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Introduction
Myelin is a specialized multilayer membrane structure that 
enables rapid saltatory nerve conduction, and it is assembled 
by oligodendrocytes in the central nervous system (CNS) (1). 
To sustain the normal function of neurons, the compact myelin 
structure needs to persist throughout adult life (1). Many myelin- 
related CNS diseases, including multiple sclerosis (MS), develop 
in adulthood, underscoring the importance of active mainte-
nance of the structural integrity of myelin in preventing neuro-
logical disability (2). Traditionally, demyelinating processes are 
thought to be the result of oligodendrocyte death induced by 

either extrinsic or intrinsic insults (3–5). However, evidence sug-
gests that oligodendrocyte death is not the underlying etiology 
for all pathological demyelinating processes. More specifically, 
oligodendrocytes are largely preserved in 30%–60% of early 
active MS lesions with severe demyelination (6–8), and the turn-
over rates of oligodendrocytes remain generally low, albeit het-
erogeneous, across multiple CNS regions during aging despite 
global myelin volume decline (9–12). These observations suggest 
that myelin content could be tightly regulated in a manner that is 
independent of oligodendrocyte survival.

The dry mass of CNS myelin is composed of approximately 
70% lipids and 30% proteins — a composition that is character-
ized by a higher ratio of lipids to proteins than those found in 
other biological membranes (1). Myelin is distinguished by its 
high proportion of cholesterol and cerebroside (13). In addi-
tion, myelin contains approximately twice as much oleic acid 
(fatty acid 18:1 cis-9) and more than 5 times the level of long-
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(NSCs) (29), raising the possibility that Qki might be involved in 
the metabolic turnover of myelin structural components.

In this study, we used an oligodendrocyte-specific Qk condi-
tional knockout mouse model as a tool to address the following 
questions: (i) Are the structural components of mature myelin stat-
ic or dynamic? (ii) Is the continuously active metabolism of myelin 
components required for the maintenance of myelin integrity in 
adulthood? (iii) Does interruption of myelin metabolic homeo-
stasis play a pathogenic role in demyelinating diseases? Here, 
we found that structural lipid components of mature myelin are 
highly dynamic and their turnover is tightly controlled by Qki via 
coactivation of the peroxisome proliferator-activated receptor β–
retinoid X receptor α (PPARβ-RXRα) complex. A continuous sup-
ply of the myelin lipids is essential for the maintenance of myelin 
integrity in adulthood. Our data reveal a previously underappreci-
ated role of lipid metabolism in demyelinating diseases and pave 
the way for future development of novel disease-modifying thera-
pies that minimize or even reverse myelin loss by modulating lipid 
biosynthesis in mature oligodendrocytes.

chain fatty acids (LCFAs) versus levels found in erythrocyte 
or hepatocyte membranes (13). It has long been observed that 
major myelin structural proteins and myelin cholesterol exhib-
it very slow rates of turnover in rodents, leading to the widely 
believed presumption for decades that CNS myelin is a static 
material (14–17). Paradoxically, the discoveries of metabolic 
enzymes in purified myelin indicate that myelin might be a met-
abolically dynamic substance with rapid turnover of some of its 
building blocks (18, 19).

The currently available oligodendrocyte-specific genetic 
demyelinating mouse models are all induced or accompanied by 
oligodendrocyte apoptosis, rendering these models unsuitable for 
studying myelin turnover per se (3, 4, 20–22). Unlike those pro-
teins involved in oligodendrocyte survival (20–22), quaking (Qki, 
encoded by the gene Qk, which undergoes alternative splicing to 
express Qki-5, Qki-6, and Qki-7), a known regulator of oligoden-
drocyte differentiation and myelination (23–28), does not regulate 
cell death (29). In addition, our recent analyses suggested that 
Qki regulates an array of metabolic pathways in neural stem cells 

Figure 1. Qki regulates myelin homeostasis independently of oligodendrocyte death. (A) Representative electron micrographs and quantification of the 
optic nerves of Qk-iCKO mice and controls (Ctrl) 1, 2, and 5 weeks post tamoxifen injection (wpi). n = 4 mice/group. Scale bars: 500 nm. (B and C) Quan-
tification of dead cells by TUNEL assay and immunofluorescent staining of cleaved caspase 3 (Clv–casp-3) in the corpus callosum of the experimental 
mice in A (n = 4 mice/group). (D and E) Representative images and quantification of immunofluorescent staining of GSTpi-Qki (D) and ASPA-Qki (E) in the 
corpus callosum of the experimental mice in A (n = 4 mice/group). Scale bars: 50 μm. Data are mean ± SD. *P < 0.05; ****P < 0.0001 by 2-way ANOVA with 
Holm-Sidak multiple-comparisons test. NS, not significant.
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those in the respective CNS regions of control mice (Supplemen-
tal Figure 1, H and I), revealing that Qki has a global impact on 
the mature myelin maintenance across multiple CNS regions. In 
addition, irregular nodes of Ranvier were frequently observed in 
the optic nerves of Qk-iCKO mice (Supplemental Figure 1, J and 
K), and the optic nerves of Qk-iCKO mice had an approximately 
54.5% decrease in their conduction velocities compared with the 
control mice (Supplemental Figure 1, L–N). As the morphological 
characteristics, diameter, and density of axons remained unaffect-
ed in the optic nerves of Qk-iCKO mice (Supplemental Figure 1, 
O and P), these data suggest that demyelination itself is the cause 
of the progressive neurological deficits and increased mortality of 
Qk-iCKO animals. Besides, we also observed demyelination-in-
duced gliosis and inflammation, including upregulation of GFAP+ 
activated astrocytes and IBA1+ microglia and infiltration of CD3+ 
T cells, in the corpus callosum of Qk-iCKO mice (Supplemental 
Figure 1, Q–S).

We next determined whether demyelination induced by 
Qki depletion occurs in an oligodendrocyte death–independent 
manner. Neither a TUNEL assay nor cleaved caspase 3 staining 
revealed a significant difference in the number of apoptotic cells in 
Qk-iCKO mice and controls across multiple CNS regions (Figure 1, 
B and C, and Supplemental Figure 2, A and B), and the numbers of 
oligodendrocytes in the corpus callosum, optic nerves, and spinal 
cords of Qk-iCKO mice were similar to those in the respective CNS 
regions of controls (Figure 1, D and E, and Supplemental Figure 2, 
C–G). More importantly, more than 97% of the oligodendrocytes 
still lacked Qki expression 5 weeks after tamoxifen injection (Fig-
ure 1, D and E, and Supplemental Figure 2, C–G), indicating that 
most cells were the resident oligodendrocytes with Qk deletion but 
not the newly differentiated oligodendrocytes from oligodendro-
cyte precursor cells (OPCs), which were positive for Qki expres-
sion (Supplemental Figure 2H). Therefore, although the number 
of proliferating OPCs was higher in Qk-iCKO mice 5 weeks after 
tamoxifen injection than that in controls (Supplemental Figure 
2I), it appears that these OPCs had not differentiated into mature 
oligodendrocytes. In summary, the observation of severe demye-
lination without overt oligodendrocyte death in Qk-iCKO animals 
indicates that mature myelin itself is not static, providing what we 
believe is a unique mouse model to study oligodendrocyte death–
independent myelin homeostasis.

Qki governs mature myelin lipid homeostasis. To determine how 
myelin homeostasis is disturbed in Qk-iCKO mice, we measured 
the effect of Qki depletion on major myelin structural proteins, 
including myelin proteolipid protein (PLP), myelin basic protein 
(MBP), and myelin-associated glycoprotein (MAG). Unexpected-
ly, immunofluorescent staining revealed only slightly lower levels 
of these proteins in the corpus callosum of Qk-iCKO mice than in 
controls (Figure 2, A–C) and unchanged levels in the optic nerves 
and spinal cords (Figure 2, D and E). Similar results were con-
firmed by immunoblotting in Qk-iCKO mice and controls 2 and 5 
weeks after tamoxifen injection (Figure 2F). However, the degen-
erative myelin, indicated by staining with the QD-9 antibody, 
was dramatically increased in the corpus callosum (85.7-fold), 
optic nerves (39.2-fold), and spinal cords (9.3-fold) of Qk-iCKO 
mice relative to those in the respective CNS regions of control 
mice (Supplemental Figure 3). The QD-9 antibody is specific for 

Results
Qki regulates myelin homeostasis independently of oligodendrocyte 
death. To determine whether Qki is required for mature oligoden-
drocyte survival and myelin maintenance, we deleted Qk in mature 
myelinating oligodendrocytes by injecting Plp-CreERT2 Qkfl/fl mice 
(hereafter called Qk-iCKO mice) with tamoxifen at age 8 weeks — 
the time by which the myelin structure is fully established (Sup-
plemental Figure 1, A and B; supplemental material available 
online with this article; https://doi.org/10.1172/JCI131800DS1) 
(1). Approximately 2 weeks after tamoxifen injection, Qk-iCKO 
mice progressively developed tremors, splayed gait, ataxia, and 
hind limb paresis that culminated in paralysis with hunched pos-
ture, hyperpnea, significant weight loss, and early lethality (Sup-
plemental Figure 1, C–F, and Supplemental Video 1). In contrast, 
both Plp-CreERT2 Qkfl/+ mice and wild-type (WT) mice displayed no 
neurological signs; therefore, both cohorts were used as controls.

Electron microscopy–based ultrastructural analyses of the 
optic nerves revealed that demyelination occurred as early as 1 
week after Qk deletion. We found that 18.2%, 43.1%, and 68.4% 
of the axons in Qk-iCKO mice were completely devoid of myelin 
sheaths 1, 2, and 5 weeks after tamoxifen injection, respective-
ly, whereas about 95% of the axons in controls were wrapped by 
compact myelin (Figure 1A and Supplemental Figure 1G). More-
over, the myelin sheaths surrounding spared axons in Qk-iCKO 
mice became gradually thinner than did those in controls (ratio 
of the inner axonal diameter to the total outer diameter [g-ratio]: 
0.76 versus 0.72, 0.86 versus 0.73, and 0.94 versus 0.74 at 1, 2, 
and 5 weeks after tamoxifen injection, respectively; Figure 1A). 
Similarly, the percentages of myelinated axons and the thick-
nesses of myelin sheaths in the corpus callosum and spinal cords 
of Qk-iCKO mice were also significantly reduced compared with 

Figure 2. Loss of Qki interrupts mature myelin lipid homeostasis. (A–C) 
Representative images and quantification of PLP (A), MBP (B), and 
MAG (C) in the corpus callosum of Qk-iCKO mice and controls 1, 2, and 5 
weeks post injection (wpi) (n = 4 mice/group). Scale bars: 50 μm. (D and 
E) Quantification of staining of PLP, MBP, MAG, and FluoroMyelin in the 
optic nerves (D) and spinal cords (E) of Qk-iCKO mice and controls 5 wpi 
(n = 4 mice/group). Fl, FluoroMyelin. (F) Immunoblots and quantifica-
tion showing the expression of PLP, MBP, and myelin oligodendrocyte 
glycoprotein (MOG) of Qk-iCKO mice and controls 2 and 5 wpi (n = 3 mice/
group). (G) Representative images and quantification of staining of 
FluoroMyelin in the corpus callosum of Qk-iCKO mice and controls 1, 2, 
and 5 wpi (n = 4 mice/group). Scale bars: 50 μm. (H) Schema depicting 
the workflow for lipidomic analyses. (I) Quantification of the concentra-
tion (μmol/g tissue) of the total lipids measured by mass spectrometry 
in the spinal cords of Qk-iCKO mice and controls 5 wpi (n = 5 mice/group). 
(J) Volcano plot (top) illustrating the alterations in the concentrations 
of each lipid molecule in the samples in I (n = 5 mice/group). The dotted 
line represents P = 0.05. Pie graph (bottom) illustrating the numbers 
and percentages of significantly decreased, increased, and unchanged 
molecules in Qk-iCKO mice relative to controls. (K) Quantification of the 
concentrations of lipid subclasses in the samples in I (n = 5 mice/group). 
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phospha-
tidylinositol; LPC, lysophosphatidylcholine; LPE, lysophosphatidyletha-
nolamine; SM, sphingomyelin; CER, ceramide; HCER, hexosylceramide; 
LCER, lactosylceramide; DCER, dihydroceramide. Data are mean ± SD.  
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by 2-way ANOVA 
with Holm-Sidak multiple-comparisons test (A–C and G) or Student’s  
t test (D–F, I, and K). NS, not significant.
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Figure 3. Qki regulates the transcription of genes involved in fatty acid metabolism. (A) Schema depicting the workflow for the fresh isolation of oligo-
dendrocytes from Qk-iCKO mice and controls for RNA-seq (left). n = 3 mice/group. After being validated by RT-qPCR (middle), the O4+ oligodendrocytes 
(OLs) were used for RNA-seq. Bar graph (right) shows the top 20 enriched pathways. Tam, tamoxifen. (B) Venn diagram depicting the overlap among the 
top 50 enriched pathways identified from the RNA-seq of freshly isolated mouse OLs, differentiated OLs, NSCs, and adult corpus callosum. The numbers 
of common genes overlapped in more than 3 cell/tissue types are shown next to individual pathways. (C) GSEA shows the fatty acid metabolism signature 
in freshly isolated mouse oligodendrocytes. NES, normalized enrichment score; FDR, false discovery rate. (D) Heatmap representing the differentially 
expressed genes involved in fatty acid metabolism in freshly isolated OLs. (E) Schema depicting desaturating and elongating reactions of fatty acids with 
the corresponding enzymes. The reduction in fatty acid desaturases is shown in light blue, and the reduction in enzymes of the fatty acid elongation cycle 
is shown in dark blue. (F) RT-qPCR validation of the differentially expressed genes involved in fatty acid metabolism in WT and Qki-depleted (Qk–/–) differ-
entiated oligodendrocytes. Data are representative of 3 independent experiments (F). Data are mean ± SD. ****P < 0.0001 by Student’s t test.
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the exposed epitope of MBP, QDENPVV, which is usually hidden 
due to the electrostatic interactions of MBP with lipids (30, 31). 
Therefore, we hypothesized that the drastic epitope unmasking of 
MBP in Qk-iCKO mice might be due to the dissociation of MBP 
and myelin lipids. Because 70% of the dry mass of myelin is com-
posed of lipids (1), we next measured total myelin lipid levels using 
FluoroMyelin, a lipophilic dye with a high selectivity for myelin 
(32); we observed dramatically lower lipid levels in the corpus cal-
losum (32.7%), optic nerves (19.5%), and spinal cords (50.8%) of 
Qk-iCKO mice 5 weeks after tamoxifen injection than in controls 
(Figure 2, D, E, and G). More importantly, the reduction in myelin 
lipids in Qk-iCKO mice was observed as early as 1 week after 
tamoxifen injection (Figure 2G), which was much earlier than gli-
osis, T cell infiltration, and the slight reduction in major myelin 
structural proteins (Figure 2, A–C, and Supplemental Figure 1, 
Q–S), suggesting that autonomous myelin lipid reduction is the 
primary event after Qki depletion and that Qki may control myelin 
integrity through regulating lipid metabolism.

To identify the lipid species affected by Qki depletion, we 
quantified lipid concentrations in the spinal cords of Qk-iCKO 
mice and controls using mass spectrometry–based lipidomic anal-
yses (Figure 2H and Supplemental Tables 1 and 2). Consistent with 
the results obtained using FluoroMyelin staining, the overall lipid 
level in the spinal cords of Qk-iCKO mice 5 weeks after tamoxi-
fen treatment was only 72.5% of that detected in controls (Figure 
2I). The concentrations of 428 (45.1%) of the 949 lipid molecules 
detected by mass spectrometry were significantly altered after Qki 
depletion, and the levels of 383 (40.4%) were significantly reduced 
after Qki depletion (Figure 2J). Within the entire lipid composition, 
the total concentration of neutral lipids did not change significant-
ly after Qki depletion (4.14 μmol/g tissue in controls versus 4.48 
μmol/g tissue in Qk-iCKO mice; P = 0.68). In contrast, the concen-
trations of phospholipids and sphingolipids, the 2 major lipid types 
in myelin, in Qk-iCKO mice were 74.6% and 55.9%, respectively, 
of the levels in controls (Figure 2K). Taken together, these findings 
indicate that Qki may control mature myelin maintenance by reg-
ulating myelin lipid metabolism.

Qki regulates myelin fatty acid metabolism. To understand how 
Qki regulates myelin lipid metabolism, we performed transcrip-
tomic analyses by comparing the differentially expressed genes 
in freshly isolated oligodendrocytes from Qk-iCKO mice and con-
trols, in the corpus callosum from Qk-iCKO mice and controls, in 
WT and Qki-depleted oligodendrocytes that differentiated from 
NSCs, and in WT and Qki-depleted NSCs (Figure 3A and Sup-
plemental Figure 4, A–C). Strikingly, our comparative pathway 
analyses revealed that the biological processes that were most 
affected after Qki depletion were involved in fatty acid metabo-
lism, particularly the biosynthesis of unsaturated fatty acids and 
fatty acid elongation (Figure 3, A–E, and Supplemental Figure 
4, A–C). The transcriptional downregulation of these fatty acid 
metabolism genes after Qki depletion was verified using real-
time quantitative PCR (RT-qPCR) (Figure 3F and Supplemental 
Figure 4D), indicating that the fatty acid metabolism genes are 
bona fide downstream targets of Qki.

Fatty acid moieties are the major contributors to lipid mole-
cule complexity. Indeed, consistent with the transcriptional regu-
lation of fatty acid metabolism pathways by Qki, further analysis 

of the lipidomic data revealed that the overall fatty acid level in the 
spinal cords of Qk-iCKO mice was only 72.2% of that in controls 
(Figure 4A). Fatty acids can be classified by saturation status and 
by carbon chain length. We identified the fatty acids whose con-
centrations were the most substantially reduced by Qki depletion 
using each of these 2 classifications.

First, the fatty acids were sorted based on their saturation sta-
tus into 3 groups: saturated fatty acids (SFAs), monounsaturated 
fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs); 
MUFA levels decreased the most after Qki depletion (to 54.2% 
of levels in controls; Figure 4B and Supplemental Figure 5, A–D). 
Because fatty acid composition is crucial for the fluidity and rigid-
ity of the membrane structure of myelin (33), we then determined 
whether the fatty acid composition was altered in the spinal cords 
of Qk-iCKO mice (Figure 4C and Supplemental Figure 5E). The 
composition analysis revealed that the percentage of MUFAs 
among all fatty acids in Qk-iCKO mice was lower than that in con-
trols (41.0% in controls versus 30.8% in Qk-iCKO mice; P = 1.16 × 
10–5), and the percentage of SFAs among all fatty acids in Qk-iCKO 
mice was higher than that in controls (43.8% in controls versus 
49.5% in Qk-iCKO mice; P = 1.21 × 10–5). Accordingly, the ratio of 
MUFAs to SFAs in Qk-iCKO mice was significantly lower than that 
in controls (0.94 in controls versus 0.62 in Qk-iCKO mice; P = 1.26 
× 10–5), indicating that the desaturating reactions in converting 
SFAs to MUFAs are impaired in Qk-iCKO mice (Figure 4, D and 
E). For example, the ratio of oleic acid (18:1) to stearic acid (18:0) 
in Qk-iCKO mice was significantly lower than that in controls (1.84 
in controls versus 1.32 in Qk-iCKO mice; P = 0.00003; Figure 4F), 
indicating that this critical desaturating reaction is compromised 
in Qk-iCKO mice. This finding is consistent with the aforemen-
tioned transcriptional downregulation of stearoyl-CoA desat-
urases 1, 2, 3, and 4 (Scd1, -2, -3, and -4), genes that encode the 
enzymes that catalyze the desaturation of stearic acid, after Qki 
depletion (Figure 3D and Figure 4E).

Second, an analysis of the fatty acids based on their carbon 
chain lengths revealed that the levels of LCFAs and very-long-
chain fatty acids (VLCFAs), but not medium-chain fatty acids 
(MCFAs), were significantly diminished after Qki depletion (Sup-
plemental Figure 5, F–H). The composition analysis further indi-
cated that the percentage of VLCFAs among the total fatty acids 
was the most diminished after Qki depletion (8.6% in controls ver-
sus 5.3% in Qk-iCKO mice; P = 0.0049). Accordingly, the fatty acid 
ratios of 20:0/18:0, 20:1/18:1, 24:1/22:1, 22:5/20:5, and 22:4/20:4 
were all significantly reduced after Qki depletion (Figure 4, E and 
F, and Supplemental Figure 5, I and J), suggesting that these elon-
gating reactions are impaired. These results are consistent with 
the aforementioned transcriptional downregulation of hydroxys-
teroid 17-β dehydrogenase 12 (Hsd17b12) and 3-hydroxyacyl-CoA 
dehydratase 2, 3, and 4 (Hacd2, -3, and -4), genes that encode the 
enzymes responsible for the elongation of these fatty acids, after 
Qki depletion (Figure 3D, Figure 4E, and Supplemental Figure 5I).

In summary, complex lipidomic analyses revealed that the 
most markedly reduced fatty acids after Qki depletion were the 
SFAs, MUFAs, LCFAs, and VLCFAs (Supplemental Figure 5, B, 
C, G, and H). Our finding that Qki is a transcriptional regulator of 
fatty acid metabolism raised the strong possibility that impaired 
lipid metabolism is a cause of the Qki depletion–induced demye-
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iments revealed that PPARβ and RXRα, but not other PPAR and 
RXR homologs, specifically interacted with Qki-5 (Figure 5, B–D).

Although Qki-5 is an RNA-binding protein (23), the interac-
tion between Qki-5 and PPARβ was not affected by either RNase 
A treatment or mutation of Qki-5 (V157E), which disrupts the 
RNA-binding ability (27), indicating that RNA was not essential 
for the formation of the Qki-5–PPARβ–RXRα complex (Figure 5, E 
and F, and Supplemental Figure 6C). In fact, approximately 96.5% 
of the differentially expressed genes after Qki depletion do not 
contain a Qki response element (QRE) (Supplemental Figure 6D). 
In support of this, the transcription of fatty acid metabolism genes 
was similarly upregulated by ectopically expressed Qki-5WT and 
Qki-5V157E (Supplemental Figure 6E), suggesting that Qki regulates 
gene expression independently of its RNA-binding ability.

To uncover the molecular mechanism by which the Qki-
PPARβ-RXRα complex regulates the transcription of genes 
involved in lipid metabolism, differentiated oligodendrocytes with 
ectopic expression of hemagglutinin-tagged PPARβ (HA-PPARβ) 
were analyzed by chromatin immunoprecipitation and sequenc-
ing (ChIP-seq) using anti–Qki-5, anti-PPARβ, and anti-HA anti-
bodies, and 30,179 Qki-5–binding peaks, 26,406 PPARβ-binding 
peaks, and 30,042 HA-binding peaks were identified (Figure 5G). 
Consensus PPAR response element (PPRE) motifs were signifi-
cantly enriched in both PPARβ- and HA-binding events (Supple-
mental Figure 6F), confirming the specificity of the ChIP. Strik-
ingly, we found that 74.4% (19,654 of 26,406) of PPARβ sites and 
66.9% (20,113 of 30,042) of HA sites were cobound by Qki-5 
(Figure 5G). Moreover, genomic distribution analyses of Qki-
5– and PPARβ-binding events showed similarly high enrichment 
at promoter/transcription start site regions (30.2%, 31.1%, and 
28.6% of Qki-5–, PPARβ-, and HA-binding events, respectively, 
whereas only 1.1% of regions are considered promoter regions 
across the whole genome; Figure 5, H–J). Reinforcing the notion 
that Qki-5 and PPARβ coregulate the transcription of fatty acid 
metabolism genes, Qki-5, PPARβ, HA, and Pol II occupancies 
were codetected at the promoter regions of 45 genes involved in 
fatty acid metabolism, such as Scd2, Scd4, fatty acid desaturase 1 
(Fads1), Fads2, ELOVL fatty acid elongase 5 (Elovl5), and Hacd2 
(Figure 5K and Supplemental Figure 6G), and the mRNA levels 
of majority of these genes (73.3%; 33 of 45) were significantly 
downregulated in Qk–/– oligodendrocytes relative to WT oligoden-
drocytes (Figure 3, D–F). Consistently, Qki-5– and PPARβ-binding 
events showed similarly high enrichment at promoter/transcrip-
tion start site regions in freshly isolated mouse oligodendrocytes 
(Supplemental Figure 6, H–L). Importantly, we found that the 
promoter occupancies of PPARβ at Scd2 and carnitine palmitoyl-
transferase 1c (Cpt1c) were greatly diminished by Qki depletion 
(Supplemental Figure 6M), suggesting that Qki either recruits or 
stabilizes PPARβ at the promoters. In addition, we found that the 
PPARβ-specific agonist GW501516 stimulated the transcription 
of fatty acid metabolism genes with comparable potency in WT 
and Qk–/– oligodendrocytes (Supplemental Figure 6N), indicating 
that Qki-5 might serve as a transcriptional coactivator instead of 
an essential component of the PPARβ-RXRα complex. In support 
of this, ectopically expressed Qki-5 promoted the transcription of 
a PPAR-responsive luciferase reporter (Supplemental Figure 6O). 
Together, these findings strongly suggest that Qki-5 functions as 

linating phenotype. To test this hypothesis, we determined wheth-
er dietary supplementation of fatty acids alleviated the severe 
demyelinating symptoms of Qk-iCKO animals. Indeed, compared 
with the Qk-iCKO mice that were fed a normal diet, the mice that 
received a high-fat diet (HFD) enriched with various fatty acids 
had a markedly longer time to the onset of neurological signs, low-
er mean clinical scores, better coordinate movement on rotarod 
tests, and longer median overall survival durations (56 days versus 
36 days; Figure 4, G–I, Supplemental Figure 5K, and Supplemental 
Video 2). Ultrastructural analyses confirmed that Qk-iCKO mice 
fed the HFD had a significantly higher percentage of myelinated 
axons (31.7% in the normal diet group versus 61.5% in the HFD 
group; P < 0.0001) and thicker myelin sheaths (g-ratio: 0.94 in the 
normal diet group versus 0.84 in the HFD group; P = 0.0001) than 
did mice fed a normal diet (Figure 4J). Moreover, Qk-iCKO mice 
fed the HFD had 85.8% higher myelin lipid levels than did mice 
fed a normal diet (Figure 4K and Supplemental Figure 5L). Togeth-
er, these results demonstrate that a Qki-mediated continuous fatty 
acid supply is required for mature myelin maintenance and that an 
HFD can partially rescue Qki loss–induced demyelination.

Qki regulates fatty acid metabolism via PPARβ-RXRα. The PPAR 
signaling pathway is a major regulator of lipid metabolism, adipo-
genesis, and energy homeostasis (34). Interestingly, pathway anal-
yses with transcriptomic data revealed that the PPAR signaling 
pathway was one of the cascades that was most profoundly affect-
ed by Qki depletion (Figure 3B and Figure 5A), suggesting that Qki 
may regulate lipid metabolism through this pathway. Based on the 
observations that the expression of all homologs of PPAR in the 
corpus callosum was comparable in Qk-iCKO mice and controls 
and that most Qki-5 was localized on chromatin (Supplemental 
Figure 6, A and B), we hypothesized that Qki-5 interacts with the 
PPAR-RXR complex to modulate the transcription of fatty acid 
metabolism genes. Indeed, coimmunoprecipitation (co-IP) exper-

Figure 4. Qki controls fatty acid desaturation and elongation and HFD 
alleviates Qki deficiency–induced demyelination. (A and B) Quantifi-
cation of the concentration of total and each species of fatty acids (FAs) 
in the spinal cords of Qk-iCKO mice and controls 5 weeks post injection 
(wpi) (n = 5 mice/group). (C) Heatmap plotting the compositions of each 
fatty acid species in the samples in A (n = 5 mice/group). The green boxes 
highlight the saturated and monounsaturated LCFAs and VLCFAs. (D) 
Quantification of the MUFA/SFA ratios in the samples in A (n = 5 mice/
group). (E) Schema showing the desaturating and elongating reactions 
of fatty acids with the reduction in specific fatty acid molecules (from 
lipidomic data) and the downregulated corresponding enzymes (from 
RNA-seq data) in Qk-iCKO mice relative to controls. (F) Quantification of 
the product/substrate ratios of representative fatty acid desaturating 
and elongating reactions in the samples in A (n = 5 mice/group). (G and H) 
The clinical scores (G) and Kaplan-Meier overall survival curves (log-rank 
test; H) of Qk-iCKO mice and controls fed a normal diet (ND) or HFD. 
The experimental mouse number is indicated in G. (I) Latency to fall (in 
seconds) off the rotarod (5 rpm) for Qk-iCKO mice and controls fed an ND 
or HFD for 5 wpi. (J) Representative electron micrographs and quantifica-
tion of the percentage of myelinated axons and g-ratio of the optic nerves 
of Qk-iCKO mice and controls fed an ND or HFD for 5 wpi. Scale bars: 500 
nm. (K) Representative images and quantification of FluoroMyelin level in 
the corpus callosum of Qk-iCKO mice and controls fed an ND or HFD for 5 
wpi. Scale bars: 50 μm. Data are mean ± SD. *P < 0.05; **P < 0.01; ***P < 
0.001; ****P < 0.0001 by Student’s t test (A, B, D, and F) or 1-way ANOVA 
followed by Bonferroni’s post hoc test (G and I–K). NS, not significant.
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the remaining axons (g-ratio: 0.83 versus 0.72; P = 0.0066; Supple-
mental Figure 7, D–G), yet a similar number of oligodendrocytes 
in the corpus callosum (Supplemental Figure 7, H and I). These 
results indicate that, similarly to Qki, PPARβ is critical for the main-
tenance of oligodendrocyte death–independent myelin homeosta-
sis. Consistently, depletion of PPARβ in mature oligodendrocytes 
resulted in a significant reduction in myelin lipids but not major 
myelin structural proteins in the corpus callosum (Supplemental 
Figure 7, J and K). Together with the data indicating that Qki inter-
acts with PPARβ to transcriptionally control myelin lipid metabo-
lism (Figure 5 and Supplemental Figure 6), the similar demyelin-
ating phenotypes of Ppard-iCKO mice and Qk-iCKO mice support 
the model that Qki and PPARβ work together in regulating myelin 
lipid metabolism and controlling myelin homeostasis.

Because loss of Qki diminished but not totally abolished 
PPARβ-RXRα transcriptional activity (Supplemental Figure 6N), 

a coactivator of PPARβ-RXRα to regulate the expression of fatty 
acid metabolism genes that are essential for maintaining mature 
myelin homeostasis.

PPARβ and RXR agonists alleviate Qki deficiency–induced demy-
elination. A previous study showed that PPARβ-null mice had 
altered myelin in the corpus callosum, yet it was unclear wheth-
er the effect was cell autonomous and whether PPARβ regulates 
myelin lipid homeostasis (35). To address these questions, we 
deleted Ppard (gene that encodes PPARβ) in mature myelinating 
oligodendrocytes by injecting Plp-CreERT2 Ppardfl/fl mice (hereafter 
called Ppard-iCKO mice) with tamoxifen at age 8 weeks (Supple-
mental Figure 7, A and B). Compared with control mice, at 5 weeks 
after tamoxifen injection Ppard-iCKO mice displayed significantly 
reduced motor coordinative movement (Supplemental Figure 7C), 
completely devoid of myelin sheaths in 36.7% of the axons, and sig-
nificant reduction in the thickness of myelin sheaths surrounding 

Figure 5. Qki-5 interacts with PPARβ-RXRα to regulate the transcription of genes involved in fatty acid metabolism. (A) GSEA shows the PPAR signaling 
pathway signature in freshly isolated mouse oligodendrocytes. (B) Co-IP using an anti–Qki-5 antibody in differentiated oligodendrocytes, followed by the 
detection of homologs of PPAR and RXR via immunoblotting. (C) Co-IP using an anti–Qki-5 antibody in differentiated oligodendrocytes, followed by detec-
tion of PPARβ via immunoblotting. Qk-knockout (Qk-KO) cells served as a negative control to exclude nonspecific immunoprecipitation from the anti–Qki-
5 antibody. (D) Reciprocal co-IP using an anti-PPARβ antibody, blotted with an anti–Qki-5 antibody. An IgG antibody served as a negative control. (E) Co-IP 
of Qki-5 and PPARβ in differentiated oligodendrocytes that were treated with RNase A while alive. (F) Co-IP of HA–Qki-5 (WT or V157E mutant) and PPARβ 
in differentiated oligodendrocytes. (G) Overlap of ChIP-seq peak sets of Qki-5, PPARβ, and HA in differentiated oligodendrocytes with ectopic expression 
of HA-PPARβ. (H) Genomic global distribution of the ChIP-seq peaks of Qki-5, PPARβ, and HA. (I) ChIP-seq density heatmaps of Qki-5, PPARβ, HA, and Pol 
II within ± 1 kb of the transcription start site (TSS). All peaks are rank ordered from high to low Qki-5 occupancy. (J) Average genome-wide occupancies of 
Qki-5, PPARβ, HA, and Pol II within ± 2.5 kb of the TSS. (K) Representative ChIP-seq binding peaks of Qki-5, PPARβ, HA, and Pol II on gene loci associated 
with fatty acid metabolism. Data are representative of 3 independent experiments (B–F).
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levels of myelin lipids in MS lesions were correlated with a lower 
density of oligodendrocytes, we counted the number of OLIG2+ 
oligodendrocytes in each MS lesion (Supplemental Figure 9D). 
We found that FlloPLPlo lesions had significantly lower numbers 
of oligodendrocytes than did control tissues (P < 0.01), suggesting 
that oligodendrocyte death was the major cause of the demyelin-
ation and decreased levels of myelin lipids and proteins that were 
observed in this subgroup of lesions (Figure 7, D and G). In contrast, 
80% (12 of 15) of the FlloPLPhi lesions (indicated by the red-dashed 
box in Figure 7G) had normal oligodendrocyte densities, suggest-
ing that diminished myelin lipid levels, rather than oligodendrocyte 
death, might be responsible for demyelination in this subgroup 
of lesions (Figure 7, D and G). The remaining 20% (3 of 15) of the 
FlloPLPhi lesions had relatively low oligodendrocyte density but nor-
mal myelin protein staining. One explanation for this discrepancy is 
the long half-life of these myelin structural proteins (14, 15). Inter-
estingly, although the number of samples was limited, the FlhiPLPlo 
lesions did not exhibit significantly lower oligodendrocyte numbers 
or lipid levels than did control tissues, suggesting the existence of 
additional demyelinating mechanisms that were independent of 
oligodendrocyte death or lipid reduction (Figure 7, D and G).

In support of the important role of the Qki-PPARβ-RXRα 
complex in the pathogenesis of PPMS, we found that QKI-5 was 
reduced specifically in the FlloPLPhi group for which myelin lipid 
reduction is the major pathogenic alteration (Figure 7, D and H). 
We next determined the expression levels of the genes (normal-
ized with the PLP expression level) of 8 Qki-PPARβ-RXRα–associ-
ated lipid metabolism pathways, including fatty acid metabolism, 
fatty acid biosynthesis, biosynthesis of unsaturated fatty acids, 
fatty acid elongation, fatty acid degradation, PPAR signaling, glyc-
erophospholipid metabolism, and sphingolipid metabolism, from 
published microarray data (40); a gene set enrichment analysis 
(GSEA) revealed that the activities of these pathways were signifi-
cantly downregulated in the MS lesions relative to controls (Figure 
7, I and J, and Supplemental Figure 9E). Notably, the levels of SCD, 
SCD5, HACD1, ELOVL1, and ELOVL5, the known Qki-PPARβ-RX-
Rα target genes that encode key enzymes for fatty acid desatura-
tion and elongation, were all significantly lower in the MS lesions 
than controls (Figure 7I and Supplemental Figure 9E). Together, 
our data indicate that disruption of the Qki-PPARβ-RXRα com-
plex–regulated lipid metabolism may play an important role in 
pathological demyelination of subsets of patients with MS.

Discussion
Myelin has long been considered to be an inert material (14–17), but 
our studies with Qk-iCKO and Ppard-iCKO genetic mouse models 
reveal that myelin itself, independent of oligodendrocyte survival, is 
a highly dynamic substance. We found that mature myelin homeo-
stasis requires a continuous Qki-PPARβ-RXRα–dependent biosyn-
thesis of the structural lipid components, particularly unsaturated 
and elongated fatty acids (Supplemental Figure 9F), probably owing 
to their high vulnerability to exogenous insults (5). An intriguing 
observation in our study is that depletion of Qki or PPARβ did not 
affect oligodendrocyte survival yet had detrimental effects on 
myelin integrity. We postulate that because myelin sheaths are such 
extraordinarily large extensions of membrane structure, they have 
a tremendously higher demand for continuous lipid synthesis than 

we next determined whether the CNS-permeant PPARβ agonist 
KD3010 (36) and RXR agonist bexarotene (37) could alleviate Qki 
depletion–induced demyelinating symptoms. Oral administration 
of KD3010 or bexarotene in Qk-iCKO mice significantly delayed 
the onset of neurological deficits, lowered clinical scores, and pro-
longed median survival times (2.34- or 1.41-fold, respectively) com-
pared with treatment with vehicle (Figure 6, A–D, Supplemental 
Figure 8, A and B, and Supplemental Videos 3 and 4). Strikingly, 
23.1% (3 of 13) of Qk-iCKO mice treated with KD3010 or bexaro-
tene lived for more than 100 days, with the maximum survival 
duration increased by 3.72- or 4.03-fold compared with that of Qk-
iCKO mice treated with vehicle, respectively (Figure 6, B and D). 
Consistent with their clinical improvement, Qk-iCKO mice treated 
with KD3010 or bexarotene had 115.3% or 73.7% more myelinated 
axons, with thicker myelin sheaths, than did Qk-iCKO mice treated 
with vehicle (Figure 6, E and F). In support of this, Qk-iCKO mice 
treated with KD3010 or bexarotene had 119.4% or 89.5% higher 
myelin lipid levels than did Qk-iCKO mice treated with vehicle (Fig-
ure 6, G and H, and Supplemental Figure 8, C and D). Additionally, 
the reduction in expression of Scd1, Scd2, Scd4, and Elovl5 in Qk-
iCKO mice was significantly alleviated by treatment with KD3010 
(Supplemental Figure 8E). These significant alleviations of Qki 
depletion–induced demyelinating symptoms and enhancement 
of myelin lipid biosynthesis by PPARβ and RXR agonists confirm 
that PPARβ-RXRα–dependent fatty acid metabolism is a key down-
stream target of Qki in maintaining mature myelin homeostasis and 
provide justification for the use of PPARβ/RXRα agonists in future 
clinical trials for patients with demyelinating diseases.

Myelin lipids are preferentially reduced in MS. Experimental 
autoimmune encephalomyelitis manifests as an acute ascend-
ing paralysis that either remits or plateaus, and is widely used as 
an animal model of relapsing-remitting MS (38). In contrast, the 
clinical course of our Qk-iCKO mice is characterized by a chron-
ic accumulation of neurological disability that is more reminis-
cent of the primary progressive subset of MS. To investigate the 
potential role of myelin lipid dysregulation in the pathogenesis of 
human demyelinating diseases, we obtained 30 individual lesions 
that were characterized following the Lassmann/Brück method 
(39) from the brains of 6 patients with primary progressive MS 
(PPMS) (Supplemental Figure 9A). Frontal lobe white matter tis-
sues from 5 donors without neurological disease were analyzed in 
parallel as controls. The average level of myelin lipids in these MS 
lesions, as measured by FluoroMyelin staining, was 24.8% of that 
in the control tissues (Figure 7A). In contrast, despite marked vari-
ations among individual lesions, the average levels of the major 
myelin structural proteins (PLP, MBP, and MAG) were not sig-
nificantly different in the MS lesions compared with the controls 
(Figure 7B and Supplemental Figure 9, B and C). By grouping these 
MS lesions on the basis of their myelin lipid and protein levels, we 
found that 50% (15 of 30) of the lesions exhibited low lipid levels 
but normal protein levels (FlloPLPhi), 10% exhibited normal lipid 
levels but low protein levels (FlhiPLPlo), and the remaining 40% 
exhibited low levels of both lipids and proteins (FlloPLPlo) (Figure 
7, C–F). These data suggest that myelin lipids are preferentially 
reduced in a subset of PPMS lesions.

Oligodendrocyte death is often considered a primary patho-
genic event in MS (2–4). To determine whether the observed lower 
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because no myelin defects have been reported in Ppara-KO mice 
(44), our data suggested that PPARβ is a more important mediator 
of Qki’s function in myelin maintenance than PPARα.

Various studies, by taking advantage of ChIP-seq, showed 
that between 4% and 49% of PPARβ-binding sites resided in pro-
moter regions (45–48). One explanation for this large variation is 
that these studies (as well as ours) were performed in different 
cell types. Of note, other than a 16-bp consensus sequence PPRE, 
NFIA/NFIX, Rfx, NF1, Sp1, NRF1, and Sox9 motifs were also iden-
tified as highly enriched motifs by both our PPARβ ChIP and HA 
ChIP (data not shown), indicating that various cofactors might 
codetermine where PPARβ interacts on the chromatin. In line with 
our finding, other studies have also found that PPARβ cooperated 
with other transcription factors to specifically regulate subsets of 
genes, and these factors could be tissue or cell type dependent (46).

The great variability in MS genetics, clinical course, appear-
ance on imaging, pathology, and response to therapy suggests that 
this chronic demyelinating disorder has multiple etiologies (2). 
Autoimmune attack (49) and autonomous oligodendrocyte death 
(3) are thought to be the primary pathogenic events in MS. Con-
trary to these hypotheses, which both imply a major role for oligo-
dendrocyte death in MS, other studies have noted that 30%–60% 
of early active lesions exhibit no apparent oligodendrocyte death 
(6–8). Our research found that dysregulation of the myelin lipid 
metabolism (in both Qk-iCKO and Ppard-iCKO mice) is sufficient 
to drive a demyelinating syndrome without affecting oligodendro-
cyte viability, indicating that defective lipid metabolism may play 
an important role in the formation of some MS lesions.

Most disease-modifying therapies that are used to manage 
relapsing-remitting MS have been found to be ineffective in pro-
gressive forms of the disease (50). There is a dire need for inter-
ventions that slow or block the chronic, progressive component 
of MS. Excitingly, the therapeutic benefits of the HFD, KD3010, 
and bexarotene in Qk-iCKO mice raise the possibility that similar 
approaches would be efficacious in a subset of patients with pro-
gressive MS with reduced lipid synthesis in oligodendrocytes and/
or in individuals with leukodystrophies such as diffusely abnormal 
white matter, in which the myelin lipid level is greatly reduced yet 
the myelin protein level is relatively unchanged (51).

Methods
Mice. Mice bearing the Plp-CreERT2 allele (C57BL/6) (52) and mice bear-
ing the Ppard-loxP allele (C57BL/6) (53) were obtained from The Jackson 
Laboratory. Mice with the Nestin-CreERT2 allele (C57BL/6) were provid-
ed by Ryoichiro Kageyama (Kyoto University, Kyoto, Japan) (54). Mice 
with the Qk-loxP allele were described previously (29). Mice bearing the 
Qk-loxP allele were crossed with mice bearing the Plp-CreERT2 allele, in 
which the expression of tamoxifen-inducible Cre is under the control of 
the Plp promoter; the Plp-CreERT2 Qkfl/fl, Plp-CreERT2 Qkfl/+, or WT mice 
were generated and used in further experiments. Mice bearing the Qk-
loxP allele were crossed with mice bearing the Nestin-CreERT2 allele, in 
which the expression of tamoxifen-inducible Cre is under the control of 
the Nestin promoter, and Nestin-CreERT2 Qkfl/fl pups were used for NSC 
isolation. All mouse work was performed under pathogen-free condi-
tions at MD Anderson’s animal facility. Mice were fed a standard chow 
unless otherwise specified, maintained under a 12-hour light/dark cycle, 
housed in groups, and monitored for signs of ill health every other day.

do other cell membranes; therefore, myelin membranes should be 
particularly sensitive to loss of Qki or PPARβ. Supporting the notion 
that Qki-dependent lipid metabolism is not essential for general cell 
survival, our previous work showed that, consistent with Qki’s role 
as a tumor suppressor (41), Qki depletion in Pten/Trp53-deficient 
NSCs greatly promoted cell growth and gliomagenesis (29).

Distinct from the widely held dogma that Qki functions pri-
marily as an RNA-binding protein in oligodendrocyte differen-
tiation and myelination (23–28), we uncovered what we believe 
is a previously unknown function of Qki-5 — as a transcriptional 
coactivator of the PPARβ-RXRα complex to regulate fatty acid 
metabolism during myelin homeostasis. Although previous stud-
ies have already shown reduced myelin lipid content in the qkv 
mouse (42, 43), which carries a germline mutation resulting in 
reduced expression of Qki protein (along with 2 other proteins, 
Pacrg and Park2) from birth (23), it is worth noting that the reduc-
tion in all myelin structural components, including myelin lipids 
and myelin proteins, is secondary to the impaired oligodendrocyte 
differentiation and subsequent failure of myelin formation in qkv 
mice during development (23–28).

We noticed that the demyelinating phenotypes of Ppard-iCKO 
mice were not as strong as those of Qk-iCKO mice, and the Qk-de-
letion-induced demyelinating phenotype was not completely res-
cued by the HFD, KD3010, or bexarotene (Figures 4 and 6). There 
are 3 potential explanations for this. First, although the biosyn-
thesis of unsaturated fatty acids, fatty acid metabolism, and fatty 
acid elongation (which are all downstream of PPARβ signaling) are 
the pathways most profoundly affected by Qki depletion (Figure 3 
and Supplemental Figure 4), we acknowledge the potential con-
tributions of Qki to other PPARβ-independent pathways. In fact, 
34.9% (10,525 of 30,179) of Qki-5 DNA binding sites identified 
by ChIP-seq did not overlap with PPARβ DNA binding sites (Fig-
ure 5G), suggesting that PPARβ-independent Qki-5 DNA binding 
sites might also be involved in demyelination in Qk-iCKO mice. 
Second, in investigating the transcriptional downregulation of the 
fatty acid metabolism genes, we focused on Qki-5, because we 
found that Qki-5 was located on chromatin and interacted with the 
PPARβ-RXRα complex. However, we cannot rule out the possibility 
that the cytoplasmic Qki-6 and Qki-7 might also contribute to the 
demyelinating phenotype of Qk-iCKO mice in a PPARβ-indepen-
dent manner. Lastly, we found that PPARα could also interact with 
Qki-5, although this interaction is not as strong as that between 
PPARβ and Qki-5, and it could be disrupted by sonication (data 
not shown). Therefore, it is possible that PPARα could compensate 
for the loss of PPARβ activity in Ppard-iCKO mice. Nevertheless, 

Figure 6. PPARβ and RXR agonists alleviate Qki deficiency–induced 
demyelination. (A–D) The clinical scores and Kaplan-Meier overall survival 
curves (log-rank test) of Qk-iCKO mice and controls receiving daily oral 
administration of KD3010, bexarotene (Bex), or vehicle (Veh). The exper-
imental mouse number is indicated in A and C. (E and F) Representative 
electron micrographs and quantification of the percentage of myelinated 
axons and g-ratio of the optic nerves of the experimental mice after 5 
weeks of treatment. Scale bars: 500 nm. (G and H) Representative images 
and quantification of FluoroMyelin level in the corpus callosum of the 
experimental mice after 5 weeks of treatment. Scale bars: 50 μm. Data are 
mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by 1-way 
ANOVA followed by Bonferroni’s post hoc test.
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Figure 7. Lipids are more vulnerable than proteins in PPMS lesions. (A and B) Quantification of staining of FluoroMyelin (A) and PLP (B) in the frontal lobes 
from 5 human brains without neurological disease (control) and 30 lesions from 6 patients with PPMS. (C) Scatter plot of FluoroMyelin intensity versus PLP 
intensity in the samples in A. The solid lines among red dots represent the average levels of FluoroMyelin and PLP in controls. (D–H) Representative images 
(D) and quantification of FluoroMyelin level (E), PLP level (F), OLIG2+ cell number (G), and QKI-5 level (H) in controls and 3 subtypes of PPMS lesions, which 
were divided according to the level of FluoroMyelin and PLP in C. n = 5 in the control group; n = 3 in the FlhiPLPlo group; n = 15 in the FlloPLPhi group; n = 12 
in the FlloPLPlo group. Scale bars: 50 μm. (I and J) Comparison of GSEA of fatty acid metabolism pathways (I) and the NES (J) between MS lesions and the 
controls. Box plots indicate medians, interquartile values, ranges, and individual pathways. BUFA, biosynthesis of unsaturated fatty acids; FAB, fatty acid 
biosynthesis; FAD, fatty acid degradation; FAE, fatty acid elongation; FAM, fatty acid metabolism; GM, glycerophospholipid metabolism; SM, sphingolipid 
metabolism. Data are mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by Student’s t test (A and B), 1-way ANOVA followed by Bonferroni’s 
post hoc test (E–H), or Wilcoxon’s signed-rank test (J). NS, not significant. 
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characterized following the Lassmann/Brück method (39). Briefly, 
reduction in the intensity of Luxol fast blue stain and/or immunohisto-
chemistry of MBP was used to indicate the demyelinating activity; the 
presence/absence and distribution of macrophages/microglia (immu-
nohistochemistry of CD68) was used to indicate inflammatory activ-
ity (39). The frontal lobe white matter from neurological disease–free 
human brains was used as control tissue. The intensities of PLP and 
FluoroMyelin (Invitrogen) were quantified and normalized with the 
average level of those in control tissue. The levels of FluoroMyelin and 
PLP that were lower than 50% of the average level of those in control 
tissues were defined as Fllo and PLPlo, respectively; all of the lesions 
were grouped into 3 groups based on their myelin lipid and protein lev-
els: FlloPLPhi, FlhiPLPlo, and FlloPLPlo.

NSC isolation and oligodendrocyte differentiation. Mouse NSCs were 
isolated using neural tissue dissociation kits according to the manufac-
turer’s instructions (Miltenyi Biotec). In brief, whole Nestin-CreERT2 
Qkfl/fl mouse forebrains from postnatal day 1 pups (both sexes) were 
dissociated enzymatically and the single-cell suspension was cultured 
in NeuroCult Basal Medium (Stemcell Technologies), supplemented 
with 20 ng/mL epidermal growth factor (ProteinTech), 10 ng/mL basic 
fibroblast growth factor (ProteinTech), NeuroCult Proliferation Sup-
plement (Stemcell Technologies), 50 units/mL penicillin G, and 50 μg/
mL streptomycin in a humidified 37°C incubator with an atmosphere 
containing 5% CO

2
. The NSCs were exposed to 100 nM 4-hydroxy-

tamoxifen (Sigma-Aldrich) twice at an interval of 2 days to knockout 
Qk. To induce oligodendrocyte differentiation, NSCs were cultured 
on dishes coated with poly-L-ornithine (Sigma-Aldrich) and laminin 
(Thermo Fisher Scientific) and maintained in neurobasal medium 
(Thermo Fisher Scientific) containing B-27 (Thermo Fisher Scientific), 
2 mM GlutaMAX-I (Thermo Fisher Scientific), 100 ng/mL insulin- 
like growth factor 1 (IGF-1) (Peprotech), 50 ng/mL 3,3′,5-triiodo-L- 
thyronine (T3) (Cayman Chemical), 50 units/mL penicillin G, and 50 
μg/mL streptomycin. IGF-1 and T3 were added daily, and the differen-
tiation medium was replaced with fresh medium every other day.

Primary oligodendrocyte isolation. Tamoxifen was administered 
subcutaneously to 8-week-old Qk-iCKO mice and controls on 2 con-
secutive days. Four days later, brains were dissociated enzymatical-
ly according to the instructions of the Adult Brain Dissociation Kit 
(Stemcell Technologies). After the removal of debris and red blood 
cells, the single-cell suspension was incubated with anti-O4 micro-
beads, followed by magnetic separation. The O4+ oligodendrocytes 
and the O4– flow-through were collected separately for further RT- 
qPCR validation. The O4+ oligodendrocytes from Qk-iCKO mice and 
controls were used for RNA sequencing.

Tissue preparation and immunofluorescence. Mice were anesthe-
tized with isoflurane and perfused transcardially with 4% formal-
dehyde. Their brains, spinal cords, and optic nerves were removed, 
postfixed in formalin at room temperature for 2 days, and embedded 
in paraffin. Five-micrometer-thick paraffin-embedded sections were 
deparaffinized and subjected to heat-induced antigen retrieval in 
citrate buffer (Poly Scientific R&D Corp.). The sections were blocked 
with 10% horse serum and incubated with primary antibodies over-
night at 4°C in the blocking solution. The following antibodies were 
used for staining, according to their manufacturer’s directions: anti-
Olig2 (catalog AB9610), anti-Olig2 (catalog MABN50), anti-asparto-
acylase (anti-ASPA) (catalog ABN1698), and anti-MBP (QD-9; catalog 
AB5864) were from Merck Millipore; anti-IBA1 (catalog ab107159), 

When the Plp-CreERT2 Qkfl/fl mice were 8 weeks old, 100 μL of 
tamoxifen (10 mg/mL in corn oil; Sigma-Aldrich) was injected subcuta-
neously on 2 consecutive days to induce the deletion of Qk in oligoden-
drocytes. Littermates of both sexes with the same genetic backgrounds 
and of the same ages were used for all experiments. For the high fatty 
acid diet rescue experiment, 8-week-old mice were fed either a nor-
mal chow or chow supplemented with 13.68% SFAs and 14% MUFAs 
(58Y1; TestDiet). For the KD3010 rescue experiment, 8-week-old mice 
were orally administered 50 mg/kg/day KD3010 or vehicle (0.5% car-
boxymethyl cellulose containing 12.5% ethanol). For the bexarotene 
rescue experiment, 8-week-old mice were given 100 mg/kg/day oral 
bexarotene (Cayman Chemical) or vehicle (0.5% carboxymethyl cel-
lulose). For the in vivo Brdu incorporation assay, 50 mg/kg BrdU (Sig-
ma-Aldrich) in phosphate-buffered saline (PBS) was injected into the 
peritoneal cavity every 8 hours for 4 days before scarification.

The tamoxifen-injected Qk-iCKO mice and controls were moni-
tored daily, and their neurological deficits were assessed weekly using 
a modified experimental autoimmune encephalomyelitis scoring 
system to characterize the disease phenotype and severity. In brief, 3 
types of neurological deficits, including tremor, hind limb weakness, 
and paresis, were scored on a scale from 0 to 2. Tremor was scored as 
T0 (no tremor), T1 (tremor when the tail was holding), or T2 (tremor 
when walking or standing). Hind limb weakness was rated as W0 (nor-
mal), W1 (an angle between the hind leg and paw of around 90°), or 
W2 (an angle between the hind leg and paw of around 180°). Hind limb 
paresis was categorized as P0 (normal), P1 (splayed gait and ataxia), or 
P2 (hind limb paresis or paralysis). The clinical score was the sum of 
these 3 ratings, ranging from 0 (T0W0P0) to 6 (T2W2P2). When the 
clinical score reached 5 or 6, most of the mice showed a hunched pos-
ture, immobility, and loss of body weight and were moribund. Thus, 
they were considered to have reached the clinical endpoint and were 
euthanized if they were not found dead. Euthanized mice were con-
sidered in the analyses in the same way as those that died, with the 
time of death or euthanasia plotted accordingly on the survival curves.

Mice bearing the Ppard-loxP allele were crossed with mice bearing 
the Plp-CreERT2 allele. The 8-week-old Plp-CreERT2 Ppardfl/fl mice were 
subcutaneously injected with 100 μL of tamoxifen (10 mg/mL) on 2 
consecutive days to induce the deletion of Ppard in oligodendrocytes 
specifically. To assess motor coordination and balance, the experi-
mental mice were tested on a rotarod apparatus (Harvard Bioscience, 
Inc.). After 3 days of training, mice were tested in a 2-minute trial on 
the rotarod apparatus rotating at 20 rpm. If a mouse stayed on the 
rotarod longer than 2 minutes, a time of 120 seconds was recorded. 
Mice were tested 4 times, with half-hour intervals between each trial. 
For statistical analyses, a mean latency of falling from the rotarod of 4 
trials of each mouse was used.

Human tissue specimens. Fresh-frozen tissue specimens were 
obtained from the Rocky Mountain MS Center Tissue Bank and stored 
at –80°C until use. In total, 11 postmortem brain slices were analyzed, 
including 5 control brain slices from donors without neurological dis-
ease and 6 from patients with PPMS. The patients’ age at the time 
of death, sex, postmortem interval, pathological diagnosis, cause of 
death, disease duration, and disease-modifying therapies are shown 
in Supplemental Table 3. Lesions were recognized grossly, dissected, 
and embedded in optimal cutting temperature compound. Twen-
ty-micrometer-thick frozen sections were sliced and stored at –80°C. 
Histological classification of PPMS lesions (5 from each patient) was 

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/5
https://www.jci.org/articles/view/131800#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

2 2 3 4 jci.org   Volume 130   Number 5   May 2020

MD Anderson. Digital images were obtained using the AMT Imaging 
System (Advanced Microscopy Techniques Corp.).

Electrophysiology. Compound action potential (CAP) recordings in 
optic nerves were performed as described elsewhere (55, 56). Briefly, 
optic nerves were dissected and immediately placed in a continuous-
ly perfused, oxygenated, and temperature-regulated (25°C) chamber 
containing standard Locke’s solution (154 mM NaCl, 5.6 mM KCl, 2 
mM CaCl2, 5 mM D-glucose, and 10 mM HEPES [pH 7.4]). The ends 
of the nerve were drawn orthodromically into suction electrodes, with 
the retinal side in the stimulating electrode and the chasmic side in 
the recording electrode. Nerves were then stimulated and the respons-
es to a depolarizing current were amplified, digitized, recorded, and 
analyzed using Molecular Devices Axon pClamp, MultiClamp, and 
Clampfit software. Nerve conduction velocity was calculated by divid-
ing the length of the optic nerve by the time from stimulation to the 
peak of the CAP.

Complex lipidomic analyses. Tamoxifen was administered to 
8-week-old Qk-iCKO mice and controls. Each spinal cord was col-
lected, weighed, and lipids were extracted for further mass spectro-
metric analyses to yield data from each mouse (n = 5 mice/group). 
Lipidomic analyses were performed by Metabolon, Inc. Lipids were 
extracted from the spinal cords using dichloromethane and metha-
nol in a modified Bligh-Dyer extraction procedure, in the presence of 
internal standards, with the lower organic phase used for analysis. The 
extracts were concentrated under nitrogen and reconstituted in 0.25 
mL of dichloromethane/methanol (50:50) containing 10 mM ammo-
nium acetate. The extracts were placed in vials for ion-mobility spec-
trometry analyses, performed on a SelexION-equipped SCIEX 5500 
QTRAP mass spectrometer with both positive- and negative-mode 
electrospray. Each sample was analyzed twice, with the ion-mobility 
spectrometry–mass spectrometry conditions optimized for the lipid 
classes monitored in each analysis. The 5500 QTRAP mass spectrom-
eter was operated in multiple reaction monitoring mode to monitor 
the transitions for over 1,100 lipids from up to 14 lipid classes, includ-
ing neutral lipids (cholesteryl ester, triacylglycerol, diacylglycerol, 
and free fatty acid), phospholipids (phosphatidylcholine, phosphati-
dylethanolamine, phosphatidylinositol, lysophosphatidylcholine, and 
lysophosphatidylethanolamine), and sphingolipids (sphingomyelin, 
ceramide, hexosylceramide, lactosylceramide, and dihydroceramide). 
Individual lipid species were quantified based on the ratio of the sig-
nal intensity for the target compound to the signal intensity for an 
assigned internal standard of known concentration. Lipid class con-
centrations (μmol/g spinal cord tissue) were calculated by summing 
the quantities of all molecular species within a class, and fatty acid 
compositions were determined by calculating the proportion of indi-
vidual fatty acids within each class.

Stable cells. The coding DNA sequence region of WT or mutant 
Qki-5 with an HA tag at the C-terminus was subcloned into the lentivi-
ral vector pInducer20 (57), and the lentiviruses packaged in HEK293T 
cells were used to infect Qki-depleted NSCs. After selection with 
G418 (Thermo Fisher Scientific), the surviving cells were treated with 
doxycycline (Sigma-Aldrich) to induce the expression of HA–Qki-5 
(WT or mutant). Similarly, the coding DNA sequence region of Ppard 
gene was subcloned into pInducer20, and doxycycline-inducible 
PPARβ-expressing stable cells were generated in NSCs.

Dual-luciferase reporter assay. HEK293T cells were seeded in 
24-well plates. A mixture of a PPAR-responsive firefly luciferase report-

anti-Brdu (catalog ab6326), anti-PLP (catalog ab105784), anti-PPARβ 
(catalog ab137724), and anti-CD68 (catalog ab955) were from Abcam; 
anti-MAG (catalog 9043), anti-PDGFRα (catalog 3174), and anti–
cleaved caspase 3 (catalog 9661) were from Cell Signaling Technology; 
anti-QKI (catalog SAB5201536) was from Sigma-Aldrich; anti-GFAP 
(catalog 556330) was from BD Biosciences; anti-GSTpi (catalog 311) 
was from MBL International; anti-MBP (catalog SMI-94R) was from 
Covance; anti–QKI-5 (catalog IHC-00574) was from Bethyl Laborato-
ries; anti–QKI-6 (catalog 75-190) and anti-AnkG (catalog MABN466) 
were from NeuroMab; anti–QKI-7 was from a rabbit immunized with a 
short synthetic peptide (KGGPIEPSGVLEWIEMPVMPDISAH); anti-
CD3 (catalog A0452) was from DAKO; and anti-Caspr was a gift from 
Matthew N. Rasband (Baylor College of Medicine, Houston, Texas, 
USA). After 3 washes with Tris-buffered saline containing 0.1% Tween 
20, the sections were incubated with species-appropriate secondary 
antibodies conjugated with Alexa Fluor dyes for 1 hour. To mount the 
stained sections, mounting medium with DAPI (Vector Laboratories) 
was used. All stained sections were visualized using a Leica DMi8 
microscope, and images were obtained using a Leica DFC345 FX dig-
ital monochrome camera.

Frozen sections were thawed at room temperature for 30 minutes 
and fixed in ice-cold formalin for 10 minutes. After being rehydrated 
with cold PBS, sections were blocked with 10% horse serum and incu-
bated with primary antibodies and secondary antibodies, as described 
above. For FluoroMyelin staining, the rehydrated slides were stained 
directly for 20 minutes at room temperature.

Strong autofluorescence was stimulated in the human brain 
sections by multiple wavelength channels of the microscope; it was 
removed in 2 ways. For staining of OLIG2, autofluorescence was 
removed using the TrueBlack Lipofuscin Autofluorescence Quencher, 
according to the manufacturer’s instructions (Biotium); the fluores-
cence images were obtained normally. For FluoroMyelin, PLP, MBP, 
and MAG, immunofluorescent staining was performed normally 
using secondary antibodies that were specifically stimulated by the 
red wavelength channel. The sections were imaged using both the 
red channel and the green channel, and signals that appeared in both 
channels were considered autofluorescent noise. Using this infor-
mation, we devised an algorithm for enhancing the signal-to-noise 
ratio of the images. The intensities of the green-filtered image were 
mean-centered. This mean was subtracted from the red image to 
remove strong background noise signals. The green image was then 
converted to a binary (black-and-white) format by setting the thresh-
old at the intensity returned by the Greythresh function in Matlab soft-
ware. The Matlab Regionprops function was used to obtain bounding 
boxes for all spots observed in the black-and-white–converted green 
image. The corresponding spots in the red-filtered image were sub-
stituted with the mean intensity of the red image. Pixels within the 
bounding boxes of the red image, corresponding to all spots identified 
in the green image, were then subjected to Gaussian filtering to blur 
these regions and thereby minimize noise.

Electron microscopy. Tamoxifen was administered to 8-week-old 
Qk-iCKO mice and controls. After 1, 2, and 5 weeks, the mice were 
anesthetized with isoflurane and transcardially perfused with 2% 
paraformaldehyde. The corpus callosum, optic nerves, and spinal 
cords were removed and postfixed in a solution containing 2% para-
formaldehyde and 3% glutaraldehyde in PBS at 4°C. Fixed samples 
were processed at the High Resolution Electron Microscopy Facility at 
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er, a constitutively expressing Renilla element, a pInducer20-PPARβ 
construct, and a pInducer20–Qki-5 construct (or the empty vector) 
was cotransfected. Forty-eight hours after cells were transfected and 
treated with doxycycline, they were lysed, and luciferase activity was 
measured using a dual-luciferase reporter assay system (Promega), 
following the manufacturer’s instructions. Transfection efficiency was 
normalized to Renilla luciferase activity.

RNA sequencing and pathway enrichment analyses. Total RNA was 
isolated as described in Supplemental Methods and treated with 
DNase (RNase-free, Qiagen). Sequencing was performed by the 
Illumina HiSeq/MiSeq sequencing service at the Sequencing and 
Microarray Facility at MD Anderson. Raw reads were aligned with 
the mouse reference genome (mm10 version) using the TopHat pro-
gram, allowing 2 mismatches. The DEseq2 package for R was used to 
perform normalization and create a gene expression matrix. All RNA 
sequencing data were analyzed from at least 3 biological replicates. 
The fold-change threshold at which genes were considered to be 
differentially expressed was set at 1.2-fold with P less than 0.05. Sig-
nificantly affected pathways were analyzed using Advaita Bio’s iPath-
wayGuide (http://www.advaitabio.com/ipathwayguide). In addition, 
GSEA was carried out as described previously to identify functional 
enrichment profiles (58).

Data availability. The RNA sequencing data and ChIP sequencing 
data reported in this study have been deposited in the NCBI’s Gene 
Expression Omnibus (GEO) under ID codes GSE84134, GSE106468, 
GSE125581, and GSE126577.

Statistics. The numerical results are presented as mean ± standard 
deviation (SD) and were compared using a 2-tailed Student’s t test 
(unpaired), 2-way ANOVA with Holm-Sidak multiple-comparisons 
test, or 1-way ANOVA followed by Bonferroni’s post hoc test, as indi-
cated. Animal survival durations were analyzed using the log-rank test. 
Statistical analyses were conducted using GraphPad Prism 6. The num-
bers of animals or cells used to perform the experiments are indicated 
in the figure legends. For immunoblotting and RT-qPCR, representa-
tive data from multiple independent replicates are shown. No statistical 
methods were used to predetermine sample size. P values of less than 
0.05 were considered to be statistically significant in all cases. There 
were no randomization or blinding events during the experiments.

All other methods are detailed in Supplemental Methods.
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