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8 IDHNTALT

The majority of glioblastomas can be classified into molecu-
lar subgroups based on mutations in the TERT promoter
(TERTp) and isocitrate dehydrogenase 1 or 2 (IDH). These
molecular subgroups utilize distinct genetic mechanisms of
telomere maintenance, either TERTp mutation leading to
telomerase activation or ATRX-mutation leading to an alter-
native lengthening of telomeres phenotype (ALT). However,
about 20% of glioblastomas lack alterations in TERTp and
IDH. These tumors, designated TERTp”Z-IDH"”7 glioblas-
tomas, did not have well-established genetic biomarkers or
defined mechanisms of telomere maintenance. The genetic
landscape of TERTp”“-IDH”? glioblastoma includes
SMARCALL inactivating mutations as a genetic mechanism
of ALT. Molecular subgroups of glioblastoma, includes an
ALT-positive subgroup (IDH”7-ALT) with mutations in
ATRX or SMARCALIL.
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ADDRESSING TREATMENTS FOR
GLIOBLASTOMA

[0001] This invention was made with Government support
under Federal Grant Nos. ROl CA140316 AND F30
CA206423 awarded by the NIH/NCI. The Federal Govern-
ment has certain rights to this invention.

TECHNICAL FIELD OF THE INVENTION

[0002] This invention is related to the area of oncology. In
particular, it relates to brain tumors.

BACKGROUND OF THE INVENTION

[0003] Glioblastoma (GBM, World Health Organization
(WHO) grade 1V) is the most common and deadly primary
brain tumor with a median overall survival (OS) of less than
15 months despite aggressive treatment’>. There is a critical
need for molecular markers for GBM to improve personal-
ized diagnosis and treatment, and for a better understanding
of the underlying biology to inform the development of
novel therapeutics.

SUMMARY OF THE INVENTION

[0004] According to one aspect of the invention a method
of characterizing a glioma tumor of a human is provided. A
glioma tumor of a human is selected. The glioma tumor
comprises wild-type isocitrate dehydrogenase 1 (IDH1)
gene, wild-type isocitrate dehydrogenase 2 (IDH2) gene,
and wild-type promoter of telomerase reverse transcriptase
gene (TERT). The glioma tumor comprises no mutant
IDH1gene, no mutant IDH2 gene, and no mutant promoter
of TERT. The SWI/SNF-related matrix-associated actin-
dependent regulator of chromatin subfamily A-like protein 1
(SMARCALI1) DNA of the glioma tumor of the human is
nucleotide sequenced. The SMARCAL1 nucleotide
sequence of the glioma tumor of the human is compared to
the SMARCALI nucleotide sequence of non-tumor tissue of
the human. An inactivating mutation in SMARCAL1 of the
glioma tumor of the human is identified. The glioma tumor
is assigned to a group of glioma tumors that are Alternative
Lengthening of Telomeres (ALT) phenotype.

[0005] According to another aspect of the invention a
method of characterizing a glioma tumor of a human is
provided. A glioma tumor of a human is tested, to determine
its genotype at codon 132 of isocitrate dehydrogenase 1
(IDH1) gene, at codon 172 of isocitrate dehydrogenase 2
(IDH2) gene, at nucleotides —124 and -146 of promoter of
telomerase reverse transcriptase gene (TERT), and of SWI/
SNF-related matrix-associated actin-dependent regulator of
chromatin subfamily A-like protein 1 (SMARCALI). Wild-
type codons 132 of IDHI, wild-type codons 172 of IDH2,
wild-type nucleotides at -124 and -146 of promoter of
TERT, and an inactivating mutation in SMARCALI of the
glioma tumor of the human are identified. The glioma tumor
is assigned to a group of glioma tumors that are Alternative
Lengthening of Telomeres (ALT) phenotype based on its
identified genotype of wild-type codons 132 of IDH1, wild-
type codons 172 of IDH2, wild-type nucleotides at —124 and
-146 of promoter of TERT, and an inactivating mutation in
SMARCALL.

[0006] Another aspect of the invention provides a method
of treating a glioma tumor. SWI/SNF-related matrix-asso-
ciated actin-dependent regulator of chromatin subfamily

Nov. 25, 2021

A-like protein 1 (SMARCAL1) DNA of the glioma tumor of
the human is nucleotide sequenced. SMARCAL1 nucleotide
sequence of the glioma tumor of the human is compared to
SMARCAL 1 nucleotide sequence of non-tumor tissue of the
human. An inactivating mutation in SMARCALI of the
glioma tumor of the human is identified. The glioma tumor
is treated with a therapeutic agent that targets BRAF V600E
or with an inhibitor of ataxia telangiectasia mutated and
Rad3 related (ATR).

[0007] These and other embodiments which will be appar-
ent to those of skill in the art upon reading the specification
provide the art with means of characterizing glioblastoma
tumors, in particular those which lack certain previously
identified hallmarks.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1. The mutational landscape of somatic cod-
ing alterations in TERTp”?-IDH*? GBM. Whole exome
sequencing was performed on TERTp”?-IDH”” GBMs
(N=25). Recurrently mutated pathways identified included
the RTK/RAS/PI3K (88%), P53 (40%), and RB (24%)
pathways. Somatic mutation rates per case are shown with
corresponding patient age (top). Recurrently mutated genes
displayed determined to be significantly mutated (IntOgen
algorithm, P<0.05, n=2) are shown, as well as select lower
frequency genes that are recurrently mutated in glioma or
known oncogenes/tumor suppressors in the pathways
shown. The mutation frequency of each gene is shown
(right) as a percentage of the total cohort.

[0009] FIG. 2A-2E. Inactivating mutations in SMAR-
CAL1 and ATRX, and rearrangements upstream of TERT
are frequent in TERTpWZ-IDH”? GBMs and related to
distinct telomere maintenance mechanisms. FIG. 2A: Based
on ALT assessment by both telomere FISH and C-circle (dot
blot), 38.5% (15/39) of TERTp””-IDH”” GBMs exhibit
signs of ALT. Of these, approximately half exhibit loss of
ATRX expression (IHC) and half harbor mutations in
SMARCALL, in a largely mutually exclusive manner. TERT
rearrangements were identified by whole genome sequenc-
ing (N=8). Break-apart FISH was used to screen the cohort
for TERT rearrangements, which were present in 50%
(19/38) of all TERTp”?-IDH”? GBMs. FIG. 2B: Circos plot
of rearrangements identified upstream of TERT by whole
genome sequencing of ALT-negative GBMs (N=8). Several
cases were interchromosomal translocations (FIG. 2A, FIG.
2B, FIG. 2F), while the remaining cases were intrachromo-
somal (FIG. 2C, FIG. 2D, FIG. 2E). FIG. 2C: The break-
points of the rearrangements identified by whole genome
sequencing span a region in the 50 kb upstream of TERT.
FIG. 2D: Examples of FISH on patient tumor tissue showing
break-apart signal, indicating TERT-rearrangement. Arrows
identify break-apart signals. FIG. 2E: TERT expression was
assessed by rt-qPCR relative to GAPDH. IDH”?-TERT*"
(n=12) tumors exhibit significantly higher TERT expression
than the IDH”7-ALT subgroup (n=9, P<0.05). This is a
similar trend seen among known GBM groups, where the
IDH”Z-TERTp™Y" GBMs (telomerase positive) exhibit
increased TERT expression compared to IDH*YZ.TERTp”*
(ALT positive) GBMs (P<0.01). The IDH”?-other subgroup
is ALT negative, but does not harbor detectable TERT
rearrangements. One case in this group harbors MYC ampli-
fication (arrow), known to increase TERT expression due to
the presence of MYC binding sites in the TERT promoter
region. Error bars in FIG. 2E denote s.d. ¥*P<0.05; **P<0.01;
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Kruskal [OWallis test with Dunn’s multiple comparisons
test. Three technical replicates were used for TERT mRNA
expression.

[0010] FIG. 3. New genetic subgroups of GBM display
distinct survival patterns. Kaplan-Meier analysis of GBMs
grouped by recurrent alterations identified in this study,
including SMARCAL1/ATRX mutation (IDH”7-ALT) and
TERT rearrangement (IDH”7-TERT®"). The survival of
these new groups are compared to established subgroups of
GBM including TERT promoter-mutant (IDH”?-TE New
genetic subgroups of GBM display distinct survival patterns.
Kaplan-Meier analysis of GBMs grouped by recurrent
alterations identified in this study, including SMARCAL1/
ATRX mutation (IDH”?-ALT) and TERT rearrangement
(IDHWZ-TERT*"). The survival of these new groups are
compared to established subgroups of GBM including TERT
promoter-mutant (IDH”Z“-TERTp™“?, N=223) and IDH-
mutant GBMs (IDHYZ-TERT"”, N=23), with median
overall survivals of 14.74 and 37.08 months, respectively.
Patients in the IDH””-other GBM subgroup (N=7) were
excluded due to the limited number of patients. The median
OS for the IDH??-ALT subgroup (N=17) was 14.9 months,
while the IDH”7-TERT*” subgroup (N=16) had an OS of
19.7 months. Compared to the IDH*Y“.TERT”? GBMs, the
IDH”7-TERTp™“” (P=0.0003, HR=2.867,95% CI: 1.929 to
4.262), IDH?Z-ALT (P=0.0281, HR=2.302, 95% CI: 1.039
to 5.1), and IDHW”-TERT*” GBMs (P=0.0794, HR=1.982,
95% CI: 0.8878 to 4.427) have poorer survival. Comparison
of survival curves done by log-rank (Mantel [JCox) tes-
tRTp™Y”, N=223) and IDH-mutant GBMs (IDH**“”-TER-
T?%, N=23), with median overall survivals of 14.74 and
37.08 months, respectively. Patients in the IDH"”-other
GBM subgroup (N=7) were excluded due to the limited
number of patients. The median OS for the IDH”7-ALT
subgroup (N=17) was 14.9 months, while the IDH"”-
TERT*” subgroup (N=16) had an OS of 19.7 months.
Compared to the IDH®YZ.TERT"” GBMs, the IDH””-
TERTp™*” (P=0.0003, HR=2.867, 95% CI: 1.929 to 4.262),
IDH”7-ALT (P=0.0281, HR=2.302, 95% CI: 1.039 to 5.1),
and IDH”7-TERT*” GBMs (P=0.0794, HR=1.982, 95% CI:
0.8878 to 4.427) have poorer survival. Comparison of sur-
vival curves done by log-rank (Mantel [JCox) test.

[0011] FIG. 4A-4G. Inactivating mutations in SMAR-
CAL1 mutations cause hallmarks of ALT. FIG. 4A: The
majority of mutations identified in SMARCALI1 in an
expanded cohort (N=39) of TERTp”*-IDH"” GBMs are
likely inactivating (e.g., frameshift, nonsense). Protein
domains of SMARCALI1 are shown (RBD RPA-binding
domain, HARP HepA-related protein). FIG. 4B: We identi-
fied two cancer cell lines harboring inactivating mutations in
SMARCALI1: DO6MG (patient-derived GBM, W479X) and
CAL-78 (chondrosarcoma, deletion of exons 1[14). These
cell lines exhibit signs of ALT, including ALT-associated
PML bodies (APBs), as indicated by the co-localization of
PML (immunofluorescence) and ultrabright telomere foci
(FISH), and the accumulation of C-circles. FIG. 4C: Western
blot confirms the absence of SMARCALI expression in
both CAL-78 and DO6MG, as well as intact expression of
ATRX and DAXX. Controls include U2-OS (ATRX-nega-
tive) and Hela (positive control). FIG. 4D: Overexpression
of SMARCAL1 significantly decreased (DO6MG, P<0.05;
CAL-78, P<0.005) colony-forming ability as measured by
percent area. FIGS. 4E, 4F: Overexpression of SMARCAL1
dramatically reduces the appearance of ALT-associated
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ultrabright telomere foci relative to the GFP control (CAL-
78 is shown). FIG. 4G: SMARCALL1 constructs harboring
either wildtype, helicase dead (R764Q, from SIOD), muta-
tions from the expanded cohort (R645S, del793, £s945) and
recurrent mutations seen in pan-cancer data (R23C, R645C)
were assayed for effects on ALT-associated C-circles. The
SMARCALLI helicase domain function is critical for sup-
pression of C-circles, as constructs with mutations in these
domains fail to fully suppress markers of ALT, compared to
wildtype constructs or SMARCAL1 with mutations in the
RPA-binding domain (R23C) or the 945 fs variant. Error
bars in FIGS. 4D, 4F, 4G denote s.e.m. *P<0.05; **P<0.01;
*HkP<0.001; *#*#%P<0.0001; Paired t-test (FIG. 4D, FIG.
4F) and one-way ANOVA with Dunnett’s multiple compari-
sons test (FIG. 4G). Scale bar indicates 20 m. Colony
formation and C-circle experiments were performed in trip-
licate.

[0012] FIG. SA-5C. Loss of SMARCALL in glioblastoma
cell lines leads to features of ALT. FIG. SA: CRISPR/Cas9
gene editing was used to generate SMARCALI1 knockout
GBM lines (U87MG and U251MG). Two guide combina-
tions (A:3_2 & 9_1 and B: 3_1 & 7_1) were used targeting
exons 3 and 9 and 3 and 7, respectively. Clones were
sequenced and validated as isogenic knockout lines by
western blot (*clone c¢69 was excluded due to faint band).
FIG. 5B: Cell lines were assessed for C-circle accumulation
(by dot blot), a characteristic observed in cells using ALT for
telomere maintenance. Approximately 30% of isogenic
SMARCAL1 knockout GBM lines isolated in both US7MG
and U251MG exhibited significantly increased levels of
C-circles (US7MG: 4/12, U251MG: 3/10), as compared to
the parental cell line. FIG. 5C: C-circle-positive SMAR-
CALL1 knockout clones were assessed for the presence of
ALT-associated PML bodies (APBs), as indicated by the
co-localization of PML (immunofluorescence) and ultra-
bright telomere foci (FISH). Rare cells were identified in
these C-circle-positive clones with APBs. Error bars in b
denote s.e.m. **P<(.01; ***P<0.001; ****P<0.0001; one-
way ANOVA with Dunnett’s multiple comparisons test
relative to parental cell line. Scale bar indicates 10 m.
C-circle experiments were performed in triplicate.

[0013] FIG. 6. Age distribution of TERTp*?-IDH"” glio-
blastoma patients. The distribution of patient age for the
TERTp”“-IDH”7 glioma cohort is shown as a percentage of
the entire group. Two modes are identified in the cohort, one
at 28 years, the other at 56 years of age (N=44).

[0014] FIG. 7. Breakpoint-spanning PCR and sequencing
confirms TERT rearrangements. Whole genome sequencing
data was analyzed for structural variants. Rearrangements
upstream of TERT were identified by DELLY, which also
identified the corresponding breakpoint. Primers were
designed spanning the breakpoints and PCR was performed
to confirm the somatic nature of these breakpoints (T: Tumor
and N: Normal gDNA from blood for the same patient).
[0015] FIGS. 8A-8B. Break-apart FISH spanning TERT
identifies recurrent TERT rearrangements in TERTp”*-
IDH”” GBM. FIG. 8A: Break-point spanning FISH probes
were designed to readily detect structural variants upstream
of TERT where we initially identified these events by whole
genome sequencing. FIG. 8B: Break-apart FISH was per-
formed on FFPE tissue isolated from the GBM patient tumor
samples. Representative images from 8 rearranged and wild-
type cases are shown. Double arrows point to break apart
signals, single arrows point to fusion signals.
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[0016] FIGS. 9A-9D. CAL-78 and DO6MG are cell lines
with mutations in SMARCALL. FIG. 9A: The CCLE data-
base was examined for cell lines harboring mutations in
SMARCALIL. We identified CAL-78, a chondrosarcoma line
known to be ALT positive with intact ATRX expression.
Based on Affymetrix SNP6 array data, a homozygous dele-
tion was identified spanning exons 1-4 of SMARCALI.
FIG. 9B: We validated the deletion of exons 1-4 in CAL-78
(including the 5' UTR) by PCR and Sanger sequencing,
using Hela as a control. FIG. 9C: Compared to other cell
lines, CAL-78 shows both deletion and absent mRNA
expression of SMARCALL. FIG. 9D: Sanger sequencing of
the DO6MG cell line reveals a homozygous W479X muta-
tion in SMARCALL.

[0017] FIG. 10A-10C. Rescue of SMARCAL1 expression
in CAL-78 and DO6MG inhibits colony formation. We
rescued expression of wildtype SMARCALL in FIG. 10A:
DO6MG and FIG. 10B, CAL-78. The top images are black
and white images of the colony formation result after crystal
violet staining. The bottom image is after thresholding to
show differences in area and intensity. FIG. 10C: There was
a significant reduction in the colony area and intensity for
DO6MG (P<0.05) and CAL-78 (P<0.005) in the SMAR-
CAL1 rescue as compared to the control (GFP). Error bars
in ¢ denote s.e.m. *P<0.05; **P<0.05; Paired t-test.

[0018] FIG. 11A-11C. Lentiviral-mediated delivery of
mutagenized constructs of SMARCALL in two ALT-posi-
tive lines lacking SMARCALI expression. FIG. 11A: We
examined pancancer data (cBioportal) for mutations and
homozygous deletions. FIG. 11B: Recurrently-mutated loci
included R23 and a cluster in the SNF2 helicase domain at
R645. R23C is located in the RPAbinding domain and forms
hydrogen bonds with RPA. R645C is in the ATP-binding
helicase domain (also SNF2 N-terminal domain and putative
nuclear localization signal domain) and is a known alteration
in SIOD. Additionally, from our validation cohort, we iden-
tified ALT-positive cases with R645S, del793 and fs945
mutations. FIG. 11C: Mutagenized constructs with each of
these variants were generated and delivered by lentivirus for
constitutive expression in DO6MG and CAL-78. Western
blot analysis shows that the constructs are expressed at
similar levels in these cell lines and similar to a control cell
line (HeLa).

[0019] FIG. 12A-12-B. Generation of SMARCALI1
knockout glioblastoma cell lines using CRISPR/Cas9-me-
diated gene editing. FIG. 12A: Guides were designed to
target the coding region of SMARCAL 1 with low off-targets
and high cutting efficiency. The guides were tested using the
Surveyor nuclease assay after transfecting HEK293FT cells
with pX458 (spCas9) and the relevant sgRNA. All guides
readily introduced indels (220%). FIG. 12B: Two guide
combinations (A: 3_2+9_1 and B: 3_1+7_1) were delivered
to US7MG and U251MG. After transfection, cells were
GFP-sorted and single-cell cloned and expanded. Deletion-
spanning qPCR was performed to readily identify clones
with allele deletion in SMARCAL1. These lines were then
sequenced and validated as isogenic knockout lines by
Western blot. Overall, more than ten isogenic SMARCAL1
knockout lines were generated in both U87 (11 total) and
U251 (12 total). Clone ¢69* was excluded from further
analysis due to the presence of a faint band by immunoblot.
[0020] FIG.13. SMARCAL1 mutations are present in soft
tissue sarcoma. We examined a recent TCGA sequencing
study on many sarcoma subtypes and found several homozy-
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gous deletions and potentially inactivating variants, as many
had concurrent shallow deletion and mutations present in the
helicase domains.

[0021] FIG. 14. Novel genetic subtypes of GBM in the
overall molecular classification of adult diffuse glioma. The
molecular subtypes of GBM are outlined, stratified first by
IDH status, then by markers including TERTp mutation,
1p/19q co-deletion, and now TERT rearrangement (IDH?” -
TERT*") and SMARCAL1 or ATRX mutation (IDH"*-
ALT). The two new genetic subtypes of GBM, IDH””-
TERT®” and IDH”?-ALT (red arrows), have novel genetic
alterations associated with telomere maintenance.

[0022] FIG. 15. Original western blots for examining
SMARCALLI expression in mutant cell lines. Shown are the
original blots for ATRX, DAXX, SMARCALIL, and
GAPDH expression in HelLa, U2-OS, DO6MG, and CAL-
78. The images are cropped on the right side as unrelated
samples were run on the same gel.

[0023] FIG. 16. Original western blots for SMARCALI1
expression in isogenic knockout cell lines. Shown are the
original blots for SMARCAL1 and GAPDH expression in
U87MG and U251MG SMARCAL1 knockouts. The images
for US7MG is cropped on the right side as unrelated samples
were run on the same gel.

DETAILED DESCRIPTION OF THE
INVENTION

[0024] The inventors have developed a comprehensive
molecular analysis of ~20% of GBMs that lack established
genetic biomarkers or defined mechanisms of telomere
maintenance®. These are aggressive tumors that are known
as TERTp”?-IDH”? GBMs, a largely unknown set, as they
lack mutations in the most commonly used biomarkers,
isocitrate dehydrogenase 1 and 2 (IDH)*~° and the promoter
region of telomerase reverse transcriptase (TERTp)*™".

[0025] Proper characterization of glioblastomas permits
proper treatments, diagnoses, and predictions of survival
time. These are critical for best management of glioblastoma
patients. In addition, proper characterization permits its use
in creating arms of clinical trials.

[0026] Testing and identification of IDHI1, IDH2, and
TERTp may be done before or at the same time as nucleotide
sequencing of SMARCAL 1. There may be situations where
the reverse order is desirable. Because of the very limited
location and nature of IDHI1, IDH2, and TERTp mutations
they are often tested and detected using a site directed
technique. These may include such techniques as poly-
merase chain reaction, mutation specific polymerase chain
reaction, and labeled probe hybridization. Typically
sequencing of the entire IDH1, IDH2, and/or TERT genes is
not necessary. SMARCAL1 mutations, in contrast are dis-
tributed over a large portion of the gene, making nucleotide
sequencing of the gene more useful. Despite the wide
distribution, some of the mutations seem to cluster in
hotspots, such as the helicase domain and the HARP
domain. In some cases, it may be desirable to focus the
nucleotide sequencing on a mutation hotspot, before nucleo-
tide sequencing the entire gene. Another inactivating mecha-
nism may be found in this class of glioma tumors having the
same functional result as an inactivating mutation. The
promoter of SMARCAL1 may be methylated as a means of
silencing its expression. Detection of such promoter meth-
ylation of SMARCALI1 can be used in the same way as
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detection of an inactivating mutation, such as a frameshift,
deletion, splice site and nonsense mutation.

[0027] When a glioma tumor has been identified as being
of the ALT phenotype, because it has the wild type IDHI,
IDH2, and TERTp and a SMARCAL1 inactivating muta-
tion, such as a nonsense, frameshift, deletion, splice site,
hemizygous missense, or homozygous missense mutation, it
may be beneficially treated using a therapeutic agent that
targets BRAF V600E. Such therapeutic agents include
vemurafenib, dabranfenib, and encorafenib, as examples.
Such glioma tumors can also be treated with a combination
of inhibitors of two or more of targets BRAF, MEK, and
EGFR. Exemplary MEK inhibitors include trametinib, cobi-
metnib, and binimetnib. Exemplary EGFR inhibitors include
cetuximab, and panitumumab. Examplary BRAF inhibitors
include vemurafenib, dabranfenib, and encorafenib. Tumors
of the ALT phenotype can also be treated beneficially with
an inhibitor of ATR. Exemplary inhibitors of this type
include aminopyrazines, sulfonylmorpholinopyramidines,
VX-970, m4344, AZD6738, and BAY 1895344. It may be
beneficial to treat the ALT phenotype glioma tumors with a
DNA damaging agent, such as ionizing radiation or geno-
toxic drugs, in addition to an inhibitor of ATR.

[0028] Another situation where testing for a SMARCALI1
mutation may be desirable is in a patient whose tumor had
previously been treated with an ATRX-targeted therapy. For
example, a tumor that had been found to have an ATRX
mutation might acquire an inactivating mutation in SMAR-
CAL1 during treatment, or a previously present low fre-
quency mutation might be selected for by the ATRX-
targeted therapy.

[0029] In some cases, rather than treating a glioma tumor
identified as being of the ALT phenotype, a practitioner may
provide a diagnosis or prognosis. For example, a practitioner
may not be the treating physician, or the patient may decline
treatment. In such cases, the practitioner may provide to the
patient an indication of the overall survival (time until death)
that can be expected. Current data indicates that the overall
survival for such tumors is 14.9 months. But, additional data
and changes to treatment my change that prediction. In other
cases, the practitioner may be a clinical laboratory. In such
cases, but not exclusively, the laboratory may identify the
glioma tumor as a WHO grade IV glioma.

[0030] TERTp and IDH mutations are routinely used
clinically to facilitate diagnosis by classifying 80% of
GBMs into molecular subgroups with distinct clinical
courses*™. Each GBM molecular subgroup also utilizes
different mechanisms of telomere maintenance. The TERTp-
mutant GBMs exhibit telomerase activation, due to genera-
tion of de novo transcription factor binding sites leading to
increased TERT expression®'*='® while the IDH-mutant
GBMs exhibit alternative lengthening of telomeres (ALT)
due to concurrent loss-of-function mutations in ATRX?"*%:
13,17020. Based on these patterns, genetic alterations
enabling telomere maintenance are likely to be critical steps
in gliomagenesis.

[0031] We used whole exome sequencing (WES) and
whole genome sequencing (WGS) to define the mutational
landscape of TERTp”?-IDH”” GBM. We identified recur-
rently mutated genes and pathways in this tumor subset.
Most notably, we identified somatic mutations related to
mechanisms of telomere maintenance. These include recur-
rent genomic rearrangements upstream of TERT (50%)
leading to increased TERT expression, and alterations in
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ATRX (21%) or SMARCALI (20%) in ALT-positive TER-
Tp”*-IDH”* GBMs. Somatic SMARCALI loss-of-func-
tion mutations are involved in ALT-mediated telomere main-
tenance in cancer. SMARCALI1 functions as an ALT
suppressor and genetic factor involved in telomere mainte-
nance. Finally, we identified an enrichment of several thera-
peutically targetable alterations in TERTp””-IDH"”” GBM,
including mutations in BRAF V600E (20%).

[0032] Approximately one in every five adult GBM
patients have tumors that are wildtype for TERTp and
IDH1/2*>*. TERTp”?-IDH”? GBMs are a poorly under-
stood subgroup that have been defined by an absence of
common biomarkers (mutations in TERTp, IDH1/2, and
1p/19q codeletion). Here, we used genomic sequencing
(WES, WGS) and characterization of telomere maintenance
mechanisms to define the genetic landscape of TERTp"”*-
IDH"”” GBMs and uncover novel alterations associated with
telomere maintenance in GBM.

[0033] We identified an ALT-positive subgroup of TER-
Tp”*-IDH”” GBMs, known as IDH”7-ALT, which is made
up equally of GBMs mutated in ATRX (notably without IDH
or TP53 mutations) or SMARCAL1. Our study reveals a
novel role for somatic recurrent loss-of-function alterations
in SMARCALI in cancers with the ALT telomere mainte-
nance mechanism. Another recent study>° reported a role for
SMARCALL in regulating ALT activity in ATRX-deficient
cell lines by resolving replication stress and telomere sta-
bility®. Here, we show that cancers with somatic mutation
of SMARCALLI are ALT positive, and this represents, to our
knowledge, the only other reported gene mutation associated
with ALT other than ATRX and DAXX mutations'?. Future
studies should investigate if ATRX plays a role in the
absence of SMARCALL1 expression at the telomeres in these
tumors.

[0034] Our results demonstrate the importance of intact
SMARCAL1 helicase domains in suppressing characteris-
tics of ALT in SMARCAL 1 mutant, AL T-positive cancer cell
lines (FIG. 4G). These findings are consistent with a previ-
ous study?’, which used RNA interference-mediated
SMARCAL1 knockdown in Helal.3 and SMARCALI gene
knockout in MEFs (ALT-negative cell lines with native
SMARCALI expression) to investigate the effect of SMAR-
CAL1 depletion on C-circle abundance. The investigators
reported that SMARCAL1-mediated C-circle suppression
requires intact helicase activity, and that deletion of the RPA
binding domain does not affect C-circle suppression in these
cell lines®”.

[0035] SMARCALI is recruited to sites of DNA damage
and stalled replication forks by RPA, where it promotes fork
repair and restart, thereby helping to maintain genome
stability***>2%*°, Previous work has shown that bi-allelic
germline mutations of SMARCALI cause the autosomal-
recessive disease SIOD, a rare developmental disorder char-
acterized by skeletal dysplasia, renal failure, T-cell defi-
ciency, and often microcephaly*'. There is some evidence
that SIOD patients have increased risk for cancer*>*

neurologic abnormalities*, and chromosomal instability®’.
In the context of our findings, linking SMARCAL1 altera-
tions to the pathogenesis of ALT-positive tumors provides
insights that may inform the design of therapeutics to exploit
the altered replication stress response present in ALT-posi-
tive tumors. Additionally, our exome sequencing data show
that SMARCAL1-mutant GBMs often have mutations in
PTEN, NF1, and TP53, which may be necessary co-occur-
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ring alterations necessary for gliomagenesis. Our analysis of
previous sequencing studies reveals that among diffuse
gliomas, SMARCAL1 mutations appear to be absent in
lower-grade gliomas (WHO grade II[JI1I) and only present
in GBMs. Furthermore, SMARCAL1 mutation is not pres-
ent in the other major genetic subtypes of GBM (IDHMY~-
TERTp”” or IDH"’-TERTp™7")'>*%*7. SMARCALI
somatic mutations occur in other cancer types (FIG. 11),
many of which are known to exhibit ALT in a subset of
tumors'”. We found the mutational pattern in a recent study
of sarcoma of particular interest, as this tumor type com-
monly exhibits ALT. We identified a number of likely
pathogenic alterations in SMARCALI in 4% of all cases,
including helicase domain mutations with co-existing shal-
low copy number deletion, as well as tumors with homozy-
gous deletions (FIG. 13)**7°°. Additionally, the SMAR-
CALIl-mutated ALT-positive cell line we identified in our
study, CAL78, is a chondrosarcoma cell line.

[0036] We also identified recurrent TERT rearrangements
in approximately half of TERTp””-IDH”” GBMSs, now
defined as IDH””-TERT®” GBMs. Recent studies have
revealed the presence of similar structural rearrangements
upstream of TERT in kidney cancer’" and neuroblastoma®*
s3. As the exact location of the break point was variable
(similar to patterns seen in other cancers®'=>?), these altera-
tions may translocate TERT to areas of the genome with a
genetic environment more permissive to increased TERT
expression.

[0037] Taken together, we have delineated two new
genetically defined GBM subgroups, IDH?”?-TERT*” and
IDH"?-ALT. Similar to the established IDH*“” and TER-
Tp™Y" genetic subgroups of GBM*=%1° the IDH”Z-ALT
and IDH”?-TERT*" genetic subgroups exhibit recurrent and
distinct genetic alterations leading to either ALT-mediated or
telomerase-mediated mechanisms of telomere maintenance
(FIG. 14).

[0038] We also observed truncating mutations in the puta-
tive oncogene PPM1D, similar to previous observations of
PPM1D mutations in brainstem gliomas'!, suggesting that
PPMID is a candidate driver gene in a subset of TERTp"” -
IDH”? GBMs. In the TCGA LGG and GBM studies,
PPMID truncating mutations were rare (<1% of cases);
however, gain or amplification occurred in 5.7% and 12.5%
of cases, respectively*>***°, PPM1D alterations therefore
appear to be present both in brainstem gliomas and less
frequently in supratentorial gliomas.

[0039] Finally, we identify clinically actionable alterations
through sequencing in this cohort, including BRAF V600OE
mutations. While BRAF is frequently altered in pediatric
gliomas, it is uncommon in adult gliomas (0.7[12%)*%*7~*,
In our study, we identified recurrent BRAF V600E altera-
tions primarily in adult TERTp”?-IDH”” GBM patients 30
years old or younger. These results suggest that BRAF
mutations may be suspected in young adult TERTp””-
IDH”” GBM patients, which provides an opportunity to use
molecular diagnostic markers and targeted BRAF V600E/
MEK blockade, which has shown promise in pre-clinical
models of astrocytoma®>*® and in pediatric and adult
patients with BRAF-mutant tumors>”.

[0040] These studies identify novel biomarkers that can be
used to objectively define TERTp”*-IDH”” GBM tumors
and also identify somatic SMARCALI1 loss-of-function
mutations with the ALT phenotype in human cancers.
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[0041] For the purposes of promoting an understanding of
the principles of the present disclosure, reference will now
be made to preferred embodiments and specific language
will be used to describe the same. It will nevertheless be
understood that no limitation of the scope of the disclosure
is thereby intended, such alteration and further modifications
of the disclosure as illustrated herein, being contemplated as
would normally occur to one skilled in the art to which the
disclosure relates.

[0042] Articles [(Ja[Jand (Jan[Jare used herein to refer to
one or to more than one (i.e. at least one) of the grammatical
object of the article. By way of example, [Can
element[Jmeans at least one element and can include more
than one element.

[0043] [JAbout[Tis used to provide flexibility to a numeri-
cal range endpoint by providing that a given value may be
Oslightly above[] or [slightly below[] the endpoint with-
out affecting the desired result.

[0044] The use herein of the terms [including, [ Jcom-
prising, [ or [having, [] and variations thereof, is meant to
encompass the elements listed thereafter and equivalents
thereof as well as additional elements. Embodiments recited
as [including, [JCJcomprising/* or [Jhaving[] certain ele-
ments are also contemplated as [Jconsisting essentially of
and [consisting of those certain elements.

[0045] Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring indi-
vidually to each separate value falling within the range,
unless otherwise-Indicated herein, and each separate value is
incorporated into the specification as if it were individually
recited herein. For example, if a concentration range is
stated as 1% to 50%, it is intended that values such as 2%
to 40%, 10% to 30%, or 1% to 3%, etc., are expressly
enumerated in this specification. These are only examples of
what is specifically intended, and all possible combinations
of numerical values between and including the lowest value
and the highest value enumerated are to be considered to be
expressly stated in this disclosure.

[0046] As used herein, the term [Ibiomarker[] refers to a
naturally occurring biological molecule present in a subject
at varying concentrations useful in predicting the risk or
incidence of a disease or a condition, such as glioblastoma.
For example, the biomarker can be a protein, amino acid(s),
branched chain Kketo acids, and/or other conventional
metabolites that present in higher or lower amounts in a
subject at risk for, or suffering from, glioblastoma. The
biomarker may also include nucleic acids, ribonucleic acids,
or a polypeptide used as an indicator or marker for glio-
blastoma in the subject. A biomarker may also comprise any
naturally or non-naturally occurring polymorphism (e.g.,
single-nucleotide polymorphism [SNP]) present in a subject
that is useful in predicting the risk or incidence of glioblas-
toma. In some embodiments, the biomarker comprises
SMARCALL.

[0047] The term [disease[] as used herein includes, but is
not limited to, any abnormal condition and/or disorder of a
structure or a function that affects a part of an organism. It
may be caused by an external factor, such as an infectious
disease, or by internal dysfunctions, such as cancer, cancer
metastasis, and the like.

[0048] As is known in the art, a cancer is generally
considered as uncontrolled cell growth. The methods of the
present invention can be used to treat any cancer, and any
metastases thereof, including, but not limited to, carcinoma,
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lymphoma, blastoma, sarcoma, and leukemia. More particu-
lar examples of such cancers include breast cancer, prostate
cancer, colon cancer, squamous cell cancer, small-cell lung
cancer, non-small cell lung cancer, ovarian cancer, cervical
cancer, gastrointestinal cancer, pancreatic cancer, glioblas-
toma, liver cancer, bladder cancer, hepatoma, colorectal
cancer, uterine cervical cancer, endometrial carcinoma, sali-
vary gland carcinoma, mesothelioma, kidney cancer, vulval
cancer, pancreatic cancer, thyroid cancer, hepatic carcinoma,
skin cancer, melanoma, brain cancer, neuroblastoma,
myeloma, various types of head and neck cancer, acute
lymphoblastic leukemia, acute myeloid leukemia, Ewing
sarcoma and peripheral neuroepithelioma. In some embodi-
ments, the cancer comprises glioblastoma. In certain
embodiments, the cancer comprises a glioblastoma having
the TERTp”?-IDH"” phenotype.

[0049] As used herein, the term [treating[TJor [treat-
ment, [Jrefers to the management and care of a subject for
the purpose of combating and reducing cancer, such as
glioblastoma. Treating may reduce, inhibit, ameliorate and/
or improve the onset of the symptoms or complications,
alleviating the symptoms or complications of the tumor, or
eliminating cancer (e.g., glioblastoma). As used herein, the
term [treatment[] is not necessarily meant to imply cure or
complete abolition of the disease. Treatment may refer to the
inhibiting or slowing of the progression of the cancer (e.g.,
glioblastoma), reducing the incidence of cancer (e.g., glio-
blastoma), or preventing additional progression of cancer
(e.g., glioblastoma).

[0050] As used herein, the term [Jameliorate, ([ Jamelio-
ration, [JJimprovement[] or the like refers to a detectable
improvement or a detectable change consistent with
improvement occurs in a subject or in at least a minority of
subjects, e.g., in at least about 2%, 5%, 10%, 15%, 20%,
25%, 30%, 40%, 50%, 60%, 70%, 75%, 80%, 85%, 90%,
95%, 98%, 100% or in a range about between any two of
these values. Such improvement or change may be observed
in treated subjects as compared to subjects not treated.

[0051] The term [Ceffective amount[] or [therapeutically
effective amount[] refers to an amount sufficient to effect
beneficial or desirable biological and/or clinical results.

[0052] As wused herein, the term [Jsubjectl] and
[patient[Jare used interchangeably herein and refer to both
human and nonhuman animals. The term [Jhonhuman
animals[Jof the disclosure includes all vertebrates, e.g.,
mammals and non-mammals, such as nonhuman primates,
sheep, dog, cat, horse, cow, chickens, amphibians, reptiles,
and the like. In some embodiments, the subject comprises a
human. In other embodiments, the subject comprises a
human suffering from, or at risk of developing, cancer. In
certain embodiments, the subject comprises a human suf-
fering from, or at risk of developing, glioblastoma.

[0053] The term [biological sample[Jas used herein
includes, but is not limited to, a sample containing tissues,
cells, and/or biological fluids isolated from a subject.
Examples of biological samples include, but are not limited
to, tissues, cells, biopsies, blood, lymph, serum, plasma,
urine, saliva, mucus and tears. In one embodiment, the
biological sample comprises a serum sample or blood. A
biological sample may be obtained directly from a subject
(e.g., by blood or tissue sampling) or from a third party (e.g.,
received from an intermediary, such as a healthcare provider
or lab technician).
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[0054] Unless otherwise defined, all technical terms used
herein have the same meaning as commonly understood by
one of ordinary skill in the art to which this disclosure
belongs.

[0055] The present disclosure provides, in part, biomark-
ers for glioblastomas, and more particularly, glioblastomas
having the TERTp””-IDH”” phenotype. These biomarkers
permit one to predict, treat, prognose, and/or diagnose
glioblastomas having the TERTp"””-IDH"”” phenotype. Fur-
ther, the biomarkers provided here are useful to aid in
predicting, treating, prognosing and/or diagnosing those
glioblastomas having the alternative lengthening of telom-
eres (ALT) phenotype.

[0056] In one aspect, the disclosure provides a panel of
non-invasive biomarkers for glioblastomas comprising, con-
sisting of, or consisting essentially of SWI/SNF-related,
matrix-associated, actin-dependent regulator of chromatin,
subfamily A-like 1 (SMARCALL1) which are associated with
glioblastomas. In some embodiments, the glioblastoma
comprises the TERTp””-IDH”” phenotype. In other
embodiments, the glioblastoma comprises the ALT pheno-

type.

[0057] In yet another aspect, the disclosure provides a
method of detecting a panel of biomarkers associated with
glioblastomas in a subject. The method comprises obtaining
a sample from a subject; detecting at least 1 biomarker
related to glioblastomas in a sample obtained from the
subject; in which the presence of the biomarker is indicative
of a glioblastoma. In some embodiments, the biomarker
comprises SMARCALL. In other embodiments, the pres-
ence of SMARCALL is indicative of a glioblastoma having
the TERTp”“-IDH”? phenotype. In yet another embodi-
ment, the presence of SMARCAL1 is indicative of a glio-
blastoma having the ALT phenotype.

[0058] In other embodiments, the biological sample is
selected from the group consisting of tissues, cells, biopsies,
blood, lymph, serum, plasma, urine, saliva, mucus, and
tears. In one embodiment, the sample comprises a serum
sample or blood sample. In some further aspects, the method
further comprises diagnosing the patient with glioblastoma.
The method allows for the diagnosis without a biopsy or
other invasive techniques.

[0059] In yet another aspect, a method of diagnosing or
prognosing glioblastoma in a subject, wherein the method
comprises, consists of, or consists essentially of obtaining a
sample from a subject, detecting at least one, biomarker
specific for glioblastomas in a sample obtained from the
subject; in which the presence of the biomarker is indicative
of a glioblastoma. In some embodiments, the biomarker
comprises SMARCALL. In other embodiments, the pres-
ence of SMARCALL is indicative of a glioblastoma having
the TERTp”“-IDH”” phenotype. In yet another embodi-
ment, the presence of SMARCAL1 is indicative of a glio-
blastoma having the ALT phenotype.

[0060] In yet another aspect, the present disclosure pro-
vides a kit for detecting glioblastomas in a subject compris-
ing means for detecting at least 1 biomarker as described
herein in a sample.

[0061] The above disclosure generally describes the pres-
ent invention. All references disclosed herein are expressly
incorporated by reference. A more complete understanding
can be obtained by reference to the following specific
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examples which are provided herein for purposes of illus-
tration only, and are not intended to limit the scope of the
invention.

EXAMPLES
Example 100 Methods

Sample Preparation and Consent

[0062] All patient tissue and associated clinical informa-
tion were obtained with consent and approval from the
Institutional Review Board from The Preston Robert Tisch
Brain Tumor Center BioRepository (accredited by the Col-
lege of American Pathologists). Adult GBM tissues were
defined as WHO grade IV gliomas diagnosed after 18 years
of age. Tissue sections were reviewed by board-certified
neuropathologists to confirm histopathological diagnosis, in
accordance with WHO guidelines, and select samples with
270% tumor cellularity by hematoxylin and eosin (H&E)
staining for subsequent genomic analyses. A total of 25
GBMs were used for WES, and 9 for WGS. Two cases
included in this study have previously been sequenced by
WES'2, and Sanger sequencing for TERT promoter and
IDH1/2 mutational status for 240 GBMs was used to iden-
tify candidate TERT/IDH wildtype tumors®. Patient diffuse
glioma tumor samples from Duke University Hospital used
in this study were diagnosed between 1984 and 2016.

DNA and RNA Extraction

[0063] DNA and RNA were extracted from homogenized
snap-frozen tumor tissue using the QIAamp DNA Mini Kit
(QIAGEN) and RNeasy Plus Universal Mini Kit (QIAGEN)
per manufacturer’s protocols.

Quantitative RT-PCR

[0064] Reverse transcription was performed using 115 png
of total RNA and the RNA to complementary DNA (cDNA)
EcoDry Premix (Clontech). RT-PCR for TERT expression
was performed on generated cDNA in triplicate using the
KAPA SYBR FAST (Kapa Biosystems) reagent and the
CFX96 (Bio-Rad) for thermal cycling and signal acquisi-
tion. The AACt method (CFX Manager) was used to deter-
mine normalized expression relative to GAPDH expression.
Primers and protocols are available on-line at Nature Com-
munications as the supplementary data associated with the
article at volume 9, page 2087.

Whole Exome Sequencing

[0065] Sample library construction, exome capture, next-
generation sequencing, and bioinformatic analyses of
tumors and normal samples were performed at Personal
Genome Diagnostics (PGDX, Baltimore, Md.) as previously
described*®. In brief, genomic DNA from tumor and normal
samples was fragmented, followed by end-repair, A-tailing,
adapter ligation, and polymerase chain reaction (PCR).
Exonic regions were captured in solution using the Agilent
SureSelect approach according to the manufacturer’s
instructions (Agilent, Santa Clara, Calif.). Paired-end
sequencing, resulting in 100 bases from each end of the
fragments, was performed using the HiSeq2500 next-gen-
eration sequencing instrument (Illumina, San Diego, Calif.).
Primary processing of sequence data for both tumor and
normal samples was performed using Illumina CASAVA
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software (v1.8). Candidate somatic mutations, consisting of
point mutations, small insertions, and deletions, were iden-
tified using VariantDx across the regions of interest. Vari-
antDx examined sequence alignments of tumor samples
against a matched normal while applying filters to exclude
alignment and sequencing artifacts. Specifically, an align-
ment filter was applied to exclude quality failed reads,
unpaired reads, and poorly mapped reads in the tumor. A
base quality filter was applied to limit inclusion of bases
with a reported phred quality score of >30 for the tumor and
>20 for the normal samples. A mutation in the tumor was
identified as a candidate somatic mutation only when: (i)
distinct paired reads contained the mutation in the tumor; (ii)
the number of distinct paired reads containing a particular
mutation in the tumor was at least 10% of the total distinct
read pairs; (iii) the mismatched base was not present in >1%
of the reads in the matched normal sample; and (iv) the
position was covered by sequence reads in both the tumor
and normal DNA (if available). Mutations arising from
misplaced genome alignments, including paralogous
sequences, were identified and excluded by searching the
reference genome. Candidate somatic mutations were fur-
ther filtered based on gene annotation to identify those
occurring in protein coding regions. Finally, mutations were
filtered to exclude intronic and silent changes, while muta-
tions resulting in missense mutations, nonsense mutations,
frameshifts, or splice site alterations were retained. Ampli-
fication analyses were performed using a Digital Karyotyp-
ing approach through comparison of the number of reads
mapping to a particular gene compared to the average
number of reads mapping to each gene in the panel. IntOgen
analysis was used to identify candidate driver genes.
DUMC-14 was excluded from this initially as it had high
levels of mutations relative to the rest of the cohort. Can-
didate drivers were included if they were recurrently
mutated (n=2, separate cases) and P<0.05 (by OncodriveFM
or OncodriveCLUST). Alignments were done to hg18.

Whole Genome Sequencing

[0066] The quality of DNA for WGS was assessed using
the Nanophotometer and Qubit 2.0. Per sample, 1 pg of
DNA was used as input for library preparation using the
Truseq Nano DNA HT Sample Prep kit (Illumina) following
the manufacturer’s instructions. Briefly, DNA was frag-
mented by sonication to a size of 350 bp, and then DNA
fragments were endpolished, A-tailed, and ligated with the
full-length adapter for Illumina sequencing with further PCR
amplification. PCR products were purified (AMPure XP)
and libraries were analyzed for size distribution by the 2100
Bioanalyzer (Agilent) and quantified by real-time PCR.
Clustering of the index-coded samples was performed on a
cBot Cluster Generation System using the HiSeq X HD PE
Cluster Kit (Illumina), per manufacturer’s instructions.
Libraries were then sequenced on the HiSeq X Ten and 150
bp paired-end reads were generated. Quality control was
performed on raw sequencing data. Read pairs were dis-
carded if: either read contained adapter contamination, more
than 10% of bases were uncertain in either read, or the
proportion of low-quality bases was over 50% in either read.
Burrows[JWheeler Aligner®® (BWA) was used to map the
paired-end clean reads to the human reference genome
(hg19). After sorting with samtools and marking duplicates
with Picard, the resulting reads were stored as BAM files.
Somatic single-nucleotide variants were detected using
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muTect® and somatic InDels were detected using Strelka®'.
Copy number variations were identified using control-
FREEC®®. Genomic rearrangements were identified using
Delly*°® (v0.7.2). ANNOVAR®® was used to annotate vari-
ants identified.

Break-Apart FISH for TERT Rearrangements

[0067] Matched  formalin-fixed, paraffin-embedded
(FFPE) slides were received with one set H&E stained. The
tumor location was identified and marked on the slide so that
tumor-specific regions could be analyzed. The unstained
slides were then aligned with the H&E-stained slides so that
potential rearrangements in the tumor zone could be ana-
lyzed. Break-apart probes were designed to span TERT, with
BAC clones mapped (hgl9) to chr5: 816,815[11,195,694
(green) and chr5: 1,352,987(11,783,578 (orange) and
directly labeled. The break-apart probe set was manufac-
tured with the above design and was first tested on human
male metaphase spreads. The probe and the sample were
denatured together at 72° C. for 2 min followed by hybrid-
ization at 37° C. for 16 h. Slides were then washed at 73° C.
for 2 min in 0.4xSSC/0.3% IGEPAL followed by a 2-min
wash at 25° C. for 2 min in 2xSSC/0.1% IGEPAL. Slides
were briefly air-dried in dark, applied DAPI-II, and visual-
ized under fluorescence microscope. For FFPE tissue sec-
tions, the following pretreatment procedure was used. The
sections were first aged for 30 min at 95° C., deparaflinized
in Xylene, dehydrated in 100% ethanol, and air-dried. The
slides with the sections were then incubated at 80° C. for 1
h and then treated with 2 mg/ml pepsin in 0.01 N HCl for 45
min. Slides were then briefly rinsed with 2xSSC, passed
through ethanol series for dehydration, dried, and used for
hybridization. The probe and the sample were denatured
together at 83° C. for 5 min followed by hybridization at 37°
C. for 16 h. Slides were then washed at 73° C. for 2 min in
0.4xSSC/0.3% IGEPAL followed by a 2-min wash at 25° C.
in 2xSSC/0.1% IGEPAL. Slides were briefly air-dried in
dark, applied DAPI-II, and visualized under fluorescence
microscope. Note that a 5% break-apart signal pattern was
arbitrarily considered to be the cut-off for a
[ORearrangement[result as the probe is not formally vali-
dated on solid tumor tissue at Empire Genomics.

Cell Culture

[0068] CAL-78 was purchased directly from the Deutsche
Sammlung von Mikroorganismen and Zellkulturen (DSMZ)
and was cultured using RPMI-1640 with 20% fetal bovine
serum (FBS). U87, U2-OS and Hel.a were purchased from
the Duke Cell Culture Facility (CCF), and were cultured
with Dulbeccols] modified Eaglels] medium (DMEM)/F12,
McCoy’s 5A, and DMEM-HG, respectively, all with 10%
FBS. U251MG was a generous gift from the laboratory of
A K.M and was cultured with RPMI-1640 with 10% FBS.
DO6MG is a primary GBM cell line from resected tumor
tissue and was cultured with Improved MEM, Zinc option
media, and 10% FBS. All cell lines were cultured with 1%
penicillin [streptomycin. Cell lines were authenticated
(Duke DNA Analysis facility) using the GenePrint 10 kit
(Promega) and fragment analysis on an ABI 3130x! auto-
mated capillary DNA sequencer.

CRISPR/Cas9-Mediated SMARCAL1 Genetic Targeting

[0069] CRISPR guides were designed for minimal off-
targets and maximum on-target efficiency for the coding
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region of SMARCALI using the CRISPR MIT®* (http://
crispr.mit.edu) and the Broad Institute sgRNA Design
Tools®  (http://portals.broadinstitute.org/gpp/public/analy-
sis-tools/sgrna-design). Complementary oligonucleotides
encoding the guides were annealed and cloned into pSpCas9
(BB)-2A-GFP (PX458), which was a gift from Feng Zhang
(Addgene plasmid #48138)*7. PX458 contains the cDNA
encoding Streptococcus pyogenes Cas9 with 2A-EGFP.
Negative controls included the parental lines, transfection
with empty vector PX458 (no guide cloned), and with
PX458-sgNTC®®. Candidate guides were first tested in
HEK293FT by transfecting cloned PX458-sgRNA con-
structs with lipofectamine 2000 (Life Technologies) accord-
ing to the manufacturer’s guidelines and harvesting DNA
from cells 48 h later. These constructs were assessed (i)
individually for indel percentage in HEK293FT the Sur-
veyor Mutation Detection Kit (IDT) and (ii) in various
combinations for inducing deletions to facilitate gene inac-
tivation and qPCR-based screening for knockout clones
(primers and program listed in Supplementary Data avail-
able on-line at Nature Communications as the supplemen-
tary data associated with the article at volume 9, page 2087).
Two guides were used to facilitate knockout of SMAR-
CALI, named sgSMARCALI1 A, which targeted exons 3
and 9 (3_2, 7_1) and B, which targeted exons 3 and 7 (3_1,
7_1). The cell lines U251 and U87 were transfected with
Lipofectamine 3000 (Life Technologies) and Viafect (Pro-
mega), respectively, and GFP-positive cells were FACS-
sorted (Astrios, Beckman Coulter, Duke Flow Cytometry
Shared Resource) and diluted to single clones in 96-well
plates. Negative control transfected lines (PX458 empty
vector and PX458-sgNTC) were not single cell cloned after
sorting. Clones were expanded over 2 to 3 weeks and DNA
was isolated by the addition of DirectPCR lysis Reagent
(Viagen) with proteinase K (Sigma-Aldrich) and incubation
of plates at 55° C. for 30 min, followed by 95° C. for 45 min.
Then, 1 pl of crude lysate was used as a template for
junction-spanning qPCR (to detect dual-sgRNA induced
deletion products) with KAPA SYBR FAST (KAPA Biosys-
tems). The junction-spanning amplicon was detected by
qPCR signal, using the parental (not transfected) line as a
negative control. The targeted exons and junction products
were sequenced to validate the presence of indels. Clones
were then expanded further and screened by western blot to
ensure the absence of SMARCAL1 protein expression (FIG.
12). All relevant programs and primers are listed in Supple-
mentary Data 140115 available on-line at Nature Commu-
nications as the supplementary data associated with the
article at volume 9, page 2087.

Lentiviral Expression of SMARCAL1

[0070] Lentiviral expression of SMARCAL1 c¢DNA was
done using a constitutive (pLX304) expression vector.
pLX304-SMARCAL1 was provided by DNASU
(HsCD00445611) and the control pL.X304-GFP was a gen-
erous gift from Dr. So Young Kim (Duke Functional
Genomics Core). Mutagenesis constructs of pLX304-
SMARCALI (R23C, R645C, R645S, del793, £s945, and
R764Q) were generated per the manufacturer’s directions
using the QuikChange II Site-Directed Mutagenesis Kit
(Agilent). Endotoxin-free plasmids were purified using the
ZymoPURE plasmid midiprep kit (Zymo Research) and
validated by sequencing and analytical digest. Lentivirus
was generated using standard techniques, with the SMAR-



US 2021/0363588 Al

CAL1 cDNA vector, psPAX2 packaging and pMD2.G enve-
lope plasmids in HEK293 and the virus titers were deter-
mined using the Resazurin Cell Viability Assay (Duke
Functional Genomics Core Facility). Prior to transduction,
cell media were replaced with fresh media containing 8
ng/ml polybrene and cells were then spin-infected with
lentivirus at a multiplicity of infection of 1 (2250 rpm, 30
min at 37° C.). After 48 h, selection was initiated with
blasticidin (p.X304). Transgene expression was confirmed
by western blot (FIG. 11).

Immunoblotting

[0071] Cells were lysed in protein-denaturing lysis buffer
and protein was quantified using the BCA Protein Assay Kit
(Pierce). Equal amounts of protein were loaded on SDS-
polyacrylamide gels (3(08% Tris-Acetate for blots probing
for ATRX, 4[112% bis-tris for all others), transferred to
membranes, blocked, and blotted with antibodies. Antibod-
ies used included anti-SMARCALI1 (Cell Signaling Tech-
nologies), anti-ATRX (Cell Signaling Technologies), anti-
B-Actin (Cell Signaling Technologies), and anti-GAPDH
(Santa Cruz Biotechnology) for equal loading control. Origi-
nal blots are provided in FIGS. 15-16.

Immunohistochemistry

[0072] Immunolabeling for the ATRX protein was per-
formed on FFPE sections as previously described®”. Briefly,
heat-induced antigen retrieval was performed using citrate
buffer (pH 6.0, Vector Laboratories). Endogenous peroxi-
dase was blocked with a dual endogenous enzyme-blocking
reagent (Dako). Slides were incubated with the primary
antibody rabbit anti-human ATRX (Sigma HPA001906,
1:400 dilution) for 1 h at room temperature and with
horseradish peroxidase-labeled secondary antibody (Leica
Microsystems), followed by detection with 3,3'-Diamino-
benzidine (Sigma-Aldrich) and counterstaining with hema-
toxylin, rehydration, and mounting. IHC for several cases in
the validation cohort was also immunolabeled by HistoWiz
Inc. (histowiz.com) using a Bond Rx autostainer (Leica
Biosystems) with heat-mediated antigen retrieval using stan-
dard protocols. Slides were incubated with the aforemen-
tioned ATRX antibody (1:500), and Bond Polymer Refine
Detection (Leica Biosystems) was used according to the
manufacturer’s protocol. Sections were counterstained with
hematoxylin, dehydrated, and film coverslipped using a
TissueTek-Prisma and Coverslipper (Sakura). Nuclear stain-
ing of ATRX was evaluated by a neuropathologist.

C-Circle Assay

[0073] C-circle assay was performed as previously
described by dot blot>*>*®®. Then, C-circles were amplified
from 50 ng of DNA by rolling circle amplification for 8 h at
30° C. with @29 polymerase (NEB), 4 mM dithiothreitol,
1x¢@29 buffer, 0.2 mg/ml bovine serum albumin (BSA),
0.1% Tween, and 25 mM of dATP, dGTP, dCTP, and dTTP.
C-circles were then blotted onto Hybond-N+ (GE Amer-
sham) nylon membranes with the BioDot (Bio-Rad) and
ultraviolet light crosslinked twice at 1200J (Stratagene).
Prehybridization and hybridization were done using the
TeloTAGGG telomere length assay (Sigma-Aldrich/Roche)
and detected using a DIG-labeled telomere probe. DNA
from ALT-positive (U2-OS) and -negative (HeLa) cell lines
were used as controls.
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Combined Immunofluorescence FISH

[0074] Cells were grown on coverslips or p-slides (Ibidi)
to subconfluence and immunofluorescence FISH (IF-FISH)
was performed as previously described®®, using the primary
antibodies against SMARCAL1 (mouse monoclonal,
sc-376377, Santa Cruz Biotechnology, 1:100) and PML
(rabbit polyclonal, ab53773, Abcam, 1:200) in blocking
solution (1 mg/ml. BSA, 3% goat serum, 0.1% Triton
X-100, 1 mM EDTA) overnight at 4° C. Briefly, cells were
fixed with 2% formaldehyde. After washing with phosphate-
buffered saline (PBS), slides were incubated with goat
secondary antibodies against rabbit or mouse IgG, then
conjugated with Alexa Fluor 488 or 594 (ThermoFisher,
1:100) in blocking solution. After washing with PBS, cells
were fixed again with 2% formaldehyde for 10 min, and
washed once again with PBS. Cells underwent a dehydration
series (70%, 95%, 100% ethanol), and then incubated with
PNA probes (each 1:1000) TelC-Cy3 and Cent-FAM (PNA
Bio) in hybridizing solution, denatured at 70° C. for 5 min
on a ThermoBrite system, then incubated in the dark for 2 h
at room temperature. Slides were then washed with 70%
formamide 10 mM Tris-HCI, PBS, and then stained with
4[1,6-diamidino-2-phenylindole (DAPI) and sealed.

Telomere FISH

[0075] Deparaffinized slides were hydrated and steamed
for 25 min in citrate buffer (Vector Labs), dehydrated, and
hybridized with TelC-Cy3 and Cent-FAM (PNA Bio) or
CENP-B-AlexaFluor488 in hybridization solution. The
remaining steps were done as in combined IF-FISH (above).
ALT-positive tumors in FFPE tissue displayed dramatic
cell-to-cell telomere length heterogeneity as well as the
presence of ultrabright nuclear foci of telomere FISH sig-
nals. Cases were visually assessed and classified as ALT
positive if: (i) they displayed ultrabright nuclear foci (telo-
mere FISH signal, 10-fold greater than the signal for indi-
vidual non-neoplastic cells); and (i) =1% of tumor cells
displayed ALT-associated telomeric foci. Areas of necrosis
were excluded from analysis. For analysis of ALT status in
mutagenesis SMARCALI rescue experiments and assess-
ment of ALT status in CRISPR/Cas9 SMARCAL1 knockout
experiments, cells were made into formalin-fixed paraffin
blocks for easier telomere FISH assessment and quantitative
measurement of differences. Briefly, cells were trypsinized,
centrifuged onto 2% agarose, fixed in 10% formalin several
times to form a fixed cell line plug, then processed, paraffin
embedded, and sectioned. For quantitative measurements of
differences in ultrabright telomeric foci, telomere FISH-
stained slides were scanned at 10x and 20 random fields
were selected for assessing the percentage of cells showing
ultrabright telomeric foci (~200 cells counted per field).
1p/19q Co-Deletion Testing

[0076] 1p/19q co-deletion was assessed by either micro-
satellite-based loss of heterozygosity (LOH) analysis’® (on
DNA extracted from tumor samples and matched germline
blood DNA) or by FISH (ARUP labs) on FFPE slides.

Sanger Sequencing

[0077] PCR purification and sequencing reactions were
performed by Eton Biosciences or Genewiz using an ABI
3730x1 DNA sequencer. PCR reaction conditions and prim-
ers are listed in Supplementary Data 14[]15 available on-
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line at Nature Communications as the supplementary data
associated with the article at volume 9, page 2087.

Colony-Forming Assay

[0078] The CAL78-GFP and CAL78-SMARCALI1 cell
lines were seeded in ftriplicate at 2000 cells per well.
DO6MG-GFP and DO6MG-SMARCALL cell lines were
seeded in triplicate at 1000 cells per well. Cells were fixed
with ice-cold methanol and stained with 0.05% crystal violet
solution after 15130 days of incubation. Colony area was
quantified using ImageJ and the ColonyArea plugin’.

Statistical Analysis

[0079] GraphPad Prism 7 and R were used for all statis-
tical analyses (t-test, Kruskal[JWallis test, Fisher’s exact
test, and Kaplan[JMeier curves). Kaplan-Meier analysis was
performed for patients with available survival data diag-
nosed after the year 2000.

Data Availability

[0080] Whole exome sequencing and whole genome
sequencing data have been deposited on the Sequencing
Read Archive (SRA), accession code: SRP136708.

Example 2
[0081] The Genetic Landscape of TERTp”?-IDH”? GBM
[0082] We identified a cohort of patients with tumors that

were TERTp””-IDH”” by screening 260 GBMs for muta-
tions in the TERT promoter and IDH1/2. Forty-four TER-
Tp””-IDH”7 cases were identified, which comprised 16.9%
of the total GBM cohort*. The TERTp”*-IDH** GBMs
with available 1p/19q status available did not display 1p/19q
co-deletion, consistent with previous reports that have
labeled these tumors [triple-negative[] due to the observa-
tion that they lack all three common diffuse glioma bio-
markers (TERTp”Z-IDH”7_1p/199”7)®. The age distribu-
tion of the TERTp”“-IDH”? GBM cohort was bimodal,
with one mode at 28 years and the other at 56 years (range:
18 to 82 years). Approximately 30% (13/44) of TERTp"”*-
IDH”7 GBMs were younger than 40 years old (FIG. 1, FIG.
6, Supplementary Data 1-2 available on-line at Nature
Communications as the supplementary data associated with
the article at volume 9, page 2087). We performed WES on
cases for which DNA from untreated tumor tissue and
matched peripheral blood were available (Discovery cohort,
N=25). The average sequencing coverage was 140-fold
(range: 70 to 265) and 92% of bases had at least 10
high-quality reads (range: 87 to 94%). We identified 1449
total somatic, non-synonymous mutations in the exomes of
the TERTp”*-IDH** GBMs, with each having an average
of 58 mutations per tumor (range: 6 to 431, FIG. 1), resulting
in an average mutation rate of approximately 1.74 coding
mutations per Mb, similar to rates observed in GBMs from
previous studies (1.5 mutations/Mb)”.

[0083] The mutational landscape of TERTp”?-IDH"””
GBM is shown in FIG. 1. Recurrently mutated genes in
TERTp”*-IDH** GBM occurred in pathways including the
RTK/RAS/PI3K (880%), P53 (400%), and RB (24%) path-
ways (FIG. 1, Supplementary Data 3-5 available on-line at
Nature Communications as the supplementary data associ-
ated with the article at volume 9, page 2087). Additional
genes harboring copy number variations included PDGFRA
(8%), MDM2 and MDM4 (12%), CDKN2B (12%), and
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CDK4 (FIG. 1, Supplementary Data 5 available on-line at
Nature Communications as the supplementary data associ-
ated with the article at volume 9, page 2087). At least one
recurrently mutated gene (n=2) was identifiable in 92% of
the TERTp”7-IDH”” GBMs.

[0084] IntOGen analysis>'** identified several known
glioma-associated driver alterations (P<0.05, n=2), includ-
ing PTEN (32%), NF1 (24%), EGFR (28%), TP53 (24%),
ATRX (20%), and BRAF (20%), as well as two novel
candidate drivers, SMARCAL1 (16%) and PPM1D (8%)
(Supplementary Data 6 available on-line at Nature Commu-
nications as the supplementary data associated with the
article at volume 9, page 2087), both of which have not
previously been implicated as drivers in adult supratentorial
GBM. All mutations identified in the serine/threonine pro-
tein kinase BRAF were V600E, the clinically actionable
hotspot mutation that causes increased kinase activity and
RAS pathway activation. BRAF mutations occurred signifi-
cantly more often than previous studies (20% vs. 1.7% of
GBM?3, P=0.0007, two-sided Fisher’s exact test). Most of
these alterations (4/5, 80%) were present in adult patients
<30 years old (P=0.0019, two-sided Fisher’s exact test). The
PPM1D mutations identified were located in the C-terminal
regulatory domain (exon 6), leading to a truncated protein
with an intact phosphatase domain, similar to PPM1D
mutations described in gliomas of the brainstem''.

Example 3

SMARCALI1-Mutant GBMs Exhibit Hallmarks of ALT

[0085] The mutations identified in the novel candidate
driver SMARCAL1 were primarily nonsense or frameshift
with mutant allele fractions greater than 50% (average: 69%;
range: 59[183%), indicating likely loss of heterozygosity
and a loss-of-function mutational pattern. SMARCALIL
encodes an adenosine triphosphate (ATP)-dependent anneal-
ing helicase that has roles in catalyzing the rewinding of
RPA-bound DNA at stalled replication forks****, and was
recently shown to be involved in resolving telomere-asso-
ciated replication stress*®?’. SMARCALI has similarities
with ATRX, which is also a member of the SWI/SNF family
of chromatin remodelers and has both ATP-binding and
C-terminal helicase domains®®. Additionally, ATRX harbors
recurrent loss-of-function mutations that result in loss of
nuclear expression in AL T-positive gliomas, %37,

[0086] Given these similarities to ATRX, we sought to
determine if SMARCAL1-mutant tumors exhibit markers of
ALT, including C-circles and ultrabright telomeric foci (telo-
mere fluorescent in situ hybridization (FISH))?°*°. We
expanded the cohort of TERTp””“-IDH”” GBMs (N=39)
and sequenced SMARCAL1, identifying mutations in 21%
(8/39) of tumors, with the majority (75%, 6/8) of these
alterations being frameshift, nonsense, or splice site muta-
tions (FIG. 2a). All SMARCALI1-mutant GBMs exhibited
both ultrabright telomeric foci and C-circles, suggesting a
novel link between somatic SMARCALI1 loss-of-function
mutations in cancer and the ALT mechanism of telomere
maintenance. Additionally, by assaying ATRX expression by
immunohistochemistry (IHC), we found that loss of nuclear
ATRX was observed in 22% (8/37) of TERTp”?-IDH"*
GBMs. Overall, 36% (14/39) of TERTp””-IDH”” GBMs
exhibited both ultrabright telomeric foci and C-circles,
which are hallmarks consistent with the ALT phenotype. Of
these ALT-positive tumors, 46.7% (7/15) showed loss of
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nuclear ATRX expression, while the other 53.3% (8/15)
harbored SMARCAL1 mutations, exhibiting a mutually
exclusive pattern (P=0.01, Fisher’s exact test, two-tailed,
odds ratio=0.024, FIG. 2a). Finally, based on exome
sequencing results, 80% (8/10) of the ALT-positive TER-
Tp”*-IDH”* GBMs also harbored alterations in NF1 or
BRAF, indicating a potential

Example 4
[0087] Identification of TERT Rearrangements in TER-
Tp”"-IDH”” GBM
[0088] Based on the measurement of markers of ALT,

61.5% (24/39) of TERTp””-IDH”” GBMs did not exhibit
ultrabright foci or C-circle accumulation (ALT negative),
suggesting that these cases may utilize a telomerase-depen-
dent mechanism of telomere maintenance, independent of
TERTp mutation (FIG. 2a). We sought to identify genetic
alterations impacting telomerase activity that would not be
detectable by exome sequencing.

[0089] We performed WGS on ALT-negative TERTp”?-
IDH”? GBMs (N=8) and their paired matched normal
genomic DNA (Supplementary Data 7010 available on-line
at Nature Communications as the supplementary data asso-
ciated with the article at volume 9, page 2087). Structural
variant analysis®® identified recurrent rearrangements
upstream of TERT in 75% (6/8) of the AL'T-negative TER-
Tp” -IDH”* GBMs sequenced (FIG. 25, ¢). Half of these
rearrangements were translocations to other chromosomes,
while the remaining were intrachromosomal inversions.
Breakpoints were validated as tumor specific by junction-
spanning PCR in five of six cases (FIG. 7). To detect TERT
structural variants in the entire TERTp””-IDH”” GBM
cohort, we used break-apart FISH with probes spanning
TERT (FIG. 2D, FIG. 8A-8B). In total, we found 50%
(19/38) of the TERTpWT-IDH”? GBMs harbored TERT
structural rearrangements. TERT-rearranged GBMs exhib-
ited mutual exclusivity with the ALT-positive TERTp"”*-
IDH** GBMs (P=0.0019, Fisher’s exact test, two-tailed,
odds ratio=0.069). Analysis of TERT messenger RNA
(mRNA) expression revealed that TERT-rearranged GBMs
express significantly higher levels of TERT compared to the
ALT-positive (ATRX and SMARCAL 1-mutant) TERTp"”*-
IDH** GBMs (P=0.016, KruskalFiWallis test using Dunn’s
test post hoc, FIG. 2¢). This is a similar pattern to that
observed between the other two major GBM subtypes,
where telomerase-positive, IDH”“-TERTp™“” GBMs
exhibit significantly higher TERT mRNA expression (P=0.
0036, Kruskal [OWallis test using Dunn’s test post hoc)
relative to the IDH™Y"-TERTp”” GBMs, which are ATRX
mutated and exhibit ALT'®. There were no significant dif-
ferences in TERT expression between the TERT®” and
TERTp mutant subgroups (or between the IDH-mutant and
IDH* -ALT subgroups). Of the seven remaining AL.T-nega-
tive tumors that lacked TERT rearrangement, one tumor
harbored amplification of MYC, a known transcriptional
activator of TERT?!, and this tumor displayed elevated
TERT expression (FIG. 2e, arrow).

Example 5

Telomere-Related Alterations Define New Subgroups of
GBM

[0090] Using whole exome and genome sequencing, we
identified frequent telomere maintenance-related alterations

Nov. 25, 2021

that define new genetic subgroups of GBM. The IDH””-
ALT GBM subgroup, which harbors ATRX and SMAR-
CALI1 mutations, accounts for 38.5% of TERTp”?-IDH"*
GBMs and exhibits characteristics consistent with ALT. The
IDH”Z-TERT®” GBM subgroup harbors TERT structural
variants and exhibits increased TERT expression. Together,
these two subgroups accounted for 82% (32/39) of the
TERTp”“-IDH”” GBMs, and exhibited mutual exclusivity
(P=0.0019, Fisher’s exact test, two-tailed, odds ratio=0.
069). Kaplan[Meier survival analyses revealed that the
IDH” -ALT (OS: 14.9 months), and IDH*?-TERT*" (OS:
19.7 months) subgroups exhibit poor survival, similar to the
IDH”Z-TERTp™"* subgroup (OS: 14.74 months). All of
these IDH” subgroups displayed shorter OS relative to the
IDHMYT_-TERTp"” subgroup (OS: 37.08 months, FIG. 3).

Example 6

SMARCAL1 Mutations Contribute to ALT Telomere
Maintenance

[0091] The exome sequencing and ALT results indicate
that there is a strong correlation between recurrent somatic
inactivating mutation of SMARCALI1 and ALT telomere
maintenance in a subset of GBMs, similar to the previously
established roles of ATRX and DAXX mutations"® (FIG.
4a). To further explore the functional connection between
somatic SMARCAL1 mutations and ALT, we identified two
cancer cell lines harboring mutations in SMARCALI,
DO6MG, and CAL-78. DO6MG is a primary GBM cell line
harboring a nonsense, homozygous SMARCAL1 mutation
(W479X, FIG. 9D), derived from the tumor of patient
DUMC-06. CAL-78 is a chondrosarcoma cell line with
homozygous deletion of the first four exons of SMARCALI,
resulting in loss of expression (FIGS. 9A-9C)*2. Both
SMARCALI-mutant cell lines exhibited total loss of
SMARCAL 1 protein expression by western blot, with intact
expression of ATRX and DAXX (FIG. 4¢) and hallmarks
consistent with ALT, including Al'T-associated promyelo-
cytic leukemia (PML) bodies (APBs), DNA C-circles, and
ultrabright telomere DNA foci'®'7-3 (FIG. 4b). Restoration
of SMARCALI expression in these cell lines significantly
reduced colony forming ability, supporting the role of
SMARCALLI as a tumor suppressor (FIG. 4D, FIGS. 10A-
100).

[0092] We then investigated the extent to which expres-
sion of wildtype (WT) SMARCALLI or cancer-associated
SMARCAL1 variants modulate ALT hallmarks in cell lines
with native SMARCAL 1 mutations. We found that SMAR-
CAL1 WT expression markedly suppressed ultrabright telo-
meric foci in both CAL-78 and DO6MG. (FIG. 4e). Next, we
sought to investigate the effects of somatic SMARCALL
variants on C-circle abundance. Cancer-associated muta-
tions tested from our GBM cohort included SMARCALI1
Arg645Ser (R6458S), Phe793del (del793), and Gly945fs*1
(945 fs). In addition, we examined mutation patterns in
pan-cancer TCGA (The Cancer Genome Atlas) data on
cBioportal®* and found that SMARCAL1 mutations and
homozygous deletions are present at low frequency in
several other cancer types (FIG. 11A). We tested two
SMARCALI recurrent variants, R23C and R645C, that
were identified from these sequencing studies. R23 (n=5
mutations) is located in the RPA-binding domain, while
R645 (n=3 mutations) is located in the SNF2 helicase
domain, similar to the R645S variant identified in our cohort
(FIG. 11B).
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[0093] SMARCAL1 WT expression in both CAL-78 and
DO6MG significantly suppressed C-circle abundance rela-
tive to the control condition. In contrast, expression of
SMARCALI1 R764Q, a well-studied helicase loss-of-func-
tion mutation found in a patient with Schimke immune-
osseous dysplasia (SIOD)**, failed to fully suppress
C-circles in CAL-78 and DO6MG, demonstrating that
SMARCALLI helicase activity is critical for suppression of
these ALT features. Rescue with SMARCAL1 R645S,
R645C, and del793 failed to fully suppress C-circles in both
cell lines, similar to R764Q. However, overexpression of the
SMARCALI1 R23C and 5945 constructs resulted in a simi-
lar suppression of C-circle levels to that of the wildtype
rescue (FIG. 4g). Notably, the GBM case with SMARCALL1
15945 mutation from our study exhibited concurrent loss of
ATRX expression by IHC, indicating that perhaps ATRX
loss was the primary genetic lesion associated with ALT in
this case.

[0094] Finally, we investigated if knockout of SMAR-
CALL is sufficient to induce hallmarks of ALT in GBM cell
lines. We used CRISPR/Cas9 gene editing to generate
SMARCALI1 knockout clones in the Al'T-negative GBM
cell lines US7MG and U251MG3%*7. In total, 12 U251MG
(A: 5 clones, B: 7 clones) and 10 US7MG (A: 2 clones, B:
9 clones) lines were validated as SMARCAL1 knockout
clones using this approach (FIG. 5a, FIG. 12A-12B, Supple-
mentary Data 11 [J12 available on-line at Nature Commu-
nications as the supplementary data associated with the
article at volume 9, page 2087). Isogenic SMARCAL1~"~
GBM cell lines were assessed for accumulation of C-circles
by dot blot. In both cell lines, 30% of isogenic SMAR-
CAL17~ clones isolated exhibited significantly increased
levels of C-circles (FIG. 5B), as well as rare ultrabright
telomere foci and APBs (FIG. 5C), indicating that loss of
SMARCALI1 in GBM cells can induce signs of ALT.
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CLAUSES

[0167] 1.A panel of non-invasive biomarkers for glioblas-
tomas comprising SWI/SNF-related, matrix-associated,
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actin-dependent regulator of chromatin, subfamily A-like 1
(SMARCAL1) which are associated with glioblastomas.
[0168] 2. The panel according to clause 1 in which the
glioblastoma comprises the TERTp”“-IDH"” phenotype.
[0169] 3. The panel as in any of the preceding clauses in
which the glioblastoma comprises the ALT phenotype.
[0170] 4. A method of detecting a panel of biomarkers
associated with glioblastomas in a subject comprising
obtaining a sample from a subject; detecting at least 1
biomarker related to glioblastomas in the sample obtained
from the subject; in which the presence of the biomarker is
indicative of a glioblastoma.

[0171] 5. The method according to clause 4 in which the
biomarker comprises SMARCALL.

[0172] 6. The method as in clauses 4 or 5 in which the
presence of SMARCALLI is indicative of a glioblastoma
having the TERTp”*-IDH"”” phenotype.

[0173] 7. The method as in clauses 4-5 or 6 in which the
presence of SMARCALLI is indicative of a glioblastoma
having the ALT phenotype.

[0174] 8. The method as in clauses 4-6 or 7 in which the
biological sample is selected from the group consisting of
tissues, cells, biopsies, blood, lymph, serum, plasma, urine,
saliva, mucus, and tears.

[0175] 9. The method according to clause 8 in which the
sample comprises a serum sample or blood sample.

[0176] 10. A method of diagnosing or prognosing glio-
blastoma in a subject, wherein the method comprises obtain-
ing a sample from a subject, detecting at least 1, biomarker
specific for glioblastomas in a sample obtained from the
subject; in which the presence of the biomarker is indicative
of a glioblastoma.

[0177] 11. The method according to clause 10 in which the
biomarker comprises SMARCALI1.

[0178] 12. The method as in clauses 10 or 11 in which the
presence of SMARCALLI is indicative of a glioblastoma
having the TERTp”“-IDH”” phenotype.

[0179] 13. The method as in clauses 10-11 or 12 in the
presence of SMARCALL is indicative of a glioblastoma
having the ALT phenotype.

[0180] 14. The method as in clauses 10-12 or 13 in which
the biological sample is selected from the group consisting
of tissues, cells, biopsies, blood, lymph, serum, plasma,
urine, saliva, mucus, and tears.

[0181] 15.The method according to clause 14 in which the
sample comprises a serum sample or blood sample.

[0182] 16. A kit for detecting glioblastomas in a subject
comprising means for detecting at least 1 biomarker accord-
ing to clause 1 in a sample.

We claim:

1. A method of characterizing a glioma tumor of a human,

comprising:

a. selecting a glioma tumor of a human, wherein said
glioma tumor comprises wild-type isocitrate dehydro-
genase 1 (IDH1) gene, wild-type isocitrate dehydroge-
nase 2 (IDH2) gene, and wild-type promoter of telo-
merase reverse transcriptase gene (TERT), wherein
said glioma tumor comprises no mutant IDH1 gene, no
mutant IDH2 gene, and no mutant promoter of TERT;

b. nucleotide sequencing SWI/SNF-related matrix-asso-
ciated actin-dependent regulator of chromatin subfam-
ily A-like protein 1 (SMARCAL1) DNA of the glioma
tumor of the human, and comparing SMARCALI1
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nucleotide sequence of the glioma tumor of the human
to SMARCALI1 nucleotide sequence of non-tumor tis-
sue of the human;

c. identifying an inactivating mutation in SMARCAL1 of

the glioma tumor of the human; and

d. assigning the glioma tumor to a group of glioma tumors

that are Alternative lengthening of telomeres (ALT)
phenotype.

2. The method of claim 1 further comprising treating one
or more members of the group of glioma tumors with a
therapeutic agent that targets BRAF V600E.

3. The method of claim 1 further comprising predicting an
overall survival for one or more members of the group of
glioma tumors similar to that of glioma tumors that are
IDH”-TERTp™"".

4. The method of claim 1 further comprising identifying
one or more tumors of the group of glioma tumors as World
Health Organization grade IV glioma.

5. The method of claim 1 further comprising predicting an
overall survival for one or more members of the group of
glioma tumors as 14.9 months.

6. The method of claim 2 wherein the therapeutic agent is
selected from the group consisting of vemurafenib, dab-
rafenib, and encorafenib.

7. The method of claim 2 wherein the therapeutic agent is
a combination of inhibitors of two or more of B-raf (BRAF),
mitogen-activated protein kinase kinase (MEK), and epider-
mal grown factor receptor (EGFR).

8. The method of claim 7 wherein a MEK inhibitor is used
in treating and the MEK inhibitor is selected from the group
consisting of trametinib, cobimetnib, and binimetnib.

9. The method of claim 7 wherein an EGFR inhibitor is
used in treating and the EGFR inhibitor is selected from the
group consisting of cetuximab and panitumumab.

10. The method of claim 7 wherein a BRAF inhibitor is
used in treating and the BRAF inhibitor is selected from the
group consisting of vemurafenib, dabrafenib, and
encorafenib.

11. The method of claim 1 further comprising treating one
or members of the group of glioma tumors with an inhibitor
of ataxia telangiectasia mutated and Rad3 related (ATR).

12. The method of claim 11 wherein the inhibitor of ATR
is selected from the group consisting of aminopyrazines,
sulfonylmorpholinopyramidines, VX-970, M4344,
AZD6738, and BAY 1895344.

13. The method of claim 11 further comprising treating
the one or more members of the group of glioma tumors with
a DNA damaging agent selected from the group consisting
of ionizing radiation and genotoxic drugs.

14. The method of claim 1 wherein the nucleotide
sequencing comprises nucleotide sequencing of a helicase
domain and the mutation is identified in the helicase domain.

15. The method of claim 1 wherein the nucleotide
sequencing comprises nucleotide sequencing of the har-
monin-interacting, ankyrin repeat-containing protein
(HARP) domain and the mutation is identified in the HARP
domain.

16. The method of claim 1 wherein prior to step (a), an
assay is conducted to detect nucleotides at TERTp -124,
TERTp -146, IDH1 codon 132, and IDH2 codon 172.

17. The method of claim 1 wherein the inactivating
mutation is selected from the group consisting of: nonsense,
frameshift, deletion, splice site, hemizygous missense, and
homozygous missense mutations.
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18. A method of characterizing a glioma tumor of a
human, comprising:

a. testing a glioma tumor of a human, to determine its
genotype at codon 132 of isocitrate dehydrogenase 1
(IDH1) gene, at codon 172 of isocitrate dehydrogenase
2 (IDH2) gene, at nucleotides -124 and -146 of
promoter of telomerase reverse transcriptase gene
(TERT), and of SWI/SNF-related matrix-associated
actin-dependent regulator of chromatin subfamily
A-like protein 1 (SMARCAL);

b. identifying wild-type codons 132 of IDHI, wild-type
codons 172 of IDH2, wild-type nucleotides at =124 and
-146 of promoter of TERT, and an inactivating muta-
tion in SMARCAL1 of the glioma tumor of the human;
and

c. assigning the glioma tumor to a group of glioma tumors
that are Alternative lengthening of telomeres (ALT)
phenotype based on its identified genotype of wild-type
codons 132 of IDHI, wild-type codons 172 of IDH2,
wild-type nucleotides at —124 and —-146 of promoter of
TERT, and an inactivating mutation in SMARCALL.

19. The method of claim 18 further comprising treating
one or more members of the group of glioma tumors with a
therapeutic agent that targets BRAF V600E.

20. The method of claim 18 further comprising predicting
an overall survival for one or more members of the group of
glioma tumors similar to that of glioma tumors that are
IDH”7-TERTp""".

21. The method of claim 18 further comprising identify-
ing one or more tumors of the group of glioma tumors as
World Health Organization grade IV glioma.

22. The method of claim 18 further comprising predicting
an overall survival for one or more members of the group of
glioma tumors as 14.9 months.

23. The method of claim 19 wherein the therapeutic agent
is selected from the group consisting of vemurafenib, dab-
rafenib, and encorafenib.

24. The method of claim 19 wherein the therapeutic agent
is a combination of inhibitors of two or more of B-raf
(BRAF), mitogen-activated protein kinase kinase (MEK),
and epidermal grown factor receptor (EGFR).

25. The method of claim 24 wherein a MEK inhibitor is
used in treating and the MEK inhibitor is selected from the
group consisting of trametinib, cobimetnib, and binimetnib.

26. The method of claim 24 wherein an EGFR inhibitor is
used in treating and the EGFR inhibitor is selected from the
group consisting of cetuximab and panitumumab.

27. The method of claim 24 wherein a BRAF inhibitor is
used in treating and the BRAF inhibitor is selected from the
group consisting of vemurafenib, dabrafenib, and
encorafenib.

28. The method of claim 18 further comprising treating
one or members of the group of glioma tumors with an
inhibitor of ataxia telangiectasia mutated and Rad3 related
(ATR).

29. The method of claim 28 wherein the inhibitor of ATR
is selected from the group consisting of aminopyrazines,
sulfonylmorpholinopyramidines, VX-970, M4344,
AZD6738, and BAY 1895344.

30. The method of claim 28 further comprising treating
the one or more members of the group of glioma tumors with
a DNA damaging agent selected from the group consisting
of ionizing radiation and genotoxic drugs.
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31. The method of claim 18 wherein the nucleotide
sequencing comprises nucleotide sequencing of a helicase
domain and the mutation is identified in the helicase domain.

32. The method of claim 18 wherein the nucleotide
sequencing comprises nucleotide sequencing of the har-
monin-interacting, ankyrin repeat-containing protein
(HARP) domain and the mutation is identified in the HARP
domain.

33. The method of claim 18 wherein the inactivating
mutation is selected from the group consisting of: nonsense,
frameshift, deletion, splice site, hemizygous missense, and
homozygous missense mutations.

34. A method of treating a glioma tumor of a human,
comprising:

a. nucleotide sequencing SWI/SNF-related matrix-asso-
ciated actin-dependent regulator of chromatin subfam-
ily A-like protein 1 (SMARCAL1) DNA of the glioma
tumor of the human, and comparing SMARCALI1
nucleotide sequence of the glioma tumor of the human
to SMARCALI nucleotide sequence of non-tumor tis-
sue of the human;

b. identifying an inactivating mutation in SMARCALI1 of
the glioma tumor of the human; and

c. treating the glioma tumor with a therapeutic agent that
targets BRAF V600OE or with an inhibitor of ataxia
telangiectasia mutated and Rad3 related (ATR).

35. The method of claim 34 wherein the therapeutic agent

is selected from the group consisting of vemurafenib, dab-
rafenib, and encorafenib.
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36. The method of claim 34 wherein the therapeutic agent
is a combination of inhibitors of two or more of B-raf
(BRAF), mitogen-activated protein kinase kinase (MEK),
and epidermal grown factor receptor (EGFR).

37. The method of claim 36 wherein a MEK inhibitor is
used in treating and the MEK inhibitor is selected from the
group consisting of trametinib, cobimetnib, and binimetnib.

38. The method of claim 36 wherein an EGFR inhibitor is
used in treating and the EGFR inhibitor is selected from the
group consisting of cetuximab and panitumumab.

39. The method of claim 36 wherein a BRAF inhibitor is
used in treating and the BRAF inhibitor is selected from the
group consisting of vemurafenib, dabrafenib, and
encorafenib.

40. The method of claim 34 wherein the glioma tumor is
treated with an inhibitor of ataxia telangiectasia mutated and
Rad3 related (ATR).

41. The method of claim 40 wherein the inhibitor of ATR
is selected from the group consisting of aminopyrazines,
sulfonylmorpholinopyramidines, VX-970, M4344,
AZD6738, and BAY 1895344.

42. The method of claim 40 further comprising treating
the glioma tumor with a DNA damaging agent selected from
the group consisting of ionizing radiation and genotoxic
drugs.



