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ARTICLE INFO ABSTRACT

Keywords: The intestinal epithelium has constant turnover throughout the life of the organ, with apoptosis of cells at the tips
Zebrafish of folds or villi releasing cells into the lumen. Due to constant turnover, epithelial cells need to be constantly
Intestine

replaced. Epithelial cells are supplied by stem cell niches that form at the base of the interfold space (zebrafish)
and crypts (birds and mammals). Within the adult stem cell niche of mammals, secretory cells such as Paneth and
goblet cells play a role in modulation of proliferation and stem cell activity, producing asymmetric divisions.

Stem cell regulation
Secretory cell

Wnt

EGF Progeny of asymmetric divisions move up the fold or villi, giving rise to all of the epithelial cell types. Although
IGF much is known about function and organization of the adult intestinal stem cell niche, less is understood about
Proliferation regulation within the immature stem cell compartment. Following smooth muscle formation, the intestinal

epithelium folds and proliferation becomes restricted to the interfold base. Symmetric divisions continue in the
developing interfold niche until stem cell progeny begin asymmetric divisions, producing progeny that migrate up
the developing folds. Proliferative progeny from the developing stem cell niche begin migrating out of the niche
during the third week post-embryogenesis (zebrafish) or during the postnatal period (mammals). Regulation and
organization of epithelial proliferation in the immature stem cell niche may be regulated by signals comparable to
the adult niche. Here we identify a novel subset of secretory cells associated with the developing stem cell niche
that receive Notch signaling (referred to as NRSCs). Inhibition of the embryonic NRSCs between 74 hpf to 120 hpf
increases epithelial proliferation as well as EGF and IGF signaling. Inhibition of post-embryonic NRSCs (6 hpf to
12 dpf) also increases epithelial proliferation and expression level of Wnt target genes. We conclude that NRSCs
play a role in modulation of epithelial proliferation through repression of signaling pathways that drive prolif-
eration during both embryogenesis and the post embryonic period.

1. Introduction

The intestinal stem cell compartment replaces epithelial cells
throughout the life of the organ. Intestinal epithelial stem cells reside
within the crypt of the mammalian intestine and at the interfold base in
zebrafish (Barker, 2014; Crosnier et al., 2005; Wallace et al., 2005b).
During the life of the intestine, stem cell progeny migrate out of the crypt
or interfold base, differentiate into either enterocytes or secretory cells,
migrate up the villi or fold, undergo apoptosis at the tips and are extruded
into the intestinal lumen (Barker, 2014; Crosnier et al., 2005; Wallace
et al., 2005b).

Within the adult mammalian crypt, stem cell proliferation is
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positively regulated by Wnt, Notch, and Epidermal Growth Factor (EGF)
signaling pathways that originate from both the interdigitated secretory
cells (Paneth cells in small intestine and goblet cells in large intestine)
and the underlying mesenchyme (Barker, 2014). While Wnt and EGF
signaling drive proliferation, these pathways are also negatively regu-
lated to prevent over production of stem cells and their progeny. Wnt
signaling is negatively regulated by RNF43 (Koo et al., 2012) and ZNRF3
(Hao et al., 2012) E3 ubiquitin ligases, which target Frizzled and Lrp6
Wnt receptors for ubiquitin-mediated endocytosis and lysosomal degra-
dation. In contrast, R-spondins, in combination with Lgr4, bind RNF43
and ZNRF3 to target their removal from the membrane. Removal of
RNF43 and ZNRF3 allow Wnt receptors to remain at the cell surface,
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resulting in increased signaling (Hao et al., 2012; Xie et al., 2013). EGF
signaling is negatively regulated by Lrigl, which inhibits ErbB activity
(Wong et al., 2012). Absence of Lrig1 results in enlarged stem cell niches
(Wong et al., 2012).

Insulin-like Growth Factor (IGF) signaling within the intestine pro-
motes epithelial and mesenchymal proliferation as well an increased
prevention of apoptosis (Kuemmerle, 2012). Many components of IGF
signaling are expressed within subepithelial myofibroblasts and lamina
propria while IGF receptors are expressed in enterocytes, targeted to
basolateral membranes (Shoubridge et al., 2001; Winesett et al., 1995).
IGF ligand activity is also positively and negatively regulated by six
secreted Insulin-like Growth Factor Binding Proteins (IGFBPs). IGFBPs
bind to IGF ligands to alter interaction with IGF receptors (Firth and
Baxter, 2002; Kuemmerle, 2012). IGFBPs can function to sequester IGF
ligand while others can facilitate receptor binding (Firth and Baxter,
2002). Many of the pathways driving epithelial stem cell proliferation are
modified by additional factors that appear to regulate both upper and
lower limits of proliferation. These modifications allow for fine tuning of
the number of stem cells within the adult crypt.

While signaling pathways can be fine tuned from within the crypt, tuft
cells may play a role in regulating proliferation of stem cells from a
distance. Tuft cells are a novel differentiated epithelial cell type that does
not undergo additional proliferation following differentiation (West-
phalen et al., 2014). Tuft cells have some enteroendocrine secretory
properties (Bjerknes et al., 2012). Tuft cells develop chemoreception, as
they have aspects of taste receptors (Sato, 2007). Tuft cells do not arise
from the secretory lineage that gives rise to enteroendocrine and goblet
cells (Bjerknes et al., 2012; Westphalen et al., 2014). Tuft cells are closely
associated with enteric ganglia (Bezencon et al., 2008; Hayakawa et al.,
2017; Schutz et al., 2015). Tuft cells play a role in signal transduction, as
ablation of tuft cells inhibits stimulatory roles of neurons in growth of
epithelial colonic organoids (Westphalen et al., 2014). Vagotomy in the
stomach results in down regulation of Wnt and Notch signaling in Lgr5"
stem cells and reduced tuft cells (Zhao et al., 2014). Interaction of tuft
cells and enteric neurons suggests a mechanism for interaction between
crypts and coordination of stem cell proliferation throughout the intes-
tinal epithelium.

Prior to yolk exhaustion at the end of zebrafish embryogenesis, the
intestine must be able to absorb nutrients and act as a barrier to the
external environment. As a result, zebrafish need to develop some
characteristics of the mature intestine at an earlier relative time than
species with a larger yolk (birds) or internal development (placental
mammals). Two of the mature characteristics zebrafish develop are
proliferation restricted to the fold base and functional smooth muscle for
peristalsis. Mechanisms that drive these developmental events are likely
to be shared between zebrafish, birds and mammals. They are likely to be
utilized at a later relative time in birds and placental mammals.

Initially in the developing embryonic vertebrate intestine, prolifera-
tion occurs throughout the epithelium (Shyer et al., 2015; Wallace et al.,
2005Db). Epithelial proliferation eventually becomes restricted to the base
of the developing villi due to the physical folding of the epithelium in
mammals and birds. Development of circular and longitudinal smooth
muscle surrounding the intestine initiates folding of the intestinal
epithelium (Shyer et al., 2013). Folding of the intestinal epithelium
creates a local increase in BMP signaling along the villi to inhibit pro-
liferation while lower BMP concentrations remain at the villi base where
proliferation continues as the adult stem cell compartment develops
(Shyer et al., 2015). In zebrafish, restriction of intestinal epithelial pro-
liferation to the fold base by the end of embryogenesis (5 dpf) (Wallace
et al., 2005b) coincides with maturation of the intestinal smooth muscle
(Olden et al., 2008). This correlation suggests that zebrafish smooth
muscle maturation may also promote epithelial folding and restriction of
proliferation to the fold base.

While much is known about the cells and signaling involved in
regulation of the adult stem cell compartment, less is known about cell
types and signaling involved in the developmental steps between
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proliferation restriction to the base of the developing folds or intervilli to
development of the adult stem cell niche. Restriction of proliferation to
the interfold base occurs at 5 dpf in zebrafish (Wallace and Pack, 2003).
Proliferation restriction occurs in the intervilli space at e16.5 in mice
(Korinek et al., 1998). Formation of adult stem cell niche occurs by 33 dpf
in zebrafish (Crosnier et al., 2005) and p15 in mice (Yanai et al., 2017).
While the developing stem cell niche depends on a set of signals to
positively regulate proliferation, there is also likely to be signals that
down regulate epithelial proliferation. The combination of positive and
negative proliferative signals would then fine tune the number of
immature stem cells as the compartment develops.

Here we identify cells interspersed at the interfold intestinal base
within developing stem cell compartments. These cells are identified by
reception of Notch signaling as well as the pan-secretory cell marker,
2F11 (and thus referred to as Notch receiving secretory cells-NRSCs).
One group of NRSCs form during the end of embryogenesis (74 hpf to
120 hpf and referred to as eNRSCs) and a second group forms during the
first week post embryogenesis (6 dpf to 12 dpf and referred to as
PNRSCs). We find that NRSCs down regulate epithelial proliferation both
during the end of embryogenesis and during the first week post
embryogenesis. Interruption of both e and pNRSC development results in
moderate proliferation increases, suggesting these cells fine tune the
upper end of proliferative activity. eNRSCs act through downregulation
of the EGF and IGF pathways during the end of embryogenesis. pNRSCs
act through downregulation of Wnt signaling during the first week post
embryogenesis. eNRSCs may also have an additional role in maintaining
proliferative levels in the post embryonic period (6 dpf to 12 dpf).

2. Materials and methods
2.1. Fish stocks

Fish maintenance and matings were performed as previously
described (Westerfield, 1993). AB wild type fish were used for proced-
ures without transgenic lines (Westerfield, 1993).

2.2. Detection of notch receiving cells (NRSCs)

To detect Notch receiving secretory cells (NRSCs), the transgene
Tg(TZKTplglob:creERTZ)"h]2 (hereinafter referred to as NCre driver) was
used to drive expression of inducible CreER™? in cells that receive Notch
signaling (Wang et al., 2011). The transgene drives CreER™ from 12
RBP-Jk-binding sites and a minimal p-globin promoter. The Ncre driver is
combined with the transgene Tg(T2Kpactin:loxP-stop-loxP-hmgbl-
mCher'ry)jh]5 (hereinafter referred to as Cre responder) to mark NRSCs
with nuclear mCherry expression (Wang et al., 2011). Induction of
CreER"™ with 4-Hydroxytamoxifen (4OHT, T176, Sigma) for a 2-h period
was performed at the same concentration (5 pM) as previously reported,
diluted from a stock concentration of 10 mM dissolved in 100% ethanol
(Wang et al., 2011). Following induction, NRSCs and their progeny
continuously express nuclear mCherry.

2.3. Analysis of NRSCs

To determine co-expression with secretory cell specific transcription
factors, the transgene Tg[nkx2.2a:mEGFP] (Ng et al., 2005) was indi-
vidually crossed into the Ncre driver/Cre responder combination (Wang
et al., 2011). The null mutation asclla 25215 (Pogoda et al., 2006) was
used in analysis of NRSCs.

2.4. Inhibition of Wnt, EGF and IGF signaling

To inhibit the endpoint of the Wnt signaling pathway, ectopic
expression of the dominant negative TCF from the transgenic Tg
(HS:TCFAC)W74 (Martin and Kimelman, 2012) was induced by increasing
temperature to 37 °C for 20 min, followed by return to 28.5°C embryo



J. Li et al.

media (embryos) or system water (one week post-embryonic fish). WT
controls were heat shocked for the same period in as the DN TCF.

EGF signaling was inhibited for 2 h periods with the cell-permeable
EGF kinase inhibitor AG-1478 (Cayman Chemical 10010244) at the
previously reported concentration of 3 pM solubilized in DMSO (Budi
et al., 2008). Control embryos were exposed to an equal concentration of
DMSO for the same 2-h periods. Relative expression of myelin basic
protein between control and AG-1478 inhibited embryos was compared
for internal control to demonstrate activity of EGF inhibition.

IGF signaling was inhibited for 2h periods with NVP-AEW541
(Cayman Chemical 13641) at the previously reported concentration of
5mM solubilized in DMSO (Chablais and Jazwinska, 2010). Control
embryos were exposed to an equal concentration of DMSO for the same
2-h periods. Intensity of phosphorylated IGF 1 receptor was compared
between control and NVP-AEW541 inhibited embryos for an internal
control to demonstrate activity of IGF inhibition.

2.5. DAPT exposure

Embryos or larvae were exposed to either DAPT (0.05mM) or an
equivalent concentration of DMSO as a control. 5dpf embryos were
treated with 0.05mM of DAPT or DMSO from 74 hpf to 120 hpf, and
intestines were isolated at 120 hpf. DAPT or DMSO exposure during the
first week of the post embryonic phase were done in three alternating
days (6 dpf, 8 dpf, 10 dpf) with the same concentrations of DAPT or
DMSO for 2 h per day. Intestines were isolated at 11 dpf.

2.6. EdU and BrdU incorporation

Embryos and larvae are injected with a microcapillary needle in the
intestinal region (either directly into the intestine or peritoneal space)
with either 2.5 mM 5-ethynyl-2'-deoxyuridine (EdU) or 50 mM 5-Bromo-
2'-deoxyuridine (BrdU). EAU or BrdU injected individuals were grown to
indicated time. At end of the period, each group was fixed in 4% form-
aldehyde, 2 h to overnight. Incorporation of EAU was detected following
the standard protocol for the 488 Click-it Kit imaging kit (Invitrogen). For
detection of BrdU, individuals were exposed to 0.2 N HCL for 30 min at
room temperature followed by anti- BrdU antibody (Sigma) incubation
overnight at 4 °C. Secondary antibody is Alexa Fluor 594-conjugated anti
mouse IgG (1:500) (Molecular Probes-Invitrogen). Previously, control
single labeling of EAU or BrdU was processed for detection of the
opposite nucleotide (injected at 4 dpf and grown to 5 dpf) (Li et al,,
2019). While the injected nucleotide was detected, there was no
cross-reactivity for the opposite nucleotide demonstrating the specificity
of EAU and BrdU detection.

2.7. Imaging and histology

Samples imaged in whole mount were dissected using #5 Dumont
Tweezers from the specimen and intestines were mounted on a slide in
Vectashield (Vector Laboratories). Samples are processed for histology by
infiltration and embedded in glycol methacrylate (JB4 plus; Poly-
Sciences). Sections were cut on a Leica RM2135 microtome.

2.8. RNA isolation, reverse-transcription and gPCR

Intestines were dissected for whole mount from 5 dpf embryos or 11
dpf post-embryonic fish using Dumont #5 forceps. Total RNA was iso-
lated using Trizol reagent (Invitrogen) according to manufacturer’s in-
structions. RNA was treated with DNase I (Qiagen) and purified by
RNeasy Mini kit (Qiagen). RNA gel electrophoresis was performed to
confirm integrity. cDNA was reverse-transcribed by SuperScript II First-
Strand synthesis kit (Invitrogen). Quantitative PCR (qPCR) was per-
formed using Fast EvaGreen qPCR 2X Master Mix (Biotium) SYBR re-
agent, appropriate primers (see below), and reaction mixtures along with
their corresponding minus RT controls were aliquoted onto 96-well
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plates covered with MicroAmp™ Optical Adhesive Film (ThermoFisher
Scientific). The qPCR reactions were performed in a CFX96 Touch Real-
time PCR Detection System (Bio-Rad). The amplification program used
was as follows: 95 °C for 3 min followed by 40 cycles: 60 °C for 45 s and
95 °C for 15s, followed by melt curve analysis. The housekeeping gene,
B-actin 1 is used to normalize relative gene expression. Minus RT controls
were used to subtract amplification due to remaining genomic DNA in
samples. After removing amplification signals from minus RT controls,
relative gene expression was normalized to $-actinl and calculated by AA
Ct method. Standard deviation was calculated between biological repli-
cates for control (DMSO treated) and experimental (DAPT or inhibitor
treated). Statistical analyses (Student’s T-Test) were done with GraphPad
Prism 6. Each experiment was done in triplicate (three biological repli-
cates and as well as three technical replicates of each sample).

The primer sequences used were as follows (5’ to 3’): beta-actin 1F:
CGAGCAGGAGATGGGAACC, R: CAACGGAAACGCTCATTGC (McCurley
and Callard, 2008); ascllb F: GCGGCGAACAAGAAGATGAG, R:
GCGTTGGAGACGGATGGAG (Wang et al., 2014); axin2 F: GCGACA-
CAGCGGGTACAGT, R: ACTCCGGCTGCTGCGAATGT; cdxla F: GGCATG-
CACTGCTTAAAACATATG, R: TCAGAACTCGGAGGATTATTTT (Cheesman
et al.,, 2011); cyclinD1 F: AGGCTTTTGAAACGTAAGCCTGCGG, R: AGG-
TACACTTGGGCATCCGTGCA; myca F: CCAGCAGCAGTGGCAGCGAT, R:
GGGGACTGGGGTACCTCGACTC (Neal et al., 2013); NT1 (neurotensin 1) F:
AAAGCCTCCCGCAAACAGA, R: CACCGGGTGAAGTTTGATGTAG (Chees-
man et al, 2011); sox9b F: ATACAGAGTACAGCGAGCAGCACA, R:
GCGCAAGTATGTGTGTGTGTGTGT (Sun et al., 2013).

egfra F: GAACAAGGCGTAAAAGAGTTGC, R: GTCCCCACGTTACA-
TAAATGGT; egf F: TCTTACTTCTGCACCTGTCCTG, R: ATGATCA-
CAATCCACAGCTTTGC; btc F: CCCAGCGAATAGGACTGTGT, R: TTTGGAC
AGGCAGAGAAGTGT; hbegfa F: GA TGATGATGTTGAAGAAGACGAG, R:
ACTTGGGTCTTTGGGTTGACT; hbegfb F: ATTTCTGCATTCATG-
GAGTGTG, R: GCAGGGTGAATACGTGACATCT; igfla: F: GGGCA
TTGGTGTGA TGTCTT, R: CCAGTGAGAGGGTGTGGGTA; igflb: F:
CCAAAATCCTTAATGAGTAACTTAGCA, R: AGACATTTTCAACAGGAAA
CAGC; igf2a: F: TGAAGTCGGAGCGAGATGTT, R: GGAGTACTTCA-
CATTTATGGTGTCG; igf2b: F: AGCTGGTGGACGCTCTACA, R: GAGAAC
GTCGACTGTTTGACC; igfir: F: GCAACCTGCAAATCAACATC, R:
CTGGATCAGCCCCATGAA (Schall et al., 2015).

2.9. Statistical analysis

Determination of significant differences between control and exper-
imental samples was identified using Student’s t-test. Results with P
values of <0.05 were considered statistically significant. Statistically
significant values are indicated by asterisks in the bar graphs. The
number of asterisks indicate increasing significant differences with lower
P values indicated in the respective legend. In experiments with multiple
groups, we performed a one-way analysis of variance (ANOVA) to
determine whether there were differences in the averages between the
groups.

Differences in intensity of IGFrl phosphorylation between control
and experimental samples were calculated by drawing a square region of
the same size in confocal images obtained at the same settings. Intensity
was calculated in Image J using the integrated density function.

3. Results

3.1. Unique embryonic and post-embryonic Notch receiving secretory cells
reside among proliferating cells at the interfold base

Secretory cells have previously been found to develop among prolif-
erating cells at the interfold base within the intestinal epithelium (Li
et al.,, 2019). We hypothesize that these secretory cells play roles in
promoting or inhibiting proliferation. Positive and negative regulation
may be accomplished by different types of secretory cells residing among
proliferating cells at the interfold base. Thus, our experimental approach
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was aimed at determining whether there are unique interfold base
secretory cells specialized for generating antagonistic proliferative sig-
nals. Here we identify two unique groups of secretory cells that receive
Notch signaling. The first develops at the end of embryogenesis (74 hpf to
120 hpf), while the second develops during the first week post embryo-
genesis (6 dpf to 12 dpf).

The secretory cell lineage is specified before 74 hpf with asclla
expression in future secretory cells (Flasse et al., 2013; Roach et al.,
2013). asclla initiates Notch signaling in neighboring cells to drive them
into the enterocyte fate (Flasse et al., 2013; Roach et al., 2013).
Disruption of Notch signaling increases the number of secretory cells
(Flasse et al., 2013; Roach et al., 2013; Troll et al., 2018). Following
secretory cell specification, differentiated markers are first observed after
74 hpf (Wallace et al., 2005b). As secretory cells begin differentiating
after 74 hpf, we looked for unique interfold secretory cells, using a pre-
viously characterized Notch responsive driver and Cre-responder trans-
gene to label and fate map Notch receiving cells.

The Notch responsive Tpl Cre ER'? produces a Cre inducible with
40HT (Wang et al., 2011). The transgene Tg(T2KTp1glob:creER™2y"?
(hereinafter referred to as Ncre driver) was used to drive expression of
inducible CreER™ in cells that receive Notch signaling (Wang et al.,
2011). The transgene drives CreER™ from 12 RBP-Jk-binding sites and a
minimal p-globin promoter. The Ncre driver is combined with the
transgene Tg(T2Kpactin:loxP-stop-loxP-hmgb1-mCherryY™° (hereinafter
referred to as Cre responder) to mark Notch receiving cells with nuclear
mCherry expression (Wang et al., 2011).

The Ncre transgene combination was induced with 40HT between 74
hpf to 120 hpf (Fig. 1A and B) or 6 dpf to 12 dpf (Fig. 1C and D). In-
duction during either period identifies isolated cells distributed evenly
throughout the intestinal epithelium. Notch receiving cells co-localize
with the pan-secretory cell marker 2F11, identifying Notch receiving
cells as secretory. In addition, mCherry and pan-secretory 2F11 labeled
cells are absent in asclla mutants, which lack all secretory cells, further
suggesting that all of the mCherry labeled cells are secretory cells.
Identified cells are referred to as either embryonic Notch receiving
secretory cells (eNRSCs) formed between 74 hpf to 120 hpf or post em-
bryonic Notch receiving secretory cells (pNRSCs) formed between 6 dpf
to 12 dpf.

Due to the position of e and pNRSCs at the fold base, we hypothesized
that they associate with proliferating cells. To identify the position of e
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and pNRSCs, we induced the Ncre transgene and co-labeled cells in S
phase with the nucleotide analog 5-ethynyl-2'-deoxyuridine (EdU). Em-
bryonic NRSCs (eNRSCs) were identified with 40HT induction at 74 hpf
followed by EdU incorporation at 96 hpf. eNRSCs reside within clusters
of proliferating cells throughout the intestine at 120 hpf (Fig. 1A) with an
average of 149 eNRSCs (+ 40; n=10) per intestine. pNRSCs are identified
with 40HT induction and EdU incorporation on three different days
between 6 dpf to 12 dpf. pNRSCs are observed interspersed within groups
of proliferating cells at 12 dpf (Fig. 1C). pNRSCs are distributed
throughout the intestine with an average of 148.6 (£ 41.2; n=10). His-
tological cross section at both 120 hpf (eNRSCs) and 12 dpf (pNRSCs)
demonstrate that all NRSCs reside at the interfold base. Both e and
PNRSCs are positioned at the edge of the proliferating epithelial cells at
the interfold base (120 hpf-Figure 1B and 12 dpf-Fig. 1D).

The Notch responsive Cre driver and the p actin promoter in the Cre
responder may not express in all cells that receive Notch signaling. There
may be additional Notch receiving secretory cells, or even cells that are
not secretory unlabeled by this transgene combination. However these
results are similar to the distribution and pattern of cells observed within
the intestine using a different Notch responsive mCherry expressing
transgene (Tg(EPV.Tp1-Ocu.Hbb2:hmgb1-mCherry) (Lickwar et al., 2017).
mCherry reporter expression from the Tpl Cre ER™%/p
actin:loxP-stop-loxP-hmgb1-mCherry combination is consistent with
NRSCs being a subset of intestinal epithelial secretory cells.

3.2. NRSCs have characteristics of enteroendocrine cells

Both e and pNRSCs are secretory cells as shown by co-expression of
the pan-secretory cell marker, 2F11. However, the pan-secretory cell
marker 2F11 identifies all secretory cell types, including goblet cells.
Within the mammalian intestine, there are more than 16 different types
of enteroendocrine cells (Noah et al., 2011). In zebrafish, all secretory
cells arise from a common asclla expressing precursor but then diverge
into a number of different lineages (Flasse et al., 2013; Roach et al.,
2013). Mammals utilize a number of different transcription factors to
specify enteroendocrine lineages after they diverge from a common
progenitor as mutations in these transcription factors result in reductions
of specific groups of secretory cells, rather than loss of all enter-
oendocrine cells (Noah et al., 2011).

To determine whether NRSCs are enteroendocrine, we identified

Fig. 1. Notch receiving secretory cells (NRSCs)
reside within groups of proliferating cells at the
interfold base. A. Whole mount on the fifth day of
embryogenesis, some secretory cells (blue) are NRSCS
(blue/magenta, arrows) present within groups of
proliferating epithelial cells (green). Anterior is to the
left. B. In transverse cross-section, NRSCs(blue/
magenta) localize on the upper limit of the interfold
base (arrows) as judged by their position at the edge
of groups of proliferating cells (green). Other secre-
tory cells are also present (blue, arrowheads). C. At
the end of the first week post-embryogenesis (12 dpf),
NRSCs also reside within proliferating clusters. Not all
secretory cells are NRSCs (blue, arrowheads). D.
Transverse cross-section as in B. At the end of the first
week post-embryogenesis, NRSCs are at the edge of
the interfold base (arrow) along with other secretory
cells (blue, arrowhead). Green- EdU incorporated
cells; Red-nuclear mCherry responder to Tp1 Cre ER™
driver; Blue- 2F11 pan-secretory cell; Grey- DAPI; red
dashed line-limit of intestine; asterisk-lumen of in-
testine; scale bar 10 pM.
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whether they co-express nkx2.2a. nkx2.2a is a transcription factor uti-
lized in a number of enteroendocrine lineages as they begin terminal
differentiation (Desai et al., 2008). To visualize expression of nkx2.2a, we
used the GFP reporter Tg/nkx2.2a:mEGFP]. Cells with mCherry and 2F11
have low expression of nkx2.2a (Fig. 2A and B- 5 dpf; 2C and E- 12 dpf),
suggesting that these are enteroendocrine cells. Low GFP expression in
mCherry and 2F11 expressing cells may be due to overlap of the 594 nm
conjugated secondary (used for detection of mCherry) into the channel
used to image the 488 nm conjugated secondary (for detection of GFP).
To determine whether the observed nkx2.2a-GFP expression was an
artifact due to overlap of fluorescence of the 594 nm secondary into the
488 nm channel, we performed immunohistochemistry utilizing a sec-
ondary antibody recognizing the rabbit mCherry antibody that is further
separated in emission wavelength from the 488 nm channel. We find a
similar pattern of co-localization between GFP and mCherry expressing
cells using 488 nm and 633 nm conjugated secondaries (Supplemental
Fig. S1).

Low levels of GFP coexpressed with NRSCs may be due to the stage of
enteroendocrine cell differentiation. Occasionally we observe cells with
high nkx2.2a-GFP expression co-localized with 2F11. Many 2F11 positive
cells, however, express no or low levels of nkx2.2a promoter driven GFP
(Fig. 2A and C). Differential nkx2.2a by enteroendocirne cells within the
zebrafish intestinal epithelium may be similar to the mammalian situa-
tion. In mammals, NKX2.2 is expressed in recently differentiated adult
5HT, GLP-1, Gastrin/CCK, and somatostatin enteroendocrine cells before
they leave the crypt, but expression is turned off as the cells move onto
the villus (Wang et al., 2009). Cells expressing 2F11 with high levels of
nkx2.2a may be newly differentiated secretory cells. The absence of
nkx2.2a expression in 2F11 expressing cells may be indicative of more
mature enteroendocrine cells.

Within the immature intestinal epithelium, nkx2.2a expression may
be retained for longer or shorter times following differentiation of
enteroendocrine lineages. We suggest that as with mammalian enter-
oendocrine cells, NRSC expresses nkx2.2a as cells differentiate but
downregulate nkx2.2a as the enteroendocrine cells mature. NRSCs may

2F11/Ncre/GFP

nkx2.2a

S dpf

nkx2.2a
12 dpf
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retain nkx2.2a expression longer than other enteroendocrine lineages.
The coexpressed GFP may be residual protein that has not yet been
degraded within recently differentiated NRSCs. If GFP expression is re-
sidual in many NRSCs, it may explain why the GFP appears to be nuclear.
NRSCs and enteroendocrine cells in general have a cytoplasm that does
not extend far from the circumference of the nuclei (Fig. 1). Therefore, if
GFP expression is reduced, the bulk of expression will only occupy a thin
margin around the nucleus. The cellular projections are thin and residual
GFP expression within these portions of the cell will become faint and
hard to detect above background levels.

3.3. NRSCs do not increase in number after formation

We suggest that Notch signaling is one of the final steps in differen-
tiation of the NRSCs. As a result, following Notch signaling, NRSCs are
differentiated and no longer proliferate. To confirm that NRSCs no longer
increase in number following differentiation, NRSCs were induced with
40HT and split into two groups. mCherry cells from the first group were
recorded soon after 4OHT induction while the second was grown to a
later developmental time point to determine whether mCherry cells in-
crease in number. We induced individuals either during embryogenesis
or during the post embryonic period. The embryonic 4OHT induction
was performed at 74 hpf and fixed at 5 dpf while the second group was
grown to 12 dpf. The initial count of mCherry positive cells at 5 dpf
produced an average of 136.17 (+31.1, n=12). The second group grown
to 12 dpf produced an average count of 148.5 (+45.5, n=12) mCherry
positive cells. The post embryonic 4OHT induction was performed at 7
dpf and the first group was fixed at 8 dpf. The count at 8 dpf produced an
average of 64.5 (£19.1, n=16) mCherry positive cells. The second group
grown to 12 dpf produced an average count of 66.5 (£25.5, n=22)
positive mCherry cells. Comparison between the initial and later devel-
opmental time points for both the embryonic and post embryonic ex-
periments demonstrate no statistical differences between the two counts
using the Student’s t-test with p values of 0.49 for the embryonic
experiment and 0.79 for the post embryonic experiment. While some

Fig. 2. Notch receiving secretory cells (NRSCs) co-
localize with nkx2.2a. A group of 2F11 secretory
cells (blue) co-label with NRSCs (Ncre-red) and GFP-
driven by nkx2.2a (A and B- 5 dpf; C and D- 12 dpf).
As shown in the GFP only panels, NRSCs have varying
levels of nkx2.2a (B- 5 dpf and D- 12 dpf). Red-nuclear
mCherry responder to Tp1 Cre ER™ driver; Blue- 2F11
pan-secretory cell; Green- GFP driven in specified
pattern (nkx2.2a). Arrows point to NRSCs in each all
panels. Scale bar 10 pm.
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NRSCs may undergo additional proliferation or apoptosis, the numbers
are consistent with the idea that once formed, the majority of NRSCs are
differentiated cells. As NRSCs differentiate, they are likely to remain in
the epithelium throughout intestinal development.

3.4. Disruption of Notch signaling between 74 hpf to 11 dpf does not alter
secretory cell numbers

We hypothesize that NRSCs receive Notch signaling as a later step in
differentiation. Disruption of Notch signaling should interrupt formation
of NRSCs to reveal a function for cells in this secretory lineage. However,
Notch is used at least twice during early embryogenesis. Earlier Notch
signaling involves specification of secretory cells from enterocytes
(before 74 hpf) (Roach et al., 2013). After secretory cell specification,
individual lineages begin differentiation (Wallace et al., 2005a) and
disruption of Notch signaling during the second half of embryogenesis
should no longer change numbers of secretory cells. Disruption of Notch
signaling after 74 hpf, therefore, should only interrupt NRSC
development.

To confirm that disruption of Notch signaling does not alter numbers
of secretory cells between 74 hpf to 11 dpf, we disrupted Notch signaling
by inhibiting cleavage of the Notch intracellular domain (ICD) using the
gamma secretase inhibitor N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester (DAPT). Individuals were exposed to DAPT or
DMSO as controls for 2 h followed by wash out into E3 for embryos, or
system water for post embryonic fish. Embryonic fish were exposed to
DAPT or DMSO each day beginning at 74 hpf to the end of embryogenesis
(120 hpf). Post embryonic fish were exposed to DAPT or DMSO on three
separate days (6 dpf, 8dpf and 10 dpf).

Following Notch disruption, we compared overall secretory cell
numbers using the pan-secretory cell marker 2F11, counting both ante-
rior and posterior regions (regions counted diagrammed in Fig. 3A). We
observe no significant changes in overall secretory cell number either
during embryogenesis (recorded at 120 hpf- Anterior average DMSO
72.5; DAPT68.2; p value 0.33: Posterior average DMSO 40.6; DAPT 41.4;
p value 0.89) or the first week post embryogenesis (recorded at 11 dpf-
Anterior average DMSO 89.7; DAPT 91.6; p value 0.83: Posterior average
DMSO 61.9; DAPT 54.3; p value 0.29) using the Student’s t-test. All p
values are greater than 0.05 suggesting that application of DAPT after 74
hpf disrupts NRSC development and does not alter secretory cell
numbers.

3.5. Interruption of Notch signaling results in increased epithelial cell
proliferation during embryonic and post embryonic periods

NRSCs are positioned at the interfold base among proliferating
epithelial cells. The location of NRSCs provides them with the opportu-
nity to play a role in regulation of proliferation. If NRSCs regulate
epithelial proliferation, then disruption of their development with DAPT
should alter the number of cells in S phase.

As mentioned before, we suggest that Notch signaling plays a role in
differentiation of NRSCs. Developmental timing of the formation of
eNRSCs and pNRSCs suggest that they may play different roles in regu-
lation of proliferation even though they are mixed throughout the in-
testinal epithelium during the first week post embryogenesis (6 dpf to 12
dpf). We therefore disrupted eNRSCs (74 hpf to 120 hpf), pNRSCs (6 dpf
to 11 dpf), or both. Disruption of NRSCs in these three combinations
should reveal whether there are different roles for e and pNRSCs. These
experiments will determine whether e and pNRSCs interact or support
each other in regulation of epithelial proliferation during the first week
post embryogenesis.

During NRSC disruption with DAPT, we used the following time
course of EAU labeling to capture an appropriate sample of S phase cells.
During the second half of embryogenesis (74 hpf to 120 hpf), epithelial
proliferation begins to slow as it becomes restricted to the fold base
(Wallace et al., 2005a). To evaluate the affect of NRSC loss during the
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embryonic period we incorporated EAU at 96 hpf and fixed individuals at
120 hpf.

To evaluate the effect of NRSC loss during the post embryonic period,
we captured a representative group of proliferating epithelial cells by
EdU incorporation on three different days and fixed individuals at 11 dpf.
EdU was incorporated on three separate days during the first week post
embryogenesis due to the nature of epithelial proliferation during this
period. Proliferating epithelial cells during the first week post embryo-
genesis proceed through one or two rounds of mitosis and then become
quiescent (Li et al., 2019). Multiple rounds of proliferating epithelial cells
then repeat this process throughout the week. Proliferation rates also
vary during the week (Li et al., 2019). Disruption of NRSCs may alter
proliferation rates at one point during the week but not others. Sampling
on three separate days throughout the week should capture changes in
proliferation that occur during the period. Counts of EAU positive cells
were taken in both the anterior as well as the posterior region of the
intestine (regions counted are diagrammed in Fig. 3A). Previous inves-
tigation found that proliferation is primarily located in the intestinal
epithelium between 74 hpf to 12 dpf (Li et al., 2019).

eNRSCs were disrupted with DAPT between 74 hpf and 120 hpf and
labeled with EdU at 96 hpf. Embryos were fixed at 120 hpf and S phase
cells were compared to proliferation of DMSO controls (experimental
timeline Fig. 3A). Disruption of eNRSCs between 74 hpf to 120 hpf results
in statistically significant increases in the number of S phase cells in the
anterior intestine (Fig. 3C). There is an increase in S phase cells in the
posterior intestine, but the increase is not statistically significant
(Fig. 3C).

eNRSCs were again disrupted with DAPT between 74 hpf to 120 hpf,
but grown to 11 dpf. There are significant increases in the number of S
phase cells in both the anterior and posterior intestine (Fig. 3E) following
incorporation of EAU on three separate days between 6 dpf to 11 dpf
(experimental timeline Fig. 3D). Disruption of pNRSCs between 6 dpf to
11 dpf results in significant increases in proliferation both in anterior and
posterior regions (Fig. 3G) following incorporation of EAU on three
separate days between 6 dpf to 11 dpf (experimental timeline 3F). As
proliferation is only in the interfold base epithelium between 5 dpf and
11 dpf (Li et al., 2019; Wallace and Pack, 2003), we find that both e and
PNRSCs function to negatively regulate proliferation in the developing
stem cell compartment.

Finally, we disrupted both eNRSCs (74 hpf to 120 hpf) and pNRSCs (6
dpf to 12 dpf) with EAU incorporation on three separate days between 6
dpf to 11 dpf (experimental timeline Fig. 3H). There are less significant
changes in anterior number of cells in S phase than any of the other
disruptions of e or pNRSCs (Fig. 3I). There are no significant increases in
the number of S phase cells in the posterior region (Fig. 3I). Smaller in-
creases in proliferation within the anterior intestine and decreased pro-
liferation in the posterior intestine following disruption of both e and
PNRSCs suggests that these two groups of NRSCs may work together to
maintain proliferation at a set level during the first week post embryo-
genesis. e and pNRSCs may promote a portion of proliferation as well as
inhibit the upper end of proliferation during the first week post
embryogenesis.

3.6. The proliferative cell pool expands at the interfold base following
NRSC disruption

Disruption of NRSCs increases the number of cells in S phase. Here we
investigate whether increased cell numbers arise due to alteration of the
cell cycle or recruitment of additional cells entering S phase. Following
NRSC disruption the cell cycle may be shortened or cells that remain
quiescent now reenter the cell cycle, increasing the number of cells in S
phase. To identify how additional S phase cells arise following NRSC
disruption, we performed the following two experiments.

The first experiment assays whether there are increases in the number
of cells reentering S phase following NRSC disruption. Previously, we
found that during the first two weeks post embryogenesis (6 dpf to 19
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Fig. 3. Intestinal epithelial proliferation is up-regulated with developmental disruption of Notch receiving secretory cells (NRSCs). A. Diagram of anterior
and posterior recorded regions (anterior end of intestine to left); one region (183 X 183 pm) in the anterior is where the intestine begins to enlarge in diameter (blue
box labeled A) and the other in is in the posterior (blue box labeled P), which is 183 pm from the posterior end (indicated by red line). Time lines above each panel
show timing of treatments and sample preparation (B, D, F, and H) as follows: green arrows indicate times of EAU addition, blue arrows are DAPT or DMSO control
addition, black arrow is the end point of the experiment (sample preparation). DAPT disruption of NRSC development between 74 hpf to 120 hpf (C) demonstrates
statistically significant difference in anterior proliferation at 120 hpf and an increase in the posterior compared to DMSO controls. When a group of fish exposed to
DAPT between 74 hpf to 120 hpf and grown to 11 dpf (E), statistically significant increases in both the anterior and posterior are observed when compared to DMSO
controls. Disruption of NRSC development for three (G) days with DAPT during the first week post-embryogenesis reveals statistically significant increases in epithelial
proliferation in both anterior and posterior regions when compared to DMSO controls. Disruption of NRSC development during both the embryonic period (74 hpf to
120 hpf) and the first week post-embryogenesis (I) (DAPT applied for three separate days) results in increases in epithelial proliferation in the anterior. There is a
decrease in proliferation in the posterior (I- not statistically significant). Average values are indicated in bars of graph. Student’s t tests were performed between
control and experimental groups. Values with significant differences between groups are indicated with an asterisk above the bar on the graph. The number of asterisks
indicate differences with results lower than the indicated p value: *p < 0.05; **p < 0.01; ***p < 0.001. C. n=22; E. n=30; G. n=30; [. n=29.

dpf), most epithelial cells become quiescent after an initial division and (experimental timeline Fig. 4A). Epithelial cells normally incorporate
do not enter further rounds of S phase (Li et al., 2019). Proliferation EdU and drop out of the cell cycle. If epithelial cells re-enter the cell
however continues throughout the first two weeks post embryogenesis as cycle, they will also incorporate BrdU in a subsequent S phase and
other cells then enter S phase and become quiescent following an initial become co-labeled with both nucleotides.

division (Li et al., 2019). Following NRSC disruption, normally quiescent To determine whether there are increased numbers of EAU and BrdU
cells might re-enter the cell cycle, thereby increasing the number of cells co-labeling cells we compared Notch disrupted individuals to DMSO
in S phase. To determine whether increased numbers of interfold base controls during the first post embryonic week. While there are a few cells

epithelial cells re-enter the cell cycle, cells were labeled with two co-labeled in both DAPT and DMSO controls, the bulk of cells label with
different nucleotides: EAU to identify cells initially in S phase, and then either EAU or BrdU only (Fig. 4B anterior and 4C posterior). There is a
with BrdU to determine whether cells re-enter the cell cycle slight increase in co-labeled epithelial cells in NRSC disrupted
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Fig. 4. Increased numbers of S phase cells due to disrupted NRSCs originate from newly recruited interfold base epithelial cells. NRSCs were disrupted with
DAPT and compared to DMSO controls. Number of epithelial cells re-entering S phase was evaluated with a EdU incorporation followed by BrdU incorporation.
Proliferation recorded in the anterior and posterior regions are the same as in Fig. 3A. Panel A shows the timeline; green arrow is time of EAU incorporation and red
arrow is time of BrdU incorporation. Blue arrows indicate times of DAPT or DMSO addition and the black arrow is the end point. Significant increases in the number of
cells in S phase occur in both the anterior (B) and posterior (C) with both EAU and BrdU incorporation. There are a few cells that incorporate both EAU and BrdU (D).
Timeline in panel E evaluates both number of cells entering the cell cycle and the length of cell cycle. Individuals are exposed to either DAPT or DMSO at 6 dpf and 8
dpf (blue arrows), EAU was incorporated at 9 dpf. Individuals were stopped at 1 and 12 h as well as three days post EAU incorporation (indicated by three black
arrows-first 1 h, second 12 h, and third 3 days). In both the anterior (F) and posterior (G), there is a significant increase in the number of initial cells recruited
following NRSC disruption (anterior F and posterior G- 1 h post EAU injection-hpi). Both DAPT and DMSO controls double at the same rate (anterior F and posterior G-
both at 12 dpi). Neither DAPT of DMSO individuals continues proliferating after the initial division as observed by a lack of statistically significant increases in EAU
incorporated cells between 12 hpi and 3 dpi. Student’s t tests were performed between control and experimental groups. Values with significant differences between
groups are indicated with an asterisk above the bar on the graph. The number of asterisks indicate differences with results lower than the indicated p value: *p < 0.05;
**p < 0.01; ***p < 0.001. B, C, D n=10; F, G n=20.
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individuals that is statistically significant when compared to the DMSO
control (Fig. 4D). As there are increased numbers of S phase cells in NRSC
disrupted individuals, there is also likely to be an increase in the number
of EAU and BrdU co-labeled cells compared to DMSO controls. NRSC
disruption does not appear to allow quiescent cells reenter the cell cycle.

The second experiment identifies whether NRSC disruption results in
overall higher numbers of cells in S phase at a given time and whether the
speed of the cell cycle increases. A shortened cell cycle would allow more
cells to be in S phase at a given time. Individuals are treated with DAPT or
DMSO on 6 dpf and 8 dpf to disrupt NRSC development, followed by EAU
incorporation (timeline 4E). To determine the number of cells in S phase
at a given time, a group of individuals are labeled with EAU on 9 dpf. In
one third of the EdU labeled individuals, EAU positive cells are recorded
after an hour pulse at 9 dpf. Another third of the EAU labeled individuals
are chased for 12h while the last third are chased for 3 days (experi-
mental timeline Fig. 4E). Comparing the number of EAU labeled cells
between DAPT and DMSO controls following the one-hour pulse de-
termines whether additional cells are recruited into S phase following
NRSC disruption. The 12-h chase demonstrates whether the EAU labeled
cells double. Previously, we determined that the cell cycle is about 12 h
during the first week post embryogenesis and therefore we expect
doubling of EdU labeled cells to occur during the first 12h. The 3-day
chase reveals whether EdU labeled cells continue to divide past the
time that they double.

Counting labeled cells from the 1-h EdU pulse revealed that more cells
are in S phase at a given time following DAPT disruption of NRSCs
compared to the DMSO treatment (Fig. 4F anterior and 4G posterior). To
determine the length of the cell cycle, the numbers of labeled cells
following the EAU pulse were compared to numbers at the 12 h and 3 day
chase periods. Completion of one cell cycle should produce approxi-
mately double the number of labeled cells when comparing the EAU pulse
to chase. We find that in both DAPT and DMSO treatment groups, EAU
labeled cells have doubled in number by 12 h following the original EAU
pulse. This suggests that the cell cycle takes about 12h in both NRSC
disrupted individuals and DMSO controls (Fig. 4F anterior and 4G pos-
terior). Also, during the three day chase period, there are no statistically
significant increases in EAU labeled cells when comparing DAPT to
DMSO controls. This experiment provides additional evidence that
following NRSC disruption, epithelial cells entering the cell cycle remain
quiescent following the initial cell cycle. These experiments indicate that
interruption of NRSC development allows recruitment of additional
epithelial interfold base cells into S phase, but does not increase the rate
that cells go through the cell cycle or the number of cell cycle rounds.
NRSCs may then play a role in limiting the field of epithelial interfold
base cells that enter into the cell cycle at any given time.

3.7. Interruption of Wnt signaling down regulates Wnt target genes during
both the end of embryogenesis and the first week post embryogenesis

We hypothesize that increased proliferation following NRSC disrup-
tion is due to up regulation of the level of Wnt signaling. In species as
diverse as mammals, Drosophila and zebrafish, the Wnt signaling
pathway has been shown to be critical in stimulating proliferation of
epithelial cells in the stem cell niche (Barker, 2014; Cheesman et al.,
2011; Haramis et al., 2006; Muncan et al., 2007; Neal et al., 2013; Tian
et al., 2017). We first need to demonstrate that Wnt target genes will
respond to disruption in Wnt signaling during the end of embryogenesis
and the first week post embryogenesis. To disrupt Wnt signaling, we
induced a transgenic line containing a dominant negative T-cell factor
(TCF) (hsp70-TCFAC) (DN TCF) (Martin and Kimelman, 2012). TCFs are
required endpoint co-factors for recruitment of p-actin to activate Wnt
target genes (Cadigan and Waterman, 2012).

Change in the level of Wnt signaling was identified through alteration
of Wnt target gene expression using qPCR. We utilized the following Wnt
target genes; sox9b (Blache et al., 2004; Cheesman et al., 2011), NT1
(Cheesman et al., 2011; Kim et al., 2012), myca (Cheesman et al., 2011;
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He et al., 1998; Neal et al., 2013), cyclinD1 (Neal et al., 2013; Tetsu and
McCormick, 1999), cdxla (Cheesman et al., 2011; Pilon et al., 2007),
axin2 (Cheesman et al., 2011; Lustig et al., 2002; Neal et al., 2013; Yan
et al., 2001), and ascl1b.

While ascllb was not previously shown to be a Wnt target gene, the
gene has conserved synteny to the tetrapod homologue of ascl2, sug-
gesting that ascl1b could serve as the ascl2 homologue in teleosts (Ganz
etal., 2014). The conserved synteny could make ascl1b a Wnt target gene.
A previous report demonstrates increased ascllb expression in apc mu-
tants, suggesting ascllb is a Wnt target gene. This may occur indirectly
through overexpression of stat3 and stimulation of the JAK/Stat pathway
as chemical inhibition of the pathway (JAK/Stat) reduces ascllb
expression (Lin et al., 2011). ascl1b responds as a Wnt target but may not
be a direct target.

Induction of the dominant negative (DN) TCF should reduce each of
the relative Wnt target gene expression during embryogenesis and the
first week post embryogenesis, but not other unrelated genes. To analyze
alteration to Wnt signaling during embryogenesis, DN TCF individuals
were heat shocked three times at 74 hpf, 94 hpf and 118 hpf followed by
RNA isolation at 120 hpf (experimental timeline Fig. 5A). To analyze
signaling during the first week post embryogenesis (6 dpf to 12 dpf), a
group of DN TCF individuals were heat shocked on three different days (6
dpf, 8 dpf, and 10 dpf), followed by RNA isolation at 11 dpf (experi-
mental timeline Fig. 5C). Expression levels of seven Wnt target genes
(sox9b, NT1, myca, cyclinD1, cdx1a, axin2, and ascl1b) and an unrelated
gene (Supplemental data Fig. S2) were compared between heat shocked
DN TCF and heat shocked WT siblings by qPCR.

In both the embryonic and post-embryonic experiments, we find 1.89
to 2 fold reduction in expression of ascl1b compared to heat shocked WT
siblings, suggesting that ascl1b responds to reductions in Wnt signaling
and may be either a direct or indirect target of Wnt signaling (Fig. 5B and
D). For the other Wnt target genes, we find reductions in a range from
1.19 to 2.78 fold when compared to heat shocked WT siblings (Fig. 5B
and C). Reduction in the level of Wnt signaling then reduces expression of
each of the selected Wnt target genes. As expression of the DN TCF is not
continuous, we do not expect complete loss of Wnt target gene expres-
sion. We also suggest that other signaling pathways may contribute to a
portion the Wnt target gene expression and prevent a more drastic
reduction in expression levels.

3.8. Interruption of embryonic and post embryonic NRSCs results in
increased Wnt target gene expression during post embryonic period, but not
during the end of embryogenesis

To determine whether NRSC disruption results in increased Wnt
signaling, we used qPCR to compare changes in Wnt target gene
expression between NRSC disrupted individuals and DMSO treated
controls. In these experiments, we used whole intestines and as a result,
changes in gene expression may come from other sources such as
mesenchymal and/or smooth muscle cells in addition to intestinal
epithelial cells.

Here we disrupted eNRSCs (74 hpf to 120 hpf-analyzed at 11 dpf-
Fig. 6C timeline) or pNRSCs (6 dpf to 11 dpf-analyzed 11 dpf- Fig. 6E
timeline). We also disrupted eNRSCs (DAPT between 74 hpf to 120 hpf)
but grew the individuals to 11 dpf (Fig. 6C timeline). Both eNRSCs (74
hpf to 120 hpf) and pNRSCs (6 dpf to 11 dpf- Fig. 6G timeline) were
disrupted followed by analysis at 11 dpf.

Disruption of eNRSCs with analysis at the end of embryogenesis (120
hpf) results in no significant alteration in the relative expression levels of
Wnt target genes when compared to DMSO controls (Fig. 6B). This sug-
gests that eNRSCs do not change the level of Wnt signaling during the
period between 74 hpf to 120 hpf even though we previously found that
proliferation is upregulated following Notch inhibition during this
period. This suggests that even though eNRSCs negatively regulate pro-
liferation between 74 hpf to 120 hpf, they do not do so through Wnt
signaling.
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Fig. 5. Wnt transcription targets are down-
regulated following DN-TCF expression. Wnt
signaling is interrupted following heat shock expres-
sion of a dominant negative f-catenin transcription
co-factor, TCF. During embryogenesis (timeline A),
three heat shocks were performed at 70 hpf, 94 hpf
and 118 hpf (blue arrows) and embryos analyzed at
120 hpf (black arrow). During the first week post-
embryogenesis (timeline C), individuals were heat
shocked three times at 6 dpf, 8 dpf and 10 dpf (blue
arrows) and analyzed at 11dpf (black arrow). B, D:
Histograms representing relative gene expression an-
alyses via qPCR of the genes indicated (white bars for
heat shocked wild-type controls, black bars for heat
shocked DN TCF) at 74 hpf to 120 hpf (B) and during
the first week post-embryogenesis (6 dpf to 12 dpf)
(D). All seven of the observed target genes have sta-
tistically significant down-regulation (between 1.19 to
2.78 fold) relative to heat shocked WT siblings during
both embryonic period and post embryonic period.
Student’s t tests were performed between control and
experimental groups. Values with significant differ-
ences between groups are indicated with an asterisk
above the bar on the graph. The number of asterisks
indicate differences with results lower than the indi-
cated p value: *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 6. Wnt transcription targets are up-regulated following DAPT disruption of NRSCs during the first week of the post-embryonic period. Disruption of
NRSCs with DAPT were performed in a similar time frame to analysis of epithelial proliferation levels (Fig. 3). Relative gene expression of disrupted NRSCs was
compared to DMSO controls using qPCR. Timelines (A, C, E and G) show time of DAPT or DMSO control exposures (blue arrows) followed time of analysis (black
arrow). (B) Application of DAPT between 74 hpf to 120 hpf does not show significant changes in Wnt target gene expression at 120 hpf when compared to DMSO
treated controls (D). Significant changes in all target genes occur when embryos are treated with DAPT between 74 hpf to 120 hpf and grown to 11 dpf (comparing
histogram in B to histogram in D). (F) Disruption of NRSC development with DAPT during the first week of the post-embryonic period reveals increased expression in
four Wnt target genes. (H) Disruption of NRSC development in both embryonic and post-embryonic periods using DAPT significantly increases expression of all Wnt
target genes. Student’s t tests were performed between control and experimental groups. Values with significant differences between groups are indicated with an
asterisk above the bar on the graph. The number of asterisks indicate differences with results lower than the indicated p value: *p < 0.05; **p < 0.01; ***p < 0.001.
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The eNRSCs formed between 74 hpf to 120 hpf do however alter the
level of Wnt signaling during the first week post embryogenesis.
Disruption of eNRSCs with analysis at 11 dpf (Fig. 6D) results in
increased expression of all seven of the analyzed Wnt target genes. This
suggests that even though eNRSCs do not alter Wnt signaling during
embryogenesis, they are capable of altering Wnt signaling during the post
embryonic period. Disruption of only pNRSCs results in up regulation of
only four of the seven Wnt target genes (Fig. 6F). Up regulation of these
four Wnt target genes may be all that is required to increase proliferation.
In these experiments, we observe differential regulation of Wnt target
genes from no alteration, a few targets altered, or all targets altered. We
suggest that e and pNRSCs may be able to differentially regulate Wnt
targets by acting on alternate target gene enhancers, which could be
differentially modified. Previously, differential expression of Wnt target
genes has been shown to be due to differential chromatin marks and
occupancy of TCF in the enhancer region (Wohrle et al., 2007). Modifi-
cation of target gene enhancers in different cells could then produce
varied responses of target genes to Wnt signaling. Enhancers could then
be further modified over development, producing additional changes in
Wnt target response.

3.9. Interruption of Notch signaling alters expression of EGF and IGF
receptors and ligands

Epithelial proliferation is increased following disruption of NRSCs in

Developmental Biology 456 (2019) 47-62

each of the combinations that were investigated. Even though prolifer-
ation is increased at the end of embryogenesis following eNRSC disrup-
tion, we find no increase in Wnt target genes. We suggest that eNRSCs
downregulate epithelial proliferation though a signaling pathway other
than Wnt.

Both Epidermal Growth Factor (EGF) (Farin et al., 2012; Sato et al.,
2011) and Insulin-Like Growth Factor (IGF) (Bortvedt and Lund, 2012;
Van Landeghem et al., 2015) pathways drive proliferation of epithelial
stem cells. Following resection of the adult zebrafish intestine, prolifer-
ation increases in the following two weeks with a corresponding upre-
gulation of EGF and IGF pathway components similar to mammalian
models of short bowel syndrome (Schall et al., 2015). Both EGF and IGF
signaling pathways are active and promote proliferation in the adult
zebrafish intestine. Therefore, EGF and IGF pathways may play a role in
driving increased levels of proliferation between 74 hpf to 120 hpf
following eNRSC disruption.

Using qPCR, we compared relative expression levels of EGF and IGF
ligand and receptor genes between individuals following NRSC disrup-
tion to DMSO controls. Similar to the analysis of the Wnt target genes, we
applied DAPT or DMSO in the same four time frames as with analysis of
proliferation levels. eNRSCs were disrupted with analysis at 120 hpf
(Fig. 7A) or 11 dpf (Fig. 7C). pNRSCs were disrupted with analysis at 11
dpf (Fig. 7E). Also both eNRSCs and pNRSCs were disrupted with analysis
at 11 dpf (Fig. 7G).

We find both increases and decreases in EGF and IGF pathway
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Fig. 7. EGF and IGF pathways are mis-regulated following DAPT disruption of NRSCs during embryonic and post-embryonic periods. NRSC disruption with
DAPT was performed in a similar manner to both proliferation (Fig. 3) and Wnt target analysis (Fig. 6). Timelines for these experiments (A, C, E and G) are shown in
the panel above the experiment. DAPT or DMSO control exposure times are shown (blue arrows) followed by time of analysis (black arrow). gPCR was used to assay
relative gene expression between DAPT and DMSO controls. DAPT exposure at 74 hpf and 98 hpf followed by analysis at 120 hpf (timeline A) results in up-regulation
of EGF and IGF ligands and receptors with down-regulation of one EGF and two IGF ligands at 120 hpf (B). Following embryonic DAPT treatment (74 hpf to 120 hpf)
with analysis at 11 dpf (timeline C), EGF ligands are down-regulated and both IGF receptor and ligands are down-regulated (D). DAPT treatment during the first week
post-embryogenesis (timeline E) results in up-regulation of one EGF receptor and one IGF ligand (F). DAPT treatment during both embryogenesis and the first post-
embryonic week (timeline G) results in up-regulation of EGF receptor and ligands as well as IGF ligands (H). Student’s t tests were performed between control and
experimental groups. Values with significant differences between groups are indicated with an asterisk above the bar on the graph. The number of asterisks indicate

differences with results lower than the indicated p value:
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components depending on the combination of NRSCs that are disrupted.
Following disruption of eNRSCs with analysis at 120 hpf (timeline
Fig. 7A), we find between 1.5 to 2 fold increases in the relative expression
of egfra, hb-egfa, igfla, and igf1r genes (Fig. 7B), suggesting that eNRSCs
down regulate epithelial proliferation in part by downregulating both the
EGF and IGF signaling pathways. While there is reduction in the relative
expression of egf, igf2a and igf2b genes during the same period, these li-
gands may not be involved in promoting proliferation.

In contrast, when eNRSCs are disrupted (but not pNRSCs) and
analyzed at 11 dpf (timeline Fig. 7C), there are decreases in the relative
expression of btc, egf, hbegfb ligand genes as well as all the genes of the igf
ligands and receptors (Fig. 7D). We suggest that in the absence of
eNRSCs, pNRSCs are able to cause a more substantial down regulation of
EGF and IGF pathways (Fig. 7D). eNRSCs may play a role in supporting
proliferation during the first week post embryogenesis. eNRSCs would
then have a dual role in down regulating EGF and IGF pathway expres-
sion during the end of embryogenesis but may also support a level of EGF
and IGF pathway component expression during the first week post
embryogenesis. Without eNRSCs to support EGF and IGF pathway
expression during the first week post embryogenesis, the pNRSCs would
be able to have a more unchecked downregulation of the EGF and IGF
signaling pathways.

When pNRSCs are disrupted (but not eNRSCs) and analyzed at 11 dpf
(timeline Fig. 7E), only egfra and igf1a are marginally increased (Fig. 7E).
In this experiment, we suggest that disruption of pNRSCs prevents the
normal downregulation of EGF and IGF signaling at the beginning of the
first week post embryogenesis. eNRSCs here may be exerting a secondary
role in maintaining EGF and IGF pathway expression during the first
week post embryogenesis. However, when both e and pNRSCs are dis-
rupted (timeline 7G), most ligands and receptors have significant in-
creases except for igflr and igf2b (Fig. 7H). We suggest that loss of
eNRSCs results in increased ligand and receptor expression during the
end of embryogenesis (74 hpf to 120 hpf). Elevated EGF and IGF
expression would normally be downregulated by pNRSCs between the
end of embryogenesis and the first week post embryogenesis. In this
experiment, we suggest that high levels of EGF and IGF expression con-
tinues into the post embryonic period due to a lack of pNRSCs which
would normally reduce EGF and IGF expression. pNRSCs may then play a
role in reduction of EGF and IGF signaling at the end of embryogenesis to
allow Wnt signaling to become the primary driver of proliferation during
the post embryonic period.

3.10. Wnt, EGF and IGF signaling play differing roles in driving intestinal
epithelial proliferation as the intestine develops

We hypothesize that inhibition of the prominent signaling pathway
driving epithelial proliferation will reduce increased epithelial prolifer-
ation due to NRSC disruption. qPCR results demonstrate that the EGF and
IGF are prominent signaling pathways driving epithelial proliferation
during embryogenesis (74 hpf to 120 hpf). This changes during the
transition between the end of embryogenesis (120 hpf) and the first week
post embryogenesis (6 dpf to 12 dpf) when Wnt signaling becomes the
prominent driver of epithelial proliferation.

Here we inhibit each signaling pathway in both NRSC disrupted and
DMSO control individuals during the embryonic period and the first
week post embryonic period. Changes in proliferation are assayed
following EdU incorporation. To inhibit Wnt signaling we used the
dominant negative (DN) TCF (Martin and Kimelman, 2012). EGF
signaling was inhibited with the cell-permeable EGF kinase inhibitor
AG-1478. (Budi et al., 2008). IGF was inhibited with NVP-AEW541
(Chablais and Jazwinska, 2010).

We first inhibited Wnt signaling during the embryonic period and first
week post embryonic period. qPCR results suggest that Wnt inhibition
during the embryonic period will not affect epithelial proliferation. We
expressed DN TCF between 74 hpf to 120 hpf either on its own or
following DAPT addition to disrupt eNRSC development (experimental
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timeline Fig. 8A). As expected, expression of DN TCF does not reduce
epithelial proliferation (Fig. 8B), even though DN TCF expression at this
stage reduces expression of Wnt target genes (Fig. 5B). In contrast, when
either AG-1478 (EGF inhibitor) (timeline Fig. 8C) or NVP-AEW541 (IGF
inhibitor) (timeline Fig. 8E) is added on its own during the embryonic
period, proliferation is reduced in both the anterior and posterior regions
below WT levels (Fig. 8D- EGF or F- IGF). For both inhibitors, we have
performed internal controls using previously identified EGF and IGF
targets to demonstrate the specificity of the inhibitors (Supplemental
Information Fig. S3 EGF; S4 and S5 IGF). With addition of DAPT to inhibit
development of eNRSCs, epithelial proliferation increases as before
(Fig. 8D and F and Fig. 3). When DAPT is combined with either of the
inhibitors, the epithelial proliferation rate is reduced to almost WT levels
(Fig. 8D or F). While the level of epithelial proliferation might be ex-
pected to drop below WT levels with either the EGF or IGF inhibitor, the
opposite signaling pathway is likely preventing a more severe reduction
in proliferation. We are able to reduce proliferation through EGF and IGF
but not Wnt inhibition following eNRSC disruption. These results support
the qPCR observation that increases in EGF and IGF signaling are pri-
marily responsible for driving both normal epithelial proliferation and
increases in epithelial proliferation resulting from disruption of eNRSCs
during embryogenesis.

In contrast to the embryonic period, when Wnt signaling is inhibited
during the first week post embryogenesis, epithelial proliferation is
significantly reduced. DN-TCF was expressed with three heat shocks on 6
dpf, 8 dpf and 10 dpf during the first week post-embryogenesis. EQU was
incorporated on the same 3 day s as the heat shocks to determine changes
in epithelial proliferation (timeline Fig. 9A). The number of EdU labeled
cells are significantly reduced below control heat shocked siblings
without the DN-TCF construct levels (Fig. 9B). Disruption of pNRSCs
following DAPT treatment on 6 dpf, 8 dpf and 10 dpf, as before, increases
epithelial proliferation (Figs. 9B-3G). Increased epithelial proliferation
resulting from pNRSC disruption is reduced to near WT levels following
Wnt inhibition with DN-TCF (Fig. 9B). Reduction of S phase numbers
below DMSO control numbers is likely prevented by other signaling
pathways promoting epithelial proliferation. Both qPCR and signal in-
hibition data support a role for EGF and IGF signaling as a prominent
driver of epithelial proliferation during embryogenesis, followed by a
switch to Wnt signaling during the post-embryonic phase. We also find
that increases in proliferation following NRSC disruption is driven by the
prominent signaling pathway promoting proliferation during the
respective period (EGF and IGF in embryonic and Wnt in post
embryonic).

4. Discussion

Here we identify a subset of intestinal epithelial secretory cells that
are interspersed among proliferative cells at the developing fold base.
The NRSCs co-localize with the pan-secretory marker 2F11 suggesting
that they are secretory cells. These secretory cells receive Notch signaling
after the period of specification between enterocytes and secretory cell
lineages. We suggest that Notch signaling is required for differentiation
of these secretory cells (referred to as Notch receiving secretory cells-
NRSCs). NRSCs begin forming after 74 hpf. New NRSCs continue
differentiating throughout the first week post-embryogenesis. We find
low level nkx2.2a co-localization with NRSCs suggesting they are
enteroendocrine cells.

NRSCs may be conserved across multiple vertebrate species. Previ-
ously, a search was performed to identify conserved accessible chromatin
regions specific to intestinal epithelial cells across a number of verte-
brates (zebrafish, stickleback, mouse and human) (Lickwar et al., 2017).
While common accessible chromatin regulatory regions active primarily
in intestinal epithelial cells are conserved across vertebrate species, they
often do not retain sequence conservation (Lickwar et al., 2017). How-
ever, among the conserved accessible chromatin regulatory regions, a
highly conserved sequence for the her6/hes1 gene, which is active in a
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Fig. 8. Inhibition of either EGF or IGF pathways but not Wnt signaling inhibition reduces embryonic intestinal epithelial proliferation. Timeline of ex-
periments are outlined for DN TCF (A), EGF (C) and IGF (E). Heat shock times are shown with orange arrows (A) or inhibitor addition (pink arrow- C or brown arrows-
E) Each inhibitor was used for a 2-h exposure. Blue arrows in each figure are DAPT or DMSO control additions (2-h exposure), green arrows are time of EAU incubation
(4 h) and black arrow is the end of the experiment. Anterior and posterior regions recorded in these experiments are the same areas indicated in Fig. 3A. Inhibition of
Wnt signaling with the dominant negative (DN) TCF results in no statistically significant reductions in epithelial proliferation in either the anterior or posterior (B).
Addition of DAPT (B) to disrupt NRSCs increases anterior epithelial proliferation as in Fig. 3. DAPT increases in proliferation are not reduced in either anterior or
posterior regions following inhibition of the Wnt pathway with DN TCF expression (B). Inhibition of the EGF pathway using the cell-permeable EGF kinase inhibitor
AG-1478 EGF (D) or the IGF inhibitor NVP-AEW541 (F) both reduce epithelial proliferation by a statistically significant value compared to WT. When DAPT is added to
disrupt NRSCs, epithelial proliferation is again increased while addition of both DAPT and AG-1478 (D) or DAPT and NVP-AEW541 (F) reduces DAPT induced
proliferation almost back to WT levels in both the anterior and posterior. B. DMSO n=20, DAPT n=21, DMSO-DN TCF n=28, DAPT-DN TCF n=20; D. DMSO-DMSO
n=23, DAPT-DMSO n=24, AG-1478-DMSO n=28, AG-1478-DAPT n=26; F. DMSO-DMSO n=27, DAPT-DMSO n=27, NVP-AEW541-DMSO n=27, NVP-AEW541-DAPT
n=28. Analyzed using one way analysis of variance (ANOVA) p < 0.001 B anterior: F (3,84)= 91.86, P=0; posterior: F (3,84)= 1.42, p=0.24 D anterior: F (3,97)=
78.45, p=0; posterior; F (3,97)= 18.98, p=0F anterior: F (3,105)= 96.48, p=0 posterior: F (3,105)= 18.52, p=0. All means were found to not be equal except for the
posterior group in panel B. Significant differences from the untreated group were determined using the Student’s t-test with Bonferroni correction and indicated with

asterisks above the bars, ***p < 0.0001.

population of Notch positive cells, was identified and contains the RBPJ target genes and reduction of proliferation following Wnt inhibition
binding site required for her6/hesl expression in zebrafish intestinal suggests that Wnt signaling promotes intestinal epithelial proliferation
epithelial cells. Furthermore, the corresponding human sequence also during the first week post embryogenesis. These experiments also suggest
drives expression in a group of zebrafish Notch positive intestinal that increases in epithelial proliferation following disruption of e and
epithelial cells (Lickwar et al., 2017). Notch appears to act on an PNRSCs is driven by increased Wnt signaling during the first week post
enhancer that is active and highly conserved in intestinal epithelial cells, embryogenesis.

suggesting that NRSCs may have conserved function in development of While Wnt signaling promotes intestinal epithelial proliferation dur-
the intestines of diverse vertebrate species. ing the first week post embryogenesis, eNRSC disruption does not alter

Interruption of NRSC development both in the embryonic period (74 Wnt target genes during embryogenesis. Also, Wnt pathway inhibition
hpf to 120 hpf) and the first week post embryonic period (6 dpf to 12 dpf) does not reduce the increased proliferation following NRSC disruption

increases proliferation rates of immature stem cells at the interfold base, during embryogenesis. These experiments suggest that Wnt signaling
suggesting that NRSCs negatively regulate epithelial proliferation. With does not promote intestinal epithelial proliferation during embryogen-
interruption of NRSC development, there are corresponding changes in esis. Instead, Wnt signaling only begins to promote epithelial prolifera-
signaling pathways involved in promotion of epithelial proliferation. We tion during the transition between the embryonic and post embryonic
find that increased proliferation during the first week post embryogenesis period.

is promoted by Wnt signaling, as e and pNRSC disruption increases As Wnt signaling does not appear to promote proliferation during the
expression of Wnt target genes. Also, Wnt pathway inhibition reduces embryonic period, we investigated whether other signaling pathways
increased proliferation rates following NRSC disruption during the first might play this role. A number of pathways contribute to drive prolif-
week post embryogenesis (6 dpf to 12 dpf). Both upregulation of Wnt eration in mammals including contributions from the EGF (Farin et al.,
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Fig. 9. Inhibition of Wnt signaling during the first week post-
embryogenesis reduces epithelial proliferation. Timeline of experiment is
outlined in A. Orange arrows indicate times of heat shock, green arrows indicate
times of EAU incubation, and blue arrows indicate times of DAPT or DMSO
treatment. Recorded anterior and posterior regions are the same areas indicated
in Fig. 3A. B. Inhibition of Wnt signaling through DN-TCF expression during the
first post embryonic week significantly reduces epithelial proliferation in both
anterior and posterior regions. With the combination of DAPT (to inhibit NRSC
development) and expression of DN-TCF (to inhibit Wnt signaling), proliferation
levels are reduced to WT levels in both anterior and posterior regions. DMSO
n=28; DAPT n=23; DN-TCF-DMSO n=29; DN-TCF-DAPT n=28. Groups of in-
dividuals were analyzed using one way analysis of variance (ANOVA)
p < 0.001 B anterior: F (3,104)= 184.2, p=0; posterior F (3,104)= 159.95, p=0.
All means were found to be unequal. Significant differences from the untreated
group were determined using the Student’s t-test with Bonferroni correction and
indicated with asterisks above the bars, **p < 0.001; ***p < 0.0001.

2012; Sato et al., 2011) and IGF (Bortvedt and Lund, 2012; Van Land-
eghem et al., 2015) pathways. EGF and IGF have also been demonstrated
to play a role in proliferation increases following resection of the adult
zebrafish intestine (Schall et al., 2015). Following disruption of embry-
onic NRSCs there are increases in the relative gene expression of EGF and
IGF receptors and ligands. In addition when either EGF or IGF signaling
pathways are inhibited following embryonic NRSC disruption, increased
proliferation levels are reduced. EGF and IGF pathways play a role in
promotion of proliferation during embryogenesis. The increased
epithelial proliferation following disruption of eNRSCs is driven by
increased EGF and IGF signaling at the end of embryogenesis.

We find that pNRSCs play a role in reduction of EGF and IGF signaling
during the transition between embryogenesis and the first week post
embryogenesis. When only embryonic NRSCs are disrupted but post em-
bryonic NRSCs are allowed to develop, decreased expression of EGF and
IGF receptors and ligands is observed during the first week post embryo-
genesis. Because the post embryonic NRSCs are still present, we suggest
that post embryonic NRSCs play a role in reduction of the level of EGF and
IGF pathways. Reduction of EGF and IGF pathways may help to mediate
transition to Wnt signaling as the predominant pathway driving epithelial
proliferation at the beginning of the first week post embryogenesis. We
suggest that EGF and IGF signaling needs to be downregulated before Wnt
signaling is upregulated. Promotion of epithelial proliferation may not be
compatible with concurrent activation of all signaling pathways.

We propose the following model for formation of the intestinal
epithelial stem cell compartment and regulation of proliferation within
the developing niche. During the end of embryogenesis, there is a re-
striction of proliferation to the interfold base, which appears to be
completed by the end of embryogenesis (120 hpf) (Wallace et al., 2005a).
Here we find that restriction of proliferation to the interfold base is
coincident with a shift from EGF and IGF driving epithelial proliferation
to Wnt signaling being the main driver of proliferation. We suggest that
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this may be a period when an immature stem cell niche is established.
This potential niche would still need to undergo multiple changes before
reaching the mature form.

In this model, as the immature stem cell niche develops, the majority
of secretory cells at the interfold base would be involved in positive
regulation of proliferating cells (represented by green secretory cells in
Fig. 10A and C designated as EE). Embryonic EE cells (labeled as green EE
cells in Fig. 10A) would promote proliferation primarily through EGF and
IGF signaling (larger blue bar in Fig. 10A), with some contribution by Wnt
during embryogenesis (smaller red bar in Fig. 10A). During the transition
from embryogenesis to the first week post embryogenesis (6 dpf to 12
dpf), post embryonic EE cells would promote proliferation primarily
through Wnt signaling which becomes the primary driver of epithelial
proliferation (switch between height of blue EGF and IGF and red bars
Wnt indicting change in signaling pathway dominance - Fig. 10C).

The NRSCs (represented by both red eNRSCs in Fig. 10B and D and
the yellow pNRSCs in Fig. 10D) would play a role in counteracting the
activity of the EE cells by restricting proliferation to prevent epithelial
cells from over proliferating. With development of the embryonic NRSCs
(labeled as red eNRSCs in Fig. 10B) there is a reduction in the top end of
epithelial proliferation through reduction of EGF and IGF signaling
(reduced blue bar in Fig. 10B as compared to the larger blue bar in 10A
without eNRSCs).

PNRSCs would play a role in downregulating Wnt signaling during
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Fig. 10. Model for regulation of intestinal epithelial proliferation. We
suggest that the more numerous enteroendocrine cells associated with prolif-
erating cells are positive drivers of proliferation (green cell labeled EE). Without
NRSCs, there would be higher levels of EGF, IGF and Wnt signaling as well as
higher proliferation rates (A). There are two types of NRSCs, one of which forms
during the embryonic period (red cell labeled eNRSC-B and D) and the other
during the first week post-embryonic period (yellow cell labeled pNRSC- D). The
embryonic NRSCs (eNRSC) reduce the upper end of both EGF and IGF signaling.
Reducing EGF and IGF signaling reduces the number of epithelial cells recruited
into S phase during embryogenesis. eNRSCs do not appear to alter Wnt signaling
during embryogenesis (B) but reduce Wnt signaling later during the first week
post embryogenesis (D). pNRSCs reduce the upper end of Wnt signaling and
consequently the number of epithelial cells recruited into S phase during the
first week post embryogenesis (D). As the major signaling pathways driving
proliferation change from EGF/IGF to Wnt between embryogenesis and the post
embryonic period, NRSCs would then play a role in this switch. pNRSCs appear
to dramatically reduce both EGF and IGF signaling during the first post em-
bryonic week. Downregulation of EGF and IGF signaling may be necessary to
allow for Wnt signaling to become the prominent driver of epithelial prolifer-
ation during the first week post embryogenesis. We suggest that high levels of
both signaling pathways are not compatible with each other to drive epithelial
proliferation. Both groups of NRSCs however are involved in downregulating
the upper end of the signaling driving proliferation. Other signaling pathways
are likely to be involved in stimulation of epithelial proliferation during each of
these periods but were not investigated in this study.
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the first week post embryogenesis to place an upper limit on the number
of cells produced during epithelial proliferation. pNRSC limiting Wnt
signaling is represented in the difference between higher levels of Wnt
signaling (Fig. 10B red bar) with only EE cells and the lower level of Wnt
signaling (Fig. 10C red bar) with e and pNRSCs. Both e and pNRScs play a
role in Wnt downregulation during the post embryonic period.

We suggest that pNRSCs also aid in transition to the immature stem
cell niche between the end of embryogenesis and the first week post
embryogenesis. Development of post embryonic NRSCs (labeled as yel-
low pNRSCs in Fig. 10D) would promote a dramatic reduction in EGF and
IGF signaling (smaller blue bar in Fig. 10D as compared to the larger blue
bar in Fig. 10C without e or pNRSCs). This would promote transition to
the predominance of Wnt signaling at the beginning of the post embry-
onic period. Addition of pNRSCs with EE cells results in reduced EGF and
IGF signaling when compared to higher levels of signaling in Fig. 10C
were there is only EE cells. Each group of secretory cells would then play
a role in either up or down regulation of signaling pathways driving
proliferation. The overall function of NRSCs would be to perform varying
degrees of down regulation of signaling. eNRSCs may also prevent
epithelial proliferation from dropping too low. During the first week post
embryogenesis, the eNRSCs and pNRSCs may interact and regulate pro-
liferation in ways that one group alone will not be able to perform.

We have identified and begun to characterize a subset of intestinal
secretory cells (Notch receiving secretory cells- NRSCs) that restrict
proliferation levels within the developing intestinal stem cell compart-
ments. These secretory cells limit the pool of proliferative epithelial cells
by restricting levels of at least three pathways that drive epithelial pro-
liferation (Fig. 10). These secretory cells are likely conserved in verte-
brate evolution (Lickwar et al., 2017). Restriction of intestinal epithelial
proliferation by NRSCs during development may be a common mecha-
nism across many vertebrate species.
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