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Regulation of Golgi turnover by CALCOCO1-mediated

selective autophagy
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The Golgi complex is essential for the processing, sorting, and trafficking of newly synthesized proteins and lipids. Golgi
turnover is regulated to meet different cellular physiological demands. The role of autophagy in the turnover of Golgi, however,
has not been clarified. Here we show that CALCOCO1 binds the Golgi-resident palmitoyltransferase ZDHHC17 to facilitate
Golgi degradation by autophagy during starvation. Depletion of CALCOCOL1 in cells causes expansion of the Golgi and
accumulation of its structural and membrane proteins. ZDHHC17 itself is degraded by autophagy together with other Golgi
membrane proteins such as TMEM165. Taken together, our data suggest a model in which CALCOCO1 mediates selective
Golgiphagy to control Golgi size and morphology in eukaryotic cells via its interaction with ZDHHC17.

Introduction

Degradation of protein aggregates, invading pathogens, and
damaged organelles by macroautophagy (henceforth autophagy)
is important for maintaining eukaryotic cell function, health,
and survival. Autophagy is an evolutionarily conserved process
in which cytoplasmic material is sequestered into double-
membraned vesicles called autophagosomes, which then fuse
with lysosomes to degrade their contents. At the basal level,
autophagy facilitates constitutive turnover of cytoplasmic con-
tents to maintain cellular homeostasis. During nutrient starvation,
autophagy degrades macromolecules such as lipids, carbohydrates,
and proteins to recycle nutrients and generate energy (Ohsumi,
2014; Dikic and Elazar, 2018; Feng et al., 2014).

Evolutionarily conserved autophagy-related proteins (ATGs),
acting in temporal hierarchical complexes, regulate the forma-
tion and expansion of phagophores to form autophagosomes.
Autophagosome formation is initiated and nucleated at ER
membranes by the ULK and PI3KC3 complexes. Their coordinated
action at the phagophore formation site generates phosphatidyl-
inositol-3-phosphate, which in turn recruits lipid-binding proteins
WIPI (WD repeat domain, phosphoinositide-interacting protein)
and DFCPL. Phagophore expansion is initiated by WIPI-dependent
recruitment of ATG2 and ATG12-ATG5:ATG16L1 complex. The
latter, acting as an E3 ligase with the El1 enzyme ATG7 and E2
enzyme ATG3, facilitates lipidation of ATG8 proteins on the
phagophore (Ohsumi, 2014; Zaffagnini and Martens, 2016; Kirkin
and Rogov, 2019). The ATG2-WIPI complex transfers lipids to the
phagophore, as does also ATG9, the only transmembrane core
autophagy protein (Maeda et al., 2019; Maeda et al., 2020; Matoba

et al,, 2020; Osawa et al., 2019; Valverde et al., 2019). ATG9 vesi-
cles also contribute directly to phagophore formation (Dikic and
Elazar, 2018; Yu et al., 2018). Lipidated ATG8s act as scaffolds for
recruitment of cargos and essential autophagy proteins for phag-
ophore growth and closure (Lystad and Simonsen, 2019; Johansen
and Lamark, 2020).

Autophagy acts selectively in the degradation of organelles,
protein aggregates, or invading foreign agents (Johansen and
Lamark, 2011). The selectivity is mediated by receptor pro-
teins, which link degradable cargo to phagophore membranes by
binding to LC3/GABARAP proteins on the phagophore mem-
brane via LC3-interacting region (LIR) and/or Ubiquitin-like
interacting motif (Birgisdottir et al., 2013; Johansen and
Lamark, 2020; Marshall et al., 2019; Pankiv et al., 2007;
Rogov et al., 2014). The cell engages selective autophagy as a
form of organelle autoregulation to control the capacity, number,
and integrity of organelles in accordance with cellular demands.
Surplus or damaged organelles or portions of organelles are se-
lectively cleared to counter stress response mechanisms, which
typically increase the number or volume of organelles to allevi-
ate the vagaries of cellular stress. For instance, the unfolded
protein response increases ER volume and expression of ER-
resident proteins to augment the capacity of the ER to alleviate
stress. Subsequently, ER-phagy is engaged to selectively degrade
excess ER to restore homeostasis (Wilkinson, 2019; Hiibner and
Dikic, 2020).

Selective autophagy of cellular organelles is mediated by
specific autophagy receptors (Johansen and Lamark, 2020;
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Kirkin and Rogov, 2019). The Golgi apparatus, however, has not
been associated with any known autophagy degradation mech-
anism or selective autophagy receptors. The Golgi processes and
sorts secretory and membrane proteins by adding modifications
such as glycosylation and sulfation, before the proteins are sent to
their destinations by vesicular transport (Farquhar, 1985). The
Golgi stress response is less studied than the ER stress response,
but involves increased synthesis of Golgi structural proteins,
glycosylation enzymes, and vesicular transport components (Oku
et al,, 2011). It is tempting to speculate that yet-to-be-identified
autophagy mechanisms are involved in degradation of the Golgi.

Several selective autophagy receptors mediate degradation of
the same type of organelles. In ER-phagy, six different receptors
have been identified so far (Wilkinson, 2019). We also recently
identified CALCOCO1 as an ER-phagy receptor (Nthiga et al.,
2020). CALCOCOl mediates ER-phagy by interacting with
VAMP-associated protein (VAP) on the ER membrane via a two
phenylalanines (FF) in an acidic tract (FFAT)-like motif and with
LC3/GABARAP proteins via LIR and UDS-interacting region
(UIR) motifs. A fraction of CALCOCOL is localized to the Golgi,
suggesting a Golgi-related function. In this study, we identified
CALCOCOL1 as a receptor for autophagic degradation of Golgi
during starvation. This requires CALCOCOL1 binding to the an-
kyrin repeat (AR) domain of ZDHHCI7 and ZDHHCI13 via a
ZDHHC-AR-binding motif (zDABM). ZDHHC17 and -13 are
Golgi-localized transmembrane S-acyltransferases (also called
palmitoyltransferases; Ernst et al., 2018). Depletion of CALCOCO1
causes an expansion of the Golgi and accumulation of Golgi-
resident proteins. CALCOCO1 mediates Golgiphagy to regulate
Golgi remodeling during stress.

Results and discussion
Interaction of CALCOCO1 with ZDHHC17 via a zDABM motif
We identified Golgi-localized ZDHHCI7 and ZDHHCI3
S-acyltransferases in an affinity purification mass spectrometry-
based screen for CALCOCO1 interactors (Fig. 1 A; Nthiga et al.,
2020). S-acyltransferases catalyze protein S-acylation re-
actions (also called palmitoylation), a reversible addition of
fatty acids, usually palmitate, to cysteines of proteins. Pal-
mitoylation plays a major role in regulating membrane tar-
geting, trafficking, stability, and function of the modified
proteins (Fukata and Fukata, 2010; Linder and Deschenes, 2007).
Of the 24 palmitoyltransferases in mammals, only ZDHHC17 and
ZDHHCI3 contain an N-terminal AR domain. Both ZDHHC17 and
ZDHHCI13 are localized in the Golgi (Ernst et al,, 2018), but a
separate study reported localization of ZDHHCI3 also to the ER
(Ohno et al., 2006). In humans, ZDHHCI? is highly expressed in
the brain, and knockout (KO) in mice significantly affected
synaptic plasticity and produced Huntington-like symptoms
(Ohno et al., 2006; Sanders et al., 2015). The AR domains of
ZDHHC17 and -13 function in both substrate recruitment and
S-acylation-independent functions (Lemonidis et al., 2017
Verardi et al., 2017). The AR domain interacts with proteins
bearing zZDABM (Lemonidsis et al., 2015).

We recently reported that CALCOCOL is localized in the Golgi
(Nthiga et al., 2020). To investigate whether CALCOCO1

Nthiga et al.
CALCOCOL1 is a Golgiphagy receptor

TR
(: k(J
IV

interacts and colocalizes with ZDHHC17 and -13 on the Golgi, we
co-expressed EGFP-CALCOCO1 and Myc-ZDHHCI17 in CALCOCO1
KO Hela cells. A significant fraction of EGFP-CALCOCOI1 colo-
calized completely with ZDHHCI17 and cis-Golgi protein GM130
(Fig. 1, B and C). Similarly, EGFP-CALCOCOI colocalized with
Myc-ZDHHCI3 on the Golgi (Fig. S1 A), suggesting that CALCOCO1
and ZDHHCI7 and -13 interact in cells and colocalize in the Golgi.
GST-ZDHHCI17 pulled down in vitro-translated Myc-CALCOCOI in
a GST pull-down assay (Fig. 1 D), suggesting a direct interaction of
CALCOCO1 with ZDHHC17.

The critical residues in the AR domain of ZDHHCI17 for
binding to the zDABM motif are N100/W130 (Verardi et al,,
2017). We tested the effect of point mutations of these residues
on ZDHHCI7 binding to CALCOCOl. Alanine substitutions
(N100A/W130A) abolished the interaction of ZDHHCI7 with
CALCOCOI (Fig. 1 D), indicating that the interaction is mediated
by the AR-zDABM interface. The zDABM motif has a (VIAP)
(-VIT)XXQP core consensus sequence, where X is any amino
acid (Lemonidis et al., 2015). CALCOCO!1 has a similar motif
encompassing 574-VVISQP-579 in the C-terminal half of the
protein. Mutation of the critical binding residues within this
motif (Lemonidis et al., 2017) to alanines (574-AAISAA-579)
abolished the interaction of CALCOCOl1 with ZDHHCI17
(Fig. 1 D), suggesting that the 574-VVISQP-579 sequence is a
zDABM motif (Fig. 1 E). CALCOCOL1 self-oligomerizes via its
coiled-coil domain. Deletion of the coiled-coil domain did not
affect the interaction with ZDHHCI7 (Fig. 1 F), implying that
CALCOCOL1 self-oligomerization has no effect on the binding of
its zZDABM motif to ZDHHCI7.

CALCOCOIL is a paralog to TAX1BP1 and NDP52. These three
selective autophagy receptors share substantial sequence simi-
larity and identity. While no potential zDABM motif was iden-
tified in NDP52, we identified a potential motif in TAX1BP1
encompassing 673-VVCSQP-678. While WT ZDHHCI17 interacted
with TAXIBP1 in GST pull-down assays, the interaction was
abolished by the N1I00A/W130A mutations (Fig. 1 G), indicating
that the ZDHHC17 interaction with TAX1BP1 was mediated by
the AR-zDABM interface. Conversely, when the VVCSQP se-
quence in TAXIBPI was deleted, the interaction with ZDHHC17
was completely abrogated (Fig. 1 G), indicating that the 673-
VVCSQP-678 sequence in TAXI1BPI is a zDABM motif. Hence,
CALCOCO1 and TAXIBP1 share a similar mechanism of inter-
action with ZDHHC17 and -13. While fractions of both EGFP-
CALCOCO1 and EGFP-CALCOCO1-mutzDABM colocalized with
Myc-ZDHHC17 on the Golgi, EGFP-CALCOCOl-mutzDABM co-
localized significantly less with Myc-ZDHHC17 than EGFP-
CALCOCOL1 (Fig. S1, A-C). Thus, the interaction of CALCOCO1
with ZDHHCI17 is important for recruitment of CALCOCOL to the
Golgi.

CALCOCO1 recruits starvation-induced Golgi fragments to
autophagosomes

Golgi is fragmented in stress conditions such as viral infection
and nutrient starvation (Campadelli et al., 1993; Takahashi et al.,
2011). Upon starvation, Golgi fragments disperse in the cyto-
plasm and colocalize with autophagosomes (Takahashi et al.,
2011). Because CALCOCOL1 is localized on the Golgi and binds
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Figure 1. CALCOCOL interacts with ZDHHC17 via zDABM motif. (A) Volcano plot showing some of the Golgi- and ER-localized proteins that were identified

in the CALCOCO1-interactome screen. Three independent immunoprecipitations and MS analyses were conducted with EGFP-CALCOCO1 as bait. Only some of

the identified proteins are shown. (B) HeLa CALCOCO1 KO cells were transiently cotransfected with Myc-ZDHHC17 and EGFP-CALCOCOL1 cultured in full
medium and immunostained with anti-GM130 antibody. We used CALCCO1 KO cells to avoid interference by endogenous CALCOCO1. Scale bars represent
5 um. (C) Fluorescence intensity analysis of EGFP-CALCOCOL in the cells analyzed in B. The error bars represent mean + SD of three independent experiments
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with 100 cells per experiment. (D) GST, GST-ZDHHC17, or GST-ZDHHC17(N100A/W130A) was used in pull-down against in vitro translated Myc-CALCOCO1 or
Myc-CALCOCO1-mutzDABM (mutant zDABM). (E) Domain architecture of human CALCOCO1 showing the location of zZDABM motif relative to other domains.
(F) GST or GST-ZDHHC17 was used in pull-down against in vitro translated Myc-CALCOCO1 or Myc-CALCOCO1 A145-513. (G) GST, GST-ZDHHC17, or GST-
ZDHHC17(N100A/W130A) was used in pull-down against in vitro translated Myc-TAX1BP1 or Myc-TAX1BP1-AzDABM (AzDABM, zDABM deleted). MW,

molecular weight.

both ZDHHC17 and LC3/GABARAP proteins (Nthiga et al., 2020),
we asked if starvation-induced Golgi fragments would colocalize
with CALCOCO1 in the cytoplasm and autophagosomes. Thus,
we transiently co-expressed Myc-ZDHHC17 with EGFP-CAL-
COCO1 in CALCOCO1 KO HelLa cells and monitored the Golgi
morphology under normal and starvation conditions in the
presence of bafilomycin Al (BafAl). We used BafAl to inhibit
lysosomal degradation of LC3B-positive Golgi fragments and
vesicles. The colocalization of EGFP-ZDHHC17 with endogenous
TMEMBG65 on the Golgi indicated that the overexpressed EGFP-
ZDHHCI7 was not mislocalized (Fig. 2 A). Under normal culture
conditions, the Golgi, as visualized with EGFP-ZDHHC17 and
endogenous TMEMI165, formed intact stacks with ribbon-like
morphology (Fig. 2, A and B) that colocalized with a fraction
of the EGFP-CALCOCO1 but not with autophagosome marker
LC3B (Fig. 2 B). Upon nutrient starvation, Myc-ZDHHC17 and
TMEM165 lost the characteristic ribbon-like morphology of the
Golgi and formed fragmented and dispersed vesicular structures
(Fig. 2, A-C). Fragmentation also occurred in CALCOCO1 KO cells
(Fig. 2 C), suggesting that CALCOCOL is not required for Golgi
fragmentation during starvation. The ZDHHCI7-positive Golgi
fragments colocalized both with EGFP-CALCOCO]1 and with en-
dogenous LC3-positive vesicles (Fig. 2, B and D). This shows
recruitment of the fragments to autophagosomes, consistent
with a recent report of sequestration of Golgi fragments into
autophagosomes during starvation (Lu et al., 2020). The coloc-
alization with LC3B-positive vesicles was reduced in CALCOCO1
KO cells (Figs. 2 D and S1D), indicating that CALCOCO1 mediated
recruitment of a fraction of Golgi fragments to autophagosomes.
To clarify if the recruitment was via CALCOCO1 interacting with
LC3/GABARAP proteins during starvation, EGFP-CALCOCO1
was expressed and immunoprecipitated from starved and BafAl-
treated HeLa cell extracts. Co-precipitation of endogenous LC3B-
II indicated efficient interaction of CALCOCO1 with LC3B-II
during starvation (Fig. 2 E). Hence, CALCOCOLI recruits a fraction
of starvation-induced Golgi fragments to autophagosomes via
interaction with LC3/GABARAP proteins.

ZDHHC17 promotes Golgiphagy during starvation

The highly dynamic Golgi apparatus is regulated by physiolog-
ical demands and likely by a stress response akin to the regu-
lation of the ER by the ER stress response. The Golgi stress
response augments the capacity of the Golgi by increasing syn-
thesis of structural Golgi proteins such as GM130, GCP60, and
giantin; glycosyltransferases; and vesicular transport compo-
nents (Sasaki and Yoshida, 2015; Oku et al., 2011). It is not known
if autophagy is involved in turnover of excess Golgi membranes
to remodel the Golgi back to physiological size. We postulated
that the Golgi is remodeled back to physiological size by
autophagy-mediated degradation of the excess membranes and
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proteins produced by the stress response. By monitoring the
turnover of Golgi structural and membrane proteins during
nutrient starvation, we found that in WT murine embryo fi-
broblast (MEF) cells, levels of Golgi structural protein GM130
and Golgi membrane proteins TMEM165 and ZDHHCI3 were
significantly reduced after 6 h of starvation. The decrease was
blocked by BafAl (Fig. 3, A and B), suggesting autophagy-
mediated degradation. Consistently, in ATG5 KO MEFs, the
starvation-induced turnover of the proteins was impaired
compared with WT MEFs (Fig. 3, A and B). Also, starved ATG5
KO MEFs had higher levels of these proteins than starved WT
MEFs. Similarly, starved ATG7 KO HeLa cells had increased
amounts of GM130, TMEM165, and ZDHHC13 relative to WT
Hela cells (Fig. S2 A). Furthermore, HBSS + Baf Al-treated WT
HelLa cells, and not ATG7 KO cells, had higher amounts of these
proteins than cells treated with HBSS only (Fig. S2 A), indicating
autophagic degradation. The accumulation of Golgi proteins in
the two autophagy-deficient cell types during starvation and
their accumulation in WT cells upon HBSS + Baf Al treatment
were similar to the accumulation of autophagy receptors p62
and CALCOCO1 in these cells (Fig. 3, A and B), suggesting that
the Golgi proteins are also autophagy substrates. We conclude
that autophagy is involved in degrading Golgi structural and
membrane proteins during starvation.

ZDHHCI7 and -13 are cis-Golgi integral membrane proteins.
Their degradation by autophagy and interaction with CALCOCO1
made us ask if they mediated the observed degradation of the
Golgi. Hence, we made HeLa cells with inducible expression of
EGFP-ZDHHC17 and monitored the turnover of Golgi trans-
membrane protein TMEMI165. Starvation induced a decrease in
EGFP-ZDHHC17 and TMEM165 not seen in the noninduced cells
that was blocked by BafAl treatment (Fig. 3, C-E). Hence,
ZDHHCI17 is degraded by autophagy, and its overexpression
promotes Golgiphagy during starvation. The amounts of the
ER protein VAPA were similar in induced and noninduced
cells (Fig. 3 C), suggesting that the ZDHHC17-mediated deg-
radation was selective for the Golgi. Expression of EGFP-
ZDHHCI17 in HeLa CALCOCO1 KO cells reduced the level of
TMEM165 in cells treated with HBSS (Fig. S2 B). Thus, ele-
vated expression of ZDHHC17 may induce Golgiphagy also in
cells lacking CALCOCO]I, but the effect was less pronounced
than in WT cells (Fig. 3 C), and TMEM165 was not stabilized by
treatment with HBSS + BafAl (Fig. S2 B). In WT cells, ex-
pression of the EGFP-ZDHHC17 N100A/W130A mutant did not
reduce TMEM165 levels in cells treated with HBSS (Fig. S2 B).
Thus, the zZDABM motif is needed for Golgiphagy induced by
elevated expression of ZDHHCI7. Together, our data clearly
suggest impaired autophagic Golgi degradation when CALCOCO1
is depleted or the CALCOCO1-ZDHHCI7 interaction is
compromised.
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Figure 2. CALCOCO1 recruits starvation-induced Golgi fragments to autophagosomes. (A) HelLa WT cells were transfected with EGFP-ZDHHC17; 24 h
after transfection, they were either left untreated or starved (HBSS) for 4 h with Baf Al treatment, then stained for endogenous TMEM165. Bars represent
5 um (main) and 1 pm (insets). (B) HeLa WT cells were cotransfected with Myc-ZDHHC17 and EGFP-CALCOCO1; 24 h after transfection, they were either left
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untreated or starved for 4 h with Baf Al treatment and then immunostained for endogenous LC3B. The arrows in A and B point to colocalization. Bars represent
5 um (main) and 1 um (insets). (C) HeLa WT and Hela-CALCOCO1 KO cells were transfected with EGFP-ZDHHC17; 24 h after transfection, they were either left
untreated or starved for 6 h. The number of cells with fragmented Golgi phenotype was manually counted and weighted against the total number of cells.
(D) Colocalization analysis of ZDHHC17 and LC3B in WT cells analyzed in B and CALCOCO1 KO cells analyzed in Fig. S1 D. The error bars in C and D represent
mean + SEM of three independent experiments per condition with 100 cells per experiment. Statistical comparison was analyzed by one-way ANOVA followed
by Tukey multiple comparison test. Significance is displayed as ***, P < 0.001; * P < 0.01. corr. coeff,, correlation coefficient. (E) EGFP-CALCOCO1 was
transiently expressed in HeLa WT cells; 24 h after transfection, the cells were either left untreated or starved and treated with Baf Al. EGFP-CALCOCO1 was
then immunoprecipitated (IP) from cell extracts using GFP-TRAP. EGFP-CALCOCO1 and coprecipitated endogenous LC3B were visualized by Western blotting

using anti-GFP and anti-LC3B antibodies. MW, molecular weight.

We used immunofluorescence to assess delivery of ZDHHC17-
containing autophagosomes to lysosomes in WT, CALCOCO1 KO,
and autophagy-deficient ATG7 KO cells. To adequately capture
autophagosome-lysosome colocalization, cells were treated with
BafAl. In WT cells under basal conditions, EGFP-ZHHC17 formed
intact stacks with ribbon-like morphology that did not colocalize
with LC3B or lysosomal marker LAMP2 (Fig. 3, F and G). Upon
starvation, EGFP-ZDHHC17 formed cytoplasmic puncta that co-
localized with both LC3B and LAMP2 (Fig. 3, F and G), suggesting
that ZDHHC17-containing autophagosomes are delivered to the
lysosomes during starvation. In CALCOCO1 KO and ATG7 KO
cells, the colocalization of EGFP-ZDHHCI17 cytoplasmic puncta
with LAMP2 during starvation was significantly reduced com-
pared with WT cells (Figs. 3 G, S1D, and S2 D). Hence, delivery of
a significant fraction of the Golgi-derived ZDHHC17-containing
vesicles to lysosomes is mediated by CALCOCO1 and is dependent
on macroautophagy.

Depletion of CALCOCO1 decreases Golgiphagy

We applied mCherry-EYFP tandem tagging of ZDHHCI7 and
TMEMI65 to monitor and compare the Golgi turnover in HeLa
WT, CALCOCO1 KO, and ATG7 KO cells. EYFP is unstable, while
mCherry is stable in the acidic environment of the lysosomes.
Consequently, mCherry-EYFP-containing autolysosomes appear
as red-only puncta (Pankiv et al., 2007). Cells with more au-
tophagy flux have a higher red-only puncta/total puncta ratio.
When transiently transfected mCherry-EYFP-ZDHHC17 and
mCherry-EYFP-TMEMI165 were monitored by confocal microscope
under starvation conditions, the ratios of red-only (mCherry)
puncta to total puncta were much higher in WT cells than in
CALCOCO1 KO and ATG7 KO cells (Fig. 4, A-D; and Fig. S3 A),
clearly showing that Golgiphagy is significantly decreased in the
absence of CALCOCOL.

CALCOCOL1 is a selective Golgiphagy receptor

To clarify the role of CALCOCOlL in the turnover of Golgi
membrane components, we investigated how this turnover was
affected by the presence or absence of CALCOCOL. During
starvation, the amounts of the Golgi proteins GM130, TMEMI165,
and ZDHHC13 were clearly higher in CALCOCO1 KO cells than
in WT cells (Fig. S3 B), suggesting impaired Golgi turnover.
CALCOCO1 KO had no significant effect on starvation-induced
degradation of autophagy receptor NDP52 (Fig. S3 B). To enable
a more controlled investigation, we reconstituted CALCOCO1 KO
cells with inducible EGFP-CALCOCO1 and monitored the effect
on Golgi protein levels. In noninduced cells, HBSS strongly in-
creased the amount of Golgi proteins ZDHHC13, GM130, and
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TMEMI65 (Fig. 5, A and B). In cells expressing EGFP-CALCOCO],
there was autophagic degradation of the proteins, as indicated
by their higher amounts in cells treated with HBSS + BafAl
than in cells treated with HBSS only (Fig. 5, A and B). In the
noninduced cells, the amounts of the proteins in both HBSS +
BafAl- and HBSS-only-treated cells were equal (Fig. 5, A and B),
suggesting impaired or reduced Golgiphagy in the absence of
CALCOCO1. Interestingly, the amounts of the proteins in the
uninduced MG132-treated cells were higher than in the similarly
treated induced cells. Because MG132 treatment causes proteo-
toxic stress, the lower amounts of proteins in induced cells than
in uninduced cells suggests that CALCOCO1 plays a role in
degrading the Golgi during proteotoxic stress. In a similar ex-
periment in CALCOCO1 KO cells reconstituted with inducible
EGFP-CALCOCO1-mutzDABM, a mutant that is incapable of
ZDHHCI17 interaction, the amounts of TMEM165 in the HBSS-
only-treated cells were comparatively equal in the induced and
noninduced cells. HBSS + BafAl treatment did not increase the
amounts further (Fig. 5, C and D), suggesting reduced or im-
paired degradation by the lack of CALCOCO1-ZDHHCI7 inter-
action. Together, these results suggest that CALCOCO1 mediates
autophagic degradation of the Golgi components via interaction
with ZDHHC17. Starvation-induced degradation of VAPA was
not impaired by the zDABM mutation (Fig. 5, C and D), indi-
cating that ER-phagy mediated by CALCOCOI! is independent of
the ZDHHCI7 interaction.

To corroborate our findings that CALCOCO1 mediated Gol-
giphagy, we monitored, by immunofluorescence, the labeling
intensity of endogenous GM130 in CALCOCO1 KO cells in the
presence or absence of induced or noninduced EGFP-CALCOCOI.
When EGFP-CALCOCO! was induced for 24 h under basal con-
ditions, the average GMI30 intensity was relatively lower in
induced cells than in noninduced cells (Fig. 5 E), suggesting
decreased amounts of the protein due to CALCOCO1 expression.
The intensity in both the induced and noninduced cells in-
creased when the cells were treated with BafAl for 6 h before
intensity measurement, suggesting degradation of GM130 by
Golgiphagy. When the cells were starved for 2 h first, the av-
erage GM130 intensity was relatively lower in induced than in
noninduced cells (Fig. 5 E), suggesting CALCOCOI-dependent
turnover of GM130 during starvation.

To clarify if the observed turnover of Golgi components
was mediated by CALCOCOL1 interaction with ATG8 proteins,
CALCOCO1 KO cells reconstituted with EGFP-CALCOCO1 mLIR +
A623-691, a deletion mutant incapable of interacting with ATG8
proteins, were used to monitor turnover of Golgi structural and
membrane proteins. Induced expression of EGFP-CALCOCO1
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Figure 3. ZDHHC17 promotes degradation of Golgi by autophagy during starvation. (A and B) MEF parental and Atg5 KO cells were left untreated,
treated with Baf Al for 6 h or MG132 for 6 h, or starved for 6 h with or without Baf Al Cell lysates were analyzed by immunoblotting with the indicated
antibodies. In A, the panels are collected from more than one Western blot experiment, but for clarity, only a single GAPDH loading control is shown. Numbers
below the blots represent relative intensity of the bands in the blots shown, normalized against loading control. The asterisks (*) indicate unspecific bands. The
bars in B represent the mean + SD of band intensities relative to the loading control from three independent experiments quantified using Image). Statistical
comparison was analyzed by one-way ANOVA followed by Tukey multiple comparison test. Significance is displayed as ***, P < 0.001; **, P < 0.005; *, P < 0.01.
(C-E) Hela cells stably expressing tetracycline-inducible EGFP-ZDHHC17 were left uninduced or induced for 48 h and then treated as in A. Cell lysates were
analyzed by immunoblotting with the indicated antibodies. Numbers below the EGFP-ZDHHC17 blot represent relative intensity of the bands normalized
against the loading control. Data in D and E are presented as mean + SD of three independent experiments. Statistical comparison was analyzed as in B;
significance is displayed as ***, P < 0.001; **, P < 0.005; *, P < 0.01. (F) HeLa WT cells were transfected with EGFP-ZDHHC17; 24 h after transfection, were
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either left untreated or starved (HBSS) for 4 h with Baf Al treatment, then immunostained for endogenous LC3B and LAMP2. The arrows point to colocal-
ization. Bars represent 5 um (main) and 1 um (insets). (G) Colocalization analysis of EGFP-ZDHHC17 and LAMP2 in WT Hela cells analyzed in F, CALCOCO1 KO
cells analyzed in Fig. S1 D, and ATG7 KO cells analyzed in Fig. S2 D. The error bars represent mean + SEM of three independent experiments per condition with

100 cells per experiment. Statistical comparison was analyzed by one-way ANOVA followed by Tukey multiple comparison test. Significance is displayed as

P < 0.001. MW, molecular weight.

*%*

mLIR + A623-691 did not promote autophagic degradation of
GM130 and TMEM165 during starvation, as indicated by lack of
accumulation of the proteins in cells treated with HBSS + BafAl
relative to cells treated with HBSS only (Fig. S3, C and D). This
contrasted with the degradation observed in cells expressing WT
EGFP-CALCOCOI (Fig. 5 A), suggesting that the binding to ATG8

mCherry-EYFP- ZDHHC17

HBSS 6h
CALCOCO1 KO

proteins was required for CALCOCOl-mediated Golgiphagy. In-
ducible expression of the monomeric CALCOCO1A145-513 (ACC)
deletion mutant failed to induce degradation of TMEM165 during
starvation of CALCOCOI1 KO cells (Fig. S3 E). Thus, self-interaction
of CALCOCO1 plays a role in Golgiphagy. When CALCOCO1
KO cells were reconstituted with inducible EGFP-CALCOCO1

Figure 4. Depletion of CALCOCO1 decreases Golgi degradation
by autophagy. (A and B) WT (A) and CALCOCO1 KO (B) Hela cells
were transiently transfected with mCherry-EYFP-ZDHHC17 or
mCherry-EYFP-TMEM165. 24 h after transfection, the cells were
treated or not with HBSS as indicated. The arrows point to red-only
puncta. Bars represent 5 um (main) and 1 um (insets). (C and
D) The fraction of red-only puncta in the cells shown in A and B and
in ATG7 KO Hela cells (see Fig. S3 A) were counted and are shown
as a percentage of total puncta. The error bars represent mean + SD
of red-only puncta percentages of three independent experiments.
Statistical comparison was analyzed by one-way ANOVA followed
by Tukey multiple comparison test; significance is displayed as ***,
P < 0.001.
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Figure 5. CALCOCO1 mediates degradation of Golgi by autophagy. (A and B) Hel.a-CALCOCO1 KO cells reconstituted with inducible EGFP-CALCOCO1
were left uninduced or induced for 48 h and then left untreated, treated with Baf Al for 6 h or MG132 for 6 h, or starved (HBSS) for 6 h with or without Baf Al.
Cell lysates were analyzed by immunoblotting with the indicated antibodies. In A, the panels are collected from more than one Western blot experiment, but for
clarity, only a single GAPDH loading control is shown. Numbers below the GABARAP blot represent relative intensity of the bands normalized against loading
control. The bars in B represent the mean = SD of band intensities relative to the loading control from three independent experiments quantified using
Image). Statistical comparison was analyzed by one-way ANOVA followed by Tukey multiple comparison test. Significance is displayed as **, P < 0.005; *, P <
0.01. (C and D) HelLa-CALCOCO1 KO cells reconstituted with EGFP-CALCOCO1-mutZDABM were left uninduced or were induced for 24 h and then either left
untreated or treated as indicated. Cell lysates were analyzed by immunoblotting using the indicated antibodies. Numbers below the EGFP-CALCOCOI-
mutZDABM blot represent relative intensity of the bands normalized against loading control. The error bars in D represent the mean ¢ SD of band intensities
relative to the loading control from three independent experiments quantified using Image). Statistical comparison was analyzed by one-way ANOVA followed
by Tukey multiple comparison test. Significance is displayed as **, P < 0.005. (E) HeLa-CALCOCO1 KO cells reconstituted with inducible expression of EGFP-
CALCOCO1 were induced for 24 h and then left untreated or treated with Baf Al or starved for the indicated times. The abundance of the Golgi apparatus was
then quantified from wide-field fluorescence images with immunostaining of endogenous GM130, acquired in random fashion. For each condition analyzed, 25
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regions of interest (typically containing 1,200-1,800 cells in total) were randomly chosen across each well, and the average fluorescence intensity of GM130-
positive structures contained inside the total cell area population of chosen regions was measured. Images were analyzed in Volocity software using a custom-
made measurement protocol to segment images into populations of objects representing nuclei, total cell area, and Golgi. The error bars represent mean + SD
of the intensities of GM130-positive structures in the analyzed cells. Statistical comparison was analyzed by one-way ANOVA followed by Tukey multiple
comparison test. Significance is displayed as ***, P < 0.001; *, P < 0.01. (F) A model of the CALCOCOL1 bridging the gap between the Golgi and autophagic

membrane. MW, molecular weight.

A671-691, an FFAT-like motif deletion mutant incapable of inter-
acting with the ER-resident VAP proteins, the amount of
TMEM165 in the HBSS-only-treated cells was lower in the
induced cells than in the noninduced cells (Fig. S3 F). An
observable accumulation of the protein in the induced cells
also occurred when the cells were treated with HBSS + BafAl,
but not in the noninduced cells (Fig. S3 F), suggesting that
FFAT-like motif deletion did not block CALCOCO1-mediated
Golgiphagy. However, the amounts of VAPA in both HBSS +
BafAl- and HBSS-only-treated cells were equal in induced and
noninduced cells, suggesting impaired or reduced ER-phagy
by the lack of FFAT-like motif in CALCOCOI. Together, these
results indicate that the role of CALCOCO1 in ER-phagy is
distinct from its role in Golgiphagy. A model of how we en-
vision CALCOCOL1 acting as a Golgiphagy receptor via binding
to ATG8s and ZDHHC17/13 is shown in Fig. 5 F.

Selective autophagy receptors for degradation of mitochon-
dria, ER, lysosomes, and peroxisomes have been identified
(Johansen and Lamark, 2020; Kirkin and Rogov, 2019). In this
study, we have identified CALCOCOI as a selective autophagy
receptor for degradation of Golgi membranes and proteins and
demonstrated that autophagy is a Golgi remodeling mechanism
in response to nutrient starvation. The interaction of CALCOCO1
(and its paralog TAX1BP1) with the Golgi membrane is mediated
through binding to the cytoplasmic AR domain of the Golgi
transmembrane ZDHHC17 and -13 proteins via an evolutionary
conserved zDABM motif, a canonical ZDHHC17/-13 substrate
recognition motif, which in CALCOCO1 encompasses the 574-
VVISQP-579 core sequence. As large-scale palmitoylation studies
have not identified CALCOCOI as a substrate (Blanc et al., 2015),
the involvement of ZDHHCI17/-13 in mediating Golgiphagy is
likely a palmitoylation-independent function.

Our results suggest that under basal conditions, CALCOCO],
via its zZDABM motif, is anchored on the Golgi by ZDHHC17/-13.
Nutrient starvation induces disassembly and fragmentation of
the Golgi and delivery of the fragments to autophagosomes. This
delivery is mediated by ZDHHC17-anchored CALCOCOI inter-
action with the autophagy machinery. CALCOCO1, bound to
ZDHHCI7 on the Golgi membrane, recruits ATG8 proteins via
LIR and UIR motifs to initiate autophagosome biogenesis and
subsequent degradation of a subset of Golgi proteins in order to
maintain Golgi homeostasis (Fig. 5 F). This is consistent with the
notion that autophagy receptors act upstream of the core au-
tophagy machinery (Turco et al., 2020). This is supported by our
observation that mutant CALCOCO] lacking both LIR and UIR
motifs impaired the turnover of GM130 and TMEM]165.

Our data suggest a direct link between the starvation-
induced Golgi stress response and CALCOCOl-mediated Gol-
giphagy. Nutrient starvation induces up-regulation of Golgi
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matrix and transmembrane proteins, which are subsequently
cleared by CALCOCO1-mediated Golgiphagy. The up-regulation
seen is consistent with studies showing that the Golgi stress
response due to nutrient starvation, viral infection, or toxic
insult caused up-regulation of structural proteins, glycosylation
enzymes, and vesicular transport components (Oku et al., 201;
Taniguchi and Yoshida, 2017; Taniguchi et al., 2015). We con-
clude that CALCOCOl-mediated Golgiphagy is induced by the
need to remove excess Golgi components generated during
stress in order to restore the pre-stress state of the Golgi.
Nutrient starvation is likely not the only trigger for CALCOCO1-
mediated Golgiphagy. Bacterial and viral infections and neuro-
degenerative diseases induce Golgi fragmentation (Campadelli
et al., 1993; Gonatas et al., 2006). CALCOCOl1 may mediate
autophagy-mediated removal of damaged Golgi portions and
fragments under these pathological conditions. Our data also
suggest involvement of Golgiphagy in the constitutive Golgi
turnover and CALCOCO1 in the maintenance of Golgi homeo-
stasis during nutrient-replete conditions. However, ZDHHC17
neither induced significant Golgiphagy nor colocalized signifi-
cantly with LAMP2 and LC3B under nutrient-replete conditions.
Therefore, CALCOCO1-ZDHHC17-dependent degradation may
not be involved in the constitutive Golgi turnover during these
conditions.

We recently reported a role for CALCOCO!1 in ER-phagy,
depending on a direct interaction with the ER proteins VAPA
and VAPB (Nthiga et al., 2020). Here we show that the
ZDHHCI17/13-CALCOCOL interaction is specific for Golgiphagy
and is not needed for starvation-induced ER-phagy mediated by
CALCOCO1. The discovery that ZDHHC17/-13-CALCOCO1 cou-
pling is involved in the degradation of Golgi components by
autophagy is an important step in understanding how autophagy
may regulate Golgi homeostasis. Very likely, other selective
autophagy receptors may be involved in Golgiphagy. A prime
candidate for further studies, TAX1BP], is indicated in this work.

Materials and methods

Antibodies

Antibodies used were mouse monoclonal anti-CALCOCO1 (A-10;
sc-515670; Santa Cruz Biotech), rabbit polyclonal anti-CALCOCO1
(HPA038314; Sigma-Aldrich), rabbit polyclonal anti-ZDHHC13
(24759-1-AP; Proteintech), rabbit polyclonal anti-ZDHHC17
(15465-1-AP; Proteintech), rabbit polyclonal anti-TMEM165
(20485-1-AP; Proteintech), rabbit polyclonal anti-GFP (ab290;
Abcam), mouse monoclonal anti-p62 (610833; BD Biosciences),
guinea pig polyclonal anti-p62 (GP62-C; Progen), rabbit mon-
oclonal anti-ATG7 (D12B11; Cell Signaling), rabbit polyclonal anti-
LC3B (NB100-2220; Novus Bio), rabbit polyclonal anti-LC3B
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(L7543; Sigma-Aldrich), mouse monoclonal anti-GABARAP
(M135-3; MBL), mouse monoclonal anti-Myc tag clone 9Bl
(2276; Cell Signaling), mouse anti-LAMP2 (sc-18822; Santa Cruz
Biotech), rabbit polyclonal anti-VAPA (15275-1-AP; Proteintech),
rabbit anti-ATG5 (12994; Cell Signaling), rabbit monoclonal anti-
ATG7 (D12Bl11; Cell Signaling), rabbit monoclonal anti-GM130
(52649; Abcam), rabbit polyclonal anti-GAPDH (G9545; Sigma-
Aldrich), rabbit polyclonal anti-actin (A2066; Sigma-Aldrich),
HRP-conjugated goat polyclonal anti-rabbit (554021; BD Bio-
sciences), and HRP-conjugated goat polyclonal anti-mouse (554002;
BD Biosciences).

Reagents/chemicals

Reagents and chemicals used were BafAl (sc-201550; Santa Cruz
Biotech), MG132 (C2211; Sigma-Aldrich), [**S]methionine (NEG709-
A500UC; PerkinElmer), T7-coupled reticulocyte lysate system
(14610; Promega), Ponceau S (P3504; Sigma-Aldrich), DMEM
(D6046; Sigma-Aldrich), bicarbonate buffered HBSS (H9269;
Sigma-Aldrich), Hygromycin (10687-010; Thermo Fisher Scientific),
tetracycline (87128; Sigma-Aldrich), penicillin/streptomycin (P4333;
Sigma-Aldrich), Metafectene Pro (T040; Biontex), (S0615; Bio-
chrom), Lipofectamine RNAiMAX (13778; Thermo Fisher Scientific),
cOmplete EDTA-free Protease inhibitor (11836170001 Roche),
chemiluminescent HRP substrate (Sigma-Aldrich), and glutathione
sepharose beads (17-5132-01; GE Healthcare).

Plasmid constructs

All the plasmid constructs used in this study are listed in Table 1.
The constructs were made using conventional cloning techni-
ques and the Gateway recombination system (Invitrogen). Muta-
genesis was performed using the QuickChange site-directed
mutagenesis kit (Stratagene). Oligonucleotides for mutagenesis and
sequencing were from Invitrogen. All constructs were verified by
sequencing (BigDye, Applied Biosystems). pDONR201-CALCOCO1
(HSCD00081507), pENTR223-ZDHHCI3 (HsCD00376338), and
PENTR223-ZDHHCI7 (HsCD00377094) were obtained from Har-
vard plasmid collection. pCR4-TOPO-TMEMI165 was obtained from
Dharmacon (ID 8143983)

Mammalian cell culture and cell treatments

We used human HelLa cells (ATCC CCL-2), MEFs, Atg5 KO MEFs
(Kuma et al., 2004), and CRISPR-Cas9-generated HeLa ATG7 KO
cells (Mejlvang et al., 2018). All cells were cultured in DMEM
(D6046; Sigma-Aldrich) supplemented with 10% FBS (S0615;
Biochrom) and 1% streptomycin-penicillin (P4333; Sigma-Aldrich)
and kept in a humidified incubator at 37°C and 5% CO,. Starvation
experiments were conducted by incubating cells in HBSS (H9269;
Sigma-Aldrich). Cells were treated with 1 ug/ml tetracycline
(Sigma-Aldrich), 200 ng/ml BafAl (sc-201550; Santa Cruz Bio-
technology), and 25 uM MG132 for the indicated time periods. DNA
transfection was done with Metafectene Pro (T040; Biontex) ac-
cording to the manufacturer’s protocol. siRNA transfections were
done with RNAIMAX according to the manufacturer’s protocol.

Generation and propagation of inducible stable cell lines
Flp-In Trex HeLa cells and Flp-In Trex HEK293 cells were used
to create inducible stable cell lines and to produce CALCOCO1 KO
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Table 1. Plasmids used in the study

Plasmid Reference
pDONOR221-CALCOCO1

pDONOR221-CALCOCO1 ALIRA623-691

Nthiga et al., 2020
Nthiga et al., 2020

pDONOR221-CALCOCO1 (574-VVISQP/574-AAISAA) This study
pDest-FlpIn-EGFP-CALCOCO1 (574-VVISQP/574- This study
AAISAA)

pDest-Flipln-EGFP-CALCOCO1 A671-691 This study
pDest-MYC-CALCOCO1 Nthiga et al., 2020
pDest-MYC-CALCOCO1 (574-VVISQP/574-AAISAA) This study

pDest-EGFP-C1
pDest-EGFP-CALCOCO1
pDest-Flpin-EGFP-CALCOCO1

Lamark et al., 2003
Nthiga et al., 2020
Nthiga et al., 2020

pDONOR221-TAX1BP1 This study
pDONOR221-TAX1BP1 A673-679 This study
pDest-MYC-TAX1BP1 This study
pDest-MYC-TAX1BP1 A673-679 This study
pDONOR221-ZDHHC13 This study
pDest-EGFP-ZDHHC13 This study
pDONOR221-ZDHHC17 This study
pDONOR221-ZDHHC17 (N100A/W130A) This study
pDest-Flpln-EGFP-ZDHHC17 (N100A/W130A) This study
pDest-EGFP-ZDHHC17 This study
pDest-FlpIn-EGFP-ZDHHC17 This study
pDest-mCherry-EYFP-ZDHHC17 This study

pDest15-C1 Lamark et al,, 2003

pDest15-ZDHHC17 This study
pDest15-ZDHHC17 (N100A/W130A) This study
pDONOR221-TMEM615 This study
pDest-mCherry-EYFP-TMEM165 This study

cells. Tagged constructs were cloned into pcDNA5/FRT/TO
vector using the Gateway technology and then cotransfected
with recombinase pOG44 into the Flp-In Trex cells. After 48 h,
colonies of cells with the gene of interest integrated into the
flippase recognition target site were selected with 200 pg/ml
hygromycin (400051; Calbiochem) and 7.5 pg/ml blasticidin.
Polyclonal hygromycin-resistant cells were then expanded in
the selection medium and later tested for expression by im-
munoblotting and immunofluorescence. The expression of the
gene was induced with 1 pg/ml tetracycline for 24 h.

Generation of KO cell lines using CRISPR-Cas9

The generation of CALCOCO1 KO HelLa cells has been described
previously (Nthiga et al., 2020). Briefly, specific gRNAs were
designed using the CHOPCHOP web tool (https://chopchop.cbu.
uib.no; Labun et al., 2019). The sequence of the sgRNA used was
5'-CACCGGAAGAATCACCACTAAGCC-3'. The sense and anti-
sense oligonucleotides were annealed and phosphorylated
and then ligated into a BbsI linearized pSpCas9(BB)-2A-Puro
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(PX459) vector (62988; Addgene). To generate CALCOCO1 KO,
Flp-In T-Rex HeLa cells were transfected with the PX459 vector
containing sgRNA targeting exon 2 using Metafectene Pro. 24 h
after transfection, the cells were selected by treatment with
puromycin at 1 ug/ml for 72 h. Puromycin-resistant cells were
then singly sorted into 96-well plates, and the clones were
expanded and screened by immunoblotting. Once KO was
confirmed by immunoblotting, genomic DNA was extracted,
and the area of interest was amplified by PCR. The amplified
region was ligated into the PGEM vector (A3600; Promega) and
sequenced to identify the indels. The generation of ATG7 KO
HeLa cells has been described previously (Mejlvang et al., 2018)

Western blotting

Cells were directly lysed in 2x Laemmli buffer (50 mM Tris, pH
7.4, 2% SDS, 10% glycerol, and 200 mM DTT [D0632; Sigma-
Aldrich]) and heated for 10 min. Protein concentrations were
measured by Pierce BCA Protein Assay Kit (23227; Thermo
Fisher Scientific), and 30-40 pg protein of the sample was re-
solved by SDS-PAGE and transferred to nitrocellulose mem-
brane. Membranes were blocked in PBS or TBS containing 0.1%
Tween and 5% lowfat milk and then incubated overnight at 4°C
with the indicated primary antibodies in the blocking solution.
Immunoblot bands were quantified using Image].

Mass spectrometry (MS)

Gel pieces were subjected to in-gel reduction, alkylation, and
tryptic digestion using 6 ng/ul trypsin (V511A; Promega). OMIX
C18 tips (Varian) were used for sample cleanup and concentra-
tion. Peptide mixtures containing 0.1% formic acid were loaded
onto a Thermo Fisher Scientific EASY-nLC1000 system and
EASY-Spray column (C18, 2 um, 100 A, 50 um, 50 cm). Peptides
were fractionated using a 2-100% acetonitrile gradient in 0.1%
formic acid over 50 min at a flow rate of 200 nl/min. The sep-
arated peptides were analyzed using a Thermo Fisher Scientific
Q-Exactive mass spectrometer. Data were collected in data-
dependent mode using a ToplO method. The raw data were
processes using MaxQuant software v1.6.0.16 using the label-
free quantification method. MS/MS data were searched
against a Uniprot human database. A false discovery rate of 0.01
was needed to give a protein identification. Perseus v1.6.0.7 was
used for statistical analysis.

GST pulldown assays

GST-fusion proteins (LC3s, GABARAPs, CALCOCOI, and ZDHHC17)
were expressed in Escherichia coli SoluBL21 (DE3; C700200; Gen-
lantis) in Luria-Bertani broth medium. Protein expression was in-
duced by addition of 0.5 mM IPTG, and cells were incubated with
shaking at 37°C for 4 h. Harvested cells were sonicated in the lysis
buffer (20 mM Tris-HCl, pH 7.5, 10 mM EDTA, 5 mM EGTA, and
150 mM NaCl), and the GST-fused proteins were then immobilized
on glutathione Sepharose 4 Fast Flow beads (17-5132-01; GE
Healthcare) by incubating in a rotator at 4°C for 1 h. Fusion protein-
bound beads were then used directly in GST pull-down assays with
in vitro-translated proteins. In vitro translation was done in the
presence of radioactive [**S]methionine using the TNT T7 Reticu-
locyte Lysate System (14610; Promega). 12 ul of the in vitro-
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translated protein was then precleared by incubation with 10 pl of
empty glutathione Sepharose beads in 100 pl NETN buffer
(50 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA, and 0.5% NP-
40) supplemented with cOmplete Mini EDTA-free protease
inhibitor for 30 min at 4°C to remove nonspecific binding. The
precleared lysates were incubated with the GST fusion
protein-loaded beads for 1 h at 4°C. The beads were washed
five times with NETN buffer, followed by resuspension in
sample loading buffer (100 mM Tris, pH 7.4, 4% SDS, 20%
glycerol, 0.2% bromophenol blue, and 200 mM DTT), boiled
for 10 min, and resolved in SDS-PAGE. Gels were stained with
Coomassie Brilliant Blue R-250 Dye (20278; Thermo Fisher
Scientific) for 30 min to visualize the fusion proteins, washed,
and vacuum-dried (in Saskia HochVakuum combined with
Bio-Rad Gel dryer model 583; 1651746) for 30 min. Radioactive
signals were analyzed by Fujifilm bioimaging analyzer BAS-
5000 (Fujifilm).

Immunofluorescence

Cells were plated on glass coverslips (631-0150; VWR) or in Lab-
Tek chambered coverglass (155411; Thermo Fisher Scientific),
fixed in 4% (wt/vol) formaldehyde for 10 min at room temper-
ature, permeabilized with 0.1% Triton X-100 in PBS at room
temperature for 5 min, and blocked in PBS containing 3% goat
serum for 1 h at room temperature. Cells were then incubated
overnight at 4°C with primary antibody diluted in PBS con-
taining 2% goat serum. After five washes in PBS, they were
incubated with Alexa Fluor secondary antibodies in PBS con-
taining 2% goat serum for 1 h at room temperature, followed by
five washes in PBS. Nuclei were stained with 1 ug/ml DAPI in
PBS for 10 min, followed by one final wash in PBS. Coverslips
were mounted in 10 pl of Mowiol and placed on a glass
microscope slide.

Light microscopy

Cells were imaged on an Observer Z.1 inverted microscope,
equipped either with an LSM780/LSM880 scanner for confocal
microscopy or an Axiocam 506 monochromatic camera for
wide-field microscopy, followed by deconvolution (both systems
Carl Zeiss Microscopy). Images were collected in Zen software
using a 63x NA 1.4 oil-immersion lens for coverslips or a 40x NA
1.2 water-immersion lens for chambered coverglass. Optimal
excitation and emission settings were determined using the
Smart Setup function. For deconvolution microscopy, z-stacks were
obtained with 0.1-um step size and without camera binning, re-
sulting in a lateral pixel spacing of 0.114 pum. Images were decon-
volved in Huygens (Scientific Volume Imaging) v19.04 using the
classic maximum likelihood estimation algorithm with built-in
theoretical point spread functions for each fluorophore. All fluo-
rescence channels were recorded at nonsaturating levels, and set-
tings were kept identical between all samples used for comparisons
or quantifications.

Image analysis

The abundance of the Golgi apparatus was quantified from wide-
field fluorescence images of endogenous GM130, acquired in
random fashion using the Tiles & Positions module of Zen. For
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each condition analyzed, 25 regions of interest (typically con-
taining 1,200-1,800 cells in total) were randomly distributed
across each well. Cells were autofocused in the DAPI channel,
and images were acquired with identical illumination and
camera settings between wells. Images were analyzed in Vo-
locity (PerkinElmer) v6.3 using a custom-made measurement
protocol to segment images into populations of objects repre-
senting nuclei, total cell area, and Golgi. To quantify changes in
Golgi abundance, the average fluorescence intensity of GM130-
positive structures contained inside the total cell area population
was measured for all images, and the average intensity was
reported for each treatment group.

Online supplemental material

Fig. S1 shows colocalization of EGFP-CALCOCOl and Myc-
ZDHHCI17 or Myc-ZDHHCI3 on Golgi structures in transfected
HelLa cells, and that this colocalization is strongly reduced by a
point mutation affecting the zDABM motif in CALCOCO]. Fig. S2
shows that Golgiphagy during starvation requires macro-
autophagy and depends on the ZDHHC17-CALCOCOL1 interac-
tion. Fig. S3 shows that CALCOCOl-mediated Golgiphagy
depends on ATG7 and the ATG8 interaction motifs, but not on
the VAP interacting FFAT-like motif.
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Figure S1. Mutation of zDABM motif of CALCOCO1 reduces its Golgi localization. (A) Hela cells were cotransfected with EGFP-CALCOCO1 and either
Myc-ZDHHC17 or Myc-ZDHHC13, grown in full medium and imaged by confocal microscopy. Bars represent 5 um (main) and 1 um (insets). (B) HeLa cells were
cotransfected with EGFP-CALCOCO-mutZDABM and Myc-ZDHHC17 and then treated as in A. Bars represent 5 um (main) and 1 um (insets). (C) Colocalization
analysis of Myc-ZDHHC17 and EGFP-CALCOCO1 in the cells analyzed in A and B. The error bars represent mean + SEM of three independent experiments per
condition with 100 cells per experiment. Statistical comparison was analyzed by one-way ANOVA followed by Tukey multiple comparison test. Significance is
displayed as ***, P < 0.001. corr. coeff,, correlation coefficient. (D) HeLa CALCOCO1 KO cells were transfected with EGFP-ZDHHC17; 24 h after transfection,
they were either left untreated or starved (HBSS) for 4 h with Baf Al treatment, and then immunostained for endogenous LC3B and LAMP2. The arrows point
to colocalization. Bars represent 5 um (main) and 1 um (insets).
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Figure S2. Golgiphagy during starvation requires macroautophagy and depends on the ZDHHC17-CALCOCO1 interaction. (A) Hela parental or ATG7
KO cells were left untreated, treated with either Baf Al for 6 h or MG132 for 6 h, or starved for 6 h with or without Baf Al. Cell lysates were analyzed by
immunoblotting with the indicated antibodies. The panels are collected from more than one Western blot experiment, but for clarity, only a single GAPDH
loading control is shown. Numbers below the blots represent relative intensity of the bands in the blots shown, normalized against loading control. (B and
C) Hela CALCOCO1 KO cells stably expressing inducible EGFP-ZDHHC17 (B) or EGFP-ZDHHC17 N100A/W130A (C) were left uninduced or induced for 24 h and
then left untreated or treated as indicated. Cell lysates were analyzed by immunoblotting with the indicated antibodies. Numbers below the EGFP-ZDHHC17
blot represent relative intensity of the bands normalized against the loading control. (D) ATG7 KO HelLa cells were transfected with EGFP-ZDHHC17; 24 h after
transfection, they were either left untreated or starved (HBSS) for 4 h with Baf Al treatment, then immunostained for endogenous LC3B and LAMP2. Bars
represent 5 um (main) and 1 um (insets). MW, molecular weight.
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Figure S3. CALCOCO1-dependent Golgiphagy is mediated by macroautophagy and depends on the ATG8 interaction motifs, but not the FFAT-like
motif. (A) ATG7 KO cells were transiently transfected with mCherry-EYFP-ZDHHC17 or mCherry-EYFP-TMEM165. 24 h after transfection, the cells were
treated or not with HBSS as indicated. The arrow points to red-only puncta. Bars represent 5 um (main) and 1 pum (insets). (B) Western blot analysis of HelLa
WT or HelLa CALCOCO1 KO cells treated as indicated and analyzed by immunoblotting with the indicated antibodies. Numbers below the blots represent
relative intensity of the bands in the blots shown, normalized against loading control. The panels are collected from more than one Western blot experiment,
but only a single GAPDH loading control is shown. (C and D) HelLa-CALCOCO1 KO cells reconstituted with EGFP-CALCOCO1(mutLIR+A623-691) were left
uninduced or were induced for 24 h and then either left untreated or treated as indicated. Cell lysates were analyzed by immunoblotting using the indicated
antibodies. The error bars in D represent the mean + SD of band intensities relative to the loading control from three independent experiments quantified using
Image]. Statistical comparison was analyzed by one-way ANOVA followed by Tukey multiple comparison test. (E and F) HeLa-CALCOCO1 KO cells recon-
stituted with EGFP-CALCOCO1 A145-513 (E) or EGFP-CALCOCO1 A623-691 (F) were left uninduced or were induced for 24 h and then treated as indicated. Cell
lysates were analyzed by immunoblotting using the indicated antibodies. Numbers below the blots represent relative intensity of the bands in the blots shown,
normalized against loading control. MW, molecular weight.
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