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Mutation of 3-Hydroxy-3-Methylglutaryl CoA Synthase I
Reveals Requirements for Isoprenoid and Cholesterol
Synthesis in Oligodendrocyte Migration Arrest, Axon
Wrapping, and Myelin Gene Expression

Emily S. Mathews,! David J. Mawdsley,? Macie Walker,' Jacob H. Hines,! Marina Pozzoli,' and Bruce Appel’
Department of Pediatrics, University of Colorado School of Medicine, Aurora, Colorado 80045, and ?Department of Biological Sciences, Vanderbilt
University, Nashville, Tennessee 37232

Myelin membrane, which ensheaths axons, has an unusually high amount of cholesterol. Cholesterol influences membrane fluidity and
assembles lipid-rich microdomains within membranes, and some studies have shown that cholesterol is important for myelination. How
cholesterol influences the development and differentiation of oligodendrocytes, glial cells that make myelin, is not known nor is clear
whether isoprenoids, which also are products of the cholesterol biosynthetic pathway, contribute to myelination. Through a forward
genetic screen in zebrafish we discovered that mutation of hmgcs1, which encodes an enzyme necessary for isoprenoid and cholesterol
synthesis, causes oligodendrocyte progenitor cells (OPCs) to migrate past their target axons and to fail to express myelin genes. Drawing
on a combination of pharmacological inhibitor and rescue experiments, we provide evidence that isoprenoids and protein prenylation,
but not cholesterol, are required in OPCs to halt their migration at target axons. On the other hand, cholesterol, but not isoprenoids, is
necessary both for axon ensheathment and myelin gene expression. Our data reveal that different products of the cholesterol biosynthetic
pathway have distinct roles in oligodendrocyte development and that they together help to coordinate directed migration, axon wrap-
ping, and gene expression.
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Introduction

Cholesterol is an important component of cell membranes in
animals, where it organizes lipid-rich microdomains and influ-
ences membrane fluidity and permeability. Cholesterol is ob-
tained both exogenously from dietary sources, and endogenously
from biochemical synthesis. During development, maternal cho-
lesterol is the primary source of fetal cholesterol. However, cho-
lesterol does not cross the blood—brain barrier (BBB), which
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forms between 12 and 18 weeks of human gestation, and there-
fore brain cholesterol must be synthesized by neural cells. Con-
sequently, brain development following BBB formation, which
includes axogenesis, synaptogenesis, and myelination, might be
particularly sensitive to disruption of cholesterol synthesis. Ac-
cordingly, cholesterol deficiency has been linked to intellectual
disability and autism (Tierney et al., 2006; Aneja and Tierney,
2008; Kanungo et al., 2013).

Cholesterol is synthesized by biochemical reactions that begin
with acetyl CoA and acetoacetyl-CoA, which are hydrated to
form 3-hydroxy-3-methylglutaryl CoA (Hmg-CoA). This reac-
tion is catalyzed by Hmg-CoA synthase 1, encoded by the gene
HMGCS]I. Next, in the rate-limiting step for cholesterol synthe-
sis, Hmg-CoA is reduced to mevalonate by Hmg-CoA reductase.
Subsequent reactions convert mevalonate to farnesyl pyrophos-
phate, which is a substrate for divergent pathways that synthesize
isoprenoids, used for protein prenylation, and cholesterol.

Neural cells in which cholesterol is likely to be particularly
important include oligodendrocytes. Oligodendrocytes produce
myelin, a highly specialized membrane that tightly ensheaths ax-
ons, providing electrical insulation and promoting rapid, salta-
tory conduction of nerve impulses. Oligodendrocyte progenitor
cells (OPCs) arise from spatially restricted subpopulations of
neural precursors during development and then migrate to their
target axons. Subsequently, OPCs spirally wrap axons with long
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extensions of plasma membrane and then differentiate as mature
oligodendrocytes by synthesizing the proteins and lipids that en-
dow myelin membrane with its unique characteristics. One of the
most prominent of these is cholesterol. Seventy percent of the dry
weight of myelin consists of lipids and, of this, cholesterol con-
tributes to >25% of the lipid content (Morell and Jurevics, 1996).
Cholesterol associates with myelin proteins (Simons et al., 2000),
suggesting that cholesterol contributes to the physical and phys-
iological properties of myelin membrane. Additionally, condi-
tional inactivation in oligodendrocytes of squalene synthase, an
enzyme that converts farnesyl diphosphate to squalene subse-
quent to bifurcation of the isoprenoid and cholesterol synthesis
pathways, caused hypomyelination (Saher et al., 2005), indicat-
ing that cholesterol is also important for the growth of myelin
membrane.

Here we show that the cholesterol biosynthetic pathway is
essential for oligodendrocyte development and myelination. Ad-
ditionally, we define differential requirements for isoprenoid and
cholesterol synthesis. From a forward genetic screen in zebrafish,
we identified a mutation of hmgcsl, coding for Hmg-CoA syn-
thase 1, which caused OPCs to migrate past their target axons and
interfered with myelin gene expression. Using a combination of
pharmacological inhibitor and rescue experiments, we found
that isoprenoids, but not cholesterol, are required in OPCs to halt
their migration at target axons. Conversely, cholesterol is re-
quired specifically for oligodendrocyte membrane to wrap axons,
in addition to promoting robust myelin gene expression. There-
fore, distinct products of the cholesterol biosynthesis pathway
have differential functions in oligodendrocyte development.

Materials and Methods

Ethics statement. The animal work in this study was approved by the
Institutional Animal Care and Use Committees of Vanderbilt University
and the University of Colorado School of Medicine.

Zebrafish lines and husbandry. Embryos were raised at 28.5°C in egg
water of embryo medium (EM) and staged according to hours postfer-
tilization, days postfertilization, and morphological criteria (Kimmel et
al., 1995). The hmges1"*” mutation was uncovered in an ENU mutagen-
esis screen. Tg(olig2:EGFP)**!? (Shin et al., 2003) and Tg(nkx2.2a:EGFP-
CaaX)"1® (Ng et al., 2005; Kirby et al., 2006), Tg(sox10:GAL4-VP1I6,
cmlc2:Cerulean)“°?, and Tg(4xnrUAS:EGEP-CaaX, cmlc2:EGFP)*! 8 (see
Plasmid construction and generation of transgenic zebrafish, below) fish
of either sex were used for this study.

Positional cloning of hmgcsl. We created a mapping cross by mating
vu57 ™ fish, which were from the AB strain, to WIK strain fish and raising
the progeny to adulthood. Twenty-four each of 4 d postfertilization (dpf)
wild-type and vu57 mutant larvae were collected from crosses of identi-
fied vu57 ~ map cross fish and mixed genomic DNA pools were prepared.
By bulked segregant analysis using 223 simple sequence-length polymor-
phism markers, we linked the vu57 mutation to markers 13219, z11911,
222422,713685, 225783, and 213632, located on chromosome 10. Testing
individual mutants revealed that 213632 was most tightly linked. The
entire coding region of hmgcsl was sequenced from PCR products am-
plified in overlapping fragments from cDNA prepared from 4 dpf vu57
mutant and wild-type larvae.

In situ RNA hybridization and immunohistochemistry. plpla and mbp
(Brosamle and Halpern, 2002) RNA probes were generated using digoxi-
genin RNA labeling kits (Roche). In situ RNA hybridization was per-
formed as described previously (Hauptmann and Gerster, 2000). For
immunohistochemistry, larvae were fixed using 4% paraformaldehyde,
embedded, frozen, and sectioned using a cryostat microtome as previ-
ously described (Park and Appel, 2003). We used rabbit anti-Sox10 (1:
1000; Park et al., 2005), mouse anti-Myc (1:1000, clone 9E10; Covance),
mouse anti-acetylated Tubulin (1:5000, Sigma-Aldrich), and Ab-3A10
(1:500, Developmental Studies Hybridoma Bank) as primary antibodies.
For fluorescent detection of antibody labeling, we used AlexaFluor 568
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goat anti-rabbit and goat anti-mouse conjugates (1:200, Life Technolo-
gies). In situ hybridization images were collected using a QIlmaging Re-
tiga Exi color CCD camera mounted on a compound microscope and
imported into Adobe Photoshop. Image manipulations were limited to
levels, curve and contrast adjustments. Fluorescence images were col-
lected using a Zeiss Axiovert 200 microscope equipped with a PerkinEl-
mer spinning disk confocal system and Volocity software (PerkinElmer)
or a Zeiss LSM 780 confocal microscope and imported into Adobe
Photoshop.

Quantitative PCR. RNA was isolated from 10 to 15 pooled larvae for
each control or experimental condition. RNA isolation for each experi-
ment was performed in triplicate. Reverse transcription was performed
using iScript Reverse Transcriptase Supermix (no. 170-8840, Bio-Rad
Life Science). Real-time qPCR was performed in triplicate for each cDNA
sample using an Applied Biosystems StepOne Plus machine and software
version 2.1. Tagman gene expression assays were used to detect mpz
(Dr03131917_m1), plpla (Dr03433493_g1), 36k (Dr03438574_gl), mag
(DR03102419_m1), and rpl13a (Dr03101115_gl) as an endogenous
control. A custom designed assay to detect mbp consisted of the primers:
mbp-“A” forward, 5'-GTTCTTCGGAGGAGACAAGAAGAG-3'; mbp-
“A” reverse, 5'-GTCTCTGTGGAGAGGAGGATAGATGA-3'; mbp-“a”
probe, 5'-AAGGGAAAGGGTTCATT-3".

hmgcsl rescue experiments. psox10:hmgcs1-Myc was created by sub-
cloning hmgcs1-Myc from pCS2-hmgcs1-Myc into pME, which was then
used for recombination with p5E-sox10, p3E-polyA, and pDest-cmlc2-
GFP using the Tol2 kit (Kwan et al., 2007). The resulting plasmid was
injected into newly fertilized eggs in a solution containing 25 ng/ul plas-
mid, 0.4 M KCl and phenol red. Larvae were sorted GFP * hearts, marked
by the cmlc2-GFP reporter, fixed, sectioned using a cryostat microtome,
and processed for immunohistochemistry as described above.

Drug inhibitor and rescue experiments. Atorvastatin (Cayman Chemi-
cal Company), GGTI-2133 (Sigma-Aldrich), Lonafarnib (Cayman
Chemical), and Ro 48-8071 (Cayman Chemical) were each dissolved in
100% DMSO at a concentration of 10 mm. Drugs were diluted in EM to
make the following working concentrations: Atorvastatin, 2 um; GGTI-
2133, 10 u™m; Lonafarnib, 10 umM; Ro 48-8071, 5 um. Each drug had a final
concentration of 0.2% DMSO and 0.2% DMSO in EM was used as a
control solution. Drug treatments were initiated at 24 h postf and re-
placed with fresh drug every 24 h. Water soluble cholesterol (MP Bio-
medicals, Solon, Ohio) was dissolved in water at a concentration of 10
mg/ml and then diluted in water to a working concentration of 1 mg/ml.
2-3 nl of cholesterol was pressure injected into the yolk of 24 h postfer-
tilization (hpf) embryos. Geranylgeraniol (Santa Cruz Biotechnology)
was diluted in 100% DMSO to make a 1 m solution. 0.5-1 nl was pressure
injected in the yolk of 24 hpf embryos.

Cholesterol assay. Fish were collected at 4 dpf, weighed and pooled to
equal 15 mg per sample (~30 larvae). Samples were stored at —80°C
before lysis. Samples were lysed in Cholorform:isopropanol:NP-40 (7:11:
0.1) with a microhomogenizer. The homogenized tissue was centrifuged
at 15,000 X g for 10 min. The resulting organic phase layer was air dried
at 50°C and the remaining organic solvent was removed by putting sam-
ples under vacuum for 30 min. The resulting lipid pellets were resus-
pended in 1X Assay Diluent included in the Total Cholesterol Assay Kit
(Colormetric; Cell BioLabs). Following the kit protocol, concentrations
of cholesterol in samples were determined using a standard curve. Mea-
surements were performed for three biological replicates per group.

Plasmid construction and generation of transgenic zebrafish. pEXPR-
Tol2-50x10:GAL4-VP16, cmilc2:Cerulean was created using one-way
Gateway cloning of an entry plasmid containing the 7.2 kb genomic
fragment of soxI0 (Dutton etal., 2001) and pCH Gtwy G4VPI6 (gift from
Michael Nonet, Washington University, St. Louis, MO). pEXPR-Tol2-
4xnrUAS:EGFP-CaaX, cmlc2:EGFP was created using multisite Gateway
cloning (Kwan et al., 2007). To generate transgenic lines, we injected
DNA together with transposase RNA into one-cell embryos. Injected fish
were raised to adulthood, screened for EGFP or cerulean expression in
the heart, and crossed to existing Gal4 or UAS lines to verify faithful
expression. Tg(sox10:GAL4-VP16, cmlc2:Cerulean)™'? recapitulated the
expression pattern of the previously established line Tg(soxI10:mRFP;
Kirby et al., 2006). We selected for mosaic expression in F1 and F2 gen-
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Dorsally migrated oligodendrocyte lineage cells occupy ectopic positions within spinal cords of vu57 mutant larvae. A, B, Images of living 3 dpf larvae. The homozygous vu57 mutant

larva has cardiac edema (B, ), a small jaw (B, j), and opaque brain (B, b) indicative of dying cells. ¢, D, Confocal microscope images, viewed from the side, of trunk spinal cords of living 3 dpf larvae.
Dorsalis up. olig2:EGFP expression marks cells occupying the pMN domain of ventral spinal cord and dorsally migrated OPCs and oligodendrocytes (arrows). The dashed lines marks the approximate
position at which most dorsal OPCs settle in wild-type (C). In mutant larvae, some OPCs occupy ectopic positions in dorsal spinal cord (D). E, F, Transverse sections, dorsal up, at the level of the trunk
spinal cord. Oligodendrocyte lineage cells (arrows) are marked by coexpression of 0lig2:EGFP (green) and Sox10 (red). Asterisks mark the position of the DLF. G, Graph showing the number of
oligodendrocyte lineage cells at 3 and 4 dpf in wild-type and vu57 mutant larvae (n = 10 sections from each of 10 larvae for each time point and genotype; ***p = 0.0008, unpaired two-tailed
Student's ¢ test). n.s., Not significant. Error bars represent SEM. H, I, Images of 4 dpf wild-type and mutant larvae, viewed from lateral with dorsal up, focused on the trunk spinal cord. Ab-3A10
labeling reveals no differences in axons of the dorsal or ventral longitudinal fascicles (DLF, VLF) or motor nerves (mn).J, K, Lateralimages of 4 dpf wild-type and mutant Tg(olig2:EGFP) larvae labeled
with Ab-3A10 (red) and GFP (green) antibodies to detect axons and OPCs (arrows), respectively. €, D, H—K, Maximum projections of confocal z-stack optical sections. Scale bars, 10 pm.

erations of Tg(4xnrUAS:EGFP-CaaX, cmlc2:EGFP)*'8, which is likely a
consequence of position-effect variegation of UAS transgenes that has
been previously described in zebrafish (Akitake et al., 2011).

Time-lapse imaging. For analysis of axon wrapping, control and Ro
48-8071-treated Tg(nkx2.2a:mEGFP) larvae were anesthetized using
3-aminobenzoic acid ethyl ester (tricaine), immersed in 0.8% low melt-
ing temperature agarose, mounted on their sides, and covered with EM in
glass bottomed 35 mm Petri dishes. Time-lapse images were captured
using a 40X oil-immersion objective mounted on a motorized Zeiss
Axiovert 200 microscope equipped with a PerkinElmer spinning disk
confocal system and heated stage and chamber to maintain larvae at
28.5°C. Z-image stacks were collected every 5 min and 3D datasets com-
piled using Sorenson 3 video compression and exported using Quick-
Time to create movies.

Results

OPC migration and myelin gene expression require

hmgcs1 function

In a screen for chemically induced mutations that disrupt oligo-
dendrocyte development we identified mutants for one allele,
designated as vu57, that were phenotypically indistinguishable
from wild-type at 2 dpf but by 3 dpf had cardiac edema, reduced
jaws, brain necrosis (Fig. 1A, B), and OPCs that appeared to oc-
cupy ectopic positions within dorsal spinal cord (Fig. 1C,D). To
verify the latter observation, we labeled transverse sections of
spinal cord with antibody to detect Sox10, which marks cells of
the oligodendrocyte lineage (Park et al., 2005). In wild-type lar-

vae, dorsally migrated OPCs settle at the position of the dorsal
longitudinal fasciculus (DLF), a white matter fiber tractlocated at
approximately two-thirds the distance from ventral to dorsal spi-
nal cord (Fig. 1E). By contrast, all dorsally migrated OPCs occu-
pied positions dorsal to the position of the DLF in vu57 mutant
larvae (Fig. 1F). Quantification revealed that vu57 mutant larvae
had a slight deficit of Sox10 " oligodendrocyte lineage cells at 3
dpf, but by 4 dpf the number of Sox10 * was similar to wild-type
(Fig. 1G). To determine whether the over migration phenotype
might result from absence of DLF axons, we labeled larvae
with the antibody Ab-3A10, which binds to a neurofilament-
associated antigen. No differences in longitudinal axon tracts
were evident between wild-type and vu57 mutant larvae (Fig.
1 H,I), indicating that the failure to arrest OPC migration is not a
consequence of missing target axons. Finally, to confirm that
OPCs were inappropriately positioned relative to their target ax-
ons we labeled fixed larvae with Ab-3A10 in combination with
anti-GFP antibody. Although in wild-type larvae dorsal OPCs
were positioned at the DLF, most OPCs in vu57 mutant larvae
were located dorsal to the DLF (Fig. 1],K).

To investigate whether the vu57 mutant allele also disrupts
oligodendrocyte differentiation, we examined expression of my-
elin genes using in situ RNA hybridization. In wild-type, both
hindbrain and spinal cord expressed plpla and mbp prominently
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Figure2. vu57 mutant larvae express abnormally low levels of myelin genes. Images show hindbrains, viewed from dorsal with anterior to the left (4, C, E, G) and transverse sections through
spinal cord (sc) with dorsal up (B, D, F, H) of larvae processed for in situ RNA hybridization. Wild-type larvae express the myelin genes pip7a at 3 dpf (4, B) and mbp at 4 dpf (C, D). Arrows indicate
oligodendrocytes expressing plpTa. Homozygous vu57 mutant larvae express little pipTa (E, F) or mbp (G, H). I, Graph showing myelin gene RNA expression levels in wild-type and vu57 mutant
larvae measured by quantitative RT-PCR (n = 4 biological replicates consisting of 10 —15 larvae for each measurement; **p << 0.005, ***p << 0.0005, unpaired two-tailed Student’s t test). Error bars
represent SEM. Scale bars, 20 m.
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Figure3. The vu57 allele is a mutation of hmgcs7. A, Amino acid sequences of the conserved homodimerization domain of Hmgcs1 proteins (gray text). The vu57 allele changes a histidine to
glutamine within the homodimerization domain. B-E, Lateral views, with dorsal up, of trunk spinal cords of living 3 dpf larvae. Dorsally migrated OPCs (arrows) occupy positions close to the DLF
(dotted line) of wild-type (B). OPCs migrate past the DLF in vu57 mutant larva (€) and vu57 mutant larva injected with mutant hmgcs 7 RNA (D) but are close to the DLF in mutant larvae injected with
wild-type hmgcs1RNA (). F-M, Images of hindbrains viewed from dorsal with anterior to the left, of larvae processed for in situ RNA hybridization. Wild-type larva expresses plpTa (F), whereas a
vu57 mutant larva (G) and a vu57 mutant larva injected with mutant hmgcs7 (H) express pipTa only at very low levels. By contrast, a vu57 mutant larvae injected with wild-type hmgcs7 RNA
expresses plpTa at levels apparently equivalent to wild-type (I). Compared with wild-type (), a vu57 mutant larva (K) and a vu57 mutant larva injected with mutant hmgcs7 RNA (L) express little
mbp, whereas mbp expression is at high level in a vu57 mutant larva injected with wild-type hmgcs7 RNA (M). Scale bars, 20 um.
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vu57 Atorvastatin

Inhibition of Hmg-CoA reductase phenocopies hmgcs 7*“*”. A, The cholesterol biosynthetic pathway. Inhibitors used for this study are shown in red. BD, Lateral views, with dorsal up,

of trunk spinal cords of living 3 dpf larvae. Dorsally migrated OPCs occupy positions close to the DLF (dotted line) of wild-type (B). OPCs migrate past the DLF in vu57 mutant larva (€) and a wild-type
larvae treated with Atorvastatin (D). E-J, Images of hindbrains viewed from dorsal with anterior to the left, of larvae processed for in situ RNA hybridization. By contrast to wild-type (E) and similar
toa hmges1*“*” mutant larva (F), a wild-type larva treated with Atorvastatin expresses little plp7a RNA (G). Atorvastatin also blocks mbp expression (H-J). K, Graph showing mbp RNA expression
levelsin 4 dpf larvae measured by quantitative RT-PCR. DMSO-treated control larvae express mbp at slightly lower level than untreated wild-type. Atorvastatin-treated wild-type larvae express mbp
atlevels similarto hmgcs 1"’ mutant larvae (n = 4 biological replicates consisting of 10 —15 larvae for each measurement; *p = 0.0101, ***p < 0.0005, unpaired two-tailed Student’s t test). Error

bars represent SEM.

at early larval stages (Fig. 2A-D). By contrast, very little expres-
sion was evident in hindbrains or spinal cords of vu57 mutant
larvae at comparable stages (Fig. 2E-H). We confirmed this
observation using quantitative RT-PCR. Myelin gene RNA

levels were consistently and substantially lower in v57 mutant larvae
than in wild-type larvae (Fig. 2I). These data together indicate that the
gene disrupted by the vu57 mutation is required to guide dorsally mi-
grating OPC:s to their target axons and for myelin gene expression.
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Protein prenylation is required to target dorsally migrating OPCs to the DLF. A—J, Lateral views, with dorsal up, of trunk spinal cords of living 3 dpflarvae. Whereas dorsal OPCs (arrows) cluster near

the DLF (dotted line) in wild-type (4), OPCs occupy ectopic position in dorsal spinal cord of a hmgcs7**” mutant larva (B), a wild-type larva treated with the geranylgeranyl transferase inhibitor GGTI-2133 (0),
and awild-type larva treated with the farnesyl transferase inhibitor Lonafamib (D). OPCs occupy normal positions near the DLF in a hmgcs 1“*” mutant larva injected with ggol (E). F~J, Images of larvae carrying
the Tg(nkx2.2a:EGFP-CaaX) reporter. In wild-type (F), nascent myelin membrane on dorsal, longitudinal axons is revealed by membrane-tethered EGFP (brackets). In a hmgcs7"*” mutant larva (G) no
membrane localization s evident and EGFP appears cytosolicin OPCs (arrows). Membrane localization of EGFP appears normal ina GGTI-2133 treated larvae (H) but absent in a Lonafamnib treated larva (/). Ggol
injection into a hmgcs 7" mutant larva rescues membrane localization (/). KT, Images of hindbrains viewed from dorsal with anterior to the left, of larvae processed for in situ RNA hybridization. Similar to
wild-type (K) and by contrasttoa hmgcs 7*“” mutant (L), wild-type larvae treated with GGTI-2133 (M) and Lonafamib (V') express plp Taat highlevel. Ggolinjection also rescues plp Ta expressionin a hmgcs 17
mutant larva (0). mbp expression appears similar to wild-type control in inhibitor-treated larvae (P-S) and is also rescued in a hmgcs7"**” mutant larva by ggol injection (T). U, Graph showing mbp RNA
expression levels in 4 dpflarvae measured by quantitative RT-PCR. mbp expression is not affected by GGTI-2133 but s reduced ~50% by Lonafarnib (n = 4 biological replicates consisting of 1015 larvae for

each measurement; ***p << 0.0005, unpaired two-tailed Student’s ¢ test). Error bars represent SEM. Scale bars, 20 m.

Using bulked segregant analysis with simple sequence length
polymorphism markers (Knapik et al., 1998) we mapped the v57
allele to zebrafish chromosome 10. Subsequent fine mapping re-
vealed that the mutation was closely linked to hmgcsl, which
encodes Hmg-CoA synthase 1, an enzyme in the cholesterol and
isoprenoid biosynthesis pathway. We considered hmgcs1 as a can-
didate for two reasons. First, previous work showed that choles-
terol is rate-limiting for myelin membrane formation (Saher et
al., 2005). Second, EGFP fused to a CaaX membrane localization
motif, which requires prenylation for membrane association
(Khosravi-Far et al., 1991), was improperly localized to the cyto-
plasm of oligodendrocytes in vu57 mutant larvae (see below).
Sequencing of cDNA obtained from vu57 mutant larvae revealed
a T to A transversion predicted to change histidine to glutamine
at amino acid position 189 (H189Q, GenBank accession NP_
957379; Fig. 3A) within a homodimerization domain identified
by the Conserved Domain Database (Marchler-Bauer et al.,
2013). Total cholesterol was reduced ~50% in 4 dpf vu57 mutant
larvae relative to wild-type larvae (n = 3 biological replicates
consisting of 20-30 larvae per sample; p < 0.05, unpaired para-
metric f test), consistent with the possibility that the vu57 mutant
allele disrupts Hmg-CoA synthase 1 function and diminishes
cholesterol synthesis.

To validate vu57 as a mutation of hmgcsI, we performed res-
cue experiments by injecting synthetic mRNA into newly fertil-
ized eggs. By comparison to wild-type, in which dorsally
migrating OPCs consistently occupied positions near the DLF
(Fig. 3B), and to uninjected vu57 mutant controls, in which OPCs
migrated past the DLF (Fig. 3C), OPCs occupied ectopic posi-
tions in dorsal spinal cords of homozygous vu57 mutant larvae
injected with hmges] mRNA engineered to have the predicted
vu57 mutant allele (n = 27; Fig. 3D). By contrast, OPCs occupied
their normal positions near the DLF in homozygous vu57 mutant
larvae injected with wild-type hmges] mRNA (n = 32; Fig. 3E)
indicating that wild-type hmgcsl product can rescue the OPC
migration defect of vu57 mutants. Similarly, mutant hmgcsl
mRNA had no effect on plpla (n = 17; Fig. 3H ) or mbp (n = 24;
Fig. 3L) expression in mutant larvae whereas wild-type hmgcsl
mRNA strongly rescued plpla (n = 14; Fig. 3I) and mbp (n = 27;
Fig. 3M) expression. We conclude that the vu57 allele is a muta-
tion of hmges1 and hereafter refer to it as hmgcesI™.

Hmg-CoA synthase 1 catalyzes formation of Hmg-CoA from
acetoacetyl-CoA and acetyl-CoA (Fig. 4A). The next enzyme in
the pathway, Hmg-CoA reductase, is rate limiting for cholesterol
biosynthesis and the target of inhibitory statins (Fig. 4A), used to
reduce cholesterol levels. To confirm the requirement for the
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cholesterol biosynthesis pathway for OPC migration and myelin
gene expression, we treated embryos with atorvastatin. Treat-
ment precisely phenocopied both the OPC migration defect (n =
35; Fig. 4B-D), and the plpla (n = 31) and mbp (n = 17) expres-
sion deficit of hmges1™” mutant larvae (Fig. 4E-K). We con-
clude that the cholesterol biosynthetic pathway is necessary for
OPC migration and myelin gene expression.

Isoprenoid but not cholesterol biosynthesis is necessary to
arrest OPC migration at axon targets in dorsal spinal cord
The cholesterol and isoprenoid biosynthetic pathways diverge
downstream of farnesyl pyrophosphate (Fig. 4A). Because pro-
tein prenylation is required for germ cell migration in fruit flies
and zebrafish (Thorpe et al., 2004; Van Doren et al., 1998) we
hypothesized that prenylation regulates OPC migration. To test
this hypothesis, we first manipulated the isoprenoid pathway.
GGTI-2133 (Vasudevan et al., 1999) and Lonafarnib (Liu et al.,
1998) are inhibitors of geranylgeranyl transferase I and farnesyl
transferase, respectively (Fig. 4A). Both GGTI-2133 (n = 48) and
Lonafarnib (n = 45) phenocopied the OPC migration defect of
hmges1™” mutant larvae (Fig. 5A-D). Furthermore, injection of
geranylgeraniol, which can promote protein prenylation by con-
version to geranylgeranyl diphosphate (Crick et al., 1994) into
hmges1"” mutant larvae rescued the OPC migration defect (n =
17; Fig. 5E). These data indicate that protein prenylation is nec-
essary for targeted migration of OPCs to dorsal spinal cord axons.

As an additional assessment of isoprenoid formation, we ex-
amined localization of EGFP fused to the CaaX peptide, which
targets proteins to plasma membrane in a prenylation-dependent
manner. In wild-type larvae carrying the Tg(nkx2.2a:EGFP-
CaaX) transgene, which marks oligodendrocytes (Kirby et al.,
2006), membrane-targeted EGFP reveals nascent myelin mem-
brane ensheathing dorsal spinal cord axons (Fig. 5F). By contrast,
EGFP appeared to be localized to the cytosol of oligodendrocytes
in hmges1"™” mutant larvae (Fig. 5G), providing additional evi-
dence that isoprenoid synthesis and protein prenylation are defi-
cient in the absence of hmgcsI function. Notably, whereas EGFP
membrane localization appeared to be normal in larvae treated
with GGTI-2133 (Fig. 5H ), membrane localization was absent in
larvae treated with Lonafarnib (Fig. 5I') indicating a specific re-
quirement for farnesylation. As with OPC migration, injection of
geranylgeraniol rescued the EGFP membrane localization defect
of hmgcsl””57 mutant larvae (n = 11; Fig. 5]).

We next investigated whether the isoprenoid branch of the
cholesterol biosynthetic pathway is necessary for myelin gene
expression. Neither GGTI-2133 (n = 29) nor Lonafarnib (n =
16) blocked plpIa expression (Fig. 5K-N). However, hmges1”™”
mutant larvae injected with geranylgeraniol expressed plpla (n =
13) (Fig. 50), indicating that prenylated proteins might contrib-
ute to mechanisms that promote myelin gene expression. Simi-
larly, mbp expression was not obviously inhibited by GGTI-2133
(n = 26) or Lonafarnib (n = 21; Fig. 5P-S) but was rescued in
hmges1™” mutant larvae by geranylgeraniol injection (n = 11;
Fig. 5T). To investigate more carefully whether protein prenyla-
tion promotes myelin gene expression, we measured mbp RNA
levels by quantitative RT-PCR. Whereas mbp transcript levels
were similar in control and GGTI-2133 treated larvae, Lona-
farnib reduced mbp levels ~50% (Fig. 5U). Together, these data
provide evidence that both geranylgeranylated and farnesylated
proteins are necessary for OPC migration to dorsal axons and
that farnesylated proteins promote myelination.

In principle, prenylation could be required within OPCs for
them to recognize their target axons or within their target axons.
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Figure 6.  OPC-specific expression rescues the OPC migration defect of Amgcs7**” mutant
larvae. 4, B, Representative images of transverse sections, dorsal up, through trunk spinal cord,
showing olig2:EGFP expression (green) and Myc labeling (red). A, Transient expression of sox70:
hmgcs1-Myc in a wild-type larva marks an OPC (arrow) that occupies its normal spinal cord
position near the DLF (asterisks). B, Transient expression of sox70:hmgcs 1-Myc in a hmgcs 157
mutant larva marks OPCs that occupy their normal positions. €, Compilation of Myc ™ and
Myc ~ OPC distributions in wild-type larvae. Dorsal Myc * and Myc ~ OPCs occupy similar
positions. For simplicity, ventral wild-type OPCs are not included in the schematic. D, Compila-
tion of Myc ™ and Myc ~ OPC distributions in hmgcs7“*” mutant larvae. Scale bar, 10 gm.

To discriminate between these possibilities, we injected plasmid
encoding Hmgcs1 fused to the Myc epitope driven by sox10 reg-
ulatory DNA into newly fertilized eggs produced by intercrosses
of hmges1"*”'*; Tg(olig2:EGEP) carriers. We then scored the dis-
tribution of 0lig2:EGFP ™ Myc ™ cells within transverse sections
of spinal cord obtained from 3 dpf larvae. In wild-type larvae,
Myc ™ OPCs occupied their normal positions in ventral spinal
cord and near the DLF (Fig. 6 A, C). In hmgcs1”™” mutant larvae,
Myc~ OPCs occupied dorsal, medial spinal cord. By contrast,
dorsal Myc™ OPCs clustered exclusively at their normal posi-
tions near the DLF (Fig. 6 B, D). Therefore, hmgcsI expression in
OPCs is sufficient to guide them to their dorsal axon targets,
indicating that prenylated proteins expressed by OPCs contrib-
ute to directed migration.

Cholesterol is required for myelin gene expression and axon
wrapping but not OPC migration

The preceding data show that loss of isoprenoid synthesis does
not account for the near absence of myelin gene expression in
hmgces1™ mutant larvae, thereby implicating a requirement for
cholesterol synthesis in gene expression but not migration. Con-
sistent with this, OPCs migrated normally in wild-type larvae
treated with Ro 48-8071 (Fig. 7A—C), which inhibits oxidosqua-
lene cyclase (Morand et al., 1997), thereby blocking formation of
lanosterol, a necessary intermediate in cholesterol synthesis. Ad-
ditionally, injection of soluble cholesterol into hmgcsI***” mutant
embryos (n = 29) failed to rescue the OPC migration defect (Fig.
7D). Therefore, cholesterol is not required for OPCs to stop mi-
gration at their target axons.

Notably, Ro 48-8071 treatment of wild-type embryos (n = 24)
reduced plpla expression to levels similar to hmgcsI™” mutants
(Fig. 7E-G), indicating that cholesterol is essential for myelin
gene expression. Consistent with this, injection of soluble choles-
terol into hmgcsI">” mutant larvae produced a strong rescue of
plpla expression (n = 14; Fig. 7H). Similarly, inhibition of cho-
lesterol synthesis reduced mbp expression (n = 14; Fig. 7I-K) and
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Figure7. Cholesterolis required for myelin gene expression but not OPC migration. A-D, Lateral views, with dorsal up, of trunk spinal cords of living 3 dpf larvae. Similar to wild-type (4) and by
contrast to hmgcs 1" (B), OPCs (arrows) occupy their normal positions near the DLF (dashed line) in a wild-type larva treated with oxidosqualene cyclase inhibitor Ro 48-8071 (C). OPCs occupied
ectopic positions in dorsal spinal cord of a hmgcs 7“*” mutant larva injected with cholesterol (D). E~L, Images of hindbrains viewed from dorsal with anterior to the left, of larvae processed for in situ
RNA hybridization. Ro 48-8071 treatment of a wild-type larva phenocopies the deficit of pip7a expression in a hmgcs 7**” mutant larva (E-G). By contrast, a hmgcs1**” mutant larva injected with
cholesterol expresses an apparently normal level of plp7a (H). mbp expressionis similarly blocked by Ro 48-8071 and rescued in a hmgcs 1“>” mutant larva by cholesterol injection (/-L). Scale bars,

20 pm.

cholesterol injection into mutant larvae produced a moderate to
strong rescue of mbp expression (n = 72; Fig. 7L). Together, these
data provide strong evidence that cholesterol is required for ro-
bust myelin gene expression but not OPC migration.
Cholesterol is highly enriched within myelin membrane en-
sheathing axons (Muse et al., 2001; Dietschy, 2009). Whether
cholesterol is necessary for oligodendrocyte membrane to en-
sheath axons is not known. To investigate this, we treated
Tg(nkx2.2a:EGFP-CaaX ) embryos with Ro 48-8071 from 24 to
65 hpf and then performed time-lapse imaging. In control larvae
(n = 8), oligodendrocytes formed nascent myelin sheaths on
axons in the DLF (Fig. 84). In R0 48-8071 treated larvae (n = 8),
OPCs migrated normally and continuously extended and re-
tracted long membrane processes, similar to the behavior of
OPCs before axon ensheathment and myelination (Kirby et al.,
2006). However, OPC processes failed to wrap axons (Fig. 8B).
To validate this finding, we repeated the drug treatment on larvae
having the transgenic combination Tg(sox10:GAL4- VP16, cmlc2:
Cerulean); Tg(4xnrUAS:EGFP-CaaX, cmlc2:EGFP), which ex-
presses membrane-tethered EGFP in a subset of oligoden-
drocytes, thereby facilitating quantification of axon wrapping. In
control larvae, oligodendrocytes formed numerous compact in-
ternodes on axons (Fig. 8C). By contrast, oligodendrocytes in Ro
48-8071 treated larvae had many highly branched membrane
processes but ensheathed few axons (Fig. 8D). Quantification
confirmed this, showing that whereas control oligodendrocytes
formed an average of ~12 internodes, oligodendrocytes in Ro
48-8071-treated larvae averaged only ~1 internode per cell (n =
31 cells in 13 control larvae and 43 cells in 20 Ro 48—-8071 treated
larvae; p = 0.0001, unpaired two-tailed Mann—Whitney test).
Finally, we investigated whether cholesterol injection could res-
cue the axon wrapping hmgcesI mutant larvae. In transverse sec-
tions of wild-type larvae carrying the Tg(nkx2.2a:EGFP-CaaX)
transgene, axon wrapping was evident as green circles encom-
passing acetylated-Tubulin * axons (Fig. 8 E, E"). Although oligo-
dendrocyte processes were evident in hmgcs] mutant larvae, no
axons were wrapped (Fig. 8 F,F'). By contrast, axon wrapping
was apparent in mutant larvae injected with cholesterol (Fig.

8G,G"). Similarly, imaging of living larvae revealed no evidence of
axon ensheathment by oligodendrocyte processes in hmgcs] mu-
tant larvae (Fig. 8H ), whereas cholesterol injection restored en-
sheathment (Fig. 81). We conclude that cholesterol is necessary
for axon wrapping in addition to myelin gene expression.

Discussion

Development of myelinating oligodendrocytes entails distinct
steps including specification of OPCs from neural precursors,
OPC division, OPC migration to target axons, ensheathment of
axons by oligodendrocyte membrane, and myelin synthesis
(Miller, 2002; Emery, 2010). These steps must be precisely coor-
dinated, for example, myelin synthesis occurs only after initiation
of axon ensheathment, but the molecular mechanisms that guide
the progression of oligodendrocyte lineage cells from birth to
myelination are poorly understood. Here we show that products
of the cholesterol biosynthetic pathway are essential for discrete
features of oligodendrocyte development.

OPCs are produced by spatially restricted subpopulations of
neural precursors during development and must therefore mi-
grate to their target axons in white matter. Implicit in this behav-
ior is the ability to stop migration upon reaching their targets.
Migration of OPCs to ectopic positions in dorsal spinal cord of
hmges1™” mutant zebrafish larvae indicates that mutants lack
either a stop signal or the ability to respond to one. Our pharma-
cological inhibitor and rescue experiments firmly establish that
halting OPC migration requires protein prenylation, and not
cholesterol, in OPCs.

Among prenylated proteins with known roles in cell migra-
tion are Ras-like GTPases (Seabra, 1998; Charest and Firtel,
2007). Because membrane association is necessary for GTPase
activity, a failure of prenylation would result in an absence of
Ras-like GTPase function and potentially disrupt OPC migra-
tion. We note that whereas inhibition of either farnesylation or
geranylgeranylation could phenocopy the OPC migration defect,
injection of geranylgeraniol into hmgcsI mutants could rescue
OPC migration. One possible explanation is that Ras proteins can
be geranylgeranylated in the absence of farnesylation (Whyte et



3410 - J. Neurosci., February 26, 2014 - 34(9):3402-3412

control

Mathews et al. e Cholesterol and Isoprenoids in Myelination

Ro 48-8071

84 hpf 74 hpf 70 hpf 65 hpf

+ Tub

Figure 8.

(xeed-d493:ez°zxju)b1

(xeed-d493:Svn)bL
(r1v9:0Lx0S)61

hmgcs 157 + chol

=

=

Cholesterol promotes axon ensheathment by myelin membrane. 4, B, Images captured from time-lapse movies of Tg(nkx2.2a:EGFP-CAAX) larvae focused on the trunk spinal cord,

viewed from lateral with dorsal up. Developmental time is indicated on the left. Several myelinating oligodendrocytes (A7—A3) are evident in the control larva. At 65 hpf, nascent myelin membrane
has formed on axons and myelin sheaths lengthen over time. In the Ro 48-8071 treated larva, numerous processes extending from oligodendrocytes (B4, B5) are evident but do not initiate sheath
formation (B). Oligodendrocytes are numbered B4-B6. C, D, Representative images of Tg(sox10:GAL4-VP16, cmic2:Cerulean), Tg(4xnrUAS:EGFP-CaaX, cmlc2:EGFP) larvae focused on the trunk spinal
cord, viewed from lateral with dorsal up. €, Image of a single oligodendrocyte (asterisk) with numerous internodes in a control-treated larva. D, Image of a single oligodendrocyte in a Ro 48-8071
treated larva with numerous membrane processes but no internodes. (E-G) Transverse sections through trunk spinal cord with dorsal up. Oligodendrocytes express nkx2.2a:EGFP-CaaX (green) and
axons are marked by anti-acetylated Tubulin staining (red). E-G, Insets are magpnified in E'—G". Axons wrapped by oligodendrocyte membrane in wild-type and cholesterol injected hmgcs 7 mutant
larvae are indicated by arrows. H, I, Images of living larvae, viewed from the side. Oligodendrocytes are marked by nkx2.2a:EGFP-CaaX expression. Cholesterol injection rescues axon wrapping. Scale

bars, 10 pum.

al., 1997), and this might rescue their functions. Other potentially
relevant targets of prenylation are G-protein vy subunits (Muntz
et al., 1992), which mediate signaling by G-protein coupled re-
ceptors (GPCR). Notably, GPCR function has been implicated in
halting OPC migration in mice. Mouse OPCs express the chemo-
kine receptor Cxcr2, which is a GPCR, and oligodendrocytes
were disproportionately enriched at the periphery of the spinal
cord in Cxcr2 mutant animals (Tsai et al., 2002), consistent with
a failure to arrest migration of OPCs at their normal positions.
This phenotype is remarkably similar to that of prenylation-

deficient zebrafish described in this paper. Therefore, we propose
that the principal targets of prenylation that are required to arrest
OPC migration are G-protein y subunits, relaying signals from
GPCRs activated by chemokines encountered within white
matter.

Mutation of hmgesI also reduced myelin gene expression to
very low levels, even in ventral spinal cord where oligodendro-
cytes occupied their normal positions. Our pharmacological in-
hibitor and rescue experiments show that cholesterol is required
for robust myelin gene expression. Previous investigation of the
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role of cholesterol in myelination used mice in which squalene
synthase activity, which is necessary for cholesterol synthesis, was
specifically removed in oligodendrocytes (Saher et al., 2005).
Some CNS regions of these mice were severely hypomyelinated,
whereas other regions appeared to have normal myelin. Oligo-
dendrocytes accumulated cholesterol, despite the inability to syn-
thesize it, indicating that they were able to acquire it from another
source, probably astrocytes. hmgces] mutant zebrafish lack the
ability to synthesize any cholesterol and their early development
is likely enabled by maternal deposits, which we assume become
depleted by 3 dpf. Therefore, our data showing that hmgesI mu-
tant larvae are almost entirely deficient for expression of myelin
genes confirm that cholesterol is essential for oligodendrocyte
differentiation and myelination.

Remarkably, myelin integrity and node structure appeared
normal in mice lacking squalene synthase in oligodendrocytes
(Saher et al., 2005), indicating that axon wrapping occurred nor-
mally. By contrast, our in vivo imaging revealed that OPCs failed
to wrap axons in zebrafish larvae treated with an inhibitor of
cholesterol synthesis. We speculate that this distinction also re-
sults from relative differences in cholesterol levels available to
OPCs in these mouse and zebrafish models. Whereas cholesterol
is essential for axon wrapping in zebrafish, small amounts of
cholesterol acquired from astrocytes might enable squalene
synthase-deficient OPCs to wrap axons in mice.

How might cholesterol facilitate axon wrapping and myelin
gene expression? Cholesterol organizes lipid microdomains,
sometimes called lipid rafts, within plasma membranes (Ling-
wood and Simons, 2010). These microdomains are platforms for
molecules that can regulate the cytoskeleton and signal transduc-
tion pathways (Simons and Toomre, 2000), including those that
promote myelination. For example, Fyn kinase, a member of the
Src-family of nonreceptor tyrosine kinases, is myristoylated and
palmitoylated, which targets it to lipid microdomains. Fyn-
deficient mice have a deficit of myelinated axons (Umemori et al.,
1994; Sperber and McMorris, 2001) and Fyn activity can recruit
cytoskeletal elements to oligodendrocyte processes (Klein et al.,
2002). Therefore, failure to localize Fyn might help explain the
myelination failure of hmgcs] mutant zebrafish. However, recent
in vivo analysis in zebrafish indicated that Fyn activity positively
influences the number of myelin segments an oligodendrocyte
makes on axons but is not required for axon wrapping (Czopka et
al., 2013). Thus, loss of Fyn localization is not sufficient to
account for the lack of axon wrapping in cholesterol deficient
zebrafish.

Cholesterol-rich microdomains might also promote assembly
of signaling complexes that drive myelin gene expression. For
example, receptor tyrosine kinases can translocate to membrane
microdomains upon activation, where they interact with other
molecules to initiate signal transduction (Romanelli and Wood,
2008). Among RTKs found localized to microdomains in various
cell types are some that promote oligodendrocyte differentiation
and myelination, including PDGFR-« and ErbB (Nagy et al,,
2002; Decker and ffrench-Constant, 2004). Given the extremely
low level of myelin gene expression in hmgcs] mutant larvae, we
speculate that cholesterol-rich microdomains consolidate multi-
ple signaling complexes that function together to stimulate ro-
bust myelination.

Sterol metabolism disorders, resulting from mutations of
genes that encode enzymes of the cholesterol biosynthetic path-
way, are associated with an array of neurodevelopmental disor-
ders (Kanungo et al., 2013). For example, Smith-Lemli-Opitz
Syndrome (SLOS), which results from disruption of 7-dehydro-
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cholesterol reductase, is associated with brain structural defects,
intellectual disability and autism spectrum disorder (Kelley and
Hennekam, 2000; Tierney et al., 2006). Although white matter
abnormalities have been noted in some SLOS patients (Lee et al.,
2013), the nature of the defect is not understood nor is it clear
whether it results from a deficit of cholesterol or an increase in its
precursor, 7-dehydrocholesterol. Statins interfere with oligoden-
drocyte differentiation, myelination, and remyelination in cell
culture and rodent models (Klopfleisch et al., 2008; Maier et al.,
2009; Miron et al., 2009; Smolders et al., 2010), but whether these
defects result from deficits of isoprenoids, cholesterol, or both
has not been known. By establishing that different features of
oligodendrocyte development have distinct requirements for iso-
prenoids and cholesterol, our work should help clarify the brain
abnormalities resulting from sterol metabolism defects and illu-
minate specific risks associated with statin therapy.
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