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Abstract

Introduction—Smith-Lemli-Opitz Syndrome (SLOS) is a malformation syndrome inherited in 

an autosomal recessive fashion. It is due to a metabolic defect in the conversion of 7-

dehydrocholesterol to cholesterol, which leads to an accumulation of 7-dehydrocholesterol and 

frequently a deficiency of cholesterol. The syndrome is characterized by typical dysmorphic facial 

features, multiple malformations, and intellectual disability.

Areas covered—In this paper we provide an overview of the clinical phenotype and discuss 

how the manifestations of the syndrome vary depending on the age of the patients. We then 

explore the underlying biochemical defect and pathophysiological alterations that may contribute 

to the many disease manifestations. Subsequently we explore the epidemiology and succinctly 

discuss population genetics as they relate to SLOS. The next section presents the diagnostic 

possibilities. Thereafter, the treatment and management as is standard of care are presented.

Expert opinion—Even though the knowledge of the underlying molecular mutations and the 

biochemical alterations is being rapidly accumulated, there is currently no efficacious therapy 

addressing neurological dysfunction. We discuss the difficulty of treating this disorder, which 

manifests as a combination of a malformation syndrome and an inborn error of metabolism. A 

very important factor in developing new therapies is the need to rigorously establish efficacy in 

controlled trials.

1. Introduction

Smith-Lemli-Opitz syndrome (SLOS, OMIM #270400) is an autosomal recessive, multiple 

malformation/cognitive impairment syndrome resulting from an underlying inborn error of 

metabolism, specifically a deficiency of 7-dehydrocholesterol reductase (DHCR7) activity. 

SLOS was first described by Drs. Smith, Lemli and Opitz [1] in 1964 in a case series of 

NIH Public Access
Author Manuscript
Expert Opin Orphan Drugs. Author manuscript; available in PMC 2016 March 01.

Published in final edited form as:
Expert Opin Orphan Drugs. 2015 March ; 3(3): 267–280. doi:10.1517/21678707.2015.1014472.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



three male pediatric patients with small stature, failure to thrive, severe feeding disorder, 

hypospadias and a characteristic facial appearance that includes micrognathia, broad 

alveolar ridges, anteverted nares, and microcephaly. In 1993, Irons et al. [2,3] described an 

abnormal plasma sterol profile consisting of low cholesterol and elevated 7-

dehydrocholesterol (7-DHC) in a subject with SLOS. This finding strongly suggested that 

mutations of DHCR7, the gene encoding the enzyme DHCR7 likely were the cause of 

SLOS. In 1998, DHCR7 was cloned and subsequently three groups independently identified 

DHCR7 mutations in SLOS patients [4–7]. The advent of biochemical and molecular testing 

lead to a significant expansion of the SLOS phenotype which ranges from severely affected 

individuals with multiple malformations and high mortality to a mild disorder including 

behavioral abnormalities and learning impairments. SLOS is a panethnic disorder; however, 

the carrier frequency appears to be higher in Caucasians, especially of Northern European 

heritage where it approaches 1–2 % [8–10]. Currently the mainstay of therapy is oral 

cholesterol supplementation. Even though this intervention has shown some somatic benefit, 

new therapies are needed to address the neurological deficits.

2. Clinical phenotype

2.1 General overview

The SLOS phenotype is extremely broad and ranges from severely affected infants with 

multiple major congenital malformations who die in the perinatal period to mildly affected 

individuals with minor physical anomalies and a behavioral phenotype that frequently 

includes autistic traits [11]. SLOS severity is a continuum and cases at the severe end of the 

spectrum correspond to what was previously recognized as SLOS type II. The SLOS 

phenotypic spectrum likely merges with normal. A severity scale first developed by Bialer 

[12] then modified by Kelley and Hennekam [13] can be used to clinically classify patients. 

This rating scale is based on the degree of malformations present in ten developmental 

domains. The major limitation of this scale is that it does not account for behavioral and 

cognitive deficits.

2.2 Dysmorphic features

Although the SLOS phenotype is variable, the facial features tend to be readily recognizable 

(Figure 1A-F). Typical craniofacial features include microcephaly with bitemporal 

narrowing, a short upturned nose with anteverted nares, unilateral or bilateral ptosis, 

epicanthus, and retrognathia [1,14]. The lateral view frequently shows flat facial profile and 

low set ears. Postaxial polydactyly of hands (Figure 2A) or feet can be found in more severe 

cases, and cutaneous 2,3 syndactyly of the toes (Figure 2B) is usually noted, although its 

very high frequency may be due to ascertainment bias. Oral features can include dental 

crowding, broad alveolar ridges, cleft palate, and bifid uvula (Figure 2C). Cleft lip is 

uncommon. The classical facial appearance changes over time with some features becoming 

less apparent with age. Adult individuals may look older than their chronological age [14]. 

The nose often appears more bulbous and the lips fuller than in children, making the typical 

gestalt less apparent. However, a recent anthropometric study that evaluated 42 individuals 

with SLOS demonstrated that standardized measurements of the craniofacial patterning were 

consistent from infancy to adulthood [15].
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2.3 Manifestations in the fetal period

Although most cases of SLOS are not diagnosed during prenatal ultrasound evaluations, in 

many pregnancies there appear to be findings that would support additional evaluation to 

exclude SLOS. A recent case series of 10 individuals diagnosed with SLOS during the fetal 

period described by Quélin [16] shows that among the 10 cases, 4/8 had increased nuchal 

translucency on screening, 7/10 had intrauterine growth restriction (IUGR) determined by 

prenatal ultrasound, 7/10 had oligo- or anhydramnios noted, 5/10 had polydactyly in upper 

or lower extremity noted on ultrasound, 9/10 had a heart defect (7 atrioventricular canal 

defects, 1 ventricular septal defect, 1 pulmonary valve dysplasia). In addition, various other 

malformations were noted on prenatal ultrasound including agenesis of the corpus callosum, 

microcephaly, abnormal gyration of hemispheres, cleft lip, cleft palate, sexual ambiguity 

with male karyotype, bilateral agenesis of the kidneys. On autopsy these abnormalities were 

confirmed and moreover all fetuses had 2,3 toe syndactyly and facial dysmorphism 

consistent with SLOS. It was further noted that 8/10 had lobation anomalies of the lung, and 

1/10 had lung hypoplasia secondary to renal hypoplasia. A previous case series describes the 

antenatal manifestations of 30 cases, of which 10 were diagnosed antenatally and 20 were 

diagnosed at or after birth [17]. When considering the 20 cases diagnosed after birth, the 

findings on prenatal ultrasound were milder with 7 cases having isolated IUGR, and six 

cases having IUGR associated with another abnormal finding, such as nuchal edema, urinary 

tract dilatation, ventricular septal defect and aortic hypoplasia, or polydactyly. Two 

additional cases had isolated cardiac defects and 5 cases had no abnormalities noted on 

antenatal ultrasounds.

2.4 Manifestations of the neonatal period and infancy

The SLOS phenotype is readily apparent in most cases at birth. Malformations identified at 

birth include postaxial polydactyly, syndactyly of the second and third toes, cleft palate or 

bifid uvula. The hands often show a single palmar crease and a proximally placed thumb. 

Poor neonatal growth, poor suck, formula intolerance, significant gastrointestinal reflux and 

constipation frequently contribute to a diagnosis of failure to thrive. However, even with the 

provision of adequate calories, growth typically remains poor during the neonatal period. 

The lack of adequate feeding often requires gastric tube placement, and a continuous feeding 

schedule is frequently required to provide sufficient calories. Because growth does not 

respond normally to caloric intake, a healthy infant and slow and steady weight gain are the 

goals, rather than trying to obtain a normal growth pattern. If an infant does not adequately 

feed, it is unlikely that one can temporize with nasogastric tube feedings. The feeding issues 

can be further complicated by the development of liver disease, pyloric stenosis, or by the 

presence of malformations, such as colonic aganglionosis or malrotation. In addition, infants 

often manifest irritability, hypersensitivity to the environment and may develop feeding 

aversion. Genital malformations range from chordee or hypospadias to sex reversal with a 

male karyotype and female appearing or ambiguous genitalia with bilateral cryptorchidism 

[12,18]. In severely affected newborns, electrolyte abnormalities and hypoglycemia due to 

adrenal insufficiency have been reported and may contribute to the increased morbidity and 

mortality [19,20]. No evidence of adrenal insufficiency was found in a cohort of mild to 

moderately affected individuals [21]. Likewise severely affected individuals may show signs 

of bile acid deficiency as neonates, but no deficiency was noted in mildly affected patients 
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[22]. A variable extent of liver disease and structural abnormalities may be seen in SLOS 

[13]. Rossi et al. [23] suggest that hepatic dysfunction is underappreciated and reported 

hepatic dysfunction in 16% of SLOS cases. Prenatal cataracts, most often not impairing 

vision, have been described in about one eighth of cases [24]. Postnatal development of 

cataracts has also been described [25]. Strabismus is not uncommon. Imaging of the central 

nervous system often shows malformations, which range from septum pellucidum 

abnormalities and agenesis of the corpus callosum to holoprosencephaly in severe cases 

[26,27].

2.5 Manifestations in childhood

During childhood, behavior, feeding issues, and gastrointestinal symptoms remain major 

concerns. Abnormal gastrointestinal mobility manifesting with recurrent vomiting and 

reflux, in combination with very selective food intake due to oral sensitivity, with avoidance 

of specific tastes and textures, likely contributes to poor growth [28]. Specific growth charts 

have been developed, and individuals should be plotted on these in addition to the regular 

World Health Organization/Centers for Disease Control and Prevention standardized 

pediatric growth charts [29]. Constipation can become a severe problem further exacerbating 

abdominal symptoms. An increased rate of otitis media, frequent skin infections and 

respiratory infections can be seen in childhood without evidence of an underlying immune 

deficiency [13]. The initial hypotonia of infancy slowly improves and often progresses to 

increased tone, especially in the extremities, which may lead to contractures. Individuals 

suffer from an increased sensitivity to light, which manifests as photosensitivity reaction of 

the skin and significant photophobia [30]. Autistic traits, in addition to mild to moderate 

intellectual disability contribute to the typical behavioral phenotype [31,32]. Abnormal sleep 

patterns with difficulty settling, frequent night awakening, and early morning awakenings 

are often noted by parents [33]. A correlation between the severity of the cholesterol 

synthesis defect and the biological genesis of challenging behavior has been described [34].

2.6 Adult manifestations

The adult phenotype is characterized by shorter than average stature. Food aversions and 

gastrointestinal symptoms may persist. The psychiatric manifestations often include 

depression and anxiety. The degree of intellectual disability varies, most often mild to 

moderate intellectual disability are seen, although both borderline intellectual disability and 

individuals with normal intelligence have been reported [35]. After menarche a gynecologist 

should be consulted regularly. The hormonal changes may lead to worsening behavior with 

increased aggression and self-injury related to the menstrual cycle. Fertility should be 

assumed, and a pregnancy with good outcome has been reported in a mildly affected 

individual [35]. Even though no other pregnancies have been reported, an adequate form of 

birth control is recommended. Anecdotally, hormonal based birth control can improve 

irritability associated with menses. Currently, there are no systematic studies of adult 

morbidity and mortality.
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3. Pathogenesis

3.1 Biochemical abnormality/molecular abnormality

The underlying biochemical defect is due to decreased reduction of the C(7–8) double bond 

of 7-DHC to yield cholesterol in the final step of the Kandutsch-Russel synthetic cholesterol 

pathway [2,3] (Figure 3). This enzymatic step is catalyzed by DHCR7. Deficient DHCR7 

activity results in elevated levels of 7-DHC and its isomer 8-dehydrocholesterol (8-DHC), 

and decreased levels of cholesterol. Serum cholesterol is often low, although it can be in the 

normal range.

DHCR7 was cloned and mutations initially identified in 1998 [4–7]. The gene maps to 

chromosome 11q12-13 and consists of 9 coding exons. DHCR7 is an integral membrane 

protein; however, its membrane topology has not been experimentally determined. Based on 

in silico modeling, Waterham and Wanders [36] proposed six transmembrane domains and 

Fitzky [4] proposed nine. We found that the Protter predictive algorithm [37] predicts a 

protein with seven transmembrane domains (Figure 4). All of these topology models should 

be viewed as hypothetical until experimental data is available. Since the initial sequencing 

of DHCR7, over 150 mutations and multiple benign variants have been reported [38] (see 

Figure 4 and Table 1). A database of DHCR7 mutations has been established [39]. The most 

frequent mutation in the United States (US) population c.964-1G>C (IVS8-1G>C) is a 

splice acceptor mutation which results in an insertion of 134 base pairs. When ascertained in 

SLOS patients, the c.964-1G>C mutation accounts for approximately a third of the mutant 

alleles. It is likely underreported, due to the fact that in the homozygous state, a severe, often 

prenatal lethal, phenotype is present [40,41]. The twelve most frequent mutations, c.

964-1G4C (30%), p.T93M (10%), p.W151X (6%), p.R404C (5%), and p.V326L (5%), 

R352W (3%), E448K (3%), G410S (2%), R242C (2%), S169L (2%), F302L (1%), and 

R242H (1%) account for approximately two thirds of all mutant alleles found in DHCR7 

[42]. More recently, a number of whole exon deletions have been found to be causative for 

SLOS [43,44]. Many cases are due to one frequent mutation in combination with a unique or 

low frequency mutation. Even though an effort has been made to find a correlation between 

the severity of SLOS and the genotype, the correlations are not strong enough to allow for 

counseling in individual cases. Generally, it can be stated that an individual with two null 

mutations or with mutations in putative loop 8 or 9, in the 9 transmembrane model, will 

have a more severe phenotype [38]. Patients with two missense mutations seem to be more 

mildly affected. For the majority of individuals who harbor a combination of a nonsense and 

missense mutation, phenotype-genotype correlation is relatively poor. Modifier genes likely 

influence the SLOS phenotype. Maternal ApoE and ABCA1 genotypes, perhaps by altering 

maternoplacental cholesterol transfer, appear to modulate SLOS phenotypic severity 

[45,46].

3.2 Pathophysiology

Cholesterol is one of the most ubiquitous lipids in the body and has multiple physiological 

functions. Cholesterol is found in all cells as a critical component of cellular membranes. In 

cellular membranes it has a major influence on fluidity and intracellular signaling [47]. 

Cholesterol is the precursor for steroid hormones, bile acids, and oxysterols. 7-
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dehydrocholesterol is the precursor for vitamin D. Cholesterol also plays a major role in 

embryonic development in that it is involved in hedgehog signaling [48]. In SLOS one 

typically observes both a cholesterol deficiency and an elevation of dehydrocholesterol 

levels. Thus one needs to consider whether the observed pathology is due to cholesterol 

deficiency, a toxic effect of dehydrocholesterol, or a combination of these two factors.

A number of studies have demonstrated that dehydrocholesterol combined with cholesterol 

deficiency clearly alters membrane properties. Boeze-Battaglia et al. [49] were able to 

determine an altered ratio of sterols and fatty acids, and changes in rigidity in membranes 

isolated from cells treated with AY9944, an inhibitor of DHCR7. Gondre- Lewis et al. [50] 

demonstrated that cholesterol derivatives incorporated into the cell membrane caused fewer 

granules and morphologically aberrant granules to be produced. Haldar et al. [51] showed 

that incorporation of 7-DHC or other cholesterol precursors significantly alters the 

electrostatic properties of biological membranes, a finding that implicates the possibility of 

changes in the activity of ion-dependent ATPases and ion channels. Transmembrane 

signaling is also perturbed. DHCs are incorporated into the lipid raft domains of mast cells 

in a mouse model of SLOS and decrease the stability of the lipid rafts, leading to an increase 

in degranulation of mast cells and to an enhanced cytokine response [52]. Altered sterol 

composition in SLOS fibroblast lead to decreased cavolein levels in the cell membrane, and 

therefore, altered signaling [53]. In an in-vitro model of SLOS utilizing a pharmacological 

DHCR7 inhibitor, the lipid raft protein composition was shown to be changed [54]. Paila et 

al. [55] showed that the serotonin 1A receptor, that requires cholesterol for functioning, 

exhibits reduced ligand binding, and consequently, reduced signaling efficiency, when 

elevated levels of 7-DHC and reduced cholesterol levels were present. Serotonin signaling 

may be altered in SLOS patients. Analysis of cerebral spinal fluid from 21 SLOS patients 

demonstrated decreased levels of 5-hydroxyindoleacetic acid, a serotonin metabolite [56]. 

Although the effects on any given cellular signaling process may be relatively minor, the 

potential additive impact of a general alteration in cellular signaling pathways may have a 

major impact on cellular function.

DHC, like cholesterol, can serve as a precursor molecule for sterol metabolites. Both 7- and 

8-DHC can enter the steroid biosynthetic pathway. DHC derivatives of pregnanolone and 

allopregnanolone have been identified in SLOS patients [57]. To date, the biological activity 

of these DHC-derived steroids has not been defined. Theoretically, these derivatives could 

have agonistic or antagonistic hormonal effects via multiple steroid hormone receptors. 

Synthesis of DHC bile acids [58,59] and enzymatically produced oxysterols [60–62] have 

been described. Again, the biological activity of DHC-derived oxysterols and bile acids has 

not been systematically studied. In most cases, the level of cholesterol-derived sterol 

metabolites also has not been systematically evaluated in SLOS patients, thus the degree to 

which cholesterol deficiency might contribute to impaired steroid hormone, bile acid or 

oxysterol function is not known.

In addition to enzymatically produced oxysterols, cholesterol can undergo nonenzymatic 

oxidation leading to production of biologically active oxysterols [63,64]. 7-DHC is 

extremely sensitive to oxidation [65]. The extreme sensitivity of 7-DHC to non-enzymatic 

oxidation combined with the potential toxicity of the resulting oxidative metabolites 
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provides the rational for a controlled trial of antioxidants in SLOS [63,66]. For example, in a 

pharmacologically induced SLOS rat model the retinas were found to be light-sensitive and 

showed histological signs of retinal degeneration, a development that could be prevented by 

administration of a synthetic antioxidant prior to light exposure [67].

Cholesterol deficiency during development may impair proper signaling by hedgehog family 

members. Cholesterol is necessary for the normal maturation and signaling of hedgehog, a 

family of proteins that play critical roles in pattern formation during embryonic development 

[48,68]. Impaired hedgehog signaling plausibly underlies some of the malformations found 

in SLOS such as holoprosencephaly/agenesis of the corpus callosum and postaxial 

polydactyly [68].

4. Epidemiological aspects

Although most frequently described in individuals of European descent, SLOS cases have 

been reported in individuals of African, Arabic and Japanese heritage [69–74]. Witsch-

Baumgartner and coworkers [8,75] have characterized the distribution of DHCR7 mutations 

in European populations. The common splice acceptor mutation c.964-1G>C arose in the 

British Isles and decreases in frequency as one progresses eastward across Europe. In 

contrast p.W151X and p.V326L appear to have arisen in Northeastern Europe and p.T93M 

seems to have originated in the Mediterranean area. A missense mutation, p.R352Q appears 

to be the most frequent mutation in Japanese SLOS patients [74]. Based on biochemical 

testing, Kelley [76] reported an incidence of 1/50,000 in the US. Recently Cross et al. [9] 

analyzed exome sequence from 17,836 alleles and estimated a carrier frequency of 1.01%, 

corresponding to a predicted SLOS incidence of approximately 1/39,000. Discrepancies 

between projected cases and actual clinical incidence are likely due to high intrauterine 

mortality of severe cases and perhaps underdiagnoses of mild cases. Unless region or ethnic 

group specific carrier frequencies have been determined, for genetic counseling purposes, a 

carrier frequency of 1–2% in Caucasians is a conservative and reasonable estimate.

5. Diagnosis

5.1 Postnatal diagnosis

Upon clinical suspicion the recommended screening for SLOS is measurement of plasma 7-

DHC via gas chromatography- mass spectrometry. Values above 2 mcg/mL are considered 

abnormal. Plasma cholesterol is typically reduced, but may be normal. Most clinical 

laboratories measure cholesterol using a cholesterol oxidase-based test, which is not specific 

for cholesterol. Thus, the measured value will include cholesterol precursors (such as 7- and 

8-DHC) as well as cholesterol, and can therefore be falsely elevated. A normal plasma 

cholesterol level does not exclude SLOS. Plasma 7-DHC is a sensitive marker for detection 

of SLOS, but false positive elevations have been noted with psychoactive medications 

including aripiprazole and trazodone, which are inhibitors of DHCR7 [13,77]. Other 

psychoactive agents, such as haloperidol, can lead to increases in 7-DHC levels by 

increasing cholesterol synthesis [78]. Other conditions that increase cholesterol synthesis, 

such as bile acid loss after ileal resection, can also result in increased 7-DHC levels, leading 

to diagnostic difficulties. In these cases molecular testing of DHCR7 is recommended. 
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Sequence analysis can detect up to 96% of mutations. If no mutation or only one mutation is 

found, a quantitative test such as quantitative PCR, multiple probe amplification analysis, or 

chromosomal microarray with coverage of DHCR7 and the flanking region is recommended, 

since multiple exon deletions have been described [43,44]. If molecular analysis does not 

identify pathogenic mutations and the potential confounder leading to a possible false 

positive biochemical test cannot be removed, then the sterol profile of fibroblasts or 

lymphoblasts grown in cholesterol depleted media can be used to establish a diagnosis 

(CAW and FDP unpublished observation). Carriers cannot be identified via biochemical 

assays, since their biochemical profile overlaps normal subjects’ profile [79]. If the primary 

proband’s mutations are known, carriers can be identified through molecular analysis.

5.2 Prenatal diagnosis

If intrauterine growth restriction or multiple congenital anomalies are noted during fetal 

ultrasound, it is possible to test either tissue obtained during chorionic villus sample or 

amniotic fluid obtained during amniocentesis for an abnormal level of 7-DHC via gas-

chromatography- mass spectrometry [80]. A large multi-center trial showed that abnormal 

sterols can be screened for in maternal urine. The measurement of 7-dehydropregnanetriol to 

pregnanetriol ratio was found to be a reliable non-invasive diagnostic test in the second 

trimester [81]. Sometimes prenatal testing for SLOS is pursued after unusually low levels of 

unconjugated estriol are noted on second trimester maternal serum screening test. Since 

fetoplacental synthesis of unconjugated estriol requires cholesterol as a precursor, 

pregnancies affected by SLOS may have low unconjugated estriol levels, while the other 

two markers, alpha-fetoprotein and human chorionic gonadotropin stay relatively 

unaffected. Palomaki et al. [82] describe an algorithm that can be used to assess risk of 

SLOS in an abnormal screening result.

5.3 Future diagnostic trends

Currently there are about 20 different commercially available panels that include massively 

parallel sequencing techniques and include the DHCR7 gene in their analysis [83]. The 

clinical indications range from autism or developmental delay to cholestatic disease and 

epilepsy. It is unclear if this development will further broaden the phenotype with new 

characterizations of atypical or hypomorphic presentations. In addition, more and more 

disorders are being included in newborn screening panels in an effort to ease the diagnostic 

journey and make disorders amenable to presymptomatic therapies, as they become 

available. There has been an effort to develop techniques to analyze 7-DHC in dried blood 

spots [84,85]. However, one of the main problems remains that 7-DHC is not as stable as 

other diagnostic compounds on dried blood spots, so that pretreated filter paper may be 

needed [86].

6. Treatment and management

6.1 Pharmacological management

6.1.1 Cholesterol supplementation—The majority of SLOS patients are treated with 

oral cholesterol supplementation via administration of food-based cholesterol (such as egg 

yolks), crystalline cholesterol suspension in oil or in Ora Plus® (a colloidal aqueous solution 

Bianconi et al. Page 8

Expert Opin Orphan Drugs. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



used in medication preparations), or a microencapsulated cholesterol powder. The 

cholesterol preparations must be compounded at a pharmacy. The microencapsulated 

cholesterol is currently available as Cholextra® [87] or as SLOesterol® [88] in the US. 

Since the absorption of cholesterol is presumed to be different depending on the actual 

formulation, different doses are recommended depending on the mode of administration 

[89]. Cholesterol supplementation leads to improved cholesterol levels through increased 

absorption in the diet [90]. Chan et al. showed that the fractional cholesterol synthesis rate 

was lower on a high cholesterol diet in comparison to a low cholesterol diet in individuals 

with SLOS [91]. In addition, the higher cholesterol levels provide a feedback inhibition for 

endogenous synthesis, so that less 7-DHC is produced. Case series have reported 

improvement in symptoms, including growth, susceptibility to infection and behavior [92–

94]. Improvements in skin photosensitivity have been quantified [95]. However, a double 

blinded, cross-over study could find no difference in short term behavior when patients were 

on cholesterol supplementation or on placebo [96]. A number of factors likely limit the 

efficacy of dietary cholesterol synthesis. In vitro studies indicate that SLOS cells have 

impaired intracellular cholesterol transport, suggesting a possible defect in the ability of 

SLOS cells to properly utilize exogenous cholesterol [97]. In addition, dietary cholesterol 

does not cross the blood-brain-barrier to any significant extent and the central nervous 

system is dependent upon endogenous synthesis [98].

6.1.2 Bile acid replacement—In severe cases of SLOS there may be cholestatic liver 

disease in infancy [99]. In these cases bile acid replacement can be considered. Bile acid 

replacement was also tried in combination with cholesterol supplementation as a means to 

increase intestinal cholesterol absorption, but no difference was found in plasma cholesterol 

levels compared to patients only receiving cholesterol [93]. There is no evidence of bile acid 

production deficit in mild to moderate phenotypes.

6.1.3 Fresh frozen plasma—When an SLOS patient experiences acute severe illness or 

undergoes a major surgical procedure, one can consider the use of fresh frozen plasma 

(FFP). FFP contains cholesterol rich lipoproteins, such as LDL. This intervention has not 

been validated with clinical trials, but there is anecdotal evidence supporting this therapy in 

acutely ill or severely stressed patients [13,100,101]. There is also a report of FFP being 

used in the antenatal setting via fetal intravenous and fetal intraperitoneal transfusion [102].

6.1.4 Stress steroid dosing—Even though moderate to mild cases do not show evidence 

of adrenal insufficiency [21], in severely affected individuals adrenal insufficiency and the 

need of stress steroid replacement should be considered if the clinical picture is indicative of 

adrenal insufficiency.

6.1.5 Simvastatin—Several case reports and a case series suggest that adding HMG-CoA 

reductase inhibitors may benefit patients by improving the cholesterol profile [103–105]. 

Jira et al. [103] studied the effects of simvastatin on two patients and reported a significant 

increase in serum cholesterol with concomitant reduction in cholesterol precursors. Shortly 

after this, Starck et al. [106] also attempted treatment with simvastatin in two patients with 

SLOS, and noted some decrease in dehydrocholesterol, but no notable improvement of 
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cholesterol levels. One of these patients experienced liver dysfunction which required 

stopping simvastatin treatment. The retrospective study [104], which included 14 SLOS 

patients receiving simvastatin, showed that the improvement in cholesterol/

dehydrocholesterol ratio was due to decrease in 7- and 8- DHC, without any notable increase 

in cholesterol levels. Chan et al. [91] showed that adding simvastatin to a high cholesterol 

diet in three patients further decreased their 7-DHC levels while maintaining their total 

cholesterol levels.

6.2 Clinical management

6.2.1 Health supervision and general management—Management includes regular 

physical examinations with special attention paid to growth parameters such as weight, 

height and head circumference, which ideally should be plotted on SLOS specific charts in 

addition to standard CDC or WHO charts [29]. In phenotypically female patients with 

manifestations of a severe phenotype, a karyotype to exclude sex reversal is recommended, 

and if necessary, subsequent removal of intraabdominal testes. Genital malformations such 

as hypospadias or cryptorchidism may need surgical repair. Cleft palate may need surgical 

intervention. Limb malformations, such as polydactyly, may need repair to attain optimal 

functioning.

6.2.2 Gastrointestinal management—Treatment of the growth failure, due to 

dysphagia, reflux, oromotor dysfunction, and feeding aversion involves speech and 

swallowing therapy, nutritional support, and placement of a gastrostomy tube to meet 

nutritional needs, if necessary. Gastrointestinal manifestations such as pyloric stenosis and 

colonic aganglionosis need surgical intervention.

6.2.3 Neurological and psychiatric management—A developmental pediatric 

specialist should be involved in care to assess developmental delay, the appearance of 

autistic features, and provide timely interventions, such as physical therapy or occupational 

therapy. Communication can be facilitated by using sign language, picture based 

communication devices, or computer based communication devices. A pediatric neurologist 

should follow the patients regularly and assess hypotonia, hypertonia, the presence of 

seizures, and symptoms of autism spectrum disorder or attention deficit hyperactivity 

disorder. If independent ambulation is reached, ankle-foot orthoses are often needed due to 

poor tone and ensuing instability. If spasticity occurs, botulinum toxin injections or tendon 

release procedures may be necessary. Behavioral problems such as self-injurious behavior, 

compulsion, obsessions and anxiety may require psychiatric evaluation and medications in 

childhood. Affect dysregulation can be noted in infancy and childhood and may manifest 

with depressive or psychotic symptoms in adults necessitating psychiatric care. If 

pharmacological intervention is needed care should be taken to try to avoid psychoactive 

medications that interfere with DHCR7 metabolism (haloperidol, trazodone, and 

aripiprazole). Serum 7- DHC levels and clinical status should be monitored frequently to 

avoid negative consequences of therapy. Sleep disturbances may need referral to a sleep 

specialist for further evaluation and management.
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6.2.4 Ophthalmological management—A baseline ophthalmologic assessment is 

needed for assessment of cataracts, strabismus, and other ocular malformations, such as 

retinal dysplasia or optic nerve atrophy [107]. Some ocular manifestations, such as 

strabismus, cataracts, and ptosis, may require surgical intervention.

6.2.5 Cardiological management—A baseline cardiological examination including 

echocardiography and electrocardiogram is recommended to assess for congenital 

malformations. SLOS patients should be monitored for the development of hypertonia and 

treated if necessary. The decision, how to approach cardiac anomalies, should be made on an 

individual basis with the input of a pediatric cardiologist, a neonatologist and the parents, 

and depends on the severity of the cardiac malformation in combination with the overall 

health of the patient.

6.3 Genetic counseling

All families should be referred to genetic counseling services. Carrier detection using 

molecular techniques should be reserved to adults or minors who are pregnant or 

considering a pregnancy, according to the current published recommendations [108]. The 

recurrence risk of SLOS is 25 % with each conception. In high risk pregnancies based on a 

positive family history, the diagnosis can be made by measuring the 7-DHC level of 

amniotic fluid collected at fifteen to eighteen weeks gestation or in tissue obtained by 

chorionic villus sampling at ten to twelve weeks gestation [109]. Preimplantation genetic 

testing may be an option for affected families if the pathogenic mutations are known.

7. Expert Opinion

SLOS is a unique disorder in that it is both a malformation syndrome and an inborn error of 

metabolism. Thus, the clinical problems found in SLOS may arise from developmental 

defects or be a consequence of altered sterol biochemistry. Developmental defects arise in 

utero and thus are not likely to be amendable to therapeutic intervention in the majority of 

cases since malformations associated with disturbed pattern formation occur prior to 

recognition of pregnancy. However, potentially one could consider early interventions in “at 

risk” pregnancies. During normal development the vast majority of fetal cholesterol is 

synthesized by the fetus itself and the placenta is considered to be a barrier to maternal 

cholesterol transport; however, some data suggest that modulation of maternal factors 

influencing cholesterol metabolism and homeostasis could potentially impact clinical 

severity. For example, Witsch-Baumgartner et al. [46] showed that a more severe SLOS 

phenotype is associated with maternal heterozygosity for an ApoE2 allele. ApoE2 binding to 

LDL receptor is not as efficient as with other ApoE alleles. The paternal ApoE phenotype 

has no impact on severity of SLOS in the offspring. Lindegaard et al. [110] demonstrated 

that maternal cholesterol transport, although still very limited, can be modulated by 

treatment with LXR agonists. These data suggest that one could theoretically modulate 

maternal transfer of cholesterol to the developing fetus and, if done early enough in 

pregnancy, could potentially decrease developmental defects. However, a major limitation 

of this approach is that one would also need to determine how to increase cholesterol 

transport across the fetal blood-brain-barrier. Work by Tint et al. [111] utilizing an SLOS 
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mouse model has shown that the blood-brain- barrier becomes impermanent to peripheral 

cholesterol early in development of the central nervous system. Although early 

developmental defects that give rise to structural abnormalities might be prevented, the 

biochemical abnormalities would persist in the CNS once the blood-brain-barrier precludes 

transfer of cholesterol to the developing central nervous system.

The issue of blood-brain-barrier impermanence to cholesterol transport is a major limiting 

factor in the current treatment of SLOS behavioral and cognitive issues. Although multiple 

case reports indicate subjective and anecdotal improvement in behavior after SLOS patients 

are started on dietary cholesterol supplementation, a direct effect of dietary cholesterol on 

CNS function is not biologically plausible due to the presence of the blood-brain-barrier. 

Although indirect mechanisms, such as alteration of neuroactive steroids, can be postulated, 

it is critical to demonstrate that the reported beneficial effect of dietary cholesterol on 

behavior is real. To date this has not been demonstrated in a controlled study. In fact, the 

only reported placebo-controlled trial of dietary cholesterol supplementation identified no 

effect of dietary cholesterol supplementation on aberrant behavior [96]. Without controlled 

evidence that dietary cholesterol supplementation has a demonstrable effect on behavior, it 

is unlikely that hypothetical indirect mechanisms, which could give insight into directed 

therapy, will be explored in detail.

One possible solution to circumventing the impermeable blood-brain-barrier limiting dietary 

cholesterol supplementation could be using an approach focused on increasing expression of 

the endogenous enzyme. Most SLOS patients with a mild to classical phenotype express a 

DHCR7 allele with residual enzymatic function. Increased expression of DHCR7 mutant 

alleles or stabilization of the mutant DHCR7 protein may have therapeutic potential. In fact, 

simvastatin was found to lead to an increase in cholesterol levels by increasing expression of 

mutant DHCR7 proteins with residual enzymatic activity [112,113]. High-throughput drug 

screens evaluating drugs that have the potential to stabilize proteins and could be repurposed 

for SLOS need to be conducted. Initial experiments in a mouse model have explored the 

potential of gene therapy using adeno-associated virus vectors [114].

The observation that 7-DHC is extremely sensitive to oxidation and the oxidative 

metabolites are potentially toxic suggests that antioxidant therapy directed at reducing 7-

DHC derived metabolites may play a role in the treatment of SLOS. In fact, a recent 

preclinical trial utilizing human SLOS fibroblasts showed that an antioxidant mixture 

consisting of vitamin A, coenzyme Q10, vitamin C and vitamin E improved the biochemical 

phenotype [66]. There was even some evidence that when the antioxidant mixture was fed to 

pregnant mice the oxysterols measurement in the pups’ brain were lowered. However, like 

dietary cholesterol supplementation, one needs to be very skeptical of subjective, anecdotal 

reports of efficacy in SLOS patients. It is absolutely critical that this potential treatment 

modality be evaluated in a placebo-controlled trial.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SLOS craniofacial phenotype
Portrait and profile views of severe (1a, 1b), classical (1c, 1d), and mild disease (1e, 1f). 

Characteristic craniofacial features include microcephaly, bitemporal narrowing, midface 

hypoplasia, small upturned nose, ptosis, strabismus, a flat facial profile and micrognathia.
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Figure 2. SLOS malformations
Limb anomalies include postaxial polydactyly of the hands (2a) or feet, a short posteriorly 

placed thumb (2a), and syndactyly of the 2nd and 3rd toe (2b). A bifid uvula (2c) is the 

mildest form of a midline cleft palate. Permission for the publication of photographs was 

obtained from guardians.
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Figure 3. 
The ultimate step of cholesterol biosynthesis from 7-DHC to cholesterol including down-

stream pathways that cholesterol and its precursors are utilized in.
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Figure 4. 
Putative membrane structure of DHCR7 with location of mutations. Accompanying table 

(see supplemental materials Table 1) specifies the mutations and if they have been clinically 

identified or are predicted to be pathogenic utilizing PolyPhen-2 [115].
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