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Summary

Oligodendrocyte (OL) maturation arrest in human white matter injury significantly contributes to
the failure of endogenous remyelination in multiple sclerosis (MS) and newborn brain injuries
such as Hypoxic Ischemic Encephalopathy (HIE) that cause cerebral palsy. Here we identify an
oligodendroglial intrinsic factor that controls OL maturation specifically in the setting of injury.
We find a requirement for the Ring Finger Protein Rnf43 not in normal development, but in
neonatal hypoxic injury and remyelination in the adult mammalian CNS. Rnf43, but not the
related Znrf3, is potently activated by Whnt signaling in oligodendrocyte progenitor cells (OPCs)
and marks activated OPCs in human MS and HIE. Rnf43 is required in an injury-specific context,
and promotes OPC differentiation through negative regulation of Wnt signal strength in OPCs
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at the level of Fzd1 receptor presentation on the cell surface. Inhibition of Fzd1 using UM206
promotes remyelination following ex vivo and in vivo demyelinating injury.
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In Brief

Niu et al. identify a factor, Rnf43, that marks activated oligodendrocyte progenitors (OPCs) in
human white matter injury, that is required in an injury specific context for their maturation and
successful remyelination, and acts by regulating Wnt signal strength at the level of OPC surface
presentation of Wnt receptor Fzd1.

Introduction

Permanent damage to white matter tracts, comprising axons and myelinating
oligodendrocytes, is an important component of multiple sclerosis (MS) as well as newborn
brain injuries that cause cerebral palsy (CP). In MS, the most common cause of neurological
disability in young adults, myelin sheaths are lost through injury or death of mature
oligodendrocytes (OL) as a result of autoimmune damage [Reich et al., 2018]. White

matter disorders are also associated with human newborn neurological injuries leading to CP
[Volpe, 2009; Silbereis et al., 2010]. In these conditions, myelin sheaths can be regenerated
by oligodendrocyte progenitor cells (OPCs) that are recruited to lesions and differentiate in
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a process called remyelination [Franklin and Ffrench-Constant, 2017]. Evidence suggests
that myelin repair often fails in MS and CP, and that OPCs are unable to differentiate into
mature myelin-forming OL [Chang et al., 2002; Wolswijk et al., 1998; Billiards et al., 2008].
This inhibition of OPC differentiation, remyelination failure, and axonal loss of myelin
trophic support, contributes significantly to ongoing neurological dysfunction, axonal loss
and disease progression. It is therefore critical to understand mechanisms underlying the
failure of endogenous remyelination in human injury.

Much has been learnt about the regulation of oligodendrocyte biology in remyelination
from the study of development, and indeed the recapitulation hypothesis of myelin
regeneration proposes that the oligodendroglial intrinsic program underlying remyelination
after injury is essentially a rerunning of a developmental myelination program [Fancy et
al., 2011a]. However, human myelin repair is susceptible to failure, despite the robustness
of developmental myelination, suggesting key differences in the regulation and propensity
for dysregulation of the two processes. Several cellular signaling pathways involved in

the OL program of developmental myelination have been implicated in the remyelination
program [Gallo and Deneen, 2014]. However, less is understood about whether there are
oligodendroglial intrinsic factors that operate specifically in the setting of injury but not in
normal development, and how these might become dysregulated.

Ring Finger Protein 43 (Rnf43) was first identified in intestinal crypt stem cells, along

with the related RING-type E3 ubiquitin ligase Znrf3 (Zinc and Ring Finger 3) [Koo

etal., 2012, Hao et al., 2012], and both contain an extracellular ectodomain, a single
transmembrane region and a cytoplasmic RING domain. They are targets of Wnt signaling
as well as functioning as negative feedback repressors of the pathway. They regulate Wnt
signal strength by ubiquitinating Frizzleds, the cell membrane receptors for Wnt ligands,
and targeting them to the lysosomal degradation pathway [Koo et al., 2012, Hao et al.,
2012; Planas-Paz et al., 2016; Szenker-Ravi et al., 2018]. In the intestinal crypt compartment
and other organ systems, Rnf43 and Znrf3 are co-expressed and are able to compensate

for each other’s loss, and only with simultaneous loss of both ligases do cells become
hypersensitive to locally secreted Wnt [Koo et al., 2012]. In the oligodendrocyte lineage,
Whnt signaling is a potent inhibitor of OPC maturation [Fancy et al., 2009; Ye et al., 2009,
Feigenson et al., 2009; Fancy et al., 2011b; Lee et al., 2015], acting as a checkpoint
controlling the timing of OL differentiation, and preventing further maturation during both
developmental myelination and remyelination. Evidence suggests that the pathway can
become dysregulated in human white matter injury (WMI), and that a pathologically high
Whnt signaling tone can exist in OPCs that may account for their maturation arrest [Fancy et
al., 2014].

This Wnt tone in cells is regulated by a fine balance between pathway activators and
repressors [Clevers, 2006]. Here we demonstrate an injury specific pathway repressor in
OPCs that functions to control OL maturation kinetics specifically in the context of myelin
regeneration. We find that Rnf43 is potently activated by Wnt signaling in OPCs, serving
as a marker of activated OPCs in human WMI. Loss of Rnf43 during development does
not affect the timely developmental program of myelination, but during injury repair causes
significant remyelination delay with permanent deficits.

Neuron. Author manuscript; available in PMC 2022 October 06.
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Results

Rnf43 identifies activated OPCs in human white matter injury and is a target of Wnt

Analysis of both human and mouse identifies expression of Rnf43 in a cell and injury
specific pattern in the adult CNS. RNF43 protein expression is detected in cells with

the simple bipolar morphology of OPCs in human WMI in both MS (Fig. 1A, B) and
neonatal HIE (Fig. 1C, D). RNF43 expression colocalizes with the OPC marker PDGFRa in
human white matter injury, and not with markers for other cell types such as astrocytes and
microglia. (Fig. 1E, quantification in Fig. S1G). RNF43 is expressed in OPCs within active
MS lesions (Fig. 1B “Active’, 1G), but is absent in OPCs in surrounding normal appearing
white matter in these same patients (Fig. 1B ‘NAWM’, 1G). Similarly we find RNF43
activation in OPCs in human neonatal HIE (Fig. 1C, D, Fig. S1A), but absence in white
matter of age matched human control cases (Fig. S1A, quantification in Fig. S1B). RNF43
is expressed extensively in OPCs throughout the white matter in HIE (Fig. 1D “WM’, 1E,
1F, 1G) but shows a striking lack of expression in grey matter OPCs in these patients (Fig.
1D ‘GM’, 1F, 1G), which can be seen most clearly at the boundary of grey and white matter
regions (Fig. 1F). An injury specific expression of Rnf43 in human injury is supported by
evidence from murine adult CNS tissue. Rnf43 is not expressed in the adult uninjured mouse
CNS (Fig. 11 ‘No Lesion’) of PDGFRa-YFP reporter mice (in which OPCs are labelled
with YFP), but is activated and expressed by OPCs in murine remyelination (Fig. 11 ‘lesion’,
1H, Fig. S1D, E). We also find a marked upregulation of Rnf43 in OPCs in neonatal white
matter injury, at P10 in PDGFRa-YFP reporter mice exposed to chronic hypoxia compared
to normoxic controls (Fig. S1C, D, F).

Rnf43 has been identified as a Wnt pathway target in various biological systems [Koo et

al., 2012, Hao et al., 2012]. We find that Rnf43 is also regulated by Whnt signaling in OL
lineage, and is significantly activated by the pathway. Wildtype OPCs exposed to increasing
levels of the Wnt ligand Wnt3a in vitro (Fig. 2A), and OPCs isolated from Olig2cre: APCTl/fl
mice (Fig. 2B)(which have excessive Wnt activation due to the conditional loss of the
obligate pathway repressor adenomatous polyposis coli (APC)) demonstrate significant
increases in the expression of Rnf43 mRNA (Fig.2A), along with other established Wnt
targets such as Axin2 and Notum (Fig. 2A, B). In other Wnt responsive tissues, Rnf43

is activated along with the related Ring Finger Protein Znrf3, and the two are able to
functionally compensate for each other. In contrast however, we find that Znrf3 is not
detectable, nor is a target of Wnt signaling, in OL lineage. Znrf3 mRNA is not upregulated
by Wnt3a in OPCs (Fig. 2A), or in OPCs isolated from Olig2cre:APCTl/fl (Fig. 2B),
suggesting a tissue specific difference in regulation in OL lineage. Similar results are found
in the expression of Rnf43 and Znrf3 proteins. Rnf43 protein is significantly upregulated in
OPCs isolated from Olig2cre: APCFI/fl mice compared to control (Fig. 2C, D), whilst Znrf3
protein is not detectable in either wildtype or Olig2cre: APCfl/fl OPCs (Fig. 2D). Consistent
with Rnf43 being a target of Wnt, we find it that it is expressed in a maturational stage
specific manner in OL lineage (Fig. 2E, F). Rnf43 protein and mRNA expression marks Wnt
activation in OPCs, but both are downregulated coincident with the downregulation of Wnt
pathway that is required for OL maturation into MBP-expressing cells, (Fig. 2E, F). Rnf43 is
also regulated by Wnt signaling during remyelination in vivo. Rnf43 protein is significantly
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upregulated specifically in Olig2+ cells at 5 days post lesioning (5dpl) following stereotaxic
lysolecithin injection into corpus callosum of PDGFRa-creER:APCfl/fl mice (Fig. 2G, 2H)
(which have excessive Wnt activation in OPCs due to induceable loss of APC), and total
intralesional Rnf43 mRNA is also significantly increased in these mice, whereas Znrf3 is
unaltered (Fig. 21). Together these results suggest that Rnf43 is regulated by Whnt signaling
in OPCs, and is expressed in OPCs in an injury specific pattern in the adult CNS in both
mouse and human.

Rnf43 functions in an injury specific context and is essential for remyelination

Rnf43 and Znrf3 can functionally compensate for each other in various biological systems
[Koo et al., 2012, Hao et al., 2012]. We therefore assessed both factors in development of
OL lineage, despite lack of evidence for Znrf3 expression or regulation by Wnt in OL. We
crossed either Oligl-cre or Olig2-cre mice (for conditional ablation in OL lineage) with
Rnf43 and Znrf3 floxed lines (double Rnf43/Znrf3 floxed referred to hereafter as RZfl/fl)
to generate both Oliglcre:RZfl/fl and Olig2cre:RZfl/fl double conditional knockout mice.
Despite a transient expression of Rnf43 in OPCs during development (Fig. S2A-E), both
Rnf43 and Znrf3 functions are dispensable for timely developmental myelination. Double
Oliglcre:RZfl/fl conditional knockouts show normal amounts of MBP protein in multiple
brain regions at P10 and P14 (Fig. 3A), including corpus callosum (Fig. 3B). Similar
results were found for MBP protein in Olig2cre:RZfl/fl mouse brain at P10 (Fig. S2F-G).
There is no difference in PLP-DM20+ cell number at P5 in Oliglcre:RZfl/fl mice corpus
callosum (Fig. S3A-B). There is a transient reduction in MAG+ cell number at P7 and MBP
expression at P10 in corpus callosum of Oliglcre:RZfl/fl mice but these have normalized
by P10 and P14 respectively (Fig. S3A-B, Fig. 3B). No differences are seen in MAG+ cell
number in spinal cord at either P7 or P10 (Fig. S3C-D). Normal numbers of MAG mRNA
expressing oligodendrocytes are seen in developing corpus callosum by both P10 and P14
(Fig. 3C, D), associated with normal numbers of myelinated axons (Fig. 3F, p=0.96) and
morphological thickness of myelin at P21 (Fig. 3E, G).

Functional analysis in adult remyelination however identifies critical function for normal
repair kinetics. We crossed an inducible PDGFRa-CreER line to Rnf43 and/or Znrf3 floxed
lines and generated single and double conditional mutants of Rnf43 and Znrf3. Following
lysolecithin induced demyelination in the corpus callosum of adult double conditional
knockout mice (PDGFRa-CreER:RZflI/fl)(Fig. S4A lesioning schematic) or control mice
(Cre negative, RZ fl/fl mice), we find a significant reduction in MAG expressing mature
OL in lesions of double mutants at 10dpl (P=6.75E-4, 2.2 fold reduction) that persists at
21dpl (p=2.77E-7, 2.4 fold reduction)(Fig. 4A-B), in the presence of normal numbers of
total Olig2+ cells at both times (Fig. 4C-D) and unchanged proportions of Olig2+ cells that
are proliferating (Fig. SSA-B). Remyelination is severely hampered in double mutants, with
significant reductions in MBP protein in lesions at both 10dpl and 21dpl (P=1.67E-4, 10
fold reduction at 10dpl, p=0.00145, 3.2 fold reduction at 21dpl)(Fig. 4E-F), and significant
reductions at 14dpl and 21dpl in both the number of remyelinated axons in lesions
(p=0.00147, 4 fold reduction at 14pdl, p=0.0021, 2.1 fold reduction at 21dpl)(Fig. 4G-H)
and the thickness of myelin in those axons that are remyelinated (Fig. 4G, J). Consistent
with our finding that Znrf3 is not expressed in OPCs nor is a target of Wnt signaling in
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OL lineage, this repair deficit in the Rnf43/Znrf3 double mutant is attributable to Rnf43
function rather than Znrf3. Analysis of single PDGFRa.-creER:Rnf43fl/fl and PDGFRa-
creER:Znrf3fl/fl mutants shows that single Rnf43 loss of function mice show a similar
reduction in MAG expressing mature OL at 14dpl as Rnf43/Znrf3 double mutants (Fig.
4K-L), whereas single Znrf3 mutants are not significantly different from wildtype littermate
controls (Fig. 4K-L). Loss of Rnf43 function leads to persistent defects in remyelination,
and analysis at 50dpl extended lesion time points suggests permanent reductions in myelin
thickness (Fig. 41-J, Fig. S5F, H), despite normalization of CC1-expressing mature OL
numbers and normalization of MBP protein intensity (Fig. S5). We also find that Rnf43

has critical injury specific function in the setting of neonatal white matter injury. Chronic
neonatal hypoxia from P3 to P10 in RZfl/fl control mice (non Cre mice) leads to deficits

in numbers of MAG+ OL and MBP protein expression in the corpus callosum compared

to normoxic animals, but loss of Rnf43 in OPCs in Oliglcre:RZfl/fl mice markedly and
significantly exacerbates this OL maturation block during hypoxia (Fig. S6A-F). As in
adult remyelination, use of single Oligl-cre:Rnf43fl/fl and Oligl-cre:Znrf3fl/fl mutants in
neonatal hypoxia shows that Rnf43 is required, but Znrf3 does not participate (Fig. S6G-H).
Together these results identify critical injury specific functions for Rnf43, but not Znrf3, in
the control of OL maturation kinetics, that are not required for the timely developmental OL
program of myelination.

Rnf43 controls OPC differentiation through negative regulation of Wnt

Activation of the Wnt pathway in OPCs potently blocks their maturation into mature OL,
and Wnt tone must be extinguished for OPC differentiation [Fancy et al., 2009; Ye et al.,
2009, Feigenson et al., 2009; Fancy et al., 2011b; Lee et al., 2015]. Whilst the Rnf43 gene
serves as a target of pathway activation, we find that the protein functions as a critical
negative feedback mechanism to control pathway activation. We find that Rnf43 controls
OL differentiation through repression of Wnt pathway, and that loss of Rnf43 makes

OPCs hypersensitive to extracellular Wnt ligand. OPCs isolated from Oliglcre:RZfl/fl mice
show significantly reduced differentiation in vitro compared to those isolated from control
littermate mice even in the absence of Wnt3a ligand added into the medium (Fig. 5A, B.
Fig. 5B Ong/ml: Oliglcre:RZ fl/fl vs. RZ fl/fl p=0.00689, 2.9 fold reduction at 2 days.
p=0.014, 1.6 fold reduction at 4 days). This effect even in the absence of added Wnt

ligand is likely because cultured OPCs inherently demonstrate an elevated Whnt tone due

to their own production and secretion of Wnt ligands that act in an autocrine manner

as previously published [Yuen et al., 2014](treatment of OPC cultures and myelinating co-
cultures with porcupine inhibitor IWP2 has been shown to promote their differentiation and
myelination, by inhibiting their release of Wnt ligands [Yuen et al., 2014]). Use of individual
Oliglcre:Rnf43fl/fl and Oliglcre:Znrf3fl/fl single conditional mutants demonstrates that
these effects on differentiation are attributable to loss of Rnf43 function rather than

Znrf3 (Fig. STA-B). Increasing exposure of wildtype OPCs to Wnt3a ligand leads to
reductions in differentiation into MBP+ protein expressing cells both at 2 days and 4 days
post differentiation, and this effect is significantly exacerbated in Oliglcre:RZfl/fl OPCs
(p=0.00813, 6.3 fold differentiation reduction at 2d with 2ng/ml; p=8.59E-4, 16.7 fold
differentiation reduction at 4d with 2ng/ml)(Fig. 5A, B). Considering the functional role

of Rnf43 in adult remyelination, it would be an interesting consideration whether OPCs
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isolated from aged adult Rnf43 knockout mice would be more hypersensitive to Wnt ligand
than their neonatal counterparts. This hypersensitivity to extracellular Wnt ligand in the
absence of Rnf43 is also reflected in elevated Wnt pathway activation in OPCs in response
to Wnt3a stimulation (Fig. 5C), as evidenced by significantly elevated mRNA levels of
pathway targets such as AxinZ2 (p=0.044, 2.23 fold increase) and Notum (p=7.87E-4, 6.61
fold increase). Conversely, gain of Rnf43 function silences Wnt pathway activation and
promotes differentiation and initiation of MBP expression (Fig. 5D-F). Transfection of the
Oli-neu cell line with vector expressing Rnf43 (Fig. 5D) leads to reduced Wnt pathway
activation in response to increasing Wnt3a exposure (Fig. 5E)(evidenced by reduced Wnt
target Axin2 mRNA levels), and prevents the differentiation blocking effects of this Wnt
ligand administration (Fig. 5F). Rnf43 also acts to repress Wnt pathway in vivo in OPCs
during remyelination. Similar upregulation of the Wnt target AxinZ2is seen in OPCs in 7dpl
remyelinating lesions from both PDGFRa-creERT: APCTI/fl mice (Fig. 5G)(in which OPCs
have lost the obligate Wnt pathway repressor APC) and Oliglere:RZfl/fl/mice (Fig. 5H).

Rnf43 regulates OPC Frizzled 1 receptor surface expression

Rnf43 has been reported to regulate Wnt signaling in other organ systems through
ubiquitination and altered cell surface presentation of Frizzleds [Koo et al., 2012], the cell
membrane receptors for Wnt ligands. Of the Frizzled family of receptors, we found evidence
for expression of Fzd1, Fzd2, Fzd6 and Fzd9 protein in OPCs in culture (Fig. 6A). Of these,
we found that only Fzd1 was significantly altered in OPCs lacking Rnf43 function. Loss

of Rnf43 in Oliglcre:RZfl/fl OPCs leads to significant increases in Fzd1 protein (p=0044,
4.55 fold increase) expression, without detectable increases in Fzd2, 6 or 9, or other Fzd
receptors (Fig. 6A-B). Co-immunoprecipitation (Co-IP) on cultured OPCs demonstrated a
physical interaction between Fzd1 and Rnf43 (Fig. S7C). Co-transfection of hela cells with
vectors expressing a Fzd1-HA fusion protein and either an unfused RNF43-GFP protein or
control GFP vector, shows that Rnf43 promotes increased subcellular relocalization of Fzd1l
from cell surface to cytoplasm (Fig. 6C-D; p=1.52E-8 Fig. 6d). We also found increased
Fzd1 protein expression both in vitro (Fig. 6E) and in vivo (Fig. 6F, Fig. S7D, from 21dpl
remyelinating lesions) in NG2-expressing OPCs from Oliglcre:RZfl/fl mice, consistent with
Rnf43 targeting the receptor for degradation following internalization from the cell surface
[Koo et al., 2012].

Pharmacologic targeting of Frizzled 1 on OPCs promotes remyelination

The requirement for Rnf43 function in remyelination, and its control of OL differentiation
through regulation of OPC Fzd1 levels, suggested that pharmacological targeting of
Frizzleds might promote myelin regeneration kinetics. UMZ206 is a synthetic ligand derived
from regions of high homology between Wnt3a and Wnt5a that acts to interfere with

the interaction between Whnt ligands and Fzd1/2 receptors [Laeremans et al., 2011]. We
found that UM206 treatment of wildtype OPCs in culture significantly promoted OPC
differentiation compared to vehicle treated controls (Fig. 7A, C; ** p=0.0026, 1.53 fold
increase at 2 days and ** p=0.0037, 1.65 fold increase at 3 days). This suggests that
untreated wildtype OPCs in vitro experience Wnt stimulation, likely due to the production
of Wnt ligands that act autologously, as mentioned above and previously demonstrated
[Yuen et al., 2014]. UM206 treatment significantly reversed Wnt3a-induced activation of
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Wht signaling in OPCs (Fig. 7B, marked by Axin2or Notum mRNA), and reversed the
Whnt3a-induced blockade of OPC differentiation (Fig. 7A, C). As UM206 acts to block the
Fzd1 receptor upstream of Rnf43 function, we find that UMZ206 is also able to rescue the
phenotype of Rnf43 loss of function in Oliglcre:RZfl/fl OPCs, both in their hypersensitivity
to Whnt ligand-induced pathway activation (Fig. 7E), as well as in their diminished potential
for differentiation in vitro (Fig. 7D, F). We assessed UM206 effects on remyelination

in an ex vivo cerebellar slice culture demyelination paradigm (treatment schematic Fig.
S4B). Vehicle treated slice cultures from Oliglcre:RZfl/fl show significant deficits in their
ability to remyelinate compared to control slice cultures (Cre negative, RZfl/fl)(Fig. 7G—
H), consistent with a function for Rnf43 in OPC differentiation in remyelination. UM206
administration significantly increases the rate of OL differentiation in both wildtype and
Oliglcre:RZfl/fl cultures, as evidenced by increased MBP staining along NF200+ axons
(Fig. 7G), with near normalization back to untreated wildtype levels in UM206 treated
Oliglcre:RZfl/fl (Fig. 7H).

We also assessed UMZ206 effects on remyelination in vivo in lysolecithin demyelinated
lesions in the mouse corpus callosum (treatment schematic Fig. S4C) using osmotic pump
delivery of UM206 (schematic Fig. S4D) into the corpus callosum from 3dpl onwards. As
previously shown, Oliglcre:RZfl/fl show significant deficits in their ability to remyelinate
compared to control animals (Cre negative, RZfl/fl), both in the number of MAG+ mRNA
expressing OL at 10dpl (Fig. 8A, B), number of remyelinated axons at 14dpl (Fig. 8F)

and morphological myelin at 14dpl on EM (Fig. 8G, H). UM206 delivery by osmotic
pump from 3dpl until the remyelination endpoint significantly increased the rate of OL
differentiation in both wildtype and Oliglcre:RZfl/fl cultures, without any change in total
Olig2+ cell number (Fig. 8D, E), as evidenced by increased MAG+ cell number at 10dpl
(Fig. 8A, B), and number of remyelinated axons at 14dpl (Fig. 8F) and morphological
myelin at 14dpl, with near normalization back to untreated wildtype levels in UM206 treated
Oliglcre:RZfl/fl (Fig. 8F—H). Together these results identify a Fzd1 signaling axis as a key
regulator of OPC differentiation kinetics in remyelination, and suggest that UM206 can
promote remyelination by targeting the interaction of extracellular Wnt ligands with their
Frizzled receptors on OPCs.

Discussion

The developmental process of myelination and the regenerative process of remyelination
following white matter injury share the common objective of investing axons with myelin
sheaths [Fancy et al., 2011a], but evidence for ‘stalled’ oligodendrocyte precursors that
fail to engage in remyelination in both MS and human newborn brain injuries [Chang

et al., 2002; Wolswijk et al., 1998; Billiards et al., 2008], highlights the importance of
understanding OL regulators in the setting of injury [Franklin and Ffrench-Constant, 2017].
Whilst there are clear differences between developmental myelination and remyelination,
particularly in terms of the superimposition of inflammation on the regenerative process,
the cell intrinsic program of effectors controlling differentiation and maturation in
oligodendrocytes has generally been considered to be similar between development and
injury, and OL intrinsic factors that may be required only in the setting of injury have

been less clear. Here we find that the Ring Finger Protein Rnf43 has critical injury specific
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function both in neonatal hypoxic injury and remyelination in the adult, but is dispensable
for timely developmental myelination.

Since Rnf43 is a target of Wnt signaling in OPCs, and Wnt signaling is only re-activated

in OPCs in the adult in response to injury [Fancy et al., 2009, Fancy et al., 2011b], the
presence of RNF43-positive OPCs in adult CNS likely identifies activated cells responding
to injury. In line with this, we find Rnf43 expression in OPCs in adult mice only in the
context of lesions, and find RNF43 expressing OPCs in human MS lesions, but absence

of expression in normal appearing white matter in these same patients. In this respect,
RNF43 expression serves as a useful marker to identify the lesion penumbra in MS, where
Whnt-activated OPCs are responding to an injury insult. As a Wnt target in OPCs, RNF43
expression also identifies regional differences in Wnt tone in human CNS injury. RNF43
expression in OPCs in human newborn hypoxic ischemic encephalopathy (HIE) exhibits
stark differences between white and grey matter, suggesting significant differences in OPC
Whnt tone between these different regions. It will be interesting to assess whether such grey/
white matter differences in OPC Wnt tone could contribute to the reported differing potential
for remyelination between cortical grey matter and underlying white matter lesions in MS
[Chang et al., 2012].

Whnt signaling has a number of functions in OPCs in both development and injury,
regulating their association with vasculature during perivascular migration [Tsai et al.,
2016], regulating tip cell angiogenesis and white matter vascularization [Yuen et al., 2014;
Chavali et al., 2020], and acting as a potent inhibitor of further OL differentiation [Fancy
etal., 2009; Ye et al., 2009, Feigenson et al., 2009; Fancy et al., 2011b; Fancy et al., 2014;
Lee et al., 2015]. Wnt function to block OL differention is mediated by p-catenin in the
nucleus, likely in collaboration with Tcf712, although Tcf712 also appears to be important
at later stages for promoting differentiation [Weng et al., 2017] independently of canonical
Whnt, perhaps with cofactors such as Groucho or Kaiso. Several studies indicate that, as

in other organ systems such as the colonic epithelium, different Wnt functional states can
exist in OPCs and that a transition to a higher uncontrolled Wnt state can account for
pathological OL differentiation block [Fancy et al., 2014]. A fine balance therefore exists
between pathway activators and repressors in OPCs to allow for normal Wnt function whilst
preventing transition to this pathological state. Pathway repressors such as Axin2 (a direct
target activated by Wnt pathway) and Adenomatous Polyposis Coli (APC) are required in
both developmental myelination and remyelination to allow for OL differentiation [Fancy
etal., 2011b, Lang et al., 2013; Fancy et al., 2014], and indeed Axin2 can be indirectly
pharmacologically targeted via XAV939’s effect on the Tankyrase enzyme to promote
differentiation kinetics. Another important mechanism for controlling Wnt pathway and
allowing OL differentiation in both development and injury is EED (embryonic ectoderm
development) mediated histone methylation, that establishes a chromatin landscape that
selectively represses inhibitory Wnt [Wang et al., 2020]. Very interestingly this seems to
be a mechanism that can also regulate Fzd1 expression levels, amongst other Wnt target
genes. Mechanisms such as activation of PPAR gamma and downregulation of Foxgl can
also potentially intersect with and inhibit Wnt pathway [Vallée et al., 2018; Dong et al.,
2021], through activation of GSK- 3beta inducing proteasomal p-catenin degradation, and
PPAR gamma agonists could serve as promising treatments during demyelinating injury
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[Vallée et al., 2018]. Our results indicate that Rnf43 is a potent regulator of the timing of
remyelination, an important determinant of functional recovery in human MS and animal
models. Whilst the Rnf43 gene serves as a target of Wnt pathway activation both in vitro
and during remyelination in vivo, Rnf43 protein acts as a negative feedback mechanism and
is required to promote OL differentiation in remyelination through the repression of Wnt
signaling in OPCs (Fig. S8). Whilst Wnt signaling negatively regulates OPC differentiation
in both development and injury, Rnf43 function comes into play only in the injury response.
It is dispensible for timely developmental myelination, but OPCs lacking Rnf43 demonstrate
marked delays in OL differentiation and remyelination at 21 days following a demyelinating
injury, with fixed deficits in myelin thickness still observable at 50 days after the injury.
This recruitment of, and requirement for, a key Wnt repression system in an injury specific
context identifies inherent differences in Wnt tone between remyelination and development,
and points to an increased propensity for elevated and dysregulated Wnt-induced OL
maturation block in adult injury compared to development. Persistent deficits in myelin
thickness of remyelinated axons in mice lacking Rnf43 also suggest that a deficient Wnt
repressor tone is sufficient for permanent effects on white matter injury repair, and that Wnt
repressor tone is a critical factor in determining transition to a pathological Wnt activity state
in OPCs.

Rnf43 functions to regulate Wnt pathway in other organ systems, such as the intestinal
epithelium, in collaboration with the related Zinc Finger family member Znrf3, and only
with simultaneous deletion of both genes do Whnt responsive cells become hypersensitive

to the action of extracellular Wnts [Koo et al., 2012, Hao et al., 2012]. Surprisingly, we
identify a tissue specific difference in OL lineage in the regulation of these related family
members, whereby Znrf3 is neither a target of Wnt pathway nor functions as a repressor of
the pathway. Znrf3 is not activated by Wnt pathway in vitro or during remyelination in vivo,
and does not contribute to the phenotype seen in the Rnf43/Znrf3 double conditional mutant
mouse. Lack of this compensatory mechanism provided by Znrf3 suggests a potential
increased propensity for pathway dysregulation in OPCs compared to other Wnt responsive
tissues.

Canonical Wnt pathway activation occurs through the binding of extracellular Wnt ligands
to the Wnt receptor complex on the surface of cells [Niehrs et el., 2012]. Previous work
has demonstrated a mechanism that promotes receptor complex signalosome formation at
the OPC surface, via Daam2 association with PIP5K promoting clustering of Wnt receptor
complexes into signalosomes through PIP, [Lee et al., 2015]. Rnf43 protein functions in
opposition of this by regulating the surface availability of the Fzd1 receptor, a receptor

for extracellular Wnt ligands (Fig. S8). These opposing mechanisms for toggling ON and
OFF Whnt pathway activation at the cell surface may be critical for regulating the Wnt
functional states in OPCs in differing conditions of extracellular Wnt ligand availability.
The phenotype of dysfunctional remyelination in the absence of Rnf43, and promotion

of remyelination by selective pharmacological targeting of Fzd1 using UM206, suggests
that paracrine Wnt signals acting on OPCs are critical in actively regulating differentiation
kinetics during the normal remyelination process. It will be important to better understand
the nature and cellular sources of these Wnt ligands in human injury, and how this may vary
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between developmental myelination and remyelination, and between successful and failed
remyelination in MS.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Stephen Fancy
(stephen.fancy@ucsf.edu).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability

. All data reported in this paper will be shared by the lead contact upon request.
. This paper does not report original code.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAIL

Mice—Animal hushandry and procedures were performed according to TMMU and UCSF
approved protocols. Mouse ages were identified in main text and figure legends. Both mouse
genders were used in this study. Mice were randomly assigned to the different experimental
groups.

Rnf43 and Znrf3 floxed: These mice have been described previously [Koo et el., 2012].
Through intercrosses with Olig1-cre, Olig2-cre or PDGFRa-creER mice we can achieve
conditional knockout of Rnf43/Znrf3 in OPCs. We used a breeding strategy of crossing
either Oligl-cre:Rnf43 fl/fl:Znrf3 fl/fl, Olig2-cre:Rnf43 fl/fl:Znrf3 fl/fl or PDGFRa.-
creER:Rnf43 fl/fl:Znrf3 fl/fl mice with Rnf43 fl/fl:Znrf3 fl/fl mice, thus generating Rnf43/
Znrf3 double knock-out offspring and non-cre control littermates.

PDGFRa-creER: These mice have been described previously [Kang et al., 2010]. A
tamoxifen inducible cre recombinase gene was inserted into exon 2. These mice were used
to cross with Rosa-YFP mice or Rnf43/Znrf3 knock-out mice. In order to induce YFP
expression and knock out Rnf43/Znrf3 during remyelination, mice were given tamoxifen
(T-5648, Sigma) gavage with 1mg of tamoxifen twice a day for 5 consecutive days (10mg in
total).

Oligl-cre and Olig2-cre: These two lines allow for cre mediated activity in
oligodendrocyte lineage cells and have been described previously [Arnett et al., 2004;
Schuller et al., 2008]. These mice were used to knock-out Rnf43/Znrf3 in OPCs during early
development.

APC floxed: These mice have been described previously [Robanus-Maandag et al., 2010].
Olig2-cre:APC fl/fl mice were used to over-activate the Wnt pathway in OPCs.
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Human MS and HIE tissues—Human multiple sclerosis post-mortem tissue blocks
were provided by the UK Multiple Sclerosis Tissue Bank at Imperial College London. All
tissues were collected following fully informed consent by the donors via a prospective
donor scheme following ethical approval by the London Multicentre Research Ethics
committee (MREC 02/2/39). Multiple sclerosis lesions were characterized as described
previously [Lock et al., 2002], using luxol fast blue (LFB) to assess demyelination, SMI-31
immunohistochemistry to assess preservation of axons, and LN3 immunohistochemistry

to assess inflammatory cell activity. Lesions with florid parenchymal and perivascular
inflammatory cell infiltration, myelin fragmentation, and demyelination with indistinct
margins were classified as active plaques. Areas of normal appearing white matter ‘NAWM’
from each patient were also assessed.

All human HIE tissue was collected with informed consent and in accordance with
guidelines established by UCSF Committee on Human Research (H11170-19113-07) as
previously described [Fancy et al., 2011b]. Immediately after procurement, all brains

were immersed in PBS with 4% paraformaldehyde for 3 d. On day 3, the brain was

cut in the coronal plane at the level of the mammillary body and immersed in fresh 4%
paraformaldehyde and PBS for an additional 3 d. After fixation, all tissue samples were
equilibrated in PBS with 30% sucrose for at least 2 d. After sucrose equilibration, tissue
was placed into molds and embedded with optimal cutting temperature medium for 30 min
at room temperature followed by freezing in dry ice—chilled ethanol. UCSF neuropathology
staff performed brain dissection and its evaluation. The diagnosis of HIE requires clinical
and pathological correlation; no widely accepted diagnostic criteria are present for the
pathological diagnosis of HIE. None of the HIE cases evaluated in this study were identical,
but they did show consistent evidence of diffuse white matter gliosis, as evaluated by

the qualitative increase in the number of GFAP-positive cells in addition to the increased
intensity of GFAP staining.

Lysolecithin lesioning—This method has been described previously [Niu et al.,

2019]. Demyelinated lesions were produced in the corpus callosum white matter of
8-week-old mice and littermate control mice. Anesthesia was induced and maintained

with inhalational isoflurane and oxygen supplemented with 0.05 ml of buprenorphine
(\Vetergesic; 0.05 mg/ml) given subcutaneously. After exposing the brain at the level of

1.0 mm rostral, 1.0 mm lateral and 1.9 mm ventral to bregma, 1 ul 1% lysolecithin (L-a-
lysophosphatidylcholine) was injected into the white matter, and the needle was left in place
for 5 min following injection to reduce backflow.

Murine chronic neonatal hypoxia—This method has been described previously [Cree
et al., 2018]. Mice pups with their parents were subjected to chronic sublethal hypoxia
starting at P3, receiving chronic neonatal hypoxaemia (10% fraction of inspired oxygen).
At P10, those hypoxic mice brain tissues were collected and compared to that of normoxic
mice. At least four mice per group, for each of the transgenic mice and for the two groups
normoxia versus hypoxia, were collected at P10. All animal husbandry and procedures were
performed according to UCSF guidelines under IACUC approved protocols.
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METHOD DETAILS

Immunohistochemistry—Mice of different ages were anesthetized and transcardially
perfused with 4% paraformaldehyde. Brains were dissected and cryoprotected in

30% sucrose. Serial coronal sections were obtained using a cryostat microtome. For
immunostaining, these brain sections were blocked with 0.5% bovine serum albumin and
0.2% triton X-100 for 1 hour at room temperature, followed by an incubation with primary
antibodies overnight at 4°C.

Primary antibodies were to the following proteins: PDGFRa (1:200, rat, 558774, BD
Biosciences), PDGFRa (1:8000, rabbit, gift from W. Stallcup, Sanford Burnham Prebys),
Olig2 (1:2000, rabbit, gift from C.D. Stiles, Harvard), RNF43 (1:200, rabbit, ab84125,
Abcam), NF200 (1:1000, rabbit, N4142, Sigma), Rnf43 (1:200, rabbit, ab217787, Abcam),
FzD1 (1:200, Rat, MAB11201, R&D), MBP (1:500, rat, MCA409S, Serotec), NG2

(1:200, mouse, 05-710, Millipore), HA (1:200, mouse, AH158, Beyotime), Ki67 (1:1000,
rabbit, MA5-14520, Thermo Fisher Scientific), Olig2 (1:200, mouse, MABNS50, Millipore).
Appropriate Alexa-Fluor-conjugated secondary antibodies (1:1000, Life Technologies) were
used to visualize the primary antibodies. Cell counting and fluorescence intensity analyses
were conducted on nine randomly chosen fields of cell cultures or fixed areas of brains using
an Image Pro Plus image analysis system. The method has also been described previously
[Arnett et al., 2004].

In Situ Hybridization—Brain and spinal cord tissues were collected as described above
and cryoprotected in 30% sucrose with 0.1% diethyl pyrocarbonate. Serial coronal or
transverse sections were obtained using a cryostat microtome. For in situ hybridization
staining, sections were incubated with diluted denatured antisense probes at 65°C overnight,
followed by three 65°C post-hybridization washes and two room temperature washes,

and then were incubated with anti-Digoxigenin-AP Fab fragments antibody (1:1500,
11093274910, Sigma-Aldrich) at 4°C overnight. DIG labeled antisense MAG and PLP-
DM20 probes were used to target mature oligodendrocytes. The targeted mRNA-expressing
cells were visualized as a dark purple deposition with NBT/BCIP-alkaline phosphatase
combination (11681451001, Sigma-Aldrich) the following day. Cell counting was performed
under a 10x objective lens for each sample using an Image Pro Plus software. The technique
has also been described previously [Niu et al., 2019].

OPC culture—Mouse OPCs were isolated by immunopanning from P8 mouse cortices.
Panning dishes were incubated with secondary and primary antibodies sequentially. Mouse
brain cerebral hemispheres were minced and dissociated with papain at 37°C for 60 min.
After trituration, cells were resuspended in a panning buffer and then incubated at room
temperature sequentially on three immunopanning dishes: Ran-2, GalC, and O4. O4 positive
mouse OPCs were released from the final panning dish by 0.05% trypsin (Invitrogen).

These purified mouse OPCs were cultured in poly-D-lysine-coated 10 cm dishes or 24-well
plates with cover slips for experiments. In the OPC culture medium, PDGF-AA (10ng/ml,
100-13A, Peprotech) was used to stimulate OPC proliferation and was removed from culture
medium to induce OPC differentiation. The cells were collected for OPC membrane protein
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extraction and Western blot. Cells on cover slips were fixed for immunohistochemistry. The
technique has also been described previously [Mei et al., 2014].

Cerebellar slice culture—For the cerebellar slice cultures. P3 mouse brains were
dissected out into pre-cold ACSF. Cerebellar slices (300 um thick) were cut on a vibroslicer
(Leica VT 1000S, Wetzlar, Germany) and transferred to the Millicell-CM organotypic
culture inserts (Millipore, 0.4 um) with DMEM slice culture medium containing 25%
heat-inactivated horse serum, 25% HBSS, 1% N2 and penicillin-streptomycin. Slices were
cultured at 37 °C and 7.5% CO2 for 10 days, and then demyelination induced by the
addition of 0.5% lysolecithin (Sigma) to the slice culture medium for 18 h. Following
demyelination, slices were then transferred to a new plate with culture medium with or
without UM206, and cultured for an additional 10 days to allow remyelination to occur.

Osmotic pump delivery of UM206—Osmotic pumps and catheters were purchased
from ALZET (0004317 micro-osmotic pump model 1002; 0008851 brain infusion kit 3,
1-3 mm) to deliver 0.25ul UMZ206 per hour directly into the mouse corpus callosum at 3
dpl. Briefly, the osmotic pump was connected to the catheter, filled with 200 pl of saline
spiked with or without UM206 (1 mg/1.5 ml concentration), then implanted subcutaneously
following the manufacturer’s instructions (ALZET). At 10 dpl or 14 dpl, the pump was
removed after the mouse was transcardially perfused with 4% formaldehyde.

Plasmids and electroporation—HA-fusion expressed FZD1 plasmid (FZD1-HA) and
GFP-infusion expressed Rnf43 plasmid (Rnf43-GFP) were generated by PCR-subcloning.
Plasmid vectors (FZD1-HA + GFP or FZD1-HA + Rnf43-GFP) were cotransfected into
the Hela cell line using Amaxa Nucleofector Kit (Lonza) according to the manufacturer’s
instructions.

Western blot—Western blot was used to quantify differential FZD membrane expression
levels in OPCs. OPC membrane protein samples were extracted from cultured non-

cre control OPCs (fl/fl) and Olig1-cre:Rnf43 fl/fl:Znrf3 fl/fl double knock-out OPCs
(Olig1-cre:RZ fl/fl) according to the Mem-PER™ Plus Membrane Protein Extraction Kit
instruction (89842, ThermoFisher). Protein samples were separated on 10% SDS-PAGE
gels, transferred to nitrocellulose membranes and probed with antibody against FZD1
(1:500, rat, MAB11201, R&D), FZD2 (1:1000, goat, PA5-47119, Invitrogen), FZD3 (1:500,
goat, AF1001, R&D), FZD4 (1:500, rat, MAB194, R&D), FZD5 (1:500, rabbit, ab75234,
Abcam), FZD6 (1:500, mouse, sc-393791, Santa Cruz), FZD7 (1:500, rabbit, NBP2-23624,
Novus Biologicals), FZD8 (1:500, rabbit, NLS4767, Novus Biologicals), FZD9 (1:500,
goat, AF2440, R&D), and FZD10 (1:500, rabbit, ab83044, Abcam). Na-K-ATPase was
used as loading control (1:1000, Rabbit, #3010, Cell signaling technology). Protein bands
were visualized by chemiluminescence (ECL Plus, GE Healthcare) after incubation with
HRP-conjugated secondary antibodies. Protein band intensity was analyzed using the Image
Pro Plus software as previously described [Niu et al., 2019].

qPCR—Total ribonucleic acid (RNA) was isolated using RNeasy Plus Mini Kit (74134,
Qiagen). Quantitative polymerase chain reaction (QPCR) was performed with the C1000
Touch™ Real-time PCR Detection System (Bio-Rad) and GoTag® gPCR Master Mix
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(Promega). The oligonucleotide primers, amplification procedure, and melt curve analysis
were performed. For each sample, independent repeats were performed in triplicate.

Co-Immunoprecipitation—Co-immunoprecipitation (Co-IP) was performed on cultured
OPCs using target Rnf43-specific antibody to pulldown FZD1 protein. Briefly, OPC lysates
extracted with RIPA buffer were incubated with anti-Rnf43 antibody (1:100, PA5-79930,
Invitrogen), or normal IgG antibody (1:200, 2729S, CST, negative control) at 4°C overnight,
followed by incubation with protein A/G beads (sc-2003, Santa Cruz) at 4°C for 4 h. The
immunocomplexes were washed 5 times with lysis buffer, eluted in x1.5 sample buffer, then
examined by immunoblotting with anti-FZD1 antibody (1:1000, PA5-47072, Invitrogen).
The OPC lysate sample without IP (Input) was used as positive control for indicating the
position of FZD1 band.

Electron microscopy—As previously described [Cree et al., 2018], mice were
anesthetized and perfused trans-cardially with 4% glutaraldehyde and postfixed overnight.
Samples were stained with osmium tetroxide overnight and dehydrated in a series of
ethanol dehydration treatments. Embedding was performed in TAAB resin. Sections were
cut at 1-um intervals and stained with toluidine blue for identifying lesion sites. More
than 200 axons in developmental tissues and within lesion sites were examined using
electron microscopy. The myelinated axon numbers and G-ratios were calculated to assess
myelination and remyelination.

QUANTIFICATIONS AND STATISTICAL ANALYSIS

Quantifications—To quantify positive cell numbers, cell counting was conducted on

nine randomly chosen fields for each sample using an Image Pro Plus image analysis
system. To quantify fluorescent positive area, the immunofluorescent signal was determined
using a fluorescence microscope (Zeiss) or a confocal laser-scanning microscope (Olympus,
FV3000) with excitation wavelengths appropriate for Alexa Fluor 488 (488 nm, Life
Technologies), Alexa Fluor 568 (568 nm) or Alexa Fluor 647 (647 nm). Fluorescent
intensity and Western-blot positive band, the positive areas were automatically selected in
image-Pro Plus 5 software. The areas of interest (AOI) were separated by setting threshold
at least two times the background. Cell counting and fluorescence intensity analyses were
conducted on six randomly chosen fields for each sample using an Image Pro Plus image
analysis system.

Statistical analysis—Statistical significance between groups was determined with
GraphPad Prism software. The unpaired t-test was used to determine the significance
between two experimental groups. One-way analysis of variance (ANOVA) was used to
determine the significances among three and four groups. A probability of P<0.05 was
considered statistically significant. All significant statistical results are indicated within the
figures with the following conventions: * P < 0.05, ** P < 0.01, *** P < 0.001, **** P <
0.0001. Error bars represent £ s.d. No statistical methods were used to pre-determine sample
sizes but our sample sizes are similar to those reported in previous publications [Niu et al.,
2019]. Data distribution was assumed to be normal, but this was not formally tested. All
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experiments were performed at least 3 times, and the findings were replicated in individual
mice and cell cultures in each experiment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
RNF43 marks activated OPCs in human white matter injury.
Rnf43 is required for OPC differentiation in injury, not in development.

Rnf43 inhibits Wnt pathway by regulating Fzd1 surface presentation on
OPCs.

Pharmacological inhibition of Fzd1 promotes OPC differentiation during
remyelination.
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Fig. 1: Rnf43 identifies OPCs in human and mouse white matter injury.
(A, B) RNF43 protein expression identifies OPCs in MS Active lesions (Active), but

expression is not seen in surrounding Normal Appearing white Matter (NAWM) from the
same cases. (C, D) RNF43 protein is expressed in OPCs in white matter (WM) in the
neonatal human white matter injury HIE but is not seen in grey matter (GM) in those
same cases. (E) RNF43 expression in red (white arrowheads) colocalizes with the OPC
marker PDGFRa in human HIE WM, but separates from markers of other cell types
(unfilled arrowheads) such as astrocytes (GFAP), microglia (IBA1), and also from mature
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oligodendrocytes (CC1) (quantification in Fig. S1G). (F) Staining for RNF43 protein at the
boundary of grey (GM) versus white (WM) matter in human HIE (with boxed enlargements
shown in f* and f’ to the right). (G) Quantification of RNF43+ OPCs in MS active lesions
and NAWM (n= 4 cases) and human HIE GM versus WM (n=4 cases). (H, I) Rnf43
expression is not seen in mouse adult uninjured CNS, but is expressed in OPCs during
remyelination. (1) Rnf43 protein (red) and YFP (green) in PDGFRa-YFP transgenic mice
(in which OPCs are labelled with YFP), showing lack of any Rnf43 expression in uninjured
CNS (“No lesion”), but significant expression in OPCs in a 3dpl corpus callosum lesion
following lysolecithin induced demyelination, with quantification in (H)(n=4 animals). See
also Fig. S1.
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Fig. 2: Rnf43, but not Znrf3, is a target of Wnt in OPCs.
(A) Fold change of mRNA levels for Rnf43, Znrf3, Axin2 and Notum in cultured wildtype

OPC:s treated with varying concentrations of Wnt3a (marked on x axis) compared to no
treatment (n=3 independent experiments). (B) Fold change of mMRNA levels for Rnf43,
znrf3, Axin2 and Notum in cultured OPCs derived from Olig2cre: APCfl/fl mice compared
to control APC fl/fl/mice (n=3 independent experiments. (C) Rnf43 immunohistochemistry
(and co-staining with Pdgfra.) in cultured OPCs derived from Olig2cre: APCFI/fl mice
compared to control APCfl/fl mice. Scale bar 50um. (D) Protein levels by western blot
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of Rnf43 and Znrf3 in cultured OPCs, differentiated OL, and astrocytes (AST) from control
APCTI/fl mice and in OPCs from Olig2cre: APCfl/fl mice. (E) Fold change of Rnf43 mRNA
in cultured wildtype OPCs versus mature OL differentiated for 3 days (n=3 independent
experiments). (F) Rnf43 immunohistochemistry in cultured PDGFRa expressing WT OPCs,
and in differentiated OL expressing MBP after 3 days of switching to differentiation

media. (G) Rnf43 protein fluorescent intensity is significantly increased in Olig2+ OPCs
(arrowheads) from PDGFRa-creER:APC fl/fl mice compared to APC fl/fl control (non cre)
mice at 5dpl following lysolecithin induced corpus callosum focal demyelination (Scale bar
20p), with Rnf43 fluorescent intensity quantification in OPCs in (H). (1) Fold changes of
total MRNA levels in 5dpl lesioned corpus callosum tissues of PDGFRa-creER:APC fl/fl
mice compared to APC fl/fl control. Values in all panels are meanzs.d. NS not significant,
*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Fig. 3: Rnf43 and Znrf3 functions are dispensable for developmental myelination
(A) MBP immunohistochemistry in multiple brain regions at postnatal day 10 (P10) and

P14 in Oliglcre:RZ fl/fl (double Rnf43/Znrf3 floxed mice referred to as RZfl/fl) and
RZfl/fl control (non cre) mice brains. Scale bar 1mm. (B) Fold change of MBP fluorescent
intensities at P10 and P14 in Oliglcre:RZ fl/fl corpus callosum (CC) compared to RZfl/fl
control (n=4 animals). (C, D) MAG+ mRNA expressing mature OL by in situ hybridization
(C), and quantification of fold change (D)(n=4 animals), in Oliglcre:RZ fl/fl CC compared
to RZfl/fl control. (E, F, G) Electron-microscopy (EM)(E), quantification of number of
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myelinated axons (F), and G-ratio calculations of myelinated axons (G) in P21 CC of RZfl/fl
control and Oliglcre:RZ fl/fl. Scale bar 10y in E. n=3 animals; The scatterplot in (G)
displays g-ratios of individual axons as a function of axonal diameter. Values in all panels
are meanzs.d. NS not significant, *p<0.05. See also Fig. S2 and S3.
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Fig. 4: Rnf43 function is critical for remyelination
(A, B) MAG+mRNA expressing OLs at 10 days post lesioning (dpl) and 21

dpl following lysolecithin induced corpus callosum focal demyelination in induceable
PDGFRa-creER:RZfl/fl mice and RZfl/fl control (non cre) mice (lesioning schematic Fig.
S4A), and (B) quantification of MAG+ cells in lesion areas. Dotted line marks lesion
extent in corpus callosum. (C) DAPI staining and Olig2 immunohistochemistry identifies
lesion area and oligodendroglial cell numbers in lesions respectively in the same mice as
above, and (D) quantification of Olig2+ cells in lesion areas at 10dpl and 21dpl. (E) MBP
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Immunostaining in lesions at 21dpl in PDGFRa-creER:RZfl/fl and RZfl/fl control mice
(enlargements shown in E’ and E”) with (F) quantification of MBP intensities at 10dpl

and 21dpl in lesions. (G) Electron microscopy (EM) of remyelination at 14 dpl and 21 dpl
in PDGFRa-creER:RZfl/fl and RZfl/fl/control mice, with (H) quantification of myelinated
axons in lesions from these same mice (n=4 animals). (I) EM of remyelination at 50 dpl

in PDGFRa-creER:RZfl/fl and RZfl/fl control mice. (J) G-ratio analyses of remyelination
at 14dpl, 21dpl and 50dpl (scatterplot displays g-ratios of individual axons as a function

of axonal diameter. n=4 animals) in PDGFRa-creER:RZfl/fl and RZfl/fl/ control lesions
(solid lines show linear trend lines). (K) MAG+ mRNA expressing OLs at 14 dpl following
lysolecithin induced corpus callosum focal demyelination in PDGFRa.-creER:RZfl/fl double
mutant mice, PDGFRa-creER:Rnf43 fl/fl single mutant mice, PDGFRa-creER:Znrf3 fl/fl
single mutant mice, and RZfl/fl control mice (non cre), and (L) quantification of MAG+
cells in lesion areas. Values in all graphs are meanzs.d. NS not significant, *p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001. Scale bars in all images are 100um, except in (G)
which is 100um. See also Fig. S4, S5 and S6.
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Fig. 5: Rnf43 controls OPC differentiation through negative regulation of Wnt
(A) Differentiation of Pdgfra (green) OPCs into mature MBP (red) expressing OL, from

OPCs isolated from RZ fl/fl control and Oliglcre:RZ fl/fl mice, in the presence (+Wnt3a) or
absence of Wnt3a added to the media. (B) Quantification of OPC differentiation into MBP+
cells from the above RZ fl/fl control and Oliglcre:RZ fl/fl mice when treated with increasing
concentrations (marked on x axis) of Wnt3a (n=3 independent experiments). Numbers are
expressed as percentage of total cells that were MPB+. (C) qPCR for Wnt targets Axin2

and Notum mRNA in RZ fl/fl OPCs and Oliglcre:RZ fl/fl OPCs with 100ng/ml Wnt3a
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treatment, depicted as fold change normalized to the mRNA levels in RZ fl/fl OPCs without

Whnt3a treatment (n=3 independent experiments). (D) gPCR for Rnf43 mRNA expression
levels in the Oli-neu oligodendroglial cell line transfected with control vector or Rnf43
expression vector (n=3 independent experiments). (E) Wnt target Ax/inZ2 mRNA levels in
Oli-neu cells transfected with control vector or Rnf43 expression vector in the presence
of increasing Wnt3a stimulation (concentrations marked on x axis; n=3 independent
experiments). (F) MBP mRNA levels in Oli-neu cells treated with Wnt3a and transfected
with either control vector or Rnf43 expression vector (n = 3 independent experiments).
(G) AxinZ mRNA is significantly upregulated (arrowheads) in 7dpl remyelinating lesions
(lesion boundaries marked with dotted lines) from both PDGFRa-creER:APCTl/fl (G)
and Oliglcre:RZfl/fl (H) mice compared to their respective APCTl/fl and RZfl/fl non cre
controls. Values in all graphs are meanzs.d. NS not significant, *p<0.05, ** p<0.01, ***
p<0.001. Scale bar in (A) is 100um. See also Fig. S7.
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Fig. 6: Rnf43 regulates OPC Fzd1 surface expression
(A) Quantification of western blots for Fzd1-10 protein levels in surface membrane

extractions from Oliglcre:RZ fl/fl and RZ fl/fl control OPCs (n=4 independent
experiments). Na-K-ATPase was used as loading control. (B) Western blot for Fzd1, Fzd2,
Fzd6 and Fzd9 (n=4 independent experiments) in Oliglcre:RZ fl/fl and RZ fl/fl control
OPC membranes. (C) Immunostaining for HA and GFP tags (and DAPI) in hela cells
transfected with the following vectors: left, FZD1-HA and empty control vector-GFP; right,
FZD1-HA and Rnf43-GFP. The location of FZD1 is indicated by HA tag localization.
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(D) Quantification from the above vector transfections in (C) of Fzd1 localization on cell
membrane or in cytoplasm by quantification of HA+ foci (n=3 independent experiments).
(E) FZD1 (red) expression in NG2+ OPCs (green) in vitro following isolation from
Oliglcre:RZ fl/fl and RZ fl/fl control mice (E), and in vivo in 21dpl remyelinating corpus
callosum lesions from these same mice. Values in graphs are meanzs.d. NS not significant,
*p<0.05, **** p<0.0001. Scale bars are 20um (in c, €) and 10um in (f). See also Fig. S7.
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Fig. 7: Fzd1 inhibition via UM206 promotes OPC differentiation and ex vivo remyelination
(A) Differentiation of wildtype PDGFRa (green)+ OPCs into mature MBP (red)+ OLs with

treatments of vehicle control, 200ng/ml Wnt3a, 100nM UM206, or combination Wnt3a/
UM206. Scale bar 200um. (B) gPCR for Wnt targets Axin2and Notum mRNA in wildtype
OPCs with treatments of vehicle control, Wnt3a alone, UM206 alone, and 100ng/ml
Whnt3a with serial concentrations of UM206 (UM206 1: 1nM; UM206 2: 10nM; UM206
3:100nM). #: compared to Wnt3a; n=3 independent experiments. (C) Quantification of
OPC differentiation into MBP+ OLs under the same treatment conditions as described in
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(B). * : compared to Vehicle; #: compared to Wnt3a; n=3 independent experiments. (D)
Differentiation of PDGFRa. (green)+ OPCs (isolated from Oliglcre:RZ fl/fl mice) into
mature MBP (red)+ OLs with treatments of 100ng/ml Wnt3a alone or in combination

with 100nM UMZ206. Scale bar 200um. (E) gPCR for Wnt target Axin2 mRNA in vehicle
treated Oliglcre:RZ fl/fl OPCs, or Oliglcre:RZ fl/fl OPCs under the two different treatments
conditions shown in (D). * : compared to \Vehicle; #: compared to Wnt3a; n=3 independent
experiments. (F) Quantification of Oliglcre:RZ fl/fl OPC differentiation into MBP+ OLs
under the same treatment conditions as in (E). *: compared to Vehicle; #: compared to
Whnt3a; n=3 independent experiments. (G) Remyelination of MBP (red)+ myelin sheaths

on NF200 (green)+ nerve fibers at 10 days after a lysolecithin-induced demyelination of
cerebellar slice culture from RZ fl/fl control and Oliglcre:RZ fl/fl mice, with either vehicle
treatment or 100nM UM206 (slice culture treatment schematic Fig. S4B). Scale bar 100um.
G’ to G”” shows magnifications of the overlaid MBP/NF200 staining from the boxed areas
marked in (G). (H) Quantification of MBP/NF200 co-staining as an indication of the myelin
regeneration under the four conditions shown in (G). ****: RZ fl/fl+UM206 vs. RZ fl/fl;
#i##: Oliglere:RZ fl/fl vs. RZ fl/fl; &&: Oliglcre:RZ fl/fl+UM206 vs.Oliglcre:RZ fl/fl.
n=4 independent experiments. Values are meanzs.d. NS not significant, *p<0.05, ** p<0.01,
*** n<0.001, **** p<0.0001. See also Fig. S4 and S8.
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Fig. 8: Fzd1 inhibition via UM206 promotes in vivo remyelination
(A, B) MAG+mRNA expressing cells at 10 dpl following lysolecithin induced corpus

callosum focal demyelination with or without UM206 infusion in either Oliglcre: RZfl/fl
mice or control RZfl/fl (non cre)(lesioning schematic Fig. S4C, S4D), and (B) quantification
of MAG+ cells in lesion areas. Dotted line marks lesion extent in corpus callosum. * :
compared to RZ fl/fl; #: compared to Oliglcre:RZ fl/fl. (C) DAPI staining identifies lesion
areas in the same mice as above. (D) Olig2+ immunostaining in lesion areas from above
mice, with quantification in (E). (F) Quantification (from EM) of myelinated axons in
lesions at 14 dpl. * : compared to RZ fl/fl; #: compared to Oliglcre:RZ fl/fl. (G) EM of
remyelination at 14 dpl from these same mice. (H) G-ratio analyses of remyelination at
14dpl (scatterplot displays g-ratios of individual axons. n=3 animals). Values in all graphs
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are meanzs.d. NS not significant, *p<0.05, ** p<0.01, *** p< 0.001, **** p<0.0001. Scale
bars in all images are 100um, except in (G) which is 1um. See also Fig. S4 and S8.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rat anti-PDGFRa

BD Biosciences

Cat# 558774, RRID:AB_397117

Rabbit anti-PDGFRa

Gift from W. Stallcup

Kucharova et al., 2011

Rabbit anti-Olig2

Gift from C.D. Stiles

Arnett et al., 2014

Rabbit anti-RNF43 Abcam Cat# ab84125, RRID:AB_2181252
Rabbit anti-NF200 Sigma-Aldrich Cat# N4142, RRID:AB_477272
Rabbit anti-Rnf43 Abcam Cat# ab217787

Rat anti-FZD1 R&D Cat# MAB11201

Rat anti-MBP Serotec Cat# MCA409S

Mouse anti-NG2 Millipore Cat# 05-710, RRID:AB_11214068

Rabbit anti-Ki67

Thermo Fisher scientific

Cat# MA5-14520, RRID:AB_10979488

Mouse anti-Olig2 Millipore Cat# MABN50, RRID:AB_10807410
Mouse anti-HA Beyotime Cat# AH158

Goat anti-FZD2 Invitrogen Cat# PA5-47119

Goat anti-FZD3 R&D Cat# AF1001

Rat anti-FZD4 R&D Cat# MAB194

Rabbit anti-FZD5 Abcam Cat# ab75234, RRID:AB_1523637
Mouse anti-FZD6 Santa Cruz Cat# sc-393791, RRID:AB_2736833

Rabbit anti-FZD7

Novus Biologicals

Cat# NBP2-23624

Rabbit anti-FZD8

Novus Biologicals

Cat# NLS4767, RRID:AB_2109536

Goat anti-FZD9

R&D

Cat# AF2440

Rabbit anti-FZD10

Abcam

Cat# ab83044, RRID:AB_1860570

Rabbit anti-Na-K-ATPase

Cell signaling technology

Cat# 3010, RRID:AB_2060983

Rabbit Anti-Rnf43

Invitrogen

Cat# PA5-79930

Normal Rabbit IgG

Cell signaling technology

Cat# 2729S

Sheep anti-Digoxigenin-AP Fab fragments

Sigma-Aldrich

Cat# 11093274910

Biological samples

Human MS Tissue

Imperial College London, MS
Brain Bank, UK

http://www.imperial.ac.uk/medicine/
multiple-sclerosis-and-parkinsons-
tissue-bank

Human newborn HIE tissue and controls

UCSF Pediatric Neuropathology
Research Laboratory (PNRL)

https://pediatrics.ucsf.edu/neonatology/
newborn-brain-research-institute

Chemicals, peptides, and recombinant proteins

Tamoxifen Sigma-Aldrich Cat# T5648
Lysolecithin Sigma-Aldrich Cat# L4129

UM206 ChinaPeptides Laeremans et al., 2011
Recombinant Murine Wnt3a PeproTech Cat# 315-20,

Human recombinant PDGF-AA PeproTech Cat# 100-13A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

NBT/BCIP Stock Solution Sigma-Aldrich Cat# 11681451001
Amaxa Nucleofector Kit Lonza Cat# VPI-1006
Mem-PER™ Plus Membrane Protein Extraction Kit Thermo Fisher scientific Cat# 89842
ECL™ Prime Western blotting detection reagents GE Healthcare Cat# RPN2232
RNeasy Plus Mini Kit Qiagen Cat# 74134
GoTag® gPCR Master Mix Promega Cat# A6001
Protein A/G PLUS-Agarose Santa Cruz Cat# sc-2003, RRID:AB_10201400
Experimental models: Cell lines

Hela cell line ATCC CCL-2
Oli-neu cell line Jung et al., 1995 N/A
Experimental models: Organisms/strains

Mouse: Rnf43 fl/fl Koo et al., 2012 N/A

Mouse: Znrf3 fl/fl Koo et al., 2012 N/A

Mouse: Oligl-cre Arnett et al., 2004 N/A

Mouse: Olig2-cre Schuller et al., 2008 N/A

Mouse: PDGFRa-creER Kang et al., 2010 N/A

Mouse: Rosa-YFP Jackson laboratory Cat# 006148
Mouse: Aldh1L1-GFP Jackson laboratory Cat# 030248
Mouse: Cx3cr1-GFP Jackson laboratory Cat# 032127
Mouse: APC fl/fl Robanus-Maandag et al., 2010 Cat# 029275
Oligonucleotides

Primer: Rnf43 Forward: CAGCCAGTGTGGTTGTATCT This paper N/A

Reverse: ACCTGGCAATGTGAGTAAGG

Primer: Znrf3 Forward: TCTCTTCTGTGCCCTCTTCT This paper N/A

Reverse: GCTCCTTGTCCATGGCTATAC

Primer: Axin2 Forward: CCAGGTGGACCAAGTCTTTAC This paper N/A

Reverse: TCATCTGCCTGAACCCATTAC

Primer: Notum Forward: AACGTGGCACAGTTCCTTAT This paper N/A

Reverse: CACACCCTCTAGTTCCCATTAC

Primer: Olig2 Forward: GGCGGTGGCTTCAAGTCATC This paper N/A

Reverse: TCGGGCTCAGTCATCTGCTTC

Primer: PDGFRa Forward: GGGGAGAGTGAAGTGAGCTG | This paper N/A

Reverse: CATCCGTCTGAGTGTGGTTG

Primer: MBP Forward: AATGCGGAAAGGAAGGAGAG This paper N/A

Reverse: TGTCCGATCAGGGCTAGTAT

Primer: GAPDH Forward: AGGCCGGTGCTGAGTATGTC This paper N/A

Reverse: TGCCTGCTTCACCACCTTCT

Recombinant DNA

Plasmid: FZD1-HA This paper N/A

Plasmid: Rnf43-GFP This paper N/A

Software and algorithms
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Image-Pro Plus software 5.0

Media Cybernetics

https://www.mediacy.com/
imageproplus; RRID: SCR_007369

GraphPad Prism 6

GraphPad Software

https://www.graphpad.com/
scientificsoftware/prism/;
RRID:SCR_015807

ZEN Digital Imaging for Light Microscopy

Zeiss

RRID:SCR_013672

Olympus Confocal Laser Scanning Microscope software

Olympus

RRID:SCR_017015
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