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A C9ORF72/SMCR8-containing complex regulates
ULK1 and plays a dual role in autophagy
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Ramin Shiekhattar,3† Jian-Fu Chen1†
The intronic GGGGCC hexanucleotide repeat expansion in chromosome 9 open reading frame 72 (C9ORF72) is a
prevalent genetic abnormality identified in both frontotemporal dementia (FTD) and amyotrophic lateral sclerosis
(ALS). Smith-Magenis syndrome chromosomal region candidate gene 8 (SMCR8) is a protein with unclear functions.
We report that C9ORF72 is a component of a multiprotein complex containing SMCR8, WDR41, and ATG101 (an
important regulator of autophagy). The C9ORF72 complex displays guanosine triphosphatase (GTPase) activity and
acts as a guanosine diphosphate–guanosine 5′-triphosphate (GDP-GTP) exchange factor (GEF) for RAB39B. We
created Smcr8 knockout mice and found that Smcr8 mutant cells exhibit impaired autophagy induction, which is
similarly observed in C9orf72 knockdown cells. Mechanistically, SMCR8/C9ORF72 interacts with the key autophagy
initiation ULK1 complex and regulates expression and activity of ULK1. The complex has an additional role in reg-
ulating later stages of autophagy. Whereas autophagic flux is enhanced in C9orf72 knockdown cells, depletion of
Smcr8 results in a reduced flux with an abnormal expression of lysosomal enzymes. Thus, C9ORF72 and SMCR8
have similar functions in modulating autophagy induction by regulating ULK1 and play distinct roles in regulating
autophagic flux.
INTRODUCTION
Frontotemporal dementia (FTD) and amyotrophic lateral sclerosis
(ALS) are neurodegenerative disorders leading to dementia and loss
of motor coordination (1, 2). The aberrant regulation of RNA and pro-
tein metabolism has been suggested to underlie the pathogenesis of
these diseases (3). An expanded hexanucleotide repeat (GGGGCC)
in a noncoding region of chromosome 9 open reading frame 72
(C9ORF72) has been identified as the most common cause of familial
FTDandALS (4–7). Proposedmechanisms of disease onset includeRNA
toxicity due to accumulation of transcripts containing the GGGGCC
repeat, accumulation of aberrantly expressed peptides, and C9ORF72
loss of function (8–17). Knockout of C9orf72 in mice does not result
in neurodegeneration but instead causes defects in macrophage and
microglial function (18–20), suggesting that loss of function of C9orf72
alone is not sufficient to cause FTD-ALS. However, C9ORF72 mRNA
levels are reduced in FTD-ALS patients, and microglial dysfunction is
tightly connected with FTD-ALS pathogenesis (4, 6, 18, 21, 22). These
studies raise the possibility that haploinsufficiency of C9ORF72 could
contribute to FTD-ALSdiseases. It is important to understand the cellular
functions of C9ORF72 and its mechanisms of action.

Autophagy is an evolutionarily conserved process characterized by
engulfing cytoplasmic proteins or organelles into double-membrane ves-
icles called autophagosomes, which fuse with lysosomes to form auto-
lysosomes primed for degradation (23–25). Autophagy is essential for
cellular homeostasis because it removes aggregates of misfolded pro-
teins and/or defective organelles, provides energy, and recycles cellular
components (25). Autophagy is a highly regulated andmultistep process
(24, 25), and its deregulation has been implicated in a variety of neuro-
degenerative diseases including FTD, ALS, Parkinson’s, Alzheimer’s,
and Huntington’s disease (26, 27). ULK1, a mammalian homolog of
autophagy-related 1 (Atg1), forms a protein complex with FIP200,
ATG13, andATG101 to control autophagy initiation. After the initiation,
Atg proteins are recruited to a membrane structure called the phago-
phore, which expands and fuses upon itself to form the autophagosome.
The autophagosome is directed to and fuses with a lysosome, where the
enclosed materials are degraded. Subsequently, the nutrients are re-
leased back into the cytosol for reuse. Accumulating evidence suggests
that autophagy impairment at distinct regulatory stepsmay have differ-
ent consequences for the pathogenesis of neurodegenerative diseases
(26, 27). Therefore, it is crucial to understand the nature of defects in
autophagy in individual neurodegenerative diseases.

Rab guanosine triphosphatases (GTPases) encode information
about the state of membrane domains to control specific membrane
trafficking events (28). Rabs are activated by specific guanine nucleotide
exchange factors (GEFs).One of the emerging families ofGEFs contains
DENN (differentially expressed in normal and neoplastic cell) domains
(29, 30). DENN domain–containing GEFs catalyze the dissociation of
guanosine diphosphate (GDP) from the Rab GTPase followed by gua-
nosine 5′-triphosphate (GTP) exchange. The GTP-bound Rab is then
activated and recruits its effectors to regulate membrane trafficking.
Bioinformatics studies predict that C9ORF72 contains DENN domains
(31, 32), suggesting its potential functions in membrane trafficking as a
GEF factor. Indeed, it has been reported that C9ORF72 is associated
with RAB1, RAB5, RAB7, and RAB11, and is involved in endocytosis
and autophagy (33). A recent study shows that C9ORF72 functions as a
GEF for RAB8A andRAB39B, and its depletion has a partial deleterious
effect on autophagy (34). Despite these progresses, the specific steps
C9ORF72 regulates in autophagy and the molecular mechanisms by
which C9ORF72 confers this regulation remain unclear.

To gain insights into the biology of the C9ORF72 protein, we iso-
latedC9ORF72-containing complexes fromhumancells andcharacterized
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their functions.We found that C9ORF72 forms a protein complex with
Smith-Magenis syndrome chromosomal region candidate gene 8
(SMCR8). Although it has been implicated in autophagy (35), the
experimental evidence of SMCR8 functions is lacking. SMCR8 is also
predicted to contain DENN domains and exhibits some homology
with C9ORF72 (31, 32).We created Smcr8 knockout mice and found
that mutant cells exhibit impaired autophagy induction, which is like-
wise observed in C9orf72 knockdown cells. Our mechanistic studies
show that C9ORF72/SMCR8 interacts with the key autophagy initia-
tion ULK1 complex, and the interaction is enhanced under starvation
conditions. C9ORF72/SMCR8 regulates the expression and activity of
ULK1. Furthermore, we identified unique roles for this complex at the
later stage of autophagy. Whereas autophagic flux is enhanced in
C9orf72 knockdown cells, depletion of Smcr8 leads to a reduced flux
with an abnormal expression of lysosomal enzymes. Thus, C9ORF72
and SMCR8 have similar functions in modulating autophagy induc-
tion by regulating ULK1 and play distinct roles in regulating autoph-
agic flux.
RESULTS

C9ORF72 forms a protein complex with SMCR8, WDR41,
and ATG101
We developed a human embryonic kidney (HEK) 293 cell–derived sta-
ble cell line expressing Flag-C9ORF72 protein. The cytoplasmic extract
enriched for the Flag-C9ORF72 protein was affinity-purified using Flag
resin to examineC9ORF72-associated proteins. A Flag–green fluorescent
protein (GFP) HEK293 stable cell line was used as a control. Flag-
C9ORF72 affinity eluate was subjected to SDS–polyacrylamide gel elec-
trophoresis (SDS-PAGE) followed by silver staining (Fig. 1A). The
C9ORF72 eluate was enriched for several proteins in association with
C9ORF72. The individual bands were extracted from the gel and sub-
jected to mass spectrometry. This analysis revealed the identification of
SMCR8, WDR41, and ATG101 proteins with similar peptide coverage
(~60%) to that of C9ORF72, reflecting a near-stoichiometric presence
(Fig. 1A and table S1). The ULK1/FIP200/ATG13/ATG101 protein
complex controls autophagy initiation (36–38). ATG101 is a binding
partner of ATG13, interacts with ULK1, and regulates autophagy
(39, 40). Mass spectrometry analysis of C9ORF72-associated proteins
identified ATG13 and ULK1 with the coverage of ~26 and ~32%, re-
spectively (table S1). Proteins at 68, 55, and 50 kD were respectively
identified as SKB1, a-tubulin, and MEP50, which are common con-
taminants of Flag affinity purification (Fig. 1A, Flag-GFP, shown as as-
terisks). Together, these results suggest that C9ORF72, SMCR8,
WDR41, andATG101 forma protein complex, which is associatedwith
the ULK1 complex and is potentially involved in autophagy.

Next, we subjected the cytoplasmic Flag-C9ORF72 affinity eluate to
size exclusion chromatography. After analysis of column fractions using
silver stain and Western blot analysis, C9ORF72 protein coeluted with
SMCR8, WDR41, and ATG101 in fractions 26 to 30, reflecting a
complex of ~600 kD (Fig. 1B). A fraction of Flag-C9ORF72 also eluted
at a lower molecular mass; SMCR8 and WDR41 did not appear to co-
migrate with this fraction of C9ORF72 (Fig. 1B). To further confirm the
presence of C9ORF72 protein in a large protein complex in the cytoplasm,
we developedHEK293-derived stable cell lines expressing Flag-WDR41
or Flag-SMCR8 protein. Flag affinity purification from cytoplasmic
fractions followed by gel filtration chromatography revealed the pres-
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ence of a similar-sized protein complex containing Flag-WDR41, SMCR8,
C9ORF72, and ATG101 in fractions 26 through 30, corresponding to a
complex of ~600 kD (Fig. 1C). Western blot analysis confirmed the co-
existence of SMCR8, C9ORF72, and ATG101 in fractions 26 to 30 (Fig.
1D). A similar protein complex was also identified using a HEK293 cell
line expressing the Flag-SMCR8protein (fig. S1). Thus, our biochemical
purification studies show that C9ORF72 forms a protein complex with
SMCR8, WDR41, and ATG101.

The C9ORF72 complex exhibits a GTPase activity and acts as
a GEF for RAB39B
Previous bioinformatics analyses of protein motifs in C9ORF72 and
SMCR8 identified a conserved DENN domain region in both proteins
(31, 32). DENN domain–containing proteins are suggested to function
as GEFs to activate Rab GTPases and regulate membrane trafficking
(28–30). We reasoned that a Rab GTPase might loosely associate with
the C9ORF72 protein complex. To test this hypothesis, we decided to
use the protein complex from the fractions of the Flag-WDR41 gel fil-
tration. WDR41 contains a WD-repeat domain, which often functions
as a scaffold for protein interaction (41). Because of this, we reasoned
that Flag-WDR41 could bemore effective to pull the associatedGTPase
activity compared to using Flag-C9ORF72 or Flag-SMCR8 fractions.
We subjected the fractions of the Flag-WDR41 gel filtration to aGTPase
assay (Fig. 2A). This study showed a peak of GTPase activity eluting in
fractions 26 and 28 (Fig. 2A), coincident with the peak of the C9ORF72/
SMCR8-containing complex (Fig. 1, B to D). We also found GTPase
activity in a smaller molecular weight complex (fraction 34), reflecting
an interaction betweenWDR41 protein and a putative RabGTPase in a
lower molecular range (Fig. 2A). To further confirm the GTPase activ-
ities associated with C9ORF72 protein complex, we generated stable
Flag cell lines for ATG101 in HEK293 cells. Analysis of Flag affinity
eluates from these stable cell lines similarly showed the presence of a
specific and robust GTPase activity associating with C9ORF72-containing
complexes (Fig. 2B). These data suggest that the C9ORF72 complex
displays a GTPase activity.

To identify potential Rab GTPases associated with the C9ORF72
complex, we performed co-IP studies. Among the six candidate
GTPases examined, including RAB33, RAB35, RAB39A, RAB39B,
RAB31, and RAB24, we found that RAB31, RAB33, and RAB39B ex-
hibit interactions with C9ORF72 (fig. S2A). Because mutations in
RAB39B cause intellectual disability and early-onset Parkinson’s dis-
eases (42, 43), we decided to focus onRAB39B for further investigations.
Reciprocal co-IP analyses confirmed that C9ORF72 interacts with
RAB39B (Fig. 2, C andD). In contrast, we failed to detect the interaction
between SMCR8 and RAB39B under the same experimental conditions
(fig. S2B). Emerging evidence suggests that DENN domains directly in-
teract with Rab GTPases (29). To test whether the DENN domain of
C9ORF72 is required for its interactions with RAB39B, we deleted
the DENN domain and found that the interaction between C9ORF72
and RAB39B is abolished (Fig. 2C). These studies suggest that
C9ORF72 interactswithRAB39B in aDENNdomain–dependentman-
ner. To determinewhether theC9ORF72/SMCR8 complex functions as
a GEF for RAB39B, we performed an in vitro activity assay (44). The His-
tagged RAB39B protein was purified and preloaded with fluorescence-
labeled BODIPY-GDP. Measurement of the release rate of BODIPY-GDP
shows that the C9ORF72 protein complex strongly promotes GDP re-
lease from RAB39B (Fig. 2E), indicating that the C9ORF72/SMCR8
complex functions as a GEF for RAB39B.
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C9ORF72 interacts with SMCR8 in a DENN
domain–dependent manner
To examine whether C9ORF72 interacts with SMCR8 and WDR41 in
cells other than HEK293, we performed co-IP studies in N2A cells, a
mouse neuroblastoma cell line. Experimental results confirmed the in-
teraction between C9ORF72 and SMCR8 orWDR41 in N2A cells (Fig.
3, A and B). Because DENN domains directly interact with Rab
GTPases, in addition to serving as GEF enzymes (29), we examined
Yang et al. Sci. Adv. 2016; 2 : e1601167 2 September 2016
the importance of DENN domains in protein interactions within the
C9ORF72 complex. Deletion of the DENN domain in SMCR8 abol-
ished its interaction with C9ORF72, but not with WDR41 (Fig. 3C).
In contrast, both SMCR8’s and WDR41’s interactions with C9ORF72
are lost upon the deletion of C9ORF72 DENN domain (Fig. 3D). It is
possible thatDENN-depletedC9ORF72 or SMCR8 cannot fold correct-
ly. These results suggest that the DENN domains are essential for the
interaction between C9ORF72 and SMCR8.
Fig. 1. Isolation of C9ORF72-associated proteins. (A) Silver staining analysis of Flag affinity–purified fractions from cytoplasmic extracts of Flag-
GFP and Flag-C9ORF72 HEK293 cell lines. Asterisks indicate common contaminants of Flag purification (SKB1, a-tubulin, and MEP50). Flag-C9ORF72–
associated proteins as identified by mass spectrometry are indicated. MW, molecular weight; IP, immunoprecipitation. (B) Superose 6 gel filtration fractions
from C9ORF72 cytoplasmic Flag affinity purification. Fractions were resolved by 4 to 12% SDS-PAGE and analyzed by silver staining (top) and Western blot
with corresponding antibodies (bottom). The gel filtration purification scheme and fraction numbers are indicated on the top. (C and D) Purification of the
WDR41-associated proteins from a HEK293 stable cell line expressing Flag-WDR41. Gel filtration fractions and Flag eluates were resolved on a 4 to 12%
SDS-PAGE gel, followed with silver staining (left) and Western blot with corresponding antibodies (right). The gel filtration purification scheme and fraction
numbers are indicated on the top. WDR41-associated proteins and molecular markers are indicated.
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Next, we examined whether C9orf72 colocalizes with Smcr8 or
Wdr41. Because commercially available antibodies failed to detect the
endogenous localization of C9orf72 and Smcr8 in mouse cells, we con-
structed GFP-tagged C9ORF72 as well as RFP-tagged SMCR8 and
WDR41. In addition to the nucleus, C9ORF72 is predominantly de-
tected in the cytoplasm of N2A cells (Fig. 3E). Immunostaining results
show that C9ORF72 is colocalized with both SMCR8 and WDR41 in
the cytoplasm of N2A cells (Fig. 3E). To determine whether loss of the
interaction betweenC9ORF72 and SMCR8 in the co-IP studies above is
due to the aberrant localization of DENN domain–depleted C9ORF72
or SMCR8, we examined cellular localization of C9ORF72DDENN and
SMCR8DDENN.We found that DENNdomain depletion does not sig-
nificantly change their cellular distributions (Fig. 3F). These studies sug-
gest that C9ORF72 colocalizes with SMCR8 and WDR41, and
C9ORF72 interacts with them in aDENNdomain–dependentmanner.

Autophagy induction is compromised in
Smcr8-deficient cells
Autophagy is known to be the basic mechanism of delivering cyto-
plasmic contents to the lysosomes for degradation (24, 25). The
ULK1/FIP200/ATG13 protein complex controls autophagy initiation
(36–38). Because C9ORF72/SMCR8 is associated with ULK1/ATG13
Yang et al. Sci. Adv. 2016; 2 : e1601167 2 September 2016
in our mass spectrometry analysis of C9ORF72-associated proteins
(table S1), we examined Smcr8’s potential involvement in autophagy.
We generated two SMCR8 lentiviral short hairpin RNA (shRNA)
constructs.Western blot and reverse transcription polymerase chain re-
action (RT-PCR) analyses confirmed that SMCR8 shRNA1 and shRNA2
display ~85 to 90% knockdown efficiency with high specificities (fig. S3,
A to C). Microtubule-associated protein 1 light chain 3 (LC3) protein
expression has been widely used to monitor autophagy. LC3-I is a pro-
teolytically processed form and is finally modified into the phos-
phatidylethanolamine (PE)–conjugated form, LC3-II (45). Knockdown
of SMCR8 results in a significant increase in LC3-II protein levels rela-
tive to actin (Fig. 4, A and B). LC3 or GFP-tagged LC3 has been used to
monitor autophagy at cellular levels by examining LC3-positive puncta
(45). We examined autophagosome formation by staining GFP-LC3–
positive puncta and found that there is a significant increase in puncta
numbers per cell in SMCR8 knockdown cells compared to controls (Fig.
4, C and D). These data suggest that SMCR8 is involved in autophagy.

To further understand Smcr8’s functions, we created amousemodel
using embryonic stem (ES) cells in which the Smcr8 gene has been dis-
rupted by the b-geo reporter gene.We isolatedmouse embryonic fibro-
blasts (MEFs) from Smcr8mutant embryos. RT-PCR andWestern blot
analyses confirmed the depletion of Smcr8 at both mRNA and protein
Fig. 2. The C9ORF72 complex displays a GTPase activity and acts as a GEF for RAB39B. (A) GTPase assays were performed using WDR41 gel
filtration fractions with [a-32P]GTP. The guanine nucleotides were separated by thin-layer chromatography plate. The positions of [a-32P]GTP and
[a-32P]GDP are indicated on the right. (B) GTPase assay with Flag affinity–purified eluates from different Flag-tagged proteins in the C9ORF72
complex. Free [a-32P]GTP and Flag-GFP elutes were treated as controls. [a-32P]GTP and [a-32P]GDP are indicated on the right. (C and D) GFP-
RAB39B, Flag-C9ORF72, or DENN domain–depleted C9ORF72DDENN was transfected into N2A cells. C9ORF72 proteins or RAB39B proteins were
immunoprecipitated with M2 beads (anti-Flag) (C) or anti-GFP beads (D) followed by Western blot analyses using antibodies as listed. IB, immu-
noblot. (E) GEF assay of C9ORF72 protein complex and RAB39B. Purified His-tagged RAB39B proteins were preloaded with fluorescence-labeled
BODIPY-GDP followed by addition of control or C9ORF72 protein complex. Fractions without C9ORF72 complex serve as the negative control.
C9ORF72 complex promotes the release of GDP from RAB39B, suggesting its GEF activity against RAB39B.
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levels. Increased LC3-II levels in Smcr8-deficient cells could be due to
increased autophagy induction or a block of autophagsomematuration.
Amino acid starvation blocksmammalian target of rapamycin (mTOR)
signaling and therefore induces autophagy by releasing mTOR
signaling–mediated inhibition (25, 46). To determine whether auto-
phagy induction is enhanced in Smcr8mutant cells, we performed amino
acid starvation experiments in MEFs. Immunostaining results show that
LC3-positive puncta numbers are increased in Smcr8mutant cells com-
pared to controls (Fig. 4, E and F), which is consistent with SMCR8
shRNA knockdown studies (Fig. 4, C and D). Whereas puncta numbers
per cell are increased in both wild-type and mutant MEFs under starva-
tion, themagnitude of increase is significantly less in Smcr8mutantMEFs
compared to that in wild-type MEFs (Fig. 4, E and F), suggesting that
autophagy induction is compromised in Smcr8 mutant cells. To further
examine autophagy induction, we used rapamycin treatment to induce
Yang et al. Sci. Adv. 2016; 2 : e1601167 2 September 2016
autophagy followedbyWesternblot analysis of LC3 expression. Rapamy-
cin treatment results in autophagy induction reflected by induced expres-
sion of LC3-II in wild-type MEFs (Fig. 4, G and H). However, LC3-II
levels are not significantly increased in Smcr8 mutant MEFs after rapa-
mycin treatment (Fig. 4, G and H). Together, these results suggest that
autophagy induction is compromised in Smcr8mutant cells.

C9orf72 knockdown disrupts autophagy induction
Previous studies have implicated C9ORF72 in autophagy, but which step
it regulates in autophagy remains unclear (33). To determine whether
C9orf72 performs similar functions as Smcr8 in regulating autophagy in-
duction, we generated two lentiviral C9orf72 shRNA constructs, which
both effectively knock down C9orf72 expression (fig. S3D). We did not
observe functional differences between these two shRNAs; therefore, we
usedC9orf72 shRNA1 inour studies.TodeterminehowC9orf72 regulates
Fig. 3. C9ORF72 interacts with SMCR8 in a DENN domain–dependent manner. (A and B) Flag-tagged SMCR8 or WDR41 was transfected into
N2A cells. SMCR8 or WDR41 proteins were immunoprecipitated with M2 beads (anti-Flag) followed by Western blot analysis using antibodies
against endogenous C9ORF72. (C) Flag-tagged full-length or DENN domain–deleted SMCR8 was transfected into HEK293 cells. SMCR8 proteins were
immunoprecipitated with M2 beads (anti-Flag) followed by Western blot analysis using antibodies against C9ORF72 or WDR41. (D) Flag-tagged full-
length or DENN domain–deleted C9ORF72 constructs were transfected into HEK293 cells. C9ORF72 proteins were immunoprecipitated with M2
beads (anti-Flag) followed by Western blot analysis using antibodies against SMCR8 or WDR41. (E) GFP-tagged C9ORF72 was cotransfected with
red fluorescent protein (RFP)–tagged SMCR8 or WDR41 into N2A cells. Confocal micrographs of N2A cells stained with antibodies against GFP
(C9ORF72; green) and RFP (SMCR8 or WDR41; red). Hoechst stains the nuclei (blue). Scale bars, 10 mm. (F) GFP-tagged DENN domain–depleted
C9ORF72 was cotransfected with RFP-tagged SMCR8 into N2A cells (upper panels). GFP-tagged C9ORF72 was cotransfected with RFP-tagged DENN
domain–depleted SMCR8 into N2A cells (lower panels). Confocal micrographs of N2A cells stained with antibodies against GFP (C9ORF72DDENN or
C9ORF72; green) and RFP (SMCR8 or SMCR8DDENN; red). Hoechst stains the nuclei (blue). Scale bars, 10 mm.
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autophagy, we performedWestern blot analyses inMEFs.We found that
the LC3-II/actin level is significantly reduced in C9orf72 knockdown cells
(Fig. 5, A and B), suggesting a reduced number of autophagsomes. Re-
duced autophagsomes could be due to a decrease in autophagy induction
or an enhanced autophagic flux. To determine whether C9orf72 regulates
autophagy initiation, we used rapamycin to induce autophagy in MEFs.
Rapamycin treatment results in a significant increase in LC3-II levels in
control cells but not in C9orf72 knockdown cells (Fig. 5, A and B). Next,
we examined LC3-positive puncta numbers. Control MEFs exhibit a sig-
nificant increase in puncta numbers per cell under starvation conditions
(Fig. 5, C and D). In contrast, C9orf72 knockdownMEFs exhibit normal
puncta numbers under starvation compared to normal culture conditions
Yang et al. Sci. Adv. 2016; 2 : e1601167 2 September 2016
(Fig. 5, C andD). Together, these results suggest that autophagy induction
is impaired in C9orf72 knockdown cells. Last, we examined autophagy
induction in both C9orf72- and Smcr8-deficient cells. Rapamycin treat-
ment failed to promote autophagy induction in C9orf72, Smcr8, or
C9orf72/Smcr8 double-deficientMEFs, although autophagy is significant-
ly induced in wild-type MEFs (Fig. 5, E and F). Together, these studies
suggest that autophagy induction is compromised in C9orf72, Smcr8,
and C9orf72/Smcr8 double-depleted cells.

The C9ORF72/SMCR8 complex regulates ULK1
Inmammalian cells,ULK1 forms a protein complexwithFIP200/ATG13
regardless of nutrient status (36). During normal nutrient conditions,
Fig. 4. Autophagy induction is compromised in Smcr8-deficient cells. (A) HEK293 cells infected with lentiviruses expressing control shRNA,
SMCR8 shRNA1, or SMCR8 shRNA2 were cultured 72 hours before protein lysate collection. The cell lysates were subjected to Western blot analyses
using antibodies as indicated. (B) Quantification of LC3-II/actin ratio. Error bars represent SEM of three measurements from three independent
experiments; *P < 0.05 (Student’s t test). (C) Confocal imaging of GFP-LC3 expression in SMCR8 knockdown HEK293 cells using antibodies against
GFP. Hoechst stains the nuclei (blue). Scale bars, 10 mm. (D) Quantification of GFP-LC3–positive puncta per cell in (C). Error bars represent SEM of three
independent experiments; ~100 GFP-positive cells were randomly selected for each experiment. *P < 0.05 (Student’s t test). (E) Confocal microscope
images of wild-type and Smcr8mutant MEFs stained with antibodies against LC3 (green) under normal or starvation conditions. Hoechst stains the nuclei
(blue). Scale bars, 10 mm. (F) Quantification of LC3-positive puncta per cell in (E). Error bars represent SEM of three independent experiments; ~100 cells
were randomly selected for each experiment. *P < 0.05 (Student’s t test). Two-way analysis of variance (ANOVA) detects a significant decrease in the
magnitude of up-regulation of LC3-positive puncta after starvation in Smcr8mutant MEFs compared to that in wild-type MEFs (P < 0.05). (G) Western blot
analysis of LC3 expression. Wild-type or Smcr8 mutant MEFs were treated with dimethyl sulfoxide (DMSO) or rapamycin (0.1 mM) for 3.5 hours before
protein lysate collection. b-Actin serves as the loading control. (H) Quantification of LC3-II/actin ratio from (G). Error bars represent SEM of three measure-
ments from three independent experiments; *P < 0.05 (Student’s t test). n.s. represents no significant difference in LC3-II expression between DMSO and
rapamycin treatment in Smcr8 mutant MEFs. Two-way ANOVA detects a significant decrease in the magnitude of LC3-II up-regulation after rapamycin
treatment in the Smcr8 mutant MEFs compared to wild-type MEFs (P < 0.05).
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mTOR complex 1 phosphorylates Ser757 on ULK1, which results in re-
pressing autophagy initiation (37, 38, 47). Under starvation, mTOR-
mediated inhibition of autophagy is released, resulting in autophagy
induction. Because our mass spectrometry data show that C9ORF72/
SMCR8 is associated with ULK1 (table S1), we hypothesized that
C9ORF72/SMCR8 regulates autophagy induction by affecting the ex-
pression or activity of ULK1. To test this hypothesis, we attempted to
confirm the interaction between the C9ORF72/SMCR8 complex and
ULK1/ATG13.We expressedC9ORF72 or SMCR8 alone or in combina-
tion in HEK293 cells. Endogenous ULK1 and ATG13 are coimmuno-
Yang et al. Sci. Adv. 2016; 2 : e1601167 2 September 2016
precipitated with C9ORF72 when it is expressed together with SMCR8,
but this co-IP is drastically reduced when C9ORF72 is expressed alone
(Fig. 6A). Furthermore, the interaction between C9ORF72/SMCR8 and
ULK1/ATG13 is enhanced under amino acid starvation conditions
(Fig. 6A). Together, these results suggest that C9ORF72/SMCR8 inter-
acts with the ULK1/ATG13 complex, which is facilitated by starvation
conditions.

To determine whether Ulk1 protein level is altered in Smcr8mutant
cells, we performed Western blot analyses and found that Ulk1 pro-
tein is significantly enhanced in mutant MEFs (Fig. 6, B and C). IP of
Fig. 5. C9orf72 knockdown disrupts autophagy induction. (A) Western blot analysis of LC3 expression. MEF cells infected with lentiviruses
expressing control or C9orf72 shRNA were treated with DMSO or rapamycin (0.1 mM) for 3.5 hours before protein lysate collection. b-Actin serves
as the loading control. (B) Quantification of LC3-II/actin ratio. Error bars represent SEM of three measurements from three independent experiments;
*P < 0.05 (Student’s t test). n.s. represents no significant difference in LC3-II expression between DMSO and rapamycin treatment in C9orf72 knock-
down MEFs. Two-way ANOVA detects a significant decrease in the magnitude of LC3-II up-regulation after rapamycin treatment in the C9orf72
knockdown MEFs compared to that in wild-type MEFs (P < 0.05). (C) Confocal imaging of MEFs stained with antibodies against LC3 (green). MEF cells
were infected with lentiviruses expressing control or C9orf72 shRNA followed by starvation. Hoechst stains the nuclei (blue). Scale bars, 10 mm. (D) Quan-
tification of LC3-positive puncta per cell in (C). Error bars represent SEM of three independent experiments; ~100 cells were randomly selected for each
experiment. *P < 0.05 (Student’s t test). (E) Western blot analysis of LC3 expression. Wild-type or Smcr8 mutant MEF cells were infected with lentiviruses
expressing control or C9orf72 shRNA as indicated followed by DMSO or rapamycin (0.1 mM) treatment for 3.5 hours before protein lysate collection. b-Actin
serves as the loading control. (F) Quantification of LC3-II/actin ratio. Error bars represent SEM of three measurements from three independent experiments;
*P < 0.05 (Student’s t test). n.s. represents no significant difference in LC3-II expression between DMSO and rapamycin treatment. Two-way ANOVA detects
a significant decrease in the magnitude of LC3-II up-regulation after rapamycin treatment in the C9orf72 knockdown, Smcr8 mutant, and C9orf72/Smcr8
double depletion MEFs compared that in to wild-type MEFs (P < 0.05).
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endogenousUlk1 in Smcr8mutant cells showsmarkedly enhanced pro-
tein levels of Ulk1 and Atg13 (Fig. 6, D and E). It is possible that Smcr8
masks the epitope that Ulk1 antibody recognizes; therefore, Smcr8 de-
pletion results in a more efficient IP of Ulk1. Together, these results
suggest that Smcr8 is required for normal levels of Ulk1 and Atg13.
Phosphorylation of Ser757 on Ulk1 controls autophagy initiation
(37, 38, 47). The increased protein level of Ulk1 and defective auto-
phagy induction in Smcr8 mutant cells prompted us to test whether
Ulk1 phosphorylation is also altered in mutant MEFs. Indeed, phos-
phorylated Ulk1 (phospho-Ulk1) is significantly enhanced in Smcr8
mutant MEFs (Fig. 6, F and G). In rapamycin-treated cells, phospho-
Ulk1 levels are also significantly increased (Fig. 6, F and G), which is
consistentwith the impaired autophagy induction in Smcr8mutant cells
(Fig. 4, E to H). Next, we examined phospho-Ulk1 expression in C9orf72
knockdown cells. In contrast to the up-regulation of phospho-Ulk1 in
Smcr8 mutant MEFs, C9orf72 knockdown results in a decrease in
phospho-Ulk1; C9orf72/Smcr8 double depletion leads to an intermedi-
ate level of phospho-Ulk1 in MEFs (Fig. 6, H and I). Together, these
results suggest that the C9ORF72 and SMCR8 regulate autophagy in-
duction by modulating ULK1 through distinct mechanisms.

Autophagic flux is defective in Smcr8-deficient cells
Autophagy induction is reduced (Fig. 4, E to H), but the autophagsome
numbers are increased in Smcr8 mutant cells reflected by increased
LC3-II levels (Figs. 4, G and H, and 5, E and F), suggesting that auto-
phagsome maturation is defective in Smcr8-deficient cells. Autophago-
some accumulation could be due to a blockage of autophagic flux
(24, 25). We used double-tagged LC3 proteins (mCherry-GFP-LC3)
to monitor autophagic flux. Simultaneous expression of mCherry and
GFP results in yellow signals under physiological pH, whereas an acidic
environment in the autolysosome quenches the GFP signal and results
in exclusively red signals (24, 45).We found that the yellowdot/total red
dot ratio is 50.1 ± 2.8% in control cells, whereas the yellow dot/total red
dot ratio is higher at 68.0 ± 4.2% in SMCR8 knockdown cells (Fig. 7A),
suggesting that relatively less GFP signal is quenched in knockdown
cells. These results indicate that autophagsome maturation is com-
promised in Smcr8-deficient cells, which is consistent with LC3-II
accumulation in Smcr8-deficient cells (Figs. 4, A, B, G, and H, and 7,
D and E). Next, we examined a well-defined autophagy substrate, p62
(48). Consistent with an impaired degradation function of auto-
phagsome, p62 is significantly accumulated in Smcr8-deficient cells
(Fig. 7, B, C, F, and G). Together, these results suggest that Smcr8 de-
pletion results in a defective autophagic flux.

Lysosomal degradation is mainly mediated by cysteine and aspartyl
protease, which are inhibited by leupeptin and pepstatin, respectively. If
an increased LC3-II level is due to the enhancement of autophagy in-
duction, blocking lysosomal degradation using leupeptin and pepstatin
A (LP) should result in a further increase of LC3-II levels. However, if an
increased LC3-II level is because of defective autophagsomematuration,
blocking lysosomal degradation using LP will not further increase LC3-II
levels (45). To confirm that increased LC3-II levels are due to defective
autophagsome maturation and not autophagy induction enhancement
in Smcr8 mutant cells, we treated MEFs for 3.5 hours with lysosomal
inhibitors (LP). This treatment leads to a significant accumulation of
endogenous LC3-II, reflecting blockage of LC3-II degradation after ly-
sosomal inhibitor (LP) treatment in control cells (Fig. 7D). However,
there is no significant further increase of LC3-II levels in Smcr8mutant
cells (Fig. 7,D andE). Consistentwith a blockage of autophagsomemat-
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uration, LP treatment fails to cause further accumulation of p62 in
Smcr8mutant cells (Fig. 7, F andG). Together, these results suggest that
Smcr8 depletion results in defective autophagsomematuration and im-
paired autophagosome degradation.

The defective autophagsome maturation could be due to a block in
autophagsome-lysosome fusion or lysosomal degradation. We failed to
detect a significant alteration in autophagosome-lysosome fusions in
Smcr8 mutant MEFs. Therefore, we examined lysosomal degradation.
CathepsinsD and L arewidely used as reportermolecules for trafficking
and maturation of lysosomal hydrolases (49, 50). Cathepsins D and L
are synthesized as preprocathepsins D and L, which are converted into
procathepsins D and L in the endoplasmic reticulum (ER) after
signaling peptides are removed. ProcathepsinD (52 kD) andprocathep-
sin L (36 kD) are generated in the ER transit from the trans-Golgi and
are transported to late endosomes and lysosomes. Encountering the
acidic environment in lysosomes, procathepsin D undergoes further
proteolytic processing into a 44-kD form and finally into the 32-kD
mature form. Procathepsin L is processed into a 24-kD mature form
(49, 50). In wild-typeMEFs, the procathepsin D 52-kD bandwas barely
visible, and the dominant signals were from 44-kD procathepsin D and
32-kDmature cathepsinD bands (Fig. 7H). In Smcr8mutantMEFs, the
mature cathepsin D level is significantly increased (Fig. 7, H and I). For
cathepsin L, both procathepsin L and mature cathepsin L levels were
significantly increased in Smcr8 mutant MEFs (Fig. 7, J and K). The
increased amounts of cathepsinsD and L in Smcr8mutant cells indicate
either an increase in their synthesis or a decrease in their degradation,
which is often observed when lysosomal function is disrupted (51–53).
Together, the defective autophagic flux could be due to a block of lyso-
somal degradation in Smcr8 mutant cells.

C9orf72 knockdown results in an increase in autophagic flux
Because C9ORF72 and SMCR8 are within a protein complex, we asked
whether autophagic flux is also compromised in C9orf72 knockdown
cells. We used double-tagged LC3 proteins (mCherry-GFP-LC3) to
monitor autophagic flux (45). Surprisingly, C9orf72 knockdown results
in a significant decrease in the ratio of yellow to red puncta (Fig. 8, A and
B). These results suggest that autophagic flux is enhanced in C9orf72
knockdown cells, which is opposite to the reduced autophagic flux in
Smcr8-depleted cells (Fig. 7A). Next, we measured p62 expression
and found that p62 is not significantly changed in C9orf72 knockdown
cells compared to controls (Fig. 8, C and D). Whereas increased auto-
phagic flux may lead to more efficient degradation of autophagy sub-
strate p62, autophagy induction is compromised inC9orf72 knockdown
cells (Fig. 5), which leads to more p62 accumulation. The combined al-
terations in autophagy induction and autophagic flux may result in
normal p62 expression levels in C9orf72 knockdown cells. The protein
level of p62 is slightly increased in C9orf72/Smcr8 double-depleted cells
(Fig. 8, C and D). Together, these results suggest that autophagic flux is
enhanced in C9orf72-deficient cells.

Altered autophagic flux and degradation could be due to changes in
lysosomal integrity. Next, we examined lysosomal integrity by moni-
toring the expression of cathepsins D and L. In C9orf72 knockdown
MEFs, themature cathepsinD level is slightly increased,whereas its pre-
cursor level appears normal (Fig. 8, E and F). In contrast, both pro-
cathepsin L and mature cathepsin L levels were significantly increased
in C9orf72 knockdownMEFs (Fig. 8, G and H). Together, these results
suggest that enhanced autophagic flux could be due to an increased ly-
sosomal degradation in C9orf72 knockdown cells.
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Fig. 6. The C9ORF72/SMCR8 complex regulates ULK1. (A) The interaction between C9ORF72/SMCR8 complex with ULK1 is enhanced under
starvation conditions. Flag-C9ORF72 and RFP-SMCR8 were transfected into HEK293 cells with or without amino acid starvation for 1 hour before protein
lysate collection. C9ORF72 protein was immunoprecipitated with M2 beads (anti-Flag) followed by Western blot analyses using antibodies as listed.
(B) Western blot analysis of Ulk1 expression in wild-type or Smcr8mutant MEFs. b-Actin serves as the loading control. (C) Quantification of Ulk1 expression
relative to actin. Error bars represent SEM of three measurements from three independent experiments; *P < 0.05 (Student’s t test). (D) Ulk1 protein in wild-
type or Smcr8 mutant MEFs was immunoprecipitated with Ulk1 antibodies followed by Western blot analyses. IgG, immunoglobulin G. (E) Quantification
of relative Ulk1 and Atg13 protein levels. Error bars represent SEM of three measurements from three independent experiments; *P < 0.01 (Student’s t
test). (F) Western blot analysis of phospho-Ulk1 (p-Ser757) expression. Wild-type or Smcr8 mutant MEFs were treated with DMSO or rapamycin (0.1
mM) for 3.5 hours before protein lysate collection. (G) Quantification of phospo-Ulk1 (p-Ulk1)/actin ratio. Error bars represent SEM of three measurements
from three independent experiments; *P < 0.05 (Student’s t test). (H) Western blot analysis of phospho-Ulk1 (p-Ser757) expression. Wild-type or Smcr8
mutant MEFs were infected with lentiviruses expressing control or C9orf72 shRNA constructs. b-Actin serves as the loading control. (I) Quantification of
relative levels of phospho-Ulk1. Error bars represent SEM of three measurements from three independent experiments; *P < 0.05 (Student’s t test).
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Fig. 7. Autophagic flux is defective in Smcr8-deficient cells. (A) Confocal imaging of HEK293 cells infected by lentiviruses expressing control or
SMCR8 shRNA. Double-tagged LC3 (mCherry-GFP-LC3) protein was used to indicate autophagic flux. The percentage of yellow dots, which maintains
both GFP and mCherry signal, out of total red dots is listed in the merged figures. Values represent SEM of three independent experiments; ~50 cells were
randomly selected for each statistical analysis. *P < 0.05 (Student’s t test). (B) Western blot analysis of p62 expression. b-Actin serves as the loading control.
(C) Quantification of p62 protein levels relative to actin. Error bars represent SEM of three measurements from three independent experiments; *P < 0.05
(Student’s t test). (D and F) Western blot analyses of LC3 (D) or p62 (F) expression in MEFs. MEFs were cultured in normal conditions or treated with
lysosome inhibitors LP (100 mM each) for 3.5 hours before protein lysate collection. b-Actin serves as the loading control. (E and G) Quantification of LC3-II
levels relative to actin (E) and p62 levels relative to actin (G). Error bars represent SEM of three measurements from three independent experiments; *P <
0.05 (Student’s t test). n.s. represents no significant difference of LC3-II or p62 expression. Two-way ANOVA detects a significant decrease in the magnitude
of LC3-II or p62 up-regulation after LP treatment in Smcr8 mutant MEFs compared to that in wild-type MEFs (P < 0.05). (H and J) Western blot analysis of
cathepsin D (H) or cathepsin L (J) expression. b-Actin serves as the loading control. CtsDp, procathepsin D; CtsDm, mature cathepsin D; CtsLp, procathepsin
L; CtsLm, mature cathepsin L. (I and K) Quantification of cathepsins D or L expression. Error bars represent SEM of three measurements from three
independent experiments; *P < 0.05 (Student’s t test); n.s. represents no significant difference detected.
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DISCUSSION

To gain insights into the biology of the C9ORF72 protein, we isolated
C9ORF72-containing complexes from human cells and characterized
their functions.We found that C9ORF72 forms a protein complex with
SMCR8, WDR41, and ATG101. Here, we investigated C9ORF72/
SMCR8’s functions in regulating autophagy and its actionmechanisms.

Our studies provide novel insights into C9ORF72/SMCR8’s func-
tions and its action mechanisms. First, in addition to forming a protein
complex as reported (34, 54), we found that C9ORF72, SMCR8,WDR41,
and ATG101 proteins exhibit similar peptide coverage (~60%) based on
mass spectrometry analysis, reflecting a near-stoichiometric presence.
In addition, C9ORF72 interacts with SMCR8 andWDR41 in a DENN
domain–dependentmanner. Starvation condition facilitates the interac-
tion between C9ORF72/SMCR8 and ULK1. Our gel filtration identifies
ATG101 as a component within the C9ORF72 complex, which could
further aid in understanding this protein complex’s functions. ULK1/
ATG13/FIP200/ATG101 complex acts as a key upstream factor to ini-
tiate autophagy (37, 38). It has been reported that Atg101 is essential for
autophagy initiation; Atg101 binds to Atg13 and is required for its pro-
tein stabilization; Atg101 is responsible for recruiting downstream
factors to the autophagosome formation sites (39, 40, 55). Future studies
Yang et al. Sci. Adv. 2016; 2 : e1601167 2 September 2016
should reveal if and how the C9ORF72/SMCR8 complex regulates
ATG101/ATG13 protein stabilization and ATG101’s functions in re-
cruiting downstream autophagy factors. Second, the C9ORF72/SMCR8
complex has dual functions in autophagy by modulating both auto-
phagy initiation and autophagic flux. Autophagy induction is compro-
mised in Smcr8 mutant cells. SMCR8 is associated with and regulates
the autophagy initiation factor ULK1. These data suggest that SMCR8
has a direct role in regulating autophagy initiation. However, it remains
possible that a high baseline in autophagsome number is due to defec-
tive lysosomal degradation, which ultimately results in aberrant autoph-
agy induction. Third, C9ORF72 and SMCR8 have overlapping and
distinct functions, although they are within the same protein complex.
C9orf72 or Smcr8 depletion results in impaired autophagy induction.
However, phospho-Ulk1 expression is enhanced in Smcr8 mutant
MEFs and is decreased in C9orf72 knockdown MEFs, suggesting that
they have different mechanisms to regulate autophagy initiation. In ad-
dition, studies using double-tagged LC3 protein show that autophagic
flux is enhanced in C9orf72 knockdown cells and is reduced in Smcr8
mutant cells. One potential explanation as towhyC9ORF72 and SMCR8
have distinct functions in autophagy is because they interact with and
activate different downstream Rab GTPases. Indeed, we found that
Fig. 8. C9orf72 knockdown results in an increase in autophagic flux. (A) Confocal imaging of GFP-mCherry expression in N2A cells infected with
lentiviruses expressing control or C9orf72 shRNA. (B) Quantification of the percentage of yellow dots, which maintains both GFP and mCherry signal, out of
total red dots. Values represent SEM of three independent experiments; ~50 cells were randomly selected for each statistical analysis. *P < 0.05 (Student’s t
test). (C) Western blot analyses of p62 expression. Wild-type or Smcr8 mutant MEFs were infected with lentiviruses expressing control or C9orf72 shRNA
followed by 72 hours of culture before protein lysate collection. b-Actin serves as the loading control. (D) Quantification of p62 levels relative to actin. Error
bars represent SEM of three measurements from three independent experiments; *P < 0.05 (Student’s t test). n.s. represents no significant difference
detected. (E and G) Western blot analysis of cathepsin D (E) or cathepsin L (G) expression in the control or C9orf72 knockdown MEFs. b-Actin serves as the
loading control. (F and H) Quantification of cathepsins D or L expression. Error bars represent SEM of three measurements from three independent
experiments; *P < 0.05, ***P < 0.001 (Student’s t test); n.s. represents no significant difference detected.
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C9ORF72 interacts with and activates RAB39B, but SMCR8 does not in-
teract with RAB39B under the same experimental conditions. Future stu-
dies should further reveal the mechanisms underlying these overlapping
and distinct functions of C9ORF72/SMCR8.

Our studies have important implications for C9ORF72-related neu-
rodegeneration diseases. It has been reported that C9orf72 depletion
alone in mice is not sufficient to cause motor neuron diseases (13, 19).
The fact that C9ORF72 and SMCR8 form a protein complex and have
overlapping functions in autophagy raises the possibility that Smcr8 has
compensatory effects on C9orf72 loss of function. Future studies should
examine whether double knockout of C9orf72 and Smcr8 causes auto-
phagy defects in neurons. Given the importance of autophagy in the
central nervous system (25, 56, 57), it is also important to determine
whether double-knockout C9orf72/Smcr8 causes neurodegeneration
due to defective autophagy in neurons. Multiple independent studies
show that C9orf72 ablation in mice results in defective immune
functions. It will be interesting to determine whether Smcr8 mutant
mice also exhibit dysregulation of immune functions, which could be
exacerbated in the C9orf72/Smcr8 double-knockout background. Be-
cause neurodegeneration is influenced by innate immune system and
inflammation (58, 59), future studies should reveal if and how dysregu-
lation of C9ORF72/SMCR8-mediated immune functions contributes to
neurodegenerative diseases.

There are several reports about the C9ORF72 protein complex and
its involvement in autophagy (34, 54, 60, 61). Our studies have revealed
novel information about C9ORF72/SMCR8 complex functions com-
pared to these recent studies. We found that ATG101 is a major
component of C9ORF72 protein complex, which leads to the finding
that C9ORF72 positively regulatesULK1 and autophagy initiation. Fur-
thermore, we showed that C9orf72 plays a role in autophagic flux.Most
notably, our studies using MEFs from Smcr8 knockout mice demon-
strate that Smcr8 has dual roles in autophagy initiation and autophagic
flux. Overall, our studies suggest that C9ORF72 and SMCR8 have dis-
tinct and overlapping functions at different steps of autophagy. It has
been reported that a long form of C9ORF72 (C9-L) and not the short
form of C9ORF72 (C9-S) interacts with SMCR8 and WDR41 (61, 62).
C9-L, but not C9-S, is decreased in the frontal cortex of patients with
FTD (61). Our gel filtration results show that a longer, but not shorter,
form of C9ORF72 comigrates with SMCR8, WDR41, and ATG101
(Fig. 1B), suggesting that the longer formofC9ORF72 regulates autoph-
agy. Future studies should determine whether C9-L and C9-S have dif-
ferent cellular functions relevant to the FTD diseases. Our co-IP
experiments failed to detect the interaction between SMCR8 and
RAB39B. However, Sellier et al. (34) showed an interaction between
SMCR8 and RAB39B, and the presence of SMCR8 is essential for the
complex to interact withRAB39B. These discrepancies could be because
we performed studies in the N2A cells, whereas their co-IP was done in
the HEK293 cells. Future studies should determine whether C9ORF72
and SMCR8 have differential interactions with other Rab GTPases and
their functional importance.
MATERIALS AND METHODS

Affinity purification of Flag-C9ORF72, Flag-SMCR8,
and Flag-WDR41
Expression constructs for Flag-C9ORF72, Flag-SMCR8, and Flag-
WDR41 were individually cotransfected with a puromycin resist-
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ance plasmid into HEK293 cells. Protein complexes were purified
(50 to 150 mg) from cytoplasmic extract (S100) with anti-Flag M2
affinity gel (Sigma). Two washes were performed using buffer A
[20 mM tris-HCl (pH 7.9), 0.5 M KCl, 10% glycerol, 1 mM EDTA,
5 mM dithiothreitol (DTT), 0.2 mM phenylmethylsulfonyl fluoride
(PMSF), 0.5% NP-40] followed by one wash with buffer B [20 mM
tris-HCl (pH 7.9), 0.1 M KCl, 10% glycerol, 1 mM EDTA, 5 mM
DTT, 0.2 mM PMSF]. Then, the affinity column was eluted with
Flag peptide (400 mg/ml). Proteins were further separated with
Superose 6 gel filtration chromatography. Fractions were examined
by SDS-PAGE analysis, and fractions containing C9ORF72/
SMCR8 were combined and concentrated with Millipore Amicon
Ultra (100K). Purified proteins were snap-frozen in liquid nitrogen
and stored at −80°C.

Generation of Smcr8bgeo/bgeo mutant mice
The Smcr8tm1(KOMP)Vlcg ES cells were obtained from the University of
California, Davis, Knockout Mouse Project Repository. Smcr8 locus
is partially replaced by a cassette containing lacZ-polyA followed by
a loxP-flanked hUbCpro-neo-polyA sequence. TheMouse Genetic Core
Facility at National Jewish Health at Denver, CO, performed the ES cell
injections intoC57BL/6Nblastocysts. The chimeric offspringswerema-
ted to 129S1/SvImJ mice for germline transmission; germline-
transmitted heterozygous females were crossed with CMV-Cre males
to remove the Neo cassette. The PCR primers used for genotyping
are as follows: LacF, acttgctttaaaaaacctcccaca; Smcr8-R, tgaacgaa-
gactgctgtgtttaccc; Smcr8-wtR, gtcagtgttttccactccgaagtcc; and Smcr8-
wtF, agaagcctatgcggataatgagggg. All animals were handled according
to protocols approved by the Institutional Animal Care and Use Com-
mittee at the University of Georgia, Athens.

Constructs
For RFP-SMCR8, the SMCR8 gene was cloned into the pTag-RFP-N
vector using the primers ggctcgagatgatcagcgcccctgac and ccgaattcg-
gattttatacaaaaagct. For RFP-WDR41, the WDR41 gene was cloned
into the pTag-RFP-N vector using the primers ggctcgagatgttgcgatg-
gctgatc and ccgaattcggacagcaaggtataagtc. For the GFP-C9ORF72,
the C9ORF72 gene was cloned into the pCAG–enhanced GFP vector
using the primers gaattcatgtcgactctttgccca and ggtaccgtaaaagtcatta-
gaacatc. For His-RAB39B, the RAB39B gene was cloned into the His
vector using the primers aactcgaggaggccatctggctgtacca and ttaagct-
tctagcacaaacatctcctct. C9orf72 shRNA constructs were derived from
the pLKO.1 vector using the targeting sequence gtgcagagaaagtaaataa
and ggcctacactctttcatct. SMCR8 shRNA constructs were derived from
the pLKO.1 vector using the targeting sequences ttacttctctttgcggattat
and caagagctctcggccgaattt.

Antibodies
The following antibodies were used: rabbit anti-C9ORF72 (sc-138763,
Santa Cruz Biotechnology), rabbit anti-SMCR8 (ab121682, Abcam),
rabbit anti-WDR41 (sc-137922, Santa Cruz Biotechnology), rabbit
anti-ATG101 (SAB4200175, Sigma), rabbit anti-ATG13 (13468, Cell
Signaling), rabbit anti-ULK1 (8054, Cell Signaling), rabbit anti–
phospho-ULK1 (6888, Cell Signaling), rabbit anti-p62 (5114, Cell
Signaling), rabbit anti-RFP (R10367, Invitrogen), mouse anti-LC3
(0231-100/LC3-5F10, Nanotools), rabbit anti-LC3 (PM036, MBL),
mouse anti–cathepsin D (AF1029, R&D Systems), rat anti–cathepsin
L (MAB9521, R&D Systems).
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GEF assay
For loading with GDP, 1 mMHis-RAB39B protein in 110 mM NaCl,
50 mM tris-HCl (pH 8.0), 1 mM EDTA, 0.8 mM DTT, and 0.005%
Triton X-100 was incubated with 50 mM BODIPY-GDP (Invitrogen)
for 60 min at 30°C. Then, 0.1 mM preloaded RAB39B proteins were
incubated with 7.5 nM C9ORF72 complex or control without
C9ORF72 complex in the buffer containing 110 mM NaCl, 50 mM
tris-HCl (pH 8.0), 12 mM MgCl2, 0.8 mM DTT, and 2 mM GDP so-
lution for 7 min. As a positive control, preloaded RAB39B was incu-
bated with 20 mM EDTA in the above solution. The fluorescence
intensity was recorded with Synergy H4 Hybrid Multi-Mode Microplate
Reader. The fluorescence intensity after equilibration with excess EDTA
was defined as 100% exchange.

MEF isolation
MEFs were isolated from E15.5 wild-type and Smcr8mutant embryos,
as described (63), and cultured in Dulbecco’s modified Eagle’s medium
(DMEM)with 15% fetal bovine serum (FBS) and penicillin/streptomycin
(50 mg/ml).

Cell culture and lentivirus infection
To knock down SMCR8 in HEK293 cells or C9orf72 in N2A cells, cells
were cultured in DMEM with 10% FBS plus penicillin/streptomycin
(50 mg/ml). Around 60% confluent, cells were infected by lentiviruses
expressing SMCR8 or C9orf72 shRNA followed by puromycin (2 mg/
ml) selection for 72 hours before experiments. To examine auto-
phagsome numbers or autophagic flux, GFP-LC3 or mCherry-GFP-
LC3 plasmids were transfected into HEK293 or N2A cells using
jetPRIME transfection reagents after puromycin (2 mg/ml) selection
for 48 hours. Twenty-four hours after plasmid transfection, cells were
fixed with 4% paraformaldehyde followed by immunostaining using
antibodies against GFP or mCherry. For starvation, ~80% confluent,
MEFs were infected by lentiviruses expressing C9orf72 shRNA
followed by puromycin (2 mg/ml) selection for 72 hours before exper-
iments. Smcr8mutant or C9orf72 knockdown MEFs were cultured in
DMEM with 15% FBS, washed with PBS, and then cultured in
amino acid–free DMEM (United States Biological) for 3.5 hours
before immunostaining using antibodies against LC3 (PM036, MBL).
To induce autophagy with rapamycin, Smcr8 mutant or C9orf72
knockdown MEFs cultured in DMEM with 15% FBS were treated
with rapamycin (0.1 mM) for 3.5 hours before protein lysate collec-
tion. To monitor the effects of blocking lysosomal degradation,
Smcr8 mutant or C9orf72 knockdown MEFs were treated with ly-
sosome inhibitors (LP) (100 mM each) for 3.5 hours before protein
lysate collection.

Immunoprecipitation
HEK293 or N2A cells were transfected with plasmids, as indicated
in the figures, and cultured for 36 hours before protein lysate collec-
tion. Cells were lysed in lysis buffer [50 mM tris-HCl (pH 7.4), 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, and 1 tablet protease inhibitor
(Roche) per 10 ml]. Cell debris was pelleted at 12,500 rpm for 10 min
at 4°C, and the supernatant was incubated with primary antibodies
overnight at 4°C. The lysates with antibodies were incubated with M2
or anti-GFP beads for 2 hours, followed by washing of the immuno-
precipitates three times with lysis buffer and elution of bound proteins
in SDS-PAGE sampling buffer at 100°C for 10min.Western blots were
performed using the antibodies described above.
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