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Abstract
Background. Glioblastoma (GBM) is the most aggressive primary brain tumor and represents a particular
challenge of therapeutic intervention.  

Methods. In a single-center retrospective study of matched pairs of initial and post-therapeutic GBM
cases with a recurrence period greater than one year, we performed whole exome sequencing combined
with mRNA and microRNA expression pro�ling to identify processes that are altered in recurrent GBM. 

Results. Expression and mutational pro�ling of recurrent GBM revealed evidence for early branching
evolution in seventy-�ve percent of patients. SBS1 signature was reduced in the recurrent tumor and
SBS11 was elevated, demonstrating the effect of alkylating agent therapy on the mutational landscape.
There was no evidence for secondary genomic alterations driving therapy resistance. ALK7/ACVR1C and
LTBP1 were upregulated, whereas LEFTY2 was downregulated, pointing towards enhanced Tumor
Growth Factor β (TGF-β) signaling in the recurrent GBM. Consistently, altered microRNA expression
pro�les pointed towards enhanced Nuclear Factor Kappa B signaling that, cooperatively with TGF-β,
induces epithelial to mesenchymal transition (EMT), migration and stemness. In contrast, TGF-β-induced
expression of pro-apoptotic proteins and repression of anti-apoptotic proteins were uncoupled in the
recurrent tumor. 

Conclusions. Our results suggest an important role of TGF-β signaling in recurrent GBM. This may have
clinical implication, since TGF-β inhibitors have entered clinical phase studies and may potentially be
used in combination therapy to interfere with chemoradiation resistance. Recurrent GBM show high
incidence of early branching evolution. High tumor plasticity is con�rmed at the level of microRNA and
mRNA expression pro�les.

Background
Glioblastoma (GBM, WHO grade IV) is the most frequent and aggressive primary brain tumor in adult
patients [1]. It is encountered either as the converging end point of progression from a lower-grade glioma
(astrocytoma, WHO grade 4, IDH-mutant) or as a full-blown malignant neoplasm at �rst presentation (de
novo GBM, IDH wildtype (wt)). GBM is characterized by extensive plasticity and considerable
heterogeneity [1]. Comprehensive analysis of somatic alterations and expression pro�ling allowed GBM
classi�cation into classical (EGFR copy number gains and EGFRvIII variants), mesenchymal (NF1
alterations, tumor necrosis factor super family pathway and in�ammatory in�ltrates) and proneural (IDH1
mutations and PDGFRA ampli�cation) subtypes, which often coexist in the same tumor [2]. Although
differences depending on the major subtype exist, generally the prognosis of GBM patients is very poor.

Treatment options for GBM patients have not changed over the last 15 years, and the success of targeted
therapy or immunotherapy has been limited. Thus, the standard of care for GBM patients remains
surgical resection followed by concomitant DNA alkylating agent therapy with temozolomide (TMZ) and
radiation therapy (RT) [3]. However, the time to relapse is generally short (6.9 months on average [4])
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owing to the tumor’s ability to in�ltrate normal parenchyma and its intrinsic resistance to radio-
chemotherapy. Due to the lack of alternative treatment options, elucidating underlying resistance
mechanism has come into major focus of research, with the hope for opening new ways of therapeutic
intervention overcoming resistance.

TMZ induces DNA adducts such as O6-methylguanine, which forms mispairing with thymine leading to
futile cycles of mismatch repair (MMR) response [5]. DNA double-strand breaks eventually occur in
response to this erroneous repair process, which, if not repaired, lead to cytotoxicity. Consequently,
defects in MMR enzymes are recognized as major mechanisms of TMZ resistance [6]. The DNA repair
enzyme, O6-methylguanine DNA methyltransferase (MGMT), removes these adducts from guanine
residues and thereby reverses DNA damage induced by alkylating therapy. Indeed, epigenetic silencing of
MGMT, which occurs in about 40% of GBM patients, is associated with a better prognosis in adult GBM
patients who received TMZ/RT [7]. Longitudinal analysis of recurrent GBM revealed that driver mutations
in the therapy-naïve (hereafter referred to as “initial”) tumor were also retained in the post-therapeutic
(hereafter referred to as “recurrent”) tumor, and there was no evidence for speci�c secondary alterations
driving tumor recurrence [8]. Instead, tumor progression was mainly a result of a highly branched
evolutionary process that involved clonal expansion, genetic diversi�cation and clonal selection [8–11]. A
trend for proneural to mesenchymal subtype switch during recurrence was previously observed [12], but it
is not clear if this was related to treatment resistance. Drivers of the proneural subtype were identi�ed as
early events, since they are shared by most subclones, whereas drivers of other subtypes often occurred
at a later stage of recurrence [10]. The extensive GBM plasticity as the basis for TMZ resistance is further
corroborated by a high epigenetic plasticity in recurrent tumors [13]. MicroRNAs (miRNAs), short
regulatory non-coding RNAs that control gene expression at the posttranscriptional level, add additional
complexity to the gene regulatory networks [14]. Despite miRNA deregulation being a potential TMZ
resistance mechanism [15], there are no reports assessing miRNA pro�les of recurrent GBM in a
systematic manner.

To explore therapy resistance driving events, we performed a study using a single-centric collective of
matched pairs of therapy-naïve and post-therapeutic, formalin-�xed para�n embedded (FFPE) tissue
from 43 GBM patients, selected based on a maximally long interval between resections of the initial and
the recurrent tumors. This rare collective was analyzed by whole exome sequencing (WES), mRNA
expression and miRNA expression pro�ling. Here we provide evidence for a high degree of early
branching (ancestral) evolution. In addition, we show that deregulated mRNAs and miRNAs in recurrent
GBM point towards enhanced tumor necrosis factor-α (TNF‐α) and transforming growth factor‐β (TGF-β)
signaling. To the best of our knowledge, this is the largest single-center retrospective study of matched
GBM cases with an exceptionally long recurrence period that were analyzed by multi-omics approaches.

Methods

Patient cohort
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We included glioblastoma patients with a �rst surgery at diagnosis and at least one additional surgery
upon recurrence following standard treatment, diagnosed at the Institute of Pathology, University of Bern
1999–2016. All tumors were resected at the Department of Neurosurgery, Inselspital University Hospital
Bern. The cohort was retrospectively assembled according to the pathology and clinical �les. We
performed a central review of all cases according to current guidelines (WHO 2021 [1]). IDH mutation
status [16], loss of heterozygosity 1p/19q [17], MGMT methylation status [18], and immunohistochemical
staining for MIB1 were assessed during routine diagnostic evaluation. Other criteria including H3
mutations, EGFR gene ampli�cation, + 7/-10 chromosome copy number changes were assessed by WES
(see below). The initial cohort comprised 97 patients with matched FFPE samples from the initial and
recurrent tumor. A sub-cohort comprising 43 patients, with an interval of at least one year between pre-
therapeutic and post-therapeutic resections was selected for molecular analysis. Patient and clinical data
of this sub-cohort are shown in suppl. Table 1. All tumors had su�cient tumor purity (> 50%) by
histological analysis.

Tissue microarray and immunohistochemistry
A tissue microarray (ngTMA) was constructed from at least three punches from the tumor center and, if
available, from adjacent normal tissue. Immunohistochemical analysis using monoclonal antibodies
directed against ACVR1C/ALK7 (clone AB_1078134, 1:50 dilution), and BCL2 (clone 124, 1:30 dilution)
was performed by an automated Leica Bond RX System (Leica Biosystems, Newcastle, UK). Antigen
retrieval was performed with Tris-HCl, pH 9 for 30 min at 95°. ACVR1C/ALK7 was semi quantitatively
evaluated by an experienced neuropathologist (TM) estimating the proportion of positive cells in at least
three TMA punches and classifying the cases in: negative (0%), 0–5%, 5–25%, 25–50%, > 50%, positive
(100%). Bcl-2 expression was quantitatively evaluated using QuPath [19]. Initially, nuclei were detected
using the StarDist2D model for nucleus segmentation [20]. The detections were further split up in a
central, nuclear membrane and cytoplasm compartment and positive cells were identi�ed by applying a
threshold of mean DAB (3, 3’-diaminobenzidine) intensity in the nuclear membrane compartment (suppl.
Figure 1).

Nucleic acid extraction
Genomic DNA was extracted from FFPE punches using QIAamp DNA Mini kit (QIAGEN) and analysed
using the Agilent NGS FFPE QC kit. 93% of samples showed su�cient DNA quality as indicated by a ΔCt
value < 2. Total RNA was extracted using the RecoverAll Total Nucleic Acid Isolation Kit for FFPE
(ThermoFisher). For miRNA pro�ling, total RNA was puri�ed using the Zymo Research DNA Clean and
Concentrator-5 kit (Zymo Research, Irvine, CA, USA).

Library preparation and whole-exome sequencing
Libraries were prepared using the SureSelectXT Human All Exon V7 Low Input Reagent Kit and SureSelect
XT Low Input P5 indexed adaptors (Agilent). Sequencing was performed on a NovaSeq 6000 using the
S2 Reagent Kit (200 cycles). The sequencing depth was in a range of 25–130 (median 77).

Processing of WES data
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Processing and somatic variant calling of the WES data was performed using the T/N work�ow from
Bcbio-nextgen v1.1.7 [21]. Gene-level copy number alterations were determined with Sequenza v3.0.0 [22]
and GISTIC v2.0.23 [23]. See also Supplementary Methods.

Mutational signatures and TMB
Mutational signatures were inferred with MutationalPatterns v3.0.0 [24] and deconstructSigs v1.8.0 [25],
for the COSMIC signatures v3 (May 2019) previously described in the GLASS [8] or PCWAG CNS-GBM
cohort [26] [SBS1, SBS3, SBS5, SBS8, SBS11, SBS15, SBS16, SBS30, SBS40]. Paired Wilcoxon tests were
used to compare signature contributions and TMB values in ‘initial’ and ‘recurrent’ samples. See also
Supplementary Methods.

Subclonal and phylogenetic reconstruction and evolutionary
league model
Tumor sample purity, average ploidy and cancer cell fractions of mutations were estimated with
ABSOLUTE v1.2 [27] in allelic mode. Phylogenetic reconstruction and evolutionary league model
inference were performed with PhylogicNDT [28, 29]. See also Supplementary Methods.

Nanostring expression pro�ling of mRNAs and miRNAs
One hundred ng total RNA was analysed using the nCounter Human miRNA Expression Panel Assay Kit
H_miRNA_V3 or the nCounter Human PanCancer pathway panel (NanoString, Seattle, WA, USA) spiked
with 30 additional genes implicated in autophagy, EMT and DNA repair processes (suppl. Table 2), as
previously described [30]. See Supplementary Methods for bioinformatics analysis.

Due to large dynamic expression range (suppl. Figure 2A,C), negative binominal distribution model was
chosen as the normalization method for mRNA and miRNA data to adjust for data overdispersion
(variance > mean), i.e. heteroscedasticity, and to avoid false-positive discoveries. The distribution of raw
mRNA and miRNA counts were comparable across all samples (suppl. Figure 2B,D). A similar dispersion
of the variance from mean of counts was observed for mRNAs (suppl. Figure 2A) and miRNAs (suppl.
Figure 2C) from initial, recurrent and normal tissue. No bias for gender was noted based on the
distribution of raw non-normalized Nanostring counts for two randomly nominated genes (B2M and TNF)
(suppl. Figure 2E).

Calculation of Hazard Ratio in publicly available datasets
For assessment of the prognostic importance of differentially expressed genes, we used the TCGA
glioblastoma cohort including a total of 592 patients with RNA-Seq data available for 160 samples [31].
The datasets were downloaded on 27.01.2022 and clinical data as well as z-score normalized RNA-Seq
data (based on all samples) was used. Univariable cox proportional hazard models were used to estimate
the effect of gene expression and a p-value < 0.05 was deemed to be statistically signi�cant.
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TCGA data analysis was performed using TCGAbiolinks R package [32]. Normalized counts (Fragments
Per Kilo base of transcript per Million mapped reads [FPKM]) and Normalized HTSeq counts were used
for statistics. A univariable cox proportional model for common GBM driver genes (IDH1, PTEN, PIK3R1,
TP53, etc.) was evaluated. Genes achieving a signi�cance level of p < 0.1 were included in a multivariable
model. Maximally selected rank statistics was utilized to �nd the optimal cut-off for gene expression
dichotomization. Hazard ratio was calculated using multivariable cox-regression statistical model.

In vitro validation of ALK7 modulation in a GBM cell line
Authenticated U87MG cells were cultured as previously described [33]. 150 hundred U87MG cells were
seeded in a 6-well plate 16 hours prior to transfection using the “Single piggyBac vector” system
described by Michael et.al [34], except that TransIT-LT1 Transfection Reagent was used (Mirus Bio, USA)
to minimize toxicity on U87 cells. Cells were treated with TMZ or DMSO [33] 48 hours post Doxycycline
induction. Respective wells were imaged 48 hours post TMZ treatment in at least 3 �eld-of-views.
Apoptotic cell counts were determined after counting cells from 3 randomly selected �elds per each
condition (approximately 150 cells).

Results

Sample characteristics
Our initial cohort comprised 97 patients for which tissues were available from resections at diagnosis
(initial GBM) and at recurrence following standard treatment. The time interval between both resections
was less than one year for 54 patients and 370–1890 (median 689) days for the remaining 43 patients
(suppl. Figure 3A and suppl. Table 1). Among those patients with long-term recurrence (who were
included in downstream molecular analysis), 39 had IDH wild-type and four had IDH mutation. The
patient age of the subcohort with long-term recurrence ranged from 32–79 (median 57.5) years at initial
resection (suppl. Figure 3B). Fourteen patients had frontal, �ve patients occipital, eleven patients parietal
and thirteen patients temporal location of the tumor (suppl. Figure 3C). All patients showed recurrence at
the original tumor location. 42 patients received concomitant alkylating agent therapy with TMZ and RT
and one patient received radiotherapy only. The MIB1 proliferation index was generally lower in recurrent
tumors compared to the initial tumor (suppl. Figure 3D). In agreement with published results, no
signi�cant difference in the MGMT methylation status was noted between initial and recurrent tumors
(suppl. Figure 3E). Of note, the proportion of tumors with hypermethylated MGMT promoter at diagnosis
was signi�cantly higher in patients with a recurrence interval greater than one year compared to patients
with a shorter recurrence interval (p = 0.03) [7].

Mutational burden and mutational signatures in the
recurrent tumor of patients with long-term relapse interval
WES was performed using trios of matched initial, recurrent GBM and normal tissue from 28 patients
with long-term relapse interval. All these patients had received TMZ and concomitant RT. 25 patients had
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GBM IDH wt and 3 patients had GBM IDH mutant. We observed a range of 0.7–46.0 (median 1.6)
mutations per megabase (mut/Mb) for the initial and a signi�cantly higher range of 1.1–66.8 (median
2.4) mut/Mb for the recurrent tumors (Fig. 1A). Most samples with high TMB revealed a high rate of
SBS11 mutation signature (TMZ treatment) (Fig. 1B,C). Although post-therapeutic mutations in MMR
genes were detected in 7/28 patients, they were not associated with SBS15 (defective MMR), the latter
being present only at a very low rate (suppl. Figure 4A&B, suppl. Table 3). Instead, mutations in MMR
genes were mainly present in tumors with high SBS11 signature (suppl. Figure 4B), suggesting that the
high mutational burden was most likely caused by the hypermutator activity of TMZ rather than defects
in MMR genes. TMB was not associated with the age of the patient at initial excision (suppl. Figure 4C).

We also found a signi�cant decrease in the contribution of the SBS1 signature (deamination of 5MeC) in
recurrent tumors (Fig. 1C), which may in part be secondary to the strong enrichment of the SBS11 (TMZ
signature) in some recurrent tumors. This observation is concordant with GLASS [8]. There was no
correlation between the extent of SBS1 signature and the age of the para�n block indicating that the
SBS1 signature was not caused by pre-analytical oxidation of the DNA (data not shown), a phenomenon
described in old para�n blocks. The frequency of signatures associated with defects in different DNA
repair systems was not altered between initial and recurrent tumors (suppl. Figure 4A).

Mutational landscape of tumors with late recurrence
Most tumors showed a copy number gain at chromosome 7 and a copy number loss at chromosome 10,
which is characteristic for GBM IDH wt (Fig. 2 and suppl. Figure 5A&B and suppl. Figure 6), except GBM
#26, 73, 82 and 88, which showed no copy number gain at chromosome 7 and #86, which showed no
copy number loss at chromosome 10. Interestingly, an almost identical Copy Number Variation (CNV)
pro�le was retained in the recurrent tumor in the majority of cases (suppl. Figure 5A,B). Likewise, known
drivers of GBM occurring in the initial tumor including IDH1 (2/2), PTEN (5/7), PIK3CA (4/6), PIK3R1 (3/3)
and TP53 (5/5) mutations were often retained in the recurrent tumor. In contrast, mutations in EGFR
(9/11), NF1 (7/10), RB1 (3/4) and ampli�cations of EGFR (4/8), PDGFRA (3/3) and MDM2 (2/3) were
either private to the initial or recurrent tumor (Fig. 2 and suppl. Table 3). These subclonal alterations are
characteristic for either classical, proneural or mesenchymal subtypes, indicating a high plasticity of GBM
during recurrence. The prevalence of these alterations in initial tumors in our dataset was similar to those
of the TCGA dataset, which comprises mainly therapy-naïve, initial tumors with shorter recurrence. The
only exception was NF1 mutations, which were more abundant in our dataset (5/27 initial tumors: 19%)
compared to the TCGA dataset (9.3%) (data not shown). Mutations that were most frequently found to be
private to recurrent tumors, were also enriched in cases with high TMB, and there was no evidence for
recurrent driver alterations (suppl. Figure 7 and suppl. Table 3).

Tumor evolution of recurrent GBM with long-term therapy
response
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In a next step, the clonal architecture during progression and recurrence of the tumor was analyzed.
Across the cohort, PTEN mutations were early events whereas potentially targetable alterations in EGFR,
mTOR and NF1 appeared later during tumor development (Fig. 3A). Longitudinal analysis revealed a
persistent mutational cluster in only 5/20 (25%) of patients (Fig. 3C). Instead, in 15/20 (75%) cases, the
dominant subclone in the recurrent tumor was a direct linear descendant of the founding clone,
suggesting early branching as the predominant pattern of evolution (Fig. 3B and suppl. Figure 8). A
similar �nding was obtained by Wang et al [35] who reported that the dominant subclone of the initial
tumor was absent in the recurrence in 59% of cases. This class of evolution is termed ancestral evolution
[36], and was described by Kim et al [10]. Our �nding of a high proportion of GBM with early branching
evolution may have clinical implications. For example, patient #052 carries an actionable EGFR p.A289V
mutation, which is present in the major subclone of the initial tumor (suppl. Figure 8). However, the EGFR
inhibitor lapatinib would not be a suitable secondary therapeutic option for this patient, since this
mutation is absent in the recurrent tumor. In contrast, patient #086, who carries a truncal BRAF p.V600E
mutation, more likely responds to a secondary therapy with BRAF inhibitors (suppl. Figure 8).

TNF and TGF-β signalling pathways are enhanced in the
recurrent tumor
Longitudinal mRNA and miRNA expression analysis was performed from matched initial and recurrent
GBM tissues of 43 patients, and normal tissues adjacent to the initial tumors from 10 patients in order to
identify pathways that are altered in recurrent GBM. To this end, we used Nanostring technology, which
relies on hybridization and therefore gives rise to a high correlation in the expression pro�le of RNA from
FFPE and fresh-frozen tissues [37]. The pan cancer panel (800 genes), which comprises genes implicated
in proliferation, angiogenesis, cancer metabolism, epithelial to mesenchymal transition (EMT),
metabolism and DNA repair was spiked with 30 additional genes implicated in TMZ resistance (suppl.
Table 2). We performed dimension reduction hierarchical clustering and sample-level QC using Principal
Component Analysis (PCA) with normalized counts to investigate similarities between samples. As
expected, mRNA and miRNA expression patterns of samples derived from normal adjacent brain tissue
were clustered separately from those derived from tumor tissues (Fig. 4A and suppl. Figure 9A,B).
However, neither initial-recurrent tumor groups nor individual patient pairs were clustered together,
con�rming high plasticity of recurrent GBM at the transcript level. Consistent with this �nding, EGFR
expression, a marker of the classical subtype, was strongly upregulated in the recurrent tumor of some
patients, but strongly downregulated in the recurrent tumor of other patients (Suppl. Figure 10).

Differential gene expression analysis of initial and recurrent tumor pairs indicated signi�cant
deregulation of multiple genes (suppl. Table 4). The top ranked genes were ALK7 (ACVR1C), RASAL1,
COMP, LTBP1, HDAC11 and BCL2, which were upregulated, and MDM2 and LEFTY2, which were
downregulated in recurrent tumors with signi�cant adjusted p-value (Fig. 4B&C). Notably, with the
exception of COMP, all genes were dysregulated in multiple patients as indicated by circos plot (suppl.
Figure 11) suggesting a common, gender-neutral mechanism in recurrent tumors. The differentially
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expressed genes were used for survival analysis from TCGA data. In univariable analyses, only LTBP1 (p 
= 0.027) was signi�cantly associated with worse survival (suppl. Figure 12). MiR-542-5p, miR-574-3p,
miR-129-3p, miR-148a-3p, miR199b-5p, miR-129-5p, miR-196a-5p, miR-219a-5p, miR-199a-5p were
upregulated and miR-1246, miR-494-3p, miR-19b-3p and miR-630 were downregulated in recurrent GBM
(Fig. 4B&C). Interestingly, miR-129-5p, miR-1246, miR-494-3p and miR-19b-3p have been linked to TMZ
resistance by targeting WNT signaling [38], CCNG2 [39], p-AKT [40] and PTEN [41], respectively.

Gene set enrichment analysis for GO, KEGG and Reactome of differentially expressed mRNAs revealed a
signi�cant enrichment of transmembrane protein kinase activity (NES = + 1.5), TGF-β signaling (NES = + 
1.3) and downregulation of p53-independent G1/S DNA damage checkpoints (NES=-1.5) among others
(Fig. 5A, upper). Biological function analysis based on regulated pathways for differentially expressed
mRNAs revealed a signi�cant regulation of disease-speci�c pathways, cellular immune response, cellular
growth, proliferation, development, and apoptosis, consistent with increased TMZ resistance
(Fig. 5B,upper). Gene network analysis allowed the identi�cation of potential master regulators of
differentially regulated mRNAs leading to enhanced phosphorylation (Suppl. Figure 13). Interestingly,
differentially regulated mRNAs and predicted targets of differentially expressed miRNA revealed an
almost complete overlap of biological functions (Fig. 5B, lower), although different pathways were
induced (Fig. 5A, lower), suggesting that mRNAs and miRNAs act in a concerted manner. Integrated
analysis of dysregulated miRNAs and their inversely correlating miRNA targets allowed the identi�cation
of miRNA/mRNA negative regulation pairs, with miR-19b-3p predicted to be most frequently engaged in
binding to dysregulated mRNAs (Fig. 5C&D). TNF was the highest induced transcript (log ratio = + 1.051)
in recurrent tumors by the miRNA/mRNA negative regulation pairs (mainly due to the miR-19b-3p
downregulation) (Fig. 5E). Accordingly, biological function and integration analyses based on
differentially regulated mRNAs, differentially regulated miRNAs, and targets oppositely regulated by
miRNAs, pointed towards enhanced disease-speci�c pathways, proliferation and developmental
pathways (Fig. 5A,B and suppl. Figure 14).

ALK7 is enhanced in the recurrent tumor
ALK7, a member of the type I TGF-β receptor subfamily implicated in EMT [42], was most signi�cantly
upregulated in recurrent GBM (Fig. 4B,C). Pairwise comparison of matched initial and recurrent tumors
con�rmed ALK7 upregulation (Fig. 6A). To assess ALK7 expression at the protein level, a tissue
microarray was constructed from the patient cohort with long-term resection intervals and analysed by
immunohistochemistry using an ALK7 antibody. IHC scoring was based on the percentage of ALK7
positive tumor cells at recurrence relative to the initial tumor. ALK7 was indeed upregulated in the majority
of recurrent tumor punches with a signi�cant positive correlation (R2 = 0.2614, p < 0.001) with Nanostring
normalized counts (Fig. 6B). Overexpression of a dominant negative form of ALK7, containing a p.K222R
kinase dead mutation[34] conferred enhanced TMZ-induced cell death in U87 GBM cells, suggesting that
ALK7 overexpression is a resistance mechanism in recurrent GBM (suppl. Figure 15A). In non-neoplastic
cells, ALK7 induces apoptosis through upregulation of pro-apoptotic Bax and downregulation of anti-
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apoptotic factors Bcl-2, Bcl-XL, and XIAP [42]. Consistent with these �ndings, overexpression of a
constitutively active form of ALK7 containing a p.T194D mutation [34], but not the dead mutant form,
strongly induced apoptosis in our GBM cell line model (suppl. Figure 15B). How can glioma cells deal
with ALK7 overexpression? ALK7 mRNA expression was directly correlated with BCL2 expression and
inversely correlated with BAK1 and BAX expression in the TCGA dataset of initial GBM (suppl.
Figure 16A), suggesting that the apoptosis supporting role of ALK7 is reversed in recurrent GBM. In line
with TCGA data, ALK7 and BAX mRNA expression was inversely correlated in our dataset of long-term
responders (suppl. Figure 16B). Although BCL2 was signi�cantly upregulated in recurrent GBM
(Fig. 4B,C), which was con�rmed by pairwise comparison of matched initial and recurrent tissues
(Fig. 6C,D and suppl. Figure 1), BCL2 and ALK7 were not signi�cantly correlated in our dataset (data not
shown).

Discussion
We performed a comprehensive analysis of a single-center cohort of patients with matched initial and
recurrent tumors resected at a time interval greater than one year. We expected to gain a better insight
into the molecular mechanisms underlying resistance from this unique cohort of long-term responders.
We provide evidence for a highly branched evolution of recurrent GBM with a high proportion of patients
showing early divergent (ancestral) evolution de�ned by the outgrowth of distinct subclones in the initial
and recurrent tumors, which have been branched from a common ancestor long before diagnosis [10].
This type of evolution results in the disappearance of the initial clone(s) following therapy and the
outgrowth of a new clone from an ancestor cell, which shares only truncal mutations with the initial
clone. In contrast, patient collectives from other studies, which also include short-term survivors, tend to
show dominance of clones in the initial tumor that progress during recurrence [8]. It is conceivable that
clones from tumors with a short-term recurrence interval show higher intrinsic resistance to standard
therapy. Highly branched clonal evolution of GBM at the mutational level is further corroborated by the
�nding that high plasticity also exists for mRNA and miRNA pro�les (our data), as well as epigenetic
pro�les [13]. This may have clinical implications, since potentially actionable alterations, such as those in
EGFR, NF1 or MTOR, may dominate the initial tumor, but may disappear during recurrence rendering
targeted therapy ineffective.

In agreement with previous studies [8], there was no evidence for recurring secondary alterations at
genomic level driving TMZ/RT resistance. Instead, known drivers of GBM were often private to either the
initial or the recurrent tumor. Some of these alterations are drivers of proneural, classical or mesenchymal
subtypes [9], but we noted no signi�cant enrichment for a certain subtype, which is in line with previous
�ndings [10, 43]. TP53 mutations appeared early during tumor evolution in line with previous �ndings
[10], but a discrepancy exists for PTEN mutations, which was an early event in our study and a late event
in the study by Kim et al [10]. Whether this is due to a bias for late recurrence in our patient cohort
remains to be shown. In contrast to a high plasticity for mutations, the CNV pro�le remained largely
unchanged during progression. The new WHO classi�cation [1], recommends consulting CNV pro�les for
the classi�cation of GBM. Thus, our �nding, that CNV pro�les are retained in recurrent tumors even in
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those GBM cases with ancestral evolution, is important in the context of the new GBM classi�cation
guidelines, since they also apply to the recurrent tumor.

It was previously shown that TMZ treatment is associated with a signi�cant increase in the mutational
burden, which was also con�rmed by our study. We found in our cohort of long-term responders that
SBS11 (TMZ treatment) and SBS1 (deamination of 5-methylcytosine) were the only mutational
signatures that were altered in recurrent GBM. The latter signature is caused by enhanced BER activity in
order to repair alkylating bases N7-MeG and N3-MeA, introduced into the DNA by alkylating therapy [44].
However, no evidence for altered SBS15 signature (defective MMR) was obtained.

Messenger RNA expression pro�ling revealed that ALK7 and LTBP1 were signi�cantly upregulated while
LEFTY2 was signi�cantly downregulated in recurrent GBM. Most strikingly, all these genes contribute to
enhanced TGF-β signaling. ALK7 is a brain-enriched type-I-receptor family member of the TGF-β
superfamily [42], which is induced by Activin B, Activin AB and Nodal [34] and exert its functions by
interacting with type II receptors leading to enhanced SMAD2/3 phosphorylation and nuclear
translocation, promoting EMT (Fig. 6E) and TMZ resistance (suppl. Figure 15A). LTBP1 encodes a protein
binding to TGF-β leading to its activation. Another member of the LTBP family, LTBP4, was previously
shown to be mutated in 11% of GBM patients and was always private to the recurrent tumors [10]. We
identi�ed LTBP4 mutations in 14% of GBM, and again, all were private to the recurrent tumors. Left-right
determination factor LEFTY2 is a member of the transforming growth factor β (TGF-β) superfamily. It is
activated by the TGF‐β signaling and confers its repression by a negative feedback loop [45]. Thus,
reduced expression of LEFTY2 may result in constitutive TGF‐β activity, and tumorigenesis (Fig. 6E). The
TGF‐β signal is often reduced during tumor initiation to overcome its anti-proliferative and pro-apoptotic
effects but is reactivated during progression to enhance EMT and stemness [42, 45–47]. This
dichotomous function results in a non-monotonic expression pattern of normal brain tissue, initial and
recurrent tumor, a �nding also con�rmed in our study. How can recurrent GBM overcome the pro-
apoptotic signal? We show that anti-apoptotic protein BCL2 is induced whereas pro-apoptotic BAX is
reduced in recurrent GBM, suggesting that TGF‐β-induced apoptosis is uncoupled in recurrent GBM. It
remains to be shown if early branching evolution may support the dichotomous pattern of TGF‐β
signaling since tumor clones with reduced TGF‐β activity in the initial tumor may be replaced by new
clones with enhanced TGF‐β activity.

Interestingly, dysregulated mRNAs and miRNAs may be implicated in similar cellular processes although
they seem to induce different pathways. Thus, enhanced TGF-β signaling elicited by dysregulated mRNAs
and enhanced TNF-α signaling elicited by dysregulated miRNAs, may cooperatively induce SMAD2
phosphorylation to enhance EMT [46]. RASAL1 and HDAC overexpression has been associated with an
unfavourable prognosis of GBM patients. RASAL1 overexpression induces proliferation and migration,
and confers enhanced EMT by inducing MEK/ERK signalling [47]. Overexpression of HDAC proteins is
associated with radiotherapy resistance[48], but it is unknown if this is due to EMT.

Conclusions
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Combined expression pro�ling and mutational pro�ling of recurrent GBM with long-term recurrence
provided evidence for early branching evolution in the majority of cases, which may have clinical
implications. In addition, our results suggest a major role of the TGF-β signaling in recurrent GBM. Thus,
administering TGF-β inhibitors in conjunction with standard therapy may interfere with TMZ/RT
resistance mechanisms.
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Figures

Figure 1

GBM recurrence is associated with increased Tumor mutational burden (TMB) and hypermutator
phenotype. A) TMB in matched initial and recurrent tumor samples. B) Total number of mutations
(synonymous & non-synonymous, top) and % contribution of selected COSMIC mutational signatures in
each sample. C) Boxplots indicating the number of mutations contributing to the (left) SBS1 and (right)
SBS11 signatures in the initial and recurrent samples. Lines join the paired tumor samples from a given
patient. Signatures with no signi�cant change are shown in suppl. Figure 4A. 



Page 19/23

Figure 2

Mutational landscape of tumors with late recurrence. Heatmap depicting mutations (SNVs&INDELs, top),
ampli�cations (middle) and arm-level copy-number gains/losses (bottom) in GBM driver genes. 

Figure 3

Acquistion of driver alterations over time in tumors with late recurrence. A) Estimated cohort-level timing
of mutational events in 20 tumors with late recurrence. B) Fish plots showing tumors with early branching
evolution (upper panel) and ongoing evolution of initial subclone (lower panel). 
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Figure 4

Differential pattern of mRNA and miRNA expression upon late recurrence. (A) Principal Component
Analysis of mRNA (upper panel) and microRNA (lower panel) expression pro�les. Note that the PCA plot
from initial (I) and recurrent (R) samples almost completely overlap, but cluster separately from normal
tissues (N). (B) Volcano plot indicating signi�cantly up- (right) and down- (left) regulated mRNAs with
signi�cant adjusted p-value (upper panel) and miRNAs with signi�cant p-value (lower panel). (C)
Expression levels of signi�cantly dysregulated mRNAs (upper panel) and miRNAs (lower panel) in
primary, recurrent and adjacent normal tissues. ns (P > 0.05), * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001),
**** (P ≤ 0.0001). 
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Figure 5

Deregulated pathways upon late recurrence (A) Gene set enrichment analysis of the mRNA (upper panel)
and miRNA (lower panel) datasets for GO, KEGG and Reactome pathways. X axis indicates the
Normalized Enrichment Score (NES). Positive NES indicates upregulation and negative NES,
downregulated on a given pathway in recurrence. Color indicates level of adjusted signi�cance and dot
size is proportional to the number of contributed leading edge genes. (B) Radar graph scored based on
pathway analysis using IPA for mRNA data (upper panel) and miRNA data (lower panel). (C) Integration
of mRNA and miRNA dataset and its translation into united deregulated pathways. Differentially
regulated miRNAs with their inversely regulated putative mRNA targets. (D) Word cloud of differentially
regulated miRNAs engaged in binding to their theoretical mRNA targets. (E) Word cloud of affected
putative mRNA targets. Size implies number of targets, and level of impact by miR deregulation on
putative targets. 
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Figure 6

ALK7 is upregulated in the TMZ-resistant tumor of patients with late recurrence A) Pairwise comparison
of ALK7 mRNA expression. B. Left: Correlation of tumor-speci�c ALK7 IHC scores and Nanostring
normalized counts from tissue punches, Right: Example of TMA punches from the in�ltration zone of
initial (up) and center of recurrent (bottom) tumor from patient #6 by ALK7 IHC. The upper panel shows
neurons, which are ALK7 positive and tumor cells, which are ALK7 negative. C) Pairwise comparison of
BCL2 mRNA expression. D) Correlation of BCL2 IHC scores and Nanostring normalized counts from
tissue punches. Right: Example of TMA punches from the tumor center of initial (up) and recurrent
(bottom) tumor from patient #27 by BCL2 IHC. E) Model of concerted TGFβ signaling pathway. ALK7,
LTBP1, RASAL1 upregulation and LEFTY2 downregulation translate into increased TGFβ induced EMT
and stemness. To overcome TGFβ -induced apoptosis, recurrent tumor cells downregulate pro-apoptotic
proteins BAX and BAD and upregulate BCL-2 (see Fig. 4A and suppl. Fig. 12). Dashed arrows indicate
mechanisms that are uncoupled in recurrent tumors.
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