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Intestinal tract development is a coordinated process involving signaling among the progenitors and developing
cells from all three germ layers. Development of endoderm-derived intestinal epithelium has been shown to
depend on epigenetic modifications, but whether that is also the case for intestinal tract cell types from other germ
layers remains unclear. We found that functional loss of a DNA methylation machinery component, ubiquitin-like
protein containing PHD and RING finger domains 1 (uhrf1), leads to reduced numbers of ectoderm-derived enteric
neurons and severe disruption of mesoderm-derived intestinal smooth muscle. Genetic chimeras revealed that
Uhrfl functions both cell-autonomously in enteric neuron precursors and cell-non-autonomously in surrounding
intestinal cells, consistent with what is known about signaling interactions between these cell types that promote
one another’s development. Uhrfl recruits the DNA methyltransferase Dnmtl to unmethylated DNA during
replication. Dnmt1 is also expressed in enteric neurons and smooth muscle progenitors. dnmtI mutants have fewer
enteric neurons and disrupted intestinal smooth muscle compared to wildtypes. Because dnmtl;uhrfl double
mutants have a similar phenotype to dnmt1 and uhrf1 single mutants, Dnmt1 and Uhrfl must function together
during enteric neuron and intestinal muscle development. This work shows that genes controlling epigenetic
modifications are important to coordinate intestinal tract development, provides the first demonstration that
these genes influence development of the ENS, and advances uhrfl and dnmtl as potential new Hirschsprung
disease candidates.

1. Introduction cells that give rise to the enteric nervous system (ENS) is positioned far

from the nascent endoderm and mesoderm. Thus, these ENS precursors

Proper organ function requires coordinated development of multiple
cell types over an appropriate temporal window. For example, develop-
ment of a functioning intestinal tract involves coordination among in-
testinal epithelial cells derived from endoderm, muscle cells derived from
mesoderm, and enteric neurons and glia derived from ectoderm. Cells
from each of the three germ layers initially migrate and then proliferate,
prior to their differentiation, which occurs essentially contemporane-
ously (Ganz, 2018; Ganz et al., 2016; Hao et al., 2016; Olden et al., 2008;
Wallace et al., 2005a). Endoderm and mesoderm progenitor cells initially
co-mingle (Gays et al., 2017; Warga and Nusslein-Volhard, 1999; Zorn
and Wells, 2009), whereas the ectoderm that generates the neural crest
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must migrate for a significant distance to reach the developing intestinal
tract before they can begin to differentiate and innervate it (Ganz, 2018;
Lake and Heuckeroth, 2013). Signaling among these distinct cell types, or
their progenitor cells, is critical for coordinated intestinal development.
The intestinal epithelium influences development and differentiation of
intestinal smooth muscle precursors (ISMPs) and intestinal smooth
muscle cells (ISMCs), as well as development and differentiation of
enteric precursor cells (EPCs) and the ENS (Fu et al., 2004; Korzh et al.,
2011; Pietsch et al., 2006; Reichenbach et al., 2008; Sukegawa et al.,
2000). The lateral plate mesoderm from which ISMPs and ISMCs arise
influences intestinal epithelial development and EPC migration and
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differentiation (Fu et al., 2004; Graham et al., 2017; Hao et al., 2016;
Mwizerwa et al., 2011; Natarajan et al., 2002; Puzan et al., 2018;
Reichenbach et al., 2008; Sukegawa et al., 2000). Similarly, the ENS
regulates intestinal epithelial development and integrity (Neunlist et al.,
2007, 2013; Puzan et al., 2018). Thus, there is interdependence of in-
testinal cell type development through signaling between progenitor
cells of intestinal epithelium, smooth muscle, and ENS. Mutations in
genes involved in development of any of these cell types can have pro-
found and often deleterious consequences (Brosens et al., 2016; Gold-
stein et al., 2016; Wallace et al., 2005b; Yamamoto and Oda, 2015). For
example, mutations in genes that regulate ENS development can result in
disorders, such as Hirschsprung Disease (HSCR), in which the distal in-
testine is uninnervated and dysmotile (Heuckeroth, 2018).

A number of studies have revealed the importance of epigenetic
modulation during development and functioning of the endodermal and
mesodermal cell types that contribute to the intestinal tract (Elliott and
Kaestner, 2015; Elliott et al., 2015; Jorgensen et al., 2018). For example,
epigenetic modulation has been shown to be important for integrity of
the intestinal epithelium (Marjoram et al., 2015) and proper develop-
ment of intestinal smooth muscle (Jorgensen et al., 2018). Epigenetic
modification via DNA methylation is a key regulator of the differential
gene expression that underlies the ability of cells to develop distinct fates.
DNA methylation patterns are established by the de novo DNA methyl
transferases (Dnmt) 3a and 3b and maintained by Dnmt1 (Robertson and
Wolffe, 2000). DNA methylation regulates intestinal epithelium forma-
tion by controlling the balance between cell proliferation and differen-
tiation during development (Elliott and Kaestner, 2015; Marjoram et al.,
2015; Sheaffer et al., 2014). Dnmtl has also been shown to have an
essential role in regulating intestinal smooth muscle differentiation,
integrity, and survival (Jorgensen et al., 2018). DNA methylation has
further been linked to ENS development because EPCs have decreased
Dnmt expression in HSCR patients compared to controls and some HSCR
patients have presumed pathogenic missense mutations in Dnmt3b
(Torroglosa et al., 2014). Zebrafish mutants of histone deacetlyase 1
(hdac1), another epigenetic modifier gene, have fewer enteric neurons in
addition to other neural crest defects (Ignatius et al., 2013). However,
how epigenetic modifications, such as DNA methylation, affect ENS
development remains poorly understood and it is also unclear how DNA
methylation coordinates proper temporal development of the distinct cell
types that coalesce to form the intestinal tract. Here, we investigate the
role of epigenetic modulation on coordinated development of the intes-
tinal tract by focusing on development of ectodermal derivatives that
form the ENS and mesodermal derivatives that form the intestinal
smooth muscle.

Dnmt proteins require partners to effect DNA methylation. For
example, Dnmt1 is recruited by the modular protein Ubiquitin-like pro-
tein containing PHD and RING finger domains 1 (Uhrf1) to unmethylated
DNA to maintain DNA methylation patterns after replication (Bestor,
2000; Bostick et al., 2007; Ooi and Bestor, 2008; Sharif et al., 2007).
Zebrafish has been instrumental in elucidating the role of Uhrfl, as
mouse mutants die early in development (Bostick et al., 2007; Muto et al.,
2002; Sharif et al., 2007). Zebrafish uhrfl mutants show compromised
intestinal barrier function resulting from disruption of the intestinal
epithelium (Marjoram et al., 2015). They also show intestinal inflam-
mation reminiscent of inflammatory bowel disease (Marjoram et al.,
2015). However, little is known about how Uhrfl influences ENS or in-
testinal smooth muscle cell development.

In this study, we examine the role of Uhrfl and Dnmt1 in the coor-
dination of intestinal development. To this end we analyze their effects
on development of the ENS and intestinal muscle using a mutant uhrf1
allele (uhrf1 b“”, hereafter referred to as uhrfl ~/~) that we isolated in a
zebrafish forward genetic screen for mutants with changes in enteric
neuron number (Kuhlman and Eisen, 2007). As previously reported,
uhrfl mutants exhibit significant disruption of intestinal epithelial
morphology (Marjoram et al., 2015). We demonstrate that they also
exhibit severe disruption of intestinal smooth muscle and a variable
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reduction in enteric neuron number. This disruption of both EPCs and
smooth muscle cells results in displacement of enteric neurons via both
cell-autonomous and cell-non-autonomous mechanisms. We show that
both uhrfl and dnmt1 are expressed in EPCs and surrounding intestinal
cell types, including intestinal smooth muscle. Consistent with the known
interactions between Uhrfl and Dnmt1, zebrafish dnmt1 single mutants
exhibit similar ENS and intestinal muscle phenotypes to uhrfI mutants.
Our double mutant analysis demonstrated that Uhrfl and Dnmt1 func-
tion together to regulate enteric neuron and intestinal smooth muscle
development. This work provides evidence that genes controlling
epigenetic modifications play an important role in coordination of in-
testinal development.

2. Materials and methods
2.1. Zebrafish husbandry

All zebrafish experiments were performed following protocols
approved by the University of Oregon Institutional Animal Care and Use
Committee. The uhrflb”] % and dnmt1°°°* mutations were propagated by
mating heterozygous carriers to AB wildtypes. Homozygous uhrf1°111°
and dnmt1%°%* single mutants were obtained by mating heterozygous
carriers. Complementation testing was performed by mating adult
zebrafish heterozygous for uh]f]bnls and uhrf1 hi272 (Sadler et al., 2007).
Mutant larvae were first identified visually by smaller eyes and jaws and
subsequently confirmed by fixing and staining with the pan-neuronal
marker anti-Elavl and analyzing neuron numbers in the intestine. For
some experiments, uhrf1?11> and dnmt1*°°* mutant carriers were out-
crossed to Tg(phonb:EGFP)W37 (Nechiporuk et al., 2007) and their
progeny were grown up and screened for single and double mutant
carriers that were subsequently crossed to visualize EPCs and neurons in
living animals. uhrflb” 5 and dnme1%%%* single mutants had indistin-
guishable phenotypes. uhrfI®’’> and dnmt1°** double mutants were
generated by crossing heterozygotes to obtain a double mutant line.

Genotyping was performed on genomic DNA extracted from adult
tails or heads obtained from larvae processed through immunohisto-
chemistry. The dnmt1°°** mutation removes a BslI restriction site. A 230
bp PCR fragment containing the mutated site was amplified with forward
5’-TCTGTATCTTGTTTGCTCTGCTC-3" and reverse 5’-CTCACAGA-
CACCACACCGT-3’ primers. Digestion of the PCR product with Bsll
yielded two fragments in wildtype (185 and 45 bp) and did not cut the
mutant PCR product. The uhrf1°15 mutation creates a Haelll restriction
site. A 294 bp PCR fragment was amplified with forward 5’-AAGG-
GACGCCGAAGAAGAT-3’ and reverse 5’ GACGTTGTGTTGGCACTCTG-3’
primers. Digestion with Haelll generated three fragments in wildtypes
(177, 94 and 23 bp) and four fragments (128, 94, 49 and 23 bp) in the
presence of the mutation. Double mutants were genotyped using both
assays.

2.2. RAD-tag genotyping

Previously we performed a forward-genetic screen to uncover regu-
lators of neural crest development (Kuhlman and Eisen, 2007). One of the
mutants identified, b1115, displayed a severe enteric neuron phenotype
[Fig. 1A and B (Kuhlman and FEisen, 2007)]. Using Restriction site
Associated DNA (RAD) sequencing of genomic DNA (Baird et al., 2008),
we mapped the b1115 genetic lesion to a 2.2 Mb region on chromosome
22. Phenotypic mutant and wildtype fish from a single-pair cross were
identified by phox2b:EGFP transgene expression in the ENS at 5 days post
fertilization (dpf) and five mutant or five wildtype individuals were
pooled for sequencing. Genomic DNA was purified from the cross par-
ents, from nine wildtype larval pools, and from 34 b1115 mutant larval
pools. RAD-tag libraries were prepared as described (Amores et al., 2011;
Baird et al., 2008; Miller et al., 2007) and sequenced on an Illumina
HiSeq 2000 to obtain 100-nucleotide single-end reads. We used Stacks
version 1.19 (http://catchenlab.life.illinois.edu/stacks/) to organize
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Fig. 1. The zebrafish b1115 mutation has a non-synonymous single nucleotide polymorphism in an ultra-conserved amino acid of the RING domain of
uhrf1. (A-B) Live images of 5 dpf wildtype (A) and uhrf1°7?® mutant (B) larvae show that mutants have smaller eyes and heart edema compared to wildtype siblings.
(C) Exon 16 of uhrfl contains the mutation (red asterisk) in the b1115 allele. (D) Schematic of important protein domains of uhrfl with a close-up of the seven
conserved cysteines (Tauber and Fischle, 2015). (E) A non-synonymous single nucleotide polymorphism (T=>C) mutates the conserved cysteine 7 (red) to a Glycine.
(F) Cysteine 7 (red) is conserved among phylogenetically diverse vertebrate species. (G) Complementation cross between the b1115 allele and the hi272 allele of uhrfl
shows failure to complement in 5 dpf larvae as demonstrated by fewer phox2b:EGFP enteric neurons (green; H) compared to wildtype (green; G). In both proximal (J)
and distal (L) intestine, uhrfl bI115/hi272 1 ytants have fewer enteric neurons than wildtype siblings at 5 dpf (proximal I; distal K) as quantified in M and N. (M,N)
Quantification of Elavl positive cells per 200 pm of proximal or distal intestine in wildtype or uh!fl“ 115/h272. mutant [wildtype n =10 (proximal), n =10 (distal);
uh1f1b1 115/hi272 1 — 19 (proximal), n =18 (distal)]. UBL, ubiquitin like; TTD, tandem tudor domain; PHD, plant homeodomain; SRA, SET and RING associated; PBR,
polybasic region; RING, really interesting and new gene. A,B,G,H: side-views of whole-mount zebrafish larvae at 5 dpf. I-L: Confocal images of dissected intestines at 5
dpf. Scale bar =100 pm in A,B,E,F; Scale bar = 50 pm in I-L. Unpaired t-test: **** = p < 0.0001.

reads into loci and to identify polymorphisms (Catchen et al., 2011, and sample stacks were matched to the catalog with sstacks. We excluded
2013). Illumina sequences were quality filtered with the process_radtags all loci with indels and more than two alleles in a single locus, and used
program of Stacks (Catchen et al.,, 2011, 2013) and aligned to the the program SNPstats to calculate a G-test statistic comparing genotypes
zebrafish genome (v. Zv9) (Howe et al., 2013) using GSNAP (Wu and in mutants and wildtype pools (Hohenlohe et al., 2010). Sequences have

Nacu, 2010). We ran pstacks with default parameters on the parent se- been deposited in the Sequence Read Archive (https://www.ncbi
quences, and with the parameters —bound_high .001 and —alpha .001 on .nlm.nih.gov/sra) under the accession number SRP118720.
pooled samples. The Stacks catalog was built from the parent sequences Analysis of genes within the interval implicated uhrfl as a candidate
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due to the similarities in phenotype between uhrf]bI 115 and the previ-
ously described transgene insertion allele uhrflhm 2 (Amsterdam and
Hopkins, 2004; Sadler et al., 2007). Crossing the b1115 allele to the hi272
allele resulted in non-complementation (Fig. 1G and H) indicating that
b1115 is a mutated allele of uhrfl. We quantified the number of ENS
neurons in our complementation cross and found that the Elavl® cells
were significantly reduced in uhrf1°1115%272 individuals compared to
wildtype siblings in both proximal and distal intestine (Fig. 1I-N).To
learn the site of the genetic lesion, we generated cDNA from pools of
wildtype and mutant larvae, amplified and sequenced the uhrf1 gene in
each pool and performed sequence comparisons. We identified a single
base pair change resulting in a cysteine-to-glycine change in amino acid
744, which lies in the zinc finger RING domain of the protein (Fig. 1C-E).
Sequence analysis of vertebrate species in the conservation track of the
human-centric 100-way species alignment in the UCSC Genome Browser
(https://genome.ucsc.edu/; representative species shown in Fig. 1F)
revealed that the affected amino acid is invariably conserved in all ver-
tebrates in the alignment and that the affected cysteine (C7) is an
essential part of the RING finger domain involved in binding of one of the
zinc ions that are critical for the function of the RING finger domain
(Fig. 1F) (Borden and Freemont, 1996).

2.3. Immunohistochemistry

Antibody staining for Elavl (1:10,000, Thermo Fisher Scientific,
Eugene, OR, catalog number A-21271), GFP (1:1000, Thermo Fisher
Scientific, Eugene, OR, A11122, catalog number A11120, nNOS (1:500,
Santa Cruz Biotechnology, Santa Cruz, CA, catalog number sc-1025), 5-
HT (1:10,000, Immunostar, Hudson, WI, catalog number 20080),
Smooth muscle myosin (1:100, Alfa Aesar, catalog number J64817 BT-
562), and Desmin (1:100, Sigma-Aldrich, catalog number D8281) was
performed at 5 dpf as previously described (Uyttebroek et al., 2010).
Immunostaining for Dnmtl (1:250, Santa Cruz Biotechnology, Santa
Cruz, CA, catalog number sc-20701) was performed on transverse cry-
osections of 48 hpf embryos expressing phox2b:EGFP. Staining with this
antibody required a 5 min incubation in 3% H05/0.5% potassium hy-
droxide prior to standard staining methods. Antigens were visualized
with standard fluorophore-labeled antibodies for rabbit IgG (1:1,000,
Thermo Fisher Scientific, Eugene, OR, catalog number A-11008 or
A-11071) and mouse IgG (1:1,000, Thermo Fisher Scientific, Eugene, OR,
catalog number A-11001 or A-11030). DAPI staining was accomplished
using ProLong Diamond Antifade Mountant with DAPI (Thermo Fisher
Scientific; catalog number p36966).

2.4. Hematoxylin and eosin staining

Embryos were fixed in 4% paraformaldehyde and processed for
paraffin sectioning and Hematoxylin and Eosin staining as previously
described (Cheesman et al., 2011).

2.5. In situ hybridization

Embryos were fixed and processed for in situ hybridization as previ-
ously described (Seredick et al., 2012). Following in situ hybridization,
embryos were embedded in agar, frozen, cryosectioned (Beattie and
Eisen, 1997), and imaged on a confocal microscope as described below.

2.6. ENS transplantation

ENS transplantation was performed as previously described (Rolig
et al., 2017). Briefly, donor embryos were labeled by injection of 5%
tetramethylrhodamine dextran (3000 MW) at the 1-2cell stage and
reared until the next manipulation in filter-sterilized embryo medium
(EM). Embryos at the 12-14 somite stage were mounted in agar, a small
hole dissected in the skin, and cells transplanted as previously described
(Eisen, 1991). At 5 dpf, hosts and donors were fixed in 4%
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paraformaldehyde in 1 x PBS for 3hat room temperature and then
washed 3 x 10min in 1 x PBS. We performed immunohistochemistry
with anti-Elavl and anti-GFP (see immunohistochemistry section) to
reveal both host and donor-derived enteric neurons.

2.7. Image acquisition

Confocal images were acquired on a Zeiss Pascal confocal microscope
using a 40X water immersion objective and AIM or ZEN software (Carl
Zeiss Microscopy, LLC, Thornwood, New York, USA) or a Leica SP8
confocal microscope using a 40X water immersion objective or a 63X oil
immersion objective, 405-diode, white light lasers and LASX software, or
a Leica TCSSPE confocal microscope using a 40X oil immersion objective
and LASX software. Low magnification images were acquired using a
Leica MZ205 FA fluorescent stereomicroscope and LAS software. Images
were processed and analyzed using Photoshop CC (Version 19.1.1, Adobe
Systems, Inc., San Jose, CA, USA) and FiJi software to adjust contrast.

2.8. Image analysis

Following immunohistochemistry, intestines were dissected and
mounted in PBS between two coverslips. For cell quantification, pro-
jections along the y-axis were generated from confocal stacks in ZEISS
LSM Image browser and used for manual cell counts and colocalization
analysis between Elavl and nNOS or Elavl and 5-HT. Counts were per-
formed in proximal intestine, defined as extending 200 pM from the
caudal end of the intestinal bulb, and in the distal intestine, defined as
extending 200 uM proximal to the anus. Alternatively, confocal stacks
were loaded into Imaris (Version 9.2.1), appropriate regions of interest
were selected, estimated cell diameter was set to 5.38 pm, spot selection
was checked for appropriate threshold levels, and cell counts were
manually verified. To determine significant differences, we performed an
unpaired t-test using GraphPad Prism 8.01. For multiple comparisons, we
performed One-way Anova followed by Tukey’s post-hoc test using
GraphPad Prism 8.01.

3. Results
3.1. Zebrafish uhrfl mutants have fewer enteric neurons

uhrf1?"11% was originally isolated from a forward genetic screen for
mutations affecting ENS development (Kuhlman and Eisen, 2007) based
on a decrease in the number of ENS neurons in larvae. The line has been
maintained for over a decade by outcrossing to AB. The uhrfl bIII5 -
tation was identified using RAD-mapping, as described in the Methods
and confirmed by non-complementation with another allele of uhrfl
(hi272) that has been shown to have strongly reduced CG DNA methyl-
ation (Fig. 1G-N, Table 1) (Feng et al., 2010; Sadler et al., 2007). Larvae

Table 1

Complementation scoring of uhrf1®?!?® heterozygous carriers crossed to
uhrf1"272 heterozygous carriers shows that b1115 and hi272 are both mutant
alleles of uhrf1.

Pair # Female Male Wildtype b1115/hi272 Total % Mutants
1 hi272 b1115 90 40 130 31
2 hi272 b1115 88 24 112 21
3 hi272 b1115 81 41 122 34
4 hi272 b1115 137 38 175 22
5 hi272 b1115 100 33 133 25
6 b1115 hi272 75 24 99 24
7 b1115 hi272 112 46 158 29
8 b1115 hi272 126 48 174 28
9 b1115 hi272 16 23 30
10 b1115 hi272 42 13 55 24
11 hi272 b1115 12 15 20
12 hi272 b1115 13 4 17 24
Total 892 321 1213 26
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show the smaller eye phenotype that has previously been described for 5
dpf uhrfl mutants (Fig. 1A and B) (Tittle et al., 2011). There are several
additional uhrfl mutant alleles that have also been demonstrated to
decrease DNA methylation (Marjoram et al., 2015; Tittle et al., 2011).

To learn about the role of Uhrfl in ENS development, we examined
five time points spanning different stages of enteric progenitor cells
(EPC) migration and ENS neuron specification using the phox2b:EGFP
transgenic line that expresses in enteric neurons and their precursors
(Taylor et al., 2016). At 30-32h post fertilization (hpf), phox2b:EGFP*
EPCs enter the rostral intestine and migrate caudally, reaching the distal
end at around 66 hpf. ENS neurogenesis starts around 48 hpf rostrally
and continues caudally until a functional ENS has formed at 5 dpf (Olden
et al., 2008; Shepherd et al., 2004). At 48 and 57 hpf, EPC migration in
uhrfl mutant embryos is indistinguishable from wildtype siblings (data
not shown). At 72 and 96 hpf, fewer phox2b:EGFP™ cells are present in
uhrfl mutants compared to their wildtype siblings (Fig. 2), but the ENS
phenotype is variable in uhrfl mutants. At 5 dpf, the reduction in
phox2b:EGFP" ENS neurons is significant and robust (Figs. 3 and 4). To
investigate the ENS phenotype in more detail at 5 dpf, we examined the
number of ENS neurons in proximal and distal intestine using immuno-
histochemistry with the pan-neuronal marker Elavl (Fig. 4). At this stage,
there are two main neuronal subtypes, those expressing neuronal nitric
oxide synthase (nNOS) and those expressing serotonin (5-HT) that
together comprise about 80% of ENS neurons (Uyttebroek et al., 2010). A
change in the number of ENS neurons could reflect a change in either one
or both of these subtypes. We counted the overall number of neurons
using an antibody to Elavl which is expressed in all ENS neurons
(Kuhlman and Eisen, 2007), as well as antibodies to these two neuro-
transmitters (Uyttebroek et al., 2010). We found that the overall number
of ENS neurons was significantly reduced in both proximal and distal
intestine, as a result of reductions in both subtypes, indicating that uhrf1
does not differentially affect specification of these neuronal subtypes
(Fig. 4). Notably, ENS neurons were essentially absent from the
distal-most 200 pm of the intestine (Fig. 3D; Fig. 4D,H,I-K). This
phenotype is not due to a developmental delay, as mutant larvae die
around 7 dpf still displaying the mutant ENS phenotype observed at 5
dpf.

3.2. Enteric progenitors and surrounding intestinal cells express uhrf1 and
dnmtl

As a first step toward elucidating the role of uhrfl in the developing
intestinal tract, we examined the uhrfl expression pattern by in situ hy-
bridization. Expression of uhrfl has been documented in zebrafish em-
bryos in developing endoderm (Sadler et al., 2007). Previous studies
showed that Uhrfl is required for normal development of the intestinal

I 72 hpf |

96 hpf

Fig. 2. The uhrfl mutant ENS progenitor phenotype emerges around 72
hpf. Whole-mount side views of wildtype (A,C) and uhrfI mutants (B,D). uhfrl
mutants have fewer phox2b:EGFP positive cells (green) than wildtype siblings at
72 hpf (A,B) and 96 hpf (C,D). Scale bar =100 pm.
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epithelium in zebrafish, but did not investigate its role in development of
other intestinal cell types such as intestinal smooth muscle cells or ENS
neurons (Marjoram et al., 2015). EPCs, endoderm, and developing
mesoderm are in such close proximity during intestinal development
(Wallace et al., 2005a) that previous studies did not differentiate the
expression pattern of uhrfl among these cell types. The transgene
Tg(phox2b:EGFP) is expressed in migrating EPCs beginning around
30-32 hpf (Shepherd et al., 2004; Taylor et al., 2016), allowing identi-
fication of EPCs among surrounding intestinal cells. We tested several
commercially available antibodies against Uhrfl using a variety of anti-
gen retrieval methods, but none of them showed specific staining at
relevant developmental stages. Thus, we evaluated uhrfI mRNA expres-
sion in embryos homozygous for the phox2b:EGFP transgene at 48 hpf
and performed immunohistochemistry to detect GFP expression in EPCs
(Fig. 5A). Similar to Sadler et al. (2007), we observed uhrf1 transcript in
the tectum, retina, branchial arches, and developing endoderm (Fig. 5A
and data not shown). We also observed uhrfl expression in phox2-
b:EGFP-positive EPCs and surrounding intestinal cells including ISMPs,
suggesting that uhrfl plays a role in both ENS and intestinal smooth
muscle development (Fig. 5A), as well as in intestinal epithelium
development, as previously shown (Marjoram et al., 2015).

Uhrfl is necessary to recruit Dnmtl to unmethylated DNA during
replication (Bostick et al., 2007; Muto et al., 2002; Sharif et al., 2007) and
zebrafish dnmt1°%** mutants exhibit hypomethylation (Anderson et al.,
2009). Because Dnmtl is necessary to maintain intestinal epithelial
progenitor cells (Elliott et al., 2015) and expression of Dnmtl has been
documented in zebrafish embryos in developing endoderm (Liu et al.,
2015; Rai et al., 2006), we wondered whether Dnmtl protein is also
expressed in EPCs and surrounding intestinal cell types. To address this
question, we immunostained transverse sections of phox2b:EGFP-ex-
pressing embryos at 48 hpf with a Dnmt1 antibody. Our results identified
Dnmt1-positive EPCs migrating within the Dnmt1-positive population of
endodermal cells and ISMPs that prefigure the intestinal epithelium
(Fig. 5B). We conclude that EPCs and ISMPs express both uhrfl and
dnmtl. We note, however, that there are also cells surrounding the
nascent intestine that are negative for Dnmt1 or uhrfl (Fig. 5).

3.3. Epigenetic modifiers Uhrf1 and Dnmt1 function together during
intestinal tract development

The expression patterns of dnmtl and uhrfl showed that they are
expressed in the same cells at the same time, suggesting that Uhrfl and
Dnmt1 function together during establishment of the intestinal tract. To
test this hypothesis, we first analyzed ENS development in dnmt1 mutants
at the same five time points at which we analyzed uhrf1 mutants (Fig. 6)
and then we analyzed uhrfl;dnmt1 double mutants.

dnmtl 5904, the mutation we used for our studies, was isolated from an
ENU mutagenesis screen for regulators of pancreas development. We
have maintained this allele, a splice acceptor mutation resulting in a
complete loss of Dnmt1 catalytic activity (Anderson et al., 2009), on an
AB background carrying phox2b:EGFP. As in uhrfl mutants, EPC migra-
tion in dnmt1 mutant embryos is indistinguishable from wildtype siblings
at 48 and 57 hpf (data not shown). At 72 and 96 hpf, fewer phox2b:EGFP™
cells are present in dnmtl mutants compared to their wildtype siblings
(Fig. 6), but as in uhrfl mutants the reduction in phox2b:EGFP™" cells is
strongest and most robust at 5 dpf (Fig. 7C, G). We then quantified the
number of enteric neurons in dnmt1°°*# and uhrf1 mutants at 5 dpf. dnmt1
and uhrfl mutant larvae both exhibited reductions in ENS neurons that
were statistically the same, and significantly different from wildtype
larvae (Fig. 7A-C, E-G). To further test interactions between Dnmt1 and
Uhrfl, we crossed dnmtl;uhrfl double heterozygotes into a Tg(phox2-
b:EGFP) line and examined enteric neuron number. These double mu-
tants displayed the same ENS phenotype as uhrfl and dnmtl single
mutants (Fig. 7D,H). Quantification revealed that enteric neuron number
was the same in both single and double mutants and significantly
different from wildtypes (Fig. 7I and J), consistent with the hypothesis
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Fig. 4. Both of the major ENS neuronal subtypes are reduced in uhrfl mutants. Confocal images of dissected intestines from wildtypes (A,C,E,G) and uhrf1
mutants (B,D,F,H) stained for expression of the pan-neuronal marker Elavl, and either nNOS or 5-HT. In both proximal (B,F) and distal (D,H) intestine, uhrfI mutants
have fewer enteric neurons than wildtype siblings at 5 dpf (proximal A,E; distal C,G) as quantified in (I). Both nNOS and 5-HT expressing ENS neuronal subtypes show
similar reductions at 5 dpf [Elavl (green), nNOS or 5-HT (magenta)] as quantified in (J,K). Arrows point to examples of nNOS or 5-HT positive neurons. (I) Quan-
tification of Elavl positive cells per 200 pm of proximal or distal intestine in wildtype (blue) or mutant (red) [wildtype n =30 (proximal), n =29 (distal); uhrfl~"~
n =29 (proximal), n = 30 (distal)]. (J-K) Quantification of Elavl and nNOS (J) and 5-HT (K) positive cells per 200 pm proximal or distal intestine in wildtype (blue)
and mutant (red) [nNOS: wildtype n =11 (proximal), n =15 (distal); uhrfI ~/~n=17 (proximal), n =17 (distal); 5-HT: wildtype n =17 (proximal), n = 14 (distal);
uhrfl/~ n=15 (proximal), n =13 (distal)]. Asterisk in B indicates autofluorescent background common to uhrfl mutant intestines. Scale bar = 50 pm in A-H. Un-

paired t-test: **** = p < 0.0001; ** = p < 0.01.

that Uhrfl and Dnmt1 act together during ENS development.
Homozygous uhrf]l mutants were previously shown to have disrupted
intestinal epithelium development (Marjoram et al., 2015). We found
that uhrfl is expressed in ISMPs, prompting us to test whether uhrfl
mutants also show altered development of intestinal smooth muscle. We
analyzed smooth muscle development in 5 dpf whole-mount uhrfl mu-
tants and found that both longitudinal and circumferential intestinal
smooth muscle fibers were essentially absent (Fig. 8A-D). Cross-sections
stained with neuronal and smooth muscle markers or with Hematoxylin
and Eosin (HE) revealed severe disruption of both intestinal smooth
muscle and ENS components (Fig. 8E-L). They also showed that, instead
of being sandwiched between the longitudinal and circumferential
smooth muscle cell layers, cell bodies of enteric neurons of uhrfl mutants
often appeared to be ‘floating’ at some distance from the intestinal
epithelium (Fig. 8H, arrow). Although this aspect of the phenotype is
subtle and difficult to quantify, many of these neurons had a more
rounded appearance than those of wildtypes, consistent with not being
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located between two closely apposed muscle layers.

Dnmtl has an essential role in smooth muscle cell development in
mouse and humans (Jorgensen et al., 2018). To test whether this role of
Dnmt1 is conserved, we examined intestinal smooth muscle development
in zebrafish dnmtl mutants. We found that, like uhrfl mutants, dnmtl
mutants had severely disrupted intestinal smooth muscle development
(Fig. 9). In addition, enteric neurons of dnmt]l mutants shared the same
subtle morphological phenotypes as those of uhrfl mutants.

The experiments described in this section show that uhrf1 and dnmt1
mutants have indistinguishable intestinal smooth muscle and enteric
neuron phenotypes. Previous work showed that these two mutants also
have the same intestinal epithelial phenotypes (Marjoram et al., 2015).
Together these studies support the conclusion that Uhrfl and Dnmtl
function in the same pathway and together control normal establishment
of the intestinal tract by regulating development of each of the constit-
uent cell types.
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Fig. 5. uhrfl and Dnmt1 are expressed in enteric, epithelial, and smooth
muscle progenitors during development. Transverse sections of stained em-
bryos. (A) At 48 hpf, uhrfl (red) is expressed in phox2b:EGFP (green) positive
EPCs and also in DAPI-positive (blue) ISMPs (asterisks) and epithelial pro-
genitors (white arrow). Yellow arrows point to uhrfl negative cells outside of the
nascent intestine. White dashed line indicates intestinal epithelium (ie). Insets
show enlargement of cell (white box), GFP, uhrfl, DAPI, and overlay from left to
right. Note that the GFP staining appears speckled due to the RNA in situ hy-
bridization procedure. (B) At 48 hpf, Dnmt1 (red) is expressed in phox2b:EGFP
(green) positive EPCs and in DAPI-positive (blue) ISMPs (asterisk). Insets show
enlargements of outlined cell, GFP, Dnmt1, DAPI and overlay from left to right.
Yellow arrow points to Dnmtl negative cell outside of the intestine. Scale
bar =10 pm in A-B.

3.4. Genetic chimeras reveal that uhrf1 functions both cell-autonomously
and cell-non-autonomously in ENS development

EPCs, smooth muscle precursors, and intestinal epithelial precursors
are intermingled during development and previous studies have shown
that signals among these nascent intestinal constituents are critical for
proper differentiation of each cell type (Fu et al., 2004; Graham et al.,
2017; Hao et al.,, 2016; Korzh et al., 2011; Mwizerwa et al., 2011;
Natarajan et al., 2002; Neunlist et al., 2007, 2013; Olden et al., 2008;
Pietsch et al., 2006; Puzan et al., 2018; Reichenbach et al., 2008; Suke-
gawa et al., 2000). Cells of all three germ layers express uhrfl during
intestinal development, raising the possibility of cell-non-autonomous
interactions. To learn whether loss of Uhrfl disrupts interactions be-
tween cells derived from the different germ layers, we focused on EPCs in
genetic chimeras in which the ENS was wildtype and the intestinal
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Fig. 6. The dnmtl mutant ENS progenitor phenotype emerges around 72
hpf. Whole-mount side views of wildtype (A,C) and dnmt1 mutants (B,D). dnmt1
mutants have fewer phox2b:EGFP positive cells (green) than wildtype siblings at
72 hpf (A,B) and 96 hpf (C,D). Scale bar =100 pm.

epithelium and muscle were mutant for uhrf1. We generated chimeras by
transplanting vagal neural crest that generates the ENS from phox2-
b:EGFP-expressing wildtype donors into host embryos from an incross of
heterozygous uhrf1 mutants. Thus, some hosts were wildtype, some were
heterozygous, but phenotypically wildtype, and some were homozygous
mutant (Fig. 10A and B). In this experimental set-up, all GFP-positive
enteric neurons were donor-derived. As predicted, wildtype EPCs trans-
planted into phenotypically wildtype hosts contributed to the ENS along
the entire length of the intestinal tract (Fig. 10D). Notably, the
GFP-positive enteric neurons are intermingled with unlabeled,
host-derived enteric neurons. In the context of a uhrfl mutant host
environment, wildtype donor enteric neurons were distributed along
most of the intestinal tract. Because there are so few enteric neurons in
uhrfl mutants, transplanted wildtype EPCs have the potential to prolif-
erate more than they would in wildtypes, where they compete with the
native EPCs (Rolig et al., 2017; Troll et al., 2018). Despite being present
along most of the intestine, wildtype enteric neurons were specifically
absent from the distal-most region of the intestine in uhrfl mutants
(Fig. 10E, asterisk, 5/5). This result is consistent with the idea that Uhrfl
function is necessary cell-non-autonomously for EPCs to migrate far
enough caudally to populate the distal portion of the intestinal tract.
Because uhrfl is expressed in EPCs, we also tested whether Uhrfl
function is required cell-autonomously. We performed the same trans-
plantation as described above, but transplanted vagal neural crest from
labeled donor embryos derived from a uhrf1 mutant incross carrying the
phox2b:EGFP transgene into unlabeled wildtype hosts (Fig. 10A,C). As in
the previous experiment, wildtype donor cells transplanted into wildtype
hosts populated the entire length of the intestine (Fig. 10D). In contrast,
in most cases mutant donor EPCs migrated only a short distance caudally
after entering the wildtype host intestine (4/5). Even in the single case in
which transplanted uhrfI mutant cells reached the distal intestine (1/5),
the mutant donor cells did not proliferate as much as wildtype precursors
(Fig. 10F). This result provides evidence that Uhrfl function is required
cell-autonomously in EPCs for them to migrate and proliferate normally.

4. Discussion

This study provides evidence that disruption of DNA methylation
factors interrupts the developmental trajectories of the three germ layers
that contribute to the intestinal tract, thus preventing formation of a
functional organ. Previous studies demonstrated that derivatives of these
germ layers, intestinal epithelium, intestinal smooth muscle, and the ENS
develop over a similar time frame. Importantly, cells derived from these
germ layers provide signals that are critical for one another’s differen-
tiation (Fig. 11) (Fu et al., 2004; Graham et al., 2017; Hao et al., 2016;
Korzh et al., 2011; Mwizerwa et al., 2011; Natarajan et al., 2002; Neunlist
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Fig. 8. Disrupted smooth muscle development contributes to intestinal dysgenesis in uhrfl mutants. Confocal images of 5 dpf intestines labeled with smooth
muscle myosin (SMM) and desmin (magenta) antibodies. Dissected intestines (A-D) of wildtype (A,C) and uhrfI mutants (B,D). In both proximal (B) and distal (D)
intestine, uhrf1 mutants essentially lack smooth muscle cells, as revealed by whole-mount antibody staining. Transverse sections of wildtype (E,G) and uhrfI mutants
(F,H) showing loss of intestinal smooth muscle in mutants. White arrows point to phox2b:EGFP (green) positive ENS neurons that are further removed from the
intestinal epithelium in mutants (F,H) than in wildtypes (G). Brightfield images of transverse sections of 5 dpf wildtypes (I,K) and uhrfl mutants (J,L) stained with
hematoxylin and eosin show disrupted proximal and distal intestinal development in mutants compared to wildtypes. Increased shedding of cells in uhrfl mutants is
indicated by a yellow arrow and disrupted intestinal epithelium with a blue arrow. Higher magnification insets of boxed areas indicate disrupted intestinal epithelium
morphology in uhrfl mutants. ie = intestinal epithelium. Scale bar =50 pm in A-D, and 25 pm in E-L.
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Fig. 9. Disrupted smooth muscle development contributes to intestinal dysgenesis in dnmt1 mutants. Confocal images of 5 dpf intestines labeled with smooth
muscle myosin (SMM) and desmin (magenta) antibodies. Dissected intestines (A-D) of wildtype (A,C) and dnmtl mutants (B,D). In both proximal (B) and distal (D)
intestine, dnmt] mutants essentially lack smooth muscle cells, as revealed by whole-mount antibody staining. Transverse sections of wildtype (E,G) and dnmtI mutants
(F,H) showing loss of intestinal smooth muscle in mutants. White arrow points to phox2b:EGFP (green) positive ENS neuron that is further removed from the intestinal
epithelium in mutants (H) than in wildtypes (G). ie = intestinal epithelium. Scale bar =50 pm in A-D, and 25 pm in E-H.
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Fig. 10. Genetic chimeras reveal that Uhrfl
functions cell-non-autonomously and cell-
autonomously in ENS development. (A) Trans-
plantation experiment diagram. Wildtype or uhrfl
mutant donor embryos that carry the phox2b:EGFP
transgene were injected with rhodamine dextran.
Vagal neural crest cells were transplanted from
donors into unlabeled wildtype or uhrfl mutant
hosts. The contribution of transplanted cells was
evaluated at 5 dpf. (B) Possible results for trans-
plantation experiments to test cell-non-autonomous
function of uhrf1 in ENS development. (C) Possible
results for transplantation experiments to test cell-
autonomous function of uhrfl in ENS develop-
ment. (D) phox2b:EGFP positive (green) wildtype
cells transplanted into wildtype hosts can populate
the entire intestine. Note that the density of these
cells is less than in non-transplanted animals
because they share the territory with unlabeled
ENS cells of the host. (E) phox2b:EGFP positive
(green) wildtype cells transplanted into uhrfl
mutant hosts can expand, but are consistently
excluded from distal intestine (outlined and labeled
with asterisk). (F) phox2b:EGFP positive (green)
uhrf1 mutant cells transplanted into wildtype hosts
can migrate to distal intestine in rare cases (1/5),
but the population of transplanted mutant cells that
successfully integrate into the ENS is smaller than
that of the wildtype host cells as revealed by Elavl
staining (magenta). (D-F) Lateral views of whole-
mount zebrafish larvae at 5 dpf. Scale
bar =100 pm in D-F.

et al., 2007, 2013; Olden et al., 2008; Pietsch et al., 2006; Puzan et al., role of Uhrfl in intestinal development. In contrast, zebrafish uhrf1
2018; Reichenbach et al., 2008; Sukegawa et al., 2000), making it diffi- mutants survive to larval stages due to maternally provided Uhrfl protein
cult to discern which cell types require DNA methylation factor function (Jacob et al., 2015), thus the role of uhrf1 in intestinal development can
for their differentiation. Mouse Uhrfl mutants die early, before the in- be investigated. Below we discuss the role of methylation factors in the
testine develops (Bostick et al., 2007; Muto et al., 2002; Sharif et al., context of intestinal disease and coordinated intestinal development.

2007), and so mouse does not serve as a model in which to investigate the
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Fig. 11. Model of Uhrfl and Dnmtl function during ENS development.
Signaling is important for differentiation of intestinal cells derived from each of
the germ layers. We showed that during early intestinal development, Uhrfl and
Dnmtl have cell-autonomous functions in EPCs (green), but that EPC develop-
ment is also affected cell-non-autonomously, probably as a result of Uhrfl and
Dnmtl functions in surrounding intestinal epithelial cells (light pink) and
smooth muscle cells (purple). Together these cell-autonomous and cell-non-
autonomous Uhrfl and Dnmtl activities modulate ENS development. This dia-
gram shows signaling from epithelial and muscle precursors to ENS precursors.
Decreasing these signals in uhrfl and dnmtl mutants (lighter arrows) results in
fewer smooth muscle and epithelial progenitors, and thus alters proliferation,
migration, or differentiation of EPCs, potentially also contributing to EPC death.
Although not shown here, it is also likely that cell-autonomous and cell-non-
autonomous functions of these genes modulate intestinal epithelial and mus-
cle cell development.

4.1. Dysregulation of Uhrfl and Dnmt1 are linked to intestinal diseases

Epigenetic regulation of gene expression has been implicated in a
variety of types of diseases that affect development of the intestinal tract
(Anderson et al., 2009; Feng et al., 2010). For example, Uhrfl mutations
cause dysregulation of the intestinal epithelium in a zebrafish model of
inflammatory bowel disease (IBD) (Marjoram et al., 2015). DNMT1 has
been shown to be dysregulated in human Crohn’s disease, one type of
IBD, (Jorgensen et al., 2018). Dnmt]1 mutations engineered to be present
solely in mouse intestinal smooth muscle cells cause muscle hypoprolif-
eration and decreased intestinal peristalsis, phenotypes found in human
diseases such as chronic intestinal pseudo-obstruction and
megacystis-megacolon-intestinal hypoperistalsis syndrome (Jorgensen
et al., 2018). DNA hypomethylation, due at least in some case to muta-
tions in DNMT3, has also been linked to human HSCR and Waardenburg
syndrome (Kim et al., 2011; Torroglosa et al., 2014, 2016). In addition,
epigenetic modulation of methylation is associated with other types of
intestinal diseases, such as intestinal cancers (Gays et al., 2017).

In some cases, these intestinal diseases result from mutations that
specifically affect cells in one of the germ layers that contributes to the
developing intestinal tract. For example, HSCR results from failure of
normal ENS development. Changes in maintenance of DNA methylation
can alter gene expression patterns and several HSCR loci including RET,
EDNRB, and HSCR candidate genes, such as PAX6, have been shown to be
affected by altered DNA methylation of their promoters (Torroglosa
et al., 2016). A single nucleotide polymorphism (SNP) in a conserved
non-coding element suggested to be a RET enhancer is associated with
susceptibility to HSCR (Emison et al., 2005; Griseri et al., 2005). Thus,
SNPs in uhrfl and dnmt1 enhancers driving expression in ENS cells could
specifically affect ENS development, leading to HSCR-like phenotypes,
while not directly affecting other intestinal cell types.

Although mutations in intestinal cells derived from a specific germ
layer may cause disease, because of the intimate interactions among cells
of these germ layers, mutations in more globally acting genes may have
both cell-autonomous and cell-non-autonomous effects. For example, in
the study by Marjoram et al. (2015), mutations in uhrfl or dnmt1 resulted
in hypoproliferation and excess shedding of epithelial cells into the in-
testinal lumen in their IBD model. However, these mutations were
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throughout the organism, including all cells of the intestinal tract, but
contributions to the observed phenotype from intestinal smooth muscle
or ENS progenitors were not examined. The ENS has been implicated in
regulating intestinal barrier function (Neunlist et al., 2013; Sharkey,
2015), suggesting that the ENS phenotype observed in our study could be
a contributing factor to compromised intestinal barrier function in uhrfl
mutants.

4.2. Uhrf1 and Dnmtl promote coordinated intestinal development

Development of a functional intestine is the result of highly orches-
trated processes (Fig. 11). Each of the contributing germ layers must be
specified and component cells must segregate and migrate to their
appropriate destinations (Ganz, 2018; Ganz et al., 2016; Hao et al., 2016;
Wallace et al., 2005a). Endoderm reaches the midline early and forms a
scaffold for the incoming mesoderm that migrates from the lateral plate
(Gays et al., 2017). In contrast, ectoderm-derived neural crest cells first
migrate ventrally to the nascent intestine and then migrate from rostral to
caudal along the developing intestinal epithelium and mesoderm. All of
these processes occur within a fairly narrow time window during which
each cell type also proliferates, a process that has been best studied for
the ENS (Shepherd and Eisen, 2011). In the ENS, migration and prolif-
eration are intimately connected; decreased proliferation leads to
decreased migration and vice versa (Landman et al., 2007; Nagy and
Goldstein, 2017; Newgreen et al., 2017; Simpson et al., 2007). Uhrfl and
Dnmtl mutations block the cell cycle, leading to fewer cells in the
affected tissue or organ (Jacob et al., 2015), providing a potential
mechanism for the decreased number of ENS neurons in these mutants. A
similar mechanism may be at play in intestinal smooth muscle and in-
testinal epithelium, although this hypothesis remains to be tested.

Because each of the intestinal cell types independently fail to form
properly in dnmtl and uhrfl mutants, signals produced by that cell type
necessary for differentiation of the other two cell types decrease.
Consistent with this idea, zebrafish mutants that exhibit decreased in-
testinal smooth muscle cell development also show ENS abnormalities
(Wallace et al., 2005a). Mutations in genes involved in methylation can
lead to premature differentiation (Sen et al., 2010), which would
decrease the number of cells, leading to decreased migration and thus a
diminution of signals important for adjacent cell types to differentiate.
Premature differentiation and aberrant migration of EPCs, ISMPs, or in-
testinal epithelial progenitor cells would likely decrease inter-germ layer
signaling. Thus, prematurely differentiating cells might receive and send
incorrect signals to neighboring cells, leading to differentiated cells that
become inappropriately specified. Another possibility is that progenitor
or differentiated intestinal cells might die prematurely in these mutants,
potentially because they are mis-specified. Such premature death would
also lead to fewer cells providing diminished inter-germ layer signaling.
Cell type specific knock-outs of uhrf1 and dnmt1, as well as time-lapse live
imaging studies, would help distinguish between these different
mechanisms.

Our transplantation experiments provide evidence that methylation
factors act both cell-autonomously and cell-non-autonomously in the
ENS. Given the expression patterns of the genes encoding these factors,
this is not surprising. Thus, we suggest that this is also likely to be the
case in intestinal smooth muscle and epithelium. This hypothesis can be
tested by creating genetic chimeras for these cell populations or by cell
type specific knock-outs.
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