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SUMMARY

Hippo signaling and the activity of its transcriptional coactivator, Yorkie (Yki), are conserved and 

crucial regulators of tissue homeostasis. In the Drosophila midgut, after tissue damage, Yki 

activity increases to stimulate stem cell proliferation, but how Yki activity is turned off once the 

tissue is repaired is unknown. From an RNAi screen, we identified the septate junction (SJ) protein 

tetraspanin 2A (Tsp2A) as a tumor suppressor. Tsp2A undergoes internalization to facilitate the 

endocytic degradation of atypical protein kinase C (aPKC), a negative regulator of Hippo 

signaling. In the Drosophila midgut epithelium, adherens junctions (AJs) and SJs are prominent in 

intestinal stem cells or enteroblasts (ISCs or EBs) and enterocytes (ECs), respectively. We show 

that when ISCs differentiate toward ECs, Tsp2A is produced, participates in SJ assembly, and 

turns off aPKC and Yki-JAK-Stat activity. Altogether, our study uncovers a mechanism allowing 

the midgut to restore Hippo signaling and restrict proliferation once tissue repair is accomplished.
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In Brief

SJ assembly is a hallmark of EC differentiation in the Drosophila midgut. Xu et al. identify SJ 

proteins as potent tumor suppressors and uncover Hippo signaling as the surveillance mechanism 

for SJ deficiency. Specifically, they demonstrate that SJ protein Tsp2A facilitates the endocytic 

degradation of the Hippo-pathway-antagonizing molecule aPKC.

INTRODUCTION

Precise regulation of stem cell activity is crucial for tissue turnover and necessary to prevent 

hyperplasia. The digestive epithelium is an excellent system to study the activity of stem 

cells and how their proliferation and differentiation are regulated, especially in the context of 

damage. In the intestine, intestinal stem cells (ISCs) give rise to new ISCs and daughter cells 

known as enteroblasts (EBs), which are primed for differentiation toward either absorptive 

ECs (~90%) or secretory enteroendocrine cells (EEs; ~10%), depending on the activity of 

Notch signaling (He et al., 2018; Micchelli and Perrimon, 2006; Ohlstein and Spradling, 

2006). Strikingly, ISCs/EBs dramatically accelerate proliferation and differentiation in order 

to replenish lost cells when tissue damage causes massive EC death (Amcheslavsky et al., 

2009). A number of studies have demonstrated the conserved roles of core pathways, such as 

epidermal growth factor receptor (EGFR)-Ras-mitogen-activated protein kinase (MAPK) 

signaling (Jiang et al., 2011; Powell et al., 2012), Janus kinase signal transducer and 

activator of transcription (JAK-Stat) signaling (Grivennikov et al., 2009; Jiang et al., 2009), 

and Hippo signaling (Cai et al., 2010; Karpowicz et al., 2010; Ren et al., 2010; Shaw et al., 

2010), in regulating ISCs. Although the role of these pathways in proliferation and 
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differentiation of ISCs/ EBs has been characterized, less is known about the signals 

modulating their activities.

The Hippo signaling pathway is particularly essential for tissue homeostasis and cancer 

prevention. The core components of the Hippo pathway are conserved from Drosophila to 

mammals. In Drosophila, the kinase Hippo (Hpo) phosphorylates and activates the kinase 

Warts (Wts), with the aid of the scaffold proteins Mob as tumor suppressor (Mats) and 

Salvador (Sav). Activated Wts phosphorylates Yki, resulting in the cytoplasmic retention 

and inhibition of Yki. The mammalian Hippo network is similar but more complex, with two 

Hpo orthologs (MST1/2), two Wts orthologs (LATS1 or LATS2), two Mats orthologs 

(MOB1A or MOB1B), one Sav ortholog (SAV1), and two Yki orthologs (YAP or TAZ). 

When Hippo signaling is inhibited, Yki or YAP or TAZ is activated and induces 

transcriptional programs promoting tissue growth and inhibiting cell death (Hong and Guan, 

2012; Huang et al., 2005; Zhao et al., 2008). In the digestive epithelium of both Drosophila 
(Karpowicz et al., 2010; Ren et al., 2010; Shaw et al., 2010) and mice (Cai et al., 2010; 

Gregorieff et al., 2015), the activity of Yki or YAP is induced to facilitate accelerated ISC 

proliferation following tissue damage. However, it is unclear how Yki or YAP activity is 

downregulated when tissue repair is complete.

Many components of the Hippo pathway are localized near cell junctions, and their activities 

are regulated by subcellular localization (Sun and Irvine, 2016). Most notably, recruitment 

of Hpo to the subapical region close to adherens junctions (AJs) by Expanded (Ex), Merlin 

(Mer), and Kibra facilitates Hpo dimerization and activation (Deng et al., 2013). Moreover, 

the cell polarity determinant protein atypical protein kinase C (aPKC) antagonizes Hippo 

signaling by causing Hpo delocalization from the membrane and subsequent Hpo 

inactivation in both Drosophila and mammals (Archibald et al., 2015; Grzeschik et al., 

2010). Interestingly, junction proteins often exhibit differential expression between stem 

cells and their differentiated progenies. For example, AJs are enriched among Drosophila 
ISCs/ EBs (Choi et al., 2011; Ohlstein and Spradling, 2006), Drosophila germline stem cells 

(Song et al., 2002), mouse hematopoietic stem cells (Zhang et al., 2003), and mammalian 

epidermal basal or stem cells (Green et al., 2010). In contrast, septate junctions (SJs) are 

mainly distributed between ECs in the Drosophila midgut (Resnik-Docampo et al., 2017), 

and tight junctions (TJs; analogous to Drosophila SJs) are localized between differentiated 

epithelial cell types in the mouse epidermis (Green et al., 2010) and trachea (Gao et al., 

2015). Therefore, the AJ-SJ transition and de novo production of SJs might provide a pivotal 

link between Hippo signaling and stem cell differentiation.

In an RNAi screen to interrogate the function of transmembrane proteins in ISCs/EBs, we 

identified the SJ protein tetraspanin 2A (Tsp2A) as a tumor suppressor. Further 

characterization reveals that Tsp2A expression initiates in ISCs and Tsp2A protein 

assembles at the SJs in the progenitor cells that are differentiating toward ECs. Importantly, 

we found that Tsp2A undergoes active internalization from the SJs and mediates the 

degradation of the Hippo-antagonizing protein aPKC. Therefore, endocytic regulation by 

Tsp2A couples the process of EC maturation with the downregulation of Yki activity. Tsp2A 

belongs to the large family of four-pass transmembrane proteins that often function as 

scaffolding co-receptors. Similar to our observation with Tsp2A, previous studies have 
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documented the endocytosis of a putative Tsp2A ortholog CD81 and claudins (TJ proteins) 

(Farquhar et al., 2012; Matsuda et al., 2004). While the internalization of Tsp2A ortholog 

and claudins has long been an intriguing observation in cultured cells, our finding about the 

Tsp2A-aPKC signaling uncovers a physiological function for the internalization of 

occluding junction (SJ or TJ) protein in vivo.

RESULTS

Tsp2A Acts as a Tumor Suppressor in the ISC-EC Lineage

Expression of Tsp2A RNAi (target region shown in Figure S1A; knockdown efficiency 

shown in Figure S1B) in ISCs and EBs using the esgGal4 UAS-GFP tubGal80ts (EGT) 

driver (Micchelli and Perrimon, 2006) causes severe hyperplasia; the midgut appears 

swollen, especially in the posterior region (Figures 1A and 1B), ISCs/EBs undergo massive 

expansion and overproliferation (Figures 1C and 1D), and the pseudostratified midgut 

epithelium becomes multilayered ( Figures 1Cʹ and 1Dʹ). A detailed time course analysis 

suggests that overproliferation starts when Tsp2A RNAi is expressed in ISCs/EBs for 3 

days; Tsp2A RNAi expression in ISCs/EBs for 5 days or longer causes a significant 

induction of mitosis in the midgut (Figure 1E). Mosaic analysis with a repressible cell 

marker (MARCM) clones generated from ISCs expressing Tsp2A RNAi can grow much 

larger than control clones expressing Luc RNAi (Figures 3J and 3K), suggesting that Tsp2A 
is required within the lineage of an individual ISC to restrict its clonal expansion. In 

addition, RNAi lines targeting different regions of the Tsp2A transcript (Figure S1A) 

consistently cause a phenotype of midgut overproliferation (Figures 1F and S3F). Moreover, 

the RNAi line targeting the Tsp2A 3ʹ UTR can be rescued by the co-expression of Tsp2A 
cDNA in ISCs/EBs (Figures 1G–1I). Consistent with the RNAi phenotype, a pair of short 

guide RNAs (sgRNAs) targeting Tsp2A (region shown in Figure S1A) causes massive 

overproliferation and midgut hyperplasia when Cas9 is expressed in ISCs/EBs (Figures 1J–

1L, 1Jʹ, and 1Kʹ). On the contrary to Tsp2A RNAi, expression of Tsp2A cDNA in ISCs/EBs 

(Figure S1C) causes moderate reduction of tissue damage-induced proliferation (Figure 

1M).

Tsp2A is a SJ protein required for SJ assembly in the larval midgut (Izumi et al., 2016). A 

recent study found that depletion of the tricellular junction (TCJ) protein Gliotactin (Gli) 

impairs the intestinal barrier and causes infection-related c-Jun N-terminal kinase (JNK)-

dependent induction of ISC proliferation in old flies (Resnik-Docampo et al., 2017). 

Because TCJ proteins might participate in SJ assembly, we asked whether Tsp2A RNAi-

induced overproliferation is due to similar stress signaling. Strikingly, inhibition of JNK 

signaling by knocking down the kinase basket (bsk) or expressing a dominant-negative form 

of bsk (bskDN) cannot rescue the overproliferation phenotype caused by Tsp2A RNAi 

expression in ISCs/EBs (Figures S1D–S1H). In order to determine whether Tsp2A RNAi-

induced overproliferation is a compensatory response to tissue damage, we stained the 

midguts for the apoptosis marker cleaved caspase-3 and detected minimal signs of cell death 

when there was apparent overproliferation following Tsp2A knockdown (Figures S1I–S1K). 

Therefore, unlike the case with Gli knockdown during aging, the Tsp2A knockdown 

phenotype is not caused by JNK stress signaling or tissue damage.
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We further characterized the Tsp2A knockdown phenotype in different cell types of the 

midgut. Expression of Tsp2A RNAi in EBs with the Su(H)Gbe-Gal4, UAS-CD8-GFP; 
tubGal80ts (SGT) driver (Zeng et al., 2010) (Figures S1L–S1N) or in ECs with Myo1Ats 

(Figures S1O–S1Q) can induce overproliferation in the midgut, suggesting a non-

autonomous effect. As it is the case with Tsp2A knockdown in ISCs/EBs, the Tsp2A 
knockdown phenotype in ECs can be rescued by an RNAi-resistant Tsp2A cDNA (Figure 

S1Q), but not by inhibition of JNK-mediated stress signaling with bsk RNAi (Figure S1R) or 

dominant-negative bsk (data not shown). Moreover, Tsp2A knockdown in ISCs with 

DlGal4ts also causes mild overproliferation (Figure S1S). In contrast, Tsp2A knockdown in 

EEs or visceral muscles does not affect proliferation (Figure S1S). Therefore, Tsp2A 

functions as a tumor suppressor in the ISC-EC lineage.

Characterization of Tsp2A Expression in the ISC-EC Lineage

For a comprehensive understanding of Tsp2A expression, we analyzed our adult midgut 

single-cell RNA sequencing (RNA-seq) data (Hung et al., 2018) and reconstructed the 

differentiation trajectories (Figure 2A) from the transcriptomes of 1,753 cells using the 

single-cell trajectories reconstruction, expression, and mapping (STREAM) method, which 

can disentangle and visualize complex branching trajectories from single-cell transcriptomic 

data without prior knowledge about the structure or the number of trajectories (Chen et al., 

2018). As expected, the ISC-EC differentiation trajectory is characterized by the gradual loss 

of ISC markers such as headcase (hdc) (Resende et al., 2017) (Figure 2B) and the 

incremental expression of EC markers such as λ-Trypsin (Figure 2C). Moreover, as 

indicated in the 2D stream plots, the expression of shotgun, which encodes Drosophila AJ 

protein E-cadherin, is enriched in the ISCs/EBs and decreases when ISCs differentiates 

toward ECs (Figure 2D). In contrast, the expression levels of Tsp2A (Figure 2E) and other 

SJ protein-coding genes (Hung et al., 2018) gradually increase during ISC-EC 

differentiation. Consistent with the single-cell ISC-EC trajectory reconstruction, the 

ultrastructural analysis with transmission electron microscopy (TEM) captures the AJ-SJ 

transition in a differentiating progenitor cell that partially resembles an ISC/EB (small size, 

dense cytoplasm, and AJ connection to the neighboring ISC/EB) and partially resembles an 

EC (relatively more apical localization and microvilli formation at the apical surface) 

(Figures S2A–S2C). The mixed properties of ISCs and ECs indicate an intermediate status, 

which we refer to as premature EC (pre-EC). In summary, Tsp2A expression and SJ 

formation occur during ISC-EC differentiation and precede the complete maturation of ECs.

The single-cell RNA-seq data allow us to perform co-expression analysis of Tsp2A with 

different cell-type markers and detect Tsp2A expression in ISCs/EBs (Figure 2F; Table S1). 

Whereas only a few Dl+ ISCs are expressing Tsp2A, a higher percentage of Tsp2A+ cells 

are detected among the cells expressing the EB marker klumpfuss (klu) (Hung et al., 2018). 

The Tsp2A+ cell percentage and average Tsp2A expression levels rise even higher among 

cells expressing the EC markers (Myo1A, β-Trypsin, and λ-Trypsin). Consistent with the 

single-cell analysis, our recent gene-expression profiling by targeted DamID detects a low 

level (0.74) of Tsp2A expression in esg+ cells and a high level (2.29) of Tsp2A expression 

in Myo1A+ cells (Doupe et al., 2018). In addition, a dramatic induction of Tsp2A mRNA 

levels is detected in ISCs/EBs by translating ribosome affinity purification (TRAP) (Thomas 
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et al., 2012) and qRT-PCR quantification (Figures S2D–S2F) at very early stages following 

bleomycin feeding, which can stimulate ISC differentiation toward ECs (Amcheslavsky et 

al., 2009). Therefore, we conclude that Tsp2A expression initiates in ISCs and increases 

during ISC-EC differentiation.

To confirm Tsp2A protein expression and localization in EBs, we co-stained the midgut for 

Tsp2A and the Notch pathway activity reporter or EB marker Su(H)Gbe-GFP, which 

indicates the differentiation of midgut progenitor cells, especially toward ECs (Ohlstein and 

Spradling, 2007). Despite being expressed in a small number of cells under tissue 

homeostasis conditions, Su(H)Gbe-GFP labels EBs in a wide range of shapes with different 

levels of membrane-localized Tsp2A (Figures 2G–2I and 2Gʹ–2Iʹ). After bleomycin-

induced tissue damage, ISC differentiation is accelerated, resulting in a greater number of 

Su(H) Gbe-GFP+ cells with Tsp2A assembly along the cell border (Figures 2J and 2Jʹ). 
Furthermore, Tsp2A RNAi expression in EBs reduces the overall staining of Tsp2A in the 

midgut (Figures 2K, 2L, 2Kʹ, and 2Lʹ). Therefore, Tsp2A protein is produced in EBs and 

assembled at SJs during ISC-EC differentiation.

Under tissue homeostasis conditions, Tsp2A staining is mostly observed in ECs and rarely 

in ISCs/EBs (Figures 2G–2I and S2G). However, when tissue damage induces ISC-EC 

differentiation, we could observe weak Tsp2A staining along cell borders of pre-ECs (as 

judged from their increased cell size) that retain EGT-driven GFP expression (Figure S2H). 

To investigate whether the overall staining of Tsp2A in the midgut depends on the 

regenerative activity of ISCs/EBs, we used EGT-driven reaper (rpr) expression to deplete 

ISCs/EBs (Figures S2I–S2M) and stained midguts for Tsp2A at different stages of tissue 

regeneration. The flies were fed bleomycin-containing food to cause midgut damage and 

returned to normal food for recovery. Strikingly, Tsp2A staining is disrupted by tissue 

damage but completely restored after tissue repair in the normal midgut with ISCs/EBs 

(Figures S2N–S2P). The post-damage recovery of Tsp2A staining is suppressed by ISC/EB 

depletion (Figures S2Q–S2S), highlighting the importance of ISC activity to regenerate 

mature ECs for the recovery of Tsp2A staining patterns following tissue damage.

Tsp2A Knockdown Causes the Accumulation of ISCs/EBs and Pre-ECs

To further investigate how Tsp2A knockdown affects ISC differentiation, we stained the 

midgut for different cell-type markers. Tsp2A RNAi expression in ISCs/EBs induces the 

ISC marker Dl-lacZ (Figures 3A–3C) and the EB marker Su(H)Gbe-GFP (Figures 3D and 

3E). By contrast, Tsp2A knockdown does not affect the EE marker Pros (Figures 3F and 

3G). Interestingly, Tsp2A RNAi expression in ISCs/EBs results in an increased number of 

pre-ECs that express the EC marker Pdm1 and retain some ISC/EB features (small nucleus 

or EGT > GFP expression) (Figures 3H and 3I). Similarly, Tsp2A RNAi expression induces 

the accumulation of Pdm1+ small nuclei pre-ECs in MARCM clones (Figures 3J and 3K). 

qRT-PCR quantification further demonstrates the induction of Dl and Pdm1, but not Pros, in 

the midgut following Tsp2A knockdown (Figure 3L). Therefore, Tsp2A knockdown induces 

ISC/EB expansion and ISC-EC differentiation.

Despite the induction of Su(H)Gbe-GFP and Pdm1, Tsp2A knockdown causes dramatically 

reduced expression of genes encoding trypsins (e.g., β-Trypsin and ε-Trypsin) in the midgut 
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(Figure 3L), suggesting a lack of functional ECs. Furthermore, the ultrastructural analysis by 

TEM suggests that Tsp2A knockdown not only transforms the pseudostratified midgut 

epithelium into multilayers but also causes microvilli formation in many pre-ECs that 

maintain ISC/EB-like features (i.e., basal localization, small nucleus, and dense cytoplasm) 

(Figures 3M–3O). In conclusion, ISCs/EBs expressing Tsp2A RNAi cannot fully 

differentiate into mature ECs.

SJ Proteins Form an Interdependent Network Distinct from Other Junctions in the Midgut

Different types of junction proteins often depend on each other for their localization and 

function. For example, in Drosophila embryonic epithelia, the basolateral junction (BLJ) 

proteins are interdependent (Bilder et al., 2000) and required for the junctional localization 

of AJs (Bilder and Perrimon, 2000). We examined in the midgut whether the depletion of the 

SJ protein Tsp2A affects the localization of other junction proteins. Strikingly, whereas 

Tsp2A knockdown (Figures 4A and 4B) causes defects in junctional localization of other SJ 

proteins, such as Mesh, Snakeskin (Ssk), and Coracle (Cora) (Figures 4C–4H), it induces the 

expression of the AJ protein Armadillo (Arm) (Figures 4I and4J) or the BLJ protein Lethal 

giant larvae (Lgl) (Figures 4K and 4L). For the ultrastructural analysis of how Tsp2A 
knockdown affects cell junctions, we obtained electron micrographs and found that junctions 

are weakened but still present between ECs in midguts ubiquitously expressing Tsp2A RNAi 

(Figures 4M–4P). Moreover, as other non-SJ junction proteins are probably still present, 

blue dye fed to young adult flies (in the ‘‘Smurf assay’’; Rera et al., 2012) expressing 

Tsp2A RNAi in ISCs/EBs or ubiquitously does not leak out of the guts (Figures 4Q and4R), 

suggesting a functional intestinal barrier. Interestingly, a recent study found that the AJ 

protein E-cadherin is also dispensable for barrier function (Liang et al., 2017). Therefore, 

different junctions might function in a redundant manner to control the transepithelial 

permeability of the midgut in young adult flies.

Next, we asked whether knockdown of other junction proteins affects Tsp2A localization. In 

addition to previous findings that Mesh and Ssk are required for Tsp2A assembly at SJs 

(Izumi et al., 2016), depletion of another SJ protein, Cora, but not Arm or Lgl, disrupts 

Tsp2A localization (Figures 4S–4X). Furthermore, we compared the localization of different 

junction proteins before and after tissue damage. After bleomycin feeding for 2 days, overall 

Mesh staining is disrupted and reduced in the midgut (Figures S3A and S3B), which is 

reminiscent of Tsp2A. In contrast, the expression of Arm increases among the expanding 

population of progenitor cells after tissue damage (Figures S3C and S3D). In summary, 

whereas SJ proteins (Tsp2A, Mesh, Ssk, Cora) depend on each other for junctional 

localization, Tsp2A does not appear to depend on or determine the membrane recruitment of 

other types of junctions in the midgut.

We further analyzed the knockdown of different junction proteins and compared their effects 

on ISC activity. Knockdown of different SJ genes (Tsp2A, Mesh, Ssk, and cora) causes a 

similar extent of ISC/EB expansion (Figures S3E–S3K). In contrast, knockdown of arm or 

Lgl in ISCs/EBs does not cause an easily discernible phenotype (Figures S3L–S3O), except 

that ISCs/EBs expressing Lgl RNAi exhibit enhanced regenerative proliferation after tissue 

damage (Figure S3O). Moreover, Gli knockdown does not affect midgut proliferation under 
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either homeostatic or tissue damage conditions in young adult flies (Figures S3P–S3V). 

Therefore, the interdependent network of SJ proteins functions as a critical tumor suppressor 

in the midgut, which is different from other types of junction proteins such as Arm, Lgl, and 

Gli.

Tsp2A Participates in Endocytic Regulation

A detailed characterization of Tsp2A expression in the midgut reveals a striking pattern of 

subcellular localization in various intracellular punctae, in addition to the expected 

localization at SJs, in EBs and ECs (Figures 2Iʹ, 2Jʹ, 5A, and 5B). These Tsp2A punctae, 

when visualized by GFP-Tsp2A expression, appear to correspond to acidic compartments 

based on LysoTracker staining (Figure 5C). In addition, the endocytosis assay (Shravage et 

al., 2013) suggests that some Tsp2A punctae co-localize with internalized Texas-red-labeled 

avidin particles (Figure 5D). Moreover, these Tsp2A punctae also partially co-localize with 

the early endosome marker Hrs and the late endosome maker Rab7 (Riedel et al., 2016) 

(Figures 5E and 5F). Furthermore, TEM with immunogold labeling demonstrates the 

localization of GFP-Tsp2A at endosomes and lysosomes, in addition to the expected 

localization at SJs (Figures 5G–5I). Therefore, we propose that Tsp2A undergoes active 

internalization and endocytic degradation.

Next, we asked how Tsp2A expression is affected when different steps of the endocytic 

pathway are inhibited by manipulating different GTPases (Zhang et al., 2007). Inhibition of 

endocytosis (internalization from the plasma membrane) by Rab5 knockdown causes Tsp2A 

aggregation at the cell surface and a decrease in the number of intracellular Tsp2A punctae, 

whereas inhibition of endosome recycling by Rab11 knockdown causes Tsp2A 

accumulation in the intracellular punctae (Figures 5J–5O and 5Jʹ–5Oʹ, phenotype observed 

mostly in pre-ECs and ECs as judged from the size of their nuclei; quantification shown in 

Figure 5P). Consistent with the RNAi phenotype, the dominant-negative form of Rab5 
(Rab5DN) or Rab11 (Rab11DN) causes the accumulation of Tsp2A staining at the cell 

surface or in the intracellular punctae, respectively (Figures S4A–S4F and S4Aʹ–S4Fʹ). 
Altogether, our data support the hypothesis that Tsp2A participates in the endocytic 

pathway.

Similar to Tsp2A knockdown, the expression of Rab5 RNAi or Rab5DN in ISCs/EBs causes 

dramatic midgut overproliferation, whereas the dominant-negative forms or RNAi lines of 

Rab7 (controlling endosome maturation) and Rab11 have much less or no influence on 

proliferation (Figures S4G–S4L). In contrast to the Rab5 loss-of-function phenotype, forcing 

endocytosis with the constitutively active form of Rab5 (Rab5ca) in ISCs/ EBs inhibits 

proliferation (Figures S4M–S4Q). Moreover, the overproliferation phenotype caused by 

Tsp2A RNAi expression in ISCs/EBs can be rescued by Rab5ca rather than the constitutively 

active form of Rab7 (Rab7ca) or Rab11 (Rab11ca) (Figures S4R–S4V). In addition, the co-

expression of Rab5ca in ECs can suppress the overproliferation phenotype caused by 

Myo1Ats- driven Tsp2A RNAi expression (Figure S4W). Therefore, the role of Tsp2A as a 

tumor suppressor in the ISC-EC lineage might be related to the endocytosis process that 

implicates Tsp2A.
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aPKC-Yki-JAK-Stat Mediates the Overproliferation Phenotype Caused by Tsp2A 
Knockdown

Although Tsp2A RNAi-induced overproliferation appears similar to the phenotype caused 

by Rab5 RNAi or Rab5DN, Tsp2A knockdown does not cause the overall elimination of 

early or late endosomes (Figures 5Q–5T). Therefore, the role of Tsp2A as a tumor 

suppressor could not simply be attributed to the broad inhibition of endocytosis. To identify 

the specific downstream signaling events regulated by Tsp2A and required for Tsp2A RNAi-

induced overproliferation, we performed a suppressor screen among proteins that interact 

with Tsp2A or its putative orthologs (BioGRID; https://thebiogrid.org) (Table S2). Multiple 

different RNAi reagents targeting aPKC or its co-factor, Receptor of activated protein C 
kinase 1 (Rack1), inhibit Tsp2A RNAi- induced overproliferation (Figures 6A–6D and 6I; 

knockdown efficiency shown in Figures S5A and S5B). When expressed alone in ISCs/EBs, 

aPKC RNAi (using the reagent causing weak knockdown) or Rack1 RNAi cannot block 

tissue-damage-induced mitosis, whereas strong knockdown of aPKC completely inhibits 

mitosis (Figure S5C), suggesting that a minimal level of aPKC is required for proliferation. 

We further analyzed aPKC function in different cell types. Consistent with the observation in 

ISCs/ EBs, aPKC knockdown in EBs moderately suppresses tissue-damage-induced 

proliferation (Figure S5D). Moreover, aPKC RNAi also suppresses the overproliferation 

phenotype caused by Myo1Ats-driven Tsp2A RNAi expression in ECs (Figure S5E). 

Therefore, aPKC activity is required for the Tsp2A knockdown phenotype in the ISC-EC 

lineage.

Knockdown of most candidates identified from the suppressor screen, such as myospheroid 
(mys, Drosophila ortholog of β integrin), Akt1, or EGFR, not only rescue Tsp2A RNAi-

induced overproliferation, but also completely block ISC regenerative proliferation (Table 

S2). Although tetraspanins are often associated with integrins to modulate integrin-

dependent cell adhesion and migration (Hemler, 2005), it is difficult to attribute the Tsp2A 
knockdown phenotype to integrin signaling, since mys is generally required for ISC 

proliferation (Lin et al., 2013), and we did not detect abnormal mys staining following 

Tsp2A knockdown in the midgut (data not shown). Similarly, Akt1 and EGFR are known as 

essential genes for ISC maintenance and proliferation (Jiang and Edgar, 2011). In contrast, 

ISCs/EBs expressing Tsp2A RNAi together with aPKC RNAi (the weak reagent) or Rack1 
RNAi can still exhibit regenerative proliferation following tissue damage (Figures 6E–6I). 

Therefore, we focused on aPKC or Rack1 in pursuit of a mechanistic understanding about 

how Tsp2A knockdown affects proliferation.

Previous studies have suggested that aPKC induces Yki activity in the eye imaginal discs 

(Grzeschik et al., 2010). To examine whether aPKC also antagonizes Hippo signaling and 

activates Yki in the midgut, we expressed a constitutively active, N-terminally truncated 

form of aPKC (aPKCΔN) (Betschinger et al., 2003) in ISCs/EBs and stained for the Yki 

activity reporter Diap1-lacZ. The results suggest that aPKCΔN causes ISC/EB expansion and 

Yki activation (Figures 6J and6K). Consistent with the previous findings that Yki acts both 

autonomously in ISCs/EBs and non-autonomously in ECs to induce midgut proliferation 

(Karpowicz et al., 2010; Ren et al., 2010; Shaw et al., 2010), aPKCΔN expression in ECs 

also stimulates proliferation (Figure S5F). Furthermore, the overproliferation phenotype 
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caused by the expression of constitutively active Yki (Yki3SA) in ISCs/EBs cannot be 

suppressed by aPKC RNAi or Rack1 RNAi (Figure S5G). In conclusion, aPKC or Rack1 

regulates midgut proliferation via Yki activity.

To examine whether Tsp2A knockdown activates Yki, we stained midguts with two different 

Yki reporters (Diap1-lacZ and anti-Ex antibody; Maitra et al., 2006) and observed 

dramatically induced Yki activity in ISCs/EBs expressing Tsp2A RNAi (Figures 6L–6O). 

qRT-PCR confirmed that mRNA levels of Diap1, upd3, and ImpL2, all induced by Yki 

activation (Karpowicz et al., 2010; Kwon et al., 2015), increase in midguts expressing 

Tsp2A RNAi in ISCs/EBs (Figure 6P). Consistent with the induction of the JAK-Stat 

pathway ligand upd3, the reporter for JAK-Stat activity is induced following Tsp2A 
knockdown (Figures 6Q and 6R). Moreover, electron micrographs reveal the ultrastructural 

similarity between Yki activation and Tsp2A knockdown; the midgut epithelium expressing 

Yki3SA in ISCs/EBs becomes multilayered and forms microvilli in the pre-ECs that have not 

yet reached the lumen (Figures S5H–S5J). Furthermore, we compared the kinetics of Yki 

activity to Tsp2A-SJ assembly at different stages of tissue damage or repair by staining the 

midguts with the anti-Ex antibody. Consistent with the previous report (Karpowicz et al., 

2010), Yki activity is induced in the expanding population of progenitor cells after tissue 

damage and downregulated to the normal levels after tissue repair (Figures S5K–S5M). 

Altogether, Yki activity is induced by Tsp2A knockdown and appears to inversely correlate 

with the kinetics of Tsp2A-SJ assembly following tissue damage.

To determine whether Yki activation or Hippo inhibition is required for Tsp2A RNAi-

induced overproliferation, we expressed Yki RNAi or hpo cDNA together with Tsp2A RNAi 

in ISCs/EBs and found that both can rescue the overproliferation phenotype (Figures 6S, 6T, 

and 6W–6Z). Consistent with the previous findings that Yki depends on JAK-Stat activation 

to induce overproliferation (Karpowicz et al., 2010; Ren et al., 2010; Staley and Irvine, 

2010), knockdown of JAK-Stat pathway components (dome, Stat92E, and hop) can rescue 

Tsp2A RNAi-induced overproliferation (Figures 6U, 6V, and 6Y; Table S2). Moreover, 

reduction of JAK-Stat activity by replacing one copy of wild-type hop with the amorphic 

allele (hop2 or hop27) not only rescues the Tsp2A knockdown phenotype but also allows 

ISCs expressing Tsp2A RNAi to respond to tissue damage by induced proliferation (Figure 

S5N). In summary, aPKC-Yki-JAK-Stat signaling mediates Tsp2A RNAi-induced 

overproliferation.

Tsp2A Interacts with aPKC or Rack1 to Mediate Their Endocytic Degradation

We further investigated the mechanism by which Tsp2A regulates aPKC and Rack1. The 

mammalian orthologs of Tsp2A are known to interact with protein kinase C and Rack1 

(Perez-Hernandez et al., 2013; Zhang et al., 2001); whereas Rack1 is supposed to bind and 

stabilize activated protein kinase C (Vani et al., 1997). We confirmed the Tsp2A-aPKC and 

Tsp2A-Rack1 interactions (Figures 7A and7B), as well as an interaction between aPKC and 

Rack1 (Figures S6A and S6B), by co-immunoprecipitation (coIP) experiments in Drosophila 
S2R+ cells. When hemagglutinin (HA)-tagged aPKC-HA or Rack1-HA is ubiquitously 

expressed in the midgut, its signals can be found concentrated at intracellular Tsp2A punctae 

(Figures 7C and 7D). Although endogenous aPKC staining signals are rare, we also 
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observed its co-localization with the Tsp2A punctae visualized by FLAG-HA-tagged FH-

Tsp2A (Figure S6C). In conclusion, our data suggest a specific physical association between 

Tsp2A and aPKC or Rack1.

Next, we examined how Tsp2A knockdown affects the protein levels of Rack1 and aPKC by 

immunostaining with anti-aPKC (Dollar et al., 2005) and anti-Rack1 (Kadrmas et al., 2007) 

antibodies. Strikingly, the expression of Tsp2A RNAi in ISCs/EBs dramatically increases 

aPKC staining at the cell surface (Figures 7E–7H and S6D–S6G; two different RNAi lines 

used). With confocal microscopy at high magnification, it is quite apparent that aPKC 

staining is usually concentrated in tiny punctae on the membrane of wild-type ISCs/EBs 

(Figures 7G and S6F), whereas the signals increase and extend along the cell border when 

Tsp2A RNAi is expressed in ISCs/EBs (Figures 7H and S6G; quantification in Figures 7N 

and S6P). The induction of membrane-localized aPKC staining also occurs when Tsp2A 
RNAi is expressed in EBs or ECs under the control of SGT or Myo1Ats drivers (Figures 7I, 

7J, S6H, and S6I), suggesting that Tsp2A regulates the protein levels of aPKC in different 

cell types in the ISC-EC lineage. Moreover, membrane-localized aPKC staining in ISCs/EBs 

increases significantly when the flies are fed with bleomycin food for 2 days (Figure 7O), 

which is consistent with the observation that most ISCs/EBs have not completed de novo 
Tsp2A-SJ assembly to become mature ECs at that time point following tissue damage 

(Figure S2O). The accumulation of aPKC on the cell membrane indicates a defect in 

endocytosis. Interestingly, a similar induction of membrane-localized aPKC is observed 

when endocytosis is nonspecifically inhibited with Rab5 RNAi expression in ISCs/EBs 

(Figures S6J, S6K, S6Jʹ, and S6Kʹ; quantification in Figure S6Q). In contrast, enhanced 

endocytosis by Rab5ca expression can prevent the induction of membrane-localized aPKC 

staining following Tsp2A knockdown in ISCs/EBs (Figures 7K–7M and 7ʹ–7Mʹ; 
quantification in Figure 7P). Finally, in addition to aPKC, Rack1 staining signals also 

increase following Tsp2A knockdown or tissue damage (Figures S6L–S6O). Altogether, 

Tsp2A appears to facilitate the endocytic degradation and inactivation of aPKC or Rack1 

during ISC-EC differentiation.

DISCUSSION

Characterization of Tsp2A in the adult Drosophila midgut reveals a pivotal link between EC 

maturation and the restriction of ISC proliferation (Figure S7). Progenitor cells 

differentiating toward ECs undergo a series of changes (Xu et al., 2018), which include the 

increase of nucleus ploidy and cell size, the formation of SJs, as well as the loss of 

concentrated aPKC staining at the cell surface. aPKC activity in ISCs/EBs, which increases 

following tissue damage, can help promote and sustain proliferation via Yki-JAK-Stat 

signaling. Tsp2A assembly at SJs and its subsequent internalization facilitate aPKC or 

Rack1 degradation and downregulate aPKC activity. Therefore, in the regeneration process 

following tissue damage, Tsp2A-SJ assembly not only allows EC maturation but also signals 

ISCs to reduce proliferation activity when enough mature ECs have been produced for tissue 

repair. Defects in Tsp2A expression cause excessive aPKC-Yki-JAK-Stat activity and make 

the midgut epithelia highly proliferative, like a wound that cannot heal.

Xu et al. Page 11

Cell Rep. Author manuscript; available in PMC 2020 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Endocytic Regulation and Tetraspanin Family Proteins

Endocytosis controls the abundance of transmembrane or membrane-associated molecules. 

Whereas most internalized proteins and lipids are recycled and return to the cell surface, 

some are delivered to late endosomes and eventually degraded in lysosomes (Maxfield and 

McGraw, 2004). Disruption of endocytic degradation often results in excessive accumulation 

of signaling molecules and overproliferation. For example, the leucine-rich repeat (LRR) 

protein Windpipe promotes endocytic degradation of Dome, the receptor of mitogenic JAK-

Stat pathway, in both the eye discs and the midgut epithelium (Ren et al., 2015). Our study 

elucidated the functional relevance for the endocytosis of the SJ protein Tsp2A and 

identified specific components (i.e., aPKC and Rack1) that connect Tsp2A to Hippo 

signaling, the core pathway restricting ISC activity in the midgut.

There are 38 and 33 tetraspanin proteins encoded by the Drosophila and mammalian 

genomes, respectively, many of which are known to regulate endocytic processes (Han et al., 

2012; Pols and Klumperman, 2009; Xu et al., 2004). In addition to Tsp2A, our RNAi screen 

included lines targeting 16 more tetraspanins and identified Tsp86D to be required in 

ISCs/EBs for midgut proliferation and Tsp42Ea to be a weak ISC/EB tumor suppressor (data 

not shown). Moreover, our suppressor screen revealed that overexpression of Tsp3A can 

enhance Tsp2A RNAi-induced overproliferation, whereas Tsp42Ef inhibits Tsp2A RNAi-

induced overproliferation (Table S2). Both Tsp86D and Tsp3A are known to affect Notch 

activation by regulating membrane trafficking of the metalloprotease ADAM10 or 

Kuzbanian to the cell surface (Dornier et al., 2012). Tsp42Ea is an ortholog of human CD63, 

with the potential to promote endocytic degradation (Pols and Klumperman, 2009). 

Moreover, Tsp42Ef, localized at multivesicular bodies (MVBs), might also participate in 

endocytic regulation (Gross et al., 2012). Given that different tetraspanins often interact with 

each other (Charrin et al., 2014), future studies of these additional tetraspanins (i.e., Tsp86D, 

Tsp42Ea, Tsp3A, and Tsp42Ef), including the development of reagents to visualize their 

endogenous expression in the midgut, might lead to a comprehensive understanding of 

Tsp2A trafficking to the SJs, Tsp2A internalization, and/or Tsp2A downstream signaling.

Different Junction Proteins Implicated in Epithelial Tissue Organization and Signaling

Cell junctions between polarized epithelial cells mediate paracellular permeability and cell 

attachment. In both Drosophila and mammals, AJs are located at the apical side of the lateral 

membrane and consist of a cadherin-catenin complex connected to the cytoskeleton (Sun 

and Irvine, 2016). In mammals, TJs are positioned apically to AJs and form the paracellular 

diffusion barrier (Zihni et al., 2016). Although insect cells do not have TJs, many TJ protein 

orthologs are found at SJs (Wei and Ellis, 2001; Wu et al., 2004). In the Drosophila midgut, 

AJs are enriched in ISCs/EBs (Choi et al., 2011), whereas SJs are predominantly distributed 

among ECs (Resnik-Docampo et al., 2017). A previous study identified esg-binding sites in 

the promoter of Ssk and found that esg suppresses the expression of multiple SJ-encoding 

genes (Mesh, Ssk, and cora) (Korzelius et al., 2014). Our detailed characterization of Tsp2A 
expression and function during ISC-EC differentiation confirms earlier speculation that 

upregulation of SJ components might be an important early step in EC differentiation 

(Korzelius et al., 2014). Interestingly, during the revision of our manuscript, SJ proteins 

were reported to be required for epithelial polarity in the midgut (Chen et al., 2018). Our 
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findings complement this study and provide further insight into the mechanisms of how the 

switch of cell polarity determinants from aPKC to SJs occurs during ISC-EC differentiation.

In addition to their structural roles in organizing the epithelium, junction proteins can 

participate in signal transduction. For example, shotgun knockdown in ISCs/EBs causes a 

mild increase in proliferation (Choi et al., 2011). shotgun knockdown in ECs induces 

rhomboid expression to facilitate secretion of mitogenic EGFs, causing feedback 

upregulation of EGFR-Ras-MAPK signaling and ISC proliferation (Liang et al., 2017). 

Moreover, a recent study found that disruption of SJs by Gli knockdown impairs intestinal 

barrier function in old flies and causes JNK-dependent induction of ISC proliferation 

(Resnik-Docampo et al., 2017). Unlike the work on Gli, we focused on the young adult 

stages and found that Tsp2A knockdown causes no defects in intestinal barrier function yet 

induces a strong overproliferation phenotype that cannot be rescued by JNK inhibition. In 

our study, we compared the knockdown effects of different junction proteins and 

demonstrated that the tumor suppressor role of SJ proteins is distinct from other types of 

junction proteins such as Arm, Lgl, and Gli.

In mammalian epithelial tissues such as the trachea, basal cells (stem cells) do not express 

the TJ proteins ZO1 and claudin-4 under normal conditions but can initiate TJ assembly 

when they are induced to differentiate after tissue damage (Gao et al., 2015). The kinetics of 

TJ protein expression in the process of tracheal progenitor cell differentiation is reminiscent 

of our observation with Tsp2A in the midgut. In the mammalian epithelium, the putative 

Tsp2A orthologs CD81, CD9, and CD151 localize to cell junctions (Lazo, 2007), whereas 

both CD81 and CD9 associate with claudins (Farquhar et al., 2012; Kovalenko et al., 2007). 

Moreover, CD81 and claudins can undergo internalization in mammalian epithelial cells 

(Farquhar et al., 2012; Matsuda et al., 2004). Given the similarity between Tsp2A and its 

mammalian orthologs, it will be interesting to examine whether the connection we have 

elucidated between SJ proteins and Hippo pathway could be generally applicable to TJ 

proteins in various mammalian epithelial tissues.

Tsp2A-aPKC-Hippo Signaling: Potential Implication in Cancer

Consistent with our discovery that Tsp2A suppresses epithelial cell proliferation, predicted 

Tsp2A orthologs such as CD81, CD9, and CD151 are often downregulated in carcinomas: 

CD81 is frequently deleted in cancers (Broad Institute Tumorscape Project; Beroukhim et 

al., 2010), with its expression reduced in bladder, liver, and gastric carcinomas (Inoue et al., 

2001; Lee et al., 2015; Yoo et al., 2013); CD9 expression decreases in breast, ovarian, lung, 

esophageal, and colon carcinomas (Funakoshi et al., 2003; Houle et al., 2002; Miyake et al., 

1996; Mori et al., 1998; Uchida et al., 1999); and CD151 is downregulated in colon cancers 

(Chien et al., 2008). Moreover, both aPKC and Rack1 are known to play an oncogenic role 

in various carcinomas (Li and Xie, 2015; Mosesson et al., 2008). Whereas previous studies 

mostly focused on the function of Tsp2A orthologs in cell migration and cancer metastasis 

(Hemler, 2014), our findings suggest that Tsp2A orthologs might also be implicated in 

endocytic regulation to affect tumorigenesis.

Many small molecules can be ligands or antagonists for tetraspanins. For example, human 

CD81 has a binding pocket for cholesterol (Zimmerman et al., 2016), raising the possibility 
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that cholesterol could play a role in tumorigenesis by modulating the activity of CD81 or 

similar tetraspanins. Moreover, since CD81 is the receptor for hepatitis C virus (HCV) 

envelope protein and mediates HCV entry, there have been efforts to develop ligands or 

antibodies for CD81 or other putative Tsp2A orthologs (Rajesh et al., 2012). Based on our 

findings, products from these antiviral studies might be valuable for cancer research and 

treatment. Finally, our observation that tuning down aPKC or JAK-Stat activity can prevent 

ISCs expressing Tsp2A RNAi from overproliferating without blocking their normal 

regenerative response raises the possibility to treat cancer by converting hyperplastic ISCs 

into normal ISCs.

STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit anti-β-galactosidase Cappel Cat#0855976

rabbit anti-pH3 Millipore Cat#06–570; RRID:AB_310177

mouse anti-GFP Invitrogen Cat#A11120; RRID:AB_221568

rabbit anti-GFP Invitrogen Cat#A6455; RRID:AB_221570

mouse anti-Flag Sigma Cat#F3165; RRID:AB_259529

rabbit anti-cleaved-caspase 3 Cell Signaling Cat#9661; RRID:AB_2341188

rabbit anti-Tsp2A Izumi et al., 2016 N/A

rabbit anti-Mesh Izumi et al., 2016 N/A

rabbit anti-Ssk Izumi et al., 2016 N/A

rabbit anti-Cora DSHB Cat#C615.16; RRID:AB_1161644

mouse anti-Arm DSHB Cat#N27A1; RRID:AB_528089

rabbit anti-Lgl Santa Cruz Cat#sc-98260; RRID:AB_1564606

rabbit anti-Pdm1 Xiaohang Yang N/A

mouse anti-Pros DSHB Cat#MR1A; RRID:AB_528440

mouse anti-Hrs DSHB Cat#27–4; RRID:AB_2618261

mouse anti-Rab7 DSHB Cat#Rab7; RRID:AB_2722471

guinea pig anti-ex Richard Fehon Maitra et al., 2006

rabbit anti-aPKC Santa Cruz Cat#sc-216

rabbit anti-Rack1 Julie Kadrmas Kadrmas et al., 2007

rat anti-HA (clone 3F10) Sigma Cat#11867423001; RRID:AB_390919

donkey anti–rabbit IgG, Alexa Fluor 488 Invitrogen Cat#A21206; RRID:AB_141708

donkey anti–rabbit IgG, Alexa Fluor 594 Invitrogen Cat#A21207; RRID:AB_141637

donkey anti–mouse IgG, Alexa Fluor 488 Invitrogen Cat#A21202; RRID:AB_141607

donkey anti–mouse IgG, Alexa Fluor 594 Invitrogen Cat#A21203; RRID:AB_141633

donkey anti–guinea pig IgG, Alexa Fluor 
594

Jackson ImmunoResearch Labs RRID:AB_2340474

goat anti–rat IgG, Alexa Fluor 488 Invitrogen Cat#A11006; RRID:AB_141373

rabbit anti-GFP Abcam Cat#6556; RRID:AB_305564

rabbit anti-GFP Invitrogen Cat#A6455
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REAGENT or RESOURCE SOURCE IDENTIFIER

GFP-Trap agarose beads Bulldog Biotechnology Cat#GTA100

Chemicals, Peptides, and Recombinant Proteins

Paraformaldehyde 16% solution Electron Microscopy Sciences Cat#15710

PBS pH 7.4 GIBCO Cat#10010023

Bleomycin Calbiochem Cat#203408

blue dye no.1 Spectrum Chemical Cat#3844–45-9

Texas Red-avidin Invitrogen Cat#A820

Lysotracker Red DND-99 Invitrogen Cat#L-7528

TRIzol Reagent Invitrogen Cat#15596018

RNase-Free DNase I Set QIAGEN Cat#79254

iScript Reverse Transcription Supermix Bio-Rad Cat#1708896

iQ SYBR Green Supermix Bio-Rad Cat#1708880

Cyclohexamide Sigma Cat#C7698

RNaseOUT ribonuclease inhibitor Invitrogen Cat#10777019

cOmplete Protease Inhibitor, EDTA-free Roche Cat#11836170001

Gateway LR Clonase II Enzyme mix Invitrogen Cat#11791–020

pENTR/D-TOPO Cloning Kit Invitrogen Cat#K2400–20

Effectene Transfection Reagent QIAGEN Cat#301425

GIBCO Schneider’s Drosophila Sterile 
Medium

Thermo Fisher Cat#21720024

Fetal Bovine Serum Thermo Fisher Cat#10437028

Protease and phosphatase inhibitor cocktail Pierce Cat#78440

Critical Commercial Assays

RNeasy Mini kit QIAGEN Cat#74104

RNeasy MinElute Cleanup kit QIAGEN Cat#74204

4%–20% Mini-PROTEAN TGX Precast 
Protein Gels

Bio-Rad Cat#4561096

Experimentl Models: Cell Lines

D. melanogaster: Cell line S2R+ Perrimon lab N/A

Experimental Models: Organisms/Strains

D. melanogaster: UAS-Tsp2A sgRNA This paper N/A

D. melanogaster: UAS-FH-Tsp2A This paper N/A

D. melanogaster: UAS-GFP-Tsp2A This paper N/A

D. melanogaster: Dl-lacZ BDSC 11651

D. melanogaster: y v; attP2 (Ctrlbl) BDSC 36303

D. melanogaster: UAS-Luc RNAi BDSC 31603

D. melanogaster: UAS-Tsp2A RNAi BDSC 40899

D. melanogaster: UAS-Luc BDSC 35789

D. melanogaster: FRT19A BDSC 1744

D. melanogaster: UAS-bsk RNAi BDSC 31323, 32977 (#2)

D. melanogaster: UAS-bskDN BDSC 6409

D. melanogaster: UAS-GFP-RpL10Ab BDSC 42683
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REAGENT or RESOURCE SOURCE IDENTIFIER

D. melanogaster: UAS-rpr BDSC 5823

D. melanogaster: UAS-Hepca BDSC 6406

D. melanogaster: UAS-CD8-GFP BDSC 32186

D. melanogaster: UAS-Rab5ca BDSC 43335

D. melanogaster: UAS-YFP-Rab5ca BDSC 9773

D. melanogaster: UAS-Rab7ca BDSC 42707

D. melanogaster: UAS-YFP-Rab11ca BDSC 50783

D. melanogaster: UAS-Rab5DN BDSC 42704

D. melanogaster: UAS-YFP-Rab7DN BDSC 9778

D. melanogaster: UAS-YFP-Rab11DN BDSC 23261

D. melanogaster: UAS-Rab5 RNAi BDSC 30518

D. melanogaster: UAS-Rab7 RNAi BDSC 27051

D. melanogaster: UAS-Rab11 RNAi BDSC 42709, 27730 (#2)

D. melanogaster: UAS-arm RNAi BDSC 31305, 31304 (#2)

D. melanogaster: UAS-Lgl RNAi BDSC 35773, 38989 (#2)

D. melanogaster: UAS-cora RNAi BDSC 28933, 51845 (#2)

D. melanogaster: UAS-Gli RNAi BDSC 38284, 58115 (#2)

D. melanogaster: UAS-aPKC RNAi BDSC 34332, 35001 (#2)

D. melanogaster: UAS-Rack1 RNAi BDSC 34694

D. melanogaster: UAS-aPKCDN BDSC 51673

D. melanogaster: UAS-Yki3SA BDSC 28817

D. melanogaster: UAS-Yki RNAi BDSC 31965

D. melanogaster: UAS-hpo BDSC 44254

D. melanogaster: UAS-dome RNAi BDSC 32860

D. melanogaster: UAS-Stat92E RNAi BDSC 33637

D. melanogaster: hop2 BDSC 6032

D. melanogaster: hop27 BDSC 8493

D. melanogaster: y w; attP (Ctrlv) VDRC 60100

D. melanogaster: UAS-Mesh RNAiv VDRC 108297

D. melanogaster: UAS-Ssk RNAiv VDRC 11906, 105193 (#2)

D. melanogaster: UAS-Yki RNAiv VDRC 104523

D. melanogaster: UAS-Tsp2A RNAiN NIG 11415R-2

D. melanogaster: UAS-Rack1–3xHA FlyORF F001043

D. melanogaster: UAS-aPKC-3xHA FlyORF F000876

D. melanogaster: y w (Ctrlyw) Perrimon lab N/A

D. melanogaster: w1118 (Ctrlw) Perrimon lab N/A

D. melanogaster: Diap1-lacZ/TM6B Karpowicz et al., 2010 N/A

D. melanogaster: UAS-p35 (on 3rd 

chromosome)
Perrimon lab N/A

D. melanogaster: esgGal4 UAS-GFP 
tubGal80ts (EGT)

Micchelli and Perrimon, 2006 N/A

D. melanogaster: EGT; UAS-Cas9 (attP2) Perrimon lab N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

D. melanogaster: esgGal4 tubGal80ts 

(esgts)
Perrimon lab N/A

D. melanogaster: Myo1AGal4 tubGal80ts 

(Myo1Ats)
Perrimon lab N/A

D. melanogaster: tubGal80ts; 24BGal4 
(24Bts)

Perrimon lab N/A

D. melanogaster: tubGal80ts; DaGal4 
(Dats)

Perrimon lab N/A

D. melanogaster: tubGal80ts; DlGal4 (Dlts) Zeng et al., 2010 N/A

D. melanogaster: tubGal80ts; Su(H)Gbe-
Gal4 (Su(H)ts)

Zeng et al., 2010 N/A

D. melanogaster: Su(H)Gbe-Gal4, UAS-
CD8-GFP; tubGal80ts (SGT)

Zeng et al., 2010 N/A

D. melanogaster: tubGal80ts; ProsGal4 
(Prosts)

Perrimon lab N/A

D. melanogaster: hsFlp tubGal80 FRT19A/
FM7; tubGal4 UAS-mCD8::GFP/TM3

Choi et al., 2011 N/A

Oligonucleotides

Tsp2A sgRNAs This paper See Table S3

RT-qPCR primers This paper See Table S3

Recombinant DNA

cDNA RE51204 Drosophila Genomics 
Resource Center

9398

cDNA FI03288 Drosophila Genomics 
Resource Center

1621950

cDNA RE74715 Drosophila Genomics 
Resource Center

10113

pENTR/D-TOPO-Tsp2A This paper N/A

pENTR/D-TOPO-aPKC This paper N/A

pENTR/D-TOPO-Rack1 This paper N/A

pAGW-Tsp2A This paper N/A

pAFW-Tsp2A This paper N/A

pAGW-aPKC This paper N/A

pAFW-aPKC This paper N/A

pAGW-Rack1 This paper N/A

pAFW-Rack1 This paper N/A

Software and Algorithms

ZEN 2 lite Zeiss N/A

ImageJ/Fiji Schindelin et al., 2012 N/A

CFX Manager Bio-Rad N/A

STREAM Chen et al., 2018 N/A

Prism GraphPad Software N/A

Other

Zeiss LSM780 microscope Zeiss N/A

CFX96 Real-Time System Bio-Rad N/A

BZ-9000 Fluorescence Microscope Keyence N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

1200-EX transmission electron microscope JEOL N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Norbert Perrimon (perrimon@receptor.med.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila culture—Flies were reared on standard cornmeal/agar medium. Fly food was 

changed every two days to keep fresh. Conditional expression in adult flies using tubGal80ts 

was achieved by maintaining flies at 18°C until 4–7 days after eclosion, and then shifting 

young adults to 29°C. For MARCM experiments, flies were reared at 18°C until 3–5 days 

after eclosion, heat-shocked at 37°C for 1 hr, and then maintained back at 18°C for 10d 

before dissection and analysis. For consistency, female adult flies, whose midguts are larger 

and easier to dissect, were analyzed in this paper. To induce tissue damage, fly cornmeal/

agar food was melted and mixed well with a final concentration of 25 μg/ml bleomycin.

Transgenic flies—The cDNA of Tsp2A was cloned into pTFHW or pTGW expression 

vectors (the Drosophila Gateway Vector collection) to generate UAS-FH-Tsp2A and UAS-
GFP-Tsp2A transgenic flies.

A pair of sgRNAs targeting the coding region of Tsp2A were designed and cloned into the 

double U6-sgRNA vector pCFD4 (Port et al., 2014) for site-specific insertion into attP2 on 

the 3rd chromosome. We obtained transgenic flies ubiquitously expressing two sgRNAs with 

the seed sequences listed in Table S3.

METHOD DETAILS

Staining and fluorescence imaging—For immunostainings, Drosophila midguts were 

dissected in PBS, fixed in 4% paraformaldehyde in PBS for 1 hr, incubated for 1–2 hr in 

Blocking Buffer [5% Normal Donkey Serum (with additional 5% Normal Goat Serum when 

goat-anti-rat secondary antibody was used), 0.3% Triton X-100, 0.1% BSA in PBS], and 

stained overnight at 4°C in PBST [0.3% Triton X-100, 0.1% BSA in PBS] with any of the 

following primary antibodies:

Rabbit anti-β-galactosidase (1:6000), rabbit anti-pH3 (1:3000), mouse anti-GFP (1:300), 

rabbit anti-GFP (Invitrogen; 1:500), mouse anti-Flag (1:1000), rabbit anti-cleaved-caspase 3 

(1:500), rabbit anti-Tsp2A (1:2000), rabbit anti-Mesh (1:1000), rabbit anti-Ssk (1:1000), 

rabbit anti-Cora (1:50), mouse anti-Arm (1:20), rabbit anti-Lgl (1:300), rabbit anti-Pdm1 

(1:500), mouse anti-Pros (1:50), mouse anti-Hrs (1:40), mouse anti-Rab7 (1:40), guinea pig 

anti-ex (1:2000), rabbit anti-aPKC (1:100), rabbit anti-Rack1 (1:500), rat anti-HA (1:1000).

After primary antibody staining, the midguts were washed 3 times with PBST, stained with 

DAPI (1:2000) and Alexa Fluor- conjugated donkey-anti-mouse, donkey-anti-rabbit, goat-
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anti-rat, or donkey-anti-guinea pig secondary antibodies (1:1000) in PBST at 22°C for 2 hr, 

washed 3 times with PBST, and mounted in Vectashield medium on microscopic slides.

For mitosis quantification, the number of pH3+ cells in the entire midgut was counted with a 

regular epi-fluorescence microscope. The images of the entire midgut were captured with a 

Keyence microscope.

The endocytosis assay was adapted from the existing protocol (Shravage et al., 2013). 

Dissected midguts were incubated ex vivo with Texas Red-avidin diluted in adult 

hemolymph-like buffer [2 mM CaCl2, 5 mM KCl, 5 mM HEPES, 8.2 mM MgCl2, 108 mM 

NaCl, 4 mM NaHCO3, 1 mM NaH2PO4, 10 mM Sucrose, 5 mM Trehalose, adjusted with 

NaOH to pH = 7.5] to a concentration of 80 μg/ml for 20 min, rinsed with PBS, fixed in 4% 

paraformaldehyde, and stained following a standard protocol.

Lysotracker staining was performed as previously described (Ren et al., 2009), midguts were 

dissected in PBS, incubated in 0.5 μM Lysotracker Red DND-99 for 3 min, rinsed, and then 

transferred to PBS on microscopic slides, and photographed immediately.

Images of the posterior midgut area were captured with a Zeiss LSM780 confocal 

microscope. A z stack of 10–20 images covering one layer of the epithelium from the apical 

to the basal side were acquired, adjusted, and assembled using NIH Fiji (ImageJ) 

(Schindelin et al., 2012), and shown as a maximum projection unless indicated otherwise.

For quantification of intracellular Tsp2A stainings, we encircled the intracellular region of 

an individual cell in the maximum projection image (excluding the surface stack) and 

measured with Fiji; For quantification of membrane-localized Tsp2A stainings in each cell, 

we took the sum of Tsp2A staining intensity at the cell surface Z stack and Tsp2A staining 

intensity at the cell border of the maximum projection image; For quantification of 

membrane-localized aPKC in each ISC/EB, we encircled the aPKC punctae or elongated 

aPKC staining along the cell border, and measured the total intensity using Fiji.

RT-qPCR—Total RNA was extracted from 15–20 midguts using TRIzol reagent, treated 

with DNase I, purified using the QIAGEN RNeasy Mini kit, and converted to cDNA using 

the iScript Reverse Transcription Supermix. The cDNA was analyzed by real-time 

quantitative PCR using the iQ SYBR Green Supermix. The sequences of RT-qPCR primers 

were listed in Table S3. GAPDH and rp49 were used as the internal controls. Each RT-qPCR 

was performed with three technical replicates, and at least two biological replicates. 

Representative data (analyzed by Bio-Rad CFX Manager) are presented as mean ± SEM. 

For qPCR experiments, single asterisk (*) indicates significant difference (p < 0.05) between 

different groups of technical replicates.

Translating Ribosome Affinity Purification (TRAP) for RT-qPCR analysis—For 

TRAP experiments, GFP-RpL10A expression was induced in ISCs/EBs with esgts or in ECs 

with Myo1Ats for 4d before dissection. N > 400 or N > 30 midguts were dissected in PBS 

for ISC/EB-specific or EC-specific TRAP, respectively. We used plastic Kimble Kontes 

pellet pestles to homogenize dissected midguts in 500 mL Extraction Buffer [20 mM 

HEPES (pH7.5), 150 mM KCl, 5 mM MgCl2, 1% Triton X-100, 0.5 mM DTT, 100 μg/ml 
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Cyclohexamide, 100 U/ml RNaseOUT, 1× cOmplete Protease Inhibitor] on ice. To get rid of 

the debris, lysates were centrifuged at 4°C twice, first for 5 min at 2000 rpm, then for 10 min 

at maximum speed. Supernatants were incubated for 2 hr at 4°C on a rotator with 50 μL 

GFP-Trap agarose beads (Bulldog Bio) that have been pre-equilibrated in Extraction Buffer 

for at least 30 min. Next, the beads were centrifuged at 4°C at 2000 rpm for 2 min, and 

washed 3 times (for 10 min each time) in Wash Buffer [150 mM NaCl, 0.05% Triton X-100, 

50 mM Tris, 5 mM MgCl2, 40 U/ml RNase OUT, 1× cOmplete Protease Inhibitor] at 4°C. 

After washing, the precipitated GFP-Trap beads were mixed and incubated with 100 μL 

TRIzol for 10 min, mixed thoroughly with 40 μL chloroform by repeated inverting, and 

centrifuged at 4○C at maximum speed for 10 min. The aqueous phase was used for RNA 

extraction using the QIAGEN RNeasy MinElute Cleanup kit (with on-column DNase I 

digestion). The RNA was converted to cDNA and used for qRT-PCR analysis. For TRAP 

RT-qPCR, α-tubulin was used as the internal control.

Smurf assay—Smurf assays were performed as previously described (Rera et al., 2012). 

Standard fly medium was mixed with blue dye no.1 at a concentration of 2.5% (wt/vol). 

Flies were maintained on dyed medium for 9 hr each time before analysis. A fly was 

counted as ‘‘Smurf positive’’ when blue dye could be observed outside of the digestive tract. 

Flies fed with food containing 1% SDS (Liang et al., 2017) for at least 3 days prior to the 

assay were used as positive controls.

Electron microscopy (EM) and EM with immunogold labeling—For regular EM, 

tissues of the posterior midgut were fixed in the fixative solution [2.5% Glutaraldehyde 

1.25% Paraformaldehyde and 0.03% picric acid in 0.1 M sodium cacodylate buffer (pH 7.4)] 

for at least 2 hours at room temperature, washed in 0.1M cacodylate buffer and postfixed 

with 1% Osmiumtetroxide (OsO4)/1.5% Potassiumferrocyanide (KFeCN6) for 1 hour, 

washed 2× in water, 1× Maleate buffer (MB) 1x and incubated in 1% uranyl acetate in MB 

for 1hr followed by 2 washes in water and subsequent dehydration in grades of alcohol 

(10min each; 50%, 70%, 90%, 2×10min 100%). The samples were then put in 

propyleneoxide for 30 minutes and infiltrated ON in a 1:1 mixture of propyleneoxide and 

TAAB Epon (Marivac Canada Inc. St. Laurent, Canada). The following day the samples 

were embedded in TAAB Epon and polymerized at 60°C for 48 hr. Ultrathin plastic sections 

(~60nm) were cut on a Reichert Ultracut-S microtome, picked up on to copper grids, and 

contrasted with 0.3% lead citrate. Grids with the plastic sections were imaged using a JEOL 

1200-EX transmission electron microscope operating at 80 kV with an AMT 2k CCD 

camera. Representative images from more than 3 different midgut sections are presented in 

figures.

For EM with immunogold labeling, tissues of the posterior midgut were fixed for 2 hr in 0.1 

M sodium phosphate buffer (pH = 7.4) containing fresh 4% paraformaldehyde and 0.2% 

glutaraldehyde, rinsed in PBS, and then either processed with 2.3 M sucrose cryo-protection 

and frozen in liquid nitrogen, or processed with osmium fixation and plastic embedding. 

Frozen or plastic-embedded samples were cut into ~80 nm sections using a Reichert Ultracut 

S microtome and transferred to formvar-carbon coated copper grids. Unless specified 

otherwise, staining was performed at 22°C. Frozen sections were blocked in 1% BSA/PBS 
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buffer for 10 min, incubated with anti-GFP antibody (1:30, Abcam 6556) in 1% BSA/PBS 

for 1 h, washed 4 times in PBS, incubated with protein A-conjugated 15 nm gold particles 

for 20 min, washed 2 times in PBS and 4 times in water, and incubated in a mixture of 0.3% 

uranyl acetate and 2% methyl cellulose for 5 min for contrasting/ embedding. Plastic 

sections were etched in saturated sodium m-periodate (SIGMA) for 3 min, washed 3 times 

in water, blocked in PBT buffer [0.1% Triton X-100, 1% BSA in PBS] for 30 min, incubated 

with anti-GFP antibody (Abcam; 1:50) in PBT at 4°C overnight, washed 4 times in PBS, 

incubated with protein A-conjugated 15 nm gold particles for 20 min, washed 2 times in 

PBS and 4 times in water, and stained with lead citrate. Grids with frozen or plastic sections 

were imaged the same way as regular EM.

Single-cell RNA-seq and data processing—Details on the adult midgut single-cell 

RNA-seq are described in (Hung et al., 2018). In brief, 1753 midgut cells with good 

sequencing quality were clustered the cells via Seurat analysis (Butler et al., 2018) into 

separate groups corresponding to 443 ISC/EBs, 196 EEs, 1053 ECs, and 61 other non-

epithelial cells. Single-cell trajectory reconstruction was performed using STREAM (http://

stream.pinellolab.org/), with the S2 state expressing high levels of ISC markers selected as 

the starting state. Trajectories were displayed as a 3D scattered plot and projected in 2D. The 

genes of interests are visualized as individual 2D STREAM plots.

Co-immunoprecipitation—cDNAs of Tsp2A (RE51204), aPKC (FI03288, isoform RA) 

and Rack1 (RE74715, isoform RA) were cloned into actin promoter-driven pAGW and 

pAFW expression vectors obtained from the Drosophila Gateway Vector collection. S2R+ 

cells were cultured in Schneider’s medium supplemented with 10% fetal bovine serum 

(FBS) at 25°C. DNA was transfected into S2R+ cells in a 10 cm plate using Effectene 

transfection reagent. After 3 d of incubation, cells were lysed with Lysis Buffer [30 mM pH 

= 7.5 Tris-HCl, 150 mM NaCl, 1% Brij97 (P6136, Sigma-Aldrich, St. Louis, MO, USA)] 

with halt protease and phosphatase inhibitor cocktail (Pierce). Lysates were incubated with 

GFP-Trap beads for 1–2 hr at 4°C to precipitate the protein complexes. Beads were washed 

3 times with 1 mL lysis buffer. Protein complexes were detected by western blotting using 

rabbit anti-GFP (Invitrogen; 1:5000) and mouse anti-Flag (1:5000).

QUANTIFICATION AND STATISTICAL ANALYSIS

For statistical analyses in all but qPCR experiments, the average value and the standard error 

of the mean (SEM) of biological replicates were calculated with Microsoft Excel and shown 

in the figures. For comparison of any two data groups, p values were calculated by Student’s 

two-tail t test with unequal variances. Single asterisk (*) indicates a p value that is more than 

0.01 but less than 0.05. Double asterisks (**) label a p value that is more than 0.001 but less 

than 0.01. Triple asterisks (***) label a p value that is less than 0.001. The p value of more 

than 0.1 is labeled as ‘‘not significant’’ (n.s.). For experiments with multiple data groups, 

one-way ANOVA with Bonferroni’s multiple comparisons test (using GraphPad Prism) was 

performed to confirm the significant differences (of less or equal p value) as labeled in 

Figures. No particular methods were used to determine whether the data met assumptions of 

the statistical approach. Sample sizes, determined empirically and by convenience, are 
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documented in the figure legends. The raw data used for quantification in each Figure are 

documented in Table S4.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The assembly of septate junctions (SJs) occurs during ISC-EC differentiation

• The SJ protein Tsp2A undergoes internalization and mediates aPKC 

degradation

• Normal Tsp2A-SJ assembly ensures Hippo signaling to restrict ISC 

proliferation

• Defective Tsp2A-SJ assembly causes aPKC accumulation and Yki 

hyperactivity
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Figure 1. Identification of Tsp2A as a Suppressor of Proliferation in ISCs/EBs
(A and B) Images showing the entire midgut with Luciferase (Luc) RNAi (the negative 

control) (A) or Tsp2A RNAi (B) expression in ISCs/EBs for 5 days. Scale bar, 500 mm. The 

GFP signal under the control of EGT labels ISCs/EBs and their recent progenies due to 

signal perdurance.

(C and D) The midgut expressing Luc RNAi or Tsp2A RNAi in ISCs/EBs for 5d were 

stained for the mitosis marker phospho-histone H3 (pH3). Scale bar, 50 μm. Examples of 
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pH3+ cells were labeled with white arrowheads. (C) and (D) correspond to the posterior 

midgut regions encircled with white dashed squares in (A) and (B), respectively.

(Cʹ and Dʹ) The orthogonal projection images showing the cross-sections indicated by 

dashed lines in (C) and (D), respectively. Scale bar, 25 μm.

(E) Mitosis quantification of midguts expressing Luc RNAi or Tsp2A RNAi in ISCs/EBs for 

1, 3, 5, or 7 days. For each genotype at each time point, at least 6 midguts were analyzed. 

Data are represented as mean ± SEM.

(F) Mitosis quantification of midguts expressing a different Tsp2A RNAi (from NIG, with 

superscript label ‘‘N’’) in ISCs/EBs for 7 days. Ctrlw (genotype: w1118) was used in genetic 

crosses as the control, because the genetic background is the same as NIG stocks. N = 7 or 6 

midguts were analyzed for the genotype group of Ctrlw or Tsp2A-iN, respectively. Data are 

represented as mean ± SEM.

(G and H) pH3 staining of midguts expressing Tsp2A RNAi together with Luc cDNA (G) or 

FH-Tsp2A (H) in ISCs/EBs for 5 days. Scale bar, 50 μm. FH-Tsp2A is resistant to the 

knockdown of Tsp2A RNAi (the Bloomington stock), which targets the 3ʹ UTR region of 

Tsp2A. White arrowheads highlight examples of pH3+ cells.

(I) Mitosis quantification of midguts expressing Tsp2A RNAi together with Luc cDNA or 

FH-Tsp2A in ISCs/EBs for 3 or 5 days. N > 12 midguts were analyzed for each group. Data 

are represented as mean ± SEM.

(J–L) pH3 staining (K) and mitosis quantification (L) of midguts with ubiquitous expression 

of sgRNAs against Tsp2A and targeted expression of Cas9 in ISCs/EBs for 7 days. Scale 

bar, 50 μm. Flies with the same genetic background but only empty insertional landing sites 

(y v; attp2) were used as the control (Ctrlbl) (J) for sgRNA. White arrowheads highlight 

examples of pH3+ cells. N = 10 midguts were analyzed per genotype for quantification. 

Data are represented as mean ± SEM.

(Jʹ and Kʹ) The orthogonal projection images showing the cross sections indicated by 

dashed lines in (G) and (H), respectively. Scale bar, 25 μm.

(M) Mitosis quantification of midguts with or without FH-Tsp2A expression in ISCs/EBs 

for 5 days, with or without bleomycin feeding for the last 2 days before dissection. Ctrlw 

flies were used as the control in genetic crosses for FH-Tsp2A overexpression. N = 12 

midguts were analyzed for each group. Data are represented as mean ± SEM.
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Figure 2. Tsp2A Expression Initiates in ISCs and Increases during ISC-EC Differentiation
(A) STREAM analysis of single-cell RNA-seq reconstructs the trajectories of ISC 

differentiation toward the EE and EC lineages (Hung et al., 2018). Each dot in the 3D 

scattered plot represents a cell. The colored axes represent pseudotime for temporal 

trajectories. The different cell types (ISC/EB in green, EE in pink, EC in orange, and others 

in gray) were recognized by unsupervised clustering and the expression of known marker 

genes. The cell population at the distal end of EC differentiation is expected to be 

Xu et al. Page 30

Cell Rep. Author manuscript; available in PMC 2020 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



underrepresented in our analysis, because the large and presumably more mature ECs are 

likely to be filtered out when we used a 25 μm cell strainer to obtain dissociated single cells.

(B–E) STREAM plots in 2D projection map the expression of hdc (B), λ-Trypsin (C), 

shotgun (D), and Tsp2A (E) during ISC differentiation. The x axis indicates the hypothetical 

time in differentiation. The branch width in the y axis indicates the number of cells at a 

particular pseudotime in the branch. The ISCs/EBs are positioned on the left. The branches 

of EEs and ECs are positioned on the right. Other non-epithelial cells in the gut, shown in 

the top branch of each panel, are not derived from ISCs and thus barely connected to the rest 

of the plot. The color gradient scale bar indicating normalized expression levels (blue means 

low and red means high) is attached to the right of each panel.

(F) Tsp2A co-expression analysis based on single-cell RNA-seq (Table S1). We counted the 

number of cells expressing different cell markers and cells expressing Tsp2A together with 

each marker. The percentage of Tsp2A+ cells and the average normalized Tsp2A expression 

levels in each population sorted by these markers are also listed in the summary chart.

(G–J) Midguts from young adult flies fed with normal food (G–I) or bleomycin (J) for 2 

days were co-stained for Tsp2A and the EB marker Su(H)Gbe-GFP. Scale bar, 50 μm. The 

red channel of Tsp2A staining signals is presented in grayscale below each of the merged 

images.

(Gʹ–Jʹ) High-magnification images, corresponding to the regions encircled with white 

dashed squares in G–J, exhibit different levels (Gʹ, no expression; Hʹ, weak; Iʹ, medium; Jʹ, 
strong) of Tsp2A expression in EBs. Scale bar, 10 μm.

(K and L) Tsp2A staining of midguts expressing Luc RNAi (K) or Tsp2A RNAi (L) in EBs 

with SGT driver for 7 days. SGT-driven GFP expression labels EBs. A zoom-in view of 

encircled regions is shown in (Kʹ and Lʹ).
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Figure 3. Tsp2A Knockdown Results in the Accumulation of ISCs/EBs and Pre-ECs
(A and B) Midguts expressing Luc RNAi (A) or Tsp2A RNAi (B) in ISCs/EBs for 3 days 

are stained for the ISC marker Dl-lacZ. Scale bar, 50 μm.

(C) Quantification of Dl+ cells in the midguts expressing Luc RNAi or Tsp2A RNAi in 

ISCs/EBs for 5d. N > 8 midguts were analyzed for each group. Data are represented as mean 

± SEM.

(D–I) Midguts expressing Luc RNAi (D, F, and H) or Tsp2A RNAi (E, G, and I) in 

ISCs/EBs (driven by EGT or tubGal80ts; esgGal4 (esgGal4ts)) for 3 days are stained for the 
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EB marker/Notch pathway reporter Su(H)Gbe-GFP (D and E), the EE marker Pros (F and 

G), or the EC marker Pdm1 (H and I). Scale bar, 50 μm. The red channel of Pdm1 signals is 

presented in grayscale below each of the merged images.

(J and K) Pdm1 staining of midgut with MARCM clones induced to express Luc RNAi (J) 

or Tsp2A RNAi (K) for 10 days. Scale bar, 50 μm. Arrowheads highlight examples of 

polyploid ECs in the lineage of randomly labeled ISCs that express Luc RNAi or Tsp2A 
RNAi. In the MARCM clone expressing Tsp2A RNAi, even the small nuclei are mostly 

stained positive for Pdm1.

(L) qRT-PCR quantification of midguts expressing Tsp2A RNAi in ISCs/EBs for 7 days for 

the different cell-type markers Dl, Pdm1, Pros, β-Trypsin, and ε-Trypsin. Data are 

represented as mean ± SEM.

(M and N) Electron micrographs of midguts expressing Luc RNAi (M) or Tsp2A RNAi (N) 

in ISCs/EBs for 5 days. Scale bar, 4 μm. Pre-ECs are the progenitor cells differentiating 

toward ECs, which exhibit mixed features of ISCs/EBs and ECs. Mv, microvilli; n, nucleus; 

VM, visceral muscle.

(O) A zoomed-in view of the region encircled with the red dashed box in (N) shows the 

formation of microvilli at the apical surface of a basally localized pre-EC. Scale bar, 1 μm.
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Figure 4. SJ Proteins Are Interdependent and Distinct from Other Junctions for Their 
Membrane Localization in the Midgut Epithelium
(A–L) Midguts expressing Luc RNAi (A, C, E, G, I, and K) or Tsp2A RNAi (B, D, F, H, J, 

and L) in ISCs/EBs for 3 days are stained for different junction proteins: Tsp2A (A and B), 

Mesh (C and D), Ssk (E and F), Cora (G and H), Arm (I and J), and Lgl (K and L). Scale 

bar, 50 μm. Dashed lines circle example regions (GFP+ ISCs/EBs and recent progenies due 

to perdurance) where Tsp2A RNAi is expressed. The red channel is presented in grayscale 

below each of the merged images (in A–L and S–X). Note that ISC tumors often initiate 

sporadically from a few ISCs/EBs expressing Tsp2A RNAi (Figures 4D, 4F, 4H, 4J, and 
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4L), which probably correspond to the relatively infrequent events of ISC-EC differentiation 

under normal feeding conditions.

(M and N) Electron micrographs of midguts ubiquitously expressing Luc RNAi (M) or 

Tsp2A RNAi (N) for 5 days. Scale bar, 4 μm.

(O and P) High-magnification images of midguts ubiquitously expressing Luc RNAi (O) or 

Tsp2A RNAi (P), corresponding to regions encircled with red dashed boxes in (M) or (N), 

show the cell junctions between ECs. Scale bar, 1 μm.

(Q) Smurf assay to evaluate the barrier function of midguts expressing Luc RNAi or Tsp2A 
RNAi in ISCs/EBs for 8 days. Flies fed with 1% SDS are used as a positive control. Note 

that although Tsp2A knockdown does not affect barrier function in young adult flies, 

prolonged RNAi expression (for more than 10 days; data not shown) could cause gut leakage 

in old flies.

(R) Quantification of Smurf-positive (leaky) flies among assayed flies expressing Luc RNAi 

or Tsp2A RNAi in ISCs/EBs or ubiquitously for 5–7 days. N = 30 flies are analyzed for each 

genotype at each time point.

(S–X) Tsp2A staining of midguts expressing Luc RNAi (S), arm RNAi (T and U, two 

different lines), Lgl RNAi (V and W, two different lines), or cora RNAi (X) in ISCs/ EBs. 

Scale bar, 50 mm. All RNAi lines are expressed for 7 days, except cora RNAi, for which 

expression for 3 days is sufficient to cause overproliferation and disrupt Tsp2A expression.
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Figure 5. Tsp2A Participates in the Endocytic Cycle
(A and B) Midguts expressing Luc RNAi (A) or Tsp2A RNAi (B) ubiquitously for 3 days 

are stained for Tsp2A. Scale bar, 10 μm. The Tsp2A staining found in intracellular punctae 

is not background noise, because it can be eliminated by Tsp2A knockdown. The red 

channel is presented in grayscale below the merged images (in A–D).

(C) Midguts ubiquitously expressing GFP-Tsp2A for 5 days are stained with LysoTracker 

red to label lysosomes or other acidic compartments. Scale bar, 10 μm. Arrowheads indicate 

the co-localization of GFP-labeled Tsp2A with LysoTracker. To avoid potential co-
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localization artifacts caused by overlaying different focal planes, a single z stack of confocal 

image is presented.

(D) Endocytosis assay. Wild-type midguts incubated with Texas-red-labeled avidin (TR-

avidin) for 20 min are fixed and stained for Tsp2A. Scale bar, 5 μm. Arrowheads indicate 

Tsp2A punctae co-localization with internalized TR-avidin. A single z stack image (close to 

the cell surface) is presented. (E and F) Wild-type midguts are co-stained for Tsp2A and the 

early endosome marker Hrs (E) or the late endosome marker Rab7 (F). Scale bar, 5 μm. 

Arrowheads indicate Tsp2A punctae co-localization with Hrs or Rab7. Single z stack images 

are presented. The green channels are presented in grayscale below the merged images.

(G and H) Immunogold labeling and electron micrographs of frozen sections from midguts 

ubiquitously expressing GFP-Tsp2A for 5 days. Scale bar, 400 nm. Red arrowheads indicate 

examples of the 15 nm gold (black dots) labeling GFP-Tsp2A found in SJs (G and H), 

endosome (G), and lysosome (H).

(I) Immunoelectron microscopy (immuno-EM) of the plastic-embedded midgut section 

showing gold labeled GFP-Tsp2A (indicated by red arrowheads) in the lysosome. Scale bar, 

400 nm. Compared to frozen sections, plastic sections perform better in maintaining the GFP 

antigen in lysosomes for immuno-EM.

(J–L) Tsp2A staining of midguts ubiquitously expressing Luc RNAi (J), Rab5 RNAi (K), or 

Rab11 RNAi (L) for 5 days. Scale bar, 50 μm.

(Jʹ–Lʹ) The orthogonal projection images showing the cross-sections indicated by dashed 

lines in J–L. Scale bar, 20 μm.

(M–O) High-magnification, single z stack images near the cell surface of midguts 

ubiquitously expressing Luc RNAi (M), Rab5 RNAi (N), or Rab11 RNAi (O), 

corresponding to regions encircled with white dashed squares in J–L. Scale bar, 10 μm.

(Mʹ–Oʹ) High-magnification, single z stack images near the cell center, corresponding to 

regions encircled with white dashed squares in J–L. Scale bar, 10 μm.

(P) Quantification of the ratios of membrane-localized to intracellular Tsp2A staining 

intensity in midguts ubiquitously expressing Luc RNAi, Rab5 RNAi, or Rab11 RNAi for 5 

days. 24 cells from 3 midguts were analyzed for each genotype. Data are presented as mean 

± SEM.

(Q–T) Hrs (Q and R) or Rab7 (S and T) staining of midguts expressing Luc RNAi (Q and S) 

or Tsp2A RNAi (R and T) ubiquitously for 3 days. Scale bar, 10 μm.
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Figure 6. aPKC Is Required for Tsp2A RNAi-Induced Overproliferation and Couples Tsp2A 
Knockdown with Yki and JAK-Stat Signaling
(A–H) pH3 staining of midguts expressing Tsp2A RNAi together with Luc RNAi (A and E), 

aPKC RNAi (B, C, F, and G, two different lines), or Rack1 RNAi (D and H) in ISCs/EBs for 

5 days, with (E–H) or without (A–D) additional 2-day feeding with bleomycin. Scale bar, 50 

μm. White arrowheads highlight examples of pH3+ cells.

(I) Mitosis quantification of midguts expressing Tsp2A RNAi together with Luc RNAi, 

aPKC RNAi, or Rack1 RNAi in ISCs/EBs for 7 days, with or without the last 2-day feeding 
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with bleomycin. N > 7 midguts are analyzed for each group. Data are represented as mean ± 

SEM.

(J and K) Midguts with (K) or without (J) constitutively active aPKC (aPKCΔN) expression 

in ISCs/EBs for 3 days are stained for the Yki reporter Diap1-lacZ. Scale bar, 50 mm. The 

red channels are presented in grayscale, below the merged images.

(L and M) Midguts expressing Luc RNAi (L) or Tsp2A RNAi (M) in ISCs/EBs for 3 days 

are stained for Diap1-lacZ. Scale bar, 50 μm.

(N and O) Midguts expressing Luc RNAi (N) or Tsp2A RNAi (O) in ISCs/EBs for 3 days 

are stained for Ex, a transcriptional target of Yki. Scale bar, 50 μm.

(P) qRT-PCR measurement of Yki responsive genes (Diap1, upd3, and ImpL2) in midguts 

with or without Tsp2A RNAi expression in ISCs/EBs for 7 days. Data are represented as 

mean ± SEM.

(Q and R) Midguts expressing Luc RNAi (Q) or Tsp2A RNAi (R) in ISCs/EBs (driven by 

esgts) for 3 days are stained for the JAK-Stat pathway reporter Stat-sfGFP. Scale bar, 50 μm.

(S–V) pH3 staining of midguts expressing Tsp2A RNAi together with Luc RNAi (S), Yki 
RNAi (T), Dome RNAi (U), or Stat92E RNAi (V) in ISCs/EBs for 5 days. Scale bar, 50 μm.

(W and X) pH3 staining of midguts expressing Tsp2A RNAi alone (W) or Tsp2A RNAi 

together with hpo (X) in ISCs/EBs for 5 days. Scale bar, 50 mm. Ctrlyw (genotype: y w) flies 

have the same genetic background as the UAS-hpo line. White arrowheads highlight 

examples of pH3+ cells.

(Y) Mitosis quantification of midguts expressing Tsp2A RNAi together with Luc RNAi, Yki 
RNAi (two different lines), or Dome RNAi for 5 days. N > 5 midguts are analyzed for each 

group. Data are represented as mean ± SEM.

(Z) Mitosis quantification of midguts expressing Tsp2A RNAi alone or together with hpo in 

ISCs/EBs for 5 days. N > 7 midguts are analyzed for each group. Data are represented as 

mean ± SEM.
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Figure 7. Tsp2A Functions as an Adaptor Facilitating aPKC/Rack Degradation
(A and B) S2R+ cell extracts expressing GFP or GFP fusion proteins are subjected to 

immunoprecipitation with GFP-Trap beads. IB, immunoblot; IP, immunoprecipitation; TCL, 

total cell lysate. GFP-Tsp2A co-precipitates with FLAG-aPKC and FLAG-Rack1 (A), 

whereas both GFP-aPKC and GFP-Rack1 co-precipitate with FLAG-Tsp2A (B). Note that 

the expected size of Tsp2A (without any tag) is 26.9 kDa and that the bands larger (appear 

as smears) or smaller than expected could represent modified or degraded forms of Tsp2A, 

according to a previous report (Izumi et al., 2016).
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(C and D) Midguts expressing HA-tagged aPKC-HA (C) or Rack1-HA (D) are co-stained 

with anti-Tsp2A and anti-HA antibodies. Scale bar, 10 μm. Single z stack images are 

presented. The green channels of HA staining are presented in grayscale below the merged 

images. Arrowheads indicate examples of aPKC or Rack1 co-localization with Tsp2A 

punctae.

(E–H) Regular (E and F; scale bar, 50 μm) or high-magnification (G and H; scale bar, 10 

μm) confocal images showing aPKC staining of midguts expressing Luc RNAi (E and G) or 

Tsp2A RNAi (F and H) in ISCs/EBs for 3 days. The red channels are presented in grayscale 

below the merged images (in E–M and Kʹ–Mʹ). Arrowheads highlight examples of 

membrane-localized aPKC staining.

(I and J) High-magnification images showing aPKC staining of midguts expressing Luc 
RNAi (I) or Tsp2A RNAi (J) in EBs for 7 days. Scale bar, 10 μm. Arrowheads indicate 

examples of concentrated aPKC staining.

(K–M) aPKC staining of midguts expressing Tsp2A RNAi together with CD8-GFP (control) 

(K) or Rab5ca (2 different lines, with, M, or without, L, YFP tag) in ISCs/ EBs for 5 days. 

Scale bar, 50 mm.

(Kʹ–Mʹ) High-magnification images of regions encircled with wash dashed squares in K–M. 

Scale bar, 10 mm. Arrowheads indicate aPKC staining.

(N) Quantification of relative aPKC signal intensity on the membrane of ISCs/EBs 

expressing Luc RNAi or Tsp2A RNAi for 3 days. N = 32 cells from 4 midguts were 

analyzed for each genotype. Data are represented as mean ± SEM.

(O) Quantification of relative aPKC staining intensity on the membrane of ISCs/EBs in 

midguts from young adult flies on normal food or on bleomycin food for 2 days before 

dissection. N = 30 cells from 3 midguts were analyzed for each group. Data are represented 

as mean ± SEM.

(P) Quantification of relative aPKC signal intensity on the membrane of ISCs/EBs 

expressing Tsp2A RNAi together with CD8-GFP, Rab5ca, or YFP-Rab5ca for 5 days. N = 18 

cells from 3 midguts were analyzed for each genotype. Data are represented as mean ± 

SEM.
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