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SUMMARY

Intestinal stem cells (ISCs) are able to generate gut-
specific enterocytes, as well as neural-like enteroen-
docrine cells. It is unclear how the tissue identity of
the ISC lineage is regulated to confer cell-lineage fi-
delity. Here, we show that, in adultDrosophilamidgut,
loss of the transcriptional repressor Tramtrack in ISCs
causes a self-renewal program switch to neural stem
cell (NSC)-like, and that switch drives neuroendocrine
tumor development. In Tramtrack-depleted ISCs, the
ectopically expressed Deadpan acts as a major self-
renewal factor for cell propagation, and Sequoia
acts as a differentiation factor for the neuroendocrine
phenotype. In addition, the expression of Sequoia
renders NSC-specific self-renewal genes responsive
toNotch in ISCs, thus inverting the differentiation-pro-
moting function of Notch into a self-renewal role as in
normalNSCs. These results suggest an activemainte-
nance mechanism for the gut identity of ISCs, whose
disruption may lead to an improper acquisition of
NSC-like traits and tumorigenesis.

INTRODUCTION

In addition to the nervous system, neuroendocrine (NE) cells are

found in many non-neural tissues and can develop neoplasias

that are known as NE tumors (NETs) (Oronsky et al., 2017). The

NE cells in non-neural tissues display characteristics that are

typical of neurons, such as membrane excitability and hormone

secretion, yet many of these NEs are generated from adult stem

cells of endodermal origin. It is, thus, intriguing how the tissue

identity of stem cells is regulated and controlled to safeguard

cell-lineage fidelity.

The intestinal epithelium in adult Drosophila midgut is main-

tained by intestinal stem cells (ISCs)—the multipotent cells that

are capable of generating both absorptive enterocytes (ECs)

and secretary enteroendocrine cells (EEs) (Micchelli and Perri-

mon, 2006; Ohlstein and Spradling, 2006; Figure 1A). EEs are neu-

ral-like cells and are able to secrete sets of hormone peptides that
1724 Cell Reports 30, 1724–1734, February 11, 2020 ª 2020 The Aut
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are similar to those secreted by NE cells in the Drosophila brain

(Guo et al., 2019b; Nässel and Winther, 2010). While the initiation

of EC generation is driven by Delta (Dl)/Notch-mediated lateral in-

hibition between the two immediate stem cell daughters (de Nav-

ascués et al., 2012; Ohlstein and Spradling, 2007), the initiation of

EE generation occurs at the stem cell level (Biteau and Jasper,

2014; Chen et al., 2018; Zeng and Hou, 2015), with a transient

expression of the proneural gene Scute (Sc) that induces ISCs

to self-renew and to generate an EE progenitor cell (EEP). Each

EEP then divides one more time before terminal differentiation

to yield a pair of EEs (Chen et al., 2018; Guo et al., 2019b). Sc en-

codes a basic helix-loop-helix (bHLH) transcription factor and be-

longs to the achaete-scute gene complex (AS-C), a Drosophila

proneural gene cluster that is expressed in neural progenitor cells

and is important for the development of the embryonic central ner-

vous system and sensory organs of both larva and adult (Campu-

zano and Modolell, 1992; Ghysen et al., 1993). Thus, it appears

that there is a transient activation of neural-like programs in

ISCs that directs EE generation from ISCs.

Tramtrack (Ttk, or Ttk69 isoform), which encodes a BTB-

domain-containing transcriptional repressor, acts as a master

repressor of the differentiation of EEs from ISCs (Wang et al.,

2015). Depletion of ttk in ISCs causes de-repression of AS-C

genes including Sc and Asense (Ase). The continuous expression

of Sc and Ase directs ISCs to continuously generate EEs, leading

to the formation of EE-like tumors, or NETs (Wang et al., 2015).

One intriguing observation from the ttk-depleted ISCs is that

continuous derepression of the differentiation-promoting factors

does not compromise ISC maintenance, but continuous overex-

pression of Sc in normal ISCs will cause regional ISC loss over

time (Chen et al., 2018). Here, we characterized the ttk-depleted

ISCs and, surprisingly, found that the original self-renewal pro-

gram of ISCs had switched to a neuroblast-like self-renewal pro-

gram that is responsible for NET tumorigenesis.
RESULTS

ttk-Depleted ISCs Switch Their Self-Renewal Program
into Neuroblast-like
Beyond the excessive EE phenotype characterized by an exces-

sive number of Prospero (Pros)-positive cells, we found that the
hor(s).
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depletion of ttk in ISCs by RNAi targeting ttk (esgts-Gal4, UAS-

ttk-RNAi, or esgts > ttk-IR for short) also caused generation of

more esg+ (marked by GFP) progenitor cells over time; these

cells gradually cluster together and becomemultilayered tissues

(Figures 1B–1G). This progenitor cell accumulation phenotype is

not observed in ISCs with continuous Sc overexpression, and

the latter one, instead, causes regional ISC loss, as continuous

Sc expression will eventually compromise ISC maintenance by

inducing their differentiation into EEs (Chen et al., 2018).

To investigate the mechanisms underlying this seemingly

enhanced self-renewal ability of the tumor cells, we used fluores-

cence-activated cell sorting (FACS) to sort these esg > GFP+

cells and performed gene expression analysis by RNA

sequencing (RNA-seq). Compared towild-type esg >GFP+ cells,

the ttk-depleted esg > GFP+ cells showed significant upregula-

tion of 1,887 genes and significant downregulation of 1,980

genes (Figure 1H). Gene Ontology (GO) analysis revealed that

the majority of the top 10 upregulated gene categories include

genes related to mitosis, DNA replication, and mitochondrial

translation, which is consistent with the increased cell prolifera-

tion of ttk-depleted esg+ cells. Notably, genes related to neuro-

genesis stand out as the only top upregulated gene category

not related to cell proliferation (Figure 1I).

Interestingly, further examination of the upregulated neuro-

genesis genes revealed several neural-progenitor-specific tran-

scription factor genes, including worniu (wor), as well as many

Enhancer-of-Split (Hes) family genes, including deadpan (dpn),

E(spl)m8, and E(spl)mg, among others (Figure 1J). Notably, the

transcription factors encoded by dpn, wor, and E(spl)mg are

known to serve as core components of the transcription factor

network required for the self-renewal of Drosophila neuroblasts

(NBs) (Berger et al., 2012; Zacharioudaki et al., 2012). Confirming

the observations from our RNA-seq analysis, whole-mount in

situ immunostaining with antibodies against Dpn and Wor re-

vealed strong signals for these ectopically expressed proteins

in ttk-depleted esg > GFP+ cells, while no such signals were de-

tected in normal midgut epithelial cells (Figures 1K–1N). More-

over, we also used a transcriptional reporter for E(spl)m8

(E(spl)m8-lacZ) to successfully confirm the upregulation of

E(spl)m8 in ttk-depleted esg > GFP+ cells (Figures 1O and 1P).
Figure 1. ttk-Depleted ISCs Have Switched Their Self-Renewal Progra

(A) A schematic for the ISC lineage in adult Drosophila midgut. ISCs (marked by

enteroblasts (EBs, marked by NRE-lacZ) and enteroendocrine progenitor cells (EE

gives rise to enterocytes (ECs, marked by Pdm1) and enteroendocrine cells (EEs,

including ISCs, EBs, and EEPs.

(B–G) Representative superficial and cross-sectional views of esg-GAL4,UAS

GFP;UAS-ttk-IR in (D), (E), and (G) adultDrosophilamidguts. (B) and (D) show stain

anti-Armadillo (Arm) staining. Arm is expressed at high levels specifically in ISCs

(H) Volcano plot showing the comparison of gene expression profiles of esg > G

upregulated in ttk-IR gut (log2 fold change < 1; adjusted p 9 0.01), and green dots d

�1; adjusted p 9 0.01). Black dots are representative of neural-specific genes.

(I) The GO analysis results for the significantly changed genes in ttk-IR tumor cel

those for the downregulated 1,980 genes are listed in green. The size of the dot

(J) The list of several NB-specific genes that are significantly upregulated as

downregulated in ttk-depleted tumor cells.

(K–P) The ectopic expression of some NB-specific genes—including Dpn by anti-

and m8 by m8-lacZ reporter expression (O and P)—is confirmed in ttk-depleted t

images for esgts>GFP, ttk-IR. Note that the ectopically expressed Dpn is mainly

cytoplasmic in most cells and nuclear in some GFPhigh cells (arrows).
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The top downregulated gene categories includewingmorpho-

genesis, axon guidance, and glucose metabolism, and the latter

one indicates the downregulation of digestion-related genes

(Figure 1I); interestingly, 18 of the top 20 intestinal-progenitor-

specific transcription factors (Doupé et al., 2018; Hung et al.,

2018) showed significant downregulation following ttk depletion

(Figure 1J), among which esg and fkh are known to be essential

for ISC self-renewal, and Sox100B and Sox21a are known to be

essential for ISC proliferation and differentiation (Chen et al.,

2016; Doupé et al., 2018; Korzelius et al., 2014; Lan et al.,

2018; Loza-Coll et al., 2014; Meng and Biteau, 2015; Zhai

et al., 2015, 2017). These observations indicate that these

formerly gut-like stem cells have undergone a genome-wide

transcriptional switch and have acquired NB-like cell

characteristics.

The Ectopic Dpn Expression Is Responsible for the Self-
Renewal of ttk-Depleted Tumor Cells
The ectopic expression of neural stem cell (NSC) factors and

the concomitant downregulation of expression of intestinal pro-

genitor factors indicate that ttk-depleted mutant stem cells

could have switched their stem cell identity and acquired a

NB-like self-renewal program that drives improper cell prolifer-

ation and differentiation, thereby leading to NET formation. To

test this hypothesis, we individually knocked down the

observed upregulated NB-specific transcription factors and

examined the attendant effects on ttk-depletion-induced NET

formation. Interestingly, while individually depleting other NB-

specific genes, including E(spl)m8, E(spl)mg and wor did not

yield any obvious phenotypic changes (data not shown), and

the depletion of dpn, a known self-renewal factor for NBs

(San-Juán and Baonza, 2011; Zacharioudaki et al., 2012),

completely suppressed NET formation. In addition, the original

esg+ progenitor cells appeared to get lost from the gut over

time (Figures 2A–2D). This strong tumor suppression effect

was also observed with another dpn-RNAi line that uses a

different dpn targeting sequence (Figure S2A). In addition,

knocking down dpn also abolished ttk-depletion-induced

ectopic expression of other NB-specific factors, including

Wor and m8 (Figures S2B–S2D).
m into Neuroblast-like

Dl) are able to self-renew and generate two types of committed progenitors—

Ps, marked by low levels of both Dl and Pros expression)—which, respectively,

marked by Pros). Esg marks all undifferentiated cells in the midgut epithelium,

-GAL80ts,UAS-GFP in (B), (C), and (F) and esg-GAL4,UAS-GAL80ts,UAS-

ed ISCmarker Dl; (C) and (E) show stained EEmarker Pros; and (F) and (G) show

and progenitor cells.

FP+ cells without and with ttk depletion. Red dots depict genes that are highly

epict genes that are significantly downregulated in ttk-IR gut (log2 fold change <

ls. The top 10 GO terms for the upregulated 1,887 genes are listed in red, and

represents the number of genes in this GO term.

well as top 17 intestinal progenitor cell-specific genes that are significantly

Dpn antibody staining (K and L), Wor by anti-Wor antibody staining (M and N),

umor cells. (K), (M), and (O) show images for esgts>GFP. (L), (N), and (P) show

localized to the cell nucleus, but the ectopically expressed Wor appears to be
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Dpn belongs to a member of HLH family transcription factors

and is essential for viability. Its expression is relatively broad dur-

ing early embryonic development, but it becomes largely

confined to the central and periphery nervous at larval and adult

stages, with no detectable expression in the digestive system

(Bier et al., 1992; Robinson et al., 2013). Consistent with the

notion that dpn expression is undetectable in the gut, depleting

dpn generally in all ISCs or in induced clones did not cause any

obvious effect on the proliferation or differentiation of ISCs

(including the differentiation of EEs) (Figures S1B–S1D). There-

fore, dpn is not required for the self-renewal of normal ISCs

but is required for ttk-depleted ISCs.

Next, we asked whether the ectopic expression of dpn in

normal ISCs is sufficient to generate NETs. Interestingly, the

conditional expression of dpn for 7 days by esg-GAL4ts, UAS-

dpn caused massive ISC-like Dl+ cell tumors to form, but EEs

were eliminated from their epithelial tissues (Figures 2E–2G).

We further analyzed the effect(s) of dpn overexpression in ISC

clones that we induced using the FLP-out technique. Similarly,

all of the GFP+ clones overexpressing dpn developed into ISC-

like small-cell tumors and did so in a cell-autonomous manner

(Figure 2H). Of note, we observed that the clones only contained

sporadic ECs but, again, did not contain any Pros+ EEs (Fig-

ure 2I), suggesting that ectopic dpn expression enhanced ISC

self-renewal so that cell differentiation is delayed or blocked.

We sorted out these dpn-overexpressed esg+ cells from esg-

Gal4ts, UAS-GFP, UAS-dpn flies and performed gene expression

analysis by RNA-seq. Interestingly, the global changes in gene

expression caused by dpn overexpression were very similar to

that caused by ttk depletion: there was a significant overlap in

up- and downregulated genes between these two types of tumor

cells (Figure 2J), and the top 10 up- and downregulated gene

categories were also strikingly similar (Figure 2K). Therefore,

ectopically expressed Dpn appears to be a major factor that

drives self-renewal of ttk-depleted tumor cells.

Because ttk-depleted tumor cells continuously generate NE

cells, but high dpn levels block cell differentiation, there must

be another mechanism that promotes NE differentiation from

these tumor cells, and this mechanism is likely not active in the

tumor cells generated by dpn overexpression. In addition, over-

expression of dpn failed to induce expression of other NB-spe-
Figure 2. The Ectopic Dpn Expression Is Responsible for the Self-Ren

(A–D) Knocking down dpn (using RNAi line HMC03154) suppresses ttk-depletion

(A–C) Representative images of the midguts of flies with esgts>GFP, ttk-IR; esgts

(D) Quantification of GFP+ cells in areas of the same size (about 36,000 mm2) from

SEM; n = 12; p values by unpaired t test. ns, not significant.

(E–G) Overexpression of dpn for 7 days by esgts > Gal4 in the progenitor cells ge

(E and E’) Wild-type midgut stained with Dl (yellow arrowheads) and Pros (white

(F and G) Dpn-overexpressed midgut stained with Dl (F) and Pros (G) antibodies

(H and I) A FLP-out clone (marked by GFP, green) with dpn overexpression (dpn-O

Dashed lines depict the clone margin.

(J) The left Venn diagram shows the overlap between the upregulated genes caus

diagram shows the overlap between the downregulated genes caused by dpn

hypergeometric distribution are shown.

(K) The GO analysis results for the significantly changed genes in dpn-OE tumor c

and for the downregulated 1,953 genes are indicated in green; the size of the do

(L and M) The expressions of some NB-specific genes, including m8-lacZ (L) and

Scale bars, 50 mm.
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cific genes, including wor and E(spl)m8 (Figures 2L and 2M),

further implying the involvement of other factors in ttk-deple-

tion-induced NETs besides Dpn.

The Pan-neural Factor Seq Is a Direct Transcriptional
Target of Ttk
We next used a targeted DNA adenine methyltransferase identi-

fication (DamID) method to identify potential Ttk targets by ex-

pressing a Ttk69-Dam fusion transgene. Ectopic expression of

the Ttk69-Dam transgene in ISC clones inhibited clonal growth

and caused suppression of EE specification, effects that are

similar to that caused by Ttk transgene overexpression (Wang

et al., 2015), indicating that the Ttk-Dam fusion gene is func-

tional. We then extracted DNA from esg>Ttk69-Dam guts and

performed DamID analysis. There were 3,187 genes with en-

riched Ttk-Dam peaks, but only 10.83% of these genes showed

transcriptional upregulation following ttk depletion (Figure S2),

indicating that the majority of upregulated genes is an indirect

outcome of ttk depletion. Unexpectedly, the Ttk-Dam signal

was absent from the dpn gene locus and from other NB-specific

genes such as the wor, m8, and mg gene loci, indicating that its

role in suppressing the NB transcription program is also indirect

(Figure S3). However, sequoia (seq), which encodes a pan-neu-

ronally expressed zinc-finger transcription factor, showed Ttk-

Dam binding peaks at about 5 kb upstream of its transcription

start site (Figure S3). Staining with antibodies against Seq re-

vealed strong expression in ttk-depleted tumor cells, while its

expression was not detectable in wild-type intestine (Figures

3A and 3B). Thus, seq appears to be directly silenced by Ttk in

ISCs.

Seq Promotes NE Differentiation and Is Required for the
Ectopic Dpn Expression in ttk-Depleted Tumor Cells
Seq is an essential gene, and the encoded protein contains a

DNA binding domain similar to that found in Ttk (Brenman

et al., 2001; Gao et al., 1999). It has been reported to regulate ter-

minal cell differentiation in the central nervous system and sen-

sory organs (Andrews et al., 2009; Brenman et al., 2001; Gao

et al., 1999). Therefore, seq could be responsible for the NE dif-

ferentiation phenotype observed in ttk-depleted tumors. Indeed,

co-depletion of seq completely suppressed the excessive EE
ewal of ttk-Depleted ISCs

-induced tumor.

>GFP, ttk-IR, dpn-IR; and esgts>GFP, respectively.

midguts of flies with the indicated genotypes. Data are presented as mean ±

nerate Dl+ cell tumor.

arrows) antibodies.

. The clustered GFP+ cells are strongly Dl+.

E) stained with Dl (H; red on membrane) and Pros (I; red in nuclear) antibodies.

ed by dpn overexpression and those caused by ttk knockdown. The right Venn

overexpression and those caused by ttk knockdown. p values based on the

ells. The top 10 GO terms for the upregulated 1,198 genes are indicated in red

t represents the number of genes in this GO term.

wor (M), could not be detected in dpn-overexpressing tumor cells.
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Figure 3. The Ectopic Dpn Expression in ttk-Depleted Cells Requires Seq, which Also Promotes NE Differentiation

(A and B) Seq shows ectopic expression in ttk-depleted tumor cells (B) but not in wild-type intestine (A); a zoomed-in frame shows the nucleus localization of Seq

staining in (B).

(C–F) Knocking down seq suppresses ttk-depletion-induced dpn expression and tumorigenesis.

(C) and (D) show representative images of the midguts of esgts>GFP;ttk-IR and esgts>GFP;ttk-IR;seq-IR flies, respectively (yellow arrowheads indicate ISC

marker Dl; white arrows indicate EE marker Pros).

(E) Quantification of the percentages of Pros+ cells in esg-GAL4,UAS-GAL80ts,UAS-GFP;UAS-ttk-IR (ttk-IR) and esg-GAL4,UAS-GAL80ts,UAS-GFP;UAS-ttk-

IR;UAS-seq-IR (ttk-IR;seq-IR) midguts. Data are presented as mean ± SEM; n = 10; p values by unpaired t test.

(F) The quantification of GFP+ progenitor cells in ttk-IR and ttk-IR;seq-IR midguts. Data are presented as mean ± SEM; n = 12; p values by unpaired t test.

(G and H) Ectopic expression of Seq causes increased percentage of Pros+ cells in the midgut.

(G) Representative images of esg-GAL4,UAS-GAL80ts,UAS-GFP;UAS-seq (esgts > GFP, seq OE) midguts.

(H) Quantification of the percentages of Pros+ cells in control and seq OE midguts. Data are presented as mean ± SEM; n = 10; p values by unpaired t test.

(I) Co-expression of seq and dpn induces tumor with Pros+ cells (white arrows) and Dl+ cells (yellow arrowheads).

Scale bars, 50 mm.
phenotype following ttk depletion (Figures 3C–3F). In addition,

forced expression of seq in esg+ cells caused a significant

increase in EEs in the intestinal epithelium (Figures 3G and 3H).

Further, co-expression of seq allowed EE generation from dpn-

induced ISC-like cells (Figure 3I), generating a NET-like pheno-

type. As AS-C genes are derepressed in ttk-depleted tumors

and are responsible for the excessive EE phenotype (Wang

et al., 2015), we next determined whether expression of seq

was sufficient to induce AS-C gene expression. Indeed, using

a sc-GFP knockin fusion reporter, we observed significantly
increased sc-GFP expression in esg+ cells caused by seq over-

expression (data not shown). These observations collectively

suggest that seq expression is sufficient to promote EE genera-

tion from both normal ISCs and dpn-induced ISC-like cells by

promotingAS-C gene expression. Again, similar to the functional

requirement of dpn, analysis of seqmutant clones demonstrated

that seq is not required for EE generation from normal ISCs (Fig-

ure S1), showing that the ttk-depleted ISCs specifically require

seq and dpn for their self-renewal and differentiation. Explicitly,

dpn is essential for the self-renewal of ttk-depleted tumor cells,
Cell Reports 30, 1724–1734, February 11, 2020 1729
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Figure 4. Seq Allows NB-Specific Genes Responsive to Notch in ISCs

(A and B) Representative images of esg-GAL4,UAS-GAL80ts,UAS-GFP;UAS-Nicd (A) and esg-GAL4,UAS-GAL80ts,UAS-GFP;UAS-Nicd;UAS-seq (B) midguts.

(C) Expression of Dpn (indicated by Dpn antibody in red) in the tumor cells of the Nicd & seq OE midgut.

(legend continued on next page)
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while seq has an additional role in promoting NE differentiation

from ttk-depleted tumor cells.

We found that depletion of seq also eliminated ectopic Dpn

expression in ttk-depleted tumors (Figures 3C, 3D, and 3F),

which not only explains the requirement of seq in tumor forma-

tion but also indicates that the expression of Dpn requires seq.

However, overexpression of seq in ISCs is not sufficient to

induce Dpn expression (data not shown), implying that Dpn

expression in ttk-depleted tumor cells may require additional

factors besides Seq.

Seq Inverts Differentiation-Promoting Function of Notch
into a Self-Renewal Role
In NBs, Dpn is considered to be a transcriptional target of Notch

(Babao�glan et al., 2013; San-Juán and Baonza, 2011). Therefore,

we asked whether Notch could serve as another factor along

with Seq to induce Dpn expression and initiate NETs from

ISCs. This idea is somewhat paradoxical, as it is known that

Notch functions inversely in controlling the differentiation of

ISCs and NBs: Notch activity is necessary for NB (type II) main-

tenance (and its overactivation induces NB overproliferation)

(Bowman et al., 2008; Wang et al., 2006), while Notch activation

in ISCs induces differentiation (Micchelli and Perrimon, 2006;

Ohlstein and Spradling, 2006). We thus conducted experiments

to determine whether the seq-overexpressed ISCs behave more

similarly to ISCs than to NBs in response to Notch activation.

Similar to previous observations, we found that the conditional

expression of the active form of Notch, Nicd (intracellular domain

of Notch), was sufficient to cause ISC loss in the posterior midgut

by promoting ISC differentiation into ECs (Figure 4A). Interest-

ingly, the conditional expression of Nicd in seq-overexpressed

ISCs not only failed to induce cell differentiation but also pro-

moted the formation of small cell tumors (Figure 4B). These tu-

mor cells were highly proliferative (Figures S4A–S4C). They

had significantly reduced esg>GFP expression and did not

show obvious Dl expression, but they also failed to generate

terminally differentiated cells, except for the sporadic presence

of some weak Pros+ cells in the tumors (Figure 4B; Figures

S4D–S4G), indicating that the majority of the tumor cells re-

mained in an undifferentiated state. Co-activation of Notch

was able to strongly induce Dpn expression in seq-overex-

pressed ISCs (Figure 4C), and this ectopic expression of Dpn

was absolutely required for tumor development (Figures S4D–

S4G). In addition to dpn, several other NB-specific genes,

including E(spl)m8 and mg, were also activated following
(D) Knocking down dpn suppresses the tumor in Nicd OE & seq OE midgut.

(E) The mRNA levels of dpn, E(spl)m7, E(spl)m8, and E(spl)mg in wild-type (wt), Nic

progenitor cells by high-throughput sequencing. *p < 0.05; **p < 0.01;***p < 0.00

(F) Co-depleting Notch suppresses ectopic Dpn expression and tumor formation

(G and H) Su(H)-Dam binding profiles for dpn loci (blocked in black) in normal (blu

0–100. Black and pink boxes indicate Su(H) binding sites that are enriched in seq

(fold change > 2; adjusted p < 0.01). Associated genes or transcripts are indicat

(I) Co-depleting su(H) suppresses ectopic Dpn expression and tumor formation i

(J) A model of NET tumor development from ttk-depleted ISCs. Loss of Ttk cause

Ttk causes derepression of Seq, which induces the functional switch of Notch b

vation, thereby inverting the differentiation-promoting function of Notch into a self-

regulatory axis. The cooperative activity of Seq and Dpn drives NET tumorigene

Scale bars, 50 mm.
co-activation of Notch and Seq (Figure 4E). Therefore, seq-over-

expressed ISCs behave similarly to NBs in response to Notch

activation, and seq expression causes a shift in Notch’s func-

tion—from promoting differentiation to promoting self-renewal

by rendering NB-specific genes, such as dpn, responsive to

Notch.

It is worth mentioning that the conditional expression of Nicd in

dpn-overexpressed ISCs exhibited an ISC loss phenotype

similar to that caused by Nicd overexpression alone (Figure S4H).

Therefore, unlike Seq, ectopic Dpn expression in ISCs is not suf-

ficient to switch Notch from promoting differentiation to promot-

ing self-renewal, implying that Seq has additional targets, such

as other NB-specific genes, some of which may act together

with Dpn to fulfill this function.

As Dl expression is reduced in ttk-depleted tumor cells, the

aforementioned results imply that there may be a low level of

Notch activity in the tumor cells that cooperates with Seq to

induce the expression of Dpn, thereby promoting tumor devel-

opment. Consistent with this notion, co-depleting Notch in

ttk-depleted ISCs strongly suppressed Dpn expression; conse-

quently, the tumorigenesis was prevented (Figure 4F).

Seq Renders NB-Specific Genes Responsive to Notch
Previous studies have shown that seq and Notch mutant em-

bryos share many similar phenotypes in the nervous system,

indicating that seq could function in the Notch pathway (Andrews

et al., 2009; Brenman et al., 2001; Gunnar et al., 2016). Seq pro-

tein contains two C2H2 zinc fingers at its middle region, which

bind to DNA, and polyglutamine-rich repeats at its N and C

termini (Brenman et al., 2001), which are believed to mediate

protein-protein interactions. Given these sequence features,

we speculate that Seq could have a role in facilitating Notch

signaling at the chromatin level and, in this case, facilitating

ectopic NB-specific gene activation by Notch in ISCs. To test

this hypothesis, we performed DamID analysis of wild-type,

seq-overexpressed, and ttk-depleted ISCs for the DNA-binding

transcription factor Suppressor of Hairless (Su(H)), which medi-

ates Notch signaling (Furriols and Bray, 2001; Morel et al.,

2001). As predicted, the seq-overexpressed ISCs, as well as

ttk-depleted ISCs, but not wild-type ISCs, showed significant

Su(H)-Dam binding signals at the enhancer and gene coding

regions of dpn, m8, and mg (Figures 4G and 4H; Figure S5).

Importantly, depleting Su(H) effectively suppressed ttk-deple-

tion-induced Dpn activation; consequently, the NET formation

was prevented (Figure 4I). Collectively, these data suggest that
d overexpressed (U-Nicd), andNicd and seq co-overexpressed (U-seq+U-Nicd)

1. Three independent biological replicates were performed.

in ttk-IR midgut.

e peaks) and seq-overexpressed (red peaks) progenitor cells. Intensity range:

-overexpressed (G) or ttk-depleted (H) midguts compared with normal midguts

ed in blue.

n ttk-IR midgut.

s an ISC-to-NSC self-renewal program switch and NET tumorigenesis. Loss of

y rendering NB-specific genes—dpn, in particular—responsive to Notch acti-

renewal role. Seq also promotes NE differentiation by activating the AS-C-Pros

sis from ttk-depleted ISCs.
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the presence of Seq allowed the recruitment of Su(H) to the en-

hancers of NB-specific genes that are normally silenced in ISCs,

thereby rendering these genes responsive to Notch activation.

Therefore, Seq has a ‘‘selector’’ function in ISCs whose expres-

sion allows NB-specific genes to be expressed via Notch activa-

tion and, thus, inverts the differentiation-promoting function of

Notch into a self-renewal role as in normal NSCs.

DISCUSSION

Our results reveal an ISC-to-NB switch in the tissue stem cell

self-renewal program that drives NET development from ttk-

depleted ISCs. Loss of ttk causes the derepression of NB-spe-

cific transcription factors, including dpn and seq, and the

concomitant loss of ISC-specific factors. The ectopically ex-

pressed Dpn acts as a major self-renewal factor for the self-

duplication of tumor cells, while Seq has a ‘‘selector’’ function

in selecting Notch target genes by recruiting Su(H) to the

enhancer regions of NB-specific genes, thereby rendering these

genes responsive to Notch in the tumor cells. In addition, Seq

also has a role in NE differentiation by inducing AS-C gene

expression. The cooperative function of Dpn and Seq leads to

the activation of a NB-like self-renewal program as well as a

NE differentiation program and the continuous activation of

these two programs leading to NET development from ISCs

(Figure 4J).

There are two types of NBs in the central brain of Drosophila

larva: type I and type II. Dpn is expressed in both types of NBs,

but the type II NBs are more sensitive to the changes of Dpn;

interestingly, the type II NBs are more sensitive to the changes

of Notch signaling as well (San-Juán and Baonza, 2011). Thus,

it appears that the ectopically activated self-renewal program in

ISCs described here is more similar to that used in the type II

NBs. Compared to the type I NB lineage, the type II NB lineage

goes through one extra type of transient amplification progen-

itors before terminal cell fate specification (Homem and Kno-

blich, 2012), indicating that this type II-like self-renewal pro-

gram, if hijacked by tumor cells, could potentially be more

potent to initiate tumorigenesis.

As the loss of a single factor, Ttk, in ISCs is sufficient for the

switch of tissue stem cell program and for the subsequent devel-

opment of NETs in the midgut, Ttk could be viewed as a specific

class of stem cell factors, which we propose here as a tissue

identity maintenance (TIM) factor; such factors function to safe-

guard the tissue identity of stem cells. ISCs not only give rise to

ECs that function to digest and absorb nutrients but also give rise

to neural-like EE cells. Conceivably, ISCs may need to use a

basal or transient neural-like program in order to endow their ca-

pacity to generate EEs, as the proneural factor Sc is transiently

expressed in ISCs, and this transient expression initiates EE gen-

eration (Chen et al., 2018; Yin and Xi, 2018). In this context, a

stem cell identity factor like Ttk may be necessary to enable

ISCs to maintain a gut identity and thereby prevent excessive

acquisition of NSC-like traits.

The Ttk protein is characterized by having a BTB domain in

addition to a zinc-finger DNA-binding domain, and although

there is no direct protein ortholog of Ttk in mammals, BTB-

domain-containing transcription factors are found in all eukary-
1732 Cell Reports 30, 1724–1734, February 11, 2020
otes, including mammals (Perez-Torrado et al., 2006). Moreover,

alteration of Notch activity as well as increased expression of

proneural genes are also known to occur in mammalian models

of NETs and in human NETs (Balanis et al., 2019; Ball, 2004;

Crabtree et al., 2016; Park et al., 2018). Thus, it is possible that

there are TIM factors that function in stem cells in other tissues

and organisms and that ‘‘stem cell identity switch’’ could be a

common mechanism underlying NET formation and, possibly,

other stem-cell-mediated tumorigenesis.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly Stocks and Cultivation
Animal care and use followed the institutional guidelines of the National Institute of Biological Sciences (NIBS), Beijing, and the au-

thors affirm that the study is compliant with all relevant ethical regulations regarding animal research.

Flies were cultured on standard media under cultivation temperature of 25�C unless otherwise noted. All strains used in this study

were listed in the Key Resources Table. TheGAL4/UAS/GAL80ts systemwas used for gene depletion and overexpression (OE) (Brand

and Perrimon, 1993; McGuire et al., 2004). esg-GAL4, UAS-GFP; Tub-GAL80ts flies were crossed at 18�C to UAS-RNAi or UAS-OE

transgenic flies. 3-5 days after eclosion, the female flies of the desired genotype were shifted to 29�C to inactivate GAL80ts and

induce GAL4-mediated expression. Midguts were generally collected for immunostaining 5-7 days after shifting to 29�C, unless
specified in the figure caption or legend. The crosses for FLP-out (Struhl and Basler, 1993) and MARCM analysis (Lee and Luo,

1999) were performed at 25�C. The female flies with desired genotypewere heat-shocked at 37�C for 1 hour after 3-5 days of eclosion

and then cultured on corn meal supplied with yeast paste for 5-7 days before dissection.

METHOD DETAILS

Generation of DamID Transgenic Flies
The pUASTattB-LT3-NDam-Su(H) vector was generated by inserting the CDS region of Su(H) into the multiple cloning site of pUAS-

TattB-LT3-NDam vector (a gift from Andrea H. Brand, University of Cambridge, UK) (Southall et al., 2013); attB-pUAST-oDam was

obtained by inserting the oDam sequence (amplified from pCS2 oDam_f_GFPoNLS vector (a gift from Jose Arturo Gutierrez-Triana,

University of Heidelberg) (Gutierrez-Triana et al., 2016) by PCR) into the multiple cloning site of attB-pUAST vector. Then the attB-

pUAST-oDam vector was used to generate attB-pUAST-oDam-ttk69 and attB-pUAST-oDam-Seq vectors. All the plasmids were pu-

rified using a QIAGEN PlasmidMidi Kit (#12145) and verified by sequencing. The transgenes were inserted into attP40 and attP2 sites

using the phiC31 system via a standard microinjection protocol. For the generation of UAS-dpn transgenic fly, the cDNA of dpn was

amplified by PCR from a Drosophila cDNA library and cloned into the pUAST vector followed by P-element-mediated transformation

via a standard microinjection protocol.

Immunohistochemistry and Microscopy
Drosophilamidgut were fixed, immunostained, andmounted as previously described (Lin et al., 2008). Briefly, 10-15midguts of adult

female flies were dissected in PBS and fixed at room temperature for 30 min using 4%paraformaldehyde, followed by dehydration in

methanol (for 5min) and rehydration in PBT solution (PBS containing 0.1% Triton X-100). Primary antibodies were incubated with

samples in 5% NGS-PBT solution overnight at 4�C or 2h at room temperature. After washing three times using PBT, secondary an-

tibodies were incubated at room temperature for 2 hours, followed by 5 min DAPI staining, and 70% glycerol was used to mount the

samples. Primary antibodies used in this study were listed in the Key Resource Table. Secondary antibodies used in this studies were

Alexa Fluor 488-, 568- or Cy5-conjugated goat anti-rabbit, anti-mouse or anti-rat IgGs (Molecular Probes, A11034-A11036, A10524;

1:300). Nuclei were stained with DAPI (Sigma-Aldrich, 1 mg/ml). Images of midguts were captured using Nikon A1 or Leica SP8

confocal microscopes. All acquired images were adjusted and assembled in Adobe Photoshop and Illustrator. Scale bars indicate

50 mm unless otherwise noted.

Cryosectioning
The pre-stained midguts were placed horizontally at the bottom of a small flat embedding mold (PELCO, Prod No.106), then covered

with a layer of O.C.T. Compound (Tissue-Tek,4583) and frozen in �80�C. 10-20 mm cross-sections were generated at �20�C by a

Microm HM525 cryostat. The sections were placed onto the poly-lysine (sigma)-coated slides (Citoglas) using a brush and dried

at room temperature for 30-60min. Then the sections were rinsed twice with PBT and mounted with 75% glycerol.

Fluorescence-Activated Cell Sorting (FACS), RNA isolation, and Amplification
The RNA expression profiling of progenitor cells from indicated genotypes was performed according to a previously described pro-

tocol (Dutta et al., 2013; Guo et al., 2019a). Briefly, 100-150 female guts were dissected into ice-cold diethyl pyrocarbonate (DEPC)-

treated PBS, and digested with elastase solution (Sigma, cat. no. E0258, 1mg/ml final concentration) at 25�C for 1 hr with shaking at

34 x g, during which the sample was pipetting up and down 30-40 times every 15 min for full dissociation. Dissociated samples were

centrifuged at 300 g for 20 min at 4�C, re-suspended in 500 mL DEPC-PBS with 1mg/ml propidium iodide (PI, Invitrogen, P3566),

filtered with 40 mm filters (BD Falcon) and sorted using a FACS Aria II sorter (BD Biosciences). PI-negative and GFP-positive cells

in the midguts of esgts > GFP flies, esgts > GFP; ttk-IR flies, esgts > GFP;U-dpn flies, esgts > GFP, U-Nicd flies, esgts > GFP;U-seq

flies and esgts >GFP,U-Nicd;U-seq flies, which had been shifted to 29�C for 5-7 days, were sorted into 500 mL of RNA extraction buffer

(fromArcturus PicoPure RNA isolation kit, Applied Biosystems, Cat#KIT0204), using w1118midguts to set the fluorescence gate. For

each of the three biological replicates, about 10,000 cells were sorted, the sorted samples were then incubated in 42�C for 1 hr and

centrifuged 4min at 3000 x g at 4�C. The supernatant was transferred into 500 mL 70% RNase-free ethanol and mixed well. The

following steps were performed using the Arcturus PicoPure RNA isolation kit based on the manufacturer’s instructions with the
Cell Reports 30, 1724–1734.e1–e4, February 11, 2020 e3



DNase I digestion step. The RNAwas then amplified using an Arcturus RiboAmpHSPLUSRNAamplification kit (Applied Biosystems,

Cat# KIT0525) following the instructions.

RNA Sequencing and Data Analysis
1 mg amplified RNA for each sample was used for cDNA synthesis. cDNA libraries were constructed using NEB Next Ultra II DNA

library prep kits (New England Biolabs, cat. no. E7645L) and adapters in VAHTS DNA Adapters set1/2 for Illumina (Vazyme, cat.

N801-01/ N802-01). Libraries were then qualified on an Agilent 2100 Bioanalyzer using an Agilent high-sensitivity DNA kit (Agilent

Technologies, cat. no. 5067-1513), and quantified using a Qubit dsDNA HS assay kit (Thermo Fisher Scientific, cat. no. Q32851)

and an Illumina library quantification kit (Kapa Biosystems, cat. no. KK4824). All steps were performed following the manufacturer’s

instructions. The subsequent sequencing was carried out on an Illumina Hiseq-2500 sequencing system with 50 bp read length. The

Single-end RNA-seq raw reads were aligned against the D. melanogaster genome (BDGP6) using STAR (v020201). The number of

reads was assigned to protein-coding genes using featureCounts (v1.6.3). Significantly differentially expressed genes were identified

with Padj values % 0.01 and fold change R 2 by DESeq2.

DamID Sequencing and Data Analysis
The DamID experiments were carried out using a previously reported modified method (Gutierrez-Triana et al., 2016). Briefly, esgts >

GFP, UAS-oDam flies, esgts >GFP, UAS-ttk-oDam flies, esgts >GFP, UAS-seq-oDam flies, esgts >GFP, UAS-LT3-NDam flies, esgts >

GFP, UAS-LT3-NDam-Su(H) flies, esgts > GFP, UAS-ttk-IR; UAS-LT3-NDam-Su(H) flies and esgts > GFP, UAS-LT3-NDam-Su(H);

UAS-seq flies were used to harvest midguts after induction in 29�C for 48h. About 50 midguts were collected for gDNA isolation.

The gDNA was treated with DpnII and subsequent alkaline phosphatase before digesting with DpnI. The DpnI treated samples

were ligated with adaptor for ligation-mediated PCR, then followed by purification and T7 exonuclease treatment. At last, the purified

samples were fragmented for high-throughput sequencing. Sequenced reads were mapped to the D. melanogaster genome

(BDGP6) using bowtie2 (version 2.2.4). R package iDEAR 2.0 was used for establishing highly reliable profiles of transcription fac-

tor-binding sites. The density of reads in each region was normalized to the total number of 10 million mapped reads. BigWig files

were generated for visualization using the Homer package.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were repeated at least three times unless otherwise indicated. All statistical analyses were performed using Graph-

Pad Prism 5. ImageJ was used to count the cell numbers. For comparisons of cell numbers and gene expressions, unpaired two-

tailed t tests were used to assess statistical significance. P value, standard error of the mean (s.e.m.) and n are as indicated in

each figure and legend.

DATA AND CODE AVAILABILITY

All raw and processed RNA-seq and DamID-seq datasets reported in this study have been deposited in the Gene Expression

Omnibus (GEO) under the accession number GEO: GSE130943.
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A Switch in Tissue Stem Cell Identity
Causes Neuroendocrine Tumors
in Drosophila Gut
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Tao Cai, and Rongwen Xi*
*Correspondence: xirongwen@nibs.ac.cn
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In the Discussion, the authors inadvertently stated that Dpn is only expressed in type II but not type I NBs. This statement is incorrect,

as Dpn is expressed in both types of NBs. It is now corrected online.

The authors regret this error.
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