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Abstract

Subsets of high-grade gliomas, including glioblastoma (GBM), are known to utilize the alternative lengthening of telomeres
(ALT) pathway for telomere length maintenance. However, the telomere maintenance profile of one subtype of GBM—giant
cell GBM—has not been extensively studied. Here, we investigated the prevalence of ALT, as well as ATRX and
SMARCALL protein loss, in a cohort of classic giant cell GBM and GBM with giant cell features. To determine the presence
of ALT, a telomere-specific fluorescence in situ hybridization assay was performed on 15 cases of classic giant cell GBM, 28
additional GBMs found to have giant cell features, and 1 anaplastic astrocytoma with giant cell features. ATRX,
SMARCALI, and IDHI protein status were assessed in a proportion of cases by immunohistochemistry and were compared
to clinical-pathologic and molecular characteristics. In the overall cohort of 44 cases, 19 (43%) showed evidence of ALT.
Intriguingly, of the ALT-positive cases, only 9 (47.4%) displayed loss of the ALT suppressor ATRX by
immunohistochemistry. Since inactivating mutations in SMARCALI have been identified in ATRX wild-type ALT-positive
gliomas, we developed an immunohistochemistry assay for SMARCALI protein expression using genetically validated
controls. Of the 19 ALT-positive cases, 6 (31.5%) showed loss or mis-localization of SMARCALI1 by immunohistochem-
istry. Of these cases, four retained ATRX protein expression, while two cases also displayed ATRX loss. Additionally, we
assessed five cases from which multiple temporal samples were available and ALT status was concordant between both
tumor biopsies. In summary, we have identified a subset of giant cell GBM that utilize the ALT telomere maintenance
mechanism. Importantly, in addition to ATRX loss, ALT-positive tumors harboring SMARCAL1 alterations are prevalent in
giant cell GBM.

>4 Fausto J. Rodriguez
frodrig4 @jhmi.edu

>4 Christopher M. Heaphy
heaphyc@bu.edu

Introduction

Glioblastoma (GBM) is the most commonly diagnosed
primary brain tumor, with an extremely poor 5-year survival
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rate of about five percent [1]. The giant cell GBM variant
(IDH wild type) is characterized histologically by the pre-
sence of large, bizarre multinucleated cells and a dense
reticulin network [2], making up roughly five percent or less
of all GBM cases [3, 4]. Giant cell GBM tends to be more
circumscribed than conventional GBM, which makes it
more amenable to gross total resection, and may be asso-
ciated therefore with a better prognosis [5]. These tumors
also have a high frequency of 7P53 mutations [6]. A subset
of GBMs may also contain pleomorphic giant cells,
although this may not be the dominant feature.

All cancers must activate a mechanism to maintain tel-
omere lengths above a critical threshold in order to maintain
an unlimited replicative potential [7]. While most cancers


http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-021-00841-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-021-00841-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-021-00841-7&domain=pdf
http://orcid.org/0000-0001-8662-1219
http://orcid.org/0000-0001-8662-1219
http://orcid.org/0000-0001-8662-1219
http://orcid.org/0000-0001-8662-1219
http://orcid.org/0000-0001-8662-1219
http://orcid.org/0000-0003-4264-1810
http://orcid.org/0000-0003-4264-1810
http://orcid.org/0000-0003-4264-1810
http://orcid.org/0000-0003-4264-1810
http://orcid.org/0000-0003-4264-1810
mailto:frodrig4@jhmi.edu
mailto:heaphyc@bu.edu

SMARCAL1 loss and alternative lengthening of telomeres (ALT) are enriched in giant cell glioblastoma 1811

upregulate the telomerase reverse transcriptase to lengthen
telomeres, subsets of high-grade glial tumors, including
GBM, have shown a propensity toward the alternative
lengthening of telomeres (ALT) telomere maintenance
mechanism, which has been associated with a more favor-
able prognosis [8—13]. ALT is a telomerase-independent
telomere maintenance mechanism that is thought to involve
a recombination-mediated process similar to homology-
directed DNA repair [14]. ALT can be readily identified in
fixed cancer specimens through the presence of large,
ultrabright telomeric DNA foci measured by telomere-
specific fluorescence in situ hybridization (FISH) [12, 15].

ALT-positive tumors display a distinct genetic profile.
Most commonly, ALT-positive gliomas harbor inactivating
mutations in the gene ATRX leading to loss of protein
expression. ATRX is a chromatin remodeling protein
[12, 16—18], which forms a histone chaperone complex with
DAXX that normally is responsible for the replication-
independent deposition of the histone variant H3.3 in
repetitive heterochromatin, particularly at the pericen-
tromeric and telomeric regions [19-22]. Given the near
perfect concordance between ALT-positivity and ATRX
loss in gliomas, it has been suggested that ATRX acts as an
ALT suppressor [23, 24]. Importantly, these ALT-positive
tumors lack mutations in the promoter of the gene TERT,
which encodes the telomerase reverse transcriptase, and
leads to the more common mechanism of telomere main-
tenance via telomerase activation [25]. Furthermore, ALT-
positive gliomas commonly harbor mutations in 7P53 and
IDHI [8, 11], as well as in histone H3 (K27M or G34)
[26, 27] or NF1 [28-30] in subsets of cases. Interestingly,
genetic profiling of giant cell GBMs revealed IDHI muta-
tions in 5.3% and TERT promoter mutations in 25% of
cases analyzed, while 19% showed loss of ATRX immu-
noreactivity [31, 32]. In addition, inactivating mutations in
SMARCALI, an ATP-dependent helicase involved in
resolving stalled replication forks, were identified in a
subset of ALT-positive ATRX wild-type gliomas, suggest-
ing that SMARCALI, like ATRX and DAXX, may func-
tion as an ALT-suppressor [33].

Despite the known importance of ALT in gliomas, as a
whole, ALT has not been investigated in the limited num-
bers of giant cell GBMs analyzed, to date. Herein, we have
investigated the prevalence of ALT, as well as alterations in
ATRX and SMARCALL, in giant cell GBM.

Materials and methods
Case selection

Cases of giant cell GBM or GBMs with giant cells were
retrieved from the pathology files at Johns Hopkins Hospital

in the years 1989-2017. All histologic slides and available
immunostains were systematically re-reviewed by a neuro-
pathologist (FJR). Tumors were classified as giant cell
GBM using current WHO criteria (2016 WHO). In brief,
tumors were designated giant cell GBM if they had a pre-
dominance of bizarre multinucleated glial cells (>50% of
tumors areas). Cases with a focal giant cell pattern (>20%)
but that was not dominant were classified as having giant
cell features (Fig. 1).

Telomere-specific fluorescence in situ hybridization
(FISH)

ALT status was interpreted using previously published
criteria and was characterized by the presence of distinct
large telomeric DNA signals using a telomere-specific FISH
assay [12, 13, 28]. Briefly, slides of whole sections were
heated and flooded with xylenes to remove paraffin, and
then subjected to an ethanol gradient to hydrate the tissue.
Antigen retrieval was performed using citrate, pH 6 (Cat#
H-3300, Vector Laboratories, Burlington, CA). Slides were
then re-hydrated and exposed to a Cy3-labeled peptide
nucleic acid (PNA) probe complementary to telomeric DNA
(Cat# F1002, Panagene, South Korea). As a positive control
for hybridization efficiency, an Alexa Fluor 488-labeled
PNA probe with specificity for centromeric DNA repeats
(Cat# F3012, Panagene, South Korea) was included in the
hybridization solution. Slides were counterstained with 4/,6-
diamidino-2-phenylindole (Sigma-Aldrich, St. Louis, MO)
for labeling total nuclear DNA and mounted with Prolong
anti-fade mounting medium (Invitrogen, Carlsbad, CA).
ALT positivity was determined using criteria previously
published, based on the presence of large, ultrabright telo-
meric signals by FISH. In brief, ALT-positive cases were
defined as those with foci >10-fold brighter compared with
the average signal of telomeres in benign cells, and present
in >1% of cancer nuclei [12, 13, 28].

Immunohistochemistry

Formalin-fixed, paraffin-embedded tissue sections were
deparaffinized and hydrated prior to antigen retrieval.
Immunohistochemistry was performed in automated
instruments using antibodies directed against ATRX (Rab-
bit polyclonal, 1:200 dilution, catalogé HPA001906,
Sigma-Aldrich, St. Louis, MO) and mutant IDH1 protein
(Clone HO09, 1:100 dilution, catalog# DIA-H09, Dianova,
Hamburg, Germany). DAXX and SMARCALI1 immuno-
histochemistry were performed manually. For DAXX,
slides were steamed in citrate-based antigen unmasking
solution (Cat# H-3300-250, Vector Laboratories, Burlin-
game, CA) for 30 min, blocked twice (Cat# S2003 and
X0909, Dako, Denmark), then were incubated for 90 min at
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Fig. 1 Giant cell glioblastoma
and glioblastoma with giant
cell features. Classic giant cell
glioblastomas (GC-GBM) were
characterized by bizarre
pleomorphic cells encompassing
the majority of the specimen,
had strong p53 positivity,
retained ATRX and lacked
IDH1 mutations. Glioblastomas
with giant cell features (GBM-
GC Fx) were characterized by
the presence of large
pleomorphic cells (arrows), but
encompassing only a subset of
tumor. A small proportion of
tumors with ALT had IDH1
mutations (GBM-GC IDHI).
For all panels, original
magnification x400. For the
inset highlighting ATRX loss,
original magnification x600.

P53

ATRX

IDH1
(R132H)

room temperature in primary antibody against DAXX
(1:100 dilution, Cat# HPAO008736, Atlas Antibodies,
Bromma, Sweden). For SMARCALI, slides were steamed
in EDTA buffer (Cat# AM9849, Invitrogen, Carlsbad, CA)
for 45 min, blocked twice (Cat# S2003 and X0909, Dako,
Denmark), then were incubated for 2 h at room temperature
in primary antibody against SMARCALI1 (1:100 dilution,
Cat# HPA020337, Atlas Antibodies, Bromma, Sweden).
For both DAXX and SMARCALL, antibody signal was
detected using HRP-conjugated Anti-Rabbit IgG (Cat#
PV6119, Leica, Buffalo Grove, IL) and visualized by 3,3’
diamino-benzidine (Cat# D1468, Millipore-Sigma) prior
to hematoxylin counterstaining (Cat# S2009, Dako,
Denmark), dehydration, and mounting. For ATRX, DAXX,
and SMARCALLI scoring, retained protein expression
was defined as nuclear staining within the tumor cells,
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and loss of protein expression was defined as the lack
of immunolabeling in the tumor cells. Importantly, to

confirm ATRX, DAXX, and SMARCAL1 immunor-
eactivity, positive nuclear staining in internal nonneoplastic
cell components was required in all cases scored. Of note,
one case was categorized as mis-localized for SMARCALI1
because the tumor cells, but none of the nonneoplastic cells,
displayed abnormal nuclear foci instead of pan-nuclear
immunolabeling.

Fluorescence microscopy and image analysis

High-resolution fluorescent images were obtained using a
Nikon Ti deconvolution wide-field epifluorescence micro-
scope equipped with a Nikon Intensilight C-HGFI illumi-
nator and appropriate fluorescence excitation/emission
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filters. Grayscale images were captured at x400 magnifi-
cation using Nikon NIS-Elements software and an attached
Andor Zyla sCMOS camera, pseudo-colored, and merged.
For the ALT-associated telomere focus size quantification
analysis, fluorescent images were obtained using a Nikon
50i epifluorescence microscope equipped with X-Cite series
120 illuminator (EXFO Photonics Solutions Inc., Mis-
sissauga, Ontario, Canada) and appropriate fluorescence
excitation/emission filters. Grayscale images were captured
using Nikon NIS-Elements software and an attached Pho-
tometrics CoolsnapEZ digital camera, pseudo-colored, and
merged. Brightfield images were obtained using a Nikon
50i epifluorescence microscope, Nikon NIS-Elements soft-
ware, and an attached Nikon Digital Sight DS-Fil camera.
Telomere foci from ALT-positive cases were imaged at 100
ms exposure at X200 magnification. Telomere foci were
detected using algorithms available through Image J.
Ultrabright telomere foci were defined as signals above a
predetermined threshold of 150 using Renyi Entropy set-
tings. The total area of each resulting particle was measured.

Statistical analysis

All statistical tests were performed using GraphPad Prism
software (version 8). P values less than 0.05 were con-
sidered significant.

Results
The prevalence of ALT in giant cell GBM

ALT is a prevalent telomere maintenance mechanism in
gliomas. In prior studies of ALT in glioma, in which giant
cell GBM cases were included, ALT has not been identified
[16, 34]. However, a recent study identified ATRX loss in
53% (9/17) of giant cell GBM cases with more than 30% of
giant cells [32]. Thus, to better understand the potential
importance of ALT in giant cell GBM, we performed
telomere-specific FISH on 15 cases of classic giant cell
GBM. ALT-positive cases were defined as those harboring
large, ultrabright telomere-specific foci after telomere-
specific FISH. ALT was identified in 8 (53%) of 15 cases,
suggesting that the ALT telomere maintenance mechanism
is relevant to the biology of many giant cell GBMs.

Most ALT-positive gliomas display loss of the ATRX
protein [12, 16-18]. Therefore, we assessed the ATRX
status of the giant cell GBM cases in our cohort, and the
results are summarized in Table 1. Surprisingly, of the 8
ALT-positive cases, only 3 (37.5%) showed ATRX loss by
immunohistochemistry. Inactivating mutations in SMAR-
CALI were recently identified in ATRX wild type, ALT-
positive gliomas [33]. Therefore, we sought to assess

SMARCALL status in our giant cell GBM cohort. Condi-
tions for SMARCALI immunohistochemistry were opti-
mized using U87 glioma cells wild type for SMARCALI1
(Fig. 2A) or in which SMARCALI had been knocked out
via CRISPR (Fig. 2B; [33]). Upon antibody validation and
optimization of staining conditions, immunohistochemistry
for SMARCALI1 was performed in the giant cell GBM
cohort (Fig. 2C). Of the 8 ALT-positive cases, 3 (37.5%)
showed loss or mis-localization of SMARCALL; notably,
these 3 cases retained ATRX protein expression. Finally,
mutant IDH1 (R132H) protein was assessed by immuno-
histochemistry and 14 cases (93.3%) were negative.

Given the prevalence of ALT in classic giant cell GBM,
we sought to expand our cohort to GBMs found to have
giant cell features (e.g. cases with a focal giant cell pattern
>20% but not dominant). We performed telomere-specific
FISH on 28 GBM cases with giant cell features. Of this
additional cohort, 10 (36%) displayed ALT. In these addi-
tional cases, ATRX and SMARCAL1 were each assessed
by immunohistochemistry. Of the 10 ALT-positive cases, 7
(70%) displayed ATRX loss, while 3 (30%) displayed loss
of SMARCALL. Furthermore, 6 (60%) of the ALT-positive
cases were negative for IDHI R132H IHC. Interestingly, 2
ALT-positive cases showed simultaneous loss of ATRX
and SMARCALI, while in contrast, 2 ALT-positive cases
retained both ATRX and SMARCALI. In addition, we
identified one anaplastic astrocytoma (WHO grade III) with
giant cell features. This case was ALT-positive; however,
ATRX and SMARCALI protein expression remained
intact. In total, we identified 5 ALT-positive cases that
retained both ATRX and SMARCALI protein expression.
Since loss of DAXX, an ATRX binding partner, has been
previously strongly associated with ALT in other cancer
types, we evaluated the status of DAXX protein expression
in these cases. However, we observed that all five cases
retained DAXX nuclear protein expression via
immunohistochemistry.

In total, we assessed 44 cases of giant cell GBM, GBM
with giant cell features, or anaplastic astrocytoma with giant
cell features. Of this combined cohort, 19 (43%) showed
evidence of ALT. Of the ALT-positive cases, only 9
(47.4%) displayed loss of ATRX by immunohistochem-
istry, which has typically been associated with ALT posi-
tivity in gliomas. Based on work by Diplas et al., we
assessed SMARCALL expression in our cohort, as well. Of
the ALT-positive cases, 6 (31.5%) showed loss or mis-
localization of SMARCALIL. In the four cases with
SMARCALT1 loss or mis-localization, ATRX was retained,
while the remaining two cases did not display loss of either
ATRX or SMARCALI1. While SMARCALL1 alterations
were more prevalent in the context of ATRX retention,
there was no significant relationship found between ATRX
and SMARCALI status (p = 0.35; Fisher’s exact test).

SPRINGER NATURE
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Table 1 Clinicopathologic and molecular features of the 44 cancer cases analyzed.

Case # Age Gender  Diagnosis ALT SMARCALI IHC  ATRX IHC  IDHI IHC
1 34 F Giant cell GBM ALT Loss Retained Negative
2 41 M Giant cell GBM ALT Loss Retained Negative
3 36 F Giant cell GBM ALT Mis-localized Retained Negative
4 59 M Giant cell GBM ALT Retained Retained Negative
5 13 F Giant cell GBM ALT Retained Retained Negative
6 45 F Giant cell GBM ALT Retained Loss Negative
7 56 F Giant cell GBM ALT Retained Loss Negative
8 17 M Giant cell GBM ALT Retained Loss Positive
9 32 M Giant cell GBM Negative  Retained Retained Negative
10 4 M Giant cell GBM Negative  Retained Retained Negative
11 73 M Giant cell GBM Negative  Retained N/A Negative
12 67 F Giant cell GBM Negative  Retained Retained Negative
13 36 F Giant cell GBM Negative  Retained Retained Negative
14 53 F Giant cell GBM Negative  Retained Retained Negative
15 57 M Giant cell GBM Negative  Retained Retained Negative
16 58 M GBM with giant cell features ALT Loss Retained Negative
17 57 M GBM with giant cell features ALT Retained Retained Negative
18 38 M GBM with giant cell features ALT Retained Retained Negative
19 37 F GBM with giant cell features ALT Loss Loss Negative
20 38 M GBM with giant cell features ALT Loss Loss Positive
21 5 M GBM with giant cell features ALT Retained Loss Negative
22 52 M GBM with giant cell features ALT Retained Loss Negative
23 55 GBM with giant cell features ALT Retained Loss Positive
24 32 M GBM with giant cell features ALT Retained Loss Positive
25 37 F GBM with giant cell features ALT Retained Loss Positive
26 64 F GBM with giant cell features Negative  Retained Retained Negative
27 56 F GBM with giant cell features Negative  Retained Retained Negative
28 60 F GBM with giant cell features Negative  Retained Retained Negative
29 64 M GBM with giant cell features Negative ~ Retained Retained Negative
30 43 F GBM with giant cell features Negative  Retained Retained Negative
31 2 F GBM with giant cell features Negative ~ Retained Retained Negative
32 46 M GBM with giant cell features Negative  Retained Retained Negative
33 62 F GBM with giant cell features Negative  Retained Retained Negative
34 55 F GBM with giant cell features Negative ~ N/A Retained Negative
35 69 M GBM with giant cell features Negative ~ N/A Retained Negative
36 62 F GBM with giant cell features Negative  Retained Retained Negative
37 58 M GBM with giant cell features Negative  Retained Retained Negative
38 75 F GBM with giant cell features Negative  Retained Retained Negative
39 44 M GBM with giant cell features Negative  Retained Retained Negative
40 15 F GBM with giant cell features Negative  Retained Retained Negative
41 64 M GBM with giant cell features Negative  Retained Retained Negative
42 20 M GBM with giant cell features Negative  Retained Retained Negative
43 14 M GBM with giant cell features Negative  Retained Retained Negative
44 57 M Anaplastic astrocytoma with giant cell features ~ ALT Retained Retained Negative

N/A could not be assessed, F female, M male.

SPRINGER NATURE
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Fig. 2 Immunohistochemistry
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Temporal analysis of ALT in giant cell GBM

In our combined cohort, we assessed five cases from which
two temporal samples were available, and the time interval
between the biopsies ranged from 2 months to 29 months.
ALT was identified in two of these five cases. For each ALT-
positive case, ALT was present in both samples; conversely,
for each ALT-negative case, ALT was not identified in either
sample. These results suggest that the telomere maintenance
program utilized by a giant cell GBM is determined relatively
early in the clinical progression of the tumor and is main-
tained over time, although given the lack of lower grade
precursors for these tumors, the role of these alterations in
tumor initiation remains unclear. One ALT-positive giant cell
GBM showed SMARCALLI retention and ATRX loss in both
tumor biopsies taken 23 months apart. Another ALT-positive
GBM with giant cell features showed loss of ATRX in both
tumor biopsies, but loss of SMARCALI only on the tumor
biopsy taken at a timepoint 29 months later.

ALT features in giant cell GBM with SMARCAL1 or
ATRX loss

SMARCALI loss in ALT-positive cells has been shown to
increase the size of ALT-associated ultrabright telomeric foci
[35]. In order to assess the impact of ATRX and
SMARCALI status on telomere focus size in our giant cell
GBM cohort, image analysis was performed. All ALT-positive
cases were imaged at a constant exposure time. Representative
images from an ALT-negative case (Fig. 3A), as well as ALT-
positive cases lacking ATRX (Fig. 3B) or SMARCALLI
(Fig. 3C) protein expression are shown. For all cases, telomere
foci were identified by threshold analysis in Image J software
and the size of telomere foci were calculated; ALT-positive
cases were stratified by ATRX and SMARCALI status
(Fig. 3D). Analysis of focus size revealed no significant dif-
ferences in median telomere focus size based on
SMARCALLI status alone (p =0.5908; Mann—Whitney test;
data not shown). In contrast, cases with ATRX retention

SPRINGER NATURE



1816

J. A. Brosnan-Cashman et al.

D 2000+

1500 ®

10004

500
400+ %
300+

Focus area

. ATRX Retained; SMARCAL1 Retained
[l ATRX Retained; SMARCAL1 Lost
D ATRX Lost; SMARCAL 1 Retained
D ATRX Lost; SMARCAL1 Lost
[}
o® 00

®
S )
200+
wl . .58
&-3

Fig. 3 Relative ALT-associated telomere focus size based on
ATRX or SMARCALI1 status. Representative telomere (red) and
centromere (green) FISH images from A an ALT-negative giant cell
GBM case, and from ALT-positive giant cell GBM cases with either B
ATRX loss or C SMARCALI loss (original magnification x400).

showed significantly higher median telomere focus size (p =
0.0117; Mann—Whitney test; data not shown). Further analysis
was performed to determine the relative frequency of extremely
large telomere foci—defined herein as being larger than 75
pixels’ by image analysis—based on ATRX and
SMARCALI status (Fig. 3D). The frequency of these extre-
mely large foci was significantly increased in cases with
SMARCAL1 loss and ATRX retention (p=0.0497;
Kruskal-Wallis test). Therefore, in the context of ATRX
retention, SMARCALL loss appears to promote the develop-
ment of these abnormally large ALT-associated telomere DNA
foci.

Finally, we tested whether there were any differences in
overall survival based on the assessed molecular markers in
the combined cohort of classic giant cell GBMs and GBMs
with giant cell features. As shown in Fig. 4A, B, a
Kaplan—Meier curve and log rank test demonstrates that,
while there may be a trend, ATRX and SMARCALL status
do not display significant differences in overall survival (p
=0.08 and p =0.09, respectively). However, as shown in

SPRINGER NATURE

Scale bar equals 50 microns and the arrows point to ultrabright telo-
meric FISH signals present in the ALT-positive cases. D Focus size
was measured for all ALT-positive giant cell GBM cases under con-
stant exposure, and focus sizes were compared. A cutoff of 75 pixels2
(red line) was chosen for comparative analyses.

Fig. 4C, patients with ALT-positive tumors showed sig-
nificantly improved overall survival compared to patients
with ALT-negative tumors (p < 0.03). Of note, while we did
not observe an association between patient age as dichot-
omized groups (median cut-off: <55 years; p =0.4), we did
observe a positive correlation between ALT and older age
(p <0.05; Wilcoxon rank-sum test).

Discussion

Subsets of high-grade gliomas, including GBM, are known
to utilize the ALT telomere maintenance mechanism [8—13].
However, the telomere maintenance profile of one subtype
of GBM—giant cell GBM—has not been extensively stu-
died. We have sought to examine the presence of ALT in a
cohort of giant cell GBM, as well as GBM with giant cell
features that do not quite satisfy criteria for giant cell GBM.

In our cohort, we have identified ALT in 53% of giant
cell GBM cases and 36% of cases of GBM with giant cell
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Fig. 4 Association between overall survival in classic giant cell glio-
blastomas and glioblastomas with giant cell features based on mole-
cular features. Kaplan—Meier curves and log rank tests demonstrate that
there is not significant difference in overall survival based on A ATRX
status (p =0.08) or B SMARCALI status (p =0.09); however, C there
was a significantly better overall survival in patients with ALT-positive
tumors compared to patients with ALT-negative tumors (p < 0.03).

features. While prior studies have not shown ALT in giant
cell GBM, numbers of giant cell GBM cases were limiting
[16, 34]. By expanding the number of giant cell GBM cases
examined, we have demonstrated that ALT occurs at a high
frequency in both giant cell GBM and GBM with giant cell
features. Of the 19 total ALT-positive cases examined, only
five (26.3%) showed evidence of an IDHI mutation.
Therefore, compared to classic GBM, in which ALT-
positive cases tend to harbor mutant /DHI [11], the genetic
profile of ALT-positive giant cell GBM is distinct.

In addition, we assessed the degree to which ALT was
associated with loss of ATRX, a chromatin remodeling
protein predicted to suppress ALT in gliomas. Interestingly,
in both of our cohorts, ATRX loss did not perfectly
associate with ALT status. Specifically, in our combined

cohort, only 47.4% displayed loss of ATRX. While isolated
ALT-positive gliomas seemingly retaining ATRX have
been previously identified, we were struck by the large
percentage of cases in our cohort displaying this behavior.
As such, we developed an immunohistochemistry assay to
detect expression of SMARCALIL, which was recently
identified as being mutated in a subset of ALT-positive
gliomas [33]. Loss or mis-localization of SMARCALI1 was
identified in 31.5% of ALT-positive cases examined herein.
Four ALT-positive cases showed aberrant SMARCALL
expression and retained ATRX expression, while two cases
seemingly lost both ATRX and SMARCALI. While this
result may seem counterintuitive, Diplas et al. did identify
cases in which both ATRX and SMARCALI showed inac-
tivating mutations, indicating that these two ALT-associated
genetic events can co-occur [33]. Interestingly, five ALT-
positive cases retained both ATRX, SMARCALI, and
DAXX protein expression, potentially indicating loss of
function mutations in these ALT suppressors that did not
yield a complete loss of protein. Alternatively, additional
heretofore unidentified ALT suppressor(s) may contribute
to the development of ALT in giant cell GBM.

Loss of SMARCALLI in vitro was previously shown to
induce the formation of extrachromosomal, circular telomeric
sequences (c-circles), which have been associated with ALT
activity [36, 37]. In addition, in cancer cell lines already uti-
lizing the ALT mechanism, SMARCALI loss was associated
with a dramatic increase in the size of ALT-associated telo-
meric DNA foci [35]. Thus, in our ALT-positive cohort, we
assessed the contribution of the status of ATRX and SMAR-
CALI1 to telomere focus size. Overall, cases with ATRX
retention, irrespective of SMARCALL expression, were more
likely to have a higher median telomere focus size. While we
did not observe a significant relationship between
SMARCALI1 status alone and median telomere focus size,
cases with SMARCALI loss and ATRX retention showed a
greater propensity toward the presence of extremely large
ALT-associated ultrabright telomeric foci. These results sug-
gest that the manifestation of ALT may differ depending on the
ALT suppressor that is lost—ATRX or SMARCALL.

There are a number of strengths of this study. We
assessed the presence of ALT using a robust telomere-
specific FISH assay and identified a subset of giant cell
GBM that utilize the ALT telomere maintenance mechan-
ism. Additionally, we optimized a SMARCALI immuno-
histochemistry assay using genetically defined controls.
Using this assay, we identified that, in addition to ATRX
loss, ALT-positive tumors harboring SMARCALI altera-
tions are prevalent in giant cell GBM. However, despite
these strengths, there are also limitations to our study. Due
to the scant availability of archived tissue, we were unable
to sequence the SMARCALI gene to confirm the presence of
somatic mutations. In addition, since this is a rare disease,
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the conclusions rely on a relatively small cohort of samples.
However, our findings warrant future investigations that
include larger cohorts collected across multiple institutions.

In summary, we have identified a substantial subset of
giant cell GBM tumors that utilize the ALT telomere
maintenance mechanism. Furthermore, in addition to ALT-
positive tumors with ATRX loss, ALT-positive tumors
harboring SMARCALI loss or mis-localization are pre-
valent in giant cell GBM. Further study will illuminate the
existence of ALT-specific therapies that may prove useful in
this tumor type.
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