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Dysregulation of the ubiquitin–proteasomal system (UPS) enables pathogenic accumulation of disease-driving
proteins in neurons across a host of neurological disorders. However, whether and how the UPS contributes to ol-
igodendrocyte dysfunction and repair after white matter injury (WMI) remains undefined. Here we show that the E3
ligase VHL interacts with Daam2 and their mutual antagonism regulates oligodendrocyte differentiation during
development. Using proteomic analysis of the Daam2–VHL complex coupled with conditional genetic knockout
mouse models, we further discovered that the E3 ubiquitin ligaseNedd4 is required for developmental myelination
through stabilization of VHL via K63-linked ubiquitination. Furthermore, studies in mouse demyelination models
and white matter lesions from patients with multiple sclerosis corroborate the function of this pathway during
remyelination after WMI. Overall, these studies provide evidence that a signaling axis involving key UPS compo-
nents contributes to oligodendrocyte development and repair and reveal a new role for Nedd4 in glial biology.
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Oligodendrocytes (OLs) produce and assemble myelin
sheaths that insulate axons in the central nervous system
(CNS), which are essential for transmitting action poten-
tials andmaintaining axonal integrity (Huxley and Stämp-
fli 1949; Griffiths et al. 1998; Yin et al. 1998; Lappe-Siefke
et al. 2003; Edgar et al. 2004).Myelin damage is a hallmark
of diseases likemultiple sclerosis (MS) in adults as well as
periventricular leukomalacia and hypoxic ischemic en-
cephalopathy in infants leading to severe deficits in axo-
nal integrity and function. Loss or dysfunction of OLs
leads to a failure in proper remyelination and neuronal im-
pairment, processes that are responsible for the neurolog-
ical consequences of white matter injury (WMI) (Khwaja
and Volpe 2007; Compston andColes 2008).While several
key features are shared between development and regener-

ative myelination, including developmental milestones
(i.e., oligodendrocyte precursor cell proliferation, migra-
tion or recruitment, differentiation and myelination) and
intrinsic-extrinsic regulatory factors (Fancy et al. 2011a;
Bhatt et al. 2014; Gallo and Deneen 2014), the mecha-
nisms by which developmental programs are implement-
ed in WMI repair remain incompletely defined.
Wnt signaling plays a critical role in OL development

and myelin repair in the CNS (Shimizu et al. 2005; Fancy
et al. 2009; Ye et al. 2009; Langseth et al. 2010; Dai et al.
2014; Lee et al. 2015). Injured white matter is populated
with “stalled” oligodendrocyte precursor cells (OPCs), in
which enhanced Wnt signaling adversely affects
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regenerative myelination (Wolswijk 2002; Fancy et al.
2009, 2011b; Reich et al. 2018). A critical step during
Wnt signal transduction is the clustering of Wnt receptor
complexes into signalosomes (Mao et al. 2001; He et al.
2004; Bilic ́ et al. 2007; Schwarz-Romond et al. 2007; Pan
et al. 2008; MacDonald et al. 2009; Qin et al. 2009). Previ-
ously, we discovered that the scaffold protein Dishevelled
associated activator of morphogenesis 2 (Daam2) clusters
Wnt receptor complexes (Lee andDeneen 2012), promotes
Wnt signaling activity, and suppresses OL development
and repair (Lee et al. 2015). These studies indicate that
Daam2 plays a crucial role in Wnt-mediated suppression
of OL differentiation.

Our recent studies in gliomas identified an antagonistic
relationship between Daam2 and hypoxia-associated von
Hippel-Lindau (VHL) during tumorigenesis (Zhu et al.
2017). We found that Daam2 degrades VHL by promoting
its polyubiquitination, which leads to a subsequent stabi-
lization of hypoxia-inducible factor (HIF). While the rela-
tionship of E3 ubiquitin ligase VHL and its substrate HIF
has been well established across a host of developmental
and disease conditions, includingWMI (Maher and Kaelin
1997; Cockman et al. 2000; Ivan et al. 2001; Hon et al.
2002; Kaelin 2002; Yuen et al. 2014), the mechanisms up-
stream of VHL are not well characterized.

Here, we used conditional mouse models to discover
that Daam2–VHL antagonize one another’s function
during OL development. To identify mechanisms that
control the Daam2–VHL relationship, we performed
immunoprecipitation-mass spectrometry analysis for
Daam2 and identified Neural precursor cell expressed
developmentally down-regulated protein 4 (Nedd4). We
show that this E3 ubiquitin ligase regulates Daam2 and
VHL expression during OL development by promoting
VHL stabilization via K63-linked ubiquitination. Further
studies in OL-specific Nedd4 knockout mice revealed
that this mechanism is conserved in development and
WMI. Indeed, loss of Nedd4 suppresses OPC differentia-
tion and myelination during development and inhibits
myelin repair after injury. Our findings show that Nedd4
is a novel regulator of VHL stabilization during OL devel-
opment and repair in WMI.

Results

Daam2 suppresses VHL expression in oligodendrocytes
during development

In order to characterize the relationship between Daam2
andVHL in OL development in vivo, we assessed their ex-
pression in the OL lineage during CNS development.
Daam2 and VHL are both expressed in the OL lineage
(Olig2+), including both OPCs (PDGFRα+) and mature
OLs (PLP+) (Supplemental Fig. S1A–E). To examine the as-
sociation between Daam2 and VHL proteins in OLs, we
performed coimmunoprecipitation assays in OPC cell
line and primary OPCs and found a strong association
viaWestern blot analysis (Fig. 3B lane 9 vs. 12, below; Sup-
plemental Fig. S1F). Furthermore, Daam2 and VHL tran-
scripts were found to colocalize in Olig2+ cells in vivo

by RNA in situ hybridization with immunolabeling, sug-
gesting thatDaam2 andVHL are coexpressed inOLs (Sup-
plemental Fig. S1G).

We examined VHL expression in Daam2-depleted
OPCs from OL-specific Daam2 conditional knockout
mice (see details below) to determine whether the two
have an antagonistic relationship during development
(Zhu et al. 2017). Indeed, we found that significantly
more Olig2+ cells expressed VHL in the absence of
Daam2 in both spinal cord and brain (Fig. 1A–F), though
the total number of Olig2+ cells remained unchanged
(data not shown). Moreover, these Olig2+ cells expressed
higher levels of VHL in the absence of Daam2 (see solid
white arrows in Fig. 1B,E). To examine whether Daam2
regulates VHL stability in OLs, we performed protein deg-
radation assay in primary OPC cultures from Daam2
knockout mice. We expressed the same amount of VHL
protein inDaam2 heterozygous versus knockout primary
OPC cultures, then blocked nascent protein synthesis
with cycloheximide and measured the relative amount
of VHL during OL differentiation. VHL already accumu-
lated to a high level at 0 h and the half-life of VHLwas sig-
nificantly increased in cultured Daam2-deficient OPCs
compared with control (Fig. 1G). However, we found no
changes of VHL mRNA level by real-time qPCR in
Daam2 cKO versus control in vivo (Fig. 1H). Collectively,
these in vitro and in vivo observations indicate that
Daam2 reduces the protein stability of VHL during OL
development.

VHL rescues Daam2-mediated inhibition of OPC
differentiation

Having established thatDaam2 negatively regulates VHL
expression in OLs, we next assessed the genetic interac-
tions between Daam2 and VHL using mouse models. To
determine the consequences of the loss of Daam2 specif-
ically in OLs, we used Sox10-driven Cre to delete Daam2
from a floxed allele (Sox10-Cre+/−; Daam2F/F or Daam2
cKO) where loxP sites flank exon 6 of Daam2. We con-
firmed 88% Sox10-Cre-derived recombination efficacy
in the OL lineage by intercrossing with a ROSA-LoxP-
STOP-LoxP-tdTomato reporter, where a frameshift was
introduced to result in a null allele (Supplemental Fig.
S1H,I). Similarly, we generated conditional OL lineage-
specific VHL knockout mice (Sox10-Cre+/−; VHLF/F or
VHL cKO) (Yuen et al. 2014) as well as Daam2–VHL dou-
ble conditional knockout mice (Sox10-Cre+/−; Daam2F/F;
VHLF/F or Daam2–VHL dcKO) (Supplemental Fig. S1J).
Daam2 cKOs are viable, fertile, and showed no gross
changes in appearance comparedwith controls (littermate
Sox10-Cre−; Daam2F/F and Sox10-Cre+; Daam2F/+). How-
ever, both VHL cKO andDaam2–VHL dcKO are lethal af-
ter birth; therefore, we performed developmental analysis
in the spinal cords ofDaam2 cKO,VHL cKO, andDaam2–
VHL dcKO mice at P0.

We observed an increased number of mature OLs in
Daam2 cKO mice, similar to our constitutive knockout
mice (Fig. 1I vs. J,Q,R; Supplemental Fig. S2A vs. B; Lee
et al. 2015). However, loss of VHL in Daam2 cKO
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(Daam2–VHL dcKO) reversed this phenotype during OL
development (Fig. 1J vs. L,Q,R; Supplemental Fig. S2B
vs. D). Analysis of markers for other cell types in the
CNS, including GFAP for astrocytes and NeuN for neu-
rons, revealed no significant differences between the sin-
gle and double cKOs (Supplemental Fig. S2E–N). Of
note, loss of VHL alone drastically decreased the number
of mature OLs (MBP+ and PLP+) (Fig. 1I vs. K,Q,R; Supple-
mental Fig. S2A vs. C) and mildly but significantly re-
duced OPCs (PDGFRα+) (Fig. 1M vs. O,S). Further
analysis of this phenotype revealed a significant enrich-
ment of markers for microglia (Iba-1+) (Supplemental
Fig. S2O–S) and apoptosis (active-caspase-3) in VHL cKO
compared with controls (Supplemental Fig. S2T–X). In-
triguingly, the majority of Caspase-3-positive apoptotic
cells were co-labeled with neurons (NeuN+), but not
OPCs (PDGFRα+) or OLs (PLP+) in VHL cKO (Supplemen-
tal Fig. S2Y–AA). Moreover, we did not observe a signifi-
cant effect on Olig2+ cell proliferation in VHL cKO
(Supplemental Fig. S2Y,BB). Therefore, the reduction of
PDGFRα labeled OPCs in VHL cKO is not due to cell
death or lack of proliferation. Instead, the observations in-

dicate VHL function in OLs influences neuronal survival
in a non-cell-autonomous manner during early develop-
ment. Taken together, our data indicate that Daam2 in-
hibits OPC differentiation in a cell-autonomous manner
by suppressing VHL expression, and that VHL functions
downstream from Daam2 during OL development.
To examine this antagonistic relationship at the cellu-

lar level, we performed complementary gain-of-function
(GOF) experiments using virally transduced primary
OPC cultures (Fig. 2A,B). Upon Daam2 viral expression,
we observed no changes of OPC numbers at 2 d in vitro
(div) (Fig. 2C vs. D,O); however, there were fewer differen-
tiated OLs at 4 div (Fig. 2G,K vs. H,L,P,Q; Lee et al. 2015),
indicating that Daam2 overexpression suppresses OPC
differentiation. As shown in Figure 1K, in vivo histologi-
cal analysis established that VHL is necessary for OLmat-
uration. To examine whether VHL alone stimulates OPC
differentiation, we overexpressed VHL in primary OPC
cultures and observed a significantly increased number
of MAG+ and MBP+ OLs at 4 div (Fig. 2G,K vs. I,M,P,Q),
but no changes of numbers of PDGFRα+ OPC at 2 div
(Fig. 2C vs. E,O). Importantly, VHL expression is sufficient
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Figure 1. Daam2 suppresses VHL function during
OL development. (A–F ) Immunofluorescence stain-
ing of VHL and Olig2 in the developing spinal cord
and corpus callosum (CC) of control (Daam2F/F) ver-
susDaam2 cKO (Sox10-Cre; Daam2F/F) mice at post-
natal day 14 (P14). (A,B,D,E) Zoomed-in images are
shown in the adjacent panels at the right, which are
indicated in the dashed box. Solid and empty arrow-
heads indicate VHL-expressing versus nonexpressing
OLs, respectively. (C,F ) VHL-expressing Olig2+ cells
were significantly increased in the spinal cord (Stu-
dent’s t-test, [∗∗] P<0.01) and corpus callosum in
Daam2 cKO mice (Student’s t-test, [∗∗∗∗] P<0.0001).
Data points represent individual animals from three
total litters. Plotted values are normalized to control.
(G) VHL degradation assay was performed in primary
OPCs from Daam2 knockout or heterozygote; OPCs
were transfected with plasmids encoding HA-tagged
VHL. After 2 d, the amount of VHL was analyzed by
immunoblotting after cycloheximide (CHX) treat-
ment for 0, 3, and 6 h. The intensity of VHL/GAPDH
from the blots was quantified by ImageJ software and
normalized to 0 h. Half-life of VHL in Het OPCs (2.66
h) and KO OPCs (4.77 h). Data were presented as
mean± SEM from three independent repeats. (H)
mRNA level ofDaam2 andVHL from P0 spinal cords
of Daam2 cKO (n =3) and control mice (n =4) by real-
time qPCR. Plotted values are normalized to control.
(I–S) Functional epistatic analysis ofDaam2 andVHL
loss of function (LOF) duringOL development in vivo.
(I–P) Representative images of MBP+ mature OLs and
PDGFRα+ OPCs via in situ hybridization on P0 spinal
cord of Daam2 cKO, VHL cKO, and Daam2–VHL
dcKO mice. (Q–S) Quantification of OL and OPC
marker expression in single and double LOF. The ex-
periments were performed on at least five animals per
genotype, with quantification of at least 6 sections
per animal. Each data point represents one animal

from at least four litters. Values were normalized to control (one-way ANOVA with multiple comparisons, [∗∗] P< 0.01; [∗∗∗] P< 0.001;
[∗∗∗∗] P<0.0001; [#] P<0.05; [####] P#### < 0.0001).
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to rescue the inhibition of OPC differentiation by Daam2
overexpression (Fig. 2H,L vs. J,N,P,Q), further supporting
the hypothesis that Daam2 counteracts VHL function
during OPC differentiation. Collectively, our double
loss-of-function (LOF) andGOF studies establish a genetic
hierarchy between Daam2 and VHL during OL develop-
ment in vivo and in vitro.

Nedd4 is a posttranslational regulator of VHL during
OL development

To identify posttranslational modifications that regulate
Daam2–VHL function in OLs, we performed Daam2
mass spec using a polyclonal antibody and profiled wild-
type and Daam2 constitutive knockout adult mouse
brains (2 mo) and cross-compared the candidates with pre-
viously reported developmental gene expression data (Fig.
3A; Chaboub et al. 2016; Lin et al. 2017). This comparative
analysis revealed a group of candidate genes that are ex-
pressed in glial lineages and associate with Daam2 during
development and in the adult CNS aswell as in vitro (Sup-
plemental Fig. S3A). Since Daam2 promotes VHL ubiqui-
tination-degradation (Zhu et al. 2017) and loss of Daam2
stabilizes VHL in OPCs (Fig. 1G), we focused our analysis
on candidate E3 ubiquitin ligases that target the Daam2–
VHL complex. Among the candidate E3 ligases (see aster-
isks indicated in the Supplemental Fig. S3A), Nedd4 is of
particular interest as it displays the highest affinity with
Daam2 among the candidate factors from our Daam2
mass-spec screen. To validate this relationship, we next
examined Nedd4 coexpression and association with

Daam2 and VHL in vivo and in vitro. Coimmunoprecipi-
tation assays confirmed that Nedd4 associates with both
Daam2 and VHL in primary OPCs and 293T cells in vitro
(Fig. 3B; Supplemental Fig. S3B), while double fluores-
cence in situ-immunostaining results indicate that
Nedd4 is coexpressed in OL lineage with Daam2–VHL
during CNS development in vivo (Fig. 3C; Supplemental
Fig. S3C)

Nedd4 has been shown previously to modify its sub-
strates posttranslationally via ubiquitination in early neu-
ronal development and cancers (Chen and Matesic 2007;
Amodio et al. 2010; Drinjakovic et al. 2010; Kawabe
et al. 2010; Christie et al. 2012; Ambrozkiewicz and
Kawabe 2015; Shao et al. 2018). However, its function in
glial development and regeneration is unknown. To exam-
ine whether Nedd4 regulates VHL stability through ubiq-
uitination, we performed VHL ubiquitination assays with
various lysine mutated Ub constructs in vitro and found
that Nedd4 overexpression substantially increased VHL
ubiquitination via lysine (K) 63 (UbK63)-linked polyubiqui-
tination. This function was abolished by mutation of the
ubiquitin K63 residue to arginine (UbK63R) (Fig. 3D). Ubiq-
uitination at K63 by Nedd4 stabilizes VHL as evidenced
by its increased half-life (Fig. 3E). Together these data in-
dicate a novel mechanism where the ubiquitin E3 ligase
Nedd4 increases K63 ubiquitination of VHL.

Nedd4 is critical for OLmyelination during development

Given that Nedd4 is expressed in OPCs and stabilizes
VHL, we examined whether Nedd4 is critical for OL
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Figure 2. VHL rescues Daam2-induced suppression
of OPCdifferentiation in vitro. (A) Representative im-
ages for primarymouse OPC cultures. (B) The expres-
sion of Flag and Myc tags are confirmed by
immunofluorescence staining, which indicates suc-
cessful transduction. (C–Q) In vitro overexpression
analysis of Daam2 and VHL function during differen-
tiation of OPC cultures. After gene transduction,
OPCs were maintained in OPC medium for 2 d (C–

F ) or in differentiation medium for 4 d (G–N). Cells
were then fixed and stained with anti-PDGFRα,
anti-MAG and anti-MBP for OPC and mature OL
markers, respectively. Anti-Olig2was also used for la-
beling the OL lineage cells. (O–Q) Datawere acquired
from three independent experiments, with values
normalized to control (Student’s t-test, [∗] P <0.05;
[∗∗] P <0.01; [∗∗∗] P< 0.001; [###] P<0.001; [####] P <
0.0001).
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development. We generated conditional null OL-lineage
specific Nedd4 mice by crossing Nedd4F/F with the
Sox10-Cre line (Sox10-Cre+/−; Nedd4F/F or Nedd4 cKO).
Nedd4 cKO mice are smaller in body size and suffer peri-
natal lethality when compared with littermate controls
(wild-type and heterozygous control) (Supplemental Fig.
S4A,B). After confirming loss of Nedd4 by immunostain-
ing in the spinal cord of P0 pups (Fig. 4A vs. B), we assessed
cellular phenotypes with various OLmarkers. We found a
dramatic decrease inmatureOLs expressing PLP andMBP
inNedd4 cKO comparedwith littermate controls (Fig. 4C,
E vs. D,F,K,L), while the number of precursor cells re-
mains relatively unchanged (Fig. 4G vs. H,M; Supplemen-
tal Fig. S4S,T). The numbers of active Caspase-3 positive
cells increased mainly in the gray matter of Nedd4 cKO
(Supplemental Fig. S4C), but there was no change in
PDGFRα- and PLP-labeled OL lineage cell death (Supple-
mental Fig. S4F–I,M). These data indicate that impaired
OPC differentiation inNedd4 cKO is not due to OPC sur-
vival during development. Further analysis of markers for
other cell types in the CNS revealed no significant differ-
ences for astrocytes (GFAP) or neurons (NeuN); however,
there was a notable increase formicroglia (Iba-1) inNedd4
cKO compared with control (Supplemental Fig. S4Q–V).
In addition, loss of Nedd4 leads to decreased VHL protein
levels but no changes in VHL mRNA levels in the white
matter of the spinal cord during development (Fig. 4I vs.
J,N,O), in agreement with the biochemical data that

Nedd4 stabilizes VHL protein but does not impact its
transcript.
To further determine whether myelin integrity is dis-

rupted in the absence of Nedd4 during development, we
performed transmission electron microscopy (TEM) on
temporally controlled OL-specific conditional null
Nedd4 mice by crossing Nedd4F/F with the NG2-CreER
line (NG2-CreER+/−; Nedd4F/F); these mice were treated
with tamoxifen at P0 and harvested for analysis at P14.
Similar to the OL marker analysis that shows an impair-
ment of OPC differentiation in P0 Nedd4 cKO mice
(Sox10-Cre-derived), TEM revealed significantly thinner
myelin indicated by the larger g-ratio (ratio of the inner ax-
onal diameter to the total outer diameter) and fewer mye-
linated axons in the spinal cord of NG2-CreER-derived
Nedd4 conditional null mice than in control mice (Fig.
4P vs. Q,T,U). Furthermore, we observed thinner myelin
and amuch lower number of myelinated axons in the cor-
pus callosumofNG2-CreER+/−; Nedd4F/Fmice (Fig. 4R vs.
S,V,W), suggesting that the corpus callosum is more vul-
nerable to the loss of Nedd4 during developmental myeli-
nation. Together, these data show thatNedd4 is necessary
for OL myelination.
Next, we performed complementary overexpression

studies in primary OPCs to determine whether Nedd4
stimulates OPC differentiation. We found that overex-
pression of Nedd4 significantly increases the number of
mature OLs expressing MAG and MBP, but no changes
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Figure 3. Nedd4 stabilizes the VHL expression dur-
ing OL development. (A) Screening scheme to identi-
fy targeting E3 ligases expressed during glial
development (microarray) (Chaboub et al. 2016) and
in the glial lineage (RNA-seq data) (Lin et al. 2017)
that also interact with endogenous Daam2 in mouse
brain (mass spectrometry). Pathway analysis of pro-
teins from themass spec screenwith total protein lev-
els ranked based on intensity-based absolute
quantification score (iBAQ). (B) Coimmunoprecipita-
tion of Daam2, VHL, andNedd4 in the primary OPCs
confirms that Daam2 and VHL, VHL and Nedd4, and
Daam2–Nedd4 physically associate. (C ) Double in
situ-Immunofluorescence staining of Nedd4 in the
OL lineage in the spinal cord and corpus callosum
of the brain in P14 mice. Dashed line indicates white
matter. Arrowheads indicate colocalization ofNedd4
with Olig2+ or PLP+ cells. (D) VHL ubiquitination as-
say. 293T cells were cotransfected with Flag-VHL,
Myc-Nedd4, and HA-UbWT (wild type), HA-UbK63

(all six lysine [K] residues mutated to arginine [R] ex-
cept K63), or HA-UbK63R (K63 residue alone mutated
to R, blocking formation of K63-linked polyubiquitin
chains). (Left) Representative blots for input samples
before IP from three independent repeats. (Right) Rep-
resentative blot for samples after IP with anti-Flag an-
tibody conjugated beads from three independent
repeats. (E) VHL protein stability assay in the pres-
ence of Nedd4 upon cycloheximide treatment. Re-
sults aremean± SEM from three independent repeats.
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in PDGFRα+ OPCs during development (Supplemental
Fig. S3D,H vs. F,J,L–N). Interestingly, overexpression of
Nedd4 and VHL together shows increased MAG+ mature
OLs compared with single overexpression of either
Nedd4 or VHL during development (Supplemental Fig.
S3G,L), suggesting a cooperative relationship between
Nedd4 and VHL to promote OL differentiation. Alterna-
tively, the level of either protein is limiting. Together,
our in vivo LOF and in vitro GOF studies indicate
that Nedd4 is necessary for OL differentiation and
myelination.

Loss of VHL rescues loss of Daam2 following
LPC-induced WMI

We next examined whether the developmental mecha-
nism of the Daam2–VHL axis is conserved following
whitematter injury (WMI). To this end, we used a lysolec-
ithin (LPC)-induced demyelination model to assess the
role of the Daam2–VHL axis during myelin repair. To
overcome the perinatal lethality of VHL cKO and
Daam2–VHL dcKO mice, we generated temporally con-
trolled conditional null alleles in the OL lineage by cross-
ing our existing floxed allele with a NG2-CreER line
(NG2-CreER+/−; Daam2F/F, NG2-CreER+/−; VHLF/F, and

NG2-CreER+/−; Daam2F/F; VHLF/F). These mice were
treated with tamoxifen at 6 wk and Cre recombination
and gene deletions were validated at 10 wk (Supplemental
Fig. S5). We first examined myelin maintenance for both
single and double conditional knockout mice and found
no changes in the expression of various cellular markers
in 10-wk-old mice (Supplemental Fig. S6), suggesting
that short-term deletion of Daam2–VHL axis in OLs in
young adult mice does not affect myelin homeostasis.
Wenext injected LPC in the ventral whitematter of spinal
cords of 10-wk-old mice and analyzed cellular markers for
myelin repair at 3 d postlesion (dpl), a well-defined time
point for OPC recruitment (Supplemental Fig. S7), and
10 dpl, a time point for OL remyelination initiation
when the lesion is repopulated bymature OLs (Fig. 5; Sup-
plemental Fig. S8). We observed no effect on OPC recruit-
ment in the demyelinated lesion site of single or double
conditional knockout mice at 3 dpl (Supplemental Fig.
S7). However, analysis of OPC differentiation at 10 dpl re-
vealed an increased number of PLP+ and MBP+ mature
OLs in the lesion site of NG2-CreER+/−; Daam2F/F mice
relative to wild-type controls (Fig. 5F,J vs. G,K,R,S). We
also found significantly fewer mature OLs in NG2-
CreER+/−; VHLF/F mice with a relatively unchanged num-
ber of OPCs, suggesting that VHL is required for OPC
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Figure 4. OPC-specific Nedd4 KO recapitulates
VHL loss-of-function phenotypes. (A–O) Loss-of-
function analysis of Nedd4 (Sox10-Cre; Nedd4F/F)
in OL development in vivo. (A,B) Confirmation of
Nedd4 deletion in the P0 spinal cord by immuno-
fluorescence staining. (C–H) In situ hybridization
of mature OL markers for PLP+, MBP+, and OPC
for PDGFRα+ cells in Nedd4 cKO versus control
(Nedd4F/F) mice. (I,J) Immunostaining of VHL in
Nedd4 cKO versus control mice. (K–N) Quantifi-
cation of the number of PLP+ (Student’s t-test,
[∗∗∗] P<0.0001), MBP+ cells (Student’s t-test, [∗∗∗]
P <0.001), PDGFRα+ cells (Student’s t-test, P =
0.11670), and intensity of VHL (Student’s t-test,
[∗∗∗] P<0.0001). Each data point represents indi-
vidual animal from three litters. Plotted values
are normalized to control. (O) mRNA level of
Nedd4 from P0 spinal cords of Nedd4 cKO and
control by real-time qPCR. Plotted values are nor-
malized to control. (P–S) Electron microscopic
analysis of the myelin structure in spinal cord
and brain from the Nedd4 loss of function
(NG2CreER; Nedd4F/F). Mice were injected with ta-
moxifen at birth and tissue harvested at P14 for
further analysis. (T–W ) Statistical analysis of g-ra-
tio and number of myelinated axons in the spinal
cord and corpus callosum of NG2CreER; Nedd4F/F

(n =3) versus control animals (n=4).
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differentiation during remyelination after injury (Fig. 5F,J
vs. H,L,R,S [for OLs], N vs. P,T [for OPCs]). Importantly,
loss of VHL reverses the precocious OPC differentiation
that occurs in the absence of Daam2, consistent with
VHL functioning downstream from Daam2 (Fig. 5G,K
vs. I,M,R,S). In contrast to the altered expression of ma-
ture OL markers, single or double conditional knockout
mice do not demonstrate any changes in OPC, reactive as-
trocyte, or microglia populations after WMI (Fig. 5N–Q,T;
Supplemental Fig. S8). These findings provide compelling
evidence that the genetic hierarchy in which VHL func-
tions downstream from Daam2 during development is
conserved in the myelin repair process.

Nedd4 is required for OPC differentiation after WMI

Given the conserved role of the Daam2–VHL axis in OPC
differentiation during remyelination, we next investigat-
ed whether Nedd4 is similarly required for this process.
We first observed normal myelin maintenance in NG2-
CreER+/−; Nedd4F/F mice compared with control litter-
mates (Supplemental Fig. S9). Similar to the studies de-
scribed in Figure 5A, we next performed LPC-lesioning
onNG2-CreER+/−; Nedd4F/Fmice and analyzed the extent
of OPC differentiation at 3 dpl and 10 dpl. There was no

effect on OPC recruitment in the demyelinated lesion
site ofNG2-CreER+/−; Nedd4F/Fmice at 3 dpl (Supplemen-
tal Fig. S7). Analysis of OPC differentiation in NG2-
CreER+/−; Nedd4F/F mice at 10 dpl revealed a decrease in
the number of PLP+ and MBP+ mature cells when com-
pared with wild-type controls (Fig. 6C,E vs. D,F,I,J). How-
ever, the number of PDGFRα-expressing precursors was
not altered (Fig. 6G vs. H,K). Additionally, reactive astro-
cytes and inflammatory response markers are unaffected
by the loss of Nedd4 (Supplemental Fig. S8). These data in-
dicate that Nedd4 is required for OPC differentiation
after WMI.

Daam2 and HIF1α, but not Nedd4 or VHL, are expressed
in OPCs in human MS lesions

To determine whether the Daam2–VHL–Nedd4 pathway
is operative in humanwhitematter lesions, we performed
immunohistochemical analysis of human Daam2, VHL,
HIF1α (downstream from VHL), and Nedd4, in combina-
tion with Olig2, in postmortem brain samples from five
adult MS patients. Healthy white matter versus actively
demyelinating lesions were distinguished and confirmed
by Luxol Fast Blue staining (confers an intense blue tomy-
elin) (Fig. 6L vs. M). In healthy white matter, Daam2 is
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Figure 5. Loss of VHL abolishes the accelerated
remyelination by loss of Daam2 in the LPC-induced
demyelination model. (A) Experimental scheme of
the lysolecithin (LPC)-induced demyelination model.
NG2-CreER-derived mutants (NG2-CreER+/−;
Daam2F/F, NG2-CreER+/−; VHLF/F, and NG2-
CreER+/−; Daam2F/F; VHLF/F) were treated with ta-
moxifen at 4 wk prior to LPC injection to induce
demyelination. Spinal cords were then harvested
and analyzed 10 d after LPC injection. (B–E) Lesion
area is indicated by the dotted line. (F–Q) In situ hy-
bridization of mature OLs (PLP and MBP) and OPCs
markers (PDGFRα) in the lesion. (R–T ) Quantifica-
tion of PLP+, MBP+, and PDGFRα+ in the lesion.
Each data point represents individual images from
multiple animals. Values were normalized to control
(one-way ANOVA with multiple comparisons, α =
0.05; [∗] comparison with control; [#] comparison
with D2/VHL double LOF; [∗∗] P <0.01; [∗∗∗] P<
0.001; [#] P <0.05; [###] P <0.001; [####] P <0.0001).
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expressed in a subset ofOlig2+OL lineage cells (Fig. 6N,R),
whereas Nedd4 and VHL are detected in the majority of
Olig2+ cells (Fig. 6T,U; Supplemental Fig. S10A, C). In
the active plaques, however, Daam2 andHIF1α expression
are highly up-regulated in Olig2+ cells (Fig. 6O,Q–S) while
Nedd4 and VHL are barely detectable (Fig. 6T,U; Supple-
mental Fig. S10B,D). These findings support the notion
that Daam2 is present in human MS lesions, and that
the absence of Nedd4 could contribute to the disease
phenotype.

Discussion

The parallels between OL development and postinjury
remyelination remain poorly understood. Using lineage-
specific LOF approaches, we discovered that Daam2 sup-
presses OPC differentiation during development and re-
generation by down-regulating VHL expression. We
found that the Daam2–VHL complex associates with the
E3 ubiquitin ligase Nedd4, which in turn functions as a
key regulator of VHL stabilization and OPC differentia-
tion during development and repair (Fig. 7). Extending
these studies to human WMI, we found increased expres-
sion of Daam2 and HIF1α, coupled with reduced expres-

sion of VHL and Nedd4 in OPC populations in human
MS lesions. Overall, these studies highlight a new and po-
tentially targetable pathway to stimulate the regeneration
of OLs after WMI.

The UPS plays critical roles in the differentiation of
multiple cell lineages during development (Sakurai
et al. 2006; D’Arca et al. 2010; Opperman et al. 2017;
Tsuboi et al. 2018) and is strongly associated with late-
onset neurodegenerative diseases (Ciechanover and
Brundin 2003; Ross and Pickart 2004; Simpson et al.
2011). Recent reports suggest that a component of the
UPS system, Fbxw7, functions through mTOR-depen-
dent mechanisms in OLs in zebrafish (Kearns et al.
2015) and mTOR-independent but c-Jun-dependent path-
ways in Schwann cells in mice during development
(Harty et al. 2019). However, the role of UPS-associated
mechanisms, specifically ubiquitin E3 ligases, during
OPC differentiation and WMI, remains unknown. Here,
we found that the ubiquitin E3 ligase Nedd4 regulates
VHL expression during OL development. Furthermore,
we showed that Nedd4 promotes OPC differentiation
and is required for proper remyelination during WMI.
Hence, posttranslational modifications mediated by
ubiquitin E3 ligases are critical mechanisms for remyeli-
nation upon injury.
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Figure 6. Nedd4 is required for OPC differentiation
after WMI and is absent in Olig2+ cells in human
MS lesions. (A–H) NG2-CreER; Nedd4F/F and
Nedd4F/F mice were treated with tamoxifen at 4 wk
prior to LPC injection to induce demyelination. Spi-
nal cords were then harvested and analyzed 10 d after
LPC injection. (A,B) Lesion area is indicated by the
dotted line. (C–H) In situ hybridization for mature
OL (PLP and MBP) and OPC marker (PDGFRα). (I–
K ) Quantification of PLP+, MBP+, PDGFRα+, and in
the lesion. Each data point represents individual im-
ages from multiple animals. Values were normalized
to control (Student’s t-test, [∗] comparison with con-
trol; [∗] P <0.05; [∗∗] P<0.01). (L–Q) Histological anal-
ysis of healthy human brains and MS lesion tissues.
(L,M ) Myelin is labeled by luxol fast blue (LFB), show-
ing intact myelin in healthy tissue (L) compared with
demyelinated MS lesion tissue (M ). Immunohisto-
chemical staining (IHC) of Daam2 (N,O) and HIF1α
(P,Q) with Olig2. Solid arrowheads indicate colocali-
zation with Olig2, while empty arrowheads indicate
noncolocalization with Olig2. (R–U ) The numbers
of Daam2, HIF1α, VHL, and Nedd4-positive cells
over Olig2-positive cells in the control were counted.
Data were acquired from five different tissues per
group. Values were normalized to control (Student’s
t-test, [∗] P <0.01; [∗∗∗] P<0.0001).
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Our studies indicate thatNedd4 is required for OLmat-
uration by stabilizing VHL during development; however,
whether Daam2 is required for such regulation is un-
known. On the one hand, Nedd4 could directly regulate
Daam2, which further contributes to the stabilization of
VHL. Previous studies have reported that Nedd4 binds
to another proximal Wnt signaling component, Dishev-
elled 1, and subsequently ubiquitinates it, resulting in
its degradation (Nethe et al. 2012). Nedd4 may function
in a similar manner with respect toDaam2 in OLs. Alter-
natively, as both Daam2 and VHL are associated with
Nedd4, it is also likely that potential competition be-
tween Daam2, VHL, and Nedd4 exist. On the other
hand, it is possible that Nedd4 stabilizes VHL in a lineage-
and stage-specific manner during OL development.
VHL is enriched in OPCs while Daam2 is expressed in
the majority of mature OLs (Supplemental Fig. S1E).
This expression pattern supports the hypothesis that
Nedd4 functions differently in OPCs versus OLs through
unique patterns of ubiquitination onto different target
proteins.
Our studies onNedd4 represent the first characterization

of its role inOLlineagedevelopmentandmyelin repair. Pre-
vious studies have shown that Nedd4 regulates neurite
growth and brain tumor cell proliferation (Amodio et al.
2010; Drinjakovic et al. 2010; Kawabe et al. 2010; Christie
et al. 2012; Eide et al. 2013). Nedd4 germline knockout
(Nedd4−/−) is embryonic lethal in mice and heterozygous
Nedd4+/−mice exhibit strong deficits in learning andmem-
ory, indicating a pivotal role in brain function (Camera et al.
2016). Consistent with the role of Nedd4 as a posttransla-
tional regulator ofVHL,we found that loss ofNedd4 pheno-
copies loss of VHL, including perinatal lethality at P1,
smaller bodysize, impairedOLdifferentiation, and exagger-
ated apoptosis, coupled with microglia enrichment. Given
the pro-survival effects of VHL andNedd4 in developmen-
tal and injury studies, loss of either VHLorNedd4may con-

tribute to a nonpermissive environment for OL
myelination and myelin repair.
Finally, the Daam2–VHL relationship was initially

discovered in glioma, and it is well established that
VHL-HIF signaling plays an essential role in tumorigen-
esis across a vast spectrum of malignancies. Therefore,
our finding that Nedd4 is a key upstream regulator of
VHL could have broad implications that extend beyond
WMI to include CNS and non-CNS malignancies. In
that regard, there is evidence that Nedd4 promotes glio-
ma cell migration and invasion in vitro, thereby contrib-
uting to glioma tumorigenesis. It will be important to
further delineate whether and how Nedd4 regulates ma-
lignancy, perhaps via a mechanism linked to VHL–HIF
signaling.

Materials and methods

Mice

To generate theDaam2 conditional knockout mice, we first bred
Daam2 floxed (Daam2F/F) mice (loxP flanking exon 6) by crossing
the Daam2tm1a(KOMP)Wtsi (KOMP) mouse line with the FLP
mouse line. Then Daam2F/F was crossed with Sox10-Cre (JAX
025807) to generate the Daam2 conditional knockout (Daam2
cKO). To confirm the Sox10-Cre-derived recombination efficacy,
Daam2 cKO mice were intercrossed with a ROSA-LoxP-STOP-
LoxP-tdTomato reporter. We confirmed that 88% of tdTomato-
positive cells were colocalized in Olig2+ (n=7, SD 4%). Similarly,
we crossed the VHL floxed (JAX 012933) and Nedd4 floxed (loxP
flanking exon 6; provided by Dr. Hiroshi Kawabe) with Sox10-Cre
for OL-specific cKO.
To generate OL lineage-specific inducible knockout mice, we

crossed the existing floxed alleles (Daam2, VHL, Daam2–VHL,
and Nedd4) with NG2-CreER (JAX 008538) and injected tamoxi-
fen (100 mg/kg of body weight) at various time points to induce
deletion. To confirmCre recombination efficacy by tamoxifen in-
jection, we generated NG2-CreER+/−; Daam2F/F mice carrying a
ROSA-LoxP-STOP-LoxP-tdTomato reporter, which allowed us
to label/isolate the Daam2-depleted OLs after tamoxifen injec-
tion. We observed 63% of Tdtomato+ OLs in NG2-CreER+/−;
Daam2F/F mice (n=4, SD 8%). We were not able to generate
NG2-CreER+/−; VHLF/F or NG2-CreER+/−; Daam2F/F; VHLF/F

mice with a ROSA-LoxP-STOP-LoxP-tdTomato reporter since
they shared the same chromosome locus.However, we confirmed
adequate deletion ofVHL inOLs fromNG2-CreER+/−; VHLF/F and
NG2-CreER+/−; Daam2F/F; VHLF/F mice by immunostaining. All
procedures were approved by the Institutional Animal Care and
Use Committee (IACUC) at Baylor College of Medicine and con-
form to theUS Public Health Service Policy onHumaneCare and
Use of Laboratory Animals.

In situ hybridization and immunofluorescence staining

For both in situ hybridization and immunofluorescence staining,
spinal cords and brains of mice were fixed in 4% paraformalde-
hyde (PFA) overnight, dehydrated in 20% sucrose for cryoprotec-
tion, embedded in OCT blocks, and stored at −80°C until ready
for sectioning. All slides were sectioned at the thickness of
15 µm and stored at −80°C.
For in situ hybridization, RNA probes of MBP, PLP, PDGFRα,

Daam2, VHL, andNedd4with DIG and/or FITC labels were gen-
erated in-house for detection of the corresponding RNAs by (fluo-
rescence) in situ hybridization. All probes were tested for

Figure 7. Model for theDaam2–VHL–Nedd4 axis inOL develop-
ment and WMI. (Left) Under healthy conditions, Nedd4 is ex-
pressed in a subset of OPCs where Daam2 is expressed at
relatively low levels, and where VHL expression remains high.
High VHL levels are protected against proteasomal degradation
through Nedd4-mediated K63-linked ubiquitination. (Right) In
white matter injury such as MS, Nedd4 expression is lost and
Daam2 levels increase. This loss of Nedd4 leads to a decrease in
protective K63-linked ubiquitination of VHL, while the coincid-
ing increase in Daam2 promotes VHL degradation through the
UPS pathway.
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specificity and sense probeswere included in the experiments as a
control. Detailed procedures and reagents were described before
(Lee et al. 2015). For immunofluorescence staining, tissues were
washed in PBS three times for 5 min each, permeabilized with
PBST (0.3% Triton in PBS) for 5 min, washed with PBS three
times for 5 min each, blocked with 10% normal goat serum in
PBST for 1 h at room temperature, and then incubated with pri-
mary antibodies overnight at 4°C. The slides were washed in
PBS three times for 5min each, incubated in secondary antibodies
for 1 h at room temperature, washed three times for 5 min each
with PBS, stained for DAPI, and mounted with VectaShield Anti-
fademountingmedium. The following commercial primary anti-
bodieswere used:mouse anti-VHL (1:1000; BDBioscience), rabbit
anti-Olig2 (1:500; Millipore), rabbit anti-GFAP (1:1000; Agilent
Dako), mouse anti-NeuN (1:500; Millipore), rabbit anti-Iba-1
(1:1000; Wako) rabbit anti-Caspase 3 (1:1000; R&D), mouse
anti-Ki67 (1:1000; BD Bioscience), and rabbit anti-Nedd4 (1:500;
Millipore). All secondary antibodies were from invitrogen Alexa
Fluor (300, 488, and 568), including goat / donkey anti-rabbit
IgG, goat / donkey anti-mouse IgG (H+L), IgG1, IgG2a.

Electron microscopy

As described previously (Hooshmand et al. 2014), mice were per-
fused with 37°C saline (0.9% NaCl in MilliQ water at pH 7.4) at
the speed of 10 mL/min for 5 min and then perfused with 37°C
fixative 1 (1% glutaraldehyde+ 4% paraformaldehyde in 0.1 M
cacodylate) at the speed of 10 mL/min for 5 min. White matter
was then dissected out in scintillation vials on ice and postfixed
for 1 h in fixative 1 while rotating at 4°C. Tissue was then fixed
in lipid fixative for 1 h while rotating at 4°C, washed three times
for 15 min each with 0.1 M cacodylate, at 4°C, and fixed in fixa-
tive 2 (2% glutaraldehyde in 0.1 M cacodylate) while rotating
overnight at 4°C. Tissue was then washed, dehydrated, infiltrat-
ed, embedded, and cured for at least 5 d before sectioning and
analyzing.

LPC-induced demyelination model of white matter injury

LPC-induced demyelinated lesions were generated in the ventral
white matter of the spinal cord of 10-wk-oldNG2-CreER-derived
inducible conditional mutants. Tamoxifen (100 mg/kg of body
weight) was administered five times daily by intraperitoneal in-
jection at 4 wk prior to LPC-induced injury. We then performed
the injection of 0.5 µL of 1% lysolecithin in the ventral white
matter of the spinal cord via a pulled glass needle attached to
the Hamilton syringe. Mice were harvested at multiple time
points (between 3 d postlesion [dpl] and 10 dpl) and analyzed. An-
imals were perfused with 4% PFA. Spinal cords were dissected
out and drop-fixed in 4% PFA overnight before being transferred
into 20% sucrose. Tissue was embedded in OCT, sectioned,
and stored at −80°C before in situ hybridization or immunofluo-
rescence staining was performed as described above.

Primary oligodendrocyte precursor culture

Primary OPC culture was performed as described previously (Lee
et al. 2015). Briefly, neural stem cells (NSCs) were harvested and
cultured frommouse brains at embryonic day 14.5,maintained as
neurospheres in the neural stem cell medium (DMEM/F12
[Gibco], +N2 [Thermo Fisher], B27 [Thermo Fisher], 20 ng/mL
EGF [Sigma], 20 ng/mL bFGF [R&D]), and passaged for up to three
times before induction of OPC differentiation. For immunocyto-
chemistry, the neurospheres were gently broken down into sin-
gle-cell suspension and seeded onto poly-D-lysine coated glass

coverslips in OPC medium (DMEM/F12, B27, 10 ng/mL bFGF,
10 ng/mL PDGF-aa [PeproTech]). Cells were transducedwith len-
tivirus overexpressing Daam2, VHL, Daam2+VHL, Nedd4, etc.,
prior to medium change into OPC medium or OL differentiation
medium: (basal chemically defined medium [BDM], 15 nM triio-
dothyronine [Sigma], 10 ng/mL CNTF [PeproTech], 5 mg/mL N-
acetyl-l-cysteine [Sigma]). Upon harvest, OLmediumwas careful-
ly removed, and cells were washed with ice-cold PBS and then
fixed in 4% PFA for 15 min. Immunocytochemistry (ICC) stain-
ing was performed with rabbit anti-Olig2 (1:500; Millipore), rat
anti-PDGFRα (1:500; Invitrogen) mouse anti-MBP (1:500; BioLe-
gend), mouse anti-MAG (1:500; Millipore), rabbit anti-Flag
(1:1000; Sigma), and mouse anti-c-Myc (1:1000; Santa Cruz Bio-
technology). ForWestern blot analysis, neurospheres were gently
broken down into single-cell suspensions and seeded into PDL-
coated six-well plates in OPC medium. Cells were transfected
with constructs expressing genes of interest and maintained in
OPC medium or OL differentiation medium for 2 d as described
above.

Cell line cultures and biochemical assays

Oli-Neu cells were cultured in DMEM (GenDEPOT) +N1+3%
heat-inactivated horse serum (Gibco) + 1%PS (penicillin–strepto-
mycin; GenDEPOT). 293T cells were maintained in DMEM+
10% FBS (fetal bovine serum) + 1% PS and passaged with 0.25%
1× Trypsin-EDTA (GenDEPOT) treatment upon confluency.
The biochemical studies including coimmunoprecipitation (co-
IP), degradation, and ubiquitination assay were performed.
Briefly, for co-IP assay, cell lysates were incubated with protein
A and/or protein G agarose beads (Thermo Fisher) conjugated
with specific antibodies for target protein and incubated over-
night at 4°C. Proteins beads were washed three times and boiled
with 2× SDS sample buffer for 10 min at 95°C, thenWestern blot
analysis was performed. For the ubiquitination assay, 293T cells
were treated with 40 µg/mL MG132 (Selleckchem S2619) for 6 h
before harvesting; for the degradation assay, OPCs and 293T cells
were treated with 100 µg/mL cycloheximide (Sigma 01810) and
collected after 0, 2, 4, or 6 or 0, 3, or 6 h for whole-cell lysates. An-
tibodies and reagents used for biochemical assayswere as follows:
rabbit anti-Flag (1:3000; Sigma), mouse anti-c-Myc (1:3000; Santa
Cruz Biotechnology), mouse anti-HA (1:3000; Sigma), rat anti-
HA-HRP (1:3000; Sigma), mouse anti-Flag-HRP (1:3000; Sigma),
rabbit anti-GAPDH (1:3000; GenTex), peroxidase Affinipure
goat anti-mouse IgG H+L (1:10,000; Jackson Immuno Research),
peroxidase Affinipure goat antirat IgG, light chain (1:10,000; Jack-
son Immuno Research), and anti-Flag M2 affinity gel (Sigma).

Real-time quantitative PCR (qPCR) analysis

Total RNA from P0 spinal cords was extracted using RNAzol re-
agent (GenDEPOT). Quantitative real-time PCR was performed
in Bio-Rad real-time PCR systems (Bio-Rad) using the amfiSure
qGreen Q-PCR Master Mix (GenDEPOT). Primer sequences
were as follows: mouseDaam2 (forward: AAAGCCGCATCCAC
ACATCTC, reverse: AGCACTGCAACTTTGGTCTTG), mouse
VHL (forward: ACATTGAGGGATGGCACAAAC, reverse: CT
CAGCCCTACCCGATCTTAC), and mouse GAPDH (forward:
ATGACATCAAGAAGGTGGTG, reverse: CATACCAGGAAA
TGAGCTTG). Reactionswere performed in a 10-µLmixture con-
taining specific primers of each gene, cDNAand amfiSure qGreen
Q-PCR Master Mix. Amplification conditions were as follows:
2 min at 95°C, followed by 40 cycles of 15 sec at 95°C and 1 min
at 60°C. Relative mRNA expression level was calculated by the
threshold cycle (Ct) value of each PCR product and normalized
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to that ofGAPDHbyusing the comparative 2−ΔΔCtmethod (Livak
andSchmittgen2001). Resultswerepresented as percent of values
in control mice.

Human MS tissue sample and immunohistochemistry

Postmortem MS adult patient brain slices in formaldehyde
(demyelinating lesions and healthy controls) were acquired
from theRockyMountainMS tissue bank. Lesion siteswere iden-
tified and dissected out by a neuropathologist from Texas Child-
ren’s Hospital, processed and embedded in paraffin by the
PathologyCore of Jan andDanDuncanNeurological Research In-
stitute. Healthy tissues were acquired from the white matter re-
gion adjacent to MS lesions in the same patients. Tissues were
sectioned at a thickness of 6 µm. Paraffin-embedded tissue sec-
tions were deparaffinized by xylene and rehydrated from 100%
to 50% ethanol and PBS. After antigen-retrieval step by citric
acid solution (pH 6), the sections were treated with 0.3% H2O2

for 30 min to decrease endogenous peroxidase activity. Tissue
sections were blocked with 2.5% horse serum and incubated
with goat antihumanOlig2 plus rabbit anti-Daam2 (1:100; LSBio),
rabbit anti-HIFα (1:200; Abcam), mouse anti-VHL (1:200; BD Bio-
science), or rabbit anti-Nedd4 (1:200; Millipore) in PBSwith 0.3%
Triton X-100 overnight at 4°C. HRP- and AP-conjugated second-
ary antibodies (MP-5401, MP-5402, andMP-7405; Vector Labora-
tories) were then applied to tissue sections for 1 h at RT. The
staining was visualized using ImmPACTDAB substrate and Vec-
torRed AP substrate kit (SK4105 and SK-5100; Vector Laborato-
ries). The color images were taken using a light microscope
equipped with camera, and the red fluorescence by AP red reac-
tion product was also photographed with a fluorescence micro-
scope (Zeiss).

Quantification and statistics of images

The images were taken with Zeiss Imager.M2m equipped with
ApoTome.2, Axiocam 506 mono, and AxioCam MRc. Images
were captured using Zen2 software, then exported and analyzed
in ImageJ using particle analysis and the cell-counter plug-in.
All statistical analysis and quantitative graphs were plotted using
Prism 8. Student’s t-test was used for comparison between two
groups. One-way ANOVA with multiple comparison was used
for analyses among four groups. χ2 was conducted to check for le-
thality ofmice. Protein degradation curvewas fitted using nonlin-
ear regression (one-phase decay). For all quantitative graphs,
individual data point represents individual biological sample
with an averaged value measured from at least three technical
repeats.
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