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Defects	in	cholesterol	synthesis	result	in	a	wide	variety	of	symptoms,	from	neonatal	lethality	to	the	relatively	
mild	dysmorphic	features	and	developmental	delay	found	in	individuals	with	Smith-Lemli-Opitz	syndrome.	
We	report	here	the	identification	of	mutations	in	sterol-C4-methyl	oxidase–like	gene	(SC4MOL)	as	the	cause	
of	an	autosomal	recessive	syndrome	in	a	human	patient	with	psoriasiform	dermatitis,	arthralgias,	congenital	
cataracts,	microcephaly,	and	developmental	delay.	This	gene	encodes	a	sterol-C4-methyl	oxidase	(SMO),	which	
catalyzes	demethylation	of	C4-methylsterols	in	the	cholesterol	synthesis	pathway.	C4-Methylsterols	are	meio-
sis-activating	sterols	(MASs).	They	exist	at	high	concentrations	in	the	testis	and	ovary	and	play	roles	in	meiosis	
activation.	In	this	study,	we	found	that	an	accumulation	of	MASs	in	the	patient	led	to	cell	overproliferation	in	
both	skin	and	blood.	SMO	deficiency	also	substantially	altered	immunocyte	phenotype	and	in	vitro	function.	
MASs	serve	as	ligands	for	liver	X	receptors	α	and	β	(LXRα	and	LXRβ),	which	are	important	in	regulating	not	
only	lipid	transport	in	the	epidermis,	but	also	innate	and	adaptive	immunity.	Deficiency	of	SMO	represents	a	
biochemical	defect	in	the	cholesterol	synthesis	pathway,	the	clinical	spectrum	of	which	remains	to	be	defined.

Introduction
Cholesterol is a key component of cell membranes and lipid rafts 
and is 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 cholesterol synthesis 
per se may not primarily underlie some of the symptoms, includ-
ing cataracts as well as skin and immune system abnormalities. 
Rather, recent studies implicate the accumulation of pre-cho-
lesterol 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 meiosis-activating sterols (MASs) were 
the first group of cholesterol biogenesis intermediates that were 
found to have important extrahepatic functions in mammals. 
These include 4,4′-dimethyl-5α-cholesta-8,24-dien-3β-ol (testis 
meiosis-activating sterol [T-MAS]), 4,4′-dimethyl-5α-cholesta-
8,14,24-trien-3β-ol (follicular fluid meiosis-activating sterols 
[FF-MASs]), and zymosterol. They are found in high concentra-
tion in testis and ovary and play roles in oocyte maturation and 
meiosis activation. The function of the MASs outside the repro-
ductive organs is not well studied. FF-MAS is also a ligand for 
liver X receptors (LXRs) (3). LXR signaling is known to regulate 
crosstalk between inflammatory and cholesterol metabolism, 

which is important in regulating cholesterol efflux in epider-
mis (4). The association between the MASs and overprolifera-
tive inflammatory skin diseases is illustrated by a number of 
genetic defects in the pathway of processing of MASs. Six genes 
are expected to be involved in the metabolism of MASs (Supple-
mental Figure 3; supplemental material available online with this 
article; doi:10.1172/JCI42650DS1). Autosomal recessive defects 
in DHCR14B/LBR lead to hydrops–ectopic calcification–“moth-
eaten” (HEM) dysplasia, which is a neonatal lethal condition in 
humans, while mutations in this gene in mouse cause ichthyosis 
and neutrophilic anomalies (5). Haploinsufficiency of DHCR14B/
LBR leads to the Pelger-Huët anomaly of altered nuclear mor-
phology in granulocytes (6). NSDHL and EBP are X-linked genes 
that lead to embryonic lethality in most males. Heterozygous 
mutations in NSDHL in females cause congenital hemidysplasia 
with ichthyosiform erythroderma and limb defects (CHILD) syn-
drome, and EBP mutations cause chondrodysplasia punctata 2 
(CDPX2). Mutations in the murine homologs of EBP and NSDHL 
lead to striated and bare patches on the skin (7).

In this study, we characterize genetic defects in SC4MOL 
(OMIM 607545), encoding a sterol-C4-methyl oxidase (SMO). 
This defect represents what we believe to be the first viable auto-
somal recessive condition in the MAS demethylation pathway, 
linking MAS demethylation with cell overproliferation, choles-
terol homeostasis, and immune regulation in skin and blood and 
providing a model to study the pathogenesis of psoriasiform skin 
disease in this group of disorders.
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Results
Clinical presentation. A 13-year-old female presented for evaluation 
of severe ichthyosiform erythroderma affecting her entire body 
but sparing the palms (Figure 1, A–C). She did not show signs of 
dermatitis at birth; it was first noted around her umbilicus at the 
age of 2 and subsequently progressed to her back, trunk, and then 
the remainder of her body by the age of 6. Her dermatitis worsened 
in the winter or when she was under stress, and once almost com-
pletely normalized. Also notable in the patient’s medical history are 
congenital cataracts, mild developmental delay, microcephaly (head 
circumference 53.5 cm at the age of 13 years, <3rd percentile; 50th 
percentile for a 7.5-year-old), and failure to thrive. Her height had 
increased along the 3rd percentile between 9 and 39 months of age, 
and at age 13 years, her weight was 28.6 kg (<3rd percentile; 50th 
percentile for a 9-year-old) and her height was 140 cm (<3rd percen-
tile; 50th percentile for a 10.5-year-old). A skeletal survey showed 
delayed skeletal maturation, but bone morphology was normal. 
Skin histology showed psoriasiform hyperplasia, dilated capillaries 
in the dermal papillae, and neutrophils in the epidermis and stra-
tum corneum (Figure 1D). Neutrophil elastase staining of neutro-
phils in the stratum corneum is shown in red in Figure 1F. Although 
this histology was initially considered to be consistent with psoria-
siform dermatitis, more detailed examination of the tissue revealed 
the presence of several foamy cells in the dermis, and oil red O stain-
ing (Figure 1E) revealed intracellular lipid in these cells, reminiscent 
of that reported in patients with CHILD syndrome (8). However, 
the foamy cells were CD68 negative, indicating that they were not 
macrophages, a distinct difference from CHILD syndrome and ver-
ruciform xanthoma. Immunohistochemistry and H&E-stained sec-
tions suggested that these cells were lipid-laden fibroblasts. Taken 
together, the results indicate that the histologic features are con-
sistent with psoriasiform dermatitis with some features of a verru-
ciform xanthoma (Figure 1, D and E). In light of the psoriasiform 
changes, traditional therapies for psoriasis were implemented for 

the patient, including topical corticosteroids, calcipotriene, cyclo-
sporine A, etanercept, phototherapy, and oral isotretinoin. However, 
while her skin briefly improved with cyclosporine A, she did not 
exhibit a long-term response to any of the therapies. 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).

Biochemical and molecular characterization of SMO deficiency. A cho-
lesterol biosynthesis defect was suspected on the basis of clinical 
presentation, and plasma sterols were analyzed by gas chromatog-
raphy–mass spectrometry (GC-MS). The profile showed 20- and 
500-fold elevation of 4α-monomethyl sterols and 4, 4′-dimethyl 
sterols, respectively (Figure 2, A–D). No 4-carboxylmethylsterol or 
4-methylsterone was detected in either skin or plasma of the patient. 
To rule out the possibility that the patient’s abnormal sterol pat-
tern developed secondarily to another primary systemic process, we 
determined sterol profiles in extracts from cultured diploid skin 
fibroblast cultures from the patient and controls under normal cul-
ture condition and in cholesterol-deficient medium (Table 1 and 
Supplemental Table 4). Methylsterols were indeed markedly elevat-
ed in the patient’s fibroblasts, but not any of the controls. Further-
more, the level of methylsterols in patient cells increased when they 
were grown in cholesterol-depleted medium. The sterol pattern in 
these experiments had not been previously associated with a human 
defect in the sterol synthesis pathway, but a review of the literature 
found it to be consistent with a defect in a methylsterol oxidase pre-
viously identified in yeast and plants (9, 10). Supplementation of 
culture medium with the addition of 1 μM miconazole, a strong 
inhibitor of lanosterol 14α demethylase (CYP51, upstream of SMO) 
in cholesterol-deficient medium, and 5 μM simvastatin, a com-
pound that significantly reduces cholesterologenesis by inhibiting 
HMG-CoA reductase, reduced methylsterol levels in patient fibro-
blasts from 2% of total cholesterol to 0.9% and 0.5%, respectively.

Figure 1
Severe scaling and psoriasiform dermatitis in the patient. (A) Note mild 
microcephaly, lusterless, fine fair hair, and blepharitis. (B and C) The 
ichthyosiform erythroderma covers all of the patient’s body except for 
the palms and soles. (D) H&E-stained section of affected skin shows 
hyperkeratosis (original magnification, ×10), loss of granular layer, pso-
riasiform hyperplasia, thinning of suprapapillary plate, and neutrophilic 
epidermal infiltration; these features are characteristic of psoriasis. (E) 
Oil red O staining of affected skin biopsy (original magnification, ×20) 
The arrow shows the intracellular lipid accumulation in the foamy cells 
in the dermis. (F) Neutrophil elastase staining (shown in red) of neu-
trophils in the stratum corneum of affected skin (original magnification, 
×20). Photographs reproduced with signed informed consent/assent 
provided by the patient and her family.
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These data strongly indicated a block at the step of SMO in the 
cholesterol synthesis pathway. Since there is no validated enzyme 
assay or substrate available for SMO, we sequenced the SC4MOL gene 
predicted to encode this enzyme. Two variations from the published 
sequence (NM_006745) were identified: 519T→A and 731A→G 
encoding H173Q and Y244C, respectively, in the SMO protein (Figure 
2E). The 519T→A mutation was carried by the patient’s father, and 
the 731A→G mutation was present in the mother. Both positions 
encode amino acids that occur in highly conserved metal-binding 
domains in SMO (Supplemental Figure 1), and neither of the vari-
ants was identified in any of the databases for common SNPs. In addi-
tion, H173Q alters a predicted active site encompassing the second 
iron-binding motif of the enzyme. Both mutations are predicted to 
be “probably damaging” by the software package PolyPhen (http://
genetics.bwh.harvard.edu/pph/), with a score of 2.5 for the Y244C 
mutation and 3.2 for the H173Q mutation. Neither mutation was 
identified in 2,876 alleles from population controls. Nor were they 
present in the public SNP (http://www.ncbi.nlm.nih.gov/snp) or 1000 
Genomes (http://browser.1000genomes.org/index.html) databases. 
Thus, these variants are exceptionally rare in the human population.

Because slightly elevated methylsterols have been reported  
in patients with CHILD syndrome (NSDHL deficiency), we  
also sequenced the cDNA from NSDHL gene, and no mutations 
were found.

Methylsterol levels were also increased (though less so) in 
the plasma of the patient’s parents (Table 2), particularly the 
father, who carries the active site H173Q mutation, suggesting 
a subclinical effect in the heterozygous state. After 3 months of 
cholesterol supplementation, the patient’s methylsterol level 
decreased by about 20%, and the plasma cholesterol level was 
much improved, reaching a level near the low end of the normal 
range, but the methylsterol level decreased no further with longer 
treatment (Table 2).

Cell overproliferation in SMO deficiency. Previous studies of ger-
minal cells have demonstrated meiosis-activating function of 
MASs, but the effect of MASs on cell cycle regulation and mitosis 
is unknown (11, 12). The fact that mutations in DHCR14B/LBR, 
SC4MOL, NSDHL, and EBP or its mouse homologs result in overp-
roliferative skin disease prompted us to examine cell proliferation 
in skin fibroblasts from our patient (Figure 3, A–C). The rate of 

Figure 2
Sterol profiles of patient samples and mutation analysis of SC4MOL in proband and parental samples. GC-MS total ion current profiles of sterol 
extracts of patient skin (A), control skin (B), patient plasma (C), and control plasma (D). The ordinates are detector response, and the abscissas 
are elution time. The numbered compounds are: 1, cholesterol; 2, cholestanol; 3, 8(9)-cholestenol; 4, desmosterol plus 7-dehydrocholesterol; 
5, lathosterol; 6, unidentified monomethylsterol; 7, campesterol; 8, 4α-methyl-5α−cholest-8(9)-en-3β-ol; 9, dihydrolanosterol; 10, 4α-methyl-
5a-cholest-7(8)-en-3β-ol; 11, unidentified isomer of 4,4′-dimethyl-5α-cholesta-8(9)-en-3β-ol; 12, 4,4′-dimethyl-5α-cholesta-8(9)-en-3β-ol; 13, 
4,4′-dimethyl-5α-cholesta-8(9),24-dien-3β-ol, 14, sitosterol. The ion fragment patterns of each methyl sterol peak are shown in the Supplemental 
Note. Note that the column run for plasma elution time is slightly shifted compared with that of the skin samples. The levels of dimethylsterols 
and monomethylsterols were markedly increased in patient skin. Dimethylsterol (peak 6) is most elevated in skin, suggesting the preferential 
accumulation of 4,4′-dimethylsterols in the patient’s skin. The absence of a 4-carboxysterol in the skin excludes a possible defect in NSDHL. (E) 
Two mutations were identified in SC4MOL from both gDNA and cDNA extracted from peripheral blood leukocytes: 519T→A (top) and 731A→G 
(bottom). 519T→A was also identified in gDNA from the patient’s father, and 731A→G was identified in the mother.
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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 stim-
ulated (Figure 3A and ref. 13). Five different normal fibroblast 
lines with different passage numbers were used as controls. The S-
G2-M to G0-G1 ratio in patient skin fibroblasts was 3-fold higher 
than in control cells (Figure 3B). This ratio peaked after 2–3 days 
growth in the cholesterol-restricted medium and corresponded 
with peaks of cellular methylsterols and total protein (Table 2). 
Thus, cholesterol-restricted medium induced the patient cells to 
proceed into S-G2-M, implicating an association between MAS 
production and cell division. To further examine this possibil-
ity, we cultured transformed control human lymphoblasts in the 
presence of a sterol methyl oxidase inhibitor, 3-amino-1,2,4-tri-
azole (ATZ) (14, 15). Under these conditions, the S-G2-M/G0-G1 
ratio increased 3-fold in treated lymphoblasts, while neither sim-
vastatin (an inhibitor of HMG-CoA reductase) nor fluconazole (a 
weak inhibitor of lanosterol 14α demethylase; CYP51) had a sig-
nificant effect on cell cycle progression (Figure 3C). The stronger 
inhibitor miconazole was not used here due to its adverse effects 
on cell growth. These data strongly suggest that alterations in ste-
rol methyl oxidase affect cell cycle activation.

Immune dysregulation in SMO deficiency. The patient was born 
with normal skin, and widespread skin lesions did not develop 
until she was 6 years old, suggesting that primary barrier dysfunc-
tion was unlikely to be the sole cause of her inflammatory skin 
condition. Many of the defects of cholesterologenesis are associ-
ated with immunological manifestations, and our patient’s skin 
briefly improved with treatment with cyclosporine A; however, she 
subsequently became resistant to treatment, suggesting that her 
immune response was atypical compared with the other cholester-
ol pathway disorders and common psoriasis. We therefore exam-
ined a panel of immunologic parameters in the patient and her 
father as described in Methods and Supplemental Table 1. Blood 
samples from 20 normal individuals were studied as controls. 
Selected multicolor flow cytometry profiles of granulocytes and 
T cells are shown in Figure 4A, and the geometric mean fluores-
cence intensity (GMFI) and percentage of cells for each measure-
ment are shown in Supplemental Table 2. We found that activated 
CD16+ granulocytes (identified by CD25+CD69+ and CD86+HLA-
DR+ subsets) were increased 30- and 20-fold in the patient and her 
father, respectively, compared with healthy controls (Figure 4A 
and Supplemental Table 2). CD86 and HLA-DR are markers for 
antigen-presenting cells. Interestingly, it has been reported that 
blocking de novo cholesterol synthesis with a statin can prevent 
these markers from expressing in dedicated antigen-presenting 

cells (16). In addition, there were 30- and 15-fold increases in the 
numbers of TLR-2+TLR-4– granulocytes in the patient and her 
father, respectively, compared with healthy controls (Figure 4A). 
Upregulation of TLR-2, but not TLR-4, is considered typical for 
patients with psoriasis (17) or psoriatic arthritis (18), but not 
those with rheumatoid arthritis. Overexpression of TLR-2 and 
downregulation of TLR-4 in granulocytes likely reflects dysregu-
lation of the immune response in the patient following normal 
bacterial infections. Consistent with this interpretation, expres-
sion of the granulocyte-specific CD16b isoform was also mark-
edly downregulated in both the patient and her father (Figure 4B), 
suggesting a defect in phagocytic function. No significant differ-
ences were observed in the monocyte population (data not shown). 
In the lymphocyte compartment, both patient and father had a 
significantly higher proportion of CD8dim T cells that were also 
CD28–CD56+ compared with controls (Figure 4A and Supplemen-
tal Table 2). Downregulation of CD8 and CD28 and accumula-
tions of CD28–CD56+ T cells are indicative of pervasive immune 
activation in the setting of chronic inflammatory disease or aging 
(19). It is surprising that the patient’s father, who has normal skin, 
showed an immunologic profile similar to that of the patient, and 
that both are strikingly different from all the controls in this study 
and those seen with other inflammatory diseases (19).

Because psoriasis and psoriatic arthritis are known to be driven by 
the production of certain cytokines, including the TNF-α and IL-6, 
the serum cytokine profiles of the patient and father were investigat-
ed by multiplex Luminex assay (Supplemental Table 3). Consistent 
with the flow cytometry data, the levels of a number of proinflam-
matory and chemokines associated with granulocyte and monocyte 

Table 1
Growth of patient and control fibroblasts on regular (10% FBS) and cholesterol-depleted medium

	 Control	 	 Patient
	 10%	FBS	 Cholesterol-depleted	 10%	FBS	 Cholesterol-depleted
	 	 3	d	 	 3	d
Methylsterols (μg/mg protein) 2.3 1.4 12.3 24
Total cholesterol (%) 0.08 and 0.10A 0.13 and 0.11 0.48 and 0.29 2.0 and 2.0
Total protein (mg) 22 9.2 23 51

AData are from 1 experiment representative of 2 independent experiments. The total protein and cholesterol varied moderately between the 2 experiments, 
while the methylsterol in percent total cholesterol was consistent between replicates. The average methylsterol in control and patient cells was 0.12% and 
2.0%, respectively, in cholesterol-depleted medium; 0.09% and 0.4% in the regular medium.

Table 2
Plasma sterol analysis of controls; patient before cholesterol 
supplementation; patient after 3 months of cholesterol  
supplementation; and the patient’s mother and father

	 Methylsterols	 Total	cholesterol
	 (mg/ml)	 (mg/dl)
Normal 2.8–3.2 140–176
Patient 41 and 42A 85 and 93A

Patient + cholesterol 32 ± 1.7B 117 ± 12
Mother 6.4 188
Father 18.5 231

ABaseline methylsterol and cholesterol levels in patient are from mea-
surements at 2 time points that were 1 month apart. BMean ± SD of mea-
surement at three time points: 1, 3, and 5 months after start of treatment.
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activation were increased in the patient, and to a lesser extent in her 
father, including GM-CSF, a cytokine reported to trigger psoriasi-
form eruption in humans (20). IL-6 and IL-8 were also elevated in 
the patient’s serum (Supplemental Table 3). Elevation of IL-6 and 
IL-8 has been demonstrated in psoriatic skin and fibroblasts and is 
considered an amplifier of skin inflammation (21). The classical pro-
inflammatory cytokine TNF-α was normal in the patient, consistent 
with the failure of the dermatitis to respond to treatment with TNF-
α inhibitor etanercept. Cultures of patient skin fibroblasts showed 
constitutive production of IL-6 compared with control fibroblasts 
regardless of passage number (Figure 4D), and IL-6 concentration 
was further increased with the addition of recombinant TNF-α, a 
known inducer of IL-6. In agreement with these findings, statins 
have been reported to suppress Th1-biased cytokine production in 
both cultured microglia and a mouse model (22).

To investigate a possible association between the defect in cho-
lesterologenesis and cytokine production, we treated control and 
patient fibroblasts with simvastatin, which reduces cholesterol 
biosynthesis intermediates including methylsterols (23, 24). After 
24 hours, IL-6 production by patient fibroblasts was significantly 
decreased even in the presence of exogenous TNF-α (Figure 4D), 
suggesting that the abnormal cytokine production is likely associ-
ated with cholesterologenesis.

Reduction of TLR-4 expression induced by SMO inhibition. Activation of 
TLRs such as TLR4 by microbial ligands inhibits cholesterol efflux by 
regulating ABCA1 (4), promoting immunocyte proliferation through 
LXR signaling (25). Of note, ABCA1 is an important transporter for 
controlling lipid and cholesterol composition in epidermis, critical 
to maintenance of normal skin barrier function (26). Therefore, we 

next examined expression of TLR receptors by direct inhibition of 
SMO in normal leukocytes. Strikingly, by inhibiting SMO in nor-
mal leukocytes with ATZ, we found a greater than 6-fold increase 
in the TLR-2+TLR-4– granulocyte population (Figure 4C) and 2-fold 
decrease in CD8 expression in normal lymphocytes (Table 3). Half of 
the TLR-2–TLR-4+ and 40% of TLR-2+TLR-4+ normal granulocytes 
lost their TLR-4 expression, and the majority of them became TLR-
2 positive, suggesting a direct regulating effect of sterol methyl oxi-
dase on TLR receptor expression. TLRs are the connection between 
innate and adaptive immunities in humans and also the connection 
between bacterial infection and lipid metabolism in skin.

Discussion
Sterols are important components of cell membranes and lipid 
rafts, and serve as precursors of many bioactive compounds. 
SC4MOL is expressed almost ubiquitously in human tissues 
according to EST database profiles (http://www.ncbi.nlm.nih.
gov/UniGene/ESTProfileViewer.cgi?uglist=Hs.105269) and the 
gene atlas of the human protein–encoding transcriptome in 79 
different human tissues from a variety of sources in the GEO data-
base (GDS596; http://www.ncbi.nlm.nih.gov/sites/GDSbrowser). 
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.

A C4 demethylation reaction is found in plants, animals, and 
yeast, although the structure of sterols and their biosynthetic path-
ways vary in each group. Previous studies have demonstrated that 

Figure 3
Cell proliferation and cycle abnormalities in SMO defi-
ciency. (A and B) Fibroblasts were labeled with CFSE 
and DAPI and analyzed by flow cytometry. The num-
ber of cell divisions was determined by the number of 
CFSE fluorescence peaks. The number of cells in the 
G0-G1 and S-G2-M phases of the cell cycle was ana-
lyzed by the amount of linear DAPI fluorescence. (C) 
Histograms show typical DAPI fluorescence profiles 
of cells in G0-G1 and G2-S-M phases of the cell cycle 
in normal human EBV–transformed lymphoblasts cul-
tured in standard medium with 10% FBS; in choles-
terol-depleted medium (CD); or in CD supplemented 
with either simvastatin (ST), ATZ, or fluconazole (FA). 
The control data represent 5 different normal cell lines 
with different passages. The degree of decrease in cell 
divisions was similar in all the controls when growing 
in cholesterol-depleted medium compared with regu-
lar medium. Fluorescence is expressed as GMFI. All 
GMFI values shown have robust coefficients of varia-
tion less than 1%.
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only one SMO in yeast is involved in demethylation of both 4,4′-
dimethyl and 4α-monomethyl sterols, while two different SMOs 
exist in plants (9). Since there is only one known SMO in humans 
(encoded by the SC4MOL gene), we speculate that human SMO 
will function similarly to its yeast homolog. The sterol intermedi-
ates detected in our SMO-deficient patient for the first time to our 
knowledge provide direct evidence of the role of human SMO in 
demethylation of 4,4′-dimethyl and 4α-monomethylsterols. Besides 
the accumulation of 4,4′-dimethylsterol, the patient accumulated 
a significantly increased amount of 4α-monomethylsterols, which 
suggests that both 4,4′-dimethylsterols and 4α-monomethylsterols 
are substrates for human SMO. No 3-oxo-4α-methylsterols were 
detected in either plasma or skin of the patient, suggesting a func-
tional difference between human and yeast SMO (27). Thus, it is 
unlikely that human SMO utilizes 3-oxomethylsterol as a substrate. 
Rather, in contrast to yeast, 3-oxomethylsterol is reduced to 4α-
monomethylsterol by 3-ketosteroid reductase (HSD17B7) before it 
enters the second round of demethylation in humans (Supplemen-
tal Figure 3 and ref. 28). In addition, although 4,4′-dimethylsterol 

was more abundant than 4α-monomethylsterols in the samples 
from our patient, only 4α-monomethyl-7-en-sterol accumulated, 
with no trace of 4,4′-dimethyl-7-en-sterol. These findings suggest 
that 4α-monomethylsterol, but not the 4,4′-dimethylsterols, can be 
utilized downstream by Δ8-Δ7 isomerase. Taken together, this pat-
tern indicates that 4α-monomethylsterol may have physiological 
functions differing from those of 4,4′-dimethylsterol.

Skin cell hyperproliferation causes the flaking skin and charac-
teristic histopathology seen in psoriasiform dermatitis. All known 
genetic disorders that cause increased levels of MASs present with 
ichthyosiform or psoriasiform dermatitis in humans and mice, 
including defects in DHCR14/LBR, NSDHL, and EBP (Supplemen-
tal Figure 3 and refs. 1, 5, 7). However, none of the defects adjacent 
or distal to the MAS demethylation complex, including CYP51, 
SC5D, or DHCR7, result in skin lesions (24, 29, 30). The present cell 
proliferation studies revealed a perturbation of cell cycle in cells 
from our patient, both in cholesterol-restricted medium (which 
induces increased de novo cholesterol biosynthesis) and with spe-
cific inhibition of SMO by ATZ. Interestingly, patients with genetic 

Figure 4
Immunocyte abnormalities in SMO deficiency. (A and B) Leukocyte populations were analyzed by multicolor flow cytometry; subsets identified 
by forward/scatter profiles, with mature granulocytes, monocytes, and lymphocytes falling in gates A, B, and C, respectively. The control data 
shown here represent blood samples donated from 20 normal individuals. (A) Cytometric profiles for CD25, CD69, CD86, HLA-DR, TLR-2, and 
TLR-4 (gate i, and fluorescence histograms of CD16b) and (B) for mature granulocytes/neutrophils. Also shown in A are the CD4, CD8 profiles 
of CD3+ T cells; and CD28nullCD56+ in CD8dim T cells (gate iv). No significant differences were observed in the monocyte population (data not 
shown). (C) Overlay of treated and untreated cytometric profiles. Note that 50% of control granulocytes migrated to TLR-2+TLR-4– after the ATZ 
treatment. (D) IL-6 production by skin fibroblasts from healthy control and patient upon treatment of TNF-α, and TNF-α plus simvastatin, or in 
medium alone. *P < 0.01. Data are presented as mean ± SD.
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defects in NSDHL, which encodes the enzyme immediately down-
stream of SMO, occasionally present with clinical features nearly 
identical to those in individuals with defects in EBP; however, they 
differ in the histopathology of their skin lesions (1). Outside of 
the newborn period, NSDHL-deficient patients have psoriasiform 
dermatitis, and sometimes verruciform xanthoma–like lesions sec-
ondary to the presence of lipid-laden macrophages in the dermis. 
EBP-deficient individuals have early resolution of their skin disease, 
with a typical appearance of atrophy but not inflammation on skin 
biopsy. We have previously reported the presence of elevated meth-
ylsterols in skin flakes from patients with common psoriasis (31). 
Our patient and NSDHL-deficient patients accumulate 4,4′-dimeth-
ylsterols in the skin, but EBP-deficient patients do not. This implies 
that although the MASs may play a role in overproliferation of skin 
cells and disruption of skin barrier function, 4,4′-dimethylsterols 
are unique in contributing to perturbation of immune function.

Almost all of the genetic diseases in cholesterol biosynthesis pres-
ent with some degree of immune dysfunction, including Smith-
Lemli-Opitz syndrome (SLOS) and mevalonate kinase (MVK) 
deficiency (32, 33). Patients with mild mutations in the MVK gene 
present with hyper-IgD syndrome, periodic fever, and high levels of 
IgA. Skin lesions, arthritis, lymphadenopathy, and splenomegaly are 
common in these patients. Previous studies suggest that anomalies 
in the immune system of SLOS and MVK patients may relate to the 
accumulation of mevalonate and associated isoprenoid synthesis 
(34) or abnormal cholesterol composition of lipid rafts in immu-
nocytes (35). However, these studies did not report comprehensive 
immunological parameters or immunocyte profiles. Thus, our 
results provide the first evidence to our knowledge that the immu-
nologic abnormalities seen in patients with defects in cholester-
ologenesis are distinct from other disorders. Since epidermal lipid 
composition is important for skin barrier function, a defect in de 
novo cholesterol synthesis that affects epidermal lipid composition 
could impair barrier function and contribute to dysregulation of 
immune function. However, the unique immunocyte profile seen 
in our patient and her father is strikingly different from that usu-
ally seen with skin barrier dysfunction, suggesting they are unlikely 
solely secondary abnormalities. In addition, methylsterols are potent 
ligands for LXR, while most other sterols are not, and activated LXR 
binds to TLR-4 promoter through an LXRE site to regulate TLR-4 
expression (36). Thus, the reduction of TLR-4 expression in SMO 

deficiency may be related to inhibition of LXR by T-MAS, which is 
structural similar to FF-MAS. Since TLR-4 plays an inhibitory role 
in both immune response and sterol efflux by ABCA1, the reduc-
tion in TLR4 expression could lead to increased lipid transport and 
cytokine response in the skin in response to bacterial infection, ulti-
mately resulting in the severe psoriasiform dermatitis seen in our 
patient. Interestingly, the promoter region of ABCA1 also has an 
LXRE site, which is strongly inhibited by TLR-4 signaling (4). These 
potential connections imply the unique functions of sterol methyl 
oxidase in immune function regulation in skin and blood.

Of note, the most profound immunocyte abnormalities in the 
patient and, to a lesser degree, in her father were found in the 
granulocytes. Defects in forming mature granulocyte nuclei are 
also seen in individuals who carry a C14 sterol reductase (lamin 
B receptor) mutation (37). The appearance of similar granulocyte 
abnormalities in individuals with defects in adjacent steps of the 
cholesterol synthesis pathway could be coincidental. However, 
granulocyte/neutrophil-rich pathology is also characteristic of 
psoriasis and psoriatic arthritis, and our findings suggest a direct 
association between demethylation of MASs and innate immu-
nity (38, 39). It is also intriguing to speculate that the mild eleva-
tion of 4,4′-dimethylsterols seen in the patient’s father could be 
relevant to his history of early-onset inflammatory joint disease. 
In support of this, two other paternal relatives with histories of 
early-onset arthritis also carry the 519T→A mutation found in 
the father (Supplemental Figure 2). Interestingly, it has become 
evident in recent years that statins suppresses several key functions 
of the immune system and influence the development of autoim-
mune disease independent of cholesterol reduction (40). Rather, 
its immune-modulating effects are likely related to the reduction 
in cholesterologenesis intermediates (41).

In summary, we have identified the first patient to our knowledge 
deficient in SMO, a novel enzyme in the C4 methylsterol demethyl-
ation complex. She had congenital cataracts and developed psoria-
siform dermatitis with the presence of lipid-laden cells in the der-
mis in a pattern reminiscent of CHILD syndrome. Importantly, our 
patient also had an aberrant TLR expression profile likely induced 
by the abnormal metabolites accumulating due to the SMO defi-
ciency. Our studies provide evidence that SC4MOL gene function 
not only is important in de novo sterol synthesis and thus critical 
for skin barrier function (42), but also regulates cell proliferation 
and immune regulation. Taken together, the results indicate that 
defects in SC4MOL gene affect most of the major processes that are 
critical to the pathogenesis of psoriasiform dermatitis.

Methods
This study was conducted according to an IRB protocol approved by the  
University of Pittsburgh. Written informed consent was received from par-
ticipants in the study.

Genomic DNA and cDNA amplification and sequencing. Total RNA and genomic 
DNA (gDNA) were extracted from patient fibroblasts for reverse transcription, 
PCR amplification, and sequencing as described previously (43). Primers 5′-
CTTTTACCTGAGAATCCTCTGG-3′ (forward) and 5′-GCAGAGGATTCT-
CAGGTAAAAG-3′ (reverse) were used for cDNA amplification covering the 
entire coding region. Primers 5′-ACTTTCTAATCTCTACTGTTCAGCAC-3′ 
(forward) and 5′GAATGATGGAAGAGACGGTA-3′ (reverse) were used for the 
PCR amplification of exon 6 to confirm the 731A→G (Y224C) variant, and 
primer 5′-GGTCAACCTGGTAAGTGG-3′ (forward) and primer 5′-TGTTT-
GTATGTGTGTGTATTG-3′ (reverse) were used for the PCR amplification of 
exon 4 to confirm the 519T→A (H173Q) variant.

Table 3
Analysis of granulocyte and T cell phenotypes of normal  
leukocytes treated with ATZ by multicolor flow cytometry

Cell	population	 Untreated	 ATZ-treatedA

GranulocytesB

 % CD16+ (GMFI)C 80.6 (57) 60.7 (55.6)
 % CD16b+ (GMFI) 89.4 (48.2) 61.2 (40.3)
 % TLR-2+ (GMFI) 45.2 (129) 68.0 (397)
 % TLR-4+ (GMFI) 85.0 (67.8) 46.0 (35.8)

CD3+ T cellsD

 % CD8+ (GMFI) 26.7 (38.9) 27.7 (26.1)

AATZ treatment had no significant effect on cell viability as determined 
by trypan blue exclusion. BGranulocyte gate i in Figure 4D; CD3–CD20–

CD16+ cells. CGMFI of the indicated antigenic marker; all GMFI values 
shown have robust coefficients of variation less than 1%. DLymphocyte 
gate iii in Figure 4D, and gated for CD3+CD20–CD16–CD8+ cells.
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TaqMan genotyping. Control samples used for the genotyping of novel vari-
ants were obtained from the National Institute of Mental Health Human 
Genetics Initiative. All controls (1,452 samples) were adult males of Europe-
an descent who had been screened to rule out psychiatric disorders. In addi-
tion, known positive controls and negative water controls were also included 
in each plate assayed. Genotyping was performed by a custom TaqMan SNP 
genotyping assay from Applied Biosystems as per the manufacturer’s instruc-
tions. The primers and probes were designed according to the Custom Taq-
Man SNP Genotyping Assay Protocol (Applied Biosystems). For the 519T→A 
(H173Q) variant, amplification primers used were 5′-TCTGCATAGACTCT-
TACACCACAAAAG-3′ (forward) and 5′-GCCTCTAACAGAAAGAAT-
TAAATATAACTCTCACA-3′ (reverse). Allele-specific fluorophore-labeled 
reporter probes used included 5′-CTGAAACTCATGATGAACTT-3′ (VIC) and 
5′-TGAAACTCATGTTGAACTT-3′ (FAM). For the 731A→G (Y224C) variant, 
amplification primers used were 5′-ATATTCCTCTCAACCCTTTAAATCT-
GATCC-3′ (forward) and 5′-TCCAATGAAGTTCATGTGGTGGAAA-3′  
(reverse). Allele-specific fluorophore-labeled reporter probes used included 
5′-AGAACCAGCATAGAAAG-3′ (VIC) and 5′-AACCAGCACAGAAAG-3′ 
(FAM). Assays were performed in 384-well plates, and the final volume of the 
reaction was 5 μl, consisting of 5 ng of genomic DNA, 2.5 μl of TaqMan Mas-
ter Mix, and 0.06 μl of 40× assay mix. Thermal cycle conditions were 50°C for 
2 minutes, 95°C for 10 minutes, and 45 cycles of 92°C for 15 seconds and 
58°C for 1 minute. Upon completion of PCR, plates were read on an ABI 
PRISM 7900 HT sequence detector. Genotypes were called successfully for 
1,438 samples at both variants using Allelic Discrimination Sequence Detec-
tion Software (Applied Biosystems) version 2.3 (SDS v2.3).

Sterol analyses. Sterol distribution was measured in cultured skin fibro-
blasts, transformed lymphocytes, serum, and skin flakes obtained from 
patients and controls by gas chromatography and selected–ion mass spec-
trometry as described previously (7, 44).

Flow cytometry on peripheral blood cells. Flow cytometry on cells from patients 
and controls was carried out and analyzed as described previously (19). In 
the sterol oxidase inhibition studies, 10 ml red blood cell–depleted whole 
blood from a healthy 16-year-old girl were incubated with 5 mM ATZ for 60 
hours at 37°C with 5% CO2. Both ATZ-treated and untreated total leuko-
cytes were then isolated and stained as described in Supplemental Table 2.

Serum cytokine quantification. Cytokine levels were determined by multi-
plex assay using the Luminex system (Luminex Corp.) as described previ-
ously (45, 46).

Cell culture, proliferation, and ELISA. Primary dermal fibroblasts were cultured 
in DMEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 mg/ml 
streptomycin; GlutaMAX (Invitrogen), TNF-α (10 ng/ml), and simvastatin 
(5 μM) were added to fibroblasts at 80% confluence; and culture media were 
collected after 24 hours for measurement of IL-6 using an ELISA kit (BD). 
For cell proliferation assays, primary fibroblasts or EBV-transformed human 
lymphoblasts were cultured with cholesterol-depleted medium as described 

(44), in which condition de novo synthesis of cholesterol was activated and 
maintained (Supplemental Table 5); and ATZ (2 mM), simvastatin (5 μM), 
or fluconazole (12.5 μM) was added to the medium before the cells were sub-
jected to the proliferation assay.

Cell proliferation and cell cycle stage analysis. Skin fibroblasts or EBV-trans-
formed lymphoblast (2 × 107 cells/ml) were labeled with 5- (and 6-)CFSE 
(0.25 μM) (Molecular Probes, Invitrogen) using established procedures 
(19). At different days of culture, cells were harvested and stained with 
DAPI. The fluorescence intensity of both CFSE and DAPI was analyzed by 
multicolor flow cytometry. The number of cell divisions was determined by 
the number of CFSE fluorescence peaks. The number of cells in G0-G1 and 
S-G2-M phases of the cell cycle was proportional to the amount of linear 
DAPI fluorescence, G0-G1 cells having half the amount of DAPI staining 
as the S-G2-M cells.

Statistics. For all experiments with error bars, standard deviation was cal-
culated to indicate the variation within each experiment. Mean differences 
between groups were examined by pooled Student’s t test (2-tailed). P val-
ues less than 0.05 were considered statistically significant.
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