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M1-linked ubiquitination by LUBAC regulates AMPK signalling
and the response to energetic stress
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Methionine-1 (M1)-linked ubiquitin chains, assembled by the linear ubiquitin chain assembly complex (LUBAC) and disassembled
by the deubiquitinase OTULIN, are critical regulators of inflammation and immune homoeostasis. Genetic loss or mutation of the
LUBAC subunits HOIP and HOIL-1 or of OTULIN causes autoinflammatory syndromes accompanied by metabolic defects, including
amylopectinosis, lipodystrophy, and fatty liver disease. Yet, it remains unclear how LUBAC and OTULIN control metabolic signalling.
Here, we demonstrate that LUBAC and OTULIN dynamically regulate the energy-sensing kinase AMPK, a central sensor and switch
for cellular and organismal energy balance. LUBAC's activity through the catalytic subunit HOIP is required for full AMPK activation
in response to energetic stress, whereas OTULIN antagonises this response. LUBAC and OTULIN form a complex with AMPK, and
LUBAC can directly ubiquitinate AMPKa and B subunits in cells and in vitro, establishing AMPK as a bona fide M1-linked ubiquitin
substrate. Loss of LUBAC blunts AMPK activation, reduces bioenergetic adaptability, impairs autophagy, and sensitises cells to
starvation-induced death, while Drosophila lacking Lubel - the fly orthologue of LUBAC - exhibit defective AMPK activation and
reduced survival during starvation. Our findings identify M1-linked ubiquitination as a previously unrecognised regulatory layer
controlling AMPK activation, metabolic adaptability, and the cellular response to energetic stress.
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INTRODUCTION

Methionine-1 (M1)-linked ubiquitin (Ub) chains (also called
‘linear’ ubiquitin chains) are important for the regulation of
immune signalling and inflammation [1]. M1-linked Ub s
specifically assembled by the linear ubiquitin chain assembly
complex (LUBAC), consisting of the catalytic subunit HOIP, HOIL-1
and SHARPIN [1, 2], and is specifically disassembled by the
deubiquitinase OTULIN [3, 4]. While M1-linked Ub chains
constitute only ~0.5% of cellular Ub chains [5], they are essential
for maintaining tissue and immune homoeostasis. LUBAC
regulates innate immune pathways, particularly TNF signalling,
NF-kB activation, and cell death, by conjugating non-degradative
M1-linked Ub chains to substrates, prominently within the
TNF receptor-1 (TNFR1) [1] complex, forming recruitment and

activation scaffolds for signalling proteins, including the IkB
kinase (IKK) complex [1].

Consistent with their important role in immune signalling, loss
of LUBAC subunits or OTULIN in mice causes embryonic lethality
[4, 6, 7] or inflammatory disease [8-11], while in humans, loss-of-
function mutations in HOIP, HOIL-1, or SHARPIN, or in OTULIN
cause the life-threatening autoinflammatory syndromes LUBAC
deficiency or OTULIN-related autoinflammatory syndrome (ORAS),
respectively [5, 8, 12-15]. Beyond inflammation, both syndromes
are associated with metabolic abnormalities. HOIP and HOIL-1
mutations lead to amylopectinosis with polyglucosan body
accumulation in muscle and heart [12, 13, 16], whereas OTULIN
deficiency causes lipodystrophy, subcutaneous adipose tissue
inflammation (panniculitis), and liver steatosis [5, 8, 15, 17].
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In mice, hepatocyte-specific loss of OTULIN induces severe
dysmetabolism, mTORC1 dysregulation, and hepatocellular carci-
noma independently of TNFR1 [17, 18]. However, the mechanisms
through which LUBAC and OTULIN regulate metabolism are
largely unexplored.

SPRINGER NATURE

Maintaining energy and metabolic homeostasis is vital for
cellular function and survival and is achieved through coordinated
molecular mechanisms that sense and respond to fluctuations in
energy and nutrient availability. Central to this regulatory network
is AMP-activated protein kinase (AMPK), a highly conserved Ser/

Cell Death & Differentiation



C.R. Elbzk et al.

Fig. 1 Proteomics identify LUBAC and OTULIN as interactors of AMPK. A Volcano plot of proteins from MS analysis of Strep-OTULIN affinity-
purification (AP) from HEK293T cells versus vector control. Known OTULIN interactors (teal) and AMPK pathway proteins (orange) highlighted.
False discovery rate (FDR) < 0.05; Fold-change (FC) cutoff 2.5. B Immunoblots of Strep-OTULIN AP from HEK293T cells transfected with 2xHA-
2xStrep-OTULIN or vector. C Immunoblots of Strep-HOIP AP from HEK293T cells co-transfected with V5-HOIL-1, V5-SHARPIN, and either 2xHA-
2xStrep-HOIP or vector. Immunoblots of endogenous HOIP (D) or OTULIN (E) immunoprecipitation (IP) from WT, HOIP-KO, and OTULIN-KO
U20S cells. F Top: Schematic representation of HOIP variants, including full-length wild-type (FL-WT), truncated mutants (PUB-UBA, PUB-NZFs,
PUB, RBR-LDD), and the catalytically inactive mutant (FL-C885S). Bottom: Immunoblots of HA-tagged HOIP variants AP from HEK293T cells
transfected with V5-HOIL-1, V5-SHARPIN, and 2xHA-2xStrep-HOIP or vector. G Left: Immunoblots of Strep-OTULIN AP from HEK293T cells
transfected with 2xHA-2xStrep-OTULIN variants or vector. Right: Schematic of OTULIN WT, APBM, Y56A, and AN mutants. H Volcano plot of
proteins from MS analysis of Strep-AMPKa1 (PRKAA1) AP from HEK293T cells versus vector control. AMPK subunits (PRKAB1/2 and PRKAG1)
(orange) and OTULIN and HOIP (RNF31) (blue) are highlighted. FDR < 0.05; FC cutoff 3.7. I Immunoblots of endogenous AMPK«1/2 IP from
U20S WT or AMPKa1/2 double-KO (DKO) cells. J Immunoblots of FLAG-AMPKa1 or o2 IP from HEK293T cells transfected with vector, 2xFLAG-

2xStrep-AMPKa1, or a2. All blots are representative of three independent experiments.

Thr kinase activated by cellular energy depletion [19]. AMPK is a
heterotrimer consisting of a catalytic a subunit and two regulatory
subunits, 3 and y. Canonical AMPK activation occurs when rising
AMP:ATP or ADP:ATP ratios during energy stress promote AMP/
ADP binding to the y subunit, displacing ATP and inducing a
conformational rearrangement that exposes Thr172 (T172) on the
a subunit for phosphorylation [20-22]. T172 is phosphorylated by
liver kinase B1 (LKB1), or in a nucleotide-independent manner by
Ca**/Calmodulin-dependent protein kinase 2 (CaMKK2), thereby
activating AMPK [23]. Active AMPK phosphorylates numerous
targets to orchestrate metabolic adaptation by inhibiting anabolic
processes and promoting catabolic pathways [19]. Key down-
stream actions of AMPK include inhibition of fatty acid synthesis
and activation of fatty acid oxidation via acetyl-CoA carboxylase 1
(ACC1) and ACC2, suppression of mammalian target of rapamycin
complex 1T (MTORC1) through regulatory-associated protein of
mTOR (RAPTOR) and tuberous sclerosis complex 2 (TSC2), and
induction of autophagy through unc-51-like autophagy activating
kinase 1 (ULK1) or mTORC1 inhibition [24, 25]. AMPK also
modulates inflammatory signalling and shapes immune-
metabolic responses in T cells and macrophages [26].

Due to its vital roles in energy homeostasis, fatty acid and
cholesterol synthesis, mitochondrial biogenesis, autophagy, and
insulin sensitivity, AMPK is an attractive therapeutic target in
metabolic diseases and cancer [27]. While AMPK activation is well-
known to be regulated by phosphorylation [28] and allosteric
nucleotide binding, the contribution of ubiquitination, particularly
chain type-specific ubiquitination, to AMPK regulation is poorly
understood.

Here, we reveal unexpected and important roles of LUBAC and
OTULIN in AMPK signalling and the response to energetic stress.
We show that LUBAC and OTULIN control AMPK signalling across
multiple cell types and tissues, at steady-state and in response to
glucose starvation. Mechanistically, LUBAC can directly ubiquiti-
nate AMPKa and 3 subunits and controls both the amplitude and
threshold of AMPK activation. Strikingly, loss of HOIP renders both
mammalian cells and Drosophila incapable of mounting a
functional response to energetic stress, sensitising them to
starvation-induced death. These findings reveal the first mechan-
ism by which LUBAC and Mi-linked Ub regulate metabolic
signalling and establish a new level of regulation of AMPK by M1-
linked ubiquitination.

RESULTS

LUBAC and OTULIN form a complex with AMPK in cells

We previously reported metabolic dysregulation in mice with
hepatocyte-specific deletion of OTULIN [17], but how M1-linked
Ub chains regulate metabolism remains unclear. To identify
metabolic pathways regulated by M1-linked ubiquitination, we
enriched Strep-tagged OTULIN from HEK293T cells and analysed
the OTULIN interactome using mass spectrometry (MS)-based
proteomics (Table S1). Interestingly, we identified multiple OTULIN
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interactors in the AMPK signalling pathway, including the catalytic
AMPKa1 subunit (PRKAA1) and the AMPK substrates RAPTOR [29]
and TSC2 [30] (Fig. 1A). These interactions were largely unaffected
by deletion of OTULIN’s C-terminal PDZ domain-binding motif
(PBM), which mediates interactions with PDZ domain-containing
proteins such as SNX27 [31] (Fig. STA-D). This shows that OTULIN
binds AMPK pathway proteins independently of PDZ-mediated
interactions, and suggests OTULIN may directly impact AMPK
signalling.

We validated the interaction between OTULIN and AMPK by
affinity purification of Strep-tagged OTULIN followed by immuno-
blotting. AMPKa1/2, 31, $2, and y1, and the AMPK substrate TSC2,
co-precipitated with OTULIN (Fig. 1B). Since OTULIN antagonises
LUBAC signalling [3, 32], we hypothesised that LUBAC may also
interact with AMPK. We expressed HOIP, HOIL-1, and SHARPIN in
cells and affinity-purified LUBAC via Strep-tagged HOIP. Indeed,
AMPKa1/2, B1, B2, and y1 also co-precipitated with LUBAC
(Fig. 1C), confirming an interaction between LUBAC and AMPK,
suggesting a role for M1-linked ubiquitination in AMPK regulation.

We further examined the LUBAC-OTULIN-AMPK interaction by
immunoprecipitating endogenous HOIP and OTULIN, which both
co-precipitated endogenous AMPKa1/2 (Fig. 1D, E). Because
OTULIN interacts directly with LUBAC by binding to HOIP’s PUB
domain via its PUB-interacting motif (PIM) [33, 34], we tested
whether HOIP and OTULIN can interact with AMPK independently.
HOIP retained AMPKa1/2 binding in OTULIN knockout (KO) cells
(Fig. 1D), whereas OTULIN co-precipitated less AMPKa1/2 from
HOIP-KO cells (Fig. 1E), indicating that OTULIN interacts with AMPK
partly through LUBAC.

To map the HOIP domains required for AMPK interaction, we
analysed HOIP mutants. Full-length wild-type (WT) HOIP and HOIP
lacking the RBR-LDD domain bound AMPK, whereas deleting both
the RBR-LDD and double-UBA domains, or expressing the RBR-
LDD domain alone, prevented AMPK binding (Fig. 1F), indicating
that HOIP’s double-UBA domain is required for AMPK interaction.
As HOIL-1 and SHARPIN bind HOIP via its double-UBA to form
trimeric LUBAC [2, 35], this suggests that HOIL-1, SHARPIN, or full
assembly of LUBAC mediates the AMPK interaction. For OTULIN,
the N-terminal PIM-containing region was important for AMPK
binding as the AN mutant bound less AMPKa1/2 and 1/2 than
WT OTULIN (Fig. 1G), consistent with OTULIN binding AMPK
through LUBAC (Fig. 1E). In contrast, the OTULIN'*** mutant,
which reduces binding to HOIP [33, 34], bound AMPK to a similar
extent as WT OTULIN (Fig. 1G), suggesting that the OTULIN
N-terminus also makes direct contacts to AMPK.

We further investigated the LUBAC-OTULIN-AMPK complex by
immunoprecipitating FLAG-tagged AMPKal and analysing its
interactors by proteomics (Fig. STE and Table S2). Both OTULIN
and HOIP were significantly enriched in the AMPKa1 interactome
along with AMPK B1, B2, and y1 (FL% 1H), with >100 interactors
overlapping between the OTULIN™' and AMPK interactomes
(Fig. STF). Immunoprecipitation of endogenous AMPKa1/2 con-
firmed interactions with HOIP and OTULIN (Fig. 11). To test

SPRINGER NATURE
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whether both catalytic AMPK isoforms interact with LUBAC and
OTULIN, we precipitated FLAG-tagged AMPKal or 2. Both
isoforms co-precipitated HOIP, HOIL-1, and OTULIN (Fig. 1J),
showing that the M1-linked ubiquitination machinery interacts
with AMPK complexes containing either catalytic subunit.

Together, our findings show that LUBAC, OTULIN, and AMPK
form an endogenous complex in cells and that OTULIN interacts
with AMPK mainly through LUBAC.

LUBAC and OTULIN regulate AMPK signalling in response to
energetic stress

Our identification of a LUBAC-OTULIN-AMPK complex prompted
us to test whether LUBAC and OTULIN are important for AMPK
signalling. We subjected cells to energetic stress by glucose
starvation and analysed AMPK signalling by immunoblotting. In
U20S cells, siRNA-mediated knockdown of LUBAC (HOIP, HOIL-1,
and SHARPIN) or of HOIP alone reduced the phosphorylation of
AMPKa1/2 (T172) and its substrates ACC (579) and RAPTOR (5792)
in response to glucose starvation compared with control siRNA
(Fig. S2A-C). We also observed a reduction in starvation-induced
AMPK, ACC, and RAPTOR phosphorylation in U20S HOIP-KO cells
(Fig. S2D).

Given AMPK’s vital role in hepatic metabolism [36], we tested
whether LUBAC functions in AMPK signalling in the hepatocyte-
derived cell lines AML12 and HepG2. Consistent with our U20S
data, HOIP deletion in AML12 and HepG2 cells significantly
reduced the starvation-induced phosphorylation of AMPK, ACC,
and RAPTOR (Fig. 2A-D). The milder effect on phospho-AMPK
observed in the HepG2 cells may be due to adaption to
permanent HOIP loss as siRNA-mediated LUBAC knockdown
caused a more prominent reduction in AMPK phosphorylation
(Fig. S2E). Across all timepoints (30 min to 6h), HOIP loss
consistently reduced—but did not complete block—AMPK path-
way activation without overtly changing signalling kinetics
(Fig. 2A-D).

To determine whether LUBAC's ubiquitin ligase activity is
important for AMPK signalling, we stably reintroduced either
HOIPYT or the catalytically inactive HOIP®®’°® mutant into HOIP-
deficient AML12 cells. Intriguingly, only HOIPY" restored
starvation-induced phosphorglatlon of AMPK, ACC, and RAPTOR
(Fig. 2E). Consistently, HOIP“®”*> knock-in MEFs [37] displayed
significantly reduced AMPK phosphorylation and downstream
signalling after glucose starvation compared with WT MEFs
(Fig. 2F, G). Thus, LUBAC's catalytic activity is required for robust
AMPK pathway activation across multiple cell types following
glucose starvation.

OTULIN antagonises LUBAC and restricts M1-linked Ub signal-
ling in the NF-kB pathway [3, 8, 32], so we tested whether OTULIN
also restricts AMPK signalling. OTULIN-KO AML12 and HepG2 cells
displayed enhanced AMPK signalling with hyperphosphorylation
of AMPK, ACC, and RAPTOR (Fig. 2H-K), while maintaining normal
HOIP levels and accumulating M1-linked Ub, consistent with
increased LUBAC activity (Fig. 2H, 1). OTULIN knockdown in U20S
cells produced a similar, albeit milder, increase primarily in ACC
and RAPTOR phosphorylation (Fig. S2F). These data mirror our
observations in HOIP- and LUBAC-deficient cells and support a
role for OTULIN as a negative regulator of AMPK signalling.

Together, our data demonstrate that LUBAC and OTULIN are
bona fide regulators of AMPK signalling in response to energetic
stress: LUBAC's E3 ligase activity promotes AMPK activation,
whereas OTULIN restricts it, highlighting a key role for M1-linked
ubiquitination in controlling AMPK signalling.

LUBAC and OTULIN control AMPK activation in liver and
adipose tissue

We extended our investigation to CreERT2-Hoip /Mo mice,
enabling tamoxifen-inducible deletion of Hoip (germline ablation
of Hoip causes embryonic lethality [6]). Tamoxifen administration
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caused significant weight loss in Hoip™/° mice (Fig. S3A-D),
preventing longer-term studies in vivo. Instead, we isolated
hepatocytes from livers of tamoxifen-treated Hoip™/°* mice
(Figure S3A) and starved them of glucose ex vivo. Consistent with
our findings in cell lines, loss of HOIP blunted AMPK signalling in
primary hepatocytes, with reduced phosphorylation of ACC,
RAPTOR, AMPKa1/2, AMPKB1, and ULK1, compared with controls
(Fig. 3A). Surprisingly, the HOIP-deficient hepatocytes were also
less responsive to the small-molecule AMPK activator MK-8722
[38] (Fig. 3A), showing that LUBAC promotes AMPK signalling
during glucose starvation and direct allosteric activation.

To investigate the impact of LUBAC deficiency on in situ AMPK
signalling in metabolically active tissues, we crossed Hoip™/fox
mice with AdipogCre-expressing mice, resulting in specific
deletion of Hoip in adipocytes (Hoip™ Ko mice; Figure S3E). In
subcutaneous white adipose tissue (WAT) from 22 to 23-week-old
male Hoip*™*© mice fed a normal diet, all LUBAC components were
markedly reduced (Fig. 3B). Strikingly, even under fed, non- starved
conditions, AMPK T172 phosphorylation was reduced in Hoip™*
WAT compared with controls (Fig. 3B), indicating that LUBAC also
supports baseline AMPK activation in WAT under physiological
conditions.

We next assessed whether OTULIN regulates AMPK in situ. Mice
with hepatocyte-specific deletion of OTULIN (Otulin®"®P) display
neonatal steatosis, reduced hepatic glycogen, and mTORC1
dysregulation [17]. In livers from 9-day-old Otulin“"®P mice, AMPK
T172 phosphorylation was markedly elevated despite slightly
reduced AMPKa1/2 levels (Figs. 3C, D and S3F), even without
starvation, mirroring the baseline defects HOIP-deficient WAT. ACC
and RAPTOR protein levels were markedJ reduced (Fig. 3C),
resembling mTORC1 alterations in Otulin®"®" mice [17]. Impor-
tantly, after normalising protein levels, we observed significant
increases in ACC and RAPTOR phosphorylation (Fig. 3D), showing
that OTULIN limits baseline AMPK signalling in situ. Thus, LUBAC
and OTULIN control AMPK pathway activation in metabolically
active tissues, even in the absence of energetic stress, highlighting
a role for M1i-linked ubiquitination in steady-state AMPK
regulation.

Given these effects in mice, we asked whether AMPK signalling
is dysregulated in human disease with aberrant M1-linked
ubiquitination. We analysed human skin fibroblasts derived from
an ORAS patient carrying a homozygous OTULIN®®'® mutation
[5]. These fibroblasts phenocopy LUBAC-deficient cells, as the loss
of OTULIN is accompanied by substantial reduction in HOIP levels
[5] (Fig. 3E), an effect only observed in certain cells, such as
fibroblasts, B and T cells [5, 8]. Strikingly, AMPK T172 phosphor-
ylation was strongly reduced upon glucose starvation in
OTULIN®%8'® fibroblasts compared with healthy controls (Fig. 3E).
This demonstrates that M1-linked Ub signalling is important for
proper AMPK regulation in primary human cells and suggests that
dysregulated AMPK signalling may contribute to cellular malfunc-
tions in ORAS and LUBAC deficiency.

AMPKa and f subunits are substrates of LUBAC ubiquitination
We next tested whether AMPK associates with M1-linked Ub and
whether LUBAC can ubiquitinate AMPK. We expressed FLAG-
tagged AMPKa1/2 together with HOIP, HOIL-1 and OTULIN in
HEK293T cells and immunoprecipitated the AMPKa1/2 complexes.
When co-expressed with HOIP and HOIL-1, AMPKal/2 co-
precipitated a clear smear of MIl-linked Ub chains (Fig. 4A),
indicating that LUBAC forms M1-linked Ub chains on proteins
within or associated with the AMPK complex. These chains
were completely removed by co-expression of OTULINYT,
whereas they accumulated when co-expressed with catalytically
inactive OTULIN“'®°A, which protects and stabilises M1-linked
chains [3, 32] (Fig. 4A, compare lane 3 with lanes 4 and 5).
These data show that M1-linked Ub chains can be found in
AMPK complexes.
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Fig. 2 LUBAC and OTULIN regulate AMPK signalling after glucose starvation. A Immunoblots of AML12 WT and HOIP-KO cells starved in
glucose-free medium for the indicated times. B Densitometric analysis of (A) from three independent experiments. Smoothed trendlines fitted by
generalised additive model (GAM); p-value compares HOIP-KO to WT across all time points. C Immunoblots of HepG2 WT and HOIP-KO cells starved
as in (A). D Densitometric analysis of (C), performed as in (B). E Immunoblots of AML12 HOIP-KO cells stably reconstituted with HA-HOIP-WT or
catalytically inactive HA-HOIP-C879S, starved as in (A). F Immunoblots of WT or HOIP-C879S knock-in MEFs starved as in (A). G Densitometric analysis
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starved as in (A). J, K Densitometric analysis of (H, 1), respectively, performed as in (B). All blots are representative of three independent experiments.
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Fig. 3 LUBAC and OTULIN regulate AMPK activation in liver and adipose tissue. A Immunoblots of primary hepatocytes from tamoxifen-
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experiments.

To enrich M1-linked Ub, we used engineered binders [39], either
our M1-Trap (OTULINBO348C1294) o the M1-SUB derived from
NEMO'’s UBAN domain [32], both of which bind M1-linked Ub with
high affinity and specificity [3, 40]. Notably, the M1-Trap lacks
OTULIN’s N-terminus and therefore does not interact with AMPK
directly (Figs. 1G and S4A). To test whether LUBAC can
ubiquitinate AMPK, we expressed LUBAC containing either HOIPYT
or the catalytically inactive HOIP®®®*> mutant and enriched M1-
linked Ub chains using GST-M1-Trap. LUBAC containing HOIPY'
induced robust ubiquitination of endogenous AMPKa1, a2, and
B1/2, seen as high-molecular-weight smears, whereas HOIP<38°
failed to do so (Fig. 4B). LUBAC also autoubiquitinated HOIP but
did not modify LKB1 or RIPK1 (LUBAC substrate in TNF signalling
[1, 9]), even in the presence of OTULIN®'??" to stabilise the M1-
linked chains (Figs. 4C and S4B). Glucose starvation did not further
increase AMPK ubiquitination (Fig. S4B), likely due to saturation
from ectopic LUBAC expression.

Finally, an in vitro ubiquitination assay using purified AMPK and
recombinant LUBAC showed clear, LUBAC-dependent ubiquitina-
tion of AMPKa1/2 (Fig. 4D), demonstrating that LUBAC can

SPRINGER NATURE

ubiquitinate AMPK directly. These findings identify AMPK as a
direct LUBAC substrate and provide a potential mechanism for
M1-linked Ub-dependent regulation of AMPK signalling.

LUBAC regulates the kinase activity and activation threshold
of AMPK

Given that LUBAC can ubiquitinate AMPK, we investigated how
LUBAC controls AMPK signalling. LUBAC regulates TNF-induced
IKK and NF-kB activation [1], which can influence AMPK signalling
[41]. However, during glucose starvation, we observed robust
AMPK phosphorylation without detectable phosphorylation of
IKKa/B, TBK1, or IkBa, and no IkBa degradation (Fig. 5A).
Neutralising TNF did not affect AMPK signalling but blocked
TNF-induced IkBa degradation and NF-kB p65 phosphorylation
(Fig. S5A, B). Moreover, no caspase-3 cleavage was detected in
HOIP-KO cells for up to 6 h of glucose starvation (Fig. S5C, D),
indicating that impaired AMPK signalling is not a consequence of
cell death. Together, this shows that AMPK activation during
glucose starvation occurs independently of autocrine TNF and IKK
signalling, indicating that LUBAC regulates AMPK through

Cell Death & Differentiation
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Fig. 5 LUBAC controls the kinase activity and activation threshold of AMPK. A Immunoblots of U20S WT cells starved of glucose or treated
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mechanisms distinct from its established roles in TNF signalling,

IKK activation, and cell death.

AMPK ubiquitination has mainly been linked to regulation of its
stability [42-44], but steady-state levels of AMPKa1, a2, 31, 32, or
y1, as well as mTOR-related proteins that could influence AMPK,

Cell Death & Differentiation

N AMPK signaling
% Autophagy
2 Insulin signaling
c : "
S, Glucagon signaling

Apelin signaling

- Influenza A
o Phagosome
g Chemokine signaling
g Ribosome

4 Gap junction

Pathways in cancer
Proteoglycans in cancer
Metabolic pathways
MicroRNAs in cancer
Regulation of actin cytoskeleton

0 10 30 60 120
Time (min)
E WT
AMPKsignaling| @ @ @ @
Motorproteins{ @ @ © @
Notchsignaling! @ @ @ @ ® o .
Wht signaling; @ p.adjust
Glucagonsignalingt @ @ © © @ O 0.04
Longevity regulation{ @ @ @ @ ® o 0.03
Insulin signaling ® @ @ ® O 0.02
Adipocytokine signaling o @ 0.01
Autophagy ©@ o O [ | nes
Alcoholic liver disease: ® @@ o [6) o 15
Thyroid hormone signaling @ o o @ o :3
Tight junction: (0] ° Q@ 8 18
mRNA surveillance: [ ] @ o) 10
Amyotrophic lateral sclerosis @ ® @ Q20
Viral carcinogenesis: ° @
Parkinson disease: (@)
10 30 60 120 10 30 60 120
Time (min)
G u20s
o i
A S i
HoP £ 2525Q EQE2EQ
—————— + + + + + + BafA1(@2h)
- - - - — = == == qLC3B-I
104 v e - T &= |«
————
50 " - ————— DS e a» @ @ | C2 (long exposure)
T
-] S
§ 50**-—-———— - ———— | ,C)
s
]ggj - e e o e ‘HOIP
70-.9.;_..’_,"..'_.: ot o
- ol y Total protein
55

were unchanged in WT and HOIP-KO cells (Figs. 5B and S5E).

Cycloheximide chase experiments also showed no stability

differences during glucose starvation (Fig. 5B). Thus, LUBAC
regulates AMPK signalling through non-degradative mechanisms,
in line with its canonical function [1].
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Fig. 6 Phosphoproteomics reveal the LUBAC-dependent signalling network after glucose starvation. A Schematic of LC-MS/MS-based
phosphoproteomics in U20S WT and HOIP-KO cells glucose-starved for 0-120 min (n =3 per timepoint). B Top: Bar plots showing total
numbers of phosphoproteins, phosphopeptides, and phosphosites in the dataset. Bottom: Numbers of Class |, II, and lll phosphosites with
localisation probabilities >75%, 50-75%, and <50%, respectively, and total numbers of phosphosites on serine, threonine, and tyrosine
residues. C Left: Violin plots showing four fuzzy c-means cluster profiles of phosphosite z-scores over time in WT cells. Clusters were named by
phosphorylation dynamics. AMPKB1/2;5S108, RAPTOR;S722, and ACC1;S80 are included in the ‘Slow up’ cluster. Right: Bar plots showing the
top five KEGG pathways significantly enriched in each cluster (GSEA, p < 0.005), with ‘AMPK signalling’ highlighted in the ‘Slow up’ cluster.
D Line plots of KSEA kinase z-scores for the 10 most active kinases in the ‘Slow up’ cluster in WT (grey) and HOIP-KO (blue) cells. E Dot plot
showing KEGG pathway enrichment in WT and HOIP-KO cells during starvation. Size indicates NES; colour indicates FDR-adjusted p-value.
F Log2FC over untreated for select phosphosites in WT (grey) and HOIP-KO (blue) cells. Red line: level for statistically significant up-regulation.
G Immunoblots of U20S WT and HOIP-KO cells starved in glucose-free medium or HBSS and treated with BafA1 (2 h). Blots are representative

of three independent experiments.

To determine whether LUBAC affects AMPK kinase activity, we
performed quantitative IP-coupled kinase assays. Endogenous
AMPK was immunoprecipitated and its activity measured using a
synthetic substrate peptide and radiolabelled ATP [45]. Interest-
ingly, AMPK activity after glucose starvation was reduced to
~50-60% in HOIP-KO cells or following LUBAC knockdown
(Figs. 5C and S5F). Conversely, AMPK activity from OTULIN-KO
cells increased by ~20-25% relative to WT (Fig. 5D). These results
show that LUBAC and OTULIN regulate AMPK’s kinase activity,
consistent with the altered signalling in HOIP- and OTULIN-
deficient cells (Fig. 2).

We noted that LUBAC deficiency impacted AMPK activity as
early as 30 minutes after glucose withdrawal (Figs. 5C and S5F).
We therefore investigated whether LUBAC influences AMPK's
sensitivity to decreasing glucose or energy levels by exposing WT
and HOIP-KO cells to graded glucose concentrations (25-0 mM).
Loss of HOIP reduced AMPK's responsiveness to glucose deple-
tion. In WT cells, AMPK, ACC, and RAPTOR phosphorylation
appeared at ~1mM glucose, whereas HOIP-KO cells required
~0.25mM glucose or less (Fig. 5E). A similar shift in glucose
sensitivity was observed after LUBAC knockdown (Fig. S5G). Thus,
HOIP deficiency increases the activation threshold for AMPK
during energetic stress.

AMPK is canonically activated by increased AMP:ATP or
ADP:ATP ratios, but it can also directly sense glucose [46]. To
determine whether loss of HOIP or OTULIN affects cellular energy
balance, we quantified adenine nucleotide levels during glucose
starvation using mass spectrometry and calculated the adenylate
energy charge (AEC), an index of cellular energy status. In WT cells,
AEC dropped significantly within 30-60 min of glucose starvation
(Fig. 5F, G), reflecting reduced energy levels and rising AMP/
ADP:ATP ratios. HOIP- or OTULIN-KO cells showed similar
decreases in AEC (Fig. 5F, G), demonstrating energy depletion
comparable to WT cells. Thus, LUBAC and OTULIN act downstream
of changes in adenine nucleotide ratios, and the impaired AMPK
activation in HOIP-deficient cells is not due to lower AMP or ADP
levels in these cells during starvation.

We further tested whether LUBAC influences nucleotide-
independent AMPK activation. HOIP-deficient primary hepatocytes
were less sensitive to the allosteric AMPK activator MK-8722 (Fig.
3A), which stabilises phosphorylated T172 at the ADaM site
independently of nucleotides [47, 48]. When we treated cells with
MK-8722, WT cells showed robust AMPK, ACC, and RAPTOR
phosphorylation at <0.05puM MK-8722, whereas HOIP-KO cells
required >0.5uM for a comparable response (Fig. 5H). This
demonstrates that LUBAC contributes to full AMPK activation in
response to both increased AMP/ADP levels and direct allosteric
activation.

Collectively, our data show that LUBAC and OTULIN regulate
AMPK kinase activity without affecting adenine nucleotide ratios
during glucose starvation, indicating that M1-linked ubiquitination
regulates AMPK downstream of energy-sensing. Moreover, LUBAC
controls both the amplitude and activation threshold of AMPK in
response to glucose starvation and activation by MK-8722.
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Phosphoproteomics reveal LUBAC-dependent signalling
during energetic stress

Energetic stress, such as starvation, triggers a range of adaptive
processes in cells, including AMPK pathway activation. To
investigate the broader role of M1-linked Ub signalling during
energetic stress, we performed an MS-based phosphoproteomic
analysis of glucose-starved U20S WT and HOIP-KO cells (Fig. 6A).
We identified >20,000 phosphorylation sites (phosphosites) across
>4500 proteins (Fig. 6B). Glucose starvation induced significant
changes in the phosphorylation of hundreds of sites (Fig. S6A, B
and Table S3), but the overall phosphoproteomic landscape
remained similar between WT and HOIP-KO cells (Fig. S6C),
indicating that HOIP deficiency perturbs specific signalling events
rather than causing global signalling disruption.

We grouped phosphosites based on their dynamics using fuzzy
c-means clustering (Fig. 6A, C). The autophosphorylation sites of
AMPKB1/2 (PRKAB1/2; S108) and the canonical AMPK sites on ACC
(S80) and RAPTOR (S722) were part of the ‘Slow up’ cluster (Fig. 6C;
left). KEGG pathway enrichment confirmed that AMPK signalling
was strongly represented in this cluster (Fig. 6C; right, Table S4).
Kinase-Substrate Enrichment Analysis (KSEA) identified AMPKa1l
(PRKAAT) as the most active kinase in the cluster in both WT and
HOIP-KO cells, alongside 9 other kinases, including GSK3(, S6K1,
and CamK2a (Figs. 6D and S6D). Notably, AMPKa1 was the kinase
most affected by HOIP loss with consistently lower activity in
HOIP-KO cells (Figs. 6D and S6D). Conversely, mTOR activity—and
that of its targets S6K1 and PKCa —was elevated in HOIP-KO cells
(Figs. 6D and S6D), consistent with reduced AMPK activation.
Together, these phosphoproteomic data confirm, on an unbiased
systems-wide scale, that AMPK signalling is impaired in HOIP-KO
cells during glucose starvation and that LUBAC specifically
regulates AMPK signalling during energetic stress.

To focus our analysis of the cellular processes controlled by
LUBAC during energetic stress, we collapsed the phosphosites in
the ‘Slow up’ cluster into their corresponding genes for functional
annotation (Fig. 6A). KEGG analysis revealed that AMPK signalling
was the strongest and earliest response in WT cells, but was
reduced and delayed in HOIP-KO cells (Fig. 6E and Table S5),
consistent with our KSEA results. HOIP deficiency broadly caused
impairment, delay, and disrupted coordination of starvation-
responsive pathways (Fig. 6E), affecting early pathways such as
Wnt signalling, consistent with reported M1-linked Ub functions
[4], as well as insulin, adipokine, and longevity signalling in the
later response (Fig. 6E and Table S5).

We also observed markedly impaired autophagy in HOIP-KO
cells (Fig. 6E), consistent with reduced activation of AMPK. Closer
inspection of autophagy- and AMPK-related phosphosites within
this cluster revealed several sites with reduced phosphorylation in
HOIP-KO cells, including ATG9A (5761), CRTC2 (S613), AMPKR1/2
(5108), and GYS1 (5706) (Fig. 6F). These changes indicate that the
phosphorylation-dependent, AMPK-mediated autophagic
response to glucose starvation is compromised in the absence
of HOIP. Consistently, HOIP-KO cells exhibited impaired autophagy
upon glucose withdrawal or HBSS starvation (Fig. 6G). LC3B-I to
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LC3B-Il conversion and p62 degradation were assessed with or
without Bafilomycin A1 (BafA1), which blocks lysosomal acidifica-
tion and thereby prevents autophagosome degradation.
Starvation-induced p62 degradation (without BafA1) was impaired
in HOIP-KO cells, and BafA1-mediated accumulation of LC3B-Il and
p62 was reduced relative to WT cells, indicating defective
autophagic flux (Fig. 6G). These findings suggest that LUBAC-
deficient cells have impaired phosphorylation-dependent induc-
tion of autophagy.

In summary, our phosphoproteomic analysis shows that LUBAC
controls a defined subset of kinase signalling events, primarily
AMPK signalling, during energetic stress and identifies LUBAC as a
regulator of starvation-induced autophagic signalling.

LUBAC regulates bioenergetic metabolism and survival in
response to energetic stress

Because LUBAC is required for robust AMPK activation and
induction of autophagy during starvation, we examined whether
LUBAC controls cellular metabolism and energetics. Bioenergetic
profiling of WT and HOIP-KO cells in complete and glucose-free
medium (Fig. S7A, B) showed that HOIP-KO cells had normal basal
oxygen consumption rate (OCR) and responded to mitochondrial
perturbations similar to WT cells, indicating no overt defects their
baseline respiration (Fig. 7A). Basal and ATP-linked respiration
were also unchanged (Fig. 7B), showing that baseline mitochon-
drial function and energy demand are similar. However, maximal
respiration and spare respiratory capacity were reduced in HOIP-
KO cells (Fig. 7B), indicating that they operate closer to their
maximal bioenergetic limit and are less able to adapt to energetic
stress. This decrease in spare capacity is consistent with impaired
AMPK signalling, which normally promotes mitochondrial function
and stress resilience [49].

To assess metabolic adaptation, we measured extracellular
acidification rate (ECAR) after shifting cells to glucose-free medium
(Fig. 7C). WT cells displayed a glycolytic capacity of ~55% following
oligomycin treatment, indicating that glycolysis was already near
maximal during starvation (Fig. 7C, D). In contrast, HOIP-KO cells
showed a glycolytic capacity of ~115%, revealing that glycolysis
remained submaximal in glucose-free medium and could still
increase when mitochondrial ATP synthesis was inhibited (Fig. 7C,
D). This failure to fully engage glycolysis suggests that HOIP-KO cells
fail to execute a full glycolytic shift during starvation, consistent with
impaired AMPK activation [50, 51]. Accordingly, HOIP-KO cells were
significantly more sensitive to starvation-induced cell death after
24-72 h of glucose deprivation (Figs. 7E and S7C). These findings
show that HOIP-deficient cells have compromised bioenergetic
adaptability, rendering them more vulnerable to starvation and
energetic stress.

To determine whether LUBAC also supports starvation resis-
tance in vivo, we investigated the starvation response in
Drosophila melanogaster, where both AMPK [52] and LUBAC
(Lubel) [53, 54] are conserved. Control flies and flies with genetic
deletion of Lubel's catalytic RBR domain (lubel*f®® flies) were
starved for 48 hours. Strikingly, loss of Lubel activity caused a
dramatic survival defect, with fewer than 25% surviving after 48 h
(Fig. 7F), correlating with impaired AMPK T172 phosphorylation in
the lubel*™®® flies (Fig. 7G). We further assessed the acute
starvation response in lube/*"®® larvae using the ‘smurf’ assay,
which reports intestinal barrier failure due to cell death [55].
Consistent with the reduced adult survival, after 3 h of starvation,
there was a significantly higher proportion of ‘smurfs’ among
lubel*™®R |arvae than controls (Fig. 7H, ), indicating that Lubel
activity protects against starvation-induced cell death in larvae,
similar to cultured cells.

In conclusion, our findings demonstrate that M1-linked Ub
signalling supports an effective bioenergetic response to starva-
tion and promotes AMPK activation and survival during energetic
stress in both mammalian cells and Drosophila.
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DISCUSSION

Our work identifies LUBAC and OTULIN as central regulators of
AMPK signalling and the cellular response to energetic stress
(Fig. 7)), establishing the first metabolic pathway governed by M1-
linked ubiquitination. LUBAC's catalytic activity is required for full
AMPK activation, whereas OTULIN counteracts this by removing
M1-linked Ub chains. Thus, M1-linked Ub signalling tunes both the
amplitude and sensitivity of AMPK activation. Loss of LUBAC
compromises metabolic adaptability, autophagy, and survival
during starvation, and these defects are conserved in Drosophila,
highlighting the physiological relevance of the LUBAC-AMPK
signalling axis. Consistent with our observations, HOIP-deficient
tumours in mice show reduced glycolytic activity [56], supporting
our notion and further linking LUBAC to metabolic control.
Together, our findings extend the functional scope of the M1-
linked Ub machinery beyond inflammation and position LUBAC
and OTULIN as key modulators of AMPK-driven stress responses.

Although LUBAC and OTULIN are central to control of TNF-
induced IKK and NF-kB signalling, our data indicate that their role
in AMPK signalling is independent of TNF, IKK, or NF-kB pathways.
Glucose starvation did not induce IKK activation, and TNF
blockade had no impact on AMPK signalling, clearly indicating
that LUBAC's function in AMPK signalling is distinct from its
canonical immune signalling roles. The increased sensitivity of
HOIP-deficient cells to prolonged starvation reflects an inability to
mount an effective AMPK-driven stress response rather than
secondary effects of early cell death, as no caspase activation was
detectable during the first 6 h of starvation, showing that reduced
AMPK signalling is not a consequence of cell death. The
mechanisms of late-onset, starvation-induced cell death in
LUBAC-deficient cells remain to be defined.

Mechanistically, HOIP loss leads to reduced AMPK activation
with lower T172 phosphorylation and diminished phosphorylation
of downstream substrates ACC and RAPTOR, although signalling is
not completely blocked. Conversely, OTULIN deficiency causes
moderate AMPK hypersignalling. These opposing effects mirror
LUBAC's and OTULIN's roles in immune signalling, where M1-
linked chains fine-tune, rather than are essential for, IKK/NF-kB
activation and cell fate decisions [1, 57]. OTULIN is not the only
deubiquitinase counteracting LUBAC. The SPATA2-CYLD complex
also limits LUBAC signalling at immune receptors [58-60], raising
the possibility that additional DUBs, including CYLD, might
modulate AMPK. Overall, our findings suggest that in AMPK
signalling, as in the IKK/NF-kB pathway, LUBAC and OTULIN act as
modulators that shape signalling output and cellular outcomes
rather than being essential for kinase activation.

We further show that LUBAC's ubiquitin ligase activity (i.e.
HOIP’s catalytic cysteine) is required for full AMPK activation.
LUBAC can M1-ubiquitinate endogenous AMPK subunits in cells
when overexpressed and, crucially, directly ubiquitinate purified
AMPK in vitro, establishing AMPK as a bona fide LUBAC substrate.
Starvation did not further enhance AMPK ubiquitination when
LUBAC was overexpressed, likely due to saturation, but starvation
induces rapid accumulation of M1-linked Ub in Drosophila [54],
suggesting that Lubel is activated during energetic stress to
modify signalling proteins. In this context, it is noteworthy that
ATG13, an autophagy regulator downstream of AMPK, has also
been reported as an LUBAC substrate [61], further linking M1-
linked ubiquitin to AMPK-autophagy signalling. Our findings do
not exclude the possibility that additional LUBAC substrates exist
within the AMPK pathway, analogous to TNF signalling where
multiple substrates (e.g. RIPK1, TNFR1, TRADD, and NEMO) are
ubiquitinated by LUBAC [1]. Identifying such substrates remains an
open and important question.

Intriguingly, our data suggest that AMPK may be a ubiquitin-
activated kinase, analogous to IKK or TAK1. In the IKK pathway,
M1-linked Ub chains recruit and activate the IKK complex via
NEMO’s UBAN domain [40]. By analogy, M1-linked Ub, potentially
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Fig. 7 LUBAC regulates bioenergetic metabolism and survival in response to starvation. A Oxygen consumption rate (OCR) in U20S WT
(black) and HOIP-KO (blue) cells measured with the indicated perturbations. B Bar plots showing basal, ATP-linked, and maximal respiration,
and spare respiratory capacity. Bars show mean = SEM (n = 6). Analysed by two-sided Mann-Whitney U test. C Extracellular acidification rate
(ECAR) in U20S WT and HOIP-KO cells in glucose-free medium with the indicated perturbations. D Glycolytic capacity (% basal ECAR) in
U20S WT and HOIP-KO cells. Bars show mean + SEM (n = 6). Analysed by two-sided Mann-Whitney U test. E Cell death measured over 72 h in
AML12 WT and HOIP-KO cells in complete or glucose-starved conditions. Death was quantified as Sytox Green normalised to confluence. Lines
show mean +SEM (n=3). Analysed by two-sided Student’s t-test. F Survival of control and lubel**® Drosophila upon starvation. Data
represent mean +SEM (n > 3). Analysed by two-way ANOVA with Tukey’s post-hoc test. G Immunoblots control and lubel*"®® Drosophila
starved for 3-24 h. Dashed line indicates spliced blots. Blots are representative of three independent experiments. H Images of third instar
control and lube/*RB® Drosophila larvae on Brilliant Blue-supplemented control or starvation medium. Arrows indicate ‘smurf’ phenotype. I Bar
plots showing ‘smurf’ proportion in control and lube/*f®" Drosophila larvae. Analysed by Fisher’s exact test with FDR correction. J Model of
LUBAC- and OTULIN-mediated regulation of AMPK. LUBAC and OTULIN form a complex with AMPK, with OTULIN recruited primarily through
its interaction with HOIP and additional interactions with AMPK via its N-terminal part. LUBAC can directly M1-ubiquitinate AMPKa and 8
subunits, and its ubiquitin ligase activity promotes AMPKa1/2 T172 phosphorylation and activation during energetic stress. OTULIN
counteracts this and restricts AMPK activation. Through this dynamic, LUBAC enhances the energetic stress response by supporting AMPK
activation, autophagy, and bioenergetic adaptability, thereby protecting cells from starvation-induced death.

SPRINGER NATURE Cell Death & Differentiation



C.R. Elbzk et al.

13

Table 1. Reagents and resources table.

Reagent or resource

Antibodies:

Mouse monoclonal anti-SNX27 [1C6]

Rabbit monoclonal anti-AMPKy1 [Y308]

Rabbit monoclonal anti-HOIL-1/RBCK1 [EPR28157-53]
Rabbit monoclonal anti-HOIP/RNF31 [EPR27947-265]
Rabbit polyclonal anti-f Actin

Rabbit polyclonal anti-RNF31/HOIP

Mouse monoclonal anti-V5-Tag (SV5-Pk1)

Mouse monoclonal anti-AMPKa1/2 (F6)

Mouse monoclonal anti-lkBa (L35A5)

Rabbit monoclonal anti-acetyl-CoA carboxylase (C83B10)
Rabbit monoclonal anti-AMPKB1/2 (57C12)

Rabbit monoclonal anti-phospho-lkBa (Ser32) (14D4)
Rabbit monoclonal anti-HA-tag

Rabbit monoclonal anti-IKKp (2C8)

Rabbit monoclonal anti-LKB1 (27D10)

Rabbit monoclonal anti-NF-kB p65 (D14E12) XP®

Rabbit monoclonal anti-OTULIN (E3BSL)

Rabbit monoclonal anti-phospho-IKKa/f (Ser176/180) (16A6)
Rabbit monoclonal anti-phospho-NF-kB p65 (Ser536) (93H1)
Rabbit monoclonal anti-RAPTOR (24C12)

Rabbit monoclonal anti-RIPK1 (D94C12) XP®

Rabbit monoclonal anti-TBK1/NAK (D1B4)

Rabbit monoclonal anti-Tuberin/TSC2 (D57A9)

Rabbit monoclonal anti-ULK1 (D8H5)

Rabbit monoclonal phospho-TBK1/NAK (Ser172) (D52C2) XP®
Rabbit monoclonal phospho-ULK1 (Ser757) (D706U)
Rabbit polyclonal anti-AMPKa1

Rabbit polyclonal anti-AMPKa2

Rabbit polyclonal anti-OTULIN

Rabbit polyclonal anti-phospho-Acetyl-CoA Carboxylase (Ser79)
Rabbit polyclonal anti-phospho-RAPTOR (Ser792)

Rabbit monoclonal anti-phospho-AMPKa, (Thr172) (40H9)
Rabbit polyclonal anti-mTOR

Rabbit monoclonal anti-DEPTOR (D9F5)

Rabbit monoclonal anti-LST8/GpL (86B8)

Rabbit monoclonal anti-Sérp (5G10)

Rabbit polyclonal anti-S6K1

Rabbit polyclonal anti-4E-BP1

Rabbit polyclonal anti-p62 (SQSTM1)

Mouse monoclonal anti-LC3B

Rabbit polyclonal anti-SHARPIN

Rat monoclonal anti-HA-Tag (3F10)

Mouse monoclonal anti-FLAG M2°

Mouse monoclonal anti-Vinculin

Rabbit monoclonal anti-linear ubiquitin (1E3) ZooMAb®
InVivoSIM anti-human TNFa (Adalimumab Biosimilar)

Secondary HRP-conjugated rabbit anti-mouse IgG
(light chain specific) (D3V2A)

Secondary HRP-conjugated goat anti-mouse 1gG
Secondary HRP-conjugated goat anti-rabbit IgG
Secondary HRP-conjugated goat anti-rat IgG

Secondary HRP-conjugated mouse anti-rabbit IgG
(light chain specific)

Bacterial strains:
E. coli Stellar™

Cell Death & Differentiation

Source

Abcam

Abcam

Abcam

Abcam

Abcam

Abcam

Bio-Rad

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
MBL Lifescience

Nanotools

ProteinTech

Roche

Sigma-Merck
Sigma-Merck
Sigma-Merck

BioXCell

Cell Signaling Technology

Southern Biotech
Southern Biotech
Southern Biotech
Southern Biotech

Takara Bio

Identifier

Cat#ab77799
Cat#ab32508
Cat#ab309104
Cat#ab315162
Cat#ab8226
Cat#ab46322
Cat#MCA1360GA
Cat#2793
Cat#4814
Cat#3676
Cat#4150
Cat#2859
Cat#3724
Cat#2370
Cat#3050
Cat#8242
Cat#74125
Cat#2697
Cat#3033
Cat#2280
Cat#3493
Cat#3504
Cat#3990
Cat#8054
Cat#5483
Cat#14202
Cat#2795
Cat#2757
Cat#14127
Cat#3661
Cat#2083
Cat#2535
Cat#2972
Cat#11816
Cat#3274
Cat#2217
Cat#9202
Cat#9452
Cat#PMO045

Cat#0260-100/LC3-
2G6

Cat#14626-1-AP
Cat#11867423001
Cat#F3165
Cat#V9131
Cat#ZRB2114
Cat#SIM0001
Cat#58802

Cat#1030-05
Cat#4030-05
Cat#3030-05
Cat#4060-05

Cat#636763
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Table 1. continued

Reagent or resource

E. coli BL21(DE3)

E. coli Rosetta (DE3)

E. coli max efficiency™ DH10Bac

Chemicals, peptides, and recombinant proteins:
2-deoxyglucose (2DG)

ANTI-FLAG® M2 Affinity Gel

Antimycin A

Bafilomycin A1 (CAS 88899-55-2)

Brilliant Blue FCF (C.l. 42090; CAS 3844-45-9)

Carbonyl cyanide p-triflouromethoxyphenylhydrazone (FCCP)
cOmplete™, EDTA-free Protease Inhibitor Cocktail
Cycloheximide (CAS 66-81-9)

Gibco™ Human TNF-alpha Recombinant Protein
Glutathione High-Capacity Magnetic Agarose Beads
Glutathione Sepharose™ 4B

L-glutamine

Lysyl EndopeptidaseR, MS Grade (Lys-C)

Magnetic Beads Anti-FLAG® Mouse Monoclonal Antibody [M2]
MK-8722

Monoclonal Anti-HA—Agarose antibody produced in mouse
Oligomycin

PhosSTOP™ tablets

Pierce™ Protein A/G Magnetic Beads

Pierce™ Protein A/G Plus Agarose

Recombinant GST-NEMO-CoZi-His (M1-SUB)
Recombinant GST-OTU-His, OTULIN aa 80-348, C129A (M1-Trap)
Lipofectamine® RNAIMAX Transfection Reagent
Rotenone

Sodium Pyruvate

Strep-Tactin™XT Superflow™ resin

SytoxGreen

Thermo Scientific™ Pierce™ Anti-HA Magnetic Beads
TMTpro™ 16plex Label Reagent Set

Trypsin Gold, MS Grade

X-tremeGENE™ HP DNA Transfection Reagent

Critical commercial assays:

Pierce™ BCA Protein Assay Kit

Pierce™ Dilution-Free™ Rapid Gold BCA Protein Assay
Quick Start™ Bradford 1x Dye Reagent

SOLAu™ SPE Plates

Deposited data:

Proteomics:

Source
Agilent
Merck Novagen

Invitrogen

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Santa Cruz Biotechnology
Carl Roth

Sigma-Aldrich

Merck

Santa Cruz Biotechnology
Thermo Fisher Scientific
Merck

Merck

Thermo Fisher Scientific
FUJIFILM Wako
Sigma-Aldrich
Selleckchem
Sigma-Aldrich
Sigma-Aldrich

Merck

Thermo Fisher Scientific
Thermo Fisher Scientific
This study

This study

Thermo Fisher Scientific
Sigma-Aldrich

Thermo Fisher Scientific
IBA Lifesciences
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Promega

Merck

Thermo Fisher Scientific
Thermo Fisher Scientific
Bio-Rad

Thermo Fisher Scientific

Identifier
Cat#200131
Cat#70954
Cat#10361012

Cat#D8375
Cat#A2220
Cat#A8674
Cati#sc-201550B
Cat#2981.3
Cat#C2920
Cat#11873580001
Cati#sc-3508A
Cat#PHC3013
Cat#G0924
Cat#17-0756-01
Cat#25030024
Cat#125-05061
Cat#M8823
Cat#E1031
Cat#A2095
Cat#04876
Cat#4906845001
Cat#88802
Cat#20423

N/A

N/A
Cat#13778075
Cat#45656
Cat#11360070
Cat#15583756
Cat#57020
Cat#13474229
Cat#A44520
Cat#V5280
Cat#6366546001

Cat#23225
Cat#A55860
Cat#5000205
Cat#60209-001

OTULIN interactome: MassIVE (https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp) dataset identifier MSV000096400; ftp://massive-ftp.ucsd.edu/v07/

MSV000096400/

AMPKa1 interactome: MassIVE (https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp) dataset identifier MSV000096389; ftp://massive-ftp.ucsd.edu/v07/

MSV000096389/

Phosphoproteomics: MassIVE (https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp) dataset identifier MSV000096382; ftp://massive-ftp.ucsd.edu/v07/

MSV000096382/

Experimental models: cell lines

AML12

AML12 HOIP-KO clone C3

AML12 OTULIN-KO clone C2

HEK293T

HepG2

HepG2 OTULIN-KO clone C11

HepG2 HOIP-KO clone A15

Human dermal fibroblasts from healthy donor

SPRINGER NATURE

Provided by Prof. Sabine Werner

This study
This study

Provided by Prof. M. Gyrd-Hansen
Provided by Prof. G. van Loo

This study
This study
Damgaard et al. [5]

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp
https://eur01.safelinks.protection.outlook.com/?url=ftp%3A%2F%2Fmassive-ftp.ucsd.edu%2Fv07%2FMSV000096382%2F&data=05%7C02%7Crudam%40dtu.dk%7Ca6195fc54fd74641461208de28239d3d%7Cf251f123c9ce448e927734bb285911d9%7C0%7C0%7C638992330622419411%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=lMpb98s8i7ShI%2BigWDHbDE5al8Er3f3J8ynybJJyzJ4%3D&reserved=0
https://eur01.safelinks.protection.outlook.com/?url=ftp%3A%2F%2Fmassive-ftp.ucsd.edu%2Fv07%2FMSV000096382%2F&data=05%7C02%7Crudam%40dtu.dk%7Ca6195fc54fd74641461208de28239d3d%7Cf251f123c9ce448e927734bb285911d9%7C0%7C0%7C638992330622419411%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=lMpb98s8i7ShI%2BigWDHbDE5al8Er3f3J8ynybJJyzJ4%3D&reserved=0
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Table 1. continued

Reagent or resource Source Identifier
Human dermal fibroblasts from ORAS patient (OTULIN®2®'F) Damgaard et al. [5] N/A
MEF Hoip-C879S Fro]vided by Prof. Sir P. Cohen; Emmerich et al. N/A
37
MEF Hoip-WT Provided by Prof. Sir P. Cohen; Emmerich et al [37] N/A
sfo Provided by Prof. PR. Elliott N/A
U20S Provided by Prof. M. Gyrd-Hansen N/A
U20S AMPKa1/2-DKO Provided by Prof. K. Sakamoto; Sanders et al. [62] N/A
U20S HOIP-KO clone C33 This study N/A
U20S OTULIN-KO clone C1 This study N/A
Experimental models: Organisms/strains:
Drosophila melanogaster Canton® A. Meinander lab N/A
Drosophila melanogaster Daughterless-Gal4 (DaGal4) A. Meinander lab N/A
Drosophila melanogaster Mi{ET1}LUBELMB00197 (lubel*®®%) Bloomington Drosophila Stock Center Cat#22725
Oligonucleotides:
Ambion™ Silencer™ Select Pre-Designed siRNA: siHOIP#1 (s30109) Thermo Fisher Scientific Cat#4392420- s30109
Ambion™ Silencer™ Select Pre-Designed siRNA: siHOIP#2 (s30110) Thermo Fisher Scientific Cat#4392420- s30110
cDNA amplification primer for PRKAA1 3'-end: This study N/A
GCCCTCTAGACTCGAGTTATTGTGCAAGAATTTTAATTAGA
cDNA amplification primer for PRKAA1 5'-end: This study N/A
ATCACACTGGCGGCCGCTGCGCAGACTCAGTTCCT
cDNA amplification primer for PRKAA2 3"-end: This study N/A
GCCCTCTAGACTCGAGTCAACGGGCTAAAGTAGTAATCAGA
cDNA amplification primer for PRKAA2 5"-end: This study N/A
ATCACACTGGCGGCCGCTGGCTGAGAAGCAGAAGCACG
cDNA amplification primer for LKB1 3’-end: This study N/A
TCACTGCTGCTTGCAGGCCGACAG
cDNA amplification primer for LKB1 5”-end: This study N/A
ATGGAGGTGGTGGACCCGCAGCAG
9gRNA targeting human OTULIN #1: Draber et al. [79] N/A
CACCGGAATTGCTTATACATGAAAG
dgRNA targeting human OTULIN #2: Verboom et al. [80] N/A
CACCGGTGCGCCGAGACGCCGGCG
gRNA targeting human HOIP: Hua et al. [81] N/A
CACCGATGCAAGTTCTCGTACGCCC
gRNA targeting mouse Hoip #1 (exon 3) CACCGGAACTATGAGTTGTTGGACG Freeman et al. [82] N/A
gRNA targeting mouse Hoip #2 (exon 10) CACCGGATGGATTGAGTTTCCCCGA Freeman et al. [82] N/A
Sequencing forward primer CMV 5’-end: This study N/A
CGCAAATGGGCGGTAGGCGTG
Sequencing reverse primer pcDNA3.1 3’-end: This study N/A
TAGAGCCCCAGCTGGTTCTTTCCGC
siRNA targeting sequence negative control (siCtrl): Poulsen et al. [83] N/A
GGGAUACCUAGACGUUCUA
siRNA targeting sequence OTULIN: GACUGAAAUUUGAUGGGAA Keusekotten et al. [3] N/A
siRNA targeting sequence RBCK1/HOIL-1: GCUCAGAUGCACACCGUCA Lewis et al. [84] N/A
siRNA targeting sequence SHARPIN: CCUGGAAACUUGACGGAGA Lewis et al. [84] N/A
Recombinant DNA:
pPcDNA3-2xFLAG-2xStrep-LKB1 This study N/A
pcDNA3-2xFLAG-2xStrep-PRKAA1 This study N/A
pPcDNA3-2xFLAG-2xStrep-PRKAA2 This study N/A
pcDNA3-2xHA-2xStrep-HOIP-C885S This study N/A
pcDNA3-2xHA-2xStrep-HOIP-WT This study N/A
PcDNA3-2xHA-2xStrep-mmHOIP-C879S (mouse) This study N/A
pPcDNA3-2xHA-2xStrep-mmHOIP-WT (mouse) This study N/A
pPcDNA3-2xHA-2xStrep-OTULIN-C129A This study N/A
pcDNA3-2xHA-2xStrep-OTULIN-deltaC (1-348) This study N/A
pcDNA3-2xHA-2xStrep-OTULIN-deltaN (80-352) This study N/A
pcDNA3-2xHA-2xStrep-OTULIN-WT Fiil et al. [32] N/A
pcDNA3-3xHA (empty backbone) M. Gyrd-Hansen lab N/A
pcDNA3-V5/His-HOIL-1 D. Komander lab N/A
pPcDNA3-V5/His-SHARPIN D. Komander lab N/A
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Table 1. continued

Reagent or resource

pcDNA3-V5-HOIP

PGEX6P1-GST-M1-SUB (NEMO-CoZi)
PGEX6P1-GST-M1-Trap (OTULIN aa 80-348, C129A)
pSpCas9(BB)-2A-EGFP (PX458)
pSpCas9(BB)-2A-Puro (PX459)

pPACEBac Twin Strep mScarlet 3 C protease UBA1
pBIG Twin Strep mScarlet 3 C protease HOIP, HOIL-1, SHARPIN
pOPIN B UBE2D2

Software, algorithms, and online resources:
clusterProfiler R package (v 4.12.6)
EnrichmentBrowser R package (v 2.34.1)

ggplot2 R package (v 3.5.1)

GraphPad Prism 9 and 10

Image Lab (v 6.1.0)

Fiji (Fiji Is Just Imagel) (v 2.14.0)

KSEA App R package (v 1.0)

limma R package (v 3.60.6)

Mfuzz R package (v 2.64.0)
OmnipathR R package (3.12.4)
pheatmap R package (v 1.0.12)
ProteomeDiscoverer (v 2.4 and 2.5)
R (v 4.4.1)

RStudio (v 2024.09.0 + 375)
Seahorse Wave Desktop Software
tidyverse R packages (v 2.0.0)
VennDiagram R package (v 1.7.3)

DepMap, Broad (2025). DepMap Public Portal 25Q3. https://depmap.org/
portal/

Source Identifier
D. Komander lab N/A

Fiil et al. [32] N/A

This study N/A
Addgene/Feng Zhang [85] Cat#48138
Addgene/Feng Zhang [85] Cat#48139
This study N/A

This study N/A

This study N/A

Wu et al. [78] RRID:SCR_016884
Geistlinger et al. [72] N/A

Wickham [86]
GraphPad Software
Image Lab Software

RRID:SCR_014601
RRID:SCR_002798
RRID:SCR_014210
ImageJ Software RRID:SCR_002285

Wiredja et al. [77]; N/A
Casado et al. [87]

Ritchie et al. [71] RRID:SCR_010943
Kumar and Futschik [76] RRID:SCR_000523
Turei et al. [88] N/A

Kolde [89] RRID:SCR_016418
Thermo Fisher RRID:SCR_014477
RRID:SCR_001905
RRID:SCR_000432
RRID:SCR_014526
RRID:SCR_019186
RRID:SCR_002414
RRID:SCR_017655

R Core Team

Posit Software
Agilent

Wickham et al. [90]
Lam et al. [91]
Arafeh et al. [92]

List of key reagents and resources, including their identifiers, used in this study.

conjugated to AMPK, could promote AMPK activation by
enhancing LKB1 engagement, protecting T172 from phospha-
tases, or altering AMPK localisation or complex composition.
Defining how M1-linked ubiquitin supports AMPK activation will
be a major direction for future work.

In addition to severe TNF-driven autoinflammation, LUBAC
deficiency and ORAS are associated with poorly understood
abnormalities in glycogen and lipid metabolism, including
glycogen storage disease (amylopectinosis), lipodystrophy, sub-
cutaneous adipose tissue inflammation, and liver steatosis
[5, 8, 12, 13, 15-17]. Given that both HOIP and OTULIN deficiency
alter AMPK signalling in cells, tissues, and animal models, our
findings suggest that AMPK dysregulation may contribute to the
metabolic and clinical features of these disorders. Consistent with
this, fibroblasts derived from an OTULIN®8'® ORAS patient display
pronounced AMPK dysregulation. How altered AMPK signalling
might contribute to metabolic defects or inflammatory pathology
in LUBAC deficiency and ORAS remains an important area for
future investigation.

In conclusion, our work conceptually expands the biological role
of LUBAC and M1-linked Ub to include control of metabolic
signalling and identifies atypical ubiquitination as a previously
unrecognised layer of AMPK regulation.

METHODS

Reagents and resources table
A list of key reagents and resources used in this study can be found in
Table 1.

SPRINGER NATURE

Cell culture

AML12, HEK293T, HepG2, and U20S cell lines, as well as primary mouse
embryonic fibroblast (MEFs), were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) with high glucose, GlutaMAX™, and pyruvate (Gibco,
31966047) supplemented with 10% (v/v) foetal bovine serum (FBS) (Biowest,
S181B) and 1% (v/v) penicillin-streptomycin (PS) (Gibco, L0022). U20S cells
with double knockout (DKO) of AMPKal and AMPKa2 [62], as well as WT
MEFs and MEFs with knock-in of HOIP®®’%> [37], have been described
previously. All cells were kept at 37 °C in humidified incubators with 5% CO,
pressure under mycoplasma-free conditions and tested regularly for
contamination. Human fibroblast cell lines derived from an ORAS patient
harbouring the OTULIN®2®'® mutation and a healthy, unrelated donor were
previously described [5] and cultured in Ham's F-12 Nutrient Mix
supplemented with 20% FBS and 1% PS. Written informed consent was
obtained from all subjects and family members and approved by the ethical
committee of Hadassah Medical Center and the Ministry of Health, Israel [5].
Mutational landscapes of U20S and HepG2 cells are listed in Table Sé.

Mice

The C57BL/6N-Rnf31<tM1cKOMPWESI>/Tep 5 5e line was made at the
Toronto Centre for Phenogenomics [63], and the B6.129-Gt(ROSA)
26Sor™1€re/ERTATIA \yere from the University of Copenhagen transgenic
mouse library. Both lines were rederived on C57BL/6N background and
crossed to generate CreERT2-Hoip /1% mice. Tamoxifen was dissolved in
a vehicle of 10% absolute ethanol and 90% sunflower seed oil at 20 mg/mL
and was administered to 10-14-week-old female mice by intraperitoneal
injection (75 mg/kg bodyweight) every day for 5 days to induce deletion
of Hoip; control mice were injected with an equal volume of vehicle
only. Body weight was monitored daily. Whole-body composition
analysis was conducted by TD-NMR (Minispec LF9O0Il, Bruker). Ad libitum-
fed blood glucose was measured once before anaesthesia for hepatocyte
isolation using a handheld glucometer (Contour NEXT, Bayer). Euthanasia
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was confirmed by cervical dislocation. Hoip"/1°*.CreERT2* mice were
used in experiments with Hoip™/ . or Hoip"WT°*.CreERT2" animals as
controls.

Mice with adipocyte-specific deletion of Hoip (Hoip were generated
by crossing the Ho[ifjﬂ‘”‘/"Ox mice [6] with AdipoQ.cre Strain #:010803
B6;FVBTIAdiPoa-cre)IBvdr/) a0y The Jackson Laboratories as described
previously [64]. From the age of 6 weeks, male mice were fed a normal
diet (DIO LS, 13% fat, 11% sucrose; Ssniff, E15748-04). Body weight was
measured weekly. At 22-23 weeks, mice were euthanised using Ketamine/
Xylazine Cocktail (100 mg/kg Ketamine and 20 mg/kg Xylazine) with a dose
of 5uL/g, followed by heart puncture, cervical dislocation, and tissue
sampling. Agarose gel electrophoresis was used to genotype mouse ear
DNA for the presence of WT and mutant alleles. Genomic DNA was
extracted and amplified using allele-specific primers. PCR products were
separated on a 2% agarose gel stained with SYBR Safe, and bands were
visualised under UV light. Hoip™/"*AdipogCre* mice were used in
experiments with Hoip"/°*_AdipogCre™ animals as controls.

Otulin®"®® mice with constitutive albumin-Cre-driven hepatocyte-
specific deletion of OTULIN were described previously [17].

All mice were housed under specific pathogen-free conditions. No
method of randomisation was applied. All experiments were conducted
with the approval of the Danish Animal Experiments Inspectorate; the
German Federal Ministry for Nature, Environment and Consumers’
Protection of the state of North Rhine-Westphalia; United Kingdom Home
Office; and the MRC Centre Ethical Review Committee.

A-KO
)

Drosophila melanogaster

Drosophila melanogaster flies were maintained at 25 °C with a 12hour light-
dark cycle on medium containing 0.6% (w/v) agar, 6.5% (w/v) malt, 3.2% (w/v)
semolina, 1.8% (w/v) baker's yeast, 2.4% nipagin, and 0.7% propionic acid.
M{ET1JLUBELMB00197 (referred to as lubel"®") were obtained from
Bloomington and Daughterless-Gal4 (referred to as DaGal4) and Canton’® flies
were used as controls.

Cell treatments and stimulations

For glucose starvation experiments, cells were washed with PBS and
incubated in glucose-free DMEM (without sodium pyruvate) (Gibco,
11966025), supplemented with 10% FBS and 1% PS. Control cells were
similarly washed and incubated in fresh growth medium containing 4.5 g/L
D-glucose. For Bafilomycin A1 treatment, cells were incubated either in
regular growth medium, glucose-free DMEM, or Hank's Balanced Salt
Solution (HBSS) for 2 h with or without 100 nM Bafilomycin A1. For protein
stability assay, cells were treated with either 100 uM cycloheximide or
DMSO for up to 6h, under both high glucose and glucose starvation
conditions. NF-kB signalling was assessed by treating cells with 10 ng/mL
human TNF (Thermo Fisher Scientific) for 10 min. To block TNF signalling,
cells were pre-treated with 1 ug/mL anti-TNF antibody (BioXCell, Adalimu-
mab biosimilar) for 1 h, followed by glucose starvation or 10 ng/mL TNF
treatment with continuous TNF neutralisation.

Plasmids and cloning

Inserts were PCR-amplified from in-house constructs or from cDNA from
HEK293T cells using the SV Total RNA Isolation System (Promega, Z3101) and
QuantiTect Reverse Transcription Kit (Qiagen). Purified PCR products were
cloned into pcDNA3.1, pSpCas9, or pGEX6P1 vectors using In-Fusion primers
and cloning kit (Takara Bio, 638948). Mutations were generated by overlap
extension PCR and confirmed by sequencing. The M1-Trap was generated by
inserting human OTULIN (80-348); C129A into pGEX6P1. Plasmids were
amplified in Stellar™ competent E. coli (Thermo Fisher Scientific).

Plasmid DNA transfection

Cells at ~80% confluency were transfected using X-tremeGENE HP (Merck)
at a 2:1 (v/w) ratio according to the manufacturer’s instructions 24-48 h
before additional treatments, stimulations, or lysis.

Generation of knockout cells using CRISPR-Cas9

Knockout cells were generated by transfection or electroporation of gRNAs
encoded in PX458 or PX459. PX458 and PX459 were gifts from Professor
Feng Zhang (Addgene plasmids #48138 and #48139). gRNA sequences can
be found in Table 1. Full experimental details are provided in the
Supplementary Methods.
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siRNA transfection

Cells were transfected with the oligos listed in Table 1 using Lipofecta-
mine® RNAIMAX Transfection Reagent (Thermo Fisher Scientific). Full
experimental details are provided in the Supplementary Methods.

Isolation of primary hepatocytes

Murine hepatocytes were isolated as described previously [65]. Viable cells
were diluted in plating medium supplemented with 0.1 uM dexametha-
sone (Sigma, D4902) and 1 nM insulin (Sigma, 19278) and seeded onto
collagen-coated plates at a density of 200,000 cells/mL and allowed to
attach for 2-4 h before changing to culture medium (low-glucose DMEM;
Gibco, 10567014; with 10% FBS and 1% PS). The following day, the
hepatocytes were used for experiments. Culture medium with glucose-free
DMEM was used for hepatocyte starvation (Gibco, 11966025). Full
experimental details are provided in the Supplementary Methods.

Cell and tissue lysis and protein extraction for
immunoblotting

Cells, mouse tissues, and flies were lysed using appropriate buffers with
protease and phosphatase inhibitors, and in some cases with mechanical
homogenisation. Lysates were mixed with 4x Laemmli sample buffer (LSB)
to obtain a 1x concentration (Tris pH 6.8, 10% glycerol (v/v), 100 mM DTT,
2% SDS (w/v), bromophenol blue) and heated heat-denatured for
downstream analysis. Full experimental details are provided in the
Supplementary Methods.

Immunoprecipitation and affinity-precipitation

Cells were transfected or treated as indicated, washed with ice-cold PBS, and
lysed on ice in IP buffer (25 mM HEPES (pH 7.4), 150 mM KCI, 2 mM MgCl,,
1mM EGTA, 0.5% Triton X-100) supplemented with cOmplete™ Protease
Inhibitor Cocktail (Merck), PhosSTOP™ (Merck), and 5 mM NEM. Lysates were
cleared by centrifugation at 13,000 rcf for 10 min at 4°C, and supernatants
were transferred to clean tubes and supplemented with 1 mM DTT. For
endogenous IPs, primary antibodies (concentrations according to manufac-
turers’ recommendations) were added along with 20 uL bead slurry/sample
pre-washed protein A/G agarose beads (Thermo Scientific) or magnetic beads
(Thermo Scientific) and incubated with lysates at 4 °C for 2-18 h with gentle
agitation. For endogenous HOIP IPs, samples were supplemented with 10% (v/
v) glycerol. For tagged protein immunoprecipitation, lysates were incubated
with either 20 uL bead slurry/sample pre-washed magnetic anti-HA beads
(Thermo Scientific) or pre-washed magnetic anti-FLAG. M2 beads (Sigma-
Aldrich). For affinity-precipitation, lysates were incubated with 40 pL bead slur/
sample of pre-washed Strep-Tactin™XT Superflow™ (IBA Lifesciences). After IP
or pulldown, beads were washed two times with 500 pL of ice-cold high-salt IP
buffer (IP buffer with 1 M KCl) followed by two times with 500 pL of ice-cold
regular IP buffer. After incubation and washing, bound material was eluted in
either LSB (for SDS-PAGE and immunoblotting) by heating to 60 °C for 5 min,
or in MS lysis buffer (6 M guanidinium hydrochloride, 10 mM TCEP, 40 mM
CAA, 50 mM HEPES, pH 8.5) for mass spectrometry analysis.

Purification of M1-linked Ubiquitin Conjugates

M1-linked Ub conjugates were purified using either the M1-SUB or the M1-
Trap (Table 1) as previously described [32, 66]. Full experimental details are
provided in the Supplementary Methods.

Immunoblotting

LSB-supplemented lysates were resolved by SDS-PAGE on NuPAGE Tris-
Acetate 3-8% or Bis-Tris 4-12% gels according to manufacturer instruc-
tions, or self-cast 9% Bis-Tris gels. Proteins were transferred to 0.2 um
nitrocellulose membranes using the Trans-Blot Turbo system (Bio-Rad).
Membranes were stained with Ponceau S to verify transfer efficiency and
equal loading, then blocked in 5% skimmed milk powder in PBS-T.
Membranes were incubated overnight at 4°C with primary antibodies
(Table 1) in 3% (w/v) BSA and 0.01% NaNj; in PBS-T. Membranes were then
washed with PBS-T and incubated with HRP-conjugated secondary
antibodies (Table 1) for 45 min at room temperature. After washing, blots
were developed using Clarity™ Western ECL substrate (Bio-Rad, 1705061),
visualised on a Bio-Rad ChemiDoc™ MP Imager, and processed using the
Image Lab software (Bio-Rad). Densitometric analysis of immunoblots was
performed using Fiji (Fiji Is Just ImageJ) by calculating the area under the
curve for bands of interest, subtracting local background, and normalising
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the intensity of each phosphorylated protein band to the intensity of its
corresponding total protein band or an appropriate loading control.

Immunoprecipitation-coupled AMPK kinase assays

Cells were lysed in lysis buffer (50 mM Tris—HCl (pH 7.4), 150 mM NadCl, 1%
(v/v) Triton X-100, 50 mM NaF, 5 mM sodium pyrophosphate, 1 mM EDTA,
1 mM EGTA, 1 mM DTT, 0.1 mM benzamidine, 0.1 mM PMSF) and AMPK
was immunoprecipitated using anti-AMPK-a1l and -02 antibodies and
protein G-Sepharose beads. After washing, AMPK-bound beads were
incubated with AMARA peptide [67] and [y->*P]-ATP (Hartmann Analytic).
Following incubation, reactions were captured on P81 filters, washed, and
quantified by scintillation counting. Full experimental details are provided
in the Supplementary Methods.

Seahorse XF bioenergetics measurements

Cells were seeded into XF96 Polystyrene Cell Culture Plate (Agilent
Technologies) 24-48 h before assay at 30,000 cells per well. On the day of
the assay, the assay medium was prepared fresh using Seahorse XF base
medium (Agilent Technologies) adjusted to pH 7.4, supplemented with
2 mM L-glutamine (Thermo Fisher Scientific) and optionally 10 mM glucose
(Merck) and 1 mM sodium pyruvate (Merck). One hour before the assay,
cells were incubated with assay medium, with or without glucose and
sodium pyruvate, then incubated at 37 °C in an incubator absent of CO,.
Six baseline OCR and ECAR recordings were made, followed by sequential
injection of ATP synthase inhibitor oligomycin (1 uM, Merck), mitochondrial
uncoupler carbonyl cyanide p-triflouromethoxyphenylhydrazone (FCCP;
1 uM, Merck), the Complex | and lll inhibitors rotenone and antimycin A
(R/A; 5uM, Merck), and the glucose analogue 2-deoxyglucose (2DG;
50 mM, Merck). Mitochondrial respiration and glycolytic activity were
measured using the Seahorse XFe96 Analyzer (Agilent Technologies)
with downstream analysis using the Seahorse Wave Desktop Software
(Agilent Technologies). Measurements were normalised to total well
protein content using the Pierce™ BCA Protein Assay Kit (Thermo
Fisher Scientific).

Starvation and survival in Drosophila flies and larvae

Adult flies (20-30 flies per genotype) were starved in tubes containing a
layer of 2% agarose for up to 48h and the survival was counted at
indicated time points.

Smurf assay in Drosophila larvae

Smurf assays were performed using Brilliant Blue FCF (Carl Roth). Control
larvae were transferred to standard fly food supplemented with 7.8 mL of
10% Brilliant Blue stock solution per 100 mL of food and incubated for 3 h.
For starvation, larvae were placed on 2% agarose prepared with the same
concentration of dye for 3 h. Following starvation, larvae were imaged on a
Leica DFC290HD camera with a 2.5x objective. The number of Smurf-
positive larvae (systemic dye leakage beyond the gut) was quantified from
the photographs by two independent, blinded scorers.

Cell death assay

Cells were seeded at 10,000 cells per well in 48 well plates. Twenty
four hours after seeding, cells medium was changes to either complete or
glucose-free DMEM containing SytoxGreen (200 nM, ThermoFisher). Cells
were imaged on an IncuCyte S3 live cell analysis system (Sartorius). Four
images per well were taken at 60-min intervals for 48 h, then switched to
6-hour intervals for the remaining 24 h for a total of 72 h. The relative
proportion of dead cells was determined by dividing SytoxGreen-positive
cells by confluence using IncuCyte software.

Purification of ubiquitin affinity reagents

The MI-SUB (GST-NEMO-CoZi-His) and M1-Trap (GST-OTULIN®®3%8 His;
C129A) were purified from E. coli BL21(DE3) by IMAC or GST purification.
Full experimental details are provided in the Supplementary Methods.

Purification of recombinant E1, E2, and LUBAC

A single co-expressing LUBAC, consisting of full-length human HOIP, HOIL-
1, and SHARPIN, generated using the pBIG cloning strategy [68] and
purified from Sf9 cells. E1 (human UBA1) was purified from Sf9 cells and E2
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(human UBE2D2) purified from Rosetta DE3 E. coli as previously described
[69]. Full experimental details are provided in the Supplementary Methods.

In vitro ubiquitination assay

HEK293T cells were transfected with plasmids encoding HA-tagged
AMPKal and AMPKa2 in a 1:1 ratio and immunoprecipitated using anti-
HA beads (Thermo Scientific). Beads with purified HA-tagged AMPKa1/2
were resuspended in reaction buffer (40 mM HEPES (pH 7.3), 10 mM MgCl,,
0.6 mM DTT) including 150 uM Ub, 100 nM E1 (UBAT1), 500 nM E2 (UBE2D2),
1 uM LUBAC, and 10 mM ATP in a reaction volume of 50 uL per sample.
Samples were incubated at 37 °C on a shaker at 1300 rpm. Reactions were
stopped by adding DTT to a final concentration of 10 mM. Bound material
was eluted and denatured in LSB for 2min at 70°C before analysis by
Coomassie staining or immunoblotting.

Nucleotide extraction and measurement of ATP, ADP and AMP
Nucleotides were extracted and analysed by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) on a TSQ Quantiva interfaced with
Ultimate 3000 Liquid Chromatography system (Thermo-Scientific) as
described previously [70]. Full experimental details are provided in the
Supplementary Methods. The relative abundances of AMP, ADP and ATP
were converted to AEC defined as:

[ATP] x 0.5[ADP)
[ATP] + [ADP] + [AMP]

AEC =

Proteomics and phosphoproteomics

Proteomic and phosphoproteomic analyses were performed LC-MS/MS on
Q-Exactive or Exploris instruments (Thermo Fisher Scientific). Enrichment,
analyses, and quantification relied on label-free or TMT-based workflows,
with stringent filtering, normalisation, imputation, and statistical testing
using limma as previously described [71-74]. Differential protein and
phosphosite regulation, pathway mapping, clustering, and kinase-
substrate enrichment analyses were performed in R [75-78]. Full
experimental details are provided in the Supplementary Methods.

Statistical testing

Data are presented as mean + standard error of the mean (SEM). The sample
size (n) is the number of independent biological replicates for each experiment.
Sample numbers for each experiment are provided in the figures and figure
legends. Statistical analyses were performed using R (Posit) or GraphPad Prism.
Depending on the data structure and distribution, the following tests were
applied: Student's t-test for parametric two-group comparisons, Mann-Whitney
U test for non-parametric two-group comparisons, Two-way ANOVA followed
by Tukey’s post-hoc test for multiple group comparisons, or Fisher's exact test
for categorical data. Where applicable, corrections for multiple comparisons
were applied. For time-course comparisons of densitometric immunoblot
analyses, generalised additive models (GAMs) were used in R to account for
non-linear dynamics over time. Statistical significance is reported as: ns (not
significant, p > 0.05), * (p < 0.05), ** (p <0.01), *** (p < 0.001), *** (p < 0.0001).

DATA AVAILABILITY

Proteomics data analyses are available as Supplementary Tables 1-5 and the data has
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