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Intersectin-1 interacts with the golgin GCC88 to
couple the actin network and Golgi architecture
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ABSTRACT The maintenance of the Golgi ribbon relies on a dynamic balance between the
actin and microtubule networks; however, the pathways controlling actin networks remain
poorly defined. Previously, we showed that the trans-Golgi network (TGN) membrane tether/
golgin, GCCB88, modulates the Golgi ribbon architecture. Here, we show that dispersal of the
Golgi ribbon by GCC88 is dependent on actin and the involvement of nonmuscle myosin lIA.
We have identified the long isoform of intersectin-1 (ITSN-1), a guanine nucleotide exchange
factor for Cdc42, as a novel Golgi component and an interaction partner of GCC88 respon-
sible for mediating the actin-dependent dispersal of the Golgi ribbon. We show that pertur-
bation of Golgi morphology by changes in membrane flux, mediated by silencing the ret-
romer subunit Vps26, or in a model of neurodegeneration, induced by Tau overexpression,
are also dependent on the ITSN-1-GCC88 interaction. Overall, our study reveals a role for a
TGN golgin and ITSN-1 in linking to the actin cytoskeleton and regulating the balance
between a compact Golgi ribbon and a dispersed Golgi, a pathway with relevance to patho-
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physiological conditions.

INTRODUCTION

The Golgi complex plays a critical role in the regulation of antero-
grade, retrograde, and recycling trafficking as well as the posttrans-
lational modification of proteins and lipids. In addition, there is
emerging evidence for a role of the Golgi complex in a range of
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other cellular processes, including autophagy, cell migration,
signaling, metabolism, and DNA repair (Farhan and Rabouille,
2011; Mayinger, 2011; Wilson et al., 2011; Millarte and Farhan,
2012; Luini and Parashuraman, 2016; Gosavi and Gleeson, 2017).
Collectively, these functions are mediated by peripheral and inte-
gral membrane proteins, as well as lipids, that also regulate Golgi
architecture (Gosavi and Gleeson, 2017). The individual stacks of
the Golgi apparatus consist of four to eight flattened cisternal
membrane structures (Short et al., 2005) with a defined organiza-
tion of cis-, medial-, and trans-cisternae, where the first represents
the cargo entry point from the ER. A characteristic feature of the
Golgi complex in vertebrate cells is a ribbon structure, where mul-
tiple Golgi stacks are linked laterally to form a twisted, reticular
structure that is maintained close to the centrosome by interactions
with microtubules (Rios and Borens, 2003; De Matteis et al., 2008).
In contrast to the vertebrates, the Golgi ribbon structure is absent
in protists and plant and invertebrate cells; rather, in these cells, the
Golgi complex is found as individual stacks scattered throughout
the cytoplasm. An intact Golgi stack is required for efficient mem-
brane transport (Glick and Nakano, 2009; Brandizzi and Barlowe,
2013), whereas the arrangement of the Golgi in a ribbon architec-
ture does not appear to be necessary for membrane transport;
rather it is likely to contribute to a range of other functions (Wei and
Seemann, 2010).
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The organization of the Golgi ribbon is highly dynamic, and it
can be disassembled and reorganized under a variety of conditions,
such as mitosis (Nelson, 2000; Colanzi et al., 2003), the reposition-
ing of the Golgi complex to facilitate polarized trafficking and di-
rected secretion, and cilia biogenesis, and is also exploited in
pathogen invasion (Kupfer et al., 1983; Yadav et al., 2009). More-
over, loss of the organization of the typical compact Golgi ribbon
structure has been associated with a variety of pathological condi-
tions, including neurodegenerative diseases (Gonatas et al., 2006;
Rabouille and Haase, 2015; Sundaramoorthy et al, 2015) and
cancer (Farber-Katz et al., 2014; McKinnon and Mellor, 2017), high-
lighting the importance of the ribbon morphology in cellular
homeostasis. The architecture of the Golgi ribbon results from inter-
actions of components of Golgi membranes with the microtubule
and actin cytoskeletons. While the role of microtubule cytoskeletons
in the organization and position of the Golgi ribbon in vertebrate
cells is well known (Sutterlin and Colanzi, 2010; Sanders and Kave-
rina, 2015), the contribution of the actin-based cytoskeletal system
to Golgi architecture has only been recognized more recently (Egea
et al., 2013). A number of Golgi-localized molecular scaffolds have
been identified that interact with the actin cytoskeleton and affect
Golgi morphology (see review, Gosavi and Gleeson, 2017). The
major classes of Golgi proteins that interact with the actin cytoskel-
eton are the coiled-coil domain golgins (Goud and Gleeson, 2010;
Munro, 2011), including giantin, GM130, golgin-245, and optineu-
rin, the stacking proteins GRASP55/65 (Ramirez and Lowe, 2009),
the membrane tether Golgi phosphoprotein 3 (GOLPH3) (Bus-
chman et al., 2015), and the formin FHDC1 (Copeland et al., 2016).
Myosins have also been localized to the Golgi complex, which can
generate actin-associated tensile forces to modulate the architec-
ture of Golgi membranes and to generate Golgi-derived transport
vesicles (Brownhill et al., 2009; Dippold et al., 2009; Miserey-Lenkei
etal., 2010; Anitei and Hoflack, 2011). Thus, the ribbon morphology
of the Golgi can be regulated by scaffold molecules that interact
with actin.

In addition to regulating Golgi architecture and vesicle biogen-
esis, there is evidence that actin dynamics can also influence signal-
ing pathways at the Golgi. The Golgi structural protein, GOLPH3,
not only influences Golgi morphology by an actin-dependent
process but also promotes cell survival after DNA damage (Farber-
Katz et al., 2014) and appears to modulate mTOR signaling and cell
proliferation (Scott et al., 2009), processes that are interlinked.
Another example involves the serine/threonine protein kinase
(STK16), which is localized to the Golgi and regulates Golgi disas-
sembly and assembly during the cell cycle by modulating actin
dynamics (Liu et al., 2017b).

To fully understand the roles of the Golgi in higher-order func-
tions, it is important to identify the molecular players that link Golgi
morphology and function. We previously established a novel ap-
proach to altering the balance between the Golgi ribbon and Golgi
mini-stacks by modulating the dose of a membrane tether or golgin
located at the trans-Golgi network (TGN), namely GCC88 (encoded
by GCCT1). We demonstrated that a twofold increase in the level of
GCC88 in Hela cells resulted in loss of the compact Golgi ribbon
and dispersal of the organelle as mini-stacks throughout the cyto-
plasm. Conversely, knockdown of GCCB88 resulted in a longer Golgi
ribbon than in parental Hela cells (Gosavi et al., 2018). The change
in Golgi architecture did not affect membrane transport (Gosavi
et al., 2018). Using this system, we demonstrated that the organiza-
tion of the Golgi ribbon was important in the regulation of auto-
phagy and mTOR signaling (Gosavi et al., 2018). Loss of the Golgi
ribbon resulted in a dramatic reduction in mTOR activity and the
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induction of autophagy, presumably due to inability to recruit the
Golgi pool of mTOR. Here we demonstrate that the molecular
mechanism whereby GCC88 negatively regulates the Golgi ribbon
involves the actin cytoskeleton, and furthermore, we have identified
intersectin 1 (ITSN-1) as a binding partner of GCC88 that is needed
to link TGN membranes to the actin cytoskeleton. ITSN-1 is a scaf-
fold molecule involved in endocytosis and actin regulation and also
has been implicated in regulating signaling in physiology and in dis-
ease (Hussain et al., 2001; Hunter et al., 2013; Herrero-Garcia and
O'Bryan, 2017); however, ITSN-1 has not previously been shown to
be involved in Golgi dynamics. Significantly, here we identify the
long isoform of ITSN-1, which has Cdc42 GEF activity (Hussain
etal., 2001), as the relevant isoform that promotes Golgi fragmenta-
tion. Our study includes a role for the small GTPase, Cdc42, and
myosin motors in maintaining the balance between a compact
Golgi ribbon and dispersed Golgi stacks. The pathway described in
this report is important in understanding the molecular basis for the
loss of the Golgi ribbon in a variety of physiological and pathologi-
cal processes.

RESULTS

Perturbation of the Golgi ribbon by GCC88 is
actin-dependent

We previously showed that overexpression of either tagged or
untagged GCCB88 results in fragmentation of the Golgi complex
(Gosavi et al., 2018). The Hela cell clone B6, which stably expresses
GFP-tagged GCCB88 and has a twofold higher level of GCC88 than
parental Hela cells, does not have a compact Golgi ribbon structure
but rather a fragmented Golgi dispersed throughout the cytoplasm
(Figure 1A; Gosavi et al., 2018). Previously, we demonstrated that
the Golgi fragments of Hela-B6 cells represented Golgi mini-stacks
scattered in the cytoplasm and we quantified the extent of Golgi
dispersal by optical and electron microscopy (EM), including tomog-
raphy, and by flow cytometry (Gosavi et al., 2018). Transient expres-
sion of GFP-GCCB88 in a range of immortalized cells, including CHO
cells and the neuroblastoma line SK-N-SH also resulted in dispersal
of Golgi structures that costain with the cis- and trans-Golgi markers
(Figure 1B). Quantitation of the dispersal of the Golgi by measure-
ment of the area of the Golgi structures, stained for the Golgi marker
GM130, clearly demonstrates a significantly larger surface area in
CHO cells, SK-N-SH, cells and Hela B6 cells expressing GFP-GCC88
compared with the parental cells (Figure 1C). Expression of GFP-
GCC88 in day 7 cultured primary mouse neurons also resulted in
dispersal of the Golgi ribbon (Figure 1D). Hence, the functional
activity of GCC88 in regulating Golgi morphology is conserved
across species and is relevant to both immortalized and primary
cells.

Both the microtubule and actin cytoskeletons are involved in
maintaining the architecture of the Golgi complex (Lowe, 2011). In
view of an emerging central role of the actin cytoskeleton in the dy-
namics of the Golgi morphology, and as there was no obvious differ-
ence in overall microtubule staining of Hela-B6 cells compared with
parental Hela cells (unpublished data), we investigated whether
actin promoted the dispersal of the Golgi ribbon in Hela-Bé cells.
Parental Hela, Hela-B6 and SK-N-SH cells were treated with the
drug latrunculin A (Lat A), which binds to monomeric actin and pre-
vents F-actin assembly (Spector et al., 1983; Coue et al., 1987), and
jasplakinolide, which stabilizes actin microfilaments in vitro and en-
hances actin polymerization in vivo (Bubb et al., 2000). Significantly,
a 30-min treatment with Lat A resulted in a very compact Golgi in
Hela cells and SK-N-SH cells as well as in HeLa-Bé cells (Figure 2A),
with a reduction in the area of GM130 positive structures compared
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demonstrating that the Golgi complex in Lat
A-treated cells is dependent on microtu-
bules for its location and compact state. In
addition, EM analysis of HelLa-B6 cells dem-
onstrated that the average length of the
Golgi cisternae was substantially greater in
these cells after treatment with Lat A (Figure
2C), a cisternae length that reflected the
Golgi ribbon of parental Hela cells. Hence
the action of Lat A had reversed the pheno-
type induced by overexpression GCC88.

In contrast, the dispersal of the Golgi in
HeLa-Bé6 cells was maintained in jasplakino-
lide-treated cells, and jasplakinolide treat-
ment induced extensive dispersal of the
compact Golgi in parental Hela cells and in
SK-N-SH cells (Figure 2, A and B). Quantita-
tion revealed a significant increase in the
Golgi area following jasplakinolide treat-
ment compared with that in carrier-treated
control cells (Figure 2B). Hence actin micro-
filaments, in the presence of an intact micro-
tubule (MT) array, can mediate disruption of
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GCC88 expression disperses the Golgi ribbon structure into Golgi mini-stacks.
(A) Immunostaining of parental HeLa and HelLa-B6 cells with rabbit anti-GCC88 (green; TGN
marker) and mouse anti-GM130 (red; cis-Golgi marker) antibodies. (B) CHO or SK-N-SH cells
were transfected with GFP-GCC88 for 24 h and monolayers were stained with mouse anti-
GM130 antibodies (red). GFP fluorescence was detected in transfected cells. (C) Area of the
Golgi defined by the Golgi marker GM130, from A and B. Data from two independent
experiments are pooled and expressed as the mean + SEM. Each symbol represents an
individual cell. Data were analyzed by an unpaired, two-tailed Student'’s t test. **p < 0.01,
***p < 0.001. (D) Primary mouse cortical neurons 7 d in culture were either untransduced (WT) or
transduced with pFUGW-H1 or pFUGW-H1-GFP-GCC88 lentivirus for a further 6 d, and
monolayers were fixed and stained with GM130 (red). Nuclei were stained with DAPI. Scale bar,

10 pm, 5 pm in the enlarged images.

with carrier-treated control cells (Figure 2B), indicating that actin
filaments are needed to drive the dispersal of the Golgi ribbon by
GCC88. Of note is that LatA treatment also results in some swelling
of the cisternae, consistent with previous reports on the effect of
LatA (Lazaro-Dieguez et al., 2006), which may be due to the impact
of latrunculin on trafficking (Zegers et al., 1998). Treatment of paren-
tal Hela cells with both Lat A and nocodazole simultaneously re-
sulted in dispersed Golgi membranes (Supplemental Figure S1),
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the Golgi ribbon and dispersal of Golgi
membranes throughout the cytoplasm. To-
gether, these findings indicate that actin dy-
namics can dramatically alter the architec-
ture and location of the Golgi membranes in
the cytoplasm.

Identification of ITSN-1 as a binding
partner of GCC88

To identify the mechanism by which GCC88
influences the Golgi architecture, the in
vivo proximity-dependent labeling method
BiolD was employed to identify candidate
interactors that could be facilitating this
process. We generated a Myc-BirA*-GCC88
fusion protein that was localized at the Golgi
in transfected Hela cells (Figure 3A) and
was detected as a 120-kDa species by im-
munoblotting (Supplemental Figure S2).
Addition of biotin to Myc-BirA*-GCC88-
transfected cells resulted in the biotinylation
of proteins, as detected by streptavidin-488;
moreover, the biotinylated proteins local-
ized extensively with the TGN marker p230/
golgin-245 (Figure 3A). These immunofluo-
rescence data indicate that the majority of
proteins biotinylated by Myc-BirA*-GCC88
are restricted to the Golgi environment.
Biotinylated proteins were purified from
lysed cells by affinity chromatography using
streptavidin and analyzed by mass spec-
trometry (MS) as described in Materials and Methods. As a control
in the analyses we included cells transfected with Myc-BirA* (Sup-
plemental Figure S2) alone, and in contrast to the Golgi-localized
Myc-BirA*-GCC88, Myc-BirA* protein is distributed throughout the
cytosol (unpublished data). In total 32 proteins were identified as
unique proteins in Myc-BirA* tagged GCC88 transfected cells but
not BirA-alone transfected cells in at least two independent experi-
ments (Supplemental Materials Appendix I), using criteria described

Molecular Biology of the Cell
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Perturbation of the Golgi ribbon by GCC88 is actin-dependent. (A) HelLa, HelLa-B6, and SK-N-SH cells were
treated with either DMSO carrier, latrunculin A for 30 min, or jasplakinolide for 1 h, as indicated. Cells were then fixed
and stained with phalloidin-TRITC (red) and mouse anti-GM130 (green) antibodies. Nuclei were stained with DAPI. Scale
bars, 10 pm. (B) Area of the Golgi defined by the Golgi marker, GM130, from cells treated with either DMSO carrier,
latrunculin A, or jasplakinolide in A. Data from two independent experiments are pooled and expressed as the mean £
SEM (n = 15) and analyzed by an unpaired, two-tailed Student's t test. *p < 0.05, **p < 0.01, ***p < 0.001. (C) TEM of
Hela-B6 cells treated with either DMSO carrier or latrunculin A for 30 min. Cells were fixed in 1.5% GA and processed
for electron microscopy as described. Quantitation of average cisternae length in HeLa-Bé treated with carrier or
latrunculin A. Data are from >34 cells from each condition. Student’s t test, mean + SEM, ****p < 0.0001. The arrows

indicate the Golgi profiles in each section. Scale bar, 0.2 pm.

in Materials and Methods. The classification of these proteins
based on function is shown in a piechart (Figure 3B). The highest
percentage of biotinylated proteins were those associated with
membrane transport and the actin cytoskeleton. In view of the find-
ing that the actin cytoskeleton was important in mediating the
effects of GCC88 on the Golgi structure, we were particularly inter-
ested in these potential partners. There were four proteins identi-
fied associated with the actin cytoskeleton, namely EH domain
Binding Protein 1 (EHBP), intersectin 1 (ITSN-1), ArfGAP with
RhoGAP domain, Ankyrin repeat and PH Domain 1 (ARAP1), and
Death-associated Inhibitor of Apoptosis 1 (DIAP1). Of the four bioti-
nylated proteins, intersectin 1 (ITSN-1) was of particular interest as a
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yeast two hybrid screen had previously detected an interaction be-
tween intersectin 1 and GCC88 (Wong et al., 2012). ITSN-1 is a
multi-domain protein with 2 Eps homology (EH) domains, five SH3
domains and a C-terminal Dbl (DH) homology domain, Peckstrin ho-
mology (PH) domain and C2 domain (Figure 3C). ITSN-1 coordinates
actin assembly and is known to have a role in endocytosis (Hussain
etal., 2001; Herrero-Garcia and O’Bryan, 2017). ITSN-1 exists in two
isoforms (Figure 3C), a long form containing the DH-PH-C2 domain
at the C-terminus, a domain that has GEF activity for the Rho GTPase
Cdc42, and a short form lacking the C-terminal DH-PH-C2 domain
(Herrero-Garcia and O’Bryan, 2017). Eleven different ITSN-1
peptides were identified by MS in two independent experiments

ITSN-1 regulates Golgi architecture | 373
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In vivo proximity-based labeling identified intersectin-1 as a candidate interactor of
GCC88. (A) Parental HeLa cells transfected with Myc-BirA*-GCC88 were either left untreated or
supplemented with 50 uM biotin overnight and harvested 24 h after transfection. Monolayers
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Significant peptides (total)
Experiment: 1 2 1 2

Intersectin-1 8 3 345 16.3

Sequence coverage (%)

(Table 1 and Supplmental Appendix II);
these peptides were derived from diverse
regions of the 1721 residue long polypep-
tide including a peptide from the long iso-
form of ITSN-1 (Figure 3D). As the long form
of ITSN-1 has not been previously reported
in Hela cells we analyzed Hela cell extracts
by immunoblotting and included extracts of
primary neurons as a positive control, as
neurons are known to have high levels of
ITSN-1-L.  Immunoblotting analyses re-
vealed abundant levels of the 195-kDa
ITSN-1-L species in neurons, as expected,
whereas the 138-kDa short form of ITSN-1
was more abundant in Hela cells. Signifi-
cantly, low levels of the long form of ITSN-1
were also detected in Hela cells (Supple-
mental Figure S3). Hence, both the short
form and the long form of ITSN-1, the iso-
form that activates Cdc42, are present in
Hela cells, and from the BiolD analysis, they
both represent potential interaction part-
ners of GCC88.

To directly determine whether there is a
physical interaction between either isoform
of ITSN-1 and GCC88, we performed a co-
IP experiment using Hela-Bé cells tran-
siently transfected with either the long or
the short isoform of FLAG-ITSN-1. In addi-
tion, we included FLAG-Rheb as a control.
Antibodies to FLAG were used to immuno-
precipitate the FLAG-tagged proteins from
cell extracts and the immunoprecipitates
were analyzed by immunoblotting. GFP-
GCC88 was immunoprecipitated by both
the short and long form of ITSN-1 but not
with FLAG-Rheb (Figure 4A). These data
demonstrate that both GCC88 and ITSN-1
are part of a complex.

We have previously shown that a con-
struct with N-terminal deletion of GCC88
(A1-279) is recruited to the Golgi but does
not perturb the Golgi structure (Luke
et al., 2003). We assessed whether this
truncation mutant was able to interact
with ITSN-1 by IP from cells transfected
with FLAG-ITSN-1 and Myc-GCC88A279.
Whereas full length Myc-GCC88 was
immunoprecipitated by FLAG-ITSN-1, the
N-terminal truncation of GCCB88 failed
to be coprecipitated with FLAG-ITSN-1
(Supplemental Figure S4A). Neither the

Protein score
1 2
248 41

See Supplemental Appendix Il for the identified peptide sequences, the mass/charge ratios, and the individual peptide and identity scores.

Intersectin-1 peptides identified by MS in two BiolD experiments: the number of significant peptides, the percent sequence coverage

that all the peptides represent, and the protein score.
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Volume 30 February 1, 2019 ITSN-1 regulates Golgi architecture | 375



A S STRMR GCC88 SIRNA B v .Q_g' ITSN-1 is Iocaflized to'the'Golgi and
= 2 enhances actin organization
it g)g- (‘}c’b To determine whether GCCB88 is responsible
KD S & for the Golgi localization of ITSN-1, we si-
1%8: lenced endogenous GCC88 in SK-N-SH
GCC88 -
cells and assessed the extent of Golgi local-
ization of ITSN-1 (Figure 5, A and B). Deple-
50 -| " S | Tubulin tion of GCCB88 resulted in a reduction of
ITSN-1, which colocalized with the TGN
c marker golgin-97. Quantitation revealed a
. statistically significant reduction of 30% in
0.251 .', | the colocalization with the Golgi marker
2§ o= i S Onthaoter b tom cellovls o TSN
£ £ ° o n the other hand, total cell levels o -
§'§ 0.154 .:'::. seadse were not affected by GCC88 knockdown
®< 0104 . 3o (Supplemental Figure S6A). Hence, GCC88
§ = {.’ contributes to the recruitment of ITSN-1 to
g £ 0.054 the Golgi, but is probably not the sole factor
0.00 . . responsible for the total pool of ITSN-1 re-
Con GCcess cruited to the Golgi.
siRNA Treatment To assess whether the interaction of

GCC88 contributes to the recruitment of ITSN-1 to the TGN. (A, B) SK-N-SH cells
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Student’s t test, *** p < 0.001.

full-length Myc-GCC88 nor the GCC88A1-279 construct was co-
precipitated with FLAG-Rheb (Supplemental Figure S4B). This
finding demonstrates that the interaction between GCC88 and
ITSN-1 correlates with the loss of the Golgi ribbon and supports
the role of a GCCB88-ITSN-1 interaction in regulating Golgi
architecture.

Next, we determined whether ITSN-1 is located on the Golgi.
SK-N-SH cells were used for these experiments, as endogenous
ITSN-1 was readily detected by immunofluorescence in this cell
line, in contrast to Hela cells. Endogenous ITSN-1 in SK-N-SH
showed both a perinuclear staining pattern and additional staining
through the cytoplasm (Figure 4B). The perinuclear staining of
ITSN-1 showed partial colocalization with the cis-Golgi marker
GM130 and stronger colocalization with the TGN marker p230/
golgin-245 (Figure 4B). Quantitation by the Manders coefficient
showed a significant difference in the costaining of endogenous
ITSN-1 with p230/golgin-245 as compared with GM130 (Figure
4C). Golgi staining with the anti-ITSN-1 antibody was abolished
following silencing of ITSN-1 with small interfering RNA (siRNA)
(Figure 4, D and E), demonstrating that the staining was specific.
The antibodies used to detect endogenous ITSN-1 will detect
both the short and long forms of ITSN-1. To determine whether
the long form of ITSN-1, which includes the C-terminal GEF for
Cdc42, can be localized to the Golgi, we expressed the GFP-ITSN-
1-L in SK-N-SH cells. GFP-ITSN-1-L was partially localized to the
Golgi, as demonstrated by colocalization with both the cis and
TGN Golgi markers (Figure 4F). Line scan analyses of GFP-ITSN-1
fluorescence with the cis- and trans-Golgi markers revealed partial
overlap between ITSN-1 and GM130 (Supplemental Figure S5A)
and extensive overlap between ITSN-1 and GCC88 (Supplemental
Figure S5B), indicating that ITSN-1 is localized to the TGN.

376 | C.Makhoul, P. Gosavi, et al.

GCC88 with ITSN-1 was promoting the al-
tered Golgi phenotype in HeLa-Bé cells, we
then silenced ITSN-1 in this cell clone. The
fragmented Golgi phenotype of Hela-B6
cells collapsed into a tight compact Golgi
upon silencing ITSN-1 (Figure 6, A and C),
whereas cells treated with control siRNA
showed the typical fragmented Golgi of
Hela-B6 cells. Quantitation revealed that
~80% of the cells treated with ITSN-1 siRNA
displayed a compact Golgi compared with ~20% in the control
treated Hela-Bé6 cells (Figure 6B). The level of GCC88 was similar in
control and ITSN-1-depleted cells (Supplemental Figure S6B); thus
the change in Golgi morphology is likely to be a direct consequence
of a deficiency of ITSN-1. Hence, ITSN-1 directly contributes to the
loss of the Golgi ribbon in cells overexpressing GCC88.

To assess whether elevated levels of ITSN-1 could influence the
Golgi architecture, we examined the impact of overexpression of
either the short or long form of ITSN-1 in HeLa cells. Overexpression
of the long form of ITSN-1, but not the short form, in parental Hela
cells resulted in dispersal of the compact Golgi structure, as re-
vealed by staining with both cis- and trans-Golgi markers (Figure
6D). The level of expression of the two isoforms of ITSN-1 was
similar in these transfected cell populations (Figure 6E); moreover,
the levels of either GCC88 (Figure 6E) or another golgin GM130
(Supplemental Figure S6C) in the transfected cell populations were
similar to those in untransfected cells. These data indicate that the
long form of ITSN-1, containing the GEF domain, is responsible for
modulating Golgi architecture. In addition, staining with phalloidin
showed an enhanced actin filament network in ITSN-1-L transfected
cells compared with untransfected cells, showing that the long
isoform of ITSN-1 was promoting actin assembly within these
transfected cells (Figure 6F). These findings indicate a direct involve-
ment of the long form of ITSN-1 in the maintenance of the Golgi
structure.

To further analyze the ability of the short and long forms of
ITSN-1 to influence Golgi morphology, we have also compared the
ability of ITSN-1-L and ITSN-1-S to rescue the compact Golgi
phenotype in Hela-Bé cells depleted of total ITSN-1. The expres-
sion of FLAG- ITSN-1L in the ISTN-1 KD cells restored the frag-
mented Golgi phenotype of HelLa-B6 cells, whereas expression of
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FLAG-ITSN-1S did not alter the compact Golgi in KD cell (Figure 6,
G and H). Quantitation of the Golgi area (Figure 6l) clearly shows
that FLAG-ITSN-1L expression dispersed the Golgi fragments,
whereas the expression of FLAG-ITSN-1S had no impact on the
compact Golgi. Hence these data further support the conclusion
that the long isoform of ITSN-1, containing the Cdc42 GEF domain,
is required for the altered morphology of the Golgi in HeLa-B6 cells.

Actin has been technically very difficult to visualize at the Golgi,
probably due to the highly dynamic nature of the short actin fila-
ments within the Golgi (Egea et al., 2013). To attempt to demon-
strate actin association with Golgi mini-stacks, we treated Hela-B6
cells with LatA to depolymerize actin filaments and to compact the
Golgi, and then washed out LatA and monitored the location of
actin filaments using the RFP-utrophin calponin homology domain
(UtrCH) in live cells over time. Whereas the Golgi in HeLa-B6 cells
was compact after LatA treatment, as expected, within 40 min of
LatA washout, GFP-GCC88-labeled Golgi fragments were ob-
served that either costained with RFP-UtrCH or were in close prox-
imity to the actin filaments (Supplemental Figure S7). These data
show a correlation between actin polymerization around the Golgi
and dispersal of Golgi fragments.

Role of nonmuscle myosin llA in promoting actin-mediated
Golgi fragmentation by GCC88

As actin assembly is important in the loss of the ribbon structure
mediated by the TGN membrane tether GCC88, we reasoned that
a myosin motor may be also necessary to provide the force neces-
sary to drive the reorganization and dispersal of the Golgi mem-
branes. p200/myosin Il protein, analogous to nonmuscle myosin 1A
heavy chain, has been reported to be located on the TGN and as-
sociated with TGN-derived membrane structures (Musch et al.,
1997, Stow and Heimann, 1998; Miserey-Lenkei et al., 2010). There-
fore, we assessed whether myosin IIA was required for loss of the
Golgi ribbon in this system. Significantly, treatment of HelLa-B6 cells
with blebbistatin, a specific inhibitor of nonmuscle myosin llA, col-
lapsed the Golgi fragments in a compact juxtanuclear location,
whereas treatment with the myosin V inhibitor myoVin-1 had no
effect (Figure 7A), as revealed by quantitation of Golgi area in these
drug-treated cells (Figure 7B). These results indicate that myosin II1A
may be the motor that promotes dispersal of Golgi membranes on
actin filaments.

GCC88 is essential to pathways of Golgi fragmentation
induced by alterations in membrane flux and by
overexpression of tau

The architecture of the Golgi ribbon can be perturbed by a range
of treatments and cell perturbations (Wei and Seemann, 2017).
Dysregulation of either anterograde or retrograde membrane-
transport pathways can result in Golgi fragmentation, considered to
result from alterations in membrane flux through the Golgi. To de-
termine whether the GCC88-actin pathway identified in this study is
also relevant to other pathways of Golgi fragmentation, we silenced
the retromer subunit Vps26, as the inhibition of retromer is known to
affect multiple transport pathways from the early endosomes
(Gallon and Cullen, 2015), including membrane flow into the TGN,
resulting in extensive Golgi fragmentation (Seaman, 2004). Quanti-
tation of cells following Vps26 siRNA treatment showed that 70% of
Vps26 siRNA-treated cells had a dispersed Golgi and the remaining
30% of cells a compact Golgi (Figure 8, A and B; Supplemental
Figure S8). We then asked whether dispersal of Golgi membrane
arising from Vps26 knockdown required the presence of GCC88. In
contrast, only 10% of cells treated with both GCC88 siRNA and
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Vps26 siRNA showed a dispersed Golgi, whereas ~90% of cells had
a compact Golgi (Figure 8, A and B; Supplemental Figure S8).
Quantitation of the area of the Golgi, defined by the Golgi marker
GM130, further confirmed that the double knockdown of GCC88
and Vps26 resulted in a more compact Golgi than the single knock-
down of Vps26 (Figure 8C). Hence GCC88 is needed to promote
Golgi dispersal following silencing of retromer, indicating that per-
turbation of the Golgi due to alterations in membrane flux requires
the GCCB88-ITSN-1 pathway.

Loss of the Golgi ribbon has been reported in a range of neuro-
degenerative diseases (Sundaramoorthy et al., 2015), and there is
evidence that Golgi fragmentation contributes to neuronal degra-
dation in disease (Liu et al., 2017a). We also investigated whether
the GCCB88-actin pathway is required for Golgi fragmentation in a
model of neurodegeneration induced by overexpression of tau
(Liazoghli et al., 2005). Transfection of SK-N-SH neuroblastoma cells
with GFP-Tau resulted in fragmentation of the Golgi in >80% of cells
by 24 h posttransfection, whereas no (<10%) Golgi fragmentation
was observed when GCC88 was silenced before expression of
GFP-tau (Figure 8, D and E). Hence, the GCC88-ITSN-1 pathway is
relevant to Golgi fragmentation initiated by different processes and
pathways.

DISCUSSION

Defining the components that regulate the Golgi structure is perti-
nent to understanding how the morphology of the Golgi complex
influences the regulation of a variety of higher-order functions
(Gosavi and Gleeson, 2017; Wei and Seemann, 2017). In this study,
we identified a novel molecular network at the TGN that couples to
the actin cytoskeleton and regulates Golgi ribbon disassembly. We
previously demonstrated that increased levels of the TGN golgin
GCCB88 lead to the loss of the Golgi ribbon and its dispersal into
Golgi mini-stacks, and that the loss of the compact Golgi ribbon
resulted in reduced mTORC1 activity and an increase in autophagy
(Gosavi et al., 2018). A question arising from this earlier finding was
the identity of the mechanism by which GCC88 was driving a change
in Golgi structure. Here we have identified the protein scaffold
ITSN-1 as a novel TGN component and a GCC88 binding partner
that links the Golgi complex to the actin cytoskeleton to regulate
Golgi structure. The novel GCC88-ITSN-1 pathway described in this
report is important in regulating the dynamics of the Golgi structure
in multiple processes leading to dispersal and/or fragmentation of
the Golgi ribbon, including Golgi fragmentation mediated by
changes in membrane flux and tau-overexpression.

ITSN-1 is a highly conserved scaffold protein found in a range of
organisms (Hunter et al., 2013). ITSN has been studied mainly for its
role in endocytosis, as ITSN-1 is known to interact with components
of the endocytic machinery. However, other studies, including a
yeast two-hybrid screen, identified a large number of additional
binding partners (Wong et al., 2012), suggesting that this scaffold
molecule could be involved in a range of other pathways. Verte-
brates have two ITSN genes, ITSN-1 and ITSN-2, each giving rise to
two isoforms. The longer isoforms include an extension at the C-
terminus of the short isoform with additional domains that have GEF
activity for Cdc42 (Gubar et al., 2013; Hunter et al., 2013), a GTPase
that regulates the actin network. Overexpression of the C-terminal
domains of ITSN-1-L promotes actin polymerization (Hussain et al.,
2001), demonstrating a role for the long isoform in actin assembly.
Of potential relevance to the current study is that the long isoform,
which promotes actin polymerization, is absent in invertebrates, or-
ganisms that do not have a Golgi ribbon (Hunter et al., 2013; Gosavi
and Gleeson, 2017). ITSN-1-L is particularly enriched in neuronal
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Effect of silencing and overexpression of ITSN-1 on Golgi architecture. (A-C) Silencing of ITSN-1 compacts
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stained with phalloidin-TRITC antibodies (red). Nuclei were stained with DAPI. (A) ITSN-1 silencing restored the
juxtanuclear tight Golgi staining pattern. Nuclei were stained with DAPI. (B) The Golgi staining patterns of 64 cells from
three independent experiments were scored. Mean + SD, ***p < 0.001 by Student’s t test. (C) Cell extracts from A were
analyzed by immunoblotting using rabbit anti-ITSN-1 and mouse anti-alpha tubulin antibodies. (D) Immunostaining of
untransfected Hela cells or Hela cells transfected with either FLAG-ITSN-1-S or FLAG-ITSN-1-L for 24 h with mouse
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Effect of inhibitors of myosins on compact structure of the Golgi in HeLa-B6 cells.
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n.s. not significant.

highlighting a role for the long isoform of
ITSN-1 in nonneuronal cells. Importantly,
the ITSN peptides identified by MS were all
unique to ITSN-1 and not related to the
ITSN-2 sequence. Moreover, we have dem-
onstrated that ITSN-1 was responsible for
the loss of the Golgi ribbon mediated by
overexpression of GCC88, as 1) silencing of
ITSN-1 rescued the Golgi phenotype in
Hela-B6 cells, 2) overexpression of ITSN-1-L
but not of ITSN-1-S promoted Golgi frag-
mentation, 3) silencing GCC88 reduces the
ITSN-1 pool at the Golgi, and 4) a truncated
form of GCC88 that does not promote
Golgi fragmentation (Luke et al., 2003) also
does not bind to ITSN-1. Collectively, the
data strongly suggest that the long isoform
of ITSN-1 is responsible for mediating the
changes in Golgi architecture arising from
increased levels of GCCB88. However, at this
stage, we cannot discount the possibility
that the short form of ITSN-1 also contrib-
utes to Golgi architecture in this system.

A previous report identified a small mol-
ecule (ZCL278) that inhibited Cdc42-GEF
binding, based on the interaction with
ITSN-1 in vitro, thereby inhibiting Cdc42
function; ZCL278 disrupted Golgi morphol-
ogy, suggesting an ITSN1-like GEF interac-
tion with Cdc42 at the Golgi (Friesland
et al, 2013). However, the responsible
Cdc42-GEF at the Golgi was not identified
by Friesland et al. (2013). Our findings pro-
vide definitive evidence that the long form
of ITSN-1, which contains a GEF for Cdc42,
is located at the TGN.

The evidence that ITSN-1L is a binding
partner of GCC88 is supported by the fol-
lowing observations. First, ITSN-1L was
identified as a partner/near neighbor of
GCC88 in vivo by the BiolD/MS analysis.
Second, FLAG-tagged ITSN-1L coimmuno-
precipitated GFP-tagged and Myc-tagged
GCC88, whereas another FLAG-tagged
Golgi protein did not coimmunoprecipitate
GCC88. Third, an N-terminal truncation of
GCC88 failed to be coprecipitated with
FLAG-ITSN-1, demonstrating that the inter-

cells, and there have been a number of studies exploring the role of  action is specific. Fourth, endogenous GCC88 and ITSN-1L are both
the long isoform in neuronal functions (Irie and Yamaguchi, 2002; Yu localized at the TGN. Finally, depletion of GCC88 resulted in a re-
et al, 2008). Here we demonstrate, by immunoblotting and MS  duction of ITSN-1 at the TGN. Attempts to coimmunoprecipitate
analysis, that low levels of ITSN-1-L are also present in Hela cells,  endogenous GCC88 and ITSN-1L were not successful, most likely

using rabbit anti-FLAG, rabbit anti-GCC88, and mouse anti-alpha tubulin antibodies. (F) Immunostaining of
untransfected Hela cells or Hela cells transfected with FLAG-ITSN-1-L and stained with phalloidin-TRITC (red), rabbit
anti-FLAG (green), and human anti-p230 (magenta) antibodies. (G-I) Expression of FLAG-ITSN-1-S or FLAG-ITSN-1-L
constructs (+Rescue) in ITSN-1 siRNA-treated HelLa-B6 cells. HeLa-B6 cell were treated with control siRNA or ITSN-1
siRNA for 72 h or for 48 h and then transfected with either FLAG-ITSN-1-S or FLAG-ITSN-1-L, as indicated, for a further
24 h. (G) Monolayers were then stained with mouse anti-GM130 (blue) and rabbit anti-FLAG antibodies (red). Nuclei
were stained with DAPI. (H) Cell extracts were analyzed by immunoblotting using rabbit anti~ITSN-1 and mouse anti-
alpha tubulin antibodies. (1) Area of the Golgi defined by the Golgi marker GM130 from G. Data are pooled from two
independent experiments and expressed as the mean + SEM. Each symbol represents an individual cell. Data were
analyzed by an unpaired, two-tailed Student’s t test. ***p < 0.001, n.s not significant. Scale bars in A, D, F, and G, 10 pm.
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GCC88 is required for the Golgi fragmentation phenotype induced by different pathways. (A, B, C) GCC88
is required for Golgi fragmentation induced by depletion of retromer. (A) Parental Hela cells were transfected with
control, Vps26, GCC88, or both Vps26 and GCC88 siRNA for 72 h. Cells were fixed and stained with rabbit anti-GCC88
(green) and mouse anti-GM130 (red). Scale bar, 20 ym. (B) The Golgi staining patterns of >200 cells from four
independent experiments were scored. Mean + SEM, ***p < 0.001 by Student’s t test. (C) Area of the Golgi defined by
the Golgi marker GM130, from A. Data from two independent experiments are pooled, expressed as the mean + SEM
(n=40), and analyzed by an unpaired, two-tailed Student’s t test. ***p < 0.001. (D, E) GCC88 is required for Golgi
fragmentation induced by overexpression of tau. (D) SK-N-SH cells were transfected with control or GCC88 siRNA for
48 h and then transfected again with GFP-tau for 24 h. Cells were then fixed and stained for GM130 (magenta) and
GCC88 (red). Nuclei were stained with DAPI. Asterisks indicate GFP-tau transfected cell. Scale bar, 10 pm. (E) The
Golgi staining pattern of >25 GFP-tau-positive cells from two independent experiments were scored. Mean + SEM,
***p < 0.001 by Student'’s t test.
due to low levels of ITSN-1L in Hela cells and limitations of the The long form of ITSN-1 is known to activate the small GTPase,

sensitivity of the anti-ITSN-1 antibody. Nonetheless, collectively, our ~ Cdc42, and distinct pools of Cdc42 have been identified in various
data strongly support an interaction between GCC88 and ITSN-1L. locations, including the Golgi complex (Erickson et al, 1996;
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mediated by the binding partner of GRASP,
Mena, an actin elongation factor that
promotes actin polymerization (Tang et al.,
2016). Our work describes a role for actin
independent of GRASP65 and involving a
process located at the TGN. We were able
to observe actin polymerization in close
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proximity to the Golgi fragments of Hela-
B6 cells during LatA washout experiments,
but attempts to directly visualize actin asso-
ciated with the Golgi mini-stacks in HelLa-B6
cells under steady state conditions, using

fluorescent actin probes, were not success-
ful. However, this was not unexpected,
given that actin has been technically very
difficult to visualize at the Golgi. The diffi-
culty in visualizing actin may be due to the
presence of short actin filaments associated
with Golgi membranes (Percival et al., 2004).

Actin has been shown to be important
in the generation of transport carriers at
the TGN (Dippold et al., 2009; Miserey-
Lenkei et al., 2010; Guet et al., 2014), and
furthermore, the mechanism by which the

FIGURE 9: Model of the regulation of the Golgi ribbon by the GCC88-ITSN-1 pathway. (A) The
data presented in this manuscript show that GCC88 binds and recruits ITSN-1-L to the TGN. The
long form of ITSN has GEF activity for Cdc42. We propose that activated Cdc42 at the TGN
promotes actin nucleation, possibly via the interaction of Cdc42 with WASP and the Arp2/3
complex. (B, C) The model depicting the impact of increased (different) levels of GCC88 at the
TGN on Golgi architecture. The level of GCC88 at the TGN regulates the recruitment of
ITSN-1-L and the extend of actin polymerization. (B) The situation in parental Hela cells;

(C) HelLa-Bé cells with increased levels of GCC88. The balance of the outward forces generated
by the actinomyosin cytoskeleton and the inward forces generated by the dynein-MT system
would then define the status of the Golgi architecture in a tug-of-war. Elevated levels of GCC88,
C, would promote, via enhanced recruitment of ITSN-1-L, an increase in the F-actin network at
the TGN and an increase in actinomyosin forces, resulting in reduction/loss of the compact

Golgi ribbon.

Michaelson et al., 2001; Farhan and Hsu, 2016). Hence, Golgi-local-
ized ITSN-1-L could directly activate Cdc42 to promote actin polym-
erization. Indeed, we have shown here that the loss of the Golgi
ribbon mediated by GCC88 is an actin-dependent process. Treat-
ment of Hela-Bé cells with LatA, an inhibitor of F-actin assembly,
resulted in the restoration of a compact Golgi and a ribbon struc-
ture. Other studies have also shown that LatA treatment of wild-type
Hela cells results in a more compact Golgi; however, by EM, the
Golgi structure was highly disorganized with swollen cisternae
(Lazaro-Dieguez et al., 2006). The LatA treatments in our study
were considerably shorter than in these other reports, which prob-
ably accounts for the intact ribbon we observed after drug treat-
ment. On the other hand, stabilization of actin filaments with
jasplakinolide resulted in Golgi fragmentation of the compact
ribbon in parental Hela and SK-N-SH cells. There are a number of
other examples that demonstrate that actin, independent of micro-
tubules, is involved in maintaining the structural integrity of the
Golgi ribbon (Gosavi and Gleeson, 2017), and our work here further
reinforces the importance of actin in regulating the Golgi structure.
Actin has previously been shown to facilitate the formation of the
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actin cytoskeleton promotes membrane tu-
bulation for the biogenesis of transport car-
riers is now emerging (Anitei and Hoflack,
2011; Guet et al., 2014). Our data show
that actin is also important at the TGN in
regulating the Golgi ribbon structure. How
actin regulates two distinct membrane pro-
cesses, transport carrier biogenesis and
changes in Golgi architecture at the TGN,
is not clear at this stage. Indeed, compared
with the generation of transport carriers,
the mechanism(s) by which actin regulates
the structural integrity and architecture of
the Golgi complex is currently very poorly
understood. The latter function may reflect the precise organiza-
tion of the GCC88 membrane tethers within a subdomain of the
TGN.

On the basis of our findings in this study, we propose that
GCCB88-ITSN-1 interaction is important in coupling actin polymer-
ization at the TGN to negatively regulate the length of the Golgi
ribbon. We propose that GCC88 recruits ITSN-1-L to the TGN,
which in turn activates Cdc42 at the trans-face of the Golgi (Figure
9A). Activated Cdc42 could then promote actin nucleation at the
TGN, possibly via the known interactions of Cdc42 with WASP and
the Arp2/3 complex (Hussain et al., 2001; Humphries et al., 2014). In
support of a role for Cdc42 in this model are the location of a pool
of Cdc42 at the Golgi (Erickson et al., 1996; Michaelson et al., 2001;
Farhan and Hsu, 2016) and the observation that a small molecule
inhibitor of the Cdc42-ITSN interaction perturbs Golgi organization
(Friesland et al., 2013). The nonmuscle myosin IIA, which we dem-
onstrated to be required for the phenotype in Hela-B6 cells and
which is known to be associated with TGN membranes (Musch
et al., 1997, Stow and Heimann, 1998; Miserey-Lenkei et al., 2010),
could then provide the motor force to pull out Golgi membranes
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along actin filaments. The balance of the outward forces generated
by the actin cytoskeleton and the inward forces generated by the
dynein-MT system would then define the status of the Golgi archi-
tecture in a tug-of-war. Elevated levels of GCC88 would promote,
via enhanced recruitment of ITSN-1-L, an increase in the F-actin net-
work at the TGN and an increase in actinomyosin forces, resulting in
loss of the compact Golgi ribbon (Figure 9B). On the other hand,
reduced levels of GCC88 would reduce actin-mediated outward
forces, allowing the dynein motor forces along microtubules to
dominate, resulting in a compact and elongated ribbon structure.
Indeed, depletion of GCC88 (Gosavi et al., 2018) or ITSN-1 (this
study) resulted in an enhanced ribbon structure compared with that
in parental Hela cells. The relevance of these architectural modifica-
tions of the Golgi to various cell pathways is highlighted by our
previous finding that mTORC1 signaling is dramatically reduced in
Hela-B6 cells (Gosavi et al., 2018), suggesting that the changes in
architecture are accompanied by changes in Golgi membrane com-
ponents responsible for recruitment of mTOR.

The Golgi architecture varies in different cell types, from a very
compact juxtanuclear Golgi ribbon to a more dispersed distribu-
tion that extends from the perinuclear region. Neurons, for exam-
ple, have Golgi mini-stacks dispersed into the dendrites (Hanus
and Ehlers, 2008), and it is of interest that both GCC88 and ITSN
are more highly expressed in neurons than in many other cells
(www.proteinatlas.org/), including Hela cells. Hence, the findings
in this paper raise the possibility that the distinct morphology of
the Golgi in different cell types may reflect the levels of GCC88 and
ITSN-1.

Fragmentation of the Golgi ribbon occurs under a variety of con-
ditions, including perturbations in membrane flux into and out of
the Golgi and neurodegeneration. Our finding that GCC88 is re-
quired for the Golgi fragmentation arising from perturbations of
membrane flux by silencing retromer and by the induction of Golgi
fragmentation following tau overexpression emphasizes the impor-
tant role of the GCCB88-ITSN-1-L network in pathways involving loss
of the Golgi ribbon. Golgi fragmentation is associated with a num-
ber of neurodegenerative diseases, and it is of interest that ITSN-1
has been reported to be very highly expressed in the brains of indi-
viduals with Alzheimer’s disease (Herrero-Garcia and O'Bryan, 2017),
raising the possibility that the F-actin pathway we have discovered
could be relevant to the pathology associated with this neurode-
generative disease. Hence, this novel GCC88-ITSN-1 pathway,
which is coupled to F-actin, may have broad significance in patho-
physiological processes.

MATERIALS AND METHODS

Cell culture and transfection

Mycoplasma-free authentic Hela cells (Curie Institute, Paris) and SK-
N-SH cells (American Type Culture Collection [ATCC], Manassas,
VA) were maintained as semiconfluent monolayers in DMEM
(Thermo Fisher Scientific, Australia), and CHO cells (ATCC, Manas-
sas, VA) were maintained in Roswell Park Memorial Institute (RPMI)
medium supplemented with 10% (vol/vol) fetal bovine serum (FBS;
Gibcolife Technologies, Australia), 2 mM L-glutamine, 100 U/pl
penicillin, and 0.1% (wt/vol) streptomycin (complete DMEM) in a hu-
midified 10% CO, atmosphere at 37°C. Hela-B6 cell clone (Gosavi
et al, 2018) was maintained in the presence of 1 mg/ml G418
(Thermo Fisher Scientific, Australia).

Transient transfections of fusion protein constructs were per-
formed using FUGENE 6 transfection reagent (Promega, USA), Lipo-
factamine 2000, or Lipofactamine 3000 (Thermo Fisher Scientific,
Australia) according to the manufacturer’s protocol.
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Mouse primary cortical neuronal cultures were generated as de-
scribed by Toh et al. (2018) and maintained in neurobasal medium
supplemented with 2.5% B-27, 0.25% GlutaMAX, and 100 U/pl
penicillin and 0.1% streptomycin (complete NBM; Life Technolo-
gies, USA). Cells were grown for 7-14 d before transduction with
lentivirus.

Plasmids, antibodies, and reagents

Constructs encoding GFP-full-length GCC88, Myc-tagged GCC88,
and Myc-GCC88AN1-279 have been described previously (Luke
et al., 2003). FLAG-Intersectin-1 short (human; Addgene plasmid #
47392), FLAG-Intersectin-1 long (human; Addgene plasmid #
47393), and GFP-intersectin-1 long (human; Addgene plasmid #
47395) were a gift from Peter McPherson (McGill University; Hussain
etal., 2001). pcDNA3-FLAG-Rheb was a gift from Fuyuhiko Tamanoi
(UCLA Molecular Biology Institute; Addgene plasmid # 19996;
Urano et al., 2007). pRK5-EGFP-Tau was a gift from Karen Ashe (Uni-
versity of Minnesota; Addgene plasmid # 46904; Hoover et al.,
2010). psPAX2 was a gift from Didier Trono (Ecole Polytechnique
Fédérale Lausanne; Addgene plasmid # 12260), pFUGW-H1 empty
vector a gift from Sally Temple (Neural Stem Cell Institute, New York;
Addgene plasmid # 25870; Fasano et al., 2007), and pCMV-VSV-G
a gift from Bob Weinberg (Whitehead Institute for Biomedical Re-
search; Addgene plasmid # 8454; Stewart et al., 2003). pcDNA3.1
Myc-BiolD was a gift from Kyle Roux (South Dakota State University;
Addgene plasmid # 35700) (Roux et al., 2012) and pCS2.0 Tag-
RFP-T-UtrCH was a gift from Alpha Yap (University of Queensland;
Addgene plasmid # 101279) (Wu et al., 2014). To generate Myc-
BirA*-GCCB88 fusion protein, GCC88 cDNA was amplified from
Myc-GCC88 (Luke et al., 2003) as one fragment (bases 1-2328)
using the primers CGGAATTCATGGAGAAGTTTGGGATGAA and
CGCGGATCCTCATCTCTTGCC AGAAGG. The PCR product was
subcloned into the EcoRI/BamHl sites of pcDNA3.1 mycBiolD. Prim-
ers were designed to amplify the region of interest and to introduce
EcoRl or BamHlI sites at the 5" and 3’ ends. The PCR products were
digested with EcoRI and BamHI| and cloned into the EcoRl and
BamHl sites of pcDNA3.1 Myc-BiolD, which resulted in the fusion of
BirA* to the N-terminus of the protein of interest. Biotin (Sigma Al-
drich) was reconstituted in DMEM at a concentration of 1T mM and
was used at a final concentration of 50 pM.

Rabbit polyclonal antibodies to human GCC88 have been de-
scribed (Luke et al., 2003). Mouse monoclonal antibodies to human
golgin-97 (#CDF4 A-21270,1:600) and GM130 (#610882, 1:600)
were purchased from BD Biosciences (Australia). Mouse monoclonal
antibodies to ITSN-1 (ABS984, 1:1000) were purchased from Merck
(Australia). Human autoantibodies to p230 have been described
(Kooy et al., 1992). Mouse monoclonal antibodies to GAPDH were
purchased from Calbiochem (#MAP374, 1:5000). Rabbit polyclonal
antibodies to Vps26 (#ab23892, 1:200) and Myc tag (9B11; #ab9106,
1:2000) were purchased from Abcam (UK.) Mouse monoclonal anti-
body to Myc-Tag (9B11; #2276S, 1:1000) were purchased from NEB
(USA). Mouse monoclonal antibody to o-tubulin (clone DM1A,
1:5000) and rabbit polyclonal antibodies to FLAG (#F7425 1:2000)
were obtained from Sigma-Aldrich. Phalloidin-tetramethylrhodamine
B isothiocyanate (phalloidin—TRITC) P1951 (Sigma-Aldrich) was used
to detect actin filaments. Mouse monoclonal antibodies to GFP
(clone 7.1 and 17.1, #11814460001, 1:1000) were purchased from
Roche Applied Science (Germany).

Secondary antibodies used for immunofluorescence were goat
anti-rabbit immunoglobulin G (IgG)-Alexa Fluor 568 nm, goat anti-
mouse IgG-Alexa Fluor 568 nm, goat anti-rabbit IgG-Alexa Fluor
488 nm, goat anti-mouse IgG-Alexa Fluor 488 nm, goat anti-mouse
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IgG-Alexa Fluor 647 nm, goat anti-rabbit IgGAlexa Fluor 647 nm,
and goat anti-human Alexa Fluor 568 or 647 nm were from Life Tech-
nologies (Grand lIsland, NY). All secondary antibodies were used
at the dilution 1:500. Horseradish peroxidase—conjugated rabbit
anti-goat Ig, horseradish peroxidase—conjugated sheep anti-rabbit
lg, and anti-mouse Ig were from DAKO Corporation (Carpentaria,
CA). Streptavidin-Alexa Fluor 488 and streptavidin-horseradish per-
oxidase were purchased from Life Technologies.

Generation of GFP-GCCB88 lentivirus and transduction of
primary neurons

pFUGW-H1-GFP-GCC88 was generated from full-length GCC88
(Luke et al., 2003). Recombinant lentivirus was produced by trans-
fection of HEK293T cells with pCMV-VSV-G, psPAX2, and pFUGW-
H1-GFP-GCC88 or pFUGW-H1 (empty vector) as described by Dull
et al. (1998). Virus was collected and precipitated with PEG-it (Inte-
grated Sciences) and resuspended in DMEM containing HEPES.
Cultures of mouse cortical neurons (7 d old) were transduced with
recombinant lentivirus for 6 d before fixation and staining.

RNA interference

Transfections with siRNA were performed using DharmaFECT1
siRNA transfection reagent (GE Lifesciences/Millennium Science,
Victoria, Australia) according to the manufacturer’s instructions for
72 h before analysis. Human GCC88 was targeted with the specific
siRNA 5-GUCAGCAAUCUCAGGUAGA-3’ (Lieu et al., 2007), and
human Vps26 siRNA (5-CTCTATTAAGATGGAAGTG-3') has been
previously described (Arighi et al., 2004). Human ITSN-1 was tar-
geted with the specific siRNA 5’ CUAAUUAUGUAAAGCUUCU[dTT]
3. All duplex siRNAs, including a control siRNA, were synthesized
by Sigma-Aldrich (Australia).

Indirect immunofluorescence

Monolayers on coverslips were fixed with 4% (vol/vol) paraformalde-
hyde (PFA) for 15 min, followed by quenching in 50 mM NH,Cl/
phosphate-buffered saline (PBS) for 10 min. Cells were permeabi-
lized in 0.1% Triton X-100 in PBS for 4 min and incubated in 5% FBS
in PBS for 20 min to reduce nonspecific binding. Monolayers were
incubated with primary and secondary conjugates as described
(Kjer-Nielsen et al., 1999), with the exception that monolayers
stained with rabbit anti-ITSN-1 were fixed and quenched, washed
twice with 0.2% Triton X-100 in PBS, and blocked in 2% BSA/0.2%
Triton X-100 in PBS for 30 min. Monolayers were then incubated
with primary antibody, diluted in 2% BSA/0.2% Triton X-100 in PBS
for 1 h, washed in 0.2% Triton X-100 in PBS, and incubated with
secondary conjugates for 40 min. Monolayers were stained with 4',6
diamidino-2-pheynylindole (DAPI) for 5 min, washed in PBS, and fi-
nally rinsed with MilliQ before being mounted in Mowiol.

Confocal microscopy and image analysis

Images were acquired using a laser confocal scanning microscope
(Leica LCS SP8 confocal imaging system) using a 63 x 1.4 NA HCX
PL APO CS oil immersion objective. GFP and Alexa Fluor 488 were
excited with the 488-nm line of an argon laser, Alexa Fluor 568 with
a 543-nm HeNe laser, Alexa Fluor 647 with a 633-nm HeNe laser,
and DAPI with a 405-nm UV laser. Images were collected sequen-
tially for multicolor imaging. Fluorescence images for each experi-
ment were collected using identical settings. Volocity 6.3 (Perkin
Elmer-Cetus) imaging software was used for Manders' colocalization
coefficient analysis in the entire cell with automatic thresholding
(Costes et al., 2004). Quantitation was carried out for the indicated
number of cells.
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Line spectrum reports were generated for a region of interest
using LAS X Life Science microscope software and exported into
Excel, which was used to construct the line graphs.

The area of the Golgi was measured by manual demarcation,
defined by GM130 stained structures, with a limiting polygon and
calculation of its area using ImageJ (Farber-Katz et al., 2014).

Live cell imaging

Monolayers of Hela-Bé cells were transfected with RFP-T-UtrCH
using FUGENE 6 transfection reagent according to the manufac-
turer’s protocol and incubated for 24 h. Coverslips were mounted
in a round chamber and placed on the microscope stage. Cells
were incubated in C-DMEM (Life Technologies) containing 1.25 pM
latrunculin A for 25 min; the drug was then washed out and
the cells were imaged in C-DMEM for 40 min to monitor actin fila-
ment regeneration. Time-lapse acquisitions were performed at
37°C using a thermostat-controlled stage and an Inverted Eclipse
Ti-E (Nikon) microscope equipped with a CSU-W1 spinning disk
confocal head (Andor) and an iXon Ulta (EM-CCD) camera (Andor).
Z-stacks were captured every 2 min using Metamorph software
(Molecular Devices).

Immunoblotting

Cells were lysed in RIPA buffer (1 mM Tris/Cl, pH 7.5, 15 mM
NaCl, 0.5 mM EDTA, 0.01% SDS, 0.1% Triton X-100, and 0.1%
deoxycholate) containing protease inhibitors (Sigma-Aldrich, Aus-
tralia). Aliquots of the extracts were added to reducing SDS sam-
ple buffer and boiled for 5 min at 100°C. Proteins were resolved
by SDS-PAGE using 4-12% NuPAGE gels and transferred onto
Immobilon-P polyvinylidene fluoride (PVDF) membrane (Millipore,
Australia) at 30 V overnight at 4°C. The membrane was blocked
by drying at 37°C. The membrane was incubated with antibodies
diluted in 10% (wt/vol) milk/PBS, either at room temperature for
1 h or overnight at 4°C, and then washed three times, each for
10 min, in 0.1% (vol/vol) PBS-Tween 20. The PVDF membrane
was then incubated with horseradish peroxidase—conjugated sec-
ondary antibodies, diluted in 10% (wt/vol) milk/PBS for 1 h, and
washed as above. Bound antibodies were detected by en-
hanced chemiluminescence (Amersham, GE Healthcare, Austra-
lia) and captured using the Gel-Pro Analyzer version 4.5 software
(MediaCybernetics, Bethesda, MD) or the Chemi-Doc MP imager
system (Bio-Rad).

Electron microscopy

Cells were fixed by adding freshly prepared 2% wt/vol PFA and
1.5% glutaraldehyde (Electron Microscopy Sciences) in 0.1 M
sodium cacodylate buffer (pH 7.4) to an equal volume of culture
medium for 5 min, followed by postfixation in the same buffer at 4°C
overnight. Ultrathin sections of 100 nm were cut using a Leica
Ultramicrotome UC7 and stained as described (Deerinck et al.,
2010). Images were acquired on an FEI Tecnai F20 at 200 kV with a
HAADF detector.

Drug treatments

Cells were treated with drugs diluted in complete DMEM for the
indicated time periods and fixed in 4% PFA before proceeding to
immunostaining. Dimethyl sulfoxide (DMSO) (0.05-0.2%) was used
as a carrier control for all drug treatments. Cells were treated with 10
pM nocodazole (Sigma) at 37°C for up to 2 h, 1 pM latrunculin A
(Calbiochem) at 37°C for 30 min, 1 uM jasplakinolide (Calbiochem)
at 37°Cfor 1 h, 10 uyM myoVin-1 (Calbiochem) at 37°C for 1.5 h, and
50 pM blebbistatin (Abcam) at 37°C for 1.5 h.
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BiolD

BiolD was carried out using Hela cells in (4-6) x 100 mm tissue
culture plates per sample, with the following modifications from the
method described (Roux et al., 2013). Hela cells (~1.0 x 10¢) were
seeded into each plate and after 24 h were transiently transfected
with 3-4.5 pg DNA (Myc-BirA* or Myc-BirA*-GCCB88) per plate. The
medium was supplemented with 50 uM sterile filtered biotin (Sigma
Aldrich, USA) in c-DMEM (Life Technologies) for a period of 16-20 h
and the cells harvested 24 h after transfection by scraping in 5 mM
EDTA/PBS. Cells were pelleted at 1400 rcf, 4°C for 5 min, washed
with PBS, and lysed in Lysis buffer (1% [vol/vol] Triton X-100 and 1x
complete Mini EDTA-free protease inhibitor cocktail [Sigma Aldrich]
in PBS) for 30 min on ice. Tris-CI/PBS (50 mM) was added after the
lysis at a 1:1 ratio and the cell debris was pelleted by centrifugation
at 16,500 x g at 4°C for 10 min. Cell lysates were incubated over-
night with NeutrAvidin agarose resin (Thermo Scientific) on a rotator
at 4°C. The beads were washed once with wash buffer 1 (0.1% [wt/
vol] sodium deoxycholate, 1% Triton X-100, 1 mM EDTA, 500 mM
NaCl, and 50 mM HEPES in MilliQ water), a second time with wash
buffer 2 (0.5% [wt/vol] sodium deoxycholate, 0.5% IGPAL CA-630,
1 mM EDTA, 250 mM LiCl, and 10 mM Tris:Cl, pH 7.4 in MilliQ
water), and a final wash was performed in PBS.

Mass spectrometry

An in-gel trypsin digest protocol was used to prepare samples for
analysis by mass spectrometry. Bands were excised by taking
sections along the full length of the gel and were destained with
multiple volumes of 50% (vol/vol) acetonitrile in 25 mM triethylam-
monium bicarbonate (TEAB). The gel fragments were dehydrated
with 100% acetonitrile and reduced in 10 mM tris 2-carboxyeth-
ylphosphine (TCEP) made up in 50 mM triethylammonium bicarbon-
ate (TEAB) for 1 h at 60°C. Proteins were then alkylated in the dark
with 55 mM iodoacetamide in 50 mM TEAB for 30-60 min. Samples
were then dehydrated in 100% acetonitrile, allowed to dry, and then
incubated overnight with 0.25 pg trypsin (Sigma) at 37°C. Trypsin
digests were centrifuged and the supernatant was transferred into
tubes containing 1 pl 25% formic acid.

Samples were analyzed on a LTQ Orbitrap Elite (Thermo Scien-
tific) coupled to an Ultimate 3000 RSLC nanosystem (Dionex). The
nanoLC system was equipped with an Acclaim Pepmap nanotrap
column and an Acclaim Pepmap analytical column. The peptide mix
(2 pl) was loaded onto the trap column at 3% acetonitrile containing
0.1% formic acid for 5 min before the enrichment column was
switched in line with the analytical column. The LC gradient was
3-25% acetonitrile over 20 min and then 40% acetonitrile for 2 min
(total run time was 38 min). The LTQ Orbitrap Elite mass spectrom-
eter was operated in the data-dependent mode; spectra were
acquired first in positive mode at 240k resolution followed by
collision-induced dissociation (CID) fragmentation. Twenty of the
most intense peptide ions with charge states >2 were isolated per
cycle and fragmented using a normalized collision energy of 35 and
an activation Q of 0.25 (CID).

Analysis of proteomics data

Data analysis was carried out using the Mascot protein identification
search engine (Matrix Science, v2.4) and restricted to the SWIS-
SPROT database. Search parameters used were 10-ppm peptide
mass tolerance and 0.6-Da fragment ion mass tolerance. Cabami-
domethyl (C) was set as a fixed modification and variable modifica-
tions were included: oxidation (M), biotin (K), and biotin (N-term).
Three missed cleavages were permitted and the search taxonomy
was restricted to Homo sapiens. Peptides with mascot ion scores
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greater than the homology score were considered significant. Pro-
teins identified in the Myc-BirA* control were subtracted from the
Myc-BirA*-GCC88 sample and proteins were filtered further in the
Myc-BirA*-GCC88 sample to contain at least three unique peptide
matches. A protein was designated as a candidate interactor of
GCC88 if it exclusively appeared in at least two independent
experiments.

Statistical analyses

Quantitation of the colocalization was performed using Volocity im-
aging software (Perkin Elmer, UK). Quantitation was carried out for
the indicated number of cells at each time point. All analyses in-
cluded samples from two or more independent experiments. Data
are expressed as mean = SEM or mean + SD, as indicated, and ana-
lyzed by an unpaired, two-tailed Student’s t test. p < 0.05 (*) was
considered significant, p < 0.01 (**) was highly significant, and p <
0.001 (***) and p < 0.0001 (****) were very highly significant. The
absence of a p-value indicates that the differences were not signifi-
cant (n.s.).
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