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Abstract

Background. Despite recent advances in the biology of IDH-wildtype glioblastoma, it remains a devastating disease
with median survival of less than 2 years. However, the molecular underpinnings of the heterogeneous response
to the current standard-of-care treatment regimen consisting of maximal safe resection, adjuvant radiation, and
chemotherapy with temozolomide remain unknown.

Methods. Comprehensive histopathologic, genomic, and epigenomic evaluation of paired initial and recurrent
glioblastoma specimens from 106 patients was performed to investigate the molecular evolution and cellular
phenotypes underlying differential treatment responses.

Results. While TERT promoter mutation and CDKN2A homozygous deletion were early events during
gliomagenesis shared by initial and recurrent tumors, most other recurrent genetic alterations (eg, EGFR, PTEN,
and NF1) were commonly private to initial or recurrent tumors indicating acquisition later during clonal evolution.
Furthermore, glioblastomas exhibited heterogeneous epigenomic evolution with subsets becoming more globally
hypermethylated, hypomethylated, or remaining stable. Glioblastoma that underwent sarcomatous transformation
had shorter interval to recurrence and were significantly enriched in NF1, TP53, and RB1 alterations and the
mesenchymal epigenetic class. Patients who developed somatic hypermutation following temozolomide treatment
had significantly longer interval to disease recurrence and prolonged overall survival, and increased methylation
at 4 specific CpG sites in the promoter region of MGMT was significantly associated with this development of
hypermutation. Finally, an epigenomic evolution signature incorporating change in DNA methylation levels across
347 critical CpG sites was developed that significantly correlated with clinical outcomes.

Conclusions. Glioblastoma undergoes heterogeneous genetic, epigenetic, and cellular evolution that underlies
prognostically different treatment responses.
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e The genomic, epigenomic, and cellular landscape of glioblastoma evolves
heterogeneously in response to the current standard-of-care treatment regimen.

e Molecular profiles at the time of initial surgery are predictive of differential
treatment response and biologic trajectory.

e Specific epigenetic signatures correlate with the development of sarcomatous
transformation, somatic hypermutation, and clinical outcomes.

Importance of the Study

Our analyses demonstrate that most glioblastomas
undergo longitudinal genomic and/or epigenomic ev-
olution associated with differential clinical outcomes.
As such, precision medicine treatment regimens for
glioblastoma should be based on molecular studies

Glioblastoma, IDH-wildtype (GBM) remains a molecularly
heterogeneous disease refractory to current therapies.
Current standard of care for glioblastoma includes max-
imal safe resection, adjuvant radiation, and chemotherapy
with the alkylating agent temozolomide.! Unfortunately,
despite this aggressive therapeutic approach, glioblas-
toma inevitably recurs and has proven to be largely re-
sistant to most targeted and immune-based therapies that
have been experimentally tested to date.?

Longitudinal molecular profiling studies have revealed
that glioblastoma displays a high degree of clonal stability
during therapy, although private mutations between pri-
mary and recurrent tumor samples are common.3"'® Global
analyses with bulk DNA sequencing techniques have dem-
onstrated a lack of selection pressure or evolutionary bottle-
neck from standard treatments, highlighting the importance
of transcriptional and epigenetic programs in glioblastoma
resistance and progression.'"7 Single-cell gene expres-
sion analyses have shown multiple cell states within most
glioblastomas, which are thought to be highly plastic and
epigenetically controlled, and an increase in the mesen-
chymal (MES) cell state has been observed at disease re-
currence.'*'81% Moreover, the tumor microenvironment and
immune cell changes over time may likely be another key
driver of therapeutic response in glioblastoma.?0?!

DNA methylation profiling has emerged as a means of
characterizing the distinct subclasses of glioblastoma and
their cellular composition,?>?’ and epigenomic signatures
have recently been used to independently predict glioblas-
toma patient survival.?®2° A recent longitudinal epigenomic
analysis of adult-type diffuse gliomas described a largely
stable epigenome over time for IDH-wildtype glioblast-
omas, whereas IDH-mutant astrocytomas demonstrated a
more dynamic epigenome with a global decrease in meth-
ylation following standard treatment.'”” However, how the
epigenome changes on an individual patient basis and in
response to specific treatments for IDH-wildtype glioblas-
toma remains unresolved.

performed on both initial and recurrent surgical speci-
mens, given the predictive value of certain molecular
signatures at initial resection and how the molecular
and cellular landscape evolves at recurrence.

To investigate how longitudinal molecular evolution of
glioblastoma drives tumor progression and treatment re-
sistance, we performed comprehensive histopathologic
assessment, targeted genomic sequencing, and genome-
wide DNA methylation profiling of paired initial and re-
current IDH-wildtype glioblastoma tumor specimens from
106 patients as part of a sponsored Glioblastoma Precision
Medicine Program at our institution. We identified the mo-
lecular evolution and cellular phenotypes underlying prog-
nostically different subgroups of tumors, including those
which undergo epigenetic class switching, those which
undergo sarcomatous transformation, and those which de-
velop somatic hypermutation in response to the alkylating
effects of temozolomide.The identified molecular evolution
signatures associated with prognostically different treat-
ment responses may likely inform future precision medi-
cine therapeutic studies for patients with glioblastoma.

I
Methods

Study Population and Tumor Specimens

The study cohort consisted of 106 adult patients who un-
derwent 2 or more longitudinal surgical resections of
IDH-wildtype glioblastoma at the University of California,
San Francisco (UCSF) Medical Center. All patients had tu-
mors pathologically confirmed as “Glioblastoma, IDH-
wildtype” according to the 2021 WHO Classification of
Central Nervous System Tumors. In total, 232 tumor spe-
cimens were examined by histopathology and genomic
profiling, of which 226 were also studied by DNA methyl-
ation array profiling. This included 101 patients with histo-
pathology, and genomic profiling performed on both an
initial treatment-naive resection specimen and a first sur-
gically treated recurrent tumor specimen, of which 98 of
these patients also had DNA methylation array profiling
performed on both specimens.This study was approved by
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the UCSF institutional review board. See Supplementary
Methods for further details.

Tumor Volume Measurement and Extent of
Resection Quantitation

Tumor volumes were manually delineated using BrainLab
Smartbrush software. The extent of resection was classi-
fied as supramaximal, maximal, or submaximal based on
established RANO categories for glioblastoma.3%3' See
Supplementary Methods for further details.

Histology and Immunohistochemistry

Sarcomatous transformation to gliosarcoma at recurrence
was defined by fascicular tumor cell growth, intercellular
reticulin deposition, and immunohistochemical evidence
of glial to MES transdifferentiation. See Supplementary
Methods for further details.

Targeted Next-Generation DNA Sequencing

Capture-based next-generation DNA sequencing was per-
formed on 232 longitudinal glioblastoma tumor specimens
using the UCSF500 NGS panel as previously described.3?-36
For a subset of patients, sequencing was also performed
on a constitutional DNA sample from a buccal swab or pe-
ripheral blood specimen. Temozolomide-induced hyper-
mutation was defined as those recurrent glioblastomas
demonstrating somatic hypermutation (TMB values of >15
somatic mutations per Mb) acquired at recurrence fol-
lowing temozolomide chemotherapy that was not present
in the matched initial treatment-naive tumor with charac-
teristic mutational signature.®¥’-3% See Supplementary
Methods for further details.

Genomic Alteration Evolution

The likely oncogenic/pathogenic genetic alterations iden-
tified in the initial treatment-naive tumor were compared
to those in the first surgically treated recurrence. Those
patients with an identical set of alterations were classified
as “stable” Those patients with newly acquired alterations
in the recurrent tumor but otherwise maintained all alter-
ations present in the initial tumor were classified as “ad-
ditive” Those patients with alterations private to the initial
tumor were classified as “divergent” See Supplementary
Methods for further details.

Genome-Wide DNA Methylation Profiling

Genomic DNA from 226 longitudinal IDH-wildtype glio-
blastoma tumor specimens was bisulfite converted and
hybridized to Infinium MethylationEPIC 850k version 1.0
Beadchips (lllumina). Genomic DNA from 31 longitudinal
IDH-mutant astrocytoma tumor specimens from 24 pa-
tients, consisting of 14 initial treatment-naive specimens
and 17 recurrent posttreatment specimens, was identi-
cally bisulfite converted and hybridized to MethylationEPIC

arrays for comparison. See Supplementary Methods for
further details.

DNA Methylation Class Evolution

Random forest classification of DNA methylation profiles
was performed using the DKFZ MolecularNeuropathology.
org online classifier version 12.5.2440 When both the ini-
tial tumor and first recurrence were assigned to the same
glioma methylation class with a calibrated score >0.3, then
that patient’s tumor pair was defined as “stable” When the
first recurrence was assigned to a different glioma methyl-
ation class with calibrated score >0.3 than the initial tumor,
then that patient’s tumor pair was defined as “switch” See
Supplementary Methods for further details.

DNA Methylation Data Analysis

Differential methylation analysis between initial and recur-
rent tumor specimens and also among defined subgroups
was performed using dmpFinder (minfi v.1.40.0). See
Supplementary Methods for further details.

MGMT Promoter Methylation-Based Risk
Groups for Developing Temozolomide-Induced
Hypermutation

Risk group assessment was performed based on DNA
methylation levels at the 4 significantly differentially meth-
ylated CpG sites in the MGMT promoter region between
initial treatment-naive tumors which subsequently de-
veloped hypermutation at recurrence posttemozolomide
(n=12) and those that did not (n = 87). See Supplementary
Methods for further details.

Global Mean DNA Methylation Evolution

The global mean DNA methylation level was calculated for
each individual tumor specimen by averaging the pB-values
across all the ~850,000 interrogated CpG sites. A change
in mean global DNA methylation 3-value from initial to re-
current tumor of >0.02 was defined as “hypermethylation
shift,” <-0.02 as “hypomethylation shift,” and between 0.02
and -0.02 as “stable” See Supplementary Methods for fur-
ther details.

Glioblastoma Outcome-Associated DNA
Methylation Evolution Signature Development

Three hundred forty-seven CpG sites whose change in
DNA methylation B-value (AB value) from initial to first
recurrence tumor specimens most strongly correlated
with overall survival were identified. Based on the mean
AB value across the 347 CpG sites for each tumor pair, we
defined 3 patient subgroups using the following cutoffs:
Group A, mean AR > 0.0305 (become more methylated at
the 347 CpG sites at recurrence); Group B, —0.0145 < mean
AB <0.0305 (relatively stable methylation levels); and
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Group C, mean AB <-0.0145 (become less methylated).
See Supplementary Methods for further details.

Statistics

All statistical analyses were performed using R software
(version 4.4.0). See Supplementary Methods for further
details.

Results

Longitudinal IDH-Wildtype Glioblastoma Patient
Cohort

A cohort of 106 patients with pathologically confirmed
IDH-wildtype glioblastoma who underwent 2 or more lon-
gitudinal surgical resections was assembled for analysis
(Figure 1A, Supplementary Tables S1-S3). The patients had
a median age at initial diagnosis of 54.1 years and included
43 females (41%) and 63 males (59%). The tumors were
uniformly supratentorial, with 104 centered in the cerebral
hemispheres and 2 in the thalamus. All patients underwent
maximal safe resection (17% supramaximal, 60% maximal,
and 23% submaximal), 99% received adjuvant external
beam radiation, and 89% received adjuvant temozolomide.
The median interval to first surgically treated recurrence
was 10.9 months. After repeat surgical resection, 22% of
patients received additional radiation therapy and 99% re-
ceived additional chemotherapy, which variably consisted
of additional temozolomide, lomustine (CCNU), and dif-
ferent experimental agents. All but one patient (#13, alive
at last clinical follow-up) died of disease during the study
period.The median interval from first surgically treated re-
currence to death was 10.4 months, and the median overall
survival from initial surgery was 21.6 months.

Genetic Alterations across Matched Initial and
Recurrent Pairs of IDH-Wildtype Glioblastoma

Genomic profiling of 101 matched initial and recurrent
IDH-wildtype glioblastoma pairs demonstrated a sim-
ilar frequency of large-scale copy number alterations
when comparing the initial versus recurrent tumor spe-
cimens (Figure 1B, Supplementary Figure S1 and Table
S4). This included gain of chromosomes 7, 19, and 20, as
well as loss of chromosomes 6q, 9p, 10, and 13g. No copy
number alterations were uniquely enriched in the initial
tumor specimens, whereas only gain of chromosome 5
was uniquely enriched in the recurrent tumor specimens.
Mutational analysis also revealed a similar frequency of
the most common genetic alterations when comparing
the initial versus recurrent tumor specimens (Figure 1C,
Supplementary Figure S2 and Tables S5-S8). The most
commonly altered oncogenes and tumor suppressor genes
included TERT, CDKN2A, EGFR, PTEN, TP53, NF1, PIK3CA,
RB1, and PTPN11; none of which had significantly different
frequencies between the initial and recurrent tumor co-
horts. When comparing the distribution of genetic alter-
ations across each individual matched initial and recurrent

pair, TERT promoter mutation and CDKN2A/B homozygous
deletions were nearly uniformly shared between the ini-
tial and recurrent tumor specimens for each of the altered
pairs (Figure 1D, Supplementary Table S8). In contrast,
while the other oncogene and tumor suppressor gene al-
terations were shared in some tumor pairs, a substantial
subset of the tumor pairs demonstrated oncogenic driver
events that were private to either the initial or recurrent
tumor specimens. Most frequently, this included EGFR,
PTEN, TP53, NF1, PIK3CA, RB1, and PTPN11 alterations.
These findings indicate that TERT promoter mutation and
CDKNZ2A/B homozygous deletion are early tumor-initiating
events in most IDH-wildtype glioblastomas, whereas ge-
netic events affecting most of the other major oncogenes
and tumor suppressor genes often occur later during
gliomagenesis.

Epigenomic Class Switching across Matched
Initial and Recurrent Pairs of IDH-Wildtype
Glioblastoma

Of the 98 paired initial treatment-naive and first surgically
treated recurrent tumors that underwent DNA methyla-
tion profiling, 79 demonstrated matches to glioma classes
for both the initial and recurrent tumor using the DKFZ
Molecular Neuropathology classifier v12.5 (Figure 1E,
Supplementary Table S9). The initial cohort demonstrated
an enrichment for the RTK2 methylation class (initial cohort:
51% RTK2, 32% MES, 15% RTK1, 3% pediHGG), whereas
the recurrent cohort demonstrated an enrichment for the
MES methylation class (recurrent cohort: 42% RTK2, 46%
MES, 11% RTK1, 0% pediHGG). A subset of patients had
stable methylation class between initial and recurrent tu-
mors (n=38) compared with the remaining patients who
had methylation class switching from initial to recurrent
tumor specimens (n=41). When segregating the patient co-
hort by DNA methylation class as “stable” versus “switch,”
there were no significant differences in overall survival or
recurrence-free survival from initial surgery, or survival from
first surgically treated recurrence (Figure 1F, Supplementary
Figure S3).

Genomic Evolution across Matched Initial and
Recurrent Pairs of IDH-Wildtype Glioblastoma

Three distinct patterns of genomic evolution were iden-
tified when comparing the genetic alteration results for
the paired initial and recurrent glioblastoma specimens
(Figure 2A). A minority of patients (n = 16) demonstrated an
identical set of oncogenic driver alterations between their
initial and recurrent tumor specimens, which we termed
“stable” Another subset (n = 19) demonstrated an identical
set of oncogenic driver alterations between their initial
and recurrent tumor specimens except for newly acquired
genetic alterations private to the recurrent tumor speci-
mens, such as newly acquired TP53 mutation at recurrence
in patient #44. We termed this pattern of genomic evolu-
tion as “additive” Finally, the majority of patients (n = 66)
demonstrated “divergent” evolution between initial and
recurrent tumor specimens, with some commonly shared
driver events but also with oncogenic alterations that were
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Figure 1. Longitudinal molecular profiling of paired initial and recurrent IDH-wildtype glioblastoma specimens from 106 patients reveals the
fundamental genomic alterations underlying glioblastoma pathogenesis. (A) Schematic of the overall study design consisting of comprehensive
histopathologic, genomic, and epigenomic profiling of two or more longitudinal IDH-wildtype glioblastoma tumor specimens from 106 patients. (B)
Summary copy number variation plots of matched initial treatment-naive (top) and first surgically treated recurrent (bottom) IDH-wildtype glio-
blastomas from 98 patients. (C) Bar plot of genetic alteration frequency for the 9 most commonly altered oncogenes and tumor suppressor genes
in 101 pairs of matched initial treatment-naive and first surgically treated recurrent IDH-wildtype glioblastomas. Abbreviations: amp = amplifica-
tion; homodel = homozygous/biallelic deletion; intragenic del = intragenic deletion (eg EGFRv/II exons 2-7 deletion); mut = mutation. (D) Bar plot
showing the distribution of genetic alterations in these 9 most commonly altered oncogenes and tumor suppressor genes segregated by private
to initial, private to recurrence, or shared between initial and recurrent tumor specimens in the 101 IDH-wildtype glioblastoma longitudinal pairs.
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(E) Sankey plot of DNA methylation class assignment for 76 pairs of matched initial treatment-naive and first surgically treated recurrent IDH-
wildtype glioblastomas using the DKFZ Molecular Neuropathology classifier tool version 12.5 using a calibrated score cutoff of 0.3 for inclusion.
This analysis revealed frequent epigenetic class switching at recurrence, with a predominance of the Receptor Tyrosine Kinase 2 (RTK2) methyl-
ation class atinitial surgery and a predominance of the MES methylation class atrecurrence. (F) Kaplan—Meier plots of overall survival from initial
surgery (left) and recurrence-free survival from initial surgery (right) for 79 patients with IDH-wildtype glioblastoma stratified by methylation class
evolution from initial to recurrent tumor pairs as either “stable” or “switch” based on assignment by the DKFZ Molecular Neuropathology classi-
fier tool. Median estimated survival and 95% confidence intervals (Cls) are shown, as well as exact P-values by log-rank test.

private to both the initial and recurrent tumor specimens.
Examples include patient #35 with shared focal high-level
EGFR amplification in both tumor specimens, but the initial
tumor contained intragenic deletion of exons 2-7 (EGFRVIII
variant) on the amplified EGFR alleles that was not present
in the recurrent tumor, and the recurrent tumor contained
a p.V292M extracellular domain missense mutation on
the amplified EGFR alleles that was not present in the in-
itial tumor. Patient #66 had focal high-level EGFR amplifi-
cation in both tumor specimens which each contained the
EGFRVIIl variant; however, there were different intragenic
deletion breakpoints flanking exons 2 and 7 for the initial
and recurrent tumor specimens, indicating that these were
independently acquired genetic events during the evolu-
tion of this patient’s glioblastoma. Patient #14 had shared
TERT promoter mutation and CDKN2A homozygous dele-
tion between initial and recurrent tumor specimens, with
additional EGFR high-level amplification that was private
to the initial tumor and MET high-level amplification and
PTEN mutation that were newly acquired in the recurrent
tumor. Patient #98 had shared TERT promoter mutation,
CDKN2A homozygous deletion, and LZTR1 frameshift mu-
tation between initial and recurrent tumor specimens, with
additional NF1 and PTEN mutations in both tumor spe-
cimens; however, the NF1 nonsense mutation and PTEN
missense mutation in the initial tumor were divergent
from the inactivating NF7 and PTEN mutations present in
the recurrent tumor. When segregating the patient cohort
by these 3 distinct genomic evolution patterns (stable, ad-
ditive, and divergent), no difference was found in overall
or recurrence-free survival from initial surgery, or survival
from first surgically treated recurrence (Figure 2B).

Distinct Epigenomic Evolution of IDH-Wildtype
Glioblastoma Compared to IDH-Mutant
Astrocytoma

DNA methylation array data interrogating ~850,000 CpG
sites across the genome were simultaneously generated
from 98 initial treatment-naive and matched recurrent
posttreatment IDH-wildtype glioblastomas alongside 14
initial treatment-naive IDH-mutant astrocytomas and 17
recurrent IDH-mutant astrocytomas to directly compare
the epigenomic evolution of these 2 distinct glioma tumor
types. We found that initial IDH-mutant astrocytomas had
markedly hypermethylated epigenomes with substantially
more methylated CpG sites across the genome compared
to IDH-wildtype glioblastomas (Figure 3A, Supplementary
Figure S4A). Recurrent IDH-mutant astrocytomas had re-
duced methylation levels similar to the global methylation
levels of IDH-wildtype glioblastomas. In contrast, the mean

DNA methylation levels did not appreciably change be-
tween initial and recurrent IDH-wildtype glioblastoma spe-
cimens for the vast majority of the ~850,000 interrogated
CpG sites. We next compared the mean global methylation
evolution of each individual tumor pair, which revealed that
IDH-mutant astrocytomas uniformly became less globally
methylated from initial to recurrent tumor specimens, i.e.
“hypomethylation shift” (Figure 3B). In contrast, we found
that IDH-wildtype glioblastomas underwent heterogenous
epigenomic evolution, with subsets becoming more glob-
ally methylated (27%, ie “hypermethylation shift”), less
globally methylated (22%, ie “hypomethylation shift”),
or remaining stable (51%) (Supplementary Table S10).
Among ~850,000 interrogated CpG sites, we identified only
110 and 151 sites that consistently became more meth-
ylated or less methylated between initial and recurrent
IDH-wildtype glioblastomas (Figure 3C, D, Supplementary
Tables S11 and S12), which regulate genes involved in neu-
ronal morphogenesis, oligodendrocyte differentiation, and
myelination (Figure 3E, Supplementary Tables S13-S15,
Figure S5). In comparison, we identified 260 and 18,527
CpG sites that consistently became more methylated or
less methylated between initial and recurrent IDH-mutant
astrocytomas (Figure 3C, D, SupplementaryTables S16 and
S17), which regulate genes involved in neuronal stem-like
differentiation, cell cycle control, and other biologic pro-
cesses (Supplementary Figures S4B and S5 and Tables
S$18-S20). The CpG sites that consistently became more or
less methylated between initial and recurrent IDH-wildtype
glioblastomas and IDH-mutant astrocytomas demon-
strated minimal overlap (Figure 3C) and had unique distri-
bution patterns across the genome (Figure 3D), indicating
that this was unlikely to represent random or stochastic
epigenomic evolution. We identified RBFOX3, which en-
codes an RNA binding domain commonly known as NeulN,
as a target of epigenomic evolution specifically in IDH-
mutant astrocytomas, with 12 CpG sites in the upstream
regulatory sequence that became significantly less meth-
ylated from initial to recurrent IDH-mutant astrocytomas
but did not change in methylation levels between initial
and recurrent IDH-wildtype glioblastomas (Supplementary
Figure S4C). Notably, a recent study found that mean
global DNA methylation levels in initial treatment-naive
IDH-wildtype glioblastomas correlated with patient
outcomes, with those patients having more globally
hypermethylated tumor epigenomes demonstrating su-
perior survival compared with those patients having more
globally hypomethylated tumor epigenomes.? To eval-
uate the potential clinical impact of mean global methyl-
ation evolution from initial to recurrent tumor specimens,
we performed Kaplan-Meier survival analysis segregating
our longitudinal IDH-wildtype glioblastoma patient cohort
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Figure 2. Longitudinal genomic profiling of paired initial and recurrent IDH-wildtype glioblastoma specimens from 106 patients reveals the interpatient
heterogeneity of genomic evolution in response to treatment. (A) Genetic evolution dendrograms derived from targeted DNA sequencing analysis of
paired initial and recurrent IDH-wildtype glioblastoma specimens illustrating 3 distinct patterns of genomic evolution which were termed “stable”, “addi-
tive”, and “divergent”. Genomic alterations that occurred early during gliomagenesis and were shared between initial and recurrent tumors are shown
along the truncal red axis, whereas alterations that occurred later during tumorigenesis and were private to either initial or recurrent tumors are shown
along the branched blue and green axes, respectively. Abbreviations: amp = amplification; fs = frameshift mutation; homo del = homozygous/biallelic de-
letion; mis = missense mutation; mut = mutation; non = nonsense mutation; splice = splice site mutation; var = variant. (B) Kaplan—Meier plots of overall
survival from initial surgery (left), recurrence-free survival from initial surgery (middle), and survival from first surgically treated recurrence (right) for 101

patients with IDH-wildtype glioblastoma stratified by genomic alteration evolution as either “stable,

" ou

additive,” or “divergent” based on targeted DNA

sequencing analysis. Median estimated survival and 95% Cls are shown, as well as exact P-values by log-rank test.




Lucas et al.: Glioblastoma longitudinal molecular evolution

A X B Mean global methylation evolution from initial treatment-naive to matched recurrent tumor
IDH-wildtype - IDH-mutant hypomethylation shift stable hypermethylation shift
glioblastoma astrocytoma = Y y P! y

é < 1.00 Methylated £ 1

09 = 1

50 2 .

Lo 3 11

25 £+0.05

2 0.75 = .....

>3 = Lesennete

S0 © .“"...

S8 050 & 0.00¢1999rr jRttittiiiy

E=N0) o i ety

= © *

£o g !

[} .

€5 025 £-005 -

=3 : t

fake] z : « initial tumor (baseline)

c % E] ! « recurrent tumor

T2 0.00 Unmethylated S-0.10

=

N 3 N 3 <
e S @ Q g :
& @ & &€ .
) ) —_—
<& <& IDH-mut astrocytomas

IDH-wildtype glioblastomas

C D Chromosome: 110 CpG sites that consistently become more

! E methylated from initial to recurrent IDH-wildtype GBM
w0
o]
CpG sites which consistently become more .
methylated from initial to recurrent tumors 3
o
s
o
2
8'{ ,’| CpG sites which become more °

i methylated at recurrence i lopment

IDH-wildtype 2
glioblastoma  IDH-mutant I
astrocytoma 6
)
c

t T T T

IDH-wildtype 5 IDH-mutant 2
CpG sites which consistently become less glioblastoma astrocytoma 0 —log1g P 3
methylated from initial to recurrent tumors (inner ring) (middle ring) 151 CpG sites that consistently becomes less

methylated from initial to recurrent IDH-wildtype GBM

itabolic process

‘[ J CpG sites which become less
methylated at recurrence

IDH-wildtype
glioblastoma

IDH-mutant
astrocytoma

Gene Ontology biologic processes

Chromosome:

N

T T
1 4

—log1g P

Overall survival from initial surgery

Recurrence-free survival from initial surgery ~Survival from first surgically-treated recurrence

1.00 Mean global methylation evolution 1.00 Mean global methylation evolution 1.00 Mean global methylation evolution
— hyper shift: 24.0 (20.0-36.7) — hyper shift: 12.9 (11.0-19.3) — hyper shift: 10.7 (8.7-14.3)

c — hypo shift: 21.0 (15.8-35.1) — hypo shift: 9.0 (7.8-13.7) — hypo shift: 8.6 (6.9-17.9)
S 075 — stable: 20.6 (18.4-28.3) ~ 0-75 — stable: 10.6 (8.6-12.6) 0.75 — stable: 10.4 (8.5-12.8)
8
C
K] 0.50 050 p=0.357 050 p=0.989
s
@ 025 0.25 0.25

0.00 0.00 0.00:

0 12 24 36 48 60 0 12 24 36 48 60 0 12 24 36 48 60

Time in Months

Time in Months

Time in Months

Number at risk
2 2 s 4
2 i9 9 H 3
5 ] i e 7

Number at risk
2 15

2
22 7 4 1
50 21 9 2

Number at risk
2 2 2 0
0
2

2 1 1
4 2
6 3

9
1 50 20

Figure 3. Distinct heterogeneous epigenomic evolution of IDH-wildtype glioblastomas versus IDH-mutant astrocytomas in response to therapy.
(A) Box plot showing mean DNA methylation levels at each of ~850,000 interrogated CpG sites across the genome of 98 initial treatment-naive IDH-
wildtype glioblastomas, 98 matched recurrent posttreatment IDH-wildtype glioblastomas, 14 initial treatment-naive IDH-mutant astrocytomas,
and 17 recurrent posttreatment IDH-mutant astrocytomas. (B) Lollipop plot of the mean global DNA methylation B-value for all 850,000 CpG sites
from initial tumor specimen (blue) to recurrent tumor specimen (red) for 98 patients with IDH-wildtype glioblastoma and 7 patients with IDH-
mutant astrocytoma for comparison. The amount of shift on the y-axis between the initial and recurrent tumor specimen represents the change
in mean global DNA methylation levels across the entire genome for each individual patient. Some IDH-wildtype glioblastomas became more
globally methylated from initial to recurrent tumor specimens (hypermethylation shift), some are relatively stable, and some become less globally
methylated (hypomethylation shift). (C) Venn diagrams showing the number and overlap of the ~850,000 interrogated CpG sites that consistently
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become more methylated (red) or less methylated (blue) from initial to recurrent tumor specimens in 98 pairs of IDH-wildtype glioblastomas and 7
pairs of IDH-mutant astrocytomas (supplemented with additional unpaired tumor specimens, 7 initial and 10 recurrent). (D) Circos plots showing
the genome mapping of the specific CpG sites that undergo consistent epigenomic evolution in IDH-wildtype glioblastoma versus IDH-mutant
astrocytoma. Outermost rings show the chromosome position. The top plot with red peaks shows the CpG sites that become more methylated
from initial to recurrent tumor specimens, while the bottom plot with blue peaks shows the CpG sites that become less methylated from initial to
recurrent specimens. Middle rings show the 260 CpG sites that consistently become more methylated (light red) and 18,535 CpG sites that con-
sistently become less methylated (light blue) in IDH-mutant astrocytomas. Innermost rings show the 110 CpG sites that consistently become more
methylated (dark red) and 151 CpG sites that consistently become less methylated (dark blue) in IDH-wildtype glioblastomas. (E) Gene Ontology
biological processes that are significantly enriched (P < .05) in genes containing the most differentially methylated CpG sites between 98 initial
treatment-naive IDH-wildtype glioblastomas and their matched recurrent posttreatment tumor specimens. (F) Kaplan—Meier plots of overall sur-
vival from initial surgery (left), recurrence-free survival from initial surgery (middle), and survival from first surgically treated recurrence (right) for
98 patients with IDH-wildtype glioblastoma stratified by mean global methylation evolution as hypermethylation shift, stable, or hypomethylation
shift. Median estimated survival and 95% Cls are shown, as well as exact P-values by log-rank test.

by mean global methylation shift (Figure 3F). However, no
significant difference was noted in overall or recurrence-
free survival from initial surgery, or survival from first sur-
gically treated recurrence.

Transformation to Gliosarcoma Is Determined by
a Distinct Molecular Signature at Initial Resection

Histopathologic assessment of the IDH-wildtype glio-
blastoma tumor cohort revealed 18 patients (17%) that
developed sarcomatous transformation at recurrence
(Figure 4A). Compared with conventional glioblastoma,
patients who developed gliosarcoma had significantly
shorter interval between initial surgery and first recurrence
(9.0 vs. 11.7 months, P=.001; Figure 4B). While there were
no differences in sex, age, tumor location, or adjuvant
therapy (Supplementary Table S1), we found differences
in the molecular signatures of initial treatment-naive gli-
oblastoma that transformed to gliosarcoma at recurrence,
including a significant enrichment in NF1, TP53, and RB1
alterations and an absence of EGFR amplification, with 3 tu-
mors harboring EGFR mutations occurring in the absence
of EGFR gene amplification (Figure 4C, Supplementary
Table S21). Glioblastoma which underwent sarcomatous
transformation were enriched for the MES epigenetic class
at initial surgery compared with those conventional glio-
blastoma which did not transform (69% vs. 25%) (Figure
4D, Supplementary Table S9). There was also an enrich-
ment for the novel Mesenchymal subclass B (MES B) at
recurrence among the glioblastoma which underwent sar-
comatous transformation compared with those that did
not transform (43% vs. 2%). Among ~850,000 interrogated
CpG sites, we identified 1503 and 2090 CpG sites within
upstream regulatory regions that were significantly more
methylated or less methylated in those initial treatment-
naive glioblastomas that transformed to gliosarcoma at
recurrence compared with those conventional glioblast-
omas which did not transform (Figure 4E, Supplementary
Tables S22 and S23). Gene Ontology biological processes
enriched in these differentially methylated genes include
macrophage migration, TGF-B signaling, and cell-cell ad-
hesion (Figure 4F Supplementary Tables S24-S26 and
Figure S6). These findings indicate that IDH-wildtype gli-
oblastoma which transform to gliosarcoma at recurrence
posttreatment have a unique genetic and epigenetic com-
position at initial surgery.

Development of Somatic Hypermutation
Following Temozolomide Treatment Is Dictated
by Specific MGMT and KCNQ1DN Methylation
Patterns

Among the 106 patients with longitudinally profiled
IDH-wildtype glioblastoma, 12 patients (11%) devel-
oped somatic hypermutation at recurrence following
temozolomide treatment consisting of a predominance
of C>T:G>A transitions, which is the mutational signature
known to arise in recurrent gliomas and other cancers due
to the alkylating effects of temozolomide on the tumor ge-
nome.33738 This included 7 patients who developed this
temozolomide-induced somatic hypermutation at the first
surgically treated recurrence and 5 additional patients at
the second surgically treated recurrence (Supplementary
Figure S7 and Tables S3 and Sb5). Patients who developed
somatic hypermutation posttemozolomide had a signifi-
cantly longer interval from initial surgery until tumor recur-
rence than those who did not (27.8 vs. 10.4 months, P<.001)
(Figure 5A, Supplementary Figure S8). In contrast to IDH-
mutant gliomas where temozolomide-induced hypermuta-
tion is associated with poor prognosis,3®4'-3 those patients
with IDH-wildtype glioblastoma who developed hypermu-
tation posttemozolomide had significantly longer overall
survival from initial surgery (67.9 vs. 20.7 months, P<.001)
and also from the time of recurrence after the development
of hypermutation (30.9 vs. 9.5 months, P=.001) compared
with those patients who did not. There was no difference
in oncogenic alteration frequency in initial treatment-naive
glioblastoma specimens that subsequently developed
temozolomide-induced hypermutation versus those that
did not (Supplementary Table S21). However, we identified
4 specific CpG sites out of 12 total interrogated sites in the
promoter region of MGMT (which encodes a DNA repair
enzyme), as well as multiple CpG sites in the promoter re-
gions of CCDC147, GCA, and KCNQ1DN (which encodes a
negative regulator of c-Myc),** that were significantly more
methylated in those initial treatment-naive glioblastoma
which subsequently developed temozolomide-induced
hypermutation compared with those that did not (Figure
5B, D, Supplementary Tables S27-S30). We then generated
a composite score (ranging from 0 to 4) across the 4 crit-
ical CpG sites in the MGMT promoter based on the DNA
methylation B-values in initial treatment-naive tumors
which could potentially be used prospectively to iden-
tify IDH-wildtype glioblastomas most likely to develop

97
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Figure 4. Sarcomatous transformation of IDH-wildtype glioblastoma at recurrence is determined by a unique cell state with a distinct molecular
signature at initial resection before therapy. (A) Histopathology images of an initial treatment-naive glioblastoma (top panels) show tumor cells
with fibrillary glial processes, diffuse GFAP expression, and absence of intercellular reticulin meshwork. At the time of recurrence following adju-
vant radiation and temozolomide chemotherapy, this glioblastoma developed MES transdifferentiation (bottom panels) with spindled tumor cells
arranged in fascicles, loss of GFAP expression, and intercellular reticulin deposition. Scale bar = 100 um. (B) Kaplan—Meier plots of overall sur-
vival from initial surgery (left), recurrence-free survival from initial surgery (middle), and survival from first surgically treated recurrence (right) for
106 patients with IDH-wildtype glioblastoma stratified by sarcomatous transformation at recurrence or not. Median estimated survival and 95%
Cls are shown, as well as exact P-values by log-rank test. (C) Bar plot of genetic alteration frequency for the 12 most commonly altered oncogenes
and tumor suppressor genes in 101 initial treatment-naive IDH-wildtype glioblastomas stratified by sarcomatous transformation at recurrence or
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not. Asterisks denote significant (P < .05) differences in genetic alteration frequency, specifically decreased EGFR and increased TP53, NFT,
and RBI] alterations in those tumors that transformed to gliosarcoma at recurrence. (D) Sankey plots of DNA methylation class assignment for
matched initial treatment-naive and first surgically treated recurrent IDH-wildtype glioblastomas using the DKFZ Molecular Neuropathology clas-
sifier tool version 12.5, stratified by the 10 tumors that transformed to gliosarcoma at recurrence (left) and the 66 tumors that did not transform to
gliosarcoma. This analysis revealed enrichment for the MES methylation class and an absence of the RTK2 methylation class among those glio-
blastomas that underwent sarcomatous transformation. Additionally, there was enrichment for the novel MES B methylation subclass in those
recurrent glioblastomas with sarcomatous transformation which was absent in those recurrent glioblastomas without sarcomatous transforma-
tion. (E) Volcano plot of genome-wide DNA methylation data from initial treatment-naive glioblastoma tumor specimens that later transformed
to gliosarcoma at the time of recurrence (n=17) versus those that did not (n = 81). Each dot represents an individual CpG site in the genome
that DNA methylation levels were interrogated at across the 98 initial treatment-naive IDH-wildtype glioblastoma tumor samples. Blue dots on
the left side of the plot represent those CpG sites which are significantly (P < .001) more methylated in those glioblastomas that transformed to
gliosarcoma versus those that did not. Red dots on the right side of the plot represent those CpG sites which are significantly less methylated in
those glioblastomas that transformed to gliosarcoma versus those that did not. (F) Gene Ontology biological processes that are significantly en-
riched (P < .001) in genes containing the most differentially methylated CpG sites in their upstream regulatory regions in those glioblastomas that

transformed to gliosarcoma versus those that did not.

temozolomide-induced hypermutation associated with fa-
vorable survival. Based on the calculated B-value cutoff at
each of these 4 sites, we determined that having 3 or more
of the MGMT promoter methylation sites above the cutoff
demonstrated a sensitivity of 92% and a specificity of 87%
for identifying patients in this cohort that would go on to
develop temozolomide-induced hypermutation at recur-
rence (Figure 5E).

Glioblastoma Survival-Associated DNA
Methylation Evolution Signature

Given the heterogeneous epigenomic evolution patterns
observed among IDH-wildtype glioblastomas, we sought
to identify any CpG sites and associated genes/pathways
whose differential methylation correlates with patient out-
comes. We first generated a AB value matrix for each initial
and recurrent tumor pair for 98 patients with IDH-wildtype
glioblastoma, consisting of the change in DNA methyla-
tion B-value from initial to recurrent tumor specimens at
each of the ~850,000 interrogated CpG sites. We then iden-
tified 347 specific CpG sites whose change in DNA meth-
ylation levels most significantly correlated with overall
survival among the patient cohort. We then defined 3 pa-
tient subgroups based on mean A value across the 347
CpG sites: Group A (mean AR >0.0305) was composed
of those patients whose recurrent tumors became more
methylated at the 347 CpG sites; Group B (-0.0145 < mean
AB <0.0305) was composed of those patients who had rel-
atively stable methylation levels at recurrence; and Group
C (mean AR <-0.0145) was composed of those patients
whose recurrent tumors became less methylated at the
347 CpG sites (Figure 6A, Supplementary Tables S31 and
S32). This patient subgrouping by DNA methylation evo-
lution signature correlated with overall survival (P<.001)
and recurrence-free survival from initial surgery (P<.001),
with patients in Group A demonstrating the most favor-
able clinical outcomes (median survival of 34.9 months)
and patients in Group C demonstrating the least favorable
outcomes (median survival of 16.3 months) (Figure 6B).
While there were no significant differences in sex, age,
tumor location, or adjuvant therapy amongst the 3 patient
subgroups (Supplementary Table S1), there was an enrich-
ment for TP53 and RB1 mutations in the tumors of Group C

patients compared with the other 2 groups (Supplementary
Table S21), as well as larger recurrent tumor volumes (both
enhancing and nonenhancing) in the Group C patients
(Supplementary Table S1). Multivariate analysis demon-
strated that the 347 CpG site epigenomic evolution groups
were independently correlated with overall and recurrence-
free survival (P < .05; Supplementary Figure S9). Stratifying
42 patients with IDH-wildtype glioblastoma from an ex-
ternal cohort into 3 groups using this epigenomic evolu-
tion signature with the identical AB-value cutoffs revealed
a similar pattern of overall survival and recurrence-free
survival (Supplementary Figure S10 andTables S33-S34)."7
Gene Ontology biological processes enriched in genes
containing the 347 CpG sites revealed adrenergic receptor
signaling and cyclic AMP signaling pathways as among the
most significantly enriched whose differential methylation
correlates with this survival-associated epigenomic evolu-
tion signature (Figure 6C, SupplementaryTable S35).

Discussion

Similar to other recent longitudinal profiling studies,??
our analyses demonstrate that glioblastoma is not a mo-
lecularly static disease but rather evolves both genetically
and epigenetically during treatment and disease recur-
rence. While there is no predominant genetic event newly
acquired or enriched in recurrent glioblastomas, analysis
of paired initial and recurrent tumors identified that TERT
promoter mutation and CDKN2A homozygous deletion are
uniformly early events during gliomagenesis, whereas al-
terations involving other major oncogenes and tumor sup-
pressor genes (eg EGFR, PDGFRA, NF1, PIK3CA, PIK3R1,
PTEN, and PTPN11) occur later during gliomagenesis and
are often subclonal or private to initial or recurrent tumor
specimens. This important finding places renewed em-
phasis on efforts to therapeutically target tumor cell im-
mortalization driven by TERT promoter mutation and cell
cycle deregulation driven by CDKN2A inactivation as these
represent the earliest key fundamental driving events in
the majority of glioblastomas. Furthermore, this finding
also may help to explain the challenge and past failures
of therapeutically targeting EGFR and the PI3-kinase-Akt-
MTOR pathway in glioblastoma given the later occurrence
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Figure 5. Development of somatic hypermutation in response to alkylating chemotherapy with temozolomide for IDH-wildtype glioblastoma
is dictated by DNA methylation at specific CpG sites in the promoter regions of MGMT and KCNQ1DN. (A) Kaplan—Meier plots of overall sur-
vival from initial surgery (left), recurrence-free survival from initial surgery (middle), and survival from first surgically treated recurrence (right)
for 106 patients with IDH-wildtype glioblastoma stratified by the development of somatic hypermutation at recurrence following temozolomide
treatment. Median estimated survival and 95% Cls are shown, as well as exact P-values by log-rank test. (B) Volcano plot of genome-wide DNA
methylation data from initial treatment-naive glioblastoma tumor specimens that became hypermutated at the time of recurrence following TMZ
treatment (n = 12) versus those that did not (n = 87). Each dot represents an individual CpG site in the genome that DNA methylation levels were
interrogated at across 99 initial treatment-naive IDH-wildtype glioblastoma tumor samples. Red dots on the right side of the plot represent those
CpG sites which are significantly (P < .01) more methylated in those glioblastomas that became hypermutated at recurrence following treatment
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with temozolomide versus those that did not, which include multiple CpG sites in the upstream promoter region of the MGMT and KCNQ1DN
genes. Blue dots on the left side of the plot represent those CpG sites which are significantly less methylated in those glioblastomas that became
hypermutated at recurrence following treatment with temozolomide versus those that did not. (C) Scatter plot of mean DNA methylation values
atthe 12 interrogated CpG sites in the upstream regulatory region of MGMT in 99 initial treatment-naive IDH-wildtype glioblastomas stratified by
those that became hypermutated at recurrence following treatment with temozolomide versus those that did not. Asterisks mark the 4 CpG sites
with significant differences in the mean DNA methylation p-values between the two subgroups. (D) Diagram of the upstream promoter region of
MGMT showing the 12 interrogated CpG sites. Asterisks mark the 4 critical CpG sites (red bars) within the MGMT promoter whose differential
methylation in initial treatment-naive glioblastomas dictates whether they will go on to become hypermutated at the time of recurrence following
TMZ treatment. No significant differences in DNA methylation levels were found at the other 8 CpG sites (gray bars). (E) Analysis determining the
optimal DNA methylation g-value cutoffs for each of the 4 critical CpG sites in the MGMT promoter region and the optimal binning for a quantity of
these 4 CpG sites above the cutoff for predicting whether an initial treatment-naive IDH-wildtype glioblastoma is likely to develop somatic hyper-
mutation at recurrence following treatment with temozolomide. Abbreviation: AUC = area under the curve.

of these genetic alterations and their subclonality in many
patients.

Through longitudinal analysis of IDH-wildtype glio-
blastomas, we identified 3 distinct patterns of genomic
alteration evolution that we termed stable, additive, and
divergent. While subgrouping patients by the different ge-
nomic alteration evolution patterns did not correlate with
survival in the setting of current standard-of-care therapy,
assessing these patterns is critical for informing the best
targeted therapy regimen at the time of recurrence. For
example, patients in our cohort had switching of the ac-
tivated receptor tyrosine kinase gene (eg EGFR amplified
in initial specimen vs. MET amplified in recurrent spec-
imen), as well as variant switching on the amplified EGFR
alleles (eg EGFRvIIl intragenic deletion in initial specimen
vs. extracellular domain missense mutation in recurrent
specimen), both of which have important ramifications for
selecting appropriate targeted therapy agents.

We found that IDH-wildtype glioblastomas demon-
strate heterogeneous epigenomic evolution patterns dis-
tinct from IDH-mutant astrocytomas. Whereas recurrent
posttreatment IDH-mutant astrocytomas uniformly be-
come less methylated, IDH-wildtype glioblastomas un-
dergo heterogenous epigenomic evolution, with some
becoming more globally methylated, some becoming
less globally methylated, and some remaining relatively
stable. This global methylation shift was not correlated
with outcomes in this patient cohort treated with the cur-
rent standard-of-care; however, these changes in global
epigenomic patterns may likely denote unique biologic
subgroups of glioblastoma with differential response to
specific targeted agents and may inform future therapeutic
studies targeting the underlying differentially methylated
gene programs.

While the global hyper- versus hypomethylation shift
from initial to recurrent glioblastoma specimens did not
correlate with outcomes in this patient cohort, we iden-
tified that the DNA methylation shift at 347 specific CpG
sites from initial to recurrent tumor specimens was sig-
nificantly associated with both overall survival and
recurrence-free survival for patients with IDH-wildtype gli-
oblastoma in both our cohort and an external validation
cohort.” Patients whose tumors became more methylated
at recurrence at these specific 347 CpG sites had superior
outcomes compared with patients whose tumors became
less methylated. We therefore speculate that the biolog-
ical pathways controlled by these 347 CpG sites may be
critical to glioblastoma progression and associated with

resistance to therapy. Several of these CpG sites are lo-
cated in genes including PDE4B, PDE4D, RAPGEF2, and
FFAR4 that regulate adrenergic receptor signaling and cy-
clic AMP signaling, raising the possibility that this might be
a critical therapeutic node to investigate in future studies.

A cellular phenotypic response to therapy that has been
observed microscopically in a substantial subset of recur-
rent IDH-wildtype glioblastomas is sarcomatous transfor-
mation to “gliosarcoma.” Historically, such gliosarcomas
are thought to represent a potentially more aggressive
subtype of glioblastoma which can invade into the over-
lying dura and calvarium.*® However, the underlying bi-
ological basis of gliosarcoma transformation has not
been resolved to date. Here, we show that glioblastomas
which transform to gliosarcoma have earlier recurrence
compared with conventional glioblastoma and harbor a
unique epigenetic signature and mutational profile at the
time of initial surgery prior to therapy and before micro-
scopic evidence of MES transdifferentiation. This includes
enrichment for NF1, TP53, and RB1 inactivation, paucity of
EGFR amplification/mutation, and differential methylation
of CpG sites regulating immune cell and TGF-3 signaling,
which together suggest potential unique therapeutic vul-
nerabilities for affected patients. Identification of this mo-
lecular signature in an initial resection of glioblastoma
corresponding to high propensity for sarcomatous trans-
formation and early recurrence may warrant more aggres-
sive or alternative therapy for patients, which we aim to
test in future prospective clinical trials.

A more recently recognized therapy-induced phe-
nomenon in gliomas treated with the alkylating agent
temozolomide is the development of somatic hypermu-
tation characterized by a predominance of C>T:G>A tran-
sitions. This temozolomide-induced hypermutation was
first identified in lower-grade IDH-mutant gliomas at the
time of recurrence, which has been found to correspond
with high-grade transformation, increased risk of dissem-
ination via cerebrospinal fluid, and poor outcomes.*'*3 In
contrast, we found that IDH-wildtype glioblastomas which
developed temozolomide-induced hypermutation oc-
curred in those patients with the longest intervals between
initial resection and recurrence and were associated with
favorable overall survival from initial surgery and also
from the time of recurrence after the development of so-
matic hypermutation. Somatic hypermutation in glioblast-
omas can be due to primary mismatch repair deficiency
(either germline or somatic in origin) or secondary to iat-
rogenic alkylating chemotherapy.®64" While other studies
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98 patients with IDH-wildtype glioblastoma segregated by change in DNA methylation levels at 347 specific
CpG sites from initial treatment-naitve tumor to first surgically-treated recurrent post-therapy tumor
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Figure 6. DNA methylation evolution at 347 specific CpG sites across the genome correlates with survival for patients with IDH-wildtype gli-
oblastoma. (A) Heatmap of the DNA methylation B-value change (Ap value) from initial treatment-naive tumor to recurrent posttreatment tumor
specimens at 347 CpG sites (rows) for a cohort of 98 patients (columns) with IDH-wildtype glioblastoma. The DNA methylation evolution at these
347 specific CpG sites segregated the patient cohort into 3 groups that significantly correlated with interval from initial resection to recurrence
(P < .001), enhancing tumor volume at recurrence (P =.029), and overall survival (P < .001). Group A was composed of those patients whose tu-
mors became more methylated at these 347 CpG sites from initial to recurrent tumors and was associated with superior survival, whereas Group
C was composed of those patients whose tumors became less methylated at these 347 CpG sites from initial to recurrent tumors and was asso-
ciated with inferior survival. (B) Kaplan—Meier plots of overall survival from initial surgery (left) and recurrence-free survival from initial surgery
(right) for 98 patients with IDH-wildtype glioblastoma stratified by the 347 CpG site DNA methylation evolution subgroups. Median estimated sur-
vival and 95% Cls are shown, as well as exact P-values by log-rank test. (C) Gene Ontology biological processes that are significantly enriched
(P < .01)in genes containing the 347 CpG sites composing the DNA methylation evolution signature for IDH-wildtype glioblastoma.

indicating a different biologic trajectory for these unique
tumors. We did not observe any differences in the patient
age, sex, tumor location, or genetic alteration profiles of
those glioblastomas which developed this hypermutation
posttemozolomide treatment. However, DNA methylation

investigating clinical outcomes for hypermutated glio-
blastomas have not observed prolonged survival,® our
patient population stratified exclusively by somatic hyper-
mutation at recurrence following temozolomide therapy
with Mutational Signature 11 experienced longer survival
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profiling revealed that initial treatment-naive glioblast-
omas with elevated methylation levels at 4 specific CpG
sites in the MGMT promoter were significantly correlated
with the development of temozolomide-induced hypermu-
tation at recurrence compared with those with low meth-
ylation levels at these 4 MGMT CpG sites. Furthermore,
we identified that elevated methylation levels at CpG sites
in the KCNQ1DN, CCDC147, and GCA promoters also sig-
nificantly correlated with subsequent development of hy-
permutation posttemozolomide treatment. These specific
MGMT and other gene loci promoter methylation patterns
could serve as biomarkers to identify those patients who
will develop somatic hypermutation and experience favor-
able survival with temozolomide treatment, which requires
validation in additional patient cohorts. Alternative thera-
peutic approaches leveraging this biologic vulnerability
such as prolonged temozolomide treatment, potentially
with accompanying immune checkpoint blockade, should
be explored for this patient population.

Altogether, our analyses demonstrate that most glio-
blastomas undergo longitudinal genomic and epigenomic
evolution in response to treatment with radiation and
temozolomide, which likely underlie disease progression and
the different patient trajectories observed clinically. We show
that personalized genomic analysis of both initial treatment-
naive and recurrent posttreatment tumors can reveal genetic
alterations underlying treatment resistance mechanisms (eg
EGFR variant switching, temozolomide-induced hypermuta-
tion) that impact therapeutic decision making. Furthermore,
prospective molecular profiling of the initial surgical spec-
imen can identify biomarkers that predict which patients are
most likely to follow certain progression trajectories including
the development of sarcomatous transformation or somatic
hypermutation associated with less favorable and more fa-
vorable outcomes, respectively. As such, we believe that pre-
cision medicine for glioblastoma requires the incorporation
of genomic/epigenomic evolution analysis and needs to be
predicated upon molecular studies performed on all available
longitudinally obtained tumor specimens.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology (https://academic.oup.com/neuro-oncology).
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