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How Drosophila melanogaster Forms its Mechanoreceptors
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Abstract: A strictly determined number of external sensory organs, macrochaetes, acting as mechanoreceptors, are or-
derly located on drosophila head and body. Totally, they form the bristle pattern, which is a species-specific characteristic
of drosophila.

Each mechanoreceptor comprises four specialized cells derived from the single sensory organ precursor (SOP) cell. The
conserved bristle pattern combined with a comparatively simple structure of each mechanosensory organ makes macro-
chaetes a convenient model for studying the formation spatial structures with a fixed number of elements at certain posi-
tions and the mechanism underlying cell differentiation.

The macrochaete morphogenesis consists of three stages. At the first stage, the proneural clusters segregate from the mas-
sive of ectodermal cells of the wing imaginal disc. At the second stage, the SOP cell is determined and its position in the
cluster is specified. At the third stage, the SOP cell undergoes two asymmetric divisions, and the daughter cells differenti-
ate into the components of mechanoreceptor: shaft, socket, bipolar neuron, and sheath.

The critical factor determining the neural pathway of cell development is the content of proneural proteins, products of the
achaete-scute (AS-C) gene complex, reaching its maximum in the SOP cell.

The experimental data on the main genes and their products involved in the control of bristle pattern formation are sys-
tematized. The roles of achaete-scute complex, EGFR and Notch signaling pathways, and selector genes in these proc-
esses are considered. An integral scheme describing the functioning of the system controlling macrochaete development
in D. melanogaster is proposed based on analysis of literature data.
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INTRODUCTION

Bristles (mechanoreceptors), whose total number reaches
6000, are a component of the drosophila peripheral nervous
system.

The bristles are divided into macro- and microchaetes
according to their size and location on the fly head and body.
These two types of mechanoreceptors display certain mor-
phological and functional differences but the same develop-
mental patterns and genetic control [1, 2].

Microchaetes (small bristles) are numerous and have no
strictly determined localization, being organized in more or
less regular rows. Unlike microchaetes, the number and loca-
tion of macrochaetes (large bristles) are stringently deter-
mined, representing a species-specific drosophila character-
istic, which makes them a classification criterion [2]. The
bristle pattern characteristic of each species had been evolu-
tionarily established by losing part of macrochaetes from the
common ancestral set [1-3]. In particular, the bristle pattern
of D. melanogaster is formed by 11 pairs of macrochaetes.
Their positions are so constant that each bristle got its indi-
vidual name depending on the position.
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The bristle organ comprises the shaft, socket around its
base, bipolar neuron, and neuron sheath. The shaft and
socket are well visible on the fly body surface, whereas the
bipolar neuron and sheath are located inside the body under
the shaft. These components result from specialization of the
four cells generated by successive divisions of the single
Sensory Organ Precursor (SOP) cell.

About 500 cells of approximately 50 thousand cells of
the imaginal disc enter neurogenesis during macrochaete
formation [4]. The period of macrochaete development from
the moment the SOP cells appear to the completion of its
formation takes about 55 h during the late larval instar and
early pupal instar [5-7].

The spatial location of SOP cells is identical to the bristle
location on the imago body; correspondingly, the accuracy
of bristle pattern depends on the correct SOP cell positioning
[6, 7].

The sensor organ forms in three stages. Two of these
stages are connected with the determinative point in the mac-
rochaete morphogenesis—determination of SOP cell.

At the first stage, the so-called proneural clusters, groups
of 20-30 cells, segregate from the massif of ectodermal cells
of the wing imaginal disc. At the second stage, the SOP cell
is determined and its position in the proneural cluster is
specified, thereby determining the bristle position on the
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imago’s body. At the final stage, the SOP cell divides, and
the daughter cells differentiate into the components of
mechanoreceptor. Each stage has its own genetic control.

Three gene groups are involved in the bristle morpho-
genesis, namely, proneural, which determine the segregation
and location of proneural clusters; neurogenic, determining
and positioning the SOP cell within the cluster; and selector,
which specify the differentiation type for each daughter cell.
The sequence of macrochaete formation stages is schematized
in Fig. (2).

The critical factor predetermining the neural cell fate is
the threshold level of proneural proteins, the products of
achaete-scute (AS-C) gene complex. The control of this
level is provided, on the one hand, by the intracellular regu-
lation of AS-C activity and, on the other, by intercellular
events mediated via the EGFR and Notch signaling path-
ways. This process involves dozens of genes.

Numerous papers have reported various aspects of func-
tioning of the molecular genetic system involved in the con-
trol of macrochaete morphogenesis; however, its systematic
description is yet absent. Here we analyze the available pub-
lished data and propose an integral scheme for the function-
ing of the system controlling the macrochaete development
in D. melanogaster.

THE FIRST STAGE IN MACROCHAETE DEVEL-
OPMENT: THE ROLE OF PRONEURAL GENES AND
EGFR SIGNALING PATHWAY

The first stage in development of each bristle organ is
formation of the proneural cluster, a group of cells with the
neural fate that differentiate into cells of the peripheral nerv-
ous system. The proneural genes play the key role in this
process. It is the expression of these genes that renders the
cells of this cluster competent, i.e., able to become SOP cells

(8].

neurogenic
genes

Fig. (1). Scheme of development of D. melanogaster mechanoreceptors.
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Inactivation of proneural genes causes disappearance of
some or all macrochaetes in imagoes. An ectopic expression
of these genes due to switching of the ontogenetic mecha-
nism from the epidermal to neural fate results in develop-
ment of additional bristles at ectopic positions. Proneural
genes can be divided into two classes, namely, (1) the genes
of achaete-scute (AS-C) complex (achaete, scute, lethal of
scute, and asense) and (2) the genes functionally and struc-
turally close to the gene atonal (atonal, amos, and cato).

A correct functioning of the AS-C gene complex is essen-
tial for the bristle pattern formation. The constituent genes
achaete (ac) and scute (sc) are the key in the hierarchy of
genes involved in the bristle morphogenesis. Mutations in
each of these genes appear as an allele-specific loss of indi-
vidual bristles or their sets, while simultaneous inactivation
of both genes leads to a complete disappearance of the bris-
tles in adult fly [9, 10].

AS-C genes encode the bHLH family transcription fac-
tors, containing helix—loop—helix amino acid sequences and
basic domains, though which they bind to the specific sites
in the regulatory regions of the genes they control, E boxes
[11]. Along with the proneural genes, Delta, scabrous,
E(spl)-C, charlatan, groucho, senseless, etc., belong to such
target genes.

AS-C occupies approximately 90 kbp in the genome and
contains nine transcription units separated by untranscribed
regions. The presence of the transcripts T5 (ac), T6 (sc), T3
(lethal of scute, I’sc), and T8 (T1a; asense, ase) play an im-
portant role for the macrochaete morphogenesis. Each tran-
script has its own time and spatial distribution profiles. The
specificity and expression patterns of the AS-C genes are
determined by enhancers, located at a distance of up to 100
kbp from this complex [12].

One type of enhancers initiates the expression of ac and
sc genes in the cells of individual proneural cluster, and en-

selector
genes

I, 11, and 111 are the stages of mechanoreceptor development (see text for details); (1) ectodermal cells of the wing imaginal disc; (2) proneu-
ral clusters (gray) in the wing imaginal disc; (3) proneural cluster with SOP cell (in the center, shown black); (4) SOP cell; (5) daughter cells
of SOP cell (ne, neuron; th, thecogen; tr, trichogen; and to, tormogen); and (6) bristle organ (n, bipolar neuron; st, sheath; sh, shaft; and so,

socket).
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hancers of the second type trigger this process in each SOP
cell [13]. Activities of the enhancers of both types depend on
a local combination of the transcription factors, or prepattern
factors in the frame of Stern’s hypothesis [14, 15]. These
factors are the products of both the proneural genes them-
selves and other genes, in particular, u-shaped, pannier, and
iroquois complex genes (arauca, caupolican, and mirror) as
well as some proteins of the EGFR signaling pathway [16-
19].

For example, the AS-C complex in the mid-notum is acti-
vated by the protein Pannier, whereas in the lateral part, by
the proteins encoded by the iroquois complex genes. In its
turn, the expression of pannier and iroquois genes is regu-
lated by the products of the genes decapentaplegic and win-
gless, respectively, of the EGFR signaling pathway cascade
[18, 20-22].

Thus, the preciseness in bristle positioning is achieved
through coordinated joint spatially limited expression of AS-
C genes determined, on the one hand, by the prestructure—a
set of the corresponding transcription factors—and, on the
other, the system responding to the prestructure, containing
the AS-C genes with their set of enhancers.

The cells of proneural cluster differ from the surrounding
ectodermal cells in the content of AC-SC proteins: it is es-
sentially higher in the cluster as compared with the neighbor
ectodermal cells and reaches the maximal values in SOP cell.
In addition, the SOP cells also accumulate the protein ASE.
Several dozens of genes united by mutual and autoregulation
involving the signaling pathways underlie this process.

Expression Regulation of AS-C Genes

As AS-C proteins are transcription factors, they are able
to regulate transcription, including transcription of the genes
that code for them. These factors acquire a regulatory activ-
ity within heterodimers with certain other proteins. Depend-
ing on the composition, such complexes are either positive or
negative regulators of AS-C gene expression.

The heterodimers of AC and SC with the protein DA, the
product of gene daughterless (da), also a bHLH protein, are
positive regulators of AS-C gene transcription. The transcrip-
tion is activated through the binding of such heterodimers to
the three E boxes in AS-C regulatory region [23].

The heterodimers of the proteins AS-C and EMC, the
product of gene extramacrochaete, are negative regulators of
the AS-C expression, as EMC is an HLH protein, deprived of
the DNA-binding basic domain. The complexes formed by
proneural proteins and EMC are incapable of binding to
DNA. Competing with DA for binding to AS-C proteins,
EMC decreases the concentration of functional heterodimers,
thereby decreasing the transcription level of AS-C genes [24-
27].

The activity of the proneural genes is regulated not only
by the heterodimers containing AC and SC, but also by other
factors.

Charlatan (CHN) is a direct transcription activator for the
proneural genes. This transcription factor contains zinc fin-
ger domains and binds to the cluster-specific enhancers in
AS-C regulatory region. An abnormal expression of gene chn
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leads to either loss of the macrochaetes (in the case of pro-
tein CHN deficiency) or development of extra macrochaetes
(when surplus CHN is produced). In turn, the chn transcrip-
tion in the cells of proneural clusters is activated by AS-C
proteins [13].

The proteins produced by the neurogenic genes of the
Enhancer of split (E(spl)-C) complex and hairy are direct
negative activity regulators of the proneural genes.

E(spl)-C contains at least 11 transcription units [28]. It is
assumed that transcription of the genes of this complex is
activated with the involvement of proneural proteins [29].
Seven E(spl)-C transcripts encode the proteins of bHLH type
carrying the WRPW tetrapeptides at their C end [30]. On the
one hand, this structure makes them able to bind to DNA
and, on the other, to form protein—protein complexes [28].
The target genes are repressed by a direct binding to their
regulatory regions of both E(SPL)-C homo- and heterodi-
mers and the E(SPL)-C proteins within the heterodimeric
complexes with SC-DA [31].

In this process, the product of the neurogenic gene
groucho (gro) is involved as a corepressor. GRO interacts
with E(SPL)-C proteins with involvement of seven repeats in
the highly conservative C-terminal domain WD4 (Trp—Arg—
Pro—Trp) of GRO protein and the WRPW region of E(spl)-C
proteins [19, 32, 33].

Hairy (H), a bHLH protein with the WRPW C-terminal
region, is a direct repressor of AS-C gene transcription activ-
ity. This transcription factor binds to the C boxes
(CACNNG) in the regulatory regions of the target genes
[34]. In addition, H needs a cofactor, GRO, for its functional
activity [32, 35, 36]. It is assumed that the H-GRO complex
is involved in chromatin remodeling or interacts with the
complex transcribing the target gene [37].

The transcription factor Senseless (SENS) plays a dual
role in the activity regulation of proneural genes; this factor
contains four zinc finger domains, through which it is capa-
ble of binding to both DNA and proneural proteins, direct
activators of sens gene expression. SENS is an activator or a
repressor of the proneural gene transcription depending on
its content in the cell. At a low concentration, it acts as a
repressor of the proneural gene activity, directly binding to
DNA at the corresponding sites of AS-C enhancer regions; at
a high concentration, it forms complexes with proneural pro-
teins and DA, acting as a coactivator of the proneural gene
expression. The activation is sensitive to the content of cer-
tain E(spl) proteins. It is assumed that the functional duality
of SENS is connected with the conformational state of zinc
finger domains and their different affinity for DNA and
proneural proteins [38-41]. Thus, SENS acts as a switch of
the proneural gene activity and, consequently, as a switch for
the proneural cluster cell fate, thereby enhancing the SOP
cell determination.

EGFR Signaling Pathway and its Role in the Regulation
of Drosophila Macrochaete Development

Along with a direct intracellular regulation of the proneu-
ral gene activity, the EGFR signaling pathway plays an im-
portant role in the macrochaete morphogenesis; this pathway
brings about the so-called lateral cooperation. The genes
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constituting this signaling cascade are switched on at all the
three stages of the sensor organ development, namely, for-
mation of proneural clusters, SOP cell determination within
this clusters, and cell specialization [19, 42].

Depending on the performed functions, the proteins of
the EGFR signaling pathway can be divided into the follow-
ing groups: (1) drosophila epidermal growth factor receptor,
EGFR or DER; (2) its ligands, Spitz (SPI) and Argos (AQS);
(3) the proteins involved in the ligand processing, Star (S)
and Rhomboid (RHO); and (4) the proteins transducing sig-
nal from the cell surface into the nucleus (Ras/Raf/MAP
kinase cascade and Pointed).

The transmembrane receptor DER belongs to the receptor
tyrosine kinase family, the proteins with intrinsic kinase ac-
tivity. The extracellular protein fragment comprises four do-
mains; two of the domains, which provide the binding to
ligand, are cysteine rich [43]. The receptor has two isoforms;
however, the precise functions of these isoforms are yet
vague [44].

The ligands for this receptor are SPI and AOS. An intra-
cellular signal transduction is activated or blocked depending
on the bound ligand [45-46].

Initially, SPI is synthesized as an inactive precursor and
accumulated in the endoplasmic reticulum. Then the precur-
sor is transferred by the protein Star to the Golgi apparatus,
where it maturates. In the Golgi apparatus, the precursor—
Star complex is cleaved by the RHO protease; then the ma-
ture ligand is transferred to the cell membrane [44, 47, 48].

The signal transduction commences from the SPI binding
to the DER extracellular domain. Then the receptor’s intra-
cellular domain in the recipient cell is phosphorylated and
the Ras/Raf/MAP kinase cascade is activated. The intracellu-
lar signal transduction from the cell membrane to the nucleus
initiates the transcription of gene pointed and the subsequent
synthesis of two isoforms of the protein Pointed, Pnt-P1 and
Pnt-P2 [49, 50]. The details of the intracellular signal trans-
duction are still vague. Both isoforms can play the role of
transcription factors for proneural genes, as they are capable
of binding to the same DNA regions with their Est domains
[51, 52]. The corresponding scheme is shown in Fig. (2).

The secreted ligand Argos is a repressor of the EGFR
signaling pathway. The gene argos is activated simultane-
ously with the activation of proneural genes, and its expres-
sion is observed exclusively in the proneural cluster cells.
Secretion of the ligand and its binding to the receptor blocks
the EGFR signal transduction into the cells neighboring the
cells actively expressing AS-C proteins [19, 54].

Thus, the local differential expression of AS-C genes and
the EGFR signaling pathway determine a precise location of
the proneural cluster and provide accumulation of proneural
proteins in the cells of the cluster.

THE SECOND STAGE OF MACROCHAETE DE-
VELOPMENT: NEUROGENIC GENES AND THE
ROLE OF NOTCH SIGNALING PATHWAY

The second stage in the macrochaete formation com-
prises SOP determination and precise positioning within the
proneural cluster and is controlled by a group of neurogenic
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genes. Abnormalities in their function make the majority of
the cluster cells or even all cells neural. The obligatory con-
dition for SOP cell determination is that the concentration of
As-C proteins reaches the maximal value as compared with
the neighboring cells. The cells with insufficient concentra-
tion of proneural proteins remain epidermal.

The lateral inhibition, which is mediated by the Notch
signaling pathway leading to determination of only one cell
as neural, is the master factor at this stage [30, 55, 56]. In the
rest cells, the activity of proneural genes is repressed by a
direct interaction of specific regulatory proteins of the Notch
cascade with AS-C enhancer regions [57].

Several dozens of proteins, products of neurogenic genes,
are involved in the Notch signaling cascade; the main pro-
teins can be divided into the following groups:

e The gene encoding Notch receptor, Notch (N);

e The genes encoding Notch ligands Delta (DI) and Serrate
(Ser);

e The genes whose products provide the intercellular signal
transduction, namely, Presenilin (Ps), kuzbanian (kuz),
polychaetoid or tamou (pyd or tam), big brain (bib), san-
podo (spdo), etc.;

e The genes whose products are involved in the receptor
and ligand internalization, namely, neuralized (neur),
Suppressor of deltex (Su(dx)), shibire, numb, etc.; and

e The genes whose products provide the intercellular signal
transduction, namely, genes of the Enhancer of split
(E(spl)) and Bearded (Brd-C) complexes, mastermind
(mam), Hairless (H), Suppressor of Hairless (Su(H)),
deltex (dx), and several others.

The first three gene groups encode mainly transmem-
brane proteins and the proteins located on the cell surface
and the other two, cytoplasmic and nuclear proteins.

‘ N A

EGFR)€— | SP!

SOP PC

Fig. (2). Scheme of involvement of the EGFR signaling pathway in
the activation of AS-C genes [53]. Ovals denote cell nuclei; gene
names are italicized; protein names are given in Roman type; AS-C,
achaete—scute complex; pnt, pointed; spi, spitz; EGFR, epidermal
growth factor receptor; SOP, sensor organ precursor cell; PC,
proneural cluster cell; and arrows indicate activation events.

The main components of the Notch signaling pathway
are the Notch receptor, its ligand Delta, and the intracellular
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target—genes of the Enhancer of split (E(spl)-C complex.
The products of these genes are the particular repressors of
the proneural gene transcription.

Consider some components of the Notch signaling path-
way in more detail.

Notch Receptor

Notch receptor, the central element of this signaling
pathway, is necessary for a correct development of the dro-
sophila nervous system. Notch is a typical transmembrane
protein comprising extra- and intracellular domains. The
large extracellular domain contains 36 tandem conservative
EGF-like repeats, involved in binding ligands, and three re-
peats of the cysteine-rich sequence N/LIN 12 [58]. The intra-
cellular domain contains six tandem ankyrin repeats, the
region containing 30 glutamine residues (opa repeat), and the
PEST sequence, rich with proline, glutamine, serine, and
threonine. It is assumed that the opa and PEST sequences are im-
portant for the regulation of protein stability [59].

Initially, N is synthesized as a protein with a molecular
weight of about 300 kDa. It is then processed by proteases in
the Golgi apparatus, and the mature receptor composed of
intra- and extracellular domains appears on the cell surface
[60, 61].

Ligands of Notch Receptor

Delta is a transmembrane protein with a large extracellu-
lar domain containing nine EGF repeats and the conservative
repeat DSL (Delta-Serrate-LAG-2) [30, 62].

The ligand Ser, functionally related to the protein DL,
has the extracellular domain containing 14 EGF-like repeats,
transmembrane domain, and a small intracellular part [63].
SER and DL are alternative ligands for the Notch receptor,
as they interact with the same Notch extracellular fragment;
however, the possibility of their intersubstitution is essen-
tially limited [58, 64]. The glycosyltransferase Fringe, which
inhibits the Notch ability to bind SER and enhances its bind-
ing to DL, selects the particular ligand [65, 66].

The interactions in the pair N-DL are the key interactions
in the intercellular signal transduction within the proneural
cluster, providing a correct progress of the process. It is
known that the embryos homozygous at the mutations in DI
locus die as a result of nervous tissue hyperplasia. DI expres-
sion is activated by the proneural proteins AC-SC. The ac-
cumulation of DI protein in the future SOP cell and its bind-
ing to N receptors, localized on the membranes of neighbor-
ing cells, trigger the mechanism of lateral inhibition [55, 67].

Intercellular Signal Transduction

This process is controlled by a large group of genes en-
coding the proteins mainly localized to the surface of the cell
membrane or within it. The mechanisms of the action of
Presenilin, kuzbanian, polychaetoid (tamou), big brain, and
sanpodo genes are most well studied.

The genes Ps, kuz, and pyd encode the corresponding
proteases, whose function in the Notch signaling pathway is
in the cleaving of the mature N receptor into its extra- and
intracellular domains [68-71].
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The gene bib codes for a transmembrane domain belong-
ing to the tunnel proteins and homologous to aquaporins,
involved in the channel formation in the cytoplasmic mem-
brane. It has been demonstrated that the mutants in gene bib
contain a doubled number of sensor neurons, i.e., similar to
the other neurogenic genes, its role is in the determination of
fate for the proneural cluster cells. It has been also shown
that BIB protein is necessary for receiving the lateral inhibi-
tion signal or responding to it rather than for generating such
signal. The BIB action is synergistic with the DL and N and,
presumably, enhances their binding or is involved in the next
stage of signal transduction; however, the precise mechanism
is yet unknown [72, 73].

The gene spdo encodes a transmembrane protein, an acti-
vator of the Notch signaling pathway. The mutants in this
gene develop two neurons instead of the neuron and the glial
cell [74]. According to one of the hypotheses, formation of
the N-SPDO complex allows the protease PS to correctly
cleave the N receptor [75]. According to another opinion, the
function of SPDO protein is in the regulation of N endocyto-
sis [76].

Some of the neurogenic genes encode the proteins that
are not only involved in the Notch signaling pathway, but
also directly influence the expression of regulator genes for
proneural gene activity. In particular, pyd inhibits the
proneural gene expression being a direct activator of ex-
tramacrochaete gene transcription [68].

Internalization of Receptor and Ligands

The ubiquitin ligases Neuralized (NEUR) and Suppressor
of deltex (Su(DX)) are involved in this process as well as the
proteins Dynamin (DYN) u Numb, which function as activa-
tors or inhibitors of this signaling pathway.

NEUR and DYN maintain an inductive state of the sig-
nal-sending cell and are positive regulators of the Notch cas-
cade. Attaching ubiquitin molecules to the complex of the
ligand DL with the Notch extracellular domain, Neur initi-
ates its transport to the inducer cell [77-79].

The internalization of the complex DL-N extracellular
domain into the inducer cell depends also on the protein
DYN, coded for by the gene shibire. DYN displays a
GTPase activity and cleaves the vesicle with the transported
proteins from the membrane, thus vacating the place for new
ligand molecules on the membrane of inducer cell. This al-
lows for formation of new ligand-receptor complexes,
thereby prolonging the cell inductive state [78, 79]. It has
been demonstrated that the internalization of this complex
influences the intracellular signal transduction in the recipi-
ent cell as well; however, the mechanism of this effect is still
unknown [78, 80].

The ubiquitin ligase Su(DX) and protein Numb are nega-
tive regulators for the Notch cascade, acting via the inter-
nalization and transformation of the N receptor in the recipi-
ent cell.

Su(DX) assists the full-sized receptor in entering the cell.
In the cell, the complex Su(DX)-N in the late endosome
triggers the receptor degradation mechanisms. Thus, the re-
ceptor outflow from the cell membrane is provided [78, 79].
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The protein Numb interrupts the Notch signal transduc-
tion and blocks the overall signaling pathway. It has been
demonstrated that this effect is connected with the inactiva-
tion of N receptor caused by its direct interaction with Numb
[81]. Recent data demonstrate that Numb induces endocyto-
sis of the full-sized receptor by the recipient cell. The adapter
protein a-Adaptin and, presumably, SPDO, forming the
complex with receptor, are involved in this process [75, 79,
82-84].

Intracellular Signal Transduction

Intracellular signal transduction is provided by the genes
of Enhancer of split and Bearded complexes, mastermind,
Suppressor of Hairless, Hairless, deltex, and several other
genes.

The E(spl) complex genes are the intracellular target and
the final element of the Notch cascade. In neurogenesis,
E(spl)-C is an antagonist of the proneural genes as activators
of the neural pathway of cell development. The proteins
E(spl)-C act as repressors, inhibiting the transcription of
proneural genes. It has been demonstrated that the role of
E(spl)-C proteins in the neurogenesis consists in repression
of not only the proneural genes, but also their target genes, in
particular, deadpan, neuralized, scabrous, etc. Moreover, an
indispensable condition of E(spl)-C protein activities is the
presence of the cofactor GRO [29, 33].

The Bearded complex comprises six genes encoding
small proteins not belonging to bHLH type and carrying an
a-helix at their N termini [85, 86]. It is assumed that the
BRD family proteins are involved in the regulation of Notch
cascade through influencing DL endocytosis [87]. Su(H) and
proneural proteins activate Brd-C expression [88, 89].

Another neurogenic gene, mastermind, codes for the nu-
clear protein MAM, composed of alternating acidic and ba-
sic domains, suggesting its DNA binding ability [90]. In the
complex with Su(H), formed by MAM only in the presence
of Notch intracellular domain, this protein acts as a strong
transcription coactivator for the target genes of the Notch
signaling pathway, in particular, E(spl)-C genes [91-93]. The
antagonistically acting genes Suppressor of Hairless (Su(H))
and Hairless (H) play an exclusively important role in the
Notch signaling pathway [94]. The mutants in gene H dis-
play an abnormal determination of SOP cells and, as a con-
sequence, the absence of bristles. Su(H) is a dominant sup-
pressor of the phenotype H. An elevated expression of these
genes has the same phenotypic manifestation, namely, ap-
pearance of additional bristles.

The protein Su(H) is among the key elements in the
Notch signaling pathway, as it is involved in the signal
transduction from the cell membrane to the nucleus and is a
direct activator of E(spl)-C transcription.

The signal is transduced by the complex Su(H)-N intra-
cellular domain, which is formed when Su(H) binds to the
ankyrin repeats of the receptor [95]. After this complex is
transported to the nucleus and binds the protein MAM,
Su(H) within the complex specifically binds to the consensus
sequence 5-GTGRGAR-3' in the regulatory regions of
E(spl)-C genes, thereby initiating their transcription [96]. It

Current Genomics, 2008, Vol. 9, No.5 317

is assumed that the binding specificity is provided by the
Su(H) integrase domain [97].

The basic protein Hairy is an antagonist of Su(H) as an
activator of the E(spl)-C gene transcription. The complex
comprising H, Su(H) and the corepressors dCtBP (Droso-
phila C-terminal binding protein) and Gro is the functionally
active repressor of its target genes [93]. H interacts with the
corepressor dCtBP via the C-terminal sequence PLNLS and
with GRO, via the sequence YSIHSLLG (the so-called ehl
motif) [98-100]. Both corepressors attract histone deacety-
lase into the complex, thereby decreasing the level of chro-
matin acetylation in the corresponding regions and, as a con-
sequence, decrease in their transcription activity. However, it
is still unclear whether the interactions of both corepressors
with the complex are mutually exclusive or these corepres-
sors act at fundamentally different levels of the target gene
repression [101].

An important function of the protein GRO is in the
switching of activities of the signaling pathways acting in
different directions. It has been demonstrated that the GRO
phosphorylation by MAPK (EGFR signaling pathway)
weakens the GRO-dependent repression of E(spl)-C (Notch
signaling pathway) [102-103]. GRO is a corepressor for
many regulatory molecules; therefore, a change in its activity
can influence a wide range of genes in the expression regula-
tion of which GRO is involved. In the macrochaete morpho-
genesis, GRO plays a dual role, namely, (1) Gro in the com-
plex with Su(H)-H inhibits E(spl)-C gene activities in the
cells with SOP fate and (2) in the complex with E(spl)-C
proteins, represses the transcription of AS-C genes in the
cells surrounding the proneural cluster. In the former case,
the content of proneural proteins in the cells of the cluster
increases and in the latter, decreases [92, 100].

Deltex, the product of gene deltex, is a basic protein con-
taining three domains separated by the sequence regions rich
with glutamine. A zinc finger domain is located at its C ter-
minus; this domain provides the interaction of Deltex with
other proteins, in particular, binding to the N intracellular
domain in the region of ankyrin repeats [104-106]. It is as-
sumed that the interaction between N and DX enhances an
accelerated transport of the complex Su(H)-N intracellular
domain into the recipient cell nucleus [106]. It has been re-
cently demonstrated that DX can stabilize the receptor, pre-
venting its degradation in lysosomes, thereby contributing to
the retention of the pool of functional full-value receptor
molecules [79, 107]. Thus, DX acts as a positive regulator
with the Notch signaling pathway.

The data briefed above suggest the scheme describing the
Notch signaling pathway functioning shown in Fig. (3).

Since all the cell of ectodermal proneural cluster express
the proneural proteins AS-C, receptor N, and ligand DL,
each cell has either neural or ectodermal fate potential and
can be either signal-transmitting or signal-receiving. Ran-
dom fluctuations in the contents of these proteins in cells are
increased via the feedback cycles; consequently, proneural
proteins reach an suprathreshold concentration in one of the
cells, thereby activating the DL synthesis. Later, this cell will
become the SOP cell. In the other cells, the lateral inhibition,
mediated by the Notch signaling pathway, is triggered.
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Fig. (3). Scheme of involvement of the Notch signaling pathway in
the regulation of transcription activity of AS-C genes [53]. SOP is
sensor organ precursor cell; PC, proneural cluster cell; protein
names are given in Roman type; gene names, in italics; AS-C,
achaete—scute complex; DI, Delta; N, Notch; E(spl), Enhancer of
split; Nid, Notch intracellular domain; su(H), suppressor of Hair-
less. Arrows indicate activation events and lines with stub ends,
repressor events.

The Notch signaling pathway is activated by the binding
between the extracellular domains of receptor N, localized to
the surface of signal-receiving cell, and the ligand DL, local-
ized to the membrane of signal-inducing cell. The receptor—
ligand interaction takes place in the intercellular space be-
tween two adjacent proneural cluster cells [65, 66].

In the recipient cell, the proteases KUZ and PS cleave the
N intercellular domain [70, 71, 78, 108]. Then the intercellu-
lar domain within the complex with Su(H) is transported to
the nucleus, where MAM s attached to this complex. The
signal transduction via the Notch pathway ends by E(spl)-C
transcription activation upon a site-specific binding of Su(H)
to its regulatory regions. The proteins E(SPL)-C inhibit tran-
scription of its target genes, first and foremost, the proneural
genes, and deprive the recipient cell of a neural fate potential
[91, 109].

The complex between the receptor’s extracellular domain
and ligand is transported into the inducer cell, i.e., future
SOP cell, to be completely degraded. Dynamin and NEUR
proteins are involved in internalization of the complex [78,
80, 110]. An unidirectional transduction of the Notch signal
prohibits the synthesis of E(spl)-C proteins in the inducer
cell, whereas the synthesis of proneural proteins is continued
in it to the level providing its SOP cell fate.

Thus, the functioning of the Notch signaling pathway
determines the single cell of the proneural cluster with a neu-
ral fate, whereas the rest cells will remain epidermal.

The lateral inhibition is efficient for the cells directly
adjacent to the presumptive SOP cell. However, the neuro-
genic gene scabrous (sca) acquires an exclusive role in de-
termining the fate of more remote cells of the proneural clus-
ter; expression of this gene is activated by the heterodimers
of AS-C and DA proteins [111, 112].

SCA is a secreted protein, carrying a sequence similar to
fibrinogen B- and y-chains at its carboxyl end [111, 113]. It
has been found that SCA is necessary for the determination
and maintenance of the adhesive characteristics of ectoder-
mal cells. SCA is capable of binding to N yet is not its active
ligand. In its absence, the neural developmental pathway is
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not blocked in the cells that do not directly contact the future
SOP cell. On the other hand, SCA is not necessary for the
lateral inhibition of the cells contacting the SOP cell, as DI is
sufficient for this process. Since SCA distribution gradient is
observed within the proneural cluster, it is assumed that this
is the particular factor that determined the size of the region
where the inhibiting signal is spread. However, the precise
mechanism of SCA action in the lateral inhibition process is
still vague. Presumably, this protein is necessary for stabili-
zation of the N-DL complex [112].

THE THIRD STAGE OF MACROCHAETE DEVEL-
OPMENT: THE ROLE OF SELECTOR GENES

The lateral inhibition ends by determination of the single
proneural cluster cell as a SOP cell. Then the determined cell
undergoes two successive divisions, which give four special-
ized cells, namely, trichogen, tormogen, nerve cell, and thec-
ogen, which then develop into individual components of the
bristle organ: shaft; socket, surrounding its base; bipolar neu-
ron; and glial cell. The main mechanism underlying the cell
diversity is an asymmetric cell division, which makes the
daughter cell different from the parental cell and from one
another in the ability to differentiate in a particular direction.

This process is controlled by the selector genes tramtrack
(ttk), musashi (msi), and prospero (pros). At this stage, two
neurogenic genes, numb and neuralized, play the role of se-
lectors.

The genes numb and neur encode membrane proteins.
The role of proteins Numb and NEUR in the daughter cell
specialization is determined by their asymmetric location in
the SOP cell—they are localized to only one of its poles.
Thus, the distribution of Numb and NEUR between the
daughter cells is different already upon the first mitotic divi-
sion, as these proteins segregate into one cell [79, 114, 115].
As a consequence of this asymmetric division, the daughter
cells also differ in both the contents of other proteins in-
volved in the macrochaete morphogenesis, including regula-
tory proteins, and the modulation of their target gene activi-
ties.

The daughter cell that received Numb and NEUR follows
the neural specialization to form neuron and thecogen, as
Numb blocks the transmission of Notch signal into this cell,
while NEUR enhances the signal transduction into the other
cell free of the proteins in question. The absence of Numb
and NEUR in the second daughter cell determines the ability
of this cell to adequately receive the Notch signal, which
blocks the neural fate; thus, this cell gives rise to the tricho-
gen and tormogen [79, 81].

The gene ttk codes for a nuclear protein; its mutations
lead to the development of additional neurons at the expense
of the other bristle organ components. The protein TTK ap-
pears in one of the two daughter cells produced by the first
division of SOP cell. In the next division, this particular cell
gives rise to the trichogen and tormogen. It has been demon-
strated that TTK appearance there is determined by activa-
tion of the Notch pathway; however, the mechanism of this
correlation is unclear [116, 117].

Although the protein TTK is undetectable in the second
daughter cell, the contents of ttk mRNA in both cells are
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approximately equal. It has been demonstrated that the dif-
ferences in TTK content are connected with the action of
another selector gene, musashi [116, 117].

The gene msi encodes a nuclear protein expressed at all
the stages of mechanoreceptor development and able to pre-
vent the translation of ttk mRNA by binding specifically to
its 3’-untranslated region. Mutations in msi gene lead to for-
mation of additional glial cell instead of neuron [116, 118,
119]. The protein MSI is detectable in both daughter cells
after the first SOP cell division; in this process, this protein
prohibits the translation of ttk transcript only in one of them,
the cell that gives the neural components of the bristle or-
gan—neuron and thecogen. This is the cell that have re-
ceived the Numb protein as a result of the asymmetric divi-
sion and where the Notch signal is blocked. In the other
daughter cell, where the Notch signal transduction is not
blocked, the MSI activity is inhibited and ttk mRNA is trans-
lated. This cell further gives rise to trichogen and tormogen
[116].

The gene pros codes for a transcription factor, which
carries a homeodomain and conserved Prospero domain
(Pros domain), localized to the carboxyl end of the molecule
[120]. At present, both these domains are regarded as a sin-
gle homeo—Pros domain, necessary for binding to the spe-
cific DNA sites [121, 122]. The protein PROS is detectable
both in the nucleus and cytoplasm, and its distribution be-
tween the nucleus and cytoplasm is a dynamic process. It has
been demonstrated that the homeo—Pros domain is responsi-
ble for withdrawing the protein from the nucleus; however,
this process requires further studies [123].

PROS determines the neural fate of the SOP cell deriva-
tives. This protein is first detectable in the nucleus of only
one of the SOP daughter cells, the particular cell that forms
after division the neural components of the bristle organ.
During mitosis, PROS is transferred to the membrane, where
it is located together with Numb. Then PROS appears in the
neuron and thecogen. The dynamics of changes in the PROS
contents in these cells are diametrically opposite: it is de-
creasing in the neuron and increasing in the thecogen. The
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PROS protein is never detectable in the SOP cell, its deriva-
tives from the first division, which then differentiate into
tormogen and trichogen, as well as in the tormogen and
trichogen themselves [124].

Thus, the cell asymmetrical division and selector gene
activities determine the further fate of SOP daughter cells as
different components of the sensor organ.

CONCLUSION

Formation of the full-fledged bristle pattern on droso-
phila body is a result of successive limitation of the poten-
cies of ectodermal cells in the imaginal disc.

The macrochaete development is controlled via the sys-
tem of dynamic intra- and intercellular processes. Function-
ing of this system is provided by a wide network of genes
interconnected with the mechanisms of cross- and autoregu-
lation, which underlie a fine tuning of their activities. A cor-
rect functioning of this system guarantees the formation of a
full-fledged bristle pattern, i.e., a fixed number of macro-
chaetes at stringently determined positions.

Analysis of the relevant published data suggests the fol-
lowing integrated scheme for the control of these three
stages in macrochaete development (Fig. 4).

The genes of the achaete—scute complex play the key yet
dual role in the regulation of macrochaete development.
First, they initiate the bristle development providing its first
stage—definition of the proneural cell clusters. The compe-
tence of cells within the cluster is determined by a certain
threshold content of the proneural proteins, which is created
and maintained through the expression control of the genes
of this complex via the EGFR signaling pathway, their
autoregulation by AS-C/DA heterodimers, and trans-
regulation via the interactions with positive (SENSE, CHA,
and PNT) and negative (H and EMC) regulators of its tran-
scriptional activity.

Second, AS-C genes are involved in the determination of
SOP cell within proneural cluster. A cell determined as SOP

specialization of

STAGE Il - SOP determination

ACTIVATORS

NOTCH
signaling
pathway

EGFR
signaling
pathway

STAGE Il -

A 4

daughter cells

SELECTOR GENES

Fig. (4). Scheme of the system controlling macrochaete development in D. melanogaster: PC, proneural cluster; SOP, sensor organ precursor
cell; AS-C, genes of achaete-scute complex; Pnt, Pointed; E(spl), proteins of Enhancer of split complex; Aos, Argos; and DI, Delta. Arrows

indicate activation events and lines with stub ends, repressor events.



320 Current Genomics, 2008, Vol. 9, No. 5

cell should contain the AS-C proneural proteins at a concen-
tration exceeding the threshold level. Being transcription
factors, proneural proteins activate expression of Delta, trig-
gering the gene cascade of the Notch signaling pathway; the
final event in this pathway is the expression inhibition of AS-
C genes and/or their target genes by the E(SPL)-C repressor
proteins in all the proneural cluster cells except for SOP cell,
where the content of proneural proteins reaches the required
suprathreshold values.

Thus, AS-C closes the circuit of activation—inhibition
interactions in the chain of proneural and neurogenic genes,
which determine the conditions of local expression of this
complex in the cells of imaginal disc ectodermal layer and
lead to determination of the SOP cells.

An asymmetric division of the SOP cell and daughter cell
specialization is controlled by selector genes.

Drosophila macrochaete is used as a model system for
studying the mechanisms of cell specialization already for
over 50 years. During this time, the general molecular ge-
netic structure of AS-C region and its role in the macrochaete
morphogenesis have been clarified as well as the expression
pattern of proneural gene expression; certain specific details
of the prepattern signals, which are identified as the tran-
scription factors interacting with AS-C complex enhancers
have been found out; the signaling pathways and genes pro-
viding the signal transduction via these pathways have been
found; a deeper insight into the mechanisms of lateral coop-
eration, lateral inhibition, and asymmetric division has been
reached; the list of genes involved in the macrochaete
morphogenesis has been considerably supplemented; and the
functions of many known players in this process have been
detailed.

It has been found out quite recently that gene expression
is also regulated at the level of posttranscriptional silencing
with involvement of miRNA; this mechanism can specifi-
cally block the translation of certain mRNA targets and addi-
tionally control production of the corresponding proteins in
the cell. Over five hundred genes whose expression can be
controlled by the posttranslational silencing have been theo-
retically predicted for drosophila. This list includes also the
genes involved in macrochaete morphogenesis—neur, dx,
fng, E(spl)-C), hairy, sens, and Bearded [125, 126]. The
regulation throughout the RNA interference has been shown
experimentally for hairy, E(spl) and sens [127, 128].

Nonetheless, despite an essential success in understand-
ing the processes involved in the development of drosophila
peripheral nervous system, neither the complete list of the
genes involved in the bristle pattern formation programs nor
the mechanisms implementing these programs have been
determined. The precise time parameters and quantitative
characteristics for the overwhelming majority of these proc-
esses are yet unknown.

This review briefs only the main elements and events of
the multidimensional process of drosophila macrochaete
development. A tremendous volume of experimental data
has been so far accumulated, and their comprehensive analy-
sis requires the state-of-the-art methods of bioinformatics,
which make it possible to correctly describe, formalize, and
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simulate the formation of both individual macrochaetes and
overall bristle pattern.
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