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Homothorax Plays Autonomous and
Nonautonomous Roles in Proximodistal
Axis Formation and Migration of the
Drosophila Renal Tubules
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Hila Toledano, and Adi Salzberg*

The Drosophila Malpighian tubules (MpTs) serve as a functional equivalent of the mammalian renal tubules.
The MpTs are composed of two pairs of epithelial tubes that bud from the midgut–hindgut boundary during
embryogenesis. The MpT primordia grow, elongate and migrate through the body cavity to assume their
final position and shape. The stereotypic pattern of MpT migration is regulated by multiple intrinsic and
extrinsic signals, many of which are still obscure. In this work, we implicate the TALE-class homeoprotein
Homothorax (Hth) in MpT patterning. We show that in the absence of Hth the tubules fail to rearrange and
migrate. Hth plays both autonomous and nonautonomous roles in this developmental process. Within the
tubules Hth is required for convergent extension and for defining distal versus proximal cell identities. The
difference between distal and proximal cell identities seems to be required for proper formation of the leading loop. Outside the tubules, wide-range mesodermal expression of Hth is required for directing anterior
migration. The nonautonomous effects of Hth on MpT migration can be partially attributed to its effects on
homeotic determination along the anterior posterior axis of the embryo and to its effects on stellate cell
C 2013 Wiley Periodicals, Inc.
(SC) incorporation into the MpT. Developmental Dynamics 243:132–144, 2014. V
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Key findings:
 Homothorax is differentially expressed along the proximodistal axis of the Malpighian tubules and is required
for defining distal versus proximal cell identities.
 In the absence of Homothorax or Extradenticle the tubules fail to rearrange and migrate anteriorly.
 Homothorax is required within the tubules for proper formation of the leading loop and in surrounding mesodermal tissues for directing anterior migration.
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INTRODUCTION
The building block of the mammalian
kidney, the nephron, is a complex

“mini-organ” in which different physiological activities are controlled by a
linear array of functional domains

organized along the proximodistal
axis. The most proximal structure of
the nephron, the glomerulus, filtrates
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the blood. More distal portions of the
nephron, which constitute the renal
tubule, are responsible for reabsorption and secretion. The renal tubule
of the mature nephron is subdivided
into several segments with distinct
morphologies and functions. The
molecular mechanisms responsible
for subdividing the nephron into functional segments are not fully understood (Schedl, 2007; Costantini and
Kopan, 2010).
In flies, the function of the kidney
is divided between two discrete systems. The nephrocytes are podocytelike cells that filter the hemolymph in
a manner highly similar to the glomerular podocytes (Weavers et al.,
2009). The Malpighian tubules
(MpTs) function similarly to the
remainder of the mammalian nephron and collecting duct. Although less
elaborate than the mammalian nephron, the MpTs are also subdivided
into structural domains with different
physiological roles and different patterns of gene expression along their
proximodistal axis (S€ozen et al.,
1997). The molecular determinants
involved in subdividing the MpTs into
distinct domains are not known
(reviewed in Denholm, 2013).
The MpTs arise at stage 10 of
embryogenesis from the junction
between the hindgut and midgut,
where crosstalk between these two
neighboring tissues results in activation of the Wingless (Wg) pathway.
Activation of the Wg pathway leads to
expression up-regulation of the zincfinger transcription factor Kr€
uppel
(Kr) and its target, the homeodomaincontaining protein Cut (Liu and Jack,
1992). The expression of Kr€
uppel and
Cut defines the identity of MpTs cells
that, as a consequence, undergo complex shape changes and bud out from
the hindgut as four MpT primordia
(Skaer and Martinez Arias, 1992;
Ainsworth et al., 2000; Hatton-Ellis
et al., 2007).
Following the eversion of the MpT
primordia a small group of cells in
each tubule start to express proneural
genes and then, through a process of
lateral inhibition, a single cell is
singled out as a tip mother cell (Hoch
et al., 1994; Wan et al., 2000). The tip
mother cell divides once to produce
two daughter cells and through a second set of inhibitory interactions one

daughter cell adopts a tip cell-identity
while the other becomes the sibling
cell (Hoch et al., 1994). The tip cell,
which is the distal-most cell of each
tubule, secretes a ligand of the epidermal growth factor receptor thus
providing a mitogenic cue to the
neighboring cells (Skaer, 1989; Baumann and Skaer, 1993; Wan et al.,
2000; Sudarsan et al., 2002). By the
end of embryonic stage 13, each primordium contains the final number of
tubules cells.
The transformation from short and
thick primordia to elongated thin
tubules is achieved through convergent-extension movements of the
tubule cells (Bertet et al., 2004). The
tubules increase considerably in
length, and the number of cells surrounding the lumen drops from 6–10,
to just 2 (reviewed in Ainsworth
et al., 2000; Jung et al., 2005). While
elongating, the tubules migrate
through the body cavity, one pair projecting toward the head and the other
pair toward the posterior-most segments of the embryo. After the
tubules assume their final position,
the MpT cells differentiate and begin
to express a set of channel proteins
essential for their excretion activity
(reviewed in Denholm, 2013).
The mature tubules consist of two
major cell types: the principal cells
(PCs, or type I cells) and the stellate
cells (SCs, or type II cells). The PCs
transport cations and organic solutes,
and constitute the major tubule cell
type. The SCs transport water and
chloride ions and are scattered evenly
along the tubule between the PCs
(Wessing and Eichelberg, 1978;
O’Donnell et al., 1998; Kaufmann,
2005). The SCs originate in the caudal
mesoderm, which overlies the hindgut
in the vicinity of the budding tubules.
During their proliferation the MpT
primordia interact with a subpopulation of these mesodermal cells,
thereby inducing the recruitment of
mesodermal cells into the growing
tubules, where they undergo a
mesenchymal-to-epithelial transition
and disperse between the PCs (Denholm et al., 2003; Campbell et al.,
2010). The SCs can be selectively
identified by the expression of the
transcription factor Teashirt (Tsh),
which is not expressed in PCs (Denholm et al., 2013).

The MpTs remain intact during
metamorphosis but undergo some
morphological changes in the larval
and pupal stages. Each tubule divides
into four distinct regions along the
proximodistal axis, regions that show
clear differences in cell morphology
and express different repertoires of
channel proteins. The most distal
part of the tubule, which contains
prominent white luminal concretion
bodies, is called the initial segment. It
is followed by the transitional segment, the main segment (secretory),
and the proximal segment (reabsorptive), which can be further divided
into lower tubule and ureter (Wessing
and Eichelberg, 1978; O’Donnell and
Maddrell, 1995; S€ozen et al., 1997).
The division of the tubules to distinct
segments, each expressing a specific
set of channels is essential for their
proper function. However, while the
molecular determinants involved in
early steps of MpTs development have
been studied, very little is known
about the process of MpT proximodistal regionalization. Similarly, our
understanding of the molecular mechanisms that regulate the stereotypic
pattern of MpTs migration, which is
important for correct positioning of
the MpT within the body cavity and
efficient sampling of the haemolymph,
remains rudimentary.
In this work, we studied the role of
the TALE-class homeoprotein Homothorax (Hth) in patterning of the
MpTs. Hth plays multiple roles in
embryonic and adult development of
Drosophila and affects numerous
processes of cell fate and homeotic
determination, cell proliferation and
axis formation (e.g., Rieckhof et al.,
1997; Abu-Shaar and Mann, 1998;
Casares and Mann, 1998; Kurant
et al., 1998; Pai et al., 1998; Mercader
et al., 1999; Henderson and Andrew,
2000; Wernet et al., 2003; Aldaz et al.,
2005; Salvany et al., 2009; Lopes and
Casares, 2010; Ando et al., 2011;
Singh et al., 2011; Bryantsev et al.,
2012; Baek et al., 2013). Hth is
expressed in the developing MpTs as
well as in MpT surrounding tissues.
However, its role in MpTs patterning
has not yet been addressed. Here, we
show that Hth plays both autonomous
and nonautonomous roles in the patterning of MpTs. Within the tubule,
Hth is required for cell intercalation
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and proper definition of distal versus
proximal cell identities, which in turn
may be required for proper bending
and definition of the leading loop.
Outside the tubule, Hth is involved in
setting the normal pattern of MpT
anterior migration, probably by
affecting cell identities along the
migratory path of the tubules, as well
as by affecting SC incorporation into
the tubules.

RESULTS
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Hth is Expressed
Differentially in Distal
and Proximal Regions
of the MpTs
Expression of the hth gene in the
MpTs has been previously reported
(Kurant et al., 1998), however the
spatial and temporal distribution of
Hth within the developing tubules
and its function there have not been
described. To better characterize the
expression pattern of Hth within the
developing MpTs we doubly stained
wild-type (wt) embryos with anti-Cut
and anti-Hth antibodies. This staining revealed that in embryos, Hth
colocalizes with Cut only in the distal
portion of each tubule and is excluded
from the proximal region during all
stages of embryonic development
(with the exception of SCs as
described below) (Fig. 1A–F). No overlap was seen between the distal
domain of Hth expression and the
proximal-most
domain
of
Odd
Skipped (Odd) expression (Fig. 1G–I).
In third instar larvae, Hth expression
was evident along the entire tubule,
but with a clear border between distal
cells that expressed high levels of Hth
and proximal cells that expressed low
levels of Hth (Fig. 6F,G).
To establish whether Hth is
expressed in both PCs and SCs, we
doubly stained tsh-GAL4/UAS-GFP
embryos, which express GFP specifically in SCs, with anti-Cut and antiHth. From this staining, we could
conclude that Hth is expressed in SCs
at both the distal and proximal
regions of the tubule (Fig. 1J–M).
One of the major roles of Hth is to
regulate the subcellular localization
of the homeotic cofactor Extradenticle
(Exd) (Rieckhof et al., 1997; Kurant
et al., 1998; Pai et al., 1998). The

developing MpTs are no exception in
this respect. Double staining of FasIIlacZ embryos (an enhancer-trap that
drives lacZ expression in MpT cells)
with
anti-b-Gal
and
anti-Exd
revealed that Exd is expressed in the
entire tubule, but it accumulates in
the nuclei of PCs only in the distal
part of tubules, where Hth is
expressed (Fig. 1N–Q). Unlike the
PCs, SCs exhibited nuclear localization of Exd throughout the entire
tubule (Fig. 1Q). Anti-Hth and antiExd staining demonstrate that these
proteins are not expressed in the tip
cells at early stages (Fig. 1B,C,O,P)
but accumulate in low levels in the tip
cells in late embryonic stages (data
not shown).

Hth is Required for Normal
Migration and Elongation of
the Anterior MpTs
To learn about the role of hth in MpTs
development we performed phenotypic analyses of embryos carrying
strong loss-of-function alleles of hth
(hth64-1 or hthK1-8). As shown in Figure 2, hth mutant embryos exhibited
severe defects in MpT migration and
organization. Their tubules were
shorter and much less organized than
the tubules of control yw embryos and
did not reach the anterior region of
the body cavity (Fig. 2A,B). In these
mutant embryos, the process of convergent extension was incomplete,
leaving certain segments of the
tubules three- to four-cell-diameter
wide, unlike normal tubules that are
two-cell-wide throughout their entire
length (Fig. 2C,D). The lumen of such
tubules was wider than normal and
irregular in shape (Fig. 2E,F).
Embryos lacking maternal and zygotic
expression of exd exhibited similar
phenotypes (Fig. 2G). Embryos that
lack the entire Bithorax complex, in
which abdominal segments A2–A8 are
transformed into T3 identity, presented similar but distinct MpT phenotypes. Similarly to hth and exd
mutants, their MpTs did not migrate
anteriorly beyond the A3 or A4 segment and the tubules were often
thicker than normal. However, unlike
hth or exd mutants, they maintained
the ability to form loops (Fig. 2H).
Live imaging of normal embryos
suggests that to migrate anteriorly

the MpT needs to form a distinct loop
structure and that the apex of this
loop (or “kink”) leads the migration
(Bunt et al., 2010) (Supplementary
Movie S1, which is available online).
The tip cell is very active during
migration, extending long filopodia
and interacting with other cells along
the MpT’s migratory path. The tip cell
does not seem to lead the migration,
but it is possible that interactions of
the tip cell with other cells along the
way serve as an anchor, which is
required for tubule stretching and
thinning. Live imaging of hth mutant
embryos revealed that the leading
loop was not generated properly.
Although the MpT primordia bended
backward generating a primary kink,
this bending did not lead to the formation of a stable loop, and instead of
extending anteriorly the kink region
often projected dorsally or laterally
(Supplementary Movie S2).

Loss of Hth Affects SC
Number and Tsh Expression
Defects in cell rearrangement and
tubule migration were previously
associated with loss of the tip cell or
its activity (Wan et al., 2000), reduction in cell number (Baumann and
Skaer, 1993), loss of SCs (P€
utz et al.,
2005), defects in various signaling
pathways, or inability of the MpTs to
interact with circulating hemocytes
(Bunt et al., 2010). We therefore
examined whether the defects seen in
hth mutant embryos can be attributed
to defects in any of these processes.
Anti-Cut staining of homozygous
hth64-1 embryos revealed that the tip
cell is present in MpTs of mutant
embryos (Fig. 3A). Moreover, live
imaging of developing MpTs that
express moesin-GFP, demonstrated
that the tip cells of mutant embryos
extended long filopodia and seemed as
active and motile as the tip cells of wt
embryos (Fig. 3B and Supplementary
Movie S2).
To test if the absence of hth expression affected MpT cell proliferation,
we counted the number of Cutpositive cells in the anterior MpTs of
normal and homozygous hth64-1
embryos. This analysis revealed a
small but consistent difference: the
anterior MpTs of wt embryos contained on average 140.96 5.7 Cut-
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Fig. 1. Homothorax (Hth) is differentially expressed along the proximodistal axis of the MpTs. A–F: Malpighian tubules (MpTs) of stage 13 (A–C) and
stage 16 (D–F) embryos stained with anti-Hth (blue) and anti-Cut (red). Hth expression is restricted to the distal (D) portion of the tubules. No expression
is evident in the proximal region (P) or the tip cell (arrowhead). G–I: A stage 14 embryo stained with anti-Hth (blue), anti-Cut (red), and anti-Odd (green).
The arrows mark the distal and proximal borders of Odd and Hth expression, respectively. J–M: MpTs of a tsh-Gal4>UAS-GFP stage 16 embryo stained
with anti-Hth (blue) and anti-Cut (red). Hth is expressed in principal cells in the distal (D) portion of the tubules and in stellate cells (SC) in both distal (D)
and proximal (P) portions of the tubule (the arrow points to proximally positioned SC). N–Q: MpTs of stage 13 (N–P) and stage 16 (Q) FasII-lacZ embryos
stained with anti-b-galactosidase (blue) and anti-Exd (red or cyan). Nuclear localization of Exd is restricted to the distal portion of the tubule (arrows
points to the proximal region where Exd is cytoplasmic). No expression is evident in the tip cell (arrowhead). Q: Nuclear localization of Exd is clearly evident in the SCs throughout the entire length of the tubule (arrows). In all images, embryos are oriented with their anterior side to the left.
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Fig. 2. Loss of hth leads to aberrant patterning of Malpighian tubules (MpTs). A,B: Dorsal view of stage 16 embryos stained with anti-Cut. Arrows
point to the MpTs. A: A yw embryo. B: An hth64-1 homozygous embryo. In normal embryos the anterior MpTs reach the A1 segment, whereas in
hth mutants they fail to migrate anteriorly. C,D: A close-up view of MpTs of yw (C) and hth64-1 homozygous (D) embryos. The MpTs of hth64-1
embryo have larger circumferential cell number (dots mark cells surrounding the lumen). E,F: Dorsal view of MpTs of stage 16 yw (E) and hth64-1
(F) embryos fluorescently stained with anti-Crumbs, which marks the apical membrane. The images were inverted for clarity using Adobe Photoshop. HG marks the hindgut and the arrows point to the lumen of the MpTs. G,H: Dorsal view of stage 16 embryos stained with anti-Cut. Arrows
point to the MpTs. G: An exdXP11 embryo devoid of both maternal and zygotic contribution. H: A homozygous Df(3R)Ubx109 embryo.

positive cells (n ¼ 14), whereas MpTs
of hth mutant embryos contained an
average number of 125.7 6 9.1 cells
(n ¼ 17; P < 0.01) (Fig. 3C). This relatively small effect on cell number suggests that the dramatic defects in
MpT patterning in hth mutants cannot be attributed to defects in cell proliferation per-se. Because defects in
MpT patterning could be caused by
loss of SCs incorporation into the
tubule (P€
utz et al., 2005), we tested
whether the observed 10% reduction
in the total number of MpT cells
reflects a more specific loss of SCs,
which could contribute to the failure
of tubule migration. Indeed, analysis
of wt and hth mutant embryos immunostained with anti-Cut and anti-Tsh
revealed that the MpTs of hth mutant
embryos contained a smaller number
of SCs as compared to normal
embryos (Fig. 3C). We could identify
30.7 6 3.7 SCs in each anterior tubule
of normal embryos (n ¼ 66), but only
11.4 6 3.3 SCs in each anterior tubule
of homozygous hth64-1 embryos (n ¼
42; p ¼ 2.7E38). In addition, the SCs
that were incorporated into the
tubules of hth mutant embryos were
not uniformly dispersed between the
PCs and the level of Tsh expression
was lower as compared to SCs of wt
embryos (Fig. 3D–G).
To test whether hth affects the
interaction between the migrating

MpTs and circulating hemocytes, we
examined whether hemocytes physically interact with the MpTs in hth
mutants, and whether this interaction leads to deposition of collagen IV
around the tubules. The results of
these experiments demonstrate that
hemocytes do interact with the
migrating tubules in the absence of
Hth and that this interaction is probably functional as judged by the presence of Collagen IV around the
tubules (Fig. 3H–S).

Autonomous Requirement for
Hth Activity in the MpTs
hth expression is eliminated from all
embryonic tissues of hth64-1 homozygous embryos. Thus, we could not distinguish between autonomous and
nonautonomous effects of hth loss-offunction on MpT patterning. To distinguish between the autonomous
and nonautonomous effects of Hth,
we performed rescue experiments in
which Hth activity was restored
either within the migrating tubules,
or in various surrounding tissues in
an hth mutant background.
Because the endogenous expression
of Hth within the tubule is not uniform, we first needed to develop tools
that would allow us to express the
rescue transgene in a similar
restricted pattern, only in the distal

portion of the tubule. For that purpose, we searched the hth locus for
regulatory regions that drive gene
expression in the MpTs. Through
these enhancer-bashing experiments
we were able to identify a 4.1-kb fragment (hereafter referred to as
hthMpT), located upstream to exon 11,
which drives gene expression specifically in the distal portion of each MpT
(Fig. 4A–C). We used this fragment to
construct an hthMpT-hth rescue transgene (Fig. 4D) and an hthMpT-Gal4
transgene that allowed the restricted
expression of any gene of interest in
the distal portion of MpTs (Fig. 4E).
To quantify the results of the rescue
experiments we measured two parameters: the percentage of MpTs that
formed distinct leading loops, and the
extent of anterior migration (a score
of 1 reflects a MpT that reached the
A1 segment, a MpT that reached A2
segment was scored 2, etc.). We first
measured these parameters in wt
embryos and then compared them
with hth64-1 mutants and hthMpTGal4,hth64-1/UAS-hth, hth64-1 rescue
embryos. In wt embryos, we could
identify a distinct loop structure in 91
of 116 tubules examined (78%). In
contrast, only 12 of 54 tubules of
hth64-1 mutant embryos formed loops
correctly (22%). Expressing hth in the
distal portion of the tubules restored
the ability to form loops; normally
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Fig. 3. Loss of hth leads to reduction in the number of Malpighian tubules’ (MpTs) stellate cells (SCs), but has no major effect on the interactions
between MpT cells and circulating hemocytes. A,B: hth64-1 homozygous embryos stained with anti-Cut (A), or expressing Moesin-green fluorescent
protein (GFP) under the regulation of CutB-Gal4 (B). The tip cell is present in hth mutants (arrowhead in A) and it extends long filopodia during
migration (arrow in B). C: The total number of Cut-positive cells and SCs in the anterior MpTs of w versus hth64-1 embryos. MpTs of w embryos
contained 140.9 6 5.7 Cut-positive cells (n ¼ 14), whereas MpTs of hth mutant embryos contained 125.7 6 9.1 cells (n ¼ 17; P < 0.01, **). 30.7
6 3.7 SCs were identified in MpTs of w embryos (n ¼ 66) as compared to 11.4 6 3.3 SCs in MpTs of homozygous hth64-1 embryos (n ¼ 42; p ¼
2.7E38). D–G: Dorsal view of stage 16 wt (D,E) and hth64-1 (F,G) embryos stained with anti-Cut (red) and anti Tsh (cyan). Tsh expression (arrows)
is lower in the mutants as compared to wt embryos (compare E and G). H–O: Stage 16 CS (H–K) or hth64-1 (L–O) embryos stained with anti-Cut
(red), anti Pvr (PDGF/VEGF-receptor related, green) and anti-Simu (marks the hemocytes in blue). The hemocytes express Pvr (arrows in K and O)
and interact with the MpTs in both control and mutant embryos. The inset in L shows two MpTs of hth64-1 embryos that express CutB-Gal4>UASMoesin-GFP. Note the two large hemocytes (arrows) in close proximity to the tip region of the MpT (arrowheads). P–S: Visualization of vkg-GFP (a
collagen IV reporter) in CS (P–Q) and hth64-1 (R,S) embryos. Collagen IV is deposited in the basement membrane ensheathing the MpTs in both
normal and hth mutant embryos (arrows).
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Fig. 4. Autonomous requirement for Homothorax (Hth) activity in the Malpighian tubules (MpTs). A–C: hthMpT-lacZ embryo stained with anti-Hth
(green) and anti-b-Gal (red). The hthMpT regulatory element drives expression specifically in the hindgut (HG) and the distal portion of the MpTs,
where Hth is expressed (arrows). Unlike the endogenous hth gene, the hthMpT-lacZ reporter is expressed in the tip cell (arrowheads). D: A stage
16 hthMpT-hth, hth64-1 embryo stained with anti-Hth. Hth expression is restored only in the distal (arrow), but not proximal (arrowhead), portion of
the MpTs. E: A stage 16 hthMpT-Gal4/UAS-lacZ embryo. The hthMpT-Gal4 driver drives nonuniform expression in principal cells only in the distal
portion of the MpTs (arrow). Very weak b-Gal expression is evident in stellate cells in the distal and proximal portions of the tubule (arrowhead).
F,G: hth64-1 and hthMpT-Gal4,hth64-1/UAS-hth, hth64-1 embryos stained with anti-Cut.

shaped loops were observed in 31 out
of 39 of tubules of hth-Gal4, hth64-1/
UAS-hth, hth64-1 (79.5%) (Fig. 4F,G).
Cell intercalation and reorganization
into thin tubules was also improved
dramatically in the “rescued” hthMpThth, hth64-1 (Fig. 4D), or hthMpT-Gal4,
hth64-1/UAS-hth, hth64-1 (Fig. 4G)
embryos.
Whereas restoring hth expression
in the distal segment was sufficient
for rescuing the ability of the MpTs to
form loops and for improving cell
intercalation in distal regions of the
MpTs, it was not sufficient for significantly rescuing anterior migration. In
normal embryos, the tubules reached
the A1-A2 segment (average score ¼
1.6; n ¼ 114 tubules). In contrast, the
anterior limit of MpT migration in
hth64-1 embryos was between segments A3 to A4 (average score ¼ 3.6;
n ¼ 54 tubules). The migration limit
of tubules of the rescued embryos was
also between segments A3 to A4

(average score ¼ 3.2; n ¼ 39 tubules)
(Fig. 4F,G).

Hth Expression in the
Mesoderm is Required for
Proper Tubule Migration
Because hth expression within the
distal region of the MpT was not sufficient to fully rescue MpT migration,
we next tested the requirement for
hth in other surrounding tissues. For
these experiments, we used several
Gal4 drivers that drive expression in
the ectoderm (69B-Gal4), endoderm
(48Y-Gal4), or mesoderm (24B-Gal4),
to express hth in these tissues in an
hth64-1 mutant background.
As shown in Figure 5, expression of
hth in either the ectoderm or endoderm
had no significant effect on tubule
migration (Fig. 5A,B). However, restoring hth expression in the mesoderm was
most
effective
and
significantly

improved tubule migration (Fig. 5C).
The tubules of the rescued embryos
reached the A1-A2 segments (average
score ¼ 1.7; n ¼ 32 tubules) similarly to
wt embryos (Fig. 5A–C). Because the
MpTs normally migrate along the visceral mesoderm, which expresses hth,
we used bap-Gal4 to test whether
restoring hth expression in the visceral
mesoderm is sufficient for restoring
MpT migration. The results of this rescue experiment demonstrated that
restoring hth expression in the visceral
mesoderm alone is not sufficient for rescuing MpTs migration (data not shown).

Restoring Hth Expression in
the Mesoderm Partially
Rescues SCs Incorporation
Because restoring hth expression in
the mesoderm in hth64-1 background
was the most effective in improving
tubule migration, and because SCs
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Fig. 5. Homothorax (Hth) expression in the mesoderm is required for anterior tubule migration. A–C: Dorsal view of stage 16 embryos stained
with anti-Cut. A: A 69B-Gal4, hth64-1/UAS-hth, hth64-1 embryo. B: A 48Y-Gal4, hth64-1/UAS-hth, hth64-1 embryo. C: A 24B-Gal4, hth64-1/UAS-hth,
hth64-1 embryo. Expression of hth in either the ectoderm (under the regulation of 69B-Gal4) or endoderm (under the regulation of 48Y-Gal4) had no
significant effect on tubule migration. In contrast, mesodermal expression (under the regulation of 24B-Gal4) was very effective and improved the
migration significantly. Asterisks mark the anterior border of each tubule’s migration. D–G: Malpighian tubules of hth64-1 (D,E) and 24B-Gal4, hth641
/UAS-hth, hth64-1 (F,G) embryos stained with anti-Cut (red) and anti-Tsh (green). Whereas hth64-1 embryos contained on average 11.4 6 3.3 SCs
in each anterior tubule, 16.7 6 4.2 SCs were evident in each tubule of the rescue embryos (n ¼ 37 tubules). This difference is statistically significant (P < 0.0005). The level of Tsh is higher in the rescued embryos.

originate in the mesoderm, we wanted
to test whether the mesodermal
expression of hth affected the number
of SCs that were incorporated into the
tubules. To address this question, we
stained hth mutant embryos, in which
the expression of Hth in the mesoderm
was restored (24B-Gal4,hth64-1/UAShth, hth64-1), with anti-Cut and antiTsh and examined the number and
distribution of SCs in their tubules as
compared to wt and hth64-1 embryos. A
higher number of SCs, as compared to
homozygous hth64-1 embryos, was
detected. The rescued embryos contained on average 16.7 6 4.2 SCs in
each anterior tubule (n ¼ 37 tubules),
as compared to 11.4 6 3.3 SCs in
tubules of hth64-1 embryos. This difference is statistically significant (P <
0.0005). In comparison to normal
embryos, these rescued embryos still
lack almost half of the SCs (P ¼
0.001). However, the SCs that do integrate are more evenly dispersed
between the PCs and the level of Tsh
expression is higher than in mutant
embryos (Fig. 5D–G). It is possible
that the 50% increase in number of
SCs, from an average number of 11.4
to 16.7 cells, is sufficient for at least

part of the evident improvement in
organization and migration of the
mutant tubules. We do not know why
the rescue of SCs’ incorporation is not
more complete. A more detailed analysis of the temporal and spatial pattern
of expression of the rescue transgene
may help to address this question.
Taken together, the results of the
rescue experiments suggest that Hth
plays both autonomous and nonautonomous roles in MpT patterning.
Within the tubule, Hth is required for
loop formation and convergent extension, whereas wide-range mesodermal
expression is required for proper anterior migration. Some of the nonautonomous functions may be mediated
through the effect of Hth on SC incorporation into the developing MpT.

Restricted Expression of Hth
Within the Tubule is
Required to Define Distal vs.
Proximal Cell Identities and
Affects the Position of Loop
Formation
Based on the pattern of Hth expression within the MpTs and the results

of the hthMpT-driven rescue, we made
the following two assumptions: the
restricted pattern of Hth expression
within the tubules is required to
define distal versus proximal identity.
The difference between distal and
proximal identities may define the
position of the loop apex.
To test the suggested hypothesis,
we performed a rescue experiment in
which we induced hth expression in
all Cut-positive cells in an hth64-1
mutant background. In addition, we
tested the effect of expressing hth
ectopically throughout the entire
tubule in otherwise normal embryos.
If indeed hth defines distal versus
proximal identity, and this in turn
defines the position of the leading loop
apex, then expressing hth throughout
the tubule in a wt background is
expected to lead to random and aberrant positioning of the kink. Additionally, if this is the case, then cutB-Gal4
should be less efficient than hthMpTGal4 in rescuing the MpT phenotypes
associated with hth loss-of-function.
Indeed, as shown in Figure 6A, uniform expression of hth throughout the
entire length of the tubule, under the
regulation of cutB-Gal4, could not
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Fig. 6. Homothorax (Hth) is required for proximodistal regionalization of the Malpighian tubules (MpTs). A: The MpTs of cutB-Gal4, hth64-1/UAS-hth,
hth64-1 embryo stained with anti-Hth (green) and anti-Cut (red). The MpTs reorganized into thin elongated tubes, but failed to migrate anteriorly. B,C:
Dorsal view of stage 16 yw (B) and cutB-Gal4/UAS-hth (C) embryos stained with anti-Cut. Driving expression of hth along the entire tubule leads to
abnormal pattern of bending, which generates abnormally short distal segments (arrow). D–O: MpTs of third instar larvae stained with anti-Hth (green)
and anti-Cut (red). Distal is to the left. The initial (I), transitional (T) and main (M) segments are indicated. D–G: CS larvae. Reciprocal gradients of Hth
and Cut expression are evident. H–K: In MpTs of cutB-Gal4/UAS-hth (CutB>hth) larvae the expression of Cut is reduced and the transitional and
main segments exhibit morphological characteristics of the initial segment. L–O: Expression of hth-specific RNAi (CutB>hth-RNAi) transgene under
the regulation of cutB-Gal4 leads to down-regulation of Hth (N) and up-regulation of Cut (M) expression in distal portions of the MpTs.

rescue the mutant phenotype of the
MpTs. The tubules did re-organized
into two cell-diameter tube but the
leading loop did not form correctly
and the tubules did not migrate anteriorly. In addition, when the cutBGal4 driver was used to force Hth
expression along the entire tubule,
effectively abolishing the hypothesized border between distal and proxi-

mal domains, we observed a variable
pattern of loop formation. In 27 of 127
embryos examined (21%), the kink
formed in an abnormally distal position and the distal portion of the
tubule (distal to the apex of the loop)
was significantly shorter than normal
(Fig. 6B,C). The results of these
experiments support our working
model and suggest that the spatially

restricted expression of hth plays a
role in defining proximal versus distal
identities and that the difference
between distal and proximal identities further define the position of the
leading loop apex.
The differences between proximally
and distally located cells become evident in post-embryonic stages, when
different cells along the proximodistal
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axis acquire distinguishable morphologies. To further test whether hth
affects cell identity along the proximodistal axis, we used cutB-Gal4 to drive
expression of either hth, or hth-RNAi,
and examined its influence on the morphology of MpTs in third instar larvae.
In MpTs of normal larvae, high levels of Hth are evident in the distal
region (initial segment), whereas in
more proximal regions the levels of
expression are much lower (Fig. 6D–
G). Surprisingly, when we examined
the expression of Cut, we noticed that,
unlike its uniform expression along
the tubules during embryogenesis, its
expression in larval MpTs is nonuniform showing an inverse gradient to
that of Hth expression. In the distal
segment where high levels of Hth are
present, Cut expression seems to be
repressed, whereas in proximal
regions, where the level of Hth expression is very low, Cut is expressed in
higher levels. (Fig. 6E,G).
When uniform expression of Hth
was induced throughout the entire
tubule, Cut expression was downregulated in all tubule cells (Fig. 6H–
K). In these MpTs it was difficult to
distinguish between the cells of the
three segments based on their morphology as all cells appeared similar
and all of them contained some white
luminal concretions (Fig. 6H). When,
in contrast, the level of Hth was
down-regulated by expressing an hthRNAi transgene, a uniform expression of Cut was evident (Fig. 6L–O).
In such larvae, the characteristic morphologies of distal and proximal cells
were retained and appeared similar
to wt larvae (Fig. 6L). These observations support our hypothesis that Hth
defines distal cell identity and suggest
that Hth down-regulates, either
directly or indirectly, Cut expression
in the distal portions of the tubules.

DISCUSSION
Cell-Fate Specification Along
the MpT Proximodistal Axis
Similarly to the mammalian renal
tubule, the fly MpT is divided into
several distinct domains along its
proximodistal axis that can be distinguished by their unique morphology,
pattern of gene expression and function (S€ozen et al., 1997).

The data presented here implicate
the TALE-class homeoprotein Hth in
proximodistal axis formation in the
MpTs, where it is involved in defining
distal cell identities. Previous studies
have implicated Hth and its partner
Exd in proximodistal axis formation
in the adult appendages, where they
define proximal cell-identities and
create functional boundaries between
proximal and distal regions of the
appendage that are not otherwise separated by lineage restrictions (AbuShaar and Mann, 1998; Wu and
Cohen, 1999, 2000; Azpiazu and Morata, 2000; Casares and Mann, 2000;
Dong et al., 2001). Although a similar
set of genes (e.g., wg, Dpp, Dll, dac,
and tsh) plays a role in the process of
regionalization and diversification
along the proximodistal axis of different types of appendages (leg, antenna,
wing), the network of genetic interactions between these genes is unique
to each type of appendage and is
sometimes responsible for the difference between them.
The proteins that work with, or
against, Hth and Exd in regionalizing
the MpT are not known. Odd is a transcriptional regulator that is expressed
specifically in the proximal-most
region of the tubule (Ward and
Coulter, 2000; Tena et al., 2007) and
may be required to define its unique
identity and properties. The combined
patterns of Hth and Odd expression
divide the MpTs into three distinct
domains of gene expression: a
proximal Odd-positive/Hth-negative
domain, a medial Odd-negative/Hthnegative domain and a distal Oddnegative/Hth-positive domain (Fig.
1G–I). This primary division can be
later “translated” into differences in
structure and physiological function
through regulatory cascades of gene
expression. However, the transcriptional targets of Hth/Exd in the MpTs
and the other components of this
genetic network remain to be identified. A new genetic tool that is
described here, the hthMpT-Gal4
driver, can be used to manipulate
gene expression specifically in the
Hth-expressing distal cells and can
thus help us, in combination with the
available genomic and transcriptomic
data (Wang et al., 2004; Dow, 2009)
and other Hth-related tools (Inbal
et al., 2001), to achieve this goal.

The data presented here suggest
that one of the functions of Hth in
determining distal identity may
involve down-regulation of Cut
expression in distal cells of larval
tubules. Because during embryonic
stages Cut is uniformly expressed
along the entire MpT, the antagonistic relations between Cut and Hth are
probably not involved in setting the
primary border between distal and
proximal territories, but may be
required in later stages for the realization of the differences between distal and proximal cell identities.
Either the loss of Hth expression,
or its uniform expression along the
tubule, led to aberrant loop formation.
We hypothesize that Hth defines distal identity, and that the difference
between distal and proximal regions
is required for proper loop formation.
It is possible that the expression of
some, yet unknown, factors is induced
in cells at the border between distal
and proximal segments endowing the
expressing cells with the ability to
lead the migration. Another possibility is that interactions between cells
in the distal region and cells in the
proximal region maintain the loop
structure throughout migration.

How Does Hth Affect MpT
Migration?
Hth affects MpT patterning in many
different ways in both autonomous
and nonautonomous manners. Within
the tubules, Hth is required for the
process of convergent extension that
is critical for the tubule’s elongation.
It is not known what are the main
molecular and cellular mechanisms
that underlie convergent extension in
the MpTs, but it was previously
reported that this process is driven by
internal forces and does not depend
on other tissues (reviewed in Denholm, 2013). Because Hth is
expressed differentially along the
tubule, it may be involved in polarizing the tissue within the plane of the
epithelium. Multiple genes were
implicated in the process of convergent extension within the MpTs based
on their mutant phenotypes; however,
the genetic networks in which they
function in the context of convergent
extension are very roughly drawn
(reviewed by Jung et al., 2005;
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Denholm, 2013). The identification of
Hth and Exd as new players in the
convergent extension process may
provide important entry points into
the genetic network that controls this
developmental plan.
In addition to its autonomous
effects, Hth is required in other,
mainly mesodermal, tissues for proper
MpT migration. We do not know which
molecules/pathways mediate Hth’s
effect on the MpTs. One potential candidate is the Dpp pathway. Dpp signaling is used as a guiding cue that
directs the migrating tubules along
their way (Bunt et al., 2010). Mutations in the genes encoding for the
Dpp receptors thick-vein (tkv) or punt
cause defects in tubule migration that
resemble the hth phenotype (Bunt
et al., 2010). Hth is required for correct pattern of Dpp expression in the
visceral mesoderm (Stultz et al., 2006)
and could thus affect MpT migration
by affecting the map of guiding cues.
Alternatively, Hth might modulate the
levels of Dpp signal transduction, as
was shown for example in the developing leg (Azpiazu and Morata, 2002), or
affect the levels of Dpp receptor’s
expression
within
the
tubules.
Although our data suggest that MpTs
that lack hth activity can still attract
migrating hemocytes and that this
interaction leads to deposition of Collagen IV, which allows the MpTs to
respond properly to Dpp signaling,
this analysis could not rule out subtler
quantitative or qualitative effects on
this complex interaction and its functional outcomes.
Another way by which Hth can affect
MpT’s migration nonautonomously is
by determining homeotic identities
along the anterior posterior axis of the
embryo (Rieckhof et al., 1997; Kurant
et al., 1998). When the anterior MpTs
reach the first abdominal segment, A1,
they stop migrating anteriorly and dip
ventrally. The identity of the “stop sign”
that prevent the MpTs from crossing
the A1 border is not known. When we
altered segmental identity by manipulating the expression of homeotic genes
we could shift the anterior border of
migration. For example, by ectopically
expressing abd-A ubiquitously under
the regulation of da-Gal4 we could shift
the A1 border anteriorly, and as a
result, 80% (43 of 54) of the anterior
tubules did not stop in A1 and reached

the T3 segment (data not shown). In
mutant embryos that lack the entire
Bithorax complex, in which abdominal
segments A2–A8 are transformed into
T3 identity, the MpTs did not migrate
anteriorly beyond the A3 or A4 segment
(Fig. 2H).
These observations suggest that at
least part of the nonautonomous effects
of Hth on tubule migration are related
to homeotic determination along the
course of migration and determination
of the anterior border, which serves as
a stop sign to the migrating tubules.

Concluding Remarks
Drosophila is a powerful genetic tool
for studying renal system development
and function and is emerging as a
translational model for human kidney
pathologies (Cagan, 2003; Singh and
Hou, 2008; Dow and Romero, 2010;
Miller et al., 2013). The renal system
is evolutionarily conserved and fly
orthologues of numerous human genes
involved in kidney pathologies are
expressed specifically, or enriched in
the MpTs (Wang et al., 2004; Chintapalli et al, 2007; Miller et al., 2013).
Here, we show for the first time that
Hth and Exd are required for proper
development of MpTs in Drosophila.
Vertebrate homologues of Hth and Exd,
namely proteins of the Meis and Pbx
families and their homeotic counterparts (Hox proteins) are expressed in
the kidney and their loss leads to aberrant phenotypes (Roberts et al., 1995;
Schnabel et al., 2001, 2003; Di Giacomo
et al., 2006; Wellik, 2011). In addition,
Meis1 and Meis2 are significantly upregulated in kidney tumors, such as
Wilms’ tumor (Dekel et al., 2006).
Given the relative simplicity of the fly
MpTs, the remarkable similarity to
mammalian renal tubules, the plethora
of available genetic tools and the findings presented here, we believe that
the fly MpTs can be used as a model for
studying Hox and TALE-class homeoproteins-related aspects of kidney
development and function.

EXPERIMENTAL
PROCEDURES
Fly Strains
The following strains were used
(described in FlyBase [Marygold
et al., 2013], unless otherwise indi-

cated): Canton S (CS), yellow white
(yw), or w were used as wt controls.
Df(3R)Ubx109, hth64-1/TM6B, abd-AlacZ,
hthK1-8/TM6B,
abd-A-lacZ
(Kurant et al., 2001). Embryos lacking both maternal and zygotic expression of exd were produced as
described in (Kurant et al., 1998).
PfA92gA31 (FasII-LacZ) was kindly
provided by H. Skaer. The following
Gal4 drivers and UAS strains were
used: 24B-Gal4, 69B-Gal4, 48Y-Gal4,
CutB-Gal4 (Jack and DeLotto, 1995),
bap-Gal4 (a gift of S. Merabet, Marseille, France). The hthMpT-Gal4 and
hthMpT-hth transgenes were generated
in this work. UAS-nls-GFP, UASGAS2-GFP (Subramanian et al.,
2003), UAS-GFP-Moesin/CyO (Edwards
et al., 1997), UAS-lacZ, UAS-abdA
(Capovilla and Botas, 1998), vkg-GFP
(Buszczak et al., 2007), UAS-hth12
(Pai et al., 1998), UAS-RNAi-hth/
TM3 (PfGD4741gv12764/TM3, VDRC).
The following strains were constructed by recombination for the rescue experiments: UAS-hth12,hth64-1/
TM6, hthMpT-Gal4,hth64-1/TM6Z, 24BGal4,hth64-1/TM6Z,
UAS-GFP-Moesin/CyO;hth64-1/TM6Z, CutB-Gal4/Cy;
hth64-1/TM6Z.

Generating the hthMpT-Gal4
and hthMpT-hth Transgenes
The hthMpT fragment is an EcoRI
4,152 bp-long genomic fragment that
spans exon 11 and part of the intron
upstream to it. We searched this
region for regulatory elements (M.
Mahroum,
unpublished
data),
because this region is the insertion
site of the lethal P1-K1-8 insertion,
which abolishes hth expression in
homozygous embryos (Kurant et al.,
2001). This genomic fragment was
cloned into the pChs-Gal4 vector
(kindly provided by H. Apitz) for generating the hthMpT-Gal4 driver and
was cloned upstream to a minimal hs
promoter and full-length hth cDNA, or
lacZ, in a pCaSper plasmid for generating the hthMpT-hth rescue construct,
or an hthMpT-lacZ reporter construct.

Immunohistochemistry
Staining of whole-mount embryos was
performed using standard techniques.
The following primary antibodies
were used: rabbit anti-Hth (1:500;
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Kurant et al., 1998), rabbit anti-Tsh
(1:3,000; Wu and Cohen, 2000),
guinea pig anti-Odd (1:100, Kosman
et al., 1998), rat anti-Pvr (1:100,
Rosin et al., 2004), rabbit anti-Simu
(1:5,000, Shklyar et al., 2013), mouse
and
rabbit
anti-b-galactosidase
(1:1,000, Promega and Cappel, respectively); mouse anti-Cut (mAb 2b10,
1:20), mouse anti-Exd (mAb B11M,
1:5) and mouse anti-Crumbs (mAb
Cq4, 1:10) were obtained from the
Developmental Studies Hybridoma
Bank at the University of Iowa. Secondary antibodies for fluorescent
staining were Cy3, or Cy5-conjugated
anti-mouse/rabbit (Jackson Immunoresearch Laboratories). Stained embryos
were mounted in Dako Fluorescent
Mounting Medium (DakoCytomation,
Glostrup, Denmark) and viewed using
confocal microscopy (LSM 510, Zeiss).
The secondary antibodies for nonfluorescent staining were biotinylated
anti-mouse/rabbit detected with VectaStain-Elite ABC-HRP kit (Vector
Laboratories).

Live Imaging of Embryos
For imaging live embryos, embryos
were collected, dechorionated in 50%
bleach for 2 min, washed with water
and quickly lined up on a 24  60 mm
coverslip coated with scotch tape glue.
Embryos were covered with 700halocarbon oil and imaged using an
inverted LSM510 Zeiss laser scanning
confocal microscopy. Movies were generated by taking an image every 2–4 min
over a 5- to 8-hr time period, using fast
scanning and minimal laser intensity.
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