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tumorigenesis, particularly in the absence of a prior tumor
and chemotherapy and a model for collateral exposure sur-
rounding  the  target  of  high-dose  irradiation.  So  far,  little
molecular  overlap  between  Mrad  and  sporadic  meningi-
omas has been detected [6, 9].

We  here  performed  whole  genome  sequencing  of  20
meningiomas  induced  by  low-dose  radiation  (L-Mrad).
Age,  gender,  and  WHO  grade  are  given  in  the  supple-
mentary  tables.  However,  the  documentation  lacked  the
date  of  irradiation  and  the  exact  histological  subtype,
which  could  also  not  be  determined  retrospectively  due
to freezing artifacts.  Whole genome sequencing of  these
20 L-Mrad with matched germline controls revealed sin-
gle  nucleotide  variations  (SNVs)  of  NF2  in  6/20  (30%)
cases,  in  line  with  25%  detected  by  Sanger  sequencing
in  a  previous  L-Mrad  cohort  [6].  2/20  (10%)  cases  had
small  insertions/deletions  (InDels)  within  NF2  (SNVs
and  InDels  in  Supplementary  Tables).  The  advantage  of
genome  sequencing  is  the  ability  to  identify  structural

                                                
                           

Meningiomas  not  only  occur  sporadically  or  in  the  con-
text  of  neurofibromatosis  type  2,  but  can  also  be  induced
by  radiation  [7].  High-dose  radiation-induced  meningi-
omas  (Mrad)  predominantly  arise  after  radiation  for  other
brain tumors (often in childhood) with doses of 40–60 Gy.
Most low-dose Mrad have been detected in patients receiv-
ing  3–4  Gy  to  the  scalp  for  tinea  capitis  [6, 9].  Analy-
sis  of  these  tumors  is  paradigmatic  for  radiation-induced
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variants  (SVs):  We  detected  two  cases  (10%)  with  trun-
cating NF2  gene  rearrangements  (example  depicted  in
Fig. 1a, SVs for all cases in Supplementary Figure 1).

Collectively,  10/20  (50%)  L-Mrad  exhibited  genomic
variants affecting the NF2  gene,  indicating that  NF2  inac-
tivation is a key mechanism in L-Mrad, similar to sporadic
meningioma. Other genes associated with sporadic menin-
gioma [2–4] were not affected.

All  other  SNVs  and  InDels  affected  individual  genes
in  one  or  two  L-Mrad  only.  In  addition,  we  analyzed  SV
data  for  regional  enrichments  of  aberrations  (Fig.  1b):
18/20 (90%) patients had a chromosome (chr) 1p loss, 6/20
(30%) cases had a loss of chr7p, and 5/20 (25%) cases had
rearrangements  on  chr19p13;12-13.  These  findings  were
confirmed by copy number plots derived from methylation
data. Comparison to sporadic meningioma revealed that the
7p deletions occur exclusively in L-Mrad, most frequently
in  cases  with  grade  I  histology  (Fig.  1c,  Supplementary
Figure 2). For comparison, 450 k data of a cohort of seven
Mrad induced by high-dose radiation were available. These
high-dose Mrad had a low frequency of 7p deletions (Sup-
plementary Figure  2).  Collectively,  a  high number  of  SVs
were common in the L-Mrad cohort.

Next, we performed a supervised analysis for the pres-
ence  of  the  mutational  signatures  introduced by  Alexan-
drov et al. [1, 5] (Supplementary Figure 3a), here referred
to as AC  for “Alexandrov COSMIC”. Several mutational
signatures  have  been  reported  so  far  and  some  are  spe-
cific  for  physiological  or  pathological  mechanisms,  e.g.,
spontaneous  deamination,  or  exogenic  mutagens,  e.g.
tobacco smoke.  L-Mrad exhibited a rather  homogeneous
spectrum of mutational signatures (Fig. 1d): We detected
signature  AC1  (known  to  result  from  spontaneous

deamination), AC3 (associated with defects in DNA dou-
ble-strand  break  repair  by  homologous  recombination),
AC5  (mechanism  unknown),  and  AC25  (mechanism
unknown). Although AC3 is associated with homologous
recombination repair (HRR) deficiency, only one L-Mrad
carried  a  deleterious  mutation  and  another  harboured  an
SNV  of  unknown  significance  in  an  HRR  gene.  Moreo-
ver,  an  analysis  of  mutational  signatures  for  their  loca-
tion in the genome showed enrichment of the mutational
signature  AC3  in  the  vicinity  of  breakpoints  (Fig.  1e).
This  indicates  a  relation  of  these  SNVs  with  genomic
rearrangements  and  suggests  that  they  might  be  a  con-
sequence  of  genomic  rearrangements  caused  by  irra-
diation.  Intriguingly,  the  only  infratentorial  meningioma
(Mrad_8) in our cohort (Supplementary Figure 4) did not
show the  mutational  signature  AC3.  Since  this  case  also
has an SNV in NF2  and virtually no SVs, it  might actu-
ally represent an NF2 mutant sporadic meningioma.

Next, SNVs were stratified for cellular fractions (CFs).
CFs are calculated from the mutant allele frequency, cor-
rected  for  tumor  cell  content,  tumor  ploidy,  and  allele-
specific  copy-number.  This  allows  separation  of  SNVs
arising early in clonal evolution from later events. Direct
comparison  between  CFs  and  proximity  to  breakpoints
revealed  that  the  early  SNVs  are  enriched  near  break-
points (Fisher exact test p = 0.01182). Intriguingly, these
SNVs near breakpoints showed predominantly mutational
signature AC3 (Fig. 1f, Supplementary Figure 3b). These
findings strongly support  our hypothesis that  AC3 SNVs
are  the  fingerprint  of  early,  radiation-induced  genomic
rearrangements.

Finally, we asked if sporadic and radiation-induced men-
ingioma originate from the same cell of origin. Epigenetic
profiling is  able  to  group tumors  according to  their  origin
population  and  is  able  to  distinguish  clinically  relevant
subgroups  of  meningioma  [8].  Unsupervised  clustering
of  450 k methylation data  from 40 sporadic  meningiomas
with NF2  or  AKT1  mutations  and  31  L-Mrad revealed  no
individual  group  for  L-Mrad  (Supplementary  Figure  5).
Instead,  they  clustered  predominantly  with  the  NF2-
mutated sporadic meningiomas. Further studies are needed
to identify whether the predominant localization of L-Mrad
at the convexity is only due to the axis of radiation. Given
the  epigenetic  and  mutational  similarity  of  sporadic  men-
ingioma  of  the  convexity  and  L-Mrad,  the  findings  might
potentially  also  point  toward  differential  susceptibility  for
radiation-induced  tumor  formation,  particularly  by  NF2
mutations,  in  arachnoidal  cells  of  the  convexity  compared
to those of the skull base.

In conclusion, we demonstrate a high frequency of SVs,
including  novel  truncating  fusions  of  NF2,  and  an  HRR-
independent evolution of AC3 signature in low-dose radia-
tion-induced Mrad.
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Fig. 1  a Circos Plot for Mrad_20 with SV involving NF2. b Cohort-
wide recurrent structural variant loci for the L-Mrad cohort. Each dot
represents  one  genomic  region  in  which  at  least  two  patients  have
SVs with a 2 MB flanking region touching the peaks,  normalized to
12  (of  20),  the  highest  peak.  c  Relative  copy  number  aberrations  of
17 L-Mrad with WHO grade I histology. d Absolute number of muta-
tional  signatures  in  the  L-Mrad  cohort.  The  y-axis  shows  the  abso-
lute  number  of  SNVs,  and  the  height  of  the  stacked  barplots  corre-
sponds to the number of SNVs of the respective signature. e Relation
between SNVs and SV breakpoints. Analysis of mutational signatures
stratified  by  breakpoint  proximity.  SNVs  categorized  by  their  dis-

tance  to  the  closest  SV breakpoint:  less  than  100  kBp, between  100
kBp and 1 MBp and more than 1 MBp. AC3 is enriched in the vicinity
of  breakpoints.  f  Analysis  of  mutational  signatures  stratified  by  cel-
lular  fraction  (CF).  Analogue  to  e,  cohort-wide  SNVs  were  catego-
rized into variants arising early in clonal evolution of the tumor (cor-
responding to high values of CF, i.e., CF ≥  0.5) and variants arising
late in the clonal evolution of the tumor (corresponding to low values
of  CF,  i.e.  CF  <  0.5).  Variants  for  which  the  CF  could  not  be  com-
puted  are  classified  as  unknown.  Signature  AC3 is  enriched  in  early
and depleted in late clonal evolution
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