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SOMATIC MUTATIONS IN ATRX

IN BRAIN CANCER

This invention was made using funds from the U.S. governments. The US. retains
certain rights to the invention under the torms of National Institutes of Health grants
CAI121113, P50CAG62924, POICAL34262, ROICATIZ669, ROICA 43460 and
CAS7345, CA1403160, SPSO-N5020023-28 (SRCS5R37), and CAQ11898-41.

TECHNICAL FIELD OF THE INVERTION

82}

This invention is related to the avea of cancer. In particular, it relates to brain cancers.

BACKGROUND OF THE INVENTION

[63]

Telomeric DNA functions to stabilize chromosomal ends and is progressively lost
during cell division {the end replication problem), thus Hmiting cellular proliferative
capacity.(1-3) The majority of cancers solve the end replication problem by
expressing the telomere-synthesizing enzyme telomerase. A subset of the others
utilizes a genetic recombination-based telomerase-independent telomere maintenance
mechanism termed alternative lengthening of telomeres (ALT)L(4-7) The prevalence
of ALT wvaries widely, but is found more often in cancers of the central nervous

system {CNS} and of mesenchymal tissues than in common epithelial iimors (8, 9)

A recent stady of pancreatic nowrocndocrine tumors (PanNETs) revealed that 43%
harbored inactivating mutations in the 47RX or DAXX genes.(i0) Notably, these
mutations were mutually exclusive, indicating that they functioned in the same
pathway. This mutual exclusivity was intriguing, as independent studies had shown
that the proteins encoded by ATRX and DAXX interact with one another.(Z7) The
ATRX gene encodes a large protein possessing a C-terminal helicase/ATPase domain
placing it in the SNF2Z family of chromatin remodeling enzymes(/2) Inherited
mutations in ATRX cause X-linked alpha thalasscmia/mental retardation syndrome,
characterized by multiple developimental abuormalities in affected males {73, 74)
DAXX is a nuclear protein that interacts with numerous SUMO-modified proteins

and plays a role in transcriptional repression(15) The ATRX and DAXX protein
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complex has been suggested to play multiple cellular roles, including functioning in
chromatin remodeling.(//, [6) Notably, the ATRX/DAXX complex was recently
found to be required for the incorporation of the bhistone variant H3.3 at
telomeres.(/7-79) This histone chaperone activity may play & role in cstablishing or
maintaining telomere stability, at least in mouse embryonic stem cells.(20, 21
Reducing either ATRX ov H3.3 levels in these cells decreased the amount of
heterochromatic protein HP L-alpha at telomeres and increased markers of telomere
dysfunction.(20, 27y Epigenetic changes in telomeric and subtelomeric chromatin
have also been shown to affect telomere length, as well as recombination at

telomeres.(22-24)

There is a continuing need in the art to identify markers for diagnosis, progunosis,

stratitying, and targeting of brain tumors.

SUMMARY OF THE INVENTION

(61

(62

194}

According to one aspect of the invention a method predicts outcome of a central
nervous system (CNS) tumor in a patient. The CNS tumor is tested, or cells or
nucleic acids shed from the tumor are tested, for the presence of an inactivating
nuitation i 4TRY. The mutation is a positive prognostic indicator.

According to another aspect of the fuvention a method identifies a CNS tumor. The
presence of an inactivating mutation in ATRX is tested for and identified i a tssue
suspected of being a NS tumor, or in cclis or pucleic acids shed from the tumor

The presence of an inactivating mutation indicaies a CNS tamor.

According to still apother aspect, 8 method mhibits ATRX in a CNS tamor. An
ATRX inhibitory agent is administered to the CNS tumor. The agent inhibits ATRX

function or expression.

These and other embodiments which will be apparent to those of skill i the art upon

reading the specification provide the art with methods for assessing, identifying,

[N
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diagnosing, prognosticating, stratifving, and treating tumors of the central nervous

System.

BRIEF DESCRIPTION OF THE DRAWINGS

(851

67}

Fig. 1A-1G. Representative images of ALT-negative and ALT-positive tumors.
(Fig. 1A) AL T-negative PanNET. Telomere FISH signals are markedly divumer in
PanNET cells (*) than in the surrounding stromal cells {arrowheads). Centromere-
specific FISH probe serves as positive control for hybridization. (Fig. 1B and Fig. 1)
hyonnolabeling of same PanNET as in A, shows nuclear posttivity for ATRX and
DAXX proteins, respectively, (Fig, 1D Example of ALT-positive PanNET. Large,
ultra-bright telomere FISH signals indicative of ALT are indicated {arrows). (Fig. 1E)
hyonnolabeling of same PanNET as mn D, shows loss of nuclear DAXX protem m
tmor cells. Benign endothelial cells (arrowheads) serve as positive staining controls.
(Iig. IF and Fig. IQ) Examples of ALT-positive GBM and medulloblastoma,

respectively. Original magnification=400X for all images.

Fig. 2A-2G. Telomere-FISH and tmmumofluorescence co-staining in ALT-positive
wmors. (Fig. 2A) ALT-positive PanNET telomere FISH and ATRX protein. {Fig.
2B} same image as in A, omitting telomere and DAPI channels, highlighting loss of
noclear ATRX. Benign stromal cells positive for nuclear ATRX protein are indicated
by arrows. {Fig. 2C) ALT-positive PanNET co-stained with telomere FISH and

AXX protein. {Fig. 2D) same image as in Fig. 20, owmitting telomere and DAP]
channels. Punctate nuclear DAXX staining in benign stromal cells is indicated by
arrow heads. B, ALT-positive medufloblastoms stained for telomere FISH and PML
protein. Arrows show co-localization of PML protein and ALT-associated telomere
foci. F&G, high magnification images of tclomerc and PML proiein co-staining
showing typical targetoid appearance of Al T-associated PLM bodies {APB). Original
maguification=400X for tmages Fig. ZA- Fig. 2AE, 1000X for images Fig. 2F and
Fig. 2G.

Fig. 3A-3B (S1). Telomere-FISH and immunofluorescence co-staiming for ATRX
protein,  (Fig. 3A) AL T-positive osteosarcoma cell hine U2-0S showing lack of

nuclear ATRX protein.  (Fig. 3B) Al T-negative PaoNET cell line BON-1 showing
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ATRX nuclear-positivity. In both cases the nuclear DNA was counter stained with

DAPT Original magnification=400X,

BETAILED DESCRIPTION OF THE INVENTION

[85]

[0

The tventors have found that ATRX mutations are frequently found in tumors of the
central nervous systera. Moreover, they are mutated together with IDH] or IDHZ and
TP53.  ATRX wmutations appear 1o be a later gvent in the progression of the brain
tumors than the othor nutations. Thus somatic mutations in ATRX can beused as a

diagnostic, prognostic, or stratifying factor for such tumors,

Tunors of the UNS which may be assessed and treated include without limitation
medullobalstoma, oligodendroglioma, pediatric glioblastomma  mukiiforine, adult
glioblastoma muitiforine, oligoglioma, anaplastic oligodendroglioma,
oligoasirogiioma, anaplastic oligoasirocytoma, astrocytoma, anaplastic astrocytoms,
ependymona, analplastic cpendymona, myxopapillary ependymoma,
subependymorna, mixed glomas, polar spongioblastomas, astroblastoma, gliomatosis
cerebri, medulloepithelioma, nearoblastoma, retinoblastoma, and ependymoblastoma.

Ghial tumors of any type may be assessed and treated.

Tests for ATRX mutations can be performed using protein based or nucleic based
assays., Sequence determination of the nucleic acid can be used to identify mustations.
Probes or primers, and kits and techniques employing both can be used. PCR or
other specific or global amplification can be used. Mutations can be identified in any
available genetic material including or example genomic DNA, ¢DNA, and RNA.
Mucleic acids can be amplified, enriched, and/or purified prior to assessment. Protein
based assays may involve speecific antibodies and/or ATRX binding partner DAXX.
The antibodies may be polyclonal or monoclonal, fragments (Fab, Fab"), single chain
constructs {(scFv), etc. Nucleic acid based assays include without limitation,
hybridization to probes, amplification using specific primers, primer extension,
ligation assay, etc. Any of these techniques can also be combined. Assays can be

performed together with tests for other gene mutations or alterations of the genome.
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113}

Results can be integrated and used to accurately and comprehensively characterize

and/or identify a tumor or the patient.

Resulis of assays can be recorded in & written medium, an electronic medium, or
transmoitted orally or clectronically to a health care provider, a patient, a family
member, a  hospital, ctc. Testing requires physical steps, and typically involves
chemical changes 1o occur to a test sample. Typically the test samople is a sanmple that
is removed from the paticnt body, so that the fest is performed outside of a pationt

body.

Samples which may be tested mchide withouot humtation brain tissue, tumor tissue,
CNS fhad, neuronal tissue, blood, uring, saliva, tears, sputum, etc. These samples
may be collected and processed and/or stored prior to testing. The samples may be
frozen or fixed. They may be archival or freshly collected. Typically the tissue or
body fluid will be isolated from the body and the assay will be performed ex vivo on

the isolated sample.

ATRX inhibitory agents as used in this specification inhibit either ATRX function or
expression. Such agents may be an antibody, an antibody fragment, or a single chain
antibody construct.  Alternatively 1t can be an mhibitory RNA or other inhibitory
nucleic acid molecule, inclading but not Hmited to antisense oligonucleotides,

antisense expression constructs, siRMA, and RNAL

Any type of mutation may be identified. Inactivating mutations include without
Himitation R2079X, QI1874X, Q1788H, E2277K, Q2156H, K455X, W263X, R2153(,
and RIB03H. The mutation may be, for example, a frameshift mutation, a splice-site
mutation, au ndel {insertion or deletion) mutation, a large genomic rearrangement, or
a missense mutation. Typically an indel may imvolve a simall portion of a gene, such
as I-10 nt. A large rearrangement may involve large portions or all of a gene, such as
greater than 10%, greater than 25%, greater than 5%, greater than 75% or greater
than 100% of a gene. Particular mutations which may be identified include

2.cheX 70778161 76778162imsA; g.chr X T6824745 T6824748delTCTC;
g.cheX76741670_76741673delCTAT, g.chrX: 76798738 _76798741delACTA;
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(6]

2.chrX 76665385C>A; g.chrXi76825188 76825194delTTGAGGA,;
2.chrX:76831065delGthom); g.cheX: 76806828 76806829%1nsT;

2.cheX( 76825743 76825744deiT G, g.chrX 76798774 76798775delAGhom);

¢.cheX 7682661 5C>Tthom); g.chrXi767008430G>Ahom); and g.chrX:76760970C>T.

Stratification of paticnts can be used to assigu a treatment regimen. [t may be used in
praspective or retrospective clinical studies. It can be used to assign a prognosis.
Stratification typically assigns a patient o a group based on a shared muiation pattern

or other observed characteristic or set of characteristics.

The above disclosure gencrally describes the present invention. All references
disclosed herein are expressly incorporated by reference. A wmore complete
understanding can be obtained by reference to the following specific examples which
are provided herein for purposes of illustration only, and are not intended to limit the

scope of the invention.

EXAMPLE I-- ATRX and DAXX gene nutations correlate with AL T-positivity

7]

Given the potential role of ATRX and DAXX in modulating teiomeric chromatin, we
evaluated telomere status in pancreatic neurcendocrine tumors (PanNETs} with
known ATRX and DAXX mutational statos. Telomere-specific fluorescence in situ
hybridization (FISH) was used to directly assess the telomeres in PanNETs.
Neoplasms with ALT are readily distinguishable by large ultra-bright telomere FISH
signals - a nearly universal feature of ALT-positive cell popolations. (25) Although
telomere FISH signals from these individeal bright foci have often been shown to co-
localize with PML protein, this localization is not as reliable as the strength of the

FISH signals and was not used for classification in our study.{26-28)

Twenty-five of the 41 PanNETs (61%) examined by telomere FISTH displayed
evidence of ALT (Table [, Figore 1). Importantly, ALT was not observed in any of
the surrounding non-neoplastic cells, inchuding stromal fibroblasts, pancreatic acmi,
pancreatic ducts and islets of Langerhans (Figores 1&2).(29) ATRX and DAXX gene

mutations both were significantly correlated with ALT-positivity (p<0.008 for either
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gene). In particular, all 21 (100%) PanNETs with ATRX or DAXX gene mutations

were ALT-positive by telomere FISH (Table 1).

Table 1. PanNET cases grouped according to mutation statas for ATRX and DAXX and displaying ALT-statns

and mmunobistochenustry of ATRX and DAXX

(Gene Status Case ALT-status® ATRX THCY DAXX THCY
PaaMET5 Pos Neg Pos
PanNETI3 Pas Neg Pos
PanNET27 Pas Neg Pos
PanNET35 Pas Neg Pos
ATRX Point mutations PanNETS2 Pas Neg Pos
& indels PanNETS9 Pos Pos Pos
PanNET61 Pos Neg Fos
PanNET78 Pgs Pos Pos
PanNETES Pos Neg Pos
PagNET1127 Pos Neg Pos
PauMNET25 Pas Fos Het
PanNET31 Pas Pos Het
PanNFET44 Pos Pos Neg
PanNFET36 Pas Pos Neg
DAXX Pomt rautations PanNET77 Pos Pos Neg
& indels PanNETRO Pos Pos Neg
PanNET84 Pgs Pos Her
PanNETE7 Pos Pos Het
PanNETS3 Pos Pos Neg
PanNETIOE Pos Pos Neg
PanMNET133 Pos Fos Neg
PaaNETE MNeg Pos Pos
PanNET10 Neg Pos Pos
PanNET21 Neg Pos Pos
PanNET24 Neg Pos Pos
PanNET29 Pos Pos Hex
PanNET36 Neg Pos Pos
PauNET39 Pos Neg Pos
PanNET43 Pos Pos Neg
PauNETS7 Neg Fos Pos
PanMNETH3 Neg Fos Pos
ATRI/DAXKX WT for PanNET64 Pas Hex Pos
TPomt mutations & indels PanNETE6 MNeg Pos Pos
PanNET6Q Neg Pos Pos
PanNET79 Neg Pos Pos
PanNETE3 Neg Pos Pos
PanNETY1 Neg Pos Pos
PanNETI21 Neg Pos Pos
PanNET126 Neg Pos Pos
PaaNETI28 Neg Pos Pos
PaaNET129 Neg Fos Pos

* The mitensity of telorere FISH signals was assessed 1o be either negative or positive for the ALT phenotype.
1 hronwnolistochemistry was scored as unitfonnly positve, negative or beterogeneous {or nuclear labehng,

T Multifoeal tumor, featuring ALT and negatve nuclear imwmunolabeling in the majority of the tumior.

ALT, alternative lengthening of telomeres; Het, beterogencous; THC, immmunohistochernistry; Neg, negative;

PanNET, pancreatic neuroendocrine tumor; Pos, positive; WT, wild type.

~3



WO 2013/003583 PCT/US2012/044631

Four of the 20 cases without detectable mutations in ATRX or DAXX were ALT-
positive. To determine whether ATRX and DAXX expression were also noroal in
these tumors, serial sections of the same tumors were immunclabeled with antibodies
against the ATRX and DAXX proteins. Hach of the four tursors demonstrated loss of
nuclear expression of ctther ATRX {2 cases) or DAXX (2 cases) in cither the entire
tumor, ot confiuent parts of the tumor (Fig. 1 and 2). Of note, the nuclear expression
of the corresponding wild type partner (either DAXX or ATRX, respectively) was
retained in cach of these four cases. Though the momunobistochemical results on
twmors with ATRX or DAXX uvwmtations were expected, they provide excellont
conirols for the specificities of the antibodies used for immunolabeling, Notably,
cach of the 16 tumors without ALT showed robust nuclear labeling for both ATRX
and DAXX (Table 1}, The relationship between ALT-positivity and abuormal
mmvinolabeling for either the ATRX or DAXX proteins was statistically significant

{p=0.012 and p=0.003, respectively).

In sum, there was a perfect correlation between the absence of nuclear ATRX or
DAXX expression and the ALT phenotype and >80% of the 23 tumors without
ATRX or DAXX expression could be accounted for by point mutations and small

indels, 7.e., inactivating mudations of the ATRX or DAXX genes.

FXAMPLE 2-- ATRX pwutations in cancers of the ONS

21}

]

)

2}

To ascertain whether ATRX and DAXX gene mutations might be more generally associated
with the ALT-phenotype, we examined 447 tumors of other types. We identified a low to
maoderate frequency of ATRX mutations in cancers of the CNS. Specifically, mutations were
detected i 2 of 18 {11.1%) pediatric GBM, 8 of 123 (6.5%) adult GBM, | of 13 (7.7%)
oligodendrogliomas, and 1 of 63 (1.5%) medulloblastomas. Mo owitations u either ATRX ot
DAXX were 1dentified i 1] adoll neuroblastoruas, or n 235 ovarian adenocarcinomas, 96
breast adenocarcmomas and 96 pancreatic adenocarcimomas. {Table 2).

Further, ATRX mutations were found in anaplastic astrocytornas {41%), astrocytomas {29%),

anaplastic oligoasirocytomas (20%), oliogoastrocviomas {33%), anaplastic oligogliomas
& ! ,r f) J % > Pl
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{7%), and oligoghomas (14%). Thesc nwtations were highly associated with mutations in

IDHI/Z and TPS3.

&

HEXAMPLE 3

{23]

To determine if the ALT status of these additional tumor types also correlated with the

presence of somatic 4 TRXX mutations, we performed telomere FISH as described above on 8

ATRX nuitant cases in which tumor material was available. In cach of the cight cases,
extrernely bright telomeric foct indicating ALT were identified 10 the neoplastic cells but not

in the non-neoplastic cells surrounding them {examples in Fig. 1 and 2}, bunmumolabeling with
antibodics to DAXX or ATRX showed that these tomors liad lost muclear expression of
ATRX. As controls, we studied 23 ATRY and DAXX-wild type tumors of the same types with
the identical techniques. None of the wmors without 4 TRX or DAXX mutations demounstrated
the ALT phenotype by telomere FISH and all 23 retained robust miclear labeling for both

ATRX and DAXX.

o

EXAMPLE 4-—A47TRX muiated in established cancer cell line

f24{

For future mechanistic studics, we considered i iraportant to deterrmine whether a buman
caucer cell Tine with a mutation 0 ATRX or DAXY could be identified. We chose 1o study U-2
08, derived from am osteosarcoma, as this line was a prototype for delineating the ALT
phenotype.(7) We found that exons 2 to [9 of ATRX were homozygously deleted in these
cells, uneguivocally inactivating the gene product, causing a lack of ATRX immunolabeling

in these cells (Suppl. Fig. Si

EXAMPLE §—Discussion

[25]

The results described above show a remarkable cowrelation between rnactivation of ATRX ot
DAXX and the ALT phenotype in unrelated tumor types. Though we cannot tnfer from these
data that rmutations in ATEX or DAXX actually cause this phenotype, prior studies provide &

mechanisn: throogh which this might oceur. It has been proposed that ATRX-DAXX function

m replication-independent heterochromatin assembly at speaific repetitive G-nieh regions,
such as the telomeres. ({6, 78, 79} In patients with the ATRX syndrome, mutations in the

ATRX gene lead to changes in the DNA wethylation status at subtelomeric regions winch, as
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described below, may iopact telomers stability,(3 &y Furthermore, experinentally decreasing
ATRX or H3.3 in mouse ES cells results in telomere destabidization and an up-regulation of

telomere repeat-containiog RNA (TERRAN{IL-2], 31}

{26]  Current evidence indicates that the ALT telomere maintenance mechanism is dependent upon
homologous recombination (HRL{S, 32 Telomeres are composed of long tracts of highly
repetitive DNA terminating in single stranded 37 ends, which should provide an ideal
substrate for HR; thus, it has beer proposed that IR at telomeres is actively suppressed in
normal cells(29) I agreement with this, somatic cell telomeric and proximal subtelomeric
DNA feature tightly packed nucleosomes organized in a repressive heterochromatic state
enriched for repressive epigenctic chromatin marks, such as DNA methylaBon and
trimethylation of lysine 9 on histone H3 and of lvsive 20 on histone H4.{22-24, 33} Mice
engineered to countam reduced levels of such repressive epigenctic marks possess abnormally

5
H
i

evels of mter-chromatid {elomere

2]

long and heterogeneous telomeres, as well as ncreased
recombination — all of which are hallmarks of the ALT phenotype.(22, 23} Our results are
consistent with a model in which loss of ATRX-DAXX function imapairs the heterochromatic
state of the tclomeres, perhaps due to reduced levels of H3.3 incorporation, leading to
telomere destahilization and increased HR at the telomeres; thus, facilitating the developruent

of ALT,

FEXAMPLE 6--methods

Tissue Samples and Mutational Analysis

127}  In order to assess the potential consequences of ATRX and DAXX gene nuiations on
telomeres, 41 sporadic, nonfonctional PanNETs were chosen from a series of
PanNETs whose ATRX and DAXX gene mmutational status was previously determined
by exomic sequencing.{l) Of the 41 PanNETs examined, ten bad ATRX genc
mutations, eleven had DAXX gene mutations, and the remaining 20 had wild type
ATRX and DAXX genes. Details on the cific gene mutations as well as
clinicopathologic variables for this PanlNET series are prescuted in Supplemeutary
Table S2. Chinical information on the patients evaluated in this study was obtained
from the Johns Hopking Hospital in the context of approved IRB protocols. The

ATRX and DAXX genes were also sequenced in 65 cases of medufloblastoma, 13

ases of oligodendroglioma, 141 cases of glioblastoma multiforma (18 pediatric GBM

1
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and 123 adubt GBM), 1! neurcblastomas, 25 ovarian carcinomas, 96 breast

carcinemas and 96 pancreatic ductal adenocarcinomas |

Immunochistochemistry

28] Imununolabeling for the ATRX and DAXX proteins was performed on formalin-fixed,
parathin embedded sections as previcusly described.(1) Briefly, heat-induced antigen
retrieval was performed in a steamer using citrate buffer (catalog# 3300, Vector
Laboratories) for 30 mimutes. Endogenocus peroxidase was blocked (catalog# 52003,
Dako) and serial sections were then tncubated with primary antibody; apti-ATRX
{1:.400 dilution; catalog# HPAOGI906, Sigma-Aldrich, lot RO0473) or anti-DAXX
{(1:150 dilution; catalog# HPAQORT36, Sigma-Aldrich, lot A39105) for T hour at room
teraperature. The primary antibodies were detected by 30 minute ncubation with
HRP-labeled secondary antibody (catalog# PV6119, Leica Microsystems) followed
by detection with 3,3-Diaminobenzidine {Sigma-Aldrich), counterstaining with
Harris bematoxylin, rehydration and mounting. Only vuclear labeling of either protoin
was evaluated. The immunolabeled PanNET slides were assessed and scored by 2
authors (R.H. and AM.}; the immmunolabeled ONS tumor shides were assessed by F.R.
Taternal controls mchuded islets of Langerbans in PanNETs and endothehal cells
{including within intra-tumoral vessels) which demonstrated sirong  nuclear

mminolabeling for both ATRX and DAXX.

Telomere-specific FISH and microscopy

291 Combined telomere-specific FISH and immumofluorescence labeling for ATRX,
DAXX and PML was conducted as previously described.(Z, 3)  Bretly,
deparaffinized shdes were hydrated, steamed for 20 nunutes i citrate butfer {catalogh
H-3300; Vector Laboratories), dehydrated and  hybridized with a Cy3-labeled peptide
nucleic acid (PNA) probe complementary to the mammalian telomere repeat sequence
{[N-terminus to C-terminus] CCCTAACCCTAACCCTAA; SEQ D NO: 1) As a
positive control for hybridization efficiency, a FITC-labeled PNA probe having

specificity for human centromeric DNA repeats (ATTCGTTGGAAACGGGA(SEQ

i
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> NO: 2); CENP-B binding sequence) was also included in the hybridization
solution.{4) Following post-hybridization washes, the desired primary antibody was
applied (anti-ATRX, as described above; anti-DAXX, as deseribed above; anti-PML
antibody, 45 minute incubation at 1:100 dilution; catalog# PG-M3, DAKQO), followed
by application of species-appropriate Alexa 488 fluorescent secondary antibody
{Molecular Probes Cat# A-11034 and A-11001) and nuclear counterstaining with
DAPI . Shides were imaged with a Nikon 501 epifluorescence microscope equipped
with X-Cite series 120 illuminator (EXFO Photonics Solutions Inc., Ontario, CA) and
appropriate fhiorescence excitation/ermission filters, Grayscale images were captured
for using Nikon NIS-Elements software and an attached Photometrics CoolsnaplZ
digital camera, pscudo-colored and merged. Quantification from the digital images
was conducted using Telometer, 2 custom software plugin created for the open source
tmage  analysis  program lmagel,  freely  available  for  download

(http//bui2 win.ad jha.cdu/iclometer/).

The FISH and immouolabeled slides were assessed and scored independently by 2
authors (C.H. and A K.M.). The gold standard for determining the prescuce of ALT is
the demonstration of telomere length maintenance over time in 2 continually growing
cell population lacking any covidence of telomerase activity.(S) This standard,
however, canuot be applied to fixed clinical specimens. Previously, it was shown that
subsets of cells in ALT-positive cell lines harbor unusually large promyclocytic
leukemia (PML} nuclear bodies which contain large amouvuts of tclomeric DNA
{AlT-associated PML bodics; APBs).(6) APBs are not observed in normal cells, nor
are they observed m ALT-negative cancer cells, and thus APBs serve as specific
biomarkers of ALT. APBs can be readily visualized in fixed tissues by combining
iclomere-specific FISH with fluorescent minunostaining for PML protein.(3) This
method has  been cxtensively validated and allows for the straightforward
identification of ALT-positive caucers in fixed human tissue specimens.(7) APB-
associated telomeric DNA aggregates are unicue to ALT-positive cell populations and
are significantly larger and brighter than the FISH signals emanating from individeal

ielomeres in the same cell population,

12
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(e N2 m=mt

In our study, PanNETs were classified as ALT-positive if they met the following
criteria: (1) the presence of ultra-bright, intra-nuclear foci of telomere FISH signals,
with integrated total signal intensities for individual foct being > 10 fold that of the
per cell mean integrated signal intensities for all tclomeric signals in individual
benign stromal cells within the same case (Quantitative data on representative
wmdividual telomere aggregates in 10 randomly chosen PauNET cases is presented in
Supplementary Table S3); (2) >1% of neoplastic cells displaying ALT-associated
telomeric DNA foci. Tumor samples lacking AL T-associated telomeric foct in which
at least 5000 cells were assessed were considered ALT-negative. In all cases, arcas

exhibiting necrosis were excluded from consideration.
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CLAIMS

1. A method for predicting outcome of a Central Nervous System (ONS) tumor in a
patient, comprising:
{esting the CNS tumor, or cells or nucleic acids shed from the tumor, for the presence
of an inactivaling mutation in ATRX, wherem the mutation is a positive prognostic indicator.
2. The method of claim | wherein the step of testing comprises an immunochistochemical

analysis.

o]

3. The method of claim | wherein the step of testing comprises a nucleic acid analysis.
4, A method of identifying a CNS tumor, comprising:
testing for and identifying presence of an inactivating nustation fn 47RY in a tissue
suspected of being a UNS tumor, or in cells or nucleic acids shed from the tumor, wherein the
presence of an inactivating mulation ndicates a CNS tumor.
5. A method for classifying a tamor of the Central Nervous System (ONS) of a patient,
comprising:
testing the CNS wmor, or cells or nucleic acids shed from the tumor, for the presence of
an fnactivating mutation in 4TRY;
assigning the CNS tumor to a class based on the presence of the nuatation or the 1dentity
of the mutation,
6. The method of claim 5 wherein the pationt is assigned to a clinical trial group
according to the class.
7. The method of claim 5 wherein a treatment is prescribed based on the class.
8. A method of inhibiting ATRX ina CNS tumor, comprising:
administering an ATRX johibitory agent to the CNS tumor, wherein the ageunt inhibits
ATRX function or expression.
8. The method of claim § wherein the fnhibitory agerd is an antibody, an antibody
fragment, or a single chain antibody construct.
10. The method of claim § wherein the inhibitory agent is an fohibitory RNA molecule.
11, The method of claim |, 4, 3, or 8 wherein the CNS tumor is a ghial tumor.
12. The method of claim |, 4, 3, or & wherein the CNS tumor is selected from the group

consisting oft pediatric glioblastoma, adult glioblastoma, oligedendroglioma,

6
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medufloblastoma, anaplastic oligodendroglioma, oligoastrocytoma, anaplastic
oligoastrocytoma, astrocytoma, and anaplastic astrocytoma.

13. The method of claim 1, 2, 4, or § wherein the nustation is selected from the group
consisting of R2Z079X, QI874X, Ql1788H, E2277K, Q2156H, K455X, W263X,
R2153C, and RIS0O3H.

14. The method of claim |, 4, or 5 wherein the mutation is a frameshift mutation.

15. The method of claim 1, 4, or 5 wherein the mutation is selected from the group
consisting of a splice-site mutation or an indel mustation.

16. The method of claim |, 4, or 5 wherein the mutation 1S a missense mutation.

17. The method of claim 1, 4, or 5 wherein the mutation is selected from the group
consisting of: g.chrX:76778161 76775162ins4,;
e.chrX:76824745 76824748delTCTC; g.che X 76741670 76741673deiCTAT;
.chrX76798738_ 7679874 1delACTA; g.chaX 7T6665385C>A,;
e.chrX: 76825188 _76R25194delTTGAGGA; g.chrX:76831065delGlhom);
e.chr X 76806828 _76806829msT; g.chrX:76825743 76R825744delT(;
e.chrX:76798774 76798775delAGthom); g.chrX:76826615C>T(hom);
e.chrX:76700843G>Alhom); and g.chrX:76760870C>T,

18. The method of claim 1, 4, or 5 wherein the mutation is a large genomic

yearyangem ent,
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