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Preface 

This study was conducted under the supervision of Professor Kenji Matsuno at 

the Department of Biological Sciences, Graduate School of Science, Osaka University, 

from 2016-2019. 

In this study, I aimed to study the roles of Almondex, an evolutionarily 

conserved double-pass transmembrane protein, encoded by Drosophila almondex, in 

early neurogenesis of Drosophila embryos.  Drosophila almondex has been identified as 

a maternal effect gene that regulates Notch signaling in the 1970s in certain contexts but 

its mechanistic function has been obscure.  I found that almondex is partially required 

for Notch signaling dependent single-minded expression in the mesoectoderm as well as 

for the proper subcellular distribution of the Notch receptor at a specific time window of 

development, at the mid-stage 5, in the neuroectoderm.  Taken together, I speculate that 

almondex may facilitate Notch activation by regulating the intracellular distribution of 

Notch receptor during early embryogenesis of Drosophila.   

Almondex are evolutionary conserved from Drosophila to human.  Therefore, the 

findings from my study will provide general as well as new concepts regarding roles of 

Almondex in Notch signaling across species. 

 

Puspa DAS 

Laboratory of Cell Biology (Matsuno Lab.) 

Department of Biological Sciences, Graduate School of Science, Osaka University 

1-1 Machikaneyama, Toyonaka, Osaka, 560-0043 JAPAN 
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Abstract  

Notch signaling plays crucial roles in the control of cell fate and physiology 

through local cell–cell interactions. The core processes of Notch signal transduction are 

well established, but the mechanisms that fine-tune the pathway in various 

developmental and post-developmental contexts are less clear. Drosophila almondex, 

which encodes an evolutionarily conserved double-pass transmembrane protein, was 

identified in the 1970s as a maternal-effect gene that regulates Notch signaling in 

certain contexts, but its mechanistic function remains obscure. In this study, we 

examined the role of almondex in Notch signaling during early Drosophila 

embryogenesis. We found that in addition to being required for lateral inhibition in the 

neuroectoderm, almondex is also partially required for Notch-signaling-dependent 

single-minded expression in the mesectoderm. Furthermore, we found that almondex is 

required for proper subcellular Notch receptor distribution in the neuroectoderm, 

specifically during mid-stage 5 development. The absence of maternal almondex during 

this critical window of time caused Notch to accumulate abnormally in cells in a mesh-

like pattern. This phenotype did not include any obvious change in subcellular Delta 

ligand distribution, suggesting that it does not result from a general vesicular-trafficking 

defect. Considering that dynamic Notch trafficking regulates signal output to fit the 

specific context, we speculate that almondex may facilitate Notch activation by 

regulating intracellular Notch receptor distribution during early embryogenesis. 

 

Key words: almondex, Notch, Neurogenesis, Notch signaling, Trafficking, Drosophila 
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1. Introduction  

Cell-cell communication plays many crucial roles in development and tissue 

homeostasis in metazoans, which are mediated through many cell signaling pathways 

that are evolutionarily conserved.  In such cell signaling pathways, either cells can 

interact through direct and local cell-cell contact, such as Notch signaling or are 

mediated by secretory and diffusible ligand molecules that interacts through 

intracellular space, such as Wnt, Hedgehog and TGFβ/BMP signaling.  Notch signaling 

is a highly conserved cell signaling pathway in metazoans, where a family of receptor 

proteins, Notch receptors transduces signal to its ligands through direct cell-cell contacts 

(Artavanis-Tsakonas, 1995; Kopan & Ilagan, 2009; Yamamoto et al., 2014) (Figure 1).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Overview of the Notch signaling pathway 
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The core components of the Notch signaling and their functions are 

evolutionarily conserved in metazoans (Artavanis-Tsakonas, 1995; Guruharsha et al., 

2012).  The Notch pathway controls a large variety of cell-type specifications and cell 

physiology (Artavanis-Tsakonas, 1995, 1999; Bray, 2006; Kopan & Ilagan, 2009).  As 

Notch signaling is a core pathway that involved in many cell fate decisions, it is not 

surprising that defective Notch signaling results a number of developmental diseases as 

well as cancer in human including T-ALL (T-cell acute lymphoblastic leukemia), 

CADASIL (Cerebral Autosomal-Dominant Arteriopathy with Sub-cortical Infarcts and 

Leukoencephalopathy), Multiple Sclerosis (MS), Tetralogy of Fallot, Alagille syndrome 

(Sharma, 2007; Louvi & Artavanis-Tsakonas, 2012; Siebel & Lendahl, 2017; Salazar & 

Yamamoto, 2018).  In addition, inhibition of Notch signaling has been shown to have 

anti-proliferative effects on T-cell acute lymphoblastic leukemia in cultured cells and in 

a mouse model (Moellering et al., 2009; Arora & Ansari, 2009).  It has also been found 

that Rex1 has inhibitory effects on the expression of Notch in mesenchymal stem cells, 

preventing differentiation (Bhandari et al., 2010).  

 

Both Notch receptors (N) and their ligands contain a distinct type 1, single-pass 

transmembrane domain, which essentially conserved across many species in vertebrates 

(Vassin et al., 1987; Johansen et al., 1989; Kidd et al., 1989; Rebay et al., 1991; 

Artavanis-Tsakonas, 1995; Kopan & Ilagan, 2009) (Figure 2).  Drosophila contain a 

single Notch protein, C. elegans contain two redundant Notch paralogs, Lin-12 and 

GLP-1, and humans have four Notch variants, Notch 1-4 (Greenwald, 1983; Austin, 

1987; Austin, 1989).  The protein can broadly be split into the Notch extracellular 

domain (NECD) and Notch intracellular domain (NICD) that joined together by a 
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single-pass transmembrane domain (TM).  The NECD contains 36 epidermal growth 

factor (EGF)-like repeats in Drosophila, 28-36 in humans, and 13 and 10 in C. 

elegans Lin-12 and GLP-1 respectively, some of which are used to physically bind to its 

ligands (Greenwald, 1985; Wharton, 1985; Rebay et al., 1991, Gordon et al., 2008; 

Kovall et al., 2017; Yamamoto, 2019).  To the EGF-like repeats of Notch, various O-

glycans, which modulate the binding affinity to distinct types of ligands and are 

required for proper intracellular trafficking of Notch (Logeat et al., 1998; Rana and 

Haltiwanger, 2011).  EGF repeats 11-12 on the NECD have been shown to be necessary 

and sufficient for trans-signaling interactions between Notch and its ligands (Rebay et 

al., 1991).  Additionally, EGF repeats 24-29 have been implicated in inhibition of cis-

interactions between Notch and ligands co-expressed in the same cell (de Celis, 2000).  

The EGF repeats are followed by three cysteine-rich Lin-12/Notch Repeats (LNR) and a 

heterodimerization (HD) domain.  Together the LNR and HD compose the negative 

regulatory region (NRR) adjacent to the cell membrane and help prevent signaling in 

the absence of ligand binding.  During the maturation of Notch, NECD is cleaved by 

Furin within the NRR in the extracellular domain (S1 site), and two cleaved fragments  

are assembled as maturated heterodimer (Lake et al., 2009).  The NICD acts as a 

transcription factor that is released after ligand binding triggers its cleavage.  It contains 

a nuclear localization sequence (NLS) that mediates its translocation to the nucleus, 

where it forms a transcriptional complex along with several other transcription factors. 

Once in the nucleus, several ankyrin repeats (ANK) and the RAM domain interacts with 

the NICD and CSL (CBF1, Suppressor of Hairless, Lag-1) proteins to form a 

transcriptional activation complex (Tamura et al., 1995).  In humans, an additional 
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proline, glutamic acid, serine, threonine-rich (PEST) domain plays a role in NICD 

degradation (Weng et. al., 1995) (Figure 2).     

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Notch receptors and ligands are evolutionarily conserved in Human, Fly and 

Worm 

 

Notch Ligands are also type 1 single pass transmembrane proteins fall into the 

Delta/Serrate/Lag-2 (DSL) family of proteins which is named after the three canonical 

Notch ligands (Artavanis-Tsakonas, 1995; Kopan & Ilagan, 2009).  Delta and Serrate 

are found in Drosophila, while Lag-2 is found in C. elegans.  Human contain 3 Delta 

homologs, Delta-like 1, 3, and 4, as well as two Serrate homologs, Jagged 1 and 2.  

They contain a relatively short intracellular domain and large extracellular domain that 

contain one or more EGF motifs and a N-terminal DSL motif (Figure 2).     
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The core cellular events that lead to activation of the Notch signal pathway have 

been unraveled through extensive genetic, cell biological and biochemical studies using 

Drosophila melanogaster, C elegans and vertebrate model organisms (Artavanis-

Tsakonas, 1995, 1999; Bray, 2006; Kopan & Ilagan, 2009) (Figure 1).  Upon the 

binding of either type of ligands to Notch, the extracellular domain of Notch is 

mechanically pulled by the bound ligand that is internalized by endocytosis into the 

neighboring cell (Gordon et al., 2008).  This pulling force induces a conformational 

change in the NRR domain, which makes this domain susceptible to the proteolytic 

cleaved at another site (S2 site) within this domain by a family of a disintegrin and 

metalloproteinase (ADAM) (Brou et al., 2000).  Consequently, Notch lacking the most 

part of extracellular domain (NEXT) is formed and internalized by endocytosis (Brou et 

al., 2000).  During the course of endocytosis, NEXT is further cleaved with the 

transmembrane domain (S3 site) by γ-secretase, leading to the liberation of the NICD 

from the plasma membrane (Struhl and Greenwald, 1999).  Then, NICD is translocated 

into nucleus where it forms complex with CSL(CBF1, Suppressor of Hairless, Lag-1)  

transcription factor, and a Mastermind coactivator on the cis-regulatory sequences of the 

target gene enhancers (Gordon et al., 2008; Kovall & Blacklow et al., 2010; Yuan et al., 

2016).  This complex further recruits additional coactivators such as p300 to trigger 

chromatin remodeling to activate the transcription of the Notch target genes (Fryer, 

2004; Kovall et al., 2017).  It is important to note that each step of Notch signaling 

cascade is tightly regulated by various genes and cellular mechanisms to fine-tune 

signal output in a context specific manner (Guruharsha et al., 2012).  For example, 

vesicle trafficking events such as exocytosis, endocytosis, and recycling can activate or 

inhibit Notch signaling in a cell and tissue specific manner, primarily because receptors, 
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ligands and key proteases required for signal activation are all membrane bound 

proteins (Yamamoto et al., 2010; Baron, 2012).  Although numerous genetic screens 

have been performed to identify Notch signaling regulators in the past several decades 

using Drosophila melanogaster, C elegans and vertebrate model organisms and many 

new genes that affect this pathway have been identified, the field still lacks a 

comprehensive understanding of how Notch signaling pathway is fine-tuned, primarily 

due to lack of understanding of molecular functions of those genes (Artavanis-Tsakonas, 

1995, 1999; Bray, 2006; Kopan & Ilagan, 2009) (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Core components and modifiers of the Notch signaling pathway 
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In Drosophila, extensive genetic studies identified many genes encoding 

components of Notch signaling.  Such pioneer works provided a framework to elucidate 

the mechanisms of Notch signaling (Artavanis-Tsakonas et al., 1999).  However, 

although their contributions to the Notch signaling pathway have been perceived by 

such genetic studies, biochemical and cellular functions of proteins encoded by such 

genes, including almondex (amx) remains unclear (Schweisguth, 2004).  Drosophila 

almondex (amx) gene has been known to encode a positive regulator of Notch signaling 

for the past ~40 years but its precise molecular function has been obscure.   

 

The first amx allele (amx1) was described as an X-linked female sterile mutation 

that exhibited slightly reduced and narrowed shaped eyes that resembled the shape of an 

almond (Lindsley & Grell, 1968).  The early amx1 allele was characterized 

predominantly as a maternal effect gene (Shannon, 1973). A maternal effect is a 

situation where the phenotype of an organism is determined not only by the 

environment it experiences and its genotype, but also by the environment and genotype 

of its mother (Figure 4). In genetics, maternal effects occur when an organism shows the 

phenotype expected from the genotype of the mother, irrespective of its own genotype, 

often due to the mother supplying messenger RNA or proteins to the egg. It has been 

proposed that maternal effects are important for the evolution of adaptive responses to 

environmental heterogeneity.  
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Figure 4: Maternal effect gene 

 

 amx was characterized as maternal effect gene because fertilized eggs obtained 

from amx1 homozygous or hemizygous (amx1/deficiency) females fail to hatch out of 

their egg shell (Shannon, 1972, 1973; Perrimon et al., 1986). These embryos that failed 

to hatch show a strong neurogenic phenotype, a neural hyperplasia at the expense of 

epidermis, in the neuroectoderm (Lehmann et al., 1981, 1983; Michellod et al., 2003).  

This phenotype is characteristic for mutants that show strong Notch signaling defects 

during early embryogenesis, because Notch signaling activity is required for lateral 

inhibition during neuroblast segregation (Poulson, 1939, 1940) (Figure 5).   

 

Early neurogenesis in Drosophila is controlled by two groups of interrelated 

genes.  First, expression of the proneural genes establishes neurocompetence of the cells 

forming the proneural clusters within the neuroectoderm (Simpson and Carteret, 1990; 

Skeath and Carroll, 1994).  Next, the neurogenic genes provide a regulatory signal for 
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neurocompetence through a cell-to-cell interaction mechanism, called lateral inhibition.  

Lateral inhibition among cells of the proneural cluster leads to election of a single 

neuroblast and repression of neurocompetence in the neighboring cells, resulting in their 

commitment towards an epidermal fate.  Loss of function of the embryonic neurogenic 

genes results in neural commitment of all cells of the proneural clusters; indeed, no 

lateral inhibition occurs and epidermoblasts are thus not specified.  The embryonic 

neurogenic phenotype corresponds to a hyperplasia of the central nervous system (CNS) 

at the expense of the epidermis (Lehmann et al., 1983) (Figure 5). 

 

 

 

 

 

 

 

 

 

 

Figure 5: Notch involvement in cell fate decision through lateral inhibition during 

Drosophila neurogenesis 

 

In Drosophila, seven embryonic neurogenic genes were initially identified: 

Notch (N), big brain (bib), mastermind (mam), neuralized (neu), Delta (Dl), Enhancer 

of split (E(spl)), and almondex (amx) (Figure 6).  Genetic studies based on epistatic 
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interactions between amx and other neurogenic genes in embryos suggested that amx 

acts upstream of the network formed by these genes (de la Concha et al., 1988).  

However, its precise molecular function has been obscure for long time.   

 

 

 

 

 

 

 

 

Figure 6: Historically, seven neurogenic genes were identified in Drosophila, in where 

it was suggested that amx acts upstream of the network formed by these genes 

 

Epistasis analysis involving amx1 and the overexpression of various forms of 

Notch suggested that Amx acts at the level of Notch cleavage by γ-secretase (Michellod 

& Randsholt, 2008).  In addition, the same group proposed that amx is also required for 

Notch signaling during development of the wing imaginal disc, based on the 

observation that amxm flies with the maternal contribution of amx have notched wings 

(Michellod et al., 2003).  Therefore, it was suggested that, the amx1 allele, which carries 

a premature termination codon removing the 1/3 of the deduced Amx C-terminal 

fragment, is a hypomorphic allele, because amx1 homozygous flies with the maternal 

contribution did not show the Notched wing (Michellod & Randsholt, 2008).  However, 

considering that amxm is a complicated allele generated by combination of a deletion 
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and duplication involving amx and neighboring genes (e.g. Dsor1), it is difficult to 

evaluate, what phenotypes are caused by loss of amx and what do so by other genes.  

 

LaBonne and Mahowald (1985) previously shown that the maternal neurogenic 

phenotype associated with amx mutation was rescued by the transplantation of ooplasm 

from wild-type.  However, for the efficient recuse, the wild-type ooplasm needs to be 

injected not after stage 3, although the first defect of neurogenesis was observed only at 

stage 9 (LaBonne & Mahowald, 1985) (Figure 7).  Thus, I speculated that potential 

defects of the Notch signaling pathway could be observed before the initiation of 

neurogenesis in Drosophila embryo.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: amx mutant phenotype was rescued by the transplantation of ooplasm from 

wild-type before stage 3 
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amx and its paralogs are evolutionarily conserved between Drosophila to human 

(Michellod & Randsholt, 2008). The amx family genes encode a predicted 

transmembrane protein with a C-type Lectin domain and a DRF motif, conserved in G-

protein coupled receptor (Michellod & Randsholt, 2008).  Recently, TM2D3, the human 

homolog of amx, was identified as a late-onset Alzheimer’s disease associated gene, 

whose mutation was found to associate with the increased risk of this disease 

(Jakobsdottir et al., 2016).  Alzheimer’s disease is characterized by the plaques of β-

amyloid, which is produced from β-amyloid precursor protein by the cleavage of γ-

secretase.  Therefore, it was proposed that Amx/TM2D3 may contribute directly or 

indirectly to the γ-secretase cleavage of Notch and β-amyloid precursor protein 

(Jakobsdottir et al., 2016).  However, molecular nature of such potential interaction 

between Amx/TM2D3 and γ-secretase remains unclear. 

 

In this study, I took advantage of the newly generated clean null allele of amx 

using CRISPR-mediated homology directed repair to understand the role of amx during 

the early embryogenesis (Li-Kroeger et al., 2018).  While confirming earlier results that 

amx play critical roles in lateral inhibition during neuroectoderm development, I also 

found that amx is partially required for inductive signaling during mesoectoderm 

development.  Close examination of subcellular distribution of Notch and its ligands 

revealed that maternally deposited amx is required for the normal distribution of Notch 

at stage 5 of embryogenesis.  Although it still remains to be determined what effect such 

alterations in the distribution of Notch may have on activation of Notch signaling, I 

propose that Amx directly or indirectly regulates Notch trafficking, which potentially 

impacts on the signal activation during early embryogenesis.  
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2. Materials and methods 

2.1 Drosophila stocks and crosses 

All fly experiments were performed at 25°C on standard Drosophila culture 

media. Canton-S was used as a wild-type control strain.  The genotypes of other 

Drosophila lines used were: amx∆CDS,ywing2+ , referred to as amxN to indicate it is a Null 

allele of amx in this manuscript (Li-Kroeger et al., 2018); Df(1)BSC663 

(X:9,217,347...9,284,575), a molecularly defined deletion uncovering amx and other 

nearby genes generated by FLP/FRT mediated recombination (Parks et al., 2004); 

pecanex3 (pcx3), a loss-of-function allele of pcx (Mohler, 1977; Mohler & Carroll, 

1984); Protein disulfide isomerase (Pdi)-GFP (a protein trap line of Pdi) (Kelso et al., 

2004); a line carrying a ~3.3kb genomic rescue construct containing the wild-type amx 

inserted on to a second chromosome phiC31 docking site (VK37), referred to as amx[+], 

(Jakobsdottir et al., 2016).   

 

amx homozygous and hemizygous embryos lacking its maternal contribution 

(amxmz) were obtained by the cross of amxN/Df(1)BSC663 females with amxN/Y males 

(Figure 11, Figure 13, Figure 15, Figure 16, Figure 17, Figure 18, Figure 20, Figure 21, 

Figure 22, and Figure 23).  amx homozygous and hemizygous embryos with its 

maternal contribution (amxz) were obtained by the cross of amxN/FM7c.GFP females 

with amxN/Y males and negatively selected by staining with anti-GFP antibody (Figure 

11).  amx heterozygous embryos lacking its maternal contribution (amx/+m) were 

obtained by the cross of amxN/amxN females with FM7c.GFP/Y males and positively 

selected by staining with anti-GFP antibody (Figure 11).  amx hemizygous embryos 

lacking its maternal contribution (amx/Ym) were obtained by the cross of amxN/amxN 
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females with FM7c.GFP/Y males and negatively selected by staining with anti-GFP 

antibody (Figure 11).  pcx homozygous and hemizygous embryos lacking its maternal 

contribution (pcxmz) were obtained by the crossing of pcx3/pcx3 females with pcx3/Y 

males (Figure 19).  amx/Y embryos, which were negatively selected by staining with 

anti-Sex lethal antibody, lacking its maternal contribution and carrying Pdi-GFP were 

obtained by the cross of amxN/amxN females with +/Y; Pdi-GFP/TM3 males (Figure 23).  

To perform rescue experiments, I generated a strain (amxN; amx[+] ), in which amxN is 

rescued by the genomic rescue construct of amx (Jakobsdottir et al., 2016).  In this strain, 

amx homozygous and hemizygous embryos do not express amx from its endogenous 

loci but were supported by the exogenous transgene of amx (Figure 11, Figure 13, and 

Figure 18).   

 

2.2 Generation of an amx null mutant, amxN, by CRISPR mediated homology 

directed repair 

The amxN, a null mutant of amx, used in this study was reported before (Li-

Kroeger et al., 2018). In brief, we designed two guide RNAs (gRNAs) that targets 5’ 

and 3’ of the amx coding sequence (CDS), and deleted the amx CDS by replacing it 

with a yellowwing2+ marker using CRISPR mediated homology directed repair. The amxN 

allele was genetically followed based on the yellowwing2+ marker in a yellow-background. 

Successful gene replacement event was validated with PCR. The female sterility and 

maternal effect neurogenic phenotype was fully rescued by a genomic rescue construct 

of amx reported before (Jakobsdottir et al, 2016). The primers were used to amplify both 

homology arms as follows: upstream-fwd: 

ctctctGGTCTCtGACCgagtgctccctgctaaaaccatgc; upstream-rev:  
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agagagGGTCTCgATCCggaatagcaagatcttctcaaaaacgtgtac; downstream-fwd: 

ctctctGGTCTCtTTCCcattggccgctttagtcgtaggag; downstream-rev: 

agagagGGTCTCgTATAgagagagtacctgctctttcactcc. The single-guide RNAs (sgRNAs) 

were used to cut the amx coding sequence out as follows: upstream sense gRNA- 

gtcGAAGATCTTGCTATTCCTAA; upstream antisense gRNA- 

aaacTTAGGAATAGCAAGATCTT; downstream sense gRNA- 

gtcgTCCATTTAAGTTGTGACCAT; downstream antisense gRNA- 

aaacATGGTCACAACTTAAATGGA. sgRNAs were cloned into pAct-Cas9 (Addgene 

plasmid #62209). 

 

2.3 Immunostaining 

The antibody staining of embryos was performed as previously described (Rhyu 

et al., 1994).  Briefly, embryos were collected using yeast paste coated agar slide and 

dechorionated in 50% bleaching solution (haiter, Kao). The dechorionated embryos 

were fixed by using mixture of Haptane and 4% Paraformaldehyde/PBS (1:1) for 30 

min. After fixation, the vitelline membrane of the embryos was removed by using 

mixture of Haptane and 100% Methanol (1:1). After that washed with 100% Methanol 

and preserved at -20 °C for later use.  

 

The primary antibodies used were: rat anti-Elav (7E8A10, 1:500) (O’Neill et al., 

1994); mouse anti-Notch intracellular domain (C17.9C6, 1:100) (Fehon et al., 1990); 

mouse anti-Delta extracellular domain (C594.9B, 1:100) (Artavanis-Tsakonas, 1996); 

guinea pig anti-Myosin II (MyoII) (1:100) (see below); mouse anti-Sec5 (22A2, 1:50) 

(Murthy et al., 2003); guinea pig anti-Hrs (1:400) (Lloyd et al., 2002); rabbit anti-Rab7 
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(1:5,000) (Tanaka & Nakamura, 2008); rabbit anti-Rab11 (1:10,000) (Tanaka & 

Nakamura, 2008); mouse anti-Sex-lethal (M18, 1:20) (Bopp et al., 1991); rabbit anti-

GM130 (Ab30637, 1:100, Abcam) (O’Sullivan et al., 2012); Biotinylated Peanut 

Agglutinin (PNA) (B-1075-5, 1:100, Vector Laboratories) (Yano et al., 2005); rabbit 

anti-GFP (598, 1:500, MBL) (Suzuki et al., 2010).   

 

The fluorescent secondary antibodies used were: Alexa488-conjugated donkey 

anti-rat (Jackson ImmunoResearch); Cy3-conjugated donkey anti-mouse (Jackson 

ImmunoResearch), Alexa488-conjugated goat anti-guinea pig (Invitrogen); Alexa488-

conjugated donkey anti-rabbit (Jackson ImmunoResearch); Streptavidin Alexa Fluor 

555 conjugate (Invitrogen); Alexa488-conjugated goat anti-mouse (Molecular Probes); 

and Alexa Flour 488 donkey anti-Rabbit (Jackson ImmunoResearch).  All of these 

secondary antibodies were used at 1:500 dilution.   

 

For F-Actin staining embryos were collected using yeast paste coated agar slide 

and dechorionated in 50% bleaching solution (haiter, Kao). The dechorionated embryos 

were fixed by using mixture of Haptane and 8% Paraformaldehyde/PBS (1:1) for 30 

min. After fixation, the vitelline membrane of the embryos was removed manually by 

using hand and after that, immediately used for staining. F-Actin was visualized using 

Alexa Flour-488 phalliodin (Molecular Probes) for 1 hr.  

 

 Confocal microscopy images were collected using LSM 700 (Zeiss), and super 

resolution images were taken by LSM 880 with AiryScan FAST (Zeiss).  Confocal 

microscopic images corresponding the ventral-lateral region were obtained until 30 µm 
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depth from the apical surface, and Z sections were constructed from them (Figure 15, 

Figure 17, Figure 18, Figure 19, and Figure 20). Higher magnification images of X-Y 

focal planes were taken at 2 µm from the apical surface (Figure 17, Figure 21, Figure 22, 

and Figure 23). Images were analyzed by LSM Image Browser ZEN 2012 (Zeiss). 

 

2.4 Anti-Myosin II antibody generation 

A synthetic peptide of 15 amino acids (SSRLTGTPSSKRAGG) corresponding 

to the 2022nd to 2036th amino acids of Myosin heavy chain, non-muscle Myosin II 

(MyoII) (zipper) of Drosophila was injected to Guinea pigs for polyclonal antisera 

production using a standard protocol (Cooper & Paterson, 1995). 

 

2.5 In situ hybridization 

In situ hybridization of embryos was performed as described previously 

(Takashima & Murakami, 2001).  Antisense and sense RNA probes of single-minded 

(sim) were prepared as previously reported (Yamakawa et al., 2012). Briefly, antisense 

and sense probes labeled with Digoxigenin were generated from the cDNA clone of sim, 

using DIG RNA labeling mix (Roche), according to the manufactures’ instructions. 

Hybridization was done at 59 °C for  15 hrs in a buffer containing 50% formamide, 5x 

SSC (750 mM NaCl, 75mM sodium citrate, pH 5.0), 50 µg/mL denatured salmon sperm 

DNA, and 0.1% Tween 20. Washed, treatment with mouse anti-DIG antibody (Roche), 

and histochemical staining was done. Images were obtained with the differential 

interference microscope (Axioskop 2 Plus, Carl Zeiss) and processed by WinROOF 

2015 (Mitani Corporation). 
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2.6 Protein modeling 

To model the potential protein structure of Amx, I utilized the Phyre2 (Protein 

Homology/analogY Recognition Engine V 2.0) tool 

(http://www.sbg.bio.ic.ac.uk/phyre2 ) in intensive mode (Kelley et al., 2015). 

 

2.7 Double blind test 

Double blind test was performed by mixing 50 images of wild-type and mutant 

embryos of different stages and scored for subcellular Notch distribution by me and 

another lab. member. 

 

3. Results 

3.1 A null mutant allele of Drosophila amx, amxN, shows maternal, but not zygotic 

neurogenic phenotype 

The Drosophila melanogaster Amx protein is composed of 284 amino acid 

residues (Michellod & Randsholt, 2008).  Although some earlier studies have depicted 

Amx as a three-pass transmembrane protein (Michellod & Randsholt, 2008), sequence 

analysis using more recent protein domain identification tools and homology 

comparison with orthologous genes in other species predict that Amx is a two-pass 

transmembrane domain protein with an N-terminal signal peptide (Jakobsdottir et al., 

2016). Because there are no structural analysis performed on Amx and its orthologous 

proteins, I attempted to model this structure using the Phyre2 tool (Software: Kelley et 

al., 2015) (Figure 8). This program also showed that Amx is likely to be a two 

transmembrane domain [designated as TM-helix 1 (orange) and TM-helix 2 (red)] 

protein with an N-terminal α-helix (blue) (Figure 8A). Based on this model, Drosophila 
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Amx has a signal peptide, which is likely to be cleaved off in the mature protein, 

followed by a stretch of amino acids that are rich in cysteine (Cys-rich region, green) 

(Figure 8B).  This is followed by a C-Type Lectin like Domain (CTLD, yellow), TM1, a 

short intracellular loop containing an evolutionarily conserved DRF (Aspartic Acid-

Arginine-Phenylalanine, orange star) motif, TM2, and a short extracellular/luminal tail 

(Figure 8B).  Although several functional studies on amx and its orthologous TM2D3 

gene indicated the potential roles of the intracellular DRF motif and CTLD in their 

functions, the molecular role of these proteins have not been established yet (Michellod 

& Randsholt, 2008; Jakobsdottir et al., 2016).  

 

 

 

 

 

 

 

 

Figure 8: amx encodes a double-pass transmembrane protein. (A) Predicted 3D model 

by Phyre2 showing two transmembrane (TM) domains, TM-helix 1(orange) and TM-

helix 2 (Red) located in C-terminal, and an α-helix in N-terminal (blue).  (B) Predicted 

topography by Phyre2 showing that Amx is presumably a double-pass transmembrane 

protein comprises of TM1 (orange box) and TM2 (Red box) in C-terminal and a signal 

peptide (blue box) in N-terminal.  Two conserved domains, a Cys-rich domain (green 

line) and C-Type Lectin Domain (CTLD; yellow box), are predicted in the extracellular 

domain.  Another highly conserved DRF motif is predicted between TM1 and TM2 in 

the intracellular domain.   

A B 
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Most studies on amx have been performed using a single allele which is referred 

to as amx1 (Shannon, 1972, 1973; Lehmann et al., 1981, 1983; Perrimon et al., 1986; 

Michellod et al., 2003, Michellod & Randsholt, 2008).  amx1 carries a 8 nucleotide 

deletion that introduces a premature stop codon after the 184th amino acid residue 

(Michellod & Randsholt, 2008) (Figure 9A).  Thus, it is likely that amx1 generates a 

mutant protein that lacks the CTLD and following domains (Michellod & Randsholt, 

2008).  Previous studies showed that embryos homozygous or heterozygous for amx1 

obtained from amx1 homozygous females (no maternal amx provided to the offspring) 

exhibit strong neurogenic phenotypes, while amx1 homozygote and hemizygous animals 

derived from amx1 heterozygous mothers (maternal amx provided to the offspring) are 

viable and do not exhibit any phenotypes (Shannon, 1972, 1973).  amx1 mutant has been 

described as a hypomorphic (partial loss of function) allele in previous studies 

(Lehmann et al., 1981, 1983; Michellod et al., 2003), while others have described it as 

an amorphic (null) allele (de la Concha et al., 1988).  To overcome the issue of different 

interpretation regarding allelic strengths, a null allele of amx by taking a deletion that 

encompasses amx and its neighbouring Dsor1 gene and reintroducing Dsor1 through a 

genomic rescue construct (referred to as amxm) has been generated (Michellod et al., 

2003).  This study confirmed that amx is indeed required maternally for proper Notch 

signalling during embryogenesis and also revealed that it is required zygotically for 

wing development, since the amxm zygotic mutants exhibited a wing Notching 

phenotype (Michellod et al., 2003).  Such wing phenotype was not reported in amx1 

mutant, which led to a conclusion that amx1 is a hypomorphic allele (Lehmann et al., 

1981, 1983; Michellod et al., 2003).  However, a deletion (Df(1)FF8) used in that study 

has not been molecularly defined (Michellod et al., 2003).  In addition, rescue 
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experiments have not been performed to assess whether the observed phenotypes are 

due to loss of amx mutation. Therefore, it is still unclear whether amx is truly a maternal 

effect gene or has zygotic requirements in Notch signaling.  

 

To address those questions, in collaboration with Dr. Yamamoto, we generated a 

clean null allele of amx referred to as amxN (Figure 9B).  This allele was generated via 

CRISPR mediated homology directed repair and introduced a ~2.9-kb cassette of ywing2+ 

as a dominant marker (Li-Kroeger et al., 2018).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: The schematic diagrams showing genomic structure of amx1 (A) and amxNull 

(B) and amx[+]  (C) genome.    

A 

B 
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I found that amxN/Y hemizygous male flies that are derived from amxN/+  

females are viable, fertile and do not exhibit any obvious morphological defects in eye, 

wing, and notum, similar to amx1 alleles (Shannon, 1972, 1973) (Figure 10).  However, 

amxN/amxN homozygous female flies derived from amxN/+  females were sterile, 

although they were viable and did not show obvious morphological defects in eye, wing, 

and notum, similar to amx1 alleles (Shannon, 1972, 1973) (data not shown).  This 

sterility was fully suppressed by introducing a genomic rescue construct amx[+], that 

only contains the full coding sequence for amx but not neighbouring genes, 

demonstrating that this defect is attributed to the loss of amx functions (Jakobsdottir et 

al., 2016) (Figure 9C).  Based on these experiments, I conclude that amx is not required 

in the Notch signaling zygotically, suggesting that the wing Notching phenotype 

reported earlier in amxm animals are caused by defects in other genes (Michellod et al., 

2003). 

 

 

 

 

 

 

 

 

 

 

Figure 10:  (A-F) Adult 

phenotypes of wild-type (A-C) 

and amxZ males (D-F).  The 

pictures of eyes (A, D), wings (B, 

E), and nota (C, F). 
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Using the amxN allele, I next analysed the nature of neurogenic phenotype in 

embryos associated with the null condition of amx.  To exclude potential embryonic 

phenotypes that may be associated with background mutations in amxN, I assessed the 

phenotypes of embryos obtained from genetic crosses between trans-heterozygote 

females of amxN and Df(1)BSC663, a small deficiency uncovering amx locus, and 

amxN/Y males.  The embryos resulting from this cross include amxN homozygote 

females, amxN/Df(1)BSC663 females, amxN/Y males, and Df(1)BSC663/Y males, all of 

which are homozygote or hemizygote of amx and lack of the maternal contribution of 

amx.  In this study, I refer these to as amxmz embryos, because they are considered as 

maternal (m) and zygotic (z) null alleles of amx.  As reported previously using amx1 

allele, I found that the amxmz embryos showed neurogenic phenotype in all cases 

examined, based on the neural hyperplasia detected by anti-Elav antibody (neuron-

specific) staining (Figure 11B, n=20) compared with wild-type embryos (Figure 11A, 

n=20) (Jakobsdottir et al., 2016).  I confirmed that the neurogenic phenotype of amxN 

homozygote and hemizygote without amx maternal contribution was rescued by 

introducing a genomic fragment encompassing wild-type amx locus (amx[+] ) into their 

mothers, demonstrating the specificity of this phenotype  (Figure 11C, n=35).   

 

In previous studies, it was shown that amx1 homozygote or hemizygote with 

maternal contribution of amx (produced from amx1/+  heterozygous mothers) did not 

show any neurogenic phenotype, which was the basis of classifying amx as a maternal 

but not a zygotic neurogenic gene (Shannon, 1973; Michellod et al., 2003).  However, it 

is possible that the potential zygotic neurogenic phenotype may be suppressed, if amx1 

is indeed a hypomorphic allele (Lehmann et al., 1981, 1983; Michellod et al., 2003).  
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However, my analyses showed that embryos of amxN homozygote and hemizygote with 

its maternal contribution (amxz) showed normal nervous system in all cases examined, 

confirming the idea that amx is indeed required maternally but not zygotically for 

proper neurogenesis (Figure 11D, n=24).   

 

Previously, it was shown that maternal neurogenic phenotype associated with 

amxm can be suppressed by a paternal wild-type amx gene in a small fraction of the 

animals (7%) (Michellod et al., 2003).  Because this conclusion was made based on 

observation of the rescue of the cuticle phenotype rather than directly examining the 

neurogenic defect; epidermal tissue that forms cuticle was not differentiated due to the 

failure of lateral inhibition promoting the differentiation of epidermoblasts instead of 

neuroblast, I decided to revisit this phenotype by performing neuronal staining of 

embryos obtained from amxN homozygous females (amxN/amxN) crossed to wild-type 

males (+/Y). I found that the maternal neurogenic phenotype of amx was partially 

suppressed, because those amxN/+ embryos showed weak neurogenic phenotypes 

(Figure 11E, n=33, 40%), which were not observed in amxmz hemizygote embryos in all 

cases examined (Figure 11F, n=53).  However, these embryos did not hatch suggesting 

that zygotic amx is not sufficient to supress the embryonic lethality caused by lack of 

maternal amx (data not shown).  In conclusion, my analysis using a clean null mutant 

allele of amx confirmed that amx is a maternal but not zygotic neurogenic gene.  In 

addition, consistent with previous reports, I observed that this maternal neurogenic 

phenotype can be partially suppressed by paternal introduction of a wild-type amx gene 

(Figure 11). 
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Figure 11: amx is a maternal but not zygotic neurogenic gene. (A-F) Embryos were 

stained with an anti-Elav (neuron-specific) antibody: wild-type (A), amxmz (B), amxmz 

rescued by amx[+]  (amxmz + amx[+] ) (C), homozygous and hemizygous amxN with its 

maternal contribution (amxz) (D), heterozygous amxN without its maternal contribution 

(amx/+m) (E), and hemizygous amxN without its maternal contribution (amx/Ym) (F). 

Numbers at lower right show the percentage of embryos with the presented phenotype 

shown in the images for their genotype and the number of embryos examined (in 

parentheses). Scale bar: 100 µm. 

 

3.2 amx is required for Notch signaling from very early stage of embryogenesis 

LaBonne and Mahowald (1985) previously showed that the maternal neurogenic 

phenotype associated with amx can be rescued by the transplantation of ooplasm from 

wild-type oocytes into embryos obtained from amx1 mutant mothers.  However, they 

reported that the wild-type ooplasm needs to be injected prior to stage 3 for efficient 

recuse (LaBonne & Mahowald, 1985) (Figure 7).  Considering that the first defect in 

neurogenesis can only be observed after stage 9, I speculated that amx may play a role 

in Notch signaling before the initiation of neurogenesis in Drosophila embryo.  Prior to 

the requirement in neuroblast segregation in the neuroectoderm, Notch signaling is 

required for the specification of mesoectodermal cells, which are formed as a single row 

A 

E 

B 

D 

C 

F 



31 
 

of cells adjacent to the mesoderm in each lateral half of an embryos at stage 6 (Morel & 

Schweisguth, 2000) (Figure 12).  In these cells, Notch signaling is activated through the 

interaction with active Delta (Dl) ligand presented by the mesodermal cells, leading to 

the transcriptional activation of single-minded (sim) gene, a direct target of Notch 

signaling in stage 6 (Morel & Schweisguth, 2000).  In stage 9, the two rows of cells 

expressing sim merged into a single row along the midline as a result of the gastrulation 

(Morel & Schweisguth, 2000).  

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Notch signaling activation is spatially controlled in the mesoectoderm. 
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In stage 6 wild-type embryos, sim expression is detected by an anti-sense probe 

against sim in two rows of cells by in situ hybridization, as viewed from the ventral side 

of an embryo (Figure 13A, n=11) (Morel & Schweisguth, 2000).  In stage 9 wild-type 

embryos, the two rows of cells expressing sim merged into a single row along the 

midline as a result of the gastrulation (Figure 13B, n=10) (Morel & Schweisguth, 2000).  

In contrast, in amxmz embryos, I found that the rows of cells expressing sim was 

interrupted, and the signal of in situ hybridization was reduced at stage 6 in all cases 

examined (Figure 13C, n=8).  At stage 9 of these embryos, the midline cells expressing 

sim was discontinuous, and the signal level of sim mRNA was also reduced in all cases 

examined (Figure 13D, n=15).  Furthermore, the defects in sim expression in amxN/Y 

males obtained from amxN homozygote females can be restored if the mother carried a 

genomic rescue construct of amx (amx[+]), demonstrating that this phenotype is caused 

by maternal lack of amx (Figure 13E,F, n=10 for each).  On the other hand, a sense 

probe against sim (control probe) did not show detectable signal at both stages in all 

examined wild-type embryos, demonstrating that the signal of sim expression was 

specific (Figure 13G,H, n=15 for each).  

 

In various mutants of genes encoding the core components of Notch signaling, 

expression of sim has been reported to be completely abolished (Lecourtois & 

Schweisguth, 1995; Morel & Schweisguth, 2000).  Considering that there is some 

residual expression of sim in amxmz embryos, lack of amx likely diminishes but does not 

abolish Notch signaling in this context.  Partial but not absolute requirement of a 

maternal Notch signaling gene in the mesoectoderm specification was also reported in 

pecanex (pcx) mutants (Yamakawa et el., 2012).  Considering that both pcx and amx 
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maternal and zygotic mutants showed strong neurogenic phenotypes during 

neuroectoderm specification, it is possible that these genes play context specific roles in 

Notch signaling.  
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Figure 13:  amx is required for Notch signaling from very early stage of embryogenesis.  

(A-F) sim expression detected by in situ hybridization using an anti-sense probe in wild-

type (A, B), amxmz (C, D), and amxmz + amx[+]  (E, F) embryos.  At stage 6 (St 6) (A, C, 

E) and 9 (St 9) (B, D, F), sim expression was observed in two and one stripes of cells, 

respectively.  Gapes of sim expression were indicated by white arrowheads in C and D. 

(G, H) Wild-type embryos probed by sense probe of sim (control probe) at stage 6 (St 6) 

(G) and 9 (St 9) (H).  The percentages of embryos showing the presented phenotype are 

shown in the bottom right.  The numbers of embryos examined (n) are shown in 

parentheses.  Scale bar is 100 µm. 

 

 

3.3 Subcellular distribution of Notch is altered in amxmz embryos at stage 5  

Our analyses above showed that Notch signaling activity was reduced in amxmz 

embryos at stage 5.  Michellod and Randsholt (2008) previously demonstrated that 

overexpression of NICD (Notch Intracellular Domain, a constitutively activated Notch 

that is independent of  S3 cleavage) but not NEXT (Notch Extracellular Truncation, a 

form of constitutively activated Notch that is independent of ligands and S2 cleavage 

but is dependent on S3 cleavage) nor full-length Notch can partially suppress the failure 

of cuticle formation, which is due to the neural hyperplasia at the expense of epidermal 

cells, in amx1 homozygous embryos lacking the maternal contribution of amx.  Based on 

this data, it was suggested that Amx may be involved in the γ-Secretase mediated S3 

cleavage of Notch (Michellod & Randsholt, 2008).  Considering that the S3 processing 

of Notch depends on the proper endocytic trafficking of Notch (Gupta-Rossi et al., 

2004), I assessed whether intracellular distribution of Notch was affected in the amxmz 

embryos at stage 5 when mesoectodermal cells begin to form.   
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During stage 5, syncytial blastoderm changes into cellular blastoderm through 

the cellularization (Figure 14A-C).  At the early stage 5, the apical membrane of the 

syncytium is rich in microvilli that serves as a source of membrane to support the rapid 

invagination of the lateral plasma membrane (Figure 14A,B) (Figard et al., 2013, 2016).  

The microvilli gradually shrink during mid-stage 5, and eventually disappear as the 

invagination of the lateral plasma membrane is completed in late stage 5 embryos 

(Figure 14C) (Figard et al., 2013, 2016).  These three sub-stages (early, mid, late) within 

stage 5 can be discriminated based on the position of the leading edge (tip) of the 

invaginating lateral plasma membrane (Figard et al., 2013, 2016).  Because this tip is 

enriched in Myosin II (MyoII), immunostaining with an anti-MyoII antibody provides 

us a reference regarding these sub-stages (Figure 13) (He et al., 2016).   

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Cellularization stage during Drosophila early embryogenesis. (A-C) During 

cellularization process, syncytial blastoderm (upper left) changes into cellular 

A B C 
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blastoderm (upper right), which can be divided as early (A), middle (B) and late (C) 

stages, based on the depth of membrane edge detected by anti-Myo II antibody staining 

(Myo II). 

 

To assess whether subcellular trafficking of Notch is affected in amxmz embryos, 

I compared the intracellular distribution of Notch in the ventral-lateral region where the 

mesoectodermal cells are formed at the early, mid, and late sub-stages of stage 5.  I 

performed double-staining with anti-Notch and anti-Myo II antibodies (Figure 15A-F'), 

and obtained confocal microscopic images corresponding to the ventral-lateral region of 

these embryos up to 30µm depth from the apical surface.  From these images, I 

reconstructed Z-section images showing the lateral views of the cells of interest (Figure 

15A-F).  I defined early, mid, and late sub-stages of stage 5 based on the positions 

where the tips of lateral membrane (green, white arrowheads) were located (Figure 

15A'-F').  At early stage 5, Notch (magenta) is enriched at the apical plasma membrane 

and apical-lateral membrane in both wild-type (Figure 15A, n=10) and amxmz (Figure 

15D, n=10) embryos.  At mid-stage 5, Notch (magenta) was largely excluded from the 

apical plasma membrane and detected mostly in the lateral membrane in wild-type 

embryos in all cases examined (Figure 15B, n=12).  However, in amxmz embryos at the 

same stage, Notch (magenta) was still present at the apical plasma membrane and 

enriched in the apicolateral membrane in 40% of the animals examined (Figure 15E, 

n=12).  At late stage 5, Notch (magenta) was mostly detected in the lateral membrane, 

as also observed at the mid-stage 5, in wild-type embryos (Figure 15C, n=13).  

Interestingly in amxmz embryos at late stage 5, Notch was also detected in the lateral 

membrane as observed in the wild-type embryos (Figure 15F, n=17), suggesting that the 

apical and aplicolateral accumulation of Notch has been relieved between mid and late 
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stage 5.  These results demonstrated that the subcellular distribution of Notch is 

specifically affected at the mid-stage 5 in amxmz embryos, indicating the dynamic nature 

of this phenotype.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Dynamic Notch distribution is abnormal in amxmz embryos at stage 5. The 

intracellular distribution of Notch (magenta) in wild-type (A-C′) and amxmz (D-F′) 

embryos at the early (A, A′, D, D′), middle (B, B′, E, E′), and late (C, C′, F, F′) stage 5, 

with double-staining of an anti-Myo II antibody (green in A′-F′).  Confocal microscopic 

images corresponding the ventral-lateral region were obtained until 30 µm depth from 

the apical surface, and Z sections were constructed from them (A-F′).  White 
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arrowheads indicate the position of membrane edges detected by strong anti-Myo II 

antibody staining (A′-F′). The percentages of embryos showing the presented phenotype 

are shown in the bottom right.  The numbers of embryos examined (n) are shown in 

parentheses.  Scale bar is 10 µm. 

 

To further analyze the abnormal distribution of Notch in amxmz embryos at the 

mid-stage 5, I obtained three higher magnification images every 2 µm from the apical 

surface of wild-type (from A to A'') and amxmz embryos (from B to B'') (Figure 16A-B'').   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Notch distribution is abnormal in amxmz embryos at mid-stage 5. (A-B′′) 

Higher magnification images of X-Y focal planes detecting Notch (magenta) every 2 

µm from the apical surface (from A to A′′ and from B to B′′) of wild-type (A-A′′) and 

amxmz  (B-B′′) embryos at middle stage 5.  The percentages of embryos showing the 
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presented phenotype are shown in the bottom right.  The numbers of embryos examined 

(n) are shown in parentheses.  Scale bar is 5 µm. 

 

To objectively evaluate the defective distribution of Notch in the images of wild-

type and amxmz embryos, I compared the images through a double-blind test.   I found 

that Notch accumulated in a mesh-like structure in amxmz embryos in 40% of the 

embryos examined (Figure17B, n=12), which was never observed in wild-type embryos 

in all cases examined (Figure 17A, n=12).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Mesh-like Notch distribution was observed in amxmz embryos (A) compared 

with wild-type (B) at stage 5. The percentages of embryos showing the presented 

phenotype are shown in the bottom right.  The numbers of embryos examined (n) are 

shown in parentheses.  Scale bar is 5 µm. 
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 To confirm this defective distribution of Notch can be specifically attributed to 

the loss of amx function, I examined the distribution of Notch in amxmz embryos derived 

from mothers carrying the amx[+]  construct (Figure 18A-D'').  In these amxmz embryos 

with the amx rescue construct, I did not observe the abnormal distribution of Notch at 

the mid-stage 5 (Figure 18B, n=10), indicating that this defect is due to the maternal 

loss of amx.  I obtained the same results by analyzing higher magnification images of X-

Y focal planes (Figure 18D-D'').  Together, these results suggest that the absence of amx 

function causes the abnormal distribution of Notch in a stage-specific manner in early 

embryos.  
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Figure 18: (A-D′′) The intracellular distribution of Notch (magenta) in amxmz + 

amx[+]embryos at the early (A, A′), middle (B, B′), and late (C, C′) stage 5, with 

double-staining of an anti-MyoII antibody (green in A′-C′).  Confocal microscopic 

images corresponding the ventral-lateral region were obtained until 30 µm depth from 

the apical surface, and Z sections were constructed from them (A-C′). White arrowheads 

indicate the position of membrane edges detected by strong anti-MyoII antibody 

staining (A′-C′).  Higher magnification images of X-Y focal planes detecting Notch 

(magenta) every 2 µm from the apical surface (from D to D′′) of amxmz + amx[+] 

embryo at middle stage 5.  The percentages of embryos showing the presented 

phenotype are shown in the bottom right.  The numbers of embryos examined (n) are 

shown in parentheses.  Scale bar is 5 µm. 

 

 

To determine whether the abnormal intracellular distribution of Notch in mid-

stage 5 embryo may be a general phenomenon that can be seen in mutants disrupting  

Notch signaling during mesoectoderm specification, I examined the Notch distribution 

in the same region of embryos homozygous for pcx and lacking its maternal 

contribution (pcxmz embryos) (Figure 19A-D'').  Although these embryos are known to 

show reduced sim expression and maternal neurogenic phenotype, similar to amxmz 

embryos (Yamakawa et el., 2012), I did not detect any abnormal intracellular 

distribution of Notch as observed through Z section (Figure19A-C', n=10 for each) nor 

in the higher resolution X-Y plane in all cases examined (Figure 19D-D'', n=10). This 

suggests that the transient accumulation of Notch in the apical membrane of the amxmz 

embryos during mid-stage 5 is not a general phenomenon that is associated with 

defective Notch signaling. 
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Figure 19: (A-D′′) The intracellular distribution of Notch (magenta) in pcxmz embryos 

at the early (A, A′), middle (B, B′), and late (C, C′) stage 5, with double-staining of an 

anti-MyoII antibody (green in A′-C′).  Confocal microscopic images corresponding the 

ventral-lateral region were obtained until 30 µm depth from the apical surface, and Z 

sections were constructed from them (A-C′). White arrowheads indicate the position of 

membrane edges detected by strong anti-MyoII antibody staining (A′-C′).  Higher 

magnification images of X-Y focal planes detecting Notch (magenta) every 2 µm from 

the apical surface (from D to D′′) of pcxmz embryo at middle stage 5.  The percentages 

of embryos showing the presented phenotype are shown in the bottom right.  The 

numbers of embryos examined (n) are shown in parentheses.  Scale bar is 5 µm. 
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I next assessed that the observed defects in the subcellular localization of Notch 

in amxmz embryos can also be seen in other membrane bound proteins.  I analyzed the 

subcellular localization of Dl in the ventral-lateral region of wild-type and amxmz 

embryos during stage 5 (Figure 20A-C' and Figure 20E-G').  In Z section images, Dl 

(magenta) was mostly detected in the apical plasma membrane and apical-lateral 

membrane at early stage 5 in wild-type embryos, which was reminiscent of Notch 

distribution at the same stage (Figure 20A).  At mid and late stage 5, Dl was detected in 

the lateral membrane and diminished from apical plasma membrane in wild-type 

embryos, similar to the temporal change of Notch distribution in wild-type embryos 

(Figure 20B,C).  However, in contrast to the abnormal distribution of Notch in amxmz 

embryos, the subcellular distribution of Dl did not show marked difference between 

amxmz (n=46) and wild-type embryos (n=31) at all three periods of stage 5 (Figure 20E-

G).  In the higher resolution X-Y focal planes, I also observed that Dl distribution is not 

affected in amxmz embryos at mid-stage 5 (Figure 20H-H'') compared with wild-type 

(Figure 20D-D'').  These results suggested that the defect of Notch distribution at mid-

stage 5 is not due to a general subcellular trafficking defect. 
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Figure 20:  The subcellular localization of Delta is normal in amxmz embryos at stage 5.  

(A-C′ and E-G′) The intracellular distribution of Delta (magenta) in wild-type (A-C′) 

and amxmz (E-G′) embryos at the early (A, A′, E, and E′), middle (B, B′, F, and F′), and 

late (C, C′, G, and G′) stage 5, with double-staining of an anti-MyoII antibody (green in 

A′-C′ and E′-G′). Confocal microscopic images corresponding the ventral-lateral region 

were obtained until 30µm depth from the apical surface, and Z sections were 

constructed from them (A-C′ and E-G′).  White arrowheads indicate the position of 

membrane edges detected by strong anti-MyoII antibody staining (A′-C′ and E′-G′). (D-

D′′ and H-H′′) Higher magnification images of X-Y focal planes detecting Delta 

(magenta) every 2 µm from the apical surface (from D to D′′ and from H to H′′) of wild-

type (D-D′′) and amxmz (H-H′′) embryos at middle stage 5.  The percentages of embryos 

showing the presented phenotype are shown in the bottom right.  The numbers of 

embryos examined (n) are shown in parentheses.  Scale bar is 5 µm. 

 

3.4 The structure of the apical membrane is not altered in amxmz embryos  

I detected the abnormal distribution of Notch in the apical and apical-lateral 

membrane at mid-stage 5 in amxmz embryos, which coincides with the period when the 

apical structure of cells changes drastically (Figure 15-17).  Since microvilli that are 

observed at early stage 5 decreases and eventually disappears during the mid and late 

stage 5, I assessed whether there are any gross structural changes in the apical and 

apical-lateral membrane in amxmz embryos.  To analyze the structure of these 

membranous regions, I visualized the plasma membrane using anti-Sec5 antibody 

staining (Murthy et al., 2003).   

 

I did not detect marked difference in the pattern of Sec5 staining between wild-

type (n=5) and amxmz (n=5) embryos at early and mid-stage 5, suggesting that there is 

no structural alterations either in the apical or in the apical-lateral membranes (Figure 
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21A-D).  Next, I imaged F-Actin that is enriched in the microvilli to further assess 

whether there may be a structural change in the cytoskeletal structure underneath the 

apical and apical lateral membrane.  Similar to anti-Sec5 immunostaining, I did not 

detect any differences in the F-Actin signal between wild-type (n=7) and amxmz (n=7) 

embryos at early and mid-stage 5 (Figure 21E-H).  Taken these results together, I did 

not detect a major change in the structures of the plasma membrane and cytoskeleton. 

Therefore, the altered subcellular localization of Notch in amxmz embryos cannot be 

attributed to the structure of plasma membrane and cytoskeleton, although I cannot rule 

out a possibility that there may be subtle and undetectable changes in these structures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21:  The structure of the apical membrane did not show abnormalities in amxmz 

embryos.  (A-D) The intracellular distribution of Sec5 (green) in wild-type (A, B) and 

amxmz (C, D) embryos at early (A, C) and middle (B, D) stage 5.  X-Y images of focal 
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planes representing 2 µm below from the apical surface are shown.  (E-H) The 

distribution of F-actin (green) detected by phalloidin staining in wild-type (E, F) and 

amxmz (G, H) embryos at early (E, G) and middle (F, H) stage 5.  X-Y images of focal 

planes representing 2 µm below from the apical surface are shown.  The percentages of 

embryos showing the presented phenotype are shown in the bottom right.  The numbers 

of embryos examined (n) are shown in parentheses.  Scale bar is 10 µm. 

 

3.5 Notch accumulates in a subcellular compartment that does not coincide with 

major exocytic or endocytic markers in amxmz embryos 

In order to understand the nature of Notch mislocalization in the absence of amx, 

I attempted to determine the intracellular compartment(s) where Notch abnormally 

accumulates in amxmz embryos at mid-stage 5 though co-immunostaining and confocal 

imaging (Figure 22 and Figure 23).   

 

First, I analyzed the potential colocalization of Notch with markers of 

endoplasmic reticulum (ER) (Pdi-GFP) and Golgi apparatus (cis-Golgi matrix protein, 

GM130; trans-Golgi marker, PNA-Lectin) (Yano et al., 2005; O’Sullivan et al., 2012).  

I found that Notch does not markedly colocalize with the ER or Golgi markers in both 

wild-type and amxmz embryos in all cases examined (Figure 22A-F, n=10 for each).  In 

addition, the overall staining pattern of ER and Golgi did not show detectable 

abnormality in amxmz embryos, compared with those of wild type (Figure 22A-F). 

 

I next examined whether Notch abnormally accumulates in endocytic 

compartments, including recycling (Rab11) (Tanaka & Nakamura, 2008), early (Hrs) 

(Lloyd et al., 2002), and late (Rab7) (Tanaka & Nakamura, 2008) endosomes in amxmz 

embryos.  However, I did not observe significant colocalization between Notch and 
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these markers in amxmz embryos compared with those of wild-type embryos in call cases 

examined (Figure 23G-L, n=10 for each).  I also found that the overall morphology and 

numbers of these endocytic compartments appeared normal in amxmz embryos, as 

compared with those of wild type (Figure 23G-L).  Therefore, at this point, I were 

unable to determine the identity of the mesh-like subcellular structure(s) where Notch 

abnormally accumulates in amxmz embryos. 
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Figure 22: Abnormally accumulated Notch was not detected in typical exocytic 

compartments in amxmz embryos.  (A-F) The colocalization of Notch (magenta) with the 

various markers of exocytic compartments (green), including ER (Pdi-GFP) (A, B) and 

cis-Golgi apparatus (GM130) (C, D), trans-Golgi (PNA-Lectin) (E, F) in wild-type (A, 

C, and E) and amxmz (B, D, and F) embryos. The upper panels represent Z sections 

constructed from the images obtained until 30 µm depth from the apical surface.  The 

lower images represent X-Y images of focal planes representing 2 µm below from the 

apical surface.  10 embryos were analyzed in each experiment and all showed the same 

results represented by each picture.  Scale bar 10 µm. 
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Figure 23: Abnormally accumulated Notch was not detected in typical endocytic 

compartments in amxmz embryos.  (A-F) The colocalization of Notch (magenta) with the 

various markers of endocytic compartments (green), including recycling endosomes 

(Rab11) (A,B), early endosomes (Hrs) (C,D), and late endosomes (Rab7) (E,F) in wild-

type (A, C, and E) and amxmz (B, D, and F) embryos. The upper panels represent Z 

sections constructed from the images obtained until 30 µm depth from the apical surface.  

The lower images represent X-Y images of focal planes representing 2 µm below from 

the apical surface.  10 embryos were analyzed in each experiment and all showed the 

same results represented by each picture.  Scale bar 10 µm. 

 

4. Discussion  

4.1 Requirements of amx for Notch signaling is context-dependent 

Consistent with amx1 and amxm alleles reported previously, my analysis of the 

first clean null allele of amx, (amxN), showed that this gene is clearly required 

maternally to facilitate Notch signaling during early embryogenesis.  In contrast to a 

previous study demonstrating that amx is also required zygotically for the imaginal 

development using the amxm allele (Michellod et al., 2003), I found that, there are no 

observable morphological phenotypes in amxN zygotic mutant flies, as previously found 

in amx1 zygotic mutant.  Considering that amxm is a complex allele that potentially 

affects genes other than amx, I conclude that the observed zygotic phenotypes of the 

amxm allele are due to defects in other genes.  

 

By assessing the phenotypes of amxmz embryos, I identified that amx not only is 

required for neuroectoderm specification during mid-embryogenesis but also required 

for mesoectoderm specification during early embryogenesis (Figure 11 and Figure 13).  

It is known that the sim expression in the mesoectodermal cells depends on Notch 

signaling, because in various mutants in core Notch signaling pathway genes, including 
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Notch and Suppressor of Hairless, the expression of sim becomes restricted to very few 

cells (Lecourtois & Schweisguth, 1995; Morel & Schweisguth, 2000).  Interestingly, 

expression of sim was only reduced partially in amxmz embryos, although these embryos 

demonstrated strong neurogenic phenotype with full penetration. These results revealed 

that amx is partially required for the activation of Notch signaling in the 

mesoectodermal cells, which is reminiscent of pecanex (pcx) gene (Yamakawa et al., 

2012).  pcx is also a maternal neurogenic gene and exhibits a strong neuroblast 

segregation defect while being partially required for the activation of sim during 

mesoectodeerm specification (Yamakawa et al., 2012).  One interpretation of this 

differential contribution is that amx and pcx are absolutely required in neuroectodermal 

cells whereas they are only partially required for mesoectoderm specification.  

Considering that neuroectoderm segregation is mediated by “lateral inhibition” through 

Notch signaling, whereas mesoectoderm specification happens through “inductive 

signaling”, the two events may be regulated differently by amx, pcx and other genes. 

Alternatively, amx and pcx may be involved in facilitating Notch signaling in both 

contexts, but the neuroblast selection process requires a higher level of Notch activation 

than mesoectoderm specification. This issue could be clarified by assessing whether 

Notch activity is partially or completely abolished during the two developmental 

processes in amx and pcx mutants using more sensitive assays in vivo. 

 

4.2 Amx may regulate the intracellular distribution of Notch in a specific time 

window during early embryogenesis 

Our analysis here demonstrated that the subcellular distribution of the Notch 

receptor, but not the Dl ligand, depends on a function of maternal amx in the early 
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cellularization stage (mid-stage 5) (Figure 15, Figure 16, Figure 17, Figure 20 and 

Figure 24).  During this stage, the structure of apical plasma membrane with microvilli 

changes drastically (Figard et al., 2013, 2016).  Through immunostaining studies, I 

found that the structures of the apical plasma membrane and the F-Actin were not 

detectably altered in the absence of amx function (Figure 21).  Together with the 

observations that ER, Golgi, and endosome morphology seems to be unaltered, amx has 

specific role in regulating Notch trafficking during this stage (Figure 22, Figure 23 and 

Figure 24).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: Illustration showing abnormal, subcellular, mesh-like Notch distribution in 

amxmz embryos at mid-stage 5, which neither changed nor co-localized with ER, Golgi 

and any endocytic compartments. 
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In amxmz embryos at mid-stage 5, I observed that Notch is abnormally 

accumulated in a mesh-like subcellular structure (Figure 16 and Figure 17). Although I 

examined the potential colocalization of Notch with markers for the ER, Golgi 

apparatus, and various endosomal compartments, I failed to determine where Notch is 

abnormally accumulated (Figure 22 and Figure 23). Therefore, at this point, it remains 

unknown in which intracellular compartment(s) Notch is mislocalized in the absence of 

amx functions.  It is important to note, however, that the mislocalization of Notch in 

amxmz embryos is not a consequence of the aberrant Notch signaling, because Notch 

localization in pcxmz embryos was not changed in mid-stage 5 embryos (Figure 19).  

Although I cannot conclude whether the mislocalization of Notch is a cause of the 

reduction or depletion of Notch signaling in the absence of amx functions, it is tempting 

to speculate that this trafficking defect of Notch is contributing to defective Notch 

signaling.  Vesicular trafficking of Notch can facilitate either activation or inhibition of 

the signaling depending on the context (Yamamoto et al., 2010; Baron, 2012).  

Importantly, endocytic trafficking of Notch was found to facilitate S3 cleavage of Notch, 

likely because γ-secretase cleavage is a pH dependent protease that is more active at 

acidic environments such as in the late endosome (Gupta-Rossi et al., 2004; Vaccari, 

2008).  Considering that previous epistasis analysis involving amx and full-length and 

activated forms of Notch placed Amx in the S3 cleavage step of signal transduction 

(Michellod & Randsholt, 2008), it would be interesting to further explore the 

relationship between this trafficking defect of Notch and γ-secreatse-mediated S3 

cleavage.  To understand the precise roles of Amx in the activation of Notch additional 

experiments, such as live-imaging analyses of Notch intracellular trafficking would be 

informative (Couturier, 2014; Trylinski, 2017). 
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4.3 Amx family proteins and their links to Alzheimer’s disease 

While amx and its related genes are evolutionarily conserved between 

Drosophila and vertebrate species including human, the function of this protein family 

is still obscure (Kajkowski et al., 2001; Michellod & Randsholt, 2008).  The amx family 

genes (CG10795, CG11103 and amx in Drosophila, TM2D1-3 in human) encode 

predicted double-pass transmembrane proteins with a conserved DRF motif (Michellod 

& Randsholt, 2008).  DRF motifs found in some G-protein coupled receptors have been 

shown to mediate conformational changes upon ligand binding (Koenen et al., 2017), 

but the function of this motif within Amx family proteins have yet to be defined (Lee et 

al., 2003).  Recently, a rare missense (p.P155L) variant affecting the CTLD of TM2D3, 

the human ortholog of amx, was identified as a risk allele for late-onset Alzheimer’s 

disease in an Icelandic population (Jakobsdottir et al., 2016).  One pathological 

hallmark of Alzheimer’s disease is deposition of plaques of β-amyloid, which is 

produced γ-secretase mediated cleavage of β-amyloid precursor protein (APP). Together 

with the genetic evidence, it is more likely that amx participates in Notch signaling at 

the S3 cleavage step of Notch activation (Michellod & Randsholt, 2008).  Jakobsdottir 

et al. (2016) proposed that Amx/TM2D3 may contribute directly or indirectly to the γ-

secretase cleavage of Notch and APP, a hypothesis that needs to be tested biochemically.  

More recently, TM2D1-3 were identified as regulators of phagocytosis based on a 

CRISPR based screens using human phagocytic cell lines (Haney et al., 2018).  

Considering that TM2D1 have been found to physically interact with Aβ42 (Kajkowski 

et al., 2001) and cellular knockout of TM2D1, TM2D2 or TM2D3 can diminish the 

ability of cells to phagocytose Aβ peptides in vitro, Haney et al. (2018) proposed that 

these proteins may be involved in Alzhemier’s disease through regulation of amyloid 
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clearance in the brain.  It is important to note that these hypotheses are not mutually 

exclusive, and defects in cellular events such as intracellular trafficking may lead to 

defects in both γ-secretase mediated APP processing as well as phagocytic clearance of 

Aβ42.  
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