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Abstract

Desmosterol is an intermediary metabolite with important biological functions.
Given the discovery of the transglucosylation of structurally similar cholesterol and
7-dehydrocholesterol, we investigated the potential formation and degradation
of glucosylated desmosterol (GlcDesm). During transglucosylation of an acceptor
metabolite a glucose is attached via a beta-linkage through transfer from an
B-glucoside donor that physiologically is glucosylceramide. The reaction is known
to be catalyzed in vitro by two cellular retaining B-glucosidases, lysosomal GBA
and cytosol-facing GBA2. Our study revealed that glucosylated desmosterol
(GlcDesm) is indeed formed in vitro by GBA and GBA2 from desmosterol (Desm)
and a B-glucoside donor. Importantly, the natural presence of GlcDesm in human
spleen could be demonstrated, being elevated in spleen of Gaucher disease
patients deficient in GBA. Exceptionally, in spleen of one GD patient no GlcDesm
was demonstrable. The accumulation of GlcDesm in GD tissue is explained by the
noted ability of GBA to also degrade GlcDesm.
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Introduction

Desmosterol (Desm) was first identified in 1956, during research on cholesterol
(Chol) in chick embryo’s. As Desm closely resembles Chol in was difficult to
physically separate from the sterol. Stokes et al. gave Desm its name, as they
recognized it as A>?*-cholestadiene-3B-ol [1, 2]. In the meantime, Bloch was
studying the conversion of lanosterol into cholesterol, now known as the Bloch
pathway. His work confirmed the existence of Desm [3, 4]. Further work of Stokes
et al. showed that also rat livers efficiently convert Desm into Chol [5]. In 1964
Roux et al. reported on the enzyme responsible for this conversion. While testing
the compound tripanol in mice, used for lowering Chol levels, they noticed
inhibition of the enzyme 3B-hydroxysterol A**-reductase (DHCR24, EC 1.3.1.72),
resulting in Desm accumulation [6]. The involvement of DHCR24 in the conversion
of Desm into Chol, was confirmed when the first case of desmosterolosis (OMIM
#602398) was reported in 1998. As desmosterolosis was a relative unknown
disease, it had been, given the similarity in symptoms, mostly considered as
Smith-Lemli-Opitz syndrome (SLOS, OMIM #270400) [7]. SLOS is caused by
mutations in the 7-dehydrocholesterol reductase (DHCR7) gene, causing storage
of 7-dehydrocholesterol (7DHC), another direct precursor of Chol [8, 9]. Ten

years after the first report on DHCR24, Croce et al. were able to localize DHCR24
on human chromosome 20 [10]. The DHCR24 gene was identified in 2001 by
Waterham et al. [11], who were the first to identify the human DHCR24 ¢cDNA and
confirm the link to the disease desmosterolosis and high levels of Desm. Later
research on desmosterolosis confirmed this [12-14].

Besides its role in Chol synthesis, Desm is involved in several other biological
processes. Firstly Desm is an abundant lipid in lipid membranes and certain

cells, such as spermatozoa [15], astrocytes [16] and fibroblasts [5, 17]. In

lipid membranes desmosterol can replace Chol, at first sight without much of
influence on the membrane. Mainly proteins inside the membrane seem to be
influenced, undergoing conformational changes [17-19]. Complete replacement
of Chol by Desm has a dramatic effect in the outer layer of skin, the epidermis.
The replacement causes impaired skin barrier function due to increased water
loss and skin permeability, resulting in lethal dermopathy in DHCR24-/- mice

[20, 21]. In humans lethal dermopathy (OMIM #275210) is known to be caused
by a heterozygous mutation in the LMNA gene or by homozygous or compound
heterozygous mutation in ZMPSTE24 gene and has as characteristic manifestation
thin, tightly adherent translucent skin [22]. As result newborns die within a week
[23]. The involvement of DHCR24 in human lethal dermopathy is still elusive.
Information of levels of Desm and Chol in this disease are warranted.
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Desm is also implicated in cell proliferation [24], cholesterol homeostasis [25],
inflammatory responses and pathogen-induced macrophage apoptosis [25, 26],
due to its influence on sterol-regulatory element binding proteins (SREBPs) and
the Liver-X-Receptor (LXR). Desm is, together with Chol, able to suppress the
transcription factor sterol-regulatory element binding protein-2 (SREBP-2), of
which DHCR24 is a target [27, 28]. When regulating Chol homeostasis SREBPs
cooperate with the nuclear receptor LXR [25]. LXR is activated by the oxysterols
24S,25-epoxycholesterol and 24S-hydroxycholesterol [29], but in macrophage
foam cells (macrophages with massive amounts of Chol esters) desmosterol is
also successfully activating LXR [30, 31], resulting in anti-inflammatory responses
[25]. Lack of LXR results in rapid accumulation of Chol inside the liver, as the
response to dietary Chol is hampered [32, 33]. As LXRs are responsible for draining
excess sterols and lipids from the Central Nervous System (CNS), absence of LXR
causes a defect sterol homeostasis and therefore a sterol overload in the brain.
Consequently, motor neurons of the spinal cord start degenerating [34]. Desm

is already important during brain development in the fetal phase. In the fetal
brain the levels of desmosterol are high in the time before myelination, due to
upregulation of DHCR24. The levels of desmosterol drop rapidly in the weeks
before birth, as myelination of the brain is finished [35-37].

It is noteworthy that in breastmilk Desm (9%) is besides Chol one of the abundant
lipids [38, 39]. Research of Clark et al. showed that the average concentration of
Desm increased significantly, from 0.6 mg/100 mL at 2 weeks to 1.3 mg/100 mL
at 16 weeks postpartum, while the levels of Chol remained rather stable [40].
Along lactation, after 30 days postpartum, Chol and Desm levels start to decrease
[39]. In adult human brain the levels of desmosterol are low, due to reduced
levels of DHCR24 transcription. Nevertheless, Desm is still the most abundant
precursor for Chol formation in brain [37, 41]. It is shown that DCHR24 is abnormal
in the brain of Alzheimer’s Disease (AD) patients. In specific areas of AD brain,
DHCR24 activity in increased, resulting in lower levels of desmosterol and higher
levels of Chol compared to control brain [42, 43]. In AD plasma it results in a
decrease in the desmosterol/Chol ratio [42], implying that excess Chol is leaving
the brain through the blood brain barrier. Increased Chol is known to be a risk
factor for atherosclerosis, causing cholesterol-rich deposits in arterial walls [44].
Interestingly AD patients show signs of atherosclerosis, and both diseases share
common risk factors [44, 45]. The noted relation between desmosterol levels
and atherosclerosis is intriguing. Not only Chol is deposited in arterial walls, but
also desmosterol [46, 47]. Under influence of triparanol, an agent which reduces
serum cholesterol levels by replacing cholesterol with desmosterol, the amount
of deposited desmosterol is increased [47]. So this intervention is not preventing
development of atherosclerosis, as thought earlier [48].
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Transglucosylation is a modification catalyzed by retaining B-glucosidases. Cells
contain two such enzymes, the lysosomal glucocerebrosidase (GBA) and the
cytosol-facing GBA2 [49] that both use glucosylceramide (GlcCer) as substrate.
GBA is deficient in Gaucher Disease (GD), lysosomal storage disorder presenting
with a wide variety of symptoms ranging from hepatosplenomegaly, pancytopenia,
coagulation abnormalities, skeletal complications, neurodegeneration and
disturbances in skin permeability [50, 51]. As Desm closely resembles Chol, it
therefore can be conceived that Desm can also be transglucosylated into GlcDesm.

In the conducted in vitro study evidence was obtained for ability of both GBA and
GBA2 to transglucosylate Desm. In addition, we show the occurrence of abnormal
levels of GlcDesm in GD patients. The potential roles for GlcDesm in GD and other
disease conditions are discussed.

Glucosyl-desmosterol (GlcDesm)

Desmosterol (Desm) ..
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Figure 1 The relation between desmosterol and cho(;;sterol. Displaying the last step of the

Bloch pathway in which desmosterol (Desm) is converted into cholesterol (Chol) by the enzyme
24-Dehydrocholesterol Reductase (DHCR24). Also includes the transglucosylation reaction by the
enzyme Glucocerebrosidase (GBA) of Glucosylceramide (GlcCer) into glucosyl-desmosterol (GlcDesm)
and glucosyl-cholesterol (GlcChol).
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Results

In vitro formation and degradation of GlcDesm by transglucosylation by
B-glucosidases

The previous findings on formation of GlcChol [49], but also GIc7DHC and
GlcD, (Chapter 2 of this thesis) through transglucosylation catalysed by
retaining B-glucosidases GBA and GBA2, prompted us to study the possible
transglucosylation of Desm. We started with studying the ability of pure
recombinant GBA to form GlcDesm. Recombinant GBA was incubated with
4MUGlIc (3.7 mM) as glucose donor and Desm (0.3 mM) or Chol (0.3 mM) as
acceptor, for 1 hour in 150 mM Mcllvain buffer (pH 5.2). The reaction was
supplemented with Triton X-100 (0.1% v/v), sodium taurocholate (0.2% w/v) and
bovine serum albumin (0.1% w/v). By LC-MS/MS the formation of glucosylated
Desm and Chol was monitored.

Subsequently, we studied the GlcDesm formation in comparison to the

GlcChol formation by rGBA. By varying time and pH optimal conditions for

the tranglucosylation reaction were determined. rGBA produces GlcDesm and
GlcChol over time from both glucose donors, 4MUGIc and GlcCer (Figure 2A). In
accordance with the previous results for the pH optimum of the generation of the
glucosylated metabolites, the optimal pH was found to be between pH 4.0 and pH
5.0 (Figure 2B).

Next, we investigated the ability of the cytosol-facing GBA2 to generate GlcDesm.
For this, we incubated homogenates of cells overexpressing GBA2 with Desm

and 4MUGlc or GlcCer as glucose donors and analysed formation of GlcDesm by
LC-MS/MS. By pre-treating the homogenates with an irreversible GBA inhibitor,
adamantyl-cyclophellitol (ME656), the activity of GBA was excluded. Formation

of the glucosylated metabolites by GBA2 in the homogenates was observed, with
an optimal pH around pH 6.0 (Figure 2C, D). Of note, when homogenates were
incubated with Desm without additional glucose donor (4MUGIc or GlcCer) hardly
any GlcDesm was detected.
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Figure 2. In vitro formation of GlcDesm. A) rGBA was incubated for varied times with cholesterol
(Chol) or desmosterol (Desm) in the presence of 4-methylumbelliferyl 8-D-glucopyranoside (4MUGIc)
or C18:1-GlcCer (GlcCer) donor. Formation of GlcChol and GlcDesm was measured by LC-MS/MS
(nmol/mg protein). B) rGBA was incubated at varied pH with Chol or Desm in the presence of 4MUGlIc
or GlcCer donor. Formation of GlcChol and GlcDesm was measured by LC-MS/MS (nmol/mg protein).
C) Lysates of cells overexpressing GBA2 were incubated for varied times with Chol or Desm in the
presence of 4MUGlIc or GlcCer donor. Formation of GlcChol and GlcDesm was measured by LC-MS/MS
(pmol/mg protein). D) Lysates of cells overexpressing GBA2 were incubated at varied pH with Chol or
Desm in the presence of 4MUGIc or GlcCer donor. Formation of GlcChol and GlcDesm was measured
by LC-MS/MS (pmol/mg protein).
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So far, no transglucosylation of Desm by the broad-specific beta-glucosidase GBA3
has been detected (data not shown).

The experiments above were repeated at optimal pH for GBA (pH 5.2) as well as
GBA2 (pH 5.8), while measuring both transglucosylation and hydrolase activities.
We measured GlcDesm and GlcChol by LC-MS/MS and 4-methylumbelliferone
(4MU) with a LS-55 Fluorescence spectrometer over time, resulting in a ratio
between transglucosylation and hydrolase activities (pmol GlcX/nmol 4MU)
(Figure 3). For rGBA, the formation of both products remained constant over time.
On the other hand, GBA2 shows a stable formation of GlcChol over time, but
prominent GlcDesm formation increasing over time.
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Figure 3. Ratio Transglucosylation and hydrolase activities. rGBA was incubated for varied

times with cholesterol (Chol) or Desmosterol (Desm) in the presence of 4-methylumbelliferyl 6-p-
glucopyranoside (4MUGIc). 4MU-emitted fluorescence (nmol 4MU/mg protein) was measured with
a LS-55 Fluorescence spectrometer (PerkinElmer) using AEX 366 nm and AEM 445 nm. Formation
of GlcChol and GlcDesm was measured by LC-MS/MS (pmol/ug protein). The measured pmol/ug
protein, product of transglucosylation, is divided by the amount of nmol 4MU/ug protein, product

of hydrolysis, giving the ratio between transglucosylation and hydrolase activities (pmol GlcX/nmol
4MU).
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Next, degradation of pure GlcDesm (4 uM) by rGBA and GBA2 was determined
by the monitoring of its reduction with LC-MS/MS (Figure 4). For both rGBA
and GBA2 we observed a rapid time-dependent degradation of GlcDesm upon
incubation at 37°C.

-=- rGBA
4 -E- GBA2

UM GlcDesm
N
1
o
/

Time (h)
Figure 4. Degradation of GlcDesm. A) Either rGBA or GBA2 was incubated for varied times with 4 uM
GlcDesm. Degradation of GlcDesm was measured by LC-MS/MS (uM) and corrected for amount of

protein.
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Measurement of GlcChol and GlcDesm in GD spleen

We investigated human spleen for the presence of GlcDesm and GlcChol, by LC-
MS/MS. For quantification internal standards **C -GlcChol and **C_-GlcDesm were
used. Figure 5 shows GlcChol and GlcDesm detection in human control spleen as
well as in human GD spleen. Levels of GlcDesm are relatively low as compared

to levels of GlcChol. In the spleens of type 1 GD patients elevated levels of both
GlcChol and GlcDesm were observed. Exceptional was patient GD3, in whom no
GlcDesm was detected.
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Figure 5. Levels of GlcChol and GlcDesm in GD spleen. LC-MS/MS analysis of GlcChol and GlcDesm
occurrence in human control spleens and human GD spleens. Errors bars are standard deviation of
technical duplicates. Data were analysed by unpaired Student’s t-test. P values <0.05 were considered
significant (*P<0.05). In order to show the significant elevation of GlcDesm in GD patients, the data
of patient GD3 was excluded from panel B (right figure).
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Discussion

A sensitive method for measuring GlcDesm was developed (Chapter 2 of this
thesis). With this method we could demonstrate that Desm is an excellent
acceptor for transglucosylation. rGBA handles Desm similar to Chol, while GBA2
handles Desm even better than Chol.

When considering the obtained data on in vitro formation, hydrolysis,
transglucosylation of both GlcDesm and GlcChol and degradation of GlcDesm, the
preference of GBA2 for Desm transglucosylation is striking. rGBA is able with both
Glc4MU and GlcCer as sugar donor to rapidly form both GlcDesm and GlcChol,
with no significant preference for either Desm or Chol. While GBA2 clearly prefers
Desm over Chol as acceptor for the transglucosylation reaction. Implying that

at lower concentrations of Desm, compared to Chol, similar levels of GlcDesm
compared to GlcChol can be reached. This is partly due to the increasing GlcDesm
formation by GBA2, a phenomenon that is not observed for rGBA.

It appears that under normal conditions GBA promotes degradation of a
glucosylated compound, while GBA2 favours the formation of such glucosylated
compounds, with GlcCer as natural sugar donor. As GBA2 prefers the formation
of GlcDesm over GlcChol, it might prohibit extra Chol formation via DHRC24.
Research of Spann [25] suggest that excess cholesterol inhibits DHCR24 activity,
promoting increased endogenous Desm. This feedback loop, causes Desm to
interact with LXRs and inhibits SREBPs resulting in inhibition of cholesterol
biosynthesis, increase in cholesterol efflux and decrease in proinflammatory gene
expression. This response is relevant for atherosclerosis in which plaques in the
vessel walls of arteries, impair arterial function [52]. A main reason for this is
excess Chol, with an inflammatory response. As marker low plasma high-density
lipoprotein cholesterol (HDL-c) is recognized. The response of macrophages to
this, is to turn into macrophage foam cells, full of modified lipoproteins [25].
Excess levels of Chol and the inhibition of inflammatory response are in normal
conditions countered by an appropriate homeostatic response in which Desm

is generated during foam cell formation. Desm as dominant LXR ligand, triggers
the discussed feedback loop [25]. Interestingly Gaucher type 1 patients with
prominent Gaucher cells show abnormal low levels of HDL-c, but they have no
increased risk on atherosclerosis [53]. This suggests that their disbalance in GBA
and GBA2 function protects them against atherosclerosis. We suspect that the
balance between Chol, Desm, GlcChol and GlcDesm are of high importance in
relation to atherosclerosis development.

The ability of both GBA and GBA2 to form GlcDesm, makes it reasonable to
think that desmosterolosis patients, who have increased levels of Desm, are
prone to develop high levels of GlcDesm as well [7]. One requirement for this
is the availability of the sugar donor GlcCer. Increased GlcCer is known for GD
as well as for SLOS [49, 54, 55]. Whether levels of GlcCer are elevated within
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desmosterolosis patients is not known. Some clinical symptoms, like specific

facial features, skeletal problems, affected neurologic central nervous system and
growth problems, manifest in desmosterolosis and SLOS and are reminiscent in GD
(Supplemental Table 1). Based on this investigation of glucosylated forms of Chol
and Desm within these patients might be of interest.

Another clinical feature that deserves consideration is impairment in skin

barrier function. This is a phenomenon that is not observed in desmosterolosis
patients, but it has been well described for severe Gaucher type 2 patients
(OMIM #230900), who presented at birth with a collodion baby phenotype
(OMIM #608013) [56-58]. Furthermore, impaired skin barrier function and lethal
dermopathy was observed within DCHR24-/- mice [20, 21]. For Gaucher type 2
patients the skin problems seem to be related to elevated levels of GlcCer and
decreased epidermal glucocerebrosidase activity [56-59]. On the other hand,
desmosterolosis patients, who have high levels of Desm and low levels of Chol
display no skin problems. Possibly the ratio changes between present Desm, Chol,
but also GlcDesm and GlcChol in the epidermis might play a crucial role. From
preliminary data we observed that GlcDesm was not measurable in healthy skin
(data not shown), while GlcChol and GlcCer are present [60, 61]. This raises the
guestion what the levels of these metabolites are in patients with demosterolosis,
GD2 and lethal dermopathy patients.

The final consideration is that the balance between glucosylated and non-
glucosylated compounds is crucial in disease development. Further research of
glucosylated compounds within diseases such as desmosterolosis, but also SLOS
and GD might help unravel the influence of specific levels of specific glycosylated
or non-glycosylated compounds on symptom development. This new view might
open up new ways and thoughts on treatments.
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Supplementary information

Supplemental Table 1. Overlap in disease symptoms for Demosterolosis, Smith-Lemli-Opitz
syndrome (SLOS) and Gaucher Disease (GD).
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Experimental procedures

Materials

The following pure grade chemicals were used: cholesterol and desmosterol from
Sigma-Aldrich (St Louis, MO, USA), D-glucosyl-B-1,1'N-oleoyl-D-erythro-sphingosine
(C18:1-GlcCer) Avanti Polar Lipids (Alabaster, AL, USA), 4-methylumbelliferyl
B-D-glucopyranoside (4AMUGIc) purchased from Glycosynth™ (Winwick Quay
Warrington, Cheshire, England), sodium taurocholate from

(EMD Millipore Corp, Billerica MA, USA). The department of Bio-organic Synthesis
(University of Leiden, The Netherlands) has synthesized the GBA1 inhibitor ME656
as described earlier [62].

The following enzymes were used: recombinant human glucocerebrosidase
(Cerezyme) obtained from Sanofi-Genzyme Corp, lysates of HEK293T-cells
overexpressing GBA2 or GBA3.

For LC-MS/MS the following pure grade solvents were used: ethanol was
purchased from Honeywell | Riedel-de Haén™ (Muskegon, USA), LC-MS-grade
methanol, 2-propanol, water and HPLC-grade chloroform from Biosolve, LC-MS
butanol from Merck KGaA (Darmstadt, Germany) and LC-MS quality ammonium
formate from Sigma-Aldrich (St Louis, MO, USA).

Spleen. The surgical specimens of human spleens were obtained during
therapeutic splenectomy or at autopsy. By clinical examination phenotype of the
subjects were determined. Consent was obtained for research use. The obtained
surgical specimens of spleens were stored at -80°C. In water homogenates were
prepared from the frozen materials.

Specific lipid standards. **C-B-GlcChol [49], GlcChol [49], **C_-B-GIc7DHC,
GIc7DHC, GlcD3, **C-B-GlcDesm and GlcDesm were synthesized at the Bio-organic
Synthesis department (Leiden University, The Netherlands). The full description of
the syntheses of *C_-B-GlcDesm and GlcDesm will be described separately.

Methods

In vitro assay of hydrolase activity. As described earlier [63], for GBA activity

3.7 mM 4MU-B-Glc was incubated either with recombinant enzyme in the
presence of Triton X-100 (0.1% v/v) and sodium taurocholate (0.2% w/v) in
Mcllvaine buffer (0.1 M citric acid/ 0.2 M NazHPO“), pH 5.2, supplemented

with bovine serum albumin (0.1% w/v). For GBA2 activity a lysate of cells
overexpressing GBA2 was incubated with 3.7 mM 4MU-B-Glc in 150 mM Mcllvaine
buffer, pH 5.8 [64]. Addition of excess NaOH-glycine (pH 10.3) was used to stop the
reaction and 4MU-emitted fluorescence was detected with a LS-55 Fluorescence
spectrometer (PerkinElmer) using A, 366 nm and A, 445 nm.
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In vitro assay of transglucosylation activity. The assays were performed as
described earlier [49]. Transglucosylation activity of the enzymes GBA and

GBA2 were determined with recombinant GBA and lysates of HEK293T cells
overexpressing GBA2. As glucose donors, with final concentrations in the reaction
of 100 uM C18:1-GlcCer or 2.8 mM 4MUGIc were used. As acceptors with a final
concentration in the reaction of 0.3 mM Chol or Desm were used. The samples
for measurement of GBA transglucosylation contained 40 plL of recombinant GBA
diluted 1:1000 in 25 mM KPI buffer (pH5.2) supplemented with Triton X-100 (0.1%
v/v). The samples for measurement of GBA2 transglucosylation contained 40 uL
of homogenate of GBA2 overexpressing cells, to which was added 10 pL of 50 nM
ME656 (GBA1 specific inhibitor) and Mcllvain buffer (citrate-phosphate buffer, pH
5.8). Transglucosylation reactions were incubated for 1h at 37°C. The reaction was
terminated by putting samples on ice. Hydrolase activity was measured in parallel
and the residual sample was subjected to Bligh and Dyer [65] lipid extraction
(methanol, chloroform and water, final volumes: 1:1:0.9, v/v/v). Internal standards
were added as 50 L aliquots of 0.1 pmol/uL **C_-B-GlcChol and/or **C-B-GlcDesm
each in methanol. The lower lipid phase was taken to dryness under vacuum

at 45°Cin a speed FAC concentrator plus. The isolated lipids were purified by
butanol/water extraction (1:1, v/v) and the upper phase was taken to dryness
under vacuum at 45 °C in a speed FAC concentrator plus. The isolated lipids were
resolved in methanol and analysed by LC-MS.

Degradation of GlcDesm. The monitoring of degradation over time was performed
with 4 uM of GlcDesm either with 40 pL recombinant GBA diluted 1:1000 in 25
mM KPI buffer (pH5.2) supplemented with Triton X-100 (0.1% v/v) or with 40 pL
of homogenate of GBA2 overexpressing cells, to which was added 10 pL of 50 nM
ME656 (GBA1 specific inhibitor) and Mcllvain buffer (citrate-phosphate buffer, pH
5.8). For LC-MS/MS analysis all samples were prepared as described previously for
GlcChol [49] and measured by LC-MS/MS for GlcDesm levels.

Measurement and quantification of GlcChol and GlcDesm in spleen. Both GlcChol
and GlcDesm were extracted from spleen. Homogenised spleen (50 pL) was
pipetted in an Eppendorf tube (2 mL). As internal standards 25 L of

0.1 pmol/uL **C -B-GlcChol and 0.1 pmol/pL **C_-B-GlcDesm each in methanol,
were added. The procedure of Bligh and Dyer and butanol/water clean-up were
continued as described earlier [49].

Protein determination. Protein was measured using the Pierce BCA Protein Assay
kit (Thermo Scientific). Absorbance was measured in EL808 Ultra Microplate
Reader (BIO-TEK Instruments Inc.) at 562 nm.

Statistical analysis. Values in figures are presented as a mean + S.D. Data were
analyzed by unpaired Student’s t-test. P values <0.05 were considered significant
(*P<0.05).
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