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Abstract 
Background.   Isocitrate dehydrogenase (IDH)-mutant astrocytomas represent the most frequent primary 
intraparenchymal brain tumor in young adults, which typically arise as low-grade neoplasms that often progress 
and transform to higher grade despite current therapeutic approaches. However, the genetic alterations underlying 
high-grade transformation and disease progression of IDH-mutant astrocytomas remain inadequately defined.
Methods.   Genomic profiling was performed on 205 IDH-mutant astrocytomas from 172 patients from both ini-
tial treatment-naive and recurrent post-treatment tumor specimens. Molecular findings were integrated with clin-
ical outcomes and pathologic features to define the associations of novel genetic alterations in the RAS-MAPK 
signaling pathway.
Results.   Likely oncogenic alterations within the RAS-MAPK mitogenic signaling pathway were identified in 13% of 
IDH-mutant astrocytomas, which involved the KRAS, NRAS, BRAF, NF1, SPRED1, and LZTR1 genes. These included 
focal amplifications and known activating mutations in oncogenic components (e.g. KRAS, BRAF), as well as dele-
tions and truncating mutations in negative regulatory components (e.g. NF1, SPRED1). These RAS-MAPK pathway 
alterations were enriched in recurrent tumors and occurred nearly always in high-grade tumors, often co-occurring 
with CDKN2A homozygous deletion. Patients whose IDH-mutant astrocytomas harbored these oncogenic RAS-
MAPK pathway alterations had inferior survival compared to those with RAS-MAPK wild-type tumors.
Conclusions.   These findings highlight novel genetic perturbations in the RAS-MAPK pathway as a likely mech-
anism contributing to the high-grade transformation and treatment resistance of IDH-mutant astrocytomas that 
may be a potential therapeutic target for affected patients and used for future risk stratification.

Key Points

•	 Genetic alterations causing activation of the RAS-MAPK pathway are acquired during 
progression of IDH-mutant astrocytoma

•	 Acquisition of RAS-MAPK pathway genetic alterations is associated with inferior survival 
for patients with IDH-mutant astrocytoma

Longitudinal profiling of IDH-mutant astrocytomas 
reveals acquired RAS-MAPK pathway mutations 
associated with inferior survival  
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“Astrocytoma, IDH-mutant” is a newly codified tumor type 
in the 2021 World Health Organization (WHO) Classification 
of Central Nervous Systems (CNS) Tumors that encom-
passes a group of diffuse astrocytic gliomas with IDH1 
p.R132 or IDH2 p.R172 mutation, biallelic TP53 inactivation, 
frequent ATRX inactivation associated with alternative 
lengthening of telomeres (ALT), absence of chromosomes 
1p and 19q whole arm co-deletion, and a distinct DNA 
methylation profile.1 The majority occur in young adults in 
the third to fifth decades of life, but they can also arise in 
adolescents and during later adulthood.2–4 They occur most 
commonly in the cerebral hemispheres, but can also arise 
in the cerebellum or brainstem.5 The majority are sporadic/
spontaneous tumors, but they occasionally arise in the set-
ting of specific tumor predisposition syndromes including 
Li–Fraumeni, Ollier, and Lynch due to constitutional muta-
tions affecting the TP53, IDH1, and DNA mismatch repair 
genes (MSH2, MSH6, MLH1, and PMS2).6–8 The majority 
arise as low-grade tumors (CNS WHO grade 2) which dem-
onstrate slow growth over time. However, IDH-mutant 
astrocytomas cannot be cured by surgical resection alone 
given their infiltrative growth that extends beyond what 
can be visualized by current radiologic methods and what 
can be safely resected in most patients. While maximal 
safe resection has a proven survival benefit for these pa-
tients, over time IDH-mutant astrocytomas recur and can 
often transform to higher-grade tumors (CNS WHO grade 
3 or 4) with more rapid growth and spread, necessitating 
repeat surgical resection and/or adjuvant therapies in-
cluding external beam radiation and chemotherapy, such 
as with the alkylating agent temozolomide.9 While they 
are associated with markedly better survival compared 
with IDH-wildtype glioblastoma, IDH-mutant astrocytomas 
are malignant tumors that are not curable with the cur-
rently available therapies. However, new therapeutic ap-
proaches are on the horizon for affected patients including 
immunotherapies and the recently U.S. Food and Drug 
Administration-approved small molecule inhibitors (e.g. 
vorasidenib) of the mutant isocitrate dehydrogenase (IDH) 
enzymes encoded by the IDH1 and IDH2 genes.9–11

IDH-mutant astrocytomas are genetically defined by 
an activating missense mutation at codon p.R132 in 
IDH1 or the analogous codon p.R172 in IDH2, which is 
the earliest initiating oncogenic event in these tumors 
and fuels gliomagenesis by catalyzing formation of the 
2-hydoxyglutarate oncometabolite that underlies the 
glioma CpG island methylator phenotype.12,13 Additionally, 
mutational inactivation of the TP53 tumor suppressor 
gene is an early oncogenic event that cooperates with the 
IDH1/2 mutation to initiate the formation of an IDH-mutant 
astrocytoma.14 As the glioma then expands, inactivating 
mutation or deletion of the ATRX chromatin remodeling 

gene is selected for in most tumors that causes ALT to by-
pass cellular senescence.15,16 In CNS WHO grade 2 IDH-
mutant astrocytomas demonstrating low proliferative 
activity, absence of anaplasia, and absence of necrosis 
and microvascular proliferation, the trio of IDH1/2, TP53, 
and ATRX mutations is typically present without addi-
tional accompanying oncogenic alterations.17 Over time, 
IDH-mutant astrocytomas acquire additional genetic ab-
errations that drive high-grade transformation, treatment 
resistance, and more rapid growth. The additional genetic 
perturbations that fuel this high-grade transformation 
are multiple and have been identified through longitu-
dinal profiling studies over the past several years.18–22 The 
most frequent additional genetic aberration is homozy-
gous deletion of the CDKN2A tumor suppressor gene on 
chromosome 9p21.3, which encodes the cell cycle regu-
lator p16INK4a. Multiple studies have documented that 
CDKN2A homozygous deletion is enriched in recurrent and 
high-grade IDH-mutant astrocytomas and correlates with 
inferior survival compared to IDH-mutant astrocytomas 
with intact CDKN2A alleles.23–26 As such, the presence of 
CDKN2A homozygous deletion was added as a prognostic 
grading factor for IDH-mutant astrocytoma in the 2021 
WHO Classification, with those tumors harboring this ge-
netic alteration assigned as CNS WHO grade 4 regardless 
of their histologic features.1

Several additional genetic aberrations associated with 
high-grade transformation and inferior survival of IDH-
mutant astrocytomas beyond CDKN2A homozygous de-
letion have been identified. These include aberrations of 
other cell cycle regulators, such as amplification of CDK4 
(which encodes cyclin-dependent kinase 4), amplification 
of CCND2 (cyclin D2), and mutation or deletion of RB1 (ret-
inoblastoma tumor suppressor).27–30 The receptor tyrosine 
kinase genes PDGFRA (platelet-derived growth factor re-
ceptor alpha) and MET (hepatocyte growth factor receptor) 
are also frequently amplified and rearranged in recurrent 
and higher-grade IDH-mutant astrocytomas, which are 
being tested as therapeutic targets in this patient popula-
tion.27,31–34 Acquisition of MYCN amplification leading to 
overexpression of the encoded Myc family transcription 
factor occurs in a small subset of recurrent IDH-mutant 
astrocytomas that is associated with poor prognosis.35 
Mutations of PIK3CA and PIK3R1 driving hyperactivation 
of the PI3-kinase-Akt-mTOR signaling pathway were 
also recently found to occur in a subset of IDH-mutant 
astrocytomas, particularly recurrent and/or higher-grade 
tumors associated with inferior survival.36 Increased 
burden of chromosomal copy number aberrations across 
the genome has also been correlated with worse sur-
vival among patients with IDH-mutant astrocytomas.23,37,38 
Lastly, recurrent IDH-mutant astrocytomas that develop 

Importance of the Study

The genetic events underlying disease progression and 
high-grade transformation of IDH-mutant astrocytomas 
have not been fully defined. Here we identified acqui-
sition of genetic alterations activating the RAS-MAPK 

pathway in nearly 20% of recurrent IDH-mutant 
astrocytomas that were associated with inferior sur-
vival compared to recurrent tumors lacking RAS-MAPK 
pathway alteration.
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somatic hypermutation following chemotherapy with the 
alkylating agent temozolomide are associated with malig-
nant transformation, poor prognosis, and increased risk of 
cerebrospinal fluid dissemination.21,39–41

To further investigate the molecular events that drive 
tumor progression and treatment resistance, we performed 
comprehensive histopathologic assessment and targeted 
genomic sequencing on 205 IDH-mutant astrocytoma tumor 
specimens from 172 consecutive patients inclusive of all 
CNS WHO grades and disease timepoints as part of a spon-
sored glioma precision medicine program at our institution. 
We identified the RAS-mitogenic activated protein kinase 
(MAPK) signaling pathway as a novel target of frequent on-
cogenic alterations in recurrent IDH-mutant astrocytomas 
associated with high-grade transformation and inferior sur-
vival. We speculate that these RAS-MAPK pathway muta-
tions drive treatment resistance during the progression of 
IDH-mutant astrocytomas and may serve as a potential ther-
apeutic target for affected patients using specific inhibitors.

Materials and Methods

Patient Cohort and Tumor Samples

The study cohort was composed of 205 IDH-mutant 
astrocytoma tumor specimens from 172 patients who 
were treated at the University of California, San Francisco 
(UCSF) Medical Center between 2015 and 2023. All patients 
had tumors pathologically confirmed as “Astrocytoma, 
IDH-mutant” according to the 2021 WHO Classification of 
Central Nervous System Tumors based on the combination 
of histopathologic features and targeted next-generation 
DNA sequencing (NGS) including assessment of gene 
mutations, fusions and other structural variants, and chro-
mosomal copy number profiles. Specifically, all tumors 
were diffuse astrocytic gliomas located supratentorially in 
the cerebral hemispheres and were confirmed to be IDH-
mutant with either IDH1 p.R132 or IDH2 p.R172 missense 
mutations detected by NGS. All tumors lacked whole arm 
co-deletion of chromosomes 1p and 19q and were his-
tone H3-wildtype (e.g. lacked p.K27 or p.G34 mutation in 
H3-3A, H3-3B, H3C2, and H3C3). In total, 205 tumor spe-
cimens from the 172 included patients were examined by 
histopathology and genomic profiling. This included 95 
initial treatment-naive tumor specimens from an initial di-
agnostic surgical resection, and 110 recurrent tumor spe-
cimens from a subsequent surgical resection following 
either observation or adjuvant therapy. For 24 patients, 
there were multiple longitudinal tumor specimens that 
were genomically profiled. While a subset of patients was 
treated with an IDH mutant small molecule inhibitor (either 
vorasidenib, ivosidenib, or enasidenib) at the time of dis-
ease progression (n = 13), no patients in this cohort were 
treated with an IDH mutant small molecule inhibitor in the 
adjuvant setting following the initial diagnostic surgery, 
and all genomic profiling was performed prior to therapy 
with IDH mutant small molecule inhibitors. This study 
was approved by the institutional review board of the 
University of California, San Francisco. As part of routine 
clinical practice at UCSF, all patients included in the study 

cohort signed an informed consent waiver to contribute 
de-identified data to scientific research projects.

Histology and Immunohistochemistry

All tumors were pathologically confirmed as IDH-mutant 
astrocytoma based on a combination of immunoreactivity 
for IDH1 R132H mutant protein, NGS results showing the 
presence of IDH1 p.R132 or IDH2 p.R172 variants, and chro-
mosomal copy number status showing absence of whole 
arm co-deletion of chromosomes 1p and 19q. Detailed 
pathologic examination was performed retrospectively to 
investigate histologic and immunohistochemical features 
of the IDH-mutant astrocytoma cohort, including both his-
tologic grading based on the 2016 WHO Classification and 
integrated grading based on the 2021 WHO Classification. 
Immunohistochemistry was performed on whole formalin-
fixed, paraffin-embedded tissue sections using the fol-
lowing antibodies: IDH1 R132H mutant protein (Dianova, 
clone H09, 1:500 dilution, ER2 antigen retrieval), p53 
(Biocare, clone DO-7, 1:100 dilution, ER2 antigen retrieval), 
ATRX (Sigma, polyclonal, 1:100 dilution), histone H3 K27M 
mutant protein (RevMAb Biosciences, clone RM192, 1:600 
dilution), histone H3 lysine 27 trimethylation (Cell Signaling, 
clone C36B11, 1:50 dilution, ER2 antigen retrieval), histone 
H3.3 G34R mutant protein (RevMAb Biosciences, clone 
RM240, 1:100 dilution), Ki-67 (Dako, clone Mib1, 1:50 dilu-
tion, ER2 antigen retrieval), and phosphorylated p44/42 
ERK1/2 Thr202/Tyr204 (Cell Signaling, clone D13.14.4E, 
1:10 000 dilution). Tissue sections used for phospho-ERK1/2 
immunohistochemistry included both a subset of the tumors 
with oncogenic RAS-MAPK alterations (n = 12), adjacent un-
involved cortex from tumors with oncogenic RAS-MAPK 
alterations (n = 10), and IDH-mutant astrocytomas lacking 
identifiable RAS-MAPK pathway alterations (RAS-MAPK 
wildtype, n = 6). Immunostaining was performed in Leica 
Bond-Max or Ventana BenchMark Ultra automated stainers. 
Diaminobenzidine was used as the detection chromogen, 
followed by hematoxylin counterstain.

Targeted Next-Generation DNA Sequencing

Genomic DNA was extracted from formalin-fixed, paraffin-
embedded tumor tissue of 205 longitudinal IDH-mutant 
astrocytoma tumor specimens from the 172 patients using 
the QIAamp DNA FFPE Tissue Kit (Qiagen). Tumor tissue 
was selectively scraped from unstained slides or punched 
from formalin-fixed, paraffin-embedded blocks using biopsy 
punches (Integra Miltex Instruments) to enrich for high tumor 
content. For a subset of patients, n = 49 as indicated, a con-
stitutional DNA sample was extracted from a buccal swab 
or peripheral blood specimen using the QIAamp DNA Blood 
Midi Kit (Qiagen) and simultaneously sequenced to enable 
accurate discrimination of germline/constitutional versus so-
matic origin of variants. Capture-based next-generation DNA 
sequencing was performed using the UCSF500 NGS panel 
as previously described that targets all coding exons of 529 
cancer-related genes, select introns, and upstream regulatory 
regions of 73 genes to enable the detection of structural vari-
ants including gene fusions, and DNA segments at regular 



 4 Rodriguez Almaraz et al.: RAS-MAPK pathway mutation in IDH-mutant astrocytoma

intervals along each chromosome to enable genome-wide 
copy number and zygosity analysis, with a total sequencing 
footprint of 2.8 Mb.42–46 Multiplex library preparation was 
performed using the KAPA Hyper Prep Kit (Roche) ac-
cording to the manufacturer’s specifications using 200 ng 
of sample DNA. Hybrid capture of pooled libraries was per-
formed using a custom oligonucleotide library (Integrated 
DNA Technologies). Captured libraries were sequenced as 
paired-end reads on an Illumina NovaSeq 6000 instrument. 
Sequence reads were mapped to the reference human ge-
nome build GRCh37 (hg19) using the Burrows-Wheeler 
aligner. Recalibration and deduplication of reads were 
performed using the Genome Analysis Toolkit. Coverage 
and sequencing statistics were determined using Picard 
CalculateHsMetrics and Picard CollectInsertSizeMetrics. 
Single nucleotide variant and insertion/deletion mutation 
calling was performed with Mutect2, FreeBayes, Unified 
Genotyper, and Pindel. Structural rearrangement calling was 
performed with Delly. Single nucleotide variants, insertions/
deletions, and structural variants were visualized and veri-
fied using Integrative Genome Viewer. Genome-wide copy 
number and zygosity analysis was performed by CNVkit47 
and visualized using Nexus Copy Number (Biodiscovery). 
Microsatellite instability determination was performed with 
MSIsensor2 analysis of mononucleotide and dinucleotide re-
peats.48 Astrocytomas were deemed positive for microsatel-
lite instability when ≥ 10% of the 86 microsatellites assessed 
by the UCSF500 NGS panel were unstable. Somatic tumor 
mutation burden (TMB) was determined by calculating the 
number of somatic mutations in the coding regions of genes 
in the UCSF500 NGS panel, counting both single nucleotide 
variants and short indels, divided by the total coding footprint 
of the assay (1.5 Mb). For patients with paired tumor-normal 
sequencing performed, TMB was calculated using only the 
confirmed somatic mutations. For patients with tumor-only 
sequencing performed, TMB was calculated by removing 
known germline variants present at ≥ 0.001% frequency in 
human population datasets (ExAC, gnomAD, and NHLBI-
ESP6515). Hypermutation was defined as those tumors with 
TMB values of ≥ 10 somatic mutations per Mb based on this 
assay. Temozolomide-induced hypermutation corresponding 
to single base substitution mutational signature 11 from the 
COSMIC Human Cancer Mutational Signatures Database 
version 3.4 was defined as those recurrent astrocytomas 
demonstrating somatic hypermutation acquired following 
chemotherapy with temozolomide characterized by a pre-
dominance of C>T:G>A transitions.21,41,49,50 Each of the 
confirmed somatic variants from paired tumor-normal 
sequencing or filtered variants from tumor-only sequencing 
analysis was reviewed for predicted oncogenicity/patho-
genicity using known cancer genomics data in the COSMIC 
(http://cancer.sanger.ac.uk/cosmic) and cBioPortal (http://
www.cbioportal.org/) databases, location within encoded 
protein, and predicted functional effect based on mutation 
type (e.g. missense, nonsense, frameshift, splice site).

RAS-MAPK Pathway Genetic Analysis

Somatic genetic alterations either known or predicted 
to cause activation of the RAS-MAPK signaling pathway 
were identified in the targeted DNA sequencing data from 

the IDH-mutant astrocytoma cohort. RAS-MAPK pathway 
genes evaluated for genetic alterations included KRAS, 
NRAS, BRAF, NF1, SPRED1, PTPN11, and LZTR1. This anal-
ysis included assessment for focal amplification events, 
activating missense variants, or structural variants/fusions 
targeting the oncogenic components KRAS, NRAS, BRAF, 
and PTPN11, as well as assessment for focal deletion 
events, truncating indel mutations or structural variants, 
or deleterious missense variants targeting the negative 
regulatory components NF1, SPRED1, and LZTR1.51–53 For 
survival analysis, patients were classified as RAS-MAPK 
wildtype or RAS-MAPK altered based on the presence or 
absence of known or likely oncogenic/pathogenic vari-
ants targeting these key genes: KRAS, NRAS, BRAF, NF1, 
SPRED1, PTPN11, and/or LZTR1.

Statistical Analysis

All analyses were conducted using the statistical software 
R version 4.2.3. Patient demographics and tumor charac-
teristics were summarized using descriptive statistics. 
Student’s t-test, Fisher’s exact test, and Chi-squared tests 
were employed to compare continuous and categorical 
variables between patient groups stratified by RAS-MAPK 
alterations. Overall survival from initial surgery was de-
fined as the time from the initial diagnostic surgical proce-
dure to death. Survival from surgically treated recurrence 
was defined as the time from repeat resection for patholog-
ically confirmed viable recurrent IDH-mutant astrocytoma 
until death. Kaplan–Meier plots were used to estimate sur-
vival times stratified by clinical and molecular variables, 
with censoring performed for patients alive at the last clin-
ical follow-up. Median estimated survival with 95% confi-
dence intervals (CI) and exact P-values were calculated by 
log-rank test. Univariate and multivariate Cox proportional 
hazards regression models were used to evaluate the as-
sociations between clinical and molecular factors with 
survival outcomes. Multivariate models were constructed 
using variables determined a priori.

Results

IDH-Mutant Astrocytoma Patient Cohort

The study cohort consisted of 172 patients (61% male, 
39% female) with pathologically confirmed IDH-mutant 
astrocytoma who underwent surgical resection of one or 
more longitudinal tumor specimens that were genomically 
profiled (Table 1, Supplementary Table S1). In total, 
205 tumor specimens were included, consisting of 95 
treatment-naive tumors from an initial diagnostic sur-
gical resection and 110 recurrent tumors from a subse-
quent surgical resection following either observation or 
adjuvant therapy. The median age at initial diagnosis for 
the 172 patients was 33.2 years (range 10.1–67.0 years). 
The tumors were uniformly supratentorial located in the 
cerebral hemispheres. Dependent on clinical factors in-
cluding residual disease after resection and tumor grade, 
a subset of patients was observed by follow-up magnetic 
resonance imaging (MRI) without adjuvant therapy, while 

http://cancer.sanger.ac.uk/cosmic
http://www.cbioportal.org/
http://www.cbioportal.org/
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf024#supplementary-data
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Table 1.  Study Cohort of Patients With Sporadic IDH-Mutant Astrocytomas Stratified by Presence/Absence of Likely Oncogenic Alterations Within 
RAS-MAPK Pathway Genes (KRAS, NRAS, BRAF, NF1, SPRED1, PTPN11, and LZTR1)

n (%) Initial Treatment-Naïve Sporadic IDH-Mutant 
Astrocytoma

Recurrent Sporadic IDH-Mutant Astrocytoma

Total 90 RAS-MAPK 
Pathway 
Mutant 8 (9)

RAS-MAPK
Pathway 
Wildtype 82 (91)

P-
Value

Total 
109

RAS-MAPK 
Pathway 
Mutant 18 (17)

RAS-MAPK
Pathway 
Wildtype 91 (83)

P-
Value

Sex, n (%) .48 .83

 � Female 40 (44) 5 (63) 35 (43) 35 (32) 6 (33) 29 (32)

 � Male 50 (56) 3 (37) 47 (57) 74 (68) 12 (67) 62 (68)

Age at initial diagnosis, mean 
(SD)

35.7 
(12.5)

39.7 (7.1) 35.3 (12.8) .15 33.8 
(8.5)

32.9 (10.0) 34 (8.2) .65

Tumor location, n (%) 1 1

 � Cerebral hemispheres 90 (100) 8 (100) 82 (100) 109 
(100)

18 (100) 91 (100)

 � Brainstem/spinal cord 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

 � Cerebellum 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Lobe location, n (%) .66 .61

 � Frontal 54 (60) 3 (38) 51 (62) 51 (47) 6 (33) 45 (50)

 � Temporal 12 (13) 2 (26) 10 (12) 26 (24) 5 (28) 21 (23)

 � Parietal 10 (11) 1 (12) 9 (11) 18 (17) 2 (11) 14 (15)

 � Occipital 1 (1) 0 (0) 1 (1) 2 (2) 0 (0) 1 (1)

 � Frontotemporal 9 (10) 1 (12) 8 (10) 9 (8) 2 (11) 6 (7)

 � Frontoparietal 3 (3) 1 (12) 2 (2) 1 (1) 0 (0) 1 (1)

 � Parietooccipital 1 (1) 0 (0) 1 (1) 0 (0) 0 (0) 0 (0)

 � Temporoparietal 0 (0) 0 (0) 0 (0) 1 (1) 3 (17) 2 (2)

 � Temporooccipital 0 (0) 0 (0) 0 (0) 1 (1) 0 (0) 1 (1)

Histologic grade per 2016 WHO 
classification, n (%)

.39 .33

 � Grade II 30 (33) 1 (13) 29 (35) 17 (16) 2 (11) 15 (17)

 � Grade III 22 (24) 3 (37) 19 (23) 22 (20) 2 (11) 20 (22)

 � Grade IV 38 (42) 4 (50) 34 (42) 70 (64) 14 (78) 56 (61)

2021 CNS WHO classification 
grade, n (%)

.42 .31

 � Grade 2 30 (33) 1 (12) 29 (35) 13 (12) 1 (5) 12 (13)

 � Grade 3 19 (21) 2 (25) 17 (21) 20 (18) 2 (11) 18 (20)

 � Grade 4 41 (46) 5 (63) 36 (44) 76 (70) 15 (84) 61 (67)

Extent of resection at initial sur-
gery, n (%)

.69 .69

 � Biopsy only 6 (7) 0 (0) 6 (7) 7 (6) 2 (11) 5 (5)

 � Subtotal 57 (63) 5 (63) 52 (63) 21 (19) 3 (17) 18 (20)

 � Gross total 27 (30) 3 (37) 24 (30) 81 (74) 13 (72) 68 (75)

Adjuvant radiation after initial 
surgery, n (%)

.41 .61

 � Yes 50 (64) 6 (86) 44 (62) 63 (60) 10 (56) 53 (61)

 � No 28 (36) 1 (14) 27 (38) 42 (40) 8 (44) 34 (39)

 � Unknown 12 1 11 4 0 4

Adjuvant temozolomide after 
initial surgery, n (%)

.25 .61

 � Yes 49 (63) 6 (86) 43 (60) 63 (60) 10 (56) 53 (61)

 � No 29 (37) 1 (14) 28 (40) 42 (40) 8 (44) 34 (39)

 � Unknown 12 1 11 4 0 4
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others received adjuvant external beam radiation and/
or adjuvant cycles of chemotherapy with temozolomide. 
While a subset of patients was treated with an IDH mutant 
small molecule inhibitor (either vorasidenib, ivosidenib, 
or enasidenib) at the time of disease progression (n = 13), 
no patients in this cohort were treated with an IDH mutant 
small molecule inhibitor in the adjuvant setting following 
the initial diagnostic surgery, and all genomic profiling was 
performed prior to therapy with IDH mutant small mole-
cule inhibitors. The median overall survival from initial di-
agnostic surgery was 11.8 years (95% CI: 9.9–15.5 years), 
and the median follow-up time was 5.5 years. Individual 
genetic alterations known to be associated with inferior 
survival in IDH-mutant astrocytomas including CDKN2A 
homozygous deletion and PDGFRA amplification were 
observed to correlate with worse survival in this patient 
cohort (data not shown). Among 81 genomically profiled 
recurrent IDH-mutant astrocytomas following preceding 
treatment with temozolomide, 14 tumors (17%) demon-
strated somatic hypermutation composed almost entirely 
of C>T:G>A transitions corresponding with single base 
substitution signature 11 in the COSMIC Human Cancer 
Mutational Signatures Database version 3.4 and harbored 
a high frequency (79%) of mismatch repair genes muta-
tions involving MSH2, MSH6, MLH1, or PMS2.

Clinical Subtypes of IDH-Mutant Astrocytomas

Among the 172 patients, 49 patients underwent simul-
taneous sequencing of a matched constitutional DNA 
sample extracted from peripheral blood or buccal swab, 
as dictated by either patient request or clinical indication 
based on personal or family history of malignancy. Five 
patients (3%) had confirmed constitutional variants (2 in 
TP53, 1 in IDH1, and 2 in MSH2), diagnostic of IDH-mutant 
astrocytoma arising in the setting of Li-Fraumeni, Ollier, 
and Lynch syndromes, respectively. See Supplementary 
Results for a detailed description of these 5 patients with 
syndromic IDH-mutant astrocytomas. The other 44 patients 

lacked deleterious constitutional variants in genes known 
to be associated with glioma predisposition including 
TP53, CDKN2A, NF1, IDH1, and the mismatch repair genes 
(MSH2, MSH6, MLH1, and PMS2), with all identified onco-
genic mutations in the tumor specimens confirmed to be 
somatic (i.e. tumor acquired), and were thus designated as 
having sporadic non-syndromic IDH-mutant astrocytomas. 
The other 123 patients had likely sporadic tumors as well, 
but did not have constitutional testing performed for defin-
itive confirmation. A Kaplan-Meier plot of survival for the 
patients with IDH-mutant astrocytomas stratified by clin-
ical subtype as sporadic/non-syndromic versus arising in 
these different syndromes is shown in Figure 1B to provide 
visualization of outcome lengths (no statistical comparison 
performed given small cohort sizes).

Novel RAS-MAPK Pathway Alterations in IDH-
Mutant Astrocytomas Associated With High-
Grade Features

Through genomic profiling of 205 IDH-mutant 
astrocytomas from 172 patients, we identified genetic al-
terations of the RAS-MAPK signaling pathway in 27 tumors 
(13%) that has not been previously identified as a target 
of frequent genetic alterations in this tumor type (Table 
1, Figures 1–4, Supplementary Figure S1, Supplementary 
Tables S2–S4). These were all genetic alterations ei-
ther known or likely to be oncogenic and activating of 
RAS-MAPK signaling and involved multiple genes in the 
pathway including KRAS, NRAS, BRAF, NF1, SPRED1, and 
LZTR1, often in a mutually exclusive manner with each 
tumor usually harboring an event in one of the genes. No 
IDH-mutant astrocytomas in this cohort had activating 
mutations within PTPN11, a RAS-MAPK pathway gene 
that is a frequent target of activating mutations in other 
glioma tumor types including IDH-wildtype glioblastoma 
and rosette-forming glioneuronal tumor.43,54 The identi-
fied variants within the RAS-MAPK pathway in this cohort 
of IDH-mutant astrocytomas were diverse and included 

n (%) Initial Treatment-Naïve Sporadic IDH-Mutant 
Astrocytoma

Recurrent Sporadic IDH-Mutant Astrocytoma

Total 90 RAS-MAPK 
Pathway 
Mutant 8 (9)

RAS-MAPK
Pathway 
Wildtype 82 (91)

P-
Value

Total 
109

RAS-MAPK 
Pathway 
Mutant 18 (17)

RAS-MAPK
Pathway 
Wildtype 91 (83)

P-
Value

Overall survival from initial sur-
gery (years), median (95% CI)

.59

8.0 (7.5–
NA)

8.0 (NA–NA) 12.1 (7.5–NA) N/A N/A N/A

Overall survival from surgically 
treated

recurrence (years), median 
(95% CI)

.01

N/A N/A N/A 3.2 (2.8–
4.9)

1.2 (0.8–NA) 3.5 (2.6–5.1)

Significant P-values < .05 are in bold.

 

Table 1.  Continued

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf024#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf024#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf024#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf024#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf024#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf024#supplementary-data
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known oncogenic missense mutations in KRAS and NRAS 
(n = 8, including p.G12D, p.G12V, p.G12A, p.G13D, p.G13S, 
p.D33E, p.K117N, and p.A146T), focal high-level amplifi-
cation of KRAS (n = 3), known oncogenic missense muta-
tions in BRAF (n = 2, p.G464E, p.D594G), in-frame BRAF 
gene fusion (n = 1), truncating (nonsense, frameshift, 
splice site) mutations or known deleterious missense 

mutations in NF1 and LZTR1 (n = 17 and 4, respectively), 
and focal homozygous/biallelic deletion or truncating 
frameshift mutation of SPRED1 (n = 2). The BRAF gene fu-
sion linked the N-terminal exons 1–17 of PTPRZ1 with the 
C-terminal exons 11–18 of BRAF that encode the serine/
threonine kinase domain. PTPRZ1 is a rare fusion partner 
of BRAF that has been previously encountered in pilocytic 

Age at diagnosis

Chromatin/
epigenetic
modulation
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B
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Ollier
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Lynch
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maintenance

Genomer
maintenance

Cell
cycle

regulation
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factor

signaling
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Male
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Tumor sample
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Grade 2 cerebral hemispheres
cerebellum
thalamus
spinal cord

Grade 3
Grade 42nd Recurrence

3rd Recurrence

2021 CNS WHO grade Location Tumor mutational burden

Genetic alterations Preceding radiation therapy

Preceding IDH inhibitor therapy

Preceding TMZ chemotherapy

Yes

No

Yes

No

Yes

No

1p and 19q whole arm co-deletion
Missense mutation
In-frame insertion/deletion
Focal amplification
Nonsense mutation
Frameshift mutation
Splice site mutation
Focal deletion
Inactivating structural variant
Promoter region SNV
In-frame gene fusion
No alteration identified
Germline/constitutional mutation

Low (<10 mut/Mb)
Hypermutant (>10 mut/Mb)

Overall survival from initial diagnostic surgery for patients with Astrocytoma, IDH-mutant

1.00

Arising in the setting of
Li-Fraumeni syndrome
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Sporadic/non-syndromic
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Figure 1.  IDH-mutant astrocytomas can be classified into multiple clinical subtypes as either sporadic/non-syndromic or arising in the setting of 
Li–Fraumeni syndrome, Lynch syndrome, or Ollier syndrome. (A) Oncoprint summary plot of the 95 patients with initial treatment-naive IDH-mutant 
astrocytoma stratified by subtypes. (B) Kaplan–Meier plot of overall survival from initial diagnostic surgery for the total cohort of 172 patients with 
astrocytoma, IDH-mutant stratified by subtypes.
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Figure 2.  Recurrent IDH-mutant astrocytomas are enriched with CDKN2A homozygous deletion and diverse RAS-MAPK pathway oncogenic 
alterations. (A) Oncoprint summary plot for the 110 surgically treated recurrent IDH-mutant astrocytomas which were all sporadic/non-syndromic. 
Recurrent IDH-mutant astrocytomas with hypermutation defined as tumor mutation burden values of ≥ 10 somatic mutations per Mb following 
temozolomide treatment with single base substitution mutational signature 11 (COSMIC Human Cancer Mutational Signatures Database version 
3.4) composed of a predominance of C>T:G>A transitions are denoted. (B) Bar plot of oncogenic alteration frequency for the most commonly al-
tered genes in sporadic IDH-mutant astrocytomas segregated by 90 initial treatment-naive tumors versus 110 surgically treated recurrent tumors. 
Asterisks denote those individual genes with significantly (P < .05) increased alteration frequency at recurrence. (C) Co-occurrence heatmap of 
RAS-MAPK pathway alterations with other recurrently altered genes in sporadic IDH-mutant astrocytomas segregated by initial treatment-naive 
tumors vs. surgically treated recurrent tumors. Asterisks denote significantly (P < .01) co-occurring genetic alterations by Fisher’s exact test.
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astrocytoma.55 All variants in RAS-MAPK genes were either 
confirmed as somatic by paired tumor-normal sequencing 
or by longitudinal profiling of multiple temporally-spaced 
tumor specimens with variants private to individual tumor 
specimens, or they were present in tumor specimens ana-
lyzed as tumor-only at variant allele frequencies consistent 
with probable somatic origin.

We performed immunohistochemistry for phosphoryl-
ated Thr202 and Tyr204 isoforms of ERK1/2 on IDH-mutant 
astrocytomas with and without RAS-MAPK pathway mu-
tations to further investigate the status of the signaling 
pathway downstream of these genetic events (Figure 4). 

We observed minimal to absent phospho-ERK1/2 labeling 
in normal cortex and IDH-mutant astrocytomas with no 
identifiable RAS-MAPK pathway genetic alterations (RAS-
MAPK wildtype). In contrast, we observed robust phospho-
ERK1/2 positivity in IDH-mutant astrocytomas containing 
the diverse oncogenic alterations within the RAS-MAPK 
component genes. This finding provides protein-level ev-
idence that these RAS-MAPK genetic alterations were 
causing activation of this mitogenic signaling pathway in a 
subset of IDH-mutant astrocytomas.

Among the 26 sporadic non-syndromic IDH-mutant 
astrocytomas with likely oncogenic variants affecting the 

Longitudinal IDH-mutant astrocytomas
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Figure 3.  Longitudinal genomic profiling of IDH-mutant astrocytomas reveals acquisition of CDKN2A homozygous deletion and diverse RAS-
MAPK pathway oncogenic alterations in recurrent high-grade tumors. (A) Oncoprint summary plot of the 50 sporadic IDH-mutant astrocytomas 
from 24 patients that were longitudinally profiled. (B) Genetic evolution dendrograms for patients with longitudinally profiled IDH-mutant 
astrocytoma demonstrating new acquisition of RAS-MAPK alterations at recurrence.
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Patient #45 - 32 y/o male with recurrent sporadic Astrocytoma, IDH-mutant, CNS WHO grade 4 in right parietal lobe

Patient #39 - 41 y/o male with recurrent sporadic Astrocytoma, IDH-mutant, CNS WHO grade 4 in left temporal lobe

Patient #86 - 52 y/o female with recurrent sporadic Astrocytoma, IDH-mutant, CNS WHO grade 4 in right parietal lobe

Alterations: IDH1 p.R132H, TP53 p.I162S, ATRX p.R779fs, KRAS amplification, CDK4  amplification 

Alterations: IDH1 p.R132S, TP53 p.R273C, CDKN2A homozygous deletion, KRAS p.G12D 

Alterations: IDH1 p.R132H, TP53 p.M237V, ATRX c.4557+1G>T, CDKN2A  homozygous deletion, NRAS p.G13S 
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Figure 4.  Diverse RAS-MAPK pathway oncogenic alterations in recurrent high-grade sporadic IDH-mutant astrocytomas. Shown are 3 rep-
resentative patients, including a coronal T1 post-contrast MR image, hematoxylin and eosin-stained histology image, phospho-ERK1/2 Thr202/
Tyr204 immunostaining, and a snapshot of the oncogenic RAS-MAPK alterations. (A) Focal high-level amplification of the KRAS oncogene on 
chromosome 12p12.1. (B) KRAS p.G12D known activating hotspot missense mutation. (C) NRAS p.G13S known activating hotspot missense mu-
tation. (D) Phospho-ERK1/2 Thr202/Tyr204 immunostaining of normal cortex and an IDH-mutant astrocytoma with wildtype RAS-MAPK pathway. 
Scale bar, 100 microns.
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RAS-MAPK signaling pathway, 8 were in the cohort of 90 
initial treatment-naive tumors (9% frequency, Figure 1A) 
and 18 were in the cohort of 109 recurrent tumors (17% 
frequency, Figure 2A and B). The oncogenic RAS-MAPK 
pathway mutations frequently co-occurred with CDKN2A 
homozygous deletion and PIK3CA mutation (Figure 2A 
and C). Longitudinal genomic profiling of multiple tumor 
samples from individual patients revealed that these RAS-
MAPK pathway mutations occurred during tumor pro-
gression after the initiating truncal IDH1, TP53, and ATRX 
mutational events (Figure 3). For example in patient #146, 
a private NF1 truncating nonsense mutation was newly ac-
quired in the second recurrence tumor specimen that was 
not present in the prior first recurrence (Figure 3B). In pa-
tient #64, both the second and third recurrence tumor spe-
cimens harbored NF1 truncating nonsense mutations that 
were 2 different early-stop mutations affecting divergent 
codons in the NF1 gene, thereby indicating these muta-
tions were private and newly acquired in each of the tumor 
specimens. These NF1 mutations were accompanied by 
additional private LZTR1 splice site mutation in the second 
recurrence and 2 private BRAF missense mutations in the 
third recurrence (Figure 3B).

There were no differences in sex, age at diagnosis, or 
tumor location among the patients whose tumors did or did 
not have RAS-MAPK pathway alterations (Table 1). Nearly 
all IDH-mutant astrocytomas with RAS-MAPK pathway 
alterations had high-grade histologic features (Table 1). 
Among the 8 initial treatment-naive tumors, 4 had either 
necrosis or microvascular proliferation (WHO grade IV per 
2016 WHO Classification criteria) and 3 had anaplasia and 
increased mitotic activity only (WHO grade III per 2016 WHO 
Classification criteria). Only 1 tumor lacked appreciable 
high-grade histologic features. Among the 18 recurrent tu-
mors, 14 had either necrosis or microvascular proliferation 
(WHO grade IV per 2016 WHO Classification criteria) and 
4 had anaplasia and increased mitotic activity only (WHO 
grade III per 2016 WHO Classification criteria), with only 2 
tumors lacking appreciable high-grade histologic features. 
When accounting for the molecularly integrated 2021 WHO 
Classification criteria that includes CDKN2A homozygous 
deletion into the grading scheme, only 1 initial treatment-
naive tumor remained at CNS WHO grade 2 and only 1 
recurrent tumor remained at CNS WHO grade 2, with the 
other 24 tumors all assigned as high-grade (20 as CNS 
WHO grade 4 and 4 as CNS WHO grade 3). Thus, there was 
a substantial enrichment of RAS-MAPK oncogenic alter-
ations in high-grade IDH-mutant astrocytomas in this co-
hort (P < .05 by Chi-squared test), with the majority being 
CNS WHO grade 4 based on co-occurring CDKN2A homo-
zygous deletion and/or necrosis and microvascular prolif-
eration histologically.

Recurrent IDH-Mutant Astrocytomas With 
Oncogenic RAS-MAPK Pathway Alterations are 
Associated With Inferior Survival

Among the 90 patients with initial treatment-naive IDH-
mutant astrocytomas that were studied, the median overall 
survival from initial surgery was 8.0 years for those with 
RAS-MAPK pathway mutation versus 12.1 years for those 

without RAS-MAPK pathway mutation. However, likely 
due to the relative rarity of oncogenic RAS-MAPK pathway 
mutations in initial resection specimens of IDH-mutant 
astrocytomas (only 8 patients in this cohort), this survival 
difference was not statistically significant (P = .59; Table 1). 
Among the 109 recurrent IDH-mutant astrocytomas that 
were studied, the median survival from surgically treated 
recurrence was 1.2 years for those with RAS-MAPK pathway 
mutation versus 3.5 years for those without RAS-MAPK 
pathway mutation (P = .01; Table 1, Figure 5A). Among the 
76 recurrent IDH-mutant astrocytomas designated as CNS 
WHO grade 4 based on the 2021 WHO Classification, the 
median survival from surgically treated recurrence was 1.0 
years for those with RAS-MAPK pathway mutation versus 
3.1 years for those without RAS-MAPK pathway mutation 
(P < .01; Supplementary Figure S2A). Among the 70 recur-
rent IDH-mutant astrocytomas designated as WHO grade 
IV based on histologic features only using the 2016 WHO 
Classification criteria, the median survival from surgically 
treated recurrence was 1.1 years for those with RAS-MAPK 
pathway mutation versus 3.1 years for those without RAS-
MAPK pathway mutation (P < .01; Supplementary Figure 
S2B). Among the 43 recurrent IDH-mutant astrocytomas 
harboring CDKN2A homozygous deletion, the presence of 
oncogenic RAS-MAPK pathway alteration was associated 
with inferior survival with median survival from surgically 
treated recurrence of 0.9 years versus 2.8 years (P < .001; 
Figure 5B). Among the 18 patients with recurrent IDH-
mutant astrocytomas harboring oncogenic RAS-MAPK 
pathway alterations, the presence of CDKN2A homozy-
gous deletion was associated with a trend towards infe-
rior survival with median survival from surgically treated 
recurrence of 0.9 years versus 1.9 years (P = .08; Figure 5C). 
Multivariate analysis demonstrated that oncogenic RAS-
MAPK pathway alterations were independently associated 
with inferior survival for patients with surgically treated 
recurrent IDH-mutant astrocytoma (hazard ratio = 2.83, 
P < .01; Figure 5D).

Discussion

Here we confirm recent reports demonstrating that while 
the vast majority of IDH-mutant astrocytomas are spo-
radic/spontaneous tumors, a small subset of patients 
(~3% in this cohort) have tumors arising in the setting of 
specific tumor predisposition syndromes (Li–Fraumeni 
syndrome, Ollier syndrome, and Lynch syndrome) due 
to constitutional pathogenic variants in the TP53, IDH1, 
and mismatch repair genes (MSH2, MSH6, MLH1, and 
PMS2).6,7 These constitutional variants can either be in-
herited in the germline or arise de novo during embryo-
genesis associated with constitutional mosaicism. Paired 
tumor-normal sequencing enabling accurate discrimina-
tion of the somatic versus constitutional/germline origin 
of identified DNA sequence variants is useful for detecting 
these patients with IDH-mutant astrocytomas arising due 
to underlying tumor predisposition syndromes. This iden-
tification of patients with underlying tumor predisposition 
syndromes can enable genetic counseling about future 
cancer risk to affected family members including siblings 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf024#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf024#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaf024#supplementary-data
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Figure 5.  Oncogenic RAS-MAPK pathway genetic alterations are associated with inferior survival in patients with recurrent IDH-mutant 
astrocytoma. (A) Kaplan–Meier plot showing survival from surgically treated recurrence for 109 IDH-mutant astrocytomas stratified by presence 
or absence of oncogenic RAS-MAPK pathway alterations involving KRAS, NRAS, BRAF, NF1, SPRED1, PTPN11, or LZTR1. (B) Kaplan–
Meier plot showing survival from surgically treated recurrence for 43 IDH-mutant astrocytomas harboring CDKN2A homozygous deletion strat-
ified by presence or absence of oncogenic RAS-MAPK pathway alterations. (C) Kaplan–Meier plot showing survival from surgically treated 
recurrence for 18 IDH-mutant astrocytomas harboring oncogenic RAS-MAPK pathway alteration stratified by presence or absence of CDKN2A 
homozygous deletion. (D) Univariate and multivariate Cox proportional hazard regression analysis of overall survival from surgically treated re-
currence for patients with recurrent IDH-mutant astrocytoma (n = 109).
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and offspring, as well as enable potentially life-saving 
cancer surveillance such as colonoscopy, screening MRI, 
and emerging cell-free DNA screening.56,57

Furthermore, IDH-mutant astrocytomas arising in 
the setting of these different tumor predisposition syn-
dromes may be biologically different than their sporadic 
counterparts and warrant different prognostic counseling 
and treatment regimens. For example, IDH-mutant 
astrocytomas arising in patients with constitutional/
germline mismatch repair gene mutation (i.e. Lynch syn-
drome) have been demonstrated to compose a unique 
DNA methylation cluster distinct from sporadic IDH-mutant 
astrocytomas with intact mismatch repair activity and are 
associated with poor prognosis compared to patients with 
sporadic IDH-mutant astrocytomas.7 These unique tumors 
have been termed “primary mismatch repair deficient IDH-
mutant astrocytoma” and should likely be considered a 
distinct subtype of IDH-mutant astrocytoma moving for-
ward, for which the clinical utility of temozolomide versus 
other chemotherapeutic agents including immune check-
point blockade needs to be tested. Both of the 2 patients 
in this cohort with IDH-mutant astrocytomas arising in the 
setting of Lynch syndrome due to heterozygous constitu-
tional MSH2 inactivating mutations had poor outcomes 
(survival less than 2 years from initial diagnosis), similar 
to that reported in this prior study.7 In contrast, both of 
the patients in this cohort with IDH-mutant astrocytomas 
arising in the setting of Li–Fraumeni syndrome due to het-
erozygous constitutional TP53 mutations had favorable 
survivable and remained alive at last clinical follow-up at 
~5 and ~7 years after initial glioma diagnosis. This is sim-
ilar to a prior study demonstrating favorable outcomes 
of IDH-mutant astrocytomas arising in the setting of Li–
Fraumeni syndrome compared to other patients (usually 
pediatric) with IDH-wildtype gliomas arising in the setting 
of Li–Fraumeni syndrome.6 We also document the genetic 
composition of an IDH-mutant astrocytoma arising in the 
setting of Ollier disease due to constitutional mosaicism 
for IDH1 p.R132H mutation, revealing additional somatic 
TP53, ATRX, NF1, SPRED1, and NOTCH1 oncogenic/path-
ogenic mutations. It remains uncertain why a subset of 
IDH-mutant astrocytomas arise in the setting of these spe-
cific tumor predisposition syndromes, but have not been 
observed to occur in the setting of other syndromes where 
primary brain tumors frequently occur such as neurofibro-
matosis type 1 (NF1) and familial melanoma-astrocytoma 
syndrome (now termed CDKN2A-related tumor predispo-
sition syndrome).

Genetic events underlying malignant progression and 
high-grade transformation for IDH-mutant astrocytomas 
have been incompletely defined. Prior longitudinal ge-
nomic profiling studies have documented that IDH1, TP53, 
and ATRX are the earliest mutational events in IDH-mutant 
astrocytomas that give rise to a low-grade astrocytoma 
(CNS WHO grade 2).21,22 The accumulation of additional 
genetic perturbations affecting cell cycle regulation (e.g. 
CDKN2A homozygous deletion, CDK4 amplification) 
and growth factor signaling (e.g. PDGFRA amplification, 
PTPRZ1::MET fusion) have been identified as genetic per-
turbations that are found in IDH-mutant astrocytomas at 
time of recurrence and high-grade transformation and are 
associated with inferior survival compared to IDH-mutant 

astrocytomas lacking these additional genetic alterati
ons.23,24,26,27,31,32,34

Here we identified novel genetic alterations driving ac-
tivation of the RAS-MAPK mitogenic signaling pathway in 
a substantial subset of IDH-mutant astrocytomas, which 
were enriched in those tumors with high-grade histologic 
features and also in recurrent tumors compared to initial 
treatment-naive tumors (17% vs. 9%). Genetic evolution 
analysis of multiple longitudinal tumor samples from in-
dividual patients revealed that these RAS-MAPK pathway 
mutations occurred during tumor progression subsequent 
to the earlier initiating IDH1, TP53, and ATRX mutational 
events (Figure 3). Immunohistochemistry for phospho-
ERK1/2 demonstrated evidence supporting RAS-MAPK 
signaling pathway activation in IDH-mutant astrocytomas 
with the diverse oncogenic alterations in RAS-MAPK 
pathway genes (Figure 4). Together, these findings indi-
cate that the RAS-MAPK mutational events are likely to be 
an underlying contributor of high-grade transformation 
and treatment resistance for IDH-mutant astrocytomas, 
probably in cooperation with other such events that have 
been previously identified such as CDKN2A deletion and 
PDGFRA amplification. While each individual RAS-MAPK 
gene was only altered in a small percentage of tumor spe-
cimens, the cumulative frequency of oncogenic RAS-MAPK 
pathway alterations in this cohort of recurrent IDH-mutant 
astrocytomas was nearly 20%, potentially explaining why 
prior longitudinal genomics studies of IDH-mutant gliomas 
have not focused on these RAS-MAPK events. Notably, 
RAS-MAPK pathway mutations are known hallmarks of 
other CNS tumor types (e.g. BRAF mutation/fusion in 
ganglioglioma and pilocytic astrocytoma, KRAS mutation 
in tectal glioma, NF1 mutation/deletion in gliomas arising 
in the setting of neurofibromatosis type 1 and a subset of 
sporadic IDH-wildtype glioblastomas).46,58–61 However, this 
is the first study to our knowledge to identify and focus on 
the significance of RAS-MAPK pathway mutations in IDH-
mutant astrocytomas.

Our analysis demonstrated that patients whose recur-
rent IDH-mutant astrocytomas harbored oncogenic RAS-
MAPK pathway alterations had significantly worse survival 
compared to those with RAS-MAPK wild-type tumors. The 
combination of oncogenic RAS-MAPK pathway mutation 
and CDKN2A homozygous deletion was associated with 
markedly poor outcomes beyond CDKN2A deletion in iso-
lation, with multivariate analysis demonstrating that RAS-
MAPK pathway mutation was an independent prognostic 
factor after adjusting for other relevant clinical and mo-
lecular variables. These findings suggest that oncogenic 
RAS-MAPK pathway alterations are a significant contrib-
utor to the malignant transformation and poor prognosis 
of patients with recurrent IDH-mutant astrocytomas, 
underscoring their potential as a valuable prognostic bi-
omarker and potential therapeutic target in this patient 
population.

In addition to the novel RAS-MAPK pathway genetic al-
terations, our longitudinal genomic analysis also identi-
fied an increased frequency of likely oncogenic alterations 
targeting the NOTCH1 and CIC tumor suppressor genes 
in recurrent versus initial treatment-naïve IDH-mutant 
astrocytomas (Figure 2B). Interestingly, while NOTCH1 
and CIC are more well recognized as recurrently mutated 
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genes in oligodendrogliomas, our finding of NOTCH1 and 
CIC mutations in a small subset of recurrent IDH-mutant 
astrocytomas indicates that these 2 genes may also 
play a role in the progression and treatment response of 
astrocytomas.

Notably, this study was conducted at a single institu-
tion and validation of these findings in additional inde-
pendent patient cohorts will be essential to confirm the 
ultimate frequency and prognostic significance of RAS-
MAPK alterations in IDH-mutant astrocytomas. Further 
research using cell or xenograft models of IDH-mutant 
gliomas expressing RAS-MAPK pathway mutations will 
help elucidate the specific mechanisms by which these 
alterations drive tumor aggressiveness and therapeutic 
vulnerability. At present, no predictive biomarkers have 
been identified for reliably determining which patients 
will acquire RAS-MAPK pathway mutation during their 
disease course, but this may potentially be elucidated 
through further multi-omic profiling studies examining 
for DNA methylation or gene expression differences be-
tween initial IDH-mutant astrocytoma tumor specimens 
that do or do not subsequently acquire these alterations 
at recurrence.

In summary, we have identified a new critical role of 
RAS-MAPK pathway alterations in the progression of 
IDH-mutant astrocytomas. Our findings reveal that these 
RAS-MAPK pathway mutations are typically absent in the 
initial resection of a low-grade IDH-mutant astrocytoma 
and are acquired later during gliomagenesis in predomi-
nantly high-grade and recurrent tumors. They frequently 
co-occur with other key oncogenic events known to cor-
relate with inferior survival in IDH-mutant astrocytomas 
including CDKN2A homozygous deletion and PIK3CA 
mutation. Nonetheless, we found in multivariate anal-
ysis that these oncogenic RAS-MAPK pathway muta-
tions are independently correlated with inferior survival 
in patients with recurrent IDH-mutant astrocytoma and 
should therefore be considered as a potential prog-
nostic determinant for future molecularly integrated 
grading schemes for IDH-mutant astrocytomas. Future 
studies are needed to determine how to best treat such 
IDH-mutant astrocytomas with RAS-MAPK pathway mu-
tations, considering that activation of this mitogenic 
signaling pathway may be driving resistance to con-
ventional radiation and temozolomide chemotherapy 
and also be associated with sensitivity to particular tar-
geted therapy agents such as RAS or MEK inhibitors. 
Furthermore, the molecular determinants of sensitivity 
and resistance to the newly FDA-approved IDH mutant 
small molecule inhibitors remain to be determined, and 
whether these RAS-MAPK pathway mutations determine 
which patients will respond successfully or who might 
need combinatorial multi-agent treatment will be impor-
tant to investigate.
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LAY SUMMARY 

Isocitrate dehydrogenase (IDH)-mutant astrocytomas are brain 
tumors that usually occur in young adults. While these tumors 
often grow slowly at first, they can become more aggressive 
over time. The authors of this study wanted to understand the 
genetic changes that make these tumors grow faster and re-
sist treatment. To do this they studied tumor genetic changes in 
the tumors of 172 patients with IDH-mutant astrocytomas. They 
focused on a set of genes within the RAS-MAPK pathway that 
control cell growth. Their results showed that 13% of the tu-
mors had changes in these genes. These changes were more 
common in aggressive tumors and were linked to shorter sur-
vival in patients.
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