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Abstract
Myelin, a lipid-enriched multi-layer membrane structure, allows for rapid long-distance saltatory conduction of neuronal 
impulses. Although glycolipids are the predominant types of lipids in the myelin bilayer, the role of glycolipid transfer 
protein (GLTP), which selectively mediates the transfer of various glycolipids between phospholipid bilayer, in myelin 
development and maintenance remains unknown at present. In this study, we identified Gltp as the key lipid metabolism 
gene in myelin-forming oligodendrocytes (OLs) through integrated omics analysis across independent transcriptomic and 
single-cell sequencing studies. Gene expression analysis revealed that Gltp is selectively expressed in the differentiated OLs. 
Functional study demonstrated that its expression is essential for the differentiation of OLs, and promotes the outgrowth of 
OL membrane. Moreover, we found that the expression of Gltp is regulated by OL-lineage transcriptional factors, such as 
NKX2.2, OLIG2, SOX10, and MYRF. These findings provide important insights into the unrecognized functions of Gltp 
in OL differentiation and maturation.
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Introduction

GLTP is a 24-kDa soluble protein which was first discovered 
in the bovine spleen and later identified in other species rang-
ing from yeast to human [1–6]. The GLTP protein is highly 
conserved during evolution, and the amino acid sequences of 
porcine and bovine GLTP are 98% identical to that of human 
[4]. GLTP is localized in the cytoplasm and plasma membrane, 

but not in any cellular organelles [7]. Previous studies demon-
strated that GLTP mainly functions in the transfer of glycolip-
ids with a β-linked, but not α-linked sugar residue to its cera-
mide or glycerolipid backbone between two lipid membranes 
[8]. The substrates that can be transferred by GLTP include 
galactosylceramide (GalCer), lactosylceramide (LacCer), 
glucosylceramide (GlcCer), sulfatide, monosialoganglioside 
1 (GM1), and monosialoganglioside 3 (GM3) [9]. The struc-
ture of GLTP is well studied, and four conserved hydrophobic 
residues in the middle part of GLTP protein are found to play 
a sensor role in gating function [10]. Alternation in the GLTP 
expression causes changes in lipid classes, including LacCer, 
GlcCer, and sphingomyelin, all of which are the components of 
myelin [7, 11–14], indicating the important function of GLTP 
in transferring glycolipids and myelin development.

Myelin structures are elaborated by OLs in the central 
nervous system (CNS) [15]. During development, OLs are 
derived from oligodendrocyte precursor cells (OPCs), which 
are highly proliferative and migratory bipolar cells [16]. 
Regulated by both extracellular cues and intrinsic molecu-
lar signals, OPCs withdraw from cell cycle and differenti-
ate into mature OLs which form compacted myelin sheaths 
around neuronal axons [17]. Myelin expedites nerve conduc-
tion dramatically by reducing the transverse capacitance and 
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increasing the transverse resistance of the axonal plasma 
membrane [18]. Compared to other plasma membranes, 
myelin contains higher lipid content and glycolipid includ-
ing galactolipids, sulfatide, and 3-O-sulfogalactosylceramide 
[19–21]. These results suggest that GLTP may be involved 
in the transfer of glycolipid from endoplasmic reticulum to 
myelin sheath in myelinating OLs.

Here in, we identified that the Gltp gene is closely related 
to OL maturation through integrated multi-omics-based 
analysis. Our gene expression analyses revealed that Gltp is 
specifically expressed in differentiated mature OLs. Over-
expression of Gltp in primary cultured OPCs accelerated 
the maturation process, while knocking down of Gltp hin-
dered the maturation of OPCs. In addition, we found that the 
expression of Gltp is regulated by Nkx2.2 gene, as NKX2.2 
protein dramatically increased the transcriptional activity 
of Gltp promoter.

Materials and Methods

Integrated Multi‑Omics Analysis

Three transcriptomic studies of cuprizone (CPZ)-induced 
demyelination were selected based on the following crite-
ria: (1) The cuprizone-induced mouse models were used in 
the studies; (2) the samples were from primary tissues with 
normal controls; (3) experiments were run on the similar 

platform (microarray); (4) the studies were conducted by 
independent groups (Table S1). This accords with combin-
ing fold changes across studies to distinguish a meta-fold 
change for the meta-analysis, and the meta-p values were 
calculated by Fisher’s method. Top500 genes were selected 
when the meta-p value was less than 4.50E-5. Subsequently, 
membrane proteins specifically expressed by OLs were 
screened out through the Human Protein Atlas (HPA, https://​
www.​prote​inatl​as.​org/) and the LocDB (https://​www.​rostl​ab.​
org/) database as shown in the sketch of multi-omics analysis 
workflow (Fig. 1A).

Animals

All animal experiments were approved by the Committee of 
Laboratory Animals, Hangzhou Normal University, China. 
The wild-type (WT) mice were obtained from the Labora-
tory Animal Center of Hangzhou Normal University. Olig1-
Cre mouse line was provided by Dr. Chuck Stiles, and the 
Nkx2.2fx mouse line was provided by Sussel [22].

In Situ RNA Hybridization (ISH)

Mouse spinal cord and brain tissues were isolated and 
fixed in 4% paraformaldehyde (PFA) overnight at 4 °C in 
phosphate-buffered saline (PBS). Tissues were then dehy-
drated by 30% sucrose in PBS overnight at 4 °C, embed-
ded in OCT, and sectioned in a cryostat at 16-μm thickness. 

Fig. 1   Integrated multi-omics-
based discovery and validation 
of Gltp as OL-specific gene. 
A Study outline of integrated 
multi-omics-based analysis. B 
The cell type-specific expres-
sion patterns of myelin markers 
and the differently expressed 
Gltp were analyzed based on the 
single-cell RNA-seq data from 
HPA. C Schematic diagram of 
the function of GLTP in the 
delivery of oligodendroglial 
glycolipid. GSL, glycosphin-
golipid, a main component 
of myelin. PLP, proteolipid 
protein, an important constitu-
tive protein in myelin

https://www.proteinatlas.org/
https://www.proteinatlas.org/
https://www.rostlab.org/
https://www.rostlab.org/
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In situ hybridization with digoxigenin-labeled riboprobes 
was performed as described previously [23]. The digoxi-
genin-labeled RNA probe used in ISH corresponds to the 
34–946 nt of mouse Gltp mRNA (NM_019821.2). Images 
were acquired using the Nikon Eclipse 90i microscope.

Immunofluorescent Staining

Tissue sections were subjected to ISH for Gltp, followed 
by antigen retrieval in citrate sodium buffer at 90 ℃ for 
20 min. Sections were then examined by immunofluores-
cent staining. Procedures for immunofluorescent staining 
were described previously [24, 25]. The dilution ratio of 
primary antibodies is as follows: anti-mouse SOX10 (Oasis-
biofarm, OB-PGP001, 1:500), anti-mouse CC1 (Abcam, 
ab16794, 1:500), anti-mouse GFAP (Millipore, MAB360, 
1:2000), anti-mouse IBA1 (Wako, 019–19,741, 1:500), 
anti-GFP (Oasisbiofarm, OB-PGP003, 1:500), anti-Flag 
(Sigma, F1804, 1:1000), anti-CNP (Oasisbiofarm, OB-
PRT006, 1:500), anti-GLTP (Proteintech, 10,850–1-AP, 
1:200), anti-MBP (Abcam, ab7349, 1:500), anti-NeuN 
(Millipore, MAB377, 1:500), and anti-PLP (Oasisbiofarm, 
OB-PGP028, 1:200). Images of double immunofluorescent 
staining in tissues were achieved using the Zeiss LSM 710 
confocal microscope, and others were obtained using the 
Nikon Eclipse 90i microscope.

Western Blotting

The proteins with equal amounts were loaded on 10% 
Bis–Tris/PAGE gel, then transferred onto PVDF mem-
branes and blocked with 5% (wt/vol) milk dissolved in TBST 
(TBS, 0.05% Tween-20, pH 7.4) for 1 h at room tempera-
ture. The PVDF membranes were incubated with primary 
antibodies overnight at 4℃ and with secondary antibodies 
for 1 h at room temperature. Blots were developed using 
Pierce™ ECL western blotting substrate (Thermo Scientific, 
TD264271D) and imaged with chemiluminescent imaging 
system (ProteinSimple, FluorChem E). Primary antibod-
ies are as follows: anti-GLTP (Proteintech, 10,850–1-AP, 
1:1000), anti-β-actin (Huabio, EM21002, 1:10,000), anti-
MBP (Abcam, ab7349, 1:3000), anti-NKX2.2 (DSHB, 
74.5A5, 1:1000), anti-FASN (Proteintech, 66,591–1-lg, 
1:5000), and anti-SREBF1 (Proteintech, 66,875–1-lg, 
1:2000). Secondary antibodies were from goat anti-rabbit 
IgG (Invitrogen, 31,460, 1:5000), goat anti-mouse IgG (Inv-
itrogen, 31,430, 1:5000), or goat anti-rat IgG (ABclonal, 
AS028, 1:5000).

OPC Isolation and Culture

Cerebral cortices from P0 SD rats were dissected out, 
minced, and digested in 0.25% trypsin (Genom, GNM25300) 

at 37 ℃ for 20 min. The digestion was terminated with Dul-
becco’s modified Eagle’s medium (DMEM)/F12 (Gibco, 
21,331,020) containing 10% fetal bovine serum (FBS, 
Biological Industries, 04–001-1A). After centrifugation 
at 1400 rpm for 5 min, the digested cells were plated in a 
75-cm2 tissue culture flask coated with 100 μg/ml poly-L-
lysine (Sigma, P0899). The cell cultures were maintained 
in DMEM/F12 containing 20% FBS for 10  days, with 
a medium change every 3 days. The culture flasks were 
shaken on an orbital shaker model 420, Orbital Size 1.0 
(Thermo Fisher, Waltham, MA, USA) for 1 h (200 rpm, 
37℃) to remove microglial. The medium from the flasks 
was discarded and fresh DMEM/F12 with 10% FBS was 
added. The flasks were then shaken for 15–18 h (250 rpm, 
37℃). On the next morning, the medium was collected and 
plated on tissue culture dishes for 30 min at 37 ℃ to deposit 
dead cells and microglial. The non-adherent cells (OPCs) 
were collected and centrifuged at 1400 rpm for 5 min, then 
replated in DMEM with 10% FBS. After attaching to the 
surface of culture dish, OPCs were cultured in DMEM/F12 
supplemented with N2 (Invitrogen, 17,502,048), B27 (Invit-
rogen, 17,504,044), and 10 ng/ml of PDGF-AA (Peprotech, 
100-13A-10).

Differentiation Assay

The shRNA targeting the sequence of Gltp was designed 
and synthesized as follows: sense, 5′-GAT​CCG​CCC​
ATC​AAG​GCA​GAC​ATA​AGC​TTC​CTG​TCA​GAC​TTA​
TGT​CTG​CCT​TGA​TGG​GCT​TTTTG-3′ and antisense, 
5′-AAT​TCA​AAA​AGC​CCA​TCA​AGG​CAG​ACA​TAA​GTC​
TGA​CAG​GAA​GCT​TAT​GTC​TGC​CTT​GAT​GGGCG-
3′; BamHI and EcoRI digestion sites were added into the 
sense and antisense strands respectively. The annealed 
double-strand fragments were cloned into the pGreenPuro 
plasmid (System Biosciences, SI505A-1) to establish the 
pGreenPuro/Gltp shRNA or pGreenPuro/scramble lentivi-
ral vectors. HEK293T cells for lentiviral production were 
purchased from ATCC and cultured in DMEM (Gibco, 
C11995500BT) supplemented with 10% FBS. The pCDH-
CMV-MCS-EF1-copGFP (pCDH) empty vector (System 
Biosciences, CD511B-1) or pGreenPuro lentiviral vectors 
were co-transfected with pMD2.G (Addgene, 12,260) and 
psPAX2 (Addgene, 12,259) vectors into HEK293T cells by 
FuGENE. The culture medium was collected 48 h later, and 
centrifuged at 12,000 rpm for 1.5 h at 4℃. Then, the lenti-
viral sediment was resuspended with DMEM/F12 medium 
supplemented with N2, B27, and PDGF-AA. The titer of 
pCDH lentivirus was 2.50E + 07 TU/ml. The titer of pGreen-
puro lentivirus was 5.50E + 07 TU/ml determined by infec-
tious assay in HEK293T cells. The resuspended lentivirus 
was transferred to the dish which rat OPCs were cultured in. 
The protocol for rat OPC acquisition was described above. 
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Six hours later, the OPC cultural medium was replaced by 
the fresh DMEM/F12 medium supplemented with N2, B27, 
and 40 ng/ml of T3 (Sigma, T2877) for 2 days. Finally, the 
differentiated OPCs were determined by immunofluorescent 
staining with anti-MBP antibody or anti-CNP antibody.

Luciferase Assay

A total of 2.5 kb, 1.5 kb, and 0.45 kb upstream sequences 
from mouse Gltp gene were cloned into pGL3-basic 
(pGL3b) vector (Promega). Flag-tagged Olig1, Olig2, Myrf, 
Sox10, and Nkx2.2 were cloned into pCDH empty vector. 
Each 2 μg of pGL3-basic mixed with 4 μg of either pCDH, 
pCDH-Olig1, pCDH-Olig2, pCDH-Myrf, pCDH-Sox10, or 
pCDH-Nkx2.2 and 1 μg of pRL-TK (Promega) was trans-
fected into HEK293T cells by FuGENE. Luciferase activi-
ties were measured by Dual-Luciferase ® Reporter Assay 
System (Promega, E1910).

Chromatin Immunoprecipitation (ChIP)‑PCR Assay

Briefly, CG4 cells were infected by pCDH lentivirus 
(2.50E + 07 TU/ml) in 3.5-cm dish. One day later, the 
infected CG4 cells were collected and cultured in a 10-cm 
dish. After occupied all the space of 10-cm dish, the CG4 
cells were treated by 1% formaldehyde in medium for 10 min 
at room temperature. Two washes with ice-cold PBS con-
taining cocktail (Sangon Biotech, C600387) were performed, 
and these cells were dissociated by SDS lysis buffer (25 mM 
pH 7.4 Tris, 150 mM NaCl, 1% NP40, 1 mM EDTA). Then, 
the lysates were sonicated 15 times (10 s each) on ice. After 
centrifugation at 12,000 rpm for 20 min, the supernatant 
was diluted in ChIP dilution buffer (0.01% SDS, 1.1% Tri-
tonX-100, 1.2 mM EDTA, 16.7 mM pH8.0 Tris–Cl, 167 mM 
NaCl) and incubated overnight with anti-FLAG magnetic 
beads (Sigma, M8823) at 4 ℃. Samples were washed three 
times in TBS buffer (150 mM NaCl, 25 mM pH7.4 Tris), 
and the FLAG-tagged proteins were eluted with 120 μl TBS 
buffer containing 10 μg FLAG peptide (Sangon Biotech, 
T510060). After treated with magnetic separator, the super-
natant was collected and disposed with proteinase K at 45℃ 
for 45 min. Coprecipitate DNAs were purified using DNA 
clean-up kit (CWBIO, CW2301). The immunoprecipitated 
DNA was eluted in 30 μl nuclease-free water and checked 
by PCR. Primer sequences were listed below: 5′-CCC​GCA​
GAC​CGG​CAG​ATC​GA-3′; 5′-AAG​AGG​GAT​CTG​GGC​
CGG​TG-3′.

Determination of Cholesterol

For the first day, about 1.0E + 05 rat OPCs were cultured 
in 10-cm dish. At the second day, OPCs were infected by 
pCDH lentivirus (2.50E + 07 TU/ml). Six hours later, the 

OPC cultural medium was replaced by the fresh DMEM/F12 
medium supplemented with N2, B27, and 40 ng/ml of T3 for 
2 days. Eventually, all cells were digested in 0.05% trypsin, 
centrifuged at 1500 rpm for 10 min, and resuspended by 
PBS. The cell numbers were calculated by the automatic cell 
counter (BodBoge, JSY-FL-049). The content of cholesterol 
was determined by the total cholesterol assay kit (Nanjing 
Jiancheng Bioengineering Institute, A111-1–1). The unit for 
cholesterol in each group was μmol/million cells.

Statistical Analysis

All quantitative data were presented as the mean ± stand-
ard deviation (SD) and evaluated by a two-tailed Student’s 
t-test or two-way ANOVA. For each analysis, results from 
independent infections, transfections, cultures, or mice were 
treated as biological replicates (n ≥ 3).

Results

Identification of Gltp as OL‑Specific Gene 
by Multi‑Omics Analysis

To identify myelination-associated genes, we combined 
expression studies of CPZ-induced demyelination from the 
Gene Expression Omnibus (GEO) repository for a multi-
plex analysis. For each of the 35,000 transcripts tested, we 
calculated the meta-fold change by taking a linear combina-
tion of effect sizes (fold changes) weighted by the variance 
within each study, and the meta-p values across all studies by 
using Fisher’s method. Top500 genes were selected and then 
filtered through HPA and LocDB (Fig. 1A). We chose Gltp 
for further validation and characterization, as its expression 
appears to be OL-specific (Fig. 1B) and it is functionally 
related to lipid metabolism (Fig. 1C).

Gltp Is Expressed in Postnatal Spinal Cord and Brain 
Tissues

To investigate the possible function of Gltp in myelin devel-
opment, we first examined the spatiotemporal pattern of Gltp 
expression in the developing mouse spinal cord and brain tis-
sues. In situ RNA hybridization (ISH) revealed that expres-
sion of Gltp was not detected in embryonic mouse spinal 
tissues (Fig. 2A). Starting at postnatal day 0 (P0), a small 
number of Gltp-positive cells appeared in the ventral white 
matter of spinal cord (Fig. 2B). By P4, the expression of 
Gltp in the ventral and lateral white matter increased dramat-
ically (Fig. 2C) and continued to accumulate at later stages 
(Fig. 2D-F). In the brain tissue, Gltp signal emerged slightly 
later as Gltp-positive cells first emerged in the corpus cal-
losum at P4 (Fig. 3A) and gradually increased thereafter 
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(Fig. 3B-D). In addition, Gltp expression was also detected 
in other brain regions including cortical plate and striatum 
(Fig. 3E-G).

Gltp Is Exclusively Expressed in the Differentiated 
OLs

Since the white matter comprises OLs, astrocytes, and 
microglia [26], we next examined which cell type expressed 
Gltp. Double labeling experiments revealed that Gltp was 
only co-localized with SOX10 (Fig. 4A-D), a specific marker 
for OL lineage, but not with astrocyte marker GFAP (Fig. 4I-
L) or microglial marker IBA1 (Fig. 4M-P). Further analysis 
demonstrated that Gltp staining was only detected in CC1 + , 
MBP + , and PLP + differentiated OLs (Fig. 4E-H, S1I-P), 
but not in Pdgfra + OPCs (Fig. S1E-H) or NeuN + neurons 
(Fig. S1A-D).

To further confirm that Gltp is selectively upregulated in 
the differentiated OLs, we carried out western immunoblot-
ting with the spinal cord and cerebral tissues isolated from 
wild-type mice aged from P0 to P60. In the spinal tissue, the 
25 kDa GLTP protein first appeared at P7, increased sharply 

at P15, and peaked at P30 (Fig. 5A). In the cerebrum, the 
signal was clearly visible at P15, and also plateaued at P30 
(Fig. 5B). In parallel, MBP was used as a marker protein for 
differentiated OLs. Consistently, we found that the temporal 
sequence of GLTP expression in the spinal and cerebral tis-
sues was nearly identical to that of MBP (Fig. 5A-D).

Gltp Promotes the Differentiation and Maturation 
of OLs

We next wonder whether Gltp is functionally involved in 
the regulation of OL differentiation and maturation. To 
determine the direct effect of Gltp on OL differentiation, we 
knocked down the expression of Gltp in primary rat OPCs 
with shRNA, and found the number of MBP + (Fig. 6A-H, 
S) and CNP + (S2A-H, Q) OLs markedly decreased. On 
the contrary, when we overexpressed Gltp in the OPCs 
with lentivirus, it was found that Gltp overexpression sig-
nificantly increased the number of MBP + (Fig. 6I-P, T) and 
CNP + (Fig. S2I-P, R) differentiated OLs. Furthermore, the 
overexpression of Gltp increased the length of OL mem-
brane branch strongly (Fig. S3A, C), and improved the 

Fig. 2   The expression pattern of Gltp in the spinal cord. Transverse sections of spinal cord from E16.5 (A), P0 (B), P4 (C), P7 (D), P15 (E), and 
P30 (F) WT mice are subjected to ISH with Gltp riboprobes. Gltp is mainly expressed in the ventrolateral spinal cord of postnatal mouse
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content of cholesterol (a main ingredient of membrane) per 
million differentiated OLs (Fig. S3D). Although enhancing 
the transferring of glycolipid to cytoplasmic membrane, 
the overexpressing Gltp had mild effect on the upstream 
lipid synthesis. Because the expression of lipid enzyme like 
FASN slightly increased, the lipid regulatory transcription 
factor, such as SREBP1, received no remarkable change by 
the overexpressing Gltp (Fig. S4). These results suggest that 
Gltp is essential for the differentiation and maturation of 
OPCs.

NKX2.2 Enhances Gltp Promoter Activity

As Gltp is specifically expressed by the differentiated OLs, 
we next investigated the molecular mechanism underlying 
the transcriptional regulation of Gltp expression in these 
cells. In this study, genomic DNA fragments containing the 
Gltp transcription start site together with its 2.2 kb, 1.3 kb, 
or 0.1 kb upstream sequence were subcloned into the lucif-
erase reporter vector (pGL3-basic) (Fig. 7A). The result-
ant Gltp promoter-luciferase plasmids were co-transfected 
with the expression vector (pCDH) carrying a specific 
transcription factor into HEK293T cells. Several candidate 
OL-specific transcription factors such as OLIG1, OLIG2, 

SOX10, MYRF, and NKX2.2 were tested in this experi-
ment. Measurements of the luciferase activity revealed 
that NKX2.2 markedly increased Gltp promoter activity 
by up to tenfold or 30-fold as compared with the control 
and other TF-encoding constructs (Fig. 7B-D), indicating 
that NKX2.2 is specific activator for Gltp transcription. 
To determine the specific binding of NKX2.2 to the Gltp 
promoter, we analyzed the sequence of Gltp promoter and 
found a potential NKX2.2 binding site in both mouse and 
rat (Fig. 7E). Subsequently, 3xFlag-tagged NKX2.2 was 
expressed in CG4 (a rat OPC cell line) cells and ChIP-
PCR was performed with anti-FLAG beads. The predicted 
lane appeared specifically in 3xFLAG-tagged NKX2.2 
group (Fig. 7F), which confirmed the binding specificity 
of NKX2.2 to the Gltp promoter.

Disruption of Nkx2.2 Has No Effects 
on the Expression of Gltp in Adult Mouse

In order to determine whether Nkx2.2 also regulates Gltp 
expression during in vivo development, we generated the 
Olig1Cre/+;Nkx2.2fx/fx conditional mutant mice in which Nkx2.2 
is specifically deleted in OL-lineage cells. It was found that 
conditional ablation of Nkx2.2 dramatically reduced the 

Fig. 3   The expression pattern of Gltp in the developing brain. A-D 
Transverse sections of the brain from P4 (A), P7 (B), P15 (C), and 
P30 (D) WT mice are subjected to ISH with Gltp riboprobes. Gltp is 
expressed in corpus callosum from P4. E–G Expression of Gltp in the 

right hemisphere of the brain. F and G are the higher magnifications 
of the cortex and striatum outlined in E. The Gltp-positive cells are 
represented by arrows
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Fig. 4   Gltp is specifically 
expressed in the differentiated 
OLs. The transverse sections 
of spinal cord from P4 mice 
are first subjected to ISH with 
Gltp riboprobe (A, E, I, M), 
followed by immunofluorescent 
labeling with SOX10 (B), CC1 
(F), GFAP (J), or IBA1 (N) 
antibodies. The ISH signal of 
Gltp is converted to green by 
photoshop, and merged with 
SOX10 (D), CC1 (H), GFAP 
(L), or IBA1 (P). The cellular 
nuclei were counter-stained 
with DAPI (C, G, K, O)

Fig. 5   Developmental expres-
sion profile of Gltp correlates 
with the maturation of OLs. 
A-D Western blot analyses 
comparing the expression pro-
files of GLTP and MBP in the 
spinal cord and cerebrum of P0, 
P4, P7, P15, P30, or P60 WT 
mouse. Quantitative analyses of 
expression levels of GLTP and 
MBP relative to β-actin in the 
spinal cord and cerebrum are 
shown on the right (B, D). PD, 
postnatal day
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number of Gltp + cells in the white matter of the spinal cord 
in mice at P7 (Fig. 8A-C). Our previous studies showed that 
Nkx2.2 controls the timing of OL differentiation, but myelin 
gene expression returns to a normal level at about P21 in 
Nkx2.2 cKO mice [27]. Consistently, the number of Gltp + cells 
showed no difference between the control and Nkx2.2 cKO 
groups (Fig. 8D-I). Similarly, there is no difference in the level 

of GLTP protein between these two groups (Fig. S5). These 
results from conditional mutants are somewhat contradictory 
to our in vitro observation that NKX2.2 protein promotes 
reporter gene expression from the Gltp promoter sequence, 
suggesting that additional regulatory factors, such as MYRF, 
SOX10, or OLIG2, may also be involved in the regulation of 
Gltp expression in vivo.

Fig. 6   Gltp is essential for the differentiation of OPCs in vitro. A-H 
The shRNA-mediated knockdown of Gltp attenuated the differentia-
tion of primary cultural OPCs significantly. I-P The overexpression 
of Gltp promoted the differentiation of OPCs in  vitro. Q-R West-
ern blot analysis of GLTP protein after the infection of lentivirus in 
CG4 cells. These cells were treated with T3 for 2 days to induce the 
expression of Gltp (Q). Short arrow indicated the endogenous GLTP, 

while the long arrow showed the exogenous 3xFlag-tagged one. S-
T The percentage of MBP-positive cells ever infected by lentivirus 
in subpopulation which also underwent infection. The data of cell 
counting originate from independent cultures (n ≥ 3). The field under 
20 × lens was randomly selected for each culture, and the cells within 
this field ever infected by lentivirus were counted
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Discussion

Multi‑Omics Approach Increases Confidence of Gltp 
as Myelin‑Associated Genes

We have applied a multi-omics approach to developing 
a workflow from discovery of OL-specific candidates 
to validation of functional molecules of myelination 
(Fig. 1A and B). Through this approach of integrating 
quantitative analysis, we have identified and validated 
Gltp as a functional molecule involved in OL matura-
tion. GLTPs are ubiquitous proteins characterized by 
their ability to accelerate the intermembrane transfer of 
glycolipids (Fig. 1C), implying that GLTP possibly acts 

as a regulator to assist the production of lipids required 
for the formation of compact myelin structures in myeli-
nating OLs.

Gltp Is Essential for the Differentiation 
and Maturation of OLs

In this study, we systematically investigated the develop-
mental expression of Gltp in the developing CNS tissue. 
For the first time, we demonstrated that Gltp is specifically 
expressed in CC1 + , MBP + , and PLP + OL population 
(Fig. 4E-H and S1I-P). The protein level of GLTP co-fluc-
tuated with that of MBP at postnatal stages (Fig. 5A-D) in 
both spinal cord and cerebrum. It is well documented that 

Fig. 7   NKX2.2 enhances 
Gltp promoter activity. A The 
upstream regulatory region of 
Gltp. Genomic DNA fragment 
of the mouse Gltp transcrip-
tional start site was cloned into 
a luciferase vector (pGL3-
basic). B-D The luciferase 
reporter assay showed that 
NKX2.2 protein dramatically 
increased the promoter activ-
ity of Gltp gene compared to 
other oligodendrocyte lineage 
transcription factors. Two-
way ANOVA was performed 
to determine the statistical 
significance among different 
groups. E The mouse Gltp 
promoter contained a potential 
binding site (tagged by the red) 
of NKX2.2. The homologous 
comparison of sequence around 
this binding site was analyzed 
by the DNAMAN software 
between mouse and rat. The 
fully conserved nucleotide was 
highlighted in black boxes, 
while the non-conserved one 
was marked in blue. F The 
upper figure showed the expres-
sion effect of exogenous Nkx2.2 
and the specific adhesion ability 
of anti-FLAG beads (checked 
by anti-NKX2.2 antibody). 
The lower one indicated that 
ChIP-PCR assay confirmed the 
binding specificity of NKX2.2 
to the Gltp promoter in CG4 
cells. The bands pointed by 
long black arrows suggested 
the rat sequence (from + 101 
to + 213 bp)
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CC1, MBP, or PLP label both newly differentiated OLs in 
early postnatal CNS tissues and differentiated myelinating 
OLs in adult tissues. The specific expression pattern of Gltp 
suggests that this gene may play an important role in the OL 
differentiation, myelin formation, and maintenance, as mye-
lin sheaths contain a fairly large amount of glycolipids. We 
found that the knocking down of Gltp inhibited the differen-
tiation of primary cultured OPCs into MBP + (Fig. 6A-H, S) 
and CNP + (Fig. S2A-H, Q) OLs; conversely, the enforced 
expression of Gltp promoted the OPC differentiation 
(Fig. 6I-P, T and Fig. S2I-P, R). The more interesting thing 
is that the overexpression of Gltp significantly enhanced the 
outgrowth of OL membrane (Fig. S3), indicating that Gltp is 
very likely to participate in the formation of myelin. Besides 
the function in transferring of glycolipid, we also deter-
mined the effect of Gltp on the synthesis of lipid in vitro. 
The proteins involved in the synthesis of lipid showed no 

great change by the overexpression of Gltp (Fig. S4), sug-
gesting that Gltp has mild effect on this process. However, 
elucidation of its in vivo role in myelin development and 
maintenance requires the generation of conditional Gltp 
genetic mutants.

Nkx2.2 Regulates the Expression of Gltp

As Gltp is found to be expressed in differentiated OLs, we 
searched for OL-lineage transcription factors that are pos-
sibly involved in regulating the expression of this gene. In 
this study, we have screened several candidates including 
OLIG1, OLIG2, SOX10, MYRF, and NKX2.2 that are 
highly expressed in differentiating or mature OLs. Among 
these factors, OLIG2, SOX10, and MYRF slightly enhanced 
reporter gene expression from the Gltp promoter sequence, 
while NKX2.2 drastically increased the reporter gene 

Fig. 8   Genetic deletion of Nkx2.2 in vivo does not affect the expres-
sion of Gltp eventually. A-I The expression of Gltp in the spinal 
cord of control (Olig1Cre/+; Nkx2.2fx/+) and Nkx2.2 cKO (Olig1Cre/+; 

Nkx2.2fx/fx) mice at P7, P35, and P60 as shown by ISH. Statistical 
analyses of Gltp-positive cells per section in the spinal cord of control 
and Nkx2.2 cKO at P7, P35, and P60 are shown on C, F, and I 
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expression from the Gltp promoter sequence (Fig. 7B-D). 
We further confirmed the specific binding of NKX2.2 to 
the Gltp promoter by ChIP-PCR assay (Fig. 7F). However, 
contrary to this result, the expression of Gltp is not dramati-
cally altered in adult Nkx2.2 cKO mice (Fig. 8G-I and S5). 
These in vivo results suggest that Nkx2.2 is not absolutely 
necessary for the expression of this gene, inferring that addi-
tional transcriptional factors may participate in regulating 
Gltp expression. A previous study showed that functional 
SP1 transcription factor can bind to four GC boxes in the 
Gltp promoter sequence and enhance its promoter activity 
[28]. Moreover, Sp1 is selectively expressed in mature OLs 
[29]. Therefore, it is conceivable that NKX2.2, SP1, OLIG2, 
SOX10, and MYRF may co-operate to regulate the expres-
sion of Gltp during OL differentiation and myelin formation.
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