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Genomic instability (Gl) drives tumor heterogeneity and promotes
tumor progression and therapy resistance. However, causative
factors underlying Gl and means for clinical detection of Gl in
glioma are inadequately identified. We describe here that elevated
expression of a gene module coexpressed with CDC20 (CDC20-M),
the activator of the anaphase-promoting complex in the cell cycle,
marks Gl in glioma. The CDC20-M, containing 139 members in-
volved in cell proliferation, DNA damage response, and chromo-
some segregation, was found to be consistently coexpressed in
glioma transcriptomes. The coexpression of these genes was
conserved across multiple species and organ systems, particularly
in human neural stem and progenitor cells. CDC20-M expression
was not correlated with the morphological subtypes, nor with the
recently defined molecular subtypes of glioma. CDC20-M signature
was an independent and robust predictor for poorer prognosis in
over 1,000 patients from four large databases. Elevated CDC20-M
signature enabled the identification of individual glioma samples
with severe chromosome instability and mutation burden and of
primary glioma cell lines with extensive mitotic errors leading to
chromosome mis-segregation. AURKA, a core member of CDC20-
M, was amplified in one-third of CDC20-M-high gliomas with
gene-dosage-dependent expression. MLN8237, a Food and Drug
Administration-approved AURKA inhibitor, selectively killed
temozolomide-resistant primary glioma cells in vitro and pro-
longed the survival of a patient-derived xenograft mouse model
with a high—-CDC20-M signature. Our findings suggest that appli-
cation of the CDC20-M signature may permit more selective use
of adjuvant therapies for glioma patients and that dysregulated
CDC20-M members may provide a therapeutic vulnerability
in glioma.
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lioblastomas (GBM) constitute the major fraction of pri-
mary tumors in the adult central system. Despite intensive
research, the prognosis of GBM is poor, and the median survival
of GBM patients remains less than 2 y (1). GBMs constantly
evolve and show extensive cellular and genetic heterogeneity (2).
Enhanced replication stress and DNA damage response (DDR)
are constitutively active in GBM (3). Genomes of GBM harbor
numerous single-nucleotide exchanges. They are also subject to
chromosomal instability (CIN), frequently generating an abnormal
number of chromosomes (aneuploidy) and chromosomal structural
abnormalities (4, 5). This genomic instability (GI) leads to new
clonal variants among individual GBM cells (6, 7) and may thereby
drive glioma progression and cause resistance to therapy (8-14).
GBM and lower-grade glioma may originate from or acquire
features of neural stem or progenitor cells (termed NPC) (15).
Mechanisms regulating chromosome segregation critically regulate
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self-renewal and differentiation of NPCs. Defects in several cen-
trosome- and microtubule-regulating genes, including ASPM,
NDEI1, CEPI120, CENPF, or TACC, cause severe defects in cell-fate
decision and differentiation in the NPC pool during neocortical
development (16-22). On the other hand, a number of compre-
hensive genomic studies have made important steps forward in
understanding the causes and implications of GI in glioma. Singh
et al. (5) found that a fusion between the fibroblast growth factor
receptor (FGFR) gene and the transforming acidic coiled-coil
(TACC) gene causes CIN in <5% of the GBMs. The Cancer Ge-
nome Atlas (TCGA) recently reported that 16% of low-grade gli-
omas and GBMs harbor mutations and/or somatic copy-number
alterations (SCNA) in multiple genes involved in the cohesin
complex, including NIPBL and STAG?2 (23, 24). Carter et al. (25)
developed an aneuploidy-correlated CIN70 signature, which was
predictive of poor outcome in glioma and several other cancer
types. Based on the SNP6.0 data, TCGA recently reported an
aneuploidy score, which correlates with 7P53 mutations and the
overall mutation rate (26). While these reports highlight the im-
plications of GI in glioma etiology, causative mechanisms and
markers of GI remain poorly defined.
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We hypothesized that aberrant activities in a gene network,
which is involved in maintaining genomic stability in NPCs, may
play a causative role in glioma GI. Accordingly, we aimed to
develop a GI signature in glioma to fulfill the following fea-
tures: (i) to include genome maintenance functions the activi-
ties or dysregulation of which may cause or be associated with
GI; (ii) to make a prognosis; (iii) to contain potential thera-
peutic targets; and (iv) to be applicable to the majority of gli-
omas (and nonglioma cancers).

To test this hypothesis, we screened glioma transcriptome for
gene coexpression modules centered on the regulators of NPC
development and on the known activities associated with CIN.
We here report the identification of a gene coexpression
module around CDC20 (CDC20-M), the activator of anaphase-
promoting complex (APC) of the cell cycle. Members of
CDC20-M contain key regulators of cell proliferation, DNA
replication, DDR, and chromosome segregation. Our findings
demonstrate that the CDC20-M signature permits the de-
tection of gliomas with severe GI and poor prognosis, and core
members of CDC20-M may provide potential therapeutic tar-
gets for treatment of glioma.

Results

Identification of a Conserved, Stem/Progenitor Cell-Enriched CDC20-
M in the Glioma Transcriptome. Using Pearson correlation co-
efficient analysis in glioma transcriptome databases (SI Appen-
dix, Table S1), we set out to screen for coexpressed gene modules
centered around known regulators of NPC self-renewal or CIN
as a means to cluster gliomas into subgroups with distinct se-
verities of GI. To this end, CDC20-M (SI Appendix, Table S2)
was selected because of the following features: (i) the 139 genes
in CDC20-M form a large protein—protein association network
(Fig. 14); (ii) in addition to genes involved in the cell cycle and
division (e.g., CCNB1, CDK1, CDK2, CDC45, CKS2, MCM2,
and PCNA), DNA replication (e.g., CDC25A, TIMELESS, and
RFC2), replication stress and DDR (e.g., BRCA1, CHEKI,
FANCI, and TOP2A), sister chromatid cohesion (e.g., PTTG1/
SECURIN), spindle organization and biogenesis/microtubule-
based movement (e.g., ASPM, KIF11, and KIF14), and APC-
dependent catabolic process (e.g., CCNA2, UBE2C, UBEZ2S,
and ESPL1) (Fig. 1B), gene ontology analysis shows that
CDC20-M members are also involved in centrosome duplication
(e.g., AURKA, NEK2, STIL, and TACC3), kinetochore micro-
tubule dynamics and attachment stability (members of the CENP
family) and the spindle assembly checkpoint (BUB1, BUBRI,
CENP-E, CDC20, MAD2L1, NDC80, and RAEL1) (27-34); (iii)
loss of function in CDC20-M members ASPM, CENPF, and
TACCS3 causes defects of chromosome segregation in NPCs (17,
21, 22); and (iv) aberrant activities of CDC20-M members, such
as AURKA, BUBI1, BUBR1, CENPE, CDC20, NDC80, and
RAEL, induce aneuploidy and tumorigenesis (35-39). A small
subset of the CDC20-M members (37 of the 139 genes) over-
lapped with the previously reported CIN70 signature (25);
however, hierarchy clustering analysis in glioma transcriptomes
suggests that nearly 18% of CIN70 genes were not coexpressed
with the remaining members (SI Appendix, Fig. S1).

We first analyzed the pattern of CDC20-M expression in brain
development and homeostasis. For defining stable expression
clusters, a nontumor brain-tissue—enriched, CDC20-negatively
correlated CREBRF coexpression module (CREBRF-M, con-
taining 120 genes, SI Appendix, Fig. S2 and Table S3) was
identified in glioma transcriptome. CREBRF is ubiquitously
expressed in various mature tissues as a negative regulator of the
unfolded protein response (40). In the transcriptome dataset of
human brain development and maturation [National Center for
Biotechnology Information Gene Expression Omnibus no.
GSE25219 (41)], CDC20-M was highly expressed in brain tissues
at the embryonic and early fetal development stages, which are
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marked by extensive proliferation of neural stem cells and by the
initiation of neurogenesis [4-10 postconceptional weeks (PCW)]
(Fig. 1C). Among the purified cell populations from the de-
veloping human neocortex [GSE65000 (42)], CDC20-M was
enriched in the apical radial glial cells, the well-recognized NPCs
in human brain (Fig. 1D). Compared with the mature neuron
and oligodendrocytes [GSE9566 (43)], murine oligodendrocyte
progenitor cells (OPC) showed enriched CDC20-M expression
(Fig. 1E). Enriched CDC20-M expression was also found in
hematopoietic progenitor cells. In steady-state human hemato-
poiesis [GSE24759 (44)], progenitor cells in the megakaryocyte/
erythroid and granulocyte lineages and pro-B progenitors showed
the highest CDC20-M expression (SI Appendix, Fig. S34). In
murine hematopoiesis [GSE77098 (45)], erythroid progenitors
and pro-B progenitors remained as the cell types with the highest
CDC20-M expression, whereas the mature cell types and long-
term hematopoietic stem cells showed relatively low CDC20-M
signature (SI Appendix, Fig. S3B). CDC20-M was also coex-
pressed in the transcriptomes of Caenorhabditis elegans (46) (SI
Appendix, Fig. S3C) and Drosophila (47) (SI Appendix, Fig. S3D).
These findings together suggest that, although CDC20-M was
identified in glioma transcriptomes, it constitutes a conserved
activity required for or associated with cell proliferation, par-
ticularly in the stem/progenitor cell pool.

The CDC20-M Signature Is a Robust Marker of Poor Prognosis for
Adult Diffuse Glioma. To assess the relevance of the CDC20-M
signature in glioma biology, we first assessed whether the
CDC20-M signature enables the risk stratification of adult diffuse
gliomas of all morphological subtypes and grades. In 1,305 pa-
tients from four datasets with known survival information, gen-
erated in three different continents, multivariate Cox regression
analysis showed that the CDC20-M score (the average expres-
sion of CDC20-M) is the only marker consistently associated
with poor prognosis (Fig. 24), which is complementary to IDH
mutation and 1p19q codeletion as indicators of good prognosis
(48, 49). CIN70 signature was prognostic only in the Chinese
Glioma Genome Atlas (CGGA) and REMBRANDT datasets
(SI Appendix, Table S4).

In the context of morphological diagnosis, the majority of
GBMs showed enriched CDC20-M expression; small subsets of
grade II/III astrocytoma and oligodendroglioma also showed
relatively enriched CDC20-M expression (SI Appendix, Fig.
S44). Among the grade II/III astrocytomas, gliomas with low
CDC20-M but high CREBRF-M expression were associated
with good prognosis compared with those with relatively
enriched CDC20-M expression (SI Appendix, Fig. S4B). Based
on the pathways conserved between brain development and gli-
oma pathogenesis, we have recently identified gene coexpression
modules around epidermal growth factor receptor (EGFR)
(EGFR module, EM) or platelet-derived growth factor receptor
A (PDGFRA) (PDGFRA module, PM) in the glioma tran-
scriptome and defined an EM/PM classification scheme that
assigns all adult diffuse gliomas to either the EM or the PM
subtype; the EM and PM gliomas showed transcriptomic simi-
larities to neural stem cells and OPCs, respectively (50). The
majority of EM gliomas and a subset of PM gliomas were
enriched in CDC20-M expression (SI Appendix, Fig. S4C).
Compared with the PM gliomas with low CDC20-M expression,
PM gliomas expressing high CDC20-M showed a poorer prog-
nosis (SI Appendix, Fig. S4D).

We performed unsupervised consensus clustering in the
TCGA training cohort (containing both low- and high-grade
gliomas) to define stable molecular clusters with a unique
pattern of CDC20-M and CREBRF-M expression (SI Appen-
dix, Fig. S54). Independent of the morphological diagnosis,
gliomas were assigned to stable subgroups with high expression
of CDC20-M or CREBRF-M or with intermediate expression
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Fig. 1. Identification of CDC20-M in the glioma transcriptome and its expression profile in brain development. (A) Depiction of the protein-protein
association network among CDC20-M members. Sixty-eight CDC20-M members with a combined association score >0.99 in the STRING database were
used to construct this network using Cytoscape. The nodes are color-coded according to the functional categories in DAVID bioinformatics resources,
and their sizes correspond to the extent of association. (B) Enrichment of gene ontology terms in CDC20-M as analyzed in DAVID bioinformatics
resources. The —log10 P value and gene number of the top six functional clusters of the CDC20-M are shown. (C) Enriched CDC20-M expression during
early development of the human brain. CDC20-M was particularly highly expressed during the first 4-10 PCW of human brain development; CREBRF-M
showed enriched expression in brain tissues from 12 to 60 postnatal years. M: postnatal months; Y: postnatal years. Hierarchical clustering for the
expression profiles of CDC20-M and CREBRF-M was performed in GSE25219 under the supervision of brain development stages. Heatmap at P = 4.4e-
19 and q = 4.6e-19 is shown. (D) Enriched CDC20-M signature in human apical radial glia cells. Compared with basal radial glia cells and neurons, apical
radial glia cells showed the highest expression of CDC20-M. Heatmap of supervised hierarchical clustering in GSE65000 for the expression profiles of
CDC20-M and CREBRF-M at P = 0.004 and g = 0.01 is shown. (E) Enriched CDC20-M signature in murine OPCs. Heatmap of supervised hierarchical
clustering of CDC20-M and CREBRF-M expression in the transcriptome of purified cell types of mouse brain (GSE9566; P = 0.005 and g = 0.01) is shown.

of CDC20-M or CREBRF-M (Fig. 2B and SI Appendix, Fig. S5B).  11.35 [95% confidence interval (CI): 6.53-19.71] between pa-
Compared with gliomas with high or intermediate expression of  tients with CDC20-M-high gliomas and patients with CREBRF-
CREBRF-M, gliomas with high or intermediate CDC20-M ex- M-high gliomas was observed. Patients with CDC20-M-high
pression showed poorer prognosis (Fig. 2B). A hazard ratio of  gliomas were older at diagnosis compared with the patients with
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Fig. 2. Elevated CDC20-M expression is a superior and robust signature of poor prognosis. (A) Results of multivariate Cox regression analysis for CDC20-M

score, age at diagnosis, IDH1 mutation, 1p19q codeletion, and MKI67 score (the log2 RNA expression of Ki-67) in four large glioma datasets. Only the CDC20-
M score showed consistent correlation with patient survival. (B, Left) Heatmap of unsupervised consensus clustering of the CDC20-M and CREBRF-M signature
in the TCGA training cohort. The ratios of average expression of CDC20-M and CREBRF-M are shown under each subgroup. (Right) Kaplan-Meier plot of the
overall survival for patients from each molecular subtype is shown. The overall survival data were analyzed using log-rank tests. The hazard ratio between
patients with high CDC20-M glioma and patients with high CREBRF-M gliomas is shown under the survival curves. (C, Left) Heatmap of the CDC20-M and
CREBRF-M signature in the CGGA glioma dataset supervised by SSP prediction of the CDC20-M/CREBRF-M subtypes. Using Spearman correlation, CGGA glioma
samples were assigned to the nearest centroid of the four CDC20-M/CREBRF-M subtypes defined in the TCGA training cohort. The ratios of average expression
of CDC20-M and CREBRF-M are shown under each subgroup. (C, Right) Kaplan-Meier plot of the overall survival for patients from each molecular subtype is
shown. The overall survival data were analyzed using log-rank tests. The hazard ratio between patients with high CDC20-M glioma and patients with high

CREBRF-M gliomas is shown under the survival curves.

high CREBRF-M expression. Furthermore, mutations in ATRX
and IDHI and codeletion of chromosome 1p/19q occurred
predominantly in gliomas with high CREBRF-M expression (S/
Appendix, Fig. S5B).

Using unsupervised clustering analysis between glioma samples
and the signature of the 2,275 most variably expressed genes,
TCGA recently defined the LGr1-4 whole-transcriptome clusters
with LGr1-3 enriched in IDHI or IDH2 mutated grade II-III
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gliomas and LGr4 in IDHI/2 wild-type GBMs (23). Within the
LGrl and LGr3 clusters, the CDC20-M/CREBRF-M signature-
based clustering clearly distinguished the lower-grade gliomas
with a poorer prognosis from those with a better prognosis (S/
Appendix, Fig. S6).

Next, we applied the single sample predictor (SSP) approach
(51) to assign individual glioma samples to the CDC20-M/
CREBRF-M-defined subtypes. Based on the data of the TCGA
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training cohort, a mean expression profile, the centroid, was
created and fixed for each CDC20-M/CREBRF-M subtype,
301 grade II-III gliomas from the TCGA validation cohort, and
319 grade II-IV gliomas from the CGGA dataset were then
compared with each centroid and assigned to the nearest cen-
troid using Spearman correlation (Fig. 2C and SI Appendix, Fig.
S5 C and D). In both the TCGA validation cohort and the
CGGA dataset, the CDC20-M/CREBRF-M subtypes identified
by the SSP showed similar differences in overall survival, age at
diagnosis, and frequencies of IDHI/IDH2 mutation and 1p/19q
codeletion, as in the TCGA training cohort (Fig. 2C and SI
Appendix, Fig. S5 C and D).

Notably, in the TCGA validation cohort, the CDC20-M signa-
ture showed a particularly strong prognostic effect in the lower-
grade gliomas, and a hazard ratio of 700 (95% CI: 89.8-5470) was
observed between the patients with gliomas of high CDC20-M
signature compared with patients with gliomas of high CREBRF-
M signature (S Appendix, Fig. S5C). Patients with grade II gliomas
are generally associated with a prognosis of >5 y; however, some
patients progress rapidly to recurrence or death due to yet poorly
characterized mechanisms (52). In the CGGA, GSE16011, and
REMBRANDT datasets, we consistently found that grade II
astrocytomas with high CDC20-M expression progressed more
rapidly compared with those grade II astrocytomas with high
CREBRF-M expression (SI Appendix, Fig. S7). The four grade II
astrocytomas from CGGA and one grade II astrocytoma from
GSE16011 with poor prognosis harbored the IDHI mutation.
However, subtypes defined by CIN70 signature-based SSP were
less distinct in terms of overall survival compared with the
CDC20-M/CREBRF-M subtypes (SI Appendix, Fig. S8).

The ability of the CDC20-M signature to predict patient
prognosis outperformed that of Ki-67 staining. The Ki-67 staining
data of 239 gliomas of the CGGA dataset were available for
analysis. Whereas gliomas with very low Ki-67 staining (Ki-67 in-
tensity grade = 0) showed good prognosis compared with the
gliomas with extensive Ki-67 staining (Ki-67 intensity grades of 1,
2, or 3), prognostic difference was not found in gliomas with
Ki-67 intensity grades of 1, 2, or 3 (SI Appendix, Fig. S94). In
subgroups with Ki-67 staining intensity grades of 0-2, gliomas
with high CDC20-M expression consistently showed poorer
prognosis compared with those with high CREBRF-M expres-
sion (SI Appendix, Fig. S9B).

In summary, these findings show that, whereas IDH mutation
and 1p19q codeletion predict good prognosis, the CDC20-M
signature is a distinct molecular signature that robustly predicts
poor prognosis and rapid progression of adult diffuse glioma.

Elevated CDC20-M Expression Marks Severe Gl in Glioma. Because
CDC20-M members are critically involved in DNA replication,
DDR, and chromosome segregation, their aberrant activity may
indicate GI. Leveraging the SNP6.0 and whole-exome sequenc-
ing data of the 682 glioma samples from TCGA [among them,
one sample (TCGA-27-1835), harbored FGFR-TACC fusion],
we first compared the extent of chromosome copy number var-
iation (CNV), loss of heterozygosity (LOH), and mutation bur-
den according to CDC20-M/CREBRF-M clustering in the
TCGA training cohort. Gliomas with high or intermediate
CDC20-M expression harbored more CNV and LOH events and
mutation burdens compared with gliomas with high or in-
termediate CREBRF-M expression (Fig. 3 A and B, Left). The
ratio between CDC20-M and CREBRF-M expression correlated
to the extent of chromosomal abnormalities (Fig. 34, Right; more
closely to arm-level than to focal CNV, SI Appendix, Fig. S10 A
and B), to total mutations, and to nonsynonymous mutations
(Fig. 3B, Right, and SI Appendix, Fig. S10C). We also compared
the aneuploidy score [reflecting the total arm-level copy-number
alterations in a sample (53)] between the CDC20-M/CREBRF-
M signature-defined subtypes, and the higher ratio between
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CDC20-M and CREBRF-M expression correlated to a higher
aneuploidy score (SI Appendix, Fig. S10D). Similar results were
found in the TCGA validation cohort (Fig. 3 C and D). Fur-
thermore, concordant severities in chromosomal abnormality
and mutation burden were observed in the vast majority of the
samples (Fig. 3E). Compared with the subtypes defined by the
CDC20-M/CREBRF-M signature, glioma subtypes defined by
the CIN70 signature were less distinct in the extent of their
chromosomal abnormalities and mutation burden (SI Appendix,
Fig. S11). Gliomas with the top 20% most severe chromosomal
abnormalities were associated with a significantly poorer prog-
nosis compared with gliomas with the 20% least severe chro-
mosomal abnormalities, reaffirming the association between
genomic instability and prognosis in glioma (Fig. 3F).

Next, we assessed the pattern of CNV and LOH between the
CDC20-M/CREBRF-M signature-defined subtypes. Among the
CDC20-M-high gliomas, 81% harbored chromosome 7 gain and
chromosome 10 loss, 19% harbored complex CNVs with alter-
ations in most chromosomes such that no particular patterns could
be summarized, and 9% harbored chromothripsis events that were
not observed in the CREBRF-M group (SI Appendix, Fig. S124).
Among the CREBRF-M-high gliomas, 37% harbored 1p and 19q
codeletions, 31% harbored 17p LOH or 17p loss (where TP53 is
located), 11% harbored relatively complex chromosome abnor-
malities, 14% had less than three chromosomes CNV, and 7%
harbored no detectable CNV (SI Appendix, Fig. S12B). Thus,
CDC20-M-high glioma samples harbored more complex CNV and
LOH events compared with CREBRF-M-high glioma samples.

Notably, somatic alterations (CNV, nonsynonymous and indels/
frameshifts mutations) in the core components of the TP53 pathway
were differentially involved in CDC20-M/CREBRF-M classified gli-
omas (P < 0.0001, x* test), with a lower frequency of somatic alter-
ations in gliomas with high or intermediate CREBRF-M expression
(50.0 and 70.9%, respectively) and a higher frequency in gliomas with
high or intermediate CDC20-M expression (98.6 and 88.4%, re-
spectively) (SI Appendix, Tables S5-S8), suggesting that inactivation of
the TP53 pathway is a core requirement for a high proliferation rate
of CDC20-M-high gliomas.

Gene-set enrichment analysis (54) identified significant en-
richment of DDR signatures in CDC20-M-high glioma subtypes
(SI Appendix, Fig. S13). In the CDC20-M-high glioma samples,
immunohistochemical staining showed high expression of
CDC20 and p-AURKA. Notably, the DDR marker phospho-
histone H2AX (p-H2A.X) was more intense in CDC20-M-high
samples compared with CREBRF-M-high samples (SI Appendix,
Fig. S14), indicating elevated replication stress and ongoing DDR
in CDC20-M-high gliomas.

To classify glioma cell lines according to the extent of CDC20-
M expression, we first identified AURKA (20q13), KIF2C/CDC20
(both at 1p34), CENPF (1g41), CCNB1 (5q12), and CCNB2
(15q22.2) as the core members of CDC20-M, since they were
consistently among the top 20 transcripts most correlated to the
CDC20 expression in three large glioma transcriptome datasets
(81 Appendix, Table S2). GISTIC analyses of the SNP6.0 data
showed that, among these genes, AURKA, KIF2C/CDC20, and
CENPF were frequently amplified in gliomas with high or in-
termediate CDC20-M expression (Fig. 3G). Among the gliomas
with high or intermediate CDC20-M expression, higher percent-
ages of genome changes were found in those samples harboring
amplifications in any of these four genes compared with the
remaining samples without amplifications in these genes (Fig. 3H).
Gene dosage-dependent expression in gliomas with high or in-
termediate CDC20-M expression was found for the amplifications
of AURKA, CDC20, KIF2C, and CENPF (SI Appendix, Fig. S15).

We then applied real-time RT-PCR to assess the expression of
CDC20, AURKA, and KIF2C in five primary glioma cell lines
(NS5, N9, N33, N3, and N8), one patient-derived xenograft cell
line (PDX) (SI Appendix, Table S9, all IDHI/IDH2 wild type),
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ANOVA test. (Right) Linear regression analysis between the ratio of CDC20-M/CREBRF-M and the extent of chromosomal abnormalities or mutation burden in glioma
samples. The same color codes were used in all panels. Regression coefficient (R?), P value, and number of samples (n) are indicated. (C and D, Left) The extent of
chromosomal abnormalities (C) or mutation burden (D) in the SSP-defined CDC20-M glioma subgroups in the TCGA validation cohort. ***P < 0.001; **P < 0.01; *P <
0.05; ns: P > 0.05 as analyzed in one-way ANOVA test. (Right) Linear regression analysis between the ratio of CDC20-M/CREBRF-M and the extent of chromosomal
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sample in the TCGA training cohort. Regression coefficient (R?), P value, and number of samples (n) are indicated. (F) Survival comparison between the patients with
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cohort. (G) Percentage of glioma samples with amplifications in the six core members of CDC20-M in the TCGA training cohort. Copy numbers were analyzed using
GISTIC 2.0. ***P < 0.001, **P < 0.01, ns: P> 0.05. Fisher's exact test was applied to compare CDC20-M-high/intermediate with CREBRF-M-high samples. (H) Comparison
of the extent of chromosomal abnormalities between samples harboring amplifications of any of the core members (AURKA, CDC20, KIF2C, CENPF) and samples
without amplification of these core members in the glioma with high or intermediate CDC20-M expression. **P < 0.01, unpaired two-sided Student’s t test.
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one neuroblastoma cell line (SK), and two human NPC lines
(U5 and CB152). FGFR3-TACC3 fusion was not detected in all
glioma cell lines tested (SI Appendix, Fig. S16). The PDX, N5,
N9, and N33 lines showed higher expression of CDC20-M core
members compared with N3, N8, and SK lines (Fig. 44). Nota-
bly, the two human NPC lines also showed relatively high ex-
pression of AURKA, CDC20, and KIF2C. Karyotypic diversity
can arise from CIN caused by enhanced replication stress or
directly from chromosome mis-segregation (6, 55). For all karyo-
types analyzed, human astrocytes (HA) had a modal chromosome
number (46 chromosomes) and a low percentage of mode de-
viation (6%), as expected for untransformed cells. In contrast, all
of the CDC20-M high cell lines contained a high fraction of cells
in the S-phase, were aneuploid in most cells, and exhibited a high
degree of near tetraploid unstable aneuploidy with a broad dis-
tribution of chromosome counts (Figs. 4B and 5C and SI Appen-
dix, Fig. S18C). These findings suggest that glioma cell lines with
high CDC20-M expression have more diverse karyotypes com-
pared with glioma cell lines with low CDC20-M expression.

We further analyzed on-going CIN events in these cell lines.
First, we measured the frequency of chromosome segregation
defects including lagging chromosomes and centrosome ampli-
fication in these cells (Fig. 4 C and D). These defects were found
in up to 3-16.5% of the mitotic cells in the CDC20-M high gli-
oma cell lines, whereas HA, SK, and the CDC20-M low glioma
cell lines had fewer than 2% of mitotic cells with chromosome
segregation defects. The number of lagging chromatids per
anaphase in CDC20-M-high glioma cells was between 2.5- and
12.5-fold higher than chromosomally stable HA cells, and cen-
trosome amplification events were up to 14-fold more frequent
in CDC20-M-high glioma cells. Chromosome segregation errors
can lead to the formation of abnormal nuclei (56). PDX, N5, N9,
and N33 cultures contained more cells with abnormal nuclei
compared with N3, N§, SK, and HA. In particular, 35% of
NS cells contained abnormal nuclei. N5 cells also harbored the
largest number of lagging chromosomes events (12.5%) among
all cell lines. Elevated staining intensities of p-H2A.X were
found in the CDC20-M-high PDX, N5, N9, and N33 cells
compared with the CDC20-M low glioma cell lines (Fig. 4E).

Together, our findings show that high CDC20-M expression
marks severe GI in gliomas, reflected in a high degree of CIN
and an elevated mutation burden.

Core Members of CDC20-M Provide Potential Therapeutic Vulnerability
in Glioma. The activities of CDC20-M members across the cell-
cycle phases are precisely regulated (57). However, 93.5% of the
gliomas with high or intermediate CDC20-M expression har-
bored copy-number amplifications in 18 + 13 CDC20-M mem-
bers, and 24.7% of these gliomas harbored mutations in at least
one CDC20-M member (SI Appendix, Tables S10 and S11).
Thus, cell-cycle progression in these gliomas is likely vulnerable
to further damage targeting CDC20-M members. We tested
whether inhibition of CDC20-M core members provides a ther-
apeutic vulnerability in glioma. All glioma cell lines tested
showed considerable resistance toward temozolomide (the cur-
rent standard chemotherapeutic for GBM), and their ICs, con-
centrations were >450 pM (SI Appendix, Fig. S17A4). To suppress
the activity of CDC20, we used proTAME, a prodrug of TAME,
which binds to the APC and displaces the C-terminal isoleucine-
arginine tail of CDC20, thereby preventing APC activation and
thus inducing mitotic arrest (58). In the CDC20-M-high N5, N9,
and N33 cell lines, proTAME treatment resulted in mitotic
arrest-mediated cell death in 24 h with an 1Csy concentration
<20 pM. Consistent with this, proTAME-induced mitotic arrest
requires sustained spindle assembly checkpoint activity (58), and
N3 and N8 cell lines showed relatively higher I1Csqy concentra-
tions compared with those of CDC20-M-high cell lines. HA cells
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were nearly unaffected under the same conditions, with an 1Cs,
concentration >50 pM (SI Appendix, Fig. S17B).

We also used a selective AURKA inhibitor, the Food and
Drug Administration-approved MLN8237 (Alisertib), with an
indicative inhibitory effect in a variety of malignancies includ-
ing GBM (59-63). The ICs, concentrations of MLN8237 in the
CDC20-M-high N5, N9, and N33 glioma cell lines were about
100-fold lower than that of proTAME. MLN8237 inhibited the
growth of the CDC20-M-high glioma cell lines, and only
marginal effects were observed in CDC20-M-low glioma cell
lines and in HA at the same concentrations (Fig. 54 and SI
Appendix, Fig. S184). Moreover, DNA staining showed that
MLNS8237 mediated strong cell polyploidization in the CDC20-
M-high glioma cell lines, but not in CDC20-M-low glioma
cells and HA cells (Fig. 5 B and C and SI Appendix, Fig. S18
B and C).

To test the effect of MLLN8237 in vivo, we established an in-
tracranial PDX glioma model in BALB/c nude mice. RNA-
sequencing data showed a ratio of CDC20-M/CREBRF-M at
2.08 + 0.12 (n = 4), suggesting a CDC20-M-high signature. Mice
carrying the PDX glioma were treated with MLN8237 (at 25 mg/kg
body weight, two applications every other day, for 4 wk or with
the vehicle control). MLN8237 significantly inhibited the growth
of intracranial PDX glioma and prolonged the survival of the
mice (Fig. 5 D and E). A striking reduction in the p-AURKA and
p-H2A X staining intensity was found in the MLLN8237-treated
PDX, compared with the vehicle-treated PDX samples (SI Ap-
pendix, Fig. S19). Taken together, MLLN8237 potently suppressed
the growth of CDC20-M-high glioma cells both in vitro and in
vivo. These findings suggest that gliomas with high CDC20-M
signature may be vulnerable toward treatment targeting core
members of CDC20-M.

Discussion

GI is a major causative factor for the progression and treatment
resistance of gliomas and other cancers. Here, we have identified a
conserved CDC20-M in glioma transcriptomes with anchorage in
the NPC pool and the early stages of the human brain develop-
ment. Members of CDC20-M are involved in the maintenance of
genome stability. CDC20-M signature is a robust and independent
predictive marker of poor prognosis and rapid progression in both
low- and high-grade adult diffuse gliomas. We have developed the
ratio between CDC20-M and CREBRF-M expression as a sur-
rogate marker of both CIN and mutation burden, which permits
the assignment of individual gliomas into two major categories:
with high or low severity of GI and hence distinct prognoses.
Furthermore, in vitro and in vivo experiments suggest that core
members of CDC20-M may provide potential therapeutic targets
for gliomas. Thus, the severities of GI in glioma, reported by the
elevated CDC20-M signature, could support patient risk stratifi-
cation and potentially also guide treatment decisions.

Gliomas with severe GI evolve rapidly and thus require more
aggressive treatment. However, the identification of gliomas with
severe GI requires detection of CIN and mutation burden, which
can be costly and technically challenging in a clinical setting (10).
The CDC20-M spans a broad spectrum of activities involved in
cell proliferation and genome maintenance, and their concerted
actions are likely required for the fidelity of DNA replication and
chromosome segregation. Dysregulated activities of CDC20-M
members, by inappropriate expression or due to amplifications/
mutations, could be the cause of GI. SCNA/mutations in the
CDC20-M members such as BRCAI, CHEKI, FANCI, and
TOP2A are implicated in replication stress and can increase
mutation burden (30-34, 64); and, in the CDC20-M, members
such as CDC20, AURKA, BUBI, RAE1, and CENPE can induce
CIN (36-39). Complemented by its anticorrelated CREBRF-M
signature, our studies developed CDC20-M as a surrogate marker
for GI. Whereas previously reported CIN70 signature (25) and
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Fig. 4. On-going CIN in glioma cells with high CDC20-M expression. (A) Real-time RT-PCR assessment of CDC20 (C), AURKA (A), and KIF2C (K) expression in six
glioma cell lines (PDX, N5, N9, N33, N3, and N8), one neuroblastoma cell line (SK), and two human NPCs (U5 and CB152). The expression levels were normalized
against invariably expressed ubiquitin C and subsequently compared with untransformed HA. Mean fold changes and their standard deviations from three in-
dependent experiments are shown. (B) Unstable aneuploidy in glioma cell lines with high expression of CDC20-M members. Chromosome counts of 50 karyotypes
for each cell line were analyzed. (C) Representative images of CDC20-M-high glioma cells with lagging chromosome, centrosome amplification, or abnormal
nuclei. Representative images of staining for DNA (blue), centrosome or centromere (red), and microtubule (green) are shown. Centrosome amplification, lagging
chromosomes, and abnormal nuclei are depicted by white arrows, yellow arrows, and white arrowheads, respectively. (D) Percentage of mitotic errors and
abnormal nuclei in cell lines analyzed. For the mitotic error count, >3 coverslips were analyzed for 200 dividing cells; for the abnormal nuclei count, >3 coverslips
were analyzed for 500 cells. *P < 0.05, Fisher's exact test with HA cells as the control. (E, Upper) Representative images of fluorescence labeling of p-H2AX in PDX,
N33, N3, and HA cells. Images of staining for DNA (blue) and p-H2A.X (red) are shown. (E, Bottom) The intensities of p-H2A.X staining in glioma cell lines and the
control HA cells are shown (n = 3, mean + SD). ***P < 0.001; **P < 0.01, and *P < 0.05, Fisher's exact test with HA cells as the control.
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Fig. 5. Inhibition of CDC20-M core member AURKA suppresses glioma cell growth in vitro and in vivo. (A) MLN8237 treatment strongly inhibited cell growth
in CDC20-M-high N33 cells, but not in CDC20-M low N8 cells and HA cells. (B) MLN8237 induced a dose-dependent polyploidization in CDC20-M-high
N33 cells. Quantification of three independent experiments is shown. Mean + SD of three independent experiments is shown. ***P < 0.001 and ns: P > 0.05,
compared with HA in each concentration using two-way ANOVA test. (C) Cell proliferative index (% of EdU-positive S-phase cells) and polyploidization in
CDC20-M-high N33 and CDC20-M low N8 cells with or without MLN8237 treatment are shown. Results are representative of technical triplicates. (D, Left)
Tumor volume of vehicle- or MLN8237-treated mice at 10, 17, and 24 d after tumor implantation was determined. (Right) Histogram shows the intensity of

bioluminescence in mice. *P < 0.05, unpaired two-sided Student’s t test. (E) Survival comparison of vehicle- or MLN8237-treated mice analyzed in log-rank

test. Results are representative of two independent experiments.

FGFR-TACC fusion (5) indicate only severity of CIN, the ratio of
CDC20-M/CREBRF-M expression predicts both CIN and muta-
tion burden in concordance. FGFR-TACC fusion (5) and genomic
alterations in cohesion complex members (23, 24) can apply to only
a minor fraction of gliomas; the ratio of CDC20-M/CREBRF-M
expression, however, is applicable to nearly all adult diffuse gliomas
irrespective of their morphological subtypes or grades.

In addition to the superior capacity in predicting poor prognosis,
the identification of CDC20-M and the capacity to assign individ-
ual glioma samples into distinct GI subtypes can provide important
support to therapy development. Gliomas with high CDC20-M
signature may carry early developmental features compared with
gliomas with high CREBRF-M signature. Our findings show that
cell proliferation and GI occur hand-in-hand. The CDC20-M
contains checkpoint members of both DNA replication and chro-
mosome segregation. Concordant severities of CIN and mutation
burden identified in over 600 TCGA glioma samples, ongoing
DDR, and inactivation of the TP53 pathway together suggest that,
although mutations in genes implicated in chromosome segrega-
tion are altered in a sizable proportion of gliomas (23), replication
stress is a more likely driver of GI in the bulk of gliomas (55, 65).
As indicated by the inhibition of CDC20 and AURKA in the current
report, members of CDC20 may contain previously inadequately

Zhang et al.

recognized therapeutic target(s) for glioma. The severe CIN and
mutation burden in gliomas expressing high CDC20-M suggest that
this subset of gliomas could be particularly vulnerable to therapies
that would further induce GI. Because of the high mutation burden,
these gliomas might also be more suitable for mutation-related
neoantigen vaccine (66).

Finally, as the CDC20-M signature is conserved across organ
development, the CDC20-M signature-based risk stratification
and treatment decision may find its application in other cancers.

Materials and Methods

Details regarding the integrated analyses of transcriptomic, genomic, and
clinical data and in vitro and in vivo analyses of patient-derived glioma cell
lines are provided in S/ Appendix. The use of glioma samples in Beijing was
approved by the Ethics Committee of Beijing Tiantan Hospital, and written
informed consent was obtained from all patients. The animal experiment
was approved by the Animal Ethical and Welfare Committee of Tianjin
Medical University.
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