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 Rumi is a protein O-glucosyltransferase that adds the sugar O-glucose onto the serine 

in the target sequence C-S-X-S-(P/A)-C found within properly folded EGF repeats. It was first 

discovered to modify the Drosophila Notch extracellular domain and to be required for Notch 

signaling in a temperature dependent manner, but other targets of Rumi remained unknown. 

Several other proteins in the Drosophila proteome harbor multiple consensus sequence highly 

predictive of O-glucose, including the transmembrane protein Crumbs and the secreted protein 

Eyes shut (Eys). Both of these proteins are required for proper eye development and mutations 

in their human homologs cause a blindness disorder named retinitis pigmentosa. Therefore, we 

sought to determine whether Rumi plays a role in photoreceptor development. We found that 

rumi–/– animals have defects in photoreceptor spacing in which many neighboring rhabdomeres 

are attached. This phenotype cannot be explained by the loss of O-glucose on Notch or 

Crumbs. However, eys genetically interacts with rumi, and in rumi–/– animals at the start of 

rhabdomere separation, Eys accumulates intracellularly and decreased levels of Eys reach the 

extracellular space. Overexpressing a mutant Eys transgene which contains no intact O-

glucosylation sites also results in intracellular accumulation of Eys, suggesting that loss of O-

glucose from Eys is the cause. Additionally, both the intracellular accumulation and the 

rhabdomere attachment defect grow more severe at higher temperatures, and Eys degrades at 

higher temperatures in rumi–/–. In addition, removing one copy of the chaperone Hsc70-3 

enhances the rumi–/– phenotype. Together, these data suggest that loss of O-glucose from Eys 
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causes a defect in its proper folding, which leads to decreased Eys reaching the extracellular 

space and therefore a failure in full separation of the rhabdomeres. In addition to the 

rhabdomere separation defect, rumi–/– photoreceptors degenerate when placed in constant 

light. However, this defect seems to be independent of the enzymatic function of Rumi, 

suggesting Rumi may play a chaperone role as well.  
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INTRODUCTION:  

O-LINKED GLYCOSYLATION ON EGF REPEATS 
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Glycosylation  

 Glycosylation is defined as the covalent attachment of a sugar to lipids or proteins, 

added post- or co-translationally. This type of modification is the most common post-

translational modification of proteins and plays a many of roles in protein structure and function. 

The two major types of glycans are N-linked and O-linked glycans; an N-linked glycan is a 

sugar attached to an asparagine residue and an O-linked glycan is attached to a serine and/or 

threonine residue.  Some of these enzymes only add their respective sugar onto a known 

target sequence of amino acids; some have no defined consensus sequence yet, such as O-

mannosylation and O-GalNAcylation (Bennett et al. 2012; Breloy et al. 2008). Some types of O-

linked glycans are found on Epidermal Growth Factor-like (EGF) repeats, which is a 30-40 

amino acid protein domain found in the extracellular domain of some transmembrane proteins 

and secreted proteins (discussed below). Although O-linked glycans are relatively rare, our 

knowledge of their function has grown within the last several years, especially regarding O-

linked glycans on EGF repeats. This review will discuss the O-linked glycans found on EGF 

repeats: O-glucose, O-fucose, and O-GlcNAc (Figure 1-1). 

 

EGF repeats 

Epidermal Growth Factor (EGF) is a small growth factor of 53 amino acids and is 

important for cell motility (Segall et al. 1996), proliferation (Kato et al. 1998), differentiation 

(Traverse et al. 1994), and survival (Arteaga 2001; Zaczek et al. 2005). It is characterized by 6 

conserved cysteine residues which form 3 disulfide bonds (Savage et al. 1973; Winkler et al. 

1986). Many larger proteins contain a 30 to 40-amino acid sequence similar to EGF, which is 

frequently repeated and found only extracellularly on secreted or transmembrane proteins. 

These are typically referred to as EGF-like repeats, or EGF repeats. The repeat number can 

vary on different proteins from one in several coagulation factors and other proteins to more 

than 300 in Drosophila cell adhesion protein Dumpy. Moreover, a subset of EGF repeats can 

bind calcium, which plays important roles in protein folding and proper protein-protein  
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Figure 1-1. O-linked glycans found on EGF repeats in Drosophila and mammals. Each 

modification is shown with the corresponding enzyme that adds the sugar. The consensus 

sequence for each glycan is listed below, although the sequence for O-GlcNAc is based on a 

small number of data points. Note that a single EGF repeat can possess all 3 modifications 

(Matsuura et al. 2008). Fng: Fringe, MFng: Manic Fringe, LFng: Lunatic Fringe, RFng: Radical 

Fringe 
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interactions (Downing et al. 1996; Fehon et al. 1990; Rand et al. 1997; Rebay et al. 1991). 

Additionally, EGF repeats tend to be heavily glycosylated, and these glycan modifications are 

the focus of this review.  

 EGF repeats are found on functionally diverse proteins; for example, many growth 

factors, cell adhesion receptors, cell adhesion molecules, plasma proteins, and extracellular 

matrix components contain EGF repeats (Appella et al. 1988). Most of the functions of these 

EGF repeats involve mediating protein-protein interactions and trafficking. Growth factors that 

compete with EGF for binding to the EGF receptor family, such as heregulin, contain EGF 

repeats. These are required for the affinity of heregulin to its receptor (Barbacci et al. 1995). 

Similarly, the EGF repeats in the epithelial cell adhesion molecule (ep-CAM) are required for its 

adhesive properties between neighboring cells (Balzar et al. 2001). Additionally, coagulation 

factors contain EGF repeats. A cofactor involved in preventing coagulation, thrombomodulin, 

requires its EGF repeats to perform its cofactor activities so that the downstream targets can be 

activated and blood clotting can occur (Esmon et al. 1982; Kurosawa et al. 1988; Suzuki et al. 

1989; Wang et al. 2000). Furthermore, EGF repeats are involved in protein trafficking. In low 

density lipoprotein (LDL), small deletions that include loss of a cysteine residue impair LDL 

trafficking to the cell membrane (Yamamoto et al. 1986).  

 

Notch signaling 

The O-glycans found on EGF repeats play important roles in the function of Notch receptors 

and have been well studied in this context. Notch signaling is a cell-cell signaling pathway that 

is critical for the development and adult homeostasis of animals (Artavanis-Tsakonas and 

Muskavitch 2010; Kopan and Ilagan 2009). For signaling to occur, the transmembrane ligands 

from one cell bind the transmembrane Notch receptor in a neighboring cell, causing the Notch 

intracellular domain (ICD) to be cleaved and released into the cell, where it can translocate to 

the nucleus and promote expression of its target genes. Drosophila is frequently used to study 

Notch signaling since they have only one Notch receptor, but mammals have 4 Notch receptors 
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(Notch1-4) and 5 canonical ligands: Jagged1, Jagged2, Delta-like (DLL) 1, DLL3 and DLL4. In 

Drosophila, the only two ligands are the Jagged homolog Serrate and Delta. The Drosophila 

Notch receptor and the mammalian receptors have up to 36 EGF repeats. The EGF repeats of 

the receptors contain all three types of O-glycans found on EGF repeats, and two (O-glucose 

and O-fucose) are critical for Notch function (Acar et al. 2008; Bruckner et al. 2000; Fernandez-

Valdivia et al. 2011; Lee et al. 2013; Matsuura et al. 2008; Moloney et al. 2000b; Okajima and 

Irvine 2002; Sasamura et al. 2003; Shi and Stanley 2003; Takeuchi et al. 2011; Zhou et al. 

2008) (summarized in Table 1-1), so Notch will be discussed at length below.  

 

O-linked glycans on EGF repeats 

O-glucose 

 The O-glucose modification is added to serine residues and was discovered nearly 3 

decades ago on the EGF repeats of bovine blood coagulation factors VII and IX (Hase et al. 

1988). The O-glucose was found as a disaccharide, extended by a xylose to form glucose-

xylose, or a trisaccharide to form glucose-xylose-xylose. Generating a serine to alanine 

mutation to prevent the addition of O-glucose resulted in a decrease in the clotting activity of 

factor VII in vitro (Bjoern et al. 1991). This was the first evidence that the O-glucose glycan 

could be biologically relevant. To determine the consensus sequence for O-glucose, the 

sequences for the O-glucosylation sites in human and bovine factor VII, factor IX, protein Z, 

and human thrombospondin were compared, which revealed the consensus sequence to be 

C1-X-S-X-P-C2 (Nishimura et al. 1989), later modified to C1-X-S-X-P/A-C2 (Rana et al. 2011). 

Additionally, mouse Notch1, Notch2 and Drosophila Notch were found to be modified with O-

glucose (Acar et al. 2008; Fernandez-Valdivia et al. 2011; Moloney et al. 2000b; Rana et al. 

2011; Whitworth et al. 2010). In Drosophila Notch, 18 out of 36 EGF repeats contain the 

consensus sequence for O-glucose, more predicted sites than any other protein. Additionally, 

every consensus sequence identified in mass spectrometry analysis in Drosophila Notch and 

mammalian Notch1 contains the sugar modification  
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 Rumi Ofut1 
Non-enzymatic ? Chaperone for Notch 
 

Enzymatic 
Folding: redundant Folding: redundant 
Substrate for xylose Substrate for GlcNAc 

S2 cleavage Trafficking 
 
 
Table 1-1. Summary of the roles of Rumi and Ofut1 on Notch. 
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(Acar et al. 2008; Lee et al. 2013; Rana et al. 2011), indicating that the consensus sequence is 

highly predictive for the addition of O-glucose. Close to 50 proteins are predicted to contain the 

O-glucose modification in mammals and 14 in Drosophila (Fernandez-Valdivia et al. 2011; 

Haltom et al. 2014), and it is possible that O-glucose plays a role on other targets besides 

Notch.  

 In 2008, the corresponding O-glucosyltransferase, named Rumi, was discovered in a 

screen for modulators of Notch signaling in Drosophila (Acar et al. 2008). The group found that 

Rumi, which contains a KDEL ER-retention domain and is a soluble ER protein, is required to 

prevent temperature-dependent loss of Notch signaling in flies. Further characterization 

revealed that Rumi is the sole protein O-glucosyltransferase able to modify Notch in both flies 

and mice (Fernandez-Valdivia et al. 2011; Takeuchi et al. 2011). O-glucose is not required for 

Drosophila Notch and mammalian Notch to bind to ligands, but it is required for Drosophila 

Notch to undergo S2 cleavage (Acar et al. 2008; Fernandez-Valdivia et al. 2011). Additionally, 

although some Notch ligands harbor Rumi consensus sequences (Jafar-Nejad et al. 2010), 

Rumi is not required in the signal sending cell in flies (Acar et al. 2008; Fernandez-Valdivia et 

al. 2011). It has been proposed that the presence of the glucose residues allows Notch to 

undergo the conformational changes necessary to reveal the S2 cleavage site upon ligand 

binding (Jafar-Nejad et al. 2010; Leonardi et al. 2011), which will provide access to 

ADAM/TACE/Kuzbanian proteases responsible for cleaving the protein upon ligand binding 

(Brou et al. 2000; Lieber et al. 2002). In Drosophila, all O-glucose sites seem to contribute to 

Notch function in a redundant and/or additive fashion, although mutations in single sites do not 

significantly affect Notch signaling with some exceptions (Leonardi et al. 2011). The O-glucose 

sites in EGF10-15 are more important than others, and these surround the site of ligand 

binding, EGF12, although ligand binding is not affected upon loss of Rumi (Acar et al. 2008). O-

glucose is also required for mammalian Notch1 in an additive and/or redundant fashion with 

one exception. A serine-to-alanine mutation in EGF28 significantly decreases the ability of 

mouse Notch1 to respond to Delta-like 1, without affecting Jagged1-induced signaling (Rana et 
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al. 2011). This site is not present in Drosophila Notch and in mammalian Notch receptors other 

than Notch1 (Fernandez-Valdivia et al. 2011; Jafar-Nejad et al. 2010), and it is not clear 

whether the observed effect on DLL1 signaling is due to the loss of sugar or a conformational 

change in EGF28.   

 As mentioned earlier, O-glucose in flies and mammals can be extended by one or two 

xylose residues to form a xylose-glucose disaccharide or a xylose-xylose-glucose trisaccharide. 

In humans, the addition of the xylose residue to glucose is mediated by two enzymes, 

glucoside xylosyltransferase (GXYLT) 1 and GXYLT2, and the extension to a trisaccharide is 

mediated by xyloside xylosyltransferase (XXYLT1) (Sethi et al. 2012; Sethi et al. 2010). 

GXYLT1 and GXYLT2 add xylose specifically to an O-glucosylated substrate, and although 

GXYLT1 appears more active than its counterpart, no distinct specificity for either is apparent. 

All three contain the domains of type II transmembrane proteins, although this has not been 

confirmed. All three xylosyltransferases are predicted to reside in the Golgi, however Sethi et al 

(2012) provides strong evidence that XXYLT1 resides in the ER (Sethi et al. 2012; Sethi et al. 

2010). Additionally, XXYLT1 is highly specific for the Xylose-Glucose disaccharide, as it is 

unable to modify substrates with only an O-linked xylose. The predominant sugar in mouse 

Notch1 is the xylose-xylose-glucose trisaccharide, but interestingly Drosophila Notch only 

contains the trisaccharide on EGF16 and 18. The Drosophila gene that has the highest 

homology with human XXYLT1 is CG11388, but whether this gene actually encodes the 

XXYLT enzyme remains to be determined.  

 Recently, Lee et al identified and characterized the sole Drosophila GXYLT, which they 

named Shams (Lee et al. 2013). This enzyme adds xylose to a subset O-glucosylated EGF 

repeats of Notch, EGF repeats 14-20. In vivo mutational analysis of a Notch genomic 

transgene indicates that EGF16-20 contain the functionally important sites of xylosylation, 

which is only a subset of EGF repeats with the O-glucose modification. However, all EGF 

repeats in mouse Notch1 with O-glucose are extended to the trisaccharide (Rana et al. 2011). 

Although loss of Drosophila Rumi leads to a loss of Notch signaling in all contexts studied so 
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far (Acar et al. 2008; Leonardi et al. 2011; Perdigoto et al. 2011), loss of Shams leads to a gain 

of Notch signaling in certain development processes. Shams is expressed at a higher level in 

the pupal wing than the larval wing disc, and loss of Shams results in Notch accumulation 

inside and at the cell surface of pupal wing cells. These data indicate that addition of xylose 

fine tunes Notch signaling in Drosophila by negatively regulating Notch in specific contexts.  

Interestingly, overexpression of human GXYLT1 in Drosophila results in stronger Notch loss of 

function phenotypes than overexpression of Shams, suggesting that human GXYLT1 is a more 

efficient xylosyltransferase, which corresponds with the mass spectrometry data that all the 

glucosylated EGF repeats in mouse Notch are xylosylated. However, the increased xylosylation 

of mouse Notch may also be due, at least in part, to the fact that mammals have two GXYLT 

enzymes, which could lead to more efficient xylosylation. 

 A potential mechanism for the gain of Notch signaling upon loss of Shams is increased 

Notch availability at the cell surface, but it remains to be determined whether xylose also 

affects other steps in Notch signaling including ligand binding. Of note, EGF16-20 in Notch 

harbor the xylose modification, but the EGF repeats most important for ligand binding are EGF 

11 and 12 (Rebay et al. 1991) and before this study, no specific functions have been assigned 

to EGF16-20 (Pei and Baker 2008; Yamamoto et al. 2012). The precise mechanisms 

underlying the regulation of Drosophila Notch signaling by xylose and the functional 

significance of GXYLT1/2 and XXYLT1 in mammalian Notch signaling remain to be 

determined. 

  

 

O-fucose 

 O-fucose modifications were initially discovered in human urine in the 1970s (Hallgren 

et al. 1975) and were later identified on an EGF repeat on urinary-type plasminogen activator 

(Kentzer et al. 1990). The modification is also present on other proteins such as the EGF 

repeats of blood plasma factors and Notch (Harris and Spellman 1993; Kentzer et al. 1990; 
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Moloney et al. 2000b). The consensus sequence was identified as C2-X-X-G-G-(S/T)-C3 (Harris 

et al. 1992; Harris and Spellman 1993) but was later modified to C2-X-X-X-X-(S/T)-C3 (Haines 

and Irvine 2005). However, this sequence must be within a properly folded EGF repeat for O-

fucose to be added (Wang and Spellman 1998). The mammalian protein O-fucosyltransferase 

(Pofut1) was discovered by protein isolation and molecular cloning (Wang et al. 2001) and the 

Drosophila homolog was discovered by the same group shortly after and named Ofut1 

(Okajima and Irvine 2002). Like Rumi, Pofut1/Ofut1 is a soluble, ER localized enzyme (Luo and 

Haltiwanger 2005). Recently, human POFUT1 was discovered to be mutated in patients with 

Dowling-Degos disease, a rare, autosomal dominant genodermatosis (Li et al. 2013). 

Mammalian agrin is a target of Pofut1 and contains one O-fucose modification on EGF4 that is 

required for agrin to regulate the amount of nicotinic acetylcholine receptors at the postsynaptic 

membrane of the mammalian neuromuscular junction (Kim et al. 2008). Interestingly, loss of 

Pofut1 results in a gain of agrin function, such that without O-fucose, agrin recruits more 

acetylcholine receptors to the postsynaptic membrane, resulting in higher acetylcholine 

receptor clustering.  

 Although only a few proteins have been identified to contain the O-fucose modifications, 

such as urokinase plasminogen activator (uPA), tissue type plasminogen activator, several 

blood coagulation factors, and Notch (Harris and Spellman 1993; Kentzer et al. 1990; Moloney 

et al. 2000b), over 100 proteins contain the consensus sequence for O-fucose and are 

predicted to be O-fucosylated (Rampal et al. 2007). The most studied target of Pofut1 is the 

Notch receptor, which has the most potential O-fucose target sites out of all other potential 

targets (Jafar-Nejad et al. 2010; Rampal et al. 2007).  The first evidence that O-fucose is 

required for Notch signaling was the loss of Jagged1-induced Notch signaling in cells deficient 

in fucose (Chen et al. 2001; Moloney et al. 2000a). Moreover, both Notch and its ligands are 

modified with O-fucose in flies and mice (Moloney et al. 2000b; Panin et al. 2002). In 

Drosophila, Ofut1 is required for the activation of Notch signaling (Okajima and Irvine 2002; 

Okajima et al. 2003). RNAi-mediated knockdown of ofut1 results in a loss of wing tissue and a 
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repression of Notch target genes, indicative of loss of Notch signaling (Okajima and Irvine 

2002).  Loss of ofut1/Pofut1 in flies and mice is embryonic lethal and causes phenotypes 

resembling a global loss of Notch signaling (Okajima and Irvine 2002; Okajima et al. 2003; 

Sasamura et al. 2003; Shi and Stanley 2003). Pofut1 null mice are embryonic lethal at E10 and 

heart-specific conditional Pofut1 mutant exhibit cardiovascular defects resembling heart-

specific conditional RBP-Jk mutant mice (Okamura and Saga 2008). In Pofut1 knockdown 

C2C12 cells, which are mouse myogenic cells, the cells differentiate prematurely due to 

attenuated Notch signaling. In Drosophila, Ofut1 does not seem to be required in signal-

sending cells, i.e. the cells expressing Notch ligands (Okajima and Irvine 2002). Furthermore, 

mouse DLL1 with mutations in its O-fucosylation sites accumulates intracellularly but still 

localizes to the cell surface and can still activate Notch in neighboring cells. This observation 

suggests that O-fucose is not required for ligand function but is required for Notch receptor 

function. However, it remains unknown whether this is true for all Notch ligands.  

 Pofut1/Ofut1 is a soluble endoplasmic reticulum protein that can recognize misfolded 

EGF repeats and functions as a chaperone for Notch. Loss of Ofut1 in Drosophila S2 cells 

results in accumulation of Notch in the ER, and loss of Ofut1 in flies results in defects in the 

Notch endosomal trafficking. Both of these defects can be rescued by expression of a full 

length Ofut1 that lacks the catalytic domain, suggesting a chaperone function of Ofut1 (Okajima 

et al. 2005; Sasamura et al. 2007). In some contexts, Notch is reduced at the cell surface in 

Ofut1/Pofut1 deficient cells, which can be rescued by expression of a catalytically inactive 

Ofut1/Pofut1 (Okamura and Saga 2008; Stahl et al. 2008; Yao et al. 2011). Additionally, the full 

length Ofut1 lacking the enzymatic domain binds Notch and is sufficient for proper Notch 

folding (Okajima et al. 2005). A second chaperone function of Ofut1 is that it is required for the 

transport of Notch to the lysosome upon endocytosis. Loss of Ofut1 results in the retention of 

Notch in endosomes and the prevention of Notch degradation, and overexpression of Ofut1 

causes decreased levels of Notch, perhaps due to impaired transport to the lysosome 

(Sasamura et al. 2007).  
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 To determine the extent of the Ofut1 chaperone activity, a mutant genomic fragment of 

Ofut1 was generated containing a point mutation in the GDP-fucose binding domain (Okajima 

et al. 2005). This allele was introduced in Drosophila and used, along with mutations in other 

genes that prevent fucosylation without affecting Ofut1 levels such as a defective enzyme 

responsible for the generation of GDP-fucose called GDP-D-mannose dehydratase (GMD), to 

determine the contribution of the chaperone activity and enzymatic activity to Notch function 

(Okajima et al. 2008; Okajima et al. 2005). Surprisingly, the results were not as consistent as 

one would expect, and the ability of the Ofut1 enzymatic mutant transgene to rescue ofut1 null 

mutations is dependent on the site of insertion into the fly genome. Therefore, the chaperone 

contribution of Ofut1 could be suggested but not proven from these studies. 

 One group recently sought to overcome this problem by generating a knock-in allele of 

the enzymatic null ofut1 to more accurately separate the enzymatic and chaperone functions.  

They found that embryos homozygous for the mutant allele ofutR245A knock-in, which lacks 

enzymatic function, exhibit a severe, temperature sensitive neurogenic phenotype in which 

more neural precursors develop than in wild type animals. However, animals homozygous for 

the ofut1 null allele ofut4R6 show a severe neurogenic phenotype at lower temperatures, 

indicating that the chaperone function is required to prevent the neurogenic phenotype at lower 

temperatures. Additionally, animals deficient in enzymes required in the GDP-fucose pathway 

show a temperature-sensitive neurogenic phenotype, further supporting the notion that the 

temperature-sensitive neurogenic phenotype observed in ofutR245A knock-in animals is due to the 

loss of Ofut1 enzymatic function. Furthermore, additional sensory organ precursors (SOPs) 

develop at higher temperatures in ofut1 mutants, suggesting defects in Notch signaling. 

Additionally, loss of O-fucose causes Notch to accumulate intracellularly at higher 

temperatures, which also occurs upon loss of O-glucose from Notch. However, in animals 

double mutant for rumi and ofutR245A knock-in, SOP number increased even at lower temperatures. 

In all contexts tested, double mutant rumi and ofut1 animals resulted in the same defects as 

ofutR245A knock-in, but at a lower temperature. These data indicate that O-glucose and O-fucose 
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play a partially redundant role in regulating Notch signaling, likely through promoting proper 

Notch folding.  

 The O-fucose on Notch can be extended to form a disaccharide, trisaccharide, or 

tetrasaccharide. Fringe (Fng) proteins are a group of enzymes that extend the O-fucose 

modification to GlcNAcβ1-3Fuc to generate the disaccharide. Fng was first discovered to be 

required for dorsal-ventral boundary specification in the Drosophila wing, and loss of fng results 

in a loss of wing tissue, leading to the descriptive name of the gene (Irvine and Wieschaus 

1994; Kim et al. 1995).  Null mutations in Drosophila fng result in larval lethality (Irvine and 

Wieschaus 1994). Fng was later shown to modulate Notch signaling (Bruckner et al. 2000; 

Fleming et al. 1997; Klein and Arias 1998; Moloney et al. 2000a; Panin et al. 1997). Addition of 

GlcNAc to O-fucose by Fng results in a sensitization of Notch to Delta signaling and the 

inhibition of Notch-Serrate signaling at the level of ligand binding (Bruckner et al. 2000; Fleming 

et al. 1997; Moloney et al. 2000a; Okajima et al. 2003; Panin et al. 1997).  

 The same basic mechanism applies to mammalian systems, however with more 

complexity. Mammals have four Notch receptors, five Notch ligands and three Fng homologs: 

Manic Fringe (MFng), Lunatic Fringe (LFng), and Radical Fringe (RFng). Although 

biochemically, all 3 Fng homologs have the same enzymatic function, in vivo the story is rather 

different. The Fng homologs can affect Notch signaling differently depending on which ligand 

binds Notch. Shown by co-culture and luciferase assays, LFng promotes Delta-like 1 (DLL1) 

Notch1 signaling and suppresses Jagged1 induced Notch1 signaling (Hicks et al. 2000; Yang 

et al. 2004). Additionally, MFng inhibits Jagged1 induced Notch1 signaling (Chen et al. 2001; 

Hicks et al. 2000; Moloney et al. 2000a; Yang et al. 2004) and promotes DLL1 induced Notch1 

signaling more weakly than LFng (Yang et al. 2005). RFng promotes DLL1 induced Notch1 

signaling strongly, and interestingly also promotes signaling by Jagged1 (Yang et al. 2005). 

Moreover, although the mammalian Fng glycosyltransferases modulate Notch signaling, they 

do not alter ligand-Notch binding (Yang et al. 2005). 
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 The above-mentioned functions of Fng are in the context of trans signaling of Notch, 

meaning that the ligand from a neighboring cell binds to Notch, but until recently it remained 

unknown whether this function was the same in the context of cis inhibition. Cis inhibition is the 

binding of Notch to its ligand in the same cell, resulting in the sequestration of the Notch 

receptor and making it unavailable to receive the signal from neighboring cells. Lebon et al 

sought to determine whether Fng played a role on Notch in the context of cis inhibition (LeBon 

et al. 2014). They used a co-culture system in which a fluorescent based Notch reporter and 

the fluorescent tagged Dll1 and Jagged1were utilized to monitor expression (Sprinzak et al. 

2010). They showed that, when any of the 3 Fng homologs are expressed, cis interactions 

between Notch1 and Dll1 are stronger. However, expression of MFng or LFng in cells 

expressing Notch1 and Jagged1 decreases the level of cis inhibition. In contrast, expression of 

RFng enhances cis inhibition between Notch1 and Jagged1, similar to its role in Notch1 and 

Dll1 cis inhibition. These observations are supported by in vivo fly genetic experiments. 

The mechanism of the different response of Notch to different ligands when modified by 

GlcNAc has just begun to be elucidated. Taylor et al performed in vitro experiments to 

determine whether the structure of Notch changes and/or if the affinity of Notch to its ligands 

changes in response to GlcNAc. These experiments were designed to determine whether the 

effects of Fng on Notch-ligand signaling are due to structural changes in response to the sugar 

or due to a difference in ligand affinity. This group generated a human Notch1 fragment 

(EGF11-13), which contains the ligand-binding domain, and assessed the effect of different 

glycosylation states on the fragment's ability to bind to Jagged1 and DLL ligands (Taylor et al. 

2014). They determined that the addition of O-fucose, which adds only to EGF12 in the 

fragment, partially enhances binding of the fragment to Jagged1, but this binding is significantly 

enhanced when GlcNAc is added by LFng. These glycan modifications do not affect binding 

between the Notch fragment and DLL4. However, Notch binding to DLL1 is slightly and 

significantly enhanced by O-fucose and GlcNAc, respectively, on the Notch fragment. Based on 

crystal structure analysis, the authors propose that the addition of the sugars to EGF12 does 
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not induce a conformational change of Notch, but rather may be directly involved in the ligand 

binding.  Howver, the results presented by the group are surprising given that in vivo, the 

presence of LFng enhances Notch1-DLL1 signaling but inhibits Notch1-Jagged1 signaling. The 

authors propose that GlcNAc modifications on other EGF repeats function to inhibit Notch1-

Jagged1 signaling, and as a result, the GlcNAc on the only EGF repeat tested did not fully 

recapitulate the in vivo phenotypes. 

 Although extensive work has been done to elucidate the effect of each mammalian Fng 

homolog on Notch function, only LFng seems to be important for mouse development. LFng is 

expressed in the presomitic mesoderm, rhombomeres 3 and 5, developing ear, retina and 

spinal cord, and is required for proper skeletal development (Cohen et al. 1997; Evrard et al. 

1998; Johnston et al. 1997). Animals mutant for LFng show reduced viability and fertility, 

although some survive to adulthood (Evrard et al. 1998; Zhang and Gridley 1998). MFng is 

expressed in the neural tube, head, cranial nerves, dorsal root ganglia, and otic vesicle (Cohen 

et al. 1997; Johnston et al. 1997). RFng is expressed in the developing limb bud, head, anterior 

neural tube, branchial arches (Cohen et al. 1997; Johnston et al. 1997). However, neither 

MFng nor RFng appear to be required for viability and fertility in mice (Moran et al. 1999; Moran 

et al. 2009; Zhang et al. 2002). Moreover, mutations in human LFng cause spondylocostal 

dysostosis (Sparrow et al. 2006), but no diseases have been associated with mutations in 

MFng or RFng. It is unlikely that MFng and RFng have no role in the homeostasis of organisms 

given that they are so highly conserved, but more studies are required to determine exactly 

what those roles might be. 

 Although only LFng is important for mouse development, MFng and RFng play roles in 

the immune system. Notch1 signaling is required in the thymus to suppress B cell development 

and promote T cell development (Radtke et al. 1999; Stanley and Guidos 2009). Loss of LFng 

results in increased B cell development, and LFng is required to enhance Notch signaling 

during B/T cell fate decision (Stanley and Guidos 2009; Visan et al. 2006). Loss of MFng alone 

does not show any defects in B/T cell fate. However, loss of both MFng and LFng results in a 
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greater decrease in Notch activation and a greater impairment of T cell fate than loss of LFng 

alone, suggesting that MFng can at least partially compensate for loss of LFng (Stanley and 

Guidos 2009). 

 In mammals, the extension of GlcNAc-fucose disaccharide to a trisaccharide results in 

Galactose-GlcNAc-Fuc which is present on mammalian Notch1 (Moloney et al. 2000a; Moloney 

et al. 2000b). This trisaccharide can further be extended to the tetrasaccharide, Sialic acid-

Galactose-GlcNAc-Fuc, which was first observed on human clotting factor IX (Harris et al. 

1993; Nishimura et al. 1992). The trisaccharide was found in Drosophila embryos, but it 

remains unknown whether this exists on Drosophila Notch (Aoki et al. 2008). The gene 

encoding the enzyme responsible for the addition of Galactose is B4galt1 in mice. Loss of the 

B4galt1 gene in mice is semi-lethal, and homozygous mice exhibit growth retardation, skeletal 

defects, impaired wound healing, defects due to endocrine deficiency, abnormal differentiation 

of intestinal villi, and increased proliferation of skin cells and cells of the small intestine (Asano 

et al. 1997; Chen et al. 2006; Lu et al. 1997; Mori et al. 2004). Additionally, the mutant mice 

have an extra lumbar vertebra (Chen et al. 2006). Moreover, a number of Notch components 

are misexpressed in the B4galt1 mutant mice, which are also misexpressed in LFng mutant 

mice (Chen et al. 2006; Evrard et al. 1998; Zhang and Gridley 1998; Zhang et al. 2002). Few 

B4galt1 null mice survive past 16 weeks. Therefore, B4galt1 is not required for early embryonic 

development, but is required for late embryonic development and survival after birth. 

 Evidence suggests that the terminal Galactose is important for Notch signaling, but the 

sialic acid appears to be dispensable. In Chinese Hamster Ovary (CHO) cells deficient in the 

transporter required for sialic acid to be sent to the Golgi, loss of the sialic acid does not affect 

the usual inhibition of Jagged1-Notch signaling or the enhancement of Notch1-Dll1 signaling by 

LFng (Chen et al. 2001; Hou et al. 2012). However, in CHO cells deficient in Galactose, neither 

LFng nor MFng are able to inhibit Jagged1-induced Notch signaling, and LFng is unable to 

enhance Dll1-induced Notch signaling. MFng is still able to enhance Dll1-induced Notch 

signaling in the absence of Galactose (Hou et al. 2012). Additionally, although the presence of 
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O-fucose enhances the binding of Notch to Jagged1 and Dll1, addition of Galactose has no 

further effect on binding (Taylor et al. 2014). Collectively, these results suggest that Galactose 

is required for the function of Fng on Notch outside of ligand binding in some contexts.   

   

O-GlcNAc 

 While searching for O-linked glycans on the extracellular domain of Drosophila Notch, 

the Okajima group unexpectedly discovered O-GlcNAc modification on EGF20 (Matsuura et al. 

2008). They performed western blots on fragments of Notch with an O-GlcNAc antibody 

(CTD110.6) to search for other EGF repeats that may have the modification and found that the 

EGF1-10 and 22-31, but not EGF6-10, contain the O-GlcNAc modification.  The signal is nearly 

eliminated in these fragments when they are treated with β-N-acetylhexosaminidase, which 

cleaves O-GlcNAc. This modification was later found on the EGF repeats of other proteins such 

as Drosophila Delta, Serrate, and Dumpy (Matsuura et al. 2008; Muller et al. 2013; Sakaidani 

et al. 2011), the latter of which is a large 2.5 MDa extracellular matrix protein with 308 EGF 

repeats without a clear mammalian homolog (Wilkin et al. 2000). Comparison of sites with a 

confirmed O-GlcNAc has suggested the putative consensus sequence C5XXGX(S/T)GXXC6 

(Alfaro et al. 2012). As more target sites are analyzed, it is possible that this sequence will be 

refined, like those of O-glucose and O-fucose.  

 In 2011, the enzyme responsible for the addition of O-GlcNAc on EGF repeats was 

identified in Drosophila as EGF domain-specific O-GlcNAc transferase, or Eogt (Sakaidani et 

al. 2011). Eogt resides in the ER and is conserved in mice (Sakaidani et al. 2012). The 

maternal contribution of Eogt is required for embryonic development in a Notch-independent 

manner. eogt mutant flies that received the maternal component die between the second instar 

and early third instar larval stages. The mutant larvae display cuticle defects and defects in 

tracheal morphology similar to those observed in animals that lack dumpy (Prout et al. 1997; 

Sakaidani et al. 2011; Wilkin et al. 2000). Additionally, loss of Eogt or Dumpy in the wing results 

in wing blistering that is independent of integrin function. Moreover, Dumpy requires Eogt 
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enzymatic activity and the O-GlcNAc modification to function. These results highlight the 

importance of O-GlcNAc modification on Dumpy. However, mammals lack a Dumpy homolog, 

so the functional importance of O-GlcNAc in mammals remains to be determined. 

 Although O-GlcNAc is found on Notch, eogt mutants do not show Notch mutant 

phenotypes (Sakaidani et al. 2011). To determine whether other proteins are involved in the 

eogt null phenotype and may require O-GlcNAc to function, Muller et al performed genetic 

interaction experiments with genes that were likely to play a role in the wing adhesion 

phenotype of eogt mutants or with players that were predicted to be O-GlcNAcylated. 

Surprisingly, removal of one copy of an integrin in an eogt knock-down wing does not alter the 

phenotype, but removal of one copy of wing blister, which encodes laminin α chain, enhances 

the wing blistering phenotype. Additionally, the authors hypothesize that, although loss of eogt 

in any tissue does not recapitulate Notch mutant phenotypes, the effect of O-GlcNAc on Notch 

may be subtle. Therefore, the authors removed one copy of Notch or Notch pathway 

components in eogt-knockdown animals, which suppresses the wing blistering phenotype.  

This may be due to the loss of O-GlcNAc on Notch. However, dumpy alleles interact with the γ-

secretase Presenilin, which is crucial for Notch pathway activation (Mahoney et al. 2006). 

Therefore, the genetic interaction may not be due to the loss of O-GlcNAc on Notch, but 

instead it is possible that Dumpy and Notch both contribute to wing adhesion.  

 Dumpy genetically interacts with components of the pyrimidine synthesis pathway, and 

feeding pyrimidine synthesis inhibitors to dumpy mutant flies reverses the defects in wing 

shape (Rizki and Rizki 1965); (Blass and Hunt 1980; Stroman 1974). Therefore, the authors 

sought to determine whether components of the pyrimidine synthesis pathway genetically 

interact with eogt. Reduction of genes that contribute to the synthesis of UMP/pyrimidine 

suppresses the wing blistering from eogt knock down. Consistent with this, the authors 

hypothesize that reducing the dosage of genes responsible for pyrimidine degradation should 

enhance the wing blistering phenotype, which proves to be correct, and such a genetic 
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interaction is lethal. Collectively, these data lead to the possibility that increased pyrimidine 

synthesis, such as increased Uracil, could cause the wing blistering phenotype in eogt mutants.  

 Less is known about the mammalian Eogt. Sakaidani et al identified and confirmed the 

biochemical function of mouse Eogt and found that the enzyme is expressed in all tissues 

examined (Sakaidani et al. 2012). Additionally, mammalian Eogt reaches optimal function when 

divalent cations, especially Mn2+, are accessible, similar to the Drosophila enzyme (Sakaidani 

et al. 2012; Sakaidani et al. 2011). Transgenic expression of the human EOGT was able to 

rescue the wing blistering phenotypes in fly eogt knock-down wings, suggesting that the human 

Eogt has enzymatic activity and that the fly and human Eogt enzymes are functionally 

conserved (Muller et al. 2013). Moreover, mammalian Notch1 is modified by Eogt, and the O-

GlcNAc sugar is extended by Galactose. However, the only evidence that Eogt is important for 

mammalian biology is the discovery of EOGT mutations in patients with autosomal recessive 

Adams-Oliver syndrome (Cohen et al. 2014; Shaheen et al. 2013). Adams-Oliver syndrome, or 

AOS, is a rare disorder characterized by aplasia cutis congenita (vertex scalp defects) and 

terminal transverse limb defects (Bonafede and Beighton 1979; Burton et al. 1976). Other 

mutations in Notch pathway components have been described in Adams-Oliver syndrome, 

such as mutations in RBPJ, which is the primary transcriptional regulator of Notch signaling, 

and mutations in NOTCH1 (Hassed et al. 2012; Stittrich et al. 2014). These observations 

indicate that Eogt is important for mammalian biology and strongly suggest that O-GlcNAc is 

important for mammalian Notch signaling, although further studies are required to confirm 

these hypotheses.   
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Drosophila eye organization  

 The Drosophila eye contains about 800 ommatidia, which are repetitive hexagonal 

units. Each ommatidium contains 20 cells, including 8 photoreceptors, which are highly 

polarized light-sensing cells. Each photoreceptor contains an apical organelle that is composed 

of ~10,000 stacks of microvilli called the rhabdomere (Figure 2-1). The photoreceptors are 

large cells and extend about 100 µm from distal to proximal. Each microvillus is 1.5 µm long 

and 50 nm wide (Kumar and Ready 1995; Leonard et al. 1992), is actin rich (Arikawa et al. 

1990), and contains a protein complex that includes the photopigment rhodopsin. The tight 

packing of the microvilli allows a large surface area for the localization of rhodopsin so that the 

photoreceptor has the ability to be extremely sensitive to light. The outside photoreceptors, 

labeled R1-6, span the entire depth of the retina, about 85 µm. R7 is located in the distal half of 

the retina and R8 comprises the proximal half of the retina. R7/R8 mainly detect color, while the 

role of R1-6 is to detect motion (Gao et al. 2008; Morante and Desplan 2004; Wardill et al. 

2012; Yamaguchi et al. 2008). The rhabdomeres are organized into a circular pattern so that 

every rhabdomere faces toward a centrally located "lumen," commonly referred to as the 

interrhabdomeral space (IRS) (Figure 2-1). Each photoreceptor targets its axon to one of about 

800 units, called cartridges, located in the first optic brain region, the lamina. These form the 

first synapses for vision (Boschek 1971; Rister et al. 2007). The next synapses form in the 

medulla, then the lobula and finally the lobula plate.  

 This "open rhabdom" of Drosophila is different from most insects, which have 

"apposition" eyes in which all the rhabdomeres are fused at the center, typically called a fused 

rhabdom. This modification arose throughout evolution of insects to form a neural superposition 

eye (Braitenberg 1967; Kirschfeld 1967a). Neural superposition eye is a modified form of the 

apposition eye and comparatively can visualize the environment with the same resolution but 

with increased sensitivity. The advantages of this in the Drosophila eye biology are twofold. 

The separation of rhabdomeres in the open rhabdom allows each photoreceptor to "see" a 
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         Adapted from Knust 2007 

Figure 2-1. The structure and development of a Drosophila ommatidium. (A-A'') 

Schematic showing the structure of one ommatidium in the context of an entire eye. (B) The 

development of the photoreceptors and the IRS. Starting at 45% pupal development, the 

rhabdomeres are fused at center, but separate and grow as development progresses. (C) 

Transmission electron micrograph of an ommatidium from an adult wild type fly. A-A'' and B 

were adapted from (Knust 2007). 
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different field of view than the neighboring rhabdomere, therefore each ommatidium can see 

pictures from 8 fields rather than just 1 in insects with a closed rhabdom. Additionally, the 

axons from each photoreceptor do not necessarily synapse with the same lamina cartridge. 

Instead, each cartridge contains axons from the 6 photoreceptors, R1-R6, which face the same 

point in the space but each axon is from the photoreceptor of a different ommatidium. These 

modifications arose throughout evolution and are thought to result in a significant improvement 

to the insect visual system. 

   

Photoreceptor development 

 The photoreceptors begin to develop at the third instar larval stage. During this time, the 

photoreceptor precursors are located in a simple epithelium, called the eye disc, and they are 

connected by adherens junctions. During larval development, a wave of apically constricted 

cells moves through the eye disc, called the morphogenetic furrow (Ready et al. 1976), which 

leads to the expression of a large list of specification genes in its wake. This leads to the 

specification of R8 photoreceptors, followed by the specification of pairs of R1-6 photoreceptors 

sequentially and finally the specification of the R7 photoreceptor. Photoreceptor specification is 

a scientific field in itself, and it is nicely reviewed in (Kumar 2011; 2012). Before the 

photoreceptors are specified, the apical ends are located dorsally in the eye disc. Once the 

photoreceptors are specified and assembled behind the morphogenetic furrow, they undergo a 

90° turn so that the apical ends turn toward the equator, resulting in the apical ends facing one 

another and attached at the center. This organization continues into the pupal stage. At early 

pupal development, the length of the cells begins to extend from distal to proximal, to the retinal 

floor. Additionally, microvilli begin to develop at the apical ends of the cell, which are all facing 

the center in a 20-cell cluster. Starting between 40-50% pupal development (PD), the 

microvillar membranes in the center begin to separate from one another and thicken while the 

photoreceptors continue to grow toward the retinal floor (Longley and Ready 1995). Shortly 
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before the flies eclose, about 90-95% PD, the development of the photoreceptors and the IRS 

is completed. 

 

Genes involved in interrhabdomeral space formation  

 Studies to elucidate the mechanism of interrhabdomeral space (IRS) development are 

ongoing. Surprisingly, although vertebrate photoreceptors are not organized the same way as 

Drosophila photoreceptors, many of the genes involved in IRS formation are conserved. The 

first genes identified to play a role in IRS formation are crumbs (crb) and chaoptin (chp), and 

subsequently eys, prom, and actin (summarized in Figure 2-2). 

 

Crumbs 

 Crumbs is a type I transmembrane protein involved in establishing apical basal polarity 

and adherens junctions, expressed apically on epithelial cells and required for embryonic 

development in Drosophila (Grawe et al. 1996; Knust et al. 1993; Tepass et al. 1990). Crumbs 

contains a short cytoplasmic domain, which is necessary and sufficient for Crb to establish 

apical basal polarity (Wodarz et al. 1993; Wodarz et al. 1995), and a large extracellular domain. 

The role of Crb in epithelial cell polarity is well studied, but its role in photoreceptor 

morphogenesis is less well understood. Drosophila photoreceptors require Crumbs, which is 

localized at the adherens junctions and stalk membrane, for proper morphogenesis (Pellikka et 

al. 2002; Tepass 1996). Loss of crb results in misshapen rhabdomeres, which frequently take 

an elongated, oval shape instead of their normal round shape. Additionally, stalk membranes 

are shorter and the photoreceptors do not extend the full length of the retina in crb mutant flies. 

Moreover, loss of crb results in light-induced photoreceptor degeneration in Drosophila 

(Johnson et al. 2002). Although Drosophila only have one crb homolog, mammals have three 

homologs: CRB1, CRB2, and CRB3. Interestingly, mutations in the extracellular domain of 

human CRB1, which is expressed exclusively in the brain and retina, cause autosomal 

recessive retinitis pigmentosa (arRP) and autosomal recessive Leber Congenital Amaurosis  
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         Adapted from Nie et al 2014 

Figure 2-2. Proposed model of IRS separation. Eyes shut (Eys), expressed at ~55% PD, 

pushes against the rhabdomere surface where Prominin (Prom) is expressed. Prom expression 

begins around 45% PD, shortly before Eys expression begins. Crumbs (Crb), expressed before 

the pupal stage, restricts the rhabdomere width together with Actin/Myosin (Act/Myo), which 

pulls the rhabdomeres away from one another. All of these actions must overcome the 

adhesion properties of Chaoptin (Chp). Adapted from (Nie et al. 2014). 
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(LCA) (den Hollander et al. 2001; den Hollander et al. 1999). The role of the Crb extracellular 

domain in biology is slowly becoming clear. In the Drosophila eye, expression of the Crb 

intracellular domain in a crb null background cannot rescue the shortened stalk membrane 

defect, but expression of the Crb extracellular domain can (Richard et al. 2009). Moreover, the 

extracellular domain is required for the proper apical localization of Crb in neighboring cells and 

is required to mediate cell adhesion and for proper cell shape during embryonic development 

(Letizia et al. 2013). This group showed that both the extracellular and intracellular domains are 

required for normal polarity. Additionally, the extracellular domain is required for the prevention 

of light induced photoreceptor degeneration, and expression of the intracellular domain in a crb 

null background does not prevent degeneration (Johnson et al. 2002). This phenotype can be 

rescued by raising animals on vitamin A deficient media; vitamin A is the precursor for 

Rhodopsin synthesis, and raising animals on vitamin A deficient media reduces the level of 

rhodopsin by 97% (Nichols and Pak 1985). This result demonstrates that Crb acts to maintain 

rhodopsin homeostasis, but the mechanism remained unknown until recently, when Pocha et al 

sought to determine the effect of Crb on rhodopsin (Pocha et al. 2011). This group found that 

Crb forms a complex with Myosin V, an unconventional myosin that is required for the post-

Golgi transport of Rhodopsin to the rhabdomere (Li et al. 2007). Upon loss of Crb, Myosin V is 

mislocalized and degraded by the proteasome. Additionally, Rhodopsin is not transported to 

the rhabdomere properly upon loss of Crb. However, the function of Myosin V transport can be 

rescued with the expression of the Crb intracellular domain, so further studies will be required 

to determine the precise role of the extracellular domain in preventing light induced 

degeneration. 

  

Eyes shut 

 The most important gene for IRS formation is eyes shut (eys), which is a secreted 

glycoprotein (Husain et al. 2006; Zelhof et al. 2006). Eys is secreted into the interrhabdomeral 

space in an Ire1 dependent but Sec6 independent manner (Coelho et al. 2013; Husain et al. 
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2006). Eys is expressed weakly in the embryonic and larval stages, and strongly in the pupal 

and adult stages (Husain et al. 2006). Moreover, Eys is not only expressed in the retina but 

also in the Drosophila mechanosensory organs (Husain et al. 2006; Zelhof et al. 2006). This 

gene was discovered by two groups simultaneously but independently in 2006, and both found 

that loss of Eys results in a complete loss of IRS, the only gene found so far that can transform 

an open rhabdom into what appears to be a closed rhabdom. Eys is conserved in some 

mammals including human (in whom it’s called EYS) but is not conserved in mice or other 

rodents (Abd El-Aziz et al. 2008). The eys locus is about 40 kb in Drosophila and about 2 Mb in 

humans, the largest gene expressed in the human eye (Abd El-Aziz et al. 2008). In humans, 

EYS is expressed in the spinal cord, skeletal muscle, and brain in addition to the retina. Eyes 

shut is mutated in about 5-15% of patients with autosomal recessive retinitis pigmentosa 

(arRP), whereas most other arRP causative genes account for <5% of patients (Abd El-Aziz et 

al. 2008; Abd El-Aziz et al. 2010; Audo et al. 2010; Bandah-Rozenfeld et al. 2010; Barragan et 

al. 2010; Collin et al. 2008; Littink et al. 2010). Analysis done by one group shows that porcine 

EYS localizes to the outer segment of mammalian photoreceptors, which is the segment where 

Rhodopsin is localized to and is homologous to the rhabdomeres in Drosophila photoreceptors 

(Abd El-Aziz et al. 2008). Additionally, EYS is mutated in patients with cone-rod dystrophy 

(Katagiri et al. 2014). Very little is known about EYS function. One group showed that 

expression of human EYS in eys null Drosophila cannot rescue the eys phenotype (Nie et al. 

2012), and the rhabdomeres remain fused, although pockets of IRS can be seen at the stalk 

membrane when coexpressed with human Prom (discussed below). However, many isoforms 

of human EYS exist, and the reference does not mention which isoform was used in its rescue 

experiments. Therefore, it is possible that the shorter isoform was expressed and the longest 

isoform is needed to rescue the phenotype.  

 Although the involvement of Eys in photoreceptors is the best studied function of Eys, it 

has other functions as well. Mutations in eys cause a temperature-sensitive loss of coordination 

in Drosophila (Cook et al. 2008). Eys is required in the mechanosensory organs, and loss of 
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eys reduces the function of mechanosensory organs when animals are raised at 37°C. eys null 

animals exhibit deformed mechanoreceptor neurons, and this is due to a loss of water from the 

mechanoreceptors when animals are shifted to higher temperatures. Animals raised at high 

temperatures but high humidity do not display the same phenotype, suggesting that Eys is 

required at the surface of or in the extracellular fluid that surrounds the neurons in the 

mechanosensory organs to preserve their shape and function under stress. Interestingly, single 

nucleotide polymorphisms (SNPs) in EYS have been associated with statin-induced myopathy 

in some patients (Isackson et al. 2011). It is possible that EYS is required to protect skeletal 

muscle under stress, similar to the protection of mechanosensory organs in Drosophila. 

  

Prominin 

 Prominin (PROM1) was first discovered as an apically located protein in mouse 

neuroepithelial cells, hematopoietic stem cells, and retinoblastoma cells, and is frequently 

referred to as antigen AC133 (Corbeil et al. 2001; Miraglia et al. 1997; Weigmann et al. 1997). 

Prom is a pentaspan transmembrane protein with multiple glycosylation sites on its two large 

extracellular loops (Corbeil et al. 2001), and it associates with microvilli and epithelial 

membrane protrusions (Corbeil et al. 1998; Weigmann et al. 1997). The function lies in the 

extracellular loops, and the cytoplasmic tail with variable sequence between Drosophila and 

human Prom is not required for function in the context of Drosophila (Nie et al. 2012). PROM1 

has been frequently used as a stem cell marker and a prognostic marker in cancers such as 

colorectal cancer and non-small cell lung cancer (Ren et al. 2013; Wang et al. 2014; Wu et al. 

2014). Mutations in PROM1 cause autosomal recessive and autosomal dominant retinal 

degeneration in humans (Maw et al. 2000), and PROM1 is mutated in autosomal recessive 

retinitis pigmentosa, autosomal dominant Stargardt disease 4 and autosomal dominant bull's 

eye macular dystrophy (Kniazeva et al. 1999; Michaelides et al. 2003; Yang et al. 2008; Zhang 

et al. 2007). PROM1 localizes to the outer segment in mice and Xenopus photoreceptors (Han 

et al. 2012; Maw et al. 2000), and it is thought that PROM1 is required for proper disk formation 
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of the outer segment of the mammalian eye (analogous to Drosophila rhabdomeres). However, 

the function of Prom in the photoreceptors or other tissues remains unknown.  

 The Drosophila homolog of human PROM1 is prominin-like (Prom, also called Eyes 

closed, or Eyc) and is another player required for proper rhabdomere separation (Sang and 

Ready 2002). The overall sequence homology between human PROM1 and Drosophila prom 

is rather low, with 18% identity and 44% similarity (Nie et al. 2012). Drosophila ommatidia with 

null mutations in prom have many fused rhabdomeres at the center, though not all 

rhabdomeres are fused as they are in eys mutant Drosophila, and some IRS can still be seen 

in prom mutants (Sang and Ready 2002). The Ready lab first discovered Drosophila prom, and 

although the mutant alleles they used were indeed prom mutant alleles, the gene they identified 

as prom was incorrect. The gene was correctly identified by the Zuker group (Zelhof et al. 

2006).  The rhabdomeres never fully separate from the beginning of IRS development upon 

loss of prom (Husain et al. 2006; Zelhof et al. 2006). Prom localizes to the rhabdomeres and 

stalk membrane just before rhabdomere separation (~45% PD) and shortly thereafter becomes 

restricted to the rhabdomere (Zelhof et al. 2006). Moreover, human PROM1 (hereafter referred 

to as hProm) expressed in Drosophila localizes to the same structure. However, it fails to 

rescue the Drosophila prom (prom) null phenotype (Nie et al. 2012). The group who performed 

these studies suggests that this may be due to the low expression level of hProm in transgenic 

flies. When hProm is overexpressed using a stronger promoter in prom mutant Drosophila, a 

certain amount of rescue can be achieved, but not 100%. These results demonstrate that there 

is at least some degree of functional conservation between Drosophila and human Prom. 

Additionally, mutation of all of the N-glycosylation sites in dProm or hProm results in the 

retention of both in the cell and a failure of each to be transported to or kept at the cell 

membrane. Indeed, neither of these mutant proteins can rescue the prom mutant phenotype. 

Moreover, the group sought to use Drosophila to model the disease-causing hProm mutation, 

R373C, identified by the Zhang lab, which disrupts murine outer segments when expressed in 

a wild type background (Yang et al. 2008). Interestingly, expression of this variant in Drosophila 
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results in a disruption in the rhabdomeric microvilli, but expression in a prom mutant 

background shows normal microvilli, although it fails to rescue the prom mutant rhabdomere 

attachment phenotype. Moreover, loss of prom causes retinal degeneration in a recessive 

manner in Drosophila (Gurudev et al. 2014). These studies highlight the evolutionary 

conservation of human and Drosophila prom in maintaining the integrity of cilia/microvilli of 

photoreceptors. Further studies are required to elucidate the mechanism through which 

Prominin prevents photoreceptor degeneration. 

  Although the mechanism behind retinal degeneration caused by loss of prom remains to 

be determined, studies attempting to elucidate the mechanism underlying the formation of IRS 

have revealed that Eys and Prom cooperate to separate the rhabdomeres (Zelhof et al. 2006). 

eys, prom double heterozygous flies show a mild but nearly 100% penetrant rhabdomere 

attachment defect, despite the fact that both the genes are recessive. Additionally, co-

expression of Eys and Prom in S2 cells results in the recruitment of Eys to decorate the outside 

of Prom-expressing cells, suggesting that the two bind to one another, which may be the 

mechanism for rhabdomere separation. Surprisingly, although loss of crb and loss of prom 

show severe morphological and rhabdomere attachment defects, loss of both crb and prom in 

the same animal suppresses the phenotypes of the single mutants (Gurudev et al. 2014). This 

suggests an important genetic network of eys, prom, and crb in promoting rhabdomere 

separation.  

 

Chaoptin 

 Chaoptin (Chp) is a glycosylphosphatidylinositol (GPI) anchored, photoreceptor-specific 

cell adhesion glycoprotein with 41 leucine rich repeats (LLRs) (Reinke et al. 1988; Van Vactor 

et al. 1988). Chp expression begins in the photoreceptor cells in the third instar larval stage and 

continues throughout pupal and adult life (Zipursky et al. 1984). Expression of Chp in S2 cells 

causes aggregates to form, confirming its role as a cell adhesion protein and suggesting that 

Chp’s adhesive activity is homotypic (Krantz and Zipursky 1990). Chp has 16 sites for potential 
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glycosylation, and removal of these N-glycosylation sites affects Chp function in an additive 

manner (Hirai-Fujita et al. 2008). Mutating a few of the glycosylation sites throughout the 

protein results in reduced protein levels, but mutations in all of the glycosylation sites results in 

increased protein levels. This suggests that N-glycosylation is required for protein degradation. 

Additionally, mutating only 4 or 6 glycosylation of Chp and expressing this form in S2 cells 

leads to reduced cell-cell adhesion, indicating that the glycosylation sites are required for the 

adhesive activity of Chp. 

 Drosophila with mutations in chp are viable and fertile but have severe defects in 

rhabdomere microvilli (Van Vactor et al. 1988). Loss of chp causes loss of microvilli 

organization, suggesting that chp normally acts to adhere the individual microvilli together. If 

chp is a strong adhesion molecule, one would predict that the rhabdomeres would adhere 

together inherently to form a closed rhabdom. However, Zelhof et al discovered that Eys and 

Prom oppose the adhesive activity of Chp, and that Eys is not expressed in the eyes of insects 

with closed rhabdoms (Zelhof et al. 2006). Although eys and prom mutant photoreceptors 

degenerate when placed in constant light (~1800 lux), chp null photoreceptors do not show 

signs of apoptosis in these conditions (Gurudev et al. 2014). This suggests that, although these 

three genes and crb participate in a genetic network to separate the rhabdomeres, chp does 

not protect the rhabdomeres from light induced degeneration. Additionally, the degeneration 

defects of crb, eys and prom null photoreceptors can be rescued by vitamin A deficient media. 

Therefore, crb, eys, and prom all play a role in Rhodopsin homeostasis.  

 

Actomyosin network 

 Recently, Nie et al sought to determine other players of IRS formation to further 

elucidate the mechanism of IRS development (Nie et al. 2014). In their study, they used a 

sensitized background, the prom eys double heterozygous, which they had established 

previously. In this background, some rhabdomeres of each ommatidium are attached. They 

used this background to perform a deficiency screen for modulators of IRS size and number of 
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rhabdomere attachments. They identified Actin5C in their screen, one of the 2 ubiquitously 

expressed Actin genes (Fyrberg et al. 1981; Fyrberg et al. 1983; Wagner et al. 2002). 

Reduction of Actin5C in the sensitized background results in increased rhabdomere 

attachments. Subsequently, they identified non-muscle myosin II heavy and light chains as 

modulators of the phenotype, similar to actin. Moreover, reduction of myosin II heavy and light 

chains alone, in a wild-type background, results in increased rhabdomere attachments and 

decreased IRS, demonstrating the importance of myosin II in IRS development. Additionally, 

players involved in the activation and phosphorylation of myosin II are also involved in IRS 

formation, such as Rho-kinase and the small GTPase Rho1 (Amano et al. 1996; Matsui et al. 

1996). The authors suggest a mechanism in which Actin5C and non-muscle myosin II provide a 

contractile force inside the cell to pull the rhabdomeres away from one another, while Eys and 

Prom interact to push the rhabdomeres apart from the outside. 
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CHAPTER III 

 

THE PROTEIN O-GLUCOSYLTRANSFERASE RUMI MODIFIES EYES SHUT TO PROMOTE 

RHABDOMERE SEPARATION IN DROSOPHILA 

 

This chapter is based upon Haltom, A. R.*, Lee, T. V.*, Harvey, B. M., Leonardi, L., Chen, Y., Hong, 

Y., Haltiwanger, R. S., Jafar-Nejad, H. (2014). "The protein O-glucosyltransferase Rumi modifies eyes 

shut to promote rhabdomere separation in Drosophila." PLoS Genet 10(11): e1004795. 

* These authors contributed equally to this work. 
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INTRODUCTION 

 Diurnal insects possess “apposition eyes” in which ommatidia are optically isolated from 

each other (Borst 2009; Nilsson 1990). In most diurnal insects like honeybee and butterflies, 

the apical rhodopsin-housing structures of each ommatidium—the rhabdomeres—are fused at 

the center. This allows the group of photoreceptors in each ommatidium to act as a single 

optical device (Borst 2009). A modification of the apposition eye arose during insect evolution 

in dipteran flies, where an extracellular lumen called the inter-rhabdomeral space (IRS) forms 

to separate and optically isolate the rhabdomeres in each ommatidium from one another. Due 

to this structural modification and the accompanying regrouping of photoreceptor axons among 

neighboring ommatidia, information from photoreceptor cells that receive light from the same 

point in the space merge on the same postsynaptic targets in the lamina (Clandinin and 

Zipursky 2000). This type of eye is referred to as a neural superposition eye, and these 

improvements allow for increased light sensitivity without sacrificing resolution (Borst 2009; 

Kirschfeld 1967b). 

Separation of the rhabdomeres in flies requires an evolutionarily conserved secreted 

glycoprotein called Eyes shut (Eys; also called Spacemaker). eys mutant flies lack the IRS and 

exhibit an altered photoreceptor organization that resembles the closed rhabdom of other 

insects like honeybees and mosquitos (Husain et al. 2006; Zelhof et al. 2006). Eys is secreted 

from the stalk membrane of the photoreceptor cells in an Ire1-dependent but Sec6-independent 

manner to separate the rhabdomeres and open the IRS (Coelho et al. 2013; Husain et al. 

2006). Drosophila eys functions together with three other genes, crumbs (crb), prominin (prom) 

and chaoptin (chp), to regulate rhabdomere separation and IRS size (Gurudev et al. 2014; 

Husain et al. 2006; Nie et al. 2012; Zelhof et al. 2006). Genetic experiments have established 

that prom and eys promote rhabdomere separation but chp and crb promote rhabdomere 

adhesion, and that the balance between their activities results in proper IRS formation 

(Gurudev et al. 2014; Nie et al. 2012; Zelhof et al. 2006).  
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The Crb extracellular domain and the Eys protein are primarily composed of epidermal 

growth factor-like (EGF) repeats and Laminin G domains (Husain et al. 2006; Pellikka et al. 

2002; Tepass et al. 1990; Zelhof et al. 2006). However, the role of these protein domains and 

their posttranslational modifications in the function Eys and Crb is unknown. Five of the Eys 

EGF repeats and seven of the Crb EGF repeats contain the C1XSX(P/A)C2 consensus 

sequence, which predicts the addition of an O-linked glucose by the protein O-

glucosyltransferase Rumi (POGLUT1 in mammals) (Acar et al. 2008; Rana et al. 2011). 

Mutations in rumi were first isolated in a genetic screen for regulators of sensory organ 

development in Drosophila (Acar et al. 2008). When raised at 18°C, rumi mutants are viable 

and only show a mild loss of Notch signaling in certain contexts including bristle lateral 

inhibition and leg joint formation (Acar et al. 2008; Leonardi et al. 2011). However, when raised 

at higher temperatures the mutant animals show a broad and severe loss of Notch signaling, 

until 28-30°C, at which loss of rumi becomes larval lethal (Acar et al. 2008; Leonardi et al. 

2011; Perdigoto et al. 2011). Mice lacking the Rumi homolog POGLUT1 die at early embryonic 

stages (at or before E9.5) and some of the defects observed in mutant embryos are 

characteristic of loss of Notch signaling (Fernandez-Valdivia et al. 2011). Moreover, transgenic 

expression of human POGLUT1 in flies rescues the rumi null phenotypes, indicating that the 

function of Rumi is conserved (Takeuchi et al. 2011). Drosophila Notch has 18 Rumi target 

sites in its extracellular domain, most of which have been confirmed to harbor O-glucose 

residues (Acar et al. 2008; Lee et al. 2013). Moreover, serine-to-alanine mutations in the Rumi 

target sites of Notch result in a temperature-sensitive loss of Notch signaling (Leonardi et al. 

2011), establishing Notch as a biologically-relevant target of Rumi in flies. However, whether 

Rumi and its glucosyltransferase activity are required for the function of its other potential 

targets like Eys and Crb and for rhabdomere separation remained unknown. 

Here, we present evidence indicating that the enzymatic activity of Rumi is required for 

the separation of rhabdomeres in the Drosophila eye. When raised at 18°C, animals 

homozygous for a null allele of rumi or for a missense mutation that abolishes its protein O-
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glucosyltransferase activity show a highly penetrant rhabdomere attachment phenotype that 

cannot be explained by loss of O-glucose from Notch. Mass spectral analysis indicates that 

both Crb and Eys harbor O-glucose when expressed in a fly cell line. However, genetic 

experiments rule out Crb as a target of Rumi during rhabdomere separation. Our data indicate 

that O-glucosylation of Eys by Rumi promotes Eys folding and stability and thereby ensures 

that enough Eys is secreted into the IRS in a critical time window during the mid-pupal stage to 

fully separate the rhabdomeres. 

 

MATERIALS AND METHODS 

Drosophila strains and genetics 

The following strains were used in this study: 1) Canton-S, 2) y w, 3) w; nocSco/CyO; TM3, 

Sb1/TM6, Tb1, 4) y w; D/TM6, Tb1, 5) N55e11/FM7c, 6) y1 w67c23 P{Crey}1b; D*/TM3, Sb1, 7) y1 

M{vas-int.Dm}ZH-2A w*; VK31, 8) y1 M{vas-int.Dm}ZH-2A w*; VK22, 9) w67 c23P{lacW}Hsc70-

3G0102/FM7c, 10) GMR-GAL4 (on 2)  (Bloomington Drosophila Stock Center), 11) GMR-GAL4 

(on 3) (Xu et al. 2006), 12) eys734 (Husain et al. 2006), 13) P{rumigt-FLAG} (rumi rescue 

transgene), 14) y w; FRT82B rumi79/TM6, Tb1, 15) y w; FRT82B rumiΔ26/TM6, Tb1 (Acar et al. 

2008), 16) y w; PBac{Ngt-4-35}attVK22 (Leonardi et al. 2011), 17) eys734/CyO; FRT82B rumiΔ26/ 

TM6, Tb1, 18) y w; crb1-7::HA-A (crb1-7-HA), 19) UAS-attB-eyswt-VK31, 20) UAS-attB-eys1-4-VK31, 

21) UAS-attB-eys1-5-VK31, 22) UAS-attB-rumiwt-FLAG-VK22, 23) UAS-attB-rumi79-FLAG-VK22 (this 

study), 24) y w; crbwt::HA-A (crbwt-HA) (Huang et al. 2009), 25) crb11A22/TM6, Tb1 (Tepass et al. 

1990). 

 All rumi mutant crosses were raised at 18°C to minimize the temperature-dependent 

defects in Notch signaling unless otherwise specified. To obtain N55e11/Y; PBac{Ngt-4-

35}attVK22/+ animals, N55e11/FM7c females were crossed to y w/Y; PBac{Ngt-4-35}attVK22 males 

and the male progeny were selected based on the absence of the FM7 bar eye phenotype. 

To remove one copy of Hsc70-3 in rumi–/– animals, w67 c23P{lacW}Hsc70-3G0102/FM7c 

females were first crossed to y w; FRT82B rumiΔ26/TM6, Tb1 males. The w67 c23P{lacW}Hsc70-
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3G0102/y w; FRT82B rumiΔ26/+ female progeny from this cross were backcrossed to y w; FRT82B 

rumiΔ26/TM6, Tb1 males. w67 c23P{lacW}Hsc70-3G0102/y w; FRT82B rumiΔ26/FRT82B rumiΔ26 

progeny were selected based on the eye color from the Hsc70-3 allele and the rumi mutant 

bristle phenotype (Leonardi et al. 2011) and used for TEM analysis. 

 

O-Glucose site mapping on Drosophila Crb and Eys fragments expressed in S2 cells 

A construct encoding EGF1-5 from Drosophila Eys (harboring four out of the five Rumi target 

sites of Eys) was synthesized (Genewiz, Inc.). EGF12-17 from Drosophila Crb (harboring five 

out of the seven Rumi targets sites of Crb) was amplified using region-specific primers from 

genomic DNA extracted from flies carrying a UAS-crb-full-length transgene (Izaddoost et al. 

2002). The genomic DNA was obtained using a DNA purification kit from Promega. The Eys 

fragment was cloned in frame to an N-terminal signal peptide from Drosophila Acetylcholine 

esterase and C-terminal V5 and 6X-Histidine tags in the pMT/V5-HisB-ACE vector (Acar et al. 

2008). The Crb fragment was cloned into a pMT/BiP/3xFLAG vector using EcoRI and XbaI 

(Okajima et al. 2003). Eys-EGF1-5-V5-His and Crb-EGF12-17-3xFLAG were expressed in 

Drosophila S2 cells, purified from medium by Nickel column or anti-FLAG resin, respectively, 

reduced and alkylated, and subjected to in-gel protease digests as described (Nita-Lazar and 

Haltiwanger 2006; Xu et al. 2007) with minor modifications. O-Glucose modified glycopeptides 

were identified by neutral loss of the glycans during collision-induced dissociation (CID) using 

nano-LC-MS/MS as described (Rana et al. 2011). 

 

Dissections, staining, processing, image acquisition and quantification 

For dissection at 55% and 65% pupal development, animals were selected at the white 

prepupal stage and aged for 4.5 days (55%) and 5.5 days (65%) at 18°C. For animals raised at 

higher temperatures, the white prepupae were placed at 25°C at zero hours APF for 1 day and 

subsequently placed at 30°C until 55% or 75% PD for dissection. The pupal case was removed 

and heads were pierced to allow proper fixation. Corneas were removed from the eyes in PBS. 
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Tissues were fixed using 4% formaldehyde for 30-40 minutes, and then washed in 0.3-0.5% 

Triton X-100 in PBS. Blocking and antibody incubations were performed in PBS containing 

0.5% Triton X-100 and 5% Serum (Donkey or Goat).The following antibodies were used: 

mouse anti-Eys (21A6) 1:250 and mouse anti-ELAV (9F8A9) 1:200 (Developmental Studies 

Hybridoma Bank), guinea pig anti-Eys 1:1000 (Husain et al. 2006), guinea pig anti-Boca 1:1000 

(Culi and Mann 2003), rat anti-Crb 1:500 (Pellikka et al. 2002), rabbit anti-Lava lamp 1:2000 

(Sisson et al. 2000), rabbit anti-Rab11 1:1000 (Satoh et al. 2005), Rabbit anti-Rab7 1:100 

(Chinchore et al. 2009), mouse anti-Rab11 1:100 (BD Biosciences), guinea pig anti-Senseless 

1:2000 (Nolo et al. 2000), goat anti-mouse-Cy3 1:500, goat anti-mouse-Cy5 1:500, donkey 

anti-mouse-Dylight649 1:500, donkey anti-mouse-Cy3 1:500, donkey anti-rabbit-Cy3 1:500, 

donkey anti-guinea pig-Dylight649 1:500  (Jackson ImmunoResearch Laboratories). Phalloidin 

Alexa488 conjugated 1:500 (Life Technologies) was used to visualize rhabdomeres. Confocal 

images were taken with either a Leica TCS-SP5 microscope with an HCX-PL-APO oil 63x, NA 

1.25 objective and an HCX-PL-APO 20x, 0.7 NA objective with a PMT SP confocal detector, or 

a TCS-SP8 microscope with an HC-PL-APO glycerol 63x, NA 1.3 objective and HyD SP GaAsp 

detector. All images were acquired using Leica LAS-SP software.  Amira 5.2.2 and Adobe 

Photoshop CS4 were used for processing and figures were assembled in Adobe Illustrator 

CS5.1. 

To quantify IRS size, the electron micrographs were opened using “Fiji is just ImageJ” 

open source image processing software. The scale was set by tracing the scale bar in the 

image using the line tool and using the "set scale" function. The IRS was traced using the 

freehand selection tool and the area was measured using the "measure" function. 

To quantify total pixel intensity, the Amira 5.2.2 image processing software was used. A 

single ommatidium was cropped, which was done twice for each image to obtain data from 2 

different ommatidia per animal. The desired channel for quantification was labeled with the 

"label field" function, and the "segmentation editor" was opened. The IRS was traced using the 

lasso freehand tool, placed in a separate "material", and the rest of the pixels in the channel 
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were selected using the threshold tool and placed in a separate “material”. The same threshold 

was used for all ommatidia. In the "object pool" module, the total pixel intensities for IRS and 

the rest of the ommatidium were obtained using the "material statistics" option.  

 

 

Western blotting 

Proteins were extracted by lysing the heads in RIPA buffer (Boston BioProducts) containing a 

dissolved protease inhibitor cocktail tablet (Roche Diagnostics). Approximately 10 µL RIPA 

buffer was used per fly head. The following antibodies were used: guinea pig anti-Hsc70-3 

1:5000 (Ryoo et al. 2007), guinea pig anti-Eys 1:10000 (Husain et al. 2006), mouse anti-FLAG 

1:1000 (M2, Sigma-Aldrich), mouse anti-Tubulin 1:1000 (Santa Cruz Biotech), goat anti-guinea 

pig-HRP 1:5000 and goat anti-mouse-HRP 1:5000 antibodies (Jackson ImmunoResearch 

Laboratories). Western blots were developed using Pierce ECL Western Blotting Substrates 

(Thermo Scientific). The bands were detected and quantified using an ImageQuant LAS 4000 

system and ImageQuant TL software, respectively, from GE Healthcare. At least two 

independent immunoblots were performed for each experiment. 

 

Transmission electron microscopy 

To process flies using transmission electron microscopy, heads were dissected and fixed 

overnight at 4°C in paraformaldehyde, glutaraldehyde and cacodylic acid and processed as 

previously described (Fabian-Fine et al. 2003). Briefly, after fixation, heads were post fixed with 

1-2% OsO4, dehydrated with ethanol and propylene oxide, and then embedded in Embed-812 

resin. Thin sections (~50 nm thick) were stained with 1-2% uranyl acetate as the negative stain 

and then stained with Reynold’s lead citrate. Images were obtained using three different 

transmission electron microscopes: 1) Hitachi H-7500 with a Gatan US100 camera: images 

were captured using Digital Micrograph, v1.82.366 software; 2) JEOL 1230 with a Gatan 

Ultrascan 1000 camera: images were captured with Gatan Digital Micrograph software; 3) 
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JEOL JEM 1010 with an AMT XR-16 camera: images were captured using AMT Image Capture 

Engine V602. All images were processed using Adobe Photoshop CS4 and figures were 

assembled in Adobe Illustrator CS5.1. 

 

Generation of the knock-in and transgenic animals 

To generate the crb1-7::HA-A knock-in allele (crb1-7-HA), a crb mutant founder line was used in 

which 10 kb of the crb locus harboring most of the coding region is replaced with an attP and a 

loxP site (Huang et al. 2009). Multiple rounds of end overlap PCR were used to introduce 

serine-to-alanine mutations in all seven Rumi target sites of Crb in the pGE-attBGMR-crbwt::HA-A 

targeting vector (Huang et al. 2009) to generate the pGE-attBGMR-crb1-7::HA-A targeting 

construct. ΦC31-mediated integration was used to introduce the crb1-7::HA-A fragment into the 

crb locus of the crb mutant founder line. A Cre-expressing transgene (Siegal and Hartl 1996) 

was used to remove the GMR-hsp::white and the remaining vector sequences from the knock-

in allele and to obtain the white–  allele crb1-7::HA-A used in our study. Genomic PCR with 

multiple primer pairs in the region was performed to confirm correct integration and Cre-

mediated recombination, as described previously (Huang et al. 2009). Primer sequences are 

available upon request. 

 To generate the wild-type and mutant eys transgenes, the full length eys cDNA was 

retrieved from the pUAST-eys construct (Zelhof et al. 2006) using restriction digestion and 

cloned into the pUASTattB vector (Bischof et al. 2007), resulting in pUASTattB-eyswt. To 

generate the mutant eys transgenes, a 603-bp cDNA fragment containing EGF1-5 of Eys with 

serine-to-alanine mutations in the four target sites in this region (EGF1-3 and EGF5) was 

synthesized (Genewiz, Inc.). The wild-type EGF1-5 region in pUASTattB-eyswt construct was 

replaced with the synthesized mutant version using two rounds of end-overlap PCR (Higuchi et 

al. 1988) with three overlapping fragments. The resulting 1.2-kb fragment containing the first 

four mutant Rumi target sites was placed in pUASTattB-eyswt by using BglII and SacII 

restriction enzymes to generate pUASTattB-eys1-4. To mutate the fifth (last) Rumi target site in 
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eys, a 4-kb fragment of the eys cDNA containing the target site (EGF9) and flanked by NdeI 

and KpnI restriction sites was PCR amplified using Phusion DNA polymerase (New England 

Biolabs). The PCR product was cloned into pSC-B using the Strataclone blunt PCR cloning kit 

(Agilent Technologies) to generate pSC-B-Eys-EGF9. Site-directed mutagenesis was 

performed using complementary primers and Phusion DNA polymerase to introduce the serine-

to-alanine mutation. The wild-type 4-kb fragment from pUASTattB-eys1-4 was replaced with the 

mutant version by using NdeI and KpnI to generate pUASTattB-eys1-5.  All three constructs 

were integrated into the VK31 docking site using standard methods (Bischof et al. 2007; 

Venken et al. 2006). Correct integration was confirmed by PCR. 

 To generate wild-type and mutant rumi transgenes, FLAG-tagged versions of rumiwt and 

rumi79 (G189E) ORF were excised from pUAST-rumiwt-FLAG and pUAST-rumi79-FLAG (Acar et al. 

2008) by using EcoRI-KpnI double digestion and were cloned into the pUAST-attB vector 

(Bischof et al. 2007). After verification by sequencing, the constructs were integrated into the 

VK22 docking site using standard methods and verified by PCR (Bischof et al. 2007; Venken et 

al. 2006). 

 

Statistical analysis 

Data are presented as mean ± SEM. To compare the number of rhabdomere clusters per 

ommatidium, ANOVA with Scheffé or Tukey multiple comparisons or t-test was performed. To 

compare the IRS size between wild-type and rumi ommatidia at 65% PD, unpaired t-test was 

used. 

 

 

RESULTS 

Mutations in rumi result in a rhabdomere attachment phenotype which starts in the mid-

pupal stage 
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When raised at 18°C, rumi mutant animals are viable and show only a mild loss of Notch 

signaling in some contexts (Acar et al. 2008; Leonardi et al. 2011). To explore whether Rumi 

plays a role in rhabdomere morphogenesis and IRS formation, we raised animals homozygous 

for the protein-null allele rumi∆26 (rumi–) in ambient light at 18°C and performed transmission 

electron microscopy (TEM) on adult fly eyes. In cross sections of wild-type retinas, the 

rhabdomeres of the seven visible photoreceptor cells are separated from neighboring 

rhabdomeres by the IRS (Longley and Ready 1995) (Figure 3-1A, Figure 3-2A). However, 1-

day old rumi–/– animals exhibited a moderate, yet 100% penetrant, rhabdomere attachment 

phenotype, i.e. attachment of two or more rhabdomeres per ommatidium (Figure 3-1B, Figure 

3-2B). This phenotype can be fully rescued by P{rumigt-FLAG}, a genomic transgene expressing a 

FLAG-tagged version of Rumi (Acar et al. 2008), indicating that attachment of rhabdomeres 

observed in rumi–/– flies is due to the loss of rumi. Sections of rumi–/– animals at 15 and 40 days 

of age show a similar degree of rhabdomere attachment, suggesting that the phenotype is not 

age-dependent (Figure 3-1D-E, Figure 3-2C-D). Together, these observations indicate that 

Rumi is required for optical isolation of individual photoreceptors in the Drosophila eye. 

 We have previously shown that Rumi primarily regulates Notch signaling through its 

protein O-glucosyltransferase activity (Acar et al. 2008; Leonardi et al. 2011). We wondered 

whether the enzymatic activity of Rumi is also required for rhabdomere separation. To test this, 

we performed TEM on adult Drosophila homozygous for rumi79, a severe hypomorphic allele 

harboring a missense mutation which abolishes the enzymatic activity of Rumi but does not 

affect its expression level or stability (Acar et al. 2008; Takeuchi et al. 2011). rumi79/79 animals 

raised at 18°C also exhibit rhabdomere attachment in all ommatidia examined (Figure 3-3A and 

C; n>50). Surprisingly, the average number of separate rhabdomeres per ommatidium was 

somewhat lower in rumi79/79 animals (3.41±0.15) compared to rumi–/– animals (4.11±0.08), 

indicating that the rhabdomere attachment phenotype is slightly more severe in rumi79/79 

animals compared to rumi–/– animals. Statistical analysis indicated that the difference between 

rumi79/79 and rumi–/– average rhabdomere number per ommatidia is significant (P<0.0001).  
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Figure 3-1. Loss of Rumi results in rhabdomere adhesion. Shown are electron micrographs 

of a single ommatidium from adult animals. (A) Wild-type. Arrows indicate rhabdomeres and 

asterisks indicate the IRS. Scale bar: 2 µm. (B) 1-day old rumi–/–. Note the attachment in the 

neighboring rhabdomeres. (C) 1-day old rumi–/– expressing a wild-type P{rumigt-FLAG} genomic 

transgene. (D,E) The rumi–/– rhabdomere attachment phenotype does not change with age, 

since 15-day old (D) and 40-day old (E) animals show a similar degree of attachment. Sample 

processing for images in B-E was done by Tom Lee, PhD, and images were obtained by Claire 

Haueter in the lab of Hugo Bellen.  
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Figure 3-2. Loss of rumi results in a highly penetrant and statistically significant degree 

of rhabdomere adhesion. Images showing many ommatidia from (A) wild type and (B) rumi–/– 

animals. (C) Percentage of number of individual rhabdomeres per ommatidia for various 

genotypes. At least three animals were used for each genotype. The number of ommatidia 

examined for each genotype is as follows: wt (50), 1d (35), 15d (66), 40d (85), rescue (126). 

Scale bar: 2 µm. (D) Quantification of average individual rhabdomere number per ommatidium 

for the data shown in C. Rhabdomere attachments in 1-day, 15-day and 40-day old rumi 

animals are not significantly different from one another, but are significantly different from wild-

type and rescued animals (*P<0.0001). NS, not significant. rumi–/– animals in (B) were 

processed by Tom Lee, PhD, and images were obtained by Claire Haueter in the lab of Hugo 

Bellen.  
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Given that rumi∆26 is a protein-null allele (Acar et al. 2008), these data suggest that rumi79 might 

have a dominant negative effect in the context of rhabdomere separation. However, one copy 

of the P{rumigt-FLAG} genomic transgene was able to fully rescue the rhabdomere attachment 

phenotype of rumi79/79 animals (Figure 3-3B, n>50). Moreover, overexpression of Rumi-G189E, 

which is the protein product of rumi79 (Acar et al. 2008), did not result in any rhabdomere 

separation defects, similar to overexpression of wild-type Rumi (Figure 3-4). These 

observations suggest that rumi79 is not likely to be a dominant negative allele. Since rumi79 was 

generated in an EMS screen but rumi∆26 is the product of P-element excision, the modest 

worsening of the rhabdomere attachment in rumi79 might be due to a genetic background 

effect. Taken together, these observations indicate that enzymatic activity of Rumi is required 

for the separation of rhabdomeres in the fly eye.  

 Rhabdomere morphogenesis and IRS formation occur during the second half of pupal 

development (Longley and Ready 1995). Until 37% pupal development (PD), the apical 

surfaces of photoreceptors are attached to one another and do not exhibit any microvillar 

structures (Longley and Ready 1995). Around 55% PD, short microvilli and neighboring stalk 

membranes can be seen at the apical surfaces of the developing photoreceptors, and a thin 

IRS has formed (Figure 3-5A) (Longley and Ready 1995). By 65% PD, the rhabdomeres are 

clearly separated from one another by the IRS (Figure 3-5C). Because one-day old adult rumi 

retinas have a well-formed IRS but exhibit rhabdomere attachment, we asked whether absence 

of Rumi prevents rhabdomere separation during pupal development, or whether they initially 

separate but subsequently attach as the pupal eye assumes its adult structure. To address this 

question, we performed TEM on 55% and 65% PD rumi–/– retinas grown at 18°C. At 55% PD, 

rumi and wild type premature rhabdomeres appear too close in proximity to determine 

attachment status, although rumi rhabdomere microvilli and IRS appear more disorganized 

than wild type (Figure 3-5A and B). However, by 65% PD, each rumi photoreceptor harbors 

distinct stalk membrane and rhabdomere structures (Figure 3-5D). The IRS has formed but the 

average IRS size in mutant ommatidia (3.52 ± 0.20 µm2) is 59% of the average IRS size in  
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Figure 3-3. Loss of the enzymatic activity of Rumi results in rhabdomere adhesion. The 

enzymatically inactive allele rumi79 also shows rhabdomere a attachment phenotype (A,C), 

which can be rescued by one copy of the wild-type P{rumigt-FLAG} genomic transgene (B).  
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Figure 3-4. rumi79 is not likely to be a dominant negative allele. (A-C’) Overexpression of 

FLAG-tagged versions of wild-type Rumi (A,A’) or Rumi79 (B,B’; G189E) by GMR-GAL4 does 

not impair rhabdomere separation.  Note the absence of attachments between rhabdomeres 

marked by Phalloidin (green) and the continuous expression of Eys (red) in animals 

overexpressing wild-type and mutant Rumi (A-B’), similar to the control GMR-GAL4/+ animals 

(C,C’). Scale bar in A is 5 µm and applies to (A-C’). (D) Western blotting with anti-FLAG 

antibody shows that wild-type and G189E Rumi are overexpressed at comparable levels in 

GMR>rumiwt-FLAG and GMR>rumi79-FLAG animals. 
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Figure 3-5. The rhabdomere attachment phenotype in rumi–/– begins early in pupal 

development. (A,B) Ommatidia from animals at 55% PD from wild-type (A) and rumi–/– (B). 

Rhabdomere attachments cannot be discerned at this stage although the microvilli of rumi–/– 

rhabdomeres appear more disorganized. (C,D) Images 65% PD from wild-type (C) and rumi–/– 

(D). Arrowheads in (D) indicate points of rhabdomere attachment. (E) Means ± SEM of IRS 

area in wild-type and rumi–/– at 65% PD. IRS areas were measured using ImageJ software. 

Unpaired t-test was used to compare wt (n=14) and rumi–/– (n=24) IRS, *P<0.0001. 
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wild-type ommatidia (5.95 ± 0.19 µm2) at a similar stage raised at the same temperature 

(Figure 3-5E, P<0.0001). Although the apical surfaces of photoreceptors adjacent to the IRS 

appear separated from one another, multiple local adhesions persist between the microvillar 

membranes of neighboring rhabdomeres (and occasionally opposing rhabdomeres) in each 

ommatidium (Figure 3-5D, arrowheads). These observations indicate that the rumi rhabdomere 

attachment phenotypes are evident early during rhabdomere morphogenesis and strongly 

suggest that proper rhabdomere separation never occurs in rumi–/– animals. 

 

Loss of O-glucose from Notch cannot explain the rhabdomere attachment phenotype of 

rumi animals. 

If Rumi regulates rhabdomere spacing via its protein O-glycosyltransferase (Poglut) activity, 

lack of glucose on Rumi target proteins is likely to be responsible for the observed phenotype. 

To identify all fly proteins with a potential Rumi target site, we used the MOTIF search engine 

(http://motif.genome.jp/MOTIF2.html) to search the Swiss-Prot and KEGG-GENES databases 

for Drosophila proteins harboring one or more EGF repeats with the C1XSX(P/A)C2 consensus 

sequence (Rana et al. 2011). Based on this search, 14 Drosophila proteins have at least one 

EGF repeat with a predicted Rumi target site (Table 1), with Notch harboring the largest 

number of O-glucosylation sites, most of which have been confirmed to be efficiently O-

glucosylated by Rumi (Acar et al. 2008; Lee et al. 2013; Rana et al. 2011). rumi null animals 

raised at 18°C do not show photoreceptor specification defects characteristic of loss of Notch 

signaling (Figure 3-6A-C’), suggesting that Notch signaling is not significantly affected in rumi–/– 

developing photoreceptors at this temperature. Moreover, to our knowledge, Notch signaling 

has not been implicated in rhabdomere spacing. Nevertheless, given the broad roles that Notch 

plays in multiple developmental contexts, we sought to examine whether the rhabdomere 

spacing defects observed in rumi mutants can be explained by loss of O-glucose from Notch 

EGF repeats. To this end, we used a Notch genomic transgene (PBac{Ngt-4-35}) in which serine-

to-alanine mutations are introduced in all 18 Rumi target sites and therefore expresses a Notch 
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Table 3-1. List of proteins in Drosophila that harbor the Rumi consensus sequence. 
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Figure 3-6. Photoreceptor specification is normal in rumi–/– animals raised at 18°C. (A-C’) 

Close-ups of the third instar larval eye discs showing the developing photoreceptors in wt 

(A,A’), rumi–/– animals raised at 18°C (B,B’) and rumi–/– animals raised at 18°C and shifted to 

30°C for 4 hours before dissection (C,C’). R8 photoreceptors are marked with Senseless 

(Sens, red) and all photoreceptors are marked with Elav (green). ‘a’ and ‘p’ in panel B show 

anterior and posterior, respectively, and apply to A-C’. Arrowheads in A’ and B’ mark the R8 

proneural clusters before a single R8 is selected through Notch-mediated lateral inhibition. In 

rumi–/– animals raised at 18°C (B,B’), the R8 proneural clusters are refined into single Sens+ R8 

cells, which themselves recruit other photoreceptors, similar to the wild-type animal (A,A’). In 

contrast, raising the rumi larvae at 30°C results in the specification of multiple R8 photoreceptor 
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cells (the area between the brackets), indicating an impairment of the Notch-mediated lateral 

inhibition at this temperature (C,C'). Note that R8 selection and photoreceptor recruitment is not 

impaired in the area posterior to the brackets because the animal was raised at 30°C only for 

four hours.  
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protein which cannot be O-glucosylated by Rumi (Leonardi et al. 2011) (Figure 3-7A). When 

reared at 18°C, the PBac{Ngt-4-35} transgene rescues the lethality of Notch null mutations, and 

the N–; PBac{Ngt-4-35}/+ animals only show a mild loss of Notch signaling similar to rumi mutants 

(Leonardi et al. 2011). TEM revealed that adult N–; PBac{Ngt-4-35}/+ eyes raised at 18°C do not 

show any rhabdomere attachment phenotypes (Figure 3-7B), strongly supporting the notion 

that addition of O-glucose to Notch is not essential for proper rhabdomere spacing. 

 

Crb is O-glucosylated but loss of O-glucose from Crb does not result in rhabdomere 

attachment 

The fly protein with the second largest number of Rumi target sites is Crb (Table 1), an 

evolutionarily conserved transmembrane protein involved in the regulation of epithelial polarity, 

organ size, and photoreceptor development and maintenance (Chen et al. 2010; Izaddoost et 

al. 2002; Johnson et al. 2002; Ling et al. 2010; Pellikka et al. 2002; Richardson and Pichaud 

2010; Tepass et al. 1990). Of note, crb mutant retinas exhibit attachment of neighboring 

rhabdomeres despite the presence of IRS (Izaddoost et al. 2002; Johnson et al. 2002). Seven 

of the Drosophila Crb EGF repeats, 13 of the human CRB1 EGF repeats and eight of the 

human CRB2 EGF repeats harbor Rumi target sites, suggesting that O-glucosylation might 

play an important role in the function of Crb (Figure 3-8A). We performed mass spectral 

analysis on peptides derived from a fragment of the Crb extracellular domain expressed in 

Drosophila S2 cells (Figure 3-8A, the red line) to examine whether Crb can be O-glucosylated 

in Drosophila. Indeed, peptides containing the predicted sites in this region are O-glucosylated 

(Figure 3-8B-F, Figure 3-9 and Figure 3-10). We next asked whether loss of O-glucose from 

Rumi target sites in Crb recapitulates the rhabdomere attachment phenotype observed in rumi 

mutants. Using a previously established platform (Huang et al. 2009; Ling et al. 2010; Robinson 

et al. 2010), we generated a knock-in allele of crb (crb1-7-HA) with serine-to-alanine mutations in 

all seven Rumi target sites (Figure 3-8A). Animals homozygous for this allele or trans-

heterozygous for this allele and the null allele crb11A22 are viable and do not exhibit any gross 
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Figure 3-7. Loss of O-glucose on Notch does not cause rhabdomere attachment and 

cannot explain the rumi–/– phenotype. (A) Schematic of the EGF repeats of the Notch 

genomic transgene used in the study. Blue and orange boxes indicate EGF repeats harboring 

wt and mutant Rumi consensus sequences, respectively. (B) Electron micrograph of an 

ommatidium of an animal expressing the mutated PBac{Notchgt-4-35} transgene in a Notch null 

background raised at 18°C. Scale bar: 2 µm. 

  



	
   55	
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 3-8. Crb contains O-glucose modifications. (A) Schematic of the human CRB1, 

human CRB2, and wt and mutant, HA-tagged Drosophila Crb based on the Crb-PA polypeptide 

(FlyBase ID: FBpp0083987). Blue and orange boxes indicate EGF repeats harboring wt and 

mutant Rumi consensus sequences, respectively. TM, transmembrane domain. . (B-F) 

Extracted Ion Chromatogram (EIC) data for peptides containing the O-glucose consensus site 

from Crb EGF12 (B), EGF13 (C), EGF15 (D), EGF16 (E) and EGF17 (F) obtained from mass 

spectrometry on a Crb fragment indicated by the red line in (A). Note the presence of O-

glucose (blue circle) on all five EGF repeats, some of which are elongated by xylose (yellow 

star). Peptides from EGF12 and EGF13 also harbor O-fucose (red triangle) added to the 

consensus O-fucosylation sites present in these two EGF repeats. Mass spectrometry data 

was collected by collaborators Robert Haltiwanger and Beth Harvey. 
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Figure 3-9. Rumi target sites in Crb EGF12, EGF13 and EGF15 are O-glucosylated. (A) 

Identification of the peptide 671CYCTPGFTGVHCDSDVDECLSFPCLNGATCHNK703 from Crb 

EGF12.  Amino acid numbering for all Crb peptides is based on the Crb-PA polypeptide 

(FlyBase ID: FBpp0083987). The top panel shows a full MS spectrum of material eluting at 8.1 

min. The ion labeled [M+4H] 4+ matches the predicted mass for quadruply charged form of the 

peptide modified with O-fucose monosaccharide and O-glucose monosaccharide.  Other ions 

are from co-eluting material.  CID fragmentation of the quadruply charged form of this peptide, 

m/z 1048.3 (top panel, [M+4H] 4+), resulted in the MS/MS spectrum shown in the bottom panel.  

Numerous sequence fragment ions (arrows) are observed that confirm the identity of the 

peptide. The position of the parent ion fragmented in the MS/MS spectrum is identified with a 

blue diamond. The blue underlined S is the glucosylated serine, and the red underlined T is the 

fucosylated threonine. (B) Identification of the peptide 

704INAYECVCQPGYEGENCEVDIDECGSNPCSNGSTCIDR741 from Crb EGF13.  The top panel 

shows a full MS spectrum of material eluting at 6.6 min.  The ion labeled [M+4H] 4+ matches the 

predicted mass for quadruply charged form of the peptide modified with O-fucose 

monosaccharide and O-glucose monosaccharide.  Other ions are from co-eluting material.  CID 

fragmentation of the quadruply charged form of this peptide, m/z 1185.7 (top panel, [M+4H] 4+), 

resulted in the MS/MS spectrum shown in the bottom panel.  Numerous sequence fragment 

ions (arrows) are observed that confirm the identity of the peptide. The position of the parent 

ion fragmented in the MS/MS spectrum is identified with a blue diamond. (C) Identification of 

the peptide 806SNPCTNGAKCL816 from Crb EGF15.  The top panel shows a full MS spectrum of 

material eluting at 3.1 min.  The ion labeled [M+2H]2+ matches the predicted mass for doubly 

charged form of the peptide modified with O-glucose monosaccharide.  Other ions are from co-

eluting material.  CID fragmentation of the doubly charged form of this peptide, m/z 693.1 (top 

panel, [M+2H]2+), resulted in the MS/MS spectrum shown in the bottom panel.  Numerous 

sequence fragment ions (arrows) are observed that confirm the identity of the peptide. The 

position of the parent ion fragmented in the MS/MS spectrum is identified with a blue diamond. 
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In all MS/MS spectra, ions representing glycopeptides are indicated by black lines modified 

with O-glucose (blue circle) and O-fucose (red triangle). Ions representing the glycopeptides in 

the MS spectra were used to generate EIC in Figure 3-8B-D. Data was collected by 

collaborators Robert Haltiwanger and Beth Harvey. 
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Figure 3-10. Rumi target sites in Crb EGF16 and EGF17 are O-glucosylated. (A) 

Identification of the peptide 831KGKNCEQDINECESNPCQY849 from Crb EGF16.  The top panel 

shows a full MS spectrum of material eluting at 4 min.  The ion labeled [M+3H]3+ matches the 

predicted mass for triply charged form of the peptide modified with O-glucose monosaccharide.  

Other ions are from co-eluting material.  CID fragmentation of the triply charged form of this 

peptide, m/z 846.2 (top panel, [M+3H]3+), resulted in the MS/MS spectrum shown in the bottom 

panel.  Numerous sequence fragment ions (arrows) are observed that confirm the identity of 

the peptide.  Ions selected for fragmentation in the MS spectrum are identified by red 

diamonds.  The position of the parent ion fragmented in the MS/MS spectrum is identified with 

a blue diamond. The blue underlined S is the glucosylated serine. (B) Identification of the 



	
   60	
  

peptide 898NCEININECDSNPCSK913 from Crb EGF17.  The top panel shows a full MS 

spectrum of material eluting at 4.6 min.  The ion labeled [M+3H]3+ matches the predicted mass 

for triply charged form of the peptide modified with O-glucose monosaccharide, and the ion 

labeled [M+2H]2+ matches the predicted mass for doubly charged form of the same peptide.  

Other ions are from co-eluting material.  CID fragmentation of the doubly charged form of this 

peptide, m/z 1059.1 (top panel, [M+2H]2+), resulted in the MS/MS spectrum shown in the 

middle panel. CID fragmentation of the triply charged form of this peptide, m/z 706.4 (top panel, 

[M+3H]3+), resulted in the MS/MS spectrum shown in the bottom panel.  Numerous sequence 

fragment ions (arrows) are observed that confirm the identity of the peptide.  Ions selected for 

fragmentation in the MS spectrum are identified by red diamonds.  The positions of the parent 

ions fragmented in the MS/MS spectrum are identified with blue diamonds. In all MS/MS 

spectra, ions representing glycopeptides are indicated by black lines modified with O-glucose 

(blue circle). Ions representing the glycopeptides in the MS spectra were used to generate EIC 

in Figure 3-8E and F. Data was collected by collaborators Robert Haltiwanger and Beth 

Harvey. 
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 abnormalities when raised between 18°C and 25°C. Moreover, TEM indicates normal 

rhabdomere morphology and IRS formation with no defects in rhabdomere spacing in crb1-7-HA/1-

7-HA animals raised at either 18°C or 25°C (Figure 3-11G and H). These observations indicate 

that absence of Crb O-glucosylation does not explain the rhabdomere spacing defects of rumi 

mutants. In agreement with these data, Crb appears to be properly localized to the stalk 

membrane in 65% PD rumi–/– retinas, although an increase in the number of Crb+ puncta is 

seen in rumi mutants raised at 25°C compared to control animals (Figure 3-11C-D’, 

arrowheads). Together, these data indicate that although O-glucose modifications might affect 

the trafficking of Crb, they are not essential for the function of Crb during fly embryonic 

development and photoreceptor morphogenesis.  

 

Eys is a biologically-relevant target of Rumi during rhabdomere morphogenesis 

As mentioned above, another Drosophila protein with multiple predicted Rumi target sites and 

an IRS phenotype is Eys (Table 1 and Figure 3-12A) (Husain et al. 2006; Zelhof et al. 2006). 

To examine whether Eys is the biologically-relevant target of Rumi in the context of 

rhabdomere spacing, we first performed mass spectral analysis on peptides derived from an 

Eys fragment harboring four Rumi target sites expressed in S2 cells (Figure 3-12A, the red 

line). So far we have been able to identify peptides corresponding to three of these sites by 

mass spectrometric analysis and have identified O-glucose on all three sites (Figure 3-12B-D 

and Figure 3-13). The Rumi target site in EGF1 appears to be less efficiently O-glucosylated 

compared to those in other Eys EGF repeats.  Nevertheless, these data indicate that 

Drosophila Eys contains several bona fide Rumi targets. We next performed genetic interaction 

studies between rumi and eys by using the protein-null allele eys734 (Husain et al. 2006). As 

reported previously, loss of one copy of eys does not cause any rhabdomere defects (Figure 3-

14A) (Husain et al. 2006; Zelhof et al. 2006). However, removing one copy of eys in a rumi–/– 

background results in a strong enhancement of the rumi–/– rhabdomere attachment phenotype 

at 18°C (Compare Figure 3-14B and C to Figure 3-1B, D and E). In eys+/–; rumi–/– animals,  
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Figure 3-11. Loss of O-glucose on Crb cannot explain the rumi–/– rhabdomere attachment  

phenotype. (A,B) crb knock-in mutants lacking all Rumi target sites and raised at 18°C (A) or 

25°C (B) do not show rhabdomere attachment. Scale bar in B applies to A and B and is 2 µm. 

(C-D’) Loss of Rumi does not impair Crb localization to the stalk membrane. Increased Crb 

puncta, some of which are marked with arrowheads in D’, are seen in the photoreceptor cell 

body of rumi–/– ommatidia raised at 25°C (D,D’) compared to wild-type (C,C’). Actin (green) is 

used to mark the rhabdomeres. Crb is shown in red. Scale bar: 5 µm. 
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Figure 3-12. Eys contains O-glucose modifications. (A) Schematic of the fly and human Eys 

proteins. Red line indicates the EGF repeats used for mass spectrometry analysis. Black 

circles mark EGF repeats shown in B-D. (B-D) EIC data from mass spectral analysis of EGF1 

(B), EGF2 (C), and EGF5 (D). Blue peak indicates the addition of O-glucose (blue circle) onto 

the EGF repeat. EGF2 is also modified by O-fucose (red triangle). Rumi appears to be less 

efficient in O-glucosylating EGF1 of Eys compared to the other EGF repeats when expressed 

in S2 cells. Mass spectrometry data was collected by collaborators Robert Haltiwanger and 

Beth Harvey. 
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Figure 3-13. Rumi target sites in Eys EGF1, EGF2 and EGF5 are O-glucosylated. (A-C) 

Top: full MS spectra of Eys EGF1 (A), EGF2 (B) and EGF5 (C) peptides. Bottom: CID 

fragmentation of the doubly charged (A and B) or triply charged (C) forms of the identified 

peptide. The blue underlined S is the glucosylated serine, and the red underlined T is the 

fucosylated threonine. (A) Identification of the peptide 147ACLSNPCVF155 from Eys EGF1.  

Amino acid numbering for all Eys peptides is based on Eys-PE polypeptide (FlyBase ID: 

FBpp0311004). The top panel shows a full MS spectrum of material eluting at 6.3 min.  The 

ions labeled [M+2H]2+ match the predicted mass for doubly charged forms of the unmodified 

peptide (m/z 534.3) and the peptide modified with an O-glucose and a xylose (m/z 680.8).  

Other ions are from co-eluting material.  CID fragmentation of the doubly charged form of the 

unmodified peptide, m/z 534.3 (top panel, [M+2H]2+ to the left), resulted in the MS/MS spectrum 

shown in the middle panel.  CID fragmentation of the doubly charged form of the glycosylated 

peptide, m/z 680.8 (top panel, [M+2H]2+ to the right), resulted in the MS/MS spectrum shown in 

the bottom panel.  Numerous sequence fragment ions (arrows) are observed that confirm the 

identity of the peptides. (B) Identification of the peptide 188SSPCQNGGTCVDGVAYY204 from 

Eys EGF2.  The top panel shows a full MS spectrum of material eluting at 6.8 min.  The ion 

labeled [M+2H]2+ matches the predicted mass for doubly charged form of the peptide modified 

with O-glucose monosaccharide and O-fucose monosaccharide.  Other ions are from co-eluting 

material.  CID fragmentation of the doubly charged form of this peptide, m/z 1073.3 (top panel, 

[M+2H]2+), resulted in the MS/MS spectrum shown in the bottom panel.  Numerous sequence 

fragment ions (arrows) are observed that confirm the identity of the peptide. (C) Identification of 

the peptide 282HGRICQEEINECASSPCQNGGVCVDKLAAY322 from Eys EGF5.  The top panel 

shows a full MS spectrum of material eluting at 7.2 min.  The ion labeled [M+3H]3+ matches the 

predicted mass for triply charged form of the peptide modified with O-glucose monosaccharide.  

Other ions are from co-eluting material.  CID fragmentation of the triply charged form of this 

peptide, m/z 1196.7 (top panel, [M+3H]3+), resulted in the MS/MS spectrum shown in the 

bottom panel.  Numerous sequence fragment ions (arrows) are observed that confirm the 
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identity of the peptide.  Ions selected for fragmentation in the MS spectrum are identified by red 

diamonds.  The position of the parent ion fragmented in the MS/MS spectrum is identified with 

a blue diamond. In all MS/MS spectra, ions representing glycopeptides are indicated by black 

lines modified with O-glucose (blue circle) and O-fucose (red triangle). Ions representing the 

glycopeptides in the MS spectra shown here were used to generate the EICs in Figure 3-12B-

C. Data was collected by collaborators Robert Haltiwanger and Beth Harvey. 
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Figure 3-14. eys genetically interacts with rumi. (A) An eys heterozygous ommatidium with 

normal rhabdomere separation. Scale bar: 2 µm. (B,C) eys+/– rumi–/– ommatidia show a 

dramatic enhancement of the rumi–/– phenotype. In severe cases, all the rhabdomeres are 

attached (C). Pockets of IRS are marked by asterisks. (D) eys null ommatidia completely lack 

IRS. (E) Percentage of number of individual rhabdomeres per ommatidium for various 

genotypes. At least three animals were used for each genotype. (F) Quantification of average 

individual rhabdomere number per ommatidium for the data shown in E. All pairs are 

significantly different from each other (*P<0.0001).  
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multiple rhabdomeres collapse into one another in each ommatidium, and there is a dramatic 

decrease in the IRS size (Figure 3-14B, C, E and F). Of note, pockets of IRS can still be 

recognized in all eys+/–; rumi–/– ommatidia (Figure 3-14B and C, asterisks), in contrast to eys–/– 

ommatidia, which completely lack IRS (Figure 3-14D and F) (Husain et al. 2006). This dosage-

sensitive genetic interaction strongly suggests that Rumi is critical for the function of Eys, 

especially when Eys levels are limiting.  

  

Loss of Rumi results in a decrease in the extracellular level of Eys in a temperature-

dependent manner  

Secretion of Eys from the apical surface of the photoreceptor cells at the mid-pupal stage 

separates the rhabdomeres from one another and generates the IRS (Husain et al. 2006; 

Zelhof et al. 2006). Based on the modENCODE Temporal Expression Data accessed on 

FlyBase (http://flybase.org/reports/FBgn0031414.html), expression of eys sharply increases at 

mid-pupal stage and gradually decreases in later pupal stages. Following the initial  

burst of Eys expression between 50-70% PD (Husain et al. 2006) and rhabdomere separation, 

Eys continues to be secreted into the IRS, which gradually enlarges and assumes its adult size 

late in the pupal stage (Husain et al. 2006; Longley and Ready 1995). Given the increased 

degree of rhabdomere attachment and the severe decrease in the IRS size in adult animals 

simultaneously lacking rumi and one copy of eys, we examined whether loss of Rumi affects 

Eys levels in the IRS. We first compared Eys expression in the early stages of IRS 

development between rumi–/– and control pupae raised at 18°C. At 55% PD, the rhabdomeres 

of control animals are separated from one another by a thin but continuous IRS filled with Eys, 

and only low levels of Eys can be detected in photoreceptor cell bodies (Figure 15A and 15A’, 

Figure 16A and A') (Husain et al. 2006). In contrast, rumi–/– ommatidia almost invariably show 

some degree of rhabdomere attachment and a decreased and interrupted pattern of Eys 

expression in the IRS (Figure 3-15B and B’, Figure 3-16B-C'). In the majority of rumi–/–  
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Figure 3-15. Loss of Rumi leads to intracellular accumulation and decreased IRS levels 

of Eys at the mid-pupal stage. (A-D') Confocal micrographs each showing a single 

ommatidium from the indicated genotypes. Phalloidin (green) marks Actin and is concentrated 

in rhabdomeres; Eys is shown in red. The dotted shapes mark the outline of a single 

photoreceptor cell body in each micrograph. The scale bar in A applies to A-G’ and is 5 µm. 

(A,A’) A wild-type ommatidium at 55% PD raised at 18°C. Note that Eys is primarily localized to 

the IRS. (B,B’) A rumi–/– ommatidium at 55% PD raised at 18°C. Note the decreased level of 

Eys in the IRS and its accumulation in the cell body. (C,C’) A wild-type ommatidium at 95% PD 

raised at 18°C. (D,D’) A rumi–/– ommatidium at 95% PD raised at 18°C. Note the increased 

amount of Eys in the IRS at this stage and disappearance of Eys from the photoreceptor cell 

bodies compared to B. White arrowheads mark points of rhabdomere attachment and gaps in 

Eys. 
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Figure 3-16. Loss of rumi results in intracellular accumulation of Eys. Images showing 4 

ommatidia of (A,A') wild type and (B-C') rumi–/– animals. Note that the intracellular accumulation 

of Eys in rumi–/– can vary between animals, as (B,B') shows less accumulation than (C,C'). 

ommatidia examined, decreased levels of Eys in the IRS are accompanied by increased Eys 

levels in the photoreceptor cell bodies (Figure 3-15B and B’, Figure 3-16C and C'), although the 

intracellular accumulation varies between animals (Figure 3-16B and B'). 
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 Quantification of the total pixel intensity of Eys at 55% PD in animals raised at 18°C shows that 

in wild-type ommatidia, 87.1±2.0% of total Eys is found in the IRS and the rest is in 

photoreceptor cell bodies. However, there is a statistically significant decrease in the 

percentage of Eys found in the IRS in rumi–/– ommatidia (63.6±6.5%, P=0.01). These data 

indicate that during early stages of IRS formation, a significant amount of Eys remains inside 

the photoreceptor cells in rumi mutants, unlike wild-type animals, in which most of the Eys is 

efficiently secreted into the IRS. 

As shown above, rumi mutants raised at 18°C show rhabdomere attachment and a 

significantly decreased IRS size in the mid-pupal stage (Figure 3-5D). However, in rumi–/– 

adults, even though the rhabdomere attachments persist, the IRS in the center of the 

ommatidia appears similar to that in control ommatidia  (Figure 3-1A-E), suggesting that 

enough Eys is secreted in later pupal stages to expand the IRS. To test this notion, we 

examined Eys expression in wild-type and rumi null animals at 95% PD. In wild-type animals, 

Eys fills the IRS in an uninterrupted manner and cannot be seen in the cell body (Figure 3-15C 

and C’). In rumi mutants, Eys is properly localized to the IRS at levels similar to that found in 

wild-type IRS and is not visible in the cell body (Figure 3-15D and D’). However, multiple gaps 

in the Eys expression domain are seen in the IRS, coinciding with rhabdomere attachments 

(Figure 3-15D and D’, white arrowheads). These data suggest that the rhabdomere 

attachments in rumi mutants result from decreased levels of Eys in the IRS in a critical period 

during the mid-pupal stage and that these attachments are not resolved later in pupal 

development despite continued secretion of Eys. 

Since the loss of Notch signaling in rumi mutants is temperature-sensitive (Acar et al. 

2008; Leonardi et al. 2011; Perdigoto et al. 2011), we next examined whether the IRS defect 

observed in rumi animals becomes worse at higher temperatures.  To bypass the larval lethality 

and photoreceptor specification defects of rumi mutants at 30°C, we kept rumi mutant and 

control animals at 18°C until the end of the third instar stage and shifted them to 30°C at zero 

hours after puparium formation (APF) so that they are kept at high temperature at mid-pupal 
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stage, when eys expression starts (Husain et al. 2006).  However, these animals died by mid-

pupal stage, precluding the study of Eys secretion and IRS formation. Therefore, we modified 

our temperature shift regimen by transferring rumi–/– and control animals to 25°C at zero h APF, 

shifted them to 30°C at 24 h APF and kept them at this temperature until 55%-75% pupal 

development, when we dissected them for staining or TEM. The patterns of Phalloidin and Eys 

staining in control animals looked similar to those raised at 18°C (Figure 3-17A and A’). In 

contrast, rumi mutants either lacked Eys in the IRS (Figure 3-17B and B’) or had small Eys-

containing regions (Figure 3-17C and C’). Most rumi mutant ommatidia showed high levels of 

Eys in the photoreceptor cells (Figure 3-17B-C’). Additionally, raising animals homozygous for 

the enzymatic null rumi79 allele at 30°C resulted in a severe intracellular accumulation of Eys 

(Figure 3-18), reinforcing our conclusion that loss of the enzymatic function of Rumi causes the 

rhabdomere attachment defects. TEM on rumi–/– animals reared under the above mentioned 

conditions showed multiple sites of rhabdomere attachment and a small IRS at 75% PD 

compared to control animals raised under the same conditions (Figure 3-17D and E). These 

observations indicate that in rumi mutants grown at higher temperatures, a higher fraction of 

Eys remains inside the cell and the level of Eys in the IRS is further reduced. 

 To examine whether Eys accumulates in a specific subcellular compartment in rumi 

mutant photoreceptor cells, we performed colocalization studies between Eys and markers of 

ER (Figure 3-19A-A’’), Golgi (Figure 3-19B-B’’), recycling endosome (Figure 3-20A-A’’), and the 

late endosome (Figure 3-20B-B’’) in rumi null animals shifted to 25°C at zero h APF and later to 

30°C at 24 h APF as explained above. Eys was transported to all cellular compartments 

examined, as shown by occasional colocalization with each marker (Figure 3-19A-B''', Figure 3-

20A-B'''), white arrowheads), indicating that Eys trafficking is not blocked at a single step in the 

secretion pathway but is likely slowed down through the secretory pathway, causing it to 

accumulate in the cell body as it travels to the membrane.  

 

 



	
   74	
  

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 3-17. The intracellular accumulation of Eys in rumi–/– becomes worse with 

increasing temperature. (A,A’) A single ommatidium from a wild-type animal at 55% PD 

shifted to 30°C during IRS formation. (B-C’) Ommatidia from rumi–/– animals at 55% PD shifted 

to 30°C during IRS formation show severe Eys accumulation in the cell body, with either a 

complete lack of Eys in the IRS (B,B’) or a thin line of Eys in the IRS (C,C’). (D,E) Electron 

micrographs showing wild-type (D) and rumi–/– (E) ommatidia from 75% PD animals shifted to 

30°C during IRS formation. Red: Eys, Green: Actin which marks the rhabdomeres. The scale 

bar in E applies to D and E and is 2 µm. 
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Figure 3-18. Enzymatic null rumi allele also shows intracellular accumulation of Eys. 

Confocal micrographs depicting antibody stainings of single ommatidia from (A,A') wild-type 

and (B,B') rumi79 mutant animals. The animals, shifted to 30°C during IRS formation, show 

severe accumulation of Eys in the photoreceptor cell body, indicating that the defect is due to 

loss of O-glucose. Red: Eys, Green: Actin which marks the rhabdomeres. 
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Figure 3-19. Eys does not accumulate in the ER or the Golgi in rumi–/– photoreceptors  

raised at 30°C. Confocal micrographs from 75% PD rumi–/– ommatidia colabeled with Eys and 

the ER marker Boca (A-A’’), the Golgi marker Lava lamp (B-B’’). Arrows indicate points of 

colocalization, which occurs only occasionally, suggesting that Eys does not accumulate in a 

single compartment. Scale bar: 5 µm. 
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Figure 3-20. Eys does not accumulate in recycling endosomes or the late endosomes in 

rumi–/– photoreceptors raised at 30°C.  Confocal micrographs from 75% PD rumi–/– 

ommatidia colabeled with Eys and the recycling endosomal marker Rab11 (C-C’’), and the late 

endosomal marker Rab7 (D-D’’). White arrowheads mark colocalization between Eys and the 

respective subcellular compartment. Eys only shows occasional colocalization with each 

marker, strongly suggesting that Eys does not accumulate in a single compartment. 
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 Worsening of the IRS defect and further decrease in the extracellular levels of Eys in 

rumi mutant animals raised at higher temperature suggest that in the absence of Rumi, Eys is 

misfolded. To assess the effects of loss of Rumi on Eys protein levels at low and high 

temperatures, we performed Western blots on head extracts from 80% PD wild-type and rumi–/– 

animals. When raised at 18°C throughout development, wild-type and rumi–/– pupae did not 

show a significant difference in the level of Eys (Figure 3-21A and B, left panel, P=0.57). 

However, when the animals were raised at 18°C until mid-pupal stage and shifted to 30°C 

during IRS formation, there was a significant decrease in the level of Eys in rumi–/– pupal heads 

(Figure 3-21A and B, right panel, P<0.05). These data support the notion that loss of Rumi 

decreases the ability of Eys to fold properly and to be secreted at a normal rate. The data also 

suggest that at higher temperatures, misfolding results in degradation of Eys and worsening of 

IRS defects in rumi mutant animals. 

If rhabdomere attachments observed in rumi mutants result from Eys misfolding, 

decreasing the level of chaperone proteins might enhance this phenotype. To test this 

hypothesis, we examined whether removing one copy of the ER chaperone Hsc70-3 (BiP) 

affects rhabdomere attachment in rumi–/– animals. As shown in Figure 3-22A, animals double 

heterozygous for a lethal P-element inserted in the coding region of Hsc70-3 (Hsc70-3G0102) 

and rumi do not exhibit any rhabdomere attachment. However, Hsc70-3G0102/+; rumi–/– animals 

raised at 18°C show an enhancement of rhabdomere attachment phenotype observed in rumi–/– 

animals raised at the same temperature (Figure 3-22B; compare to Figure 1). The average 

number of separate rhabdomeres in Hsc70-3G0102/+; rumi–/– animals is significantly different from 

rumi–/– animals (Figure 3-22C, 2.85±0.11 vs. 4.11±0.08, P<0.0001). This observation further 

supports the conclusion that Eys is misfolded in rumi mutants. We next asked whether loss of 

Rumi triggers the unfolded protein response (UPR) in the pupal eye. One of the hallmarks of 

the UPR is the induction of chaperones, including Hsc70-3 (Ryoo et al. 2007). Western blotting 

using anti-Hsc70-3 antibody did not show an increase in the level of Hsc70-3 expression in 

rumi mutants raised at 18°C or 30°C compared to control animals (Figure 3-23A and B).  This  
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Figure 3-21. rumi–/– animals show a temperature-dependent decrease in Eys levels.  (A) 

Western blots showing Eys levels in rumi–/– and y w heads grown at 18°C (left) and 30°C 

(right). (B) Graph showing densitometry quantifications from the bands in (A). There is a 

statistically significant decrease in Eys levels in rumi–/– head raised at 30°C (P<0.05; lower 

panel).  
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Figure 3-22. rumi–/– animals show a dosage-sensitive genetic interaction with an ER 

chaperone. (A,B) Hsc70-3+/–; rumi–/– ommatidia show an enhancement of the rumi–/– 

phenotype. (A) Electron micrograph showing a single ommatidium from an Hsc70-3+/–; rumi+/– 

control animal.  (B) Electron micrograph showing an Hsc70-3+/–; rumi–/– ommatidium. 

Frequently, all rhabdomeres but one are attached. (C) Quantification of average individual 

rhabdomere number per ommatidium for the indicated genotypes. *P<0.0001. 
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Figure 3-23. Unfolded protein response is not induced in rumi–/– animals. Levels of Hsc70-

3, which is induced upon UPR, do not change between rumi–/– and y w animals raised at 

different temperatures. (A) western blot showing Hsc70-3 levels and Tubulin loading control. 

(B) ratio of Hsc70-3/Tubulin levels, which do not change between genotypes. NS, not 

significant. 
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indicates that UPR is not induced in the pupal eyes upon loss of Rumi, in agreement with a 

previous report on lack of UPR induction in rumi–/– clones in wing imaginal discs raised at 28°C 

despite accumulation of the Notch protein (Acar et al. 2008).  

 

Mutations in Eys O-glucosylation sites result in its intracellular accumulation 

If loss of the Poglut activity results in intracellular accumulation of Eys in the mid-pupal stage, 

mutating the Rumi target sites on Eys should affect its trafficking as well. To test this, we 

generated UAS-attB transgenes capable of overexpressing wild-type Eys (Eyswt) or Eys with 

serine-to-alanine mutations in four (Eys1-4) or in all five Rumi target sites of Eys (Eys1-5) (Figure 

3-24A). To minimize the expression variability associated with random insertion of transgenes, 

we used ΦC31 transgenesis and integrated all three constructs in the same docking site 

(VK31) in the fly genome (Bischof et al. 2007; Venken et al. 2006). We used GMR-GAL4 to 

overexpress wild-type and mutant Eys in the developing photoreceptors and kept the animals 

at 18°C to avoid the very high levels of GAL4-driven transgene expression at high 

temperatures. In animals overexpressing wild-type Eys, the IRS is expanded and the majority 

of the Eys is within the IRS, although low levels of Eys are seen in photoreceptor cells (Figure 

3-24B-C’). Overexpression of Eys1-4 and Eys1-5 also expands the IRS (Figure 3-24D-E’, 

compare to Figure 3-15). However, unlike the wild-type protein, O-glucose mutant versions of 

Eys protein accumulate in the photoreceptor cells (Figure 3-24D-E’, white arrowheads). These 

data support a role for O-glucose residues in the proper folding and trafficking of Eys. 

 

DISCUSSION 

We have previously shown that the extracellular domains of Drosophila and mammalian Notch 

proteins are efficiently O-glucosylated, and have provided strong evidence that 

Rumi/POGLUT1 is the only protein O-glucosyltransferase capable of adding O-glucose to EGF 

repeats in animals (Acar et al. 2008; Fernandez-Valdivia et al. 2011; Lee et al. 2013; Moloney 

et al. 2000b; Rana et al. 2011). The data presented here indicate that Drosophila Crb and Eys 
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Figure 3-24. Loss of O-glucose on Eys results in its intracellular accumulation. (A) 

Schematic of Eyswt, Eys1-4, in which 4 out of 5 Rumi target sites are mutated, and Eys1-5, in 

which all Rumi target sites are mutated. (B-E’) Overexpression of Eys1-5 (D,D’) and Eys1-4 

(E,E’), but not Eyswt (B-C’), results in intracellular Eys accumulation (arrowheads). The GMR-

GAL4 driver was used and all animals were raised at 18°C. Note that the GMR>eyswt animal 

shown in (B,B’) and the GMR>eys1-5 animal (D,D’) are younger than the GMR>eyswt animal 

shown in (C,C’) and the GMR>eys1-4 animal (E,E’). Scale bar: 5 µm. 
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 also harbor O-glucose residues, yet the impact of loss of Rumi and loss of O-glucose from 

these three target proteins, which harbor the highest number of Rumi target sites among all 

Drosophila proteins, is not equivalent. Loss of Rumi and mutations in Rumi target sites in a 

Notch genomic transgene both result in a temperature-dependent loss of Notch signaling (Acar 

et al. 2008; Leonardi et al. 2011), indicating that the Notch protein becomes sensitive to 

temperature alterations in the absence of O-glucose. Although the Notch loss-of-function 

phenotypes in rumi mutants raised at 18°C are mild and limited to certain contexts, raising 

animals homozygous for rumi or harboring rumi mitotic clones at 30°C phenocopies Notch-null 

phenotypes (Acar et al. 2008; Perdigoto et al. 2011; Takeuchi et al. 2011), indicating that O-

glucose is indispensable for the function of Drosophila Notch at the restrictive temperature. At a 

functional level, loss of Rumi affects Eys similarly, with a moderate rhabdomere attachment 

phenotype at 18°C which becomes more severe when rumi animals are raised at 30°C during 

IRS formation. However, even when raised at 30°C, rumi does not phenocopy an eys-null 

phenotype in the eye, as rhabdomeres show some degree of separation in the mid-pupal 

stage. The function of Crb, in contrast, does not seem to be significantly affected by loss of O-

glucose, as flies homozygous for a mutant allele of crb which contains no intact Rumi 

consensus sequences are viable and fertile, and do not exhibit any obvious phenotypes in 

rhabdomere morphogenesis. The divergent effects of O-glucose on the function of these 

proteins does not seem to be correlated with the number of Rumi target sites or the overall 

structure of these proteins, as Notch and Crb are transmembrane proteins but Eys is secreted, 

Crb and Eys both have a combination of EGF repeats and Laminin G domains but Notch does 

not have Laminin G domains, and Crb has a higher number of Rumi target sites (7) compared 

to Eys (5). In summary, our data indicate that although the C1XSX(P/A)C2 motif is highly 

predictive for the addition of O-glucose to EGF repeats of Drosophila proteins, the functional 

importance of O-glucose depends on additional parameters beyond the number of O-glucose 

sites and the overall domain structure of a given target protein. 
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In rumi mutant ommatidia, a significant amount of Eys remains inside the photoreceptor 

cells, while the extracellular levels of Eys in the IRS decrease. At the restrictive temperature, 

these phenotypes are enhanced and the total level of Eys in rumi mutant heads is significantly 

decreased. Moreover, removing one copy of an important ER chaperone enhances the 

rhabdomere attachment phenotype in rumi mutants. Finally, animals homozygous for the 

catalytically-inactive allele rumi79 also show rhabdomere attachment, and mutating the O-

glucose sites of Eys results in its intracellular accumulation. Together, these observations 

strongly suggest that loss of O-glucosylation results in Eys misfolding and a decrease in its 

extracellular levels. In contrast, despite the almost complete loss of Notch signaling in rumi 

clones raised at 28-30°C, surface expression of Notch is not decreased upon loss of Rumi; in 

contrast, Notch accumulates inside and at the surface of rumi mutant epithelial cells raised at 

the restrictive temperature (Acar et al. 2008). Moreover, cell-based and genetic experiments 

suggest that in the absence of Rumi, Notch is able to bind ligands at the cell surface but fails to 

be cleaved properly by the ADAM10 metalloproteinase Kuzbanian (Acar et al. 2008; Leonardi 

et al. 2011). Therefore, although these reports cannot rule out a redundant role for O-glucose in 

promoting the cell surface expression of Notch, they indicate that O-glucose is required for 

Notch signaling independently of its exocytic trafficking. Nevertheless, the temperature-

dependent enhancement of loss of Notch signaling and Notch accumulation in rumi mutants 

(Acar et al. 2008; Leonardi et al. 2011) suggests that folding of Notch might also be affected by 

the loss of O-glucose. Similarly, the increase in the number of Crb+ puncta observed in rumi–/– 

photoreceptors raised at 25°C suggests that, although the function of Drosophila Crb does not 

depend on O-glucosylation, loss of O-glucose affects Crb trafficking. Therefore, while we 

cannot rule out that O-glucosylation affects each of these targets differently at molecular and 

cell biological levels, we favor a scenario in which the folding of all three targets is affected by 

loss of O-glucose. In this scenario, the degree of functional defects observed for each target 

and the cellular compartment where the defect is observed varies depending on the extent of 

misfolding, the sensitivity of the target protein to lack of O-glucose and the cellular context 
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where the target operates. It is intriguing to note that Rumi/POGLUT1 only glucosylates 

properly folded EGF repeats in vitro (Takeuchi et al. 2012), suggesting that Rumi/POGLUT1 

may exert its effects on folding at the level of individual EGF repeats. 

Analysis of rhabdomere separation and IRS size in mid-pupal and late pupal/adult  

rumi–/– animals raised at 18°C suggests two temporally distinct steps for the function of Eys 

during IRS formation. In the early stages of IRS formation, some of the rhabdomeres in each 

ommatidium fail to separate from each other, and the mutant IRS is significantly smaller than 

control IRS. In late pupal stages, the level of Eys in the IRS of rumi–/– ommatidia is comparable 

to that in control ommatidia, in agreement with the more or less normal IRS size observed in 

adult rumi ommatidia. Nevertheless, rhabdomere attachments are not resolved. These 

observations suggest that Eys generates the IRS in two steps. At ~45-55% PD, Eys secretion 

is required to sever the attachments among the rhabdomeres in each ommatidium (step 1), 

likely by opposing the adhesive forces mediated by Chaoptin (Zelhof et al. 2006). Rhabdomere 

separation in turn generates conduits between stalk membranes—from which Eys is likely 

secreted (Husain et al. 2006) —and the central IRS, and thereby allows Eys to increase the 

IRS size after rhabdomeres are separated (step 2). We propose that in rumi mutants, the Eys 

protein fails to fold properly and as a result, a significant fraction of Eys remains inside the cell 

instead of being secreted into the extracellular space. Therefore, at the mid-pupal stage Eys 

fails to fully separate the rhabdomeres from one another. Once the critical time window 

between 45-55% PD (step 1) passes, continued Eys secretion in step 2 (IRS expansion) 

cannot separate rhabdomeres anymore. However, since in each rumi ommatidium some 

rhabdomeres separate from one another, Eys can reach the central IRS and can gradually 

increase the IRS size. This two-step model of rhabdomere separation and IRS expansion is 

further supported by the observation that overexpression of Eys in an eys null background after 

65% PD fails to separate the rhabdomeres (Zelhof et al. 2006). 

Lack of photoreceptor abnormalities in crb mutants with no intact Rumi target sites was 

somewhat surprising, given that Crb has the second highest number of O-glucosylation motifs 
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in all fly proteins and that multiple EGF repeats in human CRB1 and CRB2 contain the Rumi 

consensus sequence. Our data indicate that O-glucosylation of Crb is not required for viability, 

fertility and photoreceptor morphogenesis in flies, at least in a laboratory setting. The Crb 

extracellular domain is dispensable for proper apical-basal polarity in embryos (Wodarz et al. 

1995), but is required in other contexts, such as stalk membrane formation (Pellikka et al. 

2002), regulation of the head size (Richardson and Pichaud 2010), prevention of light-induced 

photoreceptor degeneration (Johnson et al. 2002) and invagination of the salivary gland 

placode in embryos (Roper 2012). While the stalk membrane formation is not impaired upon 

mutating all Crb O-glucose sites, it remains to be determined whether O-glucosylation of Crb is 

required for the regulation of other processes regulated by the Crb extracellular domain, and 

whether O-glucosylation of mammalian CRB proteins is required for their function. 

Although a number of mammalian species including mice, rats, guinea pigs and sheep 

have lost Eys during evolution (Abd El-Aziz et al. 2008), humans have an Eys homolog (EYS), 

which shows an overall protein domain organization similar to the fly Eys (Figure 4) (Collin et 

al. 2008). Transgenic expression of human EYS in a Drosophila eys null background produces 

pockets of IRS, presumably at the location of secretion, but fails to rescue the rhabdomere 

attachment phenotype (Nie et al. 2012). However, when human EYS is coexpressed in eys–/– 

animals with a human homolog of the Drosophila Prom called PROM1, some rhabdomeres 

separate from their neighbors (Nie et al. 2012). Since binding between Drosophila Eys and 

Prom is important for IRS formation (Zelhof et al. 2006), these rescue experiments highlight the 

evolutionary conservation of the Eys-Prom interaction in the visual system. Of note, mutations 

in human EYS and PROM1 cause several forms of retinal degeneration including autosomal 

recessive retinitis pigmentosa, rod-cone dystrophies and cone-rod dystrophy (Abd El-Aziz et al. 

2008; Audo et al. 2010; Beryozkin et al. 2014; Collin et al. 2008; Iwanami et al. 2012; Katagiri 

et al. 2014; Littink et al. 2010; Permanyer et al. 2010; Pras et al. 2009; Zhang et al. 2007). 

Human EYS contains seven target sites for O-glucosylation, 4-5 of which are clustered similar 
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to the Rumi target sites in EGF1-5 of Drosophila Eys. Therefore, O-glucosylation might play an 

important role in the function of the human EYS.  
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CHAPTER IV 

 

SUMMARY AND FUTURE DIRECTIONS 
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PART 1: SUMMARY AND DISCUSSION  

 

 The functions of O-linked glycosylation are an area of active study. Many of the 

discovered functions of O-linked glycosylation on EGF repeats have been characterized with 

respect to Notch signaling. Rumi was discovered and initially characterized as the O-

glucosyltransferase that modifies Notch to promote Notch signaling (Acar et al. 2008). Although 

other proteins, such as coagulation factors, contain O-glucose modifications, no other targets of 

Rumi had been characterized. The data presented in chapter III demonstrates that Rumi has 

other targets in Drosophila besides the Notch extracellular domain. I have shown that the 

enzymatic function of Rumi is required for the separation of rhabdomeres independently of its 

role in Notch signaling. The two candidate targets responsible for this phenotype are Crb and 

Eys, and both of these harbor O-glucose modifications on every Rumi consensus sequence 

tested. I have shown that, surprisingly, loss of O-glucose on Crb appears to have no effect on 

Drosophila development, including eye and rhabdomere morphology. However, slightly 

increased Crb+ puncta are visible in rumi–/– photoreceptors, suggesting that Rumi plays some 

role on Crb in the secretory pathway. My data strongly suggest that addition of O-glucose by 

Rumi to Eys is likely required to promote the complete separation of rhabdomeres during pupal 

development. The role of O-glucose on Crb is less clear, as mutations in the Rumi target 

sequences of Crb cause no obvious developmental phenotypes. Loss of the enzymatic activity 

of Rumi results in severe intracellular accumulation of Eys, especially when animals are raised 

at higher temperatures, which corresponds with a decrease in IRS size in rumi–/– animals. 

Mutations in the Rumi target sites in Eys also cause intracellular accumulation of Eys, 

suggesting that this defect is due to loss of O-glucose on Eys. Somewhat surprisingly, 

accumulated Eys is not located exclusively in the ER, where Rumi resides, or in any other 

cellular compartment. This corresponds with the Notch data when Rumi is absent; Notch 

accumulates intracellularly but is not accumulated in the ER (Acar et al. 2008). This suggests 

that Eys secretion through the secretory pathway is slow upon loss of O-glucose, and the 
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temperature sensitivity suggests that Eys may be misfolded, blocking smooth transport through 

the secretory pathway.  Conversely, unfolded protein response is not induced in rumi–/– 

animals, but again this is consistent with the Notch data upon loss of Rumi (Acar et al. 2008). 

However, removing a copy of the ER chaperone hsc70-3 in a rumi–/– animal worsens the 

rhabdomere attachment defect, suggesting that protein misfolding is the cause of rhabdomere 

attachment in rumi–/–. Lastly, Eys levels decrease in rumi–/– raised at higher temperatures, 

which could be due to Eys misfolding and subsequent degradation. Collectively, these results 

suggest that Eys requires O-glucose to be properly folded and secreted into the IRS, where it 

can separate the rhabdomeres. 

 The differences between loss of O-glucose on Eys and Notch suggest that O-glucose is 

not required for all proteins equally. At a functional level, loss of O-glucose on Notch does not 

affect ligand binding or transport to the cell surface, but affects Notch at a step between S2 and 

S3 cleavage. At the protein level, loss of O-glucose leads to increased Notch levels both at the 

cell surface and intracellularly. One potential hypothesis is upon loss of O-glucose, the Notch 

extracellular domain binds the ligands but fail to undergo the conformational changes required 

to expose the S2 cleavage site due to a mild misfolding at the membrane. It is possible that the 

Notch accumulation is due to Notch misfolding, although Notch is not accumulated in the ER 

and the unfolded protein response is not induced (Acar et al. 2008). The same is true for Eys; 

the data presented here suggest that Eys is misfolded upon loss of O-glucose, although Eys 

does not accumulate in the ER and the unfolded protein response (UPR) is not induced.  The 

reason for the accumulation of misfolded Notch and Eys remains to be determined. Cells have 

mechanisms such as the UPR to decrease the load of misfolded proteins and target them for 

degradation, but this does not seem to be happening, at least efficiently, upon loss of O-

glucose from Notch and Eys. O-glucose may be required for misfolded protein degradation, but 

Eys levels are decreased at higher temperatures in rumi mutants, suggesting that at least some 

degradation is occurring in the case of Eys.  
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 O-glucose is likely not required for the initial stages of protein folding, given that O-

glucose must be added to an already folded EGF repeat (Ishio et al. 2014). It is possible that 

O-glucose is required to maintain the conformational stability of Eys in the secretory pathway, 

and this conformational stability is required for proper Eys secretion. When Eys is not O-

glucosylated, it then lingers in the secretory pathway by an unknown mechanism before 

eventually moving through. It remains to be determined whether conformational stability 

prevents consistent Eys binding with an important chaperone in the secretory pathway, thereby 

preventing proper Eys secretion. However, it could also be true that chaperones bind more 

tightly to misfolded Eys in an attempt to correct the folding problem, which could lead to a 

slower Eys secretion. Notably, Ire1 recognizes misfolded proteins and loss of Ire1 results in 

defective Eys secretion (Coelho et al. 2013). It is possible that binding of Eys to Ire1 is required 

for secretion, and loss of O-glucose disrupts this binding. 

 Humans have an Eys homolog (EYS) that is required to prevent retinal degeneration 

(Abd El-Aziz et al. 2008). However, retinitis pigmentosa patients with mutations in EYS do not 

have any vision disruptions before the onset of retinal degeneration symptoms, suggesting a 

difference in the function of Drosophila Eys and human EYS in the context of development. 

However, it was recently discovered that mutations in Drosophila eys results in retinal 

degeneration (Gurudev et al. 2014).. Unfortunately, it remains difficult to study EYS since mice 

have lost EYS during evolution. One can speculate that mice have some compensatory 

mechanism for EYS function, but this remains to be determined. 

 The proposed mechanism of Eys function is that extracellular Eys binds to Prominin, a 

pentaspan transmembrane protein, to push apart the rhabdomeres during development (Zelhof 

et al. 2006). However, expression of Eys after ~60% PD fails to separate the rhabdomeres, 

indicating that other mechanisms exist for rhabdomere separation. Possibly at 55-60% PD, the 

microvilli of the rhabdomeres are premature and adhere less tightly than the microvilli of adults, 

and are therefore more easily pushed apart. After this time, the microvilli begin to elongate, and 

perhaps the microvilli of unseparated rhabdomeres interlock with the neighboring microvilli. In 
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my model, I propose that unglucosylated Eys is not rhabdomeres efficiently secreted into the 

IRS at the beginning of rhabdomere separation, marking a critical time window that must 

separate during development. After this time period, Eys is able to escape into the IRS, but at 

that time the microvilli is more mature and cannot be separated.  

 

PART 2: FUTURE DIRECTIONS 

 

Develop a rescue system to determine whether loss of O-glucose from Eys causes 

rhabdomere attachment 

 The data presented in chapter III suggests that Eys requires O-glucose for its function 

of rhabdomere separation. Further studies are required to prove this mechanism. To prove that 

loss of O-glucose on Eys is the actual cause of the rhabdomere attachment defect in rumi null 

animals, several techniques can be employed. First, the eys1-5 construct used in the study will 

need to be expressed under the endogenous promoter. GMR is too strongly expressed and 

cannot be accurately used for rhabdomere separation experiments. Two commercially 

available MiMIC lines have the insertion in the first half of the eys gene: Mi00140 lies in the first 

intron of Eys, and MI09039 is inserted into the third intron of Eys 

(http://flypush.imgen.bcm.tmc.edu/pscreen/mimic.html) (Venken et al. 2011; Venken et al. 

2009). These insertions can be replaced with a GAL4 by employing ϕC31-mediated integration, 

therefore driving Gal4 under the endogenous eys promoter. Using this method, Eys cDNA 

under the control of a UAS element (this study) could be driven by Gal4 expression with the 

natural promoter, the exact sequence of which is unknown.  

 A second method to test whether loss of O-glucose on Eys indeed causes rhabdomere 

attachment would be to generate a genomic transgene of eys with its natural promoter. This 

can be inserted into a VK line containing an attP site in a certain location on the genome which 

can be used to insert a construct with an attB site using ϕC31-mediated integration (Venken et 

al. 2006). Once a rescue system is established, the Rumi consensus sequences can be 
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mutated and subsequently used to determine the amount of rescue of the eys null phenotype. 

Our group previously used the same method for introducing mutations in O-glycosylation sites 

(Leonardi et al. 2011). However, this method would be much more inefficient and time 

consuming for Eys because the Rumi target sites in Eys are encoded by multiple rather distant 

exons. Regardless, we have used this method to inject two large BAC constructs into the VK31 

site; CH321-59D21, and a shorter 50 kb construct that was generated by homologous 

recombination using homology arms close to the eys coding region. Flies carrying the larger 

59D21 insertion, which we have named PBac{eysgt-59D21}attVK31, are sick and it has been 

difficult to cross them onto an eys null background. Animals with the shorter transgene, 

however, have been crossed onto an eys null background. Although Eys is expressed in these 

animals, it fails to separate the rhabdomeres (Figure 25), suggesting that essential regulatory 

elements are present in the deleted upstream or downstream regions. It is possible that this 

construct is expressed too late in IRS development to separate the rhabdomeres. 

 

Determine whether Eys is misfolded  

 Since the Eys intracellular accumulation phenotype is temperature-sensitive and since 

removing one copy of the chaperone hsc70-3 in a rumi–/– background worsens the rhabdomere 

attachment in rumi–/–, it is easy to speculate that Eys is misfolded upon loss of O-glucose. 

However, the methods employed in chapter III cannot prove protein misfolding. To determine 

this, a method called circular dichroism can be used (Greenfield 2006). This method measures 

the protein's unequal absorption of left-handed and right-handed circular polarized light. 

Proteins must be 95% pure and only 20 µg or less of protein is needed. Ideally, Eys protein 

from Rumi positive and Rumi negative cell lines (or flies) would be purified and the difference in 

absorption would be measured. Additionally, this system can be used to determine changes in 

protein conformation with varying temperature, which could be performed to determine if Eys 

misfolding is indeed increased at higher temperatures.  
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Figure 4-1. The shorter Eys genomic transgene does not rescue the eys null phenotype. 

Confocal micrographs of (A,A') heterozygous and (B,B') homozygous eys null animals 

expressing the shorter eys genomic transgene. Eys is concentrated at the stalk membrane on 

the outside of unseparated rhabdomeres. This construct is potentially lacking regulatory 

elements required for proper timing of Eys expression, and this expression pattern is consistent 

with late expression of Eys (Zelhof et al. 2006). 
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Potential cooperation of O-glucose with other O-linked glycans on Eys and Crb  

 Loss of O-glucose on Eys results in an Eys folding defect, which grows worse at higher 

temperatures, but never phenocopies the eys null phenotype. This is unlike the phenotype of 

loss of O-glucose on Notch, which mimics the Notch loss of function phenotype when animals 

are raised at higher temperatures (Acar et al. 2008). However, Ishio et al showed that loss of 

the O-fucose on Notch does not affect Notch signaling alone at lower temperatures, but affects 

Notch signaling at higher temperatures. The loss of both O-glucose and O-fucose on Notch 

causes severe defects even at lower temperatures, suggesting that glucose and fucose on 

Notch have a redundant function. It remains to be determined whether this is also true for Eys 

or Crb function. It is possible that loss of O-glucose and loss of O-fucose on Eys results in a 

complete loss of Eys function at higher temperatures. Additionally, loss of O-glucose 

surprisingly had no effect on Crb function. Given that Crb has a higher number of highly 

conserved O-glucose target sequences, it is strange that O-glucose is dispensable for Crb 

function. Interestingly, Crb contains seven O-glucose sites and ten O-fucose sites, whereas 

Eys possesses five O-glucose sites and four O-fucose sites. Since Crb has more O-fucose 

sites and O-glucose, and many more sites than Eys, possibly O-fucose and O-glucose 

cooperate in a slightly different redundant fashion in which O-fucose is more important for Crb 

function than O-glucose. This could be determined by mutating both the O-glucose and the O-

fucose sites on Crb. Additionally, it is possible that we did not raise our crb1-7-HA animals at a 

high enough temperature as the highest we raised them was 25°C. Raising the animals at 30°C 

was lethal for both crb1-7-HA and crbwt-HA, indicating that the HA tag disrupted Crb function at the 

higher temperature, so no conclusions about the temperature sensitive function of O-glucose 

could be reached at that temperature.  

 Comparing Pofut1/Ofut1 knockout phenotypes can provide clues to the relevant targets 

of the enzymes. Loss of Pofut1/ofut1 results in embryonic lethality similar to loss of Notch 

function, suggesting Notch requires O-fucose to function (de la Pompa et al. 1997; Oka et al. 

1995; Poulson 1937; Sasamura et al. 2003; Shi and Stanley 2003). Loss of crb in flies results in 
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a disruption of embryonic ectodermal derived epithelial cells (Tepass et al. 1990). While it is 

easy to relate loss of Pofut1 to a global loss of Notch signaling because mutations in RBPJ 

result in a global loss of Notch signaling, it is more difficult for CRB. Loss of function mutations 

in CRB1 result exclusively in eye phenotypes, involving loss of polarity, but animals survive 

(Mehalow et al. 2003). Loss of CRB2 results in embryonic lethality at E12.5, later than global 

loss of Notch and loss of Pofut1 which die around E10.5 to E11.5 (Oka et al. 1995; Shi and 

Stanley 2003; Xiao et al. 2011). CRB3 is not required for mouse embryonic development, but is 

required for lung development as CRB3 null mice die shortly after birth due to respiratory 

distress (Whiteman et al. 2014). However, CRB3 has a very short extracellular domain with no 

EGF repeats and therefore no sites for O-glycosylation(Makarova et al. 2003), so glycosylation 

likely does not play a role in CRB3 function.  Additionally, loss of Pofut1/ofut1 has no reported 

phenotypes in epithelial polarity, which is the main function of Crb (Okamura and Saga 2008; 

Schuster-Gossler et al. 2009; Yao et al. 2011). Although glycosylation sites are conserved 

between Drosophila and mammalian Crb proteins, more studies will be required to determine 

the role of glycosylation in Crb function.  

 

Determine whether O-glucose plays a role in the function of human EYS 

 Loss of O-glucose on Drosophila Eys results in a slow secretion into the IRS, leading to 

the lack of complete rhabdomere separation. It is tempting to speculate that O-glucose plays a 

role on human EYS as well since EYS possesses seven sites for O-glucose addition.. 

However, this is difficult to test since EYS is not conserved in mice and no mutations in Rumi 

have been reported in arRP patients (RetNet, https://sph.uth.edu/retnet/). One possibility is to 

generate the cDNA of human EYS, which spans about 10kb in length and is not available 

elsewhere. I have obtained fragments of human EYS from various sources and have been 

working to assemble them by overlap extension PCR. This construct, once assembled, can be 

transfected into mammalian cell lines, such as Y79 (a human retinoblastoma cell line) or 

Neuro2A (a murine neuroblastoma cell line), to determine whether the protein is secreted. The 
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construct can also be transfected into a cell lines with Rumi knocked down, which can be 

efficiently induced by RNAi (Fernandez-Valdivia et al. 2011). Furthermore, the construct can be 

injected into flies to make transgenic animals, and genetic experiments can subsequently be 

performed to determine whether human EYS can rescue the fly eys null phenotype or whether 

loss of rumi affects the function of human EYS in this context.  

 

Modeling arRP mutations in flies 

 Mutations in human EYS cause autosomal recessive retinitis pigmentosa in several 

different populations across the world (Bandah-Rozenfeld et al. 2010; Barragan et al. 2010; 

Huang et al. 2010; Isackson et al. 2011; Iwanami et al. 2012; Littink et al. 2010), and mutations 

in EYS have been found in cone-rod dystrophy (Katagiri et al. 2014). According to 

http://www.hgmd.cf.ac.uk/ac/index.php, 34% of arRP-causing EYS mutations are missense 

mutations, and although they are highly associated with the disease, not all of them are 

predicted to be pathogenic by prediction programs (Oishi et al. 2014). Therefore, modeling 

these mutations in other organisms could provide insight on the pathogenic mechanism of 

these mutations. Mice do not contain an EYS homolog, and therefore cannot be used to model 

pathogenic EYS mutations. However, Drosophila can be used to model disease-causing EYS 

mutations; if a full-length EYS transgene is generated and a rescue system is created, 

mutations that are found in patients with retinitis pigmentosa can be introduced into the human 

construct, which can then be introduced into Drosophila. This method could be used to 

determine the effect of disease causing mutations on EYS biology in vivo. In one study, this 

same method was employed to model a retinitis pigmentosa disease causing mutation in 

PROM1 to determine the effect on retinal biology (Nie et al. 2012). This resulted in an 

interesting phenotype in which the mutated PROM1 disrupted the function of endogenous prom 

in a dominant negative fashion, consistent with the fact that the disease-causing mutation is 

autosomal dominant. Additionally, the EYS construct with disease-causing mutations can be 
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introduced into mammalian cell lines to examine the effect of each mutation on trafficking and 

secretion.   

 

Role of Rumi in mechano- and chemosensory organs 

 Cook et al found that Eys is required to prevent water loss in mechanosensory organs 

when animals are placed at higher temperatures (Cook et al. 2008), and that loss of Eys has no 

effect on mechanosensory organs when animals are raised at lower temperatures (Husain et 

al. 2006). If O-glucose is required on Eys in the context of rhabdomere spacing, it is possible 

that Eys requires O-glucose to function in the mechanosensory and chemosensory organs. To 

determine whether Rumi is required in the mechanosensory organs, adult rumi–/– would be 

placed at 37°C with eys–/– and wild type animals as controls, and loss of coordination would be 

assayed starting at 30 minutes and examined every 15 minutes thereafter. Animals that are 

eys–/– should lose the ability to walk and stand up after 30 minutes at 37°C according to 

previously published data (Cook et al. 2008). If O-glucose is required for Eys function, rumi–/– 

animals should lose ability to walk and stand in a similar manner. It is possible that rumi 

mutants behave like an eys hypomorph in this context, similar to the way they behave in the 

eye. If this is the case, perhaps rumi–/– animals will become more uncoordinated but still retain 

the ability to walk. In this case, climbing assays can be performed to determine how fast the 

flies can climb to the top of the vial. Wild type animals do this quickly since flies display 

negative geotaxis, i.e. move away from gravity. 

 Single nucleotide polymorphisms (SNPs) in EYS are associated with statin-induced 

myopathy, suggesting that EYS is important for human muscle function under environmental 

stress (Isackson et al. 2011). Only one copy of an EYS SNP is required to incur damage 

induced by statins. Isackson et al proposed that EYS is required for proper muscle 

regeneration in response to muscle damage. Additionally, they identified many isoforms of the 

EYS transcript in different tissues such as brain, spinal cord, and muscle, suggesting that each 

tissue has a wide variety of isoforms and complex splicing of EYS. It's possible that the 
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mechanism of statin-induced damage caused by EYS mutations is similar to the loss of 

mechanoreceptor function in Drosophila with eys mutations. Additionally, human EYS and 

Drosophila Eys have a similar protein organization to Notch, which is required to prevent 

premature satellite cell differentiation (Kopan et al. 1994; Kuroda et al. 1999; Schuster-Gossler 

et al. 2009). Both proteins contain multiple EGF repeats, which can mediate protein-protein 

interactions. It is possible, as Isackson et al suggests, that EYS is involved in muscle related 

Notch functions. Drosophila is a good model to study muscle since the Drosophila tubular body 

muscle is similar to mammalian muscle. To the best of my knowledge, it has not been tested 

whether Eys is expressed in Drosophila muscle. If it is indeed expressed, Drosophila would be 

a great model to study stress-induced muscle damage in animals lacking eys.  
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