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It has been noted in recent years that
groups of genes are often used at multiple
stages and multiple places of develop-
ment. Comparison of the functions of
each group of genes in different develop-
mental context gave rise to the notion of
““functional gene cassettes.”’ These
groups of genes can often be viewed as
sets of tools; each group is suited to carry
out a certain operation and may serve
similar functions in several developmen-
tal processes. For example, neurogenic
genes can be thought of as a set of tools
for singling out cells from a group of
equivalent cells. The affected cells could
be neuroectodermal cells, myoblasts, or
a number of other cell types encountered
at various stages of development (see
below).

A corollary is that if one notices that
one member of a group is used in any
developmental process, then there is
good reason to suspect that other mem-
bers may also be used. This simple notion
provides a rather useful way of attempt-
ing to identify genes that control a hith-
erto poorly characterized developmental
process.

In the following, we will illustrate this
notion with examples of three groups of
genes. All three groups have important
functions in controlling early steps of
Drosophila neurogenesis. Each group is
also utilized in other developmental pro-
cesses.

A Group of Helix-Loop-Helix (HLH)
Proteins Controls the Initial Steps of Sex
Determination and Neurogenesis

On the surface, neurogenesis and sex
determination appear to be rather differ-
ent biological processes. Therefore it was
initially a surprise that a gene, daughter-
less (da), which had been known previ-
ously to be required for proper sex de-
termination (1), was found to be essential
for the formation of the entire Drosophila
peripheral nervous system (PNS) (2). Re-
cent studies have revealed extensive
overlap between the genetic control of
sex determination and that of neural de-
velopment (3-6); a group of HLH pro-
teins has been found to regulate the initial
steps of both processes.

In Drosophila neurogenesis, the found-
ing event is the expression of proneural
genes (reviewed in refs. 7-9). Proneural

genes are expressed in clusters of ecto-
dermal cells and thereby endow those
cells with the potential of developing into
neuronal precursors. In other words,
where proneural genes are expressed de-
termines where the nervous system de-
velops. All proneural genes that are re-
quired for PNS development (achaete,
scute, atonal) encode basic-HLH
(bHLH) proteins. The proneural genes
function with a partner, daughterless,
which encodes a ubiquitously distributed
bHLH protein. They form heterodimers
and control the expression of another
group of genes. The latter are called
neuronal precursor genes because they
are expressed in neuronal precursors and
are thought to control the neuronal dif-
ferentiation of neuronal precursors and
their progenies. The proneural genes in
turn are regulated by a number of genes,
including two negative regulators, hairy
(h) and extramacrochaete (emc) (10),
which encode HLH proteins. Unlike the
proneural gene products, emc protein
lacks basic domain. It appears that emc
protein negatively regulates proneural
genes by forming heterodimers with
achaete (ac) or daughterless (da) protein
and thereby sequestering the functional
da/ac heterodimers (11-13).

In Drosophila, sex is determined by
the X chromosome (X) to autosome (A)
ratio (X/A ratio) (14). In the sex deter-
mination pathway (reviewed in refs. 15
and 16), the key regulatory gene is Sex
lethal (Sxl). It controls three sets of
genes, which in turn control somatic sex
determination, dosage compensation,
and germ-line sex determination.
Whether Sx! is on or off is determined by
the X/A ratio. In females, there are two
X chromosomes and two sets of auto-
somes. The X/A ratio is one and Sx! is
turned on. This leads to female develop-
ment. In males, there is only one X
chromosome. The X/A ratio is 0.5 and
Sxl is off. This leads to male develop-
ment. What measures X/A ratio? Several
X-linked genes, including sisterless-a
(sis-a) and sisterless-b (sis-b), have been
found to be numerator elements (17),
whereas an autosomal gene, deadpan
(dpn), functions as a denominator ele-
ment. Those ‘‘counting elements’’ serve
to measure X/A ratio and thereby control
the initial expression of Sx/ at the tran-
scriptional level. It is those regulators of
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Sxl that are extensively shared between
the sex determination and neurogenesis
pathways. sis-b is scute; one of the pro-
neural genes (3-5), deadpan, is also a
neuronal precursor gene, which has
strong sequence homology with hairy
(18).

The comparison of sex determination
and neurogenesis is summarized in Fig.
1. In sex determination, the first gene in
the pathway that appears to be specific
for sex determination pathway is Sx/. In
the neurogenesis pathway, the group of
neuronal precursor genes can be viewed
as the corresponding genes; each regu-
lates some aspect of neuronal differenti-
ation. In sex determination, numerator
elements are positive regulators of Sx/.
The proneural genes are the correspond-
ing positive regulators of neuronal pre-
cursor genes. sc is a shared element; so is
da, which is a positive cofactor. Both
pathways also share negative regulators
emc and h (and its close relative dpn).

It may be evolutionary opportunism
that a group of HLH proteins that is well
suited to serve as a sensitive bistable
genetic switch is used to control the tran-
scription of key regulatory genes. The
HLH proteins control Sx! early in devel-
opment (between the first and second
hour of embryogenesis) for sex determi-
nation and they control neuronal forma-
tion and differentiation later in develop-
ment (approximately between the third
and sixth hour during embryogenesis).

Neurogenic Genes Function to Single
Out Cells from an Equivalence Group

The cells within a cluster that express a
proneural gene (called a proneural clus-
ter) can be thought of as cells of an
equivalence group. Within a proneural
cluster, the cells compete with each other
such that only a subset of cells is singled
out to develop into neuronal precursors.
This singling out process is mediated by
cellcell interaction interpreted through
the action of neurogenic genes. Loss of
function mutation of any of the neuro-
genic genes, Notch (N), Delta (DI), En-
hancer of Split [E(spl)], neuralized (neu),
mastermind (mam), and big brain (bib),
causes a greater number of the cells in the
proneural clusters to take the neuronal
precursor fate (reviewed in refs. 9, 19~
21).
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Fi1G. 1. Comparison of sex determination and neural development pathways (from ref. 6).

Four genes are shared by the two pathways: da, sc/sis-b, dpn, and emc. NG, neurogenic; snf,
sans fille; ase, asense; neu, neuralized; pros, prospero.

Neurogenic genes are so named be-
cause they were initially identified by
their neuronal phenotype (22). However,
recent studies have revealed that the
functions of neurogenic genes are not
restricted to the nervous system. In fact,
in almost every tissue examined in all
three germ layers (ectoderm, mesoderm,
and endoderm), neurogenic genes are in-
volved in their development (23-27). In
most cases examined, the function of
neurogenic genes can be interpreted as a
requirement to single out a subset of cells
from an equivalence group of cells for a
particular fate. Thus, in neuroectoderm,
neurogenic genes are required to single
out cells from within proneural clusters
to form neuronal precursors, leaving the
remaining cells of proneural clusters to
develop into epidermal cells. In myogen-
esis, neurogenic genes function to single
out particular types of muscle precursor
cells, such as the ones that express nau-
tilus (nau) genes. In loss of function neu-
rogenic mutants, extra nau* cells are
formed, presumably at the expense of
other types of muscle precursor cells
(23). In oogenesis, N and D! (and possibly
other neurogenic genes) are involved in
singling out a subset of follicle cells to
become polar cells. In N~ and DI~ mu-
tants, extra polar cells are formed, pre-
sumably at the expense of other types of
follicle cells (24).

It should be noted, however, that the
function of neurogenic genes may be
even broader than singling out cells from
an equivalent group. In certain ectoder-
mally and endodermally derived tissues,
neurogenic genes function to mediate
cell-cell interaction needed to acquire or
to maintain an epithelial phenotype (27).
There is also evidence suggesting that N
and D! are involved in axon guidance by
mediating the cell-cell interaction be-

tween axons and the substrate cells on
which axons grow (28).

Rhomboid Provides a Spatial Cue in
Cell Induction Via the Epidermal
Growth Factor (EGF) Receptor
Signaling Pathway

The two examples described above led to
the notion of a functional gene cassette.
The third example illustrates the useful-
ness of this notion in the identification of
genes that control a developmental pro-
cess that has not yet been well charac-
terized. The biological problem in ques-
tion is how axes are set up during oogen-
esis. How anterior-posterior (A-P) and
dorsal-ventral (D-V) axes are estab-
lished during Drosophila embryogenesis
has been fairly well understood (re-
viewed in ref. 29). This pushes the prob-
lem back in time—i.e., the question be-
comes how A-P and D-V axes are set up
prior to embryogenesis (i.e., during oo-
genesis).

For the D-V axis, Schiipbach (30)
made the important observations that
D-V patterning during oogenesis de-
pends on the transfer of spatial informa-
tion between the germ-line cells and the
somatic follicle cells and that EGF recep-
tors are involved. In Drosophila, the
EGF receptor signaling pathway involves
a group of genes called the spitz group,
including spitz, rhomboid, pointed, and
Star (Fig. 2; see also refs. 31 and 32). In
this pathway, spitz protein is probably a
ligand because it shows sequence simi-
larity with EGF (33). rhomboid encodes a
membrane protein that probably func-
tions as a cofactor of EGF receptor (34).
Mutants of the spitz group share various
phenotypes in several tissues, including
ventral cuticle, PNS, muscle pattern, and
midline glia (33-36). Those phenotypes

are probably due to defects in inductive
signaling between neighboring cells.

In embryos, the spatial cue of the EGF
receptor signaling pathway appears to be
provided by rhomboid. The phenotypes
of the spitz group of genes are restricted
to a few places in the embryo [e.g.,
ventral midline, lateral regions of PNS
(33-36)]. This spatial restriction coin-
cides with the rhomboid expression pat-
tern (34), whereas the EGF receptor and
the putative ligand (spitz protein) are
distributed fairly ubiquitously (33, 37).
Since EGF receptor has been shown to
be involved in D-V patterning during
oogenesis (30), one might apply the no-
tion of functional gene cassette and pre-
dict that the entire spitz group of genes is
involved in this process. Further, since
rhomboid is the member of the group that
provides the spatial cue during embryo-
genesis, one may expect it to serve the
same function during oogenesis. This
reasoning prompted Ruohola-Baker et al.
(31) to examine the possibility that rhom-
boid provides a spatial cue in setting up
D-V axes during oogenesis. Indeed,
rhomboid protein is localized to the dor-
sal-anterior subset of follicle cells sur-
rounding the oocyte. Loss of rhomboid
function causes ventralization of the egg
chambers, whereas ectopic expression
leads to dorsalization. Thus, rhomboid
appears to provide a spatial cue in D-V
patterning during oogenesis.

Concluding Remarks

Pleiotropy of a gene function used to be
somewhat dreaded by developmental bi-
ologists because this puts a greater bur-
den on the investigator to find out
whether a mutant phenotype is the pri-
mary result of the mutation or a conse-
quence several steps removed from the
primary cause. However, with increas-
ingly more sophisticated methods at the
investigator’s disposal to control the spa-
tial and temporal expression pattern of
normal and mutated genes (38, 39), this
has become less of a problem. It now
appears to be more of a rule rather than
an exception that a group of genes is used
in several different developmental con-
texts. As illustrated in the examples in
this article, the investigators can actually
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Fig. 2. EGEF receptor signaling pathway
mediates induction between neighboring cells.
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turn the situation to their advantage in
transferring knowledge gained from
studying one biological process to an-
other.
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