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Abstract

Background Meningiomas are the most common type of
intracranial tumor, accounting for between 24 and 30 % of
primary intracranial tumors. Thus far, no biomarkers exist
to reliably predict the clinical outcome of meningiomas. A
previous genome-wide methylation analysis revealed that
HOXA9 is one of the most functionally relevant biomark-
ers. In this study, we have examined whether HOXA9 is a
potential therapeutic target in meningiomas, using HXR9, a
peptide inhibitor of the interaction between HOXA9 and its
cofactor PBX.

Methods We determined the expression level of HOXA9
in human meningiomas, meningioma cell lines, and normal
brain tissue. Meningioma in culture and in subcutaneous
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tumors was treated with HXR9. We also examined the dis-
ruption of HOXA9/PBX dimers.

Results  We first confirmed that HOXAO is highly expressed
in meningiomas, but not in normal brain tissue. The HXR9
peptide blocks the binding of HOXA9 to PBX, leading to
an alteration of DNA binding, and subsequent regulation of
their target genes. HXR9 markedly inhibited the growth of
meningioma cells and subcutaneous meningeal tumors.
Conclusion There is no effective chemotherapy for men-
ingiomas at present, and targeting the HOXA9/PBX interac-
tion may represent a novel treatment option for this disease.
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Introduction

Meningiomas are the most common of the intracranial
tumors and account for between 24 and 30 % of primary
intracranial tumors. Most meningiomas are curable by sur-
gical resection; however, some meningiomas with benign
pathological findings pursue a clinically malignant course
[2, 4, 19]. Thus far, no biomarkers exist to reliably predict
the clinical outcome of meningiomas. Previously, we classi-
fied histologically benign and malignant meningiomas into
3 subgroups, based on a genome-wide methylation analysis.
Our classifications were found to correlate well with clini-
cal recurrence/progression, but not with more classical pre-
dictors. We demonstrated that HOXA9 was one of the most
functionally relevant in the clinically malignant cluster that
could act as biomarkers for a poor prognosis [16].

The development and maintenance of cellular identity is
vital for normal organ function in both embryonic and adult
tissues. Homeobox (HOX) genes are major regulators of
the animal body plan, as they help to confer cell and tissue
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identity. Mammals have 39 HOX genes which are divided into
4 groups (A-D), according to their locus [8, 12], with HOXA
located at 7p15.3, HOXB at 17q21.3, HOXC at 12q13.3, and
HOXD at 2q31 [6]. In normal early development, these genes
determine the identities of sequential zones along the main
body axis and define the identity of cells and tissues, includ-
ing those of the developing nervous system [8, 11, 14].

Some HOX genes have distinct functions in specific con-
texts, primarily in embryonic tissues, while many other HOX
genes have overlapping or redundant functions, especially in
adult tissues. Although HOX genes are generally expressed at
a low level in most adult cells, a number of studies have now
shown that there is frequently a profound de-regulation of
HOX genes in various cancers and that this confers enhanced
survival and proliferation [10, 20, 24, 29]. Many of these HOX
functions are dependent on their interaction with a common
set of cofactors, including the pre-B cell leukemia transcrip-
tion factor (PBX). PBX modifies HOX function, including
DNA binding specificity, and is therefore crucial in the correct
regulation of target genes. [18, 22]. This interaction is medi-
ated by the binding of a small tryptophan-containing motif
within the HOX protein to a hydrophobic pocket formed by
PBX/PBC proteins. This motif is known as the PBC interac-
tion domain (PID) and includes a “YPWM” motif [18].

A novel peptide, HXR9, consists of PID and 7 arginine
repeat residues. The arginine repeat structure allows HXR9
to penetrate the cell membrane and move into the cyto-
plasm and nucleus to bind with PBX, leading to an inhibi-
tory interaction with the HOX/PBX pocket [7, 23-26, 28].

In this study, we extend our previous finding that HOXA9
methylation is a biomarker in meningiomas and examine
whether HOXA9 could also be a potential therapeutic target.

Materials and methods
Cell lines

The human meningioma cell lines IOMM-Lee and
HKBMM were kindly provided by Drs. Anita Lai (Univer-
sity of California at San Francisco, CA) and Shinichi Miyat-
ake (Osaka Medical University, Osaka, Japan), respectively.
All cell lines were maintained in Dulbecco’s modified Eagle
medium containing 10 % fetal bovine serum (FBS) and 1 %
penicillin/streptomycin. Cell lines were grown at 37 °C in a
humidified atmosphere of 5 % CO,.

Antibodies
Mouse anti-Pbx1a/2/3a antibody (359.15, Santa Cruz Bio-
technology, Santa Cruz, CA), mouse anti-HoxA9 antibody

(2A11-2D2, Sigma-Aldrich, St. Louis, MO), and rabbit
anti-B-actin (Sigma-Aldrich, St. Louis, MO) were used.
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Peptides

The HXR9 (WYPWMKKHHRRRRRRRRR-) and control
CXR9 (WYPAMKKHHRRRRRRRRR) peptides were syn-
thesized by ThermoFisher Scientific (Waltham, MA).

Sample collection and RNA extraction

Tumor specimens for molecular genetic analysis were
obtained from 23 meningioma patients who underwent
surgical procedures at Nagoya University Hospital or affili-
ated hospitals. The analyses performed in this study were
approved by the institutional ethics committee of Nagoya
University, and all patients who registered for this study
provided their written informed consent. All tumors were
histologically verified according to WHO 2007 guidelines;
16 patients had grade I meningioma, 6 had grade II men-
ingioma, and 1 had grade III meningioma. RNA purifica-
tion was performed using the standard TRIzol (Invitrogen,
Carlsbad, CA) method.

Quantitative analysis of HOXA9 and cFos mRNA
expression

Total RNA was extracted from 23 tumors, 2 cell lines, and
from normal whole brain (Human Total RNA Master Panel
II; Takara Bio, Otsu, Japan), and first-strand cDNA was
synthesized using the Transcriptor First Strand cDNA Syn-
thesis Kit (Roche, Mannheim, Germany). The cDNA prod-
uct was used in qRT-PCR for the quantitation of HOXA9,
cFos, and GAPDH mRNA levels. The primers for this assay
were purchased from Roche Diagnostics (Indianapolis, IN).
The sequences of the primers and probe were as follows:
HOXA9 forward (5-GCTTGTGGTTCTCCTCCAGT-3') and
HOXA9 reverse (5-CCAGGGTCTGGTGT-TTTGTA-3')
and cFos forward (5-GTGGCTCTGAGACAGCCCGC-3'
and reverse (5'-GCGTGGGTGAGCTGAGCGAG-3’). Quan-
titative real-time PCR (qPCR) was performed using the Light
Cycler 480 system and Light Cycler 480 SYBR Green I Mas-
ter Mix (Roche). The sequences of the primers used to detect
GAPDH mRNA were as follows: GAPDH forward primer
(5’-AGCCACATCGCTCAGACAC-3") and GAPDH reverse
primer (5-GCCCAATACGACCAAATCC-3’). The GAPDH
probe was purchased from the Roche Human Probe Library
(no. 60). The expression was normalized to that of GAPDH
in each sample.

Protein extracts and Western blot analysis

Cells were lysed, and 10 wL lysate was applied to each well
of 10 % Mini-PROTEAN TGX Gels (BIO-RAD, Hercules,
CA). Separated proteins were electro-transferred onto PVDF
membrane (Hybond-P, GE Healthcare, Buckinghamshire,
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UK). Western blots were performed using anti-Pbx 1a/2/3a
and anti-HoxA9 antibodies. ECL. Western Blotting Detec-
tion Reagents (GE Healthcare) were used for signal detec-
tion, according to the manufacturer’s protocols.

Protein interaction assays

For immunoprecipitation analyses, cells were seeded onto
25 cm? plates, and either HXR9 or CXR9 was adminis-
tered, with a final concentration of 40 WM. The cells were
lysed using TNE buffer (150 mM NaCl, 35 mM Tris—HCI,
1 % NP-40, 1 mM EDTA, 10 pg/mL aprotinin) at 4 °C.
The lysate was used for immunoprecipitation, which was
performed with the anti-Pbx 1a/2/3a antibody and protein
G agarose (Thermo Scientific, Rockford, IL). The immuno-
precipitated samples were analyzed by Western blotting, as
previously described.

Immunocytochemistry

IOMM-Lee cells were seeded onto microscope cover slips
in a 12-well plate and grown for 48 h. Then, either HXR9
or CXR9 was added, to a final concentration of 40 wM.
After 48 h, cells were fixed with PBS containing 3.7 %
(v/v) formaldehyde for 30 min at room temperature and
subjected to immunocytochemical analysis, as previously
described, using as the specific primary antibodies anti-
Pbx 1a/2/3a or anti-HoxA9, used according to the manu-
facturer’s instructions. Cells were then incubated for 1 h at
room temperature. After incubation, Alexa Fluor 488, 546,
and DAPI fluorescence antibodies (Invitrogen Molecu-
lar Probes, Eugene, Oregon) were added to the samples.
Immunofluorescence was observed using a laser scanning
confocal microscope (OLYMPUS FV1000-D, Olympus,
Tokyo, Japan).

Cell growth assay

Cells were seeded in 96-well plates at a density of 1 x 10
cells/well. After 12 h, the medium was changed, and a cell
counting Kit-8 (DOJINDO, Osaka, Japan) was used in
accordance with manufacturer’s protocols, the absorbance
was measured pre-treatment, and HXR9 or CXR9 was then
added to the culture medium at a final concentration of 0,
20, or 40 pM. After a 48-h exposure to the peptides, the
absorbance was again measured using a Multilabel Reader
2030 ARVO X4 (PerkinElmer, Waltham, MA).

Cell cycle analysis
Cell cycle analysis by propidiumiodide staining of the cells

treated with HXR9 or CXR9 was assessed using a FACS
Calibur apparatus after 48-h exposure of the peptides.

Xenograft in vivo assay

IOMM-Lee cells (10° cells) were injected into the flanks of
bulb-c nu/nu nude mice. Treatment was started 7 days after
the induced tumor had grown to a volume of approximately
100 mm®. The treatment consisted of 30 mg/kg HXR9 or
CXR9 i.v. administered on days 7, 9, 13, 16, and 19. The
optimal treatment dose and schedule were selected based
on our previous experiments [20-23]. Tumor length (a) and
width (b) were measured in situ with digital calipers daily,
and tumor volumes were calculated according to the fol-
lowing formula: V (mm?®) = a x b%/2.

Histology

Immunohistochemical analysis was performed as previ-
ously described [31]. Briefly, after antigen retrieval with
autoclave in 0.01 M citrate buffer pH6.0 at 121 °C for
10 min, Ki-67 was stained with the MIB-1 antibody (Dako,
Glostrup, Denmark). For each immunostained slide, the
percentage of positively stained cells on a given slide was
evaluated.

Statistical analysis

Data are expressed as mean £ SEM. Comparison of treat-
ments against controls was made using one-way ANOVA
followed by Fisher’s LSD post hoc test with SPSS version
19 (IBM, Chicago, IL). P values of <0.05 were considered
significant.

Results
HOXAQ9 is aberrantly expressed in meningiomas

The expression of HOXA9 in 2 meningioma cell lines,
IOMM-Lee and HKBMM, was detected by conventional
RT-PCR, but was not found in healthy adult brain (Fig. 1a).
Quantitative RT-PCR demonstrated that HOXA9 was abun-
dantly expressed in the majority of meningiomas stud-
ied, but was not associated with the WHO tumor grading
(Fig. 1b).

The novel HOXA9-targeting peptide HXR9 inhibits the
proliferation of meningioma cells

Given the over-expression of HOXA9 in meningioma, we
treated 2 representative meningioma cell lines, IOMM-
Lee and HKBMM cells, with either HXR9 or with CXR9,
a control peptide containing a single amino acid substitu-
tion. HXRO significantly inhibited the proliferation of both
of these cell lines in a dose-dependent manner (Fig. 2a).
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Fig. 1 HOXAO9 is aberrantly expressed in meningiomas, but not
in normal brain tissue. a The expression of HOXA9 in 2 menin-
gioma cell lines, IOMM-Lee and HKBMM was detected by con-
ventional RT-PCR, but was not found in healthy adult brain (arrow

While previous reports found that HXR9 induced apopto-
sis through caspase activation [23, 24], cell cycle analysis
demonstrated that no apoptotic cells were observed in our
study (Fig. 2b). Thus, the effect of HXR9 seemed to be
cytostatic in meningioma cells.

HXR9 inhibits binding to PBX and translocation into the
nucleus

Protein lysates from IOMM-Lee cells treated with either
HRX9 or CXR9 were immunoprecipitated with the anti-
PBX antibody, and precipitation was assessed by Western
blotting with the anti-HOXA9 antibody. HRX9 inhib-
ited binding of HOXA9 to PBX, but the control peptide
did not (Fig. 3a). Additionally, although HXR9 did not
reduce the expression of HOXA9 (Figs. 3b, 4), PBX was
observed in the cytoplasm, but not in the nucleus of the
HXRO-treated cells (Fig. 3b). Thus, HXRO inhibited the
translocation of HOXA9 into the nucleus by preventing
its binding to PBX.

HXR9 does not up-regulate HOXA9 and cFos
Previous studies have suggested that an increase in Fos

transcription could induce apoptosis [9, 15, 27] and that
the up-regulation of cFos is a key event in HXR9-mediated
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head). b Quantitative RT-PCR demonstrated that HOXA9 was highly
expressed in a large number of meningiomas, but was not associated
with the WHO tumor grading

apoptosis [24]. In contrast, in this study, HRX9 treat-
ment did not induce the expression of cFos or up-regulate
HOXAO9. This finding was consistent with our observation
that HXR9 did not induce apoptosis, but had an anti-prolif-
erative effect in meningioma cells.

HXR9 slows tumor growth in vivo

Subcutaneous tumors induced in nude mice were treated
intravenously with either HXR9 or CRX9 on days 7, 9,
13, 16, and 19. Mice administered HXR9 exhibited a sig-
nificant tumor volume reduction from day 14, compared to
CRX9-treated mice (Fig. 5a). There was no significant dif-
ference in the histology and Ki-67 labeling index between
CXR9 and HXR9 treatments in vivo, except for tumor size
at day 21.

Discussion

The role of HOX genes in early development is highly con-
served. They may also play a common role in malignant
cells and are frequently dysregulated in various malignan-
cies [1, 5, 21, 28, 30]. HOX genes confer specific identi-
ties on embryonic cells and may also influence the specific
phenotype of the cancer. There are a large number of HOX
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Fig. 5 a HXRY retards tumor growth in vivo. Subcutaneous tumors
induced in nude mice were treated intravenously with either HXR9
or CRX9 on days 7, 9, 13, 16, and 19. Mice administered HXR9
exhibited a significant tumor volume reduction from day 14, com-

genes, and generally, the specific function of each remains
unclear.

However, we have previously demonstrated that meth-
ylation of the HOXA9 gene is associated with a poor
prognosis in meningioma. In the current investigation,
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pared to CRX9-treated mice. b There was no significant difference in
the histology and Ki-67 labeling index (1.5 and 0.9 %, respectively)
between CXR9 and HXRO treatments in vivo at day 21

we showed that HOXA9 is highly expressed in meningi-
omas, but not in normal brain tissue. The expression level
of HXA9 and tumor grade of meningioma were not cor-
related as the number of each grade was limited. The tar-
get genes of HOXA9 were recently identified. TGF-B2 is
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transcriptionally activated by HOXA9 in cancer-associated
fibroblasts, which results in the growth of ovarian cancer
via the paracrine actions of CXCL12, IL-6, and VEGF-A
[17]. Together with the cofactor Meisl and histone modi-
fication, HOXA9 transcriptionally activates a network of
proto-oncogenes including Erg, Fit3, Lmo2, Myb, and Sox4
[13]. Among these genes, the expression of Erg is increased
in 40 % of meningiomas [32], and the downregulation of
FlIt3 reduces the survival and migration of meningioma
cells [3]. One challenge in targeting HOX genes is that they
generally have a high degree of functional redundancy,
which can mask the specific contribution of the individual
genes in a malignant phenotype. Nevertheless, HOXA9-
targeting treatments may be promising in meningiomas that
express large amounts of HOXA9.

Therefore, a post-translational approach may prove to
be more specific. The HRX9 peptide blocks the binding
of HOXAY to PBX, leading to an alteration of DNA bind-
ing, and subsequent regulation of their target genes. HRX9
markedly inhibited the growth of meningioma cells and
subcutaneous meningeal tumors. A change of cFos expres-
sion was previously shown to be responsible for the induc-
tion of apoptosis [24]; however, its expression was not
changed after HRX9 treatment, probably because the effect
of HRX9 was anti-proliferative rather than apoptotic.

Conclusion

There is no effective chemotherapy for meningiomas at
present. Targeting the HOXA9/PBX interaction may repre-
sent a novel treatment option for this disease.
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