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Activated Src kinase promotes cell cannibalism

in Drosophila

Alba Yurani Torres'®, Maddalena Nano'®, Joseph P. Campanale'®, Sierra Deak'@®, and Denise |. Montel!®

Src family kinases (SFKs) are evolutionarily conserved proteins acting downstream of receptors and regulating cellular
processes including proliferation, adhesion, and migration. Elevated SFK expression and activity correlate with progression of a
variety of cancers. Here, using the Drosophila melanogaster border cells as a model, we report that localized activation of a
Src kinase promotes an unusual behavior: engulfment of one cell by another. By modulating Src expression and activity in the
border cell cluster, we found that increased Src kinase activity, either by mutation or loss of a negative regulator, is sufficient to
drive one cell to engulf another living cell. We elucidate a molecular mechanism that requires integrins, the kinases SHARK
and FAK, and Rho family GTPases, but not the engulfment receptor Draper. We propose that cell cannibalism is a result of
aberrant phagocytosis, where cells with dysregulated Src activity fail to differentiate between living and dead or self versus

non-self, thus driving this malignant behavior.

Introduction

Src family kinases (SFKs) are a family of non-receptor,
membrane-associated, tyrosine kinases. There are nine mem-
bers in vertebrates where SRC, FYN, and YES are ubiquitously
expressed, and FGR, HCK, LCK, BLK, LYN, and FRK are re-
stricted to hematopoietic cells (Thomas and Brugge, 1997). All
family members contain a conserved domain structure (Fig. 1 A)
that includes four Src homology (SH) domains. Crystal struc-
tures of SFKs reveal closed and open conformations, corre-
sponding to the inactive and active states, respectively (Sicheri
and Kuriyan, 1997; Fig. 1 B).

SRC undergoes negative and positive regulation (Fig. 1 B). In
the absence of stimulation, a large fraction of human SRC is
inhibited by Tyr530 phosphorylation by the regulators
C-terminal SRC Kinase (CSK) and CSK-homologous kinase
(CHK; Zheng et al., 2000). SRC has been modeled as a “graded”
kinase (Bradshaw, 2010) with sequential events enhancing its
activity, culminating with trans-autophosphorylation of Tyr419
in the kinase domain (Harrison, 2003; Roskoski et al., 2015).

Active SFKs interact directly or indirectly with signaling
receptors, signal transducers, adhesion molecules, cytoskeletal
elements, and transcription factors, and they have been impli-
cated in diverse biological functions, including proliferation and
migration. While most studies in cell signaling focus on the role
of SFKs in those processes, SFKs also function in recognition and
phagocytosis of foreign pathogens and dead or damaged cells
(Lowell, 2011; Wetzel et al., 2016), and have been implicated in

invasion and metastasis (Martellucci et al., 2020). In particular,
SRC overexpression and elevated activity correlate with tumor
progression and poor prognosis of numerous solid cancers as
well as leukemias, lymphomas, and other hematological malig-
nancies (Martellucci et al.,, 2020; Turro et al., 2016; Wheeler
et al., 2009). Understanding the effects of SFKs in vivo is thus
of great importance. However, it is challenging to dissect due to
(1) the diverse consequences of SFK activation, (2) the number of
SFK members, and (3) the number and variety of cells present in
tumors and the challenges to high-resolution imaging in native
tissues.

An emerging concept in cancer research is that polyclonal
clusters of cells are major drivers of metastasis (Aceto et al.,
2014; Cheung et al., 2016; Gundem et al., 2015; Kok et al., 2021;
Maddipati and Stanger, 2015). In at least some types of cancer,
clusters of cells are 60-100 times more effective at seeding
metastases than single disseminated cells. Therefore, under-
standing the behavior of heterotypic cell clusters is of interest.
However, the effects of activated SRC in heterotypic groups of
cells in native 3D tissues have lagged behind studies of cultured
cell lines.

Drosophila border cells migrate collectively as a group of four
to six motile cells that surround and carry two immobile polar
cells during oogenesis (Montell et al., 2012). This cell group
serves as an excellent model for deciphering the molecular
regulation of collective cell behaviors in 3D using a combination
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Figure 1. Deregulated SRC activity causes border cells to engulf polar cells. (A) Schematic representation of the domains found in human SRC kinase and
the important regulatory sites of tyrosine phosphorylation in the SH1 domain (Tyr419) and in the C-terminal tail (Tyr530). (B) Schematic representation of
intramolecular interactions of human SRC in inactive and active conformations. (C-E) Single sections from confocal images of egg chambers at stages 9 and 10
expressing UAS-PLCSPHGFP to label membranes and UAS-lacZ as a negative control. Egg chambers were stained with FAS3 (magenta) and DAPI (blue). Yellow
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arrows point to the border cell cluster, and dashed white arrows indicate the migration path. NC: nurse cell nuclei. Scale bar, 50 pm. (F-L2) Single sections
from confocal images of border cell clusters from egg chambers at stage 9 or 10 expressing UAS-PLC6PHGFP and the indicated UAS transgenes. Polar cells are
identified by FAS3 (magenta) and DAPI labels DNA (blue). White asterisks in F and G indicate non-internalized polar cells and yellow asterisks in I, ], K1, K2, L1,
and L2 indicate internalized polar cells. (H) White arrows in H point to polar cell nuclei being pinched by border cells. (K1 and K2) Images show two different
focal planes of the same cluster, as well as L1 and L2 images. Scale bar: 5 um. (F’-L2’) Segmentation and 3D reconstructions of the images in F-L2.
(M) Quantifications of polar cell internalization from egg chambers at stage 10 of the indicated genotypes. Error bars: mean + SEM (n = 3 independent ex-
periments). The total number of clusters analyzed (n) is indicated at the top of each bar.

of live imaging and genetics. Here, we use the border cells to
study the consequences of elevated Src activity in one cell type
on its interactions with another in vivo.

Outer, migratory border cells normally scoop up and carry
the polar cells in between the adjacent germ cells, called nurse
cells, until they reach the oocyte (Fig. 1, C-E). We found that
elevated Src activity in outer border cells, either by down-
regulation of csk or by expression of a constitutively activated
form of Src42A, resulted in a surprising phenotype. Border cells
with highly localized Src activity actively engulfed their living
polar cell neighbors. The internalization of a passive cellular
target by a non-professional phagocyte is called cell cannibalism,
and it is always pathological (Borensztejn et al., 2021). For in-
stance, cell cannibalism can enhance the metastatic properties of
breast cancer cells (Chen et al., 2019) and is used by melanoma
cells for the double purpose of destroying lymphocytes and ob-
taining nutrients (Lugini et al., 2006). Importantly, cell canni-
balism is often associated with metastatic behavior (Chen et al.,
2019; Lugini et al., 2006). We show that, in border cells, Src-
mediated cannibalism required integrin receptors, Drosophila
SH2 ankyrin repeat kinase (SHARK) and focal adhesion kinase
(FAK), and the Rac and Rho GTPases. Remarkably, border cells
containing engulfed polar cells were still able to migrate. To-
gether, these findings suggest a novel mechanism by which el-
evated Src kinase activity might promote cancer malignancy.

Results

Deregulated Src activity causes border cells to engulf

polar cells

To assess the effects of increasing Src expression in border cells,
we overexpressed a wild-type form of Src42A (hereafter, Src-
WT). To increase Src activity, we used two different lines of a
constitutively activated form of Src42A (hereafter, Src-CA#1and
Src-CA#2) as well as three different RNAi lines against
C-terminal Src Kinase (Csk; cskRNAi#1-3), which is the sole
known negative regulator of Drosophila Src activity (Pedraza
et al., 2004; Stewart et al., 2003). We used slbo-Gal4, which
drives the expression of UAS transgenes in outer, migratory
border cells just prior to their migration, to express Src-CA and
Src-WT. We used c306-Gal4 to drive cskRNAi expression earlier
in development for the RNAi to have time to take effect (see
Materials and methods). In control, UAS-lacZ-expressing egg
chambers, the border cell cluster detaches from the anterior
pole (Fig. 1 C) and migrates between the nurse cells (Fig. 1 D),
reaching the oocyte by stage 10 (Fig. 1 E). Polar cells and their
nuclei are smaller than those of the outer, migratory cells, and
Fasciclin ITT (FAS3) accumulates to high levels at the interface
between the two polar cells (Fig. 1, F and F’; and Video 1). Border
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cell clusters expressing Src-WT exhibited normal organization
(Fig. 1, G and G'). In contrast, the expression of Src-CA in outer,
migratory border cells caused a dramatic change in cell shape
and cluster organization (Fig. 1, H-J'). Furthermore, rather than
surrounding the polar cells (Fig. 1, F and F’), border cells en-
gulfed part of a polar cell (Fig. 1, H and H; and Video 2), an
entire polar cell (Fig. 1, 1and I; and Video 3), or even both polar
cells (Fig. 1, J and J; and Video 4). Similar phenotypes were
observed following cskRNAi expression (Fig. 1, K1-L2). In con-
trast, overexpression or overactivation of a number of kinases
other than Src did not cause border cells to engulf polar cells,
indicating that this is a specific phenotype (Table S1).

To confirm that polar cells were inside of border cells, we
added anti-FAS3 antibody, which recognizes an extracellular
epitope, for 15 min before fixation and without permeabilizing
the tissue (see Materials and methods). As expected, anti-FAS3
effectively labeled control polar cells in which the extracellular
epitope is accessible (Fig. S1, A-A”, white arrows). Anti-FAS3 did
not label internalized polar cells in Src-CA-expressing clusters
(Fig. S1, B-C2”, orange arrows), consistent with the idea that the
epitope was inaccessible. Hence, hyperactivation of Src in outer
border cells is sufficient to drive them to engulf polar cells.

We quantified engulfment by counting the percentage of
clusters with at least one-half of one polar cell nucleus inside of a
border cell. The two Src-CA lines caused the strongest effect
with 70% and 80% engulfment (Fig. 1 M). Knockdown of csk also
caused strong effects (up to 50%) whereas Src-WT expression
was the weakest (10%; Fig. 1 M). We conclude that Src hyper-
activity in border cells is sufficient to cause them to engulf
polar cells.

Src hyperactivity disrupts border cell morphology and

cluster cohesion

In controls, cell-cell adhesion and coordinated movement pre-
vent cluster splitting, favoring cluster cohesion. Expression of
Src-CA and csk RNAi caused border cells to round up and sep-
arate from one another. We quantified the phenotype by mea-
suring the circularity index of individual border cells using the
fluorescence of a plasma membrane GFP, PHGFP. Border cells
expressing Src-WT were slightly rounder than controls, while
Src-CA and cskRNAi had more severe shape changes (Fig. 2 A).
Additionally, different kinds of protrusions were observed when
Src was overexpressed or hyperactivated (Fig. 2, B-F and Fig. S1,
D-F). In control, lacZ-expressing clusters, broad protrusions
(Fig. 2 B, white arrowhead) were mainly observed in the border
cell located at the front of the cluster rather than the side or back
cells (Fig. 2 B; and Fig. 1, F and F’). When Src-WT was overex-
pressed, border cells exhibited blebs (Fig. 2 C, blue arrowhead),
other unusual protrusions (Fig. 2 C, red arrowhead), or no
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Figure2. SRC hyperactivity disrupts border cell morphology and cluster cohesion. (A) Quantifications of the circularity index of individual border cells for
the genotypes indicated. Box plots are used to represent the data. Each box plot shows the median (line) with 25th and 75th percentiles (hinges) plus 1.5 x
interquartile ranges (whiskers). Dots represent each cell analyzed, and the total number per genotype is indicated on the top of each box plot. Normal
distribution was tested using Kolmogorov-Smirnov test. Since data were not normally distributed, a Mann-Whitney U test (one-tailed) was performed be-
tween controls and each experimental condition. P values are shown at the top of the graph. (B-F) Maximum intensity projection from eight slices (z-step: 0.5
um) of border cell clusters expressing UAS-PLCSPHGFP and the genotypes indicated. White, blue, green, and red arrowheads point to lamellipodia, blebs,
filipodia, and thick protrusions, respectively. Scale bar: 5 pm. Insets in E and F correspond to a crop with increased intensity for PLC6PHGFP from E and F
images, allowing the observation of filipodia structures. Scale bar: 5 pm. (G-1"") Maximum intensity projection from 10 slices (z-step: 0.5 pm) of border cell
clusters expressing UAS-PLCSPHGFP and the genotypes indicated. Egg chambers were stained with aPKC (magenta) and DLG (gray). DNA was visualized by
DAPI (blue). Anterior pole of the cluster exhibited in G-G” is pointing to the right. White or yellow arrowheads in G'~I’ point to the apical domain (apical cap) of
the polar cells or border cells enriched with aPKC. White asterisks in G’~I” indicate non-internalized polar cells. Scale bar: 5 pm. (J-K”) Maximum intensity
projection from four slices (z-step: 0.4 pm) of border cell clusters expressing UAS-PLCSPHGFP and UAS-SRC-CA#1. Egg chambers were stained with aPKC
(magenta). DNA was visualized by DAPI (blue). Yellow asterisks inJ, J”, K’, and K” indicate partially internalized polar cells. White arrowheads in )’ and K’ point
to the apical domain of the polar cells enriched with aPKC. Scale bar: 5 um. Polar cells in G-1, J, and K are outlined with a red dashed line.

protrusions (Fig. 2 D). However, Src-WT-overexpressing cells To determine whether roundborder cells had lost epithelial

did not form normal leading protrusions, and the clusters ex-
hibited random rather than directional motility (Video 5). Ex-
pression of Src-CA and cskRNAi generated all the protrusion types
seen in Src-WT (Fig. 2, E and F; and Fig. S1, D and E), as well as
thinner, filopodia-like protrusions (Fig. 2, E and F; and Fig. S1, E
and F, green arrowheads), and normal lead-cell-like protrusions
(Fig. 2, E and F, white arrowheads). All protrusions were observed
in border cells independent of their position in the cluster. In
contrast to Src-WT overexpression, Src-CA-expressing clusters
migrated, albeit in a highly abnormal fashion (Fig. S1 G).

Torres et al.
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polarity, we assessed the subcellular localization of apical and
basolateral markers such as aPKC and DLG proteins. In control
clusters, border cells maintain a shared apicobasal polarity such
that the apical marker aPKC is enriched at apical border cell/
border cell, border cell/polar cell, and polar cell/polar cell
junctions, and basolateral proteins like DLG accumulate in a
complementary pattern (Fig. 2, G-G”). Polar cells can be recog-
nized by their distinctively small, constricted apical “caps”
(Fig. 2, G and G’, arrowhead). Src-WT-expressing clusters
showed relatively normal polarity, including the recognizable
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apical cap (Fig. 2, H-H”, arrowhead). Interestingly, in Src-CA-
expressing clusters, each individual cell maintained localization
of aPKC and DLG (Fig. 2, I-1”, yellow arrowheads for border cells
and white arrowheads for polar cells). However, the cohesion of
border cell clusters was disrupted and the coordination of indi-
vidual polarities into a collective polarity was lost (Fig. 2, I-I”).
The apical domain of polar cells was the last to be internalized,
suggesting that engulfment is initiated basally (Fig. 2, ]-K”). Egg
chambers with border cells migrating individually or in groups
of two to three cells (split cluster category, see Materials and
methods) were frequently observed in Src-CA expression or csk
downregulation but were never present in Src-WT-expressing
or control clusters (Fig. S1 G). These findings suggest that Src
activity must be controlled in border cells to preserve their
morphology, cluster organization, and directional migration.

Hyperactive Src also causes posterior polar cell internalization
We next asked if the ability of hyperactive Src to cause polar cell
internalization could occur in non-migratory cells. We took
advantage of the natural architecture of the egg chambers since
another polar cell pair is present at the posterior pole (Fig. S1 H)
surrounded by follicle cells (FCs) that do not migrate (Fig. S, I
and I'). We quantified polar cell internalization at the posterior
poles of control egg chambers and those expressing Src-CA at
stage 10 of oogenesis. Similar to the anterior pole, hyperactive
Src was sufficient to drive posterior FCs engulfment of one (Fig.
S1,J and J’) or both polar cells (Fig. S1, K and K'). However, polar
cell internalization frequency was lower (21%; Fig. S1L), possibly
as a consequence of the later onset of slboGal4 expression at the
posterior. Src-CA-expressing clusters that never detached from
the anterior pole of egg chambers were also able to internalize
polar cells (Fig. S1, B-B” and C1-C2”). Thus, cell migration is not
a prerequisite for polar cell internalization.

Internalized polar cells remain alive

In the early stages of oogenesis, more than two polar cells ini-
tially develop, and the excess cells are eliminated by apoptosis
(Khammari et al., 2011). In this context, the nearby epithelial
follicle cells engulf and digest dying polar cells (Torres et al.,
2017). To test whether border cells expressing Src-CA engulf
living or dead polar cells, we checked for the cleaved and acti-
vated form of the apoptotic marker Death Caspase-1 (DCP1).
DCP1 is an effector caspase, the cleavage of which indicates that
apoptosis is underway (Song et al., 1997). As a positive control,
we expressed the pro-apoptotic gene reaper under the control of
slbo-Gal4. Reaper-expressing cells exhibited signs of death, in-
cluding pyknotic nuclei (Fig. 3 A, arrows). Cleaved DCP1 (cDCP1)
was detected only in dying cells, as expected (Fig. 3, A and A’). In
control clusters expressing lacZ, no cDCP1 was detected, and all
nuclei looked healthy (Fig. 3, B and B’). Upon expression of
Src-CA, polar cells maintained normal nuclear morphology.
Furthermore, neither polar cells that were completely inside
of a border cell (Fig. 3, C and C’, yellow asterisk) nor un-
engulfed polar cells (Fig. 3, C and C’, white asterisk) expressed
cDCP1. We conclude that polar cells were not undergoing
caspase-dependent cell death either before or after their
engulfment.

Torres et al.
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Another form of cell death relies on acidification by lyso-
somal enzymes. For example, Mondragon et al., (2019) showed
that during stages 12 and 13 of normal Drosophila oogenesis,
anterior stretch FCs release lysosomal enzymes to kill the nurse
cells. They used LysoTracker dye to detect the presence of acidic
compartments, the upregulation of which is an indicator of
lysosome-mediated cell death. To determine whether polar cells
were dying through lysosomal cell death, we compared Lyso-
Tracker staining of Src-CA-expressing egg chambers to lacZ
controls. In control flies, there are rare examples of sporadic egg
chamber death, which were positive for LysoTracker and served
as a positive control for the staining (Fig. 3, D and D’). In both
controls and Src-CA border cell clusters, we could detect acidic
organelles, presumably lysosomes (Fig. 3, E-F). However, no
elevation of LysoTracker staining was observed in polar cells in
lacZ- (Fig. 3, E and E’) or Src-CA-expressing border cell clusters,
even when polar cells were engulfed (Fig. 3, F and F’). There was
no upregulation of acidic compartments in the cytoplasm of
engulfing border cells that expressed Src-CA. These results
suggest that internalized polar cells were not being digested by
border cells with elevated Src activity.

Since polar cells are engulfed but not degraded, we investi-
gated at which stage engulfment is arrested. The small GTPase
Rabb is normally transiently associated with early phagosomes
while Rab?7 is recruited later (Desjardins et al., 1994; Vieira et al.,
2003). Rab5 and Rab7 were expressed at higher levels in Src-CA
than in control (Fig. 3, G-L'), but only Rab7 was enriched on
engulfed polar cells (Fig. 3, K-L'), suggesting that phagocytosis
arrests right before lysosomal degradation. In addition, the au-
tophagy marker Atg8 (Jipa et al., 2021; Takéts et al., 2013) was
clearly visible in dying egg chambers as previously described
(Nezis et al., 2010; Fig. 3, M and M’) but was absent from control
and engulfed polar cells (Fig. 3, N-O’).

To follow the dynamics of engulfment, we conducted real-
time imaging on egg chambers expressing Src-CA compared
with control clusters. The expression of UAS-PLCSPHGFP al-
lowed us to identify and follow border cell membranes, and we
used DAPI to label cell nuclei. Control border cell clusters were
tracked during detachment from the anterior pole and forward
migration between the nurse cells (n = 3; Video 6). Polar cells
were always located in the center of the cluster surrounded by
ovoid and migratory border cells (Fig. S1, M1-M3). When Src-CA
was expressed, border cells were unusually dynamic in the
dorsoventral axis (n = 6; Video 7). Polar cells were observed
partially (Fig. S1 N1, orange asterisk) and fully internalized by
border cells (Fig. S1, N2 and N3, yellow asterisk). Once polar cells
were completely engulfed, we never saw them escape (Fig. SI,
N2, N3, and 01-03’). We estimate that completion of polar cell
engulfment takes 10-20 min (n = 4).

To investigate the fates of internalized polar cells, we fol-
lowed border cells for 1 or 2 h after engulfment. Remarkably,
border cells containing polar cells retained the ability to migrate
and the nuclei of engulfed polar cells maintained a healthy ap-
pearance (Fig. SI, 01-03’ and Video 8). Elevated Src activity
compromised egg chamber survival, preventing us from track-
ing internalized cells for longer periods of time. Additionally, in
fixed samples, most post-stage-10 egg chambers died (Fig. S1 P,
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Figure 3. Internalized polar cells do not exhibit signs of death, and their engulfment depends on Rac and Rho. (A-C’) Single sections from confocal
images of border cell clusters from stage 10 egg chambers expressing UAS-PLC6PHGFP and the genotypes indicated. Egg chambers were stained with FAS3
(gray), cDCP1 (magenta), and DNA was visualized by DAPI (blue). Arrows in A indicate pyknotic nuclei. White asterisks in B and C indicate non-internalized polar
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cells, and yellow asterisk in C indicates internalized polar cell. Scale bar: 5 um. (D-F’) Single sections from confocal images of a dying egg chamber (D and D’) or
of border cell clusters from egg chambers in stage 10 (E-F’), expressing UAS-PLCSPHGFP and the genotypes indicated. Egg chambers were stained with FAS3
(gray), LysoTracker dye (magenta) to visualize acidic compartments, and DAPI (blue) to visualize DNA. White arrows in D point to pyknotic nurse cell nuclei.
Yellow inset in D is shown in a higher magnification in D’. White asterisks in E indicate non-internalized polar cells, and yellow asterisk in F indicates in-
ternalized polar cells. Scale bar is 50 pm for the egg chamber in D and 5 pum for D’ and for border cell clusters in E-F. (G-L) Maximum intensity projection from
five slices (G-1') or nine slices (J-L’; z-step: 0.5 um for G-H’ and J-K’, 0.16 um for I, I', L, and L’) of border cell clusters expressing UAS-PLCSPHGFP and the
genotypes indicated. Images in |, I', L, and L” were obtained by airyscan imaging to visualize the localization of RABS5 (I and I') and RAB7 (L and L) at a high spatial
resolution, and are not suitable for comparison of expression levels. Egg chambers were stained for FAS3 (magenta) and for RAB5 (G-1) or RAB7 (J-L; gray).
DNA was visualized by DAPI (blue). White asterisks in G and ] indicate non-internalized polar cells and yellow asterisks in H-I and K and L indicate internalized
polar cells. Scale bar: 5 pm. (G’-L) Images from G-L showing only RABS (G'-I') or RAB7 (J’-L’) staining in Royal LUT where white represents the highest amount
of the indicated protein and black the lowest one. (M-0) Single section (M) or maximum intensity projection from six slides (N and O; z-step: 0.5 um) of a dying
egg chamber (M) or border cell clusters expressing UAS-PLCSPHGFP and the genotypes indicated. Egg chambers were stained for FAS3 (magenta) and ATG8
(gray). DNA was visualized by DAPI (blue). Scale bar is 50 um for the egg chamber in M and 5 um for border cell clusters in N and O. (M’-0’) Images from M-O
showing only ATG8 staining in Royal LUT. (P-S") Single sections from confocal images of border cell clusters from egg chambers at stage 9 or 10 expressing
UAS-PLCSPHGFP and the genotypes indicated. Egg chambers were stained with pSRC (gray), F-actin (magenta), and DAPI (blue). White asterisks in P-R
indicate non-internalized polar cells. In R, one polar cell is being internalized (yellow asterisk) by one border cell, and in S both polar cells are being internalized
(yellow asterisks) by one border cell. White arrows in R’ and S point to pSRC accumulation and yellow arrows in R” and S” point to F-actin accumulation. Scale
bar: 5 um. (T-V’) Single sections from confocal images of border cell clusters from egg chambers at stage 9 or 10 expressing UAS-PLCSPHGFP and the
genotypes indicated. Egg chambers were stained with pMLC (gray), FAS3 (magenta), and DAPI (blue). White asterisks in T and U indicate non-internalized polar
cells and the yellow asterisk in V indicates an internalized polar cell. The orange arrow in V' points pMLC accumulation along with the squeezing of a polar cell
nucleus. Scale bar: 5 um. (W) Quantifications of polar cell internalization events from stage 10 egg chambers of the indicated genotypes. Error bars: mean +
SEM (n = 3). The total number of clusters analyzed (n) is indicated at the top of each bar. Statistical significance was assessed with a Fisher exact test (one-

tailed) and P values are shown at the top of the graph. Polar cells in B, C, E, L, and N-V are outlined with a yellow dashed line.

orange asterisks, Fig. S1, Q and R). The few egg chambers that
survived presented a variety of developmental defects. Sur-
prisingly, we could observe border cells with internalized polar
cells in those few post-stage-10 egg chambers (Fig. S, S and S’).
Considering that polar cell internalization occurred early in
stage 9, which takes ~6 h, we infer that internalized polar cells
can remain alive for at least 9 h.

Src-dependent polar cell internalization requires actin,

myosin, Rac, and Rho

To investigate whether elevated Src activity led to polar cell
internalization through the phagocytic machinery, we examined
actin and myosin, which are the principal effectors of phago-
cytosis. We assessed the subcellular localization of active Src,
F-actin, and the active form of myosin in clusters expressing
Src-CA compared with clusters expressing Src-WT or the con-
trol, lacZ. We used the pSrc antibody which recognizes phos-
phorylation of the activating tyrosine in the catalytic domain,
phalloidin, to label filamentous actin (F-actin), and an antibody
against phospho-Myosin Light Chain 2 (pMLC).

In control clusters, pSrc appeared in dispersed puncta and
accumulated primarily at the periphery of the cluster where
border cells contact nurse cells (Fig. 3, P and P’). Overexpression
of Src-WT caused pSrc to accumulate at all border cell mem-
branes (Fig. 3, Q and Q’). Upon expression of Src-CA, pSrc ac-
cumulated at contacts between border cells and polar cells,
regardless of whether polar cells were being internalized (Fig. 3,
R-S’, yellow asterisks) or not (Fig. 3, R and R’, white asterisk).
Expression of Src-CA, Src-WT, and RNAI of csk led to a statis-
tically significant increase in Src activity compared with their
respective controls (Fig. S2 A). F-actin colocalized with pSrc
(Fig. 3, P”"-S”) and active myosin accumulated at points of con-
striction (Fig. 3, T-V’, orange arrow). Src-CA and Src-WT had
similar effects on overall pSrc levels, suggesting that it is the
localization of pSrc rather than the level of activation that
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explains the differences in phenotype. In the few instances
where Src-WT caused polar cell internalization, we also ob-
served the accumulation of pSrc and F-actin at the sites of en-
gulfment (Fig. S2, B-C)).

F-actin and Myosin accumulate in phagocytic cups down-
stream of the small GTPases Rac and Rho (Mao and Finnemann,
2015). So, we tested whether downregulating Rac and/or Rho
activity would suppress the Src-CA-induced engulfment phe-
notype. We expressed the dominant negative forms of Racl
(RacIN7; Luo et al., 1994) and Rhol (Rhol™'; Barrett et al., 1997).
When they were individually coexpressed with GFPnls (see
Materials and methods), no polar cell internalization phenotype
was observed (Fig. 3 W), but border cell migration was fully
blocked (Fig. S2 D). Coexpression of Rac1N'? with Src-CA reduced
polar cell internalization from ~84% to 32%, and RholN*®
reduced it to 24% (Fig. 3 W). This rescue shows that cells
with elevated Src activity require Rac and Rho to complete
engulfment.

SHARK and FAK kinases function downstream of Src in polar
cell internalization

SHARK (and its mammalian counterpart SYK and ZAP70 kina-
ses) and FAK are non-receptor tyrosine kinases phosphorylated
and activated by SFKs in many biological processes including
phagocytosis (Finnemann, 2003; Metheniti et al., 2001; Scheib
et al., 2012; van Oers et al., 1996; Wu et al., 2009; Ziegenfuss
et al., 2008). To examine the effect of Src on these two kinases,
we used antibodies that recognize the tyrosine residues phos-
phorylated by Src (SHARK-Y927 [pSHARK] (Biswas et al., 2006)
and FAK-Y397 [pFAK]) and compared egg chambers expressing
Src-CA, Src-WT, or lac-Z (Fig. 4, A-H). Although Src-CA gen-
erated a fourfold increase in pSHARK and Src-WT caused a 2.5-
fold increase (Fig. 4 D), only Src-CA led to a significant increase
in pFAK (Fig. 4 H). Remarkably, when Src-CA was expressed,
PSHARK and pFAK accumulated at border cell-polar cell
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Figure 4. SHARK and FAK kinases function downstream of SRC in polar cell internalization. (A-G’) Single sections from confocal images of egg chambers
at stage 10 expressing UAS-PLCSPHGFP and the genotypes indicated. In A-C, egg chambers were stained with SHARK-Y927 (pSHARK; gray), and in E-G, egg
chambers were stained with FAK-Y397 (pFAK; gray). DAPI (blue) was used to visualize DNA. Scale bar is 50 um. Yellow insets frame border cell clusters, and
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their respective crop images are shown in A'-G’. (A”-G”) Schematic representations of the images shown in A’-G". White or yellow asterisks indicate non-
internalized or partially internalized polar cells, respectively. (A”’~G’”) Same images are shown in A’-G’, where pSHARK (A”’~C") or pFAK (E”’-G"”) are shown
in Royal LUT, where white represents the highest amount of the protein and black the lowest one. Scale bar is 5 um. (D-H) Quantifications of normalized
pSHARK (D) or pFAK (H) maximal intensity (see Materials and methods) from stage 9 or 10 egg chambers of the indicated genotypes. Box plots are used to
represent the data. Each box plot shows the median (line) with 25th and 75th percentiles (hinges) plus 1.5 x interquartile ranges (whiskers). Dots represent
each cluster analyzed and their total number per genotype (n) is indicated on the top of each box plot. Normal distribution was tested using Kolmogorov-
Smirnov test. Since data were normally distributed, an ANOVA test (one-tailed) with post-hoc Tukey was performed to evaluate statistical significance. P
values are shown at the top of the graph. ns indicates not significant. (I) Quantifications of polar cells internalization from egg chambers at stage 10 of the
indicated genotypes (see Materials and methods). Error bars: mean + SEM (n = 3). The total number of clusters analyzed (n) is indicated at the top of each bar.

Statistical significance was assessed with a Fisher exact test (one-tailed) and P values are shown at the top of the graph.

contacts (Fig. 4, A’-A” and E’-E””), like pSrc, F-actin, and Myosin
(Fig. 3, R-S”, V, and V).

We performed epistasis tests to determine if SHARK and/or
FAK were required to promote polar cell internalization. To
reduce SHARK or FAK expression, amorphic alleles of shark
(shark) or fak (fak56°¢!) were used along with two different
RNAi lines for shark (sharkRNAi#1 or sharkRNAi#2) or for fak
(fakRNAi#1 or fakRNAi#2). To increase Src activity, we down-
regulated csk by RNAi (cskRNAi#l1) and coexpressed it with
luciferaseRNAi (lucRNAi) to control for the number of UAS
transgenes. Downregulation of csk led to polar cell internaliza-
tion in ~81% of egg chambers examined (Fig. 4 I) and ~40%
migration failure (Fig. S2 E). Reduction of SHARK or FAK alone
generated neither polar cell internalization nor border cell mi-
gration defects. However, simultaneous expression of cskRNAi#1
and downregulation of shark led to a reduction of polar cell in-
ternalization to ~32%, with fak downregulation to ~44% (Fig. 4
1) as well as a rescue of border cell migration defects to ~7% and
~22%, respectively (Fig. S2 E). Interestingly, cell and cluster
morphology were also rescued when shark or fak were down-
regulated in cskRNAi-expressing cells (Fig. S2, F-H’). Together,
these results suggest that SHARK and FAK proteins function
downstream of Src not only for polar cell internalization but also
for abnormal migration and cell and cluster morphology.

Src-dependent polar cell internalization requires integrins but
not Draper
The classical and most studied phagocytic receptors have an
immunoreceptor tyrosine-based activation motif (ITAM) region
in their intracellular domain, which is phosphorylated by SFKs
upon ligand-receptor interaction, allowing for the recruitment
of SYK kinases and triggering of engulfment (Uribe-Querol and
Rosales, 2020). In Drosophila, the ITAM receptor Draper (Drpr) is
required for follicle cells to recognize the germline during engulf-
ment of late-stage nurse cells or in nutrient-deprived conditions
(MacDonald et al., 2006; Serizier et al., 2022; Timmons et al., 2017).
To test whether Src-CA-expressing border cells require Drpr for
polar cell internalization, we expressed Src-CA in a drpr null mutant
background. Unexpectedly, mutating drpr did not alter the inter-
nalization of polar cells by SrcCA-expressing border cells (Fig. 5 A).

Integrins are heterodimeric (o and B subunit) receptors that
also promote mammalian and Drosophila phagocytosis (Finnemann,
2003; Finnemann et al., 2007; Meehan et al., 2015; Nonaka et al.,
2013; Sun et al., 2021; Torres-Gomez et al., 2020).

Therefore, we tested genetic interactions between Src and
integrin. Reduction of the integrin Bps subunit by itself did not
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cause defects in border cell migration, as previously reported
(Llense and Martin-Blanco, 2008) and did not lead to polar cell
internalization (Fig. 5 A). In contrast, downregulating the in-
tegrin BPS subunit fully rescued the polar cell engulfment caused
by cskRNAi (Fig. 5 A). Polymerase chain reaction amplification
with specific primers confirmed the presence of the inverted
repeated sequence of csk RNAi line in the flies, validating this
result (Fig. S3 A). Similarly, partial loss of function of mys, the
gene encoding the integrin Bps subunit, rescued border cell mi-
gration (Fig. S3 B, cskRNAi = 50% complete migration; cskRNAI,
mys!, mysRNAi = 85% complete migration) and cell and cluster
morphology defects generated by csk RNAi (Fig. S3, C and D).

To determine the subcellular localization of Bps when Src was
hyperactivated or overexpressed, we used an antibody specific
for this subunit (Brower et al., 1984; Llense and Martin-Blanco,
2008). Compared with control clusters, Src-WT or Src-CA ex-
pression increased the Bps signal. In addition, Bps was enriched
at contact site(s) between border cells and polar cells during
engulfment (Fig. 5, B-D"”). These results suggest that elevated
Src activity is upstream of the integrin receptor and interacts
with the Bps subunit to drive both polar cell internalization and
abnormal cell migration and morphology.

Drpr-Src-Shark is a conserved signaling pathway for Dro-
sophila phagocytosis. Since we found that Drpr was not required
for Src-driven polar cell internalization, we asked whether
Shark is still activated by Src in the absence of drpr. To test this,
we used pSHARK antibody to stain egg chambers expressing Src-
CA alone or in a drpr mutant context. Notably, the absence of
drpr did not affect pSHARK levels when Src was highly in-
creased, suggesting that Src activation of SHARK is Drpr-
independent (Fig. S3, E-F”). In contrast, concomitant reduction
of csk and mys expression prevented pSHARK accumulation at
border cell-polar cell contact sites (Fig. S3, G-H”), indicating that
Src can only phosphorylate and activate SHARK in the presence
of integrin receptors. Together, our results support a model in
which high and localized Src activity causes abnormal localiza-
tion of integrin receptors to border cell/polar cell contacts
leading to activation of FAK, SHARK, Rac, and Rho; recruitment
of actomyosin; and ultimately to polar cell cannibalism.

Discussion

Hyperactivated Src is sufficient to drive live cell engulfment
SRC-family kinases are necessary for phagocytosis in cells as
diverse as mammalian innate immune cells (Lowell, 2011;
Wetzel et al., 2016), Drosophila glia (MacDonald et al., 2006), and
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BPS staining in a Royal LUT, where white represents the highest amount of the protein and black the lowest one. Scale bar: 5 um. Polar cells are outlined with a
yellow dashed line in B’-D’. (E) Model of normal or elevated SRC activity in border cells. Top panels: In control border cell clusters, Rac activity is high in the
lead cell protrusion and at the front of follower cells. Rho activity is localized posteriorly. When SRC is hyperactivated, it leads to the enrichment of Rac and Rho
at the site of engulfment. Bottom panels: For clarity, only one border cell of the cluster is represented. Left: Wild-type border cells have normal levels of SRC
activity. In this condition, cells are ovoid and no cannibalism of polar cells is observed. Most SRC is negatively regulated by CSK, but an active pool of the protein
can phosphorylate Draper receptor or other targets, ensuring normal behavior. Integrin receptors remain inactive. Middle: SRC overexpression in border cells
leads to a semicircular shape and limited polar cell cannibalism. Elevated SRC activity is sufficient to slightly increase pSHARK, but it is not enough to activate
and recruit pFAK at border cell-polar cell contacts. Right: Hyperactivation of SRC causes border cells’ rounding and localized accumulation of active SRC at
border cell-polar cell contacts. Localized SRC activity promotes the relocalization of Integrin receptors at the site of engulfment. FAK and SHARK tyrosine
kinases are also activated and recruited by SRC to those contact sites. All these activated proteins serve as a node of signal amplification, triggering cannibalism

of polar cells through the activation of Rac and Rho GTPases, F-actin, and Myosin. Dashed arrows represent a direct or indirect interaction.

ovarian follicle cells (Serizier et al., 2022; Timmons et al., 2017).
Here, we show that the expression of hyperactivated Src or
downregulation of the negative regulator of Src activity is sufficient
to drive the heterotypic engulfment of polar cells by border cells. It
is interesting that we did not observe border cells engulfing each
other or other follicle cells. Polar cells are intimately connected to
border cells and are smaller than border cells, and it is possible that
this facilitates their engulfment. Additionally, polar cells express
high levels of E-cadherin on their surfaces (Niewiadomska et al,,
1999), which may further enhance their susceptibility to engulf-
ment (Overholtzer et al., 2007; Sun et al., 2014).

Whereas wild-type border cells carry polar cells as they mi-
grate from the anterior end of the egg chamber to the developing
egg, border cells expressing SrcCA or cskRNAi engulf them. One
border cell can engulf a part of a polar cell, a whole polar cell, or
even two whole polar cells. Individual SrcCA-expressing border
cells appear to compete for the polar cells, sometimes tearing
them into pieces.

Importantly, we show that engulfment is initiated and car-
ried out by the cells that express hyperactive Src, the border
cells, rather than the engulfed polar cells. Therefore, despite the
enrichment in E-cadherin, typical of entosis (Overholtzer et al.,
2007), the process that Src is activating is not entosis because
entosis by definition is initiated by the cell that is eventually
internalized (Borensztejn et al., 2021; Yang and Li, 2012). The
observed Src-mediated engulfment meets the definition of
cannibalism, where one cell persists (living or dead) inside
another (Brown et al., 2015).

The mechanism by which hyperactivated Src drives polar cell
engulfment requires multiple components that follicle cells
normally use to engulf and eliminate germline cells. Although
border cells do not normally engulf polar cells, follicle cells do
engulf nurse cells late in egg chamber development: after nurse
cells transfer the bulk of their cytoplasm to the oocyte, anterior
follicle cells kill and engulf nurse cells. Additionally, when fe-
males are protein-deprived, the germline dies at stage 8 and
follicle cells engulf the dying germline to recoup the nutrients
and support the female fly’s survival. These engulfment events
require Src and SHARK. These normal engulfment behaviors
also require both Drpr and integrin receptors, which also pro-
mote phagocytic activity in the glia (Ziegenfuss et al., 2008). We
found that hyperactive Src kinase strictly requires integrin but
not Drpr, suggesting that Src-CA bypasses the requirement for
Drpr but not integrin. Integrins are adhesion receptors that can
be activated by ligand binding or by “inside out” signaling (Kim

Torres et al.
Activated Src causes cell cannibalism

etal,, 2011; Springer and Dustin, 2012). Our data support the idea
that hyperactive Src activates inside out integrin signaling.
Border cells with hyperactivated Src also require FAK,
SHARK, Rho, and Rac activities to execute polar cell engulfment
(Fig. 5 E). Strikingly though, border cells do not kill or eliminate
polar cells and can even migrate, albeit abnormally, carrying
along the internalized cells. This suggests that Src is sufficient to
activate only part of the pathway and perhaps Drpr signaling is
critical for killing engulfed targets (Etchegaray et al., 2012).

Src localization and activity drive cell engulfment

In the present work, we use three different ways to modulate Src
expression and activity: we overexpressed the wild-type protein
(Src-WT), expressed a constitutively active form of Src (Src-CA),
and knocked down the Src inhibitory kinase Csk (cskRNAi). Src-
CA and cskRNAi caused more engulfment than Src-WT. This is
consistent with the qualitative differences observed between
hyperactive Src and Src-WT. For instance, hyperactive Src
causes a higher frequency of epidermal hyperplasia than Src-
WT in mice (Matsumoto et al, 2003), and Src-WT over-
expression is insufficient to induce transformation (Lipsick,
2019). Surprisingly, we found that Src-WT and Src-CA in-
duced similar levels of fully active pSrc (phosphorylated in the
kinase domain at Tyr419; Roskoski et al., 2015). In contrast,
cskRNAi only induced a modest increase. This suggests that the
global level of pSRC is not the critical determinant of cell be-
havior. Importantly, we observed local enrichment of pSrc at
sites of polar cell engulfment, suggesting that it might be the site of
activity—rather than the global level of active Src—that de-
termines the frequency of engulfment. We also show that homo-
geneous pSrc enrichment at the cell membrane in Src-WT is not
compatible with the formation of productive protrusions that are
required for directional cell migration. FRAP studies have also
shown that the open conformation of constitutively active SRC
(corresponding to Src-CA and cskRNAi) promotes its association
with membrane-associated proteins, while SRC-WT associates
with the membrane through lipid interactions (Shvartsman et al.,
2007). Therefore, differences in interaction partners or an in-
creased residence time of pSrc in specific membrane subdomains
might explain the phenotypic differences we observed.

Src-driven cell-in-cell structures could drive tumor growth

and dissemination

SRC is known to promote tumor growth and metastasis, is
overactivated in a variety of human cancers, and is associated
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with poor prognosis (Irby and Yeatman, 2000). Our findings
show that high, localized levels of active Src can promote cell
cannibalism. The ability to engulf neighboring cells might pro-
vide fuel to rapidly divide cancer cells in nutrient-limiting con-
ditions. Engulfment of normal cells by tumor cells may also cause
tissue damage as tumors grow. In addition, our observation that
at least some cells can survive inside other cells suggests that
Src-mediated cannibalism may also contribute to shielding tu-
mor cells and promote drug resistance and cancer recurrence
(Gutwillig et al., 2022; Mlynarczuk-Bialy et al., 2020). In addi-
tion, Src hyperactivation promotes abnormal migration. There-
fore, cancer cells inside cancer cells could not only be protected
from immune clearance but might even migrate to distant sites.
These results suggest multiple new ideas for how hyperactivated
Src might contribute to poor patient prognosis.

Materials and methods

Drosophila stocks and genetics

The following fly lines were obtained from the Bloomington
Drosophila Stock Center: UAS-PLCSPHGFP (chr. III; 39693),
UAS-lacZ (chr. III; 3956), UAS-Src-CA#2 (chr. III; 6410), UAS-
GFPnls (chr. II; 4775), UAS-GFPnls (chr. III; 4776), UAS-RholN"®
(chr. X; 7327), c306-Gal4 (chr. X; BL3743), UAS-luciferase-RNAi
(chr. III; 31603), UAS-csk-RNAi#3 (chr. IIT; 35174), UAS-shark-
RNAi#1 (chr. III; 55874), UAS-shark-RNAi#2 (chr. III; 25788),
UAS-fak-RNAi#l (chr. III; 33617), UAS-fak-RNAi#1 (chr. III;
29323), w8 (chr. X; 3605), and mys' (chr. X; 59). Strains
carrying RNAi constructs from VDRC collections were UAS-
csk-RNAi#1 (chr. IT; 109813), UAS-csk-RNAi#2 (chr. III; 32877),
and UAS-mys-RNAi (chr. II; 29619). Additional fly lines used
include UAS-Src-CA#1 (chr. II) and UAS-Src-WT (chr. III)
(Takahashi et al, 1996) (kindly provided by Dr. Kojima T
Graduate School of Frontier Sciences, The University of Tokyo,
Tokyo, Japan, shark!/CyO (kindly provided by Prof. Berg C.A.
University of Washington, Seattle, WA, USA), fak56°¢! (Ueda
et al., 2008) (kindly provided by Prof. Palmer R, Institute of
Biomedicine, Sahlgrenska Academy, University of Gothenburg,
Gothenburg, Sweden), UAS-Fak56Y43F (chr. IIT; kindly provided
by Prof. C.F. Wu, University of lowa, Iowa City, IA, USA), drpr?®
(kindly provided by Dr. Freeman MR, The Vollum Institute,
Oregon Health & Science University, Portland, OR, USA), UAS-
lambda-Otk and pUASt-Otk (II; from Dr. Goodman CS, W.G.
(Bill) Hefner VA Medical Center, Salisbury, NC, USA). UAS-
reaper, (chr. X), UAS-Racl™V (chr. III), UAS-lambda-Top4.4
(111), UAS-lambda-Top4.2 (X), and UAS-lambda-ROR and UAS-
HopTum are from the Montell D.J stock. c306-Gal4 (chr. X) and
slbo-Gal4 (chr. II; Montell D.J, stock) were used as drivers to
target UAS constructions in border cell clusters. c306-Gal4 is
expressed in both border cells and polar cells from the end of the
germarium while slbo-Gal4 is expressed in border cells and
posterior follicle cells from stage 9 as well as centripetal cells
from stage 10. UAS-lacZ or UAS-luc-RNAi were used as controls
of over-expression or gene downregulation, respectively, or to
avoid driver titration during epistasis tests. Expression of UAS-
PLCSPHGFP was used to visualize border cell membranes. UAS-
Src-CA constructions consisted of a constitutively active form of
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Src42A containing a Tyr-Phe substitution at position 511. UAS-
GFPnls was used in some epistasis tests to avoid titration of the
drivers.

For detailed offspring genotype information for each figure
panel, see Table S2.

All crosses and offspring 3- to 4-d old were kept at 25°C.
Offspring containing 306-Gal4 or slbo-Gal4 driver was trans-
ferred to a new vial with dry yeast and shifted to 29°C for 18 h or
24 h, respectively, before dissection. An exception was made
with UAS-Src-CA#2 expression where offspring was transferred
to a new vial with dry yeast and kept at 25°C for 24 h before
dissection. All fly crosses were repeated at least three times.

Transgene verification
UAS-csk-RNAi#1 line was created by VDRC using a KK library.
The presence of UAS-Inverted Repeated construct in the off-
spring mys!/c306-Gal4; UAS-csk-RNAi#1/UAS-mys-RNAi; +/+
was verified by PCR amplification following VDRC protocol.
Flies were collected into a 200 pl PCR tube and mashed with a
200 pl yellow tip containing 50 ul squishing buffer (10 mM Tris,
1 mM EDTA, 25 mM NaCl, and 200 g/ml fresh Proteinase K).
Then PCR tubes were incubated at 37°C for 30 min, then at 95°C
for 2 min, and spun down for 7 min at 14,000 rpm. PCR reactions
were set up in 200 pl PCR tubes with the universal forward
primer ETU and specific reverse primer SV2 (see Table S3). PCR
reactions (1 cycle of 95°C for 2 min; 38 cycles of 94°C for 30 s,
60°C for 30 s, 72°C for 90 min; and 1 cycle of 72°C for 10 min)
were done in the presence of GoTagGreen master mix (see Table
S3) and 1 pl genomic DNA in a total reaction volume of 20 pl.
UAS-mys-RNAI line, which was also created by VDRC using
GD transgenic RNAI library, was used as a negative control as
well as w8 fly line. UAS-csk-RNAi#1 stock line and the females
that were used as parent mys!/Fm7; UAS-csk-RNAi#1/UAS-csk-
RNAi#l; +/+ were used for the positive control. PCR products
for the different genotypes were run in a 1.5% agarose gel.
GeneRuler 100 bp Plus DNA Ladder was used and a band around
400 base pair indicated the presence of UAS-csk-RNAi#1 construct.

Immunostaining

Ovaries extracted from 7-10 adult female flies were dissected in
Schneider’s Drosophila medium supplemented with fetal bovine
serum (FBS) and fixed for 15 min in 3.7% formaldehyde at room
temperature. Next, they were washed three times (10 min each)
with PBT (PBS 1x and Triton 4%) and incubated for at least
30 min in PBTA (PBSIX, Triton 4%, and bovine serum albumin
2%) at room temperature. Then, ovaries were incubated in PBTA
with primary antibodies for 48 h at 4°C. After this, samples were
washed three times (10 min each) with PBT and subsequently
incubated in PBTA with secondary antibodies and DAPI for 2 h at
room temperature. Finally, samples were washed three times
(10 min each) with PBT and mounted on slides with Vectashield
mounting medium. For detailed information on antibodies used
in this study, see Table S3.

Fas3 prefixed staining
Ovaries extracted from seven adult female flies were dissected
in Schneider’s Drosophila medium supplemented with 20% FBS.
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They were next incubated in Schneider’s medium with FBS,
insulin, and mouse anti-Fas3 antibody for 15 min. They were
then washed three times (1 min each) in Schneider’s medium
with FBS only and fixed for 15 min in 3.7% formaldehyde.
Samples were washed three times (10 min each) with PBS 1x and
subsequently incubated in PBS 1x with DAPI and the Alexa Fluor
goat anti-mouse (568) secondary antibody for 2 h. Finally,
samples were washed three times (10 min each) with PBS 1x and
mounted in Vectashield mounting medium. All the steps were
conducted at room temperature.

LysoTracker staining

LysoTracker Red DND-99 was used following the protocol from
Timmons et al. (2017) until the removal of LysoTracker staining.
Subsequent fixation and staining steps were performed ac-
cording to our protocol described earlier.

Egg chamber culture and time-lapse imaging of live

egg chambers

Ovaries extracted from three adult female flies expressing lacZ
or Src-CA#1 were dissected in Schneider’s Drosophila medium
supplemented with 20% fetal bovine serum. Individual ovarioles
were carefully pulled out, and egg chambers after stage 11 were
removed. Samples were transferred onto a microglass slide and
mounted in 45 pl of dissecting medium containing insulin and
DAPI (see concentrations in Table S3) on a Lumox dish sealed
with carbon oil to allow for gas exchanges. For detailed infor-
mation about concentrations, see Table S3. Time-lapse imaging
was performed using a 40x 1.4 NA water immersion objective
lens. Z-stacks using 0.5-0.8 pm step size were collected at 4-min
intervals. Since border cells from egg chambers expressing Src-
CA were moving a lot in the z-axis, we had to stop recording
very often to refocus and wait for the remaining time between
intervals to pass before starting a new series of images. A
smooth filter was used for Videos 6, 7, and 8.

Microscopy, image treatment, and quantifications

Images were taken on a Zeiss 800 confocal microscope using a
40x 1.4 N.A. water or 20x 1.2 NA objectives. Z-stacks with op-
timal resolution were required, in general using a step size be-
tween 0.4 and 1 pm. Cluster images were taken using a zoom of
3x or 4x. All confocal images of different genotypes in the same
experiment were acquired using the same settings and were
performed at 23°C. For high-resolution airyscan imaging, we
used a 63x 1.4 N.A. PlanApo oil objective with z-slice thicknesses
of 0.16 um. Airyscan images were collected to examine Rab lo-
calization at high spatial resolution and are not suitable for
comparison of expression levels.

Confocal imaging stacks were processed with FIJI software
(Schindelin et al., 2012). When Z-slice projections were con-
ducted, the number of slices, the z-step, and the type of pro-
jection used were indicated in the legend of the figure.
Consecutive time-lapse videos coming from the recording of the
same border cell cluster were compiled using the “concatenated”
tool from the Stack menu. Egg chambers and clusters from fixed
and live images were rotated so that the anterior pole was al-
ways pointing left.
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IMARIS software (Bitplane) was used to create three-
dimensional reconstructions of the polar cells’ internalization
phenotype from z-stacks of confocal images taken with very
good resolution (z-step: 0.5 pum). The surface rendering tool was
used to create an accurate 3D structure of individual border cells
and polar cells.

For quantification of polar cells’ internalization, clusters from
egg chambers at stage 10 of oogenesis were analyzed. Border
cells were visualized by the expression of UAS-PLCSPHGFP or
by E-cadherin (CAD) staining and polar cells by the expression
of FAS3. An internalization event per cluster was counted when
at least one polar cell or more than half of the polar cell nucleus
was inside a border cell (or FC). Quantifications of the pheno-
type were represented by a bar chart. The values represent the
mean of three biological replicates and the error bars corre-
sponded to the standard error of the mean (SEM) using the
formula: standard error = STDEV (sampling range)/SQRT
(COUNT (sampling range))

For quantifications of pSrc, pSHARK, or pFAK activity, SUM
intensity projections (z-step: 0.5 pm) from original z-stack im-
ages were created using the same number of slides per genotype.
Then, the contour of the border cell clusters (or split clusters)
was selected by the freehand selection and the signal from the
corresponding channel (pSrc, pSHARK, or pFAK) was measured.
Max gray value averages from the control clusters were used to
normalize the signal of all genotypes per experiment.

For quantifications of the circularity index, we identified the
middle focal plane of each border cell in the z-stack using the
endogenous fluorescence of PHGFP. We then selected its contour
using the freehand selection and measured its circularity. Fiji
calculates circularity using the formula: circularity = 4pi(area/
perimeter?), where a value of 1.0 indicates a perfect circle and
0.0 indicates an increasingly elongated polygon. The experiment
was done three independent times and the data were shown as
boxplots (Fig. 2 A).

For quantification of border cell migration, different cate-
gories were created to classify the position of the cluster in egg
chambers at stage 10 of oogenesis: (1) complete migration, (2)
incomplete migration, (3) no detachment, and (4) split clusters.
“Complete migration” indicates that the cluster reached the
oocyte. “Incomplete migration” means the cluster detached from
the anterior pole but did not reach the oocyte. “No detachment”
means the cluster was still attached to the anterior pole and
“split cluster” means at least two border cells have detached
from the cluster. Border cell quantifications of the genotypes
indicated were graphically represented using bar charts and the
values correspond to the mean of three biological replicates. The
error bars correspond to the standard error of the mean using
the formula previously described for polar cells” internalization
quantification.

Statistical analysis

Statistical analysis and box plots were performed with R version
3.6.1. Bar charts were created in Excel. Statistical tests used
for each experiment are detailed in each figure legend. All
images shown are representative of at least three independent
experiments.
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Online supplemental material

Fig. S1 shows additional information on polar cell live engulf-
ment, cluster morphology, and migration, and includes infor-
mation about engulfment at the posterior pole and death of egg
chambers overexpressing Src at later stages of oogenesis. Fig. S2
shows quantifications of pSrc intensities and rescues of cluster
cell morphology and border cell migration when hyperactive Src
(Src-CA or cskRNAi) is expressed in combination with mutant
forms of Rac and Rho GTPases, or mutant/knockdown of SHARK
and FAK kinases. Fig. S3 shows additional information about Src
signaling through integrins for polar cell engulfment, border cell
migration, and cluster morphology. Video 1 shows a 3D recon-
struction of a border cell cluster from an egg chamber at stage 9
expressing LacZ. Video 2, Video 3, and Video 4 show 3D re-
constructions of border cell clusters from egg chambers at stage
10 expressing Src-CA, where polar cells are being internalized
by border cells. Video 5 shows a time-lapse of the border cell
movement without leading protrusions and no detachment from
the anterior pole from an egg chamber at stage 10 expressing
Src-WT. Video 6 shows a time-lapse of normal border cell cluster
morphology and migration from an egg chamber at stage 10
expressing LacZ. Video 7 shows polar cell internalization by
border cells from an egg chamber at stage 10 expressing Src-CA.
Video 8 shows border cell migration with internalized polar cells
from an egg chamber at stage 10 expressing Src-CA. Table S1
shows the effects of the overexpression of different kinases on
polar cell engulfment, migration, and morphology of border cell
clusters. Table S2 shows the detailed genotypes displayed in
each figure. Table S3 shows a list of reagents and resources used.
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Figure S1. Elevated SRC activity promotes the engulfment of living polar cells and alters cluster morphology and migration. (A-C2”) Confocal images
of border cell clusters from egg chambers in stage 9 or 10 expressing UAS-PLC6PHGFP and the genotypes indicated. Egg chambers were incubated with FAS3
(gray) antibody before fixation and without permeabilization treatment (see Materials and methods). A is a maximal projection of 10 slices (z-step: 0.4 pm).
White asterisk in A and C2 indicates non-internalized polar cells. Yellow asterisks in B-C2 indicate partially/fully internalized polar cells. White arrows in A” and
C2” point to FAS3 accumulation in non-internalized polar cells and orange ones in B"-C2” point to the absence of FAS3 due to polar cell internalization by
border cells. (C1-C1") and (C2-C2”) are single sections of two different focal planes of the same cluster. Scale bar: 5 um. (D-F) Maximum intensity projection
from three slices (z-step: 0.5 um) of border cell clusters expressing UAS-PLCSPHGFP and UAS-cskRNAi#1. Blue, red, and green arrowheads point to blebs,
thick protrusions, and filipodia, respectively. Scale bar: 5 um. Insets in E and F show a crop with increased intensity for PLCSPHGFP from the corresponding
images, allowing the observation of filipodia structures. (G) Quantification of border cell migration of egg chambers at stage 10 for the genotypes indicated. The
total number of samples is indicated at the top of each bar. Four categories were established and represented with a scheme at the bottom of the bar graph
(see Materials and methods). (H) Single section from confocal images of an egg chamber at stage 10 expressing UAS-PLCSPHGFP, UAS-GFPnls, and UAS-lacZ.
Egg chamber was stained with FAS3 (magenta) and DAPI (blue). Posterior pole is labeled and indicated by a white arrow. Scale bar, 50 um. (I-K) Single section
from confocal images of the posterior pole from egg chambers at stage 10 expressing UAS-PLCSPHGFP, UAS-GFPnls, and the genotypes indicated. White
asterisks in | indicate non-internalized polar cells. Yellow asterisks in | and K indicate polar cells that were internalized by FC. Scale bar, 5 um. (I'-K’) 3D
reconstructions of the respective images are shown in I-K. (L) Quantifications of posterior polar cells internalization from egg chambers at stage 10 of the
indicated genotypes (see Materials and methods). The total number of samples is indicated at the top of each bar. (M-03’) Single sections from confocal live
imaging of border cell clusters from stage 9 or 10 egg chambers expressing UAS-PLCSPHGFP and the genotypes indicated. DAPI was added to the medium to
visualize DNA (see Materials and methods). M1-M3 and N1-N3 are still images at 0, 48, and 84 min of Videos 6 and 7, respectively. Orange insets are schematic
representations of the images shown. 01-03 are time-lapse images at 0, 48, and 72 min of Video 8. White asterisks indicate non-internalized polar cells and
orange or yellow asterisks indicate partially or fully internalized polar cells, respectively. Yellow arrows in N2 and N3 point to a border cell containing one polar
cell. 01-03 are time-lapse images at 0, 48, and 72 min of Video 8. Yellow insets in 01-03 frame border cell clusters and their respective crop images are
exhibited in 01'-03’. A smooth filter was applied to the images. Scale bar in M1-N3, and 01-03: 5 um. Scale bar in 01-03: 50 um. (P) Maximal projection from
10 slices (z-step: 1.5 um) of confocal images of egg chambers expressing UAS-PLCSPHGFP and UAS-SRC-CA#1. Egg chambers were stained with FAS3
(magenta). DNA is visualized by DAPI (blue). Yellow asterisk indicates a living stage 10 egg chamber and orange asterisks indicate dying egg chambers at later
stages of oogenesis. Scale bar: 50 um. (Q-R) Maximum intensity projection from five slices (z-step: 0.5 um) of egg chambers in stage 9 or 10 expressing UAS-
PLCSPHGFP and the genotypes indicated. Egg chambers were stained with cDCP1 (magenta) and DAPI (blue). Scale bar: 50 pm. (Q’-R’) Images from Q-R
showing only cDCP1 staining in Royal LUT where white represents the highest amount of cDCP1 and black the lowest one. (S and S’) Maximal projection of 10
slices from confocal images of an egg chamber at stage 14 (z-step: 0.9 pum) expressing UAS-PLCSPHGFP and UAS-SRC-CA#1, and its respective border cell
cluster framed by a yellow insert (z-step: 0.4 pm) and shown at a higher magnification in S'. Egg chambers were stained with CAD (green) and FAS3 (magenta).
DNA is visualized by DAPI (blue). Yellow asterisks in R’ label internalized polar cells. Polar cells in panels A-C2, I-K, and S are outlined with a yellow dashed line.
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Figure S2. Rac, Rho, SHARK, and FAK are required for activated SRC to affect border cell migration and morphology. (A) Quantifications of normalized
pSRC maximal intensity from egg chambers in stage 9 or 10 of the indicated genotypes (see Materials and methods). Box plots are used to represent the data.
Each box plot shows the median (line) with 25th and 75th percentiles (hinges) plus 1.5 x interquartile ranges (whiskers). Dots represent each cluster analyzed
and their total number per genotype (n) is indicated on the top of each box plot. Normal distribution was tested using Kolmogorov-Smirnov test. Since data
were normally distributed, an ANOVA test (one-tailed) with post-hoc Tukey was performed to evaluate statistical significance. P values are shown at the top of
the graph. (B-C’) Maximum intensity projection from three slices (z-step: 0.5 um) of border cell clusters expressing UAS-PLCSPHGFP and UAS-SRC-WT. Egg
chambers were stained with pSRC (gray) and FAS3 (magenta) in B and B’, and with F-actin (magenta) in C and C'. DNA is visualized by DAPI (blue). White
asterisks in B and B’ indicate non-internalized polar cells and yellow ones in B-C’ indicate partially internalized polar cells. White arrows in B’ point to pSRC
accumulation, and yellow arrows in C’ point to F-actin accumulation. Scale bar: 5 um. (D and E) Quantification of border cell migration in stage 10 egg
chambers for the genotypes indicated (see Materials and methods). The total number of samples is indicated on top of each bar. (F-H’) Single sections of
border cell clusters from stage 10 egg chambers expressing the genotypes indicated. Egg chambers were stained with CAD (green) and FAS3 (magenta). Yellow
asterisks in F indicate internalized polar cells and white ones in G and H indicate non-internalized polar cells. Polar cells are outlined with a yellow dashed line.
Scale bar: 5 pm.
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Figure S3. SRC is upstream of BPS integrin subunit for polar cell engulfment, border cell migration, and cell cluster morphology. (A) Verification by
polymerase chain reaction of the presence of csk inverted repeated sequence which is indicated by a band of ~400 base pairs (see Materials and methods). “L”
indicates Ladder; (1) w8, (2) cskRNAi, (3) mysh cskRNAi, (4) mys'/c306-Gald; cskRNAi/mysRNAi, (5) mysRNAi (see Table S1 to specific genotypes).
(B) Quantification of border cell migration of egg chambers at stage 10 for the genotypes indicated (see Materials and methods). The total number of samples is
indicated on top of each bar. (C-D’) Maximum intensity projection from seven slices (z-step: 0.6 um) of confocal images of border cell clusters from stage 10
egg chambers expressing the genotypes indicated. Egg chambers were stained with CAD (green) and FAS3 (magenta). Yellow asterisks in C indicate internalized
polar cells and white ones in (D) indicate non-internalized polar cells. Scale bar: 5 um. (E-H’) Maximum intensity projection from six slices (z-step: 1 pm) (E-F’)
or 20 slices (z-step: 0.5 um) (G-H’) of confocal images of egg chambers at stage 10 (E-F’) or stage 9 (G-H’) expressing the genotypes indicated. (E'-H’) magnify
the insets in E-H. Egg chambers were stained with pSHARK (pY927; gray) and DAPI (blue). pSHARK accumulation in centripetal cells is labeled by orange
arrows in E-F. (E”-H") Same images are shown in E’-H’ where pSHARK staining is shown in a Royal LUT. White represents the highest amount of protein and
black the lowest one. White arrows in G’ and G” point to pSHARK accumulation and green arrowheads point to a ring canal enriched in pSHARK. Scale bar: 50
pm in E-H and 5 um in E'=H". Polar cells in panels C-D and E’-H’ are outlined with a yellow dashed line. White or yellow asterisks indicate non-internalized or
fully internalized polar cells, respectively.

Video 1. 3D reconstruction of a border cell cluster from an egg chamber at stage 9 expressing slbo-Gal4>UAS-lacZ/UAS-PLCSPHGFP. Polar cells are
identified by FAS3 (magenta) and are surrounded by the border cells (green). Nuclei are shown in blue. Related to Fig. 1, F and F'.
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Video 2. 3D reconstruction of a border cell cluster from an egg chamber at stage 10 expressing slbo-Gal4>UAS-SRC-CA#1; UAS-PLC6PHGFP. Polar
cells are identified by FAS3 (magenta) and they are being squeezed by border cells (green). Nuclei are shown in blue. Related to Fig. 1, H and H’.

Video 3. 3D reconstruction of a border cell cluster from an egg chamber at stage 10 expressing slbo-Gal4>UAS-SRC-CA#1; UAS-PLCSPHGFP. Polar
cells are identified by FAS3 (magenta) and each polar cell has been internalized by two different border cells (green). Nuclei are shown in blue. Related to Fig. 1,
land I.

Video 4. 3D reconstruction of a border cell cluster from an egg chamber at stage 10 expressing slbo-Gal4>UAS-SRC-CA#1; UAS-PLCSPHGFP. Polar
cells are identified by FAS3 (magenta) and border cells are in green. Both polar cells have been internalized by only one border cell. Nuclei are shown in blue.
Related to Fig. 1, ) and .

Video 5. Time-lapse showing the movement of the border cell cluster without leading protrusions and no detachment from the anterior pole.
Maximal projection from 20 slices (z-step: 0.7 um) of confocal images of an egg chamber at stage 10 expressing slbo-Gal4>UAS-SRC-WT/UAS-PLCSPHGFP.
DAPI was added to the medium to identify nuclei (see Materials and methods).

Video 6. Time-lapse showing normal border cell cluster morphology and migration. Maximal projection from 40 slices (z-step: 0.8 pm) of confocal
images of egg chambers expressing slbo-Gal4>UAS-lacZ/UAS-PLCSPHGFP. DAPI was added to the medium to identify nuclei (see Materials and methods).
Related to Fig. S1, M1-M3.

Video 7. Time-lapse showing polar cells internalization by border cells. Maximal projection from 43 slices (z-step: 0.5 um) of confocal images of egg
chambers expressing slbo-Gal4>UAS-SRC-CA#1; UAS-PLCSPHGFP. DAPI was added to the medium to identify nuclei (see Materials and methods). Related to
Fig. S1, N1-N3.

Video 8. Time-lapse showing border cell migration with internalized polar cells. Single section of border cells from egg chambers expressing slbo-
Gal4>UAS-SRC-CA#1; UAS-PLCSPHGFP/UAS-GFPnls. DAPI was added to the medium to identify nuclei (see Materials and methods). Related to Fig. S1,
01-03.

Provided online are Table S1, Table S2, and Table S3. Table S1 shows a list of overexpressed kinases and corresponding phenotypes.
Table S2 shows detailed genotypes displayed in each figure. Table S3 shows a list of reagents and resources used in this study.
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