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SUMMARY

Active membrane remodeling during myelination re-
lies on phospholipid synthesis and membrane polari-
zation, both of which are known to depend on inositol
phospholipids. Here, we show that sciatic nerves of
mice lacking phosphatidylinositol 4-kinase alpha
(PI14KA) in Schwann cells (SCs) show substantially
reduced myelin thickness with grave consequences
on nerve conductivity and motor functions. Sur-
prisingly, prolonged inhibition of PI4KA in immortal-
ized mouse SCs failed to decrease plasma membrane
phosphatidylinositol 4,5-bisphosphate (PI(4,5)P)
levels or Pl 3-kinase (PI3K) activation, in spite of large
reductions in plasma membrane PI4P levels. Instead,
it caused rearrangements of the actin cytoskeleton,
which was also observed in sciatic nerves of knockout
animals. PlI4KA inactivation disproportionally reduced
phosphatidylserine, phosphatidylethanolamine, and
sphingomyelin content in mutant nerves, with similar
changes observed in SCs treated with a PI4KA inhibi-
tor. These studies define a role for PI4KA in myelin
formation primarily affecting metabolism of key phos-
pholipids and the actin cytoskeleton.

INTRODUCTION

Myelination of peripheral and central nerves is essential for proper
propagation of electrical signals. Several human diseases affect
myelination, including multiple sclerosis in the CNS and some
forms of Charcot-Marie-Tooth disease in the peripheral nervous
system (PNS) (Herbert and Monk, 2017). Myelination of peripheral
nerves requires the proper sequence of signaling events that pro-
mote the migration, maturation, and differentiation of Schwann
cells (SCs) even before the actual myelin wrapping of axons takes
place (Herbert and Monk, 2017). The process of axon wrapping
uses several signaling pathways to induce membrane polariza-

tion, actin remodeling, and the synthesis and delivery of mem-
brane lipids into the membrane sheaths. In many of these events,
phosphoinositides play important roles. Phosphatidylinositol 4,5-
bisphosphate (PI(4,5)P,) is a substrate for phospholipase C
(PLC)- or PI 3-kinase (PI3K)-generated second messengers but
also controls actin dynamics and ion channel activity (Balla,
2013), all of which are necessary for myelination (Herbert and
Monk, 2017). PI(3,4,5)P3 defines membrane polarity but also ac-
tivates mTOR to increase protein and lipid synthesis. Elevated
PI(3,4,5)P3 levels due to PTEN deletion enhance myelination by
both oligodendrocytes and SCs (Goebbels et al., 2010). Inactiva-
tion of PTEN in cerebellar granule cells initiates myelination of
otherwise unmyelinated fibers (Goebbels et al., 2017). Akt and
mTORC1, downstream targets of the class | PI3K pathway, are
critical for the myelination both in the CNS and the PNS (Kearns
etal., 2015; Norrmén et al., 2014). An additional role of phosphoi-
nositides, namely PI3P and PI(3,5)P, in myelination, is known as
mutations in the myotubularin gene family were identified in Char-
cot-Marie-Tooth disease, CMT 4B1 and -2 (Azzedine et al., 2003;
Houlden et al., 2001; Kim et al., 2002).

Phosphatidylinositol 4-phosphate (Pl4P) is a precursor of
PI(4,5)P. in the plasma membrane (PM) but is also important in
the Golgi and endosomes, where it regulates vesicular trafficking
(Balla, 2013). PI4P is generated by four distinct Pl 4-kinases
(PI4Ks), and each of these enzymes is linked to a different aspect
of cell physiology (Boura and Nencka, 2015). PI4KA is the most
important source of PI4P in the PM (Bojjireddy et al., 2014; Na-
katsu et al., 2012). PI4KA also is an essential host factor for the
replication of some RNA viruses (Altan-Bonnet and Balla,
2012), suggesting its more complex role in membrane biogen-
esis. PI4KA is highly expressed in the brain, yet little is known
about its role(s) in the nervous system. Germline inactivation of
Pi4ka in mice is embryonic lethal (Nakatsu et al., 2012), and an
inactivating mutation has been described as causing major brain
developmental abnormalities in human fetuses (Pagnamenta
et al., 2015). PI4KA is essential in flies (Tan et al., 2014), and its
yeast homolog, Sttdp, is essential for cell wall biogenesis (Aud-
hya and Emr, 2002; Yoshida et al., 1994). PI4KA is recruited to
the PM by a protein complex comprised of EFR3, TTC7, and
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Figure 1. Specific Inactivation of PI4KA in SCs Causes Neuropathy-like Symptoms

(A) Mutant mice clasp their hind legs together when suspended by the tail, and their stance is different from that of wild-type.

(B) Gait parameters measured with TredScan equipment: running speed of mutant mice is significantly slower than the controls. The print angles (the angle of the
hind foot relative to the longitudinal body axis) are significantly larger on both sides of the mutant animals compared to controls. The distance between the front
paws is significantly smaller in mutants than in controls. Means + SEM are shown for n = 5 animals per group. ***p < 0.0001 and **p < 0.001 versus control using
one-way ANOVA analysis followed by the Tukey’s multiple comparisons test.

(legend continued on next page)
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Fam126A (Baskin et al., 2016; Nakatsu et al., 2012), and muta-
tions or depletion of Fam126A destabilizes PI4KA and causes
hypomyelination (Baskin et al., 2016; Miyamoto et al., 2014;
Traverso et al., 2013).

Recently, PI4KA was implicated in the transport of phosphati-
dylserine (PS) between various membranes (Chung et al., 2015;
Galmes et al., 2016), thereby controlling the level of several lipids
(P14P, PI(4,5)P,, and PS) that define PM identity. In order to test
the importance of the enzyme in a biological system that requires
the generation of large volumes of PM, such as the SCs, we
generated mice with a SC-specific Pi4dka deletion to evaluate
the role of this enzyme in the myelination process. These mice
display severe myelination defects with substantially reduced
myelin thickness and lipid content most severely affecting PS
and phosphatidylethanolamine (PE). Surprisingly, mouse SCs
kept in culture retain their PM PI(4,5)P, levels and Akt and
mTORC1 responses even after prolonged PI4KA inhibition in
spite of the massive reduction in their PM PI4P levels. In contrast,
PI4P depletion from the PM causes rearrangements of the actin
cytoskeleton both in cultured cells and in nerves of affected
animals. Our studies highlight the central role of PI4KA in the
myelination process and hint that the role of the enzyme might
be closely linked to actin dynamics and PS metabolism.

RESULTS

Inactivation of PI4KA in SCs Causes Neuropathy-like
Symptoms
Conditional knockout mice for PI4KA (Figures S1A and S1B; Boj-
jireddy et al., 2014) were cross-bred with Mpz-Cre mice express-
ing Cre recombinase under the control of the myelin protein zero
(PO and Mpz) gene promoter (Feltri et al., 1999). PO is a glycopro-
tein located in SCs, and its expression is induced at the onset of
myelination (Eichberg, 2002). Mice were born at the expected
Mendelian ratio. As mice reached day postnatal day 30
(P30), MPZC""*/PI4KA™" mice (hereafter referred to as “mu-
tants”), started to show abnormal gait compared to controls
(MPZE™/PI4KA™™t and MPZC™"*/PI4K*""Y), regardless of their
gender. Their gait progressively worsened, mostly affecting hind
legs, which they dragged behind with muscles in flaccid extension.
Affected animals exhibited a tremor in their hind legs. When
suspended by the tail, the hind limbs of mutants either flexed spas-
modically or clasped together intermittently (Figure 1A).
Characterization of the phenotype by TreadScan instrument
(Beare et al., 2009) showed that mutant mice (P60) walked signif-
icantly slower than their control littermates (Figure 1B). Both con-
trols (MPZC®"*/PI4KA™"t and MPZC™*/PI4K*""Y) showed a
similar stance, whereas mutant animals kept their front paws
significantly closer to one another (Figures 1A and 1B). Print angle

(PA), which measures the angle between the heel and the linea
alba of the body for each rear foot, was also significantly wider
in the mutants (Figure 1B). Notably, similar changes in gait param-
eters have been reported for various forms of CMT models in mice
(Bogdanik et al., 2013; Cartoni et al., 2010; Wooley et al., 2005).

Sciatic nerve conductivity was then performed using electro-
myographic recordings in P60 mice. We measured the time it
took for an impulse elicited by a mild electric stimulation deliv-
ered at two (distal and proximal) stimulation points on the sciatic
nerve to travel a known distance to a reference electrode.
Consistent with published reports of healthy animals (Oh et al.,
2010; Xia et al., 2010), conductance speed in control animals
was 73.0 + 31.6 m/s (mean + SD; n = 8 independent measure-
ments). In most mutants, the electromyography (EMG) signal
was too small to allow calculating a reliable conductivity speed.
In two cases where accurate measurements could be made,
conduction velocity was severely reduced (3.2 + 0.1 and 6.8 +
0.1 m/s; mean + SEM calculated from 10 repeated proximal
and distal stimulations; Figure 1C).

Histological Alterations in Mutant Nerves

H&E and Masson’s trichrome staining of sciatic nerves of P60
mice showed disorganized fibers with more nuclei and high
collagen deposition in mutants compared to controls (Fig-
ure 1D). Immunohistochemical and western blot analysis
confirmed the dramatic reduction in PI4KA levels and the
decrease in the myelin-specific protein, MPZ, in mutant sciatic
nerves (Figures 1D-1F). Similar reduction was observed in
S100B, a specific marker of mature SCs in peripheral nerves
(Figure 1E). Cajal bands were also missing in mutant nerves,
and their immunoreactive Drp2 and periaxin signals were
greatly diminished (Figure 2A). TUNEL analysis showed the
presence of apoptotic nuclei in mutant nerves whereas no
apoptosis was observed in controls (Figure 2B). Sciatic nerves
of mutant animals showed more nuclei and pronounced stain-
ing for the oligodendrocyte marker, neuron-glia 2 (NG2),
together with enhanced expression of Krox20, the tran-
scription factor that drives MPZ and MBP transcription (Fig-
ure S1C). These changes most likely reflect a reactive
process, as proliferation of NG2-positive cells has been
described in peripheral nerves in response to injury (Rezajooi
et al., 2004).

To analyze the progression of myelination, we crossed our
mouse lines with a reporter line (Gt(ROSA)26Storm4(ACTB-
tdTomato-EGFP)), which allows monitoring the Cre activity in
the tissues of developing animal as it expresses a PM-targeted
tdTomato that is replaced by a PM-targeted GFP, marking the
affected cells (Muzumdar et al., 2007). This analysis showed
that Cre was already active by P7 and that control mice

(C) Cartoon and representative traces showing nerve conductance measurements. Electromyography (EMG) recordings are shown from the same animal after
stimulating the sciatic nerve from a proximal (blue) and distal (orange) electrode. The time delay and the distance between the two stimulating points allow
calculation of the conductivity speed. Note the greatly diminished EMG signal of the mutant mice (enlarged in the insert above).

(D) H&E staining of longitudinal sections of sciatic nerves show substantial structural changes and cellularization in mutant (fl/fl) nerves. Fibers are not tightly
packed and not arranged properly compared to control (wt). Masson’s trichrome staining shows high collagen deposition in the sciatic nerves of mutant nerves.
Immunohistochemistry (IHC) of cross section of sciatic nerves shows the major loss of PI4KA. The scale bars represent 50 um.

(E) IHC of both S1008, a marker for mature SCs, and MPZ shows marked decreases in mutant nerves (bars show 20 um).

(F) Reduced expression of PI4KA and MPZ is shown in western blots (WBs) from sciatic nerve samples. (Means + SEM, n = 3, *p < 0.01).
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displayed myelinating SCs in their sciatic nerves at P14. Myelina-
tion was complete by 2 months, with clear detection of Schmidt-
Lanterman incisures and nodes of Ranvier and showing red
fluorescence in the axons (Figure S1E, left). In contrast, mutant
nerves showed little signs of myelination at P14 and the lack of
organized SC structures even at P60 (Figure S1E, right).
Myelination Is Dramatically Impaired in Mice with SCs
Lacking PI4KA

Electron microscopy (EM) analysis of sciatic nerves of P60 mice
showed significantly thinner myelin in mutants (Figure 2C, panels
iv—vi). This was true for axons of all diameters, but larger axons
were more affected as shown by the shift and increased slope

2884 Cell Reports 23, 2881-2890, June 5, 2018

Figure 2. Histological and EM Analysis of
Sciatic Nerves from Control and Mutant Mice
(A) Sciatic nerves from P60 wild-type (wt) or mutant
(fl/fl) littermates were teased and immuno-stained for
Drp2 and Periaxin. Note the presence of Cajal bands
in control nerves and the very low signal and no Cajal
bands in mutant nerves (scale bars, 20 pum; pink
shows nuclei).

Piﬂ;?“ (B) TUNEL staining of mutant nerves shows several

204 I 1 apoptotic nuclei (green). Note the more numerous and

5 less elongated nuclei in mutants (scale bars, 20 pm).

%’ 15 Statistical significance of difference in the percent of

] apoptotic nuclei was assessed by unpaired t test (n =

5 10 121 and 391 nuclei from control and mutant nerves,
g_ respectively, **p < 0.001).

§ 5 (C) Electron micrographs of cross sections of sciatic

nerves demonstrate significantly reduced myelin

0 o thickness in mutant nerves (fl/fl, panels iv—vi). Hallmarks

of aberrant myelination, such as myelin outfoldings (see
panel iv) and lack of myelin with onion bulbs (see panel
vi, arrows), are present in the mutants. No major dif-
ferences were found in the appearance of Remak
bundles (panels i and iv, labeled with “R”). The number
of mitochondria within the axons of mutant nerves was
higher than those in controls (panel iv arrows show
numerous mitochondria).

(D) Scatterplots showing g-ratios as a function of
axon diameter. Myelin thickness is lower across the
whole spectrum of axon diameters in the mutant
nerves, and the slope is significantly steeper in the
mutant group. Average g-ratios show reduced myelin
thickness but no change in axon diameter. Means +
SEM; ***p < 0.0001 control versus mutant; n = 255
(control) and n = 136 (mutant) from 3 animals for each
group assessed by unpaired t test.

of g-ratios compared to control nerves.
Importantly, average axon diameters
showed no change (Figure 2D). Hallmarks

5 of aberrant myelination, such as myelin out-

% foldings (Figure 2C, panel iv; none versus 3

§ or 4/field per mice in wild-type and mutant,

§ 1 respectively) as well as the appearance of

<0 = onion bulbs (Figure 2C, panel vi, green ar-
wt

rows), were evident in the mutants (none
were observed in wild-type nerves versus
an average of 19 onion bulbs per field per
mice in mutants; n = 3 fields). Notably, we
observed more mitochondria in the axons
of mutant nerves (1.947 + 0.1447, n = 57 and 3.943 + 0.3558,
n = 53; mitochondrion per axon in wild-type and mutant, respec-
tively; mean + SEM; Figure 2C, panel iv, arrows). Importantly, no
major alterations were observed in the number and appearance
of Remak bundles (Figure 2C, marked “R”), suggesting that
radial sorting and early differentiation of the non-myelinating
SCs have taken place in mutant nerves.

Inhibition of PI4KA Depletes PI4P, but Not Pl(4,5)P,
from the Plasma Membrane of a Mouse SC Cell Line
During myelination, polarized movement of the growing myelin
sheet between the existing myelin wraps and the axon requires
both polarized PISK activation (Goebbels et al., 2010, 2017)



OPEN

ACCESS
CellPress

Figure 3. PI(4,5)P, Levels and PI3K/Akt/

D Control Mr (kDa) . .
Sond 7 e B o mTOR Responses to Serum Stimulation
PAKt Are Unchanged in a Mouse SC Line after
pAkt Thr308 EER e e - 60 Prolonged Inhibition of PI4KA
panAkt T e sy s e = 60 (A) Cartoon showing the growing myelin sheaths
pS6 e 35 around a myelinated axon. This process requires
0 activation (green) and actin dynamics
) both PI3K activation ( ) and actin d i
o-fubulin - e e - 50 with proper spatial control (red).

Al-treated (B) A mouse SC line (SW10) was treated with the
pAkt Ser473 w—— — PI4KA inhibitor (A1; 100 nM) for 24 hr, and PI(4,5)P,
pAkt Thr308 ——— — and PI4P localization was assessed by expressing
panAkt R o S s A0% e the lipid reporFers, PLC31-PH-GFP and GFlP-

P4M2x, respectively. A1 treatment causes a major
pS6 o s decrease in PM PI4P levels, causing the PI4P re-
a-tubulin v T——— porter probe to re-localize to endosomes and the

fme(min) 0 25 5 10 20 40 Golgi, where PI4P levels remain unaffected (lower
’ right panel). The same treatment did not reduce
Control A1l-treated PI(4,5)P; levels, and the reporter remains on the
B E PM (left-I ). Th le b t
T . eft-lower panel). The scale bars represen
& 10 um.
< 201 (C) Lipidomic analysis of phosphoinositides from
a Zc Control
3 28 5] ontre cells treated with 100 nM A1 or DMSO for 24 hr.
f ¥ o it Note the massive reduction in the absolute amount
28 " reate of PIP (***p < 0.0005; unpaired t test) and the lack of
f(; 05 significant change in PIP, (means + SEM; from
0.0 : : . | triplicate samples).
0 10 2 30 40 (D) WB analysis of different downstream effectors
Py 0 S (i) of the PIBK/AKYMTOR pathway (AktSer473,
3- z 207 AktThr308, and pS6 ribosomal protein) showed
E gé 154 Control similar kinetics of phosphorylation after stimulation
ég with 10% serum following prolonged treatment
f & 104 with the PI4KA inhibitor or DMSO (control).
Schwann cells &’E o T Alreated (E) Quantification from three such experiments
Ne 3 (means + SEM; n = 3).
c 51 2 0.0
T NS o l - o 10 20 30 40
: 4 o § 15 % time (min)
g g 5 47
5 3 o o T Control . X .
% x ; 28 2E 34 panels). Surprisingly, this treatment did
» 3 . .
& 5 2 ; 83 ) Al-treated not affect the PM localization of the
2 05 z N ;D-gf Pl(4,5)P, sensor PH domain (Figure 3B,
© L 0. ['4 . . .
o 1 = g 4] lower). This finding was corroborated by
o ~ 0 lipidomic analysis of SW10 cells, which
e (13’0 W ® o # ., 0.0 0 0 20 30 40 showed a large decrease in PI4P without
1S (i) a significant decrease in total PI(4,5)P; af-
Pl PIP PIP2 g

and reorganization of the actin cytoskeleton (Nawaz et al., 2015;
Zuchero et al., 2015; Figure 3A). To investigate the molecular
events affected by PI4KA inactivation, we used the mouse
immortalized SC line, SW10 (SW10 [ATCC CRL2766]) and A1,
a specific inhibitor of PI4KA (Bojjireddy et al., 2014; Hammond
et al., 2014). We also analyzed mouse embryonic fibroblast
(MEF) cells with inducible inactivation of PI4KA. Specifically,
we wanted to evaluate the effects of prolonged inactivation of
PI4KA on the PI4P, PI(4,5)P,, and PI(3,4,5)Ps phosphoinositide
axis. For PI4P and PI(4,5)P, imaging, we used the Pl4P-specific
lipid sensor P4M of the SidM protein of Legionella pneumophila
and the PLC31-PH domain, respectively (Hammond et al., 2014).
A 24-hr treatment with the PI4KA inhibitor completely eliminated
PI4P from the PM, causing the sensor to bind to intracellular PI4P
containing Golgi and endosomal membranes (Figure 3B, upper

ter 24 hr of PI4KA inhibition (Figure 3C).

(Note that the peak values do not reflect

the relative amounts among the various
Pl derivatives). This analysis does not resolve various stereoiso-
mers, but given the relatively small amounts of other isomers, the
results can be informative regarding changes in the absolute
levels of Pl14P and PI(4,5)P,.

To test the status of the PI3K pathways and their downstream
effectors, we stimulated SW10 cells with serum and followed the
phosphorylation of Akt (both Ser473 and Thr308) and the S6 ri-
bosomal protein, a substrate of p70 S6-kinase, a target of
mTOR. These phosphorylation responses showed that PI3K
activation was not significantly affected by prolonged PI4KA in-
hibition (Figures 3D and 3E).

Inhibition of PI4KA Causes Migration Defects and Actin
Rearrangements in SCs

Despite an intact PI3K activation in response to serum stimula-
tion, treatment with the PI4KA inhibitor for 24 hr significantly
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reduced the migration of SW10 cells toward serum containing
media in trans-well chambers (Chen, 2005; Figure 4A). This could
be related to the significantly enhanced cortical cytoskeleton
relative to stress fibers that we observed both in SW10 cells
and MEF cells after prolonged PI4KA inhibition and PI4KA inac-
tivation, respectively (Figures 4B and 4C). Quantitation of the
actin rearrangement was performed using line intensity histo-
grams and measuring the ratio of PM intensities divided by the
average intensity calculated for the cytoplasm (Figure 4C).
Similar changes were observed by Nakatsu et al. (2012) in their
study of MEF cells after PI4KA inactivation. Analysis of actin
structure of nerves isolated from control animals (P60) showed
well-organized actin structures in control nerves with enrich-
ments in nodes of Ranvier and in the Schmidt-Lanterman inci-
sures (SLIs) (Figure 4D). In contrast, actin organization was
completely broken down and very strong actin staining was
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Control MEFs

Figure 4. PI4KA Inactivation Affects Cell
Migration and Actin Distribution

(A) Migration of SW10 cells in Boyden chambers in
response to serum. Treatment of cells with A1
(100 nM; during the whole migration time of 24 hr)
significantly reduced the number of cells migrating
toward the serum-containing medium. Means +
SEM; n = 3 (**p < 0.0001).

(B) Immortalized MEF cells expressing LifeAct-
GFP. Immortalized MEF cells prepared from
PI4K"/R26ERCre* embryos (Bojjireddy et al.,
2014) were treated with tamoxifen or solvent as
described under Materials and Methods before
transfection with the LifeAct-GFP and confocal
microscopy. Representative pictures show the
prominent lack of stress fibers and more pro-
nounced cortical actin in the cells with PI4KA
deletion compared to controls. The scale bars
represent 10 um.

(C) Prolonged (16-hr) inhibition of PI4KA in SW10
cells shows reduced stress fibers. Line intensity
histograms were analyzed to assess the redistri-
bution of F-actin as shown in representative ex-
amples (green lines; scale bars: 10 um). Such
analysis of 10 cells showed a significant increase in
the plasma membrane intensities relative to the
average cytoplasmic signal. ***p < 0.001.

(D) Phalloidin staining of teased sciatic nerves
obtained from control or mutant mice. Note the
degraded actin organization and strong actin
staining in the mutant nerves. Green arrow in the
left panel shows the actin structure at a node of

P<0.001

sk

1

control A1 16 hrs Ranvier, whereas in the middle panel, it shows
Schmidt-Lanterman incisures (SLIs). The scale
bars represent 20 um.
fI/fl

MPZC* /pI4KA

found in the membranes of SCs of the
sciatic nerves of the knockout animals
(Figure 4D).

Inactivation of PI4KA Decreases
Levels of Key Phospholipids for
Myelination

Sciatic nerves of P60 mice were strikingly
different in appearance: mutant nerves
were completely transparent and soft,
whereas control nerves were white and firm (Figure 5A), indi-
cating loss of lipids from the affected nerves. Lipidomic analysis
of nerves from such animals showed more than 50% reduction in
the total lipid content of the sciatic nerves in the mutants (Fig-
ure 5B, insert). Notably, among the various lipid classes, the re-
ductions were particularly prominent in PS, PE, sphingomyelin
(SM), and hexosyl-ceramide (Hex-Cer) (note that the graph in
Figure 5B shows mol% of total phospholipids and not absolute
amounts). The increase in the relative proportion (not the abso-
lute amount) of phosphatidylcholine (PC) and Pl likely reflects a
compensatory process. Lipidomic analysis was also performed
on SW10 cells treated with the PI4KA inhibitor, A1, for 24 hr,
which showed that inhibition of PI4KA in SCs caused reductions
in the levels of PS, PE, and SM (Figure 5C). These lipid changes
were similar to those observed in the sciatic nerves of the
knockout animals and were consistent with the recently
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Figure 5. PI4KA Inactivation Causes Reduction in Total Phospho-
and Sphingolipids in Sciatic Nerves and in Cultured SW10 Cells

(A) Mutant sciatic nerves of P60 mice are more transparent than those of
controls.

(B) Lipidomic analysis of mutant and control nerves shows a disproportional
reduction in the major lipid components of the myelin sheath, such as phos-
phatidylserine (PS), phosphatidylethanolamine (PE), and sphingomyelin (SM)
hexose-ceramide (Hex-Cer) in mutants (red) and a relative compensatory in-
crease in phosphatidylcholine (PC) and phosphatidylinositol (PI) (note that mol
% and not absolute amounts are plotted). The insert shows the decrease in the
total amount of lipids in the mutant nerves from the same experiment. Means
and SD of duplicate measurements are shown from a representative experi-
ment that was repeated, showing the same changes.

recognized close relationship between Pl4P and PS metabolism
and PS transport (Chung et al., 2015; Sohn et al., 2016).

DISCUSSION

In the present study, we found that inactivating PI4KA specif-
ically in SCs causes severe myelination defects with pathologies
shared by many demyelination diseases. Notably, SCs were not
eliminated in the peripheral nerves, although an increased num-
ber of apoptotic cells suggested their major functional impair-
ment. Accordingly, we found that the ability of these nerves to
myelinate was severely compromised. A critical step in myelina-
tion is the generation of a new layer of myelin sheath by a pro-
truding SC membrane that pries between the axon and the
already existing myelin (see cartoon in Figure 3A). This process
bears several similarities to the PM polarization observed in
migrating cells, which requires PI3K activation (presumably in
the leading edge) and a concerted actin polymerization-depoly-
merization sequence. To gain a mechanistic insight in the
possible mechanism by which myelination is impaired, we
considered three major angles: first, we tested the PI3K angle
because of documented roles of PI(3,4,5)P; (Goebbels et al.,
2010) and its downstream target mTOR (Kearns et al., 2015;
Mathews and Appel, 2016; Norrmén et al., 2014) in myelination.
PI4KA inhibition could, in theory, affect PI(4,5)P, levels and
hence PI(3,4,5)P; signaling. However, even after prolonged
pharmacological inhibition of PI4KA in SCs, PI(4,5)P, levels
were maintained and the PI3K-Akt-mTOR-p70S6K signaling
axis in response to serum stimulation was unchanged. This
was consistent with previous cellular studies, which showed
that PI(4,5)P, levels did not decrease in cultured cells when
PI4KA was inhibited (Bojjireddy et al., 2014) or inactivated (Na-
katsu et al., 2012). Despite the unaltered PI3K signaling found
in SC after PI4KA inhibition, we would be cautious to discount
a contribution from an altered PI3K signaling to the myelination
phenotype of the mutant mice. PI3K signaling is activated in a
number of ways during myelination through secreted factors as
well as integrin engagement at cell-cell contacts (Heller et al.,
2014). These highly localized changes could have been impaired
in the mutant nerves without being detected in cultured cells.
Similarly, mTORC1 plays a different role in the early and late
stages of myelination (Figlia et al., 2017), for which the cell cul-
ture model cannot be instructive. Analysis of these processes
with temporal and spatial details in the intact nerve would require
further studies and tools that are not available at this time.
PI4KA-deleted MEF cells showed greatly enhanced cortical
actin on the expense of stress fibers, and similar changes were
observed in SW10 cells after pharmacological inhibition of
PI4KA. Enhancement of cortical actin and lack of stress fibers
was also described in MEF cells after PI4KA inactivation in a
previous study (Nakatsu et al., 2012). These actin changes could
contribute to the migration defect of SC after the PI4KA

(C) Lipidomic analysis of SW10 cells treated with 100 nM A1 for 24 hr shows a
significant reduction in major lipid components of the myelin sheath, such as
PS, PE, and SM. *p < 0.05 and **p < 0.001 versus control using t test; n = 2 for
each group. Error bars indicate range. This analysis was repeated in a separate
experiment, showing identical results.
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inhibition. Phalloidin staining of sciatic nerves of mutant mice
showed broken down actin organization and greatly enhanced
staining. This, together with the data in cultured cells, has indi-
cated that the balance of actin polymerization to depolymeriza-
tion was affected by the loss of PI4KA activity. Recent studies
showed that disassembly of actin is critical for proper myelina-
tion (Nawaz et al., 2015; Zuchero et al., 2015). It is notable, how-
ever, that actin-polymerization has not been linked to PI4KA
activity, and further studies are in progress to explore this angle
of PI4P biology in more detail as well as to define its role in the
myelination process.

Lastly, a third angle of the myelination defect was explored
based on most recent studies that have linked PS metabolism
and transport to PI4P production in the PM (Chung et al., 2015;
Maeda et al., 2013; Moser von Filseck et al., 2015; Sohn et al.,
2016). PS is the main precursor of PE, and these two lipids are
major components of the myelin. Lipidomic analysis of the
nerves showed that, even beyond the greatly reduced total lipid
content of the nerve, PS, PE, lyso-PE, and SM were dispropor-
tionally more reduced. Similar lipid changes were found in SCs
treated with the PI4KA inhibitor for 24 hr and in HEK293 cells
treated the same way (Sohn et al., 2016). These results pointed
to a defect in PS metabolism that most likely contributes to the
myelination pathology observed in the mutant animals.

In summary, the present study demonstrated a critical role of
PI4KA in myelination using a mouse model with genetic inactiva-
tion of the kinase selectively in SCs. The myelination defect was
not caused by death of SC cells, but changes in actin-polymer-
ization and impaired PS, PE, and SM metabolism were identified
as possible contributors to the myelination defect. These studies
highlight a critical role of PI4KA in the proper maintenance and
definition of the PM, which is especially important during myeli-
nation when large PM expansion takes place. The critical role of
PI4KA in creating the proper membrane lipid environment for the
replication of selected RNA viruses may reflect a broader role of
the enzyme in lipid biogenesis and distribution in specific mem-
branes. It is thought provoking that PI4KA may represent a link
between certain viral infections and defective myelin formation
and/or demyelination.

EXPERIMENTAL PROCEDURES

Generation of Mice

All the animal experiments were performed in compliance with animal proto-
cols approved by the NICHD ACUC Committee. Conditional knockout mice
of the Pidka gene (Bojjireddy et al., 2014) and B6N.FVB-Tg(Mpz-cre)
26Mes/J transgenic mice (Feltri et al., 1999), from Jackson Laboratories,
were bred in order to inactivate PI4KA in SCs. The mice were genotyped,
and MPZC®*/PI4KA™" was referred to as “mutants” or “fl/fl,” whereas
MPZE*/PI4KA™* and MPZC™*/PI4K*"*, served as “controls” or “wild-
type (WT)”. The MPZ-Cre transgene and the floxed pidka allele were also
cross-bred into Gt(ROSA)26Storm4(ACTB-tdTomato-EGFP) mice (obtained
from Jackson Laboratories; stock no. 007576; Muzumdar et al., 2007), which
allows to turn the original tdTomato (red) cells into GFP (green) once the Mpz-
cre gets activated. Both male and female mice were used as they showed no
apparent phenotypic difference.

MEF Cell Isolation and Immortalization
MEF cells were prepared from 13-day-old (post coitum [p.c.]) embryos from
pregnant mice homozygous for the floxed allele of PI4KA and expressing the
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Cre from the Rosa26 locus under a tamoxifen-inducible promoter (Bojjireddy
et al., 2014) as detailed under Supplemental Experimental Procedures.

Gait Analysis

The gait phenotype was analyzed using the TreadScan instrument from Clever
Sys (Beare et al., 2009) and the software provided by the manufacturer. Mice
were studied at two months of age (n = 5 per genotype), and one-way ANOVA
analysis was performed followed by the Tukey’s multiple comparisons test.

Morphometric Analysis of EM Micrographs

Digitalized electron micrographs of semi-thin sciatic nerve cross sections were
analyzed for axon diameter and g-ratio. Inner and outer diameters of the myelin
sheath were measured from fibers randomly selected from three mice per
group by using the GRatio software. The plug-in of this software, available
online (http://gratio.efil.de), was implemented for Imaged (https://imagej.nih.
gov/ij), allowing semi-automated analysis.

Cell Culture

Cell studies were carried out in a mouse SC line: SW10 (ATCC CRL2766),
which was cultured and maintained in DMEM supplemented with 10% FBS
(HyClone) and 1% Pen Strep (Gibco). Transfection of plasmids was performed
with Lipofectamine LTX with Plus Reagent (MA, USA) following the manufac-
turer’s instructions.

Live Cell Imaging by Confocal Microscopy

After 24 hr of transfection on glass-bottom dishes (In Vitro Scientific; cat no.
D29-20-1-N), cells were washed and incubated in a modified Krebs-Ringer so-
lution, containing 120 mM NaCl, 4.7 mM KCI, 2 mM CaCl,, 0.7 mM MgS04,
10 mM glucose, and 10 mM Na-HEPES (pH 7.4). Confocal images were taken
with a Zeiss LSM 710 laser confocal microscope (Zeiss, Peabody, MA).

Cell Migration Assay

SWA10 cells were plated at 50,000 cells/insert on the top compartment of Boy-
den chambers (CytoSelect 24-Well Cell Migration Assay; 8 um; Colorimetric
Format from Cell Biolabs, San Diego, CA) in DMEM-high glucose w/o serum
and allowed to migrate toward the same medium complemented with 10%
fetal bovine serum (FBS) placed in the lower compartment for 24 hr in the pres-
ence or absence of A1 (100 nM). Migratory cells on the bottom of the mem-
brane were stained with the “staining solution,” photographed, and quantified
by spectrophotometry after elution by the “extraction solution” as provided by
the manufacturer.

Statistical Analysis

Most of the analyses were carried out using the two-tailed Student’s t test.
When comparisons were performed between more than two groups, one-
way ANOVA analysis was performed followed by the Tukey’s multiple compar-
isons test. The values are expressed as mean + SEM, and all statistical
analyses were performed using GraphPad Prism, version 6.0.

Detailed description of nerve preparation forimmunohistochemistry and EM
analysis, western Blot and lipidomic analyses, as well as the method of nerve
conductance measurements can be found under the Supplemental Experi-
mental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and one figure and can be found with this article online at https://doi.org/10.
1016/j.celrep.2018.05.019.
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Legend to Figure S1 complementing Figure 1. (4) Cartoon showing the design of the conditional allele of pi4ka.
The conditional allele was generated from the primary target allele where the Nisil restriction sites (N) and the neomicin
selection cassette (NEO) are shown. The NEO casette was eliminated by Flp—mediated deletion. The null allele is
obtained by the action of the Cre-recombinase that removes exon 48 that is critical in the catalytic domain. The final
product is a truncated PI4KA with no catalytic activity. To obtain Schwann cell-specific deletion, these pi4Ka mice
were crossed with mice with the Cre recombinase driven by the Mpz promoter (MPZCre). Mice were then classified
as “controls” (MPZ"*/pidka™™ and MPZ ™*/pi4ka™"™') or “mutants” (MPZ**/pi4ka™™). (B) PCR analysis showing
the presence of the indicated alleles. (C) The oligodendrocyte marker, NG2 is highly expressed in the nerves obtained
from mutant animals, when compared to the controls (bars show 20 pum). (D) Krox20, a transcription factor that
regulates the expression of MPZ and MBP and is also expressed in oligodendrocytes, shows significantly higher
expression in the mutant nerves (Means £ SEM, n =3, * denotes P < 0.01 by Student’s t-test). (£) Sciatic nerves
isolated from Gt(ROSA)26Storm4(ACTB-tdTomato-EGFP)/MPZ"/pi4ka®’* and their pi4ka™ counterpart
littermates were teased and analyzed by confocal microscopy at the indicated ages. Cre recombination in these reporter
mice causes switching plasma membrane targeted red fluorescence to Green. There is no obvious difference between
the nerves at age P7, but myelinating Schwann cells are already recognizable at P14 with the appearance of Schmidt—
Lanterman I(SLIs, white arrowheads) in control nerves. SLI structures are barely recognizable at this age (P14) in the
mutant nerves. At two months of age, myelinating Schwann cells are clearly recognizable in wild type nerves whereas
they are disorganized in the mutant nerves. There is little difference between the nerves from different ages in the
mutant animals.



Supplemental Experimental Procedures (supplementing Experimental Procedures):

Materials - The PI4KA inhibitor, A1 (GSK2736460A), was synthesized by (Glaxo Smith-Kline) (Bojjireddy et al.,
2014). Inhibitors were dissolved in DMSO and added freshly to the medium (final DMSO 0.1%) to treat the mouse
Schwann cells. Al was used at a concentration of 100 nM for 24 h. The following antibodies were used mouse anti-
S10007 (Millipore MABO079-1) mouse anti MBP (Biolegend 808401) rabbit anti-Mpz (polyclonal from MBL Life
Science #PD046, Nagoya, Aichi, Japan) anti Krox20 (Egr-2, Santa Cruz Biotechnologies, Santa Cruz, CA) rabbit anti
NG2 (Millipore AB5320). Anti pAkt-Ser374, Thr308, pan Akt and S6K were from Cell Signaling (Boston, MA).
Anti-tubulin was from Sigma (St. Louis, MO). The polyclonal PI4KA antibody was kindly provided by Dr. Pietro De
Camilli. The antibodies for Drp2 and Periaxin were produced in rabbits and were kindly provided by Dr. Peter Brophy
(The University of Edingburgh, Scotland, UK). Fluorescent secondary antibodies were from Invitrogen (Thermofisher
Scientific). The plasmids used are described as follows: For PI4P and PI(4,5)P2 analysis we used the PI4P-specific
lipid sensor P4M of the SidM protein of Legionella pneumophila (Hammond et al., 2014) and the PLC31-PH domain
(Varnai and  Balla, 1998), respectively.  LifeAct was created by cloning the 5°-
accatgggcgtggccgacctgatcaagaagttcgagag-catctccaaggaggagggggat-3’ nucleotide sequence which codes the lifeact
protein between the EcoRI and BamH]1 sites of either the mRFP-N1 or eGFP-N1 expression plasmids.

Preparation of MEF cells - Embryos were removed and briefly washed with 70% ethanol in PBS and placed in ice-
cold PBS. After removing the heads and the red tissues, the remaining tissue was minced and digested with
Trypsin/EDTA (0.05%) for 15 minutes at 37C. The digested tissue was filtered through a nylon mesh and the MEF
cells were plated on 10 cm culture dishes using DMEM high glucose complemented with Penicillin-Streptomycin 1%
and Serum 10%. MEFs were immortalized by using the serial passages method. Briefly, cells were taken through 20-
25th passage, using a 3-day transfer schedule. In order to keep the same level of confluency and since the growth rate
decreased from passage 5th to 15th, the cells were transferred to 6 cm dishes during that stage of the immortalization
process. Once the MEFs recovered their growth rate (passage 20th to 25th) they were transferred back to 10 cm dishes,
expanded, and properly stored in liquid nitrogen. When PI4KA was to be inactivated, immortalized MEF cells were
treated with (Z)-4-hydroxytamoxifen (4-OHT) (final concentration, 1 uM) and cultured for additional 2 weeks without
Tamoxifen before transfection and microscopy analysis.

Immunohistochemistry and Histology — Sciatic nerves of 2 months old mice were fixed in Bouin’s solution and
embedded in paraffin. Longitudinal and cross sections (7 pm thick) were cut on microtome. Following
deparaffinization, tissue was processed for immunohistochemistry. Briefly, tissue was blocked for non-specific
binding in 1% bovine serum albumin (BSA) in 0.01 M phosphate buffered saline pH 7.4 (PBS). Primary antibodies
were diluted in 1% BSA in PBS and applied to sections overnight at 4°C. Secondary antibody (donkey anti-mouse
Alexa Fluor 488, donkey anti-rabbit Alexa Fluor 488 or donkey anti-rabbit Alexa Fluor 555) was applied for two
hours at room temperature at 1:500 dilution in 1% BSA in PBS. Sections were mounted in Mowiol (Sigma) and
examined under an inverted confocal microscope (Zeiss LSM 710). Collagen was visualized by Masson’s trichrome
staining. These sections were then dehydrated, cleared in xylene mounted in DPX (Sigma) and examined under Zeiss
Axiovert microscope equipped with camera. Where stated, sciatic nerves were teased after removing the epineurium
using extra-fine forceps and the nerve fibers were spread out on a Superfrost®Plus/Colorfrost®Plus slide.
Subsequently, the specimen was immunostained with the correspondent antibodies and/or phalloidin Alexa Fluor 647
(1:100-200). To study apoptosis, the Click-iT™ TUNEL Alexa Fluor™ 488 kit (ThermoFisher Scientific) was used
on teased nerves following the manufacturer’s instructions. Slides were mounted with ProLong™ Gold Antifade
Mountant with DAPI to visualize cells nuclei. Cells were examined in a Zeiss 710 scanning confocal microscope. The
brightness levels were adjusted in Adobe Photoshop CS4 but the same setting and adjustments were used for images
obtained from wild-type and mutant nerves.

Electron microscopy - After anesthetizing 2 months old mice with 2% isoflurane in 100% oxygen, transcardial
perfusion fixation was performed on a downdraft table equipped with a chemical waste collection system. Phosphate
buffer was perfused briefly (<5min) through the left ventricle, followed immediately by a fixative solution consisting
of 4% paraformaldehyde and 2.5% glutaraldehyde in phosphate buffer. Excised sciatic nerve samples were post-fixed
for 72 hours in the same fixative at 4°C. In preparation for resin embedding, nerve samples were equilibrated in 0.1M
sodium cacodylate buffer, intensified in 2% osmium tetroxide (OsOs), dehydrated through a graded ethanol series and
equilibrated to 100% propylene oxide. Next, an Embed-812 resin (Electron Microscopy Sciences, Hatfield, PA.)
infiltration series, using propylene oxide as the solvent, up to 100% resin was completed. The epoxy resin was
polymerized for 24 hours in a vacuum oven set at 60° C. Ultra-thin sections (80nm) were prepared on a Reichert-
Jung Ultracut-E ultramicrotome using a Diatome diamond knife (Electron Microscopy Sciences, Hatfield, PA.). The
ultra-thin sections were transferred to 300 mesh cooper grids (Electron Microscopy Sciences, Hatfield, PA.) and were



post-stained with uranyl acetate and lead citrate. Imaging was performed on a JEOL 1400 transmission electron
microscope operating at 80kV.

Sciatic motor nerve conduction velocity (MNCV) - Mice (P60) were anesthetized with 2% isoflurane in 100% oxygen,
and the fur covering the hind limbs was shaved and depilated with a commercially available hair-removal cream. The
sensing electrode was placed at the position where the gastrocnemius muscle has its maximum diameter, while the
reference electrode was placed just distal to it. To target the sciatic nerve accurately, a small incision was made, and
distal and proximal stimulation of the nerve were performed using a monopolar disposable 30 G needle electrode
(Natus, Cat# S53153). Stimuli were delivered by a Grass model S48G stimulator and were monitored with a Coulbourn
Instruments model V75-04 amplifier with 100x gain and bandpass filtered between 150 Hz and 1 kHz. Stimulus and
response voltage data were digitized using a National Instruments USB-6212 acquisition card and Labview Software.
Analysis was carried out using custom software implemented in Matlab. Conduction time was determined as the
interval from stimulus onset to the time where the tangent to the initial deflection of the muscle recording intersected
the abscissa. Measurements were taken at points both distal and proximal to the spinal cord, and the conduction
velocity was determined as the distance between the two recording sites divided by the difference in conduction times.
Western blotting - Sciatic nerves were carefully dissected, pulling the perineurium and epineurium away from the
endoneurium along the whole length of the nerve (Verheijen et al., 2003). Cells and sciatic nerves were lysed in
different ice-cold lysis buffers: (M-PER; Thermo Scientific) and (T-PER; Thermo Scientific), respectively. To avoid
protein degradation, both buffers were previously supplemented with protease inhibitors (Complete tablets; Roche).
Protein concentration was determined by using the bicinchoninic acid (BCA) assay (Thermo Scientific) with BSA as
a standard. High molecular weight proteins (>200 kDa) were resolved with NuPAGE 3-8% Tris-Acetate gels
(Invitrogen), and middle molecular weight proteins (30-100 kDa) with NuPAGE 4-12% Tris-Glycine gels
(Invitrogen). After performing electro-transference onto nitrocellulose membranes (Invitrogen), blots were blocked in
Odyssey® blocking buffer (PBS) for one hour. Subsequently, blots were incubated overnight at 4°C in the same buffer
supplemented with antibodies against Akt, phospho-Akt (Ser473), phospho-Akt (Thr308), pS6 ribosomal protein, a-
Tubulin, Krox-20, and PI4KA. After washing with TBS-T, blots were incubated for 1 h at room temperature within
the proper Odyssey® secondary antibody diluted in TBS-T. Finally, blot membranes were scanned and quantitated
using the Odyssey® instrument and software.

Lipidomic analysis — Sciatic nerves (~10 mm in length) were dissected, measured and weighed. After turning the
perineurium inside out nerves (together with the perineurium) were homogenized and processed for lipid extraction
and analysis of lipid content. Likewise, Schwann cells cultured on 10 cm diameter plates and treated with 100 nM of
A1l or DMSO for 24h were processed for lipid extraction and analysis of lipid content. Samples were extracted by a
mixture of Chloroform: Methanol: 1N HCI (2:4:1.6) (in ml v/v) followed by phase separation by adding 2 ml of
Chloroform and 2 ml 1 N HCL. After removing the lower phase, the upper phase was re-extracted with 1 ml Chloroform
and the lower phase was combined with the lower phase of the first extraction. The combined chloroform phase was
washed once with 0.5 ml 1M KCI and then with 0.5 ml H2O before drying under nitrogen. The samples were than
subjected to analysis by mass spectrometry performed by the Kansas Lipidomics Research Center. Analysis was
performed in two separate experiments and duplicate or triplicate samples were analyzed. For analysis of PIPs,
Schwann cells were cultured on 6 cm culture dishes to ~80% confluence and after washing twice with PBS (w/o Ca?*
and Mg?") cells were terminated by the addition of ice-cold TCA (0.5M, final). After 30 min on ice, cells were scraped
into 2 ml microfuge tubes and span at 20,000 x g for 3 min. The pellet was vortexed with 1 ml TCA (5%, w/v) and 10
mM EDTA, recentrifuged, (this was repeated one more time) and frozen on dry ice and kept at -80 °C. An internal
standard of PI1(4,5)P2 (37:4) was added to the TCA pellets followed by 670 pL of ice cold chloroform:methanol:12.1
M HCI, (10/20/1, v/v/v). Samples were vigorously vortexed for 2-5 min and let sit on ice for 10 min before the addition
of 650 pL of ice cold chloroform and vortexing for additional 5 min. At this point 300 uL of 1 M HCI was added for
phase separation and samples were vortexed for 2 min, followed by centrifugation at 10,000 x g for 5 min at 4 °C. The
lower phase was then collected into a 2 mL fresh tube and 990 pL of “lower phase” (generated from a mixture of
chloroform:methanol:1.74 M HCI (86/14/1, v/v/v) was added to the remaining upper phase for re-extraction. After
vortexing for 2 min, and centrifugation, the lower phase was combined with the previously collected lower phase. The
combined lower phases were evaporated to dryness, flushed with argon and stored at -80 °C until further analysis.
Samples are kept at 4 °C throughout these extraction steps. Derivatization and MS analysis of the samples were done
by ATK Analytics and Discovery as described in (Traynor-Kaplan et al., 2017). Averages calculated from three
separate cell culture samples from one experiments are shown.
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