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AXONAL DEGENERATION

RIPKI1 mediates axonal degeneration
by promeoting inflammation and

necroptosis in ALS
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Mutations in the optineurin (OPTN) gene have been implicated in both familial and
sporadic amyotrophic lateral sclerosis (ALS). However, the role of this protein in the
central nervous system (CNS) and how it may contribute to ALS pathology are unclear.
Here, we found that optineurin actively suppressed receptor-interacting kinase 1
(RIPK1)-dependent signaling by regulating its turnover. Loss of OPTN led to progressive
dysmyelination and axonal degeneration through engagement of necroptotic machinery
in the CNS, including RIPK1, RIPK3, and mixed lineage kinase domain-like protein
(MLKL). Furthermore, RIPK1- and RIPK3-mediated axonal pathology was commonly
observed in SOD1%°34 transgenic mice and pathological samples from human ALS
patients. Thus, RIPK1 and RIPK3 play a critical role in mediating progressive axonal
degeneration. Furthermore, inhibiting RIPK1 kinase may provide an axonal protective
strategy for the treatment of ALS and other human degenerative diseases characterized

by axonal degeneration.

oss-of-function mutations in the optineurin

(OPTN) gene have been implicated in both

familial and sporadic cases of amyotrophic

lateral sclerosis (ALS), a devastating degen-

erative motor neuron disease (I-3). The
Optn gene encodes a ubiquitin-binding protein
involved in tumor necrosis factor-a (TNFa)
signaling but is dispensable for nuclear factor
kB (NF-xB) activation (4, 5). It is still unclear
how the loss of function of OPTN leads to hu-
man ALS.

Receptor-interacting kinase 1 (RIPK1) is a crit-
ical regulator of cell death and inflammation (6).
RIPK1 regulates necroptosis, a form of regulated
necrotic cell death, by promoting the sequential
activation of two downstream targets, RIPK3
and mixed lineage kinase domain-like protein
(MLKL) (7-9). Application of necrostatin-1 (7-Cl-
O-Nec-1) (Nec-1s), a highly specific inhibitor of
RIPK1 kinase activity, blocks necroptosis and
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inflammation in vitro and in vivo (0, 11). How-
ever, the pathophysiological significance of RIPK1
and necroptosis in the genetic context of human
diseases remains to be established.

ALS belongs to axonal “dying back” neuro-
degenerative diseases, as the onset begins with
axonal pathology. Axonal degeneration makes a
substantial contribution to neurological disability
in these patients (12). Axonal degeneration induced
by direct nerve injury—known as Wallerian degen-
eration—is mediated through a mechanism distinct
from apoptosis of neuronal cell bodies (13, 14).
Axonal degeneration in patients with neuro-
degenerative diseases such as ALS may also ex-
hibit features similar to those of Wallerian
degeneration and is referred to as “Wallerian-like”
degeneration. The mechanism of Wallerian or
Wallerian-like degeneration is still unclear.

To understand the mechanism by which the
loss of OPTN could lead to ALS, we developed
Opm‘/ ~ mice (fig. S1, A and B). We examined the
impact of Optn loss in the spinal cord of Optn™~
mice. The number and morphology of spinal cord
motor neurons in Optn™~ mice were indistin-
guishable from wild-type (WT) mice (fig. S1, C
and D). However, from the age of 3 weeks to
2 years, we observed a marked reduction in the
number of motor axons and abnormal myeli-
nation in the ventrolateral spinal cord white
matter in the Optn’/ ~ mice (Fig. 1, A to D, and
fig. S1E). The axonal pathology presented as a
decompaction of myelin sheaths with a decreased
g-ratio (axon diameter/axon-plus-myelin diame-
ter), an increased number of large-diameter
axons, and a decreased axonal number in the
ventrolateral white matter (Fig. 1, B to D), which

suggested degeneration and swelling of motor
neuron axons in Optn™”~ mice. This finding is
similar to the axonal pathology observed in the
spinal cords of ALS patients in the early stages
of the disease (15). The pathology was progressive—
a reduction in axonal numbers was observed at
12 weeks or older but not at 3 weeks (fig. SIF).
Similar pathology was observed in the ventral
roots of motor axons in Optn™”~ mice (fig. S1, G
to J). In addition, denervation of neuromuscular
junctions in the tibialis anterior muscle was ob-
served in Optn™~ mice (fig. S1, K and L). Thus,
OPTN deficiency leads to axonal pathology with-
out affecting motor neuron cell bodies. Consistent
with this notion, we observed a significant increase
in the number of cells positive for terminal deoxy-
nucleotidyl transferase-mediated deoxyuridine
triphosphate nick end labeling (TUNEL" cells)
in the ventrolateral white matter of spinal cords
of Optn™~ mice (Fig. 1E). Thus, Optn deficiency
sensitizes cells to cell death in the spinal cord
white matter of Optn’/ ~ mice.

To determine the cell types involved in
mediating Optn deficiency-induced axonal degen-
eration, we generated lineage-specific deletion of
Optn using Cnp-cre, Lyz2-cre, Gfap-cre, and Mnal-
cre mice (16-18) (fig. S2). Loss of Optn from
oligodendrocytes and myeloid cells, but not
from astrocytes or motor neurons, was sufficient
to reproduce axonal myelination pathology (Fig. 1,
F to I). Furthermore, we induced Optn loss from
the microglial lineage by dosing Optn'”F:Ce3cr1®™®
mice (19) with tamoxifen for 1 month (fig. S3A)
and also found axonal pathology like that in
Optn™~ mice (fig. S3, B to E).

We found that knockdown of Optn sensitized
cells to necroptosis in our genome-wide small in-
terfering RNA screen (20, 21) (Z-score = -2.07)
(table S1). We further confirmed that knockdown
of Optn sensitized 1.929 cells to necroptosis in-
duced by TNFa or ZVAD.fmk (fig. S4, A and B).
zVAD-induced necrosis is known to involve
autocrine TNFo activity (22). Thus, Optn deficiency
sensitized cells to necroptosis (fig. S4C). The bio-
chemical hallmarks of necroptosis—including
the upshifts of Ripkl, Ripk3, and phospho-
MLKL (p-MLKL), as well as the levels of complex
IIb—were significantly higher in Optrz”~ mouse
embryo fibroblasts (MEFs) than in Optn*”* MEFs
stimulated by TNFa, zVAD, or cycloheximide
(fig. $4D). Note that Optn™~ oligodendrocytes
were sensitized to die by TNFo-induced necrop-
tosis but were protected by Nec-1s and in Optn™";
Ripl1PEV/PI3EN and Opitn™~; Ripk3™~ double mu-
tants (23, 24) (Fig. 2A). Thus, Optn deficiency can
promote necroptosis of oligodendrocytes.

The expression levels of Ripkl, Ripk3, and
MLKL—the key mediators of necroptosis—were
all increased in the spinal cords of Optn‘/ ~ mice
(Fig. 2B). Furthermore, we detected the interac-
tion of Optn and Ripkl in spinal cords from WT
mice (Fig. 2C). Compared with WT mice, RIPK1
lysine 48 (K48) ubiquitination levels were de-
creased, whereas Ripkl mRNA was unchanged
in the spinal cords of Optn™”~ mice (Fig. 2, D
and E). Furthermore, Ripkl was degraded more
slowly in Opm’/ ~ MEFs than that in WT cells
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Fig. 1. Optn deficiency in oligodendrocyte and myeloid lineages promotes
axonal loss and dysmyelination in the spinal cords of Optn
(A) (Top) Toluidine blue—stained sections from the ventrolateral lumbar spinal
cords of WT and Optn™~ mice. The boxes show axons in the ventrolateral
lumbar spinal cord white matter and the motor neurons in the ventral lumbar
spinal cord gray matter, respectively. (Bottom) Electron microscopic analysis
of motor axonal myelination in the ventrolateral lumbar spinal cords from WT

(Fig. 2F). Thus, OPTN might control sensitivity
to necroptosis by regulating proteasomal turn-
over of RIPK1.

Phospho-Ser *"?, a marker of Ripkl activa-
tion, was increased in Optn™”~ microglia relative
to WT microglia, which were inhibited by Nec-1s
and Ripk1P8VPI8N mutation (Fig. 2G). Because
microglia express little MLKIL, we hypothesize
that Ripkl activation in microglia promotes in-
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flammatory signaling not necroptosis. Consistent
with this notion, we detected an increased pro-
duction of multiple proinflammatory cytokines—
including interleukins IL-1a, IL-1B, IL-2, and IL-12;
interferon-y (IFN-y); and TNFo, in the spinal cords
of Optn™~ mice—which were markedly reduced
in the Optn™";RipkI”>*NV/P138N mice (Fig. 2H).
In addition, Optn™”~ microglia had elevated TNFa,
which was inhibited by Nec-1s (fig. S5A). As pre-

o)
Q
% B Optn+/+
T = -/-
°E W Optn-/
=10
©
c
()
D
=
E 2
[0}
(&} 10 stk
o os
% ke)
5g ¢
[ ”]
-5 4
o =
58
— [aV) 3] < 0 0 g 0
o - o o < =z
Axon diameter (um)
|
H Optnf/F

B OptnF/F; Cnp-cre
[0 OptnFF; Lyz2-cre
B OptnFF; Gfap-cre

60 - B OptnF; Mnx1-cre

(6))
o
1

N
o
1

N
o
1

Frequency (%)
w
o

—_
o
1

Axon diameter (um)

and Optn™~ mice. (B to D and F to 1) The mean axonal numbers, mean g-ratios,
and mean axonal diameters; individual g-ratio distribution; and distributions

ventrolateral lumbar spinal cord white matter (L1 to

L4) of WT, Optn™~ mice, Optn™" mice, Optn™":Cnp-cre mice, Optn™*:Lyz2-cre
mice, Optn™F:Gfap-cre mice, and Optn™F:MnxI-cre mice, as indicated. (E) The

in the lumbar spinal cords (L1 to L4, one section

each) of indicated genotype (five mice for each genotype).

dicted, the levels of TNFo were also increased in
the spinal cords of Optn®;Lyz2-cre mice (fig. S5B).

To explore the effect of Optn deficiency on
transcriptions, we performed RNA sequencing
on WT, Optn™~, and Optn™~;RipkIP135N/P138N
primary microglia. Coexpression analysis (25)
identified a module with ~1300 genes (ME1) dif-
ferentially expressed between WT and Optn™~
microglia and suppressed by RipkiP?25NV/P136N,
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Fig. 2. Optn deficiency sensitizes to necroptosis. (A) Murine
primary oligodendrocytes of indicated genotypes were treated with
mouse TNFo (10 ng/ml) £ Nec-1s (10 uM) for 24 hours and cell
death was assessed by using Toxilight assay (Lonza). Data are rep-
resented as the normalized means = SEM, n = 5 to 9 replicates per
group. (B) The spinal cords of WT and Optn™~ mice were extracted

with 6M urea buffer and analyzed by immunoblotting using indicated LR RE,
antibodies. (C) The spinal cord lysates extracted with radioimmu-
noprecipitation assay buffer were immunoprecipitated (IP) by using
antibody against Optn (anti-Optn) or anti-RIPK1, and the immuno- q
complexes were analyzed by immunoblotting using indicated
antibodies. (D) The spinal cords from mice of indicated genotypes A
were lysed in 6M urea and immunoprecipitated using anti-K48 27
ubiquitin chain antibodies. The isolated immunocomplexes and
input were analyzed by Western blotting with anti-RIPK1. (E) The
mMRNA levels of Ripkl in the spinal cords with indicated genotypes
were measured by quantitative reverse transcriptase polymerase
chain reaction. (F) WT and Optn™~ MEFs were treated with cyclo-
heximide (2 pg/ml) for indicated periods of time, and the lysates
were analyzed by immunoblotting with the indicated antibodies. (G) Microglia from newborns of indicated
genotypes were extracted in TX114 buffer, and the immunoblots were probed with anti-RIPK1 p-Ser***®
phosphorylation and anti-RIPK1. DMSO, dimethyl sulfoxide was the vertical control. (H) The cytokine
profiles in the spinal cords were measured using a cytokine array by enzyme-linked immunosorbent assay
(ELISA). (I) Heat map of the top 71 genes in the module MEL differentially expressed in microglia of
indicated genotypes. Low expression is shown in blue and high expression, in red.
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Fig. 3. Ripkl and Ripk3 mediate axonal pathology in the spinal cords of
Optn™~ mice. (A) Dysmyelination in the spinal cords of Optn™~ mice was
blocked by genetically inhibiting Ripkl in Optn™":Ripk1P8"P138N mjce, phar-
macologically inhibiting Ripkl by Nec-1s (oral dosing of Nec-1s for 1 month
starting from 8 weeks of age), and by loss of Ripk3 in Optn™;Ripk3™~ mice.
(B to D) Mean axonal numbers, g-ratios, and axonal diameters (B); indi-
vidual g-ratio distributions (C); and axonal diameter distributions (D). (E) The
number of TUNEL" cells in the lumbar spinal cords (L1 to L4, one section
each) of indicated genotypes at 3 months of age (five mice per genotype).
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(F to H) Mice of indicated genotypes were tested in open-field test for spon-
taneous motor activity. The mice were at 3 months of age and 28 to 32 g of
body weight (no statistically significant difference in body weight between
different groups). The total distance traveled in 1 hour showed no difference
between different groups (F). Optn™~ mice showed a significant deficit on the
vertical rearing activity (frequency with which the mice stood on their hind
legs). This deficit was blocked after dosing with Nec-1s for 1 month starting
from 8 weeks old and in Optn™~;Ripk1P38NP138N double-mutant mice and
reduced in Optn™";Ripk3™~ double-mutant mice (G and H).
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Fig. 4. RIPK1- and RIPK3-mediated axonal pathology is a common mech-
anism in ALS. (A) Urea buffer lysates of spinal cords from WT and SODI®%
transgenic mice (12 weeks of age) were analyzed by immunoblotting using
indicated antibodies. (B and C) The myelination morphology (top), mean
axonal numbers (bottom), mean g-ratios (bottom), mean axonal diameters
(bottom) of the ventrolateral lumbar spinal cord white matter of SOD1%*** mice,
SODI%%3A;Ripk3™~ mice (12 weeks of age), and SODI®®** mice dosed with ve-
hicle or Nec-1s for 1 month starting from 8 weeks of age. (D and E) Ripk3 de-

ficiency (D) and inhibition of Ripkl by Nec-1s starting from 8 weeks of age
(E) delayed the onset of motor dysfunction in SODI®®** mice. (F) Sections
of pathological spinal cords from a human control and an ALS patient were
stained with Luxol fast blue for myelin to show reduced myelination in the
lateral column of lower spinal cords of ALS patients. (G) Immunoblotting
analysis of human control and ALS spinal cord samples using indicated
antibodies (top) and the quantification of RIPK1, RIPK3, and MLKL levels
from 10 controls and 13 ALS patients (bottom).

The top 71 genes in this module include CD14
and CD86, biomarkers for the proinflammatory
Mi-like state (26) (Fig. 21 and table S2). Elevated
CD14 and CD86 in Optn™”~ microglia were sup-
pressed by Nec-1s and RipkI”SVPI%N (fig S5C).
Thus, Optn deficiency promotes an Mi-like in-
flammatory microglia.

We analyzed the genes differentially expressed
in Optn’/ ~ microglia using MSigDB (Molecular
Signatures Database) (27) to identify transcription
factors with targets that were overrepresented.
We found a significant overrepresentation of
the predicted Spl transcription factor targets
in the ME1 module (table S3) with a network
(28) of 225 Sp1 targets regulated by RIPK1 (fig.
S6A). Increased production of TNFa and the
death of 1929 cells were blocked by knockdown

SCIENCE sciencemag.org

of Spl and by Nec-1s (fig. S6, B and C). Thus, loss
of Optn in the spinal cord may increase RIPK1-
dependent inflammation.

We examined the involvement of necroptosis
in Optn™”~ mice in vivo. The increase in TUNEL*
cells and the axonal pathology of Optn™”~ mice
were all rescued in the Optn™~;Ripk1PPSVPIEN
double-mutant and the Optn” ;Ripk3”~ double-
mutant mice and by Nec-1s (Fig. 3, A to E).
Behaviorally, Optn™”~ mice showed no difference
in total locomotor activity, whereas the vertical
rearing activity was significantly reduced com-
pared with that of WT mice (Fig. 3, F to H). Thus,
Optn deficiency leads to hindlimb weakness.
Furthermore, the vertical rearing deficit in Optn”~
mice was rescued pharmacologically by Nec-1s

and genetically in the Optn™";RipkIP>5N/P15EN

mice and Optn™ ;Ripk3”~ mice. Thus, Optn
deficiency leads to the activation of necroptotic
machinery to promote axonal pathology.

To explore the involvement of RIPK1-mediated
axonal pathology in ALS in general, we used
SODI%** transgenic mice. Oligodendrocytes in
SODI®** mice degenerate early, but the mech-
anism is unclear (29). We found that the expres-
sion of Ripkl, Ripk3, and MLKL in the spinal
cords of SODI®*** transgenic mice was elevated
(Fig. 4A). In addition, we observed a similar
axonal pathology as that of Optn™”~ mice in
SOD1%9*" mice before the onset of motor dys-
function (Fig. 4, B and C). Furthermore, these
axonal myelination defects were blocked and
motor dysfunction onset was delayed geneti-
cally by Ripk3 knockout or by oral administration
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of Nec-1s (Fig. 4, D and E). Thus, although we
cannot rule out the contribution of Ripkl or
other proapoptotic factors to the degeneration of
motor neuron cell bodies (30, 31I), the activation
of necroptosis contributes to axonal pathology and
motor dysfunction in the SODI**4 transgenic
mice.

We next characterized the role of RIPK1 and
necroptosis in human ALS. We found evidence
of demyelination in the lateral column white
matter of lower spinal cord pathological samples
from ALS patients as reported (Fig. 4F). In hu-
man ALS pathological samples, we also detected
multiple biochemical hallmarks of necroptosis,
including increased levels of RIPK1, RIPK3, and
MLKL and increased RIPK1 p-Ser'”™ and p-MLKL
in both microglia and oligodendrocytes (Fig. 4G,
fig. S7, and table S4). Note that p-MLKL was
primarily localized in the white matter, where
demyelination was found.

Taken together, our results provide a direct
connection between Wallerian-like degeneration
induced by OPTN deficiency and RIPK1-regulated
necroptosis and inflammation. By promoting
both inflammation and cell death, RIPK1 may
be a common mediator of axonal pathology in
ALS (fig. S8). Because RIPKI is recruited specif-
ically to the TNF receptor TNFR1 to mediate the
deleterious effect of TNFo (32), blocking RIPK1
may provide a therapeutic option for the treat-
ment of ALS without affecting TNFR2. Finally,
given the recruitment of OPTN to intracellular
protein aggregates found in pathological samples
from patients with Alzheimer’s disease, Parkinson’s
disease, Creutzfeldt-Jakob disease, multiple sys-
tem atrophy, and PicKk’s disease (33, 34), a possible
role of RIPK1 in mediating the wide presence of

608 5 AUGUST 2016 » VOL 353 ISSUE 6299

axonal degeneration in different neurodegen-
erative diseases should be considered.
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Supplementary Information

Author contributions

YI and JY conceived the concept and designed the experiments. YI performed majority
of experiments. DO advised YI in many experiments. SD did bioinformatics analysis. SS
and JR provided human pathological samples. AN, YL, JH, HZ, HC, LM, JG, PA, JPD,
AKM, MF, ATO and JF assisted experiments. MK and MP provided Ripkl”"**"'?"3

mice. JY coordinated the study.JY, YI and DO wrote the manuscript.

Materials and Methods

Animals

Optn™EVCOMMWEL (M ASV; EPD0116_2_G06) mice were from Wellcome Trust Sanger
Institute, UK. Optn™*EVCOMMWE - (MASV; EPDO0116_2_G06) were crossed with
B6.129S4-Gt(ROSA)26Sor™' ™ ”*"/Rain] mice to remove the FRT cassette including

F/F F/F

both neo and LacZ to generate a conditional ready allele (Optn™). Optn™™ mice were

FIF mice

crossed with CMV-cre mice to generate Optn-/- mice. Optn-/- mice and Optn
were backcrossed with C57B6 mice (Jackson laboratory) for 10 generations. Ripk3™"~
mice were kindly provided by Dr. Vishva Dixit of Genentech (35). CNP-cre mice were
kindly provided by Brian Popko of University of Chicago and Klaus Nave Max Planck
Institute for Experimental Medicine, Germany (/8). CMV-cre mice [B6.C-Tg(CMV-
cre)1Cgn/J; Stock No: 006054], [B6.129P2- Lyz2tm1(cre)Ifo/J; Stock No:004781],
GFAP-cre [B6.Cg-Tg(Gfap-cre)73.12Mvs/J; Stock No: 012886], Mnxl-cre
[B6.129S1-Mnx1tm4(cre)Tmj/J/J; Stock  No: 006600], Cx3crl-cre mice
[B6.129P2(Cg)-Cx3crl ™M CeERIILY W oan]/T; Stock No: 021160], SOD1-G93A mice
[B6SJL-Tg(SOD1G93A)1Gur/J; Stock No0:002726] and C57BL/6 (B6) mice were
obtained from Jackson Laboratory. In order to examine the expression of Lyz2 driven cre
recombinase (B6.129P2-Lyz2<tm]1(cre)lfo>/J — 004781), mice with two copies of this
cre recombinase and tdTomato reporter mouse (B6.Cg-Gt(ROSA)26Sortm14(CAG-

tdTomato)Hze/J were generated. We examined the expression of Lyz2- recombinase in

microglial cells in the murine spinal cord by colocalizing the tdTomato signal with IBA1



immunostaining. All animals were maintained in a pathogen-free environment, and
experiments on mice were conducted according to the protocols approved by the Harvard

Medical School Animal Care Committee.

Human tissues
The research involving control and ALS human pathological samples was approved by

the Institutional Review Board (IRB) of Harvard University.

Mouse genotyping

Optn genotyping used following primers (5°>3):

CAS_RI1_Term (for FRT cassette): TCGTGGTATCGTTATGCGCC.
Optn_47570_F: ACCACACGATGGCTCACAAC

Optn_47570_R: GTGTCTCAAAACAACAAATTCTCCC

Other mouse genotyping protocols followed the published literatures.

Nec-1s administration

The method of Nec-1s formulation and delivery was as described in (24). Custom
synthesized Nec-1s was first dissolved in DMSO (50% w/v), and then transferred into
35% PEG solution and this was suspended in water containing 2% sucrose. Mice were
provided with vehicle control and Nec-1s as drinking water ad lib. Each mouse drank

vehicle or Nec-1s containing water about 5-10 mL/day (Nec-1s=2.5-5 mg/day).

Open Field Activity Test

The animal behavior study was conducted by the NeuroBehavior Laboratory, Harvard
Institute of Medicine. The mouse genotypes were blinded to the testers. The open field
test was used to study behavioral responses of mice that were confined to a novel arena.
The test arena was made of Plexiglas and consists of a square base with walls 20-40cm
high. All walls were clear but opaque barriers were added between arenas to hinder the
subjects' ability to see one another during testing. For each testing session, the animal
was allowed free exploration in the environment for a maximum of 1 hr. During the

session only, the animal did not have access to food or water. A computer-assisted infra-

3



red tracking system was used to record the number of beam breaks (activity) and user
defined zone entries. Vertical count = Rearing behavior (i.e. animal on hind legs causing
a break in the IR beams that measure Z-axis movement). Block No=5 min block of time
(1-12=5min-60min). Zone=Zone animal is in (O=periphery; 1=Center). The data were
analyzed with ANOVA followed by Fisher’s PLSD test.

Neurological scoring system of SODI”* mice followed the guideline provided
by the Jackson Laboratory
(http://www researchals.org/uploaded_files/p4]l jax_sodlmanual 20091202 29aPcx.pdf)

. Score of 0: Full extension of hind legs away from lateral midline when mouse is
suspended by its tail, and mouse can hold this for two seconds, suspended two to three
times. Score of 1: Collapse of leg extension towards lateral midline (weakness) during
tail suspension. Score of 2: Toes curl under at least twice during walking of 12 inches, or
any part of foot is dragging along cage bottom/table. Score of 3: Rigid paralysis or
minimal joint movement, foot not being used for generating forward motion. Score of 4:
Mouse cannot right itself within 30 seconds after being placed on either side.Mice

reached score 2 are considered to have onset.

ELISA

Spinal cord was homogenized in 1% Triton X-100 in PBS supplemented with Complete
Protease Inhibitor (Roche, Indianapolis, IN, USA). Total protein levels were determined
by Bradford protein assay (Bio-Rad, Hercules, CA, USA). The levels of TNFa, IL-6, and
IL-1pB in the spinal cord were determined using the appropriate ELISA kit according to
the manufacturers instructions (R&D Systems, Minneapolis, MN, USA).

Histology and immunochemistry

Animals were sacrificed and perfused with PBS followed by 4% paraformaldehyde. The
lumbar regions of the spinal cord were dissected and 16-pum spinal cord cross-sections
were prepared on a cryostat. For immunostaining, tissue sections were mounted and
blocked with 10% normal goat serum and 1% BSA, and then incubated with primary
antibodies at 4°C overnight. Images were collected with a Nikon Ti-E confocal

microscope equipped with AIR scan head with spectral detector and resonant scanners;



images were acquired with Nikon elements software. For each image point, z-series
optical sections were collected with a step size of 0.2 microns, using a Prior Proscan
focus motor. Gamma, brightness, and contrast were adjusted on displayed

images (identically for compared image sets) using FIJI software.

Antibodies

Optn (Cayman, Cat#100000, Santa Cruz, Cat#sc48903, snd Abcam, Cat#ab23666),
RIPK1 (BD, Cat#610459, and Cell Signaling, Cat# #3493), p-S14/15 RIPK1 (Cell
Signaling), anti-K48 ubiquitin ab (Genentech), SMI32 (Calbiochem, Cat#NE1023), CC1
(Calbiochem, Cat#OP80), GFAP (Invitrogen, Cat#130300), Iba-1 (Abcam,
Cat#ab107159, and Wako, Cat#019-19741), RIPK3 (Abcam, Cat#ab72106, Cell
Signaling, and Serotec, Cat#AHP1797), MLKL (Abcam, Cat#ab172868 and ab183770,
and Sigma, Cat#SAB1302339), p-MLKL (Abcam, Cat# ab187091 and ab196436),
FADD (Abcam, Cat#ab124812, and Santa Cruz, Cat#sc6036), K48 (Genentech), SP1
(Santa Cruz, Cat#sc14027), 2H3 (the Developmental Studies Hybridoma Bank,
Cat#3272160), SV2 (the Developmental Studies Hybridoma Bank, Cat#2579958) and [3-
actin (Santa Cruz, Cat#sc81178). We thank Dr. Gary Kasof of Cell Signaling for
developing phospho-S14/15 RIPK1 antibody and Dr. Vishva Dixit of Genentech for anti-
K48 ubiquitin ab.

Transmission electron microscopy

Animals were sacrificed and perfused with PBS followed by fixation solution of 2.5%
glutaraldehyde/2% paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4). Small
pieces (1-2mm’ cubes) of lumbar spinal cords (L1-L4) and the associated ventral roots
from a perfusion fixed animal were post-fixed for at least 2 hrs at RT in the above
fixative, washed in 0.1M cacodylate buffer and postfixed with 1% osmiumtetroxide
(0sO4)/1.5% potassium ferrocyanide (KFeCN6) for 1 hr, washed in water 3x and
incubated in 1% aqueous uranyl acetate for lhr, followed by 2 washes in water and
subsequent dehydration in grades of alcohol (10min each; 50%, 70%, 90%, 2x10min
100%). The samples were then put in propyleneoxide for 1 hr and infiltrated ON in a 1:1
mixture of propyleneoxide and TAAB Epon (Marivac Canada Inc. St. Laurent, Canada).



The following day the samples were embedded in TAAB Epon and polymerized at 60
degrees C for 48 hrs. Ultrathin sections (60nm) were cut with a Reichert Ultracut-S
microtome, picked up on to copper grids stained with lead citrate and examined in a
JEOL 1200EX Transmission electron microscope or a TecnaiG? Spirit BioTWIN and
images were recorded with an AMT 2k CCD camera. Myelination, axonal morphology
and g-ratios of different genotypes were determined from counting of ~200 axons in the
ventrolateral lumbar spinal cord white matter of 3 mice of each genotype at 3 months of

age using Image]J analysis.

Motor neuron counting

The numbers of motor neurons in the lumbar spinal cords (L1-L4) from mice 12 weeks
and 2 years of age were determined. A total of 4 sections (16 um) (one each for L1-L4)
from 5 mice for each genotype were immunostained with motor neuron marker SMI32,

imaged using fluorescence microscopy and counted using ImageJ.

Characterization of neuromuscular junctions

Tibialis anterior muscles from mice at 12 weeks of age were dissected, pinned in mild
stretch and immersion-fixed for 30 min in 4% paraformaldehyde at RT. Fixed muscles
were cryoprotected in 30% sucrose/phosphate-buffered saline (48 hrs at 4C). 100-um
thick frozen sections were cut longitudinally through the entire muscle. Sections were
incubated overnight at RT in a cocktail of primary antibodies with anti-neurofilament
2H3 (1:250) and anti-SV2 (1:250), in PBS, 0.3% TritonX100, 3% BSA. Sections were
washed and incubated overnight with an Alexa-Fluor-488 conjugated anti-mouse I1gG1
and Alexa-Fluor-594 conjugated a-bungarotoxin (Invitrogen), each at a 1:1000 dilution
in the same buffer as above. Sections were then mounted in fluorescence mounting
medium and imaged using fluorescence microscopy at 40x magnification and analyzed
using ImageJ. The data were obtained from analyzing ~200 NMJs from 3 mice of each

genotype (12 weeks old).

TUNEL



TUNEL assay was used to detect dead cells with DNA fragmentation using In Situ Cell

Death Detection Kit, POD (Roche) by following manufacture’s protocol.

Axonal diameter and G ratio determination

The axonal diameters were measured on EM images using ImagelJ. G-ratio was
determined as the ratio of inner axonal diameter to the total outer diameter of each axon
fiber. ~200 axons from the ventral lateral white matter of lumbar spinal cords (L1-L4,

one section each) of 3 mice (12 weeks old) were measured in each analysis.

Primary microglia and oligodendrocyte culture

Primary oligodendrocyte and microglial cultures were prepared as described previously
(36). Briefly, forebrains of 1 to 2-d-old mouse pups were digested with 0.01% trypsin and
triturated with DMEM containing 10% heat-inactivated fetal bovine serum and 1%
penicillin-streptomycin. Dissociated cells were plated onto poly-d-lysine coated 75cm’
flasks and fed every 3d for 7-10 days. Following an initial 1 hr shake of the culture,
microglia were collected and cultured in DMEM+10%FBS. The quality of purification
was analyzed by FCS using CD11b as a marker for microglia (>90% CD11b+). RNA
preparation and library generation followed the protocol from the manufacturer’s
protocol from Illumina.

For oligodendrocyte culture, the flasks were continued shaken overnight at 200
rpm to collect oligodendrocytes. The cells were then plated onto poly-lysine-coated
culture plates, and maintained in a basal defined medium (BDM, 0.1% bovine serum
albumin, 50 pg/ml human apo-transferrin, 50 pg/ml insulin, 30 nM sodium selenite, 10
nM D-biotin and 10 nM hydrocortisone in DMEM) for 5-9 days at 37°C in a humid
atmosphere of 5% CO2 and 95% air. Half of the culture medium was replaced with fresh
media every other day, and cells were harvested between DIV7-9. Around 60-85% of
cells were of oligodendrocyte lineage (i.e. either Olig2, O4, or MBP positive), the
remainder were astrocytes and microglia. Cells were maintained for 10-14 days in vitro.
For cell death assays, cells were treated with TNFa (50 ng/mL) for 24 h and viability was
assessed using Toxilight assay (Lonza), which measures the release of adenylate kinase

(AK) from dead cells into the media.



Primary astrocyte culture

Mixed glia was prepared as described [37, 38], and cultured until confluent (day 7-10).
The cells were then incubated with 0.02 mg/ml of Clodronate encapsulated liposomes
(Clodrosome) (Encapsula NanoSciences LLC) for 2-3 days, washed, and the astrocyte
monolayer was separated using mild trypsinization procedure, and plated. Cells were
>99% astrocytes, as determined by staining with GFAP or GLAST, with less than 1%

contamination of CD11b+ microglia cells (data not shown).

FACS sorting of astrocytes

Isolated CNS cells were purified by cell sorting using FACSAria I (BD Bioscience) as
previously described (38) with minor modifications. Briefly, cells were sorted in the
presence of 7-AAD for the exclusion of nonviable cells, and Hoechst 33342 dye for
nuclear visualization, and astrocytes were isolated following depletion of microglia,
monocytes, oligodendrocytes, endothelial cells, and lymphocytes (T-cells, B-cells, and

NK cells).

Cell culture
L.929 cells were cultured in DMEM supplemented with 10% FBS and penicillin and

streptomycin.

Western blotting for p-RIPK1

Triton X-114 fractionation experiments were performed according to Wang et al. (39)
with some modification. Briefly, cells were lyzed in 20 mM HEPES, pH 7.4, 150mM
NaCl, 2% Triton X-114, 1 mM benzamidine, ] mM PMSF and Complete protease
inhibitor (Roche) and incubated on ice for 30 min. The lysates were centrifuged at
16,000xg for 15min at 4C. Supernatants were incubated at 30°C for 3 min and spun at
1,500xg for 5 min at room temperature. The detergent fraction was diluted with PBS and
re-centrifuged at 1,500xg for 5 min at RT. 5X SDS-PAGE sample buffer was added to

the resulting detergent fraction and samples were resolved on 10% SDS-PAGE gels.



Generation and immortalization of MEFs

Optn+/- male and female mice were crossed and the pregnancy was terminated at E11-13
stage. Embryos were homogenized and treated with trypsin/EDTA, sieved through 70-
micron filter and primary MEFs were cultured in high glucose DMEM supplemented
with 15% FBS, non-essential amino acids, sodium pyruvate, penicillin, streptomycin and
amphotericin B. At passages 4-6, primary MEFs were immortalized by transfection with
SV40 small + large T antigen-expressing plasmid (Addgene 22298) using Lipofectamine
2000.

Statistics and Bioinformatics
Multiple comparisons were statistically evaluated using a two-tailed Student's r-test.
Differences were considered statistically significant if p<0.05(*); p<0.01 (**) or
p<0.001(***). Data are expressed as the mean + standard error of the mean (SEM).
Pairwise comparisons between two groups were performed using the Student’s t-test. For
multiple comparisons with the three genotypes, we performed one-way Anova. Two-way
Anova was performed for multiple comparisons with genotypes and ages, and the results
obtained by standard least squares fits followed by appropriate post hoc tests are shown.
Co-expression analysis to identify modules was performed using the WGCNA
package (25) in R version 3.2.0. The heatmaps were generated using the heatmap
function in the stats library. Transcription factor identification was performed using the
MSigDB (Molecular Signatures Database) (27), which performs hyper-geometric tests to
compute significance of overlap between the gene set of interest and the gene lists in the
database. The C3 gene set collection in MSigDb containing predicted transcription factor
targets was used for this purpose (40). Gene networks were created using the
Gene2Network software (28), which uses mammalian protein interactions databases to

identify other genes that are significantly connected to the input seed list.



Supplementary Figure legends

Fig. S1. Generation of Optn-/- mice. (A-B) Genotyping of Optn-/- mice and western
blotting analysis of different tissues from WT and Optn-/- mice to show the absence of
OPTN expression in Optn-/- mice. (C-D) Immunostaining of motor neuron marker
SMI32 (C) and quantification of SMI32+ motor neurons (D) in the ventral spinal cords of
WT and Optn-/- mice at 12 weeks and 2 years of age using Image]. (E-F) Electron
microscopic images (E) and quantification (F) of the motor axon myelination in the
ventrolateral spinal cords of WT (Optn+/+) and Optn-/- mice at 3 weeks, 12 weeks and 2
years of age. * highlights dysmyelinated axons. # marks a degenerating axon. Note loose
myelination and the presence of excess oligodendrocyte cytoplasm surrounding these
axons in Optn-/- mice. (G-J) Electron microscopic analysis of the motor axons in the
ventral roots of lumbar spinal cords from WT (Optn+/+) and Opitn-/- mice (12 weeks
old). The mean axonal numbers, mean g-ratios and mean axonal diameters (H),
individual g-ratios distribution (I) and the distributions of axonal diameters (J) are
shown. (K-L) Motor endplates are identified with a-bungarotoxin (red); axons are
identified with neurofilament + SV2 (green). Images depict innervated endplates (yellow
indicates overlap) in WT (Optn+/+), denervated endplates in Optn-/- mice (K) and
quantitative analysis (L). Data are shown as % of endplates classified as innervated in
Optn-/- muscle compared to that of WT (Optn+/+). 200 endplates were counted from 3

mice (12 weeks old) per genotype.

Fig. S2. Cell-type specific deletion of OPTN expression in Optn'”; Lyz2-cre, Optn™";
Cnp-cre, and Optn™"; Gfap-cre mice. (A) Primary microglia isolated from newborn

" or Optn™"; Lyz2-cre mice were analyzed by western blotting using anti-OPTN

Optn
and anti-b-actin. (B) The expression of Lyz2-directed tdTomato in Ibal+ microglia in the
spinal cords. Sections of the ventral spinal cords from mice with indicated genotypes
were immunostained with IBA1. (C-D) Sections of the ventral spinal cords from mice
with indicated genotypes were double-immunostained with IBA1 for CC1 and OPTN for
Optn"”*; Cnp-cre mice (C) or GFAP and OPTN for Optn""; GFAP-cre mice (D). (E-F)

Primary astrocytes were isolated from newborn Optn™ or Optn™*; GFAP-cre mice and
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analyzed by western blotting (E) and qRT-PCR for Optn (F). (G) Astrocytes were
isolated from adult Optn"”, Optn™"; GFAP-cre, or Optn-/- mice (12 weeks old) by FACS
and analyzed by qRT-PCR. Optn-/- astrocytes were used as a positive control. The
amount of Optn qRT-PCR products was displayed as a ratio to that of GAPDH from the

astrocytes of same genotype (F-G).

Fig. S3. Inducible deletion of OPTN from microglia leads to axonal pathology. (A)
Western blotting analysis of microglia isolated from mice of indicated genotypes and
treated with 4-hydroxy tamoxifen (TAM) (10 pg/ml) for 36 hrs. The expression of OPTN
was analyzed by western blotting using indicated abs. (B) Electron microscopic analysis
of the motor axonal myelination in the ventrolateral lumbar spinal cords from mice of
indicated genotypes after the treatment of tamoxifen. Each mouse received tamoxifen (75
mg/kg/day) by subcutaneous injection every 24 hrs for one month starting from 8 weeks
of age. (C-E) The mean axonal numbers, mean g-ratios and mean axonal diameters (C),
individual g-ratios distribution (D) and the distributions of axonal diameters (E) in the
ventrolateral lumbar spinal cord white matter (L1-L4) of mice with indicated genotype

after induction of OPTN loss by tamoxifen.

Fig. S4. OPTN deficiency sensitizes cells to necroptosis. (A) Viability of 1.929 cells
transfected with control non-targeting siRNA or 4 different siRNAs against OPTN for 48
hrs and then treated with zZVAD .fmk (20 pM) or mTNFa (10 ng/ml) in the presence or
absence of Nec-1s (10 uM) for another 24 hrs. (B) Viability of 1929 cells transfected
with control non-targeting siRNA, or OPTN siRNA, with or without siRNA targeting
RIPK3 for 48 hrs and then treated with mTNFo (10 ng/ml) or Nec-1s (10 uM) for
another 24 hrs as indicated. The knockdown controls are shown on the right side of each
panel. (C) WT (Optn+/+; Ripk3+/+), Optn-/-; Ripk3+/+, Optn+/+; Ripk3-/- and Optn-
/-; Ripk3-/- MEFs were treated with mTNFa (30 ng/ml), CHX (1 pg/ml) and zZVAD .fmk
(20 uM) (TCZ) with or without Nec-1s (10 uM) as indicated for 12 hrs. The cell viability
in (A-C) was determined using CellTiterGro (Promega). (D) WT (Optn+/+) and Optn-/-
MEFs were treated with TCZ as in (D) for indicated period of times. Anti-FADD ab was
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used to immunoprecipitate complex IIb and the immunocomplex was analyzed by

western blotting using indicated abs. b-actin was used as a loading control.

Fig. S5. Activation of inflammatory response in Optn-/- microglia. (A) Increased
levels of TNFa production in isolated Optn-/- microglia were inhibited by Nec-1s (10
uM). (B) The spinal cords of Optn-/- and Optn™; Lyz2-cre mice contained elevated
levels of TNFa. The levels of TNFoa were measured by ELISA. (C) The levels of Cd14
and Cd86 mRNA expression in Optn-/- with or without Nec-1s treatment (left) and Optn-
/-; RipkI”7*™P* microglia (right) were determined by qRT-PCR. The levels of

GAPDH were used as a control.

Fig. S6. The involvement of Spl-mediated transcriptional response in mediating
inflammation under OPTN deficient condition. (A) Network diagram of Spl target
genes contained in module ME1. The seed list (Spl target genes in module ME1) is
shown in red. Significantly connected genes are shown in yellow and other genes in grey.
(B) L929 cells transfected with control non-targeting siRNA, or Optn siRNA, in the
presence or absence of Nec-1s for 56 hrs. The levels of TNFa were measured in cell
lysates by ELISA (left) and RT-PCR (right). (C) Viability of L929 cells transfected with
control non-targeting siRNA, or OPTN siRNA, with or without siRNA targeting SP1, in
the presence or absence of Nec-1s (10 uM) as indicated for 72 hrs. Cell viability was

determined using CelltiterGro.

Fig. S7. Increased expression of RIPK1, RIPK3 and phosphor-MLKL in human
sporadic cases of ALS. (A) Co-immunostaining of RIPK1 in human control and ALS
spinal cord sections with markers for oligodendrocytes (CC1) (bottom) and microglia
(Ibal) (top). Co-immunostaining of RIPK3 (B) and phosphor-MLKL (C) with CC1 as a
marker for oligodendrocytes in the sections of the lateral column from lower spinal cord
pathological samples of human control and ALS with CCl as a marker for

oligodendrocytes.
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Fig. S8. A schematic diagram for the role of RIPK1 in mediating inflammation and
necroptosis in spinal cords of ALS. OPTN suppresses the activation of RIPK1 by
promoting its turnover in microglia to inhibit inflammatory response and in

oligodendrocytes to suppress the activation of necroptosis.

Table S1. The z scores of Ripkl, Ripk3, Cyld and Optn in the genome-wide siRNA
screen for regulators of necroptosis. Sensitization: z score < -1.5. Inhibition: z score >
1.5. Cyld is a positive control and knockdown of Cyld suppresses necroptosis.

Table S2. Genes in ME1 module with highest connectivity.

Table S3. Transcription factors whose targets are overrepresented in module MEL1.
The p-value of overlap with ME1 genes are computed using a hypergeometric test and
False Discovery Rate (FDR g-values) are calculated with a Benjamini and Hochberg

correction.

Table S4. The information on the pathological human samples used in this study.
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Fig. S4
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Fig. S5
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Fig. S6
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Fig. S7
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Table S1

Symbol Name Z-score
Ripkl Receptor interacting serine/threonine kinase 1 6.89
Ripk3 Receptor-interacting serine-threonine kinase 3 2.60
Cyld Cylindromatosis (turban tumor syndrome) 2.59
Optn Optineurin -2.07
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Table S2

Symbol Name Location
Ctsb Cathepsin B 8p23.1
Cdi4 CD14 molecule (Myeloid Cell-Specific Leucine-Rich Glycoprotein) 5g31.3
Srxnl Sulfiredoxin 1 20p13
Tcirgl T-cell, immune regulator 1, ATPase, H+ transporting, lysosomal VO subunit A3 11q13.2
Cnbp CCHC-type zinc finger, nucleic acid binding protein B 3qg21
Ifrd1 Interferon-related developmental regulator 1 7q931.1
Chst11 Carbohydrate (chondroitin 4) sulfotransferase 11 12g23.3
Tes Testin LIM domain protein 7q31.2
St6gall ST6 beta-galactosamide alpha-2,6-sialyltranferase 1 3qg27.3
Gosr2 Golgi SNAP receptor complex member 2 17921
Gotl Glutamic-oxaloacetic transaminase 1, soluble 10924.1-g25.1
Gotl Golgi transport 1A 1932.1
Gotl Golgi transport 1B 12p13.1
Gas7 Growth arrest-specific 7 17p13.1
Cerk Ceramide kinase 22q13.31
Lrrfipl Leucine rich repeat (in FLII) interacting protein 1 2qg37.3
Cd86 CD86 molecule 3qg21
Tgolnl Trans-Golgi network protein
Pidk2a Phosphatidylinositol 4-kinase type 2 alpha 10q24
Map4k4 Mitogen-activated protein kinase kinase kinase kinase 4 2q11.2-q12
Map4k3 Mitogen-activated protein kinase kinase kinase kinase 3 2p22.3
l11ral Interleukin 11 Receptor, Alpha 9p13.3
Pdelb Phosphodiesterase 1B, calmodulin-dependent 12q13
Hfe Hemochromatosis 6p21.3
Cytip Cytohesin 1 interacting protein 2ql11.2
Pmaip1l Phorbol-12-myristate-13-acetate-induced protein 1 18g21.32
Arl5a ADP-ribosylation factor-like 5A 2q23.3
Maff v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog F 22q13.1
Gpr34 G protein-coupled receptor 34 Xpll.4
Rel v-rel avian reticuloendotheliosis viral oncogene homolog 2p13-p12
Cnnl Calponin 1, basic, smooth muscle 19p13.2-p13.1
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Table S3

Gene Set Name

FDR g-value

Description

MAZ: MY C-associated zinc finger protein (purine-binding transcription factor) GGGAGGRR_VSMAZ_Q6 2274 20 0.088

SP1: Spl transcription factor GGGCGGR_VSSPI_Q6 2940 2! 0765

LEF1: lymphoid cnhancer-binding factor | CTTTGT_VSLEFI_Q2 1972 7 887

NFAT: NFA TGGAAA VSNFAT Q4 01 1896 5 823

TCF3: transeription factor 3 (E2A immunoglobulin cnhancer binding factors E12/E47) CAGGTG VSEI2 Q6 2485 K 708

‘motif AACTTT. Mot does not match any known transcription factor AACTTT_UNKNOWN 1890 7 778

PAX4: paired box gene 4 GGGTGGRR_VSPAX4 03 1294 109 842

ETS2: v-cts erythroblastosis virus E26 oncogene homolog 2 (avian) RYTTCCTG VSETS2 B 1085 96 0885

ESRRA: cstrogen-related receptor alpha TGACCTY_VSERRI_Q2 1043 9 0882

MLLT7: myeloid/ lymphoid or mixed-lincage leukemia (trithorax homolog, Drosophila): translocated to, 7 TTGTTT_VSFOXO4 01 2061 37 0665
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Table S4

GUID #

Primary Diagnosis

Secondary Diagnosis

Gender

Site of Onset

Disease Course
(years)

PMI (hrs)

20 NA Control Basilar CVA 38 F NA NA 6
26 NA Control Cancer, obesity 49 M NA NA 4
31 NA Control Lung Cancer 67 M NA NA 3.5
39 NA Control Aortic Dissection & Multiple system failure 77 M NA NA 2
42 NA Control Brain Tumor 61 M NA NA 6
44 NA Control Liver failure 80 F NA NA 5
65 NA Control 82 M NA NA 4
67 NA Control 77 M NA NA 4
73 NA Control Cardiovascular and 74 M NA NA 5.5
78 NA Control Vasculitis, cerebral hemorrhage 58 F NA NA 3
30 NA SALS FTD vs PPA 73 M Language & Respi y 2.5 4.5
32 NA SALS 71 M Respiratory & trunk 1.5 4.5
33 NA SALS 54 M Arm 6.5 5
34 NA SALS 81 F Bulbar 1 35
35 NA SALS 74 F Bulbar 5.75 5
36 NA SALS 73 M Leg 1 5
38 NA SALS v FALS FTD w/ familal dementia 20 to MAPT (Arg5His) mutation 74 F Dementia and Bulbar 2.75 4
43 NA SALS 74 M Respi and trunk 1.75 6
45 NA SALS 69 F Leg 5 5
47 NA SALS 65 F Bulbar 1.25 7
48 NA SALS 67 M Bulbar 1.75 6
60 NA SALS 58 F Bulbar 3 3
62 NA SALS 52 M Arm 1.5 6
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