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	❚ Highlights
	■ This is the largest cohort of individuals with NF1 
investigated through whole-genome sequencing.

	■ Molecular data contributed to the representation of the 
Brazilian population in genomic research.

	■ Novel variants in the NF1 gene have been described, 
including c.3372del, c.7299del, and c.7457_7457+2del.

	■ The first report of spinocerebellar ataxia type 19 in Brazil is 
also presented.
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	❚ ABSTRACT
Objective: To describe clinical and molecular aspects of a cohort of Brazilian individuals with 
neurofibromatosis type 1, a neurocutaneous disorder associated with a predisposition to tumors 
and inter- and intrafamilial variable expressivity. Methods: We conducted a retrospective study 
of 50 patients from 30 unrelated families, with features of Neurofibromatosis type 1, who 
underwent clinical evaluation and whole genome sequencing. Results: Patient ages ranged from 
9 months to 62 years (mean 21.7 years). The most frequent manifestations were café-au-lait 
(100%), lentiginous macules (94%), Lisch nodules (62%), cutaneous (62%), and plexiform 
(38%) neurofibromas. Other findings included neurodevelopmental disorders (14%), congenital 
pseudarthrosis of the tibia (4%), optic pathway glioma (4%), and sphenoid wing dysplasia (2%). 
Eight individuals presented with tumors other than neurofibromas, including two with malignant 
peripheral nerve sheath tumors, two with breast cancer, and one each with a dysembryoplastic 
neuroepithelial tumor, cholangiocarcinoma, pilocytic astrocytoma, and basal cell carcinoma. All 
probands, except one, tested positive for pathogenic or likely pathogenic variants, of which three 
(11.1%) were novel (c.3372del, c.7299del, and c.7457_7457+2del), three were recurrent within 
this series (c.3826C>T, c.5902C>T, and c.6855C>A), and the others were private. Two families 
(6.6%) presented incidental findings, one in BRCA1 and the other in TMEM127. Three individuals 
(6.5%) had a second molecular diagnosis: one each with spinocerebellar ataxia type 19, primary 
ciliary dyskinesia type 3, and XYY syndrome. Conclusion: This study presents the largest cohort 
of Brazilian individuals with neurofibromatosis type 1 to utilize whole-genome sequencing, 
identifying three novel germline NF1 variants and two previously unreported double diagnoses.

Keywords: Neurofibromatosis 1; Neurofibromatosis-noonan; Whole genome sequencing; Optical 
genome mapping; Incidental findings; Double diagnosis; DNAH5; KCND3

	❚ INTRODUCTION
Neurofibromatosis type 1 (NF1; OMIM #162200) is a neurocutaneous disorder 
with autosomal dominant inheritance caused by germline mutations in the NF1 
gene on chromosome 17q11.2. It is associated with a somatic event (“second hit”) 
leading to a loss of heterozygosity, a molecular physiopathological event at the 
cellular level.(1,2) As part of the RAS/MAPK pathway, the NF1 gene encodes 
neurofibromin, a large GTPase-activating protein that negatively regulates 
Ras signaling. Loss of neurofibromin expression, commonly observed in NF1-
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associated tumors, results in elevated levels of active 
Ras, leading to enhanced cell growth and survival 
through hyperactivation of the Ras pathway.(3) Its 
large size may explain why NF1 has one of the highest 
known mutation rates among humans, leading to a 
disease frequency of approximately 1 in 2,000-3,500 
individuals, with approximately 50% of cases resulting 
from de novo events. (4,5)

Neurofibromatosis type 1 is the most common 
genetic disease with a predisposition to malignancies(3,6) 
and one of the most well-recognized genetic disorders, 
documented in pre-modern medicine even before its 
official description as a clinical entity at the end of the 
19th century. (7)

The nomenclature and diagnostic criteria have 
been standardized since 1987, and the most recent 
consensus was reached in 2021. NF1 is characterized 
by a combination of pigmentary cutaneous changes, 
mostly multiple café-au-lait macules (CALMs) and 
lentiginous macules (LMs) in non-sun-exposed areas; 
ocular manifestations, such as iris hamartomas (Lisch 
nodules, LNs) and choroidal abnormalities; and 
skeletal defects, including sphenoid wing dysplasia, 
anterolateral bowing or congenital pseudarthrosis of 
the tibia (CPT), or pseudarthrosis of another long 
bone. In addition, there is a predisposition to tumors, 
the most common of which are neurofibromas, 
including cutaneous (cNF) or plexiform (pNF), optic 
pathway gliomas, malignant peripheral nerve sheath 
tumors (MPNST), breast cancer, and brain tumors.(1,8) 
It presents complete penetrance after adolescence 
and highly variable expressivity, even within affected 
members of the same family, and nearly all features 
are age-dependent. Thus, in nonfamilial cases, clinical 
diagnosis can be challenging at a young age if only 
isolated CALMs are present.(2, 4, 9, 10)

Diagnosis can also be established by detecting a 
heterozygous pathogenic NF1 variant with an allele 
fraction of 50% in apparently normal tissues, such 
as white blood cells.(1) Traditional next-generation 
sequencing techniques can identify causative variants 
in 95-97% of cases. Except for low-sensitivity technical 
failures with low coverage, the remaining clinically 
diagnosed individuals may present with mosaicism 
or structural chromosomal rearrangements that 
interrupt the NF1 sequence, including translocations 
(particularly the recurrent 17;22) or complex intragenic 
recombinations. In such cases, optical genome mapping 
(OGM) is an alternative to molecular investigations. (2)

The Brazilian Rare Genomes Project (BRGP) 
is a public/private initiative that incorporates whole-
genome sequencing (WGS) to enhance the diagnosis of 

rare genetic diseases and to integrate genomic precision 
medicine into the Brazilian public healthcare system. 
Early adoption of WGS for the investigation of rare 
diseases can be beneficial, as it shortens the diagnostic 
odyssey and yields a diagnostic rate higher than that 
of other next-generation techniques such as whole 
exome and targeted or panel sequencing. Moreover, 
WGS enables the detection of mitochondrial, copy 
number, and structural variants, as well as the analysis 
of non-coding regions. In some cases, depending on 
the reading technology, expansion repeat variants may 
also be detected. Thus, this reduces the time and cost 
associated with multiple sequential genetic tests and 
provides a cost-effective genomic testing strategy.(11) 
The BRGP conducts molecular diagnoses using WGS 
for patients with rare diseases or hereditary cancer who 
are undergoing clinical investigation and/or follow-up 
at 21 of the 32 Reference Centers for Rare Diseases 
nationwide.

	❚ OBJECTIVE
This study aimed to contribute to the understanding of 
neurofibromatosis in Brazil by providing clinical and 
molecular data, ultimately enhancing knowledge of 
the disorder’s genotypic and phenotypic variations in 
the Brazilian population.

	❚METHODS
This retrospective case series included individuals 
diagnosed with NF1 at a clinical genetics service 
within a Reference Center for Rare Diseases 
participating in the BRGP. The study population 
comprised probands who underwent WGS and their 
family members. Collected data encompassed sex, 
age at the first hospital appointment, clinical features, 
complementary findings, family history, and molecular 
results. This study was approved by the institutional 
ethics committee, and all participants provided 
informed consent prior to data and blood sample 
collection.

Molecular analyses were performed according to 
the BRGP protocol. The WGS workflow consisted of 
three major steps: wet laboratory sample processing, 
bioinformatics analyses for variant calling and 
annotation, and correlation of clinical and molecular 
findings, resulting in a medical report. Detailed 
technical information on every step can be obtained 
from Coelho et al.(11) In summary, DNA was extracted 
from whole blood samples using the QIAsymphony 
DNA Mini Kit on the QIAsymphony automated system 
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(both Qiagen, Valencia, CA, USA) and subjected to 
WGS on an Illumina platform. Data were processed 
to detect sequence variants, copy number variations, 
and structural variants in accordance with the best 
practices for the bioinformatics pipeline. Quality 
metrics included a minimum coverage of 20× and 
at least 90% coverage at depths above 15×. The 
reference genome used was GRCh38/hg38.(11) Variants’ 
nomenclature and classification followed the ACMG 
recommendations(12,13) with refinements proposed 
by the standards for constitutional sequence variant 
classification, adapted to the specific characteristics 
of the Brazilian population.(14) These analyses were 
performed using the VarStation platform version 3.0. 
The results were compared with available data from 
the PubMed and SciELO databases. Variants were 
considered novel when they were absent from the 
literature, ClinVar, LOVD, ABRAOM, 3Billion, and 
HGMD databases.

Optical genome mapping was performed on 
DNA extracted from peripheral blood samples at the 
Uniscience Molecular Laboratory, São Paulo, Brazil. 
High-molecular-weight DNA was extracted using the 
Bionano Prep Blood and Cell Culture DNA Isolation 
kit, according to the manufacturer’s instructions. 
Briefly, high-molecular-weight DNA was labeled 
using the Bionano Prep direct label and stain (DLS) 
method and loaded into a flow cell for analysis using 
the Saphyr Optical Mapping system. The raw molecule 
data obtained via optical mapping were analyzed using 
a bioinformatics pipeline to remove molecules of less 
than 150 kb and fewer than nine motifs per molecule 
for de novo genome assembly. Finally, these data were 
aligned to an in silico reference genome (GRCh38) 
using the Bionano Solve v3.5 RefAligner module. 
Structural variants were identified by comparing the 
genome with the reference genome using a customized 
Bionano SV caller. The results were analyzed using the 
GRCh38 reference genome and the Bionano Access 
software program v1.5.1.

Institutional review board statement
This study was conducted in accordance with 
the Declaration of Helsinki and approved by the 
Institutional Ethics Committee Board (Universidade 
Estadual de Campinas) CAAE: 29567220.4.2005.5404; 
4.495.622.

Informed consent statement
All patients or their parents/guardians were informed 
prior to data collection, and written informed consent 

was obtained for the publication of their medical cases 
and accompanying images.

	❚ RESULTS
Between April 2004 and December 2021, 134 patients 
were clinically diagnosed with NF1 at the Clinical 
Genetics Service of the Universidade Estadual de 
Campinas Teaching Hospital. For this study, only 
individuals undergoing periodic follow-up between 2021 
and 2023 were invited to join the BRGP recruitment 
phase. Following the invitation and consent procedures, 
30 probands and their relatives agreed to participate 
and signed the consent form, forming a cohort subset 
of 50 individuals from 30 unrelated families (sex ratio 
of 20 males to 30 females). The age at first hospital 
appointment ranged from 9 months to 62 years (mean: 
21.7, median: 17 years). The primary reasons for referral 
to a clinical geneticist were to confirm NF1 suspicion or 
provide specialized follow-up when the diagnosis had 
already been established. Family history was positive 
in 11/30 (36.6%) probands, negative in 18/30 (60%), 
and unavailable in 1 case (3.3%). Family 2 presented 
with a biparental history (Figure 1). Consanguinity 
was identified in one proband (Patient 29), born to a 
second-cousin-once-removed couple.

In the general cohort, CALMs were present in 
50/50 (100%) individuals, LMs in 47/50 (94%), cNF in 
31/50 (62%), and pNF in 19/50 (38%). Among those 
who underwent targeted examinations, LNs were 
identified in 31/44 (62%). Optic pathway gliomas were 
found in two individuals (4%), sphenoid wing dysplasia 
in one (Patient 25-Mother, Figure 2), and congenital 
pseudarthrosis of the tibia in two (4%). Beyond 
these core findings, neurodevelopmental disorders 
(NDD), including attention deficit hyperactivity 
disorder, learning disability, and/or developmental 
delay, were present in seven individuals (14%). 
Atypical symptoms occurred in two cases: Patient 9, 
who developed progressive cerebellar ataxia at age 47 
years (characterized by gait abnormalities, dysarthria, 
dysphagia, and cerebellar atrophy), whereas Patient 
30 presented with situs inversus totalis and recurrent 
bronchopulmonary infections. Clinical findings for  
all 50 individuals are summarized in Table 1S, 
Supplementary Material.

Eight individuals presented with tumors other than 
cNF or pNF, including one case each of dysembryoplastic 
neuroepithelial tumor (Patient 3), cholangiocarcinoma 
(Patient 5-M), unilateral invasive ductal carcinoma 
(Patient 9), MPNST of the right thigh (Patient 10-M), 
basal cell carcinoma (Patient 11-M), estrogen/
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progesterone receptor-positive invasive carcinoma 
(Patient 16), MPNST of the dorsum (Patient 18), and 
pilocytic astrocytoma (Patient 26).

Regarding molecular results, individual 1 was 
the only case without structural or sequence variants 
identified via WGS and OGM analyses. Conversely, 
in biparental family 2, two variants were identified, 
yielding a total of 30 positive results. Figure 3 illustrates 
the distribution of variants along the NF1 gene.

All probands carried pathogenic or likely pathogenic 
NF1 variants, with three recurrently observed within 

the cohort: c.3826C>T p.Arg1276* in patients 7 and 
25, c.5902C>T p.(Arg1968*) in patients 13 and 22, and 
c.6855C>A p.(Tyr2285*) in patients 2-M and 16. The 
remaining variants were private to each family, including 
3/27 (11.1%) novel variants. Nonsense variants were 
the most frequent type (13/27; 48.1%), followed by 
frameshift and intronic variants (5/27; 18.5% each), 
and missense variants (2/27; 7.4%). In-frame deletions, 
start-loss, and gene deletion were observed in one 
individual each (3.7%). Table 1 summarizes the WGS 
variants identified via WGS analysis.

Figure 1. Pedigree of family 2 (A) and partial pedigree with genomic data of the investigated individuals (B)

AA BB

Figure 2. Patient 25-M showing café-au-lait macules and multiple cutaneous neurofibromas (A), and facial asymmetry due to sphenoid wing dysplasia and optic 
pathway glioma of the left eye (B)

AA BB
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Table 1. Clinical synopsis and variants in the NF1 gene that were identified in each proband, along with their classification according to ACMG criteria

Proband Clinical synopsis Variant Type
ACMG Classification References

1 CALMs, LMs, ADHD - - -

2 CALMs, LMs, LNs
c.6796C>T

p.(Gln2266*)
nonsense pathogenic ClinVar ID 545966

2-M CALMs, LMs, cNF
c.6855C>A
p.(Tyr2285*)

nonsense pathogenic Scala et al. (6)

3
CALMs, LMs, cNF, pNF, LNs, dysembryoplastic neuroepithelial 

tumor
c.2350T>C
p.Trp784Arg

missense pathogenic Kluwe et al. (15)

4 CALMs, LMs, cNF, LNs, LD, mild ID, congenital hip dislocation del(17)(q11.2q11.2) Copy Number Variation pathogenic Kayes et al. (16)

5 CALMs, LMs, cNF, LNs, CPT
c.5785G>T
p.(Glu1929*)

nonsense pathogenic ClinVar ID 852822

6 CALMs, LMs, cNF
c.4084C>T

p.(Arg1362*)
nonsense pathogenic Upadhyaya et al. (17)

7 CALMs, LMs, cNF, pNF, LNs
c.3826C>T
p.Arg1276*

nonsense pathogenic Heim et al. (18)

8 CALMs, LMs, LNs
c.3372del

p.(Ser1124Argfs*18)
frameshift pathogenic novel

9 CALMs, LMs, cNF, pNF, LNs, breast cancer, cerebellar ataxia 
c.1722-2A>G

p.?
canonical splice site pathogenic Wimmer et al. (19)

10 CALMs, LMs, cNF, LNs
c.574C>T
p.Arg192*

nonsense pathogenic
Fahsold et al. (20)

Toliat et al. (21)

Messiaen et al. (22)

11 CALMs, LMs, cNF, LNs
c.7457_7457+2del

p.?
canonical splice site pathogenic novel

12 CALMs, LMs, cNF, pNF
c.5003dup

p.(Phe1669Leufs*13)
frameshift pathogenic LOVD ID #0000219563

13 CALMs, LMs, cNF, pNF, LNs
c.5902C>T

p.(Arg1968*)
nonsense pathogenic Cawthon et al. (23)

14 CALMs, LMs
c.6007-5A>G

p.?
splice region pathogenic Ainsworth et al. (24)

15 CALMs, LMs, LNs
c.7299del

p.(Gln2434Argfs*6)
frameshift pathogenic novel

continue...

Figure 3. Schematic representation of the NF1 gene on chromosome 17q11.2 (transcript NM_001042492.3, genome build GRCh38/hg38) with the location of the 
variants detected in this cohort. Black boxes represent exons, whereas continuous lines represent introns. In the upper part of the figure, the exonic variants are shown, 
and in the lower part, the canonical splice site variants are depicted; the novel variants are contrasted in bold



Angeloni LL, Jorente J, Sobrinho RP, Gil-da-Silva-Lopes VL, Vidoti-Nascimento CG, 
The Brazilian Rare Genomes Project Consortium, Guaragna MS, Vieira TP, Steiner CE

6
einstein (São Paulo). 2026;24:1-13

...Continuation

Table 1. Clinical synopsis and variants in the NF1 gene that were identified in each proband, along with their classification according to ACMG criteria

Proband Clinical synopsis Variant Type
ACMG Classification References

16 CALMs, LMs, cNF, pNF, breast cancer
c.6855C>A
p.(Tyr2285*)

nonsense pathogenic Scala et al. (6)

17 CALMs, LMs, cNF, pNF, LNs
c.5036_5041del

p.(Ile1679_Tyr1680del)
in-frame deletion
likely-pathogenic

Wu et al. (25)

18 CALMs, LMs, cNF, pNF, LNs, MPNST, mild ID
c.1318C>T
p.(Arg440*)

nonsense pathogenic Heim et al. (18)

19 CALMs, LMs, LNs
c.2248del

p.(Thr750Glnfs*10)
frameshift pathogenic

3Billion SCV002012239.1 
(ID 1320213)

20 CALMs, LMs, Neurofibromatosis-Noonan phenotype
c.1A>G

p.(Met1?)
start loss likely-pathogenic Ko et al. (26)

21 CALMs, LMs
c.2041C>T
p.Arg681*

nonsense pathogenic Ars et al. (27)

22 CALMs, LMs, cNF, LNs
c.5902C>T

p.(Arg1968*)
nonsense pathogenic Cawthon et al. (23)

23 CALMs, LMs, cNF, pNF, LNs
c.61-1G>C

p.?
canonical splice site

likely-pathogenic
ClinVar ID 3338872

24 CALMs, LMs, cNF, pNF, LNs
c.126T>A
p.(Cys42*)

nonsense pathogenic ClinVar ID 2768055

25 CALMs, LMs, cNF
c.3826C>T
p.Arg1276*

nonsense pathogenic Heim et al. (18)

26 CALMs, LMs, cNF, LNs, pilocytic astrocytoma 
c.681T>A
p.(Tyr227*)

nonsense pathogenic ClinVar ID 580256

27 CALMs, DD, macrocrania
c.3641T>G

p.(Met1214Arg)
missense likely-pathogenic ClinVar ID 570979

28 CALMs, LMs
c.6704+1G>C

p.?
canonical splice site pathogenic Nemethova et al. (28)

29 CALMs, LMs, CPT, DD
c.3916C>T
p.Arg1306*

nonsense pathogenic Fahsold et al. (20)

30 CALMs, LMs, situs inversus totalis, recurrent pulmonary infections
c.6278_6285del

p.(Ser2093Cysfs*24)
frameshift pathogenic ClinVar ID 2737151

Note: Transcript NM_001042492.3, reference genome GRCh38 - hg38; all variants in heterozygosity.
ADHD: attention deficit hyperactivity disorder; cNF: cutaneous neurofibroma; CPT: congenital pseudarthrosis of the tibia; DD: developmental delay; CALM: café-au-lait macules; ID: intellectual deficiency; LD: learning disability; LMs: lentiginous macules; 
LNs: lisch nodules; MPNST: malignant peripheral nerve sheath tumor; pNF: plexiform neurofibroma(s).

Beyond the primary NF1 mutation, two families 
exhibited additional molecular findings: one family 
harbored a heterozygous pathogenic BRCA1 variant 
(c.5074+2T>C p.?) (patients 5 and 5-M), whereas 
another carried a heterozygous pathogenic TMEM127 
variant (c.117_120del; p.(Ile41Argfs*39)) (patients 
2-B and 2-M). Three individuals presented with a 
second molecular variant of uncertain significance 
(VUS): patient 9 with the heterozygous KCND3 
variant (c.1496C>G p.(Ser499Cys)), and patient 
30 with heterozygous DNAH5 variants (c.8311C>T 
p.(Arg2771Cys) and c.8010+3A>G p.?). Furthermore, 
Patient 2-B was found to have a duplicated Y 
chromosome, with cytogenetic analysis revealing a 
47,XYY[44]/45,X[6] constitution.

	❚ DISCUSSION
Brazil exhibits the most pronounced genomic 
diversity worldwide; however, its population remains 
underrepresented in genomic research.(29) The present 
study addresses this gap by analyzing genomic data 
from a cohort of Brazilian individuals with NF1.

While most NF1 studies are pilot-tested in adult or 
pediatric oncology samples, this study was conducted 
within a single clinical genetics service. Rather than 
a population-based study, this was a convenience 
sample of individuals seen at a reference center for 
rare diseases. The sex ratio and family data were 
similar to a study of 101 Brazilian adults with NF1, 
which focused on sociodemographic factors and the 
impact of the disease on quality of life.(30) Participants 
in the present study were referred for diagnostic 
confirmation and/or clinical follow-up. Consequently, 
this series cannot determine the true age at diagnosis, 
as several individuals had already received a clinical 
diagnosis prior to referral. However, the age at the first 
hospital appointment indicates a referral delay, likely 
reflecting low disease awareness among generalists 
and other medical specialists. Furthermore, because 
all individuals in this group met at least two evidence-
based diagnostic criteria for NF1 via simple physical 
examination, and nearly 40% of probands had a 
positive family history, prompt clinical suspicion and 
referral should have been possible.
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The most frequent clinical findings in this series 
were CALMs (100%) and LMs (94%). However, 
LMs were present in all individuals over the age of 
five, reflecting, along with cNF, the age-dependent 
nature of this disorder. Most patients presented with 
uncomplicated disease manifestations characterized  
by pigmentary changes and cNF alone; none were 
reported to have dystrophic scoliosis or early-onset 
osteoporosis. The sample size and young age of many 
participants may explain these findings.

While the 14% rate of neurodevelopmental disorders 
in this cohort, usually mild, exceeded that of the general 
population, it was lower than the rate of learning 
difficulties reported by van Minkelen et al.(31) in a 
large Dutch NF1 cohort. In the present study, only one 
individual (3.3%; patient 4) exhibited a microdeletion of 
the entire NF1 gene. Such microdeletions are associated 
with a six-fold higher risk for special education needs 
compared to intragenic variants in the NF1 gene(31) and 
are expected to occur in nearly 10% of cases.(5,9)

Regarding family history, family 2 was of particular 
interest because both parents and both children 
were affected; the couple also had a spontaneous 
first-trimester miscarriage, which was not further 
investigated. The possibility of biparental inheritance in 
this family was tested, assuming that the homozygosity of 
germline NF1 variants would be lethal because of early 
embryonic mortality. Nevertheless, Alghamdi et al.(32) 
described a 3-month-old boy with CALMs and juvenile 
myelomonocytic leukemia carrying a pathogenic NF1 
variant (c.586+5G>A) in a mosaic homozygous state, 
with higher frequency in blood DNA reads and lower 
frequency in saliva- and skin-fibroblast-derived DNA, 
respectively. In contrast, Steinemann et al.(33) found 
evidence that compound heterozygous mutations were 
the predominant inactivating mechanisms in children 
with juvenile myelomonocytic leukemia and NF1. 
Moreover, Fauth et al.(34) reported two trans alterations 
in one patient, followed by a report of two unrelated 
familial cases harboring trans double NF1 mutations 
by Paterra et al.(35) all of which presented worse clinical 
phenotypes.

More than 3,600 distinct pathogenic variants have 
been reported in the NF1 gene, with approximately 
46% classified as extremely rare or private. In contrast, 
only 31 variants exhibit a prevalence of ≥0.5% among 
NF1 patients.(9) While all types of pathogenic variants 
are found in NF1, the most frequently reported are 
nonsense, frameshift, and splicing variants that cause 
loss of function(36) as observed in the present study. 
Most variants are intragenic, with approximately 10% 
representing whole-gene deletions and their flanking 

regions.(5,9) To date, only a few genotype-phenotype 
correlations have been established, partially explaining 
the clinical variability of NF1,(2,5) mainly in patients 
with particularly complicated forms, such as large 
deletions in contiguous gene forms,(4,5) increased 
pNF and symptomatic spinal neurofibromas,(37) or 
neurofibromatosis-Noonan phenotype.(38)

Patient 1 was the only patient in this series who had a 
negative molecular investigation. He was first examined 
at 1 year and 3 months to confirm a pediatrician’s clinical 
suspicion of NF1 based on eight CALMs, but did not 
meet a second diagnostic criterion. During the medical 
follow-up, the family was anxious about the diagnosis 
and ordered a gene panel test, which returned negative 
results for variants of NF1 and SPRED1. Periodic 
ophthalmological evaluations revealed normal findings. 
At 6 years of age, he was first noted to have axillary 
and inguinal freckling. At 8 years of age, he underwent 
WGS, which also returned a negative result. The case 
was reexamined using OGM, yielding the same results. 
In his last clinical evaluation at the age of 10 years, still 
under puberty development, he continued to present 
only with multiple CALMs and LMs, without developing 
LNs or cNF. Growth and neurologic developments 
were within normal parameters, but he was recently 
diagnosed with attention deficit hyperactivity disorder. 
Since technical coverage was considered adequate 
in this study and OGM discharged chromosomal 
rearrangements/recombinations, somatic mosaicism is 
being considered for patient 1. Nevertheless, the patient 
remains under clinical follow-up, given that additional 
features of the disorders may emerge over time, and 
that future reinvestigation using newer techniques may 
be warranted.

Three recurrent variants were identified in this study. 
The c.5902C>T p.(Arg1968*) variant was identified as 
de novo in patients 13 and 22; both presented with a 
similar, benign phenotype in their third decade of life, 
characterized by CALMs, LMs, LNs, and a few cNFs, 
along with a single pNF in Patient 13. Similarly, the 
c.6855C>A p.(Tyr2285*) variant was found in patients 
2-M and 16, who exhibited a typical disease until their 
fourth decade, though patient 16 was diagnosed with 
breast cancer at age 38.

The other recurrent variant, c.3826C>T p.Arg1276*, 
was identified in individuals 7 and 25, who presented 
with distinct, familial phenotypes. stemming from 
maternal de novo events. Besides CALMs and LMs, 
all affected family members presented with cNF and 
pNF. Patient 7 exhibited a large pNF on the buttock 
and upper left thigh. Patient 7-D, diagnosed at age 
3, had an extensive cervical pNF requiring a 80% 
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resection and tracheostomy, with residual disease due 
to involvement of the left external carotid artery and 
several nerves (accessory, hypoglossal, sympathetic 
chain, and great auricular chain. Patient 25, a young 
adult, with a relatively mild presentation, had a mother 
who uniquely in this series presented with sphenoid 
wing dysplasia, optic pathway glioma, and a high 
number of cNF (Figure 2). Although Paria et al.(39) 
reported two patients with tibial pseudoarthrosis 
associated with this variant, which contrasts with the 
present cases, as neither patient had a documented 
history of long bone changes. Conversely, Bausch et 
al.(40) described a 50-year-old individual with the same 
variant, presenting with multiple neurofibromas and 
associated pheochromocytoma. These findings reinforce 
significant inter- and intrafamilial variability between 
genotypes and phenotypes but suggest that this variant 
may be associated with a greater predisposition to 
multiple cutaneous and large plexiform neurofibromas.

Patient 20 presented with a neurofibromatosis-
Noonan phenotype and was previously described 
as patient number 20 by Corso et al.(41) carrying the 
pathogenic variant c.1A>G p.(Met1Val). This variant 
was previously reported only in individuals with NF1 
and/or tumors,(26,42,43) and was associated with features 
of Noonan syndrome for the first time.

Multiple disorders in a single patient have been 
estimated to occur in approximately 2%-7.5% of 
diagnosed genetic diseases, with a higher frequency in 
consanguineous families. However, double diagnoses 
due to two pathogenic variants in autosomal dominant 
morbid genes, which usually arise as de novo events, 
can also occur.(44,45) Owing to its high prevalence, NF1 
has been associated with other genetic conditions, 
including several reports of monogenic disorders and 
chromosomal abnormalities,(5) representing not only 
a diagnostic challenge but also therapeutic dilemmas 
and prognostic uncertainty.(46) The present study also 
diagnosed three individuals with NF1 and a second 
genetic disorder.

For Patient 9 with NF1 and spinocerebellar ataxia 
type 19, both following autosomal dominant inheritance, 
a segregation analysis could not be performed because 
the father died. Her family history was negative for 
both conditions, and parental age was not advanced; 
the father was 26 years old and the mother was 22 
years old at her conception. Spinocerebellar ataxia 19 
is a rare autosomal dominant genetic disorder caused 
by variants in the KCND3 gene on chromosome 
1p13.2 and is characterized by progressive ataxia and 
cerebellar atrophy. Phenotypic variability exists from 
a milder late-onset and slowly progressive pure ataxic 

clinical presentation to a severe early onset form with 
cognitive impairment, dystonia, and other neurological 
symptoms. However, the correlations between specific 
KCND3 variants and phenotypic outcomes are 
complex, and no clear genotype-phenotype correlation 
has been established.(47) Patient 9 fit the classical  
milder phenotype and seems to represent the first 
report of spinocerebellar ataxia 19 in Brazil.

Patient 30 presented with NF1 and primary ciliary 
dyskinesia type 3, the former following autosomal 
dominant inheritance and the latter with autosomal 
recessive inheritance. However, segregation analysis 
was not possible because his father passed away. 
Nonetheless, family history was negative for both 
conditions, suggesting that NF1 most likely occurred 
de novo.

The DNAH5 gene, located on chromosome 5p15.2, 
is the primary driver of primary ciliary dyskinesia, 
accounting for 15-29% of such cases in North America 
and Europe, and 18% in China. Notably, approximately 
50% of patients are diagnosed with Kartagener 
syndrome, a specific subtype characterized by a triad of 
chronic sinusitis, bronchiectasis, and situs inversus, as 
observed in Patient 30. Although a precise genotype-
phenotype correlation for DNAH5 remains elusive, the 
nature and location of variants DNAH5 may explain 
the clinical heterogeneity. For example, non-truncated 
variants, such as those in this patient, appear associated 
with a less severe presentation than truncated variants, 
which often lead to earlier disease onset and worse lung 
function.(48) 

For these two individuals with additional molecular 
findings, despite carrying variants classified as VUS, 
double diagnoses were clinically confirmed in both cases 
through deep phenotyping. None of these symptoms are 
features of NF1, supporting a coincidental association 
between the two diagnoses, rather than a biologically 
related condition.

The third patient, patient 2-B, had a variant in 
the NF1 gene inherited from his father (in addition 
to a variant of the TMEM127 gene inherited from his 
mother) and a 47,XYY/45,X chromosomal constitution. 
It was not surprising that Patient 2-B presented with 
NF1 and mosaic double Y syndrome, which is also 
a frequent condition in the general population. An 
association between NF1 and XYY has already been 
reported(46,49) including a triple diagnosis of NF1, XYY, 
and achondroplasia. (50)

Neurofibromatosis type 1 patients are at a 
significantly increased risk of developing certain types of 
cancer. Approximately 10% of plexiform neurofibromas 
progress to malignancy and the resulting MPNSTs 
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are highly metastatic and incurable.(4) Other frequent 
tumors in patients with NF1 include astrocytomas, 
pheochromocytomas, juvenile myelomonocytic leukemia, 
and breast cancer in women aged <50 years.(1,3,4) 
Two patients developed breast cancer during the 
study period. Patient 9 was diagnosed with unilateral 
invasive ductal carcinoma at the age of 51 years, and 
patient 16 was recently diagnosed at the age of 38 
years with an invasive carcinoma positive for estrogen 
and progesterone receptors. Other malignancies were 
reported individually in this series, and except for 
astrocytoma in patient 26 and MPNST in patients 
10-M and 18, other histological types were considered 
less frequent in NF1. Basal cell carcinoma is a common 
tumor in the general population, and its occurrence 
in Patient 11-M likely coincides with the diagnosis of 
NF1. None of the individuals in this cohort developed 
hematological malignancies.

Two patients had secondary or incidental findings, 
both of which were associated with an increased risk 
of malignancy. Incidental findings have been observed 
during genomic testing in both clinical and research 
protocols. In a systematic literature review of incidental 
findings in whole-genome/exome-sequencing studies, 
Elfatih et al.(51) found frequencies ranging from 0.59% 
to 17%, with high variability explained by different study 
design groups, a lack of consistency in the list of genes, 
variant nomenclature, filtering criteria, and cohort 
characteristics. A more reasonable frequency of up to 
6% has been reported in another systematic review.(52) 
The rate of 6.5% observed in the present study was 
higher than the overall frequency of 3.6% found among 
the 5,316 individuals investigated in the BRGP. (53)

Family 5 presented an association of pathogenic 
variants in NF1 and BRCA1, a situation previously 
described by Ceccaroni et al.(54) which is most likely a 
case of haplotype segregation, as both genes are located 
on the long arm of chromosome 17 within approximately 
20 cM. Patient 5-M had cholangiocarcinoma at the age 
of 33 years, which recurred at the age of 48 years and 
died at the age of 51 years, while patient 5 is being 
monitored for pancreatic and prostatic tumors.

In Family 2, the mother and brother carried a 
pathogenic variant of the TMEM127, implicated in an 
increased risk of developing pheochromocytoma. None 
of the patients presented with this condition, but they 
were regularly monitored with urinary or plasma-free 
metanephrine screening.

Finally, the advantages of this study include the 
assessment of patients by a group of physicians from 
a single center, which allows for a more homogeneous 
evaluation and an overall perspective from clinical 

geneticists. Additionally, we used WGS, the most 
comprehensive genomic technique currently available, 
and conducted further investigations using OGM in 
cases that were initially negative. The main limitations 
were the sample size and the use of convenience 
sampling, which included both adult and pediatric 
individuals. Thus, age-dependent features such as 
tumor development might have been missing during the 
study period.

	❚ CONCLUSION
This study presents the largest Brazilian cohort of 
neurofibromatosis type 1  patients investigated using 
whole-genome sequencing, identifying three novel 
germline NF1 variants and two previously unreported 
dual molecular diagnoses associated with spinocerebellar 
ataxia type 19 and primary ciliary dyskinesia type 3. 
While the diagnostic criteria for neurofibromatosis type 
1  are well-established, our whole-genome sequencing 
findings provide novel insights for genotype-phenotype 
correlations, future therapeutic strategies, and the 
management of patients with dual diagnoses.
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Table 1S. Sex, age at first appointment for genetic evaluation, family history, and clinical findings of the 50 individuals with NF1 included in the present study

Family/patient FH Sex Age CALMs LMs cNF pNF LNs OPG SWD CPT Other

1 Proband - M 1y + + - - - - - - ADHD

2 Proband + F 1y11m + + - - + - - -

Brother M 10y + + - + + - - - Mild ID; 47,XXY/45,X[44:6]; 
pathogenic variant in 

TMEM127

Mother F 32y + + + - - - - - Pathogenic variant in 
TMEM127

Father M 31y + + + + + - - -

3 Proband - M 11y + + + + + - - - Dysembryoplastic 
neuroepithelial tumor at 19y

4 Proband - F 19y + + + - + - - - LD, mild ID, congenital hip 
dislocation

5 Proband + M 9y + + + - + - - + Pathogenic variant in BRCA1

Mother F 30y + + + + + - - - Pathogenic variant in BRCA1, 
cholangiocarcinoma at 33y 

and 47y; died at 51y

6 Proband ? F 40y + + + - ? - - -

7 Proband + F 30y + + + + + - - -

Son M 12y + + + - + - - -

Daughter F 4y + + - + + + - -

8 Proband - F 2y + + - - + - - -

9 Proband - F 47y + + + + + - - - Breast cancer  
(unilateral invasive ductal 

carcinoma) at 51y
Cerebellar ataxia at 47y 

(variant in KCND3).

10 Proband + F 24y + + + - + - - -

Mother F 46y + + + - + - - - MPNST of the right 
thigh at 45y

Uncle M 62y + + + - + - - -

11 Proband + M 18y + + + - + - - -

Mother F 43y + + + + + - - - Basal cell carcinoma at 43y

Brother M 24y + + + - + - - -

12 Proband - M 13y + + + + - - - -

13 Proband - F 8y + + + + + - - -

14 Proband + M 12y + + - - - - - -

Mother F 48y + + - - ? - - -

Sister 1 F 22y + + + - ? - - -

Sister 2 F 20y + + - - ? - - -

Brother M 17y + + - - ? - - -
continue...
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...Continuation

Table 1S. Sex, age at first appointment for genetic evaluation, family history, and clinical findings of the 50 individuals with NF1 included in the present study

Family/patient FH Sex Age CALMs LMs cNF pNF LNs OPG SWD CPT Other

15 Proband - M 9m + + - - + - - -

16 Proband - F 31y + + + + - - - - Breast cancer at the age 
of 38y

17 Proband - F 21y + + + + + - - -

18 Proband - M 50y + + + + + - - - Mild ID, MPNST of the 
dorsum at 51y, died at 53y

19 Proband + F 2y + + - - + - - -

Uncle M 18y + + + + + - - -

Cousin F 1y + - - - - - - -

20 Proband - M 15y + + - - - - - - Neurofibromatosis-Noonan 
phenotype

21 Proband - F 16y + + - - - - - -

22 Proband - F 4y + + + - + - - -

23 Proband - F 4y + + + + + - - -

24 Proband - M 37y + + + + + - - -

25 Proband + M 15y + + + - - - - -

Mother F 51y + + + + + + + -

26 Proband + F 30y + + + - + - - - Pilocytic astrocytoma of the 
left posterior fossa at 29y

Mother + F 59y + + + + + - - -

27 Proband + M 2y + - - - - - - - DD, macrocrania

Mother F 32y + + - - + - - - LD, macrocrania

Sister F 5y + - - - ? - - -

28 Proband - F 29y + + + + - + - -

29 Proband + F 3y10m + + - - - - - + DD

30 Proband - M 11m + + - - - - - - Situs inversus totalis, 
recurrent pulmonary 
infections (variants  

in DNAH5)
+: present; -: absent; ?: uncertain or unknown; ADHD: attention deficit hyperactivity disorder; cNF: cutaneous neurofibromas; CPT: congenital pseudoarthrosis of the tibia; DD: developmental delay; F: female; FH: Family history; CALM: café-au-lait 
macules; ID: intellectual deficiency; LD: learning disability; LMs: lentiginous macules; LNs: Lisch nodules; m: months; M: male; MPNST: malignant peripheral nerve sheath tumor; OPG: optic pathway glioma; pNF: plexiform neurofibroma(s); SWD: 
sphenoid wing dysplasia; y: years.




