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Figure 9. The Regulation of Zygotic Transcription by the Nuclear Concentration of dorsal Protein 

The uniform distribution of dorsal protein and the resulting expression of the zygotic target genes, twist and zen, are shown for three apolar 
phenotypes. 
(a-d) VO, completely ventralized embryos (CactuP; To//““~). dorsal protein is localized to all of the nuclei, resulting in the expression of twist and 
the repression of zen protein, all around the egg circumference. (Note that the poles of the egg behave differently in several of these stainings, 
because of the influence of the terminal system.) 
(e-h) Ll, lateralized at a ventrolateral level (To//T. dorsal protein is present at equal concentrations in the nuclei and the cytoplasm, and neither 
twist nor zen is expressed. 
(i-m) DO, completely dorsalized (Toll 5”E/Deletion). dorsal protein is excluded from all of the nuclei, twist is not activated, and zen is expressed 
everywhere. 
(a), (e), and (i) show surface views of the middle part of syncytial blastoderm embryos stained with an antibody against dorsal protein; (b), (9, and 
(k) show optical midsections of the same embryos; (c), (g), and (I) show optical midsections of cellular blastoderm embryos stained with an anti-twist 
antibody; (d), (h), and (m) show optical midsections of cellular blastoderm embryos stained with an anti-Zen antibody. Data from Roth et al. (1999). 

twist ventrally and repressing zen in the ventral and lateral 
nuclei. At present, we have no information on why the 
binding of dorsal can have these two opposite effects, but 
this probably depends on the context of the binding sites 
and on the other factors that bind in the region (Pan et al., 
1991). 

The homology between dorsaland the ~50 and p65 sub- 
units of NF-KB is especially intriguing since the activity of 
NF-KB is also regulated at the level of nuclear localization. 
In several cell types NF-KB is found in the cytoplasm in an 
inactive form in which p65 is bound to IKB (Baeuerle and 
Baltimore, 1966a, 1966b; Nolan et al., 1991). Upon activa- 
tion of the cells by a number of signals, IKB is released 
from the complex, allowing the active NF-KS to translocate 
to the nucleus. There is strong evidence that cactus per- 
forms a homologous function to IKB in the Drosophila dor- 
soventral system (Roth et al., 1991). The sequence of cac- 
tus is actually very similar to that of IKB (R. Geisler and 
C. N.-V., unpublished data), and cactus loss-of-function 
mutations produce an increase in dorsal nuclear locali- 
zation, resulting in a ventralized phenotype, which one 
would expect if cactus encodes a cytoplasmic anchor for 
dorsal protein. In vitro experiments have shown that the 
phosphorylation of IKB by cellular kinases can activate 
NF-KB (Ghosh and Baltimore, 1990). While a similar pro- 
cess may occur in the dorsoventral pathway, it is unlikely 
that the ventral activation of dorsal nuclear localization 
occurs solely through the modification of cactus. The ven- 
tralized embryos produced by even the strongest cactus 

mutations are still polar, and although more dorsal protein 
localizes to the nuclei, the ventral nuclei still contain higher 
levels of protein than those on the dorsal side (Roth et al., 
1991). It is possible that none of these mutations com- 
pletely abolishes cactus activity, but it seems more likely 
that the release of dorsal protein from cactus inhibition is 
insufficient to produce the highest levels of dorsal nuclear 
localization. This suggests a model in which the dorsal 
group genes activate dorsal nuclear localization indepen- 
dently of cactus, perhaps by modifying dorsal directly. It 
is interesting to note that one of the signals that can lead 
to the activation of NF-KB is interleukin-1 (Shirakawa and 
Mizel, 1969; Shirakawaet al., 1969). As mentioned above, 
the interleukin-1 receptor is homologous to Toll, raising 
the possibility that both receptors use similar intracellular 
signaling pathways to regulate nuclear localization. The 
two dorsal group genes tube and pelle are required for the 
transmission of this activating signal in Drosophila, but 
although tube has been cloned, its sequence does not 
suggest what role it may play (Letsou et al., 1991). 

The discovery that Toll encodes a transmembrane re- 
ceptor that is localized in the egg membrane has led to 
the hypothesis that dorsoventral polarity is induced from 
outside the egg by a localized ligand for Toll, and that the 
production of this external signal depends upon the seven 
dorsal group genes that act upstream from Toll in the hier- 
archy. Two recent results have provided strong support for 
this model (Stein et al., 1991). First, three of the upstream 
dorsal group genes-pipe, nude/, and windbeutel-are re- 
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quired in the soma and not in the germline. The similarity 
with torso-like in the terminal system strongly suggests 
that at least one of these genes is required in a specific 
population of ventral follicle cells. Second, transplantation 
experiments have shown that the perivitelline fluid that 
surrounds the egg contains a polarizing activity. When this 
fluid is taken from To/r donors and is injected into the 
perivitelline space of pipe, node/, or windbeutel recipients, 
it induces the formation of ventral pattern elements. Fur- 
thermore, the site of injection determines the polarity of 
the resulting embryos. These experiments show that mu- 
tations in the soma-dependent genes lead to the formation 
of eggs with no intrinsic polarity, lending support to the 
view that these genes are required for the production of 
the initial asymmetric signal. No polarizing activity is found 
in the perivitelline fluid of donors that carry a wild-type copy 
of Toll, but wild-type To// is required in the recipients. These 
observations suggest that the rescuing activity corre- 
sponds to the Toll ligand. In the presence of wild-type Toll, 
the ligand will bind to theToll protein in the egg membrane 
of the donors and will therefore no longer be free in the 
perivitelline fluid for transplantation. 

The four other genes upstream of To// are germline de- 
pendent (Seifert et al., 1987; Konrad et al., 1988; Stein et 
al., 1991). While gastrulation-defective cannot be rescued 
by cytoplasmic transplantation and has a temperature- 
sensitive period that begins during oogenesis, caster, 
snake, and sptiizle can be rescued by the injection of RNA 
or cytoplasm into mutant embryos (Anderson and NOss- 
lein-Volhard, 1984; Seifertet al., 1987). This indicates that 
the activities of these genes are not required until after 
fertilization. snake and caster have been cloned and their 
sequences indicate that they both encode serine prote- 
ases that are probably secreted as inactive precursors 
(DeLotto and Spierer, 1988; Chasan and Anderson, 1989). 
It is likely that spiifzle also encodes a product that is se- 
creted into the perivitelline space, since the dorsalization 
produced by mutants in any of these three genes can be 
rescued by the transplantation of perivitelline fluid (Stein 
and Ntisslein-Volhard, 1992). Similar transplantation ex- 
periments have shown that caster, snake, and spiifzle are 
required for the production of the polarizing activity that is 
believed to correspond to the ligand for Toll. For example, 
perivitelline fluid from easfer To// donors cannot generate 
polarity in pipe recipients, even though there is no Toll 
protein present in the donors to sequester any ligand pro- 
duced. 

While all the evidence so far supports the idea that the 
ventral follicle cells provide the initial asymmetric signal in 
the dorsoventral pathway, the relationship between this 
signal, the germline-dependent activities, and the Toll li- 
gand remains unclear. The expression of the somatic 
genes in the ventral follicle cells could result in the synthe- 
sis of a localized inactive ligand for Toll that is released 
after fertilization as a result of the activities of the 
germlinedependent genes, perhaps by proteolysis. Alter- 
natively, the follicle cell signal may lie upstream of the 
germline-dependent activities. For example, this signal 
might actually be in the form of aventral site that stimulates 
the local activation of one of the serine proteases, which 

then acts through a protease cascade to generate the li- 
gand. A number of gain-of-function easfer mutations pro- 
duce ventralized or lateralized embryos, and these pheno- 
types presumably arise because the spatial distribution of 
the Toll ligand has been altered (Chasan and Anderson, 
1989; Jin and Anderson, 1990). It is hard to explain how 
caster mutations can alter the localization of this ligand 
unless wild-type easter activity is also localized. Thus, it 
has been suggested that the easter serine protease is 
normally activated only in the ventral region of the perivitel- 
line space, while the gain-of-function alleles encode prod- 
ucts that are released from this spatial regulation. Al- 
though there are other possibilities, this interpretation 
strongly favors the second model, in which the follicle cell 
signal controls the ventral activation of the germline prod- 
ucts such as easter. 

Delayed Induction and Limited Diffusible Ligands 
Although the components of the dorsoventral and terminal 
systems are different, the basic features of the two path- 
ways are quite similar. One particularly striking aspect of 
both is that the initial asymmetric signals seem to originate 
from the follicle cells that surround the developing egg. 
Thus, the formation of ventral and terminal pattern can be 
seen as an inductive process, in which the follicle cells 
provide an inducing signal to specific regions of the egg. 
Unlike classical inductive events, there is a large temporal 
delay between the production of the inducing signal and 
the response. In fact, the inducing cells have degenerated 
long before the fertilized egg responds to the localized 
signals. Several lines of evidence indicate that the egg 
does not receive the ventral or terminal signals until after 
fertilization. For example, mutations in many of the germ- 
linedependent terminal and dorsal group genes can be 
rescued by cytoplasmic transplantation or RNA injection 
into the syncytial blastoderm embryo (e.g., Anderson and 
Niisslein-Volhard, 1984; Klingler et al., 1988). Further- 
more, torso, the receptor for the terminal signal, is not 
translated during oogenesis, demonstrating that the egg 
is not competent to respond until after egg deposition (Cas- 
anova and Struhl, 1989). In contrast, the contribution of 
the follicle cells must occur during oogenesis, as these 
cells die at the end of this process. Since mature eggs 
can be held in the female for up to 15 days before being 
fertilized, the localization and activity of the follicle cell 
signals must remain stable for long periods of time be- 
tween their synthesis during oogenesis and their activation 
after the egg has been laid. 

After fertilization, the localized follicle cell signals result 
in the production of ligands for the two receptors in the 
egg membrane. Unlike their precursors during oogenesis, 
these ligands appear to be freely diffusible in the perivitel- 
line space. For example, perivitelline fluid taken from the 
dorsal side of To/r embryos contains the same amount of 
polarizing activity as fluid taken from the ventral side (Stein 
et al., 1991). These results create an apparent paradox. It 
is clearly important that the receptor, Toll, is only activated 
on the ventral side of the embryo, yet the polarizing activity 
seems not to be localized. The most likely solution to this 
problem is that Toll limits the diffusion of its own ligand. In 
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wild-type embryos all of the ligand probably binds to Toll 
on the ventral side of the egg, but the ligand cannot be 
sequestered in the absence of Toll and remains free to 
diffuse into the dorsal perivitelline fluid. This model re- 
quires that the amount of ligand is limited, and that Toll is 
present in excess. In situations where the amount of Toll 
is reduced, the polarity of the embryo can be determined 
by the localization of Toll rather than the external signal. 
When To/I+ cytoplasm or To//RNA is injected into the dorsal 
side of To//- embryos, the site of injection determines 
where ventral structures will form (Anderson et al., 1985b). 
Since there is no Toll protein on the ventral side of these 
eggs, the ligand can diffuse in the perivitelline space until 
it binds to the dorsal patch of Toll that is synthesized from 
the injected RNA. This leads to the activation of dorsal 
protein nuclear localization on the dorsal rather than ven- 
tral side, and results in the development of embryos with 
reversed polarity. 

A similar phenomenon has also been observed in the 
terminal system. The injection of torso RNA into the middle 
of torso- recipients leads to the suppression of segmenta- 
tion, and sometimes causes the development of telson 
structures in the middle of the embryo (F. Sprenger and 
C. N.-V., unpublished data). The induction of this pheno- 
type depends upon the presence of ligand and the ab- 
sence of endogenous torso with a wild-type extracellular 
domain. These results indicate that when there is no torso 
at the poles to bind the ligand, this activity can diffuse 
to the middle of the egg and activate any wild-type torso 
protein that is expressed there. For an inductive process 
to be spatially controlled, either the inducer or the compe- 
tence to respond must be localized. In the dorsoventral 
and terminal pathways, it is normally the inducing activity 
that is localized, but in the exceptional cases described 
above this situation is reversed and it is the distribution of 
responsiveness that determines the final pattern. 

Morphogen Gradients 
Both bicoid and dorsal proteins form gradients in the nuclei 
of the syncytial blastoderm embryo, and the shapes of 
these gradients correspond well with the resulting pat- 
terns. However, to prove that either molecule functions as 
a morphogen, a third criterion must be satisfied. A morpho- 
gen has been defined as a “factor which can evoke more 
than one positive response from the responding tissue” 
(Slack, 1991). Thus, the presence of the morphogen alone 
must be sufficient to generate at least two different re- 
sponses or cell states with different threshold concentra- 
tions. In general, it is hard to be certain that all of the 
observed ceil states are determined directly by the abso- 
lute concentration of the morphogen, and that they do not 
arise as a result of secondary interactions. For example, 
even though retinoic acid behaves as a morphogen when 
applied to the chick limb bud, one cannot rule out that it 
acts as a local inducer of one cell state and that the pattern 
is actually formed by a series of cell-cell interactions or by 
a gradient of a second molecule (Brockes, 1991; Noji et 
al,, 1991; Wanek et al., 1991). One way to exclude the 
possibility that different cell states are being generated by 
subsequent cell-cell interactions or secondary gradients 

is to expose single cells to various concentrations of the 
factor in question (Green and Smith, 1990; Simeone et al., 
1990). Since the maternal signals in Drosophila act before 
cellularization has occurred, this approach cannot be used 
for bicoid and dorsal. Instead, it is possible to generate a 
uniform concentration of either protein across the whole 
axis. Since all the nuclei will therefore be exposed to the 
same concentration of morphogen, they should all re- 
spond in the same way, thereby eliminating any effects of 
secondary interactions between different regions. In the 
dorsoventral system, a number of different mutant combi- 
nations give rise to apolar phenotypes in which all nuclei 
contain the same concentration of dorsal protein (Roth et 
al., 1989). At a molecular level, two different thresholds 
can be distinguished for the response to the dorsal protein 
concentration, leading to the specification of three cell 
states (Figure 8). When no dorsal is present in the nuclei, 
zen and dpp are expressed everywhere. Above the first 
threshold, zen and dpp are repressed, but twist and snail 
are not activated; above the second threshold, zen and 
dpp remain repressed, and twist and snail are turned on. 
Using various combinations of dorsal group and cactus 
alleles, it is possible to generate two additional apolar later- 
alized phenotypes (Roth et al., 1991). This suggests that 
the dorsal nuclear concentration gradient actually defines 
five different positional values. At present, the three apolar 
lateralized phenotypes cannot be distinguished by their 
patterns of zygotic gene expression, and it is possible that 
there is another zygotic target of dorsal regulation that has 
not yet been identified. 

To create a uniform distribution of bicoid protein, it is 
necessary to prevent the localization of both bicoid and 
nanos RNA.% since localized nanos activity will inhibit the 
translation of bicoid in the posterior of the embryo. This 
can be done by using exuperantia staufen double mutant 
embryos and varying the number of maternal copies of 
bicoid. In this way, it has been possible to show that bicoid 
also acts as a morphogen, with at least two threshold con- 
centrations (W. Driever and C. N.-V., unpublished data). 

The Localization of the Maternal Signals 
Although the way that the four maternal signals generate 
polarity in the embryo is quite well understood, much less 
is known about how this asymmetry initially arises during 
oogenesis, when the maternal signals themselves are lo- 
calized. In the case of the terminal and dorsoventral sys- 
tems, this seems to be a question of how different follicle 
cell populations are defined, and most probably involves 
cell-cell interactions. The determination of follicle cell 
states along the dorsoventral axis also seems to require 
signaling between the oocyte and the follicle cells. The 
somadependent torpedo mutations in the Drosophila epi- 
dermal growth factor receptor homolog cause all of the 
follicle cells to adopt a ventral fate, leading to the produc- 
tion of ventralized egg coverings and embryos (Schiip- 
bath, 1987; Price et al., 1989; Schejter and Shilo, 1989). 
Two other genes involved in this signaling, K70 and gur- 
ken, are required in the germline, and K70 RNA accumu- 
lates specifically around the oocyte nucleus, which lies on 
the dorsal side of the cell (Wieschaus et al., 1978; Haenlin 
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et al., 1987; Schiipbach, 1987). These observations have 
led to a model in which the oocyte nucleus produces a 
signal that diffuses to the nearby follicle cells and binds to 
the Drosophila epidermal growth factor receptor homolog, 
thereby inducing the cells to adopt a dorsal fate. 

The anterior and posterior determinants must be local- 
ized by quite a different mechanism, since these are both 
maternal RNAs that reside in the cytoplasm at opposite 
ends of the oocyte. The localization of bicoid RNA is medi- 
ated through the 3’ untranslated region of the transcript 
and occurs in several steps, in which the RNA first local- 
izes to the apical regions of the nurse cells before being 
transported into the oocyte and binding to the cortex at the 
anterior pole (Macdonald and Struhl, 1988; St Johnston et 
al., 1989). The initial phase of this process is disrupted by 
exuperanfia mutations, while swallow mutations cause the 
RNA to fall off the cortex in the middle of oogenesis (Ber- 
leth et al., 1988; Stephenson et al., 1988). Before the egg 
is laid, bicoid RNA is released from the cortex into the 
anterior cytoplasm, where the product of the sfaufen gene 
seems to be required to hold the RNA in position (St John- 
ston et al., 1989). staufen protein is concentrated in the 
anterior cytoplasm in the same region as bicoid RNA, sug- 
gesting that staufen may bind to the RNA to prevent its 
diffusion (St Johnston et al., 1991). While almost nothing 
is known about the mechanisms that direct the localization 
of bicoid RNA, this process does require microtubules, 
and this raises the possibility that the RNA is transported 
along the microtubule network (Pokrywka and Stephen- 
son, 1991). 

Localization to the posterior pole seems to be an even 
more complicated process. One reason for this is that it is 
not just nanos RNA that is localized, but all the compo- 
nents of the pole plasm as well. The first identified mole- 
cules to reach the posterior pole are staufen protein and 
oskar RNA (Ephrussi et al., 1991; Kim-Ha et al., 1991; St 
Johnston et al., 1991). These are followed by vasa protein, 
cyclin B RNA, and toward the end of oogenesis, nanos 
RNA and pole cell-determining activity (Illmensee et al., 
1976; Hay et al., 1988; Whitfield et al., 1989; Lasko and 
Ashburner, 1990; Wang and Lehmann, 1991). The pole 
plasm forms in a stepwise manner, in which the compo- 
nents that localize early are required for the subsequent 
localization of those that arrive later in oogenesis (Whitfield 
et al., 1989; Hay et al., 1990; Lasko and Ashburner, 1990). 
Although the majority of these molecules may accumulate 
in the pole plasm by binding to other components that have 
already been localized, this model cannot account for the 
localization of the first molecules to reach the posterior 
pole, most probably staufen protein and oskar RNA. Sev- 
eral lines of evidence suggest that staufen protein associ- 
ates with oskar RNA at the anterior of the oocyte and the 
two are then transported around the cortex to the posterior 
pole as a complex, in a process that requires the activities 
of two other posterior group genes, cappuccino and spire 
(Manseau and Schlipbach, 1989; Ephrussi et al., 1991; 
Kim-Ha et al., 1991; St Johnston et al., 1991). Thus, 
StaUfen protein seems to associate with both oskar and 
bicoid RNAs, mediating the transport of the former to the 

posterior end of the egg and anchoring the latter at the 
anterior end. 

Although many of the genes that are involved in localiza- 
tion in the oocyte have now been identified, the cell biology 
of these processes is not well understood, nor is it known 
how the anterior and posterior ends of the egg are first 
defined as the sites for localization. The polarity of the 
oocyte probably depends upon the geometry of the nurse 
cell-oocyte complex, which is initially established near the 
beginning of oogenesis when the oocyte migrates to the 
posterior of the follicle. However, recent results suggest 
that the follicle cells are also involved in defining the two 
ends of the oocyte, since the reduction of the activities 
of the neurogenic genes Notch and Della in these cells 
frequently results in the localization of bicoid RNA to the 
posterior as well as the anterior pole (Ruohola et al., 1991). 

Conclusions 
The results described in this review show that we now 
have a fairly clear picture of the elegant way that the four 
maternal signals generate asymmetry in the Drosophila 
embryo (Figure 9). However, our understanding of the pro- 
cess by which positional information is transmitted from 
one generation to the next is still incomplete, as so little 
is known about the origin of asymmetry in the oocyte. 
While the general organization of each pathway is proba- 
bly correct, there are still many steps that are poorly char- 
acterized. It is also likely that several genes that play a part 
in these pathways have not yet been identified, and we 
have already mentioned a couple of examples where the 
existence of an additional gene has been proposed. Al- 
though a few maternal-specific genes may have been 
missed in the screens for maternal-effect mutations, a po- 
tentially much larger class of unidentified genes are those 
that are required in the zygote as well as in the mother, 
since mutations in these genes cannot be tested for 
maternal-effect phenotypes if the mutants die before adult- 
hood. One such gene is I(l@ole hole, the Drosophila raf 
homolog. This gene is required at several developmental 
stages, and its maternal role was only discovered by mak- 
ing germline clones (Perrimon et al., 1985; Ambrosio et al., 
1989). pumilio, cactus, and torpedo also mutate to zygotic 
lethality, but some alleles of these genes are viable, 
allowing their identification in maternal screens. Since it is 
possible to make sense of each maternal system without 
invoking more than a few additional components, it is un- 
likely that there are a large number of unknown zygotic 
lethal genes that play a specific role in these processes. 

Although there are still many unsolved questions, the 
early development of Drosophila is probably better under- 
stood than that of any other organism. In this context it is 
worth considering how relevant the information gained in 
Drosophila is to other developmental systems. It is clear 
that many of the later developmental processes in flies 
have counterparts in vertebrates (see the reviews by In- 
gham and Martinez Arias, 1992; McGinnis and Krumlauf, 
1992, this issue), but the early events that we have de- 
scribed are probably less general. Drosophila is unusual 
in that both major body axes are already defined in the 
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Figure 9. A Summary of the Major Steps in Each of the Four Maternal Pathways 

The distributions of gene products shown in parentheses are hypothetical, as are gene X in the anterior system and gene Y in the terminal system. 
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unfertilized egg, and the first steps of pattern formation 
occur in a syncytium. However, many of the individual 
steps in these maternal pathways do resemble processes 
that occur during the development of other organisms and 
are therefore of more general relevance, such as RNA 
localization, signal transduction, induction, and the regula- 
tion of nuclear localization. 

Drosophila axis formation also provides an excellent 
model for studying several important pattern-forming 
mechanisms. For instance, bicoid and dorsal provide the 
best-characterized examples of morphogen gradients. 
The gradient of bicoid protein forms by diff usion in a syncy- 
tium from a localized RNA source. This is unlikely to be a 
common mechanism for setting up morphogen gradients, 
since in most other developmental systems pattern forma- 
tion takes place after cells have formed, and cell mem- 
branes will limit the movement of intracellular factors. The 
dorsoventral system may provide a more useful paradigm. 
In this case, the first gradient probably forms outside the 
egg in the extracellular space, and this leads via a signal 
transduction pathway to a graded intracellular response, 
the formation of the dorsal nuclear gradient. 

One of the most surprising aspects of axis formation in 
Drosophila is that although all four maternal systems result 
in the region-specific activation of zygotic pattern genes, 
each achieves this by a unique pathway. While two of the 
initial asymmetric signals are localized outside the egg, 
the other two are found in the egg cytoplasm as localized 
RNAs. Furthermore, the spatial control of transcription 
arises in a number of different ways. The bicoid protein 
gradient regulateszygotic gene expression directly, nanos 
seems to function as a repressor of a repressor, and dorso- 
ventral polarity is generated by the control of nuclear local- 
ization. It is known that localized maternal determinants 
play a role in the development of many organisms, but 
it is only in Drosophila that such molecules have been 
identified and characterized. The variety of mechanisms 
found in this one system suggests that maternal determi- 
nants may turn out to constitute a diverse collection of 
molecules that can regulate embryonic development in 
very different ways. 
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[ R ~ ( b x / s a b o O ~ o a r r / e r . ~ s ~ )  a m rut ! 

i 

Dr0sopb / / a  pattern formation along the anterior- 
pe~erior axis Involves three maternal gereac path- 
ways: the antel'm*, the ix~enor m-.d the terminal ovga. 
t~zer .sys:earts. Key + ~ n t s  of  the systems are bicoid. 
nanos and torso, reslx'ew,-ely+ which set in morton an 
elaborate cascade of zygod.-~lly expressed transcription 
factors +revie-~-ed in Refs 1. 2). In effet~ this gk~s a 
prqyaucm of the scgn~n~J hrval body at the bfasto- 
derm ~age by ~ g  a series of repetitive domains 
of pair-ru~ gene expression (reviev,-ed in Refs 1.2). L'p 
to this suge, the embryo devdops in a ~'nqxiurn 
where the nuclei divide without being separated b? 
celhhr mere&,mnes. "ITm~ mode of development facili- 
tates the diffusion of morphoregulator t, factors of 
maternal arm early ~'gouc origin, and allow~ them to 
instruct sin~e-layered preb'l'lastoderm nuclei according 
to their position in the e ~ ' o .  

Antefior-lxxsterior polarity ;.s initiated hy cell com- 
municarion events bet~-een the ooc~'te and the sun'ound- 
ing epithelium of somatic follicle cells, which depend 
oil the gtlrken-lorpedo signalling pathway (Fig. la; 
reviev.xd in Ref. 3). This results in the microtubule- 
dependent localization of bicoid rnRNA to the anterior 
pole of the oocyie and oskar mlLNA ~o the posterior. 
~Takarorgantzes the assembly of the pole plum required 
tot the co-localization of nanos mlL'qA needed for the 
establishment of the abdominal ,segments (reviewed in 
Reg. 3). In addition, ¢xnnponents of the tenn~tl tngmizer 
systcm generate a follicle-cell-dependent signal, which 
is depogitt, d bom-een the egg membrane and the stir- 
rounding vitdline membrane {Fig. lh: res-ie~.-,'cxt in 
Ref. 4). This signal activates the lorso~lependent 
RAF-RAS stgnailmg pathway ~, ~hich overroleb the aatv- 
i~, ot the anterior and po~erior maternal systems to 
e~ublish the terminal regions. 

~symmetry by ~ and transL~ana~ repression 
Trartslation of the localized bico/d mRNA occurs 

after egg deposition. This is regulated, in pall. by cyto- 
plasmic polyadenylation 6, a process disropted in the 
mattml,al mutants grauzone and corl~o~. BICOID diffust~, 

From gradients to stripes 
in Drosophila 
embry0genesis: 
filling in the gaps 

IIIFgI~A.-II~MMt. &'~D urammal JACKI~ 

eanerqonm,~r~ a t a ~  tt~ antea~-po,aer:nr axis 

/ / a r a ~  m a , , r m / ~ f a a o r  x r t ~ a  
a ~  q s / m ~  r e a a a d  ~ ~ zyscac~nw 

ta~y ~a g ~ n - m  a ~  r ~  ~ / a a y , - n  ~ t~ l~mer~ 
f , .  , , ~ s  praceu/nn, e ~ / d e ~ f a ~ .  l~uwt p rogn~  has 

t a m n m a  m f o r n m ~  q , * a c r ~  ¢ , / ~  t ~ w s  

from the anterior pale and thereby forms a concen- 
tratinn grad~nt exlendmg posteriorly I (Fig. 2a). It is a 
homeodon~in transoitxion factor required fol the acti- 
"~xition of ~'gotic genes that establmh the head and 
thoracic segments[ 

NANOS. v.'hkh is requinxl for abdomen fom~tionl3. 
forms a posterior-to-anterior concentration gradient. It 
acts along v, Sth uniformly digaibuted PUMILIO. ~.'hich 
binds a n a n ~  response element within the y unuan.s- 
hted region ( y  kq*R) of evenly distributed maternal 
hunchbackmILNk This leads to translational repression 
of hunchback mRNA in the posterior half of the emhyo 8. 
The zioc-fmger-type wanscripdon hdor HLrNCHBACK is 
a repressor of the posteriorly,, exvn~sed gap gene* kn/rps 
and giant (Ref. 2: Fig. 2b, 2c). Thus, nanos4ependent 
repression of huncbback serve; to derepress activation 
of posterior segmemation genes[-" by an activator for 
which the search took almost a decade. 
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The i d e m ~  of the aok,  ator of posterior segmen- 
tatitm genes emerged recently through the analysis of  
the c/s-acting control re#on of the posterior gap gene 
knir/~ ~Refs 9, 10)- This control element conraira a 
number of  separate modules Lrrduding a small activator 
¢lcmem for dbk[u[tous gem: exptes~on and several re- 
lm~x~or ekmoer~s mediafmg ¢idva hunchback-dependent 
repmsskm from amer i~  or ~ ' ~ t  rc-prcssinn 
from ~ (Figs 2, 3; see below)+ Furthermore+ 

si~e~ were found for the gap gene proteins 
KRI~PPEL and GLM~'T. which enhance and repr~.s 
k~#r/~exprt~sion, r~peo ive ly  9.t°. 

The activalm elemem of  knirps was found to bind 
BICOID and a .~comi ~ proteM, CAUDAL 
(Ref. IOL BICOID h4nds to mukil~e sites ~ t h i n  a 60 bp 
DNA fragmenL %'bile CAUDAL binds to c l ~ e r e d  siles 
within an adjacem fragmenL CAUDAL forms a concen- 
tlatinn gradient v,9.h reversed poLar~, to BICOID 
(Refs 11, 12; Pig+ 2a), It was holed, however, that 
embl3x~ hcking both mate111al and zygotic cauda/adiv-  
it+/develop abdominal segments, although thor  paaern 
was characterized by ck4dio~s and fusions ~ff seg- 
merits n .  Based on this observation+ cauda l  was not 
cormidered ~-s the posterinr equiv~ent of  bicoid that 
a~dvates postener segmeraatkm genes. However, the 
exprL~sion paltem.s of knirps, giant and the pair-rule 
germ bai O, in the bLa~odenn embryo and the resulting 
larval phenowpe show that the absence of CAUDAL 
affects posterior segmerdanon and that the effect is en- 
hanced in eml~-os  lacking both CAUDAL and BICO1D 
(Fig 3)- This argues that BICOID and CAUDAL com- 
bine their a c t i t ~ g  functions to generate the segments 
along the entire axis. Binding-s~e deletion studies with 
the activator element of  knirp~ combined with reporter 
gene expr~sinn in mumm embrvt~ revealed that 
CAUDAL is indeed an activator of  posterior knirps 
expt~ssinn and that BICOID can compensate for the 
Lack of CAUDAL in the po.~rior  ~ of the b l a s ~  
derm embryo TM. This Pmding explains why the absence 
Of callokll acth.'ity does r ~  cause the absence of po~erlor 
segmentation: BICOID has the ability to substitute, at 
least pardally, for the lack of caudal activity in the 
posterior region of  the e l n ~ ' o ,  indicating that BICOID 
does not act as a determinant in the anterior region of  
the emb~-o exch~ively 1. 

m o m ~  controls  c ~ a ~  ~radiem f0 rmaa0n  
CAUDAL and HUNCHBACK gradient formation have 

two features in common, caudal and hunchback are 
maternally and zTg~cai iy  expressed. Their maternal 
mP, NAs ~ma in  ~-venly ~ t ~ . M  in ti~c egg wher~ts 
the proteins form gradiell~ 1-11-13_ A[~o, HU~N~][-IBACK is 
evenly dis~'buted in embryos Lacking NANOS (Refs 1, 
13) as CAUDAL is in embq,'c~ lacking BICO1D (Ref. 14). 
The lauer obs, ervation indk:ates that CAUDAL gradient 
formation involves b/co/d activity. Recent evidence luts 
shown that the BICOID homendomain, which v, a s  
known to  act as a DNA4:finding motif, ~trt also bind 
RNA- In fact, BICOID binds via its homeodomain to 
regulatory sequences present in the 3" UTR of c auda /  
mRNA. blocks cap-delxndem uansLatlon h~tiation and 
thereby preven~ CAUDAL synthesis in response to the 
~lCOID gradient 15,16. This sulpt~ing reml|t shows that 

l (a)  

(h) -% 
Fa~'a~ 1. Generation of anter ior~ef ior  (AP) polarity and n~-t- 
segawnted regain of the emb~o im'olves two signal t ransdua~ 
pad-m.a~. In all figures, aniefiot is to the left and d0~fl to the top. 
(a) The Drosoph#a egg develops in an egg chamber consisting of 
an oocyie and 15 sibtinga, the nurse cells*3. [t gains its polarity by 
intercellular communication even~ in~ofving the surrounc~g 
epithelium of follicle cells. After an initial move of the ooc~xe, a 
signal involving the gurken-tor~do~gnaflhlg pathway, ~.~olvirlg 
comichon (enD, reaches rite adfacem po~etlof follicle cells 
0~dewed in ReE 3). gurken (grk) ~mo:des a wam~onnlng growth 
faaor a~like mdecule produc~M in the woc~ae, wMe Iorpedo{topJ 
encodes an epidewml grovah-factor-n~p~or-like molecule present 
in the follicie cells. Due to the pominn of the oc*Tte, the gurken 
s ~ a l  is Emited to the poslerior-mc~ elitl~lial cells, which txspond 
by a signal that cm~s re-mlemafion of the microubule ¢ytoskeleton 
(red) in the ooqce, ~hich allows for bicadmRNA localization at 
tl-te anterior erM and the transpori of oau~r mRNA to the ~ 
pole. Thls prmxss alao im,ol~es the aaA~, of ~mfe~ ~ i c h  cudes 
for an RNA-blnding microtubule-ass0dared proteM fllat mediates 
the transport of the mP.NAs in a mlcrombule-dependent manner 
(reviewed in Re[s 3, 44)+ (b) The " t ~ l  maternal ~3,~t~'. 
~,quircd to t~tablish the t,mianal gattem dements in the embn+.+o+ 
involves a signal transduction ca.~ade actit~ betwoen the follicle 
L-~IJ5 arid the 0~:te. T ~  i~ffn~/0r$o.~ (18D :~d trunk (Irk), ~l idl  
are active m the follicle cells 4947` ~ l e  an extraeff~'o~¢ 
s i s a l  a putative ~gand m o ~ l e  likdy to be the Irunkgene 
product, which is stored as a signal in the pefiviteUMe spac~ 7. 
A~er egg dep0sMon, it locally activates flte TORSO ('[OR) 
tyi~ir~ recept~ kinase at both ends of the embryo~6, whi~, in 
turn, activates a cascade of serine/th rconine kmases of file 
RAF~S signal IransdudiOn pafllway (revie~'ed in Re[s 5, 48). 
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ffra ~ m ~ 

p ~ . ~  Z MammI aad fa-s~ ~-go~: ~ factm's, t t ~  ~rcs~, ,~ ,&m~x~ ~ 
ger~dc ia~ra.,-dom m the t~bla~otk'tm e r~ ' o .  (a) BICOID (red) arm C~,L'DALfg~) 

form opposing cot~emratitm gr~alems akmg the a m e , ~ 0 c ~  axts_ 
(b) ~ ~xt~don ctmnaM of ~'g~dc but~¢hbadt(hb), a~d 

rep~eseigadml of lhe g~ p ger~ expr..~skm douxaim~..Xote ti~ z)g~ic fib ~ m ~ 
anterkx hail. ff~ c ,~,~16m~m~s cf KrJ~t~el(K~). knirps (kn)) and g~am(gt), the mmaieal 
~ p  genes ~lle~ (rE) taxi buckebein (bleb) at bo~h ends of the em~.~, ami the ~Mma~ 

of die ~ip-'V~¢ kcid g~tms otl"aodeaf.;de( old). em~_" ~ir~:~'s (ema) ~ ~ ' . f f o ~  
(~a5 (~ -  derails on the e:q~essk)n domains aml the m o ~  mime d h ~  gap gene 

p ~ .  see Ref. 2. ) (c) G~nefic tSt cui~- c,a,abL~h~ ~ lhe localized expR 's~  ~ o~ 
the ~ p  ge~s. Red lines ~ r,eg~m'e inlemcC,~, green arrow's represent a~tr,=,o~g 

L~eractlom. N~e that the matermd tt-mfinal pathway, s~tfich Ln~x~,'es te~d~I~(ts/~. 
tnmk(trkP ~ and terso( t ~  ~ atliv~ties, the RAS-II&F Lm~sdu¢tion path~a.~ °.~. the 

t r,I n ~ . ~  fm*ols NTF-I/EIf-I (Ref. 31). GAGA (Ref. 31) and ixi~t~ty an tmknov, xt 
~,m.scnpt~m factwr Y ¢ B'.~. 1) t,~u.s~ [he acdva~ of tlla~d h~b. "file tlland b~J~dv~2es 
p ~ m~  ~ , 6 ~ n  of the t x ~  gap genes arict there", de]infil the teL~ c( file e l n ~  

~-here se~mua~g~n occurs. Note that tl~s path~-ay acts on b~h ends of the em~.~ 
(Drily l~¢~t ~ " : d ~ ) .  For delaits d the L~eractitms, ~ "  tc.~ ..~hL~-vO~ns ~ I I ~  

m (b; a~c l~cid(~c,l), cat~dal(cad), nanos(uc~) amlpumdio(p~m). 

B1COID functiorts at diff~ent regulatoq: [e.els and. 
there , ' ,  combines the two separate fur~tic~s provided 
in ~he po~erior region by. NANOS (translational control) 
and CAUDAL ( trans~xiptiwnal comrol). Also, the anterior 
and po~-wior .~Tstetr~. previously thought to a~  inde- 
p~adenfly, atre lktked through the BICOlD4Jepeo2dent 
spadal control of CAU'DM. (Refs 15. 16), which gener- 
ates a seco~vJ, c o m p ~ n t i n g ,  homeodomain protein 
gradient (Fig. ~).  

Fh~t m ~ l i v i s ~ m  I~" g~p g ~ e  actUtttm 
The first z3ZW.gdcxflly expressed segmentatkm genes 

are the gap genes. Ti~eir activities are found ~,n specific 
regk,-r~ of the prebla~odetm that fail to d~-dop  in the 
respective mumms t ree ,wed  in Rcfs I, 2). This cl.x~ of 
genes includes the tennk~d gap genes tailless and 
bac~ebeim d~c L~rap-i~ke he2.d ~ o~odentide, emp(~* 
miracles "and buttonbead, and file central gap genes 
buncbback, Kn~ppd, knirps and giant (Fig, 2b). Geae 
expression t ~ e s  in mulant e m ~ ' c ~  reveaIed an dabo- 
rate ~net /c  nctwurk ffig. 2¢), which established that: 
( l )  terminal gap genes ate ac~ated b)- the nmtewal 
terminal system; (2) gap-like head genes are activated 

¢a~e c f  z)gt~dc hunchback) ~ by 
b~oid and hutmhbe.ck Lqdepen- 
der~" (m ~,e case of  ra ' - ,~ l )  or 
[~y bicoi, d ami r.audal Cm t!le case ~ 
Imirl~ and g~am);, aad (4) the se~- 
TL~.g c~ L~e s p a ~  l:~rr, s of t .~ cen- 
wA gap gene expmsskm domCms 
m.voh'es ~ activities by 
~ a  gap gme  extxesskm do- 
m 2 ~  (reviewed in l td.  2). Only 
the t~,~mmai gap gene acridines are 
~ ~ y  of the 

gap gene activMe*. However, 
ta/ge~ ~nd buckebein repress the 
~t~,-k'y of  oflter zygotic segmen- 

g ems  that olhemise would 
be ae~-ated at both em]s o~ the 
em]~-o ~A. Also, activated torso is 
thought to L'~erfere directly with 
BICOIu ~nd pmvem i~ functkm 
the ~mrk~r-most posifio# 7. Finally, 
the genedc imeractions suggest that 
g~p g e n ~  c o n t ~  targa g e ~  ex- 
pression in several diffe~mt ways. 
For e~aw4)le, hunchback helps 
bloom to ¢ o ~ o l  spatially zygotic 
hunchback expmssEon, and it ac~ 
as an ac'dv~or of  Kn~ppel and as a 
~ep~e:~sor of knirps tRef. 2; Fig- 2c). 

domaias  
Mok'cular dissection of zygc~c 

hunchback a c ~ f u m  txovi~s  a 
~ 3 ~ c .  model of how the 
BICOID ~ad'.~m ~ t ro ts  potion- 
dependent target gene expr~- 
skm~ e-|9. High-e~mi~, BICO1D hLnd- 
~ g  sites w~hin an enhancer cause 

exlxession at low BICOID c(mcentmtions, while 
low-a ffm&y ~ g  ~it~ cause gt-ne e x ~ e ~ o n  at co~e- 
sp~dingiy  higl~r omcemrations within tlm gradient 18. 
Ttm ub~.~-~itm h npl-~s that t~,nd~ng ~ e s  of tlre t f igh~  
ati'mi~" w M ~  a promo{er/enhancer define the pt~tet;.~- 
m~x~ position ~o which gene act~,~ion extends in the 
BICO]D gmdiem (reviewed in Ref. 1). ~ would ele- 
gandy explain how B[COID defines d ~ t  po~',erior 
|L~t~s of ~erm e x ~ 4 c ~  ~ mole--reoem r ~ l ~ s  ~each 
a d i f f ~  conduskm. 

BICOID is necessary and s u f f i d ~  for ,.he actlvadon 
of zygo~c huncbbackexp~s}on. HoweveL it lacks the 
ability to regulate spatiaIly the e x ~  ~ in 
HUNCHBACK-depleted ~ ' o ~  ~-), suggesling d~ t  the 
spatial ~ by BICOID requires a ~'nergisdc interac- 
lion with maternal H~'NCHBACK ha v,i]d-~/p~ einbry~ 
(F~g. 4a)- Cellffree tlan.sci~x.~ reactiol~ were descnlx~l 
that recapitulate t r ~ l  ~,nergi:~m directed by 
BICOID and HUNCHBACK (Refs 21. 22). Two s ~  
coactivator sulmngs (TAF|I110 and TAFt00) of fl.~ 
transc6pdon faro= l id  crFIID: reviewed in Ref. 25) served 
as targets to mediate trans, c~,pdnua] activation by BICOID 
and HUNCHBACK activities. Quadruple complexes 

bybicoid;(3)cemra|gapgenesamacd~atedeifnerbya cxmlMning the TATA b i ~  Ixotein (TBP) and three 
s.vnergisdc interaction of bfcoul and bu~g-bbacle (in the coact~'ator subuni~ (T.M:n250. TAFIIIIO and TAFII60) 
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~ t m m c e p t ~  ~ g ~ s m  
in response to BICO]D and (a) 
H U ~ ' N ~ C K ,  while complexes 

TAFu110 or TAF~O resulled 
in nm~-s~tmrgi..~ ac~ivat~ z122. 
Th~ fmdi~  ~ a m m ~  ~ how 
the conc~ed  actton of .~[COID 
and HL.,'NCHI~CK with different 
ccocfivam~s establishes the pattern 
of  zygo~c buncbOack expressinn: 
BICOID is ~ and ~ff~--nt  (b) ~a~me 
for &e ~ but does r ~  pro- 
~ e  the spatial ~ro~ration for the 
limits of the e x p m s s ~  domain 
d~'dy. ~ spat~ ~ 
is generated by a s y v m # ~  liner- 
action between BICOID and mater- 
hal HU:'NCHBACK, causing the effi- 
dent  recruitment of ~ "IBP-TAF n 
complexes to the immm*er ( F ~  4a). 

It is coe, ceh, able ~ t  K ~ p ~ l  
expre~on  is activa*ed ha a sim~ar 
rammer and tha  a repmssor pre~mts 
activation in the region oxupiecl 
by zygodc hunchback, However, 
regubAion of Kr~t~of expression is 
more complex: both BICOID and 
HUNCHBACK act as independent 
activators and the gap genes ex- 
pressed adjacent to the Kn~ppe/do- 
main re~r~ct activation by represskm 24 (Fig. 2b, 2c). In 
facL when knirl~, giant or lailless expression was 
ub/quitoasly induced, tlreir activities were  found ei ther  
to reduce or to abolish Kr@pel~{pression 2~. The current 
data s u g g ~  that HU.'NCHBACK arid BICOID activate 
Krap~elbroad[y. and refined s~fml ~ is brought 
about by redunda~ repression by the other gap gene 
activities which ~ . t a ~ e  the a~ivation a~ (Fig. 4b). 

The enhancer, that is necessar: and sufficient for 
Krappe/expression contains multiple overlapping bind- 
hag sires for represso~ and activators~. In vitrostudles 
combined ~ h  ceil culture experlmen~ have shown 
that the binding of activators arid r e p ~  am muto- 
alh,.' exdusive and that high repressor e ~ t i o n s  
prevent aaivalors from futx"tiolfing 25. ThLs ~ould  ex- 
plain why a~. 'ation of K u 2 J ~  uectlrs in the t'~r~tral 
region of the e m l ~ - o  where reptessor cormentratlons 
are too low to compete for the binding of the activat~xs 
(Fig. 4b). Ho~'ever, knlrps e x p m s s ~ ,  which is posteri- 
orly adjacent to flxe Kr~ppel domain, is mefflated by a 
modular array of non-ovedapphag dements where acti- 
vatom and repressors can bind in pmallcl (Fig. 4c). 
Fralherwa:re, repre~ors in the KrFq?pel control re#on 
do not only compete for activator binding, but extin- 
guish actk,ation over short dislances by a phenomenon 
termed "quenching'Z6: r e p l ~ o r s  Loaeffer e with activatoi~ 
through p~eit ' ,-prorein hmeractio~ and thereby pre- 
vent Ira~crip~on (reviewed in Ref. ~-~7). 

The mechanisms e~ablishing the expression do- 
mains of the gap-'Ake head genes and the paaems 
giam expr~,sion (Fig. 2c) are not yet studied beyond 
genetic analysis m-3°. The c#3eo~m of pla)~m arm fl~fir 
impact on gene expression domaL~ make k hkely that 
acti~.'~.~tioi'l and s p ~ f l  CODIrO] of the.'/~" ~-r~-s enqY~u~ 

~ f f -  c a a . - I ~ a :  t~ff- lc~a=- 

3. Gap and lxiiromle gene extm~sinn patterns in ~ ld  lype and caudalnmtam 
en,/~'(~ and p h e ~  of the larvae. (a) Blastoderrn expression of knirps, g~anr and the 
pair-rule gene h a ~ i n  w~d type. in embryos lacldng z~gutir (cad~-) or maternal (cad~-) 
caudala~v~y, in emisTos " lacking maternal and zygc,dc caudal~dvi~ (cad=-/ca~-) 

in em~c~ ladd, g bfcofd and z3xotic caudalacdvides ( ~d-/cad£). Nora ti~ lem 
levd of knJrps e x l x ~ t ~  the absence of giam e x ~ o n  and the low level of 
ul~quitou$ pair-rule gene hatr),o;p~essinn (excela for the ends) in bed/cad,-¢tobt3,os , 
probably due to maternal calulal activity (kniff~expresskm is absent in 
bcd-/ cacl;/cad: emb~o~). The amedor expr~,sion domain seen in cad; crabs.as 
conespol~ to ~ataaosidase, a genetic marker used to distinguish them from e n ~ , m  
that lack zygotic caudalgene expression in addition (for details, see Ref. 10). 
CO) Cuticle preparations of a wikt%'pe larva showing the nonml segment panem and 
i ~ e n ~  of ~ k m s  mutants [abbreviati~.s as in (a)]. A Ic~" levfl of ubiquitous paix-xule 
gene expression [see (a)] Ls not sufficient to g, er~rate any segments in the lalva. 

sh~lar mecharfisms as seen with huncbback, Kr~ppel or 
knirp$. Activation of the tennioal gap genes buckebein 
and tailless is also not yet fully understood. Studies 
on tailless regulation, however, suggest that to~o- 
dependent activation depends on derepressSon involv- 
ing the transcription factors GAGA and NT"F-I/EIf-1 
(Ref. 31; Fig. 2b). 

Taken together, the available evidence suggests that 
the gap gene expression don~irLs are mainly controlled 
by mutual repression. One mechanism defining 
region of gene expression involves competitive binding 
of repre~sors and activators to overlapping sites within 
the enhancer. Different affinities oF corresponding bind- 
hag sites within the enhancer sense Im:al conth;alatiom 
and eoncenwations of the relevant factors and, d i e t ~ ,  
deteorline d1¢ ~patial limit~ of the exp r~ ion  domain. 
Although such a medmnism is intuitively easy to under- 
~and, it would not explain the sharp on/off borders of 
gene expression, which argue for cooperative interac- 
tions between the factors that bind. Quendxing as an 
adthtion~l mode of repression implies that enhancer- 
bound factors are able to interact before or while they 
communicate with the basal transcription machinery. 
Such interactioes have been observed in cell culture 
and in vitro by showing the binding of KRLIPPEL to 
HUNCHBACK, and of KRUPPEL to K.NIRP$ (reviewed 
in ReL 32). The results suggested that KNIRPS and 
HUNCHBACK can interact with KR(~PPEL, which serves 
as their DNA-bound tether. Furthermore, the phenom- 
enon that HUNCHBACK acts as a synergistic pamaer of 
BICOID, as an activator and as a mixes:q:*, has an inter- 
esting parallel ha the fmdiog that KRI3PpEL can also act 
two wzys, at least in cell culture. In this sFstem the 
K ~ ' P E L  monomer is able to cause wanscriptional 
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B 
~ : ~ , a  ~ ~--~+yd o 

Tn~ ~ n  ~ from 

~ g.me hai~. "m v ~  

q~em mc~-~malar anal}~i6 r~-eale~ 
~ ~m:h mipe elemem c ~  a 

~ ~ e s ~ - ~ :  m~emai 
m ~ , s ~ n  fa~o~s appear to be 
m:~-ato~, the g~p-gene~m-~oded 
w~z~'ip*J,~ favors ~ m,~nly as 
r ~  (re~Se~-ed Ln Eels 2, 34). 

F~xesm+rm of ez~n-,~h~d L,l 
s ~ . ~  two (s~,1 stripe fr,mn &.e 
a r a r a t ,  m~er~r to d-~e 
e x ~  ~ ' ~ )  is acii-,-ated Ln 

to ~COID and HUNCH- 
BACK. 'm~Je mDx~si~n i~ p~-~ed 
~" G L ~  -am1 K~CTPEL (P~s 36, 
39). As seen ~ h  R~e g ~ t ~ e / e n -  
l-ame* re#on, m~erlzp~g binding 
s~es for ~ri~mors and 
m-~-e f ~ d . .  amt tmr~ c~- file re- 
press~ zaJ~n ~s prodded ~ 
quenc~g~9. C~mversety, bai O, 
smix~ six ex~s~c*a Cse~m'+d *,rope 
from t t~  ~ :  p ~ e r k ~  co fl,.e 

expre~sRm domain) is acti- 
vated in re~F~rt+e to kn/rps ~Refs 37, 
4~) and abo ~-  ca~da/(T_ H,~or 
ami ~. ~-em-Pmrar. unpublished; 
~g- 3). gepmssima is ~mug~.~ 
~"  K ~ ,  bur~chback ( the  p~s- 

expr~.+,km domain} and ta~l- 
ie~s (~'fs 37. 40g This ~enario sug- 
gests that the <xmm>t of the ix~mz~" 
~dr-mle genes invdves ~ com- 
bined a c t N ~  ~ m~terml and gap 
genes e m p ~ g  the 
es~at~hed fi~r gap gene regulaJon. 
In add~on. Ripe  e_..-,[pression in- 
volv~ cro~-reg~lamr$" imemctkms 
arty'rag t~e pa~-mie genes (re- 

v ~ e d  ~n F, efs 2. 3~). "Vn~, the .,q~tii~l ¢~mo~ of l~r -  
role gene expreszqon i~ ~ exdu.~-e~- dependent on 
p r e - e ~ g  wansc~txi~n factors bat also on offer pah'- 
role geries. "l~e ~,xidal qimsmm of how ~vpetidve --q,~. 
am generated has Deen {:mIi~y answered t~- the finding 
that t l~ ec~4~s~km arid co~cemra+im~ of tr~m.~o6~xion 
f~-lors is sensed ~ med~ed by ~-pm'ame o~-aoting 
smpe ~ _  The mo+e i r ~ g  pa~ ~f the q~x:sgon 
- how these ek+mer~ were ge~e~ted during evoltaJun 
and coo~kaa~d to re~aR in a ~ pattern - ~s 
still open. 

p,e-emb~-onlc dexem~natmn of m,.l~--po~erlor 
po la r -  n ~ h s  in the as~-mmea~c ~ of ~xee 
nmtemal ~ p t k m  factors. Their acmA~rdes and distri- 
bmions are linked: BtCOiD conm~ the f~rmafion of 
the CAUD.M. ~ c ~  I~.+" ~anslati~a~ ~ a ~  it 
also ~'nergis~i~- i,'xer~ct.~ w~:h NANOS-com~k'd 

~ t ~  4. S ~  ~ m m a m m  of bund~a~& Kn-a~d'a~ k~ir~ e~p~s~o~ ~n 
t~ mx~rna| w:w.at~s and gap~ge~epemieri  r e f f r ~  

(a) buv~h&~kexpte~o~ (bk~e ba~) is x e g u ~  in re~¢ to li~ gra6ed di~-~a.~un 
f~=OtD ~,xf HL ,.'NCtt~E~ m the egg. The ~agV.m ber~eea ~e ~-o f~oa's ~ ~ 
estabhga tI~ ~mi~ tlmi~ is due to their ~rfemm co~.aos w ~  diffetem ~ ~ ~ 

tmal w z + ~  ~ -  +det,'~ in d':e te,.a). Nc~e that m the ~.dx-¢lxe ~f mmem~ 
hmzbback'acah'~e, 81COID is able to ac~w*~e ~ g ~  hunchbackexpress~ ~ m  on 

t he tight) Iezcli~ to slmpte ~-d~at~n at tngh cc~xer~ad~r~ of BICO~ ~ ~ 
¢ot~taos ITAFgI i13~ =~th the ~ tramoi!~m~ ma~hRI~', tb) K ~  a~t~-a~a~ 

h~ma~gh BICO[D and H L'NG~-~.CK k x ~ . "  ~ sp~M r~-.~:g'm 
<IY~e bar~ ~s bmugh~ abom by., reptee-alon ~mugh fl~e ~ ,  ~ e d  ~ p  gems 
¢ see d+mib,.~m rathe ~gram o~ top). rathe amer~ ~xg~m ~'mft .,~e.~. f&ing ~gff~ 

r%.~m L{ the ~ cc~al~ k~" [eveIs o~ ~ (top d~gr~D so fl~ ac'd~.~'~ can 

~ n~b~ sk!e), a c t i ~  does rtot occur due m eifft~ akm c~'x~el~ml~ c*" die a c ~  ~ 
hi/~ ¢oe~emm~m'~s of t+~e rm~ui~e retnrss~s. (c~ "I~e m e d ~  iav~Ived in/m fr/~ 

ex p+'x.s.smn are s~  eD.~e. H~a;t",'er, tile expt'~,s~l i~e~era5 ~ kn~rp~ ~'a l~.;J~_TJe 
ett~c'¢os ~I rest:~e to the a~iva~x ~l" ~ repressor d~t~,~t~Lmtas s~gTg~-,t L~-~. CAL'D?2. 

l$lCOID c~.~ ~h6:g ~'x~ a c t i ~  ar~ Lha~ the sp~tmi re~M~imm L~ bruug~= " ~ by 
rep~'es,~c~ (see text~. Note ~ e-x!m~ded kn i~  e x T n t ~  domain m emb~-~ 

b~o/d actlv~" ( hcd-~ m"id ,~'eak e:qm~.s ~ ~t eml~'~.~ Lxkirag {mdm matetr~ a~t'd z3.-gr~ k 
catulal ¢ cad-'). In t ~  ~bscme of b~cc~M a~d m.,gc~ic caudal z~T&-mes (bcd- cad F L ~ ' J ~  

~ ub~qu2o~s~- exp~ed  ~ m r~i~m~e to n~terrizl cm~/a~" ac'd~5~.-) ~x-pt at the emis. 
Abbe~at ~oe~: I~2D. B~COID: GT. GL~.\'T: HB. lna~ertlM ~'xt z~.~+xic HL~CHI~CK: 

Ht~m+ trraemaf H L'N'~t76ACK: TLL T.M LLL~A. x+~ ~ 1  ~pe. 

acr, k~ation ~'hen acting from a single binding site in 
from of a i-+eterok)g~ promotur, while the KRC'PPEL 
dimer functions as a repressor. "me r~-o opposRe 
a~xio~,s of K~f.rPPEL are provkied through different 
ir~em~miort~ w{~h components of the basal tram+cription 
machLaei T invotxing +"i'~.B for ~.~vadon and TFIIE for 
repressi~-x:~z These results ~omt out that although the 
{hm'tio~| binding sRes and pIayers for nz~st enhancers 
are krmwn, the meclxanism of how spatial torero| is 
t~ought abr¢.~ in the embryo is still elusive. 

C,e~-ms mm imo m i ~  
How d ~ s  t l~ dbxribudon of maternal activators arid 

gap-gem--em'oded tramcdption factors regulme the ex- 
pression of p~ir-mle genc~ in a patt~a o~ seven repeti- 
ti.,v ~ripe~ The ten pair-rule genes d~t cm'c, de tran- 
scriott~ facto~ 'act at two diffegent Myers. Accordilagly, 
ttxv were grouped as ~ m a r y  and seconcLary pair-role 
getmes~3 (~Sev.~M M Refs 2, 34). The c/s-act~ig c o a t ~  

the p~$- p~lir-nl~ ~ ~,en-~ arid Mi O' maternal HL'NCiiI{ACK to &-fine the ~ ~ 
c~ a ~lar array of dBtin~m "~pe e|en~ts'. ~,g~ic HIJNCI-IBAL-K ~xpre*,.~m. ~ {~md~n~s were 

"riG NO','L~r~F. 1996 Vot. 12 No. 11 

4 8 2  

COURSE BOOK PAGE 162



R E V I E W S  

a~ tmexpected as the r e s ~  d~tt the ameri~ ~ t  
lgtCO~D s ~ b s d ~ s  C~L'DAL.depemtem gene activaikm 
in dm ~ ~ of tim ~,Y~ryo, indu,3~/m~rps 
~'~d g:am~ Fm'd,mmore. d-,,e p o g e r ~  su'ipes ~ffthe sec- 
e ~ - y  ~-r~ ~ :2sbi uao2u ~ shown to be 
CAU~DAL deperak'm n,=:. ~m~, the three w,a~'rnai wan- 
.m*ty, i ~  f~-t~r g n d ~  m ~  nm ~ . .  i n ~ , ~  d~  seg- 
mentat~la ~me cascade ~..~ also represent a generM 
ac~mor s-~.~tem ~ ~ the exception of the to~so- 
cc~'~fl.~ed ter~na] +eg~ms. ~s I ~ l y  to act at each .Mvel 
of the segmet~ai~n gene ~ c a d e  and i x ~ i ~ y  also on 
homox~ gtmus, "I'ne ~ propt~al is consLqent with 
the fieM/ng that fl~e ~ t x i ~ n  ~ one of the marine 
caudal lxmugogues ~ffects m~La! skdetal MenSes by 
a~£ea~g ~ expmssam of box genes L~ the 
m~ALge etl~tyo ~2. 

L~matelv, a c ~ a t ~  ~ repression Ls ach~-ed 
through co6mcts es~Mished h ~ n  ~ enh~h~h~h~l~cev 
bouvM facmes and componems of the basal ~ p -  
tion macho'. Such c~,x'~s have been unmvc41ed 
/n vff:o. Im~ it is ~ y~ estaIflg~ed whether they are 
~iso mk~,ara for the err~'o~ which of the conucts of 
eabancer-ixmnd factors g ~  be decis~'e in dm"L~g or 
preven~.g w a n s c n ~  ~ hog" they do it. Mutually 
cxclus~'e i=~d/ng of faOa~ m~gl~ [war the number d 
a ~ a t  phyers p~esera on the enhamer, b ~  most a.spe~ 
of the xelxession hwoK-e q~enchin K This vtpe of re- 
tx'ession is l~ely to involve p ~ / n t e m c t i o n s  
that pr.~em, for ex.qn~e. ~ o~ activators *a'id~ 
the basal tmnscr/V, km rnaoh, hx-ry. Thus, :although the 
w, m2criptkm f,~ors and the mrangenx~ and affinities 
of t~-ir binding sims ~ n  the rdevam enhancer el- 
enam~ m'e/demiSed, ~he med-anLm~ ge~L,-.g w ~mkted  
gene expression is ~ n ~  um'~lxlrera enough ~o reveal 
h ~ "  the r i ~ m ~ r  t ~ p r i m  ~ the en-~r:~ic body 
pattern is drown. Future eff~'ts '~.~l undoubtedly focus 
mc*e deeply on h~m- the factor's work, how the), h~ter- 
ac~ arid how they c o ~  w~.scfltaion as ~'dl as t r a ~  
L~don m e o W ' .  G~,-en the  advantage o f  Drosol:h- 
i/a f~r germ&: "and m ~ - u h r  sa~d/es, those basic 
quesikms re . - am to ce~J deletm~lion and differenti- 
ation ha general raighl ~ Ix  an_~-~t .  

we th~.k c ~  cc~k~es, in ~nicular B~-erly Purnen. 
3~-'lmel J, F0e.k~L Jura P. Foqa:fic. Gerd V ~ v n  ar,M 
Felix Iac~L for c r~ . l  ~ on Lhe mm'~zscri~ We apolo- 
g/ze to coikagues ~ s e  g'otk is n~ caed due m the s~e 
res~,.ir~s c~ e ~ ~-~x~e~-. O m  v.-c, rk ~ .,~o-mev~at~e,n is sup- 

hy the 3La.x Pim~ck Ge~-~R.~xa~ R.R-P. w-~s an 
A. vc, n Hm'n~o~& f~Bow. 
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Figure 3.1 Structural organization and sequence conservation in the Gro/TLE family.
A comparison of the amino acid sequence of Drosophila Gro (dGro) with those of the
human protein hTLE1 and hAES, the mouse proteins mGrg1 and mGrg5, the Xenopus
proteins xGrg4/ESG2 and xGrg5, and the C. elegans proteins cUNC-37 and cLSY-22
reveals that most Gro/TLE family members share a conserved structural organization,
which consists of a glutamine-rich (Q) domain, followed by a glycine/proline-rich (GP)
domain, a so-called CcN domain, a serine/proline-rich (SP) domain, and a WD-repeat
domain. A few of the suspected functions of these domains are indicated above
the diagram of dGro. The percentages below the domains indicate sequence identity
to the corresponding domains in Drosophila Gro. Percent identity was determined from
proteins alignments calculated using the ClustalW BLOSUM scoring matrix. The
Q and WD-repeat domains are highly conserved, while the central region consisting
of GP, CcN, and SP domains is much less well conserved among Gro/TLE family
members. The proteins shown have the following NCBI accession numbers: dGro
(P16371); hTLE1 (NP_005068); hAES (NP_001121.2), mGrg1 (Q62440), mGrg5
(NP_034477.1), xGrg4/ESG2 (CAA12236), xGrg5 (NP_001083532.1), cUNC-37
(O02482), and cLSY-22 (CAB01968.3).
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Figure 3.5 Roles for Gro/TLE family proteins in signaling. (A) Gro plays multiple
roles in Notch signaling, working both cooperatively and antagonistically with Notch.
In the absence of Notch signaling, Gro is recruited by Suppressor of Hairless (Su(H)) to
a corepressor complex at Notch target genes such as the genes of the E(spl) complex.
Upon activation of Notch signaling, the Notch intracellular domain translocates to the
nucleus displacing the Gro-containing complex from Su(H) and resulting in the activa-
tion of E(spl) complex genes. bHLH factors encoded by E(spl) then employ Gro as a
corepressor to silence proneural genes. (B) Gro/Notch antagonism is required for wing
veination. Wing vein specification is initiated by the activation of rhomboid (rho) in the
wing disc in territories where the veins will develop (the provein region). This leads to
activation of EGFR and therefore of the RTK/Ras/MAPK signaling pathway trigger-
ing expression of genes that lead to vein formation. (These so-called provein genes have
been omitted from the diagram for simplicity). RTK/Ras/MAPK signaling also leads to
expression of the Notch ligand Delta in the provein region, which signals to adjacent
intervein cells. Notch signaling in the intervein region antagonizes wing veination via
the Gro-dependent repression of rho, thereby preventing inappropriate expansion of
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Figure 3.6 Gro/TLE plays an active role in transcription factor gradient interpreta-
tion. Gro/TLE plays a critical role in determining the threshold response of genes to
transcription factor gradients. Affinity of a repressor for its binding site along with Gro/
TLE activity levels determines the height of a threshold response. When Gro/TLE
activity levels are low, higher expression levels of the graded transcription factor is
needed to generate repression, whereas when Gro/TLE levels are high, the threshold
transcription factor concentration required for repression is lower.
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5. Concluding Remarks

In conclusion, while early studies on Gro focused on its role as a
“universal corepressor” that simply had to be present to allow repression to
occur, it now appears that Gro plays an extremely active role in development.
Its levels and activity are precisely regulated by multiple mechanisms and such
recognition is critical in development. In accord with these conclusions,
misregulation of Gro/TLE family members in humans is often linked to
cancer, including cervical, colon, lung, brain, pituitary gland, and skin cancers
(Allander et al., 2002; Allen et al., 2006; Buscarlet and Stifani, 2007; Rorive
et al., 2006; Ruebel et al., 2006; Terry et al., 2007). Moreover, in vivo studies
show that overexpression of Gro/TLE in transgenic mice induces lung
adenocarcinoma (Allen et al., 2006). This is likely because many of the
pathways and factors that interact with Gro/TLE have oncogenic properties,
including the Wg/Wnt pathway (colorectal cancer), the Notch pathway
(acute lymphocytic leukemia), and Runt (acute myeloid leukemia) (Bienz
and Clevers, 2000; Lund and van Lohuizen, 2002; Lutterbach et al., 2000;
Morin, 1999; Weng et al., 2004; Yamagata et al., 2005). As a result, precisely
regulated levels of Gro/TLE activity are essential for normal growth and
development, and the illumination of the mechanisms of repression by Gro/
TLE may lead to a better understanding of the events in tumorigenesis.
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