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ABSTRACT
Background Little is known about risks associated 
with germline SUFU pathogenic variants (PVs) known as 
a cancer predisposition syndrome.
Methods To study tumour risks, we have analysed data of 
a large cohort of 45 unpublished patients with a germline 
SUFU PV completed with 127 previously published patients. 
To reduce the ascertainment bias due to index patient 
selection, the risk of tumours was evaluated in relatives with 
SUFU PV (89 patients) using the Nelson- Aalen estimator.
Results Overall, 117/172 (68%) SUFU PV carriers developed 
at least one tumour: medulloblastoma (MB) (86 patients), 
basal cell carcinoma (BCC) (25 patients), meningioma (20 
patients) and gonadal tumours (11 patients). Thirty- three of 
them (28%) had multiple tumours. Median age at diagnosis 
of MB, gonadal tumour, first BCC and first meningioma 
were 1.5, 14, 40 and 44 years, respectively. Follow- up data 
were available for 160 patients (137 remained alive and 23 
died). The cumulative incidence of tumours in relatives was 
14.4% (95% CI 6.8 to 21.4), 18.2% (95% CI 9.7 to 25.9) 
and 44.1% (95% CI 29.7 to 55.5) at the age of 5, 20 and 
50 years, respectively. The cumulative risk of an MB, gonadal 
tumour, BCC and meningioma at age 50 years was: 13.3% 
(95% CI 6 to 20.1), 4.6% (95% CI 0 to 9.7), 28.5% (95% 
CI 13.4 to 40.9) and 5.2% (95% CI 0 to 12), respectively. 
Sixty- four different PVs were reported across the entire SUFU 
gene and inherited in 73% of cases in which inheritance 
could be evaluated.
Conclusion Germline SUFU PV carriers have a life- long 
increased risk of tumours with a spectrum dominated 
by MB before the age of 5, gonadal tumours during 
adolescence and BCC and meningioma in adulthood, 
justifying fine- tuned surveillance programmes.

INTRODUCTION
Gorlin syndrome (GS) (MIM 109400), or nevoid 
basal cell carcinoma syndrome (NBCCS), is an 
autosomal dominantly inherited syndrome char-
acterised by developmental anomalies including 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Germline SUFU pathogenic variant (PV) was 
described for the first time associated with the 
occurrence of medulloblastoma by Michael 
Taylor et al in 2002.

 ⇒ Before our study, germline SUFU PVs were 
known to be associated with a cancer 
predisposition syndrome predisposing to SHH- 
medulloblastoma during the first 3 years of 
life as well as cancers associated with Gorlin 
syndrome.

 ⇒ During the last years, >100 patients with a 
germline SUFU PV have been reported, but 
most often, these publications are case reports 
in which the SUFU PV was identified after the 
occurrence of cancer.

 ⇒ Due to the rarity of this clinical situation, little 
was known about tumour risks and outcome of 
patients in this condition.

WHAT THIS STUDY ADDS
 ⇒ Germline SUFU PV carriers have a life- long 
increased risk of tumours.

 ⇒ Data from this large series allow describing the 
oncological spectrum of SUFU PVs, dominated 
by medulloblastoma before the age of 5 years, 
gonadal tumors during adolescence and basal 
cell carcinoma and meningioma in adulthood.

 ⇒ We also aimed to evaluate cancer risk, but as 
most index patients have been identified after 
the occurrence of a malignancy, we analysed 
the cumulative risk of tumour in relatives only, 
after exclusion of the index cases in order to 
reduce bias.

 ⇒ We were able to confirm that the tumour 
penetrance (any type of tumour) is high, 
although incomplete reaching 44% at 50 
years.
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macrocephaly, frontal bossing, hypertelorism and has been 
described as a cancer predisposition syndrome.1 2 The tumour 
spectrum includes malignant tumours, mostly basal cell carci-
nomas (BCC) and medulloblastomas (MB), and benign tumours 
such as keratocystic odontogenic tumours, meningiomas, 
ovarian or cardiac fibromas.1 3–5 Most individuals affected by GS 
have a heterozygous germline pathogenic variant (PV) in Sonic 
Hedgehog pathway genes: Patched 1 (PTCH1)6 7 or Suppressor of 
fused (SUFU).8 9 A GS- like clinical presentation has been recently 
described in children with heterozygous germline GPR161 vari-
ants.10 The role of Patched 2 (PTCH2)11 12 in the pathogenesis of 
GS has also been suggested and questioned.13

Defining the incidence and spectrum of tumours in SUFU- 
associated GS is complicated due to the paucity of information 
collected so far. The association of germline SUFU PVs and 
nodular desmoplastic MB was described for the first time in 
2002 by Taylor et al.14 Since then, most information we have on 
germline SUFU mutation carriers comes from patients identified 
after the occurrence of a tumour, mainly MB. A few SUFU muta-
tion carriers have also been identified after the occurrence of a 
meningioma15 16 and cutaneous cancers.17 18 Additional informa-
tion comes from cohorts of patients presenting the clinical char-
acteristics of GS in whom 5% are identified with a SUFU PV.19 
In a large series of 1022 patients with MB analysed for germline 
variants,20 6% of the patients were found to carry a germline 
PV in a known cancer predisposition gene, including 11 patients 
(1.1%) with a germline SUFU PV and 9 patients (0.9%) with a 
germline PTCH1 PV, all with SHH- activated MB (SHH- MB).21 22 
The prevalence of germline SUFU or PTCH1 PVs in SHH- MB 
below the age of 3 years was 21%.20

In recent years, >100 patients with a germline SUFU PV have 
been reported,8 9 14 19 20 23–36 mainly as case reports; but data 
quantifying tumour risk and outcome of these patients remain 
scarce. The recent creation of the Host Genome Working Group 
(HGWG) in the European branch of the International Society of 
Pediatric Oncology (SIOPE) aimed at improving care for patients 
with paediatric cancer predisposition syndromes. The SIOPE- 
HGWG allowed us to set up a large international collaboration 
to increase the knowledge on this predisposition syndrome. The 
objective of this study was to describe the tumour spectrum and 
cancer risks specifically associated with germline SUFU PVs in 
order to provide recommendations to affected patients and their 
family members based on a comprehensive cohort.

PATIENTS AND METHODS
Inclusion criteria
This study includes only individuals with a germline PV in 
the SUFU gene referred to as SUFU PV carriers. We analysed 
the literature to collect all patients with a SUFU PV in articles 
published before 1 January 2021. We contacted the authors 
of these publications to obtain follow- up information. In 

addition, through the SIOPE- HGWG, we also collected data 
of unpublished patients from eight different countries.

Data collection
For all SUFU PV carriers, we collected data on tumours identi-
fied so far and vital status at the last follow- up. In each family, 
the first patient in whom the PV was identified was defined 
as the index patient, whether she/he had a tumour or not. All 
their family members, in whom the SUFU PV was identified 
after its identification in the index patient, were qualified as 
relatives. Data from French patients, currently collected in 
the French ‘Observatory of Genetic Cancer Predisposition 
Syndromes in Children and Adolescents’ (Observatoire des 
syndromes de prédisposition génétique au cancer des enfants 
et des adolescents, PREDCAP, IRB00003888) were merged 
with data obtained from each national group.

Statistics
Baseline values (ie, at diagnosis) were expressed as medians 
and ranges for continuous variables, and as numbers and 
percentages for categorical variables, and compared using the 
χ2 test. Overall survival (OS) rates were calculated using the 
Kaplan- Meier method. Overall survival time after MB was 
estimated from the date of diagnosis of the MB to death, 
whatever the cause, or the date of the last follow- up. The 
95% CI values for OS rates were estimated with the Rothman 
method. The Nelson and Aalen estimator37 was used to 
model the cumulative incidence curves in relatives carrying 
the SUFU PV. To study genotype- phenotype correlation, the 
impact of the type of the SUFU PV on the risk of MB was esti-
mated using the χ2 test, and p values <0.05 were considered 
statistically significant.

RESULTS
General characteristics
Overall, we identified 172 SUFU PV carriers (83 index 
patients and 89 relatives) from 83 families, including 127 
individuals previously reported.8 9 14 19 20 23–36 38 39 In most 
cases, the SUFU PV had been identified in patients with MB 
either through systematic screening for SUFU PV (in 74 index 
patients, 89%) or because of a familial history of MB (5 fami-
lies). Another tumour type was the presenting feature in only 
seven patients: BCC (one patient),28 BCC and meningioma 
(three patients),30 32 38 multiple meningiomas (one patient), a 
bilateral ovarian stromal tumour (one patient) and a pancre-
atic carcinoma (one patient).33 In two patients, the SUFU PV 
was identified in the exploration of a GS phenotype associ-
ated with developmental delay but without tumour.

Follow- up data were available for 160 patients. The median 
age at last follow- up for the whole cohort was 19.5 years 
(range 0.1–91). At least one tumour has been reported in 117 
individuals (68%) while 55 (32%) individuals (including two 
index patients) were defined as healthy PV carriers, that is, 
without tumour until their last follow- up (median 38.5 years, 
range 2–91). Healthy carriers were significantly older at last 
follow- up than affected patients (median 10 years, range 
0.1–85) (p=0.00015).

The age distribution (patient exposed to the risk) and 
status at the last follow- up are illustrated in figure 1A for 
160 patients with available data. At the last follow- up, 
137 patients were alive with a median age of 25.5 years 
(range 0.1–91), and 23 patients died at a median age of 
3.5 years (range 0.1–85). Overall, 1–5 malignant or benign 

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE 
AND/OR POLICY 

 ⇒ Thanks to this large international cooperation, we could 
describe the spectrum of tumours, the cumulative risk of 
cancer as well as the period of onset of each tumour type 
during life associated with a germline SUFU PV.

 ⇒ These information allow designing guidelines for PV carriers 
follow- up based on comprehensive data.
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tumours were diagnosed in 117 patients, 81/83 (97.5%) 
index patients and 36/89 (44.5%) relatives. The distribution 
of tumour types, number of patients and age at diagnosis 
are described in table 1, figure 1B and online supplemental 
figure 1. At least one second tumour was diagnosed in 33 
patients (28%).

Medulloblastoma
Overall, 86 patients (74 index patients and 12 relatives) were 
diagnosed with an MB in 76 distinct families. Multiple cases were 
diagnosed in six families (online supplemental table 1 and online 
supplemental figure 2). The MB was discovered during surveillance 
after presymptomatic screening for only one patient in this cohort.

Figure 1 Distribution of age of SUFU pathogenic variant carriers. (A) Number of patient exposed to the risk according to the age, (B) patient’s age at 
diagnosis of tumour onset depending on the type of tumour, (C) patient’s age at diagnosis of tumour onset, for medulloblastoma (MB) (C (a)), for the first 
basal cell carcinoma (BCC) (C (b)) and for the first meningioma (C (c)).
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MB occurred as a first tumour in all these patients, with a 
median age at diagnosis of 1.5 years (range 0.1–5.8). MB was 
diagnosed before the age of 3 in all patients 81/86 (94.2%) 
but five (5.8%) aged respectively 3.3, 3.4, 3.8, 4 and 5.8 years 
(figure 1C (a)). Molecular subgrouping and/or histopatholog-
ical subtype was available for 73/86 patients. All 35 patients 
with MB with molecular subgrouping belonged to the SHH 
subgroup. For 39 additional patients, histological subgrouping 
was concordant with SHH subgroup in 36/39 patients: nodular 
desmoplastic in 22 or extensive nodularity in 13. In three cases 
diagnosed before 2010 and with no histological review, the local 
pathologist reported a classic histology.

The median age at last follow- up was 6 years (range 0.1–37) in 
74 patients with MB with follow- up data. Overall, 58/74 (78%) 
children were alive (median follow- up since diagnosis: 6.0 years, 
range 0.2–36) with 23 patients older than 10 years at the last 
follow- up. Sixteen patients died due to progression of the MB 
in 15 (median time since diagnosis: 1.2 years, range 0–4.3) and 
because of acute myeloid leukaemia as a second malignancy at 
age 7.8 years in one. The 5- year OS was 76% (95% CI 64% to 
85%) (online supplemental figure 3).

A second tumour has been reported in 17 (out 71) patients 
after the occurrence of the MB, including 13/17 (76%) patients 
aged 10 years or more at the last follow- up. Among them, nine 
have received radiotherapy as part of the MB treatment (table 2).

Basal cell carcinomas
BCC was reported in 25 patients (11 index patients and 14 rela-
tives). The median age at diagnosis of the first BCC was 40 years 
(range 3–76) (figure 1C (b)). Only five patients were diagnosed 
with a BCC before the age of 20 years, all of them as a second 
malignancy. The number of BCCs is available for 18 patients 
(median age at last follow- up was 40.5 years). Half of them 
(aged 9–52 years at diagnosis of first BCC and 31–79 years at 
last follow- up) developed >20 BCC.

BCCs occurred as the first tumour in 16 patients, all occur-
ring after the age of 20 years (median age of 43 years, range 
22–76). Most patients (11/16) were identified through a system-
atic screening for SUFU PV in GS cohorts and have already been 
reported.8 19 28 30 32 All patients but eight developed at least one 
other tumour before (11 tumours in 9 patients, including 7 MBs, 
2 sarcomas, 1 ovarian tumour and 1 meningioma) or after BCC 
diagnosis (18 tumours in 15 patients). Among the 23 MB survi-
vors aged 10 years or more at the last follow- up, 6 patients (26%) 
developed a BCC with a median time between the diagnosis of 
MB and BCC of 16.8 years (range 7–26). Of those with available 
data, 5/5 patients were treated with radiotherapy (table 2).

Meningiomas
Twenty patients from 13 different families have been reported 
with a meningioma (13 index patients and 7 relatives); all were 
intracranial. They were described as a first, second, third and 
fourth tumour for four, nine, six and one patient(s). Menin-
giomas have been reported in members of a large family with 
several cases,27 in patients treated for MB or in their relatives, or 
in patients with clinical features suggestive of GS. Seven patients 
developed multiple meningiomas, including the five familial 
cases reported in 2012.27 The median age at diagnosis of the first 
meningioma was 44 years (range 13–77) (figure 1C (c)). Eight 
patients had a meningioma before the age of 35 years (median 
age of 24.5 years, range 13–35), occurring after radiotherapy for 
an MB in the 6/7 patients with data on MB treatment (table 2). 
Only one patient developed a meningioma 12 years after the 
occurrence of an MB treated without radiotherapy.

Gonadal and other tumours
Eleven patients (seven index patients and four relatives) were 
diagnosed with a gonadal tumour, which occurred as a first 
tumour in four cases. Ten tumours were classified as a sexual cord 
or stromal tumours: five ovarian fibromas, four ovarian stromal 
tumours and one tumour diagnosed as an ovarian fibrosarcoma 
(sexual cord tumour with clear evidence of a fibrothecoma with 
malignant features). One bilateral immature teratoma27 and one 
bilateral leiomyosarcoma39 were previously reported. One rela-
tive was reported with a testicular fibrosarcoma at the age of 10 
years. Overall, bilateral ovarian tumours were observed in six 
patients. These gonadal tumours mostly occurred at paediatric 
age, with a median age at diagnosis of 14 years (range 5–34). 
The four ovarian stromal tumours, which occurred in three girls, 
were bilateral in all the cases, synchronous for two of them and 
subsequent for the last patient. In cases where treatment data 
were available, surgery was performed in all, associated with 
chemotherapy in two.

Several other tumours were reported, as shown in table 1. No 
cardiac fibromas were observed.

Risk of tumours in relatives
SUFU PV inheritance could be tested in 41 of 83 families. The 
PV was de novo in 11 patients (27%) and inherited in 30/41 

Table 1 Description of the distribution of the different tumour types 
in the cohort 

Tumour type
Number of 
patients

Age at diagnosis 
(years) (median/
range)

Medullobastoma 86 1.5 (0.1–5)

BCC* 25 40 (3–76)

Meningioma* 20 44 (13–77)

Gonadal tumours 11 14 (5–34)

 ► Ovarian fibroma (n=4, including one patient 
with two successive asynchronous fibromas)

 ► Bilateral ovarian stromal tumour (n=3, 
including one patient with successive 
asynchronous tumours)

 ► Fibrosarcoma (n=1, ovarian; n=1, testicular)

 ► Bilateral immature teratoma (n=1)27

 ► Bilateral leiomyosarcoma (n=1)39

Other tumours

Sarcoma 2 46, 47, 47, 53

Carcinoma (n=10)

 ► Breast carcinoma 3 37, 71, 77

 ► Thyroid carcinoma 2 7, 20

 ► Squamous cell carcinoma 2 >50

 ► Pancreatic carcinoma33 1 NA

 ► Bladder carcinoma 1 73

 ► Renal cell carcinoma 1 79

Skin hamartoma 3 2, 9, 55

Acute myeloid leukaemia 1 8

Pilocytic astrocytoma 1 20

Myeloma 1 79

Benign ileum myoma 1 42

Thoracic macrocystic lymphangioma 1 At birth

*Age at diagnosis of first BCC/meningioma.
BCC, basal cell carcinoma; NA, not available.
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families (73%). In these 30 families, 119 mutation carriers have 
been identified: 30 index and 89 relatives. We could analyse the 
occurrence of tumours in 89 relatives in whom the median age 
at last follow- up was 40.5 years (range 0.1–91). A total of 53 
individuals (60%) were alive without a tumour at a median age 
of 37 years (range 1–91), and 36 patients (40%) developed a 
total of 55 tumours, some of them after the age of 50 years. 
The median age at the occurrence of the first tumour was 34 
years. The cumulative incidence of any tumour at the age of 5, 
20 and 50 years was, respectively, 14.4% (95% CI 6.8 to 21.4), 
18.2% (95% CI 9.7 to 25.9) and 44.1% (95% CI 29.7 to 55.5) 
(figure 2A). The cumulative incidence of MB was 13.3% (95% 
CI 6 to 20.1) at 5 years and remained stable afterwards. The 
cumulative incidence of gonadal tumours was 2.8% (95% CI 0 
to 6.6) and 4.6% (95% CI 0 to 9.7) at 20 and 50 years, respec-
tively. The cumulative incidence of BCC and meningioma at 50 
years was 28.5% (95% CI 13.4 to 40.9) and 5.2% (95% CI 0 to 
12) (figure 2B).

Germline SUFU PV analysis
Overall, 64 different germline SUFU PVs were identified in 83 
families, reported across the entire SUFU gene (figure 3). Nine 
different variants were identified in 28 families (online supple-
mental table 3). We identified 24 frameshift variants (37%), 9 

nonsense variants (14%), 5 missense variants (8%), 19 splice site 
variants (30%) and 7 different structural variations involving 
either the complete SUFU gene, several exons or just one exon 
(11%). Nucleotide position 71 in the first exon (3 deletions of 
the cytosine and 5 duplications at that position) was found to be 
mutated in 8 families and the c.1022+1G>A variant which has 
been shown to result in the skipping of exon 814 was the splice 
PV the most frequently reported (in 7 families). Three patients 
with a severe intellectual disability have large structural vari-
ants that could be associated with a contiguous gene syndrome. 
There was not a significantly higher risk of MB according to the 
type of variation, the expected protein effects (structural varia-
tions, nonsense and frameshift PVs vs missense and splice PVs) 
(p=0.8728, χ2 test) or the involvement of the PV in the DNA 
binding domain of the SUFU gene (p=0.0827, χ2 test) (online 
supplemental table 4).

DISCUSSION
Analysing together data from 48 unpublished patients and all 
cases previously reported allowed us to constitute a large series 
of germline SUFU PV carriers in which we could analyse tumour 
occurrence. In such a rare situation where presymptomatic testing 
is not proposed as a routine procedure, a precise evaluation of 
tumour risk cannot be performed. As most index patients in this 

Table 2 Patients with secondary tumours after diagnosis of MB

Study
Status and age range at 
last follow- up

Age range at MB onset 
(histological type if available) RT Secondary malignancies Other tumour(s)

Number 
of BCC

Smith et al8

Evans et al19
Alive (30 s) Infant

(desmoplastic)
Yes BCC Meningioma

Pilocytic astrocytoma
65

Smith et al8

Evans et al19

Alive (30 s) Infant
(desmoplastic)

Yes BCC Meningioma 3

Smith et al8

Evans et al19
Alive (20 s) Infant

(desmoplastic)
Yes BCC Unilateral ovarian 

fibroma
11

Taylor et al14

Ng et al23
Alive
(20 s)

NA
(desmoplastic)

Yes Meningioma   None

Kijima et al26 Alive (30 s) Infant NA BCC Meningioma NA

Mann et al28 Dead (childhood) Infant
(desmoplastic)

NA BCC infundibulocystic   NA

Mann et al28 Dead (infant) Infant NA Skin hamartoma   None

Guerrini- Rousseau et al31 Alive (10 s) Infant
(MBEN)

No Stromal ovarian tumour Meningioma None

Guerrini- Rousseau et al31 Dead (childhood) Infant
(MBEN)

Yes (PF only) AML   None

Guerrini- Rousseau et al31 Alive (10 s) Infant
(MBEN)

No Thyroid carcinoma   None

Guerrini- Rousseau et al31 Alive (30 s) Infant
(classic)

Yes (CSI) BCC Meningioma >20

Guerrini- Rousseau et al31 Alive (10 s) Infant
(desmoplastic)

No Hamartoma   None

Ogden et al39 Alive (30 s) Infant Yes (CSI) Bilateral ovarian 
leiomyosarcoma

BCC
Meningioma

>100

Present report Alive (20 s) Infant No Bilateral ovarian stromal 
tumour

  None

Present report Alive
(childhood)

Infant
(desmoplastic)

No Ovarian fibroma Controlateral ovarian 
fibroma

None

Present report Alive (10 s) Infant Yes (CSI) Meningioma Meningioma None

Present report Alive (20 s) Infant
(MBEN)

Yes (CSI) Meningioma Ovarian fibrosarcoma
Thyroid carcinoma

None

Age range at last follow- up (2.2–37 years), age range at MB onset (0.5–2.5 years), age range at diagnosis of the other tumours (7–35 years)
AML, acute myeloid leukaemia; BCC, basal cell carcinoma; CSI, craniospinal radiotherapy; MB, medulloblastoma; MBEN, medulloblastoma with extensive nodularity; NA, not 
available; PF, posterior fossa; RT, radiotherapy.

copyright.
 on N

ovem
ber 25, 2022 at U

niversitaetsbibliothek B
ern. P

rotected by
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

edgenet-2021-108385 on 29 June 2022. D
ow

nloaded from
 

https://dx.doi.org/10.1136/jmedgenet-2021-108385
https://dx.doi.org/10.1136/jmedgenet-2021-108385
https://dx.doi.org/10.1136/jmedgenet-2021-108385
https://dx.doi.org/10.1136/jmedgenet-2021-108385
http://jmg.bmj.com/


1128 Guerrini- Rousseau L, et al. J Med Genet 2022;59:1123–1132. doi:10.1136/jmedgenet-2021-108385

Cancer genetics

series have been identified after the occurrence of a malignancy, 
the evaluation of tumour risk on the entire population overes-
timates the risk. In order to reduce this ascertainment bias, we 
analysed the risk of tumour in relatives only after excluding the 
index cases. Nevertheless, a residual ascertainment bias related 
to the selection of relatives from families characterised by the 
presence of an affected case cannot be excluded. However, data 
from this series allow describing the oncological spectrum and 
risk associated with germline SUFU PV and the period of onset 
of each tumour type during life, which is the most important 
information for designing guidelines for PV carriers follow- up.

We confirmed that the tumour penetrance is high, although 
incomplete reaching 44% at 50 years. It cannot be compared 

with PTCH1 PV carriers since such an evaluation of cancer inci-
dence in relatives is not available in this population. The overall 
tumour risk in the entire population, including index patients, 
reaches 68%. This is in the range of the risk described in PTCH1- 
associated GS, where tumour risk has been estimated around 
55%–60%.19 In addition, we could confirm that the spectrum of 
SUFU- associated GS differs from PTCH1- associated GS as previ-
ously suggested in smaller studies.19 31

The most frequent tumour is MB. It affects 89% of index 
patients. This rate is clearly higher than in patients carrying a 
germline PTCH1 PV in whom MB incidence has been reported 
to be 2%.19 The cumulative incidence of MB in relatives reaches 
13.3%. This risk may be slightly overestimated since several 

Figure 2 Estimated cumulative incidence curves of tumours, among relatives carrying a SUFU pathogenic variant, according to the Nelson- Aalen 
estimator, with 95% CIs represented as dotted lines. (A) For all tumours. (B) For each main tumour type: medulloblastoma, basal cellcarcinoma, meningioma 
and genital tumour.
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families were tested after the occurrence of MB in siblings but 
is lower than previously estimated.19 25 As previously reported, 
all MBs were classified in the SHH subgroup20 34 and most of 
them with desmoplastic/nodular histology.25 We confirmed that 
the occurrence of MB was mainly limited to the first 3 years of 
life, with only 5/86 patients (5.8%) occurring after age 3 years 
but before 6 years.

Gonadal tumours mostly occur in children and teenagers 
with a median age at diagnosis of 14 years (range 5–34). In the 
Manchester cohort, systematic ultrasound in individuals with GS 
led to the detection of an ovarian tumour in 3/7 females (43%) 
with germline SUFU PV, compared with 4/68 females (5.9%) 
with PTCH1 PV.19 In the present series, the cumulative incidence 
of ovarian tumours has been estimated at around 10% at 50 
years in females (4.6% in the entire population). The occurrence 
of malignant stromal tumours, which have not been reported yet 
in PTCH1- related GS where only fibromas have been reported, 
has to be underlined.

The cumulative incidence of meningioma at 50 years is about 
5%. Nevertheless, meningioma seems to be more frequent in 
SUFU PV carriers (11%) than in the Manchester cohort of 126 
patients with GS associated with PTCH1 germline PVs in whom 
the incidence of meningiomas was <2%.19 In contrast, the risk 
of BCC for SUFU PV carriers is clearly lower than for those with 
a PTCH1 PV with only 11/31 (35%) SUFU patients >50 years 
affected with BCC. The cumulative incidence is 28.5% at 50 
years of age in this series compared with 76.5%–80% at 50 years 

in PTCH1 PV carriers.3 The occurrence of BCC or meningioma 
in germline SUFU PV carriers seems to be similar with a double 
peak occurrence of onset. As a first oncological event, apart from 
any previous treatment by radiotherapy or chemotherapy, the 
onset of these tumours seems to occur in a few patients (about 
5%), mainly in adults around 40 years. In children treated for 
MB and exposed to chemotherapy and/or radiotherapy, the risk 
of BCC and meningioma is higher, and the onset is earlier (before 
the age of 30 years). It is noteworthy that neither odontogenic 
keratocysts nor cardiac fibromas occurred in the present series, 
with both tumours being hallmarks of PTCH1- associated GS.19

The risk of multiple tumours in SUFU PV carriers is clearly 
high, affecting 28% (33/117) of patients who developed a first 
tumour. The risk of second neoplasms, especially BCC and 
meningioma, after treatment of an MB can only be assessed for 
the first years following treatment since the follow- up is still 
short in most patients. However, since 12/23 (52%) patients 
aged >10 years at last follow- up after MB diagnosis have devel-
oped at least one secondary malignancy, this risk is clearly much 
higher than in an unselected series of MB in which a rate of 
secondary primary tumours of 3.1% at 10 years has been 
reported.40 This high incidence warrants specific guidelines for 
the follow- up of these patients.41 It is noteworthy that one- third 
of meningioma reported in this study occurred in patients previ-
ously treated with cranial radiotherapy for an MB. The 5- year 
OS of patients treated for an MB was 76% and is in the range 
of survival rates described in a large series of young children 

Figure 3 Representation of all the pathogenic or likely pathogenic variants described on the SUFU gene.
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either with nodular desmoplastic MB (5- year OS=89% and 
81% for M0 and M+ patients, respectively)42 or SHH- MB in 
infants (5- year OS=62%).43 With the relatively short follow- up 
of the patients with MB in this cohort, most of the secondary 
tumours observed were not life- threatening. Except for one 
case, death was always linked to MB progression. Given the inci-
dence of germline mutations in young patients with MB20 and 
the consequences of the presence of a germline variant on care 
and follow- up, genetic testing for SUFU and PTCH1 is of para-
mount importance in all children with SHH- MB before the age 
of 5 years. The best therapeutic strategy aiming to keep this high 
survival rate while sparing patients of the risk of second malig-
nancy has to be evaluated. Upfront radiation sparing approaches 
could be justified given the expected high cure rate of SHH- MB 
in infants even in the absence of radiation.42 The high risk of a 
secondary tumour in SUFU PV carriers treated for MB warrants 
early detection of BCC and meningioma, even in the absence 
of irradiation. Presymptomatic testing should be offered to the 
relatives during family genetic counselling to allow appropriate 
tumour surveillance.41

Because of this new insight into the SUFU- related cancer spec-
trum and risks requiring specific management, we think the clin-
ical condition associated with SUFU PVs should be described as 
a specific syndrome requiring specific management. In contrast, 
the term ‘GS’ should be restricted to clinical manifestation asso-
ciated with PTCH1 PVs, acknowledging that these syndromes 
overlap. Testing for a germline SUFU mutations should be 
proposed in all patients presenting with a tumour belonging to 
SUFU spectrum (SHH- MB, BCC, meningioma, ovarian stromal 
or fibrous tumour) and for whom genetic predisposition is 
suspected because of young age at diagnosis, a familial history 
of cancer of multiple tumours. Recommendations for cancer 
surveillance in GS already published,4 44 were recently adapted 
by the European Host Genome Working Group to the genetic 
background (PTCH1 or SUFU PV) with the support of data 
presented here41 (table 3). As the risk of MB is 13.3% at the age 
of 5 years, early postnatal testing for a SUFU PV can be offered 
because the result of the analysis will have a major impact on the 
surveillance of children with SUFU PV in the first years of life.

This large study also described molecular data of germline 
SUFU PVs and highlighted a certain level of recurrence for some 

variants. Apart from structural variants that could be associated 
with a contiguous gene syndrome, no significant genotype- 
phenotype associations could be identified.

In conclusion, germline SUFU PV carriers have a life- long 
increased risk of tumours with a spectrum dominated by medul-
loblastoma before the age of 5 years, gonadal tumours during 
adolescence and BCC and meningioma in adulthood, justifying 
fine- tuned surveillance programmes, and the identification of 
healthy mutation carriers among relatives.
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Table 3 Screening recommendations for patients with SUFU 
germline pathogenic variations

Tumours
Methods for 
screening

Surveillance recommendations in 
carriers of germline SUFU variants 
(periodicity, age to start and to 
end)

BCC Dermatological 
examination

Annually
 ► beginning at age 20 years

   ► earlier if previous radiotherapy

Medulloblastoma Brain MRI without 
contrast agent except 
for the first MRI

Every 3–4 months during the first 3 
years then every 6 months until 5 
years

Meningioma Brain MRI Every 3–5 years
 ► beginning at age 30 years for 

patients with no previous MB

   ► after healing of the MB in other 
patients

Ovarian tumour Pelvic ultrasound Every 3 years, beginning at age 5 years

Cardiac fibroma Echocardiogram At the time of diagnosis of GS, ideally 
in the first 6 months of life

BCC, basal cell carcinoma; GS, Gorlin syndrome; MB, medulloblastoma.
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Figure S2

Figure S2. Genealogical table of one family with an history of 5 children (III-2, III-20, IV-3, IV-10 and IV-11) 
with a documented germline SUFU PV affected with a proven medulloblastoma (Family 3)

Legend: Girls affected with medulloblastoma (probable or proven) are shown with filled circles. 
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Figure S3

Figure S3. Overall survival after a medulloblastoma of children with germline SUFU PV (n=72).
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Table S1

Family c. mutation type
Index patient or 

relative
MB subgroup Age at diagnosis (years)

Family 1 c.37_53dup Index patient MB,SHH 0.4

Relative (sibling) MB (NA) NA

Family 2* c.756+1G>A Relative (sibling) ND MB 0.6

Relative (sibling) MB (NA) 0.5

Family 3 c.71dup Index patient MBEN 0.9

Relative (cousin) ND MB 2.9

Relative (cousin) ND MB 1.7

Relative (aunt) MB (NA) 0.6

Relative (cousin) MB (NA) 1.2

Family 4 c.71del Index patient MBEN 0.3

Relative (sibling) MBEN 0.1

Family 5 c.567_571delinsT Index patient MBEN 2.2

Relative (sibling) Classic MB 2.5

Relative (sibling) Classic MB 1.5

Family 6 c.201delC Index patient MB (NA) 2.8

Relative (cousin) MB (NA) 0.9

Table S1. Family history with multiple children with a germline SUFU PV affected with medulloblastoma

in the same family

* Index patient affected with BCC (28) 
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Table S2
Table S2. Description of the various SUFU PVs identified in the cohort (NM_016169.4)

publication mutation c mutation p Mutation type Recurrence in n families

(9,24,31, 34) (5 families) and present report (2 

families)
c.1022+1G>A p.? Splicing 7 families

(31,35) (2 families) and present report (3 

families)
c.71dup p.(Ala25Glyfs*23) Frameshift 5 families

(20,31) (3 families) c.71del p.(Pro24Argfs*72) Frameshift 3 families

(14,29) and present report c.1-?_1455+?del del exon 1-12 Structural variation 3 families

(8,19, 31) c.318-?_1455+?del del exon 3-12 Structural variation 2 families

(8,19,26) c.550C>T p.(Gln184*) Nonsense 2 families

(20) and present report c.436C>T p.(Arg146*) Nonsense 2 families

(20) and present report c.455-1G>A p.? Splicing 2 families

(20) and present report c.895C>T p.(Arg299*) Nonsense 2 families

(8,19) c.544G>T p.(Asp182Tyr) Missense 1 family

(20) c.1077del p.(Glu359Aspfs*2) Frameshift 1 family

(20) c.37_53del p.(Thr13Trpfs*29) Frameshift 1 family

(20) c.37_53dup p.(Gly19Profs*83) Frameshift 1 family

(20) c.642G>A p.(Trp214*) Nonsense 1 family

(20) c.684-2A>G p.? Splicing 1 family

(20) c.749dup p.(His250Glnfs*7) Frameshift 1 family

(20) c.925del p.(Arg309Glyfs*4) Frameshift 1 family

(14,23) c.143dup p.(Pro49Alafs*24) Frameshift 1 family

(14,23) c.183-1G>T p.? Splicing 1 family

(24) c.846dup p.(Glu283Argfs*3) Frameshift 1 family

(27) c.367C>T p.(Arg123Cys) Missense 1 family

(28) c.756+1G>A p.? Splicing 1 family

(30) c.757-2A>G p.? Splicing 1 family

(31) c.1023-?_1455+?del del exon 9-12 Structural variation 1 family

(31) c.1096_1117delinsGAA p.(Leu366Glufs*14) Frameshift 1 family

(31) c.1123C>T p.(Gln375*) Nonsense 1 family

(31) c.1149_1150dup p.(Cys384Serfs*3) Frameshift 1 family

(31) c.1297-1G>C p.? Splicing 1 family

(31) c.182+3A>T p.? Splicing 1 family

(31) c.294_295dup p.(Tyr99Serfs*23) Frameshift 1 family

(31) c.318-?_454+?dup dup exon 3 Structural variation 1 family

(31) c.318-10del p.? Splicing 1 family

(31) c.422T>G p.(Met141Arg) Missense 1 family

(31) c.567_571delinsT p.(Gln189Hisfs*5) Frameshift 1 family

(32) c.954del p.(Asn319Thrfs∗42) Frameshift 1 family

(33) c.223del p.(Arg75Glyfs*21) Frameshift 1 family

(34) c.1023-1G>A p.? Splicing 1 family

(34) c.171dup p.(Val58Argfs*15) Frameshift 1 family

(34) c.528_529insT p.(Met177Tyrfs*30) Frameshift 1 family

(34) c.684-9_687del p.? Splicing 1 family

(34) c.916G>T p.(Glu306*) Nonsense 1 family

(36) c.1272del p.(Tyr424*) Nonsense 1 family

(38) c.1365+2T>A p.Ile433_Glu455del Splicing 1 family

(39) c.597+1dupG p.? Splicing 1 family

Present report c.1022+1G>T p.? Splicing 1 family

Present report c.1158-2A>G p.? Splicing 1 family

Present report c.1236_1237del p.(Val413Glyfs*7) Frameshift 1 family

Present report c.1297-?_1455+?del del exon 11-12 Structural variation 1 family

Present report c.1366-?_1455+?del del exon 12 Structural variation 1 family

Present report c.1390T>C p.(Trp464Arg) Missense 1 family

Present report c.17del p.(Pro6fs*89) Frameshift 1 family

Present report c.182+1G>C p.? Splicing 1 family

Present report c.183G>A p.(Trp61*) Nonsense 1 family

Present report c.201del p.(Leu68Trpfs*28) Frameshift 1 family

Present report c.293T>G p.(Leu98Arg) Missense 1 family

Present report c.326del p.(Gly109Glufs*12) Frameshift 1 family

Present report c.455-?_1455+?del del exon 4-12 Structural variation 1 family

Present report c.582dup p.(Val195Serfs*12) Frameshift 1 family

Present report c.597+1G>A p.? Splicing 1 family

Present report c.756+2dup p.? Splicing 1 family

Present report c.756+2T>C p.? Splicing 1 family

Present report c.846del p.(Glu283Argfs*30) Frameshift 1 family

Present report c.856G>T p.(Glu286*) Nonsense 1 family

Present report c.917_918del p.(Glu306Alafs*44) Frameshift 1 family
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Table S3

Table S3. Risk of medulloblastoma according to the SUFU PV. Chi-quare test depending on the type of  
variation or the expected protein effects of the SUFU gene

p-values <0.05 were considered statistically significant

PVs : pathogenic variants

p 

Frameshift (n=84) versus other (n=88) 0.169796

Missense (n=14) versus other (n=158) 0.163241

Nonsense (n=14) versus other (n=158) 0.050943

Splice (n=46) versus other (n=126) 0.605297

Structural variation (n=14) versus other (n=158) 0.402844

Structural variation, nonsense or frameshift PVs (n=112) versus missense or 

splicing PVs (n=60) 0.872893
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