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A common path to the formation of complex 3D structures starts
with an epithelial sheet that is patterned by inductive cues that
control the spatiotemporal activities of transcription factors. These
activities are then interpreted by the cis-regulatory regions of the
genes involved in cell differentiation and tissue morphogenesis.
Although this general strategy has been documented in multiple
developmental contexts, the range of experimental models in
which each of the steps can be examined in detail and evaluated
in its effect on the final structure remains very limited. Studies of
the Drosophila eggshell patterning provide unique insights into
the multiscale mechanisms that connect gene regulation and 3D
epithelial morphogenesis. Here we review the current understand-
ing of this system, emphasizing how the recent identification of
cis-regulatory regions of genes within the eggshell patterning net-
work enables mechanistic analysis of its spatiotemporal dynamics
and evolutionary diversification. It appears that cis-regulatory
changes can account for only some aspects of the morphological
diversity of Drosophila eggshells, such as the prominent differ-
ences in the number of the respiratory dorsal appendages. Other
changes, such as the appearance of the respiratory eggshell ridges,
are caused by changes in the spatial distribution of inductive sig-
nals. Both types of mechanisms are at play in this rapidly evolving
system, which provides an excellent model of developmental pat-
terning and morphogenesis.
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he Drosophila eggshell is a proteinaceous structure that
houses the future embryo and mediates its interaction with
the environment (Fig. 14). It provides a point for sperm entry
and controls the gas exchange needed for embryo respiration.
The eggshell is derived from the follicular epithelium, a cell sheet
that envelops the germ line cyst, comprising one oocyte and 15
nurse cells (Fig. 1B). This cell sheet is patterned by the combined
activities of several signaling pathways, including the epidermal
growth factor receptor (EGFR) and bone morphogenetic protein
(BMP) pathways (1-3). The EGFR pathway is activated by
Gurken (GRK), a TGFa-like ligand that is secreted from the
oocyte and generates a dorsoventral gradient of EGFR signaling
in the follicle cells (4-6) (Fig. 24). The BMP pathway is activated
by the BMP2/4 homolog Decapentaplegic (DPP), which is dis-
tributed in the anteroposterior gradient (7) (Fig. 2B). The joint
activities of the EGFR and DPP pathways induce the formation of
several eggshell structures, including the respiratory dorsal ap-
pendages and the operculum, the region of the eggshell from
which the larva hatches when the embryogenesis is completed.
Importantly, the follicle cells do not divide during the patterning
of the dorsal eggshell structures (8). Consequently, the patterning
and morphogenesis of these structures can be studied without the
added complexities associated with changing cell numbers.
Changes in the EGFR and DPP signaling profiles can cause
dramatic alterations of eggshell morphology. For example, uni-
form activation of the DPP pathway eliminates the appendages
and results in eggshells with greatly expanded operculum (Fig.
1C). At the same time, decreasing the levels of EGFR signaling
can result in eggshells with one appendage (Fig. 1D). These and
many other important observations were made two decades ago,
when eggshell morphology was used as a sensitive readout in
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genetic screens that discovered the genes involved in the early steps
of body axis specification (9, 10). Genetic studies of eggshell pat-
terning identified numerous molecular components that interpret
the GRK and DPP signals in the follicle cells (Fig. 2). Most im-
portantly, it was established that each of the two dorsal appendages
is derived from a 2D primordium comprising a patch of cells
expressing the Zn-finger transcription factor Broad (BR) and an
adjacent L-shaped stripe of cells that express rhomboid (RHO),
which encodes a ligand-processing enzyme in the Drosophila EGFR
pathway (11). Cells that express BR and RHO form the top and
bottom parts of the future dorsal appendages, respectively (Fig. 2C).

Work over the past decade has identified the transcriptional
factors that control these genes and has started to connect them in
a regulatory network (2, 12-18). Based on this network, we can
predict how the expression patterns of multiple genes will respond
to a range of genetic perturbations, including the quantitative
changes in the distribution and levels of inductive signals (Fig.
2D). In addition, this network provides a starting point for ex-
ploring the evolution of eggshell morphology, which varies greatly
across drosophilids. For instance, the eggshell of Drosophila virilis
has four dorsal appendages (Fig. 1E), whereas the eggshell of
Drosophila willistoni has a new dorsal structure, the dorsal ridge,
that extends from the base of the dorsal appendages toward the
posterior of the eggshell (Fig. 1F). What caused these changes in
eggshell morphologies? Can they be attributed to changes in the
inductive signals or in the regulatory network that interprets these
inputs in the follicle cells? Here we review the current knowledge
of the eggshell patterning network and the ongoing studies of its
evolutionary diversification.

Patterning Network in D. melanogaster

Most of our understanding of tissue patterning by inductive
signals is derived from studies of patterns in one dimension, such
as the stripes of gene expression in the Drosophila blastoderm
(19). However, the majority of experimentally observed patterns,
including those in the Drosophila blastoderm, have a strong 2D
component, reflecting their joint control by several inductive sig-
nals. Eggshell patterning by the EGFR and DPP pathways pro-
vides an excellent model for studying the dynamic emergence of
2D gene expression patterns and features several generally ap-
plicable regulatory principles (Fig. 2 4 and B). These principles
include the combined effects of two signaling gradients that act
through a network of transcription factors, converging on the
enhancers of their target genes (Fig. 2D). Another important as-
pect of this system, which has been revealed only recently, is that

This paper results from the Arthur M. Sackler Colloquium of the National Academy of
Sciences, “Gene Regulatory Networks and Network Models in Development and Evolu-
tion,” held April 12-14, 2016, at the Arnold and Mabel Beckman Center of the National
Academies of Sciences and Engineering in Irvine, CA. The complete program and video
recordings of most presentations are available on the NAS website at www.nasonline.org/
Gene_Regulatory_Networks.

Author contributions: G.P., V.V., N.Y., and S.Y.S. designed research; G.P., V.V., N.Y., and
S.Y.S. performed research; G.P., V.V,, N.Y., and S.Y.S. analyzed data; and G.P., V.V, N.Y.,
and S.Y.S. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

"To whom correspondence should be addressed. Email: stas@princeton.edu.

www.pnas.org/cgi/doi/10.1073/pnas. 1610619114


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1610619114&domain=pdf
http://www.nasonline.org/Gene_Regulatory_Networks
http://www.nasonline.org/Gene_Regulatory_Networks
mailto:stas@princeton.edu
www.pnas.org/cgi/doi/10.1073/pnas.1610619114

Fig. 1. Drosophila eggshell, a complex structure derived from an epithelial
sheet. (A) Scanning electron microscopy (SEM) image of the eggshell of
D. melanogaster. The most prominent features are the two dorsal appendages
(DAs), the micropyle (Mp), and the operculum (Op). (B) The egg chamber
midway through oogenesis stained with phalloidin. (C) SEM image of the
eggshell resulting from uniform activation of DPP signaling in the follicle cells.
(D) SEM image of the eggshell resulting from reduced EGFR signaling. (E) SEM
image of the eggshell from D. virilis, a species with four dorsal appendages.
(F) SEM image of the eggshell from D. willistoni, a species with two dorsal
appendages and a dorsal ridge (DR). All SEM images present the dorsal views
of the eggshell (anterior to the left).

different features of the emerging 2D patterns are established by
processes that are separated in time. In this section, we discuss the
network of the inductive cues and transcription factors that govern
the 2D pattern of BR, which acts as a master regulator of the
dorsal appendage formation.

The dorsoventral gradient of EGFR signaling controls br
through a feedforward loop, a network motif in which EGFR
activates both br and its repressor (17, 18, 20, 21). The induction
threshold for the repressor is higher than that for br, which ex-
plains why it is expressed only in cells exposed to intermediate
levels of GRK. The activating part of the feedforward loop is
mediated by the Iroquois transcription factor Mirror (MIRR), and
the repressive part relies on the ETS-domain factor Pointed
(PNT) (12, 13, 15, 22). Given the dorsoventral pattern of the
EGFR activation by GRK (Fig. 24), this circuit predicts that the
br expression domain should look like a horseshoe and extend all
the way to the anterior border of the oocyte-associated follicle
cells. The real pattern is different, however; the horseshoe is
broken at the posterior and pushed away from the anterior border
(Fig. 2C). These effects are mediated by two distinct repression
events, which are separated both in time and in space. The an-
terior repression depends on the anterior gradient of DPP sig-
naling (2, 17, 23), which controls br through a two-tier cascade that
involves repression of BRK, a direct target of DPP in multiple
stages of Drosophila development (24-26). The posterior re-
pression of br relies on the earlier phase of EGFR signaling, when
the oocyte nucleus is located at the posterior of the oocyte. At this
point of oogenesis, the EGFR pathway is activated in a posterior-
to-anterior gradient and represses br in the posterior half of the
follicular epithelium through the T-box transcription factors
Midline (MID) and H15 (Fig. 2D) (16, 27, 28).
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The effects of these inductive signals and transcription factors
were discovered through their effects on the eggshell morphology
and the patterns of BR protein, without direct analysis of the
transcriptional regulation of the br gene. Important aspects of this
regulation have been revealed only recently. Specifically, dissec-
tion of the genomic region of br revealed the existence of two
distinct enhancers, early and late, that combine their activities over
time to generate the dynamic expression of br in the follicle cells
(Fig. 34) (29). An early enhancer (brE) drives uniform expression
before stage 10 of oogenesis. At stage 10, this enhancer is re-
pressed in a wide dorsal domain and starts to subside in the rest of
the follicular epithelium. At the same time, the late enhancer
(brL) is activated in two lateral domains within the brE-free zone,
foreshadowing the formation of the two dorsal appendage pri-
mordia (Figs. 2C and 34).
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Fig. 2. Inductive signals, target genes, and genetic interactions involved in
eggshell patterning. (A) The dorsoventral pattern of EGFR signaling. (B) The
anteroposterior pattern of DPP signaling. (C) The fate map for the formation
of the respiratory dorsal appendages and the operculum. Each of the ap-
pendages is derived from a primordium comprising a 2D domain of cells
expressing Broad (BR, blue) and an adjacent line of cells expressing Rhomboid
(RHO, red). Cells between the two primordia express the transcription factor
Pointed (PNT, orange) and contribute to the formation of the operculum.
(D) The network of some of the key interactions involved in eggshell pat-
terning. GRK controls br at two different time points: first, when it is distrib-
uted in a posterior-to-anterior gradient (P), and then when it is distributed in a
dorsoventral (D) gradient (see text for details).

PNAS | June 6,2017 | vol. 114 | no.23 | 5809

PAPER

=
=
=2
(=4
o
=
=
o
o

DEVELOPMENTAL
BIOLOGY



L T

z

1\

BN AS PN AN D

=

1 i Ik N
| |
brL brk 1kb

brE

il Y

brL

« N9

br

« LU+ D

v
W -+
W -+ O

time -

brE , brL
10
GRK —
GRK

>
i
;

GRK GRK DPP

J_SHN
CIC CIC BRK
v H

MIRR MIRR  PNT X

.
.,

L
.
3

A LN\

brE ¢ brl X

Fig. 3. Summary of the cis-regulatory network controlling the spatiotemporal pattern of br. (A) Schematic of the genomic locus of br with exons indicated in
color and positions of identified enhancers shown as blue horizontal bars. For simplicity, a single isoform, br-RA, is shown. The dynamic pattern of br ex-
pression emerges from the time-dependent activities of two distinct enhancers, the early (brE) and the late (brL). Dorsal views of the egg chambers are shown
in all panels. (B) brE, initially active in a uniform pattern, is repressed in dorsal cells by the EGFR signaling. This repression depends on MIRR, an Iroquois-family
transcription factor that is induced by GRK and binds directly to an MIRR response element (MRE) within brE. GRK-dependent activation of mirr is mediated
by the transcription factor Capicua (CIC). (C) brL integrates both repressive and activatory inputs from EGFR signaling and repressive input from DPP signaling.
MIRR activates brL by unknown mechanisms in the same domain that it represses brE. High levels of EGFR signaling activate PNT, which represses brL in the
dorsal midline. DPP signaling represses brL in the anteriormost follicle cells. This involves a chain of repressive steps. DPP first directly represses the expression
of transcriptional repressor BRK in the anteriormost follicle cells. In the rest of the tissue, BRK promotes the activity of brL by antagonizing an as-yet unknown
repressor.
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The identification of these enhancers made it possible to de-
termine whether the effects of the key transcription factors con-
trolling br are direct and whether they affect the early or the late
phases of br expression (29). For instance, it was established that
MIRR controls both enhancers, but with opposite signs: repressing
brE and activating brL (Fig. 3 B and C). On the other hand, PNT
represses brL, but does not affect brE. The DPP pathway controls
only the late phase of br expression within the appendage pri-
mordia. The net effect of DPP is repressive and is fully dependent
on BRK (23). Specifically, the DPP pathway directly represses brk
in the anterior follicle cells, by acting through a well-characterized
direct mechanism (Fig. 3C) (26). In the rest of the follicular epi-
thelium, BRK positively regulates brL, likely by repressing an
unknown repressor (23).

Established under the joint action of the EGFR and DPP signals,
BR represses 70, confining its expression to the anterior border of
the BR domain. As mentioned above, RHO is a ligand-processing
protease within the Drosophila EGFR pathway. Remarkably, al-
though neither RHO nor its target (Spitz, SPI) is essential for
proper eggshell patterning (15, 18), the BR-dependent repression
of rho is important. Specifically, low levels of the BR protein
resulting from the activity of the brE enhancer “protect” the brL
enhancer from the PNT-mediated repression. In the absence of the
early br expression, EGFR activation induces premature expression
of rho, which is normally expressed only after the brE enhancer is
repressed by GRK. Precocious expression of RHO results in ec-
topic secretion of SPI and leads to ectopic high levels of EGFR
activation. This in turn leads to the PNT-mediated repression of the
brL enhancer and results in loss of the dorsal appendages (30).
Thus, the 2D pattern of BR is shaped by the dynamic interplay of at
least two enhancers with very different spatiotemporal activities.

Some of the cis and frans components in the network estab-
lishing the dorsal appendage primordia are shown in Fig. 3 B and
C. Based on this network, we can explain the observations made in
numerous genetic experiments. For instance, uniform activation of
DPP signaling leads to eggshells with no appendages and a large,
dorsally located operculum (Fig. 1C). We now understand that this
effect is caused by direct repression of BRK, which leads, through a
short cascade, to repression of the brL. enhancer. As another ex-
ample, uniform activation of the EGFR pathway also results in
eggshells with no appendages, but the operculum is now formed
around the entire dorsoventral axis (31). This effect is caused by
the PNT-dependent repression of brL. In both examples, brL is
repressed, but the mechanisms of repression are different. Note
that because all of the effects of the patterning cues ultimately
converge on the brL enhancer, future studies of the eggshell pat-
terning network should focus on a more complete understanding
of this regulatory element. Along with identifying the missing
transacting elements, such as a missing repressor that is antago-
nized by BRK, this requires identifying the cis-regulatory se-
quences that respond to the transcription factors controlled by the
EGFR and DPP pathways.

From D. melanogaster to Other Species

Explaining the morphological diversity of eggshells in drosophilids
motivated much of the mechanistic studies of the eggshell pattern-
ing network (32-38). For example, in contrast to D. melanogaster, in
which each of the two dorsal appendages is formed from a sepa-
rate primordium, the four appendages in D. virilis arise not from
four, but from two separate primordia (Fig. 44). Similar to
D. melanogaster, each primordium comprises a 2D domain of br
bordered by a line of rho-expressing cells. Thus, it appears that the
same genes are involved in patterning of appendages, but their
expression patterns are different (39). What mediates these
changes in gene expression? Is it possible to trace them to changes
in the inductive signals and the mechanisms by which they are
interpreted by the follicle cells? Although work addressing these
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questions has just begun, it is already clear that multiple mecha-
nisms are at play in this rapidly evolving system.

Early models of eggshell patterning suggested that quantita-
tive changes in the distribution of the GRK gradient can change
the number of dorsal appendages (33, 40, 41). This possibility
was conclusively ruled out by an elegant experiment that relied
on chimera egg chambers established by pole cell transplantation
(42). In this case, egg chambers contained somatic cells from
D. melanogaster and the germ line cells derived from D. virilis. As
a result, the follicular epithelium of D. melanogaster was patterned
by GRK from D. virilis. The eggshells formed by these mosaic egg
chambers were indistinguishable from the wild-type eggshells of
D. melanogaster. These results show that, at least in this case,
changes in eggshell morphology cannot be explained by changes in
the inductive signal alone, pointing to the need to consider al-
terations in the network that interprets the inductive signal.

As a first step in this direction, Nakamura et al. (42) focused on
the regulatory region of ri0 and identified the orthologous enhancer
in D. virilis. This enhancer recapitulates the endogenous pattern
of rho expression in D. virilis and drives expression in a broken
V-shaped pattern. However, when introduced in D. melanogaster,
this enhancer drives expression in an L-shaped pattern that is very
close to the endogenous pattern of 740 in D. melanogaster (Fig. 4B).
Thus, changes in the pattern of rho expression are caused by
changes in frans to the regulatory region of rho. Consistent with this
scenario, the L-shaped activity 10 enhancer from D. melanogaster is
altered when this enhancer is introduced to D. virilis. As expected,
this enhancer is now active in a broken V-shaped pattern (Fig. 4C).

As mentioned in the previous section, one of the main regula-
tors of 7ho is BR, which represses rho in cells that form the upper
part of the future dorsal appendages (11, 43). At this point of
oogenesis, br is regulated by the brL. enhancer. Thus, perhaps one
way to alter the expression of 7o is to alter the activity of the brLL
enhancer. Indeed, the wild- type expression of rho in both species
can be predicted by the expression pattern of br. In both species,
rho is expressed at the anterior border of the br domain (11, 21, 30,
43). If this is correct, then the regulatory region of brL should be
changed in a way that alters the lateral extent of its activity. In
particular, the expression of brL should be expanded in the lateral
direction, to generate the “handle” characteristic of the wild-type
pattern of BR in D. virilis. This handle is responsible for defining
the anteriormost pair of appendages (39, 44).

To test this possibility, we have begun to identify the regulatory
region of brL in D. virilis and assay its activity in D. melanogaster.
Our preliminary results demonstrate that the brL. enhancer from
D. virilis indeed drives the expression more broadly than the brL
enhancer from D. melanogaster (Fig. 4D’). The most noticeable
difference is the expression in a lateral group of cells, resulting in a
pattern that begins to resemble the endogenous pattern in D. virilis
(Fig. 4D-D""). Based on this, we propose that the evolution of the
brL enhancer is responsible for the diversification of eggshell
patterning and morphogenesis. To test this hypothesis, we will
have to identify which sequence changes within the brL result in
the expanded expression of br in D. virilis. The identification of
these changes is ongoing.

Although changes in the spatial distribution of GRK could not
explain the differences between the eggshell structures of D. virilis
and D. melanogaster, they are responsible for the diversification of
other aspects of eggshell morphogenesis. A clear example of the
functional capabilities of changes of inductive signals is provided
by studies of the dorsal ridge, a lumen-like structure along the
dorsalmost side of the eggshells of several Drosophila species, in-
cluding D. willistoni (Fig. 1F) (32, 36) In contrast to D. mela-
nogaster, which lacks the dorsal ridge and is patterned by GRK
localized around the oocyte nucleus (Fig. 4E), D. willistoni is
patterned by the GRK profile that is significantly extended toward
the posterior end of the follicular epithelium (45) (Fig. 4F). The
origin of this dramatic change in the distribution of GRK requires
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Fig. 4. Two different mechanisms for the evolution of br patterning: changes in the regulatory region of br and changes in the inductive signals. (A) Schematic
representation of the expression domains of br and rho in D. virilis. (B) Summary of the activity of the rho enhancer from D. virilis in D. melanogaster. (C) Summary
of the activity of the rho enhancer from D. melanogaster in D. virilis. (D-D'"’) Comparison of the activities of the brL enhancers from D. melanogaster (D; brL-GFPin
green) and D. virilis (D’; brLvir-lacZ, red), analyzed in D. melanogaster. (D'’) Merged image including immunostaining for endogenous Br (white nuclear staining)
for orientation. The yellow arrow indicates the lateral expansion of D. virilis brL. (E) Schematic of GRK localization in D. melanogaster (lateral view). (F) Schematic
of GRK localization in D. willistoni (lateral view). (G) Schematics of eggshells in D. melanogaster, D. willistoni, and D. melanogaster patterned by GRK from

D. willistoni.

further study, but it has been already established that GRK from
D. willistoni is both necessary for dorsal ridge formation and suf-
ficient for generating a partial dorsal ridge in eggshells of
D. melanogaster (Fig. 4G). Thus, diversification of eggshell mor-
phogenesis can be caused by the combined effects of changes at
very top (GRK) and very bottom (BR) of the patterning network.

Summary and Outlook

Eggshell morphogenesis in drosophilids provides an excellent op-
portunity for the detailed analysis of multiple steps that connect
inductive signals and transcription factors to 2D patterns of gene
expression and 3D structures. The experimental studies of this
system have come a long way from the identification of the key
components of signaling pathways through their effects on eggshell
morphologies to the detailed analysis of gene regulatory sequences
and computational models that capture multiple aspects of sig-
naling, transcription, and morphogenesis (30, 46, 47). Much work
remains to be done to characterize the regulatory sequences and
their control by transcription factors. Furthermore, some of the
important players, most notably the activators, are yet to be iden-
tified and placed within the existing network.

Recent studies with the enhancer of br and data from cross-
species analysis strongly suggest that the late enhancer of br is one
of the main loci for the diversification of eggshell patterning. At
this point, the identified regulatory regions for brL in both species
are still quite large. Shortening these enhancers will enable more
efficient exploration of the cis-regulatory changes involved in the
diversification of eggshell patterning. Once these changes are
identified and the activity of minimal enhancers is examined in
both species, similar to what has been done for the ri0 enhancer,
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their functional effects on eggshell patterning can be tested. This
can be done using the recently developed genome editing tech-
niques, by swapping the brL regions between the two species. In
particular, it will be very interesting to see whether a change in a
single enhancer is sufficient to change both the expression pattern
of BR and the number of dorsal appendages.

In addition to changes in the cis-regulatory region of br,
which appears to be the key node in the appendage patterning
network, it is important to keep in mind the mechanisms that
rely on the intracellular modulation of inductive signals. In
particular, GRK induces several negative feedback loops that
modulate the signals sensed by the enhancers of the genes
within the patterning network, changing the 2D patterns of br
expression and affecting eggshell morphology (15, 48-52).
Changing the induction thresholds of these negative feedback
regulators provides another degree of flexibility for the evolu-
tion of eggshell patterning (18, 28).

One of the most exciting directions for future studies is re-
lated to the mechanistic analysis and experimental validation of
the computational models that can explain the remarkable
morphological diversity of eggshell structures. Current models
of eggshell patterning can account for the dynamics of inductive
inputs and some of the most important features of the tran-
scriptional network that regulate BR and RHO (20, 21, 28, 30,
37, 53). These models can predict how the spatiotemporal ac-
tivity of the brL enhancer responds to changes in the inductive
signals and changes within the transcriptional network, pro-
viding a compact summary for a large number of genetic per-
turbation experiments. At this point, models of eggshell patterning
do not directly use the sequence-specific information, but these

Pyrowolakis et al.


www.pnas.org/cgi/doi/10.1073/pnas.1610619114

L T

/

1\

=y

capabilities can be added as we acquire more knowledge about the
connections between transcription factors and the brL sequence
(54, 55). In the future, we envision a unified model that accounts
for multiple processes, from inductive signals to enhancers, and
can generate all of the observed eggshell morphologies by varia-
tions of model parameters and sequence variations.
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