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Abstract 17 

 18 

Stem cell self-renewal often relies on asymmetric fate determination governed by niche 19 

signals and/or cell-intrinsic factors but how these regulatory mechanisms cooperate to 20 

promote asymmetric fate decision remains poorly understood. In adult Drosophila 21 

midgut, asymmetric Notch (N) signaling inhibits intestinal stem cell (ISC) self-renewal by 22 

promoting ISC differentiation into enteroblast (EB). We have previously showed that  23 

epithelium-derived BMP promotes ISC self-renewal by antagonizing N pathway activity 24 

(Tian and Jiang, 2014).  Here we provide evidence that BMP signaling blocks ligand-25 

independent N activity to maintain ISC fate, and that the N inhibitor Numb acts in parallel 26 

with BMP signaling to ensure a robust ISC self-renewal program. Although Numb is 27 

asymmetrically segregated in about 80% of dividing ISCs, its activity is largely 28 

dispensable for ISC fate determination under normal homeostasis. However, Numb 29 

becomes crucial for ISC self-renewal when BMP signaling is compromised. Whereas 30 

neither Mad RNAi nor its hypomorphic mutation led to ISC loss, inactivation of Numb in 31 

these backgrounds resulted in stem cell loss due to precocious ISC-to-EB differentiation. 32 

Furthermore, we find that numb mutations resulted in stem cell loss during midgut 33 

regeneration in response to epithelial damage that causes fluctuation in BMP pathway 34 

activity, suggesting that the asymmetrical segregation of Numb into the future ISC may 35 

provide a fail-save mechanism for ISC self-renewal by offsetting BMP pathway 36 

fluctuation, which is essential for ISC maintenance in regenerative guts. 37 

. 38 

  39 
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 40 
Introduction 41 
 42 
Adult organs such as intestine rely on resident stem cells to replenish damaged tissues 43 

during homeostasis and regeneration (Biteau et al. 2011; Jiang and Edgar 2012). 44 

Drosophila midgut, an equivalent of mammalian small intestine, has emerged as a 45 

powerful system to study stem cell biology in adult tissue homeostasis and regeneration 46 

(Casali and Batlle 2009; Jiang and Edgar 2011; Jiang et al. 2016). Intestine stem cells 47 

(ISCs) in adult midguts are localized at the basal side of the gut epithelium where they 48 

can undergo asymmetric cell division to produce renewed ISCs and enteroblasts (EBs) 49 

that differentiate into enterocytes (ECs) (Micchelli and Perrimon 2006; Ohlstein and 50 

Spradling 2006). At low frequency, an ISC daughter is fated to preEE/EEP that 51 

differentiates into two enteroendocrine cells (EEs) after another round of cell division 52 

(Biteau and Jasper 2014; Beehler-Evans and Micchelli 2015; Zeng and Hou 2015; Chen 53 

et al. 2018). About 20% ISCs undergo symmetric cell division to produce two ISCs or 54 

two EBs (O'Brien et al. 2011; Goulas et al. 2012; Tian and Jiang 2014). The decision 55 

between ISC self-renewal and differentiation into EB lineage is controlled by Notch (N) 56 

signaling whereby N activation drives ISC differentiation into EB (Micchelli and Perrimon 57 

2006; Ohlstein and Spradling 2006; Ohlstein and Spradling 2007; Bardin et al. 2010). 58 

The asymmetric N signaling between ISC and EB is influenced by Par/integrins-directed 59 

asymmetric cell division and differential BMP signaling (Goulas et al. 2012; Tian and 60 

Jiang 2014). EC-produced BMP ligands containing Decapentaplegic (Dpp) and Glass 61 

bottom boat (Gbb) heterodimers are secreted basally and concentrated on the basement 62 

membrane aligning the basal side of the gut epithelium (Tian and Jiang 2014). After 63 

asymmetric cell division of ISCs, basally localized daughter cells transduce higher levels 64 

of BMP signaling activity than the apically localized daughter cells and the differential 65 
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BMP signaling promotes ISC self-renewal by antagonizing N pathway activity through an 66 

unknown mechanism (Tian and Jiang 2014; Tian and Jiang 2017). 67 

The N pathway inhibitor Numb plays a decisive role in asymmetric cell fate 68 

determination in Drosophila peripheral and central nervous systems whereby Numb 69 

segregates asymmetrically into one daughter during division of a neuronal precursor cell 70 

and confers distinct fates to the two daughter cells (Uemura et al. 1989; Rhyu et al. 71 

1994; Spana et al. 1995). The mammalian homologs of Numb are also critical for 72 

asymmetric fate determination during neurogenesis and myogenesis (Zhong et al. 1996; 73 

Conboy and Rando 2002; Petersen et al. 2002; Shen et al. 2002; Petersen et al. 2004). 74 

Previous studies showed that, during asymmetric division of an ISC in Drosophila adult 75 

midgut, Numb was preferentially segregated into the basally localized daughter that 76 

becomes future ISC (Goulas et al. 2012; Salle et al. 2017); however, many numb mutant 77 

clones retained ISC after many rounds of cell division although they failed to produce EE 78 

(Bardin et al. 2010; Salle et al. 2017). Given the well-established role of Numb in 79 

blocking N pathway activity and the observation that Numb is asymmetrically segregated 80 

into the future ISC, it is surprising and puzzling that loss of Numb does not lead to 81 

ectopic N pathway activation that drives ISC-to-EB differentiation. We speculate that 82 

BMP signaling may play a more dominant role in ISC self-renewal than Numb and that 83 

the BMP signaling gradient could generate differential N signaling between the apical 84 

and basal pair of ISC daughters to generate ISC/EB binary fates even when Numb is 85 

depleted (Tian and Jiang 2017). Accordingly, attenuating BMP signaling may unmask 86 

the role of Numb in ISC self-renewal.    87 

To test this hypothesis, we employed RNA interference (RNAi) and genetic 88 

mutations to inactivate Numb in otherwise wild type background or in midguts defective 89 

in BMP signaling due to RNAi or genetic mutation of mothers against decapentaplegic 90 
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(mad), which encodes a signal transducer in BMP signaling pathway (Sekelsky et al. 91 

1995; Newfeld et al. 1997).  Consistent with our previous findings (Tian and Jiang 2014), 92 

neither mad RNAi nor its hypomorphic mutation led to ISC loss. However, inactivation of 93 

Numb in these backgrounds resulted in stem cell loss due to precocious ISC-to-EB 94 

differentiation. By carefully examining mutant clones for multiple numb alleles, we also 95 

observed an increased number of numb clones that lack ISCs compared with wild type 96 

control clones. Interestingly, the stem cell loss phenotype was exacerbated by feeding 97 

flies with bleomycin, which resulted in EC damage and fluctuation of  BMP signaling 98 

(Amcheslavsky et al. 2009; Tian et al. 2017), underscoring an essential role of Numb in 99 

ISC maintenance during gut regeneration.   100 

 101 
 102 
Results 103 
 104 

BMP signaling inhibits ligand-independent N pathway activity 105 

Our previous study showed that depleting the type II receptor Punt (Put) for BMP in 106 

progenitor cells (ISC/EB) resulted in precocious ISC-to-EB differentiation, leading to 107 

stem cell loss (Tian and Jiang 2014). In Put deficient progenitor cells, the N pathway was 108 

activated in the absence of detectable N ligand Delta (Dl). Progenitor cells deficient for 109 

both Put and N failed to differentiate to EBs and formed stem cell-like tumors (Tian and 110 

Jiang 2014). These observations imply that inactivation of Put may unleash a ligand-111 

independent N pathway activity that drives precocious ISC-to-EB differentiation, leading 112 

to stem cell depletion. However, it remains possible that a trace amount of Dl that is 113 

beyond the detection by immunostaining might activate N in Put deficient progenitor cells.      114 
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To further explore the relationship between the BMP and N pathways, we carried 115 

out genetic epistatic experiments to determine the functional relationship between Put 116 

and Dl. We depleted Put and Dl either individually or in combination via RNAi in midgut 117 

progenitor cells using the esg-Gal4 tub-Gal80ts (esgts) system, in which Gal4 is under the 118 

control of a temperature sensitive Gal80 (McGuire et al. 2004). UAS-GFP was included 119 

in the esgts system to mark all precursor cells whereas Su(H)-lacZ (also called 120 

Su(H)GBE-lacZ), a transcriptional reporter of N signaling, was used to monitor N 121 

pathway activity and mark the EBs. 3- to 5-day-old adult females expressing UAS-Put-122 

RNAi and UAS-Dl-RNAi individually or in combination via esgts were shifted to 29 0C for 123 

10 days prior to dissection, followed by immunostained with the corresponding 124 

antibodies. In control guts, most pairs of esg>GFP+ precursor cells, which may represent 125 

two recently divided ISC daughters, contained only one Su(H)-lacZ positive cell, 126 

indicating that these ISCs divided asymmetrically to produce one ISC and one EB 127 

(Figure1A and B-B’’). In line with our previous findings, most esg>GFP+ precursor pairs 128 

from the Put RNAi guts expressed Su(H)-lacZ in both ISC daughters, suggesting that 129 

ISCs underwent symmetric cell division to produce two EBs when Put was depleted 130 

(Figure1C-C’’). By contrast, esg>GFP+ cells in Dl RNAi guts formed ISC-like tumor 131 

clusters that were negative for Su(H)-lacZ (Figure1D-D’’), similar to the ISC-like tumor 132 

clusters in guts containing Dl or N mutant clones (Micchelli and Perrimon 2006; Ohlstein 133 

and Spradling 2006; Ohlstein and Spradling 2007; Siudeja et al. 2015), suggesting that 134 

in Dl RNAi guts, N pathway activity was diminished. Put and Dl double RNAi suppressed 135 

the formation of ISC-like clusters (Figure1E). In these guts, esg-GFP+ cells exhibited 136 

Su(H)-lacZ expression (Figure1E-E’’), suggest that they activate the N pathway and 137 

differentiate into EBs. Hence, loss of BMP signaling resulted in ectopic N pathway 138 

activity that drives ISC-to-EB differentiation even when Dl was depleted.  139 
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 140 

Numb is essential for ISC maintenance when BMP pathway activity is attenuated 141 

Our previous study showed that partial loss of BMP pathway activity in several genetic 142 

background including Mad RNAi and mad1-2, a hypomorphic allele of mad, did not lead 143 

to ISC loss whereas more complete loss of BMP signaling in Put RNAi guts or put 144 

mutant ISC lineage clones resulted in ISC loss. It is possible that a backup mechanism 145 

for ISC self-renewal may exist, which could compensate for the partial loss of BMP 146 

signaling to prevent ectopic N pathway activation that drives differentiation. During an 147 

asymmetric ISC division, the N inhibitor Numb is segregated into the basally localized 148 

daughter that becomes the future ISC (Goulas et al. 2012; Salle et al. 2017). We 149 

hypothesized that the asymmetric distribution of Numb may provide such a backup 150 

mechanism to ensure that the basally localized ISC daughter has lower N pathway 151 

activity than the apically localized one when differential BMP signaling is compromised 152 

so that the differential N signaling between the apical and basal is still sufficient to drive 153 

asymmetric fate determination. To test this hypothesis, we inactivated Numb and Mad 154 

either individually or in combination using two independent approaches: 1) RNAi and 2) 155 

genetic mutations. For the RNAi experiments, 3~5-day old females expressing UAS-156 

Numb-RNAi, UAS-Mad-RNAi, or UAS-Numb-RNAi + UAS-Mad-RNAi under the control 157 

of esgts were transferred to 29°C for 14 days. The guts were then dissected out for 158 

immunostaining to detect the expression of esg>GFP, Dl-lacZ (ISC marker), E(spl)m-159 

CD2 (EB marker) and Pros (EE marker). Because preEE expressed both Dl-lacZ and 160 

Pros and Dl-lacZ signals could be found in some EBs due to its perdurance, we counted 161 

Dl-lacZ+ m-CD2- Pros- cells as ISCs and m-CD2+ cells as EBs. Compared with control 162 

guts (Figure 2A-A’’), Mad (Figure 2B-B’’) or Numb (Figure 2C-C’’) single RNAi guts 163 
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contained comparable number of Dl-lacZ+ m-CD2- Pros- cells and E(spl)m-CD2+ cells 164 

(Figure 2E-G). By contrast, in Numb and Mad double RNAi guts (Figure 2D-D’’), there 165 

was a significant decrease in the number of precursor cells (Figure 2E) and Dl-lacZ+ m-166 

CD2- Pros- cells (Figure 2F), and a simultaneous increase in the number of E(spl)m-167 

CD2+ cells (Figure 2G), suggesting that inactivation of both Mad and Numb results in 168 

stem cell loss, likely due to precocious ISC to EB differentiation.    169 

In the second approach, we generated guts that carried mad1-2 or numb4 single 170 

mutant clones or mad1-2, numb4  double mutant clones using the MARCM system that 171 

positively mark the clones with GFP expression. 3~5-days-old females of appropriate 172 

genotypes were heat-shocked for 1 hr for clonal induction and kept at 18°C for 14 days 173 

prior to dissection. ISCs were identified as Dl+ cells or mβ-CD2- Pros- cells containing 174 

small nuclei. ISC-containing clones (ISC+) and clones without ISCs (ISC-) were 175 

quantified for each genotype. We also quantified the size of ISC lineage clones for each 176 

genotype by counting GFP+ cells in individual clones. Consistent with previous findings 177 

(Tian and Jiang 2014; Salle et al. 2017), the average size of mad1-2 clones is significantly 178 

larger than the control clones (Figure 3A-A’, B-B’, E-E’, F-F’, K)  whereas numb4 clones 179 

had similar clone size distribution compared with control clones (Figure 3C-C’, G-G’, K). 180 

In addition, most of mad1-2 or numb4 clones contained at least one ISC similar to control 181 

clones (Figure 3K). However, the average size of mad1-2 numb4 clones is significantly 182 

smaller than that of control clones (Figure 3D-D’, H-H’, K). More importantly, a much 183 

larger fraction of mad1-2 numb4 clones (~40%; n=252) did not contain ISC (Figure 3L), 184 

many of which only contained ECs with large nuclei and stained positive for 185 

Pdm1(Figure 3I-J’). Taken together, these results suggest mad1-2 numb4 double mutation 186 

leads to ISC loss.   187 
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 188 

Inactivation of Numb and Mad leads to precocious ISC-to-EB differentiation  189 

We employed a two-color lineage tracing system called RGT (Tian and Jiang 2014; Tian 190 

et al. 2017) to determine whether simultaneous inactivation of Numb and Mad would 191 

change the outcome of an ISC division. In this system, FLP/FRT-mediated mitotic 192 

recombination in individual dividing ISCs will generate two distinctly labelled clones that 193 

express either RFP (red) or GFP (green) (Figure 4A). As shown schematically in 194 

Figure4B, asymmetric ISC division (ISC/EB) will generate one clone with multiple cells 195 

and a twin spot that contains only one EC. Symmetric self-renewing division (ISC/ISC) 196 

will produce two multiple-cell clones whereas symmetric differentiation division (EB/EB) 197 

will produce two clones each of which contains one EC. Control or RNAi expressing 198 

adult flies containing hs-FLP FRT19A ubi-GFPnls/FRT19A ubi-mRFPnls; esgts were 199 

grown at 29 °C for  8 days (for Mad-RNAi only) or 14 days (for control, Numb-RNAi, and 200 

Numb-RNAi + Mad-RNAi) before clone induction by heat shock at 37 °C for 1 hr. After 201 

clone induction, the flies were  incubated at 18 °C for another 4 days before guts were 202 

dissected out for analysis (Figure 4C). The frequencies of ISC/EB, ISC/ISC and EB/EB 203 

divisions in control guts were 69%, 15% and 16% respectively (n=119) (Figure 4D-F, P). 204 

Mad RNAi guts had higher frequency of ISC/ISC (30%), and lower frequency of EB/EB 205 

(5%) division compared to control guts (n=73) (Figure 4G-I, P). The increase in 206 

symmetric self-renewing division in Mad RNAi guts is likely due to an increase in BMP 207 

ligand production in these guts because BMP signaling in EC inhibits BMP ligand 208 

expression (Tian et al. 2017). The frequencies of different ISC division classes in Numb 209 

RNAi guts are comparable to those of control guts (ISC/EB: 73%, ISC/ISC: 18%, EB/EB: 210 

9%, n=127) (Figure 4J-L, P).  By contrast, Mad and Numb double RNAi guts had lower 211 
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frequency of ISC/ISC division (11%) and much higher EB/EB division (37%) than control 212 

guts (n=54) (Figure 4M-O, P). Thus, inactivation of Numb in backgrounds where BMP 213 

signaling was compromised altered the ISC division outcome that favors symmetric 214 

differentiation division leading to ISC loss. 215 

 216 

Numb mutant clones exhibit weak ISC loss phenotype 217 

When we examined adult midguts containing numb4 clones, we noticed a slight increase 218 

in the frequency of ISC- clones compared to the control guts even though the average 219 

clone size of numb4 clones was comparable to that of the control clones (Figure 3K, L), 220 

suggesting that numb mutation may result in a mild stem cell loss phenotype. To verify 221 

this result, we examined another numb allele, numb15. By immunostaining for Dl 222 

expression that marks ISC, we found that both numb4 and numb15 clones contained 223 

similarly higher frequence of Dl- clones than the control clones (Figure 5 A-C’, E). 224 

Consistent with previous findings (Bardin et al. 2010; Salle et al. 2017), most numb15 225 

clones grew into large size similar to the control clones (Figure 5D), suggesting that 226 

many ISC- numb clones lost ISC at late stages during their clonal growth. We also 227 

examined Pros expression and found that numb mutant clones did not contain Pros+ 228 

cells (Figure5-figure supplement 1A-C’), which is consistent with a previous study 229 

showing that numb is required for EE fate regulation (Salle et al. 2017). 230 

 231 

Numb is essential for ISC maintenance during regeneration   232 
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The weak ISC loss phenotype associated with numb mutant clones could be due to 233 

fluctuation in BMP pathway activity under normal homeostasis because the expression 234 

of two BMP ligands Dpp and Gbb is uneven in homeostatic guts (Tian and Jiang 2014). 235 

If so, the stem cell loss phenotype caused by numb mutations could be enhanced under 236 

conditions where tissue damage causes more dramatic and widespread fluctuation in 237 

BMP signaling activity in regenerative guts. To test this possibility, we fed adult female 238 

flies carrying either control or numb clones in the guts with sucrose (mock), bleomycin, 239 

or dextran sodium sulfate (DSS). In mock-treated control guts, approximately 12% 240 

(n=178) of the clones did not contain Dl+ cell, while 21% (n=216) of the numb4 and 24% 241 

(n=219) of the numb15 clones were void of stem cells (Figure 6A-A’, D-D’, G-G’, J). 242 

Previous studies showed that bleomycin treatment caused EC damage and enhanced 243 

the fluctuation in BMP ligand production whereas DSS affected basement membrane 244 

organization but did not increase the fluctuation in BMP ligand production 245 

(Amcheslavsky et al. 2009; Tian et al. 2017). In guts treated with bleomycin, 12% 246 

(n=160) of control clones did not contain Dl+ cells (Figure 6B-B’, J). However, bleomycin 247 

feeding resulted in a dramatic increase of Dl- ISC-lineage clones in guts containing numb 248 

mutant clones as Dl+ cells were absent in 43% (n=149) of numb4 and 45% (n=213) of 249 

numb15 clones (Figure 6E-E’, H-H’, J). By contrast, DSS feeding did not increase the 250 

frequency of Dl- clones in guts containing numb mutant clones, as the frequencies of Dl- 251 

clones in control, numb4 and numb15 clonal guts were 10% (n=167), 24% (n=165) and 252 

21% (n=141), respectively (Figure 6C-C’, F-F’, I-I’, J). Bleomycin also resulted in a 253 

reduction in numb mutant clone size, as compared with the mock-treatment (Figure 6K). 254 

Taken together, these results suggest that Numb plays an essential role in ISC 255 

maintenance in regenerative guts in response to bleomycin-induced tissue damage. 256 

 257 
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 258 
 259 
 260 
Discussion  261 
 262 

Despite the prominent role of Numb in asymmetric cell fate decision in the nervous 263 

system and the observation that Numb is asymmetrically segregated in dividing ISCs, 264 

whether Numb plays any role in ISC fate determination has remained a mystery. Here 265 

we demonstrated that Numb is essential for ISC self-renewal during regeneration. We 266 

found that Numb is largely dispensable for homeostatic ISC self-renewal due to the 267 

predominant role of BMP signaling in this context. Indeed, we found that Numb becomes 268 

critical for ISC self-renewal under conditions where BMP signaling is compromised.    269 

Previous studies did not score a stem cell loss phenotype associated with numb 270 

mutant clones because the majority of numb mutant ISC lineage clones could grow into 271 

large size comparable to control clones (Figs. 3 and 5)(Bardin et al. 2010; Goulas et al. 272 

2012; Salle et al. 2017). Instead, Salle et al showed that numb mutant clones lacked 273 

EEs, suggesting that Numb is essential for EE fate determination (Salle et al. 2017), 274 

which we confirmed in this study (Figure S1). However, by carefully examining ISC/EB 275 

markers associated with numb mutant clones, we noticed an increase in the fraction of 276 

numb mutant clones that lack ISCs compared with the control clones (Figures 3 and 5). 277 

By introducing mad mutation (mad1-2) into the numb mutant background, we found that 278 

numb4 mad1-2 double mutant clones had a much higher frequence to lose ISCs than 279 

numb4 clones even though mad1-2 single mutant clones showed no ISC loss phenotype 280 

compared with control clones (Figure 3).  281 

Our previous study showed that immediately after bleomycin treatment, there 282 

was an increase in the ISC population size due to a transient surge in BMP ligand 283 

production (Tian et al. 2017). However, during regeneration, BMP ligand production was 284 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 7, 2024. ; https://doi.org/10.1101/2024.11.06.622285doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.06.622285
http://creativecommons.org/licenses/by/4.0/


 

 

13 

 

downregulated due to the autoinhibition of BMP ligand expression by BMP signaling in 285 

ECs (Tian et al. 2017). The reduction in BMP ligand production promoted ISC-to-EB 286 

differentiation to reset the ISC population size back to the homeostatic level after 287 

regeneration (Tian et al. 2017). It is likely that asymmetric distribution of Numb in 288 

dividing ISCs may prevent excessive ISC-to-EB differentiation that could otherwise lead 289 

to a decreased ISC population during regeneration. Indeed, we observed an increase in 290 

the frequency of numb mutant clones lacking ISCs in response to bleomycin treatment, 291 

suggesting that Numb becomes critical for ISC maintenance during gut regeneration in 292 

response to tissue damage.   293 

 Based on our findings in current and previous studies, we propose the following 294 

working model to account for the cooperation between Numb and BMP signaling in the 295 

regulation of ISC self-renewal under homeostatic and tissue regeneration (Figure 7). 296 

Under homeostatic conditions, most ISCs divide basally so that the basally localized ISC 297 

daughters inherit Numb and transducing higher levels of BMP signaling activity than the 298 

apically situated daughter cells, the combined differential activities in BMP signaling and 299 

Numb drive robust asymmetric division outcomes to produce ISC/EB pairs (Figure 7A). 300 

In the numb mutant background, differential BMP signaling activities between the apical 301 

and basal daughter cells suffice to drive asymmetric division outcomes in most cases 302 

(Figure 7B). In the mad mutant background, the BMP signaling activity gradient 303 

becomes shallower but differential Numb activity between the apical and basal daughter 304 

cells can compensate for the compromised BMP signaling gradient to drive asymmetric 305 

division outcomes (Figure 7C). However, in numb mad double mutant background or in 306 

numb mutant guts damaged by bleomycin feeding, the compromised BMP signaling 307 

activity gradient alone is often insufficient to drive asymmetric division outcomes, leading 308 

to ISC loss due to symmetric EB/EB division outcomes (Figure 7D). One interesting 309 
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question is why asymmetric Numb activity is unable to drive asymmetric ISC division 310 

outcome in the absence of BMP signaling as seen in put mutant background. One 311 

possibility is that the Numb level is too low in midgut ISCs so that the asymmetric Numb 312 

inheritance during ISC division is not robust enough to ensure asymmetric N signaling in 313 

the absence of BMP signaling. Indeed, previous studies indicate that endogenous Numb 314 

was not undetectable by Numb antibodies that could detect Numb expression in the 315 

nervous system (Goulas et al. 2012; Couturier et al. 2013; Salle et al. 2017). Another 316 

non-mutually exclusive possibility is that Numb may not be able to counter the ligand-317 

independent N pathway activity unleashed in put mutant backgrounds. Future study is 318 

needed to test these possibilities and to determine the precise mechanism by which 319 

BMP signaling inhibits N pathway activity.  320 

.  321 

 322 
 323 
Materials and Methods 324 
 325 
 326 
Drosophila genetics and transgenes.  327 

Flies were maintained on cornmeal at 25°C. Transgenic lines and mutants include: UAS-328 

Put-RNAi (VDRC #107071); UAS-Dl-RNAi (BL#28032); UAS-Mad-RNAi (VDRC 329 

#12635); UAS-Numb-RNAi (BL #35045); UAS-mCherry-RNAi (BL #35785); tub-Gal80ts, 330 

esg-Gal4, Su(H) Gbe-lacZ (Su(H)-lacZ); E(spl)m-CD2 (BL#83353); numb4, numb15 , and 331 

mad1-2 (Flybase). yw, hs-FLP, UAS-GFP; tub-Gal80, FRT40A was used for MARCM 332 

clonal analysis. yw, hs-FLP, FRT19A, ubi-GFPnls and  yw, FRT 19A, ubi-mRFPnls  were 333 

used for twin spot clone analysis. For experiments involving tubGal80ts, crosses were set 334 

up and cultured at 18°C to restrict Gal4 activity. 2 to 3-day-old progenies were shifted to 335 
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29°C for the indicated periods of time to inactivate Gal80ts, allowing Gal4 to activate UAS 336 

transgenes in all experiments, only the female posterior midguts were analyzed. 337 

 338 

MARCM clone analysis. For MARCM clone induction, crosses were set up and cultured 339 

at 18°C to avoid spontaneous clones. 2-to-3-day-old females were subjected to heat 340 

shock at 37°C for 1 hr and then kept at 18°C for another 14 days before dissection. Flies 341 

were transferred to new vials with fresh food every 2 days. The sizes of the clones were 342 

quantified from at least 10 midguts for each genotype. 343 

 344 

Twin spot clone analysis. For twin spot clone generation, 2-to-3-day-old flies were kept 345 

at 29°C for 14 days and heat-shocked at 37°C for 1 hr and then raised at 29°C for 346 

another 4 days before dissection. Flies were transferred to new vials with fresh food 347 

every 2 days.  348 

 349 

Feeding experiments. Flies were cultured in an empty vial containing a piece of 2.5 × 350 

3.75-cm chromatography paper (Fisher) wet with 5% sucrose (MP Biomedicals) solution 351 

as feeding medium (mock treatment) or with 25 μg/mL bleomycin (Sigma-Aldrich) or 5% 352 

DSS (40 kDa; MP Biomedicals) for one day at 30°C. After treatment, flies were 353 

recovered on normal food at 18°C for another 4 days before dissection. 354 

 355 

Immunostaining. Female flies were used for gut immunostaining in all experiments. 356 

The entire gastrointestinal tract was taken and fixed in 1 X PBS plus 8% EM grade 357 

formaldehyde (Polysciences) for 2 hours. Samples were washed and incubated with 358 

primary and secondary antibodies in a solution containing 1 X PBS, 0.5% goat serum 359 

(Thermos Fisher), and 0.1% Triton X-100 (Bio-rad). The following primary antibodies 360 
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were used: mouse anti-Delta (DSHB), 1:10; rabbit anti-LacZ (MP Biomedicals), 1:1,000; 361 

mouse anti-CD2 (Thermos Fisher), 1:1000; chicken anti-GFP (Abcam), 1:1000; mouse 362 

anti-Pros (DSHB), 1:10; rabbit anti-Pdm1 (from Dr. Xiaohang Yang), 1:1000; Alexa 363 

Fluor-conjugated secondary antibodies were used at 1:1000 (Invitrogen). DAPI (4’,6-364 

Diamidino-2-Phenylindole) is a nuclear dye (Thermos Fisher). Guts were mounted in 365 

70% glycerol and imaged with a Zeiss confocal microscope (Zeiss LSM 710 inverted 366 

confocal) using 40X oil objectives (imaging medium: Zeiss Immersol 518F). The 367 

acquisition and processing software was Zeiss LSM Image Browser, and image 368 

processing was done in Adobe Photoshop. 369 

 370 

Quantification and Statistical analysis. In Figure 2, cell number of the indicated cell 371 

types were counted per ROI (region of interest) on images taken using LEICA DFC345 372 

FX camera on a LEICA DMI 400 B microscope, equipped with a 40 × objective lens. For 373 

each genotype, 8~12 guts were analyzed. In each gut, three ROI were randomly 374 

selected in midguts for quantification. One-way ANOVA was performed for statistical 375 

comparisons. In Figure 3 - 6, All GFP+ clone cells (≥2) in midguts were counted 376 

individually. For each genotype, at least 10 guts were calculated. ᵡ2 test was performed 377 

for statistical comparisons. All statistical significances were calculated in Prism 10 378 

(GraphPad Software, Inc). *, p <0.05, **,  p <0.01,  *** , p <0.001, ****, p <0.0001; n.s., 379 

not significant.  380 

 381 
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 503 

Figure 1. BMP signaling inhibits Dl-independent N pathway activity to promote ISC 504 

self-renewal 505 

(A) A scheme for the ISC lineage in Drosophila midgut. (B-E’’) Representative images of 506 

Control guts (B-B’’), midguts expressing UAS-Put-RNAi (C-C’’), UAS-Dl-RNAi (D-D’’), or 507 

UAS-Put-RNAi + UAS-Dl-RNAi (E-E’’) with esg-Gal4ts, UAS-GFP at 29°C for 10 days 508 

and immunostained for Su(H)-lacZ (grey or red) and GFP (green). Su(H)-lacZ is used as 509 

a marker for EB. DAPI (blue) staining indicates nuclei. Compared with control guts (B-510 

B’’), Put knockdown (C-C’’) in precursor cells (green) caused an increase of EB pairs. Dl 511 

knockdown induced stem cell-like tumor. Put and Dl double knockdown induced a 512 

dramatic increase of EBs.  Scale bar (20 μm) is shown in B.  513 

 514 

Figure 2. Numb is important for ISC maintenance when BMP pathway activity is 515 

attenuated 516 

(A-D’’) Representative images of adult midguts expressing UAS-mCherry-RNAi (Control) 517 

(A-A’’), UAS-Mad-RNAi (B-B’’), UAS-Numb-RNAi (C-C’’) and UAS-Mad-RNAi + UAS-518 

Numb-RNAi (D-D’’) with esg-Gal4ts, UAS-GFP at 30°C for 14 days and immunostained 519 

for Dl-lacZ (red), E(spl)mβ-CD2 (cytoplasmic magenta) and Pros (nuclear magenta), 520 

which are markers for ISC, EB and EE, respectively. DAPI (blue) staining indicates 521 

nuclei. Yellow arrows indicate ISCs (Dl-lacZ+ E(spl)mβ-CD2- Pros-) and white 522 

arrowheads indicate EBs (E(spl)mβ-CD2+) in Control, Mad, or Numb single knockdown 523 

guts. Red arrow indicated a Dl-lacZ+, E(spl) mβ-CD2+ cells in Mad and Numb double 524 

knockdown guts. Scale bar (20 μm ) is presented in (A) . 525 
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 (E-G) Quantification of number of precursor cells (E), percentage of ISC cells (F) and 526 

percentage of EB cells (G) of each genotype. Data are mean ± SD from three 527 

independent experiments. ****, p < 0.0001. 528 

 529 

Figure 3. Loss of ISC in Numb and Mad depleted guts is due to ISC-to-EB 530 

differentiation 531 

(A-H’) Representative images of adult midguts containing MARCM clones (green) of 532 

FRT40 (Control) (A, A’, E, E’), mad1-2 (B, B’, F, F’), numb4 (C, C’, G, G’) and mad1-2, 533 

numb4 (D, D’, H, H’) and immunostained for GFP (green) and Dl (red and grey in A-D’) or 534 

E(spl)mβ-CD2 and Pros (red in A-D’ and grey in E-H’) at 14 days (grown at 18°C) after 535 

clone induction. GFP marks the clones. DAPI (blue) staining indicates nuclei. ISCs 536 

inside and outside the clones are indicated by yellow and white arrows, respectively.  537 

(I) Representative images of adult midguts containing MARCM clones (green) of control 538 

(I, I’) or mad1-2, numb4 (J, J’) immunostained for GFP (green), E(spl)mβ-CD2 and Pros 539 

(red), and Pdm1 (magenta and grey). Scale bar (20 μm ) is presented in (A).  540 

(K) Quantification of clone size for the indicated genotypes 14 days after clone induction. 541 

(L) Quantification of numbers of clones with or without ISCs. Data are mean ± SD from 542 

three independent experiments. **, p < 0.01, ****, p < 0.0001. 543 

  544 

Figure 4. Depletion of both Numb and Mad leads to more EB/EB division 545 

(A) Scheme of an ISC division that produces differentially labeled daughter cells (RFP+ 546 

GFP- and RFP- GFP+) through FRT-mediated mitotic recombination. Adapted from (Tian 547 

and Jiang 2014).  548 
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(B) Scheme of differentially labeled twin clones generated by FLP/FRT-mediated mitotic 549 

recombination of dividing ISCs. Adapted from (Tian and Jiang 2014). 550 

(C) Scheme of twin-spot experiments. 3~5-day-old adult flies of indicated genotype are 551 

grown at 29°C for 14 days before heat shock to induce clones. After one-day recovery at 552 

29°C, the flies are raised at 18°C for 4 days prior to analysis.  553 

(D-O) Representative images of  twin-spot clones from adult midguts of the indicated 554 

genotypes. Scale bar 20 μm is shown in (D).  555 

(P) Quantification of twin spots of different classes from guts of the indicated genotypes.  556 

Data are mean ± SD from three independent experiments. *, p < 0.05, **, p < 0.01. 557 

  558 

Figure 5. numb mutant clones exhibit weak stem cell loss phenotype  559 

(A-C’) Representative images of adult midguts containing MARCM clone (green) of 560 

FRT40 (Control) (A, A’), numb4 (B, B’), and numb15 (C, C’) and immunostained for Dl 561 

(red), GFP (green) and DAPI (blue) at 14 days  after clone induction. GFP marks the 562 

clones.  ISCs inside and outside the clones are indicated by yellow and white arrows, 563 

respectively. Scale bar (20 μm) is shown in (A).  564 

(D) Quantification of clone size distribution for the indicated genotypes at 14 days after 565 

clone induction.  566 

(E) Quantification of numbers of clones with or without ISC.  567 

Data are mean ± SD from three independent experiments.*, p < 0.05, **, p < 0.01. 568 

 569 

Figure 6. Numb is critical for ISC maintenance during regeneration  570 

(A-I’) Adult flies of indicated genotype were treated with sucrose, bleomycin or DSS for 571 

24h at 14 days after clone induction and recovered for another 4 days before dissection. 572 
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Guts containing MARCM clones of the indicated genotype were stained for GFP (green) 573 

and Dl (red and white). GFP marks the clones. DAPI (blue) staining indicates the nuclei. 574 

Stem cells inside and outside the clones are indicated by yellow and white arrows, 575 

respectively. Scale bar (20 μm) is shown in (A).  576 

(J) Quantification of the percentage of clones with or without ISCs.   577 

(K) Quantification of clone size distribution for the indicated genotypes.  578 

Data are mean ± SD from three independent experiments.*, p < 0.05, **, p < 0.01 ****, p 579 

< 0.0001. 580 

 581 

Figure 7. Model for Numb and BMP signaling in ISC/EB fate decision.  582 

(A) During asymmetric ISC division, the basal ISC daughter transduces higher level of 583 

BMP signaling and inherits higher level of Numb activity than the apical one. Inhibition of 584 

N by BMP signaling and Numb promotes ISC fate.  585 

(B) In numb mutant background, differential BMP signaling between the basal and apical 586 

ISC daughters is sufficient to generate differential N pathway activities to drive 587 

asymmetric fate decision. 588 

(C) In mad mutant background, the shallow BMB activity gradient acts in conjunction 589 

with the asymmetric Numb activity to generate differential N pathway activities between 590 

the basal and apical ISC daughters to drive asymmetric fate decision. 591 

(D) In numb mad double mutant background or in guts containing numb mutant clones 592 

and injured by bleomycin (Bleo) feeding, the shallow BMB activity gradient is often 593 

insufficient to generate asymmetric N pathway activation, leading to precocious ISC-to-594 

EB differentiation.   595 

BM: basement membrane. Bleo: Bleomycin; BM: basement membrane; thin line and 596 

dashed line indicate weak inhibition.  597 
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Figure 5-figure supplement1. Numb is required for EE fate determination 599 

(A-C’) ISC MARCM clone (green) of control (A, A’), numb4 (B, B’), and numb15 (C, C’) are 600 

stained for Pros (red) at 14 days after clone induction.  Representative clone in control 601 

guts (A, A’) contains EE cells (Pros positive), as indicated with yellow arrows.  602 

Representative clones in numb4 (B, B’) and numb15 (C, C’) guts do not contain any EE 603 

cells. Scale bar (20 μm) is presented in (A). 604 

 605 
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