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Dorsoventral (D/V) patterning in Drosophila oogenesis is initiated by the transmission of a TGF-a-like ligand,
Gurken (Grk), from the oocyte to the anterodorsal follicle cells, activating the EGF receptor (Egfr) signaling
pathway. The zinc-finger transcription factor CF2 is a negative regulator of the rhomboid (rho) gene that
encodes an essential membrane-bound component of the dorsalizing pathway. Expression of CF2 itself is
negatively regulated by the activated Egfr. In this report, we demonstrate that CF2 is the target of
down-regulation by the MAPK kinase cascade, and that this down-regulation is independent of the Rho
function. These results suggest that D/V patterning involves a two-step signaling process: the initial Egfr
signal, which represses CF2 and induces rho expression; and the subsequent Egfr + Rho signal, which
determines the dorsal cell fates. Furthermore, we show that CF2 down-regulation occurs at the
post-translational level through a mechanism involving coupled cytoplasmic retention and degradation.
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The Drosophila epidermal growth factor receptor (Egfr)
is involved in many developmental processes, including
establishment of ventral ectodermal cell fates in early
embryo, germ band retraction, wing development, eye
development, determination of posterior follicle cell
fates during oogenesis, and dorsoventral patterning in
the egg chambers, among others (for review, see Perri-
mon and Perkins 1997; Schweitzer and Shilo 1997). A
conserved signaling cassette consisting of at least 10
components is utilized by most, if not all, of these de-
velopmentally diverse Egfr functions. The signaling cas-
sette includes the mammalian homologs of Ras, Raf, mi-
togen-activated protein kinase (MAPK) kinase (MEK) and
MAPK, which are encoded by Ras1, Draf, Dsorl (Dmek),
and rolled (rl), respectively. Because the same intracel-
lular signaling components can function in different tis-
sues, developmental specificity is achieved at least at
two other levels in the signaling pathways: by develop-
mentally regulated production of extracellular ligands
and by downstream gene regulation events that respond
to these extracellular signals. Importantly, these signals
and responses are coordinated by positive and negative
feedback loops.

The complex regulatory web of Egfr signaling can be
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illustrated by the molecular events that determine the
follicle cell fates during oogenesis (for review, see Ray
and Schupbach 1996). Early in oogenesis (up to stage 6),
the oocyte nucleus is located at the posterior. The RNA
and protein products of gurken (grk), which encodes a
TGF-a-like ligand, are synthesized in the oocyte and re-
stricted to the posterior cortex. Grk then acts across the
oocyte membrane and helps specify the posterior follicle
cell fates. The D/V patterning process is initiated later at
stage 8 of oogenesis, after the oocyte nucleus migrates to
an anterodorsal position. At this stage, both grk RNA
and Grk protein become similarly localized in the an-
terodorsal region of the oocyte near the nucleus (Neu-
man-Silberberg and Schipbach 1993; Gonzalez-Reyes et
al. 1995; Roth et al. 1995). The Grk protein acts as a
spatially localized ligand to activate the ubiquitous Egfr
located on the surrounding follicle cells (Schipbach
1987; Price et al. 1989; Schejter and Shilo 1989). Grk
binding initiates the Egfr signal transduction pathway in
the anterodorsal follicle cells, which involves homologs
of Ras (Schnorr and Berg 1996), Raf (Brand and Perrimon
1994), MEK (Hsu and Perrimon 1994; Lu et al. 1994) and,
by inference, MAPK. Activation of Egfr signaling in the
anterodorsal follicle cells leads to down-regulation of the
Cis,—His, zinc-finger transcription factor CF2 (Shea et
al. 1990; Hsu et al. 1992, 1996). Absence of CF2 in turn
results in induction of transcription of rho (Hsu et al.
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1996), which encodes a seven-transmembrane-domain
protein (Bier et al. 1990; Ruohola-Baker et al. 1993; Stur-
tevant et al. 1993). Subsequently, the combined func-
tions of Egfr and Rho specify the dorsal follicle cell fates,
including elaboration of the dorsal appendages (Schup-
bach et al. 1991; Ruohola-Baker et al. 1993; Hsu et al.
1996). (Note that the Rho protein described here is the
product of Drosophila gene rhomboid, which bears no
relationship with the mammalian membrane-bound GT-
Pase Rho.) It is not clear whether or not CF2 protein is
also down-regulated in the posterior follicle cells in early
oogenesis, which are also specified by the Grk function.
The expression level of CF2 at these early stages is barely
detectable (Hsu et al. 1996).

Genetic studies showed that without the rho function,
activated Egfr signaling could not induce dorsal cell
fates. Also, the rho function could not by itself manifest
the dorsal cell fates without the function of Egfr (Ruo-
hola-Baker et al. 1993). It has been suggested that Rho
may be involved in the production of a second Egfr ligand
(Golembo et al. 1996; Perrimon and Perkins 1997) but
the exact mechanism is not known at this time. Because
Egfr alone cannot induce dorsal cell fates, the signaling
pathway can be viewed as a two-step process with CF2
being a central coordinator. That is, Egfr alone activated
by Grk leads to CF2 down-regulation and Rho expres-
sion; and subsequently, determination of the dorsal fol-
licle cell fates is achived by the combined functions of
Rho and Egfr.

The D/V signaling pathway is also regulated by a nega-
tive feedback loop. It has been shown that the expression
of the ETS-domain transcription factor Pointed (PntP1) is
induced by Egfr and that ectopically expressed PntP1 can
repress the Egfr singaling function (Morimoto et al.
1996). In the embryonic ventral ectoderm, PntP1 has
been shown to induce the expression of Argos (Gabay et
al. 1996), a putative extracellular inhibitor of Egfr (Sch-
weitzer et al. 1995). It is not known whether Argos is
also expressed in the follicle cells.

Together, these experimental data suggest a complex
network of coordinated signals and responses. This
model may very well provide a paradigm for the regula-
tion of signal transduction pathways in general. How-
ever, a complete description of the molecular events in
this signaling process is not yet clear. For example, direct
regulatory targets of MAPK have not been identified.
This is important to establish because although the Ras/
MAPK signaling cassette is necessary for specifying dor-
sal follicle cell fates, it is not known whether it func-
tions upstream of Rho, downstream of Rho, or both.

In this report we present evidence that CF2 is the di-
rect target of the Ras—-RafF—MEK-MAPK signaling cas-
cade and that ectopically expressed Rho cannot induce
CF2 down-regulation. Most interestingly, we demon-
strate that, contrary to the generally accepted mecha-
nism, MAPK does not simply modify the activity of CF2.
Instead, down-regulation of CF2 is specifically targeted
by the Ras/MAPK signaling and is achieved by a coupled
mechanism involving cytoplasmic retention and degra-
dation.

MAPK down-regulates transcription factor CF2

Results

CF2 is negatively regulated by the Ras—-Raf-MEK
signaling cascade but not by Rho

During mid-oogenesis, CF2 protein level is down-regu-
lated in the anterodorsal population of the oocyte-asso-
ciated follicle cells, where Egfr signaling occurs (Fig. 1A).
For brevity, the oocyte-associated follicle cells will
henceforth be referred to simply as follicle cells. The
other cell type, nurse cell-associated follicle cells, will be
specifically identified when necessary.

We hypothesized that CF2 is the direct target of regu-
lation by the Egfr-activated kinase cascade. In support of
this hypothesis, Rasl and Draf hypomorphic as well as
temperature-sensitive Dmek mutants no longer suppress
CF2 protein level in the anterodorsal follicle cells (Fig.
1B-D). The penetrant levels, judged by the effect on CF2
down-regulation, are >95% for Rasl and Draf (241/246
and 151/158 stage 10 eggs examined, respectively); and
[(070% (140/198 stage 10 eggs examined) for Dmek. Such
pattern is reminiscent of that observed in maternal alle-
les of Egfr (Egfr°P) and grk mutants, as reported previ-
ously (Hsu et al. 1996). These results support the notion
that the anterodorsal follicular expression of CF2 is
down-regulated by the activated Ras-Raf-MEK signaling
cascade.

Because rho is involved in dorsal follicle cell fate de-
termination, it will be interesting to see whether or not
the Rho function is also required for maintaining CF2
down-regulation. In the rho gain-of-function (rho%f)
background induced by overexpression of the hsp70-rho
transgene (Ruohola-Baker et al. 1993), CF2 expression in
the ventral follicle cells is not down-regulated (Fig. 1E).
This result suggests that the Rho function is not in-
volved in CF2 down-regulation, despite that the same
rho®°" flies generate [(B0% dorsalized egg chambers (Ruo-
hola-Baker et al. 1993; E. Yu. Mantrova and T. Hsu, un-
publ.). We also note that in the rho hypomorphic back-
ground induced by overexpression of the hsp70-anti-
sense-rho transgenes (Ruohola-Baker et al. 1993), CF2
down-regulation pattern remains unchanged (data not
shown).

Down-regulation of CF2 is at the post-transcriptional
level

To establish whether or not down-regulation of CF2 gene
expression occurs at the transcriptional level, RNA in
situ hybridization was performed. Endogenous CF2 RNA
is uniformly expressed in all follicle cells and shows no
spatial restriction either in the wild-type, or in the loss-
of-function and gain-of-function D/V patterning mu-
tants (Fig. 2A-D). Thus, the Egfr-mediated down-regula-
tion is neither at the level of transcription nor at the
level of MRNA metabolism.

Interestingly, among stage 10-12 wild-type egg cham-
bers examined for CF2 protein expression, about 10%
(64/652 examined) showed elevated cytoplasmic level of
CF2 in the anterodorsal region. This pattern is particu-
larly striking when the elevated cytoplasmic level of CF2
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Figure 1. Control of down-regulation of CF2 protein level in the anterodorsal follicle cells. All eggs were stained with anti-CF2
antibody. (A) The wild-type CF2 expression pattern in a stage 10 egg from a y, w female (dorsal-lateral view). The anterodorsal region
of the follicular epithelium is devoid of CF2 protein (A). A close-up view of the anterior population of the follicle cells is shown in a.
Note that in posterior-ventral cells, CF2 is localized in the nuclei (well-defined round spots). (Arrow) The anterior margin of the follicle
cell layer, which also delineates the border between the oocyte (posterior to the arrow) and the nurse cells. (d) Dorsal side of the egg.
(B-E) Lateral close-up views of stage 10 eggs of the similar region as in A. Other designations are also the same as in A. (B)
Ras1P38N/Ras157°%, (C) Homozygous Draft™7, (D) Heat-treated temperature-sensitive Dmek mutant, Dmek-"1% P[w*, Dmek®]. In
these loss-of-function mutants there is no down-regulation of CF2. (E) Heat-treated hsp70-rho transgenic. The egg is oriented more
ventrally than the one in A, so more ventral nuclei are visible here. CF2 expression pattern is essentially the same as that in the wild
type with down-regulation in the anterodorsal follicle cells (A, about nine cells wide laterally) and no suppression in the posterior—
ventral cells. (F) Close-up view of the dorsal surface of a y, w stage 12 egg. Notice the increased cytoplasmic level of CF2 in the
anterodorsal region (delineated by the bracket). Examples of empty nuclei are marked by arrowheads. Anterior is up. (G) Heat-treated
Draf gain-of-function mutant hsp70-ADraf"?? (lateral view). There is increased cytoplasmic accumulation of CF2 throughout the
follicle cell layer. Examples of empty nuclei are marked by arrowheads. Other markings are the same as in A. (H) Detailed view of the
dorsal follicular surface of a stage 10 egg from the hsp70-CF2 transgenic fly (h), induced at 37°C for 10 min and dissected 0.5 hr later.
Ectopically expressed CF2 is not present in the nuclei of the anterodorsal follicle cells (arrowheads). Anterior is up. Ectopic induction
of the CF2 transgene is confirmed by the expression in the nurse-cell-associated follicle cells (v), which do not express the endogenous
CF2 (cf. A).

is contrasted by the empty anterodorsal nuclei (Fig. 1F).
Such a pattern indicates that the Egfr signaling cascade
may negatively regulate CF2 function by controlling its
subcellular localization. In support of this hypothesis,
cytoplasmic accumulation of CF2 can be enhanced in
the presence of ectopically expressed constitutively ac-
tive Raf (Fig. 1G). In addition, CF2 must be subjected to
rapid degradation as most of the wild-type egg chambers
show a complete elimination of CF2 protein in the an-
terodorsal follicle cells (Fig. 1A). This is a mechanism
opposite to that of Dorsal protein regulation (Roth et al.
1989), in which the Dorsal protein function is activated
by translocating into the nucleus and the protein is
stable throughout its steady state in the cytoplasm.
Post-transcriptional regulation is further demon-
strated by ectopic expression of CF2 from a heterologous
promoter. We showed earlier that strong heat-shock
treatment could induce the hsp70-CF2 transgene to
overcome repression of CF2 function in the anterodorsal
follicle cells and lead to ventralization (Hsu et al. 1996).
We also noticed, however, that when hsp70-CF2 was
induced at a lower level, for example, 37°C for 10 min,
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very few phenocopies were generated (E. Yu. Mantrova
and T. Hsu, unpubl.) and repression fo CF2 persisted in
the anterodorsal follicle cells (Fig. 1H, h; see also Fig. 5,
below). Note that the ectopic overexpression of CF2
RNA from the hsp70 promoter showed no spatial restric-
tion (Fig. 2E). This observation supports a post-transcrip-
tional mechanism for repression of CF2 as the ectopi-
cally expressed CF2 is under control of a heterologous
promoter. Interestingly, the newly synthesized CF2
(within 0.5 hr of heat induction) is never detected in the
nuclei of the anterodorsal follicle cells (Fig. 1H). Al-
though it is possible that the ectopic CF2 can enter the
nuclei and then be rapidly exported out, it would seem
more plausible that the CF2 protein is prevented from
nuclear entry in the anterodorsal follicle cells.

Predicted MAPK phosphorylation site in CF2 is
required for cytoplasmic accumulation

Maternal alleles of mapk that affect dorsoventral pat-
terning in egg chambers are currently not available, but
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Figure 2. CF2 RNA expression patterns show no spatial re-
striction. CF2 RNA was detected by whole-mount in situ hy-
bridization with digoxigenin-labeled RNA probes. All eggs are
shown in lateral view. Dorsal sides are up, and anterior is to the
left. (A) Stage 10 egg from a y, w female hybridized with a CF2
sense-strand RNA probe. This hybridization serves as a negative
control. The sample is shown in optical sagittal section to show
different cell types: nurse cells (n), follicle cells (f), and the oo-
cyte (0). (B-F) Hybridizations with CF2 antisense RNA probes.
For B-F, the images were focused on the follicular surface; the
oocyte is not visible at this focal point. (B) A stage 10 egg from
ay, w female. (C) A stage 10 egg from a homozygous Draf*™?
female. (D) Stage 10 egg from a heat-treated Draf gain-of-func-
tion mutant hsp70-ADraf 22, (E) Stage 10 egg from a hsp70-CF2
transgenic fly, induced at 37°C for 10 min and dissected 0.5 hr
later. (F) Stage 9 egg from a 'y, w; P[w*, GAL4]*°8/P[w*, UAS-
CF2"Y female. Arrowheads point to examples of specific CF2-
expressing cells. Because of the low level of endogenous CF2
RNA, color reactions were developed for 6 hr at 37°C for A-D.
In contrast, ectopically overexpressed CF2 RNA in E and F
could be detected at very high levels in the follicle cells within
0.5 hr of color reaction, whereas nurse cells were barely stained
(cf. C-D).

MAPK is likely involved in the signaling event as the
same Ras—-MEK-MAPK signaling cassette has been
shown to be involved in many other Egfr signaling path-
ways analyzed so far (Perrimon and Perkins 1997; Sch-
weitzer and Shilo 1997). Examination of the CF2 amino
acid sequence revealed one optimal consensus MAPK
phosphorylation site at residue 40 (PAT*°P; see Materi-
als and Methods), where the threonine residue is pre-
sumed to be the phosphorylation target. We tested the
importance of the MAPK site by site-specific mutagen-
esis, quantifying the effect in cultured cells. Because the
cultured S2 cells have been shown to be less efficient in
protein degradation than the in vivo systems (Rebay and
Rubin 1995), they may also provide a better assay con-
dition for examining cytoplasmic accumulation of CF2.

Cultured Drosophila S2 cells were cotransfected with
CF2-coding sequences (either wild-type, CF2"%, or the
MAPK-site mutant form, CF22%°; see Materials and
Methods) and coding sequences for either constitutively
active Ras (Ras1V*?; Fortini et al. 1992; Rebay and Rubin
1995) or constitutively active MAPK (MAPKS®™:; Brun-
ner et al. 1994). Note that the A40 mutation does not by
itself alter the stability of CF2 in the absence of activated

MAPK down-regulates transcription factor CF2

MAPK, at least when its half-life was measured in the S2
cells (E. Yu. Mantrova and T. Hsu, unpubl.). As shown in
Figure 3A, three types of subcellular localization of CF2
were observed; nuclear (N), cytoplasmic (C), and both
(N + C). Quantitation of the results is shown in Figure
3B. When expressed alone from an actin 5c gene pro-
moter, CF2"* protein is localized to the nucleus in over
92% of all CF2-expressing cells. In the presence of either
Ras1V*? or MAPKS®™ there is a significant increase in
cytoplasmic accumulation of CF2"*": The percentages of
cytoplasmic CF2-containing cells (N+C and C) in-
creased to 44% with Ras1V'? and 52% with MAPKS®™,
In contrast, the percentages of cells expressing cytoplas-
mic CF2%° mutant protein remains largely unchanged
at the background level in the presence of Ras1V? or
MAPKSe™,

Note that the Ras- and MAPK-induced responses are
not observed in all cells in the transfection assay. This
may be attributable to the high level of overexpression of
CF2, a lack of efficient Egfr-regulated protein metabo-
lism in the S2 cells, and/or inefficient activities of the
Ras1V*? and MAPK®®™ mutant proteins on CF2.

MAPK target site mediates down-regulation of CF2

in vivo

To confirm the importance of the MAPK site in vivo,
transgenic flies were constructed that carried wild-type
(CF2Y or MAPK site mutant (CF2%°) versions of the
CF2-coding sequences under control of the yeast GAL4-
dependent enhancer element UAS (Brand and Perrimon
1993). Flies bearing the UAS-CF2 transgene were
crossed with another transgenic fly strain w; P[w",
GAL4]>®® that expresses the yeast transfection factor
GALA4 in the anterior population of the oocyte-associated
follicle cells (Brand and Perrimon 1994; Fig. 4A, top pan-
els), including the critical anterodorsal region, during
mid-oogenesis. In female progeny bearing both GAL4
and UAS-CF2 transgenes, CF2 protein is expected to be
overexpressed in a specific GAL4-dependent pattern,
that is, throughout the anterior population of the oocyte-
associated follicle cells. However, wild-type CF2 ex-
pressed from the UAS-CF2 transgene is still absent from
the anterodorsal region (Fig. 4A, middle panels), despite
that the ectopically expressed CF2 RNA shows no spa-
tial restriction (Fig. 2F). This result again indicates that
the down-regulation is post-transcriptional. Note that
CF2 protein is indeed ectopically expressed in the an-
teroventral cells. By contrast, the MAPK-site mutant
CF2 protein (CF2°%°) expressed from the UAS-CF2
transgene can be detected at a high level in both the
anterodorsal and anteroventral regions. (Fig. 4A, bottom
panels). Furthermore, overexpression of CF24° results
in a loss of dorsal appendage material (Fig. 4B), as ex-
pected. The phenotype is similar to that observed in the
weak Rasl hypomorphs (Schnorr and Berg 1996). The
percentage of phenocopies in the transgenic line shown
in Figure 4B is 16% (51/319 stage 14 eggs examined).
Three other independent lines were also examined, and
they showed similar results (data not shown).
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Figure 3. Constitutively active MAPK
and Ras induce cytoplasmic accumulation
of CF2. Cultured S2 cells were cotrans-
fected with CF2-coding sequences (CF2"*
or CF240) together with one of the follow-
ing: vector, pPac; MAPK®®™ plasmid encod-

ing the constitutively active MAPK; or Se

; ; . r PKSem
Ras1V!2 plasmid encoding the constitu- B s vecto ) MAPK
tively active Ras. Cells were collected and {501 3) C 1225 C (13500

immunostained with anti-CF2 antibody.
(A) Three types of CF2 localization patterns
are shown from cells cotransfected with
CF2"t and MAPKS™: (N) exclusively
nuclear; (N + C) nuclear and cytoplasmic;
(C) exclusively cytoplasmic. (B) In repeated
experiments, the percentages of the three
types described in A were determined for
different combinations of expression plas-
mids as indicated. Three independent ex-
periments were performed. The numbers
are the average from these repeat experi-
ments and represent the percentages of
all CF2-expressing cells. Cell numbers
counted for each experiment ranged from
199 to 510; however, the total cell numbers
counted for each transfection data set are
between 767 and 1390.

CF2wt

CF2A4D

Cytoplasmic localization is not sufficient
for degradation

Two processes appear to be involved in CF2 down-regu-
lation: cytoplasmic accumulation and degradation. The
guestion was raised concerning whether or not degrada-
tion of CF2 is a default outcome of cytoplasmic localiza-
tion. To address this question, deletion mutant CF2 pro-
teins defective in nuclear localization were engineered
by removal of the last 18 codons of the CF2 open reading
frame, which encode a part of the last zinc-finger and the
nuclear localization signal (Hsu et al. 1992; Vesque and
Charnay 1992; Matheny et al. 1994). The deleted form of
either wild-type (CF2A™Y) or the MAPK-site mutant
(CFSA”0) was ectopically expressed in the ovaries di-
rected by the heat-shock promoter, which was induced
by a mild heat treatment (37°C for 10 min). The intact
CF2"* and CF2° coding sequences were also examined
for comparison. The mild heat-induction allows the
post-translational down-regulation of CF2"“*' to occur
(Fig. 5A,; also see Fig. 1H). Also in support of the earlier
result using the UAS transgenic system (Fig. 4), CF24°
becomes stable in the anterodorsal cell (Fig. 5B). Strik-
ingly, the cytoplasmic CF2A™! is still down-regulated in
the anterodorsal follicle cells although the ectopically
expressed truncated protein can be detected in the cyto-
plasm of all other follicle cells (Fig. 5C). By contrast, the
cytoplasmic CF2A”%° is expressed throughout the fol-
licle cell layer (Fig. 5D). These observations demonstrate
that cytoplasmic localization does not necessarily lead
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to degradation and that degradation is also a specific
mechanism for targeted proteins in the anterodorsal fol-
licle cells, not simply a default outcome of cytoplasmic
localization.

Discussion

CF2 is the target of Ras—-Raf-MEK-MAPK signaling
cassette

Previous studies have indicated that CF2 is down-regu-
lated in the anterodorsal follicle cells in response to the
activated Egfr (Hsu et al. 1996). It has also been shown
that Ras, Raf, MEK, and, by extension, MAPK are down-
stream of the Egfr function. In this report, we show that
at least one of the targets of the kinase cascade is the
transcription factor CF2. CF2 is not down-regulated in
the anterodorsal follicle cells in Rasl, Draf, and Dmek
mutants (Fig. 1). The down-regulation is at the protein
level because: First, down-regulation occurs when CF2
transgene is transcribed from heterologous promoter el-
ements (Figs. 1H, 3, 4, and 5); second, there is no spatial
restriction in CF2 mRNA expression (Fig. 2); and third,
down-regulation can be abolished by alteration of the
presumptive MAPK site in CF2 protein (Figs. 3-5). We
have not yet been able to demonstrate that MAPKSe™
specifically phosphorylates CF2 proteins at the predicted
phosphorylation site. In cultured cells as well as in cell-
free phosphorylation reactions, both CF2V* and CF24°
were phosphorylated at a low level by MAPKS®™ (E. Yu.
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Mantrova and T. Hsu, unpubl.). We did note that al-
though PAT“°P is the only optimal MAPK target in CF2,
six other suboptimal sites also exist, in the form of SP or
TP, and these suboptimal sites may be phosphorylated in
vitro. In any case, these other sites at best play only
auxiliary roles in D/V patterning as only the optimal site
is required for MAPK-mediated protein processing in
vivo (Figs. 4 and 5).

Although the mapk gain-of-function allele rI**™ could
induce cytoplasmic accumulation of CF2 in cultured
cells (Fig. 3), it did not show D/V patterning defects in
the egg chamber (Brunner et al. 1994). This may be be-
cause the expressivity level of this allele is not high
enough to afford D/V patterning phenotypes. This hy-
pothesis is supported by the observation that the mutant
rI®¢™ gene product is only partially effective in inducing
cytoplasmic accumulation of CF2 in the transfection as-
say (Fig. 3). Alternatively, the rl gene product may not be
the MAPK activity expressed (or utilized) in the dorsal
follicle cells. At least two other mapk-related genes have

MAPK down-regulates transcription factor CF2

Figure 4. Down-regulation of CF2 protein in
vivo is mediated by the MAPK target site. (A)
Transgenic fly strain w; P[w*, GAL4]>°® was
crossed with transgenic lines carrying P[w",
UAS-lacZ], P[w*, UAS-CF2“Y, or P[w",
UAS-CF249], The resulting flies were trans-
heterozygous for the third chromosome.
Newly eclosed females were conditioned at
25°C in the presence of live yeast for 3 days,
and egg chambers were dissected and stained
either with X-gal (for the B-gal line) or with
anti-CF2 antibody (for the CF2"t and CF2A4°
lines). Staining for B-galactosidase activity es-
tablishes the spatial expression pattern of
GALA4 (top panels), which appears at stage 9 in
a band of follicle cells just anterior to the oo-
cyte. This band of expression narrows and en-
circles the anterior margin of the oocyte at
stage 10. Ectopic expression of CF2 follows
this pattern, except that CF2"* is eliminated
from the anterodorsal region in the same
manner as the endogenous CF2 expression
(arrows, middle panels). The UAS-CF2"*
transgene was induced because overexpressed
CF2 protein is detected in the anteroventral
cells (arrowheads). In contrast, CF22° is ec-
topically expressed throughout the anterior
cells. Arrowheads indicate the overexpressed
CF2 protein. Note that the CF2 antibody titer
was reduced by 50% in this experiment as
compared to those shown in Fig. 1, A-G. This
enabled us to highlight the overexpressed CF2
protein. (B) Constitutively stable CF2 mutant
protein results in reduction of dorsal append-
ages. Matured eggs were dissected from either
y, w (wild type; left panel) or y, w; P[w",
GAL4]>*B/P[w*, UAS-CF249] flies (with vari-
ous degrees of expressivity; three right pan-
els). The mutant eggs show weak Rasl-like
phenotypes: reduced dorsal appendages (da).
Three other independent lines were also ex-
amined and showed similar results.

been identified recently (see FlyBase and GenBank en-
tries).

CF2 is down-regulated by a cytoplasmic retention
and degradation system

Cytoplasmic accumulation is observed in only about
10% of the stage 10 to stage 12 wild-type eggs, probably
because of rapid degradation of the cytoplasmic CF2.
However, increased levels of cytoplasmic accumulation
can be induced in all follicle cells when constitutively
active Raf is ectopically expressed (Fig. 1G); and in cul-
tured cells by co-expression of constitutively active Rasl
or MAPK (Fig. 3). The simplest model for CF2 down-
regulation would involve phosphorylation of CF2 in the
cytoplasm, thus blocking nuclear import and inducing
protein degradation. This model is in contrast to a
nuclear export mechanism, in which CF2 will need to
enter the nucleus, modified by MAPK, and transported
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CFaw

CE24AS0

Figure 5. Down-regulation of CF2 in the anterodorsal follicle
cells is independent of nuclear localization. y, w females carry-
ing two copies of hsp70-CF2"t, hsp70-CF2/4°, hsp70-CF2A"t
or hsp70-CF2A”4° were conditioned in the presence of live
yeast at room temperature for 3 days. To induce ectopic CF2
expression, females were heat treated at 37°C for 10 min and
allowed to recover at 25°C for 3 hr. Egg chambers were then
dissected and processed for immunostaining. The fly strains are
indicated. (A) CF2", (B) CF24%°, and (D) CF2A”*° are shown in
lateral views. (C) CF2A! is shown in a dorsal view. The ectopic
expression of CF2 and CF2A proteins are observed in the nurse-
cell-associated follicle cells (A), which do not express the en-
dogenous CF2 protein. Difference between nuclear staining
(bright round dots in A and B) and cytoplasmic staining (gener-
alized smear of staining in C and D) is easily discernible. Both
CF2"' and CF2A"* are depleted in the anterodorsal follicle cells
(arrows), whereas both CF244° and CF2A”“° remain stable in
these cells (arrowheads). Note that the CF2 antibody titer is
reduced by 50% in this experiment as compared to those shown
in Figure 1. This enabled us to highlight the overexpressed CF2
protein.

out again. The cytoplasmic retention model is supported
by the expression patterns of a truncated form of CF2
protein (CF2A) defective in nuclear localization (Fig. 5).
The otherwise wild-type version of the cytoplasmic
CF2A still shows specific down-regulation pattern in the
anterodorsal follicle cells, whereas the A40 version again
becomes constitutively stable. This indicates that CF2A
is targeted by MAPK in the cytoplasm. Also, cytoplasmic
localization of CF2A is not sufficient for the subsequent
degradation since it remains stable in the ventral follicle
cells and the cytoplasmic CF2A”4° remains stable in
both dorsal and ventral follicle cells. Therefore, we sug-
gest that down-regulation of CF2 is through a coupled
cytoplasmic retention and degradation system, and the
existing nuclear CF2 may simply diffuse out into the
cytoplasm when there is no more incoming CF2 protein
(Fig. 6). It should be noted that at this time we cannot
vigorously exclude the possibility that MAPK can also
target the existing nuclearly localized CF2 and induce its
nuclear export.

Proteins designated for degradation very often contain
PEST sequence motifs (Rogers et al. 1986). Interestingly,
CF2 has one PEST motif at the amino terminus overlap-
ping the presumptive MAPK site: *SRPEDQS-
PAPPPPPPSSATTSTAAPATPTH*3, the underlined resi-
dues being the putative MAPK site. It is possible that
phosphorylation at the presumptive MAPK site induces
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conformational changes so as to expose the PEST motif.
The motif is then recognized by either ubiquitin or other
cellular proteins and the tagged protein is eventually pro-
cessed by the degradation machinery.

Receptor tyrosine kinase signaling cascades have been
shown to enhance the activity of transcription factors by
phosphorylation (Karin 1994). In addition, protein stabil-
ity and nuclear localization can be induced by kinase
activation (Palombella et al. 1994; Hochstrasser 1995;
Musti et al. 1997; for review, see Vandromme et al.
1996). To date, there have been only a handful of ex-
amples for negative regulation of transcription factors at
the post-translational level. One example concerns the
Drosophila ETS-domain transcription repressor Yan in
the Sevenless signaling pathway during Drosophila eye
development. In this case, an out-of-nucleus model was
proposed, but the possibility of cytoplasmic retention
was not ruled out (Rebay and Rubin 1995). More re-
cently, it has been shown that proteasome-dependent
degradation of the Tramtrack protein requires interac-
tion with Phyllopod and Seven In Absentia proteins (Li
etal. 1997; Tang et al. 1997). It is not yet clear, however,

-~

Dorsal follicle cell

~

Qrb, Capu, Spir, etc.
M iy

Qocyte

Figure 6. A model for the Egfr signaling pathway in dorsal
follicle cell fate determination. In mid-oogenesis, grk gene prod-
uct is sequestered to the anterodorsal region of the oocyte, aided
by gene functions such as fs(1)K10, sqd, spir, capu, orb, etc. Grk
acts across the oocyte membrane and activates the Egfr on the
neighboring follicle cells. See text for other details on the re-
sulting signaling events.



how this down-regulation is regulated by the Sevenless
and the Egfr pathways.

In this report, we demonstrate that coupled functions
of cytoplasmic retention and degradation are required for
CF2 regulation; and that the target protein is designated
by the Egfr/MAPK signal. We suggest that this novel
regulatory mechanism can be considered a paradigm for
the elimination of transcription factor functions as one
of the immediate responses to extracellular signals.

CF2 is the coordinator in Egfr signaling

A model that integrates previous and current findings is
presented in Figure 6. We propose that the Egfr-mediated
D/V patterning is a two-step signaling process, demar-
cated by the appearance of Rho function. This model is
based on three previous observations (Ruohola-Baker et
al. 1993; Hsu et al. 1996): (1) down-regulation of CF2
precedes rho expression; (2) overexpression of CF2 can
suppress rho expression; and (3) Egfr alone cannot induce
dorsal cell fates without Rho. In this report, we have
placed the Ras/MAPK signaling pathway upstream of
CF2. But what are the changes in the signaling cascade,
if any, brought on by Rho? It has been shown that Rho by
itself cannot induce dorsal fates without Egfr, but it can
dorsalize the egg chambers when ectopically expressed
in the ventral follicle cells (Ruohola-Baker et al. 1993),
despite that Egfr in the ventral follicle cells is not pre-
activated by Grk. Interestingly, the level of CF2 in the
ventral follicle cells is not affected by the ectopically
expressed Rho (Fig. 1F). This indicates that the signal
induced by Rho is at least different from that of Egfr
alone with respect to CF2 regulation. It has been sug-
gested that Rho is involved in processing a second ligand
(Golembo et al. 1996; Perrimon and Perkins 1997). If this
is correct, then Rho may induce a signaling cascade dis-
tinct from Ras-Raf-MEK-MAPK, or may modify the
specificity of the existing cascade. Indirect evidence has
emerged recently that other signaling pathway(s) parallel
to that of Egfr may in fact exist (Goode et al. 1996;
Schnorr and Berg 1996). Resolving the events down-
stream of Rho should be the next step in unraveling this
complex developmental signaling process.

Materials and methods
Drosophila strains

The Rasl alleles used in this study were kindly provided by C.
Berg, University of Washington, Seattle, Washington:
Ras1P38N/TM3, Sb; and Ras1%7%%, ry®°®, cv-c, shd/TM3, ryRK,
Sb. These lines have high embryonic lethality but trans-hetero-
zygotes are largely viable and show strong egg chamber pattern-
ing defects with an expressivity level of nearly 100% (Schnorr
and Berg 1996).

The Dmek allele (kindly provided by N. Perrimon, Harvard
Medical School, Boston, MA) has been described (Hsu and Per-
rimon 1994). It is a lethal allele Dmek“"1° rescued by the tem-
perature-sensitive hsp70-mek®™ transgene. To induce D/V pat-
terning defects in the egg chamber, newly eclosed females were
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kept at 32°C for 3 days with two periods of 15-min heat shock
at 37°C daily.

The Draf loss-of-function allele, y, Draf"™?, w3/FM7, and the
gain-of-function allele, y, w; hsp70-ADraf"??, were also pro-
vided by N. Perrimon, and have been described (Brand and Per-
rimon 1994). To induce the gain-of-function phenotype, newly
eclosed females were kept at 32°C for 3 days with two periods of
15-min heat-shock at 37°C daily.

The rho gain-of-function allele is the transgenic y, w flies
carrying one copy of the hsp70-rho transgene, y, w; P[w",
hsp70-rho]/TM3, Sb (Ruohola-Baker et al. 1993). To induce ec-
topic expression of Rho, newly eclosed females were kept at
32°C for 3 days with two periods of 15-min heat shock at 37°C
daily.

w; Plw*, GAL4]**B, and w; P[w*, UAS-lacZ]*?*® lines were
obtained from the Bloomington Stock Center, Indiana Univer-
sity, with assistance from K. Matthews.

CF2 transgenes

The consensus MAPK phosphorylation site is located at around
amino acid residue 40: PAT*°P (P, proline; A, alanine; and T,
threonine; Clark-Lewis et al. 1991). To generate the MAPK site
mutant protein (CF244°), the codon for threonine, ACG, was
mutated to the alanine codon, GCG, using the Transformer
Site-Directed Mutagenesis Kit (Clontech Laboratories). Nucleo-
tide sequence of the primer introducing the mutation is 5'-
CCAGCCGCGCCACGCAC-3'. In vitro mutagenesis was per-
formed on the cDNA clone described previously (Hsu et al.
1992). The mutated DNA fragment was sequenced to confirm
the presence of mutation and integrity of the rest of the coding
sequence. The CF2-encoding sequences of either wild-type or
the mutant form were released as a Eagl-Clal fragment as de-
scribed before (Hsu et al. 1996). The fragments were subcloned
into the pCaSpeR-hs vector under the control of the hsp70 gene
promoter as described before (Hsu et al. 1996); into the pPac
vector under the control of the actin5C gene promoter for ex-
pression in the cultured S2 cells; or into the pUAST vector (a
gift from N. Perrimon) under the control of the GAL4-depen-
dent UAS element.

To generate the cytoplasmic CF2 deletion protein, the cDNA
clones encoding either CF2"t or CF2°4° were subjected to 3'-
deletion up to the Eco47Ill restriction site located at 53 bp up-
stream of the termination codon. The deletion eliminated the
last zinc finger, which also contains the nuclear localization
signal (Hsu et al. 1992; Vesque and Charnay 1992; Matheny et
al. 1994). The truncated CF2-encoding sequences (wt and A40)
were then subcloned as Eagl-Eco4711l fragments into the Notl-
Stul sites of pCaSpeR-hs vector as described above. A stop
codon was regenerated immediately downstream of the fusion
site with only one exogenous codon (CCC for proline) inserted.

Transgenic lines

Transforming vectors pCaSpeR-hs and pUAST containing vari-
ous CF2-encoding sequences described above were used to
transform y, w flies by use of standard procedures (Spradling
1986). For each transgene construct, four to five transgenic lines
were generated and examined. The expression patterns and phe-
notypes described in this report are not attributable to indi-
vidual insertion events.

Immunostaining

The polyclonal CF2 antisera were generated from rabbits in-
jected with gel-purified full-length CF2 protein produced in E.
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coli cells (Gogos et al. 1992). The antibody was then purified by
affinity chromatography against CF2 protein immobilized on
CNBr-coupled Sepharose 4MB (from Pharmacia). Anti-CF2 an-
tibodies were eluted with 0.1 m glycine (pH 2.5). Fractions con-
taining immunoglobulin were identified by spectrophotometry,
pooled, and dialyzed against PBS. The antisera were further con-
centrated by filtration. The final concentration factor is about
100x. Specificity and titer were determined by Western blotting
assays. The antisera were diluted 50x for ovary staining and
200x for S2 cell staining. Preparation of ovarian samples and the
subsequent staining procedures have been described (Hsu et al.
1996) except that biotin-conjugated goat anti-rabbit IgG was
used as secondary antibody, and the egg chambers were then
incubated with fluorescein-conjugated avidin (both reagents
from Vector). Egg chambers were mounted in 50% glycerol/PBS
for fluorescence microscopy.

Transfection assay

The expression plasmids pPac containing the actin 5C gene
promoter and either Ras1V'? (encoding the constitutively active
Ras1) or rI*®™ (encoding the constitutively active MAPK) were
kindly provided by G. Rubin (University of California, Berke-
ley). The same vector containing either CF2"* or CF2° was
constructed by standard cloning methods. Growth and transfec-
tion of Drosophila Schneider cell line S2 have been described
(Cherbas et al. 1994). In cotransfection, the ratio of the CF2-
containing plasmid versus the vector, Rasl-containing, or
MAPK-containing plasmid is 1 : 7 (2.5 pg : 17.5 pg). Cells were
incubated with the transfection plasmids for 24 hr, washed and
incubated with fresh media, and harvested another 24 hr later.
Immunofluorescence assay of transfected cells was performed
as described previously (Fehon et al. 1990) with polyclonal anti-
CF2 antibody (see above). After immunostaining, cells were
dried on slides and mounted in 90% glycerol/PBS for fluores-
cence microscopy.

Detection of B-galactosidase activity in ovaries

Ovaries from w; P[w*, GAL4]*°8/P[w*, UAS-lacZ]*?“E females
were dissected in PBS and were fixed for 8 min in 4% paraform-
aldehyde (from Sigma) in PBS. Ovaries were then rinsed 3 times
in PBS containing 0.5% Triton X-100 and stained at 37°C for 30
min in stain solution (5 mm K,[Fe(ll1)CNg], 5 mm K;[Fe(I1)CNg],
0.3% Triton X-100, in PBS) containing 0.2% X-gal (from Sigma).
The ovaries were then rinsed in PBS and mounted in PBS con-
taining 50% glycerol for microscopic analysis.

RNA in situ hybridization

The hybridization probes used correspond to a 1.7-kb CF2
cDNA Narl-Hindlll fragment encompassing the DNA-binding
domain and most of the 3’-untranslated region, which was sub-
cloned in the pBluescript Il KS vector (Stratagene). Either the
sense or the antisense RNA probes were synthesized and labeled
with digoxigenin as described by the supplier (Boehringer-Man-
nheim Biochemicals). Newly eclosed females were conditioned
for three days in the presence of live yeast at room temperature
and then anesthetized on ice and ovaries dissected in Ringer’s
solution. The staining and detection procedures have been de-
scribed (Tautz and Pfeifle 1989; Hsu et al. 1993). For examina-
tion, ovaries were mounted in PBS/50% glycerol.
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