


PRURBEBURGRbPAG Batiatand Polarity

o-zZen

o-twist

a-dorsal

Figure 8. The Regulation of Zygotic Transcription by the Nuclear Concentration of dorsal Protein

The uniform distribution of dorsal protein and the resuiting expression of the zygotic target genes, twist and zen, are shown for three apolar
phenotypes.

(a—d) VO, completely ventralized embryos (cactus*?; Toll™). 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) L1, lateralized at a ventrolateral level (Toll™). 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*®*/Deletion). dorsal protein is excluded from ali 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), (f), 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. (1989).

twist ventrally and repressing zen in the ventral and iateral
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 dorsal and the p50 and p65 sub-
units of NF-xB 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 IxB (Baeuerle and
Baltimore, 1988a, 1988b; Nolan et al., 1991). Upon activa-

tion of the cells by a number of signals, IxB is released

from the complex, allowing the active NF-xB to translocate
to the nucleus. There is strong evidence that cactus per-
forms a homologous function to IxB in the Drosophila dor-
soventral system (Roth et al., 1991). The sequence of cac-
tus is actually very similar to that of IxB (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C. N.-V., unpublished data), and cactus loss-of-function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 kB by cellular kinases can activate
NF-xB (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-«B is interleukin-1 (Shirakawa and
Mizel, 1989; Shirakawa et al., 1989). 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 Tolf 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, nudel, and windbeutel—are re-
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quired in the soma and not in the germline. The similarity
with torso-lixe 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 Toll- donors and is injected into the
perivitelline space of pipe, nudel, 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 Tollis 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 the Toll 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 Toll 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, easter,
snake, and spétzle can be rescued by the injection of RNA
or cytoplasm into mutant embryos (Anderson and Niiss-
lein-Volhard, 1984; Seifert et al., 1987). This indicates that
the activities of these genes are not required until after
fertilization. snake and easter have been cloned and their
sequences indicate that they both encode serine prote-
ases that are probably secreted as inactive precursors
(DeLotto and Spierer, 1986; Chasan and Anderson, 1989).
It is likely that spétzle 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 Nusslein-Volhard, 1992). Similar transplantation ex-
periments have shown that easter, snake, and spétzie are
required for the production of the polarizing activity that is
believed to correspond to the ligand for Toll. For example,
perivitelline fluid from easter Toll 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 Ii-
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
germline-dependent 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 a ventral 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 easter 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
easter mutations can alter the localization of this ligand
uniess 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 germiine 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-
line-dependent terminal and dorsal group genes can be
rescued by cytoplasmic transplantation or RNA injection
into the syncytial blastoderm embryo (e.g., Anderson and
Nisslein-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 oogenssis, 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 Toll- 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 Toli 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 Toll* cytoplasm or Tol/ RNA is injected into the dorsal
side of TollF 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 forso RNA into the middle
of torso™ recipients leads to the suppression of segmenta-
tion, and sometimes causes the development of telson
structures in the middie 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 extraceliular
domain. These resuits 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 cell 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, itis 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 RNAs, 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
soma-dependent 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-
bach, 1987; Price et al., 1989; Schejter and Shilo, 1989).
Two other genes involved in this signaling, K70 and gur-
ken, are required in the germiine, 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
exuperantia 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 staufen 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 cogenesis, 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 cogenesis (Whitfield
etal., 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
aiready 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 Schiipbach, 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 invoived in localiza-
tion in the oocyte have now beenidentified, 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
celi-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 celis are also involved in defining the two
ends of the oocyte, since the reduction of the activities
of the neurogenic genes Notch and Delta 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. Itis 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 /(1)pole 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 deveiopmental 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 8. 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 resembie 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 diffusion 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 resuit
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 regulates zygotic 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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From gradients to stripes
in Drosophila
embryogenesis:

filling in the gaps

ROLANDO RIVERA-POMAR AND HERBERT JACKLE

Pattern | alorg the ior—p axis of
the D -‘-jnit by

distrib fndm qumea
cascade of sf it I8 Zygotic gere
mnmﬂtbdprm-_mhrbhepmoﬂbem‘ll

body at blasioderm siage. The key players in the pattern
Jorming process bare been identified. Recent progress bas

reviewed in Ref. 3). This resulis in the micromuhule-
dependent localization of bicoid mRNA to the anterior
pole of the oocyte and oskar mRNA :o the posterior.
oskarorganizes the assembly of the pole plasm required
for the co-localization of nanos mRNA needed for the
establishment of the abdominal segments (reviewed in
Ref. 3). In addition, components of the terminal organizer
system genenate a follicle-cell-dependent signal, which
is deposited between the egg membrane and the sur-
rounding vitelline membrane (Fig. 1h: reviewed in
Ref. ). This signal actvates the torso-dependent
RAF-RAS signaiing pathway’, which overrules the activ-
ity of the anterior and posterior maternal systems to
establish the terminal regions.

Translation of the localized bicoid mRNA occurs
afier egg deposition. This is regulated, in part. by cyto-
plasmic polyadenylation®, a process disrupted in the

| mutants and cortex’. BICOID diffuses

begun to reveal th: hanisms by which
ianal iformatonofmaienal o g b ;
) 5/ P geze
hway (Fig. la: ins reflecting the ic body plan of the larra.

from the anterior pole and thereby forms a concen-
tration gradient extending posteriory! (Fig. 2a). It is a
homeodomain transcription factor required for the acii-
vation of zygotic genes that eswmblish the head and
thorucic segments!.

NANOS. which is d for abdomen f ion!3,
forms a posterior-to-anierior conceniration gradient. It
acts along with uniformly diswibuted PUMILIO. which
hinds a nanos response element within the 3" untrans-
lated region (3’ UIR) of evenly distributed matemal
bunchback mRNA. This leads to translational repression
of hunchback mRNA in the posterior half of the embryc8.
The zinc-finger-type transcription factor HUNCHBACK is
a repressor of the posteriorly expressed gap genes knirps
and giant (Ref. 2: Fig. 2b, 2c). Thus, nanos-dependent
repression of hunchback serves 1o derepress activation
of posterior segmeniation genes'? by an activator for
which the search took almest a decade.
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BECOID and CAVDAL are redundant posicrior activators

The idemtity of the acivator of posterior segmen-
wation genes emerged recendy through the analysis of
the cisacting contral region of the postetior gap gene
knirps {Refs 9, 10). This control element conuins a
number of separate modules including a small activator
element for ubiquitons gene expression and several re-
pressor elements mediating cﬁher bunchback-dependent
repression from anterior or it repression
from posterior? (Figs 2, 3; see bek)w), Furthermore,
hinding sites were found for the gap gene proteins
KROPPEL and GIANT, which enhance and repress
knirps expression, respectively® 10,

The activator element of knirps was found to bind
BICOID and a second homeodomain protein, CAUDAL
(Ref. 10). BICOID binds 1o muliiple sites within a 60 bp
DNA fragment, while CAUDAL binds to clustered siies
within an adjacent fragment. CAUDAL forms a concen-
tration gradiem with reversed polarity o BICOID
(Refs 11, 12 Fig. 2a). it was npoted, however, that
embryos lacking both matemal and zygotic caudal activ-
ity develop abdominal segments, although their pattern
was characterized by deletions and fusions of seg-
menis!!. Based on this observation, caudal was not
considered as the posterior equivalent of bicoid that
aciivates postericr segmentation genes. However, the
expression patierns of &nirps, giant and the paic-rule
gene bairy in the blastoderm embryo and the resulting
larval phenotype show that the absence of CAUDAL
affects posterior segmentation and that the effect is en-
hanced in embryos lacking both CAUDAL and BICOID
(Fig. 3). This argues that BICOID and CAUDAL com-
bine their activating functions to generate the segments
along the entire axis. Binding-site deletion studies with
the activator element of knirps combined with reporter
gene expression in mutant embrvos revealed that
CAUDAL is indeed an activator of posterior kmirps
expression and that BICOID can compensate for the
iack of CAUDAL in the posterior region of the blasio-
derm embryo!V. This finding explains why the absence
of caiidal activity does not cause the absence of posterior
segmeniation: BICOID has the ability to substitute, at
least panially. for the lack of caudal acivity in the
posterior region of the embryo, indicating that BICOID
does not act as a determinant in the anterior region of
the embryo exclusively!.

BICOID controls CAUDAL gradient formation

CAUDAL and HUNCHBACK gradient formation have
wo feamures in common. caudal and bunchback are
maternally and zygotically expressed. Their maternal
mRNAs remain evenly distributed in the cgg whereas
the proteins form gradients! 13-13. Also, HUNCHBACK is
evenly distributed in embryos lacking NANOS (Refs 1,
13} as CAUDAL is in embryos lacking BICOTD (Ref. 14).
The lauer observation indicates that CAUDAL gradient
formation involves bicoid activity. Recent evidence has
shown that the BICOID homeodomain, which was
known to act as a DNA-binding motif, can also bind
RNA. In fact, BICOID binds via its homeodomain to
regulatory sequences present in the 3 UTR of caudal
mRNA, blocks cap-dependent wanslation initiation and
thereby prevents CAUDAL synthesis in response to the
BICOID gradient!>16. This surprising result shows that

. ®

Frovre: 1. Generation of anterior—posterior (AP) polarity and non-
segmented regions of the embryo involves two signal transdudion
pathways. In all figures, anterior is to the left and dorsal o the top.
{a) The Drosophila egg develops in an egg chamber consisting of
an oocyte and 15 siblings, the nurse cells®3. It gains its polarity by
intercellular communication events involving the sumounding
epithelium of foliicle cells. After an initial move of the oocyte, a
signal involving the gurken-torpedo signalling pathway, involving
cornichon (cni), reaches the adjacent posterior follicle cells
(reviewed in Ref. 3. gurken (grk) encodes 2 transforming growth
factor a-like molecule produced in the vocyte, while forpedo(top)
encodes an epidermal growth-factor-receptor-like molecule present
in the follicle cells. Due to the position of the oocyte, the gurken
sxgmhshmnedmdaepmemrmmep:d:elnlceﬂs wlnd\mspond
try 2 signeal that causes re-orit
{red) in the oocyte, which allows for blmld 'mRNA localization at
the anterior end and the transpon of oskarmRNA 10 the posterior
pole. This process also involves the aaivity of staufer, which codes
for an RNA-binding microtubule-associated protein that mediates
the transport of the mRNAs in a microtubule-dependent manner
(reviewed in Refs 3, 449). (b) The ‘terminal maternal systen’,
required to establish the temminal pattern elements in the embryo,
involves a signal transduction cascade active berween the follicle
cells and the oocyte. The genes forso-fike (151) and trunk{(2r), which
are active in the follicle cells?>7, generate an extraembryonic
signal, a purative ligand molecule likely 1o be the trunk gene
product, which is stored as a signal in the perivitelline space?”.
After egg deposition, it locally activates the TORSO (TOR)
tyrosinie fecepior kinase at both ends of the embryo™, which, in
tum, activates a cascade of serine/threonine kinases of the
RAF-RAS signal transduction pathway (reviewed in Refs 5, 48).
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case of zygotic bunchback) or by
bicoid and busichback indepen-
dently (in the case of Krippel) or
by bicoid and caudalin the case of
knirps and gians); and (4) the ser-

FagesE 2. Matemal and first zygotic ipsian factors. their €3 ks and
genetic imeractions in the pre-blastoderm embryo. (2) BICOID {red) and CAUDAL (green)
form opposing concentration gradients along the anterior-posterior axis.

(b) Blaswoderm expression domain of zygotic bunchback (b5, and schematic
representsion of the gap gene expression domains. Note the zygotic bbexpression i the
anterior ha, the central dounins of Kriippel (K7, knirps (ki) and giant (g2, the taminal
gap genes tailiess(A) and buckebeir (bkb) a1 both ends of the embryo. and the donnins
the gap-like head genes orthodenticieotd). empty spiracles(ems) and buitonbedd

(Bt (For details on the expression domains and the molecular nature of the gap gene
proteins. see Ref. 2.3 (¢} Genetic circuitry ing the locatized sion domains of
the gap genes. Red lines represent negative: interactions, green arows represent actvating

adicent gap gene expression do-
mains (reviewed in Ref. 2). Only
the terminal gap gene activilies are
congolled independently of the
other gap gene activities. However,
tailfess and buckebein repress the
activity of other zygotic segmen-
wtion genes that otherwise would
be zaivated @ both ends of the
embryo?d. Also, activated forso is
thought to interfere direcdy with
BICOID and prevent its function in
the anterior-most posgion!”. Finally,
the genetic interactions suggest that
gap genes conlrol argel gene ex-
pression in several different ways.
For example, bunchback helps
bicoid 1 control spatially zygotic
bunchback expression, and & ads
as an aciivator of Knipipel and as a
repressor of knirps(Ref. 2; Fig. 2c).

interactions. Note that the matemnz] terminal pathway, which involves forsodike ()5,
Irnk{1r8Y and forso(fory*® activities, the RAS-RAF wansduction pathway™, the
nscription fzctors NTF-1/EI-1 (Ref. 31). GAGA (Ref. 31) and possibly :an unknown
transcription factor Y (Ref. 1) causes the activation of #ifand bkb. The rlland bkbactivities
provide repression of the centeal gap genes and. thereby. delimit the region of the embryo
where segmentation occurs. Note that this pathway acts on both ends of the embryo
tosly pusierior shown). For details of the interactions, see text. Abbreviations oiher than
i ¢b are bicoid (bad). candat{cad). navos(nos) and pumikio{ gum). gene

8

BICOID functions zt different regulatory levels and.
thereby. combines the two separate functions provided
in the posterior region by NANOS ( tational control)

domains
Molecular dissection of zygotic
bunchback activation provides a
mechanistc model of how the
BICOID gradient controls position-
deperdent  target expres-
siont®9. High-affinity BICOID bind-
ing sites within an enhancer cause
gene expression at low BICOID concentrations, while
low-affinity binding sites cause gene expression at core-

and CAUDAL (tmnscriptional control). Also, the anterior
and posterior systems, previously thought to act inde-
pendently, are linked through the BICOID-dependent
spatial control of CAUDAL (Refs 15, 16), which gener-
ates 2 second, compk ing. homeodomain protein
gradient (Fig. 2a).

First sebdivisions by gap gene activities

The first zygotically expressed segmentation genes
are the gap genes. Their activities are found in specific
regions of the preblastodenm that fail to develop in the
respective mutans (reviewed in Refs 1, 2). This class of
genes includes the terminat gap genes tailless and
Buckebein, te gap-iike head genes onkodenticle, emply
spiracles and buttonbead, and the central gap genes
bunchback, Krippel, knirps and giant (Fig. 2b). Geae
expression studies in mutant embryos revealed an elabo-
e genetic netwurk (Fig. 2¢), which established that:
(1) terminal gap genes are acivated by the maternal
terminal system: (2) gap-like head genes are activated
by bicoid. (3) central gap genes are activated either by a
synergistic interaction of bicoid and Buncbback (in the

T Jv higher concentrations within the gradient!S.
This obscrvation implies that binding sites of the highest
affinity within a promoter/enhancer define the posterior-
mast position o which gene activation extends in the
BICOID gradient (reviewed in Ref. 1). This would ele-
gantly explain how BICOID defines different posterior
fimits of gene expression. but more-recent results reach
a different conclusion.

BICOID is necessary and sufficient for the activation
of avgotic hunchbhack expression. However, it lacks the
ability 1o regulate spatially the ion domain in
HUNCHBACK-depleted embryos®, suggesting that the
spatial control by BICOID requires a synergistic interac-
tion with maternal HUNCHBACK in wild-type embryos
(Fig. 4a). Cell-free transcription reactions were described

pitulate transcriptional synergism directed by
BICOID and HUNCHBACK (Refs 21, 22). Two specific
coactivator subuniis (TAF,;110 and TAF60) of the basal
transcription factor D (TFID; reviewed i Ref. 25) seived
as targets to mediate transcriptional activation by BICOID
and HUNCHBACK adivities. Quadruple complexes
containing the TATA binding protein (EBP) and three
coactivator subunits (TAF;250, TAF,110 and TAF60)

1 rec
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Airocd P

o BICOID and | ®
HLNG-IBAG( while complexes
lacking TAFy110 or TAF60 resulied
in non-synergisic activation?iZZ,
This finding provides a modd of how
the concerted action of SICOID
and HUNCHBACK with different
coaciivalors establishes the patten
of zygotic bunchback expression:
BICOID is necessary and sufficient | (0}
for the activation but does not pro-
vide the spatia] information for the
limits of the exp:essxm domain

cady” bod-icad,”

cady™{cad,”

cady”/cad;”

bod~icad;”

directly. Instead, spatial infe

is generated by a synergistic inter-
action between BICOID and mater-
nal HUNCHBACK, causing the effi-
cient recruitment of the TBP-TAF,
complexes to the promoter (Fig. 4a).

It is conceivable thar Krippel

Freuee 3. Gap and pair-nule gene expression pattems in wild type and caudal mutant
embryos and phenotypes of the larvae. (2) Blasioderm expression of Enirps, giantand the
patr-rule gene bairyin wild iype, in embryos lacking zygotic (cad;) or matemal (cad,,)
caudal activity, in embryos lacking matemnal and zygotic caudal activities (cad. /cad;)
and in embryos lacking bicoid and zygotic candal acivities (bed~/cad 7). Note the fow
lewi of kmrpsexpnsmn. the absence of giant expression and the low level of

expression is activated in a similar
manner and that a repressor prevents
activation in the region occupied
by zygotic hunchback However,
reguirtion of Krippel expression is
more complex: both BICOID and
HUNCHBACK act as independent
activators and the gap gemes ex-
pressed adjacent to the Kraippel do-
mnain restrict activation by repression2? (Fig. 2b, 2c). In
fact, when knirps, giant or lailless expression was
ubiquitously induced, their activities were found either
to reduce or 1o abolish Krigppel expression?!. The current
data suggest that HUNCHBACK and BICOID activate
Kniippel broadly, and refined spatial restriction is brought
about by redundant repression by the other gap gene
activities which antagonize the activation?! (Fig. 4b).
The en.hancer that is necessaty and suﬁ“lnent for
Knippel exp contains bind-
ing sites for repressors and activators®. It itro studies
combined with cell culture experimens have shown
that the binding of activators and repressors are mulu-
ally exclusive and that high concertrations
prevent activators from functioning?. This would ex-
plain why aativation of Knifipe! occurs in the cenxral

pair-nule gene

(except for the ends) in bcd~/cad, embryos,

il
probably due 10 mxtemal mudal acuvxly {knirpsexpression is absent in
bed~/cad,~/cad - embryos). The anterior expression domain seen in cad,” embryos
cm'mponds w0 B—galaaosidase, a genetic marker used 1o distinguish them fmm embryos
that lack zygotic caudal gene expression in addition (for details, see Ref. 10).
(b) Cuticle preparations of a wild<ype larva showing the nommal
pattems of various mutanits abbreviations as in (a)l. A Jow level of ubiquitous pair-rule
gene expression [see (a)] is not sufficient to generale any segments in the lava.

pattemn and

similar meck as seen with bunchback, Kriippel or
knirps, Activation of the terminal gap genes buckebein
and tailless is also not yer fully understood. Swudies
on {tailless regulation, however, suggest that lorso-
dependent activation depends on derepression involv-
ing the wanscription factors GAGA and NTF-1/EH-1
(Ref. 31; Fig. 2b).

‘Taken together, the available evidence suggests that
the gap gene expression domains are mainly controlied
by mutual repression. One mechanism defining the
region of gene expression involves competitive binding
of repressors and activators to overlapping sites within
the enhancer. Different affinities of comesporing bind-
ing sites within the enhancer sense local combinations
and concenizations of the relevant factors and, thereby,
determine the spatial limits of the expression domain.

region of the embryo where C

Al h such 2 mechanism is intuitively easy to under-

are 100 low to compete for the bmdmg of the activators
(Fig. 4b). However, krirps expression, which is posteri-
orly adjacent 1o the Krigppel domain, is mediated by a
modular array of non-overlapping elements where acti-
vators and repressors can bind in pamilel (Fig. 40).
Funthermore, repressors in the Krigppel control region
do not only compete for activator binding, but extin-
guish activation over short distances by a phenomenon
termed ‘quenching'2%: repressors interfere with activators
through protein-protein interactions and thereby pre-
vent uansmpum (r‘-wewed in Ref "7)

The mech ion do-
mamsoflhegap—nkvhmdgenesandmepmmof
giant expression (Fig. 2¢) are not yet studied beyond
genetic analysis?-30. The collection of players and their
LTPact on gene expression domains make it ikely that
activation and spatial control of these genes employ

stand, it would not explain the sharp on/off borders of
gene expression, which argue for cooperative interac-
tions between the factors that bind. Quenching as an
additional made of repression implies that enhancer-
hound factors are able to interuct hefore or while they
communicate with the basal lmnscnpuon machinery.
Such interactions have been observed in cell culure
and in vitro by showing the binding of KRUPPEL to
HUNCHBACK, and of KRUPPEL to KNIRPS (reviewed
in Ref. 32). The resuits suggested that KNIRPS and
HUNCHBACK can interact with KRUPPEL, which serves
as their DNA-bound tether. Furthermore, the phenom-
enon that HUNCHBACK acis as a synergistic partner of
BICOID, as an activator and as a repressor, has an inter-
esting parailel in the finding that KRUPPEL can also act
two ways, at least in cell culture. In this system the
KRUPPEL monomer is able 10 cause transcriptional
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cad,” foad,”

bairy st embryos®. Subse-
quens molecular amlysis revealed
that each suipe element contains a
specific set of activator and repres-
sor binding sies™—3%:  matemnal
wanscription factors appear 1o be
agivators, the gap-gene-encoded
sranscviption factors act mainly as
sepressors (reviewed in Refs 2, 34).

Expression of even-skipped in
siripe two (second stripe from the
arterior: amtesior to the Kiippel
expression domain) is activated in

Fisves 4. Sch

k. Krippeland knirpsexpression in
fesponse o matermal acin 5 andd gap-ge i PresH
¢uy buschback expiession (blue bar i regulated in response fo the graded disrition of
BECOID and HUNCHBACK i the egg. The synergism between the two fattors mquaed o
establish the spatial limis is due 1o their differert conticts with differers components of the
bsal imnscription machinery (details in the o). Note that in the sbsence of maseraal
bunchbackactivity, BICOID is able to activate zygotic hunchbhack expression idiagram on
the right} feading to simple acivation 2t high concentrations of BiCOR through lmied

contacts (TAF110) with the hasal tmnscription machinery. (b) Kniygpel actvation i

ponse to BICOID and HUNCH-
BACK. while repression is provided
by GIANT and KRUPPEL (Refs 36,
39). As seen wih the Krippel en-
hancer region, overlapping binding
sies for acivaisss and repressors
were found, and much of the re-
pressor action is provided through
quenching®. Conversely, bairy

medizted through BECOID and HUNCHBACK

(blue bar} i brought zbout by repression through the adjzcently exprossed gap genes
{see distripution in the disgram on top). In the anierior regjon Cleft side), filling of the
enhancer ivolves ¢ i ieen rep
region of the embryo contins low kevels of repressors (top dizgram) so that acthvaiors can
bindd to the enhancer andl. thereby. cause Knippelactivation. In the posierior region

¢right side), activation does ot occur due to either 2 low concentration of the activaoss o
high concentrations of the muliple repressors. (¢) The mechanisms invalved in brips
expression are stfl elusive. However, the expression panems of &nirps in widtpe
embiyos in fesponse i the activatos and repressor distributions suggest that CAUDAL and
BICOID cavse ubiquious activation and that the spatial resuriction is brought shout by
repression {see 1ext). Not the expanded kninps expression domain in embryos bicking
bicoid activity (bed=) and weak expression in embryos facking both matemal and zygntic
caudalcad-). In the absence of bicoid and 7ygotic coudal activites (bed— cad ). knirps
is ubiquizously expressed (in response 1o matemal caudal scuviny) except at the ends.
Abbreviations: BCD. BICOID: GT. GIANT: HB. maternal and zygmic HUNCHBACK:
HB,.. maternal HUNCHBACK: TLL. TAILLESS: wi wild fype.

It el ressiction.  SUipe SIx. expression (second stripe
from the posterior; posterior to the
Kritppel expression domain) s acti-
(B} and activators (2). The cemind  vated in response to knirps (Refs 37,

40 and also by cqudal (T. Bader
and R Rivera-Pomar. unpublished;
Fig- 3). Repression is brought about
by Krippel, bunchback (the pos-
terior exprassion domain) and fail-
fess (Refs 37. 40). This scenario sug-
gests that the congrol of the prmary
pairmale genes involves the com-
bined activities of matemal and gap
genes employing the i

established for gap gene regulation.
In addition. sihpe expression in-
volves cross-regulatory interactions
among the pairmule genes (r2-

activation when adting from a single binding site in
fromt of a heterologous promotor, while the KRUPPEL
dimer Runctions as a ssor. The Two opposite
actions of KRUFPEL are provided through different
interactions with components of the basal tanscription
machinery involving TFEB for activation and TFHE for
repression’?. These resuls poik out that although the
fuactional binding sites and players for most enhancers
are known, the mechanism of how spatia! conmrol is
brought ahout in the embryo is sitll elusive.

Gradicnts turn into stripes

How does the distribution of maternal activators and
gap-gene-cncoded transcription factors regulate the ex-
pression of pair-rule genes in a pattern of seven repeti-
tive stripes? The ten pair-rule genes that encode tran-
scription factars act at two differvex levels. Accordingly.
they were grouped as psimary and secondary pair-rule
genes» (reviewed in Refs 2, 39). The cisacting control
of the primary pairrule genes cven-skipped and bairy
depends on a modular amay of distinet ‘stripe elements™.

TIG NOVEMBER 1%

viewed in Refs 2, 34). Thus, the spatial control of pair-
rule gene expression is not exclusively dependent on
pre-existing transcription factors but also on other pair-
rule genes. The iniial question of how repetilive sifipes
are generated has been panially answered by the finding
thut the composition and concentration of transcripiion
factors is sensed and medizted by scparate cisading
siripe elements. The more inferesting pan of the question
— how these elements were generated during evolution
and coordinated to result in 2 metameric pattem — i
siill open.

Conclusions and perspectives

Pre-embryonic determination of anierior—posterior
polarity results in the asymmetric distibution of three
maternal transcription factors. Their activities and distri-
butions are linked: BICOID controls the formation of
the CAUDAL gradient by tational suppression; #
also synergistically inferacts with NANOS-conmolled
matemnal HUNCHBACK to define the spatial limit of
zygotic HUNCHBACK expression. These findings were
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asueﬁpeﬁedasmemukﬁmﬂaeamdﬂrmm
BICOID £ CAUDAL-depend: activation
in the posterior region of the embryo, induding kuirps
and gient. Funhermore, the posierior siripes of the sec-
ondary pair-nde gene fushi tamzu were shown to be
CAUDAL dependenti3=2. Thus, the three matemal t2n-
scription factor gradients might not only inltiate the seg-
mentation gere cascade but also represent a general
activator system that, with the exception of the tarso-
controlled terminal regions, s likely 10 act ay each level
of the segmentation gene cascade and possibly also on
homentic genes, The latter proposal is consistent with
theﬁndmgthz{dxedsupnonofoneofdwmﬁne
caudal homo!ogxes affects axial skeletal identities by
akering mesodermal expression of box genes in the

mouse embryoiZ

Uhimately, activation or repression is achieved
through contacis esiablished between the enhancer-
bound factors and components of the basal transcrip-
tion machinery. Such contacis have been unraveiled
i vitro, b # 1 not ye1 established whether they are
also relevam for the embryo, which of the contaas of
enthancer-bound factors will be dedisive in driving or
preventing transcripion and how they do . Munsally
exclusive binding of factors might limit the number of
actual players presens on the enhancer, but most aspecis
of the repression involve quenching. This type of re-
pression is likely to involve protein-protein interactions
that prevent. for example, contacts of activators with
the basal wranscription machinery. Thus, although the
transcription factors and the amangement and affinities
of their binding sites within the relevamt enhancer el-
emerds are identified. the mechanism leading to restricted
gene fon is stili not enough 1o reveal
hmmenmieuﬂzrb}uepnmc!meeﬂmmmhody
panem is drann. Futwre effcits will undoubtediy focus
more deeply on how the facors work, how they inter-
act and how they contral transcription as well as trans-
iaticn mechanistically. Given the advantage of Drosgph-
ile for genetic and molecular studies. those basic
questions refevant 1o cell determination and differenti-
ation in general might soon be answered.
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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 mGrgl 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), mGrgl (Q62440), mGrg5
(NP_034477.1), xGrg4/ESG2 (CAA12236), xGrg5 (NP_001083532.1), cUNC-37
(002482), 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.

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 ef 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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