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Abstract

Macroautophagy (autophagy) is a key catabolic pathway for the maintenance of
proteostasis through constant digestion of selective cargoes. The selectivity of autophagy
is mediated by autophagy receptors that recognize and recruit cargoes to
autophagosomes. SQSTM1/p62 is a prototype autophagy receptor, which is commonly
found in protein aggregates associated with major neurodegenerative diseases. While
accumulation of SQSTM1 implicates a disturbance of selective autophagy pathway, the
pathogenic mechanism that contributes to impaired autophagy degradation remains
poorly characterized. Herein we show that amyotrophic lateral sclerosis (ALS) and
frontotemporal lobar degeneration (FTLD)-linked mutations of 7BKI and SQOSTM1
disrupt selective autophagy and cause neurotoxicity. Our data demonstrates that
proteotoxic stress activates serine/threonine kinase TBKI1, which coordinates with
autophagy kinase ULK1 to promote concerted phosphorylation of autophagy receptor
SQSTM1 at the UBA domain and activation of selective autophagy. In contrast, ALS-
FTLD-linked mutations of 7BKI or SOSTMI reduce SQSTM1 phosphorylation and
compromise ubiquitinated cargo binding and clearance. Moreover, disease mutation
SQSTM19%*?"® abolishes phosphorylation of Ser351 and impairs KEAP1-SQSTM1
interaction, thus diminishing NFE2L2/Nrf2-targeted gene expression and increasing
TARDBP/TDP-43 associated stress granule formation under oxidative stress.

Furthermore, expression of SQSTM19+7R

in neurons impairs dendrite morphology and
KEAPI1-NFE2L2 signaling. Therefore, our results reveal a mechanism whereby
pathogenic SQSTM1 mutants inhibit selective autophagy and disrupt NFE2L2 anti-

oxidative stress response underlying the neurotoxicity in ALS-FTLD.
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Abbreviations

ALS: amyotrophic lateral sclerosis; FTLD: frontotemporal lobar degeneration; G3BP1:
Ras GTPase-activating protein-binding protein 1; GSTM1: Glutathione S-Transferase
Mu 1; HO-1: Heme oxygenase 1; KEAP1: Kelch-like ECH associated proteinl; KI:
kinase inactive; KIR: KEAP1 interaction region; KO: knockout out; NFE2L2/Nrf2:
NFE2-related factor2; NQO1: NAD(P)H quinone dehydrogenase 1; SQSTM1/p62:
sequestosome 1; SOD1: superoxide dismutase 1; TARDBP/TDP-43: transactive
response DNA binding protein 43 kDa; TBK1: TANK-binding kinase 1; UBA:

ubiquitin association; ULK1: Unc-51 like autophagy activating kinase 1; WT: wild

type.
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Introduction

Amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD) are
closely related neurodegenerative disorders that are considered part of the same disease
spectrum [1-3]. A common feature of ALS and FTLD is the presence of protein and
protein-RNA aggregates in affected motor neurons, implicating impairment of protein
degradation in the disease process [4]. More than 30 different genes are associated with
ALS-FTLD, including SOD1, C9ORF72, TARDBP/TDP-43, OPTN (optineurin),
SOSTM1/p62 and TBK1 (TANK-binding kinase 1). TARDBP is an RNA binding
protein linked to RNA metabolism that harbors prion-like domains allowing it relocate
to cytosol stress granules upon stress condition [5]. SQSTM1 and OPTN are autophagy
receptors that mediate selective autophagy, which is a critical pathway for the removal
of aggregation-prone proteins and damaged organelles [6-8]. Autophagy receptors
recognize specific cargoes and recruit them to the autophagosome for degradation via
the lysosome. TBK1, a kinase known to phosphorylate both SQSTM1 and OPTN [8-
10], was recently identified as an ALS causal gene [11, 12]. Recent studies showed that
reduced TBK1 expression in mice promotes TARDBP aggregation, axonal degeneration
and neuronal loss [13]. Specific mutations of TBK, e.g. TBK 156X disrupt OPTN-
TBK1 interaction and block efficient autophagosome formation [12, 14]. Thus, the
evidence raises the possibility that aberrant phosphorylation of autophagy receptors by
TBK1 affects the recognition of autophagic cargoes, leading to a defect in clearance of
protein aggregates.

SQSTMLI is a scaffold protein that functions in diverse signaling pathways, including
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amino acid sensing, oxidative stress and DNA damage response [15, 16]. SQSTM1
harbors different types of protein - protein interaction domains, including PB1 (Phox
and Bem1), LIR (LC3 interaction region) and UBA (ubiquitin association) domains.
Multiple kinases have been shown to phosphorylate SQSTM1. Both CK2 and TBK 1
phosphorylate SQSTMI at Ser403 (equivalent to Ser405 in mice) in the UBA domain,
which increases the affinity of SQSTMI for ubiquitinated cargo [9, 17]. Autophagy
kinase ULK1 phosphorylates neighboring Ser407 (equivalent to Ser409 in mice),
leading to the destabilization of the UBA dimer of SQSTM1 and promotion of Ser403
phosphorylation, and thus enhancing selective autophagy degradation [6]. The evidence
suggests a concerted action of multiple kinases for regulating SQSTM1 functions
during selective autophagy.

SQSTMI1 associated neuronal inclusions are common in ALS-FTLD brains [18-20].
The prevalence of SQSTMI1 inclusions in ALS-FTLD patients suggests that ALS-FTLD
is a proteinopathy in which aggregation and phosphorylation of SQSTM1 represents a
stress response that invokes selective autophagy [21, 22]. Recent reports showed that
SQSTMI promotes the clearance of stress granule, a hallmark of ALS-FTLD via
selective autophagy [23, 24]. Knockdown of SQSTM1 in zebra fish caused an
abnormal locomotor phenotype, which was ameliorated by an mTOR inhibitor
(rapamycin, an autophagy activator) and could also be rescued by wild-type (WT)
human SQSTM1 but not the ALS-FTLD-associated SQSTM173%L mutant [25]. In
addition, the ALS-FTLD-associated mutation SQSTM1-*!V mutant was shown to

occur in LIR motifs that were defective for recognizing LC3B and ubiquitinated cargo
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delivery [26].

Emerging evidence suggests that oxidative stress is an important contributing factor in
ALS [27]. A central regulator of the antioxidant response in cells is the NFE2L2/Nrf2
(NFE2-related factor2)-KEAP1 (Kelch-like ECH associated proteinl) signal. NFE2L.2
is a basic region leucine zipper transcription factor, which is negatively regulated by
KEAP1 under normal condition. When the cell is insulted by oxidative stress, NFE2L2
dissociates from KEAPI, translocates into the nucleus and promotes the transcription of
antioxidant response genes [28-30]. Notably, the impairment of NFE2L2 antioxidant
pathway has been linked to ALS [31, 32]. SQSTMI is a pivotal regulator of the
NFE2L2 antioxidative stress response through KEAP1 binding (via SQSTM1 motif
KIR, KEAP1 interacting region) [33]. Interestingly, biochemical analysis of the ALS-
linked mutations of SQSTM1 (SQSTM 17348 and SQSTM1%%°!4) show a loss of
KEAP1 binding and reduced ability to activate NFE2L2 signaling [34]; however, the
pathogenic role for mutant SQSTMI1 in neurotoxicity relevant to ALS-FTLD remains
poorly understood.

Here, we investigated the potential pathogenic mechanism for TBK1 and SQSTM1
linked ALS-FTLD. We show that ALS-FTLD-associated mutations of 7BK/ and
SOSTM1 disrupt selective autophagy. Our results reveal a mechanism whereby
pathogenic SQSTM1 mutant impairs selective autophagy and causes neurotoxicity by

disrupting NFE2L2 anti-oxidative stress response underlying the cause of ALS-FTLD.

Results



153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

Proteotoxic stress activates TBK1 activity and ALS-FTLD-linked mutations of TBK1
impair SQSTM 1 phosphorylation at UBA

Our previous study showed that ULK1 phosphorylation of SQSTM1 regulated
SQSTM1-mediated selective autophagy in response to proteotoxic stress [6]. Here we
asked if TBK1 can be activated under the similar stress conditions such as proteasome
inhibition and expression of disease protein aggregates [6]. Our results showed that
MG132 treatment, which increases ubiquitinated proteins by inhibiting proteasome,
causes an increase of phosphorylation of TBK1 at Ser172, an autophosphorylation site
indicative of TBK1 activity [35, 36], as shown in western blot and immunostaining
analysis (Fig. 1 A and B, and Fig. S1A). Cell fractionation assay indicated that pSer172
TBKI1 primarily localizes in the insoluble fraction upon MG132 treatment (Fig. S1B).
In addition, expression of poly-103Q-mCFP (carrying polyQ expansion) in HeLa cells
also increased pSer172 TBKI levels. We also assessed TBK1 autophosphorylation in
cells expressing SOD19%34 or WT SOD1. SOD19%4 is associated with familial form of
ALS and prone to aggregate formation [37]. We found that phosphorylation of TBK1 at
Ser172 was increased upon the expression of SOD19%4 but not WT SOD1 (Fig. 1 E
and F). Thus, the above evidence suggests that TBK1, similar to ULK1, is activated
upon proteotoxic stress.

Since TBK1 phosphorylates SQSTM1 at Ser403 (equivalent to mouse SQSTM 1
Ser405) [9], we next examined if TBK1 pathogenic mutants affect SQSTM1 Ser405
phosphorylation. Multiple variants of TBK1 have been reported as risk factors for ALS-

FTLD [12, 38, 39]. We then co-expressed SQSTMI and different TBK1 mutants in



175  HEK293T cells. The results showed that three TBK 1 variants, TBK1R47H, TBK1R3%7Q
176  and TBKIM3R Jost their abilities to phosphorylate Ser405 or Ser409, while two other
177  mutants, TBK156°°K and TBK 1 690-713del, displayed no significant change in

178  SQSTMI phosphorylation (Fig. 1 H and I). As controls, TBK1¥*%P (kinase-dead

179  mutant) or TBK 151724 (autophosphorylation null) failed to induce SQSTM 1

180  phosphorylation at Ser405 or Ser409 (Fig. S1C). We verified the kinase activity of the
181  above TBK1 mutants by assaying p- Ser172 (Fig. 1 J and K).

182

183  TBKI phosphorylation of SQSTM1 depends on ULK]I activity and ALS-FTLD-linked
184  SQSTMI mutations reduce phosphorylation of SQSTM1 mediated by ULK1

185  Our previous study suggested a concerted phosphorylation of Ser409 and Ser405 of
186  SQSTMI1 upon proteotoxic stress including expression of disease related proteins and
187  proteasome inhibition through MG132 treatment [6]. We next asked if ULK1 and

188  TBKI coordinated the phosphorylation of Ser409 and Ser405. First, we performed

189  phosphorylation assays with purified recombinant SQSTM1 and ULK1-Atg13 or

190 TBKI1. ULK1 phosphorylated SQSTM1 at Ser409 but not Ser405, whereas TBK1

191  modestly phosphorylated SQSTMI at Ser405 but not at Ser409. However, combining
192 ULKI-Atgl3 and TBKI1 in the same assay with SQSTM1 caused a marked increase in
193 the p-Ser405 but not p-Ser409 of SQSTM1 (Fig. 2A). Second, we observed that TBK 1
194  overexpression induced the phosphorylation of SQSTMI1 at both Ser405 and Ser409 in
195  the cells (Fig. S1C). However, the phosphorylation of Ser409 and Ser405 diminished

196  when TBKI1 was co-expressed with the ULK 1 mutant with kinase inhibition ( KI), a
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dominant negative mutant of ULK1 kinase activity [40] (Fig. S2). Furthermore, we
found that, under proteasome inhibition condition, treatment of an ULK1 kinase
specific inhibitor (SB10206965) reduced the levels of p-Ser409 as well as p-Ser405
(Fig. 2 B and D), consistent with the idea that the p-Ser405 depends on p-Ser409 [6].
The above results suggest that TBK1-mediated p-Ser405 depends on ULK 1 mediated
p-Ser409 in SQSTM1 UBA (Fig. 2E).

Moreover, we determined if disease-associated SOSTM I mutants affect SQSTM1
phosphorylation at the UBA domain by ULK1 and TBK1. We selected three UBA
domain mutants of SQSTM1, SQSTM 1%L, SQSTM 194135 and SQSTM1%4*7R | for the
test (Fig. 2F). We used purified SQSTM1 mutant proteins in a phosphorylation assay in
the presence of ULK1-Atgl13 kinase complex. Our results showed that p-Ser409 or p-
Ser405 levels are diminished in the above SQSTM 1 mutants (Fig 2 G-J). In HEK293T
cells co-transfected with the ULK1 and SQSTMI1 variant plasmids, the p-Ser409 and p-
Ser405 are both reduced in the SQSTM 1%L and SQSTM1%*2"R mutants. As controls,
SQSTM13%4PA mutant displayed impaired p-Ser405, but the S405A retains normal
levels of p-Ser409 (Fig. 2 K-M), in agreement with the idea that the p-Ser409 is

required for the p-Ser405 [6].

ALS-FTLD-linked mutation in SQSTM 1 reduces the binding of ubiquitinated
proteins and ULK]I.
Phosphorylation of SQSTM1 at the UBA domain enhances its binding affinity to

ubiquitinated (Ub) cargoes, promoting their delivery to autophagosome for degradation
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[6, 17]. We then determined whether the Ub binding was altered in the SQSTM 1
disease mutants. Purified fusion MBP-SQSTM1 mutants were incubated with K63
poly-Ub chains, followed by MBP-SQSTMI1 pull down. The results showed reduced
binding affinity of the SQSTM173%: SQSTM 154135 and SQSTM1%*"R mutants to K63
poly-Ub chains compared to WT. As controls, SQSTM13*?°E exhibited an increased
binding, whereas SQSTM 134%°A displayed a decreased binding, to K63 poly-Ub chains
(Fig. 3 A and B), consistent with our previous report [6]. We next examined the binding
between SQSTM1 mutants and poly-Ub proteins in the cells by following a previously
established procedure that distinguishes SQSTM 1-associated poly-Ub proteins from
SQSTMI self-ubiquitination [6]. The results again indicated that the SQSTM173%4L,
SQSTM1%435  and SQSTM1%#2"R yariants have reduced binding to poly-Ub proteins.
Similarly, SQSTM 154034 or SQSTM 1544 diminished the binding, while SQSTM154%E
enhanced the binding to poly-Ub proteins (Fig 3 C and D). Proteasome inhibition
through MG132 treatment induces the interaction of ULK1 and SQSTM1, which
contributes to the ULK1-mediated SQSTM1 phosphorylation [6]. We then tested the
interaction of ULK1 with SQSTMI1 variants. The results demonstrated a reduced ULK1
binding to SQSTM 1734, SQSTM 194135 and SQSTM1%**’R compared to WT (Fig. 3 E
and F).

To understand the molecular mechanism for how these ALS-FTLD-linked mutations
affect the interaction of SQSTMI1 and ubiquitinated protein, we applied structural
modeling of SQSTM1 UBA domain in complex with mono ubiquitin (mono-Ub) by

docking the SQSTM1 UBA structure (PDB ID 3BO0F) onto the structure of the NBR1
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UBA domain in complex with mono-Ub (PDB ID 2MJ5). The SQSTM 1734,
SQSTM194135 and SQSTM19**R mutations were then mapped onto the model
accordingly (Fig 3G and S3A). Similar to a previous report, the SQSTM 1734t mutation
is located far away from either the ubiquitin binding site or the dimer interface of the
UBA domain (Fig. 3G) [41]. Thus, the impact of this mutation on SQSTM 1-ubiquitin
interaction cannot be readily derived from the modeling. On the other hand, residue
G427 is located in the vicinity of ubiquitin binding area and the SQSTM1%4*7R
mutation, with its extended side chain, is predicted to lead to direct steric clash with Ub
and thus weakening the SQSTM1-Ub interaction (Fig. 3G). Furthermore, the
SQSTM1%438 mutation is located at the dimer interface of the UBA domain and has
been predicted to form an additional hydrogen bond with R415 of another UBA
molecule (Fig. S3A). This interaction may modestly stabilize the dimeric form of the
UBA domain, which would negatively affect its interaction with Ub as shown in our
previous study [6].

To validate our modeling predictions on SQSTM1935 and SQSTM1%*7R, we
measured the binding affinity of these UBA domain mutants to mono-Ub by Isothermal
Titration Calorimetry (ITC) assays. Our data confirms that the SQSTM1%*"R mytation
completely abolishes the interaction between the UBA domain and mono-Ub, whereas
the SQSTM 194135 mutation shows little difference in binding of mono-Ub as compared
to WT (Kd of 40.7 uM vs 45.3 uM (Fig. 3H and S3B). This ITC result is largely
consistent with the previous report, in which NMR titration experiments were used to

measure the impact of these mutations on UBA dimer formation and interaction with
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mono-Ub [41]. One notable difference is the measured value of Kq. While the NMR study
estimated 5-10 fold reduction for the SQSTMI1%**® mutant, our ITC data showed
complete abolishment of interaction. Moreover, our data suggests that SQSTM1%4138
may affect SQSTM1 binding of poly-Ub proteins through a different mechanism (in

contrast to SQSTM1%4*7R) that has yet to be determined.

ALS-FTLD-linked mutation SQSTM1%“*’R impairs SQSTM 1-mediated sequestration
and clearance of ubiquitinated proteins under proteotoxic stress.

We then focused on characterization of the mutant SQSTM1%*?’R which showed a
significant impairment in Ub binding in the ITC analysis. We established a stable
mouse embryonic fibroblast (MEF) cell line expressing SQSTM1%**"R in SQSTM 1
knockout (KO) background. Under normal conditions, immunofluorescence analysis
showed that the SQSTM1%*?"R cells displayed no difference in localization from the
control WT SQSTM1. However, upon MG132 treatment, SQSTM1 formed large
inclusions in the WT SQSTM1 MEFs, whereas the MEF expressing the SQSTM 16427k
mutant showed reduced inclusion body formation (Fig. 4 A and B). Immunoblot
analysis showed that the insoluble fraction of the SQSTM1%*?’R was markedly reduced
compared to WT SQSTMI1 upon MG132 treatment (Fig. 4 C and D), consistent with
the cell imaging result. These results demonstrate the defective sequestration in the
SQSTM1%**"® mutant. Furthermore, we treated WT SQSTM1 and SQSTM1%4*"R MEF
with MG132 and then induced autophagy through serum starvation (S.S.) to examine

the clearance of ubiquitinated proteins. In WT SQSTMI1 cells, accumulated
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ubiquitinated proteins were efficiently cleared upon serum starvation, whereas serum
starvation has little effect in the clearance of ubiquitinated proteins in SQSTM164*7R
MEF. Thus the SQSTM1%**"R mutation blocks the degradation of ubiquitinated proteins

under proteotoxic stress (Fig. 4 E and F).

A critical role for SOSTM1 in the regulation of KEAPI-NFE2L?2 pathway that is
disrupted by SQSTM 4R

Despite the role of SQSTM1 as an autophagy receptor that co-aggregates with disease
related proteins in affected neurons, its physiological function in the brain remains
poorly understood. SQSTM1 controls ubiquitinated protein aggregate formation;
however, it does not contribute to neurodegeneration caused by inactivation of
autophagy [42]. To identify potential cargoes that are degraded by SQSTM 1-mediated
selective autophagy, we performed quantitative proteomic analysis of sgstm knockout
(KO) mouse brains with triplication through a multiplex isobaric labeling mass
spectrometry (MS) pipeline with extensive separation power and high mass resolution
[43] (Fig. S4 A and B). Approximately 14,000 unique proteins were screened in the
analysis. To our surprise only a few showed differentiated expression in sgstml KO
brains (e.g. KEAP1) with adjusted p<0.05 (Fig. S4B and Datasatel). By western-blot
analysis, we were able to validate the increased KEAP1 protein levels and the reduction
of GSTMI, which is a target gene of NFE2L2 and controlled by KEAP1 (Fig. 5 A and
B). As reported, we did not find the accumulation of ubiquitinated protein [44] or

altered LC3 II level (Fig. S4 C and D) in sgstm{ KO brain. In addition, we did not
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observe any changes in SQSTM1 related autophagy receptor such as NPD52 and NBR1
in sgstm1 KO brains, suggesting no possible compensatory mechanism for loss of
SQSTMI expression. Thus, the results revealed a primary function of SQSTM1 in
regulating the KEAP1-NFE2L2 pathway at basal level in mouse brain.

Previous study showed that SQSTM1 regulated KEAP1-NFE2L2 interaction through
SQSTMI1 phosphorylation at Ser351 (in the KIR motif), thus controlling NFE2L2 anti-
oxidative stress response [45]. We next asked whether SQSTM19427R also alters p-
Ser351 under oxidative stress. We treated WT SQSTM1 and SQSTM1%42’®R MEF with
sodium arsenite (AS), which induces p-Ser351 and oxidative stress [45] and then
assayed p-Ser351 in SQSTMI. The results showed that the ratio p-Ser351:total
SQSTMI1 were significantly lower in SQSTM1#?"R cells than that in WT cells (Fig. 5
C and D). As p-Ser351 markedly enhanced the interaction of SQSTM1 and KEAP1
[45], we next questioned whether the SQSTM1-KEAPI1 interaction was altered by
G427R mutation. Co-IP experiment result indicated that SQSTM19**"R displayed
reduced binding to KEAP1 (Fig. 5 C and E). We next examined the localization of
SQSTM1%*?™R and KEAP1 in cells by immunofluorescence staining. AS treatment
causes WT SQSTM1 to form prominent puncta, which co-localizes with KEAP1 foci;
however, in SQSTM1%4*7R cells, SQSTM1 and KEAP1 failed to form foci (Fig. 5F).
Immunoblot analysis showed that the insoluble fraction of SQSTM1 and KEAP1 was
markedly reduced in SQSTM15427R cells when compared to WT SQSTM1 cells upon
AS treatment (Fig. 5 G-I), consistent with the imaging result. The result also supports

the idea that SQSTM1%4*R fails to sequester cargo under oxidative stress.



329 As SQSTMI-KEAPI interactions regulate NFE2L2 activity, which transcribes

330 antioxidative gene expression, we next assayed NFE2L2 target gene expression in

331 SQSTMI194?7R cells. While the KEAPI levels are decreased (correlated with the

332 increase of p-Ser351), two NFE2L2 target genes HO-1 and Nqol are increased in a
333  time-dependent manner in WT SQSTMI1 cells upon treatment of AS (Fig. 5 J-K).

334  Interestingly, HO-1 and Nqol expression levels are either significantly reduced or

335  nearly abolished in SQSTM1%*?"R cells compared to sgstm! WT or KO cells (Fig. 5 J-
336 K). The results suggest that SQSTM19*?"R disrupts NFE2L2 antioxidant response

337  resulted from impaired KEAP1- SQSTMI1 binding. It is surprising to see a further

338 reduction of HO-1 and Nqol levels in SQSTM1%47R cells compared to KO cells. The
339 result implies that SQSTM1%#*’R does not simply cause a loss of function in SQSTMI;
340 it may trigger a gain of toxic function to further impair NFE2L2 response.

341

342 Disease mutation SQSTM1*>’R enhances TARDBP associated stress granule

343  formation upon oxidative stress.

344  Previous reports showed that oxidative stress, e.g., AS, induces the formation of cytosol
345  foci of TARDBP, which co-localizes to stress granules [46]. Given our results that

346 SQSTMI1%**"R inhibits NFE2L2-mediated antioxidant response, we asked if the

347  SQSTMI1%*?® mutation affects the cytosol foci formation (or stress granule) of

348  TARDBP induced by oxidative stress. There is no significant change in the fraction of
349  cells containing TARDBP positive stress granules (marked by G3BP1) in

350  SQSTMI1%*?"® MEFs compared to WT SQSTM1 or KO MEFs [47] (Fig. 6 A and B).
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However, the fraction of cells with TARDBP stress granules is markedly increased in
SQSTM19427R cells compared with WT SQSTMI1 or KO cells upon AS treatment (Fig.
6 A and B). Immunoblot analysis showed that the insoluble TARDBP protein levels
were also increased in SQSTM 154"k cells, when compared to WT SQSTMI1 or KO
cells upon AS treatment. In contrast, there is no significant difference between WT
SQSTMI and KO cells (Fig. 6 C and D), consistent with the imaging results. The result
suggests that SQSTM19%*?’R mutation disrupts cell stress response that handles stress
granule; this dysfunction of SQSTM1%**"R is not caused by a loss of function in
SQSTMLI, as sgstm1 KO cells show little change in the fraction of cells containing

TARDBP stress granules.

SOSTM1%4?7R reduces the dendritic complexity and impairs NFE2L2 signaling in
neurons

We next examined the effect of SQSTM154*’R mutation in neuron morphology and
NFE2L2 signaling [48-50]. We transfected primary cortical neurons with mCherry,
mCherry-SQSTM1-WT or mCherry- SQSTM16427R plasmids. We found that the
number of primary branches and the average intersection per neuron is significantly

reduced in neurons expressing mCherry- SQSTM1427R

compared to those producing
mCherry- SQSTM1-WT (Fig. 7 A and B). To determine whether the effects of
SQSTM19427R regult from altered KEAP1-NFE2L2 signaling, we detect the protein
level of KEAP1 and GSTMI in neurons infected with AAV-mCherry, -mCherry-

SQSTMI1-WT or -mCherry- SQSTM19#?’R_The results showed that the KEAP1 level is
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increased, while GSTM1 is reduced, in neurons infected by AAV-mCherry-
SQSTMI1%**"® compared to neurons infected by AAV-mCherry-SQSTM1-WT. The
above results indicate that expression of SQSTM194?’R disrupts dendrite morphology
and KEAP1-NFE2L2 pathway in neurons, further supporting a gain of toxic function in
SQSTM1%*?"R mutant, given that sgstml KO brain displays little neuronal phenotypes

[42] or alteration in whole proteomics (Fig. S4B).

Discussion
Here we report that proteotoxic stress stimulates TBK 1 kinase activity, which is
impaired by ALS-FTLD mutations in TBK1; TBK phosphorylation of SQSTM1 in
UBA domain depends on ULK1 activity. ALS-FTLD associated mutations of SOSTM1
prevent ULK1 or TBK1 mediated phosphorylation of SQSTM1 and impede SQSTM1
binding of ubiquitinated cargo. Thus, our results suggest that TBK1 and SQSTM1
pathogenic ways in ALS-FTLD merge at the deregulation of selective autophagy in
ALS-FTLD. Moreover, we demonstrate an ALS-FTLD mutation G427R of SQSTM 1
blocks KEAP1-SQSTMI interaction, impairing the expression of NFE2L2 targeted
genes and increasing TARDBP associated stress granule formation under oxidative
stress. Therefore, our results reveal a mechanism by which pathogenic SQSTM1
mutants in ALS-FTLD inhibit selective autophagy and disrupt NFE2L2 anti-oxidative
stress response.

Modifications of SQSTMI play a critical role for selective degradation of

autophagy cargoes, which is implicated in multiple neurodegenerative diseases [22, 51].
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We previously showed that ULK 1 phosphorylation of SQSTM1 at Ser409 is required
for phosphorylation of Ser405 [6]. Here our data demonstrates that TBK1 mediated p-
Ser405 in SQSTM1 depends on ULK1, as block of ULK1 activity either by genetic or
pharmacological inhibition prevents p-Ser405 mediated by TBK 1. Our data together
with the previous report shows the concerted phosphorylation of SQSTM1 by ULK 1
and TBK1 in regulating SQSTM1 ubiquitinated cargo binding and recruitment: ULK1
phosphorylation of Ser409 destabilizes UBA dimer formation and allows the exposure
of Ser405 for TBK1 phosphorylation to occur [6]. The p-Ser405 significantly enhances
the binding affinity of SQSTMI1 and ubiquitinated cargo [17]. The significance of the
dual phosphorylation of SQSTM1 by both ULK1 and TBK1 may reflect an intrinsic
mechanism that cells develop to tightly control the formation of large ubiquitinated
aggregates in coordination with induction of autophagy through ULK1 to clear the
ubiquitinated cargo in a timely fashion.

The phosphorylation and activation of TBK1 are critical for antiviral innate
immunity [52]. TBK1 may regulate immunological autophagy through the
phosphorylation of SQSTM1 [9]. TBK1 was shown to phosphorylate SQSTM1 and
autophagy receptor OPTN in the regulation of selective autophagy including mitophagy
[8-10, 53]. Recent studies also demonstrated a role for TBK1 phosphorylation of
SQSTMI in large aggregate formation in hepatocyte induced by lipotoxicity [54].
Interestingly, phosphorylation of SQSTM1 by TBK1 also promotes degradation of
STING to attenuate DNA stimulated type I IFN response [55]. In addition,

overexpression of WT TBK1, but not kinase dead variant, facilitates mutant SOD1%%34
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clearance [56]. It would be interesting to test if TBK1 variants of ALS-FTLD affect
SQSTMI1 phosphorylation by TBK1. Our data demonstrates that inhibition of
proteasomes and expression of aggregate-prone disease proteins, including mutant
SOD1 (SOD19%*4) and mutant Htt related protein (polyQ-expansion), activates TBK1,
suggesting that the activation of TBK1 is a general response to proteotoxic stress that
induces SQSTM1 mediated selective autophagy, while ALS-FTLD mutations of 7BK/
reduce TBK1 activity and SQSTM1 phosphorylation thus blocking selective autophagy.
Our data further suggests that ULK1 and TBK1 synergistically promote selective
autophagy in response to proteotoxic stress.
Our whole proteome analysis of sgstm! KO mice reveals that only few proteins are
altered in the brains despite the large coverage of the proteome - a surprising finding for
a common ubiquitinated cargo receptor of autophagy, suggesting a primary function of
SQSTMI at basal level in mediating autophagy degradation of KEAP1 in the brain. We
further show that KEAP1-NFE2L2 signaling pathway is impaired in sgstm/ KO brain.
Our observation is consistent with the previous reports that sgstm/ KO brain do not
accumulate poly-ubiquitinated proteins [42, 44]. Therefore, we propose that a key
physiological function for SQSTMI1 in the CNS is the control of homeostatic levels of
KEAPI1-NFE2L2 anti-oxidative signaling pathways. It is likely that the degradation of
KEAPI1 is mediated through poly-ubiquitination independent manner as reported for
other SQSTM1 binding protein SODI [57].

Multiple variants of SQSTM1 have been identified in ALS-FTLD, but the impact

of these mutations in selective autophagy has yet to be determined. Our data reveal that
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ALS-FTLD-linked mutations of SOSTMI in the UBA domain, including SQSTM1734L,
SQSTM194138 and SQSTM19**"R mutations, significantly reduce SQSTM1
phosphorylation at Ser405 and Ser409, impair SQSTM1 binding of ubiquitinated
proteins, and impede ubiquitinated proteins clearance [6, 17]. Our biochemical and cell-
based assays further show that the SQSTM19**R mutant suffers a complete loss of
UBA-Ub interaction and inability to sequester ubiquitinated cargo under proteasome
inhibition. The loss of Ub binding in the SQSTM1%**’R variant is consistent with a

16427R mutant

previous report [41]. In addition, our results also showed that the SQSTM
abolished SQSTM1 phosphorylation at Ser351 in the KIR motif and reduced the
sequestration of KEAP1, thus preventing NFE2L2 target gene expression, which
functions as one of the critical cellular defense mechanisms against oxidative stress
[33].

Oxidative stress causes an increase of SQSTMI1 levels over the 16 hours of arsenite
treatment; it is interesting, however, to notice the reduction of SQSTM1%**’R and
KEAPI levels under the same condition (Fig 5J). While the mechanism underlying this
change is unclear, the result could be due to reduced protein stability in the SQSTM1
variant and KEAP1 induced by certain protein modifications or enhanced proteasome
or lysosome degradation. It is also puzzling that the levels of HO-1 and Nqol fail to
increase when KEAP1 is reduced in SQSTM1%*?"R cells. The observation suggests
additional unknown mechanism for SQSTM194?"R regulation of KEAP1 levels or

NFE2L2 downstream signaling. Therefore, SQSTM1%*2’R may not act as a simple loss

of function mutant. Despite the unclear mechanism, it is clear that NFE2L2-mediated
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anti-oxidative response is compromised in SQSTM1%**’R cells. Future experiments
should investigate the details for the additional mechanism for SQSTM15427R toxicity.
Moreover, our results showed that under oxidative stress, ALS-FTLD-linked mutation
SQSTM19*?"R impairs cellular response to TARDBP stress granule formation, which is
relevant to pathogenesis of ALS-FTLD [5]. The increased stress granules in
SQSTM19%427R cells under oxidative stress may result from the reduced NFE2L2
activity, which leads to compromised anti-oxidative response and thus sensitizes cells
to oxidative stress. Furthermore, SQSTM1%#?’R is unable to effectively promote the
degradation of stress granules under oxidative stress [23].
Finally, our results showed that SQSTM1%4?7R affects the dendritic morphology of
neurons accompanied by aberrant levels of KEAP1-NFE2L2 target gene expression,
providing supportive evidence for neurotoxicity of SQSTM1%*?’R mutant in disrupting
KEAP1-NFE2L2 signaling as underlying molecular mechanism for ALS-FTLD.

In summary, our study suggests a model that ALS/FTLD-linked variants of TBK1
and SOSTM1 share a common disease mechanism whereby they cause dysfunctional

selective autophagy and disruption of NFE2L2 anti-oxidative response in neurons.

Materials and Methods

Cell culture

HeLa cells, HEK 293T cells and MEFs were maintained in Dulbecco’s modified
Eagle’s medium (Thermo Fisher Scientific, 11965-092) supplemented with 50 pg/ml

penicillin and streptomycin (Thermo Fisher Scientific, 25300-054) and 10% fetal
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bovine serum (Atlanta Biologicals, S11550). Sgstm! WT and KO mouse embryonic
fibroblasts (MEFs) were provided by Dr. Masaaki Komatsu (Niigata University) [45].
Mock, WT SOD1 and SOD1%%*A NSC34 stable cell lines were provided by Giovanni
Manfredi (Weill Cornell Medicine ) [58], HeLa/polyQ-mCFP cells were provided by
Dr. Ai Yamamoto (Columbia University) [59], and were maintained as previously
described. Transient transfection was performed using Lipofectamine 2000 or 3000 as
per the manufacturer’s instruction.

Plasmids and reagents

FLAG-SQSTM1-WT and MBP-SQSTM1-WT constructs were provided by Dr.
Masaaki Komatsu (Niigata University). Flag and MBP tagged SQSTM 154094,
SQSTMI1%E SQSTM 17394, SQSTM 194135 and SQSTM19427R | as well as LPC-Flag-
SQSTM19%4?"R were constructed using a Quik-Change Lightning Site-Directed
Mutagenesis Kit. Myc-ULK1 WT and kinase inactivated (KI) mutant Myc-ULK1¥!
were provided by Dr. Sharon Tooze (London Research Institute). MG132
(Calbiochem,474791), sodium arsenate (Sigma-Aldrich, 35000), polybrene (Sigma-
Aldrich, H9268), puromycin (Thermo Fisher Scientific, A11138-03), Lipofectamine
2000/3000 (Thermo Fisher Scientific, 11668-019/L3000-015), Protease and
phosphatase inhibitor cocktail (Thermo Fisher Scientific, 1861281), IPTG (isopropyl-
B -D-thiogalactopyranoside, Sigma-Aldrich, 367-93-1), Factor Xa (New England
Biolabs, P8010S), Dynabeads protein G (Thermo Fisher Scientific, 10004D), Quik-
Change Lightning Site-Directed Mutagenesis Kits (Agilent Technologies, 210518),

PVDF membrane (Millipore, IPFL00010), and BCA Protein Assay Reagent Kit
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(Thermo Fisher Scientific, 23228) were also utilized.

Antibodies

The following antibodies were used: SQSTMI1 (Progen Biotechnik, GP62-C-WBC), p-
SQSTMI1 Ser403 (Millipore, MABC186-1), p-SQSTM1 Ser409 (constructed by our
lab), p-SQSTMI1 Ser351 (MBL, PM074), ULK1 (Sigma-Aldrich, A7481), Flag-M2
(Sigma-Aldrich, F1804), anti-ACTB/B-Actin (Cell Signaling Technology, 3700), Myc
(Cell Signaling Technology, 2278), Ubiquitin (Dako, Z0458), GFP (Thermo Fisher
Scientific, A11122), TBK1 (Abcam, ab40676), p-TBK1 Ser172 (Cell Signaling
Technology, 5483), SOD1 (Santa Cruz Biotechnology, SC11407), KEAP1
(Proteintech, Cosmo Bio, 10503-2-AP), NDP52 (Proteintech, Cosmo Bio, 12229-1-
AP), NBR1 (Proteintech, Cosmo Bio, 16004-1-AP), Nqol (Proteintech, Cosmo Bio,
11451-1-AP), HO-1 (Santa Cruz Biotechnology, sc-10789), GSTM1 (Proteintech,
Cosmo Bio, 12412-1-AP), TARDBP (Proteintech Cosmo Bio, 12892-1-AP), G3BP1
(Sigma-Aldrich, HPA004052), LC3B (MBL, PM036) and MAP2 (Sigma-Aldrich,
M4403).

Immunoblot and immunoprecipitation

Total cellular lysates were prepared using cell lysates buffer (1% Triton X-100, 20 mM
Tris- HC1 pH 7.5, 120 mM NaCl, 1 mM EDTA, 1% SDS, complete protease inhibitor
cocktail, phosphatase inhibitor cocktail). Cells were lysed on ice for 30 min, and then
centrifuged at 13,000 g for 30 min at 4°C. Supernatants were collected after
centrifugation and subjected to BCA assay and then were resolved by SDS PAGE.

For IP, cells were lysed in IP buffer (50 mM Tris-HCI pH 7.4, 1% NP-40, 0.25% Na
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deoxycholate, 150 mM NaCl, ] mM EDTA, complete protease inhibitor cocktail,
phosphatase inhibitor cocktail) for 30 min on ice, and then centrifuged at 13,000 g for
30 min at 4°C. Supernatants were collected after centrifugation and subjected to BCA
assay. Supernatants were incubated with indicated antibodies overnight at 4°C. Lysates
were further incubated with Dynabeads protein G for 1.5 h at 4°C, and then washed
with PBS (0.1% Triton x100) 5 times and subjected to immunoblot assay. Membranes
were detected by either LI-COR Odyssey or Medical film Processor. In LI-COR
Odyssey system, the linear range of band intensities was set and the blots in the ranges
were analyzed using Image Studio. In Medical film Processor system, membranes were
developed by Super Chemiluminescent ECL detection system (Thermo Fisher
Scientific, 34580) and imaged in Medical film Processor. To get the unsaturated bands
with the intensities in the linear range, a short pre-exposure was performed to calculate
the signal intensity. According to this information, the exposure time to get the highest
possible signal under saturation was determined. The images were analyzed with
ImagelJ software.

Fluorescence microscopy

Cells were fixed in 4% PFA (paraformaldehyde) for 30 min at room temperature. After
washing four times with PBS (5 min each time), cells were permeabilized with 0.2%
Triton-X-100 for 15 min at room temperature. Cells were further blocked in blocking
buffer containing 5% goat serum and 0.2% Triton X-100 for 1 h. The cells were then
incubated with primary antibodies in blocking buffer containing 1% goat serum and

0.2% Triton X-100 overnight at 4°C. After washing four times with PBS, cells were



549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

incubated with Alexa-conjugated secondary antibody for 1 h at room temperature. Goat
anti-rabbit Alexa Fluor 488 and goat anti-guinea pig Alexa Fluor 647 secondary
antibodies were used. Then cells were washed four times with PBS and mounted with
mounting medium (ProLong Gold antifade mountant with DAPIL, Invitrogen, P36962).
Cells were examined under Carl Zeiss upright or invert confocal microscopes (LSM780
system). Images were taken with 63X oil immersion objective lens at room temperature
and image acquisition was performed using Zen2012 software. Digitized images were
analyzed and processed by using ImageJ software.

Triton X-100-soluble and insoluble fraction

Cells were lysed on ice with 1% Triton X-100 (supplemented with complete protease
and phosphatase inhibitor cocktails) for 30 min. Then, cells were centrifuged at 15,000
g for 30 min at 4°C, and the supernatants (soluble fractions) were collected. The pellets
were washed four times with 1% Triton X-100 and then further solubilized with 1%
Triton X-100 containing 1% SDS for 1 h at 60°C. Subsequently, the insoluble fractions
were collected by centrifugation at 15,000 g for 30 min at 4°C and each fraction was
submitted to immunoblot assay.

Protein expression and purification

MBP-SQSTM1 WT, SQSTM 1% and SQSTM1%**"R were expressed in E. Coli BL21
(DE3) cells induced by IPTG. Cellular lysates were prepared with TNE buffer (10 mM
Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA, and 1% NP-40) on ice for 30 min and
then centrifuged for 20 min at 9,000 g at 4°C. The supernatants were incubated with

amylose resin at 4°C overnight, washed three times with TNE buffer, and then eluted
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with 10 mM of maltose in 20 mM Tris-HCI pH 7.5, 150 mM NaCl. UBA WT,
UBASY*R and UBAS*3S in fusion with His*6 tag were expressed in E. Coli BL21
(DE3) cells induced by IPTG. Cellular lysates were prepared with His-binding buffer
(20 mM sodium phosphate, PH 7.4, 500 mM NaCl, 40mM imidazole, 10% glycerol)
with additives (1 mM of PMSF as serine and cysteine protease inhibitor, 0.7% of -
mercaptoethanol as antioxidant) by sonication on ice and then centrifuged for 2-hour at
20,000 g at 4°C. The supernatants were purified on His-Trap column (GE healthcare)
by following the instruction. The fused His*6 tag was removed by 3C protease
cleavage and the untagged protein was further purified by size-exclusion
chromatography (Superdex 75, GE Healthcare) in Tris-NaCl buffer (50 mM Tris. HCI,
PH 8.0, 150 mM NaCl).

In vitro kinase assay

Bacteria purified MBP-SQSTMI1 proteins including SQSTM1 WT, SQSTM173%4%,
SQSTM1%4138 and SQSTM19**7R were cleaved with Factor Xa, and then the cleaved
proteins were incubated with active kinase ULK1-Atg13 proteins, or TBK1 protein
(commercial in OriGene) in kinase buffer (20 mM HEPES at pH 7.4, 1 mM EGTA, 0.4
mM EDTA, 5 mM MgCI2 and 0.05 mM DTT (dithiothreitol) containing ATP at 37° C
for 30 min. The reaction was terminated by adding SDS sample buffer and subjected to
SDS-PAGE.

Ub binding assay

Cell-based poly-Ub binding assays and in vitro K63 Ub binding assays were performed

as described in our previous report [6]. For cell-based poly-Ub binding assays, briefly,
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sgstm] KO MEFs transfected with Flag-SQSTM1-WT, SQSTM 1734, SQSTM 164138,
SQSTMI1%#7R SQSTM 15434 SQSTM 1344 SQSTM 154%%E and empty vector were
lysed using IP buffer (50 mM Tris-HCI pH 7.4, 1% NP-40, 0.25% Na deoxycholate,
150 mM NaCl, 1 mM EDTA, complete protease inhibitor cocktail, phosphatase
inhibitor cocktail) for 30 min on ice, and then centrifuged at 13,000 g for 30 min at
4°C. Normal Sgstml KO MEFs were incubated with proteasome inhibitor (MG132) to
accumulate poly-Ub proteins. MG132 treated cells were lysed using the same IP buffer
for 30 min on ice, and then centrifuged at 13,000 g for 30 min at 4°C. Equal amount of
the supernatants from each pool were mixed and incubated with Flag antibody
overnight at 4°C. Lysates were further incubated with Dynabeads protein G for 1.5 h at
4°C, and then washed with PBS (0.1% Triton x100) 5 times and subjected to
immunoblot assay. For in vitro K63 Ub binding assays, equal amount of purified MBP-
SQSTMI-WT and mutant variants were incubated with amylose resin at 4°C overnight
in reaction buffer containing 150 mM NaCl, 1% Triton X-100, 50 mM HEPES, pH7.5,
10% Glycerol, ] mM EDTA, 1 mM EGTA, complete protease and phosphatase
inhibitor cocktail, and followed by incubation with equal amount of K63-linked poly-
Ub chains at 4°C for 2h. Amylose resin were washed 5 times with reaction buffer
containing 150 mM NaCl, 1% Triton X-100, 50 mM HEPES, pH7.5, 10% Glycerol, 1
mM EDTA, 1 mM EGTA, complete protease inhibitor cocktail, phosphatase inhibitor
cocktail, and then subjected to western blot assay.

Retroviral infection and generation of stable cell lines

ALS-linked SQSTM1 stable cell lines (MEFs) (Flag-SQSTM1%4?7R) were constructed



615  as described previously [60].

616  Isothermal Titration Calorimetry

617  Isothermal Titration Calorimetry (ITC) was performed using an iTC200

618  microcalorimeter (Microcal Inc.) at 25°C. Protein samples were dialyzed against 50
619  mM Tris, pH 8.0, and 150 mM NaCl, and thoroughly degassed before each experiment.
620  For UBA-Ub interactions, the injection syringe was loaded with 40 pul mono-Ub, and
621  the cell was loaded with 220 pl of the respective UBA domain sample including UBA
622 WT, UBAY3S or UBAS**'R, Typically, each titration consisted of 24 injections

623  of 1.65 pul mono-Ub, with 150 s intervals between injections. The resulting data were
624  processed using Origin 7.0 software provided by the manufacturer.

625  Preparation of brain lysates and Whole proteome analysis

626  All animal studies were performed in compliance with IACUC (Institutional Animal
627  Care and Use Committee) at Icahn School of Medicine at Mount Sinai. Cortices were
628  dissected from three sgstm! WT and three sgstm KO brains with 8 months old for
629  proteomics analysis with a previously optimized procedure [43]. Briefly, the samples
630  were lysed, trypsinized in solution, followed by desalting and TMT labeling. The

631  labeled samples were equally pooled, fractionated by offline basic pH reverse phase
632  liquid chromatography (LC) [61]. Each fraction was analyzed on a reverse phase

633  column (75 pm x 30 cm, 1.9 pm C18 resin (Dr. Maisch GmbH, Germany)) interfaced
634  with a Q-Exactive HF mass spectrometer (Thermo Fisher Scientific). The mass

635  spectrometer was operated in data-dependent mode with a survey scan in Orbitrap

636 (60,000 resolution, 1x 10®° AGC target and 50 ms maximal ion time) and 20 MS/MS
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scans (60,000 resolution, 1 x 10> AGC target, 105 ms maximal ion time, 35 normalized
collision energy in HCD, 1.0 m/z isolation window, and 20 s dynamic exclusion).
Computational processing was performed with the recently developed JUMP search
engine to improve the sensitivity and specificity [62], with the following settins: 10
ppm mass tolerance for both precursor ions and product ions, fully tryptic restriction,
two maximal missed cleavages and the assignment of a, b, and y ions, static
modifications of TMT tags on lysine residues and peptide N termini (+229.16293 Da)
and carbamidomethylation on cysteine residues (+57.02146 Da), and dynamic
modification of oxidation on methionine residues (+15.99491 Da). The assigned
peptides were filtered by mass accuracy, matching scores, and charge state to reduce
protein false discover rate to approximately 1%. Protein quantification analysis was
also performed by our JUMP software suite, and ratio compression was largely
alleviated by extensive fractionation, and interference-based correction [63]. The
proteomic expression was log2 transformed, quantile normalized and corrected for sex
as a covariate. Limma was used to identify differentially expressed protein between
sgstml WT and sqstml KO [64]. Benjamini-Hochberg (BH) adjusted p value<0.05 was
considered statistically significant. The proteomics pipeline has been used for deep
profiling of mammalian samples (e.g. >16,000 proteins in mice) [65].

Cultures of primary cortical neurons and image analysis

For immunostaining, primary cortical neurons were dissected from P0O-1 mice pups
with sgstm ] KO mice of either sex and digested with trypsin (Sigma-Aldrich, D5025).

Appropriate number of cortical neurons were plated on coverslips in 24-well plates
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coated with poly-D-lysine and grown in the MEM-based neuronal medium
supplemented with 10% fetal bovine serum (Atlanta Biologicals, S11510H), 24 ug/ml
insulin (Sigma- Aldrich, 16634) and 0.1mg/ml transferrin (Calbiochem, 616420), 2% B-
27 and 0.5 mM glutamax. Cortical neurons were transfected at DIV 6 using
Lipofectamine 2000. Transfected cortical neurons were subject to Sholl analysis using
ImageJ according to previous report [66]. For western blot, primary cortical neurons
were prepared from E15-18 embryos of sgstm 1 KO mice and grown on poly-L-lysine-
coated 6-well plates in neurobasal medium supplemented with 2% B27 and 0.5 mM
glutamax. Neurons were infected at Day 6-8 with equal amount of AAV viruses. Post-
infection 12h, AAV viruses were removed and switched to fresh medium. After 7-9
days, neurons were harvested and analyzed by western blot.

Statistical analysis

The data in each figure are presented as the mean + SEM of at least three independent
experiments. Statistical analyses were performed using R 3.2.3 and GraphPad Prism
v5.0. One sample t-test, student’s t-test and one-way or two way analysis of variance
(ANOVA) were used. A p value < 0.05 was considered as statistically significant unless

otherwise stated.
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Figure legends.

Figure 1. Proteotoxic stresses activate TBK 1 activity and ALS-FTLD-linked mutations

of TBK1 impair SQSTM1 phosphorylation. (A) WT MEFs were treated with or without

MGI132 (2 uM) for 16 h to induce proteotoxic stress. Cells were lysed, followed by

immunoblot analysis with the indicated antibodies. (B) The ratio of p-TBK1 (S172) to

total TBK1 in A was shown. One sample #-tests were used and values are presented as

the mean = SEM (n=4). ** p <0.01. (C) HeLa/103QHtt-mCFP inducible stable cells

were treated with doxycycline to control the expression of polyQ-mCFP protein. Cells
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were lysed, followed by immunoblot analysis with the indicated antibodies. GFP
antibody was used to indicate the induction of polyQ-mCFP proteins. (D) The ratio of
p-TBK1 (S172) to total TBK1 proteins in C was shown. One sample ¢-tests were used
and values are presented as the mean + SEM (n=4). ** p <0.01. (E) NSC34 stable cells
including mock, SOD1 WT, and SOD1%4 were lysed, followed by immunoblot
analysis with the indicated antibodies. (F) The ratio of p-TBK1 (S172) to total TBK1
protein in E was shown. Student #-tests were used and values are presented as the mean
+ SEM (n=3). ** p <0.01; ns, not significant. (G). Schematic view of TBK 1 protein
functional domain. S/T, serine/threonine; Ub-like, ubiquitin like domain; CCD1/2, two
C-terminal coiled-coil domains. The positions for ALS-FTLD-linked mutations of
TBK1 are indicated. (H). HEK 293T cells were co-transfected with Flag-SQSTM1 and
different TBK1 variants. IP was performed with Flag antibody. Immunoblot analysis
was done with indicated antibodies. (I). The ratio of p-S409 and p-S405, to total Flag-
SQSTMI in H was shown. One-way ANOVA test was used and followed by Tukey's
post hoc test, and values are presented as the mean + SEM (n=3). *** p <(0.001; ns, not
significant. (J). Expression of different TBK1 variants in HEK293T cells were
examined with the indicated antibodies. (K). The ratio of p-TBK1 (S172) to total Myc-
TBKI1 in J was shown. One-way ANOVA test was used and followed by Tukey's post
hoc test, and values are presented as mean + SEM (n=3). *** p <(0.001; ns, not

significant.

Figure 2. The effects of ULK1 in TBK1 mediated SQSTM1 phosphorylation and ALS-
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FTLD-linked mutations of SQSTMI in the phosphorylation of SQSTMI. (A).
Phosphorylation assay was performed with purified SQSTM1, TBK1 and ULK1
proteins. The immunoblot analysis was done with the indicated antibodies. (B). MEFs
were treated with MG132 (2 uM) and/or SBI-0206965 (2uM), ULK1 inhibitor. Cells
were lysed, followed by immunoblot analysis with the indicated antibodies. (C-D). The
ratio of p-SQSTM1 (at Ser405 and Ser409) to total SQSTMI1 protein in B was shown.
One sample t-tests were used and values are presented as the mean = SEM (n=3). ** p
<0.01, * p <0.05. (E). Schematic depiction of the sequential phosphorylation of
SQSTM1 mediated by ULK1 and TBK1. (F). Schematic view of SQSTMI protein
functional domains. PB1, Phox and Bem1 domain; ZZ, zinc finger motif; TRAF6, TNF
receptor associated factor 6; PEST, proline, glutamic acid, serine, and threonine
domain; LIR, LC3 interaction region; KIR, KEAP1 interaction region; UBA, ubiquitin
association domain. The amino acid number in red indicates the phosphorylation site
relevant to this study. The number in black indicates ALS-FTLD linked mutations in
the UBA domain. The number is based on the mouse SQSTM1 sequence, and those in
brackets indicate the corresponding position in human SQSTMI1. (G-J). In vitro
phosphorylation assays were performed with ULK1-TBK1 and purified SQSTM1
variants proteins. Immunoblot analysis with the indicated antibodies was followed. The
ratio of p-S409 (H) or p-S405 (J) to total SQSTM1 protein was shown. One-way
ANOVA test was used and followed by Tukey's post hoc test, and values are presented
as the mean = SEM (H: n=5; J: n=3). * p < 0.05, *** p <0.001. (K). HEK 293T cells

were co-transfected with Flag-SQSTM1 and Myc-ULK1-WT or ULK 1!, Immunoblot
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analysis was done with the indicated antibodies. (L.-M). The ratio of p-SQSTM1,
including p-S409 (L) and p-S405 (M), to total Flag-SQSTM1 protein was shown. One-
way ANOVA test was used and followed by Tukey's post hoc test, and values are

presented as the mean + SEM (n=3). *** p <0.001; ns, not significant.

Figure 3. ALS-FTLD-linked mutations of SQSTM1 in the UBA domain affect its
binding to ubiquitin and ULK1. (A). MBP and MBP-SQSTMI1 variants were subjected
to pull down in the presence of K63-linked ubiquitin peptides. Interaction of SQSTM1
variants and Ubs was detected by immunoblot analysis with Ub antibody. (B).
Ubiquitin levels pulled down by the MBP-SQSTMI variants were normalized to
protein input and compared to that of MBP-SQSTM1 WT protein. One-way ANOVA
test was used and followed by Tukey's post hoc test, and values are presented as mean +
SEM (n=6). ** p <0.01, *** p <0.001. (C). Cellular lysates of sgstm! KO MEFs
transfected with Flag-SQSTM1 variants were incubated with sgstm ! KO MEFs lysates
treated with MG132, followed by IP with anti-Flag antibody. (D). Quantification of the
results from C was obtained by normalizing the levels of IP’ed Ub to each Flag-
SQSTMI variant, and then variants were normalized to WT. One-way ANOVA test
was used and followed by Tukey's post hoc test, and values are presented as mean +
SEM (n=4). *** p <0.001. (E). Cellular lysates of sgstm ! KO MEFs transfected with
Flag-SQSTM1 variants were [Ped with anti-ULK1 antibody. Immunoblot analysis with
the indicated antibodies was followed. (F). Quantification of the results from E was

obtained by normalizing levels of [Ped Flag to the level of input, then further
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normalized to the level of [IPed ULK1. One-way ANOVA test was used and followed
by Tukey's post hoc test, and values are presented as the mean + SEM (n=3). *** p <
0.001. (G). the SQSTM 1734k and SQSTM 1°4?R mutations are mapped onto the model
structure of the SQSTM1 UBA domain complexed with ubiquitin. The mutated
residues are shown as stick models. (H). Binding affinities of SQSTM1 UBA WT or
UBA%*#"R mutant to mono-Ub were measured by ITC. Representative ITC profiles are

shown.

Figure 4. ALS-FTLD mutant SQSTM154*"R of SQSTM1 displays impaired
sequestration and clearance of uniquitinated proteins. (A). sgstm ! KO MEFs stably
expressing Flag-SQSTM1 WT or SQSTM1%**’R mutant were treated with MG132,
followed by immunofluorescent staining with anti-SQSTM1 antibody. Scale bar = 10
um. (B). Quantification of the results in A was performed by counting the number of
cells containing SQSTM1 inclusions. Then, the number of cells containing SQSTM1
inclusions was normalized to the total number of cells. Student #-test was used and
values are presented as the mean = SEM (n=3). *** p <0.001. (C). sgstml KO MEFs
stably expressing Flag-SQSTM1 WT and SQSTM1%**’? mutant were treated with
MG132, followed by cell fractionation. Soluble and insoluble fractions were subjected
to immunoblot analysis with the indicated antibodies. (D). Quantification of the results
in C was performed by normalized the level of insoluble SQSTM1 to the level of
soluble SQSTMI1. Student’s #-tests were used and values are presented as the mean +

SEM (n=4). ** p <0.01. (E). Flag-SQSTM1 WT and SQSTM15**"R mutant stable cells
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were treated with MG132 (uM) for 16 h, as indicated, and then the medium was
switched to serum starvation (S.S.). (F). Quantification of the results from E was
obtained by normalizing the level of polyubiquitinated proteins to the level of ACTB,
and further to SQSTMI1-WT without S.S. Student-t test was used and values are

presented as mean + SEM (n=3). * p < (.05, ns, not significant.

Figure 5. A key role for brain SQSTMI1 is the regulation of KEAP1-NFE2L2 pathway
that is disrupted by SQSTM194?’R disease mutation. (A). Brain lysates of sgstm! WT
and KO mice were subject to immunoblot analysis with the indicated antibodies. (B).
Quantification analysis of A was shown. Student #-tests were used and values are
presented as mean + SEM (n=3 in each genotyping of mice). * p <0.05, ** p <0.01;
ns, not significant. (C). sgstml KO MEFs stably expressing Flag-SQSTM1 WT or
SQSTM1%**"R mutant were treated with sodium arsenite (10 uM) and then cells were
harvested, followed by IP with Flag antibody. An immunoblotting assay was then
performed with the indicated antibodies. (D). The ratio of p-SQSTM1 (Ser351) to Flag-
SQSTM1 was shown. One sample t-tests were used, and values are presented as the
mean = SEM (n=3). *** p <(0.001. (E). The results were quantified by normalizing the
level of immunoprecipitated KEAP1 to the level of the input and the level of
immunoprecipitated Flag. One sample #-tests were used, and the values are presented as
the mean &= SEM (n=3). * p <0.05. (F). sgstml KO MEFs stably expressing Flag-
SQSTMI WT or SQSTM1%*2"R mytant were treated with sodium arsenite (AS) (10

uM), followed by immunofluorescent staining with anti-SQSTM1 (red) and anti-
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KEAPI (green) antibodies and visualizing via fluorescent microscope. Co-localization
of SQSTM1 and KEAP1 was illustrated by line profile. Red and green lines indicate
SQSTM1 and KEAP1 staining profiles, respectively. Scale bar = 10 um. (G). sgstm1
KO MEFs stably expressing Flag-SQSTM1 WT and SQSTM1%*R mutant were treated
with AS (10 uM), followed by cell fractionation. The soluble and insoluble fractions
were subjected to immunoblot analysis with indicated antibodies. (H-I). Quantification
of the results in G was performed by normalizing the levels of insoluble SQSTM1 and
KEAPI to the levels of soluble SQSTM1 and KEAP1, respectively. Student z-tests
were used and the values are presented as the mean = SEM (n=3). ** p <0.01, *p <
0.01. (J). sgstmI KO MEFs stably expressing Flag-SQSTM1 WT or SQSTM16427R
mutant were treated with AS (10 uM) for the indicated times, and then cells were
assayed by immunoblotting analysis with the indicated antibodies. (K-L).
Quantification of the results from J was obtained by normalizing the level of proteins to
ACTB, respectively, and further to the respective control. Two way ANOVA analysis
were used and values are presented as mean = SEM (n>3). *** p <0.001, ** p <0.01,

*p <0.05.

Figure 6. SQSTM1 mutation SQSTM1%4*’R enhances TARDBP associated stress
granule formation upon oxidative stress. (A). sgstml KO MEFs stably expressing Flag-
SQSTM1 WT or SQSTM1%*27R mytant were treated with AS (10 pM for 6h), followed
by immunofluorescent staining with anti-TARDBP (red) and anti-G3BP1 (green)
antibodies and visualizing with fluorescent microscope. Scale bar = 10 um. Arrows

indicate cytosol TARDBP foci co-localized to stress granule marker G3BP1. (B).
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Quantification of the results in A was performed by counting the number of cells
containing TARDBP positive stress granules as the fraction of the total number of cells.
Student #-test was used and values are presented as the mean + SEM (n=3). ** p <0.01;
ns, not significant. (C). sgstm I KO MEFs stably expressing Flag-SQSTM1 WT or
SQSTM1%*"® mutant were treated with AS (10 uM for 6h), followed by cell
fractionation. The soluble and insoluble fractions were subjected to immunoblot
analysis with the indicated antibodies. (D). Quantification of the results in C was
performed by normalizing the level of insoluble TARDBP to the level of soluble
TARDBP. Student’s #-tests were used and values are presented as the mean = SEM

(n=4). * p <0.05; ns, not significant.

Figure 7. SQSTM1%#"® mutation reduces the dendritic complexity and impairs
NFE2L2 signaling in neurons. (A). Primary cortical neurons from sgstml KO mice at
DIV 6 were transfected with mCherry tagged SQSTM1 variants. At DIV 14, neurons
were subject to immunostaining with MAP2. Scale bar = 40 um. (B). Quantification of
the results in A was performed with Sholl analysis comparing the number of primary
branches and intersection in transfected neurons. One way ANOVA analysis were used
and values are presented as the mean £ SEM (mCherry, n=55; SQSTM1 WT, n=54;
SQSTM1%47R 1n=60 in four transfections). * p <0.05, ** p <0.01; ns, not significant.
(C-D). Primary cortical neurons from E15-18 embryos of sgstm 1 KO mice were
infected with AAV viruses carrying indicated SQSTM1 variants. Infected neurons were

harvested and subjected to western blot analysis with indicated antibodies. Student ¢-



1001  test was used and values are presented as the mean + SEM (n= three infections). * p <
1002 0.05.

1003

1004  Figure S1. Proteotoxic stress activates TBK1 and the effect of TBK 151724 TBK 18P
1005  on SQSTMI1 phosphorylation. (A). MEF cells were treated with MG132, followed by
1006  immunostaining with indicated antibodies. Error bar: 20 um. (B). MEF cells were
1007  treated with MG132. Cells were subjected to cell fractionation with 1% Triton X 100,
1008  each insoluble pellet was lysed with 1% Triton X 100 containing 1% SDS. Equal
1009  amount of proteins of soluble fraction and insoluble fraction were subjected to

1010  immunosblotting with indicated antibodies. (C). HEK 293T cells were co-transfected
1011 with Flag-SQSTM1 and Myc-TBK1 -WT, TBK1¥¥%P or TBK15!72A, At 48h post-
1012  transfection, cells were harvested, followed by IP with Flag antibody. Immunoblot

1013 analysis was done with the indicated antibodies.
1014

1015  Figure S2. HEK 293T cells were co-transfected with indicated plasmids and subjected
1016  to IP with FLAG antibody. Immunoblot analysis was done with the indicated antibodies.
1017  Figure S3. Structural and ITC analysis of the SQSTM 154135 mutant. (A). the

1018 SQSTM1%*35 mutation is mapped onto the structure of the SQSTM1 UBA domain
1019  dimer (PDB ID 3BOF). The mutated residue is shown as stick model. (B). Binding

1020  affinities of the SQSTM1 UBA%4!3S mutant to mono-Ub were measured by ITC.

1021  Representative ITC profiles are shown.

1022

1023  Figure S4. Whole proteomic analysis of brain in sgstm! KO mice shows sgstm1 KO
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does not affect the level of ubiquitin proteins and LC3II in vivo. (A). Schematic
approach of proteomic analysis of mice brain. (B). the heatmap of differential
expressed proteins in sgstm ! KO mice with adjusted p<0.05. (C). Brain lysates of
sgstml WT and KO mice were subject to immunoblot analysis with the indicated
antibodies. (D). Quantification analysis of the result in C was shown. Student #-tests
were used and values are presented as mean = SEM (n=3 in each genotyping of mice).

ns, not significant.





