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The Integrated UPR and ERAD in Oligodendrocytes
Maintain Myelin Thickness in Adults by Regulating Myelin
Protein Translation

Shuangchan Wu,"? Sarrabeth Stone,’* ““Klaus-Armin Nave,’ and ““Wensheng Lin'>
"Department of Neuroscience, “Institute for Translational Neuroscience, University of Minnesota, Minneapolis, Minnesota 55455, and *Department
of Neurogenetics, Max Planck Institute of Experimental Medicine, D-37075 Gottingen, Germany

Myelin proteins, which are produced in the endoplasmic reticulum (ER), are essential and necessary for maintaining myelin
structure. The integrated unfold protein response (UPR) and ER-associated degradation (ERAD) are the primary ER quality
control mechanism. The adaptor protein SellL (Suppressor/Enhancer of Lin-12-like) controls the stability of the E3 ubiquitin
ligase Hrdl (hydroxymethylglutaryl reductase degradation protein 1), and is necessary for the ERAD activity of the SellL-
Hrdl complex. Herein, we showed that SellL deficiency specifically in oligodendrocytes caused ERAD impairment, the UPR
activation, and attenuation of myelin protein biosynthesis; and resulted in late-onset, progressive myelin thinning in the CNS
of adult mice (both male and female). The pancreatic ER kinase (PERK) branch of the UPR functions as the master regulator
of protein translation in ER-stressed cells. Importantly, PERK inactivation reversed attenuation of myelin protein biosynthesis
in oligodendrocytes and restored myelin thickness in the CNS of oligodendrocyte-specific SellL-deficient mice (both male and
female). Conversely, blockage of proteolipid protein production exacerbated myelin thinning in the CNS of oligodendrocyte-
specific SellL-deficient mice (both male and female). These findings suggest that impaired ERAD in oligodendrocytes reduces
myelin thickness in the adult CNS through suppression of myelin protein translation by activating PERK.
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Myelin is an enormous extended plasma membrane of oligodendrocytes that wraps and insulates axons. Myelin structure,
including thickness, was thought to be extraordinarily stable in adults. Myelin proteins, which are produced in the endoplas-
mic reticulum (ER), are essential and necessary for maintaining myelin structure. The integrated unfolded protein response
(UPR) and ER-associated degradation (ERAD) are the primary mechanism that maintains ER protein homeostasis. Herein,
we explored the role of the integrated UPR and ERAD in oligodendrocytes in regulating myelin protein production and main-
taining myelin structure using mouse models. The results presented in this study imply that the integrated UPR and ERAD in
oligodendrocytes maintain myelin thickness in adults by regulating myelin protein production. /
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ignificance Statement

Introduction

Endoplasmic reticulum (ER)-associated degradation (ERAD) is a
process that recognizes unfolded or misfolded proteins in the ER,
and retrotranslocates these proteins to the cytosol where they are
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degraded by the ubiquitin-proteasome system (Nakatsukasa et al.,
2014; Ruggiano et al., 2014; Qi et al, 2017). Accumulation of
unfolded or misfolded proteins in the ER causes ER stress and
activation of its stress sensors: pancreatic ER kinase (PERK), inosi-
tol requiring enzyme 1 (IRE1), and activating transcription factor
6a (ATF6a). These ER sensors coordinate an adaptive program
known as the unfolded protein response (UPR), which restores
ER protein homeostasis by facilitating protein folding, attenuating
protein translation, and enhancing ERAD (Marciniak and Ron,
2006; Hetz et al., 2015; Wang and Kaufman, 2016). On the other
hand, ERAD regulates the UPR by controlling degradation of the
ER stress sensors (Horimoto et al, 2013; Sun et al, 2015;
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Sugimoto et al., 2017). The integrated UPR and ERAD are the pri-
mary mechanism that maintains ER protein homeostasis
(Nakatsukasa et al., 2014; Qi et al., 2017; Hwang and Qj, 2018).

Mpyelin, an enormous extended plasma membrane of oligo-
dendrocytes, wraps and insulates axons, which facilitates action
potential propagation along axons. Myelin thickness is one of the
major determinants of the conduction velocity of myelinated
axons (Baumann and Pham-Dinh, 2001; Stadelmann et al,
2019). For many decades, one of the defining features of myelin
was thought to be the extraordinary stability of its structure,
including thickness (Aggarwal et al., 2011; Stadelmann et al,
2019). Indeed, the generally accepted criterion to distinguish
between newly generated myelin and originally existing myelin
in CNS demyelinating diseases is that newly generated myelin is
thinner than originally existing myelin (Franklin and Ffrench-
Constant, 2008, 2017; Duncan et al,, 2018). Intriguingly, evidence
is emerging that the thickness of originally existing myelin can
change dynamically in adults (Dutta et al., 2018; Williamson and
Lyons, 2018; Phillips et al,, 2019). Nevertheless, the intrinsic
mechanisms by which oligodendrocytes regulate myelin thick-
ness in adults remain unknown.

Data from vanishing white matter disease, a leukodystrophy
caused by mutations in eukaryotic translation initiation factor 2B
(eIF2B) subunits, demonstrate the essential role of protein trans-
lation in oligodendrocytes for maintaining myelin structure in
the CNS (Pavitt and Proud, 2009; W. Lin, 2015). Upon ER stress,
PERK activation inhibits global protein translation by phospho-
rylating elF2a, which suppresses the guanine nucleotide
exchange activity of eIF2B by forming a nonproductive phospho-
rylated-elF2a (p-elF2a)-elF2B complex (Marciniak and Ron,
2006; Pavitt and Ron, 2012). It is known that the PERK pathway
is a major player in regulating oligodendrocyte viability and
function in myelin disorders (W. Lin and Popko, 2009; Volpi et
al., 2017; W. Lin and Stone, 2020). Notably, a study showed that
attenuation of protein translation induced by artificially strong
activation of PERK in oligodendrocytes leads to severe myelin
loss in young, developing mice and moderate myelin loss in adult
mice (Y. Lin et al., 2014a).

Among over 16 membrane-associated E3 ligase complexes
involved in the ERAD, the Suppressor/Enhancer of Lin-12-like
(Sel1L)-hydroxymethylglutaryl reductase degradation protein 1
(Hrd1) complex is the best-characterized ERAD machinery. The
adaptor protein SellL controls the stability of the E3 ubiquitin
ligase Hrd1, and is necessary for the ERAD activity of the SellL-
Hrdl complex (Sun et al., 2014; Qi et al, 2017; Wu and
Rapoport, 2018). Herein, we showed that SellL deficiency specifi-
cally in oligodendrocytes impaired ERAD and induced adult-
onset, progressive myelin thinning in the CNS of mice. The pro-
gressive myelin thinning induced by SellL deficiency in oligoden-
drocytes was associated with PERK activation and attenuation of
myelin protein biosynthesis, and was abrogated by PERK inactiva-
tion in oligodendrocytes. Conversely, blockage of proteolipid pro-
tein (PLP) production exacerbated myelin thinning induced by
SellL deficiency in oligodendrocytes. These findings suggest that
the impaired ERAD activity of the SellL-Hrdl complex in oligo-
dendrocytes reduces myelin thickness in the adult CNS through
suppression of myelin protein translation by activating the PERK
branch of the UPR.

Materials and Methods

Mice. CNP/Cre mice (Lappe-Siefke et al., 2003), SelIL™* mice (Sun
et al., 2014), PERK'*® mice (Zhang et al, 2002), and PLP heterozygous
KO (PLP™") mice (Klugmann et al, 1997) were on the C57BL/6
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background. SelIL"* mice were crossed with CNP/Cre mice, and the
resulting progeny were further crossed with SelIL" mice to obtain
Sel1L'*"°*F; CNP/Cre mice and control mice, including CNP/Cre mice,
Sel1L*P<P mice, and wild type mice. Moreover, Sel1L"*"; CNP/Cre
mice were crossed with PERK? mice to generate SelIL'"; PERK™?;
CNP/Cre mice and SelIL""; PERK"® mice. SelIL'"**; PERK"*"; CNP/Cre
mice were further crossed with SellL'*"; PERK**" mice to obtain
Sel1L'*/'*F;  PERK*"*F; CNP/Cre mice, SelIL"*"'***; CNP/Cre
mice, PERK'*"*’. CNP/Cre mice, and control mice, including
Sel1L*** ‘mice, PERK*'*** mice, and CNP/Cre mice. Addi-
tionally, SelIL'”*; CNP/Cre mice were crossed with PLP*'~ mice to
generate Sel1L'**"; CNP/Cre; PLP*'™ mice and Sel1L"*"; PLP+/Y mice.
Sel1L'*"; CNP/Cre; PLP*'~ mice were further crossed with Sel1L'*";
PLP+/Y mice to obtain Sel1L"*""*; CNP/Cre; PLP™'~ or Sel1L'o*"/1o*F,
CNP/Cre; PLP-/Y mice, Sel1L'”*""*; CNP/Cre mice, PLP'~ or PLP-/
Y mice, and control mice, including Sel1L**P10%P mice. CNP/Cre mice,
or wild type mice. Genotypes were determined by PCR from DNA
extracted from tail tips as described previously (Klugmann et al., 1997;
Zhang et al., 2002; Lappe-Siefke et al., 2003; Sun et al., 2014). To assess
Cre-mediated recombination of floxed alleles in myelin-producing cells
of these mice, genomic DNA was isolated from the indicated tissues
and PCR was performed as described previously (Zhang et al., 2002;
Sun et al., 2014). We monitored mice daily to detect neurologic pheno-
types. All animal procedures were conducted in complete compliance
with the National Institutes of Health Guide for the care and use of lab-
oratory animals and were approved by the Institutional Animal Care
and Use Committee of the University of Minnesota.

Rotarod test. The rotarod apparatus (Panlab/Harvard Apparatus)
with a spindle diameter of 3 cm was used to test motor coordination of
mice. Mice were trained by placing them on the rotor rod at a constant
speed (4rpm) for 180 s 1 day before the test. For the trials, mice were
placed on the rotor rod at 4 rpm, and then the rotor rod was set to accel-
erate continuously from 4 to 40 rpm over a period of 300 s and the la-
tency to fall was recorded (falls were detected with a pressure sensitive
lever); 180 s was the maximum time for the trial, and mice that reached
this were recorded as 180 s and removed from the rotarod apparatus.

Immunohistochemistry (IHC). Anesthetized mice were perfused
through the left cardiac ventricle with 4% PFA in PBS, and the tissues
were removed. Half sagittal brains and the cephalic half of the cervical
spinal cords were postfixed in 4% PFA for 2 h, cryoprotected in 30% su-
crose for 48 h, embedded in optimum cutting temperature compound,
and frozen on dry ice. Frozen sections were cut using a cryostat at a
thickness of 10 um. The other half sagittal brains and the caudal half
of the cervical spinal cords were postfixed in 4% PFA for 72 h, dehy-
drated through graded alcohols, and embedded in paraffin wax.
Paraffin sections were cut using a microtome at a thickness of 5 um.
Fluorescein (1:100, Vector Laboratories, anti-mouse, RRID:AB_
11213281, anti-rabbit, RRID:AB_2336197), Cy3 (1:500, Millipore,
anti-mouse, RRID:AB_11213281, anti-rat, RRID: AB_90854, anti-
rabbit, RRID:AB_92489), or enzyme-labeled secondary antibodies
(1:200, Vector Laboratories, anti-mouse, RRID:AB_2313581) were
used for detection. Immunohistochemical detection of CC1 (APC7,
1:50; EMD Biosciences, RRID:AB_2057371), myelin basic protein (MBP,
1:1000; Sternberger Monoclonals, RRID:AB_10120129), aspartoacylase
(ASPA, 1:1000, kindly provided by M.A. Aryan Namboodiri at Uniformed
Services University of the Health Sciences, Bethesda, MD), SellL (1:50,
Santa Cruz Biotechnology, catalog #sc-377351), Hrdl (1:100, Thermo
Fisher Scientific, RRID:AB_2199832), platelet-derived growth factor recep-
tor @ (PDGFRa,1:50, Sigma Millipore, RRID:AB_2283679), proliferating
cell nuclear antigen (PCNA,1:200, Santa Cruz Biotechnology, RRID:AB_
628110), cleaved caspase 3 (CC3; 1:200, Cell Signaling Technology, RRID:
AB_2070042), and CD11b (1:50, Sigma Millipore, RRID:AB_92930) were
performed as described previously (Stone et al., 2017, 2018). Fluorescent-
stained sections were mounted with Vectashield mounting medium
with DAPI (Vector Laboratories) and visualized with a Carl Zeiss
Axioskop 2 fluorescence microscope or an Olympus FV1000 confo-
cal microscope. Whole-brain sections and spinal cord sections were
scanned by a TissueScope LE120 slide scanner (Huron Digital
Pathology). Immunopositive cells in the CNS were quantified as
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described by us previously (Y. Lin et al., 2014a,b; Stone et al., 2017,
2018). Only those cells with nuclei observable by DAPI staining
were counted.

Electron microscopy (EM) analysis. Mice were anesthetized and per-
fused with PBS containing 4% PFA and 2.5% glutaraldehyde. The cervi-
cal spinal cords (C3-C7) were processed and embedded. Ultrathin
sections of the spinal cord at C3 level were cut, stained with uranyl ace-
tate and lead citrate, and visualized with a Phillips CM12 transmission
EM as described by us previously (Y. Lin et al., 2014b; Stone et al., 2018).
We counted the total number of axons, the number of myelinated axons,
and measured the diameter of axons and the thickness of myelin in the
anterior funiculus medially next to the anterior median fissure in the spi-
nal cord at C3 level using the National Institutes of Health Image] soft-
ware (http://rsb.info.nih.gov/ij/; RRID:SCR_003070) as described by us
previously (Y. Lin et al., 2014a; Stone et al., 2018). The g-ratio was calcu-
lated as diameter of axon/diameter of axon and myelin.

BrdU pulse-chase analysis. Mice received intraperitoneal injections
of 50 mg/kg BrdU every other day from the age of 5 to 10 weeks. Mice
were anesthetized and perfused with 4% PFA in PBS. The tissues were
removed, postfixed in 4% PFA, and embedded in optimum cutting tem-
perature compound. Frozen sections were cut using a cryostat at a thick-
ness of 10 pm. We first performed ASPA or PDGFRa immunostaining
as described above. After ASPA or PDGFRa immunostaining, sections
were reintroduced to —20°C acetone for 10 min, washed with PBS, incu-
bated with 2N HCI for 60 min at 37°C, and neutralized with 0.1 M so-
dium borate for 10min at room temperature. Sections were then
incubated with antibody against BrdU (1:250, Sigma Millipore, RRID:
AB_476793), followed by secondary antibody (Fluorescein, 1:100,
Vector Laboratories, anti-mouse, RRID:AB_11213281) and mounted
with Vectashield mounting medium with DAPI (Vector Laboratories).
Sections were visualized with a Carl Zeiss Axioskop 2 fluorescence
microscope. The number of BrdU-positive cells, ASPA and BrdU dou-
ble-positive cells, and PDGFRa and BrdU double-positive cells in the
cervical spinal cord were quantified as described above.

Western blot analysis. The corpus callosum or half brains (bisected
in the sagittal plane) harvested from mice were rinsed in ice-cold PBS
and were homogenized using a motorized homogenizer as previously
described (W. Lin et al., 2005; Stone et al., 2018). After incubating on ice
for 15 min, the extracts were cleared by centrifugation at 14,000 rpm for
30 min twice. The protein content of each extract was determined by DC
Protein Assay (Bio-Rad Laboratories). The extracts (40 pig) were separated
by SDS-PAGE and transferred to nitrocellulose membranes. The mem-
branes were incubated with a primary antibody against Sel1L (1:500, Santa
Cruz Biotechnology, catalog #sc-377351), Hrd1(1:2000, Thermo Fisher
Scientific, RRID:AB_2199832), CCAAT/enhancer-binding protein ho-
mologous protein (CHOP, 1:1000, Santa Cruz Biotechnology, RRID:AB_
783507), eukaryotic translation initiation factor 2« (eIF2e, 1:1000, Santa
Cruz Biotechnology, RRID:AB_640075), phosphorylated p-eIF2a (p-
elF2a, 1:1000, Cell Signaling Technology, RRID:AB_330951), ATF6«
(1:500; Cosmo Bio USACA, RRID:AB_10709801), Binding immunoglob-
ulin protein (Bip, 1:500; Santa Cruz Biotechnology, RRID:AB_627698),
MBP (1:1000; Sternberger Monoclonals, RRID:AB_10120129), PLP (AA3,
1:100; kindly provided by Alexander Gow, Wayne State University), or
B-actin (1:5000, Sigma Millipore, RRID:AB_476694), followed by an
HRP-conjugated secondary antibody (1:1000, Vector Laboratories anti-
mouse, RRID:AB 2336177; anti-rabbit, RIDD:AB 2336198; anti-rat,
RRID:AB_2336203). The chemiluminescent signal was detected using the
ECL Detection Reagents (GE Healthcare Biosciences). The intensity of the
chemiluminescence signals was quantified using the National Institutes of
Health Image] software. The intensity of individual proteins was normal-
ized to B-actin. The intensity of p-eIlF2« was normalized to eIF2« and
then to B3 -actin.

Measurement of myelin protein biosynthesis with immunoprecipita-
tion-surface sensing of translation (IP-SUnSET). Mice received intraperi-
toneal injections of puromycin (0.04 pmol/g body weight) for 6 h before
tissue harvest as described previously (Lee et al., 2017). Proteins were
extracted from the half brains (bisected in the sagittal plane) of these
mice and quantified by DC Protein Assay (Bio-Rad Laboratories) as
described above. Puromycin-labeled, newly synthesized proteins were
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pulled down by IP using an antibody against puromycin (1:5000, EMD
Millipore, RRID:AB_2566826) using the Pierce Direct IP Kit (Thermo
Fisher Scientific, catalog #26148) according to the manufacturer’s
instructions. We further performed Western blot analysis to determine
the levels of newly synthesized MBP and PLP as described above.

Real-time PCR. Half brains (bisected in the sagittal plane) harvested
from mice were rinsed in ice-cold PBS and snap frozen with dry ice.
RNA was isolated from the brain using Trizol reagent (Invitrogen) and
treated with DNasel (Invitrogen) to eliminate genomic DNA. Reverse
transcription was performed using the iScript cDNA Synthesis Kit (Bio-
Rad Laboratories). TagMan real-time PCR for MBP and PLP was per-
formed with LightCycler 480 Probes Master (Roche Diagnostics) on the
LightCycler 480 System (Roche Diagnostics) as described by us previ-
ously (W. Lin et al, 2005). Real-time PCR for spliced XBP1 mRNA
(XBP1s) was performed with LightCycler 480 SYBR Green I Master
(Roche Diagnostics) on the LightCycler 480 System (Roche Diagnostics)
as described previously (Yoon et al., 2019).

Experimental design and statistical analysis. The sample size for each
individual experiment is listed in the corresponding figure legend. Both
male and female mice were used in this study. All data are expressed as
mean * SD. Comparison between two groups was statistically evaluated
by t test using GraphPad Prism 6 (GraphPad Software, RRID:SCR_
002798). Multiple comparisons were statistically evaluated by the one-
way ANOVA with a Tukey’s post-test or a two-way ANOVA with a
Bonferroni post-test using GraphPad Prism 6. p values <0.05 were con-
sidered significant.

Results

SellL deficiency specifically in oligodendrocytes induces late-
onset, progressive myelin thinning in the CNS of adult mice
To determine the role of ERAD in oligodendrocytes, we gener-
ated a mouse model that allows for deletion of SellL specifically
in oligodendrocytes in the CNS. Sel1L"**/"* mice (Sun et al.,
2014) were crossed with CNP/Cre mice (Lappe-Siefke et al.,
2003) to generate Sel1L'*"**"; CNP/Cre mice (SellL. cKO
mice) and control mice (WT mice), including CNP/Cre mice,
Sel1L'**/°*F mice, and wild type mice. PCR analysis of
genomic DNA confirmed the deletion of exon 6 of the SellL
gene selectively in the CNS and PNS of SellL ¢KO mice, but
not in other organs of SellL cKO mice or in any organs of
WT mice (Fig. 1A). Western blot analysis showed that the
protein levels of SellL (p=0.0002) and Hrdl (p=0.0212)
were significantly decreased in the corpus callosum of SellL
cKO mice compared with WT mice (Fig. 1B,C). ASPA (a
marker for oligodendrocytes) and SellL double immuno-
staining showed that the immunoreactivity of SellL was de-
tectable in oligodendrocytes and other cells in the CNS of
WT mice, but became undetectable selectively in oligoden-
drocytes of SellL ¢KO mice (Fig. 1D). CC1 (another marker
for oligodendrocytes) and Hrd1l double immunostaining also
showed that the immunoreactivity of Hrdl was dramatically
decreased selectively in oligodendrocytes in the CNS of SellL
cKO mice compared with WT mice (Fig. 1E). These data sug-
gest that SellL deficiency eliminates the ERAD activity of the
SellL-Hrdl complex in oligodendrocytes.

It has been shown that SellL deficiency leads to ER stress and
activation of the UPR, including the PERK and IRE1 branches,
in cells (Sun et al., 2014, 2015). We determined whether elimina-
tion of the SellL-Hrd1 complex causes activation of the UPR in
oligodendrocytes. IRE1 activation upregulates the expression of
genes (including Bip) that enhance protein folding and protein
degradation by splicing X-Box Binding Protein 1 (XBP1)
mRNA. PERK activation inhibits global protein translation but
stimulates the expression of numerous stress-responsive genes
(including CHOP) by phosphorylating elF2a. Cleavage of
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Figure 1.  Oligodendrocyte-specific Sel1L-deficient mice developed an adult-onset, progressive tremoring phenotype. A, P(R analysis using genomic DNA showed that the floxed Se/7L allele
was present in all tissues in Sel1L cKO mice and WT mice, but the Se/7L KO allele was only present in the CNS and PNS of Sel1L cKO mice. 1, Brain; 2, spinal cord; 3, optic nerve; 4, sciatic nerve;
5, heart; 6, liver; 7, spleen; 8, lung; 9 kidney. N =3 animals. B, €, Western blot analysis showed that the levels of Sel1L and Hrd1 were significantly decreased in the corpus callosum of 3-
week(w)-old Sel1L cKO mice compared with WT mice. N'= 3 animals. D, ASPA and Sel1L double immunostaining showed that the immunoreactivity of Sel1L was undetectable selectively in oli-
godendrocytes of 3-week-old Sel1L cKO mice, compared with WT mice. N=3 animals. £, (C1 and Hrd1 double immunostaining showed that the immunoreactivity of Hrd1 was dramatically
decreased specifically in oligodendrocytes of 3-week-old Sel1L KO mice compared with WT mice. N=3 animals. F, G, Western blot analysis showed that the levels of p-elF2cx, CHOP, and
cATF6cx were significantly increased in the brain of 3-week-old Sel1L cKO mice compared with WT mice. N =4 animals. H, Mouse survival curve showed that WT mice, PERK cKO mice, and
double cKO mice survived at least 1year. However, all Sel1L cKO mice died by 43 weeks. N'=6-10 animals. /, Rotarod test showed that the latency to fall of Sel1L cKO mice was significantly
shorter than WT mice starting at the age of 8 weeks, and that the latency to fall of double cKO mice was significantly longer than Sel1L cKO starting at the age of 10 weeks (significant effect
of group, f(3,4=16.71; significant effect of age, Fis503.2607) = 2.540; and significant group x age interaction, F(3g 519) = 4.434). N'=28-10 animals. Scale bars, 20 um. Statistical analyses were
done with a ¢ test or a two-way ANOVA with a Bonferroni post-test. Error bars indicate SD. *p << 0.05. n.s. not significant.
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Figure 2.

ATF6a leads to its activation, which enhances the expression
of genes that enhance protein folding and protein degradation
(Marciniak and Ron, 2006; Hetz et al., 2015; Wang and
Kaufman, 2016). Interestingly, Western blot analysis showed
that the levels of p-elF2a (p=0.0026), CHOP (p=0. 0015),
and cleaved ATF6a (cATF6a) (p=0.0053) were significantly
increased in the CNS of SellL ¢KO mice compared with WT
mice (Fig. 1F,G). Conversely, real-time PCR analysis showed
that the level of spliced XBP1 mRNA (XBP1s) was comparable
in the CNS of SellL ¢KO mice and WT mice (see Fig. 8C;
p=0.7857). Western blot analysis also showed a comparable
level of Bip in the CNS of SellL ¢KO mice and WT mice (Fig.
1F,G; p=0.5628). These data suggest activation of the PERK-
elF2a branch and the ATF6« branch, but not the IRE1-XBP1
branch in oligodendrocytes of SellL ¢KO mice. Interestingly,
previous studies have shown that ER stress induces activation
of PERK and ATF6«, but not IREl in oligodendrocytes
(Hussien et al., 2015; Stone et al., 2018; W. Lin and Stone,
2020). Thus, these data demonstrate that elimination of the
ERAD activity of the Sel1L-Hrd1 complex disrupts ER pro-
tein homeostasis and leads to activation of the UPR in
oligodendrocytes.

Surprisingly, young, developing SellL ¢cKO mice appeared
normal and were indistinguishable from WT mice. SellL ¢cKO
mice were noticeably smaller than WT mice starting around the
age of 6 weeks, and exhibited tremor and ataxia starting around
the age of 8 weeks. All SellL cKO mice developed severe tremor
and died by the age of 43 weeks (Fig. 1H). Similarly, rotarod test
showed that motor coordination in young, developing SellL
cKO mice appeared normal (p =0.1763-0.9933), but motor coor-
dination was compromised in adult SellL ¢KO mice starting
around the age of 8 weeks (p =0.0000-0.0017) (Fig. 1I). Therefore,
these data demonstrate that SellL deficiency specifically in oligo-
dendrocytes causes an adult-onset and progressive tremoring phe-
notype in mice.

The late-onset tremoring phenotype displayed by SellL cKO
mice implies myelin abnormalities in the CNS of these mice.
MBP IHC showed that there was no obvious decline in MBP

Sel1L cKO mice developed adult-onset myelin loss in the spinal cord, and PERK inactivation in oligodendrocytes rescued myelin loss in the spinal cord of adult Sel1L cKO mice.
MBP IHC showed that the immunoreactivity of MBP was not significantly changed in the spinal cord of 3-, 5-, and 6-week-old Sel1L cKO mice compared with WT mice (A-CK-M), but was
noticeably reduced in the spinal cord of 10-, 16-, and 24-week-old Sel1L cKO mice compared with WT mice (D—F,N-P). The immunoreactivity of MBP was comparable in the spinal cord of 3-,
6-, 16-, and 24-week-old PERK cKO mice and WT mice (A-J). Moreover, the immunoreactivity of MBP was not significantly changed in the spinal cord of 3- and 6-week-old double cKO mice
compared with Sel1L cKO mice, PERK cKO mice, and WT mice (4,C,G,H,K,M,Q,R). Importantly, the immunoreactivity of MBP was noticeably increased in the spinal cord of 16- and 24-week-old
double cKO mice compared with Sel1L cKO mice (0,P.S,T).

immunoreactivity in the CNS white matter of 3-, 5-, and 6-week-
old SellL ¢KO mice compared with WT mice (Figs. 2A-C,K-M,
3A-C,K-M). Conversely, the immunoreactivity of MBP was
noticeably decreased in the CNS white matter of 10-, 16-, and
24-week-old SellL cKO mice compared with WT mice (Figs.
2D-F,N-P, 3D-F,N-P). Moreover, Western blot analysis showed
that the levels of MBP (3 weeks, p=0.1732; 5 weeks, p=0.8111)
and PLP (3 weeks, p=0.7167; 5 weeks, p =0.1762) were compa-
rable in the CNS of 3- and 5-week-old SellL cKO mice and WT
mice, but the levels of MBP (p=0.0015-0.0392) and PLP
(p=0.0243-0.0384) exhibited a progressive decline in the CNS
of SellL ¢cKO mice starting at the age of 6 weeks, compared
with WT mice (Fig. 3U-W). Accordingly, EM analysis showed
that SellL deficiency in oligodendrocytes did not alter the g-
ratio (3 weeks, p=0.9999; 5 weeks, p=0.9999), the thickness
of myelin (3 weeks, p=0.9999; 5 weeks, p =0.9288), the diam-
eter of axons (3 weeks, p=0.9738; 5 weeks, p=0.9726), or the
percentage of myelinated axons (3 weeks, p=0.9999; 5 weeks,
p=0.9999) in the CNS white matter of 3- and 5-week-old
mice (Fig. 4A,B,K,L,U-X). Importantly, EM analysis showed
that SellL deficiency in oligodendrocytes led to a progressive
increase in the g-ratio (p=0.0000-0.0136) and a progressive
decrease in the myelin thickness (p=0.0017-0.0399) in the
CNS white matter starting at the age of 6 weeks, but did not
significantly reduce the percentage of myelinated axons until
the age of 24 weeks (6-16 weeks, p =0.8500-0.9999; 24 weeks,
p <0.0001) (Fig. 4C-F,M-P,U,V,X). However, the diameter of
axons was comparable in the CNS white matter of SellL ¢cKO
mice and WT mice at the age of 6, 10, 16, and 24 weeks (Fig.
4C-F,M-P,W; p =0.9983-0.9999). Collectively, these data sug-
gest that SellL deficiency in oligodendrocytes causes progres-
sive thinning of myelin sheaths and eventually complete loss
of myelin sheaths in the CNS of adult mice. Since it is known
that IHC is not a sensitive assay for quantitative assessment, it
is not surprising that modest myelin loss in the CNS of 6-
week-old SellL ¢KO mice can be detected by Western blot
and EM analysis, but not MBP THC.
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Figure 3.  Sel1L cKO mice developed adult-onset myelin loss in the brain, and PERK inactivation in oligodendrocytes rescued myelin loss in the brain of adult Sel1L cKO mice. A—T, MBP IHC

showed that the immunoreactivity of MBP was not significantly changed in the brain of 3-, 5-, and 6-week-old Sel1L cKO mice compared with WT mice (4—C,K—M) but was noticeably reduced
in the brain of 10-, 16-, and 24-week-old Sel1L cKO mice compared with WT mice (D-F,N—P). The immunoreactivity of MBP was comparable in the brain of 3-, 6-, 16-, and 24-week-old PERK
KO mice and WT mice (A—J). Moreover, the immunoreactivity of MBP was not significantly changed in the brain of 3- and 6-week-old double cKO mice compared with Sel1L cKO mice, PERK
KO mice, and WT mice (4,(,G,H,K,M,Q,R). Importantly, the immunoreactivity of MBP was noticeably increased in the brain of 16- and 24-week-old double cKO mice compared with Sel1L ckO
mice (0,P.S,T). U-W, Western blot analysis showed that the levels of MBP and PLP were comparable in the brain of 3- and 5-week-old of Sel1L cKO mice and WT mice; however, the levels of
MBP and PLP were significantly reduced in the brain of 6-, 10-, 16-, and 24-week-old Sel1L cKO mice compared with WT mice (MBP: significant effect of group, F1 ) = 58.4; significant effect of
age, Fs30) = 5.333; and no significant group x age interaction, Fs 30 = 1.544; PLP: significant effect of group, F1¢ = 21.86; significant effect of age, F29.17.4) = 3.334; and no significant group
X age interaction, Fs 30 = 1.870). N'=4 animals. Statistical analyses were done with a two-way ANOVA with a Bonferroni post-test. Error bars indicate SD. *p << 0.05. n.s. not significant.

Next, we determined the effects of SellL deficiency on oligo-
dendrocyte viability. CC1 and CC3 (a marker for apoptosis) dou-
ble immunostaining showed that there were a comparable
number of oligodendrocytes in the CNS white matter of 3-, 5-,
6-, 10-, and 16-week-old SellL ¢KO mice and WT mice (Fig.
5A-EK-O,U-W; spinal cord, p=0.1645-0.4224; corpus callosum,
p=0.1142-0.6777; cerebellum, p=0.6140-0.9515). We did not
find any CC3-positive oligodendrocytes in the CNS white

matter of 3-, 5-, 6-, 10-, and 16-week-old SellL ¢KO mice and
WT mice. Interestingly, oligodendrocyte numbers were signifi-
cantly reduced in the CNS white matter of 24-week-old SellL
cKO mice compared with WT mice (Fig. 5F,P,U-W; spinal
cord, p=0.0011; corpus callosum, p=0.0031; cerebellum,
p=0.0062). Moreover, we found that CC3-positive oligodendro-
cytes were undetectable in the CNS white matter of 24-week-old
WT mice, but became detectable in SellL ¢KO mice (Fig. 5F,P;
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Figure 4.  Sel1L cKO mice developed late-onset, progressive myelin thinning in the adult CNS, and PERK inactivation in oligodendrocytes rescued myelin thinning in the CNS of adult Sel1L
KO mice. EM analysis showed that the g-ratio, the thickness of myelin, and the percentage of myelinated axons were comparable in the spinal cord of 3- and 5-week-old Sel1L cKO mice and
WT mice (A,BK.L,UVX); however, a progressive increase of g-ratio ((~F.M-P,U, significant effect of group, Fz ¢y = 116.6; significant effect of age, Fs 30 = 9.223; and significant group x
age interaction, (5,30 = 12.23) and a progressive decrease of myelin thickness ((~=F.M-P,V, significant effect of group, F15) = 524.4; significant effect of age, F(130,13 08y = 4.602; and signifi-
cant group x age interaction, f(s 3 = 11.85) were observed in the spinal cord of Sel1L cKO mice starting at the age of 6 weeks, compared with WT mice. Moreover, the percentage of myelin-
ated axons was significantly decreased in the spinal cord of 24-week-old Sel1L cKO mice compared with WT mice (F,P.X, significant effect of group, F1 35 = 53.68; significant effect of age,
Fis 36 = 42.64; and significant group x age interaction, fs 35 = 45.94). PERK inactivation in oligodendrocytes alone did not alter the g-ratio, myelin thickness, or the percentage of myelinated
axons in the spinal cord of 3-, 6-, 16-, and 24-week-old mice (4-J,U,VX). Importantly, PERK inactivation in oligodendrocytes significantly decreased the g-ratio and increased myelin thickness
in the spinal cord of 6-, 16-, and 24-week-old Sel1L cKO mice (M,0,P,R-V), and significantly increased the percentage of myelinated axons in 24-week-old Sel1L cKO mice (P,T.X). Additionally,
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Figure 5.  Sel1L cKO mice exhibited oligodendrocyte loss in the CNS at the age of 24 weeks, and PERK inactivation in oligodendrocytes rescued the cell loss in the CNS of Sel1L cKO mice.
(C1 and CG3 double immunostaining showed that the number of oligodendrocytes was not significantly changed in the spinal cord (4—E,K—0,U), corpus callosum (V), and cerebellum (W) of
3-, 5-, 6-, 10, and 16-week-old Sel1L cKO mice compared with WT mice, but was significantly reduced in the spinal cord (F,P,U), corpus callosum (V), and cerebellum (W) of 24-week-old
Sel1L cKO mice compared with WT mice (spinal cord: 3 weeks, F3 1 = 0.7436; 6 weeks, 315 = 0.3068; 16 weeks, 313 = 1.95; 24 weeks, 313 = 15.22; corpus callosum: 3 weeks,
Fa12) = 1.611; 6 weeks, Fi3 15 = 0.413; 16 weeks, i3 15 = 0.430; 24 weeks, F3,12 = 9.013; cerebellum: 3 weeks, 3 15 = 0.123; 6 weeks, F3 15 = 0.542; 16 weeks, Fi3 15 = 0.626; 24 weeks,
Fia12 = 7.67). PERK inactivation in oligodendrocytes alone did not alter the number of oligodendrocytes in the spinal cord (4-J,U), corpus callosum (¥), and cerebellum (W) of 3-, 6-, 16-, and
24-week-old mice. PERK inactivation in oligodendrocytes did not significantly change the number of oligodendrocytes in the spinal cord (K-0,Q-S,U), corpus callosum (V), and cerebellum (W)
of 3-, 6-, and 16-week-old Sel1L cKO mice, but significantly increased the number of oligodendrocytes in the spinal cord (P,T,U), corpus callosum (V), and cerebellum (W) of 24-week-old Sel1L
KO mice. Importantly, there were few CC3-positive oligodendrocytes (arrow) in the spinal cord of 24-week-old Sel1L cKO mice (P). Scale bars, 50 xm. N =4 animals. Statistical analyses were
done with a t test or a one-way ANOVA with a Tukey's post-test. Error bars indicate SD. *p << 0.05. n.s. not significant.

spinal cord, 0= 0 vs 1.25 = 0.5 per 0.1 mm’ p=0.0011; corpus  the morphology of the ER in these cells in SellL cKO mice were
callosum, 0 = 0 vs 0.75 = 0.5 per 0.1 mm?, p=0.0054; cerebellum, indistinguishable from those of control mice at the age of 3, 5, 6,
0+ 0vs 0.75 * 0.5 per 0.1 mm?, p=0.0054). Conversely, EM anal- 10, 16, and 24 weeks (Fig. 6A~F,K-P). Together, these results sug-
ysis showed that both the morphology of oligodendrocytes and  gest that Sel1L deficiency has a minimal effect on actively myeli-

nating oligodendrocytes during developmental myelination but
- leads to mature oligodendrocyte dysfunction and eventual death

the diameter of axon was comparable in the spinal cord of double cKO mice, Sel1L ckO mice, PERK in the CNS of adult mice. It is possible that the minimal effect of

KO mice, and WT mice at the age of 3, 6, 10, 16, and 24 weeks (A-T,W). Scale bars, 5 um. N=4 SellL deﬁciency .on actively myelinating gligodendrocytes I'ESl.]ltS
animals. Statistical analyses were done with a one-way ANOVA with a Tukey's post-test or a two- ~ {rom compensation by other ERAD E3 ligase complexes during
way ANOVA with a Bonferroni post-test. Error bars indicate SD. *p << 0.05. n.s. not significant. developmental myelination.
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Figure 6.  Neither Sel1L deficiency nor PERK inactivation altered the morphology of oligodendrocytes in the CNS. AT, EM analysis showed that the morphology of oligodendrocytes and the
morphology of the ER (insets) in oligodendrocytes appeared normal in the spinal cord of 3-, 5-, 6-, 10-, 16-, and 24-week-old WT mice, PERK cKO mice, Sel1L cKO mice, and double cKO mice.
U-AG, (D11b immunostaining showed that the number of microglia was not significantly changed in the spinal cord of 3-, 5-, 6-, 10-, and 16-week-old Sel1L cKO mice compared with WT
mice (U-Y,AA-AE,AG), but was significantly increased the spinal cord of 24-week-old Sel1L cKO mice compared with WT mice (ZAF,AG; significant effect of group, F(; ¢y = 122.3; significant
effect of age, F1.877.11.26) = 86.68; and significant group X age interaction, Fs 39y = 97.57). Scale bars: A-T, 1 um; U-AF, 100 um. N =4 animals. Statistical analyses were done with a two-
way ANOVA with a Bonferroni post-test. Error bars indicate SD. *p << 0.05.

Currently, using thin myelin as a marker of remyelination in ~ the CNS of SellL ¢<KO mice was caused by oligodendrocyte
CNS demyelinating diseases is a well-accepted practice (Franklin =~ regeneration and remyelination. As described above, there were
and Ffrench-Constant, 2008, 2017; Duncan et al, 2018). We  no signs of myelin breakdown (no loose or uncompact myelin or
sought to exclude the possibility that the thin myelin observed in ~ no increase of naked axon numbers) or oligodendrocyte death
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(no reduction of oligodendrocyte numbers or no increase of
apoptotic oligodendrocytes) in the CNS white matter of SellL
cKO mice compared with WT mice at the age of 3, 5, 6, 10,
and 16 weeks (Figs. 4, 5). Conversely, there was an increase of
naked axon numbers, a reduction of oligodendrocyte num-
bers, and an increase of apoptotic oligodendrocytes in the
CNS white matter of 24-week-old SellL ¢KO mice compared
with WT mice (Figs. 4, 5) Interestingly, CD11b (a maker for
microglia) IHC showed that there was no microglia activation
in the CNS white matter of SellL ¢cKO mice compared with
WT mice at the age of 3, 5, 6, 10, and 16 weeks (Fig. 6U-Y,
AA-AE,AG; 3-16 weeks, p =0.2623-9468); however, there was
noticeable microglia activation in the CNS white matter of 24-
week-old SellL ¢cKO mice compared with WT mice (Fig. 6Z,
AF,AG; p<<0.0001). It is well documented that microglia are
activated in response to demyelination in CNS demyelinating
diseases and that reactive microglia activation is required for
removal of myelin debris and subsequent regeneration of oli-
godendrocytes and myelin in these diseases (Franklin and
Ffrench-Constant, 2008, 2017). Thus, these results suggest
that there is no myelin breakdown (demyelination) in the
CNS white matter of Sel1L cKO mice until the age of 24 weeks.
Moreover, we performed BrdU pulse-chase analysis, a routine
cell proliferation tracing method (Rivers et al, 2008;
Psachoulia et al., 2009; Kang et al., 2010; W. Lin et al., 2013),
to assess oligodendroglia regeneration in the CNS of SellL
cKO mice. Both SellL ¢KO mice and WT mice received intra-
peritoneal injections of 50 mg/kg BrdU every other day from
the age of 5-10 weeks. BrdU and ASPA double immunostain-
ing showed that there were a few ASPA-positive oligodendro-
cytes that stained positive for BrdU in the CNS white matter
of SellL ¢cKO mice and WT mice, and that the number of
BrdU and ASPA double-positive cells was comparable in
these two groups of mice (Fig. 7A-C; p=0.5294). Similarly,
BrdU and PDGFRa (a marker for oligodendrocyte precursor
cells [OPCs]) double immunostaining showed that there were
a number of PDGFRa-positive OPCs that stained positive for
BrdU in the CNS white matter of SellL ¢cKO mice and WT
mice, and that the number of BrdU and PDGFRa double-
positive cells was comparable in these two groups of mice
(Fig. 7D-F; p = 0.2887). Additionally, PDGFRa and PCNA (a
maker for proliferating cells) double immunostaining showed
that the number of OPCs was comparable in the CNS white
matter of SellL ¢KO mice and WT mice at the age of 3, 5, 6,
10, and 16 weeks (3-16 weeks, p=0.5601-0.9001), and that
PCNA-positive OPCs were occasionally observed in the CNS
white matter of SellL ¢cKO mice and WT mice at the age of 3
weeks (<1 PDGFRa and PCNA double-positive cells per 1
mm?), but were undetectable in the CNS white matter of
these mice at the age of 5, 6, 10, and 16 weeks (Fig. 7G-K,M-
Q,S). Both OPC numbers (p=0.0064) and PCNA-positive
OPC numbers (0 =0 vs 1.5 £0.57 per 0.1 mm?, p=0.0138)
were significantly increased in the CNS white matter of 24-
week-old SellL cKO mice compared with WT mice (Fig. 7L,
R,S). These results suggest that the rate of oligodendroglia
generation or regeneration in the CNS white matter of SellL
cKO mice is comparable to WT mice at the age of 3, 5, 6, 10,
and 16 weeks, implying that there is no alteration of regenera-
tion of oligodendrocytes and myelin in the CNS of adult
SellL cKO mice until the age of 24 weeks. Together, these
data rule out the contribution of oligodendrocyte regenera-
tion and remyelination to the presence of thin myelin in adult
SellL cKO mice.

J. Neurosci., October 21, 2020 - 40(43):8214-8232 - 8223

PERK inactivation rescues the detrimental effects of Sel1L
deficiency on mature oligodendrocytes in adult mice

Data from our group and other laboratories have demon-
strated that the PERK-elF2a pathway is a critical player in
regulating oligodendrocyte viability and function under nor-
mal and disease conditions (W. Lin and Popko, 2009; Volpi et
al., 2017; W. Lin and Stone, 2020; Stone et al., 2020). A num-
ber of studies showed that PERK deficiency makes both active
(re)myelinating and mature oligodendrocytes vulnerable to
inflammation in immune-mediated demyelinating diseases
(W. Lin et al., 2005, 2006, 2007; Hussien et al., 2014). A very
recent study showed that the impaired UPR in oligodendro-
cytes via deletion of both PERK, and ATF6a does not affect
the viability and function of actively myelinating oligodendro-
cytes in young, developing mice but leads to mature oligoden-
drocyte death and demyelination in young adult mice (Stone
et al, 2020). Moreover, our previous studies showed that
enhanced PERK activation protects both active (re)myelinat-
ing and mature oligodendrocytes against inflammation in
immune-mediated demyelinating diseases (W. Lin et al., 2013;
Y. Lin et al., 2014b). Conversely, we also reported that artifi-
cially strong activation of PERK in oligodendrocytes does not
affect their viability but leads to severe myelin loss in young,
developing mice and moderate myelin loss in adult mice (Y.
Lin et al., 2014a). The elevated levels of p-eIF2a and CHOP in
the CNS of Sel1L ¢KO mice suggest that Sel1L deficiency leads
to activation of the PERK-eIF2« pathway in oligodendrocytes.
We determined the involvement of the PERK-eIlF2« pathway
in the detrimental effects of SellL deficiency on mature oligo-
dendrocytes in adult mice.

Previous studies have demonstrated PERK inactivation spe-
cifically in oligodendrocytes in the CNS of PERK'*/'*P;
CNP/Cre mice (PERK cKO mice), which are phenotypically
normal and do not display any evidence of myelin or oligo-
dendrocyte abnormalities in the CNS (Hussien et al., 2014;
Stone et al., 2020). PERK cKO mice were crossed with SellL
cKO mice to generate SellL'*'**F; PERK'***'**P; CNP/Cre
mice (double cKO mice). Western blot analysis showed that
the levels of p-eIF2ae and CHOP were significantly increased
in the CNS of 3- and 6-week-old SellL ¢cKO mice compared
with PERK ¢KO mice (3 weeks, p-elF2a, p=0.0034, CHOP,
p=0.0286; 6 weeks, p-elF2a, p<0.0001, CHOP, p < 0.0001)
and WT mice (3 weeks, p-eIF2a, p=0.001, CHOP, p=0.0011;
6 weeks, p-elF2a, p=0.014, CHOP, p <0.0001), and were sig-
nificantly decreased in double cKO mice compared with Sel1L
cKO mice (3 weeks, p-elF2a, p=0.0309, CHOP, p=0.0299; 6
weeks, p-elF2a, p=0.0011, CHOP, p=0.0001) (Fig. 84,B,D,
E). Conversely, the level of cATF6« was comparable in the
CNS of 3- and 6-week-old double cKO mice and SellL cKO
mice (Fig. 8A,B,D,E; 3 weeks, p=0.9997; 6 weeks, p=0.0513).
Moreover, real time PCR analysis showed that the level of
XBP1s was comparable in the CNS of 3- and 6-week-old WT
mice, PERK cKO mice, and SellL cKO mice (3 weeks,
p=0.7856-0.9999; 6 weeks, p =0.6490-0.9918), but was signifi-
cantly increased in the CNS of double cKO mice compared
with SellL ¢KO mice, PERK ¢KO mice, and WT mice (Fig.
8C,F; 3 weeks, p=0.0001-0.0002; 6 weeks, p=0.0002-0.0006).
Similarly, Western blot analysis showed that the level of Bip
was comparable in the CNS of 3- and 6-week-old WT mice,
PERK cKO mice, and SellL ¢cKO mice (3 weeks, p=0.9999; 6
weeks, p=0.9948-0.9999), but was significantly increased in
the CNS of double cKO mice compared with SellL cKO mice,
PERK cKO mice, and WT mice (Fig. 8A,B,D,E; 3 weeks,
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Sel1L deficiency in oligodendrocytes did not alter regeneration of oligodendroglia in the CNS until the age of 24 weeks. A—C, BrdU and ASPA double staining showed a comparable

number of BrdU and ASPA double-positive oligodendrocytes (arrow) in the spinal cord of 10-week-old Sel1L cKO mice and WT mice. D—F, BrdU and PDGFR«x double staining showed a compa-
rable number of BrdU and PDGFR« double-positive OPCs in the spinal cord of 10-week-old Sel1L cKO mice and WT mice. Arrows indicate BrdU and PDGFRcx double-positive OPCs. Arrowheads
indicate PDGFRa-positive OPCs. G-S, PDGFRcx and PCNA double immunostaining showed that neither the number of PDGFRcx and PCNA double-positive cells nor the number of PDGFRa-pos-
itive cells was altered in the spinal cord of 3-, 5-, 6-, 10-, and 16-week-old Sel1L cKO mice compared with WT mice. However, both the number of PDGFRa and PCNA double-positive cells
(arrow, inset) and the number of PDGFRa-positive cells were significantly increased in the spinal cord of 24-week-old Sel1L cKO mice compared with WT mice (significant effect of group,

Fa,6) = 11.76; significant effect of age, F(s 39)

= 20.83; and significant group x age interaction, Fs 30 = 12.37). Scale bars: A, B, D, E, 50 um; G—R, 100 em. N'= 4 animals. Statistical analyses

were done with a t test or a two-way ANOVA with a Bonferroni post-test. Error bars indicate SD. *p << 0.05. n.s. not significant.

p=0.0114-0.0122; 6 weeks, p <0.0001). These results demon-
strate abrogation of the PERK-elF2a pathway in oligodendro-
cytes of double cKO mice.

Similar to SellL ¢KO mice, young, developing double cKO
mice did not display any neurologic phenotypes. Intriguingly,
adult double cKO mice exhibited noticeably milder tremor and
ataxia than SellL cKO mice starting around the age of 8 weeks.

Accordingly, rotarod test showed that motor coordination in
young, developing double cKO mice appeared normal (double
cKO mice vs WT mice, 3-14 weeks, p =0.6903-0.9997). Motor
coordination was compromised in adult double cKO mice start-
ing around age of 15 weeks (double cKO mice vs WT mice, 15-
16 weeks, p=0.0392-0.0416); however, the decline in motor
coordination in double cKO mice was significantly milder than
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The activity of the PERK-elF2«x pathway was abrogated in oligodendrocytes of double cKO mice. A, B, Western blot analysis showed that the levels of p-elF2a (F3 15 = 20.33),

CHOP (Fi317 = 4.812), and cATF6ex (Fi315) = 17.42) were significantly increased in the brain of 3-week-old Sel1L cKO mice compared with WT mice. Importantly, the levels of p-elF2c: and
CHOP were significantly decreased in the brain of 3-week-old double cKO mice compared with Sel1L cKO mice. The level of Bip was significantly increased in the brain of 3-week-old double
KO mice compared with Sel1L cKO mice, PERK cKO mice, and WT mice (F(3 15) = 7.188). C, Real time-PCR analysis showed that the level of XBP1s was significantly increased in the brain of 3-
week-old double cKO mice compared with Sel1L cKO mice, PERK cKO mice, and WT mice (F3 5) = 37.38). D, E, Western blot analysis showed that the levels of p-elF2cx (3 15 = 18.51), CHOP
(Fa12 = 75.92), and cATF6cr (F(3 1) = 15.58) were significantly increased in the brain of 6-week-old Sel1L cKO mice compared with WT mice. Importantly, the levels of p-elF2cx and CHOP
were significantly decreased in the brain of 6-week-old double cKO mice compared with Sel1L cKO mice. The level of Bip was significantly increased in the brain of 6-week-old double KO
mice compared with Sel1L cKO mice, PERK cKO mice, and WT mice (315 = 40.94). F, Real time-PCR analysis showed that the level of XBP1s was significantly increased in the brain of 6-
week-old double cKO mice compared with Sel1L cKO mice, PERK cKO mice, and WT mice (F(3 5) = 23.88). N =4 animals. Statistical analyses were done with a one-way ANOVA with a Tukey's

post-test. Error bars indicate SD. *p << 0.05.

in age-matched SellL ¢cKO mice (double cKO mice vs SellL cKO
mice, 10-16 weeks, p=0.0001-0.0389) (Fig. 1I). Importantly, in
contrast to the premature death of SellL ¢KO mice, all double
cKO mice survived for at least 1 year (Fig. 1H). Thus, these data
demonstrate that PERK inactivation in oligodendrocytes attenu-
ates the tremoring phenotype displayed by Sel1L ¢cKO mice.

The attenuated tremoring phenotype displayed by double
cKO mice suggests attenuation of myelin abnormalities in these
mice. In accordance with the previous studies (Hussien et al.,
2014; Stone et al., 2020), MBP IHC, CC1 and CC3 double immu-
nostaining, and EM analysis showed that oligodendrocytes and
myelin appeared normal in the CNS of PERK ¢KO mice (Figs.
2-6). MBP THC showed that the immunoreactivity of MBP
was comparable in the CNS white matter of 3- and 6-week-old
double cKO mice, SellL ¢cKO mice, PERK ¢KO mice, and WT
mice  (Figs. 2A,C,GH,KM,Q,R, 3A,C,G,H,K,M,Q,R).
Interestingly, the immunoreactivity of MBP was noticeably
increased in the CNS white matter of 16- and 24-week-old
double cKO mice compared with SellL ¢KO mice (Figs. 20,P,
S,T, 30,P,S,T). EM analysis showed that the percentage of my-
elinated axons (p=0.4308), the thickness of myelin (p=
0.1657), the diameter of axons (p=0.7173), and the g-ratio
(p=0.2121) in the CNS white matter of 3-week-old double
cKO mice were comparable to SellL ¢KO mice, PERK cKO

mice, and WT mice (Fig. 4A,G,K,Q,U-X). Importantly, EM
analysis showed that there was a significant decrease in the g-
ratio (6 weeks, p=0.0119; 16 weeks, p=0.0002; 24 weeks,
p=0.0004) and a significant increase in myelin thickness (6
weeks, p=0.0007; 16 weeks, p <0.0001; 24 weeks, p=0.0335)
in the CNS white matter of 6-, 16-, and 24-week-old double
cKO mice compared with SellL cKO mice, and that the per-
centage of myelinated axons was significantly increased in 24-
week-old double cKO mice compared with SellL cKO mice
(p=0.0001) (Fig. 4M,0,P,R-V,X). However, the diameter of
axons was comparable in the CNS white matter of double cKO
mice, SellL ¢KO mice, PERK ¢KO mice, and WT mice at the
age of 6, 16, and 24 weeks (Fig. 4A-T,W; 6 weeks, p=0.7203;
16 weeks, p =0.6652; 24 weeks, p=0.8117). These results dem-
onstrate that PERK inactivation in oligodendrocytes rescues
progressive myelin thinning in the CNS of adult SellL ¢KO
mice. Because of the poor sensitivity of IHC for quantitative
assessment, modest differences in myelination in the CNS of
6-week-old SellL cKO mice and double ¢cKO mice can be
detected by EM analysis, but not by MBP IHC.

We further determined whether PERK inactivation affects oli-
godendrocyte viability in SellL cKO mice. CC1 and CC3 double
immunostaining showed that the number of oligodendrocytes in
the CNS white matter of 3-, 6-, and 16-week-old double cKO
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mice was comparable to SellL cKO mice,
PERK cKO mice, and WT mice (Fig. 54,
C.E,G-LK,M,0,Q-S,U-W; spinal cord, 3
weeks, p=0.5464; 6 weeks, p=0.8200; 16
weeks, p=0.1753; corpus callosum,
3 weeks, p=0.2387; 6 weeks, p=0.7467;
16 weeks, p =0.7352; cerebellum, 3 weeks,
Pp=0.9445; 6 weeks, p=0.6629; 16 weeks,
p=0.6121). Importantly, oligodendrocyte
numbers were significantly increased in
the CNS white matter of 24-week-old
double cKO mice compared with SellL
cKO mice (Fig. 5P,T-W; spinal cord,
p=0.0010; corpus callosum, p=0.0069;
cerebellum, p=0.0436). Moreover, CC3-
positive oligodendrocytes became unde-
tectable in the CNS white matter of
24-week-old double cKO mice compared
with SellL cKO mice (Fig. 5P,T; spinal
cord, 0+ 0 vs 1.25+ 0.5 per 0.1 mm?
p=0.0011; corpus callosum, 0+ 0 vs
0.75+ 0.5 per 0.1 mm?®, p=0.0054; cere-
bellum, 0+ 0 vs 0.75 * 0.5 per 0.1 mm?,
p=0.0054). Conversely, EM analysis
showed that both the morphology of oli-
godendrocytes and the morphology of the
ER in these cells in double cKO mice were
indistinguishable from those of Sel1L ¢cKO
mice, PERK ¢KO mice, and WT mice at
the age of 3, 6, 16, and 24 weeks (Fig. 6A-
T). These results demonstrate that PERK
inactivation in oligodendrocytes promotes
the cell survival in the CNS of adult SellL
cKO mice. Together, our data suggest that
PERK inactivation rescues mature oligo-
dendrocyte dysfunction and death induced
by SellL deficiency in adult mice.

Attenuation of myelin protein
translation accounts for myelin
thinning induced by Sel1L deficiency
in oligodendrocytes in adult mice

Our data showed that progressive myelin
thinning in adult SellL ¢KO mice was
coupled with the decreased levels of mye-
lin proteins but was not correlated with
alterations in oligodendrocyte numbers.
Myelin proteins are essential and neces-
sary for maintaining myelin structure
(Baumann and Pham-Dinh, 2001;
Aggarwal et al, 2011; Stadelmann et al,
2019). The turnover of myelin proteins in
the CNS is slow, with the half-life of mye-
lin proteins ranging from days to months
(Sabri et al., 1974; Baumann and Pham-
Dinh, 2001). Thus, there is a possibility
that slowly progressive myelin thinning in
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Figure 9.  PERK activation in oligodendrocytes suppressed myelin protein biosynthesis in the CNS of Sel1L cKO mice. 4,
Real-time PCR analysis showed that the mRNA levels of MBP (F(3 5 = 2.237) and PLP (F(35) = 3.21) were comparable in the
brain of 3-week-old double cKO mice, Sel1L cKO mice, PERK cKO mice, and WT mice. B, Real-time PR analysis showed that
the mRNA levels of MBP (35 = 3.19) and PLP (F35 = 1.318) were comparable in the brain of 6-week-old double KO
mice, Sel1L cKO mice, PERK cKO mice, and WT mice. C, D, Western blot analysis showed that the protein levels of MBP
(F3,12 = 0.9140) and PLP (F3 15 = 0.4337) were comparable in the brain of 3-week-old double cKO mice, Sel1L cKO mice,
PERK cKO mice, and WT mice. E, F, Western blot analysis showed that the protein levels of MBP (F3 1, = 8.986) and PLP
(Fi,12) = 8.514) were significantly reduced in the brain of 6-week-old Sel1L cKO mice compared with PERK cKO mice and
WT mice. PERK inactivation in oligodendrocytes reversed the reduction of PLP and MBP protein levels in the brain of Sel1L
KO mice. G, H, IP-SUnSET analysis showed that the levels of newly synthesized MBP (F3 15 = 17.43) and PLP (F;315) =
10.06) were significantly decreased in the brain of 6-week-old Sel1L cKO mice compared with PERK cKO mice and WT mice.
Importantly, PERK inactivation in oligodendrocytes reversed the reduction of newly synthesized PLP and MBP in the brain of
Sel1L KO mice. 1, J, Western blot analysis showed that the protein levels of MBP (F3 15 = 21.22) and PLP (F3 15 = 15.78)
were significantly reduced in the brain of 16-week-old Sel1L cKO mice compared with PERK cKO mice and WT mice. PERK
inactivation in oligodendrocytes reversed the reduction of MBP and PLP protein levels in the brain of SelTL cKO mice. K, L,
Western blot analysis showed that the protein levels of MBP (F3 15 = 16.10) and PLP (F;3 15 = 7.061) were significantly
reduced in the brain of 24-week-old Sel1L cKO mice compared with PERK cKO mice and WT mice. PERK inactivation in oligo-
dendrocytes reversed the reduction of MBP and PLP protein levels in the brain of Sel1L cKO mice. N =4 animals. Statistical
analyses were done with a one-way ANOVA with a Tukey's post-test. Error bars indicate SD. *p << 0.05. n.s. not significant.

impaired protein translation in oligodendrocytes can lead to mye-

adult SellL cKO mice results from the decreased levels of myelin ~ lin loss in the CNS (Pavitt and Proud, 2009; W. Lin, 2015).
proteins. On the other hand, we showed that PERK inactivation in ~ Interestingly, real-time PCR analysis showed that the mRNA levels
oligodendrocytes diminished progressive myelin thinning in adult ~ of MBP (3 weeks, p=0.1613; 6 weeks, p=0.0842) and PLP
SellL cKO mice. The PERK-elF2« pathway is the master regulator (3 weeks, p =0.0830; 6 weeks, p =0.3342) were comparable in the
of protein translation in ER-stressed cells (Marciniak and Ron, ~ CNS of double cKO mice, SellL ¢KO mice, PERK ¢KO mice, and
2006; Pavitt and Ron, 2012). Moreover, it is well documented that ~ WT mice at the age of 3 and 6 weeks (Fig. 9A4,B). Although



Wuetal. e UPR, ERAD, Oligodendrocyte, and Myelin Thickness

Western blot analysis showed that the protein levels of MBP
(p=0.4633) and PLP (p=0.7328) were comparable in the CNS of
double cKO mice, SellL cKO mice, PERK ¢KO mice, and WT
mice at the age of 3 weeks (Fig. 9C,D), the protein levels of MBP
and PLP were significantly reduced in the CNS of Sel1L ¢cKO mice
compared with PERK c¢KO mice (MBP, p=0.0016; PLP,
p=0.0033) and WT mice (MBP, p=0.0138; PLP, p=0.0079) at
the age of 6 weeks (the initiation time point of progressive myelin
thinning in SellL cKO mice) (Fig. 9E,F). Importantly, PERK inac-
tivation reversed the reduction in protein levels of MBP
(p=0.0016) and PLP (p=0.0164) in the CNS of 6-week-old SellL
cKO mice (Fig. 9E,F). Collectively, these data raise the possibility
that attenuation of myelin protein translation induced by PERK
activation in mature oligodendrocytes accounts for the reduction
of myelin proteins and subsequent myelin thinning in adult Sel1L
cKO mice.

To assess the rate of myelin protein translation in oligoden-
drocytes of adult mice, we used the SUnSET assay, which mea-
sure rates of protein biosynthesis by tracking incorporation of
puromycin into newly synthesized proteins (Schmidt et al., 2009;
Goodman et al,, 2011; Lee et al., 2017), in combination with IP.
Mice received intraperitoneal injections of puromycin for 6 h
before tissue harvest. Proteins were extracted from the brain of
these mice. Puromycin-labeled, newly synthesized proteins were
pulled down by IP using the antipuromycin antibody, and then
newly synthesized myelin proteins were detected by Western blot.
Interestingly, we found that the levels of newly synthesized MBP
and PLP were significantly decreased in the CNS of 6-week-old
SellL cKO mice compared with WT mice (MBP, p =0.0045; PLP,
p=0.0079) and PERK cKO mice (MBP, p=0.0231; PLP,
p=0.0033) (Fig. 9G,H). Importantly, PERK inactivation in oligo-
dendrocytes abrogated the reduction in newly synthesized MBP
(p=0.0001) and PLP (p=0.0014) in the CNS of SellL cKO mice
(Fig. 9G,H). As mentioned above, both oligodendrocyte numbers
and the mRNA levels of MBP and PLP were comparable in the
CNS of 6-week-old double cKO mice, SellL ¢cKO mice, PERK
cKO mice, and WT mice. Thus, these results demonstrate that
PERK activation induced by SellL deficiency results in attenuation
of myelin protein translation in mature oligodendrocytes of adult
mice. Moreover, Western blot analysis showed that PERK inacti-
vation in oligodendrocytes reversed the reduction in MBP (16
weeks, p=0.0059; 24 weeks, p=0.0006) and PLP (16 weeks,
p=0.0036; 24 weeks, p = 0.0332) protein levels in the CNS of SellL
cKO mice at the age of 16 and 24 weeks (Fig. 9I-L). The decreased
levels of myelin proteins were correlated with the decreased thick-
ness of myelin in SellL cKO mice, and the restored levels of mye-
lin proteins were correlated with the restored thickness of myelin
in double cKO mice. Together, our data suggest that PERK activa-
tion induced by SellL deficiency suppresses myelin protein trans-
lation in mature oligodendrocytes, leads to a reduction in myelin
protein levels, and subsequently results in progressive myelin thin-
ning in adult mice.

PLP deficiency exacerbates myelin thinning in adult SellL
cKO mice

PLP is the most abundant myelin protein in the CNS, which is
synthesized in the ER and then transported to myelin sheaths
(Baumann and Pham-Dinh, 2001). Evidence suggests that ERAD
contributes to degradation of PLP (Karim et al., 2010; Volpi et
al., 2017). Data also indicate that intracellular accumulation of
PLP can lead to late-onset mature oligodendrocyte death and de-
myelination in adult mice (Griffiths et al., 1995; Woodward,
2008; Karim et al, 2010). Young adult PLP KO mice (PLP
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KO mice) appear healthy and display very subtle myelin abnor-
malities in the CNS, although aged PLP KO mice show signs of
spasticity and develop axon degeneration in the CNS (Klugmann
et al., 1997; Griffiths et al., 1998; Rosenbluth et al., 2006). PLP
KO mice have been used to study the functions of myelin pro-
teins in oligodendrocyte development, myelin formation, and
myelin maintenance, alone or by crossing with mice with defi-
ciency of other main myelin proteins (Klugmann et al., 1997;
Uschkureit et al., 2000; Chow et al., 2005). Interestingly, using
PLP KO mice, our recent study showed that PLP deficiency res-
cues late-onset mature oligodendrocyte death and demyelination
in mice with double deletion of PERK and ATF6« in oligoden-
drocytes (Stone et al., 2020). Thus, we exploited PLP KO mice to
determine whether the decreased levels of myelin proteins con-
tribute to myelin thinning in young adult SellL cKO mice, and
to exclude the possibility that the impaired ERAD activity of the
SellL-Hrd1 complex in oligodendrocytes leads to intracellular
PLP accumulation and subsequently results in late-onset mature
oligodendrocyte death and myelin loss in adult Sel1L cKO mice.
PLP KO mice were crossed with SellL ¢KO mice to generate
Sel1L'*""**F; CNP/Cre; PLP™'~ mice or SelIL"”*"'*"; CNP/Cre;
PLP-/Y mice (SP DKO mice). Although young, developing SP
DKO mice did not display any neurologic phenotypes, adult
SPD KO mice exhibited tremor and ataxia starting around the
age of 8 weeks. Importantly, the tremoring phenotype deterio-
rated rapidly, and all SP DKO mice died by 16 weeks (Fig. 10A),
compared with SellL cKO mice (died by 43 weeks). Moreover,
rotarod test showed that motor coordination in young, develop-
ing SP DKO mice appeared normal (SP DKO mice vs WT mice,
3-7 weeks, p=0.3671-0.9968). Motor coordination was compro-
mised in adult SP DKO mice starting around the age of 8 weeks
(SP DKO mice vs WT mice, 8-14 weeks, p=0.0003-0.0434).
Importantly, the decline in motor coordination in adult SP DKO
mice was significantly more severe than in age-matched SellL
cKO mice (SP DKO mice vs SellL cKO mice, 11-14 weeks, p =
0.0004-0.0325) (Fig. 10B). Thus, these data demonstrate that PLP
deficiency exacerbates the tremoring phenotype displayed by
SellL ¢cKO mice and shortens their lifespan.

The exacerbated tremoring phenotype displayed by SP DKO
mice suggests exacerbation of myelin loss in these mice. In agree-
ment with previous studies (Klugmann et al., 1997), MBP IHC,
CC1 immunostaining, and EM analysis showed that both myelin
and oligodendrocytes appeared largely normal in the CNS of 10-
week-old PLP KO mice (Figs. 10, 11). Interestingly, the immuno-
reactivity of MBP was noticeably decreased in the CNS white
matter of 10-week-old SP DKO mice compared with SellL cKO
mice (Fig. 10E,F,L]). Western blot analysis showed that PLP was
undetectable in the CNS of 10-week-old PLP KO mice and SP
DKO mice, and that the level of MBP (p=0.0075) was signifi-
cantly decreased in the CNS of 10-week-old SP DKO mice com-
pared with SellL ¢cKO mice (Fig. 10K,L). Importantly, EM
analysis showed that there was a significant increase in the g-ra-
tio (p=0.0499), a significant decrease in the thickness of myelin
(p <0.0001), and a significant decrease in the percentage of my-
elinated axons (p < 0.0001) in the CNS white matter of 10-week-
old SP DKO mice compared with SellL cKO mice (Fig. 10M-R,
T). Conversely, the diameter of axons was comparable in the
CNS white matter of 10-week-old SP DKO mice, SellL. ¢KO
mice, PLP KO mice, and WT mice (Fig. 10M-P,S; p=0.2503).
Interestingly, CC1 immunostaining showed that the number of
oligodendrocytes in the CNS white matter of 10-week-old SP
DKO mice was comparable to SellL ¢cKO mice, PLP KO mice,
and WT mice (Fig. 11A-E; spinal cord, p=0.3389; corpus
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Figure 10.  PLP deficiency exacerbated myelin thinning in the CNS of adult Sel1L cKO mice. A, Mouse survival curve showed that WT mice and PLP KO mice survive at least 1 year. All Sel1L cKO mice
died by 43 weeks. Importantly, all SP DKO mice died by 16 weeks. N' =8 animals. B, Rotarod test showed that the latency to fall of Sel1L cKO mice was significantly shorter than WT mice starting at the
age of 8 weeks, and that the latency to fall of SP DKO mice was significantly shorter than Sel1L KO starting at the age of 11 weeks (significant effect of group, F3.2) = 33.49; significant effect of age,
Fieos1324) = 7.886; and significant group x age interaction, F3p47) = 3.398). N=6-8 animals. (=J, MBP IHC showed that the immunoreactivity of MBP is noticeably decreased in the spinal cord and
brain of 10-week-old Sel1L cKO mice compared with PLP KO mice and WT mice. PLP deficiency further reduced the immunoreactivity of MBP in Sel1L cKO mice. K, L, Western blot analysis showed that
PLP was undetectable in the brain of 10-week-old PLP KO mice and SP DKO mice. The level of MBP was significantly decreased in the brain of 10-week-old Sel1L cKO mice compared with PLP KO mice
and WT mice, and was further reduced in SP DKO mice. M—T, EM analysis showed a significant increase in the g-ratio (F;3 15 = 58.66) and a significant reduction in myelin thickness (F315) = 39.77)
in the spinal cord of 10-week-old Sel1L cKO mice compared with PLP KO mice and WT mice. PLP deficiency further increased the g-ratio and further reduced myelin thickness in SelTL cKO mice.
Moreover, the percentage of myelinated axons was significantly decreased in the spinal cord of 10-week-old SP DKO mice compared with Sel1L cKO mice, PLP KO mice, and WT mice (F3 15 = 35.85).
Conversely, the diameter of axons was comparable in the spinal cord of 10-week-old SP DKO mice, Sel1L cKO mice, PLP KO mice, and WT mice (F3 15 = 1.560). Scale bars: M-P, 5 pum. N'=4 animals.
Statistical analyses were done with a one-way ANOVA with a Tukey’s post-test or a two-way ANOVA with a Bonferroni post-test. Error bars indicate SD. *p < 0.05. n.s. not significant.
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PLP deficiency did not affect oligodendrocyte viability in the CNS of adult Sel1L cKO mice. A-E, CC1 immunostaining showed a comparable number of oligodendrocytes in the spi-

nal cord (3,12 = 1.238), corpus callosum (F(3.1) = 0.144), and cerebellum (F3 1) = 0.478) of 10-week-old SP DKO mice, Sel1L cKO mice, PLP KO mice, and WT mice. F-I, EM analysis showed
that the morphology of oligodendrocytes and the morphology of the ER (insets) in oligodendrocytes appeared normal in the spinal cord of 10-week-old SP DKO mice, Sel1L cKO mice, PLP KO mice,
and WT mice. Scale bars: A-D, 50 pm; F-1, 1 um. N =4 animals. Statistical analyses were done with a one-way ANOVA with a Tukey’s post-test. Error bars indicate SD. n.s. not significant.

callosum, p=0.9314; cerebellum, p=0.7031). EM analysis also
showed that both the morphology of oligodendrocytes and the
morphology of the ER in these cells in 10-week-old SP DKO
mice were indistinguishable from those of SellL ¢KO mice, PLP
KO mice, and WT mice (Fig. 11F-I). These results demonstrate
that PLP deficiency exacerbates myelin thinning induced by
SellL deficiency in oligodendrocytes in adult mice. Collectively,
these data provide additional evidence supporting that the reduc-
tion of myelin proteins is a major contributor to myelin thinning
induced by SellL deficiency in oligodendrocytes in adult mice.
These data also suggest that the SellL-Hrdl complex is not a
major player involved in PLP degradation, and rule out the pos-
sibility that intracellular accumulation of PLP contributes to
mature oligodendrocyte dysfunction and death in adult SellL
cKO mice.

Discussion

ERAD interacts with the UPR to maintain ER protein homeosta-
sis (Nakatsukasa et al., 2014; Hetz et al., 2015; Qi et al., 2017;
Hwang and Qi, 2018). The UPR controls the expression of
ERAD genes. ERAD can regulate the UPR through direct degra-
dation of ER stress sensors and/or indirect modulation of ER
stress. Oligodendrocytes must produce an enormous amount of
myelin proteins via the ER to assemble and maintain myelin
structure (W. Lin and Popko, 2009; W. Lin and Stone, 2020). We
showed here that SellL deficiency impaired the ERAD activity of
the SellL-Hrd1 complex and induced moderate ER stress in oli-
godendrocytes, as evidenced by the UPR activation and the nor-
mal morphology of the ER in these cells. It was thought that
actively myelinating oligodendrocytes during developmental

myelination are highly sensitive to disruption of ER protein ho-
meostasis because of the rate of myelin protein production (W.
Lin and Popko, 2009; Volpi et al., 2017; W. Lin and Stone, 2020).
Nevertheless, a very recent study showed that the impaired UPR
in oligodendrocytes via deletion of both PERK and ATF6« has a
minimal effect on actively myelinating oligodendrocytes during
developmental myelination but leads to dysfunction and death of
mature oligodendrocytes in young adult mice (Stone et al,
2020). Accordingly, we found that Sel1L deficiency specifically in
oligodendrocytes did not affect the viability or function of
actively myelinating oligodendrocytes during developmental
myelination. Moreover, we found that double deficiency of Sel1L
and PERK did not alter the morphology of the ER in actively
myelinating oligodendrocytes or their viability and function dur-
ing developmental myelination. Together, these data indicate
that the integrated UPR and ERAD are not a major player in
maintaining ER protein homeostasis or the viability and function
of actively myelinating oligodendrocytes during developmental
myelination.

We found that SellL deficiency specifically in oligodendro-
cytes induced progressive thinning of myelin sheaths in the CNS
of adult mice starting around the age of 6 weeks, and eventually
led to complete loss of myelin sheath and oligodendrocyte death.
We also found that the myelin thinning was coupled with the
decreased levels of myelin proteins. We further ruled out the
possibility that thin myelin in the CNS of adult SellL cKO mice
was caused by oligodendrocyte regeneration and remyelination.
Moreover, we showed activation of the PERK-eIlF2ar pathway
and attenuation of myelin protein biosynthesis in mature oligo-
dendrocytes of adult SellL cKO mice. The PERK-elF2« pathway
is the master regulator of protein translation in ER-stressed cells
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(Marciniak and Ron, 2006; Hetz et al, 2015; Wang and
Kaufman, 2016). Interestingly, we found that PERK inactivation
restored biosynthesis of myelin proteins in mature oligodendro-
cytes and the levels of myelin proteins in the CNS of adult SellL
cKO mice. Importantly, PERK inactivation in oligodendrocytes
attenuated the tremoring phenotype, prolonged the survival, and
rescued progressive myelin thinning and oligodendrocyte death
in the CNS of adult SellL ¢KO mice. Thus, these results suggest
that PERK activation induced by SellL deficiency suppresses
myelin protein translation in mature oligodendrocytes, leads to a
reduction in myelin protein levels, and subsequently results in
progressive myelin thinning in adult mice. Together, these data
demonstrate that the integrated UPR and ERAD are required for
maintaining myelin protein production and the viability and
function of mature oligodendrocytes in adult mice.

Myelin proteins are essential and necessary for maintaining
myelin structures (Baumann and Pham-Dinh, 2001; Aggarwal et
al., 2011; Stadelmann et al., 2019). Our data support the notion
that myelin thinning in the CNS of adult Sel1L ¢KO mice results
from the reduction of myelin proteins. To further explore this
notion, we exploited PLP KO mice that display very subtle mye-
lin abnormality in young adult mice and survive well (Klugmann
et al, 1997; Griffiths et al., 1998; Rosenbluth et al., 2006).
Interestingly, we found that PLP deficiency aggravated the trem-
oring phenotype, shortened the lifespan, and exacerbated myelin
thinning in adult SellL ¢cKO mice. Conversely, PLP deficiency
did not alter the morphology or number of oligodendrocytes in
adult SellL cKO mice. Collectively, these data provide additional
evidence supporting that the reduction of myelin proteins is a
major contributor to myelin thinning in the CNS of adult SellL
cKO mice. Nevertheless, mice with a deficiency of an individual
myelin protein, including PLP, 2',3" cyclic nucleotide 3" phos-
phodiesterase, myelin oligodendrocyte glycoprotein, or myelin-
associated glycoprotein, do not display obvious myelin abnor-
malities at young age (Montag et al., 1994; Klugmann et al.,
1997; Delarasse et al., 2003; Lappe-Siefke, et al., 2003), although
MBP-deficient mice develop severe myelin loss in the CNS
(Popko et al,, 1987). We showed here that there was a global
reduction in myelin proteins, including at least MBP and PLP, in
the CNS of adult SellL cKO mice. Thus, our data likely reflect
that the global reduction of myelin proteins, rather than a reduc-
tion in individual myelin proteins, contributes to myelin thin-
ning in the CNS of adult SellL cKO mice. On the other hand, it
is likely that PERK activation suppresses global protein transla-
tion in mature oligodendrocytes of adult SellL cKO mice,
including myelin proteins, prosurvival proteins, among others.
The possibility that impaired translation of nonmyelin proteins
in mature oligodendrocytes contributes to myelin thinning in
the CNS of adult Sel1L cKO mice cannot be ruled out.

The finding of the detrimental effects of PERK activation on
mature oligodendrocytes in adult SellL ¢KO mice contradicts
previous studies that show the beneficial effects of PERK activa-
tion on oligodendrocytes in immune-mediated demyelinating
diseases (W. Lin et al., 2005, 2006, 2007, 2013; Y. Lin et al,,
2014b; Hussien et al, 2014). Conversely, a previous study
showed that short-term, artificially strong PERK activation in
mature oligodendrocytes does not affect their viability but causes
moderate myelin loss in adult mice (Y. Lin et al, 2014a).
Interestingly, data indicate that the beneficial or detrimental
effects of PERK activation on cell viability and function are
highly context-dependent in the degree and/or duration of the
activation (Y. Lin et al., 2014a; Stone et al., 2016; McQuiston and
Diehl et al., 2017; W. Lin and Stone, 2020). It is possible that the
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short-term (days) PERK activation promotes oligodendrocyte
survival in acute immune-mediated demyelinating diseases by
stimulating cytoprotective gene expression; however, long-term
(weeks or months) PERK activation leads to depletion of myelin
proteins and/or prosurvival proteins in oligodendrocytes by sup-
pressing global protein translation, and subsequently results in
dysfunction and death of mature oligodendrocytes in adult Sel1L
cKO mice. Similarly, short-term, artificially strong PERK activa-
tion in oligodendrocytes dramatically reduces protein transla-
tion, leads to depletion of myelin proteins, and results in myelin
loss but not oligodendrocyte death in the CNS of adult mice. The
alternative, but not mutually exclusive, possibility is that the det-
rimental effects of PERK activation on mature oligodendrocytes
in adult SellL ¢KO mice are because of the unique cellular con-
text of Sel1L-deficient oligodendrocytes.

The current dogma is that myelin thickness in the adult CNS
is extraordinarily stable (Aggarwal et al., 2011; Stadelmann et al.,
2019). Indeed, using thin myelin as a marker of newly generated
myelin (remyelination) in CNS demyelinating diseases is a well-
accepted practice (Franklin and Ffrench-Constant, 2008, 2017;
Duncan et al., 2018). Nevertheless, very recent studies show that
myelin thickness can change dynamically in adults over time
(Dutta et al, 2018; Williamson and Lyons, 2018; Fields and
Dutta, 2019; Phillips et al., 2019). Accordingly, the results pre-
sented in this study suggest that PERK activation in mature oli-
godendrocytes reduces myelin thickness by suppressing myelin
protein translation in adult SellL. cKO mice. Interestingly, it is
well documented that PERK is activated in oligodendrocytes in
various CNS demyelinating diseases (W. Lin and Popko, 2009;
Volpi et al, 2017; W. Lin and Stone, 2020). Thus, this study
raises the possibility that PERK activation in mature oligoden-
drocytes can lead to myelin thinning in CNS demyelinating dis-
eases, and that thin myelin may not be a reliable marker of
remyelination in these diseases. Future studies to determine
whether PERK activation in mature oligodendrocytes causes
myelin thinning in CNS demyelinating diseases are warranted.

In conclusion, we showed here that SellL deficiency specifi-
cally in oligodendrocytes did not affect developmental myelina-
tion, but led to late-onset, progressive myelin thinning in adult
mice. The progressive myelin thinning induced by SellL defi-
ciency in oligodendrocytes was associated with PERK activation
and attenuation of myelin protein translation, and was abrogated
by PERK inactivation in oligodendrocytes. Moreover, the pro-
gressive myelin thinning induced by SellL deficiency in oligo-
dendrocytes was coupled with the reduction of myelin proteins,
and was exacerbated by PLP deficiency. These findings imply
that the integrated UPR and ERAD in mature oligodendrocytes
are required for preserving myelin thickness in adults by regulat-
ing myelin protein biosynthesis.
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