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Enhancing Oligodendrocyte Formation via
Inhibition of the Cholesterol Biosynthesis Pathway.

Abstract

by
ZITA MARIA LUPE HUBLER

Loss of myelin-producing oligodendrocytes in the central ner-
vous system (CNS) underlies several neurological diseases, in-
cluding multiple sclerosis. Demyelinating disorders lead to cog-
nitive and motor deficits, yet there are no FDA-approved remyeli-
nating therapeutics. In the CNS, oligodendrocyte progenitor cells
(OPCs) give rise to oligodendrocytes, which are capable of re-
generating myelin. To discover novel therapies for demyelinat-
ing disorders, we performed in vitro chemical-genetic screens
in OPCs looking for small molecules that enhance oligodendro-
cyte formation and remyelination. We found that the vast ma-
jority of pro-myelinating small molecules identified function, not
through their canonical targets, but instead converge upon en-
zymes in the cholesterol biosynthesis pathway: CYP51, sterol-
14-reductase, or EBP. Genetic experiments show that depletion

of CYP51 or EBP enhances oligodendrocyte formation indepen-

XV



dent of small molecule treatment. Likewise, evaluation of in vivo
validated remyelinating compounds, identified by other labs, con-
firmed that inhibition of CYP51, sterol-14-reductase, and EBP is
a dominant mechanism shared by dozens of small molecules
that enhance oligodendrocyte formation. The accumulation of
the 8,9-unsaturated sterol substrates of CYP51, sterol-14- re-
ductase, and EBP is a critical mechanistic node of these pro-
myelinating compounds. Multiple molecules that enhance 8,9-
unsaturated sterol intermediate levels can regenerate functional
myelin in vivo and a human cortical spheroid model. Evaluation
of 8,9-unsaturated sterol structural variants revealed that 24,25-
epoxycholesterol also promotes oligodendrocyte formation, de-
spite lacking an 8,9-unsaturation. 24,25-epoxycholesterol accu-
mulates upon partial inhibition of LSS in the cholesterol biosyn-
thesis pathway through the epoxycholesterol shunt. Therefore,
our work establishes the epoxycholesterol shunt and 24,25- epoxy-
cholesterol as another sterol signaling axis regulating OPC dif-
ferentiation and validates LSS as a druggable target for promot-
ing oligodendrocyte formation. Overall, our findings establish
a novel paradigm in which the cholesterol biosynthesis path-
way can be leveraged to enhance the formation of new oligo-

dendrocytes by inhibiting the enzymes LSS, CYP51, sterol-14-

XVi



reductase, or EBP. We outline a unifying sterol-based mech-
anism of action for most known small molecule enhancers of
oligodendrocyte formation. Ultimately, our work demonstrates
that modulating the sterol landscape in OPCs can enhance the
formation of oligodendrocytes and points to new therapeutic tar-
gets, potent inhibitors for these targets, and metabolite-based
biomarkers to accelerate the development of optimal remyelinat-

ing therapeutics.
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Introduction

The human brain is often attributed with distinguishing humans from other
animals as it allows us to reason on a higher level. Despite granting us
with a cognitive advantage, we, as humans, are ironically ignorant about the
inner workings of the very organ that gives us the ability to think. In conse-
quence, we are similarly ill-equipped to treat patients that are burdened with
neurocognitive disease. To accelerate the development of novel therapeu-
tics, in spite of our incomplete understanding of neurology, high-throughput
phenotypic screening has been successfully employed to identify novel small
molecules for the treatment of diverse neurological symptoms and disorders.
(2) Phenotypic screening is agnostic to known signaling mechanisms, and
instead classifies small molecules based on their effects in a cell model of in-
terest. (118) Nevertheless, one substantial drawback to phenotypic screen-

ing is that the mechanism by which the small molecules work is often con-



voluted, making it challenging to optimize them for therapeutic translation.
(118) In consequence, there is a distinct lack of medications in use clinically
for neurological disorders with a fully elucidated mechanism of action. With-
out a known mechanism, medical-chemistry endeavors to optimize these
small molecules are fraught with off-target effects and complicated structure-
function-relationship associations. The primary goal of this work is to identify
the mechanism of action of small molecule therapies to facilitate the gener-
ation of safer and more potent medications. Specifically, this work focuses
on small molecule therapies that aim to treat neurological disorders afflicting
one cell-type in the central nervous system (CNS), the oligodendrocyte. The
therapies pursued herein, aim to replenish the destroyed oligodendrocytes

to increase both quantity and quality of life in patients.

Broadly, brain cells can be divided into two classes: neurons and glial
cells. Each cell type plays a role in maintaining brain homeostasis, and
to understand this, it can help to think of the brain as an electrical circuit.
The conducting wires in the circuit represent the neurons; they carry elec-
trical signals from one part of the brain to another along their axons. The
oligodendrocyte is a glial cell that is represented by the insulation of the
conducting wires. Oligodendrocytes wrap the axons of neurons with their
lipid-rich membrane, called myelin, which allows for rapid signal conduction
between neurons and promotes neuronal survival. (8, 22, 86) Myelin forms

concentric rings around neuronal axons to prevent charge dissipation to the



extracellular space. (8, 22) To facilitate long-distance signal propagation, at
pre-defined intervals, there are gaps in the myelin, called Nodes of Ranvier,
which allow for regeneration of action potentials through ion exchange. (86)
These structural features of myelin are essential for normal signaling within
the brain circuit, and their loss is sufficient to cause neurological impairment.
(11)

One crucial difference between an electrical circuit and a living brain,
though, is that the brain can remodel and adapt when the system is dis-
rupted. For example, if myelin is lost or damaged, such as in demyelinat-
ing disorders, the brain can generate new insulation to protect the bare ax-
ons: either by encouraging existing oligodendrocytes to expand their myelin
sheaths or through the generation of new oligodendrocytes. (73, 147, 164)
As mature oligodendrocytes are post-mitotic, oligodendrocyte precursor cells
(OPCs) are thought to be the principal source of new oligodendrocytes at
all life stages. (17, 112, 131) OPCs arise during development from neural
stems before migrating throughout the brain in sequential waves, differenti-
ating into oligodendrocytes, and myelinating neuronal axons throughout the
brain. (141) In adult mammals, OPCs maintain their ability to migrate, prolif-
erate, and differentiate, enabling dynamic control of myelination throughout

life.

Despite the remarkable ability of the brain to adapt to demyelination, in

the face of chronic disease, these systems can fail and leave patients with



symptoms of a broken brain circuit. (32, 33, 79, 139) In patients, repeated
episodes of oligodendrocyte and myelin loss leads to slowed neuronal con-
duction velocity, misfiring between neurons, and neuronal death. (46) The
most prevalent demyelinating disease, Multiple Sclerosis (MS), is caused
by autoimmune-mediated destruction of oligodendrocytes, leading to cog-
nitive, motor, and psychological deficits. (10, 64, 103) Currently approved
immunomodulatory therapies for MS fail to compensate for lost myelin, and

therefore as a patient’s disease progresses, their symptoms persist.

To treat the persistent and increasing symptoms of MS patients, thera-
pies that promote remyelination in the face of demyelinating insults are clin-
ically sought after. Interestingly, in MS, despite widespread oligodendrocyte
loss, OPCs are spared from destruction, providing us with a therapeutic op-
portunity. (17, 112) If we can encourage the preserved OPCs to generate
new oligodendrocytes, we may be able to remyelinated the lesioned area
and reduce symptoms of MS patients. Based on this therapeutic hypothesis,
high-throughput phenotypic screens found dozens of small molecules that
promote OPCs to form oligodendrocyte in vitro and enhance remyelination
in vivo. (17, 60, 107, 122, 130) However, the hits from these screens were
diverse in annotation and did not align with known oligodendrocyte biology,
making the exact mechanism of action unclear. Therefore, the primary goal
of this work is to identify the mechanism of action for small molecules that

promote oligodendrocyte formation from OPCs, especially those found via



high-throughput unbiased phenotypic screening.

1.1 Oligodendrocyte progenitor cells as a target
for remyelinating therapeutics

In demyelinating disorders, loss of myelin and oligodendrocytes in the central
nervous system leads to cognitive, motor, and psychological deficits. Disor-
ders in which patients are intrinsically deficient in myelin, hypomyelinating
disorders, have many of these same symptoms. One approach to remedy
the lack of myelin is to promote the formation of new oligodendrocytes from
OPCs. Even in adults, OPCs are capable of differentiating into oligodendro-
cytes and remyelinating bare axons, allowing for functional recovery. (17)
Therefore, one goal of remyelinating therapeutics is to target existing OPCs
for the treatment of myelin deficits in demyelinating and hypomyelinating dis-
orders. To discover in vivo remyelinating compounds, a number of cellular

models have been employed for high-throughput screening.
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Figure 1.1: Stages of in vitro differentiation - Schematic showing OPC dif-
ferentiation and myelination with specific markers that indicate each stage.



1.1.1 Modeling remyelination for high-throughput screen-
ing
There are three main classes of in vivo myelination models: developmen-
tal myelination models, global remyelination models, and focal remyelination
models. However, animal models are resource- and time- intensive; there-
fore, they are not ideal for drug discovery (table 1.1). Fortunately, due to
recent advances, in vitro assays represent a convenient way to recapitulate
the remyelination process in a high-throughput manner. Different in vitro
remyelination and OPC differentiation assays vary based on the following

parameters: the cells used, the substrate the cells are plated on, and the

readout used.

In vivo myelination In vitro myelination OPC Differentiation
(Weeks) (Days-Week) (Days)
developmental myelination  micropillar wrapping  tissue culture plates
global demyelination microfiber wrapping
focal demyelination cortical slice culture

neuronal co-culture

Table 1.1: OPC/Oligodendrocyte models

1.1.1.1 OPC cellular models

An essential component of these in vitro assays is the cells used to model
oligodendrocyte formation. The most direct way to obtain OPCs is to isolate
them from rodent brains using immunopanning, an approach that uses an-

tibodies to separate OPCs from other cells. (44, 110) While screens have



been executed using primary OPCs, these protocols do not easily lend it-
self to the scale required for small molecule drug screening and necessitate
repeated animal sacrificing for experiments. (38, 88, 108) There are three
main types of scalable OPC models used for drug screening: immortalized
cells, OPCs generated through directed differentiation of OPC precursor cell

types, and OPCs generated from reprogramming of non-precursor cell types.

Immortalized OPC lines can improve scalability and readily available;
these advantages made them an obvious choice for early OPC drugs screens.
(130) However, these cells failed to recapitulate all the expected features of
OPCs, such as the heavily arborized morphology seen with ex vivo OPCs.

(110, 130) Therefore, further models of OPCs have been explored.

Initial studies proved that the generation of glial progenitor cells from
mouse embryonic stem cells was possible and scalable. (13, 21) More re-
cently, a model of OPCs derived from epiblast cells has been shown to reca-
pitulate the biology seen in primary ex vivo OPCs, be scalable(85, 120), and
was used in a number of drug screens. (43, 122) Nevertheless, because iso-
lation of mouse embryonic and epiblast precursor cells from mouse brains
is non-trivial, there are challenges associated with reproducibility between
labs.

The third class of in vitro derived OPCs used for screening, employ
lentiviral expression of transcription factors to reprogram cells that are not

OPC progenitors, such as fibroblasts. The fibroblasts can either be di-



rectly reprogrammed to OPCs or indirectly through an intermediate induced
pluripotent stem cell stage. These approaches are also scalable, however
there are some concerns that the lentivirus alters the genetic composition of
the cells, which could alter the cellular behavior. (85, 121)

Despite the apparent shortcomings of the various cellular OPC models,
small molecule drug screening hits have had high concordance regardless
of the model used. The hits from these screens have also successfully trans-
lated to compounds which promote remyelination in animals, suggesting the
OPC models are reasonably able to recapitulate in vivo biology. (17) (table

1.2)

1.1.1.2 In vitro assay format

To study the myelination process in vitro, OPCs can grow on a number of
surfaces that provide substrates for oligodendrocyte maturation or wrapping
of myelin. (6) (figure 1.1) Slice culture and co-culture are difficult to scale-up
to the level necessary for high-throughput screening. However, micropillar
wrapping and microfiber wrapping are both suitable for screening purposes
and have lead to the discovery of small molecules that have advanced to
clinical trials for remyelination. Unfortunately, use of the micropillar and mi-
crofiber assay for screening is limited by the availability of these plates.
By contrast, hundreds of thousands of small-molecules have been screened

using the simplest and most popular model for oligodendrocyte formation



screening, two-dimensional tissue culture plastic. Several of these com-
pounds have gone on to validate in the more complicated in vivo assays,
demonstrating the utility of this simple assay and its relevance to more com-

plex biology. (table 1.2)

1.1.1.3 Quantification of differentiation

While the previously describe approaches generate relatively pure popula-
tions of OPCs, when placed in differentiation media, OPCs can differen-
tiate into either oligodendrocytes or astrocytes in vitro, leading to a het-
erogeneous cellular population at the termination of the differentiation as-
say. Therefore most assays use high-content imaging and fluorescence-
based read-outs to stain for each cell type and more accurately quantify
myelination and oligodendrocyte formation. Further, antibodies or reporter
constructs highlight specific stages in the differentiation process, most com-
monly, myelin basic protein (MBP), proteolipid protein (PLP), or O4 desig-
nate mature oligodendrocytes. (table 1.1, figure 1.1) To analyze the extent
of oligodendrocyte formation present in two-dimensional culture researchers
have used: the staining intensity of the whole well, the percentage of cells
which stain positively for a specific marker, or Scholl analysis to determine
the morphology of the cells. (130) Three-dimensional culture systems of
myelination, such as the microfiber assays, are quantified by the extent of mi-

crofiber tracking or the total amount of staining per well. However, most fre-

10



quently, a combination of these metrics allows for higher-dimensional analy-

sis of OPC differentiation and oligodendrocyte myelination.

1.1.2 Pro-myelinating small molecules

Using the tools described above, hundreds of small molecules have been
discovered which are capable of enhancing OPC differentiation in vitro. (130)
Several of these have been validated to enhance remyelination in vivo. (table

1.2) And a further subset have been advanced to clinical trials. (17)

Interestingly, these drugs are strikingly diverse in annotated mechanism
and do not align with known oligodendrocyte biology. Within classes, not all
drugs of the same class enhanced oligodendrocyte formation. While some
of the targets validated with genetic approaches, several studies noted con-
fusing results of the genetic validation. (60) Of the small-molecules that
enhance oligodendrocyte formation, miconazole and olesoxime are the only
ones without a proposed target in OPCs.(table 1.2) Importantly, while it was
not known how miconazole leads to enhanced oligodendrocyte formation,
miconazole is known to inhibit the mammalian cholesterol biosynthesis path-

way, which may provide an insight into it's mechanism in OPCs. (17)

11



Compound Proposed Targets Reference Expressed? Screen?
Miconazole unknown (122) Y
Clemastine M1 receptor (17,107) - Y
Benztropine M1/M83 receptor (17, 38) - Y
Tamoxifen ER modulator (60) - Y
Diarylpropionitrile ER 3 (17, 35) - N
G1 GPR30 (69) + N
Liothyronine THRA/THRB (25, 41) + N
9-cis retinoic acid RXR agonist (71) + N
MENT Androgen receptor (74) - N
TO901317, 25-OH LXR (105) + N
Olesoxime unknown (97) N
XAV939 Tankyrase inhibitor (47) + N
Quetiapine GPCRs (not selective) (17, 170) Y

Table 1.2: In vivo validated remyelinating small molecules Expression level
is defined as being greater than 5 Fragments Per Kilobase of exon per Mil-
lion reads (FPKM) in primary mouse OPCs. (171) The screen column indi-
cates if a compound was identified based on screening. 7alpha-methyl-19-
nortestosterone(MENT)

1.2 Cholesterol Biosynthesis Pathway

Given that miconazole was known to inhibit the cholesterol biosynthesis
pathway in mammalian cells, we decided to focus on this pathway as a pos-
sible target for miconazole in OPCs. Cholesterol is an essential membrane
component that is ubiquitous to all metazoans. (146) Cholesterol synthesis
begins with acetyl coenzyme A, uses 23 enzymatic steps, and is located in
three distinct cellular compartments: the mitochondria, the peroxisome, and
the endoplasmic reticulum. (102) The first branch point in the cholesterol
biosynthesis pathway is at farnesyl pyrophosphate, which is the precursor
for several non-steroidal metabolites such as farnesyl, dolichol, heme A, and
ubiquinone. (1, 146) Monoepoxysqualene represents another branch point;

it is a precursor for both 24,25-epoxycholesterol and cholesterol. (146) Fi-

12



nally, 7-DHC can be converted to vitamin D and specific oxysterols in some
tissues. (82, 116) (figure 1.3) In addition to its role as a cell membrane
component, cholesterol itself is a precursor for other metabolites such as
steroid hormones, bile acids, cholesterol esters, and oxysterols. (116, 146)
Our work specifically focused on the post-squalene cholesterol biosynthesis
pathway and the epoxycholesterol shunt, which are described in more detail

below.

1.2.1 Post-squalene Cholesterol Biosynthesis Pathway

The post-squalene portion of the cholesterol biosynthesis pathway has two
limbs, the Bloch and the Kandutch-Russell, which use the same enzymes,
starting material, and form the same product. (figure 1.3) The only distinc-
tion between these two pathways is the presence of a double bond at the
24,25 position among all Bloch pathway intermediates. (1) Both pathways
begin with 2,3-oxidosqualene being cyclized by lanosterol synthase (LSS)
to form lanosterol, the first sterol (for the precise mechanism, please see
(156)). In the Bloch pathway, CYP51 demethylates C-14 using oxygen and
NADPH as cofactors, leaving a double bond at the A14,15 position to gen-
erate FF-MAS. (1) Next, sterol-14 reductase reduces the newly generated
A14,15 double bond and makes T-MAS with NADPH as a cofactor. (93)
T-MAS then undergoes sequential demethylation at the C4 position via the

C4-demethylation complex (C4DMC) consisting of SC4MOL, NSDHL, and
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HSD17B7 using oxygen, NADPH, and NAD as cofactors to form zymosterol.
(133) After this demethylation, zymosterol is isomerized to dehydrolathos-
terol by EBP, which migrates the A8,9 double bond to the A7,8 position.
(1) SC5D oxidizes dehydrolathosterol at the A5,6 position leading to the
formation of 7-dehydrodesmosterol. (1) DHCR7 then reduces the A7,8 dou-
ble bond to generate desmosterol, which is reduced at A24,25 by DHCR24
to generate cholesterol. In the Kandutch-Russell pathway, DHCR24 acts
upon lanosterol to generate dihydrolanosterol. (1) Dihydrolanosterol is then
metabolized by the same enzymes leading to intermediates that lack the
A24,25 unsaturation: dihydro-FFMAS, dihydro-TMAS, zymostenol, lathos-

terol, 7-dehydrocholesterol, and finally, cholesterol. (1)

However, most tissues do not strictly follow either the Bloch or the Kandutch-
Russell pathway; instead, DHCR24 can reduce the double bond of any
metabolites in the Bloch pathway. (1, 116) Therefore, depending on the
relative expression and kinetics of the different enzymes in the pathway, the
point of cross-over varies, and some cells may use both pathways. (116)
Further, in the context of pathway inhibition, novel metabolites that are not
in either the Bloch or Kandutch-Russell pathways can accumulate; this hap-
pens with sterol-14 reductase inhibition and DHCRY7 inhibition. (See fig. 1.4)
With sterol-14 reductase inhibition, the C4-demethylation complex converts
FF-MAS and dihydro-FFMAS to 14- dehydrozymosterol and 14- dehydrozy-

mostenol. (145) Similarly, with DHCR?7 inhibition, EBP metabolizes 7-DHC
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and 7-DHD to 8,9-DHC and 8,9-DHD by shifting the double bond at A7,8
back to the A8,9 position. (7, 82) These non-canonical metabolites highlight
that some enzymatic reactions in the cholesterol biosynthesis pathway are

capable of working in reverse if the pathway is sufficiently perturbed.

26

CHOLESTEROL

Figure 1.2: Cholesterol with humbered carbons - This numbering conven-
tion is used when discussing all metabolites in the pathway.
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Figure 1.3: Post-squalene cholesterol biosynthesis pathway - Enzymes
are underlined while metabolites are labelled in blue.
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Figure 1.4: Non-canonical metabolites: 14-DHZ, 8,9-DHC, 8,9-DHD - Dia-
gram demonstrating alternative metabolism of sterols upon inhibition of sterol-
14 reductase or DHCR?.
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1.2.2 Epoxycholesterol Shunt

In 1982 it was first described that squalene could give rise to a unique bioac-
tive metabolite, 24,25-epoxycholesterol, via the epoxycholesterol shunt. (126)
Since then, 24,25 epoxycholesterol has been found to play a role in a vari-
ety of signaling contexts and is an important signaling molecule in its own
right. (119) The epoxycholesterol pathway branches off of the classic choles-
terol biosynthesis pathway between 2,3 oxidosqualene and lanosterol. (fig-
ure 1.3) 2,3 oxidosqualene can be cyclized by LSS, committing it to the
cholesterol biosynthesis pathway, or epoxidized again to make dioxidosqua-
lene, committing it to the epoxycholesterol biosynthesis pathway. (126) The
two pathways use identical enzymes and arise from a common substrate.
Ergo, the synthesis of cholesterol and epoxycholesterol happens in parallel.
(161) What fraction of squalene becomes epoxycholesterol versus choles-
terol varies in different tissues and can be modulated with genetic and phar-
macological tools. (140, 161, 168) Typically levels of 24,25 epoxycholesterol
tend to be between 0.1-1% of the total cholesterol depending on the cell type
and context. (18) Interestingly, LSS prefers to cyclize dioxidosqualene over
oxidosqualene. (16) Therefore partial inhibition of LSS leads to the prefer-
ential formation of epoxycholesterol over cholesterol. (140, 161) Conversely,
overexpression of LSS leads to decreased levels of 24,25 epoxycholesterol,

and preferential formation of cholesterol. (161) In short, the epoxycholes-
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terol shunt is a branch off the post-squalene cholesterol biosynthesis path-

way whose use can be modulated by titrating the enzymatic activity of LSS.

1.3 Sterols in Oligodendrocytes

1.3.1 Origin of Cholesterol used by Oligodendrocytes

Myelin contains 80% of all brain cholesterol and represents the largest choles-
terol pool in adult mice. (39, 142) The brain is one of the most cholesterol
dense organs, and it relies entirely on locally synthesis as cholesterol can
not cross the blood-brain barrier. (142) All major cell types in the brain ex-
press the enzymes required for cholesterol biosynthesis and actively gen-
erate cholesterol: neurons, astrocytes, OPCs, oligodendrocytes, and mi-
croglia. (53, 77, 127, 135) Within the brain, the various cell types share
a cholesterol pool with ample transport between cell types. (26, 142) Oligo-
dendrocytes can generate cholesterol during development, in addition to re-

ceiving cholesterol synthesized by astrocytes or other cell types. (26, 143)

1.3.2 Inhibition of Cholesterol Biosynthesis in Oligoden-

drocytes

Overall, the consensus in the field is that blocking the pre-squalene choles-

terol biosynthesis pathway is likely detrimental to oligodendrocytes and OPC
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differentiation. This observation is supported by studies in vitro and in vivo.

In in vitro rodent OPC culture, using simvastatin to block 3-hydroxy-
3- methylglutaryl-CoA (HMG-CoA) globally leads to impaired oligodendro-
cyte process formation, less mature oligodendrocytes, and increased cell
death. (148) Interestingly, co-treatment with simvastatin and geranylgeranyl
pyrophosphate (a metabolite downstream of farnesyl pyrophosphate) was
able to rescue some of these deficits associated with simvastatin treatment;
suggesting that not all the effects seen with simvastatin are due to choles-
terol depletion. (148) In a different study, treating with lovastatin leads to
decreased expression of PLP and MBP in myelin sheaths. (98) Also, the
treatment of oligodendrocytes with a squalene synthase inhibitor leads to
decreased arborization and decreased staining of PLP at the cell surface.
(98, 148)

In vivo zebrafish models show that mutating or inhibiting HMGCR leads
to decreased OPC migration and decreased myelin gene expression. (101)
Inhibition of protein prenylation leads to OPC migration deficits, whereas de-
pleted cholesterol levels lead to decreased myelin gene expression. (101)
LSS inhibitors decrease PLP and MBP expression, which was rescued with
cholesterol supplementation. Further, in the presence of LSS inhibitors, ma-

ture oligodendrocytes failed to ensheath neuronal axons. (101)

In in vivo mouse models, conditional knockout of squalene synthase

(fdft1) in the oligodendrocyte lineage leads to delayed myelination, ataxia,

20



tremor, and premature death. (143) However, mice that survived to adult-
hood with this mutation live an average life span, and their phenotype im-
proved. (143) This result supports the notion that other cell types in the
brain can compensate for inhibition of the cholesterol biosynthesis pathway
in OPCs. (142)

The challenge in interpreting many of these studies is that the experi-
ments performed lead to decreases in metabolites other than cholesterol,
such as 24,25 epoxycholesterol, which may be contributing to the pheno-
types observed. Despite trying to quantify the effects on non-steroidal prod-
ucts of the cholesterol biosynthesis pathway, these experiments failed to ad-
dress the effects on the post-squalene cholesterol biosynthesis intermedi-

ates.

1.3.3 Screens for inhibitors of cholesterol formation

Screening for small molecule inhibitors of the cholesterol biosynthesis path-
way in brain cells has focused on finding treatments for genetic disorders,
tor example, for Smith-Lemli-Opitz syndrome (SLOS). In SLOS, DHCR7
is mutated leading to an accumulation of 7-DHC, a toxic metabolite in the
post-squalene cholesterol biosynthesis pathway that is known to kill neu-
ronal cells. LC-MS based high-throughput screening of several libraries in
neuronal cells found compounds that prevent the accumulation of 7-DHC.

(81, 82) These screens delineated several cholesterol synthesis inhibiting
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compounds from diverse categories including estrogen receptor modulators
(including tamoxifen), antipsychotics, muscarinic receptor antagonists (in-
cluding clemastine), and antifungals (such as azole antifungals). (28, 81,

82, 153)

1.4 Summary

In vitro screens using various OPC models have highlighted dozens of com-
pounds that promote oligodendrocyte formation in vitro, in vitro myelination,
and myelination in vivo. However, the mechanism by which these com-
pounds promote oligodendrocyte formation is less clear. Most of these drugs
are thought to function through their canonical targets despite these targets
not being expressed in OPCs. (table 1.2) Interestingly, miconazole is known
to inhibit the cholesterol biosynthesis pathway in mammalian cells and ro-
bustly enhance remyelination in a large number of models. (122) Screens
using neuronal cells highlighted compounds that inhibit the post-squalene
portion of the cholesterol biosynthesis pathway. The cholesterol biosynthe-
sis inhibition hits overlap with hits in pro-myelinating screens. This obser-
vation suggests that the inhibition cholesterol biosynthesis pathway may be
involved in the mechanism of pro-myelinating compounds. However, previ-
ous work suggests that blocking cholesterol formation is likely to be detri-

mental for myelin production. Therefore the hypothesis that blocking choles-
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terol biosynthesis may promote oligodendrocyte formation is a bit counter-

intuitive. How can these two discordant observations both be true?
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Accumulation of 8,9-unsaturated
sterols drives oligodendrocyte

formation and remyelination

2.1 Introduction

Regeneration of myelin is mediated by oligodendrocyte progenitor cells—an
abundant stem cell population in the central nervous system (CNS) and
the principal source of new myelinating oligodendrocytes. Loss of myelin-
producing oligodendrocytes in the CNS underlies a number of neurologi-
cal diseases, including multiple sclerosis and diverse genetic diseases (45,
50, 59). High-throughput chemical screening approaches have been used

to identify small molecules that stimulate the formation of oligodendrocytes
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from oligodendrocyte progenitor cells and functionally enhance remyelina-
tion in vivo (38, 60, 71, 88, 106, 108, 122). Here we show that a wide
range of these pro-myelinating small molecules function not through their
canonical targets but by directly inhibiting CYP51, TM7SF2, or EBP, a narrow
range of enzymes within the cholesterol biosynthesis pathway. Subsequent
accumulation of the 8,9-unsaturated sterol substrates of these enzymes is
a key mechanistic node that promotes oligodendrocyte formation, as 8,9-
unsaturated sterols are effective when supplied to oligodendrocyte progen-
itor cells in purified form whereas analogous sterols that lack this structural
feature have no effect. Collectively, our results define a unifying sterol-based
mechanism of action for most known small-molecule enhancers of oligoden-
drocyte formation and highlight specific targets to propel the development of

optimal remyelinating therapeutics.

2.2 Results

2.2.1 Imidazole antifungals inhibit CYP51 to promote oligo-

dendrocyte formation

Imidazole antifungal drugs are a structurally diverse class of small molecules
that robustly stimulate the generation of new mouse and human oligoden-

drocytes and enhance remyelination in mouse models of disease(122). Im-

"This work is published. (72)
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idazole antifungals mediate their effects in yeast by inhibiting CYP51, an
essential enzyme for sterol biosynthesis in both fungal and mammalian cells
(for a detailed cholesterol biosynthesis diagram, see fig.2.5). Across a panel
of nine azole-containing molecules, the ability to inhibit CYP51 in vitro and
in oligodendrocyte progenitor cells (OPCs) predicted enhanced formation of
myelin basic protein-positive (MBP+) oligodendrocytes from mouse epiblast
stem cell-derived OPCs (See fig. 2.1a-d, 2.6a—c). To measure inhibition
of CYP51 in OPCs, we used gas chromatography and mass spectrometry
(GC-MS) to quantify the increase in levels of lanosterol (the substrate of
CYP51) and decrease in cholesterol (56, 57, 81) (See fig. 2.1b, 2.62c—¢€).
In cells treated with ketoconazole, the dose—response curve for accumula-
tion of lanosterol closely resembled the dose—response curve for enhanced
oligodendrocyte formation (See fig. 2.1c, 2.6b, f, g). Notably, we confirmed
all effects of small molecules on oligodendrocyte formation and sterol levels
using a second, independently isolated batch of OPCs, and key results were
also validated using mouse primary OPCs (See fig. 2.6b—i; see Methods). In
addition, the effects of azole molecules were confirmed using an orthogonal
image quantification approach, a second oligodendrocyte marker, and liquid
chromatography with mass spectrometry (LC—MS) to detect cellular sterols

(See fig. 2.6j—1).

We next used RNA interference and metabolite supplementation to in-

dependently confirm the role of CYP51 in oligodendrocyte formation. Cell-
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permeable small interfering RNA (siRNA) reagents depleted CYP51 tran-
script levels in OPCs by 80% (114), led to substantial accumulation of lanos-
terol, and enhanced formation of MBP+ oligodendrocytes (See fig. 2.1e,
f, 2.6m—0). In addition, we treated OPCs directly with purified lanosterol
and observed enhanced formation of MBP+ oligodendrocytes in a dose-
responsive fashion (See fig. 2.1g, h, 2.6p, q). These findings support the
idea that CYP51 is the functional target of imidazole antifungals in OPCs
and suggest that accumulation of sterol intermediates may play a direct role

in enhancing oligodendrocyte formation.

2.2.2 Inhibtion of CYP51, TM7SF2, or EBP promotes oligo-

dendrocyte formation

As inhibition of CYP51 was sufficient to induce the formation of oligoden-
drocytes, we used a chemical genetics approach to test whether modu-
lation of other steps in cholesterol biosynthesis had a similar effect (See
fig. 2.2a, 2.5). We used GC—MS-based sterol profiling in OPCs to confirm
that a panel of eight small molecules selectively inhibited their known en-
zyme targets within the cholesterol biosynthesis pathway (See fig. 2.7a—d;
see Source Data for abundance of all quantified metabolites in all GC-MS-
based sterol profiling experiments). Only molecules targeting CYP51 (ke-

toconazole), TM7SF2 (amorolfine(75)), and EBP (TASIN-1(169)) enhanced
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Figure 2.1: Imidazoles inhibit CYP51 to enhance oligodendrocyte forma-
tion - a, Rat CYP51 enzymatic activity following treatment with azoles. n =
2 independent enzymatic assays. b, GC—MS-based quantification of lanos-
terol levels in OPCs treated with the indicated azoles at 2.5 yM. n = 2 wells
per condition. c, f, g, Percentage of MBP+ oligodendrocytes generated from
OPCs following treatment with azoles (c), cell-permeable siRNA reagents (f),
or lanosterol (g). n > 4 wells per condition; for exact well counts in all figures,
see Methods section ‘Statistics and reproducibility’. In f, *P = 0.0005, two-tailed
Student’s t-test. d, Representative images of OPCs treated with the indicated
azoles. Nuclei are labelled with DAPI (blue) and oligodendrocytes are indicated
by immunostaining for MBP (green). Scale bar, 100 um. e, GC—MS-based
quantification of lanosterol levels in OPCs treated with the indicated reagents.

= 2 wells per condition. h, Structure of lanosterol. All bar graphs indicate
mean =+ s.d. Results in ¢, d, g are representative of three independent experi-
ments; those in b, e, f are representative of two independent experiments using
OPC-5 cells; for validation in an independent derivation of OPCs, see Extended
Data 2. Keto, ketoconazole.
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formation of MBP+ oligodendrocytes, whereas inhibitors of the five other
pathway enzymes were ineffective (See fig. 2.2b, 2.7e—h). Treatments had
little effect on cell number (See fig. 2.7e). Concentrations of amorolfine
and TASIN-1 that enhanced oligodendrocyte formation also led to accumu-
lation of 14-dehydrozymostenol and zymostenol, respectively (See fig. 2.7i,
j). Moreover, distinct structural classes of inhibitors of CYP51, TM7SF2 and
EBP comparably enhanced oligodendrocyte formation, including at picomo-

lar doses(See fig. 2.8a—h)(37).

We also used CRISPR—Cas9 targeting to evaluate the effects of genetic
suppression of EBP. OPCs expressing Cas9 and guide RNA targeting EBP
demonstrated reduced EBP transcript levels, robust accumulation of the ex-
pected intermediate zymostenol, and enhanced formation of oligodendro-
cytes under differentiation-permissive conditions (See fig. 2.2c, d, 2.8k).
Two independent guide RNA sequences produced similar results (See fig.
2.8i-). In total, this genetic and chemical genetic analysis suggests that in-
hibition of the cholesterol biosynthesis pathway within a limited window of
enzymes between CYP51 and EBP is sufficient to enhance the formation of

oligodendrocytes.
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2.2.3 8,9-unsaturated sterols are sufficient to promote oligo-

dendrocyte formation

The efficacy of these small molecules and genetic perturbations was not me-
diated by a simple reduction in sterol levels, as treatment with statin drugs
or methyl -cyclodextrin depleted cholesterol levels comparably without en-
hancing oligodendrocyte formation (See fig. 2.2b, 2.7a, b, 2.9a, b). Because
treatment of OPCs with the CYP51 substrate lanosterol enhanced oligoden-
drocyte formation, we examined the effects of other purified sterols. Treat-
ment of OPCs with 8,9-unsaturated sterols, including 14-dehydrozymostenol
(which accumulates following TM7SF2 inhibition) and zymostenol (which ac-
cumulates following EBP inhibition), enhanced the formation of MBP+ oligo-
dendrocytes. By contrast, sterols lacking 8,9-unsaturation, including choles-
terol itself(144), were ineffective (See fig. 2.2e, h, 2.9c). A total of nine natu-
ral and unnatural 8,9-unsaturated sterols enhanced oligodendrocyte forma-
tion from OPCs, with 2,2-dimethyl-zymosterol the most potent among those
evaluated to date (See fig. 2.2f, 2.9d-I, 0). Conversely, treating OPCs with
Ro 48-8071, which inhibits lanosterol synthase and thereby prevents the ac-
cumulation of 8,9-unsaturated sterols, abrogated the enhanced oligodendro-
cyte formation induced by the CYP51 inhibitor ketoconazole (See fig. 2.9m,
n, p). In addition, analogues of either zymostenol or 8-dehydrocholesterol

that lacked 8,9-unsaturation were inactive, demonstrating that 8,9-unsaturation
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is a crucial structural feature for activity in OPCs (See fig. 2.2g, 2.9k, I). Fi-
nally, co-treating OPCs with ketoconazole and MAS-412 provided no further
benefit over ketoconazole alone, confirming that these molecules act through
a redundant mechanism (See fig. 2.9q, r). Together these findings indicate
that the accumulation of 8,9-unsaturated sterols in OPCs is a central mech-
anism for enhancing oligodendrocyte formation, whether these sterols arise
from small-molecule inhibition of cholesterol biosynthesis enzymes or are

supplied to OPCs in purified form.

2.2.4 SREBP is not the mechanism for 8,9-unsaturated sterols

Most of the 8,9-unsaturated sterols that are shown here to enhance oligo-
dendrocyte formation have previously been shown to function as signalling
lipids in oocytes by inducing the resumption of meiosis(24, 62). While the
direct cellular targets of 8,9-unsaturated ‘meiosis-activating sterols’ remain
poorly understood, there is evidence nuclear hormone receptors (NHRs)
may play a role(24). We evaluated 2,2-dimethylzymosterol and the path-
way inhibitors ketoconazole and TASIN-1 in cell-based reporter assays for
20 NHRs, but no molecule showed significant activity in any assay (See
fig. 2.9s—u). Additional experiments discounted a role for SREBP2, which
transcriptionally regulates cholesterol homeostasis, suggesting that these
sterols act by mechanisms beyond NHRs or SREBP2 (See fig. 2.9v). To-

gether, these studies suggest a novel role for the meiosis-activating sterols
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Figure 2.2: Small-molecule inhibition of CYP51, TM7SF2, or EBP en-
hances oligodendrocyte formation via accumulation of 8,9-unsaturated
sterols. - a, Abbreviated cholesterol biosynthesis pathway. For greater de-
tail, see 2.5. FF-MAS, follicular fluid-meiosis-activating sterol. b, Percentage of
MBP+ oligodendrocytes generated from OPCs treated with the indicated path-
way inhibitors. n > 4 wells per condition. ¢, Percentage of MBP+ oligodendro-
cytes generated from OPCs expressing Cas9 and guide RNA targeting EBP.
n > 3 wells per condition. d, Functional validation of Cas9-based targeting of
EBP using GC—MS-based quantification of zymostenol levels. n = 2 wells per
condition. e—g, Percentage of MBP+ oligodendrocytes generated from OPCs
with the indicated purified sterols. n > 4 wells per condition. h, Structures
of various sterols. All bar graphs indicate mean + s.d. See Methods section
‘Statistics and reproducibility’ for exact well counts. Experiments in b—g are
representative of two or more independent experiments using OPC-5 cells; for
validation in an independent derivation of OPCs, see Extended Data Figs. 3-5.
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in promoting oligodendrocyte formation.

2.2.5 Most pro-differentiation screening hits inhibit CYP51,

TM7SF2, or EBP

In parallel, we executed a screen of over 3,000 bioactive small molecules
and approved drugs at a uniform dose of 2 uM (See fig. 2.10a). In addi-
tion to molecules previously annotated as enhancing OPC differentiation(38,
60, 106), we also identified many confirmed hits whose known targets did
not cluster into easily discernible categories (See table 2.1). Among the top
ten novel enhancers of oligodendrocyte formation, four molecules had previ-
ously been shown to inhibit TM7SF2 or EBP in CNS-derived cells(28, 81). In
fact, GC-MS-based sterol profiling revealed that all ten top hits led to accu-
mulation of 8,9-unsaturated sterols at the screening dose, whereas randomly
selected library members had no effect on sterol levels or oligodendrocyte
formation. (See fig. 2.3a, 2.10b—f).

Given the frequency of cholesterol pathway modulators within our top
screening hits, we assessed whether any previously reported enhancers of
remyelination identified by drug screening might also induce accumulation of
sterol intermediates. At concentrations that promoted oligodendrocyte for-
mation, benztropine, clemastine, tamoxifen, and U50488 induced accumu-

lation of zymostenol and zymosterol and decreased basal sterol levels, in-
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Table 2.1: Enhancers of oligodendrocyte formation identified by screening of a
3,000-molecule bioactives library

DMSO% cell viability  fold-change in %
Total oligos_ DMSO0% (% relative to MBP+
Name Cells % Oligos Mw Mean oligos_StdDev DMSO) oligodendrocytes

Isoconazole nitrate 584 53.25 479.14 7.95 3.66 106.98 6.70
_ 610 50.00 539.67 8.47 2.61 91.36 5.90
Clotrimazole 666 27.93 344.85 4.75 2.75 122.50 5.88
Ketoconazole 847 52.77 531.44 9.33 3.87 121.51 5.65
Butoconazole nitrate 809 46.85 474.79 8.92 2.63 122.03 5.25
Sertaconazole nitrate 777 39.38 500.78 7.52 1.87 134.49 5.23
604 43.87 248.71 8.92 2.63 91.11 4.92

693 41.41 475.53 8.47 2.61 103.79 4.89

783 22.86 361.36 4.75 275 144.02 4.81

T 35.01 510.04 7.29 3.37 114.37 4.80

896 40.63 447.83 8.47 2.61 134.19 4.80

1003 34.10 449.40 7.29 3.37 147.64 4.68

Bifonazole 820 40.98 310.39 8.92 2.63 123.69 4.59
_ 704 39.63 356.37 8.92 2.63 106.19 4.44
Sulconazole Nitrate 700 37.57 460.76 8.47 261 104.84 4.44
_ 758 41.29 592.69 9.33 3.87 108.75 4.42
Clemastine fumarate 449 20.49 459.97 4.75 275 82.59 4.31
_ 768 38.02 444.42 8.92 2.63 115.85 4.26
Fenticonazole Nitrate 687 35.66 518.41 8.92 2.63 103.63 4.00
779 31.45 468.47 7.95 3.66 142.71 3.95

755 32.98 329.86 8.47 2.61 113.08 3.89

758 18.47 432.00 4.75 2.75 139.42 3.89

821 34.23 295.86 8.84 3.16 112.02 3.87

Clotrimazole 748 34.36 344.84 8.92 2.63 112.83 3.85
758 18.21 606.79 4.75 2.75 139.42 3.83

924 33.33 510.06 8.84 3.16 126.07 3.77

728 33.24 312.41 8.92 263 109.81 3.72

851 3278 467.42 8.84 3.16 116.11 3.71

LY2784544 480 28.75 469.94 7.95 3.66 87.93 3.62
739 33.69 801.00 9.33 3.87 106.02 3.61

647 32.61 363.29 9.33 3.87 92.82 3.49

654 26.76 386.03 7.68 3.55 95.08 3.49

KEY

Imidazole antifungal

not retested
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dicative that they inhibited EBP in OPCs (See fig. 2.3b, 2.10g—l). Tamoxifen
has been shown to inhibit the enzymatic activity of EBP directly(63, 81, 117),
and we confirmed that benztropine, clemastine, tamoxifen, U50488, and sev-
eral high-throughput screening (HTS) hits all inhibited EBP directly in a bio-
chemical assay22 (See fig. 2.3c). By contrast, liothyronine and bexarotene
showed minimal effects on sterol levels in OPCs (See fig. 2.3b, 2.10g), con-
sistent with their known functions as modulators of transcription factor func-
tion and confirming that many, but not all, treatments that enhance oligoden-

drocyte formation cause accumulation of 8,9-unsaturated sterols.

2.2.6 Inhibition of EBP correlates with enhanced oligoden-

drocyte formation for known remyelinating compounds

While each of these bioactive small molecules has a previously annotated
‘canonical’ target, extensive structure—activity relationship data show that the
ability to inhibit EBP, rather than the canonical target, predicts enhanced
oligodendrocyte formation. For example, we validated a panel of six mus-
carinic receptor antagonists that all showed near-complete inhibition of the
M1, M3, and M5 muscarinic receptor subtypes at the HTS dose of 2 uM (See
fig. 2.10m, p). Among these molecules, only clemastine and benztropine in-
hibited EBP in OPCs, and only clemastine and benztropine enhanced oligo-

dendrocyte formation (See fig. 2.10j, k, m—r). Likewise, among selective
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oestrogen receptor modulators (SERMs), toremifene and ospemifene are
structurally near-identical and show comparable cellular anti-oestrogen ac-
tivity. However, only toremifene inhibited EBP in OPCs, and only toremifene
enhanced oligodendrocyte formation (See fig. 2.11a—g). Conversely, while
4-hydroxy-tamoxifen, as expected, showed 100-fold enhanced cellular anti-
oestrogen activity relative to tamoxifen, both molecules have comparable
potency for inhibition of EBP and comparable potency for enhancing oligo-
dendrocyte formation (See fig. 2.11h—j). Finally, the leading novel hit from
our HTS, EPZ005687, was annotated as an inhibitor of the histone methyl-
transferase EZH2. However, analysis of three additional structurally related
EZH2 inhibitors revealed that only EPZ005687 inhibited EBP and enhanced
oligodendrocyte formation (See fig. 2.11k—r). Across various antimuscarinic
agents, SERMs, and EZH2 inhibitors, the ability to inhibit EBP, rather than
each molecule’s canonical activity, predicted enhanced oligodendrocyte for-

mation.

2.2.7 8,9-unsaturated sterols are additive with liothyronine

with respect to pro-differentiation effects

We next tested the potential for combinations of small molecules to show
additive or non-additive effects. Combining the thyroid hormone agonist lio-

thyronine with a range of treatments that both modulated sterols and induced
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differentiation of OPCs produced additive effects on oligodendrocyte forma-
tion, indicating that these molecules are likely to function by mechanisms
other than thyroid hormone receptor signalling to enhance oligodendrocyte
generation (See fig. 2.12a, b). By contrast, combinations of ketocona-
zole at a maximally effective dose with benztropine, clemastine, tamoxifen,
or U50488 did not enhance differentiation above levels seen for ketocona-
zole alone (See fig. 2.12c—e), consistent with these molecules sharing 8,9-
unsaturated sterol accumulation as a common mechanism for induction of

oligodendrocyte formation.

2.2.8 8,9-unsaturated sterols promote in vitro myelination

Because our in vitro OPC assays modelled only the initial differentiation
event into oligodendrocytes, we next tested whether sterol pathway modula-
tion also enhanced subsequent oligodendrocyte maturation and myelination
in vitro and in vivo. First, we cultured OPCs on electrospun microfibres to
assess the effects of sterol pathway modulators on the ability of oligoden-
drocytes to track and wrap along axon-like substrates(9, 91). Ketoconazole
(CYP51), amorolfine (TM7SF2), and TASIN-1 (EBP) all robustly enhanced
tracking along and wrapping around microfibres by MBP+ oligodendrocytes.
By contrast, inhibition of other enzymes up- or downstream in the pathway
had little effect on oligodendrocyte maturation and ensheathment of microfi-

bres (See fig. 2.12f—k).
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Figure 2.3: Inhibition of TM7SF2 and EBP is a unifying mechanism for
many small-molecule enhancers of oligodendrocyte formation - a, Quan-
tification of sterol levels in OPCs treated with the indicated molecules at 2 M
(one well per condition; for validation in a second derivation of OPCs, see Ex-
tended Data Fig. 6). b, Quantification of sterol levels in OPCs treated with the
indicated previously reported enhancers of oligodendrocyte formation (n = 2
wells per condition except DMSO, n = 6). Representative of two independent
experiments; for concentrations, see Extended Data Fig. 6g. ¢, Quantification
of EBP enzymatic activity in a biochemical assay. All treatments 10 uM. n =3
independent enzymatic assays, except DMSO, n = 5. Bars indicate mean; error
bars indicate s.d. Sigma H127, p-fluorohexahydro-sila-difenidol.

2.2.9 8,9-unsaturated sterols promote in vivo myelination

The imidazole antifungal miconazole, which targets CYP51, penetrates the
mouse blood—brain barrier and enhances remyelination in mouse models
of demyelination(122). Here we evaluated brain-penetrant molecules with
affinity for TM7SF2 (ifenprodil) and EBP (tamoxifen) using a well-established
mouse model in which injection of lysolecithin is used to create focal le-
sions of demyelination in the dorsal column white matter of the adult spinal
cord(111). In vehicle-treated mice, profiles of sparsely distributed remyeli-
nating axons characterized by thin myelin sheaths were detected mainly
at the periphery of the lesion, while ultrastructural analyses revealed un-

myelinated axons or axons with a single wrap of myelin (See fig. 2.4a, b).

38



By contrast, after eight days of treatment with ifenprodil or tamoxifen, re-
myelination was widespread throughout the lesion (See fig. 2.4a, b, 2.13a),
consistent with a recent report regarding tamoxifen(60). Critically, we used
GCMS-based sterol profiling of brain tissue from mice treated with micona-
zole, ifenprodil, and tamoxifen to demonstrate that these therapeutic dosing
regimens all led to substantial accumulation of 8,9-unsaturated sterols within
the mouse brain, indicating that CYP51, TM7SF2, and EBP, respectively,
were inhibited (See fig. 2.4c). Collectively, these data show that small-
molecule inhibitors of CYP51, TM7SF2, and EBP can engage their sterol

pathway targets and enhance remyelination in mice.

2.2.10 8,9-unsaturated sterols promote oligodendrocyte for-

mation in human models

Finally, the oligodendrocyte-enhancing and sterol-modulating activities of
leading pathway inhibitors extend to human cells and tissue. Various small
molecules caused accumulation of the expected 8,9-unsaturated sterol in-
termediates both in a human glioma cell line and in human pluripotent stem
cell-derived cortical spheroids(96), confirming that these molecules similarly
engage the sterol synthesis pathway in mouse and human cells and CNS
tissue (See fig. 2.13b, c). Critically, miconazole and ifenprodil also sub-

stantially enhanced the generation human oligodendrocytes in a 3D human
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pluripotent stem cell-derived cortical spheroid model, indicating conserva-

tion of function across species(See fig. 2.4d, e).

2.3 Discussion

We have defined a dominant mechanism shared by many small-molecule
enhancers of remyelination: elevation of levels of 8,9-unsaturated sterol in-
termediates by inhibition of a narrow range of cholesterol biosynthesis en-
zymes between CYP51 and EBP. We have identified 27 small molecules
that both enhance oligodendrocyte formation and increase levels of 8,9-
unsaturated sterol intermediates(28, 63, 81). Mechanistically, several lines
of evidence support a central signalling role for 8,9-unsaturated sterols in the
observed enhanced oligodendrocyte formation, including the ability of nine
independent 8,9-unsaturated sterols to enhance the formation of oligoden-
drocytes when supplied to OPCs(See fig. 2.14).

Myelin is cholesterol-enriched, and past work has established that ge-
netic or pharmacological treatments that inhibit early enzymes in choles-
terol biosynthesis lead to hypomyelination in vivo(80, 115, 143). Our work
supports these observations, as inhibition of HMGCoA reductase or squa-
lene synthase had neutral-to-negative effects on oligodendrocyte formation
in our assays (See fig. 2.2b, 2.7). These enzymes catalyse steps before the

synthesis of the first sterol intermediate, so their inhibition prevents the syn-
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Figure 2.4: Accumulation of 8,9-unsaturated sterols enhances remyelina-
tion in vivo and in human brain spheroids. - a, Representative electron
microscopy images of LPC-lesioned dorsal spinal cord from mice treated with
ifenprodil or tamoxifen. Scale bar, 5 um. b, Tukey plot showing quantifica-
tion of remyelinated axons in LPC-lesioned spinal cord from mice in a. n =
6 animals per group except vehicle, n = 4. **P = 0.0004, *P = 0.048, two-
tailed Mann—Whitney test. Boxes indicate the interquartile range, horizontal
lines represent the median, and whiskers represent the smaller of 1.5 times
the interquartile range and the minimum—maximum range. ¢, Quantification of
brain sterol levels in mice treated with miconazole, ifenprodil, or tamoxifen. n
= 4 animals per group. P = 0.0007 for miconazole, P = 0.0003 for ifenprodil, P
= 0.0006 for tamoxifen; two-tailed Student’s t-test. d, Quantification of myelin
regulatory factor (MYRF)+ oligodendrocytes within human myelinating cortical
spheroids following treatment with miconazole (2 M) or ifenprodil (2 uM). n =
4 spheroids per treatment condition. P = 0.0009 for miconazole, P = 0.0009 for
ifenprodil; two-tailed Student’s t-test. e, Representative images of spheroids.
DAPI+ nuclei (blue) and MYRF+ oligodendrocytes (red) are labelled. Scale bar,
100 pm. In c, d, bar graphs indicate mean and error bars indicate s.d.
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thesis of all cellular sterols. Our findings establish an alternate paradigm in
which the cholesterol biosynthesis pathway can be leveraged to enhance the
formation of new oligodendrocytes by targeting later steps whose inhibition
does not cause net depletion of cellular sterols. Instead, acute inhibition of
CYP51, TM7SF2, or EBP during OPC differentiation induces a ‘sterol shift’ in
which a minority of cellular cholesterol is diverted to 8,9-unsaturated sterol
intermediates that signal to enhance oligodendrocyte formation. Notably,
we and others have independently shown that multiple molecules now an-
notated by us as enhancing 8,9-unsaturated sterol intermediate levels can
regenerate functional myelin in vivo, as evidenced by reversal of paralysis in
mice with MS-like disease(38, 106, 122). Ultimately, our work demonstrates
that modulating the sterol landscape in OPCs can enhance the formation of
oligodendrocytes and points to new therapeutic targets, potent inhibitors for
these targets, and metabolite-based biomarkers to accelerate the develop-

ment of optimal remyelinating therapeutics.

2.4 Methods

Statistics and reproducibility No statistical methods were used to prede-
termine sample size. Data were expressed as mean + s.d. and P values
were calculated using an unpaired two-tailed Student’s t-test for pairwise

comparison of variables with a 95% confidence interval and n—2 degrees of
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freedom, where n is the total number of samples, in all figures except 2.4b. In
2.4b, P values were calculated using an unpaired two-tailed Mann—Whitney
test with 95% confidence interval and the data plotted as a Tukey box and
whisker plot. Boxes indicate the interquartile range, and the horizontal line
represents the median. Biological replicates: 2.1c, n=4 wells per condi-
tion, except DMSO, n=24; 2.1f, n=17 wells for DMSO, n=7 for siControl and
siCYP51; 2.1g, n=8 wells for DMSO and n=4 for lanosterol; 2.2b, n=4 wells
per condition, except DMSO, n=24; 2.2¢, n=3 wells for sgControl and n=4
for sgEBP; 2.2e—g, n=4 wells per condition, except n=8 for DMSO and n=7
for ketoconazole in 2.2e, n=12 for DMSO in 2.2f, n=16 for DMSO and ke-
toconazole, n=8 for cholesterol in 2.2g. Independent experiments: 2.2b, f
are representative of three and 2.2c, e, g of two independent experiments
using OPC-5 cells; for validation in an independent derivation of OPCs, see

2.72.82.9.

Small molecules The identity and purity of small molecules were au-
thenticated by LC-MS before use. The following compounds were pur-
chased from Sigma-Aldrich as solids: ketoconazole, miconazole, clotrima-
zole, fluconazole, fulvestrant, ifenprodil, benztropine, bexarotene, tamoxifen,
4-hydroxytamoxifen, medroxyprogesterone acetate, ospemifene, GSK343,
trans-U50488, methyl-5-cyclodextrin, 5a-cholestan-33-ol, and cholesterol.
The following compounds were purchased from Cayman Chemicals as solids:

liothyronine, clemastine, AY9944, YM53601 and Ro-48-8071. The follow-
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ing compounds were obtained from Janssen Pharmaceuticals as solids: 2-
methyl-ketoconazole, R-trans-ketoconazole, and S-trans-ketoconazole. Mev-
astatin was purchased as a solid from Selleck Chemicals. The following
compounds were purchased from Selleck Chemicals as 10 mM DMSO solu-
tions: bifonazole, butoconazole, amorolfine, toremifene, EPZ005687, EPZ6438,
UNC1999, hydroxyzine, ziprasidone, p-fluorohexahydro-sila-difenidol (abbre-
viated in figures as Sigma H127), vesamicol, raloxifene, L-745870, TMB-8,
pramoxine, varespladib, tanshinone-I, levofloxacin, nateglinide, abiraterone,
allopurinol, detomidine, rivastigmine, [-carotene, BEZ-235, scopolamine,
and homatropine. Pirenzepine and telenzepine were purchased from Sigma-
Aldrich as 10 mM DMSO solutions. Cholesterol biosynthetic intermediates
were purchased from Avanti Polar Lipids as solids: lanosterol, zymosterol,
zymostenol, lathosterol, desmosterol, 7-dehydrodesmosterol, FF-MAS (4,4-
dimethyl-5a-cholesta-8,14,24-trien-35-0l), 8,9-dehydrocholesterol, and 2,2-
dimethylzymosterol (2,2-dimethyl-5a-cholesta-8,24-dien-35-ol). 14- dehy-
drozymostenol (5a-cholesta-8,14-dien-33-ol), MAS-412 (4,4-dimethyl- 5a-
cholesta-8,14-dien-33-ol), and MAS-414 (4,4-dimethyl-5c-cholesta-8-en-33-
ol) were provided by F.B. Imidazole 124(58), TASIN-1(169), TASIN-449(37),
and MGI39 were synthesized as reported. T-MAS (4,4-dimethyl-5a-cholesta-
8,24-dien-35-0l) from HPLC purification of yeast extracts was provided by

J.J. and W.K.W.

Mouse OPC preparation To rigorously assess the effects of small-molecule
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and genetic treatments on OPCs, all treatments were assayed in two batches
of epiblast stem cell-derived OPCs, and key results were confirmed using
mouse primary OPCs. OPCs were generated from two separate EpiSC
lines, EpiSC5 (giving rise to OPC-5 OPCs) and 12901 (giving rise to OPC-1
OPCs). Unless otherwise noted, results in OPC-5 cells are presented in 2.1
2.2, 2.3, 2.4. while results in OPC-1 are presented in 2.5, 2.6, 2.7, 2.8, 2.9,

2.10,2.11,2.12,2.13, 2.14.

EpiSC-derived OPCs were obtained using in vitro differentiation proto-
cols and culture conditions described previously(120). To ensure uniformity
throughout all in vitro screening experiments, EpiSC-derived OPCs were
sorted to purity by fluorescence activated cell sorting at passage five with
conjugated CD 140a-APC (eBioscience, 17-1401; 1:80) and NG2-AF488
(Millipore, AB5320A4; 1:100) antibodies. Sorted batches of OPCs were ex-
panded and frozen down in aliquots. OPCs were thawed into growth condi-
tions for one passage before use in further assays. Cultures were regularly

tested and shown to be mycoplasma free.

To obtain mouse primary OPCs, whole brain was removed from post-
natal day 2 pups anaesthetized on ice. Brains were placed in cold DMEM/F12,
and the cortices were isolated and the meninges were removed. The cor-
tices were manually chopped and processed with the Tumour Dissociation
Kit (Miltenyi) and incubated at 37°C for 10 min. The cell suspension was

filtered through a 70um filter and centrifuged at 200g for 4 min at room tem-
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perature. The cells were washed in DMEM/F12, re-centrifuged and plated
in poly-Ornithine and Laminin-treated flasks containing DMEM/F12 supple-
mented with N2 Max, B27 (ThermoFisher), 20ng/ml FGF, and 20ng/ml PDGF.
OPCs were passaged once before treatment. Media was changed every 48

h.

In vitro phenotypic screening of OPCs EpiSC-derived OPCs were
grown and expanded in poly-ornithine (PO) and laminin-coated flasks with
growth medium (DMEM/F12 supplemented with N2-MAX (R&D Systems),
B-27 (ThermoFisher), GlutaMax (Gibco), FGF2 (10ug/ml, R&D systems,
233-FB-025) and PDGF-AA (10ug/ml, R&D systems, 233-AA-050) before
harvesting for plating. The cells were seeded onto poly-D-lysine 96-well Cell-
Carrier or CellCarrierUltra plates (PerkinElmer) coated with laminin (Sigma,
L2020; 15ug/ml) using multi-channel pipet. For the experiment, 800,000
cells/ml stock in differentiation medium (DMEM/F12 supplemented with N2-
MAX and B-27) was prepared and stored on ice for 2 h. Then, 40,000 cells
were seeded per well in differentiation medium and allowed to attach for 30
min before addition of drug. For dose—-response testing of all molecules ex-
cept sterols, a 1,000x compound stock in dimethyl sulfoxide (DMSQO) was
added to assay plates with 0.1ul solid pin multi-blot replicators (V & P Sci-
entific; VP 409), resulting in a final primary screening concentration of 1 x.
Sterols were added to cells as an ethanol solution (0.2% final ethanol con-

centration). Positive control wells (ketoconazole, 2.5 M) and DMSO vehicle
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controls were included in each assay plate. Cells were incubated under stan-
dard conditions (37°C, 5% CO2) for 3 days and fixed with 4% paraformalde-
hyde (PFA) in phosphate buffered saline (PBS) for 20 min. Fixed plates
were washed with PBS (200l per well) twice, permeabilized with 0.1% Tri-
ton X-100 and blocked with 10% donkey serum (v/v) in PBS for 40 min.
Then, cells were labelled with antibodies recognizing MBP (Abcam, ab7349;
1:200) or PLP1 (1:1,000, clone AA3, generously provided by B. Trapp, Cleve-
land Clinic) for 16 h at 4°C followed by detection with Alexa Fluor conju-
gated secondary antibodies (1:500) for 45 min. Nuclei were visualized by
DAPI staining (Sigma; 1ug/ml). During washing steps, PBS was added us-
ing a multi-channel pipet and aspiration was performed using Biotek EL406

washer dispenser (Biotek) equipped with a 96-well aspiration manifold.

High-content imaging and analysis Plates were imaged on the Op-
eretta High Content Imaging and Analysis system (PerkinElmer) and a set
of 6 fields captured from each well resulting in an average of 1,200 cells
being scored per well. Analysis (PerkinElmer Harmony and Columbus soft-
ware) began by identifying intact nuclei stained by DAPI; that is, those traced
nuclei that were larger than 300:m2 in surface area. Each traced nucleus
region was then expanded by 50% and cross-referenced with the mature
MBP stain to identify oligodendrocyte nuclei, and from this the percentage of
oligodendrocytes was calculated. In some experiments, PLP1 staining was

performed instead of MBP, or the total process length of MBP+ oligodendro-
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cytes was calculated as previously described4.

OPCs differentiation and sterol profiling after cyclodextrin treatment
EpiSCs derived OPCs harvested from culture flasks were resuspended in 10
ml of differentiation medium to a final cell density of 500,000 cells/ml. To this,
cell-culture grade water or methyl-3-cyclodextrin (1 mM) was added and in-
cubated at 37 °C. After 30 min the cells were washed twice with differentiation
medium (5 ml), and split into two portions for differentiation and sterol profil-
ing. The 1,000,000 cells per condition were directly processed as described
in GC—MS-based sterol profiling to measure the endogenous sterol levels.
For differentiation, the cells were resuspended in differentiation medium to a
final cell density of 800,000 cells/ml and plated in a PDL/laminin coated 96-
well CellCarrierUltra plate. After 72 h, the cells were fixed, stained, imaged

and quantified as described above.

High-throughput screening of 3,000 bioactive small molecules EpiSC-
derived OPCs were grown and expanded in poly-ornithine and laminin-coated
flasks before harvesting for plating. Cells were dispensed in differentia-
tion medium supplemented with Noggin (R&D Systems; 100 ng/ml), Neu-
rotrophin 3 (R&D Systems; 10 ng/ml), cAMP (Sigma; 50uM), and IGF-1
(R&D Systems; 100 ng/ml)) using a Biotek EL406 Microplate Washer Dis-
penser (Biotek) equipped with 5ul dispense cassette (Biotek), into poly-D-
lysine/laminin (Sigma, L2020; 4ug/ml)-coated sterile, 384-well, CellCarrier

ultra plates (PerkinElmer), to a final density of 12,500 cells per well and al-
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lowed to attach for 45 min before addition of drug. A 3 mM stock of bioactive
compound library in dimethylsulphoxide (DMSO) were prepared in an Ab-
gene storage 384-well plate (ThermoFisher Scientific; AB1055). These were
added to assay plates using a 50 nl solid pin tool attached to a Janus auto-
mated workstation (Perkin Elmer), resulting in a final screening concentration
of 2uM. Cells were incubated at 37°C for 1 h and then T3 (Sigma; 40 ng/ml)
was added to all wells except negative controls, to which FGF (20 ng/ml)
was added instead. Negative controls and T3-alone were included in each
assay plate. After incubation at 37°C for 72 h, cells were fixed, washed and
stained similarly to the 96-well OPC assay protocol, although all the washing
steps were performed using a Biotek EL406 Microplate Washer Dispenser
(Biotek) equipped with a 96-well aspiration manifold. Cells were stained with
DAPI (Sigma; 1ug/ml) and MBP antibody (Abcam, ab7349; 1:100). Plates
were imaged on the Operetta High Content Imaging and Analysis system
(PerkinElmer) and a set of 4 fields captured from each well resulting in an av-
erage of 700 cells being scored per well. Analysis was performed as in High-
Content Imaging and Analysis, above. All plates for the primary screen were
processed and analysed simultaneously to minimize variability. Molecules
causing more than 20% reduction in nuclear count relative to DMSO control
wells were removed from consideration, and hits were called on the basis
of largest fold-increase in percentage of MBP+ oligodendrocytes relative to

DMSO controls within the same plate. When selecting the leading hits for
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further experiments, molecules obtained in previous screens were omitted,

including imidazole antifungals and clemastine.

GC-MS-based sterol profiling EpiSC-derived OPCs were plated at 0.5
million cells per ml in PDL- and laminin-coated six or twelve well plate with
differentiation media. After 24 h, cells were dissociated with Accutase, rinsed
with saline, and cell pellets were frozen. For sterol analyses, cells were
lysed in methanol (Sigma-Aldrich) with agitation for 30 min and cell de-
bris removed by centrifugation at 10,000 rpm for 15 min. Cholesterol-d7
standard (25,26,26,26,27,27,27-2H7-cholesterol, Cambridge Isotope Labo-
ratories) was added before drying under nitrogen stream and derivatization
with 55ul1 of bis(trimethylsilyl)trifluoroacetamide/trimethylchlorosilane to form
trimethylsilyl derivatives. Following derivatization at 60°C for 20 min, 1ul
was analysed by GC-MS using an Agilent 5973 Network Mass Selective
Detector equipped with a 6890 gas chromatograph system and a HP-5MS
capillary column (60 m x 0.25 mm x 0.25um). Samples were injected
in splittess mode and analysed using electron impact ionization. lon frag-
ment peaks were integrated to calculate sterol abundance, and quantita-
tion was relative to cholesterol-d7. The following m/z ion fragments were
used to quantitate each metabolite: cholesterol-d7 (465), FF-Mas (482),
cholesterol (368), zymostenol (458), zymosterol (456), desmosterol (456,
343), 7-dehydrocholesterol (456, 325), lanosterol (393), lathosterol (458),

14-dehydrozymostenol (456). Calibration curves were generated by injecting
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varying concentrations of sterol standards and maintaining a fixed amount
of cholesterol-d7. The human glioma cell line GBM528 was a gift of Jeremy
Rich (Cleveland Clinic). These cells were validated as unique by STR profil-
ing. (113)

LC-MS-based sterol profiling Sterols were extracted after treatment
of OPC-5 OPCs with ketoconazole as described in GC—MS-based sterol
profiling above. Picolinate derivatization, chromatographic separation, and
mass spectrometric detection were performed as reported previously(70).
Peaks from selective reaction monitoring were integrated to calculate sterol

abundance, and quantitation was relative to cholesterol-d7.

Human cortical spheroids Human cortical spheroids were generated
as described previously with modifications to enable the inclusion and dif-
ferentiation of OPCs27. In brief, spheroids were treated with miconazole
or ifenprodil (2uM) from days 62-72 and assayed on day 93 for MyRF+
oligodendrocytes (rabbit anti-MyRF antibody was generously provided by M.
Wegner and used at 1:1,000).

CYP51 enzymatic assay CYP51 enzymatic activity was measured using
a reported method with slight modifications(154): rat CYP51 (Cypex, Inc.)
was used as enzyme; reaction volume was 500ul; reaction time was 30
min; lanosterol concentration was 501:M; and reactions were quenched with
5004l isopropanol. Finally, 15ul of each reaction/isopropanol mixture was

injected onto a SCIEX Triple Quad 6500 LC-MS/MS system using an APCI
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ion source in positive ion mode with a Shimadzu UFLC-20AD HPLC and a

Phenomenex Kinetix C18XB 50 x 2.1 x 2.6 column at 40°C.

EBP enzymatic assay EBP enzymatic activity was measured using a
reported method with slight modifications22: active EBP was obtained from
mouse microsomes, inhibitors were added, zymostenol was added at a final
concentration of 25 ©M in a final reaction volume of 5001, and the reaction
incubated at 37°C for 2 h. Sterols were extracted using 3 x 1 ml hexanes,
cholesterol-d7 was added to enable quantitation, and the pooled organics
were dried (Na2S0O4) and evaporated under nitrogen gas. Samples were

then silylated and analysed using GC/MS as described above.

siRNA treatments Cell-permeable siRNAs were obtained as pools of 4
individual siRNAs targeting mouse CYP51, or a non-targeting control (Accell
siRNAs, Dharmacon. Pooled CYP51 siRNA sequence: GUCUGUUUUGA-
GAUUAGU; CGACUAUGCUUCGUUUAUA; CGCUGCUCUUCAAUAGUAA;
CUAUUAAGUUAUUGUGAAC. Non-targeting control siRNA: UGGUUUACAU-
GUCGACUAA). For differentiation analysis, cells were plated in a 96-well
plate (as detailed above) and treated with 1M pooled siRNA suspended in
RNase free water diluted in differentiation media (as detailed above). For
sterol analysis cells were plated in a six-well plate at 300,000 cells per well
in standard differentiation media supplemented with PDGF (R&D Systems,
20 ng/ml), neurotrophin 3 (R&D Systems; 10 ng/ml), cAMP (Sigma; 50.M),

IGF-1 (R&D Systems; 100 ng/ml), noggin (R&D Systems; 100 ng/ml). At 24
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h, 1M siRNA was added to the media. Cells were grown for three more days
in siRNA containing media, with growth factor supplementation every 48h,

before harvesting and processing for GC—MS analysis as detailed above.

CRISPR-Cas9-mediated targeting of EBP Guide RNA sequences were
obtained using the Broad Brie library and manufactured by IDT. Nucleotide
sequences (sgRNA sequence: GAAACGCAATCACTACCCAT (sgEBP); GG-
GGCCTAATTGTGATCACG (sgEBP2)) were prepared and inserted into the
LentiCRISPRv2 plasmid (Addgene, 52961) using the instructions from Geck-
oLibrary preparation: in brief, Fastdigest BsbomB1 (fermentas) was used for
plasmid digestion, T4 PNK (NEB M0201S) for nucleotide annealing, and
Quick Ligase (NEB M2200S) for sgRNA insertion. Insertion was confirmed
by Sanger sequencing. Hek293T cells were transfected using Lenti-x shots
as per the manufacturer’'s protocol (Clontech). After 24 h the media was
changed to OPC media for collection of virus. 48 h later the media was
collected, supplemented with FGF, PDGF, and protamine sulfate (Sigma, 8
ng/ml), and used to transduce OPCs. 24 h later the media was changed
to non-virus containing media for 48 h. Cells underwent two 48 h stretches
of puromycin selection (Invitrogen). After 24 h of recovery in non-selection
media, cells were plated for differentiation, GC-MS, and qPCR as described

above.

Focal demyelination, drug treatment and histological analysis Fo-

cal demyelination in the dorsal column of the spinal cord was induced by
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the injection of 1% LPC solution. 12 week old C57BL/6 female mice were
anaesthetized using isoflurane and T10 laminectomies were performed. 1
ul of 1% LPC was infused into the dorsal column at a rate of 15ul/h. At day
4, animals were randomized into treatment groups before treatment (2 ani-
mals were excluded due to surgical complications). Between days 4 and 11
post-laminectomy, animals received daily injections of either vehicle or drug
intraperitoneally. Drugs were dissolved in DMSO or corn oil and then diluted
with sterile saline for injections such that final doses were 2 mg/kg for ta-
moxifen and 10 mg/kg for ifenprodil. This experiment was done in a blinded
manner: compounds were coded to ensure the researchers performing the
experiments were unaware of the treatment being administered to each an-
imal. All animals were euthanized 12 days post-laminectomy (n=4—6 per
group). Mice were anaesthetized using ketamine/xylazine rodent cocktail
and then euthanized by transcardial perfusion with 4% PFA, 2% glutaralde-
hyde, and 0.1 M sodium cacodylate. Samples were osmicated, stained en
bloc with uranyl acetate and embedded in EMbed 812, an Epon-812 sub-
stitute (EMS). 1um sections were cut and stained with toluidine blue and
visualized on a light microscope (Leica DM5500B). The number of myeli-
nated axons per unit area was counted from sections obtained from the
middle of each lesion and then averaged over each treatment group. All
sections within the lesion area were scored (vehicle, 10 sections; tamoxifen,

11 sections; ifenprodil, 28 sections). A Mann—Whitney statistical analysis
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was performed to assess statistical significance.

Analysis of mouse brain sterol levels Ten to twelve week old male
C57BL/6 mice were injected with 2mg/kg tamoxifen, 10 mg/kg ifenprodil, or
10 mg/kg miconazole dissolved in corn oil (tamoxifen) or DMSO (ifenprodil,
miconazole) in sterile saline daily for three days. Mice were anaesthetized
with isoflurane and perfused with phosphate buffered saline to remove blood
from the brain. Brains were collected and flash frozen using liquid nitro-
gen. The samples were pulverized and 50-100 mg of tissue were collected
for further processing. A modified Folch protocol was used for extraction of
sterols(49). Briefly, samples were resuspended in a 2:1 chloroform/methanol
mixture and homogenized. Cell debris was removed by centrifugation at
4,000g for 10 min. The solution was dried under air and resuspended in
hexane with a cholesterol-d7 standard and dried again. Lipids were deriva-
tized with 70ul of bis(trimethylsilyl)trifluoroacetamide; 2.l were injected and

analysed by GC-MS as described above.

Oestrogen-dependent cell proliferation assay Oestrogen-dependent
cell proliferation was measured as previously described with minor modifi-
cations. (132) After growth in oestrogen-free media (Phenol red-free RPMI
supplemented with 10% charcoal stripped fetal bovine serum) for 5 days,
cells were seeded at 2,500 cells/well into 96 well plates. The following day
3x drug containing media was added to triplicate wells and cells were al-

lowed to grow for an additional 5 days at 37°C in a standard 5% CO2 humid-
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ified incubator. Total DNA per well was measured using an adaptation of the
method of Labarca and Paigen(84). At this time media was removed, cells
were washed one time with 0.25x PBS and 100ul of distilled water was
added. Plates were frozen and thawed to enhance cell lysis and 200u! of
10pg/ml Hoechst 33258 (Sigma-Aldrich, St. Louis, MO.) in 2 M NaCl, 1 mM
EDTA, 10 mM Tris-HCI pH 7.4 was added. After incubation at room temper-
ature for 2 h, plates were read in a SpectraMax i3 fluorescent plate reader
(Molecular Devices, Sunnyvale, CA) with excitation at 360 nm and emission
at 460 nm. All values were converted to microgram DNA per well using a
standard curve derived from purified salmon testes DNA. T47D cells were
provided by the Translational Research Shared Resource of the Case Com-
prehensive Cancer Center and used without further authentication beyond

the observed oestrogen-dependent cell proliferation.

Oligodendrocyte formation and imaging on electrospun microfibres
A 12-well plate containing Mimetex aligned scaffold (microfibre plate, AMS-
BIO, AMS.TECL-006-1X, Electrospun poly-L-lactide Scaffold, 2u:M fibre di-
ameter cell crown inserts) was prepared as previously described24. In brief,
fibre inserts were sterilized with 70% ethanol and washed with PBS before
being coated with polyornithine and laminin. After laminin coating, 100,000
cells/ml of EpiSC-derived OPCs (1.5 ml/well) were plated in differentiation
medium. After 24 h the media was replaced with fresh media containing

small-molecule treatments. Every 48 h the media was replaced with fresh
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compound containing media for a total of 14 days. Plates were fixed with 4%
PFA, permeabilized with 0.1% Triton X-100, and blocked with 10% donkey
serum (v/v) in PBS for 60 min. Plates were stained for MBP (Abcam, ab7349;
1:100) and DAPI staining (Sigma; 5 ug/ml). After staining, the inserts were
moved into new 12-well plate and covered with 2 ml of PBS before imaging in
Operetta high content Imaging and analysis system. Plates were imaged on
the Operetta High Content Imaging and Analysis system (PerkinElmer) and a
set of 8 fields captured from each well resulting in an average of 45,000 cells
being scored per well. Analysis (PerkinElmer Harmony and Columbus soft-
ware) identified intact nuclei stained by DAPI and calculated the MBP signal
intensity per cell per well. Microfibre insert tracking images were taken us-
ing a Leica DMi8 with a 20x dry/NA 0.40 objective. Microfibre plate inserts
were mounted using Flouromount-G (SouthernBiotech) and allowed to par-
tially harden before coverslips were added and the insert ring was removed.
Confocal images were obtained on a Leica SP8 confocal scanning micro-
scope, with 40 x oil/NA 1.30 objective. Confocal stacks of 0.336 m z-steps
were taken at 1,024 x 1,024. Each fluorophore was excited sequentially
and all contrast and brightness changes were applied consistently between

images.

A separate analysis approach was performed on an independent exper-
iment performed as above except the small-molecule treatment was limited

to the first 4 days of the 14 day culture period. After staining, the fibre in-
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serts were mounted on a glass slide (Fisherbrand Superfrost Plus Micro-
scope Slides) using Fluormount-G (Southern Biotech) with a cover glass
(Fisherbrand Microscope Cover Glass) and dried at RT in dark for 36 h. The
mounted inserts were imaged on the Operetta High Content Imaging and
Analysis system (PerkinElmer) and a set of 22 fields captured from each
condition resulting in an average of 2,000 cells being scored per well. The
total microfibre area was calculated using bright filed imaging and a spot-
finding function (area larger than 2 pixels2). The MBP+ pixel area within
the defined microfibre area was then defined and the percentage of the total

microfibre area calculated.

CYP51 qPCR Cells were plated at 500,000 cells per well in a six-well
plate and were grown in standard differentiation media supplemented with
PDGF, neurotrophin 3, cAMP, IGF-1, and noggin for four days as described
above. At 24 h, cells were treated with 1M siRNA. Growth factors were
added every 48 h. After three days of siRNA treatment, RNA was iso-
lated with the RNeasy Mini Kit (Qiagen), and cDNA was made using High-
Capacity RNA-to-cDNA Kit (Applied Biosystems). Exon spanning primers for
ActinB (Thermo-Fisher, Tagman, Mm02619580_g1) and CYP51 (Thermo-
Fisher, Tagman, Mm00490968_m1) were used for detection of relative RNA
levels by quantitative real time PCR (Applied Biosystems, 7300 Realtime
PCR system). Cycle time and outliers were calculated using Applied Biosys-

tems’ 7300 System Sequence Detection Software version 1.4.
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EBP gqPCR OPCs were accutased, 1 million cells per cell line were spun
down and RNA was isolated with the RNeasy Mini Kit (Qiagen). DNA was re-
moved using DNAse (Invitrogen), and cDNA was made using High-Capacity
RNA-to-cDNA Kit (Applied Biosystems). Primers for exon 5 of EBP (forward
primer: TGTGCGAGGAGGAAGAAGAT, reverse primer: GATAGGCCACCC-
CGTTTATT) and GAPDH (forward primer: AGGTCGGTGTGAACGGATTTG;
reverse primer: GGGGTCGTTGATGGCAACA) were manufactured by IDT
and gene expression was assessed using Power SYBR Green Master Mix
(Applied Biosystems) were used for detection of relative RNA levels by quan-
titative real time PCR (Quantstudio 7 flex system). Cycle time and outliers

were calculated using QuantStudio Software V1.3.

Muscarinic receptor antagonism assay GeneBLAzer M1-NFAT-bla CHO-
K1 cells (or M3- or M5-NFAT-bla CHO-K1 cells) (ThermoFisher) were thawed
into Assay Media (DMEM, 10% dialysed FBS, 25 mM HEPES pH 7.3, 0.1
mM NEAA). 10,000 cells/well were added to a 384-well TC treated assay
plate and incubated 16—24 h at 37°C. 4ul of a 10x stock of antimuscarinic
molecules was added to the plate and incubated 30 min. 4.l of 10x control
agonist Carbachol at the pre-determined EC80 concentration was added to
wells containing antimuscarinic molecules. The plate was incubated 5 h and
8ul of 1M substrate + solution D loading solution was added to each well
and the plate was incubated 2 h at room temperature before reading on a

fluorescence plate reader. This cell line was validated in each run on the
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basis of z/ > 0.5 for carbachol versus control treatment.

SREBP qPCR Cells were plated at 1 million cells per well in a six-
well plate and were grown in standard differentiation media supplemented
with with DMSO, mevastatin (2.5¢M), Ro 48-8071 (500 nM), ketoconazole
(2.5uM), TASIN-1 (100 nM), or amorolfine (100 nM). At 24 h, RNA was iso-
lated with the RNeasy Mini Kit (Qiagen), and cDNA was made using High-
Capacity RNA-to-cDNA Kit (Applied Biosystems). Exon spanning primers
ActinB (Thermo-Fisher, Tagman, Mm02619580_ g1), LSS (Thermo-Fisher,
Tagman, Mm00461312_m1), LDLR (Thermo-Fisher, Tagman, Mm01177349_
m1), and DHCR7 (Thermo-Fisher, Tagman, Mm00514571_ m1) were used
for detection of relative RNA levels by quantitative real time PCR (Applied
Biosystems, 7300 Realtime PCR system). Cycle time and outliers were cal-
culated using Applied Biosystems 7300 System Sequence Detection Soft-

ware version 1.4.

NR2C2 and NR2F1 luciferase assays Forty-eight hours before trans-
fection, 100,000 Hek293T cells were plated per well in a 24 well plate.
HEK293T cells were chosen because they were used previously in this as-
say and not validated further(15). NR2C2 (Origene, MR221079) or NR2F1
(gift from C. Schaaf) and NGFI promoter reporter plasmid (gift from C. Schaaf)
were transfected using Lipofectamine 2000 (Thermo-Fisher, 11668027) as
per the manufacturer’s protocol. After 16 h, Hek293 cells were treated with

the compounds (2,2-dimethyl-zymosterol 54M, FF-MAS 10uM, ketocona-
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zole 2.5,M, TASIN-1 100 nM, mevastatin 2.5uM, liothyronine 3uM, and all-
trans retinoic acid 5uM). 32 h later cells were lysed using a firefly luciferase
assay system (Promega, E1500) and readout using Synergy Neo2 High Per-

formance plate reader.

Nuclear receptor profiling Luciferase reporter assays performed by In-
digo Biosciences were used to assess interaction of 2,2-dimethylzymosterol
(5uM), ketoconazole (2.51:M), and TASIN-1 (250 nM) with human ER«, GR,
LXRS3, NFxB, NRF2, PGR, PPAR«, PPAR~, RAR«a, RAR~, RXRa, RXRg3,
TR, TR and VDR in agonist mode and ERRa, ROR« and ROR+ in inverse-
agonist mode. The reporter for these assays is firefly luciferase linked with
either the genetic response elements (GRE) or the Gal4 upstream activa-
tion sequence (UAS). These cells also express either the native receptor or
a receptor in which the native N-terminal DNA binding domain (DBD) has
been replaced with that of the yeast Gal4 DBD. The specifics of each as-
say are shown in the table below. In brief, a suspension of reporter cells
was prepared in cell recovery medium (CRM; containing 5% (ROR~) or 10%
charcoal stripped FBS for others). 100ul of the reporter cell suspension was
dispensed into wells of a white 96-well assay plate. Test compound, ref-
erence compounds, and the respective vehicle were diluted into INDIGO’s
compound screening medium (CSM; containing 5% (ROR~) or 10% char-
coal stripped FBS for others). 100ul of each treatment medium was dis-

pensed into duplicate assay wells pre-dispensed with reporter cells. Assay
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plates were incubated at 37°C for 24 h. Following the incubation period, for
agonist and inverse-agonist assays, treatment media were discarded and
100ul/well of luciferase detection reagent was added. RLUs were quantified
from each assay well to determine agonist or inverse-agonist activity using
the following assay designs:

ERa (NR3A1); native receptor; ER GRE-luciferase

ERRa (NR3B1); Gal4 DBD hybrid receptor; Gal4 UAS-luciferase

GR (NR3C1); native receptor; GR GRE-luciferase

LXRgS (NR1H2); Gal4 DBD hybrid receptor; Gal4 UAS-luciferase

PGR (NR3C3); native receptor; PGR GRE-luciferase

PPARJ (NR1C2); Gal4 DBD hybrid receptor; Gal4 UAS-luciferase

PPAR~ (NR1C3); Gal4 DBD hybrid receptor; Gal4 UAS-luciferase

RAR«a (NR1B1); Gal4 DBD hybrid receptor; Gal4 UAS-luciferase

RAR~ (NR1B3); Gal4 DBD hybrid receptor; Gal4 UAS-luciferase

ROR« (NR1F1); Gal4 DBD hybrid receptor; Gal4 UAS-luciferase

ROR~ (NR1F3); Gal4 DBD hybrid receptor; Gal4 UAS-luciferase

RXRa (NR2B1); Gal4 DBD hybrid receptor; Gal4 UAS-luciferase

RXRA (NR2B2); Gal4 DBD hybrid receptor; Gal4 UAS-luciferase

TRa (NR1A1); Gal4 DBD hybrid receptor; Gal4 UAS-luciferase

TR (NR1A2); Gal4 DBD hybrid receptor; Gal4 UAS-luciferase

VDR (NR1I1); Gal4 DBD hybrid receptor; Gal4 UAS-luciferase

NF-xB; native NF-xB; NF-xB GRE-luciferase
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NRF2; native receptor; ARE-luciferase

2.5 Supplement
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Figure 2.5: Extended Data Fig. 1 | Expanded cholesterol synthesis path-
way diagram - Caption on next page

64



Extended Data Fig. 1 | Expanded cholesterol synthesis pathway diagram The
cascade cyclization of squalene epoxide, catalysed by lanosterol synthase (LSS), provides
the first sterol, lanosterol. Processing of lanosterol to cholesterol can proceed via the Kan-
dutsch—Russell and/or Bloch pathways, which use the same enzymes and process sub-
strates that vary only in the presence or absence of the C24 double bond. Intermediates in
blue have been confirmed in our GC—-MS-based sterol profiling assay using authentic stan-
dards. Sterol 14-reductase activity in mouse is shared by two genes, TM7SF2 and LBR.
Consistent with past reports21, inhibition of sterol 14-reductase activity can lead to accu-
mulation of the expected upstream intermediate (FF-MAS) or 14-dehydrozymostenol, also
known as cholesta-8,14-dien-3-/3-ol. Green indicates enzyme targets and small molecules
whose inhibition promotes oligodendrocyte formation.
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Extended Data Fig. 2 | CYP51 is the functional target by which imidazole anti-
fungals enhance oligodendrocyte formation. a, Azole molecules with varying degrees
of potency for mammalian CYP51 inhibition. Throughout, green labels indicate molecules
considered active, while red labels indicate inactive molecules. b, Percentage of MBP+
oligodendrocytes generated from a second, independent derivation of OPCs (OPC-1) at 72
h following treatment with the indicated concentrations of azoles. n = 4 wells per condition
except DMSO (n = 24), with >1,000 cells analysed per well. ¢, GC—MS-based quantifica-
tion of lanosterol levels in a second derivation of OPCs (OPC-1) treated for 24 h with the
indicated azoles at 2.5 M. n = 2 wells per condition. d, e, GC-MS-based quantification of
cholesterol levels in OPCs (OPC-5 and OPC-1) treated for 24 h with the indicated azoles
at 2.5 uM. n = 2 wells per condition. f, g, GC-MS-based quantification of lanosterol levels
in OPCs (OPC-5, OPC-1) treated for 24 h with the indicated doses of ketoconazole. n = 2
wells per condition. Concentrations shown in f and g mirror those shown in b and Fig. 1c. h,
Percentage of MBP+ oligodendrocytes generated from mouse primary OPCs at 72 h follow-
ing treatment with the indicated imidazole antifungals at 3 M. n = 4 wells per condition, with
>1,000 cells analysed per well. i, GC—MS-based uantification of lanosterol levels in mouse
primary OPCs treated for 24 h with the indicated imidazole antifungals at 3 uM. n = 2 wells
per condition. j, Assessment of oligodendrocyte formation using an alternative image quan-
tification metric, fold increase in total neurite length. Re-analysis of data shown in Fig. 1c.
n = 4 wells per condition except DMSO (n = 24), with >1,000 cells analysed per well. k,
Percentage of oligodendrocytes generated from OPCs at 72 h following treatment with ke-
toconazole (2.5 M) as measured by PLP1 immunostaining. Left, OPC-5; right, OPC-1. n =
8 wells per condition, with >1,000 cells analysed per well. |, LC-MS-based quantification of
lanosterol levels in OPC-5 cells treated for 24 h with ketoconazole at 2.5 uM. n = 2 wells per
condition. m, CYP51 mRNA levels measured by RT-gPCR following 96-h treatment with
non-targeting or CYP51-targeting pools of cell-permeable siRNAs. n = 2 wells per condi-
tion. n, GC-MS-based quantification of lanosterol levels in OPC-1 cells treated for 96 h with
the indicated pooled siRNA reagents. n = 2 wells per condition. o, Percentage of MBP+
oligodendrocytes generated from a second, independent batch of OPCs (OPC-1) at 72 h
following treatment with the indicated reagents. n = 3 wells per condition, with >1,000 cells
analysed per well. p, Percentage of MBP+ oligodendrocytes generated from an indepen-
dent derivation of OPCs at 72 h following treatment with exogenous lanosterol. n = 4 wells
per condition except DMSO and ketoconazole (n = 8), with >1,000 cells analysed per well.
g, Representative images of OPC-5 cells treated for 72 h with the indicated siRNA reagents
and lanosterol. Nuclei are labelled with DAPI (blue), and oligodendrocytes are indicated by
immunostaining for MBP (green). Scale bar, 100 zm. All bar graphs indicate mean + s.d.;
b, d, h, i, k, I, 0 and p are representative of two independent experiments, and all findings
have been confirmed in a second independent derivation of OPCs (Fig. 1).
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Figure 2.7: Extended Data Fig. 3 | Effect of small-molecule inhibition of
the cholesterol biosynthesis pathway on enhancing oligodendrocyte for-
mation. - Caption on next page
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Extended Data Fig. 3 | Effect of small-molecule inhibition of the cholesterol
biosynthesis pathway on enhancing oligodendrocyte formation. a, GC-MS-based
quantification of sterol levels in OPCs (OPC-5) treated for 24 h with the indicated inhibitors of
cholesterol biosynthesis. Left, cholesterol; right, desmosterol. n = 2 wells per condition. In-
hibitors were used at the following doses unless otherwise noted: mevastatin, ketoconazole,
MGI-39, 2.5 uM; YM53601, 2 uM; Ro 48-8071, amorolfine, TASIN-1, 100 nM; AY9944, 200
nM. b, GC-MS-based quantification of sterol levels in a second derivation of OPCs (OPC-1).
Left, cholesterol; right, desmosterol. n = 2 wells per condition. ¢, GC—MS-based quantifi-
cation of the sterol intermediates expected to accumulate following treatment of OPCs with
the indicated inhibitors of cholesterol biosynthesis for 24 h. n = 2 wells per condition. d,
GC-MS-based quantification of the sterol intermediates expected to accumulate following
treatment of a second derivation of OPCs (OPC-1) with the indicated inhibitors of choles-
terol biosynthesis for 24 h. n = 2 wells per condition. In ¢ and d, no accumulation of other
sterol intermediates indicative of off-target effects within the cholesterol pathway were ob-
served (see Source Data). e, Representative images of OPC-5 cells treated for 72 h with
the indicated small molecules. All treatments are at the highest concentration shown in Fig.
2b. Scale bar, 100 um. f, Percentage of MBP+ oligodendrocytes generated from a second
batch of OPCs (OPC-1) at 72 h following treatment with the indicated cholesterol pathway
inhibitors. n = 4 wells per condition, except DMSO, n = 24, with >1,000 cells analysed per
well. g, Percentage of MBP+ oligodendrocytes generated from mouse primary OPCs at 72
h following treatment with the indicated cholesterol pathway inhibitors at 300 nM. n = 4 wells
per condition, except DMSO, n = 8, with >1,000 cells analysed per well. h, GC-MS-based
quantification of sterol intermediate levels in mouse primary OPCs treated for 24 h with the
indicated inhibitors of cholesterol biosynthesis at 300 nM. Left, 14-dehydrozymostenol levels
following treatment with amorolfine; right, zymostenol levels following treatment with TASIN-
1. n = 2 wells per condition. i, j, GC—-MS-based quantification of sterol intermediate levels in
OPC-5 (i) and OPC-1 (j) cells treated for 24 h with the indicated doses of inhibitors of choles-
terol biosynthesis. Left, 14-dehydrozymostenol levels following treatment with amorolfine;
right, zymostenol levels following treatment with TASIN-1. n = 2 wells per condition. Con-
centrations shown in i mirror those shown in f. All bar graphs indicate mean + s.d., and a,
¢, e—h are representative of two independent experiments. © 2018
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Figure 2.8: Extended Data Fig. 4 | Effect of independent chemical-genetic
and genetic modulators of CYP51, sterol 14 reductase and EBP on oligo-
dendrocyte formation and cholesterol biosynthesis. - Caption on next page
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Extended Data Fig. 4 | Effect of independent chemical-genetic and genetic mod-
ulators of CYP51, sterol 14 reductase and EBP on oligodendrocyte formation and
cholesterol biosynthesis. a, d, g, Percentage of MBP+ oligodendrocytes generated from
two independent derivation of OPCs at 72 h following treatment with the indicated concen-
trations of medroxyprogesterone acetate (a), 2-methyl ketoconazole (d) or TASIN-449 (g). n
= 4 wells per condition, except DMSO, n = 12 in a, d. In g, for OPC-5, n = 4 except DMSOQ,
n = 7; for OPC-1, n = 3 except DMSO, n = 6. b, e, h, GC—MS-based quantification of sterol
levels in two independent derivations of OPCs treated for 24 h with medroxyprogesterone
acetate at 10 uM (b), 2-methyl ketoconazole at 2.5 M (e) and TASIN-449 at the indicated
concentrations (h). n = 2 wells per condition. ¢, f, Rat CYP51 enzymatic activity following
treatment with varying concentrations of medroxyprogesterone acetate (c) and 2-methyl ke-
toconazole (f) as measured by LC—-MS-based quantification of the CYP51 product FF-MAS.
n = 2 independent enzymatic assays. i, Percentage of MBP+ oligodendrocytes generated
from OPCs (OPC- 5) infected with lentivirus expressing Cas9 and an independent guide
RNA targeting EBP (see also Fig. 2c). Eight wells per condition, with >1,000 cells analysed
per well. Two-tailed Student’s t-test, *P = 0.0009. j, Functional validation of CRISPR-based
targeting of EBP with a second sgRNA using GC-MS-based quantification of zymostenol
levels. n = 2 wells per condition. k, EBP mRNA levels measured by RT-gPCR in OPCs
(OPC-5) infected with lentivirus expressing Cas9 and either of two guide RNAs targeting
EBP. One well per condition, with results validated in an independent experiment. |, Rep-
resentative images of the oligodendrocyte formation assay shown in Fig. 2c. Nuclei are
labelled with DAPI (blue), and oligodendrocytes are indicated by immunostaining for MBP
(green). Scale bar, 100 um. All bar graphs indicate mean + s.d., and a, d, g, i, k are
representative of two independent experiments.
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Figure 2.9: Extended Data Fig. 5 | Effect of 8,9-unsaturated sterols on
oligodendrocyte formation.
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Extended Data Fig. 5 | Effect of 8,9-unsaturated sterols on oligodendrocyte for-
mation. a, Percentage of MBP+ oligodendrocytes generated from OPCs (OPC-5) at 72 h
following treatment with methyl 3-cyclodextrin (1 mM) for 30 min at 37 °C. n = 8 wells per
condition, with >1,000 cells analysed per well. b, GC-MS-based quantification of choles-
terol (left) and desmosterol (right) in OPCs (OPC-5) treated with methyl 3-cyclodextrin (Me-
[£-CD) at 1 mM or ketoconazole at 2.5 uM. n = 2 wells per condition. ¢, d, Percentage of
MBP+ oligodendrocytes generated from OPC-1 (c) and OPC-5 cells (d) at 72 h following
treatment with the indicated purified sterol intermediates. n = 4 wells per condition, except
n = 8 for DMSO and ketoconazole, with >1,000 cells analysed per well. Green text high-
lights metabolites that accumulate after treatments that enhance oligodendrocyte formation
(Fig. 2e, Extended Data Fig. 3c). e, Percentage of MBP+ oligodendrocytes generated from
OPC-1 cells at 72 h following treatment with MAS-412 and MAS-414. n = 4 wells per condi-
tion, with >1,000 cells analysed per well. f, Representative images of OPC5 cells treated for
72 h with DMSO, MAS-412, or MAS-414 (3 pM). Nuclei are labelled with DAPI (blue), and
oligodendrocytes are indicated by immunostaining for MBP (green). Scale bar, 100 um.
g, Percentage of MBP+ oligodendrocytes generated from OPC-1 at 72 h following treat-
ment with 2,2-dimethyl-zymosterol. n = 4 wells per condition except DMSO (n = 12), with
>1,000 cells analysed per well. h, Representative images of OPC-5 cells treated for 72 h
with vehicle and 2,2-dimethyl-zymosterol (2.5 uM). Nuclei are labelled with DAPI (blue), and
oligodendrocytes are indicated by immunostaining for MBP (green). Scale bar, 100 pm. i,
Percentage of MBP+ oligodendrocytes generated from OPC-5 (left) and OPC-1 (right) cells
at 72 h following treatment with FF-MAS or T-MAS. n = 4 wells per condition except DMSO
and ketoconazole (n = 8), with >1,000 cells analysed per well. j, Percentage of MBP+ oligo-
dendrocytes generated from OPC-5 and OPC-1 OPCs at 72 h following treatment with the
indicated concentrations of cholesterol. n = 8 wells per condition, with >1,000 cells analysed
per well. k, I, Percentage of MBP+ oligodendrocytes generated from OPC-5 and OPC-1
cells at 72 h following treatment with the indicated concentrations of sterols that are struc-
turally identical aside from the presence or absence of the 8,9 double bond (structures in o).
n > 3 wells per condition (see dot plots as replicate values vary by condition), with >1,000
cells analysed per well. m, Percentage of MBP+ oligodendrocytes generated from OPCs
(OPC-5) at 72 h following treatment with the indicated small molecules or combinations of
small molecules (ketoconazole, 2.5 uM; Ro 48-8071, 11 nM; liothyronine, 3 uM). n = 3 wells
per condition, except DMSO n = 11, ketoconazole n = 13, liothyronine n = 8 & liothyronine
+ Ro 48-8071 n = 4, with >1,000 cells analysed per well. n, GC—-MS-based quantification
of lanosterol levels in OPCs (OPC-5) treated for 24 h with the indicated small molecules or
combinations of small molecules at concentrations stated in m. n = 2 wells per condition. o,
Structures of zymostenol, 8,9-dehydrocholesterol, 5a-cholestanol, and cholesterol. p, Total
cell number as measured by counting of DAPI+ nuclei in the experiment presented in m. q,
r, Percentage of MBP+ oligodendrocytes generated from OPCs (OPC5 and OPC-1) at 72 h
following treatment with the indicated small molecules or combinations of small molecules
in two independent batches of OPCs (ketoconazole, 2.5 uM; MAS412, 5 uM). Inq, n =16
for DMSO, 8 for ketoconazole, and 4 for remaining bars. Inr, n = 8 wells per condition. s,
Luciferase reporter assays were used to assess whether 2,2-dimethylzymosterol (5 uM),
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ketoconazole (2.5 M), and TASIN-1 (250 nM) modulate human ER«, GR, LXR3, NFkB,
NRF2, PGR, PPARJ, PPAR~, RAR«a, RAR~v, RXRa, RXRg3, TRa, TR and VDR transcrip-
tional activity in agonist mode and ERRa, RORa and ROR~ in inverse-agonist mode. n
= 2 wells per condition and n = 3 wells per positive control condition. t, Effects of sterols
(2,2-dimethylzymosterol 5 uM, FF-MAS 10 M) and small molecules (ketoconazole 2.5 uM,
TASIN-1 100 nM) on the NR2F1-mediated activation of a NGFI-A promoter driven luciferase
reporter. n = 2 wells per condition. u, Effects of 2,2-dimethylzymosterol (5 M) on NR2C2-
mediated activation of a NGFI-A promoter driven luciferase reporter in comparison to cells
transfected with reporter only, untreated, or treated with a previously reported positive con-
trol (all-trans retinoic acid, ATRA, 5 uM). n = 2 wells per condition. v, LSS, DHCR7, LDLR
mRNA levels measured by RT—qPCR following 24 h treatment with DMSO, mevastatin (2.5
#M), Ro 48-8071 (500 nM), ketoconazole (2.5 uM), TASIN-1 (100 nM), or amorolfine (100
nM). n = 2 wells. All bar graphs indicate mean =+ s.d., and a-n and t-v are representative
of two independent experiments.
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Figure 2.10: Extended Data Fig. 6 | Inhibiting CYP51, TM7SF2 and EBP
is a unifying mechanism for many small-molecule enhancers of oligoden-
drocyte formation identified by high-throughput screening. - Caption on
next page
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Extended Data Fig. 6 | Inhibiting CYP51, TM7SF2 and EBP is a unifying mecha-
nism for many small-molecule enhancers of oligodendrocyte formation identified by
high-throughput screening. a, Percentage of MBP+ oligodendrocytes (relative to DMSO
control wells) generated from OPCs (OPC-1 derivation) at 72 h following treatment with a
library of 3,000 bioactive small molecules, each at 2 M. Each dot represents the result
for one small molecule in the library. Red, imidazole antifungals; blue, clemastine; green,
EPZ005687, the top novel hit molecule (Extended Data Fig. 7). b, ¢, Percentage of MBP+
oligodendrocytes generated from OPCs (left: OPC-5; right: OPC-1) at 72 h following treat-
ment with ketoconazole, nine top molecules identified by bioactives screening (green), and
nine randomly chosen library members (red) at a uniform dose of 5 uM. n = 4 wells per con-
dition except DMSO and ketoconazole, n = 12 wells, with >1,000 cells analysed per well. d,
GC-MS-based quantification of zymosterol, zymostenol, and 14-dehydrozymostenol levels
in a second batch of OPCs treated for 24 h with the indicated screening hits and randomly
chosen library members at 2 uM. n = 1; for validation in a second derivation of OPCs, see
Fig. 3a. Molecules are clustered by enzyme targeted (top labels). e, Percentage of MBP+
oligodendrocytes generated from OPCs at 72 h following treatment with the indicated doses
of fulvestrant, one of the top 10 HTS hits. n = 4 wells per condition except DMSO, n = 12,
with >1,000 cells analysed per well. f, GC—-MS-based quantification of lanosterol levels in
OPCs treated for 24 h with fulvestrant at 2 uM. n = 2 wells per condition. g—i, GC—-MSbased
quantification of metabolite levels in OPCs treated for 24 h with the indicated previously re-
ported enhancers of oligodendrocyte formation at the following doses: benztropine, 2 uM;
clemastine, 1 uM; tamoxifen, 100 nM; U50488, 5 1:M; bexarotene, 1 uM; liothyronine, 3 uM.
n = 2 wells per condition. j, k, Percentage of MBP+ oligodendrocytes generated from OPCs
(OPC-5 left, OPC-1 right) at 72 h following treatment with the indicated previously reported
enhancers of oligodendrocyte formation. n = 4 wells per condition, except DMSO n = 20
for OPC-5 and n = 12 for OPC-1, with >1,000 cells analysed per well. All doses are in uM.
I, Representative images of OPCs treated for 72 h with the indicated small molecules. All
treatments in | are at the highest concentration shown in j. Scale bar, 100 um. m, Structures
of muscarinic receptor antagonists used in this study. n, g, Percentage of MBP+ oligoden-
drocytes generated from OPCs (OPC-5: top, OPC-1: bottom) at 72 h following treatment
with ketoconazole or the indicated muscarinic receptor modulators at 2 M, the concentra-
tion used during screening. n = 4 wells per condition except DMSO and ketoconazole, n = 8,
with >1,000 cells analysed per well. o, GC-MS-based quantification of three metabolite lev-
els in OPC-5 OPCs treated for 24 h with U50488 (5 1:M) or the indicated muscarinic receptor
modulators (2 M). Left, zymostenol; centre, cholesterol; right, desmosterol. n = 2 wells per
condition. p, Heatmap indicating inhibition of muscarinic receptor isoforms M1, M3, and
M5 by the indicated small molecules (2 M) assayed using GeneBLAzer NFAT-bla CHO-K1
cells. n = 2 wells per condition. r, GC—MS-based quantification of three metabolite levels in
OPC-1 OPCs treated for 24 h with clemastine (1 ;M) or the indicated muscarinic receptor
modulators at 2 uM. n = 2 wells per condition. Left, zymostenol; centre, zymosterol; right,
cholesterol. Sigma H127, p-fluorohexahydro-sila-difenidol. All bar graphs indicate mean +
s.d.,and b, ¢, e, i, j, k, n, q are representative of two independent experiments. © 2018
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Figure 2.11: Extended Data Fig. 7 | Effect of selective oestrogen receptor
modulators and EZH2 inhibitors on cellular EBP function and oligoden-
drocyte formation. - Caption on next page
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Extended Data Fig. 7 | Effect of selective oestrogen receptor modulators and
EZH2 inhibitors on cellular EBP function and oligodendrocyte formation. a, Structures
of selective oestrogen receptor modulators used in this study. b, Effects of ospemifene and
toremifene on the oestrogendependent growth of T47D cells. n = 3 wells per condition. c, d,
Percentage of MBP+ oligodendrocytes generated from two independent batches of OPCs
at 72 h following treatment with ospemifene and toremifene. n = 4 wells per condition except
DMSO and ketoconazole, n = 8, with >1,000 cells analysed per well. e, Representative im-
ages of OPCs treated for 72 h with the indicated small molecules. All molecules were used
at 300 nM. Scale bar, 100 um. f, g, GC-MS-based quantification of two metabolite levels in
OPCs treated for 24 h with ospemifene and toremifene at 300 nM. Left, zymostenol; right,
cholesterol. n = 2 wells per condition. h, Percentage of MBP+ oligodendrocytes generated
from two independent batches of OPCs at 72 h following treatment with tamoxifen and 4-
hydroxytamoxifen. Left, OPC-5; right, OPC-1. n = 4 wells per condition, except DMSO,
n = 6 for OPC-1 (right). i, Effects of tamoxifen and 4-hydroxytamoxifen on the oestrogen-
dependent growth of T47D cells. n = 3 wells per condition. j, GC—-MS-based quantification
of zymostenol (left axis) and zymosterol levels (right axis) in OPC-5 and OPC-1 treated
24 h with tamoxifen and 4-hydroxytamoxifen at the indicated concentrations. n = 2 wells
per condition. k, Percentage of MBP+ oligodendrocytes generated from OPCs at 72 h
following treatment with the indicated structurally analogous EZH2 inhibitors. n = 4 wells
per condition, except DMSO, n = 12, with >1,000 cells analysed per well. |, Percentage of
MBP+ oligodendrocytes generated from a second batch of OPCs at 72 h following treatment
with the indicated structurally analogous EZH2 inhibitors. n = 4 wells per condition, except
DMSO, n = 12, with >1,000 cells analysed per well. m, Percentage of MBP+ oligodendro-
cytes generated from mouse primary OPCs at 72 h following treatment with EPZ005687. n
= 4 wells per condition, except DMSO, n = 12, with >1,000 cells analysed per well. n, Struc-
ture of EPZ005687 and structurally analogous EZH2 inhibitors. o, Representative images of
OPCs treated for 72 h with the indicated EZH2 inhibitors. All treatments are at 2 M. Scale
bar, 100 um. p, GC-MS-based quantification of two sterol intermediates following treatment
of OPCs with the indicated EZH2 inhibitors at 1 M for 24 h. Left, zymostenol; right, zymos-
terol. n = 2 wells per condition. q, GC—MS-based quantification of two sterol intermediates
following treatment of a second derivation of OPCs with the indicated EZH2 inhibitors at 1
1M for 24 h. Left, zymostenol; right, zymosterol. n = 2 wells per condition. r, GC—-MS-based
quantification of two sterol intermediates following treatment of mouse primary OPCs with
EPZ005687 at 2 1M for 24 h. Left, zymostenol; right, zymosterol. n = 2 wells per condition.
All bar graphs indicate mean + s.d., and c, d, h, k-0, r are representative of two independent
experiments.
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Figure 2.12: Extended Data Fig. 8 | Effect of combinations of small-
molecule treatments on oligodendrocyte formation, and ability of oligo-
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small-molecule treatments. - Caption on next page
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Extended Data Fig. 8 | Effect of combinations of small-molecule treatments on
oligodendrocyte formation, and ability of oligodendrocytes to track along and wrap
electrospun microfibres after single small-molecule treatments. a, b, Percentage of
MBP+ oligodendrocytes generated from OPCs (left, OPC-1; right, OPC-5) at 72 h following
treatment with the indicated combinations of liothyronine and enhancers of oligodendrocyte
formation. Unless noted, the following concentrations were used: ketoconazole, 2.5 uM;
benztropine, 2 uM; clemastine 2 M; tamoxifen 200 nM; liothyronine, 3 uM. n = 4 wells per
treatment condition, with >1,000 cells analysed per well. Lio, liothyronine. ¢, d, Percent-
age of MBP+ oligodendrocytes generated from OPCs at 72 h following treatment with the
indicated combinations of ketoconazole and enhancers of oligodendrocyte formation. n = 4
wells per treatment condition, with >1,000 cells analysed per well. e, Representative images
of OPCs treated for 72 h with the indicated small molecules. Small-molecule concentrations
are as in a. Scale bar, 100 um. f, Fold-increase in MBP+ oligodendrocytes following plating
of OPCs (OPC-5) onto microfibres and treatment for 14 days with the indicated pathway
modulators. n = 2 wells per condition, except DMSO, n = 4. g, In an independent experi-
ment, OPCs (OPC-5) were plated onto microfibres, treated with small molecules for 4 days,
and fixed and stained after 14 days. The extent to which MBP+ oligodendrocytes tracked
along the microfibre substrate was measured. n = 2 wells per condition. h, Total DAPI+
cell number in the experiment in g. i, Representative images highlighting tracking along the
microfibre substrate. Each image is a montage of four separate images within the same
well. Green, MBP. Scale bar, 100 um. j, High-resolution images of MBP+ oligodendrocytes
tracking along microfibres. Green, MBP; blue, DAPI. Ketoconazole, 2.5 M. Scale bar, 50
um. Kk, Confocal imaging of OPCs seeded onto aligned microfibres and treated for 14 days
with ketoconazole (2.5 uM). The plane of the cross-section is highlighted in yellow and the
cross-section, in which green fluorescence appears to encircle several microfibres, is shown
in the bottom panel. Green, MBP; blue, DAPI. All bar graphs indicate mean + s.d., and a—d
are representative of two independent experiments.
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Extended Data Fig. 9 | Effect of oligodendrocyte-enhancing small molecules on
sterol levels in human cells and human cortical spheroids. a, Representative images
of toluidine blue-stained sections of LPClesioned dorsal spinal cord from mice treated for
8 days with ifenprodil (10 mg per kg) or tamoxifen (2 mg per kg). Scale bar, 20 um. b,
GC—MSbased quantification of three metabolite levels in human glioma cells (GBM528)
treated for 24 h with the indicated small molecules at the following concentrations: tamox-
ifen, 100 nM; clemastine, 2 uM; ifenprodil, 2 4M; ketoconazole, 2.5 uM; amorolfine, 100 nM.
Left, lanosterol; centre, zymostenol; right, 14-dehydrozymostenol. n = 2 wells per condition.
¢, GC-MS-based quantification of three metabolite levels in two independent batches of
human cortical spheroids treated for 24 h with the indicated small molecules at 2 uM. Left,
lanosterol; centre, zymostenol; right, zymosterol. n = 3 spheroids per condition; represen-
tative of two independent experiments.
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a Most high throughput screening hits directly 8,9-unsaturated sterols accumulate and
inhibit three enzymes in the cholesterol drive oligodendrocyte formation.
biosynthesis pathway. (27 small molecules)  (Nine purified 8,9-unsaturated sterols)
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Figure 2.14: Extended Data Fig. 10 | Twenty-seven small molecules and
nine purified 8,9-unsaturated sterols shown to enhance the formation of
oligodendrocytes. - a, Schematic showing the proposed mechanism of ac-
tion for enhanced oligodendrocyte formation by diverse small molecules. b,
Molecules that enhance oligodendrocyte formation are grouped by enzyme in-
hibited (GC-MS analysis in OPCs): CYP51, top; sterol 14-reductase, centre;
EBP, bottom. c, Purified 8,9-unsaturated sterols that enhance oligodendrocyte
formation.
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3

Modulation of lanosterol
synthase drives
24,25-epoxysterol synthesis and
oligodendrocyte formation

3.1 Introduction

Myelin is an essential component of the mammalian central nervous system
(CNS) that enables saltatory conduction of action potentials and provides
trophic support to axons. (66, 123) Loss of oligodendrocytes, the special-
ized glial cells whose membranes constitute myelin, underlies a number of
neurological diseases including multiple sclerosis (MS). (45, 89) However,
oligodendrocyte progenitor cells (OPCs), a stem cell population present in
the CNS throughout life, can differentiate to form new oligodendrocytes that
can replenish lost myelin. (51, 79) While this process of remyelination oc-
curs to a limited extent in MS patients, it ultimately stalls, leading to disease

progression. (33) As a result, future therapeutics that enhance the formation
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of new oligodendrocytes and replace lost myelin have the potential to slow

disease progression and limit disability in patients with MS.

To discover candidate remyelinating therapeutics, we and others have
performed in vitro screens to identify small molecules that enhance oligo-
dendrocyte formation from OPCs. (3, 38, 60, 71, 72, 88, 107, 122) Dozens
of hit molecules have been identified in these screens, with many enhanc-
ing remyelination in leading preclinical animal models of MS. (38, 60, 71,
88, 107, 108, 122) One validated screening hit, clemastine, was shown
to significantly increase axonal conduction velocity in demyelinated axons,
a myelination-dependent phenotype in MS patients. (61) Recently, we re-
ported that inhibition of the cholesterol biosynthesis enzymes CYP51, sterol
14-reductase, and EBP represents a unifying mechanism by which most
oligodendrocyte-enhancing molecules, including clemastine, act. (3, 72) In-
hibition of these enzymes causes cells to accumulate 8,9-unsaturated sterol
precursors to cholesterol, which we showed are necessary and sufficient to
enhance oligodendrocyte formation. (72) However, the structure-activity re-
lationships governing the activity of 8,9-unsaturated sterols in OPCs and the
sterol signaling mechanisms that ultimately induce the formation of oligoden-

drocytes remain unclear.

To identify 8,9-unsaturated sterols with increased potency in OPCs, we
synthesized and evaluated a collection of 15 8,9-unsaturated sterols derived

from lanosterol, the substrate of CYP51 previously shown to enhance oligo-
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dendrocyte formation. (72) We noted that 24,25-epoxylanosterol promoted
oligodendrocyte formation significantly more potently than lanosterol itself.
However, OPCs metabolized 24,25-epoxylanosterol to 24,25-epoxycholesterol,
which also promoted oligodendrocyte formation when supplied to OPCs in
pure form. Notably, 24,25-epoxycholesterol lacks the 8,9-unsaturation, es-
tablishing a new structural feature of sterols that enhance the differentiation
of OPCs to oligodendrocytes. Multiple approaches to enhancing epoxyc-
holesterol levels in OPCs, including partial inhibition of the cholesterol biosyn-
thesis enzyme LSS using genetic or small-molecule tools, also promote
oligodendrocyte formation. While the mechanisms by which epoxycholes-
terol signals in OPCs remain unclear, we demonstrate that LXR signaling,
a canonical target of epoxycholesterol, is unlikely to be involved. Together,
these studies establish that sterols beyond 8,9-unsaturated sterols can pro-
mote the differentiation of OPCs to oligodendrocytes and validate LSS as
a new druggable target within the cholesterol biosynthesis pathway for pro-

moting remyelination. '

"This work was accomplished through the help of many including: Ryan M. Friedrich,
Joel Sax, Dharmaraja Allimuthu, Farrah Gao, Adrianna M. Rivera-Le6on, Matthew
Pleshinger, and llya Bederman
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3.2 Results

3.2.1 24,25-epoxylanosterol promotes oligodendrocyte for-

mation more potently than lanosterol

Our panel of 15 synthetic 8,9-unsaturated sterols (See fig. 3.5a) was first
tested at two concentrations (2 and 0.4 M) for their effects on oligoden-
drocyte formation from OPCs using our established high-content imaging
assay (See fig. 3.1b). (72) The top four sterols promoting formation of ma-
ture, myelin basic protein-positive (MBP+) oligodendrocytes at 2 M were
next validated to enhance OPC differentiation in a dose-responsive manner
(See fig. 3.1a,c). Because these molecules are all derivatives of lanosterol,
the substrate for CYP51, we suspected some may inhibit cholesterol path-
way enzymes previously validated for promoting oligodendrocyte formation:
CYP51, sterol 14-reductase, and EBP. (3, 72) To evaluate potential inhibi-
tion of cholesterol pathway enzymes, we used GC-MS-based sterol profil-
ing to simultaneously quantify levels of nine sterol intermediates between
lanosterol and cholesterol. (72) We noted that CW0165 inhibited CYP51, as
indicated by cellular accumulation of CYP51’s substrate lanosterol (See fig.
3.1d). Notably, the 8,9-epoxy functionality generally appears to provide affin-
ity for CYP51, as six other analogs containing this functionality also inhibited

CYP51 and promoted oligodendrocyte formation, albeit with lower potency
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(See fig. 3.1b, fig. 3.5b). By contrast, CW0191, which adds a morpholine
to the lanosterol tail, led to accumulation of zymosterol, indicating inhibition
of EBP (See fig. 3.1d). These sterols, like many other small molecules, ap-
pear to promote oligodendrocyte formation via inhibition of these previously-
validated pathway enzymes.

Interestingly, CW0163 (24(R/S),25-epoxylanosterol) and CW0182 (24(R/S)-
hydroxylanosterol) did not inhibit CYP51, sterol 14-reductase, or EBP in
OPCs (See fig. 3.5c). Because 24-hydroxylanosterol showed significant
cytotoxicity at the tested concentrations (See fig. 3.5d), we focused on
epoxylanosterol. We synthesized the pure 24(S) and 24(R) diastereomers
of 24,25-epoxylanosterol and evaluated their effects on oligodendrocyte for-
mation. The C24 epimers of 24,25-epoxylanosterol showed comparable po-
tency and were substantially more potent than lanosterol itself (See fig. 3.1e-

f, fig. 3.5¢).

3.2.2 24,25 epoxycholesterol promotes oligodendrocyte for-
mation

24(S),25-epoxylanosterol is a naturally-occurring metabolite that arises from

cyclization of diepoxysqualene by lanosterol synthase (LSS) (See fig. 3.2a).

(124, 162) 24(S),25-epoxylanosterol can be metabolized to 24(S),25- epoxy-

cholesterol via the epoxycholesterol shunt, which comprises the same se-
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Figure 3.1: Evaluation of lanosterol structural variants reveals that epoxy-
lanosterol promotes oligodendrocyte formation. - a, Structures of the top
four lanosterol variants that promote oligodendrocyte formation and the two di-
astereomers of 24,25-epoxylanosterol. b, Heatmap showing the percentage of
MBP+ oligodendrocytes 72 hours after treatment with each of the lanosterol
variations at 0.4 and 2 uM. n = 4 wells per condition. 2,2-DMZ, a known 8,9-
unsaturated sterol that promotes oligodendrocyte formation, 2.5 uM. ¢, Percent-
age of MBP+ oligodendrocytes 72 hours after treatment with the top oligoden-
drocyte formation enhancing 8,9-unsaturated sterol structural variants at the
concentrations indicated. n = 4 wells per condition. 2,2-DMZ, 2.5 uM. d, GC-
MS-based quantification of lanosterol and zymosterol in OPCs 24 hours after
treatment with the indicated small molecules at 2 M. n = 2 wells per condition.
Ketoconazole, a canonical CYP51 inhibitor, 2.5 yM. TASIN-1, a selective EBP
inhibitor, 1 M. e, Percentage of MBP+ oligodendrocytes 72 hours after treat-
ment with lanosterol, 24(S),25-epoxylanosterol, and 24(R),25-epoxylanosterol
at the concentrations indicated. n = 4 wells per condition. *P = 0.0286; Mann-
Whitney test in comparison to EtOH. f, Representative images of OPCs treated
with lanosterol, 24(S),25-epoxylanosterol, and 24(R),25-epoxylanosterol at 5.6
uM. Nuclei are labelled with DAPI (blue) and oligodendrocytes are indicated by
immunostaining for MBP (green). Scale bar, 100 um. b, c, d, e are representa-
tive of two or more independent experiments.
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quence of enzymes used to synthesize cholesterol (See fig. 3.2a). (146)
Typically, epoxycholesterol synthesis is roughly one percent of cholesterol
biosynthesis, and no other cellular route to epoxycholesterol is known. (18)
We confirmed that exogenously supplied 24(S), 25-epoxylanosterol fluxed
over 24 hours to epoxycholesterol in OPCs (See fig. 3.2b) and that inhibition
of EBP or sterol 14-reductase prevented this flux (See fig. 3.2c). Interest-
ingly, the unnatural diastereomer 24(R),25-epoxylanosterol also gave rise
to lower amounts of an epoxycholesterol product (See fig. 3.2b). The flux
of epoxylanosterol to epoxycholesterol suggested that the oligodendrocyte-
enhancing effects of epoxylanosterol may in part be mediated by epoxyc-
holesterol. To assess this possibility, we synthesized 24(R) and 24(S),25-
epoxycholesterol and evaluated their effects on OPC differentiation. Both
epimers of epoxycholesterol led to enhanced oligodendrocyte formation with-
out inhibiting CYP51, sterol 14-reductase, or EBP (See fig. 3.2d-e, fig. 3.6a).
Two additional synthetic sterols containing the 24,25-epoxide functionality
also promoted oligodendrocyte formation (See fig. 3.6b) without inhibiting
cholesterol pathway enzymes (See fig. 3.6c¢), suggesting that the 24,25-
epoxide is a new structural feature shared among several oligodendrocyte-
formation-enhancing sterols. This result marked the first instance in which
sterols lacking the 8,9-unsaturation promoted oligodendrocyte formation and
demonstrates that sterol signaling axes beyond inhibition of CYP51, sterol

14-reductase, and EBP can enhance the OPC differentiation process.
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3.2.3 Genetic and biochemical manipulations favoring epoxy-
cholesterol synthesis promote oligodendrocyte for-

mation

Given that exogenously-supplied 24,25-epoxycholesterol promoted oligoden-
drocyte formation, we wondered if increasing the levels of endogenous 24,25-
epoxycholesterol would also cause enhanced oligodendrocyte formation. To
evaluate this possibility, we used two complementary genetic approaches to
enhance the production of epoxycholesterol in OPCs. First, we suppressed
LSS enzymatic function in OPCs. Past work demonstrated that partial in-
hibition of LSS leads to increased flux through the epoxycholesterol shunt,
and increased epoxycholesterol levels (See fig. 3.2a). (12, 18, 40, 100, 140,
160, 162) By contrast, complete inhibition of LSS prevents the synthesis of
all sterols. To suppress LSS function, we established a line of OPCs sta-
bly expressing Cas9 and used electroporation to deliver synthetic CRISPR
guide RNAs targeting LSS. After electroporation, we cultured OPCs for 48,
72, or 96 hours prior to inducing their differentiation. This approach enabled
us to empirically determine time points at which partial LSS inhibition leads
to enhanced oligodendrocyte formation (See fig. 3.3a). In two independent
experiments, LSS suppression led to enhanced formation of mature oligo-
dendrocytes after culturing for either 72 or 96 hours prior to measuring the

percentage of MBP+ oligodendrocytes (See fig. 3.3b-c, fig. 3.6d). Critically,
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these time points also showed clear elevation of epoxycholesterol levels and

a 45-65% reduction in LSS transcript levels (See fig. 3.3d-e).

As a contrasting genetic manipulation to increase epoxycholesterol syn-
thesis, we overexpressed squalene epoxidase (SQLE) in OPCs to favor the
production of diepoxysqualene and thus epoxycholesterol (See fig. 3.2a).20
OPCs expressing Myc-tagged SQLE gave rise to more mature oligodendro-
cytes within the Myc+ population than OPCs expressing Myc-tagged GFP
(See fig. 3.3f). Together, these genetic manipulations targeting LSS and
SQLE demonstrate that increasing flux through the epoxycholesterol path-

way enhances oligodendrocyte formation.

As a biochemical approach to increase flux through the epoxycholes-
terol pathway, we treated OPCs with dioxidosqualene, the first committed
metabolite in the epoxycholesterol biosynthesis pathway (See fig. 3.2a). At
non-toxic concentrations of dioxidosqualene, we observed dose-responsive
increases in oligodendrocyte formation (See fig. 3.3h, fig. 3.6e). Importantly,
24,25-epoxycholesterol levels were elevated following dioxidosqualene treat-
ment at 1.2 uM, the maximally effective dose for enhancing oligodendrocyte
formation (See fig. 3.3i, fig. 3.6f). Overall, these genetic and metabo-
lite supplementation experiments demonstrate that increasing flux through
the epoxycholesterol biosynthesis pathway enhances oligodendrocyte for-

mation.
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Figure 3.2: Epoxycholesterol promotes oligodendrocyte formation. - a,
Schematic of the post-squalene cholesterol biosynthesis pathway. Ro 48-8071
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based quantification of epoxycholesterol in OPCs 24 hours after treatment with
24(S),25-epoxylanosterol and 24(R),25-epoxylanosterol (10 uM each). n =
2 wells per condition. ¢, GC-MS based quantification of epoxycholesterol in
OPCs 24 hours after treatment with 24(S),25-epoxylanosterol (10 M) alone or
in combination with TASIN-1 (10 M), a selective EBP inhibitor, or Amorolfine
(5 uM), a sterol-14 reductase inhibiting positive control. d, Percentage of MBP+
oligodendrocytes 72 hours after treatment with 24(S),25-epoxycholesterol, and
24(R),25-epoxycholesterol at the concentrations indicated. n = 4 wells per con-
dition. 2,2-DMZ, an 8,9-unsaturated sterol positive control, 10 uM. *P = 0.0286;
Mann-Whitney test. d, Representative images of OPCs treated with 24(S),25-
epoxycholesterol, and 24(R),25-epoxycholesterol at 10 uM. Nuclei are labelled
with DAPI (blue) and oligodendrocytes are indicated by immunostaining for
MBP (green). Scale bar, 100 um. b, d are representative of two or more in-
dependent experiments.
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3.2.4 Small-molecule inhibition of LSS increases epoxyc-
holesterol levels and enhances oligodendrocyte for-

mation

To achieve more granular control over the extent of LSS inhibition, we next
turned to small-molecule inhibitors of LSS. We began by characterizing two
previously-reported potent and selective LSS inhibitors, Ro 48-8071 and
BIBB 515 (See fig. 3.2a). (34, 42, 94) Evaluation of these inhibitors across a
wide concentration range using both LC-MS and GC-MS methods revealed
increases in epoxycholesterol that followed a bell-shaped dose-response
pattern, with maximal elevation of epoxycholesterol from 5 to 50 nM (See
fig. 3.4a-c). Both the potency and the bell-shaped dose-response pat-
tern, which results from high inhibitor concentrations that inhibit LSS fully
and prevent synthesis of all sterols, are closely aligned with past reports.
(12, 18, 40, 100, 140, 160, 162) Critically, for both LSS inhibitors, increases
in oligodendrocyte formation closely mirrored effects on epoxycholesterol
levels, including the unusual bell-shaped dose-response pattern (See fig.
3.4a-c, fig. 3.7a). At higher concentrations at which epoxycholesterol levels
decrease, dose-responsive increases in the epoxysqualene substrate of LSS
were also observed, likely indicating near-complete inhibition of LSS (See
fig. 3.7b). As a specificity control, we also evaluated NB-598, an inhibitor of

squalene epoxidase (SQLE). (125) SQLE lies immediately upstream of LSS
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and was not characterized in our earlier evaluation of cholesterol pathway
inhibitors (See fig. 3.2a). (72) While we confirmed that NB-598 led to ele-
vated levels of its substrate squalene in OPCs, no positive effect was seen
on oligodendrocyte formation (See fig. 3.7g-j). These results highlight LSS
as a unique pivot point in cholesterol biosynthesis whose partial inhibition
can shift pathway flux toward epoxycholesterol and drive oligodendrocyte

formation.

Since inhibition of late cholesterol pathway enzymes is a surprisingly
common off-target cellular activity of many known bioactive small molecules,
we wondered whether LSS inhibition could underlie any other small molecules’
oligodendrocyte-enhancing abilities. (81) In a dose-responsive evaluation
of several selective inhibitors of the M1 muscarinic receptor, a target previ-
ously implicated in driving oligodendrocyte formation,11 we noted that VU
025503533 uniquely enhanced oligodendrocyte formation (See fig. 3.4d,
fig. 3.7c). However, increased formation of oligodendrocytes occurred only
at concentrations more than 10-fold higher than its reported cellular EC50
for the M1 receptor, suggesting a potential off-target effect in OPCs. (52)
While no accumulation of 8,9-unsaturated sterols was observed following
treatment of OPCs with VU 0255035, we noted that VU 0255035 bore sig-
nificant structural similarity to 4-piperazinopyridine-containing potent and se-
lective LSS inhibitors (See fig. 3.7j). (19, 20, 137) Sterol profiling revealed

that VU 0255035 indeed induced the accumulation of epoxycholesterol in
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OPCs, and concentrations of VU 0255035 that maximized epoxycholes-
terol levels also maximized oligodendrocyte formation (See fig. 3.4e, See
fig. 3.7d). Subsequent studies identified three additional bioactive small
molecules that inhibit LSS in OPCs as an off-target effect, leading to epoxy-
cholesterol accumulation and enhanced formation of oligodendrocytes: AGI-
6780, fenhexamid, and ciproxifan (See fig. 3.7e-f,j). Together these genetic
and chemical-genetic studies support LSS as a fourth enzyme within the
cholesterol biosynthesis pathway whose inhibition enhances oligodendro-

cyte formation.

3.2.5 24,25-epoxysterols and 8,9-unsaturated sterols are

independent classes of pro-differentiation sterols

Given the interdependent nature of the cholesterol and epoxycholesterol
biosynthesis pathways, 8,9-unsaturated sterol accumulation could poten-
tially alter 24,25-epoxycholesterol levels and vice versa. To evaluate this
possibility, we assessed whether treating OPCs with purified 8,9-unsaturated
sterols or inhibitors of CYP51, sterol 14-reductase, or EBP might induce ac-
cumulation of epoxycholesterol. Neither the unnatural 8,9-unsaturated sterol
2,2-dimethylzymosterol or a variety of enzyme inhibitors led to elevated lev-
els of epoxycholesterol as measured by both GC-MS and LC-MS meth-

ods (See fig. 3.8a-b). Together with our previous observation that 24,25-
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Figure 3.3: Increasing flux toward epoxycholesterol promotes oligoden-
drocyte formation. - a, Schematic demonstrating the experimental setup for
CRISPR mediated LSS depletion. b, Percentage of MBP+ oligodendrocytes
from Cas9-expressing OPCs electroporated with CRISPR guideRNA targeting
LSS. OPCs were cultured for 48, 72, or 96 hours respectively prior to replating
in differentiation media. MBP+ oligodendrocyte formation was then assessed
after 72 hours. n = 4 wells per condition. *P = 0.0286; Mann-Whitney test. c,
Representative images of the Time 3 condition. Nuclei are labelled with DAPI
(blue) and oligodendrocytes are indicated by immunostaining for MBP (green).
Scale bar, 100 um. d, Fold-change in gene expression of LSS in OPCs trans-
fected with sgRNA targeting LSS. Cells were cultured for 72 or 96 h following
electroporation, replated in differentiation media, and analyzed 24 hours after
replating. n = 2 wells per condition per condition. e, GC-MS based quantitation
of epoxycholesterol in OPCs transfected with sgRNA targeting LSS 24 hours
after growth factor withdrawal for the indicated timepoints. n = 2 wells per con-
dition. f, Percentage of MBP+ oligodendrocytes among Myc+ cells 72 hours
after OPCs were transfected with either a Myc-tagged SQLE or Myc-tagged
GFP ORF. n = 3-4 replicates each comprising >2,000 cells. *P = 0.0286; Mann-
Whitney test. g, Percentage of MBP+ oligodendrocytes 72 hours after treatment
with dioxidosqualene at the concentrations indicated. n = 3 wells per condi-
tion. h, GC-MS based quantification of epoxycholesterol in OPCs 24 hours
after treatment with dioxidosqualene at 1.22 ;M. n = 2 well per condition. b, e,
f, g are representative of two independent experiments.
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Figure 3.4: LSS-inhibiting small molecules promote oligodendrocyte for-
mation. - a, Percentage of MBP+ oligodendrocytes 72 hours after treatment
with Ro 48-8071 or BIBB 515 at the concentrations indicated. n = 3 wells per
condition. b, LC-MS based quantification of epoxycholesterol in OPCs 24 hours
after treatment with Ro 48-8071 or BIBB 515 at the concentrations indicated.
n = 1 well per condition. ¢, GC-MS based quantification of epoxycholesterol
in OPCs 24 hours after treatment with Ro 48-8071 or BIBB 515 at the con-
centrations indicated. n = 1 well per condition. d, Percentage of MBP+ oligo-
dendrocytes 72 hours after treatment with VU 0255035 at the concentrations
indicated. n = 3 wells per condition. e, LC-MS based quantification of epoxy-
cholesterol in OPCs 24 hours after treatment with VU 0255035 at the concen-
trations indicated, as measured by GC-MS. n = 1 well per condition. a, b, d are
representative of two or more independent experiments.
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epoxycholesterol does not induce 8,9-unsaturated sterol accumulation (See
fig. 3.6a), these data indicate that accumulation of 8,9-unsaturated sterols
or 24,25-epoxycholesterol represent independent sterol structural series that

both promote oligodendrocyte formation.

3.2.6 Modulation of LXR does not enhance oligodendro-

cyte formation

Finally, we examined whether epoxycholesterol’s known cellular binding part-
ners mediate its effects on oligodendrocyte formation. As epoxycholesterol
has been widely studied as an agonist of the LXR nuclear receptors, we
began by evaluating a panel of four LXR agonists and antagonists.38 No-
tably, neither the agonists nor antagonists were capable of driving enhanced
oligodendrocyte formation (See fig. 3.8c). Naturally-occurring oxysterols
have also been described as LXR modulators. (119) We evaluated a panel
of six oxysterols in our OPC differentiation assay and noted some, but not all,
showed modest increases in oligodendrocyte formation (See fig. 3.8d). Im-
portantly, LXR agonists and antagonists increased and decreased, respec-
tively, the activity of a luciferase-based LXR reporter construct in OPCs, indi-
cating that increasing or decreasing LXR transcriptional activity in OPCs has
little effect on their differentiation to oligodendrocytes (See fig. 3.8e). These

results, along with our previously published LXR profiling experiments, sug-
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gest that LXR is unlikely to be involved the signaling downstream of either

24,25-epoxycholesterol or 8,9-unsaturated sterols. (72)

3.3 Discussion

Our previous work showed that most small-molecule enhancers of oligo-
dendrocyte formation increase 8,9-unsaturated sterol levels in OPCs to en-
hance remyelination in vitro and in vivo. (3, 72) However, beyond the 8,9-
unsaturation, the sterol structural features associated with enhanced oligo-
dendrocyte formation were unexplored. In this work, we describe 24,25-
epoxylanosterol, 24,25-epoxycholesterol, and related epoxysterols as pro-
moting oligodendrocyte formation. Both epoxylanosterol and epoxycholes-
terol are synthesized endogenously in OPCs via the epoxycholesterol shunt
pathway. Diverse small-molecule, biochemical, and genetic approaches that
increase flux through the epoxycholesterol shunt lead to elevated 24,25-
epoxycholesterol levels and promote oligodendrocyte formation. Notably,
24,25-epoxycholesterol is one of several sterols identified here that lack an
8,9-unsaturation yet enhance oligodendrocyte formation, indicating that a
broader range of sterols than previously recognized can promote oligoden-
drocyte formation. Remarkably, cholesterol, which only differs from epoxyc-
holesterol by addition of an oxygen atom, does not drive oligodendrocyte for-

mation. Together these observations highlight the 24,25-epoxide as a novel
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structural feature of sterols that enhance oligodendrocyte formation and sug-
gest the possibility that additional oxysterols may also influence oligodendro-

cyte formation.

While purified 8,9-unsaturated precursors to cholesterol face challenges
to drug development, including low potency, poor solubility, and rapid metabolism
to cholesterol, oxidized derivatives of these sterols may offer greater promise.
Oxysterols show improved aqueous solubility and in many cases cross the
blood brain barrier. (14) Additionally, epoxylanosterol offers significantly en-
hanced potency for enhancing oligodendrocyte formation relative to lanos-
terol. Further optimization of these or other sterol derivatives could yield po-
tent, drug-like molecules that directly enhance remyelination without modu-
lating cholesterol biosynthesis. In oligodendrocytes, 24,25-epoxycholesterol
is synthesized endogenously via the epoxycholesterol shunt pathway which
runs parallel to the post-squalene cholesterol biosynthesis pathway. The
epoxycholesterol shunt typically accounts for less than one percent of choles-
terol pathway flux(18) and its contributions to cellular function are arguably
underexplored relative to the Bloch and Kandutsch—Russell pathways of
cholesterol biosynthesis. However, our work for the first time demonstrates
that increasing flux through the epoxycholesterol shunt significantly enhances
oligodendrocyte formation. Several genetic and biochemical approaches
support this conclusion, including targeting of LSS using CRISPR and sup-

plementation of OPCs with dioxidosqualene. In addition, several oligodendrocyte-

101



enhancing small molecules partially inhibit LSS to increase 24,25- epoxyc-
holesterol levels. These LSS-inhibiting small molecules represent four dis-
tinct structural scaffolds, and their ability to enhance epoxycholesterol corre-
lates closely with their ability to promote oligodendrocyte formation. Overall,
numerous genetic and chemical-genetic approaches demonstrate that LSS
inhibition leads to enhanced oligodendrocyte formation by increasing flux

through the epoxycholesterol shunt.

Some past studies have noted that LSS inhibitors can have neutral or in-
hibitory effects on oligodendrocyte formation and myelination, albeit at con-
centrations that may not drive flux through the epoxycholesterol shunt. While
we had previously assessed the effects of Ro 48-8071 in OPCs, the con-
centrations tested did not substantially affect epoxycholesterol levels. (72)
Similarly, treating rat primary OPCs with Ro 48-8071 did not lead to en-
hanced oligodendrocyte formation or myelin gene expression; however, the
effects on epoxycholesterol levels at these concentrations was not deter-
mined. (98) Previous work in zebrafish correlated LSS inhibitor treatment
with decreased myelination, but neither brain nor peripheral epoxycholes-
terol levels were determined. (101) In summary, while LSS represents a
new target for remyelinating small molecules, the bell-shaped concentration-
response requires careful titration of LSS inhibition to ensure increased flux

through the epoxycholesterol shunt.

This work suggests two novel approaches for advancing future ‘remyeli-
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nating therapeutics’. The first is the development of LSS inhibitors. While
the blood brain barrier penetrance of existing LSS inhibitors is yet-untested,
these molecules frequently show high affinity for LSS and are well poised for
further medicinal chemistry optimization. Additionally, serum and brain lev-
els of 24,25-epoxycholesterol represent a ready biomarker of target engage-
ment to guide the optimization of dosing regimens in preclinical models and
clinical trials. Second, as discussed above, optimized oxidized sterols may
also prove useful therapeutically as modulators of oligodendrocytes forma-
tion in vivo. Both LSS inhibitors and 24,25-epoxycholesterol or other oxys-
terol derivatives may represent promising starting points for future develop-

ment efforts.

Overall, this work highlights 24,25-epoxycholesterol, the epoxycholes-
terol shunt, and LSS as novel players for promoting oligodendrocyte forma-
tion. In addition to an 8,9-unsaturation, a 24,25-epoxide functionality may
also contribute to a sterol’s ability to drive oligodendrocyte formation. Fur-
ther, LSS unexpectedly represents a fourth druggable target in the choles-
terol biosynthesis pathway whose inhibition promotes oligodendrocyte for-
mation. This work expands upon and strengthens the links between sterol
signaling, cholesterol biosynthesis enzymes, and enhanced oligodendrocyte

formation.
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3.4 Methods

Small molecules/Reagents: The identity and purity of key small molecules
were authenticated by LC-MS. The following compounds were purchased
from Cayman Chemicals: Ro 48-8071, BIBB 515, 20-hydroxycholesterol, 27-
hydroxycholesterol, 22(S)-hydroxycholesterol, 22(R)-hydroxycholesterol, 24-
hydroxycholesterol, 25- hydroxycholesterol, T0901317, GW 3965, WAY252623,
SR9238. Fenhexamid was purchased from Sigma-Aldrich. VU 0255035 was
purchased from Fisher. NB-598 was purchased from MedChemExpress.
AGI-6780 was pulled from the L1700 Selleck Library. Ciproxifan was pulled
from the LOPAC1280 library. The following standards were purchased from
Toronto research chemicals: dioxidosqualene, monoepoxysqualene, squa-
lene. Details pertaining to all controls and GC-MS standards, was reported

previously. (72)

Mouse OPC preparation: iPSC-derived OPCs were previously obtained
using in vitro differentiation protocols and culture conditions 43. OPCs were
expanded in the presence of PDGF and FGF and frozen down in aliquots.
OPCs were thawed into growth conditions for one passage before use in
further assays. Cultures were regularly tested and shown to be mycoplasma
free and authenticated on the basis of immunopositivity for OPC markers
(Olig2, Sox10) and ability to differentiate to MBP+ oligodendrocytes in the

presence of thyroid hormone.
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Mouse OPC culture: OPCs were grown and expanded in poly-ornithine
(PO) and laminin-coated flasks with growth medium (DMEM/F12 supple-
mented with N2-MAX (R&D Systems), B-27 (ThermoFisher), GlutaMax (Gibco),
FGF2 (10 pug/mL, R&D systems, 233-FB-025) and PDGF-AA (10 pg/mL,
R&D systems, 233-AA-050) before harvesting for plating. OPCs in vitro
phenotypic assay: OPCs were seeded onto 96-well CellCarrierUltra plates
(PerkinElmer) coated with poly-D-lysine and laminin (Sigma, L2020; 15 ug/mL)
using multi-channel pipet. For the experiment, 40,000 cells were seeded per
well. Cells were incubated under standard conditions (37 °C, 5% CO2) for 3
days and fixed with 4% paraformaldehyde (PFA) in phosphate buffered saline
(PBS) for 20 min. Fixed plates were washed with PBS (100 uL per well)
twice, permeabilized with 0.1% Triton X-100 and blocked with 10% donkey
serum (v/v) in PBS for 40 min. Then, cells were labelled with an anti-MBP
antibody (Abcam, ab7349; 1:200) for 16 h at 4°C followed by detection with
Alexa Fluor conjugated secondary antibodies (1:500) for 45 min. Nuclei were
visualized by DAPI staining (Sigma; 1 pg/mL). During washing steps, PBS
was added using a multi-channel pipet and aspiration was performed using
Biotek EL406 washer dispenser (Biotek) equipped with a 96-well aspiration

manifold.

High-content imaging and analysis: During hit validation experiments,
plates were imaged on the Operetta High Content Imaging and Analysis

system (PerkinElmer) and a set of 6 fields captured from each well resulting
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in an average of 1,200 cells being scored per well. Analysis (PerkinElmer
Harmony and Columbus software) began by identifying live nuclei stained
by DAPI; that is, those traced nuclei that were between 55-250 ym2 in area
which excludes picnotic nuclei. Each traced nucleus region was then ex-
panded by 50% and cross-referenced with the mature myelin protein (MBP)
stain to identify oligodendrocyte nuclei, and from this the percentage of oligo-

dendrocytes was calculated.

GC/MS-based sterol profiling: EpiSC-derived OPCs were plated at 1
million cells per mL in PDL- and laminin-coated six well plates with differen-
tiation media. After 24 h, cells rinsed with PBS, and frozen. For sterol anal-
yses, cells were lysed in hexane (Sigma-Aldrich) for 10 min. Cholesterol-d7
standard (25,26,26,26,27,27,27-2H7-cholesterol, Cambridge Isotope Labo-
ratories) was added before drying under nitrogen stream and derivatization
with 55 pL of bis(trimethylsilyl) trifluoroacetamide/ trimethylchlorosilane to
form trimethylsilyl derivatives. Following derivatization at 60 °C for 20 min, 2
1L was analyzed by gas chromatography/mass spectrometry using an Agi-
lent 5973 Network Mass Selective Detector equipped with a 6890 gas chro-
matograph system and a HP-5MS capillary column (60 m x 0.25 mm x 0.25
um). Samples were injected in splitless mode and analyzed using electron
impact ionization. lon fragment peaks were integrated to calculate sterol
abundance, and quantitation was relative to cholesterol-d7. The following

m/z ion fragments were used to quantitate each metabolite: cholesterol-d7
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(465), cholesterol (368), zymostenol (458), zymosterol (456), desmosterol
(456, 343), lanosterol (393), lathosterol (458), 14-dehydrozymostenol (456),
epoxycholesterol (382), epoxylanosterol (409). Calibration curves were gen-
erated by injecting varying concentrations of sterol standards and maintain-

ing a fixed amount of cholesterol-D7.

LC/MS-based epoxycholesterol measurements: OPCs were plated at
1 million cells per mL in PDL- and laminin-coated six well plates with dif-
ferentiation media. After 24 h, cells rinsed with PBS, and frozen. Cells
were lysed in hexane (Sigma-Aldrich) for 10 min. Cholesterol-d7 standard
(25,26,26,26,27,27,27-2H7-cholesterol, Cambridge Isotope Laboratories) and
1 mL of saline were added to the well and transferred to a glass vial. This
was vortexed and the top layer isolated and dried in a new glass vial. Picol-
inate derivatization, chromatographic separation, and mass spectrometric
detection were performed as reported previously. (70) A Linear lon Trap
Quadrupole LC/MS/MS Mass Spectrometer (AB Sciex Instruments, Model
#: 1022643-C) equipped with a Kinetex Phenylhexyl HPLC column (Phe-
nomenex, Inc., 2.6 um, 50 x 2 mm) was used for detection with mobile
phase A being water and 0.1% formic acid and mobile phase B being ace-
tonitirile with 0.07% formic acid. Peaks from selective reaction monitoring
were integrated to calculate sterol abundance, and quantitation was relative

to cholesterol-d7.

CRISPR LSS experiment: Cas9 containing OPCs were generated using
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the previous described lentivirus protocol. (85) Hek293T cells were trans-
fected using Lenti-x shots as per the manufacturer’s protocol (Clontech). Af-
ter 4 h, the media was changed to OPC media for collection of virus. 48
h later the media was collected, supplemented with FGF, PDGF, and pro-
tamine sulfate (Sigma, 8 ng/mL), and used to transduce OPCs. 24 h later
the media was changed to non-virus containing media for 48 h. Cells un-
derwent two 48 h stretches of puromycin selection (Invitrogen). Cells were
allowed to recover for several passages prior to being aliquoted and frozen
down. Cells were thawed one passage prior to electroporation. crRNA and
tracrBRNA were purchased from Dharmacon (NTC and LSS) and electropo-
rated into OPCs using the Basic Nucleofector Kit for Primary Mammalian
Glial Cells and Nucleofector 2b Device by following standard manufacturer’s
protocol. Cells were allowed to recover for 48-96 hours in growth media prior

to being plated for GC-MS, differentiation experiments, and gPCR.

SQLE overexpression: Myc tagged GFP and Myc tagged SQLE con-
structs were purchased from Origene and 1ug of DNA was delivered to
OPCs using the Basic Nucleofector Kit for Primary Mammalian Glial Cells

and Nucleofector 2b Device by following standard manufacturer’s protocol.

LXR Luciferase Assay: The ABCA1 promoter luciferase reporter was
purchased from Addgene (Plasmid #86442). 1 ug of DNA was delivered
to OPCs using the Nucleofector Kit for Primary Mammalian Glial Cells and

the Nucleofector 2b Device by following standard manufacturer’s protocol.
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Transformed OPCs were seeded at 50,000 cells per well on 96-well CellCar-
rierUltra plates (PerkinElmer) coated with poly-D-lysine and laminin (Sigma,
L2020; 15 pg/mL) using multi-channel pipet and treated with small molecules.
Cells were incubated under standard conditions (37 °C, 5% CQ2) for 2 days.
Cells were lysed using the Bright-Glo luciferase assay system (Promega,
E2620) and were analyzed using a Synergy Neo2 High Performance plate

reader.

3.5 Supplement
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Supplement for Fig 1. a, Structures of lanosterol variants tested in preliminary struc-
tural screen. b, GC-MS based quantification of lanosterol in OPCs 24 hours after treatment
with the lanosterol variants. n = 1 well per condition. # indicates 8,9-epoxysterols. Micona-
zole, a CYP51-inhibiting positive control, 5 uM. ¢, GC-MS based quantification of lanosterol
in OPCs 24 hours after treatment with indicated sterols at 10 M. n = 2 wells per condition.
Ketoconazole, a CYP51-inhibiting positive control, 2.5 M. d, Number of live cells 72 hours
after treatment with each top four lanosterol variants that promote oligodendrocyte forma-
tion at the concentrations indicated. n = 4 wells per condition. 2,2-DMZ, 2.5 uM c, d, are
representative of two or more independent experiments.
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Supplement for Fig 2-3. a, GC-MS based quantification of lanosterol, 14-DHZ, and zy-
mostenol in OPCs 24 hours after treatment with the 24(S),25-epoxycholesterol or 24(R),25-
epoxycholesterol to evaluate inhibition of CYP51, sterol-14 reductase, and EBP. n = 2 wells
per condition. Ketoconazole, 2.5 uM. Amorolfine, a sterol-14 reductase inhibiting positive
control, 0.6 uM. TASIN-1, 1 uM. b, Percentage of MBP+ oligodendrocytes 72 hours after
treatment with 24,25-epoxide-containing sterols at the indicated concentrations. n = 3-4
wells per condition. TASIN-1, 1 uM. Lanosterol, 30 uM. 2,2-DMZ, 10 uM. ¢, GC-MS based
quantification of lanosterol, 14-DHZ, and zymostenol in OPCs 24 hours after treatment with
8,9:24,25(R/S)-epoxy 2,2-DMZ at 10 uM, 24,25(R/S)-epoxyagnosterol at 50 M. Ketocona-
zole, 2.5 puM. Amorolfine, 0.6 M. TASIN-1, 1 pM. d, Independent experiment measur-
ing percentage of MBP+ oligodendrocytes from Cas9-expressing OPCs electroporated with
CRISPR guideRNA targeting LSS. OPCs were cultured for 72 (Time 2) or 96 hours (Time
3) prior to replating in differentiation media. MBP+ oligodendrocyte formation was then as-
sessed after 72 hours. n = 3-6 wells per condition. e, Number of live cells 72 hours after
treatment with dioxidosqualene at the concentrations indicated. n = 3 wells per condition.
f, LC-MS based quantification of epoxycholesterol in OPCs 24 hours after treatment with
dioxidosqualene at 1.2 uM. n = 1 well per condition. a, b, c, e are representative of two or
more independent experiments.
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Supplement for Fig 4. a, Live cell number 72 hours after treatment with Ro 48-8071
or BIBB 515 at the concentrations indicated. n = 3 wells per condition. b, GC-MS based
quantification of levels of monoepoxysqualene in OPCs 24 hours after treatment with Ro
48-8071 or BIBB 515 at the concentrations indicated. n = 1 well per condition. c, Percent-
age of MBP+ oligodendrocytes 72 hours after treatment with various muscarinic receptor
modulators at the concentrations indicated. n = 3 wells per condition. TASIN-1 is 0.1 uM.
d, LC-MS based quantification of epoxycholesterol in OPCs 24 hours after treatment with
VU 0255035 at 2.5 ;M and Ro 48-8071 at 13.7 nM. n = 1 well per condition. e, Percentage
of MBP+ oligodendrocytes after 72 hours after treatment with indicated small molecules at
concentrations indicated. AGI-6780 is an isocitrate dehydrogenase inhibitor that was near
the hit threshold in our published screen. (72) Fenhexamid was profiled because it has
been described as an inhibitor of the yeast homolog of the cholesterol biosynthesis enzyme
HSD17B7. (36) Ciproxifan is a histamine H3 antagonist identified in the course of additional
screening efforts. n = 2-8 wells per condition. f, GC-MS based quantification of levels of
epoxycholesterol in OPCs after 24 hours treated with the indicated small molecules at the
indicated concentrations. n = 2-4 wells per condition. g, Percentage of MBP+ oligodendro-
cytes after 72 hours of treatment with NB-598 at the concentrations indicated. n = 3 wells
per condition. h, GC-MS based quantification of squalene in OPCs 24 hours after treatment
with NB-598 at the concentrations indicated. n = 1 well per condition. i, Live cell number
after 72 hours of treatment with NB-598 at the concentrations indicated. n = 3 wells per
condition. j, Structures of AGI-6780, ciproxifan, NB-598, and fenhexamid. a, e, f, g, | are
representative of two or more independent experiments.
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24,25-epoxide is an independent structural feature of oligodendrocyte-enhancing
sterols and LXR is unlikely to mediate their effects. a, LC-MS based quantification of
epoxycholesterol in OPCs 24 hours after treatment with compounds at concentrations in-
dicated. n = 1 well per condition. b, GC-MS based quantification of epoxycholesterol in
OPCs 24 hours after treatment with compounds at concentrations indicated. n = 2 wells
per condition. c, Percentage of MBP+ oligodendrocytes after 72 hours of treatment with
LXR modulators at concentrations indicated. TASIN-1 at 1 uM. n = 3-4 wells per condi-
tion. d, Percentage of MBP+ oligodendrocytes after 72 hours of treatment with oxysterols
at concentrations indicated. 2,2-DMZ at 2.5 yM and TASIN-1 at 1 pM. n > 4 wells per
condition. e, Effects of epoxycholesterol (10 M) and other LXR modulators (T0901317 3
1M, SR9238 10 M) on the activation of an ABCA1 promoter-driven luciferase reporter. n
=5 wells per condition. f, Summary diagram. Increasing flux through the epoxycholesterol
shunt enhances oligodendrocyte formation by increasing 24,25-epoxycholesterol levels. c,
d, e are representative of two or more independent experiments.
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4

Discussion and future work

4.1 Summary and significance of the current study

Loss of myelin is the defining characteristic and the primary cause of dis-
ability in patients with demyelinating disorders, such as those with multi-
ple sclerosis (MS). Myelin is a lipid-rich membrane of oligodendrocyte cells,
which wraps neuronal axons and allows for saltatory conduction between
neurons. While it is well known that myelin is essential for brain homeosta-
sis, there are no FDA-approved remyelinating therapeutics that could allevi-
ate symptoms caused by myelin loss. In the central nervous system (CNS)
of adult mammals, oligodendrocytes arise from oligodendrocyte progenitor
cells (OPCs). The ability to generate new oligodendendrocytes capable of
remyelinating bare axons makes OPCs a potential target for remyelinating
therapies. Therefore, to discover novel therapies for demyelinating disor-
ders, we used chemical-genetic screening to discover small molecules that

promote the formation of new oligodendrocytes from OPCs.
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Confusingly, the annotated targets of the high-throughput screening hits
were either not expressed in OPCs or did not align with known oligoden-
drocyte biology. Yet generation of potent small-molecules for clinical trans-
lation is streamlined immensely when a small-molecules’ cellular target is
known. Therefore, we set out to understand the mechanism by which the

OPC screening hits promote oligodendrocyte formation.

We initially focused on the cholesterol biosynthesis pathway, because
miconazole is a screening hit that is known to inhibit this pathway and well-
validated to promote remyelination in vivo. We then determined that the vast
majority of pro-myelinating small molecules identified by screening promote
oligodendrocyte formation, not through their canonical targets, but through
one of four enzymes in the cholesterol biosynthesis pathway: LSS, CYP51,
sterol-14-reductase, or EBP. In several models, genetic and pharmacolog-
ical inhibition of these enzymes promotes oligodendrocyte formation and
myelination. Inhibition of CYP51, sterol-14-reductase, or EBP causes an
accumulation of the 8,9-unsaturated sterol substrates of each enzyme. The
8,9-unsaturated sterols are sufficient to drive oligodendrocyte formation and
necessary for the effects of the small molecule screening hits. By contrast,
partial inhibition of LSS drives oligodendroctye formation through a distinct
mechanism, increasing flux through the epoxycholesterol shunt pathway and

subsequent accumulation of 24,25-epoxycholesterol.

We found that acute inhibition of the post-squalene cholesterol biosyn-
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thesis pathway at LSS, CYP51, sterol-14-reductase, or EBP, promotes myelin
formation by inducing a ‘sterol shift’ to either 8,9-unsaturated sterols or 24,25-
epoxycholesterol. These findings do not contradict previous work show-
ing inhibition of pre-squalene cholesterol biosynthesis pathway leads to hy-
pomyelination in vivo. (143) Inhibition of the pre-squalene cholesterol biosyn-
thesis pathway is likely detrimental to oligodendrocyte formation as it blocks
the biosynthesis of all cellular sterols, including 8,9-unsaturated sterols and
24 25-epoxycholesterol. Our findings upend the established dogma that
blocking cholesterol biosynthesis at any step is detrimental to oligodendro-

cyte formation.

Collectively, our results define a unifying sterol-based mechanism of ac-
tion for most known small molecule enhancers of oligodendrocyte forma-
tion. We used in vitro and in vivo tools to demonstrate that modulating the
sterol landscape in OPCs can enhance the formation of oligodendrocytes
and point to new therapeutic targets, potent inhibitors for these targets, and
metabolite-based biomarkers to accelerate the development of optimal re-

myelinating therapeutics.

120



4.2 Inhibition of the post-squalene cholesterol

biosynthesis pathway as a therapeutic strat-

egy

Inhibition of the cholesterol biosynthesis pathway is a novel and unifying
mechanism for many remyelinating small molecules. In this section, we will
discuss concepts related to the clinical translation of these small-molecules.
Topics include: most promising targets, reduction of off-target effects, po-
tential challenges to in vivo use, and strategies for overcoming these chal-

lenges.

4.2.1 EBP is the ideal clinical target for therapeutic trans-

lation

While this work describes four pro-myelinating targets (CYP51, Sterol-14-
reductase, EBP, and LSS), there is a hierarchy in terms of their clinical trans-
latability. CYP51 is a part of the larger cytochrome p450 family of enzymes
that metabolize many different types of drugs in the liver. (92) CYP51 in-
hibitors are likely to interfere with the metabolism of other medications the
patients are taking and therefore are not ideal clinically. LSS is also not an
ideal therapeutic target as only partial inhibition of LSS is associated with

elevated levels of 24,25-epoxycholesterol; the therapeutic window for drugs
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targeting LSS is likely to be narrow. Further, robust inhibition of LSS leads
to the accumulation of toxic metabolites epoxysqualene, diepoxysqualene,
squalene, and pre-squalene. (119) Sterol-14-reductase activity is shared be-
tween two proteins: TM7SF2 and LBR. LBR is a bi-functional protein whose
nuclear domain is involved with the organization of DNA on the periphery
of the nucleus. (128) It is currently unclear how modulation of LBR’s sterol
binding domain affects its function in the nucleus. (78) Additionally, in our
screening, sterol-14-reductase and LSS are the two enzymes for which we
found the least number of drugs, which suggest that they might be more

difficult to target therapeutically.

In contrast, there are no reports of EBP’s involvement in other cellular
functions besides the cholesterol biosynthesis pathway. The vast majority
of our screening hits inhibit EBP; this intrinsically high druggability could fa-
cilitate the development of potent inhibitors that lack off-target effects. Un-
like other metabolites, zymostenol and zymosterol accumulation is not as-
sociated with any negative phenotypes. Lastly, EBP is the most validated
target in vivo; several labs showed that small-molecules that inhibit EBP
(such as tamoxifen, clemastine, benztropine, and obazedoxifene) enhance
remyelination in almost all leading myelination and remyelination models.
(38, 60, 107, 138). Therefore, given the current data, EBP likely represents

the best target for clinical translation.
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4.2.1.1 Reducing off target effects by counter screening

Unfortunately, the off-target effects of EBP inhibiting small-molecules could
hamper their use clinically. The remyelinating small-molecules discovered
through drug repurposing screens retain an affinity for their canonical tar-
gets (such as the muscarinic receptor, estrogen receptor, or kappa opioid
receptor), despite affecting oligodendrocyte formation through inhibition of
EBP. Their activity is non-selective; they affect both the cholesterol biosyn-
thesis pathway and their annotated target. This additional cellular activ-
ity may lead to unwanted side effects. To identify more selective EBP in-
hibitors, we screened a library of 10,000 structurally-diverse small-molecules
for their ability to enhance oligodendrocyte formation and inhibit the choles-
terol biosynthesis pathway. This screen revealed several novel scaffolds that
promoted oligodendrocyte formation through inhibition of EBP and lack affin-
ity for the muscarinic receptor, estrogen receptor, and kappa-opioid receptor(3).

(See fig. 4.1)

4.2.1.2 Potential EBP inhibitors already in clinical trials

Beyond the small-molecules described in the previous chapters, there are
likely more small molecules that function through inhibition of EBP. Instead
of exhaustively annotating every possible EBP inhibitor, | suggest we focus
on drugs poised for clinical trials as remyelinating therapies. These small

molecules could serve as pilot studies for how EBP inhibitors will fare clin-
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Figure 4.1: Avoid common off-targets of EBP inhibiting small molecules
- Top hits from a screen of 10,000 small-molecules which promote oligoden-
drocyte formation, block EBP, and do not inhibit the annotated targets from the
previous screen.

ically and perhaps address some of the challenges | discussed in the pre-
vious sections. One example is clemastine, which inhibits EBP to enhance
oligodendrocyte formation. In phase Il clinical trials, clemastine improved
quantitative metrics of myelination in the eye but did not improve patient

symptoms. (83)

Three small molecules which are in clinical trials and might be EBP in-
hibitors are quetiapine, domperidone, and GSK239512. (83) Further, queti-
apine modulates cholesterol homeostasis in OPCs, promotes oligodendro-
cyte formation in an additive manner with T3, and drives phenotypic effects
in OPCs identical to those seen with other cholesterol biosynthesis path-
way inhibitors. (30) If we establish these as EBP inhibitors, any unexpected
issues that arise during their clinical testing could foreshadow issues that

novel EBP inhibitors might also have.
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4.2.2 Challenges to Clinical translation

4.2.2.1 Contribution of adult OPCs to remyelination

In rodent models, adult OPCs are reproducibly able to differentiate and re-
myelinate bare axons in a variety of contexts. Despite this, there remains
controversy regarding the ability of human adult OPCs to generate new oligo-
dendrocytes and myelin. Transplanted adult humans OPCs can remyelinate
rodent axons in in vivo models. (159) Studies in postmortem brains of MS
patients indicated that there are OPCs in most acute and chronic MS lesions
until very late in the disease. (33) Additionally, there is remyelination on the
periphery of chronic lesions. (33) In contrast, a recent study found that in
MS patients, there is no generation of new oligodendrocytes. (167) Instead,
they found that existing oligodendrocytes are generating more myelin for re-
myelination. (167) This study raises questions regarding whether resident

OPCs are capable of generating new oligodendendrocytes in adult humans.

Regardless, even if adult human OPCs do not spontaneously differenti-
ate, remyelinating small-molecules may still stimulate them to generate new
oligodendrocytes. The remyelinating small-molecules currently in clinical
trials will more directly address if endogenous human OPCs are a viable

source of new remyelinating oligodendrocytes. (83)
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4.2.2.2 Myelination Block

In MS, there are two phases: relapsing-remitting MS (RRMS) and sec-
ondary progressive MS. In RRMS, the neuronal axons are remyelinated,
albeit slowly and imperfectly. The sterol-modulating molecules promote re-
myelination in models of RRMS, such as EAE and cuprizone. In secondary
progressive MS, there is a failure to remyelinate; each new immune attack
on oligodendrocytes leaves the neuronal axons permanently bare. Interest-
ingly, in most chronic lesions, PLP and MOG staining indicate oligodendro-
cyte differentiation in the lesioned area, but these oligodendrocytes do not
myelinate. (33) It is unclear if sterol-modulating molecules will be able to

contribute to the myelination failure seen in secondary progressive MS.

The reason that OPCs fail to remyelinate in chronic lesions is unknown,
making it challenging to model. (54, 76, 99) Potential contributory factors in-
clude: elevated growth factors, myelin debris, and chronic inflammatory sig-
nal. (54) Hypothetically, we could test the sterol-modulating pro-myelinating
small-molecules in the context of these inhibitory signals to understand the
potential of these drugs in secondary progressive MS. However, given how
little we know about what is contributing to the inhibitory milieu in vivo, the
best test would be to see how the EBP-inhibiting small-molecules fare clini-

cally.

If the EBP inhibitors fail to improve remyelination in the clinic, it may indi-
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cate that the cellular and in vivo models used do not recapitulate the neces-
sary features of MS pathology. To test if adult human OPCs have an intrinsic
ability to form new oligodendrocytes and myelinate, we could isolate OPCs
from MS patients in parallel with healthy controls to compare OPCs’ intrinsic
remyelinating potential in the context of microfibers. This experiment should
be feasible: the protocols for isolation of primary human OPCs exist, as do
the protocols for culturing iPSC derived human OPCs. (104, 159) Ultimately,
studying purified human OPCs could clarify if the myelination block seen in

MS is an OPC intrinsic or extrinsic phenomena.

4.2.3 Treatment of genetic disorders affecting cholesterol

and myelination

Beyond the treatment of adult-onset demyelinating disorders such as MS,
EBP inhibiting small-molecules could be helpful in other disorders affect-
ing myelin. Given the importance of cholesterol in myelin, it is unsurpris-
ing that there are genetic disorders that affect cholesterol homeostasis and
lead to hypomyelination, such as Smith-Lemli-Optiz syndrome (SLOS) and
Niemann-Pick disease type C (NPC). Currently, there are no treatments for

the neurological symptoms in either SLOS or NPC.
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4.2.3.1 Smith-Lemli-Opitz syndrome

SLOS is an autosomal recessive disorder that is due to mutations in the
enzyme DHCR?7. SLOS leads to a large number of abnormalities in the de-
velopment and growth of peripheral organs, musculoskeletal patterning, and
neurological abnormalities. (142) In the brain, in addition to delayed myelin
maturation, there can be agenesis of the corpus callosum, hypoplastic cere-
bellum, and lissencephaly. (142) Mice with complete DHCR7 knockout have
severe neurological impairments and hypomyelination. (142) Biochemically,
this mutation leads to decreased cholesterol levels and an accumulation of
four sterol metabolites: 7-DHC, 7-DHD, 8-DHC, and 8-DHD. 7-DHC and 7-
DHD are the classical substrates for DHCR7, which EBP isomerizes to 8-
DHC and 8-DHD. (142) (fig 1.4) Both the accumulation of the metabolites
and the decreased levels of cholesterol contribute to different aspects of the
SLOS phenotype (142). Previously, HMGCR inhibitors were tested in SLOS
mouse models and found to improve many SLOS phenotypes but failed to

improve neurological phenotypes. (142)

Given that current approaches fail to alleviate the neurological symptoms
of patients with SLOS, therapeutics in this area are especially needed. High-
throughput LC-MS-based screening identified small-molecules that prevent
the accumulation of the toxic substrate of DHCR7, 7-DHC. (81, 153) The hits

of these screens overlapped with small molecules that enhance oligodendro-
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cyte formation through inhibition of CYP51, sterol-14-reductase, and EBP.
The overlap in the pro-myelinating screens and the cholesterol biosynthesis
screens was one of the first clues that the pro-myelinating drugs might be
functioning through inhibition of the cholesterol biosynthesis pathway. How-
ever, in terms of SLOS treatment, the inhibitors of CYP51, sterol-14 reduc-
tase, and EBP are doubly intriguing: it is possible that inhibiting EBP would
not only prevent the accumulation of 7DHC (a toxic metabolite that generates
reactive oxygen species), and, simultaneously, promote oligodendrocyte for-
mation. Blocking 7-DHC production may prevent further damage to the CNS
while accumulating 8,9-unsaturated sterols could promote oligodendrocyte

formation to alleviate the hypomyelination/demyelination phenotype.

4.2.3.2 Niemann-Pick Disease type C

NPC is an autosomal recessive lipid trafficking and storage disorder, which
presents clinically with physical deterioration and neurodegeneration. The
neurodegeneration is characterized clinically by ataxia and dementia, which
mirrors the pathological findings of cerebral and cerebellar atrophy. (142)
Notably, there is concurrent hypoplasia of white matter in human patients.
(142) The disease is due to mutations in the genes NPC1 and NPC2, which
are involved in the export of cholesterol from late endosomes/lysosomes.
The most distinctive histological feature of this disorder is foamy deposits of

lipids such as sphingomyelin, cholesterol, and gangliosides. (142) In addi-
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tion to other symptoms, mice with NPC1 mutations exhibit impaired oligo-

dendrocyte maturation, dysmyelination, and demyelination. (142)

There are currently no therapeutics available that alleviate the neurolog-
ical symptoms of NPC. While treatment with cyclodextrin, a sterol-depleting
molecule, leads to improved outcomes in peripheral symptoms of NPC in
mouse models, systemic cyclodextrin failed to improve neurological symp-
toms clinically (142). However, given the hypomyelination components of
NPC, EBP inhibitors may be beneficial to not only block cholesterol synthe-
sis, but also remyelinate the hypomyelinated portions of the patients’ brains.
Additionally, given that the 8,9-unsaturated sterols can be trafficked via an
NPC1/NPC2 independent pathway, shifting the sterol pool away from choles-
terol and toward 8,9-unsaturated sterols might prevent the lysosomal choles-
terol accumulation. (87, 95, 166) Other researchers have performed a small
molecule screen for drugs that promote clearance of cholesterol from lyso-
somal compartment in patient cell lines. However, this work used filipin (a
non-selective sterol dye) and therefore, may not have been sensitive to sub-
tle shifts in sterol pools. (134) Further, the reported screen focused on drugs
that promote clearance of cholesterol as opposed to drugs that prevent fur-
ther cholesterol accumulation. (134) Therefore, an area that might be worth
further exploring is the application of EBP inhibitors in Niemann-pick disease

type C.
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4.3 Relevance to endogenous myelination cues

4.3.1 Plausible role for sterols as pro-differentiation sig-

nals in developmental myelination

The role of 8,9-unsaturated sterols, 24,25-epoxycholesterol, and other oxys-
terols in developmental or in vivo OPC differentiation is a topic that remains
unexplored. Previous studies of sterols in myelination focused solely on
cholesterol. (143) Yet small-molecules that increase 8,9-unsaturated sterols
reproducibly accelerate developmental myelination in vivo, suggesting that
sterols besides cholesterol may play a role in this process. In classic stud-
ies of myelination, rising levels of cholesterol and myelination are so tightly
correlated that they are considered interchangeable. (31, 65, 136) However,
it is possible that, opposed to cholesterol itself being the biomarker that ties
to myelination, the pro-differentiation sterols, such as the 8,9-unsaturated
sterols or 24,25-epoxycholesterol, could instead be a biomarker of increased
flux through the cholesterol biosynthesis that trigger endogenous OPCs to

differentiate and initiate myelination.

There are several lines of evidence that support the idea that oligo-
dendrocyte formation-enhancing-sterols may be involved in the endogenous
OPC differention and myelination. Firstly, if this hypothesis is true, the levels

of the pro-differentiation sterols should rise before the onset of myelination.
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While the levels of these sterols have not been measured directly, the peak
rate of flux through the cholesterol biosynthesis pathway in mouse brains
is in the first five days post-birth, which slightly precedes the onset of de-
tectable MBP protein levels, supporting our hypothesis. (31, 136) Further,
as myelin is cholesterol-enriched and deficits in total cholesterol have been
linked with delays in myelination, (143) it would make sense for OPCs to
have a mechanism of detecting ongoing cholesterol synthesis rates prior to
the onset of differentiation. Lastly, cholesterol can not cross the blood-brain
barrier; this makes OPCs especially dependent on the rate of local choles-

terol synthesis. (1)

Either 8,9-unsaturated sterols or 24,25-epoxycholesterol could be acting
as signaling molecules in differentiation as they all promote differentiation in
vitro. However, of all the known pro-differentiation sterols, the levels of 24,25-
epoxycholesterol are the most abundant in newborn mice, suggesting that it
is the most likely sterol to act as a readout of local cholesterol biosynthesis

and triggering endogenous oligodendrocyte formation. (109)

Preliminary experiments support the idea that 24,25-epoxycholesterol
may be involved in endogenous myelination cues. Using in vitro experi-
ments, we found that 24,25-epoxycholesterol accumulates during differentia-
tion in parallel with the 8,9-unsaturated sterols and cholesterol, albeit at very
low levels. (see fig. 4.2) To determine if the endogenous epoxycholesterol

levels affect oligodendrocyte formation, we overexpressed LSS, which leads
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to preferential flux through the cholesterol biosynthesis pathway, decreasing
24,25-epoxycholesterol levels. While the overall differentiation percentages
are low, the effect is reproducible: overexpressing LSS leads to decreased
oligodendrocyte formation, suggesting that the endogenous levels of epoxy-

cholesterol in OPCs could dictate baseline differentiation levels. (see fig.
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Figure 4.2: Epoxycholesterol in Differentiation - A) Epoxycholesterol in-
creases during differentiation of OPCs to oligodendrocytes. B) %MBP+ oligo-
dendrocytes of myc+ cells with overexpression of myc tagged GFP, RKIP,
SQLE, and LSS. RKIP is a unrelated protein control to ensure consistency in
the background. C) An independent experiment of (B)

Previous in vivo studies showed that blocking the formation of both choles-
terol and epoxycholesterol in vivo delays myelination dramatically. (143) To
interrogate if 24,25-epoxycholesterol is involved in endogenous differentia-
tion and myelination cues in vivo, we could use an LSS minigene overex-
pression construct to drive the formation of cholesterol over epoxycholes-

terol. While SQLE overexpression would increase 24,25-epoxycholesterol

and drive precocious myelination, it may also decrease cholesterol synthe-
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sis, which could be a confounding factor. Further work in this area could

provide novel insight into the role of sterols in in vivo cell fate decision mak-

ing.

4.3.2 Contribution of Astrocytes

In vitro we use almost pure populations of OPCs in serum-free media, which
forces the OPCs to generate cholesterol endogenously. However, it is less
clear which cell type generates cholesterol for myelin in the brain. Studies
have been published both in support of OPCs synthesizing cholesterol and
OPCs acquiring their cholesterol from exogenous sources. (27, 143) Like-
wise, the origin of the pro-differentiation sterols in vivo could be either the
OPC themselves or other cells in the brain such as astrocytes. Primary as-
trocytes, which are known to contribute to OPC sterol pools, secrete epoxy-
cholesterol in parallel with cholesterol. (27, 163) Additionally, media con-
ditioned by astrocytes promotes oligodendrocyte formation ex-vivo. (158)
In mice where cholesterol homeostasis is perturbed selectively in astrocytes
via genetic tools, there is a delay in myelination. (27) These findings suggest
that astrocytes could trigger OPCs to differentiate in vivo via the following

model:

1. Astrocytes increase cholesterol biosynthesis, leading to a rise in pro-

differentiation sterols such as 24,25-epoxycholesterol.
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2. These pro-differentiation sterols are delivered to OPCs (possibly via

vesicles).

3. The pro-differentiation sterols trigger the progression of OPCs to oligo-

dendrocytes, beginning the process of myelination.

The critical experiment to study this hypothesis would be to conditionally
overexpress LSS in astrocytes, which would limit their production of epoxy-
cholesterol, and determine if there is a delay in developmental myelination.
A control experiment would be to conditionally overexpress LSS in oligo-
dendrocytes and determine what the effects are there. Both genetic mod-
ifications would likely delay myelination as the OPCs are likely agnostic to
the source of epoxycholesterol. However, | would conjecture that the effect
would be more significant with LSS overexpression in astrocytes as astro-

cytes are known to produce large amounts of cholesterol in vivo.

4.4 Potential signaling mechanisms for 8,9- un-
saturated sterols

There is increasing evidence that the sterols in the post-squalene choles-
terol biosynthesis pathway can act as signaling molecules in a variety of
biological contexts. (165) The notion that the various intermediates in this

pathway have distinct signaling roles is further supported by the observa-

135



tion that human diseases relating to each of the enzymes in the cholesterol
biosynthesis pathway present with heterogeneous phenotypes. (1) However,
the majority of research in this area is highly focused on SREBP and LXR,
as they are well-established sterol-interacting partners. Chapters 2 and 3
suggest that SREBP and LXR are not mediating the effects of either the
8,9-unsaturated sterols or 24,25-epoxycholesterol to promote oligodendro-
cyte formation. Therefore, the actual mechanism by which these sterols act
is unclear. To address this question, we have tried several biased and unbi-
ased approaches with limited success. Therefore, we generated new genetic

approaches that will streamline future work in this area.

4.4.1 Biased Approaches

This section addresses the mechanism of pro-differentiation sterols by fo-
cusing on experiments that evaluate the contribution of pathways known to
affect oligodendrocyte formation or established sterol interacting partners. It
is not wholly encompassing but instead addresses concepts that have been
raised by others in the field, and thus the results might be interesting to a
broader audience. None of the ideas have been exhaustively explored, yet
each negative result makes that specific mechanism less likely to be the
"real" mechanism and moves it down the hypothetical list of possible mech-

anisms.
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4.4.1.1 Hypotheses based on oligodendrocyte literature

There are a dozen hypotheses that are explored in chapters 2 and 3, using
a variety of approaches including pathway profiling, luciferase reporters, and
small molecules. In the following section, we used the same tools to explore
several more. Importantly, hypotheses based on gene targets not expressed
in OPCs, according to both RNAseq data from primary OPCs and RNAseq

data from our own OPC model, are immediately rejected. (171)

First, we used commercially available reporter cell line profiling to ask if
pro-differentiation small molecules are affecting various canonical signalling
pathways. (see fig. 4.3) Based on these experiments, we were initially ex-
cited about the PIBK/AKT/FOXO3 pathway because in agonist-mode, the
pro-differentiation small-molecules were all leading to decreased signaling
through this pathway. However, the effect did not retest when the assay was

rerun in antagonist mode. (see fig. 4.3)

We also sought to test if our drugs and sterols might be directly inter-
acting with proteins previously described to modulate oligodendrocyte for-
mation. CHRM1 is an annotated target of several pro-differentiation small-
molecules and has previously been thought to regulate oligodendrocyte for-
mation. (107) GPR17 is a sterol binding GPCR whose inhibition has been
shown to promote oligodendrocyte formation. (90) We used pathway profil-

ing to determine that 8,9-unsaturated sterols do not bind to either of these
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targets. (see fig.4.4, 4.5) We also treated OPCs with a GPR17 antagonist
called HAMI3379 to determine if modulating GPR17 promotes oligodendro-
cyte formation in our hands. We tested it alone and in combination with two
pro-differentiation small-molecules: Tasin-1 (an EBP inhibitor) or liothyronine
(a thyroid hormone analog). HAMI3379 showed no effect on oligodendrocyte

formation in any condition. (see fig.4.5) (90)

GPRS30 has also been described as being a potential target of pro- dif-
ferentiation selective estrogen modulators such as Tamoxifen and shown to
affect remyelination in vivo. (68) G15, a GPR30 antagonist, did not affect
oligodendrocyte formation, either alone or in combination with 22-DMZ or
Liothyronine. (see fig. 4.6) Decreases in differentiation with G15 were at-

tributable to toxicity at higher concentrations.

Lingo-1 is a cell surface receptor whose inhibition is thought to promote
oligodendrocyte formation in vivo. (172) We tested a Lingo-1 antibody to see
if Lingo-1 was in any way involved in the mechanism of our 8,9-unsaturated
sterols but again, saw no effect. (see fig. 4.7)

There has also been some speculation that PLP might be involved in
the pro-differentiation phenotype seen with our drugs. Importantly, PLP is
known to interact with cholesterol in lipid rafts directly . (157) The levels
of cholesterol and PLP are interdependent in oligodendrocytes. (157) To
test if PLP was involved in the mechanism of our pro-differentiation small

molecules, we tested the pro-differentiation small-molecules in OPCs with a

138



(Activation)

20

cAMP/PKA

JAK/STAT

MAPK ©
=]
5
PI3K/AKT/FOXO3 o 20
o i
2
PKC/Ca2+ (activate) 'g
o
TGF-beta B -40
Wnt/Beta-Catenin
-60
PKC/Ca2+ (Inhibit)
(Inhibition)
N . N
& & & &S
2 Q) o X D
™ R < 3 Q'
0° ((\o 04 o
x0 &

(Inhibition)

20
10
0

PIBK/AKT/FOXO3 (inhibition)

% Inhibition

Wnt/Beta-Catenin (inhibition)

(Activation)
& N 4 N N
L & & f
IR R
0 &o & o
{&@ v &

Figure 4.3: Screen of Signalling Pathways - A selection of small molecules:
Ketoconazole at 2.5uM, Tasin-1 0.3uM, Amorolfine 0.3uM, Mevastatin 2.5uM,
Ro 48-8071 0.1uM. Each square is the mean of two replicates. All conditions
are relative to a positive control.
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Figure 4.5: GPR17 related experiments - A) and B) are direct binding assays
for GPR17 that show no binding for 22-DMZ, 14-DHZ, MAS-412, or cholesterol
in either agonist or antagonist mode. Each square is representative of two
replicates. C) Is a dose response curve of HAMI3379 alone or in combination
with Tasin-1 and Liothyronine (Lio) showing no effect in differentiation. This is

representative of two independent runs.
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Figure 4.7: Lingo-1 antibody - Lingo-1 antibody did not show any effect on
differentiation alone or in combination with Tasin-1 or Liothyronine.
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homozygous mutation in exon three of PLP-1 that leads to PLP degradation.
However, both the wild type cells and the PLP mutant cells had increased lev-
els of oligodendrocyte formation in response to the sterol modulating small-
molecules. Separately, our collaborators had done a drug screen in PLP mu-
tant cells for small molecules that promote oligodendrocyte formation. (43)
Their top small-molecules had high concordance with top small-molecules
done in wild-type lines. In fact, we validated their top small-molecule Ro
25-6981, as a sterol-14-reductase inhibitor both in vitro and in vivo. Overall,
these results suggest that PLP is not directly involved in the mechanism of

our pro-differentiation sterols.

2
3

% MBP+ oligodendrocytes

Figure 4.8: PLP mutated cells - Mutating PLP doesn’t prevent the Tasin-1 or
Amorolfine from promoting oligodendrocyte formation.
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4.4.1.2 Hypotheses based on sterol literature

Broadly, pro-myelinating sterols could be exerting their effects through changes
in membrane properties, most commonly referred to as membrane fluid-
ity. Previously studies showed that lanosterol increases membrane fluidity
in macrophages, and an EBP inhibitor increases membrane fluidity in red
blood cells. (4, 151) Biochemically, lanosterol and zymosterol affect mem-
brane fluidity differently than desmosterol and cholesterol. (48) However,
there is disagreement in the field on this matter. (152) To address if pathway
modulating small molecules increase membrane fluidity in OPCs, we used
a fluidity sensitive dye called laurdan. Preliminary data showed that both
CYP51 inhibitors and HMGCR inhibitors lead to increases in membrane flu-
idity, suggesting that these effects are likely due to cholesterol depletion as
opposed to the accumulation of 8,9-unsaturated sterols. However, this as-
say is not trivial to execute, highly noisy, and very low throughput. To test
if membrane fluidity is linked with oligodendrocyte formation using an or-
thogonal approach, we increased membrane fluidity using two reagents: n-
heptanol and benzyl alcohol. Despite increasing membrane fluidity, as mea-
sured by the laurdan assay, neither significantly increased differentiation in
our hands. However, these approaches are agnostic to nuances such as
lipid rafts and differences between intracellular compartments; sub-cellular

alterations in membrane fluidity could still be contributing to the effects of
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pro-differentiation sterols.

If membrane fluidity were a mechanism of promoting oligodendrocyte
formation, we would expect a subset of the small molecule drug screening
hits to promote oligodendrocyte formation to inhibit separate pathways to af-
fect membrane fluidity, such as sphingolipids. Given that none of the hits
we have tested affect alternative pathways that could modulate membrane
fluidity, it is less likely that membrane fluidity is involved in the effects of
8,9-unsaturated sterols. Instead, there is an increasing body of literature re-
garding proteins that directly sense the composition of lipids in a membrane,
as opposed to indirectly measuring the lipid composition through fluidity. (5)
Given that small changes in sterols lead to starkly different effects on oligo-
dendrocyte formation, it seems more likely that a specific protein interacts

with the pro-differentiation sterols to mediate their effects.

It is possible that the enzyme LBR is mediating the effects on oligoden-
drocyte formation. LBR is known to bind 8,9-unsaturated sterols due to its
role as a sterol-14-reductase enzyme in the cholesterol biosynthesis path-
way. It also has direct access to DNA and transcriptional machinery as a
component of the inner nuclear membrane. (78, 128) Currently, it is unknown
if the sterol-binding domain and the DNA-binding domain of LBR affect each
other’s activity. (78) However, given that both domains of LBR are highly
conserved among vertebrates, and the sterol binding domain is redundant

with TM7SF2, it is likely that there is an evolutionary reason to keep LBR
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with both domains. (129) Therefore, pro-differentiation sterols may interact
with the sterol binding domain of LBR, leading to structural change in the
nuclear domain of LBR, that contribute to the differentiation phenotype. The
only qualm with the hypothesis that LBR is involved in downstream signaling
of the pro-differentiation sterols is that 2,2-DMZ does not lead to any 14DHZ
accumulation. This observation suggests that 2,2-DMZ does not interact
with the enzymatic domains of TM7SF2/LBR, which contradicts the idea that
2,2-DMZ could be binding LBR to mediate its effects on oligodendrocyte for-
mation. While we have not ruled out that 2,2-DMZ might have a differential
binding affinity for TM7SF2 versus LBR, it still makes this hypothesis less
tractable. To determine if 2,2-DMZ and LBR are interacting, we could use a
cellular thermal shift assay. This approach measures the thermal stability of

a protein in the presence or absence of a particular ligand.

Other potential candidates for promoting oligodendrocyte formation are
proteins that are structurally similar to enzymes in the cholesterol biosynthe-
sis pathway. For example, the binding pockets of both sigmar1 and sigmar2
are all structurally similar to EBP and expressed in OPCs. Preliminary results
suggest that sigmar1 and sigmar2 are not involved mediating the effects on
oligodendrocyte formation. We tested (+)pentazocine, a small molecule that
selectively affects the activity of the sigmar1 over sigmar2 and EBP, and
found that it had no effect on oligodendrocyte formation alone or in combi-

nation with other pro-differentiation small molecules. (see fig 4.9) We also
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tested siRNA mediated transcript depletion of both sigmari and sigmar2;
in two independent experiments, there was no selective effect on oligoden-

drocyte formation with or without pro-differentiation small-molecules. (see

fig.4.10)
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Figure 4.9: Selective sigmar1 small-molecule - (+)-pentazocine does not
have any effect on oligodendrocyte formation either alone or in combination
with amorolfine.

Epoxycholesterol has its own set of known interacting partners, which
we have previously explored, including LXR, INSIG/SREBP, and GPR17.
(119) However, there exists another family of proteins that are known to bind
epoxycholesterol called the oxysterol binding proteins (OSBPs). Interest-
ingly, one of the OSBPs, OSBPL1a, is highly up-regulated in differentiating
OPCs. (171) We performed preliminary experiments to deplete transcript
levels of the top five most expressed OSBPs in the context of various dif-
ferentiation driving small molecules. Broadly, it seems that treating OPCs
with siRNA targeting OSBPs decreases oligodendrocyte formation even in
the presence of pro-differentiation signals. This effect is not selective for 8,9-

unsaturated sterols, as differentiation also decreased in liothyronine treated
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Figure 4.10: sigmar1 and sigmar2 knockdown - Knockingdown sigmar1 or

sigmar2 alone and in combination with Tasin-1 or liothyronine .
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OPCs. (see fig 4.11)
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Figure 4.11: Oxysterol binding Proteins - Knocking down the top five OSBPs
decreases differentiation. Transcript depletion of CYP51 reproduces to promote
oligodendrocyte formation.

4.4.1.3 Generation of Genetic tools for more rapid hypothesis analy-
sis

One challenge we faced in trying to determine the mechanism by which
the pro-differentiation sterols function was that the existing genetic tools for
OPCs were not ideal with regards to throughput nor kinetics. siRNA leads
to a robust and rapid depletion of transcript levels. However, for some tar-
gets we were unable to see functional effects on the protein of interest, likely
due to variability in protein turnover. In contrast, our established methods
for lentiviral infection of OPCs with CRISPR targeting reagents take three
weeks, which is far too long when studying changes in metabolic pathways.
(85) Therefore, we sought to implement a technique that allowed us to ge-
netically manipulate OPCs with more temporal control.

To address this, we generated a protocol for CRISPR mediated mutation

of target genes using electroporation. First, we used lentivirus to generate
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OPCs that constitutively express Cas9. Then we used electroporation to
deliver commercially available synthetic hairpin sgRNA into the Cas9 OPCs
for the gene of interest. We optimized the electroporation so that transfec-
tion efficiency is effectively 100%. This approach was used in chapter 3
to determine when exactly LSS knockdown leads to 24,25-epoxycholesterol
accumulation. Neither the siRNA approach nor the lentivirus CRISPR was
able to capture the precise timeframe associated with partial LSS inhibiton
and 24,25-epoxycholesterol accumulation. With the CRISPR electroporation
approach we were able to test multiple timepoints and monitor the temporal
accumulation of 24,25-epoxycholesterol, which indicated the best time to
perform the differentiation assay to see effects on oligodendrocyte forma-
tion. The approach takes less than 3 days and the reagents cost less than

$200 per gene, allowing us to test many hypotheses rapidly and cheaply.

We then wanted to generate approaches that allow us to ask if an in-
crease in the expression of certain genes affects oligodendrocyte forma-
tion. To address this, we generated a CRISPRa OPC line into which we
can electroporate hairpin sgRNA to increase transcription of the target gene.
The over-expression happens very quickly due to the constitutive expression
dCAS9-VPR. (see fig 4.12 for an overexpression example) The challenge
with this approach is that it has minimal effects on genes that are already
highly expressed. Therefore, we also optimized a CMV driven plasmid over-

expression protocol that utilized MYC staining to determine which cells con-
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tain the plasmid of interest. These methods allow us to overexpress genes

robustly regardless of their endogenous expression level.
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Figure 4.12: Electroporation based CRISPRa for MOG - A) In less than 72
hours there is robust increase in MOG expression. C) Protein overexpression
was confirmed with antibody staining. B) MOG overexpression increase the
percentage of MBP+ oligodendrocytes.

These tools | have optimized for use in OPCs will allow us to get a better
understanding of the role of various genes in oligodendrocyte formation on

a more appropriate timescale.

150



4.4.2 Unbiased Approaches

To date, few papers use unbiased approaches to determine the mechanism
of action of intermediates in the cholesterol biosynthesis pathway regard-
less of phenotype. The three types of unbiased approaches that have iden-
tified the target of sterol-like small molecules are transcriptional profiling,

photoaffinity pull-down, and genetic screening. (67, 149)

44.2.1 RNAseq

We performed RNAseq experiments for three timepoints throughout the dif-
ferentiation of OPCs treated with 8,9 unsaturated sterols, cholesterol, and
a variety of pro-differentiation small-molecules. Surprisingly, the RNAseq
revealed that the genes differentially expressed between 48 hours and 24
hours in OPCs treated with 2,2-DMZ almost completely overlap with genes
differentially expressed in the untreated differentiating control in the same
time frame. In contrast, in OPCs treated with liothyronine, there were sub-
stantial differences in gene expression between 48 and 24 hours that differed
from the untreated controls. This observation supports the idea that liothy-
ronine and 8,9-unsaturated sterols do not work via the same mechanism,
which was evident in chapter 2 based on combination experiments. The
gene expression signature in response to the 8,9-unsaturated sterols makes
it less likely that the 8,9-unsaturated sterols are promoting oligodendrocyte

formation by directly affecting a single transcription factor such as nuclear
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hormone receptors, LXR, or SREBP. Unfortunately, the RNAseq did not help
us nominate any specific mechanism for how the 8,9-unsaturated sterols
promote oligodendrocyte formation. Some drawbacks of this experiment are
that the cells were not sorted based on cell state before sequencing; there-
fore, the cellular heterogeneity may have masked subtle changes in gene

expression.

4.4.2.2 Genetic Screening

Another common approach to identify the target of small-molecules is ge-
netic screening. These approaches ideally assess the whole genome and
determine if transcript depletion or mutation of genes affects the phenotype
of the small molecule. One advantage of this approach is that it can illumi-
nate either direct targets or signaling pathways involved in the mechanism
of a small molecule. The genetic screening approaches commonly used for
mammalian cells are siRNA screening or CRISPR screening.

For siRNA screening, we needed a high-throughput way of transfecting
OPCs. We have been able to miniaturize the electroporation protocol into
a 96-well format. Therefore, we are currently beginning to screen a siRNA
library targeting 48 sterol binding proteins to see if transcript depletion of
these targets affects oligodendrocyte formation driven by 8,9-unsaturated
sterols. However, due to the cost of electroporation reagents and the need

for replicates with siRNA screening, whole-genome siRNA screening is cur-
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rently unfeasible for OPCs. Another complication is that the differentiation
assay is only three days, which may not be enough time for protein turnover,
especially for membrane-bound proteins.

For CRISPR screening, one challenge is that mature oligodendrocytes
are highly multiprocessed and, therefore, difficult to detach and sort based
on membrane markers. To overcome this issue, we could instead focus on
isolating the nuclei instead of the whole cells. We could then stain the nuclei
for a nucleus specific mature oligodendrocyte marker, before flow-sorting to
separate the mature and immature nuclei. A key area of optimization would
be to find a nucleus stain specific for mature oligodendrocytes, possibilities
include nuclear proteins (such as cleaved MYRF or NKX6.2) or membrane
proteins (such as MBP or MOG). Currently, our lentivirus CRISPR approach
has an antibiotic selection step, which lengthens the assay by a week. To
address this, we could use a GFP tagged plasmid and only isolate cells that
have nuclear GFP signal. Nevertheless, optimizing a CRISPR screen for this
purpose would be a time-consuming undertaking that may, or may not, yield

the direct target of the sterols.

4.4.2.3 Click Sterols

The most direct way to determine the interacting partners of a small-molecule
is by using photoaffinity pull-down reagents. This approach has been suc-

cessfully used for other sterol-like small molecules to identify sterol interact-
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Alkynyl-Lanosterol 22-DMZ

Figure 4.13: Ideal Pulldown Sterols - Alkynyl lanosterol and 2,2-DMZ demon-
strate two sites of modification that would allow us to add an alkyne and di-
azirine to an 8,9-unsaturated sterol to generate two potential pull-down sterols
for unbiased target identification.

ing partners. (23, 149) These molecules are chemically modified to contain
two groups: one that allows for crosslinking with proteins and another for
crosslinking to a bead for purification. The specific functional groups can
vary; however, the least bulky functional groups that fulfill these criteria are
a diazirine for UV affinity labeling and alkyne for click chemistry isolation.
The read-out is typically protein mass-spectrometry to determine which pro-
tein fragments are most commonly crosslinked to the small molecule. The
biggest hurdle in these types of experiments is generating a small molecule
that fulfills the required criteria. For us, this means a candidate pull-down

sterol needs to:

+ contain an alkyne

» contain a diazirine

» enhance oligodendrocyte formation

not block CYP51, sterol-14-reductase, EBP, or LSS
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* not be metabolized into an inactive metabolite

Previous work has highlighted that the introduction of an alkyne on the tail
of lanosterol does not prevent lanosterol from being metabolized, indicating
that this alkyne-lanosterol would fulfill three out of the five criteria. (149)
Given that 2,2-DMZ promotes differentiation, it does not block the enzymes
in the cholesterol biosynthesis pathway, nor is it further metabolized by en-
zymes in the cholesterol biosynthesis pathway, | propose the following sterols
as a possible click-sterol which could fulfill all five criteria. (see fig. 4.13) The
potential draw-back of pull-down sterols is that they do not necessarily inform
about the downstream signaling that leads to the given phenotype. However,
of all of the mechanistic approaches, the pull-down approach is the one most

likely to give us a tractable lead.

4.5 Interrogate other pathway members

We have defined several targets for pro-myelin therapies including: LSS,
CYP51, sterol-14 reductase, and EBP. However, we still need to determine
if these encompass the full spectrum of pro-myelinating targets within the
cholesterol biosynthesis pathway. Our initial experiments were limited to
enzymes for which there are selective small molecule inhibitors. However,
we can now use genetic approaches to explore targets that lack selective

inhibitors.

155



4.5.1 Sterol-14-reductase: TM7SF2/LBR

In chapter 2, we showed that sterol-14 reductase inhibition with small molecules
leads to increased levels of 8,9-unsaturated sterols and promotes oligoden-
drocyte formation. However, it is less clear which protein is mediating in this
effect. The enzymatic activity of sterol-14 reductase is shared by two pro-
teins TM7SF2 and LBR. (78) TM7SF2’s only known function is as a sterol-14
reductase enzyme in the cholesterol biosynthesis pathway. In contrast, LBR
is a bi-functional protein with two domains: an enzymatically active trans-
membrane domain and a nuclear domain which is involved with the organi-
zation of the DNA. (78) There is disagreement in the field about the ability
of these two enzymes to compensate for one another in mammalian cells,
likely due to differences in expression level in various tissue types and vari-
ability in the availability of exogenous sterols. (29, 150, 155) In the context
of high or low exogenous sterol availability the relative expression levels of
TM7SF2 and LBR change. (29) Therefore, it would be interesting to know if
in OPCs TM7SF2 or LBR is the dominant mediator of the pro-differentiation
phenotype seen with sterol-14 reductase inhibition. Practically, we can study
this using CRISPR electroporation. Further, if only one of these proteins is
responsible for the phenotypic effects seen, it may be beneficial to design

small molecules that selectively inhibit either TM7SF2 or LBR.
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4.5.2 C-4 demethylation complex

The C-4 demethylation complex lies between sterol-14 reductase and EBP in
the cholesterol biosynthesis pathway and consists of three enzymes: SC4MOL,
HSD17B7, and NSDHL. The enzyme complex acts twice to demethylate
the C-4 position of sterols sequentially. Our previous work shows that T-
MAS promotes oligodendrocyte formation without inhibiting any of the estab-
lished targets (CYP51, sterol-14 reductase, EBP, or LSS). Lentivirus based
CRISPR targeting of SC4MOL leads to the accumulation of T-MAS and pro-
motes oligodendrocyte formation. (See fig. 4.14) Therefore, it is plausi-
ble that the C4DMC enzymes represent three further targets for enhancing
oligodendrocyte formation. In addition to being a hormone, 17- hydroxypro-
gesterone is a known SC4MOL inhibitor that promotes oligodendrocyte for-
mation. (55) (See fig. 4.14) There currently exist no commercially avail-
able selective inhibitors of these enzymes for mammalian cells and limited
commercially available sterol standards for the substrates of these enzymes.
However, evaluation of the C-4 demethylation complex enzymes as targets
for promoting oligodendrocyte formation should be relatively straight forward

using the previously described genetic tools.
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Figure 4.14: SC4MOL as a potential target - 17-hydroxyprogesterone en-
hances oligodendrocyte formation and inhibits SC4MOL. SC4MOL mutation,
promotes oligodendrocyte formation

4.6 Insights into the Cholesterol biosynthesis path-

way

One challenge of this work is that 8,9-unsaturated sterols are also small-
molecules that can have effects on the cholesterol biosynthesis pathway in
unexpected ways. Therefore, it is essential to parse if pro-differentiation
sterols are working directly to promote oligodendrocyte formation or indi-
rectly via inhibition of CYP51, sterol-14-reductase, or EBP. In analyzing this
data, | noticed two subtle phenomena that may have gone underappreciated
in previous research regarding the metabolites of the cholesterol biosynthe-

sis pathway.
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4.6.1 Natural metabolites block other steps in cholesterol

biosynthesis pathway

Firstly, metabolites that are considered endogenous to the cholesterol biosyn
thesis pathway can function as inhibitors of other steps within the post-
squalene pathway. We treated OPCs with each of the pro-differentiation
8,9-unsaturated sterols in chapter 2 and found that two of them block en-
zymes upstream in the pathway. Specifically, dihydro-FF-MAS and dihydro-
T-MAS lead to the accumulation of lanosterol in addition to being further
metabolized in the pathway. Conceptually, this is not surprising given that
dihydro-FF-MAS is the product of CYP51 and dihydro-T-MAS differs from
dihydro-FF-MAS only by a double bond at the C14 position. However, this
effect happened at concentrations of dihydro-FF-MAS and dihydro-T-MAS
are far above the range typically seen physiologically; it is unlikely that they
are relevant at physiologic concentrations. However, it suggests that the ef-
fects exogenous natural metabolites on the cholesterol biosynthesis pathway
should be determined before the interpretation of phenotypic consequences

in other assays.

4.6.2 14-DHZ may be a non-canonical natural metabolite

Previous work had shown that with sterol-14-reductase inhibition in vitro,

there is an accumulation of the 14-DHZs as opposed to accumulation an
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of FF-MAS and dihydro-FF-MAS. (See chapter 1) However, this may not
be an artifact of small molecule treatment or genetic experiments alone, but
instead represent the natural tendency of the C4DMC to metabolize FF-MAS
and dihydro-FF-MAS, as opposed to sterol-14 reductase which is suggested
by the Bloch and Kandutsch-Russell pathways. While not described in the

literature, there are several lines of evidence that support this idea:

14-DHZ can flux through the pathway. In OPCs treated with 14-DHZ,
there is an increase in the downstream metabolites: zymostenol and

lathosterol.

» 14-DHZ is detectable endogenously in untreated OPCs.

* OPCs treated with exogenous FF-MAS and dihydro-FF-MAS, have in-

creased levels of 14-dehydrozymosterol and 14-dehydrozymostenol.

* In OPCs treated with very potent EBP inhibitors, there is 14DHZ ac-
cumulation, as would be expected if EBP is fully inhibited and the

metabolites are accumulating upstream.

While none of these observations are conclusive, in combination, they
suggest that the order of enzymes in the cholesterol biosynthesis pathway
may not always follow the classical Bloch or Kandutsch-Russell pathways.
Instead, it is possible that FF-MAS and dihydro-FF-MAS are metabolized by
either sterol-14-reductase or C4DMC depending on the cell type. In unper-

turbed OPCs, C4DMC could act before sterol-14-reductase.
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Unfortunately, our current sterol measurements are steady-state mea-
surements. To get accurate measurements of flux through this portion of
the pathway, we need to do experiments with C13 labeling or deuterium
labeling at shorter timepoints. Also, biochemical assays could clarify the
relative affinity for FF-MAS and dehydro-FF-MAS by C4DMC versus sterol-
14-reductase. Lastly, 14-DHZ should be purified from OPCs to conclusively

establish it as a natural metabolite of the cholesterol biosynthesis pathway.
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Figure 4.15: Alternative order of Sterol-14-reductase and C4DMC for
OPCs - Diagram indicating the classical order of enzymes in the cholesterol
biosynthesis pathway (left) versus the proposed pathway, (right).
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4.7 Conclusion

Foundational work in rodents highlighted OPCs as a potential target for ther-
apies that aim to improve myelin production after demyelinating insults. High-
throughput drug screening delineated dozens of small molecules that pro-
mote oligodendrocyte formation from OPCs, both in vitro and in vivo. Our
work identified that inhibition of four enzymes in the cholesterol biosynthe-
sis pathway is a common mechanism of these pro-differentiation and pro-
myelination small molecules. Inhibition of these enzymes leads to accumu-
lation of sterol metabolites that are sufficient to promote oligodendrocyte for-
mation. Structure-function-relationship studies of the sterols highlighted the
epoxycholesterol synthesis pathway as a novel pathway contributing to oligo-
dendrocyte formation. Inhibition of CYP51, sterol-14 reductase, and EBP
enhanced remyelination in mouse models of multiple sclerosis. Therefore,
small molecules that inhibit these enzymes are candidates for clinical trans-
lation. Interestingly, one EBP inhibiting compound, clemastine, improves
physiological metrics of demyelination in multiple sclerosis patients, but it
was unable to improve the symptoms of these patients. However, this study
did not determine whether the dose used of clemastine was optimally inhibit-
ing EBP. Therefore, the success of EBP inhibition as a therapeutic strategy
has yet to be determined. The most direct way of establishing the utility of

sterol modulating therapeutics for remyelination is to test them in further clin-
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ical trials. Given that inhibition of enzymes in the postsqualene portion of the
cholesterol biosynthesis pathway leads to precocious myelination in devel-
opment, the sterol metabolites may be contributing to endogenous cues that
trigger oligodendrocyte formation and myelination in vivo. The mechanism
by which the sterol metabolites lead to enhanced oligodendrocyte formation
is completely unknown. We have explored many of the most likely mecha-
nism given known sterol and oligodenderocyte biology. However, it is likely
that these metabolites are functioning through novel biological approaches
that have yet to be described in the literature. Therefore, | strongly advocate
for the use of pull-down sterols as an approach to determine the interacting
proteins of the pro-differentiation sterols. Then, genetic tools can be used
to establish the involvement of each protein on the oligodendrocyte forma-
tion phenotype. Other targets in the cholesterol biosynthesis pathway may
be novel targets for enhanced oligodendrocyte formation that can be fur-
ther explored using genetic tools. Exploration of the cholesterol biosynthesis
pathway has highlighted that metabolites in this pathway can act both as
substrates and inhibitors of enzymes. Further, metabolites that accumulate
upon enzymatic inhibition may represent natural metabolites in OPCs under

physiologic conditions.

In conclusion, we have shown that inhibition of the post-squalene choles-
terol biosynthesis pathway is a novel therapeutic strategy to enhance re-

myelination. This mechanism is shared between most known small-molecules
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that enhance oligodendrocyte formation. Yet, beyond the obvious thera-
peutic applications, this work opens the door to a slew of new questions
surrounding both oligodendrocyte biology, sterol signaling mechanisms, and
the cholesterol biosynthesis pathway. While we achieved our primary goal of
determining the mechanism of action of the oligodendrocyte formation en-
hancing small-molecules, instead of closing the chapter on this area of work,

it has opened our eyes to a whole new world of possible questions.
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