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Abstract

NSDHL (NAD(P)H sterol dehydrogenase-like), is a 3B-hydroxysterol dehydrogenase thought to
function in the demethylation of sterol precursors in one of the later steps of cholesterol biosynthesis.
Mutations in the X-linked NSDHL gene cause CHILD syndrome in humans, and the male-lethal bare
patches (Bpa) phenotype in mice. The relative level of NSDHL expression among different mouse
tissues at several stages of embryogenesis and postnatal development was analyzed by
immunohistochemistry. In wild type (WT) embryaos, the highest levels of expression were seen in
the liver, dorsal root ganglia, central nervous system, retina, adrenal gland and testis. Heterozygous
BpalH females are mosaic for NSDHL expression due to normal random X inactivation. NSDHL
deficient cells were detected in the developing cerebral cortex and retina of Bpalt female embryos.
In postnatal WT and BpalH animals, we compared the expression pattern of NSDHL in skin, an
affected tissue; liver, a main site of cholesterol synthesis; and brain, a tissue dependent on endogenous
synthesis of cholesterol due to lack of transport across the blood-brain barrier. Clonal populations of
mutant cells were visible in the brain, skin and liver of BpalH pups. In the liver, the proportion of
NSDHL negative cells dropped from ~50% at postnatal day 6 to ~20% at one year of age. In the
brain, which showed the highest expression in cerebral cortical and hippocampal neurons, the
proportion of NSDHL negative cells also dropped dramatically over the first year of life. Our results
suggest that while NSDHL deficient cells in the mosaic BpalH female are able to survive and
differentiate during embryonic development, they are subject to negative selection over the life of
the animal.
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Introduction

Cholesterol is an essential lipid component of animal cell membranes where it affects
membrane fluidity. It is enriched in structural domains, such as lipid rafts and caveolae, that
influence the localization and trafficking of membrane-bound proteins [1]. Cholesterol
homeostasis is mediated through a combination of endogenous biosynthesis and dietary uptake,
along with lipid binding proteins and receptors that mediate its transport, storage, catabolism
and excretion [2]. The cholesterol biosynthetic pathway involves approximately 20 enzymes,
with HMG-CoA reductase (HMGCR) catalyzing the rate-limiting, first committed step.
Intermediate molecules in the pathway provide precursors for a variety of other cellular
processes, including the prenylation of proteins and the synthesis of heme A, dolichol, vitamin
D and oxysterols. Moreover, cholesterol is itself a precursor for the synthesis of steroid
hormones and neurosteroids. Finally, the covalent binding of cholesterol to hedgehog proteins,
a family of secreted, signaling morphogens with a broad range of functions in development,
affects their localization and physical range of activity [3].

Studies of mouse mutants show that the phenotypes resulting from loss of function of
cholesterogenic enzymes vary in severity depending on the step of the pathway that is affected,
with defects in earlier steps giving more severe phenotypes than those at later steps. For
example, loss of HMGCR activity results in early embryonic lethality around the time of
implantation, while mutants lacking 7-dehyrocholesterol reductase (DHCR7), the last enzyme
of the pathway, die within the first days after birth [4—6]. This trend is also reflected in humans
by a range of defects seen in patients with inherited disorders of cholesterol synthesis [7-9].

NSDHL (NAD(P)H sterol dehydrogenase-like) is a 3p-hydroxysterol dehydrogenase that is
thought to function in C-4 demethylation of sterol intermediates in one of the later steps of the
cholesterol biosynthetic pathway [10]. The enzyme is localized to membranes of the
endoplasmic reticulum (ER) and the surface of lipid droplets [11]. Mutations in the X-linked
Nsdhl gene are responsible for the phenotype of the bare patches (Bpa) and striated (Str) mouse
lines [10]. The BpalH allele of Nsdhl is defined by a K103X nonsense mutation that is thought
to abolish the enzymatic activity and disrupt the normal subcellular localization of the protein
(Liu et al 1999; Caldas and Herman, 2003). A majority of affected BpalH males die between
E7.5 and E9.5, typically displaying grossly abnormal morphology [12,13]. Heterozygous
BpalH females are mosaic for the expression of WT and mutant NSDHL due to random X
inactivation. The hallmark of affected females is the development hyperkeratotic eruptions in
the skin at postnatal day 5 that resolve to hairless patches after 2—3 weeks [14]. They also
display skeletal defects, occasional microphthalmia, and, on average, are smaller than wild
type (WT) littermates at birth [15]. Mutations in the human NSDHL gene cause CHILD
syndrome, a rare disorder causing early embryonic lethality in males, and unilateral skin defects
and limb reduction in females [16-18].

In light of the early embryonic lethality of BpalH males, we wondered about the fate of
BpalH cells in the mosaic female. Here, we present results from an investigation of the
expression pattern of NSDHL in WT mice and BpalH females. We used immunohistochemistry
to identify NSDHL positive cell types in selected WT tissues, and then asked whether a
population of NSDHL negative cells survived in the same tissues in Bpalt females. We focused
on three organs: the liver, because it is a primary site of cholesterol biosynthesis in the body;
the skin, because of its striking phenotype in BpalH females; and the brain, because of its
relatively high cholesterol content and the fact that it is entirely dependent on endogenous
cholesterol biosynthesis due to the blood-brain barrier [19]. We found that NSDHL negative
cells survive in the BpalH mosaic female through embryonic and neonatal development, but
that they are then subject to negative selection over the lifetime of the animal.
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Material and Methods

Mice and Cells

Antibodies

A breeding stock of BpalH mice [12] was maintained by mating heterozygous BpalH females
to F1 hybrid C57BL/6JAY-J X CBA/CaGnLe (B6CBA) males (The Jackson Laboratory, Bar
Harbor, ME). Mice were fed our routine institutional high-fat chow, with no cholesterol (Harlan
Teklad Rodent Diet 2919). BpalH and WT mouse embryonic fibroblasts (MEFs) were cultured
as previously described [20]. Embryos were genotyped for sex and the BpalH allele by PCR
analysis of yolk sac DNA as previously described [21,22]. All procedures involving mice
conformed to protocols approved by the Institutional Animal Care and Use Committee of the
Research Institute at Nationwide Children’s Hospital.

A rabbit polyclonal antiserum was generated using the peptide antigen
DEAVERTVQSFHHLRKDK corresponding to amino acid residues 345-362 of mouse
NSDHL (Genemed Synthesis, San Francisco, CA). Anti-NSDHL antibodies were purified
from the rabbit serum using a SulfoLink kit (Pierce, Rockford, IL) according to the
manufacturer’s protocol. Phospho-histone H3 (PHH3) was detected in immunohistochemistry
experiments using a rabbit polyclonal anti-PHH3 antibody (Cell Signaling Technology,
Danvers, MA). B-tubulin was detected on immunoblots using rabbit polyclonal anti-B-tubulin
antibodies (catalog number RB-9249-P0, Thermo Scientific, Fremont, CA).

Immunoblot analysis

For protein extracts, mouse embryonic fibroblasts were lysed and tissues were homogenized
in RIPA buffer (150 mM NaCl, 10 mM Tris pH 7.2, 0.1% SDS, 1% Triton X-100, 1%
deoxycholate, 5 mM EDTA). Protein concentration in the lysates was measured using the BCA
Protein Assay Kit (Pierce, Rockford, IL). Proteins were resolved by SDS-PAGE and
transferred to Hybond ECL membrane as previously described [11]. Preblocking, primary
antibody binding and secondary antibody binding to immunaoblots were carried out in TBST
(10 mM Tris pH 7.0, 150 mM NaCl, 0.1% Tween-20) with 2% normal goat serum. The
secondary antibody was HRP-linked anti-rabbit 1IgG (Cell Signaling, Danvers, MA). Antibody
binding was visualized using SuperSignal West Pico Chemiluminescent Substrate (Pierce,
Rockford, IL) and exposing the blots to X-Omat film (Kodak, Rochester, NY).

Immunohistochemistry

Mouse embryos and adult tissues were fixed overnight at 4° C in Bouin’s fixative and rinsed
in 70% ethanol. Adult brains were fixed by transcardial whole-animal perfusion with Bouin’s
fixative. Fixed tissues were embedded in paraffin blocks and sectioned at a thickness of 5 pum.
After deparaffinization, slides were heated to 95° C for 20 min in antigen retrieval solution (10
mM sodium citrate, 0.05% Tween-20, pH 6). Slides were incubated with Peroxidase Blocking
Reagent, Protein Block and primary antibody diluted to 1:500 in Antibody Diluent (Dako,
Carpinteria, CA) according to the manufacturer’s instructions. Primary antibody binding was
amplified using a Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA), including
biotinylated anti-rabbit secondary antibody. Antibody binding was visualized using the Liquid
DAB+ Substrate Chromogen System (Dako, Carpinteria, CA). Samples were counterstained
for 1 min with hematoxylin. Photomicrographs were acquired with SPOT version 3.5 software
operating SPOT RT Color digital cameras (Diagnostic Instruments, Sterling Heights, MI)
mounted on a Nikon SMZ-10A microscope or a Nikon Eclipse E800 microscope. No
adjustments were made in the color, contrast or hue of the photomicrographs. In experiments
where the ratio of NSDHL stained vs unstained hepatocytes was measured and compared at
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different ages, statistically significant differences from the expected 1:1 ratio were determined
using a one-sample t test.

Results

Generation of a specific anti-NSDHL polyclonal antibody

A rabbit polyclonal antiserum was raised against a peptide corresponding to the 18 amino acids
at the carboxy-terminus of the mouse NSDHL protein. Anti-NSDHL antibodies were affinity
purified from the antiserum using the peptide immunogen and tested for specificity by
immunoblotting (Fig. 1). Mouse NSDHL comprises 362 amino acids with a predicted
molecular mass of 38 kD. A single band near the expected position on the blot was detected
in awhole-cell lysate from WT MEFs. A lysate from BpalH MEFs served as a negative control.
The truncated peptide that is predicted to be encoded by the BpalH allele lacks the carboxy-
terminal region of NSDHL, and was not detected by our antibody (Fig. 1, lane 2). A replicate
blot that was probed with an anti-B-tubulin antibody demonstrated equivalent protein
concentration and integrity of the WT and Bpalt MEF samples (Fig. 1, lower panel). The
NSDHL antibody showed highly specific staining in total protein extracts from WT E16.5
embryo, adult liver and adult brain. A relatively faint band seen in the liver extract that migrated
slightly faster than the 38 kD NSDHL band may be either a partial degradation product of
NSDHL or nonspecific binding to another protein. However, since it represented a small
proportion of the total signal in the sample, we concluded that the antibody would provide an
informative reagent for immunohistochemical analysis of NSDHL expression in WT tissues,
as well as distinguishing WT and mutant cells in mosaic Bpalt female mice. The lack of
detectable signal for B-tubulin in the liver extract is due, in part, to the relatively low level of
tubulin expression in this tissue [23]. Faint B-tubulin signal was detected in this sample when
loading was increased to 40 pg (not shown).

Embryonic expression pattern

In crosses between heterozygous BpalH females and WT males, 25% of the embryos are
expected to be hemizygous BpalH males. In six litters of E7.5 embryos from this cross, we
found 23% (9 out of 38) were BpalH males. No viable male BpalH embryos are found at E11.5
[13]. These data suggest that NSDHL is not required for preimplantation viability, but is
essential for normal development around the time of gastrulation. NSDHL staining of WT
embryos at E6.5 and E7.5 resulted in a relatively low and uniform level of signal throughout
all cell-types (Supplemental Fig. 1). In E8.5 embryos, cells of the developing neural tube
showed distinctly higher expression than those in other tissues (not shown). An increasingly
complex expression pattern in the developing central nervous system (CNS) and peripheral
neurons was evident in E10.5 embryos (Fig. 2A). Notably, the dorsal root ganglia (DRG) and
differentiating motor neurons in the basal (ventral) column of the neural tube demonstrated
intense staining (Fig. 2B, D). Strong expression of NSDHL was also detected in a subset of
cells within the fetal liver (Fig. 2C). Since cholesterol is an essential component of the plasma
membrane, we asked whether high NSDHL expression was associated with highly proliferative
cells by staining with an anti-phosphorylated histone H3 (PHH3) antibody that detects mitotic
cells. In the neural tube, numerous mitotic cells were seen in the ventricular layer, as expected.
Few, if any PHH3 positive cells were seen in the differentiating neurons of the basal column
that showed higher NSDHL expression (Fig. 2E, arrow). Thus, while NSDHL staining was
present in dividing cells of the neurepithelium, a substantially higher signal was seen in specific
subsets of differentiating neurons.

In the E14.5 embryo, NSDHL expression was again prominent in the liver, DRG and the
developing brain (Fig. 2F). The trigeminal ganglion and superior cervical ganglion also showed
very high levels of NSDHL. In addition, the adrenal gland and Leydig cells of the testis, both
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of which are highly steroidogenic cell types, were intensely stained (Fig. 2G, Supplemental
Fig. 2). Metanephric glomeruli and epithelial cells of metanephric tubules in the kidney, as
well as epithelial cells of the intestine, showed moderately high levels of NSDHL. Strong
expression was also seen in a layer of condensing mesenchyme surrounding developing ribs,
specifically in the dorsal/caudal region of the embryo (Fig. 2H).

The pattern of NSDHL expression detected by immunostaining among tissues of the
midgestation embryo was supported by in situ hybridization analysis of the E15.5 embryo using
a radiolabeled antisense RNA probe that detected Nsdhl mRNA (Supplemental Fig. 3). High
levels of Nsdhl transcripts were detected in the liver, brain, adrenal, cranial ganglia, and
intestinal epithelium.

Since a Bpalt heterozygous female would be expected to show mosaic NSDHL expression
due to random X inactivation, we compared the staining pattern in the neopallial cortex
(developing cerebral cortex) of a WT E14.5 embryo with that of a mutant embryo (Fig. 21, J).
The WT embryo showed a continuous band of stained neurons throughout the cortex, including
evidence of signal in the dendrites of neurons (Fig. 21). In the mutant embryo, patchy staining
arranged in sectors that radiated out from the ventricular layer was present throughout the
cortex (Fig. 2J). This pattern is consistent with a mixed population of WT and mutant progenitor
cells in the ventricular layer giving rise to clonal populations of differentiating neurons that
migrate away from the ventricle to populate the developing cerebral cortex.

A pattern similar to that found in the mutant neopallial cortex was seen in the embryonic retina.
At E15.5, the WT eye showed strong staining for NSDHL in the ganglion cell layer (GCL),
with lower signal throughout the neuroblast layer (NL) of the developing retina (Fig. 2K). This
pattern was confirmed by in situ hybridization analysis that showed high levels of Nsdhl mMRNA
in the retina at E15.5. The GCL comprises proliferating stem cells that give rise to all neural
cell types of the mature retina. In the BpalH female eye, the GCL included both NSDHL
positive and negative cells (Fig. 2L). The differentiating cells of the NL showed sectors of
stained and unstained cells radiating out from the GCL. These results demonstrate that mutant
neural progenitor cells present in the fetal brain and eye give rise to differentiating neurons
and that they migrate to the appropriate position in the developing tissue.

The mature liver is composed of structural subunits called lobules, defined primarily by the
arrangement of their vasculature. Portal veins arranged in a ring transport blood into the lobule
where it flows through sinusoids between cords of hepatocytes and drains into a central vein
that carries blood out of the lobule. In the adult WT liver, staining for NSDHL produced strong
signal in all hepatocytes. A slight zonal gradient of expression was evident, with the highest
levels in the pericentral region of lobules (Fig. 3A). In livers from Bpalt females over one
year of age (13-14 mo), a mosaic pattern of staining in hepatocytes was observed (Fig. 3B, C,
D).

In the absence of selective pressure, WT and mutant cells would be expected to be present in
roughly equal numbers due to random X-inactivation in early embryogenesis. However, a
majority of hepatocytes were NSDHL positive in livers from adult BpalH females (Fig. 3B),
with small clusters of unstained cells clearly distinguishable (Fig. 3C). To quantitate this
skewed ratio, at least 1500 hepatocytes were scored as either NSDHL positive or negative in
livers from 12 BpalH females over 1 year of age (13—-14 mo). The mean percentage of WT
hepatocytes in the 12 samples was 79 (SD: 10), significantly higher than the expected 50%
(p<0.0001). In the affected livers that showed the highest (~40%) proportion of unstained
hepatocytes (Fig. 3D), a nonrandom pattern of positive and negative hepatocytes was observed,
with stained cells highly concentrated in pericentral region of the lobules (Fig. 3D). These
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results suggest that BpalH hepatocytes undergo negative selection in affected females, either
due to a lower proliferation rate or increased cell death. Furthermore, this effect appears to
depend, in part, on their position within the lobule.

Since NSDHL is expressed strongly in hepatocytes from early fetal stages through adulthood,
we asked at what developmental stage the proportion of WT to mutant cells begins to deviate
from the expected 1:1 ratio and show a nonrandom distribution in the liver. Staining of livers
from P6 BpalH females revealed an apparently random distribution of positive and negative
cells (Fig. 3E). The average percentage of NSDHL positive hepatocytes in livers from six
Bpalt P6 females was 52 (SD: 5). Among six mutant livers at P25, the average percentage of
NSDHL positive hepatocytes increased to 62 (SD: 9). However, in contrast to the older livers,
their distribution appeared to be nearly random throughout the lobules (Fig. 3F). Thus, the ratio
of WT to mutant cells at P6 (52%) was not significantly different from the expected 1:1
(p=0.33). In P25 livers, the proportion of WT hepatocytes (62%) was significantly higher than
50% (p=0.017). These data suggest that the higher percentage of WT hepatocytes present in
livers from older BpalH females is the cumulative result of postnatal differences in either the
growth rate or survival of WT vs mutant hepatocytes.

In normal development, the onset of hair follicle development is marked by the induction of
epidermal placodes at E14.5 [24]. Stratification and differentiation of the epidermis occurs
between E14.5 and E18.5 [25]. In WT embryos at E16.5, NSDHL staining was visible in the
outermost layer of the epidermis, with little or no staining in the developing hair follicles
(Supplemental Fig. 4). Regions of NSDHL negative and positive skin were detected in
Bpalt female embryos, consistent with the expected mosaic expression pattern. The NSDHL
positive and negative areas in the BpatH mosaic skin were histologically similar to each other
and to that of entirely WT embryos (Supplemental Fig. 4).

In WT dorsal skin at P2, NSDHL expression showed a distinct pattern within the developing
hair follicles (Fig. 4A). Staining was strongest in the sebaceous glands, with moderate staining
also present in the matrix and inner root sheath. Staining was not observed in the outer root
sheath at the level between the arrector pili muscle and the sebaceous gland, the hair follicle
stem cell niche known as the bulge. Low level NSDHL expression was seen in the epidermis.
In a BpalH littermate, the epidermis and hair follicles appeared to be morphologically normal
in regions that lacked NSDHL staining, indicating that hair follicle morphogenesis is not
grossly abnormal in BpalH mutant skin at this stage (Fig. 4B).

In WT dorsal skin at P6, when hair shafts had emerged from the follicles, NSDHL staining
was very strong in the inner and outer root sheaths in the non-permanent segment of the hair
follicle below the insertion of the arrector pili muscle, as well as the sebaceous glands (Fig.
4C, E). The mosaic expression of NSDHL was evident in skin from a BpalH female littermate
(Fig. 4D, F). A low magnification view of alternating regions of NSDHL positive and negative
hair follicles revealed that a lack of NSDHL expression resulted in arrested downgrowth of the
follicles, indicative of impaired progression through the anagen hair cycle within the mutant
areas of skin (Fig. 4D). The mutant follicles were smaller and shorter than adjacent WT follicles
and lacked hair shafts, consistent with defective anagen hair growth. A higher magnification
view of an NSDHL negative region showed a thickened epidermis with cystic invaginations
reminiscent of utricles, and a thickened dermis with inflammatory infiltrate (Fig. 4F).
Hyperkeratotic material could be visualized in the cystic structures.

The bands of hyperkeratotic eruptions that characterize the skin of BpalH females at 1 week
of age resolve to narrow stripes of hairless skin after several weeks. In the dorsal skin from an
8 week old BpalH female that showed relatively large stripes of affected skin, NSDHL staining
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revealed clear domains of positive and negative tissue (Fig. 4G). In the positively stained
regions, hair follicles showed strong staining in the inner and outer root sheaths below the
arrector pili muscle as well as the matrix region of the hair bulb. Sebaceous glands were strongly
positive and the epidermis was weakly positive for NSDHL, as in the skin from P2 and P6
pups. In the NSDHL negative skin, hair shafts were absent and the hair follicles appeared to
be in the telogen stage of the hair cycle despite the predominance of anagen stage follicles in
the adjacent WT skin. Although the majority of follicles in the mutant patches appeared to be
in telogen, a few scattered deeper follicular units consistent with anagen follicles were
observed. The sebaceous glands associated with the predominantly telogen follicles in the
mutant regions appeared enlarged, similar to the phenotype of other mouse mutants that display
sebaceous gland hyperplasia in the context of alopecia [26,27]. The general lack of anagen hair
follicles in the mature BpalH skin lesions resembled the phenotype seen in the P6 skin. The
dermis in the mature affected skin was marked by the presence of amorphous debris that was
noted in previous studies of Bpalt skin [14].

The cholesterol concentration of the adult mouse brain is about 7-fold higher than the average
cholesterol concentration of the whole animal [19]. Because cholesterol is not transported
across the blood-brain barrier, cholesterol biosynthesis within the brain is essential for its
normal growth and development [28]. In the postnatal mouse, the rate of cholesterol synthesis
in the CNS is highest (300-400 nmol/hr) during the first three weeks after birth, after which it
drops about 6-fold and stabilizes at 10-13 weeks of age [29]. In light of the substantial age-
dependent differences in rates of cholesterol biosynthesis, we first identified which cells
express NSDHL in the WT brain during early postnatal development and in the adult. We then
asked whether NSDHL negative cells were present in these cell populations in BpalH mutant
female pups and adults.

In WT brain at P2, the distribution of cells expressing NSDHL was complex, with at least some
positive cells in virtually all regions. However, broad patterns of relatively high expression
were evident. Staining was prominent in a wide band of differentiating neurons in the cortical
plate of the cerebrum (Fig. 5A, C). As noted in developing neurons of the E14.5 embryo (Fig.
21), the cell bodies as well as dendrites were stained. Pronounced NSDHL signal was also
present in hippocampal neurons (Fig. 5E). In the cerebellum, staining was strongest in the layer
of cells composed of Purkinjie cell precursors and Bergmann glia (not shown). Because
Purkinjie cells do not display a fully differentiated morphology at P2, we were not able to
determine whether one or both cell types are positive for NSDHL at this stage. Distinct staining
was also seen in cells throughout the thalamus (Fig. 5E) and in the mitral layer neurons in the
developing olfactory bulb (Fig. 5A, see arrow). Regions that showed relatively low staining
included the intermediate cortical layer and subventricular layers of the cerebrum, the dentate
gyrus, granular cells of the developing striatum (caudate putatem), granular cells of the
olfactory bulb, the superior colliculus and the choroid plexus.

In the BpalH female P2 brain, a mosaic pattern of NSDHL staining was most evident in the
cerebrum and hippocampus (Fig. 5B, D, F). In the cerebrum, radiating sectors of NSDHL
positive and negative neurons were visible in a pattern similar to that seen in the BpalH E14.5
embryo (compare Fig. 2J and Fig. 5D). Likewise, the P2 mutant hippocampus was composed
of a mixture of stained and unstained cells throughout its length (Fig. 5F), in contrast to the
WT hippocampus that showed regions where virtually all of the cells were NSDHL positive
(Fig. 5E). A similar pattern was observed in the hippocampus of WT and BpalH female brains
at P25 (Supplemental Fig. 5, Panels A-D). Although the overall intensity of NSDHL staining
in hippocampal neurons was lower in P25 brains than P2 brains, the WT hippocampus was
evenly stained throughout its length, while the Bpal™ hippocampus was composed of both
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stained and unstained neurons. These results suggest that a substantial number of NSDHL
deficient neurons survive to birth in the BpalH female, presumably acquiring cholesterol from
WT neurons and/or glia.. We were not able to assess the extent of mosaicism in other regions
of the BpalH brain due to the heterogeneous levels of NSDHL staining seen among different
cell types in these or the same regions of the WT brain.

The general pattern of NSDHL staining in the WT brain at 1 year of age resembled that of the
P2 brain in that signal was most pronounced in the cerebral cortex and CA1 and CA3 regions
of the hippocampus (Fig. 5G, I). This profile is in agreement with data provided in the Allen
Brain Atlas for Nsdhl gene expression in the WT mouse brain using in situ hybridization
analysis (http://www.brain-map.org). We also observed positive cells dispersed throughout
white and gray matter, displaying a morphology consistent with glial cells. NSDHL staining
in the adult brain differed from the neonatal brain in two major ways. First, overall, the
proportion of strongly positive cells was lower in the adult. For example, in the adult cerebral
cortex, a narrow layer of large pyramidal neurons showed distinct staining (Fig. 5G, arrow),
in contrast to the much broader band of differentiating cortical neurons in the P2 brain (Fig.
5C). The relatively large size of the nuclei and cell bodies of these adult neurons, as well as
their position, are consistent with layer V of the cerebral cortex. The second distinguishing
feature of the adult brain, is that signal was visible mainly in the cell bodies of neurons, with
much fainter staining in the dendrites (compare cortical neurons at P2, Fig. 5C, with adult
cortical neurons, Fig. 5G).

At a gross level, the Bpal* adult brain was indistinguishable from the WT brain with regard
to the pattern of NSDHL staining (Fig. 5H, J). No patches of unstained neurons were observed
in the layer of NSDHL positive cortical neurons or in the CA1 and CA3 regions of the
hippocampus, as was seen in the P2 BpalH brain. Upon close examination, only a few NSDHL
negative hippocampal neurons could be seen among the hundreds of positive cells within the
CA1 and CA3 regions that were visible on each section (Supplemental Fig. 5F), suggesting
that the mutant neurons are subject to negative selection over the life of the animal. Due to the
wide variation in levels of NSDHL expression among neurons of the WT cerebrum, it was not
possible to determine whether a small number of mutant cells were present among the positive
cells in the BpalH adult brain. This grossly WT pattern of NSDHL signal was present in brains
from three BpalH females at 1 year of age.

Discussion

While cholesterol biosynthesis is a fundamental housekeeping function shared by most, if not
all, cell types, the activity level of the pathway varies widely among different tissues [30,31].
This variation may reflect different requirements for either functional intermediate molecules
in the pathway, cholesterol itself, or cholesterol as a precursor for the synthesis of steroid
hormones or neurosteroids. Analyses of the consequences of perturbing the pathway at various
steps may allow these multiple functions to be distinguished. Because cholesterol can be
acquired through dietary intake and transported via lipoproteins in the serum, a primary
question in understanding the pathologies associated with disorders of cholesterol synthesis in
humans is whether they result from cholesterol deficiency per se, a deficiency of key precursor
molecules, or the abnormal accumulation of sterol intermediates to toxic levels due to a block
in the pathway. Testing these hypotheses is complicated by the fact that sterol intermediates
that share the greatest structural similarity to cholesterol, such as desmosterol and 7-DHC, can
incorporate into cell membranes. However, substitution of cholesterol with desmosterol or
7DHC alters the physical properties of membranes, impairs lipid raft-dependent signaling, and
alters the structure and function of caveolae [32-34]. This partial functional overlap with
cholesterol probably accounts for the survival to birth of mouse embryos that are homozygous
for null mutations in Dhcr24 and Dhcr7, in contrast to the much earlier embryonic lethality of
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mutations in enzymes such as squalene synthase and NSDHL that block earlier steps in the
pathway [35,36].

Previously, we compared the survival of BpalH vs WT cells in vitro by sorting and counting
mutant and WT cells in primary cultures of MEFs from BpalH female E15.5 embryos [20].
We found no evidence of negative selection acting on mutant cells in utero, since on average
they were present in proportions equivalent to WT cells at the time they were isolated. In a
mixed population of MEFs, the ratio of mutant to WT cells did not change significantly after
nine passages in culture. Sorted populations of mutant and WT cells grew equally well in the
presence of 10% normal fetal bovine serum. However, in the presence of delipidated serum,
most of the cells in a pure BpalH population died within 48 hrs. WT cells did not show cell
death in delipidated serum. Finally, when cultured with WT MEFs in delipidated medium, the
BpalH cells showed no cell death after 48 hrs, suggesting that the mutant cells were rescued
by presence of WT cells. Our analysis of heterozygous BpalH female mice, that are randomly
mosaic for WT and NSDHL deficient cells, allowed us to ask similar questions in vivo.

Varying levels of NSDHL expression among different cell types were apparent in WT E10.5
embryos with the highest signal found in the CNS, DRG and fetal liver. Within the CNS,
differentiating motor neurons of the neural tube showed the most intense staining (Fig. 2F).
The DRG of the peripheral nervous system were also strongly stained for NSDHL. These
results are consistent with a previous study of the expression of cholesterogenic enzymes in
the mouse embryo using whole-mount in situ hybridization, where strong Nsdhl mRNA
expression was detected in the DRG and neural tube at E10.5 [37]. A reason for the relatively
high CNS expression that was evident at this stage may be the formation of the blood-brain
barrier. Maternally derived cholesterol accounts for a substantially lower proportion of the total
cholesterol in the fetal brain than other fetal tissues after E10, as demonstrated by sterol
measurements in Dhcr7 —/— embryos and levels of isotopically labeled cholesterol injected
into dams that was measured in fetal organs [38,39]. Further, the relatively high level of
NSDHL that was observed particularly in differentiating neurons may be due, in part, to a
requirement for cholesterol in the large amount of plasma membrane required for the growing
dendrites and axons of these cells. Finally, neurons of the CNS and peripheral nervous system,
including the DRG, trigeminal ganglion, superior cervical ganglion and ganglion cell layer of
the retina, synthesize neurosteroids from cholesterol, as demonstrated by the expression and
activity in these cells of P450scc, a mitochondrial enzyme that initiates the conversion of
cholesterol to pregnenolone [40,41].

The clonal sectors of NSDHL negative cells that were visible in the fetal brain and retina of
BpalH embryos demonstrated that mutant progenitor cells were able to proliferate, migrate and
begin to differentiate morphologically. This raises the question as to what extent these cells
are able to differentiate and function relative to WT cells. Further studies that employ cell type
specific markers and functional assays will be required to resolve this question in various
tissues.

The liver provided a convenient organ in which to measure the long term survival of mutant
cells in the BpalH female. It comprises a relatively homogeneous population of hepatocytes
that showed high expression of NSDHL at all stages of development, facilitating the
quantitation of mutant and WT cells at different ages. The increased proportion of WT
hepatocytes (79%) observed at one year of age relative to that at P6 (52%) suggests that the
mutant cells are preferentially lost over the life of the adult animal. The nonrandom distribution
of mutant and WT cells in the adult BpalH liver, where WT cells preferentially occupy the
pericentral region of the lobule, is consistent with the notion that mutant cell death accounts,
at least in part, for the skewed ratio. Although it was once thought that hepatocyte proliferation
is localized to the periportal region of the lobule and that cells migrate toward the pericentral
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zone, more recent analyses that use cell lineage tracers and radiolabeling indicate that
hepatocytes do not migrate in an organized pattern and that proliferation does not occur in a
particular region of the lobule [42,43]. Thus, the nonrandom distribution of mutant and WT
cells in the BpalH adult liver is probably not caused by differential migration of the hepatocytes,
although we cannot definitively exclude this model.

Another hypothesis is that mutant cells divide more slowly than WT cells in the pericentral
region. If this were the case, we would expect to see patches of NSDHL negative cells similar
to those in the pericentral region of the P25 liver present in this region of the older liver. Instead,
mutant cells were virtually absent from the pericentral region in the older livers, and were
usually found as individual cells or clusters smaller than in the P25 liver. Thus, we favor the
hypothesis that the mutant cells die at a slightly higher rate in the pericentral region than in the
periportal region of the lobule. This may be due to a greater accumulation of potentially
cytotoxic sterol precursors caused by the BpalH block to cholesterol biosynthesis in pericentral
cells if they are programmed to synthesize cholesterol at a higher rate than periportal
hepatocytes.

The apparent negative selection of mutant cells in the mosaic Bpalt liver was in contrast to
our previous results that found no evidence of selection against the mutant cells in a mixed
population of MEFs [20]. This discrepancy may be due to differences between fibroblasts in
vitro and hepatocytes in vivo with regard to their rate of cholesterol biosynthesis, mechanisms
of cholesterol efflux and import, or susceptibility to the possible deleterious effects of increased
levels of sterol precursors. An understanding of why negative selection in the liver and other
tissues is apparently more pronounced after birth than during embryogenesis will require
additional experiments that investigate the role of maternal cholesterol in the development of
Bpalt and wild type embryos.

Previous studies have shown that the skin is a site of significant cholesterol biosynthesis [30,
44]. In the stratum corneum of the epidermis, cholesterol is a one of several secreted lipids
present in lamellar bodies that form a permeability barrier that prevents trans-epidermal water
loss [45]. The source of the barrier cholesterol is thought to be mainly the epidermis and is
independent of circulating cholesterol [46]. Mice that lack DHCR24, the enzyme that catalyzes
the conversion of desmosterol to cholesterol, die within several hours after birth and show
defects in the maturation of the epidermis, with compromised barrier function [47]. The skin
of Dhcr24 —/— pups is marked by hyperproliferation of immature keratinocytes. However, an
inflammatory infiltrate in the dermis, such as that seen in the BpalH skin, was not reported.
Mice that lack DHCRY7 also die within the first day of life, but have no reported skin
abnormalities [4,6]. These results may reflect a difference in the ability of the sterol precursors
desmosterol and 7-DHC to partially substitute for cholesterol in epidermal development and
barrier function. Due to the perinatal lethality caused by these null alleles, their effect on hair
follicle maturation is not known. However, some partially rescued Dhcr7 —/— mice that carry
a WT Dhcr7 transgene under the control of the CNS-specific nestin promoter survive to P17
and have no reported skin or hair abnormalities [48].

Although barrier function was not tested in the skin of BpalH mutants, we saw no gross
morphological or histological abnormalities in the epidermis within NSDHL negative regions
of the mosaic skin of pups at P2. The timing of the appearance of hyperkeratotic eruptions in
BpalH females at P6 coincided with the stage at which hair shafts emerge from the maturing
follicles in WT skin. The strong expression of NSDHL seen in the maturing follicles, along
with the short, immature appearance of hair follicles in the NSDHL negative areas of skin at
P6 and in the 8 week old adult suggest that products from the endogenous cholesterol
biosynthetic pathway are required for the completion of hair follicle development. Although
the role of cholesterol biosynthesis in hair follicle development is not clear, it is known that

Mol Genet Metab. Author manuscript; available in PMC 2010 December 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cunningham et al.

Page 11

human hair follicles possess high HMGCR activity, at a level roughly 70% of that found in
human liver cells [49]. Moreover, HMGCR activity in human hair follicles is not sensitive to
either naturally occurring or experimentally induced changes in the level of exogenous LDL
[49]. This suggests that, unlike many other tissues, hair follicles do not acquire cholesterol
from plasma. Isolated apocrine and sebaceous glands, by contrast, show reduced HMGCR
activity in response to the presence of exogenous cholesterol, indicating that they are able to
take up plasma lipids [50]. The relative autonomy of hair follicles with regard to cholesterol
synthesis may explain why, in affected Bpalt skin, they fail to develop fully, particularly in
the cycling segment of the follicle where NSDHL expression is highest.

In the mouse, the brain roughly doubles in weight between 1 and 26 weeks of age. At the same
time, the cholesterol content of the brain increases more than 6-fold [29]. The first three weeks
after birth are marked by the highest rate of brain cholesterol synthesis. In the adult mouse,
about 80% of the total brain cholesterol is in myelin that is synthesized by oligodendrocytes
to provide insulating sheathes for neuronal axons and dendrites. While it is known that
astrocytes synthesize cholesterol that is transported to neurons, the relative contribution of
endogenous neuronal cholesterol biosynthesis vs transport from glial cells throughout
development and maturation of the brain is not clear [51]. Previous studies have demonstrated
that cultured neurons synthesize cholesterol [52]. Recently, it has been reported that de novo
cholesterol biosynthesis in neurons is regulated by brain-derived neurotrophic factor (BDNF)
and p75 neurotrophin receptor, based on changes in the expression levels of cholesterogenic
enzymes [53,54]. In neurons, cholesterol-rich lipid rafts and caveolae are thought to play
important roles in synaptogenesis and signal transduction that vary among different types of
neurons [55,56].

Our analysis of the WT P2 brain showed that NSDHL is expressed at high levels in cortical
neurons and the hippocampus. Consistent with the known decrease in the rate of cholesterol
synthesis in mature animals, we observed both lower levels and a more restricted distribution
of staining in the adult brain. The relatively broad sectors of NSDHL deficient cells, presumably
including both neurons and glia, that were observed in the BpalH brain at P2 suggest that these
cells were able to acquire sufficient cholesterol by transport from WT cells to survive to birth.
The apparent loss of these sectors in the adult mutant may be the result of negative selection
during the period of high demand for cholesterol in the CNS during the first month of life,
defects in synaptogenesis or prosurvival signaling, or the accumulation of toxic sterol
intermediates due to the upregulation of the cholesterol biosynthetic pathway in the young
adult. The lack of gross structural abnormalities in the Bpal™ adult hippocampus implies that
substantial numbers of cells may be lost between birth and maturity, although it is possible that
some or all of these neurons may be replaced by proliferating neural progenitor cells that reside
within the subgranular zone of the dentate gyrus and subventricular zone of the lateral ventricles
[57]. Distinguishing between these possibilities and determining whether negative selection
acts on all of the mutant cells in the BpalH brain or only cells with a relatively high rate of
endogenous cholesterol biosynthesis will require further investigation using conditional gene
disruption approaches.
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Figure 1. Detection of NSDHL in whole protein extracts by Western blot analysis using a purified
anti-NSDHL polyclonal antibody

Approximately 10 pg of total protein from WT and Bpalt MEFs, WT E16.5 embryo, 7 mo
WT female liver and 7 mo WT female brain were resolved by PAGE, transferred to nylon
membrane and probed with a polyclonal anti-NSDHL antibody at a 1:4000 dilution. Antibody
binding was visualized by chemiluminescence detection (see methods). A single prominent
band that migrated slightly above the 37 kD marker was detected in all samples except the
Bpalt MEF. A duplicate blot was probed with an anti-p-tubulin antibody to verify the presence
of intact protein in the extracts.
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Figure 2. Developmental expression pattern of NSDHL in mouse embryos

A. A saggital section from an E10.5 WT embryo immunostained for NSDHL showed the
highest signal in the CNS and fetal liver. B. A higher magnification view of boxed area B in
panel A showing intense staining of the basal column (BC) of the neural tube, with less signal
in the mantle column (MC) and caudal dorsal root ganglia (DRG). C. A higher magnification
view of boxed area C in panel A showing a subpopulation of strongly stained cells in the fetal
liver (Li). D. A transverse section through the posterior neural tube illustrates the high level of
NSDHL staining in the basal column of the neural tube relative to the mantle column and
ventricular layer (VL). E. A section adjacent to that shown in panel D immunostained for
phosphorylated histone H3, that marks mitotic cells, shows numerous dividing cells in the
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ventricular layer lining the neural tube, with no positive cells in the basal column, where the
strongest NSDHL signal is seen (arrow). F. A saggital section from an E14.5 WT embryo
immunostained for NSDHL shows intense staining in the liver, dorsal root ganglia, and
trigeminal ganglion (TG). Signal in the brain is higher than in other tissues such as heart (He)
and lung (Lu). G. A high magnification view of the boxed area from panel F, showing strong
staining of the Leydig cells (LC) in the testis, comparable to the level in hepatocytes seen in
the adjacent fetal liver. H. High magnification view of developing rib from section shown in
panel F. NSDL staining is seen in cells of the condensing mesenchyme surrounding the
chondrocytes of the rib. 1. A high magnification view of the posterior neopallial cortex of the
brain from the section shown in panel F. J. The same region of the brain shown in panel | from
a BpalH E14.5 female embryo was immunostained for NSDHL. Note the patchy staining
pattern, with radiating sectors of neurons showing no staining (arrows). K. A transverse section
through the eye of a WT E15.5 embryo showing strong NSDHL staining in the ganglion cell
layer (GCL). L. NSDHL staining of a BpalH E15.5 eye, showing mosaic expression in the
GCL with radiating sectors of NSDHL positive and negative cells in progeny cells of the
developing retina. Sections in panels B-L were lightly counterstained with hematoxylin. The
size bars in panels A and F represent 1 mm. Size bars in all other panels denote 100 pm.
Abbreviations: BC, basal column; DRG, dorsal root ganglion; Fb, forebrain; GCL, ganglion
cell layer; Hb, hindbrain; He, heart; HL, hind limb; Ki, kidney; LC, Leydig cell; Le, lens; Lu,
lung; Mb, midbrain; MC, mantle column; NL, neuroblast layer; PRE, pigmented retinal
epithelium; VL, ventricular layer.
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Figure 3. Immunostaining of NSDHL in WT and Bpa1H liver

A. Adult (3 mo) WT liver shows strong staining thoughout the lobule, with slightly higher
signal in the pericentral region. B. An adult (13 mo) BpalH liver with a large majority of
NSDHL positive cells. C. A high magnification view of the liver shown in panel B showing
small clusters of hepatocytes that did not stain for NSDHL. D. An adult (13 mo) BpalH liver
with a relatively large number of NSDHL negative hepatocytes. Note the high proportion of
NSDHL positive cells surrounding the central veins. NSDHL staining in the liver of a P6
BpalH female. F. NSDHL staining in the liver of a P25 Bpalt female. Abbreviations: CV,
central vein; PV, portal vein. Size bars represent 100 um.

Mol Genet Metab. Author manuscript; available in PMC 2010 December 1.



Cunningham et al. Page 19

Figure 4. NSDHL expression in developing dorsal skin and hair follicles

A.NSDHL staining in dorsal skin of a P2 WT pup shows strong signal in the sebaceous glands,
and expression in the inner root sheath of the developing hair follicle, as well as the epidermis.
B. In dorsal skin of a BpalH P2 pup, regions lacking detectable NSDHL in the epidermis and
developing hair follicles (left of arrowhead) appeared similar histologically to regions that
stained positively for NSDHL (right of arrowhead). C. WT skin from P6 displayed strong
NSDHL staining in the outer root sheath and moderate staining in the inner root sheath of the
maturing hair follicle. D. In BpalH skin at P6, NSDHL negative regions showed a thickening
of the epidermis and dermis with developmentally delayed hair follicles. E. Higher
magnification view of the sample shown in panel C. F. Higher magnification of the sample
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shown in panel D. G. NSDHL staining in dorsal skin of a BpalH female at 8 weeks of age.
Strong staining in sebaceous glands and the inner root sheath of anagen stage hair follicles is
visible in the region to the right of the arrowhead. The area on the left shows virtually no
staining in the enlarged sebaceous glands and mainly telogen stage hair follicles. No hair shafts
are present within the hair follicles in this region. Abbreviations: De, dermis; Ep, epidermis;
HF, hair follicle; HFB, hair follicle bulb; HS, hair shaft; IRS, inner root sheath; ORS, outer
root sheath; SG, sebaceous gland. Size bars represent 100 pm.

Mol Genet Metab. Author manuscript; available in PMC 2010 December 1.



Cunningham et al.

Page 21

Figure 5. NSDHL in early postnatal and adult brains of WT and Bpal"| females
A. NSDHL staining of a saggital section from a WT P2 brain. The arrow indicates the mitral

layer of the olfactory bulb. B. NSDHL staining of a BpatH P2 brain. Arrowheads indicate radial
sectors of low NSDHL signal in the cerebrum. C. A higher magnification of the cerebral cortex
from the section shown in panel A shows a broad, even band of positively stained pyramidal
neurons in the outer layer of the cortex. D. A higher magnification of the cerebral cortex from
the Bpalt brain section shown in panel B reveals regions of unstained cortical neurons that

were not seen in the WT brain. E. A higher magnification of the hippocampus (Hc) from the
WT brain shown in panel A. F. High magnification of the hippocampus from the BpalH brain
shown in panel B, showing a mosaic pattern of NSDHL within the hippocampus. G. NSDHL
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staining in the cerebral cortex on a saggital section of a WT adult brain. The arrow indicates a
layer of relatively large pyramidal neurons that showed the highest level of NSDHL signal in
the adult cerebral cortex. H. NSDHL staining in the cerebral cortex of a BpalH adult brain.

I. NSDHL staining in the hippocampus of a WT adult brain. J. NSDHL staining in the
hippocampus of a BpalH adult brain. Abbreviations: Cb, cerebellum; Ce, cerebrum; ChP,
choroid plexus; CN, cortical neurepithelium; CP, cortical plate; Cx, cerebral cortex; DG,
dentate gyrus; Hc, hippocampus; Ht, hypothalamus; ICL, intermediate cortical layer; LV,
lateral ventricle; OB, olfactory bulb; SCL, subventricular cortical layer; Th, thalamus. Size
bars in panels A and B correspond to 1 mm. Size bars in panels C-J correspond to 100 pm.
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