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Materials and Methods

Drosophila stocks

esg-Gal4 UAS-GFP/CyO (1), esg-Gal4 UAS- GFP tub-Gal*’/CyO (1), UAS-DI RNAi (Vienna
Drosophila RNAi Center, #37288), hsflp tubGAL80 FRT19A/FM7, tub-Gal4 UAS-GFP/TM3,Ser
(MARCM 19A4), FRT19A4, ry506 (Bloomington Drosophila Stock Center [BL], #1709),

Notch™ ' FRT194/FM7 (BL#28813), yw hsflp tub-Gal4 UAS-dsRed; FRT82B tub-Gal80/TM3,
Ser (MARCM 82B)(46), FRT82B DI***'°/TM6B (3), UAS-Notch RNAi (BL#7078), UAS-Notch™
(obtained from Myriam Zecca and Gary Struhl, Columbia University Medical Center), Gbhe+
Su(H)-LacZ (NRE-lacZ) (3), baz’ FRT194/FM7B (obtained from Chris Doe, Institute of Neuron
Science, stock 7c4), UAS-baz RNAi (BL#31523), UAS-Notch'”®’ (24), UAS-Notch'”***1°% (24),
UAS-Notch"*>*!1% (24) (obtained from Toby Lieber, Simon Kidd and Gary Struhl, Columbia
University Medical Center), yw hsflp UAS-GFP; tub-Gal80 FRT40A, tub-Gal4/ TM6B, Th
(MARCM 404) , nub" FRT40A4/CyO (obtained from Richard Mann, Columbia University

Medical Center), UAS-asense (obtained from Hugo Bellen, Baylor College of Medicine).

Pupal ISC and Pros+ cell counting

esg-Gal4 UAS-GFP (esg>GFP) flies were reared at 25°C during all of pupal development. When
LL3 female larvae began metamorphosis, white pupae were placed into an empty vial at 25°C
and designated as being at Oh after pupal formation (APF). Intestines were dissected at 24, 30,

40, 43, 44, 48, 54 67,72, 78, 91, and 96h APF followed by immunofluorescence staining.

Linage tracing pupal ISCs by MARCM clones induced at different time points of pupal

development



FRT404 MARCM flies were cultured at 25°C during all of pupal development (except during
heat shock induction). When LL3 female larvae began metamorphosis, white pupae were placed
into an empty vial at 25°C and designated as being at Oh APF. Mosaic Analysis with a
Repressible Cell Marker (MARCM) labels one of the two daughter cells after mitotic division.
ISC asymmetric divisions occur between 44-56 APF. To label ISCs before their asymmetric
division, MARCM clones were induced at 36h APF for 1 hour and intestines were examined at
96h APF by immunofluorescence staining. To label ISC or ee cell symmetric divisions, FRT40A4
MARCM flies were heat shocked at 48h APF for 1 hour (time when ISCs are undergoing
asymmetric divisions), and were examined at 96h APF, followed by immunofluorescence
staining. To trace MARCM clones after the first round of asymmetric divisions. FRT40A
MARCM flies were heat shocked at 30h APF for 1 hour, and were examined at 56h APF,

followed by immunofluorescence staining.

Knock Down of Baz during pupal development

esg"”>GFP (control) and esg”>GFP baz RNAi flies were cultured at 18°C. Late Larval 3 (LL3)
female larvae were placed into new vials with fresh cornmeal food. When LL3 female larvae
began metamorphosis, white pupae were placed into an empty vial and designated as being at Oh
after pupal formation (APF). Samples remained at 18°C until 24h APF and then were transferred
to 30°C to induce esg-Gal4 expression. Flies were then dissected at 34 hours or 42 hours later,
followed by immunofluorescence staining. Based on previous studies comparing pupal
development at 18°C and 30°C to 25°C (21), the dissection times chosen roughly correspond to

48 APF and 64 APF at 25°C.



Knock Down of Notch signaling during pupal development

esg">GFP (control) and esg”>GFP UAS-DI RNAi (or UAS-Notch RNAi or UAS-Notch™) flies
were cultured at 18°C. Late Larval 3 (LL3) female larvae were placed into new vials with fresh
cornmeal food. When LL3 female larvae began metamorphosis, white pupae were placed into an
empty vial and designated as being at Oh after pupal formation (APF). Samples remained at 18°C
until 24h APF and then were transferred to 30°C to induce esg-Gal4 expression. 65 hours later,
which roughly corresponds to 92h APF at 25°C, half of pupae were dissected and examined as
described in the main text. Remaining pupae were kept at 30°C and after eclosion (AE) were
transferred to fresh cornmeal food vials accompanied by daily changes of food. At 3 days AE
intestines were examined as described in the main text.

To determine when Notch signaling is required for preventing ISC differentiation into ee
cells, esg”>GFP UAS-DI RNAi and esg">GFP UAS-Notch RNAi pupae were cultured at 18°C
until 86h APF (corresponds to 42h APF @ 25°C), 110h APF (corresponds to 53h APF @ 25°C),
133h APF (corresponds to 64h APF @ 25°C), 157h APF (corresponds to 76h APF @ 25°C) and
181h APF (corresponds to 87h APF @ 25°C). Then pupae were transferred to 30°C to permit
esg-Gal4 expression. Dissections were performed before eclosion, based on the appearance of

black wings and mature bristles (217).

Notch, Delta and Bazooka mutant MARCM clone analysis during the pupal period
FRTI194 MARCM Notch®*"', FRT194 MARCM baz’, FRT 194 MARCM, 82B MARCM, and
FRT82B MARCM DI**™’ flies were cultured in a 25°C incubator. LL3 female larvae were
placed into new vials with fresh cornmeal food. When LL3 female larvae began metamorphosis,

white pupae were placed into an empty vial at 25°C and designated as being at Oh after pupal



formation (APF). Pupae were heat shocked for 1 hour at 24h APF, and then moved back to 25°C.
FRT194 MARCM Notch™"!, FRT 194 MARCM, 82B MARCM, and FRT82B MARCM DI**""’
intestines were dissected at 92h APF, 3 days AE, 5 days AE, and 10 days AE, followed by
immunofluorescence staining. FRT 194 MARCM (control) and FRT194 MARCM baz’
intestines were dissected at 92h APF, followed by immunofluorescence staining. Adult flies were

reared on cornmeal food that was changed daily.

Missexpression of Notch intracellular domains in ISCs during pupal development
esg“>GFP, esg">GFP UAS-Notch™ "’ esg">GFP UAS-Notch™ 7?71 and esg">GFP
UAS-Notch™" ¥ flies were cultured at 18°C incubator. When LL3 female larvae began
metamorphosis, white pupae were placed into an empty vial at 18°C and designated as being at
Oh after pupal formation (APF). Vials were kept at 18°C until 48h APF. esg”>GFP vials were
placed at 30°C. esg“>GFP UAS-Notch™" 7’ vials were placed either at 30°C, 27°C, 25°C, or
18°C. esg™>GFP UAS-Notch™"*'7%*?1°0 and esg">GFP UAS-Notch™*'**?!1% flies were placed
at 30°C. For all vials transferred to 30°C, dissections were performed before eclosion, based on
the appearance of black wings and mature bristles (27), about 60 hours after temperature shift.
esg">GFP UAS-Notch™ 7 vials were transferred to 27°C or 25°C, dissections were performed
before eclosion, about 70 hours after temperature shift. esg”>GFP UAS-Notch™ 7’ vials were
kept at 18°C incubator during all of pupal development and dissections were performed about

190h APF.

Pdm1 antibody production
Residues 95-226 of Pdm1 protein fragment (47) was cloned into the protein expression vector
pDEST17 (Invitrogen), and used to transform BL21A competent cells. 6xHis-tagged protein was

purified from lysate using Ni—nitrilotriacetic acid flow columns (QIAGEN) and was injected into



guinea pigs (Covance). Sera were collected over a period of 2 months and tested for specificity
by Western blot analysis and nub' MARCM clones (Fig. S5I). We did however note that staining
of adult ECs with this antibody does not reproducibly stain EC nuclei and is therefore not

recommended as a probe for adult EC differentiation.

Immunostaining and fluorescence microscopy

Samples were dissected in 1 XPBS, fixed in 4% formaldehyde for 1 hour. Primary antibodies
were used at the following dilutions: mouse anti-Pros at 1:100 (MR1A; Developmental Studies
Hybridoma Bank); chicken anti-GFP at 1:10,000 (Abcam, Cat #13970); rat anti-a-tubulin at
1:2,000 (Abd Serotec MCA78G); guinea pig anti-Delta at 1:4,000 (obtained from Marc
Muskavitch, Boston College); rabbit anti-Miranda at 1:1000 (antigen: peptide 96C, from amino
acid 96 to 118, A96C, obtained from Yuh Nung Jan, University of California School of
Medicine, San Francisco)(//); rabbit anti-GST-Baz Nterm at 1:2000 (final bleed, obtained from
Elisabeth Knust, Max-Planck-Institute of Molecular Cell biology and Genetics, Dresden) (8);
rabbit anti-B-galactosidase at 1:10,000 (Cappel); mouse anti- B-galactosidase at 1:400 (Abcam,
Ab1047) ; guinea pig anti-Pdm1 at 1:1,000; rabbit anti-DH31 at 1:1,000 (obtained from Gert Jan
Veenstra, Nijmegen Centre for Molecular Life Sciences)(48); rabbit anti-FMRFamide at 1:1,000
(Peninsula Laboratories, Inc. Cat# T4321); mouse anti-Notch intracellular domain (Notch™™) at
1:100 (C17.9C6; Developmental Studies Hybridoma Bank), and rabbit anti-phospho-histone H3
at 1:1000 (H3ser10, Millipore #2465253). Alexa Fluor—conjugated secondary antibodies were
used at 1:4,000 (Molecular Probes and Invitrogen). Guts were stained with 1 pg/ml DAPI
(Sigma-Aldrich), mounted in 70% glycerol, and imaged with a spinning-disc confocal

microscope (DSU; Olympus) using UPLFLN 20x, 40% oil, and 60x oil objectives (imaging



medium: immersion oil type F obtained from Olympus). The imaging temperature was at room
temperature. The camera used was an electron multiplying charge-coupled device camera
(ImagEM Enhanced C9100-13; Hamamatsu Photonics). The acquisition and processing software
used was SlideBook (version 4.2; Intelligent Imaging Innovations). Images were processed in

Photoshop CS5 (Abode) and Illustrator CS4 (Adobe) for image merging and resizing.

Quantification of Notch™™ fluorescence integrated density

esg"“>GFP+Notch™ '’ female pupae were cultured at 18°C until 48h APF and then shifted to
30°C, 27°C and 25°C respectively for 16 hours. Intestines were immediately dissected followed
by Notch™™ antibody staining. Notch™™ fluorescence pictures were taken at the same

microscopy settings and then processed using imagelJ to quantify fluorescence-integrated density.

2-cell WT MARCM clones induction during the adult period
FRT82B MARCM flies were cultured at 25°C. 5 days AE, flies were heat shocked for 45 minutes.

2 days ACI, intestines were examined by immunofluorescence staining.

Missexpression of Asense and Notch RNAi during the adult period

esg”>GFP UAS-Asense and esg"”>GFP UAS-Asense UAS-Notch RNAi flies were cultured in a
18°C incubator. 5 days AE, flies were transferred to a 30°C incubator. 36 hours after temperature
shift, esg”>GFP UAS-Asense intestines were examined for Pros asymmetric localization. 3 days
after temperature shift, esg“>GFP UAS-Asense intestines were examined for DI and NRE-lacZ
staining. 8 days after temperature shift, esg”>GFP UAS-Asense and esg">GFP UAS-Asense

UAS-Notch RNAi intestines were examined for ISC loss.



Missexpression of Asense in WT and DI mutant MARCM clones during the adult period
UAS-Asense; FRT82B MARCM flies and UAS-Asense; FRT82B DI**™” MARCM flies were
reared in a 25°C incubator. 3 days AE, flies were heat shocked for 45 minutes. 5 days and 10

days ACI, intestines were examined followed by immunofluorescence staining.

Statistical analysis and Graphing

Boxes in Fig. 5F and S8J extend from the 25" to 75™ percentiles. Whiskers extend to the 10 to
90 percentiles. Statistics were performed using one-way analysis of variance (ANOVA) test on
Prism (GraphPad Software). Significance was accepted at *, P < 0.01; ** P <0.001; and *** P

< 0.0001. Radial histogram graph is made by using OriginPro 8.5.1. (OriginLabs).

Figures S1-S10
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Sup Fig. 1. ee cells are specified by ISC asymmetric divisions. (A) Previous model of the
Drosophila intestinal stem cell (ISC) lineage: ISCs express Delta and signal via the Notch
signaling pathway to their daughter, the enteroblast (EB), to differentiate into an EC or an ee
cell. An EB that receives a high Notch signal differentiates into an EC. An EB that receives a
low Notch signal differentiates into an ee. (B) At 54h APF, Pros is present in the entire intestine.
(C) Quantification of the frequency of different size clones induced at 36h APF and examined at
96h APF. Clones counted: n=96. (D) Quantification of the frequency of different size clones
induced at 48h APF and examined at 96h APF. Clones counted: n=137. (E) Quantification of the
frequency of different size clones induced at 30h APF and examined at 56h APF. Clones



counted: n=52. (F) Schematic representation of WT MARCM clones and their outcomes induced
at 30h APF and examined at 56h APF. (G and H) 2-cell clones (green) induced at 30h APF
contain 1 Pros+ cell and 1 Pros- cell. (I and J) 3-cell clones induced at 30h APF contain 2 Pros+
cells and 1 Pros- cell. (K) High magnification image of Fig. 1L. The apical daughter extends a
projection (arrowhead) towards the basal side during telophase. (L-P) Low magnification images
of Fig. 1J-N respectively. Pros asymmetrically localizes to the basal daughter cell during ISC
mitosis. Blue: DAPI. Green in J-O: esg>GFP. Scale bar: 10um.
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Sup Fig. 2. Baz is required for the asymmetric localization of Prospero during ISC mitosis.
(A-J) Pupal midguts were examined at 48h APF. (A and B) Mira co-localizes with Pros on the
basal side of metaphase ISCs. White: Mira. (C, D and E) Crescent Baz and Pros staining are
mutually exclusive in (C) metaphase and (D) anaphase and (E) Telophase ISCs. White: Baz. (F



and G) Representative division angles in esg>GFP metaphase ISCs. Pros staining localizes to
the basal side of dividing cells. White: a-tub. (H, I and J) Representative division angles in
esg“>baz RNAi metaphase ISCs. Pros evenly distributes on the cell membrane. Red: Pros. Blue:
DAPI. Scale bars: 10um.
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Sup Fig. 3. ee cells activate Notch signaling in ISCs to prevent ISCs from differentiating
into ee cells during pupal development. (A, A’) Dl is absent from esg>GFP+ ISCs at 40h
APF. (B, B’) Membrane punctate DI is present in esg>GFP+ ISCs at 44h APF. (C, C*) NRE-
lacZ staining is absent from a single esg>GFP+ ISC at 44h APF. (D, D’) An ISC-ee pair of cells
at 48h APF. NRE-lacZ is present in the Pros- esg>GFP+ ISC at 48h APF. Insert in D’: Pros. (E-
I) Flies were transferred to 30°C at 24h APF. (E) At 90h APF all esg“>DI RNAi, GFP+ cells are
Pros+. (F) At 3 days AE, rare GFP positive cells are present in esg*>DI RNAi GFP intestine. All
remaining diploid cells (GFP-) are Pros+. Insert: rare GFP+ cells. (G) esg”®>GFP control
intestines were dissected at 3 days AE. esg"*>GFP labels all ISCs and EBs. (H) esg">Notch
RNA; flies or (I) esg®>Notch™ flies were dissected at 1 day AE. Mutant midguts contain few or
no esg"“>GFP positive cells. All remaining diploid cells (GFP-) are Pros+. Blue: DAPI. Scale
bar in A-D and H-I: 10pm.



3
/f\\'

) esgs>Notch RNAi _
OhAPF 42h 53h 64h 76h 87h 92hAPF

I30°CI

3¢
= Dissection

18°C ]

42h APF
transfer

53h APF
tramsfer

®64h APF
*transfer




Sup Fig. 4. Notch signaling is dispensable for pupal ISC maintenance after 64h APF. Hours
in this Figure correspond to developmental times at 25°C (see Material and Methods for
experiment details). (A) Schematic of the genetic manipulations carried out during pupal
development. (B and B’) 42h APF, esg"“>Notch RNAi pupae were transferred to 30°C. (C and
C’) 53h APF, esg"®>Notch RNAi pupae were transferred to 30°C. (B’ and C’) No Mira staining
was detectable. (D and D) 64h APF, esg">Notch RNAi pupae were transferred to 30°C.
Arrowhead in D’: DH31 staining positive cells. Blue: DAPI. Red: Pros. White: DH31. Scale bar:

10pm.
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Sup Fig. S. ee cell divisions are symmetric for Prospero distribution but asymmetric for cell
polarity and Notch signaling. (A-A’’ and B-B’’) Representative division angles in metaphase
of ee cell divisions. (C-C*’ and D-D’’) Baz staining localizes to a crescent on the apical cell
membrane during metaphase of ee divisions. (E-E’”) Following ee division, strong DI staining is
present in one of the Pros+ pairs of cells. (F-F’’, G-G’°, and H-H’’) After ee cell division, one of
the two Pros+ cells is NRE-lacZ positive (asterisk). NRE-lacZ staining in ISCs (arrowheads in F,
G and H) is dynamic. NRE-lacZ staining is present in (F), low in (G) and disappeared in (H).
Blue: DAPI. Scale bar: 10pm.
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Sup Fig. 6. Notch™"*'”" expression levels driven by esg® at different temperatures and
specification of Pdm1 antibody. (A-F) esg“>Notch™ ™’ flies were cultured at 18°C and



transferred to (A-A’ and B-B’) 30°C, (C-C’ and D-D’) 27°C, or (E-E’ and F-F”) 25°C at 48h
APF for 16 hours. The expression level of Notch™™'7** was detected by Notch™ antibody
staining. Both Notch™™'™° and GFP staining appear weaker when the temperature is lower. (G)
Quantification of the fluorescence integrated density of Notch™"™ staining at different
temperatures. Data are represented as mean + SD. ***: P<(0.0001, *: P<0.01. (H) Pdm1 antibody
staining (red) in the imaginal wing disc. (I, I’) Pdm1 antibody staining (red) is absent from nub'
MARCM clones (Green) induced in the wing disk. Blue: DAPI. Scale bar: 10um.
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Sup Fig. 7. Pros asymmetrically localizes into the basal daughter cell during adult ISC
divisions. (A-A’’ and B-B’’) Pros asymmetrically localizes to a crescent in dividing esg>GFP+
cells in the adult. (C-C’”) Pros asymmetrically localizes into one of the daughter cells during
Telophase of adult ISC division. (D-D”’, E-E*” and F-F**) 5 days AE esg®>Asense flies were
transferred to 30°C for 36 hours. Pros asymmetrically localizes to a crescent in dividing
esg”>Asense, GFP+ cells. (G-G*) Low magnification of a dividing adult esg>GFP+ cell
containing Pros asymmetrically localized to the basal side. (H) High magnification of the cell in
(G). The yellow line indicates location of the basement membrane. Blue: DAPI. Scale bar:
10pm.

F” ui"

esg>GFP asymmetric division

Prospero localizes to the basal side

G Lumen/Fly food

Apical




A esg>GFP A

Sup Fig. 8. Symmetric localization of Pros during an ee division in the adult intestine. Blue:
DAPI. Scale bar: 10um.
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Sup Fig. 9. Post mitotic Notch signaling from enteroendocrine daughters regulates ISC
identity. (A-A’ and B-B’) 5 days AE, esg”>Asense flies were transferred to 30°C for 3 days. (A)
DI staining is present in the Pros+ cell from a pair of esg>GFP+ cells. (B) A four-cell
esg>GFP+ cluster contains 3 ee cells (Nuclear Pros+) and a single ISC (Pros-) that is positive



for the Notch reporter NRE-lacZ. Note that the strongest GFP+ cell in the cluster is the ISC. The
arrow in B’ indicates the most likely division order in the lineage. (C) 3 days after eclosion
esg”>Asense flies were transferred to 30°C for 8 days. The intestine contains numerous clusters
of enteroendocrine cells. ISCs (GFP+ and Pros-) are also present. (D) 3 days after eclosion
esg"”>Asense, Notch RNAi flies were transferred to 30°C for 8 days. In contrast to (C), ISCs are
no longer present. (E-E’’, F-F*” and G-G’”) WT MARCM clones expressing UAS-asense for 5
days After Clone Induction (ACI). Each of these clones contains one ISC (Pros-) that is also
positive for the Notch reporter NRE-lacZ. (H-H”’ and I-I"*) DI**""’ MARCM clones expressing
UAS-asense for 5 days ACI. All clone cells are Pros+. (H) is a lower magnification view of Fig.
6F. (J) Quantification of the number of UAS-asense; DI**'* MARCM clones in the posterior
midgut 5 days and 10 days ACIL. ***: P<0.0001. (K) A low magnification view of UAS-asense;
DI*" " MARCM intestine 5 days ACL (L) A low magnification view of UAS-asense; DI**""’
MARCM intestine10 days ACI. Blue: DAPI. Scale bar: 10um.
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Sup Fig. 10. Model of Notch function in the larval, pupal and adult midgut. (A) Larval
midgut. Notch signaling is necessary and sufficient for Peripheral Cell differentiation (PC) from
Adult Midgut Progenitors (AMPs). (B) Pupal midgut. Following asymmetric division of ISCs,
Enteroendocrine Mother Cell (EMC) daughters activate low Notch signaling in ISCs to prevent
their differentiation into ee cells. After one round of asymmetric ISC divisions, ISCs divide
symmetrically giving rise to a pair of ISCs. EMCs divide asymmetrically producing one Notch
positive DH31+ ee cell and one DI positive DH31- ee cell. Loss of Notch signaling during
asymmetric ISC divisions results in ee cells that fail to express the peptide hormone DH31. Low
level activation of Notch signaling in ISCs blocks ee cell formation. High level activation of
Notch signaling in ISCs forces all ISCs to differentiate into ECs. (C) Adult midgut. ISCs
strongly activate the Notch signaling pathway in enteroblast (EB) daughters resulting in their
differentiation into ECs. Occasionally, ISCs express Pros and initiate the ee cell making process.
Following asymmetric cell division, the EMC activates low Notch signaling in ISCs causing
them to revert back to making ECs. In addition, EMCs undergo one transient division resulting
in an ee cell pair, which requires Notch pathway activation to properly differentiate into hormone
producing cells. Disruption of the Notch signaling pathway during the EC making process results
in an accumulation of ISCs. Disruption of the Notch signaling during the ee making process
results in an accumulation of ee cells. As a result mutant ISCs become unipotent and give rise to
only ee cells. Activation of high level of Notch signaling promotes all adult ISCs to differentiate
into ECs.
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