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Figure 1. RNAi Screen identified Non-stop (Not) as an ECs identity supervisor. (A) Schematic diagram of midgut differentiation and an outline of the
Ub/UbL screen (see text for details). The Notch ligand, Delta, is expressed on the surface of Intestinal stem cells (ISC) marked in red. (B) Phenotypes
Figure 1 continued on next page
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Figure 1 continued
expected from positive hits: 1. Loss of expression of EC-specific GFP (expressed only in fully differentiated ECs using MyoIA>Gal4/Gal80ts system),
along with ectopic expression of the ISC marker Delta (red). 2. Polyploid cells that ectopically express Delta and retain expression of GFP. (C–F)
Confocal images using UAS-LacZ (C, E) or UAS-Non-stop RNAi (D, F) along with UAS-GFP expressed under the control of MyoIA>Gal4/Gal80ts system.
Scale bar is 10 mM. The stem cell marker Delta (C, D) and EE marker Prospero (E, F) are shown in red. (G, H) Quantification of three biological repeats
of experiments similar to that shown in C-F. *(I, J) Expression of UAS-Non-stop RNAi, but not control, in ECs for 48 hr using MyoIA>Gal4/Gal80ts results
in ectopic expression of the Notch-reporter (red) in polyploid cells. (K, L, Q) Expression of the escargot progenitor enhancer reporter M5-4-LacZ in
control or Non-stop-targeted ECs (red). Yellow arrows points to cells shown in the insets. White arrows in L are examples of EC-like polyploid cells
ectopically expressing the reporter. (M, N) Loss of Non-stop in ECs resulted in an increase in the mitosis marker p-H3 in small cells. (O, P, P’) Loss of
Non-stop in ECs impairs gut integrity as evident by the leakage of blue-colored food into the abdomen (smurf assay); 24% of Non-stop-RNAi flies show
loss of gut integrity versus 0% in control flies (n = 50, 44 respectively, p<0.0001) (Q) Quantification of M5-4 positive PPCs in control and upon targeting
Non-stop in ECs. (*** = p<0.001 **p<0.01). (R) Survival analysis of flies expressing the indicated transgenes in ECs under the control of MyoIA-Gal4/
Gal80ts (Log-rank test ****=p<0.0001).
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Figure 1—figure supplement 1. Examples of positive hits of the Ub/UbL screen. (A–J) Confocal images of the midgut tissue and the indicated
transgenes expressed in ECs using the MyoIA-Gal4/Gal80ts. White arrows indicate cells shown in insets. Scale bar is 10 mM MyoIA>UAS-GPF marks fully
differentiated ECs, Delta is shown in red, and DAPI (blue) marks DNA. (A-G) Examples of positive hits from the screen. (H–J) Loss of Non-stop in ECs
using three independent UAS-RNAi transgenic lines results in loss of EC identity.
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Figure 1—figure supplement 2. Characterization of Non-stop in midgut cells (A–G). (A–G)Confocal images of the midgut tissue and the indicated
transgenes expressed in EC using the MyoIA-Gal4/Gal80ts. (A–D) Non-stop is expressed in all midgut cells. Expression of endogenous Non-stop
protein (red) was tested relative to the expression of UAS-GFP that was expressed under the cell-specific GAL4 drivers: Dl>GAL4 (ISC); Su(H)>Gal4
(EBs); Prospero Gal4 (EE’s) and MyoIA>Gal4 (ECs). Arrow point to cells shown in insets. (E) Expression of Non-stop upon activating UAS-Non-stop-RNAi
in ECs. (F, G) Level of H2Bub (red) in midguts expressing the control (F), or UAS-Non-stop-RNAi (G) in ECs using the MyoIA>Gal4, UAS-GFP system. (H)
Western-blot analysis of H2Bub and H2B in midgut derived extracts of the indicated genotypes. Actin serves as a loading control. (I–L) Expression of
Delta (I, J, red) or Prospero (K, L, red) in midguts expressing control (I, K) or the UAS-Non-stop RNAi (J, L) in EE using prospero>GAL4ts, UAS-GFP
system. (M–P) Expression of Delta (red) in midguts expressing control (M, O) or the UAS-Non-stop RNAi (N, P) in progenitor cells using esg>GAL4ts,
UAS-GFP system (M, N), or predominantly in EBs using Hey GAL4ts, UAS-GFP (O,P). Scale bar is 10 mM.
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Figure 2. G-TRACE-Lineage characterization of Non-stop targeted young ECs and, aged ECs. (A) Schematic diagram of EC-G-TRACE-lineage tracing
system adapted from Flint Brodsly et al., 2019. PPC** (RFP-GFP+), are EC that are no-longer differentiated. PPC* (RFP-GFP-) are miss-differentiated
Figure 2 continued on next page
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Figure 2 continued
progenitors. (B–Q) Confocal microscopy of midguts expressing the indicated transgenes, under the control of MyoIAts G-TRACE system using the
indicated antibodies. DAPI (blue) marks DNA. Arrows point to cells shown in the insets with individual far-RFP, RFP and GFP channels. scale bar is 10
mM. (B–G) G-TRACE of EC in control young midgut expressing either UAS-LacZ (B, D, F), or UAS-Non-stop- RNAi (C, E, G). Arrows point to cells shown
in the insets with individual far-RFP, RFP and GFP channels. (H–I) Expression of Delta (purple) on the surface of the indicated PPCs. Numbered cells are
shown in (I) with individual channels dashed circle outlines the nucleus. (J) G-TRACE-based quantification of PPC types (wildtype, PPC* PPC**) observed
in control midguts or where Non-stop was targeted ECs. (K–Q) Confocal microscopy of midguts expressing MyoIAts> G-TRACE system using the
indicated antibodies. (B, L, N, P) G-TRACE of EC in young, and (K, M, O, Q) old midguts. (R) Quantification of indicated PPCs expressing OddSkipped, and Delta similar to experiments shown in L-O (**** = p<0.0001).
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Figure 2—figure supplement 1. Non-stop is required for expression of EC transcription factors, and epistatic studies with Hey (A–H). (A–H)Confocal
images of the midgut tissue and the indicated transgenes expressed in EC using the MyoIA-Gal4/Gal80ts. DAPI marks DNA and Scale bar is 10 mM. (A,
B) anti-Pdm1 (C, D) anti-Caudal Arrows point to cells shown in the inset. Scale bar is 10 mM. (E–F) Co-expression of Non-stop does not suppress the
loss of identity and ectopic Delta expression observed upon loss of Hey in ECs. (G, H) Co-expression of Hey does not suppress the loss of identity and
ectopic Delta expression observed upon loss of Non-stop in ECs.

Erez et al. eLife 2021;10:e62312. DOI: https://doi.org/10.7554/eLife.62312

8 of 33

Research article

Cell Biology Developmental Biology

Figure 2—figure supplement 2. Miss-regulation of enhancers activity and nuclear Lamins in aged enterocytes. (A–N) Confocal images with the
indicated antibodies of adult Drosophila midgut epithelium expressing the indicated transgenes, DAPI marks DNA, and scale bar is 10 mm. (A–H)
transgenic lines expressing UAS-GFP under the control of the EC- specific promoter MyoIA-GAL4/Gal80ts system. (I–P) Transgenic lines expressing GTRACE system under the control of the enterocyte specific promoter MyoIAts system. The expression of M5-4::LacZ stem cells enhancer of esg gene is
shown in A, B, I, and J. The protein level and distribution of the indicated protein is shown; LamC expression (C, D, K, L). Lamin Dm0 (LamDm0), E, F,
M, N., and Otefin (Ote) protein level in control young ECs or old (G, H).
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Figure 2—figure supplement 3. Hallmarks of aging in the Drosophila midgut (A–L). (A–L) Confocal images of indirect immunofluorescence staining
with the indicated antibodies of adult Drosophila midgut intestinal epithelium expressing termed MyoIAts. Scale bar is 10 mm. (A, C, E, G, I, K): Young
mid-guts (four days old adults). (B, D, F, H, J, L) Four weeks old guts. DAPI marks DNA and arrows indicates cells shown in the insets. SSK; Snake Skin;
Arm, Armadillo; Dlg, Disc large.
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Figure 3. Identification of a Non-stop-identity complex (NIC). (A–C) Purification scheme of nuclear Not-associated complexes from Drosophila S2 cells.
(see text and methods; Reproduced from Figure 1B and E, Cloud et al., 2019), eLife, published under the Creative Commons Attribution 4.0
Figure 3 continued on next page
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Figure 3 continued
International Public License (CC BY 4.0; https://creativecommons.org/licenses/by/4.0/). (B) Identification of Not-associated isopeptidase activity proteins
by immunoprecipitation followed by size fractionation and mass-spectrometry. CP190, Mod (mdg4), Nup96-98, and E(y)two were all present in Group 2.
Not-FH; IP with full length Not FLAG-HA tagged (C) Summary of protein complexes isolated identified by mass-spectrometry (D, E) Not binds to the Cterminal portion of CP190 and to E(y)2. (D) Immunoprecipitation confirms Non-stop specifically interacts with NIC subunits Cp190 and Mdg4.
Endogenous Non-stop was immunoprecipitated from whole cell extracts prepared from adult OregonR flies using an a-Non-stop antibody. Control
immunoprecipitations were performed with a-guinea-pig IGG. The presence of NIC subunits was assayed by immunoblotting with antibodies specific
for Cp190 or Mdg4 as indicated. (E) Western-blot of in vitro binding between HA-Not derived from S2 cell extract and the indicated bacterially
expressed purified His-tagged proteins. 10% input is shown. (F) Coomassie blue staining of the indicated bacterially expressed His-tagged proteins
used in the binding assay in (E). (G) Upper panel: Schematic diagram of Y2H interaction assay between CP190 and Non-stop. Different fragments of
CP190 were fused to the activation domain (AD) of GAL4 and tested for interaction with Non-stop fused to the DNA-binding domain (BD) of GAL4.
Protein domains of full-length CP190 are indicated as boxes, and lines represent the different deletion fragments. Zf denote zinc-fingers; BTB, BTB/POZ
domain; D, aspartic acid -rich region; M, microtubule-interacting region; E, acid glutamate-rich region of CP190. The results are summarized in columns
on the right (BD-Not and BD alone), with the ‘+” and “- “signs denotes presence and absence of interaction, respectively. Lower panel: Schematic
diagram of Y2H and Y4H interaction assay between Mod(mdg4) and Non-stop. Different fragments of Mod(mdg4) were fused to the activation domain
(AD) of GAL4 and tested for interaction with Non-stop fused to the DNA-binding domain (BD) of GAL4 and complex of BD-Non-stop with Eny2 and
Sgf11. Protein domains of full-length Mod(mdg4) are indicated as boxes, and lines represent the different deletion fragments. BTB, BTB/POZ domain;
Q, glutamine-rich region; FL, FLYWCH-type zinc finger domain; SID, Su(Hw) interaction domain. The results are summarized in columns on the right
(BD-Not, BD-Not/Eny2/Sgf11 and BD alone), ‘+” and “- “signs denotes presence and absence of interaction, respectively.
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Figure 3—figure supplement 1. SAGA subunits and Su(Hw) do not regulate EC identity. (A–E) Confocal images of the midgut tissue and the indicated
transgenes expressed in EC using the MyoIA-Gal4/Gal80ts. (A–E) anti-Delta (A’–C’) anti-Odd-skipped. (A, A’) UAS-LacZ, (B, B’) UAS-Sgf11-RNAi; (C, C’)
Figure 3—figure supplement 1 continued on next page
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Figure 3—figure supplement 1 continued
UAS GCN5-RNAi, (D) UAS-Atx7 RNAi (E) UAS-Su(Hw)- RNAi. DAPI marks DNA, Scale bar is 10 mM. (F) Schematic diagram of Y3H interaction assay
between Eny2, Sgf11 and Non-stop. Full-sized Eny2 and Sgf11 were fused to the activation domain (AD) of GAL4 and tested for interaction with Nonstop fused to the DNA-binding domain (BD) of GAL4 in Y2H. In a simple Y2H we did not observe any interaction. Y3H assay demonstrated assembly of
tertiary Eny2-Sgf11-Non-stop complex. Y3H was combined in two variants: 1 – BD-Non-stop, AD-Eny2 and Sgf11 (as additional plasmid); 2 - BD-Nonstop and AD-Eny2-2A-Sgf11 (plasmid coding fusion protein consisting of AD-Eny2 and Sgf11 separated by a self-cleavage 2A-peptide). The results are
summarized in columns on the right (BD-Not and BD alone), with the ‘+” and “- “signs denotes presence and absence of interaction, respectively.
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Figure 4. Non-stop identity complex (NIC) regulates EC identity. Confocal images of the midgut tissue using the indicated antibodies; (A–E) LamC, (G–
K) Delta, DAPI marks DNA (blue). The indicated transgenes were expressed in EC using the MyoIA-Gal4/Gal80ts system for forty-eight hours. (A, G)
Figure 4 continued on next page
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Figure 4 continued
UAS-LacZ (B, H) UAS-e(y)2-RNAi; (C, I) UAS-CP190-RNAi;. (D, J) Nup98-96 (E, K) Mod (mdg4) White arrows points to cells shown in insets, and scale bar
is 10 mM. Quantification is shown in (F) for LamC. and (L) for Delta.
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Figure 5. Not regulates EC-gene expression and is required for chromatin accessibility. (A) Venn diagram comparing EC-related genes (Blue;
Korzelius et al., 2014), genes exhibiting reduced expression upon loss of Not in ECs (Green), and chromatin regions with reduced accessibility upon
loss of Not in ECs identified by ATAC-seq (Orange). (B) Metascape analysis of shared Non-stop-down-regulated genes and Esg over-expression in ECs.
(C) Venn diagram comparison of genes that exhibit reduced expression upon loss of either Non-stop or Hey in ECs, as well as genes in the vicinity of
regions showing reduced accessibility upon loss of Non-stop. (D) Venn diagram of genes that exhibit reduced expression upon loss of Non-stop or Hey
Figure 5 continued on next page
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Figure 5 continued
and of genes with reduced expression upon over expression of LamDm0 in ECs (E) GO analysis of genes downregulated by loss of Non-stop in and
Esg over-expression in ECs exhibiting reduced accessibility. Observed gene count; number of genes identified from this group in both ATAC-seq and
RNA-seq (F) Genome-wide alignment and MEME analysis of regions with reduced accessibility in the vicinity of down-regulated genes upon loss of
Non-stop in ECs. TSS, transcriptional start site; TES, transcription end site. (G–H) Confocal images of the midgut tissue using a-Histone H1 (red), and
expressing the indicated transgenes in ECs using the MyoIA-Gal4/Gal80ts system for forty-eight hours, DAPI marks DNA (blue). (G) UAS-LacZ (control)
(H), UAS-Non-stop RNAi. Scale bar is 10 mM. (I, J) western-blot analysis of the indicated proteins derived from gut extract (I), or S2 Drosophila cell
extract (J) Histone H3 and Actin serve as loading controls.
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Figure 5—figure supplement 1. Analysis of Not-related RNA-seq and ATAC-seq. (A) (A1) Metascape analysis of biological process in genes exhibiting
reduce expression upon loss of non-stop in ECs and not over expression of progenitor TF Escargot in ECs. (A2) List of shared transcription factors that
Figure 5—figure supplement 1 continued on next page
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Figure 5—figure supplement 1 continued
exhibited reduced expression either upon loss of non-stop in ECs and expression of progenitor TF Escargot in ECs.(A3) List of transcription factors that
exhibited reduced expression either upon loss of non-stop in ECs not affected by expression of the progenitor TF Escargot in ECs. (B) Venn diagram
comparing genes exhibiting enriched expression in differentiated gut cells (Blue), genes exhibiting reduced expression upon loss of Not in ECs (Green),
and chromatin regions with reduced accessibility upon loss of Not in ECs identified by ATAC-seq (Orange). Venn diagram comparison of genes that
exhibit reduced expression upon loss of either Not or expression of LamDm0 ECs, and EC-expressed genes (C) Venn diagram comparison of genes
that exhibit reduced expression or accessibility upon loss of Not, and genes with reduced expression upon over expression of LamDm0. (D) Venn
diagram comparison of genes that exhibit upregulation in expression upon loss of either Not or Hey in ECs or over-expression of LamDm0 in ECs. (E).
Three principle components analysis of RNA-seq.(F–H) Expression of LamC suppresses the ectopic expression of proliferating cell nuclear antigen
(PNCA)) isopropyl b-d-1-thiogalactopyranoside (IPTG)) in EC that are no longer differentiated (PCC**). Confocal images of the midgut tissue using the
indicated antibodies. (F–G) G-TRACE analysis; (F) Control ECs (expressing UAS-LacZ) do not express PCNA, and are both RFP(+) GFP(+). (G) PPC** are
GFP(+) and RPF(-) (PPC **) and express PCNA (purple). Arrow points to cells shown in the insets (individual channels). (H) ECs where Non-stop was
eliminated using the MyoIA-Gal4/Gal80ts system for forty-eight hours ectopically express PCNA (purple), but not in cells that co-express UAS-LamC.
Example of two cells is shown; the purple and red arrows point to the cells shown in the inset; The left cell exhibits high level of LamC (red) and low
level of PCNA (purple), and the right cell exhibit low level of LamC and high level of PCNA.
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Figure 5—figure supplement 2. Analysis of changes in chromatin actability upon loss of Not. (A) Whole genome changes in chromatin accessibility
unveiled by ATAC seq divided to clusters by location along gene regions and GO ontology of each cluster. (B) MEME analysis of cluster -enrichment in
Figure 5—figure supplement 2 continued on next page
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Figure 5—figure supplement 2 continued
DNA binding sequences associated with the indicated TFs. (C) List of all genes in the vicinity of regions that exhibit increased accessibility upon loss of
Non -stop in ECs.
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Figure 6. Non-stop maintains the protein level and intranuclear localization the NIC subunits, (A–H). (A–H) Representative confocal images of the
midgut tissue using the indicated antibodies (red) and expressing the indicated transgenes in EC using the MyoIA-Gal4/Gal80ts system. UAS-LacZ (A,
Figure 6 continued on next page
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Figure 6 continued
C, E, G), UAS-Non-stop RNAi (B, D, F, H). DAPI marks DNA (blue), and scale bar is 10 mM. White arrows points to cells shown in insets, and scale bar is
10 mM. (I–L) Quantification of 3 biological experiments is shown (M–T) Non-stop regulate large-scale organization of the nucleus. Representative
confocal images of the midgut tissue using the indicated antibodies (red) and expressing the indicated transgenes in EC using the MyoIA-Gal4/Gal80ts
system. UAS-LacZ (M–P), UAS-Not RNAi (Q–T).
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Figure 6—figure supplement 1. NIC subunits are required for maintaining large-scale organization of the EC nucleus. (A–O) Confocal images of the
midgut tissue using the indicated antibodies (red) and expressing the indicated transgenes in EC using the MyoIA-Gal4/Gal80ts system, DAPI marks
Figure 6—figure supplement 1 continued on next page
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Figure 6—figure supplement 1 continued
DNA (blue) and scale bar is 10 mM M (A, D, G, J, M) Mtor; (B, E, H, K, N) Coilin (C, F, I, L, O) Nop60B; (A–C) Control, (D–F) UAS-Cp190 RNAi; (G–I)
UAS-e(y)2 RNAi (J–L) Mod(Mdg4) RNAi (M–O) Nup98-96 RNAi.
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Figure 7. The protein levels of the Not-CP190 complex subunits decline upon aging and is restored upon continues expression of Non-stop in aged
ECs. (A–O) Representative confocal images of the midgut tissue using the indicated antibodies (red) and expressing the indicated transgenes in EC
Figure 7 continued on next page
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Figure 7 continued
using the MyoIA-Gal4/Gal80ts system. (A–E) Young 4 days old guts, (F–J) Five weeks old guts expressing UAS-lacZ. (K–O) Five weeks old guts
expressing UAS-Non-stop. DAPI marks DNA (blue), and scale bar is 10 mM. (P–T) Quantification of similar experiments presented in A-O. **** = P <
0.0001, ***P < 0.001; **P<0.01; *=P<0.1.
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Figure 8. Expression of Non-stop restore large-scale organization of aged ECs. (A–O) Confocal images of the midgut tissue using the indicated
antibodies and expressing the indicated transgenes in EC using the MyoIA-Gal4/Gal80ts. DAPI marks DNA, and scale bar is 10 mM. (A, D, G, J, M)
Figure 8 continued on next page
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Figure 8 continued
Young Guts expressing UAS-LacZ. (B, E, H, K, N) Five weeks old guts expressing control (UAS-GFP). (C, F, I, L, O) Five weeks old guts expressing UASNon-stop. (A–C) a-LamC; (D–F) Mtor; (G–I) a-Histone H1; (J–L) a-LamDm0; (M–O) a-Nop60B.
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Figure 8—figure supplement 1. Expression of Non-stop restore large-scale organization of aged ECs. (A–H) Confocal images of the midgut tissue
using the indicated antibodies and expressing the indicated transgenes in EC using the MyoIA-Gal4/Gal80ts (A, D, G) Young Guts expressing the
indicated UAS-LacZ. (B, E, H) Five weeks old guts expressing the indicated control. (C, F, I) Five weeks old guts expressing UAS-Non-stop. (A–C) aCoilin; (D–F) a-HP1b; (G–I) a-Otefin.

Erez et al. eLife 2021;10:e62312. DOI: https://doi.org/10.7554/eLife.62312

31 of 33

Research article

Cell Biology Developmental Biology

Figure 9. Continuous Expression of Non-stop in ECs suppresses aging phenotypes in the midgut. (A–N) Confocal images of the midgut tissue using
the indicated antibodies and expressing the indicated transgenes in EC using the MyoIA-Gal4/Gal80ts. DAPI marks DNA and scale bar is 10 mM. (A, E,
Figure 9 continued on next page
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Figure 9 continued
I, L) midguts derived from 2 to 4 days old flies (young) (B, F, J, M) Midguts derived from 5 weeks old flies expressing control (UAS-LacZ). (C, G, K, N)
Midguts derived from 5 weeks old flies expressing UAS-Non-stop. DAPI marks DNA (blue), and scale bar is 10 mM. Arm, Armadillo; SSK Snakeskin. (D,
H) Quantification of similar experiments shown in (A–C). **** = P < 0.0001, ***P < 0.001; **P<0.01; *=P<0.1 (O-R) Aging impairs gut integrity as evident
by the leakage of blue-colored food into the abdomen (smurf assay). Continuous expression of Non-stop but not control using the MyoIA-Gal4/Gal80ts
for five weeks safeguards gut integrity, n = 48, 38 respectively; P < 0.001.
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