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DNA variants of the proteolipid protein 1 gene (PLP1) that
shift PLP1/DM20 alternative splicing away from the PLP1
form toward DM20 cause the allelic X-linked leukodystrophies
Pelizaeus-Merzbacher disease (PMD), spastic paraplegia 2
(SPG2), and hypomyelination of early myelinating structures
(HEMS). We designed a morpholino oligomer (MO-PLP) to
block use of the DM20 50 splice donor site, thereby shifting
alternative splicing toward the PLP1 50 splice site. Treatment
of an immature oligodendrocyte cell line with MO-PLP signif-
icantly shifted alternative splicing toward PLP1 expression
from the endogenous gene and from transfected human mini-
gene splicing constructs harboring patient variants known to
reduce the amount of the PLP1 spliced product. Additionally,
a single intracerebroventricular injection of MO-PLP into the
brains of neonatal mice, carrying a deletion of an intronic
splicing enhancer identified in a PMD patient that reduces
the Plp1 spliced form, corrected alternative splicing at both
RNA and protein levels in the CNS. The effect lasted to post-
natal day 90, well beyond the early post-natal spike in myeli-
nation and PLP production. Further, the single injection
produced a sustained reduction of inflammatory markers in
the brains of the mice. Our results suggest that morpholino
oligomers have therapeutic potential for the treatment of
PMD, SPG2, and HEMS.
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INTRODUCTION
Aberrant alternative splicing is a frequent cause of human disease.1,2

An estimated 70% of human multi-exon genes are subject to alterna-
tive splicing, a process that allows genes to code for multiple proteins,
thereby increasing protein diversity of the genome.3,4 The process of
alternative splicing is generally tightly regulated by sequence elements
in pre-mRNA that act as enhancers or silencers and bind protein-
splicing factors or form secondary structures that influence splice
site selection.5–9 The interplay of these elements and factors along
with the general splicing elements and binding factors at 50 splice
donor sites, 30 acceptor sites, and branch points results in inclusion
or exclusion of whole exons or parts of exons in the mRNA.2 Disease
can result when a splicing enhancer or silencer is weakened, strength-
ened, or destroyed by mutation.2
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The proteolipid protein 1 gene (PLP1; MIM: 300401) encodes proteo-
lipid protein (PLP), a four-pass transmembrane protein that is the
major protein of myelin in the CNS. Human and mouse PLP1 have
two major splice isoforms due to alternative use of splice donor sites,
one at the 30 end of exon 3A and the other 105 bases downstream at
the 30 end of exon 3B, resulting in the mRNA transcripts DM20 and
PLP1, respectively (Figure 1A).10 The DM20 protein produced from
the splice donor site at the 30 end of exon 3A is internally deleted
for 35 amino acids of the first intracellular loop with respect to PLP
produced from the donor site at exon 3B. A developmental switch oc-
curs in the isoform ratio fromDM20 as the predominant form during
embryogenesis to PLP as the predominant form during and after
active myelination, when there is a dramatic upregulation of PLP1
gene expression.11–13

We and others have shown that aberrant alternative splicing of PLP1,
due to DNA variants in the 50 splice donor sites or in splicing
enhancer elements, causes the allelic X-linked leukodystrophies Peli-
zaeus-Merzbacher disease (PMD; OMIM: 312080) or the milder spas-
tic paraplegia 2 (SPG2; OMIM: 312920), indicating that stringent
regulation of the PLP1/DM20 alternative splice is of critical impor-
tance for normal CNS function.8,14–29 Recently, hypomyelination of
early myelinating structures (HEMS), which is allelic but distin-
guished from PMD and SPG2 by the early hypomyelination seen
on MRI, was also shown to be caused by misregulation of alternative
splicing of PLP1.30 Clinical signs of PMD, SPG2, and HEMS include
nystagmus and hypotonia that progresses to spasticity.30–32

Amino acid changes in PLP have been shown to cause protein mis-
folding, accumulation in the endoplasmic reticulum (ER), and ER
stress leading to disease,33–35 but alternative splicing variants do not
necessarily cause amino acid changes. Abnormal alternative splicing
alone, even with the absence of an amino acid change, causes
The Authors.
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Figure 1. Modification of Alternative Splicing of Plp1 Using AONs and MO-PLP

(A) Diagram of Plp1 showing the Plp1/Dm20 alternative splice. Structures of the human and mouse genes are alike. (B) DNA sequence across the Dm20 splice donor site

showing locations covered by AONs and MO-PLP used to treat Oli-neu cells. (C and D) RT-PCR analysis was performed to determine the effect of treating Oli-neu cells with

(C) the series of AONs or (D) MO-PLP on endogenous expression levels of the Plp1 and Dm20 alternatively spliced products. Treatments were performed in triplicate cell

cultures. Data are shown as mean ± SD; p values are for treated samples compared to the untreated sample, *p < 0.05, **p < 0.01, and ***p < 0.001. AONs that bind

upstream of and including theDm20 splice donor site increased the endogenous Plp1 alternatively spliced product, while those downstream, except for AON6, decreased it.

MO-PLP significantly increased the endogenous Plp1 alternatively spliced product in Oli-neu cells. The capillary electrophoresis data for (C) and (D) are shown in Tables S1

and S2, respectively. MO-PLP dose response for the modification of alternative splicing in Oli-neu cells and visual representation of the data are shown in Figure S1.
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disease.8,30 However, there are some variants that cause both
abnormal alternative splicing and an amino acid change, and, in
that case, ER stress likely contributes to the disease in the patient.
The alternative splicing variants are also not copy number variants
like the PLP nulls and more common duplications that result in no
PLP protein or presumably overexpression, respectively.36,37 Rather,
they shift the relative amounts of the PLP and DM20 isoforms while
maintaining a normal amount of total protein.8 It is not known how
these alternative splicing variants cause disease, but shifting the rela-
tive amounts of PLP andDM20 isoforms toward normal seems to be a
viable therapeutic approach.

There are currently no therapeutic interventions for PMD, SPG2, and
HEMS. However, molecules that modulate alternatively spliced prod-
ucts are being developed and tested as therapeutic interventions for
several diseases caused by the disruption of alternative splicing.38–40

Antisense oligomers are among the most promising strategies. In
one study, a morpholino antisense oligomer shifted the aberrant
PLP1/DM20 alternative splicing produced by a patient with PMD,
due to a variant in exon 3B that reduces the PLP-specific form, toward
normal in cultured oligodendrocyte precursor cells.41 In this case, the
antisense oligomer used was specific for that particular patient’s
variant.

Currently, the most successful antisense therapy approach for the
correction of a splicing defect has been for spinal muscular atrophy,
type I (SMA1; OMIM: 253300).42,43 SMA1 is caused by the underpro-
duction of survival of motor neuron protein (SMN) produced from
the SMN1 gene (SMN1; OMIM: 600354). A second gene, SMN2
(OMIM: 601627), produces the identical protein to SMN1, but
much less of it because of an intronic variant that leads to a high level
of skipping of exon 7 and the formation of a nonfunctional protein
that is degraded. In approaches for the treatment of SMA, antisense
oligomers are made to target intronic splicing regulatory elements
in SMN2 to dramatically increase exon inclusion, overcoming the ef-
fect of the variant in SMN2 and leading to the production of more
normal levels of SMN protein. In preclinical testing of this approach
by the introduction of antisense molecules into the CNS of SMAmice,
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symptoms of severe SMA were ameliorated.44,45 In clinical trials by
Ionis Pharmaceuticals (formerly ISIS Pharmaceuticals), the antisense
therapy proved to be safe and well-tolerated in a phase 1 trial46,47 and
to have encouraging clinical efficacy in a phase 2 trial, showing
improved motor function and ventilation-free survival in infantile-
onset SMA patients, and FDA approval has been granted.48 A phase
3 trial is still underway.

In this study, we demonstrate that antisense RNA and morpholino
oligomers designed to target variants in splice regulatory elements
in PLP1 exon 3 can cause switching of alternative PLP1/DM20
splicing in cell culture. Further, when administered via intracerebro-
ventricular injection in a mouse model with aberrant alternative
splicing, a morpholino oligomer designed to target the DM20 splice
donor site can normalize levels of products by shifting alternative
splicing toward the PLP1 form in the CNS, reducing markers of brain
inflammation. Therefore, we suggest antisense oligomers may be a
therapeutic option for the treatment of patients with PMD, SPG2,
and HEMS who have variants that affect alternative splicing.

RESULTS
Antisense Oligonucleotides Affect Levels of Endogenous PLP1

and DM20 Alternatively Spliced Products in Oli-neu Cells

We have shown that some pathogenic variants of the PLP1 gene
decrease the PLP1 alternatively spliced form without changing the
coding sequence of either product, so normalizing alternatively
spliced levels of PLP1 and DM20 might be a therapeutic option for
patients with these variants. In addition, variants in exon 3B that
do change the coding sequence and also cause an alternative splicing
error sometimes result in more severe disease than variants that only
change the coding sequence, so normalizing levels of alternatively
spliced products might be a therapeutic option for these patients as
well.41 To determine sequences that would be the best targets for
influencing Plp1 and Dm20 alternative splicing, we treated mouse
Oli-neu cells with a series of antisense oligonucleotides (AONs) de-
signed to bind the Dm20 splice site and surrounding region of the
endogenous Plp1 gene and, thereby, alter the levels of Plp1 and
Dm20 splice products.49 The Oli-neu cell line, an immortalized oligo-
dendrocyte precursor cell line, was chosen because it inherently ex-
presses mostly Dm20 with low levels of Plp1, allowing easy detection
of a shift in the alternatively spliced products toward Plp1.50 We
reasoned that AONs could block Dm20 splicing either directly by
binding to the Dm20 50 splice donor site or indirectly by binding to
regions that contain splice regulatory factors, thereby shifting the
splicing toward more of the Plp1 form.

We designed 11 20-O-methyl RNA AONs, designated AON1–
AON11, to bind within Plp1 exon 3 (Figure 1B). AON4 targets the
Dm20 50 splice site. AON5–AON8 target the G1 and M2 sequences
that have been shown to play a role in the regulation of DM20 splice
site selection.51–53 The remaining AONs target other nearby potential
regulatory sequences.51,52 A random sequence was used as a negative
control, AON-RC. Each AON was individually transfected into Oli-
neu cells, and RT-PCR analysis was performed to determine the
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relative levels of endogenous Plp1 and Dm20; the results are shown
(Figure 1C; Table S1). Approximately 20% of the total signal from
the Plp1 gene (Plp1 + Dm20) in untreated Oli-neu cells was Plp1.
One AON, AON6, had no effect on Plp1/Dm20 alternative splicing,
while five increased and five decreased the amount of Plp1 in total
Plp1 +Dm20 product. Five AONs that bound in exon 3B downstream
of the Dm20 50 splice site (AON7, AON8, AON9, AON10, and
AON11) all significantly decreased the amount of Plp1 in the total
product (3.1-fold, 12.7-fold, 5.6-fold, 5.6-fold, and 6.0-fold compared
to no treatment, respectively). Those that bound at theDm20 50 splice
site or upstream in exon 3A (AON1, AON2, AON3, AON4, and
AON5) all significantly increased Plp1 in the total product
(2.4-fold, 2.0-fold, 1.9-fold, 1.9-fold, and 2.8-fold compared to no
treatment, respectively). These data demonstrate the complexity of
the sequences within exons 3A and 3B that regulate Plp1/Dm20 alter-
native splicing. The random control AON-RC decreased the Plp1 in
the total product 1.6-fold compared to no treatment. This unexpected
result indicates that our random control had a small unintended ef-
fect; nevertheless, significant changes in Plp1 splicing greater than
this were achieved in Oli-neu cells after treatment with sequence-spe-
cific AONs.

Morpholino Oligomer Treatment Increased Endogenous Plp1 in

Oli-neu Cells

Morpholino oligomers differ fromAONs in that they have a morpho-
line ring replacing the ribose sugar moiety and non-ionic phosphor-
odiamidate linkages instead of anionic phosphates, and they have
been shown to be more stable, less toxic, and more efficient in similar
splice-altering experiments.54 Since our AON5 targeting the G1 and
M2 regulatory sequences gave the greatest increase in Plp1 in our pre-
vious experiment, we designed MO-PLP to bind to the AON5
sequence in exon 3 with the addition of five bases extending in the
50 direction to cover the Dm20 splice site (shown in Figure 1B). Theo-
retically, this morpholino oligomer would have splice-altering abili-
ties similar to AON5, but with the added hypothesized benefit of
completely blocking the 50 splice donor site for Dm20 from the
splicing machinery. Since the targeted sequence is identical in mouse
and human, the morpholino oligomer could be used with either spe-
cies. We treated cultured Oli-neu cells with MO-PLP or a commer-
cially available random control morpholino oligomer (MO-RC)
that has no known target or biological activity, and then we analyzed
endogenous RNA levels of alternatively spliced products by RT-PCR.
Treatment with MO-PLP at a concentration of 2 mM resulted in a
2.6-fold increase over untreated cells and those treated with control
MO-RC (Figure 1D; Figure S1; Table S2). No effect from MO-RC
nor overt toxicity was observed.

Morpholino Oligomer Treatment Switches PLP1/DM20

Alternative Splicing Expressed from Minigene-Splicing

Constructs Harboring Patient Variants toward PLP1

We next wanted to determine if MO-PLP could switch the aberrant
PLP1/DM20 alternative splicing caused by patient variants toward
PLP1. For these experiments, we used a PLP1 minigene-splicing
construct that we have used successfully in studies of PLP1/DM20



Figure 2. Modification of Alternative Splicing of

PLP1 Expressed from a Minigene-Splicing

Construct Harboring PMD Patient Variants Using

MO-PLP

(A) Schematic representation of the PLP1 minigene-

splicing construct, illustrating PLP1 exon 2–4 sequence

that was inserted in the neo gene and driven by the

RSV promoter. The locations of the series of human

variants introduced into the construct are indicated. (B)

RT-PCR was performed to determine the effect of

treating Oli-neu cells transfected with a series of mini-

gene constructs harboring PMD patient variants on

expression levels of the PLP1 and DM20 alternatively

spliced products, using primers within neo-exon

boundaries (represented by thick arrows in A) that

amplify sequence produced by the construct and not

the endogenous gene. Transfections were performed in

triplicate cell cultures. Data are represented as mean ±

SD; p values are for treated compared to untreated

samples, *p < 0.05, **p < 0.01, and ***p < 0.001. The

PLP1 alternatively spliced product was significantly

increased by treatment with MO-PLP for all constructs,

except the ones where the patient variant destroys all

splicing at the PLP1 splice donor site. The capillary electrophoresis data for (B) are shown in Table S3. The primer pair used in this experiment was designed to detect

PLP1 expressed from the minigene-splicing construct and not the endogenous Plp1 expressed in Oli-neu cells (see Figure S2).
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alternative splicing (Figure 2A).8,16 It was made by inserting a frag-
ment of PLP1 from part of exon 2 through part of exon 4 into the
NcoI site in the neo gene of the pRSVneo plasmid. A series of
constructs harboring patient variants (c.260T > C, c.347C > A,
c.430A > T, c.436C > T, c.453G > A, c.453G > T, c.453+7A > G,
c.453+28_+46del, and c.454-322G > A, as indicated in Figure 2A;
Table 1) and a normal control construct were transfected separately
into Oli-neu cells, and then the cells were either treated withMO-PLP
or left untreated. The resulting levels of PLP1 and DM20 alternatively
spliced products were determined by RT-PCR using primers that
were designed to detect only plasmid-derived products (indicated
by thick arrows in Figure 2A). We chose these variants for this study
because they represent a spectrum of mechanisms by which PLP1/
DM20 alternative splicing can be disrupted.

When untreated, the PLP1/DM20 alternative splicing was shifted
away from the PLP1 splice donor site toward the competing DM20
site when compared to that from the normal construct (Figure 2B,
black bars; Table S3), in some cases confirming our previous work,
although c.260T > C compared to normal was only shifted slightly
(p > 0.05).8,14,16,19,30 The c.260T > C variant is in exon 3A and variants
c.430A > T and c.436C > T are in exon 3B where they could create or
destroy exon enhancers or silencers of PLP1 and/or DM20 splice site
selection. The c.260T > C variant was not predicted to have an effect
on alternative splicing (prediction programs SIFT,55 PolyPhen-2,56

Mutation Assessor,57 Mutation Taster,58 and FATHMM59), and we
saw little effect on splicing (Figure 2B; Table S3). This variant changes
an amino acid in PLP1 exon 3 that is probably what causes the pa-
tient’s disease, as changes in amino acids have been shown to lead
to misfolded protein and ER stress.33–35 Our data indicate that
c.430A > T also caused a shift in alternative splicing away from
PLP1, although the variant resulted in a stop codon in exon 3B.
Although normal DM20 was made, no full-length PLP protein was
made, probably explaining the patient’s disease, as DM20 only and
no PLP or DM20 (null) are known to cause disease.36,37 The
c.436C > T variant was a synonymous mutation that did not result
in aberrant protein, but it did shift alternative splicing away from
PLP1, possibly explaining the patient’s disease. The c.347C > A
variant strengthened the DM20 50 splice donor site, shifting the
PLP1/DM20 alternative splicing away from the competing PLP1
splice donor site towardDM20.14 The c.453G >A and c.453G > T var-
iants of the last base in exon 3 destroyed the 50 splice donor site for the
PLP1.14 The c.453+7A >G variant reduced the strength of the 50 splice
donor site for the PLP1 spliced form.30 The 19-bp deletion variant,
c.453 +28_+46del, also decreased PLP-specific splicing by destroying
an intron splicing enhancer of PLP-specific splice product.14,16 The
c.454-322G > A variant, located two-thirds of the way into intron 3
of PLP1, decreased the PLP-specific form by destabilizing a long-
range secondary structure that regulates alternative splicing.8

We showed that treatment with MO-PLP produced a significant in-
crease in PLP1 splicing over untreated for all the constructs that
did not destroy the 50 PLP1 splice donor site, including the normal
construct, which had an increase of 4.9-fold over untreated (Figure 2B,
compare black bar to gray bar; Table S3).14 PLP1 expressed from the
normal minigene-splicing construct in untreated Oli-neu was 17% of
total PLP1 + DM20, which is close to the 20% of total observed from
the endogenous Oli-neu (Figure 2B compared with Figures 1C and
1D). When treated with the MO-RC, the PLP1/DM20 alternative
splicing from the normal construct and the c.453+7A > G and
c.453 +28_+46del variants had no statistically significant change
from when they were untreated (data not shown). From these data,
Molecular Therapy: Nucleic Acids Vol. 12 September 2018 423
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Table 1. Patient Variants Tested and/or Discussed in This Work

Patient Varianta Predicted Proteina Reference Phenotype Splicing Result

c.260T > C p.Leu87Pro NA severe not tested

c.347C > A p.Thr116Lys 14,19,71 mild strengthens DM20 splice site

c.430A > T p.Lys144* 21 classical not tested

c.436C > T p.( = ) 30 mild PLP1/DM20 reduced to 0.18 of normal

c.436C > G p.Leu146Val 20,41 mild DM20 only detected

c.453G > A p.( = ) 14 severe abolishes PLP1

c.453G > T p.Lys151Asn 14,19,20,23 severe abolishes PLP1

c.453+7A > G p.( = ) 24,30 classical;24 complicated
SPG230

PLP1/DM20 reduced to 0.05 of normal

c.453+28_+46del p.( = ) 14–16 mild PLP1/DM20 reduced to 0.008 of normal

c.454-322G > A p.( = ) 8 mild PLP1/DM20 reduced to 0.12 of normal

NA, not applicable.
aVariants were named at the RNA and protein levels using GenBank: NM_000533.3 and NP_000524.3, respectively, and using recommended nomenclature of the Human Genome
Variation Society.
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we conclude that MO-PLP can shift alternative splicing toward PLP1
when splicing defects were caused by various mechanisms involved in
alternative splicing, including loss of an exon splicing enhancer or
intron splicing enhancer, weakening of the 50 splice donor site for
the PLP1 spliced form, strengthening of the competing 50 donor
site for the DM20 spliced form, and destabilization of the secondary
structure in an intron. However, when a variant renders the 50 donor
site useless to produce the PLP1 form, MO-PLP cannot overcome the
defect.

Intracerebroventricular Injection ofMO-PLP into aMouseModel

Normalizes Plp1/Dm20 Alternative Splicing at the RNA and

Protein Levels

In the next experiment, we treated our PLP-ISEdel mouse model with
MO-PLP, which we showed to be capable of shifting splicing toward
PLP1 in cell culture. The PLP-ISEdel model is a knockin of the PMD
patient variant, c.453 +28_+46del, a deletion of 19 bases in intron 3
that results in reduced Plp1 alternative splicing and a decreased
amount of PLP-specific protein in the CNS, motor deficits, and mi-
croglial and astrocyte activation in the mice.18 Our results using the
minigene-splicing constructs in cell culture showed that the splicing
defect caused by this variant can be ameliorated by treatment with
MO-PLP (Figure 2B; Table S3), leading us to hypothesize that we
could achieve similar splice-altering results in vivo in an animal
model. Arguably, the most difficult obstacle to overcome in antisense
treatment in vivo is the ability to dose the intended target organ or cell
type without adverse effects from unintended targets or overdosing.
Morpholino oligomers have been shown to be effective in many or-
gans when administered intravenously, but they do not readily cross
the blood-brain barrier. Porensky and Burghes44 showed that a single
intracerebroventricular (i.c.v.) injection in neonatal SMA mice at
post-natal day 0 (P0), prior to closure of the blood-brain barrier,
altered alternative splicing and that the effect lasted at least to P65.
Similarly, we treated PLP-ISEdel mice by i.c.v. injection at P1–P2
with 2 mL 3 or 5 mM MO-PLP or MO-RC, and we harvested brain
424 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
and spinal cord at P21, P60, and P90 for the evaluation of Plp1/
Dm20 alternative splicing. Wild-type mice and PLP-ISEdel mice
that did not receive an injection were used as controls.

The single i.c.v. injection of 2 mL 3 mM MO-PLP into brains of the
mice significantly increased Plp-specific splicing in RNA in the brains
of treated PLP-ISEdel mice compared with untreated PLP-ISEdel
mice at P21 (mean [SD] ratio for 3 mM MO-PLP group: 0.47
[0.11], mean [SD] ratio for untreated PLP-ISEdel group: 0.16
[0.01], t test p value = 0.04), although not reaching the level in
wild-type untreated mice (Figure 3A) (mean [SD] ratio for 3 mM
MO-PLP group: 0.47 [0.11], mean [SD] ratio for wild-type untreated
group: 0.66 [0.01], t test p value = 0.09). The increase was sustained to
P60 (mean [SD] at P60: 0.45 [0.05], P21 versus P60 t test p value =
0.83) and P90 (mean [SD] at P90: 0.33 [0.04], P21 versus P90 p value =
0.16), although the trend of the effect was down at P90. The higher
dose of 5 mM MO-PLP achieved similar increases in Plp-specific
splicing to those seen with 3 mM in brains of treated mice, so a local
increase inMO-PLP concentration did not have a correlating increase
in ability to alter splicing in the brain (likelihood ratio test of nested
models with and without treatment p value = 0.62).

The treatment by i.c.v. injection of 3mMMO-PLP into the brains also
produced an increase in Plp-specific splicing in RNA from spinal cord
that was comparable to what we saw in the brain at P21 (Figure 3B)
(mean [SD] ratio for 3 mM P21 spinal cord group: 0.45 [0.06], 3 mM
P21 brain versus spinal cord t test p value = 0.79). However, this effect
decreased by P60 (mean [SD] at P60: 0.28 [0.04], P21 versus P60 spi-
nal cord groups t test p value = 0.01) and plateaued between P60 and
P90 (mean [SD] at P90: 0.26 [0.01], P60 versus P90 spinal cord groups
t test p value = 0.28), which was not what was seen in brain RNA
where the increase was sustained. Similarly, after i.c.v. injection of
2 mL 5 mM MO-PLP at P21 (mean [SD] = 0.52 [0.08], P21 3 versus
5 mM t test p value = 0.81), there was a significant increase in
Plp1-specific splicing, but the increase was sustained at P60 (mean



Figure 3. A Single i.c.v. Injection of MO-PLP in PLP-ISEdel Neonates

Increased Plp1 Alternatively Spliced Product in the CNS at the RNA and

Protein Levels

(A and B) RT-PCR analysis of Plp1 andDm20 levels was performed on RNA isolated

from sagittal half brains (A) or whole spinal cord (B) of PLP-ISEdel mice harvested at

P21, P60, or P90 after neonatal i.c.v. injection of 2 mL 3mMMO-PLP or harvested at

P21 or P60 after neonatal i.c.v. injection of 2 mL 5 mM MO-PLP. Protein analysis of

PLP and DM20 levels was performed by western blot analysis on extracts prepared

from sagittal half brains (C) after injections as above. Untreated wild-type and PLP-

ISEdel controls were run on separate blots for 3-mM treatment samples and 5-mM

treatment samples at each time point (see blots for 3- and 5-mM samples at P60 in

Figure S4), and calculations were performed using the data from the untreated

controls on the separate blots. However, only the wild-type and PLP-ISEdel sam-

ples from the P21 data for 3-mM samples are shown as representative samples on

the graph. Data are represented asmean ±SD; p values are for treated compared to

untreated PLP-ISEdel, *p < 0.05, **p < 0.01, and ***p < 0.001. MO-PLP-treated

animals had a significantly increased Plp1 alternatively spliced product at RNA and

protein levels compared to animals treated with MO-RC. The increase in Plp1 was

sustained over time in brain. See Figures S3 and S4 for representative data.

www.moleculartherapy.org
[SD] = 0.41 [0.07], 5 mM P21 versus P60 t test p value = 0.09), as was
also seen in brain RNAwith 5 mMMO-PLP treatments. Even though
having a local increase of MO-PLP concentration in the brain did not
correlatively affect treatment response in the brain, using the higher
MO-PLP concentration led to a prolonged response in the spinal
cord. Treatment with the random control MO-RC did not signifi-
cantly alter the amount of Plp-specific product in brain or spinal
cord compared to PLP-ISEdel untreated controls when used at either
a concentration of 3 or 5 mM (likelihood ratio test of nested models
with and without treatment p value = 0.83). These results show that
one i.c.v. injection of MO-PLP into neonatal brain produces a sus-
tained increase in the Plp-specific splicing at the RNA level in brain
and spinal cord of PLP-ISEdel mice.

Total protein preparations from treated mice and controls were used
to determine if increases in Plp-specific RNA translated into increases
in PLP-specific protein. The treatment with 2 mL of 3 or 5 mM MO-
PLP by i.c.v. injection led to a significant increase in PLP protein in
the brains of PLP-ISEdel animals compared to the untreated PLP-
ISEdel controls at P21 (mean [SD] of 3 mM group = 0.48 [0.12],
mean [SD] of untreated PLP-ISEdel = 0.27 [0.06], 3 mM versus un-
treated PLP-ISEdel t test p value = 0.02; mean [SD] of 5 mM group =
0.62 [0.12], mean [SD] of untreated PLP-ISEdel = 0.20 [0.03], 5 mM
versus untreated PLP-ISEdel t test p value = 0.01), which was sus-
tained to P60 (mean [SD] of P60 3 mM group = 0.52 [0.13], P21
versus P60 3 mM group t test p value = 0.78; mean [SD] of P60
5 mM group = 0.62 [0.06], P21 versus P60 5 mM group t test
p value = 0.91) and to P90 at 3 mM (mean [SD] of P90 3 mM group =
0.54 [0.04], P21 versus P90 3 mM group t test p value = 0.44) (5 mM
was not tested at P90) (Figure 3C). Examination of the animals
treated with 5 mM MO-PLP revealed similar results to those with
the 3-mM treatments. Treatment of PLP-ISEdel with 2 mL 3 or
5 mM random control MO-RC did not significantly change PLP-spe-
cific protein levels compared to untreated PLP-ISEdel in brain sam-
ples at any time point examined (likelihood ratio test of nestedmodels
with and without treatment p value = 0.97). These results show that
one i.c.v. injection of MO-PLP into neonatal brain produced a sus-
tained increase in PLP at the protein level in brains of PLP-ISEdel
mice.

There Was a Sustained Decrease in Inflammatory Markers after

Treatment of PLP-ISEdel Mice with MO-PLP

The PLP-ISEdel mouse line was shown to have an increase in histo-
logical markers of astrocytes and microglia in white matter of the
brain as early as 2 months, which increases and progresses to gray
matter by 4 months.60 These changes were accompanied by motor
impairment on the rotarod and in the open field. Since inflammation
is damaging to axons, maybe even more damaging than hypomyeli-
nation, and axonal damage correlates with severity of disease symp-
toms,61,62 we asked whether inflammation in the brains of PLP-ISEdel
mice could be ameliorated by i.c.v. injection of MO-PLP. First, we
investigated the mRNA levels of four markers of inflammation that
were found among the most highly increased in a model of Alz-
heimer63 and our Plp1dup model of the PMD duplication64 (data
not shown): Cst7 (cystatin F); the chemokine Ccl3; Itgax; and Gfap,
an astrocyte marker that is increased in reactive astrocytes. Expres-
sion from all four genes was elevated in brains of PLP-ISEdel mice
with respect to wild-type at both P60 (one-sample t test with null hy-
pothesis of mu = 1: p value for Ccl3 = 0.003, p value for Cst7 = 0.007,
p value for Gfap = 0.02, and p value for Itgax = 0.008) and P90
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Figure 4. A Single i.c.v. Injection of MO-PLP in PLP-ISEdel Neonates Decreased Expression of Inflammatory Markers

(A–D) qRT-PCR analysis of expression levels of four inflammatory markers, (A)Ccl3, (B)Cst7, (C) Itgax, and (D)Gfap, in RNA from sagittal half brains harvested at P21, P60, or

P90 after neonatal i.c.v. injection of 2 mL 3 mMMO-PLP or harvested at P21 or P60 after neonatal i.c.v. injection of 2 mL 5 mMMO-PLP (the same RNA that was used for the

experiment in Figure 3). Data are expressed as fold change relative to wild-type. Experiments were performed with triplicate reactions on 3–5 biological replicates of each

condition (age, genotype, and treatment). MO-PLP treatment produced a sustained reduction of inflammatory markers.
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(one-sample t test with null hypothesis of mu = 1: p value for Ccl3 =
0.0004, p value for Cst7 = 0.01, p value for Gfap = 0.004, and p value
for Itgax = 0.004), but not at P21 (Figure 4; P21 data not shown). PLP-
ISEdel mice injected with 3 or 5 mM MO-PLP at P1/P2 had signifi-
cantly lower levels of the four inflammatory markers at P60 (one-
sample t test with null hypothesis of mu = 1: p value for Ccl3 =
0.003, p value for Cst7 = 0.007, p value for Gfap = 0.02, and p value
for Itgax = 0.008). Levels of Cst7 and Ccl3 remained low at P90
(P60 versus P90 likelihood ratio test for Ccl3 = 0.48; P60 versus P90
likelihood ratio test for Cst7 = 0.27). Mice treated with the 3 mM
random control MO-RC at P1/P2 showed some decrease of Gfap
and Itgax at P60 (difference in Ccl3 between PLP-ISEdel and MO-
RC at P60 from t test p value = 0.81; difference in Cst7 between
PLP-ISEdel and MO-RC at P60 from t test p value = 0.26; difference
in Gfap between PLP-ISEdel and MO-RC at P60 from t test p value =
0.02; and difference in Itgax between PLP-ISEdel and MO-RC at P60
from t test p value = 0.002), and decreases of Cst7 and Itgax at P90
(difference in Ccl3 between PLP-ISEdel and MO-RC at P90 from
t test p value = 0.0004; difference in Cst7 between PLP-ISEdel and
MO-RC at P90 from t test p value = 0.26; difference in Gfap between
PLP-ISEdel and MO-RC at P90 from t test p value = 0.81; and differ-
ence in Itgax between PLP-ISEdel and MO-RC at P90 from t test
p value = 0.007; MO-RC higher than PLP-ISEdel), suggesting that
either the random control or the injection itself may have had some
effect on inflammation, but the effect was small. Thus, a single i.c.v.
injection of MO-PLP at P1/P2 ameliorated the inflammatory
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response in PLP-ISEdel mice and the effect was sustained to P90. Sus-
tained increases in Plp-specific splicing at both the RNA and protein
levels (Figure 3) and sustained amelioration of the inflammatory
response with i.c.v. injections (Figure 4) suggest that MO-PLP is a
good candidate drug for correcting aberrant alternative splicing of
PLP1 causing PMD, SPG2, and HEMS in patients.

DISCUSSION
Antisense oligomer splice alteration is increasingly becoming an
exciting approach for the treatment of diseases that occur because
of splicing defects. Antisense drugs for several diseases, SMA and
Duchennemuscular dystrophy (DMD) in particular, are currently be-
ing used in clinical trials to test efficacy in vivo (reviewed in Havens
and Hastings42). FDA approval has been granted recently for one of
these drugs, nusinersen (Spinraza) for the treatment of SMA,
following a successful phase 2 clinical trial.48 In our investigation,
we sought to determine whether antisense oligomers could be used
as a treatment to overcome alternative splicing defects that are a cause
of the neurodegenerative diseases PMD, SPG2, and HEMS. We first
tested a series of antisense RNA oligomers in cultured Oli-neu cells
to determine target sequences for altering the alternative splicing of
Plp1/Dm20 expressed from the endogenous Plp1 gene. We found
that the Dm20 splice site was a good target for shifting alternative
splicing toward Plp1, and we showed that a morpholino oligomer,
MO-PLP, designed to bind at the Dm20 splice donor site, dramati-
cally increased Plp-specific splicing in Oli-neu cell culture. Treatment
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with MO-PLP also increased PLP-specific splicing when minigene
constructs with alternative splicing defects caused by various PLP1
gene variants were transfected into cultured Oli-neu cells. Further-
more, treatment by i.c.v. injection of MO-PLP into brains of the
mouse model PLP-ISEdel, which has a 19-bp deletion of a splicing
enhancer for PLP-specific splicing, normalized the PLP1/DM20 alter-
native splicing defect. We also demonstrated that correction of
splicing in the mouse model was long-lasting, and it resulted in the
improvement of a previously reported inflammatory phenotype.60

Our work and that of others suggest that exons 3A and 3B and intron
3 of PLP1 are rich with sequences that affect PLP1/DM20 alternative
splicing by enhancing or silencing splicing at the DM20 and/or PLP1
splice donor sites or by interacting with general splicing factors of the
transcriptional machinery (Figure 1).8,14–18,30,41,52,53 For example, an
exon splicing enhancer containing a putative ASF/SF2 motif that
leads to preferential PLP1 50 splice site selection was identified in
exon 3B of PLP1, and variants in this element result in reduced
PLP1 50 splice site selection.17 Conversely, a region in exon 3B was
identified as an enhancer of DM20 50 splice site selection, and,
whenmutated, it leads to an increase in PLP1mRNA splice product.52

A 19-bp G-rich element acting as an intron splicing enhancer that in-
fluences splicing in favor of PLP1was found in PLP1 intron 3.16,53We
showed that patient variants within exon 3 or intron 3 that reduce the
PLP1 alternatively spliced product, even those that do not result in
amino acid changes, can cause PMD or HEMS.8,16,30 Thus, it is likely
that variants in these regions can affect alternative splicing either by
destroying regulatory elements for splicing or by creating additional
regulatory elements.

With so many splice regulatory elements in the region of the PLP1/
DM20 alternative splice in PMD patients, it is theoretically possible
to tailor treatments with morpholino oligomers to alter the specific
deficiency in splicing depending on the patient’s own variant. Indeed,
an antisense approach for correction of alternative splicing caused by
the c.436C > G variant of PLP1 was previously reported by Regis
et al.41 This variant is in the exon 3B portion of PLP1 that is spliced
out in formation of the DM20 alternative form (see Figure 2A). The
authors determined that the variant affected splicing by creating
exon splicing silencer (ESS) motifs that eliminated splicing from
the PLP1 splice donor site. They corrected the splicing defect by
targeting the motifs with an antisense morpholino oligomer that
blocked the motifs, thereby increasing splicing from the PLP1 splice
donor site.

Advantages of our approach over that of Regis et al.41 are that it works
for a variety of PLP1 variants and no knowledge of the mode of action
for any particular variant on splicing is necessary. Approximately
12% of published PMD point mutations and insertions or deletions
(indels) are in exon or intron 3, where they have the potential to
reduce without abolishing PLP-specific splicing,65 although the effect
on alternative splicing has not been tested for many of them. It should
be noted, however, that many diagnostic labs do not sequence intron
3 of PLP1, so the estimate is probably low. In this paper, we have
demonstrated switching of alternative splicing toward PLP1 for seven
PLP1 variants using our MO-PLP antisense morpholino oligomer,
which was designed to block the DM20 splice donor site. The only
variants tested for which MO-PLP did not affect alternative splicing
were those that actually destroyed the PLP1 splice donor site sequence
itself. Although we did not test our approach on the c.436C > G
variant corrected by Regis et al.,41 our MO-PLP would be expected
to switch splicing toward PLP1 for this variant, as we did test
c.436C > T, a different change of the same base as in Regis et al.,41

and splicing was switched toward PLP1. It is worth noting that our
MO-PLP could be used in combination with antisense oligomers tar-
geting existing or created splice enhancer or silencer sequences like
the one used by Regis et al.41 for more careful modulation of PLP1/
DM20 alternative splicing.

Our MO-PLP is most likely to be therapeutic for patients who have
synonymous exonic variants or variants in intron 3 that reduce
PLP1 splicing, because these variants would produce completely
normal PLP1 and DM20 products when splicing is corrected.
Notably, one of the synonymous exonic patient variants that we tested
and found to be corrected by MO-PLP is c.436C > T that is a different
change of the same base as the variant corrected in Regis et al.,41

which is not a synonymous variant. Variants within intron 3 that
can be treated with MO-PLP are of three types: those that weaken
but do not eliminate the PLP1 splice donor sequence; those that
disrupt an intron splicing enhancer like the c.453+28_+46del variant
in our PLP-ISEdel mouse model, which we used for preclinical testing
in this report;18 and those that affect previously described long-dis-
tance interacting sequences (LDISs) deep within intron 3, which
keep them from forming a secondary structure like c.454-322G > A.8

Our MO-PLP may also prove to be therapeutic for some patients
whose variants reduce PLP product but are exonic variants that would
be expected to result in a mutant PLP protein when splicing is cor-
rected. Regis et al.41 provide a reasonable rationale for the therapeutic
potential of increasing PLP1 in patients with the c.436C > T variant
that results in a mutant PLP protein. Briefly, patient variants in
exon 3B that change amino acids without additionally affecting alter-
native splicing typically result in relatively mild disease when
compared with those in other PLP1 exons. If the variant is mild
enough, having more of that mild mutant PLP protein may result
in a milder phenotype than having no PLP or only a small amount
of PLP.

Our MO-PLP may prove to be therapeutic for the c.347C > A variant
that strengthens the DM20 splice site, but again, the variant results in
a mutant PLP protein, so the discussion in the previous paragraph ap-
plies. It may also prove to be therapeutic for the patient with the
c.430A > T variant and others whose variants result in truncated
PLP protein, if having little PLP due to a splicing error causes a
more severe phenotype than having more of a truncated PLP. Further
testing would need to be done to determine if there are any patients
whose variants result in truncated PLP, but not a splicing defect,
for comparison with those whose variants result in both.
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The in vivo effect of complete redirection of splicing from 70% PLP
and 30% DM20 to 100% PLP1 is not known. Although there is a
phenotype described for DM20 only mice,13,66 there have been no
mammals generated in which PLP is the only isoform expressed.
Amphibians normally make only the PLP form despite having a
high degree of sequence similarity with mammals in the region of
the alternative splice,67 so it could be argued that PLP only should
not be detrimental in mammals. However, this is not a totally satisfac-
tory argument because amphibians also express P0 in their CNS,
which is the major protein in the peripheral nervous system (PNS)
of mammals, so P0 may compensate for the lack of DM20. Thus, it
remains possible that too great a shift or a complete shift from the
normal 70% to 100% could be detrimental if the DM20 isoform is
needed for normal function, if extra PLP isoform is toxic, or both.
It is of note, however, that the MO-PLP morpholino oligomer did
not completely redirect splicing from DM20 to PLP1 in our cell cul-
ture or mouse experiments.

There are several considerations for the application of antisense treat-
ments for HEMS in a clinical setting. The onset of symptoms is typi-
cally in late infancy,30 so treatment would need to be given early to
prevent disease. Once damage to the CNS has occurred, it is not likely
to be repaired; however, later treatment may halt progression. Intra-
thecal delivery of antisense oligomers that alter splicing has proven to
be efficacious and safe in SMA patients, so risks for treatment of
HEMS by the same route seem minimal. It is likely that successive
treatments would need to be given for maintenance. Strategies for a
treatment regimen for SMA patients are now being tested, and these
studies should inform treatment regimen strategies for PMD, SPG2,
and HEMS patients.

Of the several antisense oligonucleotide drugs that have received FDA
approval and reached the market, none has yet been commercially
successful. In any case, the studies leading to the development of these
drugs and others have led to technological advances in oligonucleo-
tide design and delivery methods. Recently, the encouraging results
in clinical trials and FDA approval of splice-modifying drugs for
the treatment of SMA and DMD suggest that a commercially success-
ful antisense oligonucleotide drug may be on the horizon.48,68

Perhaps success with antisense technology on diseases with relatively
large numbers of patients will then drive testing of antisense oligonu-
cleotide drugs for private patient variants or small classes of variants.
Our studies demonstrate the feasibility of an antisense oligonucleo-
tide approach as a treatment for the ultra-rare class of PLP1 variants
that causes disease by altering alternative splicing.

MATERIALS AND METHODS
Animals

The PLP-ISEdel mouse model was generated using the hit-and-run
strategy as described, so that the 19-bp deletion of Plp1 intron 3
bases +28 to +46 is the only variant introduced during generation
of the model.18 Animal work was approved by the Nemours Institu-
tional Animal Care and Use Committee (IACUC) and with its over-
sight. The work was also in accordance with the U.S. Public Health
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Service Policy on Humane Care and Use of Laboratory Animals
(Office of Laboratory Animal Welfare, 2013) and the Guide for the
Care and Use of Laboratory Animals (Office of Laboratory Animal
Welfare, 2013). ARRIVE guidelines and NIH recommendations call-
ing for transparent reporting were used in the preparation of the
manuscript. All mice used were males on a C57BL/6 background.
Mice were provided water and standard mouse chow ad libitum.

Minigene-Splicing Constructs, Antisense Oligomers, and

Morpholino Oligomers

The minigene-splicing construct was generated, plasmid DNA was
produced, and single-base patient variants were introduced as
described.8 AONs were synthesized by Integrated DNA Technologies
(IDT, Coralville, IA, USA), and morpholino oligomers were synthe-
sized by Gene Tools (Pilomath, OR, USA). The RNA antisense se-
quences covered by AONs across and near the DM20 splice site
and the morpholino oligo antisense sequence of MO-PLP can be
deduced from the sequences indicated by underline in Figure 1B.
The sequence of the random control AON, AON-RC, was 50-CGUG
CACCCUCUCGCGCUUG-30. MO-RC was the commercially avail-
able random control 25-N morpholino, which is a mixture of
oligomer sequences produced by the addition of a mixture of mor-
pholino subunits at each step of the synthesis cycle (Gene Tools).

Cell Culture and Transfections

Cell culture was performed as described.8 Transfection of plasmid
DNA was performed as follows: Oli-neu cells (1.2 � 105)49 were
plated in each well of a poly-L-Lysine-coated 12-well plate on
day 1. Plasmid DNAs (1.2 mg DNA/well) prepared using EndoFree
Plasmid Maxi Kit (QIAGEN, Valencia, CA, USA) were transfected
on day 2 using Lipofectamine 2000 (Invitrogen), according to the
manufacturer’s protocol. After 4–5 hr, incubation medium was
removed and replaced with fresh medium containing 2 mM MO-
PLP and 2 mM EndoPorter (Gene Tools), according to the manufac-
turer’s protocol. On day 3, 24 hr after the addition of morpholino, the
medium was removed, in-well lysis and homogenization were per-
formed using a QIAshredder Kit (QIAGEN, Valencia, CA, USA)
according to the manufacturer’s protocol, and samples were stored
at �80�C or immediately processed for RNA isolation. Transfection
of antisense oligomers was performed as follows: cells (1.1 � 105)
were plated in each well of a 6-well poly-L-Lysine-coated plate on
day 1. Antisense oligomers (40 nM) were transfected on day 2 using
Lipofectamine 2000, according to the manufacturer’s protocol. After
4–5 hr the medium was replaced with fresh medium, and after 24 hr
the medium was removed, in-well lysis and homogenization were
performed, and samples were stored and processed as mentioned
above. All transfections were performed in triplicate.

Treatment of Mouse Model with Morpholino Oligomers by i.c.v.

Injection

At least four animals were used for each treatment group and mor-
pholino concentration for in vivo experiments. PLP-ISEdel mice
were given markings with tattoo in footpads at P0–P1 (P0 defined
as day of birth), and tail snips were taken for PCR-based genotyping
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and sex determination as described.64 Care was taken to discourage
maternal abandonment by rubbing hands thoroughly in soiled
bedding to obtain home cage scent on the handler’s gloves. Animals
were randomly assigned to treatment groups, and all male animals in
a litter that were entered into the experiment were given the same
treatment. The i.c.v. injection of mice was performed as described69

at P1 or P2 with 2 mL of either 3 or 5 mM of either MO-PLP (Fig-
ure 1B) or MO-RC (random control 25-N provided by Gene Tools).

Briefly, morpholino oligomers were mixed with 0.05% w/v trypan
blue in PBS for visualization of the injection site and spread
throughout the CNS. Cryo-anesthesia was used to immobilize mice
for 1–2 min for injections. Mice were placed on a light source for clear
visualization of brain structures while a needle was inserted to a depth
of 2 mm 0.25 mm lateral of the sagittal suture and 0.50–0.75 mm
rostral of the neonatal coronary suture. Backflow into the needle
was prevented by holding it in place for 15 s. Mice were placed in a
warmed container for 5–10 min for recovery after the injection,
and they were monitored until they returned to normal movement
and responsiveness. Approximately the same numbers of injected
male pups and untreated female pups died prior to weaning. Animals
were euthanized by CO2 inhalation at P21 (median, P21; range, P21–
P22), P60 (median, P60; range, P60–P61), or P90 (median, P90;
range, P89–P90, one P104). Brains and spinal cords were isolated
and batched for RNA and protein analysis, and tail snips were used
to confirm genotyping.

RNA Extraction and Semiquantitative RT-PCR

RNA was isolated from Oli-neu cells as described8 and from mouse
brain as described.64 Plp1 and Dm20 alternatively spliced transcript
levels produced from the endogenous mouse Plp1 gene in Oli-neu
cells and in mouse brain were measured by semiquantitative RT-
PCR. Reverse transcription was performed using the Omniscript
reverse transcription kit (QIAGEN), following the manufacturer’s
protocols. PCR amplification was performed with the Multiplex
PCR Kit (QIAGEN), according to the manufacturer’s protocol. Prod-
ucts were detected and analyzed by capillary electrophoresis using the
3130 xL Genetic Analyzer (Invitrogen) and Peak Scanner Software or
the 3500 Genetic Analyzer system (Invitrogen) with Genemapper
software (Applied Biosystems). The primer pair used to detect
both endogenous Plp1 and Dm20 in the same reaction was
mPLP2F (50-GTTGTGCTAGATGTCTGGTAGG-30) and 6-FAM-
labeled mPLP4R (50-AGCCATACAACAGTCAGGGCATAG-30)
(Figure S2). The primer pair used to detect PLP1 andDM20 produced
from the constructs and not the endogenous signal was neo-ex2F
(50-GTCGTGACCCATGGCACAGAAA-30 [M83237.1, 3,814–3,828;
Z73964.2, 15,262–15,271]) and 6-FAM-labeled neo-ex4R (50-CATC
GCCATGGGTGATGCC-30 [M83237.1, 3,832–3,820; Z73964.2,
17,366–17,372]) (Figure S2). These primers spanned the junction
from the neo gene in the construct into the PLP1 insert. A primer
pair in the Cyclophilin A gene, 50-ACCCCACCGTGTTCTTC
GAC-30 and 6-FAM-labeled 50-CATTTGCCATGGACAAGATG-30,
was used as an amplification and loading control in all RT-PCR
reactions.
Protein Extraction and Western Blot Analysis

Proteins were extracted from sagittal half-brain homogenates using a
buffer containing 150 mMNaCl, 50 mM Tris-HCl, 1% Triton X-100,
5 mM EDTA, 0.1% SDS, and 1% sodium deoxycolate freshly supple-
mented with Halt Protease Inhibitor Cocktail (Thermo Scientific,
Rockford, IL, USA), and they were measured by BCA Protein Assay
(Thermo Scientific). Proteins were separated by gradient SDS-
PAGE (4%–20% TGX, Bio-Rad) and blotted onto polyvinylidene
fluoride (PVDF) membrane (Invitrogen). Western blots were probed
with antibodies to PLP/DM20 (1:2,000, AA3 Hybridoma) and
GAPDH (1:50,000, Sigma-Aldrich), followed by horseradish
peroxidase (HRP)-conjugated secondary antibody (1:5,000, Jackson
ImmunoResearch), and detected using SuperSignal West Femto
ECL (Thermo Scientific). Bands were visualized using C-DiGit
Chemiluminescent Blot Scanner (LI-COR Biosciences, Lincoln, NE,
USA) and quantified using iS Image Studio Version 4.0 (LI-COR
Biosciences).

RNA Isolation and qRT-PCR

RNA from mouse brains was isolated and treated with DNase as
described.64 RNA concentration was measured with the NanoDrop
(Thermo Fisher Scientific), and the integrity of the RNA was
measured on the Agilent 2100 Bioanalyzer. Only RNAs with RNA
integrity number (RIN) > 7.6 were used in further analysis. cDNA
was obtained using Applied Biosystems High-Capacity reverse
transcription kit including Promega’s RNasin RNase inhibitor.
PrimeTime predesigned probe-based qPCR assays (IDT) were
used with QuantiTect Probe PCR Master mix (QIAGEN),
following the manufacturer’s instructions, to assess transcript
levels on inflammatory markers chemokine (C-C motif) ligand 3
(Ccl3, Mm.PT.58.29283216), cystatin F (Cst7, Mm.PT.58.8810317),
glial fibrillary acidic protein (Gfap, Mm.PT.58.6609337), and
integrin alpha X (Itgax, Mm.PT.58.42516719). Assays on
calnexin (Canx, Mm.PT.58.6272785) and cytochrome c-1 (Cyc1,
Mm.PT.56a.33431602.gs) were included as reference genes based
on previous experiments.64 Experiments were performed with tripli-
cate reactions on three to four biological replicates of each condition
(age, genotype, and treatment). Reactions were analyzed using the
ABI 7900HT Fast Real-Time PCR System (Invitrogen) with SDS
2.3 software (Invitrogen), following the procedure previously
described.64 The Ct values for each sample were divided by the
mean of the Ct values of the internal reference genes Canx and
Cyc1 for normalization. Relative quantification (RQ) of transcript
levels of the inflammatory marker genes was determined using the
wild-type males as the calibrator with SDS 2.3 software (Invitrogen)
with the 2DDCt method.

Statistical Analyses

The RT-PCR data for the Oli-neu cell culture studies in Figures 1C
and 1D (see also Tables S1 and S2) and Figure 2B (see also
Table S3) were summarized using means and SDs. Comparisons of
treated and untreated samples were carried out using two-sample un-
paired t test assuming unequal variance. Analyses were two-tailed
with the level of significance at 5%.
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Protein and RNA levels for the mouse treatment studies in Figures 3
and 4 were summarized using means and SDs. Comparison of each
outcome at the same time point between groups was carried out using
one-way ANOVA or two-sample unpaired t test assuming unequal
variance. One-sample t test was used to detect fold changes in each
of the inflammatory marker genes using RQ with the expression in
wild-type as 1. Analysis on changes in an outcome across time points
for the same group was carried out in the sameway. Comparison of an
outcome across time points between groups was carried out using
multi-way ANOVA, accounting for site (brain and spinal cord), treat-
ments, and time point. To test the presence of treatment effect, nested
models with and without the treatment variable were compared using
likelihood ratio test. All analyses were two tailed with the level of sig-
nificance at 5%. All statistical analysis was performed using R Statis-
tical Software, version 3.3.1.70
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