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Abstract
Background and Aims—The zebrafish Danio rerio is an excellent model system for mammalian
gastrointestinal development. To identify differentially regulated genes important in gastrointestinal
organogenesis, we profiled the transcriptome of the zebrafish developing gastrointestinal tract.

Methods—Embryos from a transgenic zebrafish line expressing GFP in the developing intestine,
liver, and pancreas were dissociated at four developmental timepoints, their cells sorted based on
GFP expression using fluorescence—activated cell sorting (FACS), and analyzed with microarrays.
To improve our analysis, we annotated the Affymetrix Zebrafish GeneChip with human orthologs.

Results—Transcriptional profiling showed significant differences between GFP+ and GFP− cells.
Upregulated genes and pathways were consistent with mammalian gastrointestinal development,
such as HNF gene networks, and cancer. We implicate the PI-3 Kinase pathway and show that
inhibition with LY294002 causes gastrointestinal defects in zebrafish. We identified novel genes,
such as the microRNAs miR-217 and miR-122, the tight junction protein claudin c, the gene
fam136a, and a zebrafish tetraspanin. Novel pathways include genes containing a putative
transcription factor binding sequence, GGAANCGGAANY, and a nucleolar gene network. The
zebrafish microarrays also identify a set of 32 genes that may mediate the effects of gain of
chromosome arm 8q in human colon, liver, and pancreatic cancers.

Conclusions—We successfully combine fluorescence—activated cell sorting and microarray
profiling to follow organogenesis throughout development. These experiments identify novel genes
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and pathways that likely play a role in mammalian gastrointestinal development and are potential
targets for therapeutic intervention in the management of gastrointestinal disease and cancer.

Introduction
Among vertebrates, the zebrafish is particularly well suited to study organogenesis of the
gastrointestinal (GI) tract, because this vertebrate can be easily manipulated using both forward
and reverse genetics and because the zebrafish organs have been described in physiological
detail and are highly similar to their mammalian counterparts.1-8 To better understand
molecular aspects of zebrafish and mammalian GI development, we transcriptionally profiled
the developing zebrafish gastrointestinal tract, using the gutGFP transgenic line, expressing
GFP in the developing liver, gut, and pancreas.2-5

In gutGFP zebrafish, a rod of endodermal cells can be seen in the mid-section of the embryo
at 1 day post fertilization (dpf).5 From this rod, the liver and the pancreas begin to successively
bud, grow, and differentiate into mature organs,2, 3 but alternative models are possible.7, 8
Specification of hepatocytes requires integration of FGF, BMP, and Wnt signals.9-11 By 4dpf,
much of liver and pancreatic development appears to be complete.2, 3 Intestinal development
begins after 1dpf, when the endodermal rod itself thickens anteriorly, followed by lumen
formation, intestinal cell differentiation, epithelial folding, and onset of gut motility by 5dpf.
4, 6, 7, 12 These processes are controlled by several transcription factors and the gene networks
they control, including hhex, hnf4a, and hnf6/onecut3 in liver development, and which are
conserved from zebrafish to human.13-17 Due to this conservation, lessons from zebrafish likely
also apply to mammalian GI development.

We selected zebrafish embryos at four critical developmental time points and separated them
by FACS into GFP+ and GFP− cell populations, representing GI tissues and the remainder of
the embryo. We then profiled the transcriptome by microarray and analyzed our data for known
and novel genes expressed in the GI tract during organogenesis and for known and novel
pathways and cellular components that may be important in GI development and function. We
find evidence for some aspects of GI organ function as early as 2dpf, although substantial
functionality is likely not attained until 4dpf. Further evidence suggests a role for PI3-kinase
signaling in GI development; treatment with a PI3-kinase inhibitor results in liver defects. We
also identify a novel DNA sequence pattern that is significantly enriched in the promoters of
GI-specific genes that may be bound by a potentially critical, unknown transcription factor.
Our results also support a regulatory role for microRNAs in GI development. Finally, we
identify candidate genes located on human chromosome arm 8q that may mediate the effects
of early gain of 8q in the development of liver, pancreas, and colon cancers. This manuscript
presents proof that combining spatially and temporally restricted GFP expression with flow
sorting and microarray analysis is instructive for understanding organogenesis and human
disease processes.

Methods
Fish husbandry

All fish husbandry was carried out in accordance with local IACUC protocols. We selected a
line of homozygous Tg(XlEef1a1:GFP)s854 transgenic fish (gutGFP) with the strongest, non-
variegating GFP expression throughout the GI tract. We grew embryos in standard embryo
media, supplemented with 0.003% 1-phenyl-2-thiourea (PTU) to reduce autofluorescence, and
harvested about 700 embryos at 2, 3, 4, and 6dpf on ice at the same daily timepoint.
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Isolation of gastrointestinal cells by FACS and RNA purification
Embryos were washed in PBST three times, resuspended in Hank’s Balanced Salt Solution
with 0.25% Trypsin and 0.1% EDTA (CellGro) supplemented with 40 g/ml Proteinase K and
10 μg/ml Collagenase, and dissociated in a Wheaton tapered tissue grinder. Cells were collected
by centrifugation and resuspended in TMI.18 After straining the slurry through a 40 μm filter,
cell suspensions were separated into GFP+ and GFP− fractions on a flow cytometer (UPCI
Flow Cytometry Facility, Pittsburgh; Supplemental Table 1 and Supplemental Figure 1). RNA
was isolated by column purification (Stratagene) and assayed on an Agilent BioAnalyzer. Only
samples with intact, distinct ribosomal peaks were chosen for further analysis.

Hybridization of Affymetrix GeneChips
For each time point, we selected three sets of GFP+ and GFP− RNA from a single flow sort,
amplified 50 ng of each sample with Ovation (NuGEN), and hybridized them to Affymetrix
Zebrafish GeneChips (UPCI Clinical Genomics Facility, Pittsburgh), as per manufacturer’s
instructions.

We extracted expression values using robust multi-array averaging
(http://rmaexpress.bmbolstad.com/). Expression values were log transformed, centered by
median subtraction, and scaled by dividing with the standard deviation. Microarrays were not
individually weighted. All primary microarray data and a table of all expression values after
normalization are available
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE12189). A linear model was fitted
and genes identified as differentially expressed at a threshold of p < 0.05 after false-positive
correction using the Benjamini-Hochberg algorithm.19

Annotation of Affymetrix Zebrafish GeneChip using a BLAST strategy
To use mammalian gene interaction databases, we improved the available annotation of the
Affymetrix Zebrafish GeneChip. We linked as many probesets as possible with zebrafish
RefSeq records using information provided by Affymetrix and Ensembl or through nucleotide
BLAST for unassigned probesets (GenBank nt Database from 04/23/2007, Ensembl Zebrafish
Genome Build Zv6 from 04/27/2007). We extracted zebrafish annotation information. To
define protein domains and function, we screened corresponding peptide sequences for PFAM
protein domains using HMMer (Pfam_ls and Pfam_fs databases v.21 from 10/13/2006;
http://pfam.janelia.org and http://hmmer.janelia.org)20 and collated GO annotation from
GenBank, ZFIN, and Pfam. Finally, we screened human protein sequences with zebrafish
sequences using TBLASTX (Supplemental Table 2).

Whole mount in situ hybridization of zebrafish embryos
See Supplemental Table 3 for a list of genes, accession numbers, ZFIN IDs, primer sequences,
and antibodies for Figures 1, 3, 5 and Supplemental Figures 2, 8. In situs and
immunohistochemistry were carried out as described.11, 21

PI3-Kinase inhibitor treatment
DMSO was added to 0.05% either alone or with 10 μM LY294002 (Sigma) from 2dpf to 5dpf.
Embryos were analyzed at 6dpf by brightfield microscopy or embedding in JB4 plastic
(Polysciences), sectioning, and standard H&E staining.
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Results
GFP transgenic fish, RNA processing, and initial microarray analysis

As basis of our study, we selected the transgenic fish line Tg(XlEef1a1:GFP)s854, gutGFP.
2-5 After early, ubiquitous expression, transgenic GFP expression was restricted to the
developing gut, liver, and pancreas at 2dpf, likely by the foxa3 promoter (our own results
corroborate 4), which controls a similar expression pattern (Figure 1A-B). By 3dpf, GFP
expression became restricted to the liver, exocrine pancreas, and intestine and continued in GI
tissue until at least 6dpf. From 4dpf onward, GFP expression in the gut and exocrine pancreas
became variable, but remained strong in the liver (Figure 1B). Although variability of GFP
expression can be a limitation in this kind of study, our data argue that cells from all three
organs were retained since we identified hepatic, intestinal, and pancreatic genes and pathways.

We dissociated homozygous gutGFP embryos at four time points, 2, 3, 4, and 6dpf, and sorted
them based on GFP expression, obtaining average purities of 92% for GFP+ cells and 98% for
GFP− cells (Supplemental Figure 1, Supplemental Table 1). For each timepoint, RNA from
paired sets of GFP+ and GFP− cells of three independent sorts was amplified and hybridized
to Affymetrix Zebrafish GeneChips. After normalization of expression values, we identified
probe sets differentially expressed between GFP+ and GFP− cells at each time point (p < 0.05;
Table 1A). Because the GFP+ cells represented three very different organs that carry out
specialized functions, we find a larger number of differentially expressed probesets (peaking
at 3,600 at 6dpf) than might be expected. To avoid confounding our analysis by changes in
gene expression in GFP− cells, we also compared only the profiles of GFP+ cells between
different timepoints to identify genes changing in expression within GI cells irrespective of
expression in GFP− tissue (p < 0.05) and found the largest change in gene expression between
3 and 4dpf (Table 1B). To better analyze this critical transition point between 3 and 4dpf, we
also compared expression at 2 and 3dpf to 4 and 6dpf and identified over 4,000 differentially
regulated genes (p < 0.05; Table 1B). Lists of differentially expressed probesets with the
annotation reported in this paper are available in Supplemental Table 4.

Validation of microarray data
We carried out whole mount in situ hybridization to compare the predicted expression profile
with the observed pattern. In 83 of 89 genes tested (93%), we found good correlation between
expression profile and in situ pattern (data not shown). If expression in GI tissue was predicted
by profiling (78 genes), we generally observed GI staining by in-situ hybridization. The most
common in-situ pattern was expression in the liver and intestine, often with expression in the
head (39 genes; Figures 1, 5 and unpublished data). We also found genes whose GI expression
was restricted to gut, liver, or pancreas (24, 3, and 1 gene(s), respectively; Figure 1,
Supplemental Figure 2, and data not shown). Twelve genes were expressed in all GI tissues
(Figure 1 and data not shown). The small relative size of the pancreas may have minimized
the statistical significance of the observed expression differences and contributed to the
comparative paucity of pancreatic genes. Figure 1 shows microarray expression profiles
compared with whole mount in-situ hybridization patterns for a few representative genes:
foxa3, putatively controlling GFP expression in the gutGFP zebrafish; short-wave sensitive
opsin 1 (opn1sw1) as a negative control; claudin c (cldnc), a tight junction protein; LOC565274,
a zebrafish ortholog of the tetraspanin family; and the novel gene fam136a. For a few genes
(gcga, hnf4a, and prox1), we also determined protein distribution by immunohistochemistry
(Supplemental Figure 2). The in-situ hybridization and antibody staining patterns were
consistent with the microarray expression profile.
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Annotation of the Affymetrix Zebrafish GeneChip
We wanted to identify molecular pathways that were differentially regulated in the developing
gastrointestinal tract. To use existing databases, we added human orthologs to the annotation
of the Affymetrix Zebrafish GeneChip. We first replaced EST sequences for as many probesets
as possible with full-length, GenBank-annotated zebrafish RefSeqs (12,362 of 15,617; 79%)
and extracted from the RefSeq sequences and remaining ESTs all GeneIDs (81%), UnigeneIDs
(93%), and ZFIN IDs (57%). We were able to functionally annotate 56% and 66% with GO
terms or PFAM families, respectively. Using the zebrafish nucleotide sequences, we identified
human orthologs for 12,038 probesets (77%) by TBLASTX, representing 7,761 different
human genes (Supplemental Table 2). With these orthologs and our expression data, we used
Ingenuity’s Pathway Analysis (IPA, http://www.ingenuity.com) and Gene Set Enrichment
Analysis (GSEA, http://www.broad.mit.edu/gsea/).22

Upregulation of known mammalian GI functions and networks in zebrafish
GSEA identified mammalian GI organ-specific gene signatures enriched in GFP+ cells as early
as 2dpf (Supplemental Figures 3, 4, and Table 6). Analyzing expression changes at different
timepoints solely within GFP+ cells, we observed significant increases in liver and pancreas
function from 3 to 4dpf (Supplemental Figures 4E-F, 5-6), concomitant with the onset of organ
function.2, 3 Similarly, IPA detected several pathways indicative of GI function as early as 2
dpf, and a significant increase from 3 to 4dpf (Figures 2A-B). Several of the top upregulated
functions implicated the electron transport chain and oxidative phosphorylation, including the
mitochondrial ATP synthase. In contrast, the vacuolar ATP synthase, which is important in
kidney and osteoclasts,23 was active primarily in GFP− cells from 3dpf forward. A heatmap
of genes in these pathways showed preferential activation in GFP+ cells, with a strong increase
in gene activity from 3 to 4dpf (Figure 2C). These results are consistent with the substantial
energy requirements of the GI tract, especially of liver.24

Since the hepatic nuclear factor (HNF) family of genes mediates critical GI developmental
functions, we asked whether known HNF target genes in zebrafish14 or mammals (Ingenuity),
or genes shown to be bound by HNF transcription factors in liver and pancreas tissue
explants25 were also upregulated in GFP+ cells. Already at 2dpf, a large percentage of genes
controlled by HNF factors were differentially expressed, and their percentage further increased
with developmental time, but seemed to plateau at 4dpf, consistent with our earlier results
(Table 2, Supplemental Figure 7). Because we can identify both genes and pathways known
to be involved in GI development and disease, we are confident that novel genes and pathways
contained within this dataset will be relevant to GI organogenesis and disease.

Novel genes, gene networks, and pathways implicated in GI development
During our initial analysis, we found that expression levels of several genes in the PI-3 signaling
and inositol metabolism pathway were significantly higher in GI tissue or changed throughout
development. Akt2l, a key mediator of PI-3 signaling, was notably upregulated in the GI tract
by microarray and in-situ hybridization (Supplemental Figure 8A-D; Figure 3A). Using GSEA,
we showed that genes upregulated in glioblastoma cells in response to LY294002, a small
molecule inhibitor of most PI-3 kinases which prevents activation of akt2,26, 27 were active in
early zebrafish GI tissue (Supplemental Figure 8E). Consequently, we tested the hypothesis
that PI3K signaling and akt2l activation are required for normal GI development. We treated
embryos with LY294002 and found that they had a globular liver, decreased intestinal volume,
unconsumed yolk, and partially inflated gasbladders. Liver histology revealed a spongy
appearance, enlarged sinusoids, and reduced cell number (Figure 3B-F) consistent with a
critical role of PI3K signaling in GI development.
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Using GSEA, we then looked for evidence of novel transcription factors in GFP+ cells and
found a significant enrichment for 33 human genes containing the sequence element
GGAANCGGAANY within 2 kb of the transcriptional start site (Figure 4A-D, Supplemental
Table 6).28 Among these genes were subunits of the mitochondrial ribosome, consistent with
the important role mitochondria play in GI function. IPA identified a network surrounding β-
estradiol and containing 12 genes from our set alongside MYC, HGF, MAPK1, and others
(Supplemental Figure 9A). Top functions in this network included organ morphology and
cellular movement, suggesting that it may integrate hormone signaling with organogenesis.
Interestingly, estrogen has been shown to play a role in hepatocellular carcinomas (HCC)29

and estrogen dependent responses have been observed in zebrafish by 4dpf.30

GSEA also identified a significant enrichment for targets of microRNAs miR-12228 and
miR-21728 among genes active in GFP+ cells at 3, but not at 4dpf (Figure 4E-F; Supplemental
Table 6), suggesting that they may function in controlling GI organogenesis in zebrafish. The
zebrafish ortholog of miR-122 is expressed in liver and pancreas at 3dpf; mir-217 is expressed
ubiquitously at 2dpf and becomes highly enriched in the pancreas at 5dpf.31 MiR-122 and
miR-217 are significantly downregulated in GI cancers.32, 33

Nucleolar genes are differentially expressed in the developing GI tract
IPA identified a network of nucleolar genes (Supplemental Figure 9B), which were
unexpectedly overexpressed in GFP+ cells. This network consisted of three subunits of RNA
Polymerase I (polr1a and polr1b, Figure 5A-B; polr1c, data not shown), two small nucleolar
ribonucleoproteins (nola1 and nola2; Figure 5C-D), an ion channel protein (nolc1l, Figure 5E),
and another nucleolar protein (diskerin, dkc1, Figure 5F). We confirmed the predicted profiles
by in-situ hybridization, noting a GI specific enrichment of genes generally thought to be
ubiquitously expressed (Figure 5). These data support other studies suggesting that the
nucleolus is actively regulated and is critical to the proper development of the zebrafish GI
tract.34

Correlation between Danio rerio GI development and human GI cancer progression
Since gene signatures of embryonic GI development can inform our understanding of cancer,
35-37 we correlated our zebrafish microarray data with data from human GI cancer. Lam et al.
38 identified 126 genes, expressed in both zebrafish adult liver cancer and human liver cancer.
Using GSEA, we show that this gene set is significantly enriched at the early time points of 2
and 3dpf, but not at the later time points, suggesting a similarity of gene expression between
HCCs and earlier, less differentiated hepatocytes (Supplemental Figure 10, Supplemental
Table 6). At late timepoints, we also find significant downregulation of genes that are highly
expressed in HCCs with poor prognosis. In contrast, genes highly expressed in HCCs with
good prognosis, are upregulated at all timepoints (Supplemental Figure 11, Supplemental Table
6). Generally, our data are most consistent with a model positing that cancer cells are normally
more like early, less differentiated cells.

Colorectal cancer develops from normal colonic epithelium through a series of well-described
stages with associated chromosomal aberrations and may form liver metastases in some
patients.39-41 We asked if there was an enrichment of developmentally active zebrafish genes
in GFP+ cells with orthologs localizing to areas of the human genome frequently altered in
colorectal cancer. We defined active probesets for this comparison as a) having a human
ortholog, b) being expressed at levels significantly higher than other probesets (p-value < 0.01,
Wilcoxon-Rank Sum Test), and c) being expressed uniformly across all three replicates (its
standard deviation less than twice the mean standard deviation). Applying these criteria, we
identified 1446, 1355, 1265, and 1465 active probesets at each timepoint and ranked them by
their expression levels (Supplemental Table 7). We queried whether gene sets representing
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chromosome regions frequently gained or lost during cancer progression were overrepresented
among these genes.39-41

At all four timepoints, we established a significant correlation between genes on 8q and our
lists of active genes (Figure 6 A-D, Supplemental Table 6). The enriched genes at each time
point are similar, suggesting that only a small number of genes mediate the effect of gain of
8q and contain ribosomal subunits (RPL7, RPL8, and RPL30) and translation initiation factors
(EIF3S6), again showing that ‘housekeeping’ genes might function in tissue- and organ-
specific development and disease. We also find genes with putative DNA binding domains
(CHD7, ZF16 and ZF706), a cadherin specific to liver and intestine (CDH17), and genes
implicated in epithelial differentiation (NDRG1) or colorectal neoplasia (CA2). Additionally,
gain of 8q was also frequent in liver and pancreatic cancers.42, 43

Discussion
Our experiments help establish a widely applicable technique to define the developmental
transcriptome of any organ over time that should not be limited to zebrafish.44-47 We were
able to exploit the strong conservation between zebrafish and mammalian organ physiology
and gene regulatory networks to find conserved gene networks active throughout vertebrate
development. We expect that the genes and pathways identified here will lead to novel zebrafish
GI development and cancer models, which should increase our knowledge of mammalian GI
development and disease.

Using our microarray data, we were able to identify individual genes that may play an important
role in GI development, some for the first time. However, a major strength of microarray
analysis is that the thousands of genes assayed allow analysis of pathways and complexes that
may play an important role in GI development. Already at 2dpf, we show beginning
upregulation of GI-specific pathways which appears complete by 4dpf, suggesting that the
organs have attained much of their functionality at this point. Nevertheless, cells may exert
additional control over protein activity through non-transcriptional mechanisms that would go
undetected in our study and thus further upregulate GI-specific pathways.

Using GSEA, we identified a novel network of genes with GGAANCGGAANY in their
promoter region. With IPA, we found a gene network centered around β-estradiol, which was
previously shown to affect gene transcription in zebrafish by 4dpf.30 Evaluating this response
in the context of the novel network of GGAANCGGAANY—containing genes may yield clues
to the role of β-estradiol in normal liver development and cancer.29

We present evidence that components of the basal cell machinery, particularly the nucleolus,
play a specific, developmentally regulated role in organogenesis. Our microarray data confirm
previous results from an insertional mutagenesis screen in zebrafish which found that mutations
in RNA polymerases I and III, nucleolar proteins, and mitochondrial ATP synthase genes,
including some genes described in this paper, caused a small liver and intestine phenotype
(e.g., mutants hi4050 — nolc1l, hi1159 — polr1a, hi1125, hi1942, hi2578, or hi3619).48

Independently isolated zebrafish mutations in PolIII49 and the nucleolar protein RBM1950 also
have specific GI defects. Despite a requirement for nucleolar function in every cell, mutations
in individual nucleolar proteins appear to cause human diseases with cell-type-specific defects,
such as Diamond-Blackfan anemia or dyskeratosis congenita.34 Our results predict that defects
in nucleolar pathway function may similarly contribute to the development of specific GI
diseases.

One pathway previously associated with metastasis formation posits the formation of a protein
complex containing claudin-7, the tetraspanin CO-029 and others in membrane microdomains.
51 We show here that both the claudin gene cldnc and the tetraspanin LOC565274 are
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preferentially expressed in the zebrafish GI tract, raising the possibility that they interact to
form a similar complex in the developing zebrafish. Since claudins play a role in epithelial
tight junctions and tetraspanins in transmembrane signaling,52, 53 we hypothesize that such a
complex might relay signals during stratification of the intestinal epithelium and its
dysregulation in adults might aid metastasis development. Indeed, human orthologs of cldnc,
Claudin 3 and Claudin 4, and the orthologs of LOC565274, TM4SF1 and TM4SF4, are
frequently upregulated in human GI cancers.54-56

On a genomic scale, similarities in gene expression patterns have been observed between
developmental processes and cancers of the colon and liver35-38 and were also present in our
data. By comparing genes active during zebrafish GI development with human orthologs on
chromosome arms often gained or lost during GI tumorigenesis, we identified a set of genes
located on 8q that might mediate tumorigenesis. Since gain of 8q is one of the earliest hallmarks
of colorectal cancer,39 occurs in most colon carcinoma cell lines,58 HCC,42 and pancreatic
cancer,43 these genes located on 8q are specific candidates for possible contributors to the
colorectal, liver and pancreatic cancer phenotypes; a hypothesis that will be tested in
subsequent experiments.

Multiple lines of evidence support the utility of our data for identifying critical mediators of
GI development and disease. Available zebrafish mutants for nolc1l and polr1a show defects
in GI development.48 We predict a function of miR122 in GI development and disease and
experiments on murine miR122 show a role as a hepatic tumor suppressor.33 The HNF4α
network is highly enriched statistically in our dataset and GI-organ specific HNF4α knockouts
have defects in their respective organs.25 While beyond the scope of this paper, data from
morpholino knockdown and overexpression analyses of genes differentially expressed in this
study showed specific GI phenotypes (authors’ unpublished data). Finally, we have
demonstrated a developmental role for the PI3K/Akt pathway in normal GI development and
PI3K signaling is currently evaluated as a chemotherapeutic target.57

Genomic assays on a defined subpopulation of cells yielded detailed insight into the
transcriptional profile of developing GI cells in zebrafish. We showed that known pathways
were active in developing GI cells as expected and also derived new hypotheses about
formation of a functional GI tract and GI cancer. We are certain that future analysis of our
dataset with forthcoming data will reveal additional trends and pathways, and vice versa. As
methods for RNA amplification and microarray analysis continue to improve and new
transgenic lines become available, combining FACS-sorting with microarray profiling will
become a useful method to describe the transcriptome of a specific, well-defined population
of cells of interest.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Microarray profiles and in-situ hybridization of selected genes.
Shown in the first column is the microarray expression profile. Dark green lines with squares
show expression in GFP+ cells, encompassing the intestine, liver, and pancreas; light green
lines with triangles show expression in GFP− cells. Confocal images (A) and in-situ
hybridization of gutGFP embryos fixed at different timepoints (B-F). For probesets and
primers, see Supplemental Table 3. Arrowhead: liver; arrow: gut; asterisk: pancreas; h:
hatching gland.
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Figure 2.
GI specific functions are upregulated in GFP+ cells.
IPA showing enrichment for metabolic pathways in GFP+ cells within differentially expressed
genes at different timepoints (A) and increases in transcriptional activity of genes in GI
pathways when comparing GFP+ cells between different timepoints (B). Bars with an asterisk
are statistically significant (p < 0.05). Heatmap of probesets involved in the electron transport
chain (Complex I — Complex IV), the mitochondrial ATP Synthase, and vacuolar ATP
Synthase (C).
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Figure 3.
Phosphatidylinositol signaling is required for normal GI development.
In-situ hybridization for expression of zebrafish akt2l (A) at 4 (top) and 6dpf (bottom). Arrows:
liver; arrowheads: intestine. Embryos treated with LY294002 show GI defects (B-F).
Brightfield images of treated (bottom) and untreated 6dpf zebrafish (top, B). Liver outlined in
green, intestine in red. 4 μM thick sections of untreated (C, E) and treated (D, F) 6dpf embryos.
Liver: l; intestine: i; gasbladder: gb; y: yolk; arrowheads: sinusoids.
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Figure 4.
GSEA enrichment plots for GGAANCGGAANY-containing genes and miR122 and miR217.
Each panel shows the running enrichment score (ES) in the top and the signal-to-noise ratio
(S2N) used for gene ranking in the bottom. Vertical lines in the middle of the panel indicate
the position of gene set members within the sorted microarray data. Normalized ES (NES) and
nominal p-value are listed below each graph.22, 58 Enrichment for genes containing
GGAANCGGAANY within 2 kb of the start codon at 2, 3, 4, and 6dpf (A-D). Enrichment for
genes regulated by miR122 (E) and miR217(F) within genes that are active in GFP+ cells at
3dpf, but not at 4dpf.
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Figure 5.
Nucleolar genes are preferentially expressed in the developing GI tract. Same format as Figure
1.
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Figure 6.
GSEA plots show enrichment of human orthologs on 8q among genes active in zebrafish GI
development.
GSEA enrichment plots for genes with orthologs on human chr8q among genes active in
zebrafish GI tissue ranked by expression level (A—D). Graphs are similar to Figure 3, except
the ranking statistic is based on expression level, not signal-to-noise ratio.
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Table 1

Probesets differentially expressed during GI development
Table showing the numbers of differentially expressed genes at each time point in a comparison between GFP+
and GFP− cells, p < 0.05 (A). Comparison of expression profile in GFP+ cells between different timepoints
regardless of expression in GFP− cells, p < 0.05 (B).

A)
2dpf 3dpf 4dpf 6dpf

Upregulated 1,498 2,246 2,971 3,641
Downregulated 1,141 1,863 1,755 2,316
Total 2,639 4,109 4,726 5,957

B)
2dpf vs. 3dpf 3dpf vs. 4dpf 4dpf vs. 6dpf 2, 3dpf vs. 4, 6dpf

More active
early than late 45 475 466 2,159
More active
late than early 82 592 243 2,095
Total 127 1,067 709 4,254
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