NUCLEAR SORTING FROM THE CNS
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Fig. 2. Nuclear purification by FACS. A: Flow cytometric analysis of cells (C2C12 cell line) and their extracted nuclei. Dot plots indicate two
distinct populations thatweresharply distinguishable based on their configuration and DAPI intensity. B: Nuclei purification of the nuclei extracted
from the spinal cord tissue by sorting of DAPI"& fractions. Purified nuclei were reanalyzed and the same fractions were obtained without cellular
debris. Scale bar, 100 pm. C: RNA was prepared from both the purified nuclei and equivalent whole spinal cordtissue, and then GAPDH expression
was compared by quantitative RT-PCR. The quantity of GAPDH mRNA in the purified nuclei was less than 25% that of the equivalent amount of
whole tissue, but the amplification efficacy was identical to that of the tissue transcripts.

to extract targeted cells from complex tissues to examine their
gene expression or molecular profiles under microscopy. LCM
provides quantitative information about the cells of interest and
is a powerful technique, but very few cells can be analyzed,
which limits its use in amplification-based techniques such as
microarray and quantitative PCR analysis. In addition, the
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procedure used for tissue adaptation and cellular isolation
can lead to the loss or damage of tissue-specific molecules.
An alternative approach is to purify specific neural cells using
FACS. To purify functionally homogenous cell subpopulations,
FACS is generally used to enrich a particular cell type in
suspension. Actually, in embryonic or neonatal organs,
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Fig. 3.

Flow cytometric analysis of GFP-positive nuclei extracted from Nestin-EGFP transgenic mice. A: GFP-positive cells are localized in

the subventricular zone in Nestin-EGFP transgenic mice. Scale bar, 500 pm. B: The extracted nuclei from the striatum of the transgenic
mice contained GFP-positive nuclei (Arrows). Scale bar, 40 pm. C: Flow cytometric analysis of GFP-positive nuclei, No fraction was observed
inthe PUFITCdouble-positive areain the negative controls, whereas abimodal peakfor FITC and PHFITC double-positive fractions was observedin

the extracted nuclei from Nestin-EGFP transgenic mice.

including CNS tissue in which the neural cell-cell adhesion is
not very tight, the protocol is established and generally a useful
tool (Kawaguchi et al., 2001). Enzymatic dissociation in the
adult CNS, however, often results in the loss of cells, including
their type-specific transcripts, and induces reactive changes
or cell death. Therefore, this methodology has critical
limitations and is not widely used. In the present study, we tried
to avoid these difficulties by isolating nuclei from aduit complex
tissues.

There are several strategies for isolating nuclei from brain
tissue. Lovtrup-Rein and McEwen (1966) reported a collection
method for neural nuclei by a manual homogenization and
ultracentrifugal fractionation. Thompson (1973) described a
method of separating brain nuclei into two different populations
with a two-step ultracentrifugation: larger nuclei with the
morphologic characteristics of neurons and smaller nuclei with
the morphologic characteristics of glial cells. These techniques
depended on a density gradient to separate the nuclei based on
their size and thus the purity was rarely satisfactory. Recently,
after many years of stagnation in the field due to the lack of
reliable technology, Jiang et al. (2008) described a protocol to
selectively collect immunolabeled neuronal nuclei from brain
tissue with FACS for subsequent chromatin immunoprecipitation
assays. They demonstrated that the chromatin structure in
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isolated nuclei remained unchanged even after a sucrose
gradient ultracentrifugation.

Although our approach is similar, there are several
advantages to our protocol that make it more generally
applicable. Ve modified the nucleus extrusion method
using a Polytron homogenizer and cytochalasin B, which
inhibits actin polymerization and induces nuclei extrusion
(Ohkawa et al., 2007). With this procedure, conventional
time-consuming ultracentrifugation is not necessary and the
collection efficacy is significantly improved. This strategy could
be applicable for any solid organs and we also successfully
isolated nuclei from kidney, liver, skeletal muscle, and the CNS
of aduit mice.

For the flow cytometric sorting of nuclei, we demonstrated
that Fab fragments of immunoglobulin antibody (<50 kDa;
Yamaguchi et al,, 1995) significantly enriched the
immunopositive populations over the undigested form,
suggesting that correct antibody size is crucial for
immunolabeling-based sorting of nuclei. The results are quite
reasonable because smalf particles of <60kDa are able to
pass through the nuclear pore by passive diffusion, whereas
transport of larger particles is usually mediated by an active
process that is coupled to an energy input such as nuclear
localization signals or nuclear export signals (Silver, 1991;
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Fig. 4. Flow cytometric analysis ofimmunolabeled nuclei. A: Immunohistochemistry for an axial section of spinal cord. NeuN-positive neurons
(red) and Olig2-positive oligodendrocytes (green) were distinct. Scale bar, 500 pm in left part and 200 pm in the middle part. B: Immunostaining
of the extracted nuclei from spinal cord. NeuN-positive nuclei (arrows) and Olig2-positive nuclei (arrowhead) were distinguishable. Scale bar,
200 pm. C: Magnifiedimage ofimmunolabeled nuclei. The bright spots of heterochromatin, which consists of mostly inactive DNA, were negative
for transcriptional factor Olig2 (arrow head). Scale bar, 10 pm. D: Flow cytometric analysis ofimmunotagged nuclei. Nuclei extracted from spinal
cord were stained with the anti-neuron-specific Hu protein antibody and then applied to flow cytometry.

Nigg, 1997; Weis, 2003). Aithough particles larger than
100kDa, such as 1gG, can pass through the nuclear pore
complex (Wang and Brattain, 2007), the passage efficiency
varies greatly depending on the particle size. A commercially
available Fab-preparation kit would broaden the general
application of this technique.

Because translation occurs in the cytoplasm, our approach is
limited to the analysis for nuclear-exported mRNA. To analyze
mRNA in the target cell populations, a new methodology of
translating ribosome affinity purification or RiboTag approach
was recently developed that isolates polysomal RNA from
genetically targeted cell types (Heiman et al., 2008; Sanz et al.,
2009). These techniques provide comprehensive studies of
translated mRNAs in the cell populations of interest, and
actually thousands of cell-specific mRNAs are reported that
were not detected in whole-tissue microarray studies (Doyle
et al,, 2008). These methodologies are quite useful, but also
inconvenient because they require atypical transgenic mice
expressing EGFP-tagged ribosomal protein L10a or RPL22 in
defined cell populations.
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Our method of nuclear sorting has several advantages that
the ribosome-targeted approaches are unable to provide. First,
our technique is applicable to postmortem tissues. Siegmund
et al. (2007) utilized neuronal nuclei isolated from the frozen
postmortem brain tissue and demonstrated that cortical
neurons undergo bidirectional changes in DNA methylation
across the lifespan. Spalding et al. (2005) reported that nuclei
isolated with immunotagging from postmortem specimens
could be used for retrospective birth dating by evaluating the
level of '“C in genomic DNA. Second, the nuclear sorting
method can analyze the DNA-protein interactions associated
with chromatin remodeling that have been increasingly
recognized as key regulators of almost all aspects of gene
expression. For example, Jiang et al. (2008) confirmed the
neuron-specific histone methylation patterns at the neuron-
specific gene promoter-binding site in the isolated neuronal
nuclei by chromatin immunoprecipitation analysis. Finally,
nuclear sorting can collect the pre-translation mRNA such as
non-coding RNA and microRNA retained in the nucleus. We
confirmed that nuclei collected from spinal cord tissue by FACS
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Fig. 5. Sorting efficiency with the Fab fragment ofamonoclonal antibody. A: Background staining was not enhanced with the digested secondary
antibody. B: Sorting efficiency was significantly enhanced only when both the digested primary and secondary antibody were used.

contained the nuclear RNAs (~10 ng/pl) and these RNAs were
amplifiable with the conventional reverse transcription-PCR
technique. Using equal concentrations of the extracted RNA,
we compared the amplification efficiency of nuclei and

tissue GAPDH and confirmed their comparable quality. These
results suggest that the nuclear sorting method is compatible
with high-throughput technologies such as microarray and
next-generation sequencers. Especially, DNA/RNA-protein
interactions combined with high-throughput sequencing may
provide new insights into epigenetic regulation and non-coding
RNA (Licatalosi and Darnell, 2010).

This method therefore can be applied to any solid organ
and permits much more specific insight into the regulation of
cellular functions in situations where cell subsets cannot be
genetically marked or purified using cell-surface markers.
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Ewing sarcoma-primitive neuroectodermal tumor
(EWS) is associated with the most unfavorable prog-
nosis of all primary musculoskeletal tumors. The ob-
jective of the present study was to investigate whether
tumor-associated macrophages (TAMs) affect the de-
velopment of EWS. TAMs were isolated from mouse
xenografts using CD11b magnetic beads and examined
for their cytokine expression and osteoclastic differen-
tiation. To evaluate the role of TAMs in Xenograft for-
mation, liposome-encapsulated clodronate was used to
deplete TAMs in mice. Macrophage infiltration and w-
mor microvascular density were histologically evalu-
ated in 41 patients with EWS, and association with prog-
nosis was examined using Kaplan-Meier survival
analysis. In mouse EWS xenografts, TAMs expressed
higher concentrations of cytokines including interleu-
kin-6, keratinocyte-derived chemokine, and monocyte
chemotactic protein-1. TAMs were more capable than
normal monocytes of differentiating into tartrate-re-
sistant acid phosphatase—positive giant cells. Deplet-
ing macrophages using liposome-encapsulated clo-
dronate significantly inhibited development of EWS
xenografts. In human EWS samples, higher levels of
CDG68-positive macrophages were associated with
poorer overall survival. In addition, enhanced vascu-
larity, increase in the amount of C-reactive protein,
and higher white blood cell counts were also associ-
ated with poor prognosis and macrophage infiltra-

tion. TAMs seem to enhance the progression of EWS
by stimulating both angiogenesis and osteoclastogen-
esis. Further investigation of the behavior of TAMs
may lead to development of biologically targeted ther-
apies for EWS. (4m J Patbol 2011, 179:1157-11 70; DOL:
10.1016/j.ajpath.2011.05.034)

Ewing sarcoma-primitive neuroectodermal tumor (EWS)
is @ small round-cell tumor type that typically develops in
the benes of children and young adults. EWS is aggres-
sive, with a tendency to metastasize to lung and bone. As
aresult, these tumors are associated with the most unfavor-
able prognosis of all primary musculoskeletal tumors. De-
velopment of multimodal therapeutic regimens that include
chemotherapy, irradiation, and surgery has increased the
long-term survival rate in patients with localized disease.
Smaller improvements, however, have been observed in
patients with metastatic or recurrent disease.’

The initial symptoms of EWS include pain, swelling, and
fever, and laboratory findings including increased concen-
trations of white blood cell counts, higher C-reactive protein
(CRP) concentration, and sedimentation rate are frequently
observed. These findings indicate the existence of inflam-
mation and sometimes lead to a misdiagnosis of osteomy-
elitis and delay in treatment>® Biological mechanisms that
account for the inflammation involved in EWS remain uncer-
tain. A better understanding of the characteristics of EWS
may thus lead to future successful development of biolog-
ically targeted therapies.

Recent studies have highlighted the importance of
cells from the tumor stroma. Blood vessels, fibroblasts,
and inflammatory cells such as lymphocytes, neutrophils,

Supported by a Grant-in-Aid for Scientific Research (No. 19390397) from

the Japan Society for the Promotion of Science and a Grant-in-Aid for

Clinical Research Evidence-Based Medicine and Cancer Research from

the Ministry of Health, Labour and Welfare of Japan (both to Y.1.).
Accepted for publication May 26, 2011.

Supplemental material for this article can be found at http:/ajp.
amjpathol.org or at doi: 10.1016/j.ajpath.2011.05.034.

Address reprint requests to Jun-ichi Fukushi, M.D., Ph.D., Depart-
ment of Orthopaedic Surgery, Graduate School of Medical Sciences,
Kyushu University, Maidashi 3-1-1, Fukuoka 812-8582, Japan, E-mail:

fukushi@med,kyushu-uao,jp.

1157



1158  Fujiwara et al
AJP September 2011, Vol. 179, No. 3

and macrophages are frequently observed in the tumor
stroma. Interactions between stromal cells and tumor
cells are thought to be essential for tumor malignancy.*
For example, angiogenesis is clearly important for tumor
growth and metastasis, and antibodies that target vascu-
lar endothelial growth factor (VEGF) are currently used to
treat solid tumors.® In addition, fibroblasts and neutro-
-phils that infiltrate the tumor stroma are important for
tumor initiation, growth, and metastasis.®~® Recently, tu-
mor-infiltrating T cells have been reported to be associ-
ated with a favorable prognosis in EWS.°
Among stromal cells, tumor-associated macrophages
{TAMs) have an important role in solid-tumor behavior in-
cluding invasion, angiogenesis, and metastasis.’® Macro-
phages have a wide phenotypic diversity and can be clas-
sified into two activation phenotypes, M1 and M2.112
Classically, activated M1 macrophages are inflammatory
and can exert cytotoxic activity; in contrast, activated M2
macrophages are anti-inflammatory and promote wound
healing, angiogenesis, and tissue remodeling. TAMs often
exhibit features of M2 macrophages and produce a number
of cytokines and growth factors that promote tumor pro-
gression. TAMs also release a number of proteolytic en-
zymes that act to break down the extracellular matrix and
basement membrane, enabling tumor cells to invade other
tissues and endothelial cells to form vascular structures. ™
TAM accumulation is generally associated with poor prog-
nosis in patients with breast, prostate, bladder, and cervical
cancers.''® |n patients with gastrointestinal stromal tu-
mors, macrophages are more abundantly infilirated in met-
astatic lesions than in primary tumors.'® In glioblastoma and
melanoma, there is a significant correlation between the
number of infiltrating macrophages and microvascular den-
sity or tumor progression.?®?! However, in osteosarcoma,
activating macrophages with the muramy! tripeptide have
been used as cytotoxic therapy, resulting in improvement in
overall survival, which indicates that the TAMs in osteosar-
coma have a suppressive effect on tumor progression.?223
Currently, little is known about the role of TAMs in EWS.
Lau et al®* reported that TAMs isolated from EWS arising
in bone were capable of differentiating into osteoclasts,
major mediators of tumor osteolysis. Additional studies
are required to assess the function of TAMs in EWS. In the
present study, TAMs were isolated from mouse EWS xe-
nografts, and the characteristics of these cells were in-
vestigated. We also sought to determine the prognostic
significance of TAMs in patients with EWS.

Materials and Methods

Clinical Samples

The study population consisted of 76 serial cases re-
irieved from the archives of the Department of Anatomical
Pathology, Pathological Sciences, Graduate School of
Medical Science, Kyushu University, Fukuoka, Japan.
The tissues were collected during primary tumor biopsy
at diagnosis between 1978 and 2009. In each case, a
diagnosis of EWS was made on the basis of histologic
features. Of these 76 cases, 35 were excluded, 27 be-

cause of lack of availability of adequate tissue and 8
because of lack of follow-up data; thus, 41 patients were
included in the present study. All 41 patients had primary
EWS, and 40 underwent treatment with systemic multiple-
agent chemotherapy in combination with surgery and/or
radiation. One patient refused systemic chemotherapy
after wide surgical resection, however, she has been
disease-free for 8 years after the surgery. Clinical data
were obtained by reviewing patient records, and survival
data were collected during the summer of 2010. The
Institutional Review Board at Kyushu University approved
the use of human specimens for this study.

Immunohistochemistry

Antibodies specific for human CD68, CD31, and MIB1 were
obtained from Dako A/S (Glostrup, Denmark) and were
used to evaluate human EWS clinical samples. To visualize
macrophages and endothelial cells in mouse xenografts,
anti-F4/80 (AbD Serotec, Ltd., Kidlington, Oxfordshire, Eng-
land), anti-CD99 (Dako A/S), and anti-CD31 (BMA Biomedi-
cals AG, Basel, Switzerland) antibodies were used. Whole-
section samples were fixed in 10% neutral buffered formalin
and embedded in paraffin. After the sections were depar-
affinized in xylene and rehydrated in a graded ethanof se-
ries, they were subjected to microwave pretreatment with
citrate buffer (pH 6.0). After incubation with each antigen-
specific antibody, samples were incubated with horserad-
ish peroxidase-labeled goat anti-mouse antibodies (Dako
A/S). The reaction was visualized using the diaminobenzi-
dine subsirate system (Wako Pure Chemical Industries,
Ltd., Osaka, Japan), and the samples were counterstained
with diluted hematoxylin. To count the macrophages, an
image with an area of 0.64 mm?® was created from six
different visual fields. The number of CD68- or F4/80-posi-
tive cells in six random field profiles was used for subse-
quent stafistical analysis. To evaluate microvascular den-
sity, CD31-positive vessels were counted in six random field
profiles. Images were acquired using an AX70 microscope
equipped with a DP72 camera (both from Olympus Corp.,
Tokyo, Japan).

An antibody specific for human CD14 was obtained
from Abcam, Inc. (Cambridge, MA) and was used to
evaluate the co-expression of CD14 and CD68 in 10
different EWS clinical samples. Tissue samples were
deparaffinized, rehydrated via an sthanol series, and
treated with citrate buffer (pH 6.0). After blocking, double
fluorescent immunostaining reactions were performed
using anti-CD14 (mouse 1gG2a) and anti-CD68 (mouse
IgG1) antibodies. The reactions were visualized using
secondary fluorescently labeled antibodies including
goat anti-mouse IgG2a-Alexa Fluor 546 and goat anti-
mouse IgG1-Alexa Fluor 488 (both from Invitrogen Corp.,
Carlsbad, CA), mounted in Vectashield mounting me-
dium containing DAP! (Vector Laboratories, Inc., Burlin-
game, CA), and imaged using fluorescence microscopy
(Olympus Corp.). The stained cells were counted in four
different fields of vision with an area of 0.064 mm?, and a
total area of 0.256 mm? was investigated for each case.



Cell Lines

RD-ES, SK-N-MC, and SK-ES-1 EWS cell lines were ob-
tained from the American Type Culture Collection (Manas-
sas, VA). WE-688 and VH-64 cells were kindly provided by
Dr. Frans van Valen (Westfalische Wilhelms-University,
Munster, Germany). These cells have been characterized
previously.2® TC-71 cells were obtained from the Coriell
Institute (Camden, NJ). The murine macrophage RAW264.7
cell line was obtained from the European Collection of Cell
Cultures (Salisbury, Wiltshire, England). RD-ES, SK-ES-1,
WE-68, and VH-64 cells were cultured in RPMI 1640 (Invit-
rogen Corp.) supplemented with 10% fetal bovine serum
(HyClone Laboratories, Inc., Logan, UT) at 37°C in an at-
mosphere of 5% CO,. SK-N-MC, TC-71, and RAW264.7
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen Corp.) supplemented with 10% fetal
bovine serum at 37°C in an atmosphere of 5% CO,.

Mouse Xenografts

Female 6-week-old BALB/c nude mice were obtained
from Charles River Japan (Fukuoka, Japan) and main-
tained in a specific pathogen-free environment through-
out the experiment. Cells (5.0 X 10°) derived from two
EWS cell lines, RD-ES and TC-71, were resuspended in
DMEM and Matrigel (BD Biosciences, Franklin Lakes, NJ)
at a ratio of 1:1, and were injected into two subcutaneous
locations on the back of each mouse. Tumor xenografts
were excised at 4 weeks after inoculation, and were used
for further experiments. Experiments involving animals
were performed in compliance with the guidelines estab-
lished by the Animal Care and Use Committee of Kyushu
University.

Isolation of CD11b™ Cells

CD11b™ cells were isolated from mouse EWS xenograft
tumors via magnetic sorting using CD11b MicroBeads
(Miltenyi Biotec GmbH, Bergisch-Gladbach, Germany).
In brief, tissues were minced in 10 mL DMEM, and col-
lagenase L (Nitta Gelatin, Osaka, Japan) and DNase | (F.
Hoffman-La Roche AG, Basel, Switzerland) were added.
The mixture was incubated for 30 minutes at 37°C under
gentle agitation. Digestion was stopped using fetal bo-
vine serum, and the cell suspension was washed and
passed through a 70-um mesh nylon screen. The cells
were incubated with CD11b MicroBeads for 15 minutes
at 4°C and loaded onto a MIDIMACS column (Miltenyi
Biotec GmbH) according to the manufacturer's instruc-
tions. Isolated CD11b™ cells from xenografts were used
as TAMs for further experiments. CD11b™ cells were also
isolated from mouse spleen and liver tissues, and were
used as control macrophages. For cell surface staining,
single-cell suspensions were incubated with fluorescein
isothiocyanate—conjugated anti-CD11b monoclonal anti-
body (Miltenyi Biotec GmbH), allophycocyanin-conju-
gated anti-CD11b and anti-CD45 monoclonal antibodies,
and phycoerythrin-conjugated anti-F4/80 monoclonal an-
tibody (eBioscience, Inc., San Diego, CA) for 15 minutes
at 4°C. The stained cells were run on a FACSCalibur flow
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cytometer (BD Biosciences). Data were analyzed using
the CellQuest software program (BD Biosciences).

Cytokine Expression Analysis

Expression of multiple cytokines was analyzed in
CD11b™ cells and EWS cell lines using Luminex 100
(Luminex Corp., Austin, TX) according to the manufac-
turer’s instructions. To collect conditioned medium, EWS
cells (1 X 10%well) and CD11b* cells (5 X 10%/well) were
incubated in serum-free DMEM for 24 hours and 72
hours, respectively. The Human MultiAnalyte Profiling
Base Kit A (R&D Systems, Inc., Minneapolis, MN) was
used to examine EWS cells for expression of interleukin
(IL)-1e, IL-1B, IL-1 receptor antagonist, 1L-2, 1L-6, IL-8,
IL-10, iL-17, basic fibroblast growth factor, tumor necro-
sis factor-a, interferon-v, granulocyte-macrophage colo-
ny-stimulating factor (M-CSF), macrophage inflammatory
protein (MIP)—1e, MIP-18, monocyte chemotactic pro-
tein-1 (MCP-1), regulated on activation normal T cell ex-
pressed and secreted (RANTES), and VEGF. A multiplex
mouse cytokine/chemokine kit (Millipore Corp., Billerica,
MA) was used to detect mouse IL-1e, IL-18, IL-6, {L-10,
IL-17, keratinocyte-derived chemokine, MCP-1, MIP-1qa,
MIP-18, RANTES, and VEGF.

To examine the effects of macrophages on VEGF pro-
duction by EWS cells, 5 x 10* TAMs isolated from EWS
xenografts were incubated in 500 ub serum-free DMEM
for 72 hours. The serum-free DMEM or conditioned me-
dium collected from TAMs was transferred to a mono-
layer of 1 X 10° RD-ES or TC-71 EWS cells and collected
after an additional 48 hours of incubation. The VEGF
concentration in the conditioned medium was measured
using a human VEGF enzyme-linked immunosorbent as-
say kit (R&D Systems, Inc.).

In Vitro Migration Assay

A migration assay was performed using Transwell cham-
bers (Corning Costar Corp., Cambridge, MA) with 6.5-mm-
diameter polycarbonate filters (8-um pore size) as de-
scribed previously.?® In brief, polyvinylpyrrolidone-free
polycarbonate filters in the upper chamber were coated
with type 1 collagen (Nitta Gelatin, Inc.) and inserted into the
lower chambers. RAW264.7 cells (2.0 X 10%well) were sus-
pended in 200 ul serum-free DMEM and seeded in the
upper chamber. The lower chamber was filled with serum-
free DMEM as a control sample or conditioned medium
obtained from CD11b™ cells. In some experiments, EWS
cells were plated in the lower chamber (2.0 x 105/we|l),
and VEGF receptor tyrosine kinase inhibitor IV (VEGFR-
TKI) (Merck KGaA, Darmstadt, Germany) was added to
both chambers at various concentrations (0, 0.1, 1, or 10
nmol/L) to examine the involvement of VFGF signaling in
cell migration. RAW264.7 cells were aliowed to migrate
for 4 hours at 37°C, and the cells that migrated to the
lower side of the filter were stained and counted as de-
scribed previously.2* Each experiment was repeated at
least three times.
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Table 1. Human and Mouse Primer Sequences Used for Conventional RT-PCR

Gene Primer sequence Amplicon size (bp)
GAPDH (H)
Forward 5/ ~ACCACAGTCCATGCCATCAC-3' 452
Reverse 5'~-TCCACCACCCTGTTGCTGTA-3'
GAPDH (M)
Forward 5'-GTGGCAAAGTGGAGATGGTTECC-3' 290
Reverse 5'-GATGATGACCCGTTTGGCTCC-3'
M-CSF (H)
Forward 5'-CAGTTGTCAAGGACAGCAC-3' 671
Reverse 5'-GCTGGAGGATCCCTCGGACTGE -3
RANKL (H)
Forward 5'-GCCAGTGGGAGATGTTAG-3’ 487
Reverse 5'~PTAGCTGCAAGTTTTCCC-3'
EWS/FLIT (H)
Forward 5'~CCACTAGTTACCCACCCCARACTG-3' 332 (type 1)
Reverse 5'-GTGATACAGCTGGCGTTGGCG-3’ 398 (type 2)

H, human; M, mouse.

Osteoclastic Differentiation Assay

CD11b™ cells were isolated and plated in 96-well plates
at 5 x 10%*cellsiwell in 200 uL DMEM (pH 7.4) containing
10% fetal bovine serum, 50 ng/ml recombinant mouse
M-CSF (R&D Systems, Inc.), and 50 ng/mL recombinant
mouse receptor activator of NF-«B ligand (RANKL) (R&D
Systems, Inc.). At the end of the 4-day culture period,
cells were fixed, and their tartrate-resistant acid phos-
phatase (TRAP) activity was visualized using a TRAP
staining kit (Primary Cell Co., Lid., Sapporo, Japan).
TRAP-positive multinucleated giant cells containing three
or more nuclei were counted under a microscope in four
random field profiles. Each experiment was repeated at
least three times.

RNA Isolation and RT-PCR
Total RNA was extracted from each cell pellet using an

RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany). First-

Table 2. Mouse Primer Sequences Used for Real-Time RT-PCR

strand complementary DNA was generated from total
RNA using a First Strand cDNA Synthesis Kit (Invitrogen
Corp.) with random hexamer primers. Samples were then
subjected to PCR amplification with oligonucleotide prim-
ers to detect the expression of RANKL and M-CSF mRNA
(Table 1). The PCR products were electrophoresed
through a 1.5% agarose gel (Invitrogen Corp.) containing
ethidium bromide (Biotium, Inc., Hayward, CA). Real-time
quantitative RT-PCR was performed to compare the level
of expression of each mRNA in CD11b™ celis using the
LightCycler system (Hoffman-La Roche AG) with the
SYBR Green | reagent (Takara Bio, Inc., Tokyo, Japan).
Expression levels of cathepsin K; triggering receptor ex-
pressed on myeloid celis-2 (TREM2); osteopontin; TRAP,
nuclear factor of activated T cells, cytoplasmic 1; and
osteoactivin were examined using specific primers (Ta-
ble 2). mRNA expression levels were analyzed using the
LightCycler version 3.5 software program (Hoffman-La
Roche AG). Data were normalized using glyceraldehyde-
3-phosphate dehydrogenase as a reference gene.

Gene Primer sequence Amplicon size (bp)
GAPDH
Forward 5'~GGAAGGCCATGCCAGTGAGC -3 194
Reverse 5'-CATTGTGGAAGGGCTCATGA-3'
Cathepsin K
Forward 5'~TGTATAACGCCACGGCAAA-3' 195
Reverse 5'~GGTTCACATTATCACGGTCACA-3’
TREMZ2
Forward 5'-CTGCACTTCAAGGGAAAAGC-3' 203
Reverse 5'~CAGTGCTTCARGGCGTCATA-3'
Osteopontin
Forward 5'-GGCATTGCCTCCTCCCTC 3’ 69
Reverse 5'-GCAGGCTGTAAAGCTTCTCC -3’
TRAP
Forward 5'-TACCTGTGTGGACATGACC-3’ 151
Reverse 5'-CAGATCCATAGTGAAACCGC-3’
NFATc1
Forward 5/ ~AATAACATGCGAGCCATCATC-3' 109
Reverse 5'~TCACCCTGGTGTTCTTCCTC-3'
Osteoactivin
Forward 5'-TCCCTGGCAAAGACCCAGA -3’ 107

Reverse

5'~TTTGTACAGCAAGATCGTAACCATG -3’
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Figure 1. Identification and isolation of TAMs from mouse EWS xenograft
tumors. A: Immunohistochemical staining for CID99 and F4/80 in mouse EWS
xenografts. Nude mice were subcutaneously inoculated with RD-ES or TC-71
EWS cells. EWS tumors were characterized by using H&E staining and CD99
immunostaining. Representative images of EWS xenografts infilirated by
F4/80-positive macrophages are shown (arrow). Scale bar= 20 pm. B:
Surface marker expression on dissociated xenograft cells. After mincing,
xenograft cells were dissociated using collagenase and DNase and were
subjected to flow cytometric analysis. C: Surface marker expression on
isolated CDI1b™ cells. After isolating cells using anti-CD11b beads, cells from
EWS tumor xenografts (TAMs) or liver (control macrophages) were subjected
to flow cytometric analysis.

In Vivo Macrophage Depletion

Liposome-encapsulated clodronate (Cl,MDP-Lip) was
prepared as described previously.2628 |n brief, 11 mg
cholesterol (Sigma-Aldrich Corp., St. Louis, MO) and 75
mg phosphatidylcholine (Nacalai Tesque, Inc., Kyoto, Ja-
pan) were combined with 10 mL 0.7 mmol/L CI,MDP
(Sigma-Aldrich Corp.) solution and sonicated gently. The
resulting liposomes were washed three times to eliminate
any free drug. Empty liposomes were prepared as control
samples under the same conditions using PBS instead of
CI,MDP. To assess the inhibitory effects of CI,MDP-Lip
on RD-ES tumor proliferation, ClI,MDP-Lip or PBS-Lip was
administered 1 day before inoculation of RD-ES cells.
Every 3 days, the mice received 200 ul liposomes ad-
ministered through a tail vein via a 28-gauge needle.?®
Five mice were included in each group, and the length
and width of the tumors were measured every 3 days,
Mice were sacrificed at 3 weeks after inoculation, and
tumor masses were measured. All experiments were re-
peated three times.

Statistical Analysis

Survival curves were calculated using the Kaplan-Meier
method, and the log-rank test was used for survival anal-
ysis. Fisher's exact test was used to compare catego-
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rized variables. The hazard ratios for risk factors for death
were evaluated using the Cox proportional hazards re-
gression model. P < 0.05 was considered statistically
significant. Data in graphs are given as mean = SD. The
Mann-Whitney U-test was used for two-group compari-
sons. All data analysis was performed using a statistical
software package (SAS Institute, Inc., Cary, NC),

Results

Identification and Isolation of TAMs from EWS
Xenografts

To determine whether macrophages infiltrate EWS tu-
mors, tumor xenografts were established by subcutane-
ously inoculating nude mice with RD-ES or TC-71 cells.
Four weeks after inoculation, xenografts were excised,
and the infiltrating macrophages were examined. Xeno-
grafts were identified as EWS tumors by their character-
istic CD99 staining (Figure 1A) and their specific mRNA
expression of the EWS/FLI1 fusion gene (see Supplemen-
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Figure 2. Cytokine expression by TAMs in mouse EWS xenograft tumors. As
Chemokine expression by isolated CD11b™ cells. TAMs or control macro-
phages were incubated in serum-free DMEM for 72 hours, and the condi-
tioned medium was examined using a Luminex multiplex assay system.
Results are given as mean & SD. *P << (.05. B: Effect of conditioned medium
on monocytic migration was examined using the Transwell systen. Mono-
cytic RAW264.7 cells were added ro the upper well, and conditioned medium
from TAMs or control macrophages was placed in the lower well. After 4
hours of incubation, the cells that had migrated to the bottom surface were
stained and counted. Results are given as mean & SD. *P < (.05, *F < 0.01.
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tal Figure S1 at hitp.//ajp.amjpathol.org). Immunostaining
revealed a number of F4/80-positive macrophages
among the homogeneous small and round tumor cells in
both RD-ES and TC-71 xenografts (Figure 1A). Flow cy-
tometric analysis of collagenase-treated tumors revealed
that approximately 2% of the xenograft cells were
CD11b* and F4/80% (Figure 1B), which suggests that
these cells were TAMs.

Using antibody-conjugated magnetic beads, we iso-
lated TAMs from EWS xenografis based on their expres-
sion of CD11b. The CD11b* mononuclear cells were
isolated as control macrophages from liver and spleen.
Flow cytometric analysis demonstrated that approxi-
mately 90% of the isolated cells were positive for both
CD11b and F4/80 (Figure 1C), which suggests that these
cells could be used for further experiments.

Cytokine and Chemokine Expression by
EWS-Associated TAMs

Expression of various cytokines and chemokines by TAMs
was examined by using the Luminex multiplex assay sys-
tem, and the results were compared with those observed in
control macrophages. Expression levels of factors known to
stimulate monocyte chemotaxis, including -6, MCP-1, KC,
MIP-18, and RANTES, were significantly up-regulated in
conditioned medium from TAMs (Figure 2A). In contrast, no
marked cytokine expression was observed in conditioned
medium from control macrophages.
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Because of up-regulation of monokines in TAM cul-
tures, whether TAMs induced migration of monacytic
cells was examined. Transwell migration of monocytic
RAW264.7 cells was increased in the presence of condi-
tioned medium from control macrophages, and was fur-
ther significantly enhanced in the presence of condi-
tioned medium from TAMs (Figure 2B). These data
indicate that the TAMs in EWS are “activated” macro-
phages that secrete a number of cytokines and chemo-
kines and induce accumulation of monocytic cells.

Next examined was the effect of TAMs on vascular
endothelial cell tube formation, a critical process during
angiogenesis. The formation of tubelike structures by mi-
crovascular endothelial cells increased in response to
conditioned medium from RD-ES cells, whereas no stim-
ulatory effects were observed in the presence of condi-
tioned medium from TAMs (data not shown).

Osteoclastic Differentiation of TAMS in EWS

Most EWS tumors arise in bone, and bone metastasis is
often observed during the clinical course of these tumors.
Because osteoclasts are critically involved in develop-
ment of bone tumors,?® the potential contribution of TAMs
to osteoclastogenesis in EWS was examined. To investi-
gate their osteoclastic differentiation, TAMs were incu-
bated for 4 days with soluble RANKL (sRANKL) and
M-CSF, two factors crucial for osteoclastogenesis.® In
the absence of sRANKL and M-CSF, no TRAP-positive

Figure 3. Osteoclastic differentiation of TAMs
in EWS. A: Induction of osteoclastic differentia-
tion. TAMs or control macrophages were incu-
bated with sSRANKL and M-CSF for 4 days. Oste-
oclastic  differentiation was visualized using
TRAP staining (left). TRAP-positive multinucle-
ated giant cells were counted (right). Results are
given as mean & SD. *P < 0.05. B: RI-PCR was
performed to detect the expression of RANKL
and M-CSF mRNA in six EWS cell lines. C: Quan-
. titative RT-PCR was performed 1o detect oste-
o G oclastic differentiation in CD11b™ cells. All ex-

s ! pression levels were normalized on the basis of
expression of GAPDH. Data show the relative
expression in TAMs (gray bars) compared with
conwrol macrophages (white bars). Results are
given as mean £ SD. *P < 0.05. D: TRAD stain-
ing of EWS xenografts that developed from
RD-ES or TC-71 cells. Sections were counter-
stained with diluted methyl green solution. Scale
bars: 20 wm (A); 50 pm (D).
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Figure 4. EWS cell lines stimulate monocyte migration via
VEGF signaling. Az Migration of monocytic cells was exam-
ined using the Transwell system. The lower wells were filled
with serum-free medium, RD-ES cells, or TC-71 cells, and
RAW264.7 cell migration to the bottom surface of the Trans-
well was assessed. Results are given as mean =+ SD. =P <
0.01. B: The Luminex multiplex assay system was used to
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giant cells were developed from either TAMs or control
macrophages (see Supplemental Figure S2A at http.//
ajp.amjpathol.org). However, in the presence of sSRANKL
and M-CSF, TRAP staining revealed formation of multinu-
cleated giant cells only from TAMs, thereby demonstrat-
ing that TAMs are capable of differentiating into oste-
oclasts (Figure 3A; see also Supplemental Figure S2A at
http://ajp.amjpathol.org). Significantly more TRAP-positive
giant multinucleated cells were developed from TAMs
than from control macrophages (Figure 3A).

To elucidate the mechanism involved in the enhanced
osteoclastic differentiation of TAMs, expression of
RANKL and M-CSF in EWS cells was examined. Some
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e M M Ly Fop Lo g, &
Gy Mg, Mgy B 0 Ty e T o e

screen for chemotactic factors procduced by EWS cells. C:
Inhibitory effects of VEGFR-TKI on migration of RAW264.7
cells. RAW264.7 cells were co-cultured with RD-ES cells, and
their migration to the bottom surface of the Transwell in the
presence of VEGFR-TKI was assessed. Results are given as
mean x SD. *P < 0.01. D: Quantification of VEGF secretion
by EWS cells. RD-ES or TC-71 cells were stimulated with
conditioned medium (CM) from TAMs for 48 hours, and the
VEGF concentration in conditioned medium from EWS cells
was examined using a human VEGF enzyme-linked immu-
nosorbent assay kit. Serum-free DMEM was used as negative
control. Results are given as mean = SD. *P < 0.05.

4 %C,bco%b/
Sty

EWS cell lines express RANKL*; however, the expres-
sion of M-CSF has not been reported in EWS. Both
RANKL and M-CSF mRNA expression were detected in
all six examined EWS cell lines (Figure 3B). TAMs freshly
isolated from EWS expressed such osteoclastic markers
as cathepsin K, triggering receptor expressed on my-
eloid cells-2, osteopontin, TRAP, and osteoactivin (Figure
3C). Examination of the cell smear of TAMs revealed that
freshly isolated cells were mononuclear, and no giant
cells were observed (see Supplemental Figure S2B at
http://ajp.amjpathol.org). Although limited, TRAP activity
was detected in some TAMs (0.9% of the cells), whereas
no TRAP-positive cells were observed in control macro-
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120 C: Immunohistochemical staining of macro-
phages and the tumor vasculature in EWS xeno-
grafts. Infilrating macrophages (arrow) were
visualized using anti-F4/80 antibodies (left). Tu-
mor vasculature (asterisk) was visualized using
anti-CD31 antibodies (right). Scale bars = 20
pm. D: Mean number of P4/80-positive macro-
phages and CD31-positive vessels in six random
field profiles were used for subsequent statistical
analyses (Mann-Whiney Iitest). Results are
given as mean * SD. **P < 0.01.
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phages (see Supplemental Figure S2B at hito:/ajp.
amjpathol.org). TRAP activity was also clearly detected in
mononuclear cells that invaded EWS subcutaneous xe-
nografts even when these tumors had no contact with
bone (Figure 3D). These observations suggest that some
of the TAMs in EWS injtiate osteoclastic differentiation
within the tumor tissue.

VEGF Recruits TAMSs to EWS

Next investigated were the potential mechanisms un-
derlying recruitment of monocytes to EWS. Migration of
RAW264.7 cells was significantly enhanced in co-cul-
tures with RD-ES, TC-71 (Figure 4A), SK-N-MC, and
SK-ES-1 (data not shown). Therefore, EWS cell lines
were screened for potential monocyte chemoattrac-
tants. A cytokine multiplex assay revealed that VEGF
was secreted by all six of the EWS cell lines examined
(Figure 4B). VEGF induces migration of monocytic cells
that express the VEGF receptor Fli-1.3" As demon-
strated by Matsumoto et af,®" RAW264.7 cell migration
was dose-dependently stimulated by VEGF (data not
shown). Moreover, blocking VEGF receptor sighaling
reduced EWS-induced RAWZ264.7 cell migration by
65% (Figure 4C).

5 si:‘jfi”fﬁ :
MIB1 index<40

Because VEGF production is induced in various tu-
mor cells by inflammatory stimuli,?' we cultured EWS
cells with conditioned medium from TAMs and exam-
ined VEGF production using an enzyme-linked immu-
nosorbent assay. Increased VEGF secretion was ob-
served when the RD-ES or TC-71 cells were stimulated
with conditioned medium from TAMs (Figure 4D).
These results demonstrated that recruitment of TAMs
to EWS depends, at least in part, on EWS-derived
VEGF, the secretion of which is up-regulated in the
presence of TAMs.

Effects of Macrophage Depletion on
Development of EWS Xenografts

To investigate the involvement of TAMs in development of
EWS, CI,MDP-Lip®”*® was used to decrease the number
of monocytes and macrophages in mouse EWS xeno-
grafts. Compared with PBS-Lip, CI,MDP-Lip significantly
inhibited development of xenografts (Figure 5A), whereas
no inhibitory effects on proliferation of RD-ES cells were
observed in vitro (data not shown). At 21 days after inoc-
ulation, xenografts were excised and examined. Although
the changes were not significant, the average xenograft
weight tended to be lower in mice treated with Cl,MDP-
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Figure 6. Immunohistochemical staining of human EWS sections. Representative staining of macrophages, tumor vasculature, and MIB1 in EWS samples. Paraffin
sectjons were immunohistochemically stained using anti-CD68, anti-CD31, and anti-MIB1 antibodies, and were visualized using the diaminobenzidene substrate
system. Counterstaining was then performed using diluted hematoxylin. Compared with cases with lower macrophage infiltration (<30 CD6S cells/HPY: case 4
(continuously disease-free) and case G (no evidence of disease)] (A), prominent umor microvasculature and MIB1 expression were evident in cases with higher
macrophage infiltration (>30 CDGS cells/HPF; cases 36 and 37 died of disease) (B). Scale bars: 20 pum (A and B).



Lip (Figure 5B). Immunohistochemical analysis of mice
treated with PBS-Lip revealed numerous F4/80-positive
macrophages in the tumors, whereas fewer infiltrating
macrophages were observed in tumors treated with
CILMDP-Lip (Figure 5, C and D). in addition, the tumor
vasculature was significantly decreased in mice treated
with CI,MDP-Lip (Figure 5, C and D), which suggests that
inhibition of angiogenesis contributed to the decreased
tumor growth,

Association between Infiltrating Macrophages
and Poor Clinical Outcome in EWS

Whether infiltrating macrophages were associated with
the clinical outcome in patients with EWS was investi-
gated. Anti-CD68 antibodies were used to quantify the
number of TAMs in EWS clinical samples. Representative
images of EWS samples with CD68-positive tumor-infil-
trating macrophages are shown in Figure 6, A and B: The
signals were localized in the membrane and cytoplasm
but not in the nucleus of these cells. To further confirm the
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identity of CD68-positive cells in EWS as macrophages,
we performed double fluorescence immunostaining for
CD68 and CD14 (see Supplemental Figure S3 at hitp://
ajp.amjpathol.org). Examination of 10 different EWS clini-
cal samples revealed that 97% of the CD68-positive cells
were also positive for CD14, indicating that the CD68-
positive cells in EWS are macrophages.

Kaplan-Meiet survival analysis was performed to de-
termine the prognostic significance of TAMs and other
clinical parameters in 41 EWS cases. Clinical character-
istics of the cases are given in Table 3. A higher extent of
macrophage infiltration [>30 CD68 cells/high-power field
(HPF)]) and greater microvascular density (>10/HPF;
Figure 6, A and B) were associated with poorer overall
survival (Figure 7, A and B). In addition, elevated CRP
(>0.2 mg/dL) and white blood cell (WBC) counts (>6800
cells/ul) were also associated with poorer prognosis
(Figure 7, C and D). A higher macrophage infiltration rate
was also significantly associated with higher microvas-
cular density (odds ratio, 8; 95% confidence interval, 1.9
to 33.2; P = 0.0044), elevated serum CRP (odds ratio, 16;

Table 3. Relationship between Tumor CD68 Expression and Clinicopathologic Characteristics of EWS

No. of CD68 cells

Variable Low (=30) High (>30)

Follow-up, range (median), months 15-138 (60.4) 7-181(41.3)
Sex

Male 9 9

Female 12 11
Age, years

=18 12 9

>18 9 11

Range (median) 5-68 (23) 8-74 (23)
Tumor location

Extremity 9 8

Trunk 12 12
Origin site

Skeletal 10 11

Extraskeletal 11 ¢]
Metastasis at diagnosis

Bone 1 2

Lung 3 2

Bone and lung 0 1

Other 0 1
Tumor size, cm

<8 12 7

=8 9 13
CD31 vessel number

=10 14 4

>10 7 16
Status

Continuously disease-free 10 4

No evidence of disease 1 0

Alive with disease 4 0

Died of disease 6 16
Systemic multiagent chemotherapy

Yes 20 20

No 1 {status: continuously disease-free) 0
Surgery and/for radiation 21 20
initial laboratory measurements, range (median)

CRP, mg/dL 0-3.5(0.5) 0.1-27 (6.4)

WBC count, /uL 4010-12100 (6507) 3120-12570 (7855)

LDH, IU/L 150-7100 (613) 235-4973 (742)

Unless otherwise specified, values represent number of patients.

CRP, C-reactive protein; LDH, lactic dehydrogenase; WBC, white blood cell.
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Figure 7. Association between macrophage infiltration and poor prognosis in EWS. A~F: Kaplan-Meier survival curves for all patients based on CD68-positive
macrophage infiltration (low, =30 CD68 cells/HPF, high, >30 CDG8 cells/FIPF) (A), microvascular density (low, =10/HPF: high, >10/HPE) (B), serum CRP
concentration (Jow, = 0.2 mg/dL; high, >0.2 mg/dL) (C), WBC counts (ow, =6800 cells/uL; high, >6800 cells/uL) (D), MIB1 expression (low MIB1 index, <40,
high MIB index, 240) (E), and tumor size (small, <8 cm; Jarge, =8) (F). Log-rank tests were performed to determine statistical significance, with P < 0.05 delined

as significant. *P < 0.05. **P < 0.01.

95% confidence interval, 3.2 to 78.3; P = 0.0003), and
WBC counts (odds ratio, 8; 95% confidence interval, 1.9
to 30.0; P = 0.0048) (Table 4). Neither the serum con-
centration of CRP nor the WBC counts correlated with
tumor size (data not shown). As reported previously,
more frequent MIB1 expression (MIB1 index =40; Figure
6B) and larger tumor size (=8 cm) were significantly
associated with poorer prognosis (Figure 7, E and
F).1:#2.33 |n addition, increased serum lactate dehydro-
genase concentration (>340 1U/L) tended to be associ-
ated with poor prognosis, although statistical significance
was not observed (data not shown). Age 18 years or
younger, sex, and tumor position were not associated
with overall survival (data not shown). Also performed
were univariate and multivariate analyses with variables
including the number of CD88 cells, tumor size, and
treatment with multiple-agent chemotherapy. At multivar-
iate analysis, CRP concentration, WBC counts, and mi-

Table 4. Factors Associated with Macrophage Infiltration

crovascular density were excluded from the variables
because of their strong association with the number of
CDe8 cells (Table 5). Both the number of CD68 cells and
tumor size were identified as significant factors at univar-
iate analysis; however, at multivariate analysis, only the
number of CD68 cells remained a significant predictor of
poor prognosis (Table 5).

Discussion

Through production of growth factors, cytokines and
chemokines, and proteases, TAMs have an important
role in tumor invasion, angiogenesis, and metastasis 3436
Infiltrating TAMs were observed to be associated with
systemic inflammation, enhanced tumor vasculature, and
poor clinical outcome in patients with EWS, which sug-
gests that TAMs could be used as a prognostic factor for

No. of CD68 cells

Associated factors Low (=30) High (>30) OR 95% Cl P value*
CD31 vessel numbers
=10 14 4 8 19 t0 33.2 0.0044
>10 7 18
Serum CRP concentration, mg/dL
=0.2 17 3 16 3210783 0.0003
>0.2 5 17
WBC count, /ul
=6800 15 5 8 1.8 to 30.0 0.0048
>6800 6 15

*Fisher's exact test (P < 0.01).

Cl, confidence interval; CRP. C-reactive protein; OR, odds ratio; WBC, white blood cell,



Table 5. Results of Unjvariate and Multivariate Analyses for
Overall Survival

Univariate Multivariate
analysis analysis
Hazard Hazard
Variable ratio  Pvalue ratio P value

CD88 numbers

Low (=30) 0.2772 0.0044* 0.3400 0.0235%
High (>30) 1 1

Tumor size, cm
<8 0.4045 0.0403Y 0.5804 0.2447
=8 1 1

Multiagent

chemotherapy*

VDC-IE (n = 11) 0.9521 0.9301 1.1128 0.8528
Other (n = 29) 1 1

*P < 0.01.

TP < 0.05.

*Except surgery alone.
VDC-IE, vincristine-doxorubicin-cyclophosphamide-ifosfamide-stopo-
side.

this family of tumors (Figure 8). The prognostic impor-
tance of high infiltration of TAMs in EWS was also con-
firmed at multivariate analysis (Table 5). Consistent with
previous reports, 26 compared with control macro-
phages, TAMs isolated from EWS xenografts exhibited a
number of distinctive characteristics insofar as cytokine
production and osteoclastogenesis. To our knowledge,
this is the first report of the association between poor
prognosis and the biological properties of TAMs in EWS.

Tumor-host immune interactions within the tumor mi-
croenvironment may modulate tumor progression, and
both tumor-protective and tumor-promoting features of
the immune response have been described.®” Insofar as
the protective effects, tumor-infiltrating T cells have been
reported to be associated with a favorable prognosis in
EWS,® and various studies have been undertaken to de-
velop immunotherapeutic strategies for EWS of ad-
vanced stage.®8-4° The association of inflammation with
tumor progression has also been well-documented in
several tumor types,*! and TAMs are thought to be major
regulators of inflammation in various tumors.® Elevated
serologic inflammatory markers such as CRP concentra-
tion and WBC counts are characteristic of EWS.132.42
Although both elevated CRP concentration and WBC
counts were significantly associated with higher infiltra-
tion of TAMs (Table 4), the squared correlation coeffi-
cients (R?) were relatively smali at 0.17 and 0.28, respec-
tively (data not shown), thereby indicating no obvious
correlations between TAMs and the serum serologic in-
flammatory markers. This suggests that other factors
such as lymphocytes may be involved in development of
inflammation in EWS.® Further studies are required to
better understand the role of inflammatory cells during
progression of EWS.

Factors in serum are useful as diagnostic and/or prog-
nostic markers. Bacci et al*® examined 579 EWS cases
and reported an association between serum lactic dehy-
drogenase concentration and prognosis. Although we
noted that a higher lactic dehydrogenase concentration
may be predictive of poorer prognosis, no statistically
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significant association was observed, probably because
of the relatively smaller number of cases (n = 41) evalu-
ated in our study. Rather, elevated serum CRP concen-
tration and WBC counts were significantly associated
with poorer prognosis, providing potential new prognos-
tic markers that can be easily obtained in the clinical
setting.

Tumor angiogenesis is often a limiting factor for tumor
growth and metastasis and correlates with poor progno-
sis in carcinomas of the breast, bladder, and cer-
vix. "898 For EWS, Mikulic et al** examined 27 EWS
cases and reported that lower microvascular density was
associated with a tendency toward better outcome, al-
though their results were not statistically significant. In
addition to regular blood vessels, EWS tumor cells have
also been reported to contribute to increased tumor
blood supply and to be associated with poor prognosis
by forming a vascular-like tube formation via endoglin
signaling.*>#¢ In the present study, a significant associ-
ation was observed between infiltrating macrophages
and microvascular density in 41 EWS cases (Figure 6, A
and B; Table 4). Decreasing the macrophage numbers
using Cl,MDP reduced tumor vascularity and slowed tu-
mor growth in mouse EWS xenografts (Figure 5, A-D).
Although TAMs in EWS did not directly stimulate endo-
thelial tube formation (data not shown), they significantly
stimulated EWS to produce VEGF (Figure 4D), one of the
most potent inducers of angiogenesis. This observation
suggests that TAMs in EWS indirectly promote angiogen-
esis by stimulating VEGF production from EWS tumor
cells, thus resulting in tumor progression (Figure 8).

VEGF has an indispensable role in the growth of EWS.
Small interfering RNA targeting VEGF has been used to
inhibit EWS growth in a xenograft mouse model.*” Com-
pared with healthy control subjects, patients with EWS
demonstrate increased serum VEGF concentrations,*®
and histologic evaluation revealed that elevated VEGF
expression in EWS correlates with poorer clinical out-
come.*® Although both macrophages and tumor cells
can be a source of VEGF,*° we observed no detectable

VEGF | Macrophage |
accumuiation§

rC;Ekines
S

| Chemokine

Poor prognosis

Figure 8. Model for TAM-mediated modulation of EWS microenvironment.
TAMs have important roles as modulators of inflaimmation, angiogenesis, and
asteoclastogenesis during EWS development. TAMs accumulation is medi-
ated by VEGF secretion from EWS, and is further enhanced by various
cytokines and chemokines released from the TAMs themselves, resulting in
an inflammatory reaction in EWS. TAMs stimulate umor angiogenesis by
enhancing VEGF production from tumor cells, resulting in 2 poorer progno-
sis. Enhanced osteoclastogenesis induced hy TAMs enhances hone twmor
progression and may affect the prognosis in EWS.
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VEGF production from TAMs in EWS (Figure 2A). This
may explain why conditioned medium from TAMs did not
stimulate proliferation or tube formation by endothelial
cells, two activities that primarily depend on VEGF5'
Activated macrophages produce inflammatory cytokines
such as IL-1 and MCP-1, which can enhance VEGF pro-
duction by tumor cells 21:26:52:53 Thege reports, in concert
with the present observations, suggest that angiogenesis
in EWS is predominantly regulated by EWS-derived
VEGF, the expression of which is significantly up-regu-
lated in the presence of TAMs (Figure 4D).

The detailed mechanisms undetlying macrophage ac-
cumutation in EWS are not clear. VEGF may have a role in
the initial recruitment of TAMs because EWS-induced
migration of monocytic RAW264.7 cells was significantly
reduced in the presence of a VEGF receptor inhibitor
(Figure 4C). VEGF stimulates monocyte migration via the
Flt-1 receptor signaling pathway>' and contributes to ac-
cumnulation of TAMs in breast cancer.®* A recent report
revealed that VEGF expression was up-regulated by an
EWS/FLI1 fusion gene,® which may explain why VEGF
was secreted by all six of the EWS cell lines examined in
the present study (Figure 4B).

In addition to VEGF, cytokines and chemokines have
important roles in accumulation of TAMs. Expression lev-
els of MCP-1, MIP-1, and RANTES correlate with the
number of TAMs in various cancers.®® These monocyte
and macrophage chemoattractants are produced not
only by tumor cells but also by stromal ceills including
macrophages.® TAMs in EWS expressed several soluble
inflammatory factors including IL-6, GRO1 (mouse kera-
tinocyte-derived chemokine), MCP-1, MIP-18, and
RANTES (Figure 2A), all of which are capable of stimulating
monocyte chemotaxis.5~®" These factors may contribute
to recruitment and accumulation of macrophages in EWS
in an autoctine or paracrine manner. In addition to re-
cruiting macrophages, cytokines and chemokines regu-
late development of the tumor microenvironment. For ex-
ample, GRO1 has been implicated in regulating stromal
fibroblasts during ovarian tumorigenesis® and promot-
ing breast cancer metastasis.®® RANTES, secreted from
mesenchymal stem cells in tumors, reportedly promotes
breast cancer metastasis.® MCP-1 regulates angiogene-
sis in gastric cancer via macrophage recruitment.® The
roles of these factors during development of EWS require
further elucidation.

During bone tumor development, bone matrix is ab-
sorbed and degraded primarily by osteoclasts,?® which
are specialized cells differentiated from peripheral circu-
lation- or bone marrow-derived monocytic cells. Serum
TRACP 5b concentration and the presence of active os-
teoclasts are positively associated with the aggressive-
ness of primary osteosarcoma.®® Lau et al®* reported that
TAMs in EWS arising in bone are capable of differentiat-
ing into osteoclasts via both RANKL-dependent and
RANKL-independent pathways. Compared with controf
macrophages, TAMs exhibited enhanced osteoclasto-
genesis (Figure 3A), which suggests that TAMs may pro-
mote both tumor progression and osteolysis in EWS,

In addition, we detected expression of the osteoclastic
markers cathepsin K, TREM2, osteoactivin, and osteo-

pontin in TAMs (Figure 3C), which suggests that oste-
oclastic differentiation had been initiated in this cell pop-
ulation, possibly as a result of the expression of RANKL
and M-CSF by EWS cells (Figure 3B). VEGF may en-
hance osteoclastogenesis by up-regulating not only
RANKL in EWS but also RANK in osteoclast precursor
cells.®® Furthermore, various factors secreted by TAMs
including 1L-6, MCP-1, MIP-18, and RANTES may also
enhance osteoclastic differentiation in an autocrine man-
ner.58:5967-69 Cathepsin K and osteoactivin have been
reported to promote breast tumor progression.”®7" TAMs
are repotted to express osteoactivin, which could be
speculatively linked to a tumor tissue remodeling function
and matrix metalloproteinase activation.®® Osteopontin is
reportedly involved in the progression of various tumors
such as prostate, lung, breast, and pancreatic cancers
and hepatocellular carcinoma.”®72 Increased expression
of cathepsin K, osteoactivin, and osteopontin in TAMs
may also have a role in progression of EWS.

In conclusion, the present study revealed a significant
association between macrophage infiltration in EWS and
clinical outcome. TAMs seem to enhance the progression of
EWS by stimulating both angiogenesis and osteoclastogen-
esis, processes mediated by various cytokines and chemo-
kines (Figure 8). TAMs and the various factors that they
produce may provide new therapeutic targets for EWS.
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Ahstract

Purpose: p14*%, p15™ % and p16™5% are tumor suppressor genes that are located closely at 9p21 and
are often coinactivated by genetic or epigenetic alterations. Malignant peripheral nerve sheath tumor
(MPNST) is a rare sarcoma with poor prognosis. However, the prognostic implications of inactivation of
p14RF, p15MNE® and p16™F4e in MPNSTs have not been adequately investigated. Here we carmried out a
genetic, epigenetic, and expression analysis of p14*%, p15™% ¥ and p16"™*¢, and dlarified the prognostic
significance of their inactivation in MPNSTs.

Experimental Design: p14*FE, plSINK‘H’, and p16"™%*? protein expressions were assessed by immu-
nohistochemistry in 129 formalin-fixed samples of MPNST including 85 primary tumors. Thirty-nine
samples, for which frozen material was available, were also investigated by Western blotting and
quantitative reverse transcription PCR (RT-PCR) to detect p14*™, p15™K* and p16"™%4 protein and
mRNA expression, and by multiplex real-time PCR, PCR single strand conformation polymorphism
and methylation-specific PCR to detect p14*%, p15™%# and 16" gene alterations.

Results: Immunohistochemically decreased expressions of p14®%, p15™%® and p1 were
observed in 48%, 54%, and 49% of primary MPNSTs, respectively, and were significantly correlated with
their concordant mRNA levels. As for gene alterations, homozygous deletion of CDKNZA was detected in
one third of the cases. Inactivation of p14™* and p16™"** was associated with poor prognosis by both
univariate and multivariate analyses. Furthermore, cases with inactivation of all p14*R’, p15™NK# 5p4
p16™ % genes showed the worst prognosis in a combined prognostic assessment.

Condlusion: A comprehensive analysis of p14**", p15™ ¥ and p16™*4 inactivation status provides

6!NI(4A

useful prognostic information in MPNSTs. Clin Cancer Res; 17(11); 3771-82. ©2011 AACR.

Introduction

Malignant peripheral nerve sheath tumor (MPNST) is an
uncommon soft tissue sarcoma carrying poor prognosis
(1). Approximately half of MPNSTs develop from benign
neurofibroma in patients with neurofibromatosis type 1
(NF1), whereas the remaining half occur sporadically (2).
NF1 is an autosomal dominant neurocutaneous disorder
with NF1 gene dysfunction, and characterized by multiple
neurofibromas and greatly increased risk of developing
MPNST. However, loss of both NFI alleles is not sufficient
for malignant change of neurofibromas, and thus addi-
tional genetic alterations are thought to be necessary for the
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malignant transformation (3-6). To date, however, the
detailed molecular events contributing to development
of MPNST have been unclear in both NFl-related and
sporadic cases.

Clinically, surgica! resection is the primary curative treat-
ment of MPNSTs (7). The roles of chemotherapy and
radiation therapy are very limited (8). Because unresectable
cases are unlikely to be cured, early detection of recurrent or
metastatic lesions is of great importance in the follow-up of
postoperative patients with MPNST. For the selection of
high-risk patients, precise prognostic prediction is impor-
tant, even though it has not been established yet.

Frequent loss of the CDKN2A-CDKN2B locus on chro-
mosome 9p21 has been reported in various kinds of
human cancers and sarcomas (9-13). The locus encodes
3 important cell-cycle inhibitory proteins: p14**F, which is
encoded by an alternative reading frame of CDKN2A,
p15™ % which is encoded by CDKN2B, and p16'N&4s
which is encoded by CDKN2A. The p14*™F protein activates
the key checkpoint protein p53, thereby inducing either
cell-cycle arrest (both in G, and G,) or apoptosis. Both
p15™¥4® and p16'K* are able to induce cell-cycle arrest in
G, by inhibiting the cyclin-dependent kinases CDK4 and
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Translational Relevance

P14, p1 5N and p16"™RI are tumor suppressor
genes that are located closely at 9p21 and are often
coinactivated by genetic or epigenetic alterations. Malig-
nant peripheral nerve sheath tunor (MPNST) is a soft
tissue sarcoma carrying poor prognosis, but the prog-
nostic effect of pld™’, p15INED and p16"NKRI gy
MPNSTs has not been sufficiently investigated. We
carried out a comprehensive analysis of p14%,
p15™NEE and p16™F in o farge number of MPNST
samples. The results showed that the inactivations of
p1a™ and p16"™M were independently associated
with poor prognosis. The prognostic analysis suggested
that p15™* provides a backup function for p16'N*,
Cases with inactivation of all 3 genes showed the worst
prognosis in a combined prognostic analysis, We pro-
pose that a comprehensive analysis of p14™7, p1 58K
and p16™ " provides useful prognostic information in
cases of MPNST.

CDK6 to inactivate the retinoblastoma (RB1) family of
tumor suppressor proteins. The tumor-suppressive func-
tions for p16™ ¥ and p14*" have been firmly established
through experiments; however, the role of p15™@b
remains controversial because transgenic mice deficient
for p15™%*% showed only a very subtle tumor predisposi-
tion in an experimental study {14). More recently, it has
been shown that p15™**" functions as a critical tumor
suppressor in the absence of p16™"* in an experimental
setting (15), whereas the tumor-suppressive effect of
p15™54 has not been investigated well in clinical tumor
specimens.

Several studies have shown that p16™* is more fre-
quently inactivated in MPNSTs than in neurofibromas
(16-24). On the other hand, the impact of p14** and
p15™%4 inactivation in MPNSTS has been less investigated.
Furthermore, the prognostic influence of p14#7, p15/™K4,
and p16™*** inactivation in patients with MPNST has not
been examined enough.

Here we carried out a comprehensive analysis of the 9p21-
related genes p14*%7, p157V and p16™7“%in a series of 129
paraffin-embedded and 39 snap-frozen specimens from 99
patients with MPNST. The gene alterations and mRNA and
protein expressions were studied by multiplex real-time PCR,
PCR-single-strand conformation polymorphism (PCR-
SSCP), methylation-specific PCR (MSP), quantitative reverse
transcription PCR (RI-PCR), Western blotting (WB), and
immunohistochemistry (IHC). Finally, the immunohisto-
chemical results were compared with the clinicopathological
variables and overall survival of the patients.

Waterials and Methods
Patients and tumors

One hundred twenty-nine paraffin-embedded MPNST
specimens from 99 patients were obtained from the

collection of soft tissue tumors registered in the Depart-
ment of Anatomic Pathology, Pathological Sciences,
Kyushu University, Japan between 1964 and 2008. The
specimens included 85 primary, 39 recurrent, and 5 meta-
static tumors. Specimens of the primary tumor were not
available from 14 patients who visited our hospital at the
time of recurrence. A total of 18 pairs of specimens from the
primary and the corresponding first recurrent or metastatic
tumors were available for the purpose of comparison. The
diagnosis of MPNST was made according to the latest
edition of the World Health Organization classification
{25) and the textbook of Enzinger and Weiss (26). The
clinicopathological characteristics are summarized in
Table 1. The 85 primary cases included 45 males and 40
females whose ages ranged from 1 to 88 years (median 47
years). In all, 33 patients were diagnosed with NF1 based
on the NIH criteria (27). Tumors were located in the
extremities in 38 cases (thigh 18, upper arm 13, lower
leg 5, forearm 2), in the trunk wall in 20 cases (back 8,
buttock 6, chest wall 4, abdominal wall 2), in the spinal or
paraspinal region in 11 cases, in the head and neck in 9
cases, in the retroperitonewm in 5 cases, and in the visceral
organs in 2 cases. All primary tumors were treated surgi-
cally, accompanied by adjuvant chemotherapy or irradia-
tion in 3 cases. The histological tumor grade was evaluated
in all specimens according to the French Federation of
Cancer Centers (FNCLCC) grading system (28). As for
staging of the primary tumors, the latest American Joint
Committee on Cancer (AJCC) staging system was used
(29). Follow-up information was available in 82 out of
the 85 primary tumnor cases. The median follow-up period
after surgery was 27 months (range, 3-291 months).

This study was conducted in accordance with the prin-
ciples embodied in the Declaration of Helsinki. The study
was also approved by the Bthics Committee of Kyushu
University (No. 21-137) and conducted according to the
Ethical Guidelines for Epidemiological Research enacted by
the Japanese Government.

Immunohistochemistry

Immunohistochemical staining was carried out in the
same way as described previously (10). Sections were
pretreated in a microwave oven at 100°C for 20 minutes
before being incubated with monoclonal antibodies of
p14*™ (DCS-240, 1:1,000; Sigma-Aldrich), p15'NKsb
(15P06, 1:50; Abcam), and p16™%** (F.12, 1:100; Santa
Cruz Biotechnology) at 4°C overnight. Normal tonsil tissue
or colon cancer tissue was used as an external positive
control. As a negative control, the primary antibody was
omitted. Immunohistochemical results were judged by 3
investigators (M.E., N.S., and Y.0.), who were blinded to
the clinical status of the patients. A consensus judgment
was adopted as the proper immunohistochemical result
based on the proportion of nuclear-stained tumor cells.
When less than 50% of the tumor cells were stained, the
expression was considered decreased by reference to the
previously published papers (10, 30, 31). The serial sec-
tions were also immunostained with anti~Ki-67 antibody
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