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SUMMARY

The function of poly(ADP-ribosyl) polymerase 1 (PARP1) in myelination and remyelination of
the central nervous system (CNS) remains enigmatic. Here, we report that PARP1 is an intrinsic
driver for oligodendroglial development and myelination. Genetic PARP1 depletion impairs the
differentiation of oligodendrocyte progenitor cells (OPCs) into oligodendrocytes and impedes
CNS myelination. Mechanistically, PARP1-mediated PARylation activity is not only necessary
but also sufficient for OPC differentiation. At the molecular level, we identify the RNA-binding
protein Myef2 as a PARylated target, which controls OPC differentiation through the PARylation-
modulated derepression of myelin protein expression. Furthermore, PARP1’s enzymatic activity
is necessary for oligodendrocyte and myelin regeneration after demyelination. Together, our
findings suggest that PARP1-mediated PARylation activity may be a potential therapeutic target
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for promoting OPC differentiation and remyelination in neurological disorders characterized by
arrested OPC differentiation and remyelination failure such as multiple sclerosis.

In brief

Wang et al. show that PARP1-mediated PARYylation promotes oligodendroglial differentiation and
regeneration. They demonstrate that PARP1 PARylates proteins relating to RNA metabolism under
physiological conditions and that Myef2 is identified as one of the potential targets that mediates
PARP1-regulated myelin gene expression at the posttranscriptional level during oligodendroglial
development.
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INTRODUCTION

Poly(ADP-ribosyl) polymerase 1 (PARP1) is the founding member of the PARP family,
which consists of 17 members that transfer mono(ADP-ribose) or poly(ADP-ribose) (PAR)
units to target proteins (Gupte et al., 2017). PARPL1 is one of only four members (PARP1,
PARP2, PARP5a, and PARP5b) that catalyze the covalent attachment of PAR onto target
proteins, a process called PARylation (Ke et al., 2019). PARP1 has been reported to be
responsible for >90% of cellular PARylation in non-neural tissues (Kamaletdinova et al.,
2019), which can be reversed by the activity of the degrading enzyme PAR glycohydrolase
(PARG) (Davidovic et al., 2001). Initially discovered as an essential player for DNA repair
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in cancer cells, PARP1 has been increasingly recognized as a key regulator for diverse
cellular processes such as chromatin remodeling, gene expression regulation, and cell
death/survival (Gupte et al., 2017). Despite the growing knowledge of its basic molecular
functions, the physiological role and significance of PARP1 in oligodendroglial development
and myelinogenesis are poorly defined.

In the murine central nervous system (CNS), developmental myelination starts from the 2"d
postnatal week, peaks around one month, and completes in the early adult ages (Salmaso et
al., 2014; Semple et al., 2013). In the developing murine CNS, PARP1 is expressed in all
types of neural cells, with the highest abundance in oligodendroglial lineage cells (OLCs)
(Zhang et al., 2014). Under demyelinating conditions, PARP1 and/or its PARylation activity
has been reported to be upregulated in various neural and immune cells in the inflammatory
demyelinating disease multiple sclerosis (MS) (Farez et al., 2009; Meira et al., 2019; Veto
et al., 2010). In the past 3 decades, the role of PARP1 in regulating neuroinflammation

has been extensively studied (Cavone and Chiarugi, 2012). However, little is known about
if and how PARP1 regulates oligodendroglial development and CNS myelinogenesis. We
previously showed that PARP1 deficiency increased oligodendrocyte (OL) progenitor cell
(OPC) generation from neural stem cells (NSCs) yet decreased myelin basic protein (MBP)
expression in the brain of global ParpI knockout (KO) mice (Plane et al., 2012). Recent data
reported that inhibiting PARP1 impaired OL maturation in mixed glial cell cultures derived
from NSCs (Baldassarro et al., 2017). These data suggest that PARP1 may play a role in
oligodendroglial lineage development.

Here, we showed that, in contrast to its role in cell death/survival under genotoxic
conditions, PARP1 is an intrinsic driver for OL development. PARP1’s PARylation activity
plays a key role in PARP1-regulated differentiation of OPC into OLs in a cell-autonomous
manner. Molecularly, we unveiled that PARP1 PARylates Myef2 and dissociates it from
myelin gene mRNAs, relieving its suppressive effects on myelin protein expression. Our
findings suggest that augmenting PARP1 and/or its activity-mediated PARylation might be a
viable option to enhance OPC differentiation and remyelination in demyelinating disorders.

PARPL1 is dynamically expressed in OL lineage

Through an effort to screen the interactome of Sox2 (Figure S1A), which we previously
reported to promote oligodendrogenesis (Zhang et al., 2018a, 2018b), we identified PARP1
as one of the top candidates (Figure S1; Table S1). The expression dynamics of PARP1 in
OLCs has yet to be defined. PARP1 was highly expressed during developmental myelination
and progressively downregulated after myelination completion (Figure 1A). Within OLCs,
PARP1 expression was low in PDGFRa* OPCs (Figure 1B, arrowheads); elevated in CC1*
premyelinating OLs (Figure 1B, arrows), which was confirmed by a premyelinating OL
marker TCF712 (Hammond et al., 2015) (Figure 1C, arrowheads); and downregulated in
fully mature myelinating OLs in the adult spinal cord where PARP1 was maintained at

a low-level in PDGFRa* OPCs (Figure 1D). The dynamic expression along OL lineage
progression and maturation (Figure 1G) was confirmed by primary OPC cultures (Figures
1E and 1F) purified from neonatal mouse brain (Lang et al., 2013; Zhang et al., 2021b).
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PARP1 deficiency results in impaired OL maturation and hypomyelination

To elucidate the importance of PARP1 in developmental myelination, we characterized
oligodendrogenesis and myelin formation in ParpZ KO mice (Plane et al., 2012; Wang et
al., 1995), which were confirmed by the absence of PARP1 protein (Figure 2A) and mRNA
(Figure 2B). We observed prominent hypomyelination in the brain of postnatal day 10
(P10) ParpI KO mice compared with wild-type (WT) littermates (Figure 2C). The density
of Sox10*CC1* differentiated OLs but not Sox10*PDGFRa* OPCs was significantly
diminished in the corpus callosum (CC) of P10 Parp1 KO mice (Figure 2D), suggesting that
PARP1 regulates oligodendroglial maturation. Consistently, we found a marked decrease in
the brain mRNA levels of major myelin proteins (Figure 2E). The nuclear protein TCF712
is selectively expressed in newly formed OLs (Hammond et al., 2015; Marques et al.,

2016; Zhao et al., 2016). Hence, the number of TCF7I2* OLs at any given time provides a
quantitative readout for the oligodendrogenesis rate. We observed a significant diminution
of TCF712*Sox10* cell density in the CC of P10 ParpI KO mice (Figure 2F). Furthermore,
the expression of other marker genes enriched in newly formed OLs was also reduced in
the P10 Parp1 KO brain (Figure 2G). These data suggest that PARP1 deficiency inhibits OL
maturation and developmental myelination.

Next, we performed a time-course analysis at the time windows of developmental
myelination peak (at P30) and myelination completion (at P70). Brain myelination, assessed
by Black-Gold Il myelin staining, was reduced in the CC of ParpZ KO mice at P30

(Figure 2H), which was confirmed by toluidine blue myelin staining (Zhang et al., 2021a)
(Figure S2A). Consistent with the hypomyelination phenotype, the number of Sox10*CC1*-
differentiated OLs was diminished in the CC (Figure 21). CNS hypomyelination is
associated with motor dysfunction of developing mice (Fancy et al., 2009; Moyon et al.,
2016; Wang et al., 2018; Zhang et al., 2018b), which can be quantified by the sensitive
rotarod test (Kuhn et al., 1995). The rotarod test showed that P30 Parp? KO mice displayed
a defective motor performance (Figures S2B and S2C). At P70, a time point at which
developmental myelination is already completed in the murine CNS, we observed a similar
OL population (Figure S2D) and myelin gene expression (Figure S2E) in ParpI KO mice to
those in WT mice. Myelination in the adult brain, assessed by Black-Gold 1l myelin staining
(Figure S2F), was comparable between the 2 groups, which was confirmed by transmission
electron microscopy (TEM) (Figure S2G1-S2G3). However, the myelin sheath is thinner, as
evidenced by a greater g-ratio (Figure S2G4), in ParpI KO than in that of WT mice. Motor
function, evaluated by rotarod test, was still impaired in adult ParpZ KO mice (Figure S2H
and S21). Together, the time-course analysis suggests that PARP1 deficiency delays OPC
differentiation and developmental myelination.

PARP1 is a cell intrinsic regulator for OL maturation

To determine if PARP1 regulates OL maturation in a cell autonomous manner, we sought
to use primary OPC cultures purified from neonatal Parp1 KO and WT brain (Figure

2J). PARP1 depletion did not affect the expression of the family members PARP2 or
PARP3 (Figure 2K). Strikingly, when cultured in the differentiation medium (DM) for 3
days, PARP1-depleted OPCs exhibited severe inhibition of differentiation and maturation,
as evidenced by a reduced percentage of MBP* OLs with arborized morphology (Figure
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2L) and diminished expression of major myelin proteins (Figure 2M). No difference in

the expression of astrocyte-specific genes Aldh1/1, Gfap, and Agp4 (Figure 2N) was
observed, suggesting that PARP1-depleted OPCs do not switch their fate to astroglial
lineage. Collectively, our data indicate that PARP1 regulates oligodendroglial differentiation
and maturation in a cell-autonomous fashion.

PARP1 cKO in Olig2-expressing cells inhibits oligodendrogenesis

We next employed Cre-loxP-based conditional KO (cKO) to elucidate PARP1’s role in
oligodendroglial development. To this end, we crossed O/ig2-Cre (Schuller et al., 2008 )
with ParpI-floxed (Luo et al., 2017) mice to deplete PARP1 selectively in Olig2-expressing
primitive OPCs starting from the embryonic stages (Rowitch, 2004). A fate-mapping study
showed that O/ig2-Cre-mediated recombination was observed in ~80% of Sox10* OLCs in
the CC of Olig2-Cre:Rosa26-EYFP mice at P17 (Figures S3A and S3B), which is in line
with previous data (Chavali et al., 2020; Fancy et al., 2014). Olig2-Cre:Parp1 cKO (Figure
S3C) resulted in hypomyelination (Figure S3D) and defective oligodendroglial maturation
(Figure S3E) in the brain at P14, a time point corresponding to the developmental
myelination onset in mice. A time-course analysis demonstrated that oligodendroglial
differentiation and developmental myelination were inhibited in the CNS of Olig2-Cre:Parp1
cKO mice at P30 (Figures S3F and S3G) and returned to the WT level at P70 (Figures S3H
and S31). A TEM assay confirmed that the number of myelinated axons and total axons was
similar in the corticospinal tract (CST) (Figure S3J1-S3J3) and CC (Figures S3K1-S3K3)
between the two groups at P70. However, the myelin sheath was thinner, as evidenced

by a greater g-ratio, in both areas of ParpI cKO mice than in that of control (Ctrl) mice
(Figures S3J4 and S3K4). Both developing and adult O/ig2-Cre: Parp1 cKO mice developed
defective motor performance (Figures S3L and S3M), but they displayed normal ability of
motor skill earning (Figure S3M). Collectively, our data suggest that PARP1 expression in
Olig2-expressing cells is required for developmental myelination in early postnatal mice and
motor function in adult mice, as well.

PARP1 regulates OPC differentiation into OLs in the postnatal CNS

OLs are differentiated from OPCs that are generated from cortical progenitors in the
murine brain during early postnatal development (Kessaris et al., 2006). To determine the
role of PARP1 in postnatal OPC differentiation, we generated Pdgfra-CreER2: Parp1i/fl
(Pdgfra:Parp1 cKO) mutants, thus enabling the time-conditional depletion of PARP1 in
OPCs by tamoxifen treatment (Figures 3A and 3B). Tamoxifen administration at P1, P2, and
P3 resulted in PARP1 depletion in 89.6% * 7.4% (n = 4 mice) PDGFRa* OPCs in the CC
(Figure 3C). Gene Ontology (GO) analysis of bulk-brain RNA sequencing (RNA-seq) data
(Table S2) showed that OPC differentiation and myelination were overrepresented among
the downregulated genes in the Pdgfra.Parpl cKO brain (Figure 3D). The expression of
major myelin-specific genes (Figure 3E) and premyelinating OL-enriched genes (Figure
3F) was severely affected in the Pdgfra: Parp1 cKO brain. Moreover, the number of
Sox10*CC1*-differentiated OLs (Figure 3G) and TCF712* newly generated OLs (Figure
3H) was decreased in the CC of Pdgfra.Parp cKO mice. Consistently, MBP was observed
at a reduced level in the subcortical white matter of the Pdgfra:Parp1 cKO brain whereas
SMI312" axonal bundles were comparable (Figure 31). OPC-specific PARP1 depletion did
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not affect oligodendroglial proliferation (Figures S4A and S4B), cell death (Figures S4C
and S4D), or microglial (Figures S4E-S4G) and astroglial (Figures S4H-S4J) activation.
We also found a significant reduction in the density of Sox10*CC1* OLs (Figure 3J)

and the expression of myelin-associated genes (Figure 3K) and newly formed OL marker
genes (Figure 3L) in the spinal cord of Pdgfra.PARPI cKO mice. Altogether, these data
demonstrate that PARP1 is required for OPC differentiation not only in the brain but also in
the spinal cord.

Oligodendroglial PARP1 is essential for developmental myelination

Developmental myelination in the murine CNS starts approximately at the beginning of the
2"d week after birth. Therefore, we analyzed oligodendroglial myelin formation at P14 in the
CST of Pdgfra.Parp1 cKO mice that received tamoxifen at P6/P7 (Figure 3M). Toluidine
blue myelin staining demonstrated a significant decrease of the myelinated axon number

in Pdgfra.:Parpl cKO mice (Figure 3N), which was confirmed by TEM assay (Figure 30).
The density of total axons with a diameter =0.3 um was comparable between Pagfra.Parpl
cKO mice and Ctrls (Figure 3P). Among the myelinated axons, the myelin sheath was
significantly thinner, as evidenced by a greater g-ratio in Padgfra.:Parpl cKO mice than in
that of Parp1 Ctrls (Figures 3Q and 3R). These data collectively suggest that PARP1 is
required for oligodendroglial myelination.

PARP1 is activated primarily in OLCs during postnatal CNS development

To elucidate the mechanisms underlying PARP1-regulated oligodendroglial development,
we sought to interrogate if PARP1’s activity plays a part. We employed PAR
immunedetection as a reliable surrogate for PARP1’s enzymatic activation (Figure 4A)
(Luo and Kraus, 2012). The absence of PAR* cells in the spinal cord of Parpl KO mice
(Figure 4B) revealed that PARP1 is the major PARP family member responsible for cellular
PARylation activity in the CNS. We next used lineage-specific markers to determine what
cell type exhibits PARP1 activity. The vast majority of PAR* cells (94.5% * 5.2%, n = 3)
were Sox10-expressing OLCs in the developing spinal white matter. The PAR signal was
low in PDGFRa* OPCs, elevated in CC1* OLs (Figure 4C) in the spinal cord at P7 (relative
PAR intensity in OPCs 1.0 + 0.08 versus OLs 4.1 £ 0.25, p < 0.0001, n = 36 cells), and
became undetectable in the adult spinal cord (Figure 4D). The dynamic pattern of PAR

was confirmed by primary OL cultures purified from neonatal rodent brain: low in OPCs,
elevated in newly formed immature OLs (D1 and D2), and downregulated in mature OLs
(D4) (Figure 4E). Our data are in line with a previous report that PARP1 activity is higher
in neonatal OPCs than in adult OPCs (Baldassarro et al., 2017). Thus, PARPL1 is transiently
activated primarily in OLCs during postnatal CNS development.

PARP1 hyperactivation in response to excessive DNA damaging agents leads to cell

death in a context-dependent manner (Alano et al., 2010; Hassa, 2009; Scott et al.,

2003). We found that the morphology of PAR*Sox10" nuclei (Figure 4F, arrowheads)

was indistinguishable from that of PAR™Sox10* nuclei (Figure 4F, arrows), both of which
exhibited no morphological characteristics of dying cells, such as nuclear condensation
(Figure 4G, arrowheads), suggesting that PARP1 activation may be dispensable for OL death
in the developing CNS where minimal genotoxic injury exists.
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PARP1 enzymatic activity is required for OPC differentiation

To elucidate the function of PARP1 activity in oligodendroglial development, we used the
potent PARPL1 inhibitor 4-hydoxyquinazoline (4HQ) to dampen cellular PARylation (Figure
4A) and determined the cell-autonomous effect on OPC differentiation in purified primary
OPC cultures (Figure 4H). 4HQ treatment remarkably reduced the PAR signal (Figure

41) without affecting PARP1 expression (Figure 4J). The percent of ramified MBP* OLs
was decreased (Figure 41), and myelin-specific gene expression was diminished (Figure

4J) in the 4HQ-treated group. An MTT cell viability assay demonstrated that the 4HQ
concentration we used (10 uM) had no effect on OL death (Figure 4K). These /n vitro data
suggest that the PARP1 activity-dependent function plays a crucial role in PARP1-regulated
OPC differentiation.

We next determined whether PARP1 activity regulates OPC differentiation in vivo. A 4HQ
injection into neonatal mice (Figure 4L) significantly decreased the number of Sox10*
OLCs that were positive for PAR (Figure 40) without perturbing PARP1 expression (Figures
4M and 4N). Myelination, visualized by MBP staining, was significantly reduced in the
subcortical white matter of 4HQ-treated mice (Figure 4P). We found a significant reduction
in the density of CC1*-differentiated OLs (Figure 4Q), the expression of myelin-specific
genes (Figure 4R), and the density of TCF7I2*-premyelinating OLs (Figure 4S) in the brain
of 4HQ-treated mice. Moreover, the number of OLs was significantly diminished in the
spinal cord of 4HQ-treated mice compared with that in the Ctrl spinal cord (Figure 4T). Our
further analysis showed that PARP1 inhibition did not affect cell death and glial activation
(Figure S5). Collectively, these data suggest that PARP1 enzymatic activity is essential for
OPC differentiation and that PARP1 activation plays a minor role in mediating cell death
and glial activation during CNS developmental myelination.

PARylation stabilization promotes OPC differentiation

The half-life of PAR chains deposited on acceptor proteins by PARP1 is less than 1 minute
(Zhen and Yu, 2018). The rapid turnover is catalyzed by PARG (Figure 5A). We next asked
if stabilizing PARylation affects OPC differentiation. To this end, we used a potent PARG
inhibitor, PDD 00017273 (PDD) (James et al., 2016) (Figure 5B) to augment PARylation
through dampening PAR degradation (Figure 5C). PDD treatment increased the number
(Ctrl, 405 £ 33 [n = 5] versus PDD, 572 + 43 [n = 6], p = 0.016) and intensity of the PAR
signal in Sox10* OLCs (Figure 5D). Strikingly, we found that the density of CC1* OLs was
significantly increased in the ventral white matter of spinal cord and the forebrain CC of
PDD-treated mice (Figure 5E), whereas PDGFRa* OPCs were not affected (Figure 5F). The
density of myelinated axons (Figure 5G, arrowheads) was significantly increased in the CST
of PDD-treated mice (Figure 5G, right panel), as assessed by high-power confocal images of
MBP (myelin) and SMI312 (axons). Together, these data indicate that augmenting cellular
PARylation level promotes oligodendrogenesis and accelerates developmental myelination.

To determine whether stabilizing PARylation affects OPC differentiation in a cell-
autonomous fashion, we sought to use purified primary OPC cultures (Figure 5H) treated
with a non-toxic concentration of PDD (1 uM) (Figure 51). PDD treatment markedly
increased the PAR signal (Figure 5J) without altering PARP1 and PARG expression (Figure
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5K). We found that PDD inhibition promoted OPC differentiation and maturation, as
evidenced by a significant increase in the percentage of MBP-expressing OLs bearing
arborized morphology (Figure 5L), the mRNA levels of major myelin proteins (Figure
5M), and the protein levels of PLP, MAG, and TCF712 (Figure 5N). To strengthen the
conclusion, siRNA-mediated PARG knockdown in purified primary rodent OPCs (Figure
50) significantly increased the expression of major myelin genes (Mbp, Cnp, and Mag) and
the potent pro-differentiation factor Myrf (Figure 5P). Taken together, stabilizing PARP1-
mediated PARylation promotes OPC differentiation.

Unbiased proteomics identifies target proteins of PARP1 activity

PARP1 activity regulates cellular processes mainly through binding to and modulating its
PARylated target proteins (Luo and Kraus, 2012). We next sought to identify potential

PAR acceptor (target) proteins, providing further molecular mechanisms underlying PARP1-
regulated oligodendroglial development. To this end, PAR antibody Co-immunoprecipitation
(co-1P) was used to enrich PARylated proteins from the P7 spinal cord where PAR*

cells were identified as OLs (Figure 4C), followed by protein identification by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) (Figure 6A). We identified 131
potential PARylated nuclear proteins that were significantly enriched by at least 3-fold

(p < 0.05) in PAR antibody IP components compared with immunoglobulin G (I1gG) IP
components (Table S3). GO analysis showed that the identified PAR acceptor proteins were
predominantly associated with mRNA processing, splicing, transporting, and translation
(Figure 6B) and participated in RNA binding function (Figure 6C). This is in stark contrast
to the PARylated proteins previously identified from cells treated by the genotoxic agent
H,0, (Zhang et al., 2013), which were primarily related to DNA damage and repair (Figure
S6).

Among the candidates (Table S3) were well-known acceptor proteins including PARP1, the
prime PAR acceptor protein in cells (Luo and Kraus, 2012), histone proteins (histone H1.3
and H1fx), and heterogeneous nuclear ribonucleoproteins (hnnRNPs) (Ke et al., 2019) (Figure
6D), which provides positive Ctrls for our unbiased approaches. Interestingly, we identified
some PARylated proteins with reported functions in oligodendroglial development, such

as Fus (Guzman et al., 2020), Mecp2 (Nguyen et al., 2013), Qki (Thangaraj et al., 2017;
Zhou et al., 2020), and Fmrl (Giampetruzzi et al., 2013; Shi et al., 2019) (Figure 6D).

We also identified PARP1 target proteins with yet unknown functions in oligodendroglial
development, such as the myelin expression factor 2 (Myef2), Y-box binding proteins (Ybx3
and Ybx2), polyadenylate-binding protein 1 (Pabpcl) (Figure 6D), and others (Table S3).
Together, our data suggest a potential role of PARP1 in regulating RNA metabolism and
RNA binding under physiological conditions and provide further PARP1 target proteins for
future studies.

Myef2 is a PARP1 target, negatively regulating oligodendroglial differentiation

We next focused on Myef2 for further study. Co-1P/western blot (WB) assays confirmed that
Myef2 interacted with PARP1 and was PARylated by PARP1 in primary OLs (Figure 6E).
Using rodent primary cultures, we showed that Myef2 expression was downregulated along
oligodendroglial lineage progression and maturation (Figure 6F). We found that genetic
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Parp1 KO did not affect Myef2 expression (Figure 6G). These data suggest that, instead of
regulating Myef2 expression, PARP1 may modulate its function through adding negatively
charged PAR chains.

Recent data suggest that Myef2 binds to the majority mRNAs of protein-coding genes in
oligodendroglial cell lines through 3" untranslated region (UTR) (Samudyata et al., 2019),
which often involves repressing mMRNA processing and translation (Abaza and Gebauer,
2008; Szostak and Gebauer, 2013). We hypothesize that Myef2 may bind to myelin gene
mRNAs and regulate myelin gene expression posttranscriptionally. We employed RNA IP
(He et al., 2017) to pull down the Myef2-bound mMRNA from D2 primary OLs and found
that the myelin gene mRNA transcripts of Mbp and Mag were markedly enriched in Myef2
antibody components (Figure 6H). Notably, inhibiting PARP1’s PARylation activity by
4HQ significantly enhanced the binding of Myef2 to Mbp and Mag mRNAs (Figure 6H),
indicating that PARP1-mediated Myef2 PARYylation dissociates Myef2 from binding myelin
gene transcripts (Figure 61).

To determine the role of Myef2 in oligodendroglial development, we employed siRNA-
mediated knockdown in rodent primary OPC cultures (Figures 6J and 6K). We found that
the percentage of MBP™ cells (Figure 6L) was markedly increased in MyefZ2siRNA cultures
(Figure 6M), which is corroborated by a significant increase of the myelin gene proteins
MBP and MAG (Figures 6N and 60). In contrast, the mRNA levels of Mbpand Mag

were not affected by Myef2knockdown (Figure 6P), suggesting that Myef2 negatively
regulates OPC differentiation by repressing myelin gene expression at the posttranscriptional
level. Furthermore, our rescue experiment demonstrated that Myef2 knockdown significantly
relieved the degree of myelin protein (MBP and MAG) inhibition elicited by 4HQ (Figures
6Q and 6R). Altogether, our data indicate that PARP1’s PARylation activity positively
regulates OL maturation, at least in part, through PARylating Myef2 and subsequently
relieving the repressive effect of Myef2 on myelin protein expression (Figure 61).

Temporal dynamics of PARP1 activity during myelin damage and repair

To determine the significance of PARP1 activity in OL regeneration and remyelination, we
employed the mouse model of cuprizone (CPZ)-induced demyelination. We first performed
a time-course analysis of PARP1 activity during CPZ-induced demyelination and subsequent
remyelination (Figure 7A). PARP1 activity, assessed by PAR immunohistochemistry (IHC),
was absent from the CC of healthy adult mice (Figure 7B), markedly elevated during
demyelination (Figures 7C and 7D) and active remyelination (Figure 7E), and progressively
downregulated to a barely detectable level after remyelination was completed (Figure 7F).
PAR signals were primarily observed in CD68* activated microglia (Figure 7D) and absent
from Sox10* OLCs (Figure 7C) after 3 weeks of CPZ-induced demyelination. In contrast,
PAR signals were induced primarily in Sox10-expressing OLCs (91.6% * 7.9% of PAR*
cells are Sox10*, n = 4) at 1 week after returning to the normal diet (6+1 weeks), a time
point at which active OL regeneration and remyelination occur in the CC. Triple IHC
demonstrated that PAR signals were higher in CC1* newly regenerated OLs (Figure 7E,
arrowheads) than PDGFRa* OPCs at 6+1 weeks (relative PAR intensity: OPCs 1.00 + 0.09
versus OL 6.01 + 0.36, p < 0.0001). The temporal dynamics of PARP1 activity within OLCs
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is reminiscent of that during developmental myelination (Figure 4) and suggests that PARP1
activity may regulate OL regeneration and myelin repair.

PARPL1 is required for OL regeneration and remyelination

To interrogate the role of PARP1 in remyelination, we treated CPZ-demyelinated mice

with 4HQ on day 1 after returning to the normal diet for 7 days. The treated mice were
analyzed 2 hours after the last 4HQ daily injection (Figure 7G). 4HQ treatment reduced
PARP1’s PARylation activity, as evidenced by a significant diminution of the PAR signal
(Figure 7H). 4HQ inhibition impaired myelin repair assessed by Black-Gold Il myelin assay
(Figure 71) and decreased the number of Sox10"CC1* total OLs (Figure 7K) and TCF712*
newly regenerated premyelinating OLs (Figure 7L) in the CC of CPZ+4HQ group compared
with the CPZ+Veh group, whereas the number of PDGFRa*Sox10* OPCs was comparable
(Figure 7J). We found that the 4HQ-treatment paradigm we used did not affect the activation
of microglia/macrophages quantified by Ibal compared with that in the CPZ+Veh group
(Figure S7A). These data indicate that PARP1 activity is required for OL regeneration and
remyelination.

We next employed genetic PARP1 deletion to corroborate our conclusion derived from
pharmacological inhibition. Tamoxifen-induced OPC-specific PARP1 deletion significantly
reduced myelin repair, as assessed by Black-Gold Il myelin staining (Figure 7M), and
decreased the number of Sox10*CC1* OLs in the CC of Pagfra.Parp1 cKO mice (Figure
S7C), while the number of Sox10*PDGFRa* OPCs was comparable to that of Ctrl mice
(Figure S7D). Together, 4HQ inhibition and PARP1 deletion data suggest that PARP1-
mediated PARylation is required for OL regeneration and myelin repair in the CPZ model.

DISCUSSION

The physiological and pathophysiological role of PARP1 in oligodendroglial development
remains enigmatic. Using genetic and pharmacological approaches, we identify PARP1 as
an intrinsic driver for OL differentiation and myelination. PARP1’s PARYylation activity
plays an essential role in PARP1-regulated oligodendroglial development. We found that
PARP1 PARylates its downstream target proteins that are involved in RNA metabolism and
identified Myef2 as a PARylated target, which controls OPC differentiation by PARylation-
modulated myelin gene expression. Thus, our studies unravel previously unappreciated
functions of PARP1 in oligodendroglial development and CNS myelination and suggest that
the PARP1-mediated pathway may be a potential therapeutic target for myelin repair in
demyelinating disorders.

PARP1 activity is tightly controlled in OLCs and plays a minor role in OL death

PARP1 is activated primarily in OLCs during developmental myelination and remyelination.
PARP1-mediated cellular PARylation is tightly controlled by (1) the PAR degrading
enzyme PARG, as shown by PARylation accumulation in PDD-treated OLs, (2) PARP1
auto-PARylation, which provides negative feedback to PARP1 activity (Gupte et al., 2017),
and (3) the downregulation of PARP1 itself in fully matured OLs. Interestingly, /n vivo
PARG inhibition increases the PAR signal in Sox10* OLCs but does not lead to massive
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ectopic PAR accumulation in non-OLCs (Figure 5C), suggesting that PARG is activated
in cells that simultaneously exhibit PARP1’s PARylation activities, which are identified as
OLCs (Figure 4).

The potential triggers for PARP1 activation in developing OLs remain unclear. DNA
damage is the canonical activator for PARP1 (D’Amours et al., 1999). Excessive PARP1
hyperactivation by DNA damaging agents mediates neuronal death /n vitro (Alano et

al., 2010). However, PARP1 activity in OLs is unlikely triggered by DNA damage in

the developing CNS where genomic DNA integrity is maintained. In this regard, PARP1
activation may play a minor role in OL death, which is supported by our data showing that
PARP1 inhibition or depletion does not affect OL death in the developing CNS. Our finding
is consistent with previous data that PARP1 depletion or inhibition does not affect primary
OL death elicited by peroxynitrite (Scott et al., 2003). Furthermore, our data also suggest
(Figure 7) that PARP1 activity is necessary for OL regeneration and dispensable for OL
death, at least during remyelination. It remains to be determined whether PARP1 and its
activity regulate OL death or survival under demyelinating conditions as previously reported
(\Veto et al., 2010). Our genetic model of tamoxifen-inducible cell-specific PARP1 deletion
would be an appropriate tool to answer this question.

A potential role of PARP1 in regulating RNA metabolism and binding

Our results suggest a crucial role of PARP1 in regulating RNA binding and metabolism,
which is consistent with an increasingly appreciated role of PARP1 in RNA biology (Ke
etal., 2019). We focused on the target protein Myef2, which we reported to control

OPC differentiation in part through PARylation-regulated myelin gene expression at the
posttranscriptional level. We found that PARP1 binds to and PARylates Myef2 and that
inhibiting PARP1 activity potentiates the association of Myef2 with myelin gene mRNAs,
repressing myelin protein translation through yet unknown mechanisms. In support of this
notion, our functional analysis revealed that Myer2knockdown promotes myelin protein
expression at the posttranscriptional, but not mMRNA, level in primary OLs and rescues
4HQ-mediated inhibition of myelin protein expression. These data suggest a working

model in which PARP1 enzymatic activity promotes oligodendrogenesis by PARylating and
releasing the inhibition of Myef2 on myelin protein expression (Figure 61). It remains to be
determined how Myef2 represses myelin protein expression and whether Myef2 plays a role
in impeding OL regeneration under demyelination and remyelination conditions.

We reported that PARP1 inhibition decreased the mRNA level of myelin-associated proteins,
but Myef2 inhibition did not. The different effects of PARP1 and Myef2 suggest that, in
addition to posttranscriptional regulation of myelin gene expression through Myef2, PARP1
may regulate myelin gene expression at the transcriptional levels through other targets.

For instance, Mecp2, which regulates myelin gene transcription (Sharma et al., 2015),

and histone H1, which interacts with PARP1 at the promoter regions to regulate gene
expression (Krishnakumar et al., 2008), may play a role in PARP1 regulation of myelin gene
transcription.

Thyroid hormone receptor (THR)-mediated signaling is a crucial driver for OPC
differentiation through controlling gene expression of differentiation-related factors
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(Baldassarro et al., 2019; Billon et al., 2002; Dugas et al., 2012). Another intriguing
candidate of PARP1 targets, the THR-associated protein Thrap3 (aka Trap150) (Table S3)

is a component of the thyroid hormone (T3)-activated THR complex (Fondell et al., 1996),
an essential transcription factor for OPC differentiation (Lee and Petratos, 2016). Thrap3
also participates in mRNA splicing (Heyd and Lynch, 2010; Lee et al., 2010) and circadian-
rhythm-regulated gene expression (Lande-Diner et al., 2013), both of which modulate OPC
differentiation and myelination (Huang et al., 2020; Wang et al., 2012; Xu et al., 2020). It

is possible that PARP1 regulates OPC differentiation by PARylating and modulating Thrap3
function as well, thus affecting Thrap3-mediated gene transcription and mRNA metabolism.
Future studies are warranted to define the functional association between PARP1 and Thrap3
and how the potential PARP1/Thrap3 axis regulates the expression of oligodendroglial
differentiation-related factors.

potentials of PARP1 in demyelinating disorders

PARP1 expression and its activity were reported to be elevated in T and B lymphocytes
(Meira et al., 2019), myeloid cells (Farez et al., 2009), and OLs, to a lesser extent,
astrocytes and microglia/macrophages in the active brain lesions (\Veto et al., 2010) of

MS, an inflammatory demyelinating disease of the CNS. Pharmacological PARP1 inhibition
was reported to protect against the immune activation and disease severity of experimental
autoimmune encephalomyelitis (EAE), an animal model of MS (Cavone et al., 2011,

Farez et al., 2009; Scott et al., 2004). However, genetic PARP1 deficiency was reported

to worsen EAE disease severity (Kamboj et al., 2013; Selvaraj et al., 2009) and had

no effect on pro-inflammatory gene expression in the spinal cord (Selvaraj et al., 2009),
which is consistent with the unaltered expression of proinflammatory cytokines in microglia/
macrophages (CD11b*) isolated from the spinal cord of ParpI-deficient EAE mice (Farez

et al., 2009). While the reason for the conflicting conclusions is likely multifaceted,
non-cellular specificity and potential “off-target” effects of PARP1 inhibitors cannot be
neglected. Notably, the PARP1 inhibitors used in previous EAE studies (PJ34, PHE, and
5AIQ) have been shown to target not only a broader range of the 17 PARP members
(Wahlberg et al., 2012) but also off-target pathways such as the inflammation modulators
metalloproteinase 9 (MMP9) (Mishra and Kowluru, 2017; Tao et al., 2015) and MMP2
(Nicolescu et al., 2009), PIM serine/threonine kinase family proteins PIM1/PIM2 (Antolin et
al., 2012), and likely P2Y12 receptor signaling (Lechaftois et al., 2014). The conflicting
observations suggest that PARP1 may play a cell-type-dependent role in regulating
neuroinflammation, neuronal/axonal degeneration, and oligodendrogliopathy, three major
pathological components cooperatively determining the MS disease course and neurological
progression. Hence, it is important to employ cell-specific and/or time-conditional PARP1
deletion paradigms to interrogate the therapeutic value of PARP1 in neuroinflammation,
neuropathy, and oligodendrogliopathy of MS animal models.

Our study suggests that PARP1 promotes remyelination in the CPZ model, which mimics
pattern 111 MS lesions of primary oligodendrogliopathy. Our results also indicate that PARP1
plays a minor role in OL death, a conclusion which seems contradictory with previous

data reporting that PARP1 inhibition protects OLs from CPZ-induced death (Veto et al.,
2010). However, the time-course analysis showed that PARP1 was activated primarily in
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CD68* activated microglia (Figure 7D) and minimally in Sox10* oligodendroglia (Figure
7C) during CPZ-induced demyelination stages. We hypothesize that PARP1 chemical
inhibition during CPZ diet maintenance (Veto et al., 2010) dampens microglial activation,
which indirectly protects OLs and myelin against CPZ-induced damage. Supporting this
hypothesis, PARP1 inhibition has been reported to impair microglial activation in response
to various stimuli (Kauppinen et al., 2011; Kauppinen and Swanson, 2005; Stoica et al.,
2014). Notably, microglial activation is not only necessary but also sufficient for OL

death and myelin damage in CPZ model (Marzan et al., 2021). Future studies employing
OL-specific PARP1 depletion are needed to prove or falsify this hypothesis.

PARP1 has been proposed to induce neuronal cell death in ischemic and traumatic brain
damage (Komijéti et al., 2005; Moroni, 2008). The effect of PARP1 on neuronal cell
death/survival seems to depend on the injury severity, as PARP1 inhibition could enhance
or prevent primary cortical neuron death, depending on the severity of oxidative stress
elicited by H,0, incubation (Diaz-Hernandez et al., 2007). PARP1 activation was shown
to be neuroprotective against oxidative neuron injury in vivo, elicited by disrupting the
homeostasis of endogenous antioxidant glutathione (Diaz-Hernandez et al., 2007), which
better reflects the mild but chronic pathophysiological contexts of MS (Carvalho et al.,
2014) and neurodegenerative disorders (Johnson et al., 2012). Hence, more studies are
needed to define the role of PARP1 in neuron death and survival in the setting of
inflammatory demyelination EAE models. The genetic mouse tools generated in this study
will help solve these puzzles.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests may be directed to and will be fulfilled
by the Lead Contact Fuzheng Guo (fzguo@ucdavis.edu).

Materials availability—All requests for resources and reagents should be directed to and
will be fulfilled by the Lead Contact author. All reagents will be made available on request
after completion of a Materials Transfer Agreement.

Data and code availability—Bulk brain RNA-seq data have been deposited at GEO and
are publicly available as of the date of publication. Accession numbers are listed in the
Key resources table. Original western blot images have been deposited at Mendeley and are
publicly available as of the data of publication. The DOI is listed in the Key resources table.
Microscopy data reported in this paper will be shared by the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generation of Parpl KO and cKO mice—Parpl1-floxed mice were provided by Dr.
Kraus (Luo et al., 2017) via an approved Material Transfer Agreement (MTA). Olig2-

Cre (B6.129- Olig2imL.1(cre)Wdlyy stock 025567), Pdgfra-CreER™Z (B6N.Cg- Tg(Pdgfra-cre/
ERT)467Dbell, stock 018280) and Rosa26-LoxP-STOP-LoxP-EYFP (referred to as Rosa26-
EYFP, B6.129X1- Gt(ROSA)26Sor™LEYFF)Cos13 stock 006148) were purchased from the
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Jackson Laboratory. Cre transgene was always maintained as heterozygosity. We crossed
Crelines with Parp2™ mice to generate ParpI cKO mice. Mice that are homozygous for
Parp1 KO were purchased from the Jackson Laboratory (129S-Parp1t12q%)], stock 002779)
and bred with C57BL/6J mice (stock 002779, Jackson Laboratory) to get heterozygous
Parp1 KO mice. WT and ParpI KO mice were subsequently generated by crossing female
heterozygous Parp KO mice with male heterozygous ParpZ KO mice. Both male and
female mice were used in this study. All animals were from C57BL/6 background and
maintained in 12 h light/dark cycle with water and food. Animals and procedures in this
study were approved by the Institutional Animal Care and Use Committee at the University
of California, Davis.

Mouse studies, 4HQ or PDD injections and cuprizone model—For Pdgfra-
CreER2 Parp1™ and littermate controls, tamoxifen was dissolved in a mixture of ethanol
and sunflower seed oil (1:9, v/v) at the concentration of 30 mg/ml. Tamoxifen was
administered subcutaneously to neonatal pups on P1, P2, and P3 daily at a dose of 10

pL (300 pg) once a day and mice were euthanized at P9 for OL differentiation assay
according to our previous protocols (Zhang et al., 2018b, 2021a, 2021b), or administrated
on P6 and P7 at a dose of 20 pL (600 pg) once a day and mice were euthanized at P14 for
myelination assay. For PARylation study, neonatal mice were injected with PARP inhibitor
4-hydroxyquinazoline (4HQ) 100 mg/kg body weight, or PARG inhibitor PDD 00017273
(PDD) 10 g/kg body weight or vehicle control subcutaneously from postnatal day 2 (P2)

to P10, and euthanized for analysis 2 h after the last injection. For postnatal studies, the

day when pups were born was designated as PO. Experimental demyelination was induced
by feeding 8-week-old male mice with 0.2% cuprizone diet. After 6 weeks of treatment,
cuprizone feedings were discontinued and changed to a regular diet for 1 week (6+1 W)

or 6 weeks (6+6 W) for remyelination. To study the effect on remyelination, 4HQ (100
mg/kg) or DMSO vehicle were intraperitoneally injected into wild-type mice daily from day
1 through day 7, or tamoxifen was injected intraperitoneally into Pdgfra-CreER2: Parp1
and littermate control mice from day 1 to day 5, after returning to normal diet, and mice
were euthanized at weeks 7 (6+1 W) for further analysis. Both male and female mice were
used in these studies.

Mice OPCs primary culture, differentiation, and treatment—Primary OPCs were
isolated from cerebral cortices of PO to P2 mice using immune-panning procedure according
to our previous protocol (Zhang et al., 2018b, 2020, 2021a, 2021b). Cerebral cortices

from male and female pups were combined. After stripping the meninges, cerebral cortices
were enzymatically digested using papain (20 U/ml, Worthington) supplemented with
DNase I (250 U/ml, Sigma) and D-(+)-glucose (0.36%, AMRESCO) for 1 h at 37°C,

and mechanically triturated to obtain single cell. The cell suspension was centrifuged,
resuspended in DMEM medium with 10% heat-inactivated fetal bovine serum and
penicillin/streptomycin, and plated on poly-D-lysine (PDL, Millipore) coated 10 cm dishes.
After 24 h incubation, cells were washed using HBSS, and cultured in serum-free growth
medium (GM), containing 30% of B104-1-1 neuroblastoma medium and 70% of N1
medium (DMEM with 5 mg/ml insulin (Sigma), 50 pg/ml apo-transferrin (Sigma), 100

UM putrescine (Sigma), 30 nM Sodium selenite (Sigma), 20 nM progesterone (Sigma) until
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80% of confluency. The mixed glial cells were then dissociated in single cell suspension,
incubated on Thy1.2 (CD90.2) antibody (10 ul, Biolegend) coated Petri-dish to deplete
astrocytes, neurons and meningeal cells and then seeded on NG2 antibody (5 pl, Millipore)
coated Petri-dish to select OPCs. The isolated OPCs were then cultured on PDL-coated
plates using GM plus 5 ng/ml FGF (Peprotech), 4 ng/ml PDGF-AA (Peprotech), 50 uM
Forskolin (Peprotech,) and glutamax (Thermo Fisher). To induce differentiation, OPCs were
cultured in the differentiation medium (DM), consisting of F12/high-glucose DMEM plus
12.5 ug/ml insulin, 100 uM Putrescine, 24 nM Sodium selenite, 10 nM Progesterone, 10
ng/ml Biotin, 50 pg/ml Transferrin (Sigma), 30 ng/ml 3,3",5-Triiodo-L-thyronine (Sigma),
40 ng/ml L-Thyroxine (Sigma), glutamax and P/S. OPCs with 80% confluence were treated
with 10 uM 4HQ, 1 uM PDD or vehicle control in the DM medium. OPCs differentiation
was analyzed at the time points indicated in Figures 4H and 5H. OPCs from WT and Parp1
KO mice were isolated, cultured until 80% confluence and differentiated for 1, 3 and 4 days
in DM medium. Cells are cultured at 37°C in a humidified atmosphere with 5% CO».

Rat OPC primary culture, differentiation, and loss-of-function—Primary mixed
glial cells were prepared from P0O-P2 rat cerebral cortices as previously described (Zhang

et al., 2020, 2021a). Mixed glial cells were plated on PDL-coated T75 flasks in high

glucose DMEM medium supplemented with 10% heat-inactivated fetal bovine serum

and 1% Penicillin/Streptomycin. Medium was changed every 2 days until astrocytes are
confluent. Flasks were shaken for 1 h at 37°C and 200 rpm on an orbital shaker (Cat#

C491, Hanchen) to remove microglia. After wash with PBS, 20 mL 10% FBS/DMEM was
added into each flask, followed by shaking for 6 h at 37°C and 200 rpm to get OPCs.

OPCs were seeded on PDL-coated plates in GM for further study. Double-stranded Parg,
Myer2 or universal negative control small interfering RNAs (SiRNA) were purchased from
Sigma-Aldrich. Primary OPCs growing on 6-well plates at 80% confluency were transfected
with a concentration of 25 nM siRNA and 9 pL HiPerFect transfection reagent (QIAGEN) in
the differentiation medium. Cells were incubated with the medium containing siRNA at the
time points indicated in Figures 50 and 6J. Cells were processed for differentiation analysis
after transfection. Cells are cultured at 37°C in a humidified atmosphere with 5% CO,.

METHOD DETAILS

Tissue preparation and immunohistochemistry (IHC)—Tissue preparation and IHC
were conducted as previously described (Zhang et al., 2021a). After anesthetization by
ketamine/xylazine mixture, mice were transcardially perfused with ice-cold PBS. Tissues
were collected, and immediately placed on dry ice for protein or RNA extraction or fixed

in fresh 4% paraformaldehyde (PFA, Electron Microscopy Science) for histological study.
After post-fix in 4% PFA for 2 h at room temperature (RT), tissues were washed with PBS
three times, 15 min each time, cryopreserved in 30% sucrose (Fisher Chemical) in PBS
overnight at 4°C and embedded in O.C.T. (VWR International). Serial coronal sections (12
pum) were cut by a Leica Cryostat (CM 1900-3-1) and stored in 80°C. IHC was conducted as
below: slices were air dry at RT for 2 h, and blocked with 10% donkey serum in 0.1% Triton
X-100/PBS (v/v) for 1 h at RT, followed by incubation with primary antibodies overnight

at 4°C. After wash with PBST (PBS with 0.1% Tween-20, v/v), slices were incubated

with fluorescence conjugated secondary antibodies for 2h at RT. DAPI was applied as
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nuclear counterstain. All images shown were obtained by Nikon Al confocal microscope.
10 um of optical thickness sections were obtained by confocal z stacking (step size 1

pum) and projected into one flattened image for quantification. The following antibodies
were used in IHC: PARP1 (1:100, Active Motif; 1:100, Proteintech), Anti-poly-ADP-ribose
binding reagent (1:100, Millipore), Sox2 (1:500, Santa Cruz Biotechnology), CC1 (1:200,
Calbiochem), TCF712 (1:100, Cell Signaling Technology; 1:100, Millipore), PDGFRa
(1:100, R&D System), EYFP (1:200, Millipore), Sox10 (1:100, Abcam), MBP (1:100,
Novus), Myef2 (1:100, Proteintech), SMI1312 (1:100, BioLegend), Ibal (1:100, Novus),
GFAP (1:100, Millipore). All secondary antibodies Alexa Fluor® 488- or Alexa Fluor
594-conjugated AffiniPure F(ab’), fragments (1:500) were from Jackson ImmunoResearch
Laboratories.

Black-Gold Il myelin staining—BIlack-Gold Il myelin stain (Millipore) was performed
according to the manufacturer’s instruction. The fixed, frozen sections (12 um) were
incubated with 0.3% Black-Gold 11 stain for 20 min at 60°C. The stain was fixed with 1%
sodium thiosulfate solution, and then washed, dehydrated using a series of gradated alcohol
(50%, 75%, 85%, 95% and 100%), cleared in xylene, and coverslipped with mounting
medium (Fisher Scientific). Staining was visualized using an Olympus BX61 microscope
and quantified by ImageJ software.

Toluidine blue staining and transmission electron microscopy (TEM)—Mice
were anesthetized with ketamine/xylazine mixture and perfused with 4% PFA, followed by
3% glutaraldehyde (Electron Microscopy Science, dilute in PBS, pH 7.4) at a speed of 5

mL per minute. Spinal cord was carefully dissected out and fixed with 3% glutaraldehyde
overnight, followed by wash with 0.2 M sodium cacodylate buffer (pH 7.2, Electron
Microscopy Science) twice, 10 min each time, post-fixed with 2% (w/v) aqueous osmium
tetroxide (Electron Microscopy Science) for 2 h and washed with sodium cacodylate

twice, 10 min each time. The resulting spinal cord was then dehydrated with 50, 70, 90,

and 100% ethanol, followed by wash in propylene oxide three times, 30 min each time,

and incubation with 1:1 mixture of Propylene Oxide:Eponate Resin (Electron Microscopy
Science) overnight, and with 1:3 mixture of Propylene Oxide:Eponate Resin for 10 h,

and with 100% Eponate Resin overnight. The resulting specimens were embedded in
EMBed-812 Resin for 2 days at 65°C. Semithin (500 nm) sections were cut by using a Leica
EM UC6 microtome and then incubated with 2% toluidine blue (Ted Pella Inc.) at 100°C for
2 min, followed by imaging on Olympus BX61 microscope. Ultrathin (70 — 80 nm) sections
were cut on a Leica EM UC7 microtome and collected on 1 mm Formvar-coated copper slot
grids, double stained with uranyl acetate and lead citrate, followed by imaging on a CM120
electron microscope.

Immunocytochemistry (ICC)—Cells cultured on glass slides were fixed in 4% PFA for
30 min, permeabilized with 0.1% Triton X-100 in PBS and blocked with 10% donkey
serum. The cells were then washed with PBS and incubated with Primary antibodies
overnight at 4°C, followed by fluorescence-conjugated secondary antibodies (1:200) for 2 h
at room temperature. Nuclei were visualized using DAPI. Fluorescent images were observed
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with Nikon A1l confocal microscope. Intensity of MBP fluorescence were quantified using
ImageJ software.

Cell viability assay—Cells were seeded in 48-well plates at a density of 1 x 105 cells/mL
and cultured for 24 h before further treatment. 200 uL of MTT solution (5 mg/mL, diluted in
PBS) was added to each well and incubated at 37°C for 4 h. The medium was removed and
200 pL of DMSO was added to each well to dissolve formazan crystals. Optical densities
(OD) were determined by a microplate reader (SpectraMax i3x, Molecular Devices) at 570
nm and 650 nm. Cell viability was expressed as a percentage with the control cells, which
was taken as 100%.

Protein extraction and western blot assay—Tissue or cells were lysed in N-PER
Neuronal Protein Extraction Reagent (Thermo Fisher) supplemented with protease and
phosphatase inhibitor cocktail (Thermo Fisher) and PMSF (Cell Signaling Technology).
After incubation on ice for 10 min and centrifugation at 10,000 x g for 10 min at 4°C,

the concentrations of each sample were measured using BCA protein assay kit (Thermo
Fisher Scientific). Equal volumes (30 pg) of cell lysates from each condition were resolved
by AnykD Mini-PROTEAN TGX precast gels (BIO-RAD) or 7.5% Mini-PROTEAN

TGX precast gels (BIO-RAD). The proteins were transferred onto 0.2 um nitrocellulose
membrane (BIO-RAD) using Trans-blot Turbo Transfer system (BIO-RAD). After blocking
with 5% BSA (Cell signaling) for 1 h at room temperature, the membranes were incubated
with primary antibodies overnight at 4 °C, followed by suitable HRP-conjugated secondary
antibodies. Proteins of interest were visualized by Western Lightening Plus ECL (Perkin
Elmer). NIH ImageJ was used to analyze protein levels. Primary and secondary antibodies
used were: PARP1 (1:1000, Active Motif), Anti-poly-ADP-ribose binding reagent (1:1000,
Millipore), Sox2 (1:1000, Santa Cruz Biotechnology), TCF712 (1:100, Cell Signaling
Technology; 1:100, Millipore), Myef2 (1:100, Proteintech), MBP (1:100, Novus), MAG
(1:1000, Millipore), PLP (1:1000, Thermo Fisher Scientific), TLE3 (1:1000, Proteintech),
AIF (1:1000, Abcam), Gasdermin D (1:1000, Cell Signaling Technology), MLKL (1:1000,
Proteintech), p-MLKL (S345) (1:1000, Cell Signaling Technology), p-actin (1:1000, Cell
Signaling Technology), and HRP goat anti-rabbit (1:3000, Thermo Fisher Scientific), anti-
mouse (1:3000, Thermo Fisher Scientific) or anti-rat (1:3000, Cell Signaling Technology)
secondary antibodies.

Co-immunoprecipitation (Co-1P)—For western blotting assay, Co-IP was performed
with Pierce Crosslink Magnetic IP/Co-IP kit (Thermo Fisher) following the manufacturer’s
instructions. 10 mg of primary antibodies or isotype control 1gG were covalently cross-
linked to 25 L of protein A/G magnetic beads (Thermo Fisher). Proteins were extracted
with the Pierce IP Lysis/Wash Buffer (Thermo Fisher) supplemented with PMSF (Cell
Signaling Technology) and protease and phosphatase inhibitor cocktail (Thermo Fisher). A
portion of each sample was saved as input. An equal amount (1 mg) of each protein extract
was incubated with protein A/G magnetic beads cross-linked with primary antibodies or
isotype control IgG overnight at 4°C. The beads were then washed to remove non-bound
material and protein was eluted in a low-PH elution buffer that dissociates bound antigen
from the antibody-crosslinked beads. The elute was then added with Neutralization buffer

Cell Rep. Author manuscript; available in PMC 2022 October 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 18

to neutralize the low PH and Lane marker sample buffer containing p-mercaptoethanol

for SDS-PAGE and western blotting. Primary antibodies and isotype control 1gG used
were: PARP1 (Active Motif), PAR (Trevigen), Sox2 (Santa Cruz Biotechnology), Myef2
(Proteintech), Normal rabbit IgG (Cell Signaling Technology) and Normal goat 1gG (R&D
Systems).

For LC-MS/MS assay, Co-IP was performed with Pierce Classic Magnetic IP/Co-IP kit
(Thermo Fisher) according to manufacturer’s instructions. 1 mg of protein lysate was
incubated with 10 pg of primary antibodies or isotype control 1gG overnight at 4°C. Pierce
Protein A/G Magnetic Beads were washed three times using Pierce IP Lysis/Wash Buffer for
LC-MS/MS analysis.

LC-MS/MS—For protein digestion, samples on magnetic beads were washed four times
with 200 ul of 50mM ammonium bicarbonate (AMBIC) with a 20 min shake time at

4°C. 2.5 ug of trypsin gold (Mass spectrometry grade, V528A, Promega) was added to

the beads and samples were digested overnight at 800 rpm shake speed at RT. After
overnight digestion, the peptide extracts were reduced in volume by vacuum centrifugation
and a small portion of the extract was used for fluorometric peptide quantification (Thermo
scientific Pierce). Samples were analyzed for LC-MS/MS analysis by UC Davis Proteomics
core. One microgram of sample based on the fluorometric peptide assay was loaded for
each LC-MS/MS on a Thermo Scientific Q Exactive Plus Orbitrap Mass spectrometer in
conjunction Proxeon Easy-nL.C Il HPLC (Thermo Scientific) and Proxeon nanospray source.
Tandem mass spectra were extracted and charge state deconvoluted by Proteome Discoverer
(Thermo Scientific). All MS/MS samples were analyzed using X! Tandem (The GPM,
thegpm.org; version X! Tandem Alanine (2017.2.1.4)). Scaffold (version Scaffold_4.8.4,
Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide and
protein identifications.

RNA extraction and quantitative real-time PCR (QRT-PCR)—RNA isolation was
performed using the RNeasy Lipid Tissue Mini Kit (QIAGEN) with RNase-Free DNase
Set (QIAGEN) to remove genomic DNA. RNA concentration was measured by Nanodrop
2000 Spectrophotometer (Thermo Fisher Scientific). cDNA was synthesized by QIAGEN
Omniscript RT Kit (QIAGEN). RT-gPCR was performed using QuantiTect SYBR® Green
PCR Kit (QIAGEN) on Agilent MP3005P thermocycler. For quantification, the mRNA
expression level of interested genes in each sample was normalized to that of the internal
control gene Hsp90, and fold change in gene expression was calculated based on the
Equation 2*(Ct(cycle threshold) of Hsp90 - Ct of indicated genes). The gene expression
levels in control groups were normalized to 1. Please see Table S5 for primer sequences.

RNA-sequencing (RNA-seq) and bioinformatic analysis—Total RNA was prepared
from forebrains of Pdgfra-CreER'? Parp1™f mice (n = 3) and controls (n = 3) using
QIAGEN RNeasy for lipid tissues with on-column DNase | digestion. The quality of

RNA samples was determined by the Bioanalyzer 2100 system (Agilent Technologies).

The RNA integrity number (RIN) of all our RNA samples used for RNA-seq and qPCR

was greater than 6.8. The cDNA library was prepared using the NEBNext Ultra Directional
RNA Library Prep Kit (New England BioLabs) for sequenced on the Illumina HiSeq 4000
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sequencing platform. Paired-end clean reads were aligned to the reference genome (mouse
genome mm10) using STAR version2.5 (Spliced Transcripts Alignment to a Reference).
HTseq v0.6.1 was used to count the read numbers mapped of each gene and FPKM was
calculated to indicate the gene expression level. Differentially expressed genes (DEGS) were
analyzed using DESeq version 2.1.6.3 and adjusted P value padj < 0.05 was assigned as
DEGs. Gene ontology (GO) enrichment analysis of DEGs was performed using the National
Institutes of Health online tool DAVID (https://david.ncifcrf.gov/). GO terms with adjusted p
value less than 0.05 were considered significantly enriched.

RNA immunoprecipitation (RIP)—RIP was conducted as reported. D2 OLs were

lysed in Pierce IP Lysis/Wash Buffer supplemented with protease inhibitor (Cell Signaling
Technology) and 100 U/ml RNaseOUT (Thermo Fisher) for 30 min on ice. After
centrifugation, the protein lysate was incubated with 10 pg of Myef2 antibody, or normal
rabbit 1gG overnight at 4°C. 50 uL of protein G Dynabeads (Life Technologies) were added
to the lysate and antibody mix and incubated for 2 h at 4°C. The beads were then washed
five times using 1 mL of lysis buffer. RNA binding to Myef2 protein and 10% of the input
lysate were extracted by Buffer RLT supplemented with p-mercaptoethanol (10 pL per 1 mL
Buffer RLT) and vortexed to mix. 1 volume of 70% ethanol was added to the homogenized
lysate, and sample was transferred to RNeasy Mini spin column, centrifuged and washed
with Buffer RW1 and Buffer RPE. RNA was eluted by 25 pL of RNase-free water. Purified
RNA was then analyzed by RT-qPCR.

Rotarod test—Accelerating rotarod test was used for motor function assessment. The
starting speed of rotarod was 4 rotations per minute (rpm) and the maximal speed was 40
rpm with 1.2 rpm incremental every 10 s. Mice were trained for two consecutive days (4
trials each day with 60 min interval between trials) followed by data collection on the third
day. The retention time of each mouse on rod was recorded and calculated by averaging 3
individual trials.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification was performed by observers blind to genotype and treatment. Data were
presented as mean + s.e.m. in the study. Scatter dot plots were used to quantify data
throughout our manuscript. Each dot in the scatter dot plots represents one mouse or

one independent experiment. Shapiro-Wilk approach was used for testing data normality.
Unpaired two-tailed Student’s t test was used for statistically analyzing two groups of data
and degree of freedom (df) were presented as t4f) in figure legends. One-way ANOVA
followed by Tukey’s post-test was used for statistically analyzing three or more groups of
data. The F ratio, and DFn and DFd was presented as F(prn, prg) in the figure legends where
DFn stands for degree of freedom numerator and DFd for degree of freedom of denominator.
All data graphing and statistical analyses were performed using GraphPad Prism version 8.0.
Pvalue less than 0.05 was considered as significant. ns stands for not significant with P
value greater than 0.05. See Table S4 for detailed statistical information in the main figures
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Highlights
PARP1 drives oligodendroglial development and regeneration
The PARylation activity mediates PARP1-regulated OPC differentiation
Proteomics identifies PARP1 target proteins involved in RNA metabolism

PARP1-modulated Myef2 controls myelin gene expression and OPC
differentiation
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Figure 1. PARP1 expression along oligodendrocyte lineage progression and maturation
(A) Western blotting (WB) of PARP1 (postnatal day [P]). p-actin, loading control.

(B) Triple immunohistochemistry (IHC) assay of PARP1, PDGFRa, and CC1. Arrowheads,
OPCs; arrows, OLs. Pvalue, please see Table S4.

(C) IHC of PARP1, Sox2, and TCF712, a marker of newly differentiated OLs.

(D) IHC of PARP1 in adult spinal cord.

(E and F) gRT-PCR and WB of PARP1 in primary OPCs and differentiated OLs at D1 to D4.
</p/> (G) Diagram summarizing the temporal dynamics of PARP1 during OL development.
Scale bars: (B and C) 10 um; (D) 20 um.
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Figure 2. PARP1 deficiency impairs OL maturation and results in hypomyelination during
postnatal development

(A) WB of PARP1 protein in ParpZ WT and KO mice.

(B) gRT-PCR assay for ParpI mRNA.

(C) IHC and quantification of myelin by myelin basic protein (MBP).

(D) Representative images and density of Sox10* OLCs, Sox10*PDGFRa* OPCs, and
Sox10*CC1* OLs.

(E) gRT-PCR assay for myelin genes and Pdgfra.

(F) IHC and quantification of TCF712*Sox10* newly differentiated OLs.

(G) gRT-PCR assay for genes encoding markers of pre-myelination OLs.

(H) Black-Gold Il myelin staining and quantification in P30 brain.

(1) Density (#/mm?) of Sox10™ OLCs, Sox10*CC1* OLs, and Sox10*PDGFRa.* OPCs.
(J) Experimental design of purified primary cultures for (K)-(N). GM, growth medium; DM,
differentiation medium.

(K) gRT-PCR assay for ParpI-3 mRNA.

(L) IHC and quantification of MBP™ ramified cells among DAPI* cells.

(M and N) gRT-PCR assay for myelin-specific genes (M) and astrocyte-specific genes (N).

Cell Rep. Author manuscript; available in PMC 2022 October 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Wang et al.

Page 28

Scale bars: (C and H) 200 pym; (D and F) 50 pm; (L) 10 um. Gray bars: WT; white bars:
Parp1 KO.
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Figure 3. OPC-specific PARP1 cKO inhibits OPC differentiation and myelination

(A) Diagram depicting inducible Pdgfra.:Parpl cKO. Tamoxifen injection at P1, P2, and P3,
and data analysis (B-L) at P9.
(B) qRT-PCR assay of ParpZI mRNA in the forebrain.
(C) Confocal images showing PARP1 depletion in PDGFRa* OPCs (arrowheads).

(D) Gene Ontology (GO) of top enriched biological processes for downregulated genes
(cKO versus Ctrl) in the brain (Table S2).
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(E and F) gRT-PCR assays for genes coding myelin-specific proteins (E) and pre-
myelinating OL markers (F).

(G and H) IHC assay for Sox10* OLCs, Sox10*CC1* OLs, and TCF7I2-expressing newly
differentiated OLSs.

() IHC of MBP and axonal marker SMI312 in the external capsule (dotted areas).

(9) IHC assay for Sox10*CC1* OLs in the ventral white matter.

(K and L) gRT-PCR assays for mRNA of indicated genes in the spinal cord.

(M) Experimental design for (N)-(R). Corticospinal tract (CST) was used for analysis.
(N) Myelination assay by toluidine blue myelin staining on semithin (500 nm) sections.
(O and P) Myelination assay by transmission electron microscopy (TEM) on ultrathin (50
nm) sections. Axons with diameter =0.3 um were included for analysis.

(Q) Diagram and analysis of average G-ratio of myelinated axons.

(R) Plot of individual G-ratio versus axons.

Scale bars: (O) 2 um; (C, J, and N) 10 pm; (G-I), 50 pum.
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Figure 4. PARP1 activity is essential for OPC differentiation

(A) Diagram depicting 4-hydoxyquinazoline (4HQ) inhibition of PARP1-mediated
PARylation.

(B) IHC of PAR in P7 spinal cord. PAR signals were abolished in ParpZ KO mice.

(C) Triple IHC of PAR, PDGFRa, and CC1 in P7 spinal cord. Arrowheads, PDGFRa*
OPCs; arrows, CC1* OLs.

(D) Absence of PAR signals from Sox10* cells in P60 spinal cord.

(E) WB of PAR using primary brain OPCs and differentiating OLs at D1, D2, and D4.
(F) High-power images showing indistinguishable morphology between PAR*Sox10*
(arrowheads) and PAR™Sox10* (arrows) nuclei (DAPI™) in spinal white matter.
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(G) IHC showing the condensation of DAPI* nucleus of an apoptotic OL (active cleaved

caspase 3 (CC3)*Sox10", arrowheads) in spinal white matter.

(H) Experimental design for (I)—(K). 4HQ was used at 10 uM.

(1) Immunocytochemistry (ICC) of MBP and PAR.

(J) gRT-PCR assay for indicated genes.

(K) MTT cell survival assay of D3 OLs treated with different doses of 4HQ.

(L) Experimental design for (M)—(T).

(M) WB assay for PARP1 and PAR.

(N) gRT-PCR assay for brain ParpI mRNA.

(O) IHC assay for PAR and Sox10 in the corpus callosum (CC).

(P) Myelination assay by MBP IHC.

(Q) Densities of Sox10* OLCs, Sox10"PDGFRa* OPCs, and Sox10*CC1* OLs.
(R) gRT-PCR assays for indicated myelin-specific genes.

(S) IHC assay for TCF712* newly differentiated OLs.

(T) Density of CC1* OLs and PDGFRa* OPCs in the spinal cord white matter.
Scale bars: (B, F, and G) 10 um; (I and O) 20 um; (C, D, and S) 50 mm; (O) 200 pm.
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Figure 5. Stabilizing PARylation promotes OPC differentiation

(A) Diagram depicting PARylation stabilization by inhibiting PARG.

(B) Experimental design for (C)—(G).

(C) Confocal images of PAR and Sox10 in the ventral white matter.

(D-F) Percentage of PAR intensity (D), CC1* OLs (E), and PDGFRa ™ OPCs (F) in spinal
white matter and forebrain CC.

(G) Myelination assay in the CST by myelin marker MBP and axon marker SMI312.

(H) Experimental design for (I)-(N). PDD was used at 1 uM.
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() MTT cell survival assay of D2 OLs at different PDD doses.

(J) Confocal images showing increased intensity PAR in PDD-treated cultures.

(K) gRT-PCR assay for Parg and Parpl.

(L) ICC assay for MBP* OLs among DAPI* cells.

(M) gRT-PCR assay for indicated myelin-associated genes.

(N) WB and quantification of myelin proteins MAG, PLP, and pre-myelinating OL marker
TCF7I12.

(O and P) qRT-PCR assay for indicated genes in the presence of Parg siRNA or scramble
control for 2 days prior to analysis.

Scale bars: (C) 25 um; (G, J, and L) 10 pm.
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Figure 6. PARP1 PARylates Myef2 to regulate OPC differentiation and myelin gene expression
(A) Flow chart showing identification of PARylated acceptor proteins. Whole protein

was prepared from the spinal cord of P7 mice 30 min after PDD injection to stabilize
PARylation.
(B and C) GO analysis of biological processes (B) and molecular function (C) of the 131
potential PARylated acceptor proteins (Table S3).
(D) Selected examples of known PARylated proteins and potential PARylated proteins.
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(E) Co-IP/WB assay confirming the interaction between Myef2 and PARP1 and the presence
of PARylated Myef2 at the molecular weight of Myef2 (~55 kD) in D2 primary OLSs.

(F) gRT-PCR assay for Myef2 in primary OPCs and differentiating OLs.

(G) Double IHC of PARP1 and Myef2 in the CC of P7 ParpI-WT and KO mice.

(H) Abundance of Mbpand Mag mRNA in the immunoprecipitates by RNA
immunoprecipitation (RIP) using Myef2 antibody or IgG Ctrl in D2 primary OLSs treated
with DMSO or 4HQ treated.

(1) Schematic conclusion of (H), PARP1 inhibition by 4HQ potentiates the binding of Myef2
to mRNA molecules.

(J) Experimental design for (K)—(P).

(K) gRT-PCR assay for Myef2 mRNA.

(L and M) ICC assay for Myef2 and MBP in Ctrl and Myef2 siRNA-treated primary OLS.
(N and O) WB assay of Myef2 and myelin proteins MAG and MBP.

(P) gRT-PCR assay for Mbp and Mag.

(Q and R) WB assay for MBP and MAG in D2 primary OLs treated with DMSO Cirl,
Myef2siRNA, 4HQ, and MyefZ siRNAT4HQ for 48 hours in the differentiation medium.
Scale bars: (G) 20 um; (L) 10 pm.

Cell Rep. Author manuscript; available in PMC 2022 October 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al. Page 37

A C
Time-course analysis of PARP1 activation
0 wk 3wk 6+1 wk 6+6 wk
1 1
rr r r 77 r17 15 r1nr1rrr 1
o 1 2 3 4 5 6 7 8 9 10 11 12
1
CPZ diet (demyelination) ! normal diet (myelin repair) |
D 3 S CZ 7 PAR CD68 DAPI E 6 wks CPZ + 1 wk recovery (6+1 wk) F

14

G H NormalCtrl
[ Normal Ctrl (n=5)

analysis [ cpz + Veh (n=7)

. \

daily 4HQ or Veh E CPZ + 4HQ (n=7

i “AHSAET
T = - |

wk o 1 2 6 7 12

CPZ+Veh CPZ+4HQ

Il
| cuprizone diet |normal diet (myelin repair)
T

7]
Normal Ctrl CPZ + Veh CPZ + 4HQ *5 5'
\ | W 15 4 +
25 o 2
84 3
ggro [ L
EE .0 =}
cS e %
T .05 X o
>0 o %]
53 7]

o
o

-
b O ®©® O
o © o o

S
Myelin intensity

TCF712*
Premyelinating OLs
corpus callosum

A3 i
7

%74 LiiiParp1 cKO

o

Figure 7. PARP1 activity is required for oligodendrocyte regeneration and remyelination
(A) Experimental design of time-course analysis (B-F) in the CC of cuprizone (CPZ)-

induced demyelination and remyelination.

(B) IHC showing absence of PAR in healthy mice.

(C and D) Double IHC of PAR and oligodendroglial marker Sox10 (C) and activated
microglial marker CD68 (D) after 3 weeks of CPZ. Boxed areas are shown on the right.
(E) IHC of PAR/CC1/PDGFRa in the CC at 6+1 weeks.

(F) IHC showing absence of PAR*/Sox10* cells at 6+6 weeks.

(G) Experimental design for (H)—(L). Daily injection of 4HQ (100 mg/kg) on day 1 after
returning to the normal diet for 7 days, and the posterior CC was processedfor analysis.
(H) IHC assay for PAR*Sox10™ cells. Boxed area is shown for individual Sox10 and PAR
channels.

(I) Myelination assay by Black-Gold Il myelin staining.
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(J-L) Density (#/mm?) of Sox10*PDGFRa* OPCs, Sox10*CC1* OLs, and TCF7I2*
premyelinating OLs in the CC.

(M) Black-Gold Il myelin assay in the middle CC of Parp? cKO and Ctrl mice at 6+1 weeks
(Figure S7B).

Scale bars: (B-D) 100 mm; (E and F) 10 um; (H) 20 um; (I and N) 50 um.
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