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Cells on the move: Modulation of guidance cues during germ cell migration
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ABSTRACT
In Drosophila melanogaster the progenitors of the germ-line stem cells, the primordial germ cells (PGCs)
are formed on the outside surface of the early embryo, while the somatic gonadal precursor cells (SGPs)
are specified during mid-embryogenesis. To form the primitive embryonic gonad, the PGCs travel from
outside of the embryo, across the mid-gut and then migrate through the mesoderm to the SGPs. The
migratory path of PGCs is dictated by a series of attractive and repulsive cues. Studies in our laboratory
have shown that one of the key chemoattractants is the Hedgehog (Hh) ligand. Although, Hh is expressed
in other cell types, the long-distance transmission of this ligand is specifically potentiated in the SGPs by
the hmgcr isoprenoid biosynthetic pathway. The distant transmission of the Hh ligand is gated by
restricting expression of hmgcr to the SGPs. This is particularly relevant in light of the recent findings that
an ABC transporter, mdr49 also acts in a mesoderm specific manner to release the germ cell attractant.
Our studies have demonstrated that mdr49 functions in hh signaling likely via its role in the transport of
cholesterol. Given the importance of cholesterol in the processing and long distance transmission of the
Hh ligand, this observation has opened up an exciting avenue concerning the possible role of
components of the sterol transportmachinery in PGCmigration.
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Cell migration

Cell migration plays a key role in a variety of normal and
pathogenic biologic processes, including embryogenesis,
the immune responses, wound healing, and cancer
metastasis.1-5 For example, directed cell migration is
essential for the proper functioning of mammalian
immune systems, as leukocytes must specifically migrate
from circulation to tissues infected with bacteria and
other microorganisms.6 Another biologic context in
which migration plays a central role is during the devel-
opment of multicellular organisms. Cell migration is
required at many steps ranging from the gastrulation of
the embryo to the coalescence and morphogenesis of
complex tissues and organs.7-9

The process of gonad coalescence can be divided
into temporally discrete steps with distinct
mechanistic basis

Primordial Germ Cell (PGC) migration and gonad
morphogenesis in a Drosophila embryo have provided

an excellent context to elucidate mechanisms underly-
ing directed cell motility.10-14 As the PGCs ultimately
give rise to the germ-line stem cells, directed migra-
tion and proper gonad coalescence are critical for the
successful propagation of genetic information. The 2
cell types that populate the embryonic gonad namely
the SGPs and the PGCs arise in different regions of
the embryo and distinct mechanisms are responsible
for their specification. The SGPs are mesodermal in
origin and are specified in parasegments 10–13
whereas the PGCs form by precocious cellularization
at the posterior pole of blastoderm stage embryo and
are determined by maternal factors. To coalesce with
the SGPs into a gonad, the PGCs follow a stereotypical
trajectory in a temporally coordinated manner. This is
a multistep process that begins at gastrulation when
the PGCs are carried into the interior of the embryo
by the midgut invagination. The PGCs then pass
through the midgut epithelium, and move along the
dorsal surface of the midgut until they split into 2

CONTACT Girish Deshpande gdeshpan@princeton.edu Department of Molecular Biology, Princeton University, Princeton NJ 08540
Extra View to: Deshpande G, Manry D, Jourjine N, Mogila V, Mozes H, Bialistoky T, Gerlitz O, Schedl P. Role of the ABC transporter Mdr49 in Hedgehog signaling
and germ cell migration. Development 2016 Jun 15;143(12):2111-20. doi: 10.1242/dev.133587
© 2017 Taylor & Francis

FLY
2017, VOL. 11, NO. 3, 200–207
https://doi.org/10.1080/19336934.2017.1304332

https://crossmark.crossref.org/dialog/?doi=10.1080/19336934.2017.1304332&domain=pdf&date_stamp=2017-08-04
https://doi.org/10.1242/dev.133587
https://doi.org/10.1080/19336934.2017.1304332


groups. The PGCs in each group migrate laterally to
come into contact with the gonadal mesoderm on
either side of the embryo (Fig. 1A). PGCs align them-
selves in a row with the SGPs in parasegments 10–13
and these juxtaposed cells coalesce into the embryonic
gonad (Fig. 1B).

Identification of crucial players that ‘entice
and repel’

A combination of repulsive and attractive cues guides
PGC migration through the midgut and toward the
SGPs. Once the PGCs exit the midgut, repulsive clues,
generated by Wunen and Wunen2, are thought to
direct their bilateral movement on the surface of the
midgut.15,16 Subsequently, attractive cues produced by
the SGPs guide the PGCs toward the lateral mesoderm
and promote their association with the SGPs. One of
the first genes implicated in the production of the
PGC attractant was hmgcr. In hmgcr mutants, PGCs
fail to migrate toward the SGPs and instead either
remain associated with the midgut or scatter through

the mesoderm. Conversely, ectopic expression in, for
example, the nervous system, induces PGCs to migrate
toward this tissue.17

hmgcr encodes HMGCoA reductase which is
responsible for the synthesis of mevalonic acid. In flies
mevalonic acid is a precursor for the biosynthesis of
geranylgeranyl-pyrophosphate (GGP) and the genes
downstream of hmgcr (fpps and qm) in the synthesis
of this isoprenoid are also required for the production
of the PGC attractant.18 However, of the genes in this
pathway, hmgcr plays the pivotal role in ensuring that
the attractant is only “produced” by the SGP. The rea-
son for this is the unique expression pattern of hmgcr.
Whereas the downstream isoprenoid biosynthetic
genes are broadly expressed in the embryo, hmgcr
expression becomes restricted to the SGPs at the time
when the PGCs begin migrating toward the SGPs. In

Figure 1. PGCs follow a defined trajectory and temporally dis-
crete steps to reach SGPs which is their ultimate destination. The
primitive embryonic gonad coalescence in Drosophila involves
directed migration, recognition and sustained association
between the 2 cell types, PGCs and SGPs. To coalesce with SGPs,
PGCs follow a stereotypical trajectory that begins at gastrulation
when the PGCs are carried into the interior of the embryo by the
midgut invagination. The PGCs then pass through the midgut
epithelium, and move along the surface of the midgut until they
split into 2 groups. The PGCs in each group migrate laterally and
this brings them into contact with the gonadal mesoderm on
either side of the embryo (Panel A). The germ cells align them-
selves in a row with the SGPs in parasegments 10–13 and these
juxtaposed cells coalesce into the embryonic gonad (Panel B),
Wild type embryos stained with anti-Eyes absent (DSHB, anti-
mouse monoclonal used at 1:10; imaged in Green) and, anti-Vasa
(Kind gift from Paul Lasko, anti-rabbit used at 1:1000; imaged in
Red) antibodies. Eyes absent antibody labels SGPs while Vasa is a
PGC specific marker. In all the panels, embryos are shown with
anterior to the left, posterior to the right, dorsal on the top and
ventral at the bottom, Panel A: Late stage 13 embryo showing
PGCs lined up against SGPs. PGCs (red) lined up against the SGPs
(green) are bracketed by 2 asterisk symbols. (For equivalent sche-
matic see panel D), Panel B: Stage 15 embryo showing coalesced
gonad consisting of clustered PGCs with intermingled SGPs (For
equivalent schematic see panel E), Schematic diagram showing
critical steps during germ cell migration, Panel C: PGCs migrating
laterally across the mesoderm toward the SGPs at late stage 11
under the attractive influence of the guidance cue (such as Hh),
Panel D: PGCs align against the SGPs which are arranged in a lin-
ear manner across the para-segments 11–13 by stage 13, Panel
E: PGCs and SGPs coalesce into a gonad by stage 15, PGCs: red
ellipse; SGPs: green squares; hh (tan) and mdr49 (gray) are
expressed in a relatively uniform manner across the mesodermal
segments whereas, hmgcr expression (blue) gets restricted to
SGPs by stage 12/13 when PGCs are actively migrating toward
SGPs. The localized expression underlies the ability of hmgcr to
specifically potentiate Hh signal emanating from the SGPs.

FLY 201



spite of its central role in the production of the PGC
attractant, the isoprenoid GGP is most probably not
used directly in its synthesis. Instead, GGP is used for
protein geranylation. Genetic epistasis experiments
show that a key target for geranylation in the
hmgcr!GGP PGC attractant pathway is the G pro-
tein g subunit 1 (Gg1) of the heterotrimeric
GaGbGg1 xompλeξ .19,20 Among other things this
complex mediates the intracellular trafficking of mem-
brane vesicles, and the complex must be anchored to
the membrane through geranylation of Gg1 to
function.

Another gene implicated in the process of PGC
migration encodes the signaling molecule Hedgehog
(Hh).20-24 Both ectopic Hh expression and mutations
that compromise its production and/or transmission
induce mismigration. Since Hh functions as a mor-
phogen in other contexts, an explanation for its
effects on PGCs is that it acts indirectly by inappro-
priately specifying new SGPs. However, arguing
against this is the finding that 2 Hh “receptors,"
patched (ptc) and smoothened (smo) are required in
PGCs for proper migration. In the absence of the Hh
ligand, the transmembrane receptor Ptc inhibits the
7-pass transmembrane protein Smo from mediating
signal transduction. Hh binding to Ptc is thought to
relieve the negative influence of Ptc, resulting in the
relocalization of Smo to the cell membranes, and this
in turn activates the signal transduction cascade
downstream of the Hh signal. Consistent with their
reciprocal functions in hh signaling, PGCs compro-
mised for ptc or smo activity behave differently. For
ptc, the PGCs clump prematurely near the midgut as
if they’ve received sufficient signal while for smo the
PGCs behave as if they are ‘signal-blind’ and scatter
in the posterior of the embryo.

Localized expression of hmgcr is necessary
and sufficient for the potentiation of Hh signaling

Since hh is expressed in a wide range of embryonic tis-
sues and functions in patterning throughout much of
development,25-30 a puzzling and clearly critical ques-
tion is what distinguishes the Hh ligand produced in
the SGPs from that in other cell types in the meso-
derm and ectoderm. Here one answer seems to be
hmgcr and its pivotal role in controlling the level of
activity of the hmgcr!GGP!GaGbGg1 pathway.
We found that hmgcr, the downstream genes in the

synthesis of GGP (fpps and qm) and, Gg1 are required
for the release of Hh from the basolateral membranes
of hh expressing cells in the ectoderm of embryos
mutant in one of the hmgcr! GGP!GaGbGg1
pathway genes, Hh accumulates in large puncta along
the basolateral membranes of the hh expressing cells.
Guerrero and coworkers (pers. comm.) have indepen-
dently shown that this same pathway is critical for the
long distance transmission of cholesterol modified Hh
from the basolateral membranes in the wing disk.

Several additional findings support the idea that
the role of the hmgcr!GGP!GaGbGg1 pathway
in the production of the “PGC attractant” is to
potentiate the transmission of hh signals emanating
from the SGPs. As was found for gg1, genetic epista-
sis experiments place another hh signaling factor,
Shifted (Shf), downstream of hmgcr in the “produc-
tion” of the PGC attractant. Shf is an extracellular
protein that interacts with the proteoglycan matrix
and is specifically required for the long distance
transmission of Hh.31,32 While shf mutations disrupt
wing development because they compromise long
distance signaling, long distance signaling isn’t essen-
tial for embryonic patterning and the only phenotype
that has been observed in shf mutant embryos is in
PGC migration. Like the hmgcr!GGP!GaGbGg1
pathway, Shf promotes the transmission of choles-
terol modified Hh from basolateral membranes of hh
expressing cells, but doesn’t potentiate the transmis-
sion of a mutant form of Hh, Hh-N, that lacks the
cholesterol modification and is secreted from apical
membranes. Precisely the same specificity is observed
when hmgcr is co-expressed in the nervous system
with either wild type Hh or Hh-N. The former exac-
erbates the PGC migration defects induced by hmgcr
ectopic expression, while the later doesn’t. Finally,
visualization of the effects of co-expression of hmgcr
and hh in the nervous system using a GFP tagged
Hh protein shows that Hmgcr substantially enhances
the transmission of Hh-GFP from expressing cells in
the nervous system into and through the underlying
mesodermal tissue toward the migrating PGCs. Fur-
thermore, Hh-GFP can be seen in direct contact with
migrating PGCs, where it is often found concentrated
in speckles that are located in close proximity to cel-
lular blebs or protrusions. Interestingly, since the ini-
tial discovery that hh guides PGC migration, hh
family ligands have been shown to direct cell move-
ment in many other cellular contexts. For example,
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in mammals, Sonic Hedgehog mediates cell migration
and axon guidance during spinal cord develop-
ment.33-35

Well begun is half done: Efficient release is the
key to successful transmission

While the hmgcr isoprenoid biosynthetic pathway
potentiates the transmission of the Hh ligand, other
mechanisms must also contribute to its production
and long distance signaling activity. Intriguingly, in
flies and in mammals cholesterol plays a central role
in Hh signaling.36-38 First, cholesterol is required for
the autoprocessing of the Hh ligand. Second, the
resulting covalent cholesterol modification then plays
a critical role in the intracellular sorting of the proc-
essed Hh peptide, and its subsequent transmission
and release from basolateral membranes. Flies are
cholesterol auxotrophs and must obtain this sterol
through their diet. Consequently hh signaling is sensi-
tive to the levels of dietary cholesterol. If hh functions
as a PGC attractant, we would predict that the process
of PGC migration would also be sensitive to choles-
terol availability. Interestingly this notion is indeed
supported by our recently published studies on an
ABC transporter, mdr49, which has been implicated
in PGC migration.39

Ricardo and Lehmann screened embryos mutant in
different ABC transporters for PGC migration
defects.40 Of the genes tested, mdr49 was the only
transporter that had a significant effect on PGC
migration. They found that a moderate loss of func-
tion allele called mdr49d3.16 caused PGC migration
defects qualitatively similar to those seen in the hmgcr
mutant embryos, and restoration of mdr49 activity by
ectopic expression in the mesoderm (where it is nor-
mally expressed) was sufficient to rescue the migration
defects. Conserved from bacteria to humans, ABC
transporters transport hydrophobic, lipophilic com-
pounds. For instance, the ABC transporter Ste6p is
required for export of a farnesylated pheromone in
budding yeast. Since Mdr49 shares sequence similarity
with Ste6p, Ricardo and Lehmann proposed that
migrating PGCs might be attracted by an equivalent
but unknown isoprenoid-modified peptide that is
exported from SGPs by Mdr49.40

The ABC transporters are a very large family and
the fly genome encodes many different proteins in this
family.41 While Ste6p and Mdr49 share significant

sequence similarity (30% identity) there are other fly
ABC transporters that are more closely related to
Ste6p {CG1824 (40% identity) MRP (33%), CG4562
(32%), CG31789 (32%) and White (32%)} than
Mdr49. Conversely, the mammalian transporter
Mdr1/P-cg1 is more closely related to Mdr49 than
Step 6p (42% identity).42 Among the many small mol-
ecules Mdr1/P-cg1 has been reported to translocate
across different cellular compartments is cholesterol.
Moreover, Tessner and Stenson (2000) have shown
that overexpression of Mdr1 upregulates the import of
cholesterol in intestinal cells.43 Thus an alternative
function for Mdr49 in PGC migration would be to
potentiate Hh signaling by providing sufficient levels
of cholesterol in SGPs for the processing of the Hh
ligand. To explore this possibility, we first asked
whether Mdr49 is needed for Hh signaling.

Connectingmdr49 with hh signaling

We have previously shown that different components
of germ cell migration pathway also have a role in
potentiating Hh signaling in other developmental con-
texts. We thus sought to assess whether mdr49 can
exert similar influence on Hh pathway.

mdr49 suppresses hhMrt

Flies lack the enzymes required to synthesize choles-
terol from farnesyl-PP and must obtain this sterol in
their diet (18). Since both hh autoprocessing and long
distance basolateral hh signaling require the addition
of cholesterol to the Hh ligand, we reasoned that the
activity of the hh pathway should be sensitive to die-
tary levels of cholesterol. This prediction is readily
tested by taking advantage of a dominant GOF hh
allele, hhMoonrat (hhMrt) that disrupts wing develop-
ment. In WT hh is expressed in the posterior compart-
ment of the wing disk, and functions as a long-
distance morphogen to organize wing patterning. hh
orchestrates wing development by inducing the
expression of downstream targets in the anterior com-
partment such as decapentaplegic (dpp) and ptc. In
hhMrt Hh is inappropriately expressed in the anterior
compartment and activates dpp in a manner that
causes overgrowth of anterior tissues and partial
duplication of distal wing structures.44 Importantly,
the phenotypic effects of hhMrt on wing development
can be enhanced or suppressed by manipulating other
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components of the hh pathway like hmgcr or
dispatched.

If mdr49 is needed for hh signaling it might be
expected to suppress the GOF wing defects of hhMrt.
We tested for suppression by using mdr49d3.16 and a
deficiency Df(2R)Exel7123 that uncovers mdr49. Both
mutations suppress the hhMrt wing defects. In the case
of the deficiency, 80% of the trans-heterozygotes had
WT wings compared with less than 10% for the con-
trol hhMrt/C.

mdr49 potentiates hh signaling in the wing disk

Dominant suppression of the hhMrt phenotype sug-
gested that loss of mdr49 function should result in
reduction in expression of Hh target genes such as ptc
and dpp. Indeed expression of mdr49 RNAi using a
wing disk specific driver (nubbin Gal4) resulted in
reduction in Patched levels. In the converse experi-
ments we also examined if mdr49 overexpression
under identical circumstances can promote Hh signal-
ing. We found that overexpression of Mdr49 substan-
tially upregulates the hh target Ptc in the anterior
compartment of the wing disk.

mdr49embryos have reduced expression of hh
pathway genes likely due to sequestration of Hh
ligand

To investigate whether mdr49 functions in hh signal-
ing in the embryo, we examined the expression of
Engrailed (En) and Wingless. These 2 genes are com-
ponents of an hh!wingless (wg)!engrailed (en)
autoregulatory loop.45 In this loop, hh expressing cells
in each parasegment signal to the neighboring anterior

cells to activate Wg expression. Wg in turn signals
back to the row of hh expressing cells and upregulates
expression of the En transcription factor, which then
promotes transcription of hh. When hh signaling is
compromised, Wg expression is reduced. Reduced Wg
in turn leads to a downregulation of En expression,
and the consequent downregulation of hh. We
observed that both Wg and En expression is reduced
inmdr49d3.16 compared with themdr49d3.16 /C control
embryos suggesting compromised signaling. Based on
these findings we hypothesized that as in the case of
hmgcr, this is likely due to sub-optimal engagement of
Hh ligand in signaling. Consistent with this prediction
we found that Hh is sequestered in the hh expressing
cells giving rise to a shallower inter-stripe gradient.

Connecting mdr49 to cholesterol and hh signaling

High cholesterol diet suppresses the mdr49 PGC
migration defects
Sequestration of Hh in embryos compromised for
mdr49 suggest that Mdr49 protein likely potentiates
Hh signaling by promoting its release from Hh
expressing cells. To connect this to cholesterol trans-
port, we tested whether feeding a high cholesterol diet
to mdr49mutant adults could rescue the PGC migra-
tion in their progeny. Satisfyingly a high cholesterol
diet suppresses the PGC migration defects in
mdr49d3.16 embryos (Fig. 2). It will thus be of interest
to determine whether mutations in the different intra-
cellular cholesterol transporters can influence PGC
migration. In this regard Niemann Pick disease pro-
tein 1a (npc-1a) deserves a special mention. While the
precise cause of lethality induced by loss of npc-1a

Figure 2. Germ cell migration defects induced by loss of mdr49 are rescued by diet containing excess cholesterol, Either regular medium
or medium supplemented with cholesterol was used to raise WT as well as Mdr49 mutant flies. Embryos were collected, fixed with para-
formaldehyde and stained with anti-Vasa antibodies to examine the germ cell migration defects. Germ cell migration defects in stage
13–15 embryos were quantified to assess the extent of improvement (39). Panel A: mdr49 embryo (Stage 13) showing germ cell migra-
tion defects. More than 10 scattered PGCs are seen in addition to PGCs that have migrated correctly (Vasa positive cells).Panel B: mdr49
embryo derived from flies raised on a cholesterol rich diet. When mdr49 flies are grown on a diet supplemented with excess cholesterol,
germ cell migration defects are considerably ameliorated (only 3–4 PGCs are seen away from the gonad). In both the panels, embryos
are shown with anterior to the left, posterior to the right.
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remains to be determined, the lethality can be rescued
by a high cholesterol diet.46-48

One speculation for how mdr49 might function in
hh signaling (and in PGC migration) is that it medi-
ates the export of cholesterol modified Hh. However
since cholesterol is used in Hh autoprocessing, an
alternative model (and more likely model given the
size of the Hh ligand) is that Mdr49 is needed to
ensure that Hh sending cells in the mesoderm have
sufficient levels of cholesterol to process the Hh pre-
cursor. This idea is supported by the findings of Voght
et al. (47), who have suggested that Npc-1a and Npc-
1b function in conjunction with an ABC transporter.
In this model, the level of autoprocessed Hh or Hh-
GFP should be reduced in mdr49 mutants, while this
defect should be rescued by a high cholesterol diet. In
contrast, the level of Hh-N/Hh-N-GFP should not be
sensitive to either mdr49 or dietary cholesterol. Since
ABC transporters function in the export of small mol-
ecules, it is also possible that cholesterol efflux and/or
accumulation in SGPs or elsewhere in the mesoderm
will be affected.

Cholesterol,mdr49 and hh: Making connections
to a novel long distance signaling mechanism

Patterning of the developing wing disk requires that
Hh protein expressed in the posterior compartment
travel across many cell diameters to regulate expres-
sion of target genes in cells in the anterior compart-
ment. This signal must also be graded across the
anterior compartment and the combination of both
distance and gradient requires special mechanisms
and players to realize. Similar if not more exacting
demands are placed on the PGC attractant(s) pro-
duced by the SGPs. The attractant must signal the
PGCs over very large distances. This signal must also
be graded in a manner that conveys directional infor-
mation to the migrating PGCs. Like Hh signaling in
the wing disk, the “classical” mechanism envisioned
for a migratory signal would be an extracellular gradi-
ent of the attractant with a source and a sink. How-
ever, recent studies argue that the morphogenetic
gradient is generated by a quite different mechanism–
hh expressing cells in the posterior compartment
extend Hh containing cytonemes that directly contact
receiving cells in the anterior compartment.49 Suggest-
ing that similar mechanisms could be used to commu-
nicate directional information to the PGCs, we’ve

found that many of the genes implicated in cytoneme-
dependent signaling by Hh also play key roles in the
generation and/or transmission of the PGC attractant.
In our studies, we have focused on the production/
transmission of the PGC attractant. In the recent set
of experiments conducted on Mdr49 we explored a
newly discovered connection between cholesterol and
the production/ transmission of the PGC attractant by
the SGPs. Thus, our studies on cholesterol, mdr49 and
hh offer the possibility of drawing yet further connec-
tions between this novel signaling mechanism and
directed cell migration, and as such could have broad
implications for cell migration in many other contexts.
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