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Abstract

While the transition metal copper (Cu) is an essential nutrient that is conventionally viewed as a
static cofactor within enzyme active sites, a nontraditional role for Cu as a modulator of kinase
signaling is emerging. We discovered that Cu is required for the activity of the autophagic kinases
ULK1/2 through a direct Cu-ULK1/2 interaction. Genetic loss of the Cu transporter Ctr or
mutations in ULKZ1 that disrupt Cu-binding reduced ULK1/2-dependent signaling and
autophagosome complex formation. Elevated intracellular Cu levels are associated with starvation
induced autophagy and sufficient to enhance ULK1 kinase activity and in turn autophagic flux.
The growth and survival of lung tumors driven by KRASG12D s diminished in the absence of
Ctr1, depends on ULK1 Cu-binding, and is associated with reduced autophagy levels and
signaling. These findings suggest a molecular basis for exploiting Cu-chelation therapy to forestall
autophagy signaling to limit proliferation and survival in cancer.
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Introduction

Results

By default, the dynamic and adaptive nature of signaling networks allows them to respond
and, in some cases, sense extracellular and intracellular inputs®. While growth factors,
nutrients, and metabolites are well-appreciated regulators of cell proliferation, the
contribution of transition metals to cellular processes that support proliferation and
contribute to malignant transformation are understudied. The transition metal copper (Cu) is
essential for a diverse array of biological processes from cellular proliferation, neuropeptide
processing, free radical detoxification, and pigmentation2. The importance of intact Cu
homeostatic mechanisms for cell growth control is underscored by the stunted growth and
failure to thrive associated with Cu deficiency in Menkes disease patients3 and the increased
prevalence of cancer in patients and animal models with hereditary Cu overload in Wilson
disease?-5. However, the dysregulated growth phenotypes associated with alterations in Cu
availability cannot be fully explained by the limited number of Cu-dependent enzymes that
traditionally harness the redox potential of Cu as a structural or catalytic cofactor.

Several recent studies have illuminated functions for Cu as a non-structural intracellular
mediator of signaling by directly connecting Cu to signaling pathway components that
modulate cell proliferation or lipid metabolism’~2. We previously showed that in response to
growth factors, Cu contributes to the amplitude of canonical MAPK signaling through an
interaction between Cu and the kinases MEK1 and MEK2. Examination of this signaling
mechanism in the context of cancer revealed that BRAFY690E_driven tumors depend on
MEK1/2 association with Cu, and moreover, are sensitive to Cu-chelating drugs8-10.11, In
Wilson disease, Cu influences 3’,5’-cyclic AMP (cAMP)-mediated lipolysis downstream of
B-adrenergic receptor signaling by directly inhibiting the phosphodiesterase PDE3B?,
serving as one molecular mechanism to explain the connection between aberrant Cu
accumulation and altered lipid metabolism?®. These findings bolster a paradigm linking Cu
levels to signaling pathway components that are essential for normal physiology, but that
become dysregulated in multiple disease states including cancer. Thus, uncovering
additional kinases that are regulated by Cu levels is needed to further define Cu-dependent
cellular processes that may contribute to the efficacy of Cu chelators for cancer therapy2.

Cu binds to ULK1 and ULK2 and is required for kinase activity.

To explore other Cu-dependent kinases, we first performed an alignment of the Cu-binding
sequence in MEK18 against kinase domains and identified the autophagy regulatory kinases
ULK1 and ULK?2 as sharing significant sequence similarity at the amino acids (H188,
M230, and H239) required for Cu-binding in MEK1 (Fig. 1a). Both ULK1 and ULK2 bind
to a Cu-charged resin, but not a metal free resin control, Fe-, or Zn-charged resin (Fig. 1b,c).
To investigate the impact of Cu-binding to ULK1 and ULK?2 function, we first tested
whether Cu is directly required for ULK1 and ULK?2 kinase activity. ULK1 and ULK2 /n
vitrokinase activity was enhanced in response to increasing concentrations of CuCl, (Fig.
1d,e and Extended Data Fig. 1a,b) and inhibited when treated with increasing concentrations
of the Cu chelator tetrathiomolybdate (TTM) (Fig. 1f,g and Extended Data Fig. 1c,d). The
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reduced ULK1 and ULK2 kinase activity in presence of TTM was similar to inhibition
achieved with the ULK1/2 inhibitor MRT6892113 (Fig. 1f,g and Extended Data Fig. 1c,d).

Reducing or increasing intracellular Cu levels modulates ULK1/2 kinase activity.

ULK1/2 are well-established downstream targets of the protein kinase mammalian target of
rapamycin (MTOR)4-17. When associated with rapamycin-sensitive mTOR complex 1
(MTORC1)18, mTOR controls cellular energetics by driving anabolic processes, such as
lipid, nucleotide, and protein synthesis1®, and suppressing catabolic processesl4-17, like
autophagy. mTOR kinase activity is blocked in response to amino acid deprivation29-22, low
cellular ATP levels?3:24, or rapamycin treatment226. This in turn relieves the inhibitory
phosphorylation of ULK1 and ULK?2 and initiates the formation of an autophagosome14-17,
which degrades and recycles proteins, lipids, and organelles to restore nutrient balance in the
form of building blocks for metabolic pathways. To investigate the relationship between Cu
and mTORC1-ULK1/2 signaling in mammalian cells, Cu-replete and Cu-deficient cells
were generated by expressing the high affinity Cu transporter CTR1 (WT) or an empty
vector (VO) in immortalized CtrZ~/~ mouse embryonic fibroblasts (MEFs). Intracellular Cu
levels in CTRIWT expressing CtrZ-null MEFs are comparable to CirZ** MEFs as confirmed
by reduced CCS protein stability?”, which is degraded in a Cu-dependent fashion, increased
Cu levels via inductively coupled plasma mass spectrometry (ICP-MS), and elevated
fluorescence from the CF4 probe28, which detects labile Cu (Fig. 1d and Extended Data Fig.
le-h). Ctr1loss reduced ULK1-mediated phosphorylation of ATG13 under basal conditions
and the elevated phosphorylation of ATG13 that occurs upon amino acid deprivation14-17
was only observed in the Cu-replete conditions (Fig. 1h and Extended Data Fig. 1i). In
contrast, PI3K/AKT signaling-mediated phosphorylation?® of mTORS2448 and mTOR
phosphorylation30-32 of ULK 15757 p70S6K 389, and mTORS2481 remained unchanged
upon reduced Cu levels (Fig. 1h). These data suggest that Cu is required for ULK1 activity
but not its upstream regulation by mTORC1 or mTOR itself. In agreement, ULK1 kinase
activity is elevated upon amino acid withdrawal in Cu-replete cells but is blunted in the Cu-
deficient cells (Fig. 1i and Extended Data Fig. 1j). Additionally, MEFs lacking the Cu
exporter Afp7a, which have elevated intracellular Cu levels, also had increased ULK1 kinase
activity (Fig. 1j and Extended Data Fig. 1k). These findings that reduced Cu levels decrease
ULK1/2-dependent signaling downstream of mTORCL inhibition (Fig. 1h—j) suggest that
autophagy was a yet to be identified Cu-dependent process.

Cu is both necessary and sufficient for autophagic flux in an ULK1/2-dependent fashion.

The ULK1-ATG13 complex senses low-energy and nutrient depleted cellular states and
initiates autophagosome formation4-17. To determine whether changes in levels of Cu affect
ULKZ1/2-dependent autophagy, Cu-replete or Cu-deficient MEFs were exposed to amino
acid deprivation20-22 or rapamycin2526, which inhibit mTOR. Specifically, autophagic flux
was measured by three techniques, including /) Western blot analysis of the processing of
LC3 from its cleaved form (LC3-I) to phosphatidylethanolamine-conjugated form (LC3-
11)33, /i) flow cytometry measurement of the ratio of autolysosomes (mCherry-LC3B) to
autophagosomes (EGFP-LC3B)34, and /i) immunofluorescence detection of the abundance
of autophagosomes (mCherry-EGFP-LC3 positive puncta) and autolysosomes (mCherry-
LC3 positive puncta)3®. These studies revealed that loss of CtrZ significantly reduced LC3-I
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processing (Fig. 2a and Extended Data Fig. 2a) and prevented autophagosome to
autolysosome conversion upon autophagy induction (Fig. 2b—d). Further, under basal
conditions the number of mCherry-EGFP-LC3 positive puncta was significantly reduced,
indicating a potential block in autophagosome formation and in turn recruitment of LC3B
(Fig. 2c,d). In contrast, CRISPR/Cas9-mediated knockdown of endogenous Afp7a
(Extended Data Fig. 2b) caused elevated Cu levels that were sufficient to enhance LC3-11
levels (Fig. 2e and Extended Data Fig. 2c¢) and autophagic flux (Fig. 2f-h). Collectively,
these data suggest that the levels of Cu could serve as a rheostat for ULK1/2-dependent
autophagy by regulating ULK1/2 kinase activity in an mTOR-dependent fashion.

Since altering Cu levels has been shown to affect MAPK signaling’8, we interrogated the
contribution of the MAPK pathway to Cu-mediated regulation of autophagy via genetic and
pharmacologic approaches. First, we directly tested whether disrupting MEK1 Cu-binding
was sufficient to reduce autophagy in the presence (Ctr170X/floX) or absence (Ctr1™'~) of Cu
transport. While expression of Cu-binding mutant (CBM) of MEK18 reduced
phosphorylation of ERK1/2 (Extended Data Fig. 2d), LC3-I1 levels were unchanged and Cu-
dependent autophagic flux was still observed in CtrZ~ MEFs (Extended Data Fig. 2e,f).
Second, treatment with the MEK1/2 inhibitor, trametinib, which abolished phosphorylation
of ERK1/2, did not phenocopy the reduced autophagic flux in the absence of CtrZ (Extended
Data Fig. 2g,h). Consistent with these findings, expression of a gain-of-function (GOF)
ERK2 mutant8, which bypasses the ability of Cu to influence MEK1/2 activity in Ctr17/~
MEFs (Extended Data Fig. 2i), did not increase LC3-11 levels in cells devoid of significant
Cu transport (Extended Data Fig. 2j,k). Finally, while increasing Cu levels via Afp7a
knockdown is sufficient to increase phosphorylation of ERK1/2 (Fig. 2e), loss of Afp7ain
MEFs lacking the key autophagy regulator Afg5 (Extended Data Fig. 2b), which is part of
the ubiquitin-like conjugation system that lipidates LC333, failed to re-establish autophagy
(Extended Data Fig. 21). Collectively, these data indicate that Cu-dependent autophagy is
mechanistically independent of Cu-regulated MEK1/2 activity and upstream of ATG5,
which is required for autophagosome nucleation.

Elevated intracellular Cu levels are associated with starvation induced autophagy and are
required for autophagosome complex formation.

Since our findings suggest that Cu is required for ULK1/2-dependent signaling and
autophagic flux in response to mTOR inhibition, we next hypothesized that Cu levels may
fluctuate in an acute manner after autophagy induction. Interestingly, a statistically
significant elevation in labile intracellular Cu levels, as measured by increased fluorescence
of the Cu probe CF428 and not its control (Ctrl-CF4)28, was detected in a time-dependent
fashion post amino acid withdrawal (Fig. 3a,b, Extended Data Fig. 3a,b, and Supplementary
Video 1-4). Thus, the requirement for Cu for efficient autophagic flux is driven by Cu
fluctuations that support ULK1/2 kinase activity. While ULK1/2 activation is typically a
prerequisite for LC3 processing by the ubiquitin-like conjugation system on the forming
autophagosomel?, several upstream ULK1/2-dependent molecular events are essential to
initiate autophagosome formation36-37 (Extended Data Fig. 3c). Specifically, active ULK1
translocates to the ER with its constitutive binding partners ATG13 and FIP200 to drive
phagophore formation by phosphorylating core components of the class 111 PI3K VPS34
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complex, which includes BECLIN-1, PIK3R4 (p150), and VVPS34 itself14-17:38-40 The
ULK1-mediated phosphorylation of BECLIN-1 or ATG14 within VPS34 complex 1
stimulates VPS34 activity, which converts phosphatidylinositol to PI3P4041, The generation
of PI3P serves as a docking site for FYVE domain containing proteins, like DFCP1 and
WIPI1, that recruit the ubiquitin like conjugation complex ATG5-ATG12-ATG16 to lipidate
L.C3B36:42, To dissect the contribution of Cu to the molecular events directly downstream of
ULKZ1-dependent autophagosome formation, we visualized ULK1 complex translocation to
puncta, (EGFP-ATG13 or EGFP-FIP200), VPS34 complex PI3P generation on puncta
(EGFP-DFCP1), and PI3P effector translocation to puncta (EGFP-WIPI1) in response to
amino acid deprivation in the presence (Ctr1770X/flox) or absence (Ctr1™~) of Cu transport.
Cu deficiency significantly decreased both ATG13, FIP200, WIPI1, and DFCP1 puncta
formation in response to amino acid deprivation, indicating that Cu transport contributes to
the early steps of phagophore nucleation (Fig. 3c—j). Defective recruitment of these initiating
complexes and PI3P production, limited the number of EGFP-LC3 positive autophagosomes
measured by flow cytometry*3 (Fig. 3k and Extended Data Fig. 3d), an effect that was
rescued by loss of the Cu exporter Azp7A (Fig. 3I). A selective requirement for Cu in the
regulation of autophagosome formation was observed, as the Cu chelator TTM reduced
EGFP-LC3 positive autophagosome number, while the iron (Fe) chelator desferoxamine
(DFO) had no effect (Extended Data Fig. 3e,f). These findings suggest that ULK1/2-driven
autophagy initiation requires Cu transport.

Genetic ablation of Ctrl decreases autophagy and proliferation to reduce tumorigenesis
and sensitizes cancer cells to starvation in a mouse model of Kras®12P-driven lung cancer.

Increased levels of basal autophagy in some cancers represents a vulnerability to autophagy
inhibition#4. We previously demonstrated that genetic ablation of CtrZ reduced BRAFV600E.
driven lung tumor development, leading to a survival advantage8. While the reliance of
BRAFVY600E_drjven tumors on both autophagy“® and Cu transport® could be exploited
therapeutically, activating mutations in KRAS are the most common driver event in this
disease6. Importantly, oncogenic Kras®Z2P-driven lung adenocarcinomas also depend on
efficient autophagy for tumor maintenance®’. Deletion of the critical autophagy component
Atg7 converts KrasGZ2D-driven adenomas and adenocarcinomas to oncocytomas, a benign
tumor type characterized by an accumulation of dysfunctional mitochondria?’. To
investigate the relationship between Cu, oncogenic KRAS-driven lung cancer, and
autophagy, we investigated whether loss of CirZ disrupts autophagy in an autochthonously
arising KRAS®12D_driven lung adenocarcinoma model. We transduced cohorts of LS -
KrasC12D/%, T 53M10X/floX - Rosa26::1 SL-Luc (KPLuc) mice via intratracheal administration
of lentivirus expressing Cre recombinase, Cas9, and sgRNA targeting either 8-GAL or Cirl.
Tumor growth was monitored over time with luminescence imaging. Strikingly, we found
that genetic targeting of Cu transport blunts the development of KRASG12D_driven lung
tumors (Fig. 4a,b,d,g and Extended Data Fig. 4a—c). Tumor volume at 16 weeks was
significantly decreased in mice with CRISPR-mediated deletion of CtrI (Fig. 4a,b,q). Cirl
loss was confirmed by increased CCS levels in the tumor tissue (Fig. 4c,e,h) and correlated
with reduced /n vivo tumor cell proliferation (Ki67-positive staining, Fig. 4f,i). Molecularly,
the established CitrI deficient KPLuc tumors had decreased LC3-positive staining, increased
p62-positive staining, and reduced autophagosome number, indicative of diminished
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autophagy (Fig. 5a—f). Thus, the loss of CtrZ mitigates KRAS®12D-mediated autophagy that
is necessary for lung tumor growth.

Interestingly, several recent studies reported that genetic disruption of oncogenic KRAS or
MAPK pathway inhibition elicits protective autophagy via an ULK1-dependent signaling
mechanism and indicate that dual targeting of the canonical MAPK pathway and autophagy
may be necessary for anti-tumorigenic activity in KRAS-driven tumors#8-50, |In agreement
with our findings that Cu is necessary for MEK1/28 and ULK1/2 kinase activity (Fig. 1d-g
and Extended Data Fig. 1a—d), loss of CtrZ in KRAS®12D Jung tumors diminished ERK1/2
activation (Extended Data Fig. 5a,b), while also blunting compensatory autophagy induction
via ULK1/2 (Fig. 5a—f). These data suggest that the dual inhibition of these kinase signaling
nodes contributes to the reduced /n vivo tumor cell proliferation (Ki67-positive staining, Fig.
4f,i) associated with Ctr1 deficiency. However, these results failed to address the extent to
which Cu-regulated MAPK signaling versus Cu-mediated autophagy contributes to lung
tumor cell growth and survival during KRASC12P_driven tumorigenesis. To begin to
interrogate whether the requirement for Cu to induce autophagy is necessary for oncogenic
KRASG12D [ung tumor cell phenotypes, we established lung adenocarcinoma cell lines
isolated from LSL-KrasG120/*, Tp53710x/flox (KP) mice in which Ctr1 was inactivated via
CRISPR/Cas9 (Extended Data Fig. 5¢). Targeted disruption of CtrZ reduced LC3-I11 levels in
two KP lung adenocarcinoma cell lines as compared to cells transduced with a non-targeting
control sgRNA (Fig. 5g and Extended Data Fig. 5d). The dependency of KRAS-driven
cancer cell lines on autophagy for growth and survival has been previously evaluated /n vitro
with clonogenic survival assays (Fig. 5h), in which cancer cells are plated in normal media,
subsequently starved of amino acids for one day to induce autophagy, and then recovered in
normal media for three days, and the ability of the cancer cells to survive is assessed®?. In
agreement with Guo etal.®!, CRISPR/Cas9 knockout of Afg5in KP lung adenocarcinoma
cells significantly reduced the clonogenic survival of cells post starvation, an effect that was
phenocopied by Ctr1 deletion (Fig. 5i,j). Importantly, expression of ERK2CGOF was not
sufficient to rescue the decrease in clonogenic survival in the absence Aig5or Cirl
(Extended Data Fig. 5e,f), which suggests that the survival of these lung cancer cells
depends on autophagy in a MAPK-independent fashion. Nevertheless, our collective results
demonstrate that the dependence of KRASG12D_driven tumors on MAPK signaling and
autophagy events can be inhibited by altering Cu levels, which could be achieved with Cu
chelators alone.

Binding of Cu to ULK1 is required for autophagy signaling and induction.

To mechanistically interrogate the contribution of Cu-binding to ULK1 signal transduction
and autophagy initiation, we next mutated H136, M188, and H197 to alanine, which share
conserved primary sequence with the Cu-binding mutant (CBM) of MEK18 (Fig. 1a).
Compared to wild-type ULK1, the ULK1CBM had reduced /n vitro ability to bind a Cu-
charged resin and phosphorylate ATG13 (Fig. 6a,b). While the lack of ULKCBM jn yitro
kinase activity could suggest a Cu-binding independent finding, we previously demonstrated
that introduction of mutations at these conserved residues in MEKS5, which is highly similar
to MEK1/2 and does not bind Cu, did not alter MEKS5 kinase activity8. Along these lines, the
ULK1°BM immunoprecipitated from Ulk1/27/~ MEFs deprived of amino acids failed to
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phosphorylate ATG13 as compared to the exogenous ULK1WT (Fig. 6¢). While both
ULKIWT and ULK1CBM were efficiently phosphorylated by AMPK at serine 555 and
mTORC1 at serine 757 when stably expressed in Ulk1/27'~ MEFs (Extended Data Fig. 6a),
the ULK1CBM exhibited a mobility shift that corresponded to reduced ULK1
autophosphorylation due to defective kinase activity (Extended Data Fig. 6b). Further,
despite decreased kinase activity the ULK1CBM retained strong interactions with canonical
binding partners ATG13, ATG101, and FIP200, suggesting that the three-dimensional
structure of ULK1 is not destabilized upon introduction of mutations into ULK1¢BM
(Extended Data Fig. 6¢). To evaluate the consequence of disrupting ULK1 Cu-binding on
autophagic flux, signaling, and autophagosome formation, U/kZ and Ulk2 knockout MEFs
were generated via CRISPR/Cas9 and validated to have reduced autophagic flux in response
to amino acid deprivation, but as previously reported still retain visible levels of LC3-11°2
(Extended Data Fig. 6d—f). Only expression of ULKIWT partially rescued LC3-11 levels,
phosphorylation of ATG13, and autophagosome formation in the context of Ulk1/2
deficiency, indicating that Cu binding is required to restore autophagy downstream of ULK1
(Fig. 6d,e, Fig. 7a—f, and Extended Data Fig. 6g,h). Finally, consistent with Cu-dependent
autophagy acting solely through ULK1/2, we found that loss of CirZ in MEFs deficient in
Ulk1/2 does not further alter autophagic flux (Fig. 6f and Extended Data Fig. 6i), as
measured by LC3-11 levels. This further bolsters the conclusion that Cu levels
mechanistically contribute to autophagy via ULK1/2 and not another Cu-dependent parallel
pathway.

Binding of Cu to ULK1 is required for KRAS®12D_driven tumor growth and cancer cell
survival in response to starvation.

To translate our finding that Cu-binding to ULK1 is required for autophagy to KRAS-driven
tumorigenesis, we next tested and found that blocking ULK1 Cu-binding was associated
with reduced tumor growth kinetics and endpoint tumor weight of KRAS®12P-transformed
Uk~ immortalized MEFs stably expressing the ULK1BM compared to ULKIWT
(Extended Data Fig. 7a—c). To investigate whether these results could be extrapolated to the
setting of endogenous oncogenic KRAS tumorigenesis, UlkZ and U/lk2were knocked out by
CRISPR/Cas9 in mouse KRAS mutant lung adenocarcinoma cell lines (Extended Data Fig.
7d). As expected, loss of endogenous Ulk1/2 decreased the levels of LC3-11 and
phosphorylation of ATG13 (Fig. 8a,b and Extended Data Fig. 7e,f). Targeted disruption of
Ulk1/2reduced /n vivo tumor growth to a similar extent to loss of Afg5 (Fig. 8c—¢). In
agreement with Cu being required for ULK1 kinase activity, only ULKIWT, but not
ULK1CBM could partially restore autophagic flux, signaling, and efficient subcutaneous
tumor growth (Fig. 8a—e). Given that Cu mechanistically contributes to autophagy via
ULK1/2, the clonogenic survival of KP adenocarcinoma cells was dependent on ULK1/2 but
was not further exacerbated by deletion of CtrZ (Fig. 8f,g and Extended Data Fig. 79).
Together, these data support a mechanism to regulate ULK1 activity via Cu binding to
promote nutrient deprived or oncogene-driven autophagy that is required for tumorigenesis.
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Despite evidence that Cu homeostasis is essential for life?, relatively little is known about
cellular pathways that respond directly to Cu levels. We show here that Cu directly
modulates the activity of the autophagic kinases ULK1 and ULK?2 to function as an
endogenous rheostat to control autophagy during nutrient deprivation. These findings
highlight a molecular basis for a Cu-dependent cellular process to support energy
homeostasis. One enticing hypothesis is that sensing Cu abundance through dynamic
signaling networks may help cells adapt to environmental changes that would require
differential cellular metabolism. By extension, limiting Cu availability or decreasing the
binding of Cu to ULK1 may be an attractive therapeutic opportunity to reduce the growth of
oncogene-driven lung adenocarcinomas that in part rely on autophagy for tumor
maintenance and cell survival. Interestingly, models of KRAS-driven lung cancer have
differing levels of autophagy dependence based on which tumor suppressor is dysregulated,
suggesting that the utility of reducing Cu levels to dually target autophagy and MAPK
signaling could be exploited more broadly. Further, while targeting protein kinase catalytic
activity is a proven approach in the landscape of cancer therapeutics, orthogonal approaches
that exploit the Cu-dependency of kinases that are critical for maintaining cellular processes
essential for tumor growth, such as autophagy, represents an untapped therapeutic

opportunity.
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Extended Data 1. Cu is both necessary and sufficient for ULK1 and ULK2 kinase activity.
a,b,c,d, Scatter dot plot with bar at mean normalized APhosphorylated (P)-ATG13/Total (T)-
ATG13 from Figure 1d,e,9. n=3 biologically independent experiments, Figure 1d,e,g, or n=4
biologically independent experiments, Figure 1f. Results were compared using a one-way
ANOVA followed by a Tukey’s multi-comparisons test. 0 vs. 50 uM TTM, *, P=0.0151; 0
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vs. 10 uM MRT68921, *, P=0.0395. e, RT-PCR detection of indicated mRNAs from Ctr1**
MEFs or Ctr1™/~ MEFs stably expressing CTRIWT (WT) or empty vector (VO). n=1
biologically independent sample. f, Scatter dot plot of inductively coupled plasma mass
spectrometry (ICP-MS) detection with bar at mean Cu (parts per million, ppm) from Ctr1t/*
MEFs (+/+) or CtrI™"~ MEFs stably expressing WT or VO per sample weight + s.e.m. n=3
biologically independent samples. Results were compared using a one-way ANOVA
followed by a Tukey’s multi-comparisons test. *, P=0.05 0.0202; **, P=0.0059. g,
Representative live cell imaging of the Cu probe CF4 or control Cu probe Ctrl-CF4 from
CtrI*!* MEFs (+/+) or CtrI™"~ MEFs stably expressing WT or VVO. Scale bar, 100 pm. h,
Scatter dot plot with bar at mean CF4 or Ctrl-CF4 fluorescence intensity (FI) = s.e.m. from
CtrI*™* MEFs (+/+) or CtrI™~ MEFs stably expressing WT or VO. n=90 individual cells.
Results were compared using a one-way ANOVA followed by a Tukey’s multi-comparisons
test. **** P<0.0001. i,j,k, Scatter dot plot with bar at mean normalized AP-ATG13/T-
ATG13 from Figure 1h,i,j. n=3 biologically independent experiments. Results were
compared using a one-way ANOVA followed by a Tukey’s multi-comparisons test, an
unpaired, two-tailed Student’s t-test, or two-way ANOVA followed by a Sidak’s multi-
comparisons test. ns.
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Extended Data 2. Copper is both necessary and sufficient for autophagy induction and signaling
in a MAPK signaling independent fashion, upstream of ATG5.

a, Scatter dot plot with bar at mean normalized ALC3-11/B-ACTIN from Figure 2a. n=3
biologically independent experiments. Results were compared using a two-way ANOVA
followed by a Sidak’s multi-comparisons test. ns. b, Scatter dot plot with bar at mean
normalized expression of Afp7a mRNA from MEFs n=1 biologically independent
experiment performed in technical triplicate. ¢, Scatter dot plot with bar at mean normalized
ALC3-11/B-ACTIN from Figure 2e. n=4 biologically independent experiments. Results were
compared using a two-way ANOVA followed by a Sidak’s multi-comparisons test. ns. d,
Immunoblot detection of proteins from MEFs. e, Immunoblot detection of proteins from
treated MEFs. Quantification: ALC3-11/8-ACTIN normalized to 7/fl, empty vector (-), VEH
control. f, Scatter dot plot with bar at mean normalized ALC3-11/B-ACTIN from Extended
Data 2e. n=3 biologically independent experiments. Results were compared using a two-way
ANOVA followed by a Tukey’s multi-comparisons test. ns. g, Immunoblot detection of
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proteins from treated MEFs. Quantification: ALC3-11/B-ACTIN normalized to WT, VEH
control. h, Scatter dot plot with bar at mean normalized ALC3-11/8-ACTIN from Extended
Data 2g. n=6 biologically independent experiments. Results were compared using a two-way
ANOVA followed by a Tukey’s multi-comparisons test. ns. i, Immunoblot detection of
proteins from MEFs. j, Immunoblot detection of proteins from treated MEFs.
Quantification: ALC3-11/B-ACTIN normalized to WT, VEH control. k, Scatter dot plot with
bar at mean normalized ALC3-11/B-ACTIN from Extended Data 2j. n=5 biologically
independent experiments. Results were compared using a two-way ANOVA followed by a
Tukey’s multi-comparisons test. *, P=0.0071; **, P=0.0434; ***, P=0.0026; ****,
P=0.0021. I, Immunoblot detection of proteins from treated MEFs. Western blot images are
representative of at least three biological replicates.
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Extended Data 3. Cu but not Fe is required for autophagosome formation and is associated with
fluctuations in the Cu labile pool.
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a, Representative live cell imaging of the Cu probe Ctrl-CF4 every ten minutes for 60
minutes from MEFs treated with vehicle (VEH) or amino acid deprivation (-AA). Scale bar,
100 pm. b, Mean Ctrl-CF4 fluorescence intensity (FI) + s.e.m. versus time (minutes, min)
from MEFs treated with VEH or -AA normalized to t=0, five minutes. n=30 individual cells.
Results were compared using a two-way ANOVA followed by a Sidak’s multi-comparisons
test. ¢, Schematic of immunofluorescence-based approach to access autophagosome
formation. d, Schematic of flow cytometry-based approach to access autophagosome
number. e,f, Scatter dot plot with bar at mean GFP-LC3 fluorescent intensity + s.e.m.
analyzed by flow cytometry from MEFs stably expressing EGFP-L C3B treated VEH or
increasing concentrations of Cu chelator TTM (e) or Fe chelator DFO (f). n=9 biologically
independent samples. Results were compared using a one-way ANOVA followed by a
Dunnett’s multi-comparisons test. *, P=0.0148; **** P<0.0001.
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Extended Data 4. Genetic ablation of Ctr1 reduces Kras®12P-driven lung tumorigenesis.
a, Normalized representative images of /n7 vivo luminescence of

K rasC12D/*; T 53M10x/flox-Rosa26::1 SL-Luc (KPLuc) mice introduced with either sgRNA
against S-GAL or Ctr1 at week 16 endpoint. b,c, Scatter dot plot with bar at mean
ALuminescence units from week 10 to week 16 from KPLuc mice introduced with either
SgRINA against S-GAL or Cirl. n=6 biologically independent animals. Results were
compared using an unpaired, one-tailed Student’s t-test. P=0.0818.
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Extended Data 5. Genetic ablation of Ctr1 decreases MAPK signaling to reduce Kras®12P-driven
lung tumorigenesis, while survival in response starvation is independent of MAPK signaling.

a, Representative 40x images of immunohistochemical detection of phosphorylated (P)-
ERK1/2 of lungs from KPLuc mice expressing sgRNA against 8-GAL or Ctrl. (40x scale
bar: 50 um). b, Scatter dot plot with bar at mean + s.e.m. % P-ERK1/2 positive staining per
tumor (B-GAL and CirI) from KPLuc mice expressing sgRNA against S-GAL or Cirl. n=66
images. Results were compared using an unpaired, two-tailed Student’s t-test. ***,
P=0.0002. c, Scatter dot plot with bar at mean normalized quantitative PCR (QPCR)
expression of CtrI mRNA from KP lung adenocarcinoma cell lines #54 (KP #54) and #2474
(KP #2474) stably expressing sgRNA against Rosa (-) or Ctrl (#1 or #2). n=1 performed in
technical triplicate. d, Scatter dot plot with bar at mean normalized ALC3-11/B-ACTIN from
Figure 5g. n=3 independent experiments. Results were compared using a two-way ANOVA
followed by a Tukey’s multi-comparisons test. ns. e, Representative crystal violet images of
KP #54 and KP #2474 cells stably expressing sgRNA against Rosa, Atg5, or Ctrl (#1 or #2)
and ERK2COF from days 3, 4, and 5 of recovery. f, Scatter dot plot with bar at mean
absorbance of extracted crystal violet at 590nM =+ s.e.m. of KP #54 and KP #2474 cells
stably expressing sgRNA against Rosa, Atg5, or Ctrl (#1 or #2) and gain-of-function (GOF)
HA-ERK2 (ERK2COF) from days 3, 4, and 5 of recovery normalized to Rosa, day 3 control.
KP #54, n=# biologically independent samples; Day 3=9, Day 4=9, Day 5, Rosa=8, Atg5=9,
#1=9, #2=9. * P=0.0140; ***, P=0.0003. KP #2474, n=# biologically independent samples;
Day 3=9, Day 4=9, Day 5, Rosa=9, Afg5=9, #1=8, #2=8. *, P=0.0011; **, P=0.0158; ***,
P=0.0462
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Extended Data 6. Binding of Cu to ULK1 is required for kinase activity but not substrate
association or phosphorylation.

a, Immunoblot detection of phosphorylated (P) ATG13, total (T)- ATG13, P-ULK1 (S555),
P-ULK1 (S757), T-ULK1, or B-ACTIN from Ulk1/2"~ MEFs stably expressing HA-
ULKIWT (WT) or HA-ULKIEM (CBM) treated with vehicle (VEH) or amino acid
deprivation (-AA). b, Immunoblot detection of T-ULK1 or B-ACTIN from cell lysates
treated with or without calf alkaline phosphatase (CIP) from Ulk1/2”"~ MEFs stably
expressing empty vector (VO), HA-ULKIWT (WT), or HA-ULKIBM (CBM). c,
Immunoblot detection of T-ATG13, T-ATG101, T-FIP200, T-ULKZ1, or B-ACTIN from
immunoprecipitated (IP)-ULK1 or whole cell extracts (WCE) from Ulk1/27'~ MEFs stably
expressing HA-ULKIWT (WT) or HA-ULKI1“EM (CBM) treated with VEH or -AA. d,
Scatter dot plot with bar at mean normalized quantitative PCR (QPCR) expression of U/kZ or
UlkZmRNA from MEFs stably expressing sgRNA against Rosa or Ulk1 and Ulk2. n=1
performed in technical triplicate. e, Immunoblot detection of T-ULK1, T-ULK2, or -
ACTIN from MEFs stably expressing sgRNA against Rosa (-) or UlkZ and Ulk2 (+). f,
Immunoblot detection of LC3-1, LC3-II, or B-ACTIN from MEFs stably expressing sgR/NA
against Rosa (-) or UlkZ and Ulk2 (+) treated with -AA and bafilomycin (BAF) for 1 hour
(hr), 2 hr, and 3hr. g,h,i, Scatter dot plot with bar at mean normalized ALC3-11/B-ACTIN or
AP-ATG13/T-ATG13 from Figure 6d,f. n=3 independent experiments. Results were
compared using a two-way ANOVA followed by a Tukey’s multi-comparisons test. g, ns; h,
**x* P<0.0001. i, *, P=0.0365; **** P<0.0001. Western blot images are representative of
at least three biological replicates.
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Extended Data 7. Binding of Cu to ULK1 is required for tumorigenesis by oncogenic
KRASC12D,

a, Mean tumor volume (mm3) + s.e.m. versus time (days) in mice injected with U/k2~/~
MEFs stably expressing either HA-ULKIWT or HA-ULK1“BM and transformed with
KRASC12D n=4 biologically independent animals. Results were compared using a paired,
one-tailed Student’s t-test. **, P=0.0095. b, Representative dissected tumors from mice
injected with UJkZ~/~ MEFs stably expressing either HA-ULKIWT (WT) or HA-ULK1°EM
(CBM) and transformed with KRASCG12D, Scale bar, 100 um. ¢, Scatter dot plot with bar at
mean tumor weight (g) + s.e.m. of tumors at endpoint from U/kI™"~ MEFs stably expressing
either WT or CBM and transformed with KRASG12D, n=4 biologically independent
samples. Results were compared using an unpaired, one-tailed Student’s t-test. *, P=0.0325.
n=4. d, Immunoblot detection of T-ULK1, T-ULK2, or -ACTIN from

K rasC12D/*, Trp537ox/flox (K P) lung adenocarcinoma cell line #2474 (KP #2474) stably
expressing sgRNA against Rosa (-) or UlkI and Ulk2 (+). e f, Scatter dot plot with bar at
mean normalized ALC3-11/B-ACTIN or AP-ATG13/T-ATG13 from Figure 8a,b. n=3
independent experiments. Results were compared using a one-way ANOVA or a two-way
ANOVA followed by a Tukey’s multi-comparisons test. e, **, P=0.0013; ***, P=0.0016;
**kk P<0.0001; f, *, P=0.0113; **, P=0.0063; ***, P=0.0113. g, Scatter dot plot with bar at
mean normalized quantitative PCR (qPCR) expression of CtrZ mRNA from KP #2474 cells
stably expressing sgRNA against Rosa, Ctrl #2, or Ulk1, Ulk2, and Ctrl #2. n=1 performed
in technical triplicate.
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Figure 1. Cu binds to ULK1 and ULK2 and is required for Kinase activity.
a, The amino-acid sequence of human MEK1 aligned to human ULK1 and human ULK2.

Black letters, amino acids; blue letters, the four amino acids mutated in Cu-binding mutant
(CBM) of MEK1 to decrease Cu binding and those conserved between ULK1 and ULK2.
b,c, Immunoblot detection of recombinant GST-ULK1 or GST-ULK2 bound to a resin
charged with or without Cu, Fe, or Zn compared to input. n=3 biologically independent
experiments. d,e,f,g, Immunoblot detection of recombinant phosphorylated (P)-ATG13, total
(T)-ATG13, and GST-ULK1 or GST-ULK2 from ULK1 or ULK2 /n vitro kinase assays
treated with or without increasing concentrations of CuCl, from 0 to 10 uM (d,e), with or
without increasing concentrations of TTM from 0 to 50 uM, or 10 uM MRT68921 (f,g).
Quantification: AP-ATG13/T-ATG13 normalized to GST-ULK1 and GST-ATG13 alone.
d,e,g, n=3 biologically independent experiments. g, n=4 biologically independent
experiments. h, Immunoblot detection of P- and/or T- mTOR, p70S6K, ULK1, ATG13,
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CCS, or B-ACTIN from Ctr1™!~ MEFs stably expressing CTRIWT (WT) or empty vector
(\VO) treated with vehicle (VEH) or amino acid deprivation (-AA). Quantification: AP-
ATG13/T-ATG13 normalized to WT, VEH control. n=3 biologically independent
experiments. i,j, Immunoblot detection of recombinant P-ATG13, T-ATG13, or
immunoprecipitated (IP)-ULK1 from immunocomplex ULK1 kinase assays from Ctr1-/~
MEFs stably expressing WT or VO treated with VEH or -AA or MEFs stably expressing
SGRNA against Rosa (—) or Afp7a (#1 or #2). Quantification: AP-ATG13/T-ATG13
normalized to WT, VEH control or Rosa (-) control. n=3 biologically independent
experiments.
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Figure 2. Genetic ablation or enhancement in intracellular Cu levels modulates autophagic flux.
a, Immunoblot detection of proteins from treated MEFs. Quantification: ALC3-11/3-ACTIN

normalized to WT, VEH control. n=3 biologically independent experiments. b, Scatter dot
plot with bar at mean mCherry-LC3 fluorescent intensity (FI)/mean EGFP-LC3 FI + s.e.m.
analyzed by flow cytometry from treated MEFs. N represents number[AU please clarify
what the number is here.] of biologically independent samples, VEH n=16; BAF n=7; -AA
n=7; -AA+BAF n=7; RAP, WT n=16, VO n=15; RAP+BAF n=13. Results were compared
using a two-way ANOVA followed by a Sidak’s multi-comparisons test. **, P=0.0035;
**** P<0.0001. ¢, Representative fluorescence images of EGFP, mCherry, or the merge
from treated MEFs. Scale bar, 20 um. d, Scatter dot plot with bar at mean mCherry*-LC3 or
mCherry* EGFP*-LC3 puncta per cell + s.e.m. from treated MEFs. Results were compared
using a two-way ANOVA followed by a Sidak’s multi-comparisons test. n represents
number of [AU please clarify the number which n represents] fields of view. Top, VEH
n=30; BAF, WT n=30, VO n=29; -AA, WT n=30, VO n=28; RAP n=30; ***, P=0.0006;
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**x%. P<0.001; Bottom, VEH, WT n=29, VO n=30; BAF, WT n=30, VO n=29; -AA, WT
n=30, VO n=29; RAP, WT n=32, VO n=31; *, P=0.0147, ***; P=0.0009; ****, P<0.0001. e,
Immunoblot detection of proteins from treated MEFs. Quantification: ALC3-11/T- B-ACTIN
and AP-ERK1/2/T-ERK1/2 normalized to Rosa (-), VEH control. n=4 biologically
independent experiments. f, Scatter dot plot with bar at mean mCherry-LC3 fluorescent
intensity (FI)/mean EGFP-LC3 FI + s.e.m. analyzed by flow cytometry from treated MEFs.
n=9 biologically independent samples. Results were compared using a two-way ANOVA
followed by a Sidak’s multi-comparisons test. ****, P<0.0001. g, Representative
fluorescence images of EGFP, mCherry, or the merge from treated MEFs. Scale bar, 20 pm.
h, Scatter dot plot with bar at mean mCherry*-LC3 or mCherry* EGFP*-LC3 puncta per
cell £ s.e.m. from treated MEFs. Results were compared using a two-way ANOVA followed
by a Sidak’s multi-comparisons test. n represents number of [AU please clarify this number]
fields of view. Left, VEH, Rosa n=30, #1 =29, #2 n=26, BAF, Rosa nr=24, #1 n=29, #2
m=30; **, P=0.00911; **** P<0.0001; Right, VEH, Rosa n=30, #1 n=27, #2 n=30; BAF,
Rosa n=26, #1 n=29, #2 n=30; **, P=0.0042; **** P<0.0001.
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Figure 3. Cu is both necessary and sufficient for autophagosome formation.
a, Representative live cell imaging of the Cu probe CF4 every ten minutes for 60 minutes

from MEFs treated with vehicle (VEH) or amino acid deprivation (-AA). Scale bar, 100 um.
b, Mean CF4 fluorescence intensity (FI) £ s.e.m. versus time (minutes, min) from MEFs
treated with VEH or -AA normalized to t=0, five minutes. n=30 individual cells. Results
were compared using a two-way ANOVA followed by a Sidak’s multi-comparisons test.
**x* P<0.0001. c,d,e,f, Representative fluorescence images of EGFP-ATG13 (c), EGFP-
FIP200 (d), EGFP-WIP1 (e), or EGFP-DFCP1 (f) from Ctr1~/~ MEFs stably expressing
CTRIWT (WT) or empty vector (VO) and EGFP-ATG13, EGFP-FIP200, EGFP-WIPI1, or
EGFP-DFCPI treated with VEH or -AA. Scale bar, 20 um. g,h.,i,j, Scatter dot plot with bar
at mean EGFP* puncta per cell +s.e.m. from CirZ~~ MEFs stably expressing WT or VO
and EGFP-ATG13(g), EGFP-FIP200(h), EGFP-WIPI (i), or EGFP-DFCP]I (j) treated with
VEH or -AA. N represents number of[AU please clarify this number] fields of view. EGFP-
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ATG13, VEH, WT n=27, VO n=26; -AA, WT n=26, VO n=27. EGFP-FIP200, VEH n=28; -
AA, WT n=27, VO n=28. EGFP-WIP1, VEH, WT n=29, VO n=18; -AA, WT n=29, VO
n=24. EGFP-DFCP1, VEH n=24, -AA n=29. Results were compared using a two-way
ANOVA followed by a Sidak’s multi-comparisons test. **, P=0.0057; **** P<0.0001. k,
Scatter dot plot with bar at mean EGFP-LC3 FI £ s.e.m. analyzed by flow cytometry from
CtrI™'~ MEFs stably expressing WT or VO and EGFP-L C3Btreated with VEH, -AA, or
RAP with or without BAF normalized to WT, VEH control. Results were compared using a
two-way ANOVA followed by a Sidak’s multi-comparisons test. n=12 biologically
independent samples. **** P<0.0001. |, Scatter dot plot with bar at mean EGFP-LC3 FI +
s.e.m. analyzed by flow cytometry from MEFs stably expressing sgRNA against Rosa (-) or
Alp7a (#1 or #2) and EGFP-LC3B treated with VEH or BAF normalized to Rosa (-), VEH
control. n=9 biologically independent samples. Results were compared using a two-way
ANOVA followed by a Tukey’s multi-comparisons test. ***, P=0.0002; ****, P<0.0001.
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Figure 4. Genetic ablation of Ctr1 decreases proliferation to reduce tumorigenesis in a mouse
model of KrasC12P-driven lung cancer.

a, Normalized representative images of /n vivo luminescence of

K rasC12D/*; T 5310x/flox-Rosa26::1 SL-Luc (KPLuc) mice introduced with either sgRNA
against 8-GAL or Cir] at indicated time points. n=6 biologically independent animals.
b,c.d,e,f, Representative images of H&E stained (b,—5x stitched images, d-5x);
immunohistochemical detection of CCS (c-5x stitched images, e-5x), or Ki67 (f-40x) of
lungs from KPLuc mice expressing sgRNA against S-GAL or Cir1 (5x stitched scale bar:
250 um; 5x scale bar: 250 um; 40x scale bar: 50 um). g,h,i, Scatter dot plot with bar at mean
+s.e.m. % abnormal lung tissue (g, 8-GAL, n=36 images; Cir1, n=35 images), % CCS
positive staining per tumor (h, B-GAL, n=35 images; Citr1, n=36 images), or % Ki67
positive staining per tumor (i, n=36 images) from KPLuc mice expressing sgR/NA against -
GAL or Ctrl. Results were compared using an unpaired, one-tailed Student’s t-test. **,
P=0.0025; ***, P=0.0006; ****, P<0.0001.
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Figure 5. Genetic ablation of Ctr1 decreases autopha%/ to reduce tumorigenesis and sensitizes
cancer cells to starvation in a mouse model of KrasC1eP-driven lung cancer.

a,b,c, Representative images of immunohistochemical detection of LC3 (a-40x) or p62
(b-40x); or electron microscopy (EM) (c) of lungs from KPLuc mice expressing sgRNA
against S-GAL or Cir1 (40x scale bar: 50 um; EM scale bar: 1 um). d,e,f, Scatter dot plot of
mean + s.e.m. % LC3 positive staining per tumor (d, n=35 images), % p62 positive staining
per tumor (e, n=35 images), or autophagosome number per tumor cell (f, 8-GAL, n=31
images; Ctr1, n=30 images) from KPLuc mice expressing sgRNA against S-GAL or Clrl.
Results were compared using an unpaired, one-tailed Student’s t-test. d, **, P=0.0098; e,
*H4k P<0.0001; f, **, P=0.0024. g, Immunoblot detection of LC3-1, LC3-1I, or B-ACTIN
from KP lung adenocarcinoma cell lines #54 (KP #54) and #2474 (KP #2474) stably
expressing sgRNA against Rosa (=) or Ctrl (#1 or #2) treated with vehicle (VEH) or
bafilomycin (BAF). Quantification: ALC3-11/-ACTIN normalized to Rosa (-), VEH
control. n=3 biologically independent experiments. h, Schematic of clonogenic survival
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assay in response to starvation. KP #54 and KP #2474 cells stably expressing sgR/NA against
Rosa, Atgb, or Ctr1 following one day of starvation (EBSS) were recovered for three days in
normal medium (DMEM). i, Representative crystal violet images of KP #54 and KP #2474
cells stably expressing sgRNA against Rosa, Atg5, or Ctrl (#1 or #2) from days 3, 4, and 5
of recovery. j, Scatter dot plot with bar at mean absorbance of extracted crystal violet at
590nM = s.e.m. of KP #54 and KP #2474 cells stably expressing sgRNA against Rosa, Atg5,
or Ctr1 (#1 or #2) from days 3, 4, and 5 of recovery normalized to Rosa, day 3 control.
Results were compared using a two-way ANOVA followed by a Tukey’s multi-comparisons
test. KP #54, n represents number of biologically independent samples; Day 3 n=12, Day 4
n=12, Day 5, Rosa =11, Atg5 n=12, #1 n=12, #2 n=12. *, P=0.0344; **, P=0.0209; ***,
P=0.0010; **** P=0.0229. KP #2474, n=9 biologically independent samples; *, P=0.0228;
** P=0.0191; ***, P=0.0148; **** P<0.0001.
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Figure 6. Binding of Cu to ULKZ1 is required for autophagy signaling and induction.
a, Immunoblot detection of recombinant HA-ULK1WT or Cu binding mutant HA-

ULK1CBM hound to a resin charged with or without Cu compared to input. n=3 biologically
independent experiments. b, Immunoblot detection of recombinant phosphorylated (P)-
ATG13, total (T)-ATG13, and HA-ULK1WT or HA-ULK1CBM from ULK1 /in vitro kinase
assays. n=3 biologically independent experiments. ¢, Immunoblot detection of recombinant
P-ATG13, T-ATG13, or immunoprecipitated (IP)-ULK1 from U/k1/2~ MEFs stably
expressing HA-ULKIWT (WT) or HA-ULK1“BM (CBM) treated with amino acid
deprivation (-AA). n=3 biologically independent experiments. d, Immunoblot detection of
LC3-1, LC3-Il, P-ULK1, T-ULK1, P-ATG13, T-ATG13, or -ACTIN from MEFs stably
expressing sgRNA against Rosa (-) reconstituted with empty vector (VO) or sgRNA against
Ulk1 and Ulk2 reconstituted with empty vector (VO), HA-ULKIT (WT), or HA-
ULK1°BM (CBM) treated with vehicle (VEH) or -AA with or without bafilomycin (BAF).
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Quantification: ALC3-11/B-ACTIN and AP-ATG13/T-ATG13 normalized to Rosa (-), VO,
VEH control. n=3 biologically independent experiments. e, Scatter dot plot with bar at mean
mCherry-LC3 fluorescent intensity (FI)/mean EGFP-LC3 FI £ s.e.m. analyzed by flow
cytometry from MEFs stably expressing sgRNA against Rosa (—) reconstituted with VO or
SgRNA against Ulk1 and Ulk2 reconstituted with VO, WT, or CBM and mCherry-EGFP-
LC3Btreated with VEH or -AA with or without BAF normalized to Rosa (-), VO, VEH
control. n= number of biologically independent samples; VO=9, VO=9, WT=9, CBM=8.
Results were compared using a two-way ANOVA followed by a Tukey’s multi-comparisons
test. *, P=0.0335; ***, P=0.0002; ****, P<0.0001. f, Immunoblot detection of LC3-I, LC3-
I1, or B-ACTIN from Crr1oXflox (fi/fl) or Ctr1~/~ (-/-) MEFs stably expressing sgRNA
against Rosa (=) or sgRNA against Ulk1 and Ulk2 (+) treated with VEH or -AA with or
without BAF. Quantification: ALC3-11/8-ACTIN normalized to Ctr170X/floX Rosa (), VEH
control. n=4 biologically independent experiments.
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Figure 7. Binding of Cu to ULK1 is required for autophagosome complex formation.
a,b, Representative fluorescence images of EGFP-FIP200 (a) or EGFP-WIP1 (b) from

MEFs stably expressing sgR/NA against Rosa (-) reconstituted with VO or sgRNA against
Ulk1 and Ulk2reconstituted with VO, WT, or CBM and EGFP-FIP200 or EGFP-WIPI
treated with VEH or -AA. Scale bar, 20 um. c,d, Scatter dot plot with bar at mean mean
EGFP* puncta per cell + s.e.m. from MEFs stably expressing sgRNA against Rosa (-)
reconstituted with VO or sgRNA against UlkZ and Ulk2 reconstituted with VO, WT, or
CBM and EGFP-FIP200 (c) or EGFP-WIPI (d) treated with VEH or -AA. n represents
number offields of view. EGFP-FIP200, VEH, VO=30, VO=27, WT=28, CBM=27; -AA,
VO=26, VO=28, WT=28, CBM=29; EGFP-WIP1, VEH, VO=30, VO=28, WT=30,
CBM=28; -AA, V0O=29, VO=30, WT=29, CBM=30. Results were compared using a two-
way ANOVA followed by a Sidak’s multi-comparisons test. *, P=0.0394; **** P<0.0001. e,
Scatter dot plot with bar at mean EGFP-LC3 FI + s.e.m. analyzed by flow cytometry from
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MEFs stably expressing sgRNA against Rosa (-) reconstituted with VO or sgRNA against
Ulk1 and UlkZreconstituted with VO, WT, or CBM and EGFP-LC3B treated with VEH or -
AA with or without BAF normalized to Rosa (-), VO, VEH control. N represents number of
biologically independent samples. VO=9, VO=9, WT=9, CBM=8. Results were compared
using a two-way ANOVA followed by a Sidak’s multi-comparisons test. *, P=0.0083; **,
P=0.0321; ***, P=0.0125; **** P<0.0001; ***** P<0.0001; ****** P=0.0002.
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Figure 8. Binding of Cu to ULK1 is required for KRASG2P_driven tumor growth and cancer
cell survival in response to starvation.

a, Immunoblot detection of proteins from treated KP cells. Quantification: ALC3-11/p-
ACTIN normalized to Rosa (-), VO, VEH control. n=3 biologically independent
experiments. b, Immunoblot detection of proteins from treated KP cells. Quantification: AP-
ATG13/T-ATG13 normalized to Rosa (-), VO, VEH control. n=3 biologically independent
experiments. ¢, Mean tumor volume (mm3) + s.e.m. versus time (days) in mice injected with
KP cells. n=4 biologically independent animals. Results were compared using a paired, two-
tailed Student’s t-test. Rosavs. Atg5, *, P=0.0228; Rosavs. Ulk1/2, *, P=0.0176; Ulk1/2vs.
Ulk1/2+ ULKIWT, * P=0.0199; Rosavs. Ulk1/2+ ULK1CBM * p=0.0116; Ulk1/2+
ULKIWT vs. Ulk1/2+ ULK1CBM * p=0.0157. d, Representative dissected tumors from
mice injected with KP cells. Scale bar, 100 um. e, Scatter dot plot with bar at mean tumor
weight (g) = s.e.m. of KP tumors at endpoint. n=4 biologically independent animals. Results
were compared using a two-way ANOVA followed by a Tukey’s multi-comparisons test. *,
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P=0.0001; **, P=0.0001; ***, P<0.0001; **** P=0.0007. f, Representative crystal violet
images of KP cells from days 3, 4, and 5 of recovery. g, Scatter dot plot with bar at mean
absorbance of extracted crystal violet at 590nM =+ s.e.m. of KP cells from days 3, 4, and 5 of
recovery normalized to Rosa, day 3 control. N represents number of biologically
independent samples. Rosa=9, Ctrl1 #2 n=9, Ulk1/2 n=12, Cir1 #2+ Ulk1/2 n=9. Results
were compared using a two-way ANOVA followed by a Tukey’s multi-comparisons test. **,
P=0.0010; ***, P=0.0002; ****, P<0.0001.
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