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Wnt Signaling Specifies Anteroposterior Progenitor Zone
Identity in the Drosophila Visual Center
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During brain development, various types of neuronal populations are produced from different progenitor pools to produce neuronal
diversity that is sufficient to establish functional neuronal circuits. However, the molecular mechanisms that specify the identity of each
progenitor pool remain obscure. Here, we show that Wnt signaling is essential for the specification of the identity of posterior progenitor
pools in the Drosophila visual center. In the medulla, the largest component of the visual center, different types of neurons are produced
from two progenitor pools: the outer proliferation center (OPC) and glial precursor cells (GPCs; also known as tips of the OPC). We found
that OPC-type neurons are produced from the GPCs at the expense of GPC-type neurons when Wnt signaling is suppressed in the GPCs.
In contrast, GPC-type neurons are ectopically induced when Wnt signaling is ectopically activated in the OPC. These results suggest that
Wnt signaling is necessary and sufficient for the specification of the progenitor pool identity. We also found that Homothorax (Hth),
which is temporally expressed in the OPC, is ectopically induced in the GPCs by suppression of Wnt signaling and that ectopic induction
of Hth phenocopies the suppression of Wnt signaling in the GPCs. Thus, Wnt signaling is involved in regionalization of the fly visual center
through the specification of the progenitor pool located posterior to the medulla by suppressing Hth expression.
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Introduction
A wide variety of neurons are generated from neural stem cells,
and the neurons establish complex neuronal circuits during brain

development to ensure correct brain function. To acquire neuro-
nal diversity, different types of neuronal populations are pro-
duced from different progenitor pools. In the mammalian
cerebral cortex, excitatory neurons are produced from the radial
glial cells located at the ventricular zone of the dorsal telenceph-
alon, whereas inhibitory neurons are produced from medial and
caudal ganglionic eminences located at the ventral telencephalon
(Anderson et al., 1997; Xu et al., 2004).

Multiple progenitor pools also contribute to neuronal diver-
sity in the developing thalamus in mammals. The large thalamic
progenitor pool located at the caudal region is called pTH-C and
is the source of glutamatergic neurons; the small thalamic pro-
genitor pool, located at the rostral region, is called pTH-R and is
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Significance Statement

Brain consists of considerably diverse neurons of different origins. In mammalian brain, excitatory and inhibitory neurons derive
from the dorsal and ventral telencephalon, respectively. Multiple progenitor pools also contribute to the neuronal diversity in fly
brain. However, it has been unclear how differences between these progenitor pools are established. Here, we show that Wnt
signaling, an evolutionarily conserved signaling, is involved in the process that establishes the differences between these progen-
itor pools. Because �-catenin signaling, which is under the control of Wnt ligands, specifies progenitor pool identity in the
developing mammalian thalamus, Wnt signaling-mediated specification of progenitor pool identity may be conserved in insect
and mammalian brains.
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the source of GABAergic neurons (Vue et al., 2007; Jeong et al.,
2011). Thus, neurons in both the cerebral cortex and thalamus
are produced from multiple progenitor pools with different iden-
tities. Although extensive studies have revealed that sonic hedge-
hog, fibroblast growth factor, and �-catenin signalings play
essential roles in the specification of each progenitor pool, a full
picture of the underlying molecular mechanisms remains unclear
(Kataoka and Shimogori, 2008; Vue et al., 2009; Xu et al., 2010;
Flandin et al., 2011; Bluske et al., 2012).

The fly visual center is a good model for neurodevelopmental
studies because of many similarities to mammalian neurogenesis.
For example, neural stem cells differentiated from neuroepithe-
lial cells produce neural progenitors through asymmetric cell di-
visions in both fly visual center and mammalian cerebral cortex.
The medulla is the largest component of visual center and con-
tains �100 types of 40,000 neurons. These medulla neurons are
generated from the neuroblasts (NBs), neural stem cell-like pro-
genitor cells, located on the surface of the medulla primordium in
a region called the outer proliferation center (OPC). In addition
to the OPC, the posterior region of the medulla primordium,
which is called the glia precursor cells (GPCs) or the tips of the
OPC (Bertet et al., 2014), is also the source of medulla neurons as
we and others have recently reported (Bertet et al., 2014; Suzuki et
al., 2016a) (see Fig. 1A). The GPCs produce unique types of neu-
rons, called the lamina wide-field neurons whose axons project
toward the lamina, the first ganglion in the visual center (Fisch-
bach and Dittrich, 1989; Hasegawa et al., 2011; Tuthill et al.,
2013). Thus, the medulla primordium contains two different
progenitor pools, the OPC and the GPCs, and they produce dis-
tinct types of neurons. However, mechanisms that specify the
identity of these progenitor pools have not been clarified.

To understand the mechanisms that distinguish the distinct
progenitor pools, we investigated the molecular mechanisms that
specify the identity of OPC and GPCs and found that Wnt signal-
ing is essential for GPC specification. When Wnt signaling was
suppressed, OPC-type neurons were ectopically observed within
the GPC region, suggesting that the posterior progenitors lost
their GPC identity; and instead, the cells obtained the OPC
identity. We also found that the expression of Homothorax
(Hth), which is expressed in the OPC, was suppressed by Wnt
signaling and that ectopic activation of Hth transformed GPCs to
OPC. The present study demonstrates that Wnt signaling regu-
lates the identity of the neuronal progenitor pool in the fly visual
system. Similarly, �-catenin signaling, which is under the control
of Wnt family ligands, specifies the progenitor pool identity in the
developing mammalian thalamus (Bluske et al., 2012). Our re-
sults show that evolutionarily conserved signaling molecules de-
termine the regional specificity of neural progenitor cells, raising
the possibility that this regulatory mechanism is conserved from
insects to mammalian brains.

Materials and Methods
Fly strains. All fly strains were reared on standard Drosophila medium at
25°C. For all experiments in this study, both male and female fly larvae at
wandering late third instar were used. The fly strains used were as follows:
hs-flp, FRT82B, ubi-GFP, act�yellow�Gal4 (Ito et al., 1997), UAS-GFP,
UAS-CD8GFP, UAS-dicer2, UAS-flp, act�stop�lacZ, omb-Gal4, wg-
Gal4, NP2631 (optix-Gal4 ), dshVA153, Axin, UAS-armS10, UAS-dsh431B1,
UAS-gpi-Dfz2, UAS-panDN4, UAS-dad, UAS-tkvQ253D, hthP2, UAS-hth12,
UAS-hth RNAi (hthJF02733 and hthHMS01112), and robo2robo2-HA (Spitz-
weck et al., 2010). For the simultaneous suppression of Hth expression and
Wnt signaling, the following lines were used: omb-Gal4 UAS-CD8GFP/�;
UAS-panDN4/UAS-dicer2; UAS-CD8GFP/�, omb-Gal4 UAS-CD8GFP/�;
UAS-panDN4/UAS-dicer2; UAS-hthJF02733/�, omb-Gal4 UAS-CD8GFP/�;

UAS-panDN4/UAS-dicer2; UAS-hthHMS01112/�, omb-Gal4 UAS-
CD8GFP/�; UAS-panDN4/robo2-HA; UAS-CD8GFP/�, omb-Gal4 UAS-
CD8GFP/�; UAS-panDN4/robo2-HA; UAS-hthJF02733/�, omb-Gal4
UAS-CD8GFP/�; UAS-panDN4/robo2-HA; UAS-hthHMS01112/�.

Clonal analysis. The following genetic crosses and heat shock condi-
tions were used: wg-Gal4 CD8GFP; UAS-flp was crossed to act�
stop�lacZ or act�stop�lacZ; UAS-gpi-Dfz2 (see Fig. 3 A, B). Axin
FRT82B was crossed to hs-flp; ubi-GFP M FRT82B (37°C, 60 min at first
or second instar larva; see Fig. 5 A, B). hs-flp; act�yellow�Gal4 was
crossed to UAS-wg (34°C, 30 min at first or second instar larva; see Fig.
5C–E). robo2robo2-HA; Axin FRT82B was crossed to hs-flp; ubi-GFP
FRT82B (37°C, 60 min at first or second instar larva; see Fig. 6 E, F ).
robo2robo2-HA; hthP2 FRT82B were crossed to hs-flp; ubi-GFP M FRT82B
(37°C, 60 min at first or second instar larva; see Fig. 6G).

Immunohistochemistry. Immunohistochemistry was performed as de-
scribed previously (Hasegawa et al., 2011). The following primary anti-
bodies were used: guinea pig anti-Bsh (1:1600; Hasegawa et al., 2011),
guinea pig anti-Dll (1:2000; Richard Mann, Columbia University), rat
anti-Drf (1:3000; Hasegawa et al., 2011), rabbit anti-Hth (1:1000; Kurant
et al., 1998), rabbit anti-Lim1 (1:500; James Skeath, Washington Univer-
sity), rabbit anti-Robo2 (1:50; Rajagopalan et al., 2000), mouse anti-LacZ
(1:250; Promega), chick anti-LacZ (1:1000; Abcam), rabbit anti-HA (1:
1500; Cell Signaling Technology), and mouse anti-GFP (1:400; Clon-
tech). The following monoclonal antibodies were obtained from
Developmental Studies Hybridoma Bank: mouse anti-Eya (1:8), mouse
anti-Repo (1:10), rat anti-Ncad (1:20), mouse anti-Fas3 (1:10), and rat
anti-Elav (1:50). The secondary antibodies used were anti-guinea pig
Cy5, anti-guinea pig Alexa-467, anti-mouse Cy3, anti-mouse Cy5, anti-
mouse FITC, anti-rat Dylight 649, anti-rat Cy5, anti-rabbit FITC, anti-
chick Cy3, anti-chick Alexa-647 (Jackson ImmunoResearch
Laboratories), and anti-rabbit Alexa-546 (Invitrogen). Confocal images
were acquired using Zeiss LSM510 and LSM880 and were processed
using Zeiss ZEN image browser. The number of Eya � neurons or glial
cells was counted along a single optical section, which was selected ac-
cording to the neuropile structure visualized by Ncad staining (see Fig.
7B). Mean and SD values were compared and statistically tested by un-
paired two-tailed Student’s t test (equal or unequal variances).

Results
Wnt signaling is required for the production of GPC-
type neurons
In the developing medulla primordium, the OPC-NBs pro-
duce medulla neurons with a radial and linear orientation
toward the center of the primordium, and their neuronal types
are specified in a birth order-dependent manner (Li et al.,
2013; Suzuki et al., 2013). Thus, the larval medulla primor-
dium is subdivided into concentric zones that are character-
ized by the expression of conserved transcription factors,
namely, Hth, Brain-specific homeobox (Bsh), Runt (Run),
and Drifter (Drf) (Hasegawa et al., 2011; Sato et al., 2013;
Suzuki and Sato, 2014) (Fig. 1A). The Hth � domain is further
subdivided into two distinct domains characterized by the
expression of Bsh: the outer domain is Hth �/Bsh �, and the
inner domain is Hth �/Bsh �. The outer Hth �/Bsh � domain is
occupied by neurons derived from the OPC, whereas the inner
Hth �/Bsh � domain contains neuronal populations derived
from the GPCs (Suzuki et al., 2016a) (Fig. 1A). These GPC-
type neurons are specifically defined by the expression of Eya.

To examine molecular mechanisms that regulate the produc-
tion of GPC-type neurons, we focused on roles of Wnt signaling
because wg-Gal4 is specifically expressed in the GPCs (Fig. 1B,C)
(Kaphingst and Kunes, 1994). Eya� neurons were almost com-
pletely lost, and the wg-Gal4-expressing region was variably re-
duced when Wnt signaling was suppressed in the GPCs by the
induction of a dominant negative form of the Wg receptor,
Dfrizzled2 (Dfz2 DN), under the control of wg-Gal4 (Figs. 1D, 7E;
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Figure 1. Wnt signaling is required for the production of GPC-type neurons. A, Schematics of the larval CNS and medulla primordium in lateral and horizontal views. OPC-NBs produce medulla
neurons in a linear and radial orientation toward the center of medulla (orange arrows). NBs are also found in the GPC region located at the posterior region of the medulla (light green). GPC-type
neurons migrate tangentially and are placed in the innermost region of medulla cortex. B, Schematics of the expression patterns of omb-Gal4 (top) and wg-Gal4 (bottom) in lateral views. All of the
following images are lateral views of the medulla in wandering late third instar larva (top, anterior; right, dorsal). C, D, OPC-type Bsh � neurons (blue), GPC-type Eya � neurons (magenta), and
wg-Gal4 � GPCs (green) are visualized. D, Expressing dominant negative form of Dfz2 under the control of wg-Gal4, Eya � neurons were completely lost compared with the control (C). E, The ventral
GPC-neurons were completely lost in dsh mutant, although the dorsal GPC-neurons (magenta represents Eya �; and green represents Lim1 �) were still observed (white arrow). F, MNGs (magenta
represents Repo �; and blue represents Dll �) and wg-Gal4 � GPCs (green) are visualized. G, MNGs were ectopically induced (white arrows) in the GPC region by the dominant negative form of Dfz2
compared with the control (F ).

Suzuki, Trush et al. • Wnt Signaling Determines Progenitor Zone Identity J. Neurosci., June 15, 2016 • 36(24):6503– 6513 • 6505



n � 30/35). Likewise, ventral Eya� cells were lost, and only dorsal
Lim1�/Eya� cells remained in the mutant for dishevelled
(dshVA153), one of the essential components of the Wnt signaling
pathway (Fig. 1E, white arrow; n � 27/39).

In addition to the production of Eya � neurons, GPCs pro-
duce glial cells for the lamina, the first ganglion that processes
visual information. Surprisingly, we found that the suppres-
sion of Wnt signaling in GPCs significantly increased the
production of glial cells located in the medulla primordium.
Medulla neuropile glia (MNG) are generated from the OPC-
NBs (Colonques et al., 2007; Soustelle and Giangrande, 2007;
Hasegawa et al., 2011; Li et al., 2013; Suzuki et al., 2016b) and
were rarely observed within the GPC region in the control
(Fig. 1F; 2 � 0.7 Repo � cells). Suppression of Wnt signaling in
the GPCs by the induction of Dfz2 DN under the control of
wg-Gal4 caused the generation of ectopic MNG-like glial cells
(Fig. 1G, white arrows; n � 10/16; 12.5 � 2.0 Repo � cells, p �
0.001 compared with Fig. 1F ), as visualized by Dll and Repo
(Suzuki et al., 2016b), in addition to the significant reduction
in the number of Eya � neurons (Figs. 1D, 7E).

Wnt signaling represses the formation of OPC-type neurons
The above results raise the possibility that Wnt signaling de-
fines the fate of medulla precursor cells to differentiate into
GPC-type progeny, and we further assumed that the disrup-
tion of Wnt signal transduction caused failure in the forma-
tion of the posterior region of the medulla primordium and,
consequently, the posterior region obtained the anterior iden-
tity. Is the GPC region transformed into OPC by the suppres-
sion of Wnt signaling? To answer this question, we examined
the expression patterns of Bsh and Drf, markers for OPC-type
neurons (Fig. 1A), when Wnt signaling was suppressed. In the
control brains, Bsh � and Drf � neurons were arranged con-
centrically across the anterior and dorsoventral regions, but
they were never observed in the posterior region (Fig. 2A,
white arrows). Bsh � and Drf � neurons were ectopically ob-
served in the wg-Gal4 � posterior region when Wnt signaling
was suppressed by the induction of Dfz2DN under the control
of wg-Gal4 (Fig. 2B; n � 35/44, white arrows). A similar phe-
notype was observed in dsh mutant and wgts homozygous third
instar larvae kept at restrictive temperature (30°C) for 48 h

Figure 2. Wnt signaling represses the formation of OPC-type neurons. A, C, OPC-type neurons (blue represents Bsh �; and magenta represents Drf �) were not observed in the GPC region (green,
white arrows) in control larvae. B, Inducing dominant negative form of Dfz2 under the control of wg-Gal4, OPC-type neurons (blue represents Bsh �; and magenta represents Drf �) were ectopically
observed (white arrows). D, Inducing dominant negative form of Pan under the control of omb-Gal4, OPC-type neurons (blue represents Bsh �; and magenta represents Drf �) were ectopically
observed (white arrows) forming complete circles. E, Eya � GPC-type neurons (magenta) and Bsh � OPC-type neurons (blue) were normally observed in control larvae. F–H, Expressing dsh under
the control of omb-Gal4, OPC-type Bsh � (blue in F; and magenta in H ) and Drf � neurons (blue in G) were partially lost (F, G, yellow arrows). GPC-type Eya � neurons (magenta) were increased
(F, G, white arrows), whereas Elav expression was normal (blue in H; yellow arrows).
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(data not shown; n � 8/16 and n � 6/6, respectively). Surpris-
ingly, we observed that Bsh � and Drf � neurons were arranged
completely circularly when Wnt signaling was disrupted by
the induction of a dominant negative form of Pangolin
(Pan DN), the Drosophila homolog of Tcf, under the control of
omb-Gal4 (Fig. 2D, white arrows, n � 24/36). Notably, there
was no gap in the posterior region of the Bsh � and Drf �

concentric zones (Fig. 2D, white arrows). This phenotype
showed a sharp contrast to the incomplete circular concentric
zones with a gap in the posterior region of wild-type brains
(Fig. 2C, white arrows), suggesting that the posterior region of
the medulla primordium was no longer the GPCs in the ab-
sence of Wnt signaling.

Although Eya� neurons were significantly decreased by the
suppression of Wnt signaling (Fig. 1C,D), activation of Wnt sig-
naling within GPC region did not show any defect when the
constitutively active form of Armadillo (Arm), the Drosophila
homolog of �-catenin, was induced (data not shown; n � 13/13).
However, GPC-type neurons were induced by ectopically activat-
ing Wnt signaling outside the GPC region using omb-Gal4. When
Dsh was induced, a large cluster of Eya� neurons was observed
(Fig. 2E–G, see Fig. 7E; Fig. 2F,G, white arrows); instead, Bsh�

and Drf� neurons were significantly reduced in the region adja-
cent to GPCs (Fig. 2E–G; Fig. 2F,G, yellow arrows; Fig. 2F, n �
17/19; Fig. 2G, n � 10/12). Although Bsh and Drf expression was
lost, Elav expression was normal (Fig. 2H, yellow arrows, n �
9/10), suggesting that neurons of different identities occupied
this region. Notably, the increase in Eya� neurons and the loss of

Bsh� and Drf� neurons were exclusively observed in the dorsal
region, but not in the ventral region of the medulla primordium
(Fig. 2F–H). The dorsal region may be more sensitive to the
increase in Wnt signaling, or ectopic Wnt activity may be blocked
in the ventral region by unidentified mechanisms.

OPC-type neurons were observed within the GPC region
after the suppression of Wnt signaling (Fig. 2), implying that
the GPCs were transformed into the OPC and produced Bsh �

and Drf � neurons. To examine whether the Bsh � and Drf �

neurons were produced from the Wnt signaling-deficient
GPCs, we conducted FLP-FRT-based lineage analysis under
the control of wg-Gal4 UAS-flp, and the lineages of the GPCs
(wg-Gal4 �) were constitutively labeled by LacZ expression
under the control of act�stop�lacZ as we reported previously
(Suzuki et al., 2016a). In the control, the GPCs themselves and
Eya � neurons labeled with LacZ were observed (Fig. 3A, white
arrows) (Suzuki et al., 2016a). However, such lacZ � cells were
not observed in the innermost region of the medulla cortex
when Wnt signaling was suppressed (Fig. 3B; white arrows
indicate the loss of LacZ � cells). Instead, LacZ �/Drf � neu-
rons were observed within the GPC region (Fig. 3B, black
arrowheads). These results suggest that the posterior region of
the medulla primordium failed to obtain the GPC identity and
instead obtained the OPC identity to produce OPC-type neu-
rons via the inhibition of Wnt signaling. Therefore, Wnt
signaling has essential roles in the specification of these pro-
genitor identities.

Figure 3. GPCs produce OPC-type neurons when Wnt signaling is suppressed. A, The lineages of GPCs were labeled by LacZ under the control of wg-Gal4 UAS-CD8GFP (green), UAS-flp, and
act�stop�lacZ. LacZ expression (blue) was detected in a subset of Eya � cells (magenta, arrows). B, When the dominant negative form of Dfz2 was expressed under the control of wg-Gal4, lacZ
expression was not detected in the innermost region of the medulla cortex (white arrows). LacZ (blue) and Drf (magenta) double-positive neurons were observed within GPCs (black arrowheads).
B�, Magnified images of the areas indicated by yellow squares in B.
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Wnt signaling transforms OPC to GPCs by repressing
Hth expression
The OPC-NBs produce various types of medulla neurons, and
the neuronal types are specified by the transcription factors that
are expressed transiently in the OPC-NBs (temporal factors), as
reported previously (Li et al., 2013; Suzuki et al., 2013). The tem-
poral factors are also involved in the specification of neuronal
types in the GPCs, but the set of temporal transcription factors in
the GPCs is different from that in OPC-NBs (Bertet et al., 2014).
Hth is expressed in the youngest OPC-NBs and specifies Hth�/
Bsh� neurons (Li et al., 2013; Suzuki et al., 2013); however, it is
not expressed in the GPCs (Bertet et al., 2014; Suzuki et al.,
2016a). If the GPC region is transformed into the OPC via the
suppression of Wnt signaling, the set of temporal factors in the
GPCs can also be changed to those of the OPC. Therefore, we
examined the expression pattern of Hth in the Wnt signaling-
deficient GPCs. As previously described, Hth was not expressed
in the GPC-NBs (visualized with wg-Gal4 and anti-Dpn anti-
body) in control larvae (Fig. 4A, white arrows; n � 10/10) (Bertet
et al., 2014). Dpn is a marker for NBs in the OPC and GPC
regions. Hth� NBs were observed in the GPC region when Wnt

signaling was suppressed (Fig. 4B, white arrows; n � 26/44). This
result also suggests that the GPC region was transformed into the
OPC in the absence of Wnt signaling.

We next determined the significance of Hth in the transfor-
mation of GPC region to OPC upon the loss of Wnt signaling. To
understand the role of Hth, we ectopically induced Hth in the
GPCs under the control of wg-Gal4 and examined the distribu-
tions of Eya�, Bsh�, and Drf� neurons. We found that Bsh� and
Drf� neurons appeared ectopically in the posterior region (Fig.
4C; yellow arrows indicate ectopic Bsh� neurons, n � 25/26;
white arrows indicate ectopic Drf� neurons, n � 8/9), and Eya�

neurons were significantly decreased (Figs. 4D, 7E; yellow arrows
indicate the loss of Eya� neuron, and white arrows indicate
ectopic Bsh� neurons in 4D; n � 13/17). Notably, ventral Eya�

neurons were preferentially lost, and dorsal neurons remained
normal after the induction of Hth by wg-Gal4 (Fig. 4D; n � 9/17).
These phenotypes were quite similar to those observed upon Wnt
signaling suppression (Figs. 1D, 2B). We also examined the ef-
fects of ectopic Hth induction under the control of omb-Gal4 and
observed the completely circular arrangement of Bsh� and Drf�

neurons (Fig. 4E; yellow and white arrows indicate ectopic Bsh�

Figure 4. Wnt signaling transforms OPC to GPCs by repressing Hth expression. A, Hth (magenta) is not expressed in NBs (Dpn �, blue) in the GPC region (green) in control larvae (white arrows).
B, Expressing dominant negative form of Dfz2 under the control of wg-Gal4, Hth (magenta) was ectopically expressed in NBs in GPC region (Dpn �, blue; white arrows). C, Expressing hth under the
control of wg-Gal4, Bsh � (blue, yellow arrows) and Drf � (magenta, white arrows) neurons were ectopically formed within GPC region compared with the control in Figure 2A. D, Inducing hth
expression, ventral Eya � (magenta) neurons were lost (yellow arrow), and Bsh � (blue) neurons were ectopically formed (white arrow) compared with the control in Figure 1C. E, Inducing Hth
expression under the control of omb-Gal4, Bsh � (blue, yellow arrows) and Drf � (magenta, white arrows) neurons were ectopically observed forming complete circles compared with the control
in Figure 2C. F, Inducing Hth expression, Eya � neurons (magenta) were completely lost (yellow arrows) and Bsh � neurons (blue, white arrow) were ectopically observed compared with the control
in Figure 2E. G, H, Dominant negative form of Pan under the control of omb-Gal4 induced ectopic Bsh � (blue in G) and Drf � (magenta in G) neurons within GPC region (G, yellow and white arrows,
respectively). Eya � neurons were reduced (magenta in H; white arrows). I, Simultaneously suppressing Hth expression and Wnt signaling by expressing dominant negative form of Pan and Hth
RNAi, ectopic Bsh � (blue) and Drf � (magenta) neurons were disappeared (white arrows; compare with G). J, The number of Eya � neurons (magenta) was not rescued (white arrows) by
simultaneous suppression of Hth expression and Wnt signaling (compare with H ). K, Hth expression was completely suppressed by induction of Hth RNAi under the control of optix-Gal4. L, Hth
(magenta) expression in NBs (Dpn �, blue) was suppressed (white arrows) by Hth RNAi and Wnt signaling inhibition. Insets, Magnified images of the areas indicated by yellow squares. All of the
images, except B, are at the same magnification shown by a scale bar in A.
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and Drf� neurons, respectively, n � 41/42; complete-circular
arrangement of Bsh� and Drf� neurons, n � 14/42). In this case,
both ventral and dorsal Eya� neurons were lost (Fig. 4F; yellow
arrows indicate complete loss of Eya� neurons; n � 19/24);

therefore, the induction of Hth com-
pletely mimicked the suppression of Wnt
signaling in the GPCs.

Is Hth involved downstream of Wnt
signaling? To answer this question, we ex-
amined the genetic interaction between
Hth and Wnt signaling. In the control
flies (omb-Gal4 UAS-CD8GFP/�; UAS-
panDN4/UAS-dicer2; UAS-CD8GFP/�),
Bsh� and Drf� neurons were ectopically
observed within the GPC region (Fig. 4G;
yellow and white arrows indicate ectopic
Bsh� and Drf� neurons, respectively; n �
28/33) and Eya� neurons were com-
pletely lost (n � 9/38) or significantly re-
duced (Figs. 4H, 7E; white arrows indicate
the reduction of Eya� neurons in Fig. 4H,
n � 29/38). For loss-of-function analysis
of Hth, we used two independent UAS-
RNAi lines (hthJF02733 and hthHMS01112),
which completely suppressed Hth expres-
sion as visualized by anti-Hth antibody
(Fig. 4K). When hth RNAi and Wnt sig-
naling suppression was simultaneously
induced, neither Bsh� nor Drf� neurons
were ectopically observed in the GPC re-
gion (Fig. 4I, white arrows; hthJF02733, n �
23/33; hthHMS01112, n � 41/65). Several
Eya� neurons were observed in the me-
dulla cortex by the simultaneous suppres-
sion of Hth and Wnt signaling (Figs. 4J,
7E; Fig. 4J, white arrows; hthJF02733, n �
21/39; hthHMS01112, n � 24/41). Hth ex-
pression was undetectable in the GPC re-
gion in the same condition (Fig. 4L).
These results suggest that the suppression
of Hth effectively rescues the ectopic ap-
pearance of OPC-type neurons caused by
the loss of Wnt signaling and that Hth
conveys ectopic OPC formation upon the
loss of Wnt signaling. However, the num-
ber of Eya� GPC-type neurons was not
rescued by the coexpression of hth RNAi
(Figs. 4J, 7E), implying that Wnt signaling
regulates other factors to form GPC-type
neurons in addition to the removal of Hth
expression. However, we cannot rule out
the possibility that undetectable level of
Hth expression suppresses the production
of GPC-type neurons (Fig. 4 J,L).

Wnt signaling induces ectopic GPC-
type neurons in the anterior region of
the OPC
Our results suggest that Wnt signaling is
required for the induction of GPCs by
blocking anteriorization in the poster-
ior region of the medulla primordium
through Hth repression. We then examined

whether ectopic activation of Wnt signaling in the anterior region of
the medulla primordium induces the GPC-type differentiation. To
investigate this possibility, mutant clones of Axin, an inhibitory
component of Wnt signaling, were induced in the medulla primor-

Figure 5. Wnt signaling induces ectopic GPC-type neurons in the anterior region of OPC. Clones generated in the anterior region of OPC
wereexamined.A,B,AxinmutantclonesarelabeledbytheabsenceofGFPsignals(green).A,Eya � (magenta)/Elav � (blue)neuronswere
ectopically observed in the clones (white arrows). B, Lim1 � (magenta)/Eya � (blue) cells (yellow arrows) and Lim1 �/Eya � cells (white
arrows) appeared ectopically in the clones. C–E, Clones expressing wg are labeled by GFP (green). C, Eya � (magenta)/Elav � (blue)
neurons were ectopically observed around the clones (yellow arrows). D, Lim1 � (magenta)/Eya � (blue) cells (yellow arrows) and
Lim1 �/Eya � cells (white arrows) appeared ectopically around the clones. E, Lim1 � (magenta)/Elav � (blue) neurons were observed
ectopically around the clones (yellow arrows). C, E, Neuronal differentiation was occasionally suppressed, as indicated by white arrows.
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dium. When Axin mutant clones were cre-
ated in the anterior region, Eya� neurons
were ectopically observed (Fig. 5A, white ar-
rows; n � 29/81). We also examined
whether Lim1 is ectopically induced in Axin
mutant clones because Lim1 is specifically
expressed in the dorsal half of GPC-type
neurons in the medulla primordium (Su-
zuki et al., 2016a). Lim1�/Eya� double-
positive neurons were observed in Axin
mutant clones (Fig. 5B, yellow and white ar-
rows indicate Lim1�/Eya� and Lim1�/
Eya� neurons, respectively; n � 16/41).
These results suggest that ectopic activation
of Wnt signaling causes ectopic production
of GPC-type neurons.

Although artificial activation of Wnt sig-
naling resulted in the ectopic appearance of
GPC-type neurons in the anterior region, it
is still unclear which type of Wnt ligand is
involved in this process. Because wg-Gal4 is
specifically expressed in the GPCs, we exam-
ined whether ectopic induction of Wg ex-
pression mimics the phenotypes of the Axin
mutant clones. When Wg-expressing clones
were induced in the anterior region, Eya�

and Eya�/Lim1� neurons were ectopically
observed in and around the clones (Fig.
5C–E; Fig. 5C, yellow and white arrows in-
dicate Eya� neurons and Eya� non-
neuronal cells, respectively, n � 11/24; Fig.
5D, yellow and white arrows indicate
Lim1�/Eya� and Lim1�/Eya� cells, re-
spectively, n � 7/13; Fig. 5E, yellow and
white arrows indicate Lim1� neurons and
non-neuronal cells, respectively, n � 3/6).
Therefore, it is most likely that Wg activates
Wnt signaling in the GPC region to establish
the posterior progenitor pool identity.

Wnt signaling induces GPC identity
Because GPC-type neurons were induced
by the ectopic activation of Wnt signaling,
we next examined whether ectopic GPCs
are also induced in the anterior region of
the medulla primordium. Thus far, GPCs
have been visualized with the expression
of wg-Gal4. Additionally, we found that
Robo2, a member of the axon guidance
molecules, is specifically expressed in the
GPC region (Fig. 6A, white arrows). Al-
though Robo2 is also expressed in the in-
ner proliferation center (IPC) (Suzuki et
al., 2016b), which is the source of lobula

Figure 6. Wnt signaling specifies the GPC identity. A, Robo2 (magenta) is expressed in wild-type GPCs visualized by wg-Gal4
UAS-CD8GFP (green, white arrows). B, Robo2-HA (green) is expressed in GPCs (white arrows) and IPC (Fas3 �, magenta). C, A
schematic of the expression pattern of Robo2 and Fas3 in the larval optic lobe. Robo2 and Fas3 are coexpressed in IPC (orange). Only
Robo2 is expressed in GPCs (green). OPC-type Bsh � and GPC-type Eya � neurons are colored in blue and magenta, respectively. D,
Inducing dominant negative form of Dfz2 under the control of wg-Gal4, Robo2-HA (magenta) expression was lost (white arrows);

4

and instead, Drf � (blue) cells were ectopically observed
(white arrows) in the posterior region. E, F, In Axin mutant
clones, Robo2-HA expression (white arrows) was ectopically
observed in the anterior region of OPC. Robo2-HA coexpresses
Dpn � (blue, E, yellow arrows) without Fas3 expression (blue,
F). G, Robo2-HA (magenta) was not induced in hth mutant
clones labeled by the absence of GFP (green).
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neurons, we were able to distinguish be-
tween GPCs and IPC by the expression of
Fas3, an IPC-specific marker. Fas3 is ex-
pressed in the IPC but not in the GPC
region (Fig. 6B, white arrows, indicating
no Fas3 expression in the GPCs); thus, the
GPCs are Robo2�/Fas3� (Fig. 6C, green),
whereas IPC is Robo2�/Fas3� (Fig. 6C,
orange). By using these two markers, we
examined the effect of Wnt signaling on
GPC formation. First, we suppressed Wnt
signaling in the GPCs under the control of
wg-Gal4 and found that Robo2 expression
(visualized with anti-HA antibody) was
lost, whereas ectopic Drf� neurons were
observed (Fig. 6D, white arrows; n � 21/
30). Second, when Axin mutant clones
were created in the anterior region of the
medulla primordium, Robo2 expression
was ectopically induced within the clones
(Fig. 6E,F; Fig. 6E, white arrows; n � 57/
150). Fas3 expression was not found in
almost all Axin mutant clones (Fig. 6F;
n � 106/109). These results suggest that
ectopic GPCs were induced by the activa-
tion of Wnt signaling in the anterior re-
gion. Because the ectopic Robo2� cells in
the Axin mutant clones expressed the NB
marker, Dpn, it is likely that ectopic GPC-
NBs were induced in the region of OPC
(Fig. 6E, yellow arrows; n � 7/49).

In contrast to the above observa-
tions, ectopic Robo2 expression was not
found in hth mutant clones in the OPC
(Fig. 6G; n � 54/54), suggesting that the
loss of Hth is not sufficient to induce the
GPC identity.

Another signaling pathway may
regulate the cell proliferation in the
GPC-NBs to produce Eya � neurons.
One such candidate is Decapentaple-
gic (Dpp), a homolog of mammalian
BMP-2 or BMP-4 (Wozney et al., 1988),
because dpp-lacZ is specifically ex-
pressed in the posterior region of the
medulla primordium flanking the GPC
region (wg-Gal4 expressing domain,
Fig. 7A) (Kaphingst and Kunes, 1994).
The number of Eya � neurons was sig-
nificantly decreased by the suppression
of Dpp signaling via the induction of
Daughters against dpp (Dad), which in-
hibits Dpp signaling, under the control
of omb-Gal4 (Fig. 7C,E; Fig. 7C, white
arrows, n � 14/19). However, overacti-
vation of Dpp signaling by the induction
of a constitutively active form of Thick-
vein (Tkv), a Dpp receptor, induced no
significant increase in Eya � neurons
(Fig. 7 D, E). These results suggest that
activation of Dpp signaling is necessary,
but not sufficient, for the production of
Eya � neurons.

Figure 7. DPP signaling is involved in the regulation of neurogenesis in the GPC region. A, dpp-lacZ (magenta) is expressed in
regions adjacent to the GPCs and in Eya � (green) neurons as indicated by white arrows. B, Expression pattern of Eya (magenta) in
omb-Gal4 larvae. C, Expressing Dad under the control of omb-Gal4, the number of Eya � (magenta) neurons was significantly
reduced (white arrows). D, Expressing constitutive active form of Tkv, the number of Eya � (magenta) neurons was not affected.
E, Quantification of the number of Eya � neurons (mean � SD; n � 8 –15). hth RNAi lines, hthJF02733 and hthHMS01112, are
designated as hth RNAi-1 and hth RNAi-2, respectively. ***p � 0.001 (unpaired two-tailed Student’s t test).
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Discussion
The brain contains a wide variety of neu-
rons, and neuronal diversity is indispens-
able for its complex higher-order functions.
Although all neurons are produced from
neuronal stem cells, neuronal stem cells lo-
cated in different regions produce different
types of neurons. Therefore, generating di-
versity of neuronal stem cells is essential for
the production of a wide variety of neurons.
In the present study, we demonstrated that
Wnt signaling plays essential roles in the de-
termination of the posterior identity of stem
cell pools in the fly visual center (Fig. 8). The
importance of Wnt signaling is also empha-
sized in the regulation of stem cell identities
in the developing thalamus in mammals
(Bluske et al., 2012). Our results suggest that
the regulatory mechanisms that determine
the identities of neural stem cell pools are
conserved between insects and mammals.

Molecular mechanisms of Wnt
signaling-mediated specification of
neural progenitor pool identity
The progenitor pool in the anterior region
of the medulla primordium is the OPC, and
the posterior region is the GPCs or tips of
the OPC (wg-Gal4� domain). The GPCs
produced OPC-type neurons instead of
GPC-type when Wnt signaling was sup-
pressed within the GPC region (Figs. 2, 3).
This result suggests that the failure of Wnt
signal transduction caused anteriorization of the posterior region of
the medulla primordium; and consequently, OPC-type neurons
were observed in the GPC region. This finding indicates that Wnt
signaling prevents the posterior region from obtaining the OPC
identity and, instead, confers GPC identity through the suppression
of anteriorization. Because the suppression of Wnt signaling in the
posterior region resulted in the transformation from the GPCs to the
OPC, the medulla primodium might be solely composed of the OPC
by default. By the activation of Wnt signaling in the OPC, the cells
located in the anterior region assumed a posterior identity (GPC
identity). Our results support these notions because the ectopic ac-
tivation of Wnt signaling induced an ectopic appearance of the GPCs
in the anterior region (Fig. 6).

Wnt signaling is involved in the specification of progenitor pools
of mammalian thalamus, pTH-R and pTH-C, and prethalamus
(Zhou et al., 2004; Bluske et al., 2012). When �-catenin is condition-
ally knocked out in the pTH-C, pTH-R- and prethalamus-type pro-
genitor cells are ectopically observed in the pTH-C. In contrast,
pTH-C-type progenitor cells are ectopically induced in the pTH-R
by the expression of constitutively active �-catenin (Bluske et al.,
2012). The �-catenin activity might also be regulated under the con-
trol of Wnt ligands in developing thalamus. Thus, the roles of Wnt
signaling are quite similar in both the Drosophila visual center and
the mammalian thalamus.

The present results suggest that Hth acts as the OPC-defining
factor that is repressed under the control of Wnt signaling (Fig. 4).
Suppression of Wnt signaling resulted in the ectopic induction of
Hth in GPCs, and ectopic Hth expression sufficiently transformed
the GPCs to the OPC (Fig. 4A–F). Although these results suggest

that Hth is an essential factor for the specification of the OPC iden-
tity, Drf� neurons were normally observed, and ectopic Eya� and
Robo2� cells were absent in hth mutant clones created at the ante-
rior region (Fig. 6G). Thus, Hth is sufficient, but not necessary, for
the specification of the OPC identity. In contrast to the roles of Hth,
Wnt signaling is necessary and sufficient for the formation of GPCs
and GPC-type neurons because the loss of Eya� GPC-type neurons
and loss of Robo2 expression caused by the loss of Wnt signaling
(Figs. 1D, 6D) were only partially rescued by the simultaneous ab-
sence of Wnt signaling and Hth expression (Fig. 4J; and data not
shown). We cannot exclude the possibility that hth RNAi did not
completely remove Hth expression and residual Hth induced the
production of Eya� neurons. However, it is fairly likely that Wnt
signaling induces posteriorization of the medulla directly or through
unidentified target genes.

Regulation of neurogenesis in the GPCs
Wnt signaling is also involved in the regulation of progenitor prolif-
eration in the mammalian cerebral cortex (Chenn and Walsh, 2002)
and the ganglionic eminence (Gulacsi and Anderson, 2008). How-
ever, this effect may not occur in the medulla primordium because
GPC-specific overactivation of Wnt signaling did not result in an
increase in Eya� neurons. Although an activation of Wnt signaling
in the region adjacent to GPCs resulted in a significant increase in
Eya� neurons (Fig. 2E–G), this phenotype was not caused by the
increased proliferation of GPC-NBs as visualized by PH3 expression
(data not shown). It is more likely that the GPC region was expanded
by the activation of Wnt signaling because omb-Gal4 was expressed
in the region adjacent to the GPCs, and consequently, the number of
Eya� neurons was increased.

Figure 8. A model of Wnt signaling-mediated specification of neural progenitor pool identity. Schematics of larval medulla. In
the medulla primordium, different types of neurons are produced from two progenitor pools: the OPC and GPCs. Wg is specifically
expressed in GPCs, and Wnt signaling is essential for GPC identity. When Wnt signaling is suppressed in the posterior region, GPCs
fail to be specified and obtain OPC identity. As a result, OPC-type neurons (blue) are generated in the posterior region instead of
GPC-type neurons (magenta and green). By contrast, OPC obtains GPC identity when Wnt signaling is ectopically activated in
anterior region of the medulla (yellow arrow). As a result, GPC-type neurons (green and magenta) are ectopically generated in
anterior region instead of OPC-type neurons.
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What regulates the proliferation in the GPC-NBs to produce
Eya� neurons? One of the candidates is Dpp (Drosophila ho-
molog of BMP) signaling because suppression of Dpp signaling
caused significant reduction in the number of Eya� neurons (Fig.
7C). BMP signaling is also involved in the development of the
mammalian telencephalon and regulates the differentiation of
neurons derived from the ventricular zone (Li et al., 1998) and
the local interneurons derived from the ganglionic eminence
(Mukhopadhyay et al., 2009). Additionally, BMP signaling con-
trols neural stem cell pool identity in the dorsal spinal cord (Jes-
sell, 2000), suggesting that the same signaling pathways are
involved in developmental processes in both the Drosophila vi-
sual center and the mammalian CNS.

Expanding neural diversity during brain development
It is crucial to expand neural diversity during brain development.
Similarly to neurogenesis in mammals, neuronal types are deter-
mined depending on the neuronal birth order, which is under the
control of sequential expression of temporal transcription factors in
NBs, in both OPC and GPCs (Li et al., 2013; Suzuki et al., 2013;
Bertet et al., 2014). If the neurons produced by these two different
origins were combined, the neural diversity would be further ex-
panded. Indeed, as observed in mammalian brain development,
neuronal populations derived from different origins, OPC and
GPCs, orchestrates the formation of neural circuits in the medulla
(Bertet et al., 2014; Suzuki et al., 2016a). Therefore, the molecular
mechanisms that specify the neural progenitor zone identity be-
tween different neuronal origins, such as OPC and GPCs, are
very important to understand brain development. The present
results suggest that Wg activates Wnt signaling and conse-
quently establishes GPC identity in the posterior region of the
medulla primordium via the suppression of Hth expression
and that Wnt signaling-mediated specification of progenitor
pool identity is conserved between insect and mammalian
brains (Fig. 8).
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