
Increased HOXA5 expression provides
a selective advantage for gain of whole
chromosome 7 in IDH wild-type
glioblastoma
Patrick J. Cimino,1,2,17 Youngmi Kim,1,17 Hua-Jun Wu,3,4,5 Jes Alexander,1 Hans-Georg Wirsching,1,6

Frank Szulzewsky,1 Ken Pitter,7 Tatsuya Ozawa,1,8 Jiguang Wang,9,10,16 Julio Vazquez,11 Sonali Arora,1

Raul Rabadan,9,10 Ross Levine,12 Franziska Michor,3,4,5,13,14,15 and Eric C. Holland1

1Division of Human Biology, Fred Hutchinson Cancer Research Center, Seattle, Washington 98109, USA; 2Department of Pathology,
Division of Neuropathology, University of Washington, Seattle, Washington 98104, USA; 3Department of Biostatistics and
Computational Biology, Dana-Farber Cancer Institute, Harvard T.H. Chan School of Public Health, Boston, Massachusetts 02215,
USA; 4Department of Biostatistics, Harvard T.H. Chan School of Public Health, Boston, Massachusetts 02115, USA; 5Department
of Stem Cell and Regenerative Biology, Harvard University, Cambridge, Massachusetts 02138, USA; 6Department of Neurology,
University Hospital Zurich, Zurich 8091, Switzerland; 7Department of Cancer Biology and Genetics, Memorial Sloan Kettering
CancerCenter,NewYork,NewYork 10065,USA; 8Divisionof BrainTumorTranslational Research,NationalCancerCenterResearch
Institute, Tokyo 104-0045, Japan; 9Department of Biomedical Informatics, ColumbiaUniversity, NewYork,NewYork 10027, USA;
10Department of Systems Biology, Columbia University, New York, New York 10027, USA; 11Division of Shared Resources, Fred
Hutchinson Cancer Research Center, Seattle, Washington 98109, USA; 12Human Oncology and Pathogenesis Program, Sloan
Kettering Institute, New York, New York 10065, USA; 13The Broad Institute of Harvard and Massachusetts Institute of
Technology, Cambridge, Massachusetts 02142, USA; 14The Ludwig Center at Harvard, Harvard Medical School, Boston,
Massachusetts 02215, USA; 15The Center for Cancer Evolution, Dana-Farber Cancer Institute, Boston, Massachusetts 02215, USA

Glioblastoma is the most frequently occurring and invariably fatal primary brain tumor in adults. The vastmajority
of glioblastomas is characterized by chromosomal copy number alterations, including gain of whole chromosome 7
and loss of whole chromosome 10. Gain of whole chromosome 7 is an early event in gliomagenesis that occurs in
proneural-like precursor cells, which give rise to all isocitrate dehydrogenase (IDH) wild-type glioblastoma
transcriptional subtypes. Platelet-derived growth factor A (PDGFA) is one gene on chromosome 7 known to drive
gliomagenesis, but, given its location near the end of 7p, there are likely several other genes located along chro-
mosome 7 that select for its increasedwhole-chromosome copy number within glioblastoma cells. To identify other
potential genes that could select for gain of whole chromosome 7, we developed an unbiased bioinformatics
approach that identified homeobox A5 (HOXA5) as a gene whose expression correlated with gain of chromosome 7
and amore aggressive phenotype of the resulting glioma. High expression ofHOXA5 in glioblastomawas associated
with a proneural gene expression pattern and decreased overall survival in both human proneural and PDGF-driven
mouse glioblastoma. Furthermore, HOXA5 overexpression promoted cellular proliferation and potentiated
radioresistance. We also found enrichment of HOXA5 expression in recurrent human and mouse glioblastoma at
first recurrence after radiotherapy. Overall, this study implicates HOXA5 as a chromosome 7-associated gene-level
locus that promotes selection for gain of whole chromosome 7 and an aggressive phenotype in glioblastoma.
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Glioblastoma is the most common and aggressive pri-
mary brain tumor in the adult population (Ostrom et al.

2017). High-throughput technologies have considerably
increased the knowledge of recurrent genetic and epige-
netic alterations found in glioblastomas and other diffuse
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gliomas, helping to define molecularly distinct entities
and subtypes, including gene expression-based subtypes
designated proneural, classical, and mesenchymal types
(The Cancer Genome Atlas Research Network 2008;
Yan et al. 2009; Noushmehr et al. 2010; Verhaak et al.
2010; Sturm et al. 2012; The Cancer Genome Atlas Re-
search Network et al. 2015; Olar et al. 2015; Weller
et al. 2015; Ceccarelli et al. 2016; Louis et al. 2016). Specif-
ic point mutations in the isocitrate dehydrogenase-1
(IDH-1) and IDH-2 genes segregate glioblastoma into
IDH mutant glioblastomas, characterized by epigenetic
hypermethylation and proneural gene expression, and
IDHwild-type glioblastomas, characterized by large chro-
mosomal aberrations and proneural, mesenchymal, or
classical gene expression patterns (Yan et al. 2009; Bleeker
et al. 2010; The Cancer Genome Atlas Research Network
et al. 2015; Eckel-Passow et al. 2015; Leeper et al. 2015;
Olar et al. 2015; Reuss et al. 2015; Ceccarelli et al.
2016). IDH wild-type glioblastomas characteristically
harbor gain of chromosome 7 and loss of chromosome
10 (Cimino et al. 2017), both of which arise from early
nondisjunction events in gliomagenesis (Ozawa et al.
2014). Selection for neoplastic cells with gain of chromo-
some 7 is likely due tomultiple genes that drive tumor ag-
gressiveness. As one example, platelet-derived growth
factor A (PDGFA) has been shown to be a main driver of
chromosome 7 gain, and its overexpression is sufficient
to induce proneural gliomas in mice (Ozawa et al. 2014).
In this study, we sought to identify other gene-level loci
on chromosome 7 that could provide a selective advantage
for gain of whole chromosome 7 in IDH wild-type glio-
blastomas; moreover, we hypothesized that associations
with survival will be specific for molecular glioblastoma
subtypes. We used an unbiased bioinformatics approach
to identify genes on chromosome 7 with the potential
for driving gliomagenesis and found homeobox A5
(HOXA5) expression to be the most correlated with chro-
mosome 7 copy number gain and survival in proneural
glioblastomas. Mouse modeling supported this relation-
ship in that HoxA5 overexpression enhances the aggres-
siveness of PDGF-driven proneural gliomas through cell
cycle dysregulation and radioresistance. Further reinforc-
ing its aggressive role in gliomagenesis, HOXA5 expres-
sion is selected for in glioblastomas following radiation
therapy in mouse and human glioblastomas.

Results

Survival loci associated with chromosome 7 gain in
IDH wild-type glioblastoma

As a first step to identifying potential genes that drive the
selection of gain of whole chromosome 7, we queried the
publically available The Cancer Genome Atlas (TCGA)
glioblastoma data set (The Cancer Genome Atlas Re-
search Network 2008; Ceccarelli et al. 2016). We identi-
fied genes with chromosomal copy number alterations
showing differential expression across samples and whose
expression was correlated with overall survival. Given
the profound effect of IDH mutational status on patient

survival and its relatively low mutational frequency in
glioblastoma, IDH mutant glioblastomas were excluded
from our analysis. Moreover, we focused on proneural
glioblastomas because they represent the common pro-
genitor of all IDHwild-type glioblastomas thatmay be ge-
netically more uniform than classical or mesenchymal
glioblastomas (Ozawa et al. 2014). Among the genes on
chromosome 7, the gene expression changes of HOXA5,
RNF32, and C7orf13 had the strongest association with
patient survival (Fig. 1A). Expression of the known onco-
genic drivers EGFR, MET, and CDK6 on chromosome 7
did not have correlation with chromosomal copy number
and survival (P = 0.95, P = 0.35, and P = 0.71, respectively)
(Fig. 1A). HOX genes encode for a family of 39 highly con-
served transcription factors in four chromosomal clusters,
including cluster A (HOXA) on chromosome 7p15. HOX
gene products are critical regulators of embryonic mor-
phogenesis (Holland et al. 2007), and dysregulation of
HOX gene expression is associated with cancer (Shah
and Sukumar 2010; Bhatlekar et al. 2014), but the func-
tions of individual HOX genes in glioblastomas are in-
completely defined. Biological functions of the long
noncoding RNA encoded by C7orf13 and of a putative
ubiquitin ligase encoded by RNF32 are widely elusive.
Of the three genes associated with patient survival,
HOXA5 was the only one that was overexpressed in
association with chromosome 7 gain (Fig. 1A). Of note,
HOXA3 andHOXA4were the other HOXA cluster genes
displaying an association with survival, albeit to a lesser
extent than HOXA5 (Supplemental Table 1; Supple-
mental Fig. 1). Among glioblastoma transcriptional sub-
types (Verhaak et al. 2010), HOXA5 gene expression
was highest in proneural glioblastomas (Fig. 1B), which,
moreover, was the only transcriptional subtype in which
high versus low HOXA5 gene expression was associated
with patient outcome (median overall survival: 10 vs. 22
mo; log rank P = 0.003) (Fig. 1C). RNF32 and C7orf13
were underexpressed in relation to chromosome 7 gain,
and their expression was inversely associated with sur-
vival of patients with proneural glioblastomas (Fig. 1D,
E). No association with survival was seen in the other
transcriptional glioblastoma subtypes in relation to
RNF32 and C7orf13 expression (P > 0.05). RNF32 and
C7orf13 were the two genes having the most inverse cor-
relation toHOXA5 expression in proneural glioblastomas
(Fig. 1F).
To explore a potential mechanism of gene silencing

of RNF32 and C7orf13 in the setting of chromosome 7
gain, we investigated DNA methylation patterns across
chromosome 7. The promoter for C7orf13, but not
RNF32, had a high level of methylation in association
with chromosome 7 gain in proneural glioblastomas (Fig.
1G,H). Furthermore, promoter methylation of C7orf13
was inversely correlated with gene expression, while
RNF32 promoter methylation was positively correlated
with gene expression (Supplemental Fig. 2). Of note,
C7orf13 and RNF32 are neighboring genes, and poten-
tial coregulatory effects are not defined. Of these three
genes associated with chromosome 7 gain and survi-
val in glioblastomas, we chose to focus subsequent
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experimental mouse models on HOXA5, as (1) there is a
lack of C7orf13 orthologs in mice; (2) there is no clear
mechanism of gene silencing of RNF32 in glioblastomas,
and there is a potential complex genomic relation with
C7orf13; and (3) increased expression ofHOXA5was asso-
ciatedwith chromosomal 7 gain, implying a simplemech-
anism of overexpression and providing a clear oncogenic
candidate for glioblastomas.

Overexpression of HoxA5 decreases survival in murine
glioblastomas

Our bioinformatic screen established a strong correlation
of HOXA5 expression with gain of whole chromosome 7
and poor patient survival, implying that HOXA5 expres-
sionmay provide a selective advantage for gain of chromo-
some 7 in IDH wild-type glioblastoma. To initially gain
insight into the functional role of HOXA5 in glioblasto-
mas and uncover a possible mechanism for its selective
advantage in glioma cells, we introduced ectopic HoxA5
expression into an established mouse model of proneural
glioblastomas. Because PDGFA is a chromosome 7-encod-
ed driver of gliomagenesis, we used the RCAS/tva gene
transfer system to induce PDGF-driven proneural glio-
blastomas inmice in order to determine whether elevated
HOXA5 gene expression is causally related to aggres-
siveness of glioblastomas (Fig. 2A). The HoxA5-over-
expressing group of tumor-bearing mice was created by
infecting Nestin-positive (Ntva) cells in vivo with com-
bined RCAS-PDGF and RCAS-HoxA5, while the control

group was generated by combined RCAS-PDGF and
RCAS-mCherry (Fig. 2B). Mice had a background of either
homozygous (−/−) or heterozygous (+/−) deletion of
Ink4a/Arf. After mice showed signs of disease, glioma
tissue (Supplemental Fig. 3) was harvested, and tumor ly-
sate confirmed the presence of RCAS-HoxA5 through
Western blotting of protein tags (Fig. 2C). HoxA5 over-
expression inmouse glioblastomas led to decreased symp-
tom-free survival regardless of the deletion status of
Ink4a/Arf (P < 0.001 for both genotypes), albeit this effect
wasmore pronounced inmicewith heterozygous deletion
of Ink4a/Arf (hazard ratio [HR] 2.88, 95% confidence in-
terval [CI] 1.58–5.25) compared with mice with homozy-
gous deletion of Ink4a/Arf (HR 2.18, 95% CI, 1.50–3.17)
(Fig. 2D–F).

HoxA5 regulates cellular proliferation

In order to unravel the underlying biological processes
yielding the association of HoxA5 gene expression with
inferior survival, we began by performing a gene expres-
sion microarray focused on HoxA5 overexpression in
bulkmouseglioblastomas.WhencomparedwithmCherry
control tumors, the HoxA5-overexpressing tumors had
692 differentially expressed genes (190 up-regulated
and 502 down-regulated) with false discovery rate (FDR)
< 0.05 and absolute log2 fold change < 1 (Fig. 3A). To deter-
mine which of these 692 differentially expressed genes
may be a result of direct HoxA5 DNA element binding
rather than indirect compensatory effects, we queried
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Figure 1. Genetic survival loci associated with chromo-
some 7 gain in human glioblastomas includeHoxA5. (A)
Genes on chromosome 7 ranked by association with
overall survival in relation to differential gene expression
between patients with normal and gained chromosome 7.
The top-ranked genes include RNF32 (underexpressed),
C7orf13 (underexpressed), and HOXA5 (overexpressed).
(B) HOXA5 expression in proneural (PN; n = 97), classical
(CL; n = 145), mesenchymal (MES; n = 156), and neural
(NEU; n = 83) glioblastoma gene expression subtypes.
Kaplan-Meier plots showing overall survival effects for
proneural glioblastomas separated by quartile expression
of chromosome 7 survival loci HOXA5 (C ), RNF32 (D),
and C7orf13 (E). (F )HOXA5 expression is inversely corre-
lated to RNF32 and C7orf13 expression in proneural glio-
blastomas. (G) Methylation profiling in proneural
glioblastomas comparing chromosomal 7 status (normal
vs. gain) identifies C7orf13 as relatively highly methylat-
ed. (H) Methylation of the C7orf13 promoter increases
with gain of chromosome 7, corresponding to decreased
gene expression.
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ChIP-seq (chromatin immunoprecipitation [ChIP] com-
bined with high-throughput sequencing) data of human
carcinoma cells (Yan et al. 2013), which allows for filtering
across species and cancer types. This analysis led to the
identification of 136 common differentially expressed
genes (46 up-regulated and 90 down-regulated) with
knownHOXA5DNA-binding elements (Fig. 3B). Pathway
enrichmentanalysis of the46up-regulatedgenesconsisted
of several biological processes involving cell cycle and
DNA damage response pathways (Fig. 3C). Therefore, it

is likely thatHoxA5promotes its aggressive gliomapheno-
type at least partially through direct up-regulation of cell
cycle and DNA damage repair genes.
To investigate the functional roll of up-regulated cell

cycle genes, we isolated mouse glioblastoma cells from
bulk tumors and assayed cellular viability and growth
in vitro. Cell doubling times of HoxA5-overexpressing
versus control glioblastoma cells were 26.5 hr (HoxA5)
versus 36.7 hr (mCherry; P = 0.0002) (Fig. 4A). HoxA5-
overexpressing glioblastoma cells had a larger percentage

BA C
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Figure 2. HoxA5 overexpression in mouse glioblasto-
mas leads to decreased survival, reflective of human dis-
ease. (A) Schematic of RCAS vectors used for mouse
glioblastoma production. (B) Strategy for RCAS vector
coinjections in mice with background containing either
homozygous or heterozygous loss of Ink4a/Arf. (C ) Ex-
pression of tagged HoxA5 or mCherry in mouse PDGF-
driven glioblastoma lysate as confirmed by Western
blot. HoxA5-overexpressing mouse glioblastomas had
decreased survival in mice with homozygous (D) or het-
erozygous (E) loss of Ink4a/Arf, with both having de-
creased median survival (log-rank test; F ).

BA

C

Figure 3. Gene expression profiling of HoxA5 mouse
glioblastomas. (A) Microarray heat map highlighting
692 differentially expressed genes between HoxA5 and
mCherry mouse glioblastomas. (B) Venn diagram com-
paring differentially expressed downstreamHoxA5 genes
in mouse glioblastomas with genes containing HOXA5
transcription factor DNA-binding elements by ChIP-
seq analysis in human carcinoma cells. (C ) Pathway en-
richment analysis of the 46 common up-regulated genes
contains several top-ranking biological processes related
to cell cycle and DNA damage. The genes driving this
pathway enrichment are listed in the table at the right.
Statistical analysis of overlapping genes was performed
using the hypergeometric test.
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(28.5%) of cells in S phase compared with controls (23.0%
formCherry;P < 0.0001) (Fig. 4B).Conversely,HoxA5 gene
silencing had the opposite effect on cell doubling times;
59.8 hr (shHoxA5-1) and 38.2 hr (shHoxA5-2) versus 32.9
hr (shNT; nontarget control; P < 0.0001) (Fig. 4C; Supple-
mental Fig. 4). The percentage of cycling cells in S phase
was decreased (P < 0.0001) with HoxA5 knockdown
(11.6% shHoxA5-1 and 16.9% shHoxA5-2) compared
with control nontarget shRNA (19.1%) (Fig. 4D). Consis-
tentwith the invitro findings of growthandcell cycle anal-
ysis, immunohistochemistry confirmed that HoxA5
overexpression leads to a higher Ki-67 proliferative index
in vivo for Ntva-Ink4a/Arf−/− (P = 0.007) and Ntva-
Ink4a/Arf+/− (P = 0.002) mice (Fig. 4E). Last, the effect of
HoxA5 expression on cellular proliferation was demon-
strated throughglobal geneexpressionanalysis byRNAse-
quencing from bulkmouse glioblastoma tissue using gene
set enrichment analysis (GSEA) with gene ontology (GO)
terms. This approach resulted in the identification of
gene expression sets in HoxA5-overexpressing tumors
associated with biological processes linked to cell cycle
regulation, such as “cell cycle,” “mitosis,” “DNA replica-
tion,” and “DNAmetabolism” (Fig. 4F).

HoxA5 mediates resistance to ionizing irradiation

Ionizing irradiation is a mainstay in the standard of care
for glioblastoma patients and preferentially induces apo-
ptosis in fast cycling cells. In light of the role of HoxA5
for cellular proliferation and DNA damage response by
gene expression microarray, we therefore sought to inves-
tigate whether HoxA5 expression influenced radiosensi-
tivity. To analyze the impact of HoxA5 expression on
radiation response in vivo, tumor-bearing mice under-
went 10 Gy of irradiation at the time of symptomato-
logy. HoxA5 overexpression in mouse glioblastomas
was associated with decreased post-irradiation survival
(P < 0.001), with a median survival of 22 d compared

with a 33-d median survival in the mCherry control
mice (Fig. 5A). In vitro, HoxA5-overexpressing mouse
glioblastoma cells resumed proliferation earlier than tu-
mor cells (7 d vs. 9 d; P = 0.032) (Fig. 5B). Clonal survival
after irradiation was increased in HoxA5-overexpressing
cells (Fig. 5C), indicating that resistance to irradiation-in-
duced cell death contributed to earlier outgrowth.HoxA5
knockdown also decreased proliferation before (Fig. 5D)
and after (Fig. 5E) irradiation in mouse glioblastoma-
derived cells. To determine whether the delay in prolifer-
ation was due to the inherently higher proliferation rate of
HoxA5-expressing cells or a differential to radiation re-
sponse, a nonlinear regression of the proliferation data
was performed and used to compare the times to reach
half of the maximum proliferation (Supplemental Fig. 5).
Radiation shifted the half-maximum proliferation from
days 3, 5, and 7 to days 5, 8.5, and 11.5, resulting in prolif-
eration delays of 2, 3.5, and 4.5 d for shNT (nontarget con-
trol), shHoxA5-1, and shHoxA5-2, respectively. After
removing the effect of the inherently higher proliferation
rate of HoxA5-expressing cells, HoxA5 knockdown still
increased the time to reach the half-maximum after
radiation by 1.5 and 2.5 d for shHoxA5-1 and shHoxA5-
2, respectively. This finding suggests that HoxA5 expres-
sion allows cells to shorten the radiation-induced proli-
feration delay and may indicate that HoxA5 expression
confers reduced sensitivity to radiation. Similar to
mouse-derived glioblastoma cells, HOXA5 knockdown
in U87 human glioblastoma cells had decreased prolifera-
tion after radiation (Fig. 5F). To investigate the sensitivity
of U87 cells to irradiation in vitro afterHoxA5 overexpres-
sion, H2AX phosphorylation (γ-H2AX) intensity wasmea-
sured 2 h after irradiation by immunofluorescence. U87
cells with normal HoxA5 expression had a greater than
twofold increase in y-H2AX staining after radiation, while
HoxA5-overexpressing cells did not have any increased y-
H2AX staining after radiation (Fig. 5G). Of note, HOXA5
overexpression induces an increased basal level of H2AX
prior to radiation in mouse glioblastoma and human
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Figure 4. HoxA5 promotes proliferation in glio-
blastoma cells. (A,B) Both cellular proliferation
(A) and percentage of cells (B) in S phase increased
over time with HoxA5 overexpression (as com-
pared with control) in vitro in cultured mouse-
derived glioblastoma cells. (C,D) Inversely, knock-
down of HoxA5 by shRNA leads to decreased cell
proliferation (C ) and percentage of cells (D) in S
phase in cultured mouse glioma cells. (E) The Ki-
67 proliferative index (as determined by immuno-
histochemistry) was increased in HoxA5-overex-
pressing mouse gliomas in mice that had either
homozygous or heterozygous background dele-
tion of Ink4a/Arf. (F ) GSEA from mouse glioma
RNA demonstrates that HoxA5-overexpressing
tumors are more enriched for GO gene sets corre-
sponding to cell cycle and proliferation. Cellular
proliferation assays underwent statistical analysis
for genotype effect by two-way analysis of vari-
ance (ANOVA), and pairwise statistical analysis
was performed using the Mann-Whitney U-test.
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carcinoma cells (Supplemental Fig. 6; Ordonez-Moran
et al. 2015). We also found that expression levels of the
p21- and p53-activated proapoptotic genes BAX and
PUMA in U87 cells were increased after radiation in U87
cells with normal HoxA5 expression (Fig. 5H). HoxA5-
overexpressing U87 glioblastoma cells had increased
PUMA and p21, but not BAX or p53, levels after radiation
but to a far lesser extent than that of U87 cells with normal
HoxA5 levels (Fig. 5H). These results suggest that cells
overexpressing HoxA5 shut off DNA damage signaling
pathways more rapidly following radiation and may be
less likely to undergo apoptosis ormaintain cell cycle arrest.

HoxA5 expression is enriched in recurrent glioblastomas

Our data demonstrate that elevatedHOXA5 expression is
associated with increased cell proliferation and radiore-
sistance in glioblastomas. These findings suggest that a
subset of glioblastoma cells may be HOXA5-overexpress-
ing and at least partially enriched in recurrent tumors due
to therapeutic radioresistance. To investigate this obser-
vation further, we compared primary and recurrent post-
radiation glioblastoma gene expression profiles for both
mouse and human tumors. HoxA5 gene expression in
standard PDGF-driven mouse glioblastomas (without
RCAS-HoxA5 or RCAS-mCherry) was greater than two-
fold higher in post-radiation-treated recurrent mouse glio-
blastomas compared with primary tumors (P < 0.0001)
(Fig. 6A). For the HoxA cluster overall, HoxA2, HoxA4,

and HoxA5 were up-regulated in the recurrent mouse
glioblastomas (Supplemental Fig. 7). To evaluate HoxA5
protein expression changes after radiation in vivo, immu-
nohistochemistry of primary and recurrentmouse glioblas-
tomas was performed to measure tumor cell percentages.
The percentage of HoxA5-Myc-tagged-positive cells (41%)
was approximately twofold higher in post-radiation recur-
rent tumors than primary mouse glioblastomas (22%)
(Fig. 6B). These data indicate that radiation enriches for
HoxA5-expressing cells in recurrent mouse glioblastomas.
After determining thatHoxA5 levels are increased in re-

current mouse glioblastomas, HOXA5 expression levels
were also queried in recurrent human glioblastoma gene
expression data (Wang et al. 2016). Consistent with our
mouse results, the recurrent proneural subtype of IDH
wild-type glioblastomas had higher levels of HOXA5
mRNA than the mesenchymal (P < 0.005) and neural (P
< 0.0005) transcriptional subtypes (Fig. 6C). Furthermore,
direct comparison of paired human primary and recurrent
tumors determined thatHOXA5 expression is enriched in
recurrent proneural (P = 0.022) and classical (P = 0.03)
transcriptional subtypes of glioblastomas (Fig. 6D).

Discussion

Whole-chromosome aneuploidy is a hallmark of cancer
(Beroukhim et al. 2010), and, within IDH wild-type glio-
blastomas, gain of chromosome 7 is a frequent and early
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Figure 5. HoxA5 enhances radioresistance in glio-
blastoma cells. (A) Post-radiation survival is de-
creased for HoxA5-overexpressing glioblastomas in
mice. (B) Proliferation in radiation-treated cultured
mouse glioblastoma cells is increased with HoxA5
overexpression. (C ) Limiting dilution clonal survival
is increased with HoxA5 overexpression after radia-
tion in glioblastoma cells. HoxA5 is associated with
increased proliferation in vitro inmouse glioblastoma
cells (D,E) and human U87 glioblastoma cells (F ). (B–
F ) Cellular proliferation and clonality assays under-
went statistical analysis for genotype effect by two-
way ANOVA. (G) Radiation-induced DNA damage,
as measured by γ-H2AX intensity, is inhibited by
HOXA5 overexpression in human U87 glioblastoma
cells. (H)HOXA5mitigates radiation-induced up-reg-
ulation of cell cycle inhibitor- and apoptosis-related
genes, includingBAX, PUMA, p53, and p21 in human
U87 glioblastoma cells. (G,H) Fluorescence intensity
and gene expression assays underwent pairwise statis-
tical analysis by the Mann-Whitney U-test.
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event. Stable aneuploidy implies a conferred selective ad-
vantage for having extra copies of chromosome 7 (Tang
andAmon 2013). The number of genes located on chromo-
some 7 that drive its gain and selection has yet to be re-
solved. The main goal of this study was to identify genes
whose expressionmay provide such a selection advantage
for gain of whole chromosome 7. As a starting point, we
took an unbiased bioinformatic approach to recognize
HOXA5 overexpression as highly associated with gain of
chromosome 7 and decreased overall survival in human
proneural IDH wild-type glioblastomas. Proneural-like
precursor cells give rise to all IDHwild-type transcription-
al subtypes, and it is in these cells where gain of whole
chromosome 7 occurs early in gliomagenesis. Genes on
chromosome 7 that are regulated by mechanisms other

than whole chromosome 7 copy number gain (i.e., extra-
chromosomal double minutes, pathway redundancy,
etc.) would not have been expected to score highly
in our initial screen. Such was the case for the known on-
cogenes on chromosome 7, including EGFR, MET, and
CDK6. After establishing the relevance of increased
HOXA5 expression in proneural glioblastomas, we went
on to test the functional role by which HOXA5 overex-
pression might provide a selective advantage for gain of
whole chromosome 7. The role of HOXA5 in promoting
a more aggressive phenotype and selection in PDGF-
driven glioblastomaswas further supported through a com-
bination of in vivo and in vitro studies that demonstrated
HoxA5 overexpression causing increased cellular proli-
feration, cell cycle dysregulation, and radioresistance.
Furthermore, HOXA5 expression was selected for in
post-radiation human and mouse glioblastomas. In addi-
tion to having genes that confer increased tumor survival
such as HOXA5, there are presumed genes on chromo-
some 7 whose overexpression could be detrimental to cel-
lular fitness, and therefore their expression may be
silenced by the neoplastic cells. Perhaps there is some
amount of epigenetic suppression of RNF32 and C7orf13
(van Baren et al. 2002; Etcheverry et al. 2010) taking place
in glioblastomas to counteract gain of chromosome 7. The
reason and relevance of any such gene silencing on chro-
mosome 7 have yet to be determined.

HOX genes encode for transcriptional factors that regu-
late cell fate decisions, and the dysregulation of expression
of members of the HOX gene family initiates or supports
tumorigenesis (Shah and Sukumar 2010; Bhatlekar et al.
2014). Examples of increased HOX expression in nonbrain
neoplasms include acute myeloid leukemia, breast car-
cinoma, and prostate carcinoma. Elevated expression of
HOX genes supports the immortalization of leukemic
cells and formation of chimeric fusion genes (Armstrong
et al. 2002; Ayton and Cleary 2003; Ghannam et al.
2004; Faber et al. 2009). HOXAandHOXB gene expression
patterns in acute myeloid leukemia are regulated through
epigenetic CpG island methylation (Spencer et al. 2015).
In solid malignancies such as breast carcinoma, HOXA5
functions as a positive regulator of TP53, and loss of
HOXA5 expression results in failure to block malignant
transformation of epithelial cells (Raman et al. 2000;
Chen et al. 2004). Similar findings ofHOXA5 inducing ap-
optosis and a better clinical outcome have been observed
in lung carcinoma (Chang et al. 2017) and liposarcoma
(Lee et al. 2015). This previously described cooperative
axis of HOXA5 and TP53 suppressing cellular proli-
feration in human carcinoma and liposarcoma is the in-
verse effect of what we observed in glioblastomas, where
HOXA5 promotes cellular proliferation and inhibits
TP53 expression. It is unclear why there is an apparent
dichotomous effect of HOXA5 expression in glioblasto-
mas compared with carcinomas and liposarcomas, but
there are likely cell type-specific factors responsible for
this behavior that have yet to be identified.

HOXA5 is located relatively centrally within the
HOXA gene cluster, and it is unclear why HOXA5 in
this study is specifically associated with gain of
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Figure 6. HoxA5 expression is enriched inmouse and human re-
current glioblastomas. (A) Post-radiation recurrent mouse PDGF-
driven glioblastomas have approximately fivefold increased
HoxA5mRNA compared with primary glioblastomas. (B) Immu-
nohistochemical quantification determines that Myc-tagged
HoxA5, but not Myc-tagged mCherry, represents increased per-
centage of RCAS-infected cells in post-radiation recurrent mouse
glioblastomas. (C ) HOXA5 expression in recurrent human IDH
wild-type glioblastomas is highest in the proneural (PN) tran-
scriptional subtype (n = 19) compared with mesenchymal (MES;
n = 22), classical (CL; n = 14), and neural (NEU; n = 19). (D) Recur-
rent human IDHwild-type glioblastomas exhibitHOXA5mRNA
enrichment in proneural and classical transcriptional subtypes
compared with their matched primary tumors.
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chromosome 7 and survival for proneural IDH wild-type
glioblastomas. Given that the HOXA genes are colocated
on chromosome 7, it remains unclear what the extent of
involvement of HOXA genes other than HOXA5 is in
glioblastoma biology. As a group, HOXA genes are over-
expressed in glioblastomas compared with lower-grade
astrocytomas and normal brain tissue (Abdel-Fattah
et al. 2006; Costa et al. 2010). A subset of glioblastomas
has increased HOXA transcription resultant from PI3K
pathway-dependent regulation of H3K27me3 (Costa
et al. 2010). HOXA9 was responsible for this phenotype,
and HOXA9 overexpression in glioblastoma cells pro-
moted proliferation and inhibited apoptosis. Increased
HOXA9 expression was also associated with decreased
progression-free and overall survival in two independent
glioblastoma cohorts. However, these data are interpreted
in the absence of knowing the IDH mutational status,
so the relationship, if any, of HOXA9 to IDH status is
unknown. A subgroup of glioblastomas with a tran-
scriptional “stem cell signature” driven by HOX gene
expression has been shown to have decreased survival
following radiotherapy (Murat et al. 2008). Kurscheid
et al. (2015) further showed that the HOX signature
was associated with increased HOXA10 expression in
glioblastomas and that these occurred in conjunction
with complex epigenetic regulation and chromosome 7
gain. Gallo et al. (2013) provided additional insight into
HOXA10 function in glioblastoma stem cells by showing
that its expression is a direct result of activation of the
Trithorax protein mixed-lineage leukemia (MLL) and
that HOXA10 can then go on to directly activate other
HOXA genes, such as HOXA7. Di Vinci et al. (2012)
also demonstrated that methylation of HOXA9 and
HOXA10 aswells asHOXA3 andHOXA7 increases in dif-
fuse gliomas with increasing aggressiveness, as reflected
by World Health Organization (WHO) grade. Outside of
human tissue and cell line studies, one experimental in-
vestigation addressed several HoxA genes’ expression in
a mouse glioma transplantation model (Schmid et al.
2016). Schmid et al. (2016) dedifferentiated cultured mu-
rine astrocytes into glioma stem cells through introduc-
tion of three mutations, including Rb knockout, Kras
activation, and Pten deletion. These glioma stem cells
were sufficient to form glioblastomas in their transplant
mousemodel.Thededifferentiationof those triple-mutant
astrocytes resulted in an altered transcriptional profile,
which had characteristic up-regulation of the HoxA locus
(HoxA1–7, 9) through increased chromatin accessibi-
lity. Interestingly, of all of the up-regulated HoxA genes,
HoxA5 had the largest magnitude of up-regulation with
dedifferentiation. At this point, the magnitude of the role
of HOXA genes in glioblastomas is not fully understood.
Because IDH wild-type glioblastomas have such a dis-

mal prognosis, there is a need for increased targeted ther-
apies for a precision medicine approach to this disease.
Prospects for glioblastomas will likely include targeted
therapies against molecular drivers of aggressive tumor
behaviorwith respect to therapy resistance of the standard
glioblastoma regimen of surgery, chemotherapy, and
radiotherapy. Given the current data, it is possible that

targeting HOXA genes may increase response to radia-
tion therapy for glioblastomas and warrants further
investigation.

Materials and methods

Human glioblastomas and gene-survival analysis

Gene expression data (level 3; n = 585; Agilent, G4502A) and
DNA copy numberGISTICS2 results (level 4; n = 571; Affymetrix
Genome-Wide Human SNP srray 6.0) of glioblastoma samples
from TCGA were used for analysis. Glioblastoma methylation
and transcriptional subtype classifications (G-CIMP, classical,
mesenchymal, neural, and proneural) and patient survival data
were also obtained (Brennan et al. 2013). All analyses were done
in R/Bioconductor (Gentleman et al. 2004). Transcriptional and
clinical data for paired initial and recurrent glioblastomas were
analyzed from a previously published glioblastoma cohort
(Wang et al. 2016).

Proneural gene ranking and methylation promoter analysis

Selected genes on chromosome 7 were ranked by their associa-
tion with overall survival and differences in expression by copy
number for patients in the proneural subgroup as follows.
Patients were divided into two groups: (1) glioblastoma diploid
for chromosome 7 and (2) glioblastoma with gain of chromosome
7. Differential expression analysis was performed usingWilcoxon
test for all genes on chromosome 7. For each gene, patients were
sorted by gene expression, and the top and bottom 25% were
selected to represent high and low gene expression subgroups.
Cox proportional hazards regression was used to test for survival
differences between the high and low gene expression subgroups
for each gene. DNA promoter methylation levels were compared
between the two groups separated by chromosome 7 copy num-
ber. In these analyses, the transcription start site ±1.5-kb regions
were set as gene promoter regions.

HoxA5 RCAS vector construction

To prepare retroviral constructs for HoxA5 overexpression,
pBABE-Puro retroviral vector (Cell Biolab, Inc.) and HoxA5
mouse cDNA (Open Biosystems) were used. HoxA5 cDNA was
amplified using a forward primer containing a Flag tag sequence
and a BamHI restriction site and a reverse primer containing a
SalI restriction site. The amplified cDNA and the pBABE-Puro
vector were incubated with the restriction enzymes BamHI and
SalI, followed by gel purification. The HoxA5 cDNA and linear
vector were ligated using T4 DNA ligase (New England Biolabs).
Retroviral particles were generated by cotransfection of the
pBABE HoxA5 vector and the pCL-10A1 retrovirus packaging
vector. A forward primer with Flag tag or Myc tag sequences
and BamHI restriction site and the reverse primer with a NotI re-
striction site were used to prepare the HoxA5 cDNA insert. The
amplified cDNA and pENTR vector were digested using BamHI
and NotI restriction enzymes and then ligated using T4 DNA li-
gase. The pENTR vector with the HoxA5 insert was subjected to
Gateway LR ligation. After the HoxA5 insert was shuttled to the
RCAS destination vector (RCAS-DV) using LR ligation, RCAS-
HoxA5 was amplified.

Mouse glioma generation

Animal use was conducted with approval by the Institutional
Animal Care and Use Committee of Fred Hutchinson Cancer
Research Center, protocol 50842. To generate mCherry- and
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HoxA5-expressing gliomas, the RCAS/tva systemwas used as de-
scribed previously (Holland et al. 1998; Holland and Varmus
1998; Shih and Holland 2006; Ozawa et al. 2014). Briefly, chicken
fibroblast (DF1) cells were maintained with 10% fetal bovine se-
rum (FBS) in Dulbecco’s modified Eagle medium (DMEM). DF1
cells were transfected with each RCAS viral plasmid using
Fugene 6 transfection reagent (Roche) following the manufac-
turer’s protocol. Next, PDGFb-expressing DF1 cells were mixed
with either mCherry- or HoxA5-expressing DF1 cells. This
mixture of DF1 cells was injected into Ntva-Ink4a/Arf+/− and
Ntva- Ink4a/Arf−/− mice. Adult mice anesthetized with isoflur-
ane were positioned in a stereotactic device (Stoelting). RCAS
transfected DF1 cells were injected using a 30-gauge needle in-
serted into the right frontal cortex (coordinates: 1.5 mm anterior
to bregma, 0.5 mm lateral, and 1.5-mm depth). Next, mice were
monitored daily until they developed signs of illness, such as leth-
argy, poor grooming, weight loss, dehydration, macrocephaly,
seizure, jumping, and paralysis.

Mouse glioma irradiation

Following development of symptoms, DF1-injectedmicewere se-
dated with isoflurane, and their heads were irradiated with 10 Gy
in one fraction using an X-RAD 320 from Precision X-Ray. The
rest of the mouse was shielded with lead to minimize the radia-
tion dose to normal tissue. Animals were sacrificed upon recur-
rence of neurological symptoms, as defined by the Institutional
Animal Care and Use Committee. Any mice euthanized due to
spontaneous tumors were removed from this experiment. Each
survival armwas sufficiently powered to account for any baseline
variability in response.

Immunohistochemistry

Tumor-bearing mouse brains were removed, fixed in 10% neu-
tral-buffered formalin, and then embedded into paraffin blocks.
The formalin-fixed paraffin-embedded (FFPE) tissue was serially
sectioned 5 µm in depth and slide-mounted. Automated stain
processing (Discovery, Ventana Medical Systems, Inc.) was used
for immunohistochemical detection with the manufacturer’s
standard protocol. The following primary antibodies were used:
Ki-67 (1:200, rabbit; Vector Laboratories, VP-RM04), Myc tag
(1:500, rabbit; Cell Signaling Technology, 2272), and γ-H2A.X
(Ser139) (1:500, rabbit; Cell Signaling Technology, 9718). For im-
munohistochemical staining quantification, tissue sections were
imaged on a TissueFax slide scanner, and HistoQuest image anal-
ysis software was used to identify and count marker-positive and
marker-negative cells (TissueGnostics GmbH). The number of
marker-positive cells was divided by the total number of cells
in each tumor region.

Glioma cell culture

Human U87 glioblastoma cells were maintained using 10% FBS
(Invitrogen) in DMEM (American Type Culture Collection).
Mouse glioma cells were derived from primary mouse tumors
by tissue dissociation and single-cell isolation using papain en-
zyme (Leder et al. 2014). Mouse glioma cells were maintained
in serum-free Neurocult NSC basal medium (mouse; Stem Cell
Technologies) supplemented with 20 ng/mL EGF, 20 ng/mL
bFGF, and heparin. Cell culture proliferation was assayed as de-
scribed previously (Li et al. 2009; Lathia et al. 2010). Cells were
plated in triplicate for each condition in 96-well culture dishes.
ATP contentwasmeasured usingCellTiter-Glo bioluminescence
(Promega Corporation). For the in vitro limiting dilution assay,
various dilutions of cells ranging from 400 cells to a single cell
per well were plated into 96-well plates (Ploemacher et al.

1989). Ten days after plating, the number ofwellswithout spheres
was counted and analyzed using ELDA (http://bioinf.wehi.edu.
au/software/elda).

Cell cycle analysis

The Click-iT EdU Alexa fluor 488 imaging kit (Invitrogen,
C10337) was used for the cell cycle analysis using the manufac-
turer’s protocol. Briefly, after cellswere pretreatedwith retrovirus
or lentivirus and puromycin, EdU was added, and cells were
incubated for 30 min. Next, cells were trypsinized for a single-
cell suspension and then fixed with 4% paraformaldehyde (PFA)
for the Click-it Edu assay. Prepared cells were analyzed using
fluorescence-activated cell sorting (FACS).

HoxA5 shRNA preparation

Lentiviral clones expressing human or mouse HoxA5-specific
shRNAs (shHoxA5-1 for mice: 5′-CGCCGAAGAAGGATC-
GAAATA-3′; shHoxA5-2 for mice and humans: 5′-CCGGAC-
TACCAGTTGCATAAT-3′) and control shNT (SHC002) were
purchased from Sigma-Aldrich. Viral particles were produced in
293T cells with the pPACK set of helper plasmids (System Bio-
sciences) in stem cell medium. Viral stocks were concentrated
by precipitation with PEG-8000.

Western blotting

Western blots were performed as described previously (Ozawa
et al. 2014). The following primary antibodies were used: β-Actin
(1:2000, mouse; Sigma-Aldrich, A1978), α-tubulin (1:2000,
mouse; Sigma-Aldrich, T5168), HA tag (1:1000, rabbit; Cell Sig-
nalingTechnology, 3724), and anti-Flag (1:1000, rabbit; Sigma-Al-
drich, F7425).

Quantitative RT–PCR

Total RNAwas extracted from tumor tissue using RNeasy mini-
kit (Qiagen) andwas used to synthesize cDNAbyusing the Super-
Script III first strand synthesis system for RT–PCR (Invitrogen)
according to the manufacturer’s protocol. SYBR Green real-time
PCR was performed using primer sets, reagents, and protocols
fromApplied Biosystems in a 7900HT Fast real-time PCR system
(Applied Biosystems). Each sample was analyzed in triplicate.
RT–PCR primer sequences are listed in Supplemental Table 2.

Mouse glioblastoma gene expression microarray

Total high-quality RNAwas prepared and converted to biotin-la-
beled cDNA as described previously (Amankulor et al. 2017).
Labeled cDNA was processed on a MouseWG-6v2 Expression
BeadChip (Illumina, Inc.) and imaged using an Illumina iScan sys-
tem. The Bioconductor package “lumi”was used to assessmicro-
array data quality followed by quantile normalization (Du et al.
2008). Gene expression was initially filtered by retaining only
probes above the signal “noise floor” threshold (established using
the 75th percentile of the negative control probe signals within
each array). The data set was subsequently filtered by using a
variance filter using the “shorth” function of the Bioconductor
package “genefilter” (Bourgon et al. 2010). Statistical analyses
were performed using the Bioconductor package “limma” (Smyth
et al. 2005), and a FDRmethodwas applied to correct formultiple
testing (Reiner et al. 2003). Differential expression was defined as
log2 (ratio) ≥0.585 (±1.5-fold) with the FDR set to 5%. Microarray
data are available at https://www.ncbi.nlm.nih.gov/gds as Gene
Expression Omnibus (GEO) data set GSE89409. Mouse glioblas-
toma microarray results were further compared with gene
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expression of HOXA5-overexpressing human carcinoma cells
(GEO data set GSE74862) and HOXA5 ChIP-seq of human carci-
noma cells (GEO data set SM1239461) (Yan et al. 2013; Ordonez-
Moran et al. 2015). Pathway enrichment analysis was done using
R Bioconducter package “clusterProfiler” version 3.4.4 (Yu et al.
2012), and dotplots were made using R Bioconducter package
DOSE (Yu et al. 2015).

Statistical analysis

Kaplan-Meier survival curves were prepared using Graphpad
Prism 7 (Graphpad Software) and analyzed using the log-rank
(Mantel-Cox) test. Time series data were analyzed in Graphpad
Prism 7 using two-way analysis of variance (ANOVA) as designat-
ed. Microarray and ChIP-seq data sets were compared using the
hypergeometric test in R (version 3.3.2, R Project for Statistical
Computing, http://www.r-project.org). All other comparisons
were determined by performing the Mann-Whitney U-test in
Graphpad Prism 7.
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