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SUMMARY

The evolutionary trajectories of genomic alterations underlying distant recur-
rence in glioma remain largely unknown. To elucidate glioma evolution, we
analyzed the evolutionary trajectories of matched pairs of primary tumors and
relapse tumors or tumor in situ fluid (TISF) based on deep whole-genome
sequencing data (ctDNA). We found that MMR gene mutations occurred in the
late stage in IDH-mutant glioma during gene evolution, which activates multiple
signaling pathways and significantly increases distant recurrence potential. The
proneural subtype characterized by PDGFRA amplification was likely prone to hy-
permutation and distant recurrence following treatment. The classical and
mesenchymal subtypes tended to progress locally through subclonal reconstruc-
tion, trunk genes transformation, and convergence evolution. EGFR and NOTCH
signaling pathways and CDNK2A mutation play an important role in promoting
tumor local progression. Glioma subtypes displayed distinct preferred evolu-
tionary patterns. ClinicalTrials.gov, NCT05512325.

INTRODUCTION

Tumors typically harbor heterogeneous subclones with distinct genetic profiles. Analyzing subclonal evo-
lution can provide insights into more effective therapeutic approaches.’ The evolutionary dynamics under-
lying tumor progression and relapse are poorly understood. However, liquid biopsy, such as the use of
circulating tumor DNA (ctDNA), offers new possibilities for understanding tumor evolution.” ctDNA is
present in the early stage of tumor recurrence,”* and ctDNA sequencing has shown promise in delineating
the genomic landscape, subclonal architecture, and genetic evolution of tumors.>*

Gliomas are the most common and aggressive type of primary brain tumors in adults. Despite the benefits
from TMZ (temozolomide), recurrence inevitably occurs either locally (~80%) or distally (~20%), leading to
fatal outcomes.” Previous work showed that 63% of gliomas display marked changes in molecular subtype
at relapse, with 15% exhibiting hypermutation that may drive malignant progression.® TMZ-induced hyper-
mutation is common in low-grade gliomas (LGGs) and linked to worse prognosis and distant recurrence.’
Analysis of paired primary and recurrent glioblastomas suggests a shared early tumorigenic stage involving
gains of chromosome 7 and losses of 9p or 10p, followed later by TERT promoter mutations.'® Tumors
recurred in distinct patterns, which depend on IDH mutation state and arise from changes in histological
characteristics, somatic alterations, and microenvironment interactions.'' However, the actual molecular
trajectory in vivo between initial and relapse tumors has not been clearly elucidated, which is clinically sig-
nificant for understanding the real-time molecular landscape and recurrence patterns. Actually, it is still
challenging to study glioma evolution by detecting ctDNA in plasma and CSF.">"® Tumor shedding
DNA into the CSF is influenced by tumor burden."® Our study demonstrated evolution trajectories differed
markedly in distinct glioma subtypes with variant relapse patterns based on analysis of ctDNA.

Our preliminary studies show high concordance of shared mutations between TISF DNA and tumor tissue.
TISF-ctDNA analysis can reveal real-time genomic evolution and characterize the genetic landscapes of
recurrent gliomas, potentially with greater sensitivity than CSF-ctDNA."" Therefore, real-time monitoring
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Figure 1. Clinical features of glioma patients
(A) Tracking the genetic changes of glioma patients with distinct relapse patterns based on ctDNA in vivo.
(B) Overview of clinical parameters.
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(C and D) Evaluation of alterations in variant allele frequency (VAF) and mean mutant molecules per milliliter (nMMPM) indexes between relapse and
baseline or progression TISF ctDNA. More alterations were observed in distant relapse tumors compared to local relapse tumors.

(E) Increased alterations in the maximum somatic allele frequency (MSAF) in distant relapse compared to local relapse tumors. p < 0.05.

(F) All shared mutations and some private mutations number between primary tumor and relapse TISF are shown.

(G) Higher variations in single-nucleotide variants (SNVs) in distant relapse tumors with more subclones compared to local relapse tumors. p < 0.05.

of gene evolution using TISF-ctDNA may provide insights into the molecular mechanisms of different recur-
rence patterns.

RESULTS

Clinical features of glioma patients

We collected longitudinal tumor tissue and matched TISF samples from 52 glioma patients and performed
ctDNA sequencing (Figure TA). This study included 44 patients: 12 (27.3%) with IDH-mutant and 32 (72.7%)
with IDH-wildtype glioblastomas (GBMs). Eight had multifocal gliomas. Along with standard chemo-
therapy, 21 patients received radiotherapy. Here, we selected 32 patients with paired tumor and TISF sam-
ples. 7 had distant recurrence and 25 (3 with IDH-mutant) had local recurrence (Figure 1B).

Gliomas inevitably recur either locally or distally. To elucidate differences in evolutionary dynamics during
treatment, we evaluated alterations in the variant allele frequency (VAF) and mean mutant molecules per
milliliter (NMMPM) indexes in TISF-ctDNA between relapse and baseline or progression samples. Alter-
ations were greater in distant vs. local relapse (Figures 1C and 1D). Similar results were seen for maximum
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somatic allele frequency (MSAF) (Figure 1E). More subclones in distant relapse tumors showed additional
mutations that were not found in the primary tumor, indicating greater heterogeneity during tumor evolu-
tion (Figures 1F and 1G). These results suggest that distant relapse tumors may display a more aggressive
mutational phenotype.

Longitudinal mutational landscape of gliomas

To elucidate the mechanisms driving distinct evolution patterns at relapse in gliomas under therapy, we
analyzed 44 untreated whole exomes from primary tumor:12 IDH-mutant astrocytomas and 32 IDH-wild-
type GBMs. IDH-mutant astrocytomas harbored mutations in ATRX (50%, 6/12), TP53 (100%,12/12),
PIK3CA (17%,2/12), NOTCH1 (17%,2/12) and CDNK2A (8%,1/12), along with IDH mutation. Meanwhile,
we also detected CDK4 (8%,1/12) and MET (8%,1/12) amplification in IDH-mutant gliomas. We detected
mutations known as oncogenic driver genes of glioblastoma.'® IDH-wildtype GBMs exhibited mutations
in PTEN (31%,10/32), NF1 (25%,8/32), TP53 (19%,6/32), EGFR (19%,6/32), PIK3CA (13%,4/32), PIK3R1
(13%, 10/32), and PTPN11 (9%,3/32), along with EGFR (31%,10/32), PDGFRA (9%, 3/32), and CDK4
(13%,4/32) amplifications. EGFR and PDGFRA amplification only occur in IDH-wild gliomas, unlike CDK4
and MET amplifications (Figures 2A and 2C).

To explore evolution from initial tumor to local recurrence in IDH-wildtype GBMs, we analyzed 22 pa-
tients with paired samples and identified alterations by ctDNA sequencing. Recurrence analysis found
changes in known GBM drivers. EGFR mutant, which was observed in 19% of initial tumors (6/32) and
30% of recurrence samples (12/44). CDKN2A mutations rose from 3% (1/32) to 18% (8/44). NOTCH1
mutant, not a driver gene, displayed a rising prevalence in local recurrent samples (19%,5/44). And
BRAF mutations, activating MAPK signaling,“’ rose from 6% (2/32) to 16% (7/44). GNAS mutations
increased from 3% (1/32) to 16% (7/44). SETD2 mutations, integrating EZH2 and MAPK signaling, has
been detected in 3% of initial (1/32) and 16% of recurrence samples (7/44). And PTEN and NF1 mutations
had no obvious change during the progression of evolution. These findings suggest that key roles for
RAS (EGFR, GNAS, BRAF, STED2), NOTCH signaling and cell cycle regulator (CDKN2A) in local recur-
rence (Figures 2A and 2B).

Analysis of seven distant recurrences (4 with IDH-mutant and 3 with IDH-wildtype) revealed DNA mismatch
repair (MMR) gene mutations (5/14), primarily in distant recurrence. Two distant recurrences had >100 mu-
tations, including MMR mutations consistent with a hypermutation genotype.'” Co-mutation of TP53 and
NF1was more common in distant recurrence (6/14), as reported.'® Major changes occurred in stem cell self-
renewal and proliferation. Hedgehog (SMARCB1 and SMO, 5/14) and PDGFRA (5/14) signaling pathways
were activated significantly, unlike local recurrence. Recently, Hedgehog (SHh) and PDGFRA signaling in-
fluence cancer progression and metastasis.'”*' Furthermore, we found that the proneural (PN) subtype
with PDGFRA amplification tended to distant recurrence (2/2), while the classical subtype favored local
progression and recurrence (6/7) (Figures 2B and 2C). Multiple subclones during progression achieved in-
vasion, metastasis and resistance. Glioma subtypes displayed preferred evolution patterns. These results
provide hypotheses for distant recurrence events relevant to personalized therapy.

MMR mutations and IDH transformation promoted distant relapse in IDH-mutant gliomas

To elucidate the underlying molecular mechanisms driving distant recurrence in IDH-mutation astrocy-
tomas, we performed whole exome sequencing of tumor and longitudinal matched TISF-ctDNA from 7 gli-
oma patients. Four patients achieved distant relapse and three patients progressed locally. Patient 26
initially had been diagnosed with a right temporal lesion and underwent initial surgical resection, and
received a histopathological diagnosis of WHO grade Il astrocytoma. IDH:p.R132H, TP53:p.R273C and
PIK3CA:p.Q546K were confirmed as driver genes in tumor tissue. Reoperation were performed when tumor
recurred. These driver mutations were all detected in the relapse tissue (Figure 3A). Patient 86 underwent
two operations as well. Further analysis revealed a number of subclonal mutations appeared in the relapse
sample, but were not detected in the primary tumor. The pathological grade upgraded from WHO grade Il
to IV. IDH:p.R132H, TP53:p.R282W and ATRX:p.Q1319Kfs*27 as driver genes did not change and the VAF
values were higher than that of subclone genes (Figure 3B). Patient 36 had a local relapse. IDH:p.R132H
mutation as a driver gene in primary tumor shifted into IDH:p.R338Efs*3 mutation in the relapse sample,
has been associated with substantially shorter progression-free survival(Figures 3C and 3D). To sum up,
we do not see a fundamental change in driver genes during local progression of astrocytoma.
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Figure 2. Longitudinal mutational landscape of gliomas

(A) Genomic profiles of primary, local relapse, and distant relapse gliomas. The number of non-synonymous mutations and mutation profiles are shown from

top to bottom of the panel.
(B) Top 7 mutations in primary tumor and relapse TISF, indicating the genetic path to glioma relapse.

(C) The proportion of MET, CDK4, EGFR, and PDGFRA amplification in IDH-mutant subtype and local relapse were showed.

Patient 25 initially had been diagnosed with a lesion in the right frontal lobe in 2018, and accepted long-
term TMZ treatment. Unfortunately, multiple lesions were detected by imaging in 2020, which situated
in the right frontal lobe and left cerebral peduncle. Sequentially, the patient then received surgical resec-
tion for the lesion in the right frontal lobe, and the pathological diagnosis was diffuse astrocytoma (WHO
grade Ill). IDH and TP53 mutations were identified as driver genes in tissue (Figure 3E). Meanwhile, multiple
oncogenic signaling pathways, such as MMR, RAS/PDGFRA, EGFR, NOTCH1, Hedgehog, and YAP1/Hippo
signaling pathways, were also be detected. These molecular features potentially increased tumor malig-
nancy and granted them latent distant-initiating capacity for gliomas. We only detected five low-VAF mu-
tations in the TISF1 sample, and the tumor burden progressed slowly up to Day 157. When the left cerebral
peduncle lesion achieved substantial progression, the patient underwent the second surgery. Both TISF2
and TISF3 samples were obtained preoperatively and postoperatively, respectively. The pathological ex-
aminations were almost identical to that of the right frontal lesion. Further analysis revealed a large number
of novel subclonal mutations appeared in the latter tissue. PDGFRA:p.V536E and CDKN2A:p. L16Pfs*9
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Figure 3. MMR mutations and IDH transformation promote distant relapse in IDH-mutant gliomas

(A and B) Gene evolution are showed during local relapse in Patient 26 and Patient 86.

(C and D) Gene evolution in Patient 36, with transformation of the IDH mutation site. Shorter progression-free survival compared to Patient 26 and Patient 86
during gene evolution.

(E) Clinical treatment, imaging alterations and gene evolution were shown in Patient 25.

(F) Distribution of the top five VAFs among the samples were showed. TISF2 exhibited significantly higher VAF levels than TISF1 during progression(p < 0.01).
(G) The proportion of TMZ-associated mutations calculated in tumor and TISF samples respectively.

(H) Clinical treatment, imaging alterations and gene evolution were shown under stress treatment in Patient 31.

(I'and J) Distributions of mean VAF levels and proportion of TMZ-associated mutations were shown in tumors and TISF samples.

(K) Clinical treatment, imaging alterations and gene evolution were depicted under stress treatment in Patient 34.

(L) Distribution of all mutation VAFs were revealed in tumor and TISF samples.

(M) Clinical treatment, imaging alterations and gene evolution were described in Patient 35.

mutations were identified in the TISF2 and tissue samples. The average VAF value of the top 5 mutated
genes had significantly increased (Figure 3F). The acquired CDKN2A mutation progressed rapidly and
was probably associated with an increase in proliferating stem-like cells."’ Meanwhile, the tumor load
increased rapidly according to imaging. We observed a characteristic change in the typical TMZ-induced
mutational signature, which was associated with an increase in the proportion of C>T/G>A transversions
(Figure 3G).This indicates that gliomas harbor significant heterogeneity. MMR gene mutations could facil-
itate acquiring additional subclone mutations during gene evolution, which may represent a novel mech-
anism contributing to the malignant progression of gliomas.

Patient 31 underwent initial surgical resection, and received a histopathological diagnosis of WHO grade Il
astrocytoma in 2014. The patient then experienced a known recurrence and accepted a second resection in
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Figure 4. Genomic profiling and clonal evolution analysis of local relapse in IDHwt gliomas

(A) Significantly higher progression-free survival in trunk non-transformation compared to trunk transformation during gene evolution (p < 0.01).

(B-D) Shortened progression-free survival in patients with acquired EGFR, NOTCH1, and CDNK2A mutations (p < 0.01).

(E) Clinical treatment, imaging alterations and gene evolution were showed during local relapse progression in Patient 65 and Patient 15. Among them, and
different subclone genes appeared during gene evolution.

(F) Clinical treatment, imaging alterations, and gene evolution were depicted during tumor procession in Patient 82 and Patient 11. A switch between
differentially mutated patterns of the same gene occurred during gene evolution.

(G) Clinical treatment, imaging alterations, and gene evolution were described under stress treatment in Patient 2 and Patient 5. Among them, the main gene
changed.

(H) Proportion of TMZ-associated mutations calculated in local relapses.
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Figure 4. Continued

(1) The proportions of classic subtype and mesenchymal subtype in primary and local relapse were shown. The proportion of trunk gene transformation in
classic and mesenchymal subtype was depicted. Ac Mut: acquired mutation; de Mut: deleted mutation; Mut: persistent mutation; No Mut: No mutation.
Amp: Amplification.

2017. Gene analysis identified TP53:p.5215R, ATRX: p.N/A and IDH1:p.R132G as significantly mutated
driver genes. The patient received standard chemotherapy including TMZ. Three years later, IDH, ATRX
and TP53 mutant genes were detected in the TISF1 sample. Subsequently, distant relapse occurred and
reoperation was performed at 52 months after the initial operation. Both TISF3 and tissue samples were
collected at the same time point (Figure 3H). The average VAF value of the top 5 mutated genes signifi-
cantly increased, which was followed by rapid progression (Figure 3l). Meanwhile, the case harbored mul-
tiple subclonal mutations in the relapse tissue and sample, including NF1, NOTCH1, PTEN, RB1, BRAF and
FAT1, accompanied by MSH2:p.N/A and MSH2:p.E701K mutations with a VAF of 41.2% and 10.7%, respec-
tively. Similarly, we observed hypermutation in TISF3 samples. EGFR, PDGFRA and SHh singling pathways
were also activated in addition to the above mutations. MMR mutations may contribute to TMZ resistance
and relapse.”””? A typical TMZ-induced mutational signature associated with an increase in the proportion
of C>T/G>Atransversions was observed (Figure 3J). The genetic alterations associated with distant relapse
demonstrated greater heterogeneity. TMZ-induced genomic characteristics were substantially associated
with invasiveness. These results indicate that distant relapse represents a late event in astrocytoma during
evolution under therapy.

Low-grade gliomas (LGGs) grow slowly but mostly eventually progress to high-grade gliomas. Patient 34
underwent surgical resection and received a diagnosis of astrocytoma (WHO grade Ill) in 2020.
TP53:p.1255del and IDH1:p.R132H mutations were identified as early driver events. Further analysis found
that several subclonal mutations with low VAF values appeared in the TISF1 samples. Only the
TP53:p.1255del mutation with a VAF of 4.9% in the TISF3 sample could be observed, which was followed
by tumor local progression at 6 months after the operation. Distant relapse occurred under treatment,
and a novel subclonal mutation CHEK2:p.K373E with a VAF of 4.32% was detected in the TISF5 sample.
However, IDH1 and TP53 mutations disappeared. Here, we demonstrated that the IDH-mutant type likely
shifted to a more aggressive gene phenotype (Figures 3K and L). Patient 35 harbored TP53:p. R213%,
PPM1D:p.L484* and IDH1:p.R132H as driver mutations (WHO grade IV). Distant relapse occurred at
18 months after operation, and only a subclone mutation MYC:p. E119K was detected with a VAF of
1.5% in the TISF sample (Figure 3M). Changes in IDH mutations indicated that the cell phenotype will
also shift during tumor evolution, progressed to higher malignancy grades, which likely represented
another primary gene evolution pattern in astrocytoma.

Genomic profiling and clonal evolution analysis of local recurrence IDHwt glioma
Glioblastomas exhibit significant heterogeneity during gene evolution. Our study reveals a highly
branched evolutionary pattern, with 41% (9/22) of patients experiencing changes in trunk genes. This
behavior likely facilitates tumor progression (Figures 4A and 4l). Our findings suggest that the RAS
(EGFR, GNAS, BRAF) and NOTCHT1 signaling pathways, along with the cycle protein (CDKN2A), play a
crucial role in local progression. The progression-free survival of patients who acquired a CDNK2A
mutation during gene evolution was notably shortened(Figure 4B). We observed similar results with
acquired EGFR and NOTCH1 mutations (Figures 4C and 4D). We hypothesize that subclone gene recon-
struction, occurring during tumor evolution, likely plays a significant role in tumor progression and drug
resistance.

Patient 65 underwent surgical resection and had a pathological diagnosis of glioblastoma (WHO grade IV).
Two driver mutations, BRAF:p.V600E and PIK3CA: p.H1047R, were detected in tumor tissue. Under radio-
therapy and TMZ treatment, further analysis revealed the appearance of subclonal mutations with low VAF
values during gene evolution. These mutations, KLF4:p.S196L, NOTCH1:p.C1496R and CDNK2A:p.D108N
mutations, appeared successively. As local relapse progressed, the driver gene BRAF:p.V600E remained
unchanged with a VAF of 3.4% in the TISF4 (Figure 4E). Patient 15 underwent surgery and harbored a driver
mutation, PTEN: p.V85I. Under TMZ treatment, NOTCH1:p.1973T and CDNK2A:p.E119K appeared succes-
sively. Recurrence was observed on imaging after seven months. The driver gene PTEN:p.V85| mutation,
with a VAF of 4.1%, remained unchanged in the TISF3. The patient then received TMZ and Bev treatment.
Further analysis revealed the appearance of some subclonal mutations, TP53:p.C141Y and CHEK2:p.E64G,
with low VAF values during gene evolution (Figure 4E). The results suggest that although the main gene
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remained unchanged during tumor evolution, subclonal mutations appeared, potentially contributing to
treatment resistance.

A switch between differentially mutated versions of the same gene also occurred in EGFR and GNAS.
Patient 82 underwent surgery and received a histological diagnosis of glioblastoma (WHO grade IV).
EGFR:p.G598V and EGFR:p.A583G mutations were detected as driver genes, and EGFR gene amplification
were also observed. EGFR: p.G598V mutation is a common activating mutation in glioblastoma, which in-
creases EGFR autophosphorylation levels.”* EGFR:p.G719D and EGFR:p. A289V were soon observed in
TISF1 and TISF2 samples during the progression of evolution. EGFR:p.G719D converted to a trunk
gene, and the VAF level also increased from 4.8% to 7.4%. One month after reoperation, the tumor
continued to progress. EGFR:p.A289V mutation, with high VAF in TISF3 sample, shifted into a trunk
gene. EGFR:p.A289V presents a more invasive and aggressive phenotype.”” A case was Patient 11.
GNAS:p.L46del was present as a driver gene in the initial tumor sample. GNAS:Q227L, with low VAF,
was found in TISF1 and TISF2 samples. GNAS:Q227L often leads to continuous activation of G protein-
coupled signal pathway,”® which plays a crucial role in tumor progression. The patient subsequently
received Bev treatment after recurrence. The trunk gene converted to GNAS:p.R383Q, which may be asso-
ciated with Bev resistance (Figure 4F). These clonal switching events within the same gene occurred pref-
erentially in genes known to play a significant role in glioma progression. The switching of key driver genes
suggests that convergent evolution contributes to late expansion and therapy resistance.

In total, we discovered that 42% (9/22) of patients with locally recurrent GBM experienced clonal replace-
ments in key driver genes. Patient 5, who underwent surgery and was pathologically diagnosed with glio-
blastoma, received TMZ treatment. Relapsed was soon observed on imaging after three months. The trunk
genes shifted from TP53:p. C238Y and PTEN:p.R233* to NOTCH1:p.R353C mutation, indicating a more
highly invasive phenotype. Patient 2 underwent surgery and received a pathological diagnosis of glioblas-
toma in 2020, WHO grade IV. NF1:p.T1972Nfs*5 and PIK3R1:p.E266Afs*19, identified as driver genes, were
detected. Recurrence was soon observed on imaging after six months under treatment. As local relapse
occurred, some subclonal mutations, PTCH1:p.S383L and CDKN2A:p.E119K, were detected with a VAF
of 1.6% and 1.0% in the TISF2 sample (Figure 4G). It appears that the transformation of trunk genes pro-
motes tumor progression during gene evolution, likely representing another primary evolutionary pattern.
In patients with local relapse, the proportion of C>T/G>A transitions did not significantly increase (Fig-
ure 4H). While classic subtype and mesenchymal subtype are the main types in patients with local relapse
(Figure 41). In this study, we demonstrated the three main gene evolution patterns, including subclonal
reconstruction, trunk gene transformation and convergent evolution. Our genomic studies have shown
that gene evolution can promote tumor recurrence and the development of therapy-resistant tumor cell
populations (Figure S1 shows mutational gene landscape during evolution).

PDGFRA and SHh signaling pathways promote distant relapse in IDHwt glioma

Nearly all glioblastomas progress or recur, both locally (~80%) and distally (~20%).” To elucidate the rela-
tionship between biological characteristics and gene evolution, we examined three cases of distant recur-
rent glioblastoma. These cases showed mutational profiles enriched in the PDGFRA and SHh signaling
pathways. One case, with PDGFRA:p.E997Q and PDGFRA amplification, acquired significantly more muta-
tions (>100) during the progression of gene evolution, This case harbored mutations in DNA mismatch
repair genes (MSHé and PMS2), consistent with a hypermutation genotype. The most frequent mutations
were C>T/G>A transitions (Figures 5A-5C). More subclones emerged, indicating a more highly invasive
phenotype during distant relapse progression.

Patient 72, with a cerebellar lesion, underwent surgery and received a histopathological diagnosis of GBM
(WHO grades IV). NF1:p.A211Sfs*4, TP53: p.R158G, and PDGFRA amplification were identified as driver
genes. Distant relapse was soon observed on imaging after eight months (Figure 5D). TP53 inactivation
and NF1 mutation play a synergistic role in the occurrence and development of human malignant astrocy-
toma.?” The above two patients were classified based on their molecular subtype into PN. The mesen-
chymal (MES) subtype was most stable (65%), while the classical (CL, 51%) and PN (41%) subtypes were
less frequently retained.”® PN-to-MES switching has been related to treatment resistance in GBM
relapse.”” This switching tends to increase the degree of malignancy and results in phenotypic shifts. Pa-
tient 5 underwent surgery and had a pathological diagnosis of glioblastoma, WHO grade IV. PTEN: p.Y27C
mutation and EGFR amplification were detected in the initial tumor. Distant relapse was soon observed on
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Figure 5. PDGFRA and SHh singling pathways promote distant relapse in IDHwt gliomas

(A) Clinical treatment, imaging alterations and the time of ctDNA extraction were shown during tumor progression in
Patient 10. Hypermutation occurred in TISF1 detection 470 days after operation under the TMZ treatment.

(B) Significant variation in VAF, with higher average top five VAF values in TISF2 compared to TISF1 during the progression
period (p < 0.01).

(C) Proportion of TMZ-associated mutations calculated in tumor and TISF samples.

(D and E) Clinical treatment, imaging alterations, and genomic profiles were depicted during tumor relapse in Patient 72
and Patient 6.

imaging after five months. SHh (SMO:p. E272K, SMARCB1:p.E31K) signaling and NF1 mutations were de-
tected as the trunk genes.*® The patient subsequently received Bevacizumab (Bev), and the distant relapse
lesion significantly disappeared. The trunk genes converted into KLF4:p.S196L and CDKN2A:p.D108N (Fig-
ure 5E). Previous studies suggested that SHh signaling accounts for the initiation and maintenance of tumor
growth, as well as for drug resistance and distant relapse. It also regulates self-renewal of highly malignant
cancer stem cells.®’ Glioblastoma exhibits great heterogeneity during evolution. The PN subtype is domi-
nated by stem-like cells and has poor stability. Therefore, it is prone to change subtypes and acquire sub-
clone genes during gene evolution, such as MMR, SHh signaling, NF1 and TP53 co-mutations, promoting
malignant progression and distant relapse.
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Figure 6. Genetic evolution of multifocal glioma

(A) Summary of genomic profiles of multifocal gliomas.

(B) Genomic profiles of three sites from one lesion in patient 70.

(C) Clinical treatment, imaging alterations and the time of ctDNA extraction were depicted in patient 8. Gene profiles in
tumor and TISF samples were shown.

(D) Clinical treatment and imaging alterations in patient 80 were depicted. Gene profiles in tumor and TISF samples were
described.

(E) Gene profiles when other lesion progressed was shown in patient 9 and patient 39.

(F) Gene profiles and imaging alterations in patient 76 were depicted.

Genetic evolution of multifocal glioma

There are two possible explanations for the development of multifocal gliomas (multiple synchronous le-
sions in one patient): (1) detaching the tumor cells from the primary glioma and migrating to other site at a
later stage of tumor or (2) parallel evolution of gliomas from a common precursor clone with subsequent
subclonal reconstruction. Our results suggest that the latter scenario is more likely. Genetic studies on
multifocal gliomas are very rare. In our study, among 8 multifocal gliomas, all were IDH wild-type glioblas-
tomas. We also recently identified that the CL subtype (4/8) had a substantially higher proportion of
patients with multifocal gliomas (Figure 6A). Glioblastoma exhibits great heterogeneity, not only in the di-
versity of cell subtypes, but also in gene mutations. Patient 70, with a parietal lesion, underwent surgery and
received a histopathological diagnosis of GBM (WHO grades IV). We harvested tumor cells from three
different sites and observed significant differences in mutation spectra. EGFR:p.D256G, EGFR:p.E931G
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and EGFR: p.L62R were detected respectively, and all accompanied by EGFR amplification (Figure 6B). Pa-
tient 8 was initially diagnosed multiple lesions by imaging in 2019, located in the left frontal lobe and in the
right parietal lobe. After surgically resecting the lesion in the left frontal lobe, the histopathological diag-
nosis of the lesion was GBM. We confirmed EGFR:p.R222C and EGFR:p.A289D mutations with VAF levels of
83.9% and 2.1% respectively, accompanying EGFR amplification in the tumor sample. 67 days after diag-
nosis, the patient underwent a second surgical resection when the right parietal lesion showed significant
progression. We confirmed TP53:p.R273C and EGFR:p.A289D mutations with VAF values were 24.1% and
11.1% respectively, accompanying EGFR amplification. The right parietal lesion showed significant pro-
gression after two months. EGFR:p.A289D mutation with a VAF of 84.3% was detected in the TISF
sample(Figure 6C). Both lesions have EGFR gene amplification, but the subclonal genes are significantly
different. Therefore, we believe that multifocal gliomas may originate from a monoclonal gene.

Patient 80 was initially diagnosed with multiple lesions in the left frontal and left parietal lobe, then under-
went parietal lesion resection. EGFR amplification and STED2:p.R1543W mutation were confirmed as driver
genes. The left frontal lesion showed significant progression. Another emerging driver gene,
TP53:p.R273C, appeared, accompanying EGFR amplification and STED2:p.R1543W mutation in TISF sam-
ple (Figure 6D). Patient 9 was initially diagnosed with multiple lesions in the left temporal and parietal lobes
and underwent resection. NF1:p.R1534* mutation and NF1:p.T2621-V2622delins| were detected. Multiple
lesions showed significant progression. RGPD3:p.V12L mutation was detected, accompanying by NF1 mu-
tation in the TISF sample. Patient 39 was initially diagnosed with multiple lesions in the left temporal lobe.
We confirmed PTEN: p.N/A as a driver gene. Multiple lesions progressed rapidly. A novel gene mutation,
PTPN11:p.A72V, emerged, while the driver gene remained unchanged (Figure 4E). PTPN11:p.A72V has
been shown to activate protein tyrosine phosphatases.” These main driver mutations of multifocal gliomas
are consistent. We consistently found additional subclonal genes that differed between foci from the same
patient. This suggests that multifocal glioma may originate from a monoclonal gene in different sites, un-
dergo parallel evolution, and exhibit significant heterogeneity.

Patient 76 was initially diagnosed with multiple lesions in the right frontal and left parietal lobe.
TP53:p.Y205C and PIK3CA:p.E39K was detected in the initial tumor, accompanied by EGFR amplification
and PDGFRA:p.W559_1565del mutation. Distant relapse occurred in the process of evolution (Figure 6F).
Another lesion, located contralaterally and close to the ventricular wall, may suggest CSF dissemination.
PDGFRA may have played an important role in distant relapse. Multifocal gliomas undergo parallel evolu-
tion and may be similar to that of a single lesion.

Tracking the distant relapse cascade of glioma

There were significant differences in the gene evolution of the IDH-mutant and IDH wild-type gliomas
under therapy. Our studies showed that IDH-mutant gliomas primarily evolve in two major ways: (1) After
long-term TMZ chemotherapy, MMR gene mutations appeared, leading to an accumulation of gene mu-
tations and activation of specific signaling pathways, such as PI3K/AKT (EGFR, PIK3CA), NOTCH1, Wnt
(PTEN), SHh (SMO), and RAS (PDGFRA). This results in increased malignancy of the tumor and distant recur-
rence; or (2) under long-term stress treatment, we observed IDHmut-to-IDHwt transformations in our cases.
These transformations shift into higher grades and tend to progress rapidly, indicating that the cell pheno-
type and genetic characteristics can change during the process of glioma evolution. Distant relapse may be
a later event in IDH-mutant gliomas under therapy (Figure 7A).

Among IDH-wildtype glioblastomas, different subtypes also exhibited their own preferred patterns of evo-
lution under stress treatment: (I)The MES and CL subtypes are relatively stable, However, they also exhibit
great heterogeneity, largely affected by the process of gene evolution. We propose three main evolution
patterns accounting for local relapse: trunk genes transformation, subclone reconstruction and and conver-
gent evolution. or (Il) PN subtype gliomas, accompanied by PDGFRA gene amplification, are prone to
hypermutation and PN-to-MES switching. The degree of tumor malignancy and the probability of distant
relapse significantly increase (Figure 7B). Therefore, gliomas have their own preferred evolution patterns.

DISCUSSION

In our study, we found clear biological distinctions and differences in the evolution cascade of gliomas
using liquid biopsy analytes. However, the ultimate goal must be clinical decision-making. It is technically
and humanly feasible to monitor cancer progression in real-time for glioma patients, Liquid biopsy
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Figure 7. Tracking the distant relapse cascade of glioma patients
(A) General evolution trajectory of distant relapse was depicted under pressure therapy in IDH-mutant glioma.
(B) General path of evolution in IDH wild-type gliomas was showed under stress therapy.

(TISF-ctDNA) holds the promise of becoming a minimally invasive tool for molecular profiling and relapse
monitoring in glioma patients.

Previous studies have identified three distinct relapse-specific phenotypes: neuronal, mesenchymal, and
proliferative. IDH-mutant and PN gliomas primarily consist of proliferating stem-like and stem-like
neoplastic cells. Hypermutation is also associated with increased proliferating stem-like neoplastic cells."’
Therefore, hypermutation is more likely to occur in IDH-mutant and PN subtype gliomas. Our study iden-
tified two cases of hypermutation in these subtypes. Somatic mutations in DNA mismatch repair genes
have been associated with a hypermutated phenotype. Multiple signaling pathways are activated may
explain why hypermutations are thought to facilitate distant relapse during tumor evolution. In this study,
we observed marked aggressive progression through IDH-mutant transformation. This indicates that the
cell phenotype and genetic characteristics of IDH-mutant gliomas can change during tumor evolution. It
is clear that IDHmut-to-IDHwt transformation is also a malignant shift during tumor evolution, likely prone
to distant relapse.

The CL and MES subtypes were dominated by differentiated-like neoplastic cells. Stem-like neoplastic cells
of these tumors increase infiltration into the brain parenchyma at the invasive margin. Genes related to
neuronal signaling are upregulated at relapse.''"*® Our study demonstrates that CL and MES subtype
gliomas have a higher propensity for local relapse. We observed three evolution patterns, including sub-
clone gene reconstruction, trunk gene transformation, and convergence evolution, which contribute to
promoting tumor progression and exerting drug resistance. Genomic alterations in the mutated genes
(e.g., CDNK2A and GNAS) and altered pathways (e.g., EGFR and NOTCH1) occur significantly more
frequently. Furthermore, patients with acquired CDKN2A mutation progress rapidly locally, prone to a
rapidly local progressive course. The perivascular niche (PVN) within the GBM tumor microenvironment
contributes to tumor cell invasion and stem cell maintenance. EGFR, PI3K/Akt and Ras/MAPK signaling
pathways are activated in the PVN model.”* Previous work has also demonstrated that NOTCH signaling
acts as a central switch between the PVN and network niche in glioma.?® NOTCH signaling induces GSC
invasion along white matter tracts.*® In our study, NOTCH signaling was significantly associated with a
higher risk of local recurrence in the CL and MES subtypes. Similarly, our studies suggest that genomic al-
terations in EGFR and RAS signaling pathways are also more frequent during gene evolution. In summary,
The CL and MES subtypes are more prone to local progression through gene evolution.

In IDH-wildtype gliomas, non-hypermutated relapse that acquired NF1 mutation undergo a mesenchymal
transition and show an increase in granulocytes and myeloid cells."" Longitudinally, IDHwt gliomas
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undergoing a mesenchymal transition during invasion exhibited myeloid-specific expression profiles at
relapse. The mesenchymal transition endowed the classical and PN subtypes with multiple biological
characteristics, formed highly aggressive tumors. We identified that the activation of SHh signaling and
co-mutation of TP53 and NF1 appeared during the mesenchymal transition, and which promotes distant
relapse. Previous work suggested that SHh signaling is an important and substantial regulator of VEGF
and NOTCH pathways.?” Co-mutation of TP53 and NF1 play a synergistic role in the promotion of
malignant progression.”” We concluded that subclone reconstruction occured during the mesenchymal
transition, which has achieved the biological characteristics of distant relapse. Distant relapse in glioma
can be a late event during tumor progression.*®

Mathematical modeling delineated the sequential order of somatic mutational events that constitute
GBM genome architecture, identifying somatic mutations in IDH1, PIK3CA, and ATRX as early events,
whereas PTEN, NF1, and EGFR alterations were predicted to occur at a later stage of the evolution.®”
Kim et al. analyzed the TCGA dataset to identify clonal (early) and subclonal (late) events by integrating
variant allele fractions and concluded that alterations in TP53 and PIK3CA/PIK3R1 were likely founder
events, while EGFR, PDGFRA, and PTEN alterations could occur at different time points‘40 However,
our results showed that the alterations that were always shared between foci in one patient—and
therefore might be early founder events—were PTEN mutation and EGFR amplification. Common events
are not necessarily early events in glioblastoma genesis but rather could have occurred later. Multifocal
gliomas do not have the gene characteristics of distant relapse mentioned above. Multifocal gliomas
likely originated from ordinary tumor precursor cells in different sites and demonstrated parallel
evolution.

Our work has highlighted heterogeneity during tumor evolution consistent with previous studies.”’** The
monitoring of ctDNA has been used to assess treatment response and to detect early relapse after
surgery.*** These striking differences in gene evolution and biological characteristics of different glioma
subtypes have significant clinical implications for decision-making. Overall, our results demonstrate that
different subtypes of glioma exhibit distinct models of preferential evolution under stress treatment,
providing a basis for establishing a prediction model of evolution. We have reported for the first time the
real-time evolution of gliomas in vivo under the stress treatment. Our research shows that different subtype
gliomas have their own preferred evolution patterns under stress treatment, providing a foundation for es-
tablishing a prediction model of evolution. Future efforts of the GLASS consortium include expanding the
cohort, integrating digital tissue sections, and associating clinical and genomic datasets with radiographic
imaging data.”® Further research strategies should focus on the future efforts of the GLASS consortium.

Limitation of the study

Given the limitations of exome sequencing, we acknowledge the obvious disadvantages of this analysis. It
is likely that we were unable to elaborate on evolution information for some important driver events, such as
TERT promoter mutation and MGMT promoter methylation. Due to the limitation of sample size, we only
described the gene evolution about local recurrence and distant recurrence. With the increase of our sam-
ples, we will further elaborate gene evolution of different subtypes. Further research strategies should
focus on the disadvantages described above.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples
Human glioma tissue and tumor Department of Neurosurgery, Zhengzhou PRINA982268
in situ fluid (TISF) samples University People’s Hospital, Henan Provincial
People’s Hospital(Zhengzhou,China)
Glioma patients’blood samples Department of Neurosurgery, Zhengzhou N/A
University People’s Hospital, Henan Provincial
People’s Hospital(Zhengzhou,China)
Chemicals, peptides, and recombinant proteins
DNA Blood Midi/Mini kit Qiagen, USA Cat# 69504
MagMAX Cell-Free DNA Isolation Kit Thermo Fisher Scientific, USA Cat# A29319
An process of DNA fragment end repair, Beijing Genetron Health Technology N/A
PCR ampilification Co., Ltd. (China, Beijing)
DNeasy Blood &Tissue Kit Qiagen, USA Cat# 69506
An 68-gene pane Beijing Genetron Health Technology This paper

Co., Ltd. (China, Beijing)

Deposited data

Raw data

Analyzed data

This paper

This paper

https://dataview.ncbi.nlm.nih.gov/object/
PRINA982268
Table S1

Experimental models: Organisms/strains

Patients: Glioma patients

Department of Neurosurgery, Zhengzhou
University People’s Hospital, Henan Provincial

People’s Hospital(Zhengzhou,China)

Tables ST and S2

Software and algorithms

Torrent Suite™ Software

Variant Caller Plugin v4.4

Life Technologies

Life Technologies

N/A
N/A

Next GENe® v.2.3.4 software Soft Genetics, State College, PA https://softgenetics.com/ RRID:SCR_011859

ANNOVAR N/A http://www.openbioinformatics.org/annovar/)
RRID:SCR_012821

Other

lllumina NovaSeq 6000 Illumina, USA Cat# 20012850

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Con-

tact, Xingyao Bu (xingyaob@zzu.edu.cn).

Materials availability

The present study did not generate new unique reagents.

Data and code availability

Datasets supporting the conclusions contained in the present report are included in the manuscript all data
and supplemental information. The sequencing data will be publicly available in the NCBI repository
(PRINA982268). More information and examples of acceptable statements and approved repositories
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are at https://dataview.ncbi.nlm.nih.gov/object/PRINA982268. Gene evolution of glioma under stress
treatment(NCT05512325) has been registered in https://clinicaltrials.gov/.

Any additional information required to reanalyze the data reported in this manuscript is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Patient characteristics

Patients provided written informed consent to participate in the study, and their samples and clinical data
were collected for research according to the research proposals approved by the Henan Provincial Peo-
ple’s Hospital Institutional Review Board and the committees for ethical review of research at Zhengzhou
University (Zhengzhou, China). Tissue and TISF were sampled from 32 Asian patients with relapse glioma,
male(18,56%) and female(14,44%), age(52.7 +£14.4). We collected longitudinal genomic profiles of 7 IDH
mutation glioma samples and their matched TISF samples after the initial surgery. Among these, 3 patients
experienced a local relapse, and 4 patients had a distant relapse, World Health Organization (WHO) grade
[I-IV. The patients were treated at Henan Provincial People’s Hospital from July 2017 to January 2022,
China. We collected matched tissue and TISF samples from 25 IDH-wild gliomas. Among these, 22 patients
experienced local relapse, and 3 patients had distant relapse.Additionally, 8 patients had multifocal
glioma. The histology of all tumors was confirmed by pathological review, according to the WHO 2021 clas-
sification of the central nervous system tumors.*® Clinical information was obtained from medical records,
including age at initial diagnosis, gender, tumor location, postoperative therapy, and so on. Tables ST and
S2 show a summary of the respective patient data.

Samples collection

TISF samples were harvested as previously described.”” We collected a small amount of TISF from glioma
patients with the implanted reservoir (Intra-operative retention). Simultaneously, we used genomic DNA
from blood samples as a control to remove germline mutations. Fresh tumor tissues were readily accessible
to obtain matched baselines and to perform evolution analysis.

METHOD DETAILS

DNA extraction

We used the Cell Free DNA Isolation Kit (Thermo Fisher Scientific; Waltham, MA, USA) to extract Cell-free
DNA from liquid samples. While tissue sections from tumor samples were used for genomic DNA extraction
with the QlAamp DNA Tissue & Blood Kit (Qiagen; Germantown, MD, USA). Control genomic DNA from the
paired blood samples was prepared with the QlAamp DNA Mini Kit (Qiagen) for the purpose of identifying
germline mutations. All extractions were carried out according to the respective kit manufacturer’s protocol.
The DNA quality and quantity were assessed by The QubitAssay Kit (Thermo Fisher Scientific).

ctDNA sequencing

Beijing Genetron Health Technology Co., Ltd. (China, Beijing) performed and analyzed the DNA
sequencing based on novaseq high-throughput sequencing platform. Briefly, genomic DNA was PCR
amplified using 10ng of genomic DNA primer pool as a template. We designed a high-throughput
sequencing panel to identify variants in 68 genes (Genetron Health; Beijing, China), containing major brain
tumor-related genes. Sequencing data underwent a primary analysis by the Torrent Suite server 4.4 that
used the TMAP algorithm (Life Technologies). Variants were confirmed using the Variant Caller Plugin
v4.4 (Life Technologies). An allele fraction of > 0.1% and a total of > 4 reads were used as criteria to pri-
oritize mutations and were considered existing in the samples. The integrative Genomics Viewer (IGV) was
used for variant visualization and to check for possible errors. Copy number variations were determined
with the Next GENe® v.2.3.4 software (Soft Genetics, State College, PA). Finally, variant annotation was
performed using ANNOVAR, Oncotator and Vep.

QUANTIFICATION AND STATISTICAL ANALYSIS
Mean mutant molecules per milliliter (mMMMPM)

Mutant molecules per milliliter (IMMMPM) for a specific somatic mutation were calculated as the allele frac-
tion of that variant multiplying by the extracted mass (ng), dividing by the volume (mL), and adjusting for a
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factor of 330 haploid human genome equivalents (hGE) per 1 ng. The mMMPM for each TISF sample was
calculated based on the predefined somatic variants (single nucleotide variants) identified in the matched
tissue sample.

Statistical analysis

Changes in VAFs and SNVs during gene evolution were analyzed. Statistical analysis was performed using
GraphPad Prism 8.0 (San Diego, CA, USA). Statistical comparisons between two sample sets were per-
formed with two-sided student’s t-test. P<0.05 was considered to be statistically significant.
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