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Douglas N. Robinson,*"' Tracy A. Smith-Leiker,*' Nicholas S. Sokol,’
Andrew M. Hudson* and Lynn Cooley*

*Department of Genetics, Yale University School of Medicine, New Haven, Connecticut 05610 and
TDepartment of Biology, Yale University, New Haven, Connecticut 06511

Manuscript received October 28, 1996
Accepted for publication January 14, 1997

ABSTRACT

In Drosophila oogenesis, the development of a mature oocyte depends on having properly developed
ring canals that allow cytoplasm transport from the nurse cells to the oocyte. Ring canal assembly is a
step-wise process that transforms an arrested cleavage furrow into a stable intercellular bridge by the
addition of several proteins. Here we describe a new gene we named cheerio that provides a critical
function for ring canal assembly. Mutants in cheerio fail to localize ring canal inner rim proteins including
filamentous actin, the ring canal-associated products from the hu-li tai shao (hts) gene, and kelch. Since
hts and kelch are present but unlocalized in cheerio mutant cells, cheerio is likely to function upstream
from each of them. Examination of mutants in cheerio places it in the pathway of ring canal assembly
between cleavage furrow arrest and localization of hts and actin filaments. Furthermore, this mutant
reveals that the inner rim cytoskeleton is required for expansion of the ring canal opening and for

plasma membrane stabilization.

ERM cells of many species, from insects to mam-
mals, develop as syncytia where sister cells are
interconnected by stable intercellular bridges. In Dro-
sophila oogenesis, these stable intercellular bridges,
called ring canals, provide the passageway for cytoplasm
transport between specialized nurse cells and the oo-
cyte. Transport of cytoplasmic contents requires several
cytoskeletal components, including the cytoskeleton of
the ring canals (reviewed in COOLEY and THEURKAUF
1994). We are interested in how ring canals are formed
and in their role in the development of a mature egg.
In the anterior-most region of the Drosophila ovary
called the germarium, a stem cell divides producing a
daughter stem cell and a daughter cystoblast (for a re-
view of oogenesis, see SPRADLING 1993). The cystoblast
undergoes four mitotic divisions characterized by in-
complete cytokinesis generating a syncytium of sixteen
germline cells: 15 nurse cells and one oocyte. The nurse
cells contribute mRNAs, proteins and organelles to the
oocyte beginning as soon as the fourth mitosis is com-
plete and finishing several days later with a final rapid
phase of transport in which the remaining nurse cell
cytoplasm is ‘‘dumped’ into the oocyte. Ring canals
develop as the germline syncytium develops. The cleav-
age furrows arrest at a diameter of 0.5-1.0 ym. The
plasma membrane of the arrested cleavage furrows
thickens forming the outer rim (MAHOwWALD 1971).
After the fourth mitosis, a proteinaceous inner rim
forms subcortically to the outer rim (KocH and KiNG
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1969; MaHowAaLp 1971). Throughout oogenesis, the
ring canals increase in diameter reaching 10 um by the
rapid phase of transport.

Several proteins have been identified so far that are
involved in ring canal assembly. Each is localized to
ring canals at a specific time in development, suggesting
that each has a unique function in ring canal morpho-
genesis. The first protein, anillin (FIELD and ALBERTS
1995), can be detected on cleavage furrows. Anillin has
been shown to associate with the cleavage furrows of
many cell types in Drosophila including the cellulariza-
tion front in blastoderm embryos, dividing cells in older
embryos and in dividing Schneider cells, a Drosophila
embryonic cell line. Anillin cycles between the nucleus
in interphase and the cleavage furrow in anaphase of
mitosis. This behavior, coupled with its actin filament
binding activity, indicates that anillin may be involved in
the signal that initiates organization of the acto-myosin
contractile ring. During the final mitotic division, a sec-
ond protein, which immunoreacts with antiphosphoty-
rosine antibodies, can be detected on the outer rim of
the ring canals (ROBINSON ¢t al. 1994). The immunore-
activity of ring canals with antiphosphotyrosine antibod-
ies persists throughout oogenesis. The identity of this
protein(s) remains to be elucidated.

Upon completion of the four mitoses, two new pro-
teins are localized simultaneously to the ring canals:
one product of the hu-li tai shao (hts) gene and filamen-
tous actin (WARN ef al. 1985; ROBINSON et al. 1994).
Other products from the Ats gene are localized else-
where in the ovary (LIN ef al. 1994; ROBINSON ef al.
1994). In this paper, hts-RC refers to the Ats product
that is found on ring canals. The localization of actin
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depends on hts-RC since mutants that lack this protein
fail to localize actin to the ring canal (YUE and
SPRADLING 1992; ROBINSON et al. 1994). Electron mi-
croscopy has shown that during this phase of ring canal
development, an inner rim accumulates subcortically
to the ring canal outer rim (KocH and KiNG 1969; Ma-
HOWALD 1971); the inner rim contains abundant actin
filaments (TILNEY ¢ al. 1996). The assignment of at
least one phosphotyrosine-containing protein to the
outer rim and the hts-RC protein and filamentous actin
to the inner rim is supported by the hfs’ mutant that fails
to form an inner rim but still has antiphosphotyrosine
staining of the ring canal (YUE and SPRADLING 1992;
ROBINSON et al. 1994).

In the final phase of ring canal assembly, at least one
product of the kelch gene is localized to the inner rim
of ring canals (XUE and COOLEY 1993). Kelch arrives
on ring canals several hours after the other known ring
canal proteins. Mutants that lack the kelch protein do
acquire the phosphotyrosine protein, hts-RC and actin
on their ring canals, suggesting kelch is not required for
initial assembly (ROBINSON et al. 1994). However, kelch
is required during ring canal growth; the actin filaments
and hts-RC in the inner rim become disorganized dur-
ing growth of kelch mutant ring canals, extending into
the lumen of the ring canal (ROBINSON et al. 1994; TiL-
NEY et al. 1996). This disorganization partially obstructs
the lumen of the canal, resulting in the inability to
transport cytoplasm properly and in a female sterile
phenotype.

We present in this paper the characterization of a
new ring canal mutant called cheerio, which functions
very early in the assembly of a ring canal. Immunocyto-
chemistry analysis places it in the ring canal pathway
between cleavage furrow arrest and formation of the
inner rim. Examination of cheerio provides further evi-
dence that the function of the ring canal cytoskeleton
is to allow growth of the ring canal while maintaining
an opening sufficient for the bulk flow of cytoplasm
transport.

MATERIALS AND METHODS

Fly strains: Canton S, w'’'* or en;ry (LINDSLEY and ZIMM

1992) flies were used as wild type in these experiments. The
cher' allele was generated in a germline transformation experi-
ment performed in the lab of S. ARTAVANIS-TSAKONAS, and
the inserted P element was mapped to polytene interval 66A
(R. RaMOs and S. ARTANVANIS-TSAKONAS, personal communi-
cation). B. MARIONI observed that flies homozygous for the
P insert were female sterile with a dumpless phenotype (per-
sonal communication). However, we determined that the P
element did not map to the female sterile mutation. The cher’
allele was identified in a new collection of Pelement-induced
female sterile mutations generated in the lab of R. Scorr
Hawity. Deficiency strains used in these experiments were
obtained from the Bloomington Drosophila Stock Center at
Indiana University. Fly stocks were maintained under stan-
dard conditions.

Western analysis: Drosophila ovaries were dissected in Dro-

sophila Ringer solution (COOLEY et al. 1992) and ground in
1X LAarMMLE’s buffer under reducing conditions (LAEMMLI
1970). Protein concentrations of the ovary extracts were mea-
sured using the BioRad Protein Assay. Proteins separated by
SDS-polyacrylamide gel electrophoresis (LAEMMLI 1970) were
transferred to Hybond-ECL nitrocellulose (TOWBIN et al.
1979; Amersham). Following transfer, membranes were
blocked in Blotto-Tween (5% powdered milk, 0.2% Tween,
and PBS) for 2 hr, then incubated in hybridoma cell superna-
tant (1:10 in Blotto-Tween) for 1 hr to overnight. Membranes
were washed four times for 10 min in 0.2% Tween in PBS at
room temperature. Membranes were incubated for 30 min at
room temperature in goat anti-mouse IgG secondary antibody
conjugated 10 horseradish-peroxidase (Pierce Chemical Co.)
in Blotto-Tween (1:10,000). After four washes, signals were
detected using ECL Western blotting detection reagents (Am-
ersham) according to manufacturer’s specifications.

Immunolocalization and confocal imaging: Whole ovaries
were dissected in Drosophila IMADS buffer (SINGLETON and
WOODRUFF 1994), fixed in 1% formaldehyde saturated with
heptane (COOLEY ef al. 1992), rinsed three times in PBS and
washed three times for 10 min in PBT {0.3% Triton-X-100
(Sigma), 0.5% BSA (Sigma) in PBS] at room temperature.
For actin visualization, ovaries were incubated in 1-2 units
of rhodamine-conjugated phalloidin (Molecular Probes) for
2 hr at room temperature. For antibody staining, ovaries were
incubated in hts amino-terminal antibody, which immunore-
acts with the hts fusome protein (hts-F) (LIN ¢ al. 1994; RoB-
INSON ¢ al. 1994) (1:1000), hts-RC antibody hybridoma super-
natant (ROBINSON e al 1994) (1:1), kelch hybridoma
supernatant (Xtvr and Coorry 1993) (1:1), or anti-phospho-
tyrosine antibody (ICN Biochemicals, PY20) (1:1000) diluted
in PBT. The ovaries were incubated with rocking for 2 hr at
room temperature then overnight at 4°, After washing four
times for 15 min in PBT, bound antibodies were detected
using a goat anti-mouse IgG secondary antibody conjugated
to fluorescein isothiocyanate (Jackson Laboratories). Immu-
nolocalizations were visualized by collecting 1-2 um optical
sections on a laserscanning confocal microscope (BioRad
MRC 600) then optical sections were compiled and displayed
using the CoMOS software package (BioRad). A X25 (0.8
NA), X40 (1.0 NA) or a X63 (1.4 NA) objective was used in
each case. Images were processed using Adobe Photoshop.

Examination of membrane integrity: Staining of subcorti-
cal actin was carried out as described above. For nuclear stain-
ing, we dissected and fixed ovaries from 10~20 females per
genotype as described for immunocytochemistry. During the
third from final wash in PBT, DAPI (Molecular Probes) was
added 1o the PBT at I pg/ml. The specimens were washed
two more times and were examined and photographed using
a Zeiss Axiophot with a X40 objective (1.3 NA). Stage 11 and
older egg chambers were scored for the presence of and the
number of nurse cell nuclei in the oocyte.

RESULTS

cheerio mutant egg chambers are dumpless: Females
homozygous for the cher’ allele were sterile, while fe-
males homozygous for cher’ were weakly fertile. Both
produced egg chambers with impaired cytoplasm trans-
port from the nurse cells into the oocyte. cheerio mutant
egg chambers appeared defective early in their develop-
ment. The oocyte in early cheerio mutant egg chambers
was not as large as it was in wild type, indicating that
the initial slow phase of cytoplasm transport was defec-
tive. The subsequent rapid phase of cytoplasm transport






