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Disturbances in autophagy and stress granule dynamics have been implicated as potential
mechanisms underlying inclusion body myopathy (IBM) and related disorders. Yet, the roles of
core autophagy proteins in IBM and stress granule dynamics remain poorly characterized. Here,
we demonstrate that disrupted expression of the core autophagy proteins ULK1/2 in mice causes a
vacuolar myopathy with ubiquitin and TDP-43—positive inclusions, similar to that caused by
mutations in VCP, the most common cause of familial IBM. Mechanistically, we show that
ULK1/2 localize to stress granules and phosphorylate VCP, thereby increasing VCP’s activity and
ability to disassemble stress granules. These data suggest that VCP dysregulation and defective
stress granule disassembly contribute to IBM-like disease in Ulk7/2-deficient mice. In addition,
stress granule disassembly is accelerated by an ULK1/2 agonist, suggesting ULK1/2 as targets for
exploiting higher-order regulation of stress granules for therapeutic intervention of IBM and
related disorders.

eTOC Blurb

Wang et. al, demonstrate that the autophagy-inducing kinases ULK1 and ULK2 regulate stress
granule disassembly by phosphorylating and activating the AAA+ ATPase VCP. Defects in this
pathway contribute to the development of inclusion body myopathy-like disease in mice.
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INTRODUCTION

Aberrant stress granule dynamics and defects in autophagy are thought to underlie the
pathogenesis of a related group of degenerative diseases, including inclusion body myopathy
(IBM), amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD), and the
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overlap syndrome multisystem proteinopathy (MSP, also known as IBM with early-onset
Paget disease and FTD) (Taylor, 2015). This family of diseases shares causative mutations in
genes that fall largely into two functional categories: those that encode RNA-binding
proteins (e.g., TDP-43, hnRNP A1, hnRNP A2, MATR3, FUS, TIA1) and those that encode
ubiquitin-binding proteins involved in autophagy (e.g., VCP/p97, SQSTM1/p62, UBQLN2,
OPTN) (Taylor, 2015). IBM, MSP, and many subtypes of ALS/FTD are characterized by the
intracellular accumulation of ubiquitin-positive aggregates that are also positive for disease-
associated RNA-binding proteins and autophagy-related proteins in affected tissues (Meyer
and Weihl, 2014; Taylor, 2015).

Studies of disease-associated mutations in RNA-binding proteins have revealed that these
mutations alter the dynamics of multiple membrane-less organelles, including stress
granules (Mackenzie et al., 2017; Molliex et al., 2015; Taylor et al., 2016), increasing the
propensity of certain stress granule proteins (e.g., TDP-43) to transition to pathologic,
amyloid-like fibrils (Mackenzie et al., 2017). Nondynamic stress granules may be a central
feature of disease, as supported by recent data indicating that persistent stress granules are
intrinsically cytotoxic and evolve over time into the characteristic cytoplasmic inclusions
seen in patients with IBM, ALS/FTD, or MSP (Zhang et al., 2018b).

Several lines of evidence have suggested that ubiquitin-dependent autophagy regulates the
remodeling and/or clearance of stress granules and that disease-causing mutations in patients
with IBM or a related disease may impinge on this process. First, an unbiased genetic screen
performed in yeast highlighted the importance of Cdc48 (the yeast homologue of VCP) and
selective autophagy in the degradation of stress granules (Buchan et al., 2013). VCP is a
AAA-ATPase that regulates diverse cellular processes by interacting with ubiquitinated
proteins via cofactors and facilitating their extraction from membranes or protein complexes
for degradation or recycling (Meyer et al., 2012; Meyer and Weihl, 2014). Disease-causing
mutations in VCP impair its autophagy-related functions and cause the abnormal persistence
of stress granules (Buchan et al., 2013; Seguin et al., 2014; Turakhiya et al., 2018). Second,
in addition to VCP, TBK1, SQSTM1, UBQLNZ2, and OPTN are all proteins that regulate
ubiquitin-dependent autophagy and whose autophagy-related functions are disrupted by
disease-causing mutations in patients with TDP-43—positive pathology (Deng et al., 2017;
Majcher et al., 2015). Moreover, like VCP, SQSTM1 and UBQLN2 have been implicated in
the regulation of stress granule dynamics. While it remains to be determined whether these
proteins play a role in autophagic clearance of stress granules, it was recently reported that
both SQSTM1 (Chitiprolu et al., 2018) and UBQLNZ2 (Dao et al., 2018) localize to stress
granules and undergo ubiquitin-regulated phase separation (Dao et al., 2018; Sun et al.,
2018a).This finding suggests a mechanism whereby these ubiquitin-binding autophagy
adapters are recruited to stress granules and, upon binding polyubiquitin chains, extract
ubiquitinated clients from stress granules, perhaps facilitating their subsequent delivery to
nascent autophagosomes.

Together, these observations suggest a possible direct link between the two groups of
proteins mutated in patients with IBM, ALS, FTD, or MSP, in which the persistence of stress
granules in affected tissues may be caused by disturbances in stress granule dynamics (by
mutations in RNA-binding proteins) or by a failure to clear stress granules or aggregation-
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prone stress granule components (by mutations in autophagy-related proteins). If this
relation is true, one would expect that genetic manipulation of core components of the
autophagy pathway might lead to the persistence of stress granules in cultured cells and the
development of TDP-43-and ubiquitin-positive pathology in model organisms. Yet, the roles
of core components of the autophagy machinery, such as ULK/Atg1, in the dynamics or
degradation of stress granules in mammalian cells and their contributions to the pathogenesis
of the IBM/ALS/FTD/MSP spectrum of diseases remain poorly characterized. ULK1 and
ULK?2 (hereafter “ULK1/2”) are druggable members of the ULK/Atg1 family of kinases that
exert higher-order regulation over macroautophagy in mammals by phosphorylating
substrates such as ATG13, VPS34, BECN1, ATG14, and SQSTML1 (Mercer et al., 2018;
Wang and Kundu, 2017). In their canonical role in inducing autophagy, ULK1/2 function
within complexes consisting of at least three additional partners (ATG13, RB1CC1, and
ATG101), and recent studies have identified the protein encoded by CIORF72 as a variable
addition to this core complex (Webster et al., 2016; Yang et al., 2016).

To investigate the role of ULK1/2 in homeostatic mechanisms that may be disrupted in the
IBM/ALS/FTD/MSP spectrum of diseases, we examined the physiologic consequences of
Ulk1/2 deficiency in mice. We demonstrate that mice deficient in UlkZ/2 develop IBM-like
disease with inclusions that are positive for ubiquitin, as well as the stress granule markers
TIAL and TDP-43. Pursuing the underlying mechanism of this phenotype using unbiased
proteomic analyses, we show that the ULK1 interactome is enriched in stress granule
proteins, including VCP. Furthermore, we show that unlike other autophagy-related proteins,
ULK1/2 regulate the disassembly of stress granules by phosphorylating VCP. Finally, we
demonstrate that enhancing ULK1/2 activity not only accelerates the normal dissolution of
stress granules but also promotes the resolution of persistent stress granules caused by the
expression of disease-associated mutant RNA-binding proteins.

Ulk1/2 Deficiency Leads to IBM-Like Disease in Mice

Consistent with their partially redundant functions, mice lacking either UlkZ or UlkZ survive
to older than 1 year with nondebilitating deficits (Cheong et al., 2014; Kundu et al., 2008),
whereas mice lacking both UlkZ and Ulk2 die prenatally or shortly after birth (Cheong et al.,
2014; Wang et al., 2017), similar to those with conventional germline knockout of
nonredundant autophagy genes (e.qg., Afg13, Rblccl, Becnl, Atg5, and Atg7) (Gan et al.,
2006; Kaizuka and Mizushima, 2016; Komatsu et al., 2005; Kuma et al., 2004; Yue et al.,
2003). These findings necessitated the use of targeted conditional knockout approaches to
investigate the role of ULK1/2 in specific tissues. While generating and analyzing Ulk1/2
conditional double knockout (cDKO) animals (Joo et al., 2016), we observed that tissues
from UIkX1oX/flox mice expressed significantly lower levels of U/k2mRNA (Figure S1A)
with no overt change in splice junction usage compared to tissues from U/kZ"* mice (data
not shown). This suggests that the introduction of the /oxPsites flanking exons 1-3 of Ulk2
rendered it hypomorphic. Ulk1™/~ UlkZ 19X (hereafter “ Ulk1/2 hypomorph™) mice retaining a
single floxed Ulk2allele showed retarded growth and shortened life spans compared to
UIkI*'= Ulk2 MoX (hereafter “control”) and U/kI™/~ UlIk2*!~ (“control 2”) mice (Figures S1B
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and S1C). Necropsies performed on these animals provided a unique opportunity to identify
tissues and organ systems particularly sensitive to the loss of Ulk1/2expression. These
studies revealed pathologic alterations in muscle, brain, spinal cord, liver, and kidney from
14-month-old Ulk1/2hypomorphs that were not present in age-matched controls (Figure
S1D). In addition to vacuoles in skeletal muscle fibers and dystrophic axons in deep
cerebellar nuclei and spinal cord, we observed hepatocyte hypertrophy and pigmentation
similar to that reported in liver-specific Ulk1/2cDKO mice (Sun et al., 2018b),
splenomegaly with extramedullary hematopoiesis (data not shown), and a defect in
reticulocyte maturation (data not shown), similar to the phenotypes observed in Ufk1/~
mice (Kundu et al., 2008).

The muscle pathology observed in Ulk1/2hypomorph mice was reminiscent of pathology
found in patients with IBM, prompting us to pursue more detailed characterization of the
muscular phenotype in these mice. Hallmarks of the muscle disease in patients with MSP or
sporadic IBM include muscle weakness, myopathy with vacuolar degeneration, inclusions
that are positive for ubiquitin, SQSTM1, TDP-43, and other markers (e.g., phosphorylated
tau, amyloid, LC3B), and tubulofilamentous aggregates by electron microscopy (Bucelli et
al., 2015; Watts et al., 2004; Weihl et al., 2015). Many of these features are also found in
mice expressing mutant forms of VCP (Badadani et al., 2010; Custer et al., 2010; Weihl et
al., 2007), the most common cause of MSP.

We began by examining serum creatine kinase levels and readouts of muscle function in
Ulk1/2hypomorphs. Similar to findings from patients with IBM (Hilton-Jones and Bradly,
2016), Ulk1/2hypomorph mice showed a mild increase in serum creatine kinase levels
compared to controls at early time points (i.e., <16 weeks of age) (Figure S1E). Ulk1/2
hypomorphs also showed a significant deficit in grip strength, as assessed by the hanging
wire test, at over 24 weeks of age (Figure S1F).

Pathologic examination of muscle tissues in these mice revealed that the phenotypes were
associated with inclusions in fast-twitch fibers, as revealed by fiber typing performed on
epaxial (data not shown) and quadriceps muscles (Figure S1G ) using antibodies against
type-specific myosin heavy chains. Given our finding that inclusions were restricted to type
Il (fast) myofibers, we restricted our subsequent analyses to quadriceps muscles due to the
prominence of type Il fibers in those muscles.

Deeper characterization of quadriceps muscles in Ulk1/2hypomorph mice confirmed further
similarities between these mice, mice expressing mutant VVCP, and patients with IBM. First,
hematoxylin and eosin—stained (H&E) sections of quadriceps from 20-week-old Ulk1/2
hypomorph mice demonstrated the presence of vacuoles, which were positively labeled by
modified Gomori trichrome staining (Figure 1A), similar to the “rimmed” vacuoles typically
found in patients with IBM and mice expressing mutant VCP. These sections also showed
evidence of myogenic myopathy, including some irregularity in fiber size and central nuclei
(Figures 1A and S1H). Second, immunohistochemical analyses revealed that the vacuoles in
skeletal muscles of Ulk1/2hypomorph mice contained inclusions that were positive for
ubiquitin, SQSTM1, and LC3B (Figure 1B). Furthermore, the RNA-binding proteins
TDP-43 and TIAL, whose expression is typically restricted to nuclei in normal muscle, were
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aberrantly localized to sarcoplasmic patches (Figures 1B and 1C, box 1) and SQSTM1-
positive inclusions (Figure 1C, box 2). Other RNA-binding proteins, such as hnRNP A2B1
and FUS, showed normal nuclear localization in the muscles of U/k1/2hypomorphs (Figure
1D). Reactivity to antibodies that detect phosphorylated tau (SMI-31) and B-amyloid (1-42)
was also present in the inclusion bodies (Figure S11). Third, ultrastructural studies showed
disruption of the normal myofiber architecture by an infiltrate composed of membranous
structures with electron-dense material, as well as an expansion of subsarcolemmal
mitochondria, occasionally swollen and filled with degenerative cisternae (Figure 1E).
Aggregates of tubulofilamentous material were also identified within muscle fibers of
Ulk1/2hypomorphs (Figure 1E), similar to the filamentous structures often observed in
affected tissues of patients with IBM or ALS (Hilton-Jones and Brady, 2016). Together,
these findings highlight the similarities between the muscle disease in Ulk1/2 hypomorphs,
mice expressing mutant VVCP, and patients with IBM.

Inflammatory infiltrates enriched in cytotoxic T cells are often present in muscle biopsies of
patients with sporadic IBM but are not a feature of the myopathy in patients with MSP. We
observed a mild increase (0.69/mm? vs 3.62/mm?2) in IBA1-positive activated macrophages
in sections from 14-month-old U/k1/2hypomorphs (Figure 1F) but failed to detect an
increase in CD3-positive T cells or PAX5-positive B cells (data not shown). The increase in
IBA1 positivity was similar to that observed in mice expressing mutant VCP (Badadani et
al., 2010).

The mitochondrial abnormalities observed by electron microscopy prompted us to perform
additional studies, including cytochemical stains for COXIV, SDH (Figure S1J), and NADH
(data not shown), which revealed higher levels of mitochondrial activity in the myofibers of
Ulk1/2hypomorphs, particularly in the type |1 fibers, compared to those in control animals.
Consistent with a defect in ULK1/2-dependent autophagy and/or lysosomal function,
immunoblot analyses showed increased steady-state levels of the mitochondrial proteins
TOMMZ20 and COXI1V, as well as SQSTM1 (Figures 1G and S1K), which were not due to
increases in 7ommZ20, Cox4il, or Sgstm1 mRNA (Figure 1H). The similar increase in
TDP-43 protein, but not 7argp mRNA, raised the possibility that TDP-43 turnover may also
be regulated in an ULK1/2-dependent manner (Figures 1G, 1H, and S1K). Although the
autophagy defect resulting from ULK1/2deficiency is associated with reduced levels of
lipidated LC3 (based on the ratio of LC3-11 and LC3-I, or LC3-11 normalized to a loading
control such as GAPDH) in cultured cells (Joo et al., 2016; McAlpine et al., 2013), the
levels of LC3-11 were not significantly different in muscle extracts prepared from Ulk1/2
hypomorphs and controls (Figure 1G and S1K). This result may be due to a defect in
lysosome-mediated turnover of LC3 and/or the observed increase in the levels of Mapl/c3a
and Map1/c3b mRNA in the Ulk1/2 hypomorphs compared to control mice (Figure 1H).

ULK1/2 Regulates Muscle Homeostasis in a Cell-Autonomous Manner via Autophagy-
Dependent and Autophagy-Independent Mechanisms

To distinguish between cell-autonomous and non—cell-autonomous aspects of the muscle
phenotype in Ulk1/2 hypomorphs and to exclude the possibility that expression of the floxed
Ulk2 allele was contributing to the development of the IBM-like disease in this mouse
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model, we generated muscle-specific U/k1/2cDKO mice. UlkI1oX/foX k2= mice on a
C57BL/6 background for more than 12 generations (Figure S2A) were crossed with
C57BL/6 mice expressing Cre recombinase driven by the muscle creatine kinase promoter
(Ckmm-Cre), which is expressed in skeletal muscle by embryonic day 13.5 (Bruning et al.,
1998). To determine which aspects of the muscle phenotype could be attributed to defects in
autophagy, we also generated mice with muscle-specific deletion of A#g7, a gene essential
for autophagosome formation via the canonical autophagy pathway.

We began by correlating ULK1/2 and ATG7 expression with functional defects in
autophagy. Immunoblot analyses of extracts prepared from Ulk1/2Ckmm-Cre cDKO
(UIkIoXIMoX i oI=: Ckmm-Cre) and Atg7ckmm-CrecK O (Atg A10X/flox: Ckmm-Cre)
quadriceps confirmed the loss of ULK1 and ATG7, respectively (Figure S2B).
Ulk1/26kmm-CrecDKO and Atg 7ckmm-CrecK O mice were grossly indistinguishable in
appearance from their aged-matched controls (U/k1*fox Ulkz™I=; Ckmm-Cre, and
Atg7floX: Ckmm-Cre) at birth and at the time of weaning, with no significant differences in
body weights at 8 weeks of age (Figure 2A). To confirm that the decrease in Ulk1/2
expression was sufficient to cause a defect in autophagy, we examined autophagy levels in
fed and starved 8-week-old control and U/k1/2Ckmm-Cre cDKO mice, prior to the appearance
of pathologic vacuoles and inclusions. As expected based on the defect in starvation-induced
autophagy observed in murine embryonic fibroblasts (MEFs) prepared from Ulk1/2-
deficient mice (Joo et al., 2016), the muscles of U/k1/2Ckmm-Cre cDKO mice failed to show a
starvation-induced increase in the number of LC3-positive puncta (Figures S2C and S2D) or
in the level of LC3 conversion (i.e., LC3-11/LC3-1) (Figures S2E and S2F). The number of
LC3-positive puncta (Figures S2C and S2D) and level of LC3 conversion (Figures S2E and
S2F) were also both decreased in fed Ulk1/2¢kmm-Cre cDKO mice compared to controls and
accompanied by a significant increase in the steady-state levels of the autophagy substrate
SQSTM1 (Figures S2E and S2F). These results demonstrate that U/k1/2ckmm-Cre cDKO
mice show the expected defects in autophagic function.

The increase in SQSTM1 levels in the muscle of 8-week-old Ulk1/2Ckmm-Cre cDKO mice
compared to littermate controls (Figures S2E and S2F) was also present in 20-week-old
mice (Figures S2G and S2H), though the accumulation was not as pronounced as in
Atg7¢kmm-Cre cKO mice (Figures S2G and S2H). Interestingly, we also observed changes in
the accumulation of LC3 over the lifespan of Ulk1/2Ckmm-Cre mice. Whereas the level of
LC3 conversion was reduced in 8-week-old U/k1/2ckmm-Cre cDKO mice compared to
littermate controls (Figures S2E and S2F), this difference was not present in 20-week-old
mice, in which we instead observed increased levels of LC3-11 (Figures S2G and S2H).
These findings indicate that over time, U/k1/2 deficiency leads to the accumulation of LC3,
perhaps due to a secondary defect in autophagosome maturation and/or lysosome function.

Next, we examined the Ulk1/2¢kmm-Cre cDKO and Atg7¢kmm-Cre KO mice for the
development of IBM-like disease similar to that observed in Ulk1/2hypomorphs.
Ulk1/2ckmm-Cre ¢ DKO mice but not Atg7¢kmm-Cre ckKO mice had elevated levels of serum
creatine kinase at 8 weeks of age (Figure 2B). Nevertheless, both sets of cKO mice showed
progressive muscle weakness (Figure 2C) and histologic evidence of myogenic myopathy,
with variation in fiber size and muscle fibers with central nuclei by 20 weeks (Figures 2D
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and 2E). The modified Gomori trichrome—positive vacuoles (i.e., rimmed vacuoles)
characteristically found in patients with IBM were readily identified in the muscle sections
from Ulk1/2Ckmm-Cre cDKO mice but not in those from Atg7ckmm-Cre cKO mice (Figure
2E). Ultrastructural analyses highlighted the disruption of normal sarcomeric architecture in
Ulk1/26kmm-Cre cDKO and Atg7¢kmm-Cre cKO mice by accumulations of abnormal
membranous structures and debris in muscle (Figure 2F and data not shown), which are
often detected in autophagy-defective tissues (Masiero et al., 2009; Raben et al., 2008). By
contrast, tubulofilamentous structures like those in the U/lk1/2 hypomorphs were detected in
the Ulk1/26kmm-Cre cDKO mice but not in the Afg7¢kmm-Cre cKO mice (Figure 2F).

To further define the relation between autophagy defects and the IBM-like phenotype
observed in Ulk1/2-deficient mice, we performed additional histopathologic analysis
comparing features of Ulk1/2-deficient and Atg7-deficient mice. Although the muscles from
both Ulk1/2ckmm-Cre cDKQ and Atg7¢kmm-Cre ckKO mice showed deposits positive for
ubiquitin (Figure 2E) and SQSTML1 (Figure 2G, bottom panel), the SQSTMZ1-positive
deposits in the Atg7ckmm-Cre cKO mice were significantly smaller than those in the
Ulk1/2ckmm-Cre cDKO mice, albeit more numerous and widespread (Figures 2H and 21). As
described previously in autophagy-defective mice (Hara et al., 2006; Komatsu et al., 2006;
Masiero et al., 2009), the SQSTM1- and ubiquitin-positive deposits in Ulk1/2ckmm-Cre
cDKO and Atg7ckmm-Cre cK O mice were also positive for LC3B and LAMP1 (Figure S21).
Reactivity to phosphorylated tau (SMI-31) also colocalized with LC3B staining in both sets
of cKO mice (Figure 2G, top panel).

Further immunofluorescence analyses revealed several additional features of the IBM
phenotype in the Ulk1/2Ckmm-Cre cDKO mice that were not detected in the Azg7ckmm-Cre
cKO mice. First, we detected amyloid in the SQSTM1-positive inclusions of
Ulk1/2¢kmm-Cre ;DK O mice but not of Atg7¢kmm-Cre ckKO mice (Figure 2G, bottom panel).
Second, although a few small scattered TDP-43-positive and TIA1-positive foci were
observed in the muscles of Atg7ckmm-Cre cKO mice, the localization of TDP-43 and TIAL to
SQSTM1-positive inclusions (Figure 2J, box 1) and SQSTM1-negative sarcoplasmic patches
(Figure 2J, box 2) was seen only in the Ulk1/2Pkmm-Cre cDKO mice. Together, these studies
suggest that although a defect in autophagy contributes to the ubiquitin-positive pathology
and associated colocalization of autophagy-related markers (SQSTM1, LC3B, LAMP1), it is
not sufficient to account for several of the histopathologic features of IBM that we observed
in Ulk1/2-deficient (but not Afg7-deficient) animals, including the presence of vacuoles,
amyloid, TDP-43—positive inclusions and sarcoplasmic patches, and tubulofilamentous
aggregates.

ULK1/2 Activity Regulates Stress Granule Dynamics

We next used an unbiased proteomics approach to gain insight into the mechanism(s)
underlying the development of the vacuolar myopathy in the Ulk1/2-deficient mice. We
began by immunoprecipitating endogenous ULK1 using extracts from central nervous
system tissue (cerebellum and cortex) from wild-type mice and MEFs prepared from wild-
type and Atg139%9' mice (Kaizuka and Mizushima, 2016). Because ATG13 stabilizes the
canonical autophagy-inducing ULK1-ATG13-RB1CC1 complex, the use of Afg13-deficient
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(i.e., Afg13979% MEFs permitted the identification of ULK1 interactions that could exist
beyond the confines of the canonical complex. We used label-free quantitative mass
spectrometry to generate a list of coisolated ULK1-interacting proteins, which we combined
with ULK1-interacting proteins from public databases (STRING, BIOPLEX, InWeb, and
BIOGRID) to create a comprehensive ULK1 interactome (Figure 3A and Tables S1-S3). In
addition to the expected overrepresentation of autophagy proteins, stress granule proteins
were among those showing significant enrichment in the ULK1 interactome (Figures 3A and
S3A). Interactions between ULK1 and selected stress granule proteins (G3BP1, USP10, and
CAPRINZ1) were confirmed by immunoprecipitation and immunoblot analyses using extracts
prepared from HeLa cells (Figure S3B). The interactome also highlighted the close relations
of ULK1 to the RNA-binding and autophagy-related proteins mutated in patients with IBM
and related degenerative disorders (Jain et al., 2016; Taylor et al., 2016), including
interactions with VCP and SQSTML1 (Figure 3A).

The results of the ULK1 interactome analysis prompted us to examine the localization of
ULK1 and ULK?2 in response to heat shock, a stress that alters the dynamic properties of
ribonucleoprotein assemblies (Anderson and Kedersha, 2002; Zhang et al., 2018a). For these
experiments, we used CRISPR/Cas9 to tag the endogenous loci of UlkZ and Ulk2 with 3x-
FLAG in MEFs and C2C12 cells, which we confirmed via sequencing and immunoblotting
(Figure S3C). As predicted, endogenous ULK1 and ULK2 were recruited into heat shock—
induced TIAL-positive stress granules (Figure 3B). Transiently overexpressed GFP-tagged
ULK1 and ULK?2 also localized to stress granules (Figure S3D).

We next sought to examine the impact of inhibiting ULK1/2 activity on stress granule
dynamics using both pharmacologic and genetic approaches. After confirming that the
ULKZ1/2 inhibitor SBI-0206965 (Egan et al., 2015) reduced the phosphorylation of a well-
established ULK1 substrate, ATG13 (S318) (Figure S4A), we used live-cell imaging to
monitor the dynamic behavior of heat shock—induced stress granules in U20S cells stably
expressing an EGFP-tagged form of the stress granule marker G3BP1 in the presence or
absence of SBI-0206965. Although treatment with the ULK1/2 inhibitor did not affect the
kinetics of stress granule assembly, it significantly delayed their resolution during the
recovery period: 2 hours after the heat shock, persistent stress granules were detected in
approximately 50% of the SBI1-0206965—treated cells but in fewer than 10% of the vehicle-
treated cells (Figures 4A and 4B). The persistent stress granules in ULK1/2-inhibited cells
stained positively for several stress granule proteins, including G3BP1, TIAR, PABP, TIA1,
elF3n, and TDP-43 (Figure 4C). By contrast, vehicle-treated cells showed the expected
diffuse cytosolic staining of G3BP1, PABP, and elF3n), and the expected nuclear-restricted
pattern of the RNA-binding proteins TIAR, TIA1, and TDP-43 upon recovery (Figure S4B).

These effects were not limited to stress granules induced by heat shock stress, as
demonstrated by static imaging studies showing impaired resolution of stress granules by the
ULK1/2 inhibitor in response to not only heat shock (Figure S4C) but also sodium arsenite
treatment in U20S cells (Figures 4D and S4D) and C2C12 myoblast cells (Figures 4E and
S4E). Furthermore, genetic inhibition of ULK1/2 in MEFs using either knockout or
knockdown approaches led to significant increases in the persistence of heat shock— and
arsenite-induced stress granules (Figures 4F, 4H, and S4F-S4H).
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To assess the contribution of autophagy to stress granule dynamics under our experimental
conditions, Ulk1/2and other autophagy genes (Atg7, Atg14, Atg13, and RbIccl) were
silenced in parallel. Whereas RNAi-mediated silencing of Ulk1/2 caused a significant
increase in the persistence of stress granules, the knockdown of the other autophagy genes
did not (Figures 4G, 4H, S4l, and S4J). Moreover, treatment with the vacuolar-type H-
ATPase bafilomycin A, which inhibits lysosome-mediated clearance, did not impair the
dissolution of stress granules (Figure S4K). Together, these data indicate that ULK1/2
regulate the disassembly of stress granules via a pathway that does not require canonical
components of the autophagy machinery.

ULK1/2-Dependent Phosphorylation of VCP Is Required for Efficient Stress Granule
Disassembly

We next pursued the surprising finding from our proteomics studies that VCP, the most
common cause of inherited IBM (often as part of MSP) and a regulator of stress granule
dynamics, interacts with ULK1 (Figure 3A and Table S1). We first confirmed the interaction
between endogenous ULK1 and VCP in extracts prepared from wild-type muscle (Figure
S5A), wild-type MEFs (Figure S5B), HeLa cells (Figure S5C), and U20S cells (Figure
S5D) by immunoprecipitating endogenous ULK1 and immunoblotting for the presence of
VCP. The ULK1-VCP interaction was not strongly influenced by knockdown of Atg13or
RbIccl, which encode components of the canonical autophagy-inducing ULK/Atgl kinase
complex (Figure S5B). Although minimal amounts of endogenous VVCP were detected in the
anti-DDK immunoprecipitates prepared from unstressed HEK293T cells overexpressing
DDK-tagged ULK1 or ULK2, the level of VCP pulled down with ULK1/2 increased
dramatically after cells were subjected to heat shock (Figure 5A). The enhanced ULK1/2—
VCP interaction was also confirmed by immunoprecipitation of endogenous ULK1, ULK2,
and VVCP (Figures 5B, S5E, and S5F). In line with the observed increase in ULK1/2-VCP
complex formation, ULK1/2 colocalized with VVCP in stress granules upon heat shock
(Figure 5C).

Like several other ULK1/2-interacting proteins (Mercer et al., 2018; Wang and Kundu,
2017), purified recombinant VCP was phosphorylated by purified recombinant ULK1 or
ULK?2 in cell-free in vitro kinase assays (Figures 5D and S5G). Phosphosite mapping
revealed three sites in VCP (i.e., S13, S282, and T761) that were phosphorylated in an
ULK1/2-dependent manner in cell-free in vitro kinase reactions (Figure 5E) and HEK293T
cells (Figures S5H and S51). Moreover, quantitative mass spectrometry with synthetic
peptide standards revealed a relative increase in the ULK1/2-dependent phosphorylation of
VCP at these sites in response to sodium arsenite treatment (Figure 5F), suggesting that the
stress-induced stabilization of the ULK1/2-VVCP complex is associated with increased levels
of VCP phosphorylation.

VCP regulates stress granule dynamics, which is consistent with our findings that inhibiting
VCP function in U20S cells by using RNAi-mediated knockdown of VCP or treatment with
the VCP inhibitor Eerl impaired stress granule disassembly (Figures S5J and S5K).
Therefore, to explore the possibility that the ability of VCP to regulate stress granule
disassembly is influenced by ULK1/2, we generated MEFs stably expressing FLAG-tagged
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wild-type, phospho-defective (S13A, S282A, T761A, hereafter “3A”) or phospho-mimetic
(S13D, S282D, T761D; hereafter “3D™) human VCP, which were resistant to SiRNAs
directed against endogenous murine Vc¢p (Figure S5L). As expected, Vcp knockdown caused
the persistence of heat shock—induced stress granules in a significantly higher proportion of
MEFs compared to the nontargeting control siRNA (Figures 5G and 5H). The impaired
disassembly of stress granules resulting from VCP depletion was rescued in cells expressing
RNA.-resistant wild-type human VCP or the 3D mutant but not the 3A mutant (Figures 5G
and 5H). Moreover, the 3D VCP mutant overcame the defect in stress granule disassembly
caused by Ulk1 knockdown (Figures 51 and 5J). As ATP hydrolysis is required for VCP
function (van den Boom and Meyer, 2018), we next examined the impact of ULK1/2-
mediated phosphorylation of VCP on its ATPase activity. The phosphomimetic 3D mutant
exhibited significantly enhanced ATPase activity compared to wild-type VCP (Figures 5K
and S5M). Together, these results suggest that ULK1/2-mediated phosphorylation of VCP
contributes to the disassembly of stress granules, at least in part by enhancing the ATPase
activity of VCP.

Enhancing ULK1/2 Activity Promotes the Resolution of Stress Granules Caused by
Expression of Disease-Associated Mutant Proteins

Because ULK1/2 activity is required for the disassembly of heat shock— and sodium
arsenite—induced stress granules, we hypothesized that enhanced ULK1/2 activity might
accelerate the resolution of stress granules induced by stress and/or expression of mutant
proteins implicated in the pathogenesis of IBM and related disorders. To enhance ULK1/2
kinase activity, we turned to LYN1604, an ULK1/2 agonist that induces increased
phosphorylation of ATG13 at S318 (Zhang et al., 2017), an effect we observed in our
experimental setup (Figure S6). Indeed, treating U20S cells stably expressing tdTomato-
tagged G3BP1 with LYN1604 significantly decreased the time required for dissolution of
heat shock—induced stress granules (Figure 6A, B). Cells expressing the phosphodefective
VCP mutant did not show significant improvements in stress granule dissolution with the
addition of the ULK1/2 activator (Figure 6C).

Mutations in FUS (e.g., R521C) and TIA1 (e.g., A381T) that negatively affect stress granule
dynamics have been identified in patients with IBM and/or ALS/FTD (Dormann and Haass,
2013; Mackenzie et al., 2017). Treating cells with LYN-1604 significantly reduced the
proportion of cells harboring spontaneous stress granules caused by expression of mutant
FUS R521C (Figures 6D and E) or persistent heat shock—induced stress granules caused by
expression of mutant (A381T) but not wild-type TIA1 (Figures 6F). Surprisingly, the
persistent stress granules formed in cells expressing VCP A232E exhibited reduced
sensitivity to the ULK1/2 agonist compared to those formed in cells expressing disease-
associated RNA-binding proteins (Figure 6G). This effect may be due, in part, to reduced
levels of ULK1/2-mediated phosphorylation at T761 in VCP A232E compared to VCP WT
(Figure S6B). Together, these results raise the possibility that ULK1 and/or ULK2 could be
targeted to treat diseases such as IBM/ALS/FTD.
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DISCUSSION

Here, we demonstrate that disrupting ULK1/2 expression in mice results in an IBM-like
phenotype with ubiquitin- and TDP-43—positive pathology, which is not solely attributable
to a defect in autophagy. The phenotype is similar to that in mice expressing mutant forms of
VCP, whose ability to extract proteins from macromolecular complexes and membranes is
required for multiple cellular processes, including the disassembly of stress granules
(Buchan et al., 2013; Turakhiya et al., 2018). Prompted by the enrichment of stress granule
proteins and VCP within the ULK1 interactome, we found that in response to stresses that
impair translation (e.g., heat shock and arsenite treatment), ULK1/2 localize to stress
granules and phosphorylate VCP, thereby increasing its ATPase activity and ability to
disassemble stress granules. Whereas inhibiting ULK1/2 activity impairs the disassembly of
stress granules, an ULK1/2 agonist accelerates the process. The reduced sensitivity of the
A232E mutant to activation by ULK1/2 may help explain the similarities in the phenotypes
of the Ulk1/2cDKO mice and the VCP A232E transgenic mice.

There are several possible explanations why neither ULK1 nor ULK2 has been reported in
stress granule proteomes (Jain et al., 2016; Markmiller et al., 2018; Youn et al., 2018). Based
on our observations, there may be some cell type—specific differences in the dynamics of
ULK1/2 localization to stress granules. For example, although GFP-tagged ULK1 and
ULK?2 localize to stress granules in HeLa cells and MEFs, we were not able to detect this
phenomenon in U20S cells (data not shown). We suspect that the recruitment of ULK1/2 to
stress granules in U20S cells may occur with a rapid on/off rate in these cells. The reduced
localization of ULK1/2 to stress granules in certain cell types may render it below the limits
of sensitivity of detection by mass spectrometry.

ULK1/2 phosphorylate VVCP at three sites: S13, S282, and T761. Extensive study of VCP
structure by both x-ray crystallography and cryo-EM (van den Boom and Meyer, 2018)
provides insight into possible consequences of site-specific phosphorylation. S282 resides at
the end of an alpha-helix atop the central pore of VCP (Banerjee et al., 2016). Recent
structural studies of a fungal VCP homologue demonstrate that the conserved NPL4-UFD1
substrate adaptor/cofactor anchors to the top of the D1 ring, above the central pore of VCP
(Bodnar and Rapoport, 2017). The high degree of structural homology indicates that this
interface likely encompasses the helix containing S282 in human VVCP. Phosphorylation of
S282, therefore, might increase binding of NPL4-UFD1 or other cofactors required for the
interaction of ubiquitinated substrates with VCP (Hulsmann et al., 2018). T761 is located on
the surface of the VCP hexamer, at the C-terminal end of the D2 AAA domain (Banerjee et
al., 2016). D1 and D2 are arranged as two stacked rings, and like all AAA domains, they
contain Walker A and B motifs that bind and hydrolyze ATP. A stable ionic bond formed
between phosphorylated T761 in D2 of one VCP protomer and R741 in an adjacent VCP
protomer, which is thought to contribute to the increased ATPase activity of VCP that has
been phosphorylated at T761 compared to unphosphorylated VCP (Mori-Konya et al.,
2009). Although S282 and T761 were among the residues phosphorylated in VCP purified
from baculovirus-infected SF9 cells (Mori-Konya et al., 2009), the responsible kinase and
functional significance of these sites were not known. To the best of our knowledge, this is
the first study demonstrating that phosphorylation of VCP occurs in an ULK1/2-dependent
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manner and that these posttranslational modifications are required for efficient VCP-
mediated stress granule disassembly. S13 is within an unstructured stretch of amino acids
within the N-terminal domain of VCP, and the possible consequences of phosphorylation
remain unclear.

One of the challenges to targeting VCP function for therapeutic purposes is the wide range
of vital functions fulfilled by VCP substrates. We demonstrated that ULK1/2 interact with
and phosphorylate VCP in response to specific cellular stresses, thereby providing a
mechanism for spatially and temporally regulating VCP functions that are relevant to disease
pathogenesis. Thus, ULK1/2 agonists and inhibitors may provide a unique opportunity for
targeting specific VCP functions (e.g., stress granule disassembly). Our finding that the
ULK1/2-VCP interaction is regulated in a stress-dependent manner may also help explain
why under basal physiologic conditions the brains of Ulk1/2-deficient animals (i.e., Ulk1/2
hypomorphs and Ulk1/2Vestin-Cre cDKO mice) (Joo et al., 2016; Wang et al., 2017) failed to
show ubiquitin- and TDP-43—positive pathology within their shortened life spans: the
metabolically privileged status of the CNS may reduce the engagement of stress-related
pathways regulated by ULK1/2, thus delaying the onset of such pathology.

Given the well-established role of both ULK1/2 and VVCP in autophagy and the evidence
from genetic studies highlighting the role of autophagy in the clearance of stress granules in
yeast (Buchan et al., 2013) and germline P granules in worms (Zhang et al., 2018a), we were
surprised that the persistence of stress granules caused by acute disruption of ULK1/2
expression or activity was not mirrored by the acute inhibition of autophagy. Indeed, neither
RNAi-mediated knockdown of other canonical autophagy genes (i.e., Atg7, Atgl13, Atgl4,
RbIccl) nor pharmacologic inhibition of lysosomal function significantly affected stress
granule dynamics in cultured cells, suggesting that the majority of TDP-43—and TIA1-
positive granules formed under our experimental conditions were not degraded by the
autophagolysosomal system. Factors that decrease the dynamic properties of stress granules,
such as the expression of mutant RNA-binding proteins, or an increase in the duration or
intensity of instigating stress, increase the persistence of stress granules (Alberti et al., 2017;
Mackenzie et al., 2017; Molliex et al., 2015). Thus, the persistence of stress granules in
cultured Azg7/~ MEFs (Buchan et al., 2013) may relate to alterations in the dynamic
properties and/or composition of the stress granules caused by cumulative effects of the
prolonged autophagy defect in such cells. The persistent granules may be similar in nature
and/or etiology to the small TDP-43— and TIA1-positive (but mostly SQSTMZ1-negative)
foci that we observed in Afg7-deficient muscles.

Our studies suggest that autophagy plays a minor role in the clearance of stress granules and
that a defect in autophagy alone is not sufficient to cause IBM-like pathology. Indeed,
despite the profound autophagy defect caused by Afg7 deletion, the TDP-43—positive
pathology and vacuolar degeneration characteristically found in patients with the
IBM/ALS/FTD/MSP spectrum of diseases and in Ulk1/2-deficient mice were not present in
Atg7¢kmm-Cre cK O mice. Thus, the autophagy-related proteins mutated in patients with IBM
or related disorders probably have additional functions in the regulation of RNP granule
dynamics. Notably, disease-associated mutations do not typically affect core components of
the autophagy machinery but rather affect proteins like VCP, which are involved in ubiquitin
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signaling (Meyer et al., 2012; Meyer and Weihl, 2014). At least two of these autophagy-
related proteins, UBQLNZ2 and SQSTM1, undergo phase transitions, enabling them to
shuttle ubiquitinated proteins (possibly including aggregation-prone proteins) in and out of
stress granules (Dao et al., 2018; Sun et al., 2018a). Nevertheless, given the ubiquitin-and
SQSTM1-positive pathology typically observed in patients, including those with mutations
in RNA-binding proteins, it remains likely that defects in the autophagolysosomal system,
whether primary or secondary, contribute to the pathogenesis of IBM and related diseases.
Thus, we speculate that the combined effect of ULK1/2 on VCP activity and stress granule
dynamics, as well as on other canonical autophagy-related ULK1/2 targets, contributes to
the development of IBM-like disease in Ulk1/2-deficient mice.

STAR Methods
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Mondira Kundu (Mondira.Kundu@stjude.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—The strategy for targeting the U/kZ locus has been previously described (Kundu
et al., 2008). Mice harboring the targeted U/kZ allele (Ulk1f10%-1€0) \were crossed with £//a-
Cretransgenic mice (The Jackson Laboratory; stock 003724), and progeny with U/k1f10%
alleles were crossed with WT mice to eliminate the expression of the £//a-Cre transgene.
Generation of UIkAX1oXfloX and U/k27/~ mice has been described previously (Cheong et al.,
2014; Joo et al., 2016). The Ckmm-Cre line was obtained from The Jackson Laboratory
(stock 006475). Ulk1f1ox/flox: yjk2-I- females were bred with Ulkz*flox; Ulkz-=; Ckmm-Cre
males to generate Ulk1/26kmm-Cre cDKQ (UIkINoXfoX: (k2= Ckmm-Cre) mice.

Atg 71oxflox 13 gift from Masaaki Komatsu, Tokyo Metropolitan Institute of Medical Science
(Komatsu et al., 2005)] females were crossed with Ckmm-Cre males to generate
Atg7ckmm-Cre cKO mice. Ulk1/2ckmm-Cre cDKO mice were bred in a C57BL/6 background.
All other mice were maintained in a mixed background between C57BL/6 and 129. All
animal experiments were approved by and performed in accordance with guidelines
provided by the Institutional Animal Care and Use Committee at St. Jude Children’s
Research Hospital.

Cell Culture—HEK293T (CRL-3216), U20S (HTB-96), HeLa (CCL-2), and C2C12
(CRL-1772) cells were obtained from ATCC. Generation of WT and U/lk1/2 DKO MEFs
and U20S cells stably expressing G3BP1-GFP has been described previously (Figley et al.,
2014; Joo et al., 2016). All cells were grown in DMEM (Invitrogen; 11995-065)
supplemented with 10% FBS, penicillin/streptomycin (Invitrogen), and Glutamax
(Invitrogen) at 37°C (5% COy). To produce MEFs stably expressing wild-type or mutant
forms of VCP, HEK293T cells were transfected with pMSCV-IRES-EGFP retroviral vectors
containing different VCP cDNAs with packaging vector using FUGENE 6 (Promega). MEFs
were incubated with cell-free retroviral supernatant fractions containing 8 ug/mL polybrene
(Sigma-Aldrich; H9268-106), and transduced cells were FACS-sorted by the presence of
GFP. CRISPR/Cas9 technology was used to tag endogenous G3BP1, Ulk1, and UlkZalleles.
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Briefly, cells were transiently transfected with gRNA expression plasmid (Addgene; 43860),
Cas9 expression plasmid (Addgene; 43945), and donor plasmid via nucleofection (Lonza;
4D-Nucleofector X-unit) according to the manufacturer’s recommended protocol. Individual
cells were sorted by FACS and clonally expanded. Clones were screened for the targeted
integration event. Junctions were confirmed by Sanger sequencing.

METHODS DETAILS

Immunostaining and Histology—Mice were transcardially perfused with 4% PFA.
Quadriceps were dissected and postfixed in 4% PFA for 1 h at 4°C. The tissues were then
cryoprote cted using 30% sucrose in PBS overnight at 4°C and embedded in optimum
cutting temperature (OCT) for cryosectioning. Frozen sections were washed with 0.2%
Triton X-100 in Tris-buffered saline (TBST) and incubated in blocking solution (5% normal
goat serum or normal donkey serum in TBST) for 1 h at room temperature. Sections were
incubated with primary antibodies diluted in the blocking solution overnight at 4°C, washed
with TBST, and incubated with Alexa Flu or—conjugated secondary antibodies (Invitrogen)
diluted at 1:1000 in the blocking solution for 2 h at room temperature. Sections were
mounted in ProLong Gold Antifade Reagent with DAPI (Invitrogen). The following primary
antibodies were used: mouse anti-SQSTM1/p62 (Abnova; HO0008878-M01), rabbit anti-
ubiquitin (DAKO; Z0458), rabbit anti-LC3B (MBL; PM036), rat anti-LAMP1
(Developmental Studies Hybridoma Bank; 1D4B), mouse anti—-SMI-31 (Covance;
SMI-31R), rabbit anti-B-amyloid 1-42 (Millipore; AB5078P), rabbit anti-FUS (Bethyl
Laboratories; IHC-00074), rabbit anti-TDP-43 (Proteintech; 10782-2-AP), goat anti-TIAl
(Santa Cruz Biotechnology; sc-1751), and mouse anti-hnRNP A2B1 (Santa Cruz
Biotechnology; sc-53531).

For histologic analyses, tissues were embedded in paraffin, sectioned at 4 pm, and mounted
on positively charged glass slides (Thermo Fisher Scientific; Superfrost Plus). Primary
antibodies against SQSTM1/p62 (Abcam; ab194720), ubiquitin (Enzo Biochem; BML-
PW8810-0500), LC3B (Millipore; L7543), TDP-43 (Proteintech; 10782-2-AP), IBAl
(Biocare Medical; CP290A), MHCT (Leica; NCL-MHCf), and MHCs (Leica; NCL-MHCs)
were used for immunohistochemical analyses. Antigen retrieval for all targets (except
SQSTML1) required pretreatments using Cell Conditioning Solution 1 (CC1) (Ventana
Medical Systems) for 32 min on the automated Discovery Ultra platform (Ventana-Roche).
Similarly, antigen retrieval for SQSTML1 required pretreatment using Cell Conditioning
Solution (CC2) (Ventana Medical Systems). After antigen retrieval, tissues were incubated
with primary antibodies with OmniMap anti-rabbit HRP kit (Ventana Medical Systems) used
as secondary antibody. Primary antibody binding was detected using the DISCOVERY
ChromoMap DAB Kit (Ventana Medical Systems), except for ubiquitin and MHCs, where
the chromogen used was DISCOVERY Purple (Ventana Medical Systems) followed by
hematoxylin counter-staining. The 12-um cross sections were prepared from fresh-frozen
muscle and stained with Gomori trichrome stain, cytochrome oxidase (COX), and succinate
dehydrogenase (SDH), as previously described (Tanji and Bonilla, 2008). All histology
images were examined by a pathologist blinded to the experimental groups. To quantify
myofibers with centralized nuclei and SQSTM1-positive aggregates, muscle sections were
stained with caveolin-3, SQSTM1, and DAPI and imaged at low magnification (20x). For
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each section, 4x4 fields were captured. For each animal, the mean value was obtained from
two separate sections. n = 3 for each genotype. To quantify the area of SQSTML1, images
were masked with SlideBook 6.0 based on SQSTML1 staining. The average area of
SQSTM1-positive deposits was then calculated from at least 50 SQSTM1-positive objects
for each genotype.

Muscle Strength Measurement—The force of forepaws and hindpaws was measured as
previously described (Badders et al., 2018). Briefly, using a grip-strength meter (Bioseb),
grip strength was measured as grams of force in six repeated measurements for forepaws and
hindpaws of each animal. The mean muscle strength for each animal was calculated from
four independent measurements, after excluding the maximal and minimal reads.

Blood Chemistry—Samples of blood were obtained by periorbital bleeding in
anaesthetized mice. The levels of different chemicals, such as creatine kinase, in the serum
were determined and analyzed by the Veterinary Pathology Laboratory Core at St. Jude
Children’s Research Hospital.

Immunoblot Analyses—Tissues or cells were lysed in Triton-based cell lysis buffer.
Proteins in cleared lysates were electrophoretically separated on 4%-12% Bis-Tris gels
(Life Technologies; NP0335BOX). Proteins were then transferred to P\VDF membranes.
After incubation with a 5% skim milk block, blots were probed with antibodies against the
following targets: ULK1 (Sigma Aldrich; A7481), SQSTM1/p62 (Sigma Aldrich; P0067),
LC3B (MBL; PM036), TDP-43 (Proteintech; 10782-2-AP), COXIV (Abcam; ab16056),
TOM20 (Santa Cruz Biotechnology; sc-11415), ATG7 (Cell Signaling; 8558S), ATG13
(Sigma Aldrich; SAB4200100), pATG13 (Rockland; 600-401-C49), RB1CC1 (Cell
Signaling; 12436), ATG14 (MBL; PD026), VCP (Invitrogen; MA3-004), FLAG (Sigma
Aldrich; A8592), G3BP1 (Proteintech; 13057-2-AP), Caprin-1 (Proteintech; 15112-1-AP),
USP10 (Cell Signaling; 8501), and GAPDH (Sigma Aldrich; G9545). Membranes were then
incubated with HRP-conjugated secondary antibodies, and bands were detected using
chemiluminescence detection kits (Amersham; RPN2232).

Immunoprecipitation—Total protein lysates were extracted from animal tissues or cells
using a Triton-based cell lysis buffer (40 mM HEPES, 120 mM NaCl, 1 mM EDTA, 1.5 mM
NazVO,, 50 mM NaF, 10 mM B-glycerophosphate, 20 mM MoOQg,, 0.5% Triton X-100,
protease inhibitor, phosphatase inhibitor). The lysates were incubated with anti-ULK1
antibody (Santa Cruz Biotechnology; sc10900), or anti-VCP antibody (Santa Cruz
Biotechnology; sc-57492) overnight at 4°C and precipitated with protein G agarose beads
(Thermo Fisher Scientific; 20399). DDK IP was performed using anti-FLAG M2 affinity gel
according to the manufacturer’s instructions (Sigma Aldrich; A2220). Eluate was
electrophoretically separated on 4%-12% Bis-Tris gels (Life Technologies; NP0335BOX).
Proteins were then transferred to P\VDF membranes followed by standard immunoblot
analyses as described above.

Quantitative Real-Time PCR—Total RNA was extracted with RNeasy Fibrous Tissue
Mini Kit (Qiagen; 74704) according to the manufacturer’s instructions. The reverse-
transcription reaction was carried out using the SuperScript I11 first-strand synthesis kit (Life
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Technologies; 18080051) according to the manufacturer’s instructions. TagMan gene
expression assays containing FAM-labeled primer/probe sets specific for Ulk1
(Mm-00437238_m1), Ulk2(Mm-00497023_m1), and 185 were obtained from Applied
Biosystems (4331182, 4331182, and 4333760F, respectively). The real-time PCR reactions
were performed in a total reaction volume of 25 pL by using FastStart TagMan Probe Master
reagent (Roche; 04673409001), and results were analyzed using the ABI 7900 Real-Time
PCR detection system (Applied Biosystems; 4351405). Relative expression was normalized
to Z8SRNA and calibrated to the respective controls.

Electron Microscopy—Mice were deeply anesthetized with CO, and perfused
transcardially with 10 mL phosphate buffer followed by 10 mL 2.5% glutaraldehyde/2%
PFA in 0.1 M CaCOy. The quadriceps were removed, fixed in the same fixative, and
postfixed in 2% osmium tetroxide in 0.1 M sodium cacodylate buffer with 0.3% potassium
ferrocyanide for 2 h. The samples were then dehydrated through a series of graded ethanol-
to-propylene oxide solutions, infiltrated and embedded in epoxy resin, and polymerized at
70°C overnight. Sem ithin (0.5-um) sections were stained with toluidine blue for light
microscope examination. Ultrathin (80-nm) sections were cut and imaged using an FEI
Tecnai F 20 TEM FEG electron microscope with an AT XR41 camera.

Interactome Analysis and Phosphosite Mapping by Mass Spectrometry—A
composite ULK1 protein—protein interaction network was generated based on STRING
(v10) (Szklarczyk et al., 2015), BioPlex (Huttlin et al., 2015) (downloaded in January 2016),
and InWeb_IM (Li et al., 2017). Edges with evidence of physical interactions (e.g., colP or
yeast two-hybrid) were used in the network construction. Protein—protein interactions were
further appended by BioGRID (Chatr-Aryamontri et al., 2017), which includes both physical
interactions and colocalization interactions. The ULK1 interactome was further annotated
with autophagy-related proteins (HADb Human Autophagy Database; http://autophagy.lu/;
accessed 2018/03/01) (Homma et al., 2011; Taylor et al., 2016) and stress granule-related
proteins (Jain et al., 2016; Taylor et al., 2016). Pathway analysis for the ULK1 interactome
was performed using ENRICHR (Kuleshov et al., 2016) and Fisher’s exact test.

The mass spectrometric (MS) analysis was performed using an optimized platform as
previously described (Xu et al., 2009). ULK1-interacting proteins were visualized by
performing GelCode Blue staining (Thermo Fisher Scientific; 24590) according to the
manufacturer’s instructions. Proteins in gel bands were reduced by adding DTT and then
alkylated by adding iodoacetamide. The gel bands were washed, dried in a speed vacuum,
and rehydrated with a trypsin-containing buffer for overnight proteolysis. The digested
peptides were extracted, dried, reconstituted, and loaded onto a capillary reverse-phase C18
column by an HPLC system (Waters ACQUITY UPLC). Peptides were eluted in a gradient,
ionized by electrospray ionization, and detected by an in-line mass spectrometer (Thermo
Fisher Scientific LTQ Orbitrap Elite). MS spectra were collected, and the top 20 abundant
ions were sequentially isolated for MS/MS analysis. This process was cycled over the entire
liquid chromatography gradient. The acquired MS/MS spectra were used to search protein
databases to obtain possible peptide matches by our JUMP algorithm (Wang et al., 2014).
All matched MS/MS spectra were filtered by mass accuracy and matching scores to reduce

Mol Cell. Author manuscript; available in PMC 2019 November 18.


http://autophagy.lu/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 18

the protein FDR to less than 1%. Label-free quantitative comparison based on spectral
counting (Pagala et al., 2015) was used to differentiate ULK1-interacting proteins from
background proteins. A similar procedure was used for mapping phosphosites in VCP by
geLC-MS/MS. The quantitative phosphosite analyses were performed with synthetic
peptides (unphosphorylated and phosphorylated forms) spiked in the samples.

Protein Expression and Purification—All plasmids were generated using standard
PCR-based cloning strategies. Human VVCP/p97 protein with an N-terminal 6x-His tag
followed by a TEV (Tobacco Etch Virus) protease cleavage site was expressed in £. coli
BL21 (DE3) cells. Bacteria were grown in Luria Broth to an optical density of 0.6-0.8 at
37°C, followed by overnight induction with 1 mM isopropyl-p-D-thio-galactopyranoside
(IPTG) at 18°C. Cells were p elleted and resuspended in lysis buffer (50 mM Tris pH 7.5,
500 mM NaCl, 2 mM B-mercaptoethanol, 30 mM imidazole) and lysed under pressure
(25,000 psi) using an Avestin EmulsiFlex C3 homogenizer. Protein was purified using Ni-
NTA affinity chromatography and eluted in lysis buffer containing 500 mM imidazole before
being incubated with 6x-His tagged TEV protease and dialyzed overnight against cleavage
buffer (50 mM Tris pH 7.5, 5 mM p-mercaptoethanol). The cleaved tags and TEV protease
were separated from the proteins of interest by a second round of Ni-NTA affinity
chromatography followed by size-exclusion chromatography on a Superdex S200 column
(GE Healthcare) in size-exclusion buffer (25 mM sodium phosphate pH 7.5, 50 mM NaCl, 1
mM EDTA, 2 mM TCEP). Purified fractions were pooled, concentrated, and flash-frozen in
liquid nitrogen.

In Vitro Kinase Assay—Recombinant human ULK1 (1-649) and human ULK2 (1-631)
were purchased from Sigma Aldrich (SRP5096 and SRP5097). The reaction was conducted
in kinase buffer (10 mM Tris pH 7.4, 15 mM NaCl, 10 mM MgCl,, and 0.5 mM DTT) in a
final volume of 30 pL, with 5 uCi 32P-ATP or nonradioactive ATP and 0.3 pg of either
ULK1 or ULKZ2, and varying amounts of purified recombinant VVCP. Reactions were
incubated at 37°C for 15 min, and then stopped with addition of 2x Laemmli sample buffer
(Sigma; S3401). Half of the samples were subjected to gel electrophoresis in a 4%-12%
Bis-Tris gel and stained with GelCode Blue Stain Reagent (Thermo Fisher Scientific;
24590), and the other half were separated by electrophoresis and visualized by
autoradiography.

Immunofluorescence Microscopy—Cells growing on glass-bottom dishes (ibidi;
81156) were fixed in 4% PFA for 5 min at room temperature, permeabilized with 0.1%
TBST, blocked in 3% BSA, and then incubated with one of the following primary antibodies
at 4°C overnigh t: mouse anti-FLAG (also recognizes the “DDK” tag) (Sigma Aldrich;
F3165), mouse anti-G3BP1 (BD Biosciences; 611126), chicken anti-GFP (Abcam;
ab13970), goat anti-TIA1 (Santa Cruz Biotechnology; sc-1751), rabbit anti-TIAR (Cell
Signaling; 8509S), goat anti-elF3n (Santa Cruz Biotechnology; sc-16377), rabbit anti—
TDP-43 (Proteintech; 12892-1-AP), rabbit anti-PABP (Abcam; ab21060), rabbit anti-HA
(Cell Signaling; 3724). Cells were then incubated with secondary antibodies conjugated to
Alexa-488, —555 or —647 (Invitrogen), and mounted with ProLong Gold Antifade Reagent
with DAPI (Invitrogen; P36931). To detect endogenous ULK1 and ULKZ2, the signal was
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amplified using Alexa Fluor 488 Tyramide SuperBoost Kit (Thermo Fisher Scientific;
B40941) per the manufacturer’s instructions. Quantification of cells with stress granules was
performed as previously described (Buchan et al., 2013).

Plasmid Constructs—The pCMV6-DDK-human ULK1 (RC215643) and pPCMV6-DDK-
human ULK2 (RC206010) were purchased from Origene. The pMXs-IP-EGFP-ULK1
(38193) and pMXs-IP-EGFP-ULK? (38201) were obtained from Addgene. FLAG-VCP WT
(Tresse et al., 2010), FLAG-VCP A232E (Tresse et al., 2010), GFP-TIAL WT (Mackenzie et
al., 2017), GFP-TIAL1 A381T (Mackenzie et al., 2017), and HA-FUS R521C (Guo et al.,
2018) have been described previously. Constructs carrying point mutations were generated
using a QuikChange Il Site-Directed Mutagenesis Kit (Agilent Technologies; 200524) per
the manufacturer’s instructions. To generate retroviral constructs, cDNA of U/k1, UlkZ, and
Vep was amplified using a standard PCR-based approach. The amplified cDNA was cloned
into pMSCV-IRES-EGFP retroviral vector (a gift from Joseph T. Opferman, St. Jude
Children’s Research Hospital) using NEBuilder HiFi DNA Assembly Kit (New England
Biolabs; E2621) per the manufacturer’s instructions.

Transfection, Gene Silencing, and Drug Treatment—To transiently overexpress
cDNA constructs, cells were transfected with FUGENE 6 (Promega; E2691) or FUGENE HD
(Promega; E2311) according to the manufacturer’s instructions. Knockdown experiments
were performed using Lipofectamine RNAI Max (Life Technologies; 13778075) per the
manufacturer’s instructions and with the following siRNA constructs obtained from
Dharmacon: pooled nontargeting siRNA (D-001810-10-05), SMARTpool: ON-
TARGETplus mouse UlkZ siRNA (L-040155-00-0005), ON-TARGETplus mouse Ulk2
siRNA (L-040619-00-0005), ON-TARGETplus mouse A#g7siRNA (L-049953-00-0005),
ON-TARGETplus mouse Afg14siRNA (L-172696—00-0005), ON-TARGETplus mouse
Atg13siRNA (L-053540-01-0005), ON-TARGETplus mouse RbIccl siRNA (L-041191-
01-0005), ON-TARGETplus mouse VcpsiRNA (L-057592-00-0005), ON-TARGETplus
human VCPsiRNA (L-008727-00-0005). Chemicals dissolved in DMSO were as follows:
SBI-0206965 (20 uM, Sigma Aldrich), sodium arsenite (1 mM, Sigma Aldrich), bafilomycin
Al (0.5 pM; Sigma Aldrich), Eerl (20 uM, Sigma Aldrich), CCCP (20 uM, Sigma Aldrich),
and LYN-1604 (2 pM, Glixx Laboratories).

Live-Cell Imaging—Live-cell imaging using U20S cells stably expressing G3BP1-GFP
has been described previously (Mackenzie et al., 2017). Briefly, cells growing on cover slips
were treated with DMSO or SBI-0206965 (20 uM) for 18 h prior to imaging. Using
SlideBook software with definite focus engaged, multipoint images were taken every 30 s
with the 488-nm laser at 30% power. Two minutes into imaging, both the Microaqueduct
Slide and objective temperatures were raised to 43°C. At 30 min after heat shock, both we re
lowered back to 37°C to alleviate the stress, and cells were imaged until granules
disappeared or after 3—4 h had passed. Fresh media was perfused (250-500 pL/h) through
the chamber throughout imaging. Live-cell imaging using U20S cells stably expressing
G3BP1-tdTomato was performed with Opterra microscopy (BRUKER). Briefly, cells
growing on glass-bottom dishes were treated with DMSO or LYN-1604 (2 uM) for 24 h
prior to imaging. Multipoint images were taken every 30 s with the 555-nm laser at 30%
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power. At 30 s into imaging, the objective temperatures were raised to 43°C for 60 min.
After heat shock, the temperature was lowered back to 37°C to alleviate the stress, and cells
were imaged until granules disappeared or after 2—-3 h had passed.

ATPase Assay—Standard ATPase assays were carried out in assay buffer containing 25
mM Tris-HCI (pH 7.5), 50 mM NaCl, 5 mM DTT, 0.3 uM VCP, and a varying concentration
of ATP for 30 min at room temperature. The inorganic phosphate released by ATP
hydrolysis was measured using Biomol Green in 96-well plates (Enzo; BML-AK111-0250),
and the absorbance at 635 nm was measured using a PerkinElmer 2300 EnSpire Multilabel
Plate Reader. The average background absorbance obtained from reactions performed
without VCP was subtracted from each reading. Reactions performed without VCP were
included as negative controls and were subtracted from the experimental data gained by
adding VCP. The phosphate released was calculated based on the standard curve established
by phosphate standards. The assays were repeated at least three times, all of which showed
similar trends.

QUANTIFICATION AND STATISTICAL ANALYSIS

All analyses were performed blinded to genotype. All quantitative data are shown as mean +
SEM from n =3 biological replicates unless otherwise specified. Statistical significance was
determined by two-tailed Student’s £tests or ANOVA as appropriate, and *£<0.05 was
considered statistically significant. Statistical parameters are also reported in the Figures and
Figure Legends.
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Highlights
. Ulk1/2 deficiency causes IBM-like disease with TDP-43+ and ubiquitin+
pathology
. ULK1/2 promotes resolution of stress granules in an autophagy-independent
manner

. ULK1/2 localizes to stress granules and interacts with the AAA+ ATPase

. Phosphorylation of VCP by ULK1/2 is key to efficient disassembly of stress

VCP

granules
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Figure 1. UIkL/2 Deficiency Causes IBM-Like Disease in Mice
(A\) Cross-sections of quadriceps from control (Ulkz+~ Ulk2™f10%X) and Ulk1/2 hypomorph

(UIk1™I= UIk27/floX) mice at 24 weeks were stained with H&E and modified Gomori
trichrome staining. Arrow indicates a crescentic inclusion and arrowhead indicates a
vacuole. Scale bars, 25 pm.

(B) Cross-sections of quadriceps from control and U/lk1/2 hypomorph mice at 24 weeks
were stained with antibodies against ubiquitin, SQSTM1, LC3B, and TDP-43. Scale bar, 25
pm.
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(C-D) Frozen sections of quadriceps from 24-week-old control and U/k1/2 hypomorph mice
were costained with SQSTM1 and TDP-43 (C), SQSTM1 and TIA1 (C), LC3B and hnRNP
A2B1 (D), or SQSTM1 and FUS (D). Scale bars, 25 pm.

(E) Ultrastructural studies on quadriceps of 24-week-old control and U/kZ/2hypomorph
mice. Top scale bars, 1 pm; bottom scale bars, 500 nm. AMS, abnormal membranous
structures; M, abnormal mitochondria; TVA, tubulovesicular aggregates.

(F) Representative images of immunostaining against IBA1 on sections of quadriceps from
control and Ulk1/2hypomorph mice at 24 weeks of age. Left scale bar, 25 pm; right scale
bar, 10 um.

(G) Protein lysates prepared from quadriceps of control and U/kZ/2hypomorph mice at 24
weeks of age were analyzed by immunoblotting against SQSTM1, LC3B, TOMM20,
COXIV, and TDP-43. Relative band intensities were quantified by densitometry and are
presented as mean + SEM. ns, not significant; *~<0.05 by Student’s #test.

(H) The mRNA levels (FPKM) of Sgstm1, Map1/c3a, Mapl/c3b, TommZ20, Cox4il, and
Tardbp were determined by RNA sequencing in quadriceps prepared from 24-week-old
control and UlkZ/2hypomorph mice. Data are presented as mean £ SEM. ns, not significant;
*pP<0.05 by Student’s £test.

See also Figure S1.
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Figure 2. Disrupting Atg7 Expression Does Not Recapitulate the Pathology Caused by Ulk1/2
Deficiency in Muscle

(A) Body weight of control, Ulk1/2ckmm-Cre cDKO, and Atg7¢kmm-Cre cKO mice at 8
weeks of age.

(B) Serum creatine kinase levels of control, Ulk1/2Ckmm-Cre cDKO, and Atg7ckmm-Cre cKO
mice at 8 and 20 weeks of age. Creatine kinase levels were significantly elevated at 8 weeks
in Ulk1/2ckmm-Cre cDKO mice but not in Afg7¢kmm-Cre cKO mice.
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(C) Muscle strength of control, Ulk1/2ckmm-Cre cDKO, and Atg7ckmm-Cre cKO mice at 20
and 32 weeks of age, showing progressive weakening of the Ulk1/2ckmm-Cre cDKO and
Atg 7¢kmm-Cre KO mice compared to control animals. a.u., arbitrary units.

(D) Quantification of myofibers with centralized nuclei in control, Ulk1/2¢kmm-Cre cDKO,
and Arg7ckmm-Cre .k O mice at 20 weeks of age. n = 3 for each genotype.

(E) Muscle cross sections of 20-week-old control, Ulk1/2Ckmm-Cre cDKO, and
Atg7¢kmm-Cre cKKO mice were stained with H&E, Gomori trichrome, and antibodies against
ubiquitin. Scale bars, 25 pm.

(F) Ultrastructural studies of quadriceps from 20-week-old control, Ulk1/2ckmm-Cre cDKQ,
and Atg7ckmm-Cre .k O mice. Top scale bar, 1 um; bottom scale bar, 500 nm.

(G) Frozen sections of quadriceps from 20-week-old control, U/K1/2Ckmm-Cre DK O, and
Atg7ckmm-Cre cK O mice were costained for LC3B and SMI-31 (top) or SQSTM1 and
amyloid (bottom). Scale bars, 25 pm.

(H) Percentages of myofibers with SQSTM1-positive deposits were quantified from control,
Ulk1/2¢kmm-Cre cDKO, and Atg7¢kmm-Cre ckKO mice at 20 weeks of age. n = 3 for each
genotype.

(1) Size distribution of SQSTM1-positive deposits observed in Ulk1/2ckmm-Cré ;DKO and
Atg7¢kmmm Cre cK O mice at 20 weeks of age. n = 3 for each genotype.

(J) Frozen sections of quadriceps from 20-week-old control, Ulk1/2Ckmm-Cre cDKQ, and
Atg7ckmm-Cre cK O mice were costained for SQSTM1 and TDP-43 (top) or SQSTM1 and
TIAL (bottom). Scale bars, 25 pm.

For all comparisons, ns, not significant; *~<0.05; **P<0.01; ***P<0.001 by Student’s &
test.

All quantitative data are presented as mean + SEM.

See also Figure S2.
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Figure 3. ULK1/2 Interact with Stress Granule Proteins and Localize to Stress Granules
(A) Integrated ULK1 interactome from in-house-generated proteomic data and public

databases (STRING, BIOPLEX, InWeb, and BIOGRID). Underlined proteins indicate genes
that are mutated in patients with IBM. Pathway analysis for the ULK1 interactome was
performed using ENRICHR and Fisher’s exact test.

(B) WT MEFs and C2C12 cells with 3x-FLAG tagged endogenous ULK1 and ULK2 were
heat shocked at 43°C for 1 h and stained for FLAG and TIAL. Line scans indicate the degree
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of colocalization between ULK1 or ULK2 (green) and TIA1 (red) in lines drawn within the
magnified images. Intensity profiles are presented as arbitrary units (a.u.). Scale bars, 20 pm.
See also Figure S3 and Tables S1-S3.
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Figure 4. ULK1/2 Activity Regulates the Disassembly of Stress Granules
(A-B) Live-cell imaging of U20S cells stably expressing G3BP1-GFP. Cells pretreated with

DMSO or SBI-0206965 were heat shocked at 43°C for 30 min to induce stress granule
formation, followed by recovery at 37°C for an additional 120 min. The percentage of cells
with stress granules is shown in (B). Scale bar, 20 pm. ***£<0.001, chi-square test.

(C) U20S cells pretreated with SBI-0206965 for 18 h were subjected to NaAsO» for 1 h,
allowed to recover for 2 h, then immunostained for stress granule components G3BP1,
TIAR, PABP, TIAL, elF3m, and TDP-43. Scale bar, 20 um.
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(D-F) U20S (D) and C2C12 (E) cells pretreated with DMSO or SBI-0206965 and (F) WT
or Ulk1/2DKO MEFs were treated with NaAsO, for 1 h, then allowed to recover in fresh
media for 2 h. The percentage of cells with stress granules was quantified. ns, not
significant; **/£<0.01; ***P<0.001 by Student’s #test.

(G) MEFs transfected with control siRNA or siRNA targeting Ulk1/2 or Atg7 were treated
with NaAsO, for 1 h followed by recovery in fresh media for 2 h, then immunostained for
PABP and TIAL. Scale bar, 20 um.

(H) MEFs transfected with control siRNA or siRNA against key autophagy genes (Afg7,
Atlgl4, Atg13, Rbiccl) were treated with NaAsO, for 1 h and then allowed to recover for 2
h. The percentage of cells with stress granules at each stage is shown. ns, not significant;
***P<0.001 by one-way ANOVA with Dunnett’s multiple comparisons test.

All quantitative data are presented as mean + SEM.

See also Figure S4.
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Figure 5. ULK-Mediated Phosphorylation of VCP Promotes Stress Granule Disassembly
(A) HEK293T cells were transfected with ULK1-DDK or ULK2-DDK and subjected to heat

shock at 43°C for 1 h. Immediately following heat shock, cells were lysed and
immunoprecipitated for DDK, followed by immunoblot against the indicated proteins.

(B) Representative immunoblots of endogenous VCP immunoprecipitated from WT MEFs
subjected to heat shock at 43°C for 1 h.

(C) WT MEFs transfected with GFP-ULK1 or GFP-ULK2 were heat shocked at 43°C for 1
h, fixed, and stained for VCP and TIAL. Line scans indicate the degree of colocalization
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between ULK1 or ULK2 (green), VCP (red), and TIA1 (blue) in lines drawn within the
magnified images. Intensity profiles are presented as arbitrary units (a.u.). Scale bar, 20 um.
(D) Recombinant N-terminal ULK1 (1-649) and full-length VCP were used for an in vitro
kinase assay at 37°C for 15 min. The reaction products were separated by SDS-PAGE and
stained for Sypro Ruby (bottom panel); 32P incorporation was visualized by autoradiogram
(top panel). Blot is representative of n = 3.

(E) Recombinant ULK1/2 and VVCP were used for a cold in vitro kinase assay. VCP was
analyzed by mass spectrometry to assess the stoichiometry of phosphorylated peptides
containing S13, S282, and T761 over total peptide counts of VCP.

(F) FLAG-tagged VCP was coexpressed with ULK1 or ULK2 in HEK293T cells. Cells
were treated with DMSO or NaAsO, for 1 h. VCP was immunoprecipitated from the cell
lysate and subjected to mass spectrometry analysis.

(G-H) MEFs stably expressing RNAi-resistant VCP WT, 3A, or 3D were subjected to heat
shock at 43°C for 1 h, followed by recovery at 37°C for 2 h. Cells with stress granules were
quantified at each stage (baseline, during heat shock, and during recovery) by staining for
stress granule markers PABP and TIA1. Scale bar, 20 um.

(1-J) MEFs stably expressing RNAi-resistant VCP WT or 3D were transfected with control
or UlkI siRNA. Cells were treated with sodium arsenite for 1 h and fixed at 1 h and 2 h after
recovery. Stress granules were visualized by elF3n and TIAR staining and quantified at each
time point. Scale bar, 20 um.

(K) The in vitro ATPase activity levels of VCP WT and 3D were measured by determining
the quantity of pi released over 30 min at room temperature with varying concentrations of
ATP as substrates. Data are presented as mean + SD.

For (G), and (1), data are shown as mean + SEM. ns, not significant; ***/~<0.001 by one-
way ANOVA with Dunnett’s multiple comparisons test.

See also Figure S5.
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Figure 6. ULK1/2 Agonist Promotes the Disassembly of Aberrant Stress Granules in Cells
Expressing Disease-Associated Mutant Proteins

(A-B) Live-cell imaging of U20S cells stably expressing G3BP1-tdTomato treated with
DMSO or LYN-1604. Cells were subjected to heat shock at 43°C for 1 h followed by
recovery at 37°C. Representative images are shown in (A), and the percentage of cells (mean
+ SEM) containing stress granules is shown in (B). Scale bar, 20 um. £<0.001, chi-square
test.

(C) HelLa cells transfected with VCP WT or VCP 3A were treated with DMSO or
LYN-1604 for 24 h. The cells were heat shocked at 43°C for 1 h, allowed to recover at 37°C
for 2 h, and the percentage of cells with stress granules was calculated.
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(D-E) HeLa cells transfected with HA-FUS R521C mutant were treated with DMSO or
LYN-1604 for 24 h. The cells were stained with HA and elF3n (E), and the percentage of
cells containing stress granules is shown in (D). Scale bar, 20 um.

(F) HeLa cells transfected with TIAL-GFP WT or A381T were treated with DMSO or
LYN-1604 for 24 h. The cells were heat shocked at 43°C for 1 h, allowed to recover at 37°C
for 2 h, and the percentage of cells with stress granules was calculated.

(G) Hel.a cells transfected with VCP WT or VCP A232E were treated with DMSO or
LYN-1604 for 24 h. The cells were heat shocked at 43°C for 1 h, allowed to recover at 37°C
for 2 h, and the percentage of cells with stress granules was calculated.

For (C), (D), (F) and (G), data are presented as mean = SEM. ns, not significant; */~<0.05;
**P<0.01; ***£<0.001 by one-way ANOVA with Dunnett’s multiple comparisons test.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-SQSTM1/p62 Abnova Cat# H00008878-M01; RRID:AB_437085
Rabbit anti-SQSTM1/p62 Sigma-Aldrich Cat# P0067; RRID:AB_1841064

Rabbit anti-SQSTM1/p62 Abcam ab194720

Rabbit anti-ubiquitin DAKO Cat# Z0458; RRID:AB_2315524

Rabbit anti-ubiquitin

Enzo Life Sciences

Cat# BML-PW8810-0500; RRID:AB_2051891

Rabbit anti-LC3B

MBL International

Cat# PM036; RRID:AB_2274121

Rabbit anti-LC3B Millipore Cat# L7543; RRID:AB_796155

Rat anti-LAMP1 DSHB Cat# 1 d4b; RRID:AB_2134500

Mouse anti-SMI-31 Covance Cat# SMI-31 R-100; RRID:AB_10122491
Rabbit anti-p-amyloid 1-42 Millipore Cat# AB5078P; RRID:AB_91677

Rabbit anti-FUS Bethyl Cat# IHC-00074; RRID:AB_2247085

Rabbit anti-TDP-43

Proteintech

Cat# 10782-2-AP; RRID:AB_615042

Rabbit anti-TDP-43

Proteintech

Cat# 12892-1-AP; RRID:AB_2200505

Goat anti-TIA1

Santa Cruz Biotechnology

Cat# sc-1751; RRID:AB_2201433

Mouse anti-hnRNP A2B1

Santa Cruz Biotechnology

Cat#sc-53531; RRID:AB_2248245

Rabbit anti-IBA1

BIOCARE MEDICAL

Cat# CP290 A; RRID:AB_10578940

Mouse anti-MHCf

Leica Microsystems

Cat# NCL-MHCf; RRID:AB_563899

Mouse anti-MHCs

Leica Microsystems

Cat# NCL-MHCs; RRID:AB_563898

Rabbit anti-ULK1

Sigma-Aldrich

Cat# A7481; RRID:AB_1840703

Goat anti-ULK1

Santa Cruz Biotechnology

Cat# sc-10900; RRID:AB_2212515

Rabbit anti-COXIV

Abcam

Cat# ab16056; RRID:AB_443304

Rabbit anti-TOM20

Santa Cruz Biotechnology

Cat# sc-11415; RRID:AB_2207533

Rabbit anti-ATG7

Cell Signaling Technology

Cat# 8558; RRID:AB_10831194

Rabbit anti-ATG13

Sigma-Aldrich

Cat# SAB4200100; RRID:AB_10602787

Rabbit anti-pATG13

Rockland

Cat# 600-401-C49; RRID:AB_11179920

Rabbit anti-RB1CC1

Cell Signaling Technology

Cat# 12436S; RRID: N/A

Rabbit anti-ATG14

MBL International

Cat# PD026; RRID:AB_1953054

Mouse anti-VCP

Thermo Fisher Scientific

Cat# MA3-004; RRID:AB_2214638

Mouse anti-VCP

Santa Cruz Biotechnology

Cat# sc-57492; RRID:AB_793927

Mouse anti-FLAG

Sigma-Aldrich

Cat# A8592; RRID:AB_439702

Mouse anti-FLAG

Sigma-Aldrich

Cat# F3165; RRID:AB_259529

Rabbit anti-G3BP1

Proteintech

Cat# 13057-2-AP; RRID:AB_2232034

Mouse anti-G3BP1

BD Biosciences

Cat# 611126; RRID:AB_398437

Rabbit anti-Caprin-1

Proteintech

Cat# 15112-1-AP; RRID:AB_2070016

Rabbit anti-USP10

Cell Signaling Technology

Cat# 8501; RRID:AB_10949976

Rabbit anti-GAPDH

Sigma-Aldrich

Cat# G9545; RRID:AB_796208
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chicken anti-GFP

Abcam

Cat# ab13970; RRID:AB_300798

Rabbit anti-TIAR

Cell Signaling Technology

Cat# 8509; RRID:AB_10839263

Goat anti-elF3n

Santa Cruz Biotechnology

Cat# sc-16377; RRID:AB_671941

Rabbit anti-PABP

Abcam

Cat# ab21060; RRID:AB_777008

Rabbit anti-HA

Cell Signaling Technology

Cat# 3724, RRID:AB_1549585

Sheep anti-rabbit IgG-HRP conjugate

GE Healthcare

Cat# RPN4301; RRID:AB_2650489

Sheep anti-mouse IgG-HRP conjugate

GE Healthcare

Cat# RPN4201; RRID: N/A

Bacterial and Virus Strains

E. coliDH5a Thermo Fisher Scientific Cat# C404003

E. coliRosetta (DE3) Millipore Cat# 70954
Chemicals, Peptides, and Recombinant Proteins

DMSO Sigma Aldrich Cat# D8418
SBI1-0206965 Sigma Aldrich Cat# SML1540
Sodium arsenite Sigma Aldrich Cat# 1062771000
Bafilomycin Al Sigma Aldrich Cat# B1793

Eerl Sigma Aldrich Cat# E1286
LYN-1604 Glixx Laboratories Cat# GLXC-09854
Human ULK1 (1-649) Sigma Aldrich Cat# SRP5096
Human ULK2 (1-631) Sigma Aldrich Cat# SRP5097
Recombinant human VCP This study N/A

FuGENE 6 Promega Cat# E2691
FUGENE HD Promega Cat# E2311
Lipofectamine RNAi Max Life Technologies Cat# 13778075

Polybrene Sigma-Aldrich Cat# H9268-106
ProLong Gold Antifade Reagent with DAPI | Invitrogen Cat# P36931
Protein G agarose beads Thermo Fisher Scientific Cat# 20399

2x Laemmli sample buffer Sigma Cat# S3401
Critical Commercial Assays

DISCOVERY ChromoMap DAB Kit Roche Cat# 760-159

4%-12% Bis-Tris gels

Life Technologies

Cat# NP0335B0X

ECL Western Blotting Detection

GE Healthcare

Cat# RPN2232

RNeasy Fibrous Tissue Mini Kit QIAGEN Cat# 74704
FastStart TagMan Probe Master reagent Roche Cat# 04673409001
SuperScript 11 first-strand synthesis kit Life Technologies Cat# 18080051
NEBuilder HiFi DNA Assembly Kit New England Biolabs Cat# E2621

Alexa Fluor 488 Tyramide SuperBoost Kit Thermo Fisher Scientific Cat# B40941

Biomol Green

Enzo Life Sciences

Cat# BML-AK111-0250

Deposited data

Original images and western blot

This paper

http://dx.doi.org/10.17632/zxpzhv2nkk.1
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Cell Lines

HEK293T ATCC CRL-3216; RRID:CVCL_0063
U208 ATCC HTB-96

HelLa ATCC CCL-2

C2C12 ATCC CRL-1772
G3BP1-GFP U20S cells (Mackenzie et al., 2017) N/A
td-Tomato-G3BP1 U20S cells This study N/A
3x-FLAG-tagged ULK1 MEFs This study N/A
3x-FLAG-tagged ULK2 MEFs This study N/A
3x-FLAG-tagged ULK1 C2C12 This study N/A
3x-FLAG-tagged ULK2 C2C12 This study N/A
Experimental Models: Organisms/Strains

Mouse: Ulkflox-neo (Kundu et al., 2008) N/A

Mouse: UlkZox (Joo et al., 2016) N/A

Mouse: Ulk2"- (Joo et al., 2016) N/A

Mouse: Ella-Cre Jackson Laboratory JAX: 003724
Mouse: Ckmm-Cre Jackson Laboratory JAX: 006475
Mouse: Atg Alox/flox (Komatsu et al., 2005) N/A

Oligonucleotides

GAAGGTTGCTCTCAGCCTCACCAGC
CAATT-3’

Nontargeting siRNA Dharmacon D-001810-10-05
ON-TARGETplus mouse UlkI siRNA Dharmacon L-040155-00-0005
ON-TARGETplus mouse Ulk2siRNA Dharmacon L-040619-00-0005
ON-TARGETplus mouse Afg7siRNA Dharmacon L-049953-00-0005
ON-TARGETplus mouse Afg14siRNA Dharmacon L-172696-00-0005
ON-TARGETplus mouse Afg13siRNA Dharmacon L-053540-01-0005
ON-TARGETplus mouse RbIcclsiRNA Dharmacon L-041191-01-0005
ON-TARGETplus mouse VcpsiRNA Dharmacon L-057592-00-0005
ON-TARGETplus human VCPsiRNA Dharmacon L-008727-00-0005
Ulk1 TagMan probe Applied Biosystems 4331182

Ulk2 TagMan probe Applied Biosystems 4331182
18TagMan probe Applied Biosystems 4333760F
Vcp-S13A Forward: 5 This study N/A
GGTGATGACCTAGCCACAGCCATTCT

CAAAC-3’

Vep-S13A Reverse: 5'— This study N/A
GTTTGAGAATGGCTGTGGCTAGGTC

ATCACC-3’

Vep-S282A Forward: 5"~ This study N/A
AATTGGCTGGTGAGGCTGAGAGCAA

CCTTC-3’

Vcp-S282A Reverse: 5’ This study N/A
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Vep-TT61A Forward: 5
AGATGTTTGCCCAGGCCCTTCAGCAG
AGTCG-3’

This study

N/A

Vep-TT61A Reverse: 5'—
CGACTCTGCTGAAGGGCCTGGGCAA
ACATCT-3’

This study

N/A

Vep-S13D Forward: 5~
GGTGATGACCTAGATACAGCCATTCT
CAAAC-3’

This study

N/A

Vcp-S13D Reverse: 5'—
GTTTGAGAATGGCTGTATCTAGGTCA
TCACC-3’

This study

N/A

Vep-S282D Forward: 5'—
AATTGGCTGGTGAGGATGAGAGCAA
CCTTC-3’

This study

N/A

Vep-S282D Reverse: 5~
GAAGGTTGCTCTCATCCTCACCAGCC
AATT-3’

This study

N/A

Vep-T761D Forward: 5"~
AGATGTTTGCCCAGGATCTTCAGCAG
AGTCG-3’

This study

N/A

Vcp-T761D Reverse: 5'—
CGACTCTGCTGAAGATCCTGGGCAA
ACATCT-3’

This study

N/A

5gen.G3BP1 Forward 5'—
GTACAGTACCATCTTTTCACACTGG-
Y

This study

N/A

5junc.tdTomato Reverse 5'—
TTGAAGCGCATGAACTCTTTGATGA-
3/

This study

N/A

3junc.tdTomato Forward 5’
CACCTCCCACAACGAGGAC-3’

This study

N/A

3gen.G3BP1 Reverse 5'—
TAATTCCCCACATACTCTGAACC-3’

This study

N/A

mUJk1 sgRNA Target 5"~
CAGGTTGGCAGCAGGTAGTCAGG-3’

This study

N/A

mUJk1.915.sense.ssODN 5'—
TCCACAGGCAAGCTGTGCATTGAGAG
GAGACTCTCGGCCCTGCTGAGTGGT
GTCTATGCCGACTACAAAGACCATGA
CGGTGATTATAAAGATCATGACATCG
ATTACAAGGATGACGATGACAAGTGA
CTACCTGCTGCCAACCTGCAGGGTAG
GGTCTGAGACCTGGCAGACTGTCCTC
AACACTGA-3’

This study

N/A

mUIkI.NGS Forward 5'—
CACTCTTTCCCTACACGACGCTCTTC
CGATCTAGGGGTTGCAGCACACTCTC
ACGGA-3’

This study

N/A

mUIk1.NGS Reverse 5'—
GTGACTGGAGTTCAGACGTGTGCTCT
TCCGATCTAGGGACCCCTGGCACTCT
GATGTCT-3’

This study

SN/A

mUIk2sgRNA Target 5~
ACTGCAACTGTGTGAGTAGCAGG-3’

This study

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
mUIk2.915.sense.ssODN 5'— This study N/A
CTAGATAAATGTAGTATTGAAAGAAG
ATTGTCAGCACTCTGCTGTAGCACTG
CAACTGTGGACTACAAAGACCATGAC
GGTGATTATAAAGATCATGACATCGAT
TACAAGGATGACGATGACAAGTGAGT
AGCAGGCTTGTCTGTGGACTGGCATG
GAACAGGAGGTGATACATTTGGGATT
ACA-3’
mUIk2NGS Forward 5'— This study N/A
CACTCTTTCCCTACACGACGCTCTTC
CGATCTTGGGGCCAAGATAGAGCAGG
AACCA-3’
mUIk2NGS Reverse 5'— This study N/A
GTGACTGGAGTTCAGACGTGTGCTCT
TCCGATCTTGAAGAGAAAGGAAAGG
GGGAGTGACT-3’
Recombinant DNA
pCMV6-DDK-human ULK1 Origene RC215643
pCMV6-DDK-human ULK2 Origene RC206010
pMXs-IP-EGFP-ULK1 Addgene 38193
pMXs-IP-EGFP-ULK2 Addgene 38201
FLAG-VCP WT (Tresse et al., 2010) N/A
FLAG-VCP A232E (Tresse et al., 2010) N/A
pEGFP-TIAL (Mackenzie et al., 2017) N/A
pEGFP-TIAL A381T (Mackenzie et al., 2017) N/A
HA-FUS R521C (Guo et al., 2018) N/A
MLM3636 Addgene 43860
p3s-Cas9HC Addgene 43945
Software and Algorithms
ImageJ NIH https://imagej.nih.gov/ij/
SlideBook 6.0 3i https://www.intelligent-imaging.com/slidebook
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