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W PGE2 PGEM

2 PGD:2BEUPGE:DHEERL - LB

BAED & Z A PGDM OWEIIL, WiE7 v~ b
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-tandem mass spectrometry (LC-MS/MS) ¥E13
HiE LT 5, MS (mass spectrometry) 1%, 9
LBz e FiE A A b L, El LA A
vk miz THEEL T, K2 D miz DA F o BEER
ETHZ L TEMN - EESWTEIT I OTETH S,
RIEFRENR W b ng HDWVIEENLLT
T2 B D IR 2 U
AEBRTIE, BHbHLIEESEDOL AL, BE
ITEBDHF NG A A fbiEE LTy hr A
7L —A 7 1t (electrospray ionization : ESI) %,
BEOoMEE L TNEBRE &S A Hviz, ESI
I, A3 2BEPORME~BT Y7 A A
LIETHY . B RE o FEEZHH, PGDM
DA F A T E L’Cb\ Zo tandem mass
spectrometry (MS/MS) %, % 1 B (MS1) |
BWTEEERNZTY 7‘J YA A D5 Y%
b ST TR & DOEZRIC KD H LT AR

(CID) #Z L, £LET0E T " AN 2
R (MS2) TEIRSN5DZ & TEHEITHFIET
HbH, ZOWPETET— FN selected reaction
monitoring (SRM) T& Y, LC-MS/MS T 2 Bk
D MS T 72bh SRM 179 Z & T, EREEN

X L TRWICE ) 2 38T 5,

O WIEIRVE LA OMEZIT O T L DT RE

IR %,
F 7. PGDM I negative ion “t— R COA F
L2, L7223 - C PGDM (MW: 328) X

MS1 TV J—H—A F > [M-H @ m/z 3271,
MS2 TF Xy A F LD miz 1431125 > TE
52 Ll Uz, MEESESE LT, PGDM-d6 %
WD T, SN =Y —A A [M-H X m/iz
3332, MS2 T/ R AU hA AT miz149.2 & 7¢
% (X3),

Q1 Q3
@ﬁm’wﬂ Cxﬂg(Dg —
Precursor ion Product ion
m/z 32741 m/z 1431

bope] — b
E -H ———
N ’ m/z 149.2

m/z 333.2 CID (collision-induced dissociation : #iRIEIZRAR)
3 PGDM @ Selected reaction monitoring
(SRM)i%

24~25 FEFEIX. Rik& VT DMD BB IO
fEEEIZOWTRT PGDM #EAMIE L, DMD
DOFFIRBWINCE R TH D E 5 hERE Lz,

DMD (& & 721RIED ST L TV WEER THUE
TRROEITZELE AL R AN ENTND,
Z 0 DMD DR EEETTIZ PGD2 41 L 7= R JE 23 Bif%R
LCWAZ ERBAGMNIZY ., 26 FEIIRFH
RE~—H—DTn 2R T7Z 00 E2 (PGE2) b
DMD IZE5 L TWanEEE Lz, 2T DMD
BEORF O PGDM & PGEM Z#HIZE L, DMD @
ZWCE TH D ERT LT,
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1) x5
4~23 B> DMD B 46 4B L OMEEH 35 4
Extgd Uiz,

2) HIE AR O FR

DMD B3I L OMEFE DR 0.4ml (ZHiK 0.5ml
A & bIZREEYE (tetranor-PGDM-d6) %
Z TR LD 5, IN HCI TpH3 R E 2 L=,
HoNLHTH ) —)b & ik TP L 7 Bk H
717 L Sep-Pak Vac IZ2&%2 7 774 LT, 5% 7
b= h UL 6mlZHDT~F 2 6ml THE L
TeDb, BTV 3m| THEH Lz, - OfiH&
EERBNATEMBEZELZOL, 10%7 k& =1
UL 100pl CHEEME L CRIEAREE Lz, RE
WRAERL D 72 D IC AR HEWE & N 2 7 B IR E DIEUE
FEHZ DWW T H ERRITERL LT,



[ 4 | PGDM & AREI O ERED 7 1 —F ¢
— FERT,

C18 column
+ water 0.5mL
+IS_ s0pL , N
apply to extraction dryness
Urine sample column T
0.4mL
+10%acetonitrile
00l T e
HPLC MS
4 PGDM AIERHHOEEEND 7O —F v—
k

3) LC-MS/MS (= L B HIE

EHEREL - I EFAFE %2 API3000 LC-MS/MS
system (A L, mEFEMFICBIT L) —H—
BLOT v "M A VU EBRFLERE, SRMIET
HIZE L7, PGDM & WiIEEWE & o v — 7 @it
EAVWCEREEZEHLE,

X 5 12 LC-MS/MS HIFEIZ AV /= HPLC I ONT
MS &% T,

Tz, WEEBEEBICIVRFP I VT F=VE2EE
L, ZOEEEEHIEICH N,

HPLC Shimadzu LC-10ADvp
[SHIMADZU CORPORATION]
Inertsil ODS-3
Column (5um, 2.1mm LD. x 150mm)
Mobile phase A:0.01% acetic acid, B:acetonitrile
Gradient 0-2min 10%, 24min 30%, 27min 70%,
(B.conc) 28min 100%, 31min 100%
Flow rate 0.25mL/min
MS API3000 LC/MS/MS System
[Applied Biosystems]
lonization Electrospray ionization (ESI)
Polarity Negative ion mode
Duration 40min
Injection volume 20uL

5 LC-MS/MS &

(25 FFE]
1) X4

2~55 D EE 1,003 RIEB LU 2~14 mOf
WE MR, BERA 8 REExEE L,

EFEfRERE OWNRIZ., DMD, BMD, y-H/1
2V RF— FI AT EREIAN
Fe B-VRAIa T U D BERETH D,

7. RFT PGODMBEOBRNEEFHEZRH & 2
A, L TREIZELS, BFICEVVERN RS
et BERl—FREBER LT,

2) HEAFEEOFE L LN LC-MS/IMS (2L B E
B

BB L OEFEOR0.4mIZHi/K 0.5ml &0 %,
& 5 ICNEEHEY)E (tetranor-PGDM-d6) % 1 2. TR
FL7=DH, INHCI T pH3 RBEICHE Lz, &I
EFEFHH & Z 4 Sep-Pak Vac %z W CHiH L7z,
COMHRAEERT A CEMREZE L=, 10%
7 b=k U 100u CTHEHEM L TRIERRE &
L7z BEBRIER D OICNIBMERE 2 12 -4
BEOEREREHIOWT b RIRRICIERR LT, =Y
Bk - I E FH B2 API3000 LC-MS/MS system (2
WAL, ERECBTHT)I—F—BLOT
o7 hAAUEBRFLEZE, SRM (Selected
Reaction Monitoring) ETHIE L7, PGDM LA
BEYBE O —/mBLE AW TEEEL BT
Lz, F72, HEEBIZEV VLT F =32 EE
L, #EL~,
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1) x&

ATEEE DR+ PGDM B E ORIEFHE A L7z 2~55
mOBE (DMD B L TUBMD) 1,003 ki LN 2
~14 FOREE 116 R, BERA 86 iK% xt
SBL 1L,

R PGDM BEDHE, BFICELS . BfiCHE
WERIA R BN Z &b, RH PGEM & E Dl
EDOHED R —FREZEHER LT,

N

) BIEAREI ORI LY LC-MS/IMS 12X 5 7E

fein

B L OMEE & DR 0.4mIZHizk 0.5ml 270 %
E B NAE Y E (tetranor-PGDM-d6 35 & O°
tetranor-PGEM-d6)% i1 2 TIEFI L 72D 5, 1N HCI
T pH3 BEICHEE L, WRICEMHBEY 7 A
Sep-Pak Vac Zz W CHIH L7z, Z oHiHik%E =&
BHATEMEELZ0b, 10% 7k h=krJ L
100pl THEME L CTHRIERFE L LT, MERIER
DT= DIZNIEIEYE & I 2 7= BB E OIEHERENT
DWTH REFRICIER L 72,

EEYERCE - JE AEUEL 2 API3000 LC-MS/MS
system [Z@EA L, &EREFICBITLTY —H—
BLOTaX s b A v ERit L%, SRM

(Selected Reaction Monitoring) & CHlllE L 7=,
PGDM t NIEHEH'E L O™ — 7 @ EZ AW TE
BEAEHLE, £k, HEBTEEBICIV LT F
—VEEEL, MIELE,

(HPLC HIZE 1)
£ :Shimadzu 10ADvp[Shimadzu]
717 2lInertsil ODS-3 column
(150%2.1 mm i.d.) [GL Sciences]
FEITH:
A;0.01%(v/v) acetic acid, B;acetonitrile
B:0-2min 10%,,24min 30%, 24min 70%, 28min



100%
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DHERE T -7 (14 6),
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z
2 = \\ / gm’ \ i /
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o i - §§
e i 0 ik
o s 10 1% k3 3 » o 3 19 135 2 k] 0
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- Q1Q3 -  Quas
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% E \\ . ~ 120 ; -~
§ o 5 1w .
Eam Em te
- %@ - %i
s S - o i
¢ 5 10 15 kS k- 0 o s 10 15 n 2% k]
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© 0.6
o

s 0.5
<
o 04 v
Sos

0 o2

Q .
a. 01 e
0.0 ot . S —

0.0 50 10,0 16.0
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X7 BREMR
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- n N
(=] (&1 S o

PGDM(ng/mg Cre)
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6:00
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0:00
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7 VT F = PRETCRIE LR PGDM B %
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DTN E DT (" 9),
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~ sk fi
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2~55 mORBE LRI LB —FR 1,003
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& DMD BEDHT N L bIEEL "> 72, DMD
& BMD B L7z & Z A, R PGDM IREFR K&
ORH PGEM R E L DMD O BB BEIZE D 2T,

Comparison of urinary PGDM

=
=
£ 10 —
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Z 5
0 L—
DMD BMD Control
DMD vs BMD : p<0.05
DMD vs Control , BMD vs Control : p<0.001
Comparison of urinary PGEM
50 -
T
g 40
:§ 30 -
B
o
= 20
=
T 10 -
0 - ;
DMD BMD Control
DMD vs BMD : p<0.005

DMD vs Control, BMD vs Control : p<0.001

10 {@%%#. DMD #, BMD #D DR+ PGDM
H & U PGEM RE D LB

FERD B 058 U 7o R ERIZ 2017 TR+ PGDM &
ELRF PGEMBEOBBREBKRFILIZEZA,
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FEERBNIRET LIz & 2 A, RH PGDM REITAE
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FRIBD N T,
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177,
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DMD BERB L OMEFHFIZOWTRIELZ L = A,
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. BEDEROHEISHARETHL EEZ LN
77
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DRHEY TH DR PGDM 1L DMD DOk
PZMICED TH D & HIET Xz,
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E2 P, SBLBFT LTV BERLDL LEZD
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EERE
==DpGD2 == PGDM

BRI TOPGDSHERITE

DMDEFE

11 {@E%. DMD #IZH (5 PGDM A5k

API3000 LC/MS/MS system % v 5 PGD2 D%
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Prostaglandin D2 synthase/GPR44: a signaling axis in

PNS myelination

Amelia Trimarcol:2, Maria Grazia Forese!-2, Valentina Alfieril:2, Alessandra Lucentel>2, Paola Brambillal-2,
Giorgia Dinal>2, Damiana Pieragostino, Paolo Sacchetta®, Yoshihiro Urade?, Brigitte Boizet-Bonhoure>,
Filippo Martinelli Boneschil»?, Angelo Quattrinil-> & Carla Taveggia!-?

Neuregulin 1 type Ill is processed following regulated intramembrane proteolysis, which allows communication from the plasma
membrane to the nucleus. We found that the intracellular domain of neuregulin 1 type Il upregulated the prostaglandin D2
synthase (L-pgds, also known as Ptgds) gene, which, together with the G protein—coupled receptor Gpr44, forms a previously
unknown pathway in PNS myelination. Neuronal L-PGDS is secreted and produces the PGD2 prostanoid, a ligand of Gpr44.

We found that mice lacking L-PGDS were hypomyelinated. Consistent with this, specific inhibition of L-PGDS activity impaired
in vitro myelination and caused myelin damage. Furthermore, in vivo ablation and in vitro knockdown of glial Gpr44 impaired
myelination. Finally, we identified Nfatc4, a key transcription factor for myelination, as one of the downstream effectors of PGD2
activity in Schwann cells. Thus, L-PGDS and Gpr44 are previously unknown components of an axo-glial interaction that controls

PNS myelination and possibly myelin maintenance.

Glial cells, oligodendrocytes in the CNS and Schwann cells in the
PNS, wrap around axons to form myelin, which is essential for rapid
conduction of electrical impulses and neuronal survival. In the PNS,
the levels of axonal neuregulin 1 (NRG1) type III, a member of the
NRG family of growth factors, controls all aspects of Schwann cell
development and myelin formation!. We recently found that NRG1
type III activity is modulated by competitive extracellular cleavage
between the beta secretase BACE-1 (refs. 2,3) and the alpha secretase
TACE (Adam17)%,

NRG1 type 111 is also intramembrane processed by the y-secretase
complex following a classically regulated intramembrane proteolysis
cleavage, suggesting that it might function as a bidirectional mol-
ecule’, Previous studies showed that, in hippocampal neurons, this
cleavage event is regulated by the erbB receptors and generates an
intracellular domain that represses the expression of pro-apoptotic
genes in vitro®. In the mouse cochlea, the NRG1 intracellular domain
can be further processed to generate a smaller fragment that enhances
the expression of PSD95 (Dlg4). Finally, mutations in the putative
transmembrane cleavage domain of NRG1 alter the branching of cor-
tical dendrites’. '

We report that NRG1 type III undergoes a similar intramembrane
processing in the PNS, but, unlike previous studies, we found that
the generated fragment upregulated the prostaglandin D2 synthase
(L-pgds) gene. L-PGDS, an N-glycosylated protein that is highly
expressed in several tissues?, is part of the prostaglandin synthase’
family of proteins and controls many biological events. L-PGDS can
be secreted®!0 and functions as an enzyme or as an extracellular

transporter of lipoliphic molecules!!. Prostaglandins are gener-
ated by the processing of arachidonic acid and have been mainly
implicated in inflammation. Following release by phospholipase A,
arachidonic acid binds to the catalytic site of the COX enzymes
(Cox-1 and Cox2) to generate the intermediate prostaglandin H2
(PGH2)1213. Several synthases, including L-PGDS, convert this
metabolite into different prostaglandins. L-PGDS catalyzes the
conversion of PGH2 into the functional prostaglandin D2 (PGD2).
PGD2 is also synthesized by the hematopoietic prostaglandin D
synthase (H-pgds, also known as Ptgds2), which is expressed in
inflammatory cells and in microglial cells®. PGD2 can be further
dehydrated to PGJ2. 15d-PG]J2, the final non-enzymatic product
of PGD2 dehydration, has a variety of biological actions, including
neurotoxic and neuroprotective properties'®!4, PGD2 and PGJ2 can
bind Gpr44 and Ptgdr, members of the G protein-coupled receptor
family, and the nuclear receptor Pparg!®, respectively. After binding,
they activate intracellular signaling responses that vary depending
on the type of receptor initially stimulated!6. In particular, PGD2
modulates intracellular messengers such as calcium, cAMP and
phosphoinositol concentrations!®17.

We found that intracellular cleavage and nuclear translocation
of NRGI type III in the PNS induced the expression of L-PGDS
and the activation of Gpr44, which contribute to myelin formation
and maintenance. Inhibition of L-PGDS activity in vitro impaired
PNS myelination. Accordingly, sciatic nerves of L-pgds™/~ trans-
genic mice were hypomyelinated. We also found that H-PGDS was
expressed in nerves, but was dispensable for myelination. Notably,
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H-pgds ~/~; L-pgds™'~ mice were hypomyelinated and the myelin sheath
was aberrant in aged animals. Furthermore, we found that PGD2, the
product of L-PGDS enzymatic activity, most likely signals through
the Gprd4 receptor onto Schwann cells, as glial-specific knockdown
of Gprd4 impaired in vitro myelination. Gprd4~/= transgenic mice
were hypomyelinated in the PNS. Finally, activation of Gpr44 led to
dephosphorylation of the transcription factor Nfatc4 (ref. 18), indicat-
ing that it is a downstream effector of L-PGDS activity.

We propose that L-PGDS and the G protein-coupled receptor Gpr44
are modulators of PNS myelination. Our findings suggest that NRG1
type III controls myelination in multiple ways and our data support
the existence of a previously unknown pathway whose modulation
could be beneficial for the treatment of peripheral demyelinating
neuropathies. To the best of our knowledge, these results are the first
to implicate prostaglandins as active controllers of myelination.

RESULTS

NRG1 type Il is cleaved by y-secretase and activates L-PGDS
To investigate whether NRG1 type III intracellular cleavage occurs
in PNS neurons, we generated two lentiviral vectors expressing
NRG1 type III tagged with an EGFP epitope at either the N-terminal
(N-NRG1) or C-terminal end (C-NRG1). We then infected rat pri-
mary dorsal root ganglia (DRG) neurons and found that N-NRG1
(data not shown) and C-NRG1 were similarly expressed in axons.
However, C-NRG1 was no longer present following Schwann cell con-
tact (Fig. 1a). Notably, addition of 10 WM y-secretase specific inhibitor
Compound E!® maintained the expression of the EGFP epitope in the

a Neuron

Neuron + SC

Neurofilament

o

FLAG Neurofilament DAPI

NRG1 ICD-FLAG

NRG1 type III-FLAG O

Neuron + SC + CpE

ARTICLES

axons (Fig. 1a), suggesting that the C-terminal end of NRG1 type III
undergoes a y-secretase~dependent cleavage, which is also Schwann
cell dependent.

To determine whether the generated NRG1 type III fragment trans-
locates into the nucleus, we infected rat primary DRG neurons with
a lentiviral construct expressing the constitutively cleaved form of
NRGI type ITI tagged with a FLAG epitope at the C terminus (NRG1
ICD). Immunofluorescence analyses revealed that the FLAG epitope
was present in nuclei of DRG infected neurons (Fig. 1b). We observed
NRG1 ICD staining in approximately 78% of DRG neurons, 66.2% +
18.8 of which expressed nuclear FLAG (four different infections, at
least three coverslips per infection).

Despite this result, the conditions of our experiment were not physio-
logically realistic due to the expression of the already processed fragment.
Thus, to assess whether NRG1 ICD physiologically translocates, we
infected DRG neurons with a lentivirus expressing full-length NRG1
type I1I tagged with a FLAG epitope at the C terminus. Qur initial
finding implicated Schwann cells in the intracellular processing of
full-length NRG1 type IIL. Thus, 7 d after infection, we added rat pri-
mary Schwann cells to DRG neurons and we examined FLAG locali-
zation by immunofluorescence. As expected, we detected the FLAG
epitope in the nuclei of infected DRG neurons (Fig. 1¢), confirming
that NRG1 type III physiologically undergoes classical intramem-
brane proteolysis.

To evaluate whether NRG1 ICD nuclear translocation modifies gene
transcription, we performed genome-wide expression analysis on an
Hlumina platform. We compared mRNA expression levels of DRG

Figure 1 NRGI type |l undergoes a regulated
intramembrane proteolysis cleavage that is
Schwann cell dependent. (a) Rat DRG neurons
infected with full-length NRG1 type ll!, tagged at
the C terminus with EGFP, were stained for GFP
(fluorescein) and neurofilament (rhodamine).
The addition of Schwann cells induced clearance
while in the presence of 10 uM Compound E
(CpE). EGFP expression remained associated

to the axons. The images are representative of
three different independent experiments (N=3
infections performed with different viral stock
preparation onto different neuronal cultures).
Scale bar represents 100 pm. (b) Rat DRG
neurons were infected with a lentivirus expressing
NRG1 ICD tagged with a FLAG epitope at

the C terminus. The FLAG tag (rhodamine)

was expressed in the nuclei, as shown by
colocalization with nuclear staining (DAPI,

blue). Neurofilament staining is also indicated
(fluorescein). The images are representative of
three different independent experiments (N =3
infections performed with different viral stock
preparation onto different neuronal cultures).
Scale bar represents 100 um. (c) Rat DRG
neurons were infected with a lentivirus expressing
full-length NRG1 type Il tagged with a FLAG
epitope at the C terminus. In the presence

of Schwann cells, the FLAG tag (rhodamine)

was expressed in the nuclei, as shown by
colocalization with nuclear staining (DAPI,

blue). Neurofilament staining is also indicated
(fluorescein). The images are representative of
three different independent experiments (N=3
infections performed with different viral stock
preparation onto different neuronal cultures).
Scale bar represents 100 pm.
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Figure 2 L-pgds is the most upregulated gene in neurons

infected with NRG1 ICD. (a) Graph indicating all genes that

were significantly upregulated in the Illumina analyses in NRG1
|CD-infected neurons compared with uninfected neurons. L-pgds
showed a nine-fold change of activation (Limma moderated

ttest, P=0.00015, t=5.25, df = 6). N = 4 different independent

RNA preparations and analyses. The complete list of upregulated

genes is reported in Supplementary Table 1. (b) L-PGDS was

upregulated only in neurons overexpressing NRG1 ICD. gRT-PCR
analyses of mMRNA prepared from DRG neurons not infected or

infected with a lentivirus expressing either NRG1 ICD or EGFP

confirmed specific upregulation of L-pgds in DRG neurons expressing
NRG1 ICD. Data have been normalized to Gapdh expression level.

Data were analyzed with the CFX Manager Software (Biorad) (one-way
ANOVA, ***P < 0.0001 NRG1 ICD versus EGFP (ICD — EGFP), F= 706).
Error bars represent mean + s.e.m. Graph is representative of three
different independent experiments. N = 3 different RNA preparations
and analyses. (¢) Neuronal L-PGDS expression was upregulated in DRG
neurons following the addition of Schwann cells. gRT-PCR analyses of
mRNA prepared from purified mouse DRG neurons and mouse DRG
neurons seeded with rat primary Schwann cells are shown. Amplification
with primers specifically designed for mouse L-pgds, which do not amplify
the rat L-pgds sequence, confirmed that neuronal L-pgds expression

was induced by Schwann cell contact. Data are normalized to Gapdh
expression level (t test analysis, P= 0.0004, t=10.8, df = 4). Error bars
represent mean £ s.d. Shown graph is representative of three different
independent experiments. N = 3 different RNA preparations and analyses.
(d) gRT-PCR analyses of mRNA prepared from DRG neurons not infected
or infected with a lentivirus expressing either NRG1 ICD or EGFP to test
the expression of genes that in the Illumina screening were upregulated
above threshold. Upregulation of Nfatc4 and Sod3 was not specific, as it
is also present in EGFP-infected DRG neurons. Data were analyzed with
the CFX Manager Software on three mRNA different preparations (one-way
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ANOVA: Sod3, P=0.5151 ICD - EGFP, F=30.95; Nfatc4, P=0.4248 ICD —~ EGFP, F=40.42). Error bars represent mean * s.d. Shown graphs are
representative of three different independent experiments. N = 3 different RNA preparations and analyses.

neurons infected with a lentivirus expressing NRG1 ICD, not infected
or infected with a lentivirus expressing EGFP as controls. Of the genes
upregulated with a fold change cut-off of 2.0 (P < 0.01), L-pgds was
the most upregulated in DRG neurons overexpressing NRG1 ICD
(Fig. 2, Supplementary Fig. 1a,b and Supplementary Table 1).

We next confirmed upregulation of L-pgds by RT-PCR
(Supplementary Fig. 1c) and quantitative RT-PCR (qRT-PCR)
analyses (Fig. 2b) of mRNA prepared from DRG neurons infected as
described above. In addition, we validated these results by determin-
ing mRNA levels of Nfatc4 and Sod3, two genes whose expression was
above threshold. As expected, we observed that the latter were not
exclusively upregulated in NRG1 ICD-infected neurons (Fig. 2d).
Furthermore, we found that L-pgds mRNA expression was increased
in mouse DRG neurons only when co-cultured in the presence of
rat primary Schwann cells, suggesting that the physiological interac-
tion of Schwann cells with DRG neurons induced L-pgds expression
(Fig. 2c). These results strongly indicate that NRG1 type III intracel-
lular processing induces a specific activation of L-pgds mRNA in DRG
neurons that is Schwann cell dependent.

L-PGDS is released in the extracellular media

Our results suggest that intracellular processing of NRGI type IIT acti-
vates the transcription of L-pgds, but do not provide any indication as
to protein expression or its possible role in PNS. To determine whether
L-PGDS protein is also upregulated with its mRNA, we measured
L-PGDS protein levels by western blotting and by mass spectrometry
shotgun analyses in lysates prepared from NRG1I ICD~infected neu-
rons. To our surprise, we were not able to detect it (Supplementary
Fig. 2a and data not shown), strongly suggesting that L-pgds mRNA

is not translated or that the protein is quickly degraded or released
into the extracellular media, as previously reported20:21,

To assess whether L-PGDS protein is released by DRG neurons,
we grew both NRG1 ICD-infected and not infected neurons in neuro-
basal media. We then collected the media after 48 h (Fig. 3) and deter-
mined L-PGDS expression by western blot. As expected, we detected
L-PGDS protein in the conditioned media of neurons infected
with NRG1 ICD (Fig. 3a and Supplementary Fig. 2¢) or L-PGDS
(Supplementary Fig. 2b), but we also detected a very limited amount
of L-PGDS in the conditioned media of not infected DRG neurons,
indicating that L-PGDS could be constitutively released and that
its synthesis is upregulated by NRG1 ICD. We next sought to
investigate the functional role of released L-PGDS. Given that L-PGDS
is secreted via exosomes??, we first determined whether Schwann cells
could take it up. We grew purified primary rat Schwann cells in the
presence of conditioned media prepared from DRG neurons infected
with NRG1 ICD and analyzed L-PGDS expression in Schwann cells
lysates by western blotting. Unlike the media, which retained L-PGDS
expression, we never observed L-PGDS in Schwann cells lysates
(Fig. 3b and Supplementary Fig. 2c).

Given that L-PGDS catalyzes the formation of prostaglandins, we
determined whether it is enzymatically active in the extracellular
media. Using liquid chromatography tandem mass spectrometry
(LC-MS/MS), we measured the amount of PGD2, an L-PGDS
metabolite, in conditioned media of DRG neurons that were either
not infected or were infected with NRG1 ICD or EGFP. Only the con-
ditioned media of neurons overexpressing NRG1 ICD accumulated
PGD2. Notably, the conditioned media of DRG neurons infected with
NRG1 ICD and cultured in the presence of AT-56, a specific L-PGDS
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Figure 3 L-PGDS is secreted and enzymatically a
active. (a) Representative western blotting

analyses of centrifuged DRG conditioned media

(CM) from not infected or NRG1 ICD~infected

DRG neurons. Cultures were infected the

day after dissection, purified of endogenous

Schwann cells (SCs) and grown for additional

14 d to allow lentivirus expression. Neurons

were then grown in the presence of neurobasal c
media for additional 48 h, after which the
media was tested for L-PGDS expression.
L-PGDS was present in all samples and its
levels were increased in NRG1 ICD-infected
neurons. N = 3 independent experiments.

(b) Conditioned media of DRG neurons infected
with a lentivirus encoding for NRG1 ICD was

DRG CM

Not inf

L-PGDS

100 4

50 4

Percentage
relative intensity

NRG1ICD Ctrl
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b SC media-DRG CM SC lysate

Oh 2h 4h 6h

Oh 2h 4h 6h

L-PGDS

Actin

PGD2 STD MRM of 380 > 186

prepared as in a. Primary rat Schwann cells 0
were grown in the presence of collected DRG 5.0
media for 2, 4 or 6 h, after which Schwann

cells were lysed and tested for L-PGDS uptake 100 4
by western blot. L-PGDS protein was not
detected in Schwann cell lysates. Actin served
as a control and was mainly present in lysates.
The little amount of actin present in DRG
conditioned media was probably a result of
dead Schwann cells present in the supernatant.
Regular Schwann cell growth media was used as
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a control. The image is representative of three 50
different independent experiments. (c¢) PGD2
was detected by LC-MS/MS in conditioned 100 ~
media of DRG neurons overexpressing NRG1
ICD and in standard solution of PGD2, whereas,
in conditioned media of wild-type DRG neurons,
PGD2 was undetectable. Note that PGD2

did not accumulate in conditioned media

of DRG neurons overexpressing NRG1 ICD
treated with AT-56, a specific PGD2 inhibitor. i
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Chromatograms are representative of three 0
different experiments. For uncropped pictures

of western blots, see Supplementary Figure 10. 100 -
N = 3 conditioned media preparations.

50

inhibitor?3, did not accumulate PGD2 (Fig. 3¢
and Supplementary Fig. 2e). In conclusion,
our results indicate that L-PGDS is released
into the extracellular media, where maintains
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its enzymatic activity, as it was able to process
PGH2 into PGD2.

5.0

L-pgds~'- sciatic nerves are hypomyelinated

PGD2 is the product of two different enzymes, H-PGDS, which is
essentially expressed in inflammatory cells and in microglial cells,
and L-PGDS, whose expression is enriched in brain® and sensory
neurons?4, To confirm the role of L-PGDS in myelination, we ana-
lyzed nerve morphology in L-pgds~'~ mice. These mice display various
abnormalities, including glucose intolerance and insulin resistance?,
sleep inhibition?%, acceleration of beta-amyloid deposition?’, and
aberrant Sertoli cells maturation?.

‘We analyzed sciatic nerves morphology in 1-month-old (Fig. 4a—c)
and 6-month-old (Fig. 4d-f) L-pgds~/~ mice. At both ages, myelin
in L-pgds~'~ sciatic nerves was noticeably thinner than that of wild-
type mice. Morphometric analyses confirmed a significant increase
in g ratio (axon diameter versus fiber diameter) in L-pgds~/~ mice
versus wild-type littermates (Supplementary Table 2) across a
range of fibers, whereas axon diameters in adult nerves were com-
parable in 1-month-old mice and slightly increased in 6-month-old

20.00
Time

10.00 15.00 25 00 30.00 35.00

L-pgds~'~ nerves. We also determined whether a lack of L-PGDS
impaired Schwann cells development. We did not find any alteration
in the expression of Pou3fl (Oct6, Scip, Tstl) and Egr2 (Krox-20)
or in Schwann cell survival and proliferation in postnatal day 2 (P2)
L-pgds~'~ nerves (Supplementary Table 3).

Next, we assessed H-PGDS expression in PNS. Immunohisto-
chemical analyses showed that H-PGDS was expressed in 2-month-
old sciatic nerves and it was not upregulated in L-pgds~/~ nerves
(Supplementary Fig. 3a). Furthermore, morphological analyses of
1-month-old and 6-month-old H-pgds™~ sciatic nerves revealed
that, at both ages, H-pgds~~ sciatic nerves were normally myelinated
(Supplementary Table 2 and Supplementary Fig. 3b-g).

H-pgds~-; L-pgds~" mice are hypomyelinated and myelin is aberrant
To determine whether a lack of both H-pgds and L-pgds would
worsen the hypomyelinating phenotype, we analyzed in vitro and
in vivo myelination in the absence of both enzymes. We first analyzed
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Figure 4 L-pgds~- are hypomyelinated.

(a-c) Morphological analyses of 1-month-old
wild-type (WT) and L-pgds~- (KO) sciatic
nerves. Electron micrographs (a) and gratio
analyses (b) confirmed hypomyelination in
L-pgds™~ nerves. g ratio was significantly
different between wild-type (red line) and
L—pgds”/‘ 1-month-old mice (black line; f test
analysis, P<0.0001, t=13.19, df = 782).
The graph represents the gratio obtained

from more than 300 myelinated axons.

(c) Distribution of myelinated fibers is similar
in L-pgds™ and wild-type 1-month-old sciatic
nerves (Fisher’s exact test; P=0.2811

(total versus 1-2 um), P= 0.7437 (total versus
2-3 um), P=0.2618 (total versus 3—-4 pm),
P=0.2776 (total versus 4-5 um), P=0.1917
(total versus 5-6 pm)). Over 100 fibers for each
genotype were counted. Scale bar represents

2 um. (d-f) Morphological analyses of 6-month-

old sciatic nerve Q)

1-month-

6-month-old sciatic nerve Q3.

Wild type

(2]

Percentage
myelinated axons

1 2 3 4 5 6
Axon diameter (um)

1-2 2-3 34 4-5 5-6
Axon diameter (um)

—h

Percentage
myelinated axons

128345678910
Axon diameter (um)

1-2 2-3 3-4 4-5 5-6 6-7 7-8
Axon diameter (um)

L-pg

old wild-type and L-pgds~- sciatic nerves. Electron micrographs (d) and g ratio analyses (e) confirmed hypomyelination in L-pgds—- nerves. g ratio

was significantly different between wild-type (red line) and L-pgds~~ 6-month-old mice (black line; ¢ test analysis, P< 0.0001, t=9.983, df = 292).
The graph represents the g ratio obtained from more than 150 myelinated axons. (f) Distribution of myelinated fibers is similar in L-pgds~= and wild-
type 6-month-old sciatic nerves, with a significant slight decrease in small fibers (1-2 um) in L-pgds~- nerves (Fisher’s exact test; **P = 0.0097 (total
versus 1-2 um), P=0.6492 (total versus 2-3 um), P=0.595 (total versus 3-4 um), P = 0.0694 (total versus 4-5 pm), P =1 (total versus 5-6 pm),

P =1 (total versus 6-7 pm), P= 0.3759 (total versus 7-8 um)). Over 60 fibers for each genotype were counted. Scale bar represents 2 um. N = 3 mice

per genotype at each time developmental time point.

ultrastructural myelin in vitro in myelinating co-cultures. We pre-
pared DRG neurons from H-pgds™'; L-pgds™~ mice at embryonic
day 14.5 (E14.5), purified of endogenous Schwann cells and fibrob-
lasts by antimitotic treatment and seeded with wild-type rat Schwann
cells. Myelination was induced by adding 50 g ml~! ascorbic acid
for 9 d, after which cultures were processed for immunofluorescence
(data not shown) and electron microscopy analyses (Supplementary
Fig. 4). The number of naked axons was increased in null co-cultures.
Notably, H-pgds™~; L-pgds™'~ DRG neurons were substantially hypo-
myelinated, unlike wild-type controls (Supplementary Fig. 4c).
Furthermore, we found that, when formed, myelin in H-pgds™;
L-pgds™ cultures was aberrant.

Next, we analyzed sciatic nerve morphology in newborn and
adult H-pgds™; L-pgds~/~. We did not observe axonal sorting
defects 2 d after birth in H-pgds~~; L-pgds~/~ as compared with
controls, although H-pgds™~; L-pgds™~ fibers were hypomyelinated
(Supplementary Fig. 5a). We then determined sciatic nerve mor-
phology by electron microscopy analyses and g ratio measurements
in 7-d-old (Fig. 5a-c), 1-month-old (Fig. 5d-f) and 9-month-old H-
pgds=; L-pgds™~ mice (Fig. 5g-i). At all ages, H-pgds~=; L-pgds™'~
sciatic nerves fibers were hypomyelinated when compared with those
of comparable size in wild-type mice. Morphometric analyses con-
firmed increased g ratio in H-pgds™"; L-pgds~~ mice versus wild-
type littermates (Supplementary Table 2), whereas axon diameters
in adult nerves were comparable. In addition, in aged H-pgds'/ -
L-pgds~/~ sciatic nerves, myelin was aberrant (Fig. 5j,k), resembling
the phenotype observed in vitro. We found similar alterations in 6-
month-old sciatic nerves of L-pgds~~ mice, although the difference
was not significant (P = 0.0649; Supplementary Table 2). Notably,
we did not find such alterations in 1-month-old H-pgds~~; L-pgds™~
nerves, suggesting that these defects are possibly the result of demy-
elinating events.

To determine whether the hypomyelinating phenotype is more pro-
nounced in sensory nerves, we analyzed myelination in 8-month-old
H-pgds™=; L-pgds~~ saphenous nerves (Supplementary Fig. 5b-d
and Supplementary Table 2). We found that H-pgds~~; L-pgds~/~

nerves were hypomyelinated as compared with wild-type controls.
Notably, the total number of myelinated fibers was similar in wild-type
and H-pgds~~; L-pgds~/~ motor and sensory roots (Supplementary
Fig. 6a-d) and distally in sciatic nerves (Supplementary Fig. 6e),
indicating that L-pgds has no effects on neuronal cell number.
Similarly, the distribution of axons per Remak bundle was compa-
rable in wild-type and H-pgds~~; L-pgds~~ nerves at both 1 and 9
months of age (Supplementary Fig. 6f,g). Collectively, these find-
ings indicate that L-PGDS is relevant for myelin formation, whereas
H-PGDS is dispensable. Furthermore, they suggest that NRG1 back-
ward signaling and PGD2 production are most likely involved in
myelin maintenance.

L-PGDS enzymatic activity is important for PNS myelination
Our results suggest that released L-PGDS is enzymatically active. To
better investigate its mechanism of action, we inhibited L-PGDS in
a Schwann cell-neuronal myelinating co-culture system. We used
the specific competitive L-PGDS inhibitor AT-56. To obtain opti-
mal inhibition and avoid toxic effects, we first titrated the amount
of AT-56 and compared it with vehicle (DMSQO)-treated cultures. We
treated isolated rat primary Schwann cells and purified mouse DRG
neurons with various AT-56 concentrations for 13 d and monitored
cell death by active caspase 3 staining. We found that 50 pM AT-56
induced significant cell death in both neurons (data not shown) and
Schwann cells (P < 0.0001; Supplementary Fig. 7a), whereas 20 and
30 uM AT-56 were well tolerated and did not induce any cell suffer-
ance or death. We analyzed whether 7 d of treatment with 25 and 50
UM AT-56 affected survival in non-myelinating Schwann cell-DRG
neuronal co-cultures. We could not detect any caspase 3 activation
(Supplementary Fig. 7¢). Similarly, we did not observe any effect of
AT-56 on axon-Schwann cell association (Supplementary Fig. 7d).
Next, we induced myelination in organotypic Schwann cell-DRG
neuronal co-cultures by adding 50 ug ml~! of ascorbic acid in the pres-
ence or absence of AT-56. We added 25 uM AT-56 to the culture media
every other day, starting the day before addition of ascorbic acid and
continued for 7 or 21 d (Fig. 6a-d). Immunofluorescence (Fig. 6a)
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Figure 5 H-pgds and L-pgds are required

for myelin formation and maintenance.

(a—-c) Morphological analyses of P7 wild-

type and H-pgds~-; L-pgds~/~ sciatic nerves.
Electron micrographs (a) and gratio analyses
(b) confirmed hypomyelination in H-pgds—-;
L-pgds~~ nerves. g ratio was significantly
different between wild-type (red line) and P7
H-pgds~; L-PGDS~"~ (black line; t test analysis,
P<0.0001, t=6.308, df = 713). The graph
represents the g ratio obtained from more

than 300 myelinated axons. (c) Distribution of
myelinated fibers was similar in H-pgds=-;
L-pgds~~ and wild-type P7 sciatic nerves
(Fisher's exact test; P = 0.4774 (total versus
1-2 um), P = 0.5307 (total versus 2-3 pm),

P =0.0808 (total versus 3-4 um), P= 1

(total versus 4-5 pum)). Over 100 fibers for

each genotype were counted. N = 3 mice per
genotype. Scale bar represents 2 um.

(d-f) Morphological analyses of 1-month-old
wild-type and H-pgds~-; L-pgds~~ sciatic
nerves. Electron micrographs (d) and g ratio
analyses (e) confirmed hypomyelination

in H-pgds~~; L-pgds™~ nerves. g ratio was
significantly different between wild-type

(red line) and H-pgds™~; L-pgds~/- (black line;

t test analysis, P<0.0001, t=6.104, df = 272).
The graph represents the g ratio obtained H
from more than 120 myelinated axons. ]
(f) Distribution of myelinated fibers is similar in
H-pgds; L-pgds~- and wild-type 1-month-old
sciatic nerves (Fisher's exact test; P=0.9143

(total versus 1-2 um), P=0.9124 (total versus

2-3 um), P = 0.8245 (total versus 3-4 um),
P=0.7071 (total versus 4-5 um)). Over 40
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(g—i) Morphological analyses of 9-month-old

Wild type

H-pgds"'; L-pgds™ WT KO

wild-type and H-pgds—~; L-pgds~- sciatic nerves. Electron micrographs (g) and g ratio analyses (h) confirmed hypomyelination in H-pgds~-; L-pgds~"~
nerves. g ratio was significantly different between wild-type (red line) and H-pgds~-; L-pgds~- (black line; t test analysis, P< 0.0001, t=6.386,

df = 694). The graph represents the gratio obtained from more than 300 myelinated axons. (i) Distribution of myelinated fibers is similar in H-pgds~"~;
L-pgds~~and wild-type 9-month-old sciatic nerves (Fisher's exact test; P= 0.6116 (total versus 1-2 um), P = 0.5183 (total versus 2-3 um),

P =0.5299 (total versus 3-4 um), P=0.0754 (total versus 4-5 um), P=0.162 (total versus 5-6 um), P = 0.2168 (total versus 6-7 um), P=1
(total versus 7-8 um), P =1 (total versus >8 um)). Over 100 fibers for each genotype were counted. N = 3 mice per genotype. Scale bar represents

2 um. (j) Electron microscopy images of 9-month-old myelinated fibers in wild-type and H-pgds~~; L-pgds~~ sciatic nerves. Myelin was aberrant

in H-pgds~~; L-pgds~~, but not in wild-type, fibers. N = 3 mice per genotype. Scale bar represents 2 um. (k) Graph representing the percentage of
axons with altered myelination in H-pgds~~; L-pgds~- versus wild-type 9-month-old mice. All counting was performed on reconstructed sciatic

nerve and the results expressed relative to the total number of myelinated fibers. Over 1,000 fibers for each genotype were counted (t test analysis,
P<0.0001, t=24.17, df = 4). N =3 mice per genotype. Error bars represent mean = s.e.m.

and western blot analyses (Fig. 6b) revealed that AT-56 addition
substantially inhibited myelin basic protein (MBP) and myelin
protein zero (MPZ) expression as compared with untreated or DMSO-
treated cultures with a dose-dependent effect (Supplementary
Fig. 7b), but had no effect on internodal length (Fig. 6d). We further
confirmed these results by assessing the numbers of MBP* segments,
which were significantly diminished in AT-56 treated as compared with
untreated or DMSO-treated co-cultures (P < 0.0001; Fig. 6¢). These
data confirm that L-PGDS enzymatic activity is important in myelin
formation, although we cannot exclude the possibility that AT-56
might affect Schwann cells survival and/or axon association in
myelinating conditions.

Our in vivo analyses suggest that PGD2 might be important for
myelin maintenance. Thus, we inhibited L-PGDS signaling in vitro
in already myelinated cultures. We added 25 uM AT56 to wild-type
Schwann cell neuronal co-cultures that had already been myelinated

for 21 d. Cultures were maintained for an additional 7 d and the inhib-
itor was added every other day (concomitantly with the change of
media). AT-56 treatment resulted in marked demyelination (Fig. 6e),
as corroborated also electron microscopy analyses (Fig. 6f). These
results confirm that NRG1 backward signaling and PGD2 production
might be involved in myelin maintenance.

Gprd4 regulates PNS myelination

PGD2 can bind to two G protein—coupled transmembrane receptors:
Gpr44 (also known as Ptgdr2 or Crth2) and Ptgdr (also known as DP).
To determine which receptor is the target of PGD2, we investigated
mRNA expression levels of both receptors by quantitative PCR (qPCR)
in DRG neurons that were either infected or not with NRG1 ICD and
in purified primary rat Schwann cells. Although Ptgdr expression
level was similar in all samples (Supplementary Fig. 8a), Gpr44 was
highly expressed in purified primary rat Schwann cells as compared
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Figure 6 L-PGDS enzymatic activity is important
for PNS myelination and maintenance.

(a) Representative immunofluorescence of
co-cultures of organotypic rat Schwann cells
and DRG neurons treated with 25 pM AT-56
for 7 d in the presence of ascorbic acid to
induce myelination. AT-56 treatment was
started the day before ascorbic acid addition
and the compound was added every other day.
After 7 d in myelinating conditions, cultures
were fixed and stained for MBP (rhodamine),
neurofilament (fluorescein) and nuclei (DAPI,
blue). AT-56 treatment substantially impaired
myelination. N = 5 different independent
co-culture experiments. Scale bar represents
100 pm. (b) Representative western blotting
analyses of organotypic rat Schwann cell-DRG
neuronal co-cultures treated with 25 uM
AT-56 for 21 d in myelinating conditions.
Lysates were tested for MPZ, MBP and calnexin
(Cinx) as a loading control. MBP and MPZ
expression were substantially reduced in the
presence of AT-56. For uncropped pictures of
western blots, see Supplementary Figure 10.
N = 5 different independent experiments.

(c) Average of three different experiments
showing quantitation of MBP* segments 7 d
after induction of myelination in control and
25 uM AT-56-treated co-cultures. Quantitation
was performed on the entire culture (t test
analyses, P< 0.0001, t=13.66, df =76
DMSO - AT-56). Error bars represent mean +
s.e.m. N = 39 cultures per condition from
three different independent experiments.

(d) Representative graph showing internodal
length of 216 MBP* segments per condition
21 d after induction of myelination in control
and 25 uM AT-56-treated co-cultures.
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determined by co-staining myelinated cultures with the paranodal marker Caspr. AT-56 treatment had no effect on internodal length (¢ test analyses,
P=0.1772, AT-56-DMSO t= 1.352, df = 430). Error bars represent mean + s.e.m. N = 216 segments per condition from three different independent
experiments. (e) Representative immunofluorescence of already myelinated organotypic rat Schwann cell-DRG neuronal co-cultures (21 d of ascorbic
acid) were treated with 25 uM AT-56 for an additional 7 d in myelinating conditions. At the end of the treatment, cultures were fixed and stained for
MBP (rhodamine), neurofilament (fluorescein) and nuclei (DAPI, blue). AT-56 treatment in already myelinated cultures induced myelin degeneration.

N = 3 different independent co-culture experiments. Scale bar represents 100 um. (f) Representative electron microscopy analyses of untreated or

25 uM AT-56-treated Schwann cell-DRG neuronal co-cultures. As in e, cultures were allowed to myelinate for 21 d, then treated with 25 uM AT-56

or DMSO as control for additional 7 d. Signs of myelin damage (arrows) were observed only in AT-56-treated cultures resembling those observed in vivo.
N = 9 different independent co-culture experiments. Scale bar represents 1 pm.

with DRG neurons, either infected or not (Fig. 7a), suggesting that
Gpr44 might function as a glial receptor for PGD2.

Thus, we inactivated Gpr44 expression using shRNA lentiviral-
mediated knockdown in vitro. We used three different shRNA clones
(shA3, shA5 and shC9) obtained from the siRNA Consortium together
with a lentiviral vector expressing a scrambled artificial sequence as
a negative control®. BLAST analyses confirmed that the targeted
sequences, although originally designed in mouse, also recognized rat
Gpr44. We corroborated efficient knockdown in infected rat primary
Schwann cells by qPCR analyses. Two of three Gpr44 shRNA sig-
nificantly ablated the expression of Gpr44 (50-70% reduction; shA3,
P <0.001; shC9, P <0.0001; Fig. 7b) when compared with that of not
infected or scramble-infected cultures.

We then infected mouse DRG explant cultures containing both
Schwann cells and neurons with Gpr44 shRNA or scramble shRNA as
described previously*. Cultures were grown without antimitotic agents
to allow infection of both neurons and Schwann cells. Myelination
was induced by supplementing the cultures with 50 tg ml~! ascorbic

acid for 7 d, after which they were analyzed by immunohistochemistry
for MBP and neurofilament expression (Supplementary Fig. 8b).
Notably, downregulation of Gpr44 impaired the extent of myelination
in vitro in organotypic myelinating co-cultures.

To determine the cell autonomous role of Gpr44, we knocked down
its expression in isolated primary rat Schwann cells and co-cultured
them with purified mouse wild-type neurons. Efficient knocked down
was determined on isolated Schwann cells by qRT-PCR analyses
before seeding onto neurons using primers specific for Gpr44
(Fig. 7b). Cultures were maintained in myelinating conditions for
21 d. Immunofluorescence (Fig. 7c) and western blotting (Fig. 7d)
analyses for MBP and neurofilament revealed that ablation of glial
Gpr44 substantially impaired myelination, suggesting that Gpr44 acts
Schwann cell autonomously in vitro.

To further validate Gpr44’s role in PNS myelination, we analyzed
in vivo myelination in 2-month-old Gpr44~/~ sciatic nerves. Electron
microscopy analyses showed that these nerves were hypomyelinated
(Fig. 7e). Morphometric analyses confirmed an increased g ratio in
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Figure 7 Gprd4 promotes myelination.

(a) Gpr44 qRT-PCR analyses in mRNA prepared
from not infected or NRG1 ICD~infected

DRG neurons, primary rat Schwann cells and
liver, which serves as a control. Gpr44 was
significantly expressed in primary rat Schwann
cells. Expression levels were normalized to
Gapdh levels, Data were analyzed with the CFX
Manager Software on three mRNA different
preparations. Error bars represent mean + s.d.
(one-way ANOVA, F= 114, ***P < 0.0001 SC
-not inf, ***P < 0.0001 SC~ICD, P=0.1755
SC - liver). N = 3 different independent mRNA
preparations and analyses. n.s. indicates not
significant (P=0.1755). (b) Average of three
different experiments showing approximately
70% reduction in Gpr44 expression in Schwann
cells infected with Gpr44 shRNAs (shA3,
shC9). Expression levels were determined

by qRT-PCR analyses in mRNA prepared d
from Gpr44 shRNA-infected, not infected or
scramble-infected Schwann cells, which serve
as control, and normalized to Gapdh levels.
Data were analyzed with the CFX Manager
Software on three mRNA different preparations.
Error bars represent means + s.e.m. (one-way
ANOVA, F=98.33, **P< 0.001 wild type

- shA3, ***P < 0.0001 wild-type - shC9,

P =0.6408 wild type — shscr). N =3 different
independent infections performed with

three different vital stock preparations.

(c) Representative immunofluorescence of
co-cultures of uninfected wild-type mouse

DRG neurons purified of endogenous

Schwann cells and repopulated with rat
Schwann cells previously infected with

Gprd4 shRNA (shA3 or shC9) or scrambled
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shRNA (shscr). Cultures were maintained in myelinating conditions for 21 d, then stained for MBP (rhodamine) and neurofilament (fluorescein). Fewer
myelin segments were evident in shA3- and shC9-treated cultures. N = 3 different independent co-culture experiments. Scale bar represents 100 um.
(d) Representative western blotting analyses of wild-type uninfected mouse DRG neurons purified of endogenous Schwann cells and repopulated with
rat Schwann cells previously infected with shA3, shC9 or shscr. Lysates were tested for MPZ, neurofilament (NF) and calnexin as a loading control, 14 d
after induction of myelination. MPZ expression was substantially reduced in Gprd44 knocked down cultures. For uncropped pictures of western blots, see

Supplementary Figure 10. N = 3 different independent experiments. (e-g) Morphological analyses of 2-month-old wild-type and Gpr44~~ sciatic
nerves. Electron micrographs (e) and g ratio analyses (f) confirmed hypomyelination in Gpr44~/- nerves. g ratio was significantly different between
wild-type (red line) and Gpr44-/~ (black line) nerves (t test analysis, P< 0.0001, t = 8.048, df = 391). The graph represent the g ratio obtained

from more than 150 myelinated axons. (g) Distribution of myelinated fibers was similar in Gpr44~/- and wild-type 2-month-old sciatic nerves (Fisher's
exact test; P=0.5733 (total versus 1-2 um), P= 0.3816 (total versus 2-3 pm), P = 0.8086 (total versus 3-4 pm), P = 0.182 (total versus 4-5 pm),
P =0.2889 (total versus 5-6 um), P=0.3219 (total versus 6-7 pum)). Over 70 fibers for each genotype were counted. N = 3 mice per genotype.

Over 60 fibers for each genotype were counted. Scale bar represents 2 pm.

Gpr44~'~ mice versus wild-type littermates (Supplementary Table 2),
mainly in small fibers, whereas axon diameters in adult nerves
were comparable (Fig. 7f,g). Collectively, these results indicate that
Gpr44 participates in PNS myelination, although we could not prove
that it is directly activated by L-PGDS, as the addition of 15R-methyl-
prostaglandin D2, a specific Gpr44 agonist, had a toxic effect onto
H-pgds™~; L-pgds™" in vitro co-cultures (data not shown).

PGD2 activates Nfatc4 in Schwann cells

We sought to determine the signaling pathways activated by PGD2
in Schwann cells. Previous studies in immune cells reported that
Gpr44 activation can mobilize intracellular Ca?* storage or modulate
intracellular levels of cAMP16. Notably, in PNS myelination, PLC-y,
via the NRG1/erbB pathway, increases intracellular Ca?* levels and
promotes nuclear translocation of the transcription factor Nfat-
c3/c4 in Schwann cells to induce myelination!8. Furthermore, eleva-
tion of cAMP in rat primary Schwann cells activates transcription

of myelin genes?%30, In addition to these pathways, NRG1 type I1I
specifically activates the PI-3 kinase pathway>!?, and recent stud-
ies have shown that ablation of the ERK/MAPK pathways prevents
PNS myelination33.

Thus, we investigated which signaling pathways, among those impli-
cated in myelination, are activated by PGD2. Primary rat Schwann cells
were grown to confluence, starved for 16 h, stimulated with 100 nM
PGD2 for 30 min at 37 °C, lysed and the extracts were run on a SDS
gel for western blot analyses. PKA phosphorylation was not altered
following PGD?2 stimulation, suggesting that PGD2 does not modu-
late cCAMP activity (Fig. 8a). Notably, although phospho-AKT, MAPK
(Supplementary Fig. 9a,b) and calcineurin B1 (Fig. 8b) levels were
not differentially regulated, PGD2 caused a shift in Nfatc4 phosphor-
ylation (Fig. 8c)'® without altering its total levels. Next, we deter-
mined whether Gpr44 knockdown in Schwann cells would alter
Nfatc4 phosphorylation. Western blotting analyses did not reveal any
effect, indicating either that Nfatc4 could also be modulated by other
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Figure 8 PGD2 induced Nfatc4 dephosphorylation in primary Schwann
cells. Rat primary Schwann cells were grown to confluence and then
starved for 16 h. Schwann cells were treated with 2.5 ng mI=1 NRG1B1,
10 nM cyclosporin A, 100 nM ethanol, 100 nM PGD2, 2.5 uM forskolin,
100 nM PGD2 and 2.5 uM forskolin. (a,b) Schwann cells lysates

were tested by western blotting analyses for phosphorylated and total
PKA levels (a) and for calcineurin B1 (b), whose expression levels did

not change. Images are representative of different experiments. For
uncropped pictures of western blots, see Supplementary Figure 10.

N = 3 independent experiments. (c) Starved Schwann cells as in a were
stimulated with 10 nM cyclosporin A, 100 nM ethanol and 100 nM PGD2.
In all experiments, not starved (FBS) and starved but not stimulated
Schwann cells were also tested (Ctri). Schwann cells lysates were assayed
by western blotting analyses for total Nfatc4 levels. PGD2 induced
dephosphorylation of Nfatc4 (arrow). Image is representative of different
experiments. N = 5 independent experiments.

receptors or that the knockdown we obtained in primary Schwann
cells (50-70%) might not be sufficient (data not shown). Collectively,
these results indicate that NRG1 backward signaling specifically
activates L-PGDS neuronal release and most likely activates Gprd4
on Schwann cells, identifying a previously unknown pathway in
PNS myelination (Supplementary Fig. 9¢).

DISCUSSION
Regulated intramembrane proteolysis is a highly conserved mecha-
nism, allowing fast communication from the plasma membrane to the
cell nucleus, where the response to extracellular stimuli is normally
achieved by activating the transcription of specific genes®. Our data
indicate that, in the PNS, NRGI type III, similar to other growth fac-
tors, is processed following a regulated intramembrane proteolysis
mechanism. Furthermore, our data describe a previously unknown,
pharmacologically accessible level of communication between
Schwann cells and neurons. We found that Schwann cells are impor-
tant regulators of NRG1 processing together with the y-secretase
complex. Although our preliminary data show that erbB receptors
are not sufficient to mediate NRG1 cleavage (data not shown), it is
possible that they act in synergy with other molecules.

Our main result is the identification of L-PGDS and of the
G protein-coupled receptor Gpr44, which has almost exclusively been
implicated in inflammatory processes’>, as key determinants in PNS

myelin formation and maintenance. Collectively, our data suggest
that this class of molecules is not simply a key mediator of cell-cell
interaction in dendritic cells3¢, but exerts this role in other biological
systems, including PNS.

We found that, following NRGI1 intracellular domain cleavage
and nuclear translocation, L-pgds mRNA was upregulated inside the
neurons, whereas L-PGDS protein was secreted. Although L-PGDS
secretion has been reported in other systems!20:2737, how this is
achieved in PNS is currently unknown. Previous studies have shown
that L-PGDS is released together with PGD?2 via exosomes. In addi-
tion to L-PGDS and PGD?2, exosomes contain all of the enzymes
and substrates necessary for prostaglandin production, including
arachidonic acid, Cox-1 (Ptgs1), Cox-2 (Ptgs2) and PGH2, suggest-
ing that these vesicles can behave as carriers of bioactive lipids?2,
Whether L-pgds mRNA is transported along neurites and then locally
translated before insertion in exosomes has not yet been determined.
Alternatively, L-PGDS protein, similar to BDNE, could be internally
synthesized and immediately processed by fast transport turnover38.
As in the case of BDNF in fact, L-PGDS endogenous neuronal levels
are extremely limited, thus L-PGDS protein might be translated
in neurons and then trafficked trough the secretory pathway by
chaperone proteins3”.

Previous studies have implicated the NRGI intracellular domain in
the promotion of neuronal survival®. Unlike these results, we could
not confirm that NRG1 ICD has a similar role in vitro in DRG neurons
and we could not find alterations in the number of myelinated fibers
in vivo. Our study differs from the previous one’ in that we investi-
gated NRG1 ICD in PNS neurons, whereas the previous study used
hippocampal neurons, suggesting that the effects of NRG1 ICD could
vary in different neuronal populations. It is also possible, however,
that in vitro analyses of neuronal survival mediated by these prosta-
noids might be masked*°.

Notably, NRG1 ICD specifically and substantially upregulated the
expression of L-pgds, which is enzymatically active to produce the bio-
active prostaglandin PGD2. We found that PGD2 most likely activated
Gpr44 on Schwann cells to promote myelin formation. Stimulation of
Gpr44 ultimately led to dephosphorylation of the transcription fac-
tor Nfatc4, a triggering event for the expression of Egr2 and MPZ!8,
Consistent with a previous study$, we also found that activation of
Nfatc4 was independent of the PI-3 kinase and MAPK pathways, but
was specifically modulated by PGD2. Unlike previous studies, activa-
tion of Nfatc4 downstream of PGD2 did not require increased levels
of intracellular cAMP*, although cAMP might cooperate with PGD2
to activate Nfat in Schwann cells.

In our analyses, we also characterized a G protein—coupled receptor,
Gpr44, that participated in PNS myelination. The role of G protein-
coupled receptors in myelination has been studied previously.
Although many have been implicated in the control and modulation
of CNS myelination and remyelination?>#3, the only member of this
family thus far implicated in PNS myelination is adhesion G protein-
coupled receptor 126 (Gpr126), in both zebrafish** and mammals®.
Gprl26 activity, unlike Gpr44, is dependent on PKA phosphoryla-
tion#%47 and increased intracellular levels of cAMP#. Recent studies
have shown that, at least in zebrafish, the pathways activated by NRG1
type III and Gprl26 are both required for initiation of myelination
in vivo, but that different signals control initiation and maturation of
myelin®. Our results suggest that Gpr44 could be part of the signaling
machinery that, in synergy with NRG1 type I, could be involved in
myelin maintenance. Nonetheless, we cannot exclude the possibility
that other PGD2 receptors, particularly Ptgdr, which is expressed by
both Schwann cells and neurons, might participate.
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