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Single-cell DNA sequencing reveals order of mutational acquisition
in TRAF7/AKT1 and TRAF7/KLF4 mutant meningiomas
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Most meningiomas carry mutations in the tumor suppres-
sor neurofibromatosis gene 2 (NF2) on chromosome 22q,
while NF2-wildtype meningiomas account for about a third
of all meningiomas [4, 7]. In non-NF2-mutated cases, SMO,
POLR2A, PIK3CA, AKTI1, and KLF4 mutations, the latter
both regularly with TRAF7 mutations, have been described
[1-3, 5]. TRAF7, a E3 ubiquitin ligase which promotes
degradation of p53 and p65 as well as a number of onco-
genic protein targets, including NEMO, c-FLIP, and c-Myb,
occurs in nearly one-fourth of all meningiomas (24% in
Clark et al., 30% in Reuss et al.). However, some studies
may have been enriched for specific subtypes. In almost
half of the cases they co-occur with AKT1 (44% in Clark
et al.) or KLF4 (36% in Clark et al.), respectively [3, 8].
The combination is intriguing: AKT1/TRAF7 mutations are
associated with meningothelial histology and basal localiza-
tion, while KLF4/TRAF7 mutations are highly specific for
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secretory meningioma without any predominant localization.
Also, AKTI and KLF4 have clear hotspots, with all muta-
tions occurring at AKT1E17K or KLF4K409Q. In contrast,
TRAF7 mutations can occur throughout the WD40 domain
of the protein (Supplementary Fig. 4, online resource).
The order of mutational acquisition, whether alterations in
TRAF7 or in AKTI1/KLF4 occurs first, remains elusive.

The analyses here were initiated after diagnostic work-
up of the tumors of a 47-year-old male patient with two
independent meningiomas having identical somatic TRAF7
mutation N5208S, but separate AKT/ (skull base, menin-
gothelial) and KLF4 (convexity, secretory type) hotspot
mutation (Fig. la). Of note, no TRAF7 mutation was
detected in germline control DNA and surgical resection
was performed at the same time. Although mere coincidence
cannot be ruled out, this may be caused by a mosaicism for
TRAF7 affecting arachnoidal cells, or a single ancestor of
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both tumors despite macroscopically separate location. Both
the latter strongly suggest TRAF7 as the initiating mutation.

In an additional 28 cases of AKTI™/TRAF7™" (n=13)
and KLF4™" |JTRAF7™ (n=15) from our database we
compared the variant allele frequencies (VAFs) for possible
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indications of heterogeneity and temporal sequence. 27/28
of the co-mutated samples were classified as WHO grade
I meningiomas. 12/15 tumors of the KLF4™[TRAF7™"
cohort were expectedly of the secretory subtype, one tumor
was of transitional subtype (subtyping and grading based on
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«Fig.1 a Preoperative magnetic resonance imaging scans (I: axial
T1-weighted gadolinium-enhanced image; II/IIl: axial/coronal
T1-weighted fat-saturated gadolinium-enhanced image) showing two
intracranial meningiomas arising from the falx cerebri, one of them
left frontal parasagittal with a diameter of 12 mm [see I and III] and
one of them right frontobasal with a diameter of 3 mm [see II and
III]. b Variant allele frequencies measured from bulk sequencing
data. Boxplots show the paired VAFs of TRAF7 and KLF4 on the
left and TRAF7 and AKT1 on the right in 28 co-mutated meningi-
omas. Corresponding data from identical cases is highlighted with
connecting lines. Medians: 0.37, 0.35, 0.36, 0.37. ¢ Exemplary single
cell clone analysis of sample KLF4_4 based on genotype clustering
demonstrating allele frequency distribution within each of the three
clones identified by the presence of TRAF7 N520S and KLF4 K409Q
as indicated in the Supplementary Methods, online resource. d Over-
view of the distribution of mutations in seven co-mutated meningi-
omas. Dots represent single cells while the color indicates their muta-
tional status. Clones are numbered according to their phylogenetic
order

the WHO classification 2016) and 2/15 were not assigned in
records (no slides available for review). In line, 11/13 tumors
of the TRAF7"™/AKTI"™" cohort were of the meningothelial
subtype, while 2/13 were of transitional subtype. AKT1 and
KLF4 mutations displayed clear hotspots, all occurring at
AKTI1E17K or KLF4K409Q. In contrast, a broad variety of
TRAF7 mutations appeared, the two most frequent locations
being N520S/H/T (8/28) and K615E/T (5/28) (Supplemen-
tary Table 1, online resource).

Looking at mutational co-occurrence in bulk data, muta-
tions assigned with higher VAFs, unless explained by copy
number changes, are typically thought to be acquired ear-
lier than those with lower VAFs. Our bulk-measured variant
allele frequencies, being similar for both mutations (p-val-
ues received from two-sided Wilcoxon signed-rank test
AKTI™TRAF7™": p=0.75; KLF4™/TRAF7™". p=0.62)
suggested no major gap between the time points of muta-
tional acquisition (Fig. 1b, for single-cell VAFs, see Sup-
plementary Fig. 2). However, the majority of single-mutated
cases (18/33, Supplementary Methods, online resource) har-
bored mutations in TRAF7 only, with fewer cases being only
KLF4 (n=3) or only AKTI (n=12) mutant.

Single-cell sequencing technologies allow more insight
into the clonal architecture and complexity of thousands of
individual cells. We; thus, performed amplicon-based sin-
gle-cell DNA sequencing on 7 samples of TRAF7 with KLF4
or AKT]I, respectively, co-mutated meningiomas. For this
purpose, a custom panel covering the variants of interest and
other genes relevant in CNS tumors was designed based on
our custom panel for routine next-generation sequencing [6].
The panel consisted of 392 amplicons covering 28 genes and
the TERT promoter region (Supplementary Table 2, online
resource). A total of 875,000 cells were prepared resulting in
a median throughput of 2315 cells per sample (interquartile
range (IQR): 1622-2953) and a median coverage of 105X
(IQR: 88X-122X) using the droplet-based technology of

Mission Bio (Tapestri). For more details on sequencing met-
rics see Supplementary Table 3, online resource.

Genotype clustering analysis was performed using the
Tapestri bioinformatics pipeline v2. In short, single cells
were initially classified into clonal populations based on the
variants known from bulk sequencing data. Only cells geno-
typed for both of the variants were included.

Our data revealed three subclones in each sample: one
wildtype clone (potentially stroma cells), another clone car-
rying a mutation in TRAF7 without any mutation in KLF4
or AKTI (detected for 6/7 samples) and another clone har-
boring the co-mutations in TRAF7 and KLF4 or AKTI
(Fig. 1c and d), for details on clone sizes (see Supplementary
Table 3, online resource). This clearly indicates the TRAF7
mutation as being acquired at an earlier stage than KLF4
or AKTI in the majority of cases. Interestingly, 1/7 sam-
ples showed one clone carrying only a heterozygous KLF4
mutation and another with the KLF4 mutation along with
the TRAF7 mutation, both in addition to a wildtype clone.

Although single-cell DNA sequencing in particular is
associated with technical challenges such as false positive
variant calling and allelic dropouts, high numbers of recov-
ered cells as well as high sequencing metrics allow conclu-
sive information on cellular zygosity and a robust analysis
of mutational acquisition. In our cohort, the single-cell data
suggest, in this small series, that TRAF7 mutation is typi-
cally acquired first, but in line with bulk data also supports
that the co-mutation of TRAF7 is still either not indispensa-
bly needed in every KLF4 or AKTI mutant meningioma, or
that some TRAF7-modifying events are not captured with
the current approaches.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00401-022-02485-6.

Acknowledgements We thank Laura Dorner, Lea Hofmann, and
Moritz Schalles for skillful technical assistance. Support by the DKFZ
Single-Cell Open Lab (scOpenLab) is gratefully acknowledged.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer


https://doi.org/10.1007/s00401-022-02485-6
http://creativecommons.org/licenses/by/4.0/

802

Acta Neuropathologica (2022) 144:799-802

References

Abedalthagafi M, Bi WL, Aizer AA, Merrill PH, Brewster R,
Agarwalla PK et al (2016) Oncogenic PI3K mutations are as com-
mon as AKT1 and SMO mutations in meningioma. Neuro Oncol
18:649-655. https://doi.org/10.1093/neuonc/nov316

Brastianos PK, Horowitz PM, Santagata S, Jones RT, McKenna A,
Getz G et al (2013) Genomic sequencing of meningiomas identi-
fies oncogenic SMO and AKT1 mutations. Nat Genet 45:285-289.
https://doi.org/10.1038/ng.2526

Clark VE, Erson-Omay EZ, Serin A, Yin J, Cotney J, Ozdu-
man K et al (2013) Genomic analysis of non-NF2 meningiomas
reveals mutations in TRAF7, KLF4, AKTI1, and SMO. Science
339:1077-1080. https://doi.org/10.1126/science.1233009

Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-
Branger D et al (2021) The 2021 WHO classification of tumors
of the central nervous system: a summary. Neuro Oncol 23:1231-
1251. https://doi.org/10.1093/neuonc/noab106

Reuss DE, Piro RM, Jones DT, Simon M, Ketter R, Kool M et al
(2013) Secretory meningiomas are defined by combined KLF4

@ Springer

K409Q and TRAF7 mutations. Acta Neuropathol 125:351-358.
https://doi.org/10.1007/s00401-013-1093-x

Sahm F, Schrimpf D, Jones DT, Meyer J, Kratz A, Reuss D et al
(2016) Next-generation sequencing in routine brain tumor diag-
nostics enables an integrated diagnosis and identifies actionable
targets. Acta Neuropathol 131:903-910. https://doi.org/10.1007/
s00401-015-1519-8

Sahm F, Schrimpf D, Stichel D, Jones DTW, Hielscher T,
Schefzyk S et al (2017) DNA methylation-based classification
and grading system for meningioma: a multicentre, retrospec-
tive analysis. Lancet Oncol 18:682—694. https://doi.org/10.1016/
S1470-2045(17)30155-9

Zotti T, Scudiero I, Vito P, Stilo R (2017) The emerging role of
TRAF7 in tumor development. J Cell Physiol 232:1233-1238.
https://doi.org/10.1002/jcp.25676

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1093/neuonc/nov316
https://doi.org/10.1038/ng.2526
https://doi.org/10.1126/science.1233009
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1007/s00401-013-1093-x
https://doi.org/10.1007/s00401-015-1519-8
https://doi.org/10.1007/s00401-015-1519-8
https://doi.org/10.1016/S1470-2045(17)30155-9
https://doi.org/10.1016/S1470-2045(17)30155-9
https://doi.org/10.1002/jcp.25676

	Single-cell DNA sequencing reveals order of mutational acquisition in TRAF7AKT1 and TRAF7KLF4 mutant meningiomas
	Acknowledgements 
	References




