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Simple Summary: Glioblastoma is the most frequent and malignant primary tumor of the brain.
Patient survival is dismal and personalized therapies are missing. In the diagnostic arena, the lack of
an all-inclusive molecular subgroup classification for this tumor has delayed its personalized therapy.
This study presents the validation of the first molecular subgroup classification of glioblastoma in
a large patient cohort, and opens the avenue to rationalized therapeutic approaches. Preliminary
comparative demographic studies between Caucasian/White and African American/Black patients
offer the first comparative overview of the molecular diversity of glioblastoma. One molecular
subgroup, G6/Multi-RTK, assembling several targetable gene fusions, is expanded and includes novel
or rare examples of such events with associated tumorigenic mechanisms and cellular phenotypes.
The bioinformatic analysis of the principal oncogenic pathways reveals important genetic associations
and the extent of genomic heterogeneity at the populational level, offering the first organized
molecular profiling of glioblastoma to be used as a foundation for therapy design, clinical practice
and scientific research.

Abstract: Glioblastoma is the most frequent and malignant primary neoplasm of the central nervous
system. In a recent breakthrough study on a prospective Discovery cohort, I proposed the first
all-inclusive molecular classification of glioblastoma into seven subgroups, G1-G7, based on MAPK
pathway activation. New data from a WHO-grade-4 diffuse glioma prospective Validation cohort
offers, in this study, an integrated demographic-molecular analysis of a 213-patient Combined
cohort. Despite cohort differences in the median age and molecular subgroup distribution, all the
prospectively-acquired cases from the Validation cohort mapped into one of the G1-G7 subgroups
defined in the Discovery cohort. A younger age of onset, higher tumor mutation burden and
expanded G1/EGFR-mutant and G3/NF1 glioblastoma subgroups characterized the glioblastomas
from African American/Black relative to Caucasian/White patients. The three largest molecular
subgroups were G1/EGFR, G3/NF1 and G7/Other. The fourth largest subgroup, G6/Multi-RTK,
was detailed by describing a novel gene fusion ST7-MET, rare PTPRZ1-MET, LMNA-NTRK1 and
GOPC-ROS1 fusions and their overexpression mechanisms in glioblastoma. The correlations between
the MAPK pathway G1-G7 subgroups and the PI3-kinase/PTEN, TERT, cell cycle G1 phase and
p53 pathways defined characteristic subgroup pathway profiles amenable to personalized targeted
therapy. This analysis validated the first all-inclusive molecular classification of glioblastoma, showed
significant demographic and molecular differences between subgroups, and provided the first ethnic
molecular comparison of glioblastoma.

Keywords: glioblastoma; molecular classification; African American/Black; EGFR; NF1; PDGFRA;
MET; PTEN; CDNK2A; CDK4; RB1

1. Introduction

Glioblastoma is the most frequent and deadly primary intraaxial neoplasm of the
central nervous system (CNS) [1]. Its dismal prognosis is mainly due to diffuse brain
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invasion, tumor heterogeneity but also the activation of pathways that impart resistance to
therapy. The World Health Organization (WHO) Classification of Central Nervous System
Tumors assigns the highest tumor grade, WHO grade 4, to glioblastoma [2]. In addition, the
most recent WHO classification reserves the terminology of isocitrate dehydrogenase (IDH)-
wild-type glioblastoma only for the cases of WHO grade 4 diffuse gliomas without IDH
or histone H3 mutations, henceforth called glioblastomas, which represent approximately
90% of all WHO grade 4 diffuse gliomas. The WHO grade 4 glioma cases showing IDH or
histone H3 mutations are currently assigned to IDH-mutant astrocytoma, H3 K27-altered
diffuse midline glioma (DMG) and H3 G34-mutant diffuse hemispheric glioma categories,
respectively [2]. Noteworthy, the histologic derivation of all these four, currently distinct,
WHO grade 4 gliomas is astrocytic, i.e., they are all high-grade astrocytomas, even if only
one category, IDH-mutant astrocytoma, is named as such.

Risk stratification efforts for WHO grade 4 gliomas have been successful for the less
common IDH-mutant astrocytoma tumors, for which the presence of CDKN2A/2B and
MYCN alterations were correlated with significantly shorter survival [2,3]. For the large
group of glioblastomas, there was no all-case-inclusive molecular classification until 2021,
when I proposed the first integrated classification into seven molecular subgroups, G1-G7,
showing distinct risk stratification [4]. Virtually all glioblastomas show the activation of
the extracellular signal-regulated kinase/mitogen-activated protein kinase (ERK/MAPK)
and phosphatidyl-inositol 3-OH kinase (PI3K) canonical growth pathways [4,5]. Noting
non-redundant molecular alterations in the mediators of the ERK/MAPK pathway, in-
cluding the receptor tyrosine kinases (RTKs) triggering pathway activation, I termed the
seven molecular subgroups after the most upstream gene showing activating alterations:
G1/EGFR, G2/FGFR3, G3/NF1, G4/RAF, G5/PDGFRA, G6/Multi-RTK, and G7/Other [4].
In the latter, the PI3K growth pathway is dominant.

The current study validates the proposed G1-G7 molecular classification of glioblas-
tomas by assigning all new cases from a demographically distinct Validation patient cohort
to the seven molecular subgroups proposed through the analysis of the initial Discov-
ery patient cohort [4]. The Combined cohort assembling both Discovery and Validation
cohorts contains demographic and molecular diversity, revealing important demographic—
molecular correlations. A detailed analysis of the G6/Multi-RTK subgroup is provided and
cases with novel or rare RTK fusions from this subgroup are exemplified. Most importantly,
this is the first controlled study comparing the molecular assets of glioblastoma developing
in Caucasian/White (C/W) and African American/Black (AA/B) patients.

2. Materials and Methods

Validation cohort: tumor specimens, histology and immunohistochemistry (IHC). The spec-
imens form the Validation cohort were processed, examined and diagnosed similarly to
those from the Discovery cohort [4]. Briefly, formalin-fixed paraffin-embedded (FFPE) sec-
tions from high-grade glioma biopsies or surgical resections were stained with hematoxylin
and eosin (H&E) or various antibodies. All cases were tested for protein expression by IHC
with antibodies for p53 (DO-7), Ki-67 (30-9) (Roche/Ventana Medical Systems Inc., Tucson,
AZ, USA) and GFAP (EP672Y) (Ventana/Cell Marque, Rocklin, CA, USA), as described [6].
Low- and high-magnification images were acquired with Nikon Eclipse Ci microscope
equipped with Nikon Digital Sight DS-Fi2 camera (Nikon Instruments Inc., Melville, NY,
USA), as previously described [4]. An initial integrated histologic and molecular diag-
nosis, according to the most recent WHO guidelines [2], was obtained for all cases. The
glioblastoma cases were further categorized into the G1-G7 molecular subgroups [4].

Next-generation sequencing (NGS), copy number variation (CNV) and transcriptomics. The
DNA and RNA NGS analyses were performed from FFPE samples using the xT-648-gene
panel (Tempus Labs, Chicago, IL, USA), as previously described [7,8]. For each case, the
same FFPE block was used for DNA and RNA extraction to allow for direct comparison of
results. Variant and CNV assessment and interpretation, and the RNA expression analysis
were performed as extensively described elsewhere [7,8].
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Western blot (WB) analysis. Fresh frozen tumor tissue lysis and WB were performed
as previously described [7,9]. The U251-MG glioblastoma cell line used for control has
been described elsewhere [10,11]. Primary antibodies used were MET (D1C2), PDGFR«
(D1E1E) and EGFR (D38B1) (Cell Signaling Technology, Danvers, MA, USA) and B-actin
(Sigma-Aldrich, St. Louis, MO, USA).

Statistical analysis. Parametric unpaired t-test with or without Welch’s correction,
nonparametric Mann-Whitney rank test and multiple variable correlation matrix analysis
were performed using GraphPad Prism (Version 10.0.0, GraphPad Software, La Jolla,
CA, USA). For pathway correlation matrix analysis, multiple linear regression tables
were generated and used to calculate Pearson’s correlation coefficients by imputing the
mutation information from 186 successfully sequenced glioblastoma cases. Confidence
intervals for all these tests were 95%. Survival Kaplan-Meier curves were analyzed using
log-rank (Mantel-Cox) and Gehan-Breslow—-Wilcoxon tests for statistical significance, as
described [4]. Statistical significance was considered as p < 0.05 for all tests. The percent
accrual of cases in the molecular subgroups of the Validation cohort relative to the Discovery
cohort was calculated using the formula 100 X (ny; — fip;)/fipi, where ny; represents the
number of cases (n) per molecular subgroup (i) in the Validation (V) cohort, and fip; is the
normalized number of cases (fi) per molecular subgroup (i) in the Discovery cohort (D) as
follows: fip; = np; X ny/np, where n is the total number of cases from each cohort. Data
were analyzed and plotted using Microsoft Excel (Version 16.54, Microsoft Corp., Redmond,
WA, USA), and GraphPad Prism.

3. Results
3.1. Validation of the G1-G7 Subgroup Classification of Glioblastoma

The study establishing the first unifying molecular classification of IDH-wild-type
glioblastoma into seven molecular subgroups based on the activation of the ERK/MAPK
pathway was performed on a prospective Discovery cohort of 101 adult patients with WHO
grade 4 gliomas, of which 89 presented with IDH-wild-type glioblastoma [4]. Subsequently,
a prospective Validation cohort containing 112 cases of WHO grade 4 diffuse gliomas,
including 103 glioblastomas, was assembled (Figure 1a). Overall, the cases were derived
mainly from three clinical centers located in the Southern United States. Both the Prospec-
tive and Validation cohort accrual was based on the same requirements: (1) prospective
analysis; (2) all-inclusive accrual, i.e., no case was skipped or considered an outlier; (3) a
WHO glioma diagnosis based on the most recent WHO recommendations; (4) molecular
analysis consisting of both DNA and RNA NGS attempted for all cases. The Validation and
Discovery cohorts showed a very similar overall composition, with an approximately 90%
glioblastoma preponderance. The Combined cohort formed by joining the Discovery and
Validation cohorts contained 213 WHO grade 4 gliomas, including 192 glioblastomas and
21 IDH-mutant and histone H3-mutant WHO grade 4 cases, the latter two at a 2:1 ratio,
respectively (Figure 1a).

The NGS was successful for 86 and 100 glioblastoma cases in the Discovery and
Validation cohorts, respectively (Figure 1b). For six cases, equally divided between the Dis-
covery and Validation cohorts, NGS was not successful. The prospective inclusion of cases
into the seven molecular subgroups showed a different distribution in the cohorts, with
an overexpanded G1/EGFR subgroup in the Discovery cohort, and a balanced partition
between the three major subgroups G1/EGFR, G3/NF1 and G7/Other in the Validation
cohort (Figure 1b). Despite the variable case accrual per subgroup in the Validation cohort
compared to the Discovery cohort (Figure 1b, graph), all of the glioblastoma cases accrued
in the Validation cohort could be subclassified in one of the seven molecular subgroups,
thus validating the G1-G7 molecular classification of glioblastoma.
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Figure 1. Validation of the G1-G7 molecular subgroup classification of glioblastoma. (a) Pie chart
distribution (%) of WHO grade 4 glioma (WHOA4) cases from the Combined patient cohort assembled
from the initial Discovery cohort [4] and subsequent Validation cohort; GBM, glioblastoma; IDH-mut,
astrocytoma IDH-mutant; H3-K27M, DMG H3 K27M-mutant; H3-G34R, diffuse hemispheric glioma
H3 G34-mutant. (b) Left: pie chart distribution (%) of GBM cases in color-coded G1-G7 molecular
subgroups in the Discovery and Validation cohorts. The asterisk (*) indicates total number of cases
with NGS results, and does not include 3 cases from each cohort with failed NGS. The subgroup color
is specified in (c) legend. The numbers from the pie charts indicate the % of cases in the respective
molecular subgroup. Right: bar graph showing the relative case accrual in the Validation cohort in
comparison to the number of cases from the initial Discovery cohort. Red and blue bars represent
relative case increases or decreases, respectively. (c) Pie chart distribution (%) of GBM cases in
color-coded G1-G7 molecular subgroups in the Combined cohort. Notations as in (b) above.

Regardless of the case distribution in the cohorts, the three major subgroups combined,
G1/EGFR, G3/NF1 and G7/Other, summed over 75% of the cases (Figure 1b,c). The
four RTK subgroups, G1/EGFR, G2/FGFR3, G5/PDGFRA and G6/Multi-RTK, totaled
over 50% of the cases, underscoring the importance of RTK signaling for glioblastoma
pathogenesis. The G1/EGFR subgroup, composed of a majority of cases with EGFR
amplification and overexpression (EGFR-amplified), and few cases with EGFR mutation
without overexpression (EGFR-mutant), represented the largest RTK subgroup in the
Combined cohort, due to the large number of EGFR-amplified cases contributed by the
Discovery cohort [4].

Interestingly, the Validation cohort, despite a more balanced case distribution in molec-
ular subgroups, did not contribute any cases to the G2/FGFR3 subgroup (Figure 1b graph).
The cases in this minor subgroup show mainly constitutively activating FGFR3 gene fusions
that are detected by RNA sequencing [7,12]. If RNA NGS is not performed or is not suc-
cessful, false negative FGFR3 cases may, by exclusion, only map to the G7/Other subgroup.
The examination of the G7/Other subgroup from the Validation cohort showed two cases
for which limited tumor material was used only for DNA NGS. These cases showed CDK4
amplification and high-grade neuroendocrine morphology that are commonly seen in the
G7/Other subgroup but are not reported for the G2/FGFR3 subgroup [4,7,13], supporting
that the Validation cohort lacked G2 /FGFR3 cases.



Cancers 2024, 16, 361

50f21

Over a quarter of the glioblastoma cases mapped to the G3/NF1 and G4/RAF sub-
groups with oncogenic mutations in the upper segment of the ERK/MAPK signaling cas-
cade (Figure 1c). Four cases with germline mutations in the mismatch repair (MMR) genes
were assigned to their own G3/MMR subgroup, as they frequently show RAS-activating
events, in addition to a characteristically high tumor mutation burden (TMB).

The G7/Other represents the subgroup of glioblastomas without RTK or upper
ERK/MAPK segment activating alterations, and relies on the PI3K pathway for canonical
growth signaling. A fifth to a quarter of glioblastoma cases will fall within this subgroup,
and RNA sequencing is necessary for the correct classification and exclusion of the cases
with RTK or upper ERK/MAPK segment fusions from this subgroup (Figure 1b,c).

3.2. Molecular-Demographic Correlations in Glioblastoma

To better characterize the relation between the molecular spectrum and demographic
characteristics in glioblastoma, several molecular and demographic parameters were exam-
ined (Tables 1 and 2). As previously reported [4], the glioblastoma subgroups showed a TMB
in the low range, the cut-off being 10 mutations/megabase. The G7/Other subgroup showed
a lower TBM than the other subgroups, with statistical significance versus the G1/EGFR,
G3/NF1 and G5/PDGFRA subgroups (Figure 2a). TMB comparison between the C/W and
AA/B populations showed a significantly higher TMB in the AA /B tumors (Figure 2b).

Table 1. Demographic diversity in glioblastoma cohorts.

GBM Cohorts Age

1

AgeM! AgeF! AgeW!?2 AgeB'2 MFRatio WBRatio? '»oo  BMF

Ratio Ratio
Combined n =192 65 64.5 68 66 62 1.46:1 4.7:1 1.4:1 1.75:1
Discovery n = 89 62 62 63 62 63 1.5:1 491 1.4:1 4:1
Validation n = 103 70 70.5 70 72 61 1.4:1 4.6:1 1.5:1 1:1
GBM, glioblastoma; M, male; F, female; W, Caucasian/White; B, African American/Black. 1 Median age expressed
in years. 2 Race demographic analyses do not include two Hispanic and one Asian patients.
Table 2. Demographic characteristics of glioblastoma molecular subgroups.

GBM Subgroups Cases Age? M:F Ratio W:B 3 Ratio W M:F Ratio B M:F Ratio TMB ¢
G1/EGFR 59 63 (50) 2.1:1 4.9:1 1.7:1 9:1 45+02
G2/FGFR3 5 62 (16) 1:4 W only 1:4 NA 45+11

G3/NF1 43 65 (61) 1.1:1 3.3:1 1.1:1 1.5:1 47+02
G3/MMR 4 71 (17) 3:1 W only 3:1 NA 23+ 6.4
G4/RAF 6 63 (51) 1:2 W only 1:2 NA 43+09
G5/PDGFRA 13 68 (44) 2.2:1 5:1 4:1 11 50=£0.7
G6/Multi-RTK 18 69 (35) 1.6:1 5:1 1.5:1 2:1 44+05
G7/Other 38 72 (55) 1.4:1 431 1.5:1 0.75:1 37£03

GBM total sequenced 1 186 65 (66) 1.5:1 4.7:1 1.4:1 1.9:1 44 +0.1

GBM, glioblastoma; N, number; M, male; F, female; W, Caucasian/White; B, African American/Black; TMB,
tumor mutation burden; NA, not applicable. ! Six GBMs failed sequencing: 3 WM, 2 WF and 1 BE. 2 Median age
with range in parenthesis, expressed in years. 3 Race analyses do not include one Asian and two Hispanic patients
(2M and 1F), classified as G7/Other, G4/RAF and G5/PDGFRA, respectively. 4 TMB (mutations/DNA kbase)
expressed as mean+SEM (standard error of the mean). Total GBM TMB excludes the G3/MMR cases.

The mean glioblastoma onset age, recorded as the date of the first surgery, differed
significantly between the cohorts, showing 8 years of difference (Table 1 and Figure 2c). The
Validation cohort contained an older population of both sexes, with the male population
significantly older than the one in the Discovery cohort (Figure 2c). The Combined cohort
showed a median onset age of 65 years, which is comparable with the age reported by
WHO [2]. The male-to-female ratio was also similar in the Discovery and Validation
cohorts, with a male preponderance (Table 1). The race composition was also similar
between the two cohorts, with a 4.7:1 C/W to AA/B ratio in the Combined cohort (Table 1
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(a)

and Supplementary Figure S1). The significant difference in age between the cohorts
concerned only the C/W population (Supplementary Figure 51). The resulting Combined
cohort showed a significant difference of the glioblastoma onset age between the C/W and
AA /B populations (Figure 2d). This difference was even more appreciable in the larger
Combined WHO grade 4 glioma cohort, due to the overrepresentation of AA/B patients
in the IDH-mutant and histone H3-mutant WHO grade 4 diffuse gliomas as compared to
glioblastoma (Figure 2d).
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Figure 2. Demographic-molecular correlations. (a,b) Tumor mutation burden (TMB) mean + SEM
graph of individual case values from GBM molecular subgroups (a) or from C/W and AA/B pa-
tients with GBM, IDH-mutant astrocytoma (IDH), or combined WHO grade 4 (WHO4) gliomas (b).
G3/MMR cases are not included in this analysis due to very high TMB (Table 2). Statistical signif-
icance: *, p < 0.05; **, p < 0.01. (c) Age distribution showing median of individual values in male
(M), female (F) or total male and female (T) patients with GBM. Statistical significance: ***, p < 0.001;
*4% p < 0.0001. (d) Age distribution with median indicated in C/W and AA/B patients with GBM,
IDH-mutant, histone H3-mutant (H3) or WHO4 gliomas. Statistical significance (*) as in (b). (e) Age
distribution in glioblastoma molecular subgroups as mean + SEM. The median age is indicated on
top of each subgroup. Statistical significance (*, **) as in (b). (f) Bar graph indicating the % of male
and female distribution in GBM molecular subgroups, as well as in the glioma categories specified
in (d). (g/h). Pie chart distribution (%) of cases from male/female patients (g) or C/W and AA/B
patients (h) into the G1-G7 GBM molecular subgroups.
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The molecular subgroup demographic analysis for the Combined glioblastoma cohort
found a significantly higher patient age for the G7/Other and G6/Multi-RTK subgroups
versus the G1/EGEFR subgroup (Table 2 and Figure 2e). This difference coupled to the
significant difference in the onset age between the cohorts may explain the reverse subgroup
distribution in the two cohorts between the G1/EGFR, on one hand, and G7/Other and
G6/Multi-RTK, on the other hand (Figure 1b).

Of the three major subgroups, the G1/EGFR subgroup showed a male overrepresenta-
tion regardless of race, with a very high preponderance of AA /B males in the G1/EGFR
subgroup (Table 2). The AA/B males were also slightly preponderant in the G3/NF1
subgroup, but the C/W female and males were balanced, resulting in a balanced overall
sex distribution in this subgroup (Table 2 and Figure 2f). The G7/Other subgroup showed
a male overrepresentation for the C/W population but slight predominance of AA /B fe-
males over males, resulting in a milder overall male preponderance in this major subgroup.
In the whole cohort, except for the G3/NF1 subgroup, the sex distribution was skewed,
with a male to female predominance in the G1/EGFR, G5/PDGFRA, G6/Multi-RTK and
G7/Other subgroups, and inversed ratio in the smaller subgroups G2/FGFR3 and G4/RAF
(Figure 2f).

In general, the case distribution in both the major and minor subgroups appeared
balanced for the female patients, whereas the male patients showed a skewed distribution
in the G1/EGEFR subgroup (Figure 2g). Compared to the C/W case distribution, the tumors
from the AA /B patients predominated in the G1/EGFR-mutant and G3/NF1 subgroups,
whereas the small subgroups G2/FGFR3, G3/MMR and G4/RAF did not contain any cases
(Figure 2h).

3.3. Characterization of the G6/Multi-RTK Subgroup of Glioblastoma

The G5/PDGFRA and G6/Multi-RTK are minor molecular subgroups, composing
less than one fifth of all glioblastoma cases (Figure 1c). The G6/Multi-RTK subgroup
tripled its size in the Combined cohort by accruing a relatively high number of cases
in the Validation cohort (Figure 1b, graph), thus becoming the fourth largest molecular
glioblastoma subgroup (Figure 1c). Initially, many cases from the G6/Multi-RTK subgroup
contained PDGFRA amplification in addition to an activating alteration in another RTK [4].
The initial observation that the PDGFRA expression was blunted for the cases with PDGFRA
amplification from the G6/Multi-RTK subgroup was not confirmed for all the newly
accrued cases. Therefore, simplified genomic criteria were adopted for the inclusion of
cases with a PDGFRA amplification in these subgroups. Thus, the G5/PDGFRA subgroup
contains tumors with an amplification of PDGFRA with or without neighboring KIT and
KDR RTK genes from the 4q12 chromosomal locus, and more rarely, a tumor with PDGFRA
activating mutations without amplification (Figure 3a). The G6/Multi-RTK subgroup
assembles (1) tumors with MET alterations, of which 40% also occurred in combination
with other RTK alterations; all these MET tumors represented 5.4% of the Combined
cohort; (2) tumors with PDGFRA amplification in combination with other RTK alterations;
and (3) cases with less common RTK alterations, such as in NTRK1, ROS1 and PDGFRB
(Figure 3a—c). Although 40% of the MET-altered cases occurred in combination with
either PDGFRA or EGFR amplifications, the highest number of cases co-altered involved
either EGFR or PDGFRA amplifications, six of each in the G6/Multi-RTK subgroup, and
representing 9% and 32% of the total EGFR or PDGFRA cases from the Combined cohort,
respectively (Figure 3a,c). The co-existence of amplifications in multiple RTKSs in the same
tumor has been previously described by FISH and array CGH (comparative genomic
hybridization) for combinations of PDGFRA and EGFR or MET, EGFR and MET, and also
one case suggested with triple amplification [14-16]. Moreover, in these reports, PDGFRA
and EGFR amplifications usually occurred in distinct tumor cell populations and rarely
simultaneously in the same tumor cells, although a common parental origin was postulated
based on mutation analysis [15,16]. In the G6/Multi-RTK subgroup from the Combined
cohort, all of these combinations were encountered, except that the combination of the
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PDGFRA and MET amplifications was replaced by PDGFRA amplification and PTPRZ1-
MET activating fusion (Figure 3a).
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Figure 3. G6/Multi-RTK molecular subgroup characterization. (a). Matrix representation of the
individual GBM cases from the G5/PDGFRA and G6/Multi-RTK molecular subgroups. (b). Pie chart
composition of G6/Multi-RTK cases; w/o, without. (c). Venn diagram showing the % of GBM cases
with EGFR amplifications, PDGFRA and MET alterations by colored numbers. The black number
inside the circles represents the % of the respective RTK cases involved in associations (arrows) with
other RTKs. (d). Schematic drawing with indicated amino acid lengths of the MET and ROS1 fusions.
Domains: EC, extracellular; TM, transmembrane; TK, tyrosine kinase; CT, carboxyl terminus; CC,
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coiled coil; PDZ, PSD95-DLG1-ZO1. MET RTK is cleaved (arrow) into two chains, a and b, that are
linked via disulfide bridges to form the mature receptor. (e). Double Y-axis mean + SEM graph of
mRNA expression from individual cases with MET amplification (1), PTPRZ1-MET, GOPC-ROS1
and LMINA-NTRK1 fusions. Control MET, PTPRZ1, ST7, ROS1, GOPC, NTRK1 and LMNA from the
cohort are shown for comparison. The number of cases is indicated on top, and the mean expression
value is indicated by a red number next to the mean bar. ST/-MET fusion is amplified and its value
is indicated by blue arrow. Statistically significant differences are shown: ****, p < 0.0001. (f). WB
with indicated antibodies for G6/Multi-RTK cases #6 with PTPRZ1-MET (RZ1-MET) fusion and #12
with MET amplification (1), and a G7/Other case for comparison. N. brain, normal autopsy brain
tissue lysate and U251, U251-MG glioblastoma cell line lysate, are shown as controls. The immature
(x + B) and mature B chains of MET are indicated by arrows. (g). Matrix representation of individual
cases as in (a) with the corresponding histologic clusters of the tumors. Tumors showing giant cells
are indicated by black arrowheads. The cases with illustrated morphology in (h) are indicated by
purple diamonds. (h). H&E panels showing tumor morphology for the indicated cases at 200
magnification; high-resolution images are shown in Supplementary Figure S2.

MET activation resulted from the amplification of the MET locus on chromosome
7q31.2, MET fusions, or a combination of these. A likely pathogenic mutation in the
MET extracellular domain, p.G764W, was detected in one case with amplified MET. Two
PTPRZ1-MET fusions without amplification, and a novel fusion, ST/-MET, with ampli-
fication, were also detected (Figure 3a,d). PTPRZ1-MET fusions connecting the first one,
two, three or eight exons of the receptor tyrosine phosphatase PTPRZ1 with exon 2 of
MET just before the open reading frame (ORF) start codon have been previously reported
in glioblastoma [17] (Figure 3d). The ST/-MET fusion that couples the first exon of ST7
(suppressor of tumorigenicity 7) is a novel finding in glioblastoma, and has been described
as an oncogenic event in non-small-cell lung carcinoma [18] (Figure 3d). Interestingly,
whereas the ST7-MET fusion co-occurred with an MET amplification and showed overex-
pression levels similar to other MET-amplified cases, the PTPRZ1-MET fusions occurred
in the absence of amplification, but showed significant MET overexpression (Figure 3a,e).
The mRNA expression analysis also showed that the basal expression of both MET and
ST7 are very low in the glioblastoma cases, in contrast to the very high basal expression
of PTPRZ1 (Figure 3e). This suggested that the promoter of PTPRZ1 is sufficient to in-
duce the significant overexpression of the fusion product, whereas the ST7/-MET fusion
is overexpressed by simultaneous MET/ST7 locus amplification (Figure 3e). Consistent
with these mRNA expression results, the WB analysis of two MET-altered cases from the
G6/Multi-RTK subgroup showed very high MET expression for the MET-amplified case
#12, and a high MET expression for the PTPRZI-MET fusion case #6 that also showed very
high PDGFRa expression due to simultaneous PDGFRA amplification (Figure 3a,f). For
comparison, lysates from a G7/Other case without any RTK alterations, normal brain [7]
and U251-MG glioblastoma cell line [11] were run in parallel (Figure 3f). This analysis
also showed that the maturation of the PTPRZ1-MET protein to the (3 chain in the tumor
samples is similar to that of amplified MET, if not less efficient. The slight increase in the
protein length of 24 amino acids in PTPRZ1-MET relative to MET (Figure 3d) cannot be
visualized on WB, and leaky ribosome scanning to the MET start codon is also a possibility
for both the shorter PTPRZ1-MET fusion forms and for ST7/-MET.

Rare LMNA-NTRK1 and GOPC-ROS1 fusions have been previously reported in
glioblastoma [19,20], and their incidence in the Combined cohort is very low, at 0.5% and
1.1%, respectively (Figure 3a). Similar to the PTPRZ1-MET fusions, the GOPC-ROS1
fusions resulted in an approximately 20-fold overexpression of ROS1 in the absence of
ROS1 amplification, most likely driven by the GOPC (Golgi-associated PDZ and coiled-coil
motif containing) promoter that showed also comparable expression to the fusion product
(Figure 3e). However, this overexpression appears to represent just one mechanism of
activation, as the GOPC-ROSI1 protein has been shown to also be constitutively activated
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by mislocalization to the Golgi apparatus [21]. Similarly, the LMNA-NTRK1 fusion showed
an over 70-fold overexpression of NTRK1, comparable to the high LMNA expression
from glioblastoma.

The morphologic classification of glioblastoma in 12 patterns assigned to five histologic
clusters has been previously described [4]. The examination of the new cases from the Vali-
dation cohort confirmed the relatively homogenous appearance of the G5/PDGFRA sub-
group tumors, in which almost all cases showed pre-high-grade neuroendocrine (HGNE)
or HGNE histologic patterns, included in the #3/ Anaplastic cluster (Figure 3g). Although
the initial evaluation of the few G6/Multi-RTK subgroup tumors appeared more het-
erogenous [4], the majority of G6/Multi-RTK cases from the Combined cohort showed
morphological profiles mapping to the clusters #3/Anaplastic, #5/Epithelioid or both
(Figure 3g,h; Supplementary Figure S52). The #5/Epithelioid cluster morphological profiles
were most often gemistocytic, including the cases with ST/-MET and PTPRZ1-MET fu-
sions, and some showed giant cells (Figure 3g, black arrowheads, Figure 3h). Most of the
cases classified in the #3/ Anaplastic cluster showed pre-HGNE morphology, including the
cases with LMNA-NTRK1 and GOPC-ROS]1 fusions, with only the two cases with concur-
rent PDGFRA and MET alterations showing HGNE morphology (Figure 3h, Supplementary
Figure S2, cases #5 and #6).

3.4. The Landscape of the Major Oncogenic Pathways in the G1-G7 Molecular Subgroups

The common genomic alterations in glioblastoma fall into five major pathways driving
glioblastoma growth: the canonical ERK/MAPK and PI3K growth pathways, the telomere
elongation pathway, the cell cycle G1 phase and the p53 checkpoint pathway (Figure 4a—
and Table 3). the less common mutations were present in DNA damage response and
chromatin remodeling pathways, or in transcription factors and effectors from other cell
cycle phases (Table 3). The genetic alterations in the two canonical growth pathways were
the upstream drivers in most of the glioblastoma cases, with only five G7/Other subgroup
cases in the Combined cohort (2.7%) showing no detectable PI3K/PTEN pathway alteration.

Mutations in the three major effectors of the PI3K pathway: PTEN, the main tumor
suppressor of the pathway; PIK3CA, encoding the PI3K catalytic subunit p110«; and
PIK3R1, encoding the PI3K regulatory subunit p85, and only rare mutations of MTOR,
were present in three quarters of the glioblastoma cases (Figure 4a and Table 3). Except
for rare cases with overlap representing less than 6% of the Combined cohort, the PTEN
alterations were mutually exclusive with the PIK3CA and PIK3R1 mutations (Figure 4a and
Supplementary Figure S3A). From the cases with PI3K alterations, the PTEN alterations
occurred usually alone, but more than a quarter of the PIK3CA and PIK3R1 mutant tumors,
respectively, also contained another PI3K pathway alteration (Figure 4d). In general, the
PI3K alterations displayed relatively similar distributions in the molecular subgroups,
except for the G5/PDGFRA and G7/Other subgroups that showed decreased or increased
PI3K pathway representation, respectively, mainly due to the incidence of PTEN mutations,
without statistical significance in the multiple variable correlation matrix analysis (Table 3
and Supplementary Figure S3B). Another parameter enriched in the G7/Other subgroup
was the presence of PTEN homozygous loss/deletions (Figure 4e). PTEN alterations are
diverse in glioblastoma and fall into four subgroups: small in-frame alterations, such
as missense mutations and few amino acid in-frame deletions, protein truncations by
frameshift or stop /nonsense mutations, splice mutations and homozygous gene deletions
(Figure 4f). Splice mutations and gene deletions represented approximately one third
of the PTEN alterations in the whole cohort and over half in the G7/Other subgroup
(Figure 4f,g), with more than half of the PTEN gene deletions clustered in this subgroup
(Figure 4e). Although PTEN alterations show deleterious effects through a variety of
mechanisms [22-25] and are accompanied by the loss of heterozygosity usually due to
chromosome 10 heterozygous loss, PTEN homozygous deletions are obviously the most
severe gene alterations.
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Figure 4. Profiling of the major growth pathways in the G1-G7 molecular subgroups. (a—c) Genomic
alterations in effectors of the PI3K pathway (a), cell cycle G1 phase (b) and p53 pathway (c) are
indicated by color-coded bars. The G1/EGFR subgroup cases are separated in EGFR-amplified (first
52 cases) and EGFR-mutant (last 7 cases). (d) Venn diagram showing the cases with overlapping
PTEN, PIK3CA or PIK3R1 alterations. (e) Pie chart distribution (%) of PTEN homozygous CN
loss/deletions in molecular subgroups. (f) Pie chart distribution (%) of PTEN genomic alteration
types in the Combined cohort: in-frame, missense mutations; Fs or stop, frameshift or stop /nonsense
mutations; deletion, homozygous CN loss. (g) Distribution of PTEN mutation types in the four
largest molecular subgroups. (h) Line graph tracing the incidence of the indicated alterations in
the five molecular subgroups with n > 10 cases. p53 pathway alterations do not include p14ARF
deletions. (i) Correlation matrix showing the associations between molecular subgroups and genomic
alterations in the indicated cell cycle (CC) G1 phase and p53 pathway effectors. Asterisk (*) indicates
statistically significant correlations; p-values decrease as the absolute value of the Pearson correlation
coefficient increases (see Supplementary Figure S4).
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Table 3. Mutation % frequency for major pathways, and survival in glioblastoma subgroups .

Gene GBM G1/EGFR1 G1/EGFRm G2/FGFR3 G3/NF1 G4/RAF  G5/PDGFRA  G6/Multi- G7/Other
n =186 n=>52 n=7 n=>5 n=43 n=6 n=13 RTKn =18 n =238
TERT 83.1 95.9 85.7 80.0 79.1 83.3 61.5 83.3 86.8
PTEN 55.9 51.9 57.1 80.0 55.8 66.7 30.8 61.1 60.5
PIK3CA 16.1 17.3 0 0 16.3 0 23.1 11.1 15.8
PIK3R1 7.5 7.7 14.3 0 11.6 0 7.7 5.6 5.3
PI3K/mTOR 2 75.3 75.0 57.1 80.0 76.7 66.7 53.8 72.2 84.2
CDKN2A| 57.8 76.9 * 429 80.0 69.8 80 61.5 55.6 21.0*
CDK41 3 13.0 5.8* 14.3 0 0* 0 30.8 16.7 34.2*
RB1 17.8 7.7 429 20.0 18.6 0 0 16.7 34.2*
G1 phase 4 84.9 86.5 100 100 83.7 80.0 92.3 88.9 78.9
TP53 34.4 17.3* 57.1 20.0 30.2 16.7 30.8 50.0 50.0 *
MDM21 5.9 1.9 0 20.0 2.3 0 154 5.6 13.2*
MDM4+1 8.6 115 0 0 2.3 0 15.4 27.8* 79
RPL5 5.4 5.8 0 0 7.0 16.7 0 5.6 2.6
TP53 path 5 54.8 36.5* 57.1 40.0 419 33.3 69.2 83.3* 76.3 %
DDR path 6 28.0 26.9 143 60 279 16.7 46.1 22.2 18.4
SWI/SNE 7 10.2 115 0 0 16.3 16.7 7.7 11.1 0
Other ChRm 8 23.1 21.1 0 80 20.9 0 23.1 27.8 21.0
STAG2 9.1 135 28.6 20 9.3 16.7 7.7 5.6 0
Survival ? 9 11.3 13 20 10 5.3 10 9 5.3

1, gene amplification; |, homozygous CN loss; *, statistical significance (see correlations matrices for Pearson’s
correlation coefficients); m, point mutation; path, pathway; DDR, DNA damage response; ChRm, chromatin
remodeling. 1 The G3/MMR is not shown separately due to low number of cases. 2 % cases with at least one
alteration in PTEN, PIK3CA, PIK3R1 or MTOR. 3 CDK41 in all molecular subgroups, except the G6/Multi-RTK, in
which two cases show CDK61, either alone or in combination with CDKN2A . 4 % cases with CDKN2A, CDK4/6
or RB1 alterations. 5 % cases with TP53, MDM2, MDM4, RPL5 and PPM1D or XPO1 alterations, the latter two with
each one altered in the G5/PDGFRA and G7/Other subgroups, respectively. ® % cases with either MMR (MSH?2,
MSH5, MSH6, PMS2, MLH1, MLH3, MUTYH, POLE) pathogenic mutations or in various genes involved in DNA
repair by homologous recombination (ATM, ATR, BRCA2, BRCA1, BRIP1, GEN1, CHD4, MRE11, NBN, RECQL4,
RAD51, ERCC3, ERCC5, FANCI) or nonhomologous end joining (PRKDC, ASTE1, CHD2, SHPRH, PARP2). 7 %
cases with SWI/SNF complex ARID1A, ARID1B, ARID2, SMARCA1, SMARCA4, SMARCD1 or PBRM1 pathogenic
mutations. 8 % cases with either YEATS4 amplification or DNM3TA, TET2, EP300, KDM5C, KDM6A, KMT2C,
KMT2D, NPM or CREBBP pathogenic mutations. ° Median survival measured in months; the number of patients
is indicated in Figure 5f, except for the G1/EGFRm (N/n = 6/1), G2/FGFR3 (N = 5) and G4/RAF (N = 5).

As previously reported, the TERT promoter mutations showed the lowest incidence in
the G5/PDGFRA subgroup [4,26] (Figure 4h). All other subgroups showed an approximate
80% TERT promoter mutation rate, except for the G7/Other and especially the G1/EGFR-
amplified subgroups, which showed an even higher incidence (Table 3, Figure 4h).

The preferential associations between the gene alterations and molecular subgroups
were especially distinct for the effectors of the cell cycle G1 phase and the p53 pathway
(Table 3, Figure 4b,c,h,i, Supplementary Figure S4). The alterations of the G1 phase com-
prised the homozygous loss of CDKN2A, usually associated with a neighboring CDKN2B
locus loss, CDK4 amplification and RB1 inactivation due to similar mutational events
as shown for PTEN in Figure 4f. Similar to the PI3K pathway alterations, the G1 phase
alterations were mutually exclusive except for rare cases with overlap, totaling 7.5%, 16.7%
and 24.2% of the CDKN2A, CDK4 and RBI-mutant cases, respectively, and representing
5.4% of the cases from the Combined cohort (Figure 4b, Supplementary Figure S5A). Al-
though the cases with G1 phase genomic alterations totaled 80-90% in all the molecular
subgroups, the distribution of the individual alterations showed subgroup specificity with
statistically significant opposite distribution in the G1/EGFR-amplified and G7/Other
subgroups (Figure 4i, arrows). As the incidence of CDKN2A homozygous loss decreased
along the well-represented G1, G3, G5, G6, and G7 subgroups, the incidence of the CDK4
amplification and RB1 inactivating mutations variably increased, with an equal number of
CDK#4- and RBI-mutant cases in the G6/Multi-RTK and G7/Other subgroups (Figure 4h).
The G7/Other subgroup was enriched in cases with CDK4 or RB1 alterations (Figure 4b).
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Figure 5. Translation into medical practice of the G1-G7 classification of glioblastoma. (a). Pro-
portion (%) of cases diagnosed as glioblastoma by histologic and molecular pathology criteria in
the Combined cohort (see also Supplementary Table S1). (b). Pertinent chromosomal alterations
in selected glioblastoma subgroups (see Supplementary Table S2 for all subgroups). Only entire or
almost entire chromosome alterations are shown, except for chromosome 10, for which both entire or
q arm losses are shown (10/10q—). Chromosome: +, gain; —, loss; +/ —, either gain or loss; 19 mix, 19
with complex losses and gains. Note lower % of cases with combined chromosome 7+ and 10—
G3/NF1 and G5/PDGFRA subgroups. (c). Proportion of cases with biopsy, subtotal resection (STR)
or gross total resection (GTR) in the Combined cohort. GTR is defined as complete resection of the
tumor enhancing area. (d). Proportion (%) of biopsies, STRs and GTRs in the 14 glioblastoma cases
that required NGS for diagnosis. (e). Flowchart depicting the steps for glioblastoma diagnosis and
G1-G7 molecular classification. Note that DNA NGS is used both for molecular pathology diagnosis
(red labeling) and molecular classification (blue labeling). The molecular subgroups that require
only DNA NGS or both DNA NGS and RNA fusion detection are indicated. (f). Survival curves for
the three major subgroups, and the G5/PDGFRA and G6/Multi-RTK largest minor subgroups. The
median survival expressed in months is indicated. N, number of deaths; n, number of patients in
active follow-up. Note statistically significant survival difference between G1/EGFR and G7/Other
subgroups: *, p < 0.05.
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As previously noted [4], the TP53 mutations were inversely correlated with CDKN2A
homozygous loss (Supplementary Figure S5B) due to simultaneous encoding from the
alternate ORFs of p16/INK4A and p14ARF proteins by the CDKN2A gene locus. Whereas
p16/INK4A inhibits Cyclin D/CDK4-6 complexes, p14ARF leads to the degradation of
MDM2 and therefore the stabilization of p53 [27]. CDKN2A deletion therefore simulta-
neously accelerates the cell cycle G1 phase through p16/INK4A downregulation, and
upregulates MDM2 to suppress p53 via p14ARF downregulation. Overall, the p53 path-
way mutations, mostly contributed by TP53 mutations (Supplementary Figure S5C) were
negatively correlated with CDKN2A homozygous deletion and positively correlated with
both CDK4 amplification and RB1 inactivation (Figure 4h, Supplementary Figure S5B).
The strong correlation between CDK4 and MDM?2 amplifications may be explained by the
vicinity of their gene loci on chromosome 12q14.1 and 12q15, respectively (Supplementary
Figure S5B). As for the other growth pathways described above, the p53 intrapathway
alterations were mutually exclusive, with one exception in a case with simultaneous MDM?2
and MDM4 amplifications (Figure 4c and Supplementary Figure S5C). The same trend as
for the G1 phase effectors opposing the G1/EGFR-amplified and G7/Other subgroups was
noted for p53 pathway effectors. MDM4 amplification showed a striking incidence in the
G6/Multi-RTK subgroup (Figure 4c,i).

Besides the genomic alterations in the five major pathways, approximately a third
of the tumors showed mutations in the DNA damage response or chromatin remodeling
pathways (Table 3). Mutations in other genes were less frequent but they may represent
therapeutic targets. For example, inactivating mutations in STAG2, a component of the
cohesin complex responsible for sister chromatid cohesion following DNA replication, may
be targeted by PARP inhibitors [28], and occurred in approximately 10% of the cases, except
for those in the G7/Other subgroup.

3.5. Implementation into Practice of the G1-G7 Molecular Subgroup Classification of Glioblastoma

A practical tumor molecular classification should be feasible and reliable for the re-
spective type of tumor, and also part of a rapid diagnosis for treatment guidance. Typically,
glioblastoma presents as a rim-enhancing mass on magnetic resonance imaging (MRI) and
requires histologic pathology diagnosis to differentiate it from a host of other conditions
with the same MRI imaging characteristics, including the more frequent metastatic disease.
The histologic diagnosis, which consists of the microscopic examination of H&E slides
and appropriate IHC stains, is performed routinely in any pathology practice throughout
the world and, with very rare exceptions, correctly excludes other possibilities from the
differential diagnosis as a first step towards the histologic diagnosis of glioblastoma (i.e.,
test specificity is nearly 100%). The second step of the histologic diagnosis is establishing
that the tumor is a high-grade diffusely infiltrating astrocytoma with either necrosis or
microvascular proliferation, which represent the diagnostic criteria for glioblastoma. Al-
though in the large majority of cases, these criteria are met, WHO has recently introduced
three molecular pathology criteria to assist with the cases where histology is insufficient,
either because the tumor is caught early during progression or because the histologic diag-
nostic features are not present in the biopsy. These molecular pathology criteria are either
the presence of EGFR amplification, TERT promoter mutation, or combined chromosome 7
gain and 10 loss (7+ and 10—) [2].

The analysis of the combined cohort showed that the histologic diagnosis successfully
identified over 90% of the glioblastoma cases (Figure 5a, Supplementary Table S1). Among
the molecular subgroups, the G1/EGFR-mutant, G6/Multi-RTK and G7/Other showed the
lowest histologic diagnosis rates, with the rest of the cases from these subgroups requiring
molecular diagnosis. As a molecular criterion, EGFR amplification applies to the cases
from the G1/EGFR-amplified subgroup and few cases from the G6/Multi-RTK subgroup
(Figure 3c). TERT promoter mutation shows very high incidence in glioblastoma but its
highest incidence was also detected in the G1/EGFR-amplified subgroup (Table 3). For
the third criterion, the analysis of the CNVs in the Combined cohort showed high rates,
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in the range of 80-90%, of chromosomes 7+ and 10— in all the subgroups, except for the
G3/NF1 and G5/PDGFRA subgroups, where it showed 50-60% rates, and the G3/MMR
subgroup that lacked it altogether (Figure 5b and Supplementary Table 52). These findings
suggest that although the histologic and current molecular criteria cover a large extent of
the glioblastoma diagnosis, some cases in subgroups with lower TERT promoter mutation
and chromosome 7+ and 10— incidence, especially from the G5/PDGFRA subgroup but
possibly also from the G3/NF1, G3/MMR, G6/Multi-RTK and G7/Other subgroups, may
require additional molecular diagnosis criteria.

The CNV analysis also identified chromosomal alterations enriched in the G1-G7
molecular subgroups (Figure 5b, Supplementary Table S2). The chromosomal alterations
highlighted in Supplemental Table S2 are as follows: 19 and 20 gains for the G1/EGFR-
amplified subgroup, 6 and 14 losses and 20 gains for the G1/EGFR-mutant subgroup, 18
losses and 19 complex alterations for the G3/NF1 subgroup, 4 alterations and 11 and 15
losses for the G5/PDGFRA subgroup, 14 losses and 19 complex alterations for the G6-
Multi-RTK subgroup and chromosome 15 loss for the G7/Other subgroup. Chromosome
13 loss was enriched in the G3/MMR, G5/PDGFRA and G7/Other subgroups, whereas
chromosome 22 alterations were less specific and noted in all the subgroups.

Surgical intervention providing viable material suitable for various tests may be limited
in a significant number of glioblastoma cases due to factors such as tumor location, extensive
tumor necrosis and patient co-morbidities. In the Combined cohort, biopsies with limited
material were obtained in over one quarter of the total cases but with a much higher incidence in
some molecular subgroups, such as the G1/EGFR-mutant (Figure 5c, Supplementary Table S3).
Not surprisingly, four out of six cases without molecular results (labeled “Not seq”) were
biopsies, and a fifth, a subtotal resection with limited material, all failed NGS, whereas the sixth
case was a gross total resection with NGS cancelled due to the patient’s demise. The assessment
of the cases requiring molecular pathology diagnosis showed also a predominance of biopsies
(Figure 5d), furthermore stressing the importance of using a highly sensitive, specific and
tissue-sparing molecular approach with multiple purpose usage, such as the NGS.

The flowchart streaming the diagnostic and G1-G7 molecular classification approach
for glioblastoma is presented in Figure 4e. The first obligatory step due to many consid-
erations, some of them mentioned above, is the histologic diagnosis. The next step is the
prioritized submission of tissue to DNA NGS for mutation and CNV detection, a step
necessary and sufficient for both the pathology molecular diagnosis and for the classifica-
tion in the G1/EGFR, G3/NF1, G3/MMR and G5/PDGFRA subgroups. The RNA NGS
is performed in many laboratories in the same time as the DNA NGS, by dual DNA and
RNA extraction from FFPE samples, and this technique is preferred and recommended for
all cases, as it covers also scant tissue samples. If RNA NGS is not available, RNA fusion
detection as a distinct approach should be attempted at least for the cases that did not fall
in one of the four subgroups mentioned above, although rare cases with RTK heterogeneity
by gene amplification and fusion, such as the G6/Multi-RTK case #6 (Figure 3), may be
missed. RNA fusion detection is necessary for classification into the G2/FGFR3, G4/RAF
and G6/Multi-RTK subgroups that contain many cases with gene fusions targetable by
clinically available inhibitors. By exclusion, the G7/Other cases do not contain fusions.
MGMT promoter methylation testing, usually performed separately from NGS, is usually
also required by the oncologist for predicting temozolomide response.

The G1-G7 classification allows for the selection of cases for targeted treatment (see Dis-
cussion) and may also show prognostic significance even in the context of non-personalized
therapy, which is the current mainstay for glioblastoma. In the Combined cohort, the thera-
peutic options for glioblastoma revolved around surgery (Figure 5c and Supplementary
Table S3), and adjuvant radiation and temozolomide in the large majority of patients, with
bevacizumab being administered in selected cases at recurrence. Rare patients with severe
deterioration opted only for end-of-life supportive measures after surgery. The preliminary
survival curves showed a shorter median survival for the G7/Other subgroup, with a
statistically significant difference versus the G1/EGFR-amplified subgroup (Figure 5f and
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Table 3). The median survival is detailed in Table 3 for all the G1-G7 subgroups, showing at
this stage only preliminary values for the minor subgroups without a sufficient number
of cases for definitive analysis. Noteworthily, the G1/EGFR and G5/PDGFRA subgroups
showed similar median survivals as previously reported for the Discovery cohort [4],
whereas the G3/NF1 and G6/Multi-RTK subgroups with high accrual in the Validation
cohort showed an increase in the median survival to 10 and 9 months, respectively.

4. Discussion

The molecular classification of neoplasms, including CNS tumors, has provided a
better understanding of their pathogenesis, progression and also molecular targets for
therapy. Glioblastoma has been one of the few CNS tumors without a comprehensive
and all-inclusive molecular classification until two years ago, when I proposed the MAPK
pathway-based G1-G7 molecular classification [4]. The current study validates this clas-
sification by showing that all the cases from the Validation cohort prospectively mapped
into the G1-G7 molecular subgroups defined in the Discovery cohort. The classification
was further refined by separating the rare glioblastoma cases with MMR deficiency into a
G3/MMR molecular subgroup, a spin-off of the G3/NF1 subgroup, since RAS activation
appears to be dominant in the MMR tumors, as well. The patients from this subgroup may
benefit from immune checkpoint inhibitors, similarly to pediatric patients with glioblas-
toma in the context of MMR deficiency [29,30], while patients from G3/NF1 and G4/RAF
subgroups may respond to targeted therapy with RAF and MEK inhibitors [31] (Figure 6).
Noteworthily, none of these clinical trials showed responses in unclassified cohorts of
glioblastoma [31], emphasizing the need for rational patient trial enrollment based on the
underlying molecular mechanisms operating in glioblastoma subgroups.

The Validation cohort case accrual rate per subgroup showed important differences
relative to that of the Discovery cohort, resulting in a balanced molecular subgroup distribution
in the three major subgroups and a significantly enlarged G6/Multi-RTK subgroup. Since
race has been shown to contribute to molecular differences between glioblastoma cohorts [32],
I examined cohort demographic disparities and found age as the main significantly different
parameter, the Validation cohort showing a much higher median age than the Discovery
cohort. Coupled to the observation that age was significantly higher for the G7/Other and
G6/Multi-RTK groups than for the G1/EGEFR subgroup patients, the age difference between
the cohorts reflected the opposite accrual trends and resulted in a significant relative increase
in the G7/Other and G6/Multi-RTK cases in the Validation cohort. Most likely, age, coupled
to a higher number of female patients contributing tumors to the G3/NF1 subgroup, explains
the balanced distribution of the major subgroups in the Validation cohort, and suggests age
and sex dependence for glioblastoma molecular profiles.

Multi-kinase Inh

G1/EGFR i G5/PDGFRA
G2/FGFR3 G6/Multi-RTK
G3/NF1 RTK G7/Other

ImCP Inh < G3/MMR
G4/RAF

1. MAPK Plasma 2. PI3K

(800/0) membrane P_\LKT (91%)
RAF/MEF Inh —4 MEK TSC1/2
ERK MTOR

Figure 6. Molecular subgroups, major growth pathways and proposed therapeutic approaches in



Cancers 2024, 16, 361

17 of 21

glioblastoma. Schematic diagram of the five major growth pathways driving glioblastoma in the
G1-G7 molecular subgroups. The genes most commonly altered in a pathway are indicated in bold;
the RTKSs showing frequent genomic alterations are EGFR, PDGFRA, MET and FGFR3, each included
in a molecular subgroup. The pathways are numbered and color-coded and the approximate % case
involvement is indicated, as calculated from n = 186 glioblastoma cases with successful NGS. RTK
alterations are included in both canonical growth pathways, whereas the p14ARF alternate ORF of the
CDKN?2A gene is included in the p53 pathway in this diagram. The cellular subcompartmentalization
is also represented, illustrating that the majority of genomic alterations target effectors localized
either at the plasma membrane for the two canonical growth pathways or in the nucleus for TERT,
cell cycle G1 phase and p53 pathways. The most frequently altered pathway effectors are included
in color-coded pathway encircling. The interaction between p85 and p110 subunits of the PI3K is
indicated by double line. The frequent association of genomic alterations in TP53 and CDK4 or
RB1 is encircled by dashed line. Proposed pharmacologic interventions are labeled in red: Inh,
pharmacological inhibitor; ImCP, immune checkpoint.

In contrast, the racial composition was similar in the two cohorts, with an almost
5:1 C/W to AA/B ratio. Since no molecular analysis was carried out in the literature for
the AA/B population in glioblastoma, the comparison of demographic and molecular
parameters between the C/W and AA/B cases became extremely important. This prelim-
inary analysis showed a significantly higher TMB in WHO grade 4 gliomas from AA /B
patients, including glioblastomas, although not reaching the level set currently for treat-
ment with immune checkpoint inhibitors for other solid cancers [33]. Another observation
in AA/B patients was the younger onset age for WHO grade 4 gliomas, in general. The
subgroup distribution of the AA /B tumors showed a balanced distribution of all the major
subgroups, as well as the largest minor subgroups G5/PDGFRA and G6/Multi-RTK. The
only major differences concerned the expanded G1/EGFR-mutant and G3/NF1 subgroups,
the former most likely because of a disproportionately high male to female 9:1 ratio in
the G1/EGEFR subgroup. These preliminary observations require confirmation in a higher
number of cases.

Driver genetic alterations in cancer fall into three major categories: mutations, CNVs and
gene fusions. In glioblastoma, most RTK driver alterations were CN gains/amplifications,
accounted for by EGFR, PDGFRA, and to a lesser extent, MET. Approximately 10% of
the G1/EGFR and G5/PDGFRA cases showed only RTK mutation in the absence of am-
plification. The amplified RTK may or may not show simultaneous mutations, usually
of the extracellular domain, splice variants rendering the RTK constitutively active (e.g.,
EGEFR vIII), and fusions (e.g., EGFR-SEPT14) [4,34]. The novel ST7-MET fusion described
in this study falls also into this category of fusions of amplified RTKs. However, RTK
fusions may occur in the absence of RTK amplification, such as the FGFR3 fusions that
show only a 3-fold increase in FGFR3 expression [7], or PTPRZ1-MET, LMNA-NTRK1
and GOPC1-ROS1 fusions that showed over 15-fold RNA expression increases due to
transcription from the fusion partner promoter. Whereas the mechanism of constitutive
activation has been studied for the rare GOPCI-ROS]1 fusion and includes changes in sub-
cellular localization [21] in addition to the overexpression driven by the GOPC1 promoter
shown in this study, the activation of PTPRZ1-MET fusions is yet to be studied, including
the putative involvement of mechanisms other than overexpression [35]. Although these
fusions are rare in glioblastoma, the incidence in the Combined cohort being 0.5% for
ST7-MET and LMNA-NTRK1, 1.1% for PTPRZ1-MET and GOPC-ROS1, and 1.6% for
FGFR3 fusions [7], they appear to be targetable alterations that also occur in other solid
cancers [36]. Currently, the only FDA-approved personalized treatment for glioblastoma is
with Entrectinib/Larotrectinib for tumors with an LMNA-NTRK1 fusion [37].

This study underscores an important finding relating the signaling through the MAPK
with three other major pathways activated in glioblastomas, the PI3K, cell cycle G1 phase
and p53 pathways (Figure 6). Because the high number of cases in the Combined cohort
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allowed for powerful statistical correlations, a multivariate analysis found significant intra-
and inter-pathway associations. Most of these specificities were suggested as trends from
the analysis of the Discovery cohort, warranting the hierarchic clustering of the G1-G4
subgroups in molecular cluster #1, of the G6-G7 subgroups in molecular cluster #2 and of the
G5/PDGFRA subgroup as stand alone, mostly due to the lower incidence of TERT promoter
mutations in this latter subgroup [4]. In general, the molecular cluster #1 subgroup tumors
rely on G1 phase activation through CDKN2A homozygous loss, whereas, increasingly,
the G5 to G7 subgroup tumors rely on CDK4 and RB1 alterations in combination with
p53 pathway alterations (Figure 6, see also Figure 4h,i). The multivariate matrix analysis
also found opposing contributions of the G1 phase and p53 pathway effectors to the
G1/EGFR and G7/Other subgroups, further supporting the distinction between these two
major subgroups that is also reflected in a statistically significant survival difference. In
addition, the refinement of the types of PTEN mutations showed the enrichment of PTEN
homozygous deletions in the G7/Other subgroup, indicating the strong dependence of
these tumors on PI3K signaling.

Previously, single RTK therapeutic targeting strategies in glioblastoma have been
unsuccessful due to a variety of drug resistance mechanisms, including cancer cell repro-
gramming and tumor heterogeneity [9,38-40]. The G6/Multi-RTK subgroup assembles
tumors showing RTK genomic heterogeneity, but a multitude of RTKs without genomic
alterations are overexpressed in glioblastoma, such as KDR, MET, NTRK1, ALK, ERBB2,
EPHB1-4, EPHA3, PTK7 and ROR1-2, with or without preferential expression in the G1-G7
molecular subgroups [4]. Therefore, approaches targeting multiple RTKs, such as using
multi-kinase inhibitors, especially in the G6/Multi-RTK subgroup, appear to be a more
rational approach (Figure 6). Indeed, regorafenib, a multi-kinase inhibitor [41], has shown
promise in recurrent glioblastoma [42]. The genomic heterogeneity extended also to the
PI3K and G1 cell cycle phase effectors, with 5-6% of cases showing mutational overlap for
each pathway in the Combined cohort. Multifocal molecular analyses have shown spatial
heterogeneity for multiple RTKs and PI3K effectors [7,9,15], and these comprehensive
autopsy-based genomic—proteomic studies are invaluable for understanding the complex
signaling in glioblastoma.

PTEN mutations, and more generally, activating mutations of the PI3K pathway,
have been linked to resistance to RTK therapy [43,44] (Figure 6). Unfortunately, PI3K
pathway inhibitors have not shown efficacy due to releasing negative feedback loops
that re-activate growth signaling through RTKs [5]. Novel, more physiologic approaches,
such as re-activating PTEN tumor suppressor by repairing the point mutations through
CRISPR gene editing [45] or suppressor tRNA [46] might more efficiently lead to tumor cell
death (Figure 6). Of note is that these editing technologies may be applied to both tumor
suppressors that are inactivated mostly by mutations and not deletions, such as PTEN,
TP53, RB1 and NF1, and to oncogenes, such as PIK3CA [45].

5. Conclusions

In conclusion, the G1-G7 molecular subgroup classification of glioblastomas represents
the first validated all-inclusive molecular classification of glioblastoma. All prospective
glioblastoma cases, including those driven by novel alterations, such as ST7-MET fusion or
PDGFRB amplification, were successfully assigned to one of the subgroups. Demographic
factors, such as age, sex and race, were shown to enrich certain subgroups. Besides the
upstream RTK and MAPK pathway driver molecular alterations, the associations with
the major growth pathways rendered specificity to the subgroups. The practicality of
combining the G1-G7 classification with other necessary steps for diagnosis and target
identification in small tissue samples is a net advantage as compared to approaches based
on RNA expression or CNVs, which are suitable for other CNS tumors [2]. The G1-G7
classification will thus become critical for patient enrolment in clinical trials, as positive
responses are more likely to be obtained by specifically targeting tumors with similar
molecular characteristics, i.e., from a defined molecular subgroup, than by a general
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therapeutic approach to all tumors. Future developments also aim to include transcriptomic
and proteomic approaches for detection and monitoring pathway activation in order to
integrate the molecular evolution triggered by responses to therapy.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ cancers16020361/s1, Figure S1: Glioblastoma cohorts: age and race
comparison; Figure S2: G6/Multi-RTK subgroup: tumor morphology; Figure S3: PI3K pathway
genomic alterations: intrapathway and molecular subgroup correlations; Figure S4: Subgroup
associations with G1-phase and p53 pathways effectors: correlation matrix p values; Figure S5: G1
cell cycle phase and p53 pathway genomic alterations: intrapathway and interpathway correlations;
Table S1: Proportion of cases diagnosed by histologic or molecular criteria in the G1-G7 subgroups;
Table S2: CMV analysis: chromosome alterations in G1-G7 molecular subgroups; Table S3: Surgical
modalities in the G1-G7 molecular subgroups.

Funding: This work was supported by an award from NeuroMarkers [NM2023-1] to M.-M.G.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of NeuroMarkers (protocol code NM-REC-2 on 9
January 2020 and 30 January 2023) for studies involving humans.

Informed Consent Statement: Patient consent was waived due to the study not identifying the patients.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: This paper is dedicated to Elena (Ena) Eftimiu, physicist and NeuroMarkers
Board Director. Her supportive, constructive and resourceful approaches and advice were essential
to establish NeuroMarkers as a nonprofit organization. Ena was a person of great optimism and
generosity, a role model for success in life. Through her own example of work ethic and hope in
scientific progress, she has been a constant source of encouragement for perseverance in performing
scientific research. The author thanks Kathrin Kirsch for the critical reading of the manuscript, and is
grateful to Randy Legerski for research donations to NeuroMarkers.

Conflicts of Interest: The author declares no conflicts of interest.

References

1.

10.

11.

Ostrom, Q.T.; Truitt, G.; Gittleman, H.; Brat, D.J.; Kruchko, C.; Wilson, R.; Barnholtz-Sloan, ].S. Relative survival after diagnosis
with a primary brain or other central nervous system tumor in the National Program of Cancer Registries, 2004 to 2014. Neurooncol.
Pract. 2020, 7, 306-312. [CrossRef] [PubMed]

WHO Classification of Tumors Editorial Board. Central Nervous System Tumors, 5th ed.; International Agency for Research on
Cancer: Lyon, France, 2021.

Shirahata, M.; Ono, T.; Stichel, D.; Schrimpf, D.; Reuss, D.E.; Sahm, E; Koelsche, C.; Wefers, A.; Reinhardt, A.; Huang, K.; et al.
Novel, improved grading system(s) for IDH-mutant astrocytic gliomas. Acta Neuropathol. 2018, 136, 153-166. [CrossRef] [PubMed]
Georgescu, M.M. Multi-Platform Classification of IDH-Wild-Type Glioblastoma Based on ERK/MAPK Pathway: Diagnostic,
Prognostic and Therapeutic Implications. Cancers 2021, 13, 4532. [CrossRef] [PubMed]

Georgescu, M.M. PTEN Tumor Suppressor Network in PI3K-Akt Pathway Control. Genes Cancer 2010, 1, 1170-1177. [CrossRef]
[PubMed]

Georgescu, M.M,; Li, Y;; Islam, M.Z.; Notarianni, C.; Sun, H.; Olar, A.; Fuller, G.N. Mutations of the MAPK/TSC/mTOR pathway
characterize periventricular glioblastoma with epithelioid SEGA-like morphology-morphological and therapeutic implications.
Oncotarget 2019, 10, 4038-4052. [CrossRef]

Georgescu, M.M,; Islam, M.Z,; Li, Y,; Traylor, J.; Nanda, A. Novel targetable FGFR2 and FGFR3 alterations in glioblastoma
associate with aggressive phenotype and distinct gene expression programs. Acta Neuropathol. Commun. 2021, 9, 69. [CrossRef]

Georgescu, M.M.; Whipple, S.G.; Notarianni, C.M. Novel neoplasms associated with syndromic pediatric medulloblastoma:
Integrated pathway delineation for personalized therapy. Cell Commun. Signal 2022, 20, 123. [CrossRef] [PubMed]

Georgescu, M.M,; Islam, M.Z.; Li, Y.; Circu, M.L.; Traylor, J.; Notarianni, C.M.; Kline, C.N.; Burns, D.K. Global activation of
oncogenic pathways underlies therapy resistance in diffuse midline glioma. Acta Neuropathol. Commun. 2020, 8, 111. [CrossRef]
Molina, J.R.; Hayashi, Y.; Stephens, C.; Georgescu, M.M. Invasive glioblastoma cells acquire stemness and increased Akt activation.
Neoplasia 2010, 12, 453-463. [CrossRef]

Radu, A.; Neubauer, V.; Akagi, T.; Hanafusa, H.; Georgescu, M.M. PTEN induces cell cycle arrest by decreasing the level and
nuclear localization of cyclin D1. Mol. Cell Biol. 2003, 23, 6139-6149. [CrossRef]


https://www.mdpi.com/article/10.3390/cancers16020361/s1
https://www.mdpi.com/article/10.3390/cancers16020361/s1
https://doi.org/10.1093/nop/npz059
https://www.ncbi.nlm.nih.gov/pubmed/32537180
https://doi.org/10.1007/s00401-018-1849-4
https://www.ncbi.nlm.nih.gov/pubmed/29687258
https://doi.org/10.3390/cancers13184532
https://www.ncbi.nlm.nih.gov/pubmed/34572759
https://doi.org/10.1177/1947601911407325
https://www.ncbi.nlm.nih.gov/pubmed/21779440
https://doi.org/10.18632/oncotarget.27005
https://doi.org/10.1186/s40478-021-01170-1
https://doi.org/10.1186/s12964-022-00930-3
https://www.ncbi.nlm.nih.gov/pubmed/35978432
https://doi.org/10.1186/s40478-020-00992-9
https://doi.org/10.1593/neo.10126
https://doi.org/10.1128/MCB.23.17.6139-6149.2003

Cancers 2024, 16, 361 20 of 21

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Singh, D.; Chan, J.M.; Zoppoli, P; Niola, F; Sullivan, R.; Castano, A.; Liu, E.M.; Reichel, J.; Porrati, P; Pellegatta, S.; et al.
Transforming fusions of FGFR and TACC genes in human glioblastoma. Science 2012, 337, 1231-1235. [CrossRef] [PubMed]
Bielle, F.; Di Stefano, A.L.; Meyronet, D.; Picca, A.; Villa, C.; Bernier, M.; Schmitt, Y.; Giry, M.; Rousseau, A.; Figarella-Branger, D.;
et al. Diffuse gliomas with FGFR3-TACC3 fusion have characteristic histopathological and molecular features. Brain Pathol. 2018,
28, 674-683. [CrossRef] [PubMed]

Little, S.E.; Popov, S.; Jury, A.; Bax, D.A.; Doey, L.; Al-Sarraj, S.; Jurgensmeier, ].M.; Jones, C. Receptor tyrosine kinase genes
amplified in glioblastoma exhibit a mutual exclusivity in variable proportions reflective of individual tumor heterogeneity. Cancer
Res. 2012, 72, 1614-1620. [CrossRef] [PubMed]

Snuderl, M.; Fazlollahi, L.; Le, L.P.; Nitta, M.; Zhelyazkova, B.H.; Davidson, C.J.; Akhavanfard, S.; Cahill, D.P.; Aldape, K.D.;
Betensky, R.A.; et al. Mosaic amplification of multiple receptor tyrosine kinase genes in glioblastoma. Cancer Cell 2011, 20, 810-817.
[CrossRef] [PubMed]

Szerlip, N.J.; Pedraza, A.; Chakravarty, D.; Azim, M.; McGuire, |.; Fang, Y.; Ozawa, T.; Holland, E.C.; Huse, ].T.; Jhanwar, S.; et al.
Intratumoral heterogeneity of receptor tyrosine kinases EGFR and PDGFRA amplification in glioblastoma defines subpopulations
with distinct growth factor response. Proc. Natl. Acad. Sci. USA 2012, 109, 3041-3046. [CrossRef] [PubMed]

Bao, Z.S.; Chen, HM,; Yang, M.Y.; Zhang, C.B.; Yu, K,; Ye, W.L.; Hu, B.Q.; Yan, W.; Zhang, W.; Akers, J.; et al. RNA-seq of 272
gliomas revealed a novel, recurrent PTPRZ1-MET fusion transcript in secondary glioblastomas. Genome Res. 2014, 24, 1765-1773.
[CrossRef] [PubMed]

Dagogo-Jack, I; Yoda, S.; Lennerz, ] K.; Langenbucher, A.; Lin, J.].; Rooney, M.M.; Prutisto-Chang, K.; Oh, A.; Adams, N.A.; Yeap,
B.Y,; et al. MET Alterations Are a Recurring and Actionable Resistance Mechanism in ALK-Positive Lung Cancer. Clin. Cancer
Res. 2020, 26, 2535-2545. [CrossRef]

Charest, A.; Lane, K.; McMahon, K; Park, J.; Preisinger, E.; Conroy, H.; Housman, D. Fusion of FIG to the receptor tyrosine kinase
ROS in a glioblastoma with an interstitial del(6)(q21q21). Genes Chromosomes Cancer 2003, 37, 58-71. [CrossRef]

Torre, M.; Vasudevaraja, V.; Serrano, J.; DeLorenzo, M.; Malinowski, S.; Blandin, A.F,; Pages, M.; Ligon, A.H.; Dong, F.; Meredith,
D.M.; et al. Molecular and clinicopathologic features of gliomas harboring NTRK fusions. Acta Neuropathol. Commun. 2020, 8, 107.
[CrossRef]

Charest, A.; Kheifets, V.; Park, J.; Lane, K.; McMahon, K.; Nutt, C.L.; Housman, D. Oncogenic targeting of an activated tyrosine
kinase to the Golgi apparatus in a glioblastoma. Proc. Natl. Acad. Sci. USA 2003, 100, 916-921. [CrossRef]

Campbell, R.B.; Liu, F,; Ross, A.H. Allosteric activation of PTEN phosphatase by phosphatidylinositol 4,5-bisphosphate. J. Biol.
Chem. 2003, 278, 33617-33620. [CrossRef] [PubMed]

Georgescu, M.M.; Kirsch, K.H.; Akagi, T.; Shishido, T.; Hanafusa, H. The tumor-suppressor activity of PTEN is regulated by its
carboxyl-terminal region. Proc. Natl. Acad. Sci. USA 1999, 96, 10182-10187. [CrossRef]

Georgescu, M.M.; Kirsch, K.H.; Kaloudis, P,; Yang, H.; Pavletich, N.P.; Hanafusa, H. Stabilization and productive positioning
roles of the C2 domain of PTEN tumor suppressor. Cancer Res. 2000, 60, 7033-7038. [PubMed]

lijima, M.; Devreotes, P. Tumor suppressor PTEN mediates sensing of chemoattractant gradients. Cell 2002, 109, 599-610.
[CrossRef]

Higa, N.; Akahane, T.; Yokoyama, S.; Yonezawa, H.; Uchida, H.; Takajo, T.; Kirishima, M.; Hamada, T.; Matsuo, K.; Fujio, S.; et al.
A tailored next-generation sequencing panel identified distinct subtypes of wildtype IDH and TERT promoter glioblastomas.
Cancer Sci. 2020, 111, 3902-3911. [CrossRef]

Dobbelstein, M.; Levine, A.J. Mdm2: Open questions. Cancer Sci. 2020, 111, 2203-2211. [CrossRef]

Bailey, M.L.; O’Neil, N.J.; van Pel, D.M.; Solomon, D.A.; Waldman, T.; Hieter, P. Glioblastoma cells containing mutations in the
cohesin component STAG2 are sensitive to PARP inhibition. Mol. Cancer Ther. 2014, 13, 724-732. [CrossRef] [PubMed]

Bouffet, E.; Larouche, V.; Campbell, B.B.; Merico, D.; de Borja, R.; Aronson, M.; Durno, C.; Krueger, J.; Cabric, V.; Ramaswamy, V.;
et al. Immune Checkpoint Inhibition for Hypermutant Glioblastoma Multiforme Resulting From Germline Biallelic Mismatch
Repair Deficiency. . Clin. Oncol. 2016, 34, 2206-2211. [CrossRef]

Le, D.T,; Durham, ]J.N.; Smith, K.N.; Wang, H.; Bartlett, B.R.; Aulakh, L.K,; Lu, S.; Kemberling, H.; Wilt, C.; Luber, B.S.; et al.
Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade. Science 2017, 357, 409-413. [CrossRef]

Cruz Da Silva, E.; Mercier, M.C.; Etienne-Selloum, N.; Dontenwill, M.; Choulier, L. A Systematic Review of Glioblastoma-Targeted
Therapies in Phases II, III, IV Clinical Trials. Cancers 2021, 13, 1795. [CrossRef]

Umebhara, T.; Arita, H.; Yoshioka, E.; Shofuda, T.; Kanematsu, D.; Kinoshita, M.; Kodama, Y.; Mano, M.; Kagawa, N.; Fujimoto,
Y.; et al. Distribution differences in prognostic copy number alteration profiles in IDH-wild-type glioblastoma cause survival
discrepancies across cohorts. Acta Neuropathol. Commun. 2019, 7, 99. [CrossRef] [PubMed]

Hellmann, M.D.; Ciuleanu, T.E.; Pluzanski, A.; Lee, J.S.; Otterson, G.A.; Audigier-Valette, C.; Minenza, E.; Linardou, H.; Burgers,
S.; Salman, P; et al. Nivolumab plus Ipilimumab in Lung Cancer with a High Tumor Mutational Burden. N. Engl. J. Med. 2018,
378,2093-2104. [CrossRef] [PubMed]

Ah-Pine, F; Casas, D.; Menei, P; Boisselier, B.; Garcion, E.; Rousseau, A. RNA-sequencing of IDH-wild-type glioblastoma with
chromothripsis identifies novel gene fusions with potential oncogenic properties. Transl. Oncol. 2021, 14, 100884. [CrossRef]
[PubMed]

Cheng, F.; Guo, D. MET in glioma: Signaling pathways and targeted therapies. J. Exp. Clin. Cancer Res. 2019, 38, 270. [CrossRef]
[PubMed]


https://doi.org/10.1126/science.1220834
https://www.ncbi.nlm.nih.gov/pubmed/22837387
https://doi.org/10.1111/bpa.12563
https://www.ncbi.nlm.nih.gov/pubmed/28976058
https://doi.org/10.1158/0008-5472.CAN-11-4069
https://www.ncbi.nlm.nih.gov/pubmed/22311673
https://doi.org/10.1016/j.ccr.2011.11.005
https://www.ncbi.nlm.nih.gov/pubmed/22137795
https://doi.org/10.1073/pnas.1114033109
https://www.ncbi.nlm.nih.gov/pubmed/22323597
https://doi.org/10.1101/gr.165126.113
https://www.ncbi.nlm.nih.gov/pubmed/25135958
https://doi.org/10.1158/1078-0432.CCR-19-3906
https://doi.org/10.1002/gcc.10207
https://doi.org/10.1186/s40478-020-00980-z
https://doi.org/10.1073/pnas.242741799
https://doi.org/10.1074/jbc.C300296200
https://www.ncbi.nlm.nih.gov/pubmed/12857747
https://doi.org/10.1073/pnas.96.18.10182
https://www.ncbi.nlm.nih.gov/pubmed/11156408
https://doi.org/10.1016/S0092-8674(02)00745-6
https://doi.org/10.1111/cas.14597
https://doi.org/10.1111/cas.14433
https://doi.org/10.1158/1535-7163.MCT-13-0749
https://www.ncbi.nlm.nih.gov/pubmed/24356817
https://doi.org/10.1200/JCO.2016.66.6552
https://doi.org/10.1126/science.aan6733
https://doi.org/10.3390/cancers13081795
https://doi.org/10.1186/s40478-019-0749-8
https://www.ncbi.nlm.nih.gov/pubmed/31215469
https://doi.org/10.1056/NEJMoa1801946
https://www.ncbi.nlm.nih.gov/pubmed/29658845
https://doi.org/10.1016/j.tranon.2020.100884
https://www.ncbi.nlm.nih.gov/pubmed/33074125
https://doi.org/10.1186/s13046-019-1269-x
https://www.ncbi.nlm.nih.gov/pubmed/31221203

Cancers 2024, 16, 361 21 of 21

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

Sorokin, M.; Rabushko, E.; Rozenberg, ].M.; Mohammad, T.; Seryakov, A.; Sekacheva, M.; Buzdin, A. Clinically relevant fusion
oncogenes: Detection and practical implications. Ther. Adv. Med. Oncol. 2022, 14, 17588359221144108. [CrossRef] [PubMed]
Dunn, D.B. Larotrectinib and Entrectinib: TRK Inhibitors for the Treatment of Pediatric and Adult Patients With NTRK Gene
Fusion. J. Adv. Pract. Oncol. 2020, 11, 418-423. [PubMed]

Akhavan, D.; Pourzia, A.L.; Nourian, A.A.; Williams, K.J.; Nathanson, D.; Babic, L; Villa, G.R.; Tanaka, K.; Nael, A.; Yang, H.;
et al. De-repression of PDGFRbeta transcription promotes acquired resistance to EGFR tyrosine kinase inhibitors in glioblastoma
patients. Cancer Discov. 2013, 3, 534-547. [CrossRef]

Kleczko, E.K.; Heasley, L.E. Mechanisms of rapid cancer cell reprogramming initiated by targeted receptor tyrosine kinase
inhibitors and inherent therapeutic vulnerabilities. Mol. Cancer 2018, 17, 60. [CrossRef]

Ware, K.E.; Marshall, M.E.; Heasley, L.R.; Marek, L.; Hinz, T.K.; Hercule, P.; Helfrich, B.A.; Doebele, R.C.; Heasley, L.E. Rapidly
acquired resistance to EGFR tyrosine kinase inhibitors in NSCLC cell lines through de-repression of FGFR2 and FGFR3 expression.
PLoS ONE 2010, 5, €14117. [CrossRef]

Strumberg, D.; Schultheis, B. Regorafenib for cancer. Expert. Opin. Investig. Drugs 2012, 21, 879-889. [CrossRef]

Lombardi, G.; De Salvo, G.L.; Brandes, A.A.; Eoli, M.; Ruda, R.; Faedi, M.; Lolli, L; Pace, A.; Daniele, B.; Pasqualetti, F,; et al.
Regorafenib compared with lomustine in patients with relapsed glioblastoma (REGOMA): A multicentre, open-label, randomised,
controlled, phase 2 trial. Lancet Oncol. 2019, 20, 110-119. [CrossRef] [PubMed]

Berns, K.; Horlings, H.M.; Hennessy, B.T.; Madiredjo, M.; Hijmans, E.M.; Beelen, K.; Linn, S.C.; Gonzalez-Angulo, A.M.; Stemke-
Hale, K.; Hauptmann, M; et al. A functional genetic approach identifies the PI3K pathway as a major determinant of trastuzumab
resistance in breast cancer. Cancer Cell 2007, 12, 395-402. [CrossRef] [PubMed]

Nagata, Y.; Lan, K.H.; Zhou, X.; Tan, M.; Esteva, FJ.; Sahin, A.A ; Klos, K.S.; Li, P; Monia, B.P.; Nguyen, N.T,; et al. PTEN
activation contributes to tumor inhibition by trastuzumab, and loss of PTEN predicts trastuzumab resistance in patients. Cancer
Cell 2004, 6, 117-127. [CrossRef] [PubMed]

Sayed, S.; Sidorova, O.A.; Hennig, A.; Augsburg, M.; Cortes Vesga, C.P.; Abohawya, M.; Schmitt, L.T.; Surun, D.; Stange, D.E.;
Mircetic, ].; et al. Efficient Correction of Oncogenic KRAS and TP53 Mutations through CRISPR Base Editing. Cancer Res. 2022, 82,
3002-3015. [CrossRef]

Wang, J.; Zhang, Y.; Mendonca, C.A.; Yukselen, O.; Muneeruddin, K,; Ren, L.; Liang, J.; Zhou, C.; Xie, J.; Li, ].; et al. AAV-delivered
suppressor tRNA overcomes a nonsense mutation in mice. Nature 2022, 604, 343-348. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1177/17588359221144108
https://www.ncbi.nlm.nih.gov/pubmed/36601633
https://www.ncbi.nlm.nih.gov/pubmed/33604102
https://doi.org/10.1158/2159-8290.CD-12-0502
https://doi.org/10.1186/s12943-018-0816-y
https://doi.org/10.1371/journal.pone.0014117
https://doi.org/10.1517/13543784.2012.684752
https://doi.org/10.1016/S1470-2045(18)30675-2
https://www.ncbi.nlm.nih.gov/pubmed/30522967
https://doi.org/10.1016/j.ccr.2007.08.030
https://www.ncbi.nlm.nih.gov/pubmed/17936563
https://doi.org/10.1016/j.ccr.2004.06.022
https://www.ncbi.nlm.nih.gov/pubmed/15324695
https://doi.org/10.1158/0008-5472.CAN-21-2519
https://doi.org/10.1038/s41586-022-04533-3

	Introduction 
	Materials and Methods 
	Results 
	Validation of the G1-G7 Subgroup Classification of Glioblastoma 
	Molecular–Demographic Correlations in Glioblastoma 
	Characterization of the G6/Multi-RTK Subgroup of Glioblastoma 
	The Landscape of the Major Oncogenic Pathways in the G1-G7 Molecular Subgroups 
	Implementation into Practice of the G1-G7 Molecular Subgroup Classification of Glioblastoma 

	Discussion 
	Conclusions 
	References

