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APEX2-based Proximity Labeling of Atox1 Identifies CRIP2 as
a Nuclear Copper-binding Protein that Regulates Autophagy
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Jing Wang*

Abstract: Mammalian cell nuclei contain copper, and cancer
cells are known to accumulate aberrantly high copper levels,
yet the mechanisms underlying nuclear accumulation and
copper’s broader functional significance remain poorly under-
stood. Here, by combining APEX2-based proximity labeling
focused on the copper chaperone Atoxl with mass spectrom-
etry we identified a previously unrecognized nuclear copper
binding protein, Cysteine-rich protein 2 (CRIP2), that interacts
with Atox1 in the nucleus. We show that Atox1 transfers copper
to CRIP2, which induces a change in CRIP2's secondary
structure that ultimately promotes its ubiquitin-mediated
proteasomal degradation. Finally, we demonstrate that deple-
tion of CRIP2-as well as copper-induced CRIP2 degradation-
elevates ROS levels and activates autophagy in H1299 cells.
Thus, our study establishes that CRIP2 as an autophagic
suppressor protein and implicates CRIP2-mediated copper
metabolism in the activation of autophagy in cancer cells.

Introduction

Copper is an essential metal ion with many demonstrated
biological functions."! It can interfere with proteins contain-
ing iron-sulfur clusters and can displace other metals such as
zinc from metalloproteins, thereby inhibiting their activity.”!
Tumors are known to have high metabolic demand for
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copper,’! but the reason is unclear. Previous studies have
demonstrated that modulation of copper levels can regulate
MAPK signaling, lipid metabolism, and autophagy,” in
addition to affecting tumor angiogenesis, procession, and
metastasis.l”! In the context of cancer, elevated copper levels
in both cancer tissues and cancer patient sera may support the
multi-stage acquisition of tumorigenic properties, potentially
by functioning as a structural or catalytic cofactor for specific
proteins with functions in cancer initiation and/or progres-
sion.”! Thus, organisms have evolved sophisticated mecha-
nisms to strictly regulate both copper levels and the delivery
of copper to copper-requiring proteins.

The human copper chaperone Atox1 delivers copper to
P1B type ATPases in the Golgi network, for incorporation
into essential Cu-dependent enzymes.[”! A handful of previous
studies have implied that Atox1 mediates breast cancer cell
migration via coordinated copper transport through the
ATP7A-LOX axis.!®! It is also known that Atox1 can trans-
locate to the nucleus where it binds with cell cycle proteins
(e.g., cyclin D1) and perhaps functions as a transcription
factor (TF) to promote cell proliferation.’) However, the
copper species that is brought into and retained in the nucleus,
and the proteins that may coordinate copper activities are not
well defined. Thus, it would be informative to determine the
form of copper which enters (and is retained) in nuclei of
cancer cells, and a deeper understanding of Atox1’s inter-
action partners and regulatory functions could help decipher
how copper metabolism impacts cancer. Many studies have
demonstrated that Atox1 delivers copper to downstream
copper-binding proteins via weak, dynamic protein-protein
interactions.!'”) However, the analytical methods used to date
for profiling Atox1 interactions (e.g., bioinformatics method
and yeast two-hybrid screening) capture only the most stable
interaction partners,"!! thus likely missing highly transient
and/or weaker Atoxl interaction proteins.

In this context, we describe here the integration of
APEX2-based proximity labeling in combination with high
resolution quantitative mass spectrometry to determine the
interaction partners of Atoxl in the nucleus of lung cancer
H1299 cells. APEX2 can be fused to a target protein, followed
by treatment with biotin-phenol (BP) and H,0O,. Upon
activation by H,0,, APEX2 catalyzes the formation of short
lived (<1 ms) and small labeling radius (<20 nm) biotin-
phenoxyl radicals, which covalently conjugate with electron-
rich amino acid residues of nearby proteins.™ Using this
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strategy, we identified a previously unrecognized interaction
between Atoxl and the nucleus-localized, copper-binding
protein Cysteine-rich protein 2 (CRIP2). Finally, we demon-
strate that Atox1 binds to and facilities copper loading into
CRIP2, thereby promoting its ubiquitin-mediated degrada-
tion and inducing autophagy.

Results and Discussion

Previous studies have reported that Atoxl is localized
primarily in the cytosol, although there are also studies
reporting its nuclear localization."”! We conducted immuno-
fluorescence staining to monitor Atox1 localization in lung
cancer H1299 cells and confirmed that Atox1 was present in
both the cytosol and the nucleus (Figure SIA). We then
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generated a fusion construct comprising Atoxl with a C-
terminal nuclear localization sequence (NLS)-tag and a N-
terminal Flag-tag, and observed the expected co-localization
of Atox1-NLS and nuclear marker DAPI by immunofluor-
escence staining (Figure S1B). Subsequently, inductively
coupled plasma mass spectrometry (ICP-MS) showed that
the overexpression of this Atox1-NLS fusion protein resulted
in elevated nuclear copper content (Figure SIC and S1D).
These results suggest that the copper chaperone protein
Atox1 can deliver copper into the nucleus. Note that the
nuclear concentration of over-expressed Atoxl1 in these cells
may exceed normal physiological levels.

Next, we employed an APEX2-based proximity labeling
strategy to identify proteins that interact with Atox1 in the
nucleus of H1299 cells (Figure 1 A). To this end, we genet-
ically fused APEX2 with our C-terminal NLS-tagged Atox1
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Figure 1. Proteomics analysis of Atox1-interacting proteins in the nucleus of H1299 cells using APEX2-based proximity labeling. A) Schematic
overview of APEX2-catalyzed biotinylation in the nucleus. B) Illustration depicting the strategy to identify Atox1 interaction partners in H1299 cells
by quantitative MS-based proteomics. Experimental workflow for the preparation of samples for analysis. We established “heavy” and “light”
samples using the dimethyl labeling. The “heavy” samples were labeled by pre-loading BP for 30 min, then adding 1 mM H,0O, for 1 min to
initiate biotinylation. Two “light” sample were processed in parallel as negative controls, one with APEX omitted (—APEX2), and one with H,O,
omitted (—H,0,). C) Venn diagrams showing the numbers of proteins identified across two proteomics datasets (+/—H,0, and +/—APEX2) of
dimethyl labeling. D) Venn diagram illustrating the overlapping protein numbers between the APEX2-Atox1 without dimethyl (—Dimethyl) and
APEX2-Atox1 with dimethyl (4 Dimethyl) labeling. E) The rank plot of 50 most highly enriched proteins, according to the ranking of H/L ratios,

including 9 proteins which were only detected in the heavy sample.
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and confirmed that this fusion construct localized to the
nucleus (Figure S2A). Then, to examine the biotinylation
activity of the Atox1-APEX2 fusion construct, we charac-
terized the recombinant fusion protein by fluorescence
imaging. Following treatment with H,O, for 1 min in the
presence of biotin-phenol, cells were fixed, permeabilized,
and stained with AlexaFluor488-conjugated streptavidin
(AF488-streptavidin) for visualization of the biotinylation
signal. Fluorescence imaging showed that the AF488-strepta-
vidin signal overlapped with the nuclear marker DAPI
(Figure S2B). No biotinylation signal was observed in the
negative control (i.e., samples from which the H,O, treatment
was omitted). Thus, the Atox1-APEX2 fusion protein can
target the nucleus and is able to biotinylate proteins contained
within the nucleus.

To help minimize false positives, we also examined
samples that omitted the H,O, treatment (-H,0O,) and cells
expressing the Atox1-NLS construct (i.e., lacking the APEX2
fusion: -APEX2) as negative controls. Non-nuclear proteins
were removed by subcellular fractionation, and nuclear
biotinylated proteins were enriched using streptavidin beads,
followed by immunoblotting and silver staining. Atoxl-
APEX2-NLS-expressing cells treated with H,O, yielded
many recovered biotinylated proteins; two negative control
cells (-H,O, and -APEX2) yielded far fewer proteins (Fig-
ure S3A). In total, 412 unique proteins were detected in the
Atox1-APEX2-NLS group. After filtering two negative
control cells (-H,O, and -APEX2), 317 remaining proteins
were identified as being in close proximity to Atox1 in the
nucleus (Figure S3B). Among them, DNMT1 has been
reported as an Atoxl interaction partner,!'** supporting the
success of our APEX2 proximity labeling strategy.

Stable isotope dimethyl labeling is a chemical labeling
strategy to quantitatively measure protein abundance be-
tween samples."! We subjected H1299 cells to proximity
labeling followed by dimethyl labeling using CH,O or *CD,0O
(Figure 1B). A total of 172 and 207 possible Atoxl-interact-
ing proteins were identified in MS analyses of two biological
experiments: + /- H,O, and + /- APEX2. The proteomics data
were filtered with the heavy to light (H/L) ratio beyond 1 for
+/- APEX2 and +/- H,O, experiments, leading to the
enrichment of 164 and 170 proteins, respectively (Figur-
es 1C). Intersecting these two datasets yielded a list of 102
overlapping proteins. Given the still large number of potential
candidates, we performed one last enrichment step: by
comparing the APEX2-labeled proteins with dimethyl-la-
beled proteins, we further narrowed our list to 50 proteins,
including 9 proteins (CRIP2, FUBP1, HNRNPD, RCCI,
TP53BP1, SUPT5H, TMEM33, HNRNPAB, and
HNRNPA2B1) which were only detected in the heavy sample
(Figure 1D and Table S1).

Since the copper-binding motifs of CXXC and CXXXC
are commonly observed in metal binding proteins (e.g.,
Atox1),”! we checked the amino acid sequences of the 9
proteins for CXXC features (Figure S4). Although cysteine
was widely present in the 9 proteins, a CXXC feature was only
found in the LIM domain of Cysteine-rich protein 2 (CRIP2)
(Figure S4). We next searched an NMR-resolved structure for
CRIP2 from the RCSB protein data bank (PDB: 2CUS),
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which indicated that this protein has two LIM domains, each
having double zinc finger (ZF)-like structures containing two
zinc ions!'® (Figure 2A). Of note, zinc has been reported
a metal cofactor for CRIP2.!"! However, the presence of
CXXC feature within ZF motifs likely allows the ZF to
coordinate with other metal ions-such as Cu'-implying that
CRIP2 could be a copper-binding protein. The ability of Cu'
to displace Zn" from ZF, thereby altering the ZF stability and
function, could alter its function."® Previous studies have
shown that CRIP2 participates in cardiovascular develop-
ment, tumorigenesis, angiogenesis, migration, and apopto-
sis.'”! However, the stoichiometry of copper binding to
CRIP2, and whether copper substitution CRIP2 regulates
zinc finger domains function remain largely unknown.

To confirm the interaction between Atox1 and CRIP2, we
initially confirmed the co-localization of Atox1 and CRIP2 in
the nucleus by immunofluorescence staining (Figure 2B).
Next, we co-transfected an Atox1-APEX2-NLS construct and
a Myc-tagged CRIP2 fusion into H1299 cells, followed by
treatment with H,O, for 1 min in the presence of biotin-
phenol. We then purified the lysates using streptavidin beads
and detected that CRIP2 was enriched in the Atox1-APEX2
streptavidin pull-down sample (Figure 2 C), supporting that
Atox1 interacts with CRIP2. Additionally, surface plasmon
resonance (SPR) analysis of recombinant Atox1 and CRIP2
confirmed that there was a direct interaction between these
two proteins (Figure S5). The binding affinity between Atox1
and CRIP2 (Cu'-free state) was 6.11 x 10”7 M and was 1.51 x
10* M in the presence of Cu', results indicating that Cu' can
further promote the interaction between Atoxl and CRIP2
(Figure 2D). Taken together, these data strongly suggest that
Atox1 directly interacts with CRIP2.

To delineate the impact of cysteine residues on CRIP2's
apparent interaction with copper, we mutated 12 cysteine
residues to serine to eliminate copper binding ability, thus
generating a CRIP2 copper-binding mutant (CBM) that we
termed “CRIP2“®™” (Figure S6A). Free-thiol quantification
upon reaction with 5,5'-dithiobis-(2-nitrobenzoic acid)
(DTNB) yielded the expected number of accessible Cys
residues for the CRIP2VTand CRIP2“®™ proteins (Figure S6B
and S6C). To test whether CRIP2 functions as a copper-
binding protein, we used ICP-MS to quantify the copper-
binding capacities of these two proteins. Upon pre-incubation
with copper, we found that the copper concentration of the
CRIP2%Y" protein sample was significantly elevated compared
to the CRIP2“®™ sample, supporting that CRIP2 is indeed
a copper binding protein (Figure 3 A).

We next confirmed the copper binding of CRIP2 by
monitoring spectral changes in the near-UV circular dichro-
ism (CD) region (250-320 nm), which is dominated by ligand-
to-metal charge transfer from Cys-S to Cu.’”! Briefly, Cu'
solutions prepared in argon-degassed 20% CH;CN were
stable in all experiments (Figure S6D). Cu' addition to CRIP2
resulted in distinct near-UV CD changes in accord with
copper binding (Figure S6E). Then, to test whether CRIP2
binds copper in cells, we incubated the proteins from CRIP2
overexpression cells with GSH beads preloaded with copper
or zinc: CRIP2 binds with a copper-charged resin and with
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Figure 2. Verification of the Atox1-CRIP2 interaction. A) NMR-resolved structure of the CRIP2 LIM1 domain (PDB: 2CU8). Zn" are shown as
orange spheres, and the coordinating cysteine and histidine residues are shown as sticks. B) Immunofluorescence detection of Atox1-NLS (red)
and CRIP2 (green) co-localization in H1299 cells using antibodies against Atox1 and CRIP2. The Pearson’s correlation(r) of Atox1-CRIP2 co-
localization was calculated by Image Fiji ], at least 20 cells were scored. Scale bar: 10 um. C) Verification of the Atox1-CRIP2 interaction by
streptavidin pull down assay. SA: streptavidin. Relative abundance of Myc-CRIP2 (IP) were quantified and showed in the right panel. Data are
shown as means =+ s.e.m. and were analyzed by one-way ANOVA comparisons tests. ***P < 0.001. D) Detection of Atox1 and CRIP2 binding by
SPR assay in the presence of Cu'. Purified Atox1 (20 pgmL™") protein was immobilized on CM5 chip that the final immobilized Atox1 levels were
typically ca. 710000 RU. CRIP2 was serially diluted and injected at a flow rate of 30 pLmin™" for 1 min (contact phase) followed by a 1 min
(dissociation phase) wash with running buffer supplemented with Cu'. Data are representative of three independent experiments.
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a zinc-charged resin, but not to a metal-free control resin  0.05), which fit well with a model of 4:1 Cu-CRIP2
(Figure S6F). stoichiometry (Figure 3D and S7A). A Hill plot of Log-

The binding of copper to proteins can also be readily — (0/(1-0)) versus Log [Cul.] yielded a straight line with
monitored using high-resolution ESI-MS.?!l The reaction of a slope (Hill coefficient) of 3.62, indicating cooperative
Cu' with apo-CRIP2 resulted in a 253.5 Da [4 Cu'] increase in ~ binding between the four Cu' binding sites (Figure S7B).
the molecular weight (22827 Da) of the CRIP2 spectrum, These findings suggest that Cu' binds tightly to CRIP2. No
thus revealing that Cu' binding is mediated by interactions of ~ copper binding was detected for the CRIP2®®™ mutant
as many as four Cu' ions, potentially with multiple CRIP2  (Figure 3D and S7C), supporting that cysteine residues
regions (Figure 3 B). Similar results were observed using UV~ mediate the observed copper binding of CRIP2"",

spectroscopy. UV absorption increased almost linearly with We also conducted BCS competition assays which re-
increasing concentrations of Cu' until reaching a plateau at  vealed a K¢, value of 7.39+4.5x 10”7 M ' at pH 7.4 and a K¢,
approximately four Cu' equivalents (Figure 3 C). value of 3.52+1.55x 10”7 M~ at pH 7.0 for Atox1’s binding

To measure CRIP2's binding affinity for Cu', we per-  affinity with Cu' (Figure S7D-G). Thus, although CRIP2 has
formed a series of ligand competition experiments using a detected Cu' affinity that is slightly weaker than Atox1, the
bathocuproinedisulfonic acid (BCS),”” a higher affinity — Cu' binding affinities of these two proteins are at the same
chromogenic chelator that forms a 2:1 complex with Cu' order of magnitude. This result is not unprecedented: multi-
ions. Titration of Cu(BCS),>~ with apo-CRIP2 revealed ple previously studies™ wherein copper transfer between two
a concentration-dependent attenuation of the Cu(BCS),>”  proteins does occur despite the Cu' receptor protein having
concentration. Subsequently, we obtained an average Cu' aweaker Cu' binding affinity than the Cu' donor protein (e.g.,
affinity (Kc,) of 1.8940.05x107M™' at pH7.4 and the from Atxl to PacS and from SenC to PccA). In addition, our
overall formation constant of Cu,CRIP2 (logB,=69.11+ SPR assay support that Cu' can promote the interaction
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Figure 3. Characterization of Cu' binding to CRIP2. A) ICP-MS quantified the copper-binding capacities of 10 ug purified recombinant CRIP2"" and
CRIP2°®™ proteins. B) De-convoluted ESI-MS spectra of 10 uM CRIP2 reaction with Cu'. The sample was separated by UPLC followed by ESI-MS
analysis. C) UV absorption at 262 nm, measured by adding Cu' to 10 uM apo-CRIP2. D) BCS competition assay to determine Cu' affinities for
CRIP2¥T and CRIP2°®™. Cu' was loaded with 11.7 equivalents of BCS to ensure that all Cu' ligand is found in the chromophoric 1:2 complex with
BCS. The Cu(BCS),’ solution (Cu', 16 uM; BCS, 187.5 uM) was then titrated with DTT-free apo-CRIP2¥" or CRIP2°®", followed by incubation for

1 min before absorption measurement from 700 nm to 380 nm. Absorption at 483 nm was plotted as a function of the concentration ratio of
CRIP2 and Cu'. E) Measurement of copper content of each protein peak in SEC analysis, with ICP-MS. Individual apo- and Cu- forms of both
proteins were analyzed after SEC elution. For the mixing experiments, a mixture of Cu-Atox1 and apo-CRIP2 was separated, and both protein
peaks were analyzed individually. F) Fluorescence emission spectra of 0.25 uM Zn-CRIP2 with 5 pM FluoZin-3 loaded in 50 mM HEPES at pH 7.4
plus 200 mM NaCl, during titration with Cu'. All data are representative of three independent experiments. Data represent means =+ s.e.m. P
values were determined by one-way ANOVA comparisons tests (A and E). **P <0.01, ***P <0.001.

between Atoxl and CRIP2. Thus, we consider that Cu!
transfer can occur between Atox1 and CRIP2.

To investigate the idea of Cu transfer between Atox1 and
CRIP2, we took advantage of an observation from our size
exclusion chromatography (SEC) analysis which showed that
CRIP2 elutes separately from Atox1. Note that SEC has been
used previously to probe Cu transfer between two copper-
binding proteins;*’ Both the apo- and Cu-form of Atox1 and
CRIP2 proteins were separated, and individual fractions were
collected to enable ICP-MS based analysis of copper con-
tent?®! (Figure S8). The apo-form CRIP2 and Atoxl con-
tained less than 0.1 ng Cu per pg protein (Figure S8A and
S8C), while the Cu-form CRIP2 and Atox1 contained 8.85
and 591 ng Cu per pg protein (Figure SSB and S8D),
respectively. When Cu-Atox1 was mixed with apo-CRIP2,
the subsequent SEC elution profiles indicated that Cu' had
been transferred from Atox1 to CRIP2: there was a detected
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decrease in the copper content for the eluted Atoxl as
compared to the individually analyzed Cu-Atox1 (from 5.91
to 3.19 ng Cu per pg Atoxl1) (Figure 3E, S8D-F). Moreover,
the eluted CRIP2 had a detected increase in copper content as
compared to the individually analyzed apo-CRIP2 (from less
than 0.1 to 6.67 ng Cu per ug CRIP2) (Figure 3E, S8A, SS8E
and S8F). These results indicate that the physical interaction
of Atox1 and CRIP2 can support the transfer of copper from
Atox1 to CRIP2.

Cu! and Zn" both bind at the same sites of CRIP2, we
tested Zn" binding affinities with competition experiments
using the Zn" fluorescent indicator FluoZin-3,”! which is
highly sensitive to Zn" but not Cu' (Figure S9A and S9B). We
first determined that binding affinity for Zn" of CRIP2 (Kz,)
is (1.4740.46)x10° M~!, which is much lower than the
aforementioned affinity of Cu' and CRIP2 (Figure S9C and
S9D). In the presence of FluoZin-3, the addition of Cu' to Zn-

Angew. Chem. Int. Ed. 2021, 60, 25346 —25355
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CRIP2 results an increase of FluoZin-3 fluorescence, indica-
tive of Zn" ejection from CRIP2. Importantly, the observed
Cu' concentration dependence of the increase in FluoZin-3
fluorescence reached a plateau when Cu' was added at 4:1
molar ratio of Zn-CRIP2 (1:1 molar ratio of metal ions),
indicating that the Zn" ions initially bound by CRIP2 can be
fully substituted with Cu' ions (Figure 3F). This is consistent
with reports for other metalloproteins: although ZF domains
have similar Cu'- and Zn"-binding residues, these domains
can exhibit considerable variability among their coordination
motifs.”™ Given the greater binding affinity observed for Cu'
relative to Zn", it is probable that Cu' binding substantially
alters the ZF structure and potentially its function.

We next investigated the effects of differential Zn" or Cu'
binding on the CRIP2 protein conformation. Far-UV CD
(190-260 nm) analysis revealed that the binding of zinc did
not alter the secondary structure of apo-CRIP2 (Figure S10A
and S10B). In contrast, apo-CRIP2’s secondary structure was
obviously altered upon binding to copper (Figure S10C and
S10D). We next investigated the effect of adding different
equivalents of Cu' on the far-UV CD spectra of Zn"-bound
CRIP2: the detected change in CRIP2’s secondary structure is
similar to the Cu"-loaded form of CRIP2, indicating that Zn
trans-chelation by Cu can lead to conformational changes in
CRIP2 (Figure S10E and S10F). Notably, we found that the
electrophoretic mobility of CRIP2 was altered under the
addition of copper, whereas no mobility shifts were observed
when the samples included the Cu' specific chelator BCS
(Figure S11A); nor were any shifts detected with CRIP2°®M
samples (Figure S11B). These results demonstrate a Cu'-
binding induced change in CRIP2's secondary structure.

It has been reported that the stability of several copper-
binding proteins is regulated by copper.”>**! We monitored
the thermal stability of recombinant CRIP2 in the presence of
increasing copper/zinc equivalents using the Uncle Uni
stability platform. The Tm of CRIP2 decreased as the copper
equivalents increased (Figure S11C and S11D); no change in
the Tm occurred with increasing zinc (Figure S11E and S11F),
suggesting that copper may decrease CRIP2's stability. We
also confirmed that exposure to copper reduced the levels of
both endogenous and recombinant CRIP2 in H1299 and
HEK293T cells, respectively (Figure 4 A and 4B), and this
reduction was blocked by co-treatment with the copper
chelator BCS (Figure 4C). No copper dependent changes in
stability were detected for CRIP2®™ (Figure 4D). We also
measured the degradation kinetics of CRIP2 in assays with
the translation inhibitor CHX. After 10 h of CHX treatment,
the CRIP2 level had decreased by 36 % in the control group
cells (Figure S12A and S12B); the CRIP2 level was further
reduced in the copper-treated cells (a 57% decrease). No
additional degradation was detected for CRIP2“®™ upon the
addition of copper (Figure S12C and S12D). These results
together suggest that CRIP2 is relatively more susceptible to
degradation in its copper-bound form.

To investigate whether the copper-mediated reduction in
CRIP2 protein stability involves the Ubiquitin/Proteasome
System (UPS), we conducted assays with the 26S proteasome
inhibitor MG132. MG132 significantly reduced the extent of
CRIP2 degradation in H1299 cells (Figure 4E). We therefore
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hypothesized that copper may somehow promote the ubig-
uitination and proteasomal degradation of CRIP2 in cells.
Pursuing this, we co-transfected 3xFlag-tagged CRIP2 and
6xHis-tagged ubiquitin into HEK293T cells with or without
copper treatment. We then purified the lysates using nickel
chromatography and measured ubiquitinated CRIP2 levels:
copper significantly enhanced CRIP2 ubiquitination (Fig-
ure 4F). Taken together, these results demonstrating that
CRIP2 is relatively more susceptible to degradation in its
copper-bound form raise the possibility that a relatively weak
elevation in the free copper content in cells could result in
pronounced increases in polyubiquitination that prevent cell
damage by accelerating protein degradation.

This copper-enhanced ubiquitination and degradation of
CRIP2 prompted us to further explore the biological func-
tions of CRIP2. Recent studies established strong links
between autophagy and copper-binding proteins:*! the
copper-binding proteins ULK1/2 are upstream kinases of
autophagy, and changes in intracellular copper levels can
modulate ULK1/2 kinase activity to affect ULK1/2 depen-
dent autophagy.””’ We generated CRIP2 knockdown cells
(KD) with small interfering RNA (siRNAs) (Figure S13A),
and immunoblotting revealed that the LC3II signal increased
in the CRIP2-knockdown cells compared with scramble
control cells (Figure SA, see also quantification in Fig-
ure S13B).

Autophagy is a dynamic process, in which LC3II gener-
ation is followed by its degradation in the autolysosome; thus,
anincrease in LC3II levels can be derived either from de novo
autophagy induction or from inhibition of protein degrada-
tion by autolysosome.® To discriminate between these
possibilities, we used Bafilomycin Al (BafAl), which is
a known inhibitor of the late phase of autophagy that prevents
the degradation of LC3II by inhibiting fusion between
autophagosomes and lysosome.”” Treatment with BafAl
increased the LC3II level in both scramble control cells and
CRIP2-KD cells (Figure 5A and Figure S13B), but the
magnitude of the LC3II level increase was substantially
greater in CRIP2-KD cells, suggesting that CRIP2 knock-
down can somehow increase autophagosome formation
rather than the impairment of degradation.

We also found that treatment with the autophagy
activator rapamycin enhanced the LC3II level in both control
and CRIP2-KD cells (Figure 5B and Figure S13C), with the
increase in LC3II more pronounced for the CRIP2-KD cells.
Similarly, LC3II levels were substantially increased in CRIP2-
knockout (KO) cells (Figure S13D and S13E). Degradation of
p62 is another widely used marker to monitor autophagic
activity because p62 directly binds to LC3 and is selectively
degraded by autophagy.”” The p62 level was decreased in
CRIP2 knockdown cells compared to scramble control cells,
further supporting activation of autophagy upon disrupting
CRIP2 function (Figure 5B and Figure S13F).

3-methyladenine (3-MA) is a small molecule inhibitor of
autophagy that targets the VSP34/PI3K kinase complex.!
Interruption of autophagy by 3-MA reversed the CRIP2 KD-
induced LC3II levels (Figure 5C and Figure S13G). We next
examined autophagic flux using GFP-LC3. Compared with
control cells, CRIP2-KD cells displayed higher overall
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Figure 4. Copper decreases the stability of CRIP2 and promotes its polyubiquitination and subsequent degradation. A) H1299 cells were treated
with the indicated concentrations of copper for 24 h, cell lysates were subjected to immunoblotting against CRIP2. B) Immunoblot detection of
Flag-CRIP2 in HEK293T cells transfected with Flag-CRIP2 for 36 h, treatment with 100 uM copper for the indicated time. C) Immunoblot detection
of CRIP2 under 100 uM copper treatment in the presence or absence of 200 uM BCS in H1299 cells. D) HEK293T cells were transfected with
CRIP2°®™ for 36 h; after treatment with the indicated concentrations of copper for 24 h, cell lysates were subjected to immunoblotting against
Flag. E) Immunoblot detection of CRIP2 from H1299 cells treated with 100 uM copper in the presence or absence of 10 uM MG132 for the last

6 h. F) Copper triggers in vivo polyubiquitination of CRIP2. All data are representative of three independent experiments. The relative abundance
of CRIP2 were quantified and showed in the right panel in A, B, C, D and E. Data represent means + s.e.m. P values were determined by one-way

ANOVA comparisons tests. NS: no significance; *P < 0.05, **P <0.01.

abundance of GFP puncta and significantly increased LC3
flux under rapamycin treatment. Importantly, without rapa-
mycin stimulation, CRIP2-KD cells also showed an increased
number of bright LC3 puncta compared with control cells
(Figure 5D). Similar results were obtained in CRIP2-KO cells
(Figure S13H). In addition, electron microscopy (EM) and
morphometric analysis revealed numerous autophagy struc-
tures in CRIP2-KD cells, in contrast to a scarcity of
autophagic structures in control cells (Figure SE). Taken
together, these observations demonstrated that depletion of
CRIP2 results in significant activation of autophagy.

We also found that the elevation of LC3II was abrogated
upon re-expression of CRIP2%" in CRIP2-KO cells, suggest-
ing that CRIP2 functions as an autophagy suppressor (Fig-
ure 6 A). To evaluate the effects of disrupting CRIP2 copper
binding on autophagy, we re-expressed CRIP2®™ and

© 2021 Wiley-VCH GmbH

CRIP2%" in CRIP2-KO cells treated with copper. The LC3II
levels increased upon re-expressing CRIP2Y" (Figure 6 A),
indicating that copper promoted the degradation of the re-
expressed CRIP2%" and thus promoted autophagy. However,
no elevation of LC3II was detected upon re-expression of
CRIP2“® and exposure to copper (Figure 6A), indicating
that the copper binding is essential to CRIP2’s function in
promoting autophagy. Notably, we also detected that CRIP2-
KD and KO cells had increased levels of reactive oxygen
species (ROS) (Figure 6B and Figure S13I) and found that
the increase in LC3II levels in these cells could be rescued by
treatment with the ROS scavenger N-acetyl-L-cysteine
(NAC) (Figure 6C). These results are consistent with pre-
vious reports showing that ROS signaling is upstream of
autophagy activation.®
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(orange) and autolysomes (red). Scale bar: 1 um. Right panel: Quantification of autophagosomes and autolysomes. Data are representative of
three independent experiments in (A, B and C). Data represent means =+ s.e.m. P values were determined by two-way ANOVA followed by Tukey’s

multiple-comparisons test (D and E). **P <0.01.

Conclusion

In this study, we employed a proximity protein labeling
strategy to profile proteins that interact with Atox1 in the
nucleus of lung cancer cells, seeking to better understand
Atox1's connection(s) with tumorigenesis. This approach
successfully identified that CRIP2 interacts with Atox1 and
functions as a copper-binding protein. There is an extensive
literature demonstrating physical interactions between
CRIP2 and diverse transcription factors (e.g., MyoD, SRE,
and GATA family TFs),®® and a CRIP2-NF-xB/p65 inter-
action was previously shown to suppress the transcription of
IL-6, IL-8, and VEGE! As it lacks any obvious DNA-
binding homeodomain, the copper-related regulatory impacts
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of CRIP2 do not apparently result from direct interaction
with targeted promoters.

We found that copper-loading promotes ubiquitin-medi-
ated proteasomal degradation of CRIP2, and finally demon-
strate that depletion CRIP2 and copper-induced CRIP2
degradation activate autophagy through increased ROS
levels in H1299 cells (Figure 6D). Thus, CRIP2 appears to
normally function in a negative regulatory role to prevent
autophagy activation. Cancer cells are known to accumulate
copper, and our findings that CRIP2 is relatively more
susceptible to degradation in its copper-bound suggest that
cancer cells may selectively discard CRIP2 to protect their
viability. These results identify an essential and unrecognized
role for a copper-transport-related Atox1-CRIP2 axis in
autophagy signaling in lung cancer cells. A better under-
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and C). *P<0.5, **P<0.01.

standing of how copper trafficking from copper chaperones to
copper-binding proteins is dynamically regulated in response
to changing cellular requirements could support the develop-
ment of improved therapies for disorders involving dysregu-
lated copper metabolism.

Cu' exhibits high affinity for thiolate ligands, suggesting
that thiol-rich zinc binding sites may be subject to disruption
during copper stress conditions. The presence of multiple
CXXC repeats in CRIP2 support a capacity for Cu' to interact
with these motifs, and we confirmed that CRIP2 directly binds
with copper, with an average binding affinity (10" M™")
higher than for zinc (10° M™"). Cu/Zn competition assays also
confirmed that Cu' ions are able to substitute Zn" in CRIP2,
and our circular dichroism (CD) results confirmed that
CRIP2 can bind multiple Cu' ions at the Zn" binding sites.
The CD analysis also revealed that copper binding induces
alteration of CRIP2’s secondary structure. These results
suggest a potentially interesting implication, pointing towards
arole for CRIP2 at the intersection of Zn" and Cu' trafficking
and regulation.

Prior to the present study, bioinformatics and yeast two-
hybrid studies had identified a total of seven copper-binding
proteins in the nucleus."'™ The data from our APEX2
screening represents therefore a substantially scope-widening

© 2021 Wiley-VCH GmbH

resource for the study of Atox1 in the nucleus, and indicates
that the copper transport network extends well beyond what
is currently known. Based on quantitative scoring, we will
further identify and investigate the biological functions of the
remaining Atoxl-interacting proteins, starting with those
predicted as most likely to bind copper. Finally, we also
anticipate that similar proximity labeling approaches to the
one we have illustrated in the present study should be
generally applicable to other copper chaperones and copper-
binding proteins and can be harnessed to map diverse
metalloprotein interactions in cells.
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