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The accumulation of foamy macrophages is a pathological hallmark of
demyelinating brain disorders. Perturbed metabolism and efflux of intracel-
lular lipids underlie the development of a harmful foamy macrophage phe-
notype in these disorders, yet, the molecular mechanisms underlying this
dysregulation are poorly understood. Here, we show that the ubiquitin-
proteasome system controls the turnover of the cholesterol efflux transporter
ATP-binding cassette Al (ABCAI) in lipid-loaded macrophages in the brain. We
report that accumulation of myelin-derived lipids promotes the abundance
and activity of ubiquitin-protein E3 ligase A (UBE3A) in macrophages, which
stimulates ABCAL1 ubiquitination and subsequent degradation. This boosts
cellular lipid accumulation and induces an inflammatory macrophage pheno-
type that impairs remyelination. We further establish Tat-interacting protein
30 (TIP30), an inhibitor of importin -mediated nuclear import, as an essential
regulator of cytosolic UBE3A levels. Together, our findings identify UBE3A as a
driver of foam cell formation and indicate that targeting UBE3A-mediated
ABCALI degradation is a promising strategy to enhance central nervous system
repair.

Foamy macrophages, containing excessive intracellular myelin- repair and immunosuppression, this disease-resolving phenotype is
derived lipids, contribute to the pathology of neurodegenerative dis-  only transient*”. We and others found that excessive accumulation of
orders such as multiple sclerosis (MS)'>. While the uptake of lipid-rich  myelin-derived lipids in macrophages, particularly during aging, skews
structures, such as modified lipoproteins and myelin, reshapes the foam cells towards a more inflammatory and disease-promoting phe-
macrophage phenotype to one that is typically associated with tissue notype. The induction of this harmful phenotype was closely
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associated with impaired lesion recovery in models for brain repair® ™.

Mechanistically, perturbed metabolism of intracellular lipids, mainly
due to reduced cholesterol efflux, induced an imbalance in cellular
lipid content and the development of detrimental foamy macrophage
subsets. To date, however, the molecular mechanisms that underlie
faulty regulation of lipid efflux and inflammatory foam cell formation
remain poorly understood. Identifying molecular pathways that are
involved in directing the phenotype of foamy macrophage subsets is
essential for our understanding of lesion progression in metabolic and
neurodegenerative disorders, and for the development of immuno-
modulatory and reparative therapies’.

Cellular lipid efflux is essential to protect cells from the inflam-
matory intracellular accumulation of lipids. ATP-binding cassette Al
(ABCAL1) acts as a key facilitator of cellular lipid efflux as it mediates
the transfer of cholesterol and phospholipids to apolipoprotein A-l
(apoA-I)™2. On a transcriptional level, Abcal is tightly regulated by
sterol-sensing liver X receptors (LXRs)"®, which promote the expres-
sion of lipid-lowering genes upon high cellular cholesterol load™.
However, post-translational modifications are increasingly being
recognized to control ABCA1 abundance as well®. For example,
ample evidence links reduced ABCA1 turnover to decreased foam cell
and plaque formation in models of atherogenesis'® ™. Similarly, we
found that sustained accumulation of myelin-derived lipids reduces
ABCALI protein abundance, while simultaneously increasing Abcal
expression, in macrophages in models of central nervous system
(CNS) repair®. To date, various degradative models for ABCAI turn-
over have been proposed, including proteasomal degradation’*°,
lysosomal breakdown”?*2, PKC8-mediated phosphorylation®, and
degradation by the protease calpain’. Yet, the degradative path-
way(s) involved in controlling ABCA1 abundance in foamy myelin-
containing macrophages remain unclear.

Here, we show that the ubiquitin-proteasome system (UPS) is the
main degradation pathway involved in the turnover of ABCAL in
myelin-loaded foamy macrophages. Specifically, we find that the
accumulation of myelin-derived lipids markedly increased the abun-
dance and cytosolic localization of ubiquitin-protein E3 ligase A
(UBE3A) in macrophages, which resulted in increased ABCA1 ubiqui-
tination and degradation. Loss of UBE3A prevented lipid overload,
induced a less inflammatory macrophage phenotype, and enhanced
remyelination ex vivo and in vivo. RNA sequencing analysis further
identified Tat-interacting protein 30 (TIP30), an inhibitor of importin
B-mediated nuclear import, as an essential regulator of cytosolic
UBE3A levels, and consequently, ABCA1 abundance. Taken together,
our findings position UBE3A at the crossroads of lipid metabolism and
immunity in CNS disorders, and identify UBE3A as a promising ther-
apeutic target to mend faulty lipid metabolism in myelin-containing
macrophages and enhance CNS repair.

Results
ABCALl is degraded by the ubiquitin-proteasome system in
foamy macrophages
Sustained accumulation of myelin-derived lipids skews macrophages
toward a disease-promoting phenotype in CNS disorders, and is
associated with a reduction in the abundance of ABCA1®. By exposing
murine bone marrow-derived macrophages (BMDMs) to myelin for a
short (24 h, Mye?*) or long (72h, Mye’) period, we here confirm
reduced ABCAL protein levels upon prolonged myelin incubation
(Mye), despite an increase in Abcal gene expression (Fig. 1A, B). This
discrepancy in ABCA1 protein and mRNA levels suggests an important
role for post-translational regulation of ABCAL in foamy macrophages.
Previous studies demonstrated that ABCAL turnover involves
proteasomal”*, lysosomal”*"?, or calpain protease-driven degradation',
as well as PKC8-mediated phosphorylation®. Accordingly, by using well-
described inhibitors, we found that control BMDMs displayed elevated
ABCAL surface levels once proteasomal and lysosomal degradation

processes were inhibited (Fig. 1C). Yet, only the proteasomal inhibitor
MGI32 increased membrane ABCA1 abundance in myelin-loaded BMDMs
(Fig. 1D and Fig. SIA). Immunoblotting analysis further showed that not
only surface ABCAI, but also total ABCAL levels increased in myelin-
treated BMDMs upon proteasomal inhibition (Fig. 1E). To further study
the degradation kinetics of ABCAl upon proteasomal inhibition, a
cyclohexamide (CHX) chase assay was performed. We show that ABCA1
is stabilized in myelin-treated BMDMs upon proteasomal inhibition,
with ABCAL1 only falling below control levels after 5h of CHX incubation
(Fig. 1F). Consistent with these findings, elevated ABCA1 abundance in
MGI132-treated myelin-containing BMDMs was associated with increased
ABCAI-mediated cholesterol efflux to the lipid acceptor ApoA-I (Fig. 1G).
In aggregate, we demonstrate that proteasomal degradation drives
ABCAL turnover in macrophages exposed to myelin.

Sustained intracellular myelin accumulation increases UBE3A in
macrophages

Proteasomal degradation ensues following conjugation of proteins to
ubiquitin, requiring the hierarchical action of E1 activating, E2 con-
jugating, and E3 ligase enzymes, the latter being responsible for the
final transfer of ubiquitin to protein targets'*****, Given that our find-
ings indicate that ABCA1 was degraded by the proteasome in foamy
macrophages, we next sought to identify UPS enzymes involved in this
process. Re-analysis of our previous transcriptomic screen on myelin-
treated macrophages demonstrated that genes related to the HECT E3
ligase family were most significantly altered in macrophages following
prolonged exposure to myelin, with the ubiquitin-protein ligase E3A
(Ube3a), also known as E6-associated protein (E6AP), being the most
potently induced UPS-associated gene (Fig. SIB and Table S1)“.
Enhanced Ube3a expression following myelin exposure was validated
in murine BMDMs and human monocyte-derived macrophages
(hMDMs) (Fig. 2A, C). Consistent with elevated Ube3a gene expression,
myelin exposure increased UBE3A protein levels in BMDMs (Fig. 2B).
Previous research demonstrated that myelin-derived cholesterol
metabolites activate liver X receptor (LXRs), leading to the transcrip-
tional activation of key lipid metabolism genes such as Scdl and
Abcal®. To test whether LXRs are involved in the upregulation of
Ube3a in myelin-treated macrophages as well, Ube3a mRNA was
compared between Wt and Lxr”~ myelin-containing BMDMs. We found
that prolonged myelin treatment was no longer able to increase Ube3a
in LXR-deficient BMDMs (Fig. S1C), while short-term stimulation with
the LXR agonist GW3965 did not induce Ube3a in BMDMs (Fig. S1D),
indicating an indirect role for LXRs in enhancing Ube3a expression in
foam cells.

Given that foamy phagocytes, including macrophages and
microglia, are abundant in active lesions of MS patients, we next
determined whether myelin internalization increases the level of
UBE3A in lesional foamy phagocytes. Immunohistochemical double
staining demonstrated that the number of UBE3A'CD68* phagocytes,
as well as UBE3A abundance in CD68" phagocytes, was markedly
increased in MS lesions (Fig. 2D-F). In support of our in vitro findings,
phagocytes in the lesion center, which displayed a higher intracellular
lipid load (Oil red O stain, Fig. SIE) and lower ABCAl abundance as
compared to those in the lesion rim (Fig. 2D, G, H)®, showed the highest
expression of UBE3A (Fig. 2D, F, H). Collectively, these findings
demonstrate that sustained intracellular accumulation of myelin
increases UBE3A abundance in phagocytes.

UBE3A-mediated ubiquitination targets ABCA1 for proteasomal
degradation

As our data show that sustained accumulation of myelin increases
UBE3A level and leads to proteasomal degradation of ABCA1, we next
determined if UBE3A-mediated ubiquitination drives proteasomal
turnover of ABCAL To this end, BMDMs were isolated from mice that
either lacked (Ube3a”) or overexpressed (Ube3a®) UBE3A%.
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Fig. 1| ABCAL is degraded by the ubiquitin-proteasome system in foamy
macrophages. A, BAbcal mRNA (A) and ABCAL1 protein (B) level in bone marrow-
derived macrophages (BMDMs) treated with myelin (50 ug/ml) for 24 h (Mye**) or
72 h (Mye”), and normalized to untreated cells (Ctrl) (n = 3 samples). ABCAl protein
level is normalized to Cys5 levels (loading control). C,D Surface ABCAL level deter-
mined with flow cytometry in Ctrl (C) and Mye” (D) BMDMs exposed to MG132
[MG; 25 uM; n(Ctrl) = 5 samples, n(Mye’?) =11 samples], Bafilomycin Al [BM; 10 nM;
n(Ctrl) =4 samples, n(Mye’) = 5 samples], Rottlerin [Rotl; 3 uM; n =5 samples], or
Calpeptin [Calp; 10 pg/ml; n =4 samples] for 24 h, and normalized to vehicle-
treated cells () [n(Ctrl) = 5 samples, n(Mye’?) = 9 samples]. E ABCA1 protein level in
Mye’?-BMDMs treated with MG for 24 h, and normalized to vehicle-treated cells (-)

(n=3 samples). ABCALI protein level is normalized to Cy5 levels (loading control).
F ABCAL protein level in Mye’”>BMDMs treated with MG132 or vehicle (-) for 24 h
and incubated with cyclohexamide for the indicated period (CHX, 50 pg/ml)
[n(Ctrl®3hCHX Cerleh X Mye®ncHX Mye?>4.CHX) = 7 samples; n(Ctrl**"X) = 6 samples;
n(Mye"™X) = 5 samples; n (Mye**""¥) = 4 samples)]. G Relative capacity of Mye’*
BMDMs treated with MG or vehicle (-) for 24 h to efflux cholesterol via ABCA1 using
ApoA-l as an acceptor (n =7 samples). Data were representative of >3 independent
experiments and are shown as mean + SEM. Statistical significance was determined
by two-sided one-way ANOVA (A-D) or two-sided Student’s t-test (E-G). *P < 0.05,
**P < 0.01, and **P< 0.00L. If p values are not indicated, the result was not
significant.

Overexpression of UBE3A reduced ABCAL1 protein level, but not Abcal
mRNA expression (Fig. 3A, B and Fig. S2A). Reciprocally, deficiency of
Ube3a markedly increased ABCA1 abundance in BMDMs, while not
affecting Abcal mRNA (Fig. S2B). A similar increase in ABCA1 protein
abundance, without corresponding changes in its gene expression,
was observed in hMDMs following UBE3A silencing (Fig. S2C, D). To
substantiate these findings, HEK293T cells were transfected with
plasmids encoding either nuclear mUBE3A-Iso3 or cytoplasmic
mUBE3A-Is02, as described previously”. Whereas HEK293T cells
expressing cytoplasmic mUBE3A-Iso2 demonstrated decreased ABCAL
abundance (Fig. 3D, E), those expressing nuclear mUBE3A-Iso3 showed
no significant change in ABCAL levels (Fig. 3D, F). To provide further
evidence that UBE3A-mediated ubiquitination controls ABCAl turn-
over, HEK293T cells were transfected with a catalytically inactive ver-
sion of cytosolic UBE3A (mUBE3A-Iso2°"). In contrast to active
mUBE3A-Is02, overexpression of catalytically inactive UBE3A did not
decrease ABCAL1 protein level (Fig. 3D, G), which indicates that UBE3A-
mediated ubiquitination is required for ABCA1 degradation.

To confirm that ABCAL is a direct ligation target of UBE3A, we first
used a bacterial ubiquitination system in which the mammalian ubi-
quitination cascade is recapitulated in Escherichia coli (E. coli) cells by
co-expressing the required enzymes together with the substrate of
interest, a technique previously applied by us to identify ubiquitination
targets of UBE3A™ ™, As anticipated, in this assay, both UBE3A auto-

ubiquitination and ubiquitination of the established target RING1B by
UBE3A were evident when using wild-type UBE3A (Fig. 3H). In contrast,
expression of the catalytically inactive C817A mutant UBE3A
(UBE3A®®") failed to promote ubiquitination of these proteins
(Fig. 3H). Our diGly proteomics experiment comparing brain tissue of a
wild-type and Ube3a” mouse showed four ABCA1 ubiquitination sites,
which were either absent or strongly reduced in Ube3a™ brain, of
which three were in the C-terminal cytoplasmic tail of ABCAI (refs.
29,31, Fig. S2E). Hence, this region was V5-tagged and expressed in E.
coli. Similar to the established target RING1B, we found that wtUBE3A
promoted the ubiquitination of ABCA1, an effect that was abolished
with the catalytically inactive UBE3A“®"* mutant (Fig. 3H). To further
validate UBE3A-mediated ubiquitination of ABCAl in myelin-
containing macrophages, we applied pull-down of ubiquitinated pro-
teins on wild-type and Ube3a”~ BMDMs. Blotting demonstrated ubi-
quitination of ABCAL1 protein in wild-type but not Ube3a”" myelin-
containing macrophages, indicating that UBE3A is essential for ABCA1
ubiquitination in macrophages (Fig. 3I). Mirroring these findings,
immunofluorescent stains showed that Ube3a® macrophages dis-
played increased colocalization of ABCA1 and ubiquitin (Fig. S2F, G).
Finally, immunoprecipitation of ABCA1 followed by probing for UBE3A
confirmed the endogenous interaction between UBE3A and ABCAL in
myelin-containing BMDMs (Fig. 3J). Taken together, our findings
identify ABCAl as a bona fide ligation target of UBE3A, and
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Fig. 2 | Sustained intracellular myelin accumulation increases UBE3A in mac-
rophages. A B Ube3a mRNA (A, n =3 samples) and UBE3A protein level

(B, n=6 samples) in mouse bone marrow-derived macrophages (BMDMs) treated
with myelin (50 pug/ml) for 24 h (Mye?*) or 72 h (Mye’), and normalized to untreated
cells (Ctrl, dotted line). C UBE3A mRNA in human monocyte-derived macrophages
treated with myelin (50 pg/ml) for 24 h (Mye?*) or 72 h (Mye’), and normalized to
untreated cells (dotted line) (n =3 samples). D,E,H Representative images (G) and
quantification (D, E) of active MS lesion stained for UBE3A/CD68. Scale bars 300

and 50 um. [n(NAWM) = 4 subjects, n(Rim) = 4 subjects, n(center) = 8 subjects].

F, I Representative images (I) and quantification (F) of active MS lesion stained for
ABCAI/HLA-DR/UBE3A. Scale bar 50 um (n =4 subjects). Data were representative
of >3 independent experiments and are shown as mean + SEM. Statistical sig-
nificance was determined by two-sided Student’s t-test (A-C) or two-sided one-way
ANOVA (D-F). *P<0.05, **P<0.01, and **P < 0.00L. If p values are not indicated,
the result was not significant.

demonstrate that UBE3A reduces ABCAL1 protein levels in myelin-laden
macrophages through ubiquitination. Interestingly, prolonged expo-
sure of BMDMs to apoptotic and necrotic cells increased UBE3A
abundance without reducing ABCAL levels, indicating that increased
UBE3A-mediated degradation of ABCAL is specific to myelin-loading
(Fig. S3A-E).

UBE3A is highly enriched in the cytoplasm of macrophages

UBE3A can accumulate in both nuclear and cytoplasmic compartments
in a cell-type and context-dependent manner”~>*, Having established
that UBE3A reduces ABCA1 membrane abundance, we next set out to
define the cellular distribution of UBE3A. We show that BMDMs display
a predominant cytoplasmic localization of UBE3A, with myelin
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Fig. 3 | UBE3A-mediated ubiquitination targets ABCAL1 for proteasomal
degradation. A-C ABCAL protein level in wild-type (Wt), Ube3a-overexpression
(B, Ube3a®, n=3 samples), and Ube3a™ (C, n=4 samples) bone marrow-derived
macrophages (BMDMs), normalized to Cys5 levels (loading control). D-G ABCA1
protein level in HEK293T cells in which mUBE3A-Iso2 (E, n =5 samples), mUBE3A-
Iso3 (F, n=3 samples), or catalytically inactive mUBE3A-1s02 (mUBE3A-Iso2°",

G, n=6 samples) was expressed. HEK293T cells incubated with equal amounts of
PEI served as controls (Ctrl). ABCA1 protein levels are normalized to Cys5 levels
(loading control). H Escherichia coli (E. Coli) cells expressing E1, UbcHS (E2), and
with (+) or without (=) ubiquitin (Ub), were transfected with either wtUBE3A or
catalytically inactive UBE3A (UBE3A®®"%), in combination with HA:UBE3A,
V5:RINGIB, or V5:ABCAL (V5 linked to C-terminal cytoplasmic tail of ABCA1). Cell

lysates were analyzed by immunoblotting for HA to visualize UBE3A, or V5 to
visualize RINGIB or ABCAL. Representative blots of three independent technical
replicates are shown. I Imnmunoprecipitation (IP) of ubiquitin on Wt and Ube3a™"
Mye’*treated BMDM cell lysates. Whole cell lysates (Input) and final eluate (IP: Ub)
were analyzed by immunoblotting for ubiquitin and ABCAL J IP of ABCA1 on cell
lysates of untreated (-) and Mye”*treated Wt BMDMs. Whole cell lysates (input) and
final eluate (IP: ABCA1) were analyzed by immunoblotting for UBE3A and ABCAL.
Cys5 served as a negative control. Data from A-G are representative of three inde-
pendent experiments, and all data were shown as mean + SEM. Statistical sig-
nificance was determined by a two-sided Student’s t-test. *P < 0.05, *P< 0.01. If

p values are not indicated, the result was not significant.

exposure further increasing its cytoplasmic level (Fig. 4A-C). We have
previously demonstrated that alternatively spliced exons dictate the
subcellular distribution of UBE3A in neurons®. To identify the
mechanisms underlying cytoplasmic enrichment of UBE3A in macro-
phages, Integrated Genome Viewer (IGV) software was used to gen-
erate Sashimi plots for each of the BMDM samples of the
transcriptomics dataset, after which the exon-intron splice junctions
occurring in the Ube3a transcripts were quantified (Fig. 4D). The
abundance of mUbe3a-Iso2 transcripts, which encode the cytoplasmic
UBE3A variant which starts with the MATACK sequence, did not differ
noticeably from nuclear mUbe3a-Iso3 transcripts that start with the
MKRAAAK sequence (Fig. 4D). In contrast, immunoblotting analysis
revealed an enriched presence of the short nuclear mUBE3A-Iso3 in
macrophages (Fig. 4E). Importantly, myelin exposure increased cyto-
plasmic mUBE3A-Iso2 and decreased nuclear mUBE3A-Iso3, although

the latter variant remained predominantly expressed in myelin-treated
BMDMs. Allin all, our data show UBE3A enrichment in the cytoplasm of
macrophages, which further increases upon myelin exposure, and
which can only partly be traced back to transcriptional isoform
expression and abundance. These findings point towards a molecular
mechanism actively controlling cellular trafficking of UBE3A isoforms.

TIP30 inhibits importin B-dependent nuclear import of UBE3A
Alongside its role as E3 ubiquitin-ligase, UBE3A can affect cell meta-
bolism on a transcriptional level by serving as a coactivator for mem-
bers of the nuclear receptor transcription factor family, a dual role
which might be related to its translocation between the nucleus and
cytoplasm®. To assess transcriptional changes associated with Ube3a
deficiency in BMDMs, and to find a molecular rationale for its cyto-
plasmic location in macrophages, bulk RNA sequencing was
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performed. This analysis revealed 41 and 34 genes to be down- and
upregulated, respectively, in Ube3a”~ macrophages (Fig. 5A and Table
S2). Ingenuity pathway analysis (IPA) demonstrated that these differ-
entially expressed genes (DEGs) were associated with DNA synthesis
and repair pathways (Fig. 5B). Accordingly, DEGs showed an over-
representation in molecular and cellular functions related to cell death
and survival (Fig. 5C). Consistent with UBE3A being associated with
tumor biology and acting as coactivator of nuclear steroid
receptors®™ 5, IPA identified Ube3a deficiency to be correlated with
cancer biology and disorders of the endocrine and reproductive sys-
tem (Fig. 5D, E). RNA sequencing analysis further showed that HIV-1 Tat
interactive protein 2 (Htatip2), also called Cc3 and hereafter referred to
as Tip30, was, after Ube3a, the most potently downregulated gene in
Ube3a” macrophages (Fig. 5A and Table S2). The importance of
UBE3A in controlling Tip30 mRNA expression and protein level was
validated using Ube3a” and Ube3a®® BMDMs (Fig. SF-I). Akin to
Ube3a”~ BMDMs, UBE3A-deficient hMDMs showed a reduced TIP30
expression (Fig. 5)). Tip30 is a metastatic tumor-suppressor gene
which, alongside its pro-apoptotic functions, can inhibit nuclear
import of specific proteins by direct binding to the karyopherins of the
importin B family**°. Given that macrophages displayed cytoplasmic

UBE3A enrichment (Fig. 4), we reasoned that UBE3A-induced TIP30
expression in myelin-exposed BMDMs might contribute to the cyto-
plasmic accumulation of UBE3A.

To assess whether TIP30 controls the subcellular distribution of
UBE3A, cytoplasmic UBE3A-Iso2 and nuclear UBE3A-Iso3 were co-
expressed with TIP30 (Fig. 6A). Co-expression with TIP30 reduced the
nuclear abundance and intensity of mUBE3A-Iso3, while it did not
affect mUBE3A-Iso2 cellular location (Fig. 6B-D and Fig. S4A, B). As the
nuclear localization of mUBE3A-Iso3 is determined by the lack of the
N-terminal extension, which mediates nuclear export, these findings
demonstrate that TIP30 inhibits nuclear import of UBE3A without
interfering with nuclear export. Next, we aimed to verify that the
observed change in nuclear mUBE3A-Iso3 is not due to potential
alterations in cell viability following TIP30 overexpression. As indi-
cated by the nucleoporin staining, TIP30 overexpression did not affect
nuclear integrity, confirming that UBE3A localization was not affected
by a change in nuclear permeability or apoptosis (Fig. S4). In further
support of the crucial role of TIP30 in promoting the cytosolic locali-
zation of UBE3A, Tip30 silencing (Fig. S4D) resulted in a notable
increase in the nuclear accumulation of UBE3A (Fig. 6A, E, F). To
evaluate whether TIP30 affects UBE3A localization through inhibition
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of importin B-mediated nuclear import, Tip30*? cells were treated
with importazole, a pharmacological inhibitor for importin 3**%
Inhibition of importin  resulted in a nearly exclusive cytoplasmic
accumulation of UBE3A independent of Tip30 silencing (Fig. 6A, E, F).
These findings strongly suggest that TIP30 halts UBE3A nuclear loca-
lization via importin 3-mediated inhibition and contributes to dysre-
gulation of ABCALI levels in macrophages by enhancing cytoplasmic
UBE3A. With respect to the latter, we next evaluated whether Tip30
silencing affects ABCAL1 protein level and lipid accumulation. Tip30*>-
cells showed increased ABCALl protein levels and a reduced accumu-
lation of lipid droplets (Fig. 6G-J and Fig. S4E). Taken together, we
demonstrate that TIP30 controls subcellular UBE3A localization via
importin 3, and we provide a molecular rationale for enhanced cyto-
solic UBE3A abundance in myelin-containing macrophages.

UBE3A drives myelin-containing phagocytes towards a disease-
promoting phenotype

Loss of ABCAI drives macrophages toward a disease-promoting phe-
notype in metabolic and CNS disorders by promoting the intracellular
accumulation of lipids®*****. Given that UBE3A-mediated ubiquitination
stimulates proteasomal degradation of ABCAI, we next assessed the
impact of UBE3A on the metabolic and inflammatory features of foamy
macrophages. Consistent with functional regulation of ABCAl by
UBE3A (Fig. 4A), we found that Ube3a overexpression in BMDMs

decreased ABCAIl-dependent cholesterol efflux, while increasing
myelin-induced intracellular lipid accumulation (Fig. 7A-C). Accord-
ingly, inflammatory phenotyping demonstrated that Ube3a over-
expression enhanced the release of nitric oxide (NO) and induced
the expression of Nos2 and /lIf in myelin-containing macrophages
(Fig. 7D, E). Reciprocally, loss of Ube3a enhanced ABCAl-mediated
cholesterol efflux and decreased the intracellular lipid load following
myelin-loading (Fig. 7F-H). Further, Ube3a”~ foamy BMDMs released
less NO and showed a reduced expression of Nos2 and /l1b (Fig. 71, J).
Similar findings were obtained following siRNA-mediated gene silen-
cing of UBE3A using myelin-containing hMDMs (Fig. 7K-0) and in
Ube3a™ foamy microglia (Fig. 7P-S). Taken together, these findings
suggest that by regulating ABCAl abundance, UBE3A governs the
accumulation of inflammatory myelin-derived lipids and skews myelin-
containing macrophages and microglia toward a more inflammatory
phenotype.

Loss of UBE3A improves remyelination in the ex vivo cerebellar
brain slice model in a macrophage-dependent manner

By applying toxin-induced demyelination models, we and others
recently showed that sustained accumulation of myelin-derived lipids
steers macrophages towards an inflammatory phenotype that
attenuates CNS repair®’. Given that UBE3A increased intracellular lipid
load and induced an inflammatory foam cell phenotype, we next
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defined the impact of UBE3A on remyelination. To this end, murine
cerebellar brain slices were isolated from wild-type and Ube3a” mice.
Brain slices were demyelinated using lysolecithin, and remyelination
efficacy was assessed after 6 days (Fig. 8A). In line with our in vitro
findings, loss of Ube3a reduced the accumulation of ORO" lipid dro-
plets and increased the level of ABCAl in brain slice cultures
(Fig. 8B-D). To examine whether these changes improved remyelina-
tion, slices were stained for neurofilament (NF) and myelin basic pro-
tein (MBP) to visualize the axons and surrounding myelin sheath,
respectively. This demonstrated an increased colocalization of MBP
with NF" axons upon loss of Ube3a, indicative of enhanced

remyelination. Three-dimensional reconstruction confirmed more
efficient axonal myelination in Ube3a™ slices (Fig. 8B, E).

Given the multicellular nature of slice cultures, we next
sought to determine the impact of macrophages on the pro-
regenerative effect of Ube3a deficiency. To this end, wild-type
brain slices were depleted of phagocytes using clodronate lipo-
somes, followed by repletion with either wild-type or Ube3a™”
BMDMs (Fig. 8A). We show that treatment of wild-type brain sli-
ces with clodronate liposomes resulted in an almost complete
depletion of F4/80" phagocytes, and that the addition of macro-
phages efficiently replenished the slice cultures (Fig. S5A, B). To
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Fig. 7 | UBE3A drives myelin-containing macrophages toward a disease-
promoting phenotype. A-J,P-S Murine wild-type (Wt), Ube3a-overexpression
(Ube3a®) and Ube3a” bone marrow-derived macrophages (BMDMs) or microglia
were treated with myelin (50 ug/ml) for 72 h, or left untreated, optionally followed
by lipopolysaccharide stimulation (LPS; D, E, 1, J, S; 100 ng/pl). K-O Human
monocyte-derived macrophages (hnMDMs) were transfected with UBE3A-specific
(UBE3A*®) or scrambled (W¢) siRNA and treated with myelin (50 ug/ml) for 72 h, or
left untreated, optionally followed by LPS stimulation (N, O; 100 ng/pl).
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D,EIJ,N,0,S Cells were treated with myelin, followed by LPS stimulation for 18 h
(D, I,N) or 6h (E, J, O, S). Relative NO (D, I) and IL1 (N) concentration in culture
supernatants of cells [n (D) =6 samples, n(I, Wr) =5 samples, n(l, Ube3a™”) = 6
samples, n(N, Wt) =9 samples, n(N, Ube3a*P) = 6 samples]. Gene expression of pro-
inflammatory genes [n(E) = 3 samples, n(J) =4 samples, n(0, S) = 6 samples]. Data
were collected from three independent experiments and are represented as
mean + SEM. Statistical significance was determined by a two-sided Student’s t-test.
*P<0.05,*P<0.01, and **P < 0.001. If p values are not indicated, the result was not
significant.

further confirm the validity of the model, phagocyte-depleted
slice cultures were repleted with well-described disease (DAMs,
LPS-stimulated) and repair-associated (RAMs, IL4-stimulated)
macrophage subsets®. Repletion with RAMs enhanced remyeli-
nation deficits observed in slice cultures lacking macrophages,
and resulted in improved remyelination as compared to DAM-
repleted slices (Fig. S5C, D). These findings confirm the validity of
the used model. Importantly, we find that repletion with Ube3a™”
macrophages markedly improved the degree of remyelination as
compared to repletion with wild-type BMDMs (Fig. 8F, G).
Accordingly, slices repleted with Ube3a”~ macrophages showed
decreased lipid accumulation and increased ABCA1 abundance
within F4/80" macrophages (Fig. 8F, H, 1), as compared to those
repleted with wild-type macrophages. Collectively, these findings

provide compelling evidence that the lack of UBE3A drives mac-
rophages towards a reparative phenotype to promote remyeli-
nation, and that this relies, at least in part, on UBE3A-dependent
regulation of ABCA1 abundance.

Ube3a-deficiency improves remyelination after cuprizone-
induced demyelination in vivo

To validate the significance of our findings in vivo, we employed the
cuprizone-induced de- and remyelination model. Cuprizone feeding
induces demyelination in the corpus callosum, and its withdrawal after
5 weeks triggers spontaneous remyelination. Animals were patholo-
gically characterized after demyelination (5 weeks, 5w) and during
spontaneous remyelination (6 weeks, 5 + 1w) (Fig. SSE). Consistent with
our in vitro and ex vivo results, UBE3A deficiency resulted in reduced
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Fig. 8 | Loss of UBE3A improves remyelination in the ex vivo cerebellar brain
slice model in a macrophage-dependent manner. A Scheme of an experimental
pipeline used to study the effect of Ube3a-deficiency on remyelination. Cerebellar
brain slices were isolated from P9-11 wild-type (Wt) or Ube3a™ pups and demyeli-
nated with lysolecithin (LPC, 0.5 mg/ml). Next, slices were kept in culture for 6 days,
during which remyelination takes place. To assess the effect of macrophage-
specific loss of Ube3a (F-1), slices were stimulated with clodronate liposomes
(0.5 mg/ml) prior to LPC treatment, after which they were repleted with Wt or
Ube3a” bone marrow-derived macrophages (M®" and M@vb¢7"),

B Representative images of Oil Red O (ORO), ABCA1, and MBP-NF stains, and three-
dimensional reconstructions of brain slices. Scale bars: ORO outset 100 um, ORO
inset 50 um, ABCA1 50 um, MBP-NF outset 50 um, MBP-NF inset 15 um. C %ORO"
area of Wt and Ube3a™" cerebellar brain slices [n(W¢) =11 pups, n(Ube3a™) =4
pups]. D %ABCALI" area of Wt and Ube3a™ cerebellar brain slices [n(Wt) =3 pups,
n(Ube3a™) = 4 pups]. E MBP'NF" axons of total NF* axons in Wt and Ube3a™

Wt

cerebellar brain slices [n(W¢) =7 pups, n(Ube3a™") = 5 pups]. F Representative
images of MBP-NF, ORO, ABCAL, and F4/80 stains, and three-dimensional recon-
structions of brain slices. Scale bars: MBP-NF outset 50 um, MBP-NF inset 15 um,
ORO outset 100 um, ORO inset 50 um, ABCAl and F4/80 50 um. G MBP'NF* axons of
total NF* axons in macrophage-specific Ube3a”” (M®Y**7") or Wt (M®Y") cerebellar
brain slices [n(M®"Y) = 4 pups, n(M®"*%7") =3 pups]. H %ORO" area of
macrophage-specific Ube3a” (M®Y*7") or Wt (M®") cerebellar brain slices
[n(MO®"Y) =3 pups, n(M®Y¥¢"") = 4 pups]. | ¥ABCAL" area within F4/80" cells in
macrophage-specific Ube3a”™ (M®Y47") or Wt (M®") cerebellar brain slices
[n(M®Y) =4 pups, n(M®Y¥47") = 3 pups]. Data were collected from three inde-
pendent experiments and are represented as mean + SEM. Statistical significance
was determined by a two-sided Student’s ¢-test. *P < 0.05 and **P < 0.01. If p values
are not indicated, the result was not significant. Created in BioRender. Bogie, J.
(2025) https://BioRender.com/sokinfo.
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accumulation of PLIN2" lipid droplets in F4/80" phagocytes within the
corpus callosum during both the demyelination and remyelination
phases (Fig. 9A, B). In line with this observation, Ube3a™ mice exhib-
ited elevated ABCAl protein levels in the corpus callosum during
remyelination (Fig. 9C), consistent with more efficient lipid efflux by
foamy phagocytes in Ube3a”~ mice. This was accompanied by reduced
expression of inflammatory genes during demyelination (Nos2, Il6,
Ccl4) (Fig. 9D), indicating a dampened inflammatory response.
Importantly, these beneficial effects of UBE3A loss were reflected in
increased MBP immunoreactivity in the corpus callosum, indicative of
increased remyelination (Fig. 9E, F). Collectively, our findings
demonstrate that UBE3A deficiency enhances remyelination, likely by
reducing phagocytic lipid load and inflammation.

Discussion

Macrophages display tremendous phenotypical plasticity in vivo, a
reflection of dynamic intracellular and environmental changes. In
support of this notion, myelin-containing foamy macrophages show
spatiotemporal-dependent alterations in their functional properties in
CNS disorders*>*°. While they initially adopt an anti-inflammatory
wound-healing phenotype upon exposure to myelin, this benign phe-
notype is only transient. Excessive intracellular accumulation of myelin
directs these foam cells toward a disease-promoting phenotype by
perturbing cellular processing of myelin-derived lipids. In this study,
we provide a molecular rationale for impaired processing of myelin-
derived lipids and the consequent induction of a disease-promoting
macrophage phenotype. We show that UBE3A-mediated ubiquitina-
tion and degradation of the cholesterol efflux transporter ABCA1
underlie metabolic disturbances and cause the induction of inflam-
matory foamy macrophages. UBE3A deficiency rescued metabolic
deficits in foamy macrophages, thereby markedly enhancing remyeli-
nation ex vivo and in vivo. In addition, we propose a molecular model
for the cellular localization of UBE3A, in which TIP30 sequesters UBE3A
in the cytoplasm by inhibiting importin -mediated nuclear transport.
Collectively, our findings provide increased insight into the metabolic
regulation of ABCA1 and foamy macrophage physiology, and identify
UBE3A as a promising therapeutic target to promote repair in
demyelinating disorders.

ABCAL is a key facilitator of lipid efflux, thereby maintaining cel-
lular lipid homeostasis. Emerging evidence indicates that ABCAL is
highly regulated on a post-translational level through multiple degra-
dative systems***’. We find that proteasomal and lysosomal degrada-
tion affect ABCAL turnover in control BMDMs. This is in line with the
study by Iborra et al., which showed that an advanced glycation end-
product albumin-driven decline of ABCAI in THP-1 macrophages can
be rescued by inhibition of the proteasome, or partially restored upon
lysosomal inhibition”. Similar to our findings, calpain inhibition was
not able to rescue ABCAL levels in these macrophages. However, we
show that ABCAl abundance in myelin-containing macrophages
depends solely on proteasomal degradation. Accordingly, Hsieh et al.
previously reported that ABCAl turnover is strongly inhibited by
proteasomal and not lysosomal inhibitors in cholesterol-stimulated
macrophages®®. While the molecular mechanisms underlying this dis-
crepancy remain unclear, compromised lysosomal function—as pre-
viously demonstrated in foam cells in the CNS’—may force myelin-
laden macrophages to rely exclusively on proteasomal degradation for
ABCALI turnover. Alongside ABCAl, the proteasome can control the
turnover of cholesterol efflux transporter ABCG1'**°. Yet, in contrast to
ABCA1, ABCGl-mediated efflux and ABCG1 surface abundance were
not affected in macrophages upon prolonged myelin ingestion (data
not shown). These findings argue for the UPS machinery targeting
ABCAI and ABCGI for degradation in a specific and mechanistically
divergent manner.

UPS-mediated proteasomal degradation requires the hierarchical
action of E1 activating enzymes, E2 conjugating enzymes, and E3

ubiquitin-ligases®*?*, with the latter group primarily controlling target

specificity’. Guided by transcriptomic analysis, gain- and loss-of-
function experiments, and ubiquitination assays, we show that the E3
ubiquitin-ligase UBE3A promotes ABCA1 ubiquitination and degrada-
tion in macrophages. UBE3A was first identified as a protein interacting
with the E6 oncoprotein of human papillomavirus types 16 and 18,
thereby facilitating p53 degradation by the UPS***°. However, more
recent studies show that UBE3A displays ubiquitination activity in the
absence of the viral E6 protein as well, and, by doing so, controls
ubiquitination and turnover of RINGIB, Mitogen-Activated Protein
Kinase 1 (MAPK1), UV excision repair proteins HHR23A and HHR23B,
and even itself>°>2, Consistent with our findings, few studies also
identified an essential role of UBE3A in cellular lipid metabolism. For
instance, UBE3A inhibits adipogenesis by promoting C/EBPa ubiqui-
tination and attenuates overnutrition-induced obesity and fatty liver
formation through degradation of epigenetic transcriptional coacti-
vator MLL4>, By using orthogonal ubiquitin transfer to identify liga-
tion substrates, UBE3A was further suggested to ubiquitinate lipid
droplet-regulating protein UBXDS, acetyl-CoA acetyltransferase 1
(ACATI1), and ABCEI, a family member of ABCAI*°. Our findings now
provide evidence that ABCALI is a ligation target of UBE3A as well,
thereby controlling the metabolic and inflammatory properties of
foam cells. Of note, by using cholesterol-loaded macrophages, the E3
ubiquitin-ligase HECTD1 was recently found to control ABCA1 turnover
and apoA-l-mediated cholesterol efflux as well**, arguing for context-
dependent regulation of ABCA1 ubiquitination and turnover in diver-
gent foam cell subsets. Interestingly, we find that ABCAL is pre-
dominantly monoubiquitinated by UBE3A in the E. coli system, which is
generally associated with protein sorting and trafficking®. Hence,
future studies are warranted to define if UBE3A impacts the subcellular
localization of ABCAL Alongside controlling protein trafficking,
monoubiquitination can serve as a signal for poly-ubiquitin chain
conjugation by other E3 ligase enzymes, so-called E4 ubiquitin-ligases.
Hence, it is possible that next to UBE3A, a second E3 ligase is involved
in the polyubiquitination and subsequent degradation of ABCAL.

Our findings indicate that the absence of Ube3a impacts the
transcriptome of macrophages. Specifically, we provide evidence that
Ube3a expression is positively associated with Tip30 in macrophages.
TIP30 is an oxidoreductase that acts as a tumor-suppressor gene,
thereby controlling cell apoptosis, growth, and metastasis*. However,
it also functions as a negative regulator of nuclear import by binding to
members of the importin family*°. Accordingly, we show that silencing
of Tip30 enhances nuclear localization of UBE3A in an importin
B-mediated manner, and, in parallel, reduces cellular lipid load. These
findings strongly suggest that TIP30 drives cellular UBE3A localization,
thereby controlling ABCA1 abundance and cellular lipid load in foam
cells. Of note, Liao et al. identified TIP30 as a regulator of cholesterol
metabolism by stimulating the incorporation of fatty acids into
esterified cholesterol in lipid-laden hepatocytes®. Hence, future stu-
dies should define whether TIP30 controls lipid droplet formation in
foam cells as well. Recent work on UBE3A localization revealed that
UBE3A is imported into the nucleus via its AZUL domain, which is
present in both UBE3A-Iso2 and UBE3A-Iso3. However, UBE3A-Iso2 has
a cytosolic localization due to the presence of an N-terminal extension
that is responsible for active export of UBE3A back to the cytoplasm.
As mUBE3A-Iso3 lacks this sequence, this short isoform has a pre-
dominant nuclear localization. Nuclear import of both isoforms
required the binding of UBE3A to PSMD4 via its AZUL domain. Yet,
neither UBE3A, nor PSMD4, contain a nuclear localization signal, which
is required for importin-mediated nuclear trafficking. Hence, it is
possible that the complex enters the nucleus in a piggy-back way by
binding to 19S RP or 26S holoenzyme, a mechanism proposed by
ref. 27. As such, importin 3 could bind one of these proteins and
thereby direct the nuclear import of UBE3A. In aggregate, UBE3A may
direct its own cellular localization in macrophages by regulating Tip30
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Fig. 9 | Ube3a-deficiency stimulates remyelination in the cuprizone model.
Wildtype (Wt) and Ube3a” mice were fed a cuprizone diet for 5 weeks to induce
demyelination in the corpus callosum (cc). Upon withdrawal of the cuprizone diet,
spontaneous remyelination ensues. Tissue was collected after demyelination (5w)
and after 1 week of recovery (5 +1w). A, B Representative pictures and quantifica-
tion of F4/80 PLIN2 co-staining of cc. Scale bar 100 um. [n(Wt, Sw) = 6 mice,
n(Ube3a™,5w) = 5 mice, n(Wt, 6w) = 5 mice, n(Ube3a™”,6w) =4 mice]. C ABCAl
protein level in cc determined with immunoblotting and normalized to CyS5 levels
(loading control). [n(Wt) =3 mice, n(Ube3a™") = 4 mice]. D Gene expression of pro-

inflammatory genes Nos2, ll6, and Ccl4 in cc. [n(Wt, 5w) = 6 mice, n(Ube3a™,5w) =3
mice, n(Wt, 6w) = 6 mice, n(Ube3a”,6w) = 4 mice]. E, F Representative pictures
(E) and quantification (F) of myelin basic protein (MBP) staining of the cc. Scale bar
100 um. [n(Wt, 5w) = 6 mice, n(Ube3a™",5w) = 3 mice, n(Wt, 6w) = 6 mice,
n(Ube3a™,6w) = 4 mice]. All data were represented as mean + SEM. Statistical sig-
nificance was determined by two-sided one-way ANOVA (B, C, F) or two-sided
Student’s t-test (D). *P < 0.05 and **P < 0.01. If p values are not indicated, the result
was not significant.

transcription. Further research is necessary to unravel how UBE3A
controls Tip30 expression, and how importin 3 drives nuclear import
of UBE3A.

We show that global Ube3a deficiency increases remyelination in
the cuprizone and cerebellar brain slice models. Moreover,
macrophage-specific Ube3a deficiency in brain slices highlighted that
UBE3A promotes remyelination in a phagocyte-specific manner, and
that both peripherally-derived macrophages as well as brain-resident
microglia contribute to the protective effect of loss of UBE3A on

remyelination ex vivo. Enhanced remyelination was associated with
reduced foam cell formation and higher ABCALI levels, which strongly
suggests that UBE3A-mediated ABCA1 degradation and consequent
lipid accumulation hamper CNS repair®’. In support of this notion, the
absence of UBE3A increased ABCA1 abundance and activity, reduced
cellular lipid droplet load, and induced a macrophage phenotype
associated with repair in vitro. Our findings align with previous studies
by us and others demonstrating a critically protective role for pha-
gocytic cholesterol efflux during remyelination, and further
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characterize UBE3A as a regulator of this process®*”*2. However, given
the importance of UBE3A in controlling neuronal function, we cannot
exclude that global UBE3A deficiency impacts remyelination only
through altering foam cell physiology. With respect to the latter,
UBE3A has been extensively studied in neurons in which the gene is
maternally imprinted, and genetic changes in UBE3A are linked to the
neurodevelopmental disorders Angelman Syndrome (maternal allele
deletion) and autism spectrum disorder (duplication of maternal
allele)”’. Furthermore, changes in TIP30 abundance are associated
with impaired oligodendrocyte precursor cell (OPC) differentiation
through sequestering Oligl and Notchl in the cytoplasm®®®!, thereby
likely playing an essential role in remyelination. Hence, future studies
employing cell type-specific UBE3A knockout models will be helpful to
assess the contribution of distinct individual phagocyte populations to
the remyelination process in vivo. Further, precautions should be
taken when targeting UBE3A in future remyelinating therapies, and
phagocyte-specific interventions should be developed. Currently, no
small-molecule inhibitors for UBE3A are available, and more research is
warranted to provide macrophage-specific therapies to target this E3
ligase in diseases characterized by the presence of foamy
macrophages.

In aggregate, we demonstrate a crucial role for the UPS in foamy
macrophage biogenesis, and identify ABCA1 as a bona fide ligation
target of UBE3A. Loss of UBE3A was able to reduce macrophage lipid
load, dampen the inflammatory phenotype, and improve remyelina-
tion. In conclusion, we identify UBE3A as a promising therapeutic
target to promote remyelination in neurological disorders character-
ized by the presence of foamy macrophages.

Methods

All studies comply with the relevant ethical regulations. Experiments
using wild-type, Ube3a” and Ube3a®® animals were performed at the
Erasmus MC and at Hasselt University and were in accordance with,
respectively, the European Commission Council Directive 2010/63/EU,
in accordance with the institutional guidelines, and approved by the
Ethical Committee for Animal Experiments of Hasselt University
(AVD101002016791, 201802, 202436K, 202437, and 202438). All
experimental protocols using human monocyte-derived macrophages
were conducted in accordance with institutional guidelines and
approved by the Medical Ethical Committee of Hasselt University (UH-
IMMVET-P1). Written informed consent was obtained from all partici-
pants included in this study.

Animals

All animals used in this study were housed on a 12:12 h light:dark cycle,
in 19-24 °C, 40-60% humidity, and provided ad libitum access to food
and water. Previously established AS (Ube3a™"') and Ube3a over-
expression (Ube3a*, referred to in results as Ube3a®")*® mouse models
were used in this study. Heterozygous Ube3a* males and females from
the 129sv strain were crossed to obtain homozygous Ube3a” mice.
Ube3a overexpressing (Ube3a?/Ube3a®) mice were generated by
crossing heterozygous 129sv Ube3a™ males with wild-type females.
Wild-type littermates were used as controls with equal ratios of mal-
e:female animals per group.

Bone marrow-derived macrophages

Bone marrow cells were harvested from wildtype, Ube3a”", and
Ube3a-overexpression (Ube3a®F) mice by flushing the femurs and
tibias with PBS. Bone marrow-derived macrophages (BMDMs) were
obtained by culturing isolated cells for 7 days in BMDM culture
medium (RPMI medium supplemented with 10% fetal calf serum
(FCS), 1% P/S, and 15% L929-conditioned medium (LCM)) at 37 °C, 5%
CO,. Differentiated cells were harvested using PBS/EDTA (10 mM)
and plated at 0.5 x 10° cells/ml in BMDM culture medium containing
5% LCM, and were used for in vitro experiments.

Human monocyte-derived macrophages

Human monocyte-derived macrophages (hMDMs) of healthy donors
were isolated as described previously®>. Briefly, peripheral blood
mononuclear cells were isolated from whole blood by density-gradient
centrifugation on lympholyte-H cell separation media (Cedarlane,
CL5015-R). Blood samples were collected from healthy controls after
obtaining informed written consent. Subjects with signs of infection
were excluded. CD14" monocytes were collected using the EasySep
human CD14 positive selection kit (Stemcell Technologies, 17858)
according to the manufacturer’s instructions. Isolated CD14" cells were
differentiated towards macrophages in IMEM supplemented with 10%
human serum, 1% P/S, and 1% L-glutamine at 37 °C, 5% CO,. After 6 days,
adherent macrophages were harvested, plated at 2x10° cells/ml,
treated with human myelin (50 ug/ml) for 24 or 72h, and lysed for
qPCR analysis.

Microglia

Microglia were isolated from wild-type and Ube3a” P1-3 C57BL/6j
mouse pups. Cortices were isolated, meninges removed, minced,
and dissociated for 20 min at 37 °C with papain and DNase I (both
20 pg/mL, Sigma-Aldrich, 9001-73-4 and 10104159001). The resulting
mixed glial cultures were seeded in poly-L-lysine (PLL, 50 ug/ml, Sigma,
25988-63-0)-coated T75 flasks and cultured in DMEM supplemented
with 10% FCS, 1% P/S, and 33% LCM at 37 °C, 5% CO,. Mixed glial cul-
tures were separated after 14 days by mechanical shaking at 230 rpm
for 3h at 37°C, and afterward plated at 0.5x10° cells/ml in DMEM
supplemented with 10% FCS, 1% P/S, and 15% LCM at 37 °C, 5% CO,.

Myelin isolation

Myelin was purified from human and mouse postmortem brain tissue
with density-gradient centrifugation, as described previously®. Pierce
BCA Protein Assay kit (Thermo Fisher Scientific, A55864) was used to
determine myelin protein concentration, according to the manu-
facturer’s guidelines.

Cell treatment

Myelin-containing macrophages were generated by treating mouse
BMDMs and human MDMs with, respectively, mouse or human myelin
(50 ug/mil) for 24 or 72 h. To measure the expression of inflammatory
markers or nitric oxide (NO) production, myelin-containing BMDMs
were treated with lipopolysaccharide (LPS, 100 ng/ul, Sigma, 437627)
for respectively 6 or 18 h prior to cell and supernatant collecting.
BMDMs were treated with MG132 (25uM, Enzo Life Sciences, BML-
PI102-0025), Bafilomycin Al (10 nM, InvivoGen, tlrl-bafl), Rottlerin
(3uM, Sigma, 557370), or Calpeptin (10 ug/ml, Abcam, ab120804) to
respectively inhibit proteasomal degradation, lysosomal degradation,
PKCS-phosphorylation, and calpain. BMDMs were treated with cyclo-
hexamide (50 ug/ml, Sigma, C7698) to inhibit protein translation.
HEK293T cells were treated with importazole (20uM, Abcam,
ab146155) for 24 h to inhibit importin -mediated nuclear import.

Transfection of HEK293T cells

HEK293T cells (300189) were cultured in DMEM medium supple-
mented with 10% FCS and 1% P/S (complete medium) at 37 °C, 5% CO,.
One day before transfection, cells were plated at 0.3 x 10° cells/ml. For
overexpression of UBE3A constructs (generated as described
previously”), 2 ug (for one well of a six-well plate) or 0.5 pg (for one
well of a 24-well plate) DNA was diluted in respectively 200 or 50 pl
complete medium. Polyethylenimine (PEI, Polysciences, 23966) was
added to the mix in a DNA:PEI ratio of 1:3. For silencing of TIP30,
100 nM Tip30 siRNA or 10 nM negative control siRNA mixes were
prepared containing PEl in a siRNA:PEI ratio of 1:1. Suspension was
briefly agitated and left to incubate at RT for 15 min before addition to
the cells. About 300 ul mix was added to a well of a six-well plate, and
75 ul mix to a well of a 24-well plate. The medium was refreshed after
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6-8 h. Twenty-four hours post-transfection, cells were collected for
immunoblotting, or fixed by adding 4% PFA (Sigma, 158127) and
washed in triplicate with PBS. After blocking non-specific staining
using Dako protein block (Agilent, X0909), cells were incubated
overnight at 4 °C with primary antibodies diluted in PBS. The following
antibodies were used: anti-ABCAL (1:250, ab18180, Abcam) and anti-
UBE3A (1:500, SAB1404508, Sigma). Following overnight incubation,
coverslips were washed three times with PBS and incubated for 1h at
RT with relevant secondary antibodies purchased from Invitrogen.
Cells were imaged using an LSM 880 Confocal microscope (Zeiss)
using the Airyscan feature. Image ] version 1.52c was used for quanti-
fication. Pictures indicated in the figures are digitally enhanced.

Transfection of U20S cells

U20S cells (ATCC HTB-96) were cultured in DMEM medium supple-
mented with 10% FCS and 1% P/S (complete medium) at 37 °C, 5% CO,.
One day before transfection, 1.0 x 10° cells were seeded in a 12-well cell
culture plate containing a glass coverslip. Cells were transfected with
one of the following expression plasmids: m(mouse)UBE3A-Iso3,
mUBE3A-Iso2, and r(at)TIP30, or a combination of mUBE3A-Iso3:-
rTIP30 or mUBE3A-Iso2:rTIP30 in a ratio of 1:1 or 1:3. UBE3A expression
plasmids were described previously”’” and the rTIP30 expression plas-
mid was a kind gift of Dr. Abel Martin Garrido. On the day of trans-
fection, a total of 1pg of the desired construct(s) was combined with
PEI transfection agent in a ratio of 1:3 in DMEM (Gibco). Suspension
was briefly agitated and left to incubate at RT for 15 min before addi-
tion to the cells (150 ul mix per well). Transfection was carried out for
4 h at standard culture conditions in a humidified incubator (Heracell,
37 °C; 5% CO,). Following incubation, the PEI-containing medium was
removed and replaced with fresh DMEM (Gibco, supplemented with
10% FBS/1% PS). Twenty-four hours post-transfection, cells were fixed
by adding 4% PFA (Sigma, 158127)/sucrose (Sigma, S0389) and washed
in triplicate with PBS (Capricorn Life Sciences, PBS-1A). Cells were
subsequently used for immunostaining by incubating them overnight
at 4°C with a primary antibody mix containing anti-UBE3A (1:500,
Sigma, SAB1404508), anti-TIP30 (1:250, Proteintech, 10251-1 AP), and
anti-nucleoporin (1:500, Biolegend, mAb-414) dissolved in GDB solu-
tion (0.1% (w/v) gelatin, 0.3 (v/v) Triton X-100 (Sigma, X100), 450 mM
NaCl, 16 mM phosphate buffer [pH 7.4]). Following overnight incuba-
tion, coverslips were washed three times with PBS and incubated for
1h at RT with secondary antibody mix consisting of anti-mouse Alexa
Fluor 488 (1:200, Jackson ImmunoResearch, 711-545-152) and anti-
rabbit Alexa Fluor 647 (1:200, Jackson ImmunoResearch, 711-604-152)
dissolved in GDB solution. After incubation, coverslips were washed
three times for 5min in PBS and directly mounted in ProLongGold
+DAPI (Invitrogen, P36931). Coverslips were kept at 4 °C until imaging
on a Zeiss LSM700 confocal microscope using a 20x objective and a
zoom factor of 1.00.

Transfection of human monocyte-derived macrophages

hMDMs were cultured in IMIM supplemented with 10% human serum,
1% P/S, and 1% L-glutamine at 37 °C, 5% CO,. Knockdown of UBE3A was
performed as described previously®*. Specifically, UBE3A was targeted
by ON-TARGETplus Human UBE3A siRNA (Dharmacon, L-005137-00-
0010) and controlled by scRNA of ON-TARGETplus Non-targeting Pool
(Dharmacon, D-001810-10-20). About 250 nM siRNA and scRNA mixes
were prepared in hMDM medium and incubated for 5min at RT.
DharmaFECT Transfection reagent 4 (T-2005-01) was diluted 1/100 in
hMDM medium and added 1:1 to 250 nM siRNA/scRNA and subse-
quently incubated for 20min at RT. Mixed scRNA/siRNA and
transfection reagent were then diluted 1/5 with hMDM medium with
50 ng/ml M-CSF (Miltenyi, 130-096-491). Old medium was removed,
and 1000, 500, or 100 ul of siRNA/scRNA medium was added into,
respectively, 6-well, 24-well, or 96-well plates and incubated with cul-
tured cells. The medium was refreshed 48 h post-transfection, and

cells were subsequently stimulated for experiments with myelin
(50 ug/ml) for 72 h. To measure the expression of inflammatory mar-
kers or IL1p production, myelin-containing BMDMs were treated with
LPS (100 ng/ul, Sigma, 437627) for respectively 6 or 18 h prior to cell
and supernatant collecting.

RNA extraction and real-time quantitative PCR

Total RNA from cultures was isolated using Qiazol lysis reagent (Qia-
gen, 79306) and the RNeasy mini kit (Qiagen, 74104), according to the
manufacturer’s guidelines. Complementary DNA was synthesized
using qScript™ cDNA SuperMix (Quanta Biosciences, 95048) accord-
ing to the manufacturer’s instructions. Real-time quantitative PCR was
conducted on a Step One Plus detection system (Applied Biosystems).
Cycle conditions were 95 °C for 20 s, followed by 40 cycles of 95 °C for
3s,and 60 °C for 30 s. The PCR reaction mixture contained SYBR green
master mix (Thermo Fisher Scientific, 4312704), 0.3 uM forward and
reverse primer (IDT technologies), RNase-free water, and 12.5 ng cDNA
template. Data were analyzed using the comparative Ct method and
normalized to the most stable reference genes. Primer sequences used
for real-time quantitative PCR are depicted in Table S3.

Immunoblotting

Cells were lysed with radioimmunoprecipitation assay buffer (150 mM
NaCl, 50 mM Tris (Sigma, T1503), 1% SDS, 1% Triton X-100, and 0.5%
sodium deoxycholate) containing protease inhibitor (Roche,
04693116001). Protein concentrations of the cell lysates were deter-
mined using a Pierce BCA Protein Assay kit (Thermo Fisher Scientific,
A55864) according to the manufacturer’s guidelines and afterwards
labeled with Cy5 using the Quickstain kit (dDbioLab, RPN400O0)
according to the manufacturer’s guidelines. Approximately 20 ug of
protein from cells or 0.3 OD units of bacterial lysates were separated on
an SDS-polyacrylamide gel and transferred to a membrane (cells onto a
polyvinylidene (PVDF) membrane; bacterial lysates onto a nitrocellu-
lose membrane). PVDF and nitrocellulose membranes were blocked for
1h with 5% milk in, respectively, PBS or TBS containing 0.1% Tween-20
(Sigma, P6585), followed by overnight incubation with the relevant
primary antibodies at 4 °C. The following antibodies were used: anti-
ABCAL1 (1:1000, NB400-105, Novus Biologicals), anti-UBE3A (1:1000,
Proteintech, 10344-1-AP), monoclonal anti-V5 horseradish peroxidase
(HRP)-conjugated (Thermo Fisher Scientific, R961-25), rat monoclonal
anti-HA HRP-conjugated (Roche, 12013819001), anti-TIP30 (1:500,
Proteintech, 10251-1-AP), and anti-B-actin (1:2000, Santa Cruz Bio-
technology, sc-47778). Next, membranes were incubated for 1h with
appropriate horseradish peroxidase (HRP)-conjugated secondary anti-
bodies purchased from Dako, and visualization was done with the
Enhanced Chemiluminescence (GE Healthcare) technique using the
Pierce ECL Plus Western Blotting Substrate (Thermo Fisher Scientific,
32134). Data were quantified using Image Quant TL software v8.1 (GE
Healthcare Europe) and normalized to B-actin or Cy5 levels.

Flow cytometry

Single-cell suspensions were blocked with 10% serum and stained with
ABCAL primary antibody (1:1000, Novus Biologicals, NB400-105), fol-
lowed by incubation with the appropriate secondary antibody. To
assess cellular lipid load, cells were washed and incubated with BODIPY
(2uM, Thermo Fisher Scientific, D3922) for 15 min at 37 °C in the dark.
Next, cells were washed and collected in PBS. The FACSCalibur (BD
Biosciences) was used to quantify cellular fluorescence. Mean fluor-
escence intensity (MFI) was corrected for background MFI.

Co-immunoprecipitation of ABCA1

Cells were lysed with NP-40 buffer [150 mM NacCl, 0,5% NP-40 (Thermo
Fisher Scientific, 85124), 50 mM Tris (Sigma, T1503), containing pro-
tease inhibitor (Roche, 04693116001)]. Protein concentrations of the
cell lysates were determined using a Pierce BCA Protein Assay kit
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(Thermo Fisher Scientific, A55864) according to the manufacturer’s
guidelines, and 1 mg protein was used as starting material. Samples
were incubated overnight with 10 ug anti-ABCAI1 (1:1000, Novus Bio-
logicals, NB400-105) at 4 °C while shaking. The next day, protein/
antibody mixtures were incubated with Pierce Protein A Magnetic
Beads (Thermo Fisher Scientific, 88845) according to the manu-
facturer’s guidelines and incubated at room temperature for 1 h while
shaking. Beads were magnetically separated, and flow-through was
kept for immunoblotting analysis (unbound fraction). Next, beads
were washed with TBS containing 0.1% Tween-20 (Sigma, P6585) and
antigen was eluted from beads using 100 pl elution buffer (0,1 M gly-
cine, G2879, pH 2.0) while mixing for 10 min at room temperature,
after which 25 pl neutralization buffer (1M Tris, pH 8.5, Sigma, T1503)
was added. Input, elution (IP: ABCALI fraction), and unbound fractions
were analyzed for ABCAl, UBE3A, and Cy5 (loading control) using
immunoblotting.

Ubiquitin capture

Wildtype and Ube3a”” BMDMs were treated with myelin (50 ug/ml) for
72 h and lysed with radioimmunoprecipitation assay buffer [150 mM
NaCl, 50 mM Tris (Sigma, T1503), 1% SDS (Sigma, L4509), 1% Triton
X-100 (Sigma, X100), and 0.5% sodium deoxycholate (Millipore,
1.06504) containing protease inhibitor (Roche, 04693116001)]. Protein
concentrations of the cell lysates were determined using a Pierce BCA
Protein Assay kit (Thermo Fisher Scientific, A55864) according to the
manufacturer’s guidelines. The extracted proteins were incubated with
UBIQAPTURE-Q matrix (Enzo Life Sciences, BML-UW8995A-0001) to
pull down all ubiquitinated proteins, following the manufacturer’s
protocol. The UBIQAPTURE resins bind to mono- and poly-
ubiquitinated proteins of different lysine linkages. Eluates were ana-
lyzed for ABCAL1 using immunoblotting.

Apoptosis and necrosis induction in thymocytes

Apoptotic and necrotic thymocytes were prepared as described
previously®. Briefly, thymi were collected from 4-week-old mice and
thymocytes were isolated and cultured for 24 h in DMEM supplemented
with 10% FCS and 100 U/mL P/S. Apoptotic thymocytes were generated
by incubating cells in serum-free medium for 24 h, whereas necrotic
thymocytes were obtained by incubation with 1mM H,0, for 24 h.

Cholesterol efflux measurement

To measure cholesterol efflux by myelin-treated BMDMs (50 ug/ml for
72 h), cells were exposed to apoA-I (50 ug/ml) in phenol- and serum-
free medium for 4 h prior to measuring intracellular (cell lysates) and
extracellular (supernatant) total cholesterol using the Amplex™ Red
Cholesterol Assay Kit (Thermo Fisher Scientific, A12216), according to
the manufacturer’s instructions. Cholesterol efflux was determined by
dividing the fluorescence in the supernatants by the total fluorescence
in supernatants and cells. Fluorescence was measured at an excitation
wavelength of 540 nm and an emission wavelength of 590 nm using
the FLUOstar Optima microplate reader (BMG Labtech).

0il red O staining

BMDM:s, brain slices, MS lesions, and cuprizone sections were fixed
with 4% PFA (Sigma, 158127) for 15 min. Next, cells were stained with
0.3% Oil Red O (ORO, Merck, 1320-06-5) for 10 min and counterstained
with nuclei stain haematoxylin. Analysis was carried out using a Leica
DM 2000 LED microscope and Image) software.

Immunohistochemistry and image analysis

Snap-frozen brain material containing active MS lesions was obtained
from the Netherlands Brain Bank (NBB, Amsterdam, Netherlands).
About 10 um cryostat sections were made of MS lesions and cuprizone
tissue using a Leica CM3050 S cryostat (Leica Microsystems). Sections
were fixed in ice-cold acetone and 70% ethanol for 10 and 5min,

respectively. Brain slices were fixed for 15min with 4% PFA (Sigma,
158127). After blocking non-specific staining using Dako protein block
(Agilent, X0909), sections were incubated overnight at 4 °C with rele-
vant primary antibodies diluted in PBS. Cerebellar brain slices were
stained by incubating with relevant antibodies diluted in blocking buffer
[PBS +5% horse serum (Life Technologies, S-HS-EU-015) +0.1% Triton
X-100 (Sigma, X100)]. The following antibodies were used: anti-UBE3A
(1:500, Sigma, SAB1404508), anti-CD68 (1:100, Invitrogen, 14-0688),
anti-ABCA1 (1:250, Abcam, abl8180), anti-MBP (1:250, Millipore,
MAB386), anti-NF (1:1000, Abcam, ab8135), anti-F4/80 (1:100, Bio-Rad,
MCA497G), and anti-ADFP (1:500, Abcam, ab52356). Appropriate sec-
ondary antibodies were purchased from Invitrogen. Nuclei were stained
using 4,6’-diamidino-2-phenylindole (DAPI, Roche, 10236276001).
Representative images of MS lesions and cuprizone sections were taken
using a Leica DM2000 LED fluorescence microscope. The subdivision of
the lesion rim and center was accomplished by means of an ORO and
proteolipid protein (PLP) staining (rim, ORO" cells and PLP* extracellular
myelin; center, ORO" cells and no PLP* extracellular myelin). Cerebellar
brain slices were imaged using an LSM 880 Confocal microscope (Zeiss)
using the Airyscan feature. Image J version 1.52c was used for quantifi-
cation. Three-dimensional analysis of cerebellar brain slices was per-
formed using the z-stack function on the confocal microscope, and
images were rendered by the 3D rendering software vaa3d®. Pictures
indicated in the figures are digitally enhanced.

Immunocytochemistry of BMDMs

Cells were fixed by adding 4% PFA (Sigma, 158127) and washed in tri-
plicate with PBS. After blocking non-specific staining using Dako pro-
tein block (Agilent, X0909), cells were incubated overnight at 4 °C with
primary antibodies diluted in PBS. The following antibodies were used:
anti-ABCA1 (1:250, Abcam, abl8180), anti-ubiquitin (1:500, Sigma,
SAB4503053), and anti-UBE3A (1:500, Sigma, SAB1404508). Following
overnight incubation, coverslips were washed three times with PBS
and incubated for 1h at RT with relevant secondary antibodies pur-
chased from Invitrogen. Cells were imaged using an LSM 880 Confocal
microscope (Zeiss) using the Airyscan feature. Image J version 1.52¢
was used for quantification. Pictures indicated in the figures are digi-
tally enhanced.

RNA sequencing and bioinformatics analysis

Total RNA was extracted from wild-type and Ube3a”~ BMDMs using the
Direct-zol RNA miniprep kit (Zymo Research, R2050) and quantified
fluorometrically with a Qubit 3 Fluorometer (Invitrogen). The Quality
of the RNA was evaluated with a 2100 Bioanalyzer (Agilent Technolo-
gies). A KAPA mRNA hyperPrep kit (KAPA Biosystems) was used for
mRNA library construction, and sequencing was performed on an
lllumina HiSeq4000 at the Core Facility genomics of the Amsterdam
UMC, location AMC, Amsterdam, the Netherlands. Bioinformatic ana-
lysis was performed in collaboration with the Bioinformatics Core Unit
of the Amsterdam UMC, location AMC, Amsterdam, the Netherlands,
as previously described in Clemente et al. Briefly, quality control
(fastQC, dupRadar, Picard Tools) was performed on the reads. Sub-
sequently, they were trimmed using Trimmomatic v0.32 and aligned to
the mouse genome using HISAT2 (v2.1.0). Counts were obtained using
corresponding GFTs and HTSeq (v0.11.0). TMM (EdgeR) and limma/
voomR packages were used to perform statistical analysis. Count data
was transformed to log2-counts per million (logCPM) and normalized
using the trimmed mean of M-values method. Voom was used to
precisely weigh the data. Bayes moderated t-test was used to assess
differential expression within limma’s linear model framework, and the
precision weights estimated by voom. P values were corrected for
multiple testing using the Benjamini-Hochberg false discovery rate.
BiomaRt (release 94) was used to reannotate the genes. Wild-type
BMDM samples of the described RNAseq experiment were used for the
analysis of mouse Ube3a transcripts as described previously*.
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Escherichia coli ubiquitination assay

UBE3A-mediated ubiquitination was assessed in Escherichia coli cells as
described previously”***°, In summary, BL21-GOLD (DE3) cells were co-
transfected with bacterial expression constructs encoding E1, UbcH5c,
ubiquitin, and UBE3A, and the substrates RINGIB and ABCAL. Trans-
formed cells were selected on LB agar (1% (w/v) Bacto tryptone, 0.5% (w/
v) Bacto yeast extract, 1% (w/v) NaCl, and 1.5% agar) containing antibiotic
(ampicillin, 25 pg/ml; kanamycin, 15 pg/ml; streptomycin/spectinomy-
cin, 25 pg/ml). Next, single colonies were inoculated overnight in LB
medium containing 2% glucose, 50 mM Tris/HCI (pH 8.0), and the nee-
ded antibiotics, while shaking (200 rpm) at 37 °C. The following morn-
ing, cells were inoculated at an ODgqp of 0.2 and grown to an ODggo of
0.7 at 21 °C. Next, 0.5 mM isopropyl (3-p-1-thiogalactopyranoside (IPTG,
Thermo Fisher Scientific, BI900) was added to induce the cells, which
were subsequently grown at 21°C for 16-18 h. Bacterial pellets of 20
ODgoo units were lysed in 0.5ml cold lysis buffer [SO mM Sodium-
phosphate pH 8.0 (Thermo Fisher Scientific, J60825.AK), 300 mM NacCl,
5% glycerol, 5mM 2-Mercaptoethanol, 1 mM PMSF (Sigma, 329-98-6),
RNase (0.01 mg/ml), DNase (0.01 mg/ml) with protease inhibitor cock-
tail (Roche, 04693116001)] by sonication (Sanyo soniprep). Debris was
removed by centrifugation (13,000xg, 30 min), and cleared lysates were
used for immunoblotting

NO determination

BMDMs seeded in a 48-well plate (1.25x10° cells/well) were treated
with myelin followed by 18 h of LPS (100 ng/ul, Sigma, 437627) sti-
mulation. Afterwards, the cell culture supernatants were collected and
mixed with the Griess reagent (Sigma, 215-981-2) at a 1.1 ratio. After
15 min incubation at RT, the absorbance was measured at 540 nm using
the FLUOstar optima microplate reader (BMG Labtech).

IL1f ELISA

Supernatant of hMDMs was collected after 18 h stimulation with LPS
(100 ng/ul, Sigma, 437627). IL1p concentrations were determined using
the Human IL-1 beta ELISA kit (Invitrogen, KHCOO11) according to the
manufacturer’s guidelines, and absorbance was measured at 450 and
570 nm using the FLUOstar optima microplate reader (BMG Labtech).

Brain slice cultures

Cerebellar slices were obtained from male and female wild-type and
Ube3a™ P9-P11 mouse pups as described previously®*®. Briefly, cere-
bellar parasagittal slices (300-um thick) were cut on a Macllwain tissue
chopper and transferred onto membranes of 30-mm Millipore culture
inserts with a 0.4-um pore size (Millicell; Millipore). Slices were
maintained in culture on top of the membranes in six-well plates
containing 1 ml of medium [MEM (Thermo Fisher Scientific, 32360-
026) supplemented with 25% horse serum (Life Technologies, S-HS-EU-
015), 25% Hanks’ balanced salt solution (Invitrogen, 14025092), 1% P/S,
1% Glutamax (Sigma, 35050-038), 1.3% glucose (Sigma, G8644), and
1.1% 1 M HEPES (Thermo Fisher Scientific, 15630-080) at 37 °C, 5% CO,.
For phagocyte depletion, slices were treated with clodronate or empty
liposomes (0.5 mg/ml, LIPOSOMA) immediately after isolation for
24 h. Slices were repleted with 4 x 103 LPS- (100 ng/ul, Sigma, 437627,
18 h) or IL4-stimulated (20 ng/uL, Peprotech, 214-14, 18 h) wild-type or
Ube3a” BMDMs by adding them directly to the slice in a 1.5 ul drop,
without touching the slice. Slices were left to recover for 2 days, after
which demyelination was induced by treating the slices with lysole-
cithin (0.5mg/ml, Sigma, 62963) for 16 h. Afterward, slices were
washed and kept in culture for 6 days, followed by histological and
biochemical analysis.

Cuprizone model

Acute demyelination was induced in wild-type and Ube3a”" C57BL/6
mice (9-11 weeks old) by feeding them ad libitum a diet of 0.3% (w/w)
cuprizone (bis(cyclohexanone)oxaldihydrazone, Sigma, 14690) mixed

in normal chow for 5 weeks. Upon withdrawal of the cuprizone diet,
spontaneous remyelination occurs. Corpus callosum was isolated and
snap frozen after demyelination (5 weeks) and during spontaneous
remyelination (6 weeks).

Statistics and reproducibility

All data are reported as mean * standard error of the mean (SEM). Data
were statistically analyzed using GraphPad Prism v6 (GraphPad Soft-
ware). Normal distribution was tested using the D’Agostino-Pearson
omnibus normality test. Normally distributed data sets were analyzed
using an analysis of variance (ANOVA) or a two-tailed unpaired Stu-
dent's t-test. Data sets that were not normally distributed were ana-
lyzed using the Kruskal-Wallis or Mann-Whitney analysis. No
statistical method was used to predetermine sample size for in vitro
experiments. The sample size for in vivo experiments was determined
with the G power sample size calculation. Ex vivo and in vivo experi-
ments were performed in a blinded fashion. The investigators were not
blinded to allocation during experiments and outcome assessment of
in vitro experiments. All statistical parameters, tests used, and repro-
ducibility are reported in figure subscriptions and Source Data.
*P < 0.05, *P < 0.01, and **P < 0.001.

Data availability

The RNA sequencing data generated in this study has been deposited
in the GEO database under accession code GSE232066. The raw data
and uncropped Western blots generated in this study are provided.
Source data are provided with this paper.
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