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As a sedentary epithelium turns motile during wound healing, morphogenesis, and
metastasis, the Golgi apparatus moves from an apical position, above the nucleus, to a
basal position. This apical-to-basal repositioning of Golgi is critical for epithelial cell
migration. Yet the molecular mechanism underlying it remains elusive, although micro-
tubules are believed to play a role. Using live-cell and super-resolution imaging, we
show that at the onset of collective migration of epithelial cells, Golgi stacks get dis-
persed to create an unpolarized transitional structure, and surprisingly, this dispersal
process depends not on microtubules but on actin cytoskeleton. Golgi-actin interaction
involves Arp2/3-driven actin projections emanating from the actin cortex, and a Golgi-
localized actin elongation factor, MENA. While in sedentary epithelial cells, actin pro-
jections intermittently interact with the apically located Golgi, and the frequency of this
event increases before the dispersion of Golgi stacks, at the onset of cell migration. Pre-
venting Golgi-actin interaction with MENA-mutants eliminates Golgi dispersion and
reduces the persistence of cell migration. Taken together, we show a process of actin-
driven Golgi dispersion that is mechanistically different from the well-known Golgi
apparatus fragmentation during mitosis and is essential for collective migration of epi-

thelial cells.
collective cell migration | Golgi | cell polarity | actin cytoskeleton | epithelial tissue

In 1970, Robert Trelstad observed an apical-to-basal shift in the intracellular position-
ing of Golgi apparatus during the development of corneal epithelium in embryonic
chicks and proposed that there must be an active change in cellular organization driv-
ing this shift in Golgi positioning (1). Over the next 50 y, multiple groups have
observed apical-to-basal shift of Golgi in diverse tissue and organism contexts (2-6).
Yet, the mechanism that the cells employ to change the intracellular position of the
Golgi apparatus during epithelial morphogenesis and wound healing, remains elusive.
Broadly, cell polarity in the epithelium involves the asymmetric organization of cellular
elements, including the cell membrane composition, positioning of intracellular organ-
elles, and arrangement of the cytoskeleton (3, 4, 7-13). In this respect, the apical
positioning of Golgi between the nucleus and the apical membrane is a well-known sig-
nature of the inherent asymmetry and apico-basal polarity of epithelium (14-18).
However, during epithelial morphogenesis, wound healing, and epithelial to mesenchy-
mal transition (EMT), a new front-to-rear Golgi polarity appears in migrating cells
(5, 19-21). In these cells, Golgi moves to a basal position, closer to the basal mem-
brane. This apical-to-basal shift in Golgi positioning is critical for sustaining the cell
migration, as it aids the transport of cell-matrix adhesion proteins to the basal mem-
brane and facilitates the basal secretion of extracellular matrix proteins (21). Despite its
importance, the underlying molecular mechanism that moves Golgi from an apical to
a basal position and thus causes a fundamental shift in the cell function, remains
unknown (14).

Nevertheless, it is possible that cytoskeletal elements such as microtubules and actin
microfilaments might influence Golgi structure and positioning during epithelial
migration. Since microtubules serve as the transport-track for Golgi vesicles and
since Golgi is one of the major microtubule nucleation sites, researchers have long spec-
ulated that Golgi-microtubule association might play a role in Golgi repositioning
(14, 22-24). However, several recent reports have shown that Golgi apparatus can be
assembled and maintained as a compact organelle in absence of centrosomal microtu-
bules (10, 19, 25). Do noncentrosomal microtubules play a role? In fact, the majority
of microtubules in epithelial cells are of noncentrosomal origin, and in these cells,
apically located calmodulin regulated spectrin-associated protein (CAMSAP)-family
proteins seem to have critical roles in both organization of noncentrosomal microtu-
bules and apical positioning of Golgi (10, 26). These reports, therefore, indicate that at
least noncentrosomal microtubules might influence Golgi positioning. Yet, how these
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microtubules might drive the apical-to-basal shift in Golgi posi-
tioning during epithelial migration remains unknown.

In recent times, Golgi—actin association has also emerged to
be critical for Golgi dynamics, mechanics, and morphology
(14, 27, 28). For example, Golgi-membrane protein GOLPH3
binds to an unconventional myosin MYO18A and thus con-
nects the Golgi to actin cytoskeleton (29). Overexpression of
GOLPHS3 in some cancer types leads to aberrant Golgi organi-
zation (30). In addition, an actin elongation factor, MENA,
promotes local actin polymerization and facilitates linking of
Golgi stacks into a ribbon. While actin cytoskeleton does
undergo massive reorganization at the onset of epithelial cell
migration during morphogenesis, wound healing, and EMT
(31), whether it influences the apical-to-basal repositioning of
Golgi remains an open question. In addition to these missing
mechanistic details, we do not also know the structural changes
associated with Golgi repositioning. For example, does Golgi
undergo full disintegration like what happens during mitosis
or does the hierarchical structure of Golgi, in the form of
stacks and ribbons, remain intact during repositioning? Last,
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are these structural changes in Golgi connected to the dy-
namics of a specific cytoskeletal element during epithelial cell
migration?

Results

Migration-Induced Golgi Apparatus Remodeling. To answer
these questions, we first grew a confluent monolayer of Madin-
Darby canine kidney (MDCK) epithelial cells within a confined
area and then lifted off the confinement, prompting collective
cell migration (32). Existing studies on collective cell migration
suggest that the change in Golgi positioning at the experimental
wound edge could be observed as early as 2 h, and with time,
the number of cells with basally positioned Golgi would
increase. To understand the positional and structural changes in
Golgi as sedentary epithelial cells start migrating, we fixed the
cells at 0, 2, 4, and 6 h after the confinement removal and
imaged Golgi with an antibody against a well-known Golgi
structural protein, Golgin-97, which localized to #rans-Golgi
compartments (33) (Fig. 14 and SI Appendix, Fig. S1 A-O).
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A Golgi remodeling process observed during epithelial collective cell migration. (A) Immunostained images of migrating MDCK monolayer displaying

the three Golgi organizations. Left to Right, apical Golgi polarity, equatorially dispersed Golgi around the nucleus, and front-rear polarized Golgi. The orthog-
onal views illustrate the change in Golgi localization with respect to nucleus in the three scenarios. FOV: field of view. Black dotted arrow represents the
direction of migration. The & values for the selected cells (crosshair) shown at the Bottom Left corner. (Scale bar: 5 pm.) (B) Distribution pattern of the Golgi
organization types after 2, 4, and 6 h of migration. Black dotted arrow represents the direction of migration. (C) Bar plot displaying the distribution of Golgi
organization as a function of distance from the migrating edge after 2, 4, and 6 h of migration. (D) A time-lapse montage (Right) of mDsRed Golgi MDCK cells
stained with Hoechst depicting the change in Golgi organization during migration. Images were acquired at 30-min interval for 4 h. The yellow square (Left)
shows the cell used in the montage. Black dotted arrow represents the direction of migration. (Scale bar: 5 pm.) (Movie S1). (E) A heatmap showing the

change in number of Golgi objects with respect to nuclear centroid with time.
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Results from fixed samples hinted at the existence of a unique
repositioning and remodeling route of Golgi apparatus during
epithelial migration. In the samples fixed at 4 h after the con-
finement removal, we observed a compact Golgi apparatus local-
ized apically—on top of the nucleus—within the cells that were
away from the wound edge (Fig. 14). On the other hand, cells
very close to wound edge (within five cell rows) showed a
basally located polarized and compact Golgi. Interestingly, cells
in between (six to ten cell rows from the wound edge) showed a
unique dispersed Golgi, which located at the basal region and
distributed equartorially all around the nucleus (Fig. 14 and S/
Appendix, Fig. S1D). Given that cell migration propagates
inward, these images indicated that between apically located
compact Golgi in sedentary cells and basally located compact
Golgi in fully migrating cells, there exists an intermediate transi-
tion state of dispersed Golgi, which possibly arises at the onset
of epithelial cell migration (Fig. 14 and SI Appendix, Fig. S1E).
While apical-to-basal transition of Golgi was long known, here,
our experiment revealed a previously unknown dispersed and
relatively unpolarized transitional Golgi organization. Moreover,
looking at images taken at 2, 4, and 6 h post confinement
removal, we noticed that this transitional dispersed Golgi con-
tinued to appear but their abundance progressively got shifted
away from the wound edge (Fig. 1 Band C). These results fur-
ther indicated that the observed Golgi dispersion might be con-
nected to the initiation of cell migration. To understand how
this basally localized dispersed state arose dynamically from an
apically localized compact Golgi apparatus, we created an epi-
thelial cell line that stably expressed Golgi-localized mDsRed
protein (SI Appendix, Fig. S1F). This system enabled us to
image the transition process in live cells (Fig. 1D and Movie
S1). From live imaging, we found that Golgi height with respect
to cell nucleus reduced gradually, along z axis, until it reached a
plateau and then Golgi reorganization occurred in XY-plane,
which led to the establishment of front-rear polarity (Fig. 1 A
and D). Next, to quantitatively capture the Golgi reorganization
in three dimensions, we used two complementary methods.
First, we measured the distance of individual Golgi objects from
the centroid of the nucleus along z axis and plotted a heat-map
representing the distribution of this Z-distance of the Golgi
objects (Fig. 1E). This representation elucidated a migration
time-dependent decrease in the number of apically located
Golgi objects with respect to the nucleus, where the majority of
Golgi objects moved on to or below the nuclear centroid plane
with time (Fig. 1E). Next, to capture the distribution of Golgi
objects on the transverse plane (XY-plane), we represented each
Golgi object as a point (SI Appendix, Fig. S1 G and H), mea-
sured the distance (d) of each point from center of mass of
Golgi, and finally, computed the root mean square of the dis-
tances, normalized to the nuclear radius (R). We term this
quantity as dispersion index or §, which is computed as

5:\/(25\;‘42)/1\//& where N is the number of Golgi

objects. A higher ¢ value (>1.5) indicated an equatorially dis-
persed Golgi where the Golgi objects are dispersed around the
nucleus, whereas a polarized Golgi with aggregated Golgi
objects showed a lower 8 value (<1.5) (87 Appendix, Fig. S1H).
Specifically focusing on a fixed area (edge of monolayer to
~250 pm deep into the monolayer) of the wound edge every
time, we observed that dispersion index reached its peak at
1.5 h after the confinement lift-off as the Golgi distributed
around the cell nucleus (87 Appendix, Fig. S11). From there on,
dispersion index started decreasing due to the aggregation of
Golgi in one end of the migrating cells (S Appendix, Fig. S11).
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Interestingly, migration speed became significant only after the
dispersal and aggregation phases had completed (SI Appendix,
Fig. S1)), showing that this Golgi dispersal and apical-to-basal
transition preceded the cell movement. Next, we tested the gen-
erality of our observation in another epithelial cell line, namely
Caco-2. Caco-2 is of human origin and was originally derived
from a colon carcinoma. However, given that these cells develop
very prominent apico-basal polarity and form tight epithelial
barriers, researchers have used it extensively for studying epithe-
lial differentiation and barrier function (34, 35). Relevantly, the
epithelial differentiation process includes apical localization of
the Golgi apparatus. Here, we differentiated Caco-2 cells by
growing these cells for 21 d in cell culture medium containing
1% NEAA. Once the cells established the polarized structure, we
performed the wound-healing assay for 4 and 8 h and compared
these samples against the samples fixed at 0 h at the migration
edge (spanning from edge of monolayer to ~250 pm deep into
the monolayer) (S Appendix, Fig. S2 A-C). As expected, in
migrating Caco-2 cells, Golgi apparatus undergoes very conspic-
uous dispersion while switching from an apical localization to a
basal localization (S Appendix, Fig. S2 D and E).

We next addressed the question whether migration-
associated Golgi dispersion and apical-to-basal repositioning
might be a passive consequence of cell flattening, which occurs
as the sedentary cells start migrating. Researchers have long
debated over the passive versus active nature of Golgi reposi-
tioning (1). To check for the aforementioned possibility, we
tested whether simple cell flattening by monolayer stretching
could lead to a similar apical-to-basal transition of Golgi (57
Appendix, Fig. S3A). Subsequently, we found that while
stretching-induced cell flattening indeed led to apical-to-basal
relocalization of Golgi, it did not induce any dispersion (57
Appendix, Fig. S3A). Upon stretching-induced cell flattening,
Golgi moved to a basal position as a compact organelle (87
Appendix, Fig. S3A). These evidences suggested that Golgi dis-
persion was cell migration-associated and possibly involved an
active process, and we named it migration-induced Golgi appa-
ratus remodeling (MIGAR). Since apico-basal to front-rear
polarity change is a property of collective epithelial systems, we
looked at how the process got affected if the collectivity of the
epithelial monolayer was abolished. To this end, migration in
presence of E-cadherin blocking antibody, DECMAI, showed
a clear loss of the Golgi reorganization (87 Appendix, Fig. S3B).
Live cell imaging of DECMA1-treated cells showed polariza-
tion of Golgi without an intermittent equatorial distribution,
along with single-cell-like migration out of the monolayer (57
Appendix, Fig. S3C and Movie S2). Finally, we elucidated
migration-induced changes in Golgi dispersion using multiple
Golgi markers, including c¢is-Golgi matrix protein GM130 and
GRASP65 for cis-Golgi, medial-Golgi matrix protein Mannosi-
dase 2A, mDsRed fluorophore tagged with the N-terminal
signal sequence from #rans-Golgi membrane localizing beta-1,4-
galactosyltransferase 1 enzyme, and Golgin-97 for transGolgi
(81 Appendix, Fig. S3D). Taken together, here we discovered a
migration-induced Golgi remodeling process in epithelial cells,
which involves a previously unknown dispersed and unpolar-
ized Golgi structure.

MIGAR Is Different from Golgi Fragmentation during Mitosis.
We next attempted to investigate the molecular mechanism
underlying MIGAR. In this respect, Golgi fragmentation and
dispersion during mitosis is a relatively well-characterized event
(36, 37). During mitosis, Golgi reassembly stacking proteins
(GRASPs), especially GRASP65 and GRASP55, undergo a
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series of phosphorylation events (38). This chemical modifica-
tion abolishes the homophilic interactions between GRASP mol-
ecules localized at neighboring stacks and leads to a progressive
structural fragmentation of Golgi from a fully connected ribbon
to individual stacks to isolated cisternae and finally, to a cluster
of vesicles (36, 37, 39). Golgi fragmentation during mitosis facil-
itates equipartitioning of Golgi components into two daughter
cells, which a compact Golgi would fail to achieve. Given this
precedence, we asked whether Golgi follows the same mechanis-
tic route during its dispersion in MIGAR. To this end, at first,
staining for the localization of endogenous GRASPG65, we
observed intact and elongated filament-like organization of
GRASP65 during MIGAR, as opposed to a haze-like signal in
mitotic cells (Fig. 24). Second, we over-expressed two GRASP55
mutants, namely constitutively phosphorylated GRASP55 T-E
and phosphorylation-inactive GRASP55 T-A. These mutants
have a dominant negative effect on Golgi fragmentation during
mitosis. In contrast, during cell migration, both of them failed
to eliminate the dispersed organization of Golgi (SI Appendix,
Fig. S4A). Finally, we over-expressed three dominant negative
mutants of BARS protein. BARS links adjacent stacks into rib-
bons and gets phosphorylated during mitosis (40, 41). We,
therefore, expressed constitutively phosphorylated BARS-S147D
mutants and phosphorylation inactive BARS- S147A and BARS-
D355A mutants, which prevent Golgi fragmentation during
mitosis in a dominant negative manner (42, 43). Again, these
mutants also failed to eliminate the dispersed organization of
Golgi during cell migration (S Appendix, Fig. S4B). Taken
together, these experiments showed that the signaling axis
involved in MIGAR is different from the one involved in mito-
sis. Next, given that during mitosis, Golgi apparatus fragments
into disconnected vesicles, we probed whether dispersed Golgi
units in MIGAR were also disconnected. To this end, we first
expressed a photo-switchable fluorescent protein, Dendra2, in
Golgi (Dendra2-Manll). Then, as the fluorescently labeled Golgi
became dispersed during migration, we switched the color of
Dendra2, from green-to-red in spectra, in one segment and
checked whether the photo-switched red Dendra2 molecules
moved to other segments (Fig. 2B). Here, we hypothesized that
if the dispersed Golgi units were really disconnected, the red
Dendra2 would not spread to other segments. To our surprise,
the photoconverted signal appeared in distal segments within
5 min and it gradually spread to other segments reaching a
nearly homogenous distribution and making the entire Golgi
apparatus visible in the red channel within 15 min (Fig. 2 B and
C and Movie S3). These results indicated that dispersed Golgi
units were still retaining mutual connections. Finally, we sought
to uncover the structural nature of these units. Researchers have
conventionally used transmission electron microscopy (TEM) to
study Golgi structure in detail. However, TEM suffers from the
narrow field-of-view and insensitivity to dynamic changes. Given
that Golgi structure during migration was dynamic and sensitive
to the location of a cell within the collective (Fig. 1B), it would
be difficult to reveal Golgi structure as a function of the cell and
organelle polarity with TEM. Therefore, we used two super-
resolution techniques, namely super-resolution via optical reas-
signment (SoRa) and expansion microscopy (44), that offered a
large enough field-of-view to pick cells with the target Golgi
polarization as well as sufficient resolution to study organelle
structure (~200 nm). In both methods, cells with polarized Golgi
showed parallel-arranged interconnected Golgi units or stacks
which formed a Golgi network (Fig. 2 D-G). In contrast, cells
with dispersed Golgi organization showed Golgi stacks arranged
end-to-end around the nucleus in an equatorial fashion with
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significantly reduced network organization (Fig. 2 D-G). Taken
together, these results indicated that although Golgi underwent
dispersion at the onset of epithelial migration, this process was
structurally and mechanistically different from the Golgi frag-
mentation process that takes place during mitosis. MIGAR,
therefore, is a signature of epithelial collective migration.

Golgi-Associated Microtubules Are Dispensable for MIGAR.
Since stretching experiments indicated that MIGAR might not be a
passive consequence of cell flattening, we next asked what cellular
element might be actively enabling it. To this end, Golgi-associated
microtubules are known to be critical for the establishment and
maintenance of Golgi polarity during single cell as well as collective
migration (25, 45, 46). We, therefore, first investigated the role of
microtubules in MIGAR through the classical approach, by carrying
out epithelial migration in presence of a microtubule-destabilizing
drug, nocodazole. Microtubule disruption following nocodazole
treatment results in fragmentation of Golgi. We were able to reca-
pitulate the fragmented Golgi morphology reported in literature
(Fig. 3A4), however, the global fragmentation of Golgi in this
approach was unable to address the precise role of microtubules in
Golgi distribution and repositioning during migration. Therefore,
to understand the specific involvement of microtubules better, we
sought to unlink microtubules from Golgi membrane. To this end,
previous works had reported that AKAP450 is critical for nucleation
and polymerization of microtubules on Golgi membranes (47).
Over-expression of an AKAP450 mutant, namely AKAP450-
AK1B, prevents localization of Golgi-associated microtubules on
Golgi membrane by displacing the endogenous AKAP450 from
Golgi (48). We hypothesized that if Golgi-associated microtubules
were involved in MIGAR, then overexpressing AKAP450-AK1B
mutant would prevent Golgi dispersion during migration. How-
ever, contrary to our expectation, during migration, Golgi
showed very similar dispersed stage in AK1B-expressing cells as in
surrounding wild-type cells (Fig. 3 B and (), although staining
for microtubules with an antbody against a-tubulin showed dis-
ruption of Golgi-microtubule association in these cells (Fig. 3.D).
During the dispersion phase, while the wild-type cells exhibited a
clear localization of microtubules to Golgi forming a prominent
ring around the nucleus, the cells expressing AKAP450 mutant
lacked Golgi localization of the microtubules (Fig. 3£). However,
this reduction in Golgi-microtubule interaction did not affect
MIGAR (Fig. 3E). Together, these results demonstrated that
Golgi-associated microtubules were dispensable for MIGAR, in
contrast to the conventional belief that Golgi-associated microtu-
bules should be involved in defining Golgi polarity and structure.

Golgi-Actin Interaction Is Critical for MIGAR. We then asked
whether another cytoskeletal element, actin, might play impor-
tant roles in MIGAR. In this respect, the linkage between Golgi
and contractile actin cytoskeleton has emerged to be critical in
defining Golgi structure and function. For example, there are
reports of oncogenic elevation of actomyosin contractility lead-
ing to unusual Golgi distributions within cancer cells (29, 49).
To perturb actin dynamics, we used a suboptimal concentra-
tion (500 nM) of an actin filament polymerizing and stabilizing
drug, jasplakinolide (Jasp), or a potent inhibitor of actin poly-
merization, cytochalasin D (Cyt D) (SI Appendix, Fig. S5A).
These drug concentrations did not affect the collective cell
migration, and we were able to capture polarized Golgi in
drug-treated cells in the wound area spanning from the edge of
the monolayer to ~250 pm deep into the monolayer. However,
no equatorial Golgi organization was found in the cells (57
Appendix, Fig. S5B), indicating that a dynamic Golgi-actin
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Fig. 2. Migration induced Golgi remodeling is different from mitotic Golgi remodeling. (A) Fluorescence images comparing the Golgin-97 and GRASP65 orga-
nization in a cell with migration induced transition state (Left) and a mitotic cell (Right). Left shows nonfragmented Golgin-97 and ribbon organization of
GRASP65. Right displays a fragmented Golgin-97 and significantly diminished signal for GRASP65. Yellow dotted circles mark the cells in focus; the black dot-
ted arrow shows the direction of migration. The & value for the selected cell shown at the Bottom Left corner in Golgin-97 image, does not apply to mitotic
cell. (Scale bar, 5 pm.) (B) Photoconversion of Dendra2-Manll displaying emission upon excitation with 488 nm (for green emission) and 561 nm (for red
emission) wavelengths. Prestimulation image shows signal only in the 488 channel; the white asterisk marks the site of stimulation. Poststimulation image
shows signals in both 488 and 561 channels. The time-lapse montage (Bottom) of the poststimulation red signal shows the diffusion of the photoconverted
signal across Golgi. (Scale bar: 5 pm.) (Movie S3). (C) Scatter line plot of median intensity changes in the selected ROIs. (D) SoRa super-resolution images
showing Golgin-97 and GRASP65 organization in polarized (Top) and equatorially dispersed Golgi (Bottom). Zoomed-in area from the yellow box shows
Golgi retains ribbon organization in both scenarios. The black dotted arrow shows the direction of migration. The & values for the cells in focus shown at
the Bottom Left corner in Golgin-97 image. (Scale bars: 4 um, Top; 6 pm, Bottom; 1 pm-zoomed in Insets.) (E) 3D volume render of the SoRa images.
(F) Ultra-expansion images of mDsRed Golgi cells with polarized (Left) and equatorially dispersed Golgi (Right). The zoomed-in area in the yellow box shows
long ribbons in both the cases. The § values for the cells in focus shown at the Bottom Left corner. (Scale bar: 15 um; 5 um zoomed-in /nsets.) (G) 3D volume
render of the expansion images.
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Fig. 3. Golgi-associated microtubules are dispensable for MIGAR. (A) Immunostained images of nocodazole-treated migrating MDCK monolayer showing a
fragmented Golgi dispersed across cytoplasm. (Scale bar: 5 pm.) (B) Fluorescence images of migrating mosaic monolayer of MDCK cells and MDCK-AKAP450-
FLAG-AK1B overexpressing cell (yellow dotted area), both control (cyan dotted area) and mutant show equatorial Golgi dispersion. The § values for the
selected cells shown at the Bottom Left corner in Golgin-97 image. (Scale bar: 10 pm.) (C) A Stacked vertical bar plot showing no significant change in percent-
age of cells with equatorial Golgi in control versus AKAP450-AK1B overexpressing cells. n = 81 cells. (D) Microtubule immunostaining pattern in control
MDCK cell and AKAP450-AK1B overexpressing cell. Left shows the microtubules originating from Golgi in control cells. Right shows the AKAP450-AK1B over-
expressing cells with a clear hollow for microtubules around Golgi. The & values for the selected cell (yellow arrow) shown at the Bottom Left corner in
Golgin-97 image. (Scale bar: 10 um.) (E) Immunofluorescence images showing the perinuclear microtubule organization pattern during equatorial Golgi dis-
persion in control cells (Left), and undiscernible microtubule organization in AKAP450-AK1B overexpressing cells (Right). The & values shown at the bottom-

left corner in mDsRed Golgi image. (Scale bar 5 pm.)

interaction was indeed critical for MIGAR. To be specific,
treating the cells with Jasp abolished the equatorial dispersion
of Golgi (S Appendix, Fig. S54). Along with the loss of dis-
persed Golgi organization, in Jasp-treated cells, we observed
formation of an actin aggresome closely encased by Golgi (57
Appendix, Fig. S5 A, Top). However, unlike actin aggresomes
reported in the literature, we observed that these aggresomes
displayed a twisted ring structure in each cell, hinting at possi-
ble deformation of an existing actin structure within the cell.
This led us to question whether an existing actin structure in
the cell could be playing a part in MIGAR. Relevantly, epithe-
lial cells are known to form an apical circumferential actin belt,
which is important for epithelial barrier function. At the onset
of migration, the circumferential actin belt undergoes fragmen-
tation and rearrangement to facilitate cell migration. This infor-
mation implied that the twisted actin ring structures upon Jasp
treatment (SI Appendix, Fig. 5 A, Top) were possibly the Jasp-
stabilized circumferential actin belts, which otherwise would
have rearranged during migration. On the other hand, treating
the cells with Cyt D led to the loss of equatorial dispersion of
Golgi (ST Appendix, Fig. S5 A, Bottom). In addition, a quantifi-
cation of cells for the three types of Golgi organization showed
a complete absence of equatorial Golgi dispersion in both Jasp
and Cyt D-treated cells (87 Appendix, Fig. S5C). These results
from actin-perturbation experiments indicated that Golgi
dispersion in MIGAR possibly depends on the integrity
and dynamics of actin cytoskeleton. Next, to uncover the pre-
cise role of actin dynamics and the exact involvement of
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circumferential actin belt in MIGAR, we imaged actin and
Golgi dynamics together by expressing actin-marker utrophin-
GFP and Golgi-marker mDsRed-Golgi7 (Fig. 44 and S/
Appendix, Fig. S5D and Movies $4-S7). Subsequently, we
detected small actin projections (0.5-1.0 pm) emanating from
the circumferential actin belt and over time evolving into small
actin rings in sedentary cells (Fig. 44 and S/ Appendix, Fig.
S5D and Movies $4-S7). These actin rings or projections were
then loaded onto Golgi ribbon. Interestingly, post confinement
lift-off, we observed a progressively increased number of actin
rings and projections emanating from the circumferential actin
belt (Fig. 4 B-D). We then asked whether Cdc42-formin-
mediated actin bundling or Arp2/3-mediated branched actin
polymerization created these actin projections. Treating the
cells with a formin inhibitor (SMIFH2) as well as a Cdc42
inhibitor (ML141) did not change the frequency of Golgi-
interacting actin projections (S Appendix, Fig. S5E), but an
Arp2/3 inhibitor CK-666 reduced it significantly (Fig. 4 £ and
F). These results indicated that Arp2/3-mediated actin poly-
merization drives these actin projections. Consequently, we
asked whether these projections might be important for
Golgi-dispersion. To this end, treating the cells with a subop-
timal level of CK-666, which did not perturb cell migration
but reduced the frequency of Golgi-interacting actin projec-
tions, eliminated migration-associated Golgi dispersion (Figs.
4 G and H). Golgi under CK-666 treated conditions showed
comparatively longer ribbons (Fig. 47/ and SI Appendix, Fig.
S5F). To test the generality of our observation-related actin
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Fig. 4. Interaction of Actin rings and projections with Golgi is required for controlled ribbon dynamics and organization during MIGAR. (4) Live cell time-
lapse images of cells expressing Utrophin GFP and mDsRed Golgi showing actin-Golgi interaction, Top shows ribbon disentanglement following actin projec-
tion interaction with Golgi ribbon (Movie S4). Bottom shows ribbon fragmentation following actin ring sliding over the Golgi ribbon (Movie S5). A montage of
the boxed areas shows both Golgi and actin dynamics with time, white arrowhead marks the fate of the interaction. Images were taken at 1-s intervals
for 1 min. (Scale bar: 2.5 um.) (B) Temporal color projected images of MDCK cells expressing utrophin GFP following initiation of the migration at 5-min
intervals. The number of actin rings and projections increases with time as migration ensues. Color key shows the frame numbers. Image dimension,
16.69 x 16.69 um. (C and D) Box-and-whiskers plot of the number of actin rings (Left) and projections (Right) depicting gradual increase in the number with
migration. n = 30 frames. (E) Temporal color projected images displaying the change in number of actin projections following Arp2/3 inhibition by CK-666
(100 uM) and post drug washout. Color key shows the frame numbers. Image dimension, 25.56 x 25.56 um. (F) The box-and-whiskers representation show-
ing the change in number of actin projections under conditions of pretreatment, CK-666, and post washout, (P < 0.001). n = 30 frames. (G) Fluorescence
images of MDCK monolayer showing normal MIGAR distribution pattern in control cells (Left) and loss of equatorial Golgi dispersion in CK-666-treated sam-
ple (Right). The & values for the selected cell (yellow arrow) shown at the Bottom Left corner in GRASP65 image. (Scale bar: 10 um.) (H) A stacked vertical bar
plot showing the percentage of cells with polarized, equatorial, and apical Golgi in control and CK-666-treated condition (P < 0.001). n = 95 cells. (/) Zoomed
in Z-stack of Golgi ribbons showing the difference in Golgi ribbon in control cells (Top) and CK-666-treated cells (Bottom). (Scale bar: 5 pm.) (/) Schematic
representing the mechanism of Golgi ribbon fragmentation following interaction with actin.

MDCK cells. To our expectation, we observed treatment with

dynamics and MIGAR, we finally probed the role of actin
these drugs resulted in the loss of equatorial Golgi dispersion

dynamics in Golgi dispersion in Caco-2 cells by treating the

differentiated Caco-2 monolayer with actin polymerizing or
destabilizing drugs, including Jasp, Cyt D, and CK-666. As
compared to MDCK cells, here, we used still suboptimal but
higher concentrations of the drugs since differentiated Caco-2
cells formed more tightly sealed epithelial barrier than

PNAS 2022 Vol. 119 No.26 2204808119

in the migrating Caco-2 cells (87 Appendix, Fig. S6). As com-
pared to control cells where Golgi dispersed around the nucleus,
Golgi in drug-treated Caco-2 cells showed no preference for peri-
nuclear localization and was rather distributed all over the cyto-

plasm (87 Appendix, Fig. S6). Together these results provide the
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preliminary and yet robust evidence that MIGAR required a
dynamic interaction between actin projections and Golgi, and
the increased Golgi—actin interaction at the onset of migration is
critical for Golgi dispersion (Fig. 4/). However, the molecular
players involved in this interaction remained unknown.

Golgi-Localized Actin Elongation Factor MENA Is Essential for
MIGAR. Next, searching for the prospective molecular candi-
dates that might mediate Golgi—actin interaction during epithe-
lial migration, we explored two previously elucidated signaling
axes—one involving GOLPH3-MYO18A (29) and another
involving MENA (50). The GPP34 domain (aa 30-293) of
GOLPH3 binds to phosphatidylinositol-4-phosphate or
PtdIns(4)P on the Golgi membrane and its N-terminal inter-
acts with an unconventional myosin MYO18A (29). MYO18A
in turn binds to the actin filament, thus connecting Golgi and
actin cytoskeleton. We first looked at the localization of these
proteins during MIGAR and found both GOLPH3 and
MYOI18A localized to Golgi, though significant non-Golgi
fractions were also present (Fig. 5A4). Next, to block the
GOLPH3-MYO18A pathway, we over-expressed the MYO18A-
PDZ domain in migrating cells. This mutant acts as dominant
negative disrupter of GOLPH3-MYO18A pathway by saturating
the MYO18A binding domain of GOLPH3 (51). Therefore, if
GOLPH3-MYO18A axis were important for Golgi—actin inter-
action during MIGAR, we would not observe Golgi dispersion
in MYO18A-PDZ-expressing cells. However, even in the cells
overexpressing MYO18A-PDZ, we observed dispersed Golgi
around the nucleus, and MIGAR was seemingly unperturbed
(Fig. 5B, quantificadon: 5J). This result showed that GOLPH3-
MYO18A axis might not be relevant for MIGAR. We then
investigated the role of actin elongation factor MENA in
MIGAR. Localization of MENA to Golgi happens through its
interaction with GRASP65 via the EVH1 domain (Fig. 50),
while it binds to actin via its EVH2 domain (50). Interestingly,
MENA can bind to both G-actin and F-actin via its G-actin and
F-actin binding domains (GAB and FAB; Fig. 5C), respectively
(50). On immunostaining for the endogenous protein, MENA
showed a strong localization to Golgi (Fig. 5D). Interestingly,
over-expression of a MENA mutant lacking the F-actin binding
domain (MENA-AFAB) resulted in the loss of equatorial Golgi
dispersion, while over-expression of another mutant lacking the
G-actin binding domain (MENA-AGAB) did not perturb it
(Fig. 5E, quantification: 51). However, since MENA also exhib-
its focal adhesion localization, MENA-AFAB could also be per-
turbing the focal adhesion-associated MENA. Hence, we sought
for further Golgi-specific perturbation and hypothesized that
overexpressing EVH1 domain of MENA (MENA-EVH]) in a
mosaic manner would block Golgi-MENA interaction in
MENA-EVH]1 overexpressing cells. If MENA were important
for Golgi—actin interaction during MIGAR, we would not
observe Golgi dispersion in these cells, while surrounding nonex-
pressing cells would continue displaying Golgi dispersion. To
this end, we created a doxycycline-inducible MENA-EVHI
expression system, where cells transfected with MENA-EVH1
construct expressed the transgene only to a very basal level
(due to leaky expression) until we added doxycycline to the
medium. Further, to perturb the Golgi repositioning in a con-
trolled way, 40 min before the confinement lift off, 5 g
mL ™" doxycycline was added to the cells to induce transgene
expression. Subsequently, over-expression of MENA-EVHI led to
complete failure of Golgi dispersion during migration, as the
mutant cells showed apical localization of Golgi even during migra-
tion, and equatorial Golgi distribution was conspicuously absent
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(Fig. 5F quantificadon: 5/). While these results indicated that
MENA s critical for Golgi—actin interaction during MIGAR, it is
plausible that MENA-EVH1 constructs caused additional actin
changes in the migrating cells and could be directly controlling the
overall front-back actin architecture, not only at the Golgi but
throughout the cell body. To address if MENA-EVHI affects the
front-rear actin organization, we used use SiR-actin, which is a
better probe for staining actin stress fibers in live cells than utro-
phin (52). We used very low concentration of the dye (50 nM for
12-16 h) to stain the actin fibers, allowing us to capture well-
resolved actin stress fibers. The quantification and comparison of
actin fibers in wild-type and MENA-EVHI-expressing cells
showed no significant change in length and numbers (SI Appendix;
Fig. S7A). In addition, we used actin and myosin markers,
including Arp3, phosphorylated myosin light chain (pMLC), and
SiR-actin, to compare the front-back actin architecture with and
without over-expression of MENA-EVHI (S Appendix, Fig. S7B).
In this case, we carried out migration experiments for 4 h and
then stained the cells with antibodies (against Arp3 and pMLC) or
SiR-actin. Comparison between localization of these proteins in
MENA-EVH] expressing and the surrounding wild-type cells did
not reveal any perceptible difference in the front-to-back distribu-
tion of these proteins (S/ Appendix, Fig. S7B).

We next targeted the MENA-actin linkage by an alternative
means. MENA localizes to Golgi through its interaction with
GRASP65 (aa 236-241) (53). We, therefore, generated a con-
struct that enabled us to express a GRASP65 truncation mutant
(GRASPG65 aa 1-201 or trunc-GRASPG65), lacking the MENA-
binding domain, in tetracycline-inducible manner. We envis-
aged that the over-expression of this mutant would saturate
GRASP65 binding to Golgi, and because of its inability to
interact with the endogenous MENA, it would disconnect the
downstream linkage with actin cytoskeleton and act as a domi-
nant negative mutant. Following transfection of the monolayer
with trunc-GRASP65 construct, we induced its expression 40
min before the confinement lift-off. We then allowed the cells
to migrate for 4 h and analyzed the Golgi organization in the
trunc-GRASP5-expressing  vis-a-vis the surrounding nonex-
pressing cells. As expected, the cells expressing trunc-GRASP5
lacked the migration-induced Golgi dispersion (Fig. 5G, quan-
tification: 51), and at the same time, endogenous MENA dislo-
cated from Golgi in these cells (Fig. 5H). Since beyond the
MENA-actin axis, GRASP65 is not known to control the actin
dynamics, results obtained from these experiments robustly
established the role MENA-GRASPG65 pathway in MIGAR.
Finally, to test whether the MENA-GRASP65 pathway might
be involved in Golgi dispersion in Caco-2 model as well, we
carried out transient transfection of the differentiated Caco-2
cells with either MENA-EVH1 construct or trunc-GRASP65
construct. As expected, Caco-2 cells expressing either of two
constructs lacked Golgi dispersion (SI Appendix, Fig. S8 A
and B). We quantified the percentage of cells with the three
types of Golgi organization in control Caco-2 cells and cells
overexpressing the two constructs. In this case, to obtain signifi-
cant fractions of all three types of Golgi organization in control
and thereof, to study effect of the mutant construct expression
unbiasedly, we allowed Caco-2 cells to migrate for 12 h, since
they migrated at a slower speed than MDCK cells. However,
for quantification, we again focused on cells in an area spanning
from the edge of the monolayer to ~250 pm deep into the
monolayer. A comparison of these showed a significant reduc-
tion in equatorial Golgi organization in cells expressing either
of the two mutant constructs (S Appendix, Fig. S8 C and D).
Together, these experiments elucidated that Golgi-localized
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Fig. 5. Actin-Golgi interaction mediated by MENA-GRASP65 is critical for MIGAR. (A) Fluorescence images displaying the localization of GOLPH3, MYO18A
during migration. GOLPH3 and MYO18A show significant non-Golgi localization. The & values for the cells in focus shown at the Bottom Left corner in
GRASP65 panel. (Scale bar: 5 um.) (B) Cells overexpressing MYO18A-PDZ show normal progression through MIGAR. The yellow dotted area marks the mutant
cell. The & value for the cell in focus shown at the Bottom Left corner in Golgin-97 panel. (Scale bar: 5 um.) (C) The schematic illustrates the domain structure
of MENA. EVH1 domain binds to Golgi and EVH2 interacts with actin via GAB and FAB subdomains. (D) Immunofluorescence images showing MENA exhibits
specific Golgi localization. The yellow square marks the zoomed in cells on right showing the Golgi and MENA signal. The & values for the selected cell (yellow
arrow) shown at the Bottom Left corner in mDsRed Golgi image. (Scale bar: 10 um in the images; 5 pm in the zoomed in panel.) (F) Immunofluorescence
images showing equatorial Golgi dispersion in MENA AGAB overexpressing cells (Top), whereas MENA AFAB overexpressing cell (yellow dotted area) shows
loss of equatorial dispersion. The control cell (cyan dotted area) shows equatorial Golgi dispersion. The § values for the selected cells shown at the Bottom
Left corner in Golgin-97 panel. (Scale bar: 10 um; 5 um in the zoomed in box.) (F) Expression of MENA EVH1 domain results in a failed MIGAR and loss of
equatorial Golgi dispersion. The fluorescent image panel on the left displays the apical localization of Golgi in MENA EVH1 overexpressing cell (yellow dotted
area). (Scale bar: 10 um.) The orthogonal view of uninduced MENA EVH1 cells (Right) shows equatorial localization in uninduced control cells. Contrast
adjusted to show the mutant cell. Black dotted arrow represents the direction of migration. The § values for the selected cells shown at the Bottom Left cor-
ner in Golgin-97 image and uninduced panel. (Scale bar: 10 pm.) (G) Immunofluorescence image showing the polarized Golgi in trunc-GRASP65 overexpress-
ing cell (yellow dotted area) versus the equatorial Golgi in control MDCK cell (cyan dotted area). The uninduced control on right shows equatorial Golgi. Con-
trast adjusted to show the mutant cell. Black dotted arrow represents the direction of migration. The § values for the selected cells shown at the Bottom Left
corner in mDsRed Golgi image and uninduced panel. (Scale bar: 10 um.) (H) Immunostained images showing the displacement of endogenous MENA protein
form Golgi in trunc-GRASP65 overexpressing cell (yellow dotted area), compared to the Golgi localized MENA signal in control cell (cyan dotted area). The &
values for the selected cells shown at the Bottom Left corner. (Scale bar: 10 pm.) (/) A quantification of percentage of cells with apical, equatorial, and polar-
ized Golgi in control versus cells overexpressing MYO18A-PDZ (n = 82 cells), MENA AGAB (n = 95 cells), MENA AFAB (n = 95 cells), MENA-EVH1 (n = 98 cells),
and trunc-GRASP65 (n = 90 cells). A significant reduction in cells with equatorial Golgi is seen in MENA AFAB (P < 0.001), MENA-EVH1 (P < 0.001), and trunc-
GRASP65 (P < 0.001).
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actin elongation factor MENA is essential for Golgi—actin inter-
action during epithelial migration.

Preventing Golgi Dispersion Disrupts Coherent Cell Polarization
and Migration Persistence. We next asked what might be the
importance of Golgi dispersal in epithelial migration. To this end,
we utilized the diminished Golgi remodeling upon disruption of
MENA-GRASP65 axis. First, we looked at the state of global
intracellular polarization in MENA-EVHI overexpressing cells vis-
a-vis surrounding nonexpressing cells by examining the centrosome
position. We observed an increase (~0.4 pum) in the distance
between Golgi and centrosome as well as increased variability in
the distance, in MENA-EVHI1 overexpressing MDCK cells (S/
Appendix, Fig. S9 A and B). This observation emphasized the
abnormal intracellular polarization in absence of normal MIGAR.
To understand the effect of the incoherent intracellular polarization
on cell migration, we dissected and compared the cell migration
attributes of MENA-EVHI and trunc-GRASP65 overexpressing
cells vis-a-vis control cells. In this regard, we first segregated collec-
tive cell migraton from single-cell migration in terms of the
change in Golgi polarity with time. Isolated MDCK did not move
significantly. However, tracking the Golgi apparatus showed that it
changed its intracellular position frequently (S7 Appendix, Fig. S10
A, Leff). On contrary, intracellular positioning of Golgi changed a
litle within a collective, and overall Golgi movement essendally
mirrored the cell movement (S Appendix, Fig. S10 A, Righ).
Given these results, we then examined the movement of control
cells and of cells expressing MENA-EVHI1 or trunc-GRASP65
constructs, embedded within cell collectives. As expected, the con-
trol cells within collectives showed a persistent directional migra-
tion (87 Appendix, Fig. S10 B, Lef), exhibiting a similar pattern as
the Golgi tracks in collective cell migration. However, cells overex-
pressing either of the two mutant constructs lacked a specific direc-
tionality in cell movement (SI Appendix, Fig. S10 B, Middle and
Righs). Further, to understand the loss of persistent directional cell
migration in cells expressing the mutant constructs, we looked at
other important aspects of the migration in these cells. First, we
found no discernable change in cell migration speed between con-
trol MDCK cells and MENA-EVH1-expressing cells. However,
trunc-GRASPG5 expressing cells displayed a large variation in
cell migration speed (SI Appendix, Fig. S10C). We then mea-
sured the change in angle at each turn during migration (S/
Appendix, Fig. S10D). As expected, the control cells displayed
a minimum change in direction at each turn (S Appendix,
Fig. S10E), however, cells expressing the mutant constructs
MENA-EVH1 (87 Appendix, Fig. S10F) and trunc-GRASP65
(SI Appendix, Fig. S10G) showed larger changes in direction
at each turn (87 Appendix, Fig. S10H) and higher cell-to-cell
variation. As a result of large change in direction at each turn,
the net displacement turned out to be significanty lower in
case of both MENA-EVH1 and trunc-GRASP65 (S/
Appendix, Fig. S101). Together, we have established previously
unknown role GRASP65-MENA molecular pathway in regu-
lating MIGAR during collective cell migration (Fig. 6).

Discussion

Among the results that we reported above, perhaps the linkage
between the shift in Golgi positioning and actin dynamics is the
most surprising one. Specifically, the microscopic evidence of inter-
action between Golgi and the projections coming of the actin
cortex is a unique discovery. Of three types of cytoskeletal ele-
ments, it is not actin but microtubules that are conventionally
known to be important in Golgi positioning and integrity,
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although actin-associated proteins seem to influence the Golgi
polarity in migrating fibroblasts (54). Following the discovery that
microtubule disruption upon nocodazole treatment leads to Golgi
fragmentation in fibroblasts cells (55), the field quickly explored the
role of microtubules in Golgi integrity and positioning. Golgi
emerged to act as a major microtubule nucleation site. In addition,
Golgi membrane appeared to promote microtubule nucleation
in vitro (56). In due course, researchers identified several Golgi-
residing proteins, and their role in microtubule nucleation on the
Golgi membrane was also identified. For example, CLASPs nucleate
microtubule on #ans-Golgi membrane by their interaction with
GCC185, and knockdown of CLASPs resulted in loss of Golgi-
derived microtubules and disrupted Golgi ribbon organization in
RPEI cells (22, 57). Similarly, expressing AKAP450 mutants that
were unable to nucleate microtubule on Golgi membrane, resulted
in dramatic change in Golgi organization. Golgi lost the long-
extended ribbon like organization and collapsed into a sphere-like
organization around the centrosome and led to consequent loss of
Golgi reorientation during migration (48). However, recent works
with epithelial cells have suggested that a compact Golgi can exist
in the absence of both centrosomal and Golgi-associated microtu-
bules, although uncoupling Golgi from microtubule perturbs the
vesicular trafficking required for migration-invasion (25). Another
report showed that the loss of centrosome had litde effect on the
ability of endothelial cells to polarize Golgi and move in 2D and
3D environments (19). These recent developments hint that
pethaps it is necessary to think beyond microtubules as the main
mediator of Golgi organization everywhere, and consider that actin
filaments might play as critical roles as microtubules in some con-
text. However, what then links actin and Golgi?

To this end, there is evidence that at least two proteins,
GOLPH3 and MENA, which mediate Golgi—actin cytoskele-
ton connection and are critical for Golgi morphology and cell
migration of cancer cells. GOLPH3 is a proven oncogenic pro-
tein and is known for its interaction with an unconventional
myosin, myosin 18A. Perturbing this interaction by gene silenc-
ing of myosin18A caused significant reduction in Golgi reorien-
tation in migrating MDA-MB-231 cells (58). Another key
molecule reported to bring together actin dynamics and Golgi
structure is mammalian homolog of Enabled, MENA. MENA
localizes to cis Golgi membrane through its interaction with
the Golgi structural protein GRASP65 mediated by MENA
EVH1 domain. MENA EVH2 domain binds to both the
G-actin and F-actin form of actin via G-actin binding domain
(GAB) and F-actin binding domain (FAB). Loss of endogenous
MENA by gene knockdown led to Golgi ribbon fragmentation
in HeLa cells (50). From these discoveries, while it seemed that
actin dynamics and acto-myosin contractility should play criti-
cal roles in Golgi morphology and function in cancer cells, it
was not known whether these connections play any role in the
apical-to-basal shift in Golgi positioning in migrating epithelial
cells. Pertinently, although MENA activity decreases from
embryonal to adult life, it gets reactivated in some breast
tumors (59). In fact, studies have indicated that MENA expres-
sion increases during malignant transformation, possibly play-
ing an important role in tumor invasiveness (60). We can
now speculate that hyper-activated Golgi—actin interaction
due to MENA over-expression may lead to fragmented Golgi
morphology, which nevertheless is a characteristic cell pheno-
typical marker of cancer cells. One caveat here could be that
although two mutants, MENA-EVH1 and trunc-GRASP65,
demonstrated a connection between MIGAR and the persis-
tence of cell migration, both of these mutants nevertheless tar-
geted the same signaling axis (MENA-GRASP65). Ideally it
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+  Coherent intracellular
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Fig. 6. Schematic describing the process of migration-induced Golgi apparatus remodeling (MIGAR). Normal MIGAR goes through equatorial Golgi disper-
sion and results in coherent intracellular polarization and persistence cell migration. In absence of MIGAR, incoherent intracellular polarization results in

nonpersistent cell migration.

would have been more confirmatory if it were possible to per-
turb different axes targeting the same event, thus robustly prov-
ing a causal connection between MIGAR and the persistence of
migration. However, given that connection between the Golgi
apparatus and actin cytoskeleton is specific, the state-of-the-art
does not suggest any other alternatives.

It is important to note that while our study is restricted to
mammalian epithelial cells, a previous study has reported dis-
persal of Golgi apparatus into several puncta or ministacks con-
taining cis- and frans-Golgi complex proteins during early
zebrafish embryogenesis (16). Considering this evidence, what
could be the functional significance of a fragmented or dis-
persed Golgi? During mitosis, Golgi fragmentations help in
equipartitioning of the organelle in two daughter cells. While
Golgi does not undergo such fragmentation and the stacks
remain connected during migration, dispersion does generate a
momentary loss of polarity. Hence, it is tempting to speculate
that during migration, this dispersed Golgi around the nucleus
creates a transition state from which a stable polarization can
be flexibly created, depending on the intercellular cues that
the cells receive from their neighbors. The formation of the
transition state thus provides a temporal interlude for the reor-
ientation of other intracellular organelles and facilitates global
intracellular reorganization during the switch from apico-basal
to front-to-rear polarity. However, it needs to be investigated
next how the basally located dispersed Golgi stacks reassemble
on one side of the nucleus and what chemical and mechanical
cues determine the specific site of reassembly. Inhibiting Golgi
dispersion using MENA-EVHI1 or trunc-GRASP65 mutant
prevents the active actin-mediated Golgi dispersion around the
nucleus, and Golgi in the mutant cell remains on top of
nucleus. However, as the mutant cells migrate, the concomitant
decrease in cell height leads to Golgi getting squeezed out to a
random position with respect to the nucleus. We presume that
this random polarization may not follow the local cues experi-
enced by a cell within a collective, which leads to erratic cell
movements (S/ Appendix, Fig. S10). It is known that dynamics
of individual cells within a collective follows local biochemical
and biophysical field (32). It is possible that ultimate Golgi
polarization too follows such fields, and a mutant cell with

PNAS 2022 Vol. 119 No.26 2204808119

uncoordinated Golgi organization amid wild-type cells may not
respond to these collective fields in the same way as the wild-
type cells do. Supported by the increased Golgi-centrosome dis-
tance in MIGAR-deficient cells (S7 Appendix, Fig. S9 A and B),
one can speculate that these cells exhibit a compromised polar-
ity axis, which results in an inefficient collective migration.
Future work addressing the selection of cell polarity and Golgi
polarity in cells of a collective should uncover further interac-
tion between the two processes in greater detail.

Finally, it needs to be highlighted that the present work focuses
specifically on how actin cytoskeleton influences the dispersal of
Golgi. It does not, however, elucidate the molecular and mechanis-
tic details of how the Golgi reassembly and polarization regulate
actin organization during cell migration. Golgi polarity within a cell
is an established marker of the cell polarity under many physiologi-
cal contexts. It is, therefore, possible that the molecular pathways
regulating cell polarity and cell migration intersect with the path-
ways regulating Golgi remodeling and polarity. We can also specu-
late that for an efficient collective cell migration, the existence of a
parallel or sequential control of Golgi polarization and cytoskeletal
remodeling is very likely. It is possible that Golgi polarity of a
migrating cell controls the directional transport of the molecular fac-
tors that are related to actin remodeling at cell-cell junctions, at
lamellipodial protrusions, and at cell-matrix adhesions. Further
works need to be done to reveal the mechanisms connecting Golgi
polarization and actin cytoskeleton remodeling during collective cell
migration. Nevertheless, our current discovery reveals an actin-
driven process and a previously unknown transition state during api-
cal-to-basal repositioning of Golgi apparatus in epithelial cells and
resolves many questions related to Golgi dynamics in epithelial tis-
sue that have been looking for answers, perhaps for many decades.

Methods

All the experiments were done using the Madin-Darby canine kidney (MDCK)
epithelial cell line and Caco-2 cells (ATCC-HTB-37) derived from colon tissue.
Cells were cultured in Dulbecco's modified Eagle's medium supplemented with
GlutaMax (Gibco) with 10% fetal bovine serum (tetracycline-free FBS, Takara Bio)
and 10 U mL~" penicillin and 10 ug mL~" streptomycin (Pen-Strep, Invitrogen)
in an incubator maintained at 37 °C and 5% CO,. To canry out cell migration
experiments as before (32), adhesive biocompatible silicone culture-insert (ibidi)
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was press-bonded to glass-bottom culture dish (ibidi). The two wells in the cul-
ture insert was seeded with 5 x 10* cells, suspended in 80 pL cell culture
medium, and were allowed to adhere and form cell monolayer for 18 h at 37 °C
in a 5% CO, humidified incubator. Following an incubation period, the culture-
insert was lifted off to initiate cell migration, and 2 mL media was added to the
dish. In case of tetracycline-inducible plasmids, expression was induced with
5 ug mL~" doxycycline in culture media 30 min prior to removal of culture
inserts, and migration was carried out in the induction medium. Confocal fluo-
rescence images were acquired using 60x oil objective mounted on an Olym-
pus 1X83 inverted microscope equipped with a scanning laser confocal head
(Olympus Fv3000). Time-lapse images of live samples were done in the live-cell
chamber provided with the microscopy setup. 20 mM Hepes (Gibco) was used
to maintain CO, levels. Super-resolution images were acquired with a 60x oil
objective mounted on an Olympus IX83 inverted microscope supplied with
Yokogawa CSU-W1 (SoRa Disk) scanner. To calculate dispersion index, first Golgi
channel images were segmented to find Golgi objects in 3D Suite-FUI. The
distance between center of mass of Golgi and centroid of Golgi objects were
measured, and root mean square (RMS) value was calculated. RMS values were
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