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Abstract

Smith-Lemli-Opitz syndrome (SLOS) is a metabolic disorder caused by an inborn error of
cholesterol synthesis that affects the development of many organ systems. Malformations in the
central nervous system typically involve midline structures and reflect abnormal growth and
differentiation of neurons and supporting cells. Despite these defects in central nervous system
development, brain tumor formation has only rarely been reported in association with SLOS. We
present three individuals with SLOS and lesions in the basal ganglia or brainstem detected by MRI
that were concerning for tumor formation. However, the individuals’ clinical and neurological
course remained stable, and the lesions regressed after several years. These lesions have
similarities to spongiotic changes observed in individuals with neurofibromatosis type 1 (NF1).
Notably, impaired activity of small GTPases is present in both SLOS and NF1, perhaps giving
mechanistic insight into the formation of these lesions.
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INTRODUCTION

Smith-Lemli-Opitz syndrome (SLOS) is a neurodevelopmental disorder of cholesterol
synthesis, secondary to reduced activity of the enzyme sterol delta-7-dehydrocholesterol
reductase (DHCRY7). The classical SLOS phenotype involves craniofacial dysmorphisms,
developmental and growth delays, behavioral disturbances, and 2-3 toe syndactyly. A
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scoring system for evaluating the severity of SLOS presentation organizes the key features
into ten organ systems, distinguished by their embryological origin [Bialer et al. 1987;
Kelley and Hennekam 2000]. Findings generating a score in the brain category include
“major CNS malformations, gyral defects, qualitative MRI abnormality, and seizures”
[Kelley and Hennekam 2000]. A retrospective review of brain imaging studies in 55
individuals with SLOS revealed that the most common brain abnormalities involve midline
and para-midline structures [Lee et a/. 2013]. The authors introduced a brain severity score
based on these findings. Other reviews of brain tissues from individuals with SLOS revealed
poor development of the corpus callosum, disordered arrangements of cellular layers in the
cerebellum, and abnormal development of cerebral gyri [Cherstvoy et al. 1984; Curry et al.
1987]. Malignant brain lesions in individuals with SLOS have been reported in two cases
[Oslejskova et al. 2008; Aslan et al. 2017].

In this report, we describe brain lesions detected by MRI in 3 individuals with SLOS. The
lesions had benign imaging features and no clinical symptoms specifically attributable to the
lesions were identified. Thus, the lesions were followed to resolution, without biopsy or
treatment. Some of the imaging features, and, in particular, the temporal pattern, are similar
to the spongiform myelopathy found in neurofibromatosis type 1 (NF1). We speculate that
dysregulation of small GTPases activity may play a role in the development of these
apparently benign brain lesions in individuals with SLOS.

MATERIALS AND METHODS

The individuals presented here were enrolled in a natural history study approved by the
Eunice Kennedy Shriver NICHD IRB in Bethesda, Maryland (NCT00001721). Informed,
written consent was obtained from guardians. Brain MRI performed as part of this protocol
used a 1.5T GE (1999-2010) and a 3T Philips scanner. The exams initially included T1-
weighted, proton-density weighted, and T2-weighted images. Later studies were performed
with higher resolution and omitted the proton-density weighted, but added FLAIR, diffusion
tensor imaging (DTI), and susceptibility-weighted images. Post-contrast T1-weighted
images, MR perfusion imaging, MR spectroscopy, head CT, and FDG-PET scans were
acquired for some patients. Clinical and medication details of the 3 individuals are provided
in Supplemental Table 1.

PATIENTS

Individual 1 was a Caucasian male born at 39 weeks estimated gestational age to a 39-year-
old G12P0 mother. Weight and length at birth were 3991 g (85th centile), and 56 cm (>97th
centile). Early development was notable for poor feeding and weight gain. At 2 years, he had
delayed speech and language development, and impulsive behavior. He walked
independently at 19 months, and spoke 2—3 words sentences at 4 years. He developed
seizure-like activity at 7 years without any abnormal findings on electroencephalogram.
SLOS was diagnosed and he was enrolled in the study at age 9 years. His exam at study
entry showed intact function of cranial nerves 2-12, and lower than average muscle bulk and
tone. A developmental assessment at age 23 years showed a Stanford Binet score of 66
(mean 100, standard deviation 15).
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At age 9 years, brain MRI revealed a discrete 4-mm lesion spanning the boundary between
the tail of the left putamen and the most posterior part of the globus pallidus. Follow-up
exams at age 9 years 7 months and 10 years 3 months revealed slight growth of the lesion
(4.5 mm and 5.5 mm, respectively). The signal characteristics of this lesion are as described
in Figure 1. The patient refused to have follow-up MRI exams until 23 years 3 months, when
the exam revealed no evidence of a lesion at that location. The patient also had several stable
minor structural anomalies (Supplemental Table 1). His neurological function and exam
were unchanged from baseline throughout this period. No seizures occurred after age 12
years.

Individual 2 was a Caucasian male born at term to a 30-year-old G2P1 mother. Weight and
length at birth were 3260 g (25th centile), and 54 cm (90th centile). Head circumference was
33.5 cm (10th centile). He had a history of failure to thrive with oral aversions. He had an
older brother and a paternal first cousin with SLOS. SLOS was diagnosed at age 22 months,
and he enrolled in the study at age 33 months. His exam at study entry showed mild
developmental delay, and intact function of cranial nerves 2-12. He developed selective
mutism beginning at age 3 years. Developmental assessments at ages 9 and 16 years showed
Stanford Binet scores of 65 and 70, respectively. He had no seizures.

His first brain MRI at age 3 years 3 months revealed several minor structural anomalies
(Supplemental Table 1), but no visible discrete lesion. Follow-up brain MRI at age 4 years 5
months demonstrated a 4-mm lesion in the pons near the anterior margin and slightly left of
midline. At age 5 years 10 months, the lesion had enlarged to 12 mm, crossing the midline
and protruding into the pre-pontine cistern. At age 7 years 7 months, the lesion further
protruded into the pre-pontine cistern and enlarged to 16 mm, its largest measured size. At
age 16 years 9 months, the lesion was no longer visible, but there was slight residual
expansion of the left anterior pons. The signal characteristics of this lesion are as described
in Figure 1. The evolution of this lesion is shown in Figure 2. His neurological function and
exam remained unchanged throughout.

Individual 3 was a Caucasian male born at 41 weeks estimated gestational age to a G3P1
mother. Birth weight was 3501 g (50th centile). He had feeding problems and hypotonia
from birth. Autism was diagnosed around age 3 years and SLOS 5 months later. His exam at
study entry at age 7 years 5 months revealed hypotonia, and limited social interaction on
exam. He had no focal neurological deficits, and no history of seizures. Developmental
assessments at ages 5 and 11 years showed Mullen scores of 35 and 36, respectively.

An outside MRI scan at 3 years 10 months revealed minor structural anomalies
(Supplemental Table 1), but no visible intraparenchymal lesion. Initial imaging at study
enrollment showed a nearly round, 5.5 mm lesion in the right globus pallidus. The lesion
slightly expanded the margins of the globus pallidus on 3D T1-weighted images. Multiple
follow-up MRI exams were obtained that demonstrated gradual slight enlargement of the
lesion; the maximum lesion size was 7 mm at age 10 years 4 months. The most recent lesion
size was 4 mm at age 12 years 4 months. We intend to continue following this lesion until it
resolves. A selection of this individual’s images is presented in Figure 1.
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DISCUSSION

The individuals presented here have confirmed diagnoses of SLOS based on clinical,
biochemical, and molecular findings. Macroscopically on MRI, the lesions were not present
in early childhood (Individuals 2, 3), and resolved over time (Individuals 1, 2). In all 3 cases
the lesions had MRI characteristics that favored non-malignancy: small with well-
circumscribed margins, no edema, no enhancement with contrast material, and very slow
growth. Attributable symptoms were not present. The lesions were in locations difficult to
biopsy, therefore close observation was preferred. The resolution of the lesions in two of the
individuals, and regression in the third confirm the benign and spontaneously-regressing
nature of the lesions. The prevalence of tumor-like brain lesions in our cohort of individuals
with SLOS who underwent brain imaging is unusually high (3 in 55) compared to the
reported rate of incidental brain neoplasms discovered in normal volunteers (2—3 in 1000)
[Katzman et al. 1999], suggesting a non-random association.

Brain malignancy in individuals with SLOS has been reported in two cases [Oslejskova et al.
2008; Aslan et al. 2016], although biochemical or molecular confirmation for the diagnosis
of SLOS was not provided in the latter reference. Both groups suggested dysregulation of
the Shh signaling pathway to be the potential underlying tumorigenesis mechanism. This
hypothesis is not congruent with current findings of downregulated Shh signaling in SLOS
[Cooper et al. 2003], as compared to upregulated Shh signaling in the development of
gliomas and medulloblastomas [Guizzetti and Costa 2008; Traiffort et a/. 2010].

The MRI characteristics of the lesions we report have multiple similarities to the
spontaneously regressing lesions seen in NF1, variously termed vacuolar myelinopathy,
spongiform gliosis, or unidentified bright objects (UBQOs). Spongiform gliosis is found in
more than half of individuals with NF1 [Van Es et al. 1996]. Histopathology of brain lesion
tissue from deceased patients with NF1 showed intramyelinic spongiotic or vacuolar
changes [DiPaolo ef al. 1995]. In measuring water T2 and diffusivity within the lesions,
Billiet et al. [2014] concluded that altered microstructural compartmentalization led to an
increase in “extracellular-like” intracellular water, consistent with the vacuoles between
myelin layers in intramyelinic edema. The evolution of NF1 and SLOS lesions follows a
similar time course: both appear spontaneously early in childhood, grow slowly, and then
regress as the patient enters the teenage years. NF1 UBOs have been described to decrease
in frequency as the age of the affected populations increased [Gill et a/. 2006]. Similarly,
Payne et al. [2014] observed that almost half of the discrete T2 hyperintense lesions
completely resolved, while 14% became diffuse. Lesions in the basal ganglia, brainstem, and
thalamus were most likely to resolve [Gill et al. 2006; Payne et al. 2014]. Contrasting with
the NF1 UBOs, the lesions reported here were solitary rather than multiple [Van Es et a/.
1996]. In addition, the pons (the location of the lesion in Individual 3) is an uncommon site
for NF1 UBOs.

Neurofibromin, the protein affected in NF1, has Ras GTPase activating function that enables
it to suppress growth signaling through the Ras-MAPK pathway. Loss of neurofibromin
expression is hypothesized to underlie the uncontrolled growth of Schwann cells and the
development of neurofibromas seen in NF1 [Arun and Gutmann 2004]. Whether
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dysregulation of these small GTPases and their downstream pathways results in the lesions
seen on brain imaging remains undetermined. Interestingly, UBOs on brain MRI have also
been reported in 4 of 30 individuals actively using amphetamine [Fatovich ef a/ 2010]. In
addition, Wheeler et al. [2015] showed that amphetamine activated Rho and Rac GTPases,
leading downstream effect on extracellular dopamine availability.

Several cellular pathways have been implicated in neuronal malformations in SLOS.
Decreased cholesterol and other sterols have been linked to down regulation of the Sonic
hedgehog (Shh) signaling cascade invitro and in animal models [Cooper et al. 2003; Sever
et al. 2016]. Separately, Francis et al. [2016] observed that the accumulation of 7-DHC in
iPSCs inhibited protein complex formation in the Wnt/p-catenin pathway. Work in an SLOS
mouse model has shown that increased phosphorylation of upstream Rho GTPase complexes
was associated with abnormal development of neuronal processes [Jiang et a/. 2010].
Defective Rho GTPases activity has been associated with other human disorders of mental
development [von Bohlen Und Halbach 2010].

From a mechanistic standpoint, both SLOS and NF1 have disordered regulation of signaling
pathways involving small GTPases. In NF1, upregulation of Ras GTPase/Rho GTPase
activity promotes growth of Schwann cells [Harrisingh and Lloyd 2004]. In SLOS, although
altered Ras signaling was not observed, Jiang et a/. [2010] demonstrated increased activation
of Rho/Rac GTPases in brain tissue from DhAcr7 mutant mice. We speculate a common
mechanism for these similar brain lesions in NF1 and SLOS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Imaging characterization of the brain lesions. Except for the location, the imaging

characteristics of the lesions were similar for all 3 patients. These images are from
Individual 3 at age 8 years 1 month (except for the PET scan, which was obtained at age 7
years 8 months). The FLAIR (A) and T2-weighted (B) images demonstrate a hyperintense
lesion with infiltrative qualities in the anterior part of the right globus pallidus. The lesion is
hypointense and does not enhance on post-contrast T1-weighted images (C). Susceptibility-
weighted images (D) do not demonstrate metal or mineral deposition within the lesion, and
the ADC map (E) derived from diffusion tensor imaging (DTI) demonstrates elevated
diffusivity within the lesion. FDG-PET(F) demonstrates that tracer uptake within the lesion
is indistinguishable from surrounding tissues. A long-echo single voxel *H MR spectrum
(PRESS technique, TE=144 ms, voxel volume = 1 cm3) of the lesion (G) does not differ
significantly from a spectrum obtained from the contralateral normal side (H) in the same
individual. Maps of relative cerebral blood volume (rCBV), relative cerebral blood flow
(rCBF), and relative mean transit time (rMTT) derived from dynamic susceptibility contrast
perfusion imaging were unremarkable (images not shown). On all of the imaging sequences,
the lesions were homogeneous, without discernable internal structure.
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Figure 2.
Temporal evolution of the brain lesions. This is a series of T2-weighted images of Individual

2. At age 3 years 3 months (A) no lesion is visible. At age 4 years 5 months (B), there isa 4
mm lesion in the left anterior pons. At age 5 years 10 months (C), the lesion measures 12
mm and is slightly exophytic. At age 7 years 7 months (D), the lesion remains exophytic and
measures its maximum size of 16 mm. At age 16 years 9 months (E), the lesion is no longer
visible, but the left anterior pons remains expanded.
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