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embryonic hemocytes.
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(Bacl(ground: PDGE- and VEGF-related factor (Pvr) ligands are implicated in the establishment and dispersal of Drosophila

Results: Hemocyte-restricted Pvr pathway activation in pvf2—3 mutants is sufficient for hemocyte survival and non-invasive
migration, whereas epithelial-specific Pvf expression is required for hemocyte invasive migration.

Conclusion: Pvfs are required for invasion, but not directional guidance of hemocytes.

Significance: We uncover a novel role for Pvfs in hemocyte trans-epithelial migration.

J

Vascular endothelial growth factor (VEGF) and platelet-de-
rived growth factor (PDGF) family members are essential and
evolutionary conserved determinants of blood cell development
and dispersal. In addition, VEGFs are integral to vascular
growth and permeability with detrimental contributions to
ischemic diseases and metastatic cancers. The PDGF/VEGF-re-
ceptor related (Pvr) protein is implicated in the migration and
trophic maintenance of macrophage-like hemocytes in Dro-
sophila melanogaster embryos. pvr mutants have a depleted
hemocyte population and a breakdown in hemocyte distribu-
tion. Previous studies suggested redundant functions for the Pvr
ligands, Pvf2 and Pvf3 in the regulation of hemocyte migration,
proliferation, and size. However, the precise roles that Pvf2 and
Pvf3 play in hematopoiesis remain unclear due to the lack of
available mutants. To determine Pvf2 and Pvf3 functions in vivo,
we generated a genomic deletion that simultaneously disrupts
Pvf2 and Pvf3. From our studies, we identified contributions of
Pvf2 and Pvf3 to the Pvr trophic maintenance of hemocytes.
Furthermore, we uncovered a novel role for Pvfs in invasive
migrations. We showed that Pvf2 and Pvf3 are not required for
the directed migration of hemocytes, but act locally in epithelial
cells to coordinate trans-epithelial migration of hemocytes. Our
findings redefine Pvf roles in hemocyte migration and highlight
novel Pvf roles in hemocyte invasive migration. These new par-
allels between the Pvr and PDGF/VEGF pathways extend the
utility of the Drosophila embryonic system to dissect physiolog-
ical and pathological roles of PDGF/VEGF-like growth factors.

Hematopoiesis is a critical developmental process that
requires stringent parallel regulation of blood cell proliferation
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(1), homeostasis (2), and migration (3, 4). Deregulated hemato-
poiesis has potentially lethal implications that include the onset
of leukemic diseases or pathogenic disruptions to cellular and
humoral immunity (5, 6). As with many fundamental cellular
and developmental processes, there is a substantial body of evi-
dence that evolutionarily conserved signal transduction path-
ways orchestrate defining features of hematopoiesis in distantly
related phyla (7, 8). For example, homologs of the vascular
endothelial growth factor (VEGF) and platelet-derived growth
factor (PDGF) pathways direct key processes in the develop-
ment (9-11) and migration (12, 13) of blood cells in mammals
and Drosophila melanogaster (14, 15). With an unrivaled capac-
ity for intricate genetic manipulations and clearly defined
embryonic development, Drosophila is a particularly instruc-
tive model to examine the involvement of the VEGF/PDGF
pathways in hematopoiesis.

The Drosophila PDGF/VEGF-receptor related (Pvr)> RTK
has an intracellular split-tyrosine kinase domain and seven Ig-
like repeats that bind the PDGF- and VEGF-related factor (Pvf)
ligands Pvfl, Pvf2, and Pvf3 (10, 12, 16). In Drosophila, the
embryonic blood system is dominated by a dynamic subset of
phagocytic hemocytes (17, 18). These cells express the Pvr
receptor and functionally resemble myeloid lineage cells in ver-
tebrates (9, 19). Hemocytes arise from the head mesoderm and
initiate a series of stereotypical anterior to posterior migrations
along epithelial surfaces (18). Ventrally located hemocytes
migrate along parallel passages on the dorsal and ventral planes
of the developing ventral nerve cord (VNC) (20), whereas dor-
sally located hemocytes migrate toward and abut the extending
germband (18). Ventral hemocytes secrete extracellular base-
ment membrane molecules that support development of the
VNC (21, 22). A portion of hemocytes leave open migratory
routes, breach epithelial barriers, and enter the surrounding
tissues (18, 23). Ventral hemocytes initiate a series of local
movements characterized by migration across the VNC,

2 The abbreviations used are: Pvr, PDGF/VEGF-receptor related; Pvf, PDGF-
and VEGF-related factor; VNC, ventral nerve cord.
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whereas dorsal hemocytes penetrate the extended germband
epithelium (18, 23). In contrast to open migration, invasive
migration by dorsal hemocytes requires a specialized system for
the dissolution of cell-cell epithelial junctions and evidence
indicates that RhoL/Rapl GTPases activate integrins in hemo-
cytes to facilitate invasive migration (23, 24).

Several studies implicate the Pvf-Pvr signal transduction axis
in numerous aspects of embryonic hematopoiesis. For example,
cell culture studies suggest that pvr, pvf2, and pvf3 determine
hemocyte size (25, 26), whereas genetic studies implicated pvf2
in the proliferation of larval hemocytes (27). In addition to con-
trolling the size and viability of hemocytes, there is convincing
evidence that the Pvr pathway regulates a number of develop-
mental migrations (16, 28 —32). Genetic analysis established a
role for Pvfl as a guidance cue for border cell migration in
oogenesis (16, 32) and in wound closure in the larval epidermis
(33). However, our understanding of the role of Pvr in embry-
onic hemocyte migration has evolved less clearly. pvr null
mutants are embryonic lethal with reduced hemocyte numbers
and disrupted hemocyte migration (10, 12). These data were
initially interpreted to suggest that the Pvr axis controls the
developmental migration of embryonic hemocytes (12). A sub-
sequent study uncovered an essential trophic role for Pvr sig-
nals in embryonic hemocytes, as expression of the pan-caspase
inhibitor p35 in the hemocytes of pvr mutants restored hemo-
cyte numbers (9).

The embryonic expression patterns of pvf2 and pvf3 correlate
with routes of hemocyte migration and simultaneous depletion
of pvf2 and pvf3 with RNAIi disrupts hemocyte migration (12,
13). From these observations, Pvf2 and Pvf3 were proposed to
act as chemokines that attract Pvr-positive hemocytes along
migratory routes (13). These data were originally supported by
the lack of hemocyte migration in pvr mutants(12). However, it
is noteworthy that the expression of p35 in hemocytes of pvr
mutants restores many features of the distribution of hemo-
cytes throughout embryos (9). These findings point to non-
essential requirements for Pvr in the dispersal of embryonic
hemocytes. The roles attributed to Pvfs and Pvr add confusion
to the context-relevant biological function of Pvfs in hemato-
poiesis. Much of the confusion is a direct result of a lack of
available pvf2 and pvf3 mutants, which forced previous studies
to rely on overexpression or RNAi-based approaches.

To address this issue, we generated a genomic deletion that
specifically disrupts pvf2 and pvf3 (pvf2-3) (34) and examined
the consequences for embryonic hematopoiesis and migration.
We found that deletion of pvf2 and -3 was embryonic lethal,
with drastically reduced hemocyte numbers and impaired dis-
tribution of hemocytes. We identified trophic roles for Pvf2 and
Pvf3 in hemocyte survival, consistent with previous evidence of
Pvr survival functions (9). Upon analysis of hemocyte migration
we found that pvf2 and pvf3 do not exhibit chemoattractant
activity. Instead we found a novel requirement for hemocyte-
extrinsic Pvfs to direct invasive hemocyte migration. Our find-
ings establish that pvf2 and pvf3 sustain the embryonic hemo-
cyte population and uncover a novel hemocyte-independent
role for Pvfs to coordinate hemocyte invasion through epithe-
lial barriers. These data establish the Drosophila embryo as an
ideal model to explore the requirements for PDGF and VEGE-
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like ligands in processes of invasive cell migration during devel-
opment and disease.

EXPERIMENTAL PROCEDURES

Fly Stocks—All fly stocks were maintained at 18 °C and
crosses were performed at 25 °C on a standard cornmeal media
(Nutri-Fly Bloomington Formulation, Genesee Scientific).
Embryos were collected at 25 °C on agar plates supplemented
with apple juice, sugar, and methyl 4-hydroxybenzoate fungus
inhibitor (Sigma H5501). The following fly lines were used in
this study: w'''®, P{XP}Pvf29°°%**  and PBac{WH}Pvf3***
(Exelixis Harvard Collection), DA2L)BSC291 55 (Bloomington
Stock Center (BSC) number 23676), crqg-Gal4 (BSC number
25041), UAS-eGFP (K. King-Jones, University of Alberta),
UAS-mCD8-GFP (BSC number 28832), UAS-pvf2 (27), UAS-
pvrCA (16), UAS-Ras85DY'? (BSC number 4847), UAS-p35
(BSC number 5072), pvr®>3°3 (19), and byn-GAL4 (29).

pvf2-3 Deletion and Validation—W e used standard genetic
approaches to excise a genomic region between the
P{XP}Pvf29°°°*> and PBac{WH}Pvf3"*4? (35). Primers used to
confirm pvf2-3 excision targeted the P{XP}Pvf29°°°** and
PBac{WH}Pvf3©*2 insertion elements. Primers sequences
were: 5'-AATGATTCGCAGTGGAAGGCT-3' and 5'-GAC-
GCATGATTATCTTTTACGTGAC-3'. Primers sequences
for the detection of pvf transcripts were as follows: pvfl, 5'-
GCGCAGCATCATGAAATCAACCG-3' and 5'-TGCA-
CGCGGGCATATAGTAGTAG-3'; pvf2, 5'-TCAGCGACG-
AAACGTGCAAGA-3" and 5'-TTTGAATGCGGCGTCG-
TTCC-3'; pvf3, 5'-AGCCAAATTTGTGCCGCCAAG-3’ and
5 -CTGCGATGCTTACTGCTCTTCACG-3'.

Embryo Immunofluorescence—Embryo immunofluores-
cence buffers were 1X PBS, 0.1% Triton X-100 (PT), 0.1%
bovine serum albumin, 5% normal goat serum in PT (PT-NGS).
Embryos were collected from apple juice plates and dechorion-
ated in 50% bleach for 2 min and rinsed in water. After fixation
in a 1:1 solution of 4% formaldehyde, PBS:heptane for 20 min in
a 37 °C shaker, embryos were devitellinized by a 30-s vortexin a
1:1 heptane:methanol solution. Embryos were permeabilized in
PT for 30 min, blocked for 1 h in PT-NGS, and incubated over-
night with primary antibodies in PT-NGS. Embryos were
washed 3X 5 min in PT, 3X 15 min in PT with 300 mm NaCl,
rinsed 5 times in PT, and then incubated for 30 min in PT-NGS.
Embryos were incubated with preabsorbed secondary antibod-
ies for 1 h. Before mounting, embryos were washed 3X 5 min
then 4X 15 min in PT and 1 min in PBS. Embryos were
mounted in Fluoromount (Sigma F4680). The following pri-
mary antibodies were used: rabbit anti-GFP (1:1000) (Invitro-
gen G10362), mouse anti-armadillo (1:250) (DSHB N27A1),
and rat anti-Pvr (1:200) (41). The following secondary antibod-
ies and stains were used: goat anti-rabbit Alexa-488 (1:500)
(Invitrogen A11008), goat anti-mouse Alexa-647 (1:500) (Invit-
rogen A21235), goat anti-mouse Alexa-568 (1:500) (Invitrogen
A11004), and Hoechst 33258 (1:1000) (Molecular Probes
H-3569).

Confocal Microscopy—Embryos were imaged on an Olympus
IX-81 microscope with a Yokagawa CSU X1 spinning disk con-
focal scan head. Images were collected as a Z-series using Meta-
morph software (Molecular Devices Inc.) and FIJI software
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(ImageJA 1.45b). Z-series were processed into a single Z-pro-
jections and movies were constructed and analyzed with Imaris
software (Bitplane Inc.). Each individual whole embryo image
was acquired from 3 or 4 overlapping 20X objective fields and
compiled using Photoshop CS3 (Adobe). All figures were
assembled with Photoshop CS3 and Illustrator CS3 (Adobe).

Hemocyte Quantification—Hemocytes from whole embryo
images were quantified according to cell morphology features,
GFP fluorescent contrast, size, and set parameters determined
by the Columbus Software (PerkinElmer Life Sciences). This
process was entirely automated and the same quantification
parameters were established and applied across all genotypes.
Quantification of each genotype was automated with identical
parameters. Cell numbers were graphed by Prism 6 software
(GraphPad Software, Inc.).

TUNEL Labeling—The In Situ Cell Death Detection Kit,
TMR red (Roche Applied Science number 12156792910) was
prepared according to the manufacturer’s instructions.
Embryos were prepared and mounted as the described in the
immunofluorescence protocol with the addition of 50 ul of
TUNEL labeling mixture/enzyme solution (45 ul of labeling/5
wl of enzyme) to the secondary antibody step and an overnight
incubation at 4 °C.

RESULTS

Genomic Deletion of pvf2 and pvf3—The pvf2 and pvf3 genes
lie in a tandem, uninterrupted arrangement on the left arm of
the second chromosome. To clarify the functions of Pvf2 and
Pvf3 during embryogenesis, we used FLP-based recombination
of FRT-bearing P-elements in the pvf2 and pvf3 loci to generate
agenomic deletion that ablates the Pvf2 promoter and five of six
exons in Pvf3 (pvf2-3, Fig. 14). We confirmed that the pvf2-3
genomic excision was present in pvf2—3 mutants, but absent
from the parental P-element insertion fly lines and control
w''*® lines (Fig. 1B). In contrast to the individual pvf2 and pvf3
insertion lines, the pvf2—3 homozygous mutation was embry-
onic lethal. The pvf2-3 mutation was also lethal in heterozygos-
ity with a genomic deficiency that spans the pvf2 and pvf3 locus
(Df(2L)BSC291, Fig. 1C), indicating that the homozygous
lethality of pvf2—3 mutants is a result of disruptions to the pvf2
and pvf3 loci.

Given that pvr mutants are also embryonic lethal, we hypoth-
esized that simultaneous loss of Pvf2 and Pvf3 constricted Pvr
pathway activation. We therefore tested whether re-engage-
ment of Pvr reverted the lethality of pvf2—3 mutants. Specifi-
cally, we repleted Pvr signaling in the embryonic hemocyte
compartment of pvf2—3 mutants by the induced expression of
various Pvr pathway components with the GAL4/UAS system.
To do this, we used an established hemocyte-specific GAL4
driver croquemort (crqGAL4) (36) to express Pvf2, or constitu-
tively active variants of Pvr (PvrCA) or Ras (RasV12) in pvf2-3
mutants (Fig. 1C). Expression of Pvf2, PvrCA, and RasV12 in
hemocytes partially rescued lethality of pvf2-3 homozygous
mutants, whereas hemocyte-specific GFP expression did not.
Previous evidence implicated Pvr in hemocyte trophic survival,
as hemocyte-specific expression of the pan-caspase inhibitor
p35 rescued hemocyte death in pvr mutant embryos (9). To
determine whether Pvf2 and Pvf3 contribute to trophic signal-
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FIGURE 1. A genomic deletion of the pvf2-pvf3locus in Drosophila. A, orga-
nization of the pvf2 and pvf3 locus in wild-type and pvf2-3 deletion flies. The
{XP}Pvf20°645 (XPO0645) and {WH}Pvf3 4842 (WH04842) are shown. FRT sites
are indicated with arrowheads. Gray and white boxes represent exons and
untranslated regions, respectively. pvf2 and pvf3 cDNA structures are shown
below the genomic map. Coding sequences are shown with gray boxes. PDGF
domains with diagonal striped boxes and signal peptide (SP) sequences as
horizontal striped boxes are indicated. The pvf2-3 map shows the deletion
product of FLP-mediated recombination between the FRT-bearing XP and
WH P-elements. B, PCR confirmation that the P-element recombination prod-
uct is present in the deletion strain, but absent from wild-type and parental
P-element insertion lines. The PCR primers target the XP00645 and WH04842
P-elements. DNA molecular weight (MW) markers are shown. C, quantifica-
tion of viable pvf2-3 mutants. The first column shows pvf2-3in heterozygosity
with the Df(2L)BSC291 deficiency. The remaining columns show homozy-
gous pvf2-3 mutant flies that express GFP, pvf2, pvrCA, rasV12, or p35 trans-
genes under the hemocyte-specific croquemort (crq) promoter. Percent res-
cue is the percentage of rescued progeny based on expected Mendelian
ratios. Sample size (n) is indicated for each genotype. D, detection of pvf1, -2,
and -3 transcripts in wild-type and homozygous pvf2-3 mutants flies that
express the indicated rescue constructs under the crq promoter.

ing, we used the crgGAL4 driver to express p35 in hemocytes of
pvf2—-3 mutant embryos. We found that expression of p35 in
hemocytes also produced a partial rescue of pvf2—3 mutant
lethality (Fig. 1C). Notably, a greater proportion of pvf2-3
mutants were rescued by hemocyte-specific expression of Pvf2
and PvrCA than observed with the RasV12 and p35 transgenes.

As the pvf2-3 deficiency does not ablate the coding region of
pvf2, we considered the possibility that our deletion strain does
not affect pvf2 expression. To test this hypothesis, we examined
pvf2 transcript levels in pvf2—3 mutants rescued to adulthood
through crqGAL4-mediated expression of pvf2 or PvrCA (Fig.
1D). We detected pvfl, pvf2, and pvf3 transcripts in wild-type
flies. In contrast, we found that pvf2-3 homozygous mutants
that express a pvf2 rescue construct lacked pvf3 transcripts and
maintained expression of pvfI and pvf2. These data suggest that
pvf2-3 deficiency disrupts expression of pvf3. We also found
that pvf2—3 homozygous mutants that express a PvrCA rescue
construct exhibit weakly detectable pvf2 transcript or no pvf3
transcript and maintained expression of pvfi. As the PvrCA
rescue flies are homozygous for the pvf2—3 deletion, our data
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FIGURE 2. Hematopoiesis and hemocyte migration in pvf2-3 mutants.
A-D, stage 11-14 crqGAL4,UAS-eGFP/+ (wt), pvf2-3,crqGAL4/pvf2-3,UAS-
eGFP (pvf2—3), UAS-mCD8-GFP,pvf2-3,crqGAL4/DI(2L)BSC291 (pvf2—3/Df), and
UAS-eGFP;pvr,crgGAL4/pvr (pvr) embryos. Hemocytes were visualized by eGFP
expression (green in A). All embryos were oriented with the anterior region to
theleftand the dorsal surface facing up. A, embryos were counterstained with
Hoechst (blue in A) to visualize DNA. Scale bars represent 50 wm. Dashed yel-
low lines in stage 11 embryos indicate the edge of the retracting germband.
Yellow brackets in stage 12 embryos indicate the ventral midline region. Yel-
low arrowheads in stage 13 pvf2-3, pvf2-3/Df, and the pvr mutant eGFP frame
mark hemocyte clumps in the head. B-D, hemocytes were visualized by GFP
expression (green in B). The adherens junction protein, Armadillo (3-Catenin),
was visualized by antibody labeling (red in B). The boxed regions in the first row
of each embryo are shown below at higher magnification. Scale bars represent
50 um in whole embryo panels and 25 um in high magnification panels. B,
dashed yellow line indicates the edge of the retracting germband. D, white
brackets demarcate axon bundles of the ventral nerve cord.

confirm that the genomic deletion strongly disrupts expression
of pvf2 and ablates the expression of pvf3 and establish that
hemocyte-specific activation of the Pvr pathway is sufficient to
restore viability to pvf2-3 mutants.

pvf2-3 Mutants Exhibit Defects in Hemocyte Distribution—
As Pvr mutant embryos exhibit defects in embryonic hemocyte
distribution, we assessed hemocyte migration in pvf2—3 mutant
embryos. We visualized hemocytes through crgGAL4-specific
expression of GFP and labeled the epithelial adherens junction
protein Armadillo (8-Catenin) to visualize cell borders (Fig. 2).
As expected, wild-type hemocytes populated the extended
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germband of stage 12 embryos. In contrast, hemocytes were
completely absent from the germband in pvf2-3, pvf2-3/
Df(2L)BSC291, and pvr mutants (Fig. 2, A, first column, and B).
Hemocytes in pvf2-3, pyf2-3/Df(2L)BSC291, and pvr mutant
embryos migrated posteriorly across the dorsal plane of the
amnioserosa at the same rate as the retracting germband, but
failed to enter the germband. We observed a residual popula-
tion of hemocytes at the ventral midline in both pvf2—3 mutants
and pvf2-3/Df embryos, but no hemocytes at the ventral mid-
line in pvr mutants (Fig. 2, A, second column, and C and D). In
stage 13 wild-type embryos, anterior hemocytes traverse the
ventral midline to converge with hemocytes distributed
through the posterior of the embryo by the retracting germ-
band (Fig. 2C). We found hemocytes in the anterior half of the
ventral midline in pvf2-3 and pvf2-3/Df(2L)BSC291 embryos,
but a complete absence of posterior hemocytes in pvf2-3, pvf2—
3/Df(2L)BSC291, and pvr mutants. We also observed defined
aggregation of hemocytes in the head of pvf2-3, pvf2-3/
Df(2L)BSC291, and pvr mutant embryos (Fig. 24, arrowheads).

A subset of hemocytes traverses the dorsal surface of the
VNC during stages 11-13 of embryogenesis and then crosses
through gaps between axon bundles of the VNC to populate the
space between the ventral epidermis and the VNC (Fig. 2D and
supplemental Video S1). As hemocytes populate the ventral
midline they cross back and forth through open gaps in the
VNC (Fig. 2D). We found that hemocyte passages through the
VNC were largely absent along the trunks of pvf2—3 and pvf2—
3/Df(2L)BSC291 embryos. Only a residual population of hemo-
cytes entered the ventral side of the VNC in the head of the
embryo and appeared to be isolated from hemocytes on the
dorsal side of the VNC in the embryonic trunk (Fig. 2D, second
and third columns). We did not detect hemocytes along either
the dorsal or ventral surface of the VNC of pvr mutant embryos
(Fig. 2D, fourth column). In summary, hemocyte distribution
defects are remarkably similar between pvr and pvf2—3 mutant
embryos, with the exception that we observe residual hemocyte
distribution along the ventral midline of pvf2—3 mutants.

Pvf2 and Pvf3 Provide Trophic Signals to Hemocytes—Given
that hemocyte-specific expression of p35 rescued pvf2-3
lethality and the established trophic roles of Pvr in hemocyte
survival, we speculated that Pvf2 and Pvf3 are important
trophic factors for the survival of hemocytes. We assessed apo-
ptotic cell death in wild-type and pvf2—3 mutant embryos that
expressed GFP in hemocytes. We did not observe major differ-
ences between the distribution of apoptotic corpses in pvf2-3
mutant and wild-type embryos. However, we noticed that ante-
rior hemocytes in stage 13 pvf2—-3 mutant embryos formed
dense aggregates with an enlarged and heavily vacuolated cell
morphology. High magnification images show that these
hemocytes engulfed numerous apoptotic bodies at one time
compared with wild-type hemocytes (Fig. 3A, arrowheads).
These data indicate elevated levels of phagocytic activity in the
anterior of pyf2—3 mutants and are reminiscent of the cannibal-
istic phagocytosis of hemocytes reported in pvr mutants (9). We
quantified hemocytes in wild-type embryos, pvf2—3 mutant
embryos, and pvf2-3 homozygous mutant embryos that
express pvf2 in hemocytes (pvf2-3,crq>pvf2). pvf2-3 mutants
exhibited a significant decrease in hemocyte numbers com-
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FIGURE 3. Hemocyte survival in pvf2-3 mutants. A and B, hemocytes in
crqGAL4,UAS-eGFP/+ (wt), pvf2-3,crqGAL4/pvf2-3,UAS-eGFP (pvf2-3), and
pvf2-3,crqGAL4,UAS-GFP,UAS-pvf2 (pvf2-3,crg>pvf2) embryos. A, high mag-
nification images of hemocytes from wt and pvf2-3 mutant embryos. Hemo-
cytes were visualized by eGFP expression (white in Merge) and apoptotic cell
death by TUNEL staining (green in Merge). Scale bar represents 10 um. Space

GRS

JULY 12,2013-VOLUME 288-NUMBER 28

pared with wild-type embryos. In contrast, hemocyte-specific
expression of pvf2 restored hemocyte numbers to wild-type lev-
els (Fig. 3B). Our findings show that Pvf2 and Pvf3 provide
essential trophic cues for the survival of embryonic hemocytes.

Pyf2 and Pvf3 Direct Germband Invasion by Hemocytes—
During embryogenesis, hemocytes enter the extended germ-
band in a process that requires the dissolution of epithelial cell-
cell junctions followed by a chain migration of hemocytes
through newly formed intercellular gaps into the germband
(23). As hemocytes are absent from the germband of pvf2-3
mutant embryos, we visualized germband invasions in wild-
type and pvf2-3 mutant embryos. We found that a subset of
wild-type and pvf2-3 mutant hemocytes migrated toward and
accumulated at the anterior margin of the extended germband
in stage 11 embryos (Fig. 44). Wild-type hemocytes then pen-
etrated the epithelium and individually invaded at defined loca-
tions of disrupted adherens junction along the terminus and
underside of the extended germband at stage 12 (Fig. 44). In
contrast, we found that pvf2—3 mutant hemocytes did not pen-
etrate the epithelium. By stage 12 nearly all wild-type dorsal
hemocytes were within the germband, whereas all dorsal
pvf2—-3 mutant hemocytes remained in close contact with the
retracting margin of the germband. The localization and migra-
tion of hemocytes relative to the germband epithelium
remained constant throughout germband retraction in pvf2-3
mutants. However, the inability of mutant hemocytes to invade
and pass through the epithelial junctions of the germband
results in a marked deficit in posterior hemocytes in stage 13
embryos (Fig. 24, fourth column).

To follow hemocyte movements at the germband interface in
greater detail, we visualized GFP expressing hemocytes in live
wild-type and pvf2-3 mutant embryos. Wild-type hemocytes
entered the germband epithelium through several restricted
locations (Fig. 4B and supplemental Video S2). When we exam-
ined pvf2-3 mutants, we found that hemocytes exhibited
dynamic and continuous movements along the germband
interface (Fig. 4B and supplemental Videos S3 and S4). Despite
an intact migration to the correct location and the appropri-
ately positioned accumulation of hemocytes at the presumptive
sites of epithelial invasion, all pvf2—3 mutant hemocytes failed
to penetrate the germband epithelium. Examination of live and
fixed pvf2—3 mutants revealed that posterior migration of dor-
sally located hemocytes was intact in mutant hemocytes despite
their inability to enter the retracting germband. In summary,
our observations reveal that the route and rate of dorsal migra-
tion is intact, but that the initial step of epithelial invasion is
completely absent in pvf2—3 mutants. Together, these findings
indicate that Pvf2 and Pvf3 are required for hemocyte invasion
across epithelial barriers, but that loss of Pvf2 and -3 does not
disrupt the dorsal-posterior migration of embryonic hemocytes
to the germband interface.

filling visualization is shown for the bottom two rows. B, quantification of
hemocytes from stage 13 embryos of the indicated genotypes. Horizontal
dashes represent mean cell number of 340 in wt, 222 in pvf2-3, and 304 in
pvf2-3,crq>pvf2 embryos. Statistical significance of differences between
genotypes was calculated by analysis of variance analysis. Asterisks represent
the respective p values: *** = 0.0002; * = 0.0146; and ns, nonsignificant =
0.3897. Representative embryos are shown for each genotype. Quantified
hemocytes are highlighted in green. Scale bars represent 50 um.
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FIGURE 4. Hemocyte invasion of the germband in pvf2-3 mutant
embryos. A, stage 11-12 crqGAL4,UAS-eGFP/+ (wt) and pvf2-3,crqGAL4/
pvf2-3,UAS-eGFP (pvf2-3) embryos. Hemocytes were visualized by eGFP
expression (green in Merge) and Armadillo (8-Catenin) was visualized by anti-
body labeling (red in Merge). The boxed regions in the first row are shown at
higher magnification in the second to fourth rows. Scale bars represent 50 um
in whole embryo panelsand 25 um in high magnification panels. B, individual
frames from live images of wt and pvf2-3 embryos of the indicated stages and
orientations. Hemocytes are visualized by eGFP expression as above. The
upper panel captures germband invasion by hemocytes in wt embryos. The
lower two panels show a failure of pvf2-3 hemocytes to invade the germband.

0 min

Inhibition of Apoptosis Restores Migration, but Not Epithelial
Invasion in pvf2—3 Mutant Hemocytes—As pvf2—3 mutants dis-
play a marked reduction in hemocyte numbers, we considered
the possibility that the inability of mutant hemocytes to pene-
trate the extended germband reflects an underlying defect in
cell viability. To test this hypothesis, we expressed the baculo-
virus pan-caspase inhibitor p35 in pvf2—-3 mutant hemocytes
(pvf2-3,crq>p35, Fig. 5A). Our initial studies confirmed that
expression of p35 in hemocytes reverts the lethality of the
pvf2-3 deletion (Fig. 1). We found that p35 restored the poste-
rior migration of ventrally located hemocytes in pyf2—3 mutant
embryos. In contrast, we found that p35 expression did not
restore the migration of hemocytes across the VNC in pvf2-3
mutants (Fig. 54, fourth column). In addition, we found that
pvf2—-3 mutant hemocytes that express p35 failed to invade the
extended germband of stage 11 embryos (Fig. 54, third col-
umn). Together these observations suggest that inhibition of
apoptosis restores the posterior migration of ventral hemocytes
in pvf2—3 mutant embryos. In contrast, invasive migration into
the extended germband or across the ventral nerve cord is inde-
pendent of trophic signals from Pvf2 and Pvf3.
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FIGURE 5. Hemocyte migration patterns in pvf2-3 mutants that express
Pvf2, a constitutively active Pvr or the pan-caspase inhibitor p35. A-C,
hemocytes were visualized by eGFP expression (green) and Armadillo
(B-Catenin) was visualized by antibody labeling (red). The boxed regions were
visualized at higher magnification shown in the lower panel. Scale bars repre-
sent 50 wm in whole embryo panels and 15 wm in high magnification panels.
The dashed white line indicates the edge of the retracting germband. White
brackets demarcate axon bundles of the ventral nerve cord. A, crqGAL4,
UAS-eGFP/UAS-pvf2 (crq>pvf2) and pvf2-3,crqGAL4,UAS-GFP,UAS-pvf2
(pvf2-3,crg>pvf2) embryos are shown. B, crqGAL4,UAS-eGFP/UAS-pvrCA
(crg>pvrCA) and UAS-mCD8-GFP/+;pvf2-3,crqGAL4/pvf2-3,UAS-pvrCA (pvf2—
3,crg>pvrCA) embryos are shown. C, crqGAL4,UAS-eGFP/UAS-p35 (crq>p35)
and UAS-mCD8-GFP/+pvf2-3,crqGAL4/pvf2-3,UAS-p35 (pvf2-3,crg>p35)
embryos are shown.

Extrinsic Signals Guide the Invasive Migration of Embryonic
Hemocytes—Our data suggest that non-trophic signals from
the Pvr pathway control invasive migration of hemocytes. To
test if invasive signals from Pvf ligands are hemocyte-autono-
mous or extrinsic, we assessed the migratory and invasive
behavior of wild-type hemocytes and pvf2—3 mutant hemocytes
that express Pvf2 (crg>pvf2 and pvf2-3,crq>pvf2, Fig. 5B).
Hemocyte-specific expression of Pvf2 restores viability to
pvf2—-3 mutants (Fig. 1) and restores hemocyte numbers to
wild-type levels in mutant embryos (Fig. 3). We found that
expression of Pvf2 in wild-type hemocytes does not impair
hemocyte distribution (Fig. 5B, first and second columns). We
found that the expression of Pv{2 in pyf2—3 mutant hemocytes
completely restored anterior to posterior migration of ventral
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hemocytes, but failed to restore invasion of the extended germ-
band in stage 12 embryos (Fig. 5B, third and fourth columns).

We then tracked the migratory and invasive behavior of
pvf2-3 mutant hemocytes that express a constitutively active
Pvr variant. For these experiments we followed the migration of
GFP positive hemocytes that express PvrCA in wild-type
(crg>PvrCA) and pvf2-3 mutant (pvf2-3,crg>PvrCA)
embryos (Fig. 5C). pvf2-3,crg>PvrCA hemocytes bypass
requirements for Pvf2 or Pvf3 ligands to activate Pvr signals and
rescue the lethality of pvf2—3 mutants (Fig. 1). Interestingly,
uniform activation of the Pvr pathway in hemocytes of other-
wise wild-type embryos did not disrupt the migration of hemo-
cytes (Fig. 5C, first and second columns). We found that expres-
sion of PvrCA restored posterior migration to ventrally located
pvf2-3 mutant hemocytes, but failed to restore transition
across the posterior VNC (Fig. 5C, fourth column). Likewise,
expression of PvrCA failed to restore invasion of the extended
germband by pvf2-3 mutant hemocytes (Fig. 5C, third column).
These findings suggest that uniform Pvr activation in hemo-
cytes is sufficient for the survival and posterior migration of
embryonic hemocytes, but insufficient for the invasion of
embryonic epithelial structures. In summary, hemocyte-spe-
cific restoration of the Pvr pathway restores hemocyte numbers
and re-establishes the stereotypical routes of hemocyte migra-
tion in pvf2-3 mutant embryos. In contrast, activation of the
Pvr pathway fails to restore invasive movements to pvf2-3
mutant hemocytes.

The Pvr Pathway Is Dispensable for the Posterior Migration of
Embryonic Hemocytes—Whereas several reports implicate Pvf2
and Pvf3 as chemokines for embryonic hemocytes (12, 13, 28,
29) our findings are more consistent with a previous report that
the Pvf/Pvr axis is not required for hemocyte migration (9). We
hypothesized that the apparent migratory defects previously
ascribed to Pvf2 and Pvf3 disruptions are an indirect conse-
quence of the loss of hemocyte numbers that accompany dis-
ruptions to pvf2 and pvf3. To determine whether activation of
the Pvr pathway in hemocytes alone is sufficient for hemocyte
migration, we expressed pvrCA in the hemocytes of pvr
mutants. The pvr receptor mutant is a null allele with a severe
truncation at the first immunoglobulin domain (19), whereas
for the PvrCA receptor, A dimerization motifs replace the
external ligand-binding domain and promote constitutive
receptor coupling and downstream signaling (16). We followed
the migration of GFP positive hemocytes that express pvrCA in
pvr mutant embryos (pvr,crg>pvrCA, Fig. 6). We found that
hemocyte-specific expression of the PvrCA receptor in pvr
mutants was sufficient to restore the posterior migration of
ventral hemocytes (Fig. 6, third column). Intriguingly, we found
that expression of PvrCA partially restored transition across
the VNC in the anterior, but not posterior of the embryo.
Finally, we found that hemocyte-restricted engagement of Pvr
signals did not restore invasion of the extended germband by
pvrmutant hemocytes in stage 12 embryos (Fig. 6, first column).
These findings demonstrate that the posterior migration of
embryonic hemocytes does not require sensing of environmen-
tal Pvf ligands to guide migration, and that Pvr pathway activa-
tion through ligand binding domains is required for the invasive
migration of hemocytes.
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FIGURE 6. Hemocyte behavior in pvr mutant embryos that express a con-
stitutively active Pvr. Hemocytes were visualized by eGFP expression (green
in Merge) and Armadillo (B-Catenin) was visualized by antibody labeling (red
in Merge). The boxed regions were visualized at higher magnification in the
lower three panels. Scale bars represent 50 um in the whole embryo panels
and 25 um in high magnification panels. UAS-mCD8-GFP/+;pvr,crqGAL4/
pvr,UAS-pvrCA (pvr,crqg>pvrCA) embryos are shown. The dashed yellow line
indicates the edge of the retracting germband. White brackets demarcate
axon bundles of the ventral nerve cord.

Expression of Pvf2 in the Germband Epithelium Restores
Invasive Migration of Hemocytes in pvf2—3 Mutants—Our find-
ings suggest that hemocyte extrinsic Pvfligands are required for
invasive hemocyte migration. To further test this, we expressed
Pvf2 in the germband epithelium of pvf2—3 mutants (Fig. 7).
Specifically, we expressed Pvf2 in the hindgut, which forms the
terminal epithelial barrier of the extended germband through
which hemocytes invade. To visualized hemocytes, we used a
Pvr-specific antibody. The Pvr antibody is a reliable approach
to detect hemocytes, as Pvr is highly expressed on embryonic
hemocytes (9, 19,41). We found that hindgut-restricted expres-
sion of Pvf2 restored hemocyte invasion of the germband in
pvf2-3 mutants (Fig. 7, first and second columns). In stage 13
embryos, we found hemocytes interspersed around the GFP-
positive hindgut epithelium and also hemocytes with GFP-pos-
itive inclusions in regions of the ventral posterior (Fig. 7, third
and fourth columns). Together, these observations suggest that
Pvf expression in the germband epithelium is essential for
hemocyte invasive migration, but that Pvfs are dispensable as
guidance cues for hemocyte migration to these tissues.

DISCUSSION

Summary of This Report—Previous studies implicated the
Pvr signal transduction pathway in a number of critical embry-
onic events, such as the control of hemocyte size (25), the pro-
vision of trophic (9) and migratory cues (12, 13) to hemocytes,
and the control of organ morphogenesis in hemocyte- depend-
ent (20, 22, 29) and -independent manners (28, 30, 31). The role
of the Pvr axis in hemocyte migration is unclear with apparently
contradictory studies indicating that pvf2 and pvf3 are essential
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pvf2-3,byn>pvf2
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FIGURE 7. Germband-restricted Pvf2 expression restores hemocyte inva-
sive migration in pvf2-3 mutants. A brachyenteron (byn) pattern of Pvf2
expression is visualized by GFP (green in Merge). Hemocytes are visualized by
antibody labeling of Pvr (red in Merge). The boxed regions were visualized at
higher magnifications in the lower three panels. Scale bars represent 50 um in
whole embryo panels, 25 um in A and B) and 15 um in A’ and B’ panels.
UAS-mCD8-GFP/+;pvf2-3,UAS-pvf2/pvf2-3;bynGAL4/+  (pvf2-3,byn>pvf2)
embryos are shown. The dashed yellow line indicates the edge of the retract-
ing germband. Arrowheads in A indicate hemocytes in the germband and at
the site of invasion into the germband (A’). Arrowheads in B indicate hemo-
cytes in the ventral posterior and in B" hemocytes surrounding the develop-
ing hindgut.

Stage 13 Lateral

(13), or that the Pvr pathway is dispensable for hemocyte migra-
tion (9). Direct examination of the requirements for pvf2 and
pvf3 in embryogenesis are hindered by the absence of muta-
tions in the two. To address this issue, we generated a genomic
deletion that disrupts expression of pvf2 and pvf3. We con-
firmed that pvf2 and pvf3 provide essential trophic signals to
hemocytes and established that simultaneous loss of pvf2 and
pvf3isembryonic lethal. In addition, we demonstrated that pvf2
and pvf3 do not provide chemotactic cues to guide the posterior
migration of newly formed hemocytes. Instead, our data estab-
lish a novel role for pvf2 and pvf3 in controlling the invasion of
embryonic epithelia by migratory hemocytes.

Requirements for pvf2 and pvf3 in Embryonic Hematopoiesis—
Several lines of evidence confirm that the pyf2—3 mutant phe-
notypes presented in this report are a direct consequence of the
depleted expression of pvf2 and pvf3. On a molecular level, the
deletion removes almost the entire coding region of pvf3 and
the promoter region of pvf2. We confirmed that homozygous
mutants have severely diminished pvf2 expression and fail to
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express pvf3. We showed that a separate genomic deficiency
that spans pvf2 and pvf3 fails to complement the pvf2—3 mutant
phenotype. Phenotypically, the defects in pvf2-3 mutant
embryos resemble pvr mutants. Specifically, pvf2—-3 and pvr
mutants exhibit anterior hemocyte aggregates, greatly dimin-
ished hemocyte numbers, and a block in germband invasion by
embryonic hemocytes (9, 12). Finally, we found that hemocyte-
restricted expression of pvf2, pvrCA, or RasV12 rescued the
homozygous lethality of pyf2—3 mutants. Together our data
indicate that pvf2 and pvf3 perform essential hemocyte-specific
functions during embryonic development. We believe that Pvf2
and Pvf3 act in a redundant manner, as expression of pvf2 alone
rescues the pvf2—-3 defects described here. Rescue experiments
with pvf3 are required to fully validate this hypothesis.

pvf2 and pvf3 Control Embryonic Hemocyte Survival—We
observed a marked reduction in hemocyte numbers in pvf2—3
mutants and showed that the remaining anterior hemocyte
population is engorged with apoptotic corpses. These findings
are reminiscent of pvr mutants, which become heavily
engorged through cannibalistic phagocytosis due to disrup-
tions in survival signals that sustain hemocytes (9). Our obser-
vations suggest that Pvf2 and Pvf3 provide the necessary
trophic inputs through Pvr to maintain the hemocyte pool. We
confirmed this through the restoration of pvf2—3 hemocyte
numbers to wild-type levels by hemocyte-specific expression of
pvf2. However, we noted differences in the severity of certain
hemocyte defects in pvf2—-3 and pvr mutants. The anterior
aggregation of hemocytes was more pronounced in pvr mutants
than in pvf2-3 mutants. These observations support previous
speculation that pvfI contributes to hemocyte survival signal-
ing at early stages of embryogenesis (13). As hemocyte-re-
stricted expression of p35 or activation of the Pvr pathway is
sufficient to revert the lethality of the pvf2—3 mutation, we con-
clude that the essential embryonic functions of the Pvf-Pvr axis
are restricted to the hemocyte population.

Re-evaluation of Pvf2 and Pvf3 Roles in Hemocyte Migration—
There is a substantial body of evidence that supports roles for
the Pvf-Pvr axis in the control of developmental migrations. For
example, Pvfl guides border cell migration during oogenesis
(16, 32) and a similar guidance mechanism is described for Pvfl
in larval epidermal cell migration during wound closure (33). A
number of studies suggested that Pvf2 and Pvf3 act as guidance
molecules during the developmental migration of embryonic
hemocytes (12, 13, 29). Specifically, Pvf2 and Pvf3 are thought
to serve as chemoattractants that guide Pvr-expressing hemo-
cytes out of the head and along defined anterior to posterior
routes in the developing embryo (13). This role is supported by
the restricted spatial and temporal expression patterns of pvf2
and pvf3 in the VNC and pvf2 in the dorsal vessel, which coin-
cide with defined routes of hemocyte migration (13). This
hypothesis also overlaps with the respective roles of PDGF and
VEGEF in fibroblast (37) and early blood cell chemotaxis (38).
However, our initial studies suggested that posterior migration
of hemocytes along the VNC and the dorsal vessel is undis-
turbed in pvf2—-3 mutant embryos. When we replenished
hemocyte numbers in pvf2—-3 mutants through hemocyte-spe-
cific expression of pvf2, we observed a complete restoration of
anterior to posterior hemocyte migration. If the supply of Pvf2
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is limited to hemocytes in the rescue experiments, our data
argue that pvf2 and pvf3 do not act as extrinsic guidance mole-
cules for the posterior migration of embryonic hemocytes.
However, we considered that if the pvf2—3 mutation does not
entirely ablate pvf2 expression, it is imaginable that the residual
Pvf2 produced is sufficient to guide posterior hemocyte migra-
tion. We therefore tested this hypothesis in an experiment
where we induced ligand-independent activation of the Pvr
pathway in the hemocytes of embryos that were otherwise defi-
cient for pvr function. Our studies showed that restoration of
Pvr activity to hemocytes that are insensitive to guidance cues
from Pvfligands completely restored the posterior migration of
embryonic hemocytes. These findings agree with the observed
hemocyte distribution pattern in late stage pvr mutant embryos
rescued with PvrCA (9) and conclusively establish that Pvf2 and
Pvf3 do not act as chemoattractants for the posterior migration
of embryonic hemocytes.

We believe that the migratory defects previously described in
embryos injected with dsRNA that targets pvf2 and pvf3 are a
consequence of the reduced hemocyte numbers caused by a
block in trophic signaling (12, 13). However, from our data we
cannot exclude Pvf roles in local hemocyte chemotaxis nor the
possibility that Pvfs, like many conserved growth factors, may
act as chemokinetic molecules that sensitize hemocytes to
other chemoattractants (39). However, recent evidence of a
genetic interaction between Pvr and a WASP family member
required for the efficient processing of hemocyte phagosome
material hints at an alternative explanation for Pvr pathway
mutant phenotypes (40). This study showed that disruptions to
the ability of hemocytes to process phagocytosed apoptotic
corpses causes extreme vacuolation of hemocyte cytoplasm and
consequently prevents hemocyte migration. Our observation of
heavily vacuolated cytoplasm in pvf2—3 and pvr mutants draws
an intriguing correlation between phagosome processing and
Pvf-Pvr signaling.

Hemocyte-Extrinsic Cues Are Required for Invasive Migration—
During embryonic development, a subset of hemocytes leaves
open migratory routes and penetrates epithelial barriers to
invade and populate embryonic tissues. Previous studies
described an absence of hemocytes in the retracted germband
of pvr mutants (10, 12). We also noticed an absence of posterior
hemocytes in pyf2—3 mutants and traced this defect to a failure
of hemocytes to invade the extended germband. The invasive
potential of a cell depends on its motile potential and ability to
breach tissue barriers. Our examination of hemocytes in fixed
and live pvf2—3 mutant embryos revealed that hemocytes do
not exhibit a loss of motile potential, as mutant hemocytes
capably position themselves at presumptive sites of invasion.
Furthermore, we showed that hemocyte positioning at defined
sites of entry into the germband was intact not only in pvf2-3
mutants, but also pvr mutants. We also showed that p35 or
PvrCA expression in hemocytes did not restore invasive migra-
tion in pvf2—3 mutants. This indicates that Pvf-Pvr survival sig-
nals are not sufficient to restore invasive migration. We believe
these observations indicate that Pvf-Pvr signals are essential to
coordinate the process of invasion, whereas other guidance
cues attract hemocytes to the germband interface. We note that
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the epithelial expression patterns of pvf2 and pvf3 are consist-
ent with such a function (12, 41).

We found that expression of pvf2 in the hemocytes of pvf2—-3
mutants does not rescue invasion of the extended germband by
embryonic hemocytes, whereas expression of pvf2 in the germ-
band epithelia does restore the hemocyte invasive migration.
These findings could be interpreted as evidence of a germband-
restricted Pvf-Pvr-mediated control of epithelial permeability.
However, previous studies established that hemocyte-specific
expression of wild-type Pvr restores hemocyte invasion in pvr
mutant embryos (9). Therefore, these findings support a mech-
anism where epithelial Pvfs engage Pvr in hemocytes to orches-
trate the polarization of the invasion machinery of hemocytes
toward the proximal interface of the epithelium. Uniform acti-
vation of the Pvr pathway does not restore invasive migration in
pvf2-3 and pvr mutant embryos. We speculate that PvrCA
unlike wild-type Pvr interferes with the essential hemocyte
polarization toward the site of invasion. Requirements for
polarization during invasive migration are supported by evi-
dence of Pvr-induced invasive extensions in border cell migra-
tion (42) and in recent work that shows a requirement for RhoL
in hemocytes to promote Rapl localization and increased
integrin affinity at the leading edge of the invading hemocytes
(23). Also, Pvr controls actin accumulation through Rac and the
DOCK180 homolog Mbc in border cell migration (16).
Whether Pvr signaling contributes to adhesion through RhoL
activity or controls actin-rich extension through Rac and Mbc
in hemocyte invasion is an intriguing avenue for future studies.

In summary, our data support the involvement of the Pvr
pathway in hemocyte survival and establish Pvf2 and Pvf3 as
essential trophic signaling molecules for hemocyte survival. In
addition, we provide evidence that pvf2 and pvf3 are not che-
moattractants that guide the posterior migration of hemocytes
from the head of stage 11 embryos. Instead, we uncover a novel
hemocyte-extrinsic role for pvf2 and pvf3 in invasive migration
that is independent of their survival function. A role for Pvfs in
trans-epithelial migration is intriguingly similar to established
VEGF roles in vascular permeability. For example, VEGFs
induce the formation of small pores or fenestrae on endothelial
cells, calveolae for intra-endothelial protein transport, and
channels or vesiculo-vacuolar organelles for passage of material
through endothelial cells (43). VEGFs also support cellular pas-
sage across endothelial barriers, as VEGFR-2 directly phos-
phorylates VE-cadherin, -, y-, and p120-catenins, causing the
dissolution of adherens junctions (44). Our observation of Pvf-
supported invasive hemocyte migration and separate work that
shows embryonic hemocytes track toward wounds along
hydrogen peroxide gradients (45) support the Drosophila
embryo as a compelling model to study VEGF contributions to
detrimental edemas during ischemic injury (46) or PDGF-in-
duced VEGEF roles in tumor growth and vascular leakage that
promote extravasation and metastasis (5, 47, 48). Given the
prolific occurrence of these disease pathologies and the poten-
tial of targeted therapeutics, future studies to dissect the regu-
lation of Pvf-Pvr signaling roles in hemocyte invasion will be
invaluable to extend our understanding of the physiological and
pathological roles of PDGF and VEGF roles.
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