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Selective Estrogen Receptor Modulators Enhance CNS
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A significant unmet need for patients with multiple sclerosis (MS) is the lack of U.S. Food and Drug Administration (FDA)-approved
remyelinating therapies. We have identified a compelling remyelinating agent, bazedoxifene (BZA), a European Medicines Agency
(EMA)-approved (and FDA-approved in combination with conjugated estrogens) selective estrogen receptor (ER) modulator (SERM)
that could move quickly from bench to bedside. This therapy stands out as a tolerable alternative to previously identified remyelinating
agents and other candidates within this family. Using an unbiased high-throughput screen, with subsequent validation in both murine
and human oligodendrocyte precursor cells (OPCs) and coculture systems, we find that BZA enhances differentiation of OPCs into
functional oligodendrocytes. Using an in vivo murine model of focal demyelination, we find that BZA enhances OPC differentiation and
remyelination. Of critical importance, we find that BZA acts independently of its presumed target, the ER, in both in vitro and in vivo
systems. Using a massive computational data integration approach, we independently identify six possible candidate targets through
which SERMs may mediate their effect on remyelination. Of particular interest, we identify EBP (encoding 3�-hydroxysteroid-�8,�7-
isomerase), a key enzyme in the cholesterol biosynthesis pathway, which was previously implicated as a target for remyelination. These
findings provide valuable insights into the implications for SERMs in remyelination for MS and hormonal research at large.
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Introduction
In multiple sclerosis (MS), an inflammatory autoimmune disor-
der of the CNS, an adaptive immune response to unknown CNS

antigens results in oligodendrocyte damage, loss of myelin, and
neurologic dysfunction (Hauser et al., 2013). Because it has been
shown that existing oligodendrocytes are unable to participate in
repair (Crawford et al., 2016), newly differentiated oligodendro-
cytes are required. In the brains of MS patients, oligodendrocyte
precursor cell (OPC) proliferation and migration to the lesion
site go unhindered, but OPCs are subsequently unable to differ-
entiate into functional oligodendrocytes (Kuhlmann et al., 2008;
Frischer et al., 2015). It is generally accepted that disability pro-
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Significance Statement

Therapeutics targeted at remyelination failure, which results in axonal degeneration and ultimately disease progression, repre-
sent a large unmet need in the multiple sclerosis (MS) population. Here, we have validated a tolerable European Medicines
Agency-approved (U.S. Food and Drug Administration-approved in combination with conjugated estrogens) selective estrogen
receptor (ER) modulator (SERM), bazedoxifene (BZA), as a potent agent of oligodendrocyte precursor cell (OPC) differentiation
and remyelination. SERMs, which were developed as nuclear ER-� and ER-� agonists/antagonists, have previously been impli-
cated in remyelination and neuroprotection, following a heavy focus on estrogens with underwhelming and conflicting results. We
show that nuclear ERs are not required for SERMs to mediate their potent effects on OPC differentiation and remyelination in vivo
and highlight EBP, an enzyme in the cholesterol biosynthesis pathway that could potentially act as a target for SERMs.
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gression is associated with axon degeneration resulting from re-
myelination failure (Irvine and Blakemore, 2008; Trapp and
Nave, 2008). There are currently no remyelinating therapeutics
approved for patients: a clear unmet need in a disease afflicting
850,000 people in the United States and 2.3 million worldwide
(Wallin, 2017). To target the OPC differentiation block and pro-
mote remyelination, we sought to repurpose current U.S. Food
and Drug Administration (FDA)-approved compounds.

Materials and Methods
Micropillar arrays and quantification of
differentiation-promoting compounds
Micropillar arrays were fabricated via previously reported methodology
(Mei et al., 2014) into 96- or 384-well plates. To test compound effects on
OPC proliferation or differentiation, microarrays were coated with poly-
L-lysine (Sigma-Aldrich) for 1 h, then washed 3 times with water. In each
well, 40,000 or 150,000 rat OPCs were seeded, respectively. These OPCs
were maintained in medium containing DMEM (Invitrogen), B27 (In-
vitrogen), N2 (Invitrogen), N-acetylcysteine (Sigma-Aldrich), forskolin
(Sigma-Aldrich), and penicillin–streptomycin (Invitrogen). Medium
was supplemented with PDGF-AA (PeproTech) overnight before re-
moval and treatment with candidate FDA-approved small molecules.
For the preliminary unbiased screen, compounds were diluted to 1 �M

and left in medium for 3 d before immunostaining. Each compound was
tested in triplicate. For the curated, biased screen of SERMs, candidate
compounds were diluted to 500 nM and left in medium for 2 d before
immunostaining. Each compound was repeated in duplicate. Myelin ba-
sic protein (MBP) or PDGFR� staining was visualized via 20� micros-
copy using Zeiss Axio Imager Z1 microscope.

Purification and culturing of oligodendrocyte precursor cells
Oligodendrocyte precursor cell (OPC) purification was conducted per a
previously validated protocol (Mei et al., 2014). Briefly, OPCs were iso-
lated from the cortical hemispheres of postnatal day 7 rat or mouse
brains. Cortical tissue was mechanically dissected and immersed in pa-
pain (Worthington) at 37°C for 75 min with periodic shaking. Suspen-
sion was then triturated and immersed in 0.2% BSA (Sigma-Aldrich) to
undergo sequential immunopanning consisting of negative selection for
30 min and positive selection for 45 min at room temperature. Tissue
culture plates for selection were incubated with goat IgG and IgM sec-
ondary antibodies (Jackson ImmunoResearch) in 50 mM Tris-HCl, pH
9.5, at room temperature overnight, washed with Dulbecco’s Phosphate-
Buffered Saline (Invitrogen) 3 times, and then incubated at room tem-
perature in primary antibodies Ran-2 and Gal-C (negative selection) or
O4 (positive selection). Resultant OPCs were dissociated from the posi-
tive selection dish via 0.05% trypsin (Invitrogen). Reaction was halted
using 30% FBS (Invitrogen). OPCs using this methodology are �95%
pure. Purified OPCs were seeded onto poly-L-lysine-coated (Sigma-
Aldrich) 25 mm 2 coverslips at a density of 200,000 cells/coverslip in me-
dium supplemented with DMEM (Invitrogen), B27 (Invitrogen), N2
(Invitrogen), N-acetylcysteine (Sigma-Aldrich), forskolin (Sigma-Aldrich),
penicillin–streptomycin (Invitrogen), and PDGF-AA (Peprotech) overnight
at 37°C and 5% CO2. OPCs were then treated with compound or control
following PDGF-AA (Peprotech) removal for 2 d. Vehicle control prepara-
tion included the dilution of vehicle (dimethylsulfoxide, DMSO) into cul-
ture medium to equivalent concentrations as treatment groups.

Purification of dorsal root ganglion neurons,
coculture system
Dorsal root ganglia (DRGs) were isolated following a previously vali-
dated methodology (Chan et al., 2004). Briefly, DRGs were isolated from
the spinal column of embryonic day 15 rat embryos via dissection. Iso-
lated DRGs were immersed in 0.25% trypsin (Invitrogen) at 37°C for 45
min, resuspended in L15 � FBS (Invitrogen), dissociated, and plated
onto collagen-coated coverslips at a density of 150,000 cells/25 mm 2

coverslip in M1 medium containing MEM (Invitrogen), glucose (Sigma-
Aldrich), and Hyclone FBS (Fisher Scientific) plus neural growth factor

(NGF) (AbD Serotec). DRGs were allowed to proliferate and maintained
in culture for 3 weeks to become NGF independent. Medium was alter-
nated every 3 d between M1 medium and E2F medium containing MEM
(Invitrogen), glucose (Sigma-Aldrich), 5-fluorodeoxyuridine (Sigma-
Aldrich), and NGF (AbD Serotec) to select for nondividing cells only.
Once DRGs are NGF independent, they are ready for coculture.
For coculture systems, the medium was switched to OPC medium
containing DMEM (Invitrogen), B27 (Invitrogen), N2 (Invitrogen),
N-acetylcysteine (Sigma-Aldrich), forskolin (Sigma-Aldrich), and
penicillin–streptomycin (Invitrogen) without PDGF-AA and was sup-
plemented every 3 d. OPCs were allowed to proliferate until they reached
optimal confluence around 7 d, whereupon they were treated with either
BZA (Invitrogen) or control for 5 d.

Immunostaining, image acquisition, and
fluorescence quantifications
For immunostaining, cell cultures were first fixed in 4% PFA (EM Sci-
ence), dehydrated, and then permeabilized using a blocking solution
containing 20% goat serum (Sigma-Aldrich) and 0.2% Triton X-100
(Sigma-Aldrich) for 2 h. Cultures were then washed and placed in pri-
mary antibody solution in 20% goat serum (Sigma-Aldrich) for 2 h.
Oligodendrocytes were identified using the primary rat monoclonal an-
tibody to MBP (1:200; EMD Millipore) or the mouse monoclonal anti-
body to CC1 (1:500; EMD Millipore). OPCs were identified via the
primary rabbit monoclonal antibody against PDGFR� (1:8000; gift from
W.B. Stallcup). Neurons were detected via the primary mouse monoclo-
nal antibody against neurofilament (NF; 1:500; Covance). The paranodal
region for internode quantification was detected via the primary rabbit
polyclonal antibody against Contactin associated protein 1 (Caspr; 1:800;
Abcam). Alexa Fluor 488, Alexa Fluor 594, and Alexa Fluor 647 IgG
secondary antibodies against rat, rabbit, and mouse (1:1000; Invitrogen)
were used for fluorescence detection. Cell bodies were determined via
DAPI (Vector Laboratories) administered for 15 min during secondary
antibody incubation in 20% goat serum (Sigma-Aldrich) for 1 h. Images
were obtained using a Zeiss Axio Imager Z1 microscope with the appro-
priate excitation wavelengths for the secondary antibodies (488, 568, 628,
and 380 nm). Quantifications were determined via randomly selected
fields of view under 20� magnification.

For lysolecithin, the in vivo demyelination model, remyelination was
first assessed via immunostaining. Floating coronal brain sections (30
�m) were permeabilized using a solution of 20% goat serum (Sigma-
Aldrich) and 0.2% Triton X-100 (Sigma-Aldrich) for 2 h at room tem-
perature. Floating sections were then placed in a solution containing
0.2% Triton X-100 (Sigma-Aldrich) and primary antibodies in 20% goat
serum (Sigma-Aldrich) overnight on a shaker at 4°C. Oligodendrocytes
were determined based on the primary mouse monoclonal antibody
against CC1 (1:500; EMD Millipore). Myelin was determined via the
primary human monoclonal antibody against myelin oligodendrocyte
glycoprotein (MOG; 1:500; EMD Millipore). Axon presence was verified
using the primary rabbit polyclonal antibody against NF (1:1000; Cova-
nce). The Alexa Fluor 488, Alexa Fluor 594, and Alexa Fluor 647 IgG
secondary antibodies against rat, rabbit, human, and mouse (1:1000;
Invitrogen) were used for fluorescence detection. Cell bodies were deter-
mined via DAPI (Vector Laboratories) administered for 15 min during
secondary antibody incubation in 20% goat serum (Sigma-Aldrich) for
1 h. Lesioned areas were determined via DAPI (Vector Laboratories) for
cell bodies of infiltrating cells.

Lysolecithin in vivo focal demyelination model in the
corpus callosum
Focal demyelinated lesions were induced using a previously validated
methodology (Fancy et al., 2011). Briefly, 8-week-old female mice were
anesthetized using isoflurane (Henry Schein) and buprenorphine
(Henry Schein). Using stereotaxic equipment, chemical demyelination
was induced in the white matter tract of the corpus callosum at the
following coordinates: AP: �1.04 mm, ML: 1 mm, and DV: �1.75 mm
from bregma using a Hamilton syringe in female 8-week-old C57BL�6
WT and ER� and � double-knock-out (DKO) female mice using 1 �l of
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1% lysolecithin (L-�-lysophatidylcholine; Sigma-Aldrich) solution. Fol-
lowing the demyelinating event, mice were treated with either vehicle or
BZA (Invitrogen) at a dose of 10 mg/kg/d for 7 d via oral gavage (DMSO
�10% of solution; solution in water), based on conversion from human
equivalent dose (40 mg daily) to animal equivalent dose (7.24 mg/kg)
(Nair and Jacob, 2016). Because clinical trials were conducted for 2 years
(Pickar et al., 2009) and we hoped to see an observable difference in
animals after 7 d of treatment, we increased this value to 10 mg/kg/d
using a comparable treatment paradigm to the previously published
clemastine remyelination procedure (Mei et al., 2016). Treatment began
at 1 d postlesion (dpl) and ended at 7 dpl. 5 WT animals were treated with
BZA (Invitrogen) and 5 WT with vehicle (DMSO in water). For ER-DKO
experiments, n � 4 for DKO animals, and n � 6 for WT. Ten images were
analyzed for each group.

Animals were killed and perfused at 10 dpl. For this, they were anes-
thetized and flushed with 1� PBS and then perfused transcardially using
4% paraformaldehyde (PFA) (Electron Microscopy Sciences) until stiff.
Brains were dissected out of the animals and postfixed in 4% PFA (Elec-
tron Microscopy Sciences) at 4°C overnight. Brains were then switched to
a solution of 30% sucrose (Sigma-Aldrich). Once sucrose had adequately
seeped into the tissue, brain sections of the relevant area were obtained.
Coronal sections for floating immunostaining were cut at 30 �m inter-
vals using a microtome-sectioning tool, with brains immersed in a
solution of 2:1 30% sucrose: optimal cutting temperature solution
(Sigma-Aldrich). Relevant sections were determined using the mouse brain
atlas and scanning under a microscope for evidence of demyelination.

Electron microscopy (EM)
Mice were perfused transcardially with 1.25% glutaraldehyde (Electron
Microscopy Sciences), 2% PFA (Electron Microscopy Sciences) in 0.1 M

sodium cacodylate (Ladd Research) at pH 7.4. Mice were preflushed with
0.1 M sodium cacodylate (Ladd Research). Tissue was sent for processing
to the San Francisco Veterans Affairs Medical Center. Coronal sections of
corpus callosum were postfixed in 2% aqueous osmium tetroxide and
stained en bloc with 2% aqueous uranyl acetate. Sections were then de-
hydrated in ethanol, cleared in propylene oxide, and embedded in
Eponate (Ted Pella). To identify lesion areas, semithin sections were
stained with toluidine blue. Once lesion areas were identified via light
microscope, ultrathin sections were obtained using a Leica Ultracut E
microtome. These ultrathin sections were then stained with uranyl ace-
tate and Reynold’s lead and mounted onto grids. Grids were examined
using a Philips Tecnai 10 electron microscope. Lesion demarcation was
determined based on myelinated axon density and the appearance of
unmyelinated and thinly myelinated axons. Lesion borders were evident
based on a line of normal distribution of myelinated axons juxtaposed
with the absence of myelinated axons, a clear focal lesion, and stark visual
difference. This was evident in all cases. Remyelinated axons were iden-
tified within this focal lesion. Many remyelinated axons within the le-
sions were above the canonical g-ratio threshold of 0.8, but some were
also slightly below this number. We chose to include all myelinated axons
within the obvious boundaries of the identified focal lesions because,
presumably, all axons within the focal lesion are demyelinated. g-ratios
were determined using the ratio of the Feret diameter of axons to the
Feret diameter of axons with the myelin sheath. Feret diameter was cal-
culated by ImageJ software as “the longest distance between any two
points along the selection boundary” (https://imagej.nih.gov/ij/docs/
menus/analyze.html). Analyses took 6 areas for each group of 2 pairs of
mice that had undergone lysolecithin administration, followed by treat-
ment with either BZA (10 mg/kg/d) or vehicle from 1 to 7 dpl. Mice were
perfused at 10 dpl.

KO mice
All rodents in this study were handled following the approval of the
University of California San Francisco Administrative Panel on Labora-
tory Animal Care. All mice used in the study were of the C57BL�6 back-
ground. ER� and ER� mice were obtained as a generous gift from the
Shah laboratory (Nirao Shah, Stanford University) and are additionally
available via The Jackson Laboratory (https://www.jax.org/strain/

004744; https://www.jax.org/strain/004745). Briefly, global ESR1 KO
(ER�) mice were generated via an insertional disruption mutation in the
Esr1 gene, which codes for the nuclear estradiol hormone receptor �,
where exon 2 is deleted and several stop codons are inserted (The Jackson
Laboratory). Both female and male animals homozygous for the ER�
mutant allele are infertile. Global KO animals have been previously val-
idated by The Jackson Laboratory by determining 4-fold higher serum
estradiol levels (indicative of estrogen insensitivity), only 3% estrogen
binding in uterine tissue, and no observable estrogen binding in brain,
kidney, or liver in homozygous KOs (The Jackson Laboratory). Global
ESR2 KO (ER�) mice were generated via the insertion of stop codons
into exon 3 of the Esr2 gene, which codes for the nuclear estradiol hor-
mone receptor � (The Jackson Laboratory). Females homozygous for the
ER� mutant allele are subfertile, whereas males are normal. Global KO
animals have been systematically validated by The Jackson Laboratory via
the absence of ESR2 protein (The Jackson Laboratory). Briefly, KOs were
determined via the presence of WT or mutant allele via PCR amplifica-
tion and visualization on 2% agarose gel (Invitrogen). ER� mutant allele
was 300 bp and the WT allele was 234 bp in length, as determined by the
following PCR probes: common: 5	-TAC GGC CAG TCG GGC ATC-3	;
WT: 5	-GTA GAA GGC GGG AGG GCC GGT GTC-3	; mutant: 5	-GCT
ACT TCC ATT TGT CAC GTC C-3	. The ER� mutant allele was 160 bp
in length and the WT allele was 100 bp, as determined by the following
PCR probes: common: 5	-TCA CAG GAC CAG ACA CCG TA-3	; WT:
5	-GTT GTG CCA GCC CTG TTA CT-3	; mutant: 5	-GCA GCC TCT
GTT CCA CAT ACA C-3	.

Human OPC development from ES cells
Human OPCs were derived from the embryonic stem cell (ESC) H1 line
following a previously validated methodology (Douvaras and Fossati,
2015). Briefly, ESCs were cultured on 6-well Matrigel (Fisher Scientific)-
coated plates in mTeSR medium (STEMCELL Technologies) for 2 d.
Medium was then supplemented with SB431542 (SelleckChem),
LDN189193 (SelleckChem), and retinoic acid (Sigma-Aldrich) for 7 d.
Medium was then changed to DMEM/F12 (Life Technologies), N2 (In-
vitrogen), retinoic acid (Sigma-Aldrich), and smoothened agonist (EMD
Millipore) for 4 d. Cells were then removed from adherent culture, and
incubated in nonadherent dishes to generate embryoid bodies (EBs) in
medium containing DMEM/F12 (Life Technologies) supplemented with
N2 (Invitrogen), B27 (Invitrogen), retinoic acid (Sigma-Aldrich), and
smoothened agonist (EMD Millipore). After 8 d, medium was changed
to medium containing DMEM/F12 (Life Technologies), N2 (Invitro-
gen), B27 (Invitrogen), PDGF-AA (R&D Systems), IGF-1 (R&D
Systems), HGF (EMD Millipore), NT3 (EMD Millipore), T3 (Sigma-
Aldrich), biotin (Sigma-Aldrich), cAMP (Sigma-Aldrich), and insulin
(Sigma-Aldrich). Ten days later, EBs were plated onto poly-L-ornithine
(Sigma-Aldrich) and laminin (Thermo Fisher Scientific)-coated 24-well
plates at a ratio of 2 EBs/cm 2. 29 d later, medium was changed to DMEM/
F12 (Life Technologies), N2 (Invitrogen), B27 (Invitrogen), HEPES (Life
Technologies), biotin (Sigma-Aldrich), cAMP (Sigma-Aldrich), insulin
(Sigma-Aldrich), and ascorbic acid (Sigma-Aldrich) for 21 d. FACS-
purified O4 � hOPCs were seeded onto poly-L-lysine (Sigma-Aldrich)-
coated coverslips and treated with 500 nM BZA (Invitrogen) for 5 d.

Bioinformatics profiling of SERMs and estrogens
Data on how select remyelinating and nonremyelinating compounds bind
to or regulate their molecular targets was extracted from HetioNet, a heter-
ogeneous network containing 47,031 biomedical concepts (nodes) and
2,250,197 relationships (edges) among them curated from 29 publicly avail-
able databases (Himmelstein et al., 2017). In addition, the diseases related to
the genes/proteins (Disease-associates-Gene_DaG) targeted by these com-
pounds were also extracted. Specifically, Compound-binds-Gene (CbG),
Compound-downregulates-Gene (CdG), and Compound-Upregulates-
Gene (CuG) edges were queried for select remyelinating and nonremy-
elinating compounds from HetioNet. CbG edges were aggregated from
BindingDB (Chen et al., 2001; Gilson et al., 2016), DrugBank (Law et al.,
2014), and DrugCentral (Ursu et al., 2017). Only binding relationships to
single proteins with affinities of at least 1 mM (as determined by Kd, Ki, or
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IC50) were selected from the October 2015 release of BindingDB. Target,
carrier, transporter, and enzyme interactions with single proteins (i.e.,
excluding protein groups) were extracted from DrugBank 4.2. In addi-
tion, all mapping DrugCentral target relationships were included. DaG
edges were extracted from the GWAS Catalog (MacArthur et al., 2017),
DISEASES (Pletscher-Frankild et al., 2015), DisGeNET (Piñero et al.,
2017), and DOAF (Himmelstein, 2016) databases. CuG and CdG edges
were extracted from the LINCS1000 Project (National Institutes of
Health, 2018), which profiled the transcriptional response to thousands
of small-molecule and genetic interference perturbations.

Statistical analysis, blinding, and randomization
All relevant statistical analyses were performed in Excel or Prism 7. The
primary statistical test used was two-tailed Student’s t test. Significance is
shown in the figures as: *p � 0.05, **p � 0.01, and ***p � 0.001. In
relevant analyses (specifically the results as reported in Figs. 1a, 2d,e, 4c,
5c,d, and 6d), adjustments were made for multiple comparisons using a
one-way ANOVA followed by Tukey’s multiple-comparisons test. All
p-values were reported directly within the text. Treatment groups were

compared with vehicle control groups. All experiments had n � 2. For
quantifications, all investigators were appropriately blinded before the
image acquisition phase and blinding was only reversed upon comple-
tion of all relevant analyses. For in vitro analyses, coverslips were ran-
domly assigned to treatment groups and were excluded if deemed
different in any way from selected coverslips (cell density, cell health,
contamination). Animals used were assigned to treatment groups ran-
domly and were excluded if perfusion was deemed inadequate.

Study approval
All rodents in this study were handled following the approval of the
University of California San Francisco Administrative Panel on Labora-
tory Animal Care.

Results
An earlier high-throughput screen of �1000 FDA-approved bio-
active molecules revealed not only anti-muscarinic compounds
(Mei et al., 2014), but a previously unreported second cluster that

Figure 1. Several candidate SERMs promote OPC differentiation and have translational potential. a, Graph representing the percentage of micropillars wrapped following the repetition of the
original binary indicant for myelination using micropillar arrays (BIMA) screen using a novel, curated list of candidate SERMs. This graph represents the quantification of the number of micropillars
wrapped by either OPCs (PDGFR�) or oligodendrocytes (MBP). b, Summary of all SERMs tested, their previously reported mechanism of action, their FDA approval status, and their effects on OPC
differentiation. Error bars indicate SEM. **p � 0.01, ***p � 0.001. For all experiments, n � 2 temporally separate trials; n � 2 microarrays per group per trial.
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significantly enhanced differentiation of rat OPCs: SERMs.
SERMs have previously been implicated in remyelination and
neuroprotection (Crawford et al., 2010; Khalaj et al., 2013; Moore
et al., 2014; Gonzalez et al., 2016). Because we sought to bring
treatment to patients at an accelerated timeline, we repeated a
selective screen of FDA-approved members of this family, includ-
ing some that had yet to be explored (Fig. 1). These results indi-
cated that certain SERMs promoted OPC differentiation,
whereas others and estradiol did not (lasofoxifene: p � 0.003;
bazedoxifene: p � 3.34 � 10�4; tamoxifen: p � 7.27 � 10�6;
arzoxifene: p � 0.422; estradiol: p � 0.189, one-way ANOVA
with Tukey’s multiple-comparisons test). These results led us to
concentrate on one candidate SERM: BZA, a nonsteroidal, third-
generation European Medicines Agency (EMA)-approved SERM
(Wyeth Europa, Ltd., Conbriza [package insert], 2009), which in

combination with conjugated estrogens is FDA approved in
menopausal women (Wyeth Pharmaceuticals, Inc., and Pfizer,
Inc.: Duavee [package insert], 2013; Mirkin and Komm, 2013).
Compared with other high-yield SERMs, BZA is exceptionally
well tolerated in clinical trials (McKeand et al., 2014) and thus
represents an exciting therapy for which the path from “bench
to bedside” could be streamlined. Of note, tamoxifen exhibits
strong menopause-like side effects when given to women with
estrogen-responsive breast cancers and the risk:benefit ratio has
previously limited its treatment duration to 5 years (Perez, 2007).

To validate BZA’s cell-autonomous effects on OPCs and to
ensure its translational application, human embryonic stem cell
(ESC) derived-OPCs (Douvaras and Fossati, 2015) were treated
with BZA for 5 d (Fig. 2a). We saw significantly enhanced OPC
differentiation into mature MBP (a marker of mature oligoden-

Figure 2. BZA enhances OPC differentiation in vitro. a, Representative images of control and BZA-treated (500 nM) cultures of human OPCs treated for 5 d before immunostaining for O4 (red) and
MBP (green). b, Quantification of MBP � cells over total O4 � cells. c, Representative images of rat OPC cultures and cultures treated with BZA at 5, 10, 20, 50, or 500 nM or vehicle control for 2 d and
immunostained for MBP (red) and PDGFR� (green; an OPC marker). Cell nuclei are shown by DAPI (blue). d, Quantification of MBP � cells over total cells (DAPI � nuclei) for control cultures
and 5–500 nM BZA. e, Quantification of fold-change of MBP � cells over total cells (DAPI � nuclei) for control cultures and additional candidate SERMs as well as estriol at 500 nM. f, Representative
images of control and BZA-treated (500 nM) OPC/DRG cocultures immunostained for MBP (red), CC1 (white), and PDGFR� (green). Cell nuclei are shown by DAPI (blue). g, Quantification of CC1 and
MBP colabeled cells per square millimeter. h, Representative images displaying CASPR staining clustered in the paranodal region of myelin sheaths in BZA-treated cocultures. i, Quantification of
internodes per square millimeter in vehicle- and BZA-treated groups. Error bars indicate SEM. *p � 0.05, ***p � 0.001. For all experiments, n � 2 temporally separate trials; n � 3 coverslips per
group per trial.
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drocytes and myelin)-expressing oligodendrocytes (p � 1.12 �
10�16, paired t test) (Fig. 2b). Moving from the original screen
using rat OPCs to human OPCs allowed us not only to validate
BZA’s potent actions on differentiation, but also ensured that the
effect is robust in human cells.

To gain a greater understanding of BZA’s mechanism of ac-
tion, we first determined a dose–response curve by treating puri-
fied OPCs isolated from postnatal rat pups with a range of BZA
concentrations for 48 h (Fig. 2c). We saw significant enhance-
ment of OPC differentiation beginning at 5 nM (p � 0.013, one-
way ANOVA with Tukey’s multiple-comparisons test) with
increasing effects up to 500 nM (10 nM p � 7.77 � 10�8; 20 nM

p � 5.70 � 10�14; 50 nM p � 4.70 � 10�14; 500 nM p � 8.00 �

10�15, one-way ANOVA with Tukey’s multiple-comparisons
test) (Fig. 2d). This dose–response curve within the single nano-
molar range is promising for the future EC/IC50 when moving
forward to human dosage predictions. A subset of others SERMs
showed this effect, whereas others—and estrogens— did not, il-
luminating the need for target validation (estriol p � 0.999; ar-
zoxifene p � 0.991; diarylproprionitrile p � 0.946; lasofoxifene
p � 1.81 � 10�6; tamoxifen p � 1.55 � 10�11; bazedoxifene p �
1.48 � 10�13, one-way ANOVA with Tukey’s multiple-
comparisons test) (Figs. 1, 2e). Following the promising results of
BZA treatment on isolated OPCs, we assessed whether the resul-
tant oligodendrocytes were functional. To this end, we used a
coculture system consisting of DRGs, which serve as axonal sub-

Figure 3. BZA enhances and accelerates remyelination in an in vivo focal demyelination model a, Schematic showing location of lysolecithin injection into the corpus callosum at the position: AP:
�1.04, ML: 1, and DV: �1.75 from bregma. b, Representative images of lesions within the corpus callosum of adult WT mice. Lesions were identified by the density of cell nuclei (DAPI) and included
based on NF staining for intact axons and their boundaries are demarcated in white. Animals were given either vehicle or BZA at 10 mg/kg/d for 7 d beginning at 1 dpl and perfused at 10 dpl. They
were immunostained for CC1 (red) and MOG (green). Cell nuclei are shown by DAPI (blue). c, Quantification of CC1 � cell density. d, Quantification of MOG as a percentage of area. e, Representative
images of myelinated axon density in nonlesioned areas in vehicle- and BZA-treated mice. f, Scatterplot of axon diameter plotted against corresponding g-ratio of vehicle- and BZA-treated mice
demonstrating no difference in g-ratio between groups. g, Quantification of myelinated axon density within the nonlesioned area. h, Quantification of average g-ratio within lesioned and
nonlesioned area. i, Representative images of remyelinated axon density within the lesioned area in vehicle- and BZA-treated mice. j, Scatterplot of axon diameter plotted against corresponding
g-ratio of vehicle- and BZA-treated mice in the lesioned area. k, Quantification of remyelinated axon density within lesioned areas in vehicle- and BZA-treated mice. l, Quantification of the
percentage of unmyelinated axons in lesion areas in vehicle- and BZA-treated mice. Error bars indicate SEM. **p � 0.01, ***p � 0.001. For immunostaining experiments, n � 5 animals per group
and n � 10 sections analyzed per animal; for EM analyses, n � 2 animals per group and n � 6 images analyzed per animal.
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strates for myelination (Chan et al., 2004), and OPCs (Fig. 2f).
BZA-treated cocultures had significantly more CC1 (a marker of
differentiated oligodendrocytes) and MBP-colabeled cells that
myelinate DRG axons (p � 3.00 � 10�7, paired t test) (Fig. 2g).
In addition, there were significantly more myelin internodes in
the BZA-treated cocultures (p � 4.98 � 10�9, paired t test) (Fig.
2i). Therefore, BZA enhanced not only OPC differentiation at
nanomolar ranges, but also myelination of axonal substrates in
culture.

We next assessed treatment in a demyelinating disease model.
Our focus on BZA was twofold: we wanted to validate its cell-
autonomous effects on OPCs and ensure its translational poten-
tial in demyelinating disease. To this end, we made use of the
lysolecithin focal demyelination model. This model shows mini-
mal immune cell involvement and lesions will fully remyelinate
following a well established timeline for repair (Fancy et al.,
2011). We induced a focal demyelinating lesion in the corpus
callosum of WT adult mice (Fig. 3a) and assessed remyelination
at 10 dpl induction based on the density of CC1-expressing oli-
godendrocytes within the lesion area and percentage of myelin-
ated area as determined by MOG (a marker of mature
oligodendrocytes and myelin) within the lesion (Fig. 3b). Mice
were treated with BZA or vehicle from 1 to 7 dpl. We saw a

significantly enhanced number of CC1-expressing cells (p �
0.002, paired t test) (Fig. 3c) and a significantly greater myelin-
ated area (p � 0.007, paired t test) within the lesion (Fig. 3d) in
the BZA-treated group, indicating that BZA significantly en-
hanced OPC differentiation and accelerated repair in this focal
demyelination model. We further analyzed the effects of BZA on
remyelination at 10 dpl using EM of lysolecithin-treated animals.
It is important to note that the typical time point for remyelina-
tion by electron microscopy is 14 dpl. However, we chose to
examine remyelination at 10 dpl because we were trying to iden-
tify an exceptionally potent effect on remyelination. Normally at
this point, there is almost no remyelination in vehicle controls.
Mice were treated with BZA from 1 dpl through 7 dpl. In the
nonlesioned area, we saw no differences in myelination density
nor g-ratios (p � 0.445, paired t test), indicating that BZA does
not result in abnormal myelination (Fig. 3e–g). Remyelinated
axons are indicated by a higher g-ratio, representing thinner my-
elin. We noted significantly higher g-ratios in the lesioned areas
compared with the nonlesioned areas (p � 1.09 � 10�25, paired
t test), indicating that remyelination had occurred within the
lesions (Fig. 3h). In the lesioned area, we saw a significant differ-
ence in the number of remyelinated axons within the lesion site in
BZA-treated mice compared with vehicle-treated mice (p �

Figure 4. BZA enhances OPC differentiation independently of the ER a, Representative images of control and BZA-treated (500 nM) WT, ER�, and ER� KO OPCs, treated for 2 d and immunostained
for MBP (red) and PDGFR� (green). Cell nuclei are shown by DAPI (blue). b, Quantification of MBP � cells over total cells in WT, ER�, and ER� KO OPC cultures treated with control or BZA (500 nM).
c, Quantification of MBP � cells over total cells in ER� and ER� KO OPC cultures treated with various SERMs (500 nM), as well as the positive control T3 (1�). d, Representative images of control and
BZA-treated (500 nM) OPCs from ER� and ER� DKO animals treated for 2 d and immunostained for MBP (red) and PDGFR� (green). Cell nuclei are shown by DAPI (blue). e, Quantification of MBP �

cells over total cells (DAPI � nuclei) in ER-DKO OPC cultures of BZA- and tamoxifen (500 nM)-treated groups. For all quantifications, error bars indicate SEM. *p � 0.05, ***p � 0.001. For all
experiments, n � 3 temporally separate trials and n � 3 coverslips per group per trial.
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3.05 � 10�6, paired t test) (Fig. 3i–k). This was accompanied by
a concomitant significant decrease in the percentage of unmyeli-
nated axons (p � 4.00 � 10�4, paired t test) (Fig. 3l). This
indicates a significant enhancement and acceleration of remyeli-
nation in BZA-treated animals.

SERMs have been developed to differentially agonize or an-
tagonize nuclear ER� and ER� in selected tissues in response to
the more pleiotropic and potentially harmful effects of estrogen
treatment (Rossouw et al., 2002; Chlebowski et al., 2003). Previ-
ous studies have relied heavily on an assumption of SERMs’ spec-
ificity and reported a reliance on the ERs to mediate effects on
remyelination and neuroprotection (Crawford et al., 2010;
Khalaj et al., 2013; Moore et al., 2014). However, the authenticity
of many antibodies used to determine ER presence has recently
been challenged (Andersson et al., 2017), highlighting the need
for mechanism validation in KO models with appropriate out-
come measures. Further, our results demonstrate that certain
SERMs promote differentiation, whereas others, as well as estro-
gens, do not (Figs. 1, 2e). Together, these findings bring into
question the specific receptor target and raise the possibility for
off-target effects. We therefore sought to determine the mecha-
nism of action for BZA. BZA acts as an agonist and antagonist on
both nuclear ERs (McKeand et al., 2014). Therefore, we isolated
OPCs from total ER� and ER� KO mice and assessed OPC dif-
ferentiation after treatment with BZA for 48 h (Fig. 4a). We were
surprised to see significantly enhanced OPC differentiation
across all treatment groups to the same magnitude as WT cells
(ER� p � 1.25 � 10�10; ER� p � 4.00 � 10�4, paired t test) (Fig.
4b), indicating that BZA does not induce OPC differentiation
through ER� or ER�. This effect persisted for all SERMs found to
have positive effects on differentiation in WT OPCs (ER�: laso-
foxifene p � 0.011; tamoxifen p � 3.37 � 10�6; bazedoxifene p �
2.62 � 10�10; ER�: lasofoxifene p � 2.80 � 10�5; tamoxifen p �

2.26 � 10�4; bazedoxifene p � 0.029, one-way ANOVA with
Tukey’s multiple-comparisons test), as well as the positive con-
trol T3 (ER�: p � 4.52 � 10�5; ER� p � 1.47 � 10�3, one-way
ANOVA with Tukey’s multiple-comparisons test) (Fig. 4c). To
ensure there was no compensation from the complementary re-
ceptor, we generated ER� and ER� double-KO animals (ER-
DKO) (Fig. 4d). After treatment with BZA or tamoxifen, we again
saw significant enhancement of OPC differentiation (bazedox-
ifene p � 3.00 � 10�5; tamoxifen p � 7.67 � 10�7, paired t test)
(Fig. 4e). This led us to conclude that BZA and other SERMs exert
potent effects on OPC differentiation independently of their in-
tended nuclear ER targets.

To reinforce this finding, specifically in light of the lack of KO
validations in the past, we repeated the lysolecithin experiments in
ER-DKO mice (Fig. 5b) alongside WT controls (Fig. 5a). Here again,
BZA enhanced the number of CC1� cells within the lesion (WT
BZA p � 0.032; ER-DKO BZA p � 0.028, one-way ANOVA with
Tukey’s multiple-comparisons test) (Fig. 5c), as well as the percent-
age of myelinated area (WT BZA p � 0.015; ER-DKO BZA p �
8.27 � 10�6; WT BZA vs ER-DKO BZA p � 0.015, one-way
ANOVA with Tukey’s multiple-comparisons test) (Fig. 5d), thereby
still accelerating remyelination in the ER-DKO animals to the same
degree as WT animals. Together, these findings clearly indicate that
BZA does not require either nuclear ER to mediate its effects on
oligodendrocyte differentiation and remyelination.

In light of the surprising lack of requirement for either ER for
BZA to mediate its effect on OPC differentiation, we took steps to
gain greater clarity into the mechanism of action and to isolate
SERMs’ veritable target. Due to the great difficulty of identifying
targets and inherent promiscuity of small molecules, we moved
forward with a bioinformatics approach to determine candidate
target potentials. Using a previously published paradigm that
accurately predicts interactions with �97% efficiency (Wang et

Figure 5. BZA accelerates remyelination independently of the ER a, Representative images of identified lesions within the corpus callosum of WT mice. b, Representative images of identified
lesions within the corpus callosum of ER-DKO mice. Lesions were identified by the density of cell nuclei and their boundaries demarcated in white. Animals were given either vehicle or BZA at 10
mg/kg/d for 7 d following lesion induction and killed and perfused at 10 dpl. They were immunostained for CC1 (red) and MOG (green). Cell nuclei are shown by DAPI (blue). c, Quantification of CC1 �

cell density within the lesion area of WT and ER-DKO animals. d, Quantification of MOG as a percentage of area in WT and ER-DKO animals. For all quantifications, error bars indicate SEM. *p � 0.05,
***p � 0.001. For all experiments, n � 4 animals per group and n � 10 sections analyzed per animal.
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Figure 6. Bioinformatics profiling implicates set of candidate targets positing unique pathway for SERMs a, Network of first-degree (genes/proteins; green squares) and second-degree (diseases;
yellow squares) neighbors of select FDA-approved pro-remyelinating and non-remyelinating compounds (blue squares) was generated using HetioNet (Himmelstein et al., 2017) and visualized
using iCTNET (Wang et al., 2015). b, Ggenes with the highest number of connections to the four pro-remyelinating compounds are labeled and the resulting subnetwork is enlarged in the inset. EBP
is the predicted binding partner of pro-remyelinating compounds (raloxifene and tamoxifen) based on recently published data. ST6GALNAC2, SPP1, MSMO, and FDPS are upregulated and RRP12 is
downregulated by all four compounds. Binding data were retrieved from BindingDB, DrugBank, and DrugCentral. Only binding relationships to single proteins with affinities of at least 1 �M (as
determined by Kd, Ki, or IC50) were selected from the October 2015 release of BindingDB. Target, carrier, transporter, and enzyme interactions with single proteins (i.e., excluding protein groups) were
extracted from DrugBank 4.2. Regulatory effects of compounds on genes was based on the LINCS L1000 dataset and computed as in Himmelstein et al. (2017). Key terms: “Binding” indicates physical
evidence that compound binds protein used to map drugs onto proteins; “association” indicates statistical evidence that gene confers risk to the disease and is used to map genes onto diseases. c,
Representative images of control, BZA-treated (500 nM), clemastine-treated (500 nM), and BZA � clemastine-treated (500 nM, 500 nM) OPCs treated for 2 d and immunostained for MBP (red) and
PDGFR� (green). Cell nuclei are shown by DAPI (blue). d, Quantification of MBP � cells over total cells (DAPI � nuclei) in OPC cultures of BZA-treated, clemastine-treated, and BZA � clemastine-
treated (500 nM) groups. For all quantifications, error bars indicate SEM. *p � 0.05, ***p � 0.001. For all experiments, n � 4 temporally separate trials and n � 3 coverslips per group per trial.
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al., 2015; Himmelstein et al., 2017), integrating 29 databases and
1500 compounds mapped into a heterogeneous network (Chen
et al., 2001; Law et al., 2014; Gilson et al., 2016; Ursu et al., 2017),
we selectively clustered FDA-approved SERMs with positive effects
on OPC differentiation, SERMs with negative effects, and estrogens.
Based on predicted connections, these clusters mapped onto distinct
sets of potential molecular targets (Fig. 6a). Six unique candidate
targets emerged with predicted interactions to all four candidate
FDA-approved SERMs (Fig. 6b). Of these possible targets, EBP was
of particular interest.

EBP (encoding 3�-hydroxysteroid-‚8-‚7-sterol isomerase)
is an important enzyme in the biosynthesis of cholesterol.
It catalyzes the isomerization of zymosterol (cholesta-8(9),24-
dien-3�-ol) to lathosterol (cholesta-7,24-dien-3�-ol) and its in-
hibition results in the accumulation of the 8,9-unsaturated sterol
zymosterol. This inhibition and subsequent accumulation of an
8,9-unsaturated sterol has been recently implicated as one of
three candidate steps within the cholesterol biosynthesis pathway
(acting through a redundant mechanism) that would result in
enhanced OPC differentiation (Hubler et al., 2018). Tamoxifen
has previously been shown to inhibit EBP (Gylling et al., 1995;
Moebius et al., 1998; Korade et al., 2016). More importantly, the
inhibition of any of these three candidate enzymes, resulting in
accumulation of an 8,9-unsaturated sterol, has been implicated as
a common target for all previously publicly identified proremy-
elinating compounds (Hubler et al., 2018). Through this novel,
unbiased approach of bioinformatics profiling, we independently
identified a candidate target that has only recently been impli-
cated in remyelination. These converging independent reports
bolster the impetus to pursue this likely target in OPC differenti-
ation and remyelination.

To provide further insight into the divergent mechanism of
BZA, we investigated whether BZA had an additive effect on OPC
differentiation in combination with a previously validated pro-
remyelinating compound known to operate through a distinct
pathway. Here, we demonstrate that, in combination with clem-
astine (at maximal dose), a compound previously shown to pro-
mote OPC differentiation by antagonizing the muscarinic
acetylcholine receptor 1 subtype (Mei et al., 2016), BZA (at max-
imal dose) exerts an additive effect on OPC differentiation
greater than either compound on their own (clemastine vs con-
trol: 2.24 � 10�9; BZA vs control: 5.90 � 10�13; BZA � clemas-
tine vs control: 4.40 � 10�14; BZA � clemastine vs clemastine:
1.19 � 10�4; BZA � clemastine vs BZA: 0.01, one-way ANOVA
with Tukey’s multiple-comparisons test) (Fig. 6c, d), thus indi-
cating that these two compounds mediate their effects on OPC
differentiation through different targets.

Discussion
Remyelination represents a significant obstacle within the MS
population. This paramount failure of repair sets forward the
path to axonal loss and thereby disability progression (Irvine and
Blakemore, 2008; Trapp and Nave, 2008). Given the lack of ther-
apies to promote repair, our results from a clinically available
drug, which is already readily given to patients for the alleviation
of vasomotor menopausal symptoms, present an exciting oppor-
tunity to intervene. BZA is currently FDA-approved in combina-
tion with conjugated estrogens as the tissue-selective estrogen
complex (TSEC) Duavee and is EMA-approved on its own
(Wyeth Europa, Ltd., Conbriza [package insert], 2009). Of para-
mount importance, BZA has proven very tolerable in clinical
trials, setting it apart from other SERMs (Mirkin and Komm,
2013; McKeand et al., 2014). In fact, the prominent side effects of

this drug would be positive and reflect its current indication:
osteoporosis prevention and alleviation of potential vasomotor
menopausal symptoms (Wyeth Pharmaceuticals, Inc., and
Pfizer, Inc.: Duavee [package insert], 2013; McKeand et al.,
2014). We are currently well under way for a phase II clinical trial.

Although BZA is currently only approved for use in women,
women represent 75% of the population who develop MS. How-
ever, unexpectedly and fortuitously, we found that BZA and
other SERMs do not act through the ERs to promote OPC differ-
entiation and remyelination, as would be expected given current
dogma in the field. The field of hormonal research into CNS
diseases has dedicated countless money and energy into estrogens
as treatment for MS symptoms, with only conflicting and under-
whelming results. Our study provides incontrovertible evidence
that the ER as a target is not a lucrative avenue of pursuit for
remyelinating therapies. The off-target receptor through which
BZA exerts its effects within the single nanomolar range presents
exciting opportunities for future drug development, which
would substantially expand the population of patients beyond
what has been previously proposed. Although as yet unverified,
this study provides complementary results for a recently pub-
lished study positing three candidate enzymes as possible targets
for all previously publicly identified pro-remyelinating therapies
(Hubler et al., 2018). Our novel approach to identifying these
compounds uses a predictive, machine-learning algorithm and
does not provide definitive proof, but indicates likely possibilities
worthy of future pursuit. These findings present exciting oppor-
tunities for the field to not only advance current drugs such as
SERMs to human trials, but also to understand the importance of
the cholesterol biosynthesis pathway in OPC differentiation for
the development of drugs with greater and targeted affinity for
this pathway.
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