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Abstract

Background. Meningiomas are the most common primary intracranial tumors in adults. Identification of SMO and
AKT1 mutations in meningiomas has raised the hope for targeted therapies. It would be useful to know the precise
frequency of these mutations in anatomical subgroups and clarify their prognostic value.

Methods. We used the Sanger sequencing technique to characterize 79 samples of olfactory groove meningiomas
for SMO (L412F and W535L) and AKT71E 17K mutations. We reviewed clinical data to assess the prognostic value of
these mutations in this anatomical subgroup.

Results. Out of the 79 patients with olfactory groove meningiomas, we identified targetable mutations in 34
patients (43%) (22 patients [28%] with SMO mutation—L412F almost exclusively—and 12 patients [15%] with AKT1
mutation). Meningiomas in the SMO-mutant group had an overall 36% recurrence rate, significantly higher than
in the AKT7-mutant group (16%) and in the “SMO and AKT1 wildtype” group (11%) (x? test, P=.04). All late recur-
rences (after 5 y) occurred in the SMO-mutant group. Among grade | meningiomas, the SMO-mutant group was
identified as having a significantly poorer prognosis. World Health Organization histological grade Il (P=.006) and
incomplete resection (P =.001) were independently associated with shorter recurrence-free survival.

Conclusion. Molecular diagnosis of SMO“412FWs35L and AKT1E17K mutations improves prognostic evaluation in
olfactory groove meningiomas and opens new therapeutic perspectives with SMO or AKT inhibitors for recurrent

cases.

Key words

Meningiomas are the most common primary brain tumors in
adults.! Olfactory groove meningiomas (OGM) represent 4%
to 13% of all intracranial meningiomas? and originate from the
meningeal cells covering the lamina cribrosa and the planum
sphenoidale. Their extent can damage frontal lobes and olfac-
tory and visual functions.

Despite excellent tumor control in most cases after sur-
gery,>® recurrence occurs in 5% to 30% according to follow-
up (FU) duration.*® Prognostic factors identified in OGM are
age, World Health Organization (WHO) grade, and extent of
resection.*’

Removal of large or invasive tumors may be associated
with significant visual and cognitive morbidity, particularly at
relapse.® At recurrence, treatment options include follow-up
if the tumor growth is minimal, total resection if feasible, or
radiosurgery/therapy.®® In rare cases, refractory meningiomas
can invade the anterior skull base and/or paranasal sinuses
with severe visual impairment and can be life threatening. To
date, medical therapies have been largely ineffective in those
cases."®

Biallelic inactivation of NF2 is the most frequent genetic
event in meningioma tumorigenesis.”'* However, anterior
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Importance of the study

We analyzed a large series of olfactory groove men-
ingiomas for SMO and AKT7 mutations, 2 targetable
missense mutations previously described in meningi-
omas. We identified a SMO mutation (L412F or W535L)
in 28% and an AKT1E"7K mutation in 15% of our cases.
The high frequency of SMO mutations in meningi-
omas arising from the anterior and medial skull base
might be explained by the central role of the sonic

skull base topography is strongly associated with intact
NF2 gene status and meningothelial histological
subtype.’*®

Recently, driver mutations in TRAF7, KLF4, PI3KCA,
POLR2A, AKT1, and SMO genes have been identified in
non-NF2-mutant meningiomas.'*'6-® All AKT7-mutant
meningiomas (12% of all meningiomas) harbored the
same activating mutation (E17K) and were associated with
lesions of low malignancy potential located at the anterior
or middle skull base.’2' The SMO-mutant meningiomas
described in the literature (with a frequency between 3%
and 5% of all meningiomas) showed 2 recurrent variants
(L412F [70%] and W535L [15%]) and a highly recurrent phe-
notype of grade | meningothelial lesions arising from the
anterior medial skull base.’®? Interestingly, therapies are
available specifically targeted against these 2 oncogenic
drivers: a multicenter phase Il study of vismodegib and
afuresertib is under way for patients with progressive or
recurrent SMO- and AKT7-mutant meningiomas, respec-
tively (NCT02523014, clinicaltrials.gov).

Here, we report the first molecular analysis of SMO and
AKT1 mutations in a large OGM series, with particular
emphasis on prognosis and recurrence rate.

Patients and Methods
Patient and Tissue Samples

Collection of patient samples and clinico-pathological infor-
mation was undertaken with patient informed consent and
hospital ethical board approval.We requested the following
data from our Brain Tumor Bank (Onconeurotheque): his-
tological diagnosis of meningioma and surgery between
2003 and 2012. We reviewed the following parameters for
all patients: sex, age, Karnofsky performance scale (KPS),
presenting symptoms, radiological features, extent of sur-
gical resection and complications, treatment modalities
(number of surgical procedures, need for radiotherapy or
radiosurgery), and recurrence (site, time to recurrence).
Exact topography on MRI and radiological features were
centrally reviewed to ensure that “olfactory groove” topog-
raphy was present (ie, lamina cribrosa and planum sphe-
noidale).The extent of resection was determined according
to the Simpson grade system.?2 A central pathology review
was carried out by our senior pathologist (EB.) in order to
validate histological features (subtype and grading accord-
ing to WHO 2016 classification, Ki67 proliferation index).

hedgehog pathway in craniofacial development dur-
ing embryogenesis. In addition, time-to-recurrence
analysis shows that among grade | skull base menin-
giomas, the group with SMO mutations had a signifi-
cantly poorer prognosis. Our study strongly supports
the systematic screening of these prognostic mark-
ers and potentially actionable targets in skull base
meningioma.

Follow-up

Patients were followed up with clinical examination and
MRI at 6 months and 1 year after surgery. Then they were
followed regularly every 1 to 2 years. Tumor recurrence
was defined as an increase in residual tumor or the reap-
pearance of onsite lesions on FU imaging (MRl in all cases).

Molecular Characterization
DNA extraction

DNA was extracted from fresh-frozen tumors using
the QlIAmp DNA minikit (Qiagen) and quantified using
Nanodrop (Thermo Fischer Scientific).

Sanger sequencing

Sequencing for SMO was restricted to recur
rent L412F and W535L mutations, with primers as
follows: SMO“'?F_F:  AGTGACTGGTAGGAACGGGAG;
SMO“'?F_R: GGAGCTAGCTGGGGTTTCAG; SMOQW5%L_F:
CCCATCCCTGACTGTGAGAT; SMOW535L_R: CAGGTACGCCT
CCAGATGAG.

Fragments spanning codon 17 of AKT71 were
amplified using the following primers: AKT1E"7K_F:
AAGACTCGGCAGCATCTCCAGCAGGCATCCCAGGCACA
TCTGTCCAKT1E"7K_R:  GCGATCGTCACTGTTCTCAGTA
GCGTGGCCGCCAGGTCTTGATGTACT.

PCR was carried out with a total volume of 10 pL con-
taining 50 ng template DNA in Fast Start PCR Master Mix
(Roche). Initial denaturation at 94°C for 10 min was followed
by 30 cycles with denaturation at 94°C for 30 s, annealing
at 55°C for 30 s, and extension at 72°C for 1 min, followed
by 10 min at 72°C.Then, 3 pL of amplification product was
submitted to sequencing (Genoscreen). Sequences were
read with 4Peaks software (Macintosh).

Statistical Analysis

The % test (with Yates correction when appropriate) and
the Kruskal-Wallis test were used to compare the distribu-
tions of categorical and continuous variables, respectively.
Progression-free survival (PFS) was defined as the time
between surgery and recurrence or last FU. Patients who
were recurrence free at last FU were considered to be cen-
sored in analysis. Kaplan—-Meier survival curves were plot-
ted, and differences in survival between groups of patients
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were compared with the log-rank (Mantel-Cox) test. The
influence of age (<70 vs =70 y), Simpson grade (I-ll vs llI-
IV), WHO histological grade (I vs Il), and mutational status
on SMO and AKTT1 genes in recurrence-free survival were
assessed. Multivariate analysis was then performed with
the Cox proportional hazards model incorporating the
major prognostic factors of univariate analysis. All statisti-
cal tests were 2-sided and a P-value of <.05 was considered
to be statistically significant. Statistical analyses were per-
formed using Statview version 5.0 software (SAS Institute).

Results
Patient Population

Among the 1439 frozen meningioma samples available in
Onconeurothéque, 260 were described as “anterior skull
base” meningiomas (orbital, olfactory groove [including
lamina cribrosa and planum sphenoidale], tuberculum sellae,
anterior clinoid process, or suprasellar meningiomas). Among
them, 79 were confirmed as olfactory groove tumors based
on surgical and radiological data and were included in our
study: the main demographic characteristics are summarized
in Table 1. There were 62 females (79%) and 17 males (21%).
Median preoperative KPS was 90 (range, 40-100); 76 patients
were operated on for a primary tumor, and 3 for a recurrent
tumor (data from the first surgery [pathology, Simpson grade,
and PFS] were considered for these patients). Median FU was
70 months (range, 2-312). One patient died of a pulmonary
embolism after surgery, and 5 patients (6.3%) had no reliable

Table1 Clinical and imaging data

General Cohort

Demographic Data

postoperative FU (one in the SMO group and 4 in the “others”
group with neither SMO nor AKT1 mutation). Survival analy-
sis was thus conducted on 73 patients who had at least one
postoperative examination and imaging available.

Molecular Subgroups

Of the 79 OGM, 22 (28%) carried a SMO mutation: 21
with L412F and 1 with W535L. Twelve (15%) presented an
AKT1E"7K mutation (Fig. 1). SMO and AKT1E"7K mutations
were mutually exclusive and no tumor had both mutations.
The remaining 45 meningiomas were defined as “others” in
a third group with neither SMO nor AKT1 mutation. Only one
patient had a molecular analysis of a primary and a recurrent
frozen meningioma that both contained SMO mutations.

Demographic, Clinical, and Perioperative Data

Demographic, clinical, and imaging findings in the 3 groups
(SMO-mutant, AKT7-mutant, and “others”) are summarized
in Table 1. There was no difference in demographic features
among the 3 molecular subgroups. Presenting symptoms
were similar in all groups, apart from anosmia, which was sig-
nificantly more common in the SMO-mutant group (P=.01).
No significant difference was found in tumor size among
the 3 groups. Peritumoral frontal edema on fluid attenuated
inversion recovery-weighted sequences was present in all
cases. Clinical and demographic findings from the general
cohort were consistent with published OGM cohorts.>#5
Simpson grades |-l resection was achieved in 91%, 75%,
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(n=79)
Sex
Male 17 (21%) 4 (18%) 2 (16%) 11 (25%) .76
Female 62 (79%) 18 (82%) 10 (84%) 34 (75%)
Age, y
Median 55 55 56 55 .94
Range 22-83 22-72 30-75 26-83
Median preoperative KPS 90 90 80 90 .95
Median FU (mo) 70 83 60 72 .18
Presenting symptoms
Headache 46 (58%) 12 (54%) 6 (50%) 28 (62%) .68
Visual impairment 33 (41%) 13 (59%) 3(25%) 17 (38%) N
Anosmia 56 (71%) 20 (91%) 7 (58%) 29 (64%) .04
Cognitive impairment 38 (48%) 13 (59%) 5 (42%) 20 (45%) 47
Seizures 4 (5%) 2 (9%) 1(8%) 1(2%) 41
Imaging data
Size
Mean tumor diameter (mm) 59 63 54 51 .28
Range 30-90 35-80 30-90 30-70
Hyperostotic bone 52 (66%) 17 (77%) 6 (50%) 29 (65%) .26



Boetto et al. SMO mutation in olfactory groove meningiomas

and 88% of the SMO, AKT1, and “others” groups, respec-
tively (P=.36) (Table 2).

Comparative Analysis of Histological Features
and Molecular Subgroups

The SMO-mutant meningiomas showed a uniform his-
tological phenotype: all were WHO grade | and menin-
gothelial, with low Ki67 index and 1 or less mitosis per 10
high-power fields. The AKT7-mutant meningiomas were
more heterogeneous: 8 (67%) were grade | (all meningothe-
lial) and 4 (33%) were grade Il (one chordoid and 3 atypical).
Other histological features are summarized inTable 3.

Amino acid - pos

410 413 533
Amino acid - wt L ' L | \" A

41 412 414

Nucléotide - wt CTGGTGCTCATCG

Amino acid-mut L Vv F 1 \) A

Nucléotide - mut

cltcatce

CTGGT

534

P

AGCACCTGGGTCT

P

AGCACCTTGGTCT

Impact of Molecular Characterization on Natural
Course and Recurrence Rates

The main treatment modalities (surgery and radiotherapy;
no patient was treated with systemic therapy) and recur-
rence rates are shown in Table 2. Meningiomas in the
SMO-mutant group had an overall 36% recurrence rate,
significantly higher than in the AKT7-mutant group (16%)
and the “others” group (AKT7-wildtype, SMO-wildtype)
(11%) (P = .04). Despite the fact that the 5-year PFS rate
was similar in the 3 groups (81%, 83%, and 82%), the
10-year PFS rate was lower in the SMO-mutant group
(52%) than in the AKT71-mutant (83%) and “others” groups
(82%) (P =.008).

535 536 537 15 16 17 18 19
w \' w \' G E Y 1

GTAGGGGAGTACA

L vV W vV 6 K Y I
GTAGGG/AAGTACA

Fig.1

Table2 Treatment modalities and recurrence rates

Treatment Modalities General Cohort SMO
Recurrence Rates
Simpson grade
-1 69 (87%) 20 (91%)
-1V 10 (13%) 2 (9%)
N surgery(ies)
1 72 (91%) 18 (81%)
2 5 (6%) 3(15%)
>3 2 (3%) 1(4%)
Radiotherapy/radiosurgery 3 (4%) 2 (9%)
Recurrence rate 13 (16%) 8 (36%)
5y PFS 81% 81%
10y PFS 65% 52%
Median PFS (mo) 65 79

SMO W535L AKT1E17K

Representative electropherograms of SMO L412F (left), SMO WS535L (center), and AKT1 E17K (right) mutations.

AKT1 Others P
9 (75%) 40 (88%) .36
3(25%) 5 (12%)

1 (91%) 43 (96%) 17
1(9%) 1(2%)

0 (0%) 1(2%)

1(8%) 0 22
2 (16%) 5 (11%) .04
83% 82% .93
83% 82% .008
53 63 .65
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WHO grade Il (P < .0001, Fig. 2A) and Simpson grade Il grade | OGM (n = 62), we observed that the SMO-mutant
or IV resection (P < .0001, Fig. 2B) were associated with group had a significantly poorer prognosis (P = .007)
poor survival, but no significant differences were observed  (Fig. 2D). On multivariate analysis, WHO histological grade
according to the 3 molecular groups (P = .32) (Fig. 2C), or Il (P=.006) and incomplete resection (P = .001) were inde-
age (<70 vs 270 y) (P = .33). When focusing the analysis on  pendently associated with shorter recurrence-free survival,

Table 3 Histological features

Pathology General SMO AKT1 Others P
Grade
| 69 (89%) 22 (100%) 8 (67%) 39 (89%) 14
Il 9 (11%) 0 (0%) 4 (33%) 5(11%)
Ki 67
Mean 4 BE55 4.18 4.45 .22
Range 1-8 1-6 3-6 1-8
Histological subtype
Meningothelial 55 (69%) 22 (100%) 8(67%) 25 (55%) .0004
Fibroblastic 4 (5%) 0 0 4 (9%)
Transitional 7 (9%) 0 0 7 (15%)
Psammomatous 2 (3%) 0 0 2 (4%)
Microcystic 1(1%) 0 0 1(2%)
Atypical 9 (11%) 0 3(25%) 6 (13%)
Chordoid 1(1%) 0 1(8%) 0

1501

@ 1501 o .
2 —— Gradel 2 == Simpson I
g —— Gradell %’ —— Simpson lI-V
8 1004 8 100
o o
c c
k] ks
£ £ 0.0001
<
3 p<0.0001 3 ped
Q [
o o
0 T T T T 1 o T T T 1
0 30 60 0 120 150 0 30 60 90 120 150
Time (months) Time (months)
Gradel 64 59 36 20 10 SimpsonHI 63 58 32 19 9
Gradell 9 8 1 0 0 Simpson IV 9 7 4 2 1
Grade |
1507 1501 .
g —— SMO-mut 8 SMO-mut
o .
£ AKT1 mut £ — SMOwt
8 100-:5::1.__& —— Others 2 100-
o o
5 % =0.007
S <] p=0
=0.32
2 501 P £ 504
Qo o
8 8
[ <)
o o
o " : . : , 0 T T T T 1
0 30 60 90 120 150 0 30 60 90 120 150
Time (monts) Time (months)
SMO-mut 21 20 14 8 5 SMO-mut 21 20 14 8 5
AKTf-mut12 10 5 3 2 SMOowt 43 40 22 12 5

Others 40 37 19 1" 4

Fig.2 Kaplan—Meier plots of time to recurrence, according to (A) WHO grade (grade | vs grade Il, P<.0001); (B) extent of resection (Simpson I-II
vs Simpson [l1-1V, P<.0001); (C) molecular subgroups for the whole cohort (SMO-mutant [SMO-mut], AKT1-mutant [AKT7-mut] and “others”
meningiomas [P=.32, NS]), and (D) for grade | only: SMO-mutants have a poorer prognosis than SMO-wt (P =.008). wt = wildtype.
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whereas SMO-mutation did not reach statistical significance
(P=.06).

When reviewing the patterns of relapse of OGM, we iden-
tified 4 cases (5%) of surgery- and radiation-refractory men-
ingiomas with nasal fossa and paranasal sinus invasion
associated with severe visual impairment and pituitary dys-
function. Three of them carried targetable mutations (2 had
SMOM2F and 1 had the AKT1 mutation) (Fig. 3).

Discussion

We focused the analysis of this large OGM series on 2 fre-
quent and potentially actionable mutations. Indeed, specific
SMO and AKT1 inhibitors are under evaluation and will cer-
tainly provide new therapeutic options in the near future.
This is not the case for NF2 mutations (rarely mutated in
anterior skull base meningothelial meningiomas), KLF4
mutations (specific for secretory meningioma, absent in
this cohort), and TRAF7 mutations. We identified a targeta-
ble mutation in almost half of tumors (43%). SMO (L412F
or W535L) mutations were found in 28% of OGM, much
more frequently than in meningiomas in any other location
(3% to 5%),'*"7'8 confirming its association with a specific
topography and histology (grade |, meningothelial sub-
type). SMO is a 7-transmembrane domain protein belong-
ing to the sonic hedgehog (SHH) pathway that plays a key
role in embryogenesis and is implicated in several cellular
processes, including proliferation, differentiation, and angi-
ogenesis.?® The strong association of the SMO mutation
with anterior skull base location is probably related to the
central role of the SHH pathway in the development of the
ventral forebrain and median craniofacial skeleton.?42% Qur
results concerning histological characterization of SMO-
mutant meningioma as meningothelial grade | lesions in all
cases are in line with the findings summarized in a recent
review of published cases of SMO-mutant meningiomas.?°

AKT1F7K was mutated in 15% of OGM, which is similar to
the 12% found in non-NF2 meningiomas in any location.'*?
We confirmed that the olfactory groove is not particularly
associated with the AKT7 mutation, in line with previous

reports on AKT71-mutant meningiomas of the anterior cli-
noid process, tuberculum sellae, clivus, sphenoid wing, or
spine.'"78 If most AKT7-mutant meningiomas were grade
| and meningothelial (67%), they showed a more heteroge-
neous profile with regard to histological subtype (atypical,
chordoid) as published in the literature.’®?!

Apart from WHO grade Il and incomplete resections which
were associated with shorter PFS as expected,” we also
observed that the SMO-mutant meningiomas had an over-
all recurrence rate higher than the AKT-mutant or “others”
group. Moreover, all patients who experienced late recur-
rence (after 5 y) had a SMO-mutant meningioma, and these
were exclusively grade | meningiomas. On multivariate
analysis, the prognostic value of molecular characterization
did not reach statistical significance, making further studies
with a large cohort mandatory to confirm our results.Yuzawa
and colleagues recently reported a 6% recurrence rate for
SMO-mutant meningiomas, but data were only available
for 8 patients, and length of FU was not mentioned.?>?! As
the WHO 2016 classifications introduced the use of inte-
grated histological and genotypic parameters to define more
focused histomolecular diagnostic entities, such molecular
information should also help guide and improve the current
classification and therapeutic management of meningiomas.
The prognostic value of AKTT mutations in OGM is less clear,
and our results in this subgroup must be taken with caution
because of the small number of cases: 4 patients with grade
Il and 2 patients with incomplete resections at recurrence.
Additional studies with larger cohorts and other anatomical
topographies are needed to assess the specific prognostic
value of AKT1 mutations in skull base meningiomas.

Based on our results, we recommend a simple molecular
analysis of OGM (with at least SMO*'?F and AKT18"7K muta-
tion status) after initial surgery to define more precisely the
prognosis and extend FU for SMO-mutant meningiomas.
In our OGM series, we have identified at least 3 cases that
had unfavorable outcomes and for whom efficient targeted
medical therapies would have provided an invaluable ther-
apeutic tool. Large series of skull base meningiomas with
precise location information and at least SMO and AKT1
mutation analysis and long-term FU with PFS analysis (as
we have performed for OGM) are needed to establish new

Fig.3 Axial (left), coronal (center), and sagittal (right) T1-weighted MRI scans with gadolinium enhancement showing invasive skull base recur-
rence of a SMO-mutant olfactory groove meningioma previously operated on 3 times and treated with radiotherapy in a 45-year-old woman. Both
optic canals and pituitary gland and both carotid arteries are invaded and the patient suffers from pituitary dysfunction and blindness.
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treatment paradigms and FU decisions based on genetic
classification as in other brain tumors.?6
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