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Abstract Autophagy is an intracellular recycling and degradation pathway that depends on
membrane trafficking. Rab GTPases are central for autophagy but their regulation especially
through the activity of Rab GEFs remains largely elusive. We employed a RNAi screen
simultaneously monitoring different populations of autophagosomes and identified 34 out of 186
Rab GTPase, GAP and GEF family members as potential autophagy regulators, amongst them
SMCR8. SMCR8 uses overlapping binding regions to associate with C9ORF72 or with a C9ORF72-
ULK?1 kinase complex holo-assembly, which function in maturation and formation of
autophagosomes, respectively. While focusing on the role of SMCR8 during autophagy initiation,
we found that kinase activity and gene expression of ULK1 are increased upon SMCR8 depletion.
The latter phenotype involved association of SMCR8 with the ULK1 gene locus. Global mRNA
expression analysis revealed that SMCRS regulates transcription of several other autophagy genes
including WIPI2. Collectively, we established SMCR8 as multifaceted negative autophagy regulator.
DOI: 10.7554/eLife.23063.001

Introduction
Cellular integrity is dependent on vesicular transport in between membrane-bound compartments.
Indispensable key players for intracellular trafficking are the Rab GTPases, which constitute the larg-
est family of small Ras-like G-proteins. Rab GTPase cycling between the GDP- and GTP-bound,
respective inactive and active states, is accelerated by Rab GTPase regulators. The intrinsic GTP
hydrolysis of Rab GTPases is enhanced by Rab GAPs (GTPase activating protein), while Rab GEFs
(guanine nucleotide exchange factor) induce the GTP-bound state. Active Rab GTPases recruit effec-
tor proteins that mediate vesicular budding, transport, targeting, tethering and fusion (see
Hutagalung and Novick (2011) for review).

Autophagy is an intracellular quality and quantity control pathway during which diverse cytosolic
cargoes such as damaged or surplus organelles, aggregated or misfolded proteins and pathogens
are engulfed by double membrane structures coined autophagosomes and delivered for bulk
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lysosomal degradation upon fusion of autophagosomes with lysosomes. This pathway originates
from established membrane compartments such as the endoplasmic reticulum, where precursor
structures and early autophagosome intermediates form. Phagophores and omegasomes are then
elongated by vesicular input and give rise to autophagosomes upon their closure. At the molecular
level, autophagy is initiated via inhibition of the mechanistic target of rapamycin complex 1
(mTORC1), causing formation of an active ULK1 (unc-51 like autophagy activating kinase 1) complex
(Kang et al., 2013; Kim et al., 2011; Jung et al., 2010). The ULK1 complex comprises the kinase
ULK1, FIP200/RB1CC1 (focal adhesion kinase interacting protein of 200 kDa/RB1 inducible coiled-
coill) (Hara et al., 2008), ATG13 (Ganley et al., 2009, Hara et al., 2008) and ATG101
(Hosokawa et al., 2009b; Mercer et al., 2009). Active ULK1 phosphorylates all of its complex part-
ners as well as subunits of the PI3K (phosphatidylinositol 3-kinase) class Il complex, namely Beclin1,
Atg14L1 and hVps34 (Jung et al., 2009; Russell et al., 2013; Egan et al., 2015; Park et al., 2016).
Phosphorylation of PI3K subunits induces generation of phosphatidylinositol-3-phosphate (PI3P) on
the nascent phagophore (Jaber et al., 2012; Burman and Ktistakis, 2010), which subsequently
recruits PI3P-binding proteins including WIPI2 (Polson et al., 2010). Consecutively, WIPI2 directs the
ubiquitin-like conjugation machinery consisting of the ATG5~ATG12-ATG16L1 complex, ATG3,
ATG7 and ATG10, to the elongated phagophore through association with ATG16L1 and hence,
induces conjugation of mammalian ATG8s (LC3s and GABARAPs) to phosphatidylethanolamine
(Polson et al., 2010; Dooley et al., 2014; Proikas-Cezanne et al., 2004; Tanida et al., 2004,
Weidberg et al., 2010). Mammalian ATG8 proteins regulate cargo selection and autophagosome
maturation through association with ATG8 family interaction motif (AIM, also known as LC3-interact-
ing region (LIR)) containing proteins (Behrends et al., 2010; Birgisdottir et al., 2013) engaging sep-
arate, independent functions (Weidberg et al., 2010). While LC3s (LC3A, LC3B, LC3C) are required
for phagophore elongation, GABARAPs (GABARAP, GABARAPL1, GABARAPL2) are indispensable
for autophagosome maturation (Weidberg et al., 2010; Joachim et al., 2015). In addition, either
group also operates in autophagy independent processes (Stadel et al., 2015; Genau et al., 2015).
Finally, fusion of closed autophagosomes with lysosomes is promoted by recruitment of SNARE pro-
teins such as STX17 and autophagosomal cargo is degraded (Itakura et al., 2012).

The involvement of certain Rab GTPases and GAPs in autophagy has already been analyzed in
several unbiased mid- and large-scale screening studies (Szatmari et al., 2014; Kern et al., 2015;
Itoh et al., 2011). For example, out of 36 TBC (Tre-2/Bub2/Cdc16) domain containing Rab GAPs 11
and 14 were found to inhibit starvation induced autophagy upon overexpression and to associate
with human ATGSs, respectively, revealing TBC1D14 (Lamb et al., 2016; Longatti et al., 2012) and
TBC1D5 (Popovic et al., 2012; Popovic and Dikic, 2014). Furthermore, several additional Rab
GTPases and GAPs have been studied intensively including RAB7, TBC1D25, RAB33B, TBC1D2,
RAB3GAP1 and RAB3GAP2 (Itoh et al., 2011; Carroll et al., 2013; Spang et al., 2014). However,
many aspects of autophagy regulation in respect to membrane trafficking remain unclear. In particu-
lar, we know close to nothing about the function of Rab GEFs in autophagy.

To systematically identify autophagy-regulating Rab GTPases, GAPs and GEFs we performed an
image-based RNAi screen monitoring a panel of early and late autophagosome markers in parallel
at endogenous levels. Using this approach, we found and validated 34 candidates, of which seven
(RAB27A (Ras-related protein Rab-27A), RAB27B, MADD (MAP kinase activating death domain),
DENND2C (DENN domain containing 2C), RAB36, TBC1D8 (TBC1 domain family member 8) and
SMCRS8 (Smith-Magenis syndrome chromosomal region, candidate 8)) were selected for further char-
acterization including electron microscopy and interaction proteomics. Very recently, several reports
detected SMCR8 in complex with C9ORF72 and WDR41 (Amick et al., 2016; Sellier et al., 2016;
Sullivan et al., 2016; Yang et al., 2016; Xiao et al., 2016; Blokhuis et al., 2016; Ugolino et al.,
2016). This complex was further identified as RAB39B GEF, which promotes autophagic clearance of
aggregated proteins (Sellier et al., 2016; Yang et al., 2016). Additionally, SMCR8 was implicated in
mTORC1 regulation, lysosomal quality control and ULK1 modulation (Amick et al., 2016;
Sullivan et al., 2016; Sellier et al., 2016; Yang et al., 2016; Ugolino et al., 2016). However, we
provide evidence for the existence of a holo-assembly consisting of all ULK1 and SMCR8 complex
subunits. Furthermore, SMCR8 depletion decreased phosphorylation of mTORC1 substrates but
markedly enhanced ULK1 kinase activity. Unexpectedly, we found that SMCR8 repressed ULK1 gene
expression independent of its GEF complex partners and regulated transcription of several other
autophagy genes. Hence, we identified SMCR8 as versatile negative autophagy regulator.
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Results

RNA.I screen identifies autophagy-modulating Rab machinery
components

Rab GTPases together with their activating (Rab GEFs) and inactivating (Rab GAPs) proteins are
essential regulators of endomembrane trafficking. Since the involvement of these components in
autophagy has not been systematically studied, we performed an unbiased, focused, image-based
RNAI screen to identify Rab GTPases as well as their GEFs and GAPs that regulate autophagy. To
comprehensively monitor the autophagy pathway at endogenous levels we first established parallel
immunostaining in 384 well format for several autophagy markers (i.e. WIPI2, ATG12, LC3B,
GABARAP and STX17), covering early autophagosome intermediates, autophagosomes and late
autophagosomes. Using pooled siRNAs individually targeting each marker we confirmed antibody
specificity in immunofluorescence (IF) and immunoblot analyses (Figure 1—figure supplement TA-
E). IF samples were measured on an automated confocal spinning disk microscope and spot num-
bers and their intensity were quantified and integrated using algorithm-based image analysis soft-
ware. siRNA-mediated knockdown of Raptor or RAB7A significantly increased spot number and
integrated spot signal (ISS) for all five markers while depletion of ATG12 or PIK3C3 significantly
decreased the ISS across our marker panel (Figure 1A and B). Knockdown efficiency of these con-
trols was confirmed by immunoblot or RT-qPCR analysis (Figure 1—figure supplement 1F-H).
Screenability of our autophagy markers was assessed using the z'-factor, which evaluates the differ-
ence between the positive and negative control as well as the standard deviation. Importantly, z'-fac-
tors for all five markers were above 0.5 (Figure 1B), indicating excellent screening conditions.

Next, we performed the primary screen using 186 siRNA pools including all hitherto known or
predicted human Rab GTPases, Rab GAPs and Rab GEFs (Figure 1C). Reverse siRNA transfection of
U20S cells was followed by fixation, parallel endogenous immunolabeling of all five established
autophagosome markers and automated IF analysis. After normalization of spot numbers and ISS to
non-targeting siRNA control (sicon), siRNA pools differing by more than two standard deviations for
LC3B, GABARAP and STX17 or by more than three standard deviations for WIPI2 and ATG12 were
selected as candidates. This primary screen yielded between 42 and 70 candidate siRNA pools per
autophagosome marker that showed increased spot parameters while overall only up to 10 spot
decreasing candidate siRNA pools were detected. Candidates of every autophagosome marker
were ranked according to the maximal increase or decrease in spot numbers as well as ISS and the
top ten altering siRNA pools for each individual marker plus those siRNA pools scoring for more
than one marker were selected for deconvolution resulting in a total of 71 candidates (Figure 1C).

In the deconvolution screen cells were reversely transfected with four individual siRNAs per gene,
fixed and immunolabeled for the respective autophagosome marker as before. After dataset normal-
ization to sicon, a toxicity filter was applied excluding all siRNAs that caused broad variation in the
number of cells or in the intensity or size of their nucleus or cytoplasm. To successfully pass deconvo-
lution, candidates had to fulfill the standard deviation criterion applied above for three out of four
individual siRNAs or for two out of three siRNAs in case one siRNA was removed due to cytotoxicity.
In total, our deconvolution screen validated 34 candidate genes whose depletion resulted in an
increase in spot numbers or ISS across our marker panel (11 for WIPI2, 15 for ATG12, four for LC3B,
four for GABARAP and 15 for STX17) (Figures 1C and 2A). Notably, none of the primary screen can-
didates whose knockdown decreased spot parameters passed our stringent deconvolution criteria.
The detection of genes with known function in autophagy like RAB7A, RAB11B and several TRAPP
components validated our screening results. As expected knockdown of RAB7A only increased spot
parameters of late autophagy markers (LC3B, GABARAP and STX17). In addition, we identified sev-
eral genes known to be involved in membrane trafficking such as TBC1D9B and RAB36 as well as
completely enigmatic genes like DENND2C and TBC1D8 (Figure 2A).

To assess reproducibility, robustness and potential off-target effects of our screen we performed
several quality control analyses. First, we examined biological replicates for LC3B and found signifi-
cant correlation between normalized numbers of LC3B-positive spots in both experiments
(Figure 1D), indicating high reproducibility. Second, the multiple correlation coefficient between sin-
gle and pooled siRNAs across all autophagosome markers was calculated to be above the signifi-
cance threshold of 0.3 (Figure 1E), suggesting valid candidate genes. Third, knockdown efficiency
was determined for two siRNAs per validated candidate by measuring relative mRNA levels using

Jung et al. elife 2017;6:€23063. DOI: 10.7554/eLife.23063 30f 32


http://dx.doi.org/10.7554/eLife.23063

LI FE Biochemistry | Cell Biology

sicon siRAB7A siATG12 sicon siRAB7A siATG12

sicon siRaptor SiATG12

sicon siRaptor siPIK3C3 z'-factor z'-factor "
25/ 0.87 il 15]0.79
« o 207 ~ 10
2 g 151 g
= = 1.0 205
05-.
0.0 . -_ 0.0 .
sicon siRaptor siPIK3C3 sicon siRaptor siPIK3C3
sicon siRaptor siPIK3C3
5.0 - 35,
0.76 301 0.89
2.5
g N
o 5 2.0
& = 1.5
1.04 sk
c 0.5
3 . .0 .
. . . B sicon siRaptor siPIK3C3 sicon siRaptor siPIK3C3
sicon SiRAB7A SIATG12 fe) c
X ik o] e
8 30]080 2 2(5) 061 =
S o 25
o £ » 291 5 0 2.0]
3 882 $315
- 2 59, 7]
2 £ ool . -
<} i
2] dkk e .
ks » 0.04 i—
o 1]
5 @
o)
€
=}
<

3.0 0.5 ok 0.52 okk
o 2254 %5l
< x 20 ox -
04 < <
z a15 2 1.0 .
< 0 1.0 0)
sicon siRaptor SIATG12 sicon siRaptor SiATG12 sicon siRaptor siATG12
40]0.70 0.52
1.54
= =20 =10
<20 X YT *
o B B
1.0 0.54
0.0 T 0.0- T
scale bar 40 pm sicon siRaptor SiATG12 sicon siRaptor siATG12
C - primary screen with 186 siRNA pools monitoring: D T 5 R2 0.39
N °
( WIPI2 ) ( ATG12> ( LC3B ) @ABARAFD ( STX17> Q T4
8Eg «
S - automated determination of spot numbers and ISS ..:_)' 23 3 ¢ o .
95’ - dataset normalization to sicon 5 £ § 2 8 .
g - candidate determination based on changes in both spot parameters -g o 1 ..A
0L
g 50t 481 421 o1t 701 CEAN L
& 104 104 8 01 23 4567
- ranking of candidates according to magnitude change nu:g?ﬂ::ﬁzl'gfg E;i::vs;p;ts
— - deconvolution screen with 4 individual siRNAs for the E P R2
10 strongest de-/increasing siRNA pools (71 in total)
d g P 7 m si#l 019
§ e 341 e 40T 331 2826 — A si#2 014
5 101 104 8wz 5 : . . si#3 0.11
2 22F 4 e o o si#t4 0.11
S - dataset normalization to sicon and application of a toxicity filter °% 3 multiple 0.31
% - selection of candidates scoring with at least 3/4 or 2/3 siRNAs 2 % _-5 ° o
2 in at least one spot parameter EEZ 2 X A
] co0£1
2 11T 1ST 15T o+—r—r——r—1—11
012 3456 738
number of spots normalized to sicon

<

+ 34/71 (~47%) validated candidates pool siRNAs

Figure 1. RNAi screen using endogenous autophagy markers identifies novel autophagy regulators among Rab GTPases and their regulators. (A)
Parallel multiplex autophagosome monitoring. U20S cells transfected for 72 hr with non-targeting control (sicon) or siRNA targeting known autophagy
regulators, namely Raptor and RAB7A as positive controls and ATG12 and PIK3C3 as negative controls, were fixed and immunolabeled with anti-WIPI2,
anti-ATG12, anti-LC3B, anti-GABARAP or anti-STX17 antibodies. Nuclei were counterstained with DRAQ5. Scale bars, 40 um. (B) Automated

Figure 1 continued on next page
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Figure 1 continued

quantification of number of spots and integrated spot signal (ISS) of at least 1000 cells per condition from images in (A). Error bars represent SEM.
Significance was determined using one-way ANOVA compared with sicon. All experiments were performed n = 3. Calculated z'-factors are indicated for
each antibody and for both spot parameters. (C) Overview of the screening strategy. Candidates that increase (arrow pointing up) or decrease (arrow
pointing down) spot numbers and ISS in the primary and deconvolution screen are indicated. See Figure 1—source data 1 and Figure 1—source
data 2 for complete results. (D) Correlation of number of LC3B-positive spots (normalized to sicon) from two biological replicates of the primary screen
monitoring 186 siRNA pools for immunolabeled LC3B. R?, Pearson's correlation coefficient. (E) Correlation of number of spots across all five autophagy
markers (normalized to sicon) between pooled and individual siRNAs of candidates assayed in the deconvolution screen. R?, Pearson’s correlation
coefficient.

DOI: 10.7554/eLife.23063.002

The following source data and figure supplement are available for figure 1:

Source data 1. Primary image-based RNAI screen of 186 genes.

DOI: 10.7554/eLife.23063.003

Source data 2. Deconvolution image-based RNAi screen of 71 genes.

DOI: 10.7554/elife.23063.004

Figure supplement 1. Evaluation of antibody specificity of early and late autophagosome markers.
DOI: 10.7554/¢elife.23063.005

RT-gPCR. 75% of all tested siRNAs showed a decreased mRNA level below 0.65 compared to sicon,
while 25% had to be excluded due to potential off-target effects (Figure 2B, Figure 2—figure sup-
plement 1).

Treatment response, ultrastructural and interactome analysis of
selected validated candidates

Based on knockdown efficiency, magnitude change in both spot parameters and literature curation,
we selected seven candidate genes (DENND2C, MADD, RAB27A, RAB27B, RAB36, SMCR8 and
TBC1D8) for further analysis. Knockdown with two individual siRNAs per candidate gene was per-
formed in basal (DMSO), inducing (Torin1) and blocking (BafilomycinA1 (BafA1)) autophagy condi-
tions prior to fixation, immunostaining and image analysis. While DENND2C, MADD, RAB27A,
RAB27B, RAB36, SMCR8 or TBC1D8 depleted cells showed significantly increased spot numbers
across several markers during basal autophagy as observed in our primary and deconvolution
screens, depletion of either of these candidates led to a further increase in spot formation for at
least one marker compared to sicon when cells were treated with Torin1 (Figure 2C, Figure 2—fig-
ure supplement 2 and Figure 2—figure supplement 3). Importantly, re-examination of our marker
panel under basal autophagy conditions with siRNAs from a different vendor largely confirmed the
observed phenotypes across all seven candidates (Figure 2—figure supplement 4A-C).

All seven candidate genes were subjected to ultrastructural analysis. Electron microscopy
revealed multi-lamellar bodies (Hariri et al., 2000) in RAB27A, RAB27B or MADD depleted cells and
numerous vesicular structures with single or double-membranes upon TBC1D8, DENND2C or
RAB36 knockdown (Figure 3A, Figure 3—figure supplement 1A). Importantly, both phenotypes
were not observed in control cells. Moreover, in cells lacking SMCR8 an increased number of homo-
geneously electron-dense vesicles with varying diameters typically below 1 um was observed, which
potentially represented lysosomes (Figure 3A, Figure 3—figure supplement 1A and B).

Next, we generated stable 293T-REx cell lines inducibly expressing amino (N)-terminal hemagglu-
tinin (HA)-tagged RAB27A, RAB27B, MADD, SMCR8, TBC1D8, RAB36 or DENND2C to determine
the interactome of these candidates. Following cell lysis and HA-immunoprecipitation (IP), HA pep-
tide eluted immune complexes were subjected to trypsin digestion, desalting and analysis by liquid
chromatography tandem mass spectrometry (LC-MS/MS). High-confidence candidate interacting
proteins (HCIPs) were identified by processing of mass spectral data using the CompPASS platform
(Behrends et al., 2010; Sowa et al., 2009). Consistent with the role of RAB27A and RAB27B in
melanosome transport (Fukuda, 2013), several components of this pathway (SYTL1, SYTL2, SYTL4,
SYTL5, MYRIP and EXPH5) were among the HCIPs of both Rab27 proteins (Figure 3B and C). Fur-
ther on, the autophagy regulators ATG2B (Velikkakath et al., 2012), SLC33A1 (Pehar et al., 2012),
VMP1 (Gilabert et al., 2013; Molejon et al., 2013) and TM9SF1 (He et al., 2009) were detected as
RAB27A HCIPs (Figure 3C, Figure 3—figure supplement 2A). In addition, RAB27B was associated

Jung et al. eLife 2017;6:€23063. DOI: 10.7554/eLife.23063 5 of 32


http://dx.doi.org/10.7554/eLife.23063.002
http://dx.doi.org/10.7554/eLife.23063.003
http://dx.doi.org/10.7554/eLife.23063.004
http://dx.doi.org/10.7554/eLife.23063.005
http://dx.doi.org/10.7554/eLife.23063

e LI FE Research article

Biochemistry | Cell Biology

A B relative mRNAlevels
norm. to Geomean/sicon

[ H

0 1 si#t1 si#2
C WIPI2 ) (ATG12> ( LC3B ) (GABARAP) CSTX17 > sicon
/DENND2C)  (DENND2C) (kiAA1147\ ( RAB7A ) 690R,:72\ C9ORF72

DENND4B | | DENND4B RAB7A TBC1D8 ccz1 ccz1
HPS4 DNAJC27 RABL2A TBC1D9B | |DENND2C DENND2C
KIAA1147 | | KIAA1147 VPS39 TRAPPCY HPS4
MADD MADD RAB14 DENND4B
RAB14 RAB11B RAB27A DNAJC27
RAB27B RAB14 RAB27B
RAB36 RAB33A RAB4B HPS4
TRAPPC3 RABAC1 RAB7A KIAA1147
TRAPPC6B| | RABGGTB ST5
VPS9D1 RABL2A TBC1D10C| MADD 0.31/0.23
SMCR8 TBC1D12 RAB11B  |0.18|0.05
TBC1D16 TBCK
TBC1D3 TRAPPC3L| RAB14 0.180.07

\ / \VPSQD1/ \ / \ / \VPS9D1/ RAB27A 0.04 0.06

RAB27B 0.29(0.02
RAB33A NA | NA

C []0/2 siRNAs [] 1/2 siRNAs I 2/2 siRNAs RAB36 0.17[0.41
D = DMSO T = Torin1 B = BafA1 RAB4B 0.03(0.21
N RAB7A 0.06(0.07
o N o B g - RABAC1 0.05
antibodies % g § g E RABGGTB 0.62
RABL2A
treatments T B D T D T SMCRS 0.4310.63
RAB27B ST5 0.26/0.21
RAB27A TBC1D10C |0.54
MADD TBC1D12 0.14
SHCRS TBC1D16  |0.13|0.59
TBC1D3  |0.42|0.68
DENND2C TBC1D8  |0.23[0.60
RAB36 TBC1D9B  0.15(0.11
TBC1DS TBCK 0.41|0.51
TRAPPC3 0.13-
TRAPPC3L (0.20|0.61
TRAPPC6B [0.63]0.50
TRAPPCY (0.46|0.07
VPS39 0.27/0.34
VPS9D1

Figure 2. Knockdown efficiency and treatment response of validated candidates. (A) Overview of the validated
candidates from the siRNA screen for each autophagy marker. Candidates that scored with more than one marker
are indicated in bold. (B) Heatmap representation showing knockdown efficiency of two siRNAs for each of the 34
validated candidates that passed deconvolution. U20S cells transfected with non-targeting control (sicon) or
siRNAs targeting indicated candidates for 72 hr were harvested and subjected to mRNA isolation, reverse cDNA
transcription and RT-qPCR with primers specific for the respective candidate gene. Relative mRNA levels were
normalized to sicon. NA = Not analyzed. See Figure 2—figure supplement 1 for complete results as well as
Supplementary file 1 and Supplementary file 2 for siRNA and primer sequences. (C) Heatmap representation
showing significant increase in WIPI2-, ATG12-, LC3B-, GABARAP- and STX17-positive spot numbers upon
depletion of indicated candidates with one (light green) or two (dark green) oligos out of two siRNAs from (B).
U20S cells were transfected with non-targeting control (sicon) or siRNAs targeting indicated candidates for 72 hr
and grown for 1 or 2 hr in the absence (D = DMSO) or presence of 250 nM Torin1 (T) or 100 nM BafilomycinA1
(BafA1, B), respectively. Following fixation cells were labeled with anti-WIPI2, anti-ATG12, anti-LC3B, anti-
GABARAP or anti-STX17 antibodies and subjected to confocal microscopy. Number of spots were automatically
Figure 2 continued on next page
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Figure 2 continued

quantified for at least 1000 cells per condition and normalized to sicon. See Figure 2—figure supplement 2 for
example images as well as Figure 2—figure supplement 3 for complete results and statistics.

DOI: 10.7554/¢elife.23063.006

The following figure supplements are available for figure 2:

Figure supplement 1. Evaluation of knockdown efficiencies of deconvoluted candidates.

DOI: 10.7554/eLife.23063.007

Figure supplement 2. Qualitative analysis of selected validated candidates upon autophagy stimulation.
DOI: 10.7554/eLife.23063.008

Figure supplement 3. Quantitative analysis of selected validated candidates upon autophagy stimulation.
DOI: 10.7554/elife.23063.009

Figure supplement 4. Phenotype and knockdown evaluation of selected validated candidates by alternative
siRNA oligos.

DOI: 10.7554/elife.23063.010

with its known GEF MADD (Figure 3B), which itself retrieved several kinases, amongst them the
TFEB interactor PPP3CB (Medina et al., 2015) (Figure 3D). Importantly, IP of VMP1 and ATG2B
with RAB27A was independently confirmed by immunoblotting (Figure 3—figure supplement 2B).
Moreover, FYCO1 (Pankiv and Johansen, 2010; Pankiv et al., 2010) and the PIP2-binding protein
ARHGAP26 (Moreau et al., 2012) were identified as HCIPs of DENND2C (Figure 3E), while RAB36
and TBC1D8 did not associate with known autophagy regulators (Figure 3F and G). Finally, the
interactome of SMCR8 revealed members of the iron-sulfur cluster assembly machinery (FAM96B,
CIAO1, GLRX5 and NUBPL) (Stehling et al., 2012), the lysosome maturation and trafficking BLOC-2
complex subunit HPS6é (Bultema et al., 2012), the Rab GEF C9ORF72 and its cofactor WDR41
(Sellier et al., 2016; Xiao et al., 2016; Amick et al., 2016, Yang et al., 2016; Blokhuis et al., 2016;
Ugolino et al., 2016, Zhang et al., 2012, Levine et al., 2013) as well as the ULK1 complex compo-
nent FIP200 (Behrends et al., 2010; Sullivan et al., 2016; Sellier et al., 2016; Yang et al., 2016) as
prominent HCIPs (Figure 3H). Association of SMCR8 with the latter three was recently linked to
autophagy modulation (Sellier et al., 2016; Sullivan et al., 2016; Amick et al., 2016; Yang et al.,
2016). Since the role of Rab GEFs in autophagy regulation is largely unknown with the exception of
the TRAPP complex (Lamb et al., 2016), we selected SMCRS for further functional characterization.

Differential binding of SMCR8 to the ULK1 complex components and
C9ORF72

To validate autophagy-linked HCIPs within the SMCR8 network, we transiently expressed HA-tagged
SMCR8 or ATG13, followed by HA-IP and immunoblotting. Indeed, the ULK1 complex members
ULK1, FIP200 and ATG13 as well as C9ORF72 associated with tagged SMCR8 (Figure 4A and B),
while endogenous SMCR8 was retrieved with HA-tagged ATG13 (Figure 4C). Importantly, the asso-
ciation of SMCR8 with ULK1 and FIP200 was confirmed at endogenous levels (Figure 4D). Next, we
addressed whether the association of SMCR8 and C9ORF72 with each other or with the ULK1 com-
plex is altered upon autophagy induction (Figure 4E,F and G). Consistent with recent work, starva-
tion or Torin1 treatment did not affect the binding between SMCR8 and CYORF72 (Amick et al.,
2016; Yang et al., 2016). Intriguingly, IP of overexpressed HA-tagged or endogenous SMCR8
revealed an increased FIP200 binding to SMCR8 upon autophagy induction while SMCR8 interaction
with ATG13 was reduced. Furthermore, C9ORF72 association with ULK1 complex components was
remarkably sensitive to nutrient starvation as their interaction was almost undetectable in fed cells
and increased substantially upon starvation. However, binding of SMCR8 to ULK1, FIP200 and
ATG13 was more pronounced in fed cells compared to C9ORF72-ULK1 complex association in
starved cells (Figure 4F). Together, these results indicate that binding of SMCR8 to C9ORF72 and
the ULK1 complex is differentially regulated.

SMCRS binds ULK1 complex components and C9ORF72 via overlapping
regions

To map the binding regions of ULK1 complex members and C9ORF72 on SMCR8 we employed a
panel of cells transiently expressing HA-tagged full-length SMCR8 or fragments thereof followed by
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Figure 3. Ultrastructural analysis and interaction proteomics of selected validated candidates. (A) U20S cells transfected with indicated siRNAs for 72 hr
were harvested and subjected to sample preparation for electron microscopy followed by image acquisition. Scale bars, 2 and 0.4 um as indicated.
Arrowheads indicate homogeneously electron-dense vesicles. (B-H) Lysates of 293T-REx cells inducibly expressing indicated HA-tagged bait proteins
(RAB27B (B), RAB27A (C), MADD (D), DENND2C (E), TBC1D8 (F), RAB36 (G) and SMCRS (H)) were subjected to HA-IP, followed by trypsin digestion and
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Figure 3 continued

mass spectrometric analysis. Individual interaction networks of indicated bait proteins with high-confidence candidate interacting proteins (HCIPs;
average APSM of >2 and WDN score of >1) are color-coded according to autophagy-related (red), other known (green) and orphan (grey) association
partners. Line thickness indicates interactions with WDN scores between 1 and 15. See Figure 3—figure supplement 2 and Figure 3—source data 1
for complete proteomic data.

DOI: 10.7554/eLife.23063.011

The following source data and figure supplements are available for figure 3:

Source data 1. Complete interaction proteomics of 7 bait proteins.

DOI: 10.7554/elife.23063.012

Figure supplement 1. Phenotype and knockdown evaluation of selected validated candidates by alternative siRNA oligos for EM.

DOI: 10.7554/eLife.23063.013

Figure supplement 2. Interaction network of RAB27A reveals interaction with ATG2B and VMP1.

DOI: 10.7554/elife.23063.014

HA-IP and immunoblot (Figure 5A and B and Figure 5—figure supplement 1A and B) or MS analy-
sis (Figure 5—figure supplement 1C and D). Notably, SMCR8 fragments were designed in consid-
eration of the domain boundaries of the tripartite DENN module, which is composed of the
N-terminal u-DENN/longin, the central DENN, and the C-terminal d-DENN domains (Zhang et al.,
2012) and bioinformatically predicted secondary structure elements (Drozdetskiy et al., 2015). This
binding analysis revealed that the SMCR8 fragment spanning amino acids (aa) 120-320 was required
and sufficient for the binding of ATG13 and immunoprecipitated even more endogenous ATG13
than full-length SMCR8. Conversely, association of FIP200 and ULK1 with SMCR8 was enhanced
when the entire N-terminal fragment encompassing aa 1-700 was used and was dependent on the
ATG13 binding site since further truncations of the N-terminus (compare fragments 271-700 and 1-
700) reduced binding of FIP200 and ULK1 to SMCR8. As SMCR8 fragment 1-700 retrieved increased
amounts of endogenous ULK1 and FIP200 compared to fragment 1-500, the region in between aa
500-700 of SMCR8 seemed particularly important for binding to ULK1 and FIP200. Furthermore,
association of FIP200 and ULK1 with the SMCR8 fragment 1-700 was increased compared to full-
length SMCR8 (Figure 5A and B and Figure 5—figure supplement 1A-D), indicating a potential
inhibitory role of the C-terminal region of SMCR8 spanning aa 701-937, which itself did not interact
with any of the tested binding partners (Figure 5—figure supplement 1A and B). For C9ORF72, a
SMCRS8 fragment consisting of aa 1-400 was necessary and sufficient to mediate binding. Further
N-terminal or C-terminal clipping of the SMCR8 fragment 1-400 completely abolished binding of
C9ORF72. Interestingly, SMCR8 fragment 1-400 showed strongly reduced interaction with ATG13
compared to fragment 1-320, suggesting that the region encompassing aa 320-400 of SMCR8 has
an inhibitory and promoting role in the association with ATG13 and C9ORF72, respectively
(Figure 5A and B). Since these results provide evidence for tight association of SMCR8 with ULK1
complex members and C9ORF72 via overlapping binding regions (Figure 5C), we examined whether
ATG13 and C9ORF72 compete for binding to SMCR8. However, increasing amounts of exogenously
expressed GFP-tagged ATG13 or C9ORF72 were not able to outcompete C9ORF72 or ATG13 from
SMCR8 immune complexes (Figure 5D and E). Further on, SMCR8 overexpression or depletion did
not alter association between ULK1 complex components (Figure 5F and G).

SMCRS is part of a C9ORF72 complex and a C9ORF72-ULK1 complex
holo-assembly

To start addressing whether SMCR8 associates with its binding partners in two distinct complexes or
in one holo-assembly, we subjected eluted immune complexes of exogenously expressed HA-
tagged SMCR8, C9ORF72, ATG13 and ULK1 to Native PAGE followed by immunoblot or MS analy-
sis (Figure 6A). Together with WDR41 but in the absence of any ULK1 complex component, SMCR8
and C9ORF72 formed a stable complex whose migration in Native PAGE peaked between 480 and
720 kDa. As reported Mercer et al. (2009), ATG13 associated with ATG101 and formed a similar
size complex that likewise lacked FIP200 and ULK1, the latter of which also existed unbound by its
complex partners. However, all SMCR8-binding partners, namely C9ORF72, WDR41 as well as the
ULK1 complex were also present in a second higher molecular weight assembly that migrated
between 720 and 1200 kDa. Complementary size exclusion chromatography (SEC) experiments of
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Figure 4. SMCR8 associates with ULK1 complex components and C?ORF72. (A-C) Empty 293T-REx cells (MOCK) or those inducibly expressing HA-
tagged SMCR8 (A,B) or ATG13 (C) were lysed and subjected to HA-IP, followed by SDS-PAGE and immunoblotting with indicated antibodies. (D) 293 T
cells transfected with non-targeting control (sicon) or SMCR8 siRNA for 72 hr were lysed, followed by IP with anti-SMCR8 or anti-IgG as control. Co-
immunoprecipitated proteins were separated by SDS-PAGE and analyzed by immunoblotting. (E) Empty 293T-REx cells (MOCK) or those inducibly
expressing HA-tagged SMCR8 were grown in the absence (DMSO) or presence of 250 nM Torin1 for 2 hr and analyzed as in (A). (F) Empty 293T-REx
cells (MOCK) or those inducibly expressing HA-tagged SMCR8 or C9ORF72 were starved with EBSS for 2 hr and analyzed as in (A). exp. = exposure. (G)
293 T cells transfected with non-targeting control (sicon) or SMCR8 siRNA for 72 hr were grown in the absence (DMSO) or presence of 250 nM Torin’
for 2 hr, prior to lysis, followed by IP with anti-SMCR8 or anti-IgG as control. Co-immunoprecipitated proteins were separated and detected by SDS-
PAGE and immunoblotting, respectively.

DOI: 10.7554/elLife.23063.015

whole cell lysates followed by immunoblot analysis confirmed the distribution of the ULK1 complex
in a high molecular weight assembly above 1 MDa (Figure 6B). Accordingly, SMCR8 was detected in
fractions between 440 and 669 kDa in a SMCR8-C9ORF72-WDR41 complex and above 669 kDa in a
SMCR8-C?ORF72-WDR41-ULK1 complex holo-assembly (Figure 6B). Notably, specificity of the anti-
SMCRS8 antibody was verified with SEC of whole cell lysates from SMCR8 knockdown cells (Fig-
ure 6—figure supplement 1A). In agreement with our co-immunoprecipitation experiments
(Figure 5G), SMCR8 depletion left the ULK1 complex distribution unchanged (Figure 6—figure sup-
plement 1A). To gain more insights into the SMCR8-C9ORF72-ULK1 holo-complex, we combined IP
of HA-tagged ATG13 with SEC and MS analysis (Figure 6C). The size fractionation pattern of eluted
ATG13 immunoprecipitates revealed three distinct populations of the common SMCR8-C9ORF72-
WDR41-ULK1 complex assembly, which peaked at approximately 500 kDa, 1 MDa and several MDa,
respectively, and might represent monomeric and multimeric states of this holo-assembly as sug-
gested previously for the ULK1 complex (Hosokawa et al., 2009a; Kéfinger et al., 2015). Since
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Figure 5. SMCR8 employs overlapping binding regions to associate with ULK1 complex components and C?ORF72. (A) 293 T cells transiently
transfected with HA-tagged full length (fl) SMCR8 or indicated fragments thereof were lysed and subjected to HA-IP and analyzed by SDS-PAGE and
immunoblotting with indicated antibodies. exp. = exposure. (B) Immunoblots in (A) were quantified using ImageJ. Co-immunoprecipitated proteins
were normalized to the amount of HA-tagged SMCR8 fragments. Fold enrichment compared to full length SMCR8 was calculated and displayed as
heatmap. (C) Domain architecture of SMCR8 with mapped binding regions for FIP200, ULK1, ATG13 and C9ORF72. (D) Empty 293T-REx cells (MOCK)
or those inducibly expressing HA-tagged SMCR8 were transfected with GFP-ATG13 or GFP-C9ORF72, lysed and subjected to HA-IP, followed by SDS-
PAGE and immunoblotting with indicated antibodies. (E) Immunoblots of 3 independent experiments in (D) were quantified using ImageJ. Co-
immunoprecipitated proteins were normalized to the amount of HA-tagged SMCR8. Fold enrichment compared to SMCR8 was calculated and
displayed as heatmap. (F) 293 T cells transfected with increasing amounts of HA-tagged SMCR8 were lysed, followed by IP with anti-ULK1 or anti-IgG as
control. Co-immunoprecipitated proteins were analyzed as in (D). Immunoblots of 3 independent experiments were quantified using ImageJ. Co-
immunoprecipitated proteins were normalized to the amount of ULK1. Fold enrichment compared to ULK1 was calculated and displayed as heatmap.
(G) Lysates from 293 T SMCR8 wildtype (wt) or knockout (ko) cells were subjected to IP with anti-ULK1, anti-FIP200 or anti-lgG as control. Co-
immunoprecipitated proteins were analyzed as in (D). Immunoblots of 3 independent experiments were quantified using ImageJ. Co-
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immunoprecipitated proteins were normalized to the amount of ULK1 or FIP200, respectively. Fold enrichment compared to ULK1 or FIP200 was

calculated and displayed as heatmap.

DOI: 10.7554/elife.23063.016

The following figure supplement is available for figure 5:

Figure supplement 1. SMCR8 employs overlapping binding regions to associate with ULK1 complex components and C9ORF72.

DOI: 10.7554/elife.23063.017

autophagy induction resulted in enhanced interaction of SMCR8 and C9ORF72 with the ULK1 com-
plex (Figure 4F), we examined the fractionation pattern of these components in whole cell lysates or
eluted immune complexes by SEC upon Torin1 treatment. However, we could not observe major
changes in the distribution of the ULK1 complex components, SMCR8 or C9ORF72 under these con-
ditions (Figure 6—figure supplement 1B-E). In summary, our results indicate that SMCR8 binds
C9ORF72 and WDR41 to form a stable complex that is joined by the ULK1 complex to form an even
larger combined assembly.

SMCRS regulates both initiation and maturation of autophagosomes
Although Charlet-Berguerand and colleagues recently demonstrated GEF activity of SMCR8 in com-
plex with C9ORF72 and WDR41 towards RAB8A and RAB39B of which the latter is required to pro-
mote clearance of aggregated proteins dependent on SMCR8 phosphorylation by TBK1
(Sellier et al., 2016), the exact function of SMCR8 in autophagy is far from being clearly understood.
Given that SMCR8 knockdown increased spots of early and late autophagosome markers across our
different screening efforts (Figure 2A and C, Figure 2—figure supplement 4A-C), we performed
an additional series of experiments to unequivocally establish a role of SMCR8 in formation or matu-
ration of autophagosomes. Briefly, we analyzed cells stably expressing RFP-GFP-LC3B through which
autophagosomes can be distinguished from autolysosomes due to loss of pH-sensitive GFP fluores-
cence in autolysosomes (Kimura et al., 2007). Upon SMCR8 knockdown, we observed an increase in
total number of spots (Figure 6—figure supplement 2A and B), which can result from enhanced for-
mation of autophagosomes or from blockage of autophagosome maturation. Indicative of the latter
is that the ratio of autophagosomes to autolysosomes in SMCR8 depleted cells (at least for
siSMCR8#20) showed a considerable shift in favor of autophagosomes. Furthermore, treatment of
control cells with BafA1 increased the ratio and the total number of spots as expected (Figure 6—
figure supplement 2A and B). Additional loss of SMCRS slightly aggrandized this increase, suggest-
ing a role of SMCR8 in formation of autophagosomes. At last, Torin1 treated cells depleted of
SMCRS further accumulated spots, which is again an indication for blockage of autophagosome mat-
uration. Together, we concluded that SMCR8 exerts two independent functions in autophagy. On
one hand SMCR8 represses autophagosome formation and on the other hand SMCR8 promotes
autophagosome maturation.

SMCRS8 depletion increases the formation of early autophagosome
intermediates

Subsequently, we focused our efforts on addressing how SMCR8 affects autophagosome formation.
Given the fact that SMCR8 is part of the ULK1 complex, we examined the localization of ULK1 and
FIP200 in cells lacking SMCR8. In addition, we also monitored the PI3P effector WIPI2 as surrogate
for hVps34 activity, which is regulated by ULK1 (Russell et al., 2013). Intriguingly, SMCR8 knockout
(ko) cells displayed a significant increase in spot numbers of all three markers (Figure 6—figure sup-
plement 3A-D). To test whether these spots indeed represent early autophagosome intermediates
positive for both ULK1 and WIPI2, we monitored the subcellular distribution of both markers in
SMCRS depleted cells. Consistent with our results in SMCR8 knockout cells, loss of SMCR8 yielded
significantly elevated numbers of ULK1 positive spots (Figure 6—figure supplement 3E and F).
Conversely, but in agreement with our initial screening results, RNAi-mediated knockdown of
SMCR8 was not sufficient to phenocopy the increase in WIPI2 positive spots observed in cells
completely lacking SMCR8 (Figure 2A, Figure 6—figure supplement 3E and F). Importantly, coloc-
alization of ULK1 with WIPI2 increased about 2-fold upon SMCR8 depletion in basal and Torin1-
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Figure 6. SMCR8 is part of a COORF72 complex and a CPORF72-ULK1 complex holo-assembly. (A) 293T-REx cells inducibly expressing HA-tagged
SMCR8, C9ORF72, ATG13 or ULK1 were lysed and subjected to HA-IP, followed by Native PAGE and immunoblotting or mass spectrometric analysis.
Number of peptides is depicted as heatmap representation. exp. = exposure. See Figure 6—source data 1 for complete proteomic data. (B) 293 T
cells were lysed via freeze-thaw cycles and subjected to SEC, followed by SDS-PAGE and immunoblot with indicated antibodies. SMCR8 complexes are
indicated with bars. (C) 293T-REx cells inducibly expressing HA-tagged ATG13 were lysed and subjected to HA-IP, followed by SEC and mass
spectrometric analysis. Peptide intensity is depicted as heatmap representation. Arrows indicate intensity peaks. See Figure 6—source data 2 for
complete proteomic data.

DOI: 10.7554/eLife.23063.018

The following source data and figure supplements are available for figure é:

Source data 1. Proteomic data from Native PAGE analysis of HA-IPs.

DOI: 10.7554/elife.23063.019

Source data 2. Proteomic data from SEC of immunoprecipitated HA-ATG13.

DOI: 10.7554/eLife.23063.020

Figure supplement 1. Composition of SMCR8-containing complexes is unchanged in response to Torin1 treatment.
DOI: 10.7554/elife.23063.021

Figure supplement 2. Dual role of SMCR8 in regulating initiation and maturation of autophagosomes.

DOI: 10.7554/elLife.23063.022

Figure supplement 3. SMCR8 depletion induces formation and colocalization of ULK1- and WIPI2-positive structures.
DOI: 10.7554/eLife.23063.023

treated conditions (Figure 6—figure supplement 3E and G), suggesting an enhanced formation of
early autophagosome intermediates in the absence of SMCRS.
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SMCRS regulates ULK1 kinase activity

To gain further insights into the mechanism of SMCR8-mediated autophagy initiation restriction, we
examined the effect of SMCR8 depletion on ULK1 kinase activity. Intriguingly, in both Torin1 and
control treated cells phosphorylation of the ULK1 substrate ATG13 at serine (S) 318 was substantially
increased upon SMCR8 knockdown (Figure 7A), while lack of COORF72 or WDR41 caused the oppo-
site effect (Figure 7B and C). Monitoring S29 phosphorylation of ATG14, which represents another
substrate of ULK1, independently confirmed the inhibitory function of SMCR8 on ULK1 kinase activ-
ity (Figure 7D and Figure 7—figure supplement 1A), whereas absence of C9ORF72 left S29 phos-
phorylation unchanged (Figure 7E). Since ULK1 kinase activity can be regulated via several upstream
kinases (Alers et al., 2012), we examined whether SMCR8 mediated repression of ULK1 kinase activ-
ity is dependent on mTORC1 or AMPK. As expected, Torin1 treatment completely blocked
mTORC1-dependent ULK1 S757 phosphorylation and led to concurrently increased phosphorylation
of ATG13 (Figure 7A,C and F (compare sicon DMSO to sicon Torin1)). Similarly, glucose starvation
increased AMPK-dependent ULK1 S317 phosphorylation (Figure 7—figure supplement 1B). Upon
SMCR8 depletion, mTORC1-dependent phosphorylation of ULK1 at S757 was completely abolished
after treatment with Torin1 but enhanced in control cells (Figure 7F). Unexpectedly, absence of
SMCRS increased ULK1 protein levels more than 3-fold compared to control cells. Densitometric
analysis of the ratio between phosphorylated and total ULK1 protein levels revealed that S757 phos-
phorylation is marginally decreased upon SMCR8 knockdown. A similar phenotype was also
observed for the mTORC1 substrate S6K but not for 4EBP1. In contrast, SMCR8 depletion did not
change AMPK-dependent ULK1 S317 phosphorylation (Figure 7G). Since ULK1 protein levels were
elevated in SMCR8 depleted cells, we tested the effect of ULK1 overexpression on ATG13 phos-
phorylation. Increasing the amounts of ULK1 by simple overexpression slightly induced ATG13 S318
phosphorylation, while SMCR8 knockdown caused a more than 3-fold increase (Figure 7H), suggest-
ing that SMCR8 imposes an inhibitory effect on the kinase activity of ULK1 in addition to controlling
ULK1 protein abundance. Together with the observation that phosphorylation of ATG13 is higher in
untreated cells depleted of SMCR8 than in Torin1 stimulated sicon transfected cells (Figure 7A),
these results indicate that SMCR8-mediated regulation of ULK1 kinase activity comprises mTORC1-
dependent and -independent traits.

SMCRS regulates ULK1 gene expression

Given that SMCR8 depletion increased ULK1 protein amounts (Figure 7F), we also tested other
ULK1 complex components in this regard. However, in contrast to ULK1, FIP200 and ATG13 protein
levels remained unchanged upon SMCR8 knockdown (Figure 8A). Importantly, re-expression of full-
length SMCR8 was able to rescue SMCR8 depleted cells from elevated ULK1 protein levels
(Figure 8B). Next, we investigated whether SMCR8 regulates ULK1 protein abundance in concert
with its binding partners C9ORF72 and WDR41. However, ULK1 protein levels remained unchanged
in cells lacking C9ORF72 or WDR41 (Figure 8C). Thus, regulation of ULK1 protein abundance by
SMCRS8 seems independent of its function within the SMCR8-C9ORF72-WDR41 GEF complex. At
last, we assessed whether the SMCR8 dependent increase in ULK1 protein levels is due to altered
ULK1 gene expression. RT-gPCR analysis revealed that knockdown of SMCR8 caused elevated ULK1
mRNA levels, while FIP200 mRNA levels remained unchanged, consistent with constant FIP200 pro-
tein abundance upon SMCR8 depletion (Figure 8A,D and E). Collectively, our data supports a dual
role of SMCRS8 in regulating ULK1 at the level of gene expression and kinase activity.

Restored regulation of ULK1 protein levels in SMCR8 knockout cells

We initially confirmed the observed increase in ULK1 protein levels upon SMCR8 knockdown in
HAP1 SMCR8 knockout cells (Figure 8—figure supplement 1A). However, later passages of these
cells were devoid of any tested phenotype (Figure 8—figure supplement 1B). Subsequently, we
generated a 293T SMCR8 knockout cell line using CRISPR-Cas9. It is noteworthy that due to clonal
selection we could only start ULK1 protein expression analysis after about 6 weeks. Despite SMCR8
deletion, ULK1 protein levels again remained unchanged (Figure 8—figure supplement 1C). For a
time-resolved segmentation, the ULK1 protein abundance was monitored in absence of SMCR8 with
a long-term siRNA knockdown experiment: First, 293 T cells were transfected with non-targeting or
SMCRS siRNA. After 2-3 days half of the cells were re-transfected with siRNA while the other half
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Figure 7. SMCR8 regulates ULK1 kinase activity. (A) Lysates from 293 T cells transfected with non-targeting control (sicon) or SMCR8 siRNA and grown
in absence (DMSO) or presence of 250 nM Torin1 for 2 hr were subjected to SDS-PAGE and immunoblotting with indicated antibodies. PCNA served as
loading control. Immunoblots were quantified using ImageJ and the ratio of p-ATG13/ATG13 was calculated. (B) Lysates from 293 T cells transfected
with non-targeting control (sicon), C?2ORF72 or WDR41 siRNAs were subjected to SDS-PAGE and immunoblotting with indicated antibodies. Vinculin
served as loading control. exp. = exposure. Immunoblots were quantified using ImageJ and the ratio of p-ATG13/ATG13 was calculated. (C) Lysates
from 293 T cells transfected with non-targeting control (sicon) or C9ORF72 siRNA and grown in absence (DMSO) or presence of 250 nM Torin1 for 2 hr
were subjected to SDS-PAGE and immunoblotting with indicated antibodies. PCNA served as loading control. Immunoblots were quantified using
ImageJ and the ratio of p-ATG13/ATG13 was calculated. (D) Lysates from 293 T cells transfected with non-targeting control (sicon) or SMCR8 siRNA
and HA-tagged ATG14 were subjected to HA-IP followed by SDS-PAGE and immunoblotting with indicated antibodies. Immunoblots were quantified
using ImageJ and the ratio of p-ATG14/ATG14 was calculated. (E) Lysates from 293 T cells transfected with non-targeting control (sicon) or C9ORF72
siRNA and HA-tagged ATG14, grown in absence (DMSO) or presence of 250 nM Torin1 for 2 hr were analyzed as in (D). (F) Cells in (A) were analyzed as
in (A). Immunoblots were quantified using ImageJ. Total amounts of ULK1, S6K and 4EBP1 as well as the ratio of p-ULK1(S757)/ULK1, p-S6K/SéK and
p-4EBP1/4EBP1 was calculated. (G) Cells in (A) were analyzed as in (A). Immunoblots were quantified using ImageJ. The ratio of p-ULK1(S317)/ULK1 was
calculated. (H) 293 T cells transfected with non-targeting control (sicon) or SMCR8 siRNA or with increasing amounts of HA-ULK1 were lysed and
analyzed as in (A). Immunoblots were quantified using ImageJ and the ratio of p-ATG13/ATG13 was calculated.
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The following figure supplement is available for figure 7:

Figure supplement 1. Evaluation of the phospho-antibody specificity.
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was harvested for SDS-PAGE and immunoblotting. The same procedure was applied for several
weeks. During this time course, we observed a rescue of elevated ULK1 protein levels after 4 weeks
of siRNA knockdown, while SMCR8 was still depleted (Figure 8—figure supplement 1D). These
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Figure 8. SMCR8 regulates ULK1 gene expression. (A) Lysates from 293 T cells transfected with non-targeting
control (sicon) or SMCR8 siRNA were subjected to SDS-PAGE and immunoblotting with indicated antibodies.
PCNA served as loading control. (B) Lysates from 293 T cells transfected with non-targeting control (sicon) or
SMCR8 siRNA as well as with HA-tagged SMCR8 were subjected to SDS-PAGE and immunoblotting with
indicated antibodies. PCNA served as loading control. exp. = exposure. (C) Lysates from 293 T cells transfected
with indicated siRNAs and grown in absence (DMSO) or presence of 250 nM Torin1 for 2 hr were lysed and
analyzed as in (A). Vinculin served as loading control. (D,E) 293T (D) or U20S (E) cells were transfected with
indicated siRNAs for 72 hr prior to RNA isolation, preparation of cDNA and RT-gPCR with ULK1, FIP200 and
SMCRS specific primers. Error bars represent SEM. Significance was determined using two-way ANOVA compared
with sicon. All experiments were performed n = 3.

DOI: 10.7554/eLife.23063.026

The following figure supplement is available for figure 8:

Figure supplement 1. Restored regulation of ULK1 protein levels in SMCR8 knockout cells.
DOI: 10.7554/elife.23063.027
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data suggest the potential occurrence of a compensatory mechanism that restores ULK1 protein
abundance in case of permanent absence of SMCR8.

SMCRS associates with chromatin at the gene locus of ULK1

As SMCR8 negatively controlled ULK1 mRNA levels, we examined the subcellular distribution of
SMCRS by IF using a panel of cells stably expressing HA-tagged full-length SMCR8 or fragments
thereof. N- and C-terminal tagged full-length SMCR8 as well as the N-terminal fragment 1-700,
which contained the binding regions for ULK1, ATG13, FIP200 and C9ORF72 (Figure 5C), were
mainly distributed in the cytoplasm, while a minor amount of all exogenous SMCRS8 variants was also
located to the nucleus (Figure 9A, magnification). In contrast, the C-terminal SMCR8 fragment span-
ning aa 701-937 was mainly detected in the nucleus (Figure 9A). Subcellular fractionation was per-
formed to independently confirm nuclear localization of SMCR8 and to probe its association with
chromatin. Proper separation of subcellular fractions was confirmed by immunoblotting for a panel
of appropriate marker proteins. FIP200 and the lysosomal protein LAMP2 localized to the cytoplasm
and membrane fraction, respectively, while LaminA/C, a membrane component of the nucleus, was
equally distributed between the nucleoplasm and the chromatin fraction and HistoneH3 was exclu-
sively found in the latter (Figure 9B). While endogenous SMCR8 was predominantly detected in the
cytoplasm and in the membrane fraction using a specific anti-SMCR8 antibody (Figure 9B, Fig-
ure 9—figure supplement 1A), subcellular fractionation followed by HA-IP of endogenously HA-
tagged SMCR8 (Figure 9—figure supplement 1B) additionally revealed that small amounts of
SMCR8 distributed to the nucleoplasm and the chromatin fraction (Figure 9C and D). Exogenously
expressed full length SMCR8 confirmed these results (Figure 9B). Conversely, the N-terminal
SMCR8 fragment 1-700 was almost exclusively found in the cytoplasm and membrane fraction and
could not be detected on chromatin. Finally, SMCR8 fragment 701-937 was equally distributed
across all fractions including chromatin (Figure 9B).

Given that these data provide strong evidence that SMCR8 associates with chromatin in a manner
dependent on its C-terminus, we performed chromatin immunoprecipitation (ChIP) experiments to
identify specific gene locus regions targeted by SMCRS. Briefly, control cells and cells expressing
full-length SMCR8 or N- or C-terminal fragments thereof (Figure 9E) were cross-linked prior to chro-
matin fragmentation and anti-HA-IP. Thereafter, DNA was isolated from anti-HA immunoprecipi-
tated chromatin and analyzed by gPCR using primers that annealed to the ULK1 or FIP200 gene
locus, respectively. Intriguingly, exogenous full-length SMCR8 was significantly enriched at the ULK1
gene locus, but not at the one of FIP200 (Figure 9F). While the N-terminal SMCR8 fragment 1-700
did not show significant enrichment, the C-terminal SMCR8 fragment 701-937 was sufficient for the
engagement of SMCR8 at the ULK1 locus and in fact was even more effective in associating with the
ULK1 gene locus than exogenous full-length SMCR8 (Figure 9F). To confirm these findings, we per-
formed ChIP experiments with an anti-SMCR8 antibody and unraveled significant enrichment of
endogenous SMCR8 at the ULK1 gene locus. This specific chromatin association was dramatically
diminished upon SMCR8 depletion (Figure 9G and H). In summary, SMCRS8 inhibits gene expression
of ULK1 dependent on its C-terminus.

SMCRS regulates gene expression of several autophagy genes

The regulation of ULK1 expression by SMCR8 prompted us to employ mRNA expression microarray
analysis to screen for other potential transcriptional targets in an unbiased manner. Indeed, upon
SMCRS8 depletion the mRNA of 1059 genes were upregulated more than 1.3 fold, while 424 mRNAs
showed reduced expression by more than 0.7 fold (Figure 10A, Figure 10—figure supplement
1A). Functional annotation analysis of these regulated candidate genes revealed enrichment of com-
ponents of ER stress response, translation, cell cycle and DNA damage response among several
other gene ontology (GO) categories (Figure 10—figure supplement 1B and C). Since autophagy
proteins were not specifically enriched in our GO analysis, we manually curated the microarray data
for mRNAs encoding proteins involved in autophagy, mTORC1 regulation and/or the lysosomal
pathway (Figure 10B). In this data set, we detected ULK1 and S6K (RPS6KB1) among the mRNAs
whose expression increased upon SMCR8 depletion, thereby confirming our initial immunoblot find-
ings (Figure 7F). Using RT-qPCR, we validated several mRNA expression changes in this subset of
the microarray. For example, depletion of SMCR8 led to significantly reduced mRNA levels of ATF4
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Figure 9. The C-terminal part of SMCR8 mediates nuclear localization and associates with the ULK1 gene locus. (A) U20S cells stably expressing N- or
C-terminal HA-tagged full-length (fl) SMCR8 or indicated fragments thereof were fixed and immunolabeled with anti-HA antibody. Scale bars, 20 um.
(B) 293 T cells were transiently transfected with HA-tagged full-length (fl) SMCRS or indicated fragments thereof followed by subcellular fractionation,
SDS-PAGE and immunoblot analysis with indicated antibodies. * or arrow indicate non-specific or specific bands, respectively. (C) 293 T wildtype (wt)
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cells or those with endogenously HA-tagged SMCR8 were subjected to subcellular fractionation followed by HA-IP, SDS-PAGE and immunoblot
analysis with indicated antibodies. exp. = exposure. (D) Magnification of the chromatin lane in (C) for better visualization. * indicates non-specific bands.
(E,F) Cells transfected with SMCR8 variants as in (B) were lysed and analyzed by SDS-PAGE and immunoblotting (E) or subjected to chromatin
immunoprecipitation (ChIP) with an anti-HA-antibody and gPCR with primers specific for ULKT and FIP200 (F). Percentages of input were calculated and
normalized to MOCK. Error bars represent SEM. Significance was determined using two-way ANOVA compared with MOCK. All experiments were
performed n = 3. (G,H) 293 T cells transfected with non-targeting (sicon) or SMCR8 siRNA for 72 hr were lysed and analyzed as in (E) (G) or subjected to
ChIP with anti-SMCR8-antibody and gPCR with primers specific for ULK1 and FIP200 (H). Percentages of input were calculated and normalized to 19G
control. Error bars represent SEM. Significance was determined using two-way ANOVA compared with sicon. All experiments were performed n = 3.

DOI: 10.7554/eLife.23063.028

The following figure supplement is available for figure 9:

Figure supplement 1. Evaluation of SMCR8 antibody specificity and SMCRS cell line.

DOI: 10.7554/elife.23063.029

and LAMP1, while ATG3 and ATG7 remained unchanged as in the microarray analysis (Figure 10C).
Moreover, substantially increased mRNA levels were observed for LAMP2, S6K and WIPI2
(Figure 10C). The latter was also confirmed in another cell line (Figure 10—figure supplement 1D).
Importantly, the increase or reduction in mMRNA levels translated into the respective change in pro-
tein abundance in SMCR8 depleted cells (Figure 10C). Furthermore, subsequent ChIP experiments
revealed association of HA-tagged full-length and the N-terminally truncated fragment 701-937 of
SMCRS8 on the WIPI2 gene locus (Figure 10D). As for the ULK1 gene locus these results were con-
firmed with anti-SMCR8 antibody at endogenous levels (Figure 10E). Hence, we established SMCR8
as transcriptional regulator for several autophagy genes.

Together, our findings demonstrate that SMCR8 functions as multifaceted autophagy regulator
(Figure 11). In addition to its autophagosome maturation-promoting role as part of a GEF complex
together with C9ORF72 and WDRA41 (Sellier et al., 2016), SMCR8 impairs autophagy initiation by
interacting with the ULK1 complex and inhibiting its kinase activity on one hand and associates with
chromatin at the ULK1 and WIPI2 gene locus and suppresses ULK1 and WIPI2 gene expression on
the other hand.

Discussion

Using a focused image-based siRNA screen monitoring in parallel early and late autophagosomes at
endogenous levels, we identified 34 out of 186 members of the Rab GTPase, GAP and GEF families
that function in autophagy. Based on ultrastructural and interaction network analysis we decided to
further investigate SMCR8. In summary, we confirmed and extended recent findings that SMCR8
regulates the autophagosomal-lysosomal pathway and associates with the ULK1 complex and
C90ORF72 (Sellier et al., 2016; Amick et al., 2016; Sullivan et al., 2016, Yang et al., 2016;
Xiao et al., 2016; Blokhuis et al., 2016; Ugolino et al., 2016).

Our SMCR8 interaction studies revealed that ULK1 complex components and C9ORF72 employ
overlapping binding regions for their association with SMCR8. Particular interesting is that ATG13
and C9ORF72 show differential binding to SMCR8 in the region spanning aa 320-400. This raises
the possibility that association of ATG13 (together with ULK1, FIP200 and ATG101) and C9ORF72
(together with WDR41) with SMCR8 is potentially distinctively regulated. Intriguingly, autophagy
induction left the SMCR8 interaction with C9ORF72 unimpaired, while association of both with the
ULK1 complex increased substantially. However, neither did ATG13 overexpression disrupt associa-
tion between SMCR8 and C9ORF72, nor changed the ULK1 complex during SMCR8 overexpression
or depletion. Together with our SEC and Native PAGE analysis, these data indicate the co-existence
of a separate SMCR8-C9ORF72-WDR41 complex and a combined SMCR8-C9ORF72-WDR41-ULK1
complex holo-assembly, which might preferentially form after autophagy induction although we did
not observe major changes in the holo-assembly composition upon Torin1 treatment.

Intriguingly, we found that depletion of SMCR8 impaired both autophagosome formation and
maturation. This phenomenon has previously been described for RAB11 (Longatti et al., 2012;
Fader et al., 2008), which inhibits autophagosome formation together with TBC1D14 by mediating
transport and fusion events of endosomes (Longatti et al., 2012, Fader et al., 2008). Another
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Figure 10. SMCR8 regulates gene expression of autophagosomal proteins. (A) 293 T cells were transfected with non-targeting control (sicon) or SMCR8
siRNA prior to RNA isolation and microarray analysis. Representation of normalized ratios of siSMCR8/sicon of three independent experiments. See
Figure 10—source data 1 for complete microarray analysis. (B) Selected autophagosomal and lysosomal genes from data in (A) are shown as heatmap
representation. Genes upregulated more than 1.3 fold or downregulated more than 0.7 fold are marked with a green or red bar, respectively. Genes
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Figure 10 continued

selected for validation are marked in bold and italic. WIPI2 is marked in grey, due to our stringent quality control. (C) 293 T cells were transfected with
non-targeting control (sicon) or SMCR8 siRNA for 72 hr prior to RNA isolation, preparation of cDNA and RT-qPCR with indicated specific primers or
subjected to SDS-PAGE and immunoblotting with indicated antibodies. Error bars represent SEM. Significance was determined using unpaired t-test.
All experiments were performed n = 3. (D) 293 T cells transiently transfected with HA-tagged full-length (fl) SMCR8 or indicated fragments thereof were
lysed and subjected to chromatin immunoprecipitation (ChIP) with anti-HA-antibody and gPCR with primers specific for WIPI2. Percentages of input
were calculated and normalized to MOCK. Error bars represent SEM. Significance was determined using one-way ANOVA compared with MOCK. All
experiments were performed n = 3. (E) 293 T cells transfected with non-targeting (sicon) or SMCR8 siRNA for 72 hr were lysed and subjected to ChIP
with an anti-SMCR8-antibody and gPCR with primers specific for WIPI2. Percentages of input were calculated and normalized to 1gG control. Error bars
represent SEM. Significance was determined using one-way ANOVA compared with sicon. All experiments were performed n = 3.

DOI: 10.7554/elife.23063.030

The following source data and figure supplement are available for figure 10:

Source data 1. mRNA expression microarray analysis of control and SMCR8 depleted cells.

DOI: 10.7554/eLife.23063.031

Figure supplement 1. SMCR8 regulates gene expression of autophagosomal proteins.

DOI: 10.7554/eLife.23063.032
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Figure 11. Working model for the multifaceted function of SMCR8 during autophagy. On one hand, SMCR8
promotes autophagosome maturation as part of a trimeric RAB39B GEF complex together with C9ORF72 and
WDRA41 as previously shown Sellier et al. (2016). On the other hand, this SMCR8 complex regulates
autophagosome formation by binding ULK1 complex components and modulating the kinase activity of ULK1.
Furthermore, SMCR8 associates with the ULKT and WIPI2 gene locus and represses ULK1 and WIPI2 gene
expression and additionally regulates transcription of several other autophagy-related genes.

DOI: 10.7554/eLife.23063.033
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example is RAB33B, which first accelerates autophagosome formation by recruitment of the ATG8
lipidation machinery (Fukuda and Itoh, 2008; Itoh et al., 2008) and thereafter autophagosome
fusion with lysosomes (Itoh et al., 2011).

Regulation of phagophore initiation is highly dependent on phosphorylation events (Stork et al.,
2012). For example, increased phosphorylation of ULK1 kinase substrates promotes autophagy initi-
ation and elongation. In our study, we uncovered that SMCR8 depletion enhances ULK1-dependent
ATG13 and ATG14 phosphorylation, while C9ORF72 knockdown surprisingly had the opposing
effect on ATG13 and no effect on ATG14. Given that both are found associated with the ULK1 com-
plex it is conceivable that ULK1 kinase activity regulation is due to direct binding of SMCR8 and/or
C90ORF72 to ULK1 and/or its complex partners. However, SMCR8 overexpression or depletion does
not disrupt association of ULK1 and ATG13 or induce changes in the ULK1 complex fractionation
pattern. Since C9ORF72 recruits the ULK1 complex to the nascent phagophore (Webster et al.,
2016), the localization of the ULK1 complex could presumably also be linked to its activation.
Another potential regulatory mechanism to control ULK1 kinase activity is ULK1 phosphorylation via
upstream kinases such as mTORC1 and AMPK (Egan et al., 2011). We observed a reduction in phos-
phorylation of the mTORC1 substrates ULK1 and S6K, which are simultaneously upregulated at the
transcriptional level in SMCR8 knockdown cells. Notably, phosphorylation status of another mTORC1
substrate, 4EBP1, remained unchanged. Furthermore, AMPK kinase activity was unimpaired in
respect to ULK1 phosphorylation. Together, these findings indicate that SMCR8 controls ULK1 activ-
ity via mTORC1 dependent and independent pathways. Further detailed studies in vitro are required
to mechanistically dissect how SMCR8 and C9ORF72 modulate ULK1 kinase activity in a substrate-
specific manner.

SMCRS itself was reported to be phosphorylated by several kinases including AMPK, mTORC1,
ULK1 and TBK1 (Hsu et al., 2011, Sellier et al., 2016; Hoffman et al., 2015). The latter was recently
shown to regulate the GEF activity of SMCR8 towards RAB39B (Sellier et al., 2016). In addition,
phosphorylation of SMCR8 could potentially regulate binding of SMCR8 to the ULK1 complex. Alter-
natively, SMCR8 phosphorylation might play a role in controlling the distribution of SMCR8 between
the cytoplasm and nucleus in a similar manner as shown for the transcription factor TFEB
(Settembre et al., 2012).

Unexpectedly, we unraveled that the recently observed increased ULK1 protein abundance upon
SMCR8 depletion (Yang et al., 2016) was due to increased ULK1T mRNA levels. This phenotype was
independent of C9ORF72 and required the C-terminal part of SMCR8 spanning aa 701-937 as this
fragment was almost exclusively localized to the nucleus and enriched at the ULK1 gene locus to a
substantial higher level than full-length SMCRS8. Since SMCR8 lacks a clear nuclear localization
sequence or export signal, future functional analyses will need to address whether self-inhibitory
and/or phosphorylation-dependent mechanisms regulate nuclear translocation of SMCR8. Similarly,
SMCRS directly associates with chromatin but does not contain a bioinformatically detectable DNA
binding domain. Thus, it is likely that SMCR8 represses ULK1 gene expression through interaction
with another chromatin-associated protein. Recently, STRaNDs were defined as novel group of non-
DNA binding, cytoplasmic proteins, which shuttle into the nucleus and regulate gene expression
through interaction with transcription factors (Lu et al., 2016). In this regard, potential STRaND
cooperation partners of SMCR8 are ATF4, p53, FOXO3 and ZKSCAN3, which all regulate mRNA
expression of ULK1 and several other autophagosomal and lysosomal proteins (Settembre et al.,
2011; Chauhan et al., 2013; Chua et al., 2014; Pietrocola et al., 2013). Along this line, our global
mRNA expression analysis revealed that SMCR8 controls gene expression of multiple autophagoso-
mal and lysosomal proteins, among them WIPI2.

Finally, hexanucleotide expansion mutation in the 5" UTR of C?ORF72 causes amyotrophic lateral
sclerosis (ALS) and frontotemporal dementia (FTD) (Salameh et al., 2015, Weder et al., 2007,
Cruts et al., 1993). Interestingly, C9ORF72 was one of the validated candidates in our screen and
recently implemented in RAB1A dependent recruitment of the ULK1 complex to the phagophore
(Webster et al., 2016). Consistently, RAB1A depletion decreased number of WIPI2 positive spots in
our primary screen but did not fulfill our stringent standard deviation criterion to be included in the
deconvolution screen. Concurrent with the SMCR8-C?ORF72-WDR41 complex possessing GEF activ-
ity towards RAB39B and thereby regulating autophagosome maturation (Sellier et al., 2016), we
identified RAB39B as candidate in our primary screen. However, RAB39B was excluded from further
analysis, since it was outranked by other candidates. While ULK1 kinase activity is regulated by both
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SMCR8 and C9ORF72, we found that ULK1 gene repression is seemingly independent of the
SMCR8-C?ORF72-WDR41 GEF complex since ULK1 protein levels remained unchanged in cells lack-
ing C9ORF72 or WDR41. Furthermore, the C-terminal fragment of SMCR8, which does not bind
C9ORF72, was sufficient to associate with chromatin at the ULK1 and WIPI2 gene locus. Intriguingly,
SMCRS regulated gene expression of several autophagosomal but also lysosomal proteins, such as
LAMP1 and LAMP2. Since SMCR8 and C9ORF72 protein levels are interdependent (Amick et al.,
2016) and lysosomal dysfunction was detected in SMCR8 ko cells as well as in C9ORF72 ko mice
(Amick et al., 2016; Sullivan et al., 2016), future studies are required to reveal whether SMCR8
plays a role in ALS-FTD alongside with C9ORF72.

Materials and methods

Antibodies

Following antibodies were used: Anti-4EBP1 (Cell Signaling, Danvers, MA, #9644, RRID: AB_
2097841); anti-phospho-4EBP1 (S65 Cell Signaling #9451, RRID:AB_330947); anti-ATF4 (Cell Signal-
ing #11815, RRID:AB_2616025); anti-ATG2B (Sigma, St. Louis, MO, A96430); anti-ATG3 (Cell Signal-
ing #3415, RRID:AB_2059244); anti-ATG7 (Cell Signaling #8558, RRID:AB_10831194); anti-ATG12
(Cell Signaling #2010, RRID:AB_2059086); anti-ATG13 (MBL, Woburn, MA, M183-3, RRID:AB_
10796107); anti-phospho-ATG13 (Ser318 Rockland, Limerick, PA, 600-401 C49, RRID:AB_
11179920); anti-ATG14 (Cell Signaling #5504, RRID:AB_10695397); anti-phospho-ATG14 (S29 Cell
Signaling #13155); anti-C9ORF72 (Santa Cruz, Dallas, TX, sc138763, RRID:AB_10709750); anti-
FIP200 (Proteintech, Rosemont, IL, 17250-1-AP, RRID:AB_10666428); anti-flag (Cell Signaling #2368,
RRID:AB_2217020); anti-GABARAP (Abcam, Cambridge, MA, ab109364, RRID:AB_10861928); anti-
HA (Covance, Princeton, NJ, MMS-101P, RRID:AB_2314672; Roche, Basel, Switzerland,
11867423001, RRID:AB_390918; Abcam ab9110, RRID:AB_307019); anti-HistoneH3 (Abcam ab1791,
RRID:AB_302613); anti-myc (Santa Cruz sc788, RRID:AB_631277); anti-LAMP1 (DSHB, lowa City, IA,
H4A3, RRID:AB_2296838); anti-LAMP2 (Abcam ab25631, RRID:AB_470709); anti-LaminA/C
(Epitomics, Burlingame, CA, 2966-1, RRID:AB_2136262); anti-LC3B (Cell Signaling #2775, RRID:AB_
915950; MBL PMO036, RRID:AB_2274121); anti-RAB7A (Cell Signaling #2094, RRID:AB_2300652);
anti-PCNA (Santa Cruz sc-7907, RRID:AB_2160375); anti-PIK3C3 (Cell Signaling #3358, RRID:AB_
10828387); anti-S6K (Cell Signaling #9202, RRID:AB_331676); anti-phospho-S6K (T389 Cell Signaling
#9234, RRID:AB_2269803); anti-SMCR8 (Abcam ab202283); anti-STX17 (Sigma HPA001204, RRID:
AB_1080118); anti-ULK1 (Cell Signaling 8054, RRID:AB_11178668); anti-phospho-ULK1 (S317 Cell
Signaling #12753); anti-phospho-ULK1 (5757 Cell Signaling #6888, RRID:AB_10829226); anti-Vinculin
(Sigma V4505, RRID:AB_477617); anti-VMP1 (Cell Signaling #12978); anti-WIPI2 (Abcam ab105459,
RRID:AB_10860881), anti-WDR41 (Abcam ab108096, RRID:AB_10864252).

Plasmids

PCR products generated from ORFs (obtained from the human ORFeome collection) were cloned
into Gateway pDONR223 entry vector. After sequence verification cDNAs were subcloned into
Gateway destination vectors for mammalian expression. The pHAGE-N-Flag-HA, pHAGE-N-GFP and
MSCV-i(N-Flag-HA)-IRES-PURO vectors were used for transient transfection of 293 T or 293T-REx
cells. Moreover, stable cells were generated by retroviral transduction of MSCV-i(N-Flag-HA)-IRES-
PURO or lentiviral transduction of pHAGE-N-Flag-HA or pHAGE-C-Flag-HA followed by selection
with antibiotics.

Cell culture

HEK-293 T (RRID:CVCL_0063), HEK-293T-REx (RRID:CVCL_D585) and U20S (RRID:CVCL_0042) cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies/ Thermo Fisher Sci-
entific, Waltham, MA), while HAP1 cells were cultured in Iscove’s modified Dulbecco’s medium
(IMDM, Life Technologies), all supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine
and antibiotics (Puromycin (2 ug/ml, Life Technologies), Blasticidin (4-15 pg/ml, Invivogen, San
Diego, CA) or Geneticin (600 pg/ml, Life Technologies)) as necessary and maintained at 37°C and
5% CO,. Torin1 (Tocris, Bristol, UK; 250 nM) or BafilomycinA1 (Biomol, Hamburg, Germany; 100 nM)
were applied to cells for 1-2 hr to modulate autophagy. In addition, autophagy was induced via
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glucose starvation with DMEM (-) Glucose (Life Technologies) or complete starvation with EBSS (Life
Technologies) typically for 2 hr or indicated time points. Expression of HA-tagged proteins was
induced for 24 hr to 48 hr by addition of 4 ug/ml doxycycline (Sigma) in stable cells or by transient
transfection (see below). HEK-293T, HEK-293T-REx and U20S cells were purchased from
ATCC, Manassas, VA. Human HAP1 SMCR8 knockout cells were purchased from Horizon
Discovery, Waterbeach, UK, (HZGHC003606c011). All cell lines were regularly tested negative for
mycoplasma.

Transfection-based experiments

Cells were reverse transfected with siRNAs (Dharmacon, Lafayette, CO, or Eurofins MWG Operon,
Luxembourg) using Lipofectamine RNAiMax (Life Technologies) according to manufacturer’s instruc-
tions and typically harvested 72 hr after transfection. siRNA sequences are listed in
Supplementary file 2. Plasmids were transfected using Lipofectamine 2000 (Life Technologies),
GenelJuice (Merck Millipore, Darmstadt, Germany) or PEl (Polyethylenimine, Polysciences Europe
GmbH, Hirschberg an der Bergstrasse, Germany) according to standard protocols.

Generation of endogenously HA-tagged SMCRS cells via CRISPR-Cas9
C-terminal tagging of the endogenous SMCR8 gene locus via CRISPR-Cas9 (Stewart-Ornstein and
Lahav, 2016) started with cloning of SMCR8 guide RNA sequences (gRNA-for: CACCGTGACCAA-
GACCTGTGACTCA, gRNA-rev: AAACTGAGTCACAGGTCTTGGTCAC) into a Cas9 expressing plas-
mid (px330). This plasmid was transfected into 293 T cells together with a homology donor (100
base pairs of the SMCR8 C-terminus, mRUBY3, HA-tag, blasticidin resistance) amplified by PCR.
Cells were selected using the introduced antibiotic resistance. Proper locus insertion in single clones
was confirmed on genomic DNA (PurelLink Genomic DNA Extraction Kit, Invitrogen/
Thermo Fisher Scientific) by PCR with locus specific primers, followed by sequencing as well as SDS-
PAGE and immunoblot.

Generation of SMCR8 knockout cell lines

Primers encompassing guideRNA sequences for SMCR8 (gRNA#1: CACCGCCTTACCCTATAC-
GACCTGG, #2: CACCGATCCACAGACATGATACGCA, #3: CACCGTGCCCCTTCAACTTCCGATG)
were ligated with T4 ligase into a CRISPR-Cas? vector (pLenti2.0), which was already digested by
the restriction enzyme BsmBl according to manufacturer's protocols. Guide RNA containing
pLenti2.0 was verified by sequencing and transfected together with lentiviral packaging plasmids
into 293 T cells as described above. Virus was harvested and applied to transduce 293 T cells. Subse-
quently, cells were selected with antibiotics and SMCR8 knockout in single clones was confirmed by
immunoblot.

siRNA screen

The multiplex image-based autophagy RNAI screen is described in more detail at Bio-protocol
(Jung and Behrends, 2017). The target gene siRNA library (siON-TARGET, Dharmacon; pooled or
individual siRNAs, as indicated) was distributed in 384 well imaging plates (CellCarrier-384 Black,
Perkin Elmer, Waltham, MA) using a semi-automated pipettor (CyBi-SELMA). Thereafter, 1500 U20S
cells were reverse transfected using Lipofectamine RNAIMAX (Life Technologies) according to manu-
facturer’s instructions. 72 hr after transfection, cells were fixed with 4% paraformaldehyde. See
Supplementary file 1 for siRNA sequences.

Immunofluorescence

After fixation with 4% paraformaldehyde, cells were permeabilized with 0.5% Triton-X 100 in PBS (10
min), followed by blocking with 1% BSA in PBS for 1 hr. Primary and secondary antibodies as well as
nuclear and cytoplasmic staining reagents (AlexaFluor-coupled antibodies (Life Technologies);
DRAQS5 (Cell Signaling); HSC CellMask Deep red stain (Life Technologies)) were incubated in 0.1%
BSA in PBS for 1 hr with three washes of PBS in between. For double stainings, antibodies were incu-
bated sequentially.
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Image acquisition and analysis

Images were acquired on PerkinElmer’s Opera High Content Screening System with a 60x water-
immersion objective and analyzed with Acapella High Content Imaging Analysis Software (Perki-
nElmer). Image segmentation started by detection of the cell nuclei and the cytoplasm in the 633
nm channel (DRAQS5 and HSC CellMask). Cytosolic spots were determined in the 488 nm channel by
using specific characteristics such as spot intensity, area and contrast. Resulting output parameters
included number of spots and ISS (integrated spot signal) per cell as well as number of cells per
well. Raw data of quadruplicates was averaged and subsequently normalized to non-targeting con-
trol siRNA (sicon) for every 384 well plate in Excel. To classify candidates in the primary screen,
pooled siRNAs had to differ in both spot parameters (number and ISS) for two or three standard
deviations from the normalized sicon depending on the autophagosome marker (WIPI2 and
ATG12 = 3; LC3B, GABARAP and STX17 = 2). Parallel raw data normalization using the z-score and
B-score method resulted in similar candidates and additional candidates were included. The top ten
increasing and decreasing candidates that were specific for one or common for several autophago-
some markers were selected for the deconvolution screen (in total 71). Then, four individual siRNAs
per genes were used and validated candidates were determined by differing from sicon in the stan-
dard deviation criterion for three out of four siRNAs per gene. Toxic siRNAs were excluded based
on obvious changes in number of cells as well as in the intensity and area of the nucleus and of the
cytoplasm. Then, two out of three siRNAs were sufficient to determine a validated candidate gene.
Genes with more than one cytotoxic siRNA were removed from further analysis.

Immunoblotting

Cells were lysed in RIPA (50 mM Tris [pH 7.5]; 150 mM NaCl; 1% NP40; 0.1% SDS; 0.5% sodium des-
oxycholate) or MCLB (50 mM Tris [pH 7.4]; 150 mM NaCl; 0.5% NP40) buffer supplemented with
complete EDTA-free protease inhibitor (Roche) and phosphatase inhibitor (PhosSTOP, Roche) tab-
lets followed by addition of 4x laemmli buffer after removal of cell debris by centrifugation. Proteins
were separated by SDS-PAGE (4-20% gels (BioRad, Hercules, CA) or self-casted 8% and 12% gels)
and transferred to nitrocellulose (NitroBind 0.45 um, Thermo Fisher Scientific) of PVDF (Merck Milli-
pore) membranes, which were blocked with TBS-T (20 mM Tris; 150 mM NaCl; 0.1% Tween-20) con-
taining 5% BSA (Sigma) or 5% low fat milk (Roth, Karlsruhe, Germany). Blots were incubated with
primary antibodies in blocking buffer at 4°C overnight and secondary antibodies (anti-mouse-HRP
(Promega, Madison, WI); anti-rabbit-HRP (Promega); anti-rabbit-LC-kappa (Abcam ab99617); anti-
rat-HRP (Dianova, Hamburg, Germany)) were added for 1 hr after washing with TBS-T.

RNA isolation, cDNA synthesis and real time quantitative PCR

Total RNA from U20S or 293 T cells was isolated using High Pure RNA isolation kit (Roche) and then
reverse transcribed into cDNA with Transcriptor First Strand cDNA Synthesis Kit (Roche). Real time
quantitative PCR was performed on a Light Cycler 480 (Roche) employing LightCycler 480 SYBR
Green | Master with specific target gene primers (Supplementary file 2). Relative target gene

mRNA expression was normalized to the geometrical mean of three reference genes (ACTB, HMBS,
and TBP).

Immunoprecipitation

Frozen cell pellets were lysed for 30 min in ice-cold MCLB supplemented with protease and phos-
phatase inhibitors and cell debris was removed from lysates by centrifugation. The supernatant was
subjected to immunoprecipitation with pre-equilibrated anti-HA-agarose (Sigma) overnight at 4°C.
Afterwards, agarose beads were washed three times with MCLB buffer and bound proteins were
eluted by addition of 4x laemmli buffer and boiling at 95°C for 5 min. Samples were then analyzed
by SDS-PAGE and immunoblotting.

Endogenous immunoprecipitation

293 T cells were lysed in MCLB buffer with protease and phosphatase inhibitors for 30 min on ice.
Cell debris was removed by centrifugation and lysates were precleared by addition of Protein A/G
Plus Agarose beads (Santa Cruz) for one hour at 4°C. Precleared lysates were incubated with indi-
cated antibodies over night at 4°C followed by addition of agarose beads for 2 hr. After washing
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with MCLB buffer for three times, proteins were eluted by addition of 4x laemmli buffer and boiling
at 95°C for 5 min. Proteins were separated by SDS-PAGE and analyzed by immunoblotting.

Lambda phosphatase treatment

Cells were lysed with MCLB buffer without phosphatase inhibitors followed by debris removal via
centrifugation and immunoprecipitation with pre-equilibrated anti-HA-beads overnight. Then, beads
were washed with MCLB buffer for three times and incubated with Lambda Protein Phosphatase
(PPase, New England Biolabs, Ipswich, MA) for 1 hr according to manufacturer’s instructions, prior
to elution with 4x laemmli buffer and boiling at 95°C for 5 min. Samples were then analyzed by SDS-
PAGE and immunoblotting.

Mass spectrometry (MS)-based proteomics

HA-immunoprecipitation followed by MS analysis was performed as previously described
(Jung et al., 2015; Behrends et al., 2010; Sowa et al., 2009; Huttlin et al., 2010). Briefly, 293T-
REx cells expressing HA-tagged proteins were lysed with ice-cold MCLB buffer, cleared through
0.45 pm spin filters (Merck Millipore) and immunoprecipitated using anti-HA-agarose (Sigma). After
intensive washing, proteins were eluted with HA peptide (250 ug/ml, Sigma) and precipitated with
trichloroacetic acid (Sigma), followed by digestion with trypsin (Promega) and desalting by custom-
made stage tips. Samples were analyzed in technical duplicates on a LTQ Velos (Thermo
Fisher Scientific) and spectra were identified as previously described (Huttlin et al., 2010). For
CompPASS analysis, we employed 142 unrelated bait proteins that were all previously processed in
the same way (Behrends et al., 2010; Sowa et al., 2009). Weighted and normalized D-scores
(WDN-score) were calculated based on average peptide spectral matches (APSMs). Proteins with
WDN >1 and APSM > 2 were considered as high-confident candidate interacting proteins (HCIPs)
and visualized using Cytoscape.

Native PAGE with subsequent in-gel trypsin digestion

Cells were lysed with MCLB and subjected to immunoprecipitation with HA-beads as described
above. Proteins were eluted with HA-peptide in PBS and NativePAGE sample buffer
(Thermo Fisher Scientific), prior to Native PAGE (NativePAGE Novex 3-12% Bis-Tris Protein Gels,
NativePAGE Running Buffer, Thermo Fisher Scientific). Subsequently, gels were either immunoblot-
ted or fixed prior to in-gel tryptic digestion for MS analysis. Briefly, gels were cut into single lanes
and each lane into eight pieces. Next, gel pieces were washed three times with 50 mM ammonium
bicarbonate (ABC) containing 50% ethanol followed by dehydration for 10 min with ethanol and
reduction for 45 min at 56°C with 10 mM DTT in 20 mM ABC. For alkylation gel pieces were incu-
bated with 55 mM iodoacetamide in 20 mM ABC for 30 min in the dark, washed two times with 5
mM ABC containing 50% ethanol, followed by dehydration with ethanol and consequent vacuum
centrifugation. Subsequently, gel pieces were incubated with 12.5 ng/ul trypsin in 20 mM ABC over-
night and eluted three times with increasing ACN concentrations. Samples were desalted via stage
tips as described above. Mass spectra were obtained on a Q Exactive HF (Thermo Fisher Scientific)
and analyzed using MaxQuant 1.5.3.30.

Size exclusion chromatography

Whole cell lysates were generated via three freeze-thaw cycles in running buffer (50 mM TRIS [pH
7.5], 150 mM NaCl) and subsequent centrifugation, while HA-IP samples were prepared and eluted
as described above. 500 pl sample was injected into a 500 pl loop of the AKTApurifier with a Super-
ose 6 10/300 GL column (GE Healthcare, Chicago, IL) and eluted at a flow rate of 0.4 ml per min
using running buffer. 500 pl fractions were collected in a 96 well plate and analyzed by SDS-PAGE
and immunoblotting or MS analysis after TCA precipitation, trypsin digestion and desalting as
described above. The column was calibrated with HMW and LMW Gel Filtration Calibration Kits (GE
Healthcare).

Subcellular fractionation
293 T cells were subjected to subcellular fractionation with a Subcellular Protein Fractionation Kit
(Thermo Fisher Scientific) according to manufacturer’s instructions. Briefly, cells were incubated
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sequentially with different fractionation buffers followed by centrifugation with increasing gravita-
tional force.

Electron microscopy

Cells were harvested using accutase (Sigma), washed with PBS, pelleted by centrifugation and fixed
for 45 min in 2.5% (v/v) glutaraldehyde buffered in cacodylate (pH 7.4) prior to recurrent centrifuga-
tion. The resulting cell pellet was embedded in 1% osmium tetroxide and dehydrated in a graded
ethanol series, which was intermingled by an incubation step with uranyl acetate (between the 50%
and 90% ethanol step) and finally, rinsed in propylene oxide. After embedding the pellets in epoxy
resins, which polymerized for 16 hr at 60°C, semithin sections (0.5 um) were cut using an ultramicro-
tome (Leica Ultracut UCT, Deerfield, IL, USA) with a diamond knife. Sections were stained with tolui-
dine blue, placed on glass slides, and examined by light microscopy to select appropriate areas for
ultrathin preparation. Ultrathin sections (50-70 nm) were cut using an ultramicrotome. Afterwards,
sections were mounted on copper grids and contrasted with uranyl acetate for 2-3 hr at 42°C and
lead citrate for 20 min at room temperature. These samples were analyzed and digitally documented
using a FEI Tecnai G2 Spirit Biotwin TEM (Hillsboro, OR, USA) at an operating voltage of 120 kV.

Chromatin immunoprecipitation (ChIP)

ChIP assays were performed as described previously (Nayak et al., 2014). Briefly, crosslinking of
cells with 1.47% formaldehyde was stopped by addition of 125 mM glycine. Cells were lysed in ChlIP
buffer (150 mM NaCl; 50 mM Tris-HCI [pH 7.5], 5 mM EDTA, 0.5% NP40, 1% Triton X-100) supple-
mented with protease and phosphatase inhibitors. Nuclei were precipitated via centrifugation for
18,000 g for 2 min followed by sonification and chromatin isolation by centrifugation at 18,000 g for
10 min. After overnight incubation of chromatin with antibodies (5 pug), protein G dynabeads were
added to capture the immunoprecipitated chromatin complex followed by several washes with ChIP
lysis buffer with differing NaCl concentrations (150 mM, 500 mM, 150 mM). Reverse crosslinking and
DNA isolation was performed by addition of 10% (wt/vol) Chelex-100 slurry directly to the beads
and boiling for 10 min at 95°C. DNA was collected twice by centrifugation at 18,000 g for 1 min and
dissolved in DNase/RNase-free water. Subsequently, DNA was analyzed by gPCR using SYBR green
master mix (Thermo Fisher Scientific) with gene specific primer sets (Supplementary file 2).

Microarray analysis

Total RNA from 293 T cells was isolated using the High Pure RNA isolation kit (Roche) and hybrid-
ized to an lllumina HumanHT-12 Microarray according to the protocol of the Genomics and Proteo-
mics Core Facility (DKFZ, Heidelberg, Germany). Functional annotation analysis was performed with
DAVID Bioinformatics Resources 6.8 (Huang et al., 2009a, 2009b).

Statistical analysis

Diagrams and statistical analysis were generated using GraphPad Prism 4. Data represent mean +
SEM (standard error mean) or =+ standard deviation, as indicated. Statistical significance was deter-
mined with unpaired t-test, one-way ANOVA or two-way-ANOVA as necessary followed by Bonfer-
roni post hoc test (p<0.05=*, p<0.01=**, p<0.001=***). Correlation coefficients were calculated with
Excel.

Acknowledgements

We are grateful to JW Harper for critical access to CompPASS and M Hoffmeister and S Hélper for
technical support with MS measurements. We thank N Raman, D McEwan, J Huber, C Osterburg, M
Tuppi, M Kaulich and S Oess for readily sharing reagents and protocols. We are grateful to current
and previous members of the Behrends lab for resources and discussions. We thank the DKFZ Geno-
mics and Proteomics Core Facility for providing the lllumina Whole-Genome Expression Beadchips
and related services. This work was supported by the Deutsche Forschungsgemeinschaft (DFG)
within the framework of the Munich Cluster for Systems Neurology (EXC1010 SyNergy), the Cluster
of Excellence "Macromolecular Complexes’ of the Goethe University Frankfurt (EXC115 CEF-MC),
the Collaborative Research Center (CRC1177) and the project grant DI 931/3-1 as well as by the

Jung et al. elife 2017;6:€23063. DOI: 10.7554/eLife.23063 27 of 32


http://dx.doi.org/10.7554/eLife.23063

e LI FE Research article

Biochemistry | Cell Biology

LOEWE grant Ub-Net, the LOEWE Centrum for Gene and Cell Therapy Frankfurt and the European
Research Council (ERC, 282333-XABA).

Additional information

Competing interests
ID: Senior Editor, eLife. The other authors declare that no competing interests exist.

Funding

Funder Grant reference number  Author

Deutsche Forschungsge- SFB1177 Stefan Mdller

meinschaft Ivan Dikic
Christian Behrends

LOEWE Zentrum Ub-net Stefan Miiller

Ivan Dikic
Christian Behrends

Goethe-Universitat Frankfurt ~ EXC115 lvan Dikic
am Main

Deutsche Forschungsge- DI 931/3-1 Ivan Dikic
meinschaft

LOEWE Zentrum Gene and Cell Therapy Ivan Dikic

Frankfurt
EXC 1010 SyNergy

Munich Cluster of Systems Christian Behrends

Neurology

European Research Council ERC, 282333-XABA Christian Behrends

The funders had no role in study design, data collection and interpretation, or the decision to
submit the work for publication.

Author contributions

JJ, Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Writing—original
draft, Writing—review and editing; AN, Data curation, Methodology, Writing—review and editing,
Conducted ChIP experiments; VS, Data curation, Methodology, Writing—review and editing, Per-
formed several experiments with C9ORF72 and WDRA41; TS, Data curation, Methodology, Con-
ducted EM studies; AKK, Software, Methodology, Helped developing image analysis scripts; SM, ID,
Supervision, Funding acquisition, Writing—review and editing; MM, Data curation, Methodology,
Writing—review and editing, Conducted EM studies; CB, Conceptualization, Supervision, Funding
acquisition, Writing—original draft, Project administration, Writing—review and editing

Author ORCIDs

Jennifer Jung, @ http://orcid.org/0000-0001-9436-4021

Ivan Dikic,® http://orcid.org/0000-0001-8156-9511

Christian Behrends, () http://orcid.org/0000-0002-9184-7607

Additional files

Supplementary files
« Supplementary file 1: siRNA sequences.
DOI: 10.7554/elLife.23063.034

« Supplementary file 2: Primer sequences.
DOI: 10.7554/eLife.23063.035

Jung et al. elife 2017;6:€23063. DOI: 10.7554/eLife.23063

28 of 32


http://orcid.org/0000-0001-9436-4021
http://orcid.org/0000-0001-8156-9511
http://orcid.org/0000-0002-9184-7607
http://dx.doi.org/10.7554/eLife.23063.034
http://dx.doi.org/10.7554/eLife.23063.035
http://dx.doi.org/10.7554/eLife.23063

LI FE Research article

Biochemistry | Cell Biology

References

Alers S, Loffler AS, Wesselborg S, Stork B. 2012. Role of AMPK-mTOR-Ulk1/2 in the regulation of autophagy:
cross talk, shortcuts, and feedbacks. Molecular and Cellular Biology 32:2-11. doi: 10.1128/MCB.06159-11,
PMID: 22025673

Amick J, Roczniak-Ferguson A, Ferguson SM. 2016. C90rf72 binds SMCRS, localizes to lysosomes, and regulates
mTORC1 signaling. Molecular Biology of the Cell 27:3040-3051. doi: 10.1091/mbc.E16-01-0003, PMID: 2755
9131

Behrends C, Sowa ME, Gygi SP, Harper JW. 2010. Network organization of the human autophagy system.
Nature 466:68-76. doi: 10.1038/nature09204, PMID: 20562859

Birgisdottir AB, Lamark T, Johansen T. 2013. The LIR motif - crucial for selective autophagy. Journal of Cell
Science 126:3237-3247. doi: 10.1242/jcs. 126128, PMID: 23908376

Blokhuis AM, Koppers M, Groen EJ, van den Heuvel DM, Dini Modigliani S, Anink JJ, Fumoto K, van Diggelen F,
Snelting A, Sodaar P, Verheijen BM, Demmers JA, Veldink JH, Aronica E, Bozzoni I, den Hertog J, van den Berg
LH, Pasterkamp RJ. 2016. Comparative interactomics analysis of different ALS-associated proteins identifies
converging molecular pathways. Acta Neuropathologica 132:175-196. doi: 10.1007/s00401-016-1575-8,
PMID: 27164932

Bultema JJ, Ambrosio AL, Burek CL, Di Pietro SM. 2012. BLOC-2, AP-3, and AP-1 proteins function in concert
with Rab38 and Rab32 proteins to mediate protein trafficking to lysosome-related organelles. Journal of
Biological Chemistry 287:19550-19563. doi: 10.1074/jbc.M112.351908, PMID: 22511774

Burman C, Ktistakis NT. 2010. Regulation of autophagy by phosphatidylinositol 3-phosphate. FEBS Letters 584:
1302-1312. doi: 10.1016/j.febslet.2010.01.011, PMID: 20074568

Carroll B, Mohd-Naim N, Maximiano F, Frasa MA, McCormack J, Finelli M, Thoresen SB, Perdios L, Daigaku R,
Francis RE, Futter C, Dikic |, Braga VM. 2013. The TBC/RabGAP armus coordinates Rac1 and Rab7 functions
during autophagy. Developmental Cell 25:15-28. doi: 10.1016/j.devcel.2013.03.005, PMID: 23562278

Chauhan S, Goodwin JG, Chauhan S, Manyam G, Wang J, Kamat AM, Boyd DD. 2013. ZKSCAN3 is a master
transcriptional repressor of autophagy. Molecular Cell 50:16-28. doi: 10.1016/j.molcel.2013.01.024,

PMID: 23434374

Chua JP, Reddy SL, Merry DE, Adachi H, Katsuno M, Sobue G, Robins DM, Lieberman AP. 2014. Transcriptional
activation of TFEB/ZKSCANS3 target genes underlies enhanced autophagy in spinobulbar muscular atrophy.
Human Molecular Genetics 23:1376-1386. doi: 10.1093/hmg/ddt527, PMID: 24150846

Cruts M, Engelborghs S, van der Zee J, Van Broeckhoven C. 2015. C9orf72-Related Amyotrophic Lateral
Sclerosis and Frontotemporal Dementia. In: Pagon R. A, Adam M. P, Ardinger H, Wallace S. E, Amemiya A,
Bean L. J. H, Bird T. D, Fong C. T, Mefford H. C, Smith R. J. H, Stephens K (eds). GeneReviews (R) [Internet].
Seattle, WA: University of Washington. https://www.ncbi.nlm.nih.gov/books/NBK268647/

Dooley HC, Razi M, Polson HE, Girardin SE, Wilson MI, Tooze SA. 2014. WIPI2 links LC3 conjugation with PI3P,
autophagosome formation, and pathogen clearance by recruiting Atg12-5-16L1. Molecular Cell 55:238-252.
doi: 10.1016/j.molcel.2014.05.021, PMID: 24954904

Drozdetskiy A, Cole C, Procter J, Barton GJ. 2015. JPred4: a protein secondary structure prediction server.
Nucleic Acids Research 43:W389-W394. doi: 10.1093/nar/gkv332, PMID: 25883141

Egan D, Kim J, Shaw RJ, Guan KL. 2011. The autophagy initiating kinase ULK1 is regulated via opposing
phosphorylation by AMPK and mTOR. Autophagy 7:643-644. doi: 10.4161/auto.7.6.15123, PMID: 21460621

Egan DF, Chun MG, Vamos M, Zou H, Rong J, Miller CJ, Lou HJ, Raveendra-Panickar D, Yang CC, Sheffler DJ,
Teriete P, Asara JM, Turk BE, Cosford ND, Shaw RJ. 2015. Small molecule inhibition of the autophagy kinase
ULK1 and identification of ULK1 substrates. Molecular Cell 59:285-297. doi: 10.1016/j.molcel.2015.05.031,
PMID: 26118643

Fader CM, Sanchez D, Furlan M, Colombo MI. 2008. Induction of autophagy promotes fusion of multivesicular
bodies with autophagic vacuoles in k562 cells. Traffic 9:230-250. doi: 10.1111/].1600-0854.2007.00677 %,
PMID: 17999726

Fukuda M, Itoh T. 2008. Direct link between Atg protein and small GTPase Rab: Atg16l functions as a potential
Rab33 effector in mammals. Autophagy 4:824-826. doi: 10.4161/auto.6542, PMID: 18670194

Fukuda M. 2013. Rab27 effectors, pleiotropic regulators in secretory pathways. Traffic 14:949-963. doi: 10.1111/
tra.12083, PMID: 23678941

Ganley IG, Lam duH, Wang J, Ding X, Chen S, Jiang X. 2009. ULK1.ATG13.FIP200 complex mediates mTOR
signaling and is essential for autophagy. Journal of Biological Chemistry 284:12297-12305. doi: 10.1074/jbc.
M900573200, PMID: 19258318

Genau HM, Huber J, Baschieri F, Akutsu M, Détsch V, Farhan H, Rogov V, Behrends C. 2015. CUL3-KBTBDé6/
KBTBD7? ubiquitin ligase cooperates with GABARAP proteins to spatially restrict TTAM1-RAC1 signaling.
Molecular Cell 57:995-1010. doi: 10.1016/j.molcel.2014.12.040, PMID: 25684205

Gilabert M, Vaccaro M, Fernandez-Zapico ME, Calvo EL, Turrini O, Secq V, Garcia S, Moutardier V, Lomberk G,
Dusetti N, Urrutia R, lovanna JL. 2013. Novel role of VMP1 as modifier of the pancreatic tumor cell response to
chemotherapeutic drugs. Journal of Cellular Physiology 228:1834-1843. doi: 10.1002/jcp.24343, PMID: 234604
82

Hara T, Takamura A, Kishi C, lemura S, Natsume T, Guan JL, Mizushima N. 2008. FIP200, a ULK-interacting
protein, is required for autophagosome formation in mammalian cells. The Journal of Cell Biology 181:497-
510. doi: 10.1083/jcb.200712064, PMID: 18443221

Jung et al. eLife 2017;6:€23063. DOI: 10.7554/eLife.23063 29 of 32


http://dx.doi.org/10.1128/MCB.06159-11
http://www.ncbi.nlm.nih.gov/pubmed/22025673
http://dx.doi.org/10.1091/mbc.E16-01-0003
http://www.ncbi.nlm.nih.gov/pubmed/27559131
http://www.ncbi.nlm.nih.gov/pubmed/27559131
http://dx.doi.org/10.1038/nature09204
http://www.ncbi.nlm.nih.gov/pubmed/20562859
http://dx.doi.org/10.1242/jcs.126128
http://www.ncbi.nlm.nih.gov/pubmed/23908376
http://dx.doi.org/10.1007/s00401-016-1575-8
http://www.ncbi.nlm.nih.gov/pubmed/27164932
http://dx.doi.org/10.1074/jbc.M112.351908
http://www.ncbi.nlm.nih.gov/pubmed/22511774
http://dx.doi.org/10.1016/j.febslet.2010.01.011
http://www.ncbi.nlm.nih.gov/pubmed/20074568
http://dx.doi.org/10.1016/j.devcel.2013.03.005
http://www.ncbi.nlm.nih.gov/pubmed/23562278
http://dx.doi.org/10.1016/j.molcel.2013.01.024
http://www.ncbi.nlm.nih.gov/pubmed/23434374
http://dx.doi.org/10.1093/hmg/ddt527
http://www.ncbi.nlm.nih.gov/pubmed/24150846
https://www.ncbi.nlm.nih.gov/books/NBK268647/
http://dx.doi.org/10.1016/j.molcel.2014.05.021
http://www.ncbi.nlm.nih.gov/pubmed/24954904
http://dx.doi.org/10.1093/nar/gkv332
http://www.ncbi.nlm.nih.gov/pubmed/25883141
http://dx.doi.org/10.4161/auto.7.6.15123
http://www.ncbi.nlm.nih.gov/pubmed/21460621
http://dx.doi.org/10.1016/j.molcel.2015.05.031
http://www.ncbi.nlm.nih.gov/pubmed/26118643
http://dx.doi.org/10.1111/j.1600-0854.2007.00677.x
http://www.ncbi.nlm.nih.gov/pubmed/17999726
http://dx.doi.org/10.4161/auto.6542
http://www.ncbi.nlm.nih.gov/pubmed/18670194
http://dx.doi.org/10.1111/tra.12083
http://dx.doi.org/10.1111/tra.12083
http://www.ncbi.nlm.nih.gov/pubmed/23678941
http://dx.doi.org/10.1074/jbc.M900573200
http://dx.doi.org/10.1074/jbc.M900573200
http://www.ncbi.nlm.nih.gov/pubmed/19258318
http://dx.doi.org/10.1016/j.molcel.2014.12.040
http://www.ncbi.nlm.nih.gov/pubmed/25684205
http://dx.doi.org/10.1002/jcp.24343
http://www.ncbi.nlm.nih.gov/pubmed/23460482
http://www.ncbi.nlm.nih.gov/pubmed/23460482
http://dx.doi.org/10.1083/jcb.200712064
http://www.ncbi.nlm.nih.gov/pubmed/18443221
http://dx.doi.org/10.7554/eLife.23063

LI FE Research article Biochemistry | Cell Biology

Hariri M, Millane G, Guimond MP, Guay G, Dennis JW, Nabi IR. 2000. Biogenesis of multilamellar bodies via
autophagy. Molecular Biology of the Cell 11:255-268. doi: 10.1091/mbc.11.1.255, PMID: 10637306

He P, Peng Z, Luo Y, Wang L, Yu P, Deng W, An Y, Shi T, Ma D. 2009. High-throughput functional screening for
autophagy-related genes and identification of TM9SF1 as an autophagosome-inducing gene. Autophagy 5:52—
60. doi: 10.4161/auto.5.1.7247, PMID: 19029833

Hoffman NJ, Parker BL, Chaudhuri R, Fisher-Wellman KH, Kleinert M, Humphrey SJ, Yang P, Holliday M, Trefely
S, Fazakerley DJ, Stockli J, Burchfield JG, Jensen TE, Jothi R, Kiens B, Wojtaszewski JF, Richter EA, James DE.
2015. Global phosphoproteomic analysis of human skeletal muscle reveals a network of Exercise-Regulated
kinases and AMPK substrates. Cell Metabolism 22:922-935. doi: 10.1016/j.cmet.2015.09.001, PMID: 26437602

Hosokawa N, Hara T, Kaizuka T, Kishi C, Takamura A, Miura Y, lemura S, Natsume T, Takehana K, Yamada N,
Guan JL, Oshiro N, Mizushima N. 2009a. Nutrient-dependent mTORC1 association with the ULK1-Atg13-
FIP200 complex required for autophagy. Molecular Biology of the Cell 20:1981-1991. doi: 10.1091/mbc.E08-
12-1248, PMID: 19211835

Hosokawa N, Sasaki T, lemura S, Natsume T, Hara T, Mizushima N. 2009b. Atg101, a novel mammalian
autophagy protein interacting with Atg13. Autophagy 5:973-979. doi: 10.4161/auto.5.7.9296, PMID: 19597335

Hsu PP, Kang SA, Rameseder J, Zhang Y, Ottina KA, Lim D, Peterson TR, Choi Y, Gray NS, Yaffe MB, Marto JA,
Sabatini DM. 2011. The mTOR-regulated phosphoproteome reveals a mechanism of mMTORC1-mediated
inhibition of growth factor signaling. Science 332:1317-1322. doi: 10.1126/science.1199498, PMID: 21659604

Huang da W, Sherman BT, Lempicki RA. 2009a. Bioinformatics enrichment tools: paths toward the
comprehensive functional analysis of large gene lists. Nucleic Acids Research 37:1-13. doi: 10.1093/nar/
gkn923, PMID: 19033363

Huang da W, Sherman BT, Lempicki RA. 2009b. Systematic and integrative analysis of large gene lists using
DAVID bioinformatics resources. Nature Protocols 4:44-57. doi: 10.1038/nprot.2008.211, PMID: 19131956

Hutagalung AH, Novick PJ. 2011. Role of Rab GTPases in membrane traffic and cell physiology. Physiological
Reviews 91:119-149. doi: 10.1152/physrev.00059.2009, PMID: 21248164

Huttlin EL, Jedrychowski MP, Elias JE, Goswami T, Rad R, Beausoleil SA, Villén J, Haas W, Sowa ME, Gygi SP.
2010. A tissue-specific atlas of mouse protein phosphorylation and expression. Cell 143:1174-1189. doi: 10.
1016/j.cell.2010.12.001, PMID: 21183079

Itakura E, Kishi-ltakura C, Mizushima N. 2012. The hairpin-type tail-anchored SNARE syntaxin 17 targets to
autophagosomes for fusion with endosomes/lysosomes. Cell 151:1256-1269. doi: 10.1016/j.cell.2012.11.001,
PMID: 23217709

Itoh T, Fujita N, Kanno E, Yamamoto A, Yoshimori T, Fukuda M. 2008. Golgi-resident small GTPase Rab33B
interacts with Atg16L and modulates autophagosome formation. Molecular Biology of the Cell 19:2916-2925.
doi: 10.1091/mbc.E07-12-1231, PMID: 18448665

Itoh T, Kanno E, Uemura T, Waguri S, Fukuda M. 2011. OATL1, a novel autophagosome-resident Rab33B-GAP,
regulates autophagosomal maturation. The Journal of Cell Biology 192:839-853. doi: 10.1083/jcb.201008107,
PMID: 21383079

Jaber N, Dou Z, Chen JS, Catanzaro J, Jiang YP, Ballou LM, Selinger E, Ouyang X, Lin RZ, Zhang J, Zong WX.
2012. Class Il PI3K Vps34 plays an essential role in autophagy and in heart and liver function. PNAS 109:2003-
2008. doi: 10.1073/pnas.1112848109, PMID: 22308354

Joachim J, Jefferies HB, Razi M, Frith D, Snijders AP, Chakravarty P, Judith D, Tooze SA. 2015. Activation of ULK
kinase and autophagy by GABARAP trafficking from the centrosome is regulated by WAC and GM130.
Molecular Cell 60:899-913. doi: 10.1016/j.molcel.2015.11.018, PMID: 26687599

Jung CH, Jun CB, Ro SH, Kim YM, Otto NM, Cao J, Kundu M, Kim DH. 2009. ULK-Atg13-FIP200 complexes
mediate mTOR signaling to the autophagy machinery. Molecular Biology of the Cell 20:1992-2003. doi: 10.
1091/mbc.E08-12-1249, PMID: 19225151

Jung CH, Ro SH, Cao J, Otto NM, Kim DH. 2010. mTOR regulation of autophagy. FEBS Letters 584:1287-1295.
doi: 10.1016/j.febslet.2010.01.017, PMID: 20083114

Jung J, Behrends C. 2017. Protocol for Establishing a Multiplex Image-based Autophagy RNAI Screen in Cell
Cultures. BIO-PROTOCOL 7:€2540 . doi: 10.21769/BioProtoc.2540

Jung J, Genau HM, Behrends C. 2015. Amino Acid-Dependent mTORC1 regulation by the lysosomal membrane
protein SLC38A9. Molecular and Cellular Biology 35:2479-2494. doi: 10.1128/MCB.00125-15, PMID: 25963655

Kang SA, Pacold ME, Cervantes CL, Lim D, Lou HJ, Ottina K, Gray NS, Turk BE, Yaffe MB, Sabatini DM. 2013.
mTORC1 phosphorylation sites encode their sensitivity to starvation and rapamycin. Science 341:1236566.
doi: 10.1126/science.1236566, PMID: 23888043

Kern A, Dikic I, Behl C. 2015. The integration of autophagy and cellular trafficking pathways via RAB GAPs.
Autophagy 11:2393-2397. doi: 10.1080/15548627.2015.1110668, PMID: 26565612

Kim J, Kundu M, Viollet B, Guan KL. 2011. AMPK and mTOR regulate autophagy through direct phosphorylation
of Ulk1. Nature Cell Biology 13:132-141. doi: 10.1038/ncb2152, PMID: 21258367

Kimura S, Noda T, Yoshimori T. 2007. Dissection of the autophagosome maturation process by a novel reporter
protein, tandem fluorescent-tagged LC3. Autophagy 3:452-460. doi: 10.4161/auto.4451, PMID: 17534139

Kéfinger J, Ragusa MJ, Lee IH, Hummer G, Hurley JH. 2015. Solution structure of the Atg1 complex:
implications for the architecture of the phagophore assembly site. Structure 23:809-818. doi: 10.1016/j.str.
2015.02.012, PMID: 25817386

Lamb CA, Nuhlen S, Judith D, Frith D, Snijders AP, Behrends C, Tooze SA. 2016. TBC1D14 regulates autophagy
via the TRAPP complex and ATG9 traffic. The EMBO Journal 35:281-301. doi: 10.15252/embj.201592695,
PMID: 26711178

Jung et al. eLife 2017;6:€23063. DOI: 10.7554/eLife.23063 30 of 32


http://dx.doi.org/10.1091/mbc.11.1.255
http://www.ncbi.nlm.nih.gov/pubmed/10637306
http://dx.doi.org/10.4161/auto.5.1.7247
http://www.ncbi.nlm.nih.gov/pubmed/19029833
http://dx.doi.org/10.1016/j.cmet.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26437602
http://dx.doi.org/10.1091/mbc.E08-12-1248
http://dx.doi.org/10.1091/mbc.E08-12-1248
http://www.ncbi.nlm.nih.gov/pubmed/19211835
http://dx.doi.org/10.4161/auto.5.7.9296
http://www.ncbi.nlm.nih.gov/pubmed/19597335
http://dx.doi.org/10.1126/science.1199498
http://www.ncbi.nlm.nih.gov/pubmed/21659604
http://dx.doi.org/10.1093/nar/gkn923
http://dx.doi.org/10.1093/nar/gkn923
http://www.ncbi.nlm.nih.gov/pubmed/19033363
http://dx.doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
http://dx.doi.org/10.1152/physrev.00059.2009
http://www.ncbi.nlm.nih.gov/pubmed/21248164
http://dx.doi.org/10.1016/j.cell.2010.12.001
http://dx.doi.org/10.1016/j.cell.2010.12.001
http://www.ncbi.nlm.nih.gov/pubmed/21183079
http://dx.doi.org/10.1016/j.cell.2012.11.001
http://www.ncbi.nlm.nih.gov/pubmed/23217709
http://dx.doi.org/10.1091/mbc.E07-12-1231
http://www.ncbi.nlm.nih.gov/pubmed/18448665
http://dx.doi.org/10.1083/jcb.201008107
http://www.ncbi.nlm.nih.gov/pubmed/21383079
http://dx.doi.org/10.1073/pnas.1112848109
http://www.ncbi.nlm.nih.gov/pubmed/22308354
http://dx.doi.org/10.1016/j.molcel.2015.11.018
http://www.ncbi.nlm.nih.gov/pubmed/26687599
http://dx.doi.org/10.1091/mbc.E08-12-1249
http://dx.doi.org/10.1091/mbc.E08-12-1249
http://www.ncbi.nlm.nih.gov/pubmed/19225151
http://dx.doi.org/10.1016/j.febslet.2010.01.017
http://www.ncbi.nlm.nih.gov/pubmed/20083114
http://dx.doi.org/10.21769/BioProtoc.2540
http://dx.doi.org/10.1128/MCB.00125-15
http://www.ncbi.nlm.nih.gov/pubmed/25963655
http://dx.doi.org/10.1126/science.1236566
http://www.ncbi.nlm.nih.gov/pubmed/23888043
http://dx.doi.org/10.1080/15548627.2015.1110668
http://www.ncbi.nlm.nih.gov/pubmed/26565612
http://dx.doi.org/10.1038/ncb2152
http://www.ncbi.nlm.nih.gov/pubmed/21258367
http://dx.doi.org/10.4161/auto.4451
http://www.ncbi.nlm.nih.gov/pubmed/17534139
http://dx.doi.org/10.1016/j.str.2015.02.012
http://dx.doi.org/10.1016/j.str.2015.02.012
http://www.ncbi.nlm.nih.gov/pubmed/25817386
http://dx.doi.org/10.15252/embj.201592695
http://www.ncbi.nlm.nih.gov/pubmed/26711178
http://dx.doi.org/10.7554/eLife.23063

LI FE Research article Biochemistry | Cell Biology

Levine TP, Daniels RD, Gatta AT, Wong LH, Hayes MJ. 2013. The product of C90rf72, a gene strongly implicated
in neurodegeneration, is structurally related to DENN Rab-GEFs. Bioinformatics 29:499-503. doi: 10.1093/
bioinformatics/bts725, PMID: 23329412

Longatti A, Lamb CA, Razi M, Yoshimura S, Barr FA, Tooze SA. 2012. TBC1D14 regulates autophagosome
formation via Rab11- and ULK1-positive recycling endosomes. The Journal of Cell Biology 197:659-675.
doi: 10.1083/jcb.201111079, PMID: 22613832

Lu M, Muers MR, Lu X. 2016. Introducing STRaNDs: shuttling transcriptional regulators that are non-DNA
binding. Nature Reviews Molecular Cell Biology 17:523-532. doi: 10.1038/nrm.2016.41, PMID: 27220640

Medina DL, Di Paola S, Peluso |, Armani A, De Stefani D, Venditti R, Montefusco S, Scotto-Rosato A, Prezioso C,
Forrester A, Settembre C, Wang W, Gao Q, Xu H, Sandri M, Rizzuto R, De Matteis MA, Ballabio A. 2015.
Lysosomal calcium signalling regulates autophagy through calcineurin and TFEB. Nature Cell Biology 17:288-
299. doi: 10.1038/ncb3114, PMID: 25720963

Mercer CA, Kaliappan A, Dennis PB. 2009. A novel, human Atg13 binding protein, Atg101, interacts with ULK1
and is essential for macroautophagy. Autophagy 5:649-662. doi: 10.4161/auto.5.5.8249, PMID: 19287211

Molejon M, Ropolo A, Vaccaro MI. 2013. VMP1 is a new player in the regulation of the autophagy-specific
phosphatidylinositol 3-kinase complex activation. Autophagy 9:933-935. doi: 10.4161/auto.24390, PMID: 2355
8782

Moreau K, Ravikumar B, Puri C, Rubinsztein DC. 2012. Arf6 promotes autophagosome formation via effects on
phosphatidylinositol 4,5-bisphosphate and phospholipase D. The Journal of Cell Biology 196:483-496. doi: 10.
1083/jcb.201110114, PMID: 22351926

Nayak A, Viale-Bouroncle S, Morsczeck C, Muller S. 2014. The SUMO-specific isopeptidase SENP3 regulates
MLL1/MLL2 methyltransferase complexes and controls osteogenic differentiation. Molecular Cell 55:47-58.
doi: 10.1016/j.molcel.2014.05.011, PMID: 24930734

Pankiv S, Alemu EA, Brech A, Bruun JA, Lamark T, Overvatn A, Bjerkey G, Johansen T. 2010. FYCO1 is a Rab7
effector that binds to LC3 and PI3P to mediate microtubule plus end-directed vesicle transport. The Journal of
Cell Biology 188:253-269. doi: 10.1083/jcb.200907015, PMID: 20100911

Pankiv S, Johansen T. 2010. FYCO1: linking autophagosomes to microtubule plus end-directing molecular
motors. Autophagy 6:550-552. doi: 10.4161/auto.6.4.11670, PMID: 20364109

Park J-M, Jung CH, Seo M, Otto NM, Grunwald D, Kim KH, Moriarity B, Kim Y-M, Starker C, Nho RS, Voytas D,
Kim D-H. 2016. The ULK1 complex mediates MTORC1 signaling to the autophagy initiation machinery via
binding and phosphorylating ATG14. Autophagy 12:547-564. doi: 10.1080/15548627.2016.1140293

Pehar M, Jonas MC, Hare TM, Puglielli L. 2012. SLC33A1/AT-1 protein regulates the induction of autophagy
downstream of IRE1/XBP1 pathway. Journal of Biological Chemistry 287:29921-29930. doi: 10.1074/jbc.M112.
363911, PMID: 22787145

Pietrocola F, Izzo V, Niso-Santano M, Vacchelli E, Galluzzi L, Maiuri MC, Kroemer G. 2013. Regulation of
autophagy by stress-responsive transcription factors. Seminars in Cancer Biology 23:310-322. doi: 10.1016/j.
semcancer.2013.05.008, PMID: 23726895

Polson HE, de Lartigue J, Rigden DJ, Reedijk M, Urbé S, Clague MJ, Tooze SA. 2010. Mammalian Atg18 (WIPI2)
localizes to omegasome-anchored phagophores and positively regulates LC3 lipidation. Autophagy 6:506-522.
doi: 10.4161/auto.6.4.11863, PMID: 20505359

Popovic D, Akutsu M, Novak |, Harper JW, Behrends C, Dikic I. 2012. Rab GTPase-activating proteins in
autophagy: regulation of endocytic and autophagy pathways by direct binding to human ATG8 modifiers.
Molecular and Cellular Biology 32:1733-1744. doi: 10.1128/MCB.06717-11, PMID: 22354992

Popovic D, Dikic I. 2014. TBC1D5 and the AP2 complex regulate ATG9 trafficking and initiation of autophagy.
EMBO Reports 15:392-401. doi: 10.1002/embr.201337995, PMID: 24603492

Proikas-Cezanne T, Waddell S, Gaugel A, Frickey T, Lupas A, Nordheim A. 2004. WIPI-1alpha (WIPI49), a
member of the novel 7-bladed WIPI protein family, is aberrantly expressed in human cancer and is linked to
starvation-induced autophagy. Oncogene 23:9314-9325. doi: 10.1038/sj.onc.1208331, PMID: 15602573

Russell RC, Tian Y, Yuan H, Park HW, Chang YY, Kim J, Kim H, Neufeld TP, Dillin A, Guan KL. 2013. ULK1
induces autophagy by phosphorylating Beclin-1 and activating VPS34 lipid kinase. Nature Cell Biology 15:741-
750. doi: 10.1038/ncb2757, PMID: 23685627

Salameh JS, Brown RH, Berry JD. 2015. Amyotrophic lateral sclerosis: review. Seminars in Neurology 35:469-
476. doi: 10.1055/5-0035-1558984, PMID: 26502769

Sellier C, Campanari ML, Julie Corbier C, Gaucherot A, Kolb-Cheynel |, Oulad-Abdelghani M, Ruffenach F, Page
A, Ciura S, Kabashi E, Charlet-Berguerand N. 2016. Loss of C9ORF72 impairs autophagy and synergizes with
polyQ Ataxin-2 to induce motor neuron dysfunction and cell death. The EMBO Journal 35:1276-1297. doi: 10.
15252/embj.201593350, PMID: 27103069

Settembre C, Di Malta C, Polito VA, Garcia Arencibia M, Vetrini F, Erdin S, Erdin SU, Huynh T, Medina D, Colella
P, Sardiello M, Rubinsztein DC, Ballabio A. 2011. TFEB links autophagy to lysosomal biogenesis. Science 332:
1429-1433. doi: 10.1126/science.1204592, PMID: 21617040

Settembre C, Zoncu R, Medina DL, Vetrini F, Erdin S, Erdin S, Huynh T, Ferron M, Karsenty G, Vellard MC,
Facchinetti V, Sabatini DM, Ballabio A. 2012. A lysosome-to-nucleus signalling mechanism senses and regulates
the lysosome via mTOR and TFEB. The EMBO Journal 31:1095-1108. doi: 10.1038/emboj.2012.32,

PMID: 22343943

Sowa ME, Bennett EJ, Gygi SP, Harper JW. 2009. Defining the human deubiquitinating enzyme interaction

landscape. Cell 138:389-403. doi: 10.1016/j.cell.2009.04.042, PMID: 19615732

Jung et al. eLife 2017;6:€23063. DOI: 10.7554/eLife.23063 31 of 32


http://dx.doi.org/10.1093/bioinformatics/bts725
http://dx.doi.org/10.1093/bioinformatics/bts725
http://www.ncbi.nlm.nih.gov/pubmed/23329412
http://dx.doi.org/10.1083/jcb.201111079
http://www.ncbi.nlm.nih.gov/pubmed/22613832
http://dx.doi.org/10.1038/nrm.2016.41
http://www.ncbi.nlm.nih.gov/pubmed/27220640
http://dx.doi.org/10.1038/ncb3114
http://www.ncbi.nlm.nih.gov/pubmed/25720963
http://dx.doi.org/10.4161/auto.5.5.8249
http://www.ncbi.nlm.nih.gov/pubmed/19287211
http://dx.doi.org/10.4161/auto.24390
http://www.ncbi.nlm.nih.gov/pubmed/23558782
http://www.ncbi.nlm.nih.gov/pubmed/23558782
http://dx.doi.org/10.1083/jcb.201110114
http://dx.doi.org/10.1083/jcb.201110114
http://www.ncbi.nlm.nih.gov/pubmed/22351926
http://dx.doi.org/10.1016/j.molcel.2014.05.011
http://www.ncbi.nlm.nih.gov/pubmed/24930734
http://dx.doi.org/10.1083/jcb.200907015
http://www.ncbi.nlm.nih.gov/pubmed/20100911
http://dx.doi.org/10.4161/auto.6.4.11670
http://www.ncbi.nlm.nih.gov/pubmed/20364109
http://dx.doi.org/10.1080/15548627.2016.1140293
http://dx.doi.org/10.1074/jbc.M112.363911
http://dx.doi.org/10.1074/jbc.M112.363911
http://www.ncbi.nlm.nih.gov/pubmed/22787145
http://dx.doi.org/10.1016/j.semcancer.2013.05.008
http://dx.doi.org/10.1016/j.semcancer.2013.05.008
http://www.ncbi.nlm.nih.gov/pubmed/23726895
http://dx.doi.org/10.4161/auto.6.4.11863
http://www.ncbi.nlm.nih.gov/pubmed/20505359
http://dx.doi.org/10.1128/MCB.06717-11
http://www.ncbi.nlm.nih.gov/pubmed/22354992
http://dx.doi.org/10.1002/embr.201337995
http://www.ncbi.nlm.nih.gov/pubmed/24603492
http://dx.doi.org/10.1038/sj.onc.1208331
http://www.ncbi.nlm.nih.gov/pubmed/15602573
http://dx.doi.org/10.1038/ncb2757
http://www.ncbi.nlm.nih.gov/pubmed/23685627
http://dx.doi.org/10.1055/s-0035-1558984
http://www.ncbi.nlm.nih.gov/pubmed/26502769
http://dx.doi.org/10.15252/embj.201593350
http://dx.doi.org/10.15252/embj.201593350
http://www.ncbi.nlm.nih.gov/pubmed/27103069
http://dx.doi.org/10.1126/science.1204592
http://www.ncbi.nlm.nih.gov/pubmed/21617040
http://dx.doi.org/10.1038/emboj.2012.32
http://www.ncbi.nlm.nih.gov/pubmed/22343943
http://dx.doi.org/10.1016/j.cell.2009.04.042
http://www.ncbi.nlm.nih.gov/pubmed/19615732
http://dx.doi.org/10.7554/eLife.23063

LI FE Research article Biochemistry | Cell Biology

Spang N, Feldmann A, Huesmann H, Bekbulat F, Schmitt V, Hiebel C, Koziollek-Drechsler I, Clement AM,
Moosmann B, Jung J, Behrends C, Dikic |, Kern A, Behl C. 2014. RAB3GAP1 and RAB3GAP2 modulate basal
and rapamycin-induced autophagy. Autophagy 10:2297-2309. doi: 10.4161/15548627.2014.994359, PMID: 254
95476

Stadel D, Millarte V, Tillmann KD, Huber J, Tamin-Yecheskel BC, Akutsu M, Demishtein A, Ben-Zeev B, Anikster
Y, Perez F, Dotsch V, Elazar Z, Rogov V, Farhan H, Behrends C. 2015. TECPR2 cooperates with LC3C to
regulate COPIl-Dependent ER export. Molecular Cell 60:89-104. doi: 10.1016/j.molcel.2015.09.010,

PMID: 26431026

Stehling O, Vashisht AA, Mascarenhas J, Jonsson ZO, Sharma T, Netz DJ, Pierik AJ, Wohlschlegel JA, Lill R.
2012. MMS19 assembles iron-sulfur proteins required for DNA metabolism and genomic integrity. Science 337:
195-199. doi: 10.1126/science.1219723, PMID: 22678362

Stewart-Ornstein J, Lahav G. 2016. Dynamics of CDKN1A in single cells defined by an endogenous fluorescent
tagging toolkit. Cell Reports 14:1800-1811. doi: 10.1016/].celrep.2016.01.045, PMID: 26876176

Stork B, Alers S, Loffler AS, Wesselborg S. 2012. Regulation of autophagy by protein phosphorylation. Huang C
(Ed). Protein Phosphorylation in Human Health. InTech. doi: 10.5772/48502

Sullivan PM, Zhou X, Robins AM, Paushter DH, Kim D, Smolka MB, Hu F. 2016. The ALS/FTLD associated protein
C9orf72 associates with SMCR8 and WDR41 to regulate the autophagy-lysosome pathway. Acta
Neuropathologica Communications 4:51. doi: 10.1186/s40478-016-0324-5, PMID: 27193190

Szatmari Z, Kis V, Lippai M, Hegedus K, Faragé T, Lorincz P, Tanaka T, Juhész G, Sass M. 2014. Rab11 facilitates
cross-talk between autophagy and endosomal pathway through regulation of hook localization. Molecular
Biology of the Cell 25:522-531. doi: 10.1091/mbc.E13-10-0574, PMID: 24356450

Tanida I, Ueno T, Kominami E. 2004. LC3 conjugation system in mammalian autophagy. The International Journal
of Biochemistry & Cell Biology 36:2503-2518. doi: 10.1016/].biocel.2004.05.009, PMID: 15325588

Ugolino J, Ji YJ, Conchina K, Chu J, Nirujogi RS, Pandey A, Brady NR, Hamacher-Brady A, Wang J. 2016. Loss of
C9orf72 enhances autophagic activity via deregulated mTOR and TFEB signaling. PLoS Genetics 12:e1006443.
doi: 10.1371/journal.pgen.1006443, PMID: 27875531

Velikkakath AK, Nishimura T, Oita E, Ishihara N, Mizushima N. 2012. Mammalian Atg2 proteins are essential for
autophagosome formation and important for regulation of size and distribution of lipid droplets. Molecular
Biology of the Cell 23:896-909. doi: 10.1091/mbc.E11-09-0785, PMID: 22219374

Webster CP, Smith EF, Bauer CS, Moller A, Hautbergue GM, Ferraiuolo L, Myszczynska MA, Higginbottom A,
Walsh MJ, Whitworth AJ, Kaspar BK, Meyer K, Shaw PJ, Grierson AJ, De Vos KJ. 2016. The C90rf72 protein
interacts with Rab1a and the ULK1 complex to regulate initiation of autophagy. The EMBO Journal 35:1656—
1676. doi: 10.15252/embj.201694401, PMID: 27334615

Weder ND, Aziz R, Wilkins K, Tampi RR. 2007. Frontotemporal dementias: a review. Annals of General Psychiatry
6:15. doi: 10.1186/1744-859X-6-15, PMID: 17565679

Weidberg H, Shvets E, Shpilka T, Shimron F, Shinder V, Elazar Z. 2010. LC3 and GATE-16/GABARAP subfamilies
are both essential yet act differently in autophagosome biogenesis. The EMBO Journal 29:1792-1802. doi: 10.
1038/emboj.2010.74, PMID: 20418806

Xiao S, MacNair L, McLean J, McGoldrick P, McKeever P, Soleimani S, Keith J, Zinman L, Rogaeva E, Robertson
J. 2016. C90rf72 isoforms in amyotrophic lateral sclerosis and frontotemporal lobar degeneration. Brain
Research 1647:43-49. doi: 10.1016/].brainres.2016.04.062, PMID: 27134035

Yang M, Liang C, Swaminathan K, Herrlinger S, Lai F, Shiekhattar R, Chen JF. 2016. A C9ORF72/SMCR8-
containing complex regulates ULK1 and plays a dual role in autophagy. Science Advances 2:e1601167. doi: 10.
1126/sciadv.1601167, PMID: 27617292

Zhang D, lyer LM, He F, Aravind L. 2012. Discovery of novel DENN proteins: implications for the evolution of
eukaryotic intracellular membrane structures and human disease. Frontiers in Genetics 3:283. doi: 10.3389/
fgene.2012.00283, PMID: 23248642

Jung et al. eLife 2017;6:€23063. DOI: 10.7554/eLife.23063 32 of 32


http://dx.doi.org/10.4161/15548627.2014.994359
http://www.ncbi.nlm.nih.gov/pubmed/25495476
http://www.ncbi.nlm.nih.gov/pubmed/25495476
http://dx.doi.org/10.1016/j.molcel.2015.09.010
http://www.ncbi.nlm.nih.gov/pubmed/26431026
http://dx.doi.org/10.1126/science.1219723
http://www.ncbi.nlm.nih.gov/pubmed/22678362
http://dx.doi.org/10.1016/j.celrep.2016.01.045
http://www.ncbi.nlm.nih.gov/pubmed/26876176
http://dx.doi.org/10.5772/48502
http://dx.doi.org/10.1186/s40478-016-0324-5
http://www.ncbi.nlm.nih.gov/pubmed/27193190
http://dx.doi.org/10.1091/mbc.E13-10-0574
http://www.ncbi.nlm.nih.gov/pubmed/24356450
http://dx.doi.org/10.1016/j.biocel.2004.05.009
http://www.ncbi.nlm.nih.gov/pubmed/15325588
http://dx.doi.org/10.1371/journal.pgen.1006443
http://www.ncbi.nlm.nih.gov/pubmed/27875531
http://dx.doi.org/10.1091/mbc.E11-09-0785
http://www.ncbi.nlm.nih.gov/pubmed/22219374
http://dx.doi.org/10.15252/embj.201694401
http://www.ncbi.nlm.nih.gov/pubmed/27334615
http://dx.doi.org/10.1186/1744-859X-6-15
http://www.ncbi.nlm.nih.gov/pubmed/17565679
http://dx.doi.org/10.1038/emboj.2010.74
http://dx.doi.org/10.1038/emboj.2010.74
http://www.ncbi.nlm.nih.gov/pubmed/20418806
http://dx.doi.org/10.1016/j.brainres.2016.04.062
http://www.ncbi.nlm.nih.gov/pubmed/27134035
http://dx.doi.org/10.1126/sciadv.1601167
http://dx.doi.org/10.1126/sciadv.1601167
http://www.ncbi.nlm.nih.gov/pubmed/27617292
http://dx.doi.org/10.3389/fgene.2012.00283
http://dx.doi.org/10.3389/fgene.2012.00283
http://www.ncbi.nlm.nih.gov/pubmed/23248642
http://dx.doi.org/10.7554/eLife.23063

