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Abstract Nevus sebaceous syndrome (NSS) is a rare, multisystem neurocutaneous disorder,
characterized by a congenital nevus, and may include brain malformations such as hemimega-
lencephaly or focal cortical dysplasia, ocular, and skeletal features. It has been associated with
several eponyms including Schimmelpenning and Jadassohn. The isolated skin lesion, nevus
sebaceous, is associated with postzygotic variants in HRAS or KRAS in all individuals studied.
The RAS proteins encode a family of GTPases that form part of the RAS/MAPK signaling path-
way, which is critical for cell cycle regulation and differentiation during development. We stud-
ied an individual with nevus sebaceous syndrome with an extensive nevus sebaceous,
epilepsy, intellectual disability, and hippocampal sclerosis without pathological evidence of
a brain malformation. We used high-depth gene panel sequencing and droplet digital poly-
merase chain reaction (PCR) to detect and quantify RAS/MAPK gene variants in nevus seba-
ceous and temporal lobe tissue collected during plastic and epilepsy surgery, respectively.
A mosaic KRAS ¢.34G >T; p.(Gly12Cys) variant, also known as G12C, was detected in nevus
sebaceous tissue at 25% variant allele fraction (VAF), at the residue most commonly substituted
in KRAS. Targeted droplet digital PCR validated the variant and quantified the mosaicism in
other tissues. The variant was detected at 33% in temporal lobe tissue but was absent from
blood and healthy skin. We provide molecular confirmation of the clinical diagnosis of NSS.
Our data extends the histopathological spectrum of KRAS G12C mosaicism beyond nevus
sebaceous to involve brain tissue and, more specifically, hippocampal sclerosis.

INTRODUCTION

Nevus sebaceous is a sporadic cutaneous disorder characterized by benign skin lesions pre-
dominately of the scalp and face that occurs in ~1in 1000 newborns (Rogers 1992; Sugarman
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2007). The lesions are hamartomas comprising epidermal, sebaceous, and apocrine ele-
ments that form hairless, yellow-orange plaques of varying size and shape (Fig. 1C,D).
Benign or malignant secondary tumors may develop in the nevi (Moody et al. 2012).
Nevus sebaceous syndrome (NSS) refers to a rare multisystem disorder in which the nevus
sebaceous occurs in association with cerebral, ocular, or skeletal abnormalities. In individuals
with NSS, the most frequently reported central nervous system (CNS) finding is of hemime-
galencephaly, which is typically ipsilateral to the nevus (Pavlidis et al. 2012), with more local-
ized malformations in some individuals (Pascual-Castroviejo and Ruggieri 2008; Pepi et al.
2021). Hippocampal sclerosis and focal cortical dysplasia type la have also been described
in one individual (Pepi etal. 2021). The term nevus sebaceous syndrome has been associated

Cc

Figure 1. Histopathological evaluation of the individual with nevus sebaceous syndrome (NSS). (A) Coronal
fast spin echo image showing a small right hippocampus with a subtle increase in T2 signal, consistent with
hippocampal sclerosis (arrow). (B) Tilted axial FSPGR (fast spoiled gradient echo) image showing a small right
hippocampus (arrow); there is no radiological evidence of cortical dysplasia. (C,D) Photographs showing seba-
ceous nevus on the scalp and face. (E) Hematoxylin and eosin (H&E) stain; 20x original objective. Hippocampal
cortex showing intact neurons (CA3) in the right half of the field (arrows) with abrupt disappearance and tran-
sition to mesial temporal sclerosis in the left half of the field. (F) H&E stain; 10x original objective. Temporal
cortex representative of multiple sections, with preserved horizontal lamination; molecular (I) and external
granular (Il) laminae only shown. Subpial gliosis seen in protracted seizures in general is shown with a broad
arrow. (G) Images of fundi showing anomalous optic nerves. (H,l) Photographs of lesions affecting the limbus,
sclera, and conjunctiva of both eyes.
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with a variety of eponyms and synonyms including Schimmelpenning syndrome, Jadassohn
sebaceous nevus syndrome, linear sebaceous nevus syndrome, Schimmelpenning—
Feuerstein—-Mims syndrome, and epidermal nevus syndrome (Schimmelpenning 1957).

Both nevus sebaceous and NSS result from genetic mosaicism, restricted to the skin in
isolated nevus sebaceous and extending into other organs in NSS. Specifically, postzygotic
variants in the RAS/MAPK pathway genes HRAS, KRAS, and NRAS cause isolated nevus
sebaceous or NSS (Groesser et al. 2012; Kuroda et al. 2015). In isolated nevus sebaceous,
95% of lesions are caused by mosaic HRAS variants with the ¢.37G > C; p.(Gly13Arg), also
known as G13R, being the most frequently identified variant accounting for >90% of individ-
uals. Mosaic KRAS variants have been identified in the remaining 5% of isolated nevus seba-
ceous individuals (Groesser et al. 2012). A minority of sebaceous nevi harbor double-mosaic
RAS variants with indistinguishable phenotypes from those with single RAS variants
(Groesser et al. 2012). Conversely, in the rarer individuals with NSS, KRAS appears to be
more common in 13 reported individuals in whom the molecular basis has been determined
with the identification of postzygotic variants. Of those 13 reported individuals with NSS,
KRAS variants account for nine, with HRAS variants in three and NRAS in one (Groesser
et al. 2012; Sun et al. 2013; Kuroda et al. 2015; Igawa et al. 2016; Jiang et al. 2017,
Mitchell et al. 2018; Chacon-Camacho et al. 2019; Nagatsuma et al. 2019; De los Santos-
La Torre et al. 2020; Pan et al. 2020; Pepi et al. 2021). Pathogenic variants tend to be recur-
rent affecting residues functionally conserved across all RAS proteins (Groesser et al. 2012).
Notably, recurrent variants within the conserved Glycine 12, Glycine 13, and Glutamine 61
residues of the RAS proteins are a well-established cause of several cancer subtypes
(Pylayeva-Gupta et al. 2011). Functional analyses have confirmed these variants confer con-
stitutive activation of the MAPK and PI3K-AKT pathways (Groesser et al. 2012). In addition to
its association with nevus sebaceous, low-level mosaic KRAS variants at <10% variant allele
frequency (VAF) have also been found in the CNS where they are associated with brain and
spinal cord arteriovenous malformations (Hong et al. 2019; Priemer et al. 2019). Although
most identified variants in RAS genes are postzygotic, germline variants have been reported.
One such example was an individual with neuro-cardio-facio-cutaneous features including
severe epilepsy and hippocampal sclerosis found to have a de novo germline KRAS
c.468C > G; p.(F156L) variant (Sevik et al. 2007). Here we provide further evidence for the
role of KRAS in the genetic architecture of NSS by describing an individual with these fea-
tures as a result of the recurrent somatic KRAS G12C mutation.

RESULTS

Medical History

A 21-yr-old man was born with extensive head and neck nevus sebaceous lesions with the
typical appearance of yellow, slightly raised plaques (Fig. 1C,D). He had several separate le-
sions: extending 17 cm from the scalp to anterior to the right ear, superior and posterior to
the right ear, on the forehead, and extending from the right supraorbital region to the right
side of the nose. He was mildly hirsute without dysmorphic features. He received a range of
laser therapies and underwent surgical resections of the nevi with tissue available from a re-
section in 2012 for molecular testing.

On the first day of life, he presented with an episode of apnea and further 10-sec epi-
sodes of cyanosis over the next few days. By age 3 mo, he had focal impaired awareness sei-
zures with loss of awareness, generalized stiffening, and dry retching. Seizures occurred in
clusters, and he was commenced on phenytoin. At 3 yr, he had focal impaired awareness sei-
zures that began with an aura in which he called his mother and clung onto her, followed
by staring straight ahead, pallor, and oral automatisms. A cluster of seizures culminated in
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a 25-min focal to bilateral tonic—clonic seizure. Cranial magnetic resonance imaging (MRI)
showed right hippocampal sclerosis and a bulky right amygdala without evident cortical dys-
plasia (Fig. 1A,B). His seizures remained drug-resistant, and at 4 yr, he underwent a right an-
terior temporal lobectomy. He was seizure-free until age 12 when he had tonic—clonic status
epilepticus controlled with diazepam. He was subsequently seizure-free until the time of writ-
ing atage 21. Carbamazepine was ceased at age 6, then recommenced from age 12, and he
remains on monotherapy.

His early development was mildly delayed with walking at 18 mo, and he had behavioral
problems in early childhood that improved after epilepsy surgery. He had mild intellectual
disability with a Wechsler Intelligence Scale for Children IV Full Scale 1Q of 59 (0.3rd centile)
and attended a mixture of mainstream school with integration aide support and special
school. Ophthalmological examination showed that in both eyes the superior limbus was ab-
normal with an associated symmetrical orange, vascularized lesion involving the conjunctiva,
and sclera (Fig. TH,I). Despite bilateral anomalous optic discs with parts appearing colobo-
matous, his visual acuity was 20/16 in each eye (Fig. 1G). At age 16, he had a left superior
incongruous homonymous quadrantanopia likely due to the right anterior temporal lobec-
tomy at age 5. He was too young to perform the test before surgery. General and neurolog-
ical examinations were otherwise normal. He had no family history of cutaneous lesions,
brain malformation, or epilepsy.

Histopathological analysis of his temporal lobe showed prominent neuronal loss from the
cornu ammonis, consistent with hippocampal sclerosis, without obvious tumor or dysplasia
(Fig. 1E). The neocortex showed focal subpial gliosis. Analysis of the resected nevus showed
moderate papillomatosis, acanthosis, and hyperkeratosis with a few poorly formed piloseba-
ceous units, consistent with epidermal nevus (Fig. 1F).

Genomic Analyses

Chromosomal microarray analysis of saliva-derived DNA excluded any significant genomic
imbalances. We subsequently performed massively parallel sequencing on genomic DNA
isolated from fresh-frozen nevus sebaceous tissue. We used a targeted gene panel to inter-
rogate the coding regions of 19 candidate genes, which identified the mosaic KRAS variant
NM_033360.2:c.34G > T; p.(G12C), also known as G12C, at a VAF of 26.0% in sebaceous tis-
sue (Table 1).

To validate and quantify the distribution of this mosaic KRAS G12C variant, we analyzed
DNA from several tissues using Sanger sequencing and droplet digital polymerase chain re-
action (ddPCR). In addition to DNA from the nevus sebaceous, we isolated DNA from forma-
lin-fixed paraffin-embedded (FFPE) temporal lobe tissue, as well as from healthy skin, blood,
and saliva. The mosaic KRAS variant was validated within the nevus sebaceous tissue by
Sanger sequencing. The KRAS variant was also detected in the temporal lobe brain tissue
(Fig. 2A). We subsequently quantified this mosaic variant by performing ddPCR, which con-
firmed the KRAS variant was present with a VAF of 25.1% in the nevus sebaceous tissue and a
VAF of 33.2% in the brain tissue (Fig. 2B). The KRAS variant was not detected in blood-,
saliva-, or healthy skin-derived DNA samples by ddPCR or Sanger sequencing (Fig. 2).

Table 1. Recurrent KRAS variant detected in the individual with nevus sebaceous syndrome (NSS)

HGVS DNA reference  HGVS protein reference  Variant type Predicted effect dbSNP/dbVar ID  Genotype

NM_033360.2: p.(Gly12Cys)(G12C) Missense Substitution rs121913530 Mosaic
c.34G>T
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Figure 2. Molecular evaluation of mosaicism in the individual with nevus sebaceous syndrome (NSS). (4) Sanger
sequencing of the KRAS ¢.34G > T; p.(G12C) mosaic variant. (B) The level of mosaicism of the KRAS G12C variant
was quantified by droplet digital polymerase chain reaction (ddPCR) in nevus sebaceous, brain, normal skin,
blood, and saliva DNA. (Blue droplets) Mutant DNA copies, (green droplets) wild-type DNA copies, (gray drop-
lets) droplets without DNA copies, (orange droplets) droplets with multiple DNA copies. The x-axis shows the
amplitude of wild-type fluorescent probe; the y-axis shows the amplitude of mutant fluorescent probe.

DISCUSSION

The detection of HRAS and KRAS variants within cutaneous tissues of individuals with both
isolated nevus sebaceous and NSS has provided important insights into the molecular etiol-
ogy of these disorders (Groesser et al. 2012). Here, we extend the molecular pathology with
the identification of a recurrent postzygotic mosaic KRAS variant within extracutaneous tis-
sues in the CNS in an individual with NSS. Our findings in this individual are consistent
with a recent individual (Pepi et al. 2021), confirming the hypothesis that NSS is caused by
mosaic variants distributed across multiple systems; in contrast to the localized mosaic var-
iants found in isolated sebaceous nevi (Groesser et al. 2012). These results suggest that mo-
saic variants in NSS are likely to arise earlier in development in common progenitor cells that
give rise to multiple tissue lineages. Our results are analogous to the relationship between
Sturge-Weber syndrome, a severe neurocutaneous disorder, which is associated with a char-
acteristic facial capillary malformation, a port-wine stain, and isolated nonsyndromic port-
wine stain. Both are associated with the recurrent mosaic GNAQ ¢.548G > A; p.(R183Q)
pathogenic variant. In Sturge-Weber syndrome, the variant is present within affected brain
and skin endothelial cells, whereas in isolated nonsyndromic port-wine stain, the variant is
only present in skin cells (Shirley et al. 2013; Nakashima et al. 2014; Huang et al. 2017;
Hildebrand et al. 2018).

KRAS variants are commonly detected in cancers with the most frequent mutations arising
at the G12 amino acid position in exon 2 (Pylayeva-Gupta et al. 2011). Postzygotic mosaic
KRAS variants have also been identified in skin samples from individuals with both isolated ne-
vus sebaceous and NSS (Groesser et al. 2012; Nagatsuma et al. 2019; Pan et al. 2020). In ad-
dition, mosaic KRAS variants have been identified in vascular malformations, most frequently
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within arteriovenous malformations of the brain and spinal cord with venous and lymphatic
malformations less frequently reported (Jiang et al. 2017; Hong et al. 2019; Priemer et al.
2019; Ten Broek et al. 2019). The phenotypic spectrum associated with mosaic KRAS variants
extends further to individuals with keratinocytic epidermal nevus syndrome (KENS), somatic
overgrowth, encephalocraniocutaneous lipomatosis, renovascular hypertension, Wilms' tu-
mors, and Gorham-Stout disease (Farschtschi et al. 2015; McDonell et al. 2018; Nozawa
etal. 2020; Chang et al. 2021). In contrast, activating germline KRAS variants are an infrequent
cause of RASopathies, specifically cardio-facio-cutaneous syndrome and Noonan syndrome;
however, these variants are located elsewhere in the gene, in positions not typically associated
with cancer (Schubbert et al. 2006, 2007; Sevik et al. 2007). Functional analysis of brain endo-
thelial cells derived from arteriovenous malformations demonstrated that KRAS G12 variants
promote ectopic activation of downstream signaling pathways including MAPK-ERK
(Nikolaev et al. 2018). This provides a potential pathway for precision therapies as multiple in-
hibitors targeting the KRAS G12C variant are currently under development (Canon et al. 2019;
Hallin et al. 2020). Efficacy has recently been demonstrated in clinical trials of individuals with
non-small-cell lung cancer (NSCLC) (Rosen 2021; Skoulidis et al. 2021), although some cancers
are resistant to such therapies (Awad et al. 2021).

We provide molecular confirmation of a mosaic KRAS variant within affected temporal lobe
tissue in an individual with NSS. Our results demonstrate that the isolated cutaneous lesion of
nevus sebaceous and the more severe neurocutaneous disorder of NSS, have the same mo-
lecular cause. The variable phenotypic spectrum is likely to be influenced by the precise timing
and cell of origin of the mutation, with variants arising very early in fetal life, producing wider
tissue expression and more severe phenotypic consequences (Groesser et al. 2012; Poduri
et al. 2013). Detailed molecular characterization of NSS provides opportunities to explore
new therapeutic pathways for these individuals, which have the potential to be transformation-
al in the setting of cognitive impairment secondary to brain involvement.

METHODS

Samples

Genomic DNAwas extracted from all tissues using the QIAGEN All Prep DNA/RNA, QlAamp
DNA Maxi Kit, or QlAamp DNA FFPE Tissue Kit according to the manufacturer’s instructions.

Chromosomal Microarray

The lllumina Infinium GSA-24 v2.0 BeadChip was used to perform genome-wide copy-num-
ber variation (CNV) and loss of heterozygosity (LOH) screening at a reportable resolution of
0.2 Mb on saliva-derived DNA. The data was analyzed using NxClinicalvé.0 (BioDiscovery)
using genome reference sequence NCBI37/hg19.

Gene Panel Sequencing

Massively parallel sequencing was performed in the Pathology Department at the Peter
MacCallum Cancer Centre. Amplicon-based next-generation sequencing (NGS) was per-
formed on nevus sebaceous DNA followed by targeted sequencing on an lllumina MiSeq
platform with 2 x 150-bp reads. Amplicons targeted coding regions of the following genes:
AKT1, ALK, BRAF, CDKNZ2A, EGFR, ERBB2, FGFR2, FGFR3, KIT, KRAS, MAP2K1, MET,
NRAS, PDGFRA, PIK3CA, PTEN, RAC1, RNF43, and TP53. Aligned reads and called variants
were analyzed using PathOS v1.5.

Green et al. 2021 Cold Spring Harb Mol Case Stud 7: a006133 60f 10



Competing Interest Statement

I.E.S. has served on scientific
advisory boards for UCB, Eisai,
GlaxoSmithKline, BioMarin,
Nutricia, Rogcon, Chiesi,
Encoded Therapeutics, Knopp
Biosciences, and Xenon
Pharmaceuticals; has received
speaker honoraria from
GlaxoSmithKline, UCB, BioMarin,
Biocodex, Chiesi, Liva Nova, and
Eisai; has received funding for
travel from UCB, Biocodex,
GlaxoSmithKline, Biomarin, and
Eisai; has served as an
investigator for Zogenix,
Zynerba, Ultragenyx, GW
Pharma, UCB, Eisai, Xenon
Pharmaceuticals, Anavex Life
Sciences, Ovid Therapeutics,
Epigenyx, Encoded
Therapeutics, and Marinus; and
has consulted for Zynerba
Pharmaceuticals, Atheneum
Partners, Ovid Therapeutics,
Care Beyond Diagnosis, Epilepsy
Consortium, and UCB. She may
accrue future revenue on
pending patent WO61/010176
(filed: 2008): Therapeutic
Compound; has a patent for
SCN1A testing held by
Bionomics Inc and licensed to
various diagnostic companies;
and has a patent molecular
diagnostic/theranostic target for
benign familial infantile epilepsy
(BFIE) [PRRT2] 2011904493 &
2012900190 and PCT/AU2012/
001321 (TECH 1D:2012-009).

Received July 25, 2021; accepted
in revised form
September 29, 2021.

Mosaic KRAS in NSS

Droplet Digital Polymerase Chain Reaction

Custom Affinity Plus Mini Probes and primers were ordered from Integrated DNA
Technologies, Inc. to validate and quantify the mosaic KRAS variant. Droplet generation,
PCR cycling, and droplet reading were performed according to the manufacturer’s recom-
mendations (Bio-Rad). Briefly, probes and primers were mixed with 2x ddPCR Supermix
(No dUTPs) for probes (Bio-Rad) at 250 nM and 900 nM final concentrations for each probe
and each of the primers, respectively, and mixed with 10 ng of DNA sample to a final volume
of 23 pL. Twenty microliters of reactions were loaded in an eight-channel droplet generator
cartridge (Bio-Rad), and droplets were generated with 70 uL of droplet generation oil (Bio-
Rad) by using the manual QX200 Droplet Generator. Following droplet generation, samples
were manually transferred to a 96-well PCR plate, heat-sealed, and amplified on a C1000
Touch thermal cycler using the following cycling conditions: 10 min at 95°C for one cycle,
followed by 45 cycles of 30 sec at 94°C and of 60 sec at 55°C, one cycle for 10 min at 98°
C and 4°C hold. Post-PCR products were read on the QX200 droplet reader (Bio-Rad) and
analyzed using the QuantaSoft Analysis Pro software. Variant allele fractions were derived
from the "Fractional Abundance” output in the Quantasoft software. Custom in-house R-
scripts were utilized to generate ddPCR 2D plots.

Sanger Sequencing

Gene-specific primers were used to amplify and sequence the KRAS variant (forward primer:
5'-ATCGTCAAGGCACTCTTGC-3', reverse primer: 5'-AACCTTATGTGTGACATGTTCTAA-
3'). Amplification reactions were cycled using a standard protocol on a Veriti Thermal
Cycler (Applied Biosystems) for 1 min at 60°C annealing temperature. Bidirectional sequenc-
ing was completed with a BigDyeTM v3.1 Terminator Cycle Sequencing Kit (Applied
Biosystems) according to the manufacturer’s instructions. Sequencing products were re-
solved using a 3730 XL DNA Analyzer (Applied Biosystems). All sequencing electrophero-
grams were compared to published cDNA sequences; nucleotide changes were detected
using Codon Code Aligner (CodonCode Corporation).

ADDITIONAL INFORMATION

Data Deposition and Access

We do not have consent to deposit genomics data on publicly accessible databases. The
identified KRAS variant has been publicly listed in the Leiden Open Variation Database
(LOVD; https://www.lovd.nl/) under Variant number 0000796579.

Ethics Statement

We studied an individual with NSS with nevus sebaceous, focal epilepsy, intellectual disabil-
ity, and hippocampal sclerosis. The Human Research Ethics Committee of Austin Health,
Melbourne, Australia (Project No. H2007/02961) approved this study. Written informed con-
sent was obtained from the parents of the individual for participation in the study and the
publication of clinical photographs.
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