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Abstract

Proper function of cell signaling pathways is dependent upon regulated membrane trafficking 

events that lead to the endocytosis, recycling, and degradation of cell surface receptors. The 

endosomal complexes required for transport (ESCRT) genes play a critical role in the sorting of 

ubiquinated cell surface proteins. CHMP2BIntron5, a truncated form of a human ESCRT-III 

protein, was discovered in a Danish family afflicted by a hereditary form of frontotemporal 

dementia (FTD). Although the mechanism by which the CHMP2B mutation in this family causes 

FTD is unknown, the resulting protein has been shown to disrupt normal endosomal-lysosomal 

pathway function and leads to aberrant regulation of signaling pathways. Here we have 

misexpressed CHMP2BIntron5 in the developing Drosophila external sensory (ES) organ lineage 

and demonstrate that it is capable of altering cell fates. Each of the cell fate transformations seen is 

compatible with an increase in Notch signaling. Furthermore, this interpretation is supported by 

evidence that expression of CHMP2BIntron5 in the notum environment is capable of raising the 

levels of Notch signaling. As such, these results add to a growing body of evidence that 

CHMP2BIntron5 can act rapidly to disrupt normal cellular function via the misregulation of critical 

cell surface receptor function.
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Introduction

Regulated turnover of cell surface receptors is achieved through internalization into 

endosomes, fusion of endosomes into multivesicular bodies (MVBs), and targeting the 
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MVBs to lysosomes where the cargo can be degraded (Scott, Vacca, & Gruenberg, 2014). 

Central to this process are the ESCRT complexes which function in cargo sorting and MVB 

formation. Mutations in genes encoding ESCRT proteins are associated with a wide variety 

of diseases, including neurodegenerative diseases such as frontotemporal dementia (FTD), 

amyotrophic lateral sclerosis (ALS), Huntington’s disease, paraparesis, and prion disease 

(Stuffers, Brech, & Stenmark, 2009).

The human CHMP2B gene (vps2 in yeast and CG4618 in Drosophila) encodes a member of 

the ESCRT-III complex and mutations resulting in truncations of CHMP2B protein have 

been identified as the causative agent in some cases of familial neurodegenerative diseases. 

In one Danish family, a G-to-C mutation in the acceptor splice site of exon 6 leads to the 

inclusion of intron 5 in the mRNA (CHMP2BIntron5). This transcript contains a premature 

stop codon and a CHMP2B protein in which the final 36 amino acids are exchanged for a 

single valine residue (Skibinski et al., 2005). In the case of a Belgian patient displaying 

familial FTD, sequence analysis uncovered a nonsense mutation that also generated a 

carboxyl terminus truncation of 49 amino acids (van der Zee et al., 2008). Several lines of 

evidence indicate that such altered proteins can exert strong effects on neuronal physiology 

and development via gain-of-function activity. Transgenic mice expressing CHMP2BIntron5 

in neurons display pathological similarities to ALS and FTD (Vernay et al., 2016). Cultured 

mouse cortical neurons transfected with CHMP2BIntron5 show an accumulation of 

autophagosomes and exhibit increased cell death (Lee, Beigneux, Ahmad, Young, & Gao, 

2007). While CHMP2B−/− mice (which possess reduced levels of CHMP2B) display normal 

lifespan and show no evidence of neuropathology, transgenic mice expressing 

CHMP2BIntron5 exhibit decreased survival and accumulate ubiquitin-positive inclusions in 

the brain (Ghazi-Noori et al., 2012). Whereas CHMP2B depletion in cultured rat 

hippocampal neurons decreases dendritic spine density, transfection of CHMP2BIntron5 into 

these neurons leads to increased dendritic spine density and impedes maturation of the 

spines (Belly et al., 2010; Chassefeyre et al., 2015). In Drosophila, misexpression of 

CHMP2BIntron5 targeted to the eye generates abnormal tissue growth when expressed during 

early eye development (Cheruiyot, Lee, Gao, & Ahmad, 2014), or melanization and 

neurodegeneration when expressed later specifically in photoreceptors (Ahmad, Sweeney, 

Lee, Sweeney, & Gao, 2009). In both cases, the phenotypes are driven by accumulation of 

specific cell surface receptors leading to dysregulation of the signaling pathways (the Notch 

pathway in the former and the Toll pathway in the latter).

In this report we have investigated the action of CHMP2BIntron5 in a different 

neurodevelopmental setting – the Drosophila external sensory (ES) organs, or bristles. ES 

organs originate from a single precursor cell (SOP or pI) which undergoes a well-

characterized series of sequential divisions and cell fate specifications (summarized in 

Figure 1) (Lai & Orgogozo, 2004). Briefly, once the pI cell is specified, it divides to produce 

a pIIA and pIIB cell. The pIIB cell then divides to produce a pIII cell and a vestigial glial 

cell, which undergoes apoptosis. The pIIA cell divides to produce the shaft and socket cells 

(which generate the external bristle structures) while the pIII cell divides to produce the two 

internal cells – sheath cell and neuron. Asymmetries in each division arise through a 

combination of extrinsic mechanisms, such as cell-cell signaling via the Notch receptor 

pathway, and intrinsic mechanisms, such as the differential segregation of the key protein 
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factors like Numb, which regulates the endocytic recycling of the Notch receptor (Lai & 

Orgogozo, 2004; Singhania & Grueber, 2014). Mutations or manipulations in Notch 

pathway genes that lead to enhanced Notch signaling cause cell fate transformations toward 

one side of the lineage (pIIB to pIIA, shaft to socket, neuron to sheath) whereas mutations or 

manipulations that antagonize Notch signaling cause transformations in the opposite 

direction (Bang & Posakony, 1992; Hartenstein & Posakony, 1990; Parks & Muskavitch, 

1993; Rhyu, Jan, & Jan, 1994; Schweisguth & Posakony, 1994).

We show that expression of CHMP2BIntron5 during the development of the ES organ lineage 

has profound effects on cell fate specification, leading to the transformation of several cell 

types. Each asymmetric division in the lineage is susceptible to the effects of 

CHMP2BIntron5. Furthermore, we demonstrate that the effect of CHMP2BIntron5 on ES 

organ development is achieved through an increase in Notch signaling. The potency of 

CHMP2BIntron5, however, is not equivalent for each division, suggesting that each binary 

cell fate decision in the lineage may exhibit a different threshold for Notch function to 

actuate appropriate cell fate specification.

Materials and Methods

Drosophila stocks and crosses

Flies were raised on standard medium (Genesee, #66–112) at 25°C or at 20°C for 

temperature sensitive crosses. The following transgenic elements were obtained from stocks 

at the Bloomington Stock Center and combined with other elements via standard Mendelian 

genetics to generate working stocks for crosses: neurP72-Gal4 (BL#80575), pnrMD237-Gal4 
(BL#3037), EQ-Gal4 (BL#43659), tubGal80ts (BL#7018), UAS-Nintra (BL#52008), NRE-
GFP (BL#30727, 30728). Other transgenic elements included UAS-CHMP2BWT and UAS-
CHMP2BIntron5 (Ahmad et al., 2009), ase-Gal4 (a gift from E. Lai), and Pax2B-Gal4, which 

was generated as described below. Nts1 (Shellenbarger & Mohler, 1975), DlRevF10 (Haenlin, 

Kramatschek, & Campos-Ortega, 1990), and Su(H)AR9 (Schweisguth & Posakony, 1992) 

were used to reduce dosage of the respective genes and were gifts from E. Lai (Nts1, 

DlRevF10) and J. Posakony (Su(H)AR9). Fly stocks with the transgenic elements required for 

various crosses were generated by standard crossing and recombination. The initial crosses 

involved crossing the specific Gal4 lines with either –

UAS-CHMP2BIntron5;tubGal80ts/T(2;3)SM5;TM6B or

UAS-CHMP2BWT;tubGal80ts/T(2;3)SM5;TM6B.

The following crosses was performed to reduce dosage of Notch pathway genes –

Nts1;neur-Gal4/TM6B × UAS-CHMP2BIntron5;tubGal80ts/T(2;3)SM5;TM6B.

neur-GAL4, tubGAL80/TM6B × UAS-CHMP2BIntron5/CyO; DlRevF10/MKRS

Su(H)AR9; neur-GAL4/SM5TM6B × UAS-CHMP2BIntron5;tubGal80ts/

T(2;3)SM5;TM6B

The following crosses were performed to assess Notch activity via the NRE-GFP reporter –

NRE-GFP;pnr-Gal4/T(2;3)SM5;TM6B x
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UAS-CHMP2BIntron5;tubGal80ts/T(2;3)SM5;TM6B and

pnr-Gal4, tubGal80ts/TM6B × UAS-NIntra;NRE-GFP/T(2;3)SM5;TM6B.

For all experiments requiring temperature shift, white prepupae were selected and placed in 

petri dishes with a small damp sponge to provide moisture. The dishes were incubated at 

20°C for the designated times and then placed in a 29°C incubator for the duration of the 

temperature shift.

Generation of Pax2B-Gal4 flies

A 3.1 kb enhancer was excised using BamHI from the pH-Stinger construct used to generate 

Pax2B-GFP transgenic flies (Johnson, Harmon, Smiley, Still, & Kavaler, 2011). This insert 

was cloned into the pPTGAL4 BamHI site (Sharma, Cheung, Larsen, & Eberl, 2002). A 

successful construct was verified by restriction enzyme analysis and sequence analysis of the 

5’ and 3’ ends. The construct was injected into fly embryos along with the pUChsΔ2–3 

helper plasmid by standard techniques (Cripps & Bernstein, 2000) and the resulting progeny 

were crossed to w1118 flies. Several w+ progeny were isolated, the transgenes were mapped 

to specific chromosomes, and stocks were produced by balancing over either CyO or TM6B 
balancer chromosomes. The stock used contained a Pax2B-Gal4 transgene on chromosome 

III.

Imaging of adult flies and quantification of Drosophila microchaetes

Images of adult flies were taken using a Zeiss Discovery V12 stereomicroscope with a Zeiss 

AxioCam MRc5 at 200X magnification. For each image, frames covering the entire notum 

at focal planes 25 μm apart were taken and processed using the Zen2 software extended 

plane of focus function. For quantification, we designated a box region on the dorsal thorax 

bounded by the dorsocentral macrochaetes on the sides, the transverse suture near the wing 

on the top, and the scutal-scutellar suture on the bottom. Within this region, shafts were 

counted manually with the aid of Adobe Illustrator (Version 22.0.1).

Immunohistochemistry and imaging

White prepupae were aged for specified times and dissected. The tissue was fixed for 20 to 

30 minutes in 4% paraformaldehyde in phosphate-buffered saline (PBS, Sigma) and washed 

extensively in PBS with 0.1% Triton X-100 (PBT). The tissue was stained with primary or 

secondary antibodies diluted in blocking solution (2% BSA in PBT) by incubating at room 

temperature for 3 hours or at 4°C overnight. Tissues were washed 6 times with PBT in 

between primary and secondary antibody incubations, and then mounted in Fluoro-Gel II 

with DAPI (Electron Microscopy Sciences, #17985–50). Primary antibodies used were rat 

anti-Elav (1:200, Developmental Studies Hybridoma Bank, 7E8A10), rabbit anti-DPax2 

(1:10000, J. Kavaler) (Johnson et al., 2011), mouse anti-Cut (1:100, Developmental Studies 

Hybridoma Bank, 2B10), guinea pig anti-Senseless (a gift from H. Bellen) (Nolo, Abbott, & 

Bellen, 2000) and goat-anti-Suppressor of Hairless (1:200, Santa Cruz Biotechnology 

#sc-15813). Secondary antibodies were donkey anti-rabbit IgG-FITC (1:1000 Santa Cruz 

Biotechnology #sc-2090), donkey anti-goat IgG-TexasRed (1:1000 Santa Cruz 

Biotechnology #sc-2783), and donkey anti-rat IgG-DyLight 650 (1:1000 Thermo Scientific 

#SA5–10029).
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Images were taken with a Zeiss Axioimager.A2 fluorescence microscope using EC Plan 

neofluar 10X, 20X, and 40X oil lenses and an Axiocam MRm camera. Images were 

processed using Zen2 software and Adobe Photoshop CS6, including gamma adjustments.

Results

Ectopic expression of CHMP2BIntron5 in the Drosophila notum leads to profound loss of ES 
organ shafts.

Previous work has shown that CHMP2BIntron5 expression in Drosophila can lead to 

neurodegeneration or abnormal neural development in the eye (Ahmad et al., 2009; 

Cheruiyot et al., 2014). To test the sensitivity with which CHMP2BIntron5 can affect critical 

signaling processes, we misexpressed it in the Drosophila notum using the Gal4/UAS system 

and examined its effect on ES organ development. Initially we used a panel of five Gal4 
lines – pnr-Gal4, EQ-Gal4, neurP72-Gal4, Pax2B-Gal4, and ase-Gal4 – that are known to 

drive expression in the notum during larval and pupal development. Several of the lines also 

drive expression during embryonic development and caused embryonic or early larval 

lethality, suggesting a potent effect of ectopic CHMP2BIntron5 (but not CHMP2BWT) on 

essential unidentified signaling pathways (data not shown). To constrain ectopic 

CHMP2BIntron5 expression to time points during adult ES organ development, we 

introduced a ubiquitously expressed temperature-sensitive allele of the Gal80 repressor 

(tubGal80ts) into the crosses (McGuire, Le, Osborn, Matsumoto, & Davis, 2003). By 

incubating the crosses at a permissive temperature (20–22°C) until pupation and then 

shifting to the restrictive temperature (29°C), we were able to constrain CHMP2BIntron5 

expression both spatially (via each Gal4 line pattern) and temporally (via temperature) to 

primarily affect notum ES organ development. By selecting and incubating white prepupae 

at 29°C for 24 hours, we were able to induce CHMP2BIntron5 expression throughout the 

critical time during which all the notum microchaete cells arise and are specified. Nota from 

all Gal4 × CHMP2BIntron5 crosses exhibited some degree of microchaete shaft loss, 

including Gal4 lines that drive expression in broad domains across the notum (EQ-Gal4 and 

pnr-Gal4) as well as Gal4 lines that drive expression specifically in developing ES cells 

(neurP72-Gal4, Pax2B-Gal4, ase-Gal4) (Figure 2). All lines tested caused some defects in 

external bristle morphology (most notably loss of shafts or ES organs). EQ-Gal4 and pnr-
Gal4 also created severe defects in the formation of the dorsal thorax most likely related to 

dorsal closure and/or thorax growth (Figure 2B,C). When compared to expression of 

CHMP2BWT (Figure 2A,G), the strongest effect specific to ES organs was seen in 

neur>CHMP2BIntron5 flies, which created nota that were almost completely devoid of shafts 

(Figure 2D,H). The neurP72-Gal4 line was created by recombining a Gal4 cassette into the 

A101 (neur-lacZ) enhancer trap line (Bellaiche, Gho, Kaltschmidt, Brand, & Schweisguth, 

2001) which expresses lacZ specifically in the pI cell as well as all the progeny cells 

throughout the cell division and specification phase of ES organ development (Usui & 

Kimura, 1993). For these reasons, we selected this driver for further experiments.

CHMP2BIntron5 affects cell fate decisions throughout the ES lineage.

To determine the shortest period during which CHMP2BIntron5 could exert its effect on ES 

organ development, we designed three different temperature shift regimens. Normally, 
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developing pupae are staged by selection as white prepupae followed by incubation at 25°C. 

The sequential cell divisions which generate the microchaete ES organ cells occur more or 

less synchronously at 25°C (Figure 1B, upper timeline). However, the temperature 

sensitivity of the Gal80ts mutant is somewhat leaky at 25°C such that pupae raised at this 

temperature without shifting to 29°C show some shaft loss (data not shown). To avoid this 

confounding effect, we aged wild-type pupae (in this study, w1118, as all the transgenic lines 

were established in the w1118 background) at 20°C for specific times, then dissected and 

stained them to establish a corresponding timeline for ES cell divisions at 20°C (Figure 1B, 

Supplementary Figure 1).

Subsequently, neur>CHMP2BWT and neur>CHMP2BIntron5 pupae were shifted to the 

restrictive temperature after they had been aged at 20°C for 12 hours after puparium 

formation (APF) (prior to pI specification and neur-Gal4 activity), 20 hours APF (post pI 

specification but prior to pI division), and 28 hours APF (post pI division). The temperature 

shifts were allowed to proceed throughout the ES cell specification period (16 hours, 12 

hours, and 8 hours, respectively) with each ending at a developmental stage that 

corresponded to approximately 24 hours APF at 25°C, a time when the ES cell divisions and 

fate specification have concluded. We note that there is a lag time between the onset of the 

restrictive temperature and the production of CHMP2BIntron5 protein, most likely around 2 

hours. This lag time was determined by using neur-Gal4 in the presence Gal80ts to drive 

GFP expression. White prepupae were selected and aged for 20 hours at 20°C and then 

shifted to 29°C. Nota were assessed for GFP fluorescence every two hours. There is no 

observable GFP present in the aged pupae prior to temperature shift but GFP can be detected 

at a low level after two hours at 29°C and GFP signal increases with time (Supplementary 

Figure 2).

Nota from neur>CHMP2BWT pupae that underwent temperature shift at any of the three 

time points showed no noticeable shaft loss (Figure 3D). Nota from neur>CHMP2BIntron5 

pupae that were shifted to 29°C starting at 12 hours APF were similar to those that had 

undergone temperature shift from the beginning of pupation in that they also exhibited 

complete loss of shafts (Figure 3A,D; compare with Figure 2D). Nota from 

neur>CHMP2BIntron5 pupae that were shifted to 29°C starting at 20 hours APF showed 

strong, but not complete, shaft loss (Figure 3B,D). Nota from neur>CHMP2BIntron5 pupae 

that were shifted to 29°C starting at 28 hours APF showed little to no shaft loss. The severity 

of shaft loss caused by CHMP2BIntron5 differed significantly at each time point (p = 

1.45e-07 for 12 hours versus 20 hours, p = 1.00e-09 for 12 hours versus 28 hours, and p = 

2.22e-10 for 20 hours versus 28 hours by Welch’s two sample t-test). These results show that 

restricting CHMP2BIntron5 expression to the time window of the establishment of the pI cell 

through all the ES cell divisions is capable of generating extensive loss of shafts (Figure 3C).

To ascertain if the cause of shaft loss is due to cell fate transformation, we dissected nota of 

neur>CHMP2BIntron5 pupae that had been shifted to 29°C starting at 20 hours APF (which 

is equivalent to the shaft loss shown in Figure 3B). By staining with antibodies that 

recognize the neuron (anti-Elav)(Robinow & White, 1991), socket cell (anti-Suppressor of 

Hairless (Su(H))(Gho, Lecourtois, Geraud, Posakony, & Schweisguth, 1996), and shaft and 

sheath cells (anti-DPax2; large nucleus of shaft, small nucleus of sheath) (Kavaler, Fu, Duan, 
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Noll, & Posakony, 1999), we are able to identify the four cell types in a differentiating ES 

organ. The normal composition of these four cell types is evident in control staining of 

neur>CHMP2BWT nota (Figure 4A,C). In contrast, the overwhelming majority (>95%) of 

ES organs in neur>CHMP2BIntron5 nota show loss of the large DPax2+ nucleus in 

conjunction with a second Su(H)+ nucleus (Figure 4B,D). This phenotype is consistent with 

a shaft-to-socket cell transformation. A small percentage of these affected ES organs also 

show the loss of the Elav+ nucleus in conjunction with a second small DPax2+ nucleus 

(Figure 4B, arrow, and Figure 4E), consistent with a neuron-to-sheath cell transformation. 

Also on rare occasions, an affected ES organ contained four Su(H)+ socket cells (Figure 4B, 

arrowhead, and Figure 4F), consistent with a pIIB to pIIA cell transformation followed by a 

shaft to socket cell transformation. Therefore, the loss of shafts seen in 

neur>CHMP2BIntron5 nota is the result of shaft to socket cell transformations. Additionally, 

expression of CHMP2BIntron5 in the ES organ lineage can cause other cell fate 

transformations ES organ cell lineage (neuron to sheath cell and pIIB to pIIA cell 

transformations).

Reduction in Notch gene dosage partially rescues neur>CHMP2BIntron5 bristle shaft loss 
phenotype.

The cell fate transformations seen in neur>CHMP2BIntron5 flies correspond to 

transformations seen when Notch activity is increased during cell fate specification (Bang & 

Posakony, 1992; Guo, Jan, & Jan, 1996). ES organs exhibiting neuron, sheath cell, and two 

socket cells hint at an increased Notch signal that overcomes only the shaft-socket 

specification. ES organs exhibiting two sheath cells and two socket cells suggest both 

neuron-sheath and shaft-socket specifications have been altered. ES organs exhibiting four 

socket cells suggest the pIIA-pIIB and shaft-socket specifications have been altered.

If CHMP2BIntron5 expression is indeed leading to an upregulation of Notch activity and this 

increase is responsible for the cell fate changes we observe, then reduction of the dosage of 

Notch might suppress the effect. Therefore, we crossed females bearing neur-Gal4 and Nts1 

(a temperature-sensitive allele of Notch that is functional at the permissive temperature but 

nonfunctional at the restrictive temperature used in our regimen) to males bearing UAS-
CHMP2BIntron5 and tubGal80ts. Female progeny arising from the cross are N+/Nts1 and 

would therefore have a reduced dosage of Notch upon temperature shift. Compared to 

neur>CHMP2BIntron5 flies with normal Notch dosage, neur>CHMP2BIntron5 flies with 

reduced Notch dosage showed an increase in the number of shafts evident on the notum (p = 

1.73e-05), albeit not a complete rescue (Figure 5B, C, F). In contrast, reduced dosage of two 

other genes in the Notch pathway, Delta (Dl) and Su(H), had no effect on the 

neur>CHMP2BIntron5 shaft loss phenotype (Figure 5D–F).

Expression of CHMP2BIntron5 in the notum corresponds to increased Notch activity.

To assess whether expression of CHMP2BIntron5 leads to an upregulation of Notch activity, 

we utilized a Notch-responsive reporter line (NRE-GFP) (Stempfle, Kanwar, Loewer, 

Fortini, & Merdes, 2010). This reporter is capable of identifying cells undergoing significant 

Notch activation, such as cells at the wing margin in third instar larval wing imaginal discs 

(Zacharioudaki & Bray, 2014). To test the ability of the NRE-GFP reporter in detecting 
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upregulated Notch signaling in the notum, we misexpressed the constitutively active Notch 

intracellular domain (NICD) using the pnr-Gal4 driver. The advantage of the pnr-Gal4 line 

for this experiment is that it drives expression in a broad medial region in the developing 

notum, thereby allowing the lateral portions of the notum to serve as an internal negative 

control. Although pnr>NICD by itself is embryonic lethal, we again included Gal80ts to 

control the timing of expression. Expression of NICD in the notum during the time when ES 

organs develop led to clear NRE-GFP reporter expression only in expected medial regions 

(Figure 6A,A’). In comparison to pnr>NICD nota, pnr>CHMP2BIntron5 nota showed GFP 

expression in a similar pattern, albeit expression was weaker, more variegated, and absent 

from the scutellar region (Figure 6B,B’). We observed strong reporter expression along the 

line of the dorsocentral macrochaetes and weaker expression in occasional clusters of cells. 

In the domain outside of pnr-Gal4 expression, we observed GFP in some single cells (and 

occasional doublets). The single cells are socket cells which are beginning to differentiate 

and express high levels of Su(H) protein (Gho et al., 1996). To make sure that the NRE-GFP 
reporter expression is caused by CHMP2BIntron5 expression and not simply an artifact of the 

heat shock regimen, we repeated the experiment in the absence of UAS-CHMP2BIntron5. In 

this case, GFP is still observable in socket cells but both the strong and weak clustered 

expression of GFP in the pnr-Gal4 expressing domain is absent (Figure 6C,C’). These results 

suggest that expression of CHMP2BIntron5 broadly in the notum is capable of inducing high 

levels of Notch activity.

Discussion

Human CHMP2BIntron5, the predominant protein variant of CHMP2B associated with FTD 

in a Danish lineage, acts as a gain-of-function form that interferes with normal endosomal-

lysosomal trafficking (Skibinski et al., 2005). Although the mechanism by which it causes 

FTD is unknown, several lines of evidence point to its ability to disrupt cell signaling 

pathways by blocking the cell surface receptor turnover. Transfection of fibroblasts from 

FTD patients with CHMP2BIntron5 leads to decreased endosome-lysosome fusion and 

inhibits degradation of the EGF receptor (Urwin et al., 2010). Misexpression of 

CHMP2BIntron5 in Drosophila photoreceptors causes upregulated Toll receptor signaling and 

neurodegeneration (Ahmad et al., 2009) while misexpression in the eye earlier during 

development causes abnormal accumulation of Notch receptor and massive eye deformities 

(Cheruiyot et al., 2014). When introduced into Drosophila neurons, CHMP2BIntron5 is 

associated with enhanced levels of TGF-β and JNK signaling and increased synaptic growth 

(West, Lu, Marie, Gao, & Sweeney, 2015). In this study, we have assessed the ability of 

CHMP2BIntron5 to impede peripheral nervous system development in a new setting, the ES 

organs (or bristles) on the dorsal thorax of the fly. Because each bristle arises from a single 

cell which undergoes a series of sequential divisions to produce four distinct cell types, the 

results of cell fate decisions at specific time points can be monitored easily and with 

precision. Furthermore, using available Gal4 lines in combination with a temperature 

sensitive allele of Gal80, we can restrict expression of CHMP2BIntron5 specifically to ES 

cells during cell fate specification. We find that ectopic expression of CHMP2BIntron5 (but 

not CHMP2BWT) severely disrupts ES organ development, leading to a number of cell fate 

transformations. Each type of cell fate transformation observed is reminiscent of phenotypes 
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historically associated with gain-of-function Notch signaling. In addition, the effects of 

CHMP2BIntron5 can be suppressed by reducing Notch gene levels. Finally, we observe that a 

reporter for Notch activation (NRE-GFP) shows increased activity when CHMP2BIntron5 is 

expressed. All together, these data indicate that CHMP2BIntron5 can cause dramatic effects 

in a short developmental time window by disrupting the normal function of Notch, leading 

to a heightened level of signaling that generates inappropriate cell fate changes. While 

ancillary signaling pathways have not been ruled out, Notch is the predominant signaling 

pathway acting during ES organ development. Our ability to control CHMP2BIntron5 

expression in concert with the fact that Notch signaling is used iteratively during ES organ 

development has allowed us to assess the effects of CHMP2BIntron5 expression at each cell 

fate decision.

The effects of expressing CHMP2BIntron5 in the developing nervous system were so 

profound that all but one of the Gal4 drivers we tested led to embryonic/early larval death. 

When we restricted expression of CHMP2BIntron5 to the early pupal stage, all lines were 

capable of disrupting ES organ development in such a manner that most shafts were no 

longer evident. Loss of shafts can result from a few different events: 1) loss of the pI (SOP) 

cell, 2) transformation of the shaft cell into a socket cell, 3) transformation of the pIIA cell 

into a pIIB cell, or 4) failure of a specified shaft cell to differentiate properly. The first two 

events occur when there is excess Notch signaling, which causes the transformation of the 

missing cells by inhibiting their normal cell fate specification. The third possibility would 

suggest an opposite mechanism whereby Notch signaling is lessened thereby converting the 

normally Notch-sensitive pIIA cell into a second pIIB which would then generate an extra 

neuron and sheath cell at the expense of the external cell types. Two pieces of evidence 

suggest that the primary effect of CHMP2BIntron5 misexpression in the ES organ lineage is 

to cause a transformation of the shaft cell into a second socket cell. First, the external 

appearance of the notum is not strictly smooth as one might expect for either loss of pI or for 

pIIA to pIIB transformation, but instead shows small protuberances in an orderly array 

indicating the presence of one or more sockets at each bristle position (Figure 2). Second, 

immunohistochemistry on notum tissue shows the vast majority of bristle positions contain 

the normal complement of four bristle cells of which two express the socket cell marker 

Su(H) (Figure 4).

The immunohistochemical examination showed that most altered positions contained the 

normal internal cells (neuron and sheath) along with two socket cells and no shaft cells, as 

would be expected if only the socket/shaft decision were affected. However, there were rare 

instances (fewer than five per notum) of double sheath cell/double socket cell positions, 

indicating both neuron to sheath cell and shaft cell to socket cell transformations. There 

were also rare instances (again, fewer than five per notum) of four socket positions, 

indicating cell fate transformations at both the pIIA/pIIB decision and the socket/shaft 

decision. It is unclear why the socket/shaft decision was so easily perturbed while the other 

cell fate decisions were more resistant to treatment. It is possible that the socket/shaft 

decision is more sensitive to changes in Notch activity. Alternatively, the expression of 

CHMP2BIntron5 is uneven in the different cells of the lineage and has greater expression in 

the shaft/socket lineage, although expression of GFP by the same driver seems relatively 

uniform among the cells (Supplementary Figure 2).
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Each cell fate change is consistent with increased Notch activity at each cell specification 

decision point. This hypothesis is supported by the observation that downregulating the 

dosage of Notch is capable of suppressing the shaft loss phenotype as lower Notch levels 

restore the signaling balance during lineage cell specification. We note reduced copy number 

of other genes in the Notch pathway (Delta and Su(H)) did not have an observable 

restorative effect on shaft number (Figure 5). Furthermore, when we assessed the intensity of 

Notch signaling in response to CHMP2BIntron5 (visualized using a Notch-responsive 

reporter), it was elevated across the notum in the wake of broad, pnr-Gal4 driven expression 

of CHMP2BIntron5 (Figure 6B,B’). The pattern of Notch activity detected was uneven across 

the area of expression, although it roughly resembled the pattern seen when an activated 

form of Notch was similarly expressed (Figure 6A,A’). In contrast to the effect of ectopic 

expression of NICD, CHMP2BIntron5 seems to be a less effective activator of the NRE-GFP 

except along the midline and anterior posterior columns surrounding the dorsocentral 

macrochaetes, where it is quite strong. Interestingly, whereas NICD demonstrates activity in 

the scutellar region, where no microchaetes form in wild-type flies, CHMP2BIntron5 shows 

no ability to activate the pathway in this region. This result suggests that although the 

scutellar region is competent to receive an activated Notch signal, it is insensitive to the 

actions of CHMP2BIntron5 perhaps because it is normally devoid of microchaetes.

The ability of CHMP2BIntron5 to increase levels of Notch activity has been demonstrated 

previously in the Drosophila eye. Misexpression of CHMP2BIntron5 in the eye has been 

shown to cause an accumulation of Notch in enlarged endosomes, leading to an increase in 

Notch signaling and overproliferation of eye tissue (Cheruiyot et al., 2014). Misexpression 

in the ES organ lineage does not appear to lead to overproliferation (all bristle positions still 

have 4 cells) but does act in a manner consistent with a gain of Notch function. Instead, the 

consequences of introducing CHMP2BIntron5 in the ES organ lineage involve the 

transformation of cell fate. Receptor endocytosis is often considered a mechanism by which 

signaling pathways can be downregulated. Therefore, disruption of receptor endocytosis 

leads to upregulation of receptor signaling. In this study, CHMP2BIntron5–mediated 

disruption of the endosomal-lysosomal pathway results in upregulation of Notch signaling 

which may occur through two potential mechanisms – 1) retention of Notch in the plasma 

membrane via blockage of endosome entry and/or, 2) retention of Notch in endosomes, 

leading to decreased receptor degradation. There is a body of evidence that trafficking of 

Notch through endosomal compartments is associated with Notch signaling activity (Fortini, 

2009). Another ESCRT-III component, shrub, has been shown to attenuate Notch signaling 

by promoting degradation of the receptor. Loss of shrub leads to enhanced Notch activity in 

late endosomes (Hori, Sen, Kirchhausen, & Artavanis-Tsakonas, 2011). In addition, loss of 

the gene lethal (2) giant discs, a regulator of endosomal trafficking, leads to accumulation of 

Notch in enlarged endosomes and activation of the receptor in the lysosome (Schneider, 

Troost, Grawe, Martinez-Arias, & Klein, 2013). Related observations have been made with 

regard to Notch signaling in the ES cell lineage. In the pIIA cell but not the pIIB cell, Notch 

is segregated to endosomes containing the protein Sara and is cleaved in these endosomes to 

generate the active NICD component (Coumailleau, Furthauer, Knoblich, & Gonzalez-

Gaitan, 2009; Loubery et al., 2014). Given the inability of reduced Dl dosage to rescue the 

CHMP2BIntron5 phenotype, we may be observing a noncanonical, ligand-independent 
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activation of Notch from interior cell compartments. CHMP2BIntron5 may act to increase the 

levels of endosomal Notch available for such activation.

It has been observed that blocking endosome entry prevents the accumulation of NICD 

(Fortini & Bilder, 2009; Vaccari, Lu, Kanwar, Fortini, & Bilder, 2008). In contrast, in the 

pIIB cell, the asymmetrically distributed protein Numb promotes movement of Notch to the 

late endosome compartment and depresses receptor recycling to the membrane (Johnson, 

Zitserman, & Roegiers, 2016; Kandachar & Roegiers, 2012). CHMP2BIntron5 may therefore 

act by disrupting flow of Notch to the late endosome compartment, thereby raising the levels 

of Notch available on the cell surface for canonical signaling in the Notch-resistant cells in 

the lineage (pIIB, shaft cell, neuron). Our previous work demonstrated such an effect in the 

eye (Cheruiyot et al., 2014). Further work is required to tease apart these possibilities. In 

either case, the disruption of general cellular membrane trafficking machinery via 

CHMP2BIntron5 is capable of inducing potent phenotypes associated with elevated Notch 

signaling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A. Diagram of ES organ lineage divisions and cell fate specification. At each division, the 

fate of the resulting daughter cells is determined by whether they are resistant (marked in 

red) or sensitive (marked in yellow) to Notch signaling. The glial cell resulting from the 

division of pIIB migrates away from the other cells and undergoes apoptosis (curved arrow). 

B. Time course of ES organ cell divisions at 25°C (top) and 20°C (bottom). Times are 

marked as hours after puparium formation (APF).
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Figure 2. 
Expression of CHMP2BIntron5 via a panel of Gal4 lines causes defects in ES organ 

development. Images of dorsal thoraces of flies in which CHMP2BWT (A, G) or 

CHMP2BIntron5 (B-F, H) were expressed using different Gal4 drivers: neurP72-Gal4 (A, D, G 

and H), pnr-Gal4 (B), EQ-Gal4 (C), Pax2B-Gal4 (E), ase-Gal4 (F). Panels G and H show 

close-ups of bristles from neur>CHMP2BWT and neur>CHMP2BIntron5 dorsal thoraces, 

respectively.
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Figure 3. 
Effect of timing of CHMP2BIntron5 expression driven by neurP72-Gal4 on shaft loss. Images 

of dorsal thoraces of flies in which CHMP2BIntron5 was expressed at 12 hours APF (A), 20 

hours APF (B), 28 hours APF (C). D. Boxplot depicting quantification of shafts on the 

central region of the thorax. Lower and upper boundaries of the box mark the 25th and 75th 

percentile with the black line marking the median. The whiskers delineate the complete 

range of values.
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Figure 4. 
CHMP2BIntron5 can cause cell fate transformations at several decision points in the ES organ 

lineage. Images of pupal nota from neur>CHMP2BWT (A, C) and neur>CHMP2BIntron5 (B, 

D-F). Pupae were aged for 20 hours at 20°C and then shifted to 29°C for 12 hours to release 

GAL80 repression. Pupae were then placed back at 20°C for another 12–14 hours, followed 

by dissection and staining. Developmental stage of pupae at time of staining is 

approximately equivalent to a 30–32 hour APF pupa raised at 25°C. Staining included anti-

DPax2 (green) which marks the large shaft cell nucleus (sha) and small sheath cell nucleus 

(sh), anti-Su(H) which marks the socket cell nucleus (so), and anti-Elav which marks the 

neuron nucleus (ne). White bar for panels A and B represents 50 μm. White bar for panels 

C-F represents 10 μm.
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Figure 5. 
Effect of decreased Notch dosage on shaft loss phenotype. Images of dorsal thoraces of the 

following flies: A) neur>CHMP2BWT, B) neur>CHMP2BIntron5, C) neur>CHMP2BIntron5 in 

Nts/+ background, D) neur>CHMP2BIntron5 in Dl/+ background, E) neur>CHMP2BIntron5 in 

Su(H)/+ background. F. Boxplot depicting quantification of shafts on the central region of 

the thorax. Lower and upper boundaries of the box mark the 25th and 75th percentile with the 

black line marking the median. The whiskers delineate the complete range of values. 

Welch’s two-sample t-tests were conducted for each pair of genotypes and indicated 

statistically significant differences in shaft number between the genotypes. P-values for 

neur>CHMP2BWT versus neur>CHMP2BIntron5, neur>CHMP2BIntron5 versus 

neur>CHMP2BIntron5 in Nts/+ background and neur>CHMP2BWT versus 

neur>CHMP2BIntron5 in Nts/+ background were 8.12e-06, 1.73e-05, and 2.07e-07 

respectively. P-values for neur>CHMP2BIntron5 alone versus in Dl/+ or Su(H)/+ background 

were 0.458 and 0.749 respectively
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Figure 6. 
CHMP2BIntron5 expression is associated with increased Notch activity. Images of pupal nota 

from pnr>NICD (A, A’), pnr>CHMP2BIntron5 (B, B’), and pnr-Gal4 alone (C, C’) flies 

which also contain NRE-GFP. In the top panels, GFP is shown in green and DPax2 staining 

is shown in red to demarcate the bristle positions. Pupae were aged 12 hours at 20°C and 

then shifted to 29°C for 14 hours to release GAL80 repression. Pupae were then dissected 

and stained for DPax2. Bottom panels are inverted grayscale images of the green channel by 

itself to highlight the GFP expression pattern. Scale bar in Panel A represents 100 μm.
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