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Medulloblastoma (MB) is the most common malignant brain tumor of children. To identify the
genetic alterations in this tumor type, we searched for copy number alterations using high-density
microarrays and sequenced all known protein-coding genes and microRNA genes using Sanger
sequencing in a set of 22 MBs. We found that, on average, each tumor had 11 gene alterations,
fewer by a factor of 5 to 10 than in the adult solid tumors that have been sequenced to date. In
addition to alterations in the Hedgehog and Wnt pathways, our analysis led to the discovery of genes
not previously known to be altered in MBs. Most notably, inactivating mutations of the histone-lysine
N-methyltransferase genes MLL2 or MLL3 were identified in 16% of MB patients. These results
demonstrate key differences between the genetic landscapes of adult and childhood cancers, highlight
dysregulation of developmental pathways as an important mechanism underlying MBs, and identify
a role for a specific type of histone methylation in human tumorigenesis.
edulloblastomas (MBs) originate in the
cerebellum, have a propensity to disseminate throughout the central nervous system, and are diagnosed in approximately
1 in 200,000 children less than 15 years old each
year (1). Although aggressive multimodal therapy
has improved the prognosis for children with MB,
a substantial proportion of patients are currently
incurable (2). Moreover, survivors often suffer considerable treatment-related morbidities, including
neurocognitive deficits related to radiation therapy. New insights into the pathogenesis of these
tumors are therefore sorely needed. Gene-based
research has identified two subgroups of MBs,
one associated with mutated genes within the
Hedgehog pathway and the other associated
with altered Wnt pathway genes (3, 4). Amplifications of MYC and the transcription factor
OTX2 (5–7), mutations in TP53 (8), and a number of chromosomal alterations have also been
identified in MBs. These discoveries have helped
define the pathogenesis of MB and have improved our ability to identify patients who might
benefit from therapies targeting these pathways.
However, most MB patients do not have alterations in these genes, and the compendium of
genetic alterations causing MB is unknown.
The determination of the human genome sequence and improvements in sequencing and bioinformatic technologies have recently permitted
genome-wide analyses of human cancers. To date,
the sequences of all protein-encoding genes have
been reported in more than 80 human cancers
(9–20), representing a variety of adult tumors. In
this study, we provide a comprehensive sequence
analysis of a solid tumor of childhood. Our data
point to a major genetic difference between adult

M

and childhood solid tumors and provide new information to guide further research on this disease.
Sequencing strategy. In the first stage of our
analysis, which we have called the “discovery
screen,” 457,814 primers (table S1) were used to
amplify and sequence 225,752 protein-coding exons, adjacent intronic splice donor and acceptor
sites, and microRNA (miRNA) genes in 22 pediatric MB samples (17 samples extracted directly
from primary tumors, 4 samples passaged in nude
mice as xenografts, and 1 cell line) (tables S2 and
S3). Seven metastatic MBs were selected for inclusion in the discovery screen to ensure that highstage tumors were well represented in the study.
One matched normal blood sample was sequenced
as a control. These analyses corresponded to 50,191
transcripts representing at least 21,039 proteinencoding genes present in the Ensembl, Consensus
Coding Sequences (CCDS), and RefSeq databases
and 715 miRNA genes from the miRBase database.
A total of 404,438 primers were described in our
previous publications, and an additional 53,376
primers were newly designed to amplify technically challenging genomic regions, miRNAs, or newly
discovered Ensembl genes (table S1). The data were
assembled for each amplified region and evaluated
using stringent quality-control criteria, resulting in
the successful amplification and sequencing of 96%
of targeted amplicons and 95% of targeted bases in
the 22 tumors. A total of 735 megabases (Mb) of
tumor sequence data were generated in this manner.
After automated and manual curation of the sequence traces, regions containing potential sequence
alterations (single base mutations and small insertions and deletions) not present in the reference
genome or single-nucleotide polymorphism (SNP)
databases were reamplified in both the tumor and
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matched normal tissue DNA and analyzed either
through sequencing by synthesis on an Illumina
GAII instrument or by conventional Sanger sequencing (21). This process allowed us to confirm the
presence of the mutation in the tumor sample and
determine whether the alteration was somatic (i.e.,
tumor-specific). Additionally, mutations identified
in the four xenograft samples were confirmed to
be present in the corresponding primary tumors.
Analysis of sequence and copy number alterations. A total of 225 somatic mutations were
identified in this manner (Table 1 and table S4). Of
these, 199 (88%) were point mutations and the
remainder were small insertions, duplications, or
deletions, ranging from 1 to 48 base pairs in length.
Of the point mutations, 148 (74%) were predicted
to result in nonsynonymous changes, 42 (21%)
were predicted to be synonymous, and 9 (5%) were
located at canonical splice site residues that were
likely to alter normal splicing. Of the 225 somatic
mutations, 36 (16%) were predicted to prematurely
truncate the encoded protein, either through newly
generated nonsense mutations or through insertions, duplications, or deletions leading to a change
in reading frame. The mutation spectrum observed
for MB was similar to those seen in pancreatic,
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Frequent mutation of MLL2 and MLL3 in MB.
Somatic mutations in tumor DNA can either provide a selective advantage to the tumor cell (driver
mutations) or have no net effect on tumor growth
(passenger mutations). A variety of methods are
available to help distinguish whether a specific gene

or individual mutation is likely to be a driver. At
the gene level, the passenger probability score corresponds to a metric reflecting the frequency of
mutations, including point mutations, indels, amplifications, and homozygous deletions, normalized
for sequence context as well nucleotide composi-

Table 1. Summary of somatic sequence mutations in five tumor types.
Medulloblastoma* Pancreas† Glioblastoma‡ Colorectal§
Number of samples analyzed
Number of mutated genes

11
769

Breast§

22
218

24
1007

21
685

11
1026

Number of nonsilent mutations
Missense||
Nonsense||
Insertion||
Deletion||
Duplication||
Splice site or untranslated
region||
Average number of nonsilent
mutations per sample
Observed/expected number of
nonsense alterations¶

183
130 (71.0)
18 (9.8)
5 (2.7)
14 (7.7)
7 (3.8)

1163
974 (83.7)
60 (5.2)
4 (0.3)
43 (3.7)
31 (2.7)

748
622 (83.2)
43 (5.7)
3 (0.4)
46 (6.1)
7 (0.9)

9 (4.9)

51 (4.4)

27 (3.6)

30 (3.5)

53 (4.8)

8

48

36

77

101

2.48

1.18

1.00

1.25

1.37

Total number of substitutions#
Substitutions at C:G base pairs
C:G to T:A**
C:G to G:C**
C:G to A:T**
Substitutions at T:A base pairs
T:A to C:G**
T:A to G:C**
T:A to A:T**
Substitutions at specific
dinucleotides
5′-CpG-3′**
5′-TpC-3′**

199

1486

937

893

1157

109 (54.8)
12 (6.0)
41 (20.6)

798 (53.8)
142 (9.6)
246 (16.6)

601 (64.1)
67 (7.2)
114 (12.1)

19 (9.5)
14 (7.0)
4 (2.0)

142 (9.6)
79 (5.3)
77 (5.2)

87 (9.3)
24 (2.6)
44 (4.7)

85 (42.7)
14 (7.0)

563 (37.9)
218 (14.7)

404 (43.1)
102 (10.9)

849
1112
722 (85) 909 (81.7)
48 (5.7)
64 (5.8)
4 (0.5)
5 (0.4)
27 (3.2)
78 (7.0)
18 (2.1)
3 (0.3)

534 (59.8) 422 (36.5)
61 (6.8) 325 (28.1)
130 (14.6) 175 (15.1)
69 (7.7)
59 (6.6)
40 (4.5)

102 (8.8)
57 (4.9)
76 (6.6)

427 (47.8) 195 (16.9)
99 (11.1) 395 (34.1)

*Based on 22 tumors analyzed in the current study.
†Based on 24 tumors analyzed in (18).
‡Based on 21
nonhypermutable tumors analyzed in (19).
§Based on 11 breast and 11 colorectal tumors analyzed in (16, 17).
||Numbers
in parentheses refer to percentage of total nonsilent mutations.
¶Ratio of observed to expected nonsense alterations is
dependent on mutation spectra in each tumor type (21).
#Includes synonymous as well as nonsynonymous point mutations
identified in the indicated study.
**Numbers in parentheses refer to percentage of total substitutions.

Fig. 1. Number of genetic alterations detected through sequencing and copy number analyses in each of
the 22 cancers. NS, nonsilent mutations (including nonsynonymous alterations, insertions, duplications,
deletions, and splice site changes); S, silent mutations; deletions, gene-containing regions absent in tumor
samples; amplifications, gene-containing regions focally amplified at levels > 10 copies per nucleus (21).
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colorectal, glial, and other malignancies (22), with
5′-CG to 5′-TA transitions observed more commonly than other substitutions (Table 1). Such transitions are generally associated with endogenous
processes, such as deamination of 5-methylcytosine
residues, rather than exposure to exogenous carcinogens (23).
The distribution of somatic mutations among the
22 MBs is illustrated in Fig. 1. Two key differences
were observed in this cancer as compared to the
typical adult solid tumor. First, the average number
of nonsilent somatic mutations (nonsynonymous
missense, nonsense, indels, or splice site alterations)
per MB patient was only 8.3, which is fewer by a
factor of 5 to 10 than the average number of alterations detected in the previously studied solid
tumor types (Table 1). Second, the proportion of
nonsense mutations was more than twice as high as
expected given the mutation spectra observed in this
tumor type (P < 1 × 10−4, chi-squared test), and the
relative fraction of nonsense, insertion, and duplication alterations was higher in MBs than in any
of the adult solid tumors analyzed (Table 1) (21).
We evaluated copy number alterations using
Illumina SNP arrays containing ~1 million probes
in a set of 23 MBs, including all discovery screen
samples. Using stringent criteria for focal amplifications and homozygous deletions, we identified
78 and 125 of these alterations, respectively, in these
tumors (tables S5 and S6) (21). High-level amplifications indicate an activated oncogene within the
affected region, whereas homozygous deletions may
signal inactivation of a tumor suppressor gene. The
total number of copy number changes affecting
coding genes in each tumor is plotted in Fig. 1. Similar to the point mutation data, we found considerably fewer amplifications (an average of 0.4 per
tumor) and homozygous deletions (an average of
0.8 per tumor) affecting coding genes than observed
in adult solid tumors (which average 1.6 amplifications and 1.9 homozygous deletions) (18, 19, 24).
We next evaluated a subset of the mutated
genes in an additional 66 primary MBs, including
both pediatric and adult tumors (tables S2 and S3).
This “prevalence screen” comprised sequence analysis of the coding exons of all genes that were either
found to be mutated twice or more in the discovery
screen or were mutated once in the discovery screen
and had previously been reported to be mutated
in other tumor types. Nonsilent somatic mutations
were identified in 7 of these 15 genes (table S4). In
the prevalence screen, the nonsilent mutation frequency was calculated to be 9.5 mutations per Mb,
far higher than the rate found in the discovery
screen (0.24 mutations per Mb; P < 0.001, Fisher’s
exact test). The ratio of nonsilent to silent mutations in the prevalence screen was 24 to 1, which is
more than 5 times as high as the 4.4 to 1 ratio determined in the discovery screen (P < 0.01, Fisher’s
exact test). In addition, 23 of the 50 prevalence
screen mutations (46%) were nonsense alterations
or insertions or deletions that were expected to
truncate the encoded protein. These data suggest
that the genes selected for the prevalence screen
were enriched for functionally important genes.

RESEARCH ARTICLES
processes is much less than the number of genes
and can provide clarity to lists of genes identified
through mutational analyses. In the current study,
we used a recently described approach that scores
each gene set at the patient rather than the gene
level and is more powerful than conventional geneoriented approaches (21, 26). The most statistically
significant pathways and biologic processes highlighted by this gene-set analysis are depicted in
table S7. Of these, two—the Hedgehog and Wnt
signaling pathways—have been previously shown
to play a critical role in MB development. In the
Hedgehog pathway, PTCH1 was mutated in 15 of
88 (17%) tumors, and in the Wnt pathway, CTNNB1
was mutated in 11 of 88 (13%) tumors (table S4).
Notably, however, the pathways most highly
enriched for genetic alterations had not previously
been implicated in MB. These involved genes responsible for chromatin remodeling and transcriptional regulation, particularly the histone-lysine
N-methyltransferase MLL2. Eighteen of the 88
(20%) tumors harbored a mutation in a gene within
these pathways or in a related gene member: the
histone-lysine-N methyltransferases MLL2 (mutated
in 12 tumors) and MLL3 (3 tumors); the SWI/SNF–
related matrix-associated actin-dependent regulator
of chromatin members SMARCA4 (3 tumors) and
ARID1A (1 tumor); and the histone lysine demethylase KDM6B (1 tumor). The mutations in these
genes could be clearly distinguished from passenger
alterations. In MLL2, for example, 8 of the 12 mutations (67%) were predicted to truncate the encoded

Table 2. Medulloblastoma CAN-genes.*
Gene
PTCH1
MLL2
CTNNB1
TP53
MYC
PTEN
OTX2
SMARCA4
MLL3

Number of
mutations
22 / 88
12 / 88
11 / 88
6 / 88
0 / 88
3 / 88
0 / 88
3 / 88
3 / 88

Number of
amplifications
0
0
0
0
3
0
2
0
0

/
/
/
/
/
/
/
/
/

23
23
23
23
23
23
23
23
23

Number of
deletions
0
0
0
0
0
0
0
0
0

/
/
/
/
/
/
/
/
/

Passenger
probability

23
23
23
23
23
23
23
23
23

<0.001
<0.001
<0.001
<0.001
<0.001
0.008
0.015
0.104
0.104

*CAN-genes were defined as those having at least two nonsilent alterations in the samples analyzed. Passenger
probabilities were calculated as described in (21). The denominators refer to the number of tumors evaluated: 88 tumors
were sequenced for mutations, and 23 tumors were analyzed for copy number alterations.

Fig. 2. Somatic mutations in MLL2 and MLL3 genes. Nonsense mutations and out-of-frame insertions and
deletions are indicated as red arrows; missense mutations are indicated as black arrows. PHD, plant
homeodomain finger; HMG, high mobility group box; FYRN, FY-rich N-terminal domain; FYRC, FY-rich Cterminal domain; SET, Su(var)3-9 Enhancer-of-zeste Trithorax methyltransferase domain.
www.sciencemag.org
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proteins as a result of nonsense mutations, out-offrame indels, or splice site mutations. In contrast,
only 32 of the 222 mutations (14%) not affecting
core genes of the Hedgehog, Wnt, or MLL2-related
pathways (PTCH1, CTNNB1, MLL2, MLL3,
SMARCA4, ARID1A, and KDM6B) resulted in
predicted protein truncations (P < 0.001, Fisher’s
exact test). The probability that by chance alone 11
of the 15 mutations in the two histone methyltransferase genes would cause truncations is very
small (P < 0.001, binomial test). All truncating mutations in MLL2 and MLL3 were predicted to result
in protein products lacking the key methyltransferase domain (Fig. 2). These data not only provide
strong evidence that these pathways are important to
MBs, but they also show that MLL2 and MLL3 are,
on the basis of genetic criteria, tumor suppressor
genes that are inactivated by mutation.
Discussion. These data provide a comprehensive view of a solid tumor arising in children. The
most impressive difference between this tumor type
and those affecting adults is the number of genetic
alterations observed. This result could not have been
predicted on the basis of previous evidence (27). In
fact, at the karyotypic level, the incidence of chromosomal changes in MBs is often described as high
as that in adult solid tumors [reviewed in (27)].
What does the smaller number of mutations
reveal about the tumorigenesis of MBs? Most
mutations observed in adult tumors are predicted
to be passenger alterations (19). Passenger mutations provide an evolutionary clock that precisely
records the number of divisions that a cell has
undergone during both normal development and
tumor progression. Therefore, the cell division number is linearly related to the number of passenger
mutations detected in a tumor (28). This concept is
consistent with the positive correlation we identified
between increasing patient age and the number of
mutations found in their MBs. This relationship was
observed for both the mutations detected in the
exomes of the discovery screen tumors (r = 0.73,
P < 0.01) and the number of alterations observed
in the subset of 15 genes analyzed in the discovery
and prevalence screen samples (r = 0.32, P < 0.01)
(tables S8 and S9). Even if we assume that all but
one of the mutations in each MB is a passenger,
the number of passenger mutations in MBs is still
substantially smaller than the number of passenger
mutations in adult solid tumors (16–19), implying
that a smaller number of cell divisions is required
to reach clinically detectable tumor size in MBs.
These data therefore suggest that fewer driver mutations are required for MB tumorigenesis and that
driver mutations in MB confer a greater selective
advantage than those of adult solid tumors.
Previously, most insights into the molecular
basis of MB emerged from the study of hereditary
tumor syndromes (27), including Gorlin syndrome,
caused by germline mutations of PTCH1; Turcot
syndrome, caused by germline mutations of APC;
and Li-Fraumeni syndrome, caused by germline
mutations of TP53. In our study, we found both
PTCH1 and TP53 to be somatically mutated in
MBs (Table 2 and table S4) at frequencies similar
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tion and length of the gene. The lower the passenger
probability score, the less likely it is that mutations
in the specific gene represent passengers. Passenger
probability scores of the candidate cancer genes
(CAN-genes) identified in MB are listed in Table 2.
At the individual mutation level, the CancerSpecific High-Throughput Annotation of Somatic
Mutations (CHASM) score is a metric reflecting the
likelihood that a missense mutation alters the normal
function of the respective protein and provides a
selective advantage to the tumor cell (25). The
CHASM score is based on 73 biochemical features,
including conservation of the wild-type amino acid
and the mutation’s predicted effects on secondary
structure. The CHASM score for each mutation observed in this study and the associated P value are
listed in table S4. Nonsense mutations, as well as
small insertions or deletions that disrupt the reading
frame, are likely to disrupt function and are assigned
a score of 0.001 in this table. About 36% of the
evaluated mutations in MB were predicted to disrupt
gene function using this approach, a proportion
higher than observed in the adult tumor types
analyzed to date (21).
Finally, we evaluated the discovery screen
mutational data (including both sequence and copy
number alterations) at a higher “gene set” level.
There is now abundant evidence that alterations
of driver genes can be productively organized
according to the biochemical pathways and biological processes through which they act. The number of gene sets that define these pathways and
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to those observed in earlier studies. We also
identified amplifications of MYC and OTX2, both
previously implicated in MB (5–7).
The ability to investigate the sequence of all
coding genes in MBs has also revealed mutated
genes not previously implicated in MBs (table S4).
Among these, MLL2 and MLL3 were of greatest
interest, because the frequency of inactivating mutations unequivocally establishes them as MB tumor
suppressor genes. This genetic evidence is consistent
with functional studies showing that knock-out of
murine MLL3 results in ureteral epithelial cancers
(29). These genes are large and have been reported
in the Catalogue of Somatic Mutations in Cancer
(COSMIC) database to be altered in occasional cancers, but not at a sufficiently high frequency to distinguish them from passenger alterations (and with
no evidence of a high fraction of inactivating mutations) (30). Interestingly, inactivating germline mutations of MLL2 have recently been identified as a
cause of Kabuki syndrome, a multiple malformation
disorder without known cancer predisposition (31).
The general role of genes controlling histone
methylation has become increasingly recognized as
a common feature of human cancers. For example,
inactivating mutations of the histone H3K27 demethylase gene UTX have been observed in multiple
myelomas, esophageal cancers, and renal cell cancers (32). In addition, a small fraction of renal cell
cancers contain mutations in the histone methyltransferase gene SETD2 and the histone demethylase gene JARID1C (33), and the histone
methyltransferase gene EZH2 has been found to
be mutated in non-Hodgkin’s lymphomas (34).
Most recently, frequent mutations of the chromatin
remodeling gene ARID1A have been discovered in
ovarian clear cell carcinomas (20, 35); of note, one
ARID1A mutation was discovered in our MB patients (table S4). A link between histone methylation
genes (although not MLL2 or MLL3) and MB has
also previously been hypothesized based on the

observation that copy number alterations affecting
chromosomal regions containing histone methyltransferases or demethylases occur in a subset of
MBs (36).
The mechanism(s) through which MLL genes
contribute to tumorigenesis are not known, but some
clues can be gleaned from the literature. The MLL
family of histone H3K4 trimethylases includes seven
genes (MLL1, MLL2, MLL3, MLL4, MLL5, SET1A,
and SET1B) (37). MLL family genes have been
shown to regulate HOX gene expression (38, 39),
and an attractive possibility is that they normally
down-regulate OTX2, an MB oncogene (6, 7, 40).
Another possibility is suggested by the observation
that b-catenin brings MLL complexes to the enhancers of genes regulating the Wnt pathway, thereby activating their expression (41). A third possibility
is that MLL family genes are important for transcriptional regulation of normal brain development and
differentiation (42) and that their disruption may
lead to aberrant proliferation of precursor cells.
The identification of MLL2 and MLL3 as frequently inactivated MB genes supports the concept
that MB is fundamentally characterized by dysregulation of core developmental pathways (43).
Although alterations of classic cancer genes (e.g.,
TP53, MYC, and PTEN) were also identified in
these childhood tumors, our sequence analysis
demonstrated that mutations of genes involved in
normal developmental processes, such as MLL
family genes and Hedgehog and Wnt pathway
genes, were much more frequent. The fact that a
relatively small number of somatic mutations is
sufficient for MB pathogenesis as compared to
adult solid tumors provides further evidence that
the temporally restricted subversion of normal
cerebellar development is critical in the development of these tumors. This is consistent with the
observation that the incidence of MB decreases
markedly after childhood, with the tumors becoming quite rare after the age of 40 years (1). It

will be interesting to determine whether genetic
alterations in developmental pathways are a key
feature of all childhood malignancies.
The development of an improved classification
system for MB that could be used to guide targeted
risk-adapted therapy to patients is a primary goal of
current MB research. The designation of specific
histologic subtypes of MB has proven to be of some
prognostic value. For example, large-cell/anaplastic
MBs, which are aggressive tumors often associated with MYC amplification, carry a relatively
poor prognosis (44), whereas desmoplastic MBs,
which frequently have alterations of PTCH1 or
other Hedgehog pathway genes (4), are more
easily treatable. However, molecular studies have
revealed that these histologic subtypes are biologically heterogeneous (3); in addition, most MBs
are of the classic subtype and do not have defining
molecular alterations. Our results add an additional layer of complexity to these classifications.
Although activation of the Wnt and Hedgehog
pathways are generally considered to define two
MB subtypes (3), our data revealed that these
groups overlap, because two adult MBs were
found to contain mutations of both PTCH1 and
CTNNB1 (tables S2 and S4). Similarly, MLL2/MLL3
mutations do not appear exclusive to any known
subset of MBs: Mutations were identified in both
pediatric and adult MBs and were found in all
histologic subtypes (although they were most common in large-cell/anaplastic MBs) (Table 3 and
tables S9 and S10). In addition, the frequency of
MLL2/MLL3 mutations was observed to be similar
in PTCH1- or CTNNB1-mutated MBs (4/24, 17%)
as compared to MBs without mutations in PTCH1
or CTNNB1 (10/64, 16%). Further studies of these
genes in larger number of MBs that have been
analyzed for pathologic subtypes will be needed to
clarify the molecular classification of this tumor.
We conclude that each MB is driven by a small
number of driver mutations, and in our cohort, the

Table 3. Characteristics of medulloblastomas with mutations in MLL2-related genes.*
Tumor
ID

MLL2
mutation

MLL3
mutation

MB104X
MB108C
MB115PT
MB118PT
MB124PT
MB126PT
MB127PT
MB129PT
MB130PT
MB135PT
MB205PT
MB216PT
MB231PT
MB245PT
MB246PT
MB249PT
MB251PT
MB253PT

Nonsense

Nonsense

SMARCA4
mutation

ARID1A
mutation

KDM6B
mutation

Patient age
(years)

MB subtype

8
Unknown
5
9
9
11
10
Unknown
Unknown
Unknown
11
33
18
9
7
10
26
32

Classic
Unknown
Classic
Classic
Large cell/anaplastic
Large cell/anaplastic
Unknown
Unknown
Unknown
Unknown
Classic
Large cell/anaplastic
Classic
Classic
Classic
Classic
Large cell/anaplastic
Nodular/desmoplastic

Missense
Missense
Frameshift
Frameshift
Missense
Frameshift
Nonsense
Frameshift
Frameshift
Nonsense
Missense
Missense
Frameshift
Missense

Missense
Nonsense

Frameshift
Nonsense

*All genes reported in the table were determined to be wild type unless otherwise indicated.
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PTCH1
mutation

CTNNB1
mutation

Yes

Yes

Yes
Yes
Yes
Yes
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gene set most highly enriched for alterations included MLL2. However, there are several limitations to our study. Although in a few cases we
have identified two or three bona fide cancer genes
that are mutated in individual MBs, other cases
show no mutations of any known cancer gene and
only one alteration of any gene (Fig. 1 and table
S4). Several explanations for the relative absence
of genetic alterations in occasional MBs can be
offered. First, despite the use of classic Sanger sequencing, a small fraction of the exome cannot be
examined, either because of a very high GC content
or of homology to highly related genes. Second, it
is possible that mutations in the noncoding regions
of the genome could occur, and these would not
be detected. Third, copy-neutral genetic translocations, not evaluated in our study, could be present in
those tumors with very few point mutations, amplifications, or homozygous deletions. Fourth, it is
possible that low copy number gains or loss-ofheterozygosity (LOH) of specific regions containing histone-modifying genes could mimic the
intragenic mutations that we observed (36). Finally,
it is possible that heritable epigenetic alterations
are responsible for initiating some MBs. The last
explanation, involving covalent changes in chromatin proteins and DNA, is intriguing given the
new data on MLL2 in this tumor type. It should
thus be informative to characterize the methylation status of histones and DNA in MBs with and
without MLL2/MLL3 gene alterations, as well as
to determine the expression changes resulting from
these gene mutations. These data highlight the important connection between genetic alterations in
the cancer genome and epigenetic pathways and
provide potentially new avenues for research and
disease management in MB patients.
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REPORTS
Rotational Symmetry Breaking
in the Hidden-Order Phase of URu2Si2
R. Okazaki,1* T. Shibauchi,1† H. J. Shi,1 Y. Haga,2 T. D. Matsuda,2 E. Yamamoto,2
Y. Onuki,2,3 H. Ikeda,1 Y. Matsuda1
A second-order phase transition is characterized by spontaneous symmetry breaking. The nature
of the broken symmetry in the so-called “hidden-order” phase transition in the heavy-fermion
compound URu2Si2, at transition temperature Th = 17.5 K, has posed a long-standing mystery.
We report the emergence of an in-plane anisotropy of the magnetic susceptibility below Th, which
breaks the four-fold rotational symmetry of the tetragonal URu2Si2. Two-fold oscillations in the
magnetic torque under in-plane field rotation were sensitively detected in small pure crystals.
Our findings suggest that the hidden-order phase is an electronic “nematic” phase, a
translationally invariant metallic phase with spontaneous breaking of rotational symmetry.

A

second-order phase transition generally
causes a change in symmetry, such as rotational, gauge, or time-reversal symmetry.

An order parameter can then be introduced to
describe the low-temperature ordered phase with
a reduced symmetry. The heavy-fermion com-
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pound URu2Si2 undergoes a second-order phase
transition at Th = 17.5 K, which is accompanied
by large anomalies in thermodynamic and transport properties (1–3). Because the nature of the
associated order parameter has not been elucidated, the low-temperature phase is referred to
as the hidden-order phase. It is characterized by
several remarkable features. No structural phase
transition is observed at Th. A tiny magnetic
moment appears (M0 ≈ 0.03mB, where mB is the
Bohr magneton) below Th (4), but it is far too
1
Department of Physics, Kyoto University, Kyoto 606-8502,
Japan. 2Advanced Science Research Center, Japan Atomic
Energy Agency, Tokai 319-1195, Japan. 3Graduate School
of Science, Osaka University, Toyonaka, Osaka 560-0043,
Japan.
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