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Abstract

Deficiency of sterol C4 methyl oxidase, encoded by the SCAMOL gene, has recently been
described in four patients from three different families. All of the patients presented with
microcephaly, congenital cataracts, and growth delay in infancy. The first patient has suffered
since the age of six years from severe, diffuse, psoriasiform dermatitis, sparing only her palms.
She is now 20 years old. The second patient is a 5 year old girl who has just started to develop dry
skin and hair changes. The third and fourth patients are a pair of affected siblings with a severe
skin condition since infancy. Quantitative sterol analysis of plasma and skin scales from all four
patients showed marked elevation of 4a-methyl- and 4, 4’-dimethylsterols, consistent with a
deficiency in the first step of sterol C4 demethylation in cholesterol biosynthesis. Mutations in the
SCAMOL have been identified in all of the patients.

SC4AMOL deficiency is the first autosomal recessive disorder identified in the sterol demethylation
complex. Cellular studies with patient-derived fibroblasts have shown a higher mitotic rate than
control cells in cholesterol-depleted medium, with increased de novo cholesterol biosynthesis and
accumulation of methylsterols. Immunologic analyses of granulocytes and B cells from patients
and obligate carriers in the patients’ families indicated dysregulation of immune-related receptors.
Inhibition of sterol C4 methyl oxidase in human transformed lymphoblasts induced activation of
the cell cycle. Additional studies also demonstrated diminished EGFR signaling and disrupted
vesicular trafficking in cells from the affected patients. These findings suggest that methylsterols
play an important role in epidermal biology by their influence on cell proliferation, intracellular
signaling, vesicular trafficking and immune response. SCAMOL is situated within the psoriasis
susceptibility locus PSORS9, and may be a genetic risk factor for common skin conditions.

Introduction

Cholesterol is a key component of cell membranes, lipid rafts and the immediate precursor
of steroids, vitamin D and bile acids. Many disorders of cholesterol synthesis share common
clinical features, such as abnormal morphogenesis, growth delay and psychomotor
disabilities [1]. However, there are also striking differences suggesting that reduced de novo
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cholesterol synthesis per se may not primarily underlie some of the symptoms including
cataracts, skin, and immunoglobin abnormalities. Recent studies implicate the accumulation
of pre-cholesterol sterols and the replacement of cholesterol with some of these sterols in
lipid rafts as playing a key role in the underlying pathophysiology [2]. The metabolic
pathway for cholesterol synthesis is shown in Figure 1. SCAMOL deficiency has only
recently been described and is the first autosomal recessive disorder identified in the sterol
demethylation complex. Biochemical and immunologic abnormalities in these patients
underscore the important role of methylsterols in human biology and suggest novel methods
of therapy.

Clinical presentation

The first patient is a Caucasian female who was diagnosed at age 15 years with a long
standing history of severe psoriasiform dermatitis affecting her entire body but sparing the
palms (Figure. 2A) [1]. In addition she demonstrated chronic arthralgias, small stature,
microcephaly, delayed puberty and intellectual disability. Skin was normal at birth and
dermatitis was first noted around her umbilicus at the age of two. It subsequently progressed
to her back and trunk with generalization to the remainder of her body by the age of six. The
dermatitis worsens in the winter or when under stress, and only partially responds to
standard anti-inflammatory therapy. The patient also had a history of congenital cataracts,
mild developmental delay, microcephaly (at 13 years of age, her head circumference was
53.5 cm, <3" percentile), and failure to thrive. Her height was at the 3% between 9 and 39
months of age, but at age 13 years, her weight was 28.6 kg (< 3 % ile, 50% for a 9-year-
old) and her height was 140 cm (<3 %ile, 501" % for a 10—1/2 year old). A skeletal survey
at age 15 years identified only delayed skeletal maturation. Skin biopsy showed psoriasiform
hyperplasia, dilated capillaries in the dermal papillae, and neutrophils in the epidermis and
stratum corneum originally felt to be consistent with psoriasis. However closer examination
of the tissue revealed the presence of several foamy cells in the dermis. Qil red O staining
revealed intracellular lipid in these cells, reminiscent of that reported in patients with
congenital hemidysplasia with ichthyosiform erythroderma and limb defects [3] syndrome
[4]. The foam cells were CD68 negative, indicating that they were not macrophages, thus
differentiating them from the cells seen in CHILD syndrome and verruciform xanthoma.
Rather, immunohisochemistry and hematoxylin and eosin stained sections suggested that
they were lipid-laden fibroblasts. Taken together, the histologic features are consistent with
a psoriasiform dermatitis with some features of a verruciform xanthoma. Traditional
therapies for psoriasis were implemented, including topical corticosteroids, calcipotriene,
cyclosporine A, etanercept, phototherapy, and oral isotretinoin. However, while her skin
briefly improved with cyclosporine A treatment, she did not exhibit a long term response to
any of the therapies. Subsequent additional evaluation revealed markedly elevated levels of
serum IgE (1,486 1U/ml; normal <180) and IgA (684 1U/ml; normal <218). Her serum lipid
profile showed a persistently low total cholesterol level (85 mg/dl; normal 140-176), low
HDL (28 mg/dl; normal 35-75) and low LDL (49 mg/dl; normal 70-160), but normal
triglycerides 84 mg/dl; normal 50-200) and VLDL 8 mg/dl; normal 8-14).

The second patient was diagnosed at 2 years old. She is an Hispanic female who presented
with microcephaly, congenital cataracts and developmental and growth delay. She has joint
contracture most marked in the low extremities. Her serum total cholesterol levels are in the
range of 90 mg/dl [5]. Now age five years of life, her skin is dry but has never demonstrated
a marked psoriasiform rash.

The third and fourth patients are two affected siblings from one family, and both presented
with severe skin manifestations similar to patient one beginning in early infancy. Cholesterol
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levels in these two patients have been within normal limits (John McGrath, King’s College,
London, UK, personal communication).

Biochemical and Genetics Findings

All patients with sterol C4 methyl oxidase have exhibited an abnormal plasma sterol profile
gas chromatography-mass spectrometry (GC-MS), with 20- and 500-fold elevation of 4a-
monomethyl sterols and 4, 4’-dimethyl sterols, respectively [6]. Similar sterol profiles were
present in skin scales of all four patients. No 4-carboxylmethylsterol or 4-methylsterone
were detected in either skin scales or skin fibroblasts from these patients. SMO deficiency is
a block at the first step of demethylation of 4,4’-dimethylsterols. The fact that both 4a-
monomethylsterols and 4,4’-dimethyl sterols were elevated in all four patients suggests some
degree of residual sterol C4 methyl activity. Nonetheless, the levels of plasma 4,4’-dimethyl
sterols in SMO patients are much greater than the dimethylsterol levels that may
occasionally be seen in patients with congenital hemidysplasia with ichthyosiform
erythroderma and limb defects [3] syndrome. Methylsterol levels were also mildly elevated
in the plasma of the parents of all the four patients, suggesting a subclinical effect in the
heterozygous state [1]

The SCAMOL gene is ubiquitously expressed in almost all human tissues. Multiple GEO
expression profiles of this gene are present in the NIH database (GDS596; http://
www.nchi.nlm.nih.gov/sites/entrez). Two different mMRNA variants are reported, consistent
with alternative splicing. Isoform 2 differs from isoform 1 by the absence of exon 2. The
tissue expression profiles of the probes targeting the exon 2-3 junction vs. the exon 4-5
junction are almost identical, indicating that isoform 1 is the major RNA isoform in most
human tissues. The expression of this gene is highest in liver, brain, adrenal gland,
lymphoblast, skin, testis, and vascular tissues. Expression data of SC4MOL in cultured
epidermal keratinocytes (GDS2611, GDS2903) and normal leukocytes (GDS3207) can also
be found in the GEO database.

Two heterozygous variations from the published sequence were identified in the SCAMOL
gene of the first patient; ¢.519T>A and ¢.731A>G encoding p.H173Q and p.Y244C,
respectively, in the predicted SMO protein. The 519T>A mutation was carried by the
patient’s father, and the 731A>G was present in the mother. Both positions encode amino
acids within highly conserved metal-binding domains in SMO and neither of the variants
was identified in any of the databases for common SNPs in populations. In addition, H173Q
alters a predicted active site encompassing the second iron-binding motif of the enzyme.
One homozygous variation in SCAMOL was identified in the second patient, c.G343G>A
encoding p.G115R. The amino acid G115 is also high conserved across evolution and the
change of G115R is predicted to be damaging. Both parents of the second patient were
heterozygous for the same variant.

Cell hyperproliferation in SMO deficiency

C4-methylsterols are members of a family of molecules known as meiosis activating sterols
(MAS). They were first identified in high concentration in testis and ovary and play roles in
activation of meiosis. However, the effect of MAS on cell cycle regulation and mitosis is
unknown [7, 8]. The fact that mutations in DHCR14B/LBR, SCAMOL, NSDHL, and EBP or
their mouse homologues result in proliferative skin disease led to an examination of cell
proliferation in the skin fibroblasts from the index patient. The rate of cell division was
found to be higher in patient fibroblasts than control cells when cultured in cholesterol-
restricted medium, a condition under which de novo cholesterol biosynthesis is stimulated
[9]. The S-G2-M to GO-G1 ratio in patient skin fibroblasts was 3-fold higher than control
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cells. Thus, cholesterol-restricted medium induced the patient cells to proceed into S-G2-M.
To further examine a potential link between MAS production and cell division, transformed
control human lymphoblasts were cultured in the presence of a sterol methyl oxidase
inhibitor, 3-amino-1,2,4-triazole (ATZ) [10, 11]. Under these conditions, the S-G2-M/G0-
G1 ratio increased 3-fold in treated lymphoblasts, while neither simvastatin (an inhibitor of
HMG-CoA reductase ) or fluconazole (a weak inhibitor of lanosterol 14a demethylase;
CYP51) had a significant effect on cell cycle progression. These data demonstrated that
alterations in sterol methyl oxidase impact cell cycle activation [1].

Immune dysregulation

Many of the defects of cholesterologenesis are associated with immunological
manifestations. The first patient’s skin briefly improved with cyclosporine A, but, she
ultimately became resistant to treatment, suggesting that her immune response differed
compared to other cholesterol pathway disorders and common psoriasis. Activated CD16*
granulocytes (identified by CD25*CD69* and CD86"HLA-DR™ subsets) were increased 30-
and 20-fold, with a 30- and 15-fold increase in the number of toll-like receptor
(TLR)-2*TLR-4" granulocytes in the patient and her father, respectively compared with
healthy controls, [1]. Up-regulation of TLR-2, but not TLR-4, is considered typical for
patients with psoriasis [12] or psoriatic arthritis [13], but not those with rheumatoid arthritis.
Over-expression of TLR-2 and down regulation of TLR-4 in granulocytes likely reflects
dysregulation of the immune response in the patient following normal bacterial infections.
Consistent with this interpretation, expression of the granulocyte-specific CD16b isoform
was also markedly down regulated in both the patient and her father, suggesting a defect in
phagocyte function. No significant differences were observed in the monocyte population. In
the lymphocyte compartment, both patient and father had a significantly higher proportion
of CD8YM T cells that were also CD28~ CD56* compared to controls. Down regulation of
CD8 and CD28 and accumulations of CD28"CD56" T cells are indicative of pervasive
immune activation in the setting of chronic inflammatory disease or aging [14].

SC4MOI regulates epidermal growth factor receptor (EGFR) signaling and
vesicular trafficking

Disruptions of C4 demethylation complex genes cause skin manifestation associated with
elevations of sterol intermediates in skin, but the underlying mechanism is still largely
unknown [15]. EGFR signaling is of critical importance for keratinocyte proliferation and
differentiation. A significant deficiency in EGFR signal transduction was detected in
SC4AMOL patient fibroblasts (Figure 3) as well as in NSDHL-deficient mouse embryonic
fibroblasts [15]. Addition of ketoconazole, an inhibitor for the upstream gene CYP51A1, to
the cell culture medium reduced the level of C4 methylsterols in these cells and improved
the EGFR signaling. It has been reported that SCAMOL is required for effective endosomal
trafficking of EGFR [15]. Specifically, silencing SCAMOL and NSDHL prevents
association of internalized EGFR with RAB11 positive recycling endosomes in cancer cells
and increases association of EGFR with RAB7 endosomes. Treatment with ketoconazole
normalizes EGFR degradation in SCAMOL depleted cells [15]. Of note, it has been
suggested that SC4AMOL may directly regulate the endocytic recycling of receptors such as
ADP ribosylation factor (ARF) GTPases including ARF1, ARF4 and 5. Reduced co-
localization of EGFR and ARF5 has been reported in SCAMOL-silenced cells [15].
Although the phospholation of EGFR appears to be increased due to the impaired EGFR
trafficking to lysosome for degradation, the downstream EGF specific ERK phospholation
was also reduced in patient’s fibroblast (Figure 3). Therefore the impairment of intracellular
trafficking in SCAMOL deficiency is likely at multiple steps of vesicular trafficking. Given
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that sterols are important component of lipid rafts, methylsterols likely regulates vesicular
trafficking through the association of lipid rafts with microtubule or cytoskeleton or both.

EGFR is normally expressed in the epidermis, sebaceous glands, and hair follicular
epithelium, where it plays roles in maintenance of normal skin health, including control of
differentiation, protection against damage induced by ultraviolet radiation, inhibition of
inflammation, and acceleration of wound healing [16]. Eighty to 90% of respondents of
EGFR inhibition therapy develop variable degrees of skin rash that is often reversible with
withdraw of the therapy. Inhibition of EGFR is believed to cause follicular occlusion and
rupture because of premature epithelial differentiation and an increase in the expression of
genes that stimulate inflammation, apoptosis and cell attachment. Therefore diminished
EGFR signaling in SCAMOL deficient patients will likely alter the skin permeability barrier
and further promote bacterial overgrowth, thus exacerbating cutaneous injury in these
patients.

Epidermal hyperplasia and the barrier dysfunctions

Treatment

Cholesterol is vital for permeability of the skin barrier and its disruption leads to epidermal
hyperplasia and accelerated DNA synthesis, potentially playing a role in the development of
psoriasis [17]. However, there is considerable controversy over whether this represents an
intrinsic effect or a secondary reaction to outside exposures [18]. Either possibility is also
conceivable to explain the epidermal abnormalities observed in patients with SC4MOI
deficiency. The fact that the second patient exhibits immunocyte abnormalities (even
somewhat more severe than those of the first patient) without inflammatory skin disease
supports a primary role for the methylsterols in the pathogenesis of the immune
abnormalities. Similarly, all obligate carriers tested thus far have had significant
immunocyte abnormalities without inflammatory skin diseases. These observations lead to
the possibility that use of supplementation of topical cholesterol and using
cholesterologenesis inhibitor, statin, to reduce methylsterol level in epidermis are important
in treating these patients and reverse their skin condition.

If methylsterols play a primary role in this condition, the use of a statin to block substrate
entry into the metabolic pathway could be of clinical benefit to SC4AMOL deficient patients.
Under these conditions, supplementation with the end product of the pathway (cholesterol)
is also likely to be necessary. To examine this possibility, an initial treatment protocol for
the first patient provided purified food grade cholesterol at 100 mg/kg/day. After three
months of cholesterol supplementation, the patient’s methylsterol level was reduced by
about 20% with normalization of the plasma cholesterol level, but the methylsterol level
dropped no further [5].The addition of an oral statin (10 mg/day) plus bile acids (30 mg/kg/
day) along with cholesterol normalized the methylsterol levels in blood. In the two years
following institution of this therapy, the patient’s weight and linear growth improved
dramatically with a maximum growth velocity of 0.8 cm/month. Her chronic arthralgias also
resolved and her skin disease has improved dramatically (Figure 1B). Analysis of
immunocyte profiles pre and post therapy revealed a significant reduction in granulocyte
activation after treatment, approaching the levels seen in her parents. Although the second
patient has no overt skin manifestation, increased expression of CD25 and TLR-2 in
leukocytes was observed that was similar to that of the index patient [5].

Conclusion

SC4MOL deficiency is a newly discovered inborn error of cholesterol metabolism
characterized by the accumulation of a large amount of methylsterols, particularly
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dimethylsterols in the affected patients. Although the pathogenesis of this gene defect is not
fully understood, there are clearly associations between cholesterologenesis and immune
regulation, an effect likely mediated by the abnormally accumulating methylsterols. Most
importantly, this disorder is at least partially corrected with cholesterol and statin
supplements, particularly the immune dysregulation, skin disease, and growth delay.
Therefore it is important to screen for this disorder by plasma or skin sterol analysis in the
patients with inflammatory proliferative skin disease with unknown etiology.
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A scheme of metabolic pathway for cholesterol biogenesis.
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Figure 2.
Pictures of patients with SC4MOI deficiency. A. The index patient with skin lesions; B.
Improved skin condition of the index patient after cholesterol and statin treatment.
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Figure 3.

Impaired EGFR signaling in the skin fibroblast from the index SC4AMOL deficient patient.
EGFR specific phospholation of ERK, induced by EGF, and the expression of its
downstream transcriptional factor EGR-1 are significantly reduced in the fibroblast from
SC4MOL deficient patient compared to those from controls. It also appears that the overall
level of EGFR is lower in the cells from the patient, suggestive of a reduction at the
expression of EGFR in SCAMOL deficiency.
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