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Drosophila DOCK Family Protein Zizimin Involves in Pigment Cell Differentiation
in Pupal Retinae
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ABSTRACT. The dedicator of cytokinesis (DOCK) family proteins are known as one of guanine nucleotide
exchange factors (GEFs), that contribute to cellular signaling processes by activating small G proteins. Although
mammalian Zizimin is known to be a GEF for Cdc42 of Rho family small GTPase, its role in vivo is not well
understood. Here we studied in vivo function of Drosophila Zizimin (Ziz). Knockdown of Ziz in eye imaginal discs
induced the rough eye phenotype accompanied with fusion of ommatidia, loss of bristles and loss of pigments.
Immunostaining analyses revealed that Ziz mainly localizes in the secondary pigment cells (SPCs) and tertiary
pigment cells (TPCs) in pupal retinae. Ziz-knockdown induced SPC- and TPC-like cells with aberrant
morphology in the pupal retina. Delta (Dl), a downstream target of EGFR signaling is known to regulate pigment
cell differentiation. Loss-of-function mutation of Dl suppressed the rough eye phenotype and the defect in
differentiation of SPCs and TPCs in Ziz-knockdown flies. Moreover, Ziz-knockdown increased Dl expression level
especially in SPCs and TPCs. In addition, mutations of rhomboid-1 and roughoid that are activators of EGFR
signaling pathway also suppressed both the rough eye phenotype and the defect in differentiation of SPCs and
TPCs in Ziz-knockdown flies. Activation of EGFR signaling in Ziz-knockdown flies were further confirmed by
immunostaining with anti-diphospho ERK IgG. These results indicate that Ziz negatively regulates the Dl
expression in SPCs and TPCs to control differentiation of pigment cells and this regulation is mediated by EGFR
signaling pathway.
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Introduction

The Rho family of small GTPases including Rho, Rac and
Cdc42 work as small molecular switches and are involved
in the regulation of many cellular processes such as cytos-
keletal organization, cytokinesis, cell morphogenesis, cell
migration and development (Dumontier et al., 2000; Jaffe
and Hall, 2005; Mondal et al., 2007; Kölsch et al., 2008;
Para et al., 2009). Activities of these small GTPases are
regulated by guanine nucleotide exchange factors (GEFs),
GTPase-activating proteins (GAPs) and guanine nucleotide
dissociation inhibitors (GDIs) (Jaffe and Hall, 2005).
DOCK (dedicator of cytokinesis) family proteins belong to
GEF proteins and activate small GTPases (Meller et al.,
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2005; Côté and Vuori, 2007).
DOCK family proteins are conserved among a wide vari-

ety species such as nematode, fruit fly and human. In mam-
mals, 11 DOCK-family proteins, DOCK1 (DOCK180) to
DOCK11, have been identified. DOCK-family proteins can
be further classified into four subfamilies, DOCK-A,
DOCK-B, DOCK-C and DOCK-D, according to their pro-
tein structures. DOCK1, DOCK2 and DOCK5 belong to
DOCK-A; DOCK3 and DOCK4 belong to DOCK-B;
DOCK6, DOCK7 and DOCK8 belong to DOCK-C;
DOCK9, DOCK10 and DOCK11 belong to DOCK-D.
Each subfamily has DOCK Homology Region (DHR) 1
and DHR2 domain. DHR1 domain determines the subcellu-
lar localization and DHR2 domain catalyzes GEF activity
(Meller et al., 2005). DOCK-A and DOCK-B have Src-
homology-3 (SH3) domain in the N-terminal regions,
which binds to proline-rich region of the ELMO protein
(Brugnera et al., 2002). DOCK-D contains a Pleckstrin
Homology (PH) domain involved in membrane localization
through phospholipid binding (Zheng et al., 1996).
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DOCK1 localizes in the cytoplasm and binds to ELMO.
Responding to the cell signals, the DOCK1/ELMO com-
plex associates to the plasma membrane that allows
DOCK1 to get contact with its substrate Rac to exchange
the nucleotide of the Rac. In mammals, the DOCK1/ELMO
complex is necessary for Rac-mediated cell migration, den-
dritic spine morphogenesis, phagocytosis and myoblast
fusion (deBakker et al., 2004; Laurin et al., 2008;
Vasyutina et al., 2009; Kim et al., 2011). Other DOCK-A
and DOCK-B proteins also exchange the nucleotide of Rac.
However, other studies reported that DOCK4, one of the
DOCK-B subfamily proteins, can also exchange the
nucleotide of Rap (Yajnik et al., 2003). Previous studies
revealed that DOCK1, DOCK4 and DOCK5 are expressed
in the nervous system (Miyamoto and Yamauchi, 2010).
Other studies have shown that DOCK2 is expressed specifi-
cally in hematopoietic cells, but DOCK3 is expressed in
brain and spinal cord (Reif and Cyster, 2002; Namekata et
al., 2004; Chen et al., 2009).

DOCK-C proteins, also designated as Zizimin-related
proteins (Zir), play a role in central and peripheral nervous
systems. Zir1 (DOCK6) regulates growth of axons and
regeneration of sensory neurons (Miyamoto et al., 2007).
Zir2 (DOCK7) is involved in microtubule localization, neu-
ronal axon formation and cell migration (Watabe-Uchida et
al., 2006). Zir3 (DOCK8) plays a role in lamellipodia for-
mation, cell migration, cell proliferation and adhesion
(Engelhardt et al., 2009; Harada et al., 2012). DOCK-D
proteins also called as Zizimin-family (Ziz) have been
mainly characterized in mammalian cultured cells. Ziz1
(DOCK9) is reported to be important for filopodia forma-
tion and dendrite development (Meller et al., 2002, 2005;
Kuramoto et al., 2009). Ziz2 (DOCK11) is responsible for
filopodia formation and cell migration (Meller et al., 2002;
Sakabe et al., 2012). Ziz3 (DOCK10) is involved in amoe-
boid invasion (Gadea et al., 2008).

Current studies have also shown that DOCK family pro-
teins are related to several neurodegenerative and neuro-
psychiatric diseases. DOCK-A is implicated in Alzheimer
disease and Parkinson ’ s disease (Cimino et al., 2009;
Pankratz et al., 2011). DOCK-B is also implicated in Alz-
heimer disease (Tachi et al., 2012). DOCK-D (Ziz) is rela-
ted to bipolar disorder and autism (Detera-Wadleigh et al.,
2007; Pertz et al., 2008). However, pathogenic mechanism
of these diseases in relation to DOCK-family proteins is not
fully understood yet.

In Drosophila, four DOCK family proteins have been
identified. Myoblast city (Mbc), Sponge (Spg), Zizimin-
related (Zir) and Zizimin (Ziz) belong to DOCK-A,
DOCK-B, DOCK-C and DOCK-D subfamilies, respec-
tively. Mbc has a similar function to DOCK1 and is
involved in myoblast fusion in Drosophila (Erickson et al.,
1997; Bour et al., 2000). Recent studies have revealed that
Spg positively regulates ERK signaling pathway during the
differentiation of R7 photoreceptor cells (Eguchi et al.,

2013). Duolink in situ PLA method using specific antibod-
ies to Spg and Rap1 revealed that this positive regulation is
mediated by interaction of Spg with Rap1. Spg also plays a
critical role in ASP development and tracheal cell viability
that is mediated by the ERK signaling pathway (Morishita
et al., 2017). In contrast, during thorax development, Spg
positively regulates JNK pathway and this regulation is
mediated by its association with Rac1 (Morishita et al.,
2014). Spg also regulates development of the central nerv-
ous system (CNS) with ELMO during embryogenesis
(Biersmith et al., 2011). Other studies reported that in Zir
mutants, lamellocytes, a haemocyte subtype in Drosophila
fail to encapsulate the parasites and macrophage-like plas-
matocytes exhibit a reduced ability in phogocytosis of the
infected bacteria (Sampson et al., 2012). In addition, Zir
genetically interacts with Rac2 and Cdc42 during these
encapsulation and phagocytosis. Therefore, Zir appears to
be necessary to activate Rac2 and Cdc42 during the cellular
immune response in Drosophila (Sampson et al., 2012).
Although studies in mammalian cultured cells and Dictyos-
telium revealed a role of Ziz in cell migration, develop-
ment, cytokinesis and growth (Pakes et al., 2013), in vivo
function of Ziz is still not fully understood.

In the present study, we found that knockdown of Ziz in
eye imaginal discs induces severe loss of red pigment phe-
notype in adult compound eyes. Drosophila has three types
of pigment cells: primary pigment cells, PPCs; secondary
pigment cells, SPCs; tertiary pigment cells, TPCs. Differen-
tiation of these pigment cells is well known to be mediated
by Delta (Dl) and Shaven (Sv), a homologue of mammalian
Pax2 (Malartre, 2016). Detailed genetic and cytological
studies have revealed that Ziz negatively regulates the Dl
expression in PPCs in pupal retinae to control pigment cell
differentiation and this regulation is mediated by epidermal
grows factor receptor (EGFR) signaling pathway.

Materials and Methods

Oligonucleotides

To construct the plasmids pGEX6P-1-Ziz1815–2252, the following
oligonucleotides were synthesized.
Ziz1815BamHI: 5'-GCGGGATGGATCCAGATTGCTGGAACTG
Ziz2252XhoI: 5'-AGCTAGTGAGCTCGTCGTCCAGCAACTC

Plasmid construction

To generate pGEX6-1-Ziz1815–2252, the Ziz cDNA fragment was
amplified from total RNA extracted from third-instar larvae by
using Prime ScriptTM Hi-Fidenlity RT-PCR kit (Takara) with pri-
mer oligonucleotides Ziz1815BamHI and Ziz2252XhoI. The PCR
products were digested with BamHI and XhoI and inserted
between these sites of the pGEX6P-1 vector (GE Healthcare).
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Purification of the GST-tag fusion proteins and
production of anti-Ziz IgG

GST-Ziz1815–2252 fusion proteins were expressed in E. coli BL21
(DE3). Lysates of cells were prepared by adding 20 μl of 10
mg/ml Lysozyme in 20 mM Tris-HCl (pH 8.0) and supernatants
and pellets were separated by centrifugation at 12,000×g for 30
min at 4°C. GST-Ziz1815–2252 fusion protein in the supernatants was
purified and GST-tag was finally removed by using PreScission
protease (GE Healthcare). The purified Ziz1815–2252 protein was
used to elicit polyclonal antibody production in guinea pig. The
anti-Ziz IgG was purified by using Protein A Mag SepharoseTM

Xtra (GE Healthcare) according to the manufacture’s instruction.

Fly stocks

Fly stocks were normally cultured at 25°C on standard food
unless it is indicated as 28°C. Canton S fly was used as a wild-
type strain. Enhancer trap lines carrying the lacZ makers B38
(inserted in klingon) (Butler et al., 1997), P82 (inserted in dead-
pan) (Kramer et al., 1995) and AE127 (inserted in seven-up)
(Mlodzik et al., 1990) were obtained from Y Hiromi. These lines
express the β-galactosidase marker in photoreceptor cells R7,
R3/R4/R7, R1/R3/R4/R6, respectively. The fly line carrying UAS-
ZizIR, Shaven (Sv)-lacZ, UAS-GFPIR, UAS-Rac1 N17, were
obtained from Bloomington Drosophila Stock Center. The GMR-
GAL4 and other stocks used in this study were obtained from the
Kyoto Drosophila Genetic Resource Center, Bloomington Droso-
phila Stock Center or Vienna Drosophila Resource Center.

Scanning electron microscopy

Adult flies were anesthetized, mounted on stages and inspected
with a scanning electron microscope in high vacuum mode
(VE-7800, Keyence Inc.). The eye phenotype of at least five adult
male flies (3 to 5 days after eclosion) from each line was exam-
ined in each experiment and the experiments were repeated three
times. No significant variation in eye phenotype was observed
among these five individuals.

Immunostaining

For immunohistochemistry, larval eye imaginal disc and pupal ret-
inae were dissected in PBS, then fixed in 4%
paraformaldehyde/PBS for 20 min and 30 min at 25°C, respec-
tively. After washing with PBS containing 0.3% Triton X-100, the
samples were blocked with 10% normal goat serum with PBS
containing 0.3% Triton X-100 for 20 min and 30 min at 25°C,
respectively. After blocking, primary antibodies were added and
incubated for 16 h at 4°C. The following antibodies were used;
mouse monoclonal anti-lacZ IgG (diluted at 1:500, DSHB), anti-
Dlg aintibody (1:500, DSHB), guinea pig anti-Ziz IgG (1:2,000),
anti-Delta (Dl) IgG (1:10, DSHB), anti-diphospho ERK (dpERK)
IgG (Sigma) (1:100 dilution) and anti-active Caspase3 IgG
(1:500, BD). After washing with PBS containing 0.3% Triton

X-100, samples were incubated with secondary antibodies labeled
with either Alexa 488 or Alexa 594 (1:400, Invitrogen) for 3 h at
25°C. Alexa 594-conjugated phalloidin (200 units/ml, Invitrogen)
was used for the detection of F-actin. After washing with PBS
containing 0.3% Triton X-100 followed by washing with PBS,
samples were mounted in Vectashield (Vector Lab) and inspected
with an Olympus FV-10i laser confocal microscope.

Western immunoblotting

Protein extracts were prepared from the wild type adult heads.
After dissection in PBS, the tissues were boiled for 2 min in the
extraction buffer (100 mM Tris-HCl pH 7.4, 0.1 mM PMSF and
10% Protease Inhibitor Cocktail Complete Mini (Roche). Sample
buffer (62.5 mM Tris-HCl pH 6.8, 2.5% SDS, 0.02% Bromophe-
nol Blue, 5% β-mercaptoethanol, 10% glycerol, Protease Inhibitor
Cocktail (Nacalai tesque)) was then added and homogenized.
After boiled for 5 min, insoluble fractions were taken away from
solution by centrifugation at 12,000×g for 10 min at 4°C. The pro-
teins were applied to a SDS-polyacrylamide gel containing 8%
acrylamide and transferred to polyvinylidenedifluoride membrane
(Bio-Rad) in transfer buffer (25 mM Trizma base, 192 mM gly-
cine and 5% methanol). After blotting, membranes were blocked
in 5% skim milk, diluted with PBS containing 0.05% (v/v) Triton
X-100. The blotted membrane was then incubated with anti-Ziz
IgG at 1:2000 dilutions at 4°C for 16 h. After washing with PBS
containing 0.05% (v/v) Triton X-100, the bound antibodies were
detected with the peroxidase-conjugated anti-guinea pig IgG and
ECL system (GE Healthcare). The images were analyzed with an
image analyzer, AE-9300H Ez-Capture MG (ATTO).

Results

Ziz is required for Drosophila eye development

In order to clarify the function of Ziz in Drosophila, we
examined the effects of knockdown of Ziz in several tissues
using a combination of the GAL4-UAS system and RNA
interference method (Table I). We used three independent
transgenic flies carrying UAS-ZizIR targeted to two differ-
ent regions of Ziz mRNA. Expression of double strand
RNA (dsRNA) of Ziz with en-GAL4 driver that expresses

Table I. SUMMARY OF PHENOTYPES INDUCED BY KNOCKDOWN OF ZIZ WITH

SEVERAL GAL4 DRIVER LINES

GAL4 line
Phenotypes with UAS-Ziz-IR

5343–5869 5344–5715 6430–6556

GMR rough eye rough eye rough eye
eyeless ND ND embryonic lethal
engrailed ND embryonic lethal embryonic lethal
elav ND ND ND
pannier ND ND ND

ND: No detectable phenotype
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GAL4 in posterior compartments induced embryonic
lethality, suggesting that Ziz is an essential gene and
required for embryogenesis. Knockdown of Ziz by using
GMR-GAL4 driver, in which Ziz dsRNA is expressed in
posterior region of the morphogenetic furrow (MF) in eye
imaginal discs, induced fusion of ommatidia and loss of
bristles, a rough eye phenotype (Fig. 1B, B') in compared to
the control (Fig. 1A, A'). There are two kinds of pigments,
drosopterin and ommochrome in the adult compound eye.
Drosopterin or both pigments may be decreased in the adult
compound eye (Fig. 1C, D). Each independent transgenic
fly strain showed the same phenotype, suggesting that the
rough eye phenotype and loss-of-pigment phenotype are
not due to a possible insertion effect of the inverted repeats.

To clarify function of Ziz in vivo, we firstly examined the
differentiation of photoreceptor cells in Ziz-knockdown
flies (Fig. 2). The Ziz-knockdown flies were crossed with
the enhancer trap lines P82, B38 and AE127. The enhancer
trap lines P82 and B38 specifically express β-galactosidase

(lacZ) in photoreceptor cells R3/R4/R7 and R7, respec-
tively (Kramer et al., 1995; Butler et al., 1997). The AE127
line specifically expresses lacZ in photoreceptor cells
R1/R3/R4/R6 (Mlodzik et al., 1990). Immunostaining of
the eye imaginal discs with anti-lacZ IgG revealed that
R3/R4/R7 signals were detected in the P82 control flies and
knockdown of Ziz exerted no effect on the R3/R4/R7 sig-
nals (Fig. 2C, D). There is also no difference of photore-
ceptor signals in AE127 and B38 between control flies and
the knockdown flies (Fig. 2A, B, E, F). These results indi-
cate that Ziz-knockdown exerts no detectable defects in the
differentiation of photoreceptor cells.

Since relatively high expression of Ziz at pupal stage is
noted in FlyBase (http://flybase.org/reports/
FBgn0260486.html), the affinity-purified anti-Ziz IgG was
used for immunostaining with pupal retinae of Canton S.
Drosophila has three types of pigment cells: primary pig-
ment cells, PPCs; secondary pigment cells, SPCs; tertiary
pigment cells, TPCs (Wolff and Ready, 1993). In the pupal

Fig. 1. Ziz-knockdown in eye imaginal disc induced rough eye and loss-of-pigment phenotype in posterior region of the adult compound eye. (A, A', B,
B') scanning electron micrographs of adult compound eyes. (C, D) Stereoscopic micrographs of adult compound eyes. (A, A', C) GMR-GAL4/Y; +; UAS-
GFP-IR/+. (B, B', D) GMR-GAL4/Y; UAS-Ziz-IR6430–6556 /+; +. The flies were developed at 28°C. The bars indicate 50 μm (A, B) and 14.2 μm (A', B'),
respectively. a, anterior; p, posterior.
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retinae of Canton S at 42 h after puparium formation
(APF), cone cells and the pigment cells in each ommati-
dium were marked with the anti-Dlg aintibody (Fig. 3B, E,
H). The Ziz signals were mainly detected in SPCs and
TPCs as bright dots (Fig. 3A–C). In the images with deeper
focal planes, no Ziz signal was detected in photoreceptor
cells (Fig. 3D–I). These data indicate that the Ziz was spe-
cifically expressed in pigment cells in the pupal retina.

In the pupal retinae of GMR-GAL4>GFPIR flies at 42 h
after puparium formation (APF), cone cells and the pig-
ment cells in each ommatidium were marked with the anti-
Dlg aintibody (Fig. 4B and E). The Ziz signals were again
detected in SPCs and TPCs as bright dots (Fig. 4A–C).
However, in the Ziz-knockdown flies, the signals of Ziz in
the SPCs and TPCs were strikingly decreased, confirming
the efficient knockdown of Ziz in GMR-GAL4>ZizIR flies
(Fig. 4D–F). The quantified data indicate that Ziz signal

Fig. 2. Photoreceptor cells in Ziz knockdown flies. Immunostaining of
eye imaginal discs with anti-lacZ IgG (red). (A) GMR-GAL4/Y; +; UAS-
GFP-IR/AE127 (B) GMR-GAL4/Y; UAS-Ziz-IR6430–6556 /+; AE127/+. (C)
GMR-GAL4/Y; +; UAS-GFP-IR/P82. (D) GMR-GAL4/Y; UAS-Ziz-IR6430–

6556 /+; P82/+. (E) GMR-GAL4/Y; +; UAS-GFP-IR/B38. (F) GMR-
GAL4/Y; UAS-Ziz-IR6430–6556 /+; B38/+. The enhancer trap lines, AE127
(A, B), P82 (C, D) and B38 (E, F), expressed lacZ in R1/R3/R4/R6,
R3/R4/R7 and R7, respectively. The flies were developed at 28°C. The
bars indicate 5 μm. An ommatidium is enclosed in each panel.

intensities were decreased to 42% in the Ziz-knockdown
flies (Fig. 4G). These data indicate that the Ziz was effi-
ciently knocked down in the pupal retina and the antibody
is specific to Ziz protein. The specificity of anti-Ziz IgG
was further confirmed by Western immunoblot analysis
with the extracts from wild type adult fly heads. The West-
ern blot detected a single 260 kDa band that is nearly iden-
tical to the calculated value of 257.2 kDa (Fig. 4H).

Ziz-knockdown increases morphologically aberrant
pigment cells in pupal retinae

Ziz-knockdown in eye imaginal disc not only induced
rough eye phenotype but also decreased the pigments (Fig.
1A–D). Therefore, Ziz may have important roles in pigment
cell differentiation. In Ziz-knockdown flies, apparently
SPC- and TPC-like cells with larger size were increased in
pupal retina (Fig. 4E) in compared with the control flies
(Fig. 4B). These results suggest that Ziz plays an important
role in pigment cell differentiation in pupal retina. The
defects in morphology of SPC- and TPC-like cells in Ziz-
knockdown flies are severer in posterior region than in
anterior region (Fig. 4I-K), corresponding to severer loss-
of-pigment phenotype in posterior region of the adult com-
pound eyes (Fig. 1D).

Ziz negatively regulates the Dl expression during
pigment cell development

As described above, Ziz-knockdown induced the decrease
of pigments in ommatidia and likely inhibited proper differ-
entiation of pigment cells. Moreover, Ziz is preferentially
expressed in SPCs and TPCs (Fig. 3A). In eye develop-
ment, both spitz (spi) and Delta (Dl) play an important role
in differentiation of cells including photoreceptor cells,
cone cells and pigment cells (Roignant and Treisman,
2009). Cone cells express high level of Dl, a ligand of
Notch receptor and Shaven (Sv), both of which are required
to differentiate PPCs (Carthew, 2007; Malartre, 2016).
Then, PPCs produce the SPCs and TPCs mediated by cell
contacts and/or apoptosis. Since transcription of both Dl
and Sv is regulated by EGFR pathway (Roignant and
Treisman, 2009), we next examined the genetic interaction
between Ziz and genes related to EGFR signaling pathway.

Drosophila rhomboid-1 (rho) and roughoid (ru) cooper-
ate to activate EGFR pathway in eye development
(Wasserman et al., 2000). We therefore crossed Ziz-
knockdown flies with loss-of-function mutants of rho and
ru (Fig. 5). Effective suppression of the rough eye pheno-
type by these mutations was observed (Fig. 5B, C and 5B',
C') in compared to the Ziz knockdown alone (Fig. 5A, A').
These data suggest that Ziz negatively regulates the rho and
ru activities during pigment cell development. Furthermore,
the morphologically aberrant SPCs and TPCs induced by
Ziz-knockdown appeared to be partially suppressed by half
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dose reduction of the rho gene in pupal retinae (Fig. 5J) in
compared to the Ziz-knockdown alone (Fig. 5I). Ziz-
knockdown flies show defects in the positioning of ante-
rior/posterior cone cells and pigment cells when they were
reared at 28°C (Fig. 5I) compared to the control (Fig. 5H).
These defects in the cell positioning were also effectively
suppressed. The Ziz-knockdown flies were also crossed
with loss-of-function mutants of several other genes that
are related to the EGFR pathway such as Ras85D, Dl, spi
and egfr (Fig. 5D, E, F, G) (Wasserman et al., 2000). In Ziz-
knockdown flies, loss-of-function mutation of Dl strongly
suppressed the rough eye phenotype (Fig. 5E, E'), the
defect in differentiation of the SPCs/TPCs and the position-
ing of anterior/posterior cone cells and pigment cells (Fig.
5K). We also observed that Ras85D mutation could rescue
the rough eye phenotype induced by Ziz-knockdown (Fig.
5D, D'). However, half-reduction of spi or egfr gene dose
exerted no apparent effect on the rough eye phenotype (Fig.
5F, F', G, G'), suggesting that these two components may
not be rate-limiting in EGFR signaling pathway. We also
performed immunostaining analyses with anti-dpERK IgG

to monitor activation of EGFR signaling pathway. In the
SPCs/TPCs-like cells of Ziz-knockdown flies, the dpERK
signals were increased (Fig. 6D–F) in compared to the con-
trol (Fig. 6A–C). Taken together, these results suggest that
Ziz negatively regulates EGFR signaling pathway.

Since transcription of both Dl and Sv is regulated by
EGFR pathway (Roignant and Treisman, 2009), we next
examined the expression of Dl and Sv in Ziz-knockdown
retinae. Immunostaining of pupal retinae with anti-Dl IgG
revealed that Dl expression is strongly enhanced in the
morphologically aberrant SPCs- and TPCs-like cells
together with cone cells by Ziz-knockdown (Fig. 7D–F) in
compared to the control (Fig. 7A–C). Expression of Sv was
also examined by monitoring Sv-lacZ expression. The
immunostaining data with anti-lacZ IgG revealed that Sv
expression is not affected by Ziz-knockdown (Fig. 8D–F) in
compared to the control (Fig. 8A–C). Taken together, these
results indicate that Ziz negatively regulates Dl expression
in vivo, and this regulation is likely mediated by EGFR sig-
naling pathway.

Fig. 3. Expression pattern of Ziz in pupal retinae of Canton S. (A, D, G) Immnunostaining of 42h APF pupal retina with anti-Ziz IgG. (B, E, H) Cell
membranes were immunostained with anti-Dlg antibody. (C, F, I) Merged image of Ziz signals (green) in A, D, G and Dlg signals (red) in B, E, H,
respectively. (J) Side view of an ommatidium. Focal planes for A, B, C, those of D, E, F and those of G, H, I are indicated with blue, red and green lines,
respectively. The photoreceptor cells (R), PPCs (1°), SPCs (2°), TPCs (3°), bristle (b) and cone cells (c) are marked. The bars indicate 10 μm. a, anterior; p,
posterior.
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Fig. 4. Ziz-knockdown induced the morphologically aberrant SPCs and TPCs. (A, D) Immnunostaining of 42h APF pupal retina with anti-Ziz IgG. (B, E)
Cell membranes were immunostained with anti-Dlg antibody. (C) Merged image of panels A (green) and B (red). (F) Merged image of panels D (green)
and E (red). Ziz proteins are localized in SPCs/TPCs and Ziz signals are reduced in the Ziz-knockdown flies. (A–C) GMR-GAL4/Y; +; UAS-GFP IR. (D–F
and I–K) GMR-GAL4/Y; UAS-Ziz-IR6430–6556 /+; +. (G) Quantification of Ziz signals in the SPCs and TPCs. Ziz signals in the SPCs/TPCs were decreased to
42% in the Ziz-knockdown flies in compared with the control flies. Error bars represent standard deviations. p<0.05, n=3. (H) Western immunoblot of the
extracts from the wild type adult fly heads with anti-Ziz IgG. A single 260 kDa band indicated by arrow was detected. (I) Image of whole pupal retina. (J)
Enlarged image of posterior region indicated with white box. (K) Enlarged image of anterior region indicated with red box. The bars indicate 10 μm (A–F
and J, K) or 100 μm (I). a, anterior; p, posterior.
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Fig. 5. Genetic interaction between Ziz and genes encoding components of the EGFR signaling pathway. (A–G') Scanning electron micrographs of adult
compound eyes. (A, A', I, I') GMR-GAL4/Y; UAS- Ziz-IR6430–6556 /+; +. (B, B', J, J') GMR-GAL4/Y; UAS Ziz-IR6430–6556 /+; rhove-1/+. (C, C') GMR-GAL4/Y;
UAS- Ziz-IR6430–6556 /+; ru1/+. (D, D') GMR-GAL4/Y; UAS- Ziz-IR6430–6556 /+; Ras85De2f/+. (E, E', K, K') GMR-GAL4/Y; UAS- Ziz-IR6430–6556 /+; Dl 3/+. (F,
F') GMR-GAL4/Y; UAS- Ziz-IR6430–6556 /+; spi1/+. (G, G') GMR-GAL4/Y; UAS Ziz-IR6430–6556 /+; egfr f2/+. (H, H') GMR-GAL4/Y; +; UAS-GFP IR. (H'–K')
The arrows indicate orientation of each ommatidium. The flies were developed at 28°C. The bars indicate 50 μm (A–G), 14.2 μm (A'–G') and 10 μm (H–
K). a, anterior; p, posterior.

Fig. 6. Ziz-knockdown increased the dpERK signals in the morphologically aberrant SPCs and TPCs. The 42 h APF pupal retinae were stained with anti-
dpERK IgG and phalloidin. (A–C) GMR-GAL4/Y; UAS-GFPIR/+; +. (D–F) GMR-GAL4/Y; UAS- Ziz-IR6430–6556 /+; +. The weak dpERK signals were
detected in SPCs and TPCs of control flies (A). In Ziz-knockdown flies, strong signals of dpERK were specially detected in the morphologically aberrant
SPCs and TPCs (D). Merged signals of anti-dpERK IgG (green) and phalloidin (red) (C and F). The bars indicate 10 μm. a, anterior; p, posterior.
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Genetic interaction between Ziz and Cdc42

DOCK family proteins belong to GEF proteins and activate
small GTPases including Rho, Rac and Cdc42 (Meller et
al., 2005; Côté and Vuori, 2007). It is reported that human
Zizimin 1 activates Cdc42 in vitro and in cultured cells

(Meller et al., 2002). We therefore examined genetic inter-
action between Drosophila Ziz and cdc42. Eye disc specific
expression of dominant negative form of Cdc42 exerted no
apparent effect on the adult compound eye morphology
(Fig. 9C, C') and pigment cells (Fig. 9F). Expression of
dominant negative form of Cdc42 under the background of

Fig. 7. Ziz-knockdown induced Dl expression in the morphologically aberrant SPCs and TPCs. The 42 h APF pupal retinae were stained with anti-Dl
IgG and phalloidin. (A–C) GMR-GAL4/Y; UAS-GFPIR/+; +. (D–F) GMR-GAL4/Y; UAS- Ziz-IR6430–6556 /+; +. The weak Dl signals were detected in SPCs
and TPCs of control flies (A). In Ziz-knockdown flies, dotted signals of Dl were detected in the morphologically aberrant SPCs and TPCs together with
cone cells (D). Merged signals of anti-Dl IgG (green) and phalloidin (red) (C and F). The bars indicate 10 μm. a, anterior; p, posterior.

Fig. 8. Ziz-knockdown exerted no effect on Sv-lacZ expression in the morphologically aberrant SPCs and TPCs. The 42hAPF pupal retinae were stained
with anti-lacZ IgG and phalloidin. (A–C) GMR-GAL4/Y; UAS-GFP IR/+; Sv-lacZ/+. (D–F) GMR-GAL4/Y; UAS-Ziz-IR6430–6556 /+; Sv-lacZ/+. The Sv-lacZ
signals were detected in SPCs and TPCs in control flies (A). In Ziz knockdown flies, the Sv-lacZ signals in the morphologically aberrant SPCs and TPCs
were not apparently changed (D). Merged signals of anti-lacZ IgG (green) and phalloidin (red) (C and F). The bars indicate 10 μm. a, anterior; p, posterior.
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Ziz-knockdown enhanced the rough eye phenotype (Fig.
9B, B') and defects in pigment cell differentiation (Fig. 9E)
in compared to the Ziz-knockdown alone (Fig. 9A, A' and
D). These data suggest the possible cooperation between
Ziz and Cdc42 in regulation of pigment cell differentiation.

Ziz is required for proper cell death during
development of pupal retinae

Since it is well known that the survival or cell death of the
pigment cells in the eye is highly regulated by EGFR and
Notch signaling pathway, Ziz may be involved in proper
cell death during development of pupal retinae. We there-
fore monitored the cell death in Ziz-knockdown flies by
immunostaining with anti-active Caspase 3 IgG. In pupal

retinae of control flies at 42h APF, apoptosis signals were
detected (Fig. 10A) and these signals were reduced in Ziz-
knockdown flies (Fig. 10D). The quantified data indicate
that number of apoptotic cells per ommatidium were
decreased by 64% (Fig. 10G). These results indicate that
Ziz is required for proper cell death during development of
pupal retinae.

Discussion

Although studies in mammalian cultured cells and Dictyos-
telium revealed the roles of Ziz in cell migration, develop-
ment, cytokinesis and growth (Pakes et al., 2013), functions
of Ziz in specific tissues and organs in multicellular organ-

Fig. 9. Genetic interaction between Ziz and cdc42. (A–C) scanning electron micrographs of adult compound eyes. (A', B', C') higher magnification
images shown in A, B and C. (D, E, F) The 42 h APF pupal retinae were stained with phalloidin. (A, A', D) GMR-GAL4/Y; UAS-Ziz-IR6430–6556 /+. (B, B', E)
GMR-GAL4/Y; UAS-Ziz-IR6430–6556 /P[UAS-Cdc42.N17]3. (C, C', F) GMR-GAL4/Y; +/P[UAS-Cdc42.N17]3. The bars indicate 50 μm (A–C), 14.2 μm (A'–
C') and 10 μm (D–F). a, anterior; p, posterior.
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isms are still not fully understood. In the present study, we
revealed that Ziz-knockdown in eye imaginal disc induced
the decrease of pigments in adult compound eyes that are
associated with increase of SPC- and TPC-like cells with
aberrant morphology and orientation in pupal retinae. Ziz-
knockdown may therefore induce defects in proper differ-
entiation of SPC and TPC cells in pupal retinae.

To gain further insight into the mechanism to direct these
defects, we examined the Dl and Sv expression in the pupal

retinae. Ziz-knockdown induced expression of Dl in SPCs
and TPCs where Ziz is normally highly expressed, but not
the expression of Sv. These observations suggest that Ziz
negatively regulates Dl expression in SPCs and TPCs.
Although Dl is a target of EGFR signaling (Tsuda et al.,
2002), no genetic interaction was observed between Ziz and
some genes for components of the EGFR signaling path-
way such as spi or egfr. One possible explanation is that
EGFR signal cascade can be amplified progressively and

Fig. 10. Ziz-knockdown decreased the active Caspase3 signals in the pupal retinae. The 42 h APF pupal retinae were stained with anti-active Caspase3
IgG and anti-Dlg antibody. (A–C) GMR-GAL4/Y; UAS-GFPIR/+; +. (D–F) GMR-GAL4/Y; UAS-Ziz-IR6430–6556 /+; +. The active Caspase3 signals were
detected in retinae of control flies (A). In Ziz-knockdown flies, the active Caspase3 signals were decreased (D). Merged signals of anti-active Caspase3
IgG (green) and anti-Dlg antibody (red) (C and F). (G) The quantified data of average number of apoptotic cells per each ommatidium. Error bars represent
standard deviations. p<0.01, n=200. The bars indicate 10 μm. a, anterior; p, posterior.
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therefore only a half reduction of gene dose for spi or egfr
may not be sufficient to suppress the effects. In fact,
genetic analyses in the present study have revealed that Ziz
genetically interacts with rho and ru (Fig. 5B, C). Previous
studies revealed that rho and ru cooperate to activate EGFR
signaling during Drosophila eye development (Wasserman
et al., 2000). Moreover, activation of ERK in SPCs- and
TPCs-liken cells was observed in Ziz-knockdown flies.
Thus, Ziz very likely negatively regulates EGFR signaling
pathway during pigment cell differentiation. Genetic inter-
action between Drosophila Ziz and cdc42 was observed in
the present study, suggesting that Cdc42 is a likely target of
Ziz-GEF activity. Previous studies with mammals revealed
that Cdc42 sustain EGFR signaling by preventing
ubiquitin-mediated EGFR degradation (Wu et al., 2003),
suggesting the interaction between EGFR signaling and Ziz
that is mediated by regulation of Cdc42.

However, it is also reported that activation of EGFR sig-
naling causes Dl expression in cone cells, and this Dl
expression leads to activate Notch-signaling at the pigment
cells (Nagaraj and Banerjee, 2007), suggesting the exis-
tence of an inhibitory loop between Dl expression and
Notch activation. Therefore, we cannot exclude the possi-
bility that Ziz-knockdown inhibits Notch activation and
leads to Dl expression in the pigments cells. Further studies
are needed to clarify this point.

Our previous studies in Drosophila revealed that the
DOCK-B protein, Spg positively regulates ERK pathway to
control the differentiation of R7 photoreceptor cells and air
sac development (Eguchi et al., 2013; Morishita et al.,
2017). Spg also activates JNK pathway to promote thorax
development (Morishita et al., 2014). In contrast, Ziz-
knockdown exerted no apparent effect in photoreceptor cell
differentiation (Fig. 2) and there is no indication for Ziz to
be related with the JNK pathway (data not shown). Since
EGFR pathway controls Dl activation (Deng et al., 2013),
Ziz negatively regulates Dl expression to induce the differ-
entiation of SPCs and TPCs that is mediated by EGFR
pathway. Other studies revealed that the DOCK-A protein,
Mbc plays a role in myoblast fusion in Drosophila
(Erickson et al., 1997; Bour et al., 2000). In any event, Ziz
plays a distinct role from those of other DOCK family pro-
teins during Drosophila development.
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