The Drosophila spectraplakin Short stop
regulates focal adhesion dynamics by
cross-linking microtubules and actin
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ABSTRACT The spectraplakin family of proteins includes ACF7/MACF1 and BPAG1/dystonin
in mammals, VAB-10 in Caenorhabditis elegans, Magellan in zebrafish, and Short stop (Shot),
the sole Drosophila member. Spectraplakins are giant cytoskeletal proteins that cross-link ac-
tin, microtubules, and intermediate filaments, coordinating the activity of the entire cytoskel-
eton. We examined the role of Shot during cell migration using two systems: the in vitro mi-
gration of Drosophila tissue culture cells and in vivo through border cell migration. RNA
interference (RNAI) depletion of Shot increases the rate of random cell migration in Drosophila
tissue culture cells as well as the rate of wound closure during scratch-wound assays. This
increase in cell migration prompted us to analyze focal adhesion dynamics. We found that the
rates of focal adhesion assembly and disassembly were faster in Shot-depleted cells, leading
to faster adhesion turnover that could underlie the increased migration speeds. This regula-
tion of focal adhesion dynamics may be dependent on Shot being in an open confirmation.
Using Drosophila border cells as an in vivo model for cell migration, we found that RNAi deple-
tion led to precocious border cell migration. Collectively, these results suggest that spectra-
plakins not only function to cross-link the cytoskeleton but may regulate cell-matrix adhesion.
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INTRODUCTION

Cell migration requires dramatic and continual rearrangements of
the two major cytoskeletal systems: actin and microtubules. Histori-
cally, microtubules have been viewed as the cell's compass, polariz-
ing toward the direction of migration while simultaneously probing
the cytoplasm as a function of dynamic instability (Mitchison and
Kirschner, 1984; Gundersen and Bulinski, 1988; Waterman-Storer
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and Salmon, 1997). These dynamics in turn communicate to the
actin cytoskeleton, or the cell's protrusion machinery. Microtubule
polymerization is linked to the activation of the small GTPase Rac
and Arp2/3-dependent actin branching, while microtubule depoly-
merization results in the activation of cellular contractility through
the small GTPase Rho and nonmuscle myosin Il (Gundersen and
Bulinski, 1988; Waterman-Storer et al., 1999; Rooney et al., 2010;
Dogterom and Koenderink, 2019; Seetharaman and Etienne-Mann-
eville, 2020). Molecules poised to interface with both the actin and
microtubule cytoskeletons are therefore critical to our fundamental
understanding of cell migration.

The spectraplakin family of proteins are well positioned to medi-
ate coordination between actin and microtubules (Roper et al.,
2002; Jefferson et al., 2004; Dogterom and Koenderink, 2019).
Spectraplakins are hypothesized to be rod-shaped bivalent mole-
cules that bind actin through N-terminal calponin homology (CH)
domains and microtubules through both a lattice-binding growth-
arrest-related (GAR) domain and several Sx(I/L)P motifs that target
proteins to the plus end of growing microtubules through an
association with end-binding proteins (EBs) (Slep et al., 2005;
Honnappa et al., 2009; Applewhite et al., 2010; Suozzi et al., 2012;
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Hahn et al., 2016; Voelzmann et al., 2017). The N- and C-termini of
spectraplakins are separated by an extended rod composed of pla-
kin domains and plectin and spectrin repeats that are predicted to
be flexible (Grum et al., 1999; Mirijanian et al., 2007). Spectraplakins
can also bind intermediate filaments via plectin repeats, this being
particularly relevant to mammalian and Caenorhabditis elegans
family members as cytoplasmic intermediate filaments appear to be
absent in Drosophila (Adams et al., 2000; Choi et al., 2002; Jeffer-
son et al., 2004; Guo et al., 1995. Flies do express an atypical tropo-
myosin isoform (Tm1-1/C) that has been hypothesized to function as
an intermediate filament; however, it has yet to be explored whether
Short stop (Shot) interacts with Tm1-I/C (Cho et al., 2016). Another
commonality among this family of proteins is the large number of
alternative splice variants that are present in all of the model organ-
isms of which spectraplakins have been studied (Bernier et al., 1996;
Jefferson et al., 2006; Gally et al., 2016; Hu et al., 2016). These
splice variants generate even more diversity to this already modular
protein family, resulting in isoforms with differing N-terminal leader
sequences, single CH domains, changes to the length of central rod
domain, and variations to the plakin or plectin domains. Expression
of these various isoforms is tissue specific as well, and thus the coor-
dination of actin-microtubule cross-linking by spectraplakins can
differ between cell types (Roper and Brown, 2003; Jefferson et al.,
2006; Goryunov and Liem, 2016).

The role of spectraplakins in cell migration has been thoroughly
studied in mice, where there are two family members, ACF7 and
BPAG1. Owing to embryonic lethality, studies of ACF7 in mice have
been limited to the analysis of tissues or cells derived from knockout
mouse ACF7-deficient endodermal which cells were found to mi-
grate slower and are unable to maintain polarity as assessed by
scratch-wound assay (Kodama et al., 2003). Similarly, wounds in the
epidermis of ACF7-deficient mice also showed a delay in healing
both in vivo through mouse skin grafts and in tissue culture systems
(Wu et al., 2011). In these cells, microtubules were uncoupled from
the actin cytoskeleton specifically at stress fibers that terminate at
focal adhesions. This lack of coordination between actin and micro-
tubules led to defects in the rates of assembly and disassembly of
focal adhesions, resulting in larger, less dynamic structures and a
subsequent slowing of cell migration. Interestingly, when analyzed
in culture, the slower rates of migration could be reverted to wild-
types rates by decreasing the concentration of the extracellular ma-
trix on which the cells were plated. Unlike ACF7 knockout mice,
BPAG1T mutant mice do survive to adulthood but display sensory
defects and muscle degeneration (Guo et al., 1995). However, kera-
tinocytes derived from patients with homozygous nonsense muta-
tions in BPAG1e, an isoform of BPAG1 implicated in epidermolysis
bullosa, exhibited increased rates of cell migration and directional-
ity. They were larger in size compared with their wild-type counter-
parts and had reduced B4 integrin surface levels while also having
increased keratin-14 and B1 integrin expression levels (Michael
et al., 2014). The increase in f integrin expression corresponded to
an increase in surface expression levels as well. These results sug-
gest that the loss of BPAG1e leads to a switch in adhesion types,
shifting from a hemidesmosomal-dependent mode to one that de-
pends on integrins and focal adhesions (Michael et al., 2014).

Given the apparent contradiction between data generated in
kerotinocyte-deficient BPAG1 and in cells and tissues derived from
ACF7 knockouts, we wanted to test the role of spectraplakin-medi-
ated actin-microtubule cross-linking during cell migration in a sys-
tem with less potential for redundancy. The Drosophila genome,
which contains a single spectraplakin family member, Short stop
(Shot), gives us this opportunity. We used both cell-based assays as
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well as an in vivo assay for cell motility to understand the role of Shot
during cell migration. While more closely related to ACF7 than
BPAGH1, our results indicate that the RNA interference (RNAi) deple-
tion of Shot leads to an increase in cell migration, similar to what has
been described of keratinocytes derived from dst patients. Further-
more, the well-established connection between cell-matrix adhe-
sion and migration speed as well as the previous literature regarding
the effects of ACF7 and BPAG1 knockout on focal adhesion dy-
namics led us to further examine focal adhesion turnover in Shot-
depleted cells. Quantification of focal adhesion assembly and disas-
sembly rates revealed that, contrary to the more stable focal
adhesions observed following ACF7 depletion, Shot-depleted cells
exhibited significantly higher rates of both assembly and disassem-
bly compared with control-treated cells, resulting in faster focal ad-
hesion turnover. Our results also indicate that its role in focal adhe-
sion dynamics is dependent on Shot's ability to cross-link actin and
microtubules.

RESULTS

To interrogate Shot's role in cell migration in a system with less po-
tential for redundancy, we choose three motile Drosophila tissue
culture cells lines, ML-DmD17c3 (D17) derived from third instar lar-
val haltere discs, ML-DmD25c2 (D25) derived from third instar wing
discs, and Ras"'2wts™NA (RasV'?) cells, which are immortalized epi-
thelial-like cell-derived homogenized fly embryos expressing the
UAS- RasV12 oncogene, a hairpin RNAI construct for warts (wts), a
tumor suppressor gene, and GFP, driven by the actin5C-Gal4 pro-
moter (Ui et al., 1987; Simcox et al., 2008). These cell lines are read-
ily available through the Drosophila Genomics Resource Center
(DGRC. When plated on a mixture of extracellular matrix (ECM) pro-
teins that we harvest and concentrate from the cell culture media of
confluent D25 cells (Rogers and Rogers, 2008; Currie and Rogers,
2011), these cells polarize and form cell-matrix adhesions similar to
mammalian tissue culture cells forming multiprotein, plaque-like
structures distributed at a cell’s periphery. These focal adhesions
contain classic ECM receptors, integrins (Figure 1, A-C), and other
well-characterized focal adhesion proteins such as Vinculin and
p130CAS. Furthermore, Ras''? cells maintain these cell-cell junc-
tions as they migrate (Figure 1D). Similar to other Drosophila tissues,
these cells are acentrosomal during interphase and thus represent
an opportunity to study the interactions between actin and microtu-
bules in the absence of a functional centrosome (Figure 2, A and B;
Supplemental Movie S1) (Rogers et al., 2008; Currie and Rogers,
2011). Previously, we characterized the Shot A isoform (ShotA-EGFP)
in Drosophila S2 cells and found that Shot localized both to the plus
ends of microtubules as well as along the length of the microtubules
found in the periphery of these cells (Applewhite et al., 2010). When
we expressed this same construct in D17 and D25 cells, we ob-
served a similar microtubule localization (Figure 2C) as well as local-
ization to a subset of focal adhesions, colocalizing with mCherry-
Vinculin (Figure 2D). This finding is in line with previous reports that
found Shot localizing to sites of cell-matrix and cell-cell adhesion
such as myotendinous junctions or between follicular epithelia in
vivo (Gregory and Brown, 1998; Subramanian et al., 2003). Further-
more, this localization is similar to what has been reported for the
mammalian spectraplakin ACF7, which colocalizes with focal adhe-
sions (Wu et al., 2011; Yue et al., 2016).

Depletion of Shot leads to an increase in cell migration
speeds

We treated both D17 and D25 cells with Shot and control RNAI as
well as RNAI that targets the Rho family GTPases Rac1, Rac2, and
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Migratory Drosophila cells form cell-matrix and cell-cell adhesions in a manner similar to that of mammalian
tissue culture cells. (A-D) Migratory Drosophila epithelial cells plated on ECM imaged by TIRF microscopy.
(A) Drosophila D17 fixed and immunostained for phalloidin to mark F-actin (purple in merged image) and BPS integrin
(green in merged image). The white box denotes BPS integrin staining indicative of cell-matrix adhesions and is shown
at higher magpnification. (B) Drosophila D25 cell fixed and immunostained for phalloidin to mark F-actin (purple in
merged image) and BPS integrin (green in merged image) to mark cell-matrix adhesions. The white box denotes BPS
integrin staining indicative of cell-matrix adhesions and is shown at higher magnification. (C) Drosophila Ras"'? cells
fixed and immunostained for phalloidin to mark F-actin (purple in merged image) and BPS integrin (green in merged
image) to mark cell-matrix adhesions. The white box denotes BPS integrin staining indicative of cell-matrix adhesions
and is shown at higher magpnification. (D) Drosophila Ras"'? plated at cell density to allow for the formation of a sheet,
fixed and immunostained with phalloidin to mark F-actin (purple in merged image) and BPS integrin (green in merged
image). Note that BPS integrin both localizes to discrete puncta (C) as well as at sites of cell-cell adhesions. Scale bar
10 pm in low-magnification images and 2 pm in high-magnification images.
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mCherry-SAS6

50 s Composite

Shot localizes to the lattice and plus ends of microtubules, which are arranged in an acentrosomal
microtubule array during interphase. (A-D) Drosophila D25 cells imaged by TIRF microscopy. (A) D25 cell coexpressing
EGFP-tagged EB1 (purple in merged image) and mCherry-SAS6 (green in merged image), a marker of centrioles. (B) A
50 s composite image of the cell shown in A; note that the EB1 comets are not originating from the SAS6 marked
centrioles. (C) D25 cell coexpressing Shot A-EGFP (purple in merged image) and mCherry-tagged tubulin (green in
merged image). The yellow triangle indicates Shot’s association with the plus end of a microtubule, while the magenta
triangle indicates a region of the cell where Shot is associated with the lattice of the microtubule. (D) D25 cell
coexpressing Shot A tagged with EGFP (purple in merged image) and mCherry-tagged Vinculin (green in merged
image). White triangles denote the colocalization of Shot with the focal adhesion marker Vinculin. Scale bar 10 pm.

Mig-2-like (Rac/Mtl), which served as positive control cells given ~ Throughout the article Shot RNAi refers to a double-stranded RNA
their established role in cell migration (Raftopoulou and Hall, 2004; (dsRNA) template designed against Shot’s 3’-untranslated region
Lawson and Burridge, 2014; Mayor and Etienne-Manneville, 2016). (3'UTR) first characterized in Applewhite et al. (2010). This 3’UTR
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FIGURE 3: RNAI depletion of Shot increases cell migration speeds. Phase-contrast images of
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RNAI Condition

Drosophila D25 cells following treatment with (A) control RNAI, (B) Shot RNAI, or (C) Rac/Mtl
RNA.I. Scale bar 20 um. Cell positions in Shot- and control RNAi-treated cells are marked by

outlines at time 0 min (red), 15 min (orange), 30 min (yellow), 45 min (green), 60 min (blue), and
75 min (purple). (C) Rac/Mtl cells failed to substantially migrate so this denotation was omitted;
yellow triangles mark processes the result of RNAi treatment. (D) Scatter plot of cell migration

speeds with control RNAi-treated cells (green), Shot RNAi-treated cells (purple), and Rac/Mtl
(maroon). D17 cells (p value < 0.0001, N = 3, 136 control cells, 70 Shot-depleted, and 33 Rac/
Mtl-depleted cells) and D25 cells (p value < 0.0001, one-way analysis of variance [ANOVA],

N = 3, 149 control RNAi-treated cells, 190 Shot-depleted cells, and 52 Rac/Mtl-depleted cells)

exhibit a statistically significant increase in cell migration speeds following Shot depletion and a
statistically significant decrease in cell migration speeds following Rac/Mtl RNA.. (E) Scatter plot
of cell directionality (D/T) of control RNAi-treated (green circles), Shot-depleted (purple circles),

and Rac/Mtl-depleted (maroon circles) cells for both D17 (130 control RNAi-treated cells,
70 Shot- depleted cells, and 30 Rac/Mtl-depleted cells) and D25 (100 control treated cells,

111 Shot-depleted cells, and 53 Rac/Mtl-depleted cells). Cell directionality was calculated as a
ratio of the direct distance between start and end points (D) to the total path length taken by
the cells (T). There was no statistically significant difference in directionality between Shot and
control RNAi-treated cells, while there was a statistically significant increase in directionality for

Rac/Mtl RNAi-treated cells (p value < 0.0001, one-way ANOVA).

Shot dsRNA region is shared by nearly all Shot isoforms (see
Materials and Methods). The control RNAi used throughout this
article is designed against the pBluescript vector, which lacks se-
quence homology to the Drosophila genome. Following a 7-d
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course of RNAI treatment, we plated the
cells on Drosophila-derived ECM. When
plated to subconfluency, these cells mi-
grate randomly and can be imaged by
phase-contrast microscopy over extended
periods of time. We imaged the RNAi-
treated cells for 3-6 h and tracked their
migration (Figure 3, A-C). Control RNAI-
treated D17 cells migrated at a rate of
0.92 £ 0.02 pm/min SEM; however, we ob-
served a modest but statistically signifi-
cant increase in the rate of migration fol-
lowing Shot depletion (1.04 + 0.03 pm/
min SEM), while the average migration
speed of Rac/Mtl RNAi-treated cells was
considerably slower (a statistically signifi-
cant 0.58 + 0.04 um/min SEM) (Figure 3D).
Following a similar protocol, we depleted
control, Shot, and Rac/Mtl in D25 cells and
found that control RNAi-treated D25 cells
migrate slightly faster (1.26 + 0.06 pm/min
SEM) than D17 cells and display a more
robust increase in cell migration following
Shot depletion (1.6 + 0.06 pm/min SEM)
(Figure 3C; Supplemental Movies S2-S4).
This was a statistically significant 28% in-
crease in the speed of cell migration. Simi-
lar to D17 cells, depletion of Rac/Mtl in
D25 cells also led to a statistically signifi-
cant decrease in migration speeds (0.88 +
0.05 ym/min SEM). Also apparent in Rac/
Mtl-depleted cells was the formation of
long projections as opposed to Arp2/3-
generated lamellipodia and an increase in
the number of phase-light cells indicative
of an inhibition of adhesion (Figure 3C)
(Machesky et al., 1994, Mullins et al,
1998; Svitkina and Borisy, 1999). We also
measured the directionality of both cell
types following RNAi treatments and did
not observe any statistically significant dif-
ferences between Shot and control RNAI-
treated cells (Figure 3E). Rac/Mtl RNAi-
treated cells showed a robust increase in
directionality as compared with Shot- and
control-treated cells, but this is likely a
consequence of the substantial decrease
in migration speeds and our method used
to calculate directionality (Figure 3E).
There are two mammalian spectraplakins,
ACF7 and BPAG1/dst; the increase in mi-
gration speeds that we observed upon
Shot depletion is reminiscent of pheno-
types reported for keratinocytes derived
from dst patients rather than for loss of
ACF7 (Kodama et al., 2003; Michael et al.,
2014; Yue et al., 2016).

Depletion of Shot alters lamellipodial dynamics

To investigate the mechanism behind this increase in cell migration,
we tracked the dynamics of the cell periphery. We transfected D25
cells with EGFP-actin, imaged them by total internal reflection
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FIGURE 4: Shot depletion increases the amplitude of lamellipodial protrusions and the speed of retraction as well as
the rate of collective cell migration. (A, B) Drosophila D25 cells were imaged by phase-contrast microscopy following
treatment with (A) control or (B) Shot RNAI; then (A’, B') kymographs were generated to measure lamellipodial
dynamics. Scale bars 10 pm in low-magnification images and 2 min and 2 pm in kymographs. (C) Scatter plot of the
maximum lamellipodial protrusion distance (um) as measured from kymographs generated from phase-contrast movies
of control (green) and Shot-depleted (purple) cells. There was a statistically significant increase in the maximum
protrusion distance (p value < 0.0001, Student’s t test, N = 3, 94 control treated cells and 92 Shot RNAi-treated cells).
(D) Scatter plot of the lamellipodial retraction speed (pm*min~') as measured from kymographs generated from
phase-contrast movies of control (green) and Shot-depleted (purple) cells. There was a statistically significant increase in
the retraction speed in Shot-depleted cells as compared with control RNAi-treated cells (p value = 0.0013, Student’s
ttest, N = 3, 94 control treated cells and 92 Shot RNAi-treated cells). Phase-contrast images of Ras''? cells

(E and F) before wound closure and (E” and F’) following 200 min. Cells were treated with control RNAI (E and E’) or
Shot RNA: (F and F’). Scale bar 20 pm. (G) Scatter plot of the half-time of wound closure for control RNAi-treated
(green) and Shot RNAi-treated (purple). Half-times were calculated by measuring the rate of area change of the wound
over time. There was a statistically significant decrease in the half-time of wound closure in Shot depleted cells as
compared with control RNAi-treated cells (p value = 0.0162, Student'’s t test, N = 5). (H) Scatter plot of leader cell
migration rate from the scratch-wound assays. Cells were treated with control RNAI (green circles) or Shot RNAI (purple
circles) with each data point representing an average speed for one cell (N =3, n=51 and 42 cells, respectively). There
was a statistically significant increase in the leader cell migration rate (p value 0.0001, Student’s t test).

fluorescence (TIRF) microscopy, and then quantified cell shape
change over time as a proxy for peripheral dynamics (Supplemental
Figure 1). When plated on their own ECM, the peripheral dynamics
of D25 cells largely mimic that of mammalian cells with rapid fluctua-
tions between periods protrusion and retraction (Supplemental
Figure 1, A and B). Depletion of Shot led to a statistically significant
increase in peripheral dynamics as compared with control RNAI-
treated cell (p = 0.0198, Student's t test; Supplemental Figure 1D).
This difference was eliminated once these cells were plated on con-
canavalin A (con A), a lectin, which likely does not engage signaling
through cell-matrix adhesions (Supplemental Figure 1, C and D)
(Rogers et al., 2003).

While the above analysis captures macro changes to the cell pe-
riphery, the lamellipodia undergoes specific phases of protrusion
and retraction, which contributes to the overall rate of cell migration
(Cramer, 1999; Small et al., 2002; Small and Resch, 2005; Ponti,
2004). We used phase-contrast microscopy in combination with ky-
mography to capture these parameters (Hinz et al., 1999; Bear et al.,
2002; O'Connell et al., 2019). Specifically, we were able to measure
the frequency, persistence, and amplitude of these protrusions, as
well as the speed of lamellipodial retraction (Figure 4, A, A’, B, and
B’). While there were no statistically significant differences in the

6 | A.J.Zhao, J. Montes-Laing, et al.

speed, persistence, or frequency of protrusions between control
and Shot RNAi-treated cells (Supplemental Figure 2, A-C), we did
observe a statistically significant increase in the amplitude of these
protrusions (p value < 0.001, Student’s t test) and the rate of retrac-
tion (p value = 0.0013, Student’s t test). During lamellipodial protru-
sion, adhesion through integrins stabilizes the lamellipodia, effec-
tively anchoring it in place (Galbraith et al., 2007; Petrie et al., 2009).
The increase in lamellipodial dynamics that we observe following
Shot depletion, specifically the increase in the amplitude of the pro-
trusions and the speed of retraction, may be indicative of weaker
adhesion throughout the lamellipodia and less anchoring through
integrins.

Depletion of Shot also increases the rate of collective cell
migration

Ras"'? cells are invasive and exhibit metastatic migration when in-
jected into the abdomen of adult flies (Simcox et al., 2008). Because
these cells maintain cell-cell adhesion as they migrate, they are
ideal for performing a scratch-wound assay (Figure 4, E-H). Follow-
ing a similar 7 d course of RNAI, we depleted cells of Shot or treated
them with control RNAI. Similar to what we observed in the D17 and
D25 cells, Shot-depleted Ras''? cells migrated faster than control

Molecular Biology of the Cell
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Shot depletion disrupts microtubule polarity of directionally migrating cells. (A, B) Ras¥'? imaged by TIRF
following treatment with (A) control RNAi or (B) Shot RNAI. Cells were plated to form a monolayer and a scratch-wound
assay was performed following transfection with TagRFP-EB1. As cells migrated to close the wound, the angle of
microtubule polymerization was measured via EB1 comet trajectories. The wound edge is denoted by the dotted lines.
EB1 comets polarized toward the wound edge are false-colored green while those not polarized toward the wound
edge are false-colored pink. Scale bar 10 pm. (C, D) Histograms reflect the counts of the angle of EB1 comet trajectories
relative to the normal of the wound. A density plot is superimposed to better visualize the distribution of the data.

(C) Control RNAi-treated cells exhibited in a bimodal distribution of EB1 comet trajectories indicating microtubule
polarity toward and away from the wound while (D) Shot RNAi-treated cells resulted in a gaussian distribution reflecting
the mixed polarity of EB1 comet trajectories. (E, F) Circular histograms that reflect the counts of the angles of EB1
trajectories with respect to the normal for cells treated with (E) control RNAi and (F) Shot RNAi. EB1 comet angles were
binned from zero to 180 with those polarized toward the leading edge shaded in green while those polarized toward
the trailing edges of the cell are shaded in purple. Note a biomodal distribution of the EB1 angles in the control
treatment, whereas Shot depletion led to a more equal distribution of angles, indicating a loss of microtubule polarity.

treated cells, resulting in a statistically significant shorter half-time of
wound closure (p value = 0.0162, Student’s t test) (Figure 4G). We
also measured the rate of leader cell migration and again found that
Shot depletion led to a statistically significant increase in migration
speeds (p value = 0.0001, Student’s t test) (Figure 4H). We note that
this trend is the inverse of the delayed wound closure times ob-
served in ACF7 knockdown mammalian cells (Wu et al., 2008; Yue
etal., 2016). Thus, depletion of Shot appears to increase the rate of
both random cell migration and collective cell migration in
Drosophila tissue culture cells.

Shot depletion disrupts microtubule polarity during

directed cell migration

During cell migration, microtubules have been observed polarizing
in the direction of migration, where it has been shown that microtu-
bule polymerization signals to the actin cytoskeleton through the
Rho family of GTPases. Subsequent activation of the small GTPase
Rac at the leading edge leads to Arp2/3-mediated actin branching
and lamellipodia formation (Waterman-Storer and Salmon, 1997;
Waterman-Storer et al., 1999). Knockout or depletion of ACF7 in
different mammalian cell lines resulted in a disorganized microtu-
bule array including a loss in this leading edge microtubule polarity,
a factor that may also influence the migration of ACF7-deficient
cells (Kodama et al., 2003; Wu et al., 2011). Given the contradictory
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cell migration results that we observed in Drosophila tissue culture
cells, we wondered whether Shot also functions to maintain micro-
tubule polarity in fly cells. To induce directed cell migration, we used
a scratch-wound assay. During a scratch-wound assay, cells reorient,
polarizing in the direction of the “wound.” We can therefore predict
the direction of cell migration following the wounding of the mono-
layer and thus the orientation of the microtubule network. Ras¥'?
cells were treated with a 7-d course of RNAI targeting Shot or con-
trol and were then transfected with EB1 tagged with RFP to mark
the growing plus ends of microtubules (Figure 5, A and B). The cells
were then plated at a density that allowed for the formation of epi-
thelial-like sheets. A wound was etched into each sheet, leading to
the polarization and migration of the cells to close the wound. Dur-
ing polarization and migration, we imaged the growing microtubule
plus end using live-cell TIRF microscopy and measured the angle
between the direction of migration and the trajectory of EB1 comets
(Figure 5, C-F). The distribution of angles for control RNAi cells (n =
1890 microtubules) was bimodal with two maxima around 58 and
129°, indicating a leading-lagging edge polarity as the majority of
microtubule polymerization was aligned in the direction of migra-
tion (Figure 5, C and D). However, following Shot depletion the mi-
crotubule polymerization angles had a normal distribution with a
single peak roughly at 87° (n = 2160 microtubules; Figure 5, E and
F). This indicates that rather than being polarized in the direction of

Short stop regulates focal adhesions | 7



migration, the orientation of microtubule polymerization was ran-
dom. These results indicate that, similar to ACF7 in mammalian
cells, Shot maintains microtubule polarity in fly cells as they migrate.
However, despite this loss of microtubule polarity in the direction of
migration, Shot-depleted cells continue to migrate faster.

Shot depletion increases the rate of focal adhesion
disassembly

The faster rate of migration displayed by Shot-depleted cells
prompted us to examine focal adhesion dynamics. Cell-matrix ad-
hesion is regulated through rates of focal adhesion turnover
(Delorme-Walker et al., 2011) and impacts the closely related pro-
cesses of force generation and migration speeds (Burridge and
Chrzanowska-Wodnicka, 1996; Beningo et al., 2001; Schratt et al.,
2002; Gupton and Waterman-Storer, 2006; Gupton et al., 2007). To
measure rates of adhesion turnover, we treated D25 cells with Shot
or control RNAi and then transfected them with mCherry-Vinculin
(Figure 6, A and B), an established marker of focal adhesions (Ribeiro
et al., 2014; Ivanova et al., 2017). Using TIRF microscopy, we re-
corded movies of focal adhesion assembly and disassembly and
then fitted the fluorescence intensity measurements over time in
order to derive the rate constants for the two processes (Stehbens
et al., 2014). Rate constants for assembling focal adhesions were
drawn from focal adhesions found at the leading edge of migrating
D25 cells, while rate constants for disassembly were drawn from fo-
cal adhesions found at both the leading and trailing edge of the
cells. This analysis revealed that both focal adhesion assembly and
disassembly rate constants were significantly higher in Shot-de-
pleted cells (p = 0.0035 and < 0.0001, respectively, Student’s t test)
as compared with control RNAi-treated cells, indicative of faster fo-
cal adhesion assembly and disassembly and shorter overall focal
adhesion lifetimes (Figure 6, C and D). Despite these differences in
focal adhesion assembly and disassembly rates, we did not observe
any major differences in focal adhesion distributions between con-
trol and Shot-depleted cells (Supplemental Figure 3, A and B). Fur-
ther, when we compared focal adhesion areas between control and
Shot-depleted cells, there was not a statistically significant differ-
ence (Supplemental Figure 3E). This correlation between faster mi-
gration and increased disassembly and assembly rates is consistent
with the observations of previous studies investigating other regula-
tors of focal adhesion dynamics, where the phenotype of faster mi-
gration correlated with faster focal adhesion turnover (Nayal et al.,
2006; Hu et al., 2017; Wang et al., 2018). The greater rate of focal
adhesion turnover in Shot-depleted cells is the opposite of the more
stable, longer-lived focal adhesions observed in mammalian cells
upon depletion or loss of ACF7 (Wu et al., 2008; Yue et al., 2016).
This contrast in focal adhesion dynamics may contribute to the dif-
ferential speeds of cell migration between mammalian and fly cells
following spectraplakin depletion as rapid adhesion turnover or the
efficient disassembly of old adhesions and the formation of new
ones is crucial for protrusion and migration (Laukaitis et al., 20071;
Webb et al., 2004; Hu et al., 2015).

Shot'’s intramolecular conformation plays a role in its
colocalization with focal adhesions

The altered focal adhesion dynamics that resulted from Shot deple-
tion led us to examine the relationship between Shot and focal ad-
hesion proteins more closely. In Drosophila tendon cells, Shot colo-
calizes with BPS integrin and paxillin, key components of focal
adhesions (Subramanian et al., 2003). Furthermore, Shot is also
highly expressed in the epidermis of developing Drosophila em-
bryos at the same sites of integrin-mediated adhesion, and deple-
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tion or loss of Shot in wing discs phenocopies the loss of cell-matrix
adhesion proteins, leading to wing blistering (Prout et al., 1997,
Gregory and Brown, 1998). To further explore this relationship, we
coexpressed EGFP-tagged Shot with mCherry-Vinculin in D25 cells
and then quantified the degree of colocalization using Mander’s
overlap coefficient (MOC) (Figure 7). MOC expresses the degree to
which two structures spatially overlap, taking into account the total
amount or abundance of fluorophores that overlap to produce a
value that ranges from zero (no overlap) to one (perfect colocaliza-
tion) (Dunn et al., 2011). It is important to note that only a subset of
Vinculin-containing focal adhesions also contained Shot; however, a
similar trend can be observed with Shot's mammalian counterpart
ACF7 in mammalian focal adhesions (Wu et al., 2008). We com-
pared the MOC for Shot and Vinculin to that of Vinculin and
p130CAS, which is predicted to have a high MOC for both values
(that amount of Vinculin overlapping with p130CAS and the amount
of p130CAS overlapping with Vinculin) as well as an untagged GFP
as a negative control (Figure 7, A-C, F, and G). As expected, there
was a large degree of colocalization between p130CAS and Vincu-
lin, whereas the degree of colocalization between Shot and Vinculin
was lower, a reflection of the subset of focal adhesions that contain
Shot (Figure 7, A, C, and F). In summary, Shot is found at many but
not all focal adhesions, a localization pattern consistent with what
has been observed in the epidermis of Drosophila embryos and in
tendon cells (Gregory and Brown, 1998; Subramanian et al., 2003).
This is the first demonstration of Shot’s localization at focal adhe-
sions in tissue culture cells and may indicate a role for Shot in regu-
lating cell-matrix adhesion dynamics.

Results from our previous work suggested that Shot exists in two
conformations, a “closed” conformation where it localizes to the
plus tips of microtubules through EB1 but is unable to cross-link
actin and microtubules and an “open” conformation where it exhib-
its both microtubule lattice binding and plus-end tracking and is
capable of actin-microtubule cross-linking (Applewhite et al., 2013).
To determine whether Shot's localization to focal adhesions is de-
pendent on these conformations, we turned to a previously charac-
terized Shot construct, FKBP-Shot-FRB-EGFP, which is full-length
Shot flanked by the tripartite, rapamycin-induced, FKBP/FRB dimer-
ization system (Applewhite et al., 2013). We first treated cells with
RNAI targeting the Shot, which primarily targets the endogenous
pool of Shot (see Materials and Methods), and then transiently ex-
pressed FKBP-Shot-FRB-EGFP under the control of metallothionein
copper inducible promoter (oMT). The dynamics of FKBP-Shot-FRB-
EGFP are indistinguishable from that of Shot A-GFP; however, in the
presence of rapamycin this construct is locked in the closed confor-
mation. Using MOC we compared the degree of colocalization be-
tween FKBP-Shot-FRB-EGFP and Vinculin with and without the ad-
dition of rapamycin (Figure 7, D and E). Upon rapamycin treatment,
we observed a decrease in the MOC values that represent Shot's
overlap with Vinculin (p value = 0.0101, Student's t test) (Figure 7H).
There was a similar decrease in the MOC when we quantified the
fraction of Vinculin overlapping with Shot; however, this difference
was not statistically significant (Figure 71). While both values display
a decrease upon Shot's adoption of the “closed-form” conforma-
tion, the discrepancy in the statistical significance of the two de-
creases in MOC values may be due to the large amount of Vinculin
that does not overlap with Shot. These results indicate that Shot's
conformation impacts its colocalization with focal adhesions; specifi-
cally, the "open” conformation of Shot displays a greater degree of
colocalization than Shot in the “closed,” cross-linking-inhibited con-
formation. Further, these findings reveal that, similar to its mamma-
lian homologue ACF7 (Yue et al., 2016), Shot localizes to focal
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Depletion of Shot increases both focal adhesion assembly and disassembly. (A, B) Drosophila D25 cells were
transfected with mCherry-tagged Vinculin and imaged by TIRF microscopy following treatment with (A) control or
(B) Shot RNAI. The yellow boxes in the low-magpnification images (scale bar 10 pm) denote regions where focal
adhesions were assembling and are shown to the right as a time series (time in seconds) at higher magnification (scale
bar 2 um) with yellow borders. Yellow triangles indicate individual assembling focal adhesions. The magenta boxes in
the low-magnification images denote regions where focal adhesions are disassembling and are shown to the right as a
time series at higher magnification with magenta borders. Magenta triangles indicate individual disassembling focal
adhesions. (C) Scatter plot of the association rate constant (Kj) of focal adhesion assembly for control (green) and
Shot-depleted (purple) cells. There was a statistically significant increase in the rate of focal adhesion assembly in
Shot-depleted cells (p value = 0.0130, Student’s t test, N = 3, 61-68 individual focal adhesions from 3-4 cells per
condition) as compared with control RNAi treatments. (D) Scatter plot of the dissociation rate constant (Ky) of focal
adhesion disassembly for control RNAI (green)- and Shot RNAI (purple)-treated cells. There was a statistically significant
increase in focal adhesion disassembly following Shot depletion (p value = 0.0001, Student’s t test, N = 3, 98-101
individual focal adhesions from 34 cells per condition).

adhesions at the resolution of individual cells and discrete adhe-
sions, which has not been previously reported. This corresponding
change in localization is not unlike what we observed in Applewhite
et al. (2013), where cells transfected with FKBP-Shot-FRBEGFP, fol-

lowing perfusion with rapamycin, showed a drastic reduction in interacts with focal adhesions.
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Shot's lattice binding behavior as well as an inhibition of actin-mi-
crotubule cross-linking as evidenced by the increase in microtubule
fishtailing (Applewhite et al., 2013). Thus, Shot's confirmation not
only regulates how it interacts with microtubules, but also how it
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(maroon) and without (cyan) perfusion of 500 nM rapamycin. (H) There was a statistically significant difference in the
MOC for the fraction of FKBP-Shot-FRBEGFP overlapping mCherry-Vinculin following the perfusion of 500 nM
rapamycin (p value = 0.0101, Student’s t test, n = 5-8 cells). (I) There was no statistically significant difference in the
MOC for the fraction of mCherry-Vinculin overlapping with FKBP-Shot-FRBEGFP between cells perfused with 500 nM

rapamycin and those not treated (n = 5-8 cells).

Shot's intramolecular conformation also regulates focal
adhesion dynamics

Our FKBP-Shot-FRB-EGFP construct gives us the unique opportu-
nity to test whether Shot’s conformation plays a role in focal adhe-
sion dynamics. We treated D25 cells with Shot RNA\, then transiently
expressed both FKBP-Shot-FRB-EGFP and mCherry-Vinculin, and
then tracked focal adhesion assembly and disassembly dynamics
(Figure 8, A and B). Upon treatment with rapamycin, we observed a
statistically significant increase in both focal adhesion assembly and
disassembly (p = 0.0024 and 0.0001, respectively, Student's t test),
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suggesting that when Shot is trapped in the “closed” confirmation,
focal adhesion lifetimes are substantially reduced (Figure 8, C and
D). Importantly, treatment of cells expressing mCherry-Vinculin
alone following perfusion of rapamycin did not alter focal adhesion
dynamics as there was no statistically significant difference in either
focal adhesion assembly or disassembly between treated and un-
treated cells by our measurements (Figure 8, E and F). We also did
not observe any differences in focal adhesion distribution or size
when we compared cells with Shot in the “open” conformation
(without rapamycin treatment) and those with Shot in the “closed”
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conformation, following rapamycin perfusion (Supplemental Figure
3,C, D, and F). It was previously reported that the actin-microtubule
cross-linking activity of Shot's mammalian homologue, ACF7, was
insufficient to rescue the migration defects caused by its conditional
knockout (Wu et al., 2008). Given that Shot is unable to cross-link
actin and microtubules in the “closed” conformation (Applewhite
et al., 2013), these results also suggest the actin-microtubule cross-
linking is critical in Shot's role in regulating cell-matrix adhesion.

Depletion of Shot increases collective cell migration in vivo
Our results from tissue culture cells demonstrate that RNAi depletion
of Shot leads to an increase in cell migration. We next wanted to
determine whether this phenomenon can be observed in vivo. To do
so, we tested Shot's role in migration during border cell migration, an
in vivo model for collective cell migration. Drosophila border cell
migration is a highly stereotypical developmental process that oc-
curs during the maturation of oocytes. A group of six to 10 cells from
the follicular epithelium that surrounds the oocyte and the support-
ing nurse cells delaminate and crawl through the nurse cells to the
nurse cell/oocyte border, a distance of approximately 100 pm. This
process is initiated at stage 9 of oocyte development and is com-
pleted by stage 10 (Montell, 2003). Using the UAS/GAL4 system, we
are able to deplete Shot specifically in border cells using a hairpin
RNAi flyline (UAS-Shot RNAI) (Subramanian et al., 2003), crossed
with two different border cell-specific drivers, slbo-GAL4 and c306-
GAL4 (Montell et al., 1992; Barth et al., 2012). To quantify the migra-
tion, we used the development of the egg chamber as a molecular
clock and compared the distance the border cells migrated to the
overall size of the oocyte and egg chamber, which increases with
age. We took the ratio of oocyte area to egg chamber area to get a
measurement of the relative “age” of the egg chamber and com-
pared that to the ratio of the distance border cells traveled to their
theoretical path to get their relative position in the egg chamber.
Furthermore, we limited our measurements to stage 9 egg chambers
(Szafranski and Goode, 2004) (Figure 9A). Despite being a highly
stereotypical process, there is still some degree of heterogeneity
during border cell migration, including exactly when and how many
border cells delaminate during stage 9 and how fast they migrate
(Bianco et al., 2007; Prasad and Montell, 2007; Prasad et al., 2007;
Peercy and Starz-Gaiano, 2020). As such, we binned the position of
the border cells (the ratio of actual migration length to theoretical
length had they completed their journey) into early, mid, and late
"bins” based on the overall length of the egg chamber divided into
thirds, with the first third of the egg chamber representing the early
stage, the second third representing the mid stage, and the final
third representing the late stage of border cell migration (Figure 9G).
We first crossed UAS-Shot RNAI;;UAS-Dcr2 flies with a slbo-
GAL4, which is balanced with a balancer chromosome that contains
a curly (Cyo) wing marker (Figure 9, B and C). This cross resulted in
50% of the progeny inheriting the slbo-GAL4 driver and 50% of the
progeny inheriting the balancer chromosome easily identified by
curly wings in the adult. Egg chambers from these sibling flies served
as an internal control. We then compared the position of the border
cell cluster, binned into early, mid, and late stages, to the relative
"age"” of each egg chamber (Figure 9G). In the early (first third) stage
of border cell migration, we did not observe any statistically signifi-
cant differences between Shot-depleted border cells and their Cyo
siblings. However, when we compared the mid (middle third) and
late (final third) stages of border cell migration, we observed a statis-
tically significant difference between Shot-depleted border cells and
their Cyo siblings (p value < 0.0003, Student’s t test for both bins)
(Figure 9G). Thus, we consistently found that given the comparable
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migration length distances, Shot-depleted border cells were younger
than their Cyo sibling controls, suggesting that Shot border cells are
migrating faster or delaminating from the surrounding follicular epi-
thelium earlier than their Cyo siblings (Figure 9G). The slbo-GAL4
driver expresses during early stage 9 of newly delaminated border
cells; however, ¢306-GAL4, which is an early anterior follicle cell
driver, is also expressed at high levels in border cells and polar cells
and begins driving expression at stages 4/5 of oocyte development
(Aranjuez et al., 2012; Chen et al., 2020). We used this driver to de-
plete Shot during these earlier stages by crossing c306-GAL4 flies
with either UAS-Shot RNAI;;UAS-Dcr2, UAS-Dcr2 alone as a control,
or UAS-Arp3 RNAI flies and again binned the migration of the bor-
der cells into early, mid, and late periods of migration (Figure 9,
D-F). Unlike our observations to form our slbo-GAL4 crosses, we
observed statistically significant differences between control and
Shot-depleted borders cells in all three of our bins (p value < 0.004,
0.002, and 0.012, Student's t test, respectively) (Figure 9H). Further-
more, border cells depleted of Arp3 trended in the opposite direc-
tion and were older than control egg chambers, suggesting slower
migration, which is what would be expected for this condition (p
value < 0.05 for mid-stage and p value < 0.0002 for late-stage migra-
tion, Student's t test) (Figure 9, F and H). While not the major con-
tributor to border cell migration, integrins localize to cell-cell con-
tacts in border cells and are required for proper border cell migration
(Dinkins et al., 2008; Llense and Martin-Blanco, 2008). Thus, deple-
tion of Shot, which increases focal adhesion dynamics in Drosophila
tissue culture cells, may either lead to an increase in the dynamics of
focal adhesion proteins during border cell migration, leading to
faster migration, or weaken the adhesion between the border cells
and the follicular epithelial, leading to precocious delamination. Col-
lectively, results from our border cell migration assay corroborate our
findings in tissue culture cells and suggest that depletion of Shot
leads to altered cell-matrix adhesion both in cells and in vivo.

DISCUSSION
The role of spectraplakins during cell migration has been heavily
scrutinized, and we have gleaned a great deal from work in mice.
Loss of MACF1/ACF7 in several different mouse models not only
decreases the rate of cell migration but also leads to less directional
migration both in tissue culture cells and in vivo (Kodama et al.,
2003; Wu et al., 2011; Ka et al., 2014; Ning et al., 2016; Yue et al.,
2016). For example, conditional knockout studies of ACF7 carried
out in mouse keratinocytes and endodermal cells revealed that
when challenged with a wound these cells showed a delay in closure
(Kodama et al., 2003; Wu et al., 2008; Yue et al., 2016). The same
trend was also observed in myoblasts depleted of the two major
isoforms of BPAG1, BPAG1a and BPAG1b (Guo et al., 1995; Polia-
kova et al., 2014). This decrease in cell migration also corresponded
to an increase in focal adhesion size and a decrease in focal adhe-
sion dynamics (Kodama et al., 2003; Wu et al., 2011; Yue et al.,
2016).Thus, the findings we present here, that depletion of Shot
leads to an increase in cell migration in several different cell lines
(Figures 3 and 4) and in vivo (Figure 9), is somewhat surprising.
Michael and colleagues (2014) found that keratinocytes iso-
lated from dystonin patients where BPAG1e is the dominant spec-
traplakin showed an increase in cell migration. There was a drastic
reduction in BPAG1e expression in these cells, and this increase in
migration speed was concomitant with a decrease in overall adhe-
sion and a switch from cell B4 integrins as the primary cell-matrix
receptor to B1 integrins. It is important to note that increased focal
adhesion dynamics has been associated with increased rates of
cell migration in mammalian tissue culture cells in other studies as
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well (Laukaitis et al., 2001; Webb et al., 2004; Hu et al., 2015).
Reminiscent of these findings, our results indicate that depletion
of Shot increases both the rate of focal adhesion assembly and
disassembly, likely decreasing overall adhesion to the extracellular
matrix (Figure 6). Thus, it appears that spectraplakins have differ-
ential effects on cell adhesion, leading to either an increase in ad-
hesion and a corresponding decrease in cell migration as is the
case with ACF7 or a decrease in adhesion and a corresponding
increase in cell migration as is the case with cells isolated from
dystonin patients or depletion of Shot. There are other similarities
between keratinocytes isolated from dystonin patients and the
Drosophila-derived tissue culture cells used in this study, namely
that they are both acentrosomal in nature and that they predomi-
nantly express a single spectraplakin family member. Thus, it is
possible that the shared phenotypes observed between these two
systems could be rooted in these shared characteristics. To the
latter point, the Drosophila tissue culture system is attractive as
flies express a single spectraplakin family member, and while this
protein family exhibits tissue-specific expression patterns and
splice variants (Suozzi et al., 2012; Voelzmann et al., 2017), there is
less potential for redundancy compared with other model sys-
tems. Furthermore, the dsRNA used in this study is shared by most
Shot splice variants and thus we are likely decreasing the probabil-
ity of redundancy. Also, given that Drosophila lacks cytoplasmic
intermediate filaments (Adams et al., 2000), we are also able to
better isolate the role of actin-microtubule cross-linking during
migration and eliminate the possible confounding factors of inter-
mediate filament-based adhesion.

It has become increasingly clear that another important function
of spectraplakins is organizing microtubule polarity in acentrosomal
or noncentrosomal microtubule arrays (Nashchekin et al., 2016;
Ning et al., 2016; Tillery et al., 2018; Sun et al., 2019; Lu et al., 2021).
This role in maintaining microtubule polarity may be critical given
the role microtubules play in directing cell migration, mainly through
signaling to the Rho family of GTPases (Waterman-Storer et al.,
1999; Rooney et al., 2010). We observed a loss of microtubule po-
larity upon Shot depletion (Figure 5), a phenomenon reported by
others (Wu et al., 2008, 2011; Alves-Silva et al., 2012; Kodama et al.,
2003), but despite this loss in polarity, we observed an increase in
cell migration. This potential loss of spatial-temporal control of Rho
family GTPases could also be a contributing factor to the aberrant
migration that we observed in this study and represents an intrigu-
ing topic for future investigations.

While this may be the first study to explore the relationship
between Shot and focal adhesion dynamics in Drosophila-derived

tissue culture cells, Shot has long been associated with cell-matrix
adhesion in studies carried out in vivo. In tendon cells, specialized
cells that connect the cuticles of flies to the underlying muscle, Shot
is thought to mechanically couple integrin-based junctions to the
rest of the cytoskeleton (Strumpf and Volk, 1998; Subramanian
et al., 2003). Without Shot, the force of muscle contractions lead to
rapture or separation of muscle from cuticle (Strumpf and Volk,
1998; Subramanian et al., 2003; Hahn et al., 2016). Shot was also
uncovered in two independent screens for genes that cause wing
blisters, a phenotype strongly associated with mutations to position
specific (PS) integrin subunits (Prout et al., 1997; Walsh and Brown,
1998). Beyond tendon cells, Shot also colocalizes with PS integrins
at sites of epidermal attachment in developing embryos (Gregory
and Brown, 1998). In light of the increased focal adhesion dynamics
that we observed in migrating fly cells, Shot may function to stabilize
integrin-based adhesions in general, and in its absence, focal adhe-
sions are weaker and more dynamic. Furthermore, our results sug-
gest that Shot'’s role in regulating focal adhesion dynamics is depen-
dent on its ability to cross-link actin and microtubules (Applewhite
et al., 2013). Shot, when locked in “closed,” cross-linking-inhibited
conformation, showed decreased localization to focal adhesions
and was unable to rescue the increased rates of focal adhesion as-
sembly and disassembly that we observed upon Shot depletion
(Figures 7 and 8). Alves-Silva and colleagues (2012) performed a
series of tendon cell rescue experiments and also found that proper
tendon cell adhesion could be achieved only by expression of Shot
constructs that could functionally cross-link actin and microtubules,
further suggesting that actin—microtubule cross-linking is important
to Shot's role in regulating cell-matrix adhesion.

Cell-matrix adhesions not only chemically signal to the lamellipo-
dia through molecules such as focal adhesion kinase (FAK) and the
Rho family GTPases Rac and Rho, but they also mechanically signal
to the lamellipodia through mechnosenitive molecules such as Vin-
culin and Talin (Jansen et al., 2017). There is also a physical coupling
of cell-matrix adhesions to the extracellular matrix, and in the event
of weaker adhesion such as the case in Shot-depleted cells, the la-
mellipodia is less stable, leading to an increase in its dynamics as it
probes the extracellular space (Galbraith et al., 2007; Petrie et al.,
2009). Indicative of this, Shot depletion led to an overall increase in
peripheral dynamics (Supplemental Figure 1) and an increase in the
amplitude of lamellipodia protrusions as well as the speed of retrac-
tion (Figure 4). These results mirror that of FAK knockout (KO) fibro-
blasts, in that loss of FAK also led to a global increase in cell ruffling
and peripheral dynamics (Swaminathan et al., 2016). Upon closer
examination of the lamellipodia of FAK-KO fibroblasts, there were

FIGURE 8: Shot's intramolecular conformation regulates focal adhesion assembly and disassembly dynamics.

(A, B) Drosophila D25 cells coexpressing mCherry-Vinculin and FKBP-Shot-FRBEGFP following treatment with 3'UTR
Shot RNAI. (A) Focal adhesion assembly (yellow box in low-magnification image) and disassembly (magenta box in
low-magpnification image) were tracked over time (right, marked by yellow and magenta borders, respectively) in the
absence of rapamycin. Yellow and magenta arrows indicate individual focal adhesion assembly and disassembly events.
(B) Focal adhesion assembly (yellow box in low-magnification image) and disassembly (magenta box in low-magnification
image) were tracked over time (right, marked by yellow and magenta borders, respectively) following the addition of
500 nM rapamycin. Yellow and magenta arrows indicate individual focal adhesion assembly and disassembly dynamics,
respectively. Scale bars 10 pm in low-magnification images and 2 pm in high-magnification images. (C-F) Scatter plots of
the focal adhesion assembly (Kj) and disassembly (Ky) rate constants in the absence of rapamycin (cyan) and following
perfusion with 500 nM rapamycin (red). (C) In cells expressing FKBP-Shot-FRBEGFP, the perfusion of 500 nM rapamycin
led to a statistically significant increase in focal adhesion assembly (p value = 0.0024, Student’s t test, 3-4 cells per
condition, 43-51 individual focal adhesions). (D) In cells expressing FKBP-Shot-FRBEGFP, the perfusion of rapamycin led
to a statistically significant increase in the rate of focal adhesion disassembly (p value < 0.0001, Student’s t test, 3-4 cells
per condition, 50-63 individual focal adhesions). (E, F) Perfusion of rapamycin does not alter focal adhesion assembly
(4-5 cells, 54-59 individual focal adhesions) or disassembly (4-5 cells, 57-65 individual focal adhesions) dynamics.
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Depletion of Shot increases collective cell migration in vivo. (A) Diagram outlining how we derived the
border cell migration index. We took the ratio of the size of the egg chamber (pink) and compared that to the size of
the oocyte (blue) to get an approximate “age” of the egg chamber. We took the ratio of the distance the border cells
migrated (yellow) to the distance of their theoretical path (green) to correlate the “age” of the egg chambers with how
far the border cells (in purple) migrated. Border cells migrate from the tip of the egg chamber to the border of the
oocyte. (B-F) Stage 9 border cells fixed and stained with phalloidin; white arrowheads indicate border cell clusters.

(B, C) Egg chambers from slbo-GAL4 driver x UAS-ShotRNAI;;UAS-Dcr2 cross. (B) “Cyo-Sibs” that did not inherit the
slbo-GAL4 driver and are controls. (C) Slbo-GAL4 driver x UAS-ShotRNAI;;UAS-Dcr2 border cell clusters are depleted of
Shot. (D-F) c306-GAL4 flies crossed with (D) UAS-Dcr2, which served as controls, (E) UAS-ShotRNAI;;UAS-Dcr2, where
Shot was depleted in border cell clusters, and (F) UAS-Arp3RNAI, where the Arp3 subunit was depleted in border cell
clusters. Scale bar 20 pm. (G) Scatter plot of the migration index from the slbo-GAL4 x UAS-ShotRNAI;;UAS-Dcr2 cross.
“Cyo-Sibs” are shown in green circles, and Shot RNAi border cell clusters are in purple. (Right) The data were binned
into early, mid, and late stages of border cell migration based on the length of the stage 9 egg chambers, where the
bins represent the first, middle, and last third of the egg chamber. While there was no statistically significant difference
between control and Shot-depleted border cells in the early bin, there was a statistically significant difference in our
migration index in the mid (p value = 0.0002, Student’s t test, N = 3, 47-49 egg chambers) and late (p value = 0.0002,
Student’s t test, N = 3, 49-58 egg chambers) stages or border cell migration. (H) Scatter plot of the migration index
from the c306-GAL4 cross to UAS-ShotRNAI;;UAS-Dcr2 (Shot, purple circles), UAS-Dcr2 (control, green), and UAS-
Arp3RNA: (Arp, brown). The data were binned into early, mid, and late stages of border cell migration, and there was a
statistically significant difference between control and Shot-depleted border cells in all three bins (p value = 0.0036,
0.0019, and 0.0122, respectively, Student's t test, N = 3, 31-124 egg chambers). Additionally, while was no statistically
significant difference between control and Arp3-depleted border cells in the early bin, there was a statistically significant
difference during the mid (p value = 0.0459, Student's t test, N = 3, 46-52 egg chambers) and late (p value = 0.0001,
Student'’s t test, N = 3, 55-60 egg chambers) bins of border cell migration.
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also significant increases in protrusion distance and retraction
speeds (Swaminathan et al., 2016). Thus, not only is Shot potentially
involved in physical coupling of cell-matrix adhesions to the extra-
cellular environment, but depletion of Shot may also interfere with
the chemical signaling that occurs from adhesions.

Our analysis of Shot's role in border cell migration paints a pic-
ture similar to that observed when Shot-depleted border cells either
migrated faster than controls or delaminated precociously from the
surrounding follicular epithelium (Figure 9). Unfortunately, the analy-
sis presented here cannot distinguish between these two possibili-
ties; however, our results indicate a role for Shot in regulating adhe-
sion that corroborates our results from Drosophila tissue culture
cells. While not being a major contributor to border cell migration,
depletion of integrins specifically in border cells does lead to a de-
lay in migration (Dinkins et al., 2008). Moreover, border cell migra-
tion is dependent on E-cadherin and cell-cell adhesion (Montell
et al., 2012; Cai et al., 2014). Given that cell-cell and cell-matrix
adhesions share many molecular components, are connected to the
cytoskeleton in a similar manner, and are mechanically interdepen-
dent, the border cell migration phenotype that we observed could
be the result of increased cell-cell adhesion dynamics brought upon
by Shot depletion (Maruthamuthu et al., 2011; Canel et al., 2013;
Mui et al., 2016; De Pascalis and Etienne-Manneville, 2017). Indeed,
clones of an amorphic allele of shot3 in the follicular epithelium led
to a double-layering phenotype as well as an aberrant accumulation
of actin and ZO-1. A slight reduction in Armadillo levels in some
clones was also observed (Réper and Brown, 2003). Collectively,
these results suggest that loss of Shot affects the integrity of the fol-
licular epithelium, which gives rise to border cells. These changes in
epithelia integrity brought up by the loss of Shot could be an indica-
tor of a change in adhesion dynamics, which could translate to
changes in the timing of border cell delamination or migration.

Conclusion

Depletion of Shot in fly cells leads to an increase in migration speeds
that is likely the result of an increase in cell-matrix adhesion dynam-
ics. Our results also indicate that Shot's cross-linking activity is
needed for the regulation of focal adhesion dynamics as a Shot con-
struct locked in a “closed” conformation was unable to rescue the
increased focal adhesion dynamics that we observed upon Shot
depletion. These increased adhesion dynamics may have contrib-
uted to the increase in border cell migration that we also observed.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell culture

For a detailed description of Drosophila cell culturing, see Rogers
and Rogers (2008), Currie and Rogers (2011), and Applewhite et al.
(2016). All Drosophila cells were maintained in an incubator at 25°C.
Drosophila ML-DmD17-c3, ML-DmD25¢2, and Ras""%,wtsfNA1 (DGRC,
Bloomington, IN) were maintained in Schneider's media (Thermo
Fisher Scientific, Waltham, MA) supplemented with 100x antibiotic—
antimycotic (Thermo Fisher Scientific, Waltham, MA), 10% fetal bo-
vine serum (FBS; Thermo Fisher Scientific, Waltham, MA), and 10 pg/
ml insulin (Thermo Fisher Scientific, Waltham, MA). For detailed in-
structions on how to obtain dsRNA suitable for insect culture, see
Rogers and Rogers (2008). Cells were incubated with 1 pl of dsRNA
in 1 ml of cell culture media in six-well plates at 25°C for 24 h. Media
and dsRNA were aspirated off and replenished each day of treatment
for 7 d. dsRNA targets used in this article were previously character-
ized in Applewhite et al. (2010). The primers used to generate the
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Shot and 3'UTR Shot dsRNA are as follows: Shot forward, 3'UTR Shot
forward, 5-TAATACGACTCACTATAGGggcaccagcaccattacccg-3’
and 3’'UTR reverse, 5’-TAATACGACTCACTATAGGggctacattcattgcta-
atgta-3’, where the T7 promoter (needed to make dsRNA) is given in
all uppercase letters. This generates a dsRNA template 440 base
pairs long encompassing the final 267 nucleotides of Shot's coding
sequence and 173 nucleotides of the 3"UTR of Shot. This region is
shared by Shot variants A-C, E, G-Q, X, Z, and AA-AD as deter-
mined by a BLAST search. The primers used to generate RNAI
against Rac1/2 are as follows: Rac1/2 fwd 5-TAATACGACTCAC-
TATAGGcacaaaacgcgagttaaagagg-3” and Rac1/2 rev 5-TAATAC-
GACTCACTATAGGcgagcactccagatacttgacc-3”. This specific RNAI
template targets both Rac1 and Rac2 simultaneously. The primers
used to generate RNAIi against Mtl are as follows: Mtl fwd 5-TAATA-
CGACTCACTATAGGgcgaagtatagagattcctcgg-3” and Mtl rev 5-TAA-
TACGACTCACTATAGGctaggaaatgcatagatgcteg-3/, where the T7
promoter is given in uppercase letters. Both Rac1/2 and Mtl dsRNAs
were first characterized in Rogers et al. (2003).

Immunofluorescence and live-cell imaging

Cells were prepared for immunofluorescence and live-cell imaging
as described in Applewhite et al. (2016). Briefly, ML-DmD17c3, ML-
DmD25¢c2, and Ras''%wts™A cells were plated on glass-bottom
dishes (1.5 glass coverslips attached to laser-cut 35-mm tissue cul-
ture dishes with UV-curable adhesive (Norland Products, Cranbury,
NJ)) treated with ECM harvested from the cells as described in Cur-
rie and Rogers (2011). Cells were plated in Schneider’s media sup-
plemented with 100x antibiotic—antimycotic, 10% FBS, and 10 pug/
ml insulin for both fixed and live-cell imaging. All transfections were
carried out using FUGENE HD (Promega, Madison, WI). The expres-
sion of pMT vectors (Thermo Fisher Scientific, Waltham, MA) was
achieved with 250-500 pM final concentration of copper sulfate un-
less noted otherwise. Cells were fixed using a 10% solution of para-
formaldehyde (Electron Microscopy Sciences, Hatfield, PA) and
PEM buffer (100 mM Pipes, 1T mM EGTA (ethylene glycol-bis(2-
aminoethylether)-N,N,N’,N'-tetraacetic acid), 1 mM MgCl,). BPS
antibody (Developmental Hybridoma Bank, lowa City, |A) was di-
luted 1:200 in a 5% solution of normal goat serum (Sigma-Aldrich)
and phosphate-buffered solution with 0.1% Triton X-100 (PBST)
(Sigma-Aldrich). Secondary antibodies (Alexa 594; Jackson Immu-
noResearch, West Grove, PA) and phalloidin (Alexa-488 and Al-
exa-594; Thermo Fisher Scientific) were used at a final dilution of
1:100 in PBST. Fixed cells were mounted using Dako antifade
mounting media (Agilent, Santa Clara, CA). All imaging was per-
formed on a TIRF system mounted on an inverted microscope (Ti-E;
Nikon, Tokyo, Japan) using a 100x/1.49NA oil immersion TIRF ob-
jective driven by Nikon Elements software unless noted otherwise.
Images were captured using an Orca-Flash 4.0 (Hamamatsu, Hama-
matsu, Japan) and were processed for brightness and contrast using
ImageJ before analysis.

Random cell migration assay and kymography

ML-DmD17-c3 and ML-DmD25c2 cells were plated at a subconflu-
ent density on ECM-coated glass-bottom dishes and allowed to at-
tach overnight. Cells were imaged every 5 min for 6 h by phase-
contrast microscopy using a 40x/0.75NA objective. Individual cells
were manually tracked using Manual Tracker (ImageJ). Cell direc-
tionality was calculated as a ratio of the direct distance between
start and end points (D) to the total path length taken by the cells
(T). To measure the rates of lamellipodial protrusion, retraction, per-
sistence, frequency, and amplitude, kymographs were made using
the Multi Kymograph ImageJ plug-in from phase-contrast movies
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acquired every 2 s for 10 min. Kymographs were generated from
phase-contrast movies of migrating D25 cells acquired every 2 s for
10 min. A line approximately 16 microns in width was drawn from
the center of the cell to a few microns beyond the cell periphery.
Following the protocol established by Hinz et al. (1999), these ky-
mographs were used to extract the lamellipodial protrusion param-
eters. Statistics were performed using GraphPad Prism 7.

Quantification of peripheral dynamics

ML-DmD25¢c2 cells were transfected with EGFP-actin and plated on
either ECM-coated glass-bottom dishes or con A—coated glass-bot-
tom dishes and were imaged via TIRF microscopy using a
100X/1.49NA TIRF oil immersion objective and a 488 nm laser. Im-
ages were acquired every 3 s for a total of 5 min. Allimage processing
was performed using ImageJ. For quantification, TIRF images were
converted to binary and then the Find Edges plug-in was used to
isolate the cell periphery. In some cases the Fill Holes plug-in was
used to ensure continuity of the cell periphery. Next, a Max projection
of the image series was generated. The resulting area (which would
be greater for highly dynamic cell peripheries) was quantified. Graphs
were made and statistics were performed using GraphPad Prism 7.

Colocalization analysis

Colocalization was analyzed by line-scan analysis and Mander's co-
efficient analysis. For line-scan analysis, a 10 pm line was drawn from
the cell edge inward and fluorescence intensity was measured.
These values were normalized and then averaged for all cells within
that condition. Mander’s coefficient analysis was performed using
the Just Another Colocalization Program (JACoP) plug-in for ImageJ
(Bolte and Cordeliéres, 2006). Briefly, intensity thresholds were man-
ually set for both fluorescence channels and then the fraction of
overlap was calculated in each direction. Images were captured by
TIRF microscopy (described above).

Scratch-wound assays

Cells were plated on ECM-coated glass-bottom plates, and once
attached, a scratch was drawn in the single-layer cell surface with a
silicone-tipped metal syringe. The wells were then coated with oil to
prevent evaporation and imaged every 5 min for 12-16 h under
phase-contrast microscopy using a 40x/0.75NA objective. The
scratch-wound assays were quantified by measuring the change in
the area of the wound over time and by tracking single cells, both
using FIJI. For microtubule polarity analysis, Ras''2wts™NA cells
transfected with mRFP-tagged EB1 were plated on glass-bottom
dishes coated with ECM etched in a similar manner. Cells were al-
lowed to migrate 1 h before imaging. Images were captured by TIRF
microscopy (described above) using a 100x/1.49NA oil immersion
TIRF objective.

Quantification of focal adhesion assembly and disassembly
rates

ML-DmD25c2 cells were transfected with mCherry-Vinculin (Ribeiro
et al., 2014) under the control of the metallothionein promoter, which
served as a marker for focal adhesions, and then imaged every 5 s
over a 15-min period. The image analysis software Imaris (Bitplane,
Concord, MA) was used to measure the intensity of the focal adhe-
sions over time. The fluorescence of an area close to the focal adhe-
sion was measured and subtracted from the focal adhesion fluores-
cence values in order to account for background fluorescence. To
smooth out variation between different frames, a running three-
frame average was applied to the fluorescence values of each frame
(Stehbens et al., 2014). These values were then fitted against known
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equations for assembly and disassembly, with disassembly modeled
using single exponential decay and assembly represented as a sig-
moid, logistic function (Stehbens et al., 2014). The assembly (K,) and
disassembly (Ky) constants for graphs that accurately represented
changes in fluorescence values over time were then recorded. To
corroborate that the values were not artifacts of background fluores-
cence, the sizes of the fluorescent objects were recorded and any
object that was either smaller or larger than conventionally accepted
focal adhesion measurements (0.5-10 pm?) was discarded. Images
were captured by TIRF microscopy (described above).

Border cell migration

Flies were raised on standard yeast/cornmeal agar at 25°C. One day
before dissection, flies were fed yeast paste. Ovaries were then ex-
tracted from 6-8 flies per each condition per slide and fixed in a
10% solution of paraformaldehyde (Electron Microscopy Sciences,
Hatfield, PA) and phosphate-buffered solution for ~30 min. They
were then stained with Alexa568-phalloidin (Jackson ImmunoRe-
search, West Grove, PA) diluted 1:100 in PBST for at least 3 h at
room temperature. Egg chambers were mounted on slides using
Dako antifade mounting media (Agilent, Santa Clara, CA) and cov-
erslips and sealed with clear nail polish. Slides were imaged by epi-
fluorescence with a upright Leica DM400B microscope (Leica Micro-
systems, Buffalo Grove, IL) equipped with a Leica DFC425 C camera
(Leica Microsystems, Buffalo Grove, IL) using 40x/0.65NA magnifi-
cation. Egg chambers with border cells were staged and analyzed in
FlIJI. Quantification of border cell migration was carried out follow-
ing the protocol established by Szafranski and Goode (2004). Flies
used in this study were UAS-ShotRNAI;;UAS-Dcr2 (Subramanian
et al., 2003), UAS-Dcr2, slbo-GAL4, c306-GAL4 (Bloomington
Drosophila Resource Center, Bloomington, IN), and UAS-Arp3RNAI
(108951/KK; Vienna Drosophila Resource Center, Vienna, Austria).
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