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ABSTRACT

Epithelial organs undergo steady-state turnover throughout adult life, with old cells being
continually replaced by the progeny of stem cell divisions'. To avoid hyperplasia or atrophy, or-
gan turnover demands strict equilibration of cell production and loss**. However, the mechanis-
tic basis of this equilibrium is unknown. Using the adult Drosophila intestine’, we find that ro-
bustly precise turnover arises through a coupling mechanism in which enterocyte apoptosis
breaks feedback inhibition of stem cell divisions. Healthy enterocytes inhibit stem cell division
through E-cadherin, which prevents secretion of mitogenic EGFs by repressing transcription of
the EGF maturation factor rhomboid. Individual apoptotic enterocytes promote divisions by loss
of E-cadherin, which releases cadherin-associated (3-catenin/Armadillo and p120-catenin to in-
duce rhomboid. Induction of rhomboid in the dying enterocyte triggers EGFR activation in stem
cells within a discrete radius. When we block apoptosis, E-cadherin-controlled feedback sup-
presses divisions, and the organ retains the same number of cells. When we disrupt feedback,
apoptosis and divisions are uncoupled, and the organ develops either hyperplasia or atrophy. Al-
together, our work demonstrates that robust cellular balance hinges on the obligate coupling of
divisions to apoptosis, which limits the proliferative potential of a stem cell to the precise time
and place that a replacement cell is needed. In this manner, localized cell-cell communication

gives rise to tissue-level homeostatic equilibrium and constant organ size.
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MAIN TEXT

Over an animal’s lifetime, mature organs undergo repeated rounds of cell turnover yet are
able to remain the same approximate size. This remarkable ability implies the existence of robust
mechanisms to ensure that turnover is zero-sum, with precisely equal rates of cell production and

1,2,10-12
loss

. In most organs, the production of new cells ultimately depends on the divisions of
resident stem cells. Although much is understood about how excessive or insufficient divisions
lead to disease, little is known about how equal rates of division and loss are sustained during the
steady-state turnover of healthy tissues.

We investigated the regulation of turnover using the epithelium of the adult Drosophila
midgut *°. To establish whether production of new cells equals loss of old cells, we examined the
kinetics of cell addition and loss using escargot flp-out (eng/O) >GFP labeling (Fig. l1a-e, Ex-
tended Data Fig. 1) °. Upon 29°C temperature shift, all undifferentiated midgut cells are labeled
by permanent, heritable GFP expression. Mature cells that were present before induction remain
unlabeled, while mature cells that arise after induction inherit GFP expression from their progen-
itors. Focusing on the midgut’s R4ab region (also known as P1-2; Extended Data Fig 1b-¢)'*"”,
we found that total (DAPI+) cells remained near-constant over time, while the number of newly
added, GFP cells increased linearly (Fig le, Extended Data Fig 1g). At 4 days post-induction,
virtually all cells in the R4ab region were GFP+, signifying that complete cell replacement had
occurred. We conclude that production of new cells quantitatively equals loss of old cells.

Most cells in the midgut epithelium are polyploid enterocytes '°. Each enterocyte is the
product of one asymmetric stem cell division; the enterocyte lineage contains no transit-
amplifying cells (Extended Data Fig. 1a) °. To probe the relationship between cell production
and loss, we devised a system to manipulate enterocytes and perform concomitant lineage tracing

1718 with the clonal

of stem cells by combining enterocyte-specific mexGAL4;GAL80ts (mexts)
labeling system split-nlsLacZ *'**' (Fig 1f; Extended Data Fig. 2). This two-pronged system

was tested by de-repressing mex >his2av::RFP with 29°C temperature shift and then inducing
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mitotic recombination and -galactosidase expression in stem cells via a brief 38.5°C heat shock.
As expected, His::RFP marked all enterocytes (polyploid cells), both within and outside of -
galactosidase-marked stem cell clones, but did not mark non-enterocyte, diploid cells (Fig 1g).

Using this two-pronged system, we blocked enterocyte apoptosis and assessed the impact
on stem cell divisions. Expression of the potent apoptotic inhibitor p35 in enterocytes
(mexts>p35) resulted in fewer stem cell divisions, as indicated by smaller clone sizes (Fig 1h-j).
Slowing down stem cell divisions could be a compensatory strategy to preserve overall cell
number. Indeed, total cell numbers remained constant when apoptosis was blocked by p35 or by
the native caspase inhibitor Diap1 (Fig 1k) after four days. The physical dimensions of apopto-
sis-inhibited midguts were similar to control guts (Extended Data Fig 3a), and epithelial tissue
architecture remained intact (Extended Data Fig 4a-b, d-e). These results are supported by a prior
report that fewer midgut cells incorporate BrdU in animals with impaired caspase activation .
Altogether, these findings imply that enterocyte apoptosis regulates the rate of stem cell divisions
to homeostatically maintain constant cell number and organ size.

How is enterocyte apoptosis coupled to stem cell divisions? The epithelial cell-cell adhe-
sion protein E-cadherin (E-cad, also known as shotgun) drew our attention because it is a poten-
tial link between apoptosis, proliferation, and tissue homeostasis: First, E-cad undergoes targeted
degradation by effector caspases in apoptotic epithelial cells ***°. Second, loss of E-cad drives
proliferation of epithelial tumors *’, and, in mouse intestine, targeted loss of enterocyte cadherin
results in activated proliferation of progenitor cells **. Third, the E-cad adhesion complex is an
upstream regulator of density-dependent contact inhibition in cultured epithelial cells *'.

To assess whether E-cad is involved in coupling divisions to apoptosis, we first examined
whether E-cad is downregulated in dying enterocytes. An E-cad::mTomato fusion ** strongly de-
lineated cell-cell interfaces between healthy enterocytes (Fig. 2a). In contrast, E-cad::mTomato

was largely absent from cell-cell interfaces between dying enterocytes, which were identified by

-
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Sytox *. Altogether, these findings imply that dying enterocytes lose cell-surface E-cad, akin to
apoptotic cells in other epithelia >*2°.

To investigate the functional role of E-cad downregulation, we depleted E-cad in apopto-
sis-blocked enterocytes and measured stem cell divisions (Fig. 2b-e). In contrast to apoptotic in-
hibition alone (mexts>p35), stem cells did not slow their divisions when E-cad was additionally
knocked down (mexts>p35, E-cadRNAI). At the same time, total cell number increased by 70%,
resulting in enlarged, hyperplastic organs (Fig. 2h-j, Extended Data Fig 3a). These effects are
E-cad-specific because depletion of another midgut cell-cell adhesion protein, echinoid, did not
affect cell number (Fig. 2h). E-cad depletion alone (mextS>E—cadRNAi) induced excess divisions
but not organ hyperplasia, likely because of other, tissue-level effects (Fig. 2b, g; Extended Data
Fig 5). E-cad overexpression suppressed divisions (Fig. 2b, ). Importantly, E-cad depletion did
not disrupt the overall architecture or polarity of the midgut epithelium (Extended Data Fig. 4a,
c-d, f), consistent with E-cad loss-of-function in the embryonic midgut **; nor did it compromise
the intestinal barrier, likely because septate junctions are intact (Extended Data Fig 4g-j). Thus,
enterocyte E-cad suppresses stem cell divisions during apoptotic inhibition for homeostatic con-
trol of cell number.

E-cad mediates cell-cell adhesion by forming intercellular homodimers. We thus consid-
ered whether enterocyte E-cad acts by dimerizing with stem cell E-cad **>*°. To separately test
the requirement for E-cad on progenitors, we built a system similar to Fig. 1f that combines ge-
netic manipulation of stem and enteroblast cells (esgGAL4; GAL80tS, or esgts) with split-lacZ lin-
eage tracing of stem cells. Consistent with a prior report of 3-day E-cad null clones *°, we found
that neither depletion nor overexpression of E-cad altered the rate of stem cell divisions in 4-day
clones (Fig. 2k). These data suggest that enterocyte E-cad acts not in conjunction with stem cell

E-cad, but rather via a distinct intermediary.
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95 Prime candidates for this intermediary signal include Wingless/Wnt, Hippo, cytokine-

96  JAK-STAT, and EGFR. These pathways act downstream of E-cadherin in other tissues "’

97  and are key mediators of injury-activated proliferation in the midgut ***°. To assess whether the-

98  se pathways are downstream of enterocyte E-cad, we examined whether E-cad depletion resulted

99  in pathway activation. Known target mRNAs for Wingless and Hippo were not elevated in E-cad
100  knockdown midguts compared to controls (Extended Data Fig. 6a). The cytokines unpaired-3

101 (updl-3), which—particularly upd3—acutely respond to midgut injury **

, were not elevated
102  (Extended Data Fig. 6a-d). Activation of downstream STAT targets in progenitors was also unaf-
103 fected (Extended Data Fig. 6a, e-g). By contrast, EGFR target mRNAs were significantly elevat-
104  ed (Extended Data Fig. 6a, h-j).

105 To visualize EGFR activation, we immunostained midguts for the activated, diphosphor-
106  ylated form of the EGFR effector ERK (dpERK) (Fig. 3a-f, Extended Data Fig. 3b). ERK activa-
107  tion occurred predominantly in stem cells (Fig. 3f), consistent with prior reports from oth-

108  ers**°%>* We found that ERK-activated stem cells were infrequent during normal turnover,
109  became abundant when E-cad was depleted from enterocytes, and virtually disappeared when
110  E-cad was overexpressed (Fig. 3a-c, Extended Data Fig. 3b). Other studies have reported that
111  ERK activation in the midgut is predominantly due to activation of EGFR **4¢1-53 Indeed,
112 pharmacological EGFR inhibition (AG1478) or a conditional lethal heteroallele (egfrtsza/egﬁf‘m)
113 eliminated the dpERK signal in E-cad knockdown midguts (Fig. 3d-e, Extended Data Fig. 3b).
114  Critically, EGFR signaling was required for excess stem cell divisions and organ hyperplasia

115  caused by loss of E-cad in apoptosis-blocked enterocytes (Fig. 3g-h; Extended Data Fig. 3a).

116  Thus, enterocyte E-cad inhibits stem cell EGFR signaling, and this inhibition mediates homeo-
117  static control of cell number and organ size.

118 How does E-cad on enterocytes control EGFR activation in stem cells? Physical binding

119  of E-cad and EGFR is one possible mechanism **2%>>*°; dispersal of secreted signals is another
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120 °"** To shed light on these possibilities, we used MARCM * to generate single, GFP-marked
121  enterocytes that were depleted of E-cad. We measured the spatial range of EGFR activation sur-
122 rounding the marked enterocyte (Fig 31). ERK-activated cells frequently appeared in the vicinity
123 of, but did not necessarily contact, single £-cad knockdown enterocytes, supporting the existence
124 of a dispersed signal. Strong EGFR activation occurred within a radius of ~25 pm from the edge
125  of E-cad knockdown enterocytes, while weaker activation occurred up to ~50 um (Fig. 3j-1).

126  These findings suggest that EGFR activation involves a dispersed signal that acts in a localized
127  zone around the enterocyte.

128 Is this dispersed, E-cad-controlled signal an EGF ligand? Supporting this notion, we

129  found that the two enterocyte-derived EGFs, spitz (spi) and keren (krn) '

, were necessary for
130  organ hyperplasia caused by loss of E-cad in apoptosis-blocked enterocytes (Figure 3h, Extended
131  Data Fig. 3a). However, depletion of enterocyte E-cad surprisingly did not alter mRNA levels of
132 either spi or krn (Fig. 4a). Furthermore, mRNA levels were unchanged for the visceral muscle-
133 derived EGF vein **'*% the EGF chaperone star, the secreted EGF inhibitor argos, and egfi- it-
134  self. Strikingly by contrast, levels of the obligate EGF protease rhomboid (rho) increased sub-
135  stantially with E-cad knockdown and decreased with E-cad overexpression (Fig. 4a).

136 During EGF biosynthesis, Rho cleaves inactive, membrane-tethered EGF peptides into

137  active, soluble forms 60,61

. This function raises the possibility that E-cad controls EGF signaling
138 by controlling EGF processing through Rho. Consistent with this possibility, we found that ex-
139  pression of rho-lacZ in enterocytes, but not diploid progenitor cells, was activated by E-cad

140  knockdown and inhibited by E-cad overexpression (Extended Data Fig. 7c-d, f). Thus, E-cad

141  suppresses transcription of rho specifically in enterocytes.

142 We tested whether levels of enterocyte rho determine levels of stem cell EGFR activation.

143 Overexpression of 740 in enterocytes promoted activation of ERK and increased numbers of mi-

144  totic stem cells (Extended Data Fig. 3b, Extended Data Fig. 7m-n,s). Conversely, depletion of
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145  rho abrogated activation of ERK (Extended Data Fig. 3b, Extended Data Fig. 70). Furthermore,
146  combined depletion of 7o and E-cad together precluded the hyperactivation of ERK caused by
147  depletion of E-cad alone (Fig. 4b-c, Extended Data Fig. 3b). Altogether, these results show that
148  enterocyte E-cad inhibits stem cell EGFR by repressing enterocyte r4o.

149 Is this E-cad-Rho-EGFR relay responsible for coupling stem cell divisions to enterocyte
150  apoptosis? If so, then: (1) apoptotic enterocytes, which lose E-cad (Fig. 2a), should concomitant-
151  ly upregulate rho; (2) loss of E-cad in apoptotic enterocytes should underlie stem cell EGFR ac-
152  tivation; and (3) exogenous manipulation of 740 should disrupt cellular equilibrium and alter or-
153  gan size. We investigated each of these predictions. First, we examined the expression pattern of
154  rho during normal midgut turnover. Strikingly, the rho-lacZ reporter predominantly marked

155  apoptotic enterocytes and rarely marked non-apoptotic enterocytes (Fig. 4d-f). Thus, enterocytes
156  repress rho when healthy but activate 20 upon physiological apoptosis.

157 Prior studies have shown that 740 is upregulated upon tissue-wide injury or pan-

158  enterocyte death ****. Given this precedent, we wondered whether other injury signals are acti-
159  vated upon physiological apoptosis. However, the cardinal injury signal upd3 was rarely ob-

160  served in apoptotic enterocytes (Extended Data Fig. 6k). Furthermore, upd3 was dispensible for
161  stem cell ERK hyperactivation in E-cad knockdown enterocytes (Extended Data Fig. 3b, Ex-
162  tended Data Fig. 71). These contrasts between upd3 and rho indicate that dying cells signal dif-
163  ferently in injury and steady-state contexts, possibly due to loss of the intestinal barrier or ineffi-
164  cient clearance of cell corpses following extensive damage.

165 To test the second prediction, we blocked enterocyte apoptosis (mexls>p35) and exam-
166  ined stem cell EGFR activation. ERK-activated stem cells were virtually absent following apop-
167  totic inhibition but were restored by the additional depletion of enterocyte E-cad (mexts>p35,

168  E-cadRNAi) in a rho-dependent manner (mexts>p35, E-cadRNAi, rhoRNAi) (Fig. 4g-j, Extended
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169  Data Fig. 3b). These results demonstrate that loss of E-cad in apoptotic enterocytes is responsible
170  for EGFR activation in stem cells.

171 To examine the third prediction, we manipulated 4o in enterocytes and measured total
172 cell number and organ size. Overexpression of »4o in apoptosis-inhibited enterocytes (mexts>p35,
173 rho) resulted in organ hyperplasia, with cell number increased by 100% (Fig 4k, Extended Data
174  Fig. 3a). Conversely, loss of 740 in apoptosis-competent enterocytes (mexts>rhoRNAi) resulted in
175  organ atrophy, with cell number reduced by ~60% (Extended Data Fig. 8). This requirement for
176  Rho during steady-state turnover contrasts with prior findings that Rho is dispensible for injury
177 repair *, drawing further distinction between turnover and repair mechanisms. Moreover, com-
178  bined loss of both 4o and E-cad in apoptosis-inhibited enterocytes (mexts>p35,E—cadRNAi,

179  rhoRNAi) thwarted the hyperplasia that would have resulted from loss of E-cad alone, and nor-
180  mal cell number was preserved (Fig. 4k, Extended Data Fig. 3a). Altogether, these results show
181  that downstream of E-cad, 4o is the pivot point that balances division and death to maintain

182  constant organ size.

183 Finally, how does E-cad, a transmembrane adhesion receptor, control expression of 740
184  in the nucleus? To address this question, we examined three factors whose ability to activate nu-
185  clear transcription is precluded by sequestration at E-cad-containing adherens junctions:

186 B-catenin/Armadillo (Arm), p120-catenin (p120, also known as p120ctn), and YAP/Yorkie (Yki)
187 %628 We found that arm and p120, but not yki, were required in E-cad knockdown enterocytes
188  for both induction of 740 and hyperactivation of stem cell EGFR (Extended Data Fig. 7a, g-1).
189 Overexpression of p/20, but not constitutively active arm®'’, was sufficient for induction of rho
190 (Extended Data Fig. 7b-f) and hyperactivation of EGFR (Extended Data Fig. 3b, Extended Data
191  Fig. 7p-r). Overexpression of the transcriptional co-repressor Groucho, which can dimerize with

192 B-catenin/Arm to repress rho in some tissues™ "', did not inhibit induction of rho in enterocytes
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193  (Extended Data Fig. 7a). Overexpression of the JNK inhibitor puckered partially inhibited rho
194  induction, although the statistical significance of this effect was unclear (Extended Data Fig. 7a).
195 We next asked whether Arm, p120, or both affect organ size. Enterocyte knockdown of
196  either arm or p120 blocked the hyperplasia that otherwise would have occurred upon loss of
197  E-cad and apoptotic inhibition; knockdown of both factors had a quantitatively similar effect
198  (Fig 4k, Extended Data Fig. 3a). In addition, overexpression of p120, but not arm*'’, was suffi-
199  cient to induce hyperplasia, and overexpression of both factors exacerbated the effect (Fig. 4k,
200  Extended Data Fig 3a). Conversely, depletion of either arm or p120 produced mild atrophy (Ex-
201  tended Data Figure 8). These data show that the p120 and Arm transcription factors underlie E-
202 cad-controlled expression of 740 and suggest that E-cad represses 4o by sequestering p120 and
203  Arm to control organ size.

204 Altogether, our results demonstrate that steady-state organ turnover is not driven by the
205  constitutive cycling of stem cells. Instead, healthy enterocytes keep stem cells in a default state
206  of quiescence, while the sporadic appearance of apoptotic enterocytes triggers replacement divi-
207  sions. Precise cellular balance hinges upon the E-cad-dependent repression of 740 in healthy en-
208  terocytes, which is disrupted when E-cad is lost in apoptotic enterocytes (Fig 41). Because divi-
209  sions are coupled to apoptosis, turnover remains zero-sum over time.

210 The direct coupling of divisions to apoptosis suggests a simple explanation for how the
211  midgut epithelium dynamically maintains a constant number of cells with such robust precision.
212 Crucially, a single midgut enterocyte can efficiently activate EGFR in stem cells within a ~25
213 pm radius (Fig. 3j-1). We suggest that this zone of activation, which exists only for as long as the
214  dying cell remains in the epithelium, may be critical for homeostatic size control. If, by chance,
215  stem cells produce too many enterocytes, then the stem cells’ physical spacing would increase;
216  subsequently, fewer stem cells would be within the activation zone of the next dying enterocyte,

217  and fewer divisions would result. Similarly, too few enterocytes would place more stem cells in

-10-
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218  the activation zone, and more divisions would result. By setting the steady-state number of en-
219  terocytes, the integration of these activation zones over the entire epithelium would determine
220  overall organ size. In this manner, localized cell-cell communication can give rise to tissue-level
221  homeostatic equilibrium.

222 Our study brings to light a basic distinction in how EGFs are deployed during steady-
223 state turnover versus injury repair. At steady-state, apoptotic induction of 74o is strictly cell au-
224 tonomous because E-cad-dependent activation of p120 and Arm is confined to the dying entero-
225  cyte. This cell autonomous pathway limits the release of EGFs to the precise time and place that
226  anew cell is needed, as appropriate for zero-sum replacement. By contrast during injury, induc-
227  tion of rho and EGFs involves an additional, non-cell autonomous pathway in which damaged
228  enterocytes upregulate upd3; Upd3 in turn activates enteroblasts and visceral muscle to upregu-
229 late rho and EGFs *****°>? This non-autonomous pathway permits EGFs to be released in a

230  widespread, indiscriminate manner, as appropriate for an emergency response. Underscoring this
231  distinction, enterocyte upd3 is required for repair >*****° but not homeostasis (Extended Data
232 Figs. 6a-d, k and 7i), whereas enterocyte /o is required for homeostasis (Fig 4) but not repair *°.
233 Stem cell EGFR signaling is known to affect homeostasis of other tissues ">*, raising the
234  possibility that spatially specific control of EGFR activation by E-cad and Rho is a general

235  mechanism for cellular equilibrium. By extension, loss of spatial control should lead to patholog-
236  ical loss of homeostasis. Indeed, we note that multiple human carcinomas downregulate E-cad,
237  upregulate Rhomboids, and activate EGFR *”">”"7, and that progression of colorectal carcinoma,
238  which initiates through loss of the catenin-destabilizing factor APC (adenomatous polyposis coli),
239  requires upregulation of the mammalian Rhomboid RHBDDI "®. Given these intriguing links, we
240  propose that insights into the development of epithelial cancers may emerge from understanding

241  E-cad-EGFR feedback control of steady-state epithelial turnover.
242

-11-
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243 METHODS

244

245  Drosophila Husbandry

246

247  Crosses utilizing the GAL4/GALS80" system were performed at 18°C. Upon eclosion, adult ani-
248  mals remained at 18°C for 4 days, unless otherwise indicated. On adult day 4, animals were tem-
249  perature shifted to 29°C to inactivate GAL80" and induce GAL4-mediated expression. Midguts
250  were harvested for immunostaining after appropriate lengths of induction (see figure legends for
251  individual experiments). All other crosses were performed at 25°C; refer to figure legends for
252  individual timepoint information. Adult female flies were used in all experiments.

253

254 Fly Stocks

255

256 w; esgGAL4, tubGALS8Ots, UAS-GFP; UAS-flp, act<CD2<GAL4 (esg"’®) (Bruce Edgar)
257  mexGAL4 (Carl Thummel)

258  esgGAL4 (Ben Ohlstein)

259  y, w; TI{TI}shg[mTomato] (Bloomington)

260  UAS-E-cadherinRNAi (TRiP.HMS00693) (Bloomington)

261  UAS-E-cadherinRNAi (TRiP. JF02769) (Bloomington)

262  UAS-E-cadherinRNAi (TRiP.GL00646) (Bloomington)

263  UAS-echinoidRNAi (TRi1P.GL00648) (Bloomington)

264  UAS-rhomboidRNAi (TRiP.JF03106) (Bloomington)

265  UAS-spitzZRNAi (TRiP.HMS01120) (Bloomington)

266  UAS-kerenRNAi (KK104299) (VDRC)

267  UAS-armadilloRNAi (TRiP.JF01251) (Bloomington)

268  UAS-armadilloRNAi (KK107344) (VDRC)

269  UAS-p120ctnRNAi (TRiIP.HMCO03276) (Bloomington)

270  UAS-yorkieRNAi (TRiP.JF03119) (Bloomington)

271 UAS-unpaired3RNAi (TRiP.HM05061) (Bloomington)

272 UAS-hisH2A:RFP (Bloomington)

273  UAS-p35 (Bloomington)

274  UAS-diapl (Bloomington)

275  UAS-E-cadherin®™"* (Margaret Fuller) ”

276  UAS-rhomboid (Bloomington)

277  UAS-armadillo®"’ (Bloomington)

278  UAS-p120ctn (Bloomington)

279  UAS-groucho (Amir Orian)

280  UAS-puckered (puc2A4) (Huaqi Jiang)

281  ywhsflp; X-15-29 w* (‘split-lacZ’) ¥

282 yw;y X-15-33 (‘split-lacZ’)

283 Egf¥"*/1(2;3)TSTL (Bloomington)

284  Egfi""“/T(2;3)TSTL (Bloomington)

285  w UAS-CDS8:GFP hsflp; tubGAL4,; FRTS2 tubGALS0 (David Bilder) °

286  w; FRTS82 (David Bilder) °

287  rho™® (rho-lacZ) (Huaqi Jiang) *°
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288  10xSTAT-GFP (Bloomington)

289  Upd3.1-lacZ (Huaqi Jiang)

290  cycE-lacZ (Bloomington)

291

292 Detailed information on Drosophila genes and stocks is available from FlyBase

293 (http://flybase.org/).

294

295 Immunohistochemistry and Microscopy

296

297  Samples were fixed, immunostained, and mounted as previously described °. Primary antibodies:
298  mouse anti-B-galactosidase (1:400, Promega Z3781), mouse anti-Armadillo (1:100, DSHB

299  N27Al), rabbit anti-cleaved caspase 3 (1:200, Cell Signaling, generous gift from D. Bilder ®)
300  rabbit anti-diphospho-ERK (1:400, Cell Signaling 4370P), goat anti-HRP-Cy3 (Cappel, 1:100)
301  which stains stem cells and enteroblasts °, mouse anti-Coracle (1:50, DSHB C615.16), mouse
302  anti-Discs large C615.16 (1:50, DSHB 4F3), and rabbit anti-phospho-histone H3, Ser 10

303  (1:1000, EMD Millipore). Secondary antibodies: Alexa Fluor 488-, 555- or 647-conjugated don-
304  key anti-rabbit or anti-mouse IgGs (1:800, LifeTechnologies A31570, A11001, and A21244).
305  Nuclei were stained with DAPI (LifeTechnologies, 1:1000). Actin was stained with SiR-Actin
306  (Spirochrome, 1:500) or Alexa 647-conjugated phalloidin (1:100, LifeTechnologies). Samples
307  were mounted in ProLong (LifeTechnologies). Imaging of samples was performed on a Leica
308  SP8 confocal microscope, with serial optical sections taken at 3.5 um intervals through the en-
309 tirety of whole-mounted, immunostained midguts.

310

311  Regionalization of the Adult Midgut; Cell Counts and Size Measurements of the R4ab

312  (P1-2) compartment

313

314  The Drosophila midgut is compartmentalized along its proximal-distal axis. Each compartment
315  exhibits a characteristic digestive physiology, gene expression pattern, and stem cell division
316 rate '*'>*%2 In general, stem cell clones do not cross compartment boundaries °. Our study fo-
317  cused specifically on two adjacent compartments, known alternatively as R4ab or P1-2, which
318  comprise the major region of nutrient absorption '*'>. We observed that R4ab consistently exhib-
319 ited complete cellular turnover between adult days 4-8, as indicated by esg’ o labeling (Fig. la-e,
320  Extended Data Fig. 1f-g). Other midgut compartments exhibited variable, incomplete turnover

321  during the same time period, consistent with prior reports ***°; they were not analyzed in this
322 study.
323

324  To perform total cell counts of R4ab, this region was first identified in confocal image stacks us-
325  ing morphological landmarks (Extended Data Fig 1b-e, g)'* and digitally isolated in Fiji. Bit-
326  plane Imaris software algorithms were applied to generate three-dimensional organ reconstruc-
327  tions and comprehensively count individual cell nuclei by mapping DAPI signals to Imaris sur-
328  face objects. For analysis of esg’”” midguts, GFP" cells were additionally counted by mapping
329  DAPI/GFP colocalization signals to Imaris surface objects. R4ab lengths were measured by a
330  spline through the center of individual midguts in Fiji.

331

332

333
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Split-lacZ Clone Induction and Analysis

As depicted in Fig. 1f, animals were raised at 18°C and shifted to 29°C four days post-eclosion.
Split-lacZ clone induction '’ was performed by subjecting animals to two 30-min, 38.5°C heat
shocks separated by a 5-min chill on ice. Four days after clone induction, midguts were im-
munostained and clones in the R4ab region were identified and analyzed by visual examination
of serial confocal sections. Clones in regions outside R4ab were excluded from analysis. Clone
size was measured as the number of contiguous cells in one discrete clone, as previously de-
scribed °. Approximately 1-3 single labeled enterocytes per R4ab region were observed, con-
sistent with published reports **; these transient clones were not included in our quantification.
Single labeled diploid cells were included because these likely represented individual stem cells
that did not divide during the chase period. No labeled cells were observed in the absence of
38.5°C heat shock.

Safeguards to ensure exclusion of non-stem cell (transient) clones: To ensure that clone counts
comprised exclusively stem cell clones and excluded any non-stem cell (transient) clones that
were directly labeled by the heat shock, our split-/acZ clonal analyses incorporated two, redun-
dant safeguards. First, a 4-day chase period was included between heat-shock induction and sub-
sequent clonal analysis. Because they are post-mitotic and transient, enteroblasts/enterocytes that
were directly labeled by the heat shock would have been lost during the succeeding chase period.
Confirming that transient clones were nearly absent, only 1-3 single labeled enterocytes were
observed per midgut R4ab region after the 4-day chase. As a second safeguard, all single, labeled
enterocytes were excluded from our clone counts.

Sytox staining

Sytox Green (ThermoFisher, SmM in DMSO) or Sytox Orange (ThermoFisher, 5SmM in DMSO)
were diluted 1:5,000 in 5% sucrose. Sytox solution was fed to animals in an empty vial for 5-6
hours, after which midguts were dissected and mounted in ProLong (LifeTechnologies). Because
Sytox is incompatible with fixation, live organs were imaged immediately after mounting.

MARCM Clone Inductions

MARCM clone inductions * were performed by subjecting animals to two 30-min, 38.5°C heat
shocks separated by a 5-min chill on ice. For single-enterocyte MARCM clones, animals were
dissected five days post-induction and terminal clones consisting of one GFP" enterocyte (identi-
fied by its polyploid nucleus) were selected for analysis. GFP" enterocytes were excluded from
analysis if another GFP" clone was present within an 80 pum radius. Fiji was used to measure the
distance between the plasma membrane of the nearest GFP" enterocyte and the center of dpERK"
stem cells within a 60 um radius. For mosaic analyses of multicell MARCM clones, animals
were fed Sytox three days post-induction and dissected. The proportion of labeled clone cells
(GFP") that were also Sytox’ was quantified.
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380 AG1478 Drug Treatment

381

382  Stocks of AG1478 (Sigma) were dissolved in EtOH and subsequently diluted in dH,O to reach a
383  working concentration of 100 uM AG1478 (in 0.02% EtOH). This 100 uM stock solution was
384  used to prepare yeast paste, which was fed to animals as a supplement to their standard corn-
385  meal-molasses diet for the duration of induced gene expression.

386

387  Smurf Assay

388

389  Smurfassays ®’ were conducted by feeding adult animals yeast paste containing 2.5% Brilliant
390  Blue FCF (Sigma) and scoring animals for leakage of dye into the abdomen. Animals were

391  scored as ‘non-Smurf’ if the blue dye was confined to the GI tract and ‘Smurf” if blue dye leaked
392 outside the GI tract. As a positive control, animals were fed dye in conjunction with 1% SDS.
393

394 qRT-PCR

395

396 mRNA was extracted from midguts (5 animals/experiment) followed by cDNA synthesis with
397  Invitrogen SuperStrand III First Script Super Mix (Invitrogen). Real-time PCR was performed
398  using the relative standard curve method with SYBR GreenER Supermix (Invitrogen) on a

399  StepOnePlus ABI machine. Expression levels were normalized to mexGAL4"“>CD4-GFP mid-
400  guts; mef2 transcripts were used as a reference °.

401

402  Statistical Analysis

403

404  All statistical analysis was performed using Graphpad Prism 6. For comparisons of clone size
405  distributions, unpaired two-tailed Mann-Whitney tests were used to assess statistical signifi-
406  cance. (Clone size distributions are non-normal, independent, and derived from a simple random
407  sample.) For comparisons of cell numbers and gut length, unpaired two-tailed t-tests were used
408  to assess statistical significance. (Organ cell number and size distributions are normal, independ-
409  ent, and derived from a simple random sample.) For comparisons of 40 gene expression, un-
410  paired two-tailed t-tests were used to assess statistical significance. Legend: ns = not significant
411  (p>0.05), * = p<0.05, ** = p<0.01, *** = p<0.001, and **** = p<0.0001.

412

413 Study Design

414

415  Sample sizes were chosen based on our previous study °, which also characterized changes in
416  organ cell number and clone sizes. In split-lacZ experiments, single enterocyte clones were ex-
417  cluded from analysis. No other exclusion criteria were applied. No sample randomization or
418  blinding was performed, although automated, Imaris-based computer algorithms were used to
419  analyze and quantify most data in this study.

420

421  qPCR Primers

422

423 Primers for qPCR listed from 5'to 3":

424 vein-fwd GAACGCAGAGGTCACGAAGA

425  vein-rev GAGCGCACTATTAGCTCGGA
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426  spitz-fwd CGCCCAAGAATGAAAGAGAG

427  spitz-rev AGGTATGCTGCTGGTGGAAC

428  keren-fwd CGTGTTTGGCAACAACAAGT

429  keren-rev TGTGGCAATGCAGTTTAAGG

430  egfr-fwd TGCATCGGCACTAAATCTCGG

431  egfr-rev GGAAGCTGAGGTCCAAATTCTC
432  argos-fwd TGCTGTTGGGTGAATTTCAGG

433 argos-rev CGACTGGTCCAGATGATCCA

434 star-fwd AGCCCAGTCCTTCAAACCC

435  star-rev CCACAGTCTTTGGTTGGTTGC

436  rhomboid-fwd GAGCACATCTACATGCAACGC
437  rhomboid-rev GGAGATCACTAGGATGAACCAGG
438  frizzled 3-fwd TCTTGTGCCCGCAAAACTTTA

439  frizzled 3-trev. CCTAGAATGAGGGTCTCAGACG
440  senseless-ftwd GATCGTGACTTTGCCTTGACG

441  senseless-rev. CCTGATAGTCCTGCTTGCTGT

442  expanded-fwd GATGCTGGACACCGAACTCT

443  expanded-rev CTTGCTCTCGGGATCTGC

444  diapl-fwd  GAAAAAGAGAAAAGCCGTCAAGT
445  diapl-rev TGTTTGCCTGACTCTTAATTTCTTC
446  pointed-fwd CTACGAGAAGCTGAGTCGCG

447  pointed-rev.  TATCGTTTGCCTGCCGTCTT

448  cycE-fwd ACAAATTTGGCCTGGGACTA

449  cycE-rev GGCCATAAGCACTTCGTCA

450  updl-fwd CCTACTCGTCCTGCTCCTTG

451  updl-rev TGCGATAGTCGATCCAGTTG

452  upd?-fwd GAGGGCAGCTACGACAGTG

453 upd2-rev GGAGAAGAGTCGCAGGTTGT

454  upd3-fwd AAATTCGACAAAGTCGCCTG

455  upd3-rev TTCCACTGGATTCCTGGTTC

456  wdp-twd TGGCAACCACAATGAGGAACAG
457  wdp-rev GACCGAGAAGACCTTCCAGTCAAC
458  Socs36E-fwd CAGTCAGCAATATGTTGTCG

459  Socs36E-rev. ACTTGCAGCATCGTCGCTTC

460  mef2-twd ATCGGCAGGTGACCTTCAAC

461  mef2-rev GTTGTACTCGGTGTACTTGAGCAG
462

463  Primer sequences from Jiang et al. 2011 *°, Shaw et al. 2010 *, and Fly Primer Bank
464  (http://www.flyrnai.org/FlyPrimerBank).

465

466

467

468

469

470

471
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Genotypes by Figure
Figure 1
Figure la-¢ w, esgGAL4, tubGALSOts, UAS-GFP; UAS-flp, act<CD2<GAL4
Figure 1g-i hsflp; X-15-29, tubGAL80ts/X-15-33, mexGAL4,; UAS-his2A:RFP
Figure 1h, j hsflp; X-15-29, tubGALS80ts/X-15-33, mexGAL4; UAS-p35
Figure 1k w, mexGAL4, tubGAL80ts; UAS-his2A:RFP
w, mexGAL4, tubGAL80ts; UAS-p35
w, mexGAL4, tubGALS80ts; UAS-diap 1
Figure 2
Figure 2a v, w, TI{TI}shg[mTomato]
Figure 2b, ¢ hsflp; X-15-29, tubGALS0ts/X-15-33, mexGAL4; UAS-his2A:RFP
Figure 2b, d hsflp; X-15-29, tubGALS80ts/X-15-33, mexGAL4,; UAS-p35
Figure 2b, e hsflp; X-15-29, tubGALS80ts/X-15-33, mexGAL4; UAS-p35, UAS-E-cadRNAi
Figure 2b, f hsflp; X-15-29, tubGALS80ts/X-15-33, mexGAL4, UAS-E-cad
Figure 2b, g hsflp; X-15-29, tubGALS0ts/X-15-33, mexGAL4,; UAS-E-cadRNAi
Figure 2h, i w, mexGAL4, tubGAL80ts; UAS-his2A:RFP
Figure 2h, j w, mexGAL4, tubGAL80ts; UAS-p35, UAS-E-cadRNAi
Figure 2h w, mexGAL4, tubGAL80ts; UAS-p35
w, mexGAL4, tubGAL80ts; UAS-E-cadRNAi
w, mexGAL4, tubGAL80ts; UAS-p35, UAS-edRNAi
Figure 2k hsflp; X-15-29, tubGALS80ts/X-15-33, esgGAL4,; UAS-his2A:RFP
hsflp; X-15-29, tubGALS0ts/X-15-33, esgGAL4,; UAS-E-cad
hsflp; X-15-29, tubGALS0ts/X-15-33, esgGAL4, UAS-E-cadRNAi
Figure 3
Figure 3a, h w,; mexGAL4, tubGALS8Ots; UAS- his2A:RFP
Figure 3b w,; mexGAL4, tubGALS8O0ts; UAS-E-cad
Figure 3c-d, f w, mexGAL4, tubGAL80ts; UAS-E-cadRNAi
Figure 3e w; ngrtsz"/Egﬁf 2 mexGAL4 TM2/tubGALSOts, UAS-E-cadRNAi
Figure 3g hsflp; X-15-29, tubGALS0ts/X-15-33, mexGAL4,; UAS-p35, UAS-E-cadRNAi
Figure 3h w, mexGAL4, tubGAL80ts; UAS-p35, UAS-E-cadRNAi
w, mexGAL4, tubGAL80ts; UAS-p35
w, mexGAL4, tubGAL80ts; UAS-p35, UAS-E-cadRNAiL, UAS-spiRNAi
w, mexGAL4, tubGAL80ts; UAS-p35, UAS-E-cadRNAiL, UAS-krnRNAi
w,; mexGAL4, tubGALS80ts, UAS-spiRNAi; UAS-p35, UAS-E-cadRNAi, UAS-krnRNAi
Figure 3j, 1 w UAS-CDS8:GFP hsflp; tubGAL4/UAS-E-cadRNAi; FRTS2 tubGAL80/FRT82
Figure 3k w UAS-CDS8:GFP hsflp; tubGAL4; FRTS82 tubGAL80/FRTS?2
Figure 4
Figure 4a w, mexGAL4, tubGALS8Ots; UAS-CD4:GFP
w, mexGAL4, tubGALS8O0ts; UAS-E-cad
Figure 4a-b w, mexGAL4, tubGAL80ts; UAS-E-cadRNAi
Figure 4c w, mexGAL4, tubGAL80ts; UAS-E-cadRNAi, UAS-rhoRNAi
Figure 4d-f rho™" (rho-lacZ)
Figure 4g, k w,; mexGAL4, tubGALS8Ots; UAS- his2A:RFP
Figure 4h, k w, mexGAL4, tubGAL80ts; UAS-p35
Figure 41, k w, mexGAL4, tubGAL80ts; UAS-p35, UAS-E-cadRNAi
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Figure 4j-k w, mexGAL4, tubGAL80ts; UAS-p35, UAS-E-cadRNAI, rhoRNAi
Figure 4k w, mexGAL4, tubGALS0ts, UAS-rho; UAS-p35
w, mexGAL4, tubGAL80ts; UAS-p35, UAS-E-cadRNAiL, UAS-armRNAi
w, mexGAL4, tubGAL80ts; UAS-p35, UAS-E-cadRNAiL, UAS-p120RNAi
w, mexGAL4, tubGALS80ts, UAS-armRNAi; UAS-p35, UAS-E-cadRNAi, UAS-p120RNAi
UAS-arm®"’: mexGAL4, tubGALS8Ots; UAS-p35
w, mexGAL4, tubGALS80ts; UAS-p35, UAS-p120
UAS-arm®"’: mexGAL4, tubGALS8Ots; UAS-p35, UAS-p120
Ext. Data
Figure 1f-g w, esgGAL4, tubGALSOts, UAS-GFP; UAS-flp, act<CD2<GAL4
Figure 3a See corresponding “Total Cells (R4ab)” panels — Fig 1k, 2h, 3h, 4k
Figure 3b See corresponding “dpERK” panels — Fig 3, 4, Extended Data Fig 7
Figure 4 w, mexGAL4, tubGAL80ts; UAS-his2A:RFP
w, mexGAL4, tubGAL80ts; UAS-p35
w, mexGAL4, tubGAL80ts; UAS-E-cadRNAi
Figure 5a-c w UAS-CD8:GFP hsflp; tubGAL4,; FRT82 tubGAL80/FRTS2
w UAS-CDS8:GFP hsflp; tubGAL4/UAS-E-cadRNAi; FRTS2 tubGAL8O/FRTS2
Figure Se-f w, mexGAL4, tubGAL80ts; UAS-his2A:RFP
w, mexGAL4, tubGAL80ts; UAS-E-cadRNAi
Figure 6a w, mexGAL4, tubGALS80ts; UAS-CD4:GFP
w, mexGAL4, tubGAL80ts; UAS-E-cadRNAi
Figure 6b-d w, mexGAL4, tubGAL80ts; UAS-his2A:RFP, upd3.1-lacZ
w, mexGAL4, tubGAL80ts; UAS-E-cadRNAi, upd3.1-lacZ
Figure 6¢e-g w, mexGAL4, tubGAL8Ots, 10XSTAT-GFP; UAS-his2A:RFP
w,; mexGAL4, tubGAL80ts, 10XSTAT-GFP; UAS-E-cadRNAi
Figure 6h-j w, mexGAL4, tubGAL80ts; UAS-his2A:RFP, cycE-lacZ
w, mexGAL4, tubGAL80ts; UAS-E-cadRNAi, cycE-lacZ
Figure 6k w, upd3.1-lacZ
Figure 7a-b w, mexGAL4, tubGALS0ts; UAS-CD4:GFP (qPCR reference cDNA)
Figure 7a w, mexGAL4, tubGAL80ts; UAS-E-cadRNAi
w, mexGAL4, tubGALS80ts; UAS-E-cadRNAi, UAS-groucho
w, mexGAL4, tubGALS80ts; UAS-E-cadRNAi, UAS-puc2A
w, mexGAL4, tubGAL80ts; UAS-E-cadRNAi, UAS-ykiRNAi
w, mexGAL4, tubGAL80ts; UAS-E-cadRNAi, UAS-armRNAi
w, mexGAL4, tubGALS0ts; UAS-E-cadRNAi, UAS-p120RNAi
Figure 7b UAS-arm>’: mexGAL4, tubGALSOts
w, mexGAL4, tubGALS0ts; UAS-p120
Figure 7c-f w, mexGAL4, tubGALS8Ots; UAS-his2A:RFP, rhoxgl(rho—lacZ)
w; mexGAL4, tubGALS80ts; UAS-E-cadRNAi, rho™’
w; mexGAL4, tubGALS80ts; UAS-E-cad, rho™’
UAS-arm’"’: mexGAL4, tubGALS8Ots; rho™®’
w; mexGAL4, tubGALS80ts, UAS-p120; rho™’
Figure 7g-1 Same as Extended Data Figure 7a
w, mexGAL4, tubGALS0ts; UAS-E-cadRNAi, UAS-upd3RNAi
w, mexGAL4, tubGALS80ts, UAS-armRNAi; UAS-E-cadRNAi, UAS-p120RNAi
Figure 7Tm-n,s | w; mexGAL4, tubGALS80ts;, UAS-his2A:RFP
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w, mexGAL4, tubGAL80ts, UAS-rho

Figure 7o0-r Same as Extended Data Figure 7b

w, mexGAL4, tubGAL80ts; UAS-E-cadRNAi, UAS-rhoRNAi
UAS-arm®"’; mexGAL4, tubGALS8Ots; UAS-p120

Figure 8 w, mexGAL4, tubGAL80ts; UAS-his2A:RFP

w, mexGAL4, tubGAL80ts, UAS-rhoRNAi
w,; mexGAL4, tubGAL80ts; UAS-armRNAi
w, mexGAL4, tubGALS80ts; UAS-p120RNAi
474
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Fig. 1. Enterocyte apoptosis regulates the rate of stem cell division for homeostatic mainte-

nance of overall cell number.

a-e, The midgut R4ab compartment undergoes complete cell turnover in 4 days. a, Cartoon of

eng/0> GFP labeling strategy to quantify kinetics of turnover. Before induction, all progenitor
cells (stem and enteroblast cells, small circles) and mature enterocytes (hexagons) are unmarked
(tan). Upon induction by 29°C temperature shift, all progenitor cells express GFP (green). Post-
induction, newly generated enterocytes inherit GFP expression from progenitors, while pre-
existing enterocytes stay unmarked. Cell turnover is complete when all cells are GFP'. See also
Extended Data Fig 1. b-d, Representative images of eng/0> GFP midguts before induction,

1 day post-induction, and 4 days post-induction. DAPI (blue) marks all nuclei. Armadillo (Arm,

red) marks cell boundaries. e, Quantification of total (DAPI+) and new (GFP+) cells in the R4ab
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+
compartment over time ' . Number of total cells stays near-constant. Number of GFP cells

increases linearly. After 4 days, number of GFP cells becomes equal to total cells. Each time
point represents 3 midguts. f-g, Tracing stem cell divisions in a background of genetically ma-
nipulated enterocytes. f, Clonal labeling of stem cell divisions is induced by a brief pulse of FRT
recombination that reconstitutes a split a-tub-nislacZ transgene. Enterocyte-specific gene expres-

sion is turned on by 29°C shift that permits mexGAL4 to drive expression of UAS-gene X
(mexts> gene X). See also Extended Data Fig. 2. g, Validation of genetic system using
mex > his2av::RFP. B-galactosidase marks a stem cell clone (outlined) in a background of

His2av::RFP enterocytes. Within the 5-cell clone, only the enterocyte (yellow asterisk, poly-
ploid) expresses his2av::RFP. h-k, Blocking enterocyte apoptosis causes fewer stem cell divi-
sions but does not change total cell number. h, Clone size analysis in the R4ab compartment.
Each point is the number of cells in one B-gal-marked clone. Data pooled from 4-5 midguts per

genotype. Values are means + S.D. Mann-Whitney test, p=0.009. i-j, Images show average-sized

clones. k, Total R4ab cell counts are comparable for control, mexls>p35 and mexm>dz'apl mid-
guts. Cells were counted 4 days post-induction. N=4 midguts per genotype. Values are means +
S.D. Unpaired t-test, p>0.05. One of three representative experiments is shown in each graph. All

scale bars are 25 pm.
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Fig. 2. Homeostatic size control requires E-cad on enterocytes, but not on stem cells.

a, Dying enterocytes lose junctional E-cad. Endogenous E-cad tagged with mTomato (red hot
LUT) localizes to the lateral membranes of healthy enterocytes but not dying, Sytox+ enterocytes
(green; asterisks in a'). E-cad loss is most pronounced where two dying enterocytes are juxta-
posed (arrowheads). In these live images, trachea exhibit bright, yellow-orange autofluorescence
(arrows). Representative images are shown from two independent experiments; N=4 midguts per
experiment, analyzed 6 days post-eclosion. Scale bar, 25 pm. b-g, Enterocyte E-cad is necessary
and sufficient to repress stem cell divisions. b, Clone size analysis in the R4ab compartment us-
ing schema/timing in Fig. 1f. Stem cell clones are larger in mexts>p35, E-cadRNAi midguts com-
pared to mexls>p35 alone (Mann-Whitney test, p=0.0034). Clones are also larger in

mex >E-cadRNAi midguts compared to control (p=0.0004). Clones are smaller in mex >E-cad
compared to control (p=0.04). c¢-g, Images show average-sized clones. Scale bars, 25 um. h, En-
terocyte E-cad is necessary to maintain constant cell number during apoptotic inhibition. Total

cell number is normal in mexts>p35 and mex >E-cadRNAi midguts but increases by ~70% in

mexls>p35, E-cadRNAi midguts (unpaired t-test, p=0.007) after 4 days. This increase is unlikely

caused by non-specific loss of cell-cell adhesion because total cell number remains normal in

mexls>p35, echinoid(ed)RNAi midguts. N=4 midguts per genotype; means + S.D shown. i-j, En-

terocyte E-cad is necessary to maintain constant organ size during apoptotic inhibition. Organ
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size is larger in mexts>p35, EcadRNAi midguts compared to controls. A, anterior; P posterior.
Scale bars, 200 um. See also Extended Data Fig. 3a. k, Stem cell/enteroblast £-cad does not con-
trol stem cell divisions. Clone size analysis in R4ab as in Fig. 1f, except that esgGAL4 was used
to manipulate £-cad in stem and enteroblast cells. Stem cell clones are comparably sized in esgts
control midguts, esgts >F-cad midguts, and esgts >FE-cadRNAi midguts (Mann-Whitney test,
p>0.05). In b and k, data are pooled from 4-5 midguts per genotype. Values are means + S.D.

Each graph comprises data from three representative experiments.
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Fig. 3. Enterocyte E-cad inhibits stem cell EGFR via a dispersed signal for homeostatic
size control.

a-f, Enterocyte E-cad inhibits stem cell EGFR signaling. a-¢, Immunostaining for diphosphory-
lated ERK (dpERK). dpERK+ cells are sparse in control midguts, absent in mex >E-cad midguts,
and abundant in mex">E-cadRNAi midguts. d-e, dpERK signal is eliminated following EGFR
inhibition by oral administration of AG1478 or by temperature-induced inactivation of

an egﬁfmla/egﬁ*m heteroallele. f, dpERK staining is limited to stem cells (HRP+, Su(H)lach; ar-
rowheads in f' and f'') and does not mark enteroblasts (HRP+, Su(H)lacZ+; asterisks in f' and '),

even in mex >E-cadRNAi midguts. Representative images are shown from two independent ex-
periments; N=4 midguts per genotype in each experiment, analyzed after 2 days of transgene ex-
pression. See also Extended Data Fig. 3b. g, EGFR activation is necessary for £-cad-depleted
enterocytes to accelerate stem cell divisions. Clone size analysis in R4ab using schema in Fig 1f.
Stem cell clones in mexts>p35, E-cadRNAi midguts are smaller when EGFR is inhibited by
AG1478. Data pooled from 4-5 midguts per genotype. Mann-Whitney test, p=0.008. Values are
means + S.D. h, Organ hyperplasia requires EGFR and the EGF ligands spitz (spi) and keren

(krn). AG1478 treatment restores total cell numbers of mexm>p35, E-cadRNAi midguts to the

range of control and mexts>p35 midguts (unpaired t-test: p<0.0001). RNA1 of either spi or krn in
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enterocytes reduces total cell numbers, and double RNA1 of spi and krn restores total cell num-
bers to the normal range (p=0.0026, 0.046, and 0.0002 respectively). N=4 midguts per genotype,
analyzed 4 days post-induction. Values are means £+ S.D. See also Extended Data Fig. 3a. i-l,
EGFR activation involves a dispersed signal. Single enterocytes that co-express E-cadRNAi and

GFP were generated using MARCM (see Methods). i, If EGFR activation involves direct E-cad-
EGFR binding, then dpERK+ cells (red) will typically contact an E-cadRNAi enterocyte (green).
If activation involves a dispersed signal, then dpERK+ cells will be close to, but not necessarily
contact, an E-cadRNAi enterocyte. j-K, dpERK+ cells are enriched in the vicinity of a GFP+,

E-cadRNAi enterocyte, but often do not contact. dpERK+ cells are rare in the vicinity of GFP"

control enterocytes. 1, Spatial zone of EGFR activation. Each point is the measured distance be-

tween one dpERK+ cell and edge of the nearest E-cadRNAi enterocyte. dpERK+ cells frequently
localize 0-25 um (~1-2 enterocyte diameters) away and can localize up to 50 pm away. N=4
midguts, analyzed 5 days after clone induction. One of three representative experiments is shown

in each graph. Representative images are shown in all panels. All scale bars are 25 pm.
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Figure 4
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Fig. 4. Enterocyte apoptosis activates stem cell division by disrupting E-cad-controlled in-
hibition of rhomboid.

a, Enterocyte E-cad specifically inhibits expression of the obligate EGF protease rhomboid (rho).
Levels of the indicated mRNAs were measured by qPCR of mex control (red line),

mex >E-cadRNAi (black bars), or mex >E-cad midguts (gray bars) after 4 days of induction.
Relative to control, 720 mRNAs increase by 15.5-fold upon E-cad depletion and decrease by 0.4-
fold upon E-cad overexpression. mRNAs are not significantly altered for other components of
EGF signaling: egfr; the EGF ligands vein (vn), spitz (spi), and keren (krn); or the post-
translational EGF regulators argos (aos) and star. Values are means = S.D. from 3 independent
experiments. b-¢, E-cad-depleted enterocytes require r#o to hyperactivate stem cell EGFR.
dpERK+ cells are abundant in mex >E-cadRNAi midguts but are substantially reduced in
mexlS>E—cadRNAi, rhoRNAi midguts. Representative images are shown from two independent

experiments; N=4 midguts per genotype in each experiment, analyzed after 2 days of transgene
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expression. See also Extended Data Fig. 3b. d-f, Expression of r/o is activated in enterocytes
during physiological apoptosis. Under steady-state conditions, the rho-lacZ reporter (green) is
typically expressed in apoptotic enterocytes (red, cleaved caspase-3 staining) and rarely in non-
apoptotic enterocytes. Planar (d) and vertical (e) views of two different fields are shown. In e,
dotted line marks the basal epithelium. f, Quantification. Nearly all enterocytes that express rho-
lacZ (90%) are also apoptotic. Values are means = S.D from 3 independent experiments. N=3-4
midguts per experiment, analyzed 6 days post-eclosion; n=188 enterocytes total. g-j, Apoptosis-

blocked enterocytes inhibit stem cell ERK activation via E-cad and rho. Compared to their nor-
mal frequency, dpERK+ cells are strongly reduced when enterocyte apoptosis is blocked
(mexts>p35 ), are restored when E-cad is additionally depleted (mexts>p35, E-cadRNAI), and are
strongly reduced again when both E-cad and rho are depleted (mexts>p35, E-cadRNAi, rhoRNAI).

Representative images are shown from two independent experiments; N=4 midguts per genotype
in each experiment, analyzed after 2 days of transgene expression. See also Extended Data Fig.

3b. k, Activation of rho by p120-catenin and Armadillo drives organ hyperplasia. In apoptosis-
inhibited midguts, loss of E-cad (mexts>p35, E-cadRNAI) causes total cell number to increase by

128% compared to control, producing organ hyperplasia. Additional loss of 7o (mexts>p35,
E-cadRNAi, rhoRNAI) restores normal cell number and prevents hyperplasia. On the other hand,

overexpression of 7o alone (mexts>p35, rho) causes a 100% increase in total cells (p=0.0017),
resulting in hyperplasia without loss of E-cad. Thus, rho is necessary and sufficient for hyper-
plasia. Activation of 740 is mediated by the E-cad-associated transcription factors p120-catenin

(p120) and Armadillo (Arm) (Extended Data Fig. 7). Loss of either p/20 or arm, or both p120

and arm (mexts>p35, E-cadRNAi, pl20RNAi and/or armRNAI), restores normal cell number and
prevents hyperplasia. Overexpression of p/20, but not constitutively active arm (arm*'"), causes

hyperplasia (69% increase in total cells; p=0.0011); overexpression of both p/20 and arm®"’

(mexts>p35, p120, arm®"’

) slightly exacerbates hyperplasia compared to p/20 alone (96% in-
crease in total cells; p=0.0021). Thus, p/20 and arm are necessary and sufficient for hyperplasia.
Values are means = S.D from one of three representative experiments. p values (unpaired t-test)
relative to control. N=4 midguts per genotype, analyzed after 4 days of transgene expression. See
also Extended Data Fig. 3a. I, Model for homeostatic coupling of enterocyte apoptosis and stem

cell division. In the absence of apoptosis (left), stem cells are quiescent because enterocyte E-cad
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represses p120- and Arm-dependent expression of 7o to preclude activation of stem cell EGFR.
Apoptotic enterocytes (right) disrupt this inhibitory feedback to trigger localized EGFR activa-
tion and replacement divisions of stem cells. Representative images shown in all panels. All

scale bars are 25 pm.
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EXTENDED DATA FIGURES 1-8

Extended Data Figure 1
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Extended Data Fig. 1. Midgut lineage and morphology, esg’’° labeling system, and work-
flow for semi-automated cell counting.

a, Lineage of the adult Drosophila midgut ****. In general, stem cells are the only cells capable
of division. Asymmetric stem cell divisions typically produce absorptive enterocytes; less fre-
quently, they produce secretory enteroendocrine cells. Enterocytes arise through direct matura-
tion of transient, post-mitotic intermediates called enteroblasts. Both stem and enteroblast cells
express the Snail-family transcription factor escargot (esg). b, Compartments of the female adult
midgut '*">*'. R4ab was used for all experiments in this study. Schematic adapted from '**'. c-e,
Identification of R4ab through morphological landmarks. As defined in '*, R4ab is bounded by
the apex of the midgut tube’s most distal 180° turn (blue arrowheads) and by the first prominent
muscle constriction distal to this 180° turn (red arrowheads). e, The R4ab distal muscle con-
striction is particularly apparent in confocal optical sections '*. Visceral muscle stained with
phalloidin Midguts in panels c-d and e are two different samples. f, Genetic schema of the esg
system . Stem and enteroblast cells are induced to express herltable GFP by temperature shift
from 18°C to 29°C. The temperature shift inactivates GALS0" , which allows esgGAL4 to drive

F/O

-33-



Supplementary Information Liang, et al.

expression of both UAS-GFP and UAS-flp in stem and enteroblast cells. In these cells, flp re-
combinase renders GFP expression permanent and heritable by excising a CD2 ‘flp-out’ cassette
to generate a functional actGAL4; once generated, actGAL4 drives expression of UAS-GFP (and
UAS-flp) irrespective of cell type. Thus, after temperature shift, all mature cells that arise from
undifferentiated cells will express GFP. g, Pipeline for semi-automated, comprehensive cell
counts of 3D, reconstructed midgut regions. (1) Confocal microscope z-stacks capturing the en-
tire depth of the organ are visualized in Fiji. (2) The R4ab region of the midgut (yellow outline)
1413 i5 digitally isolated and exported to Imaris. (For illustrative purposes, only the top half of the
gut tube is shown.) Note that different midgut regions have different rates of turnover: R4ab un-
dergoes complete turnover between adult days 4-8 (at 29°C). However, other regions undergo
slower turnover, as shown by large unlabeled regions outside of R4ab. The slower turnover of
these other regions is consistent with the 7-21 day time frame of whole-organ turnover reported
by others ***°. See Methods for further discussion. (3) To quantify total cells (DAPI"), nuclei
are mapped to surface objects using Imaris (Figs. le, 1k, 2h, 3h, 4k; Extended Data Fig. 8a). To
quantify newly-added cells in the esg™’® system (Fig. le), GFP" nuclei are recognized in Imaris
by co-localization of GFP and DAPI channels, and subsequently mapped to surface objects.
Scale bars are 100pum.
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Extended Data Figure 2
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Extended Data Fig. 2 Genetic schema of system to simultaneously manipulate enterocyte
expression and trace stem cell divisions.

Detailed explanation of the genetic system in Fig. 1f. Animals are raised at 18°C; at this tem-
perature, GAL80" represses mex-driven GAL4 in enterocytes, and lacZ labeling of stem cells is

not induced. When animals are temperature-shifted to 29°C, consequent inactivation of GAL80"™
allows mex-driven GAL4 to express genes of interest (UAS-gene X) specifically in enterocytes.

After 1 day of UAS gene expression, animals are shifted to 38.5°C for one hour to induce ubiqui-
tous expression of fIp recombinase, which is under control of a heat-shock promoter (%s-flp). Flp

catalyzes trans-recombination of the two FRTs to place the a-fubulin promoter upstream of the
promoter-less nils:lacZ cassette and, consequently, turn on permanent nls.:lacZ expression. After
heat shock, animals are returned to 29°C to maintain UAS-trangene expression. Midguts are har-
vested for clonal analysis 4 days after the 38.5°C heat shock. This 4-day chase, combined with
exclusion of single, labeled enterocytes from clone counts, ensures that counts comprise exclu-
sively stem cell clones and that any non-stem (transient) clones are eliminated (see Methods).
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Extended Data Figure 3
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Extended Data Fig. 3. Quantifications of organ size and EGFR activation in genetically
manipulated midguts.

a, Lengths of the R4ab compartment. For 4 of 17 conditions, R4ab are significantly longer than
control: mex >p35 E-cadRNAi (unpaired t-test: p<0.0001), p35, rho (p=0.0052), p35,
E-cadRNAi, armRNAi, pl 20RNAi (p=0.0029), and p35, p120, arm®'’ (p<0.0001). N=10-12 mid-
guts per genotype, analyzed after 4 days of UAS-transgene expression. Values are means + S.D.
b, Quantlﬁcatlons of dpERK " cells in the R4ab compartment, For 15 of 18 conditions, numbers
of dpERK " cells are significantly different from control: mex >FE-cad (unpaired t-test:
p<0.0001), E-cadRNAi (p=0.0081), E-cadRNAi, egfi"""** (p<0.0001), E-cadRNAi + AG1478
(p<0.0001), E-cadRNAi, rhoRNAi (p=0.04), E-cadRNAi, p120RNAi (p=0.04), E-cadRNAi, arm-
RNAi, p120RNAi (p=0.007), p35 (p=0.0013), p35, E-cadRNAi, rhoRNAi (p=0.0005), E-cadRNAi,
VkiRNAi (p=0.0006), E-cadRNAi, upd3RNAi (p=0.002), rho (p=0.007), rhoRNAi (p=0.001), p120
(p=0.015), arm®"’, p120 (p=0.005). N=4 midguts per genotype, analyzed after 2 days of UAS-
transgene expression. Values are means &+ S.D.
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Extended Data Figure 4
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Extended Data Fig. 4. Analysis of epithelial architecture, polarity, and barrier function.

a-f, Apoptotic inhibition or E-cad depletion in enterocytes does not disrupt epithelial architecture
or apical-basal polteslrity. Images tsshow vertical sections through the midgut epithelium after 4
days of either mex >p35 or mex >E-cadRNAi expression. Enterocytes remain as a coherent
monolayer. Apical-basal polarity is intact, as revealed by immunolocalization of apical, actin-
rich microvilli (a-f, red) and of apico-lateral septate junction proteins Coracle (a-c, green) and
Discs-large (d-f, green). At the basal surface of the epithelium (white dotted lines), midgut vis-
ceral muscle cells stain brightly for actin and Discs-large. Actin stained with SiR-Actin. Scale
bars are 25um. g-j, Depletion of E-cad in enterocytes does not compromise the intestinal barrier.
To test the intestinal barrier, animals were subjected to Smurf assays in which a blue, non-
absorbable food dye is administered by feeding *’. The dye remains within the midgut when the
barrier is intact (g, non-Smurf) but leaks into the body cavity when the barrier is compromised,
such as after consumption of 1% SDS (h, Smurf). After 10 days of mex ">E-cadRNAi expression,
midguts still retain the blue dye; no Smurf phenotypes are observed (i-j).
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Extended Data Figure 5
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Extended Data Fig. 5. Depletion of E-cad has distinct cell-autonomous and tissue-level ef-
fects on cell death.

The data in Fig. 2h show that midguts accumulate excess cells when E-cad is depleted from
apoptosis-inhibited enterocytes but not apoptosis-competent enterocytes. To shed light on this
difference, we examined whether E-cad depletion itself promotes cell death. Two approaches,
mosaic knockdown and pan-enterocyte knockdown, were used to distinguish direct, cell-
autonomous effects from indirect, tissue-level effects. a-¢, Mosaic knockdown of E-cad does not
promote cell-autonomous death. Mosaic midguts are generated by using MARCM * to induce
sparse, multicellular, GFP-marked clones in a background of unmarked, genetically unperturbed
cells. a-b, Dotted outlines show representative control and E-cadRNAi clones (green). Sytox (red)
identifies dying cells. ¢, Percentage of GFP" cells that are also Sytox . Dying cells occur with
near-equal frequency within control and E-cadRNAi clones. Unpaired t-test, p>0.05. N=5 mid-
guts per genotype, analyzed 9 days after clone induction; n=873 cells in control clones and 698
cells in E-cadRNAi clones. Values are means + S.D. d-f, Pan-enterocyte knockdown of E-cad
promotes cell death, likely through a non-autonomous effect. d-e, Representative images of mex”
control and mex">E-cadRNAi epithelia. Sytox (red) identifies dying cells. f, Quantification of
Sytox " cells in the R4ab compartment. The number of dying cells increases ~2.5x in E-cadRNAi
midguts compared to control (unpaired t-test, p=0.03). N=5 midguts per genotype, analyzed after
3 days of transgene induction. Values are means + S.D. Scale bars are 25 pm. g, Summary. The
unaltered frequency of dying cells in E-cadRNAi mosaic clones indicates that loss of E-cad does
not cause cell-autonomous death. This result suggests that elevated death in mex">E-cadRNAi
guts is a non-autonomous, tissue-level effect, possibly due to excess divisions (Fig 2b) and con-
sequent crowding *°. These findings may explain why p35, E-cadRNAi guts accumulate excess
cells whereas E-cadRNAi guts retain a normal number of cells (Fig. 2h).

-38-



Supplementary Information Liang, et al.

Extended Data Figure 6
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Extended Data Fig. 6. Loss of enterocyte E-cad activates EGFR, but not Wg, Hpo, or

Upd/JAK/STAT.

a, Effect of enterocyte E-cad depletion on target mRNAs of known midgut regulatory pathways.
mRNAs were measured by qPCR of mex control or mex >E-cadRNAi midguts. Relative to con-
trol (red line), mRNAs are unchanged for: the Wg targets frizzled-3 (fz3) and senseless

(sens) °"*%, the Hpo/Yki targets expanded (ex) and diap] **°*, the injury-associated cytokines
upd and upd3 ***, and the JAK/STAT target windpipe (wdp) °*. The other JAK/STAT target,
Socs36E, is elevated, likely reflecting its occasional activation in enterocytes (panel f). By com-
parison, the EGFR target pointed (pnf) ** is slightly increased, and the EGER target cyclinE
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(cycE) * is substantially increased. Values are means + S.D. from 3 independent experiments.
Midguts analyzed 4 days post-induction. b-d, The number of upd3-lacZ+ enterocytes in the R4ab
compartment is unchanged by enterocyte E-cad depletion (unpaired t-test: p>0.05). e-g, The
number of /0XSTAT-GFP" diploid cells in R4ab is unchanged by enterocyte E-cad depletion
(unpaired t-test: p>0.05). Occasional activation of /0XSTAT-GEP" occurs in E-cad-depleted en-
terocytes (asterisk in f; unpaired t-test p=0.003), consistent with elevated Socs36F (panel a). h-j,
The number of cycE" diploid cells in R4ab increases by 92% following enterocyte E-cad deple-
tion (unpaired t-test: p=0.005). In panels d, g, and j, values are means + S.D of 4 midguts, ana-
lyzed 2 days post-induction. k, Expression of upd3 is not associated with physiological apoptosis.
Most enterocytes (~91%) that express upd3-lacZ are non-apoptotic, as assessed by staining for
cleaved Caspase-3. Values are means = S.D of 4 midguts, analyzed 6 days post-eclosion. Repre-
sentative images shown in all panels. All scale bars are 25 um.
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Extended Data Figure 7
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Extended Data Fig. 7. Two E-cad-associated transcription factors, Armadillo and p120-
catenin, activate rho following loss of E-cad in enterocytes.

a, Enterocyte armadillo (arm) and p120-catenin (p120), but not yorkie (yki) or groucho, are nec-
essary for actlvatlon of rho upon depletion of enterocyte E-cad. rho mRNAs were measured by
qPCR of either mex control (red line) or mex >E-cadRNAi midguts, the latter with additional
manipulation of candidate rho regulators as indicated. Five candidates were examined: Yki, a
transcriptional co-activator in the Hpo pathway; Groucho, a co-repressor known to target 740 in
some tissues; JNK, which can augment EGF signaling; and Arm and p120, co-activators that are
inhibited by sequestration at E-cad adherens junctions. Neither yki depletion nor groucho over-
expression prevents rho activation in E-cad knockdown midguts. Overexpression of the JNK in-
hibitor puckered (puc2A) partially reduces rho activation, although with unclear significance
(unpaired t-test, p=0.22). By contrast, knockdown of either arm or p120 significantly reduces rho
activation (p=0.04 and 0.03, respectively). b, Overexpression of p120, but not arm*'’, in entero-
cytes is sufficient to increase 770 mRNAs relative to control (red line), as measured by qPCR. In
a and b, values are means + S.D. of 3 independent experiments; midguts analyzed 4 days post-
induction. c-e, Depletion of E-cad or overexpression of p/20) induces rho-lacZ in enterocytes. f,
Quantification of 7ho-lacZ" cells. The number of rho-lacZ" enterocytes increases with E-cad de-
pletion or p120 overxpression (unpaired t-test, p=0.003 and 0.007 respectively), decreases with
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E-cad overexpression (p=0.04), and is unchanged by overexpression of arm*'’. The number of
rho-lacZ" diploid cells is unchanged. In c-f, values are means + S.D of 4 midguts, analyzed 2
days post-induction. g-1, Enterocyte arm and p120, but not yki or upd3, are necessary for activa-
tion of stem cell EGFR following loss of E-cad. g-i, dpERK " cells are similarly abundant upon
double enterocyte RNAi of E-cad and either yki or upd3 as upon single RNA1 of E-cad alone. j-l,
By contrast, dpERK " cells are substantially decreased upon double RNAi of E-cad and either
arm or p120 and virtually disappear upon triple RNAi of E-cad, arm, and p120. m-o0, Enterocyte
rho is necessary and sufficient for activation of stem cell EGFR. Overexpression of 7%0 in enter-
ocytes increases the abundance of dpERK " stem cells relative to control, whereas depletion of
rho nearly eliminates them. p-r, Enterocyte p/20, but not arm, is sufficient to activate stem cell
EGFR. Overexpression of pI20, but not arm®'’, increases the abundance of dpERK" stem cells
compared to control. Overexpression of both p/20 and arm®'’ together resembles p120 alone.
Panels g-r represent two independent experiments; N=4 midguts per genotype, analyzed 2 days
after transgene expression. See also Extended Data Fig. 3b. s, Overexpression of enterocyte 4o
increases the number of mitotic (phospho-histone H3") stem cells (unpaired t-test, p=0.0009).
N=4 midguts, assessed after 2 days of transgene expression. Representative images shown in all
panels. All scale bars are 25 um.
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Extended Data Fig. 8. Loss of rho, arm, or p120 in enterocytes results in organ atrophy.

a, Total R4ab cell counts. Depletion of 740 in enterocytes reduces total cells by 60% compared to
control (unpaired t-test, p=0.0007). Depletion of either arm or p120 reduces total cells by ~35%
(»=0.011 and p=0.012, respectively). Values are means = S.D from one of three representative
experiments. N=4 midguts per genotype, analyzed after 6 days of induction. b-d, Depletion of
enterocyte rho, arm, or p120 reduces organ size. The R4ab compartment is significantly shorter
following depletion of enterocyte 7o, arm, or p120 compared to control (unpaired t-test,
p<0.0001, 0.011, and 0.0001 respectively). N=10-12 midguts per genotype, analyzed after 6 days
of induction. Representative images are shown. A, anterior; P posterior. Scale bars: 200um.
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