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Attenuation of endoplasmic reticulum stress
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Abstract

Pelizaeus-Merzbacher disease (PMD) is a hypomyelinating disorder caused by the duplication and missense mutations of the
proteolipid protein 1 (PLP7) gene. PLP1 missense proteins accumulate in the endoplasmic reticulum (ER) of premature oligo-
dendrocytes and induce severe ER stress followed by apoptosis of the cells. Here, we demonstrate that an anti-malaria drug,
chloroquine, decreases the amount of an ER-resident mutant PLP1 containing an alanine-243 to valine (A243V) substitution, which
induces severe PMD in human. By preventing mutant PLP1 translation through enhancing the phosphorylation of eukaryotic
initiation factor 2 alpha, chloroquine ameliorated the ER stress induced by the mutant protein in HelLa cells. Chroloquine also
attenuated ER stress in the primary oligodendrocytes obtained from myelin synthesis deficit (msd) mice, which carry the same
PLP1 mutation. In the spinal cords of msd mice, chloroquine inhibited ER stress and upregulated the expression of marker genes
of mature oligodendrocytes. Chloroquine-mediated attenuation of ER stress was observed in Hela cells treated with tunicamycin,
an N-glycosylation inhibitor, but not with thapsigargin, a sarco/ER Ca?*ATPase inhibitor, which confirms its efficacy against ER
stress caused by nascent proteins. These findings indicate that chioroquine is an ER stress attenuator with potential use in treating
PMD and possibly other ER stress-related diseases.

Keywords: PMD, PLP, ER stress, UPR, chloroquine, treatment
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Introduction corresponding shortened lifespan, the phenotypes of Plpl-
knockout mice® and PLPI-null humans®’ display extremely
mild myelin defects with almost normal lifespan.

While complete deficiency of PLP1 only causes modest
neurological symptoms, duplication and missense muta-
tions of the PLP1 gene result in a severe hypomyelinating
disorder, Pelizaeus-Merzbacher disease (PMD). PMD is an
X-linked recessive leukodystrophy characterized by failure
of myelination in the central nervous system.®® Duplication
of the PLP1 gene accounts for 60-70% of PMD cases, ' " but
it remains unclear why an excess amount of PLP1 induces
severe hypomyelination. In contrast, missense mutations of

In the central nervous system, oligodendrocytes form the
myelin sheath by wrapping axons with multiple layers of
their plasma membrane; this enables rapid impulse conduc-
tion along the axons and prevents neuronal death.'”
Compact myelin, the lipid-rich major component of the
myelin sheath, has a unique composition with more than
70% lipid by dry weight, and 80% of its protein mass con-
sists of just two proteins, myelin basic protein (MBP),
and proteolipid protein 1 (PLP1).! Although shiverer*
(Mbp-deficient) mice develop a severe hypomyelinating dis-
order in the central and peripheral nervous systems and a
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PLP1 are known to inhibit export of the proteins from the
endoplasmic reticulum (ER) and induce wide-range ER
stress. This results in a broad clinical spectrum, rangin%
from severe PMD to milder spastic paraplegia type 2512

Accumulation of unfolded/misfolded proteins such as
PLP1 mutants in the ER activates the unfolded protein
response (UPR) by the three ER stress sensors: (1) inositol-
requiring kinase 1 (IRE1, also known as ER-to-nucleus sig-
naling 1); (2) protein kinase-like ER kinase (PERK, also
known as eukaryotic translation initiation factor 2 alpha
kinase 3); and (3) activating transcription factor 6 (ATF6).
These sensors maintain ER homeostasis via three mechan-
isms: (1) an increase in ER folding capacity by enhancing
transcription/ translation of ER chaperones; (2) retrotranslo-
cation of unfolded/misfolded proteins from the ER to the
cytosol, followed by ER-associated degradation (ERAD)
that is dependent on the ubiquitin-proteasome system;
and (3) inhibition of protein synthesis, which prevents ER
entry of secretory and membrane proteins.'® When
unfolded/misfolded protein accumulation in the ER
exceeds the capacity of the repair system, it induces ER
stress and subsequent apoptosis. The apoptotic events are
the primary cause of ER stress-related diseases, including
PMD. Thus, decreasing the amount of unfolded/misfolded
proteins in the ER may be therapeutic in ER stress diseases.
In the present study, we investigated a possible therapy
against ER stress-related diseases by using a mutant PLP1
containing an alanine-243 to valine (A243V) substitution,
which models severe PMD in mice (known as myelin synth-
esis deficit (msd) mice)'® as well as causes human PMD.'® We
found that chloroquine (CQ), a well-known anti-malaria
medicine,'” attenuates ER stress in vitro and in vivo by
inhibiting translation of the mutant protein.

Material and methods

Mice

Msd mice, which carry the spontaneous A243V mutation in
the Plpl gene,’” were a kind gift from Dr W.B. Macklin
(Cleveland Clinic Foundation). The mice were maintained
on a B6C3F1/] background and housed on a 12-h light/
dark cycle in a specific pathogen-free environment. To
investigate the effects of CQ in vivo, postnatal day 14
(P14) mice were intraperitoneally injected with CQ
(0.5mg/mL phosphate-buffered saline [PBS], 10pL/g
body weight) or PBS alone, and immunoblot (IB), quantita-
tive polymerase chain reaction (qPCR), and immunohisto-
chemistry were performed after 6 h. The injected dose of CQ
is commonly used to treat malarial infection in mice. Mice
were handled in accordance with institutional guidelines of
the animal care committee of the National Institute of
Neuroscience, National Center of Neurology and
Psychiatry.

Plasmids and reagents

The expression vectors used here have been described pre-
viously.”® In brief, the C-terminals of PLP1 wild-type
(WtPLP1) and A243V mutant (msdPLP1) genes were
fused in frame with FLAG epitope sequence and the

fusion genes were driven under a hybrid promoter consist-
ing of the chicken B-actin promoter and cytomegalovirus
early enhancer, The following reagents were purchased:
chloroquine, thapsigargin, MG-132, leupeptin, pepstatin
A, bafilomycin Al (all from Sigma-Aldrich), lactacystin
(Biomol), and tunicamycin (Merck). The following primary
antibodies were used for immunoblotting: mouse anti-
FLAG (M2; Sigma-Aldrich), mouse anti-p actin (MAB1501;
Millipore), mouse anti-ubiquitin  (P4D1; Santa Cruz
Biotechnology), and rabbit anti-pT981 PERK (sc-32577;
Santa Cruz Biotechnology), rabbit anti-PERK (ac-13073;
Santa Cruz Biotechnology), rabbit anti-pS51 elF2q (#3597;
Cell Signaling), rabbit anti-elF2« (#9722; Cell Signaling),
rabbit anti-PLP1 (a kind gift from Dr M. Ttoh, NCNP), and
mouse anti-MBP (SMI99; Covance). Horseradish peroxi-
dase-conjugated secondary antibodies were purchased
from GE Healthcare,

Cell culture, transfection, immunoblotting,
and immunoprecipitation

HeLa cells were maintained in Dulbecco’s modified
Eagle medium (Sigma-Aldrich) containing 10% fetal
bovine serum and antibiotics. For immunoblotting, HeLa
cells were plated onto 6-well plates and transfected with
the expression vectors by using Translt Lt1 (Mirus) accord-
ing to the manufacturer’s instructions. Twenty-four hours
later, cells were treated with indicated reagents and lysed
with TNE lysis buffer (50mM Tris [pHS8.0], 2mM EDTA,
150 mM NaCl, 0.1% SDS, 1% TritonX-100, and appropriate
protease and phosphatase inhibitors). Lysates were
immunoprecipitated and immunoblotted as described
previously."®

Mixed glial culture

Preparation of mixed glial cultures and induction of oligo-
dendrocyte differentiation were performed as previously
described.”® On the fourth day of differentiation, the cells
were treated with 100 or 200 uM of CQ for 6, followed by
collection of protein and RNA samples.

Pulse-chase experiment

To analyze the amount of translated msdPLP1-FLAG, trans-
fected cells were pulsed with 20 pCi/mL of **S-methionine/
cysteine in the presence of CQ for 30 min. To analyze ERAD
capacity, the cells were radiolabeled in the absence of CQ
for 30 min, washed with culture medium three times, and
then cultured for additional 3 and 6h in the presence of
100 pM CQ. Subsequently, lysates were subjected to immu-
noprecipitation (IP) with M2-coated agarose (Sigma-
Aldrich) followed by autoradiography using an image
analyzer (BAS2000; Fuji).

Terminal deoxynucleotidyl transferase dUTP nick
end labeling

P14 mice were perfused with 4% paraformaldehyde, and
their spinal cords were subjected to terminal deoxynucleo-
tidyl transferase dUTP nick end labeling (TUNEL) analysis
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by using ApopTag kit (Millipore) following anti-MBP and
anti-PLP1 immunohistochemistry.

qPCR

The total RNA samples from the transfected cells and P14
spinal cords were prepared using an RNeasy Protect Mini
Kit (Qiagen) and converted to ¢cDNA via Superscript III
reverse transcriptase with an oligo-dT primer (Invitrogen).
The levels of mRNAs for C/EBP homologous protein
(CHOP), Glucose-regulated protein of 78KDa (GRP78),
PLP1, MBP, and glyceraldehyde 3-phosphate dehydrogen-
ase (GAPDH) in the synthesized ¢cDNAs were analyzed
with pre-designed TagMan probes (Applied Biosystems)
and a thermal cycler (7900HT, Applied Biosystems).
GAPDH was used as the endogenous control, and the rela-
tive expression levels of the transcripts were calculated by
the AACT method according to the manufacturer’s proto-
col. The pre-designed TagMan probes used in this
study were human GAPDH, Hs99999905; human CHOP,
Hs00358796;, human GRP78, Hs99999174; mouse Gapdh,
Mm99999915; mouse Plpl, Mm01297210; mouse
Mbp, Mm01266402; mouse Chop, Mm00492097; mouse
Grp78, Mm00517691; and mouse Oligo2, Mm01210556.

Analysis of mRNA splicing of human and mouse XBP1

The mRNAs of human and mouse X-box binding protein 1
(XBP1) were amplified by using following primer sets:
human XBP1, 5-ACAGCGCTTGGGGATGGATG-3’ and
5-TGACTGGGTCCAAGTTGTCC-3’; mouse Xbpl, 5-
TTACGGGAGAAAACTCACGGC-3' and 5-GGGTCCAA
CTTGTCCAGAATGC-3. The mRNAs of human and
mouse GAPDH were amplified using the same primer set,
5-ACCACAGTCCATGCCATCAC-3' and 5-TCCACCAC
CCTGTTGCTGTA-3'. The PCR products of the XBPI and
GAPDH were analyzed by 3% and 1.5% agarose gel electro-
phoresis, respectively.

Statistical analysis

All data from cellular experiments using HelLa cells and
oligodendrocytes, except data shown in Figure 2(d) and
(e), were obtained from three independent experiments per-
formed on three different days. The relative expression
levels of proteins and RNAs were normalized to control
levels (100%), and results were expressed as fold changes.
Student’s t-test and analysis of variance (ANOVA) were
used for statistical analysis of differences between two
groups and more than two groups, respectively.

Results

Reduction of the amount of msdPLP1 in the presence
of CQ

First, to compare the amounts of the mutant PLP1 in the
presence of proteasome or lysosome inhibitors, HeLa cells
that had been transiently transfected with the FLAG-tagged
msdPLP1 (msdPLP1-FLAG) gene were treated with the
respective inhibitors for 6h and whole cell extracts were
immunoblotted (Figure 1a). As with newly synthesized
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protein,®'® the amount of mutant protein was
increased in the presence of proteasome inhibitors
(lanes2-3, Figure 1la). This confirmed that msdPLP1 is
degraded via the ERAD pathway.

ER stress proteins have been shown to be eliminated not
only by ERAD but also by the lysosome-dependent bulk
protein degradation pathway, i.e. autophagy.”**' Indeed,
bafilomycin Al (lane 5, P=0.0028, Figure 1a), which inhi-
bits lysosomal function through alkalization by inhibiting
vacuolar type H'-ATPase, increased the amount of the
mutant protein. However, lysosomal protease inhibitors
leupeptin and pepstatin A (Leu/PepA, lane 4, Figure 1a)
failed to increase mutant PLP1 levels. On the other hand,
the amount of mutant protein was significantly lower in the
presence of another lysosome inhibitor, CQ (lane 6, Figure
1a). A time course study showed that after incubation for
6h, CQ significantly reduced the amount of mutant protein
(Figure 1b). The total amount of msdPLP1-FLAG was
slightly higher when incubated with a lower concentration
of CQ (10 pM), but was significantly less at higher concen-
trations (75-100 uM, Figure 1c). These results suggest that
CQ decreases the amount of msdPLP1-FLAG in a manner
that is independent of lysosomal inhibition. We hypothe-
sized that CQ may instead enhance ERAD of msdPLPI-
FLAG, and CQ would further increase the amount of ubi-
quitinated msdPLP1-FLAG above that created through
another proteasome inhibitor. However, CQ did not
increase ubiquitinated msdPLP1-FLAG in the presence
(lanes 4 and 5, Figure 1d) or absence (lanes 2 and 3,
Figure 1d) of MG-132. Furthermore, CQ did not alter the
half-life of msdPLP1-FLAG (Figure 1e), indicating that CQ
decreases the amount of msdPLP1-FLAG without increas-
ing ERAD capacity.

CQ phosphorylates elF2« and inhibits translation

Next, we biochemically analyzed the signaling pathway
of ER stress in transfected Hela cells treated with CQ
(Figure 2a). We observed that CQ induced eukaryotic initi-
ation factor 2 alpha (elF2a) phosphorylation but not the
phosphorylation and activation of an upstream kinase,
PERK, one of the ER stress sensors.”> Moreover, eIF2a phos-
phorylation gradually increased in the cells transfected
with either the msdPLP1-FLAG gene or empty vector
(Figures 2(a) and (b)). It is noteworthy that CQ preferen-
tially induced eIF2o phosphorylation in the cells transfected
with the msdPLP1 gene but not as much in the control cells
at each time point in three independent experiments.
Since phosphorylation of elF2q. inhibits general transla-
tion,” we performed a pulse-chase experiment with 35-
methionine/cysteine in the presence of CQ in HeLa cells.
CQ significantly inhibited msdPLP1-FLAG translation
during the 30-min incubation at 200 uM (Figure 2c, gray
column), but incubation at 100 uM did not reach signifi-
cance (P =0.1034, Figure 2(c), black column). Furthermore,
CQ also inhibited the production of exogenous wild type
PLP1 in Hela cells (Figure 2d) and endogenous PLPI in
mature oligodendrocytes in mixed glial cultures (Figure
2e), CQ inhibits translation in retinal pigment epithelial
cells at a much higher concentration.®* Taken together,
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Figure 1 Expression of msdPLP1-FLAG in Hel.a cells in the presence of lysosome or proteasome inhibitors. (a) Effects of protease inhibitors on the amount of
msdPLP1-FLAG. Top: Schematic diagram of the experiment. Hela cells were transfected with the msdPLP1-FLAG gene, incubated for 24 h, and treated with the
indicated compounds for 6 h. Middle: Protein samples were then subjected to immunoblotting. Bottom: Immunoblot results with corresponding lane numbers. For all
immunoblots, densitometric analysis was carried out to measure the amounts of msdPLP1-FLAG and B-actin, and the relative expression level of PLP1 (FLAG/f-actin)
is shown as fold change by comparing with control cells (lane1, 100%). (b) Time course of msdPLP1-FLAG levels. Top: Schematic diagram of the experiment.
Transfected cells were incubated for 30 h. During the last 0.5, 2, 4, and 6 h, the cells were reacted with 100 1M CQ. Middle: Cells were then immunoblotted with anti-
FLAG and anti-actin antibodies. Bottom: The relative expression levels. (c) Dose-dependent effects of CQ on msdPLP1-FLAG levels. Top: Schematic diagram of the
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performed as in Figure 1(a), and precipitated samples and cell lysates were immunoblotted with anti-ubiquitin and anti-PLP1 antibodies. (e) Stability of msdPLP1-FLAG
in the presence of CQ. Top: Schematic diagram of the experiment. Transfected cells were radiolabeled for 30 min in the absence of CQ, further cultured for 3hand 6hin
the absence or presence of CQ, and cell extracts were immunoprecipitated with the anti-FLAG antibody followed by autoradiography (middle and bottom). All graphs in
Figure 1 are shown with means = SEM (1 =3). Leu: leupeptin; PepA: pepstatin A; CQ: chloroquine. *P < 0.05; **P < 0.005; ***P < 0.001; ***P < 0.0005
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these results suggest that CQ inhibits translation of the
mutant protein by inducing phosphorylation of elF2a.

CQ attenuates msdPLP1-induced ER stress in vitro

To investigate whether CQ regulates ER stress caused by
msdPLP1-FLAG, we collected RNA samples from trans-
fected cells and amplified XBPI mRNA, which is spliced
by IRE1 to produce mature functional XBP1 in response to
ER stress™ % (Figure 3a). CQ by itself did not alter the
splicing of XBP1 mRNA in the control cells. However, trans-
fection of the msdPLP1-FLAG gene significantly increased
the proportion of spliced XBP1 mRNA. When the trans-
fected cells were treated with CQ, the proportion of spliced
XBP1 mRNA significantly decreased.

We also performed qPCR using CHOP (also known as
DNA damage-inducible transcript 3) mRNA and GRP78
(also known as 70KDa heat shock protein) mRNA, both
of which are upregulated by ER stress.'* Unexpectedly,
expression of CHOP mRNA was significantly elevated
(>2-fold) by CQ in control cells, and we were unable to
determine whether CQ inhibits msdPLP1-FLAG-induced
CHOP expression (Figure 3b). In contrast, expression of
the GRP78 mRNA was unaltered by CQ in control cells,
but was elevated 2-fold by msdPLP1-FLAG. This induction
was significantly decreased in the presence of CQ (Figure
3c). Similarly, CQ significantly decreased the expression of
Grp78 in cultured oligodendrocytes from msd mice, whereas
it greatly upregulated that of Chop in the cells from both
wild-type and mutant animals (Figure 3(d) and (e)).
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Figure 3 UPR in msdPLP1-expressing Hel.a cells and oligodendrocytes in the presence of CQ. (a) Splicing of XBPT mRNA in Hela cells transfected with the
msdPLP1-FLAG gene. XBPT mRNA was amplified from RNA samples of the transfected cells treated with CQ for 4 h, analyzed by 3% agarose gel electrophoresis, and
the percentage of spliced XBPT mRNA was calculated. The arrow and arrowhead indicate the bands of the unspliced and spliced XBPT mRNA, respectively. (b, c}
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shown as means + SEM (n=3). *P < 0.05; *'P < 0.01; **P < 0.005; ***P < 0.001

CHOP mRNA expression is enhanced not only by the
activation of the IRE1-XBP1 branch of UPR, but also
by other signaling pathways, including the eIF2u phos-
phorylation pathway.*® Thus, the opposite responses of
CHOP and GRP78 mRNA may be attributed to elF2¢ phos-
phorylation. Taken together, these results suggest that CQ
attenuates ER stress caused by msdPLP1-FLAG by inhibit-
ing translation.

UPR in the spinal cords of msd mice treated with CQ

To investigate the effect of CQ on ER stress in vivo, we
intraperitoneally injected CQ into msd male mice at P14,
when the expression of Plpl peaks in the spinal cords of
the mutant mice.** The spinal cords of msd mice had
sparse MBP* myelin fibers, decreased numbers of PLP1*
cells, and exhibited increased apoptosis in the MBP-positive
regions (Figure 4a). Protein and mRNA levels of both MBP
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Figure 4 Attenuation of ER stress in the spinal cords of P14 msd mice treated with CQ. (a~c) Phenotypic analysis of the spinal cords of P14 msd mice. (a) Histological
analysis. The spinal cord sections of wild-type mice (top) and msd mice (bottom) were immunolabeled for MBP (left), PLP1 (center), and apoptotic cells (right). Scale
bar =500 pm. (b) Immunoblot analysis of MBP and PLP1. Protein samples of the spinal cords were immunoblotted with antibodies against MBP, PLP1, and B-actin. (c)
Relative expression of the Mbp mRNA (left) and Plp7 mRNAs (right). Total RNA samples from wild-type (open column, n = 5) and msd (closed column, n = 6) mice were
subjected to gPCR analysis to measure the expression levels of the mature oligodendrocyte markers Mbp and Plp7. Gapdh mRNA was used as the endogenous
control. Graphs indicate means =+ SEM (wild-type, n=5; msd, n =#8). *P < 0.001. (d, f) Phosphorylation of elF2x in the spinal cords of P14 wild-type and msd mice
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spliced Xbp?1 mRNA was calculated as in Figure 3(a). Open circles and horizontal bars indicate individual splicing levels and means, respectively {g). {11, i) Relative
expression of Grp78 (h) and Chop (i) mRNAs in the spinal cords of P14 wild-type msd mice treated with CQ. Total RNA samples from the spinal cords of wild-type and
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and PLP1 were drastically decreased, possibly because
of the premature death of oligodendrocytes (Figure 4(b)
and (c)).

First, we analyzed the phosphorylation of elF2u in the
wild type and msd spinal cords (Figures 4(d) and (f)). Basal
elF20 phosphorylation was significantly higher in the msd
mice. Although CQ did not increase elF2a phosphorylation
in the wild-type mice, it significantly increased phosphor-
ylation in the msd mice. The selective increase in e[F2a phos-
phorylation by CQ in the msd mice was similar to the results
obtained in the transfected HeLa cells (Figure 2(a) and (b)).
Because CQ crosses the blood-brain barrier and enters the
central nervous system,30 these results likely reflect a direct
action by CQ. The splicing of Xbpl mRNA and expression
of ER stress markers, Grp78 and Chop, were significantly
decreased by CQ in the msd mice (Figure 4(e) and (g), (i)).

These results indicate that CQ inhibits translation and
attenuates ER stress caused by the mutant PLP1 in vivo.

Upregulation of mature oligodendrocyte markers in
msd mice injected with CQ

We then probed the same protein samples with an anti-
PLP1 antibody. Despite the improvement of the ER stress
signs described above, and contrary to what we observed in
HelLa cells (Figure 1), CQ significantly increased the
amount of PLP1 in msd mice (Figure 5(a) and (b)).
Furthermore, Plpl mRNA expression was significantly
higher in the mutant spinal cords treated with CQ than in
those treated with PBS alone (Figure 5e, left). PLP1 is a
marker of mature oligodendrocytes; its expression
appeared to be significantly reduced in msd mice because
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thapsigargin (TG). HeLa cells were treated with 2 uM TM or 0.25uM TG together with 100 uM CQ for 4 h, and XBPT mRNA was amplified and analyzed by 3% agarose
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chloroguine. *P < 0.01; **P < 0.005; P < 0.001; ™**P < 0.0005; *****P < 0.0001

of the premature death of oligodendrocytes (Figure 4(a)-
(c)). Thus, we measured the expression of another mature
oligodendrocyte marker, Mbp mRNA, and its gene product.
Although CQ did not increase the amounts of the major
splice variants of MBP, namely MBP-U (upper, 21.5kDa)
and MBP-L (lower, 14kDa), in msd mice (Figure 5(a), (c)
and (d)), it significantly increased the expression of Mbp
mRNA in these mice (Figure 5(e), right). Since the expres-
sion of MBP was much easier to detect than the expression
of PLP1 in msd mice, despite the similar expression level of
the two mRNAs (Figure 4(a) to (c)), modest increases in the
expression of Mbp mRNA may not affect the amount of the
protein. No such changes in the mRNA expression were

observed in CQ-treated wild-type mice, in which oligo-
dendrocytes are able to terminally differentiate (Figure
5f). In the wild-type mice, CQ unexpectedly increased the
expression of the Oligo2 gene, which was consistently
expressed throughout the maturation of oligodendrocyte
lineage cells (Figure 5g). At present, the reason for this is
not known; however, hypothetically, CQ might increase the
expression of Oligo2 in terminally differentiated oligo-
dendrocytes, which are dramatically decreased in number
in msd mice. However, CQ did not significantly alter the
gene expression in msd mice, indicating that CQ increased
oligodendrocyte maturity markers in these mice without
changing the pan-oligodendrocyte marker.
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General effects of CQ on ER stress by newly
synthesized proteins

Finally, to determine whether CQ is effective against ER
stress induced by newly synthesized unfolded/misfolded
proteins in general, we treated HelLa cells with two well-
characterized chemical ER stressors, tunicamycin, which
inhibits N-glycosylation of nascent proteins, and thapsigar-
gin, which inhibits ER Ca”* ATPase. CQ significantly inhib-
ited tunicamycin-induced splicing of XBP1 mRNA, but
accelerated thapsigargin-induced splicing (Figure 6(a) to
(c)). The expression of CHOP was increased by CQ, as
described in Figure 2, and was further upregulated by the
addition of either tunicamycin or thapsigargin (Figure 6(d)
and (f)). Although CQ inhibited the induction of CHOP by
tunicamycin (Figure 6d), it increased CHOP expression in
the presence of thapsigargin (Figure 6f). CQ also inhibited
tunicamycin-induced  expression of GRP78 mRNA
(Figure 6e), but it did not alter the expression level of the
tunicamycin-induced  chaperone gene (Figure 6g).
Tunicamycin induces ER stress by altering nascent proteins,
whereas thapsigargin induces ER stress by altering both
newly synthesized and mature proteins. Taken together,
these results confirmed that CQ effectively inhibits ER
stress by blocking ER protein loading, but that it does not
inhibit ER stress that results from unfolded/misfolded pro-
teins induced after maturation.

Discussion

In this study, we reported that it might be possible to
use CQ as a therapeutic agent for the treatment of the ER
stress-related disorder PMD. Several compounds, such as
4-phenylbutyric acid, tauroursodeoxycholic acid,* and cur-
cumin,®** have been reported as effective but not com-
pletely curative against ER stress-related diseases.
Therefore, significant effort has been made to identify can-
didate curative agents to treat ER stress.>* Despite attenuat-
ing ER stress in experiments conducted in model systems,
most of the candidate compounds identified thus far are
inhibitors of signaling pathways, whose side effects entail
considerable clinical challenges. Because the use of CQ in
humans has been well established, its clinical use as an ER
stress attenuator would offer considerable advantages with
respect to safety, ethical issues, and material availability. ER
stress contributes to the progression of many diseases,
including neurodegenerative diseases'; therefore, CQ
may also be therapeutic in a wide range of human diseases
with similar molecular pathology.

The results of this study demonstrated that CQ effect-
ively decreases mutant PLP1 expression by enhancing
elF2a phosphorylation, and that it attenuates ER stress in
transfected HeLa cells (Figures 1-3). Consistent with these
findings, we also found that CQ significantly attenuated ER
stress in oligodendrocytes obtained from msd mice (Figure
3e) and in the spinal cords of msd mice (Figure 4). The CQ-
mediated attenuation of ER stress in vivo is probably
mediated by inhibiting protein entry into the ER. CQ sig-
nificantly induced phosphorylation of elF2u in mutant
spinal cords (Figure 4), which would inhibit translation.
Based on these results, we have proposed a model
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(Figure 7A) in which CQ effectively inhibits ER stress by
blocking ER protein loading. This model is supported by
the differential effects of CQ on ER stress related to tunica-
mycin- or thapsigargin-induced misfolded proteins (Figure
6); tunicamycin induces misfolding of only immature
nascent proteins in the ER, whereas thapsigargin induces
misfolding of all proteins located in the ER.

In mammals, malaria parasites utilize hemoglobin as a
source of amino acids during their erythrocyte stage. The
resultant toxic-free heme is detoxified by the parasites’
heme polymerase in the acidic digestive vacuoles; however,
CQ inhibits heme polymerase® and induces cell death in
the parasites. CQ also inhibits the function of acidic lyso-
some in the same manner. Because other lysosome inhibi-
tors did not decrease the amount of msdPLP1-FLAG and
elF2q is not associated with lysosome, we assume that CQ’s
translation-inhibiting action that attenuates ER-stress is dis-
tinct from the lysosome-inhibiting action of CQ. CQ is also
used to treat autoimmune and inflammatory diseases,
although its mechanisms in these applications are not
known.*® Based on our study, CQ might help against
these diseases by inhibiting the translation of autoantibo-
dies or inflammatory cytokines.

Unexpectedly, in contrast to its effect on expression of
PLP1 in HeLa cells, CQ was found to significantly upregu-
late PLP1 and its mRNA in msd mice. CQ also increased the
expression of the Mbp gene, expressed in mature oligo-
dendrocytes, without significantly changing expression of
the Oligo2 gene. These results led us to propose the hypoth-
esis illustrated in Figure 7B. Oligo2 is expressed throughout
all stages of oligodendrocyte differentiation (Figure 5),
whereas PLP1 is expressed only in terminally differentiated
oligodendrocytes in wild-type mice (Figure 7Ba and Bb).
Oligodendrocyte precursors and pre-oligodendrocytes in
msd mice differentiate normally in the earlier stages, but
fail to differentiate further after the dramatic increase of
PLP1 expression (upon terminal maturation), and instead
undergo apoptosis as a result of the accumulation of the
toxic PLP1 (Figure 7Bc). At the same differentiation step
when PLP1 starts to express (square in Figure 7B), CQ
effectively downregulates PLP1 expression and promotes
survival and further differentiation of premature oligo-
dendrocytes. This creates a slight upregulation in the
expression of mature oligodendrocyte marker genes
(Figure 7Bd).

Despite the attenuation of ER stress and the upregulation
of mature oligodendrocyte markers in vivo (Figures 4 and 5),
CQ did not prevent the apoptosis of oligodendrocytes in the
spinal cords under our experimental conditions. Repeated
CQ injections neither prevented disease progression nor
prolonged the life span of msd mice (data not shown).
These findings suggest that the therapeutic effect of CQ is
limited to rescuing the lethality of the severe hypomyelinat-
ing phenotype of msd mice. However, in view of the clear
ER stress-attenuating effect of CQ, changing the adminis-
tration protocol or other modifications may help in pursu-
ing its therapeutic potential in vivo.

Like CQ, several other translation inhibitors have been
shown to attenuate ER stress in vitr0.”*® One of them, salu-
brinal, attenuates ER stress by enhancing elF2o
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phosphorylation,” It also inhibits ER stress in vivo, as found
in a mouse model of familial amyotrophic lateral sclerosis.™
Moreover, a recent study demonstrated that upregulation of
CHOP and ATF4 by prolonged ER stress increases transla-
tion, ER entry, and cell death,* although the effect of CHOP
on cell survival in oligodendrocytes may be different from
other cells®’ Interestingly, CQ significantly increases
elF2aphosphorylation in msd mice while attenuating ER
stress (Figure 4). These observations suggest that CQ acti-
vates elFF2u kinase, in addition to an ER stress sensor kinase,
PERK. Taken together, the results of these studies strongly
suggest that elF2a may be a key drug target in attenuating
ER stress.

In conclusion, we report that CQ reduces the ER stress,
caused by a point mutation in the disease-causing PLP1
gene, by enhancing the phosphorylation of elF20 and the
suppression of cellular translation. This novel pharmaco-
logical action suggests that CQ, which is a widely pre-
scribed drug with a well-known therapeutic window and
toxicity level in the clinic, may serve as a novel drug for the
treatment of PMD and possibly other ER stress-related
diseases.
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