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Hyperactivation of Hedgehog signaling impedes
myelin development and repair via cholesterol
dysregulation in oligodendrocytes

Minxi Fang,’? Xuan Wang,'-? Lixia Chen,” Fang Li,” Sitong Wang,? Leyi Shen,” Huanyi Yang,? Lifen Sun,?
Xue Wang,” Junlin Yang,” Mengsheng Qiu,"?* and Xiaofeng Xu?3*

SUMMARY

The failure to remyelinate demyelinated axons poses a significant challenge in the treatment of multiple
sclerosis (MS), a chronic inflammatory demyelinating disease of the central nervous system. Here, we
investigated the role of Hedgehog (Hh) signaling in myelin formation during development and under path-
ological conditions. Using conditional gain-of-function analyses, we found that hyperactivation of Hh
signaling in oligodendrocyte precursor cells (OPCs) inhibits oligodendrocyte (OL) differentiation and
myelination. Notably, sustained activation of Hh signaling in adult OPCs hinders myelin repair following
LPC-induced focal demyelination. Through RNA sequencing, we discovered that genes associated with
cholesterol synthesis were upregulated, and observed intracellular cholesterol accumulation in Hh-acti-
vated OPCs. Importantly, pharmacological stimulation of cholesterol transport was able to rescue the
OL differentiation and myelination defects in mice. These findings establish a functional connection be-
tween Hh signaling, cholesterol homeostasis, and remyelination, providing insights for the strategic
design of employing Hh signaling modulators in treating demyelinating neurodegenerative diseases.

INTRODUCTION

Oligodendrocytes (OLs) in the central nervous system (CNS) produce myelin sheaths around neuronal axons to promote the rapid transmis-
sion of action potentials, '™ provide metabolic supports and coordinate neural rhythms and activities.”® During myelination, OL lineage goes
through multiple developmental stages, including oligodendrocyte precursor cells (OPCs), newly formed OLs (NFOs) and mature OLs
(MOLs).”""" Defective myelination has been implicated in cognitive deficits and motor learning. Failure of OLs to remyelinate demyelinated
axons leads to irreversible axonal degeneration in demyelinated diseases (e.g., multiple sclerosis, MS).'*~"® OL differentiation and myelination
are regulated by an intrinsic interplay of epigenetic regulators, transcriptional factors, and extracellular signals.'® Understanding the signaling
pathways governing oligodendrocyte differentiation and myelination is essential for devising therapeutic approaches aimed at repairing
myelin in demyelinated disorders.

Earlier extensive research has consistently suggested that the Hedgehog (Hh) signaling pathway plays a vital role in the development of
OLs.""” During the early developmental phases, OPCs emerge from specific regions of the neuroepithelium within the ventricular zone (V2).
Subsequently, these cells migrate into adjacent areas, where they undergo proliferation and differentiation into mature, myelinating OLs.
Genetic and molecular evidences support the notion that Hh signaling promotes OPC specification.”” Smoothened (Smo) acts as a crucial
mediator for transmitting Hh signaling across the plasma membrane.”’ In Smo ™/~ or Shh™/~ mutants, the production of OPCs from neuro-
epithelial cells is inhibited.”””* Transplantation experiments have provided further evidence that Shh signaling induces the maturation of
OPCs obtained from neurospheres originating from embryonic rat brain.”**> Additionally, Smo-mediated Hh signaling has been shown to
significantly enhance the proliferation of neural progenitor cells (NPCs) and OPCs.”**? This effect is evident in experiments where adeno-
virus-mediated delivery of Shh into the lateral ventricle of adult mice results in increased cell proliferation.”® Recently, Laouarem et al. demon-
strated that pharmacological activation of Smo increases OPC proliferation and inhibits their differentiation, whereas inhibition of Smo en-
hances OPC differentiation, both in vivo and in vitro.”® Furthermore, through activating Smo at distinct stages, we previously uncovered a
stage-specific regulations of OL development by Hh signaling in the embryonic spinal cords.®' While activation of Smo in NPCs could induce
transient ectopic generation of OPCs and premature differentiation of OLs, sustained activation of Smo in committed OPCs primarily induces
cell proliferation and concurrently suppresses their differentiation into OLs. However, the molecular mechanisms underlying the impaired OL
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differentiation by Hh signaling activation remain to be elucidated, and the involvement of Hh signaling in myelin formation also awaits further
investigation.

At the current stage, the role of the Hh pathway in remyelination remains somewhat controversial.”* Wang et al. investigated the function
of Shh-Gli1 pathway in human MS lesions, as well as in its animal model, experimental autoimmune encephalomyelitis (EAE).** They demon-
strated that Shh is upregulated in MS and EAE lesions and induces neural stem cell (NSC) differentiation. Consequently, activators of the Hh
signaling pathway, including Smo agonist such as SAG, have emerged as targets in treatment of MS,** as they can induce OPC proliferation

|32

and differentiation in the lesion sites of Cuprizone-induced demyelinating models.**** However, it was previously reported that downregu-
lation of Hh signaling is necessary for myelination during development, and enhanced Hh signaling causes a thinner corpus callosum in Gorlin
syndrome patients.?’” In addition, Gli1, initially regarded as a reliable indicator of Hh pathway activity, has been found to have adverse effects
during myelination/remyelination. Blocking Gli1 expression in the Cuprizone model was observed to enhance NPC recruitment, facilitate
OPC migration toward demyelinated axons, and promote remyelination.***” More recently, Nocera et al. utilized Smo loss-of-function
and gain-of-function animal models and found that genetic activation of Smo increases the number of OPCs and decreases OL differentiation
after Cuprizone treatment. Thus, their findings reveal that Hh signaling might function as a mitogen to encourage OPC proliferation, but does
not facilitate myelination.”® Given these contradictory findings, it is imperative to re-examine the function of Hh signaling activation in myelin
repair and elucidate its underlying mechanism, as this line of study could guide the strategic design of utilizing Hh modulators for demyelin-
ating disease treatments.

Our present work explores the role of the Hh signaling pathway in postnatal OL differentiation and (re)myelination processes. The research
reveals that hyperactivation of Hh signaling specifically in OPCs hinders OL differentiation and myelination during developmental stages,
which also obstructing myelin repair following demyelinating insults. The underlying mechanism involves the disruption of cholesterol syn-
thesis and homeostasis caused by elevated Hh signaling in OPCs. Cholesterol is a vital component abundant in the myelin sheath. Notably,
pharmacological enhancement of cholesterol transport has the potential to rectify the impairments in OL differentiation and myelination. In
conclusion, our research establishes a functional link between Hh signaling, cholesterol homeostasis, and myelin repair, paving the way for
strategic approaches in utilizing Hh signaling modulators for the treatment of demyelinating diseases.

RESULTS
Hyperactivation of Hh signaling in OPCs inhibits OL differentiation and myelination in the postnatal forebrain

To explore the role of Hh signaling in OL development, we generated double transgenic PDGFRa"*ER; SmoM2 (termed SmoM2-OE) mice by
crossing Rosa-SmoM2 with PDGFRa-creER mice. As previously documented, SmoM2, a missense mutation (W535L) of Smo, exhibits consti-
tutive activation independent of the Hh ligand.”" Tamoxifen was administrated intraperitoneally during the peak proliferation phase of brain
OPCs, specifically from postnatal Day 5 to Day 7 (P5-P7), and analyzed at P15 (Figure 1A). To validate the specificity and efficacy of SmoM2
overexpression, we also performed a lineage tracing study by mating SmoM2-OE with the Rosa-tdTomato reporter line. Our findings re-
vealed that all tdTomato-positive cells co-expressed SOX10 in both the cortex and corpus callosum (CC), indicating successful SmoM2 over-
expression in OPCs (Figure 1B). Gene expression analyses via RNA in situ hybridization (ISH) showed significant downregulation of the myelin
genes, Mbp and Plp7, in the CC and cortex of SmoM2-OE mice (Figures 1C and 1E). Immunostaining analyses further demonstrated a
decrease in the number of CC1+ and ASPA+ mature OLs (Figures 1D and 1E). Therefore, constitutive activation of Hh signaling in OPCs im-
pairs OL differentiation.

Additionally, we observed a notable increase in the number of PDGFRa+ OPCs in the cortex of SmoM2-OE mice compared to controls
(Figures STA and S1B). However, there was no significant difference in the distribution and number of total oligodendroglial cells labeled by
SOX10 between SmoM2-OE and control mice (Figures S1C and S1D). Double immunostaining with SOX10 and the proliferation marker Kié7
indicated similar rates of OPC proliferation between SmoM2-OE and control mice (Figures STE and S1F). To ensure that we did not miss the
OPC proliferation period during the tamoxifen treatments, we conducted additional experiments with earlier tamoxifen administration at
P2-4 followed by analysis at P12 (Figure S1G). Two hours before tissue collection, BrdU was injected to label proliferating cells. The results
revealed no significantincrease in the proportion of BrdU+ and Ki67+ cells in Sox10+ population between the control and mutant mice, align-
ing with our findings at P15 (Figures STH and S1l). Based on these comprehensive results, we conclude that hyperactivation of Hh signaling in
OPCs inhibits OL differentiation while having little or no effect on OPC proliferation and migration.

In light of the observed OL differentiation defects in SmoM2-OE mice, we conducted TrueGold staining to visualize the myelin fibers in the
forebrain at P15. In control mice, we observed multiple dense and parallel axonal tracks, whereas the transgenic mice exhibited a notable
decrease in TrueGold staining in these regions. Additionally, axonal fasciculation was largely absent, indicating compromised axonal myeli-
nation (Figures 2A and 2B). To further investigate the ultrastructure of myelin sheaths in the CC at P15, we employed transmission electron
microscopy. As anticipated, the majority of axons in SmoM2-OE mice were found to be unmyelinated (Figures 2C and 2D), suggesting severe
myelination impairement in these transgenic mice.

Hyperactivation of Hh signaling hinders remyelination

To further explore the impact of Hh signaling activation on remyelination, we induced focal demyelination by stereotactically injecting lyso-
lecithin (LPC) into the CC of adult mice. This well-defined model allows us to study various phases of remyelination. In 8-week-old transgenic
and control mice, tamoxifen was administrated for 5 days prior to injury, as well as 2 days post lesion (dpl) to trigger SmoM2 overexpression in
both adult and newly formed OPCs (Figure 3A). To validate the efficiency of Cre recombination, we utilized the same tamoxifen injection
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Figure 1. Hyperactivation of Hh signaling pathway inhibits OL differentiation after birth

(A) Experimental paradigm for tamoxifen injection in SmoM2-OE (PDGFRa*ER: SmoM2) and control mice.

(B) Immunostaining of tdTomato (red) and SOX10 (green) in the forebrain of PDGFRaER; SmoM2; tdTomato mice at P15. Arrows indicate colocalized
tdTomato+/SOX10+ cell. b’ shows the magnified view of the box in b.

(C) ISH of Mbp and Plp1in the CC and cortex of control and SmoM2-OE mice at P15. a, b, c and d show the middle of CC. a’, b’, ¢’ and d’ show the lateral CC and
cortex.

(D) Immunostaining of CC1 (red) and ASPA (green) in the CC and cortex of control and SmoM2-OE mice at P15. a, b, c and d show the middle of CC. &', b’, ¢’ and
d’ show the lateral CC and cortex.

(E) Quantification of Plp1+, CC1+, ASPA+ OL density (calculated per mm2) and integrated density of Mbp (AU) from (C) and (D). Data are represented as mean +
SEM. For all statistical analysis, p values were calculated using unpaired t-tests. **p < 0.01, ***p < 0.001. Scale bar: 100 pm.

paradigm in Rosa-tdTomato; PDGFRa-CreER mice. Our observations indicated that all tdtomato-positive cells co-expressed SOX10 in both
the brain and the injury site, confirming the specific overexpression of SmoM2 in adult OPCs (Figures 3B and S2A).

The effects of induced Hh pathway activation on myelin maintenance in adult mice, was assessed by TrueGold myelin staining. In compar-
ison to controls, no apparent differences were detected in myelin integrity within the uninjured cortex and corpus callosum of mutant mice
(Figures S2B and S2C). Additionally, the initial LPC-induced injury was comparable between transgenic and control mice at 7dpl (Figures 3C
and 3D). However, during the remyelination process, the lesion size on average decreased in control mice, whereas it remained significantly
larger in SmoM2-OE mice at 14 and 21 dpl (Figures 3C and 3D). Thus, there was a substantial reduction in the density of newly formed myelin
fibers in SmoM2-OE mice (Figures 3C and 3D), indicating that hyperactivation of SmoM2 impaired axonal remyelination.

Further examination of oligodendrocyte lineage markers at the lesion sites showed a similar density of PDGFRa+ and SOX10+ cells be-
tween SmoM2-OE and control mice at 7 dpl (Figures 3E and 3F). Nevertheless, the density of newly formed OLs (Plp 1+ and ASPA+ cells) was
significantly lower in SmoM2-OE mice compared to controls at 14 dpl and 21 dpl (Figures 3G, 3H, S2D, and S2E), suggesting a decreased
capacity for OPC differentiation in SmoM2-OE mice relative to controls. Interestingly, most PDGFRa+ and SOX10+ cells were non-prolifer-
ative (Ki67-) in both SmoM2-OE and control lesion sites, implying that Hh signaling activation did not augment OPC proliferation (Figures S2F
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Figure 2. Hyperactivation of Hh signaling in OPCs impairs proper myelination

(A) TrueGold staining of myelin fibers in the CC and cortex of control and SmoM2-OE mice at P15. a and b show the middle CC. a" and b’ show the lateral CC and
cortex. Scale bar: 100 pm.

(B) Quantification of the density of myelin fibers per unit of area (um?) from (A).

(C) TEM analyses of myelin in the CC of control and SmoM2-OE mice at P15. Scale bar: 1 pm.

(D) Quantification of the percent of myelinated axons from (C). Data are represented as mean + SEM. For all statistical analysis, p values were calculated using
unpaired t-tests. **p < 0.01, ***p < 0.001.

and S2G). These findings indicate that hyperactivation of Hh signaling in OPCs does not influence OPC recruitment to lesion sites following
myelin injury, but significantly hinders oligodendrocyte differentiation and myelin repair.

Hyperactivation of Hh signaling leads to cholesterol accumulation in oligodendroglial cells

Given our findings that activation of Hh signaling in OPCs disrupts OL differentiation, myelination and remyelination, we aimed to
pinpoint the downstream target genes and associated biological processes through bulk RNA sequencing (RNA-seq) in CC and cortex
of P15 SmoM2-OE and control mice (Figure 4A). A total of 2,808 up-regulated and 2,474 down-regulated genes (p < 0.05) were iden-
tified in SmoM2-OE mice compared to their control littermates. In alignment with the differentiation defects observed in SmoM2-OE
mice, we noted a significant downregulation of myelin genes, including Mbp, Plp1, Mag, Cnp and OL differentiation-associated genes,
such as Nkx2.2, Myrf, Id2 and Ugt8a (Figure 4C). Gene ontology (GO) analysis uncovered that the down-regulated genes are primarily
involved in OL development and myelination, echoing the compromised OL differentiation in SmoM2-OE mice. Conversely, GO terms
of up-regulated genes primarily concentrated on metabolic processes and stress responses (Figure 4B). Upon closer examination of
metabolic processes, we found significant upregulation of genes encoding key enzymes involved in cholesterol biosynthesis, including
Scap, Srebf2, Mvd, Fdft1, and Mvk, in SmoM2-OE mice (Figures 4C and 4D). The concurrent downregulation of myelin-related genes
and upregulation of cholesterol homeostasis genes hinted at a possible link between hyperactivated Hh signaling and altered choles-
terol homeostasis.

To visually assess cholesterol levels in vivo, we stained the cortex and CC with BODIPY-cholesterol. In SmoM2-OE mice, the BODIPY-
staining appeared more intense than in control mice, with several larger cholesterol-accumulated lipid droplets observed, indicating of
cholesterol accumulation (Figures S3A and S3B). To define the cell type with cholesterol accumulation, we co-stained BODIPY-cholesterol
with distinct cell markers for OPCs (NG2), OLs (CC1), astrocytes (GFAP) and microglial (Ibal) in CC of both SmoM2-OE and control mice.
Using confocal z stack microscopy for three-dimensional reconstruction, we observed no notable increase in BODIPY-cholesterol accumu-
lation in Ibal+ microglia or GFAP+ astrocytes (Figures S3C, S3D, and 4G). By contrast, NG2+ and CC1+ oligodendroglial cells exhibited a
significant increase in BODIPY-cholesterol punctuates (Figures 4E-4G), suggesting abnormal cholesterol accumulation in these cells with
activated Hh signaling.
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Figure 3. Hyperactivation of Hh signaling inhibits remyelination after LPC-induced focal demyelination
(A) Experimental paradigm of Tamoxifen and LPC injection in control and SmoM2-OE mice.

(B) Immunostaining of tdTomato (red) and SOX10 (green) in the injury lesion of PDGFRa®ER-tdTomato mice at YW.

(C) Representative image of TrueGold staining in the LPC injury sites from control and SmoM2-OE mice at 7, 14 and 21 dpl, respectively. Scale bar: 100um.
(D) Quantification of the myelin density in the injury area (um? at 7, 14 and 21 dpl from (C).

(E) ISH of PDGFRa and immunostaining of SOX10 in the injury sites of control and SmoM2-OE mice at 7 dpl.

(F) Quantification of PDGFRa+ and SOX10+ cell density per mm? in the injury sites of control and SmoM2-OE mice at 7 dpl from (E).

(G) ISH of Plp1 and immunostaining of ASPA and SOX10 in the injury sites of control and SmoM2-OE mice at 14 dpl.

(H) Quantification of Plp1+ and ASPA+ cell density per mm? at 14 dpl from (G). Data are represented as mean + SEM. For all statistical analysis, p values were

calculated using unpaired t-tests. ***p < 0.001, ns: no significant difference. Scale bar: 100 um.
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Figure 4. Hyperactivation of Hh signaling leds to cholesterol accumulation in oligodendroglial cells

A) Experimental paradigm of bulk RNA-sequencing of CC and cortex tissues from control and SmoM2-OE mice.
B) GO enrichment analysis of DEG. Biological processes of interest are highlighted in frame.
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(C) DEG heatmap of distinct biological processes associated genes.

(D) Specific metabolic associated pathways with DEGs.

(E) Confocal 3D reconstruction of BODIPY-cholesterol staining alone or in combination with NG2 (white) in the CC from control and SmoM2-OE mice at P15.
(F) Confocal 3D reconstruction of BODIPY-cholesterol staining alone or in combination with CC1 (white) in the CC from control and SmoM2-OE mice at P15.

(G) Quantification of BODIPY-cholesterol punctuate in different cell types. Data points represent the mean of independent biological replicates. Data are
represented as mean + SEM. For all statistical analysis, p values were calculated using unpaired t-tests. ***p < 0.001. ns: no significant difference. Scale bar:

10 pum.

Pharmacologically enhancing cholesterol transport restores OL development and myelination

Given that hyperactivation of Hh signaling in OPCs leads to cholesterol accumulation, thereby hindering OL differentiation and myelination,
we hypothesized that facilitating cholesterol transport might mitigate intracellular cholesterol accumulation. This, in turn, could potentially
alleviate the differentiation defects observed in SmoM2-OE mice. To test this possibility, we employed 2-hydroxypropyl-B-cyclodextrin
(HPBCD), a compound known bind cholesterol and facilitate its transport.*** Following tamoxifen treatment, SmoM2-OE mice received
intraperitoneal injections of either HPBCD or PBS for three consecutive days and were then analyzed at P15 (Figure 5A). In SmoM2-OE;
Rosa-tdTomato mice treated with HPBCD, BODIPY-cholesterol droplets notably diminished in NG2+/tdTomato+ OPCs (indicating activated
Hh signaling), suggesting a decline in cholesterol accumulation (Figures 5B and 5C). Immunostaining analyses revealed a significant increase
in the density of CC1+ and ASPA+ cells in the CC and cortex of SmoM2-OE mice after HPBCD treatment (Figures 5D-5F). Similarly, TrueGold
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Figure 5. Facilitating cholesterol transport rescues OL differentiation and myelination defects in SmoM2-OE mice
(A) Experimental paradigm for tamoxifen and saline/HPBCD injection in control and SmoM2-OE mice.
(B) Confocal co-labeling of BODIPY-cholesterol, tdTomato and NG2 in the forebrain of control and SmoM2-OE mice with or without HPBCD injection at P15.

Arrows highlight BODIPY-cholesterol accumulation around nuclei of tdTomato+/NG2+ cells. Scale bar: 10 um.

(C) Quantification of cholesterol punctuate in NG2+ cells per nucleus from (B).

(D) Immunostaining of CC1 (red) and ASPA (green) in the CC and cortex of control and SmoM2-OE mice with or without HPBCD injection at P15. a, b and ¢ show
the middle of CC. a’, b’ and ¢’ show the lateral CC and cortex. Scale bar: 100 pm.

(E) Quantification of CC1+ OL density (calculated per mm?) from (D).

(F) Quantification of ASPA+ mature OL density (calculated per mm?) from (D).

(G) TrueGold staining of myelin fibers in the CC and cortex of control and SmoM2-OE mice with or without HPBCD injection at P15. a, b and ¢ show the middle CC.

a’', b’ and ¢’ show the lateral CC and cortex. Scale bar: 100 pm.
(H) Quantification of the density of myelin fibers per unit of area (um2) from (G). Data are represented as mean + SEM. For all statistical analysis, p values were
calculated using one-way ANOVA with Dunnett’s multiple-comparison correction. **p < 0.01, ***p < 0.001.

myelin staining analyses confirmed an augmented density of myelin fibers and enhanced myelination in HPBCD-treated SmoM2-OE mice
compared to untreated SmoM2-OE mice (Figures 5G and 5H). In conclusion, our findings demonstrated that hyperactivation of Hh signaling
in OPCs disrupts OL differentiation and myelination primarily due to abnormal cholesterol accumulation in oligodendroglial cells. Impor-
tantly, pharmacological enhancement of cholesterol transport can significantly rescue these OL differentiation and myelination defects.

Cholesterol accumulation triggers ER stress in OPCs

To elucidate the mechanisms that underlie Hh-induced cholesterol accumulation and subsequent OL differentiation defects, we treated CG4
oligodendroglial cell line with SAG, a recognized Smo agonist, and analyzed its effect on cell differentiation in vitro. In the differentiation
assays, T3 (tri-iodothyronine) was added to the culture medium to enhance differentiation (Figure 6A). In the control group treated with
DMSO, MBP was abundantly expressed 6 days after the initiation of differentiation (6 ddiff). However, SAG treatment notably hindered
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Figure 6. Smo agonist SAG inhibits OL differentiation in vitro via cholesterol accumulation in ER

(A) Experimental paradigm for SAG and HPBCD treatment in CG4 cells.

(B) Immunostaining of MBP in the differentiation medium with or without SAG or HPBCD treatment at 6 ddiff. Nuclei were stained with DAPI.
(C) Quantitative analysis of the proportion of MBP+ cells from (B).

(D) Western blot analyses of MBP expression from cells treated with or without SAG or HPBCD.

(E) Quantitative analyses of the relative expression levels of MBP from (D).

(F) Double immunostaining of BODIPY-cholesterol and Calnexin (red) in CG4 cells with or without SAG or HPBCD treatment. Scale bar: 10 um.
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Figure 6. Continued

(G) Quantification of cholesterol punctae in ER per nucleus from (F).

(H) Western blot analyses of the expression levels of ATF4, HSPA5, CHOP, P4HB from cells treated with or without SAG or HPBCD.

() Quantification of relative density from (H). Data are represented as mean + SEM. For all statistical analysis, p values were calculated using one-way ANOVA
with Dunnett's multiple-comparison correction. ***p < 0.001. ns: no significant difference. Scale bar: 10 pm.

cell differentiation, evident from the reduced proportion of MBP+ cells in this group (Figures 6B and 6C). Western blot analysis further
confirmed the inhibition of MBP expression following SAG treatment (Figures 6D and 6E). Quantitative analyses revealed a significant upre-
gulation of genes involved in cholesterol biosynthesis (Mvk, Mvd, Fdft1, Scap and Srebf2) in SAG-treated cells, while genes linked to choles-
terol transportation (Abcg4, Npc1, Npc2, Scp2) remained unchanged (Figures S4A and S4B). Consistent with these findings, we observed a
pronounced BODIPY-cholesterol signal within a 2-pum radius of the nuclei in SAG-treated cells (Figure 6F). In line with in vivo results, the addi-
tion of HPBCD to SAG-treated CG4 cells notably elevated the proportion of differentiated MBP+ OLs and mitigated cholesterol accumula-
tion. Thus, our in vitro cell differentiation assays further corroborated that excessive activation of Hh signaling disrupted OL differentiation due
to abnormal cholesterol accumulation.

Previous studies have indicated that lipid droplet accumulation is a hallmark of ER stress, and ER stress can hinder cell differentia-
tion.”’~>" Co-labeling of BODIPY-cholesterol with the ER marker Calnexin revealed that the majority of intracellular cholesterol in SAG-treated
cells were stored in the ER (Figures 6F and 6G), suggesting a potential link between cholesterol dysregulation and ER stress. Furthermore, the
expression of several ER stress-associated proteins (ATF4, HSPA5, CHOP) was significantly elevated in SAG-treated cells (Figures 6H and 6l).
The addition of HPBCD to SAG-treated cells not only reduced the cholesterol accumulation in the ER, but also reduced the expression of ER

45,46

stress-related proteins. Therefore, abnormal cholesterol accumulation is the primary cause of ER stress in SAG-treated cells. Based on these
in vivo and in vitro findings, we conclude that hyperactivation of Hh signaling pathway boosts cholesterol biosynthesis in OPCs, leading to
excess cholesterol accumulation, ER stress and ultimately, the inhibition of OL differentiation and myelination during development.

DISCUSSION

The study reveals an inhibitory role of Hh signaling in myelination and remyelination processes, specifically in brain OPCs. Activation of Hh
signaling hinders OL differentiation and myelin formation during early developmental stages (Figures 1 and 2), without affecting OPC pro-
liferation or migration. This observation stands in contrast to previous reports suggesting Hh activation fosters OPC proliferation. Some
studies have shown that pharmacological activation of Smo with SAG can boost OPC proliferation and differentiation,*** but this enhance-
ment is not attributed to the direct activation of Hh signaling within the OL lineages. Instead, SAG exerts its influence on other cell types as
well.>? For instance, Laouarem et al. discovered that in the context of brain demyelination, SAG indirectly promotes OPC differentiation
through microglia activity.*® Echoing our findings, Nocera et al. also reported that Shh/Smo can impede OPC differentiation.* Although
they inferred that constitutive activation of Shh/Smo pathway promotes the proliferation of OPCs during active demyelination, they only
counted the total number of proliferating OPCs, without calculating the proliferation rate of OPCs. Thus, a direct conclusion cannot be drawn
about promoting differentiation.

Furthermore, activation of Hh signaling in adult OPCs also reduced their differentiation capacity (Figure 3), which is unfavorable for myelin
regeneration. The apparent inconsistency between our findings and earlier reports claiming that Smo agonist SAG promotes remyelination
could be attributed to the different cell types targeted (resident OPCs versus NSCs). Previous research has predominantly focused on the role
of Hh signaling in NSCs,”*>" overlooking its effects on OPCs. While Smo-mediated signaling can induce the differentiation of SVZ-derived
NSCs into OPCs and augment the proliferation of these NSC-derived OPCs,”*** prolonged exposure to Hh signaling may hinder OPC dif-
ferentiation, as evidenced in our study In support of this, Nocera et al. demonstrate that during the Cuprizone-induced demyelination phase,
Shh mainly stimulates early stage OPC proliferation, thereby expanding the pool of progenitor cells available for remyelination.’® However,
once OPCs reach a sufficient density, this pathway must be suppressed to allow for OPC differentiation.

In the context of MS and other neurodegenerative diseases, the phased activation of Hh signaling may play a crucial role. Wang et al. have
demonstrated that Shh and its downstream transcription factor Gli1 are initially increased during early inflammation of active lesions of MS,
meditating NSC differentiation. However, Gli1 was significantly decreased in spinal cord OPCs in chronic active and inactive lesions from MS
brain. Therefore, understanding the phased effects of Hh signaling on OL development is essential for precise regulation and effective use of
Hh agonists in MS treatment. Additionally, when considering Hh signaling activators in therapies, the potential cancer risk must be carefully
managed,”® as excessive Hh signaling is directly linked to a high incidence of tumors in Gorlin syndrome.”” Thus, therapeutic strategies
involving Hh signaling must delicately balance its beneficial effects with the risk of tumorigenesis, ensuring careful control over the duration
and dosage of activation. Furthermore, the existence of non-canonical Smo signaling adds another layer of complexity. Recently, the Smo
agonist GSA-10, which activates the non-canonical pathways associated with Gli1 inhibition, has been reported to promote remyelination.
Thus, non-canonical Hh signaling is able to promote remyelination until axon engagement. Fang et al., reviewed the remyelinating effects of
various small molecules that bind to Smo, suggesting that different Smo agonists may activate distinct signaling pathways, potentially by
binding to different sites on Smo.** Therefore, targeting specific components within the Hh signaling cascade could achieve beneficial out-
comes while minimizing associated risks.

Currently, the mechanisms by which continuous activation of Hh signaling in OPCs impairs their terminal differentiation remains unclear.
RNA-seq analyses of brain tissues have revealed a significant upregulation of genes related to cholesterol metabolism in SmoM2-OE mice
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(Figures 4B-4D). Consistent with these findings, cholesterol staining in these mice showed a notable increase in the forebrain cortex and CC
compared to control mice (Figures 4E-4G). Previous studies in other cell types have also documented a similar role of Hh signaling in choles-
terol biosynthesis.”’**® For instance, in osteoarthritis, Hh signaling has been identified as a modulator of genes that mediate cholesterol ho-
meostasis in chondrocytes.”” Additionally, Clobetasol, another Smo agonist,”” up-regulates the expression of SREBFs in mouse ectodermal
stem cell-derived OPCs (mEpiSC-OPCs),*® further highlighting the involvement of Hh signaling in cholesterol biosynthesis.

Our findings further suggest that dysregulation of cholesterol in OLs impairs myelin formation (Figures 5D and 5G). Maintaining appro-
priate intracellular cholesterol levels is crucial for preserving the fluidity and integrity of myelin sheaths.*>** Dysregulation of cholesterol
in these cells can lead to alteration in the myelin sheath and subsequent CNS dysfunction. Recent studies indicate that loss of mTOR, a
key regulator of cholesterol synthesis in oligodendroglia, results in myelin deficits in adults, including impaired axonal function, spontaneous
demyelination and OL death.®® Consistent with our findings, Blanchard et al. discovered that APOE4 isoform, the most potent genetic pre-
disposition for Alzheimer's disease, disrupts cholesterol and lipid transport.*® This disruption leads to aberrant deposition of cholesterol in
OlLs, ultimately impairing myelin formation. Similarly, Yu et al. observed that mutation in the cholesterol transporter NPC1 results in Niemann-
Pick type C, a childhood neurological disease marked by intracellular lipid deposition, axonal swelling and neuronal loss.*” Knockdown of
NpcT in OLs hinders cholesterol transport, blocks OL differentiation, and leads to defect myelination.***’*¥ Notably, the cholesterol efflux
agent cyclodextrin (HPBCD) used in these studies also remedied the myelin defects in SmoM2-OE mice.

Furthermore, we found that treatment of CG4 oligodendroglial cell line with SAG leads to cholesterol accumulation within the ER (Fig-
ure 6E), along with increased protein expression associated with the unfolded-protein-response (UPR) pathway.®” Pharmacologically facili-
tating cholesterol transport could alleviate cholesterol deposition in the ER and downregulate UPR proteins. Previous studies indicate that
OLs are highly sensitive to disturbance in ER homeostasis.”’ ' Pennuto et al. found that removal of the UPR-mediator CHOP improves motor
functions and diminishes demyelination in Charcot-Marie-Tooth 1B mice.*® Thus, it is quite possible that cholesterol accumulation and acti-
vation of ER-stress response might be responsible for defective OL differentiation and (re)myelination in SmoM2-OE mice.

Limitations of the study

Even though our study found that excessive activation of Hh signaling in OPCs upregulates cholesterol synthesis and leads to abnormal
cholesterol accumulation in the ER, it is still unclear whether this directly results in increased cholesterol synthesis, the formation of intracellular
lipid droplets, and the effects on cholesterol balance in other neural cells. Also, we acknowledge the limitations of this model; while LPC is
useful for studying remyelination, it may not fully replicate the complexity of demyelinating diseases in humans.
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B27 Gibco Cat#A17504044
PDGF-AA PeproTech Cat#100-13A
BODIPY-Cholesterol (488) Sigma-Aldrich Cat#878557-19-8
triiodothyronine (T3) Sigma-Aldrich Cat# T6397
Critical commercial assays

Enhanced chemiluminescence (ECL) detection system Thermo Scientific Cat#32109
TrueGold myelin staining Kit Oasis Biofarm Cat#BK-AC001

Deposited data

Mouse: mRNA-seq data

This paper

GEO: GSE261881

14 iScience 27, 111016, October 18, 2024

(Continued on next page)



iScience ¢? CellPress
OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Rat: CG4 line ATCC RRID: CVCL_0210

Experimental models: Organisms/strains

Mouse: The Jackson Laboratory Cat#005130; RRID: IMSR_JAX:005130
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Mouse: B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J The Jackson Laboratory Cat#007909; RRID:IMSR_JAX:007909
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Oligonucleotides

Oligonucleotides for genotyping See Table S1 N/A
Oligonucleotides for RT-gPCR analysis See Table S2 N/A

Software and algorithms

GraphPad Prism 9.0 Graphpad RRID: SCR_002798
ZESIS ZEN Zesis RRID: SCR_013672
Adobe Photoshop CS6 Adobe RRID: SCR_014199
ImageJ N/A RRID: SCR_003070

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal

All research protocols using animals were approved by the Institutional Animal Care and Use Committee at Hangzhou Normal University.
Mice were bred in specific pathogen-free facilities at Hangzhou Normal University, and kept under standard housing conditions including
a 12-h light/12-h dark cycle, with unlimited access to water and food. To ensure inclusivity, both sexes were equally used in all experiments.
The mice utilized in this study were previously characterized.*” Rosa-SmoM2 (Stock No. 005130), Rosa-tdTomato (Stock No. 007909) and
PDGFRa-creERT2 (Stock No. 018280) were obtained from the Jackson Laboratory and maintained under C57BL/6 background.
PDGFRa-creERT2 line were mated with Rosa-SmoM2 and Rosa-tdTomato to generate double or triple transgenic mice. Genotyping was per-
formed by PCR using genomic DNA extracted from ear or toe biopsies. Primers used for genotyping are listed in Table S1. In this study, P15
mice were employed for investigations on OL development, while 8-week adult mice were utilized for the study of remyelination.

METHOD DETAILS

Cell culture

Rat CG4 cells were plated into a poly-L-lysine-coated glass coverslips at a density of 10,000 cells per cm? with DMEM/F12 (Gibco,
Cat#C11330500BT) supplemented with N2 (Gibco, Cat#A1370701), B27 (Gibco, Cat#A17504044) and 10 ng/mL PDGF-AA (PeproTech,
Cat#100-13A). To induce differentiation, the medium was substituted with DMEM/F12 medium with N2, B27 and 40 ng/mL triiodothyronine
(T3) (Sigma-Aldrich, Cat# T6397). All cells were kept up in a humidified incubator with 5% CO, at 37°C, and replacement of the medium every
two days.

Lysolecithin (LPC) lesion

Focal demyelinating lesions were performed in the CC of 8-week-old SmoM2-OE and control mice. 2 pL of 1% LPC (Sigma-Aldrich, Cat#
L1381) was slowly injected into the corpus callosum (AP: 0.80 mm; ML: 0.1 mm; DV: 0.22 mm relative to bregma). Mice were allowed to recover
and sacrificed at 7, 14 and 21 days post lesion (dpl).

Tamoxifen injection

Tamoxifen (Sigma-Aldrich, Cat#T5648) was dissolved in a solution of 90% corn oil and 10% ethanol at a concentration of 20 mg/mL. To induce
SmoM2 overexpression in OPCs, Tamoxifen was administrated to SmoM2-OE and control mice through intraperitoneal injection at a dosage
of 100 mg/kg (body weight). To investigate the effect of Hh signaling hyperactivation during development, Tamoxifen was injected to nursing
female mice starting from P5. For the remyelination assays, both SmoM2-OE and control mice received tamoxifen injection for five days prior
to LPC injury, and two days after LPC injury.
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Immunofluorescence staining

SmoM2-OE and control mice at defined stages were deeply anesthetized and perfused with ice-cold PBS and then 4% polyformaldehyde
(PFA). The brains were dissected and post-fixed in PFA overnight at 4°C, and then transferred into 30% sucrose in 1XPBS overnight. After
dehydration, the tissues were then embedded in OCT Compound (Sakura Finetek) and sectioned on a cryostat with 14-16 um thickness.
Immunofluorescence staining was conducted as described previously,”” with slight modifications. Cryosections were blocked in blocking
buffer containing 5% goat serum and 0.1% Triton X- for 1 house at room temperature (RT), and then incubated with primary antibodies over-
night at 4°C. Following 3 washes in PBS, sections were incubated with Alexa Fluor 488 or Alexa Fluor 594 secondary antibodies for 1 h at RT.
Nuclear labeling was achieved by staining the slices with DAPI for 5 min. Images were taken by a Leica DMI400B inverted microscope. All
experiments were independently repeated at least three times.

RNA in situ hybridization

RNA in situ hybridization was conducted as reported previously.* Cryosections was hybridized with digoxigenin (DIG)-labeled probes in a
humidified, sealed container at 60°C overnight. The DIG-labeled RNA probe was synthesized through in vitro transcription kit utilizing T3/
T7 RNA polymerase (Promega, Cat# P2803/P2077), diluted in hybridization buffer, and denatured at 85°C before use. After overnight hybrid-
ization, the sections were blocked in blocking buffer containing 10% sheep serum for 1 h at RT, and incubated with anti-DIG-AP antibody
(Roche, Cat# 11093274910) at 4°C overnight. The color reaction was performed using NBI-BCIP kit (Roche, Cat#11681451001). Images
were taken by a Nikon Eclipse 90i microscopy.

5-Bromo-2’-deoxyuridine (BrdU) treatment

BrdU (Sigma-Aldrich, Cat#B5002) was prepared at a concentration of 10 mg/mL in sterile 1x PBS and administered to mice via intraperitoneal
injection at a dose of 100 ng/g body weight, 2 h prior to sample collection. For immunofluorescence labeling with the BrdU antibody, the
samples were treated with 2 M HCI, incubated for 30 min at room temperature, and then processed according to standard immunofluores-
cence protocols.

TrueGold myelin staining

For TrueGold myelin staining, the cryosections were baked for 30 min at 37°C and then incubated with TrueGold myelin staining solution
(Oasis Biofarm, Cat#BK-AC001) for 20-30 min at 45°C. After staining, the slides were rinsed with deionized water and incubated with thiosul-
fate solution for 2-3 min at 45°C. Images were taken by a Nikon Eclipse 90i microscopy.

Transmission electron microscopy (TEM)

TEM was performed as reported previously.”” The corpus callosum samples were fixed first by 2.5% glutaraldehyde for 4 h and then by 1%
osmium tetroxide (in 0.1M pH 7.0 phosphate buffer) for 2 h at RT. Then samples were then dehydrated by graded ethanol series (50%, 70%,
80%, 90%, 95% and 100%) and pure acetone for 20 min at RT. An embedding of these samples into Epon 812 resin and a heating polymer-
ization under 60°C were done to obtain solid blocks. Ultra-thin sections (70 nm) of thee sample blocks were cut by a Leica UC 6 microtome with
diamond knife. After double stained by uranyl acetate and lead citrate for 15 min, sections were put into an H-7650 TEM for observation. Total
axons were counted per area in the CC of SmoM2-OE and control mice at P15.

RNA-seq and data analysis

RNA extraction, cDNA synthesiss, library construction and sequencing were performed at Shanghai Majorbio Bio-pharm Biotechnology Co.,
Ltd (Shanghai, China).The transcriptomic libraries were prepared using the TruSeq RNA Sample Preparation Kit (Illumina, USA) with 1 pg of
total RNA. Sequencing was carried out on the Illumina NovaSeq 6000 sequencer. The RNA-seq datasets have been archived in GEO and can
be assessed via the accession number GSE261881. To identify differentially expressed genes (DEGs) upon SmoM2 overexpression, the
expression level of each gene was calculated according to the transcripts per million reads (TPM) method. Differential expression analyses
were conducted using DESeg2. DEGs with log2-fold >1 and p-adjust < 0.05 were considered to be significantly differentially expressed
genes. Gene ontology (GO) analysis was performed to identify which DEGs were significantly enriched in GO terms compared with
whole-transcriptome background and carried out by Goatools (http://github.com/tanghaibao/Goatools).

HPBCD treatment

HPBCD (MCE, CAS#128446-35-5) was intraperitoneally injected into SmoM2-OE and control mice at a dosage of 4,000 mg/kg. Some mice
received saline injections as a vehicle control. For cell culture, HPBCD was added to the culture medium at a final concentration of 1 mM.

BODIPY-cholesterol staining

Tissue slides and cell coverslides were incubated with PBS containing 1 pg/mL BODIPY-cholesterol dye (Sigma-Aldrich, Cat#878557-19-8) for
20 min. After staining, slides were rinsed three times with PBS. Images were taken by Zeiss LSM710 confocal microscopy under 63X high
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magnification, using the same parameters for different slides. While co-labeled with other marker genes, BODIPY-cholesterol dye was mixed
directly with primary antibodies.

Western blot

Brain tissues from deeply anesthetized mice were dissected and homogenized. The tissues were lysed overnight at 4°C in lysis buffer (25 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 1% NP40, 0.5% Triton X-100, 1 mM EDTA) supplemented with protease inhibitor cocktail (Sigma-Aldrich,
Cat#P0044). For cell cultures, each well of 6-well plates was rinsed in PBS and lysed in chilled lysis buffer on ice for 30 min. The lysates
then underwent centrifugation at 12,000x g for 15 min at 4°C. Concentration of the supernatants was measured by BCA assay. A total of
20 pg protein was leaded onto an SDS-PAGE gel and subsequently transferred to PVDF membrane (Millipore, ISEQ00010). The membranes
were blocked with a 5% nonfat milk solution in TBST for 1 h at RT and subsequently incubated with primary antibodies overnight at 4°C. After
rinsing four times with TBST, the membranes were then incubated with HPR-conjugated secondary antibody for 1 h at RT. Proteins were de-
tected using an ECL detection system (Thermo-Scientific, Cat#32109) and X-ray film.

Real-time quantitative PCR (qRT-PCR)

Total RNA was harvested from CG4 cells using TRIZOL Reagent (Invitrogen, Cat#15596026) according to the manufacturer’s instruction and
genomic DNA was removed using DNase | (Takara, Cat#2270A). The first-strand cDNA was synthesized from 1ug of total RNA using HiScript
Il 1°* Strand cDNA Synthesis Kit (Vazyme, Cat#R312). The quantitative PCR experiments were performed using ChamQ Universal SYBR
MasterMix (Vazyme, Cat#Q711-02) according to the manufacturer's instruction. Relative expression levels were calculated using the 2724t
approach. Primers used for gRT-PCR are listed in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Results from independent animals, experiments or separately generated samples were treated as biological replicates, and allocating ani-
mals/samples to treatment by randomization procedure. The number of samples per group was n > 3 for all mice. All data were analyzed
using Prism GraphPad 9.0 and presented as mean + SEM. Unpaired two-tailed Student'’s t test was used for analysis between two groups
with one variable. For comparisons involving more than two samples, significance was determined via one-way ANOVA with Dunnett’s mul-
tiple-comparison correction. Statistical significance was set at *p < 0.05; **p < 0.01, ***p < 0.001.
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