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Abstract

Transcription factors play important roles in the development of the intestinal epithelium and its ability to respond to endocrine, nutritional,
and microbial signals. Hepatocyte nuclear factor 4 family nuclear receptors are liganded transcription factors that are critical for the devel-
opment and function of multiple digestive organs in vertebrates, including the intestinal epithelium. Zebrafish have 3 hepatocyte nuclear
factor 4 homologs, of which, hnf4a was previously shown to mediate intestinal responses to microbiota in zebrafish larvae. To discern the
functions of other hepatocyte nuclear factor 4 family members in zebrafish development and intestinal function, we created and character-
ized mutations in hnf4g and hnf4b. We addressed the possibility of genetic redundancy amongst these factors by creating double and
triple mutants which showed different rates of survival, including apparent early lethality in hnf4a; hnf4b double mutants and triple mutants.
RNA sequencing performed on digestive tracts from single and double mutant larvae revealed extensive changes in intestinal gene
expression in hnf4a mutants that were amplified in hnf4a; hnf4g mutants, but limited in hnf4g mutants. Changes in hnf4a and hnf4a; hnf4g
mutants were reminiscent of those seen in mice including decreased expression of genes involved in intestinal function and increased
expression of cell proliferation genes, and were validated using transgenic reporters and EdU labeling in the intestinal epithelium.
Gnotobiotics combined with RNA sequencing also showed hnf4g has subtler roles than hnf4a in host responses to microbiota. Overall,
phenotypic changes in hnf4a single mutants were strongly enhanced in hnf4a; hnf4g double mutants, suggesting a conserved partial
genetic redundancy between hnf4a and hnf4g in the vertebrate intestine.
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Introduction
The intestinal epithelium is a highly proliferative tissue that inte-
grates and responds to diverse signals from the diet and micro-
biome within the intestinal lumen and to signals from the body’s
endocrine and nervous systems to perform its primary function
of nutrient absorption. Transcription factors establish intestinal
cell identities during development, and direct tissue renewal, dif-
ferentiation, and response to external stimuli in the developed in-
testinal epithelium. To carry out these activities, transcription
factors primarily function by binding to specific DNA sequences
and regulating the expression of neighboring genes. This allows
them to transmit information, generate cellular identity, and re-
spond to the environment in a tissue-specific manner. As multi-
ple transcription factors contribute to the identity of a tissue,
understanding how they work both independently and together
is challenging. This issue is further complicated when consider-
ing how transcription factors from the same family function in
the same tissues and cells, as they often bind to similar or identi-
cal DNA sequences and have related functions. Multiple

transcription factor families, including hepatocyte nuclear factor
4 (Hnf4 or NR2A) family transcription factors, have been impli-
cated in intestinal development and function (Heppert et al.
2021).

Hnf4 family transcription factors are members of the nuclear
receptor superfamily of liganded transcription factors which are
essential for the development and function of multiple digestive
tissues in mammals, including the intestinal epithelium (Sladek
et al. 1990). Hnf4 family transcription factors have been linked to
human diseases such as hepatic and GI cancers (Chellappa et al.
2016; Wang et al. 2020; Lv et al. 2021), inflammatory bowel dis-
eases (UK IBD Genetics Consortium et al. 2009; Jostins et al. 2012;
Marcil et al. 2012; Yang et al. 2014), obesity (Berndt et al. 2013), and
maturity-onset diabetes of the young 1 (Yamagata et al. 1996).
Mammals encode 2 Hnf4 family members Hnf4a and Hnf4g, and
many other vertebrates outside of the mammalian lineage also
encode a third factor, Hnf4b. Hnf4a has historically been the most
studied Hnf4 family member due to its roles in multiple digestive
tissues and strong association with many of the human
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conditions mentioned above. In mice, whole animal knockouts of
Hnf4a are lethal because it is essential in extra embryonic tissues
prior to gastrulation (Chen et al. 1994; Duncan et al. 1997; Li et al.
2000). Conditional deletions of Hnf4a in the mouse intestinal epi-
thelium have demonstrated that it regulates intestinal functions
including lipid metabolism and absorption, barrier function, sup-
pressing inflammation, hormone signaling, intestinal epithelial
cell (IEC) proliferation, and enterocyte differentiation (Garrison
et al. 2006; Ahn et al. 2008; Babeu et al. 2009; Cattin et al. 2009;
Darsigny et al. 2009; Verzi et al. 2010; Frochot et al. 2012; Girard
et al. 2019). Further, microbiota suppress Hnf4a activity in the in-
testinal epithelium by reducing Hnf4a DNA occupancy and target
gene expression (Davison et al. 2017; Qin et al. 2018; Lickwar et al.
2022).

Although Hnf4a has received the most attention, it is not clear
how it functions together with other Hnf4 family members, and
whether their independent and cooperative functions are con-
served. Compared with Hnf4a conditional deletions, mouse Hnf4g
knockouts display only minor intestinal phenotypes suggesting
their roles in the intestinal epithelium are not identical (Gerdin
et al. 2006; Baraille et al. 2015). However, Hnf4a and Hnf4g are both
broadly expressed in the mouse intestinal epithelium, have a
common predicted DNA binding motif, and have been shown to
bind the same gene regulatory regions in vivo (Fang et al. 2012;
Davison et al. 2017; Chen, Toke, Luo, Vasoya, Fullem, et al. 2019;
Chen et al. 2020). Further, both factors respond similarly to micro-
bial colonization, with reduced occupancy at most of their
(shared) binding sites compared to germ-free conditions (Davison
et al. 2017), suggesting that they may play overlapping roles in the
intestinal epithelium. A series of recent studies created double
Hnf4 mutants by conditionally eliminating Hnf4a from the intes-
tine in Hnf4g mutant mice at different developmental stages.
These studies revealed that loss of both Hnf4 orthologs leads to
defects in fetal intestinal maturation resulting in early lethality,
in enterocyte differentiation leading to an increased relative
number of secretory goblet cells in the double knockout epithe-
lium, in promoting expression of genes involved in lipid metabo-
lism and fatty acid oxidation in intestinal stem cells resulting in
stem cell loss from the intestinal epithelium, and in brush border
formation (Chen, Toke, Luo, Vasoya, Aita, et al. 2019; Chen, Toke,
Luo, Vasoya, Fullem, et al. 2019; Chen et al. 2020, 2021). The in-
creased severity of the double mutant phenotypes compared to
that of the single mutants suggests that there is at least partial
genetic redundancy between the 2 Hnf4 factors in the intestinal
epithelium of mice. However, how Hnf4 family members are co-
ordinated to simultaneously function across multiple intestinal
epithelial cell types and how metabolic functions are integrated
with cell differentiation and proliferation is not fully understood.

Hnf4 is thought to be one of the earliest branching transcrip-
tion factor families in animals and is prevalent across extant ani-
mal lineages (Bridgham et al. 2010). In organisms as diverse as
Caenorhabditis elegans, Drosophila, Xenopus, zebrafish, mice, and
humans, Hnf4 family transcription factors regulate gene expres-
sion and processes related to lipid mobilization and transport,
metabolism, and fatty acid oxidation (Hayhurst et al. 2001;
Palanker et al. 2009; Frochot et al. 2012; Barry and Thummel 2016;
Davison et al. 2017; Goh et al. 2018; Lee et al. 2021) and also func-
tion in diverse developmental processes and stem cell mainte-
nance (Weber et al. 1996; Hahn-Windgassen and Van Gilst 2009;
Gracida and Eckmann 2013; Chen, Toke, Luo, Vasoya, Aita, et al.
2019; Storelli et al. 2019; Chen et al. 2020; Dubois et al. 2020; Cheng
et al. 2020), suggesting that these basic functions of the Hnf4 fam-
ily are highly conserved. A comparison of the transcription factor

binding motifs near the transcription start sites of genes
expressed in the intestinal epithelium across multiple vertebrate
species revealed a core set of signature genes involved in intesti-
nal epithelial biology, including transcription factors in the Hnf4
family (Lickwar et al. 2017). Together, these findings suggest that
Hnf4 family transcription factors may play conserved roles in in-
testinal function across the vertebrate lineage.

Zebrafish (Danio rerio) have emerged as a useful system for
studying the role of transcription factors in intestinal biology.
Multiple aspects of intestinal function, development, gene ex-
pression, anterior–posterior patterning, cell types, and microbial
response in zebrafish are conserved with those in mice and
humans (Ng et al. 2005; Wallace et al. 2005; Bates et al. 2007;
Muncan et al. 2007; Chen et al. 2009; Cheesman et al. 2011;
Davison et al. 2017; Lickwar et al. 2017; Park et al. 2019; Ye et al.
2019, 2021; Li et al. 2020; Wen et al. 2021; Tavakoli et al. 2022). Like
in other fishes and vertebrates outside of the mammalian line-
age, the zebrafish genome encodes 3 Hnf4 family transcription
factors hnf4a, hnf4g, and hnf4b. hnf4a and hnf4g are thought to be
direct orthologs of the mammalian Hnf4a and Hnf4g, suggesting
loss of hnf4b in the mammalian lineage (Bertrand et al. 2004).
Previous work from our lab utilized zebrafish gnotobiotics
to identify Hnf4 family members as microbially responsive
transcription factors (Camp et al. 2012; Davison et al. 2017), and
further comparisons with mouse and human datasets demon-
strated that the Hnf4a-microbiota signaling axis plays a con-
served role in suppressing inflammation in the intestinal
epithelium (Davison et al. 2017).

Here we sought to expand our knowledge of transcription fac-
tor function in the zebrafish intestine, explore the potential role of
other Hnf4 family transcription factors in microbial response, and
address the potential redundancy of Hnf4 family member func-
tion in zebrafish. To do so, we created and characterized mutants
in the remaining Hnf4 family members, hnf4g and hnf4b. By cross-
ing these mutants and the existing hnf4a mutants, we identified
phenotypes of double and triple mutants for the Hnf4 transcrip-
tion factor family in zebrafish. Finally, we compared gene expres-
sion in the digestive tracts of hnf4a and hnf4g single mutants to
hnf4a; hnf4g double mutants to assess their individual roles and
potential genetic redundancy between these factors in zebrafish
larvae. The changes in gene expression and phenotypes we ob-
served in hnf4a and hnf4g single mutants and the hnf4a; hnf4g dou-
ble mutants in larval zebrafish are strikingly similar to those
observed in mice. We conclude that hnf4a and hnf4g show partial
genetic redundancy in the intestinal epithelium in zebrafish and
play highly conserved roles in intestinal function in vertebrates.

Materials and methods
Zebrafish husbandry
Zebrafish were reared and all experiments were performed
following protocols established and approved by the Duke
University Medical Center Institutional Animal Care and Use
Committee (IACUC Protocol Number A096-19-04). Zebrafish
stocks were raised on a recirculating system with a 14/10 h light/
dark cycle at 28.5�C, and adults were fed Artemia (Brine Shrimp
Direct, BSEACASE) twice a day and a 1:1 mixture of Gemma Micro
500 and Wean 0.5 (Bio-Oregon, B1473 and B2818) once a day.
New zebrafish lines were generated on a mixed TL/Tü back-
ground and were subsequently ingressed into an EK background.
Embryos for experiments were collected from natural matings.
Conventionally raised larvae were maintained on a 14/10 h light/
dark cycle at 28.5�C in petri dishes in Egg Water (0.3% [w/v]

2 | GENETICS, 2022, Vol. 222, No. 4



crystal sea salt, 0.75 mM CaCO3, 0.45 mM NaHCO3, methylene
blue). We used the transgenic lines Tg(�4.5fabp2: DsRed)pd1000

(Kanther et al. 2011), Tg(fabp6: GFP)rdu22 (Lickwar et al. 2017),
Tg(in3.4: cfos: GFP)nc2b (Camp et al. 2012), which were previously
reported by us. All zebrafish lines used in this study are included
in the Reagent Table.

Wholemount in situ hybridization
Wholemount in situ hybridization for hnf4a, hnf4b, and hnf4g were
performed as described previously (Park et al. 2019). To make
riboprobes, primers were designed to amplify the 30 end of the
transcripts, targeting all characterized isoforms of each gene
(Fig. 1a and Supplementary Table 2). A T7 promoter sequence
was included in the reverse primer of the antisense probes and
the forward primer of the sense probes. Products were amplified
from zebrafish larval cDNA using the primers specified in
Supplementary Table 2 and Q5 DNA polymerase (NEB) and visu-
alized on an agarose gel. DNA from six 25 ll PCR reactions was
pooled and ethanol precipitated, and 1 lg of DNA was used in an
in vitro transcription reaction with T7 RNA polymerase (NEB) and
10� DIG RNA Labeling Mix (Roche). Probes were visualized on an
agarose gel, the concentration of each was measured via
Nanodrop, and 150 ng of labeled probe was used in 200 ll hybridi-
zation mix for each sample. Unfed conventionally raised 6 dpf
zebrafish larvae were fixed overnight in 4% paraformaldehyde at
4�C. Chromogenic reaction was stopped at various intervals, lar-
vae were washed, fixed, and mounted in glycerol for imaging.

Generating hnf4g and hnf4b mutant lines
Targeted mutagenesis of the hnf4g locus was performed using
CRISPR/Cas-based genome editing as described in Davison et al.
(2017). Briefly, 2 guide RNAs were designed using the MIT CRISPR
Design Tool (http://cripsr.mit.edu; last accessed 2017), cloned
(see Supplementary Table 2 for primers), and ligated into plasmid
pT7-gRNA (http://www.addgene.org/46759/). Guide RNAs were
produced via an in vitro transcription reaction using the
MEGAshortscript T7 kit (Ambion/Invitrogen AM1354). Cas9 RNA
was produced from plasmid pT3TS-nls-zCas9-nls (http://www.
addgene.org/46757/) using the mMESSAGE mMACHINE T3 kit
(Ambion/Invitrogen 1348) for in vitro transcription. One- to 2-cell
stage zebrafish embryos (Tü background) were injected with
150 ng/ml nls-zCas9-mls, 34 ng/ml of each guide RNA (both individ-
ually and in combination), 0.05% phenol red, 120 mM KCl, and
20 mM Hepes Buffer (pH 7.0). The resulting zebrafish were
screened for mutagenesis events using the Melt Doctor High
Resolution Melting Assay (Thermo Fisher Scientific 4409535) and
then confirmed by cloning and screening PCR products by gel
electrophoresis and sequencing. Two separate alleles within the
CRISPR-targeted region were isolated: the first, hnf4grdu58, was a
single base-pair deletion which was predicted to result in a non-
sense mutation beginning at amino acid 62 and a premature stop
codon after amino acid 126. The second, hnf4grdu59, was an 8 bp
insertion which was predicted to result in a nonsense mutation
also beginning at amino acid 62 and ending after amino acid 73
in a premature stop codon (Fig. 1b and Supplementary Fig. 1a
and b). hnf4grdu58 is the allele utilized for the experiments
throughout this manuscript. The hnf4bsa21135 allele was generated
and acquired from the Zebrafish Mutation Project (Kettleborough
et al. 2013). hnf4bsa21135 allele is a point mutation which results in
a stop codon being introduced after amino acid 55 (Fig. 1b and
Supplementary Fig. 2, a and b).

qRT-PCR and sequencing of Hnf4 transcripts from
hnf4g and hnf4b mutants
hnf4gþ/þ and hnf4g�/� siblings were in-crossed, and 5 groups of 25
larvae from each genotype were euthanized and collected into
Trizol (Invitrogen) at 6 dpf for RNA extraction. For hnf4b mutants,
hnf4bþ/þ and hnf4b�/� siblings were in-crossed, and groups of 10 lar-
vae from each genotype were collected at 6 dpf for RNA extraction
(4-5 groups per genotype). RNA extraction and cDNA synthesis
were performed as in Davison et al. (2017), and as described else-
where in Materials and Methods for RNA sequencing experiments.
Primer sequences can be found in Supplementary Table 2. 18S pri-
mers were used at 2lM, and all other primers were used at 10lM
concentration. Quantitative PCR was performed using 2� Sybr
Green Master Mix (Applied Biosystems) in 25 ll reactions per the
manufacturer’s instructions and run on a QuantStudio 3 Real-Time
PCR System (Thermo Fisher). Transcript abundance for Hnf4 genes
were normalized to 18S transcript levels and plotted using Prism
Software (GraphPad). Sanger sequencing of both the hnf4g�/� and
hnf4b�/� transcripts was performed using cDNA extracted for qPCR.
The transcripts were amplified from the cDNA using gene-specific
primers (hnf4g F: 50-CTCCAACTCCTCTCCCTAAATCC, R: 50-GTG
AAAGTGCTTCAGCGTGAG; hnf4b F: 50-ATGAAGATCTCTGGGTC
GTC, R: 50-TTAAAGGCACGTGTGGACG) and Q5 High-Fidelity 2X-
Master Mix (NEB), and the products were column purified and se-
quenced via Sanger sequencing.

Genotyping for hnf4a, hnf4g, and hnf4b
For genotyping larvae older than 6 dpf and adults, zebrafish were
anesthetized in 0.75 mM Tricaine solution and a few millimeters
of tissue was clipped from the tail fin and placed in 50 ll of
50 mM sodium hydroxide using sterilized scissors and forceps.
For genotyping larvae, whole 6 dpf larva were euthanized and
transferred into 50 ll of 50 mM sodium hydroxide in PCR tubes or
96 well PCR plates using sterilized forceps. DNA was extracted for
genotyping of adult and larval zebrafish by lysing tissue at 98�C
for 25 min followed by vortexing, the addition of 5 ll 1 M Tris
Buffer (pH 8), vortexing to mix, and spinning down the samples
at max speed for 1 min. The resulting supernatant was used as
the template in PCR reactions.

Standard genotyping PCR reactions used 2� GoTaq Master Mix
(Promega), primers at 10 lM concentration, and 1 ll lysis product
for DNA template. The following primers were used to amplify
regions containing genetic lesions for each gene respectively:
hnf4a (F: 50-TGATTCACACTACTTACTTGTCTAG, R: 50-GATTAAAA
GTAGTTATCTCATCCTCAG); hnf4g (F: 50-GAGTGTGTCTGTTG
TTGTTGACAG, R0-GTAGACATGGCTCTTCCTGATACTG); hnf4b
(F: 50-CCATCTAAGATCCACTAATGCC, R: 50-CCTGCATGTGTAGG
CATGGTTCTTG) (also available in Supplementary Table 2). The
43-bp deletion in hnf4ardu14 was detectable by size on a 1% aga-
rose gel run at 100 V for 1 h. For hnf4grdu58 and hnf4grdu59, 3 ll of
PCR products (�200 bp) were digested with the restriction enzyme
BstUI (NEB) in a 20-ll reaction volume, per manufacturer’s
instructions, for a minimum of 3 h to ensure complete product
cleavage. Wild-type products are cleaved completely by BstUI
whereas hnf4grdu58 and hnf4grdu59 mutations destroy the BstUI re-
striction site and PCR products remain uncut. Therefore, wild-
type lanes result in a 2-band doublet (�100 bp), heterozygote
reactions result in lanes with a mutant band (�200 bp) and a
2-band doublet (�100 bp), and mutants have only a single band
(�200 bp). Bands were best resolved on 2–2.5% agarose gels.
Unpurified PCR reactions for hnf4bsa21135 genotyping were Sanger
sequenced using the reverse primer. Sequences were compared
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to a wild-type reference sequence using ApE (A Plasmid Editor)
software and determined to be wild type, heterozygous, or mu-
tant based on chromatogram peaks.

Brightfield imaging
Zebrafish embryos were harvested from breeding tanks and con-
ventionally raised in 10 cm dishes in egg water (see Zebrafish
Husbandry). On the indicated developmental day, larvae were
anesthetized with Tricaine (0.75 mM), mounted in 3% methylcel-
lulose, and imaged using a Leica M205 FA with a Leica DFC 365FX
camera. Animals were then euthanized and genotyped for the
alleles indicated by the methods described earlier.

RNA sequencing
Larvae for RNA sequencing experiments were raised as described
previously (see Zebrafish Husbandry). For hnf4g CV/GF RNA-seq,
embryos were harvested separately from in-crosses of hnf4gþ/þ

and hnf4g�/� siblings. The embryos were made axenic by antibi-
otic treatment and surface sterilization (Pham et al. 2008). Half of
the embryos from each genotype were left germ-free and half
were conventionalized (colonized with a microbiota collected
from zebrafish system water) at 3 dpf. At 6 dpf, digestive tracts
from 12 to 15 larvae per flask were dissected by hand using fine
forceps under a dissecting microscope and placed in Trizol.
Conditions and genotypes of the groups being dissected were ro-
tated, and all dissections for a given experiment occurred within
a 5 h window of time. For hnf4g CV/GF RNA-seq, 4 samples of
each genotype and condition were submitted for sequencing (16
total samples), which were the combined result of 2 separate
gnotobiotic derivations. For the hnf4a; hnf4g CR RNA-seq experi-
ment, hnf4aþ/þ; hnf4gþ/þ and hnf4a�/þ; hnf4g�/� adult siblings
were in-crossed and larvae were raised conventionally. At 6 dpf,
the digestive tracts of 4 groups of 10 wild-type larvae resulting
from the hnf4aþ/þ; hnf4gþ/þ cross were dissected and placed in
Trizol. From the hnf4a�/þ; hnf4g�/� in-cross progeny, 192 larval di-
gestive tracts were dissected and placed in 50 ll of Trizol in indi-
vidual wells in two 96 well plates and frozen at �80�C, the
remainder of the carcass was placed in the same well of a corre-
sponding plate with genotyping buffer. The larvae were then gen-
otyped for hnf4a as described previously, and approximately
Mendelian ratios of hnf4a alleles were recovered (hnf4aþ/þ-54;
hnf4a�/þ-91 hnf4a�/�-43; failed PCR-4). Wells with hnf4aþ/þ;
hnf4g�/�, and hnf4a�/�; hnf4g�/� were then pooled into 4 groups of
10–11 digestive tracts per genotype for RNA extraction and se-
quencing.

The same RNA extraction, library preparation, and sequencing
protocols were used for both hnf4g and hnf4a; hnf4g RNA sequenc-
ing experiments. Larval digestive tracts in Trizol were kept on ice
and homogenized with a 27-Ga needle on a 1-ml syringe for 12
passages/sample, and then incubated at room temperature for
5 min. To extract RNA, the PureLink RNA Mini Kit (Invitrogen)
was used according to the manufacturer’s instructions for using
the kit with Trizol reagent. Briefly, 200 ll of chloroform was added
to each sample, and the tubes were shaken vigorously by hand
for 30 seconds. After centrifugation at 4�C, the aqueous phase
was taken to a new tube and 1 ml of 70% ethanol was added.
Samples were then transferred to a PureLink RNA Mini Kit col-
umn, the kit protocol was followed. On-column DNase (New
England Biolabs M0303L) treatment was performed, and samples
were eluted in 30 ll nuclease-free water. The purified RNA was
stored at �80�C before submission to the Sequencing and
Genomic Technologies Shared Resource at the Duke Center for
Genomic and Computational Biology (GCB) for sequencing. RNA-

sequencing libraries for stranded mRNA-sequencing were made
by the GCB Core and 50 bp paired-end sequencing was performed
using one NovaSeq 6000 S-Prime flow cell (Illumina) for each ex-
periment. The average number of reads for each sample in the
hnf4g dataset was �52 million reads and in the hnf4a; hnf4g data-
set was �85 million reads.

RNA-sequencing analysis
For the hnf4g CV vs GF RNA-sequencing experiment, the raw se-
quencing read files were loaded into Galaxy, and paired read files
were concatenated and then trimmed using Trim Galore (https://
www.bioinformatics.babraham.ac.uk/projects/trim_galore/). The
trimmed reads were then mapped to the Danio rerio genome
(danRer11, Ensembl) using STAR RNA-seq (Dobin et al. 2013).
FeatureCounts was used to quantify the number of reads
mapped per gene from the BAM file (Liao et al. 2014). DESeq2 was
run using the featureCounts output to obtain differential gene
expression (log2(FC)) and statistics (adjusted P-values) at each
loci in the different conditions (Supplementary Table 3) (Love
et al. 2014). The BAM files were converted to Bigwig files using
bamCoverage in Galaxy with RPKM normalization and uploaded
to the UCSC Genome Browser for visualization (http://genome.
ucsc.edu).

To map the reads from our hnf4a; hnf4g CR RNA-sequencing
experiment and re-map the previously collected hnf4a CV vs GF
RNA-sequencing experiment (PRJNA354631) (Davison et al. 2017),
raw reads were processed using the Trim Galore toolkit (https://
www.bioinformatics.babraham.ac.uk/projects/trim_galore/),
which employs Cutadapt (Martin 2011) to remove low quality
bases and adapter sequences from the 30 ends of the reads. Only
reads that were 20 nt or longer after trimming were kept for fur-
ther analysis. Reads were mapped to the Danio rerio genome
(danRer11, Ensembl) using the STAR RNA-Seq alignment tool
(Dobin et al. 2013). Reads were kept for subsequent analysis if
they mapped to a single genomic location. Gene counts were
compiled using the HTSeq tool (Putri et al. 2021).

To facilitate comparison of all 3 datasets and correct for varia-
tion amongst the datasets that was due to the technical limita-
tion that they were performed and sequenced separately, we
performed a batch effect adjustment. The read counts from all 3
datasets were compiled and genes that weren’t present with at
least 10 reads in any one sample were excluded. The data were
normalized using the Anders and Huber method (Love et al. 2014)
and then batch corrected in Limma (Ritchie et al. 2015) using the
“removeBatchEffect” algorithm. Differential expression analysis
of the merged datasets was performed using a linear model
framework in Limma using an empirical Bayes’ test statistic. The
false discovery rate was used to correct for multiple hypothesis
testing. To determine which genes within a given comparison
were differentially expressed, we applied a log2 fold change
(log2(FC)) cutoff of �/þ1.75 and an adjusted P-value threshold of
less than 0.05 to all the datasets analyzed in this study. This cut-
off was selected because (1) functional enrichment analysis
becomes relatively uninformative if a differential gene set is too
large, (2) we wanted to select a single cutoff to apply to all com-
parisons across individual datasets and the batch corrected data-
set, and (3) comparison of hnf4a�/�; hnf4g�/� double mutants to
wild-type controls revealed differential expression of a very large
number of genes (3,006 using the chosen cutoff, 8,888 genes if we
had used a typical log2(FC) cutoff of �/þ1.0 with an adjusted
P-value threshold of less than 0.05, which is approximately a
third of the genes in the genome). When possible, the data in our
analyses were represented in such a way as to include all genes
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with their log2(FC) values and not just those that passed the sig-
nificance threshold. Log2(FC) values and adjusted P-values for all
genes are available in the Supplementary Table 3 Excel file. Venn
Diagrams were created using a web tool (https://bioinformatics.
psb.ugent.be/webtools/Venn/). Scatter plots were generated us-
ing Excel and Plot2 graphing software. Metascape was used to an-
alyze gene sets for Gene Ontology (GO) Terms (Zhou et al. 2019).

Fluorescence imaging and analysis of transgenic
larvae
Adult hnf4g�/þ zebrafish were crossed with hnf4g�/þ; Tg(in3.4: cfos:
GFP), embryos were collected, and beginning at 3 dpf larvae were
housed in egg water at a density of 1 larva per ml. At 6 dpf, larvae
were mounted in 3% methyl cellulose and imaged using a Leica
M205 FA stereo fluorescence microscope with GFP bandpass filter
set. After imaging, larvae were euthanized and genotyped for
both hnf4g and GFP (for genotyping primer sequences, see
Supplementary Table 2). The fluorescence channel images of ani-
mals determined to be hnf4gþ/þ or hnf4g�/� and GFP positive,
were quantified using FIJI image analysis software. An ROI was
defined for each larva encompassing both epithelial monolayers
of the anterior intestine and a background ROI for each image
was measured just below each larva. The total fluorescence of
the tissue was measured by subtracting the average background
fluorescence from the integrated density of the fluorescence in
the intestinal ROI. The fluorescence intensities measured for the
individual larva were plotted in PRISM and the average fluores-
cence intensity for wild type and mutants was compared via
Student’s t-test. The data presented are 3 separate biological rep-
licates with a total of n¼ 24 hnf4gþ/þ and n¼ 23 fish hnf4g�/�, re-
spectively.

Fluorescence was quantified for Tg(fabp2: DsRed) and Tg(fabp6:
GFP) transgenic reporter lines by euthanizing 6 dpf zebrafish lar-
vae, embedding larvae in 3% methylcellulose, and imaging via a
Leica M205 FA stereomicroscope with identical exposure time
and magnification in the same experiment. Imaged larvae were
placed in 50 mM NaOH in preparation for the appropriate geno-
typing protocols. Image analysis was performed using FIJI soft-
ware. We analyzed the changes in fluorescence for the 2
transgenes by different methods because in one case we observed
only a change in intensity of fluorescence (Tg(fabp2: DsRed)) and
in the other, we observed changes in the expression pattern
(Tg(fabp6: GFP)) (Fig. 5c). To quantify fabp2 reporter expression,
the shape tool in FIJI was used to outline the intestine as the re-
gion of interest (ROI) with attention paid to avoid capturing yolk
expression. The mean fluorescence values within this ROI were
calculated and then plotted using GraphPad Prism statistical
software. To quantify fabp6 reporter, fluorescence intensity along
the length of the intestine, starting from the cloaca, was mea-
sured using the line and plot profile functions in FIJI software.
Mean fluorescence plots were graphed in GraphPad Prism soft-
ware.

Quantifying proliferative cells
Adult hnf4a�/þ; hnf4g�/þ zebrafish were crossed with hnf4aþ/�;
hnf4g�/� and embryos were collected and housed in egg water un-
til 5 dpf. At 5 dpf, larvae were incubated in 200 mM EdU (Cayman
Chemical, 20518) diluted in 2% DMSO in egg water for 24 h.
Following EdU incubation, larvae were euthanized in tricaine,
tails were removed for genotyping, and the remaining carcasses
were fixed in 4% paraformaldehyde overnight. After fixation, lar-
vae were grouped in their respective genotypes, rinsed with wash
buffer (PBS þ 3% BSA), incubated with ice cold acetone for 7 min,

rinsed with wash buffer, and permeabilized in PBS, 1% DMSO,
and 1% Triton X-100 for 1 h. Following permeabilization, larvae
were rinsed in a wash buffer, then incubated with Click-iT EdU
Alexa Fluor 647 reagent (Invitrogen) for 1 h. After Click-iT EdU re-
action, larvae were rinsed in the wash buffer, co-stained with
DAPI, and mounted onto slides with coverslip. Slides were imaged
using the Zeiss 780 upright confocal microscope detecting DAPI
with the 405 nm Diode laser and EdU stained cells with the HeNe
633 nm laser. Zebrafish were visualized on the midsagittal plane,
containing the length of the intestinal tract posterior to the intes-
tinal bulb, which is the region containing the most intestinal pro-
liferation at 6 dpf. Total intestinal epithelial cells (detected by
DAPI) and EdU positive cells (intensity above a set threshold)
along the length of the intestine were counted from 1 representa-
tive image for each fish. Data were analyzed while blinded to gen-
otypes. Anterior and posterior regions were defined by the
midway point between the intestinal bulb and cloaca.

Results
Hnf4 family gene expression and mutant
generation
To better understand the role of Hnf4 family transcription factors
in regulating gene expression in the zebrafish intestinal epithe-
lium, we characterized single and compound mutants for each of
the 3 zebrafish Hnf4 family members: hnf4a, hnf4g, and hnf4b.
The protein encoding isoforms predicted for the 3 Hnf4 family
transcription factors result in peptides with a conserved domain
structure, including the DNA binding domain (DBD) and ligand
binding domains, which are hallmarks of Hnf4 family members
and other nuclear receptor transcription factors (Fig. 1, a and b,
Ensembl, GRCz11) (Howe et al. 2021). In mammals, alternative
splicing results in multiple isoforms of Hnf4a that have been
shown to have distinct functions and change target gene expres-
sion (Dean et al. 2010; Chellappa et al. 2016; Ko et al. 2019;
Lambert, Babeu, et al. 2020). Although the role of the multiple
predicted hnf4a and hnf4g isoforms in zebrafish has not yet been
explored, the exonic regions of both genes targeted for CRISPR-
based mutagenesis are predicted to be present in all protein-
encoding isoforms (Fig. 1a). For the hnf4a locus, a deletion mutant
hnf4ardu14 was previously created and mutant phenotypes includ-
ing changes in gene expression were characterized (Fig. 1, a and b)
(Davison et al. 2017). We refer to the genotype of the hnf4ardu14

allele as hnf4aþ/þ, hnf4a�/þ, or hnf4a�/�. To understand the role of
each Hnf4 gene in development and intestinal homeostasis, we
generated additional mutations in the hnf4g and hnf4b genes.

To create mutations in the hnf4g locus, we utilized CRISPR-
Cas9 to create lesions in an exon encoding the DBD and isolated 2
alleles. We isolated the allele hnf4grdu58, a single base-pair dele-
tion which was predicted to result in a nonsense mutation begin-
ning at amino acid 62 and a premature stop codon after amino
acid 126 (Fig. 1b and Supplementary Fig. 1, a and b). Here, we re-
fer to the genotype of the hnf4grdu58 allele as hnf4gþ/þ, hnf4g�/þ, or
hnf4g�/�, where appropriate. Homozygous hnf4g�/� larva isolated
from heterozygote hnf4g�/þ in-crosses were found to be viable at
6 dpf and displayed no obvious phenotypic differences with their
wild-type and heterozygous siblings, in contrast to hnf4a�/� 6 dpf
larvae which showed a narrowed intestinal lumen
(Supplementary Fig. 1, c and d) (Davison et al. 2017). Fish resulting
from hnf4g�/þ heterozygote in-crosses and raised in standard
conditions survived to adulthood in ratios which were not differ-
ent from the expected Mendelian ratios, as determined by a Chi-
square statistical test (Supplementary Fig. 1e). To test for
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transcriptional adaptation for loss of hnf4g function by the other
Hnf4 family genes, we performed qRT-PCR to measure gene ex-
pression using RNA extracted from 6 dpf hnf4gþ/þ and hnf4g�/�

larvae derived from separate, sibling in-crosses of hnf4gþ/þ or
hnf4g�/� adults (El-Brolosy et al. 2019). We found no significant
differences in the levels of hnf4a and hnf4b transcripts between
hnf4gþ/þ and hnf4g�/� larvae, however, we did confirm a signifi-
cant decrease in hnf4g transcript quantity (Supplementary Fig.
1f). The decrease in mutant transcript and lack of significant
compensatory increase in the other Hnf4 alleles mirrored what
was observed for the Hnf4 transcripts in hnf4a mutant alleles
(Davison et al. 2017). To check for possible compensatory changes
in mRNA processing (Anderson et al. 2017), we sequenced the

hnf4g cDNA isolated from the hnf4g�/� larvae and found that it
matched the expected transcript sequence and contained the de-
letion.

For the hnf4b locus, we acquired an ENU-induced mutant al-
lele isolated as part of the Zebrafish Mutation Project
(Kettleborough et al. 2013). hnf4bsa21135 is a point mutation which
results in a stop codon being introduced after amino acid 55
(Fig. 1b and Supplementary Fig. 2, a and b). We refer to the geno-
type of hnf4bsa21135 as hnf4bþ/þ, hnf4b�/þ, or hnf4b�/� throughout
this manuscript. hnf4b�/� fish which were the result of hnf4b het-
erozygote adult in-crosses appeared phenotypically normal, were
viable both as 6 dpf larvae and as adults and survived in approxi-
mately Mendelian ratios (Supplementary Fig. 2, c–e). We used

Fig. 1. Members of the hnf4 gene family are expressed in the zebrafish intestinal epithelium and liver at 6 dpf. a) Gene models of the major known
isoforms for the 3 zebrafish Hnf4 homologs are shown. Splice forms depicted are those predicted to be protein encoding and complete by Ensembl
(Supplementary Table 1). Gene models were derived from UCSC genome browser tracks for GRCz11/danRer11 and are shown in 50-30 orientation; black
bars are exons and gray bars are noncoding regions; thin red bars indicate exons covered by in situ hybridization riboprobes; thick orange bars indicate
regions targeted by CRISPR gRNAs. Where characterized, 30 UTRs are shown in gray at the 30 end of each transcript. b) Protein models of Hnf4 homologs
are shown with the DBD (purple) and ligand binding domain (yellow) defined by SMART protein domain prediction (Letunic and Bork 2018). Alleles
encoding nonsense mutations are indicated by vertical red lines where stop codons occur. c) Wholemount in situ hybridization against hnf4 transcripts
in 6 dpf wild-type zebrafish larvae. Antisense probe results are shown at left, and control sense probes are shown at right for each gene. Representative
whole animals are shown, plus an inset focused on the digestive tract. For all 3 genes in the antisense condition, purple staining indicates the
chromogenic reaction in the intestinal epithelium (arrow heads). A yellow dotted line outlines the liver in hnf4a larva and in hnf4g larva where some
purple staining in the region is observed in the antisense condition.
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qRT-PCR to check for transcriptional adaptation amongst Hnf4
genes in hnf4b�/� larvae and found none (Supplementary Fig. 2f).
However, in contrast to the reduction in transcript observed in
the hnf4a (Davison et al. 2017) and the hnf4g mutants, we found
no difference in the amount of hnf4b transcript between the
hnf4bþ/þ and hnf4b�/� larvae. We went on to sequence the mRNA
isolated from the hnf4b�/� larvae and found that the sequence
matched the predicted sequence for the mutant, suggesting a
lack of compensatory changes in mRNA processing that can oc-
cur with such alleles (Anderson et al. 2017).

We were specifically interested in the functions of Hnf4 family
transcription factors in the intestinal epithelium and their dual
role in maintaining proper tissue and cell specification, while si-
multaneously responding to environmental signals, including
nutrition and intestinal microbes. Therefore, we focused on 6 dpf
larvae for our studies, because maternal yolk has been
completely utilized, larva are feeding and absorbing nutrients
from ingested food, and we can successfully rear larvae germ-
free through 6 dpf (Pham et al. 2008). Transcriptomic data from
the dissected digestive tracts of wild-type larvae from a previous
study suggests that all 3 Hnf4 family transcription factors are
expressed in the digestive tract at 6 dpf (hnf4a 73.03, hnf4g 36.19,
hnf4b 42.21 average FPKM; Davison et al. 2017). Using wholemount
in situ hybridization in wild-type larvae, we confirmed that all 3
transcription factors appear to be expressed in the anterior intes-
tinal epithelium, in the intestinal bulb and into the postbulb an-
terior epithelium at 6 dpf (Fig. 1c). This expression pattern closely
mirrors that of the reporter transgene Tg(in3.4: fos: gfp), a cis-
regulatory element which harbors multiple Hnf4 binding sites
and is responsive to loss of hnf4a activity (Davison et al. 2017). We
also observed hnf4a and hnf4g expression in the liver (Fig. 1c).
These data are consistent with the expression observed for hnf4a,
hnf4g, and hnf4b in 2 single-cell sequencing experiments which
profiled gene expression in intestinal epithelia and the digestive
tracts (Supplementary Fig. 3) (Wen et al. 2021; Willms et al. 2022).

Variable lethality dependent on Hnf4 mutant
combinations
To better understand the genetic contributions of each Hnf4 fam-
ily transcription factor, we sought to make double and triple
mutants of hnf4a, hnf4g, and hnf4b. We first crossed our mutant
alleles to generate adults which were heterozygous for multiple
Hnf4 mutant alleles (e.g. hnf4a�/þ; hnf4g�/þ or hnf4a�/þ; hnf4b�/þ).
Triple heterozygous adults were in-crossed and their progeny
were examined and imaged with a dissecting microscope, and
subsequently genotyped at multiple stages of larval development
(Fig. 2a). Both hnf4a�/�; hnf4g�/� and hnf4b�/�; hnf4g�/� larvae sur-
vived to 6 dpf and were phenotypically similar to control animals
(controls were defined as larvae which were not homozygous mu-
tant for any other hnf4 alleles), with the exception that hnf4a�/�;
hnf4g�/� larvae displayed a more slender anterior intestinal lu-
men than controls, similar to what was previously observed in
hnf4a�/� single mutants at 6 dpf (Davison et al. 2017) (Fig. 2a).
Genotyping 6 dpf larvae from double heterozygous in-crosses of
hnf4a�/þ; hnf4g�/þ or hnf4b�/þ; hnf4g�/þ revealed offspring, includ-
ing double mutants, surviving in approximately Mendelian ratios
(Fig. 2b; n¼ 130, and Fig. 2d; n¼ 276). However, for hnf4a�/�;
hnf4b�/� and hnf4a�/�; hnf4b�/�; hnf4g�/� larvae, significant
defects including developmental delay, cloudy yolk, edema, and
death were observed as early as 2 dpf. Consistent with these
results, when surviving 6 dpf larvae were genotyped from hnf4a�/

þ; hnf4b�/þ double mutant in-crosses, no viable hnf4a�/�; hnf4b�/�

double mutant larva were recovered (Fig. 2c; n¼ 88).

Though hnf4b�/� had no immediately observable phenotypes
on its own, the fact that when combined with hnf4a�/�, we recov-
ered no 6 dpf double mutant larvae suggests that the hnf4bsa21135

mutation results in a loss-of-function allele. The phenotypes and
apparent early larval lethality observed for the hnf4a�/�; hnf4b�/�

double mutant and hnf4a�/�; hnf4b�/�; hnf4g�/� triple mutants,
combined with previous in situ hybridization observations that
hnf4b is prominently expressed in the developing zebrafish em-
bryo (Bertrand et al. 2007), suggest that hnf4a and hnf4b together
may be required in zebrafish development prior to digestive tract
formation and function at 6 dpf. Because of the early larval phe-
notypes we observed, we did not explore the role of hnf4b further
and instead focused our investigations on hnf4a and hnf4g.
Interestingly, despite surviving in Mendelian ratios at 6 dpf, we
never recovered any hnf4a�/�; hnf4g�/� double mutant adults
from hnf4a�/þ; hnf4g�/þ in-crosses (Fig. 2b; n¼ 92) nor from triple
heterozygous in-crosses. To better understand when hnf4a�/�;
hnf4g�/� fish were dying, we genotyped hnf4a�/þ; hnf4g�/þ in-
cross progeny at 14 dpf (Fig. 2b; n¼ 168), and failed to recover any
double mutant larvae, revealing that hnf4a�/�; hnf4g�/� double
mutant larvae likely die sometime between 6 and 14 dpf. We fo-
cused our future analyses on the 6 dpf time point to uncover the
essential roles of hnf4a and hnf4g at this developmental stage.

Deletion of hnf4g alone has a relatively minor
impact on gene expression in the digestive tract
To better understand the role of hnf4g in zebrafish digestive tract
physiology and response to microbiota, we analyzed changes in
gene expression from the dissected digestive tracts of 6 dpf wild-
type and hnf4g�/� larvae raised either germ-free (WTGF, hnf4g�/�

GF) or ex-GF, colonized with a conventional microbiome from 3
dpf (WTCV, hnf4g�/� CV) (Fig. 3a). We identified transcripts with
differential expression in WT and hnf4g�/� including a prominent
reduction in hnf4g transcript levels in hnf4g�/� mutants. In addi-
tion, for previously characterized microbially responsive genes,
such as saa, we observed an increase in CV compared to GF larvae
(Fig. 3b). Using a log2(FC) cutoff of �/þ1.75 and adjusted an P-
value threshold of less than 0.05 (see Materials and Methods), we
found 326 differentially expressed genes across the 4 experimen-
tal groups (Fig. 3c), with 42 transcripts were found to be signifi-
cantly increased (12) or decreased (30) in hnf4g�/� CV compared
to WTCV (Fig. 3d). We did not observe significant changes in any
signature hnf4a target genes in hnf4g�/� CV compared to WTCV
larvae (e.g. those involved in lipid and fatty acid metabolism),
and the small number of significantly differential genes pre-
cluded systematic GO Term analysis. Amongst the downregu-
lated genes, meltf, hpxb, and frrs1a are involved in iron
metabolism, slc13a4 and slc30a8 are solute transporters, and itln3,
irak3, and il1b function in immunity. In the upregulated gene set,
we found nr0b2b, another nuclear receptor superfamily member
and homolog of SHP/NR0B2, which is associated with metabolic
disease and hepatocarcinoma (Zhang et al. 2011).

Because we had previously shown that hnf4a positively regu-
lates many microbially responsive genes, we were interested in
how the response to microbes might differ in wild-type and
hnf4g�/� larvae (Davison et al. 2017). Therefore, we compared dif-
ferentially expressed genes in hnf4g�/� CV/hnf4g�/� GF and
WTCV/WTGF. We found a strong general trend amongst genes
with increased expression in response to microbial colonization
in wild type and hnf4g�/�, including amongst those genes with
the highest fold-changes in both conditions: itln2, il22, and saa
(Fig. 3e—dark gray). There were a number of microbially respon-
sive genes that were significantly increased or decreased only in
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wild type (175) or hnf4g�/� (40) suggesting the potential for mod-
est differences in hnf4g�/� in response to microbiota
(Fig. 3e—blue and orange). To better understand this phenome-
non, and to test whether hnf4g is functionally similar to hnf4a, we

utilized the transgene Tg(in3.4: cfos: GFP) which had previously
been shown to have decreased expression in the intestinal epi-
thelium in the absence of hnf4a (Davison et al. 2017). We did not
observe a reduction of fluorescence intensity in the intestinal

Fig. 2. Hnf4 compound mutants display variable rates of survival. a) Brightfield images of wild type, double, and triple mutant zebrafish larva recovered
at 2, 4, and 6 dpf. Each row shows fish of the specified genotype and controls that are either wild type or heterozygous for each hnf4 allele. b–d) Allelic
distribution of progeny genotyped at the indicated developmental stage following an in-cross of (b) hnf4a�/þ; hnf4g�/þ (6 dpf, n¼ 130; P > 0.9999; 14 dpf,
n¼ 168; P ¼0.0447; adults n¼92; P ¼ 0.0306), (c) hnf4a�/þ; hnf4b�/þ (6 dpf, n¼ 88; P ¼0.0447), and (d) hnf4b�/þ; hnf4g�/þ (6 dpf, n¼ 276; P ¼ 0.4864)
individuals. The expected distribution is shown on the left of each graph, while the observed percentage of animals of each genotypic group is depicted
by the bar on the right. The total number of individuals genotyped in each experiment is indicated by the “n” value below the graphs. Genotypic ratios
were determined to be significantly different from expected by chi-square statistical test, * P < 0.05.
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Fig. 3. Deletion of hnf4g alone has a minimal impact on gene expression in the digestive tract. a) Schematic representation of zebrafish rearing and
treatment across the experiment. Separate clutches of hnf4gþ/þ and hnf4g�/� embryos were derived germ-free, and then half of each group was exposed
to microbes at 3 dpf (shaded rectangle). Larvae were sacrificed at 6 dpf for RNA sequencing. b) Representative RNA-seq tracks for genes showing
differential expression in WT vs hnf4g�/� (hnf4g) conditions and CV vs GF conditions (saa). c) Four-way Venn diagram showing the overlap of differential
genes between the conditions analyzed. d) Volcano plot depicting the fold change and significance of all genes, with genes significantly differentially
expressed in hnf4g�/�CV/WTCV (log2(FC)>1.75; adj P < 0.05) colored in orange. e) For each gene, the log2(FC) in WTCV/WTGF and hnf4g�/� CV/hnf4g�/�

GF were plotted and colored according to significance (see legend) with a strong correlation between the datasets suggesting that loss of hnf4g�/� alone
has minimal impact on intestinal gene expression. f) Expression of the fluorescent transgene Tg(in3.4: cfos: GFP) was found to be unchanged in hnf4g�/�

6 dpf larvae. Brightfield and fluorescence images of whole larvae are shown for both hnf4gþ/þ and hnf4g�/�, with the boxed inset in the fluorescence
channel depicting the intestinal epithelial transgene expression (arrowheads) enlarged to the right. g) The average fluorescence intensity across the
anterior intestine was quantified for each larva and graphed (hnf4gþ/þ

, n¼ 24; hnf4g�/�, n¼ 23; P ¼ 0.5709, unpaired t-test) with no significant differences
found between wild-type and hnf4g�/� larvae.
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epithelium of hnf4g�/� larvae compared with wild-type larvae
(Fig. 3, f and g), suggesting differences in the role of hnf4a and
hnf4g in regulating gene expression. Taken together these data
suggest that hnf4g appears to play more subtle and distinct roles
in the intestinal epithelium and microbial response compared to
hnf4a (Davison et al. 2017).

Changes in hnf4a�/� hnf4g�/� double mutant gene
expression suggests defects in intestinal function
and proliferation
To further investigate the unique and redundant functions of
hnf4a and hnf4g in larval zebrafish, we added to our existing data-
sets for hnf4a and hnf4g single mutants by performing RNA-seq on
dissected GI tracts from wild type, hnf4g�/� single mutants, and
hnf4a�/�; hnf4g�/� double mutants, which were all conventionally
raised with a microbiota (Fig. 4a). Because we never recovered any
hnf4a�/�; hnf4g�/� double mutant adults, we relied on postdissec-
tion genotyping to pool digestive tracts for sequencing (see
Materials and Methods). Differential expression analysis confirmed a
modest number of transcripts (376) that were differentially
expressed in conventionally raised hnf4g�/� single mutants com-
pared to wild type, but many more genes (2,171) that were influ-
enced by loss of hnf4a and hnf4g in the double mutant condition
(Fig. 4, b–d), including genes involved in intestinal function such as
fabp2 (Fig. 4b). About half as many genes were significantly differ-
entially upregulated (690) compared to downregulated (1,481) in
hnf4a�/�; hnf4g�/� CR/WTCR. GO analysis of the genes significantly
down regulated revealed many processes associated with intesti-
nal function including multiple metabolic pathways (Fig. 4e). We
also observed signatures of lipid metabolism which are a hallmark
of Hnf4 function identified previously in multiple other systems
(Hayhurst et al. 2001; Palanker et al. 2009; Frochot et al. 2012; Barry
and Thummel 2016; Davison et al. 2017; Goh et al. 2018; Lee et al.
2021). These data suggest that together hnf4a and hnf4g positively
regulate many genes involved in intestinal function in the larval
zebrafish digestive tract, consistent with previous findings for Hnf4
factors in mice (Verzi et al. 2010; Davison et al. 2017; Chen, Toke,
Luo, Vasoya, Fullem, et al. 2019). Immune response was the top GO
category amongst the downregulated genes in hnf4a�/�; hnf4g�/�

CR/WTCR, suggesting that loss of these factors may prevent the in-
testine from properly responding to colonizing microbes in conven-
tionally raised larvae. The genes upregulated in the absences of
both hnf4a and hnf4g were primarily associated with GO categories
pertaining to cell division processes, suggesting that cell prolifera-
tion may be increased in hnf4a�/�; hnf4g�/� larvae compared to
wild-type larvae.

We next set out to compare the results of the 3 RNA-seq
experiments characterizing gene expression changes in dissected
GI tracts from 6 dpf hnf4a�/� (Davison et al. 2017), hnf4g�/� (Fig. 3),
and hnf4a�/�; hnf4g�/� (Fig. 4) (Supplementary Fig. 4a). To assess
what variables might be driving differences in the datasets, we
conducted a principal components analysis (PCA) on all of the
replicates from each dataset. The replicates from each experi-
mental dataset clustered together on the first 2 components,
with only very small separation within those groups based on
genotype (Supplementary Fig. 3b), suggesting that differences in
experimental conditions was the primary source of variation in
the datasets. Therefore, to facilitate comparison between the
3 RNA-seq experiments, we performed a batch correction on the
combined 3 datasets (see Materials and Methods). After batch
correction, PCA showed that the samples no longer grouped
according to experiment on the first 2 components, but instead
stratified according to the major independent variables in our

experiments: genotype (X-axis; PC1 38% variance) and microbial
colonization (Y-axis; PC2: 12% variance) (Supplementary Fig. 4,
c and d).

Utilizing the batch-corrected data (Supplementary Table 3),
we compared hnf4a�/�; hnf4g�/� CR/WTCR to hnf4a�/� CV/WTCV,
and to hnf4g�/� CV/WTCV to understand the shared differences
between the double mutants and each of the single mutants. The
comparison of hnf4g�/�CV/WTCV and hnf4a�/�; hnf4g�/� CR/
WTCR, showed not only very few genes are significantly differen-
tially expressed in both data sets, but that there was no apparent
correlation across all genes (Fig. 4f). In contrast, there was a large
amount of concordance between hnf4a�/� CV/WTCV and hnf4a�/�;
hnf4g�/� CR/WTCR, with many common differentially expressed
genes changing in the same direction (Fig. 4g, dark gray). To bet-
ter understand how the changes in gene expression we observed
in the zebrafish digestive tract in hnf4a�/�; hnf4g�/� double
mutants compare with mouse intestinal hnf4a�/�; hnf4g�/�

double mutants, we identified the genes in our dataset with
one-to-one orthologs in mouse (GSE112946) (Chen, Toke, Luo,
Vasoya, Fullem, et al. 2019). Of the genes with one-to-one
orthologs, 356 were significantly differentially regulated in both
datasets, and many of these genes (278; 78%) showed the same
directional change in mouse and zebrafish (Fig. 4h). This trend
was most noticeable in the genes that had decreased expression
in the double mutants, consistent with the previous findings
from the mouse intestinal epithelium, that Hnf4a and Hnf4g are
primarily activating gene expression (Chen, Toke, Luo, Vasoya,
Fullem, et al. 2019).

Hnf4 factors influence cell type-specific gene
expression in the intestinal epithelium
We next sought to first, confirm whether the changes in gene ex-
pression we observed were due to a nonspecific developmental
delay, and second, to understand the contribution of nonintesti-
nal tissues (included in larval zebrafish gastrointestinal tract dis-
section, including the liver and pancreas) to our observed gene
expression changes (San et al. 2018; Willms et al. 2022). We found
limited expression differences for developmentally regulated in-
testinal genes (Supplementary Fig. 5). In analyzing genes associ-
ated the pancreas and liver, we found that over half of the
hepatocyte-defining genes as determined an scRNA-sequencing
experiment of dissected zebrafish larval digestive tissues (Willms
et al. 2022) are significantly downregulated in the double mutants
compared to wild type controls (Supplementary Fig. 6), which
suggests hnf4a and hnf4g are important for the positive regulation
of hepatocyte-defining transcripts.

To better understand what cell types in the intestinal epithe-
lium are impacted by the loss of Hnf4 transcription factors, we
leveraged an intestinal scRNA-seq dataset produced in our lab
that identified sets of genes which define distinct intestinal cell
clusters or types in 6 dpf larval zebrafish (Wen et al. 2021)
(Supplementary Table 4 and Fig. 7). Consistent with our previous
analyses, we observed that none of the genes that define the cell
types were observed to be differentially expressed in hnf4g�/�

CV/WTCV, and the mean log2(FC) for the groups of genes rarely
deviated from zero (Supplementary Fig. 7). Loss of hnf4a�/� or
hnf4a�/�; hnf4g�/� showed similar trends in the changes in gene
expression within a given cell type, with the double mutant
appearing to exacerbate the changes observed in hnf4a�/�

CV/WTCV (Supplementary Fig. 7).
Two groups of genes, those defining anterior enterocytes

(Ent1) and those defining ileal and mid-intestinal cells (Ent2)
were strongly downregulated, while groups of genes that define
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Fig. 4. Deletion of both hnf4a�/� and hnf4g�/� results in large-scale changes in intestinal gene expression. a) Wild-type, hnf4g�/�, and hnf4a�/�; hnf4g�/�

larva were raised conventionally, digestive tracts were dissected at 6 dpf, and gene expression changes were measured by RNA-sequencing. All animals in
these experiments were exposed to microbes (shaded rectangles). b) Representative RNA-seq tracks for genes showing decreased gene expression hnf4g�/�

and hnf4a�/�; hnf4g�/� (hnf4g) or just hnf4a�/�; hnf4g�/� (fabp2) compared to wild type. c) Venn diagram depicting the number of differentially expressed
genes across the experimental conditions. d) Volcano plot showing the substantial number of downregulated and upregulated genes when wild type and
hnf4a�/�; hnf4g�/� gene expression are compared. e) GO term enrichment analysis for the downregulated genes revealed immune response and many
metabolic processes involved in normal intestinal function as the major pathways affected by the loss of hnf4a�/�; hnf4g�/�, while the upregulated genes
revealed cell division processes to be among the pathways most affected by loss of hnf4a�/�; hnf4g�/�. f) log2(FC) for hnf4g�/� CV/WTCV and g) hnf4a�/� CV/
WTCV compared to hnf4a�/�; hnf4g�/� CV/WTCV reveal that unlike gene expression changes in hnf4a�/� CV/WTCV which largely mirror those found in
hnf4a�/�; hnf4g�/� CV/WTCV, very few genes change in hnf4g�/� CV/WTCV by comparison. h) Comparison of the changes in gene expression for the one-to-
one orthologs of mouse and zebrafish genes which were significantly differentially expressed in hnf4a�/�; hnf4g�/� larval zebrafish or mouse (Chen, Toke,
Luo, Vasoya, Fullem, et al. 2019) compared to wild type.
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most other intestinal epithelial cells types, were upregulated on
average in hnf4a�/� and hnf4a�/�; hnf4g�/� mutants compared to
wild type. Of the genes which define anterior enterocytes and
those which define ileal and mid-intestinal cells (Wen et al. 2021),
50% and 35% of genes respectively, were significantly reduced in

hnf4a�/�; hnf4g�/� double mutants (Supplementary Fig. 7).
Consistent with this finding, in hnf4a�/� and hnf4a�/�; hnf4g�/�

mutants we observed decreased expression of genes involved in
enterocyte function and fatty acid metabolism, ileal bile-
metabolism related genes, and genes which define the lysosome-

Fig. 5. Multiple cell types in the intestinal epithelium are significantly altered in hnf4a�/� and hnf4a�/�; hnf4g�/� larvae. a) Heatmaps showing changes
in gene expression in hnf4g�/� CV/WTCV, hnf4a�/� CV/WTCV, hnf4a�/�; hnf4g�/� CR/WTCR for groups of genes involved in specific intestinal cell types
or functions. Red indicates an increase in gene expression and blue, a decrease. Genes that are significantly different between genotypes are marked
with an asterisk. b) A schematic depicting the localization of Tg(fabp2: DsRed) and Tg(fabp6: GFP) in a wild-type zebrafish larva at 6 dpf. c) Shows the
method of quantification for changes in fluorescence for each of the transgenes to produce the graphs in panels (e) and (g). d) Representative images of
6 dpf larvae expressing Tg(fapb2: DsRed) grouped by genetic mutant background. e) The average fluorescence intensity of the intestinal area is plotted
for each mutant group. Error bars represent the mean and 95% confidence interval for each condition, and statistical differences determined by a 1-
way ANOVA with multiple comparisons (**** P <0.0001) are shown above the plot (control n¼ 35, hnf4g�/� n¼ 30, hnf4a�/� n¼ 7, hnf4a�/�; hnf4g�/�

n¼ 10). f) Representative images of 6 dpf larvae expressing Tg(fabp6: GFP) grouped by genetic mutant background. g) Quantification of fluorescence
intensity along the intestine from the cloaca opening to the swim bladder. Heavy lines represent mean intensity values and shading around the line is
the standard error (SEM) (control n¼ 19, hnf4g�/� n¼ 20, hnf4a�/� n¼ 9, hnf4a�/�; hnf4g�/� n¼ 7). Area under the curve measurements show overlapping
95% confidence intervals for the control and hnf4g�/� groups, but a significantly larger area for hnf4a�/� and smaller area for the hnf4a�/�; hnf4g�/�

groups respectively, and comparing the curves by Tukey’s 1-way ANOVA over multiple comparisons reveals control vs hnf4g�/� (ns; P ¼ 0.9836),
hnf4a�/� (P ¼ 0.0004), and hnf4a�/�; hnf4g�/� (P < 0.0001); hnf4a�/� vs hnf4g�/� (P ¼ 0.0002) and hnf4a�/�; hnf4g�/� (P < 0.0001); and hnf4g�/� vs hnf4a�/�;
hnf4g�/� (P < 0.0001).
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rich enterocyte cell population (Fig. 5a), suggesting that these
Hnf4s positively regulate genes involved in processes central to
the intestinal functions of nutrient absorption and metabolism.
Another salient pattern in the hnf4a�/�; hnf4g�/� double mutants
was the significant upregulation of several genes encoding hor-
mones secreted by enteroendocrine cells (EECs) such as pyyb,
gcga, gcgb, and cckb along with goblet cell marker agr2 (Fig. 5a).
This may suggest a proportional increase in secretory cell popula-
tions or their activities, or increased expression of these genes
within other cell types in the intestinal epithelium in the absence
of hnf4a or hnf4a; hnf4g function in zebrafish, as has been reported
in mice (Babeu et al. 2009; Chen, Toke, Luo, Vasoya, Fullem, et al.
2019). Overall, goblet cells (GC1–GC3) and EEC (EEC1–EEC5) popu-
lations showed weaker and mixed trends than enterocytes in our
cell-type analysis (Supplementary Table 4).

To confirm that the changes in gene expression observed in our
RNA-seq data (Fig. 4) and findings from our comparisons to IEC-
specific scRNA-seq data (Supplementary Fig. 7) translate to in vivo
phenotypes in the larval intestinal epithelium, we utilized 2 exist-
ing transgenic lines: Tg(fabp2: DsRed), which drives expression of
DsRed under the control of 4.5 kb region of the zebrafish fabp2 pro-
moter and labels anterior enterocytes in the intestinal epithelium
(Her et al. 2004; Kanther et al. 2011) and Tg(fabp6: GFP), which drives
expression of GFP the under control of 250 bp region of the zebra-
fish fabp6 promoter and labels cells in the mid-intestine which
make up the zebrafish ileum (Lickwar et al. 2017) (Fig. 5b). We
crossed these transgenes into our hnf4a; hnf4g compound mutant
background to obtain groups of 6 dpf larvae that were heterozy-
gous or wild type at both loci (control), mutant for hnf4g, but wild
type or heterozygous for hnf4a (hnf4g�/�), mutant for hnf4a, but
wild type or heterozygous for hnf4g (hnf4a�/�), or double mutant
for both hnf4a and hnf4g (hnf4a�/�; hnf4g�/�) (Fig. 5, d–g).

We found that there was no significant difference in Tg(fabp2:
DsRed) average intestinal fluorescence in hnf4g�/� and wild-type
larvae (Fig. 5, d and e). However, in both hnf4a�/� and hnf4a�/�;
hnf4g�/�, we observed very little Tg(fabp2: DsRed) expression in
the intestinal epithelium compared to wild-type controls (Fig. 5, d
and e). These results are consistent with our RNA-seq results for
the fabp2 transcript and other genes known to be expressed in ab-
sorptive enterocytes (Fig. 5a), and further are consistent with our
cell-type analysis which indicated that anterior enterocytes were
negatively impacted by the loss of hnf4a�/� and hnf4a�/�; hnf4g�/�

(Supplementary Fig. 7—group Ent1).
We next examined the expression of Tg(fabp6: GFP) in the

same genotypic groups and timepoints. Similar to our results for
Tg(fabp2: DsRed), we found that the Tg(fabp6: GFP) expression pat-
tern in hnf4g�/� larva was indistinguishable from wild type (Fig. 5,
f and g). In hnf4a�/� larva, we consistently observed a broadening
of the domain of Tg(fabp6: GFP) expressing cells in the intestinal
epithelium (Fig. 5, f and g). However, in hnf4a�/�; hnf4g�/� larva,
we observed a significant decrease in the overall fluorescence of
Tg(fabp6: GFP) that was not observed in any other mutant group
(Fig. 5, f and g). Our RNA-seq results for fabp6 had led us to pre-
dict that Tg(fabp6: GFP) expression would be decreased in both
hnf4a�/� and hnf4a�/�; hnf4g�/� (Fig. 5a). Although this was not
the case on average for hnf4a�/�, the hnf4a�/�; hnf4g�/� larva dis-
played significant loss of Tg(fabp6: GFP) fluorescence as predicted
(Supplementary Fig. 7—group Ent2).

hnf4a; hnf4g double mutants cause an increase in
proliferation in the distal intestinal epithelium
Another category of genes that was strongly impacted by the loss
of Hnf4 factors were cell proliferation factors (Figs. 4e and 6a). To

test whether this was in fact due to an increase in dividing cells
in the intestinal epithelium, we treated larval zebrafish with the
thymidine analog EdU for 24 h from 5 to 6 dpf, and then sacrificed
larvae for EdU visualization. We observed the most EdUþ cells in
the intestinal region posterior to the intestinal bulb (Fig. 6b), and
therefore, focused on comparing the number of EdUþ cells in
control (hnf4aþ/þ; hnf4gþ/�), hnf4g�/� (hnf4aþ/þ; hnf4g�/�), hnf4a�/�

(hnf4a�/�; hnf4gþ/�), and hnf4a�/�; hnf4g�/� double mutant larvae
in that region (Fig. 6, b and c). We quantified the number of EdUþ
cells across the total length of the posterior intestinal epithelium
and further divided this region into proximal and distal seg-
ments. In hnf4a�/�, we observed a significant increase only in the
distal segment (Fig. 6, c and d). In hnf4a�/�; hnf4g�/� double
mutants we observed a notable increase in the percentage of
EdUþ in both the proximal and distal segments of our imaged re-
gion (Fig. 6, c and d). This raises the possibilities that either cells
are aberrantly entering the cell cycle in the double mutants or
that cells are entering the cell cycle at the correct rate but are not
exiting the cell cycle and properly differentiating.

Discussion
The Hnf4 family of transcription factors regulates gene expres-
sion and cellular function in the digestive tract of mammals, in-
cluding playing protective roles against human GI and metabolic
diseases. To better understand the roles of Hnf4 family transcrip-
tion factors across the vertebrate lineage, we compared and ana-
lyzed the roles of the 3 Hnf4 family homologs in larval zebrafish.
We found that the individual hnf4a, hnf4g, and hnf4b mutant
zebrafish were fully viable as homozygous mutant adults. In con-
trast, reduced viability in the double and triple mutants revealed
genetic redundancies and potential stage specific functions for
the homologs.

We did not recover any triple mutants or hnf4a�/�; hnf4b�/�

double mutant larva at 6 dpf, suggesting that hnf4a and hnf4b
may be synthetically lethal and play important roles during early
development. Previous wholemount in situ hybridization studies
showed hnf4b localization in the zebrafish yolk syncytial layer of
embryos and larvae (Bertrand et al. 2007). In this study, we ob-
served that the yolk of hnf4a�/�; hnf4b�/� double mutants and tri-
ple mutants showed decreased opacity, which is a hallmark of
defects in lipid metabolism in that embryonic tissue (Wilson et al.
2020). These findings are also consistent with data from Xenopus,
another vertebrate encoding an hnf4b homolog, in which HNF4A
and HNF4B proteins were found to be maternally provisioned in
the developing oocytes, and Hnf4b transcripts, specifically, were
found to be present in fertilized eggs (Holewa et al. 1997). Taken
together, these results suggest that hnf4b and hnf4a may redun-
dantly regulate genes involved in yolk lipid mobilization and utili-
zation during early zebrafish development and that this function
might be conserved in other egg-laying vertebrates. We did not
observe any phenotype in the hnf4b single mutants, but it is pos-
sible that the allele we analyzed results only in a partial loss of
function due to either genetic or transcriptional compensation. It
therefore remains possible that a true null allele of hnf4b may
show more severe developmental phenotypes both alone and in
combination with Hnf4 family members.

We focused our analysis of Hnf4 transcription factor function
in the larval intestine on hnf4a and hnf4g. We set out to define the
relationship between hnf4a�/�, hnf4g�/�, and hnf4a�/�; hnf4g�/�

phenotypes in terms of redundancy and function. Our compari-
son of the RNA-seq from the dissected digestive tracts of these
mutants (Fig. 4), analysis of intestinal cell types (by Tg(fabp2:
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DsRed) and Tg(fabp6: GFP), Fig. 5) and proliferation (by EdU stain-
ing, Fig. 6) revealed that loss of hnf4g had a weaker phenotypic
impact than loss of hnf4a. Further, in the case of these

phenotypes, loss of hnf4a and hnf4g simultaneously had a stron-
ger phenotypic effect than the intermediate phenotype seen in
hnf4a mutants, and ultimately resulted in larval lethality (Fig. 2).

Fig. 6. Cell proliferation across the intestinal epithelium increases in hnf4a�/�; hnf4g�/� double mutant zebrafish larvae. a) Heatmaps showing changes
in gene expression in hnf4g�/� CV/WTCV, hnf4a�/� CV/WTCV, hnf4a�/�; hnf4g�/� CR/WTCR for groups of genes involved in differentiation and the
proliferative phases of the cell cycle (S and G2M). b) The number of EdUþ cells were counted within the posterior region of the larval zebrafish
intestinal epithelium, the blue tissue in the diagram. c) Representative images of the posterior two-thirds of the intestinal epithelium (from the swim
bladder to the cloaca) showing cells stained with EdU and DAPI for larva grouped by genetic mutant background. The intestinal epithelium is circled by
the orange dotted line, as shown in panel (b). d) The number of EdUþ cells in the intestinal epithelium for larvae of each genotype as a percentage of
the total number of intestinal epithelial cells (hnf4aþ/þ; hnf4gþ/� n¼ 12, hnf4aþ/þ; hnf4g�/� n¼ 11, hnf4a�/�; hnf4gþ/� n¼ 14, hnf4a�/�; hnf4g�/� n¼ 11). A
2-way ANOVA with multiple comparisons was performed and the significant differences within groups are shown on the graph (*P > 0.05, **P > 0.01,
***P > 0.001, ****P > 0.0001).
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A similar unequal contribution of Hnf4a and Hnf4g to enterocyte
gene expression and specification and proliferation phenotypes
has been documented in mouse intestinal epithelial knockouts,
in addition to lethality caused by simultaneous deletion of Hnf4a
and Hnf4g in both fetal development and adult stages (Chen,
Toke, Luo, Vasoya, Aita, et al. 2019; Chen, Toke, Luo, Vasoya,
Fullem, et al. 2019; Cheng et al. 2020). Importantly, the identifica-
tion of this conserved relationship suggests that this unequal
contribution of Hnf4 family members to these phenotypes is in-
deed selected for and not a synthetic effect that could occur spu-
riously or by chance. Taken together, our results provide
evidence that the specific roles of Hnf4 transcription factors and
their interactions in transcriptional regulation within the intesti-
nal epithelium are conserved between zebrafish and mice.

One possible explanation for partial or unequal redundancy of
2 genes in a tissue could be overlapping but nonidentical expres-
sion patterns or subtle but significant differences in expression
levels (Briggs et al. 2006). Examining hnf4a and hnf4g expression
from 2 zebrafish intestinal scRNA-seq experiments revealed the
potential for subtle differences in expression of the 2 factors, es-
pecially across the secretory cell types (Supplementary Fig. 3)
(Wen et al. 2021; Willms et al. 2022). One consistent finding across
the 2 datasets is that hnf4g is expressed in a higher percentage of
secretory cells than hnf4a (i.e. goblet cells and EECs). However,
this type of analysis could be somewhat limited by the fact that
transcription factors, including hnf4 family members, are
expressed at relatively low levels (Fig. 1c and Supplementary
Table 3), and therefore, analyzing their presence in a scRNA-seq
experiment where the sequencing depth could hinder the detec-
tion of lowly expressed genes.

The cell-type specific protein localization of Hnf4a and Hnf4g
in the zebrafish intestinal epithelium are not known, and in
mouse they are broadly present in overlapping cell types, but
may show differences across the crypt-villus axis with Hnf4a
showing increased crypt localization and Hnf4g more restricted to
villus cells (Sauvaget et al. 2002; Chen, Toke, Luo, Vasoya, Fullem,
et al. 2019). There is also evidence that the different Hnf4a iso-
forms have differential localization, which could impact the
interactions between these factors (Chellappa et al. 2016).
Another possibility is that these factors bind to different sites in
the genome or have different affinity for the same sites. This
seems unlikely considering ChIP-seq in the mouse intestinal epi-
thelium for both factors found <80% of sites were shared and
they are predicted to have the same DNA binding motif (Fang
et al. 2012; Davison et al. 2017; Chen, Toke, Luo, Vasoya, Fullem,
et al. 2019). Alternatively, they could regulate each other’s activity
or form heterodimers or have differential affinity for fatty-acid
ligands or protein cofactors (Wisely et al. 2002; Daigo et al. 2011).
These various potential explanations for partial or unequal re-
dundancy between Hnf4a and Hnf4g could also help explain our
observation that expression of some genes was significantly af-
fected in hnf4a or hnf4g single mutants but not in the hnf4a; hnf4g
double mutants compared to their respective wild-type controls
(Figs. 4, f and g and 5a). However, it remains unclear if those dif-
ferences are due to biological interactions between hnf4a and
hnf4g or a result of RNA-seq batch correction, variation between
biological replicates, or husbandry differences between these in-
dependent experiments (Supplementary Fig. 4a).

Our evidence suggests that the phenotypic homology between
the zebrafish and mouse hnf4a�/�; hnf4g�/� double mutants
appears to extend to the loss of specific cell types in the intestinal
epithelium. In hnf4a�/�; hnf4g�/� zebrafish we observed the loss
of Tg(fabp2: DsRed) expressing cells and decrease in genes

involved in absorptive enterocyte functions (Figs. 4 and 5 and
Supplementary Fig. 7), and the coincident increase in prolifera-
tion associated genes and EdUþ cells (Fig. 6). Loss of absorptive
enterocytes and an increase in proliferation were also observed
in adult double knockouts in the mouse intestinal epithelium
(Chen, Toke, Luo, Vasoya, Fullem, et al. 2019). In the mouse dou-
ble knockouts, the authors also observed a conversion of the
enterocytes to enterocyte-like cells that express goblet cell
markers. Although, we did not look directly at goblet cell num-
bers, our cell type analysis did show that the groups of genes as-
sociated with most secretory lineages, including goblet cells,
increased in the zebrafish hnf4a�/�; hnf4g�/� double mutants
(Supplementary Fig. 7). This effect did not appear to be as specific
to the goblet cell lineage in 6 dpf larval zebrafish as it was in the
mouse (Chen, Toke, Luo, Vasoya, Fullem, et al. 2019). Regardless,
the level of phenotypic conservation between double mutant
phenotypes in the larval zebrafish and mouse intestinal epithe-
lium was striking, especially considering the differences in devel-
opmental stage and experimental conditions.

As part of our study we did not determine the cause of hnf4a�/�;
hnf4g�/� double mutant larvae lethality between 6 and 14 dpf.
One possibility is that because of the changes we observed in
genes and cell types involved in intestinal function and specifi-
cally, loss of absorptive enterocytes (Figs. 4 and 5), that the larvae
simply cannot absorb enough nutrients once they begin fully re-
lying on food from their environment instead of maternally sup-
plied yolk. This would be similar to phenotypes observed in adult
mouse double knockouts which do not survive long after condi-
tional double deletion (Chen, Toke, Luo, Vasoya, Fullem, et al.
2019). Another possibility is that double mutant larvae fail in sub-
sequent steps of intestinal development such as the significant
length increase, development of intestinal rugae, or restriction of
cell division to the base of the intestinal folds that occurs during
the 6 and 14 dpf window (Li et al. 2020). If this is the case, these
phenotypes could be similar to the defects and lethality observed
in mouse fetal double mutants where the tissue fails to properly
form villi (Chen, Toke, Luo, Vasoya, Aita, et al. 2019). It would be
interesting for future studies to explore this critical developmen-
tal time window in these double mutant zebrafish larvae.

Unknown impacts on other tissues in these zebrafish larvae
could also be a cause of premature lethality. In mammals, Hnf4
family transcription factors are critical for the development and
function of digestive tract tissues outside of the intestinal epi-
thelium. Hnf4a functions in hepatocyte differentiation, liver de-
velopment, homeostasis, and gene expression (Li et al. 2000;
Hayhurst et al. 2001; Parviz et al. 2003; Battle et al. 2006) and in
pancreatic development and beta-cell function in humans
(Yamagata 2014; Legøy et al. 2020). Our analysis of liver and
pancreatic-specific genes revealed that hnf4a and hnf4g together
likely have a combined role in regulating expression of many
hepatocyte-defining genes (Supplementary Fig. 6b) (Willms et al.
2022). The genetic reagents described here will allow for future
examination of these factors in liver and pancreas development
and function. Further, conditional and tissue-specific knockouts
for these genes would also be helpful in dissecting tissue-
specific phenotypes, and even intestinal phenotypes in adult
zebrafish for genotypes which proved lethal prior to reaching
adulthood.

A few other factors complicate our understanding of how mul-
tiple Hnf4 transcription factors function both specifically and re-
dundantly. In many vertebrates, including in zebrafish, Hnf4
factors have multiple isoforms. Both homodimeric and heterodi-
meric complexes can form between the isoforms, and in some
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cases, these complexes have been shown to have differential ac-
tivity (Dean et al. 2010; Chellappa et al. 2016; Ko et al. 2019;
Lambert, Depernet, et al. 2020). However, the relative contribution
of these different complexes to the intestinal activity of Hnf4
transcription factors is currently unknown and fully unexplored
in zebrafish. In addition, the activity of nuclear receptor super-
family members is commonly modulated by ligand binding.
While the ligands of Hnf4 transcription factors are believed to be
fatty acids (Hertz et al. 1998; Yuan et al. 2009), the impact of ligand
binding on the activity of Hnf4 transcription factors in vivo
remains poorly understood both in zebrafish and across other
vertebrate and invertebrate models.

Together, this work expands our understanding of the roles of
the Hnf4 family transcription factors in zebrafish, and further
demonstrates the utility of the larval zebrafish as a model for ex-
ploring intestinal physiology and the genetic programs that un-
derlie intestinal function. Despite differences between the
digestive systems of mouse and zebrafish larva (e.g. a lack of true
intestinal crypts, a more aerobic environment, and a lack of
stomach in the zebrafish), our study highlights that many intesti-
nal transcriptional programs, their functions, and even their
interactions are likely to be conserved across these organisms. It
seems likely that the intestinal functions of Hnf4 family tran-
scription factors we find to be conserved between zebrafish and
mice were present the last common ancestor of mammals and
fishes, and that Hnf4 factors are involved in the function of the
intestine in earlier branching vertebrates or even invertebrates
(Mart�ın-Durán and Hejnol 2015; Miglioli et al. 2021). Our
work establishes the zebrafish as a model for investigating
the conserved and novel functions of Hnf4 family transcription
factors.
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