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Cells undergo metabolic adaptation during environmental changes by using evolutionarily conserved stress re-
sponse programs. This metabolic homeostasis is exquisitely regulated, and its imbalance could underlie human
pathological conditions. We report here that C9orf72, which is linked to the most common forms of the neurode-
generative diseases amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD), is a key regulator of lipid
metabolism under stress. Loss of C9orf72 leads to an overactivation of starvation-induced lipid metabolism that is
mediated by dysregulated autophagic digestion of lipids and increased de novo fatty acid synthesis. C9orf72 acts by
promoting the lysosomal degradation of coactivator-associated arginine methyltransferase 1 (CARM1), which in
turn regulates autophagy–lysosomal functions and lipid metabolism. In ALS/FTD patient-derived neurons or tis-
sues, a reduction in C9orf72 function is associated with dysregulation in the levels of CARM1, fatty acids, and
NADPH oxidase NOX2. These results reveal a C9orf72–CARM1 axis in the control of stress-induced lipid metab-
olism and implicates epigenetic dysregulation in relevant human diseases.
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Nutrient utilization and energy metabolism are critical
for the maintenance of cellular homeostasis, and their
dysregulation could lie at the origin of many human dis-
eases. Glucose and lipids are two main energy sources in
energy homoeostasis. During compensatory responses to
energy shortage such as glucose starvation, lipids serve
as the source of energy supply, providing the fatty acids
(FAs) whosemetabolism is crucial for the survival of cells,
including neurons (Du et al. 2009; Cabodevilla et al. 2013).
FAs are stored as triacylglycerols that form lipid droplets
(LDs), which are organelles consisting of a core of lipid
esters covered by a phospholipid monolayer. LDs are
dynamic organelles involved in lipid metabolism. The
process of LD biogenesis is not entirely clear, but LD for-
mation is known to occur in the endoplasmic reticulum
(ER) (Fujimoto and Parton 2011). When mammalian cells
experience starvation conditions, LD biogenesis is ele-
vated (Rambold et al. 2015), and, at the same time, the
turnover of LDs is increased, releasing free FAs (FFAs)
(Fujimoto and Parton 2011). The turnover of LDs is report-

ed to be mediated by macroautophagy (referred to here as
autophagy) (Singh et al. 2009), a lysosome-degradative pro-
cess used for degrading or recycling organelles in response
to stress to maintain cellular homeostasis.

Amyotrophic lateral sclerosis (ALS) is a neurodegenera-
tive disorder characterized by progressive degeneration
of motor neurons. The hexanucleotide repeat expansion
in C9orf72 is the most common cause of both ALS and
the related neurodegenerative disease frontotemporal de-
mentia (FTD) (DeJesus-Hernandez et al. 2011; Renton
et al. 2011). In addition to the toxicity resulting from
the expanded repeat (Taylor et al. 2016), the reduction in
C9orf72 transcript and protein levels in patient cells and
brain tissue suggests that loss-of-function mechanisms
may contribute to ALS and FTD pathogenesis (DeJesus-
Hernandez et al. 2011; Gijselinck et al. 2012; Belzil et al.
2013; Ciura et al. 2013; Donnelly et al. 2013; Mori et al.
2013; Xi et al. 2013; Haeusler et al. 2014; Liu et al. 2014;
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Waite et al. 2014). Additionally, there has been one report
of a loss-of-function splice site mutation in C9orf72 caus-
ing ALS (Liu et al. 2016). Furthermore, higher C9orf72 lev-
els may have beneficial effects against neurodegeneration
in humans (van Blitterswijk et al. 2015; McGoldrick et al.
2018). Moreover, loss of C9orf72 hypersensitizes cells to
stress (Maharjan et al. 2017), and the haploinsufficiency
of C9orf72 leads to neurodegeneration in human motor
neurons (Shi et al. 2018). Still a poorly characterized pro-
tein, C9orf72 has been shown to possess the structural
components of a DENN (differentially expressed in nor-
mal and neoplasia)-like protein by bioinformatics analysis
(Zhang et al. 2012; Levine et al. 2013). Recent studies have
suggested that C9orf72 regulates membrane trafficking,
the autophagy–lysosome pathway, and autoimmunity
(Farg et al. 2014; Amick et al. 2016; Burberry et al. 2016;
O’Rourke et al. 2016; Sellier et al. 2016; Sullivan et al.
2016; Ugolino et al. 2016; Webster et al. 2016; Yang et al.
2016; Aoki et al. 2017; Jung et al. 2017); however, the mo-
lecular functions of C9orf72 remain poorly understood.
Energy metabolism defects have been associated in ALS
patients, including hypermetabolism and hyperlipidemia
(Dupuis et al. 2008, 2011;Dorst et al. 2011). This hyperme-
tabolism results at least in part from an increased resting
energy expenditure in ALS patients (Bouteloup et al.
2009; Vaisman et al. 2009), reflecting an altered basalmet-
abolic rate. However, there has been nomolecular mecha-
nism identified to explain the ALS-related defects in
energy and lipid metabolism.
Here, we report thatC9orf72 regulates the lipidmetabo-

lism in the cell, particularly under conditions of glucose
starvation stress. Mechanistically, C9orf72 controls the
turnover of its interactor, coactivator-associated arginine
methyltransferase 1 (CARM1), which serves as an epige-
netic activator of autophagy and FA synthesis genes.
CARM1 is dysregulated inmice lackingC9orf72and inhu-
man cells and tissues derived from patients with C9orf72-
linkedALS/FTD.Our study reveals a previously unknown
C9orf72–CARM1 axis that plays a key role in the regula-
tion of lipid metabolism and may have implications for
the pathogenesis of relevant neurodegenerative diseases.

Results

Loss of C9orf72 alters lipid metabolism under starvation

To identify the cellular processes affected by the loss of
C9orf72, particularly under nutrient stress, we performed
a quantitativewhole-proteome analysis ofC9orf72 knock-
out (C9KO) and wild-type mouse embryonic fibroblasts
(MEFs) under glucose starvation as well as control (com-
plete medium [CM]) conditions by using tandem mass
tag (TMT)-labelingmass spectrometry (MS). Thequantita-
tive analysis showed that more lipid metabolism-related
proteins were differentially regulated in C9KO MEFs
than in wild-type cells under glucose starvation (Sup-
plemental Fig. S1A,B), suggesting that the loss of C9orf72
alters lipid metabolism under the starvation stress. Fur-
thermore, among the proteins that were differentially reg-
ulated by the loss ofC9orf72 after glucose starvation, there

was a significant enrichment in proteins related to lipid
synthesis (Supplemental Fig. S1C,D). To examine the po-
tential C9orf72-dependent defects in lipid metabolism,
we first measured the total cellular lipid concentration
inC9KOandwild-typeMEFs under bothwell-fed and star-
vation conditions. The levels of lipids were similar be-
tween C9KO and wild-type MEF cells when they were
cultured with CM or starved for only a short time (6 h)
(Fig. 1A). Consistent with previous analysis showing that
lipids are increased under starvation conditions because
of enhanced lipid biogenesis (Kaushik and Cuervo 2015),
prolonged glucose starvation for 16 h increased the lipid
levels (Fig. 1A). Interestingly, under this condition, the lip-
id levels were significantly elevated in the absence of
C9orf72. Given that LDs are the main cell organelles for
lipid storage,wequantified the amounts of LDsby staining
cells with a well-characterized lipid probe: boron-dipyrro-
methene (BODIPY493/503) (Singh et al. 2009). Again, no
difference was observed in LD amounts between wild-
type and C9KO cells when cultured with CM. However,
LD signals were significantly increased in the C9KO
MEFs after starvation in glucose-free medium for 16 h
(Fig. 1B,C).
Since the ER is the main cellular organelle for LD bio-

genesis (Wilfling et al. 2014) and our proteomic analysis in-
dicated an enrichment of ER proteins among differentially
regulated proteins in C9KO cells under glucose starvation
(Supplemental Fig. S1E), we examined the formation of
LDs in the ER of C9KO MEFs. When the MEFs were cul-
tured in CM, colocalization of LDs with the ER was only
rarely observed in either wild-type or C9KO MEF cells,
suggesting a low basal level of lipid biogenesis in the ER
in both cell types (Fig. 1D,E). When the cells were starved
in glucose-free medium for 16 h, the colocalization of the
LDs and ER was increased in both the wild-type and
C9KO MEF cells. However, the C9KO MEFs exhibited
more LDs colocalizedwith the ER than thewild-type cells
did under this condition (Fig. 1D,E). These data suggest
that loss of C9orf72 increases LDbiogenesis under glucose
starvation condition.
FAs, stored as triglycerides, are the major component of

lipids in LDs. When released from triglycerides, FFAs are
the main energy source for lipid utilization under condi-
tions of starvation. We therefore tested the FFA levels in
the C9KO and wild-type cells. In wild-type MEFs, the
FFA level was initially slightly decreased after 6 h of treat-
ment in the glucose-free medium but then increased
sharply after 16 h of treatment (Fig. 1F). By comparison,
the FFA levels in the C9KO MEFs were increased at
both 6 and 16 h after glucose starvation (Fig. 1F). Further-
more, the C9KO cells exhibited higher levels of FFA than
wild-type cells for the duration of the glucose starvation
conditions (Fig. 1F).

Loss of C9orf72 increases FA flux and biogenesis

To determine whether the FFA accumulation under glu-
cose starvation conditions in C9KO cells resulted from
an increase in extracellular FFA uptake or intracellular
biogenesis, we first examined the capacity for cellular
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uptake of extracellular FFA using a dodecanoic acid fluo-
rescent FA substrate. We found no difference in the FFA
uptake ability between theC9KOandwild-typeMEF cells
under well-fed or glucose-starved conditions (Supplemen-
tal Fig. S2A), suggesting that the FFA accumulation in the
C9KO cells was due to intrinsic changes in the FFA bio-
genesis. Next, we examined the activities of two major
intracellular FFA-generating pathways, including LD di-
gestion and de novo FA synthesis.

Autophagy promotes FA flux by digesting LDs and or-
ganelle membranes into FAs, which are used to generate
increased amounts of LDs (Kaushik and Cuervo 2015).
Given the recent suggestion that C9orf72 is involved in
the regulation of autophagy (Ugolino et al. 2016; Yang
et al. 2016), we asked whether the increase of FFAs in
C9KO MEFs upon glucose starvation was a result of aug-
mented autophagic activity. We first investigated the sta-
tus of autophagic flux in wild-type and C9KO MEF cells
under glucose starvation conditions by monitoring the
turnover of LC3II, a common marker for autophagic
activity. There was no difference in the LC3II levels be-
tween wild-type and C9KOMEFs after glucose starvation
(Supplemental Fig. S2B). However, after treatment with
bafilomycin A1, an autophagy inhibitor that prevents
lysosomal degradation of LC3II, C9KO MEFs exhibited
significantly more LC3II than did wild-type controls (Sup-

plemental Fig. S2B), indicating an enhanced autophagic
flux in the glucose-starved C9KOMEFs. In addition, when
the cells were treated with both glucose starvation and
bafilomycine A1, there were more LC3-positive puncta
in the C9KO MEFs than in the wild-type controls (Sup-
plemental Fig. S2C,D). Thus, the loss of C9orf72 led to
an enhanced autophagic flux under glucose starvation
conditions, which is consistent with the previous reports
that C9orf72 is a negative regulator of autophagic flux
(Ugolino et al. 2016; Yang et al. 2016).

To confirm that the autophagy-mediated LD digestion
was increased in the absence of C9orf72, we examined
the colocalization of LDswith lysosomes as described pre-
viously (Singh et al. 2009; Seo et al. 2017). The colocaliza-
tion of the BODIPY and LAMP1 signals was increased
under glucose starvation conditions when compared
withwell-fed cells (Fig. 2A,B), consistentwith theprevious
reports that the digestion of LDs by the autophagy is en-
hanced under starvation conditions (Kaushik and Cuervo
2015). Notably, under this condition, there was a signifi-
cantly higher degree of colocalization of BODIPY and
LAMP1 in C9KO MEFs than in wild-type cells. Next, we
isolated LDs from these cells and measured the levels of
LC3 and p62 proteins as markers for autophagic digestion
of these lipid organelles. The adipose differentiation-relat-
ed protein (ADRP) was used as a loading control (Singh
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D

Figure 1. Loss of C9orf72 alters lipid metabolism under
glucose starvation. (A) Wild-type and C9KO MEFs were
starved with glucose-free medium for the indicated
hours, and the lipid amount at each time point was de-
tected by a fluorometric lipid-binding assay as described
in the Materials and Methods. n=3. (B,C ) Wild-type and
C9KOMEFs were cultured with CM or starved with glu-
cose-free medium for 16 h, and LDs were stained by
BODIPY493/503. The number of LDs per cell was count-
ed, and 50 cells per group from three independent exper-
iments were analyzed. (D,E) Wild-type and C9KO MEFs
cultured with CM or starved with glucose-free medium
(16 h) were triple-labeled with LDs by BODIPY493/503
and ER marker calnexin for confocal immunofluores-
cence microscopy analysis. The colocalizations of BOD-
IPY493/503 and calnexin per cell were analyzed by
Pearson’s R-value. Thirty cells in each group from three
independent experiments were statistically analyzed.
(F ) Wild-type and C9KO MEFs were starved with glu-
cose-free medium for 0, 6, and 16 h. The FFA amounts
were determined by an enzyme-coupled fluorometric as-
say as described in theMaterials andMethods. n =3. (GS)
Glucose starvation. Data are presented as mean±SEM.
(∗) P<0.05; (∗∗) P< 0.01; (∗∗∗) P <0.001.
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et al. 2009). The LDs isolated from C9KO MEFs showed
significantly higher levels of LC3II and p62 than did
wild-type cells under glucose starvation conditions (Fig.
2C), indicative of an increased lipophagy. To confirm
that the increase in the level of LDs in the absence of
C9orf72 is dependent on the autophagy–lysosome path-
way,weusedbafilomycinA1 to inhibit lysosomal activity.
The treatment of bafilomycin A1 reversed the increase in
the level of LDs in the absence of C9orf72, as indicated
by the BODIPY staining, and resulted in comparable levels
of LDs in C9KO and wild-type MEFs (Supplemental Fig.
S2E,F), demonstrating that the increase in LDs depends
on lysosomal activity.To further confirm the involvement
of the autophagy–lysosome pathway, we blocked autoph-
agy induction by depleting Atg5 or FIP200 in C9KO
MEFs.Thecomplete removal ofAtg5 fromC9KOMEFs re-
versed the increase in the levels of LDs and lipophagy as
quantified by the number of LDs per cell and their colocal-
ization with LAMP1 (Fig. 2D–F). Furthermore, reducing
FIP200 by shRNAs similarly ablated the increases in the
levels of LDs and lipophagy in C9KOMEFs (Supplemental
Fig. S2G–I). Together, these data indicate that loss of
C9orf72 stimulates glucose starvation-induced LD diges-
tion through the autophagy–lysosome pathway.

Next, we asked whether loss of C9orf72 enhances de
novo FA synthesis, a pathway that could provide a new
carbon source for the increased lipid metabolism. We
used the radiolabeled [1,2-14C] acetate, a precursor of ace-
tyl-CoA, to trace newly synthesized FAs in wild-type and
C9KOMEFs under well-fed and glucose starvation condi-
tions. We found that the incorporation of 14C into the lip-
ids was significantly increased in C9KO MEFs compared
with wild-type controls under the glucose starvation con-
dition (Fig. 2G), indicating that loss of C9orf72 results in
enhanced de novo synthesis of lipids under the nutrient
stress. Next, we investigated whether FA de novo synthe-
sis was altered upon the loss of C9orf72. Two enzymes
regulating FA de novo synthesis were found to be up-
regulated, including acetyl-CoA carboxylase (ACC) and
FA synthase (FASN) (Fig. 2H,I; Supplemental Fig. S2J).
Among them, ACC is the rate-limiting enzyme control-
ling the critical step of FA de novo synthesis (Currie
et al. 2013). In both wild-type and C9KO MEFs, glucose
starvation increased the level of ACC proteins. Under glu-
cose starvation conditions, C9KO MEFs showed signifi-
cantly higher ACC levels than wild-type MEFs (Fig. 2H,
I). FASN showed changes similar to ACC in C9KO under
glucose starvation conditions (Supplemental Fig. S2J).
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C D E

F

Figure 2. Loss of C9orf72 increases FA flux and biogen-
esis. (A,B) Wild-type and C9KO MEFs were starved with
glucose-freemedium for 16 h, and then the association of
autophagy with LDs was monitored by immunostaining
of BODIPY and lysosomal marker LAMP1. The number
of BODIPY and LAMP1 double-positive puncta per cell
was counted, and 30–40 cells in each group from three in-
dependent experiments were statistically analyzed.
(C ) Wild-type and C9KOMEFs were grown with or with-
out glucose starvation for 16 h, and then LDs were isolat-
ed and subjected to SDS-PAGE and immunoblot against
anti-LC3 and P62. ADRP served as a loading control. The
ratios of LC3II/I and the amounts of P62 were calculated
and statistically analyzed. n=3. (D–F ) Wild-type, C9KO,
and C9/Atg5 double-knockout MEFs were starved with
glucose-free medium for 16 h. The LDs were labeled
with BODIPY and counted, and the association of
autophagy and LDswasmonitored as inA. Twenty-eight
to 30 cells in each group from three independent experi-
ments were statistically analyzed. (G) Wild-type and
C9KO MEFs were cultured in CM or glucose-free medi-
um with [1,2-14C] acetate at a final concentration of 0.3
µCi for 6 h. The incorporation of [1,2-14C] in total lipids
was measured by a scintillation counter. Counts per mi-
nute (CPM) were normalized to the total amount of pro-
tein. n=6. (H–J) Wild-type and C9KO MEFs were grown
in glucose-free medium, and the protein levels of ace-
tyl-CoA carboxylase (ACC) and NOX2 were determined
at the indicated time points by immunoblotting. n=3.
(GS) Glucose starvation. Data are presented as mean±
SEM. (∗) P <0.05; (∗∗) P<0.01.
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These data suggest that loss of C9orf72 heightens the ac-
tivation of ACC and FASN, which is consistent with the
increased lipid and FFA levels in the cells lacking
C9orf72. Additionally, while studying the molecular con-
sequences of the altered lipid metabolism in the absence
of C9orf72, we found a consistent increase in the level of
the NADPH oxidase NOX2. NOX2 is the most studied
NADPH oxidase family member and was reported to be
activated by FFAs (Inoguchi et al. 2000). NOX2 is also
known to cause oxidative stress and has been found to
be up-regulated in the nervous tissues of ALS patients
(Wu et al. 2006; Marden et al. 2007). We confirmed that
treatment with a common FA, sodium palmitate, resulted
in a dose-dependent increase in the levels of NOX2 in
MEFs by Western analysis (Supplemental Fig. S2K). Fur-
thermore, we found that NOX2 was increased in C9KO
MEFs upon glucose starvation compared with wild-type
MEFs (Fig. 2H,J). These results suggest that loss of
C9orf72 could contribute to the up-regulation of NOX2
and related pathogenesis in ALS patients.

C9orf72 negatively regulates CARM1 protein level

We then investigated the molecular mechanism underly-
ing C9orf72-mediated regulation of lipid metabolism. In a
quantitative proteomic study for C9orf72-interacting pro-
teins using stable isotope labeling by amino acids in cell
culture (SILAC) MS, we identified CARM1 as a potential
strong interactor of C9orf72 (Supplemental Table S1).
CARM1 is a transcriptional regulator that influences
autophagy through an epigenetic mechanism (Shin et al.
2016). Hence, we asked whether CARM1 is the critical
player that links C9orf72 to the regulation of autophagy
and lipid metabolism.

First, we tested CARM1 protein levels upon C9orf72
depletion. Under basal condition, loss of C9orf72 in-
creased CARM1 protein levels in C9KO MEFs (Fig. 3A,
B).Additionally,CARM1wasup-regulatedbyglucose star-
vation, as reported previously (Fig. 3A,B; Shin et al. 2016).
Notably, a longer duration of glucose starvation—up to
16 h—led to a greater increase in the CARM1 levels in

C9KOMEFs than in wild-type cells (Fig. 3A,B). To further
confirm the specificity of the regulation of CARM1 by
C9orf72, we generated stable knockdown HEK293 cell
lines using shRNAs against C9orf72. Like the C9KO
MEFs, the HEK293 cells with stable C9orf72 knockdown
exhibited up-regulation of CARM1 protein when com-
pared with control cells, and this up-regulation could be
further amplified by glucose starvation (Supplemental
Fig. S3A). Conversely, overexpressed C9orf72 in HEK293
cells reduced CARM1 protein levels markedly under
both well-fed and starvation conditions (Fig. 3C). Finally,
weperformeda rescue experiment bystably expressinghu-
man C9orf72 in the C9KO MEFs. With the restoration of
the C9orf72 protein level, the accumulated CARM1 pro-
tein caused by loss of C9orf72 was brought down to the
normal level of the wild-type cells (Fig. 3D).

To determine whether this regulation holds true under
physiological conditions, we analyzed the CARM1 pro-
tein levels in brains fromC9KOmice and gender-matched
wild-type littermate controls with or without fasting
treatment. C9KOmice showed significantly higher levels
of CARM1 than wild-type controls (Fig. 3E,F). Further-
more, the difference between the protein levels of
CARM1 in C9KOmice and controls under the fasted con-
dition was much greater than that under normal condi-
tions. Collectively, these data demonstrate that C9orf72
is a negative regulator of CARM1 protein level.

C9orf72 negatively regulates CARM1 via lysosomal
degradation

To gain insight into themolecularmechanism underlying
the C9orf72-mediated regulation of CARM1 protein level,
we first determined the CARM1mRNA levels. However,
there was no difference inCARM1mRNA levels between
C9KO MEFs and wild-type cells under either well-fed or
glucose starvation conditions (Supplemental Fig. S3C),
suggesting that the regulation of CARM1 by C9orf72 did
not occur at the transcriptional level. Next, we asked
whether C9orf72 regulates the turnover of the CARM1
protein. We performed a cycloheximide chase analysis to

A B C

D E F

Figure 3. C9orf72 negatively regulates CARM1 protein
level. (A,B) After glucose starvation for 0, 6, and 16 h,
wild-type and C9KO MEFs were lysed, and CARM1 ex-
pression was determined by immunoblotting. n=3.
(C ) Flag-tagged human C9orf72 was expressed in
HEK293 cells,whichwere grownwith orwithout glucose
starvation for 6 h. The cells were then analyzed for
CARM1 expression by immunoblotting. (D) The rescue
of C9orf72 levels by stably expressing human C9orf72
in C9KO MEFs reversed the increase in CARM1 protein
level under 6-h glucose starvation back to the wild-type
level. (E,F ) Cerebral cortex lysates from 2-mo-old
wild-type and C9KO mice with or without 24-h fasting
conditions were analyzed for CARM levels by immuno-
blotting. n=3. (GS) Glucose starvation. Data are present-
ed as mean±SEM. (∗) P< 0.05; (∗∗) P<0.01.
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measure the half-life of the CARM1 protein. In wild-type
MEFs, the endogenous CARM1 protein half-life was ∼2 h
under glucose starvation; however, its half-life was in-
creased to ∼4 h in C9KO MEFs, indicating that the degra-
dation of the CARM1 protein was significantly impaired
in the absence of C9orf72 (Supplemental Fig. S3D).
Itwas reported recently thatCARM1can be degradedby

proteasomes and that the level of its E3 ubiquitin ligase,
SKP2, is reduced under glucose starvation due to the ac-
tivation of AMPK (Supplemental Fig. S3E), leading to
CARM1 up-regulation (Shin et al. 2016). However, treat-
ment with an AMPK-specific inhibitor, compound C, did
not abolish the increase of CARM1 levels in C9KO MEFs
under glucose starvation (Supplemental Fig. S3E). Addi-
tionally, therewas no change detected in the SKP2 protein
levels inC9KOMEFs and the brains of C9KOmicewith or
without starvation treatment (Supplemental Fig. S3F,G).
Moreover, loss of C9orf72 did not affect the binding of
CARM1 to SKP2 or the ubiquitination ofCARM1 (Supple-
mental Fig. S3H,I). Thus, these data indicate that the
C9orf72-dependent regulation of CARM1 is not mediated
by AMPK/SKP2-dependent degradation through the ubiq-
uitin–proteasome system.
Aside from the ubiquitin–proteasome system, the

autophagy–lysosome pathway is the other major avenue
for protein degradation in eukaryotic cells. We therefore
examined the possible role of lysosomes in the degradation
of CARM1 protein. The blockage of lysosomal proteolysis
by either bafilomycin A1 or chloroquine significantly in-
creased the CARM1 protein levels under both well-fed
and glucose-starved conditions but to a larger extent under
starvation conditions (Fig. 4A,B). The inhibition of the ly-
sosomal degradation activity was confirmed by the accu-
mulation of the lysosomal marker LAMP1 (Fig. 4A).
Similarly, blocking autophagy by depleting Atg5 or
FIP200 significantly increased the CARM1 protein levels
under glucose starvation conditions (Supplemental Fig.

S3K–N). These results indicate that CARM1 is degraded
at least partially via lysosomal proteolysis, especially un-
der conditions of glucose starvation.
To further characterize the lysosome-mediatedCARM1

degradation, we studied the subcellular distribution of
CARM1 and lysosomes by immunostaining. In MEFs
growing under the normal conditions, CARM1 exhibited
a largely diffuse distribution, with a few puncta in the cy-
toplasm. The majority of CARM1-positive puncta was
colocalized with the lysosomes marked by LAMP1 (Fig.
4D). Treatment of the MEFs with either bafilomycin A1
or glucose starvation significantly increased the number
of CARM1-positive puncta and their colocalization with
lysosomes in a synergistic manner (Fig. 4D,E), suggesting
that the lysosomal localization of CARM1 is enhanced
under the conditions of glucose deprivation or lysoso-
mal inhibition. To confirm the localization of CARM1 to
lysosomes, we isolated lysosomes from MEF cells grown
in glucose-free medium. Consistent with the immunos-
taining data, CARM1 was enriched in the isolated lyso-
somes (Fig. 4C). These results suggest that CARM1 is
recruited to the lysosome for degradation upon glucose
starvation.
To determine whether C9orf72 is required for the lyso-

somal degradation of CARM1, we isolated lysosomes
from wild-type and C9KO MEFs and assessed their
CARM1 protein. Under the normal conditions, the lyso-
somal CARM1 was already decreased in C9KO MEFs
(Fig. 5A). Furthermore, the starvation-induced lysosomal
accumulation of CARM1 was completely abolished in
the absence of C9orf72 (Fig. 5A), indicating that C9orf72
is required for the lysosomal localization of CARM1. We
further confirmed this finding by examining the colocali-
zation of CARM1 and lysosomes. In contrast to wild-type
MEFs, C9KO MEFs had fewer CARM1-positive puncta,
and, more importantly, there was no colocalization of
CARM1 and the lysosome in the absence of C9orf72 (Fig.

A B C

D E

Figure 4. CARM1 is degraded by the autophagy–ly-
sosomal pathway. (A,B) MEFs growing under normal
conditions or subjected to glucose starvation for 6 h
were treated with 100 nM inhibitor of lysosomal deg-
radation bafilomycin A1 or 25 µM chloroquine. The
ratio of CARM1 or LAMP1 to β-actin was statistically
analyzed. n =3. (C ) Lysosomes were isolated form
MEFs and subjected to detection of CARM1 by im-
munoblotting. GAPDH (cytosol), PARP (nucleus),
VDCA (mitochondria), and ERp72 (ER) were regarded
as negative controls, and LAMP1 was regarded as a
positive control. (D,E) MEFs were cultured in CM or
starved with glucose-free medium for 6 h with or
without the presence of 100 nM bafilomycin A1.
The colocalization of CARM1 and LAMP1was deter-
mined by immunostaining. The number of CARM1/
LAMP1 double-positive puncta per cell was counted.
Thirty to 40 cells in each group from three indepen-
dent experiments were statistically analyzed. (GS)
Glucose starvation. Data are presented as mean±
SEM. (∗) P <0.05.
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Figure 5. C9orf72 interacts with CARM1 and is required for its lysosomal degradation. (A) Wild-type and C9KOMEFs were grown with
or without glucose starvation for 6 h. Lysosomes were isolated, and CARM1 protein levels were determined by immunoblotting. n =3.
(B,C ) Wild-type and C9KO MEFs were grown with or without glucose starvation conditions for 6 h in the presence or absence of 100
nM bafilomycin A1, and then the colocalization of CARM1 and LAMP1 was determined by immunostaining. The number of
CARM1/LAMP1 double-positive puncta per cell were counted. Forty to 60 cells in each group from three independent experiments
were analyzed. (D,E) Wild-type and C9KO MEFs were treated with or without 20 µM MG132 for 4 h, and the CARM1 protein levels in
the cytoplasmic and nuclear fractions were detected by immunoblotting. Wild-type and C9KOMEFs were starved with glucose-free me-
dium for 6 h with or without 200 nM bafilomycin A1, and the CARM1 protein levels in the cytoplasmic and nuclear fractions were de-
termined by immunoblotting. n =3. (F ) MEFs were grown with or without glucose starvation for 6 h followed by immunoprecipitation
using anti-CARM1 antibody. IgG was used as a control. (G,H) Purified C9orf72 and Flag-CARM1 proteins were shown to have direct in-
teraction using the in vitro protein–protein interaction assay. Flag-CARM1 was immunoprecipitated by Flag beads, and coimmunopreci-
pitated C9orf72 (arrowhead) was detected by Western blotting. Flag beads only and Flag peptides were used as controls. The asterisk
indicates IgG common to all samples. n= 3. (I,J) C9orf2 long-form full-length protein (1–481), the short form (1–222), and the C-terminal
fragment (149–481) were taggedwith Flag and expressed in HEK293 cells, and their interactionwith endogenous CARM1was analyzed by
coimmunoprecipitation assays. Immunoprecipitation was conducted using Flag beads after cells were starved with glucose-free medium
for 16 h. GUS-Flag was used as a control. (K,L) MEFs were fed or starved for 6 h with or without 100 nM bafilomycin A1 treatment. Ly-
sosomal localization of endogenous C9orf72 andCARM1was determined by immunostaining. Twenty-six to 40 cells from three indepen-
dent experimentswere statistically analyzed. (M ) MEFswere grownwith glucose-freemedium for 0, 6, and 16 h. Lysosomeswere isolated,
and CARM1 and C9orf72 protein levels were determined by immunoblotting. LAMP1 was used as a loading control. n= 3. Data are pre-
sented as mean±SEM. (∗) P< 0.05; (∗∗) P <0.01; (∗∗∗) P <0.001; (∗∗∗∗) P <0.0001.
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5B,C). Moreover, treatment of the MEFs with either
glucose starvation or bafilomycin A1 failed to recruit
CARM1 to the lysosome in the absence of C9orf72 (Fig.
5B,C), confirming thatC9orf72 is essential for the localiza-
tion of CARM1 to lysosomes. Additionally, blocking the
autophagy–lysosome pathway by treatment with chemi-
cal inhibitor bafilomycin A1 or by genetic depletion of
Atg5orFIP200 failed to increase theCARM1protein levels
in C9KOMEFs, in contrast to wild-type MEFs, under glu-
cose starvation (Supplemental Fig. S3J–N), indicating
that the C9orf72-dependent degradation of CARM1 re-
quires the autophagy–lysosome pathway.
Since our proteomic data suggest that CARM1 interacts

with C9orf72 (Supplemental Table S1), we assessed
whether C9orf72 recruits CARM1 to lysosomes for degra-
dation through their interaction. To address this question,
we examined C9orf72-dependent degradation of CARM1.
First, in wild-type MEFs, treatment with the proteasome
inhibitor MG132 resulted in accumulation of CARM1
only in the nucleus but not in the cytoplasm (Fig. 5D,E),
consistent with the previously reported proteasomal deg-
radation of nuclear CARM1 (Shin et al. 2016). However,
treatment of wild-type MEFs with the lysosome inhibitor
bafilomycin A1 significantly increased the protein levels
of CARM1 in both cytoplasmic and nuclear compart-
ments (Fig. 5D,E). This result indicates that the degrada-
tion of CARM1 in the cytoplasm is mediated mainly by
the lysosome and that inhibition of the lysosomal degra-
dation leads to accumulation of CARM1 in both the
cytoplasm and the nucleus, which are two interconnected
compartments. Furthermore, in C9KOMEFs, the MG132
treatment still led to accumulation of nuclear CARM1;
however, the bafilomycin A1 treatment yielded no change
of CARM1 levels in either the cytoplasm or the nucleus,
indicating that C9orf72 is required for the lysosomal deg-
radation of CARM1 (Fig. 5D,E).
Next, we investigated the interaction between CARM1

and C9orf72. First, we confirmed the association of
CARM1 with C9orf72 in HEK293 cells, where immuno-
precipitation of CARM1 but not IgG control pulled
down C9orf72 (Fig. 5F). Interestingly, glucose starvation
substantially increased the association between CARM1
and C9orf72 (Fig. 5F). Furthermore, we demonstrated
that CARM1 can directly interact with C9orf72 by coim-
munoprecipitation assays using purified proteins (Fig. 5G,
H; Supplemental Fig. S4C). Additionally, we examined
the protein domains important for the interaction be-
tween CARM1 and C9orf72. CARM1 has a PH domain-
like fold (residue 28–139) that is adjacent to the core cata-
lytic domain (residues 140–479) (Troffer-Charlier et al.
2007). Consistent with a previous report (Troffer-Charlier
et al. 2007), the remaining N-terminal (residues 1–27) and
C-terminal (residues 480–608) regions are highly discord-
ed and not stable enough to accumulate when expressed
in the cells. The PH domain-like fold but not the core cat-
alytic domain of CARM1 interactedwithC9orf72, as indi-
cated by coimmunoprecipitation assays (Supplemental
Fig. S4D–F), suggesting that the PH domain-like fold of
CARM1 contributes to the interaction with C9orf2. As a
DENN-like protein, C9orf72 protein domains have not

been clearly established. The major form of C9orf72 pro-
tein is 481 residues long, and a minor N-terminal short
form (residues 1–222) is also expressed. Compared with
the full-length C9orf2 protein (residues 1–481), the N-ter-
minal short form (residues 1–222) and a relatively stable
C-terminal truncate (residues 149–481) have less interac-
tionwith endogenous CARM1 in coimmunoprecipitation
assays (Fig. 5I,J), suggesting that full-length C9orf72 is re-
quired for optimal interaction with CARM1.
Next,westudied thecolocalizationofC9orf72,CARM1,

and lysosome. Triple immunostaining indicated that both
C9orf72 and CARM1 were colocalized with LAMP1, the
marker for lysosomes, especially under glucose starvation
or bafilomycin A1 treatment (Fig. K,L). We then analyzed
the dynamic relocation of C9orf72 and CARM1 upon glu-
cose starvation in purified lysosomal fractions. Both
C9orf72 and CARM1 were detected in the isolated lyso-
somes, and their lysosomal recruitment was further en-
hanced by starvation in an identical time-dependent
manner (Fig. 5M). Furthermore, inhibiting lysosomal deg-
radation with bafilomycin A1 significantly increased the
protein levels of CARM1 and C9orf72 (Fig. 4A; Supple-
mental Fig. S4A,B) as well as the colocalization of the
two proteins with the lysosome (Fig. 5K,L), suggesting
that both CARM1 and C9orf72 are degraded in lysosomes.
Taken together, given that the loss of C9orf72 leads to in-
creased levels of CARM1, these results suggest that
C9orf72 is required for the lysosomal localization and deg-
radation of CARM1, especially under the glucose starva-
tion condition.

CARM1 is required for the regulation of lipidmetabolism
by C9orf72

SinceCARM1was negatively regulated byC9orf72 (Fig. 3;
Supplemental Fig. S3A), we sought to test whether
CARM1 mediates the dysfunctional lipid metabolism or
the altered autophagy–lysosomal pathway in C9KO cells.
CARM1 activity as a transcription coactivator depends on
its translocation from the cytoplasm to the nucleus. To
directly study the transport of CARM1 from the cyto-
plasm to the nucleus, we sought to identify the nuclear lo-
calization sequence (NLS) of the protein. Bioinformatic
analysis predicted the region of residues 347–380 as a po-
tential NLS for CARM1. To experimentally validate the
NLS domain for CARM1, we expressed V5-tagged wild-
type hCARM1 in MEFs and observed nuclear enrichment
of CARM1 under glucose starvation conditions (Fig. 6A).
By comparison, removing the region of residues 347–380
completely blocked the nuclear translocation of CARM1
in either wild-type or C9KO MEFs (Fig. 6A), establishing
this sequence as the NLS for the protein. Next, we exam-
ined the subcellular localization of CARM1 in wild-type
and C9KO MEFs. By immunostaining for endogenous
CARM1, we found that the loss of C9orf72 led to a signifi-
cant increase in the nuclear staining of CARM1, and this
effect was more pronounced in conditions of glucose star-
vation (Fig. 6B). Consistent with this observation, C9KO
MEFs exhibited a significantly higher level of CARM1 in
the isolated nucleus than did wild-type MEFs under both
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well-fedandglucose-starvedconditions (Fig. 6C). Similar re-
sults were also obtained in HEK293 cells in which C9orf72
was knocked down (Supplemental Fig. S3B). These data in-
dicate that the loss of C9orf72 increases CARM1 protein
levels and nuclear localization, suggesting an augmenta-
tion in CARM1 activity and function in the nucleus.

We then assessed whether the up-regulation of CARM1
mediated the dysfunction in lipid metabolism and the
autophagy–lysosomal pathway caused by loss of C9orf72.
By using CRISPR–Cas9 genome editing, we deleted
CARM1 in C9KO MEFs to create double-knockout cells.
In C9KO MEFs under glucose starvation conditions, the
depletion of CARM1 completely reversed their abnormal-

ly high levels of lipids, LDs, and FFAs to normal levels
(Fig. 6D–G), suggesting that CARM1 is a key factor down-
stream from C9orf72 in the regulation of lipid metabo-
lism. As CARM1 is the coactivator of TFEB (Shin et al.
2016), which is an autophagy regulator that we found pre-
viously to translocate to the nucleus upon loss of C9orf2
(Ugolino et al. 2016), we investigated potential regulation
of TFEB in these settings. Although TFEB translocated
from the cytoplasm to the nucleus in C9KO MEFs com-
pared with wild-type MEFs, the deletion of CARM1 in
C9KO MEFs did not affect the nuclear enrichment of
TFEB (Supplemental Fig. SA,B), suggesting that CARM1
does not regulate the nuclear transportation of TFEB.
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Figure 6. CARM1 is required for the reg-
ulation of lipid metabolism by C9orf72.
(A) Wild-type V5-CARM1 and mutant V5-
CARM1(Δ347–380) were expressed in wild-
type and C9KOMEFs under glucose starvation
conditions for 6 h. Eleven to 12 fields of view
containing 39–47 cells from three independent
experiments were statistically analyzed.
(B) Wild-type and C9KO MEFs were cultured
in CM or starved with glucose-free medium
for 6 h followed by immunostaining of endoge-
nous CARM1. Fifteen to 18 fields of view in
each group from three independent experi-
ments were statistically analyzed for the nu-
clear enrichment of CARM1. (C ) CARM1
protein levels were determined by immuno-
blotting of the nuclear fractions of wild-type
and C9KO MEFs grown with or without glu-
cose starvation conditions for 6 h. The ratio
of CARM1 to PARP was calculated and statis-
tically analyzed. n=3. (D,E) LDs were stained
with BODIPY493/503 after wild-type, C9KO,
and C9orf72/CARM1 double-knockout MEFs
were grown with glucose-free medium for 16
h. The loss of C9orf72 led to an accumulation
of LDs, which was reversed by the deletion of
CARM1. The number of LDs per cell was
counted, and 40 cells in each group from three
independent experimentswere statistically an-
alyzed. (F,G) Wild-type, C9KO, and C9orf72/
CARM1 double-knockout MEFs were grown
with glucose-free medium for 16 h followed
by quantitation of lipid amounts and FFA lev-
els in each group. n= 3. (H) Wild-type, C9KO,
and C9orf72/CARM1 double-knockout MEFs
were starved for 16 h. LDs were isolated and
immunoblotted against anti-LC3. ADRP
served as a loading control. (I ) Wild-type,
C9KO, and C9orf72/CARM1 double-knockout
MEFs were cultured in glucose-free medium
with [1,2-14C] acetate at the final concentra-
tion of 0.3 µCi for 6 h. The incorporation of

[1,2-14C] in total lipidswasmeasured by a scintillation counter. Counts perminute (CPM)were normalized to the total amount of protein.
n= 3. (J) After starving wild-type, C9KO, and C9orf72/CARM1 double-knockout MEFs with glucose-free medium for 6 h, the levels of
ACC in each group were determined by immunoblotting. (K ) ACC mRNA level was determined by quantitative PCR (qPCR) after
MEFs were grown with glucose-free medium for 6 h. n= 3. (L–N) Wild-type and C9KO MEFs were starved for 6 h. The enrichment of
CARM1 and H3R17me2 on the promoter of Atg14, Map1lc3b, or ACC in each group was measured by ChIP-qPCR (chromatin immuno-
precipitation [ChIP] combined with qPCR) using anti-CARM1 and anti-H3R17me2 antibodies, respectively. n =3. (GS) Glucose starva-
tion. Data are presented as mean±SEM. (∗) P <0.05; (∗∗) P <0.01; (∗∗∗) P<0.001; (∗∗∗∗) P<0.0001.
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To examine the autophagy–lysosomal function,we ana-
lyzed the levels of LC3 proteins in wild-typeMEFs, C9KO
cells, and CARM1/C9orf72 double-knockout cells with or
without the treatment with bafilomycin A1. Under glu-
cose starvation conditions, the C9KO cells showed a
much higher level of LC3II in the presence of bafilomycin
A1, indicating that the loss of C9orf72 leads to an increase
in the autophagic flux induced by glucose deprivation
(Supplemental Fig. S5C,D). However, in the CARM1/
C9orf72 double-knockout cells, bafilomycin treatment
failed to accumulate LC3II under glucose starvation condi-
tions, indicating that the increased autophagic flux were
reversed (Supplemental Fig. S5C,D).Accordingly, the level
of the lysosomal marker LAMP1 was also reduced in
CARM1/C9orf72 double-knockout cells as compared
with C9KO cells (Supplemental Fig. S5C,E), suggesting
that the lysosomal function was dramatically decreased
upon removal of CARM1. These data indicate that
CARM1 is required for the enhanced autophagy–lysosom-
al function caused by loss of C9orf72.
We next examined the role of CARM1 in C9orf72-regu-

lated autophagic digestion of lipids. The isolated LDs from
the C9KO cells exhibit increased LC3II levels after glu-
cose deprivation (Figs. 2C, 6H). However, the CARM1/
C9orf72 double-knockout cells showed a reduced LC3II
level in the isolated LDs as compared with wild-type
MEFs (Fig. 6H), suggesting that the autophagic digestion
of LDs was decreased upon the loss of CARM1. Next,
we analyzed the colocalization of LDs and lysosomes in
wild-type MEFs, C9KO cells, and CARM1/C9orf72 dou-
ble-knockout cells. As compared with the C9KO cells,
which showed a significant increase in the colocalization
of BODIPY-labeled LDs and LAMP1-labeled lysosomes
under conditions of glucose starvation, the CARM1/
C9orf72 double-knockout cells showed almost no colocal-
ization of these two markers (Supplemental Fig. S5F,G).
These data indicate that CARM1 is required for the en-
hanced lipid metabolism through autophagy that is in-
duced by the loss of C9orf72.
We further examined whether CARM1 is involved

in the enhanced FA de novo synthesis in the absence of
C9orf72 using radiolabeled [1,2-14C] acetate. As men-
tioned above, the FA de novo synthesis was enhanced in
C9KO MEFs compared with wild-type controls under
glucose starvation (Figs. 2G, 6I). However, the deletion
of CARM1 in C9KO MEFs completely abolished the
enhancement in the biosynthetic process, as CARM1/
C9orf72 double-mutant MEFs presented an equal level of
14C incorporation in lipids with wild-type controls (Fig.
6I). Next, we asked whether CARM1 underlies the dysre-
gulation of ACC, the rate-limiting enzyme of de novo FA
synthesis that is up-regulated upon the loss of C9orf72 in
glucose starvation (Fig. 2E,F). As compared with the
C9KO MEFs under glucose starvation, the CARM1/
C9orf72 double-knockout cells showed a normal level of
ACC protein, similar to that in wild-type cells (Fig. 6J).
Consistently, the mRNA levels of the mouse ACC
changed in accordance with the protein levels (Fig. 6K),
suggesting that CARM1 regulates ACC at the transcrip-
tional level. These data suggest that CARM1 is required

for the up-regulation of ACC and the increased de novo
biogenesis of lipids resulting from the loss of C9orf72.
CARM1 functions as a transcriptional coactivator and

catalyzes the methylation on histone H3R17, which is as-
sociatedwith transcriptional activation (Yang and Bedford
2013; Shin et al. 2016). The enhanced autophagy and FFA
de novo synthesis in the absence of C9orf72 could be con-
trolled by the epigenetic regulation of CARM1 on specific
genes. The epigenetic regulation ofCARM1on autophagic
genes, includingAtg14 andMap1lc3b, via themethylation
on H3R17 has been established previously (Shin et al.
2016). Here we found that C9KO MEFs showed increased
enrichment ofCARM1andH3R17me2 at the promoter re-
gions of Atg14 and Map1lc3b under glucose starvation
conditions when compared with wild-type MEFs (Fig. 6L,
M). To explore whether the transcriptional activation of
ACC is epigenetically regulated by CARM1 via the meth-
ylation on H3R17, we examined the level of H3R17me2
bound at the promoter region of the mouse gene encoding
ACC.We first analyzed a chromatin immunoprecipitation
(ChIP) sequencing (ChIP-seq) data set generated from
MEFs in a previous study (Shin et al. 2016) and found
that H3R17me2was enriched at themouse gene encoding
ACC (Supplemental Fig. S6A). By the ChIP-qPCR (ChIP
combined with quantitative PCR) assay, we confirmed
that the methylated H3R17 was indeed highly enriched
at the gene locus using an H3R17me2-specific antibody
(Supplemental Fig. S6B). Furthermore, we found that
H3R17me2 accumulated at a much higher level at the
mouse ACC gene promoter in C9KO MEFs than wild-
type MEFs under 6-h glucose starvation conditions (Fig.
6N; Supplemental Fig. S6C), indicating that loss of
C9orf72 enriched H3R17me2 at the locus. Consistent
with H3R17me2, CARM1 showed a threefold higher en-
richment at the mouse ACC gene promoter in C9KO
MEFs compared with wild-type MEFs under glucose star-
vation for 6 h (Fig. 6N; Supplemental Fig. S6C). These
data suggest that the enhanced association of CARM1
and H3R17me2 with the ACC promoter region mediates
the increased transcriptional activation of the ACC gene
in the absence of C9orf72.

Dysregulation of CARM1 and lipid metabolism in
patients with C9orf72-linked ALS/FTD

The most common cause of ALS and FTD is the hexanu-
cleotide repeat expansion in C9orf72 (DeJesus-Hernandez
et al. 2011; Renton et al. 2011). One consequence of the re-
peat expansion is a reduction in the level of the C9orf72
protein (DeJesus-Hernandez et al. 2011; Gijselinck et al.
2012; Belzil et al. 2013; Ciura et al. 2013; Donnelly et al.
2013;Mori et al. 2013; Xi et al. 2013; Liu et al. 2014;Waite
et al. 2014). Therefore, we determined whether CARM1 is
dysregulated in C9orf72-linked ALS/FTD patients. First,
we confirmed that the C9orf72 protein levels were re-
duced in two independent lines of B lymphocytes from
ALS patients carrying the C9orf72 repeat expansion as
compared with two controls (Fig. 7A,B). We found that
the two patient-derived B lymphocyte lines exhibited
higher levels of CARM1 protein than did controls,
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especially under glucose starvation conditions (Fig. 7C,D).
Consistent with the observation in lymphocytes, we also
found up-regulated CARM1 protein in the induced plurip-
otent stem cell (iPSC)-derived motor neurons from two
C9orf72-linked ALS/FTD patients when compared with
two non-ALS/FTD controls (Fig. 7K,O). Furthermore, we
validated the up-regulation of CARM1 in the spinal cord
tissues of three C9orf72-linked ALS/FTD patients, which

is in accordance with reduced C9orf72 protein levels ob-
served in the patients’ tissues (Fig. 7F–I).

Next, we examined the lipid metabolism, including the
levels of FFA and LDs in the iPSC-derived motor neurons
from patients with C9orf72-linked ALS/FTD. We found
that the levels of FFAandLDs in the two independent lines
of motor neurons from C9orf72 ALS/FTD patients were
higher than those in controls (Fig. 7E,L,M), indicating a
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Figure 7. Dysfunctional lipidmetabolism and dysregulation of CARM1 inC9orf72-linkedALS patients. (A,B) C9orf72 protein levels in B
lymphocytes derived fromC9orf72-linkedALS patients and controlswere determined by immunoblotting.n= 4. (C,D) C9ALS patient and
control B lymphocytes were cultured in CMor glucose-freemedium for 6 h, and C9orf72 protein levels were determined as inA and B. n =
4. (E) FFA levels were determined in two independent pairs of iPSC-derived motor neurons from control and C9 ALS patients. n=3. (F–J)
Protein levels of C9orf72, CARM1, and LAMP1 in spinal cords from three C9 ALS patients and four controls were determined by immu-
noblotting. n =3–4. (K ) Representative immunoblots for analyzing CARM1, C9orf72, ACC, and LAMP1 in iPSC-derived motor neurons
from two C9 ALS patients and two controls. (L) Representative images of iPSC-derived motor neurons from two C9 ALS patients and two
controls, including the staining with CHAT (motor neuron marker), BODIPY (LD), and LAMP1 (lysosomal marker). (M,N) Quantitative
analyses of BODIPY staining (n= 24–27 fields of view;K ) and BODIPY/LAMP1 dual-positive puncta (45–47 cells; L) in iPSC-derivedmotor
neurons fromC9ALS patients and controls. (O–S) Quantitation of the immunoblotting analysis in I for iPSC-derivedmotor neurons from
C9 ALS patients and controls. n=4. (GS) Glucose starvation. Data are presented as mean±SEM. (∗) P<0.05; (∗∗) P< 0.01; (∗∗∗) P <0.001.
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dysfunctional lipid metabolism in the patient-derived
neurons.Moreover, the lysosomalmarker LAMP1 protein
levels were increased in the C9orf72 ALS/FTD patient-de-
rivedmotor neurons and spinal cord tissues (Fig. 7F,I,K,R).
Additionally, the colocalization of LDs and lysosomeswas
increased in the C9orf72 ALS/FTD patient-derived motor
neurons (Fig. 7L,N), suggesting up-regulated digestion of
LDs via the autophagy–lysosome pathway after loss of
C9orf72. Furthermore, the C9orf72 ALS/FTD patient-de-
rived motor neurons showed an increased protein level of
ACC (Fig. 7K,Q), consistent with the up-regulation of the
denovoFAsynthesis as a result of increasedCARM1activ-
ity in the patients’ cells. Last, in agreement with the up-
regulation ofNOX2 inC9KOMEFs (Fig. 2H,J), which is in-
duced by the increased FFA levels, the NOX2 protein was
up-regulated in theC9orf72ALS/FTDpatient-derivedmo-
tor neurons (Fig. 7K,S) and spinal cord tissues (Fig. 7F,J).
Taken together, these data indicate that the pathways re-
lated to CARM1 and lipid metabolism are dysregulated
in C9orf72 ALS/FTD patient cells and tissues.

Discussion

In the present study, we identified a function for C9orf72
mediated by CARM1 in regulating lipidmetabolism. This
newly identified activity represents a previously un-
known pathway in regulating lipidmobilization under nu-
trient stress induced by glucose starvation in the cell. Our
findings also implicate this pathway in the pathogenesis
of C9orf72-linked ALS/FTD, as suggested by the dysregu-
lation of CARM1 in patient-derived cells and tissues.
The molecular connections highlight a dynamic regula-
tion of lipid metabolism, autophagy, and transcriptional
programs. Collectively, C9orf72 emerges as a regulator
of lipid metabolism and autophagy in the maintenance
of metabolic homeostasis, particularly during changes in
nutrient availability (Supplemental Fig. S7).
DENN-like proteins have been reported to carry out

functions related to membrane trafficking and autophagy
(Marat et al. 2011). Our findings indicate thatC9orf72, as a
DENN-like protein, functions in regulating lipid homeo-
stasis. C9orf72 is identified as a negative regulator of
CARM1, which is required for the regulation of lipid me-
tabolism by C9orf72. Under conditions of glucose starva-
tion, CARM1 is translocated from the cytoplasm to the
nucleus, where it may act as an epigenetic regulator to ac-
tivate the transcriptional program for the de novo lipogen-
esis and the autophagy–lysosome pathway as a stress
response mechanism to maintain energy balance in the
cell. In this starvation-induced adaptive program, autoph-
agy plays a key role in the digestion of lipids as a nutrient
source aswell as in the biogenesis of LDs to replenish lipid
storage. C9orf72 seems to play the role of a brake in this
stress response by recruiting CARM1 to lysosomes for
degradation, providing a mechanism for controlling star-
vation-induced lipid utilization. Thus, a reduction in
C9orf72 function leads to aberrant activation of lipid me-
tabolism. In ALS patients, the down-regulation of C9orf72
and up-regulation of CARM1 in the central nervous sys-

tem suggest that dysregulation of lipid metabolism could
contribute to the pathogenesis of the disease.
Autophagy, a common pathway implicated in neurode-

generative diseases (Nixon 2013; Yamamoto and Yue
2014), is an important regulator of lipid metabolism, espe-
cially under starvation conditions, since the energy me-
tabolism shifts to the breakdown of lipids under these
conditions (Singh et al. 2009; Settembre et al. 2013;
Kaushik and Cuervo 2015). We found that the loss of
C9orf72 increased the autophagic flux and its association
with LDs under glucose starvation conditions (Fig. 2A–F;
Supplemental Fig. S2B–F). In addition to autophagy as a
mechanism for supplying the FFAs needed for LD biogen-
esis, the de novo synthesis of FAs was enhanced by the
loss of C9orf72 (Fig. 2G). This enhancement of FA synthe-
sis resulted at least in part from the up-regulation of the
rate-limiting enzyme ACC, which promotes the FA syn-
thesis, in the absence of C9orf72 after prolonged glucose
starvation (Fig. 2H,I). These results are consistent with
the increase in FFA levels seen with the loss of C9orf72.
The increase in lipogenesis and autophagy that occurs
when C9orf72 activity is lost is in line with the activation
of CARM1, which mediates the transcriptional programs
promoting autophagic functions and lipid metabolism.
For instance, our data demonstrate that loss of C9orf72
promotes the nuclear enrichment of CARM1 and increas-
es the activity of CARM1 as an epigenetic activator to be
associated with the promoter region of the genes, includ-
ingACC,Atg14, andMap1lc3b (Fig. 6). It has also been re-
ported that CARM1 activates transcription factor TFEB
(Shin et al. 2016), which controls expression of autophagic
and lysosomal gene expression (Settembre et al. 2011) and
was found to be inactivated by C9orf72 (Ugolino et al.
2016), consistent with our findings here that C9orf72 in-
teracts with and negatively regulates the turnover of
CARM1 (Fig. 3; Supplemental Fig. S3A). Together, the
identification of the C9orf92–CARM1 axis provides a mo-
lecular mechanism for the changes in autophagy and lipid
metabolism upon loss of C9orf72.
Our results indicate that loss of C9orf72 leads to cellular

hypermetabolism of lipids. This mobilization of lipid me-
tabolism is an adaptive response to nutrient stresses such
as glucose starvation. C9orf72 appears to offer a control
mechanismbuilt in by nature to buffer the stress response.
However,whenC9orf72 function is reduced, such as in pa-
tients’ cells, a chronic stress state ismimicked, or theadap-
tive response is prone to overdrive, which may contribute
to the susceptibility of the cells to undergo degeneration.
This metabolic imbalance of energy and lipids could be
particularly relevant to the pathogenesis of ALS/FTD,
which is associatedwithhypermetabolismandhyperlipid-
emia. We found that NOX2, which is associated with in-
creased FFAs and promotes oxidative stress (Inoguchi
et al. 2000), was up-regulated in C9orf72 ALS/FTD patient
cells and tissues, suggestive of functional alterations as a
result of the dysregulated lipid metabolism. NOX2 has
also been found to be up-regulated in ALS-linked SOD1
mouse models and sporadic ALS patients and may partic-
ipate in the pathogenesis (Wu et al. 2006; Marden et al.
2007). There is also other evidence suggesting that a
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dysregulationof lipidmetabolism is associatedwithmotor
neuron diseases. For example, the abnormal up-regulation
of CARM1, which was observed in ALS/FTD patients in
the present study, has also been found in animal models
and cells of patients with spinal muscular atrophy (San-
chez et al. 2013). Moreover, mutations in Spartin/SPG20,
a gene important for LD turnover, have been linked to he-
reditary spastic paraplegia (Patel et al. 2002; Eastman et al.
2009). In summary, our identification of the C9orf72–
CARM1 signaling cascade that is involved in regulating
lipid metabolismmay shed light on the pathogenic mech-
anisms of ALS/FTD and other related diseases.

Materials and methods

Plasmids

The C9orf72 shRNAs were constructed as described pre-
viously (Ugolino et al. 2016). The FIP200 shRNA was purchased
from Sigma (TRCN0000304384). The guide RNAs (gRNAs)
for CRISPR–Cas9-mediated knockout of CARM1 or Atg5 were
designed with Benchling as follows: CARM1 (oligo1: 5′-CACC
GCTCACTATCGGCGACGCGAA-3′; oligo2: 5′-AAACTTCGC
GTCGCCGATAGTGAGC-3′) and atg5 (oligo1: 5′-CACCGAA
GAGTCAGCTATTTGACGT-3′; oligo2: 5′-AAACACGTCAAA
TAGCTGACTCTTC-3′). The oligoswere synthesized and cloned
into LentiCRISPRv2 plasmid (Sanjana et al. 2014). The Flag--
tagged C9orf72 constructs were generated using the Gateway
cloning system (Thermo Fisher) as described previously (Ugolino
et al. 2016). For the expression of humanC9orf72 in C9KOMEFs,
the human C9orf72 cDNAwas cloned into the pLenti-CMV-Pur-
o-DEST(w118-1) vector using the Gateway cloning system
(Thermo Fisher). Human CARM1 cDNA (NM_199141.1) was
generated from human B lymphocytes and cloned into the
pcDNA3.1 plasmidwith anN-terminal V5 tag using theGateway
cloning system. TheNLS of CARM1 (residues 347–380) was pred-
icated by the cNLS Mapper (Kosugi et al. 2009).

Cell culture

MEFs and HEK293 cells weremaintained in DMEM supplement-
ed with 10% FBS. Human B lymphocytes were from Coriell Cell
Repositories and cultured with RPMI 1640 medium containing
15% FBS. The generation of C9KOMEFs from C9KOmouse em-
bryos was described previously (Ugolino et al. 2016). For glucose
starvation, cells were cultured with fresh CM for 2 h and then re-
placed with glucose-free DMEM containing 10% dialyzed FBS.
For autophagic flux determination, cells were subjected to glu-
cose starvation with or without 100 nM autophagy inhibitor bafi-
lomycin A1 for 6 and 16 h. For the ubiquitination assay of
CARM1, MEFs were treated with 10 µM MG132 for 4 h under
glucose starvation. Lipofectamine 2000 reagent (Thermo Fisher)
was used to perform cell transfection on HEK293 cells, and jet-
PRIME (Polyplus Transfection) was used on MEFs. To generate
stable C9orf72 knockdown HEK293 cells, the plasmids encoding
shRNAs that are either targeting C9orf72 or scrambled controls
were transfected into HEK293 cells. Eight hours after transfec-
tion, cells were washed twice with PBS and cultured with fresh
CM and then subjected to 2 µg/mL puromycin selection for
2 wk. Lentivirus was used to generate knockout and knockdown
MEFs. For the preparation of lentivirus, HEK293 cells were
cotransfectedwith the lentiviral plasmid and viral packaging vec-
tors (psPAX2 and pMD2G). Sixty hours after transfection, cell su-
pernatants were collected and passed through 0.45-µm cellulose

acetate filters. For lentivirus infection of MEFs, cells were plated
at 2 × 106 cells per 10-cm dish and then supplemented with either
humanC9orf72-expressing lentivirus, CARM1 gRNA-expressing
lentivirus, or FIP200 shRNA-expressing lentivirus for 48 h prior
to puromycin selection at a final concentration of 5 µg/mL for ad-
ditional 72 h. Cells stably expressing shRNAwere maintained in
10% FBS DMEM containing puromycin at a final concentration
of 2 µg/mL. Stable MEF lines expressing C9orf72 were generated
by multiple rounds of puromycin selection. CARM1 knockout
MEF lines were selected by picking individual colonies that ex-
hibited no CARM1 expression.

Quantitative MS

For TMT-labeling quantitative MS, cells were washed with
PBS and resuspended in lysis buffer (8 M urea/50 mM tetraethyl
ammoniumbicarbonate). The lysates were diluted to a final urea
concentration of 1 M, and trypsin/LysC (1:50 enzyme:protein;
Promega) was added. After overnight incubation, peptides were
sequentially acidified, destalted, and lyophilized. Peptides were
resolved in 0.2% formic acid and then quantified. Peptides
were then lyophilized and labeled by 6-plex TMT (Pierce TMT).
Labeled peptides were mixed and desalted consequently. The la-
beled peptides were enriched in tandem for modified peptides,
and then all modified peptides were desalted and resuspended
for liquid chromatography-tandem MS (LC-MS/MS) analysis.
Unmodified peptides were fragmented by basic pH reversed
phase LC (RPLC) and then lyophilized and resolved for LC-MS/
MS analysis. The resulting spectra were analyzed by Proteome
Discoverer 2.1 (database used: mouse RefSeq version 78). Carba-
midomethylation on cysteine residues and TMT on Lys and pep-
tide N terminus were included as fixed modifications. Oxidation
on methionine was included as dynamic modification for total
protein. Up to twomissed cleavageswere allowed. A 1% false dis-
covery rate was applied for both peptide and protein levels.
According to the UniProt database, 604 mouse proteins are re-

lated to lipid metabolism. Among the 604 proteins, 214 proteins
were identified in our quantitative proteomic data. Ratios of
C9KO (glucose starvation)/C9KO (CM) and wild-type (glucose
starvation)/wild-type (CM) were calculated, which reflect the ex-
tent of protein variation induced by glucose starvation in C9KO
MEFs and wild-typeMEFs, respectively. The comparison of these
ratios was then used to evaluate whether glucose starvation af-
fects wild-type MEFs and C9KO MEFs differently. By comparing
the proteomic data with the UniProt database, the enrichment
analysis on lipid synthesis and ERwas tested using the Fisher test.
For the SILAC quantitative MS, HEK293 cells were incubated

with heavy (13C6,15N4 L-arginine, 13C6,15N2 L-lysine) or light
(12C6,14N4 L-arginine, 12C6,14N2 L-lysine) DMEM. After the
incubation, cells were verified for near completion of labeling
by MS. After heavy isotope-labeled cells were transfected with
C9orf72-Flag and light isotope-labeled cells were transfected
with Lipofectamine, cells were lysed and precipitated with Flag
tag beads. The immunoprecipitates were then pooled, concen-
trated, separated via SDS-PAGE, and subjected to trypsin in-gel
digestion. The prepared samples were analyzed by a LC-MS/MS
on an Orbitrap Elite mass spectrometer coupled with Easy nLC
II LC system. Using the Proteome Discoverer 1.4 software suite
against human RefSeq 59 protein database, the MS data were an-
alyzed with the applications of 1% peptide spectrum match and
peptide-level false discovery rate.

The quantification of lipids and FFAs

Total lipids were extracted using an organic extraction method.
Briefly, 2 × 106 MEFs were collected by trypsinization, pelleted,
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and suspended in 100 µL of PBS. Cell homogenates were mixed
with an organic alcohol solvent provided by Cell Biolabs (STA-
612-T). The mixture was centrifuged to gravitationally separate
the phases. The upper organic phases that contained lipids were
collected. The extracted lipids were completely dried with a vac-
uum drier and then quantified for total lipids (neutral lipids; Cell
Biolabs, STA-617) and FFAs (Millipore Sigma, MAK044). The
fluorescence intensity of lipid sampleswasmeasured by a fluores-
cent plate reader (FFA: λex= 535/λem=587 nm; lipid: λex = 490/
λem=585 nm) (BioTek, Synergy H1).

Cellular FA uptake

The FA uptake of MEFs was measured using a dodecanoic acid
fluorescent FA substrate (Millipore Sigma, MAK156-1KT).
Briefly, 2 × 104 MEFs were placed into each well of the 96-well
plate, cultured in glucose-freemedium for 4 h, and then incubated
with serum- and glucose-free medium for 1 h. One-hundred mi-
croliters of TF2-C12 FA solution was added to each well, and
the uptake of the substrates into cells, which results in an
increase in fluorescence intensity, was read by a plate reader
(λex= 485/λem=515 nm) (BioTek, Synergy H1) in 10-min inter-
vals for 30 min.

FA de novo synthesis

The FA de novo synthesis wasmeasured using [1,2-14C] acetate as
described previously with modifications (Lee et al. 2015). Specif-
ically, MEFs were cultured with CMor glucose-freemedium sup-
plied with 0.3 µCi [1,2-14C] acetate for 6 h. Lipids were extracted
by organic extraction and centrifuge phase separation followed by
drying and resuspension (Cell Biolabs STA-612-T). The incorpora-
tion of [14C] into lipids was used tomeasure the de novo synthesis
of FAs, which was quantified with a Beckman LS6500 scintilla-
tion counter. The radioactivity counts were normalized against
protein input levels.

Subcellular fractionation

The cytosolic and nuclear fractionswere extracted using a subcel-
lular fractionation kit for cultured cells (Thermo Fisher, 78840).
Cytoplasmic andmembrane proteins were combined as the cyto-
solic fraction, and the nuclear-soluble and chromatin-bound pro-
teins were combined as the nuclear fraction.
For isolating lysosomes and LDs, wild-type and C9KO MEFs

were cultured in complete culture medium or starved with glu-
cose-free medium for 6 h. After washing with cold PBS twice,
3 × 107 MEFs from each group were harvested for lysosome iso-
lation. The lysosome collection was prepared by gradient centri-
fugation using the lysosome enrichment kit for tissues and
cultured cells (Thermo Fisher, 89839).
LDs were purified as described previously with somemodifica-

tions (Ding et al. 2013). Briefly, 1 × 108 cells were harvested and
pelleted after beingwashedwith cold PBS three times.Cell pellets
were suspended in buffer A (20 mM tricine, 250 mM sucrose, 0.2
mMPMSF at pH 7.8) and kept for 20min on ice. The suspensions
were then passed through a 27 gauge, 1 in needle five to 10 times,
while the lysis efficiencywasmonitored under amicroscope. Cell
suspensionswere centrifuged at 3000g for 10min at 4°C. Superna-
tantsweremoved into a tube, and 2mLof buffer B (20mMHEPES,
100mMKCl, 2mMMgCl2 at pH7.4)was added carefully on topof
the supernatants. After centrifugation at 182,000g for 1 h at 4°C,
floating LDs at the top band of the gradient were carefully collect-
ed. The collected LDs were washed by centrifugation at 20,000g
for 5 min at 4°C and then resuspended in 1 mL of buffer B. After

centrifugation at 270,000g for 10 min at 4°C, supernatants were
discarded, and the pellets were collected.

SDS-PAGE and Western blotting

All cells were briefly rinsed with cold PBS prior to collection.
Both whole cells and subcellular fractions were lysed in RIPA
buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 0.5% SDS, 0.5%
sarkosyl, 0.5% NP40, 20 mM EDTA, Roche protease inhibitors,
1mMPMSF) on ice. Protein concentrations of lysates were deter-
mined by the bicinchonic acid assay (Thermo Fisher) before being
analyzed by SDS-PAGE. The primary antibodies used included
anti-CARM1 (Cell Signaling Technology, 3379), anti-skp2
(Santa Cruz Biotechnology, sc-7164), anti-LC3B (Cell Signaling
Technology, 3868), anti-LAMP1 (Cell Signaling Technology,
3243), anti-C9orf72 (Bio-Rad VMA00065), anti-PARP (Cell Sig-
naling Technology, 9542), anti-β-actin (Santa Cruz Biotechnol-
ogy, sc-47778), anti-NOX2 (Abcam, ab129068), anti-ubiquitin
(Cell Signaling Technology, 3936), anti-calnexin (Cell Signaling
Technology, 2679P), anti-ACC (Cell Signaling Technology,
3676), and anti-ADRP (Progen Biotechnik, GP42).

Immunoprecipitation

Cells were lysed in immunoprecipitation lysis buffer (20 mM
Tris-HCl at pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM
EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM β-glyc-
erophosphate, 1mMNa3VO4, 1 µg/mL leupeptin, cocktail, 1mM
PMSF) on ice, sonicated for 15 min on ice, and centrifuged at
14,000g for 10 min. The resulting supernatants were collected
for protein concentration assay and immunoprecipitation. The
supernatants were incubated with a specific primary antibody
overnight at 4°C with gentle rotation. The mixture was then in-
cubated with protein Amagnetic beads for 2 h at 4°C with gentle
rotation. For the Flag immunoprecipitation, the supernatants
were directly incubated with Flag beads for 2 h at 4°Cwith gentle
rotation. After the incubation, beads were precipitated, and liq-
uidswere discarded. After washingwith immunoprecipitation ly-
sis buffer five times, beads were incubated in IgG elution buffer
(pH 2; Thermo Fisher) for 15 min at room temperature. The liq-
uids were collected and boiled with SDS loading buffer before be-
ing analyzed by SDS-PAGE and immunoblotted.

Protein purification and in vitro protein–protein interaction assay

C9orf72-coding sequence fused to C-terminal of 6xHis-SUMO
tag was cloned into the pSATL vector and transformed into Arc-
ticExpress (DE3) cells (Agilent Technologies). Transformed cells
were grown, harvested, and then resuspended in lysis buffer [20
mM Tris-HCl at pH 8.0, 250 mM NaCl, 100 mM glycine, 1 mM
tris(2-carboxyethyl)phosphine (TCEP)] supplemented with 10
mM imidazole, 1 M urea, 1 mM ATP, 1 mM MgCl2, and 1× bes-
tatin, pepstatin A, E-64, and phenylmethylsulfonyl fluoride fol-
lowed by disruption with a French press. After centrifugation at
16,000g for 20 min at 4°C, the supernatant was loaded to an im-
mobilized metal affinity chromatography (IMAC) column (Bio-
Rad) charged with nickel sulfate followed by consecutive washes
with lysis buffer, lysis buffer containing 1MNaCl and lysis buffer
containing 75mMNaCl. C9orf72 protein was then eluted by 250
mM imidazole containing-lysis buffer and desalted with 75 mM
NaCl-containing lysis buffer. The resulting protein was then in-
cubated with 6xHis-tagged SUMO-specific protease (SENP) for
1.5 h at 4°C followed by a reverse nickel column purification.
The resulting protein was then loaded on a HiTrap Q HP column
(GE Healthcare) followed by a HiLoad 26/60 S200 size
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exclusion column (GE Healthcare) to pool clean fractions with
free C9orf72 proteins. For the in vitro protein–protein interaction
assay, 2 µg of purified proteins of C9orf72 was mixed with 2 µg of
Flag-CARM1 (Active Motif, 81107) in 50 µL of reaction buffer (50
mMTris-HCl at pH 8, 1%NP40, 150mMNaCl) and rotated over-
night at 4°C. Immunoprecipitation was conducted using Flag
beads. C9orf72 pulled down by Flag-CARM1 was analyzed and
quantified via SDS-PAGE and immunoblotting. Flag beads only
and Flag peptides were used as controls.

Immunofluorescence

Cells were washed three times with PBS and then fixed in 4%
paraformaldehyde in PBS for 15 min at room temperature. Fixed
cells were permeabilized with 0.3% Triton X-100 and blocked
in blocking buffer (1× PBS/5% normal serum/0.1% Towen-20)
for 1 h at room temperature. Cells were incubated with primary
antibodies overnight at 4°C. After washing three times with
PBS, cells were incubated with fluorescently conjugated second-
ary antibodies for 2 h at room temperature. Cells were again
washed three times with PBS and then visualized with an SP8
confocal microscope (Leica). For visualizing LDs, fixed cells
were incubated with BODIPY493/503 dye (Invitrogen) at a dilu-
tion of 1:1000 for 30 min at room temperature. Primary antibod-
ies applied for the immunofluorescent staining included anti-
CARM1 (Cell Signaling Technology, 3379 and 12495; NOVUS,
AF7277), anti-C9orf72 (Proteintech Group, 22637-1-AP), anti-
LAMP1 (Cell Signaling Technology, 9091 and 15665), anti-cal-
nexin (Cell Signaling Technology, 2679P), and anti-choline ace-
tyltransferase (Millipore, NG1780580). LDs were analyzed by
counting positive puncta per cell. Colocalization was analyzed
by Pearson’s R-value using Coloc 2 in ImageJ software or by
counting double-positive puncta per cell.

Quantitative RT-qPCR

Total RNAs were extracted using the RNeasy Plus minikit (Qia-
gen, 74136), and cDNAs were synthesized using the QuantiTect
reverse transcription kit (Qiagen, 205313). RT-qPCR was per-
formed on a Bio-Rad thermal cycler with iQ SYBR Green PCR
mix (Bio-Rad). The quantity of mRNA was calculated by the
ΔΔCt method, and GAPDH was used as a control. All reactions
were performed in triplicate. The following primers were used:
human GAPDH (fwd, 5′-AAGGTGAAGGTCGGAGTCAAC-3′;
rev, 5′-GGGGTCATTGATGGCAACAATA-3′), human CARM1
(fwd, 5′-TCGCCACACCCAACGATTT-3′; rev, 5′-GTACTGCA
CGGCAGAAGACT-3′), mouse GAPDH (fwd, 5′-AAGGTCAT
CCCAGAGCTGAA-3′; rev, 5′-CTGCTTCACCACCTTCTTG
A-3′), mouse CARM1 (fwd, 5′-ATGAGCACGGGCATTGTCC
AAG-3′; rev 5′-TTGACTGCATAGTGGGCACTGG-3′), and the
mouse homolog of ACC (fwd, 5′-ATGGGCGGAATGGTCTC
TTTC-3′; rev, 5′-TGGGGACCTTGTCTTCATCAT-3′).

ChIP-qPCR and ChIP-seq analysis

MEFs (2 × 107) were cross-linked using 1% formaldehyde for 10
min at room temperature and quenched with glycine at a final
concentration of 125mM for 5min. Cells were lysed in ChIP lysis
buffer (50 mM HEPES-KOH at pH 7.5, 140 mM NaCl, 1 mM
EDTA at pH 8, 0.1% sodium deoxycholate, 0.1% sodium deoxy-
cholate, protease inhibitors). Lysates were sonicated to shear
DNA to an average fragment size of 200–500 base pairs (bp) and
centrifuged at 8000g for 10min at 4°C. Supernatants were diluted
10 times with dilution buffer (50 mM Tris-HCl at pH 8, 150 mM
NaCl, 2 mM EDTA at pH 8, 1% NP40, 0.5% sodium deoxycho-

late, protease inhibitors) and incubated with anti-CARM1 (Cell
Signaling Technology, 12495) or anti-H3R17me2 (Abcam,
ab8284) for 1 h at 4°C. The mixed samples were immunoprecipi-
tated overnight at 4°C with 60 µL of protein A/G beads, which
were blocked with 75 ng of single-stranded herring sperm DNA
per microliter of beads and 0.1 µg of BSA per microliter of beads.
After immunoprecipitation, beads were washed with low-salt
wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 2 mM
EDTA, 150 mMNaCl), high-salt wash buffer (0.1% SDS, 1% Tri-
tonX-100, 2mMEDTA, 2mMEDTA, 500mMNaCl), LiCl buffer
(0.25 M LiCl, 0.25 M LiCl, 1% sodium deoxycholate, 1 mM
EDTA, 10 mM Tris-HCl at pH 8.0), and TE buffer (10 mM Tris
at pH 8.0, 1 mM EDTA) and eluted in elution buffer (1% SDS,
100mMNaHCO3). The supernatants were decross-linked and di-
gested by adding 2 µL of RNaseA and incubated overnight at 65°C
with shaking. Samples were then digested with proteinase K for
1 h at 60°C. ChIP and input DNAs were purified, and qRT–PCR
was applied to measure the enrichment of bound DNAs. The
primers targeting the promoter region of the mouse gene encod-
ing ACC (NCBI 107476:Acaca) were designed according to previ-
ously reported ChIP-seq data (Shin et al. 2016). The following
primers were used: primer set 1 (fwd, 5′-ATCTAATAACCTG
GCCTTCA-3′; rev, 5′-GGTTCTCCTATCCGCTAA-3′), primer
set 2 (fwd, 5′-CGGAACCTGGGAGGAGTA-3′; rev, 5′-AGGGC
AGAATCTCCACTCACAT-3′), Atg14 (fwd, 5′-GAGACGCCAT
GATGATCTGA-3′; rev, 5′-GCCAAGGAGTGTGGGAAGTA-3′),
and Map1lc3b (fwd, 5′-AGCCAGTGGGATATTGGTCT-3′; rev,
5′-AG AGCCTGCGGTACCCTAC-3′). The qPCR data were nor-
malized against the input and the IgG controls. The data sets for
H3R17me2 ChIP-seq were acquired from the NCBI Gene Expres-
sion Omnibus (GEO) database (GSE72901) (Shin et al. 2016) and
uploaded to the Galaxy Web platform (Afgan et al. 2016) for anal-
ysis. Reads were aligned to the mouse genome (mm9) using Bow-
tie2. Only uniquely mapped reads were retained, and duplicate
readswithmapping quality <20were filtered out using SAMtools.
The H3R17me2 peaks were identified using MACS2 with opti-
mal parameters (q-value < 0.05, extension size: 141 bp) obtained
from the MACS2 predicted tool. The read coverage distribution
and predicted peaks at the locus were displayed in Integrative Ge-
nomics Viewer (IGV) browser.

Animal studies

The C9KO mice were generated in our previous study (Ugolino
et al. 2016). The animal protocol was approved by the Johns Hop-
kinsAnimalCare andUseCommittee following theNational Re-
search Council’s guidance of the Care and Use of Laboratory
Animals. Wild-type and C9KO mice were fed or fasted for 24 h.
The brains were then isolated, and the cortex tissue lysate was
prepared for Western blotting analysis. The mouse tissues were
lysed in modified RIPA buffer (50 mM Tris at pH 7.5, 150 mM
NaCl, 1% NP40, 0.1% SDS, 100 mM NaF, 17.5 mM β-glycero-
phosphate, 2.5% sodium deoxycholate, 10% glycerol, 1 mM
PMSF, cocktail). Samples were sonicated and then centrifuged
at 12,000g for 10 min at 4°C. Supernatants were then harvested
for Western blotting.

Human tissue sample preparation

Human spinal cord tissues were obtained from Johns Hopkins
Medical Institute and Department of Veterans Affairs Bioreposi-
tory Brain Bank (Supplemental Table S2). Tissues were weighed
and homogenized with 10 times the sample’s volume of modified
RIPA buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 1% NP40,
0.1% SDS, 100 mM NaF, 17.5 mM β-glycerophosphate, 2.5%
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sodium deoxycholate, 10% glycerol) containing phosphatase in-
hibitors 2 and 3 (1:100; Millipore Sigma), 1 mM PMSF, 2 mM
NaVO4, and protease inhibitor (1:200; Millipore Sigma). Samples
were then sonicated and diluted with the modified RIPA buffer.
After centrifugation at 12,000g for 10 min at 4°C, supernatants
were collected for Western blotting.

Differentiation of iPSCs to motor neurons

The iPSCs were obtained from the National Institutes of Health-
sponsored repository (Supplemental Table S2). The method for
differentiating human iPSCs into motor neurons was adapted
from a previous report (Du et al. 2015). The iPSCs were plated
onMatrigel-coated plates prior to differentiation.Neuroepithelial
progenitor (NEP) cells were generated from iPSCs using neural
medum (1:1 DMEM/F12:neurobasal medium, glutamax, N2 sup-
plement, B27 supplement, ascorbic acid), supplemented with
3 µM CHIR99021, 2 µM SB431542, and 2 µM DMH-1 for 6 d,
changingmedium every other day. NEP cells were then disassoci-
ated using 1 U/mL dispase and split approximately 1:6 onto new
Matrigel-coated plates. Neural medium supplemented with 1
µM CHIR99021, 2 µM SB431542, 2 µM DMH-1, 0.1 µM retinoic
acid (RA), and0.5 µMpurmorphaminewas used to generatemotor
neuron progenitor (MNP) cells from NEPs. The medium was
changed every other day for 6 d. To generate motor neuron-like
cells, MNPs were disassociated with 1 U/mL dispase and placed
in suspension culture using neural medium supplemented with
0.5 µM RA and 0.1 µM purmorphamine, changing medium every
other day. After 6 d, motor neuron-like cells were disassociated
and plated onto Matrigel-coated plates. Mature motor neurons
were generated in 12 d using neural medium supplemented with
0.5 µM RA, 0.1 µM purmorphamine, and 0.1 µM compound E,
changing medium every other day.

Statistical analysis

All experiments were independently repeated at least three
times. For single comparison, data were statistically analyzed
with Student’s t-test. For multiple means of comparison, one-
way analysis of variance (ANOVA) was performed followed by
the Bonferroni post-hoc test to determine statistical significance.
The sample size n represents biological replicates. For enrich-
ment analysis, Fisher’s test was performed.
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