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SUMMARY

AMPK is a central regulator of metabolism and autophagy. Here we show how lysosomal damage
activates AMPK. This occurs via a hitherto unrecognized signal transduction system whereby
cytoplasmic sentinel lectins detect membrane damage leading to ubiquitination responses.
Absence of Galectin 9 (Gal9) or loss of its capacity to recognize lumenal glycans exposed during
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lysosomal membrane damage abrogate such ubiquitination responses. Proteomic analyses with
APEX2-Gal9 have revealed global changes within the Gal9 interactome during lysosomal damage.
Gal9 association with lysosomal glycoproteins increases whereas interactions with a newly
identified Gal9 partner, deubiquitinase USP9X, diminishes upon lysosomal injury. In response to
damage, Gal9 displaces USP9X from complexes with TAK1 and promotes K63 ubiquitination of
TAKT1 thus activating AMPK on damaged lysosomes. This triggers autophagy and contributes to
autophagic control of membrane-damaging microbe Mycobacterium tuberculosis. Thus, galectin
and ubiquitin systems converge to activate AMPK and autophagy during endomembrane
homeostasis.

Graphical Abstract

eTOC Blurb:

Jia, Bissa, Brecht et al., show that AMPK is activated upon lysosomal damage caused by
microbes, ligands such as TRAIL, and other agents including the anti-diabetes drug metformin,
via a novel signal transduction system from galectins to ubiquitin and that this results in the
activation of AMPK by TAK1.

INTRODUCTION

AMP-activated protein kinase (AMPK) is a ubiquitous metabolic regulator in eukaryotes
(Hardie, 2014) acting as a cellular energy sensor and as a keeper of homeostatic levels of
ATP (Herzig and Shaw, 2018; Lin and Hardie, 2018). Activation of AMPK results in
inhibition of anabolic pathways consuming ATP and activation of catabolic pathways
generating ATP, thus reprograming cellular metabolism to restore energy balance (Hardie,
2014). The best known effects of AMPK are on intermediary metabolism (Hardie, 2014) and
several global functions (Herzig and Shaw, 2018; Lin and Hardie, 2018) including
autophagy (Egan et al., 2011; Garcia and Shaw, 2017; Herrero-Martin et al., 2009; Kim et
al., 2013; Kim et al., 2011).

AMPK and its polar opposite, mTOR, which activates anabolic pathways (Saxton and
Sabatini, 2017), have been implicated in diseases with metabolic perturbations (Garcia and
Shaw, 2017) such as diabetes (He and Wondisford, 2015; Zhou et al., 2001) and cancer
(Pineda et al., 2015). AMPK is also a modulator of the immune system, with
immunometabolism being recognized as a determinant of immune responses (Gaber et al.,
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2017; O’Neill et al., 2016). By opposing actions during immunometabolic switching, AMPK
and mTOR influence innate and adaptive immunity (Gaber et al., 2017; O’Neill et al., 2016).
AMPK (Egan et al., 2011; Garcia and Shaw, 2017; Herrero-Martin et al., 2009; Herzig and
Shaw, 2018; Kim et al., 2013; Kim et al., 2011) and mTOR (Ganley et al., 2009; Hosokawa
et al., 2009; Jung et al., 2009; Saxton and Sabatini, 2017) together control autophagy
(Levine and Kroemer, 2019), a homeostatic process with roles in aging (Hansen et al., 2018;
Madeo et al., 2019), obesity (Zhang et al., 2018), diabetes (Rivera et al., 2014), cancer
(Kimmelman and White, 2017), immunity, inflammation, defense against intracellular
pathogens (Deretic et al., 2013), and neurodegenerative diseases (Levine and Kroemer,
2019; Mizushima et al., 2008; Rubinsztein et al., 2015).

Autophagy plays a dual role as a metabolic process (Kimmelman and White, 2017; Kopitz et
al., 1990; Rabinowitz and White, 2010) and as a cytoplasmic quality control (QC) pathway
(Dikic and Elazar, 2018; Randow and Youle, 2014; Rogov et al., 2014). Its metabolic roles
are manifested as starvation-induced turn-over of cytosolic proteins (Abu-Remaileh et al.,
2017; Kopitz et al., 1990; Seglen et al., 1990), and degradation of ribosomes as cellular
reservoirs of basic amino acids and nucleosides (An and Harper, 2018; Wyant et al., 2018).
Autophagy mobilizes lipid (Dupont et al., 2014; Kopitz et al., 1990; Rambold et al., 2015;
Seo et al., 2017; Settembre et al., 2013; Singh et al., 2009) and glycogen stores (Zirin et al.,
2013). The QC functions of autophagy are manifested in selective removal of defunct
organelles such as mitochondria (Lazarou et al., 2015), ER (Khaminets et al., 2015),
peroxisomes (Marcassa et al., 2018), protein aggregates (Bjorkoy et al., 2005; Dikic and
Elazar, 2018; Rogov et al., 2014) and damaged lysosomes (Magjima et al., 2013).
Autophagy’s action in innate defense against invading microbes, falls under the rubric of
cytoplasmic QC (Deretic et al., 2013).

Lysosomal damage strongly activates autophagy exceeding starvation as a benchmark
inducer (Chauhan et al., 2016; Jia et al., 2018). Autophagy removes damaged lysosomes
(Maejima et al., 2013) once they are beyond repair (Radulovic et al., 2018; Skowyra et al.,
2018). The complexity of the relationship between autophagy and lysosomes is that
autophagosomal and endolysosomal organelles merge during the final steps of autophagy so
that the sequestered autophagic cargo can be digested in autolysosomes or otherwise
eliminated (Levine and Kroemer, 2019). Thus, lysosomal homeostasis (Radulovic et al.,
2018; Skowyra et al., 2018), including their reformation (Yu et al., 2010) and de novo
biogenesis (Sardiello et al., 2009; Settembre et al., 2011) is of a paramount importance for
functional autophagy. Hence, countering lysosomal injury, via membrane repair (Radulovic
et al., 2018; Skowyra et al., 2018) or elimination of damaged lysosomes (lysophagy)
(Maejima et al., 2013) coupled with their replacement through biogenesis (Sardiello et al.,
2009; Settembre et al., 2011), is necessary for cellular fitness. Lysosome damage occurs
physiologically, e.g. during exposure to exogenous and endogenous agents including
biologically active crystals of silica, monosodium urate, and cholesterol (Maejima et al.,
2013; Razani et al., 2012; Schroder and Tschopp, 2010), proteopathic fibrils or amyloid
(Heneka et al., 2013; Masters et al., 2010; Papadopoulos et al., 2017; Parry et al., 2015), and
microbial invasion involving directly or indirectly lysosomal compartments (Fujita et al.,
2013; Jia et al., 2018; Maejima et al., 2013).
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AMPK can be activated by different stressors that alter cellular energy levels including
glucose starvation, hypoxia, ischemia, and oxidative damage (Hardie, 2011; Herzig and
Shaw, 2018; Lin and Hardie, 2018). In the majority of these processes, AMPK subunits react
to reduced cellular energy charge (e.g. increased AMP:ATP ratios). However, AMPK can be
activated by nucleotide-independent mechanisms (Lin and Hardie, 2018) whereby the
absence of a specific glycolytic intermediate, fructose 1,6 bisphosphate (FBP), triggers
AMPK activation on lysosomes (Li et al., 2019; Zhang et al., 2017). Whether other signals
activating AMPK utilize this new or other yet to be uncovered pathways is not known. There
are three upstream kinases, LKB1 (Woods et al., 2003), CAMKK2 (Hawley et al., 2005) and
TAK1 (Momcilovic et al., 2006) that can activate AMPK by phosphorylation at T172. LKB1
is considered to be the dominant AMPK kinase (Hardie, 2014; Herzig and Shaw, 2018; Lin
and Hardie, 2018). CAMKK?2 is a well-accepted alternative AMPK kinase (Herzig and
Shaw, 2018). TAK1 is a less prominent T172 kinase of AMPK still in a search of its true
physiological role in AMPK activation (Neumann, 2018). Importantly, activation of TAK1
does not always lead to AMPK activation (Herrero-Martin et al., 2009), and whether AMPK
is activated by TAK1 depends on the context. At present, unifying physiological
circumstances for AMPK activation by TAK1 remain elusive (Neumann, 2018).

AMPK is activated by lysosomal damage, but the mechanism has not been elucidated (Jia et
al., 2018). During lysosomal damage two independent systems spring into action - galectins
and ubiquitin. Galectins are a family of cytosolic lectins recognizing p-galactoside glycans,
with less understood intracellular functions and primarily being appreciated for their
extracellular signaling (Johannes et al., 2018). Ubiquitin has been well studied during
selective autophagy as it opsonizes cargo for autophagic receptors (Kirkin et al., 2009).
Ubiquitination also controls stability of several autophagy regulators (Liu et al., 2016; Nazio
et al., 2013). Ubiquitin remodeling on lysosomes by VCP/p97 is needed for efficient
lysophagy (Papadopoulos et al., 2017). During lysophagy, galectin and ubiquitin responses
are considered to act as “eat me” signals recruiting autophagy receptors and autophagy
machinery (Chauhan et al., 2016; Maejima et al., 2013; Papadopoulos et al., 2017). In this
context, the best example is the autophagic receptor NDP52 which binds both Galectin 8
(Gal8) and ubiquitin (Thurston et al., 2012). A recent study showing that cytoplasmic Gal8
inhibits mTOR during lysosomal damage (Jia et al., 2018), suggests that intracellular
galectins may play wider regulatory roles. However, that is yet to be broadly investigated.
Furthermore, any functional interplays between galectins and ubiquitination responses have
not been addressed beyond an assumption that they act as additive opsonization signals for
selective autophagy.

Here we show how AMPK is activated in response to lysosomal damage and that galectins
and ubiquitin play regulatory and cooperative roles in AMPK activation leading up to
autophagy induction. This cascade starts by the recognition of membrane damage by
galectins, specifically by Gal9. Unexpectedly, we found that Gal9 was necessary for efficient
ubiquitination during lysosomal damage. Thus, we uncovered a signal transduction pathway
between the membrane integrity sentinel lectins and the ubiquitin system.
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Lysosomal damage-induced ubiquitination depends on Gal9

Lysosomal damage activates mTOR and inactivates AMPK (Jia et al., 2018). Both mTOR
and AMPK are master regulators of cellular metabolism (Garcia and Shaw, 2017; Hardie,
2011; Herzig and Shaw, 2018; Lin and Hardie, 2018; Saxton and Sabatini, 2017). In keeping
with this, lysosomal damage affected metabolism as indicated by metabolomic analyses
(Table S1, Tabl). Here, we focused on the mechanism of how lysosomal damage activated
AMPK. Lysosomal membrane damage induces both galectin and ubiquitin responses (Aits
et al., 2015; Chauhan et al., 2016; Maejima et al., 2013; Papadopoulos et al., 2017). We
wondered whether they may be connected. There are three major galectin responders,
Galectin 3 (Gal3), Gal8 and Gal9, to endolysosomal (Aits et al., 2015; Chauhan et al., 2016;
Jiaetal., 2018; Maejima et al., 2013) and phagosomal damage (Dupont et al., 2009; Fujita et
al., 2013; Garin et al., 2001; Paz et al., 2010; Thurston et al., 2012). Gal3, Gal8 and Gal9
form puncta on lysosomes damaged by agents such as Leu-Leu-OMe (LLOMe) (Aits et al.,
2015; Jia et al., 2018; Thiele and Lipsky, 1990), glycyl-L-phenylalanine 2-naphththylamide
(GPN) (Berg et al., 1994) and silica (Jia et al., 2018; Maejima et al., 2013). Huh7 liver
adenocarcinoma cells consistently express all three responder galectins, Gal3, Gal8, and
Gal9. We tested whether their knockdowns affected ubiquitination responses in Huh7 cells
treated with LLOMe. No effect was observed with Gal3 and Gal8 but Gal9 knockdown
reduced the ubiquitin response quantified by high content microscopy (HCM) (Figs. 1A and
S1A). We confirmed these relationships in primary human peripheral blood monocyte-
derived macrophages (Figs. S1B and S1C). CRISPR Gal9 knockout in Huh7 cells
(Gal9okoHUN7y (Figs. 1B, C and S1D) showed diminished, albeit not completely abrogated,
ubiquitin puncta response to LLOMe (Figs. 1B and 1C). Ubiquitin puncta were on
lysosomes, and reduced ubiquitination of lysosomes was observed in Gal9KOHU cells (Fig.
1D). Reduced protein ubiquitination in response to lysosomal damage was detected in cell
lysates (Fig. S1E) and in lysosomal preparations purified from GaloKOHU7 cells by LysolP
(Abu-Remaileh et al., 2017). In LysolP, TMEM192-3xHA transfected cells are used to
immunopurify lysosomal organelles on anti-HA beads, and, in parallel, TMEM192-
2XFLAG transfected cells are used as a control for specificity of immunoisolation on anti-
HA beads (Fig. S1F). Thus, Gal9 is required for the ubiquitination response during
lysosomal damage (Fig. 1E).

Proteomic proximity analysis of Gal9 during lysosomal damage

We next investigated partners of Gal9 for clues regarding how Gal9 control ubiquitination
response to lysosomal damage. We generated a stable cell line expressing APEX2-myc-Gal9
in HEK293T (APEX2-Gal9-293Tstble) cells and subjected them to lysosomal damage with
LLOMe (Fig. 1F). Consistent with a role for Gal9 in the ubiquitination response to
lysosomal damage, APEX2-Gal9-293Tst@ble cells showed a robust ubiquitination response
to LLOMe treatment in immunoblots relative to HEK293T cells, which normally display
only low levels of endogenous Gal9 (Figs. S1G and S1H). APEX2-Gal9—293Tstable ce||s
were subjected to differential SILAC labeling, proximity biotinylation in conjunction with
LLOMe treatment, and biotinylated proteins analyzed by LC-MS/MS. Volcano plots of
SILAC LC-MS/MS results quantifying alterations in proximity of cellular proteins to
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APEX2-Gal9 (Fig. 1G) revealed dynamic changes upon lysosomal damage. Gal9 interaction
candidates belonged to several discernible functional groups: (i) integral lysosomal
membrane proteins (e.g. LAMP1, LAMP2, SCARB/LIMP-2, VAMP7, TMEM192; showing
increased association); (ii) lysosomal and other lipid metabolism proteins (NPC1, CDIPT-
PIS, HSD17B10; increased association); (iii) ubiquitin transactions proteins (TRIM25, VCP,
USP7 and USP9X; damage-neutral or decreased association); (iv) ESCRT or ESCRT-related
proteins (TSG101, PDCD6IP-ALIX, SRI; decreased or damage-neutral association); (v)
TORC1 regulators and mTOR effectors (LAMTORI, EIF3L; increased or decreased
associations); and (vi) a group of diverse partners (SYNCRIP, IMPDH2, EZR, JUP-catenin,
ACTN4-actinin, SEC24B or C; primarily reduced associations).

APEX2-Gal9 showed proximity to integral membrane lysosomal proteins LAMP1, LAMP2,
and TMEM192, as well as the SNARE protein VAMP?7, all previously shown to be targeted
by FBX027, a glycan-recognizing component of the SCF (SKP1-CUL1-F-box protein)
ubiquitin ligase complex (Yoshida et al., 2017), consistent with Gal9 translocation to
lysosomes after damage (Aits et al., 2015; Jia et al., 2018; Thurston et al., 2012).

Gal9 recruitment to damaged lysosomes regulates ubiquitination response

We confirmed interactions of LAMP1 and LAMP2 with Gal9 employing APEX2-Gal9-
293Tstable ce||s for BioWeB analysis (proximity biotinylation combined with affinity
enrichment on avidin beads and Western blotting) (Figs. S2A and 2A) and by co-IP between
GFP-Gal9 and endogenous LAMP?2 (Fig. S2B). The interaction was specific for Gal9, as
Gal8 did not co-IP with LAMP2 when compared to Gal9 (Fig. S2B). The Gal9-LAMP2
interaction required Gal9’s ability to recognize glycans exposed on damaged lysosomal
membranes. When we mutated R65 and R239 in the carbohydrate recognition domains 1
and 2 (CRD1 and CRD2) previously shown to abrogate Gal9’s ability to bind p-galactoside
glycoconjugates (Matsushita et al., 2000; Zhu et al., 2005), the association between mutant
Gal9 and LAMP2 was lost (Fig. 2B).

We generated an inducible (Tet-ON) stable cell line using the FLP-FRT recombination
system (HeLa Flp-In Gal9TeON) ‘and detected time-dependent (during LLOMe treatment)
Gal9 puncta formation as early as at 10 min with a plateau at 30-60 min (quantified by
HCM,; Fig. S2C). The mCherry-Gal9 puncta overlapped with LAMP2, as quantified by
HCM (Fig. S2D) and observed by confocal microscopy (Fig. S2E). The mCherry-Gal9
puncta overlapped with ubiquitin dots elicited by LLOMe (Fig. S2F). There was
colocalization of the three markers (mCherry-Gal9, LAMP1 and ubiquitin) (Fig. S2G). To
test whether Gal9-puncta depended on glycan recognition, we compared FLAG-Gal9WT
transfected-cells with FLAG-Gal9R65A/R239A ' F| AG-Gal9R®5A and FLAG-GalgR23%9A
mutants and found that glycan-binding mutants lost the ability to form puncta upon
lysosomal damage (Figs. 2C and S2H) as quantified by HCM (Fig. 2D).

The Gal9 glycosylation mutants were tested in complementation experiments. The
ubiquitination response was assessed by immunoblotting after 30 min incubation with
LLOMe as in Fig. S1E; complementation of Gal9kOHUN7 cells was achieved only with
FLAG-Gal9WT and not with FLAG-Gal9R®5A, FLLAG-Gal9R239A, or FLAG-Gal9RE5A/RZ39A
(Fig. S2I). In imaging experiments, FLAG-Gal9R85AR239A mytant did not rescue ubiquitin
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puncta in response to lysosomal damage in Gal9KOHUN cells whereas FLAG-Gal9WT did,
as detected by confocal microscopy (Fig. 2E) and quantified by HCM (Fig. 2F).

Thus, Gal9 is recruited to damaged lysosomes where it interacts with lysosomal
glycoproteins including LAMPs (Fig. 2G) and recognition of exposed glycans by Gal9
CRDs is important for the role of Gal9 in the ubiquitination response to lysosomal damage.

Deubiquitinating enzyme USP9X is a Gal9 effector in ubiquitin response to lysosomal

damage

The lack of FBX0O27 and other components of the SCF E3 ligase among Gal9 interactors
suggests that Gal9 may employ a different mechanism than a reported recruitment of
SCFFBX027 (Yoshida et al., 2017). An additional proteomic proximity biotinylation analysis
with APEX2-Gal9-293Tstable ce|ls was carried out using a different agent, GPN, titrated to
cause only mild lysosomal damage (Fig. 3A). Albeit several differences were observed with
GPN, a number of entities from the protein groups observed with LLOMe were found in the
proximity of Gal9. This included: TSG101 and SRI of the ESCRT group, implicated in
lysosomal damage repair (Skowyra et al., 2018); integral lysosomal proteins LAMP1 and
LAMP2; ubiquitin transactions proteins including deubiquitinases (DUBs) USP7
(Pozhidaeva and Bezsonova, 2019) and USP9X (Paudel et al., 2019; Schwickart et al.,
2010); a ubiquitin E3 ligase TRIM25 (Gack et al., 2007); and VCP, a part of the ELDR
complex (p97-UBXD1-PLAA-YOD1) involved in remodeling of K48 ubiquitin chains on
damaged lysosomes (Papadopoulos et al., 2017). As with LLOMe, FBX027 or components
of the SCF E3 ubiquitin ligase (Yoshida et al., 2017) were not among Gal9 interactors using
GPN. TRIM25 was seen in proteomic analyses with both LLOMe and GPN but did not
show a change during lysosomal damage. VCP removes K48 ubiquitin from lysosomal
substrates as a prelude to other events (Arhzaouy et al., 2019). However, we did not find
other components of the ELDR complex. We next focused on the DUBs identified in both
LLOMe and GPN proteomic analyses. Of the two (USP7 and UPS9X), USP9X peptide
counts were higher vs. USP7 and Log?2 fold change for USP9X was greater in both LLOMe
and GPN experiments whereas the p value for the change showed greater statistical
significance (volcano plots in Fig. 1G and 3A and Table S1, Tabs 2—-4). Thus we focused in
subsequent experiments on USP9X, previously implicated in stabilization of a number of
important substrates including Beclin 1 (Elgendy et al., 2014; Li et al., 2018) and AMPK-
related kinases (Al-Hakim et al., 2008).

We confirmed Gal9 and USP9X interactions and examined their dynamics during lysosomal
damage. FLAG-Gal9 and USP9X interacted in resting cells by co-IP (Fig. 3B). We mapped
the interaction domain in Gal9 to its CRD2 (Figs. S3A and S3B). Interactions between
FLAG-Gal9 and USP9X decreased upon LLOMe treatment (Fig. 3B), in keeping with the
dynamic proximity biotinylation proteomic analyses with LLOMe (Fig. 1G) or GPN (Fig.
3A). USP9X did not form puncta either in resting or cells exposed to LLOMe (Fig. S3C).
Gal9-USP9X interactions in resting cells were independent of Gal9’s capacity to recognize
glycans (Fig. 3C). Hence, Gal9 and USP9X interact primarily under homeostatic conditions.
However, USP9X dissociated from Gal9 complexes during damage, and this depended on
the ability of Gal9 to recognize exposed glycans (Fig. 3C), indicating that recognition of
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lysosomal membrane damage by Gal9 acts as a signal prompting separation of Gal9 and
USP9X. Thus, USP9X is a Gal9 interacting partner responsive to lysosomal damage (Fig.
3l).

We tested the role of USP9X in ubiquitin response. In Gal9KOHUN cells, knocking down
USP9X reversed the loss of ubiquitin puncta during lysosomal damage (Figs. 3D-F and
S3E). The restored ubiquitin puncta overlapped with LAMP1 (Fig. S3D). In WT Huh7 cells,
a USP9X knockdown did not have these effects (Fig. 3D). We overexpressed FLAG-USP9X
in in Huh7 cells (WT and Gal9K©), and quantified overlaps between USP9X and lysosomes
(LAMP1) by HCM in cells subjected to damage. After 30 min of LLOMe treatment, WT
cells showed reduced FLAG-USP9X association with lysosomes, whereas in Gal9KOHuh?
cells the lysosomal localization of FLAG-USP9X did not diminish (Fig. 3G). In experiments
with LysolP, the cells expressing FLAG-USP9X had FLAG-USP9X on lysosomes under
resting conditions (no LLOMe). However, FLAG-USP9X was fully removed from
lysosomes upon LLOMe treatment (Fig. 3H). The departure of FLAG-USP9X from
lysosomes was ineffective in Gal9KOHUN7 cells (Fig. 3H). Thus, in the absence of Gal9,
USP9X acts to remove ubiquitin, but when Gal9 is present and can recognize membrane
injury, Gal9 excludes USP9X and promotes the ubiquitination response (Fig. 31).

Roles of Gal9, USP9X, and ubiquitin converge upon TAK1, a regulator of AMPK

Our recent studies found Gal9 in complexes with AMPK and one of its upstream activating
kinases, TAK1, but whether these complexes respond to lysosomal damage is not known (Jia
et al., 2018). We detected by BioWeB assay increased association between AMPK and Gal9
at 30 min of exposure to LLOMe (Fig. S4A). A similar increase in mCherry-Gal9
association with GFP-TAK1 was observed at 30 min of LLOMe treatment in HeLa Flp-In
Gal9TeON cells (Fig. S4B). Gal9 is important for ubiquitination (see above) whereas TAK1
is activated by K63 ubiquitination (Fan et al., 2010; Yang et al., 2015). TAK1 was
ubiquitinated upon lysosomal damage, detected in IPs of FLAG-TAK1 coexpressed with
HA-tagged ubiquitin (Fig. 4A). Gal9 was critical for TAK1 ubiquitination, as evident by
comparing Gal9KOHUN7 vs WT Huh7 cells (Fig. 4A). When Gal9 was overexpressed in
HEK?293T cells, which have low levels of endogenous Gal9, this increased TAK1
ubiquitination, correlating with detection of Gal9 in protein complexes with GFP-TAK1
(Fig. 4B). The Gal9 mutants that cannot translocate to damaged lysosomes (Figs. 2C and
2D) could not rescue ubiquitination defect in Gal9KOHUN7 (Figs. 2E and 2F). When
overexpressed in HEK293T cells, FLAG-Gal9R®5A FLAG-Gal923%A and FLAG-
Gal9RESAR239A did not support TAK1 ubiquitination in LLOMe-treated cells, whereas
FLAG-GaloWT did (Fig. 4C).

The endogenous USP9X DUB was detected in complexes with TAK1 using FLAG-TAK1-
expressing 293T cells (Fig. 4D). Dissociation of USP9X and TAK1 upon LLOMe-treatment
depended on Gal9, evidenced by increased USP9X in complexes with FLAG-TAK1 in
GaloKOHUN7 cells (Fig. 4E). Cells expressing escalating levels of Gal9 displayed decreasing
TAK1-USP9X associations (Fig. 4D). This corresponded to increased K63 ubiquitination of
TAK1 (Fig. 4D). We tested whether ubiquitination of TAK1 enhanced by Gal9 was K48 or
K63 linked. For that, we co-expressed GFP-Gal9 with either HA-Ub-K63 (all K residues
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mutated to R except K63), HA-Ub-K48 (all K residues mutated to R except K48), or HA-
Ub-WT, and observed enhanced ubiquitination of TAK1 with WT and K63 ubiquitin but not
with K48 ubiquitin (Fig. S4C). The Gal9-induced dissociation of TAK1 and USP9X was
detected in these experiments (Fig. S4C). TAK1 activation, monitored by T184
phosphorylation (Liu et al., 2018; Yu et al., 2008), increased upon lysosomal damage in
Huh7 WT cells but showed a reverse trend in Gal9KOHU" (Fig. 4F). Knocking down
USP9X in Gal9KOHUN7 cells rescued TAK1 activation, reflected in its K63 ubiquitination
(Fig. S4D) and pT184 phosphorylation (Fig. 4G). Thus, by interfering with USP9X, Gal9 is
important for TAK1 K63 ubiquitination and activation (Li et al., 2011; Wang et al., 2001) in
response to lysosomal damage.

AMPK activation during lysosomal damage depends on TAK1

AMPK was activated in a time-dose dependent manner and by diverse damaging agents
(LLOMe, GPN, and silica) (Figs. S4AE-F) as reflected in AMPK targets, ACC (pS79) (Figs.
SAE-F) and ULK1 (pS555) (Fig. S4E), including the upstream kinase TAK1 in HelLa cells
(Fig. S4G). TAK1 has been identified in Gal9 complexes (Jia et al., 2018). We tested
whether this was affected by lysosomal damage using the BioWeB assay and a stable cell
line expressing APEX2-AMPKa.1 subunit in 293T cells (Flp-In APEX2-AMPKa.1Tet-ON:
Fig. 5A). TAKL, but not LKB1 or CaMKKZ2, was in proximity of AMPKal in cells
subjected to lysosomal damage (Fig. 5B). We next tested different inducing conditions (Fig.
5C). LKB1 was in proximity of APEX2-AMPKal in cells treated with oligomycin A, a
mitochondrial ATP synthase inhibitor, and so was the LKB1 adaptor/scaffold factor Axin (Li
et al., 2019; Zhang et al., 2017; Zhang et al., 2014; Zhang et al., 2013) during glucose
starvation (Fig. 5C). CaMKK?2 associated with APEX2-AMPKa.l only in cells treated with
Ca?* ionophores ionomycin or A23187 (Fig. 5C). TAK1 associated with APEX2-AMPKa 1
during lysosomal damage exclusively and some LKB1 associated with APEX2-AMPKal
under prolonged lysosomal damage (Fig. 5C).

Treatment of Huh7 cells with TAK1 inhibitor resorcylic lactone 520 ((5-Z)-7-oxozeaenol)
(Okada et al., 2014; Wu et al., 2013) prevented AMPKal activation by lysosomal
damage(Fig. 5D). In Huh7 cells, LKB1 was sequestered in the nucleus and did not
translocate to the cytoplasm on LLOMe treatment, although it did with glucose starvation
(Fig. S4H). 5Z0 suppressed TAK1 activation by LLOMe in HelLa cells, a cell line notorious
for downregulation or absence of LKB1 (McCabe et al., 2010) (Fig. 5D), and
phosphorylation of AMPKal (pT172) and its substrate ACC (pS79). In addition to using
TAK1 enzymatic inhibitors, we employed MEFs lacking TAB2, an upstream ubiquitin-chain
binding activator of TAK1 (Criollo et al., 2011; Takaesu et al., 2012), and detected no
increase in p172 AMPKal and pS79 ACC, although the matching WT TAB2 MEFs
responded to lysosomal damage (Fig. 5E). In complementary experiments, we used TRAIL
as a known agonist of AMPK activation via TAK1 (Herrero-Martin et al., 2009). A
responder cell line, THP-1, displayed AMPKa phosphorylation after 1 h of TRAIL
treatment (Fig. 5F). TRAIL induces lysosomal permeabilization (Werneburg et al., 2007),
and thus we tested whether we could detect Gal9 and ubiquitin puncta. THP-1 cells
displayed increased Gal9 and ubiquitin puncta upon stimulation with TRAIL (Figs. 5G and
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5H). The ubiquitin response to TRAIL was reduced in cells knocked down for Gal9 (Fig.
5H).

LKBL1 can contribute to AMPK activation in response to prolonged lysosomal damage (Jia et
al., 2018). We knocked down LKB1, TAK1, and CaMKK?2 in Huh7 cells, tested AMPK
activation at early time point (30 min of damage), and observed that AMPK activation is
independent of LKB1 and CaMMKK2 at that time point but fully dependent on TAK1 (Fig.
51). As expected, at later time points of LLOMe treatment, AMPK activation needed both
TAK1 and LKB1 while still remaining independent of CaMMK?2 (Fig. 5J). This correlated
with changes in AMP/ATP ratios, which were not altered during the first 30 min of LLOMe
treatment but increased at later time points (Fig. 5K). LKB1 translocation from the nucleus
was observed with longer LLOMe treatment (Fig. S4l), coinciding with detection of LKB1’s
contribution to AMPK activation. Thus, TAKL1 is the kinase activating AMPK in response to
the lysosomal damage (acting solo during the early stages) and later, with sustained damage
when AMP/ATP ratios increase, LKB1 joins TAK1 in the overall activation of AMPK.

Activated AMPK translocates to lysosomes in a Gal9-dependent manner

AMPKa was detected by immunoblotting on lysosomes purified by LysolP (Figs. S1F and
6A,B). AMPK enrichment on membranes was detected in 100k pellets positive for LAMP2
(Fig. S5A). AMPK detected by LysolP was in activated state (pT172-AMPKal; Fig. 6C).
By LC-MS/MS quantitative DIA analysis of LysolP-purified lysosomes (Fig. 6A), there was
a 32-fold median enrichment of TAK1, a twofold increase of TAB1, and a 10-fold
enrichment of TAB2 on lysosomes upon LLOMe damage (30 min), contrasted by a twofold
decrease in USP9X (Fig. 6D and Table S1, Tabs 7-9).

AMPK translocation to damaged lysosomes depended on Gal9, because there was less
enrichment of AMPKa.1 on lysosomes in Gal9KOHUN? than in their parental Huh7 Gal9 WT
cells (Figs. 6A,E). AMPK activation and phosphorylation of ACC depended on Gal9
(comparing Gal9KOHUN7 and parental GaloWTHUN cells) (Fig. 6F). The absence of AMPK
and ACC activation in Gal9KOHUN7 was reversed by USP9X knockdown (Fig. 6G). Thus,
Gal9 helps activate AMPK and recruits it to lysosomes following damage whereas the DUB
USP9X antagonizes AMPK activation (Fig. 6H).

Metformin causes lysosomal damage

Metformin, an AMPK inducer, is a widely used antidiabetic drug (Foretz et al., 2014).
However, its precise mode of action remains unclear (He and Wondisford, 2015). Recent
studies (Zhang et al., 2016) have shown that metformin can induce AMPK through a
lysosomal pathway involving AXIN and LKB1. We thus wondered whether metformin may
affect lysosomal membrane integrity. Effects of metformin on cells are highly dependent on
its transport and high concentrations are used experimentally (He and Wondisford, 2015)
including 2 mM for 12 h (Zhang et al., 2016). We used a macrophage cell line THP-1 (Huh7
or 293T cells did not respond) with 250 pM metformin for 2 h and observed a lysosomal
damage response by Gal9 puncta formation (Fig. S5B) and an increase in Gal8 puncta,
another galectin responding to lysosomal damage (Aits et al., 2015; Jia et al., 2018) (Fig.
S5B). We also observed a mild ubiquitination response (Fig. S5C). Gal9 and ubiquitin
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response was detected in Huh7 cells treated with 250 pM metformin only when they were
transfected with organic cation transporter OCT1 (He and Wondisford, 2015) (SLC22A1;
Figs. S5D and S5E). 293T cells do not express sufficient levels of endogenous Gal9 (Fig.
S1H) to permit similar analyses. Nevertheless, APEX2-Gal9-293Tstble cells transfected
with SLC22A1 displayed a ubiquitination response to 250 UM metformin treatment for 2 h
detected by immunoblotting (Fig. S5F).

Evidence of lysosomal damage was detected by decreased staining with the acidotropic dye
LysoTracker Red, which is normally trapped in acidified compartments such as lysosomes
(Fig. S5G). Furthermore, the number of puncta positive for MagicRed, a fluorescent reporter
for lysosomal cathepsin B activity, was reduced (Fig. S5H). ALIX, an ESCRT marker of
lysosomal membrane damage repair (Radulovic et al., 2018; Skowyra et al., 2018) showed a
response to metformin (Fig. S51). We conclude that metformin is capable of causing
lysosomal damage, a process that activates AMPK.

Gal9 and USP9X regulate autophagy induction in response to lysosomal damage

LLOMe has been shown to induce autophagy (Aits et al., 2015; Chauhan et al., 2016; Jia et
al., 2018; Maejima et al., 2013; Thurston et al., 2012). We observed a similar LC3 response
to metformin (Fig. 7A), in a dose response dependent manner (Fig. 7B). Lysosomal damage
inhibits mTOR (Jia et al., 2018), a negative regulator of autophagy (Ganley et al., 2009;
Hosokawa et al., 2009; Jung et al., 2009; Saxton and Sabatini, 2017), thus helping to activate
autophagic responses (Fujita et al., 2013; Jia et al., 2018; Maejima et al., 2013). AMPK is a
positive regulator of autophagy (Egan et al., 2011; Kim et al., 2011), and Gal9 and the
machinery delineated above could contribute to autophagic and LC3 responses during
lysosomal damage. We observed by Optiprep membrane fractionations that, upon LLOMe
treatment, LAMP2 moved to lighter fractions along with LC3B-11 (Fig. 7C), likely reflecting
membranous intermediates during autophagic clearance. These fractions were positive for
Gal9 and AMPKal (Fig. 7C), consistent with our LysolP data (Figs. S1F and 6E).
Gal9KOHUNT cells displayed reduced levels of LC3B-11 relative to WT Huh7 cells treated
with LLOMe (Fig. 7D), and fewer puncta for autophagy markers ATG13, ATG16L1 and
LC3B (Figs. S5J-M). This was complemented by Gal9 WT, but not by GalgRE5A/239A that
cannot recognize glycans (Figs. 7E and S6A-B). A knockdown of USP9X in Gal9KOHuh?
partially restored LC3B-II levels (Fig. 7F), and LC3 puncta response (Fig. 7G) to LLOMe.
USP9X knockdown did not affect LC3 response in WT Huh7 cells, indicating that the
effects of USP9X are manifested only in the absence of Gal9 (Fig. 7G). Similar effects of
USP9X knockdowns were obtained with ATG13 and ATG16 (Figs. S6C and S6D).
Treatment of Huh7 and HeLa cells with the TAK1 inhibitor 520 reduced the LC3 response
(Fig. 5D). Thus, Gal9 effectors and the lysosomal-damage response pathway controlled by
Gal9 control autophagy during lysosomal damage (Fig. S6F).

Previous studies of endomembrane damage and galectin-controlled autophagic responses
have established effects on microbial survival, with an emphasis on the roles of autophagic
receptors (Thurston et al., 2012) receptor-regulators (Chauhan et al., 2016), E3 ligases
(Chauhan et al., 2016; Cheng et al., 2017; Maejima et al., 2013), and mTOR (Jia et al.,
2018). Earlier work has shown that immunological, pharmacological or physiological
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(starvation) induction of autophagy can control Mycobacterium tuberculosis (Mtb), an
intracellular pathogen causing endomembrane damage (Manzanillo et al., 2012), in
macrophages (Gutierrez et al., 2004). Since here we established AMPK as a downstream
effector of Gal9, and AMPK plays a role in activating autophagy (Egan et al., 2011; Kim et
al., 2011), we determined its effects on autophagic control of intracellular microbes. A
positive role of Gal9 in defense against Mtb, has already been established (Jayaraman et al.,
2010; Zhu et al., 2005). We thus tested the effects of the Gal9 effector AMPK on
intracellular survival of Mtbin macrophages using a previously established system for
assaying autophagic control of intracellular Mtb (Chauhan et al., 2016; Chauhan et al., 2015)
and found that primary bone marrow-derived macrophages (BMMs) from mice with Cre
recombinase-induced AMPK loss via a CX3CR1-driven Cre-Lox system and AMPKa1f/fl/
AMPKa 2l displayed a reduced ability to control intracellular Mzt upon induction of
autophagy, as compared to CX3CR1 Cre~ AMPK-sufficient BMMs. This shows that AMPK
is important for the autophagic control of Mtbin infected macrophages (Fig. S6E).

DISCUSSION

This work defines the molecular mechanism of how cells recognize lysosomal injury and
transduce this signal to AMPK. It deorphans TAK1’s role in AMPK activation (Neumann,
2018) giving it a unifying biological context - the response to lysosomal damage. Along
with other recent studies (Jia et al., 2018), this work affirms a major regulatory role of
intracellular galectins converging on AMPK and mTOR, the master regulators of cellular
metabolism and QC processes. Lysosomal damage, itself a subject for QC, has consequences
on metabolism as reflected in the metabolomic changes observed here.

The mechanism of AMPK activation in response to lysosomal membrane damage depends
on the process of galectin-directed ubiquitination. The cascade of events activating AMPK is
triggered by exposure of exofacial glycans normally not in contact with the cytosol since the
delimiting membrane is not breached. Once the membrane is damaged, these exposed
“exoglycoepitopes” are accessed by cytosolic galectins to set off downstream events, with
those initiated by Gal9 culminating in AMPK activation. This process depends on K63
ubiquitination of TAK1 (Herrero-Martin et al., 2009; Singhirunnusorn et al., 2005; Xie et al.,
2006). A previously characterized agonist of AMPK activation by TAK1 is TRAIL (Herrero-
Martin et al., 2009). TRAIL is known to induce lysosomal permeabilization (Werneburg et
al., 2007) reinforced by our observations. TAK1 responds to lysosomal rupture in the context
of inflammasome activation (Okada et al., 2014). Thus, the unifying physiological context
for AMPK activation by TAK1 is the lysosomal integrity status.

The canonical pathway for AMPK activation occurs via binding of AMP to its regulatory
subunit y during metabolic stress (Hardie, 2014). However, AMPK can detect glucose
depletion before energy status changes using a non-canonical pathway localized to
lysosomes that does not rely on AMP (Li et al., 2019; Lin and Hardie, 2018; Zhang et al.,
2017; Zhang et al., 2014; Zhang et al., 2013). There are similarities and differences between
the glucose-deprivation (Lin and Hardie, 2018) and the lysosome-damage signaling pathway
described in our study as distinct non-canonical pathways occurring on lysosomes. The
glucose starvation FBP-sensing pathway, which involves vATPase inhibition, depends on
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LKB1 (Zhang et al., 2014), whereas the dominant kinase during lysosomal damage response
of AMPK is TAK1. The lysosomally localized FBP-sensing pathway borrows parts of the
mTOR regulatory machinery stationed on the lysosomes (Saxton and Sabatini, 2017) and is
composed of the v-ATPase-Ragulator/LAMTOR1-AXIN-LKB1-AMPK complex (Lin and
Hardie, 2018; Zhang et al., 2014). In contrast, the TAK1-AMPK activation pathway
responding to lysosomal damage is anchored to the lysosomes by Gal9 after its recognition
of membrane tears. Nevertheless, there may be lateral overlaps between the FPB-sensing and
the lysosomal damage-sensing pathways. This is evidenced by detection in our LC-MS/MS
experiments with LLOMe (Fig. 1G) of increased Gal9-LAMTOR1 and Gal9-vATPase
subunit ATP6V 1A associations, as well as additional interactions with other components,
e.g. NPC1 (Castellano et al., 2017), of the lysosomal mTOR regulatory apparatus (Saxton
and Sabatini, 2017).

AMPK activation is sensitive to duration and extent of lysosomal damage and diminishes
past 30 min of massive damage leading to autophagy and lysophagy. We have considered the
possibility that a mild lysosomal damage may be a physiologically relevant trigger for
sustained activation AMPK and detected hallmarks of limited lysosomal damage during
metformin treatment. Metformin, a widely used antidiabetic drug (He and Wondisford,
2015), is a known AMPK inducer believed to act by inhibiting complex I of the
mitochondrial electron transport chain thus raising AMP levels (Foretz et al., 2014).
Nevertheless, metformin’s precise mode of action remains unclear, since activation of
AMPK is not always supported by detection of AMP in metformin-treated cells (He and
Wondisford, 2015). Furthermore, a plethora of effects is often invoked to explain
metformin’s mode of action and benefits (Hur and Lee, 2015; Rajani et al., 2017). Recent
studies (Kim et al., 2016; Zhang et al., 2016) have implicated endolysosomal compartments
in metformin action and it has been shown that metformin can induce AMPK through a
lysosomal v-ATPase proposed to act as a sensor or an effector of metformin in AMPK
activation (Zhang et al., 2016). In this model, metformin is suggested to engage the
lysosomal FBP-sensing complex discussed above. Our metformin findings corroborate with
the notion that lysosomal perturbations contribute to metformin’s effects. However, as
discussed above, the FBP-sensing and the Gal9-sensing pathways are distinct, as one
operates in glucose metabolite sensing whereas the other detects lysosomal membrane
damage. Indeed, we observed that metformin elicited ALIX puncta formation, with ALIX
being a component of the ESCRT machinery engaged in membrane repair caused by very
mild lysosomal damage (Radulovic et al., 2018; Skowyra et al., 2018). Thus, these responses
may represent a physiologically relevant aspect for sustained AMPK activation by
metformin.

The complexity of the landscape of known E3 ligases as well as their paucity (with the
exception of TRIM25) in our proteomic analyses (Table S1, Tab 5) prevented us from
investigating TAK1 ubiquitination from the perspective of E3 ligases. Instead, we noticed
dynamic changes in DUBs and VCP/p97 and identified USP9X as a key Gal9-governed
DUB regulating the TAK1 ubiquitination state. USP9X acts as a linchpin in the switch
caused by Gal9 and lysosomal damage. Other DUBs have been implicated in acting on
TAKL, including CYLD (Ji et al., 2018; Reiley et al., 2007), USP4 (Fan et al., 2011), USP14
(Min et al., 2017), USP18 (Yang et al., 2015) and USP19 (Lei et al., 2019). Of these, our
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proteomic analyses with APEX2-Gal9 identified only USP19 but with low peptide counts
below the threshold (Table S1, Tab 6).

Our study uncovers a specific control of ubiquitination responses by galectins. This
underlies the TAK1-dependent activation of AMPK during lysosomal damage, a condition
that we propose is a major physiological context for AMPK activation by TAK1. The Gal9-
AMPK axis is important in medically relevant contexts, e.g. in Mtb control, as shown here
for AMPK and elsewhere for Gal9 (Jayaraman et al., 2010; Zhu et al., 2005). A therapeutic
utility of these relationships with implications for metabolic disorders, cancer, and other
diseases is underscored by metformin’s action suggestive of a need to develop drugs
targeting lysosomal integrity and signaling. The findings reported here have broader
implications for QC of cellular organelles, metabolic switching, cell physiology, and effector
functions including autophagy and defense against intracellular pathogens.

STAR METHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Vojo Deretic (vderetic@salud.unm.edu). All unique/stable
reagents generated in this study are available from the Lead Contact with a completed
Materials Transfer Agreement negotiated as governed by the University of New Mexico and
state requirements and, where applicable, covering costs associated with preparation and

shipping.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects—Healthy adult volunteers (age 18-40, both sexes) were enrolled in a
protocol approved by the Human Research Review Committee (administered by the Human
Research Protections Office, University of New Mexico Health Sciences Center). Consented
volunteers (informed consent was obtained form all subjects) donated up to 50 mL
peripheral venous blood for isolation and culture of peripheral blood monocyte-derived
macrophages

Cell and cell line models—Murine bone marrow derived macrophages (BMMs; primary
cells) were used for M. tuberculosis infection analyses. Cell types, lines and culture
conditions are described under Method Details.

Mice—The following information is included, as requested: “CX3CR1-driven Cre-Lox
system AMPKa1”/AMPKa2" mice in C57/BL6, background (6-8 weeks old, both sexes)
were the source of BMMs. These mice have been constructed and maintained at USC under
approved breeding protocols and all experiments with BMMSs were approved by the
Institutional Animal Care and Use Committees

Murine tuberculosis infection model—Mycobacterium tuberculosis Erdman
(Manzanillo et al., 2012) were cultured in Middlebrook 7H9 broth supplemented with 0.05
% Tween 80, 0.2 % glycerol, and 10 % oleic acid, aloumin, dextrose, and catalase
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(OADCBD Biosciences) at 37 °C and homogenized to generate single-cell suspension for
macrophage infection studies.

METHOD DETAILS

Antibodies and reagents—Antibodies from Cell Signaling Technology were used at
1:1000 for WB including p-AMPKa. (#2535), AMPKa (#2532), p-ACC (#11818), ACC
(#3662), p-ULK1 Ser555 (#5869), ULK1 (#6439), p-TAK1 (#4508), TAK1 (#5206), HA
(#3724S), ATG13 (#13468) (1:200 for IF), LAMP1 (#9091) (1:500 for IF), AXIN (#2087).
Antibodies from Abcam were Galectin 9 (ab69630; 1:500 WB; 1:100 IF), USP9x (ab19879;
1:1000 WB), GFP (ab290; 1:1000 WB), GFP (ab38689; 2 pg/mL for immunoprecipitation
(IP)), mCherry (ab183628; 1:1000 WB; 1:200 IF; 2 ug/mL IP). VDACL1 (ab15895), GM130
(ab1299), PDI (ab2792), LKB1 (ab61122), CaMKK2 (abh96531), Cathepsin D (ab6313)
were used at 1:1000 for WB. Antibodies from MBL International were LC3 (PM036) (1:500
for IF) and ATG16L1(PMO040) (1:400 for IF). Antibodies from BioLegend were Galectin 3
(#125402) (1:1000 for WB; 1:500 for IF). Other antibodies used in this study were from the
following sources: Ubiquitin (FK-2) (Millipore 04—263; 1:1000 WB), Catalase (Calbiochem
219010; 1:1000 WB), Galectin 9 (R&D AF2045; 1:200 WB), FLAG M2 (Sigma Aldrich
F1804; 1:1000 WB); Galectin 8 (sc-28254) (1:200 for WB; 1:100 IF), beta-Actin (C4)
(1:1000 for WB), c-Myc (sc-40), HRP-labeled anti-rabbit (sc-2004; 1:2000 for WB) and
anti-mouse (sc-2005, 1:2000 for WB) were from Santa Cruz Biotechnology; LAMP2
(H4B4) (1:500 for IF) from DSHB of University of lowa; Clean-Blot IP Detection Kit
(HRP) (21232) (1:1000 for WB), Alexa Fluor 488, 568 (1:500 for IF) were from
ThermoFisher. ALIX (#634502, 1:1000 WB; 1:500 IF) were from BioLegend. Dynabeads
Protein G (10003D), anti-HA Magnetic Beads (88836), streptavidin Magnetic Beads
(88816), DMEM (no glucose, 11966025), RIPA and NP40 lysis buffer were from
ThermoFisher. DMEM, RPMI and EBSS media were from Life Technologies. TAK1
inhibitor (5Z-oxozeanol) (09890) Sigma.

Cells and cell lines—HEK?293T cells stably expressing APEX2-GAL9 (APEX2-Gal9-
293Tstabley were obtained by lentiviral transduction followed by selection with antibiotics.
Briefly, for virus generation, 1 ug of pMD2.G and 2.7 ug of pPAX2 retroviral packaging
plasmid were transfected into HEK293T cells together with 3.3 pg of pHAGE-Myc-APEX2-
GALD9. Targeted HEK293T cells were transduced with virus containing medium, which was
exchanged to growth medium after 24 h infection. Transduced cells were selected and
cultured in Dulbecco’s modified Eagle’s medium (DMEM), supplemented by 10 % fetal
bovine serum and 2 pg/mL puromycin (Sigma). Target-gene expression was confirmed via
SDS-PAGE and immunoblot. HEK293T, HelLa and Huh7 cells were obtained from ATCC.
Bone marrow derived macrophages (BMMs) were isolated from femurs of AMPKa 17/fl/
AMPKa 2/l CX3CR1-Cre mice and their Cre-negative litermates cultured in DMEM
supplemented with mouse macrophage colony stimulating factor (mM-CSF, #5228, CST).
HeLa Flp-In-Gal9TeON were generated using vectors and recipient cells from Terje
Johansen (University of Norway). Cell lines for LysolP were generated using constructs
obtained from David M. Sabatini (Whitehead Institute). TAB2 KO MEFs were from Shizuo
Akira (Osaka University). Gal9KOHU7 cells were generated using CRISPR in this study.
The details for cell line generation is below.
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Cultured human peripheral blood monocyte cells—A trained phlebotomist in our
HRRC-approved study drew 40-50 mL blood from healthy, consenting adult volunteers
enrolled in the study. The different donors were kept separate and the blood in 10 mL
vacutainers was pooled into 2-50 mL conicals. The volume was brought to 50 mL with
sterile 1X PBS and mixed by inversion. 25 mL of the blood mix were carefully layered onto
20 mL of Ficoll (Sigma, #1077) in separate conical tubes and centrifuged at 2000 rpm for 30
min at 22 °C. The buffer layer containing human peripheral blood monocytes (PBMCs) was
removed, pooled, washed with 1X PBS twice and resuspended in ~20 mL RPMI media with
10 % human AB serum and Primocin.

Plasmids, siRNAs, and transfection—pRK5-HA-Ubiquitin-WT (Addgene#17608;
mammalian expression of HA tagged ubiquitin), pRK5-HA-Ubiquitin-K48
(Addgene#17605; mammalian expression of HA tagged ubiquitin all lysines mutated to
arginines except the K48 residue) and pRK5-HA-Ubiquitin-K63 (Addgene#17606;
mammalian expression of HA tagged ubiquitin with all lysines mutated to arginines except
the K63); see Key resources table. For proximity proteomics, human GAL9 was cloned into
pHAGE-Myc-APEX2 using Gateway cloning (ThermoFisher). Gal9 mutants were generated
utilizing the QuikChange site-directed mutagenesis kit (Agilent) and confirmed by
sequencing (Genewiz). siRNAs were from GE Dharmacon. Plasmid transfections were
performed using the ProFection Mammalian Transfection System (Promega), Amaxa
nucleofection (Lonza) or Lipofectamine 2000 (ThermoFisher). sSiRNAs were delivered into
cells using either Lipofectamine RNAIMAX (ThermoFisher) or Amaxa nucleofection
(Lonza).

Generation of Galectin 9 CRISPR mutant cells—For generating Gal9 CRISPR
mutant cells, the lentiviral vector lentiCRISPRv2 carrying both Cas9 enzyme and a gRNA
targeting Gal9 (gRNA target sequence: ACACACACACCTGGTTCCAC) was transfected
into HEK293T cells together with the packaging plasmids psPAX2 and pCMV-VSV-G at the
ratio of 5:3:2. Two days after transfection, the supernatant containing lentiviruses was
collected and used to infect Huh7 cells. 36 h after infection, the cells were selected with
puromycin (1 ug/mL) for one week in order to select Gal9 knockout cells. Gal9 knockout
was confirmed by western blot. Selection of single clones was performed by dilution in 96-
well, which were confirmed by western blots (Figs. S1C and S1D).

Generating HeLa Flp-In-Gal9TetON cell line—HeLa Flp-In host cells were transfected
with Gal9 reconstructed plasmid and the pOG44 expression plasmid at ratio of 9:1. 24 h
after transfection, the cells were washed, and cultured in fresh medium. 48 h after
transfection, the cells were split into fresh medium at around 25 % confluency. The cells are
incubated at 37 °C for 2-3 h until they have attached to the culture dish. Then medium was
removed and fresh medium containing 100 pg/mL hygromycin was added. The cells were
fed with selective medium every 3—-4 days until single cell clone can be identified.
Hygromycin-resistant clones were picked and expanded each to test. The tested clones were
incubated in the medium containing 1 pg/mL tetracycline overnight and were tested by
western blot for the expression of Gal9.
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LysolP immunoblot assay—Stable LysolP cells were produced by utilizing lentiviruses
constructs from David M. Sabatini Lab (Whitehead Institute) following published protocols
(Abu-Remaileh et al., 2017). HEK293T cells were transfected with pLJC5-
TMEM192-3XHA or pLJC5-TMEM192-2XFLAG constructs in combination with pCMV-
VSV-G and psPAX2 packaging plasmids, 60 h after transfection, the supernatant containing
lentiviruses was collected and centrifuged to remove cells and then frozen at =80 °C. To
establish LysolP stably expressing cell lines, HEK293T, Huh7 or Huh7 Gal9KO cells were
plated in 10 cm? dish in DMEM with 10 % FBS and infected with 500 pL of virus-
containing media overnight followed by addition of 1 ug/mL puromycin for selection. Cells
were plated in 15 cm? culture plates and were used at 90 % confluency for each LysolP.
Cells with or without 1 mM LLOMe treatment were quickly rinsed twice with PBS and then
scraped in 1 mL of KPBS (136 mM KCI, 10 mM KH,POy, pH7.25 was adjusted with KOH)
and centrifuged at 3000 rpm for 2 min at 4 °C. Pelleted cells were resuspended in 950 uL
KPBS and reserved 25 pL for further processing of the whole-cell lysate. The remaining
cells were gently homogenized for 20 strokes using a 2 mL homogenizer. The homogenate
was then centrifuged at 3000 rpm for 2 min at 4 °C and the supernatant was incubated with
100 pL of KPBS prewashed anti-HA magnetic beads (ThermoFisher) on a gentle rotator
shaker for 3 min. Immunoprecipitants were then gently washed three times with KPBS and
eluted with 2X Laemmli sample buffer (Bio-Rad) and subjected to immunablot analysis.

M. tuberculosis survival in murine bone marrow-derived macrophages—
Mycobacterium tuberculosis Erdman (Erdman) culture was prepared by thawing frozen
stock aliquot and grown in 7H9 Middlebrook liquid medium supplemented with oleic acid,
albumin, dextrose and catalase (OADC, Becton Dickinson, Inc., Sparks, MD, USA), 0.5 %
glycerol and 0.05 % Tween 80. Cultures were grown at 37 °C. BMMs were infected with
Erdman at MOI 10 and incubated for 18 h (in full medium for 18 h, or for starvation, in full
medium for 16 h followed by 2 h in EBSS) lysed and plated on 7H11 agar plates. CFU was
enumerated 3 ~ 4 weeks later.

High content microscopy—The cells were plated in 96 well plates on day 1 and were
treated on day 2, followed by fixation in 4 % paraformaldehyde for 5 min. After fixation,
cells were washed twice with 1X PBS and were then permeabilized with 0.1 % saponin in 3
% Bovine serum albumin (BSA) for 30 min. The cells were then incubated with primary
antibodies overnight at 4 °C. On day 3, the cells were washed twice with 1X P BS and
incubated with secondary antibodies for 1h followed by 5 min incubation with Hoechst
33342. High content microscopy with automated image acquisition and quantification was
carried out using a Cellomics HCS scanner and iDEV software (ThermoFisher). Automated
epifluorescence image collection was performed for a minimum of 500 cells per well.
Epifluorescence images were machine analyzed using preset scanning parameters and object
mask definitions. Hoechst 33342 staining was used for autofocus and to automatically define
cellular outlines based on background staining of the cytoplasm. Primary objects were cells,
and regions of interest (ROI) or targets were algorithm-defined by shape/segmentation,
maximum/minimum average intensity, total area and total intensity, etc., to automatically
identify puncta or other profiles within valid primary objects. All data collection, processing
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(object, ROI, and target mask assignments) and analyses were computer driven
independently of human operators.

Immunofluorescence confocal microscopy—+For immunofluorescence confocal
microscopy, cells were plated onto coverslips in 12 well or 24 well plates. Cells were
transfected with plasmids as indicated in figures. Cells were incubated in full media or
EBSS for 2 h and fixed in 4 % paraformaldehyde for 10 min followed by permeabilization
with 0.1 % saponin in 3 % BSA. Cells were then blocked in 3 % BSA and then stained with
primary antibodies followed by washings with PBS and then incubation with appropriate
secondary antibodies for 1 h at room temperature. Coverslips were mounted using ProLong
Gold Antifade Mountant (Invitrogen) and analyzed by confocal microscopy using the Zeiss
LSM510 Laser Scanning Microscope.

Membrane fractionation—Membrane fractionation was performed as described
previously (Ge et al., 2013). HEK293T cells (10 dishes per sample) were plated in 15-cm?
dishes and treated with 1mM LLOMe for 30 min. For sequential centrifugation cells were
harvested, and the pellet was resuspended in 2.7X cell pellet volume of B1 buffer (20 mM
Hepes-KOH, pH 7.2, 400 mM sucrose, and 1 mM EDTA) containing protease and
phosphatase inhibitors (Roche) and 0.3 mM DTT and then was homogenized by passing
through a 22-G needle until 85-90 % lysis was achieved (analyzed by trypan blue staining).
Homogenates were subjected to sequential differential centrifugation at 3,000 g for 10 min,
25,000 g for 20 min, and 100,000 g for 30 min to collect the pelleted membranes (3K, 25K,
and 100K, respectively) using a TLA100.3 rotor (Beckman Coulter) and a polypropylene
tube. The pellets were suspended in B88 buffer (20 mM Hepes, pH 7.2, 150 mM potassium
acetate, 5 mM magnesium acetate, and 250 mM sorbitol). 5X SDS loading buffer was
added, and samples were boiled for 5 min and analyzed by immunoblotting. Further
fractionation using membrane floatation in a sucrose step gradient followed by
centrifugation in OptiPrep step gradients was performed as described previously (Ge et al.,
2013). For this, 25K membrane pellets were suspended in 1 mL of 19 % OptiPrep for a step
gradient containing 0.5 mL of 22.5 %, 1 mL of 19 % (sample), 0.9 mL of 16 %, 0.9 mL of
12 %, 1 mL of 8 %, 0.5 mL of 5 %, and 0.2 mL of 0 % OptiPrep each. The OptiPrep
gradient was centrifuged at 150,000 g for 3 h, and subsequently, eight fractions of 0.5 ml
each were collected from the top. Fractions were diluted with B88 buffer, and membranes
were collected by centrifugation at 100,000 g for 1 h. Samples were subjected to SDS-
PAGE, and Western blotting for LAMP2, AMPKa,, myc-Gal9 and LC3B was done as
described in the following section.

Immunoblotting and Co-immunoprecipitation assay—\Western blotting and co-
immunoprecipitation (co-1P) were performed as described previously (Chauhan et al., 2016).
For TAKL1 inhibition, the cells were treated with TAK1 inhibitor (5Z-oxozeanol) 1 h prior to
LLOMe treatment. For co-IP, cells were transfected with plasmids as indicated in figures
and lysed in NP-40 buffer containing protease inhibitor cocktail and PMSF. Lysates were
incubated with antibodies for 4 h at 4 °C followed by incubation with protein G Dynabeads
for 2 h at 4 °C. Beads were washed three times with 1X PBS and boiled with SDS

Mol Cell. Author manuscript; available in PMC 2021 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jiaetal.

Page 19

containing sample buffer, samples were processed for immunaoblotting to analyze the
interactions between immunoprecipitated proteins.

BioWeB (APEX2-labeling proximity biotinylation and Western blotting)—
HEK?293T cells transfected with indicated plasmid or APEX2-Gal9—293Tstable ce|ls were
incubated with 1 mM LLOMe in full medium for 30 min (confluence of cells remained at
70-80 %) and 500 pM biotin-phenol (AdipoGen) in full medium for 30 min with LLOMe
incubation. A 1 min pulse with 1 mM H,0, at room temperature was stopped with
quenching buffer (10 mM sodium ascorbate, 10 mM sodium azide and 5 mM Trolox in
Dulbecco’s Phosphate Buffered Saline (DPBS)). All samples were washed twice with
quenching buffer, and twice with DPBS.

Cell pellets were lysed in 500 pL ice-cold lysis buffer (6 M urea, 0.3 M Nacl, 1 mM EDTA,
1 mM EGTA, 10 mM sodium ascorbate, 10 mM sodium azide, 5 mM Trolox, 1 % glycerol
and 25 mm Tris/HCI, PH 7.5) for 30 min by gentle pipetting. Lysates were clarified by
centrifugation and protein concentrations determined as above. Streptavidin-coated magnetic
beads (Pierce) were washed with lysis buffer. 3 mg of each sample was mixed with 100 uL
of streptavidin bead. The suspensions were gently rotated at 4 °C for overnight to bind
biotinylated proteins. The flowthrough after enrichment was removed and the beads were
washed in sequence with 1 mL IP buffer (150 mM NaCl, 10 mM Tris-HCI pH8.0, 1 mM
EDTA, 1 mM EGTA, 1 % Triton X-100) twice; Z mL IM KCI; ImL of 50 mM Na,CO3, 1
mL 2M Urea in 20 mM Tris HCI pH8; 1 mL IP buffer. Biotinylated proteins were eluted,
and the sample were processed for Western Blot.

LysoTracker assay—Prepare fresh LysoTracker Staining Solution (2 pL LysoTracker in
1mL medium). Add 10 pL LysoTracker Staining Solution to no treatment, LLOMe treated
or Metformin treated THP-1 cells in 96 wells for total 100 pL per well and incubate at 37 °C
for 30 min protected from light. Rinse gently by 1X PBS and fix in 4 % Paraformaldehyde
for 2 min. Wash once by 1X PBS and blot with Hoechst 33342 for 2 min before detecting by
high content microscopy.

Magic Red assay—~Reconstitute Magic Red by adding DMSO and dilute Magic Red 1:10
by adding H,O. Add 4 uL. Magic Red to no treatment, LLOMe treated or Metformin treated
THP-1 cells in 96 wells for total 100 pL per well and incubate at 37 °C for 15 min and pro
tected from light. Rinse gently by 1X PBS and fix in 4 % Paraformaldehyde for 2 min. Wash
once by 1X PBS and blot with Hoechst 33342 for 2 min before detecting by high content
microscopy.

AMP/ATP assay—10° huh7 cells per sample, subjected to the ImM LLOMe treatment for
different time, was prepared for the extraction, following the boiling water method (Yang et
al., 2002), the ratio of AMP and ATP were measured using ATP/ADP/AMP Assay Kit
(Biomedical Research Service & Clinical Application). The luciferase bioluminescence was
measured using a Synergy HTX Multi-Mode Reader. Data is normalized by the protein level
of each sample.
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Proteomic mass spectrometry, data processing and analysis

(i) SILAC Labelling and treatment for proteomic analyse: HEK293T cells stably
expressing APEX2-GAL9 were grown in lysine- and arginine-free DMEM supplemented
with fetal bovine serum (FBS), L-Glutamine, Sodium pyruvate, heavy arginine (R10) (38
pg/mL) and lysine (K8) (66 pg/mL) or light arginine (RO) (38 pg/mL) and lysin (KO) (66 pg/
mL.), respectively. Further experiments were conducted as soon as the cells reached a protein
labelling with heavy amino acids of at least 95 %. Heavy-labeled cells were either treated
with 1 mM Leu-Leu methyl ester hydrobromide (LLOMe, Sigma) for 1 h or with 100 pM
Gly-Phe B-naphthylamide (GPN, Sigma) for 1h at 37 °C while light-labelled cells were
treated wi th control (DMSO).

(ii) Proximity Labeling for proteomic mass spectrometry: Proximity labeling was
performed in SILAC labelled HEK293T cells stably expressing APEX2-GALS9 as described
before (Le Guerroue et al., 2017). Briefly, cells were incubated with 500 uM Biotin-Phenol
during the last 30 min of LLOMe or GPN treatment and subsequently pulsed by addition of
H,0, for 1 min at room temperature. To stop the biotinylation reaction, they were washed 3
times with quencher solution (10 mM sodium azide, 10 mM sodium ascorbate, 5 mM Trolox
in DPBS) and 3 times with PBS. All further steps were performed at 4°C unless indicated
otherwise. After cell harvest with 0.25 % Trypsin/EDTA (ThermoFisher), cells were counted
and heavy- and light-labelled cells were mixed at a 1:1 ratio based on total cell numbers.
After centrifugation, the resulting cell pellets were lysed in RIPA (50 mM Tris, 150 mM
NaCl, 0.1 % SDS, 1 % Triton X-100, 0.5 % sodium deoxycholate) supplemented with 10
mM sodium ascorbate, 1 mM sodium azide, 1 mM Trolox and protease inhibitors (Roche
Complete). Samples were sonicated 2 times for 1 s, spun down at 10,000 g for 10 min before
application to streptavidin agarose resin (ThermoFisher) and incubation with overhead
shaking overnight.

(iii) Proteomic mass spectrometry after proximity biotinylation: IP-MS was performed
as described before (Lobingier et al., 2017). Briefly, samples were washed 3 times in RIPA
buffer and 3 times in 3 M Urea buffer (in 50 mM ABC) followed by incubation with TCEP
(5 mM final) for 30 min at 55 °C with orbital shaking. After alkylation with IAA (10 mM
final) for 20 min at room temperature in the dark the reaction was quenched with DTT (20
mM final). Samples were washed 2 times with 2M Urea (in 50 mM ABC) before trypsin
digestion overnight at 37 °C (20 pg/mL final). The resin was spun down and supernatants
containing digested peptides were collected. After washing the resin 2 times with 2 M Urea
and pooling all supernatants the samples were acidified with TFA (1 % final). Digested
peptides were desalted on custom-made C18 stage tips. Using an Easy-nLC1200 liquid
chromatography, peptides were loaded onto 75 pm x 15 cm fused silica capillaries (New
Objective) packed with C18AQ resin (Reprosil- Pur 120, 1.9 pm, Dr. Maisch HPLC).
Peptide mixtures were separated using a gradient of 5 %-33 % acetonitrile in 0.1 % acetic
acid over 35 min and detected on an Orbitrap Elite mass spectrometer (ThermoFisher).
Dynamic exclusion was enabled for 30 s and singly charged species or species for which a
charge could not be assigned were rejected. MS data was processed and analyzed using
MaxQuant (version 1.6.0.1) (Cox and Mann, 2008) and Perseus (version 1.5.8.4) (Tyanova
et al., 2016). All proximity experiments were performed in triplicates. Unique and razor
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peptides were used for semiquantive analyses. Matches to common contaminants, reverse
identifications and identifications based only on site-specific modifications were removed
prior to further analysis. Log2 Heavy/Light ratios were calculated. A threshold based on a
log2 fold change of greater than 1-fold or less than —1-fold was chosen so as to focus the
data analysis on a smaller set of proteins with the largest alterations in abundance. MATLB
software was used to generate volcano plots. Student t-tests were used to determine
statistical significance between treatments. A p-value < 0.05 was considered statistically
significant. Raw MS data are available from ProteomeXchange. Project Name: SILAC
APEX2-GAL9 upon LLOMe or GPN treatment; Project accession: PXD015779.

Metabolomic analyses by CE-QqQ/TOFMS CE-MS/MS—Cultured cells (10° cells/
sample) were used for the extraction of intracellular metabolites. The culture medium was
aspirated from the dish and cells were washed twice by 5 % mannitol solution (10 mL first
and then 2 mL). The cells were then treated with 800 L of methanol and left at rest for 30 s
in order to inactivate enzymes. Next, the cell extract was treated with 550 pL of Milli-Q
water containing internal standards (H3304-1002, Human Metabolome Technologies, Inc.,
Tsuruoka, Japan) and left at rest for another 30 s. The extract was obtained and centrifuged
at 2,300 g and 4 °C for 5 min and then 800 pL of upper aqueous layer was centrifugally
filtered through a Millipore 5-kDa cutoff filter at 9,200 g and 4 °C for 120 min to remove
proteins. The filtrate was centrifugally concentrated and re-suspended in 50 pL of Milli-Q
water for CE-MS analysis. Cationic compounds were measured in the positive mode of CE-
TOFMS and anionic compounds were measured in the positive and negative modes of CE-
MS/MS according to the methods developed by Soga, et al (Soga and Heiger, 2000; Soga et
al., 2003; Soga et al., 2002). Peaks detected by CE-TOFMS and CE-MS/MS were extracted
using automatic integration software (MasterHands, Keio University, Tsuruoka, Japan
(Sugimoto et al., 2010) and MassHunter Quantitative Analysis B.04.00, Agilent
Technologies, Santa Clara, CA, USA, respectively) in order to obtain peak information
including m/z, migration time (MT), and peak area. The peaks were annotated with putative
metabolites from the HMT metabolite database based on their MTs in CE and m/z values
determined by TOFMS. The tolerance range for the peak annotation was configured at +0.5
min for MT and £10 ppm for m/z. In addition, concentrations of metabolites were calculated
by normalizing the peak area of each metabolite with respect to the area of the internal
standard and by using standard curves, which were obtained by three-point calibrations.
Hierarchical cluster analysis (HCA) and principal component analysis (PCA) were
performed by PeakStat and SampleStat software, respectively. Detected metabolites were
plotted on metabolic pathway maps using VANTED (Visualization and Analysis of
Networks containing Experimental Data) software (Junker et al., 2006).

LysolP proteomic analysis and DIA quantification and statistical analysis—
Freshly generated stable LysolP HEK293T cells were generated as described in the LysolP
section by transduction with lentiviruses (prepared from HEK293T cells co-transfected with
pLJC5-TMEM192-3XHA in combination with pPCMV-VSV-G and psPAX2 packaging
plasmids). Unlike for standard LysolP where established stable cell lines were employed, for
LysolP proteomic studies only freshly generated stable cells were used. The cells were
subjected to lysosomal damage with 1 mM LLOMe for 30 min, lysosomes purified
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following the LysolP protocol (Abu-Remaileh et al., 2017). Beads with bound lysosomes
were washed four times with 200 uL of 50mM Triethyl ammonium bicarbonate (TEAB)
with a 20 min shake time at 4 °C in between each wash. Roughly 2.5 pg of trypsin was
added to the bead and TEAB mixture and the samples were digested over night at 800 rpm
shake speed. After overnight digestion the supernatant was removed, and the beads were
washed once with enough 50 mM ammonium bicarbonate to cover. After 20 min at a gentle
shake the wash is removed and combined with the initial supernatant. The peptide extracts
are reduced in volume by vacuum centrifugation and a small portion of the extract is used
for fluorometric peptide quantification (Thermo scientific Pierce). One microgram of sample
based on the fluorometric peptide assay was loaded for each LC/MS analysis.

Peptides were separated on an Easy-spray 100 um x 25 cm C18 column using a Dionex
Ultimate 3000 nUPLC. Solvent A=0.1 % formic acid, Solvent B=100 % Acetonitrile 0.1 %
formic acid. Gradient conditions = 2 %B to 50 %B over 60 min, followed by a 50 %-99 % B
in 6 min and then held for 3 min than 99 %B to 2 %B in 2 min. Total Run time = 90 min.
Thermo Scientific Fusion Lumos mass spectrometer running in Data independent Analysis
mode. Two gas phases fractionated (GFP) injections were made per sample using sequential
4 Da isolation widows. GFP1 = m/z 362-758, GFP 2 = m/z 758-1158. Tandem mass spectra
were acquired using a collision energy of 30, resolution of 30K, maximum inject time of 54
ms and a AGC target of 50K.

DIA data was analyzed using Scaffold DIA (1.3.1). Raw data files were converted to mzML
format using ProteoWizard (3.0.11748). Analytic samples were aligned based on retention
times and individually searched against Pan human library http://www.swathatlas.org/ with a
peptide mass tolerance of 10.0 ppm and a fragment mass tolerance of 10.0 ppm. Variable
modifications considered were: Modification on M M and Modification on C C. The
digestion enzyme was assumed to be Trypsin with a maximum of 1 missed cleavage site(s)
allowed. Only peptides with charges in the range <2..3> and length in the range <6..30>
were considered. Peptides identified in each sample were filtered by Percolator
(3.01.nightly-13-655e4c7-dirty) to achieve a maximum FDR of 0.01. Individual search
results were combined and peptide identifications were assigned posterior error probabilities
and filtered to an FDR threshold of 0.01 by Percolator (3.01.nightly-13-655e4c7-dirty).

Peptide quantification was performed by Encyclopedia (0.8.1). For each peptide, the 5
highest quality fragment ions were selected for quantitation. Proteins that contained similar
peptides and could not be differentiated based on MS/MS analysis were grouped to satisfy
the principles of parsimony. Proteins with a minimum of 2 identified peptides were
thresholded to achieve a protein FDR threshold of 1.0 %.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as means + SEM (n = 3). Data were analyzed with a paired two-tailed
Student’s #test or analysis of variance (ANOVA) was used. Statistical significance was
defined as Tp > 0.05; *p < 0.05, **p<0.01. Prism 8 or KaleidaGraph (v4.1.3.) software
packages were used for statistical analysis. Power analysis was done only for HCM, based
on previously published data using medium size effects. Replication, biological replicates
(n) are indicated in legends. Error bars refer to biological replicates (technical sampling
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errors not shown). Strategy for randomization and/or stratification, not applicable. Blinding
was not used at any stage of the study: HCM analyses are machine and algorithm-driven
image acquisition and data collection, processing and analyses and are investigator-
independent processes. Inclusion and exclusion criteria, all data that passed technical criteria
were included.

DATA AND CODE AVAILABILITY

Original microscopy and Western blots of this study have been deposited at Mendeley data:
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ProteomeXchange. Project Name: SILAC APEX2-GAL9 upon LLOMe or GPN treatment;
Project accession: PXD015779.
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Lysosomal damage activates AMPK, autophagy, metabolic and antimicrobial
responses

Galectin 9 transduces damage signal to ubiquitin responses via USP9X and
TAK1

TAKT1 controls AMPK in the physiological context of lysosomal permeability
changes

Anti-diabetic drug metformin causes mild lysosomal damage and downstream
responses
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Figure 1. Gal9 is required for ubiquitination in response to lysosomal damage.
(A) High content microscopy (HCM) quantification of endogenous ubiquitin (Ub) puncta in

Huh7 cells subjected to knockdowns (SCR, scramble siRNA); full medium + 1mM LLOMe,
30 min. Blue: nuclei, Hoechst 33342; green: anti-Ub FK2 antibody, Alexa-488. White
masks, algorithm-defined cell boundaries (primary objects); green masks, computer-
identified ubiquitin puncta. HCM data, means + SEM, n = 3 (each experiment: 500 valid
primary objects/cells per well, > 5 wells/sample). Tp = 0.05 (not significant), **p < 0.01,

ANOVA. (B) Ub puncta (FK2) in GalowTHUN7 and Gal9kQHuh?
Treatment and masks as in A. Ctrl, control untreated cells. HCM
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(C) Immunoblot analysis of Gal9 knockouts (Gal9WTHUN and GalokOHUN?). (D) Confocal
microscopy imaging of Ub and LAMP1. Scale bar, 10 pM. (E) Summary of the findings in
Figures 1 and S1. (F) Schematic, SILAC LC-MS/MS proteomics using APEX2-Gal9-
293Tstable (see STAR Methods). (G) Volcano plot, protein proximity biotinylation dynamics
with APEX2-Gal9 (from SILAC LC-MS/MS data in Table S1, Tabs 2 and 3; 3 independent
biological experiments) upon lysosomal damage (1mM LLOMe, 1 h). Red and green, Gal9
partners of interest with reduced and increased abundance after lysosomal damage (Log2
fold change, Log2 of LLOMe: control ratio; dashed line, —Log10 statistical significance
cutoff (p = 0.05). Asterisks, proteins identified by LC-MS/MS after lysosomal damage with
GPN (see Figure 3A). See also Figure S1.
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Figure 2. Gal9 recruitment to damaged lysosomes regulates ubiquitination response
(A) BioWeB analysis (see STAR methods) of HEK293T cells expressing (+) APEX2-myc-

Gal9 (APEX2-Gal9—293Tstable cells) or not (-), incubated with 1 mM LLOMe for 30 min,
with or without biotin-phenol (BP), and pulsed with H,O5. Biotinylated proteins were
affinity-enriched (eluate) on streptavidin beads and analyzed by immunoblotting. (B) Co-
immunoprecipitation (Co-IP) analysis of LAMP2-Gal9 interactions. HEK293T cells
expressing FLAG-tagged Gal9 or glycan-recognition mutants of Gal9 (R65A, R239A, or
combined R65A/R239A) were treated with 1 mM LLOMe for 30 min. (C) Confocal
microscopy of Gal9 puncta in Huh7 cells transfected with FLAG-Gal9WT or double mutant
FLAG-Gal9RE5A/RZ39A treated 30 min with ImM LLOMe. Cells were immunostained for
FLAG. Scale bar, 10 uM. (D) HCM quantification of FLAG-Gal9 puncta in Huh7 cells
transfected with FLAG-Gal9WT or mutants. HCM, blue: nuclei, Hoechst 33342; green: anti-
FLAG, Alexa-488). White masks, algorithm-defined cell boundaries; green masks,
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computer-identified FLAG-Gal9 puncta. (E) Confocal visualization of endogenous Ub
puncta in Gal9WTHUN and GalgKOHUN cells complemented with FLAG-Gal9WT or FLAG-
Gal9R65A/RZ39A Treatment as in D. Scale bar, 10 uM. (F) Endogenous Ub puncta quantified
by HCM. Cells treatment as in (E). Ctrl, untreated cells. Masks as in D, except green masks,
Ub puncta. (G) Summary of findings in Figures 2 and S2. HCM data, means + SEM; n > 3
(each experiment: 500 valid primary objects/cells per well, = 5 wells/sample). Tp = 0.05 (not
significant), *p < 0.05, **p < 0.01, ANOVA. See also Figure S2.
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Figure 3. Deubiquitinating enzyme USP9X is a Gal9 interactor and plays a role in ubiquitin
response to lysosomal damage

(A) Volcano plot, protein proximity biotinylation dynamics in APEX2-Gal9-293stble cel|s
from SILAC LC-MS/MS data in Table S1, Tabs 2 and 4 (3 independent biological
experiments), lysosomal damage (100 uM GPN, 1 h) vs control. Red and green, Gal9
partners of interest with reduced and increased abundance after lysosomal damage (Log2
fold change, GPN: control ratio; dashed line, —Log10 statistical significance cutoff (p =
0.05). Asterisks, overlaps with proteins of interest in Figure 1G. (B) Co-IP analysis of
endogenous USP9X in HEK293T cells expressing FLAG-Gal9 and treated with 1 mM
LLOMe. (C) Co-IP analysis of FLAG-Gal9WT or FLAG-Gal9R65A/R239A and endogenous
USP9X 1 mM LLOMe, 30 min. (D) HCM quantification of endogenous Ub puncta in
GalowTHUN7 and GalgkOHUN cells transfected with USP9X or scramble (SCR) siRNA and
treated with ImM LLOMe 30 min, (blue: nuclei, Hoechst 33342; green: anti-FK2 Ub
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antibody, Alexa-488). (E) WB analysis of USP9X knockdown in Gal9KOHU7 cells. (F)
Confocal microscopy of endogenous Ub puncta. Scale bar, 10 uM. (G) HCM quantification
of FLAG-USP9X and LAMP1 overlaps in Gal9WTHUN7 and GalakOHUN cells; 1mM
LLOMe treatment. White masks, algorithm-defined cell; Yellow masks, computer-identified
overlap of FLAG-USP9X and LAMP1. (H) Lysosomes purified by LysolP from
GaloWwTHUN7 and GalgkOHUN cells transfected with FLAG-USP9X. 1mM LLOMe. (1)
Schematic summary of the findings in Figures 3 and S3. HCM data, means + SEM; n > 3
(each experiment: 500 valid primary objects/cells per well, = 5 wells/sample). Tp = 0.05 (not
significant), *p < 0.05, **p < 0.01, ANOVA.

Mol Cell. Author manuscript; available in PMC 2021 March 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Jiaetal.

Page 38

A B GFP-TAK1 C  orpraki,

+ + + 4+ + + + o+
WT Galgre HA-Ub-WT + + + + HA-Ub-WT+  + + + 4
HA-Ub-WT 4+ + 4+ 4+ FLAG-Gald - + - + FLAG-Galgfesrmsor
FLAG-TAK1 + + + + FLAG + - + - M, FLAG-Galo® . . . 4 .
LLOMe - + - + M LLOMe gnin 30 30 60 60 (kDa) FLAG-Galg®* . . 4+ . .
~ (kDa) 5 — 130 FLAG-Gal9"™ - + - - -
HA = f 5= B =
O|HA - 130 § FLAG
g M
3 [ — 100 LLOMe + + + + + L
T o 2 (kDa)
E & = O FLAG z -
| FLAG 4 HAX —_—
& - - M FLAG-Gal9 = ki
=| caio A ol . 1Mk
GFP a3 © =100
T SR oo d —
2 22 s FLAG
g FLAG e - 3 -
] X
e }
2 <1 GFP
&
=l ore - TAK1 ..“-, =100
TAK] - " =100 o
D HEK293T LLOMe (miny 30306060 | FLAG L
ol
5 © GFP
GFP + = - - = E S 1 I — 100
HA-Ub-K63 + + + + + NV BN O
FLAG-TAK1: + + + + HEK293T
FLAGTAKT + + + + + e s « B 4 M, oWT
LLOMe + + + + + M | (kDa) 2-0.8 1mm Galgr©
(kDa) QUSPOX_ L L W .0 = e
USPOX | W s == == = gy = 250 o6
| T B, =
4l TAK1 705 G
04 KO
USP9X < WT Gal9
= FLAGt-..-%O z USPOXsi T~ - - - =+ =+
i = X SCR _ - + + - - Mr
o HA§ IS5 T'°‘K1l..i—70 80'2 LLOMe - + - + - + (kDa)
] ) ;
= Galom= &= 35 5 -T184 /S — '
= 0.0 p . 3-—-—'“
L.L. Huh7 FLAG-TAK1:+ + + + TAK1 “ -70
& LLOMe' - - + +
F WT Galgr° -0
GFP Tt B LLOMe (min) 0 10 20 30 0 10 20 30 ('!\Ad) Gal9 s —35
P a
FLAG- D-T184 TAKT o s it 70 USPOX . n
Tak IR g o L
-GN S —————
USPOX B S s s 55 TAK1 B B-actin | o
— = — p-T184 TAK1/TAKT 1.0 2.381.25 1.12 1.80 2.45
5| S e Gal9 -’ B =35 7 eroxbont
5| calo S wEaT X/B-actln'j‘.() 11 0.82 087 0.12 0.11
" uh7
| cFp ‘ - 25 B-aCtin S - - — -
FLAG- p-T184 TAK1/ 1.0 28 2.9 35 15 162142135
—
TAK1 S _ 70 TAK Huh7
HEK293T

Figure 4. Ubiquitin and USP9X in response to lysosomal damage converge upon TAK1, an
upstream regulator of AMPK

(A) TAK1 ubiquitination analysis in Gal9WTHU"? and GalgKOHUN7 cells transfected with
FLAG-TAK1 and HA-Ub-WT and treated with 1mM LLOMe for 30min. IP, anti-FLAG
antibody; immunoblot for Ub, anti-HA antibody. (B) TAK1 ubiquitination analysis in
HEK?293T cells transfected with GFP-TAK1, HA-Ub-WT and FLAG or FLAG-Gal9 and
treated with 1ImM LLOMe for 30min or 60min. (C) TAK1 ubiquitination analysis in
HEK293T cells transfected with GFP-TAK1, HA-Ub-WT and FLAG or FLAG-Gal9WT/
FLAG-Gal9R®A/FLAG-Gal9R239/FLAG-Gal9RE5A/R239A and treated with ImM LLOMe
for 30min. (D) Analyses of FLAG-TAK1-USP9X(endogenous) interactions and analysis of
TAK1 K63 ubiquitination. HEK293T cells were transfected with FLAG-TAK1, HA-Ub-K63
and GFP or GFP-Gal9 in increasing amounts (0.5, 1, 2.5 and 5pg) and treated with ImM
LLOMe for 30min. (E) Co-IP analysis of interactions between FLAG-TAK1 and
endogenous USP9X in Gal9WTHUN and GalokOHUN, Cells transfected with FLAG-TAK1
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were treated with ImM LLOMe for 30min. (F) WB analysis of phospho-TAK1 in
GalowTHU7 and GalakOHUN cells treated with 1mM LLOMe. (G) WB analysis of
phospho-TAK1 in GalowTHU"7 and GalgkOHUN7 cells with knockdowns as indicated; 1mM
LLOMe for 30 min. Data, means + SEM; immunablots, n = 3; *p < 0.05, **p < 0.01,
ANOVA.
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Figure 5. AMPK activation during lysosomal damage depends on TAK1
(A) Schematic, stable Flp-In APEX2-AMPKa1TetON cells (N-ter FLAG tag on APEX2 not

shown) and their use in BioWeB. (B) BioWeB analysis in Flp-In APEX2-AMPKq1Tet-ON
cells induced with tetracycline (1g) for 24h, treated with ImM LLOMe and. Affinity-
enriched biotinylated proteins (eluate) revealed by immunobloting. (C) BioWeB as in B with
indicated treatments and time; ImM LLOMe, 100uM GPN 1uM oligomycin 1h, Glucose
free medium 1h; 10pM ionomycin 1h; 10uM A23187 1h. (D) WB analysis of Huh7 and
HelLa cells, treated with or without TAK1 inhibitor, (5Z)-7-Oxozeaenol (2 uM for 1h) and
1mM LLOMe for 30 min. (E) WB analysis of WT and TAB2 KO MEFs treated with 1mM
LLOMe for 30min. (F) Analysis of the activation of AMPK by TRAIL in THP-1 cells
treated for 1h. (G) HCM quantification of Gal9 puncta in THP-1 cells, treated with 10ug/mL
TRAIL for 1h. White masks, algorithm-defined cell boundaries; green masks, computer-
identified Gal9 puncta. (H) HCM quantification of ubiquitin puncta in THP-1 cells subjected
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to Gal9 knockdown in response to the treatment with 10ug/mL TRAIL for 1h. White masks,
as in G; green masks, computer-identified ubiquitin puncta. (I-J) Analysis of the activation
of AMPK in Huh7 cells subjected to knockdowns treated with 1mM LLOMe for 30min (I)
or 2h (J). AMPK activity was monitored by immunoblotting analysis of AMPKa (p-T172)
and acetyl-CoA carboxylase (ACC, p-S79) phosphorylation. Cells transfected with
scrambled siRNA were as control (SCR). (K) AMP/ATP ratio in Huh7 cells in response to
1mM LLOMe treatment and duration. Data, means £ SEM; HCM n = 3 (each experiment:
500 valid primary objects/cells per well, = 5 wells/sample). AMP/ATP ratios, n=3.
Significance: *p < 0.05, **p < 0.01, ANOVA.
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Figure 6. Activated AMPK translocate to lysosomes in a Gal9-dependent manner
(A-C) Immunoblot analysis for indicated proteins in cell lysates or purified lysosomes (by

LysolP) from HEK293T cells subjected to 1mM LLOMe treatment for 30min. (D) Summary
of LysolP LC-MS/MS proteomic DIA analysis from HEK293T cells (see STAR methods,
and Table S1, Tabs 7-9). (E) LysolP analysis (see schematic in A) of indicated proteins in
GalowTHUN? and GalgkOHUN cells subjected to 1mM LLOMe treatment for 30min. (F)
WB analysis of AMPK activation in Gal9WTHUN and Gal9KOHU7 cells treated with 1mM
LLOMe. (G) WB analysis as in F without (SCR) or with USP9X knockdown (H) Overall
schematic summary.
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Figure 7. Gal9 and USP9X regulate autophagy response to lysosomal damage
(A) THP-1 cells were starved in EBSS or treated in full medium with 250uM metformin for

2h or 250uM LLOMe for 1h, and the mean area/cell of LC3 puncta was determined by
HCM. White masks, algorithm-defined cell boundaries; green masks, computer-identified
LC3 puncta. (B) THP-1 cells were treated with escalating doses of metformin and analyzed
as in A. (C) Proteins in membrane fractions (OptiPrep gradients; 1-8 fractions, light to
heavy). Red boxes, shift of proteins to lighter fractions in LLOMe treated cells. (D) LC3-11
conversion analysis (WB) in Gal9WTHU"7 and GalgKOHUN? cells treated with 1mM
LLOMe. (E) HCM quantification of LC3 puncta. Cells transfected with Gal9WT or its
mutant Gal9RESARZ3%A ere treated with LLOMe for 30 min (F) LC3-I1 analysis as in D.
Gal9KOHUNT were transfected with siRNA treated and processed as in D. (G) HCM
guantification of LC3 puncta as in (E) with USP9X KD. White masks, algorithm defined
cell boundaries; red masks, computer-identified LC3 puncta. HCM data, means + SEM; n >
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3 (each experiment: 500 valid primary objects/cells per well, = 5 wells/sample). Tp = 0.05
(not significant), *p < 0.05, **p < 0.01, ANOVA.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit Anti-GFP Abcam ab290
Rabbit Anti-GFP(6AT316) Abcam ah38689
Rabbit Anti-mCherry Abcam ah183628
Rabbit Anti-VDAC1/Porin Abcam ab15895
Mouse Anti-GM130 Abcam ab1299
Mouse Anti-P4HB(PDI) (RL90) Abcam ab2792
Rabbit Anti-Galectin 9 Abcam ab69630
Rabbit Anti-USP9X Abcam ab19879
Rabbit Anti-LKB1 Abcam ah61122
Rabbit Anti-CaMKK2 Abcam ab96531
Rabbit Cathepsin D Abcam ah6313
Rabbit Anti-LC3 MBL International PMO036
Rabbit Anti-ATG16L1 MBL International PMO040
Mouse Anti-Galectin 3 BioLegend #125402
Rabbit Anti-p-AMPKa (T172) Cell Signaling Technology #2535
Rabbit Anti-AMPKa Cell Signaling Technology #2532
Rabbit Anti-p-ACC (S79) Cell Signaling Technology #11818
Rabbit Anti-ACC Cell Signaling Technology #3662
Rabbit Anti-p-ULK1 (S555) Cell Signaling Technology #5869
Rabbit Anti-ULK1(D9D7) Cell Signaling Technology #6439
Rabbit Anti-p-TAK1 (T184/187) (90C7) Cell Signaling Technology #4508
Rabbit Anti-TAK1 Cell Signaling Technology #5206
Rabbit Anti-HA Cell Signaling Technology #3724S
Rabbit ATG13 (E1Y9V) Cell Signaling Technology #13468
Rabbit LAMP1 (D2D11) Cell Signaling Technology #9091
Rabbit AXIN (C76H11) Cell Signaling Technology #2087
Mouse Anti-FLAG M2 Sigma Aldrich F1804
Mouse LAMP2 DSHB of University of lowa H4B4
Mouse Anti-Ubiquitin (FK2) Millipore 04-263
Mouse Anti-ALIX BioLegend #634502
Rabbit Anti-Catalase Calbiochem 219010
Goat Anti-Galectin 9 R&D AF2045
Clean-Blot IP Detection Kit (HRP) ThermoFisher 21232
Alexa Fluor 488 secondary antibody ThermoFisher A-11029
Alexa Fluor 568 secondary antibody ThermoFisher A-11036
Mouse Anti-c-Myc Santa Cruz Biotechnology sc-40
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REAGENT or RESOURCE SOURCE IDENTIFIER
Rabbit beta-Actin (C4) Santa Cruz Biotechnology sc-47778
Rabbit Galectin 8(H-80) Santa Cruz Biotechnology sc-28254
Goat anti-rabbit IgG-HRP secondary antibody Santa Cruz Biotechnology sc-2004
Goat anti-mouse 1gG-HRP secondary antibody Santa Cruz Biotechnology sc-2005
Bacterial and Virus Strains
NEB 5-alpha Competent £.coli (High Efficiency) New England Biolabs C2987
One Shot Mach1 Phage-Resistant Competent £.coli ThermoFisher C862003
Mycobacterium tuberculosis Erdman Manzanillo et al., 2012 N/A
Biological Samples
Human peripheral blood monocyte cells Consented human volunteers, University | N/A

of New Mexico Clinical and

Translational Science Center
Chemicals, Peptides, and Recombinant Proteins
Leu-Leu-methyl ester hydrobromide (LLOMe) Sigma Aldrich L7393
Gly-Phe-beta-Naphthylamide (GPN) Cayman Chemicals 21438-66-4

Biotinyl tyramide (biotin-phenol)

AdipoGen LIFE SCIENCES

CDX-B0270-M100

Application

TRAIL/APO 2 ligand Neuromics PR27058
A23187 Sigma Aldrich C7522
lonomycin InvivoGen N/A
Oligomycin A Sigma Aldrich 75351
sodium ascorbate Sigma Aldrich AT7631
sodium azide Sigma Aldrich S2002
Trolox Sigma Aldrich 238813
Tetracycline hydrochloride Sigma Aldrich T3383
Puromycin dihydrochloride Sigma Aldrich P9620
TAKL1 inhibitor (5Z-oxozeanol) Sigma Aldrich 09890
Silica crystal US Silica MIN-U-SIL-15
mouse macrophage colony stimulating factor (mM-CSF) Cell Signaling Technology 5228
Hygromycin B (50mg/mL) ThermoFisher 10687010
LysoTracker Red DND-99 ThermoFisher L7528
Hoechst 33342 ThermoFisher H3570
Prolong Gold Antifade Mountant with DAPI ThermoFisher P36931
LR Clonase Il Plus Enzyme Mix ThermoFisher 11791100
BP Clonase Il Plus Enzyme Mix ThermoFisher 11789100
Critical Commercial Assays

ProFection Mammalian Transfection System Promega E1200
Amaxa Cell Line Nucleofector Kit R Lonza VCA-1001
QuickChange Lightning Muti Site-Directed Mutagenesis Kit Agilent 210515
Magic Red Cathepsin-B Assay ImmunoChemistry #938
ATP/ADP/AMP Assay Kit Biomedical Research Service & Clinical | A-125
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REAGENT or RESOURCE SOURCE IDENTIFIER
Lipofectamine RNAIMAX Transfection Reagent ThermoFisher 13778030
Lipofectamine 2000 Transfection Reagent ThermoFisher 12566014

Deposited Data

Raw MS data

http://www.proteomexchange.org

ProteomeXchange: PXD015779

Original imaging data (microscopy and western blots)

This paper; Mendeley Data

http://dx.doi.org/
10.17632/4gb6s7mhh7.1

Experimental Models: Cell Lines

5’-ggggaccactttgtacaagaaagctgggtcctatgtctgcacatgggtcage-3’

HeLa Flp-In-Gal9Tet-ON This study N/A
APEX2-Gal9-293Tsteble This study N/A
HEK293T TMEM192-3XHA This study N/A
HEK293T TMEM192-2XFLAG This study N/A
GalowTH! TMEM192-2XFLAG This study N/A
GalowTHUh? TMEM192-3XHA This study N/A
Gal9KOH” TMEM192-2XFLAG This study N/A
Gal9KOHUh? TMEM192-3XHA This study N/A
GalokoHuh? This study N/A
TAB2 KO MEFs Shizuo Akira, Osaka University N/A
Experimental Models: Organisms/Strains

CX3CR1 AMPKa1f/AMPK a2Vl mice Kenneth R. Hallows, USC N/A
Genotyping service provided by Transnetyx

Oligonucleotides

Gal9R85A-mutant oligonucleotide sense Integrated DNA Technologies N/A
5’-ccttccacttcaaccetgegtttgaagatggagggt-3’

Gal9R8>A-mutant oligonucleotide anti-sense Integrated DNA Technologies N/A
5’-accctccatcttcaaacgcagggttgaagtggaagg-3’

Gal9R239A-mutant oligonucleotide sense Integrated DNA Technologies N/A
5’-ccttccacctgaacccegcttttgatgagaatgcetg-3°

Gal9R239A-mutant oligonucleotide anti-sense Integrated DNA Technologies N/A
5’-cagcattctcatcaaaagcggggttcaggtggaagg-3’

Gal9 CRD1 oligonucleotide sense Integrated DNA Technologies N/A
5’-ggggacaagtttgtacaaaaaagcaggcttcgccttcageggttcccaggcete-3’

Gal9 CRD1 oligonucleotide anti-sense Integrated DNA N/A Technologies N/A
5’-ggggaccactttgtacaagaaagctgggtcctagctgatgtaggacagetge-3’

G,aIQ CRD2 oligonucleotide sense Integrated DNA Technologies N/A
3g_ggacaagtttgtacaaaaaagcaggcttcgggctgtacccatccaagtccatc-3’

Gal9 CRD2 oligonucleotide anti-sense Integrated DNA Technologies N/A

SIGENOME human USP9X siRNA (SMARTpool) Dharmacon M-004233-02-0005
Recombinant DNA

pRK5-HA-Ubiquitin-WT Lim et al., 2005 Addgene #17608
pRK5-HA-Ubiquitin-K48 Lim et al., 2005 Addgene #17605
pRK5-HA-Ubiquitin-K63 Lim et al., 2005 Addgene #17606
pLIC5-TMEM192-3XHA Abu-Remaileh et al., 2017 Addgene #102930
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REAGENT or RESOURCE SOURCE IDENTIFIER
pLJC5-TMEM192-2XFLAG Abu-Remaileh et al., 2017 Addgene #102929
pCMV-VSV-G Stewart et al., 2003 Addgene #8454
psPAX2 Trono lab Addgene #12260
pPENTR223-USP9X DNASU MmCD00297218
pDEST-mCherry-Gal9 This study N/A
pDEST-FLAG-GalgR65A This study N/A
pDEST-FLAG- Gal9R239A This study N/A
pDEST-FLAG-GalQR65A/R239A This study N/A
pDEST-GFP-LKB1 This study N/A
pDEST-FLAG-USP9X This study N/A
pDEST-SLC22A1-GFP This study N/A
pDEST-SLC22A1-FLAG This study N/A

pDEST-Gal9 CRD1 (1-146) Jiaetal, 2018 N/A

pDEST-Gal9 CRD2 (234-355) Jiaetal., 2018 N/A
pJJiaDEST-APEX2-Gal9 Jiaetal, 2018 N/A
pDEST-GFP-Gal8 Jiaetal., 2018 N/A
pDEST-GFP-Gal9 Jiaetal, 2018 N/A
pDEST-FLAG-Gal9 Jiaetal., 2018 N/A
pDEST-GFP-TAK1 Jiaetal, 2018 N/A
pDEST-FLAG-TAK1 Jiaetal., 2018 N/A
pDEST-Flp-In-APEX2-AMPKal This study N/A

Software and Algorithms

iDEV software ThermoFisher N/A

VANTED software Junker et al., 2006 http://vanted.ipk-gatersleben.de
AIM software Carl Zeiss https://www.zeiss.com/

microscopy/us/downloads.html

Scaffold software

Proteome Software Inc

http://
www.proteomesoftware.com/
products/free-trial/

MATLAB software MathWorks https://www.mathworks.com/
campaigns/products/trials.html

Other

RIPA Lysis Buffer ThermoFisher 89900

NP40 Cell Lysis Buffer ThermoFisher FNN0021

Protease Inhibitor Cocktail Tablets Roche 11697498001

PMSF Sigma Aldrich 93482

Anti-HA Magnetic Beads ThermoFisher 88836

Dynabeads Protein G ThermoFisher 10003D

Streptavidin Magnetic Beads ThermoFisher 88816

DMEM, no glucose ThermoFisher 11966025
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