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Nectin-like 4 (NECL4, CADM4) is a Schwann cell-specific cell
adhesion molecule that promotes axo-glial interactions. In vitro
and in vivo studies have shown that NECL4 is necessary for
proper peripheral nerve myelination. However, the molecular
mechanisms that are regulated by NECL4 and affect peripheral
myelination currently remain unclear. We used an in vitro
approach to begin identifying some of the mechanisms that
could explain NECL4 function. Using mass spectrometry and
Western blotting techniques, we have identified choline trans-
porter-like 1 (CTL1) as a putative complexing partner with
NECL4. We show that intracellular choline levels are signifi-
cantly elevated in NECL4-deficient Schwann cells. The analysis
of extracellular d9-choline uptake revealed a deficit in the
amount of d9-choline found inside NECL4-deficient Schwann
cells, suggestive of either reduced transport capabilities or
increased metabolization of transported choline. An extensive
lipidomic screen of choline derivatives showed that total phos-
phatidylcholine and phosphatidylinositol (but not diacylglyc-
erol or sphingomyelin) are significantly elevated in NECL4-
deficient Schwann cells, particularly specific subspecies of
phosphatidylcholine carrying very long polyunsaturated fatty
acid chains. Finally, CTL1-deficient Schwann cells are signifi-
cantly impaired in their ability to myelinate neurites in vitro. To
our knowledge, this is the first demonstration of a bona fide cell
adhesion molecule, NECL4, regulating choline homeostasis
and lipid biogenesis. Phosphatidylcholines are major myelin
phospholipids, and several phosphorylated phosphatidyli-
nositol species are known to regulate key aspects of periph-
eral myelination. Furthermore, the biophysical properties
imparted to plasma membranes are regulated by fatty acid
chain profiles. Therefore, it will be important to translate
these in vitro observations to in vivo studies of NECL4 and
CTL1-deficient mice.

At the onset of peripheral myelination, the Schwann cell
membrane encircles an axon to undertake “spiral wrapping.”
Continued migration of the inner Schwann cell membrane
around the axon (under the outer membrane) forms multiple
layers of overlying membrane (1). Lipid is deposited at the abax-
onal and perinuclear aspects of the myelin segment for diffu-
sion along the expanding membrane (2, 3). Compaction of all
layers forms a mature myelin segment comprising �70 – 85%
lipid, by dry mass (4).

The myelin sheath also comprises 15–30% proteins (4).
Myelin basic protein (MBP),2 myelin protein zero (P0), and
myelin proteolipid protein (PLP) represent the bulk of this
small contribution of proteins and are important for compac-
tion, maintenance, and function of the myelin sheath (5–7).
Recently, we (8) and others (9, 10) described that Nectin-like 4
(NECL4, CADM4, TSLL2, and IGSF4C), a cell adhesion mole-
cule that is expressed by Schwann cells, promotes axo-glial
interaction along the internode and regulates PNS myelination
in vitro and in vivo. Indeed, in vitro Schwann cell differentiation
and myelination was inhibited in the absence of NECL4 (8).
Similar results were obtained by perturbing axo-glial interac-
tions with soluble forms of NECL4 and NECL4 ligand (10).
These findings were supported by the delay in PNS myelination
observed in the recently described NECL4 mouse knock-out
(9). Although the NECL4�/� mice quickly recovered from the
delay in the onset of myelination, they developed peripheral
myelin that is morphologically abnormal, featuring focal hyper-
myelination and excessive myelin ensheathing multiple axons
(9). NECL4 consists of three Ig ectodomains, a transmembrane
domain, cytoplasmic FERM- and PDZ-binding domains that
interact with scaffolding proteins (11, 12), and PDZ domain-
containing proteins (13–15), respectively. Although NECL4
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can potentially regulate the formation of multimeric protein
complexes through cell-cell adhesion, the molecular mecha-
nisms that are regulated by NECL4 and affect peripheral myeli-
nation currently remain unclear.

The most abundant lipids in myelin are cholesterol, galacto-
cerebroside, sphingomyelin, and phosphatidylcholine (16).
Some of these lipid species (phosphatidylcholine) are direct
derivatives of intracellular choline, whereas the synthesis path-
ways of others (galactocerebroside) intersect with choline
derivatives. The transfer of the phosphocholine group from cyt-
idine diphosphocholine (CDP-choline) to diacylglycerol forms
phosphatidylcholine (17). Through the enzymatic activity of
phosphatidylcholine-specific phospholipase D, phosphatidyl-
choline is a source of phosphatidic acid (18), a short-lived phos-
pholipid rapidly converted to diacylglycerol (18) or used in the
synthesis of another important class of signaling and structural
phospholipids, the phosphatidylinositols (19) and phosphory-
lated forms such as PI(4,5)P2, PI(3,4,5)P3, and PI(3,5)P2. Sphin-
gomyelin is produced by the action of sphingomyelin synthases
that transfer the phosphocholine group of phosphatidylcholine
to ceramide (20). Interestingly, sphingomyelin is also a source
of ceramide (71, 72). Ceramide itself, through the action of
the UDP-galactose-ceramide galactosyltransferase, is at the
source of galactocerebroside, one of the most prominent sph-
ingolipids in myelinating glial cells (21, 22).

Choline-derived lipids are important structural components
as well as important reservoirs of signaling components that
have a direct implication on the initiation of myelination, the
compaction of the myelin sheath, and myelin maintenance.
Although short lived, phosphatidic acid is an important signal-
ing molecule that induces demyelination in the PNS via ERK
pathway activation (23). Several phosphorylated phosphatidy-
linositol species (PIPn) are critical to PNS myelination and
myelin maintenance. For example, the conversion of PI(4,5)P2
to PI(3,4,5)P3 determines Schwann cell fate, i.e. ensheathing or
myelinating (24, 25), and the levels of PI(3,4,5)P3 regulate
myelin thickness (26, 27). The negatively charged PI(4,5)P2
interacts with the positively charged MBP to mediate a higher
lipid order and condensation of the two apposing cytoplasmic
leaflets (28 –30). Furthermore, the disruption of the Mtmr2 and
Fig4 genes, which tightly regulate the levels of PI(3,5)P2, results
in Charcot-Marie-Tooth type 4B (31) and 4J (32) phenotypes. It
is interesting to note that the myelin abnormalities described in
the NECL4 knock-out mouse (9) are similar to the Mtmr2
knock-out mouse (31). Finally, sphingomyelin and cholesterol
self-associate in the trans-Golgi network to form lipid rafts, and
their fatty acid chains interact with membrane-bound myelin
proteins PLP/DM2, MAL, CNP, and MOG (33–35). Therefore,
sphingomyelin has an impact on the functionality of lipid rafts,
the sorting and trafficking of myelin proteins (36, 37), as well as
the assembly of signaling pathway platforms (38).

Eukaryotic cells possess a limited capability to synthesize
choline in situ; thus choline is acquired from extracellular
sources. Because of its positive charge, extracellular choline is
transported via Solute Carrier (SLC) membrane transport pro-
teins. The best characterized is SLC5A1, also known as the
high-affinity choline transporter that transports choline into
acetylcholine-synthesizing neurons (39). SLC44A1–5 or Cho-

line Transporter-Like (CTL1–5) proteins form a family of
intermediate-affinity choline transporters. CTL1 is expressed
in oligodendroglia and neurons of the brain and spinal cord and
along the internodes of myelinated peripheral nerve tracts
(40 – 42). Notably, CTL1 is absent in non-myelinating tracts.
CTL2–5 expression in the CNS is modest or absent, and their
expression in the PNS remains unclear (42).

In our search to understand the mechanisms by which
NECL4 regulates PNS myelination, we have uncovered a link
between NECL4 and choline-dependent lipid metabolism. In
this study, we report that, in vitro, levels of intracellular choline
are increased in Schwann cells deficient in NECL4. Phosphati-
dylcholine and phosphatidylinositol levels are also significantly
increased. We also show that NECL4 co-localizes and com-
plexes with choline transporter-like 1 (CTL1). Finally, ablation
of CTL1 expression in Schwann cells leads to a substantial
decrease in myelin segment formation in vitro, in the Schwann
cell-DRG neuron myelinating culture system.

Results

NECL4 Complexes with CTL1 in Schwann Cells—To start
elucidating the mechanisms by which NECL4 regulates myeli-
nation, we performed proteomic mass spectrometry analyses
on complexes co-immunoprecipitated with NECL4. In initial
experiments, Schwann cells were treated with the cross-linker
DSP. Because of its small size (12 Å), only proteins that are
closely and non-randomly associated in a binding relationship
are likely to become cross-linked with sufficient frequency to be
detected. Upon Western blotting analysis of NECL4 immu-
noprecipitations, we observed a large (�300 to �500 kDa)
NECL4-positive complex, as well as accumulation of the
NECL4-positive signal at the interface between the stacking
and resolving gels suggestive of higher (�500 kDa) complexes
(Fig. 1A, cross-linked lane, indicated a). Upon DTT-induced
cleavage of the cross-links, the high molecular weight com-
plexes disappeared, and monomeric NECL4 was detected at
�60 kDa (Fig. 1A, reduced lane, indicated b), further confirm-
ing NECL4 as a component of the larger molecular weight com-
plexes. Among the proteins identified by LC-MS/MS from the
NECL4-immunoprecipitated complexes excised from the gel
shown in Fig. 1A (indicated a), SLC44A1, also known as CTL1,
was consistently identified in repeated experiments. Fig. 1B
shows a representative LC-MS/MS spectrum of a doubly
charged ion (m/z 844.89) that corresponds to the CTL1 peptide
56LVSGYDSYGNICGQR70 (first peptide indicated in yellow in
Fig. 1C). The observed y- and b-ion series confirms the peptide
sequence. Utilizing Scaffold Analysis software (43– 45) with the
Protein Threshold Identification and Peptide Threshold set-
tings at 99.9 and 90% confidence, respectively, seven unique
peptides representing 14% of the total CTL1 sequence were
identified by LC-MS/MS (Fig. 1C, yellow highlights).

To confirm that NECL4 and CTL1 form a protein complex in
Schwann cells, we performed non-cross-linked, reciprocal co-
immunoprecipitations (coIP) from purified Schwann cell cul-
tures with antibodies raised against NECL4 and CTL1 (Fig. 1D).
CTL1 was detected from NECL4 immunoprecipitations and
vice versa NECL4 was detected from CTL1 immunoprecipita-
tions (Fig. 1D, IP lanes). Additional support for a NECL4-CTL1
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complex was provided by co-clustering experiments. NECL4
was first clustered in live Schwann cells with a NECL4-specific
antibody, followed by fixation and immunostaining for CTL1.
Confocal microscopy analysis showed the co-localization of
CTL1 with NECL4 clusters (Fig. 1E, arrowheads), providing
further supporting evidence that, in Schwann cells, NECL4 and
CTL1 form a protein complex. Similarly, immunostaining of
adult rat teased sciatic nerves shows that CTL1 and NECL4 are
both expressed along the myelinated internode, both localizing
along the axo-glial interface and to the Schmidt-Lanterman
incisures (Fig. 1G).

Quantitative RT-PCR (qRT-PCR) analysis (Fig. 1F, top
panel) detected a unique band of the expected size for CTL1
(236 bp) expressed at a relatively constant level throughout the
period of active myelination (postnatal days p0 to p21). CTL1

expression was further confirmed by Western blotting (Fig. 1F,
bottom panel). P0 was used as a marker of ongoing myelination.

Taken together, these results suggest NECL4 and CTL1 form
a protein complex in isolated as well as myelinating Schwann
cells.

Choline Homeostasis Is Disrupted in NECL4-deficient Schwann
Cells—Mammalian cells have a limited capability to synthesize
choline, so the bulk of choline must be provided from the diet.
Being a positively charged quaternary ammonium, choline
requires active transport through the plasma membrane. The
interaction between NECL4 and CTL1 prompted us to evaluate
whether NECL4 might be regulating intracellular levels of cho-
line in Schwann cells. NECL4 was knocked down in Schwann
cells using shNECL4 constructs previously described in Maurel
et al. (8). To corroborate the specificity of the NECL4 knock-

FIGURE 1. NECL4 complexes with CTL1. A, blotting of DSP cross-linked protein lysate for NECL4 highlighted a large molecular weight complex incorporating
NECL4 (indicated by a). Following chemical reduction of the cross-link with DTT, we observed an enrichment in monomeric NECL4 (indicated by b) and loss of
the large complex, confirming NECL4 as a complexing partner. B, LC-MS/MS spectrum of a doubly charged ion (m/z 844.89) that corresponds to the CTL1
peptide 56LVSGYDSYGNICGQR70 (1st peptide highlighted in yellow, C). The observed y- and b-ion series confirm the peptide sequence. C, scaffold software
analysis of LC-MS/MS data of co-immunoprecipitated complexes. Protein threshold identification and peptide threshold settings were set at 99.9 and 90%
confidence, respectively. Seven unique peptides of CTL1 were identified, representing 14% of the total CTL1 sequence (yellow highlights). D, reciprocal
pulldowns from Schwann cell lysates confirmed the complexing of NECL4 and CTL1. E, endogenous NECL4 was clustered with antibody before fixation and
co-staining for CTL1. Co-localization of NECL4 and CTL1 after clustering (top panels) provides further evidence of the complexing of NECL4 and CTL1. Clusters
are indicated at arrowheads. Absence of CTL1� co-clusters with NECL4 when the CTL1 primary antibody was omitted (bottom panels; no CTL1) confirms the
specificity of the co-clustering. Scale bar, 25 �m. F, quantitative RT-PCR for CTL1 in developing sciatic nerve (top panel; embryonic day E18.5 and postnatal days
P0, P7, P14, and P21). Results are normalized to stage E18.5. Polyacrylamide gel electrophoresis of the qPCR amplicon revealed a unique band of the expected
size for CTL1 (236 bp; see inset). CTL1 and NECL4 proteins are expressed in developing (myelinating) postnatal rat sciatic nerve (bottom panel; postnatal days
P0 –P30). n.s., not significant. G, adult rat sciatic nerves were manually teased before labeling with NECL4 or CTL1 and P0 antibody. Both NECL4 and CTL1 localize
to the Schwann internode/axo-glial interface (arrowheads) and Schmidt-Lanterman incisures (arrowheads). Scale bars, 5 �m.
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down effects and to exclude nonspecific off-target effects on
choline transport and intracellular levels, we also performed
knockdown rescue experiments (FL rescue) in which an
shRNA-resistant V5-tagged NECL4 construct is reintroduced
in NECL4-deficient Schwann cells. Controls were Schwann
cells infected with the luciferase shRNA construct (shLuc).
Western blotting analyses (Fig. 2A) confirmed the efficient
knockdown (“shNECL4”) as well as re-expression of NECL4
(FL rescue; confirmed by V5 blotting) in Schwann cells. Immu-
nocytochemical staining (Fig. 2B) demonstrated the ablation of
NECL4 and the re-expression of the (V5-tagged) full-length
rescue construct in �90% of Schwann cells (Fig. 2B). Immuno-
staining for GFP also showed a similar rate of expression
(�90%) of the shLuc control construct by Schwann cells.

The abundance of endogenous intracellular choline in
Schwann cells was determined by MALDI-TOF mass spec-
trometry (Fig. 2, C–F). For comparative assessment between
experimental conditions, deuterated d9-choline (labeled “d9-
choline standard”) was added to the common matrix into which
all methanol-extracted Schwann cells were prepared, crystal-
lized and spotted. Ratios of intracellular choline to d9-choline
standard (by % relative intensity) revealed a significant 75%
increase in intracellular choline in NECL4-deficient Schwann
cells (Fig. 2, C, D and F). Intracellular choline returned to con-
trol levels in Schwann cells rescued with full-length NECL4
(Fig. 2, E and F), underscoring the specificity of the results.

We also performed uptake experiments by adding d9-choline
to shLuc and shNECL4 Schwann cell cultures (with and with-
out NECL4 rescue) and assessed the levels of intracellular
d9-choline by MALDI-TOF (Fig. 2, G–J). Similarly to the above,
deuterated d4-choline was added to the common matrix to
serve as a comparative control. We observed a significant
decrease (�35%) in intracellular d9-choline in NECL4-deficient
Schwann cells compared with shLuc Schwann cells (Fig. 2,G, H,
and J). Intracellular levels of d9-choline returned to control levels
in Schwann cells rescued with full-length NECL4 (Fig. 2, E and F).
Intracellular d9-choline was comparable with control levels in
Schwann cells that were rescued with full-length NECL4 (Fig. 2, I
and J), which underscores the specificity of the results.

Taken together, these results suggest a dysregulation of cho-
line homeostasis in NECL4-deficient Schwann cells. Although
the uptake data may suggest an inability of NECL4-deficient
Schwann cells to transport extracellular choline into the cyto-
sol, they may also reflect an increase in the metabolic transfor-
mation of intracellular choline.

Phosphatidylcholine Levels, as Well as Fatty Acid Chain
Length and Unsaturation, Are Disrupted in NECL4-deficient
Schwann Cells—Phosphatidylcholines are a major class of
phospholipids that use choline as the headgroup attached to the
glycerophosphoric acid. They are abundant in cells’ plasma

FIGURE 2. Intracellular levels of choline are disrupted in NECL4-deficient
Schwann cells. A, Western blotting analysis demonstrates efficient shRNA
knockdown of NECL4 (top blot) and expression of V5-tagged NECL4 rescue
construct (V5, middle blot). B, immunocytochemical labeling of infected cells
demonstrates efficient (�90%) infection of Schwann cells with the shLuc con-
struct (left image, ascertained by GFP expression), confirmation of complete
knockdown of NECL4 (middle image), and efficient expression of the FL rescue
construct (right image, ascertained by V5 labeling). Scale bar, 50 �m. C–F,
intracellular choline in shLuc (C), shNECL4 (D), and FL rescue (E) Schwann cells
was assessed by MALDI-TOF mass spectrometry. For comparative analysis,
spectral peaks of intracellular choline (m/z 104) were normalized to d9-cho-

line standard spectral peaks (m/z 113). Intracellular choline was significantly
elevated in NECL4-deficient Schwann cells (compare intracellular choline
spectral peaks of shLuc and shNECL4). Quantitation in F depicts mean � S.E.
of n 	 4 independent experiments, *, p 
 0.05. G–J, intracellular levels of
d9-choline after uptake from the extracellular culture media by NECL4-defi-
cient Schwann cells was significantly lower (compare intracellular d9-choline
spectral peaks in shLuc control (G) with NECL4-deficient Schwann cells (H).
Deuterated d4-choline (m/z 108) was used as a common standard. J, quanti-
tation depicts mean � S.E. of n 	 4 independent experiments, *, p 
 0.05.
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membrane and in the myelin sheath. Because intracellular cho-
line levels were disrupted in NECL4-deficient Schwann cells,
we used liquid chromatography coupled to mass spectrometry
(LC-MS/MS) to assess the abundance of phosphatidylcholine
in these cells, as well as in NECL4-rescued Schwann cells. The
results presented in Fig. 3 are expressed in fold of change rela-
tive to control (shLuc) Schwann cells. Concurrent with the
increase in choline within NECL4-deficient Schwann cells, we
observed a significant increase (�45%; p 
 0.01) in total phos-
phatidylcholine (Fig. 3A, PtdCho, Total). Total phosphatidyl-
choline levels returned to control levels in NECL4-rescued
Schwann cells.

The length (measured in the number of carbons) and unsatu-
ration profile of the two fatty acid chains, which are also linked
to the glycerophosphoric acid group, account for the large
diversity in phosphatidylcholines. Using the LC-MS/MS
approach, we reliably detected 65 individual species of phos-
phatidylcholine, with the combined length of the two fatty acid
chains ranging from 30 to 40 carbons (Fig. 3A) and up to six
unsaturations (Fig. 3B). Phosphatidylcholine species with over-
all fatty acid chains of 36:X and 38:X carbons (X denotes any
un/saturation) were significantly increased by about 40 –50%
(Fig. 3A; p 
 0.01) in Schwann cells lacking NECL4. The re-ex-
pression of the full-length NECL4 construct completely res-
cued this effect. Interestingly, the levels of phosphatidylcholine
species with overall fatty acid chains of 40 carbons (40:X) were
most affected, with a dramatic 150% increase compared with

controls (Fig. 3A). The re-expression of NECL4 did not fully
rescue the phenotype, and the levels of phosphatidylcholine
40:X remained significantly elevated in the rescued Schwann
cells. We did not observe significant differences in phosphati-
dylcholine 32:X and 34:X levels between the control, knock-
down, and rescue groups.

We further investigated whether the extent of phosphatidyl-
choline fatty acid chain (un)saturation was affected in NECL4-
deficient Schwann cells (Fig. 3B). The pools of only saturated
and only unsaturated phosphatidylcholine were both signifi-
cantly and similarly elevated (�35–50%) in NECL4-deficient
Schwann cells compared with shLuc controls. The levels were
comparable with controls after full-length NECL4 rescue (Fig.
3B). A more detailed analysis showed that phosphatidylcholine
carrying fatty acid chains with 5 and 6 unsaturations represent
the species most increased (up to 75 and 300%, respectively),
followed by phosphatidylcholine carrying fatty acid chains with
3 and 4 unsaturations (up about 20%; Fig. 3B). The levels of
phosphatidylcholine with 1 or 2 unsaturations were not signif-
icantly affected (Fig. 3B).

The glycerophosphocholine headgroup of phosphatidylcho-
line forms either ester or ether linkages to fatty acids (Fig. 3C).
Ether-linked phosphatidylcholine species can be symmetrical
(di-ether) or asymmetrical (an ether- and ester-linked fatty acid
chain, as for plasmalogens; Fig. 3C, panels i–iii); we pooled the
as/symmetrical ether-linked phosphatidylcholine species for
comparison with ester-linked phosphatidylcholine. We de-

FIGURE 3. Phosphatidylcholine profile (acyl chain length and unsaturation) is disrupted in NECL4-deficient Schwann cells. A, relative abundance of total
PtdCho and specific PtdCho subspecies of given fatty acyl chain length (32:X– 40:X; X denotes any unsaturation) between shLuc, shNECL4 and FL rescue
constructs. Total phosphatidylcholine and numerous subspecies were significantly elevated in NECL4-deficient Schwann cells. Mean � S.E. of n 	 5 indepen-
dent experiments is depicted (*, p 
 0.05; **, p 
 0.01, n.s., not significant). B, relative abundance of total unsaturated and saturated phosphatidylcholine, and
specific subspecies incorporating one to five unsaturations (left axis) and six unsaturations (right axis), regardless of acyl chain length. Total unsaturated and
saturated phosphatidylcholine and phosphatidylcholine species of three to six unsaturations were significantly elevated in NECL4-deficient Schwann cells. C,
panels i–iii, diagrammatic representation of ester- and ether-linked (asymmetrical/plasmalogen, and symmetrical) phosphatidylcholine. Ester- and ether-
linked phosphatidylcholine species are similarly elevated in NECL4-deficient Schwann cells. Mean � S.E. of n 	 5 independent experiments is depicted (*, p 

0.05, n.s., not significant).
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tected various subspecies of ester-linked (n 	 19) and ether-
linked (n 	 12) phosphatidylcholine species in Schwann cells.
Similar to total phosphatidylcholine, both groups were signifi-
cantly (p 
 0.01) but comparably (p � 0.05) elevated in NECL4-
deficient Schwann cells compared with shLuc controls and
were rescued by re-expressing NECL4 (Fig. 3C). These results
suggest that NECL4 regulates (directly or indirectly) the abun-
dance of phosphatidylcholine proper and not selectively for
ester- or ether-linked subspecies.

Phosphatidylcholine species of 16 –18 carbon chains with lit-
tle or no unsaturation (e.g. 16:0/18:1 and 18:1/18:1) are com-
monly synthesized directly from CDP-choline via the Kennedy
pathway (17). Phosphatidylcholine species synthesized via the
phosphatidylethanolamine methyltransferase (PEMT) path-
way (46) are commonly characterized by considerably longer
fatty acid chains with higher unsaturation, such as 18:0/20:4,
18:1/20:4, 18:0/22:4, or 18:1/20:6 (47, 48). Therefore, the dra-
matic increase in overall fatty acid chain length and unsatura-
tion prompted us to analyze for specific phosphatidylcholine
species carrying long chain polyunsaturated fatty acid chains
(PUFA), such as 20:4 or 22:6. As shown in Fig. 4A, whereas
phosphatidylcholines with fatty acid chains of 16 –18 carbons
with no or little unsaturation were not overtly affected by
NECL4 (�20%; p 
 0.05), the representation of phosphatidyl-
choline species carrying 20:4 and 22:6 fatty acid chains was
dramatically increased (�60%) in NECL4-deficient Schwann
cells (p 
 0.05). Using two independent anti-PEMT antibodies
(rabbit monoclonal against the C terminus of PEMT; rabbit
polyclonal against full-length PEMT) to perform Western blot-
ting analyses of developing sciatic nerves (Fig. 4B; postnatal
days P–P30), PEMT was easily detected during the 1st week
(P0 –P7) of postnatal development. PEMT was below detection
levels from thereon (P14 to P30). We also assessed lysates of
purified Schwann cells (Fig. 4, SC) and dorsal root ganglia neu-
rons (Fig. 4, DRG) to determine the cell type expression of
PEMT. Both antibodies detected PEMT exclusively in Schwann
cell lysate, and not in DRG lysate. Taken together, these results
suggest that PEMT is expressed at the onset of myelination in

the developing sciatic nerve and primarily in myelinating
Schwann cells.

Phosphatidylinositol Levels, as Well as Fatty Acid Chain
Length and Unsaturation, Are Disrupted in NECL4-deficient
Schwann Cells—Phosphatidylcholine is an important source of
phosphatidic acid (18), which is quickly converted to diacyglyc-
erol or used in the synthesis of phosphatidylinositols. Because
some phosphorylated derivatives of phosphatidylinositols have
been shown to be important to PNS myelination (for example,
PI(3,4,5)P3 and PI(3,5)P2), we furthered our LC-MS/MS analy-
sis to the levels and profile of phosphatidylinositols (Fig. 5). We
reliably detected 45 individual phosphatidylinositol species
with fatty acid chain lengths totaling 32– 40 carbons. As with
phosphatidylcholine, the overall levels of phosphatidylinositols
were significantly increased, albeit to a lesser extent (about 25%,
Fig. 5A) in NECL4-deficient Schwann cells, relative to shLuc
controls. This increase particularly affected phosphatidylinosi-
tol species 34:X and 36:X (Fig. 5A, p 
 0.05), whereas species
38:X and 40:X were not significantly increased. Re-expression
of full-length NECL4 completely rescued the levels of total
phosphatidylinositols, specifically species 34:X and 36:X.

All the detected phosphatidylinositol species were unsatu-
rated to varying degrees (Fig. 5B). A detailed analysis showed
that the knockdown of NECL4 resulted in significantly elevated
phosphatidylinositol species with fatty acids carrying two and
three unsaturations (Fig. 5B), whereas the levels of phosphati-
dylinositol species with one and four to six unsaturations were
variable and not significantly different between all Schwann cell
conditions (Fig. 5B). Re-expression of full-length NECL4 res-
cued phosphatidylinositol species with two unsaturations but
did not rescue the elevated level of phosphatidylinositol species
with three unsaturations.

Phosphorylated phosphatidylinositols are difficult to ionize,
and we were unfortunately not able to further our analysis to
species such as PI(3,4,5)P3 (relevant to the ensheathing/myeli-
nating phenotype transition, as well as myelin thickness in the
PNS) and PI(3,5)P2 (relevant to the Charcot-Marie-Tooth type
4B-like phenotype observed in the NECL4 knock-out mouse).

FIGURE 4. Lipids associated with synthesis via the PEMT pathway are significantly elevated in NECL4-deficient Schwann cells in vitro, and PEMT is
expressed in myelinating sciatic nerves. A, comparison of PtdCho species associated with synthesis via CDP:choline pathway (34:1) and PEMT synthetic
pathway (38:4, 38:5, and 38:6) (47). We observed a significant over-representation of lipids associated with synthesis via the PEMT pathway than those via the
CDP:choline pathway. B, Western blotting analysis of PEMT expression in developing (myelinating) sciatic nerve (postnatal days P0 to P30) and in isolated
Schwann cells and DRG neurons, using two independent anti-PEMT antibodies (anti-rabbit monoclonal, top panel; anti-rabbit polyclonal, 2nd from top). Both
antibodies easily detected PEMT during the early stages of myelination (P0 to P7). Detection dropped sharply at P10, and PEMT was no longer detectable from
p14 onward. PEMT is primarily expressed by Schwann cells (SC) and was not detected in DRG neurons.
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To provide preliminary evidence that disruptions to the level
and profile of phosphatidylinositols may affect phosphatidyl-
inositol-dependent intracellular signaling, we used a soluble
form of type III neuregulin-1 (Nrg1) and quantitative Western
blotting for phospho-AKT (Ser473), phospho-ERBB2 (Tyr1248),
and phospho-ERBB3 (Tyr1289) to determine the activation of
the ERBB/PI3K/AKT pathway in shLuc control, NECL4-defi-
cient, and NECL4-rescued Schwann cells (Fig. 5, C and D).
Nrg1-mediated activation of AKT was significantly repressed
in Schwann cells lacking NECL4 compared with controls (com-
pare 10 nM Nrg1 conditions in shLuc and shNECL4; upper
blots, Fig. 5, C and D) and was rescued upon re-expression of
NECL4. The phosphorylation of upstream ERBB2 and ERBB3
was not affected, suggesting that the deficit in AKT activation
was not attributable to repressed activation ERBB2 or ERBB3
(lower blots, Fig. 5, C and D).

Diacylglycerol (DAG) and Sphingomyelin Levels and Profiles
Are Largely Unaffected by the Presence or Absence of NECL4 —
Phosphatidylcholine is also a precursor to the biosynthesis of
sphingomyelin, generating diacylglycerol in the process (20).

Total levels of diacylglycerol, and individual species 32– 40 car-
bon fatty acid chains, were unchanged between all groups (con-
trol, NECL4-deficient, and NECL4-rescued Schwann cells; Fig.
6A). Although we did observe a significant reduction in total
unsaturated diacylglycerol species and a significant increase in
diacylglycerol species of four unsaturations, diacylglycerols
species of none to three unsaturations were unaffected by
NECL4 (Fig. 6B). Diacylglycerol species of five to six unsatura-
tions were not detected (Fig. 6B). Of the 34 sphingomyelin sub-
species detected, with fatty acid chains of 14 –26 total carbons
and none to two unsaturations, no significant differences were
observed in total abundance or subspecies of sphingomyelin
(Fig. 6, C and D). Sphingomyelin species of three to six unsatu-
rations were not detected (Fig. 6D).

In Vitro Myelination Is Significantly Inhibited in CTL1-defi-
cient Schwann Cells—To characterize the impact of CTL1 in
regulating myelination, we designed two short hairpin RNAs
directed against distinct sequences within CTL1 (shCTL1A
and shCTL1B). An shRNA targeting luciferase (shLuc) served
as a nonspecific target control. The corresponding sequences

FIGURE 5. Phosphatidylinositol profile (acyl chain length and unsaturation) and phosphatidylinositol-dependent intracellular signaling in NECL4-
deficient Schwann cells. A, relative abundance of total phosphatidylinositol (PtdIns) and specific phosphatidylinositol subspecies of given fatty acyl chain
length (32:X– 40:X; X denotes any unsaturations) between shLuc, shNECL4 and FL rescue constructs. Total phosphatidylinositol and 34:X and 36:X subspecies
were significantly elevated in NECL4-deficient Schwann cells. B, relative abundance of total saturated phosphatidylinositol (not detected) and specific unsat-
urated subspecies incorporating one to five unsaturations (regardless of acyl chain length). Phosphatidylinositol species of two to three unsaturations were
significantly elevated in NECL4-deficient Schwann cells. Mean � S.E. of n 	 5 independent experiments is depicted (*, p 
 0.05; **, p 
 0.01, n.s., not significant).
C, ERBB/PI3K/AKT pathway was stimulated in NECL4-deficient Schwann cells and controls with application of a soluble form of type III Nrg1�1 and the
phospho-activation of ERBB3, ERBB2, and AKT assessed by quantitative Western blotting. The activation of AKT was significantly repressed in NECL4-deficient
Schwann cells compared with controls, independent of fluctuations in upstream ErbB2 or ErbB3 activation. D, quantitation (Odyssey imaging system, LI-COR)
of Western blottings in C. Mean � S.E. of ratios of phospho-protein/total (AKT ERBB2 and ERBB3) protein of n 	 4 – 8 independent experiments are depicted (*,
p 
 0.05).
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were cloned into the pLL3.7 vector (49) for lentiviral transduc-
tion of purified Schwann cells. All constructs co-expressed GFP
whose immunodetection confirmed the infection of �90% of
Schwann cells (Fig. 7A). Western blotting analyses confirmed
the efficient knockdown of CTL1 expression in Schwann cells
(Fig. 7B) by both shCTL1 constructs. Infected Schwann cells
were then plated to purified DRG neuron cultures and main-
tained under myelinating conditions for 10 days before immu-
nostaining for MBP to detect compact myelin segments. The
knockdown of CTL1 in Schwann cells significantly impaired
the formation of myelin segments compared with shLuc con-
trols (Fig. 7C). Quantitation demonstrated a significant reduc-
tion of about 70% in the number of MBP-positive myelin seg-
ments (Fig. 7D). At 434 � 5, 421 � 7, and 431 � 6 DAPI-stained
nuclei per field of view (shLuc, shCTL1A, and shCTL1B,
respectively), Schwann cell density in the co-culture system was
not affected by the knockdown of CTL1 expression. No psy-
chotic nuclei were also observed. Taken together, these results
suggest that CTL1 is a positive regulator of Schwann cell myeli-
nation, independently of Schwann cell proliferation and/or
survival.

Discussion

In the PNS, NECL4 is a Schwann cell-specific cell adhesion
molecule that promotes axo-glial interaction along the myeli-

nated internode by interacting with its axonal cell adhesion
molecule counterpart NECl1 (8, 10). In vitro studies have dem-
onstrated that NECL4 is needed for myelination (8, 10), and the
delay in the onset of myelination observed in the in vivo
NECL4�/� mouse supports that finding (9). Most dramatic are
the morphological abnormalities observed at 2 months of age,
in particular focal hypermyelination with tomacula and myelin
outfoldings that are characteristic of Charcot-Marie-Tooth
neuropathies (9, 50). In this study, we describe the complexing
of NECL4 with CTL1 and the impact of NECL4 deficiency on
choline-dependent metabolism in purified Schwann cells. We
discuss how these results may provide a molecular basis to
some of the abnormalities observed in the PNS myelin of the
NECL4�/� mouse, and we further outline some of the ques-
tions that they raise.

The mechanisms by which NECL4 regulates myelination
remain to be elucidated. However, the presence of FERM- and
PDZ-binding domains in the cytoplasmic tail of NECL4
strongly suggests that its likely function is to form and stabilize
multiprotein complexes along the adaxonal membrane and the
Schmidt-Lanterman incisures. To characterize NECL4-bind-
ing partners, we performed mass spectrometry analyses of
NECL4 coIPed complexes and identified CTL1 as a potential
partner for NECL4 (Fig. 1, A–C). This result was corroborated

FIGURE 6. Acyl chain length and unsaturation profiles of diacylglycerol (A and B) and sphingomyelin (C and D) are largely unaffected by the presence
or absence of NECL4. A, relative abundance of total diacylglycerol (DAG) and specific DAG subspecies of given fatty acyl chain length (32:X– 40:X; X denotes any
unsaturation) between shLuc, shNECL4, and FL rescue constructs. Total DAG and abundance of specific subspecies were unaffected in NECL4-deficient
Schwann cells. Mean � S.E. of n 	 5 independent experiments is depicted (n.s., not significant). B, one to six unsaturations, regardless of acyl chain length.
Although total unsaturated DAG was significantly reduced, and DAG (four unsaturations) was elevated, in NECL4-deficient Schwann cells, DAG species of none
to three unsaturations were unaffected. Mean � S.E. of n 	 5 independent experiments is depicted (*, p 
 0.05, n.s., not significant). C and D, relative abundance
of sphingomyelin (C; total, and subspecies of 14 –26 carbon fatty acids) and (un)saturated fatty acid profile (D) were unaffected by the presence or absence of
NECL4.
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by reciprocal co-immunoprecipitations and Western blotting
detection (Fig. 1D) and by the co-localization of CTL1 with
NECL4 after antibody-mediated clustering of NECL4 (Fig. 1E)
and immunofluorescent staining of adult sciatic nerve (Fig. 1G).
This latter result implies a physiological interaction, direct or
indirect, between endogenous NECL4 and CTL1 in live
Schwann cells, which would preclude the detection of a spuri-
ous interaction in the Schwann cell lysates of the coIP experi-
ments. Finally, although the presence of CTL1 on axons cannot
be excluded, the overlapping pattern of expression of CTL1
with NECL4 in mature nerves (Fig. 1G) along the axo-glial junc-
tion and in the Schmidt-Lanterman clefts further supports an
interaction between NECL4 and CTL1.

The interaction between NECL4 and CTL1 suggested that
choline homeostasis and/or choline-dependent metabolism
might be affected in NECL4-deficient Schwann cells. Indeed,
we detected a significant increase (75%) in intracellular choline
in NECL4-deficient cells (Fig. 2, C–F). Interestingly, however,
lower amounts of extracellular d9-choline were found in the
cytosol of NECL4-deficient Schwann cells (Fig. 2, G–J) com-
pared with controls, in extracellular d9-choline uptake experi-
ments. Although this result, in association with the NECL4-
CTL1 interaction, may suggest that there is a deficit in choline
transport in NECL4-deficient Schwann cells, the methodolog-
ical approach that we used does not allow us to make a defini-

tive conclusion at this time. Indeed, choline could be quickly
metabolized once transported inside the cells, and the de-
creased amount of intracellular d9-choline in the absence of
NECL4 may reflect an increase in the transformation of choline
into phosphocholine and/or betaine. Notwithstanding, these
results on intracellular choline demonstrate in Schwann cells a
dysregulation of choline homeostasis in the absence of NECL4.

Concomitant with the increase in intracellular choline, we
also observed a significant increase (50%) in its derivative, phos-
phatidylcholine (Fig. 3). Phosphatidylcholine species 36:X and
38:X were similarly increased (40 and 50%, respectively),
whereas phosphatidylcholine 40:X was the most significantly
increased (over 2.5-fold). No significant difference was noted
for phosphatidylcholine 32:X and 34:X. The glycerol moiety of
phosphatidylcholine forms either ester or ether bonds to fatty
acid chains (outlined, Fig. 3C). The ether bond is mostly present
in plasmalogens (particularly abundant in the myelin sheath
(51)). Ether-phosphatidylcholine and di-ester-phosphatidyl-
choline species were similarly enriched in NECL4-deficient
Schwann cells (Fig. 3C). Altogether, these results suggest
that NECL4 mostly regulates the levels of the total pool of
phosphatidylcholine, agreeing with the concomitant increase
in intracellular choline levels and not selectively for ester- or
ether-linked species. It is possible, however, that the increase in
overall phosphatidylcholine impacts the representation of cer-
tain fatty acid chains. This is particularly noticeable with the
dramatic increase in phosphatidylcholine with fatty acid chains
totaling 40 carbons (150% increase versus 40 –50% for all other
species; Fig. 3A) and the dramatic increase in phosphatidylcho-
line with fatty acid chains carrying five to six unsaturations
(75–300% increase versus 0 –25% for all other species; Fig. 3B).

The deposition of excess unsaturated phosphatidylcholine
(Fig. 3B) in the Schwann cell membrane may promote excessive
membrane curvature (52) and reduced lipid-packing density,
i.e. reduced membrane rigidity (53). Increased spontaneous
curvature and less density/rigidity may facilitate the focal out-
foldings in myelin observed in the NECL4�/� mouse (9). Inter-
estingly, Schwann cell membranes in the SREBP cleavage acti-
vation protein (SCAP) null mice are abundant in unsaturated
lipids and abnormal in myelin membrane packing (54).

We noticed a particular increase in phosphatidylcholine
species featuring very long polyunsaturated fatty acid chains
(Fig. 4A) such as PtdCho-38:4 (18:0/20:4), PtdCho-38:5 (18:1/
20:4), or PtdCho-38:6 (18:2/20:4; 16:0/22:6). These are hall-
marks of phosphatidylcholine species synthesized through the
PEMT pathway (47, 48). Interestingly, the PEMT pathway is
up-regulated in the liver of rats that are fed a choline-deficient
diet (55). The PEMT pathway has long been associated with
hepatic cells, in which it accounts for about 30% of phosphati-
dylcholine synthesis, which through the activity of phosphati-
dylcholine-specific phospholipases C and/or D can generate
choline de novo. However, PEMT increased activity during long
periods of choline deficiency is not sufficient to fully compen-
sate choline deficits. Therefore, assuming that the increase in
very long chain-PUFA does reflect an increase in PEMT activity
in NECL4-deficient Schwann cells, it remains to be determined
whether the PEMT pathway in Schwann cells would be suffi-

FIGURE 7. CTL1-deficient Schwann cells are significantly impaired in their
ability to form mature MBP� myelin segments in vitro. A, immunocyto-
chemical staining confirms efficient infection of Schwann cells with shCTL1
(co-expressing GFP) prior to plating to DRG neurite cultures. B, Western blot
confirms efficient shRNA-mediated knockdown of CTL1 in Schwann cells with
two different shRNA constructs (shCTL1A and shCTL1B) before plating to
DRG. C, CTL1-deficient Schwann cells (or shLuc controls) were co-cultured
with DRG for 10 days in myelinating conditions before immunocytochemistry
labeling for MBP (red; for myelin segments) and nuclei (DAPI). We observed
significantly fewer MBP2� myelin segments in Schwann cell expressing either
shRNA construct compared with shLuc controls. Scale bar, 50 �m. D, quanti-
tation of MBP� myelin segments in shLuc, shCTL1A, and shCTL1B from n 	 3
experiments. Mean � S.E. depicted, *, p 
 0.05.
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cient to drive the overall 50% increase in total phosphatidylcho-
line and choline.

Albeit at a lower level, PEMT is present in non-hepatic tis-
sues in which choline metabolism is important, particularly in
the brain (56 –58), where it has been shown to exhibit strong
increases in activity during development and remyelination.
For example, PEMT activity is increased 2– 4-fold in the devel-
oping brain of neonatal rats, compared with adult brain. This
increase is observed between the 5th and 20th postnatal days
(57), which correspond in rodents to the period of active myelin
formation in the CNS (59, 60). Brain PEMT activity is also dra-
matically increased (87-fold) after 7 days of remyelination fol-
lowing a 6-week cuprizone treatment (58) as well as in diabetic
mice (10-fold) (58). Tashiro et al. (57) have hypothesized that
this PEMT activity may be, in part, necessary for the repair of
damaged myelin.

Interestingly, using two independent antibodies, we showed
that PEMT is expressed in myelinating sciatic nerves (i.e. PNS),
particularly during the early stages of myelination (P0 to P7)
and that, at least in isolated cells, the expression is restricted to
Schwann cells (Fig. 4). The timing of expression is intriguing, as
it corresponds to the period of abundant plasma membrane
formation and extension by Schwann cells to sort out axons and
form the myelin sheath in the PNS. It is an interesting and novel
finding that may indicate a contribution of PEMT-derived lipid
during axonal sorting and wrapping, where the demand for lip-
ids for the expanding plasma membrane is high (61).

We also observed an increase in the levels of phosphatidyli-
nositols (Fig. 5), particularly species with fatty acids chains
totaling 34 and 36 carbons and carrying two and three unsatu-
rations. No phosphatidylinositols with completely saturated
fatty acid chains were detected. Phosphorylated phosphatidyli-
nositols are difficult to ionize, and we were unfortunately not
able to further our analysis to species such as PIP3, relevant to
the ensheathing/myelinating phenotype transition, as well as
myelin thickness in the PNS, and PI(3,5)P2, relevant to the
Charcot-Marie-Tooth type 4B-like phenotype observed in the
NECL4 knock-out mouse. These phosphorylated phosphatidy-
linositols represent cytosolic docking sites for the activation of
signaling pathways and the regulation of vesicular trafficking
(61). Regulation is provided by the concurrent and opposing
actions of phosphatidylinositol kinases (e.g. PI3K) and phos-
phatidylinositol phosphatases (e.g. PTEN, MTMR2). An en-
richment in the PI(3,4,5)P3 species could result in the hyper-
stimulation of the PI3K/AKT pathway and promote the focal
hyper-myelination and aberrant myelin outfoldings observed
in the NECL4�/� mouse. Indeed, myelinating Schwann cells
lacking phosphatase and tensin (PTEN) homolog, a lipid phos-
phatase that dephosphorylates PI(3,4,5)P3 to PI(4,5)P2, exhibit
tomacula and focal hyper-myelination (27). Selective ablation
of the myotubularin-related 2 (MTMR2) in Schwann cells
results in a similar phenotype to the NECL4�/� mouse, char-
acterized by aberrant myelin outfoldings (31). MTMR2 is a
phosphatidylinositol-3-phosphatase involved in the tight regu-
lation of PI(3,5)P2, suggesting that elevated levels of PI(3,5)P2
may be involved in the observed phenotype.

Finally, we also noted a decrease in the activation of AKT in
NECL4-deficient Schwann cells, as measured by the ratio of

phospho-AKT (p-AKT) to total AKT (t-AKT). Interestingly, a
similarly decreased ratio of p-AKT to t-AKT was observed in
the Mtmr2/Mtmr13 double knock-out mouse (62). However,
the actual levels of phospho-AKT in the Mtmr2/Mtmr13 dou-
ble knock-out mouse are comparable with controls, whereas
the levels of total AKT are elevated, hence the decreased ratio of
p-AKT to t-AKT. In this study, the reduction in phospho-AKT
levels is responsible for the decreased p-AKT to t-AKT ratio.
The activation of ERBB2 and ERBB3 was not affected, suggest-
ing that Nrg1 binding to ERBB3, recruitment of ERBB2, and
ERBB activation were not perturbed by the absence of NECL4
in Schwann cells, and therefore they do not explain the deficit in
AKT activation. AKT is positively regulated by its interaction
with PI(3,4,5)P3 and PI(3,4)P2 (63). AKT can also interact with
other phosphorylated phosphatidylinositols, albeit at a lower
affinity, which, however, do not increase its activation (63). In
fact, it was shown that excess of PI(3,4,5)P3 reduced AKT
autophosphorylation (63). It is therefore possible that the
dysregulation of the phosphatidylinositols observed in the
NECL4-deficient Schwann cells leads to a dysregulation of
AKT activation. Future studies will be needed to determine
whether the increase in phosphatidylinositols in the NECL4-
deficient Schwann cells affects the profile of downstream phos-
phorylated phosphatidylinositol species. It is interesting to
note, however, that the decrease in phospho-AKT may corre-
late with the delay in myelination onset that is observed in the
NECL4�/� mouse (9).

Little is known about the molecular mechanisms involved in
the regulation of the lipid synthesis that is needed to account for
the rapidly expanding plasma membrane that will eventually
compact to form the myelin sheath (3), without affecting struc-
ture and signaling pathways. It is likely, however, that axo-glial
interaction is involved. For example, it was shown that soluble
neuregulin-1 up-regulates in cultured Schwann cells the tran-
scription of 3-hydroxy-3-methylglutaryl-CoA reductase, the
rate-limiting enzyme in the biosynthesis of cholesterol, one of
the major lipids of Schwann cell membrane and of the myelin
sheath (64). This activation is dependent on the PI3K pathway,
a pro-myelinating pathway in the context of PNS myelination.
It has therefore been proposed that activation of the ERBB/
PI3K cascade in Schwann cells by axonal contact mediates
plasma membrane expansion through increased cholesterol
synthesis (64). Choline-derived lipids represent another major
group of myelin sheath lipids. It is therefore interesting that
another component involved in axo-glial interactions,
Schwann cell-specific NECL4, is found to interact with the
choline transporter CTL1. Our data clearly show the impact of
NECL4 deficiency on choline homeostasis, as well as a quanti-
tative and qualitative impact on choline-dependent phospho-
lipids such as phosphatidylcholine and phosphatidylinositol.
These results further lend support to the hypothesis for a reg-
ulation of lipid biogenesis by axo-glial interaction during the
process of myelination. This study also shed lights on the CTL
family of choline transporters. There are five genes, each
encoding several splice variants (65), underscoring the impor-
tance of choline intake regulation, which may be specific to a
cell type and/or specific to a biosynthetic pathway (42, 65, 66).
The failure of CTL1-deficient Schwann cells to form MBP�
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myelin segments to control levels (Fig. 7) definitely suggests a
role for choline transport through CTL1 in the process of
myelination.

These studies are currently in vitro studies. However, they
outline a potential molecular mechanism by which NECL4 may
regulate PNS myelination. Fig. 8 summarizes how NECL4 defi-
ciency in Schwann cells may, by affecting choline homeostasis,
impact myelination. It will be important to translate these
results in vivo, in particular by a detailed lipidomic analysis of
the NECL4�/� mouse. Further studies on choline transporters
and regulation in the context of myelination would also be
informative. Finally, the mechanism(s) underlying NECL4
function in regulating CTL1 levels and choline transport in
Schwann cells need to be clarified. Possible mechanisms
include the targeting of CTL1 to the plasma membrane, the
regulation of its stability, or regulation of CTL1 in transporting
choline directly.

Experimental Procedures

Antibodies and Growth Factors—Antibodies were used at
1:1000 dilution unless otherwise stated. Primary antibodies are
as follows: mouse anti-NECL4 (BioLegend catalog no. 833301,
lot no. 437-4VA-37); goat anti-NECL4 (Origene, catalog no.
TA303285, lot no. E060508); mouse anti-CTL1 (1:250; Novus
catalog no. H00023446-A01, lot no. F4021); mouse anti-V5
(GeneScript catalog no. A01724, lot no. 13B000570); mouse
anti-THY1.1 (AbD Serotec catalog no. MCA04G, lot no. 1014);
chicken anti-GFP (Aves catalog no. GFP-1010, lot no.
0511FP12); rabbit polyclonal anti-PEMT (Abnova, catalog no.
H00010400-D01P, lot no. G7211; full-length PEMT epitope);
rabbit monoclonal anti-PEMT (Abcam, catalog no.
MABN1145, lot no. Q2476316; C-terminal epitope); mouse
anti-myelin basic protein (1:250; MBP; Covance catalog no.
SMI-94R, lot no. D13CF00661); chicken anti-P0 (Millipore,
AB9353, lot no. NMM1740754); phosphorylated AKTSer-473

(Cell Signaling Technologies, catalog no. 4057, lot no. 13); total
AKT (Cell Signaling Technologies, catalog no. 9272, lot no. 25);
phosphorylated ERBB3Tyr-1289 (Cell Signaling Technologies,
catalog no. 4791, lot no. 15); total ERBB3 (NeoMarkers, cat-
alog no. MS-201-P1, lot no. 01P1408J); phosphorylated
ERBB2Tyr-1248 (Santa Cruz Biotechnology, catalog no. SC12352,
lot no. G0213); and total ERBB2 (Santa Cruz Biotechnology,
catalog no. SC284, lot no. H0906). Secondary antibodies are as

follows: donkey anti-mouse Alexa 488 (Jackson Immuno-
Research, catalog no. 715-545-151, lot no. 125268); donkey
anti-mouse rhodamine-X (Jackson ImmunoResearch, catalog
no. 715-295-151, lot no. 126823); donkey anti-chicken Alexa
488 (Jackson ImmunoResearch, catalog no. 703-545-155, lot
no. 125269); donkey anti-goat rhodamine-X (Jackson Immu-
noResearch, catalog no. 705-295-147, lot no. 128297); goat anti-
mouse Alexa 790 (light-chain specific; Jackson Immuno-
Research, catalog no. 115-655-174, lot no. 114402); donkey
anti-rabbit Alexa 790 (Jackson ImmunoResearch, catalog no.
711-655-152, lot no. 125990); and donkey anti-chicken Alexa
790 (Jackson ImmunoResearch, catalog no. 703-655-155, lot
no. 106150). Growth factors used are as follows: EGF domain of
recombinant human NRG1�1 (EGF-D, R&D Systems 396-HB)
and neural growth factor (NGF; AbD Serotec PMP04Z).

Culture Media—The media used are as follows: DMEM
(Gibco 11995); neurobasal media (Gibco 21103); minimum
Eagle’s medium (Gibco 11090); Leibovitz’s L-15 medium
(Gibco 11415); fetal bovine serum (FBS; Gibco 16000);
GlutaMaxTM-I (Gibco 35050); forskolin (Sigma F6886); B27
supplement (Gibco 17504); glucose (Sigma G7528); cytosine-
�-arabinofuranoside hydrochloride (Sigma C6645); fluoro-
deoxyuridine (Sigma F0503); uridine (Sigma U3750); Matrigel
(growth factor reduced; Corning 354230);and poly-L-lysine
(Sigma P4707).

Animals and Cell Cultures—Sprague-Dawley rats (Hilltop
Lab Animals) were housed and cared for in accordance with an
animal protocol approved by Rutgers University Institutional
Animal Care and Use Committee. Rat Schwann cell cultures
were established from sciatic nerves as described previously
(73). Primary Schwann cells were plated to poly-L-lysine (100
�g/ml)-coated plates in Schwann cell media (DMEM, 10% FBS,
2 mM GlutaMaxTM-I). Arabinofuranoside hydrochloride was
applied for 3 days to remove contaminating fibroblasts. Cells
were expanded in the aforementioned culture media with
EGF-D (10 ng/ml) and forskolin (2 �M) until use. For neuron
cultures, DRG were isolated from E15 embryos and plated to
Matrigel-coated coverslips (300 �g/ml) in neuron culture
media (Neurobasal media, 50 ng/ml NGF, 2% B27, 1% Glu-
taMaxTM-I, 0.08% glucose). Non-neural cells were eliminated
by alternate feeding with media containing fluorodeoxyuridine
and uridine (10 �M each) and then kept in neuron culture media
until use (2 weeks).

RNA Interference of CTL1 and NECL4 Expression in Schwann
Cells—Two 21-nucleotide-long shRNAs (shCTL1A, gcat-
tgggatgggatttattt, and shCTL1B, gatacgacagctatggaaata) target-
ing CTL1 at positions 126 –147 and 192–213, respectively
(GenBankTM accession number NM_001033852.1), were
designed using the following on-line tool: BLOCK-iT RNAi
designer (Invitrogen). The shRNAs against NECL4 were
described in Ref. 8. The shRNA stem loops consisted of a sense
shRNA sequence followed by a short nonspecific loop se-
quence (TTCAAGAGA) and the reverse/complement anti-
sense shRNA sequence, followed by six thymidines that
serve as a stop signal for the RNA polymerase III. The oligo-
nucleotides were cloned into the HpaI-XhoI sites of the
pLentiLox pLL3.7 lentiviral vector (Addgene, plasmid
11795), in which the U6 promoter drives the expression of

FIGURE 8. Schematic summary of how NECL4 deficiency in Schwann cells
may, by interacting with CTL1, impact myelination. Dysregulation of
homeostatic levels of choline, phosphatidylcholines, and phosphatidylinosi-
tols, as well as fatty acid chains length and unsaturation, may result in disrup-
tions to myelin structure, membrane stability and curvature, and pro-myeli-
nating signaling pathways.
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the shRNA, and the GFP marker is expressed under a CMV
promoter (49). The lentiviral constructs were transfected
into 293FT cells, together with packaging plasmids pMD2.G
(Addgene plasmid 12259) and psPAX2 (Addgene plasmid
12260), by CaPO4-mediated transfection (Invitrogen
K278001). We used a pLL3.7 construct encoding an shRNA
against luciferase as a control for nonspecific effects. Viral
supernatants were collected 48 h after transfection and cen-
trifuged at 1,600 � g for 20 min to pellet cell debris. Viral
particles were concentrated (Lenti-X Concentrator kit;
Clontech 631231) and either used immediately, or aliquoted
and frozen (�80 °C) for later use. For the infection, Schwann
cells at passage 2 were treated with viral particles prepared in
Schwann cell media supplemented with EGF-D and forskolin
24 h after plating the cells. The following day, cells were fed with
fresh media and used after 5 days, by which time knockdown
was effective.

Myelination Assay—Schwann cells (�lentiviral infection)
were plated to DRG cultures (1 � 105 per coverslip) and main-
tained in co-culture media (minimum Eagle’s medium, 10%
FBS, 50 ng/ml NGF, 0.4% glucose) for 3 days to allow Schwann
cells to associate with neurites. Ascorbic acid (50 �g/ml) was
subsequently added to promote myelin formation. Media were
changed every other day for 10 days before cultures were
immunostained for MBP.

Intracellular Signaling Assay—The ERBB/PI3K/AKT path-
way in control, NECL4-deficient, and NECL4-rescued Schwann
cells was activated via incubation (10 min, 37 °C) with a recom-
binant protein including the C-terminal EGF-like domain of
type III neuregulin 1 (rhSMDF; R&D Systems catalog no. 378-
SM).Wholecelllysateswereimmunoblottedforactivated(phos-
phorylated) and total ERBB2, ERBB3, and AKT. Ratios of phos-
phoprotein to total protein were compared between (shLuc)
control, NECL4-deficient, and NECL4-rescued Schwann cells.

qRT-PCR—RNA from sciatic nerve (embryonic day E18 to
postnatal day P21) was extracted with TRIzol reagent (Invitro-
gen catalog no. 15596), and cDNA was generated with the
SuperScript III first-strand synthesis kit (Invitrogen catalog no.
18080051). Specific targets were amplified by qRT-PCR per-
formed on a LightCycler 480 II (Roche Applied Science) using
the Maxima SYBR Green/ROX qRT-PCR master mix (Thermo
Fisher Scientific catalog no. K0221). Primers were designed
using the web version of the Primer3 software (74, 75) and the
rat genome assembly version Rnor_6.0. Forward (Fwd) and
reverse (Rev) primer pairs were selected to amplify targets over-
lapping splice junctions at the position of long introns to min-
imize amplifications from pre-mRNA-derived cDNAs. First
pair is overlap exons 14 –15: Fwd 5�-cctagtcgctcattgcttcc, and
Rev 5�-gcctcccttaccagcttctt; and second pair is overlap exons
13–14: Fwd 5�-caccaacttctgcacctcag, and Rev 5�-ggaagcaat-
gagcgactagg. Melting point (Tm) curve analysis was performed
on all qRT-PCRs to verify the detection of a unique peak for
each reaction, at the expected Tm. All end point reactions were
separated on a 15% DNA polyacrylamide gel to confirm the
detection of a unique amplicon of the expected size (236 bp).

Co-immunoprecipitation—Schwann cells were incubated for
45 min at room temperature in cell-permeable chemical cross-
linker 2 mM DSP (Thermo Fisher Scientific catalog no. 22585)

in 25 mM HEPES (pH 7.4), 150 mM NaCl, 13 mM NaOH, with
gentle agitation. Cross-linking was quenched in 1 M Tris-HCl
(pH 7.4) with L-cysteine (Sigma) (67) before cell lysis in RIPA
Buffer (Thermo Fisher Scientific catalog no. 89901). Lysates of
four inner diameter 100-mm confluent plates were pooled and
centrifuged at 10,000 � g to remove cell debris. After protein
estimation (BCA kit, Pierce catalog no. 23228), the supernatant
(250 �g of proteins in 1 ml) was pre-cleared (3 h, room temper-
ature) before overnight incubation (4 °C) with 5 �g of antibody
against NECL4 and agarose-protein G beads (Thermo Fisher
Scientific catalog no. 22852). Protein complexes were dissoci-
ated from beads by (i) boiling (100 °C) for 30 min without
reducing agent to maintain the integrity of the chemical cross-
links (Fig. 1A) (67) or (ii) incubating in the presence of DTT
reducing agent (70 °C for 10 min) to cleave chemical cross-
links. Supernatant was collected for Western blotting and mass
spectrometry analyses. For NECL4/CTL1 reciprocal coIPs (Fig.
1D), antibodies for NECL4 or CTL1 (5 �g) were incubated with
agarose-protein G beads in non-cross-linked cell lysates over-
night at 4 °C. Bound beads were incubated in the presence of
DTT reducing agent (70 °C for 10 min) before Western blotting
analysis on protein lysate.

Western Blotting—Reduced/non-reduced lysates were
loaded to BisTris gels (1 M BisTris (pH 7.4), 10% acrylamide/
bisacrylamide, 1% ammonium persulfate, 0.15% TEMED) and
run in MOPS buffer (Boston BioProducts, catalog no. BP-178).
Gels were either stained with Oriole gel stain (Bio-Rad, catalog
no. 161-0496; as per the manufacturer’s instructions) or trans-
ferred to 0.22 �M nitrocellulose membrane (Bio-Rad, catalog
no. 162-0252) and blotted for desired candidates.

Proteomic MS—Non-reduced protein complexes were ex-
cised from gel (Fig. 1A), and proteomic MS was performed on
commission at the Center for Advanced Proteomics Research,
Rutgers University. The MASCOT search engine (version 2.3;
Proteome Discoverer platform version 1.3; Thermo Fisher Sci-
entific) was used for protein identification. Searches were
restricted to rat sequences in the UniRef database. Scaffold
software (version 4.4.1; using the X!Tandem (43)) and Pro-
teinProphet computer algorithms (45) were used under license
to quantify proteomic mass spectrometry data. Probabilistic
validation of peptides was achieved using PeptideProphet (44),
with identified peptides solely used for analysis.

Immunocytochemistry of Teased Fibers and Myelinated
Co-cultures—Sciatic nerves were collected from 30-day-old
rats. Epineurial tissue was removed before fixation in 4% PFA
for 2 h at 4 °C. Nerves were manually teased with fine needles,
mounted to glass slides, dried overnight at room temperature,
and stored at �80 °C until use (8). For immunocytochemistry
staining of NECL4, the teased fibers were permeabilized in
100% methanol (�20 °C for 20 min.), and for CTL1 staining, the
fibers were permeabilized with 0.5% Triton X-100 in PBS. After
blocking (5% BSA, 1% donkey serum, in PBS) for 1 h at room
temperature, fibers were incubated with primary antibodies
(mouse anti-NECL4, mouse anti-CTL1, both at 1:250; chicken
anti-P0 at 1:3,000) overnight at 4 °C. Detection of NECL4 and
CTL1 was done with a rhodamine-X-conjugated anti-mouse
secondary antibody, whereas P0 was detected with an Alexa
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488-conjugated anti-chicken secondary. All secondaries were
used at 1:250 for 2 h at room temperature.

Schwann cell monocultures and myelinating co-cultures
were fixed in 4% PFA (15 min, room temperature), permeabi-
lized in 100% methanol (�20 °C for 20 min.), blocked, and in-
cubated with relevant antibodies (anti-V5, 1:250; anti-GFP,
1:1000; anti-MBP, 1:250; overnight at 4 °C). Primary antibodies
were detected with the appropriate secondaries at 1:250 for 2 h
at room temperature. Schwann cell nuclei were stained for 10
min with DAPI prepared in PBS.

Co-clustering of NECL4 and CTL1—Live Schwann cell cul-
tures were incubated consecutively with goat anti-NECL4 pri-
mary antibody and rhodamine-X-conjugated secondary anti-
body (each 1:250, room temperature, 45 min). Cells were then
washed three times with 500 �l of ice-cold PBS, fixed with 4%
PFA in PBS (15 min, room temperature), and permeabilized
with 0.5% Triton X-100 in blocking solution (1 h at room tem-
perature). CTL1 was then detected by incubating the fixed cells
first with the mouse anti-CTL1 (1:250, 4 °C overnight) and then
with the Alexa 488 anti mouse secondary (1:250, 1 h at room
temperature). Cultures were washed in PBS and Schwann cell
nuclei stained with DAPI.

Microscopy—All cultures and sciatic nerve fibers for immu-
nofluorescence analysis and image capture were mounted in
anti-fading agent Citifluor (Ted Pella 19472). Fluorescent
images (Figs. 2B and 7, A and C) were captured at room tem-
perature on a Nikon Eclipse TE2000 microscope (�20/0.75 and
�40/1.30) with a Hamamatsu Photonics camera (model
C4742-95-12ERG) using MetaMorph software (Universal
Imaging Corp.). Images for Fig. 1E were captured on a Zeiss
LSM 510NLD Meta laser scanning multiphoton confocal
microscope (�40/1.3; Carl Zeiss microImaging). Images for
Fig. 1G were captured on a Zeiss Cell Observer SD confocal
system (�63/1.4 with �1.6 tube lens magnification; Carl Zeiss
microImaging).

Lipidomics, Assays for Endogenous Choline and Uptake of
d9-Choline—For assessment of intracellular choline, control
and knockdown Schwann cells were detached via trypsin/
EDTA digestion and flooded with ice-cold Hanks’ balanced salt
solution (without serum). Cell counts were established (aver-
aged from three individual counts) for all treatment groups
before lipid extraction. To assess the amount of intracellular
deuterated d9-choline after uptake from the extracellular com-
partment, 2–3 � 105 cells were incubated in 130 �M d9-choline
(in 1.5 mM CaCl2, 1.3 mM MgSO4, 1.8 g/liter glucose) for 6 min
at 37 °C. Ice-cold PBS was added, and cells were immediately
transferred to ice before lipid extraction.

Lipid Extraction—Lipid extraction was performed on ice via
established protocols (68) with minor revisions. Cellular
H�/Na�/K� ions were exchanged for ice-cold 100 mM cesium
chloride (Cs�) before resuspension and extensive sonication in
methanol. Methanol-suspended lipids were isolated from the
pelleted material for MALDI-TOF and lipidomic mass spec-
trometry analysis.

MALDI-TOF—50 �M deuterated choline standard (d9- or
d4-choline; Cambridge Isotopes Labs, catalog nos. DLM-5491
and CDLM-8914-PK, respectively) was added to freshly made
common matrix (10 mg/ml (w/v) ferulic acid (single isotope

version; Sigma catalog no. 46278)), 30% acetonitrile (v/v; Sigma
catalog no. 34967), 0.1% trifluoroacetic acid (Sigma catalog no.
302031 (69)) before mixing with equal volumes of methanol-
suspended lipids samples and spotting (2 �l) to MALDI-TOF
plates. Assessment of intracellular choline (m/z 104), d4-cho-
line (m/z 108), and d9-choline (m/z 113) was made on a 4800
Plus MALDI TOF/TOF analyzer using the “linear positive low
mass” setting, and with the 4000 series version 3.7.0 software
(ABSciex Corp.). Individual spectra were established from aver-
ages of 5,000 individual laser readings, of 4 – 8 spots per sample.
Areas under each spectral peak (intracellular endogenous cho-
line or d9-choline after uptake, Fig. 2) were compared with areas
of standard spectral peaks (d9-choline and d4-choline, respec-
tively, Fig. 2) for inter-sample comparative analysis. Areas
under spectral peaks were established using the Data Explorer
software (version 3.2.3).

Lipidomic Mass Spectrometry—Electrospray ionization mass
spectrometry (ESI-MS; LipoSpectrum, St Louis, MO) was
employed to measure femtomole to picomole concentrations of
phosphatidylcholine, diacylglycerol, phosphatidylinositol, and
sphingomyelin species (LipoSpectrum, as described previously
(70)). Quadrupole 1 thresholds were set to analyze ions within
specific m/z ratios within each lipid species. Raw lipid concen-
trations were adjusted for both protein concentration and cell
number to give pmol/106 Schwann cells. An arbitrary threshold
of �0.5% (depending on signal quality) was assigned to remove
noise.

Data/Statistical Analysis and Computer Software—To con-
trol for the possible contribution of the lipids, or effects attrib-
utable to expression of an shRNA, we compared shNECL4
(* rescue) to control cells infected with shLuc (instead of wild
type cells) for analysis. Statistical analysis (one-way analysis of
variance for independent samples with Tukey HSD post-hoc
test) was performed using the on-line VassarStats package.
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