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Adenosine diphosphate (ADP)-ribosylation is a posttranslational
modification involved in key regulatory events catalyzed by ADP-
ribosyltransferases (ARTs). Substrate identification and localization
of the mono-ADP-ribosyltransferase PARP12 at the trans-Golgi net-
work (TGN) hinted at the involvement of ARTs in intracellular traf-
fic. We find that Golgin-97, a TGN protein required for the
formation and transport of a specific class of basolateral cargoes
(e.g., E-cadherin and vesicular stomatitis virus G protein [VSVG]), is
a PARP12 substrate. PARP12 targets an acidic cluster in the Golgin-
97 coiled-coil domain essential for function. Its mutation or PARP12
depletion, delays E-cadherin and VSVG export and leads to a defect
in carrier fission, hence in transport, with consequent accumulation
of cargoes in a trans-Golgi/Rab11–positive intermediate compart-
ment. In contrast, PARP12 does not control the Golgin-
245–dependent traffic of cargoes such as tumor necrosis factor
alpha (TNFα). Thus, the transport of different basolateral proteins
to the plasma membrane is differentially regulated by Golgin-97
mono-ADP-ribosylation by PARP12. This identifies a selective regu-
latory mechanism acting on the transport of Golgin-97– vs. Golgin-
245–dependent cargoes. Of note, PARP12 enzymatic activity, and
consequently Golgin-97 mono-ADP-ribosylation, depends on the
activation of protein kinase D (PKD) at the TGN during traffic.
PARP12 is directly phosphorylated by PKD, and this is essential to
stimulate PARP12 catalytic activity. PARP12 is therefore a compo-
nent of the PKD-driven regulatory cascade that selectively controls
a major branch of the basolateral transport pathway. We propose
that through this mechanism, PARP12 contributes to the mainte-
nance of E-cadherin–mediated cell polarity and cell–cell junctions.

PARP12 j Golgin-97 ADP-ribosylation j PKD j intracellular membrane
transport j E-cadherin

Adenosine diphosphate (ADP) ribosylation is a protein post-
translational modification (PTM) consisting of the transfer of

an ADP-ribose moiety from NAD+ to target amino acids that is
highly conserved throughout evolution (1–3). The enzymes catalyz-
ing this reaction, named ADP-ribosyltransferases (ARTs), first
diversified in bacteria into a variety of systems involved in defensive
and offensive strategies in intragenomic, intergenomic, and intraor-
ganismal conflicts, and have been acquired by eukaryotes from
these conflict systems several times throughout evolution (1, 4). In
eukaryotes, ADP-ribosyltransferases are often components of core
regulatory and epigenetic processes (5–7). The analysis of their
eukaryotic substrates is thus likely to provide information on the
organization and regulation of key cellular functions.

The ARTs (8) constitute a major family of ADP-ribosy-
ltransferases whose members catalyze ADP-ribosylation by
adding either single or multiple units of the NAD+-deriving
ADP-ribose onto target proteins [respectively, mono- and poly-
ADP-ribosylation, hereafter referred to as MARylation and PARy-
lation (9)]. MARylation of mammalian proteins was first discovered

decades ago to mediate the pathogenic action of bacterial toxins in
host cells (10, 11). The endogenous occurrence of this PTM in
mammalian cells later became evident (11–16) and, recently, with
the definition of the different enzymes catalyzing the reaction, the
cellular functions it regulates are emerging (17–19).

So far, eukaryotic ADP-ribosylation has been mainly studied
under stress conditions, as exemplified by the role of poly
(ADP-ribose) polymerase 1 (PARP1)–mediated PARylation
during the DNA-damage response (20), PARP5, -12, and -13 in
stress-granule formation (21–23), or PARP16 in the unfolded
protein response (24, 25), while its impact on physiological
cellular processes remains poorly defined.

Intracellular membrane transport is emerging as a function
regulated by PARPs, with particular reference to Golgi-
localized PARPs, namely PARP5 and -12 (26). PARP5 (also
called tankyrase) is known to regulate the delivery of the glu-
cose transporter GLUT4 from the trans-Golgi network (TGN)
to glucose-storage vesicles and thus to the plasma membrane
[PM (27–30)]. PARP12, originally described to be involved in
defense against viral infections (31–34), is involved in the
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anterograde transport of the vesicular stomatitis virus G pro-
tein (VSVG) from the TGN to the PM (21, 26, 35) and is a
well-known component of stress granules, where it translocates
from the Golgi upon oxidative stress (21, 23).

The TGN is a major sorting station where cargoes are con-
veyed and sorted into distinct transport carriers for trafficking
to post-Golgi compartments and to the PM (36). The different
trafficking routes undertaken by individual cargoes are regu-
lated by transport machineries, including small G proteins
belonging to the ADP-ribosylation factor (Arf) and Rab fami-
lies, cytosolic cargo-adaptor proteins, coat proteins, and acces-
sory proteins, all involved in cargo “packaging” into specific
transport carriers to achieve correct sorting and delivery
(36–38).

Here, we report that PARP12 controls the basolateral trans-
port of a subclass of basolateral cargoes, which includes VSVG
and E-cadherin, through the MARylation of Golgin-97. More-
over, we find that PARP12-mediated MARylation requires the
presence of protein kinase D (PKD), a master regulator of
basolateral transport (39, 40), and that it is stimulated by PKD
during cargo trafficking. Traffic-activated PKD phosphorylates
PARP12, activating its enzymatic activity. It thus emerged that
PARP12-mediated MARylation of Golgin-97 is a component of
the PKD-dependent regulatory network underlying the basolat-
eral secretion of a select subgroup of cargo proteins, including
E-cadherin. Since E-cadherin is required for the formation of
proper adherens junctions and epithelial polarization, we pro-
pose that the regulatory cascade described in this study may
play a role in the maintenance of cellular polarity in epithelial
cells and therefore in various body functions (41, 42).

Results
The Exocytosis of E-Cadherin Is Specifically Controlled by PARP12
and Golgin-97. We have previously reported that PARP12 is
localized at the TGN, where it colocalizes with Golgin-97 (SI
Appendix, Fig. S1) and supports the export of the basolateral
cargo VSVG from the TGN to the PM (21). The exit of baso-
lateral cargoes from the TGN occurs in different carriers, possi-
bly exploiting different transport machineries (43). For
instance, the exit of the VSVG cargo from the TGN occurs in
carriers that require Golgin-97 (36, 44–46), and are similar to
those used by the cargo E-cadherin and described by previous
authors as tubulovesicular in shape (43), while other cargoes,
exemplified by tumor necrosis factor alpha (TNFα), require
Golgin-245 and use relatively smaller vesicular carriers to exit
this compartment (43). To understand the role of PARP12 in
regulating cargo exiting from the TGN, we analyzed its role in
the export of these different basolateral cargoes, E-cadherin
and TNFα, as examples of carrier segregation into the two
distinct routes (43).

To this aim, we took advantage of the well-established syn-
chronizable retention using selective hook (RUSH) transport
system (43) to send synchronized waves of specific cargo pro-
teins from the endoplasmic reticulum (ER), where they are
synthesized, to the TGN. In most experiments, we used HeLa
cells as a convenient model system that, although not fully
polarized, maintains mechanisms for apical and basolateral
cargo formation (47–49).

Cells, devoid or not of PARP12 expression, were transfected
with SBP–EGFP (streptavidin binding protein–enhanced green
fluorescent protein)–E-cadherin (Fig. 1A) or TNFα–SBP–EGFP
(Fig. 1B) and the exit of cargoes from the TGN toward the PM
was evaluated by quantifying the amount of cargo in the Golgi
area after 60 min of biotin addition (Fig. 1 C and D). The tran-
sient depletion of PARP12 reduced the exit of E-cadherin from
the TGN, as indicated by the entrapment of this cargo in the

Golgi area (Fig. 1 A and C), while it did not affect the exocytosis
of TNFα (Fig. 1 B and D).

To further evaluate the role of PARP12 in E-cadherin trans-
port through the secretory pathway, the overall kinetics of
SBP–EGFP–E-cadherin was then studied using confocal time-
lapse imaging techniques in single living cells. Cells expressing
SBP–EGFP–E-cadherin, and transiently depleted of PARP12
expression (by small interfering RNA [siRNA] treatment),
were imaged for 2 h after exit from the ER (Fig. 1E and
Movies S1 and S2), in order to follow synchronous waves of
specific cargo populations. Normalized fluorescence intensities
within the Golgi area (ROI, region of interest) were plotted as
a function of time; values in Fig. 1F represent the Golgi distri-
bution of E-cadherin during transport from the ER to the PM
as a consequence of cargo influx from the ER into the Golgi
and efflux toward the PM. Data show that, compared with con-
trol cells, the depletion of PARP12 did not affect cargo export
out of the ER compartment (Fig. 1F and SI Appendix, Fig. S2),
while it reduced cargo egress from the Golgi area (Fig. 1F),
highlighting the selectivity of the role of PARP12 in E-cadherin
transport from the Golgi to the PM.

In parallel, we assessed the specificity of Golgin-97 in
E-cadherin exocytosis using previously characterized cells
depleted of Golgin-97 by CRISPR-Cas9 technology [referred to
as ΔGolgin-97 cells (50, 51)] or, as a negative control, depleted
of Golgin-245 [ΔGolgin-245 cells (50)], and different cargo
transport synchronization methods.

First, we simply expressed GFP–E-cadherin and monitored
the arrival of this protein at the PM at a fixed time upon trans-
fection (52). E-cadherin stained the PM and formed cell–cell
junctions in both wild-type (WT) and ΔGolgin-245 cells, while
the absence of Golgin-97 caused a defect in E-cadherin locali-
zation, with cargo trapped in the Golgi area and in intracellular
vesicles. These structures colocalized with Rab11, suggesting
that E-cadherin–containing transport carriers originate from a
post-TGN/Rab11–positive compartment (SI Appendix, Fig. S3
A and B). By analyzing cells lacking Golgin-245, we could
exclude a role of Golgin-245 in E-cadherin exocytosis. Curi-
ously, this contrasts with the similarity of function between
Golgin-97 and -245 as tethers in endosome-to-Golgi trafficking
(50, 51, 53).

Second, we used the RUSH system, by which cargoes are
first accumulated in the ER and then allowed to traverse the
secretory pathway synchronously, and again evaluated the
E-cadherin pool at the PM. The absence of Golgin-97 specifi-
cally reduced the arrival of E-cadherin at the PM (Fig. 1 G and
I), while not affecting the transport of TNFα (Fig. 1 H and J),
consistent with the above and with the PARP12 depletion
data (Fig. 1 A–D). Instead, the absence of Golgin-245 specifi-
cally impaired TNFα transport, with no significant effect on
E-cadherin arrival at the PM (Fig. 1 I and J). Along the same
line, we examined the transport of VSVG, which depends on
Golgin-97 and PARP12, like E-cadherin transport, using a well-
characterized transport assay which relies on the thermosensi-
tive mutant protein tsO45 from VSV (21, 45). Briefly, cells
were infected with VSV and incubated at 40 °C to first accumu-
late the protein in the ER and then shifted to 20 °C, a tempera-
ture that allows the exit of the cargo proteins from the ER and
the arrival at, but not the exit from, the TGN. The temperature
was finally shifted to 32 °C, and transport from the TGN to
the PM was monitored by immunofluorescence (SI Appendix,
Fig. S4). Compared with WT cells, the absence of Golgin-97
increased the percentage of cells showing VSVG at the Golgi
complex after 30 min of the temperature-block release (SI
Appendix, Fig. S4), demonstrating a role of Golgin-97 in VSVG
exocytosis.

Collectively, these data indicate that PARP12 and Golgin-97
are required for the exit of the basolateral cargoes VSVG and
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Fig. 1. Exocytosis of E-cadherin is specifically controlled by PARP12 and Golgin-97. (A–D) HeLa cells expressing the indicated RUSH-based constructs show
an increased amount of EGFP–E-cadherin (A), but not EGFP–TNFα (B), at the Golgi complex after 60 min of biotin addition in the absence of PARP12.
Quantifications are shown in C and D. (E) Cells expressing SBP–EGFP–E-cadherin and depleted or not of PARP12 expression were subjected to a biotin-
based traffic pulse. Time-lapse confocal images were captured for 2 h at 1-min intervals. Shown are representative images at the designated times upon
biotin addition (see the corresponding Movies S1 and S2). Yellow outlines mark the ROIs used for the analysis of time-based changes in Golgi fluorescence
intensity. (F) Averaged and normalized time-based changes in fluorescence intensity of an ROI containing the Golgi complex are shown. Experimental
data (filled circles) for each plot represent the average of nine cells. (G–J) Representative confocal images of the E-cadherin (G) or TNFα (H) pool at
the PM (surface staining, gray) of synchronized RUSH-based E-cadherin/TNFα (green) in WT and ΔGolgin-97 cells; quantifications are reported in I and J.
In the graphs are also reported the quantification of the E-cadherin and TNFα pool at the PM in ΔGolgin-245 cells. n = 30 cells from three different
experiments, ±SD; ***P < 0.001, calculated by Student’s t test; ns, not significant. (Scale bars, 10 μm.)
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E-cadherin from the Golgi complex, possibly by synergically
contributing to the assembly of specific trafficking machineries.
Golgin-245 has no role in this transport event, while it is
required for delivery of other cargoes, for example TNFα, to
the PM.

Golgin-97 Is a PARP12 Substrate. The PARP12-mediated modula-
tion of E-cadherin exocytosis (Fig. 1) might be due to PARP12-
catalyzed modification of Golgin-97. To investigate this aspect,
GFP-tagged E-cadherin localization was evaluated in WT cells
treated with the general PARP inhibitor PJ34 (50 μM). This
caused a mislocalization of E-cadherin that accumulated around
the Golgi area in spots reminiscent of transport carriers (SI
Appendix, Fig. S5A; no colocalization is observed with the Golgi
marker GM130). In experiments on synchronized E-cadherin
transport (using the RUSH system), PJ34 treatment delayed
E-cadherin exit from the TGN and arrival at the PM (Fig. 2 A
and B; live imaging results are shown in SI Appendix, Fig. S5B
and Movies S3 and S4), and similar effects were observed upon
PARP12 knockdown (Fig. 1 A and C), suggesting an involvement
of PARP12 enzymatic activity in E-cadherin transport.

To further understand this aspect and considering the specific-
ity of Golgin-97 in regulating E-cadherin transport, we evaluated
if Golgin-97 could be a PARP12 substrate. We overexpressed
Golgin-97 and analyzed the total cell lysates using the Af1521
macro domain–based pull-down assay, a well-characterized tool to
specifically isolate ADP-ribosylated proteins (54, 55). We detected
ADP-ribosylated Golgin-97 (Fig. 2C) but not Golgin-245 (used as
control of specificity; SI Appendix, Fig. S6A), indicating that
Golgin-97 was modified selectively under these experimental con-
ditions (Fig. 2C). Golgin-97 MARylation was also analyzed after
PARP12 depletion by which it was markedly reduced (Fig. 2D),
indicating that Golgin-97 is a substrate of PARP12 activity. The
potential contribution of PARP5 [also localized at the Golgi com-
plex (27)] in this PTM was evaluated in cells treated for 2 h with
PJ34 (50 μM) or with the PARP5-specific inhibitor IWR1 (25
μM): Golgin-97 was not MARylated in the presence of PJ34 while
it was in the presence of IWR1, as expected, confirming the spe-
cificity of the PARP12-dependent modification (SI Appendix, Fig.
S6B). In parallel, cells treated with the inhibitors were analyzed
for E-cadherin transport. The IWR1 treatment did not alter
E-cadherin arrival at the PM (SI Appendix, Fig. S6C), while PJ34
reduced it (Fig. 2 A and B), further corroborating the selective
role of PARP12 in Golgin-97 MARylation and in E-cadherin
transport.

Golgin-97 MARylation was then analyzed in in vitro assays,
using purified full-length Golgin-97 and the PARP12 catalytic
domain, in the presence of [32P]NAD+. Golgin-97 was modified
under these conditions, indicating that it is a specific, direct
substrate of PARP12-dependent MARylation (Fig. 2E).

In addition, and based on the colocalization between
PARP12 and Golgin-97 at the TGN (SI Appendix, Fig. S1), we
evaluated the interaction of the two proteins. To this end, total
cell lysates overexpressing PARP12 were incubated with puri-
fied His–Golgin-97; His–Golgin-97 was then recovered and spe-
cifically eluted using imidazole. Fig. 2F shows that PARP12
interacted with Golgin-97 in a way that is dependent on
Golgin-97 concentration.

With the aim of understanding if Golgin-97 MARylation is
regulated during transport, this modification was analyzed dur-
ing the RUSH-based E-cadherin transport assay. Cells were
transiently transfected with the SBP–EGFP–E-cadherin con-
struct and E-cadherin transport and Golgin-97 MARylation
were followed at different time points during transport in the
presence of cycloheximide (Fig. 3). A maximal Golgin-97
MARylation was observed at 20 to 30 min after release from
the ER, when most cargo is at the TGN (and starts exiting this
compartment), indicating that PARP12-mediated Golgin-97

MARylation is triggered by cargo in the TGN during a traffic
wave. A different approach to investigate this aspect consisted
of the synchronization of E-cadherin transport at different time
points upon transfection (52). Cells were transfected with
GFP–E-cadherin and Golgin-97 MARylation was detected at
different time points (SI Appendix, Fig. S7A). Under these con-
ditions, Golgin-97 MARylation resulted in being maximal when
the cargo reached the Golgi complex and started exiting this
compartment (SI Appendix, Fig. S7A). Finally, we analyzed
Golgin-97 MARylation during the well-characterized VSVG
traffic pulse in the presence of cycloheximide (SI Appendix, Fig.
S7B). As shown in SI Appendix, Fig. S7B, MARylation of
Golgin-97 was strongly activated at 20 °C, namely when cargo
accumulates at the TGN, in line with the approaches described
above. Of note, the increase in Golgin-97 MARylation was
independent of the temperature shift, since in the absence of
cargo no increase was detected at 20 °C, indicating that MARy-
lation is triggered by the cargo and not by the 20 °C tempera-
ture (SI Appendix, Fig. S7C). The increase at 20 °C was
followed by a drastic decrease of the MARylation signal when
cargo exited the TGN at 32 °C, as expected. Curiously, there
was an unexpected 30% rebound in the reaction rate at 60 min
after the temperature shift (see SI Appendix, Fig. S7B, legend,
for an interpretation of this phenomenon). Finally, in the
absence of both VSVG and endogenous cargo, the signal at
20 °C was low and slightly increased at 32 °C, presumably
reflecting the sensitivity of the basal (cargo-independent) reac-
tion rate to temperature.

Altogether, these data demonstrate that Golgin-97 is specifi-
cally MARylated by PARP12 both in vitro and in intact cells;
Golgin-97 MARylation is stimulated during membrane trans-
port, and is essential for transport, consistent with a key role of
its MARylation in the export and delivery of basolateral car-
goes to the PM.

Identification of a Golgin-97–Modified Residue(s). Having defined
Golgin-97 as a PARP12 substrate, we investigated the specific
residue(s) targeted by this PTM. To this purpose and based on
our previous data demonstrating that PARP12 modifies acidic
residues (21), we exploited ADPredict, an in-house-developed
bioinformatic tool for the prediction of the acidic residues
(aspartic and glutamic acids, D and E) most prone to being
MARylated (56). The predictions highlighted a few glutamic
acid clusters (SI Appendix, Fig. S8 and Table S1) based on
which we generated three separate multiple-point mutants,
from here on addressed as Mut A: E381Q–E386Q–E393Q;
Mut B: E558Q–E559Q–E565Q; and Mut C: E579Q–E585Q.
Conservative mutations were introduced (exchanging acidic res-
idues with their relative amide, E to Q) and the subcellular
localization of the mutants was analyzed by immunofluores-
cence. All mutants localized at the TGN, similar to the WT
protein (SI Appendix, Fig. S9A). This was examined after
nocodazole-induced disruption (33 μM for 3 h) of the Golgi
ribbon into smaller structures, “ministacks” (SI Appendix, Fig.
S9B), which are often used to precisely determine protein local-
ization across Golgi stacks (57).

The identified residues locate in the coiled-coil domain of
Golgin-97 (residues 50 to 657). We assessed the possible effect of
each mutant on the coiled-coil stability, using the online tool Mul-
ticoil2 (58). In no cases was the peculiar hydrophobic interaction
crucial for coiled-coil folding perturbed; the minor changes intro-
duced never significantly appeared to affect the availability of the
coiled-coil structure for possible protein–protein interactions (SI
Appendix, Table S2).

Next, we tested the generated Golgin-97 mutants for their
MARylation levels. Based on the findings that MARylation of
Golgin-97 was activated during protein transport stimulation
(Fig. 3 and SI Appendix, Fig. S7), we analyzed MARylation of
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Fig. 2. Golgin-97 is a PARP12 substrate. (A and B) Representative confocal images of (A) SBP–EGFP–E-cadherin (green) or (B) its pool at the PM (surface
staining, gray) in cells treated or not with PJ34 (50 μM, 2 h). Graphs show quantification of E-cadherin at the Golgi complex or at the PM. (C and D)
Af1521 macro domain–based pull-down assay of total cell lysates obtained from (C) cells transfected or not (NT) with FLAG-tagged Golgin-97 and treated
with the PARP inhibitor PJ34 (50 μM, 2 h), or (D) cells depleted of PARP12 or not, showing the PARP12-dependent MARylation of Golgin-97. PARP12 was
detected as an internal control. (E) In vitro MARylation assay using a GST-tagged purified PARP12 catalytic fragment and His-tagged purified Golgin-97,
in the presence of [32P]NAD+, detected by autoradiography (AR [32P]). (E, Bottom) Total levels of Golgin-97. (F) In vitro pull-down assay of His–Golgin-97
incubated with cell lysates overexpressing or not PARP12 (NT lysate vs. PARP12 lysate), and eluted with an imidazole-containing buffer. The samples were
subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis and Western-blotting analysis, as indicated. n = 30 cells from three different
experiments, ±SD; ***P < 0.001, calculated by Student’s t test. (Scale bars, 10 μm.)
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Golgin-97 mutants under a VSVG traffic pulse, again using the
Af1521 macro domain–based pull-down assay. The MARylation
of Mut B was almost abolished, while Mut A and Mut C
showed a clear residual MARylation, corresponding approxi-
mately to 50% of WT Golgin-97 MARylation (Fig. 4). This
indicates that the glutamic cluster 558–559–565 (mutated in B,
but still present in the other two mutants) is the only one to be
quickly and efficiently MARylated during the transport pulse
and that is therefore probably the crucial one for transport (see
below). In support of these data, when the MARylation of
Golgin-97 and its mutants was analyzed under steady-state or
in vitro assay conditions (SI Appendix, Fig. S10), we observed a
low MARylation of the WT Golgin-97 itself and, consequently,
an almost complete abolishment of MARylation for the
mutants.

Collectively, these data indicate that Golgin-97 MARylation
specifically occurs during protein transport and identify resi-
dues 558–559–565 (mutated in B) as those relevant to this
process.

MARylated Golgin-97 Is Required for Basolateral Export of E-Cad-
herin. To assess the significance of MARylation in the export of
E-cadherin, GFP-tagged E-cadherin localization was evaluated
in ΔGolgin-97 cells and transfected with the WT Golgin-97 or
with its ADP-ribosylation–defective mutants. Transfected WT
Golgin-97 rescued the localization defect observed in ΔGolgin-
97 cells, resulting in a clear PM localization of E-cadherin.
Notably, the distribution of E-cadherin to the PM was typical
of the morphology of the adherens junctions (SI Appendix, Fig.
S11A). Mut B was unable to recover the defective phenotype,
and showed the same accumulation of GFP-tagged E-cadherin
in perinuclear carriers as observed in ΔGolgin-97 cells (SI
Appendix, Figs. S3 and S11A), while Mut A and Mut C recov-
ered the defect as well as WT Golgin-97 (SI Appendix, Fig.
S11A), with formation of the adherens junction phenotype.

These results were substantiated by monitoring the GFP-
tagged E-cadherin transport in live imaging experiments per-
formed in ΔGolgin-97 HeLa cells transiently transfected with
the WT Golgin-97 or with its ADP-ribosylation–defective Mut
B, which again was unable to rescue the E-cadherin transport,
as reported above (SI Appendix, Fig. S11B and Movies S5, S6,
S7, and S8).

The role of Golgin-97 MARylation in E-cadherin transport
was further characterized by analyzing the overall cargo kinetics
in single-cell live imaging experiments (as described above for
PARP12 depletion). To this purpose, ΔGolgin-97 HeLa cells
were cotransfected with SBP–EGFP–E-cadherin and WT
Golgin-97 or its ADP-ribosylation–defective mutants and
E-cadherin transport was imaged for 2 h after exit from the ER
(Fig. 5, SI Appendix, Figs. S12 and S13, and Movies S9, S10,
S11, S12, and S13). Changes in E-cadherin distribution along
the secretory pathway were represented as the normalized fluo-
rescence intensities in the Golgi region as a function of time
(Fig. 5A and SI Appendix, Fig. S13A). These transport kinetics
showed that the expression of WT Golgin-97 in ΔGolgin-97
cells recovered the delay in cargo exit from the Golgi area
caused by Golgin-97 absence. Mut A and Mut C rescued cargo
egress from the Golgi nearly as efficiently as WT Golgin-97
(Fig. 5), while the expression of Mut B was unable to rescue
cargo export from the Golgi area, indicating that the glutamic
acid cluster in positions 558–559–565 is the one relevant for the
role of Golgin-97 in TGN export, as also supported by the data
on the MARylation of the mutants (see above and Fig. 4). ER-
to-Golgi transport was not altered in any of the aforementioned
conditions, except for Mut A, which led to an apparently faster
ER-to-Golgi transport (SI Appendix, Fig. S13B). However, this
effect is not expected to contribute to the delay in arrival at the
PM, and thus was not explored further.

Similar results were obtained by analyzing the E-cadherin
pool at the PM. ΔGolgin-97 cells were cotransfected with
SBP–EGFP–E-cadherin and WT Golgin-97 or its ADP-
ribosylation–defective mutants and E-cadherin labeling at the
PM was analyzed by performing E-cadherin surface staining at
different time points, as indicated (SI Appendix, Fig. S14A).
Compared with ΔGolgin-97 cells, only the overexpression of
WT Golgin-97 fully recovered the arrival of E-cadherin at the
PM; Mut A and Mut C showed instead a similar or slightly
slower recovery, while overexpression of Mut B was unable to
recover the defect observed in the absence of Golgin-97 (SI
Appendix, Fig. S14A).

Of note, the defective MARylation in Golgin-97 did not
change its colocalization with the cargo E-cadherin at the Golgi
level, as demonstrated by the colocalization analysis between
E-cadherin and Golgin-97 WT or its ADP-ribosylation–defective

Fig. 3. MARylation of Golgin-97 is triggered during transport. Representative confocal images of SBP–EGFP–E-cadherin localization during traffic-pulse
experiments at different times, as indicated. MARylation levels of Golgin-97 during transport were analyzed using an Af1521 macro domain–based pull-
down assay of total cell lysates obtained from HeLa cells subjected to a RUSH-based E-cadherin transport for different times. Blots are representative of
three independent experiments. Quantifications ± SD are reported in the graphs. *P < 0.05, **P < 0.01, calculated by Student’s t test. (Scale bars, 10 μm.)

6 of 12 j PNAS Grimaldi et al.
https://doi.org/10.1073/pnas.2026494119 PKD-dependent PARP12-catalyzed mono-ADP-ribosylation of Golgin-97 is required

for E-cadherin transport from Golgi to plasma membrane

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental


mutants (SI Appendix, Fig. S14 B and C). From this point on, we
only used Mut B for further experiments.

Prompted by the above data, we analyzed the role of MARy-
lation in the interaction with functionally relevant proteins.
FIP1/RCP is a well-characterized direct interactor of Golgin-97
required for tethering and fusion of recycling endosome
(RE)–derived retrograde transport vesicles to the TGN (59)
and in transport from the RE to the PM (60).

We evaluated if the mutations introduced in Golgin-97
would modulate its interaction with FIP1/RCP. Cells were
cotransfected with Myc/FLAG-tagged FIP1/RCP and tomato-
tagged Golgin-97 WTor its ADP-ribosylation–defective mutant;
FIP1/RCP was immunoprecipitated and the interaction with
Golgin-97 was evaluated using a Golgin-97 antibody. The
results show that WT Golgin-97 interacted with FIP1/RCP, as
expected, and that Mut B increased the interaction with FIP1/
RCP (Fig. 5D), suggesting that MARylation is involved in the
disassembling of dynamic Golgin-97 complexes (Discussion).

Next, we examined the effects of Golgin-97 on specific traffic
steps from the Golgi complex. Compared with control cells,
ΔGolgin-97 cells showed longer, larger, and more abundant tubu-
lar carriers containing E-cadherin that were apparently unable to
distance themselves from the Golgi. This phenotype was reverted
by the overexpression of WT Golgin-97, but not by the ADP-
ribosylation–defective Mut B (SI Appendix, Fig. S14 D–F).

Collectively, these results support the requirement of
Golgin-97 MARylation in controlling E-cadherin exit from the
Golgi area, formation and fission of carriers, and thus a correct
cargo delivery to the PM.

Golgin-97 MARylation Regulates Adherens Junctions in MCF7 Cells.
The relevance of PARP12 activity in E-cadherin exocytosis was
further substantiated by evaluating E-cadherin localization in
epithelial MCF7 cells, which endogenously express E-cadherin,
by immunofluorescence. The monolayer of control MCF7 cells
showed a major distribution of E-cadherin to the PM and evi-
dent images of adherens junctions.

In PARP12-depleted cells, E-cadherin was instead mostly
retained in the Golgi area, with scarce E-cadherin staining at
the PM and no images of adherens junctions (Fig. 6A). Label-
ing of calnexin, which did not show any colocalization with
E-cadherin, was performed to exclude a possible retention of
the protein at the ER level (SI Appendix, Fig. S15A). A similar
phenotype was observed in MCF7 cells transiently depleted of
Golgin-97 (SI Appendix, Fig. S15B).

In these cells, we have also directly evaluated MARylation of
endogenous Golgin-97 again using the Af1521 macro
domain–based pull-down assay from total lysates of control
cells at steady state, or of cells depleted of PARP12 or treated
with the PARP inhibitor PJ34. MARylation was strongly
reduced both in the absence of PARP12 and when the PARP
catalytic activity was inhibited. These findings are in full agree-
ment with and support the data on E-cadherin localization
reported above, in that they show the requirement of the
Golgin-97 modification for an E-cadherin localization at the
PM and for adherens junction formation (Fig. 6A). Thus,
endogenously expressed E-cadherin behaves as the protein
expressed in HeLa cells, reinforcing the conclusion that
PARP12-mediated MARylation of Golgin-97 controls a correct
transport of E-cadherin toward the PM.

PARP12-Mediated MARylation of Golgin-97 Is under the Control of
PKD Activity. The export of basolateral cargoes at the TGN is
regulated by signaling pathways, with PKD-dependent signaling
being one of the most important regulatory pathways at the
TGN (39, 40, 61). As reported, basolateral cargoes trigger a sig-
naling pathway at the TGN that results in PKD recruitment
and activation, followed by PKD-mediated phosphorylation of
several substrates needed for a correct delivery of carriers to
the basolateral PM, such as PI4KIIIβ (39). Based on this
knowledge and on the increase of Golgin-97 MARylation dur-
ing basolateral cargo pulses (Fig. 3 and SI Appendix, Fig. S7),
we evaluated if PARP12-mediated Golgin-97 MARylation
occurs downstream of PKD signaling. To this end, MCF7 cells
were treated with the PKD inhibitor CRT0066101 (10 μM, 2 h)
and Golgin-97 MARylation was evaluated by using the Af1521
macro domain–based pull-down assay. As shown in Fig. 6C,
inhibition of PKD activity almost abolished Golgin-97 MARyla-
tion, indicating that this is a PKD-dependent event. Similar
results were obtained in cells transiently depleted of PKD1,
PKD2, or both (Fig. 6D and SI Appendix, Fig. S15C).

These data led us to test whether PARP12 could be a PKD
substrate. In vitro kinase assays were performed using purified
GST (glutathione S-transferase)–PKD1 or its kinase-dead
(KD) mutant, used as control (Fig. 6E), and a PARP12 catalytic
fragment. The phosphorylation status of PARP12 was then
detected using a characterized antibody (Fig. 6E). Similar
experiments were carried out using Myc-tagged PARP12 immu-
noprecipitated from cell lysates (SI Appendix, Fig. S16). The
data demonstrate that PARP12 is a substrate of PKD.

Fig. 4. Validation of Golgin-97 MARylation-defective mutants in cells subjected to a traffic pulse. (A) Af1521 macro domain–based pull-down assay of total
lysates obtained from cells transfected with the full-length Golgin-97 or with its mutants and subjected to a VSVG traffic pulse. MARylation levels of Golgin-97
during transport were analyzed using an Af1521 macro domain–based pull-down assay. The bound proteins were eluted and detected by Western blotting
with an anti–Golgin-97 antibody. (B) Quantifications ± SD of MARylatedGolgin-97. *P < 0.05, ***P < 0.001, calculated by Student’s t test.

CE
LL

BI
O
LO

G
Y

Grimaldi et al.
PKD-dependent PARP12-catalyzed mono-ADP-ribosylation of Golgin-97 is required
for E-cadherin transport from Golgi to plasma membrane

PNAS j 7 of 12
https://doi.org/10.1073/pnas.2026494119

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026494119/-/DCSupplemental


Fig. 5. Functional analysis of Golgin-97 MARylation-defective mutants in E-cadherin transport. ΔGolgin-97 HeLa cells expressing SBP–EGFP–E-cadherin
alone or in combination with tomato-tagged WT Golgin-97 or its mutants (Mut A, Mut B, and Mut C) were subjected to a biotin-based traffic pulse.
Time-lapse confocal images were captured for 2 h at 1-min intervals. (A) Averaged (with SEM) and normalized time-based changes in fluorescence inten-
sity of an ROI containing the Golgi complex are shown for all the indicated conditions. Experimental data for each plot represent the average of nine
cells. Values reported in the graph were plotted starting from the same fluorescence value for each condition. Corresponding single kinetics are reported
in SI Appendix, Fig. S13. The recovery provided by the overexpression of WT Golgin-97 is statistically significant (**P < 0.01) compared with that due to
its ADP-ribosylation–defective Mut B. (B) Representative frames of time-lapse E-cadherin transport at the indicated times upon biotin addition in
ΔGolgin-97 HeLa cells expressing SBP–EGFP–E-cadherin alone or in combination with tomato-tagged WT Golgin-97 or its mutants. See the corresponding
Movies S9, S10, S11, S12, and S13. Yellow outlines mark the ROIs used for the analysis of time-based changes in Golgi fluorescence intensities reported in
A. (Scale bars, 10 μm.) (C) Quantification of the E-cadherin fluorescence intensity at the Golgi complex (relative to cells used for quantification of time-
lapse experiments) after 120 min of biotin addition in the different Golgin-97 overexpression conditions, as indicated. (D) Immunoprecipitation of FLAG-
tagged FIP1/RCP from total lysates obtained from cells cotransfected with tomato-tagged Golgin-97 (WT or Mut B). The bound proteins were eluted and
detected by Western blotting, as indicated. E.V., empty vector; IP, immunoprecipitation. Quantifications ± SD are reported in the graph. **P < 0.01, calcu-
lated by Student’s t test.
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Moreover, we found that PARP12 phosphorylation increases its
catalytic activity, as evaluated by monitoring in vitro Golgin-97
MARylation upon PARP12 phosphorylation by PKD1 (Fig.
6F). These results are in line with the absence of Golgin-97
MARylation upon PKD inhibition observed in MCF7 cells
(Fig. 6C) and demonstrate that PKD-mediated phosphorylation
is required for the activation of PARP12 at the TGN; activated
PARP12 can then MARylate Golgin-97 and support basolateral
cargo export. As a proof of concept, MCF7 cells were treated
with the inhibitor CRT0066101 and analyzed by immunofluo-
rescence to follow E-cadherin localization. Inhibition of PKD
catalytic activity caused a loss of E-cadherin from the PM and a
consequent impairment in the formation of adherens junctions
(SI Appendix, Fig. S15D). This phenotype recalls the phenotype
observed upon PARP12 or Golgin-97 depletion in MCF7 cells
(Fig. 6A and SI Appendix, Fig. S15B), further corroborating the
finding that PARP12-mediated MARylation occurs downstream
of and requires PKD activation, and is therefore part of the
PKD signaling cascade acting at the TGN.

As a whole, this set of data demonstrates that the PARP12-
mediated addition of ADP-ribose onto specific E residues of
Golgin-97 controls the correct trafficking of the cargo
E-cadherin, facilitating its exit from the Golgi complex (by con-
tributing to carrier fission) and correct delivery in appropriate
basolateral transport carriers, and that this is part of the more
general PKD-mediated signaling acting at the TGN.

Discussion
In this study, we demonstrate that the ADP-ribosyltransferase
PARP12 catalyzes the MARylation of Golgin-97, and that this
modification is required for selectively supporting the forma-
tion of tubulovesicular carriers that originate from the TGN;
these tubular structures carry a subclass of cargo basolateral
proteins which includes E-cadherin and VSVG to the PM and
specifically to the adherens junctions, where E-cadherin partici-
pates in their assembly. In addition, we show that this process
is fully integrated in the mechanism of basolateral membrane
traffic controlled by PKD, in that PARP12 is a direct substrate
of this kinase, and that this modification controls its ADP-
ribosyltransferase activity, hence controlling Golgin-97 MARy-
lation. This makes PARP12-driven MARylation and its target
Golgin-97 significant players in the regulation of TGN exit and
sorting, a critical step in intracellular membrane transport in
epithelia.

Golgins are a large and heterogeneous family of long coiled-
coil proteins associated with different compartments of the
Golgi complex (62, 63). As a family, Golgins are ubiquitous and
highly conserved in evolution and play a variety of roles in
membrane trafficking, whose functional significance and molec-
ular mechanisms have been gradually emerging over the last
decade. Golgin-97 is part of a subgroup of Golgins (Golgin-97,
Golgin-245/230, GCC88, and GCC185) characterized by a
GRIP domain, a sequence of about 50 to 60 amino acids at
their C terminus (64, 65). The binding between the GRIP
domain of Golgin-97, Golgin-245, and GCC88 and the small
GTPase Arl1 determines their localization at the TGN (62, 66,
67). In the case of GCC185, two small GTPases, Rab6 and
Arl1, have been proposed to determine its localization at the
TGN (68, 69).

From a functional standpoint, Golgin-97 and other TGN Gol-
gins were first reported to operate in retrograde transport
between endosomes and the TGN (62, 63, 70). In addition, and
directly relevant to the current study, some TGN Golgins have
also been described to be involved in the formation of post-Golgi
carriers and in the transport of specific cargo proteins to the PM
(52, 71, 72). These two roles of the Golgins might be functionally
interconnected through retrograde transport–mediated recovery

at the TGN of machinery proteins necessary for subsequent
rounds of antegrade export (73, 74).

Golgin-97 and Golgin-245 have been demonstrated to be
involved in the transport of different basolateral cargoes (51, 53).
Golgin-97 has been shown to specifically act in the transport of
large tubulovesicular carriers containing E-cadherin from the
TGN to the PM, through a route that includes Rab11-containing
endosomes (52, 75); moreover, Golgin-97 has recently been shown
to control the export of the potassium channel Kir2.1 to the baso-
lateral PM by directly interacting with the channel, and possibly
facilitating the formation of the AP1 export carrier required for
this traffic step (72). Golgin-245 controls the transport of smaller
vesicular carriers containing TNFα (71).

These findings are part of an emerging scenario in which
multiple exit routes operate from the Golgi to the PM and to
endolysosomes, and need to be selectively regulated to prevent
missorting and mistargeting of cargoes (76–78). Our data show
that the two types of carriers, which are most likely responsible
for transporting the bulk of the basolateral proteins to the PM
(altogether over a thousand), are differentially regulated by the
selective MARylation of Golgin-97 by PARP12 in that this spe-
cific modification selectively supports the transport of large
tubular basolateral cargoes that carry E-cadherin, apparently by
supporting their fission and progression from the RE to the
PM, while it has no effect on TNFα-containing carriers.

The Golgin-97 MARylation reaction that is relevant for traf-
fic appears to occur selectively on the three glutamic acids
558–559–565 in the Golgin-97 coiled-coil domain, initially iden-
tified using a bioinformatics tool developed in our laboratory
[ADPredict (56)]. Notably, Golgin-97 MARylation also regu-
lates its interaction with FIP1/RCP, and thus likely with Rab11,
possibly contributing to the dynamics of a protein complex rele-
vant to transport. A detailed characterization of the mecha-
nisms by which PARP12-catalyzed MARylation could regulate
this anterograde transport is ongoing.

From a functional standpoint, the main aspect emerging
from our data, namely the cargo specificity provided by the
PARP12-mediated MARylation of Golgin-97 during exocytosis,
can be interpreted in the context of the growing evidence that
various types of molecular machineries for cargo export operate
between the TGN and the PM. In addition to the above two
morphologically distinct carriers, namely tubular or vesicular-
like post-Golgi carriers, which probably correspond to different
mechanisms for segregation of the cargoes both intra- and
post-Golgi (43), other carriers have been described that specifi-
cally export some proteins but not others, for example the
CARTS [carriers of the TGN to the cell surface (79, 80)]. Simi-
larly, it has been proposed that cargo segregation occurs also
during export of endolysosomal proteins out of the TGN,
where two post-Golgi carrier populations, namely tubular car-
riers for transferrin receptor and LAMP1 (which also contain
VSVG when cotransported) and vesicular carriers for cationic-
dependent mannose-6-phosphate receptor, have been described
(81). The significance of this variety of transport pathways leav-
ing the TGN despite its functional importance remains to be
clarified; it is probable that one of the functions of this multi-
plicity is that different cargo classes can be regulated differently
and targeted to different PM subdomains, for example those
targeted by E-cadherin to facilitate its clustering and thus adhe-
rens junction extension and maturation.

The selective regulation of Golgin-97–dependent carriers
reported in this study represents an intriguing example of regu-
lation of a specific type of carrier and therefore of the transport
of a specific group of cargo proteins toward the basolateral PM.
The functional role of this type of selective regulation is likely
to emerge from the analysis of PARP12-dependent MARyla-
tion and of the type of cargoes this MARylation supports.
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Fig. 6. PARP12-driven Golgin-97 MARylation and PKD activity regulate the localization of endogenous E-cadherin in MCF7. (A) Representative confocal
images of MCF7 cells depleted of PARP12 or not and stained for endogenous E-cadherin (green), Golgin-245 (red; used as a TGN marker), and PARP12
(magenta). Zoom 1 and 2: enlarged views of E-cadherin signal at the PM, where E-cadherin forms adherens junctions. Zoom 3: enlarged views of
E-cadherin signal at the Golgi area. (Scale bars, 10 μm.) (B) Af1521 macro domain–based pull-down assay of total lysates obtained from MCF7 cells
depleted of PARP12 or not, and from MCF7 untreated (NT) or treated with PJ34 (50 μM, 2 h) showing the PARP12-dependent MARylation of Golgin-97.
(C and D) Af1521 macro domain–based pull-down assay of total lysates obtained from (C) MCF7 cells treated or not (dimethyl sulfoxide; DMSO) with the
PKD inhibitor (CRT0066101, 10 μM, 2 h) or (D) depleted or not of PKD1, PKD2, or both, showing the PKD dependence of PARP12-mediated MARylation of
Golgin-97. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as loading control. Relative quantifications are reported in SI Appendix, Fig.
S15C. (E) In vitro kinase assays using a purified PARP12 catalytic fragment and GST–PKD1 or its dead mutant (PKD1–KD–GST). Phosphorylated proteins
were detected using an anti–phospho-Ser/Thr antibody. Levels of PARP12 and PKD1 were controlled by Ponceau staining or by Western blotting using an
anti-GST antibody, respectively. Results shown are representative of three independent experiments. (F) In vitro MARylation assay using His-tagged puri-
fied Golgin-97 and a purified PARP12 catalytic fragment, previously phosphorylated by PKD1. The MARylation assay was followed by an Af1521 macro
domain–based pull-down assay to recover the pool. Bound proteins were eluted and detected by Western blotting with an anti–Golgin-97 antibody. Total
levels of a PARP12 catalytic fragment and PKD1 were monitored by Ponceau staining or by Western blotting using an anti-GST antibody, respectively.
***P < 0.001, calculated by Student’s t test.
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Relevant in this regard is that Golgin-97 MARylation is
under the control of PKD. PKD is a master regulator of TGN
function that is activated and recruited from the cytosol to the
TGN in a diacylglycerol-dependent manner (61) during the
passage of cargo through the TGN, and mediates the formation
of basolateral carriers containing VSVG and E-cadherin (48).
From this study, PARP12 emerges as a substrate of PKD that
regulates PARP12 catalytic activity at the TGN through phos-
phorylation. The consequent Golgin-97 MARylation appears
therefore to be a crucial node in the regulatory network of
TGN export and sorting.

E-cadherin plays a central role in epithelial polarity (41, 82).
In this context, MARylated Golgin-97 is required to support a
correct export and targeting of E-cadherin–containing carriers to
the appropriate PM domain. E-cadherin mediates the formation
of adherens junctions, required to maintain an intact architecture
of the normal epithelium (83). A crucial event in tumoral trans-
formation is the loss of adherens junctions and thus of cell polar-
ity, while gaining migratory and invasive properties, an event
known as epithelial-to-mesenchymal transition [EMT (82)]. An
altered trafficking of E-cadherin impinges on the stability of the
adherens junctions, as already reported for defective endosomal
trafficking of E-cadherin (84). The present work places Golgin-
97 MARylation as a regulator of E-cadherin exocytosis, an event
with consequences for cell–cell junction stability. We envision
that a hampered Golgin-97 MARylation, associated with defec-
tive E-cadherin transport, could contribute to the loss of adhe-
rens junctions and polarity. Considering the role of E-cadherin
and EMT in tumor spreading, PARP12-mediated MARylation of
Golgin-97 may play a significant role in EMT and metastasis
processes.

Materials and Methods
Molecular cloning procedures, cell-culture conditions, and sources and dilu-
tion of antibodies and reagents used can be found in SI Appendix.

Transient Transfections and siRNA-Mediated Knockdown. Cells were trans-
fected with the indicated plasmids or with siRNA oligos using TransIT-LT1
reagent or Lipofectamine RNAiMAX, respectively, according to the manufac-
turer’s instructions. Details are reported in SI Appendix.

In Vitro ADP-Ribosylation and Kinase Assays. The ADP-ribosylation assay and
the kinase reaction were performed as previously described (21, 39), with

some modifications (SI Appendix). Where indicated, phosphorylated PARP12
was then used in in vitro MARylation assays in the presence of His-tagged
Golgin-97.

Purification of His-Tagged Golgin-97 and His Pull-Down Assay. His-tagged
Golgin-97 (WT and its mutants) was purified as detailed in SI Appendix. Histi-
dine pull-down assays were carried out as previously described (46), with some
modifications, and described in SI Appendix.

Macro Domain–Based Pull-Down Assay. Purification of the Af1521 macro
domain and the procedure for the pull-down assay were described previously
(55) and detailed in SI Appendix.

Immunofluorescence and Confocal Microscopy. Immunofluorescence, VSVG,
or RUSH-based assays were performed as previously described (21, 43, 45).
Detailed procedures and relative quantification methods are described in
SI Appendix.

Statistical Analysis. P values were calculated comparing the control and each
treated group individually using Student’s t test. All statistical parameters are
listed in the corresponding figure legends.

Data Availability. All study data are included in the article and supporting
information.
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