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Interactive Repression of MYRF Self-Cleavage and Activity in
Oligodendrocyte Differentiation by TMEM98 Protein
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Myelin sheath formed by oligodendrocytes (OLs) is essential for the rapid propagation of action potentials in the vertebrate CNS. Myelin
regulatory factor (MYRF) is one of the critical factors that control OL differentiation and myelin maintenance. Previous studies showed
that MYRF is a membrane-bound transcription factor associated with the endoplasmic reticulum (ER). After self-cleavage, the
N-fragment of MYRF is released from the ER and translocated into the nucleus where it functions as a transcription factor to activate
myelin gene expression. At present, it remains unknown whether MYREF self-cleavage and functional activation can be regulated during
OL differentiation. Here, we report that TMEM98, an ER-associated transmembrane protein, is capable of binding to the
C-terminal of MYRF and inhibiting its self-cleavage and N-fragment nuclear translocation. In the developing CNS, TMEM98 is
selectively expressed in early maturing OLs in mouse pups of either sex. Forced expression of TMEM98 in embryonic chicken spinal
cord of either sex suppresses endogenous OL differentiation and MYRF-induced ectopic expression of myelin genes. These results
suggest that TMEM98, through inhibiting the self-cleavage of MYRF, functions as a negative feedback regulator of MYRF in

oligodendrocyte differentiation and myelination.
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ignificance Statement

MYRE protein is initially synthesized as an ER-associated membrane protein that undergoes autoproteolytic cleavage to release
the N-fragment, which is then transported into the nucleus and activates the transcription of myelin genes. To date, the molecular
mechanisms that regulate the self-cleavage and function of MYRF in regulating oligodendrocyte differentiation have remained
unknown. In this study, we present the molecular and functional evidence that TMEM98 membrane protein physically interacts
with MYREF in the ER and subsequently blocks its self-cleavage, N-terminal nuclear translocation, and functional activation of
myelin gene expression. To our knowledge, this is the first report on the regulation of MYREF self-proteolytic activity and function
by an interacting protein, providing new insights into the molecular regulation of OL differentiation and myelinogenesis.
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Introduction

Compact myelin sheaths are assembled by oligodendrocytes
(OLs) in the CNS and provide electrical insulation and trophic
support for the axons (Baumann and Pham-Dinh, 2001; Simons
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and Nave, 2015). During embryonic development, oligodendrocyte
progenitor cells (OPCs) are initially generated from ventricular neu-
roepithelial cells and later differentiate into myelinating oligoden-
drocytes (Richardson et al., 2006). Deficits of myelin are associated
with several neurological diseases, such as multiple sclerosis (MS;
Franklin, 2002; Cui et al., 2013; Dulamea, 2017) and leukodystro-
phies (Aubourg, 1993; Baranano, 2016). In spinal injuries and acute
MS lesions, OPCs still exist but fail to differentiate effectively into
myelinating oligodendrocytes (Raine and Wu, 1993; Wolswijk,
1998; Chang et al., 2002; Jennings and Carroll, 2010). Thus, OL
differentiation is a rate-limiting step of axonal remyelination in patho-
logical conditions (Gallo and Deneen, 2014), and understanding the
molecular regulation of OL differentiation is critical for generating ther-
apeutics to enhance myelin repair in demyelinating disorders.
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Recent studies have identified a cohort of transcriptional fac-
tors (e.g., Sox10, Nkx2.2, Oligl, and Myrf) that plays a pivotal role
in the regulation of oligodendrocyte differentiation. Among
these, Sox10 promotes the terminal differentiation of OL lineage,
and the Sox10 null mutation results in an almost complete inhi-
bition of myelin gene expression (Stolt et al., 2002; Liu et al.,
2007). Nkx2.2 and Oligl regulate the timing of oligodendrocyte
differentiation in the CNS (Huang et al., 2013), and disruption of
both Oligl and Nkx2.2 results in a significant delay of OL differ-
entiation (Qi et al., 2001; Paes de Faria et al., 2014; Zhu et al.,
2014). Unlike other transcriptional factors, myelin regulatory
factor (MYRF) is a membrane-bound transcription factor that is
required for OL differentiation, myelin formation, and mainte-
nance (Emery et al., 2009; Koenning et al., 2012). MYREF is ini-
tially synthesized as a transmembrane protein in the endoplasmic
reticulum (ER) but later undergoes autoproteolytic cleavage me-
diated by the intramolecular chaperone auto-cleavage (ICA) do-
main (Li et al., 2013). The freed N-fragment (N-MYRF) is then
translocated into the nucleus and activates target-gene expres-
sion, whereas the C-fragment (C-MYRF) remains tethered to the
ER membrane (Bujalka et al., 2013). Recent studies showed that
MYREF first assembles into a homotrimeric complex preceding
self-cleavage, and the homo-trimerization defines the DNA-
binding specificity of the N-fragment (Muth et al., 2016; Kim et
al., 2017). MYRF family proteins are highly conserved in protein
sequence and domain structure among metazoans (Li and Rich-
ardson, 2016); furthermore, Dictyostelium (slime mold) MYRFA
and Caenorhabditis elegans (nematode) MYRF-1/MYRF-2 ex-
hibit ER localization and cleavage-dependent nuclear transloca-
tion (Senoo et al., 2012; Meng et al., 2017), suggesting the
conserved molecular regulation of MYRF protein activity.

It has been demonstrated that many membrane-bound tran-
scription factors (e.g., Notch, SREBPs, and ATP6) often undergo
ligand- or stress-regulated intramembrane proteolysis to release
nuclear-targeted products for regulating gene transcription
(Brown and Goldstein, 1997; De Strooper et al., 1999; Haze et al.,
1999). However, it is not known whether MYRF also undergoes a
similar regulated proteolytic cleavage process.

In this study, we identified TMEM98 as a binding protein of
MYREF in the ER and a regulator of MYRF activity. TMEM98 is an
ER-associated transmembrane protein and highly conserved
during evolution (Ng et al., 2014). The expression and function
of TMEMO98 are mostly unknown, although it has been impli-
cated in T Helper 1 cell differentiation (Fu et al., 2015) and hu-
man nanophthalmos diseases (Awadalla et al., 2014). The C.
elegans ortholog TMEM98 (K10C3.4) is identified as a direct-
target let-7 miRNA and involved in vulval development (Anda-
chi, 2008). Here, we demonstrate that Tmem98 is selectively
expressed in postmitotic oligodendrocytes in the developing
CNS with temporal and spatial patterns of expression similar
to that of Myrf. Molecular and functional analyses have iden-
tified TMEM98 as a negative regulator of MYRF activity dur-
ing OL differentiation.

Materials and Methods

Animals and cell culture. All animal experiments were performed in ac-
cordance with the institutional guidelines drafted by the Laboratory An-
imal Center at Hangzhou Normal University (Hangzhou, China) and
were approved by the Animal Ethics Committee of Hangzhou Normal
University. Mouse lines for Oligl-Cre, Myrf™*, and Nkx2.2"** mice were
described previously (Lu et al., 2002; Emery et al., 2009; Mastracci et al.,
2013). Animals of either sex were used for analyses. HEK293T cells were
cultured in DMEM (10569044, Invitrogen) supplemented with 10% fetal
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bovine serum (04-001-1A, Biological Industries). CG4 cells were cul-
tured in DMEM/F-12 medium with N2, B27, and 10 ng/ml PDGF-AA
(100-13A, PeproTech). After they were transfected with viruses, CG4
cells were cultured in PDGF-AA-containing medium for 2 d to allow
gene expression. Cells were then cultured in growth factor-free medium
for 3 d and in a differentiation medium containing 40 ng/ml 3,3’,5-
Triiodo-L-thyronine (T-2752, Sigma-Aldrich) for another 2 d. All re-
agents used for CG4 cells were described previously (Chen et al., 2007).
Cells were maintained at 37°C in a humidified incubator with 5% CO,.
HEK293T cells were transfected with DNA constructs using MegaTran
1.0 (OriGene Technologies) as per the manufacturer’s instructions.

Constructs. For double-immunostaining assays in HEK293T cells,
CopGFP in pCDH-CMV-MCS-EF1-CopGFP vectors (CD511B-1, System
Biosciences) was replaced by the ORF of Tmem98 (NM_029537.1) or
Myrf (XM_006526929.3). For immunoprecipitation assays, ORFs of
Tmem98 and full-length/truncated Myrf as diagrammed in the figures
were cloned into pCDH-CMV-MCS-EF1-copGFP vectors or pRK5 vector
(a gift from Dr. Ying Shen, Zhejiang University School of Medicine,
Hangzhou, China). For chicken in ovo electroporation, ORFs of
Tmem98, Tmem98-AGCIP (A55-152 aa), and Myrf were cloned into
RCASBP(B) vectors (Morgan and Fekete, 1996). For virus production,
OREFs of Tmem98 and Myrfwere inserted after the CMV promoter or EF1
promoter in pCDH vectors. Tags fused with TMEM98 and full-length/
truncated MYRF were as diagrammed in the figures.

In ovo chicken electroporation and gene delivery into CG4 cells. For in ovo
electroporation, ~5 ul of RCASBP(B) plasmids (4 ug/ul) was mixed
with 1 ul of pCAGGS-EGFP plasmids (6 ug/ul) and 1 ul of 1% Fast
Green. The mixed constructs were injected into the chick spinal cord at
Hamburger and Hamilton stages HH13-HH15 (chicken embryonic day
2, cE2), and the injected embryos were then subjected to five short pulses
of electrical shock (25 V, 50 ms for each pulse, 950 ms interval; Momose
etal., 1999) with a Electro Square Porator (ECM 830, BTX). Embryos of
either sex were then allowed to develop for various time periods before
they were fixed in 4% PFA for gene expression analysis. For gene delivery
into CG4 cells, pCDH vectors with/without target genes were cotrans-
fected into HEK293T cells with psPAX2 (12260, Addgene) and pMD2.G
(12259, Addgene) to produce viruses. Viruses were collected every 24 h
three times and centrifuged for 90 min at 20,000 X g. Condensed viruses
were used to infect CG4 cells in a 6 cm dish for 6 h. For MYRF and
TMEM98 coexpression, cells were infected with viruses containing
pCDH-CMV-EF1-Tmem98 for 6 h before adding pCDH-CMV-Myrf-
EF1-CopGFP viruses.

In situ hybridization. The procedure of in situ hybridization (ISH) has
been described previously (Huang et al., 2017). For mouse Trmem98 ri-
boprobes, an ~1 kb fragment corresponding to Tmem98 (200—-1200 nt
of NM_029537.1) was cloned into pBluescript II KS(—) vectors. To
generate riboprobes for detecting gene expression in chicken spinal
cords, the DNA fragments corresponding to ¢MBP (270-1100 nt of
NM_205280.1), cPLP (100—970 nt of NM_205277.1), cENPP6 (3161-4160
nt of XM_420512.6), and cPDGFRA (600-2400 nt of NM_204749.2) were
cloned into pBluescript II KS(—) vectors. The linearized plasmids were used
as templates for in vitro transcription with T3 RNA polymerase (P4024,
Promega) according to the manufacturer’s instructions.

Immunostaining and immunohistochemical staining. Tissues were fixed
in 4% PFA at 4°C overnight and transferred into 25% sucrose in PBS
overnight, embedded in OCT medium, and sectioned (14 wm thickness)
on a cryostat. Cells were fixed with 4% PFA for 30 min at room temper-
ature before immunostaining. Tissue sections/cells were then rinsed
three times in PBS, blocked with 5% goat serum in PBS with 0.2% Triton
X-100 for 30 min, and immediately incubated with a primary antibody in
a blocking solution at 4°C overnight. Sections/cells were then washed
three times in PBS and incubated with secondary antibodies (Alexa Fluor
488/594, Thermo Fisher Scientific) for 1 h at room temperature. After
being rinsed three times in PBS, sections/cells were mounted in Mowiol
mounting medium with DAPI. For double-labeling experiments, tissue
sections were first subjected to ISH with the Tmem98 riboprobe, followed
by immunohistochemical staining with the Vectastain ABC kit (catalog
#PK-4001; Vector Laboratories; RRID:AB_2336810). The primary anti-
bodies used were as follows: anti-FLAG (catalog #F1804, 1:1000, Sigma-
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Aldrich; RRID:AB_262044), anti-HA (catalog #ab9110, 1:1000, Abcam;
RRID:AB_307019), anti-MYC (catalog #2276, 1:1000, Cell Signaling
Technology; RRID:AB_331783), anti-MYC (catalog #9E 10, 1:100,
DSHB; RRID:AB_2266850), anti-OLIG2 (catalog #AB9610, 1:1000, Mil-
lipore; RRID:AB_570666), anti-MAG (catalog #MAB1567, 1:500, Milli-
pore; RRID:AB_2137847), anti-CCl1 (catalog #ab16794, 1:500, Abcam;
RRID:AB_443473), anti-PDGFRA (sc-338, 1:200, Santa Cruz Biotech-
nology), and anti-V5 (catalog #V8137, 1:1000, Sigma-Aldrich; RRID:
AB_261889). Anti-MYRF (1:500) and anti-SOX10 (1:1000) are gifts
from Dr. Michael Wegner (Universitaet Erlangen-uernberg, Erlangen,
Germany).

Immunoprecipitation. Forty-eight hours after transfection, HEK293T
cells in each 10 cm dish were washed with PBS and lysed in 1.5 ml of lysis
buffer containing 50 mm Tris, pH 7.4, 150 mm NaCl, 1% Triton X-100, 1
mMm EDTA, and protease inhibitor cocktail (Sangon Biotech) at 4°C for 20
min. Cell lysate was spun down at 13,000 X g for 10 min at 4°C. A total of
0.2 ml of lysate was used as the input sample. The left was added into 2.5
ml of lysis buffer and filtered with a 0.22 um strainer. For MYC-tagged
proteins, cleared lysate was mixed with anti-MYC primary antibodies
(catalog #2276, Cell Signaling Technology; RRID:AB_331783) overnight
at 4°C. Then, G-protein-coupled Sepharoses (GE17-0886-01, Sigma)
were added, and the mixture was incubated for another 4 h at 4°C. For
FLAG-tagged proteins, cleared lysate was mixed with 40 ul of anti-FLAG
magnetic beads (catalog #M8823, Sigma-Aldrich; RRID:AB_2637089)
and incubated overnight at 4°C. Sepharoses and beads were used as per
the manufacturer’s instructions. After that, Sepharoses and beads were
washed with lysis buffer three times. Proteins bound to the anti-FLAG
beads were eluted with 300 ul of TBS containing 20 ug of 3xFLAG
peptides at room temperature for 30 min, and Sepharoses were heated in
200 ul of 1% SDS buffer at 95°C for 5 min to release the bounded pro-
teins. A total of 20 wl of input/immunoprecipitation (IP) samples were
used for Western blot.

RT-qPCR, BrdU staining, and TUNEL assay. RNA was extracted from
mouse spinal cord using RNAiso Plus (9109, Takara), reverse transcribed
using the cDNA Synthesis kit (6210A, Takara), and used to analyze expres-
sion levels by quantitative PCR on a Bio-Rad CFX96 Real Time PCR System.
The following primer pairs were used: 5'-CCTCTTTGCTGCTGGTTAC-
CAAGT-3" and 5'-GGCTCGACTTTGGAGATTGAAGC-3’ for Myrf; 5'-
TCATTTGCTGCTTTGGTGGTGGTC-3" and 5'-TCCACTCTGGG
GCTAATCCGTTTG-3' for Tmem98. Transcript levels were normalized to
Gapdh. For BrdU staining, 0.5 ml of 10 mg/ml BrdU solution was added to
every chicken embryo, and tissues were harvested after 6 h. Sections were
subjected to immunostaining with anti-BrdU (catalog #G3G4, 1:50, DSHB;
RRID:AB_2618097) after being treated with 2 mol/L HCI for 20 min.
TUNEL assay was performed according to the manufacturer’s instructions
(G3250, Promega).

Western blot. Samples with 1X loading buffer were heated at 95°C for
5 min. Twenty-microliter samples were loaded on SDS-PAGE gels. Pro-
teins in gels were then transferred to PVDF membranes (ISEQ00010,
Millpore). Membranes were blocked with 5% milk at room temperature
for 1 h and incubated with a primary antibody at 4°C overnight. After being
rinsed three times with TBST, membranes were probed with horseradish
peroxidase-conjugated secondary antibodies (Promega) and rinsed three
times in TBST. Proteins were detected using the enhanced chemilumines-
cence detection system (catalog #32109, Thermo Fisher Scientific) and x-ray
films. Primary antibodies were used as follows: anti-FLAG (catalog #F1804,
1:10,000, Sigma-Aldrich; RRID:AB_262044), anti-HA (catalog #ab9110,
1:10,000, Abcam; RRID:AB_307019), anti-MYC (catalog #2276, 1:10000,
Cell Signaling Technology; RRID:AB_331783).

Experimental design and statistical analyses. For each analysis, results
from independent transfections or animals were treated as biological
replicates (n = 3). The two-tailed Student’s f test was performed to
determine whether differences in cell numbers and transcript levels were
statistically significant. Error bars represented the SDs. Statistical signif-
icance was considered to be at *p = 0.05, **p = 0.01, and ***p = 0.001;
ns, no significant difference. The exact p values are as mentioned in
Results.
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Results

TMEMO98 is a MYRF-interacting protein specifically expressed
in differentiated oligodendrocytes in the developing CNS

As the first step to identify MYRF-interacting proteins, we gen-
erated a C. elegans strain carrying a transgene that expresses
MYRE-1 fused with GFP (Meng et al., 2017) and performed af-
finity purification using an anti-GFP antibody followed by mass
spectrometry analyses. One of the interacting proteins identified
by this strategy is TMEM98, a novel and evolutionarily conserved
single-pass transmembrane protein located in the endoplasmic
reticulum (Ng et al., 2014) with an unknown function. To ex-
plore their functional relationship in oligodendrocyte develop-
ment, we first examined the expression of mouse Tnem98 in the
developing CNS by RNA ISH. In the spinal cord region, Trmem98
expression was initially detected in the ventral white matter at
embryonic day 18.5 (E18.5; Fig. 1A), upregulated rapidly after-
ward, and peaked at early postnatal stages from P4 to P7 (Fig.
1B,C). At P15, Tmem98 expression started to be detected in the
gray matter of spinal cord but gradually disappeared thereafter
(Fig. 1D), which was further confirmed by RT-qPCR (Fig. 1H).
In addition, Tmem98 expression was also observed in corpus
callosum (Fig. 1E) and the white matter of cerebellum (Fig. 1F) at
P15 stages. The pattern of Tmem98 expression in the white matter
is similar to that of mature OL markers such as Myrf (Fig. 1G,H).
Collectively, these results suggest that Tmem98 is selectively ex-
pressed in newly differentiated OLs in the CNS.

To confirm the specific expression of Tmem98 in differenti-
ated oligodendrocytes, we performed Tmem98 ISH followed by
immunohistochemical staining with oligodendrocyte lineage-
specific markers (PDGFRA, SOX10, CC1, and MYRF). Double-
labeling experiments showed that Tmem98 is mostly coexpressed
with the SOX10 transcription factor (Fig. 2A, B), which labels
both OPCs and mature OLs (Stolt et al., 2002); CC1 (Fig. 2C,D),
which marks young differentiated OLs (Redwine and Evans,
2002); and MYREF (Fig. 2E, F), which is specifically expressed in
postmitotic myelinating OLs (Emery et al., 2009). In additional
support, Tmem98 is not expressed in PDGFRA+ immature
OPCs (Fig. 2G-I). For further verification, we next examined
Tmem98 expression in Myrf and Nkx2.2 conditional knock-out
(CKO) mice. The disruption of the Nkx2.2 and Myrf genes results
in retardation of oligodendrocyte differentiation in the spinal
cord (Emery et al., 2009; Zhu et al., 2014). As expected, the num-
ber of Tmem98-positive cells was severely decreased in both
Nkx2.2 (Fig. 2],K) and Myrf CKO mice (Fig. 2L, M). Together,
these findings indicate that Tmem98 is specifically expressed in
differentiated oligodendrocytes in early postnatal CNS tissues.

TMEMO98 is a transmembrane protein associated with the
endoplasmic reticulum

Because MYREF is an ER-associated membrane-bound transcrip-
tion factor (Bujalka et al., 2013; Li et al., 2013), the physical in-
teraction between TMEM98 and MYRF suggests that TMEM98 is
an ER membrane protein as well. To examine this possibility, we
expressed mouse TMEM98-3xHA (HA fused at the C terminal),
MYREF (589-1138)-3xMYC, and V5-tagged ER transmembrane
protein Calnexin in HEK293T cells. Whereas C-terminal MYRF
(589-1138) was localized on the ER (Bujalka et al., 2013; Li et al.,
2013), anti-MYC signals were cytoplasmic and colocalized with
the ER marker Calnexin-V5 (Fig. 3A—-D). Moreover, anti-HA sig-
nals were colocalized with Calnexin-V5 as well (Fig. 3E-H ). Since
TMEM98 and MYREF are similarly localized on the ER, we also
tested whether they are colocalized in transfected cells. Double
immunostaining revealed that TMEM98 was indeed colocalized
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with the C-fragment of MYRF (Fig. 3I-L), in support of their
physical interaction on the ER.

TMEM98 binds to the C-fragment of MYRF protein

To determine whether TMEM98 can directly bind to the MYRF
protein in mammalian cells, we coexpressed full-length TMEM98
and MYREF proteins in HEK293T cells and found that MYRF can
be coimmunoprecipitated with TMEM98 (Fig. 4B-D). To test

which part of MYRF confers binding with TMEM98, we gener-
ated a series of MYRF truncate mutants (Fig. 4A) and performed
co-IP analysis with TMEM98. It was found that the N-terminal
fragments (1-766) did not bind to TMEM98 (Fig. 4E), whereas
the C-terminal fragments of MYRF (589-1138, 765-1138, and
765-1003) displayed strong binding to TMEM98 (Fig. 4F-H ).
Moreover, deletion of the transmembrane (TM) domain or the
adjacent region C terminal to TM abolished its interaction with
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Colocalization of TMEM98 and MYRF C-fragments in ER. A—H, Both C-fragments of MYRF (3xMY(C-tagged; A—D) and TMEM98 (E-H ) were colabeled with V5-tagged Calnexin, an ER

marker. I-L, C-fragments of MYRF were colabeled with TMEM98 in HEK293T cells. Scale bars, 10 m.

TMEMO8 (Fig. 41,]). In addition, we also mapped the TMEM98
region that interacts with MYRF and found that the majority of
the C terminal of TMEM98, including the grap2 and cyclin D
interacting protein (GCIP) domain, is not required for interac-
tion, but deletion of the TM domain and the immediate C-region
of TMEM98 eliminated its binding to MYRF (Fig. 4K-N). To-
gether, these analyses indicate that the TM domains of MYRF and
TMEMO98 and the immediate adjacent regions are indispensable
for their efficient interaction.

TMEMO98 suppresses the self-cleavage and nuclear
localization of MYRF

It was previously reported that MYRF undergoes autoproteolysis
to produce the N-terminal and C-terminal fragments (Bujalka et
al., 2013; Li et al., 2013). To examine whether TMEM98 binding
can affect the auto-cleavage and subcellular localization of
MYRF, we transfected HEK293T cells with tagged TMEM98
(TMEM98-3xHA), MYRF (3xFLAG-MYRF-3xMYC), or both.
Consistent with the previous findings (Li et al., 2013; Kim et al.,
2017), MYREF expression alone produced a band of ~160 kDa
corresponding to the full-length MYRF, an ~80 kDa band cor-
responding to the N-fragment, and a ~75 kDa band correspond-
ing to the C-fragment (Fig. 5A). However, when TMEM98
protein (~25 kDa) was coexpressed, the intensity of the full-
length band was drastically increased, whereas those of the
N-fragment and C-fragment bands were nearly undetectable
(Fig. 5A). Therefore, TMEM98 coexpression strongly inhibited

the self-cleavage of MYRF protein in HEK293T cells. Interest-
ingly, in addition to the TM domain, the C terminal of TMEM98
(including the GCIP domain) is also necessary for inhibiting
MYREF self-cleavage, even though it is not required for the inter-
action between TMEM98 and MYREF (Figs. 4K, 7LI").

We next examined the effect of TMEM98 expression on the
nuclear translocation of the N-fragment of MYRF protein. In
MYRF-transfected cells, the N-fragment tag was detected in the
nucleus whereas the C-fragment tag was observed in the cyto-
plasm (Fig. 5B). However, in the presence of TMEM98, both the
N- and C-terminal fragments were now localized in the cyto-
plasm (Fig. 5B), consistent with the biochemical inhibition of
MYREF self-cleavage by TMEM98. To ensure that TMEM98 did
not interfere with the nuclear translocation of the N-fragment
itself, we expressed the N-fragment of MYRF (1-588) and
TMEM98 simultaneously in HEK293T cells. As shown in Figure
5C, TMEM98 expression did not affect the nuclear translocation
of the MYRF N-fragment.

TMEM98 suppresses OL differentiation in the developing
spinal cord

Previous studies demonstrated that the self-cleavage and
N-fragment nuclear localization are required for MYRF to pro-
mote oligodendrocyte differentiation and myelin gene expres-
sion (Bujalka et al., 2013; Li et al., 2013). Our findings of
TMEM98 inhibiting MYRF self-proteolysis raise the possibility
that TMEM98 expression in OLs may negatively regulate the dif-
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Figure4. Physical interactions between TMEM98 and MYRF proteins. A, Schematic of various truncated MYRF proteins. B—D, TMEM98 proteins physically bind to full-length MYRF proteins. E,

TMEM98 does not bind to the cytoplasmic fragments (1-766) of MYRF. F—H, TMEM98 protein binds to the C-fragments of MYRF (589 —1138, 765—1138,and 765—1003). /, Deletion of the TM domain
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conserved domain; IB, immunoblot.

ferentiation process of oligodendrocytes by interfering with MYRF
activity. To test this hypothesis, we overexpressed TMEM98 —3xHA
protein in E2 chicken spinal cord via in ovo electroporation and
analyzed its effects on myelin gene expression at the E10 stage.
Exogenous expression of TMEM98 was identified by anti-HA
immunostaining (Fig. 6A). It was found that overexpression of
TMEMO98 had no effect on the expression of OLIG2 and the OPC
marker PDGFRA (p = 0.19 for OLIG2 and p = 0.47 for PDGFRA,
n = 3; Fig. 6B—D) but caused >60% reduction in the number of
MBP-, PLP-, and MAG-positive mature OLs and ENPP6+ newly
formed OLs in the electroporated side compared with the control
side (p = 0.015 for ¢MBP, p = 0.003 for cPLP, p = 0.004 for
MAG, and p = 0.003 for cENPP6, n = 3; Fig. 6E-I ). Furthermore,
BrdU staining and TUNEL assay were used to detect cell prolif-
eration and apoptosis, respectively. The results showed that the
proliferation and cell death of OLIG2+ OLs were not affected by

TMEM98 overexpression in the electroporated side of chicken spi-
nal cords (Fig. 6J-L). Thus, overexpression of TMEM98 did not
affect the initial specification or proliferation of oligodendrocytes in
embryonic chicken spinal cord; instead, it suppressed the differenti-
ation of oligodendrocytes.

We next examined whether TMEM98 directly acts to inhibit
MYRF’s activity in regulating myelin gene transcription. When
full-length  FLAG-MYRF was overexpressed in embryonic
chicken spinal cords via electroporation, anti-FLAG signals were
localized in the nucleus (Fig. 7A,A’), confirming the nuclear
localization of its N-terminal fragment. As reported previously
(Emery et al., 2009), overexpression of full-length FLAG-MYRF
protein induced ectopic expression of myelin genes MBP and PLP
(Fig. 7C,D). However, when TMEMO98 was coexpressed in em-
bryonic chicken spinal cord, the nuclear translocation of anti-
FLAG signals was blocked (Fig. 7E,E',F). More importantly,
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from full-length proteins was blocked when TMEM98 was coexpressed. C, TMEM98 does not interfere with the nuclear translocation of N-fragments of MYRF (1-588). Scale bars, 20 m. WB,

Western blot.

coexpression of TMEM98 almost completely inhibited the
MYREF-induced ectopic expression of the MBP and PLP genes in
electroporated tissues (Fig. 7G,H). To confirm that TMEM98
blocks myelin gene expression through disturbing MYRF self-
cleavage, truncated TMEM98 without the GCIP domain was co-
expressed with MYRF. As expected, TMEM98-AGCIP was not
capable of inhibiting MYRF cleavage (Fig. 7I') and did not sup-
press MYRF-induced myelin gene expression (Fig. 7I-M).

Furthermore, we tested TMEM98 function in CG4 cells,
which are capable of differentiating into OLs in a serum-free
medium (Louis et al., 1992). Consistent with the results in
chicken spinal cords, TMEM98 overexpression inhibited CG4
cell differentiation and suppressed MYRF-induced MAG ex-
pression (Fig. 8). Together, these data strongly suggested that
Tmem98 negatively regulates OL differentiation through in-
hibiting MYREF activity.

Discussion

MYREF was first identified as an essential transcription factor for
oligodendrocyte differentiation and myelin gene expression
(Emery et al., 2009). Unexpectedly, full-length MYREF is initially
produced as an ER membrane protein, and subsequent self-
cleavage generates the nucleus-targeted N-terminal fragment

conferring sequence-specific transcriptional activity. However, it
remains unknown how MYRF’s activity on the ER is regulated
during oligodendrocyte differentiation. In this study, we identify
TMEMY98 as an interactor of MYRF on the ER membrane and
provide the molecular and biochemical evidence that TMEM98
specifically binds MYRF on its C terminus and inhibits its self-
cleavage, subcellular localization, and function (Figs. 4—7). Since
Tmem98 is transcriptionally downstream of MYRF (Fig. 2L, M),
it is possible that TMEM98 provides a negative feedback for
MYRF-mediated OL differentiation. Together, these data suggest
that the cleavage of MYRF on the ER is a regulated process and
provide new insights into the mechanisms how MYRF plays the
essential role in OL differentiation.

The nuclear fragment of MYREF is cleaved from the N end of
ICA domain of MYRF. Downstream to the ICA domain is a single
transmembrane domain that allows MYRF to be anchored on the
ER membrane. Thus, both the N-MYRF and ICA are cytoplas-
mic, whereas the C-terminal MYRF (790-1138) faces to the ER
lumen (Fig. 9; Li et al., 2013). Protein sequence analyses reveal
that the transmembrane domain of TMEM98 is located at its very
N-terminal end; thus, almost all TMEM98 protein is in the ER
lumen (Fig. 9). This predicts that TMEM98 and MYRF interact
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through their ER-luminal motifs. Our protein interaction analy-
ses strongly support this membrane-configuration model, as the
TMEM98-MYREF interaction occurs on the transmembrane and
the immediate adjacent regions. However, considering the re-

quirement of the ER location for the interaction, we cannot rule
out the possibility that some other regions are involved in the
interaction as well. In support, the C-fragment of TMEMO98 is
required for inhibiting MYREF self-cleavage, even though the in-
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teraction is mediated by the N terminal of TMEM98 protein. At
this stage, the molecular mechanism by which TMEM98 reg-
ulates MYREF cleavage is not known. Previous studies indicated
that the self-proteolytic function of MYRF depends on its cat-
alytic ICA domain and the trimerization of ICA domain (Kim
et al., 2017). Based on our biochemical interaction analysis,
TMEM98 binds to the C-MYRF excluding the catalytic ICA
domain. Therefore, it is unlikely that the binding of TMEM98
protein directly interferes with its intramolecular cleavage ac-
tivity. There are a number of possibilities for how TMEM98
may inhibit the cleavage of MYRF on the ER. One possibility is
that TMEM98 binding prevents the oligomerization of MYRF,
consequently affecting cleavage of MYRF. Another possibility
is that the cleavage of MYRF may need a specific configuration
on the ER and the bound TMEM98 may prevent the configu-
ration process.

Although the N-terminal fragment of MYRF has been well
characterized for its transcriptional function, the role of its
C-terminal fragment in OL differentiation has been elusive. At
the least, the C-MYRF anchors the full-length protein on the ER
membrane, which may facilitate the effective oligomerization
and cleavage. Moreover, as previous reports have demonstrated
that certain residues on C-MYRF are glycosylated (Lietal., 2013),
it is possible that additional post-translational modifications
(e.g., phosphorylation, acetylation, or SUMOylation) may be re-
quired for proper nucleus translocation, DNA binding, and tran-
scriptional activity of N-MYREF or its protein stability. TMEM98
may function to slow down MYREF self-cleavage to allow suffi-
cient time for such post-translational modifications on the ER.

We found that Tmem98 is specifically expressed in early my-
elinating oligodendrocytes in the CNS, with a spatial and tempo-
ral pattern similar to that of Myrf (Fig. 1G,H). Outside the CNS,
Tmem98 is expressed in a subset of non-neural tissues in midstage
embryos; Moreover, Myrfand Trmem98 are expressed in tissues of
similar types and positions (Huang et al., unpublished results).
These observations suggest that Myrf and Tmem98 are elements
of common developmental pathways. As C. elegans orthologs
TMEM98 and MYREF also interact with each, we speculate that
TMEM98 -MYREF regulatory interaction is conserved and opted
out for different developmental contexts in various species dur-
ing evolution. Further investigation into TMEM98 -MYRF inter-
action will provide more insights into the functional role of
MYREF in regulating oligodendrocyte differentiation.
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