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Drosophila Zpr1 (Zinc Finger Protein 1) Is Required
Downstream of Both EGFR And FGFR Signaling in
Tracheal Subcellular Lumen Formation
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Abstract

The cellular and molecular cues involved in creating branched tubular networks that transport liquids or gases throughout
an organism are not well understood. To identify factors required in branching and lumen formation of Drosophila tracheal
terminal cells, a model for branched tubular networks, we performed a forward genetic-mosaic screen to isolate mutations
affecting these processes. From this screen, we have identified the first Drosophila mutation in the gene Zpr1 (Zinc finger
protein 1) by the inability of Zpri-mutant terminal cells to form functional, gas-filled lumens. We show that Zpr1 defective
cells initiate lumen formation, but are blocked from completing the maturation required for gas filling. Zpr1 is an
evolutionarily conserved protein first identified in mammalian cells as a factor that binds the intracellular domain of the
unactivated epidermal growth factor receptor (EGFR). We show that down-regulation of EGFR in terminal cells phenocopies
Zpr1 mutations and that Zpr1 is epistatic to ectopic lumen formation driven by EGFR overexpression. However, while Zpr1
mutants are fully penetrant, defects observed when reducing EGFR activity are only partially penetrant. These results
suggest that a distinct pathway operating in parallel to the EGFR pathway contributes to lumen formation, and this pathway
is also dependent on Zpr1. We provide evidence that this alternative pathway may involve fibroblast growth factor receptor
(FGFR) signaling. We suggest a model in which Zpr1 mediates both EGFR and FGFR signal transduction cascades required
for lumen formation in terminal cells. To our knowledge, this is the first genetic evidence placing Zpr1 downstream of EGFR
signaling, and the first time Zpr1 has been implicated in FGFR signaling. Finally, we show that down-regulation of Smn, a
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protein known to interact with Zpr1 in mammalian cells, shows defects similar to Zpr1 mutants.
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Introduction

Branched tubular networks, such as the vascular (blood) and
respiratory systems, are a common structural design used to
facilitate the transport of liquids and gases throughout the body.
The cellular cues and signaling required for generating these
complex networks, and tailoring each structure for a specific need
(e.g., transporting liquid vs. transporting gases) are not well
understood. To identify components involved in tubular network
formation we are studying the Drosophila melanogaster larval tracheal
(respiratory) system. The larval tracheal system is composed of a
network of approximately 10,000 interconnected tubes that serve
to transport oxygen and other gases throughout the body [1,2]. To
construct this elaborate tubular network, cells within the tracheal
epithelium first undergo a series of coordinated and stereotyped
branching and tubulogenesis events during mid-embryogenesis.
These events are primarily regulated by a fibroblast growth factor
ligand (FGF) and receptor (FGFR), encoded by the branchless (bni)
and breathless (btl) genes, respectively [3,4]. These Bnl- and Btl-
mediated early outgrowth events provide a cellular framework for
what will eventually be the larval tracheal system. The mature
larval tracheal system can be subdivided into three morpholog-
ically distinct tube types [5]. The first type are multicellular
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structures in which polarized sheets of epithelial cells are shaped to
create tubes [6,7]. Cross section of such tubes reveals intercellular
junctions that maintain a permeability barrier for the lumen, the
hollow space through which gases are transported. The second
type of tubes are unicellular and are made from single cells that
wrap around their long axis and form an autocellular junction [8].
The third type of tracheal tubes form in specific cell type called
terminal cells [9,10]. Terminal cells are characterized by their
extensive subcellular branching and these branches contain
completely subcellular lumens, which form without cell junctions
[1,9]. In contrast to the stereotyped branching and lumen
formation observed during early tracheal morphogenesis, terminal
cell branch outgrowth is a dynamic process and is controlled by
the extent of hypoxia in target tissues and in the terminal cells
[11,12]. Thus, terminal cells may provide a model for under-
standing the development of fine capillaries within the vertebrate
vasculature whose development also depends on tissue oxygen
status [13].

To identify factors required for branching and lumen formation
specifically in terminal cells, we have analyzed mutants obtained
from a forward genetic-mosaic screen of the Drosophila X
chromosome. Such an approach on other Drosophila chromosomes
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has proven successful at identifying genes affecting diverse aspects
of terminal cell development [14,15]. We show here that one of
the alleles identified in our screen is the first Drosophila mutation of
the Zprl (Zinc finger proten 1) gene. Zprl is an evolutionarily
conserved protein characterized by two C4 zinc fingers and two
Zprl-specific conserved homology domains [16]. Zprl was first
identified in mammalian cells as a cytoplasmic protein that was
capable of binding the intracellular domain of the unactivated
EGF receptor (EGFR) [16]. Here we report that Zprl is required
for terminal cell lumen maturation and show that Zprl function
lies downstream of both the FGFR and the EGFR in regulating
this process. Finally, we show that the Zprl interacting protein
SMN (survival motor neurons) [17] is required for terminal cell
lumen development, suggesting a developmental role for the
evolutionarily conserved Zprl/SMN pathway.

Results

A mutant required for branching and lumen formation in
Drosophila terminal tracheal cells

To identify genes involved in tracheal terminal cell develop-
ment, a forward genetic-mosaic screen of lethal mutations on the
X chromosome was performed by using the MARCM system [18]
to generate positively (GFP) labeled homozygous mutant cells in
heterozygous animals (M.M.M. and M.A. Krasnow, unpublished
results). Homozygous mutant cells were then scored for tracheal
branching and air-filling defects by using a combination of
fluorescence microscopy and brightfield optics, to visualize
terminal branching patterns and gas-filling respectively. Wild-type
terminal cells have a single central terminal branch from which
secondary branches sprout, subsequent branching occurs from
these secondary branches to generate tertiary branches and from
these form quaternary branches (Fig. 1A, A”). Wild-type cells also
posses a single gas-filled lumen that runs through every branch
class (Fig. 1A’). Among the 900 lines that were scored, a mutant
designated 37 was identified by its complete failure to generate
gas-filled lumens (Fig. 1B’). 3/ZZ mutant cells also show a
significant branching defect (Fig. 1B, B”); we find that 51Z<
mutants are able to generate a central branch and secondary
branches, but fail to undergo tertiary and quaternary branching
(Fig. 1C). While the branching phenotype was highly variable, gas-
filling is completely abrogated in all 37{< mutant terminal cells.

31ZZ is an allele of Drosophila Zpri

To identify the causative mutation in 51 we mapped the
lethality to a discrete genetic interval on the X chromosome using
a multipoint recombination mapping strategy (see Materials and
Methods). This analysis placed the lethality associated with 51
to the 3.3 Mbp (megabase pair) interval between the ¢ and v
genes. The interval containing 57/ was then refined by using
single nucleotide polymorphisms (SNP) and transposable element
insertions as molecular markers of meiotic recombination events.
This allowed us to map the 37{ mutation to a 72 kb (kilobase)
interval containing 15 genes (Iig. 1D). Sequencing of the genes in
this region identified a single point mutation (an A to T
transversion) in the first exon of the gene Jpr/. This mutation
results in a premature termination codon at amino acid position
58. To confirm this mutation as the causative allele in 3/, a
3.2 kb transgene spanning the pr/ genomic locus as well as
949 bp (base pairs) upstream of the gene was transformed into flies
and tested for rescue of the lethality and gas-filling defect
associated with 37Z. We find that a single copy of this transgene
is able to rescue the lethality associated with 51ZZ, as well as all
terminal cell defects (data not shown). Additionally, we generated
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transgenic flies carrying a {pr/ ¢cDNA under the control of the
GAL4/UAS system [19]. We found this construct was able to
rescue the gas filling defect in 37 mutant cells when specifically
expressed in terminal cells (data not shown). From these
experiments we conclude that the mutation identified in Jpr! is
responsible for the lethality and gas-filling defects associated with
mutant line 37<.

Zpr1 is required for maturation of the terminal cell lumen

Using of bright-field microscopy to examine tracheal cells, we
cannot distinguish between complete lack of lumen formation or a
subsequent defect in gas-filling. To determine at which step 51
affects the process of lumenogenesis, we performed two analyses.
First, we used an characterized antiserum (o-Wkdpep) that reacts
against a component present in the terminal cell lumen [20], to
stain 37/ mutant cells. We found that 37/ terminal cell
branches labeled with this antisera (Fig. 1F), and the staining
observed was very similar to that observed in wild-type cells
(Fig. 1E), though occasionally portions of 51Z branches, did not
show staining. Second, we used transmission electron microscopy
(TEM) to examine 3/{{ mutant tracheal terminal branches.
Because it is difficult to identifying mutant cells in mosaic animals
when using TEM, we instead used RNAi to inactivate pr!
throughout the tracheal system, so that all terminal cells in fixed
samples should have the 31 defect. We first confirmed that Zpr!
RNAI leads to gas-filling defects similar to Zpr7*'<X mutant cells
(Fig. SIA). We next examined these tracheal cells in these animals
by TEM. In wild-type tracheal branches, the lumen appears as a
membrane bound compartment, typically centrally placed within
the branch. The inside of the luminal membrane is lined with a
chitinous cuticle, arranged in rings known as taenidial folds [21],
and the central space is clear of any cellular material (Fig. 1F). By
contrast, we found that while pr/ RNAi terminal branches
contain an internal, membrane-bound structure, positioned
similarly to a mature lumen, the mutant lumens lack a developed
cuticle and the lumen is frequently occluded with staining material
(Fig. 1G and Fig. S1B). While the level of gene activation by RNAi
may not represent a complete loss of gene function, the conclusion
from both our staining and EM analysis is that {pr/-mutant
terminal cells initiate lumen formation, but that progression to a
mature, gas-filled lumen is blocked.

Loss of EGFR function results in terminal cell gas-filling
defects

Zprl was first identified in a yeast 2-hybrid screen as a protein
that was capable of binding to the intracellular domain of the
unactivated EGF receptor [16]. Roles for EGFR signaling in the
development [22,23] and maintenance [24] of the Drosophila
embryonic tracheal system have been previously characterized. In
particular, over activity of the EGFR has been shown to be
associated with an increase in embryonic lumen formation [22].
Therefore, we hypothesized that Zprl mediates an EGFR
signaling cascade required for subcellular lumen formation or
maturation. To explore this, we determined whether loss of EGFR
activity had an effect on terminal cell lumenogenesis. First, we
tested the effect of EGIR loss-of-function mutations on terminal
cell development by examining homozygous mutant terminal cells
in mosaic animals. We found mutations in any of three null alleles
of the EGFR (EGFR"'"?| EGFR?, EGFR"™ ) resulted in terminal
cells without a visible gas-filled lumen (Fig. 2A, A’). In contrast to
the robust phenotype of {pr! mutants, in which all mutant cells are
lack a gas-filled lumen, only a small percentage (around 15% after
scoring at least 55 animals for each genotype) of terminal cells
mutant for the EGFR have defective lumens (Fig. 2D). Interest-
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Figure 1. ZprT is required for branching and lumen maturation in terminal cells. Mosaic L3 larvae generated using the MARCM system with
homozygous mutant cells marked by the expression of GFP. Tracheal cell branching and gas-filling patterns are characterized by using GFP (A, B) and
brightfield microscopy (A’, B'), respectively. (A”, B”) Tracing of the branching patterns of cells shown in A and B. Wild-type terminal cells undergo
extensive branching and have a single air-filled lumen in each branch (A-A"). Zpr1 homozygous mutant cells exhibit branching defects and fail to
generate a gas-filled lumen (B-B"). Dashed lines indicate proximal end of the cell. (C) Branching was quantified by designating branches of terminal
cells as primary (green), secondary (red), tertiary (blue), or quaternary branch and totaling all branches. Tertiary and quaternary branching is affected
in Zpr1 mutants. Error bars are =2 S.E.M of each class (n=9). (D) Mapping and identification of 31ZZ mutant. Genetic map of the X chromosome and
the ct-v interval. A combination of visible markers, single nucleotide polymorphisms (XA, etc.) and transposon markers were used to map the lethality
associated with 37ZZ to a 72 kb interval. In the middle panel, black and white boxes represent individual genes within the 72 kb region. Subsequent
sequencing of genes in the region identified a single A to T transversion at base position 172 of the Zpr1 coding sequence. In the gene structure
shown at the bottom, black boxes are Zpr1 coding regions; shaded boxes, 5’ and 3’ untranslated regions; open arrow, direction of transcription;
bracket: Zpr1 genomic rescue construct. (E, F) Wild-type (E) and Zpr1 mutant terminal branches (F) stain with the luminal marker o-Wkdpep. (G, H)
TEM analysis of wild-type (G) and Zpr1 mutant terminal branches (H). The lumens are marked with asterisks. The wild-type lumen is clear of cellular
material while the Zpr17 mutant lumen is obstructed. The wild-type lumen is lined with darkly staining cuticle (arrow) that is lacking in the Zpr1 mutant
lumen. Bars: A, 200 um; E (and for F) 10 um; G & H, 400 nm.

doi:10.1371/journal.pone.0045649.g001
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Figure 2. Loss of EGFR function in terminal cells results in a partially penetrant lumen gas-filling defect. (A) Two homozygous EGFR?
mutant cells, marked by the expression of GFP. One cell (arrow) shows a gas-filling defect, while the other cell (arrowhead) has an apparently normal,
gas-filled lumen (brightfield image in A’), indicating the partial penetrance of the EGFR loss of function. Dashed line indicates proximal end of the
non-filled mutant cell. Tracheal-specific expression of EGFR-RNAI (B) and a dominant negative EGFR (C) results in gas-filling defects (B’, C'). Position of
cells is indicated by dashed circles. (D) Quantification of penetrance of the EGFR loss-of-function phenotype. For all conditions quantified a minimum
of 55 cells were scored. Error bars represent 95% confidence interval of the binomial distribution.

doi:10.1371/journal.pone.0045649.9g002

ingly, among terminal cells mutant for the EGFR that have the To determine whether the low penetrance of defects observed
lumen defect, most display a branching defect similar to that was a characteristic of using EGFR loss-of-function alleles, or a
observed in Jprl mutant cells. broader phenomenon of EGFR signaling, we conducted a series of

experiments using different manipulations to reduce EGFR
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function. First, we downregulated the EGIFR specifically in the
tracheal system by using the tracheal specific btl-GAL4 [25] driver
to express an RNAI transgene directed against the EGFR. Similar
to the loss-of-function alleles, we observed terminal cells with
strong gas-filling defects (Fig. 2B, B’). Again, similar to the loss-of-
function alleles, this defect was only partially penetrant (Fig. 2D).
Other RNAI transgenes tested displayed similar low-penetrance
terminal cell gas-filling defects when expressed in the tracheal
system (data not shown). We next tested an EGFR dominant
negative transgene (Fig. 2C, 2C°). This manipulation also led to
gas-filling defects in terminal cells of a similar penetrance to the
loss-of-function or RNAi experiment (Fig. 2D). Thus, multiple
manipulations which reduce the EGFR in terminal cells result in a
partially penetrant gas-filled lumen formation defect.

EGFR overexpression results in ectopic lumen formation
in a Zpr1-dependent manner

Next, we tested if an increase in EGFR activity could induce
lumen formation in tracheal terminal cells. We tested this by
overexpressing wild-type and constitutively active versions of the
EGFR. We found that over-expression of both the wild-type
(Fig. 3A, A’) and the activated EGFR (Fig. 3B, B’) resulted in an
increase in lumen formation, characterized by multiple air-filled
lumens within a single cell. This effect is reminiscent of the result
of increasing receptor tyrosine kinase (RTK) signaling in the
embryonic tracheal system: this manipulation leads to ectopic
embryonic lumen formation, though in embryos the defect is
expressed as dilations of existing lumens, rather than generation of
new lumens [22].

We next tested whether {pr! lies downstream of the EGFR-
mediated lumen formation by examining the epistatic relationship
of Zprl and the EGFR overexpression transgenes. We made

UAS-Abtl
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MARCM mosaics in which pr! loss-of-function cells, positively
marked by expression of a UAS-DsRed transgene, simultaneously
overexpress EGFR. We found that Jpr/ mutant cells that
overexpress either the wild-type or the activated form of the
EGFR lack gas-filled lumens, and appear essentially identical to
Zprl mutant cells (Fig. 3D, E). This finding suggests Zpr1 functions
downstream of the EGFR, consistent with what was proposed
from cell culture experiments [16]. These data provide the first in
viwo evidence for functional relevancy of the EGFR-Zprl
mteraction and further indicate a role for EGF signaling in the
regulation of lumen formation during development of terminal
cells.

Zpr1 lies downstream of multiple RTKs

The incomplete penetrance of our EGFR loss-of-function
experiments led us to consider the possibility that other active
RTKs could be feeding into the Zprl pathway. To test this, we
examined the best studied RTK in the Drosophila tracheal system,
the FGFR Btl [4]. We could not directly test loss of FGFR in
lumen development because tracheal cells mutant for b# fail to
outgrow or undergo branching [26]. To bypass this early Btl
requirement, we tested the epistatic relationship of Zprl and
FGFR by expressing an activated form of the Btl receptor (1)
[27]. We found that overexpression of this activated form of the
FGFR in terminal cells resulted in increased lumen formation as
visualized by multiple, gas-filled lumens within single cells (Fig. 3C,
C’). To test whether loss of Zprl could suppress this FGFR
mediated overgrowth, we made MARCM mosaics in which Zpr/
loss-of-function cells simultaneously overexpress Abtl. We find that
all Zprl homozygous mutant cells overexpressing Ab#/ display a
Lpri-like phenotype (Fig. 3F, }*), indicating that Zprl is epistatic to
FGFR overexpression in terminal cell lumen formation.

Zpr13122

Figure 3. Zpr] is epistatic to both EGFR and FGFR signaling in terminal cells. Tracheal cell branching patterns and gas-filled lumens are
characterized by using DsRed fluorescence (A-F) and brightfield microscopy (A’-F’) respectively. Over-expression of wild-type (A) or activated (B)
forms of the EGFR in terminal cells drives luminal overgrowth (A’, B". Inset in A’ shows a close up of the cell body containing the extra lumens). Over-
expression of an activated form of the FGF receptor in wild-type terminal cells results in extensive overgrowth of branches (C) and lumens (C'). Zpr1
mutants are epistatic to the extensive luminal growth caused by the overexpression of wild-type EGFR (D, D’), activated EGFR (E, E') and activated
FGFR (F, F'). Dashed lines indicate the proximal ends of the DsRed labeled cells. Bar, 100 um for A, B, C, E, F; 50 um for D.

doi:10.1371/journal.pone.0045649.g003
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Drosophila Smn is required for terminal cell lumen
development

One known interactor with the Zprl protein in mammalian
cells is the survival of motor neurons protein, SMN1 [17,28]. This
interaction is known to be required for SMNT1 function [29-31].
To test if the Drosophila homolog of SMNI1 (called Smn) [32-34]
functions on the same pathway as Zprl in tracheal terminal cell
lumen formation we used RNAi to down-regulate Smn in the
developing tracheal system. When we did this, we found that
terminal cells lack their gas-filled lumens, a phenotype very similar
to <prl loss of function (Fig. 4). This result suggests that Zprl
functions in conjunction with Smn in terminal cell lumen
formation, much as their mammalian homologs do in other
biological contexts.

Discussion

To achieve complete interconnectivity the Drosophila tracheal
system undergoes extensive branching and fusion steps beginning
in embryogenesis and continuing throughout larval development
[2]. After branch outgrowth, terminal cells must then undergo an
additional intracellular lumen formation step to promote gas
exchange. We show here that Zprl is required for this
lumenogenesis process: Jprl mutant terminal cells show a
complete absence of a gas-filled lumen. Marker and ultrastructural
analysis indicates Zprl mutant cells can initiate terminal cell
lumen formation, but the lumen cannot mature to a functional
gas-filled form. Zpr/ mutant terminal cells also show significant
branching and outgrowth defects. We do not know if these defects
are related to the lumenogenesis defect or represent a different
aspect of Zprl function.

Zprl was initially identified as a protein that was able to bind
the intracellular tail of the inactive EGFR, an interaction necessary
for cell growth and division [35,36]. Although the EGFR has
previously been shown to be involved early in tracheal cell
migration [23,37], and is also necessary for maintaining the
structural integrity of the embryonic tracheal system [24], specific
downstream effectors have not been identified in this tissue.
Recently, indirect evidence has suggested a role for the EGFR in
tracheal lumen formation [22]. This work involved studying
receptor protein tyrosine phosphatases (RPTP) which are negative
regulators of RTK signaling. Disruption of Pip4E and Pip10D (the
only RPTPs expressed in the tracheal system) results in a cystic
lumen or luminal overgrowth phenotype in the embryonic

Smn RNAi
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tracheal system [22]. Reduction of EGFR activity in the Pip4E
Pip10D mutant background ameliorated this defect suggesting it is
over activity of this receptor that is responsible for the excessive
lumen phenotype. However, the effect of direct removal of EGFR
on lumen formation was not tested.

Our results show that the EGFR is required not only for
embryonic tracheal lumen formation, but also for postembryonic
subcellular lumenogenesis. However, our loss-of-function experi-
ments suggest the situation is more complex than a simple
requirement of the EGIR for lumenogenesis. We find that while
loss of EGFR activity can lead to defects in lumenogenesis, this
defect is not completely penetrant; only ~15% of mutant cells
show the defect. We do not think that this lack of penetrance is due
to perdurance of EGFR gene product in the mutant cells, since we
observe very similar defects in which the EGFR activity has been
reduced using RNAi, which should target EGFR mRNA, and
EGFR dominant negative, which should directly target EGFR
protein. Rather, we think that additional RTKs or other signaling
pathways are acting redundantly with the EGFR in the lumen
formation process.

One candidate RTK that could be acting redundantly with
EGFR is the FGFR, Btl. Btl is known to function during terminal
cell development [38], where it stimulates branch outgrowth
towards hypoxic tissue [11]. We cannot test the role of Btl directly,
since it is required for branching outgrowth, both during
embryonic and larval tracheal cell development, but we show
here that ectopic Btl signaling leads to extra lumen growth, similar
to what has been observed using overexpression of the Btl FGI
ligand branchless [11]. Furthermore, we show that Zprl is required
for both EGFR- and FGFR-stimulated lumen formation.

The finding that Zprl lies downstream of multiple RTKs
suggests a model in which terminal cells use multiple signaling
pathways to stimulate lumen formation or maturation. One
possibility for these semi-redundant pathways is that they are used
to interpret positional cues which help the cell determine whether
it has reached hypoxic target tissue. Hypoxic tissue secretes FGF as
a long-range signaling molecule that guides the outgrowth and
active migration of terminal cell branches towards hypoxic tissue
[11]. In our model (Fig. 4), hypoxic tissue additionally secretes
EGF as a short-range signaling molecule that induces lumen
formation when the terminal cell branch contacts the hypoxic
tissue. Lumen formation is an important step in facilitating gas
exchange to hypoxic tissue, so cross talk between the FGFR and
EGFR signaling cascades provide the cell with redundant

Figure 4. Smn is required for lumen formation and/or maturation in terminal cells. Expression of a RNAi transgene directed against Smn
using the tracheal-specific driver btl-GAL4 results in terminal cells lacking a gas-filled lumen, as observed using bright field microscopy (right), but
with essentially normal branching (GFP image, left). Arrows indicate some of the branches to help demark the lack of gas filling; the asterisk indicates

the cell body.
doi:10.1371/journal.pone.0045649.9g004
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mechanisms ensuring lumen formation occurs at an appropriate
time and place, as well as a mechanism for modifying the amount
of lumenogenesis that occurs during hypoxic conditions. Loss of
EGFR can be compensated for by increased FGF signaling, thus
appearing as a lack of phenotypic penetrance when EGF signaling
is reduced.

We further propose Zprl functions to integrate the EGF and
FGF signal in triggering lumen maturation (Fig. 5). Zprl loss of
function leads to non-gas filled cells and is epistatic to disregulated
RTK signaling. Zprl was first identified as binding to the
intracellular domain of the EGFR [16], and this is to our
knowledge the first i wiwo evidence that Zprl functions
downstream of the EGFR in a specific developmental process.
Experiments aimed at mapping the EGFR-Zpr1 binding domains
showed that Zprl binds to the subdomains X and XI of the EGFR
[16]. This region is composed of three o helices and is well
conserved in other RTKs, such as the platelet-derived growth
factor (PDGF) and the FGIR [39]. The binding of Zprl to this
conserved motif on different RTKs was confirmed for the PDGF
[16]; interaction with the FGFR has not been directly tested.
Although the degree of conservation in subdomains X and XI of
the FGIFR suggests that the downstream function of Zpr1 could be
mediated through their physical interaction, we have yet to test
this hypothesis through co-immunoprecipitation (Co-IP) or similar
experiments.

What is the mechanism by which Zprl stimulates lumen
maturation? It is known that after release from the EGIFR, Zprl
can form complexes with the survival motor neurons 1 (SMNTI)
protein [17]. We show here that the Drosophila homolog of SMNT,
Smn [32], is required for lumen development in terminal cells,
much like Zprl. The Zpr1/SMNI1 interaction is known to lead to
relocalization of Zprl to the cell nucleus [30], where it could have
a role in influencing gene expression that could include a
lumenogenic program. Alternatively, Zprl is also known to
interact with the eukaryotic translation elongation factor lo
(EFla) [40] and it has been shown that EFla possesses
microtubule severing activity [41]. Microtubules have recently
been implicated in terminal cell lumenogenesis [20], suggesting a
mechanism by which Zprl could act directly in the cytoplasm to
regulate cytoskeletal components that maybe integral to lumen
formation or maturation. Further experiments on the RTK/Zprl

Short Long
range range
EGFR FGFR
Zpr‘] ------------ » BranChing
Lumen
Maturation

Figure 5. Model of Zpr1 function in terminal cell lumen
maturation. FGF is a long-range signal required for outgrowth and
branching in terminal cells. Short-range EGF signaling through Zpr1
initiates lumen maturation in terminal branches that have arrived at
hypoxic tissue. FGF signaling can also stimulate lumen formation
through Zpr1, providing redundancy in the lumenogenesis program.
Zpr1 may also promote FGF-mediated branch outgrowth (dashed
arrow).

doi:10.1371/journal.pone.0045649.g005
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signaling pathway should reveal if either, or both, of these
processes are required for i vivo subcellular lumen formation.

Materials and Methods

Fly stocks and genetics

All flies were reared on standard media and raised at 25°C.
Control chromosomes used for clonal analysis were FRT?* [42]
or FRT®" [43]. MARCM analysis [18] was done on the following
alleles, Zpr1”'~< (this work), EGFR""""? [44], EGFR" [45], and
EGFR™ [46] (a gift from M. Fuller). The btl-GAL4 driver was
used for all tissue-specific experiments [25]. Positively marked
homozygous mutant cells were generated using the stocks: y w
P{w", btl-Gal80}, FRT'™, hsFLP"?; btl-Gal4, UAS-GFP and y w
hsFLP'?; FRT®", P{w", tub-Gal80); bil-Gal4, UAS-GFP (a gift from
S. Luschnig). The following EGFR RNAI transgenic lines were
used: »' o'y P{TRiPJFO1368}auP? and »' o'; P{TRiPJ-
F01084}attP? and y' o'; P{TRiPJF02384}attP2. For dominant
negative experiments, we used y’ w*; P{UAS-Egfr DN.B}29-77-1;
P{UAS-Egfr.DN.B}29-8-1 [47]. For all RTK epistasis experiments
ay w P{w" wb-Gal80}, FRT'*, hsFLP'**; bil-Gal4, UAS-DsRed
stock was used to generate MARCM clones that were homozygous
mutant for prl. The following transgenes were used for
overexpression experiments: w*; P{w/+mC] = Egfr.2.UAS}7-10
and w* P{w/+mC] = Egfr.2.A887T.UAS}8-2 [48] and UAS-Abil
[27]. The presence or absence of these transgenes in the MARCM
mutants was determined by scoring the presence of either of the
following YFP-cxpressing balancer chromosomes: w*; ry°”° Dr'/
TM3, P{Dfd-GMR-wYFP}3, Sh' and w*; sna**/Cy0, P{Dfd-GMR-
nYFP} [49]. For Smn RNAi, we used line 16725R-2 from the
National Institute of Genetics Fly Stock Center, Japan.

Identification of mutation in line 3127

The lethality associated with mutant line 57 was first mapped
by crossing the lethal chromosome to an X chromosome carrying
multiple visible markers (s¢ co cf v & f FRT'*). Trans-heterozygous
F1 females were mated to males of genotype Dff1)64c18, g' sd'/
Dp(1;2;Y)w". Viable hemizygous male progeny from this cross
were scored for the visible markers, placing the 37/ZZ lethal
mutation in the genetic interval between the ¢t and v genes, an
approximately 3.2 Mb region. To further refine the location of the
causative mutation, we collected viable male flies that had
undergone a recombination event between the ¢t and v genes.
The position of the recombination event was then determined by
using single nucleotide polymorphisms (SNPs) which differed
between the lethal containing chromosome and the multiply-
marked chromosome. To identify these SNPs we first designed
approximately 1000 bp PCR amplicons (using Primer 3 [50])
within intergenic regions spanning the ¢#v interval. We determined
the sequence of amplicons generated from the parental chromo-
some, on which we induced 37Z<, and the marker chromosomes.
The sequences where then compared for differences including
SNPs and InDels. We next checked if the identified polymor-
phisms altered restriction digest enzyme sites in the amplicons, and
if so we used restriction digest of amplicons for genotyping. For
SNPs identified in which restriction digest enzyme sites were not
altered, we used sequencing to type the markers. A total of 38
recombinant flies were collected representing reciprocal recombi-
nation classes (8 ¢ " and 30 ¢/*s) and tested for our identified
SNPs. This analysis allowed us to narrow the genetic interval to a
~115 kb region (between the SNPs XD11 and XA37). To further
refine the position of the lethal mutation we mapped the position
of the lethal mutation with respect to transposable element (TE)
msertions. We obtained TE lines whose genomic location had also
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been mapped to between XD11 and XA37, and crossed 51/
heterozygous females to males from the individual TE lines. We
then crossed approximately 400 trans-heterozygous F1 females to
males, and scored viable male progeny for the absence of visible
markers (w" or »") present on the TE, thus selecting for
recombination events between the lethal mutation and the TE.
By scoring flanking genetic markers, this allowed us to map the
position of lethal mutation as being to the left or right of each
individual TE insertion. By combining our SNP mapping data
with our TE mapping results we were able to narrow the 31{<
genetic interval from the ~115 kb region to a ~72 kb region
(between TE insertion PBac{WH}-f02398 [51] and SNP XA37).
All genes lying within this genetic interval were then examined for
mutations by sequencing trans-heterozygous females carrying the
31ZZ chromosome over a wild-type chromosome. From this, a
single, non-synonymous mutation was identified in inc finger protein

1 (2prl).

Transgenes and cloning

The 3.2 kb rescue transgene spanning the <pr/ genomic locus
and upstreamregion was amplified by PCR and cloned into the
Nofl and Pmel restriction enzyme sites in the P [acman]
transformation vector [52] and injected into flies carrying the
VKO00026 attP docking site on the 3™ chromosome for site-specific
integration [52]. We obtained a plasmid containing Drosophila Zprl
cDNA (LD37736, Gold Collection) from the Drosophila Genomics
Resource Center and PCR amplified the coding sequence for
subsequent cloning. The coding sequence of {prl was then cloned
mto the pUAST+attB (a gift from Carl Thummel) transformation
vector using the Nod and EcoRV restriction sites and injected into
flies carrying the VKO00027 attP docking site on the 3™
chromosome. We constructed a {prl RNAI transgene by cloning
two copies of a 450 bp amplicon derived from the {prl coding
sequence (bases 88-537) in reverse tandem orientation around the
intron in the pUAST1 vector [15]. Flies were transformed with this
construct using standard P-element mediated transgenesis. All
transgenic injections were done by Genetic Services Inc. (Cam-

bridge, MA).

Terminal cell branching and lumen quantification

To determine the number of branches in wild-type and mutant
cells, we collected fluorescence images of GFP-labeled dorsal
terminal cells. Branches from these cells were traced manually
using the NeuronJ plug-in for Image] [53]. Branch order was
assigned by the following scheme: the single central branch
encompassing the nucleus was designated as the primary branch of
each cell; secondary branches arise directly from that primary
branch; branches that arise from secondary branches were
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