protein expression in primary chondrocyte
cultures or passage 1 chondrocytes; contrary to what we found
in U87 cells.®? No effect of TNFo. on YKL-40 protein expres-
sion was found in synovial cells.® The different response in
YKL-40 expression after stimulation with TNFo and bFGF
possibly reflects the difference in cell types, TNFo and bFGF
receptor status, and activated converging signaling pathways.
So far, our findings suggest that YKL-40 expression is enhanced
at a late stage of stress (possibly after transient p53 stabilization),
when the cells are committed to either survival or apoptosis.
Ling and Recklies have recently shown that stimulation of
fibroblasts and chondrocytes with IL-1f and TNFo elicit an
inflammation-like cytokine response, which is suppressed in the
presence of YKL-40.%” They suggested that YKL-40 has a
physiological role in limiting the catabolic effects in inflamma-
tory situations.®” YKL-40 stimulation of fibroblasts leads to
AKT phosphorylation through the PI-3K pathway. Since the
PI-3K pathway, and in particular the phosphorylation of AKT,
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has been strongly associated with cell survival, it has been
suggested that YKL-40 protects the cells from undergoing
apoptosis.?” Taken together with the functional observation of
YKL-40 involvement in fibroblast proliferation,?” the possible
role of YKL-40 in angiogenesis,*>*” and the clinical studies
showing increased serum concentrations of YKL-40 in patients
with cancer diseases and poor prognosis, there is circumstantial
evidence for a physiological function of YKL-40 in inflamma-
tion, tissue destruction and subsequent remodeling.

The present documentation of a regulated increase in YKL-40
expression in the human glioblastoma cell line U87, 24-72 h
after diverse stress induction, strongly supports a function for
YKL-40 in cellular survival or adaptation to key elements of the
adverse microenvironment of cancers such as inflammation,
hypoxia, and nutrient deprivation, as well as to the immediate
effects of radiotherapy and cytostatic chemotherapy.
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