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One major challenge in the fields of signal transduction 
and pattern formation is to understand how multiple signals 

are integrated to determine cell fates. Two developmental 
systems, vulva1 development in Caenorhabditis elegans and 

axis formation during Drosophila melanogaster oogenesis, 

require the epidermal growth factor receptor tyrosine kinase 

and the NOTCH signaling pathways to specify cell fates. 

Current work in both systems has provided new opportunities 

to investigate the potential for the cross-talk between these 

different signaling pathways. 
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Abbreviations 
A anterior 
AC anchor cell 
A/P anterior/posterior 
APc anterior polar cell 
DER Drosophila epidermal growth factor receptor 
D/V dorsal/ventral 
EGF epidermal growth factor 
MAPK mitogen-activated protein kinase 
P posterior 
PPC posterior polar cell 
RTK receptor tyrosine kinase 
SH Src homology 
TGF-fl transforming growth factor-b 

Introduction 
Along the path to differentiation, cells often receive and 
respond to a multitude of signals in order to arrive at 
their final developmental fate. The choices that cells 
make along this path must occur relative to those of 
their neighbors to ensure proper patterning. Ultimately, 
however, the response of a specific cell relies upon its 
ability to transduce extracellular stimuli into the intracel- 
lular environment and establish a specific fate. Numerous 
pathways capable of such a signaling feat have been iden- 
tified to date. These include the receptor tyrosine kinase 
(RTK), DELTA/NOTCH, transforming growth factor-p 
(TGF-f3), WNT, and HEDGEHOG pathways (Fig. la). 
Extensive analyses of these pathways have identified a 
number of components involved in each pathway [1,2]. 
One of the critical issues remaining in cell signaling and 
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Nature and temporal occurrence of the signaling pathways involved ir 
patterning. (a) The types of signaling pathways involved in patterning 
(b) Demonstrates two simple alternatives for the requirement of 
the multiple signaling pathways involved in cell-fate determination. 
The pathways may be required sequentially (top) or coincidentally 
(bottom), on the basis of a temporal distinction for the action of the 
pathways. A-D represent different cell fates. N, DELTA/NOTCH; HH, 
HEDGEHOG. 

patterning is to determine if the activities of these and 
other signaling pathways in cell specification events are 
temporally distinct or coincident (see Fig. lb). If they are 
coincident, at what level does the interaction occur? Is it 
at the extracellular, cytoplasmic or transcriptional level? 
Crucial to this goal is the identification of developmental 
systems that involve multiple signaling events in cell fate 
specification. The identification of such systems has not 
come easily. However, the contributions of genetics to 
this issue have been highlighted in a series of recent 
papers. As we elaborate below, vulva1 development in 
CaenorSabditis elegans and the establishment of polarity 
in DrosopMa melanogaster egg chambers have emerged as 
excellent paradigms to address the interaction between 
two signaling pathways, the epidermal growth factor 
receptor tyrosine kinase and NOTCH pathways. 
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Formation of the vulva involves both the 
LET-23 RTK and UN-12 pathways 
During the third larval stage of C. e&am, the precursors 
of the adult vulva are specified from an equivalence group 
of ‘Pn.p’ cells. These six ectodermal blast cells, termed 
P3.p-P&p, are capable of vulva1 specification in response 
to an inductive signal (Fig. 2; reviewed in [3]). This signal, 
encoded by the epidermal growth factor (EGF) family 
member LIN3, is derived from the adjacent gonadal 
anchor cell (AC) and triggers activation of the LET-23 
EGF receptor tyrosine kinase (RTK) signaling pathway 
[4] (see Fig. 3). In normal development the cell closest 
to the AC signal (P6.p) responds to the LIN3 signal by 
adopting the primary (l’), fate, while its neighbors (P5.p 
and P7.p) adopt a secondary (2’) fate (Fig. 2). Both of these 
Pn.p fates give rise to progeny that differentiate into vulva1 
tissue. In contrast, those cells farthest from the AC (P3.p, 
P4.p, and P&p) adopt an uninduced tertiary (3’) fate, and 
their progeny contribute to the surrounding hypodermal 
syncytium. As such, loss of LIN3 activity results in the 
loss of 1” and 2- fates and a vulvaless phenotype. However, 
LIN3 is not the sole source of patterning information 
during vulva1 development. Proper vulva1 patterning also 
requires two other signaling activities. One of these signals 
is produced by the l- Pn.p, P6.p, to commit neighboring 
Pn.p cells to a 2’ fate [S]. This lateral signal appears to 
be received by LIN-12, a member of the NOTCH family 
of transmembrane receptors [6,7]. The other signaling 
activity involves the inhibitory LIN-15 signal, which acts 
in the surrounding hypodermis to limit the specification of 
vulva1 fates in Pn.p cells [8-lo]. 

Three recent papers on C. e&am have attempted to 
directly address the role of LIN-3/LET-23 signaling in 
the specification of 1’ and 2’ fates [ll”-13**]. Katz et 
a/. [ 1 lo*] expressed varying concentrations of a transgene 
encoding a secreted form of the EGF domain of LIN3. 
By following Pn.p fates both in response to these different 
levels of LIN3 activity and in different Pn.p contexts, the 
following conclusions were made. First, the secreted EGF 
domain is capable of inducing vulva1 fates. Second, in the 
absence of an AC and in an isolated Pn.p (P7.p), LIN-3 
could induce 1’ or 2’ fates in a dose-dependent manner. 
Consistent with this, in an intact Pn.p field, 2’ fates could 
be found bordered on both sides by 3’ Pn.ps. Finally, in 
an intact Pn.p field, high levels of unlocalized LIN3 were 
capable of overriding the lateral signal and inducing fates 
intermediate between 1’ and 2’ fates in adjacent cells. 
Similarly, high levels of localized LINJ were capable of 
completely overriding the lateral signal and inducing 1’ 
fates in neighboring cells. All of these results point towards 
the ability of the secreted form of LIN3 to specify 1’ and 
2’ fates in a concentration-dependent manner. 

With similar intentions, but a different approach to that 
outlined above, Simske and Kim [13**], and Koga and 
Ohshima [lZ**], used a mosaic technique to address the 
role of LIN-3 signaling in the specification of 1’ and 
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C. elegans vulva1 development. (a) The anchor ceil inductive signal 
(arrows from AC), the P6.pll’ lateral signal (arrows from P&p) and 
the hypodermai repressive signal (which acts on the surrounding 
hypodermis to limit the specification of vulva1 cell fates) have an 
effect upon the vulva1 precursors (Pn.p). (b) The combined action 
of these signals results in the specification of l’, 2’, and 3’ cell fates. 
Each Pn.p then follows the appropriate developmental pathway and 
assumes a vulva1 or non-vulva1 fate. 

2’ fates. They engineered animals lacking endogenous 
LET-23 RTK or LIN-7 (LIN-7 is also required in Pn.ps 
to respond to the AC signal) activity, but having either of 
the encoding genes present on extrachromosomal arrays. 
Loss of the extrachromosomal array would result in the 
production of different Pn.ps lacking either LET-23 RTK 
or LIN-7 activity. This mosaic loss allowed them to test 
the requirement for the reception and transduction of the 
LIN3 inductive signal in cells that normally adopt the 1’ 
(P6.p) or the 2’ (P5.p and P7.p) fate. Both groups report 
similar results. First, the presence of LET-23 RTK and 
LIN-7 activity is required for a Pn.p to adopt the 1’ fate. 
Second, the 2’ fate could be established in Pn.ps lacking 
LET-23 RTK and LIN-7 activity if they were adjacent 
to a l--fated Pn.p. Finally, in the absence of the 1’ fate 
in P6.p (due to lack of LET-23 or LIN-7 activity), P7.p 
adopted a tertiary (3”) fate regardless of LET-23 or LIN-7 
activity. These results indicate that LIN3 activity induces, 
via the LET-23 RTK signaling pathway, the 1’ fate in 
P6.p. P6.p can subsequently induce, independently of the 
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Figure 3 

Common elements of a signaling 
transduction pathway. Cytoplasmic 
elements of RTK signaling that have been 
identified and conserved in mammals, 
worms and flies are listed. GNRF, 
guanine nucleotide release factor; GAP, 
GTPase-activating protein; MAPKK, 
MAPK kinase. 
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LET-23 RTK pathway, the 2’ fate in P5.p and P7.p. This 
indicates that activation and reception of the lateral signal, 
via the NOTCH-related LIN-12 receptor, is sufficient to 
induce the 2’ fate in P5.p and P7.p. This is consistent with 
the previous demonstration that expression of an activated 
form of LIN-12,$n all Pn.ps can induce 2’ fates [14]. 
Interestingly, in &me mosaic animals, when P6.p lacked 
LET-23 activity P5.p assumed a 1’ fate, indicating that 
P5.p is capable of receiving and responding to the LIN3 
signal, consistent with the results of Katz et a/. [l l”]. 

The results of [12”,13”], coupled with the results of 
[l lo*] and with previous knowledge, indicate that LIN3 
activity is also important in specifying a 2’ fate in 
P5.p and P7.p (reviewed in [15]). A reconciliation of 
all these results, as suggested in these papers, invokes 
both the concentration of LIN3 and the reception of 
the lateral/LIN-12 signal as contributing to the invariant 
pattern of 2’ fate in P5.p and P7.p cells in wild-type 
animals. Yet many intriguing questions still remain. For 
example, in mosaic animals lacking LET-23 activity in 
P6.p, what are the levels of LIN3 activity that lead to a 
a 1’ fate in PS.p? Does P5.p receive higher than normal 
levels of LIN3 in the absence of LET-23 activity in P6.p, 
or is it the failure to receive a secondary signal that results 
in a 1’ fate? Along the same lines, it will be informative 
to determine if secreted LIN3 can induce the 2’ fate in 
P5.p and P7.p in a /in-Z2 mutant background, although it 

should be noted that previous results indicate that LIN-12 
activity is necessary and sufficient for the specification of 
2’ fates (reviewed in [15]). Finally, what is the molecular 
relationship of the repressive LIN-15 signal to the LIN3 
and LIN-12 signals? 

Oocyte patterning and axis determination 
involves both DER and NOTCH activities 
Interestingly, work on Drosophila oogenesis has revealed 
the involvement of two signaling pathways in axis 
determination that are similar to the pathways found in 
C. degans vulva1 development [16-20,21*“,22**]. During 
oogenesis, a germline stem cell gives rise, through 
incomplete cytokinesis, to a cyst of sixteen interconnected 
cells (reviewed in [23]). One of these cells will form the 
oocyte while the other fifteen will become nurse cells. At 
this point, the entire cyst is surrounded by an epithelial 
sheet of somatically derived follicle cells. At these stages 
of oogenesis, two unique populations of follicle cells, the 
anterior (A) and posterior (P) polar cells (hereafter referred 
to as APcs and PPcs), become distinct at the poles of the 
egg chamber ([24]; see Fig. 4). Decreasing the activity of 
the NOTCH transmembrane receptor disrupts PPc fate 
and leads to an alteration in the anterior/posterior (A/P) 
axis of the oocyte [19]. In what was previously thought 
to be independent of A/P axis formation, the movement 
of the oocyte nucleus from the posterior to the anterior 
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cortex of the oocyte leads to the establishment of dorsal 
follicular fates (Fig. 4). Accompanying this migration is 
the localization of the mRNA and protein of another 
EGF family member, GURKEN [ZO,ZZ**]. g&en mRNA, 
and subsequently protein, becomes apically localized 
with respect to the dorsal-anterior oocyte nucleus. This 
asymmetric GURKEN localization induces dorsal fates 
by activating the TORPEDO/Drosop/rila EGF receptor 
(DER) RTK signaling pathway in the overlying follicular 
epithelium (reviewed in [ZS]). Ventrally, the absence of 
DER activity results in the production of a signal that 
establishes the embryonic dorsal/ventral (D/V) axis. 

Some time ago, a link between the organization of the 
A/P and D/V axes was suggested by the observation of 
a duplicated anterior micropyle at the posterior of the 
embryo in the ventralizing mutant gur& [16]. In an 
elegant display of the power of genetics and phenotypic 
analysis, two current papers have firmly linked the 
GURKEN/DER RTK and NOTCH signaling pathways 
with the establishment of both the A/P and the D/V axes 
[21**,.22”]. The results and conclusions of these papers are 
discussed below. 

During the early stages of oogenesis, the oocyte nucleus 
and its associated g&en mRNA are located at the posterior 
of the oocyte 1201. At mid-oogenesis, the oocyte nucleus 
and g&en mRNA relocalize to the anterior cortical region, 
where GURKEN/DER signaling specifies dorsal follicle 
cell fates (reviewed in [25]). Work by Gonzalez-Reyes et 
al. [21”] and Roth et a/. [22”] has now demonstrated 
that the early posterior localization of GURKEN specifies 
posterior follicle cell fates through the activation of the 
DER RTK pathway. First, both reports demonstrated that 
a reduction in the activity of GURKEN, DER or the 
novel protein CORNICHON results in a transformation 
of posterior follicle cell fates to anterior follicle cell 
fates (Fig. 5). Second, they showed that, in response 
to this transformation, the polarity of the oocyte is 
disrupted (Fig. 5) Using the oocyte nucleus with a plus 
end directed kinesin motor@-galactosidase fusion protein 
(kinesin/LacZ) and bicoid (bcn) and odar (OS& mRNAs as 
markers they demonstrated that oocyte polarity becomes 
A/P/A, instead of A/P The normally anteriorly localized 
bed mRNA becomes localized to both poles of the oocyte, 
while the normally posteriorly localized kinesin/LacZ and 
oSR mRNA are now positioned at the center of the oocyte. 

Figure 4 

Drosophila axis organization in egg 
chambers. A simplified view of oogenesis. 
In response to GURKEN signaling from 
the oocyte to what will become the 
posterior follicle cells (top), the A/P axis 
is organized (bottom). This results in a 
reorganization of the cytoskeletal network 
and subsequent specification of DN 
fates (bottom). In addition, the NOTCH 
pathway interacts in some fashion with 
this signaling to also regulate the proper 
specification of posterior follicle cells. 
Because the nature of this interaction is 
still unclear, we have not depicted it here. 
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Figure 5 

Drosophila axis organization in 
egg chambers with disrupted 
GURKENlNOTCH signaling (NOTCH 
signaling is not shown but the effects of 
disruption of NOTCH are similar to the 
effects of disruption of GURKEN). in the 
absence of normal levels of GURKEN 
or NOTCH signaling, posterior follicle 
ceil fates are improperly specified. This 
results in a duplication of anterior fates 
and the formation of an A/P/A axis. As a 
result of the abnormal organization of the 
cytoskeletai network, the D/V axis is also 
disrupted. 
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Interestingly, similar effects on oocyte polarity had been 
described previously [19]. Ruohola et a/. [19] showed that 
reducing the activity of the NOTCH signaling pathway 
in the follicular epithelium also resulted in a failure 
to repolarize the oocyte during mid-oogenesis and a 
subsequent abnormal A/P/A axis. Thus, in response to 
both GURKEN and NOTCH signaling, posterior follicle 
cells produce a secondary signal during mid-oogenesis 
that initiates a reorganization of the cytoskeletal network 
(reviewed in [26]). This establishes proper A/P polarization 
and results in the anterior cortical migration of the oocyte 
nucleus and its associated g&en mRNA. As described 
earlier, this initiates the specification of D/V polarity via 
GURKEN/DER RTK signaling to the overlying follicular 
epithelium (reviewed in [ZS]). Therefore, induction of 
DER RTK activity in the posterior follicle cells, in 
cooperation with NOTCH signaling, controls the orga- 
nization of both the A/P and D/V axes. Yet, even with 
this knowledge, we are confronted with numerous other 
issues to be resolved. For example, what is the nature 
of the secondary signal sent to the oocyte in response 
to GURKEN/NOTCH signaling? How does this signal 
direct the reorganization of microtubule polarity? The 
above and previous results indicate that the polarity of 
the microtubule cytoskeleton at this stage is oriented with 

minus ends at the anterior end of the oocyte and plus 
ends at the posterior end (reviewed in [23,26]). However, 
the colocalization of a plus and a minus end directed 
motor (kinesin/LacZ and dynein, respectively) within the 
oocyte in response to this signaling provides an intriguing 
twist to this problem [27*,ZP]. Initial work has suggested 
that protein kinase A may be involved in this cytoskeletal 
reorganization [29]. 

Integration of the EGF RTK and 
NOTCH/MN-l 2 pathways 
The two examples described above stress that in C. ekgans, 
as in DrosopMa, the combined induction of the EGF RTK 
and NOTCH/LIN-12 pathways appears to be required 
for establishing the pattern of a particular group of cells. 
In both cases, a single cell (the AC in worm vulva1 
development and the oocyte in fly axis formation) is 
signaling through an EGF RTK pathway to an adjacent 
set of cells, which are communicating amongst themselves 
via the NOTCH/LIN-12 pathway. Knowing this, it is 
tempting to speculate that molecular insight into either 
pathway may identify mechanisms common to both. The 
availability of these two paradigms should help identify 
the level at which these two signaling pathways intersect. 
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With respect to activation of the RTK signaling cassette 
by an EGF family ligand, work in both vertebrates 
and invertebrates has identified and ordered many of 
the components of this intracellular signaling cassette. 
Components of this cassette that have been identified 
and characterized in C. elegans and Drosophila are shown 
in Figure 3 (reviewed in [1,30]). Functional conservation 
has been highlighted in four cases in which it has been 
demonstrated that the Src homology (SH)3-SHZ-SH3 
adaptor protein DRK, in addition to the kinases Raf, MEK 
and mitogen-activated protein kinase (MAPK), is capable 
of providing cross-species activity [31-351. 

Similarly, numerous components of the NOTCH signaling 
pathway have been identified in both vertebrates and 
invertebrates. Due to space constraints, readers are 
directed to [Z] for an excellent review of this pathway. 

In establishing cell fate, the EGF RTK and NOTCH 
pathways may be temporally distinct or coincident in 
their activities. In the latter case, they may indepen- 
dently converge on the transcriptional regulation of the 
same downstream targets. Alternatively, convergence may 
happen at the level of a particular transducer of one 
pathway. For example, the activation of the LET-23/DER 
RTK pathway could modify the activity of one of the 
integral components of LIN-lZ/NOTCH signaling. The 
ability to genetically isolate suppressors and enhancers of 
mutants in these specific paradigms should be informative 
with regard to these issues. If the integration of RTK 
and NOTCH/LIN-12 pathways occurs directly, it will 
be interesting to compare whether the same molecular 
mechanisms have been conserved among different RTKs. 

Sending signals: an update 
To fully understand signal integration and how it relates 
to patterning will ultimately require the identification 
of all the components involved in each of the above 
pathways. Already, the recent characterization of a number 
of particular loci has proven to be revealing. As we will see 
below, in DrosopMa and in C. elegans an ongoing molecular 
analysis of mutants has led to some appealing models for 
the regulation of EGF RTK signaling activity. It is possible 
that the activators and repressors of EGF RTK signaling 
are controlled by other pathways, thus providing molecular 
mechanisms for cross-talk between signaling pathways. 

In Drosophila, both positive and negative regulators of the 
DER RTK have been characterized. On the positive side, 
the transmembrane proteins RHOMBOID and STAR 
have been postulated to generate a secreted and therefore 
activated form of SPITZ, a second EGF-like ligand for the 
DER RTK [36*]. Supporting this notion, overexpression 
of the transmembrane form of SPITZ had no phenotypic 
effects, whereas overexpression of a secreted form resulted 
in alterations of cell fates [36’]. Thus, in activating the 
DER RTK via SPITZ, processing seems to be the limiting 
event. One wonders if a similar event is also relevant to 

the activity of LIN3 in C. elegans vulva1 development and 
GURKEN in Drosophila oogenesis. Conversely, genetic, 
molecular and biochemical data have provided the first 
in &IO evidence for the negative regulation of an RTK 
via a feedback loop [37’,38’]. Activation of DER signaling 
apparently leads to the transcriptional activation of a 
secreted transforming growth factor-a-like factor, termed 
ARGOS, that acts as an extracellular inhibitor of DER 
activity [37*,38*]. 

Similarly, in C. elegans, both positive and negative reg- 
ulators have been identified. LIN-ZA, which acts in 
Pn.ps to promote vulva1 development, has been identified 
as a membrane-associated guanylate kinase (MAGUK) 
[39*]. Interestingly, a kinase-inactive form of LINZA is 
functional in vulva1 patterning [39’]. These data, together 
with other genetic and biochemical evidence, have led to 
a model in which the LIN-2A MAGUK functions in a 
structural manner, positioning the LET-23 RTK at cell 
junctions for reception of the LIN-3 inductive signal [40]. 
Similarly, UNC-101 might also be involved in regulating 
LET-23 receptor localization [30,41’]. Molecular analysis 
has indicated that UNC-101 is homologous to the medium 
chain of the mouse clathrin-associated protein adaptin 
AP47 [41-l. Adaptins are capable of binding EGF RTKs 
and acting as tumor suppressors, roles consistent with 
UNC-101’s negative regulation of the LET-23 pathway 
[42,43]. Finally, the inhibitory LIN-15 signal, which acts 
in the surrounding hypodermis to limit the specification 
of vulva1 fates in Pn.p cells, encodes two novel proteins 
[8-IO]. Loss of LIN-15 activity results in excess vulva1 
fates and a multivulval phenotype [44]. 

Conclusions and future perspectives 
Studies in the field of signal transduction and pattern 
formation can be subdivided into those that aim to identify 
components of specific signaling pathways and those that 
address the integration of multiple signals. In this review, 
we have focused our discussion on recent papers which 
illustrate two systems in C. elegans and Drosophila that 
should help to elucidate how apparently distinct signaling 
pathways cooperate in cell-fate establishment and pattern 
formation. Current findings concerning extracellular and 
transmembrane proteins that regulate the activation of the 
EGF RTK have provided some initial suggestions as to 
how other signaling pathways may modify the activation of 
the EGF RTK pathway. It is apparent that one of the most 
difficult issues to be resolved in this field is to determine 
if two signaling pathways operate at the same time 
within a single cell. The identification of target promoters 
will become critical in the characterization of these 
interactions, as ultimately the effect of these signaling 
pathways is to establish cell fate through transcriptional 
regulation. Thus, another fruitful approach to revealing 
the molecular basis of cross-talk will be to identify target 
genes that respond to multiple signaling activities and to 
characterize their regulatory regions. If a response element 
is shared between two pathways, characterization of the 
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corresponding binding proteins will constitute a logical 
approach to identifying the integration points between two 
pathways. In this fashion, classical and reverse genetics 
may arrive at common ground. 

Acknowledgements 
We appreciate helpful comments and criticisms on the manuscript from Bob 
Boswell, Min Han, Zak Wills, and Petra Belady. 

References and recommended reading 
Papars of particular interest, published within the annual period of review, 
have been highlighted as: 

. of special interest 

. . of outstanding interest 

1. Perrimon N: Slgnalling pathways initiated by receptor protein 
tvrosine klnases In Drosophils. Gun Ooin Cell Biol 1994, 
6:260-266. 

2. Artavanis-Tsakonas S, Matsuno K, Fortini ME: Notch signaling. 23. Caoley L, Theurkauf WE: Cytoskeletal functions during 

Science 1995, 268:225-232. Drosophile oogenesis. Science 1994, 266:590-596. 

3. 

4. 

Eisenmann DM, Kim SK: Slgnal transduction and cell 
fate specification during Ceenorhebditis elegans vulva1 
development Curr Opin Genet Dev 1994, 4:508-516. 

Hill RJ, Stemberg PW: The gene /in-3 encodes an Inductive 
signal for vulva1 development in C elegans. Nature 1992, 
358~470-476. 

5. Sternberg PW: Lateral Inhibition during vulva1 Induction in 
Ceenorhebditis eleg8ns. Nature 1986, 336:551-554. 

6. Greenwald I: /in-12, a nematode homeotlc gene, is homologous 
to a set of mammalian proteins that Includes epidermal 
growth factor. Cell 1985, 43:583-590. 

7. 

8. 

9. 

10. 

11. 
. . 

Ycchem J, Weston K, Greenwald I: The Ceenorhebditis elegans 
/in-12 gene encodes a transmembrane protein with overall 
similarity to Drosophila Notch. Nature 1988, 335:547-550. 

Herman RK, Hedgecock EM: Limitation of the size of the vulva1 
primordium of Ceenorhebditis elegens by /in-f5 expression In 
the surrounding hypodermls. NaWe 1990, 348:169-l 71. 

Clark SG, Lu X, Horvitz HR: The Ceenorhebditis elegens locus 
/in-15, a negative regulator of a tyroslne kinase signaltng 
pathway, encodes two different proteins. Genetics 1994, 
137:987-997. 

Huang LS, Tzou P, Sternberg PW: The /in-f5 locus encodes 
two negative regulators of Ceenorhebdifis e/eg8ns vulva1 
development MO/ Biol Cell 1994, 5:395-41 1. 

Katz SW, Hill RJ, Clandinin TR, Sternberg PW: Different levels 
of the C elegens growth factor LIN-3 promote distinct vulva1 
precursor fates. Cell 1995, 82~297-307. 

This paper describes the ability of a secreted form of LIN-3 to specify vulva1 
cell fates in a concentration-dependent manner. 

12. Koga M, Ohshima Y: Mosaic analysis of the let-23 gene 
. . function in vulva1 induction of Caenorhebditis elegans. 

Development 1995, 121:2655-2666. 
This paper and [13**] describe the cell-autonomous requirement for LET-23 
in specifying a 1’ fate, in addition to the ability of Pn.p cells lacking LET-23 
to still be specified with a 2’ fate. See also [13”]. 

13. Simske JS, Kim SK: Sequential signaling during C elegans 
. . vulva1 induction. Nature 1995, 375:142-l 46. 
See annotation [12”1. 

14. Struhl G, Fitzgerald K, Greenwald I: Intrinsic activity of the /in-12 
and Notch intracellular domains in viva. Cell 1993, 74:331-345. 

15. Sternberg P: Intercellular signaling and signal transduction in 
C elegens. Annu Rev Genet 1993,27:497-521. 

16. Schiipbach T: Germ line and soma cooperate during oogenesis 
to establish the dorsoventral pattern of the egg shell and 
embryo in Drosophile melenogaster. Cell 1907, 49:699-707. 

1 7. Price JV, Clifford RJ, Schiipbach T: The maternal ventralizing 
locus torpedo Is allelic to faint /#t/e be//, an embryonic lethal, 
and encodes the Drosophila EGF receptor homolog. Cell 1989, 
56:1085-l 092. 

18. Schejter ED, Shilo B-Z: The Drosophile EGF receptor homolog 
(DER) gene is allelic to feint little be//, a locus essential for 
embryonic development Cell 1989, 56:1093-l 104. 

19. Ruohola H, Bremer KA, Baker D, Swedlow JR, Jan LY, Jan YN: 
Role of neurogenic genes in establishment of folllcie cell fate 
and oocyte polarity during oogenesis in Drosophile Cell 1991, 
66~433-449. 

20. Neuman-Silberberg FS, Schiipbach T: The Drosophile 
dorsoventral patterning gene gurken produces a dorsally 
localized RNA and encodes a TGFa-like protein. Cell 1993, 
75:165-l 74. 

21. Gonzalez-Reyes A, Elliot H, St Johnston D: Polarixation of both 
. . major body axes in Drosophile by gurken-torpedo signalling. 

Nature 1995. 375:654-658. 
This paper and (42”) directly demonstrate the involvement of the 
GURKENlDER RTK signaling pathway in establishment of first the A/P axes 
and then the DN axes. 

22. Roth S, Neuman-Silberberg FS, Barcelo G, Schiipbach T: 
. . cornichon and the EGF receptor signaling process are 

necessary for both anterior-posterior and dorsal-ventral 
pattern formation in Drosophila. Cell 1995,81:967-978. 

See annotation [21 **I. 

24. Margolis J, Spradling A: Identification and behavior of eplthelial 
stem cells In the Drosophile ovary. Development 1995, 
121:3797-3807. 

25. Schijpbach T, Roth S: Dorsoventral patterning In Drosophile 
oogenesis. Curr Opin Genet Dev 1994, 4:502-507. 

26. Lehmann R: Cell-cell signaling, microtubules, and the loss of 
symmetry in the Drosophile oocyte. Cell 1995, 83:353-356. 

27. Clark I, Giniger E, Ruohola-Baker H, Jan LY, Jan YN: Transient 
. posterior localixation of a kinesln fusion protein reflects 

anteroposterior polarity of the Drosophile oocyte. Gun Eliol 
1994,4:289-300. 

This paper describes the localization of a plus end directed microtubule 
motor fusion protein during oogenesis. 

28. Li M, McGrail M, Serr M, Hays TS: Drosophile cytoplasmic 
. dyneln, a microtubule motor that Is asymmetrlcally localized 

in the oocyte. J Cell Biol 1994, 126:1475-l 494. 
This paper describes the localization of a minus end directed microtubule 
motor during oogenesis. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 
. 

Lane ME, Kalderon D: RNA localization along the 
anterooosterior axis of the Drosonhila oocvte reouires 
PKA-mediated slgnal transduction to di& micrdtubule 
organization. Genes Dev 1994, 8:2986-2995. 

Kayne PS, Sternbarg PW: Ras pathways in Ceenorhebditis 
elegaris. Cm Opin Genet Dev 1995, 5:38-43. 

Stern MJ, Marengere LE, Daly RJ, Lowenstein EJ, Kokel M, 
Batzer A, Olivier P, Pawson T, Schlesinger J: The human 
GR62 and Drosoohile drk genes can functionallv reolace the 
C88norhabditis ikg8ns cell signaling gene sem% ii401 Bio/ 
Cell 1993, 4:1175-l 188. 

Brand AH. Perrimon N: Raf acts downstream of the EGF 
receptor to determine dorsoventral polarity during Drosophile 
oogenesis. Genes Dev 1994, 8:629-639. 

Casanova J, Llimargas M, Greenwood S, Struhl G: An oncogenic 
form of human raf can specify terminal body pattern in 
Drosophila. Mech Dev 1994, 48~59-84. 

Wu Y, Han M: Suppression of activated Let-60 ras protein 
defines a role of Ceenorhebditis e/egans Sur-1 MAP kinase 
in vulva1 differentiation. Genes Dev 1994, 8:147-l 59. 

Koga M, Ohshima Y: Drosophile MAP klnase klnase suppresses 
the vulvaless phenotype of /in-3,/e&23, and /in-45 mutations In 
Caenorhabditis e/egans. M8ch D8v 1995,53:15-22. 

Schweitzer R, Shaharabany M, Seger R, Shilo BZ: Secreted 
Spitz triQQerP the DER signaling pathway and is a limiting 
component in embryonicventral e&de& determlnation~ 
Genes LIev 1995,9:1518-l 529. 

Demonstrates that the activity of SPITZ, an EGF family member, is depen 
dent on its being processed into a secreted form. 

37. Schweitzer R, Howes R, Smith R, Shilo B-Z, Freeman M: 
. Inhibition of Drosophile EGF receptor activation by the 

secreted protein Argon Nature 1995, 376:699-702. 



238 Cell regulation 

Genetically and biochemically identifies the transforming growth factor-a-like 
protein ARGOS as an extracellular inhibitor of DER activity. 

36. Golembo M, Schweitzer R, Freeman N, Shilo B-Z: ergos 
. transcrlptlon Is induced by the Drosophile EGF receptor 

oatbwav to form an lnhibftorv feedback 100~. Deve/om??ent 
r-- ~~-. - 

1996,122:223-230. - 
Describes the transcriptional regulation of argos in response to DER 
activation. Coupled with’ [37*], thispaper demonstrates the existence of an 
ARGOS-dependent inhibitory feedback loop. 

Descibes the complete characterization of UNC-101. m identity 
suggests that it is a homolog of the mouse clathrin-associated proteins AP47 
and AP50. The authors of this paper confirm this in v&o by demonstrating 
that the activity of UNC-101 can be substituted for by AP-47 

42. Sorkin A, Carpenter G: Interaction of activated EGF receptors 
with coated pit adaptins. Science 1993,281:612-615. 

39. Hoskins R, Hajnal A, Harp S, Kim S: The C elegens vulva1 
. induction gene /in-2 encodes a member of the YAGUK family 

of cell junction proteins. Development 1996, 122:97-l I 1. 
Intriguing paper demonstrating that /in-2 activity corresponds to the LIN-2A 
product, a membrane-associated guanylate kinase. 

43. Peyrard M, Fransson I, Xie Y-G, Han F-Y, Ruttledge MP, Swahn S, 
Collins JE. Dunham I. Collins VP Dumanski JP: Characterlzetion 
of a new member of the human j3-adaptin gene family from 
chromosome 22ql2, a candidate meningioma gene. Hum MO/ 
Genef 1994,3:1393-l 399. 

40. Kim SK: Tight junctions, membrane-associated Quanylate 44. Ferguson EL, Horvitz HR: Identification and characterization of 
klnases and cell signaling. Curr Opin Cell Biol 1995, 22 genes that affect the vulva1 cell lineages of the nematode 
7~641-649. Caenorhabditis elegans. Genetics 1985, 110:17-72. 

41. Lee J, Jongeward GD, Sternberg FW: unc-f07. a gene required 
. for many aspects of Caenorhabditis elegans development and 

behavior, encodes a clathrin-associated protein. Genes Dev 
1994. 8:60-73. 


