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Abstract

Regeneration of myelin in the CNS is being pursued as a potential therapeutic approach for
multiple sclerosis. Several labs have reported small molecules that promote oligodendrocyte
formation and remyelination /in vivo. Recently, we reported that many such molecules function
by inhibiting a narrow window of enzymes in the cholesterol biosynthesis pathway. Here we
describe a new high-throughput screen of 1,836 bioactive molecules and a thorough re-analysis
of more than 60 molecules previously-identified as promoting oligodendrocyte formation from
human, rat, or mouse oligodendrocyte progenitor cells (OPCs). These studies highlight that an
overwhelming fraction of validated screening hits, including several molecules being evaluated
clinically for remyelination, inhibit cholesterol pathway enzymes like EBP. To rationalize these
findings, we suggest a model that relies on the high druggability of sterol-metabolizing enzymes
and the ability of cationic amphiphiles to mimic the transition state of EBP. These studies further
establish cholesterol pathway inhibition as a dominant mechanism among screening hits that
enhance human, rat, or mouse oligodendrocyte formation.
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Myelin is a lipid-rich substance found in the mammalian central nervous system (CNS) that
is critical for saltatory conduction and structural support of neurons.1=3 Oligodendrocytes
are the resident myelinating cells of the CNS and are lost in demyelinating diseases, most
notably, multiple sclerosis (MS).*> A CNS stem cell population known as oligodendrocyte
precursor cells (OPCs) can differentiate into new oligodendrocytes that are able to replenish
lost myelin in MS.6-8 Although OPC differentiation into oligodendrocytes occurs in many
patients with demyelinating disease, this process is limited and ultimately fails to curb
disease progression.! Future therapeutics that function to drive OPC differentiation into
oligodendrocytes to replace damaged myelin could improve patient prognosis.®10

To identify starting points for the discovery of future remyelinating therapeutics, various
labs have used phenotypic screens of FDA-approved drugs and other bioactive small
molecules to identify dozens of enhancers of oligodendrocyte formation.11-16 Several of
these small molecules also enhance remyelination in animal models of MS, and one,
clemastine, recently induced statistically significant improvement of visual evoked potential
latency in optic neuritis patients.1” While validated hits from these screens span a diverse
range of canonical biological targets, we have previously shown that a broad swath of
such molecules modulate oligodendrocyte formation not by their canonical targets but
by inhibition of a specific range of cholesterol biosynthesis pathway enzymes—CYP51,
sterol 14-reductase, and emopamil-binding protein (EBP) (Figure S1).1518 Inhibition of
these enzymes leads to accumulation of their 8,9-unsaturated sterol substrates, which are
necessary and sufficient for enhanced oligodendrocyte formation.1®

While many validated hits are established to induce 8,9-unsaturated sterol accumulation to
drive oligodendrocyte formation, it remains unclear whether this finding is consistent across
the broad swath of OPC differentiation assay conditions that have been used throughout

the field. In particular, various labs have assayed mouse, rat, or most recently human OPC
differentiation to oligodendrocytes; have tested OPCs that in some cases include disease-
causing mutations; and have used screening libraries at various concentrations. In this
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study, we sought to evaluate the generality of 8,9-unsaturated sterol accumulation among
oligodendrocyte-enhancing small molecules obtained across this diversity of screening
contexts. To do so, we performed a new screen using low concentrations of bioactive small
molecules and also performed sterol profiling on more than 60 validated hits identified by
multiple labs using a range of OPC sources, genetic backgrounds, and screening methods.
Notably, the first set of hits obtained via screening of human OPCs also predominantly
induced 8,9-unsaturated sterol accumulation, indicating that these cholesterol precursors
also appear to be a leading mechanism by which existing small molecules promote

human oligodendrocyte formation. Our studies have revealed that a large majority of
small-molecule enhancers of oligodendrocyte formation identified by this set of screens
function by inhibiting EBP in OPCs, with smaller numbers of validated hits instead
targeting other cholesterol pathway enzymes or the thyroid hormone receptor, another well-
validated remyelination target. Additional analyses establish multiple rationales for why
this range of cholesterol biosynthesis enzymes are so frequently targeted by small-molecule
screening hits, providing important context for this dominant mechanism for promoting
oligodendrocyte formation and remyelination.

2. RESULTS AND DISCUSSION

2.1 Screening at lower concentrations highlights a new EBP inhibitor and thyroid
hormone analogs as enhancing oligodendrocyte formation

Previously we used our established high-content imaging assay measuring the differentiation
of OPCs to mature MBP* oligodendrocytes to screen 3,000 bioactive small molecules

at 2 uM to identify enhancers of oligodendrocyte formation. Analysis of the top 10

novel hits from this screen revealed that all ten inhibited the cholesterol biosynthesis
enzymes CYP51, sterol 14-reductase, or EBP.1% In this study, we re-evaluated a subset

of 1,836 molecules within our bioactives collection (Selleck Bioactive Compound Library-
I; L1700) at a substantially lower screening concentration of 100 nM. The goal of
screening at this lower concentration was to identify potent enhancers of oligodendrocyte
formation that may have been overlooked in past screens, for example due to cell death

at micromolar concentrations. In brief, we treated OPCs in 384-well plates for 72 h with
each bioactive small molecule at 100 nM and subsequently immunostained for myelin
basic protein (MBP) to identify mature oligodendrocytes (see Methods). At this screening
concentration, six small molecules strongly enhanced oligodendrocyte formation (Figure
1A). Four of these top enhancers of oligodendrocyte formation were analogs of thyroid
hormone, which is well-established to drive oligodendrocyte formation via the thyroid
hormone receptor.1® A fifth hit was amorolfine, which we previously established functions
by inhibition sterol 14-reductase in OPCs.1® Our screen also revealed one potent enhancer
of oligodendrocyte formation, clomifene, a selective estrogen receptor modulator (SERM)
(Figure 1A and 1C).20 While clomifene enhanced MBP* oligodendrocyte formation in

the low nanomolar range, cytotoxicity and a reduction in oligodoendrocyte formation was
observed at concentrations at or above 1 uM (Figure 1C). Clomifene’s cytotoxicity in

the micromolar range likely obscured its ability to enhance oligodendrocyte formation

in previous high-throughput screens, further validating our 100 nM screening approach.
Multiple SERMs have previously been shown to inhibit EBP.1°> We used GC-MS based
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sterol profiling to characterize clomifene’s effects in OPCs (see Methods) and observed
accumulation of zymostenol and zymaosterol, indicating that clomifene also inhibits EBP to
drive oligodendrocyte formation (Figure 1D). Overall, this screen again highlighted EBP and
thyroid hormone signaling as common modes of action among high-throughput screening
hits for enhancing oligodendrocyte formation.

2.2 Past and newly-validated hits identified using stem cell-derived mouse OPCs inhibit
cholesterol biosynthesis to induce 8,9-unsaturated sterol accumulation

In our previous screen of over 3,000 bioactive small molecules, we found that each of

the top ten novel enhancers of oligodendrocyte formation were inhibitors of CYP51, sterol
14-reductase, or EBP and induced accumulation of 8,9-unsaturated sterols at the screening
dose.1® In this study, we further evaluated 16 compounds that fell just below our previous hit
threshold. We initially tested each molecule at the previous HTS concentration of 2 uM and
found 6 of the 16 molecules effectively promoted oligodendrocyte differentiation, defined as
at least a 1.5-fold increase in myelin basic protein-positive mature oligodendrocytes (Figure
2A and S2A). To capture molecules that might be effective at slightly higher concentrations,
we retested initially ineffective molecules at 6 uM, which yielded 4 additional enhancers of
oligodendrocyte formation (Figure 2B and S2B).

For these 10 small molecules that enhanced oligodendrocyte formation, we used GC-MS-
based sterol profiling to measure inhibition of cholesterol pathway enzymes by quantitating
accumulation of the sterol substrates of these enzymes (Figure 2C-D). When tested at the
effective screening dose for each molecule (2 or 6 uM), nine of the 10 hits led to sterol
accumulation with 8 inhibiting EBP and 1 inhibiting sterol 14-reductase. Only difluprednate,
a glucocorticoid receptor agonist, showed no evidence of cholesterol pathway inhibition.
Glucocorticoid receptor modulators including clobetasol have previously been suggested

to promote OPC differentiation via glucocorticoid receptor signaling, consistent with our
finding of no effect on cholesterol biosynthesis.18 Ultimately, our reanalysis of this small-
molecule screen revealed 9 novel inhibitors of EBP or sterol 14-reductase that enhance
oligodendrocyte formation, further supporting the centrality of these enzyme targets among
small molecules identified in high-throughput screens.

An earlier screen of FDA-approved drugs in murine pluripotent stem-cell-derived OPCs
identified miconazole, clobetasol, and many other drugs as enhancers of oligodendrocyte
formation.1® Reanalysis of the 15 hit molecules that were validated as dose-responsive in
this study revealed that 10 have subsequently been characterized as inhibiting CYP51, sterol
14-reductase, or EBP in OPCs (Figure 3A).1521 We next evaluated whether the remaining
five validated hit molecules might also inhibit these enzymes. Using GC-MS-based sterol
profiling, we noted that four of the five hits induced accumulation of 8,9-unsaturated sterols,
with three EBP inhibitors and one CYP51 inhibitor identified (Figure 3B—C). Clobetasol,
another glucocorticoid agonist, was the only compound that did not inhibit cholesterol
synthesis. Notably, this classifies 14 of the 15 previously validated hits in this screen as
either EBP, CYP51, or sterol 14-reductase inhibitors.

ACS Chem Biol. Author manuscript; available in PMC 2023 August 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sax et al.

Page 5

2.3 Top enhancers of Jimpy oligodendrocyte formation show inhibition of Sterol 14-
reductase, EBP, and CYP51

We next evaluated whether small-molecule promoters of oligodendrocyte formation
identified using OPCs bearing leukodystrophy-causing mutations also inhibit cholesterol
pathway enzymes. Pelizaeus-Merzbacher disease (PMD) is characterized by dysfunctional
differentiation of OPCs to oligodendrocytes and subsequent hypomyelination; the “jimpy”
(PIpAMPYY mouse is frequently used to model PMD and shows a strong demyelinating
phenotype.22:23 Using iPSC-derived jimpy OPCs, a high-throughput screen identified a
number of hits which were effective in promoting mutant oligodendrocyte formation.1
Notably, among the top 19 validated hit molecules identified using jimpy OPCs, eight

have previously been shown to inhibit cholesterol pathway enzymes, including in wild-type
OPCs (Figure 4A).1524 Additionally, we established above that both Ro 25-6981 and
fenspiride, which enhance oligodendrocyte formation in jimpy mice, are inhibitors of sterol
14-reductase and EBP, respectively (Figure 2C). We next evaluated the nine molecules not
already linked to cholesterol pathway inhibition using our wild-type OPC differentiation
assay. We initially validated that five of these nine hit molecules promoted at least a
1.5-fold increase in MBP+ oligodendrocytes at the reported screening dose of 10 pM
(Figure 4B). The five oligodendrocyte-enhancing small molecules were then evaluated
using GC-MS based sterol profiling to measure cholesterol pathway enzyme inhibition
(Figure 4C). All five validated hits induced sterol accumulation at their effective screening
dose, with three inhibiting EBP, one inhibiting sterol 14-reductase, and one inhibiting
CYP51.The top performing molecule, climbazole, was also characterized at dose and
showed comparable potency for enhancing both MBP+ oligodendrocyte formation and
lanosterol levels (Figure 4D-E). Collectively, these data indicate that even small molecule
enhancers of oligodendrocyte formation identified using OPCs harboring a disease-causing
mutation are overwhelmingly likely to inhibit EBP, sterol 14-reductase, and CYP51.

2.4 Treatments effective in enhancing rat OPC differentiation inhibit EBP and sterol 14-

reductase

Some past screens of bioactive small molecule libraries have used rat primary OPCs to
identify enhancers of oligodendrocyte formation. We next tested whether leading enhancers
of rat OPC differentiation identified by Deshmukh4 or Lariosa-Willingham2 promote
formation of mouse oligodendrocytes and also inhibit EBP, sterol 14-reductase, or CYP51.

Deshmukh et al. identified 54 hits spanning 20 known mechanisms of action. Notably, five
of these hits have subsequently been shown to inhibit EBP, sterol 14-reductase, or CYP51
in OPCs or other CNS cells (Figure 5A).1524.25 Among the remaining hit molecules, we
chose 10 with distinct known mechanisms of action for evaluation in our mouse OPC
differentiation assay. Three molecules increased MBP+ oligodendrocytes at least 1.5-fold
at the reported screening dose of 1.5 uM (Figure 5B); increasing the concentration to 4.5
UM did not result in additional hits (Figure S4B). Likewise, the screen reported by Lariosa-
Willingham et al. identified 27 validated hits spanning seven drug classes. Remarkably,

11 of these hits, including all members of the ‘SERM’ and “Anti-fungal’ classes, have
subsequently been shown to induce accumulation of 8,9-unsaturated sterol accumulation
in OPCs or other CNS cells (Figure 5A).1524 We chose the most potent members of the
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remaining five drug class categories for evaluation in our mouse OPC differentiation assay;
three of the five met our selection criteria for enhanced oligodendrocyte formation (Figure
5G; Figure S4C and S4D).

The six validated hits identified in the Lariosa-Willingham and Deshmukh screens that
promoted oligodendrocyte formation under our assay conditions were then advanced to
GC-MS based sterol profiling to determine whether these treatments modulate sterol levels
in OPCs (Figure 5C and 5H). Five of the six hits caused 8,9-unsaturated sterol accumulation
at concentrations that enhanced oligodendrocyte formation, with four EBP inhibitors and
one sterol 14 reductase inhibitor identified. All-trans retinoic acid (ATRA) was the only
validated hit that did not cause sterol accumulation. Notably, donepezil and vanoxerine
enhanced oligodendrocyte formation at concentrations that closely matched their potency
for inducing accumulation of zymosterol and zymostenol (Figure 5F-I). The identification
of novel EBP or sterol 14-reductase inhibitory activity among molecules that robustly
enhance differentiation of both rat and mouse OPCs further illustrates the high percentage
of validated screening hits that induce accumulation of 8,9-unsaturated sterols to enhance
oligodendrocyte formation.

2.5 Enhancers of human oligodendrocyte formation predominantly induce 8,9-
unsaturated sterol accumulation

Recently the first high-throughput screen of human oligodendrocyte formation was reported
using iPSC-derived human OPCs and a collection of 2500 bioactive small molecules.28
Remarkably, seven of 21 validated hits in this screen were previously demonstrated

both to enhance formation of mouse oligodendrocytes and to induce accumulation of 8,9-
unsaturated sterols in mouse OPCs.1526 While tamoxifen and imidazole antifungal drugs
like oxiconazole have previously been shown to induce 8,9-unsaturated sterol accumulation
in human cells, 1521 we confirmed that the remaining five hits also induced 8,9-unsaturated
sterol accumulation in the human glioblastoma cell line GBM528 using our GCMS-based
sterol profiling assay (Figure 6A—-C). We then evaluated sterol levels after treatment with the
remaining 14 hits from the screen not previously shown to modulate cholesterol biosynthesis
and identified an additional three EBP inhibitors and two sterol 14-reductase inhibitors
(Figure 6E-F). Collectively, 12 of 21 reported enhancers of human oligodendrocyte
formation showed inhibition of EBP, CYP51, or sterol 14-reductase in a human CNS

cell line. These 12 molecules also uniformly induced accumulation of 8,9-unsaturated
sterols and promoted oligodendrocyte formation in mouse OPCs, further highlighting a high
degree of correspondence between human and mouse OPC differentiation assays (Figure
6A-H and S5).15:21.24.26 Together these findings support accumulation of 8,9-unsaturated
sterols as a predominant phenotype among small molecules shown to enhance formation of
oligodendrocytes from human OPCs.

2.6 Enhancers of oligodendrocyte formation advanced to clinical trials inhibit EBP

Several small-molecule enhancers of oligodendrocyte formation identified by high-
throughput screening or other approaches have advanced into clinical investigation as
potential multiple sclerosis therapies.1”-27 Two such molecules, clemastine and quetiapine,
were first identified in a screen using rat oligodendrocyte wrapping of ‘micropillars’ as a
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primary readout.13 Previously, we confirmed the effects of clemastine as an enhancer of
oligodendrocyte formation and established that clemastine inhibits EBP in mouse OPCs.1°
Notably, quetiapine also enhanced oligodendrocyte formation and inhibited EBP in our
assays (Figure 7A and 7D). Subsequently, bazedoxifene, a selective estrogen receptor
modulator, was identified using the same micropillar-based screening platform.28 These
studies discounted the estrogen receptor as bazedoxifene’s functional target in OPCs

and used computational methods to suggest EBP as an alternative target. Indeed, GCMS-
based sterol profiling revealed striking accumulation of the EBP substrate zymosterol in

a dose-responsive manner parallel to bazedoxifene’s effect on oligodendrocyte formation,
confirming bazedoxifene as an EBP inhibitor in OPCs (Figure 7B and 7E). We next
investigated GSK239512, a histamine receptor antagonist advanced clinically as a potential
remyelinating therapeutic.2® We confirmed that GSK239512 enhanced oligodendrocyte
formation at concentrations above 1 UM (Figure 7C). As other tertiary amine-containing
histamine receptor modulators are known to inhibit EBP, we performed GCMS-based
sterol profiling on OPCs treated with GSK239512. Accumulation of EBP’s substrate sterols
zymostenol and zymosterol indicated inhibition of EBP (Figure 7F). Importantly, potency
for EBP inhibition mirrored potency for enhancing oligodendrocyte formation.

Finally, given the striking prevalence of EBP inhibitors found throughout this work, we
performed a biochemical assay of EBP enzymatic activity using four top-performing
molecules to evaluate whether these molecules directly inhibit EBP. While TASIN-1,
toremifene, and bazedoxifene showed complete inhibition of EBP activity, vanoxerine
showed partial inhibition; this result matches vanoxerine’s effects in cells where partial
inhibition of both sterol 14 reductase and EBP is observed (Fig. 7G, Fig. 5G,H). Altogether,
these findings support EBP as the functional target by which bazedoxifene and other clinical
remyelination candidates promote oligodendrocyte formation from cultured OPCs.

Our data highlight that an overwhelming fraction of enhancers of oligodendrocyte formation
identified via HTS, and indeed several percent of molecules within these screening
collections, target cholesterol biosynthesis enzymes that metabolize 8,9-unsaturated sterols.
Recent studies by others have reinforced the high frequency with which FDA-approved
drugs inhibit cholesterol pathway enzymes, including at doses used clinically.25:27:30-33
Available evidence suggests several explanations for why so many small molecules within
available screening collections target cholesterol biosynthesis enzymes. First, many pathway
enzymes metabolize cholesterol precursor sterols, which are highly hydrophobic substrates
that occupy large and hydrophobic pockets within the active sites of these enzymes. Large
hydrophobic binding pockets typically predict high enzyme “druggability’ with existing
small molecule collections. Indeed, druggability analysis of recent X-Ray crystal structures
of EBP using DoG SiteScorer revealed large binding pockets, a high fraction of hydrophobic
residues within the pockets, and a subpocket druggability score as high as 0.84, well

above the threshold of 0.5 typically used to predict a high level of druggability (Figure
8A).32 Similar findings were observed for CYP51, the only other enzyme that metabolizes
8,9-unsaturated sterols for which X-Ray crystal structure is available.3* As expected given
the hydrophobic substrate binding pockets of pathway enzymes, hits validated in both our
2018 screen and our reanalysis in Figure 2 show significantly higher calculated log P than
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our screening collection as a whole (Figure 8B and 8C), indicating that more hydrophobic
screening molecules are more likely to score as hits.1®

While the presence of highly hydrophobic substrate binding pockets may generally
predict high druggability among sterol-metabolizing enzymes, molecules that enhance
oligodendrocyte formation are remarkably unequally spread among each of the 6 enzymes
whose substrates are 8,9-unsaturated sterols. Including all hits from our 3,000 bioactive
small molecules screened at 2 uM as well as those validated here or reported previously,3>
we have characterized thirty-six EBP inhibitors, seven sterol 14-reductase inhibitors, nine
CYP51 inhibitors, and 1 HSD17B?7 inhibitor in mouse OPCs. Additionally, a similar
distribution of seven EBP inhibitors, three sterol 14-reductase inhibitors, and one CYP51
inhibitor were characterized in human cells (Figure 8D—E).1> No molecules targeting

the remaining 8,9-unsaturated sterol-metabolizing enzymes, SC4AMOL or NSDHL, have
been identified in this or other screens, though inhibitors of SCAMOL that enhance
oligodendrocyte formation were identified independent of screening efforts.3°

The most commonly targeted enzyme, EBP, and sterol 14-reductase share enzymatic
mechanisms that proceed through similar high-energy sterol cation intermediates.32 Notably,
molecules identified as inhibiting EBP and sterol 14 reductase from screening libraries
uniformly feature a tertiary amine functionality likely to be cationic at physiological pH.
Potentially, these cationic amphiphilic molecules serve as ready mimics of the rate-limiting
transition states of these enzymes, which by Hammond’s postulate likely closely resemble
the high-energy sterol cation intermediate (Figure 8F). Evidence for this hypothesis includes
the lack of known inhibitors of EBP and sterol 14 reductase that do not include a basic
amine and past SAR studies showing that rendering the basic nitrogen non-basic via
introduction of a carbonyl fully abrogates EBP inhibitory activity.1® Additionally, the two
other sterol-metabolizing enzymes whose enzymatic mechanisms proceed via sterol cations,
DHCR7 and DHCR24, while not targets for enhancing oligodendrocyte formation, have
been disproportionately identified as off-target effects of FDA-approved drugs.32 These
analyses suggest that while sterol-metabolizing enzymes likely share druggable hydrophobic
pockets, enzymes whose mechanisms proceed via sterol cation intermediates are most likely
to be targeted by currently available screening collections, which are enriched with cationic
amphiphilic molecules that appear frequently capable of mimicking sterol cations.

2.7 DISCUSSION

Previous work from our lab has shown that many small molecule enhancers of
oligodendrocyte formation function through inhibition of several enzymes in the cholesterol
biosynthesis pathway—CYP51, sterol 14-reductase, EBP, and more recently, LSS,
SCAMOL, and HSD17B7.1518:35.36 A5 4 result, the 8,9 unsaturated sterol substrates
accumulate in OPCs and effectively enhance OPC differentiation and remyelination both

in vitroand in vivo.X® Though we have previously shown cholesterol biosynthesis enzyme
inhibition to be a shared mechanism for several screening hits that enhance oligodendrocyte
formation, the current study highlights the broad dominance of this mechanism in small
molecule-driven oligodendrocyte formation. Whether assays use pluripotent stem cell-
derived or primary OPCs, wild-type or Jimpy OPCs, or mouse, rat, or human OPCs, an

ACS Chem Biol. Author manuscript; available in PMC 2023 August 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sax et al. Page 9

overwhelming majority of validated hits inhibit cholesterol pathway enzymes and induce
8,9-unsatuarted sterol accumulation. While we were unable to validate every reported

hit molecule we tested in our assay, possibly due to differences in OPC source/species,
differentiation assay conditions, or the expected emergence of false positives from screens,
overall congruence among these screens is high. Especially noteworthy is the high fraction
of hits identified in the first screen of human oligodendrocyte formation previously
identified in past screens using rodent OPCs. Specific SERMSs, anti-muscarinics, antifungals,
antipsychotics, and ion channel modulators frequently emerge from multiple published
screens (Fig 5A), providing confidence in the overall robustness and reproducibility of the
OPC differentiation assay.

Our findings add to the substantial body of recent work establishing that many FDA-
approved drugs have potent off-target effects on cholesterol biosynthesis pathway enzymes.
Our interpretation of the dominance of cholesterol pathway modulators among known
enhancers of oligodendrocyte formation is that cationic amphiphilic molecules, which are
over-represented in available screening collections, can frequently act as transition state
mimics for EBP and other sterol cation-metabolizing enzymes. This function is particularly
likely in the low micromolar concentration range at which many high-throughput screens
are run. Undoubtedly other targets and signaling pathways can also be modulated to

drive oligodendrocyte formation; in particular, thyroid hormone receptor signaling is a well-
validated axis confirmed in our present screen and known to be additive with sterol pathway
modulators.1> Additionally, past and present work has noted enhanced oligodendrocyte
formation for glucocorticoids and ATRA. Notably, in contrast to thyroid hormone, which
promotes oligodendrocyte formation even at picomolar concentrations, glucocorticoids and
ATRA affect oligodendrocyte formation only at concentrations near or above 1 uM. As these
concentrations are far higher than those typically required to modulate the glucocorticoid
receptor or retinoic acid receptor, the cellular targets mediating the effects of these
molecules on OPCs are uncertain. Doubtless additional druggable targets beyond these
remain to be established for enhancing oligodendrocyte formation: future small-molecule
screens that take steps to rapidly triage or suppress the large number of cholesterol pathway
inhibitors likely to be present in typical screening collections may be more likely to identify
such novel targets.

3. MATERIALS AND METHODS

3.1 OPC Media Conditions

OPC growth media refers to media containing DMEM/F-12 media (ThermoFisher,
11320-033) supplemented with 1X N2Max, 1X B27 (ThermoFisher), FGF2 (10 ug/mL,
R&D systems, 233-FB025), and PDGF-AA (10 pg/mL, R&D systems, 233-AA-050).
Differentiation-permissive media refers to the same media conditions as OPC growth media
with the exclusion of FGF and PDGF.

3.2 Mouse OPC Preparation

iPSC-derived OPCs were gifted from the Tesar Lab and were previously obtained
using in-vitro differentiation protocols and cell culture conditions (Case Western Reserve
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University).3” OPCs were expanded and subsequently cryopreserved at —80°C using
gradually decreasing temperatures (1°C/min). Cryopreserved OPCs were stored in liquid
nitrogen before further handling. OPCs were thawed into OPC growth media with 1X
Penicillin/Streptomycin (Sigma) for one passage before the use of the OPCs in assays.

The OPC cell cultures were regularly tested to be mycoplasma free regularly using a
MycoAlert Mycoplasma Detention Kit (Lonza, LT07-118). The OPCs were authenticated
with immunopositivity for OPC cell markers (Nkx2—2, Olig2, and Sox10). Finally, OPCs
were identified for their ability to differentiate into mature, MBP positive oligodendrocytes
in differentiation-permissive media in the presence of thyroid hormone.

3.3 Cell Culture

Before seeding OPCs for assays, OPCs were expanded in 25 mL of OPC growth media
for 4 days, with replenishment of new media every 2 days, in OPC growth media in T175
flasks coated with poly-ornithine (Sigma) and laminin (Sigma). Coating was performed by
incubating 25 mL of a 15 pg/mL poly-ornithine solution in water at 37°C for 1 h before
completely drying the flask. Then, the flasks were coated with 12 mL of a 15 pg/mL
laminin in PBS solution at 37°C for 1 h before aspirating and the addition of cells and OPC
growth media to each flask. The human glioma cell line GBM528 was a gift of Jeremy
Rich (Cleveland Clinic). GBMs were expanded in T175 flasks in DMEM/F-12 media
(ThermoFisher, 11320-033) supplemented with N2 Max, B27 (ThermoFisher), 20 ng/ml
FGF and 20 ng/ml EGF. Cells were non-adherent so passaging and plating cells involved
initially spinning down cells and subsequently incubating cells at 37°C with accutase to
break up apparent colonies of cells.

3.4 OPC Phenotypic Assay for MBP Positivity

Following initial expansion of OPCs (see OPC Cell Culture), OPCs were seeded onto
96-well CellCarrierUltra plates (PerkinElmer) coated with poly-D-lysine (Sigma; 15 pug/mL)
and laminin (Sigma; 15 pug/mL) at 37°C for 1 h each. For each 96-well plate, 40,000 cells
were seeded in each well. Cells were incubated at 37°C for 72 h and subsequently fixed
with 4% paraformaldehyde in PBS for 20 min. The fixed plates were washed with PBS

(200 pL per well) three times and then permeabilized and blocked using 0.1% Triton X-100
(Sigma) with 10% donkey serum (v/v) in PBS for 1 h. Cells were labelled with an anti-MBP
antibody (ABCAM, ab7349; 1:200) for 16 h at 4°C followed by secondary antibody staining
with Alexa Fluor 488 donkey-anti rat (1:500) for 45 min. DAPI staining was added for
nuclei visualization (Sigma; 1 ug/mL). After both primary and secondary antibody staining,
cells were washed three times with PBS (200 L) using a multi-channel pipette and a
96-well aspiration manifold (Biotek).

3.5 100 nM Bioactive Small Molecule Library Screen

Following expansion of OPCs (see OPC Cell Culture), OPCs were seeded onto 384-well
CellCarrierUltra plates (PerkinElmer) coated with poly-D-lysine (15 ug/mL; 37°C for 1 h)
and laminin (15 pg/mL; 37°C for 1 h) at a concentration of 10,000 cells per well in 50

uL of differentiation-permissive media. An EL406 Microplate Washer Dispenser (Biotek)
equipped with a 5 pL dispensing cassette (Biotek) was used to dispense cells. A 100 uM
stock of each drug in the bioactive library (Selleck Bioactive Compound Library-I; L1700)
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dissolved in dimethyl sulfoxide (DMSO) was prepared in Abgene storage 384-well plates
(ThermoFisher Scientific). Drugs were added to the plates using a 50 nL solid pin tool
attached to a Janus automated workstation (PerkinElmer), for a final screening concentration
of 100 nM. DMSO was run as a negative control for each plate. A previously reported OPC
differentiation-enhancing drug, TASIN-1, was used as a positive control at a concentration
of 1 uM.13 Cells were incubated at 37°C for 72 h and subsequently fixed and stained for
MBP and DAPI according to the protocol in OPC Phenotypic Assay for MBP Positivity.
Imaging and analysis of the plates was performed as outlined in High-Content Imaging and
Analysis.

3.6 High-Content Imaging and Analysis

Following fixing and staining OPC phenotypic assays for MBP positivity, plates were
imaged on the Operetta High-Content Imaging and Analysis system (PerkinElmer). A set
of 6 fields were captured in each well of each 96-well plate (4 fields for 384-well plates)
resulting in an average of 1600 cells (500 cells for 384-well plate) scored per well. Analysis
was performed using PerkinElmer Harmony and Columbus software. First, live nuclei were
identified using the DAPI channel with a traced nucleus area between 50-250 pm? which
excludes pyknotic nuclei.111518 The traced nucleus region was then expanded by 50%

and examined for myelin basic protein (MBP) staining to identify mature oligodendrocyte
nuclei.® Dividing the number of mature oligodendrocyte nuclei by the number of live cells
identified yielded % MBP positive oligodendrocytes.

3.7 Gas Chromatography—Mass Spectrometry Sterol Profiling

OPCs were plated at a density of 1M cells per well (2 mL) in poly-ornithine (15

pg/mL; 37°C for 1 h) and laminin (15 pg/mL; 37°C for 1 h) coated six-well plates

(Costar) with differentiation-permissive media. After 24 h, cells were rinsed with PBS

in the plate and then the plate was frozen at —80°C. For analysis of sterols, cells were

lysed using 1 mL of hexane (Sigma-Aldrich) for 10 min. 100 pL of cholesterol-d7

standard in hexane (Cambridge Isotope Laboratories) was added to each biological sample
before drying under nitrogen. Following this, 55 pL of bis(trimethylsilyl)trifluoroacetamide/
trimethylchlorosilane was added to form trimethylsilyl sterol derivatives by heating at 60°C
for 20 min. Following this sterol derivatization, 1 pL was analyzed by gas chromatography-
mass spectrometry using an Agilent 7890B GC system. The following 7/z ion fragments
were used to quantitate each metabolite: cholesterol-d7 (465), cholesterol (368), zymosterol
(456), zymostenol (458), desmosterol (343), lanosterol (393), lathosterol (458), FF-mas
(482), and 14-dehydrozymostenol (456). Standard curves were generated by injecting
concentrations of sterol standards with a fixed amount of cholesterol-d7.1® This protocol
was also used for GC-MS based sterol profiling of GBM528 cells.

3.8 EBP enzymatic assay

EBP enzymatic activity was measured using a reported method with slight modifications38:
mouse microsomes containing active EBP was obtained, small molecule treatments

were added at their corresponding concentrations, and zymostenol was added to a final
concentration of 25 uM in a final reaction volume of 500 uL. The reaction was then
incubated at 37°C for 2 h. Sterols were extracted using hexane, cholesterol-d7 was added to
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enable quantitation, and the pooled organics were dried and evaporated under nitrogen gas.
Samples were then silylated and analyzed using GC/MS (see Gas Chromatography—Mass
Spectrometry Sterol Profiling).

3.9 Statistical Analysis

No statistical methods were used to predetermine sample size. Number of replicates and
independent experiments performed are noted in the figure legend. P-values were calculated
with tests indicated in the figure legends. Graphpad Prism 9.2.0 was used to perform all
statistical analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

The authors thank P. Tesar for providing OPCs and reagents. Y. Fedorov, the CWRU Small-Molecule Drug
Development Core, and M. Drumm are thanked for technical support. Table of contents graphic generated using
Biorender.com.

Funding
This work was supported by the following grants: NS115867 (D.J.A.), NIH TL1 TR000441 (J.S.). It is additionally
supported by the National Multiple Sclerosis Society, T. F. Peterson, Jr., the Mount Sinai Health Care Foundation,
the Case Western Reserve University School of Medicine, the Mathers Foundation, the Mallinckrodt Foundation,
and the Case Comprehensive Cancer Center (P30 CA043703).

REFERENCES

(1). Franklin RIJM; Ffrench-Constant C Remyelination in the CNS: From Biology to Therapy.
Nature Reviews Neuroscience. Nature Publishing Group November 2008, pp 839-855. 10.1038/
nrn2480. [PubMed: 18931697]

(2). Keough MB; Yong VW Remyelination Therapy for Multiple Sclerosis. Neurotherapeutics.
Springer January 16, 2013, pp 44-54. 10.1007/s13311-012-0152-7. [PubMed: 23070731]

(3). Torkildsen O; Myhr KM; Bg L Disease-Modifying Treatments for Multiple Sclerosis - a Review
of Approved Medications. European Journal of Neurology 2016, 23, 18-27. 10.1111/ene.12883.
[PubMed: 26563094]

(4). Chari DM Remyelination In Multiple Sclerosis. International Review of Neurobiology. Academic
Press January 1, 2007, pp 589-620. 10.1016/S0074-7742(07)79026-8.. [PubMed: 17531860]

(5). Kremer D; Akkermann R; Kiry P; Dutta R Current Advancements in Promoting Remyelination
in Multiple Sclerosis. Multiple Sclerosis Journal. SAGE PublicationsSage UK: London, England
October 1, 2019, pp 7-14. 10.1177/1352458518800827. [PubMed: 30270725]

(6). Alizadeh A; Dyck SM; Karimi-Abdolrezaee S Myelin Damage and Repair in Pathologic CNS:
Challenges and Prospects. Frontiers in Molecular Neuroscience. Frontiers Media S.A. July 27,
2015. 10.3389/fnmol.2015.00035.

(7). Dulamea AO The Contribution of Oligodendrocytes and Oligodendrocyte Progenitor Cells
to Central Nervous System Repair in Multiple Sclerosis: Perspectives for Remyelination
Therapeutic Strategies. Neural Regeneration Research. Wolters Kluwer -- Medknow Publications
December 1, 2017, pp 1939-1944. 10.4103/1673-5374.221146. [PubMed: 29323026]

(8). Duncan GJ; Manesh SB; Hilton BJ; Assinck P; Plemel JR; Tetzlaff W The Fate and Function of
Oligodendrocyte Progenitor Cells after Traumatic Spinal Cord Injury. GLIA. John Wiley & Sons,
Ltd February 1, 2020, pp 227-245. 10.1002/glia.23706. [PubMed: 31433109]

ACS Chem Biol. Author manuscript; available in PMC 2023 August 19.


http://Biorender.com

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sax et al.

Page 13

(9). Lubetzki C; Zalc B; Williams A; Stadelmann C; Stankoff B Remyelination in Multiple Sclerosis:

(10).

(12).

12).

13).

(14).

(15).

(16).

.

(18).

(19).

(20).

(21).

From Basic Science to Clinical Translation. The Lancet Neurology. Elsevier August 1, 2020, pp
678-688. 10.1016/S1474-4422(20)30140-X. [PubMed: 32702337]

Plemel JR; Liu WQ; Yong VW Remyelination Therapies: A New Direction and Challenge in
Multiple Sclerosis. Nature Reviews Drug Discovery. Nature Publishing Group July 7, 2017, pp
617-634. 10.1038/nrd.2017.115. [PubMed: 28685761]

Elitt MS; Shick HE; Madhavan M; Allan KC; Clayton BLL; Weng C; Miller TE; Factor DC;
Barbar L; Nawash BS; Nevin ZS; Lager AM; Li Y; Jin F; Adams DJ; Tesar PJ Chemical
Screening ldentifies Enhancers of Mutant Oligodendrocyte Survival and Unmasks a Distinct
Pathological Phase in Pelizaeus-Merzbacher Disease. Stem Cell Reports 2018, 11 (3), 711-726.
10.1016/j.stemcr.2018.07.015. [PubMed: 30146490]

Lariosa-Willingham KD; Rosler ES; Tung JS; Dugas JC; Collins TL; Leonoudakis D A High
Throughput Drug Screening Assay to Identify Compounds That Promote Oligodendrocyte
Differentiation Using Acutely Dissociated and Purified Oligodendrocyte Precursor Cells. BMC
Research Notes 2016, 9 (1), 1-14. 10.1186/s13104-016-2220-2. [PubMed: 26725043]

Mei F; Fancy SPJ; Shen YAA; Niu J; Zhao C; Presley B; Miao E; Lee S; Mayoral SR; Redmond
SA; Etxeberria A; Xiao L; Franklin RIM; Green A; Hauser SL; Chan JR Micropillar Arrays as
a High-Throughput Screening Platform for Therapeutics in Multiple Sclerosis. Nature Medicine
2014, 20 (8), 954-960. 10.1038/nm.3618.

Deshmukh VA; Tardif V; Lyssiotis CA; Green CC; Kerman B; Kim HJ; Padmanabhan K;
Swoboda JG; Ahmad I; Kondo T; Gage FH; Theofilopoulos AN; Lawson BR; Schultz PG;
Lairson LL A Regenerative Approach to the Treatment of Multiple Sclerosis. Nature 2013, 502
(7471), 327-332. 10.1038/nature12647. [PubMed: 24107995]

Hubler Z; Allimuthu D; Bederman [; Elitt MS; Madhavan M; Allan KC; Shick HE; Garrison

E; Karl T, M.; Factor DC; Nevin ZS; Sax JL; Thompson MA; Fedorov Y; Jin J; Wilson WK;
Giera M; Bracher F; Miller RH; Tesar PJ; Adams DJ Accumulation of 8,9-Unsaturated Sterols
Drives Oligodendrocyte Formation and Remyelination. Nature. Nature Publishing Group August
25, 2018, pp 372-376. 10.1038/s41586-018-0360-3.

Najm FJ; Madhavan M; Zaremba A; Shick E; Karl RT; Factor DC; Miller TE; Nevin ZS;

Kantor C; Sargent A; Quick KL; Schlatzer DM; Tang H; Papoian R; Brimacombe KR; Shen M;
Boxer MB; Jadhav A; Robinson AP; Podojil JR; Miller SD; Miller RH; Tesar PJ Drug-Based
Modulation of Endogenous Stem Cells Promotes Functional Remyelination in Vivo. Nature
2015, 522 (7555), 216-220. 10.1038/nature14335. [PubMed: 25896324]

Green AJ; Gelfand JM; Cree BA; Bevan C; Boscardin WJ; Mei F; Inman J; Arnow S; Devereux
M; Abounasr A; Nobuta H; Zhu A; Friessen M; Gerona R; von Bidingen HC; Henry RG;
Hauser SL; Chan JR Clemastine Fumarate as a Remyelinating Therapy for Multiple Sclerosis
(ReBUILD): A Randomised, Controlled, Double-Blind, Crossover Trial. The Lancet 2017, 390
(10111), 2481-2489. 10.1016/S0140-6736(17)32346-2.

Allimuthu D; Hubler Z; Najm FJ; Tang H; Bederman I; Seibel W; Tesar PJ; Adams DJ Diverse
Chemical Scaffolds Enhance Oligodendrocyte Formation by Inhibiting CYP51, TM7SF2,

or EBP. Cell Chemical Biology 2019, 26 (4), 593-599.e4. 10.1016/j.chembiol.2019.01.004.
[PubMed: 30773481]

Farsetti A; Mitsuhashi T; Desvergne B; Robbins J; Nikodem VM Molecular Basis of Thyroid
Hormone Regulation of Myelin Basic Protein Gene Expression in Rodent Brain. Journal of
Biological Chemistry 1991, 266 (34), 23226-23232. 10.1016/s0021-9258(18)54486-0. [PubMed:
1720778]

Shelly W; Draper MW; Krishnan V; Wong M; Jaffe RB Selective Estrogen Receptor Modulators:
An Update on Recent Clinical Findings. Obstetrical and Gynecological Survey. March 2008, pp
163-181. 10.1097/0GX.0b013e31816400d7. [PubMed: 18279543]

Kim HYH; Korade Z; Tallman KA; Liu W; Weaver CD; Mirnics K; Porter NA Inhibitors

of 7-Dehydrocholesterol Reductase: Screening of a Collection of Pharmacologically Active
Compounds in Neuro2a Cells. Chemical Research in Toxicology 2016, 29 (5), 892-900. 10.1021/
acs.chemrestox.6b00054. [PubMed: 27097157]

ACS Chem Biol. Author manuscript; available in PMC 2023 August 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sax et al.

Page 14

(22). Duncan ID; Kondo Y; Zhang SC The Myelin Mutants as Models to Study Myelin Repair in the

Leukodystrophies. Neurotherapeutics. Neurotherapeutics October 2011, pp 607-624. 10.1007/
$13311-011-0080-y. [PubMed: 21979830]

(23). Garbern JY Pelizaeus-Merzbacher Disease: Genetic and Cellular Pathogenesis. Cellular and

Molecular Life Sciences. Springer November 20, 2007, pp 50-65. 10.1007/s00018-006-6182-8.
[PubMed: 17115121]

(24). Korade Z; Kim HYH; Tallman KA, Liu W; Koczok K; Balogh I; Xu L; Mirnics K; Porter

NA The Effect of Small Molecules on Sterol Homeostasis: Measuring 7-Dehydrocholesterol in
Dhcr7-Deficient Neuro2a Cells and Human Fibroblasts. Journal of Medicinal Chemistry 2016, 59
(3), 1102-1115. 10.1021/acs.jmedchem.5b01696. [PubMed: 26789657]

(25). Allen LB; Genaro-Mattos TC; Anderson A; Porter NA; Mirnics K; Korade Z Amiodarone Alters

Cholesterol Biosynthesis through Tissue-Dependent Inhibition of Emopamil Binding Protein
and Dehydrocholesterol Reductase 24. ACS Chemical Neuroscience 2020, 11 (10), 1413-1423.
10.1021/acschemneuro.0c00042. [PubMed: 32286791]

(26). Li W; Berlinicke C; Huang Y; Fang W; Chen C; Takaesu F; Chang X; Duan Y; Chang

C; Mao H-Q; Sheng G; Giera S; Dodge JC; Ji H; Madden S; Zack DJ; Chamling X High-
Throughput Screening for Myelination Promoting Compounds Using Human Stem Cell-Derived
Oligodendrocyte Progenitor Cells Identifies Novel Targets. bioRxiv 2022, 2022.01.18.476755.
10.1101/2022.01.18.476755.

(27). Zhornitsky S; Wee Yong V; Koch MW; Mackie A; Potvin S; Patten SB; Metz LM Quetiapine

Fumarate for the Treatment of Multiple Sclerosis: Focus on Myelin Repair. CNS Neuroscience
and Therapeutics. October 2013, pp 737-744. 10.1111/cns.12154. [PubMed: 23870612]

(28). Rankin KA; Mei F; Kim K; Shen YAA; Mayoral SR; Desponts C; Lorrain DS; Green

AJ; Baranzini SE; Chan JR; Bove R Selective Estrogen Receptor Modulators Enhance CNS
Remyelination Independent of Estrogen Receptors. Journal of Neuroscience 2019, 39 (12), 2184-
2194. 10.1523/JNEUROSCI.1530-18.2019. [PubMed: 30696729]

(29). Schwartzbach CJ; Grove RA; Brown R; Tompson D; Then Bergh F; Arnold DL Lesion

Remyelinating Activity of GSK239512 versus Placebo in Patients with Relapsing-Remitting
Multiple Sclerosis: A Randomised, Single-Blind, Phase 11 Study. Journal of Neurology 2017, 264
(2), 304-315. 10.1007/s00415-016-8341-7. [PubMed: 27888416]

(30). Leonardsen L; Stromstedt M; Jacobsen D; Kristensen K; Baltsen M; Andersen C; Byskov A

Effect of Inhibition of Sterol Delta 14-Reductase on Accumulation of Meiosis-Activating Sterol
and Meiotic Resumption in Cumulus-Enclosed Mouse Oocytes in Vitro. Reproduction 2000, 118
(1), 171-179. 10.1530/jrf.0.1180171.

(31). Lepesheva GI; Hargrove TY; Kleshchenko Y; Nes WD; Villalta F; Waterman MR CYP51: A

Major Drug Target in the Cytochrome P450 Superfamily. Lipids 2008, 43 (12), 1117-1125.
10.1007/s11745-008-3225-y. [PubMed: 18769951]

(32). Long T; Hassan A; Thompson BM; McDonald JG; Wang J; Li X Structural Basis for

Human Sterol Isomerase in Cholesterol Biosynthesis and Multidrug Recognition. Nature
Communications 2019, 10 (1), 1-8. 10.1038/s41467-019-10279-w.

(33). Wages PA; Kim HYH; Korade Z; Porter NA Identification and Characterization of Prescription

Drugs That Change Levels of 7-Dehydrocholesterol and Desmosterol. Journal of Lipid Research
2018, 59 (10), 1916-1926. 10.1194/jIr.M086991. [PubMed: 30087204]

(34). Friggeri L; Hargrove TY; Wawrzak Z; Guengerich FP; Lepesheva Gl Validation of Human Sterol

14a-Demethylase (CYP51) Druggability: Structure-Guided Design, Synthesis, and Evaluation
of Stoichiometric, Functionally Irreversible Inhibitors. Journal of Medicinal Chemistry 2019, 62
(22), 10391-10401. 10.1021/acs.jmedchem.9b01485.. [PubMed: 31663733]

(35). Pleshinger MJ; Friedrich RM; Hubler Z; Rivera-Leén AM; Gao F; Yan D; Sax JL; Srinivasan

R; Bederman I; Shick HE; Tesar PJ; Adams DJ Inhibition of SC4AMOL and HSD17B7 Shifts
Cellular Sterol Composition and Promotes Oligodendrocyte Formation. RSC Chemical Biology
2021. 10.1039/D1CB00145K.

(36). Hubler Z; Friedrich RM; Sax JL; Allimuthu D; Gao F; Rivera-Ledn AM; Pleshinger MJ;

Bederman I; Adams DJ Modulation of Lanosterol Synthase Drives 24,25-Epoxysterol Synthesis
and Oligodendrocyte Formation. Cell Chemical Biology 2021, 28 (6), 866-875.e5. 10.1016/
j.chembiol.2021.01.025. [PubMed: 33636107]

ACS Chem Biol. Author manuscript; available in PMC 2023 August 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sax et al. Page 15

(37). Lager AM; Corradin OG; Cregg JM; Elitt MS; Shick HE; Clayton BLL; Allan KC; Olsen
HE; Madhavan M; Tesar PJ Rapid Functional Genetics of the Oligodendrocyte Lineage Using
Pluripotent Stem Cells. Nature Communications 2018, 9 (1), 1-8. 10.1038/s41467-018-06102-7.
(38). Moebius FF; Reiter RJ; Bermoser K; Glossmann H; Cho SY; Paik YK Pharmacological Analysis
of Sterol A8=A7 Isomerase Proteins with [3H]Fenprodil. Molecular Pharmacology 1998, 54 (3),
591-598. 10.1124/mol.54.3.591. [PubMed: 9730919]

ACS Chem Biol. Author manuscript; available in PMC 2023 August 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Sax et al.

% MBP+
oligodendrocytes

Page 16

80+

60+

40+

20+

¢ cl O
o | CH,
° [
N_ CH;
AN N
L X % o
b® @Pof 00 H Y Clomifene
Library Compound
3 Zymostenol
D i85 = Zymosterc:l
g ]
s
° 'g §
. ® Ee
* . ° S ‘o'
~[s] s f :
e s 2 TASIN-1
Q c
)
1 1 1 1 1
- nM - ©
g8z *2g88™ 8 3 %
8 2 I & 2 E
< Clomifene < S
o

Clomifene

Figure 1. High-throughput screen reveals novel and known EBP inhibitors and thyroid hormone
analogs as potent enhancer s of oligodendrocyte for mation.

(A) Percentage of MBP+ oligodendrocytes generated from OPCs following treatment with

a collection of over 1,800 bioactive small molecules at a uniform screening dose of 100

nM for 72 h. Red dots represent previously characterized enhancers of oligodendrocyte
formation. The green dot represents clomifene. (B) Chemical structure of clomifene. (C)
Percentage of MBP+ oligodendrocytes generated from OPCs following treatment with doses
of clomifene for 72 h. n= 4 wells per condition. (D) GC-MS based quantification of
zymostenol and zymosterol levels in OPCs treated with clomifene at 300 nM for 24 h. n=2
wells per condition. For (C), (D), DMSO and 1 pM TASIN-1, a known EBP inhibitor, served
as the negative and positive control, respectively. (E) Representative images of OPCs treated
with DMSO, clomifene at 300 nM, and TASIN-1 at 1 puM. Nuclei are labeled with DAPI
(blue), and oligodendrocytes are shown by immunostaining for MBP (green). Scale bar, 100
um. (C) and (D) represent two independent experiments.
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Figure 2. EBP and sterol 14-reductase are common enzymetargetsin screening hits.
(A), (B) Percentage of MBP+ oligodendrocytes generated from OPCs following treatment
with bioactive small molecules at 2 uM (A) and 6 pM (B). /=4 wells per condition, except
DMSO and amorolfine, a known sterol 14-reductase inhibitor, 7=8 wells, with >1,000

cells analyzed per well. (C), (D) GC-MS based quantification of 14-dehydrozymostenol,
zymostenol, and zymosterol levels in OPCs treated for 24 h with TASIN-1 (1 uM), a known
EBP inhibitor, and the indicated screening hits at the concentrations shown in panel (A) and
(B). =2 wells per condition. € Representative images of OPCs treated with amorolfine at
600 nM, toremifene citrate at 2 uM, and fenspiride HCI at 6 uM. Nuclei are labeled with
DAPI (blue), and oligodendrocytes are shown by immunostaining for MBP (green). Scale
bar, 100 pm. For percentage of MBP+ oligodendrocytes for all bioactive small molecules
that were screened, see Fig. S2. S14R, sterol 14-reductase.
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quantification of lanosterol levels in OPCs treated with ketoconazole (2.5 pM), a known
CYP51 inhibitor, and megestrol (13.4 pM) for 24 h. n2 wells per condition. (C) GC-MS
based quantification of 14-dehydrozymostenol, zymostenol, and zymosterol levels in OPCs
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14-reductase.
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Figure 4. Many enhancer s of oligodendrocyte formation inhibit cholesterol pathway enzymes.
(A) Validated screening hits from Elitt et al., 2018 with annotations of subsequently-

established inhibitory activity for EBP, CYP51, or sterol 14-reductase. (B) Percentage

of MBP+ oligodendrocytes generated from OPCs following treatment with bioactive

small molecules at a uniform dose of 10 pM. 7=4 wells per condition, except DMSO

and amorolfine, 7=16 wells, with >1,000 cells analyzed per well. (C) GC-MS based
quantification of 14-dehydrozymostenol, zymostenol, and zymosterol levels in OPCs treated
for 24 h with the indicated screening hits at 10 uM. 77=2 wells per condition. (D) Percentage
of MBP+ oligodendrocytes in OPCs treated with climbazole in dose response as shown. (E)
GC-MS based quantification of lanosterol levels in OPCs treated with climbazole in dose
response as shown. /7=2 wells per condition. For percentage of MBP+ oligodendrocytes for
all bioactive small molecules that were screened, see Fig. S3. S14R, sterol 14-reductase.
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Figure 5. Top enhancers of both rat and mouse OPC differentiation inhibit EBP and sterol
14-reductase.

(A) Validated screening hits from Deshmukh et al., 2013 and Lariosa-Willingham et al
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2016 with annotations of subsequently-established inhibitory activity for EBP, CYP51,

or sterol 14-reductase. (B), (D) Percentage of MBP+ oligodendrocytes generated from
OPC:s following treatment with bioactive small molecules. OPCs in (B) were treated
with compounds at a uniform dose of 1.5 UM while those in (D) were treated in dose
response as shown. /7=4 wells per condition, except DMSQO, amorolfine and TASIN-1,

=8 wells, with >1,000 cells analyzed per well. (C), (E) GC-MS based quantification of
14-dehydrozymostenol, zymostenol, and zymaosterol levels in OPCs treated for 24 h with

the indicated screening hits at their effective concentrations. /=2 wells per condition. (

F

Percentage of MBP+ oligodendrocytes in OPCs treated with vanoxerine in dose response
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as shown. (G), (H), (I) GC-MS based quantification of zymostenol, zymosterol, and 14-
dehydrozymostenol in OPCs treated with vanoxerine and donepezil in dose response for

24 h. n=2 wells per condition. Results in (D) represent two independent experiments. For
percentage of MBP+ oligodendrocytes for all bioactive small molecules that were screened,
see Fig. S4. S14R, sterol 14-reductase.

ACS Chem Biol. Author manuscript; available in PMC 2023 August 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Sax et al. Page 22

A B e C g D i
Cholesersl | Chotestenst Y ces ot
Pattvwry Taeget| Pathway Target in . —_— g 4 s
In Rogent Colis | Human Cets i" ® Fon —
Onkonaroie LIPS m 0% 3 -
Fluphenadine Vorr e 0P Koraoe 2004 o3 Q: >
Racuitene bydrocheris [E6F Koraoe 20 [ i“ flied %
CYIST e 3
Chonramasole 2018 CYPs1 ;u § ou c
TP $ 3*
g8

H i
8 H
z i
(5"
%
32.
2 2]
° 8]eo 3.08°|

I MUY _ ; o
§ SEPEP SEPP SELEEEES SELP S

b »
g £ PG OISO INEINGL vaﬁ’a‘%sp
DG 172 2HCI JHW 007 HCI PNU 37883 HCI XMD 8-87 Carbetapentane

Figure 6. Top moleculesreported to enhance human oligodendrocyte formation inhibit EBP,
CYP51, and S14R in human GBM528 cells.

(A) Validated screening hits from Li et al. 2022 with annotations of subsequently-established
inhibitory activity for EBP, CYP51, or sterol 14-reductase. (B), (E), (F) GC-MS based
quantification of zymostenol and zymosterol levels in GBM528 cells treated for 24 h

with the indicated screening hits at 10 pM. (C) GC-MS based quantification of lanosterol
levels in GBM528 cells treated for 24 h with clotrimazole at 10uM. (D), (G) GC-MS

based quantification of 14-dehydrozymostenol levels in GBM528 cells treated for 24 h

with the indicated molecules at 10 uM. =2 wells per condition. (H) Percentage of MBP+
oligodendrocytes generated from OPCs following treatment with bioactive small molecules
in dose response as shown. /=4 wells per condition, except DMSO and amorolfine, 7=8
wells with >1,000 cells analyzed per well.
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Figure 7. Compoundsin clinical trialsinhibit EBP.
(A), (C), (E) Percentage of MBP+oligodendrocytes generated from OPCs following

treatment with bioactive small molecules. OPCs in (A) were treated with quetiapine at 3

UM while those in (C) and (E) were treated with bazedoxifene and GSK 239512 in dose
response as shown. /=4 wells per condition, except DMSQO, amorolfine, and TASIN-1, /7=8
wells, with >1,000 cells analyzed per well. (B), (D), (F) GC-MS based quantification of
zymostenol, and zymosterol levels in OPCs treated for 24 h with the indicated screening

hits at their effective concentrations. 7=2 wells per condition. (G) Quantification of EBP
enzymatic activity in a biochemical assay. All treatments 10 uM. 7=2 independent enzymatic
assays. Bars indicate mean and error bars represent s.d. Results in (C) represent two
independent experiments.
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Figure 8. High logP hit moleculeslikely mimic sterol cation intermediate of highly druggable
enzymes.
(A) Drug Score analysis performed in DoGSiteScorer using crystal structures of EBP and

tamoxifen, EBP and U18666A, and CYP51. (B) logP values for all library molecules tested.
Dots represent the screening hits found in fig. 2 (A), (B). (C) Box plot comparing logP
values for hit molecules and molecules that did not increase oligodendrocyte maturation.
Included in the left box are our previously reported screening hits in addition to those

found in fig. 2 (A), (B). (D) Total number of hit molecules that have been classified as
either a CYP51, sterol 14-reductase, EBP, or HSD17B7 inhibitor in mouse OPCs. (E) Total
number of molecules characterized as either a CYP51, sterol 14-reductase, or EBP inhibitor
in human GBM528 cells. (F) Energy diagram comparing the structure of the sterol cation
intermediate within EBP’s enzymatic process to known EBP inhibitors. Red circles indicate
tertiary amines likely to be cationic at physiological pH. S14R, sterol 14-reductase.
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