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The node and notochord are key tissues required for patterning of the vertebrate body plan. Understanding
the gene regulatory network that drives their formation and function is therefore important. Foxa2 is a key
transcription factor at the top of this genetic hierarchy and finding its targets will help us to better under-
stand node and notochord development. We performed an extensive microarray-based gene expression
screen using sorted embryonic notochord cells to identify early notochord-enriched genes. We validated
their specificity to the node and notochord by whole mount in situ hybridization. This provides the largest
available resource of notochord-expressed genes, and therefore candidate Foxa2 target genes in the noto-
chord. Using existing Foxa2 ChIP-seq data from adult liver, we were able to identify a set of genes expressed
in the notochord that had associated regions of Foxa2-bound chromatin. Given that Foxa2 is a pioneer tran-
scription factor, we reasoned that these sites might represent notochord-specific enhancers. Candidate
Foxa2-bound regions were tested for notochord specific enhancer function in a zebrafish reporter assay
and 7 novel notochord enhancers were identified. Importantly, sequence conservation or predictive models
could not have readily identified these regions. Mutation of putative Foxa2 binding elements in two of
these novel enhancers abrogated reporter expression and confirmed their Foxa2 dependence. The combina-
tion of highly specific gene expression profiling and genome-wide ChIP analysis is a powerful means of un-
derstanding developmental pathways, even for small cell populations such as the notochord.

© 2011 Elsevier Inc. All rights reserved.
Introduction

The vertebrate embryo is defined by the notochord—a transient
rod-like tissue that acts as a midline signaling centre (reviewed
(Stemple, 2005)). It forms towards the end of gastrulation and is de-
rived from the Spemann/Mangold organizer and node (Beddington,
1994; Kinder et al., 2001; Sulik et al., 1994; Yamanaka et al., 2007).
The organizer is a highly conserved tissue in vertebrates that is neces-
sary and sufficient for axis induction during gastrulation (reviewed
(Niehrs, 2004)). The node is a late organizer population that forms
at the distal tip of the embryonic day (E) 7.5 mouse embryo (Sulik
et al., 1994); it can induce a partial posterior axis upon transplanta-
tion (Beddington, 1994), and is involved in establishment of the left–
right axis (reviewed (Shiratori and Hamada, 2006)). More recently it
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has been shown that the cells of the notochord later contribute to
the intervertebral disks (Choi et al., 2008), suggesting that defects in
notochord development may be related to spinal disease. As notochord
cells are critical for early development and contribute tomature tissues,
it is of interest to understand the genes and regulatorymechanisms that
are specific to the notochord.

The network of genes involved in patterning the notochord is only
beginning to emerge, in part because the tissue is challenging to study
(Robb and Tam, 2004; Tamplin et al., 2008); it is transient and at early
stages (E8.0) is only composed of approximately 100 cells per embryo
(Beddington, 1994). Our group and others have usedmicro-dissection
and mutant analysis to identify genes expressed specifically in the
node and notochord, however these screens only added a small
number of novel genes (Frankenberg et al., 2007; Sousa-Nunes et
al., 2003; Tamplin et al., 2008). An approach that has improved hit
rates in embryonic expression screens is the use of transgenic mice
carrying fluorescent reporters to sort small populations of cells; for
example, endoderm at E8.25 (Sherwood et al., 2007), and mid-
hindbrain organizer at E8.5 (Bouchard et al., 2005). Before the regula-
tory networks that underlie patterning of the embryonic notochord
can be described, more complete gene expression data will need to be
collected.
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The description of embryonic gene regulatory networks is es-
sential for our understanding of developmental mechanisms. To
complete these networks, various levels of information must be col-
lected: the master regulator transcription factors (TFs) at the top of
the hierarchy, the cis-regulatory modules (CRMs; we use this term
interchangeably with “enhancer”) that receive and integrate inputs
from these TFs, and the downstream target genes that carry out spe-
cific functions in the developmental program. These networks have
been very elegantly described in model organisms with relatively
simple embryos, such as the sea urchin, because they have only a
few well-defined cell types (Davidson et al., 2002).

Many TFs have been shown to be important for different phases
of notochord development, including the following: Brachyury/T
(Wilkinson et al., 1990); Noto (Abdelkhalek et al., 2004; Beckers et al.,
2007; Yamanaka et al., 2007); Foxa2 (Ang and Rossant, 1994;Weinstein
et al., 1994); Zic3 (Elms et al., 2004); Rfx3 (Bonnafe et al., 2004); Glis3
(Kim et al., 2003); TEAD (Sawada et al., 2005, 2008); Sox9 (Bagheri-
Fam et al., 2006; Barrionuevo et al., 2006). However, we still have little
information on how they interact at the gene regulatory network level
to control notochord development.

The identification of functional CRMs in higher order vertebrate ge-
nomes presents particular challenges. Comparative genomics for CRM
discovery has been successfully applied in vertebrates (Navratilova
et al., 2009; Nobrega et al., 2003; Pennacchio et al., 2006; Woolfe
et al., 2005) but the predictive value of sequence conservation is highly
dependent on the phylogenetic distance between compared species
(Fisher et al., 2006a; Odom et al., 2007). Thus extreme sequence con-
servation (e.g. human to zebrafish) can be overly stringent, thereby
removing true positives from the analysis (Fisher et al., 2006a). Con-
versely, conservation within closely related species (e.g. mammals)
can increase the number of candidates for screening by orders of
magnitude (reviewed (Haeussler and Joly, 2010)).

A number of notochord CRMs have been identified in ascidian and
teleost genomes (Corbo et al., 1997; Dickmeis et al., 2004; Matsumoto
et al., 2007; Muller et al., 1999; Passamaneck et al., 2009; Rastegar
et al., 2008; Woolfe et al., 2005). However, the number in mouse is
small. Two examples of bona fide early embryonic notochord CRMs
in the mouse include the Foxa2 mNE enhancer (Nishizaki et al.,
2001; Sasaki and Hogan, 1996; Sawada et al., 2005) and the Sox9 E1
enhancer (Bagheri-Fam et al., 2006). A notochord and floor plate
enhancer was found in the second intron of Shh (Epstein et al., 1999;
Jeong and Epstein, 2003), but in the context of the broader locus
only regulated expression in the floor plate (Jeong et al., 2006). With
this set of data, there is not enough commonality across the different
CRMs to be able to derive computational predictive models that
could be used to search the genome for novel notochord CRMs; this
approach has only been successful when a large set of training exam-
ples (>70) are available (Narlikar et al., 2010).

Recent studies have shown that ChIP-seq (i.e. chromatin immuno-
precipitation (ChIP) combined with massively parallel sequencing)
data can be used to successfully predict novel enhancers (Blow
et al., 2010; Visel et al., 2009). ChIP-seq protocols are showing poten-
tial for enrichment of TF-associated chromatin from very small num-
bers of cells (Goren et al., 2010; Shankaranarayanan et al., 2011),
however these techniques have yet to be proven for the few thousand
cells that we have been able to purify from stage-matched embryos.
Recently, an in vitro cell culture system was described that produced
cells similar to embryonic notochord progenitors (Winzi et al., 2011),
however further study will be needed to determine their homogene-
ity and equivalence to in vivo populations.

To overcome the limitations associated with studying a small and
transient tissue, we hypothesized that binding events of a pioneer TF
in an abundant adult tissue, such as liver, may indicate binding
events in another tissue where the same TF functions, such as noto-
chord. The pioneer factor Foxa2 is an excellent candidate to address
this hypothesis because it is required for notochord formation and
function (Ang and Rossant, 1994; Weinstein et al., 1994), as well as
the development and homeostasis of many other tissues and organs,
such as the liver (reviewed (Friedman and Kaestner, 2006)).

To test the above hypothesis, we first needed to expand the cur-
rently limited gene expression data for the early embryonicmouse no-
tochord. We sorted GFP+ notochord progenitor cells from NotoeGFP/+

embryos (Abdelkhalek et al., 2004; Yamanaka et al., 2007). After
mRNA amplification, microarray analysis, and validation using WISH
screening, we collected extensive novel expression profiles for the
early embryonic mouse notochord. Next, we integrated this expres-
sion data with previously published Foxa2 ChIP-seq data for the
adult liver (Wederell et al., 2008). Intersection of these two data sets
identified a small set of Foxa2-bound regions in liver that were closely
associated with genes expressed in the notochord. Lastly, we used a
rapid transient reporter assay in zebrafish, which has been well vali-
dated as a readout of mammalian enhancer function (Fisher et al.,
2006a; Kimura-Yoshida et al., 2004; Navratilova et al., 2009; Suster
et al., 2009), to screen candidate notochord CRMs. Remarkably, we
were able to identify 7 novel regions that functioned as notochord-
specific enhancers and contained Foxa2 binding motifs.

Materials and methods

Mice and embryo dissection

NotoeGFP/+ mice have an in-frame knock-in of eGFP to the Noto
locus and were maintained on their original 129S3 (alternate name:
129 Sv/Imj) background (Abdelkhalek et al., 2004). A small percent-
age of pups born from NotoeGFP/+ intercrosses produce viable and fer-
tile homozygous null NotoeGFP/eGFP animals (Abdelkhalek et al., 2004;
Yamanaka et al., 2007). NotoeGFP/eGFP male mice, maintained on either
a 129S3 or mixed 129S3; ICR background, were crossed to ICR
females. Timed pregnant females were dissected at E8.5 and litters
of entirely heterozygous NotoeGFP/+ embryos were obtained, which
was confirmed using a fluorescence stereomicroscope. All embryos
were dissected in phosphate buffered saline (PBS) with calcium and
magnesium. Embryo stages were recorded based on somite number
(Fig. 1B; median somite number, n=6). Embryos were bisected in
the transverse plane at the level of somite boundary SI–SII (Fig. 1)
using 26G1/2 needles. Posterior regions were pooled in one well of
a 4-well dish. The number of embryos used for each of 3 independent
biological replicate experiments was as follows: replicate 1, n=23;
replicate 2, n=39; replicate 3, n=52. Anterior regions, which also
contain a small number of Noto-GFP+ cells, were pooled and pro-
cessed in parallel for FACS instrument calibration.

Cell sorting

The following protocol was based on the method by Bouchard and
colleagues (Bouchard et al., 2005). Excess PBS was removed, 1% tryp-
sin in PBS was added (200 μl), and embryos were incubated for 15′ at
37 °C for dissociation. Cells were pipetted up and down to obtain a
mostly single cell suspension, and trypsin was stopped by adding
DMEM with 15% FCS (500 μl). Cells were spun down for 5 min at
1500 rpm and the supernatant was removed. The cell pellet was
resuspended in sorting media: phenol red-free DMEM; 10% FCS;
1 μg/μl propidium iodide (PI) (300 μl). The cell suspension was passed
through a filter cap and collected in a 5 ml polypropylene vial for sort-
ing. Cell sorting was performed using either a BD FACSArial or MoFlo
instrument. GFP+ and GFP− cells were sorted from the PI channel
and collected directly into Trizol or Trizol LS (Invitrogen). Final ratios
of Trizol to cell suspension were 10:1 for Trizol and 3:1 for Trizol LS
(the GFP+ sort was a very small volume and was adjusted using
RNAse-free water). After sorting, collected cells in Trizol were vor-
texed for 30 s and stored at −80 °C.



Fig. 1. Summary of screen to analyze gene expression in notochord progenitor cells from the mouse embryo. (A) A diagram summarizing the design of the screen. Early somite stage
embryos were bisected at the SI–II boundary. The expression domain of NotomRNA in the notochord is shown in blue. Strongly expressing GFP+ cells (GFPhi) cells are found in the
notochord. Weakly expressing GFP+ cells (GFPlo) cells are found in the anterior notochord, paraxial mesoderm, and endoderm. The posterior regions of embryos were pooled, dis-
sociated, and sorted. RNA from both GFP+ and GFP− sorted cells was isolated and amplified for hybridization on Affymetrix MOE430v2 microarrays. (B) Graph showing the staging
and numbers of embryos collected for 3 biological replicate experiments: Replicate 1, n=23; Replicate 2, n=39; Replicate 3, n=52. (C) Two-colour WISH to show the expression
domain of NotomRNA in relation to the developing somites. NotomRNA is down-regulated in the notochord anterior to the SI–II boundary (dashed red line). Noto expression (light
blue) in the posterior notochord (arrowhead), in relation to Tbx18 expression in the somites (purple). Lateral view of a wild-type E8.5 embryo. (D) Representative pre-sort FACS
plot of Noto-GFP+ cells isolated from a pool of dissociated posterior E8.5 NotoeGFP/+ embryos (PI is propidium iodide to exclude dead cells).

417O.J. Tamplin et al. / Developmental Biology 360 (2011) 415–425
Small-scale RNA isolation

Samples in Trizol were thawed, equilibrated to room temperature,
and divided into 800 μl aliquots. 5 μg of Sigma “GenElute” linear poly-
acrylamide (LPA; Cat. No. 56575-1ML), diluted in DEPC water, was
added to each aliquot and vortexed for 30 s. Chloroform extraction
and 3 ethanol washes were performed as per the Trizol product insert
(Invitrogen protocol Cat. No. 10296-010). The pellet was resuspended
in 3 μl RNAse-free water and kept on ice until amplification.

RNA amplification and microarrays

The GFP+ RNA samples were too small for quality control and we
proceeded directly to linear amplification. The GFP- RNA samples
were more abundant and the quality was confirmed using an Agilent
Bioanalyzer. All subsequent steps were as per standard Affymetrix
protocols. Samples were prepared using the Two-Cycle Target Label-
ing kit. Samples were hybridized to Affymetrix MOE430v2 arrays
and scanned using a GeneChip Scanner 3000.

Data analysis

Raw data was analyzed using Affymetrix GCOS software (v1.4),
and pairwise comparisons were done between Noto-GFP+ and GFP
− populations for each of the three biological replicates. We noted
that there was good correspondence between replicates of genes
with fold change significance calls (pb0.003; Table S1; microarray
data submitted to NCBI GEO Series: GSE14211). Next we set criteria
to generate a list of genes to screen by WISH. We built a list of 50
probe sets that corresponded to 34 known node and notochord mark-
er genes, and then determined their expression values on our array
(Table S1). We then applied a z-test (alpha≤0.01) on the replicate
fold change call p-values at different significance levels (Fig. 2A).
This allowed us to establish a fold enrichment factor for known noto-
chord probe sets within our pool of highly enriched genes. We estab-
lished a cutoff for WISH screening of Noto-GFP+ enriched genes at an
enrichment level greater than or equal to Brachyury/T (Fig. 2B; aver-
age signal log2 expression ratio≥2.7; 230 genes total). This was a bi-
ologically significant rationale, because Brachyury/T is known to be
highly expressed in the notochord (i.e. GFP+ sort), but is also
expressed at lower levels in the surrounding tailbud mesoderm (i.e.
GFP− sort) (Herrmann, 1991).
Whole mount in situ hybridization (WISH) screening

Both one and two-colour WISH was performed as previously de-
scribed (Yamanaka et al., 2007). Details of clones and methods used
to generate riboprobes are included in the supplementary files.
WISH screening was automated using an INTAVIS InsituPro VS. Be-
tween 4 and 6 wild-type ICR embryos at stage E8.5 were used per
basket/well for initial screening. Most positive notochord probes
were repeated with embryos staged at E7.75, E8.0, E8.5, and E9.0.
Gene expression patterns are representative of 3 or more stage-



Fig. 2. Thresholds to establish a downstream screen based on the microarray analysis of Noto-GFP+ cells (see Tables S1 and S2 for details). (A) Enrichment factor for known
markers expected to be found in Noto-GFP+ cells. Y-axis: (known markers above the threshold/all probe sets above the threshold)/(all known markers/all probe sets on the mi-
croarray). X-axis: enrichment factors are plotted at a number of change p-values (p≤0.01 was used as the threshold for further screening; dashed red line). (B) Known markers are
rank ordered by average signal log2 expression ratio (highest to lowest), and the threshold for further screening was set at the level of Brachyury/T (average signal log2 expression
ratio≥2.7; dashed red line), which included 230 (redundant) probe sets.Thresholds to establish a downstream screen based on the microarray analysis of Noto-GFP+ cells (see
Tables S1 and S2 for details). (A) Enrichment factor for known markers expected to be found in Noto-GFP+ cells. Y-axis: (known markers above the threshold/all probe sets
above the threshold)/(all known markers/all probe sets on the microarray). X-axis: enrichment factors are plotted at a number of change p-values (p≤0.01 was used as the thresh-
old for further screening; dashed red line). (B) Known markers are rank ordered by average signal log2 expression ratio (highest to lowest), and the threshold for further screening
was set at the level of Brachyury/T (average signal log2 expression ratio≥2.7; dashed red line), which included 230 (redundant) probe sets.
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matched embryos. Imaging was done on a Leica stereo light micro-
scope with Zeiss Axiocam and Axiovision software.

Cloning expression reporter constructs

Constructs were assembled using MultiSite Gateway and vectors
from the Tol2kit (Kwan et al., 2007). Enhancers were PCR amplified
from mouse genomic DNA using BD Biosciences Advantage 2 Polymer-
ase (all primer sequences are included in Table S8). Our positive controls
were amplified using the following primer sets: Sox9 E1 (Bagheri-Fam
et al., 2006) forward CCATGCAATCGTGAGGATCT and reverse AGTC-
CAGGCATTTGGCTATG; Foxa2 mNE (Nishizaki et al., 2001) forward
TCATCAGCAGGAAGCAGAGA and reverse TAATTCTGGCCCTTGTGAGG.
Enhancer PCR products were directly ligated into a 5′ entry vector
(pENTR 5′TOPO TA Cloning Kit from Invitrogen, Cat. No. K591-20),
then sequence verified. Conventional cloning was used to generate
one enhancer entry clone because of GC-rich regions that prevented
PCR; a 2.4 kb EcoRV blunt end fragment from BAC RP23-100A9, which
contains the 1.1 kb Cyb561-1 Foxa2 ChIP-seq region, was cloned into
the SmaI site of p5E-MCS—a 5′ entry clone that contains the multiple-
cloning site from pBluescript (Kwan et al., 2007). Themiddle entry vec-
tor was constructed by PCR amplifying and inserting the minimal
promoter from the mouse β-globin gene, previously used for enhancer
screening in zebrafish (Woolfe et al., 2005), upstream of GFP (into the
NcoI site of Tol2kit #383 pME-EGFP; NcoI sites added in primers:
β-globin forward primer, GGCACCATGGCCAATCTGCTCAGAGAGGACA;
β-globin reverse primer, GGCACCATGGGATGTCTGTTTCTGAGGTTGC).
The 3’ entry vector was p3E-polyA (Tol2kit #302) and the destination
vector was pDestTol2pA2 (Tol2kit #394). The four vectors were assem-
bled using Gateway LR Clonase (Invitrogen, Cat. No. 11791-019) and
confirmed by sequencing. An empty vector control to evaluate back-
ground expression in the zebrafish expression assay was assembled as
above, using a 5′ entry clone with a multiple cloning site in place of an
enhancer (Tol2kit #228 p5E-MCS). Assembled Tol2 reporter constructs

image of Fig.�2
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were further purified over QIAGEN PCR purification columns, eluted in
RNAse/DNAse-free water, and quantified using a Thermo Scientific
NanoDrop before injection. Site-directed mutagenesis was performed
using the Stratagene QuikChange Multi Site-Directed Mutagenesis
Kit (Cat. No. 200515). Mutagenesis primer sequences can be found
in Supplementary Methods.

Generation of transient reporter zebrafish embryos

Capped Tol2 transposase mRNA, for co-injection with assembled
Tol2 reporter constructs, was synthesized from NotI linearized
pCS2FA-transposase vector (Kawakami and Shima, 1999), using the
Ambion mMessage mMachine SP6 kit. Transposase mRNA was puri-
fied using a QIAGEN RNeasy Mini Kit, eluted in RNAse/DNAse-free
water, and quantified using a Thermo Scientific NanoDrop. A detailed
protocol of enhancer screening using Tol2 transgenesis in zebrafish
has been previously described by Fisher et al. (2006b). Briefly, we
injected one-cell stage embryos from crosses of wild-type AB strain
zebrafish. We used 15 pg of Tol2 transposase mRNA and 25 pg Tol2
transposon reporter construct DNA. At 28 hpf, we used a Zeiss fluo-
rescent dissecting microscope to score and image live GFP expression
in injected embryos.

Results and discussion

A screen to identify co-expressed genes in the developing notochord

Following the method established by Bouchard et al. (2005), we
used FACS to isolate GFP-positive notochord progenitors from early
somite stage embryos (Figs. 1A, B, D; E8.5; median somite number,
n=6). Noto transcript is quickly down-regulated in the anterior no-
tochord as it differentiates, at the level of the most newly formed so-
mite (i.e. the SI–SII boundary; Figs. 1A,C; (Abdelkhalek et al., 2004;
Plouhinec et al., 2004)). To enrich our population for notochord pro-
genitors with active Noto transcription, we dissected NotoeGFP/+ em-
bryos at the SI–SII boundary and pooled the posterior tailbud regions
before dissociating into a single cell suspension for sorting. We
sorted and collected between ~3000 and 6000 Noto-GFP+ cells for
each of three biological replicate experiments, which represented
~1.0–1.5% of the sorted cells (Fig. 1D). This was approximately 100
cells per embryo, which is consistent with previous estimates of
the cell number in the node (Beddington, 1994). We collected the
sorted GFP− cells from the posterior of the embryo as the compara-
tor control population (Fig. 1A).

Affymetrix Two-Cycle linear amplification and GeneChip Mouse
Genome 430 2.0 (MOE430v2) arrays were used for expression profile
analysis of isolated RNA (Fig. 1A). We established criteria for generat-
ing a list of genes to screen by WISH by using a test set of known no-
tochord expressed genes to minimize both false positives and false
negatives (type I and type II errors; see Materials and Methods).
Our final threshold criteria were a fold change ≥2.7 and a p-value
of ≤0.01. At this threshold, we found 76% of genes with published
expression patterns were expressed in notochord (n=29/38; Fig.
S1 and Table S2). Although there were known notochord markers
expressed at or below the level of Brachyury/T (e.g. Smoc1, Cfc1,
Foxd4, Prnp, Smarcd3; Fig. 2B), lowering thresholds to include all
known markers would dilute additional novel hits amongst a major-
ity of false positives (type I error). Thus we felt that we had set an
optimal threshold for further validation of our data set.

We tested 152 genes that were above the threshold cutoff, and did
not have a published E8.5 expression pattern (Fig. S1 and Table S2).
Of these, 31% exhibited novel notochord expression patterns
(n=47/152), which was a 10-fold higher discovery rate than any
previous similar expression screen for this tissue by others or us
(Sousa-Nunes et al., 2003; Tamplin et al., 2008). If known and novel
notochord markers were taken together, the percentage of notochord
expression patterns among genes that met our thresholds increased
even more to 39% (n=74/190). Representative expression patterns
are shown in Fig. 3 and include those in the posterior notochord
only (e.g. Vtn, 3A; Bicc1, 3D; Dpyd, 3E; Moxd1, 3F), the node crown
(e.g. Cdo1, 3B; Upk3a, 3C), and the entire notochord (e.g. Ctgf, 3G;
Pkd1l1, 3H; Sostdc1, 3I). Additional gene expression data is noted in
Table S2 and images have been deposited in the public EMAGE and
MGI GXD databases. Consistent with our prediction, genes with
lower enrichment levels that were closer to the Brachyury/T cutoff
were also expressed more broadly in the posterior embryo. As
expected, we also identified a number of paraxial mesoderm and de-
finitive endoderm markers, consistent with a low level of GFP signal
in those cell types (Table S2; (Yamanaka et al., 2007)). This screen
has greatly increased the number of known embryonic notochord
expression patterns in the mouse (64 known+49 novel=113 total;
Table S7), and has allowed us to search for common CRMs among a
large and novel set of genes.

Global analysis of notochord genes

We performed Gene Ontology (GO) analysis to determine if there
were significantly enriched terms among the genes identified in our
screen that were indicative of notochord function (p≤0.01; Tables
S3–S5; GOFFA (Sun et al., 2006)). As expected, some genes associated
with terms such as “growth factor binding”, “negative regulation of
BMP signaling pathway” and “negative regulation of signal transduc-
tion” were identified; these functions are normally associated with
the role of the organizer as a source of antagonistic signals (reviewed
(Niehrs, 2004)). While our microarray screen did detect known TFs
expressed in the notochord (e.g. T, Foxa2, Foxa1; Table S2), we did
not find any GO terms annotated to novel notochord genes that
would indicate putative TFs. This could suggest that a small set of
tissue-specific TFs work together with a larger set of ubiquitously
expressed TFs, a model that has been recently proposed (Vaquerizas
et al., 2009). Alternatively, there may not be more notochord-specific
TFs than those already identified in the literature; if true, then determi-
nation of all consensus binding motifs for these notochord-specific
TFs could bring us closer to computationally deriving a CRM model
for the notochord.

We also searched the MGI Mammalian Phenotype database for
terms commonly associated with node and notochord defects
(Table S6; (Bult et al., 2010)). As expected, we found known genes
among our screen hits with phenotypes related to notochord
(T, Foxa2, Shh, Zic3, Chrd, Gdf1), nodal monocilia (1700027A23Rik,
Foxa2, Bicc1), and left–right asymmetry (Dand5, 1700027A23Rik,
Zic3, Chrd, Gdf1). Encouragingly, during the course of our study, a
number of novel node and notochord-related phenotypes were
assigned to genes thatwe identified in our screen; for example, Pitchfork
(1700027A23Rik; (Kinzel et al.)), Bicc1 (Maisonneuve et al., 2009), and
Pkd1l1 (Vogel et al., 2010). This strongly supports our screen as having
identified genes that are not only expressed in the node and noto-
chord, but are also functionally relevant; we hope our screen will
provide a rich resource for future phenotypic studies. Having identi-
fied broad classes of notochord genes in our screen, we next sought
to find CRMs that would connect these genes within a larger regula-
tory network.

Predicted Foxa2-dependent CRMs Associated with Notochord Genes

As explained above, we could not apply the current repertoire of
CRM discovery methods (reviewed (Haeussler and Joly, 2010)) to
our newly expanded list of notochord-expressed genes. Instead, to
identify CRMs associated with these genes, we decided to focus on
Foxa2 as a critical TF near the top of this network (Tamplin et al.,
2008). In mouse, Foxa2 is absolutely required for formation of the
organizer and its derivatives—the node, notochord, floor plate and



Fig. 3. 9 representative notochord gene expression patterns identified in the screen. Vtn (A) was the most highly enriched transcript in Noto-GFP+ cells; it is strongly expressed in
the posterior notochord (red arrowhead), and is also expressed in gut endoderm (white arrow) and newly formed somites (black stars). Cdo1 (B) and Upk3a (C) are expressed in
the node crown at E8.0 (blue stars; left panels) and posterior notochord (right panels). Bicc1 (D), Dpyd (E), Moxd1 (F) are expressed in the posterior notochord at E8.0 (left panels)
and E9.0 (right panels). Ctgf (G), Pkd1l1 (H), and Sostdc1 (I) are expressed throughout the notochord. Lateral views of the posterior of E9.0 embryos: (A; D–F, right panels). Ventral
views of the posterior of E8.0–E8.5 embryos: (B and C, right panels; D–F, left panels; G–I). Distal view of E8.0 embryos: (B and C, left panels). Red arrowhead: notochord. White
arrow: gut endoderm. Black stars: somites. Blue stars: node crown.
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definitive endoderm (Ang and Rossant, 1994; Weinstein et al., 1994).
Foxa2 is also an important regulator in adult endoderm-derived
organs, such as liver, pancreas, and lung (reviewed (Friedman and
Kaestner, 2006)). As discussed above, we hypothesized that Foxa2-
bound chromatin in an adult tissue, such as the liver, could predict
Foxa2-dependent CRMs in a different tissue where Foxa2 is required,
such as the notochord.

We looked to a previously published Foxa2 ChIP-seq dataset gen-
erated from adult mouse liver tissue as a read-out of high confidence
Foxa2 binding events in the genome (Wederell et al., 2008). First, to
assign Foxa2 binding events to our candidate notochord genes
(n=113; Fig. 4 and Table S7), we selected a 50 kb window around
each transcriptional start site (i.e. 40 kb upstream and 10 kb down-
stream). Within this total candidate genomic space of 5.65 Mb, we
found 56 Foxa2 ChIP-seq binding events from adult liver that were
associated with 33 genes. Using available mouse liver microarray
data (NCBI GEO Sample: GSM161108; ‘present’ call using GCOS), we
divided our candidates into two classes: 1) genes expressed in the
embryonic notochord and the adult liver (n=16 with 31 associated
ChIP-seq regions); 2) genes expressed in the embryonic notochord
but not the adult liver (n=17 with 25 associated ChIP-seq regions;
Fig. 4). The 56 Foxa2 ChIP-seq regions averaged 727 bp in length
and ranged from 288 bp to 1485 bp (Table S8).

Next, we classified Foxa2 ChIP-seq regions based on whether or not
they contained a predicted Foxa2 binding motif. After searching all 56
candidate regions for at least one predicted Foxa2 binding motif
(MotifScanner program (Aerts et al., 2003) using the Foxa2 position
weight matrix from JASPAR (Bryne et al., 2008) and MatInspector
(Cartharius et al., 2005)), the results were as follows: 9 of 25 regions as-
sociated with notochord specific genes, and 21 of 31 regions associated
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Fig. 4. A flowchart describing classification of notochord genes and their associated Foxa2 ChIP-seq regions from adult liver. Candidate regions tested in the zebrafish transient ex-
pression assay were grouped based on presence of a predicted Foxa2 binding motif and expression in the liver.
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with notochord and liver expressed genes, contained at least one
predicted Foxa2 binding motif. This was consistent with the original
analysis of the Foxa2 ChIP-seq data set, which also found a propor-
tion of Foxa2-bound regions that did not contain a predicted Foxa2
binding motif (22%, n=2494/11,475; (Wederell et al., 2008)). Hav-
ing applied a series of carefully chosen filters (Fig. 4), we reduced a
large ChIP-seq data set (n=11,475) to a small number of candidate
regions (n=56) that we could test in vivo for notochord enhancer
function.

Functional validation of predicted notochord CRMs

We evaluated the in vivo function of these candidate Foxa2-
dependent notochord regulatory regions using an established tran-
sient expression assay in zebrafish (Fisher et al., 2006a). Candidate re-
gions from the mouse genome were cloned upstream of a minimal
promoter in a GFP reporter vector with Tol2 transposase sites. DNA
reporter constructs were co-injected with Tol2 transposase RNA
into one-cell zebrafish embryos. An “empty” reporter vector control,
with no enhancer cloned into the upstreammultiple cloning site, pro-
duced only a small proportion of embryos with background expres-
sion in the notochord (Fig. 5A; 4%, n=3/74). A positive control, the
known Sox9 E1 notochord enhancer cloned from the mouse genome
(Bagheri-Fam et al., 2006) produced robust notochord expression in
the zebrafish embryo without significant expression in ectopic cell
types (Fig. 5B; 84%, n=41/49). Similar results were obtained with
the mouse notochord enhancer Foxa2 mNE (data not shown; 55%,
n=62/113 (Nishizaki et al., 2001)). We confirmed previous results
that showed this zebrafish reporter assay is a robust cross-species
assay of mammalian enhancer function (Fisher et al., 2006a; Kimura-
Yoshida et al., 2004; Navratilova et al., 2009; Suster et al., 2009).

We then cloned and tested 44 of the 56 candidate regions iden-
tified above (Fig. 4 and Table S8), achieving coverage of most se-
quences with a predicted Foxa2 binding motif, both in the
notochord-positive liver-negative set and the notochord-positive
liver-positive set. We found 7 novel enhancers that regulated ex-
pression in the notochord (Fig. 5 and Table S8), including those
with strong and frequent expression in the transient assay that
was similar to the Sox9 E1 control (70–100% positive; F5-1 and
Pkd1l1-1). We also found enhancers with moderate (40–70% positive;
Bicc1-1, Prox1-2, Tgm2-1, and Vtn-2) or weak expression (10–40% pos-
itive; Foxa2-1). As expected (Passamaneck et al., 2009; Rastegar et al.,
2008), regions that did not contain a predicted Foxa2 binding motif
did not regulate notochord expression (n=0/15, Fig. 4). Our filtering
criteria above selected 56 candidate CRMs within a total of 5.65 Mb
of the mouse genome. After in vivo testing of 44 of these regions in
a zebrafish reporter assay, 7 regions tested positive for expression
in the notochord, a positive hit rate of 16% that is on par with previ-
ous notochord enhancer screens (Dickmeis et al., 2004; Rastegar
et al., 2008).
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Fig. 5. Transient reporter assay in zebrafish to identify notochord enhancers. (A) Injection of an empty vector control construct with no upstream enhancer inserted produced only a
few embryos with GFP positive cells in the notochord; this was considered the background level. (B) The control Sox9 E1 enhancer from mouse (Bagheri-Fam et al., 2006) drives
robust and specific notochord expression in the zebrafish embryo. Among the novel enhancers, we observed strong (70–100% positive; (C) F5-1 and (I) Pkd1l1-1), moderate
(40–70% positive; (E) Prox1-2, (F) Tgm2-1, (G) Vtn-2, and (H) Bicc1-1), and weak expression levels (10–40% positive; (D) Foxa2-1). These levels were based on both the frequency
of notochord-positive embryos amongst total injected (J), as well as the GFP signal intensity and mosaicism within positive embryos (C–I). Site-directed mutagenesis of Foxa2 bind-
ing motifs in the Pkd1l1-1 and Bicc1-1 enhancers is shown next to their wild-type counterparts (J). Note: all embryos shown are ~28 hpf, lateral views, anterior to the left. Data
points in the chart (J) are labeled with the total number of notochord-positive embryos over the total number of embryos scored.
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Motif content within the Bicc1-1 and Pkd1l1-1 notochord CRMs

Recent studies in zebrafish and ascidian showed a requirement
for FoxA TF binding in notochord CRMs (Passamaneck et al., 2009;
Rastegar et al., 2008). While Foxa2 alone was not sufficient to drive
notochord expression in the zebrafish, it was at least necessary
(Rastegar et al., 2008). All 7 of novel notochord enhancers we discov-
ered were classified as Foxa2-bound regions in the liver that con-
tained predicted Foxa2-binding motifs (Fig. 4). Accordingly, we
reasoned that site-directed mutagenesis of these Foxa2 motifs should
diminish overall enhancer function. We focused on the Bicc1-1 and
Pkd1l1-1 enhancers because of their unique property of having
bound Foxa2 in the adult liver, but rather than being expressed in
that tissue, are expressed specifically in the embryonic notochord.
We reasoned that these enhancers should have a high degree of spec-
ificity for the embryonic notochord. We mutated the two predicted
Foxa2 motifs in the Bicc1-1 enhancer and five in the Pkd1l1-1 en-
hancer, both individually and together (Fig. 5J, Table S8 and Supple-
mentary Methods). The core sequence of the Foxa2 motif is TTT or
AAA, depending on the strand, and these sites were mutated to CCC
or GGG, respectively.
Individual mutation of predicted Foxa2 binding motifs in the
Bicc1-1 enhancer decreased reporter expression significantly (A or B
gave 40–50% reduction in the number of notochord-positive em-
bryos), whereas mutation of both motifs together (A and B) reduced
expression to near background levels (Fig. 5J). The five Foxa2 motifs
in the Pkd1l1-1 enhancer were mutated individually (A, B, C, D, or
E); motif B and E had little to no effect on enhancer expression, how-
ever the frequency of notochord expression was reduced 20–60%
when motifs A, C or D were mutated, with motif D having the stron-
gest effect (Fig. 5J). Mutation of all 5 Foxa2 motifs together in the
Pkd1l1-1 enhancer (A to E) resulted in near background levels of no-
tochord expression. Our results are consistent with previous results
in ascidian and zebrafish that demonstrated activation of notochord
enhancers requires functional Foxa2 binding sites (Passamaneck
et al., 2009; Rastegar et al., 2008).

Conservation of Foxa2-dependent notochord enhancers

As more genome-wide ChIP data is generated, it is becoming ap-
parent that even within closely related mammals there is a minor-
ity of TF-bound sequences that are actually conserved (Odom et al.,



423O.J. Tamplin et al. / Developmental Biology 360 (2011) 415–425
2007). For CRMs to retain their function during evolution as se-
quences diverge and motifs turn over, it appears that total binding
motif content, regardless of position or orientation, are the most im-
portant criteria (Schmidt et al., 2010). The Bicc1-1 and Pkd1l1mouse
enhancers have retained some sequence conservation with humans
(Fig. 6 and Supplementary Methods), however no aligned sequence
could be found in more distant vertebrates, such as the zebrafish.
Yet both fragments from the mouse genome very specifically regu-
lated notochord expression in the zebrafish; this is consistent with
previous observations that mammalian enhancers lacking extreme
sequence conservation still function in the zebrafish (Fisher et al.,
2006a). Even though the notochord is the defining feature of chordate
body plan, the enhancers that regulate expression in this ancient
tissue have not necessarily retained sequence level conservation
across distantly related species. This highlights the need to find cri-
teria other than sequence conservation alone to search for novel
CRMs.
Fig. 6. UCSC Genome Browser views of Foxa2 ChIP-seq regions associated with notochord
upstream neighbour (Tfam). There are 2 Foxa2 ChIP-seq regions, both of which are conser
Bicc1, regulated expression in the notochord (highlighted). (B) A 40 kb genome browser
ChIP-seq −15 kb upstream of the Pkd1l1 transcriptional start site (according to Ensembl m
chord expression in the zebrafish transient expression assay (highlighted). Note: UCSC geno
UCSC Genome Browser link and reference: http://genome.ucsc.edu/ (Kent et al., 2002).
Significance of TF binding specificity in different tissues and species

Before general conclusions can be drawn regarding the binding
profile of pioneer TFs, many more data sets will need to be collected
and compared. Given the broad expression and function of Foxa2
(reviewed (Friedman and Kaestner, 2006)), it will be interesting to
explore the overlap of Foxa2 binding events between different adult
tissues (e.g. liver, pancreas, and lung), as well as other embryonic tis-
sues (e.g. floor plate and endoderm). It would also be useful to collect
and compare data for other TFs that have been described as having pi-
oneer function, such as GATA4 (Cirillo et al., 2002). While our 7 exam-
ples of Foxa2-dependent notochord enhancers identified from adult
liver Foxa2 ChIP-seq data suggest a degree of pioneer factor binding
promiscuity, our approach was still not a general predictor of mouse
midline enhancers; for example, the Foxa2 mNE and Sox9 E1 noto-
chord CRMs, and the intronic Foxa2-dependent Shh floor plate CRM
(Jeong and Epstein, 2003; Jeong et al., 2006), were not associated
genes Bicc1 and Pkd1l1. (A) A 70 kb genome browser window between Bicc1 and its
ved in mammals. The more distal region, −38 kb from the transcriptional start site of
window between Pkd1l1 and its upstream neighbour (Hus1). There is a single Foxa2
apping of Pkd1l1 transcript ENSMUST00000055297). This region was positive for noto-
me build mm8 used for graphics; peaks were converted to mm9 for all other analysis;
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with a Foxa2 ChIP-seq region in liver (data not shown). The observa-
tion that only a subset of notochord enhancers are bound by Foxa2
in the adult liver suggests that other levels of regulation, such as co-
factors, repressors and chromatin modifications, will be needed to
complete the genetic network for the notochord.

Conclusions

In this study we sought to expand our knowledge of the gene reg-
ulatory network that regulates formation and function of the embry-
onic mouse notochord. After collecting extensive expression data for
highly purified notochord progenitor cells, we identified CRMs associ-
ated with our newly identified notochord-specific genes. We used a
novel proxy method for CRM discovery—association of pioneer TF
binding events in an abundant adult tissue with genes expressed in
a rare embryonic tissue. Our results support amodelwithmore TF bind-
ing events in a tissue than are required to regulate gene expression—an
important consideration given the amount of genome-wide TF binding
data that is becoming available. Our data represents a significant re-
source for further investigation of notochord development.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ydbio.2011.10.002.
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