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1  |   MOLECU LAR DI AGNOSTICS —
LESSONS LEARN ED FROM 
BRAIN TU MORS

Histopathological diagnosis of brain tumors is robust 
for many entities. Examples of clearly recognizable 

primary intracranial tumors through standard staining 
and immunohistochemistry are the very most frequent 
meningioma and glioblastoma. However, recent devel-
opments have taught that other entities believed to be 
well established needed significant adjustments. Upon 
in-depth molecular analysis, the so-called primitive 
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Abstract

Structural brain lesions, including the broad range of malformations of cortical 

development (MCD) and glioneuronal tumors, are among the most common 

causes of drug-resistant focal epilepsy. Epilepsy surgery can provide a curative 

treatment option in respective patients. The currently available pre-surgical 

multi-modal diagnostic armamentarium includes high- and ultra-high resolu-

tion magnetic resonance imaging (MRI) and intracerebral EEG to identify a 

focal structural brain lesion as epilepsy underlying etiology. However, speci-

ficity and accuracy in diagnosing the type of lesion have proven to be limited. 

Moreover, the diagnostic process does not stop with the decision for surgery. 

The neuropathological diagnosis remains the gold standard for disease clas-

sification and patient stratification, but is particularly complex with high inter-

observer variability. Here, the identification of lesion-specific mosaic variants 

together with epigenetic profiling of lesional brain tissue became new tools to 

more reliably identify disease entities. In this review, we will discuss how the 

paradigm shifts from histopathology toward an integrated diagnostic approach 

in cancer and the more recent development of the DNA methylation-based 

brain tumor classifier have started to influence epilepsy diagnostics. Some ex-

amples will be highlighted showing how the diagnosis and our mechanistic un-

derstanding of difficult to classify structural brain lesions associated with focal 

epilepsy has improved with molecular genetic data being considered in decision 

making.
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neuroectodermal tumors (PNET) proved a mixed bag (1) 
so that this entity was entirely purged from the WHO 
classification. Medulloblastomas (2) and ependymomas 
(3) received an overhaul and by now are classified by 
their genetic features in many places.

A major driving force behind the current dynamic was 
the recognition of epigenetic profiling as a powerful tool 
for classification, ultimately leading to the development 
of the brain tumor classifier (4). This tool employs a frac-
tion of CpG sites encoded on a commercially available 
chip which exhibits best discrimination between pre-
defined reference groups of tumors. The approach is as-
sumed to favor a positive bias for differentiation-specific 
over tumor-specific methylation statuses explaining 
why the tool's strength is in classification and only to a 
lesser degree in grading. Major impact has been exerted 
by the novel options of analyzing large sets of methyla-
tion profiles generated in different sites. Therefore, the 
pool of comparable cases has dramatically increased by 
now reaching over 50,000 cases, resulting in the detec-
tion of many novel tumor entities. In contrast to previ-
ous approaches, usually starting with morphological 
parameters, an increasing number of novel tumor enti-
ties are now identified by unique genetic features with 
the detection of potential pathological hallmarks and 
clinical characterization to follow. Examples of novel 
tumor entities or variants detected on grounds of DNA 
methylation patterns are diffuse glioneuronal tumors 
with oligodendroglioma-like features and nuclear clus-
ters (DGONC; (5)), primary mismatch repair-deficient 
IDH-mutant astrocytoma (6), isomorphic diffuse glioma 
(IDG; (7)), primary intracranial spindle cell sarcoma 
with rhabdomyosarcoma-like features DICER1-mutant 
(SCS-DICER1; (8)), and others (Figure 1). Noteworthy is 
that these novel entities frequently are morphologically 
quite heterogeneous and, therefore, evaded detection in 
the pre-molecular era.

The other development in brain tumor classification 
is emphasizing pathognomonic entity-specific muta-
tions. This process started with WHO defining astrocy-
toma IDH-mutant and oligodendroglioma IDH-mutant 
and 1p/19q co-deleted. More recently added entities 
include solitary fibrous tumor with the NAB2-STAT6 
translocation (9), supratentorial ependymoma with ei-
ther RELA- or YAP fusions (3), medulloblastomas with 
mutations in the WNT or SHH pathways and high-grade 
gliomas with H3 mutations (10). Interestingly, this list 
now also includes low grade glial, glioneuronal, and neu-
ronal tumors such as pilocytic astrocytoma exhibiting 
KIAA1549-BRAF fusions (11), papillary glioneuronal 
tumor with PKRCA fusions (PGNT; (12)), polymor-
phous low-grade neuroepithelial tumor of the young 
with FGFR2/3 fusions (PLNTY; (13)), and extraventric-
ular neurocytoma with FGFR1-TACC fusions (14).

Focal lesions underlying epilepsy have extensively 
been studied by histology. However, morphological hall-
marks for the distinction of malformations or low-grade 

glioneuronal tumors proved difficult to establish due to 
the frequently subtle nature of the changes. Therefore, 
the recent advances in the molecular characterization of 
brain tumors and especially lower grade lesions will exert 
great influence on the research of brain malformations. 
By now, both developments, methylation-based analysis, 
and DNA- or RNA sequencing, are actively employed in 
the research of epilepsy-associated brain lesions.

2  |   GEN ETIC VARIA NTS 
IN EPILEPSY-ASSOCI ATED 
GLION EU RONA L TU MORS

Low-grade epilepsy-associated tumors (LEATs) represent 
mostly benign brain tumors associated with drug-resistant 
epilepsy. They consist primarily of neuronal and mixed 
neuronal-glial variants. Characteristic entities comprise 
the ganglioglioma (GG), the dysembryoplastic neuroepi-
thelial tumor (DNET), the angiocentric glioma (AG), the 
IDG, the PGNT, and the PLNTY (Figure 1; Table 1), 
which together account for over 70% of tumors identified 
in a retrospective surgical epilepsy case series (15). Early-
onset drug-resistant epilepsy (mean age at onset <15 years) 
is often the principal or only neurological symptom in 

F I G U R E  1   Molecular brain tumor classification. t-SNE 
summarizing examples of LEATs and novel tumor entities 
or variants detected on the grounds of DNA methylation 
patterns. AG, angiocentric glioma; DNET, dysembryoplastic 
neuroepithelial tumor; DGONC, diffuse glioneuronal tumor 
with oligodendroglioma-like features and nuclear clusters; GG, 
ganglioglioma; IDG, isomorphic diffuse glioma; HGNET-BCOR, 
high-grade neuroepithelial tumor with BCOR alteration; HGNET-
MN1, high-grade neuroepithelial tumor with MN1 alteration; 
PA, pilocytic astrocytoma; PGNT, papillary glioneuronal tumor; 
PLNTY, Polymorphous low-grade neuroepithelial tumor of 
the young; SEGA, Subependymal giant cell astrocytoma; SCS-
DICER1, spindle cell sarcoma DICER1-mutant; NB-FOXR2, CNS 
neuroblastoma FOXR2 activated 
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these patients (16). Another characteristic feature is their 
frequent localization in the temporal lobe (17, 18). While for 
common glial entities, the diagnostic criteria and parame-
ters determining the clinical outcome are well established, 
and the situation is more difficult for LEAT. For GG and 
DNET, the neuropathological stratification is particularly 
complex with high inter-observer variability (19). This is 
resembled by inconsistent diagnose frequencies, show-
ing variations from 6% to 49% for GG and 7% to 80% for 
DNT in large series. Striving for more reliable diagnostic 
approaches, recent studies started investigating the mo-
lecular background of LEAT. The molecular-genetic land-
scape of LEAT is different from other tumor types. They 
lack the IDH1/2 mutations as well as 1p/19q co-deletions 
commonly found in high-grade gliomas. Instead, genetic 
drivers include BRAF V600E mutations mainly in GG 
and FGFR1 mutations in DNET (17, 20). Gene expression 
studies identified alterations in the RAS–RAF–MAPK, 
and PI3K–AKT–mTOR signaling pathways, which affect 
cell proliferation and differentiation, autophagy, protein 
synthesis, and cell survival. BRAF V600E mutations have 
been negatively associated with recurrence-free survival 
in WHO grade I pediatric GG showing the high relevance 
of molecular-genetic markers for patient management and 
disease prognosis (21). However, the pathophysiological 

mechanisms that give rise to epileptic seizures in brain 
tumor patients remain to be fully elucidated. Koh et al. 
recently developed the first mouse model of GG, in which 
somatic BrafV637E mutations (orthologous to human on-
cogenic BRAF V600E) in neural progenitors during em-
bryonic brain development recapitulated histopathological 
features of GG and lead to epileptic seizures 4 weeks post-
natally, independent of mTOR signaling (22). Consistent 
with this finding, Goz et al. showed that BRAFV600E 
expression in neural progenitor cells resulted in hyper-
excitable phenotypes in neocortical pyramidal neurons 
(Figure 2; (23)). Epilepsy models of DNET are yet missing 
and need to be developed based on their known germline 
and somatic FGFR1 mutations.

3  |   EPILEPSY GEN ETICS A N D 
TH E BROA D SPECTRU M OF 
CORTICA L M A LFORM ATIONS

MCD is the most frequent causes of focal refractory child-
hood epilepsies, carrying a lifelong disability perspective 
and reduced quality of life (15, 16). They represent a wide 
range of cortical lesions resulting from derangements 
of normal intrauterine developmental processes and 

TA B L E  1   Common and newly identified genetic variants in focal MCD and LEAT

Lesion Molecular marker Variant type Pathway Role in cortical development Refs.

FCD 1 EGFR dup, PDGFR dup, 
SLC35A2

Somatic RTK/MAPK signaling, 
Glycosylation

Unclear (non-coding) (24)

FCD 2A TSC1/2, MTOR, PIK3CA, 
AKT3, DEPDC5, 
RHEB

Somatic, germline mTOR signaling Migration, proliferation, 
differentiation, autophagy

(25-29)

FCD 2B MTOR, RPS6, TSC1 
NPRL2/3

Somatic, germline mTOR signaling Migration, proliferation, 
differentiation, autophagy

(30-32)

HME 1q trisomy, AKT3, 
PIK3CA, RHEB, 
MTOR

Somatic mTOR signaling Migration, proliferation, 
differentiation, autophagy

(33, 34)

PMG 1q trisomy, 22q11 del, 1p36 
del

Somatic, germline (35, 36)

mMCD SLC35A2 Somatic Glycosylation (37)

MOGHE SLC35A2 Somatic Glycosylation (38)

NH 6q27 del, C6orf70, FLNA, 
ARFGEF

Germline Migration (39, 40)

AG BRAF fusions, MYB 
fusions

Somatic (41, 42)

DNET FGFR1 dup, FGFR1 
fusion

Somatic RTK/MAPK signaling (18, 43)

GG BRAF V600E Somatic (22)

IDG MYB/MYBL1 fusions Somatic (7)

PGNT PKRCA fusions Somatic (12)

PLNTY FGFR1 fusions Somatic RTK/MAPK signaling (13)

Abbreviations: AG, angiocentric glioma; DNET, dysembryoplastic neuroepithelial tumor; FCD, focal cortical dysplasia; GG, ganglioglioma; HME, 
hemimegalencephaly; IDG, isomorphic diffuse glioma; LEAT, low-grade epilepsy-associated tumor; MAPK, MAP kinase; MCD, malformation of cortical 
development; mMCD, mild MCD; MOGHE, mMCD with oligodendroglial hyperplasia and epilepsy; MYB, MYB proto-oncogene, transcription factor; NH, 
nodular heterotopia; PMG, polymicrogyria; PGNT, papillary glioneuronal tumor; RHEB, Ras homolog enriched in brain; RTK, receptor tyrosine kinase; 
SLC35A2, solute carrier family 35 member A2.
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involving cells implicated in forming the cortical mantle. 
The pathological features depend mainly on the defect's 
timing in the developmental processes and the cause, for 
example, abnormal proliferation or apoptosis, neuronal 
migration, or layering, or differentiation. Classification 
of MCD has proven challenging as sometimes two or 
more forms of MCD may coexist (e.g., polymicrogyria/
PMG may be next to nodular heterotopia/NH (44)). 
Also, a particular defect in corticogenesis may give rise 
to more than one morphological subcategory of MCD 
(e.g., migration defects may cause lissencephaly, focal 
cortical dysplasia/FCD, PMG, and heterotopia/HET). 
Conversely, a morphological subtype of MCD may have 
more than one mechanism for its formation (e.g., PMG 
may be a consequence of proliferation and migration de-
fects (45)).

Identifying specific gene defects has provided a deeper 
understanding of the mechanisms involved in brain mal-
formations and epileptogenesis (Table 1). With the ever-
increasing sensitivity of sequencing and new analysis 
tools available, the epilepsy-associated genome has been 

rapidly expanding with the identification of de novo ger-
mline variants and, more recently, somatic variants oc-
curring during development (31, 46). In particular, many 
recent studies using advanced sequencing technologies 
have revealed that germline and low-level somatic mu-
tations activating the GATOR1 or mTORC1 pathway 
account for up to ~60% of hemimegalencephaly (HME) 
or FCD type 2 characterized by cortical dyslamination 
plus dysmorphic neurons (FCD type 2A) or balloon cells 
(FCD type 2B) (29, 47, 48). Hyperactivation of mTOR 
kinase in a small subset of mouse neocortical excitatory 
neurons seems sufficient to cause focal seizures as well as 
cortical dyslamination and dysmorphic neurons that fully 
recapitulate the phenotypes of FCD type 2 (29, 49-51).

4  |   SLC35A2 BRAIN SOM ATIC 
MOSA ICISM IN MOGH E

Beyond mTOR signaling, somatic mutations in UDP-
galactose transporter SCL35A2 leading to aberrant 

F I G U R E  2   REST-mediated intrinsic epileptogenicity by BRAF in glioneuronal tumors. Adapted from Dr. Jeong Ho Lee (22) (with 
permission). When the BRAF V600E variant was introduced into progenitor cells of neuronal lineage, cells were intrinsically epileptogenic. In 
contrast, tumorigenic properties were attributed to a BRAF V600E variant introduced into glial cells. WT, wild-type BRAF 
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N-glycosylation were reported in FCD1, mMCD, and 
non-lesional focal epilepsy (37, 47, 52). Loss of SLC35A2 
protein function abolishes the transport of UDP-
galactose from the cytosol into the Golgi apparatus, re-
sulting in the synthesis of truncated glycans in human 
resected tissues (37). For long only pathogenic de novo 
germline variants in this X-linked gene were reported 
causing a rare type of congenital disorder of glycosyla-
tion (CDG) where the majority of affected individuals 
are primarily characterized by varying degrees of neu-
rological impairments including intellectual disability 
and epilepsy, and dysmorphisms (53). Recently, somatic 
pathogenic SLC35A2 mutations were also identified in 
9 out of 20 (45%) cases with variable mosaic rates from 
7 to 52% with a mild malformation of cortical devel-
opment with oligodendroglial hyperplasia (MOGHE) 
phenotype (38). MOGHE is a focal MCD causing 
childhood-onset seizures, often refractory to anti-
seizure medication and therefore subjected to epilepsy 
surgery. It is characterized by the clusters of increased 
oligodendroglial cell densities, patchy zones of hypomy-
elination, and heterotopic neurons in the white matter 
(54). Because of the high frequency of SLC35A2 muta-
tions among the MOGHE population, Bonduelle et al. 
hypothesized that previously published SLC35A2 cases 
might also belong to the MOGHE spectrum (Table 1). 
Histopathological reassessment using NeuN and OLIG2 
staining confirmed that 17 previously reported SL35A2 
cases, indeed, showed heterotopic neurons and oligoden-
droglial cell clusters of high density, the two main fea-
tures characteristic of MOGHE. In addition, analysis 
by droplet digital PCR of pools of microdissected cells 
from MOGHE tissue revealed a variant enrichment in 
clustered oligodendroglial cells and heterotopic neurons, 
indicating that variants likely occurred in a neuroglial 
progenitor cell during brain development. The histo-
pathological enrichment of OLIG2-positive oligoden-
droglial cells in the white matter and identification of 
brain somatic SLC35A2 variants are of high specificity 
to MOGHE and distinguish it from mMCD, FCD1, and 
non-lesional focal epilepsy.

5  |   BRA IN SOM ATIC 1q TRISOM Y

PMG is a group of highly heterogeneous and difficult 
to classify MCD (55, 56). Their description is primarily 
based on their localization (by MRI; e.g., focal, multi-
focal, or generalized, unilateral or bilateral symmetric/
asymmetric) and correlation with clinical aspects includ-
ing developmental course, growth anomalies, and dys-
morphism, seizure history, family history, and genetic 
testing of blood for PMG-associated genes (24). Over 40 
genes with germline mutations have so far been linked to 
PMG types and syndromes, but only very recently also 
brain somatic events were reported. In a series of 26 PMG 
patients, Kobow et al. identified a group of seven patients 

exhibiting a unique molecular fingerprint, including the 
invariable detection of a brain mosaic duplication of the 
entire long arm of chromosome 1 and a specific genomic 
DNA methylation signature. This molecular profile was 
associated with a combination of characteristic clinical 
features, including a unilateral rather than focal and iso-
lated PMG lesion, early-onset epilepsy in the first months 
of life, and severe combinatorial developmental delay, 
thereby defining a new distinct PMG entity (35). In gen-
eral, copy number variants are thought to contribute up 
to 5% of epilepsy cases. Smaller deletion syndromes (e.g., 
22q11) had also been identified in PMG, but this was the 
first report of a brain somatic 1q duplication in PMG. 
Despite the large size of the chromosomal imbalance, 
none of the PMG 1q patients displayed HME in contrast 
to PMG patients without this genetic variant. This may 
be explained by the gradient distribution of 1q triploid 
nuclei. About 50% of all cells in the center of the PMG 
lesion displayed 1q trisomy in FISH analysis, but not in 
adjacent architecturally normal-appearing perilesional 
tissue supporting mosaicism with a clear association to 
the malformed cortex. Intriguingly, Poduri et al. had 
previously reported two HME patients without PMG 
and also brain somatic trisomy of chromosome 1q.(34) 
The authors argued that the activation of AKT3, either 
by duplication or by a point mutation (as identified in 
another HME patient), contributed to hemispheric brain 
overgrowth. The big structural differences between the 
described PMG 1q and HME 1q patients in the respec-
tive studies (i.e., lesion size, cortical thickness, lamina-
tion and gyration, histomorphology) may be related to 
differences in mutation load and timing of appearance 
during development together with complex and manifold 
functions mediated by the vast number of genes linked to 
chromosome 1q.

6  |   DNA M ETH Y LATION-BASED 
DISEASE CLASSI FICATION 
IN EPILEPSY

DNA methylation profiling of lesional brain tissue be-
came a promising new option to reliably identify disease 
entities, particularly for human brain tumors (4). While 
epigenetic research in developmental biology and cancer 
has been at the forefront for decades, it was not before 
early into the millennium that epigenetics became a re-
search focus in epilepsy. In fact, it is only about now that 
epigenetics is stepping out of a niche with accumulating 
evidence for epigenetic pathomechanisms in epilepsy 
and utility of epigenetic marks for disease diagnosis and 
prediction of disease progression or treatment response. 
Just about a decade passed since the first report of gene-
specific altered DNA methylation in human TLE associ-
ated with distinct histopathology, that is, hippocampal 
sclerosis and granule cell dispersion (57). Since then, evi-
dence was provided for a targetable key gene regulatory 



6 of 9  |      KOBOW et al.

role of DNA methylation in the process of epileptogen-
esis and chronification of seizures (58) as well as for the 
etiology-dependence of such molecular findings in dif-
ferent animal models of epilepsy (59). This finding was 
validated in structural brain lesions associated with 
human focal epilepsy, mainly MCDs including major 
FCD subtypes and PMG (35, 60). These data support the 
development of a DNA methylation-based disease classi-
fication system also for focal epilepsy, and the high level 
of standardization of such an approach has great prom-
ise to reduce the substantial inter-observer variability 
observed in current MCD histopathological diagnostics 
(61). Significant limitations at this point include concep-
tual barriers (the field of epigenetics in epilepsy is still in 
its infancy), the availability of technical infrastructure 
at epilepsy centers around the globe, and consequently, 
the restricted number of samples that have yet been 
analyzed for DNA methylation. Collaborative research 
studies will be needed to address these issues and to be 
able to capture rare and extremely rare disease entities 
(62) as well as to evaluate the predictive value of DNA 
methylation for, for example, genotype, disease progres-
sion, or treatment response.

7  |   A N EW APPROACH TO 
MOLECU LAR DISEASE DI AGNOSIS 
A N D FUTU RE CH A LLENGES

In 2016, the World Health Organization provided guide-
lines for making an integrated diagnosis in a subset of 
brain tumors. Since then, there have been periodic up-
dates and clarifications reflecting the expanding knowl-
edge on the molecular pathology of brain tumors, but at 
the same time raising a challenge in rapidly incorporat-
ing new molecular findings into diagnostic practice (45, 
63). Although in epileptology, we are only about to start 
accumulating such molecular data, and the precision 
of identified markers has already been demonstrated, 
supporting an integrated diagnostic approach in struc-
tural brain lesions associated with epilepsy. Our current 
genetic knowledge of MCD shows some mechanistic 
overlap with LEAT and other cancers, which is not only 
limited to the mTOR pathway regulating proliferation, 
migration, autophagy, metabolism, and cellular func-
tions but also points at a previously unanticipated role 
for RTK/MAP kinase signaling. This is in line with other 
findings showing that some candidate genes or genetic 
variants may be shared between different diseases and 
phenotypes (64).

Unlike the higher mutational burden often found in 
brain tumors (VAF thresholds usually >5% (65)), the level 
of somatic mosaicisms in MCD can be too low to be de-
tected by conventional sequencing technology. Accurate 
detection of low-level somatic mosaicism requires high-
depth sequencing and advanced bioinformatic analysis 
followed by independent validation sequencing (e.g., 

digital droplet PCR or site-specific amplicon sequenc-
ing, see the review of Khoshkhoo et al. in this mini-
symposium), which might be challenging in most of the 
current clinical laboratories (66). However, similar to the 
benefits from the advances in cancer genomics, precise 
genetic diagnosis of germline and somatic mutations in 
FCD and MOGHE can provide better genetic consul-
tation of childhood intractable epilepsy and potential 
therapeutic alternatives based on their molecular genetic 
profiles (67).

In addition to the sensitivity problem in detecting 
brain somatic mutations at low allele frequencies, there 
remains a limited understanding of the consequences of 
such mutations, particularly their interpretation con-
cerning relevance for seizure development. In the cur-
rently accepted pathogenic mechanism for FCD2 and 
HME, early occurring mutations affecting a progenitor 
cell in the ventricular zone are associated with HME, 
whereas late occurring mutations are considered to 
cause a more focal lesion. Seizures may persist or relapse 
in up to 40% of patients treated with focal resections for 
FCD and could originate from the incompletely removed 
neighboring dysplastic cortex. It has been suggested that 
MTOR mutations originating before hemispheric cleav-
age could favor its passing asymmetrically to daughter 
cells on either side, but only one hemisphere receiving 
enough mutated cells to develop a macroscopically visi-
ble dysplasia (68). Alternatively, a second somatic muta-
tional hit may have occurred, involving a different mTOR 
pathway gene or any of many other epilepsy genes. This 
second hit, not present in the resected dysplastic tissue, 
would be sufficient to activate epileptogenesis but not to 
determine an MRI-visible malformation (68). Pelorosso 
et al. recently showed how a somatic MTOR mutation in 
the dysplastic hemisphere and a systemic mosaic RPS6 
mutation synergistically concurred in determining an 
HME/epilepsy phenotype in which seizure onset had 
occurred in the seemingly intact hemisphere after hemi-
spherectomy (69).

To date, a large fraction of FCD2 and MOGHE 
is caused by somatic mutations that are found exclu-
sively in the brain, restricting the molecular diagnosis 
to surgical or autopsy specimens. Recently two stud-
ies independently provided the proof of principle that 
somatic mutations may be detected in the cell-free 
DNA present in the CSF collected by dural punction 
during surgery of patients with FCD, GG, or lissen-
cephaly (70,71). It remains to be proven that even low-
level somatic mutations can be reliably detected from 
CSF obtained by lumbar punction, but—if reveals to 
be true—offers tremendous opportunities to obtain a 
genetic diagnosis before surgery and in patients that 
are not eligible to surgery (70). This will also allow en-
visioning targeted therapies acting on the affected neu-
robiology pathways, that is, galactose supplementation 
in SLC35A2 cases or mTOR inhibitors in respective 
FCD cases. Similarly, the identification of epigenetic 
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diagnostic markers, including DNA methylation pro-
files from peripheral blood, could promote epilepsy 
diagnosis and prognosis.
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