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SUMMARY

The Src family of protein tyrosine kinases have been nurse cells. Src64ing canals fail to accumulate the high
implicated as important regulators of cellular proliferation, levels of tyrosine phosphorylation that are normally
differentiation and function. In order to understand present. Despite the reduced tyrosine phosphorylation,
further the role of Src family kinases, we have generated known ring canal components such as filamentous actin, a
loss-of-function mutations inSrc64, one of two Src family  ring canal-specific product of thehu-li tai shao gene, and
kinases known in Drosophila melanogasteAnimals with the kelch protein localize properly. However, Src64ring
reduced Src64 function develop normally and are fully  canals are reduced in size and frequently degenerate. These
viable. However, Src64female flies have reduced fertility, results indicate that Src64s required for the proper growth
which is associated with the incomplete transfer of and stability of the ovarian ring canals.

cytoplasm from nurse cells to the developing oocyte.

Analysis of Src64egg chambers showed defects in the ring Key words: Protein tyrosine kinase, stc64 Ring canal,

canals that interconnect the oocyte and its 15 associated Drosophilg Cytoskeleton, Egg chamber, Oogenesis

INTRODUCTION with activated SFKs causes disruptions in the actin
cytoskeleton (Boschek et al.,, 1981). These changes are
The Src family of protein tyrosine kinases were first identifiecassociated with increased tyrosine phosphorylation of many
as transforming proteins encoded by oncogenic retroviruseytoskeletal associated proteins. These include proteins
(Collett and Erikson, 1978; Levinson et al., 1978). At preseninvolved in cell substrate adhesion (tensin, vinculin, talin,
nine distinct Src family kinases (SFKs) have been identified ipaxillin, FAK, [B1 integrin, p136S AFAP110), cell-cell
vertebrates. The SFKs share a common domain structueglhesion (plakoglobin,-Batenin, p1289 and other proteins
consisting of an amino-terminal myristylation site, SH3 andhought to regulate the actin cytoskeleton (p190 rhoGAP and
SH2 domains, the protein tyrosine kinase catalytic domain ancbrtactin) (Brown and Cooper, 1996). SFK patrticipation in
a carboxy-terminal regulatory region. Several of the vertebrateytoskeletal regulation is also supported by studies of src
SFKs are expressed in specific hematopoietic lineages whedeficient mice. These mice suffer from osteopetrosis, a bone
their participation in receptor-mediated signaling is requiredemodeling disorder caused by a failure of osteoclast function
for proper development and cellular function (for reviews of(Soriano et al., 1991; Lowe et al., 1993). Examination of the
SFKs see Superti-Furga and Courtneidge, 1995; Brown arsiic™ osteoclasts shows that they are deficient in the formation
Cooper, 1996; Lowell and Soriano, 1996). The more broadlgf ruffled borders and have defects in the underlying actin
expressed SFKs (Src, Fyn and Yes) are activated in resporsgoskeleton (Boyce et al., 1992; Schwartzberg et al., 1997).
to growth factors (such as PDGF, EGF, CSF-1) that sign&@tudies of fibroblasts derived from mice lacking Csk, a
through the activation of receptor tyrosine kinases (RTKshegative regulator of SFKs, have provided additional evidence
(Ralston and Bishop, 1985; Osherov and Levitzki, 1994for SFK involvement in actin cytoskeleton regulation. These
Courtneidge et al., 1993). Consistent with a role in RTKcells have disrupted actin cytoskeletons and increased
signaling, the inhibition of SFK function blocks mitogenesis inphosphorylation of p120, FAK, paxillin, tensin and cortactin.
response to these growth factors (Twamley-Stein et al., 199Burthermore, the removal ofrc activity suppresses the
Roche et al.,, 1995b). In addition to their involvement incytoskeletal defects of cskcells and returns the
receptor-mediated signaling, the inhibition of SFK functionphosphorylation of tensin and cortactin to normal levels
blocks the G-M transition of the cell cycle in fibroblasts (Thomas et al., 1995).
(Roche et al., 1995a). The developing egg chamber®@fosophilais useful for the
Numerous studies suggest that SFKs also function tetudy of cytoskeletal regulation. IBrosophila, oogenesis
regulate the actin cytoskeleton. Transformation of fibroblastproceeds through fourteen discrete stages prior to the
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fertilization of the egg. (for a review @rosophila oogenesis increase in total F-actin at the ring canal, but it is unclear as to
see Spradling, 1993). At the initiation of oogenesis, a singlethether this increase results from the addition of new filaments
germline-derived cystoblast cell under goes four rounds afr the lengthening of existing filaments. However, during this
mitotic divisions characterized by incomplete cytokinesis. Aglevelopmental period, the filaments become organized into
a result of the incomplete cytokinesis, these 16 germline cellarge bundles (Tilney et al., 1996).

are interconnected by a network of 15 cytoplasmic bridges We have generated mutations3rc64 one of two known
called ring canals. One of the cells containing four ring canalBrosophila SFKs, and shown tha&rc64function is required
becomes the developing oocyte while the 15 remaining cellguring ring canal morphogenesBrc64mutant egg chambers
differentiate as nurse cells. Surrounding each cluster of 16 celigive dramatically decreased levels of phosphotyrosine at their
is a sheath of somatically derived follicle cells. Early inring canals. F-actin, HTS-RC and Kelch each localize properly
oogenesis, the developing oocyte becomes transcriptionally Src64 mutant ring canals despite the reduction of
inactive. Thus, most of the maternal products required for earlynosphotyrosine levels. Howeve8yc64 ring canals fail to
embryogenesis are synthesized in the nurse cells arglow as large as wild-type ring canals. Furthermore, the mutant
transported to the oocyte through the ring canals. Throughotihg canals often degenerate prior to the onset of rapid
most of oogenesis, the cytoplasmic transport from the nursgtoplasmic transfer. As a consequence, the cytoplasmic
cells to the oocyte is gradual. At late stages (beginning at stag@nsfer from nurse cells to the oocyte is incomplete resulting
11) of oogenesis, the nurse cells contract and rapidly transfgr small eggs and reduced female fertility. Based on these

the remainder of their cytoplasmic contents to the oocyte (fasbservations, we propose that SRC64 is a key regulator of the
a review on cytoplasmic transfer see Mahajan-Miklos angrowth and stability of the ring canals.

Cooley, 1994b). Following the completion of cytoplasmic
transfer, the nurse cells degenerate.

The actin cytoskeletal rearrangements that occur during ringiIATERIALS AND METHODS
canal morphogenesis have been extensively studied (for a
review of ring canals see Cooley and Robinson, 1996). Shortigrosophila stocks
after the arrest of the cleavage furrow, one or more unidentifies| fly stocks were maintained under standard culture conditions.
phosphotyrosine-containing proteins localizes to the outer rim118 was used as wild type in these experiments. The BGT-T063
of the presumptive ring canal (Robinson et al., 1994). After thenhancer trap line, %28; P[lwB]64C1-2, was provided by Matthew
final mitotic divisions give rise to the 16 germ-cell cluster anFreeman and Gerry Rubin (University of California, Berkeley). The
inner rim forms at the ring canals. Initially, F-actin, a ring-deficiency stock used in this study was'%; Df(3L)10H/TM3, Sb
canal-specific product (HTS-RC) of tihei-li tai shao(hts)  For mobilization of the BGT-T063 P-element18; Ki, pP, P[ry*,
gene and additional phosphotyrosine-containing protein(dyelta2-3]flies were used as a transposase source.
become localized to the inner rim of the ring canal (RObiNSOR, . acterization of the Src64 transcription unit

et al._, 199.4)' The accumulation of F-actin is de_pende_lhitsm The structure of the Src64 transcription unit and the insertion site of
function since, imts ”.‘“t.a”t €99 Chambe_rs, th_e Inner rim doe%he BGT-T063 P-element is based on direct nucleotide sequence
not form at the majority of cytoplasmic bridges and onlycomparison between genomic DNA aBtt64cDNAs. Sequence of
phosphotyrosine can be detected at most ring canals (Yue ajid genomic region containing the Sropebtein-coding sequences
Spradling, 1992; Robinson et al., 1994). Subsequent to thgas obtained by double-strand sequencing using directed primers
addition of F-actin, HTS-RC and phosphotyrosine protein(s)pased on the Src64 cDNA sequence. Templates for thenscoding

the kelchprotein (Kelch) also becomes localized to the inneregion of theSrc64were obtained by sonication of a BGT-T063 rescue
rim of the ring canal (Xue and Cooley, 1993). The function oplasmid and insertion of the sonicated fragments into the vector
Kelch is to maintain the compaction of the ring canal rim. I"MM13mp10. Plasmid rescue of genomic DNA flanking P-element
late stageéelchmutant egg chambers, F-actin diffuses into thensertions has been described previously (Wilson et al., 1989). Al
inner lumen of the ring canals and partially blocks the transfeieduencing was done by the dideoxy chain termination method
of nurse cell cytoplasm to the oocyte (Robinson et al., 199 Sanger et al., 1977) using a Sequenase kit (US Biochemicals). The
Tilney et al., 1996). In addition to these known components off;
the ring canal, the product O,f tbbeef'oge”e is also required region ofSrc64. It is presumed to lie in the large region that separates
for proper ring .canal formation. cheeriimg canals are sma]l the 5'end of the gene from the coding sequences.

and lack F-actin, HTS-RC and Kelch. Furthermore, fusions

between the nurse cell and the oocyte are frequently observegneration and molecular characterization of ~ Src64 alleles

in cheerioegg chambers indicating that the integrity of theTheSrc6417andSrc6419alleles were isolated as imprecise excisions
plasma membrane has been compromised (Robinson et gRaniels et al., 1985) of the BGT-T063 P-element based on the loss
1997). The cheerigene has not been cloned so it is not knowrpf the whitemarker gene. DNA from 90 viable excision lines was

Whether |ts product |S a r|ng Canal Component used as templates for PCR reactions USing the prlmeTQ\CS
Once the ring canals are established, they do not remafffeCGTTGAACGACTCGGACGCA-3' and 5*GCGTTGGTCTC-

GAGGGGGAAAGGC-3 Genomic Southern analysis showed that

static. The rims of newly formed ring canals have diameters ﬁ N
.the deletions iBrc64'17 andSrc64'1° do not extend beyond the Clal
0.5-1pum (Warn et al., 1985). By stage 11, at the onset of rapi striction site 5of the gene. The extent of the deletions into the gene

cytoplasmic trans_fer from _the nurse Ce”S. 1o th_e OOCyFe' the ri s not been determined, but they remove most or all of the first two
canals have attained their maximum size with a diameter @ons. Prior to the isolation of tigzc64! allele, EMS mutagenesis
roughly 10um. EM studies have shown that the early phase ofjas used to generate lines in which ete gene in the BGT-T063
growth (prior to stage 5) is accompanied by the addition of new-element insertion was mutated and gave a light yellow rather than
actin filaments to the ring canal. After stage 5, there is aa dark red eye color. One of these lines was then used to identify

ird exon (28 bp) is present in tBec64cDNA and is unaccounted
r in the genomic sequences from either the coding region of the 5
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potential local transpositions based on a darker red eye due to t{993). Stage 5 egg chambers were identified based on their size
presence of more than one P-element insert. Among these potent{86x75 um). Stage 10A egg chambers were identified based on the
local transpositions, thBrc64’! allele was identified due to its failure initiation of centripital follicle cell migration and the absence of the
to complement the cytoplasmic transfer defect of the Stéediele. actin halo that forms at stage 10B. For each stage, the average size of
The structure ofSrc64” was determined by restriction digests and the ring canals from individual egg chambers was determined. These
Southern blot analysis of rescue plasmids from the P-elememiverages were then averaged to give the reported ring canal sizes.
insertions. The cytoplasmic transfer defecSof64’ is revertible at

high frequency (19/68). Genomic Southern analysis Sso64'  Immunoblots

revertant lines indicates that mutant phenotypes are associated withotein extracts from a 0-16 hour embryo collection and ovaries were
the downstream P-element inserted within the Src64 transcriptioprepared by directly homogenizing the tissues in Laemmli buffer.
unit. For all the Src64lleles, the cytoplasmic transfer defects areProteins were separated on a SDS-PAGE gel and transferred to
more severe when the alleles are in trem& deficiency folSrc64.  nitrocellulose membranes. The membranes were blocked by
For example, 55% o8rc64" stage 14 egg chambers show a clearincubation in Tris-buffered saline+0.5% Tween 20 (TBST)+5% wiv
cytoplasmic transfer defect, while 80% ®fc64"/Df3L(10H) stage  of dry milk. The blots were then incubated with the anti-SRC64 serum
14 egg chambers are defective. These results suggest that none ofghe@ 1:1000 dilution in TBST+5% dry milk overnight at 4°C. Blots

alleles are fully null foiSrc64function. were rinsed in TBST 4 15 minutes prior to incubation with a
. . peroxidase-coupled secondary antibody. The protein was detected
Fertility analysis using the ECL detection kit (Amersham).

An equal number of 2- to 5-day-old mutant or wild-type virgin

females were crossed to wild-type males and their eggs collected &@ermline transformation

a molasses agar plate and counted at 24 hour intervals. The eggs W&re kb Apal-Sall genomic fragment @&rc64, containing th&rc64
allowed to develop for another 28-30 hours and then examined undgfotein-coding sequences, was cloned into the D277Matg vector
a dissecting microscope to quantitate the hatched versus unhatchg@dvided by Daniel St Johnston. This vector is identical to the
eggs. These experiments were conducted at 25°C. modified pCaTub67CMatpolyA vector described previously

. . (Micklem et al., 1997), except that the initiation ATGTafb67chas
Generation of the anti-SRC64 serum ) been mutated to ATT. The cloning produced a transcriptional fusion
Arat anti-Src64 serum was generated to a GST-SRC64 fusion protefetweenTub67cand the untranslated region in the fourth exon of

A 4.2 kb Ncol-Hindlll genomic DNA fragment was cloned into the syc64approximately 300 bp upstream of the Srafigation ATG.
PGEX-KG vector. The protein was expressed and purified Eoooli

with glutathione affinity chromatography as previously described
(Smith and Johnson, 1988) and injected into rats. The GST'SRC%ESULTS
fusion protein contains the first 88 amino acids of She64protein

lus six random amino acids from the fourth intron ofShe64gene. . . . .
P g We began our efforts to identi§rc64mutations by analyzing

Immunocytochemistry and imaging an enhancer trap line, BGT-T063, in which a P-element
Ovaries from 2- to 5-day-old females maintained in yeasted vials i6ontaining thewhite and lacZgenes was inserted near Src64

the presence of wild-type male flies were dissected in phosphati the 64C1 polytene band of the third chromosome. Flies that
buffered saline (PBS). Fixation and antibody staining have beeare homozygous for the BGT-T063 P-element are viable and
described previously (Cooley et al., 1992; Robinson et al., 1994). Thgrile. In order to map the location of the P-element insertion
anti-SRC64 serum was used at a 1:500 dilution. The HTS-RC ang|ative to theSrcb4locus, we obtained genomic DNA flanking

Kelch hybridoma supernatant were used at 1:1 dilution. The anth

phosphotyrosine antibody PY20 (Transduction Laboratories) Waéoe P-element insertion site by plasmid rescue. Analysis of this

used at a 1:1000 dilution. For staining egg chambers with propidiu NA |ndlca_ted that the P-element was inserted approximately
iodide and fluorescein phalloidin, fixed egg chambers were treated® Pase pairs upstream of thebd of our longest SIc@DNA

with 400 pg/ml RNAse A in phosphate-buffered saline (PBS) for 2(Fig. 1). Despite the proximity of the BGT-T063 P-element to
hours at room temperature. Egg chambers were then rinsed three tinige Src64transcription unit, homozygous BGT-T063 embryos

in PBS and incubated in a 3@/ml solution of propidium iodide still express significant levels dbrc64 protein (data not
(Molecular Probes) in PBS for 20 minutes on a rocking platform. Egghown). However, flies in which the BGT-T063 P-element is
chambers were then rinsed 8 minutes in PBS and incubated in a placed in transto a deficiency for theSrc64 locus do
solution of fluorescein phalloidin in PBS (Molecular Probeg)! (6f occasionally show the mutant phenotypes described below thus

fluorescein phalloidin vacuum dried and resuspendediLoDPBS) indicating that the BGT-T063 insertion probably generates a
for 20 minutes on a rocking platform in the dark. For triple staining\Sery weak Srce4llele

fixed egg chambers were first treated with RNAse A, then incubate . . .
with antibodies. Following the antibody incubation and rinses, the egg N order to identify strong Src64nutations, we took
chambers were stained with propidium iodide and fluoresceidvantage of the fact that transposase catalyzed P-element
phalloidin as described above. All egg chambers were mounted ®Xcision frequently results in the deletion of flanking DNA
citifluor glycerol (Ted Pella). Images of the egg chambers were takepequences. 200 lines of flies were established that contained
on a MRC 1024 confocal laser microscope (BioRad) using thehromosomes from which the BGT-T063 P-element had
CoMOS software. Images of eggs in Fig. 3C,D were taken on a Zeiggcised. Eight of the 200 excision chromosomes carried
Axiophot microscope using dark field optics. The images of edgecessive lethal mutations. These eight lethal mutations either
chambers in Fig. 3A,B were taken using DIC optics. failed to map to theSrc64 region or affected a previously
Ring canal measurements identified gene ne&rc64(data not shown). Since none of the

Ring canal measurements were taken of HTS-RC-stained ring canal?Mozygous lethal excisions appeared to affe64, we

The images were enlarged, printed on a dye sublimation printer aig$reened the homozygous viable excision chromosomes for
measured by hand. Only the outer diameter of the ring canals w#gsions affecting thesrc64 transcription unit. PCR primers
measured. Staging of egg chambers was according to Spradlingere designed to amplify a 545 bp fragment from the non-
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Fig. 1. Molecular structure @rc64alleles. A BGT-T063

restriction map of the Src64 genomic region

with the cDNA structure shown below (C, Pl

Clal; H, Hindlll, E, EcoRI; P, Pstl; B, Bami; ~ ©/€64" ¢/ H AN 1 stcB H P Sa
- <

St, Stul; Sa, Sall). The protein-coding exons

are indicated by the black boxes and

approximate polyadenylation sites by arrow Src64A17  —mm—— —
heads. Exon three in the untranslateregion

cDNA has not been mapped precisely to the Src64°819  —mmmm- — —

genomic DNA. The Src64 allele is an

insertion of a P-element generated by local \/ AN N/ N/ H \[ “ A WY
transposition of the BGT-T063 P-element.

Both the original BGT-T063 P-element and a kb

second element inserted approximately 2.5 kb

downstream in the second intron are present in

the Src64! allele. TheSrc6417 andSrc6419alleles are deletions generated by imprecise excision of the BGT-T063 P-element. Each deletion,
shown as black boxes below the transcription unit, removes most or all of the first two non-coding exons. Neither deletion extends beyond the

Clal site 5'of the gene.

coding first and second exons of tBe64locus. Genomic  Src64 mutations alter ring canal morphogenesis

DNA from two lines, Src6#7 and Src6419, failed to yield  |ncomplete cytoplasmic transfer is often indicative of defects
PCR products suggesting that each of these excisions removigdthe actin cytoskeleton of the nurse cells. Two unique
at least one of the PCR priming sites. Southern analysigtoskeletal features are particularly important for efficient
confirmed that both excisions had deleted most or all of thgansfer. The first is the formation prior to the rapid transfer
first two exons ofSrc64(Fig. 1). An additionalSrc64allele  phase (stage 10B) of actin cables that hold the nurse cell nuclei
was subsequently generated by local transposition of the BG% place. In the absence of these actin cables, the nurse cell
TO63 P-element. This allele, Sré8ais also homozygous nyclei become lodged in the ring canals and block transfer
viable and fails to compleme®rc64'” with respect to the (Cooley et al., 1992; Cant et al., 1994; Mahajan-Miklos and
cytoplasmic transfgr phenotype described below. Analysis c¢00|ey, 1994a; Guild et al., 1997). Staining $ic64 egg

the Src64" allele indicated that a second P-element waghambers with fluorescein-conjugated phalloidin to visualize
inserted in the second intron approximately 2.5 kbjlamentous actin at stage 10B showed that the actin cables
downstream of the BGT-T063 element (Fig. 1). Since each Qfere present (data not shown). The second important
the Src64 alleles affected only non-coding sequences, Weytoskeletal structure of the nurse cells are the ring canals. In

examined their effects on SRC64 expression in ovaries and grder to assess the role of SRC64 in ring canal morphogenesis,
16 hour embryos. This analysis indicated that SRC64

expression is greatly reduced by tBec64' and Src6417
mutations (Fig. 2). However, neither allele entirely eliminates
SRC64 production.

Src64 mutations disrupt cytoplasmic transfer during
oogenesis

Each of theSrc64alleles is viable botin transto each other

. Src644"7 | hs-Src64

@ N ® ~
and to a deficiency for the Src64 region. However, female % °-“_ 3 & T 3
homozygous for any of the three alleles have reduced fertilit ke ‘3 % ; 3 I
(Table 1). Eggs laid bySrc64 females hatch at reduced S 0o o "-g“- % ‘}U;
frequency when compared to wild type. In addition, Src6¢
females lay fewer eggs than wild type, which may suggest th. - -
the defective eggs are resorbed as has been previously obser
for other female-sterile mutations (Spradling, 1993). In A B

contrast,Src64 males are fully fertile. The loss of female

fertility is associated with a defect in cytoplasmic transfer fronFig. 2. Immunoblots on 0-16 hour embryonic (A) and ovarian (B)
the nurse cells to the developing oocyte. Unlike wild-type eggrotein extracts using anti-SRC64 serum. The genotypes of the
chambers, 55% of late sta§ec64egg chambers have nurse animals from which the extracts were derived are indicated above
cell cytoplasm remaining at the anterior end of the oocyte (Figach lane. The hs-Src68rc641” extract is from Srcé%’ embryos
3A,B). As a result, eggs from Srcéamales range from 50%- n which a wild-typeSrc64was expressed under the control of the

o . . g sp70promoter. The presence of immunoreactive protein in this lane
100% of the length of eggs oviposited by wild-type female onfirms that the 62 kDa protein shown is the product of S¥64

(Fig. 3C,D). Both the reduction of female fertility and the . \evel of SRC64 could be detected in the mutant extracts when
defect in cytoplasmic transfer can be reverted by excision he plot was overexposed indicating that the mutations do not

the downstream P-element present in $ne64"' allele (data  completely abolish SRC64 expression. Amido Black staining of the
not shown). This indicates that these phenotypes are due f@mbranes following immunodetection showed that total protein
disruption of theSrc64 gene. loaded in each lane was equivalent.
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Table 1. Src64mutant females have reduced fertility type counterparts. This phenotype was particularly obvious in
Female genotype Eqgs laid/flylhour Hatch rate the Iater stages of oogenesis (Flg_. 5A,B). T_hls effect was
guantitated by measuring the outer ring canal diameters during
wild type 0.94 94.7% (=321) both mid and late stages (stages 5 and 10A) of oogenesis. In
Src64! 0.11 5.5% (n=291) stage 5 wild-type egg chambers, the ring canals vary in size
Srce417 0.18 20.0% (n=454)  between 2.0 and 4,/m with an average size of 3un. In
Src6419 0.68 37.9%(n=145) contrastSrc64’! ring canals vary in size from 1.0-34 with

an average size 2i6n (Fig. 5D). The difference in ring canal
Shown are the number of eggs oviposited and the hatch rates for eggs  sjze is more apparent at stage 10A (Fig. 5E). At this stage,

oviposited by females of the indicated genotype when crossed to wild-type wild-type ring canals vary between 6 and 1rh with an
males. . - .

average diameter of 9Bn. This represents a 3.1-fold increase

in the average outer diameter of wild-type ring canals between

stage 5 and stage 10A. 81c64"! egg chambers, there is only
early to mid-stage mutant egg chambers were stained with2.3-fold increase in ring canal diameter between stages 5 and
fluorescein phalloidin and with antibodies directed againstOA. Src64’! ring canals range from 3-10m with an average
phosphotyrosine, HTS-RC or Kelch. These experimentsf5.9 um. These measurements indicate that ring canal growth
showed that the normal complement of 15 ring canals was defective during both early and late phases of ring canal
present and that F-actin, HTS-RC and Kelch all localizenorphogenesis. In order to assess whether these smaller ring
properly at the ring canals (Fig. 4A-F). The intensity of thecanals had other morphological abnormalities, F-actin-, HTS-
staining for these components did not differ appreciably fronRC- and Kelch-stained ring canals were examined at high
that observed for wild-type ring canals, but the ring canatmagnification (Fig. 5C). The small ring canals appeared normal
morphology appeared abnormal (discussed below). In contrastxcept for the presence of a slightly concave inner rim that is
there was a significantly reduced level of anti-phosphotyrosineeminiscent of the inner rims of earlier stage wild-type ring
staining in Src64egg chambers (Fig. 4G,H). This reduction canals.
was particularly dramatic at the ring canals, where only faint We also observed that many (45%) stage 80¢64" egg
staining could generally be observed. However, mutant ringhambers contained fewer than 15 ring carfaits641’ and
canals that maintained elevated anti-phosphotyrosine wefrc64° egg chambers also showed this phenotype but to a
observed occasionally. Reduced anti-phosphotyrosine stainimgsser extent. This reduction in ring canal number was only
was also observed in the cortical regions of the mutant nursdbserved in stage 9-10 egg chambers, indicating that some ring
cells. These results indicate that Sréédction is required for canals must degenerate during these later stages of oogenesis.
the majority of phosphotyrosine accumulation at ring canalsQne possible consequence of ring canal degeneration would be
but that the formation of the ring canals and the localization dusion between cells. Evidence for such fusions was sought by
known ring canal components does not depend on thistaining mutant egg chambers with fluorescein phalloidin to
accumulation. visualize the filamentous cortical actin at the nurse cell

During our analysis of ring canal morphogenesis, weoundaries, and propidium iodide to visualize the nurse cell

observed that Srcedng canals were smaller than their wild- nuclei. At stages 9-10 approximately 70% of SFt6autant

Fig. 3. Stage 14 egg chambers and eggs from
wild-type and Src62 females. (A) Stage 14
egg chamber (lateral view) from a wild-type
female. The arrowhead points to the region of
the developing egg where the nurse cells
have transferred their cytoplasm and
degenerated. (B) Stage 14 egg chamber
(lateral view) from &rc64’! female. The
arrowhead points to the remnants of the nurse
cells that have failed to transfer their
cytoplasm and degenerate. The amount of
nurse cell cytoplasm that remains associated
with the developing egg is variable for all the
alleles we have generated. (C) Egg oviposited
by a wild-type female (dorsal view). The
structures that extend out from each egg are
dorsal appendages, chorionic structures
required for embryonic gas exchange.

(D) Eggs oviposited bgrc64! females. The
egg size is variable and can range from 50%-
100% the length of wild-type eggs. The eggs
shown range from 70%-100% the length of a
wild-type egg. The scale bar for A-D is 100
pum. Anterior is shown to the left.

P »

=
=3
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observations suggest that SRC64 is required to maintain the
association between the ring canal and either the cortical actin
or plasma membrane. Loss of attachment may lead to ring
canal degeneration and nurse cell fusion.

SRC64 is enriched at ring canals

The altered morphogenesis and stabilitySo64ring canals

and their reduced phosphotyrosine content suggested that
SRC64 might be a ring canal component. To test this
possibility, wild-type egg chambers were stained with anti-
SRC64 antibodies. Specific staining was detected in the cortex
of the nurse cells and appeared enriched at the ring canals in
wild type, but notSrc647, egg chambers (Fig. 7A-D). Co-
staining for F-actin and SRC64 showed that SRC64
localization overlaps F-actin at the ring canal (Fig. 7E). These
results are consistent with SRC64 being localized to the nurse
cell and oocyte plasma membranes as well as at the inner rim
of the ring canals.

Ring canal defects can be rescued by germline
expression of Src64

As a final confirmation that the phenotypes that we observed
are due tdSrc64mutations, we rescued the Sroédfects by
expression of wild-type SRC64 in the germline Sic64’
mutant females. A female germline-specific expression vector
in which transcription is driven from the Tub67C promoter was
used (Micklem et al., 1997; Matthews et al., 1989). The entire
Src64-coding region was inserted into this vector and then
introduced into th®rosophilagenome by P-element-mediated
germline transformation. We found that expressioSrob4 in
Src64! egg chambers (Fig. 8C-D) partially rescued the ring
canal growth defects. At stage 10A, the rescued ring canals
averaged 8.5m in diameter, which is slightly smaller than in
wild type (9.5um) but significantly larger than in the mutant
Fig. 4. Mid-stage egg chambers (stages 5-7) from wild-type and (5.9 um). Consistent with this rescue, elevated levels of anti-
Src64! females. (A) Wild-type egg chamber stained with fluoresceinphosphotyrosine immunostaining were restored to the ring
phalloidin to visualize filamentous actin. (B) Sr8bdgg chamber canals (Fig. 8A,B). Furthermore, the hatch rate of the eggs laid
stained with fluorescein phalloidin. (C) Wild-type egg chamber by Src64’! females carrying the Tub67c:Srcé4nsgene was
stained for HTS-RC. (D$rc64” egg chamber stained for HTS-RC.  jncreased from 5.5 to 68% and the rescued females laid
(E) Wild-type egg chamber stained for Kelch. 87364 egg morphologically normal eggs. These results confirm that the

chamber stained for Kelch. (G) Wild-type egg chamber stained for :
phosphotyrosine. (H3rc64 egg chamber stained for mutant phenotypes are due to the laciSa64function.

phosphotyrosine. The scale bar for A-H isy@b. A, B, G, H are

single optical sections through the egg chambers. In C-F, a series of

optical sections through the egg chambers have been merged into PISCUSSION
single image.

We have generated mutations in tBec64 gene by both

imprecise excision and local transposition of a nearby P-
egg chambers had fusions between nurse cells (Fig. 6B). Nurskement. Analysis of animals homozygous for either of the
cell fusion was also observed $1c6417 egg chambers at a strongest two alleles indicates tigt64protein expression is
lower frequency (Fig. 6C). In only one case did we observe severely reduced. Despite reduced SRC64 expression, these
fusion between the nurse cells and the oocyte. Interestingly, flies are viable. Their only observable phenotype is partial loss
rare cases, we observed cytoplasmic F-actin-containingf female fertility that is associated with an inability to
structures that appeared to be ring canals that had detachmnpletely transfer cytoplasm from nurse cells to the
from the cortical actin. To show that these structures were ringeveloping oocyte. Previous studies have shown that this
canals, we stained the mutant egg chambers with fluoresceaigtoplasmic transfer is critically dependent on the integrity of
phalloidin, propidium iodide and anti-Kelch antibodies. Thisthe ring canals that interconnect the oocyte with its nurse cells.
experiment confirmed that the structures within the cytoplasriive therefore investigated the role of SRC64 during ring canal
contain ring canal components (Fig. 6D,E). The morphologynorphogenesis.
of the detached ring canals was often aberrant. Their F-actin The most apparent defect@nc64ring canals is their failure
appeared more diffuse than normal which suggests that théy grow at normal rates and to achieve wild-type size. The
may have been in the process of degeneration. Theseduced size at stage 5 demonstrates that SRC64 function is
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C wild type

Fig. 5. Growth of ovarian ring canals
is defective inSrc64egg chambers.
(A) Wild-type stage 10A egg chamber
stained for HTS-RC. (B) Src64
stage 10A egg chamber stained for
HTS-RC. Both A and B are a series
of optical sections merged into one
image. The scale bar for A-B is 50
pm. Anterior is to the left. (C)
Individual wild-type andSrc64™
early stage 10A ring canals stained
for F-actin, HTS-RC and Kelch. The
scale bar is 5m (D) Ring canal size
distribution of wild-type (white bars)
and Src68' (black bars) stage 5 egg
chambers. The average ring canal size
of wild-type egg chambers at stage 5
is 3.1 yn with a standard deviation of
0.2. The average ring canal size of
Src64"! egg chambers at stage 5 is 2.6
pm with a standard deviation of 0.3.
(E) Ring canal size distribution of
wild type (white bars) and Src84
(black bars) for stage 10A egg
chambers. The average ring canal size
of wild-type egg chambers at stage
10A is 9.5um with a standard
deviation of 0.7. The average ring
canal size of Srcé4egg chambers at
stage 10A is 5.9m with a standard
deviation of 0.8. For C and D, the
outer diameter of HTS-RC-stained
. ring canals was measured. The

N " differences in ring canal sizes
wild type (N=67) Ring Canal Size (1m) £ wild type (N=147) b_etvx_/gen wild type and SrcB4are ’
B s 64,9;(“:70) = significant (P<0.05 for a Student’s t-

e B sSrc64"' (N=143)  test) at both stages.
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required during the early phase of ring canal growth. Ouarrested cleavage furrow is not essential for the recruitment of
measurements at stage 10A indicate 8ra64ring canals also any of the known ring canal components. Instead, the slow
grow slowly during the late phase of ring canal morphogenesigrowth of Src64ring canals and their observed detachment
In addition, the association between the ring canals and tliemm the plasma membrane are consistent with a role for
plasma membrane/cortical actin is compromised during th8RC64 in regulating reorganization of the ring canal rim and
later stages of oogenesis. These results suggest that SRGB4 attachment to the plasma membrane during ring canal
function may be required throughout ring canal developmengrowth.
However, we cannot exclude the possibility that the critical SRC64 localization to the ring canals has important
period for SRC64 function is early and that the failure ofimplications for the role of SRC64-dependent phosphorylation
SRC64 to act early indirectly affects the late phase growth arat the ring canal. One possibility is that SRC64 directly
stability of the ring canals. phosphorylates structural components of the ring canal in order
Among the earliest detectable markers of developing ringp regulate ring canal morphogenesis. Alternatively, SRC64
canals is phosphotyrosine. The accumulation ofnay activate other protein tyrosine kinases that then
phosphotyrosine-containing proteins is followed by thephosphorylate inner rim components. The study of vertebrate
recruitment to the ring canals of F-actin and ring-canal-specifiSFKs has provided evidence for the activation of other protein
proteins such as HTS-RC and Kelch. We find thatyrosine kinases by SFKs. For example, the transformation of
phosphotyrosine epitopes fail to accumulate in rBos4ring  cells by the activated/-src protein leads to the tyrosine
canals. This indicates that the majority of tyrosinephosphorylation and activation of focal adhesion kinase (FAK)
phosphorylation of ring canal proteins is in response to SRC6&anner et al., 1990; Schaller et al., 1992; Guan and Shalloway,
function. Despite the low level of phosphotyrosineSat64  1992). Studies have demonstrated a crucial role for FAK in
ring canals, F-actin, HTS-RC and Kelch all localize properlyregulating the actin cytoskeleton during cell-substratum
This suggests that the phosphorylation of components of thehesion (llic et al., 1995). Vertebrate studies have also shown



2890 G. S. Dodson, D. J. Guarnieri and M. A. Simon
Fig. 6. Nurse cell fusion and ring canal

degeneration isrc64mutant egg chambers. (A-

C) Stage 10 egg chambers stained with fluoresce
phalloidin (shown in green) to visualize the nurse
cell boundaries and propidium iodide (shown in
red) to visualize the nurse cell nuclei. (A) Wild-
type egg chamber; (B) Srd84gg chamber; (C)
Src64'17 egg chamber. Nurse cell fusions in B and
C are visible as cells with more than one nuclei
surrounded by cortical actin. (D) Sré84egg
chamber triple labeled with propidium iodide
(shown in purple) fluorescein phalloidin (shown in
green) and antibodies against Kelch (shown in
red). The arrow indicates a detached ring canal
within the cytoplasm of the fused nurse cells. The
red cortical staining is non-specific background
occasionally observed when working with the
anti-Kelch antibodies (E) An enlargement of the
detached ring canal in D. The scale bar in A is 50

pm. The scale bar in E is 12.5uAnterior is to
the left.

that members of the Tec family of tyrosine kinases, such devels detectable in the central nervous system (CNS) and
Bruton’s Tyrosine Kinase (BTK), can be activated by SFKsleveloping visceral mesoderm of embryos and early pupae.
(Mahajan et al., 1995; Rawlings et al., 1996; Afar et al., 1996High levels ofSrc64were also detected in the photoreceptors
Interestingly, we and others have recently shown that af third instar eye imaginal discs (Simon et al., 1985). Since
DrosophilaTec family kinase, TEC29, is both localized to theno Src64 alleles were available prior to this report, previous
ring canal in a SRC64-dependent manner and is required fattempts to examine the role of SRC64 have relied on ectopic
proper ring canal growth (Guarnieri et al., 1998; Roulier et al.expression of a kinase inacti@&c64protein. In some cases,
1998). kinase inactive forms of SFKs have been shown to mimic the
effects of disrupting the corresponding gene (Cooke et al.,

Does Src64 have other functions during  Drosophila
development?

Previous studies have suggested that SRC64 may function
other times during Drosophildevelopment. Src6MRNA is
broadly expressed throughout development with elevate

Fig. 7. SRC64 localization in egg chambers. (A) Wild-type stage 10
egg chamber stained with an antibody directed against the N-
terminal domain of SRC64. SRC64 is detectable at the cortex of the
nurse cells. In other sections, SRC64 can also be detected at the
cortex of the oocyte. SRC64 was detected as early as stage 2. Prior to
stage 2 the high background staining of the antibodies prevented
unambiguous detection of the protein. (B) A S®64tage 10 egg
chamber stained with the anti-SRC64 antibodies. (C) Wild-type ring
canals from an early stage egg chamber stained with fluorescein
phalloidin to visualize the filamentous actin. (D) The same ring
canals as in C stained with the anti-SRC64 antibodies. (E) A merged
image of C and D with F-actin shown in green and Src64 in red. The
resulting yellow ring canals indicate that SRC64 colocalizes with
actin at the ring canal. The scale bar for A and B is 100The

scale bar for C and D is 10vu
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Fig. 8. Expression of wild-typ&rc64in the female
germline increases phosphotyrosine levelSra64ring
canals. (A)Src64! mutant egg chamber stained with an
antibody directed against phosphotyrosine. ABrc64!
mutant egg chamber that carries one copy of the wild-
type Src64gene expressed from theb67cpromoter
stained for phosphotyrosine. (C)3xc64! mutant egg
chamber stained for SRC64. (D)Skc64"' egg chamber
that carries one copy of the wild-ty@ec64gene
expressed from th@ub67cpromoter stained for SRC64.
The scale bar is 25m.

1991; Stein et al., 1992; Appleby et al., 1992; Levin et al.mutant phenotype is limited to defects in oogenesis. Ultimately,
1993; Molina et al., 1992). In the case of SRC64, ubiquitousnderstanding the full range of SRC64 and SFK function during
overexpression of the kinase inactive protein duringdrosophila development will require the identification of
embryogenesis led to defects in CNS development. During eyautations inSrc4land any as yet unidentifi€tosophilaSFKs.
development, expression undesevenless transcriptional

control of the kinase inactive SRC64 led to the loss of We thank Dr Matthew Freeman for his initial isolation of the BGT-

photoreceptors (Kussick et al., 1993). These results suggestE¢p3 P-element, Dr Daniel St. Johnston for the germline expression
that SRC64 might have an important role in CNS ancdyector and Carrie Steinberg for the injection of P-element constructs. We

uld like to thank members of our laboratory for their many helpful
photoreceptor development. However, we have been unable‘g§

. . mments on this manuscript and work. We would also like to thank Dr
detect any CNS or photoreceptor defectSirb4animals. One Lynn Cooley and members of her laboratory, especially D. Robinson,

possible explanation for this discrepancy is that the amount @i he|pful discussions and the generous donation of antibodies. The
SRC64 required during CNS and photoreceptor developmeBhrly stages of this work were performed in the laboratories of Drs J.
is much lower than that required during oogenesis. Thus, tha@ichael Bishop and Gerald M. Rubin. This study was supported by a
very low level of SRC64 present in the mutant animals mighgrant from the National Eye Institute (1RO1EY9845) and an NSF
be sufficient for these processes. Alternatively, expression d¥ational Young Investigator Award (MCB-9357009). During the course
the kinase inactive SRC64 may interfere with biochemicaf this work, M. A. S. was a Searle Scholar, a Lucille P. Markey Scholar
pathways |n Wh|Ch SRC64 elther does not norma”y parthlpat@ Blomedlcal SClenceS, and a TermanFe"OW G.S.D. and D. J. G. were
or in which SRC64 function can be replaced by SRC41, thgPported by an NIH predoctoral training grant.
secondDrosophilaSFK (Takahashi et al., 1996).
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